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Abstract: One of the most frequent bone deformities in dogs is antebrachial growth deformity (AGD),
which results from malunion of the distal growth plates. The objective of the present study was to
re-align the limbs, which can correct the length mismatch and reset the coherence of the joint with the
aid of a 3-D phantom model for surgical preplanning. A 14-month-old, intact female Golden Retriever
with an angular deformity of the left radius and ulna was selected for the study. The diagnosis
was confirmed by orthogonal radiographs. Moreover, computed tomography (CT) scans revealed
a multiplane deformity with valgus, procurator, and external rotation of the left radius. The pre-
surgical planning started with the quantification of the angular deformity, followed by a simulated
virtual osteotomy, and concluded with an in vitro rehearsal surgery on 3-D printed phantom bone
models. In the operating room, prefabricated patient-specific instrumentation (PSI) was attached at
the planned site of the radial bone surface for a precise closing wedge osteotomy. Then two locking
plates were fixed routinely. Post-operative radiographs showed accurate correction of the deformity
as we had planned. At 12 weeks post-operatively, the follow-up surveys revealed improved gait,
weight-bearing, and progression of bone healing. Our PSI design, based on novel surgical planning,
was steady yet straightforward during the osteotomy. The osteotomy was performed without diffi-
culty since the PSI that pre-determined the sites and angles let the surgeon perform the antebrachial
malformation surgery. This method of operation reduces stress on the operator and helps to improve
accuracy, repeatability, and surgery time.

Keywords: antebrachial growth deformity; dog; osteotomy; patient-specific instrumentation; 3-D

1. Introduction

The disparity in growth between the radius and the ulna is associated with multiplanar
contortions, which result in elbow joint deformity or inappropriate bodyweight stress on
the carpal joint, as well as osteoarthritis in the elbow, carpal joints, or both [1]. In dogs,
antebrachial growth deformities (AGDs) are the most common deformities, typically at-
tributable to the extremes of chondrodystrophic formation or damaging premature closure
of the distal growth plates [2–7].

Corrective osteotomy is advised if mobility and motion intolerance have changed,
decreased, or secondary osteoarthritis of the carpal and elbow joints has progressed [3–5].
The purpose of corrective angular deformity osteotomy is to re-align the limbs, which can
fix the length mismatch and reset the coherence of the joint. Corrective osteotomy requires a
precise description of the features and range of deformation to plan open wedge osteotomy,
closed wedge osteotomy, or dome osteotomy [4,6–9]. Correction can be immediate at the

1



Vet. Sci. 2022, 9, 157

time of surgery or gradual with the use of external fixation incorporating hinged motors.
Limb alignment using the external skeletal fixator has many advantages [10,11]. However,
external skeletal fixation has the risk of pin-tract infection that is adversely related to
morbidity compared to internal fixation [12,13].

Critical iatrogenic translational defects can result from applications of osteotomies
that are inappropriate because of inadequately quantified bone deformities [14]. In the case
of angular limb deformity corrective osteotomy, many studies have been conducted using
3-D techniques and rapid prototyping (RP) bone models. In particular, the improvement of
the operation time, surgical invasion, surgical accuracy, patient pain, and patient-specific
instrumentation (PSI) usefulness, such as risk, pre-operative planning, and surgical error
reduction, have recently been demonstrated [15].

In general, programs that convert computed tomography (CT) data, which are used
in many studies, into a 3-D printable file format (Stereo Lithography; STL; .stl) after bone
segmentation and a 3-D surgical planning simulation program are expensive and require
a professional workforce for the operation. Therefore, attempting to request 3-D print
production of an affected bone model and patient-specific osteotomy guides from an
external company may result in more than two weeks, several modifications, and relatively
high costs [16,17]. Therefore, in this experiment, the PSI was designed for osteotomy saw
blade guide and the bone plate and screw fixation with closing wedge corrective osteotomy.

In our previous report in the journal of animals [18], we demonstrated that the lim-
itations of the freehand method could be overcome protocol in an in vitro environment
using the PSI. Therefore, the goal of this study is to use the PSI protocol in the operating
room on a dog with AGD. We reported the results and proposed novel methods based on
successful findings.

2. Materials and Methods
2.1. Case Selection

At Hansarang animal clinic, a 14-month-old intact female Golden Retriever with
an angular deformity of the left radius and ulna was treated with corrective osteotomy.
Left forelimb lameness, restriction in flexion, radial shortening, and valgus of the left
distal radius and ulna due to the partial premature closure of the epiphyseal growth
plates were observed. A conventional orthogonal radiographic evaluation was performed.
The anatomical angles of the proximal and distal radius were measured on frontal and
sagittal view radiographs of the affected and unaffected contralateral radii. On the frontal
view, the initial anatomical medial proximal radius angle (aMPRA; ref 82–83◦; mean
value 83◦) and the lateral distal radius angle (aLDRA; ref 85–87◦; mean value 86◦) were
75◦ and 57◦, respectively. On the sagittal view, the anatomical caudal proximal radial angle
(aCdPRA; ref 84–86◦; mean value 85◦) measured value was 92◦, while the caudal distal
radial angle (aCdDRA; ref 76–78◦; mean value 77◦) measured value was 62◦ (Figure 1).
The unaffected radius’s joint orientational angles, aMPRA, aLDRA, aCdPRA, and aCdDRA
were 84◦, 85◦, 87◦, and 77◦, respectively (Figure 2). The magnitude of CORA for the case
was 25◦ valgus and 30◦ procurvatum. The reference values were obtained from a previous
study [19].

2.2. CT and Bone Image Segmentation

Stereolithographic 3-D triangular images of the radius and ulna of the affected and
contralateral unaffected sides were generated by segmenting the bones from CT images
(scanned with a 16-detector helical CT scanner (slice thickness, 0.7 mm; 120 kV; helical
CT Alexion, TOSHIBA, Japan)) using 3-D slicer freeware (3-D Slicer, https://www.slicer.
org/; version 4.8.0, accessed on 12 March 2021) [20–22]. The CT protocol for corrective
osteotomies of the forearms included contiguous scanning of the whole forearm from the
elbow to the radiocarpal joint. Manual thresholding and region growing were used for the
bone image segmentation.
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Figure 2. Orthogonal radiographs of the unaffected contralateral antebrachium. The anatomical
angles of the proximal and distal radii were measured. The unaffected radius’s joint orientational
angles, aMPRA, aLDRA, aCdPRA, and aCdDRA were 84◦, 85◦, 87◦, and 77◦, respectively.

2.3. Preoperative Surgical Planning

The computer planning was performed on a desktop personal computer using the
Windows 10 software application, 3-D builder (Microsoft Windows free application pro-
gram, Microsoft Corporation, Redmond, WA, USA). The contralateral virtual bone model
was mirrored and aligned with the pathological bone using the Iterative Closest Plane
surface registration algorithm, to quantify the AGD in 3-D, as described in our published
study [18]. A closing wedge osteotomy was planned [23]. To achieve a unique fit, PSI
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was designed to contain irregular convex and concave surfaces covering the bone from
other directions, and for the corresponding surface of the guide to be placed on the bone
as an exact replication of the surface of the bone model. A drill sleeve hole was designed
for the most distal screw hole on the proximal fragment of the radius that can be drilled
before the pre-contoured y-universal locking plate (YULP) is allowed to settle on the pre-
cise site. The PSI was fabricated in-house using the PMMA (Polymethyl methacrylate)
material, based on the PLA model that was previously manufactured with the desktop 3-D
printer device.

The authors chose 2.7 mm, a YULP, a compression locking plate (CLP), and locking
screws (BS.COREM, Jeonbuk, Korea). After osteotomy simulation, the distal part was
reduced, followed by stable plates that were pre-contoured based on the RP bone model
surface in the planned correction. Cancellous bone or scaffold material for bone tissue
engineering was not planned for this operation.

2.4. Pre-Medication and Anesthesia

Fluid therapy, 5% DW; antibiotics, Cefovecin 8 mg/kg SQ; analgesics, Butorphanol
0.3 mg/kg; Lidocaine, 0.5 mg/kg; and Ketamine, 0.5 mg/kg were mixed in one sy-
ringe. Meloxicam 0.2 mg/kg intravenous bolus injection was followed by Butorphanol
0.2 mg/kg/h (3.3 g/kg/min), Lidocaine 1.5 mg/kg/h (25 g/kg/min), and Ketamine
1.2 mg/kg/h (20 g/kg/min) added to 5% DW 100 mL bag; 50 mL/h constant rate of
infusion. Ranitidine, 1 mg/kg, was subcutaneously injected as an antacid. General anes-
thesia was induced by Propofol 5 mg/kg IV followed by maintenance with 1–3 Vol%
Isoflurane-oxygen. Lidocaine, 1 mL, was used to perform radial, ulnar, median, and mus-
culocutaneous (RUMM) blocking anesthesia.

2.5. Surgery and Evaluation

As described in the previously published work [18], corrective osteotomies were
preoperatively planned in 3-D, and patient-specific drills and cutting guides were designed
based on the 3-D virtual simulation followed by fabrication. The final model of the PSI was
applied intraoperatively to perform the closing wedge corrective osteotomy.

First, a lateral approach to the ulna was conducted for an ulnar osteotomy, with the
approach made through a skin incision from the ulnar styloid to the midshaft. The radius
was then reached cranially, with the skin incision extending from the radial diaphysis to
the carpal joint.

Intraoperatively, the PSI was placed on the planned position with navigation pin and
calipers, under c-arm fluoroscopy images that had contributed to the precise positioning
of the PSI (Figure 3). Each PSI was temporarily fixed with two or three K-wires. The saw
blade was aligned with the PSI slope, and a radial closed wedge osteotomy was performed
with a Micro E oscillating saw (Rancho Cucamonga, CA, USA).

The osteotomies were performed, resulting in proximal and distal fragments. Next,
a bone screw hole was predrilled through the SK ESF Drill Sleeves drill sleeve (IMEX
Veterinary, Inc., Rancho Cucamonga, CA, USA) in the proximal PSI unit (Figure 4). The PSI
was removed, and the carpus was aligned intraoperatively to the elbow to correct the
external rotation. Each fragment had five locking screws and was connected by two plates.
At least three locking screws were placed on each side of the bone fragment. The pre-
contoured locking plate (YULP) was first fixed to the proximal bone fragment on the cranial
bone surface using a pre-drilled hole, then the distal fragment was reduced directly by plate
fixation. The second fixation was performed with a pre-contoured compression locking
plate (CLP) on the medial bone surface as planned without any difficulty (Figure 5). In this
surgery, we do not use or promote bone healing methods such as a cancellous bone graft.
The surgical wound was closed in a routine manner. Orthogonal postoperative radiographs
showed accurate implant positioning and antebrachial alignment (Figure 6).
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2.6. Post-Operative Care

The dog recovered from anesthesia without complications, and carprofen (1.5 mg/kg,
orally every 24 h for seven days) was administered for analgesia. Cage rest was directed
for four weeks. The activity was restricted to a 10-min walk with a short lead walking for
toileting twice per day and gradually increased until the fracture line disappeared.

3. Results

The dog was in excellent physical condition preoperatively. A general physical ex-
amination, thoracic radiographic evaluation, and laboratory investigations, including
hematological, serum biochemical analysis, and urinalysis, were performed before the anes-
thesia, and all the results were within the normal limit. C-arm fluoroscopic intraoperative
imaging was performed during the operation to confirm PSI positioning, K-wire pinning,
and pre-drilling in situ. The time consumed for registration of the distal unit and proximal
unit was 9 min 6 s and 1 min 20 s, respectively; for osteotomy of the distal and proximal
cutting planes was 1 min 45 s and 51 s, respectively. No complications occurred during
the anesthesia or immediately after surgery. The osteotomy results were confirmed as
pre-operatively planned by orthogonal radiographic images. As shown in the preoperative
surgical planning and simulation, the bone fixation implants could be mounted without
interference between the screws of the two plates. The summary of the post-operative joint
orientation angles evaluation for the corrective osteotomy is presented in Tables 1 and 2.
The reference values in Tables 1 and 2 were collected from a previous report [24].

Table 1. Joint orientation angles with joint orientation lines.

Golden Retrievers Mean Value Reference Value

Frontal
aMPRA 83 82~83
aLDRA 86 85~87

Sagittal
aCdPRA 85 84~86
aCdDRA 77 76~78

Θ 27 21~32
aMPRA, anatomical medial proximal radial angle; aLDRA, anatomical lateral distal radial angle; aCdPRA,
anatomical caudal proximal radial angle; aCdDRA, anatomical caudal distal radial angle; Θ, the angular intersec-
tion (procurvature).
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Table 2. Joint orientation angles before and after surgery.

JOA Pre-OP Post-OP Target Mean Reference

Values Values

aLDRA 57 85 85 86 85~87
aCdPRA 92 87 87 85 84~86
aMPRA 75 84 84 83 82~83

aCdDRA 62 77 77 77 76~78
θ 38 21 21 27 21~32

Joint Orientation Angles (JOA) of pre-operative (Pre-OP), post-operative (Post-OP), Target, and mean values
aMPRA, anatomical medial proximal radial angle; aLDRA, anatomical lateral distal radial angle; aCdPRA,
anatomical caudal proximal radial angle; aCdDRA, anatomical caudal distal radial angle; θ, Angular intersection
of two segmental joint reference axes.

The surgical site edema reduced significantly on the second day after the operation,
so the gentle pressure bandage for the surgical site edema was removed on the third day
after the operation.

The patient improved significantly after two weeks. A lameness and mild painful
carpal palpation with reduced carpal flexion range of motion (ROM) signified were noticed.
Radiographs were rechecked immediately post-operatively and 12 weeks later. The ra-
diographic findings showed excellent healing of the osteotomy. The 12-week radiographs
showed osteogenesis with enhanced radiopacity in the radial callus formation (Figure 7).
After 8 weeks, weight-bearing had improved, and the radiographs showed a progressive
new bone formation at the osteotomy sites. At the final 12-week postoperative check,
the patient presented no lameness with improved, pain-free carpal ROM, and increased
antebrachial muscular tone on palpation.
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Figure 7. At the final 12-week postoperative radiography. The fracture-line on the distal radius
had disappeared.

4. Discussion

We describe a novel method for precise planning of a closing wedge osteotomy in
3-D using CT and CAD applications. RP modeling was used to create models for saw
guide fabrication, bone plate pre-contouring, and rehearsal surgery. The patient had
a successful outcome with significantly improved limb use and cosmetic appearance.
Carpal degeneration may be reduced following the reform of the loading through the
antebrachial bones.

Ideally, the veterinary surgeon will have access to the normal axis, as determined in
3-D, on the opposite limbs obtained from measurements of several individuals unaffected
animals or with the same breed description. Currently, however, it is difficult to search for
antebrachial joint orientational angle data on other breeds of dogs. Hence, for the work,
we selected the Golden Retriever dog as the animal model, which had the same skeletal
structure and normal value research data of joint orientation angles and lines [19].

Due to the deformity, there was a superimposition of the radiocarpal and accessory
carpal bones with the distal radius and carpal rotation, which obscured the normal radio-
graphic landmarks. It may have been possible to use the segmental radiography method
outlined by Dismukes et al. [24] to avoid the superimposition of the carpal bones and the
radius caused by the rotation. However, as this method is still two-dimensional, it was
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decided to use 3-D CT to augment and improve our understanding of the deformity within
the radius.

The decision to use CT in the planning of this case stemmed from the need for more
precise and accurate joint orientational angles to perform close wedge corrective osteotomy.

The CT image gave us not only the 3-D virtual visualization to try a range of poten-
tial osteotomies and assess the optimal site and angle of correction, but also real-sized
antebrachial bone models and patient-specific cutting guides that can be successfully used
for ALD. However, pre-operative labor does increase, especially computing work, which
was significantly more when the 3-D printer was used [25,26]. CT allowed us to handle
the deformity in 3-D bone models. In this way, CT enables rehearsal surgery to prevent
potential mistakes in the operating room, and in the process, it can improve the proto-
col [27,28]. In our case, we were able to improve the protocol by finding out the problem
with the osteotomy plan during the rehearsal surgery and assessing the risks of over- or
under-correction as it is not possible to adjust during the postoperative period and revise
the surgical plan.

Computer simulation has been described in human surgery and has been used for cor-
rective osteotomies for the treatment of angular deformities, including malunions [20,29–33].
After reading reports about human surgery, we decided to create our simple cutting guides
by molding PMMA onto the plastic model abutting our outlined cut planes. It improved
the accuracy of the rehearsal and subsequent surgery. Rather than visually translating
measurements from the CT data, the location and angle of the osteotomy were determined
by the saw guides that were held rigidly in position on the patient’s radius.

It is reported in human surgery that the creation of a cutting guide template from a
model and surgical simulation overcomes the inaccuracy associated with the translation of
the rehearsal surgery to the patient. The accuracy of the osteotomy is determined by the
resolution of the CT data (1 mm) and the accuracy of the model reproduction (0.18 mm),
rather than the surgeon’s intraoperative measurements and judgment [32,33].

Our simple guides aided the use of the oscillating saw and illustrated how a specif-
ically designed template or jig would be greatly advantageous. Stereo-lithographically
produced jigs can be fabricated from plastic or metal as shells and used in the same man-
ner as the PMMA guides used in this case. With greater familiarity with the technique,
the surgery could be rehearsed electronically, and the saw guides themselves could be
printed without the direct requirement for the bone models. The use of specifically manu-
factured surgical templates is an area that requires further study and may have application
in veterinary surgery.

The major limitation of this study was that it was the first attempt at the proposed
method. Both unfamiliarity with the capabilities of the software systems and the lack of
normal data contributed to the flaws in the method that we reported. However, with further
work, it will be easier to determine whether this method is primarily valid and how it
relates to previously described methods of radiographic measurements.

The PSI design, in this case, did not require the modification of the angle to reduce the
correction or leave a degree of cranial bowing. Although this adjustment was empirical
as it was based on the already defined wedge, it was performed with confidence and the
changes could be rehearsed.

The use of CT data to create stereolithographic models to aid in surgery is widely
reported in the human literature, and there are early reports in the veterinary literature as
well [24,34–37]. It has seen the most use in craniomaxillofacial surgery, but it is also used
in many areas of orthopedics and, more recently, human cardiovascular surgery [38–40].
Models can be used to rehearse surgery, contour implants, improve diagnostic abilities,
and aid in both the clinician’s and the involved client’s understanding. Human studies
have concluded that the use of stereolithographic bio-models in combination with standard
imaging has greater utility in surgical management than standard imaging data alone [38].
It is also reported that surgeons feel the use of bio-models reduces the time for surgi-
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cal procedures; although, due to the inability to repeat surgery with the two methods,
this observation is purely an anecdotal finding [36,38].

The positioning of the bone plate in situ is one of the vital issues for the outcome of
computer-assisted osteotomies. The plate rigidly defined the displacement of the distal
radius relative to the radial shaft. Thus, the surgeon had to ensure that the screw holes
were drilled in the right locations and that the plate lay flat and perpendicular to the bone
fragments. If these conditions were not met, errors in the placement of the plate and, hence,
in the final position of the distal radius could occur. If the holes for the fixation screws were
not drilled in the planned location, errors in translations and rotations could be induced in
the location of the distal radius.

Of particular concern is the location of the most proximal hole of the proximal radial
bone fragment: a literal translation of that hole by 1.0 mm can cause the second proximal
hole to be a pivot point that rotates the plates and, hence, the centroid of the distal radius
by approximately 1.9 mm. Since the bone surface is not planar, angular errors could be
introduced. Traditionally, to attach the screws to the distal radius, the bone surface to which
the fixation plate was to be attached needed to be shaved flat [41]. Failure to properly
shape the bone could introduce translational errors in the y- and z-axes and rotational
errors about x- and z-axes. However, using the locking screw plate in this method does not
require the shaving procedure, which potentially creates an error [42]. The radial shaft is
approximately cylindrical. This geometry allows for small rotational errors about the shaft’s
axis to pass undetected. In addition, the screw holes in the fixation plate allowed the screw
to lay anywhere within a cortical region. This reduced the effectiveness of the screw as a
spatial constraint of the plate–bone system [43]. However, locking screw and plate usage
can solve this problem. For the screws, pilot holes were created using K-wires of 1.2 mm
diameter. For each such wire, the drill had to be calibrated, introducing a possible source
of error. Due to the length of the wire protruding approximately 50 mm from the drill
chuck and the weight of the drill, bending of the wire during the procedure was possible.
If such bending occurred during the calibration registration or alignment of the wire to
the drill locations, an error could be introduced in positioning the drill location and/or
orientation. Careful calibration and use of the drill can reduce such errors. Though this was
not strictly part of the planning, it is vital to mention its importance for the overall outcome
of a 3-D computer-aid procedure. Registration was used to find the transformation from
the proximal target coordinates to the CT coordinates [29]. A poor registration could have
led to a misplaced drill location and, hence, a misplaced fixation plate. Robust algorithms,
including the contouring on the real-size RP bone model and validation of the registration,
can reduce the likelihood of poor registration.

Although this study, a 3-D-based assessment, can be more useful for complex deformi-
ties [44,45], the post-operative evaluation relied on 2-D radiographs.

We found that having the models was very valuable in the planning of the case,
not only for the procedure itself but also for explaining the procedure to the owner.
This case report showed the application of this new technology in veterinary surgery and
demonstrated that it is possible to improve the accuracy of surgical procedures involving
complex geometry. It does, however, highlight the need for further study. Furthermore,
an assessment of the extra cost of CT and 3-D printing work, and a comparison of the
analysis of merits and demerits achieved using traditional radiography versus 3-D-aided
surgical protocol is needed.

5. Conclusions

From this in-house surgical procedure, we concluded that the advanced data gained
with digital imaging, stereolithographic models, 3-D printed real-sized bone models,
and fabricating PSCGs may benefit the patient, client, and surgical team. This proto-
col enriched the morphological experience of bone deformities, aided client communica-
tion, gained the surgeon’s confidence, maximized surgical precision, minimized surgical
wound exposure and anesthetic times, and was intuitive. We propose to veterinary sur-
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geons that computer-aided orthopedic surgery affords many advantages and advocates
further research.
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Abstract: Mandibular protrusion and its treatment is challenging for the orthodontist. The aim of the
present research was to identify macroscopic changes in the mandible, based on three-dimensional
Cone Beam Computed Tomography analysis. Seventy-two male Wistar rats were divided into
two equal groups, experimental (group A) and control (group B). Each consisted of three equal
subgroups of 12 rats (A1, A2, A3, B1, B2, B3). Full-cast orthodontic intraoral devices were attached
to the maxillary incisors of the experimental animals, and effected functional posterior mandibular
displacement. Throughout the experimental period, all animals were fed with mashed food. Animals
were sacrificed at 30 days (A1, B1), 60 days (A2, B2) and 90 days (A3, B3). At the 60th day of
the experiment, the orthodontic devices were removed from the remaining experimental subgroup
A3. Measurements revealed significant differences in the anteroposterior dimensions between
experimental and control subgroups. However, the observed changes in the vertical dimensions,
Condylion/Go’–Menton and the Intercondylar distance proved insignificant. Posterior mandibular
displacement of the mandible in growing rats affects the morphology of the mandible and culminates
in the development of a smaller mandible at a grown age.

Keywords: mandibular growth; mandibular posterior displacement; mandibular length; condylar
growth; rat; class III malocclusion; orthodontic treatment

1. Introduction

Orthodontists frequently face the challenge of treating class III skeletal malocclusion
during the period of growth [1–4]. Their intervention may comprise functional removable
and fixed appliances [5,6], depending on the severity of the disorder and patient character-
istics such as age, gender or the ability to cooperate [7]. It would be interesting to assess the
osseous alterations effected by an intraoral device causing distal mandibular displacement
and, potentially, growth restriction on the molecular or cellular level [8–11]. Despite the fact
that such appliances were introduced early in the 20th century [12], the exact skeletal effect
of the loading is still elusive, and it has been the subject of a recent systematic review [13].
Understanding the pathway of bone remodeling may have repercussions on treatment
planning and the stability of the intervention.

Mandibular and condylar growth have been repeatedly studied [14,15], and report-
edly they are affected by heredity [16,17], hormones [18–20], environment [21], dental
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occlusion [22], and by systemic disease [23]. The mandible makes a major contribution to
the shape and function of the dentofacial complex, and thus, it is regarded as a significant
determinant of self-esteem [24–26].

Lateral cephalometric radiography remains important in orthodontic diagnostics [27],
although it is sometimes omitted [28]. However, traditional two-dimensional (2D) imaging
suffers from drawbacks, like overlapping structures, magnification, and linear distor-
tion [29–31], which may lead to erroneous interpretation [32,33]. The above-mentioned
inherent shortcomings may be overcome with the implementation of three-dimensional
(3D) imaging, Cone Beam Computed Tomography (CBCT) [34–37], which is gradually
gaining popularity in Orthodontics [38–40], in particular due to the reduced radiation dose
compared to traditional computed tomography [41,42], despite its higher dose compared
to the traditional (2D) lateral radiograph [43,44], a fact that merits prudence when pre-
scribing such an examination in younger patients [45]. Comparisons involving patients
and human skulls have demonstrated the reliability [46] and validity of the CBCT in es-
timating the actual anatomical distance between assigned cephalometric points [47] and
similar [48–50] or better [51–54] estimations of cephalometric points in comparison to (2D)
lateral cephalometry.

The rat is likely the most preferred lab animal for conducting experiments on cranial
growth despite existing anatomical and physiological differences with humans [55,56].
There is a long history and experience of using rats to study mandibular and condylar
growth [57–59]. However, growth evaluation has been-based mainly on 2D lateral radio-
graphs [60,61].

In studies with rats, appliances are used to retract the mandible with the aim to inhibit
growth and also to enhance additional orthopedic effects [57]. The present original research
aspires to identify macroscopic changes in the mandibular bone as appear in CBCT-based
three-dimensional analysis.

2. Materials and Methods

The study experimental protocol was approved by the Veterinary Directorate and
received protocol number 598742/04-10-2019, registered as EL 25 BIO 05, according to
Greek national legislation (P.D 56/2013), conforming to European Directive 2010/63/EE
and that of the European Council (276/33/20.10.2010) related to the protection of vertebrate
animals used in experiments and for other scientific purposes.

2.1. Experimental Design

In the present experimental study, seventy-two (72) four-week-old male Wistar rats
were used. After their initial four-week breeding in the Hellenic Pasteur Institute, all
the animals were transferred and housed at the Laboratory for Experimental Surgery
and Surgical Research “N. S. Christeas” at the University School of Medicine in Athens.
Standardization following national and European legislation determined cage selection
(Tecniplast S.P.A., Italy) and stable centrally ventilated (15 air changes/h) environmental
conditions at 55% relative humidity, temperature at 20 ◦C ± 2 ◦C, and artificial 12 h span of
alternating light–dark cycles. Access to food and water was ad libitum.

The animals were randomly allocated to equal groups, namely groups A (experimental)
and B (control), each been divided into three equally sized subgroups featuring twelve
rats (A1, A2, A3, B1, B2, B3). The online Random Team Generator tool was used for the
grouping.

Modified orthodontic intraoral devices that have been previously described [62] were
placed in the experimental animals and led to posterior mandibular displacement. The
full-cast metal orthodontic devices were constructed in the laboratory, following a digital
intraoral scanning (TRIOS 3, 3Shape intraoral scanner) of an animal selected at random. The
modified guiding appliances were cemented to the maxillary incisors with zinc phosphate
cement (Harvard Cement Normal Setting; Harvard Dental International GmbH, 15366
Hoppegarten, Germany) (Figure 1). During the whole experimental period, all animals
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(experimental and control) were fed with mashed food, produced by blending pellets with
water in standardized proportions to achieve a porridge-like consistency.
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Figure 1. The modified orthodontic intraoral device cemented to the maxillary incisors.

In total, the experimental period lasted for 90 days. Animals were sacrificed at 30 days
(subgroups A1, B1), 60 days (subgroups A2, B2) and 90 days (subgroups A3, B3). At the 60th
day of the experiment, orthodontic devices were removed from the subjects still remaining
in the experimental subgroup A3. Throughout the entire experimental period, all animals
were kept closely monitored for normal growth and development.

2.2. Three-Dimensional Analysis

To determine the three-dimensional morphology of the mandible, initial (day 1 of
the experiment) and final (day of sacrifice) CBCTs were performed in every rat. The rats
were injected intramuscularly for anesthesia with ketamine-xylazine combination at a
dosage of 0.2 mL/kg. Once the rats were adequately sedated, they were positioned in the
head-resting cushion. All rats were scanned with the same CBCT unit (New Tom VGi, Cefla
SC, Imola, Italy) using the same field of view (8 × 8 cm, high-resolution, denture scan)
with exposure settings 110 kV. Each scan was performed by an Oral and Dentomaxillofacial
Radiologist, who assessed the presence or absence of obvious motion artefacts. In cases of
obvious motion artefacts, the scans were performed again and the volumetric data of all
scans were exported as Dicom 3 datasets. Three-dimensional reconstruction and analysis
were conducted by using Viewbox software (Viewbox© version 4.1.0.10, dHAL Software,
Kifissia, Greece). Table 1 and Figure 2 present the detected mandibular anatomic landmarks,
while Figure 3a,b show the performed linear measurements.

Table 1. Description of anatomic landmarks detected in Cone Beam CT reconstructed images.

Anatomic Landmarks Description

Go’ the lowest point of the gonial process
Go the most posterior point of the gonial process

Menton the lowest point of the mental process
Coronoid the tip of the coronoid process

Condylion the most posterior and highest point of the condylar process

I’ the most anterior point of the alveolar process at the side of the
concavity of the lower incisor

Id the most anterior point of the alveolar process at the side of the
convexity of the lower incisor

Incisal Incisal edge of the lower incisor
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2.3. Statistics

The groups should be kept sufficiently small, for ethical reasons, while reliably de-
tecting potentially statistical results. The number of animals was calculated using power
analysis. In addition, the size of the respective samples in the study was finalized after
allowing for the low probability that some experimental animals might not cope with the
stress of the experimental process.

Subgroups consisting of 12 rats were calculated using standard statistical criteria
(a = 0.05, b = 0.10), yielding a power of 90% for detecting a 0.5 mm difference (26.5 vs. 27.0
SD 0.37) for the primary outcome of the study, namely mandibular length (Condylion–I’).
Therefore, 72 rats were used, equally divided into experimental and control group.

To calculate the intra-observer and inter-observer errors, double measurements, 4 weeks
apart, were made independently by two observers that were blinded to the groups under-
going evaluation. Lin’s concordance correlation coefficient and Bland and Altman analysis
were used for the estimation of inter- and intra-observer agreement [63,64].
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Figure 3. (a) Linear measurements: Go’–Menton (mandibular body length a); Go–Menton (mandibu-
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(Ramus height); Condylion–Menton; Condylion–Id; Condylion–I’ (mandibular length); Incisal–Id;
Incisal–I’. (b) Linear measurement: Condylion right–Condylion left (Intercondylar distance).

First, seeking to detect any meaningful differences, the dimensional means of the right
and left mandibular sides were calculated and were subsequently used for the statistics.
Next, differences in measurements related to “group” and “timing (subgroups)” were
assessed using linear regression models. Each measurement was regressed on group,
timing, and their interaction. When initial measurements were assessed, models were
adjusted for initial weight when appropriate. Models for the final measurements were
adjusted for the initial ones. Estimated changes from the initial measurements (final
minus initial) were also investigated using regression models with group, timing, and
their interaction as dependent variables, adjusting for initial weight when appropriate.
When normality assumption for the residuals was violated, quantile regression was used.
Estimates were adjusted for multiple comparisons, using the Bonferroni method.

Analysis was performed at the α = 5% level of statistical significance (p-value < 0.05
indicates a statistically significant result). Data were coded and analyzed using the statistical
software Stata ver.14 (Stata Statistical Software: Release 14, College Station, TX, USA:
StataCorp LP.).

3. Results

Only minor deviation was observed in Lin’s concordance correlation coefficient and
values of 0.98 or greater were predominant. These values indicate excellent agreement in
measurements. The level of agreement (LoA) of Bland and Altman analysis is displayed in
Supplementary Tables S1 and S2. Descriptive statistics with estimated means and standard
deviations (SD) are presented in Tables 2 and 3.
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Table 2. Descriptive statistics (mean and standard deviation) for each measurement by subgroups
and overall, for experimental group A.

Experimental Group A Subgroups—Timing

A1—0d A2—0d A3—0d Overall

Mean (SD) Mean (SD) Mean (SD) Mean (SD) p-Value *

Weight Initial (grams) 117.2 (17.2) 117.6 (17.5) 115.8 (13.4) 116.9 (15.7) 0.956
Go’–Menton Initial (mm) 13.60 (0.52) 14.80 (0.51) 13.70 (0.53) 14.03 (0.74) <0.001
Go–Menton Initial (mm) 16.75 (0.52) 17.14 (0.55) 16.63 (0.46) 16.84 (0.54) 0.018

Coronoid–Menton Initial (mm) 16.17 (0.44) 16.48 (0.48) 16.00 (0.56) 16.22 (0.52) 0.016
Condylion/Go’–Menton Initial (mm) 8.29 (0.40) 8.20 (0.30) 8.36 (0.33) 8.28 (0.34) 0.137

Condylion–Go’ Initial (mm) 8.81 (0.38) 8.52 (0.31) 8.82 (0.26) 8.71 (0.34) 0.002
Condylion–Menton Initial (mm) 18.55 (0.42) 18.91 (0.45) 18.48 (0.42) 18.64 (0.46) 0.005

Condylion–Id Initial (mm) 20.65 (0.36) 20.95 (0.52) 20.71 (0.49) 20.77 (0.47) 0.140
Condylion–I’ Initial (mm) 20.85 (0.51) 21.11 (0.48) 20.75 (0.38) 20.90 (0.48) 0.076

Incisal–Id Initial (mm) 7.87 (0.45) 7.94 (0.29) 7.82 (0.28) 7.88 (0.34) 0.741
Incisal–I’ Initial (mm) 5.06 (0.24) 5.13 (0.27) 5.27 (0.26) 5.15 (0.26) 0.124

Intercondylar Initial (mm) 17.78 (0.40) 17.43 (0.33) 17.50 (0.48) 17.57 (0.42) 0.068

A1—30d A2—60d A3—90d Overall

Mean (SD) Mean (SD) Mean (SD) Mean (SD) p-Value *

Weight Final (grams) 256.1 (24.5) 320.7 (25.0) 337.0 (58.6) 304.6 (52.2) <0.001
Go’–Menton Final (mm) 15.86 (0.79) 16.58 (0.69) 16.83 (0.69) 16.43 (0.82) 0.003
Go–Menton Final (mm) 19.48 (0.46) 20.81 (0.51) 21.38 (0.77) 20.56 (0.99) <0.001

Coronoid–Menton Final (mm) 18.74 (0.40) 20.13 (0.49) 20.50 (0.98) 19.79 (1.01) <0.001
Condylion/Go’–Menton Final (mm) 9.72 (0.38) 10.58 (0.26) 10.78 (0.51) 10.36 (0.60) <0.001

Condylion–Go’ Final (mm) 10.12 (0.40) 11.02 (0.31) 11.32 (0.53) 10.82 (0.66) <0.001
Condylion–Menton Final (mm) 20.93 (0.48) 22.24 (0.48) 22.87 (0.81) 22.01 (1.01) <0.001

Condylion–Id Final (mm) 23.13 (0.54) 24.48 (0.60) 25.10 (0.95) 24.23 (1.09) <0.001
Condylion–I’ Final (mm) 23.06 (0.48) 24.35 (0.49) 25.13 (0.75) 24.18 (1.04) <0.001

Incisal–Id Final (mm) 7.40 (0.93) 9.22 (1.62) 12.59 (1.00) 9.73 (2.48) <0.001
Incisal–I’ Final (mm) 4.25 (0.97) 5.63 (1.52) 8.90 (1.00) 6.26 (2.29) <0.001

Intercondylar Final (mm) 18.02 (0.35) 18.19 (0.33) 18.08 (0.54) 18.10 (0.41) 0.142

* derived from linear regression models; pairwise comparisons are provided in Tables 4 and 5.

Table 3. Descriptive statistics (mean and standard deviation) for each measurement by subgroups
and overall, for control group B.

Control Group B Subgroups—Timing

B1—0d B2—0d B3—0d Overall

Mean (SD) Mean (SD) Mean (SD) Mean (SD) p-Value *

Weight Initial (grams) 109.4 (12.2) 105.4 (22.1) 121.7 (14.7) 112.2 (17.8) 0.062
Go’–Menton Initial (mm) 13.18 (0.43) 13.40 (0.61) 13.74 (0.38) 13.44 (0.52) 0.075
Go–Menton Initial (mm) 16.34 (0.44) 16.28 (0.66) 16.70 (0.55) 16.44 (0.57) 0.804

Coronoid–Menton Initial (mm) 15.90 (0.39) 15.74 (0.74) 15.98 (0.59) 15.87 (0.58) 0.348
Condylion/Go’–Menton Initial (mm) 8.13 (0.34) 8.26 (0.37) 8.55 (0.37) 8.31 (0.39) 0.040

Condylion–Go’ Initial (mm) 8.67 (0.34) 8.72 (0.38) 8.97 (0.41) 8.79 (0.39) 0.413
Condylion–Menton Initial (mm) 18.11 (0.50) 18.18 (0.71) 18.50 (0.52) 18.26 (0.59) 0.400

Condylion–Id Initial (mm) 20.36 (0.59) 20.37 (0.81) 20.61 (0.64) 20.45 (0.68) 0.345
Condylion–I’ Initial (mm) 20.42 (0.52) 20.44 (0.78) 20.72 (0.58) 20.53 (0.63) 0.546

Incisal–Id Initial (mm) 7.64 (0.26) 7.73 (0.32) 7.95 (0.54) 7.77 (0.40) 0.381
Incisal–I’ Initial (mm) 5.17 (0.31) 5.15 (0.22) 5.33 (0.43) 5.21 (0.33) 0.865

Intercondylar Initial (mm) 17.60 (0.47) 17.43 (0.50) 17.65 (0.55) 17.56 (0.50) 0.604

B1—30d B2—60d B3—90d Overall

Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Weight Final 282.3 (18.1) 365.3 (35.0) 430.2 (30.1) 359.2 (67.4) <0.001
Go’–Menton Final (mm) 17.43 (0.43) 18.74 (0.51) 19.92 (0.80) 18.69 (1.19) <0.001
Go–Menton Final (mm) 20.30 (0.60) 21.63 (0.67) 22.93 (0.56) 21.62 (1.24) <0.001

Coronoid–Menton Final (mm) 19.35 (0.51) 20.63 (0.43) 21.61 (0.47) 20.53 (1.05) <0.001
Condylion/Go’–Menton Final (mm) 9.66 (0.44) 10.56 (0.58) 11.23 (0.23) 10.48 (0.78) <0.001

Condylion–Go’ Final (mm) 9.86 (0.46) 10.72 (0.58) 11.32 (0.25) 10.63 (0.75) <0.001
Condylion–Menton Final (mm) 21.60 (0.67) 23.06 (0.33) 23.91 (0.37) 22.86 (1.08) <0.001

Condylion–Id Final (mm) 23.90 (0.72) 25.79 (0.54) 26.45 (0.41) 25.38 (1.23) <0.001
Condylion–I’ Final (mm) 23.93 (0.58) 25.69 (0.39) 26.44 (0.48) 25.36 (1.17) <0.001

Incisal–Id Final (mm) 10.05 (0.38) 11.06 (0.37) 11.81 (0.48) 10.98 (0.83) <0.001
Incisal–I’ Final (mm) 6.92 (0.23) 7.72 (0.28) 8.13 (0.32) 7.59 (0.58) 0.001

Intercondylar Final (mm) 18.02 (0.41) 18.07 (0.48) 18.18 (0.49) 18.09 (0.45) 0.642

* derived from linear regression models; pairwise comparisons are provided in Tables 4 and 5.
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Table 4. Pairwise group per timing measurements comparisons’ p-values derived from linear regres-
sion models, adjusted for multiple comparison (Bonferroni).

p-Values *
Measurement A1 vs. B1 A2 vs. B2 A3 vs. B3

Weight Initial 0.764 0.222 >0.999
Go’–Menton Initial 0.262 <0.001 >0.999
Go–Menton Initial 0.436 0.003 >0.999

Coronoid–Menton Initial >0.999 0.016 0.810
Condylion/Go’–Menton Initial >0.999 0.027 0.953

Condylion–Go’ Initial >0.999 0.001 >0.999
Condylion–Menton Initial 0.177 0.005 0.900

Condylion–Id Initial >0.999 0.363 0.206
Condylion–I’ Initial 0.345 0.059 0.605

Incisal–Id Initial 0.775 >0.999 >0.999
Incisal–I’ Initial 0.353 0.873 >0.999

Intercondylar Initial >0.999 0.590 >0.999

Weight Final 0.202 0.007 <0.001
Go’–Menton Final <0.001 <0.001 <0.001
Go–Menton Final <0.001 <0.001 <0.001

Coronoid–Menton Final 0.002 0.001 <0.001
Condylion/Go’–Menton Final >0.999 >0.999 0.104

Condylion–Go’ Final 0.793 0.056 >0.999
Condylion–Menton Final <0.001 <0.001 <0.001

Condylion–Id Final 0.001 <0.001 <0.001
Condylion–I’ Final <0.001 <0.001 <0.001

Incisal–Id Final <0.001 <0.001 >0.999
Incisal–I’ Final <0.001 <0.001 0.245

Intercondylar Final >0.999 >0.999 >0.999
* p-values in bold indicate statistical significance at 5% level.

Table 5. Pairwise timing per group measurement comparisons’ p-values derived from linear regres-
sion models, adjusted for multiple comparison (Bonferroni).

p-Values *

Measurement A1 vs. A2 A1 vs. A3 A2 vs. A3 B1 vs. B2 B1 vs. B3 B2 vs. B3

Weight Initial >0.999 >0.999 >0.999 >0.999 0.295 0.075
Go’–Menton Initial <0.001 >0.999 <0.001 0.211 0.194 >0.999
Go–Menton Initial 0.116 >0.999 0.031 >0.999 >0.999 >0.999

Coronoid–Menton Initial 0.192 >0.999 0.020 >0.999 0.627 >0.999
Condylion/Go’–Menton Initial >0.999 >0.999 0.189 0.153 0.089 >0.999

Condylion–Go’ Initial 0.016 >0.999 0.007 >0.999 0.959 0.959
Condylion–Menton Initial 0.027 >0.999 0.014 0.711 >0.999 >0.999

Condylion–Id Initial 0.205 >0.999 0.831 >0.999 >0.999 0.595
Condylion–I’ Initial 0.338 >0.999 0.128 >0.999 >0.999 >0.999

Incisal–Id Initial >0.999 >0.999 >0.999 >0.999 0.726 >0.999
Incisal–I’ Initial >0.999 0.192 0.618 >0.999 >0.999 >0.999

Intercondylar Initial 0.099 0.415 >0.999 >0.999 >0.999 >0.999

Weight Final <0.001 <0.001 0.999 <0.001 <0.001 <0.001
Go’–Menton Final >0.999 0.003 0.212 0.266 0.001 0.152
Go–Menton Final <0.001 <0.001 0.009 <0.001 <0.001 <0.001

Coronoid–Menton Final <0.001 <0.001 0.023 <0.001 <0.001 0.001
Condylion/Go’–Menton Final <0.001 <0.001 >0.999 <0.001 <0.001 0.009

Condylion–Go’ Final <0.001 <0.001 >0.999 <0.001 <0.001 0.028
Condylion–Menton Final <0.001 <0.001 <0.001 <0.001 <0.001 0.005

Condylion–Id Final <0.001 <0.001 0.012 <0.001 <0.001 0.117
Condylion–I’ Final <0.001 <0.001 <0.001 <0.001 <0.001 0.011

Incisal–Id Final <0.001 <0.001 <0.001 0.007 <0.001 0.594
Incisal–I’ Final 0.003 <0.001 <0.001 0.032 0.002 >0.999

Intercondylar Final 0.198 0.990 >0.999 >0.999 >0.999 >0.999

* p-values in bold indicate statistical significance at 5% level.

At baseline, only a few differences were evidenced among the subgroups, as expected,
due to the sample’s prior randomization. Contrarily, the final measurements revealed
noteworthy changes (Tables 4–6).
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Table 6. Estimated mean differences (final–initial), 95% Confidence Intervals and p-values (compared
to 0 i.e., no change) per group and timing.

Final–Initial Mean Difference (mm) 95%
Conf. Interval p-Value

Go’–Menton
A1 2.29 1.74 2.84 <0.001
B1 4.19 3.63 4.74 <0.001
A2 1.82 1.27 2.38 <0.001
B2 5.23 4.66 5.79 <0.001
A3 3.15 2.60 3.70 <0.001
B3 6.26 5.70 6.82 <0.001

Go–Menton
A1 2.73 2.22 3.24 <0.001
B1 3.96 3.45 4.47 <0.001
A2 3.67 3.16 4.18 <0.001
B2 5.34 4.83 5.85 <0.001
A3 4.75 4.23 5.26 <0.001
B3 6.23 5.72 6.74 <0.001

Coronoid–Menton
A1 2.61 2.18 3.03 <0.001
B1 3.38 2.96 3.81 <0.001
A2 3.69 3.27 4.11 <0.001
B2 4.78 4.35 5.21 <0.001
A3 4.52 4.10 4.94 <0.001
B3 5.73 5.30 6.15 <0.001

Condylion/Go’–Menton
A1 1.45 1.14 1.76 <0.001
B1 1.51 1.20 1.82 <0.001
A2 2.39 2.08 2.70 <0.001
B2 2.26 1.94 2.57 <0.001
A3 2.43 2.12 2.74 <0.001
B3 2.71 2.39 3.02 <0.001

CondylionGo
A1 1.32 0.98 1.66 <0.001
B1 1.17 0.83 1.51 <0.001
A2 2.51 2.17 2.85 <0.001
B2 1.96 1.61 2.31 <0.001
A3 2.51 2.17 2.85 <0.001
B3 2.37 2.03 2.72 <0.001

Condylion–Menton
A1 2.42 2.02 2.82 <0.001
B1 3.42 3.02 3.82 <0.001
A2 3.37 2.97 3.77 <0.001
B2 4.77 4.36 5.18 <0.001
A3 4.40 4.00 4.80 <0.001
B3 5.50 5.10 5.91 <0.001

Condylion–Id
A1 2.51 2.04 2.99 <0.001
B1 3.47 2.99 3.95 <0.001
A2 3.57 3.10 4.05 <0.001
B2 5.29 4.80 5.78 <0.001
A3 4.40 3.93 4.88 <0.001
B3 5.94 5.45 6.42 <0.001

Condylion–I’
A1 2.25 1.82 2.67 <0.001
B1 3.45 3.01 3.88 <0.001
A2 3.28 2.85 3.71 <0.001
B2 5.12 4.68 5.56 <0.001
A3 4.40 3.97 4.82 <0.001
B3 5.82 5.39 6.26 <0.001

Incisal–Id
A1 −0.60 −1.37 0.17 0.235
B1 2.40 1.63 3.17 <0.001
A2 0.95 0.18 1.72 0.007
B2 3.25 2.48 4.02 <0.001
A3 4.40 3.63 5.17 <0.001
B3 3.85 3.08 4.62 <0.001
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Table 6. Cont.

Final–Initial Mean Difference (mm) 95%
Conf. Interval p-Value

Incisal–I’
A1 −0.90 −1.57 −0.23 0.002
B1 1.85 1.18 2.52 <0.001
A2 0.70 0.03 1.37 0.033
B2 2.60 1.93 3.27 <0.001
A3 3.60 2.93 4.27 <0.001
B3 2.70 2.03 3.37 <0.001

Intercondylar
A1 0.26 −0.09 0.62 0.261
B1 0.37 0.02 0.72 0.033
A2 0.79 0.44 1.14 <0.001
B2 0.55 0.19 0.91 0.001
A3 0.59 0.24 0.94 <0.001
B3 0.59 0.23 0.94 <0.001

Comparisons between the experimental and the respective control subgroups (A1 vs. B1,
A2 vs. B2, A3 vs. B3) revealed a statistically significant restriction of mandibular body
length a (Go’–Menton), mandibular body length b (Go–Menton), and mandibular length
(Condylion–I’), across all subgroups (p < 0.001). The Coronoid–Menton, Condylion–
Menton, Condylion–Id, measurements were also found significantly different. Incisal–Id
and Incisal–I’ measurements measured significantly different between A1 vs. B1 and A2
vs. B2 subgroups, respectively, albeit differences did not persist after 90 days of experi-
ment (A3 vs. B3 subgroups). The condylion height (Condylion/Go’–Menton), the ramus
height (Condylion–Go’) dimensions and the Intercondylar distance did not show significant
difference.

Differences within the subgroups in the experimental group (A1, A2, A3) and within
the control subgroups (B1, B2, B3) are presented in Table 5. Table 6 presents the mean
difference (Final minus Initial) for each subgroup regarding each measurement. It appears
that the rate of mandibular growth was smaller in the experimental group in comparison
to the control group. The comprehensive regression model regarding major measurements
is depicted graphically in Figures 4–7.
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timing in Go’–Menton (mandibular body length a).
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timing in Go–Menton (mandibular body length b).
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Figure 6. Estimated mean difference (Final–Initial) and 95% Confidence Interval per group and
timing in Condylion–I’ (mandibular length).
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Figure 7. Estimated mean difference (Final–Initial) and 95% Confidence Interval per group and
timing in Condylion/Go’–Menton (Condylion height).

4. Discussion

The present study investigates in rats an important feature of human face, the mandibu-
lar shape, which is a potential determinant of self-esteem [24,65], it affects the individual’s
social interaction [66,67] and professional success [68], and is important in the function of
the orofacial complex [69,70]. Mandibular development is multifactorial and is regulated
by genetic and environmental variables [21,71].

Currently, the rat is the most popular animal used in experimental studies involving
anatomy and physiology [72,73], despite the existing differences with humans [55,56,74].
Thus, Wistar rats were used in this study with provision of eliminating potential confound-
ing factors related to their characteristics. Therefore, the animals were all male and had no
significant differences in measurements that might be connected to the variables of interest.
Although the majority of similar studies also selected the rat, some past research has also
reported on rabbits [15,62] and even monkeys [75,76].

Despite the randomization, some comparisons among subgroups regarding initial
measurements were found to be statistically different. This might be attributed to the small
size of each subgroup. Twelve rats were sufficient to detect the difference of interest, as was
determined after power analysis, but they might not have been adequate to eliminate differ-
ences of initial characteristics. However, regression models concerning final measurements
were adjusted for initial ones, when appropriate.

Every possible effort was made to breed the animals in a healthy, safe environment, to
provide necessary nutrition, and to treat them with dignity. Assessing the rat final weight,
there was no difference between A1-B1, contrary to the observations between A2-B2 and
A3-B3 (although the device in the A3 subgroup was removed on the 60th experimental
day). It could be hypothesized that, initially, the appliance did not seem to have caused any
important difference, but subsequently the animals might have faced trouble with feeding.
Nevertheless, the rats continued growing, as there were differences among A1, A2, and A3
(Table 5).
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Rats live for 3 years, on average. They develop rapidly and their adolescence ends
by the end of the second month of ontogenesis. Thus, a rat at 2 months of age (60 days) is
considered a young adult. The period of rapid growth allegedly ends by 5 weeks, whereas
at the period from 8 to 16 weeks, growth slows down [73,77–80]. The experimental period
of the present study lasted for 90 days, and the rat age in the last subgroup was 120 days.
The differences between subgroups A3 and B3 remained statistically significant 30 days
following the removal of the device (from A3 subgroup), meaning that the mandible did
not exhibit any post-treatment catch-up growth.

Calculations were not performed separately for the left and right mandibular sides.
By contrast, the mean values of the contralateral sides were used and are reported. The
orthodontic device that was used in the present study was full-cast, intraoral, and was
attached to the maxillary incisors. It was introduced by Desai et al. [62], although their
research did not report many details on osseous mandibular change, but focused mainly
on the temporomandibular joint. It was adopted by Cholasueksa et al. [8] and Farias-Neto
et al. [81], whereas Hua et al. [82] and Wang et al. [59] used modified upper/lower devices,
unlike Asano [57], Tsolakis [15] and Teramoto et al. [10], who selected extra-oral appliances.
Teramoto et al. mention that the magnitude of the traction was excessive, and thus ended
up traumatic [10].

The mandibular distal displacement effected by the intraoral device that was cemented
to the rat maxillary incisors caused a restriction in mandibular length and in mandibular
body length. Both Go and Go’ landmarks were identified because the distal outline of
the ramus in rodents appears to be particularly more concave related to human anatomy
(Figure 3a,b). Asano appears to have faced the same challenge in highlighting similar
landmarks [57]. Such developmental restriction is in agreement with the observations of
Desai et al. [62] and Cholasueksa et al. [8], and the conclusions of Asano [57], Farias-Neto
et al. [81], and Hua et al. [82].

In addition, the oblique osseous and dento-osseous measurements, as depicted by
Coronoid–Menton, Condylion–Menton, Condylion–Id, were also found to be significantly
different. Interestingly, Hua et al. found their respective oblique measurement, namely
the angle between the axis of the condylar process to the mandibular plane, also changing
spatial orientation [82].

The present study also identified dental alterations, as manifested by the statistically
significant differences between experimental and control animals regarding measurements
Incisal–Id and Incisal–I’ between A1 vs. B1 and A2 vs. B2 subgroups, respectively, although
differences did not persist after 90 days of experiment (A3 vs. B3 subgroups). Dental
attrition of the lower incisors in subgroups A1, A2 during the first 60 days of the exper-
iment due to their contact with the device discontinued after debonding the apparatus.
Subsequently, lower incisors resumed eruption and so no difference appeared in the dental
crown length between experimental and control subgroups.

Interestingly, the vertical component of the mandibular structure as expressed by
the condylion height (Condylion/Go’–Menton) and ramus height (Condylion–Go’) did
not show significant difference across the experimental and control subgroups inthe final
records. This observation agrees with that of Farias-Neto et al., who did not observe any
significant difference considering the ramus height [81]. Asano’s conclusions are similar
regarding the condylar height, although he also noticed a thickening of the retromolar
region and the condylar neck, potentially due to spatial remodeling [57]. This leads
to the conclusion that mandibular retrusion might not be expected to cause unwanted
side-outcomes affecting facial appearance. Lastly, the Intercondylar distance remained
statistically unaffected, in agreement with the conclusions of Farias-Neto et al. [81].

To increase accuracy in identifying anatomical landmarks [46,47] and for increased
consistency in measuring dimensions [52], CBCT, a 3D reconstruction method, was used in
place of ordinary 2D lateral cephalometric radiography [29,32–34,38]. To the best of our
knowledge, this is the first study to use CBCT for comprehensive cephalometric evaluation
in rats, although various digital radiographic techniques have been used [59,81].
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The present study was conducted in rodents with respect, and complying with estab-
lished legislature and regulations. Such experimentation would be off-limits in humans
because the interventions might inflict irreversible changes. On the other hand, the existing
differences between rodents and humans call for caution when interpreting the results. The
present study may be a contribution to evidence-based decision making in orthodontics
when treating skeletal Class III malocclusion, and could intensify the call for further re-
search on the long-lasting effects of such interventions aiming to alleviate facial deviations.
A randomized controlled trial should be conducted to validate the present research.

5. Conclusions

Posterior mandibular displacement in growing rats alters the mandibular morphology
and results in the development of a smaller mandible at a grown age. In the rat, it can be
concluded that the effects of distal mandibular displacement follow a consistent temporal
pattern and are statistically significant. The present study emphasized the long-term
stability of the outcomes, revealing that the mandible does not show catch-up growth
following treatment.
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Abstract: Cancer of the urinary bladder is a neoplasm with considerable importance in veterinary
medicine, given its high incidence in several domestic animal species and its life-threatening character.
Bladder cancer in companion animals shows a complex and still poorly understood biopathology, and
this lack of knowledge has limited therapeutic progress over the years. Even so, important advances
concerning the identification of tumour markers with clinical applications at the diagnosis, prognosis
and therapeutic levels have recently been made, for example, the identification of pathological BRAF
mutations. Those advances are now facilitating the introduction of targeted therapies. The present
review will address such advances, focusing on small animal oncology and providing the reader with
an update on this field. When appropriate, comparisons will be drawn with bladder cancer in human
patients, as well as with experimental models of the disease.

Keywords: transitional cell carcinoma; urothelial carcinoma; histology; therapeutic marker; prognosis

1. Prevalence and Aetiology

Urinary bladder cancer represents about 2 percent of all reported canine malign
neoplasms [1,2], and it is rare in cats [3,4]. The majority of canine bladder tumours are
malignant and of epithelial origin [5]. Transitional cell carcinoma (TCC), also referred to
as urothelial carcinoma (UC) is the most frequent canine urinary bladder tumour [6]. The
aetiology of the canine disease is thought to be multifactorial. Several risk factors have
been proposed to play a role, such as exposure to older topical insecticides for flea and tick
control, obesity, female sex, herbicides and breed predisposition (e.g., Scottish Terrier, West
Highland White Terrier, Shetland Sheepdog, Beagle and others) [7–9].

Urinary bladder tumours are also frequently observed in cattle grazing on pastures
infested by toxic ferns (mainly Pteridium spp.) (reviewed by Gil da Costa et al., 2012 [10])
and have been reported in other ruminant species [11]. The aetiology of bladder cancer in
ruminants is much clearer than in companion animals. Grazing on poisonous ferns has
been identified as a decisive risk factor since the mid-1900s [12,13]. The occurrence of blad-
der tumours in cattle is closely related to the geographical distribution of toxic ferns and
originates in a syndrome known as bovine enzootic haematuria. Bladder lesions have also
been reproduced experimentally in multiple laboratory animal models, by administering
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the fern or its toxin ptaquiloside [14–18]. Ptaquiloside is a DNA-alkylating agent, which
causes point mutations, as well as structural and numeric chromosomal aberrations [19–21].
This toxin also has immunotoxic properties, contributing to reducing immune surveil-
lance against newly arising neoplasms [22–24]. Other ferns containing ptaquiloside (e.g.,
Pteris spp. and Dryopteris spp.) or structurally related illudane toxins (for a review of
illudane toxins, see Gil da Costa et al., 2013 [25]) do occur and have been reported to cause
bladder cancer in cattle in various locations worldwide [26,27]. Bracken consumption has
been proposed to facilitate a persistent abortive infection of the bovine bladder by bovine
papillomavirus (BPV) types 1, 2, 13 and 14 [28–31]. These Delta BPV types are hypothesised
to contribute to bladder carcinogenesis, by activating the platelet-derived growth factor
receptor beta (PDGFR-β) through their oncoprotein E5 [32,33].

2. Histology and Grading

The urothelium is a hierarchically organised tissue, comprising basal, intermediate
and umbrella cells, and the development of urothelial cancers progressively subverts this
normal hierarchical structure [34]. Data obtained from human patients and from laboratory
animals have helped trace different types of urothelial carcinoma to specific cell populations
of origin and different differentiation pathways [35–38]. Although the pathogenesis of
canine bladder cancer is less clear, it seems that numerous genetic changes involving
key genes are shared between human and dogs, reflecting a conserved mechanism of
pathogenesis [39]. Current laboratory models of bladder cancer, based on rats and mice,
are out of the scope of the present work, but several comprehensive reviews have been
recently published [40,41].

About 90 percent of all urinary bladder tumours in dogs are epithelial and malignant,
and 50 to 90 percent of these will metastasise. Urinary bladder carcinomas include tran-
sitional cell carcinoma, squamous cell carcinoma, adenocarcinoma and undifferentiated
carcinoma (Table 1) [2]. Among primary epithelial neoplasms of the urinary bladder, TCC
represents 75 to 90 percent in dogs [2]. More than 50 percent of overall malignant tumours
show involvement of both the bladder and the urethra [5]. Benign epithelial tumours are
rare, and only 10 percent of canine urinary bladder tumours are of mesenchymal origin,
with smooth muscle neoplasms being the most common [2].

Table 1. Primary bladder tumours in dogs, types and percentages (the most common tumours
reported are shown; adapted from Meuten and Meuten, 2016 [2]).

Primary Canine Urinary Bladder Tumours

Epithelial

Malignant (%) Benign (%)

Transitional cell carcinoma 75–90 Papilloma 2
Undifferentiated carcinoma 6

Adenocarcinoma 4 Adenoma 0.2
Squamous cell carcinoma 3

Mesenchymal

Malignant Benign

Leiomyosarcoma 2 Leiomyoma 2
Sarcoma 1.5

Rhabdomyosarcoma 1.3
Haemangiosarcoma 1 Haemangioma 0.2

Fibrosarcoma 1 Fibroma 1

Canine transitional cell carcinomas are classified based on their growth patterns
(Table 2). They can be divided into papillary (papillary or cauliflower exophytic growths
projected into the lumen) and non-papillary (plaques, flat nodules or masses), and into
infiltrating or non-infiltrating tumours [2]. The consistent observation is that the majority
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(90 percent) of canine TCC shows an infiltrating growth pattern [2]. Papillary infiltrating
TCC is one of the most common variants and likely to metastasise. The non-papillary and
infiltrating type is the second or the most common variant in dogs, depending on the study,
and shows a high tendency to metastasise [2].

In cattle, the histological features of bladder tumours are quite different, with 51.2%
of purely epithelial tumours, 17.4% of purely mesenchymal tumours and 31.4% of coex-
isting epithelial and mesenchymal tumours, and numerous benign tumours (papillomas,
haemangiomas, etc.) [42].

Table 2. Classification of canine TCC subtypes based on growth pattern (adapted from Meuten and
Meuten, 2016 [2]).

Canine Transitional Cell Carcinoma Classification

Papillary infiltrating

Often multiple and may cover large regions of the mucosa. Form papillary or exophytic growths
that project into the lumen of the bladder. Invade the stalk and wall of the bladder, lamina propria,
and muscle layers and may be transmural. Mild to marked cellular atypia. Likely to metastasise.

Papillary non-infiltrating

Do not invade the stroma of their own stalk, do not go beyond the lamina propria, so unlikely to
metastasise. Differentiation from papilloma is subjective and based on criteria such as overall size,
cellular atypia, small branches off the main lesion, among others. Non-invasive tumours may be
adjacent to invasive TCC, and additional sections should be searched for invasion.

Non-papillary infiltrating

Form plaques and flat nodules, which can cover large regions of the mucosa. Surfaces are often
ulcerated, tumour infiltrates into muscle layers, so high tendency to metastasise. Marked
histological and cytological variability.

Non-papillary non-infiltrating

Rare. Additionally, defined as carcinoma in situ; confined to the epithelium and do not form
papillae. Neoplastic epithelium more intensely eosinophilic than non-neoplastic cells; cells may
be dysplastic to mildly anaplastic. Loss of intercellular cohesion. Usually located adjacent to
invasive carcinoma; if seen, additional section analysis recommended to look for invasion.

Over the years, several different grading systems for urothelial carcinomas in humans
have been proposed and applied to veterinary tumours, looking for a better approach on the
evaluation of the tumours’ biologic behaviour [2,43]. Meuten and Meuten (2016) proposed
a more simplified classification of TCC into low or high grade (Figure S1, Supplementary
Material). The majority of canine TCC are invasive, high grade and at an advanced stage
when diagnosed [2]. In affected dogs, high-grade tumours seem to be more common in
terriers than in non-terrier breeds [44].

3. Diagnosis
3.1. Clinical Signs and Differential Diagnosis

Clinical signs in dogs with TCC are usually nonspecific, many of which, such as dy-
suria, haematuria and pollakiuria, are commonly observed with urinary tract disease [2,5].
Concurrent urinary tract infections (UTI) are often present [2]. Tumour growth can lead to
obstruction of the ureters or urethra and invasion and disruption of the normal functioning
of the urethral sphincter [45]. On physical examination, a thickening of the urethra and of
the trigone region of the bladder and enlargement of iliac lymph nodes may be found and,
occasionally, a mass in the bladder or a distended bladder [1]. Urinary tract obstruction can
occur prior to the development of lethal metastasis and is a common cause of death in dogs
with TCC [6]. However, a normal physical examination does not exclude the presence of a
TCC [46]. Differential diagnoses of canine TCC comprise other neoplasia, chronic cystitis,
polypoid cystitis, fibroepithelial polyps, granulomatous cystitis/urethritis, calculi, among
others [1].
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In cattle, haematuria and weight loss are the main symptoms of bladder cancer and
often present as part of the previously mentioned syndrome, known as bovine enzootic
haematuria [26,47].

3.2. Diagnostic Procedures and Staging

Diagnostic procedures for TCC should include a complete blood cell count, serum
biochemistry profile, urinalysis, urine culture (to rule out lower urinary tract infection) and
cancer staging [1,46].

Definitive diagnosis of TCC can be established via histopathologic examination of
tumour tissue and/or cytology of a representative sample [2]. Biopsies can be collected by
means of cystotomy, cystoscopy and traumatic catheterisation, invasive procedures that
usually involve general anaesthesia [1,39]. Cytological samples may be obtained by direct or
ultrasound-guided percutaneous mass fine-needle aspirate or traumatic catheterisation [48].

The risk of tumour implantation or seeding/dissemination throughout other tissues
following diagnostic or therapeutic procedures has been reported, especially after surgical
manipulation of the tumour [49–52]. Even though reports are scarce, these should be
carefully interpreted. Where possible, less invasive techniques should be favoured.

A less invasive technique consists of performing a cytology from urine sediment.
If tumour cells are present, a diagnosis can be achieved [2]. However, negative results
do not rule out TCC. In one study, malignant cells were seen in only 30% of dogs with
lower urinary tract tumours [5]. Thus, cytological results must be interpreted with caution,
especially upon the presence of inflammation of the urinary tract, and correlation with
clinical data is essential for reaching a diagnosis.

Clinical staging of canine TCC includes thoracic and abdominal radiography, abdom-
inal ultrasonography and specific urinary tract imaging [1,46]. Computer tomography
(CT) has increasingly been used to aid in diagnostics and staging, particularly for more
accurately evaluating the urethra and to detect metastases [53]. Figure S2 (Supplementary
Material) shows the TNM (tumour, node, metastasis) classification for clinical staging of
canine bladder cancer [54]. The TNM stage at diagnosis for TCC has shown to be strongly
related to prognosis. More advanced TNM stage at the time of diagnosis was significantly
associated with shorter survival [7,53]. Tumours located in the urethra were also associated
with shorter survival time than ones in the bladder [53]. TCC has rarely been curable;
however, with current therapies, many dogs will achieve stable disease for several months
after diagnosis [1].

3.3. Recent Advances in Diagnostic Techniques for UC

As mentioned above, clinical presentation of canine TCC is comparable to several
other (and far more common) urinary tract disorders. Consequently, the diagnosis of TCC
is often delayed, allowing the tumour to grow, infiltrate and metastasise [2]. In fact, most
TCCs are currently not diagnosed until they reach an advanced stage and thus present
poor prognosis [55]. As such, effective (and preferably less invasive) methods for the early
identification of UC are needed, which could improve responses to treatment and survival
rates among affected dogs [56]. In particular, because TCC tumour cells and metabolites
may be shed into urine, this body fluid is likely to present tumour-specific molecules that
could be used as biomarkers for tumour detection using easily accessible samples collected
through non-invasive techniques [46,57]. Over recent years, several potential biomarkers
for canine TCC have been investigated for diagnostic/screening or prognostic purposes,
and a few of them are currently available for commercial use.

These and other potential biomarkers are summarised in Table 3 and detailed below.
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3.3.1. BRAF Mutation

The somatic BRAFV595E mutation in canine Canis familiaris chromosome 16 (CFA16)
results in a valine to glutamic acid substitution at codon 595 of canine BRAF [58,59].

In one study, the BRAFV595E mutation was detected across 87.9% of canine invasive
TCC bladder tumour tissue samples (58 out of 66 samples). The mutation was also detected
in the urine sediments of dogs tested with mutation-positive tumours (9/9), and none of
the healthy control dogs were positive for the mutation [58]. Another study screened for
the presence of the BRAF mutation in 667 canine tumours, including a series of haematopoi-
etic tumours (n = 245), sarcomas (n = 160), carcinomas (n = 115), melanocytic tumours
(n = 72), as well as other, less common cancers (n = 75). The BRAF mutation was identified in
64 primary tumours (9.6%) of different origins with various frequencies, with particularly
high frequency in prostatic carcinoma (PC) (20/25, 80%) and urothelial carcinoma (30/45,
67%) tissue samples. No mutation was found in normal control tissues [59].

Furthermore, a droplet digital PCR (ddPCR) assay for detection of the canine BRAFV595E

mutation in canine urogenital tumours was developed. Tested samples included tissue ob-
tained from TCC, PC and non-neoplastic bladder epithelium, and free-catch urine samples
derived from dogs with UC, PC, with cystitis and healthy controls. In tissue samples, 75%
of TCC (36/48), 85% of PC (23/27) and none of control samples were mutation positive.
The mutation was also identified in urine samples from 83% (19/23) of canine TCC and
100% of PC patients (3/3), and none of control samples were positive for the mutation. The
V595E mutation was consistently detected in matched tissue and urine specimens from six
of these dogs [60].

Grassinger and their team (2019) studied the presence of BRAF mutation in TCC tissue
samples from 65 dogs from different breeds (both terriers and non-terriers). Overall, the
mutation was detected in over half of the specimens, with considerably higher prevalence
in terriers compared to the other breeds (73% versus 36%) [44]. Parker et al. (2020) confirm
this hypothesis of hereditary predisposition to TCC [61]. Histological grade, however, was
not significantly correlated with the BRAF mutation [44].

A recent retrospective study looked at the prognostic significance of BRAF mutation
in 79 canine TCCs. A total of 51 tumours (65%) were BRAFV595E-positive, and the mutation
was not correlated with survival [62].

Cells, both normal and tumoural, can release DNA into the bloodstream (circulating
cell-free DNAs) via processes such as direct secretion, necrosis and apoptosis. Circulating
tumour DNAs (ctDNA) contain the same genetic information as the original tumour, and
they have been investigated in human and veterinary medicine for various applications,
including studying tumour features and monitoring disease progression and response to
treatment [106–110].

In a study including 15 dogs with TCC, 11 (73%) were positive for BRAF mutation,
which was assessed in either tissue or urine samples. Blood samples were collected, and
cfDNA was obtained from plasma. Results showed that concentrations of BRAF-mutated
ctDNA were higher in BRAFV595E-positive dogs than in wild-type dogs. However, they
did not correlate with clinical stage or the presence of metastases. Furthermore, six of the
dogs were monitored throughout treatment and course of the disease. Levels of mutated
BRAF ctDNA increased with disease progression and decreased with response to treatment.
It is noteworthy that BRAF mutation could be present in other neoplasms and therefore
contribute to the overall levels of ctDNA detected. Additionally, treatment therapies varied
between analysed patients [63]. Further validation studies are encouraged.

Overall, these findings suggest that detection and quantification of the BRAF mutation
in canine TCC patients, especially through non-invasive techniques, could be very useful
in the clinical setting, not only as a biomarker for diagnosis, but also for monitoring
disease progression and treatment response. A test, which based on ddPCR, is currently
commercially available for use in urine samples and could be particularly useful as a
screening test (Table 3) [60,64].
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3.3.2. Bladder Tumour-Associated Antigen Test (BTA)

The BTA was originally developed for use in humans (Bard BTA test). It was then
assessed in canine patients, and a veterinary version (V-BTA) of the test was also developed.
It consists of a rapid latex agglutination dipstick colorimetric test that allows the qualitative
detection of tumour analytes in urine. The test uses antibodies to detect a urinary bladder
tumour-associated glycoprotein complex. This complex contains basement membrane
proteins that are degraded upon urinary tract invasion or tissue damage and shed into
the urine and may also contain immunoglobulins [68,69]. Tests results are either positive
or negative.

Studies performed with canine cohorts evaluated: 65 animals, including patients
with TCC (associated with the bladder, urethra, prostate or vagina), as well as healthy
controls and urologic controls (e.g., dogs with other urologic conditions or with systemic
disease leading to abnormal urinalysis examination) [70]; 54 animals, including dogs
with lower urinary tract neoplasia (TCC or other neoplasia affecting the bladder and/or
other urogenital structures), dogs without urinary tract abnormalities and dogs with non-
malignant urinary tract disease [71]; 229 animals, including dogs with TCC of the lower
urinary tract (involving the urinary bladder and/or other structures), healthy control dogs,
unhealthy control dogs with (non-TCC) urinary tract disease and unhealthy control dogs
without urinary tract disease [68]; 73 animals, including dogs with TCC (of the bladder,
prostate and/or urethra, with or without concomitant UTI), healthy dogs, proteinuric
dogs and dogs with non-TCC associated lower urinary tract disease (LUTD) [72]. Overall,
the test exhibited high sensitivity but lower specificity for the detection of TCC in dogs.
Therefore, the V-BTA has not been recommended as a confirmatory/definitive diagnostic
test for urinary tract TCC in dogs and should not be indiscriminately used in every patient
presenting clinical signs of urinary tract disease. However, it can be useful as a screening
test to rule out TCC, especially in dogs at high risk of developing the disease. As an
example, considering the prevalence of TCC in a population of geriatric dogs, less than
3% of dogs with positive V-BTA test results would be expected to have TCC. On the other
hand, 99.9% of dogs with a negative test would not have the disease [68].

3.3.3. Basic Fibroblast Growth Factor (bFGF)

The basic fibroblast growth factor (bFGF) is a proangiogenic peptide that has been
associated with tumour progression in humans and has been detected at high levels in the
urine of humans with urologic and non-urologic malignancies [73]. An ELISA test kit for
human bFGF that recognises natural and recombinant bFGF has been developed and has
also been used for the quantification of canine bFGF in urine [74–76].

In one study, bFGF levels were quantified in the urine of dogs with locally active TCC
of the urinary bladder (n = 7) and compared with those in dogs with urinary tract infection
(n = 10) and normal dogs (n = 17). bFGF concentrations were significantly higher in dogs
with bladder cancer than in normal dogs and in dogs with UTI, while these two groups
showed comparable results. The study suggested that urine bFGF could be useful as a
diagnostic tumour marker, allowing for distinction between dogs with UTI and dogs with
TCC, or as a non-invasive indicator of treatment response [73]. In another study, urinary
bFGF concentrations were measured in 14 dogs with invasive TCC of the urinary bladder
(with or without involvement of the urethra or the prostate) before and after treatment
with piroxicam. Before treatment, urine bFGF levels were significantly higher than those
of eight normal dogs. In 77% of dogs (11 out of 14), bFGF concentrations decreased with
treatment, and tumour volume decreased by 9–75% in 10 of those 11 dogs. Overall, a
positive correlation was seen between the change in urine bFGF concentration and the
change in tumour size [77]. In a similar study, bFGF concentrations were assessed in the
urine of dogs with bladder TCC before and after treatment with piroxicam/cisplatin. Before
treatment, concentrations of bFGF were significantly higher than those in normal dogs
(eight animals per group). Concentrations decreased with treatment in four out of eight
dogs, and tumour volume decreased by 59–95% in these four dogs. On the other hand,

42



Vet. Sci. 2022, 9, 107

concentrations increased in four dogs, two of them also showing an increase in tumour size.
No significant association was observed between change in urine bFGF concentration and
change in tumour size [78]. Additional studies are required for determining the sensitivity
and specificity of this test in a larger canine population and its potential use to determine
disease progression, clinical stage and response to treatment.

3.3.4. Chromosomal Copy Number Aberrations (CNAs)

Fluorescence in situ hybridisation (FISH) is considered the gold standard of copy
number detection and enumeration. In biopsies from canine TCC, chromosomal copy
number aberrations (CNAs) have been identified throughout several regions of the canine
genome. In fact, three of those CNAs are highly recurrent features: Canis familiaris (CFA)
chromosome 13 gain, CFA 36 gain and CFA 19 loss.

FISH was shown to be effective in identifying aberrant cells in urine sediment samples
from dogs with TCC confirmed via urine cytology or histopathology. In a study involving
24 dogs diagnosed with UC, all animals showed at least one of these three aberrations in
cells recovered from urine sediment specimens [39]. Thus, the detection of these aberrations
may potentially be used as a molecular diagnostic test for TCC. In the future, validation of
the technique with a larger canine population is needed, including dogs presenting with
non-neoplastic urinary diseases, in order to establish true sensitivity and specificity values
for a clinically valuable diagnostic assay [39]. An in vitro test is available for use in human
samples [79].

A multiplexed droplet digital polymerase chain reaction (ddPCR) assay has also been
developed for detection and quantification of copy number imbalances/changes character-
istic of canine TCC. Aimed to detect CNAs of specific regions of canine chromosomes 13,
19 and 36, the assay proved effective at differentiating 31 neoplastic and 25 non-neoplastic
bladder tissues (including normal bladder and bladder with non-neoplastic lesions), based
on copy number, with 100% sensitivity and specificity. When evaluated in DNA isolated
from free-catch urine samples from TCC and non-TCC dogs, copy number imbalance (for
CFA 13 and CFA 36) was detected in 67% (12 out of 18) TCC specimens and was absent in
non-TCC urine samples (n = 7, including clinically healthy dogs and those with urinary
tract infections). This assay was shown to be a fast method with a potential clinical value for
determination of copy imbalance not only in tissue samples but also in free-catch urine from
dogs diagnosed with UC. Further evaluation of the ddPCR assay as a molecular diagnostic
test for canine TCC in a clinical setting is required, with a larger sample including both TCC
and non-neoplastic urinary diseases, in order to assess its sensitivity and specificity [55]. A
test for use in urine clinical samples has recently been developed (Table 3) [64].

3.3.5. Microsatellite Instability

Microsatellites (MS) are short tandem repeats of DNA that occur mainly in noncoding
regions [111]. Microsatellite instability (MSI) refers to the accumulation of mutations within
MS, and it can promote tumourigenesis. A panel of 22 MS sequences was evaluated by
PCR amplification of DNA samples extracted from exfoliated urothelial cells and blood
cells. Samples included urine from dogs with TCC (of the bladder, prostate and urethra,
diagnosed by fine-needle aspiration cytology or histologic evaluation) and from control
dogs (proteinuric dogs, dogs with lower urinary tract disease not associated with TCC and
healthy controls). The study showed that detection of these MS abnormalities could be
achieved in canine urine samples. MSI was more frequently detected in urine samples from
dogs with TCC (55%, n = 11 out of 20) compared with control dogs (32%, n= 12 out of 38).
However, the difference was not statistically significant. Measurement of MSI in urine was
poorly specific and not sensitive for identification of TCC in dogs [72].

Further research is needed to determine whether targeting other specific loci might
improve the diagnostic utility of the test and to determine whether MSI represents an
early preneoplastic change and can be an indicator of urothelial carcinogenesis in canine
TCC [72].
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3.3.6. MicroRNAs (miRNAs)

MiRNAs are small endogenous noncoding RNAs involved in post-transcriptional
regulation of gene expression that take part in most biological processes in mammals,
such as cell proliferation, differentiation and apoptosis. Dysregulation of miRNAs plays a
significant role in cancer development [112,113].

A study measured the expression of specific miRNAs that have the ability to target
components of the p53, Rb and Bcl-2 pathways, which are involved in the development of
bladder tumours in humans. Five miRNAs (miR-34a, let-7c, miR-16, miR-103b and miR-
106b) were quantified in bladder tissue samples from dogs with grossly normal urinary
bladders, non-neoplastic inflammatory bladder disease and with TCC, as well as in five
established TCC cell lines. Expression of miR-16, miR-34a, miR-103b and miR-106b was
up-regulated in TCC samples, with significantly higher expression compared with bladder
samples obtained from dogs with inflammatory lower urinary tract disease. The levels
of miR-34a and miR-106b in TCC samples were also significantly increased compared to
those in grossly normal bladder. The study concluded that miR-34a, miR-16, miR-103b and
miR-106b could potentially be oncogenic in TCC and could be useful diagnostic biomarkers
for the identification of dogs with the disease. One limitation of the study was the fact that
only samples from muscle-invasive TCC were analysed, with many of the patients being at
an advanced or metastatic stage [56].

In another study, expression levels of the five miRNAs were also evaluated by qPCR,
in blood and urine (sediment) samples from 70 dogs with clinically normal bladders
(n = 28), inflammatory or infectious lower urinary tract diseases (LUTD, n = 25) and TCC
(n = 17). In blood samples, statistically significant differences were found in the expression
levels of miR-103b in normal patients compared to LUTD and with TCC, but no significant
differences were identified between LUTD and TCC patients in any of the five miRNAs
levels. Conversely, in urine samples, significant differences were found in miR-103b and
miR-16 levels between LUTD and TCC dogs. Additionally, differences were detected in
urine levels of let-7c in normal versus LUTD and TCC patients, and in miR-103b and
miR-106b in normal versus TCC patients. Data also revealed alterations in the coordinated
expression (expression trends) of miRNAs in urine from patients with LUTD and TCC.
Both miR-103b and miR-16 were suggested as potential non-invasive diagnostic biomarkers
for TCC, particularly for distinguishing LUTD and TCC in canine urine samples [80].
However, additional research is required to evaluate diagnostic sensitivity of the method,
to determine the potential role and changes in expression of miRNAs during development
and progression of TCC, and to investigate their potential as therapeutic targets.

3.3.7. Telomerase

Telomeres are repeated DNA sequences located at the end of chromosomes, which,
with each cellular division, are partly lost and become shorter, a process that is related to
ageing and cell death. Telomerase reverse transcriptase is frequently up-regulated in cancer
cells and is responsible for the preservation of telomere ends, an important mechanism by
which tumour cells escape senescence [114,115].

The activity of this enzyme was measured in canine samples by using an in vitro PCR-
based telomeric repeat amplification protocol (TRAP) developed by Kim et al., (1994) [81,82].
Telomerase activity was detected in a canine TCC cell line, as well as in urine samples
collected from 10 out of 11 dogs with TCC and from 2 out of 10 dogs with benign lower
urinary tract disease. Activity of this enzyme was not detected in any of the healthy
dogs. Samples were obtained from dogs with TCC (located in the bladder or the prostate;
confirmed by histology/cytology of the mass; some dogs were receiving treatment for
TCC at the time of sample collection), dogs with benign lower urinary tract disease and
healthy dogs (n = 30). The technique was shown to be highly sensitive in detecting
telomerase activity. However, urine samples containing other telomerase-positive cells
could yield false-positive results (e.g., presence of activated lymphocytes in dogs with
bacterial cystitis) [82].
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The study concluded that telomerase activity may be a useful diagnostic marker for
canine urothelial carcinomas, and specifically, the TRAP assay may be useful in diagnosing
canine TCC in clinical urine samples/in a clinical context. Additional studies are required
to more accurately determine the performance of the test in larger populations, including
more dogs with varying degrees of benign LUTDs, to further establish the specificity of
the test. Further research is also needed on optimisation of urine storage and processing
protocols in order to develop an accurate non-invasive diagnostic test for evaluation of
clinical samples [82].

3.3.8. Calgranulins

Calgranulins are innate antimicrobial proteins belonging to the S100 family of calcium-
binding proteins that include the S100A8/A9 complex (also called calgranulin A/B or
calprotectin) and S100A12 (calgranulin C). They are expressed by cells of the innate im-
mune system and have been associated with inflammatory disorders. Calprotectin is also
expressed by epithelial cells upon malignant transformation and plays a role in the regula-
tion of cell proliferation and metastasis. This protein complex is overexpressed in human
bladder and prostate cancers, whereas results for S100A12 have not been clear [2,83].

A method based on species-specific radioimmunoassays that was established and
validated by Heilmann and co-authors [46] was conducted to measure urine concentrations
of canine calgranulins S100A8/A9 and S100A12 [83]. Urine samples (n = 239) were collected
from dogs with TCC/PC (treated and treatment-naïve), non-neoplastic urinary tract disease,
other neoplasms, UTI and healthy controls. Tumour locations included urinary bladder,
urethra and the prostate, whose diagnoses were confirmed by either cytology or histopathol-
ogy. Results were presented as normalised to urine specific gravity levels (S100A8/A9USG)
and as S100A8/A9-to-S100A12 ratio (UCalR). The study concluded that S100A8/A9USG
and UCalR could be useful for diagnosing canine TCC/PC. S100A8/A9USG could be a
good a screening test for TCC/PC in dogs, especially in those where a UTI has been ruled
out as a cause of clinical signs of lower urinary tract disease (due to a moderate rate of
false positives observed for dogs ≥ 6 years of age with UTI). The uCalR can, in turn, help
differentiate patients with a UTI from those with TCC/PC, even though a moderate false
negative rate was seen in dogs ≥ 6 y.o. with a UTI. A combination of S100A8/A9USG and
uCalR improved diagnostic accuracy for the detection of canine TCC/PC.

In this study, the possibility of occult urinary tract diseases, including TCC/PC,
could not be completely excluded in the healthy control group. So, validation of these
results in a larger cohort is encouraged. Further investigation is also required to explore a
potential correlation between urinary expression/concentrations of the S100/calgranulins
and tumour grade, staging, treatment response, progression and survival time [83].

3.3.9. Proteomics

A preliminary study characterised the proteome of canine urine samples by using
liquid chromatography tandem mass spectrometry (LC-MS/MS). Three cohorts were
included, comprising four animals each: healthy dogs, dogs with UTI and dogs with TCC
(located in the bladder, some of them with urethral and ureter involvement; confirmed via
cytology or histology; treated or untreated for TCC). Of the 379 proteins identified in urine
samples, 96 were present exclusively in the TCC group. The study identified a protein
signature that could distinguish between healthy patients and those with TCC or UTIs. A
statistical model using a biomarker multiplex for categorising samples as TCC or non-TCC
was developed, predicting the presence of disease with 90% confidence. Further analyses of
larger cohorts are required to confirm the relevance of the identified proteins as biomarkers
for the diagnosis of TCC in dogs. Development of a more direct assay for the detection of
the specific proteins will be useful for clinical diagnosis [84].
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3.3.10. Metabolomics

Metabolomics (also known as metabolic profiling) is an approach that involves the
identification and global analysis of metabolite concentrations in cells, tissues or organ-
isms [116]. Metabolite profiling analysis was performed on urine samples obtained
from dogs with naturally occurring invasive TCC of the urinary bladder and/or urethra
(n = 40, diagnosed by histopathology) and from healthy control dogs (n = 42). Proton
nuclear magnetic resonance (NMR) spectroscopy-based metabolite profiling analysis and
statistical analysis methods were used. Among the identified metabolites, six of them were
found at significantly higher levels in dogs with TCC compared to control dogs, i.e., urea,
choline, methylguanidine, citrate, acetone and β-hydroxybutyrate. These markers revealed
good sensitivity to predict the healthy control and disease samples, suggesting a potential
of urine metabolic profiling for early detection of bladder cancer [55]. Further studies
involving larger cohorts will be needed to determine the accuracy and clinical usefulness
of this approach as a screening, diagnostic or disease monitoring tool for canine TCC.

3.3.11. Lipidomics

In one study, cancerous and noncancerous tissues were analysed for potential differ-
ences in their lipid profiles. Imaging analysis of tissue sections was performed, by using
desorption electrospray ionisation mass spectrometry (DESI-MS). Differentiation between
tissues was made using multiple marker lipids and free fatty acids. Samples included
tissue sections from canine spontaneous invasive TCC of the urinary bladder, a cutaneous
TCC metastasis sample and matched adjacent noncancerous tissues (n = 4). The obtained
imaging mass spectrometry data were subjected to statistical analysis to determine whether
the results correlated with those obtained from H&E staining, and with DESI-MS images of
specific lipids [85].

Results indicated different lipid distributions between healthy and diseased tissues,
concerning glycerophospholipids, sphingolipids and free fatty acids. The imaging tech-
nique enabled the distinction of canine cancerous bladder tissue and cutaneous metastasis
from noncancerous canine bladder tissue samples. The obtained images agreed with those
generated by DESI-MS and with H&E-stained tissue. The study concluded that DESI-MS
imaging could be useful in diagnosing TCC by using a multimarker approach based on
the lipid profiles and intensities of tissue samples. Further studies are required with larger
populations and additional control groups, i.e., with other lower urinary diseases [85].

Lipid profiles were also assessed in urine from dogs with TCC, by using liquid
chromatography-mass spectrometry (LC-MS). Urine samples from dogs with TCC, dogs
with UTI and healthy dogs were analysed for potential differences in their lipid profiles
(n = 15). In this study, 208 lipids were identified, belonging to several lipid families. Unique
lipid profiles were found among the three cohorts, and specific statistical analyses allowed
their differentiation. However, concentrations of the specific lipids could not be determined,
and thus the study did not conclude which lipid families were up- or down-regulated in
the urine samples of TCC patients compared to the other groups. Nevertheless, the study
presented a foundation for further research on urinary lipids as potential biomarkers for
TCC [86].

3.3.12. Survivin

Survivin is an apoptosis-inhibiting protein expressed in both cancerous and noncancer-
ous tissues. Expression of this protein was characterised by immunohistochemistry (IHC)
in urinary bladder tissues from dogs with TCC, cystitis and dogs with normal urinary
bladders. Cytoplasmic survivin was detected in all groups: 8% of cystitis tissues (2/24), 17%
of TCC tissues (7/41) and 37% of normal tissues (17/46). However, significant differences
were only seen between cystitis and normal groups. On the other hand, nuclear survivin
was not detected in any of the normal bladder tissues (0/46), whereas 50% of cystitis tissues
(12/24) and 68% of TCC tissues (28/41) were immunoreactive. The proportions of both
TCC and cystitis positive specimens were statistically different compared to the normal
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group. However, TCC and cystitis tissues revealed comparable results. Furthermore, 57%
of cystitic tissues (4/7) were positive for survivin mRNA, as well as 100% of TCC tissues
(6/6) and 57% of normal tissues (11/22), even though these results were statistically com-
parable. It was hypothesised that this differential distribution of surviving within the cell
in both cystitic and TCC tissues compared to normal tissues could be related to different
functions of this protein depending on its location and that survivin could be implicated in
tumour development in hyperplastic or inflamed tissues. Although survivin may not serve
as a specific diagnostic marker for TCC of the urinary bladder in dogs, nuclear survivin
could be detected in dogs with TCC or cystitis and not in normal dogs. Additional research
is necessary to investigate whether nuclear survivin, particularly, can be involved in the
development or progression of TCC and the possibility of nuclear survivin to be an early
marker of bladder tumours and potential therapeutic target [87].

3.3.13. EGFR

Epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase of the ErbB
family (which also includes HER2, HER3 and HER4), and its overexpression has been
reported in several human and canine tumours. EFGR protein expression was evaluated
by IHC in tissues from dogs with TCC (n = 25), polypoid cystitis (n = 5) and normal
healthy bladders (n = 5), and specimens were divided into two groups depending on their
staining scores: low-expression group and high-expression group. MRNA expression levels
were also determined by quantitative real-time PCR in TCC (n = 4) and normal bladder
(n = 3) tissues. Protein levels of EGFR were significantly increased in TCC compared to
normal bladder and to polypoid cystitis tissues, while no significant difference was found
between normal urinary bladder and polypoid cystitis tissues. Moreover, high EGFR
protein expression was significantly associated with TCC, with a sensitivity of 72% and
specificity of 100%. TCC exhibited significantly higher mRNA levels than normal urinary
bladder, positively correlating with protein levels. No significant association was observed
between EGFR protein expression and malignant tumour behaviour (presence of vessel
invasion or lymph node metastasis) or with survival time in canine TCC [88].

EGFR expression could be used as a marker to aid canine TCC diagnosis. It may
improve the sensitivity of urine cytological diagnosis when provisional diagnosis is needed.
Development of a qPCR-based method could also be useful for diagnosing this malignancy,
as it represents a more sensitive analytical method than IHC, requiring small amounts of
samples [88]. Further research is essential for clarifying the underlying mechanisms of
EGFR overexpression and tumourigenesis in canine TCC.

3.3.14. HER-2

HER-2 is another member of the ErbB family that plays a role in the control of epithelial
cells growth and differentiation and has been found to be overexpressed in human and
canine cancers. Protein expression if HER-2 was assessed by IHC in bladder tissues from
canine TCC (n = 23, of which 20 invasive TCC and 3 in situ papillary TCC) and compared
with non-neoplastic canine urothelium (n = 5). Positivity to HER-2 was observed in 56%
(13/23) of TCC specimens, and all control cases were considered negative. The receptor
was found to be significantly overexpressed in TCC compared to non-neoplastic specimens,
and expression did not statistically differ between invasive and in situ TCC [89]. HER-2 is
the gene product of ERBB2, which was also found to be overexpressed in canine invasive
TCC [61]. These results support the need for additional studies to further investigate
the role of HER-2 as a potential marker of malignancy and therapeutic target in canine
TCC [89].

3.3.15. VEGFR2, PDGFR-β, c-KIT

Vascular endothelial growth factor receptor 2 (VEGFR2), platelet-derived growth
factor receptor beta (PDGFR-β) and v-kit cellular homologue (c-KIT) are receptor tyrosine
kinases (RTK), whose expression has been reported in multiple canine tumours. Toceranib
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phosphate is a receptor tyrosine kinase inhibitor that exhibits activity against these RTK
and has been used anecdotally to treat canine TCC [90].

In one study, expression of these RTK was evaluated by IHC in bladder tissue samples
from dogs diagnosed with TCC (n = 30), cystitis (n = 10) and in normal urinary bladder
(n = 10). All TCC samples stained positive for PDGFR-β and for VEGFR2. The number of
TCC samples that expressed PDGFR-β was significantly different from that of cystitis and
normal bladder samples, with a more intense and diffuse staining in tumour cells, while
no differences were found between normal bladder and cystitis groups. Regarding inten-
sity scores or staining distribution for VEGFR2, no significant differences were observed
between the three groups. However, most TCC samples exhibited intense cytoplasmatic
staining for this RTK in >50% of tumour cells. Although 11/36 (36.7%) tumour samples
showed positive staining for c-KIT, in most of them only minimal staining was noted
(<1% of cells). No positive staining was observed in non-neoplastic tissues, and neither
were there significant differences between the three groups [90]. Based on those findings,
it was suggested that PDGFR-β could play a role in canine TCC tumourigenesis and
that PDGFR-β and VEGFR2 might be involved in mediating clinical response of TCC to
toceranib but that this would be unlikely for c-KIT [90].

Korec et al. (2021) confirmed the presence of these markers in canine TCC cell lines
and tumour samples, and further supported the variable patterns of expression. However,
activation of these RTKs was only present in a small subset of cells, which suggests that
signalling through these pathways would less likely contribute to the aggressiveness of
urothelial cancer cells [91].

Further studies are needed to investigate the presence of mutations associated with
these receptors and to clarify the role of these RTKs in tumourigenesis, response to therapy
and clinical outcome in dogs with TCC.

3.3.16. Granzyme B, CD3

Infiltrates of immune cells can often be found in tumour tissues, and different types
of infiltrating immune cells (e.g., tumour infiltrating lymphocytes) may affect tumour
progression in different ways. IHC was used to investigate the localisation and number of
CD3 (a T-cell maker) or granzyme B-positive cells in tissues from canine TCC and normal
urinary bladder (n = 32 and n = 10, respectively). Granzyme B is a serine protease found in
cytotoxic granules of cytotoxic T lymphocytes and NK cells that plays an important role in
antitumour immunity. Both CD3 and granzyme B-positive cells were significantly increased
in cancerous tissues compared with normal controls. The number of granzyme B+ cells was
associated with favourable prognosis, while this was not noted for CD3+ cells. Primary
tumour stage (WHO classification) was significantly associated with the overall survival.
Additionally, no correlation was found between the number of CD3 and granzyme B-
positive cells in TCC lesions and the primary tumour stage. It was therefore suggested that
the presence of granzyme B+ tumour-infiltrating cells might be an independent prognostic
factor in dogs affected with this malignancy. Granzyme B+ tumour-infiltrating cells could
be involved in the inhibition of tumour progression in canine TCC. Additional studies are
needed to identify and clarify the role of specific subsets of tumour-infiltrating immune
cells in canine TCC and their potential association with prognosis [95].

3.3.17. P63, Ki67, β-Catenin

The potential usefulness of proteins p63, Ki67 and β-catenin as clinical markers for
predicting biological behaviour and prognosis was investigated in canine TCC [96]. It is
thought that p63 plays an important role in cellular development and differentiation of
stratified epithelia in skin, prostate gland, mammary gland and urinary bladder [96–99].
In humans, loss of p63 expression has been associated with tumourigenesis and malig-
nancy [100,101]. Ki67 is a nuclear protein expressed by proliferating cells, while membra-
nous β-catenin is involved in cellular adherence, and a reduced expression of this protein
has been linked to progression and poor prognosis in human urothelial carcinoma [96].
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Expression of these proteins was evaluated by IHC in tissue samples from dogs with
TCC (n = 25), polypoid cystitis (n = 5) and in normal urinary bladder (n = 5). In TCC
samples, staining scores for p63 and β-catenin were significantly lower than in polypoid
cystitis and in normal urinary bladder, whereas significantly higher staining scores for Ki67
were noted in TCC samples compared to both other tissue groups. Comparable results
were observed for all proteins between cystitis and normal urinary bladder tissues [96].

Furthermore, low p63 expression in TCC was significantly related with the presence
of vessel invasion and metastasis, and with short survival time [96]. Similar findings and
correlations were observed with expression of ∆Np63, an isoform of p53 [102]. Based
on this evidence, the authors suggested that p63 could be used as a clinical marker for
diagnosing and predicting prognosis in canine TCC. Additional studies are needed, namely
on investigating molecular features, such as p63 gene expression [96].

3.3.18. UIII, CK 7, CK 20, COX-2, Activated Caspase 3, GATA-3

Uroplakin III (UP III) belongs to a group of membrane-associated proteins expressed
by urothelial cells [103]. It is the most common marker of urothelial differentiation used
in dogs [104]. Cytokeratin 7 (CK 7) and cytokeratin 20 (CK 20) are cytokeratins expressed
by simple epithelium, as well as urothelial cells, and have been used for characterising
urothelial tumours.

The expressions of UP III, CK 7 and CK 20 were (separately) characterised by IHC in
tissues from canine urinary bladder tumours (n = 72) and from normal urinary bladders.
Tumours from the urinary bladder comprised TCC (n = 60 total, including 5 metastatic cases
and 2 TCC from the ureter and renal pelvis), transitional cell papillomas, rhabdomyosarco-
mas, squamous cell carcinoma, lymphosarcoma and spindle cell sarcoma. Additionally,
285 canine tumours/lesions not associated with the urinary bladder were evaluated for UP
III expression, as were multiple other normal tissues. UP III was identified in superficial
(umbrella) cells and some intermediate cells of the normal urinary bladder, as well as in the
majority of TCCs (91% of primary (50/55) and 80% of metastatic TCCs (4/5)) and in all
transitional cell papillomas (7/7). The remaining tumours of the urinary bladder, as well as
non-urothelial normal and neoplastic tissues, were negative for UP III. Staining for CK 7
was detected in 53 out of 54 TCC (98%), in all 5 metastatic TCC and all 7 transitional cell
papillomas. Concerning CK 20, staining was observed in 37 out of 54 TCC, 1 metastatic
TCC and in 1 out of 7 transitional cell papillomas. Concurrent expression (detection of
several antigens in the same tumour) of UP III, CK 7 and CK 20 was identified in 67% (36)
of primary TCC and in 1 metastatic TCC. The only anaplastic TCC evaluated was negative
for both CK 7, CK 20 and UP III, although the adjacent normal urothelium was positive for
UP III [104].

The authors suggested that the pattern of staining for UP III could help distinguish
between carcinoma in situ and invasive TCCs. UP III was shown as a specific and sensitive
marker of canine transitional epithelial neoplasms. Even though CK 7 was more sensitive
than UP III for canine TCC, CK 7 is expressed in several non-urothelial tumours and also
in normal tissues, as is CK 20. The authors considered UP III as the marker of choice in
canine urothelial neoplasms and that CK 7 should be used for tumours negative for UP III
but suspected of being TCC. Negative results could be obtained with anaplastic tumours.
CK 20 alone did not prove to be useful for diagnosis of urothelial tumours [104].

In a subsequent study, Sledge and co-authors (2015) [105] evaluated the expression
of UP III, CK 7 and also COX-2 and activated caspase 3 in canine urothelial lesions.
Cycloocygenase-2 (COX-2) and prostaglandin E2 have been implicated in carcinogen-
esis at various levels. COX-2 has been found to be expressed in canine TCCs but not by
normal urothelium of the urinary bladder. Detection of activated caspase 3 expression
by IHC has been used to evaluate apoptotic rate, and this protein has been suggested to
have prognostic significance in human urinary bladder cancers [105]. Expression of afore-
mentioned markers was evaluated by IHC in canine urothelial lesions and compared with
each lesion’s classification and grade. Proliferative urothelial lesions of the urinary bladder
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from dogs (n = 99) were examined, including non-neoplastic lesions (urothelial polyps
and polypoid cystitis), low-grade neoplasms (urothelial papillomas, papillary urothelial
neoplasms of low malignant potential and grade 1 urothelial carcinomas) and grade 2 and
3 urothelial carcinomas [105].

Results showed overall strong differences in the patterns of UP III, CK 7 and COX-2
expression in canine urothelial proliferative lesions of the urinary bladder. Furthermore,
significant associations were identified between tumour classification and overall UP III
pattern, loss of UP III expression, overall CK 7 pattern and COX-2 pattern, as well as
between depth of neoplastic cell infiltration into the urinary bladder wall and overall UP
III pattern, loss of UP III, overall CK 7 pattern, loss of CK 7 expression and COX-2 pattern.
Regarding the expression pattern of activated caspase 3, no significant association was
observed with tumour classification, grade or infiltration. Based on these findings, it was
hypothesised that loss of UP III and CK 7 in urothelial carcinomas could suggest a lack
of differentiation or epithelial-mesenchymal transition favouring infiltration. Moreover,
some urothelial carcinomas might not be positively labelled when using UP III and CK 7 as
diagnostic markers [105].

It should be noted that UP III is not a specific marker of TCC itself, since it does not
differentiate neoplastic from non-neoplastic lesions. However, it can be useful, for instance,
to rule in TCC in a biopsy from a tumour of unknown origin and to identify metastatic
carcinomas on the skin [2].

More recently, the expression of COX-2 was studied by IHC in TCC biopsies from
65 dogs from different breeds (both terriers and non-terriers) [44]. Samples were graded
histologically into low- and high-grade. Both neoplastic and inflammatory cells expressed
this marker, whilst it was not detected in normal transitional cell epithelium. The intensity
of COX-2 expression was highly variable within neoplastic specimens, but it did not corre-
late with grading, which is different to what has been observed in humans. Samples were
also tested for the BRAF mutation. A positive correlation was found between presence of
the mutation and the intensity of expression of COX-2 in TCC from non-terrier breeds. This
was not as clear for the terriers, although many fewer cases of this breed were analysed, so
a significant result would not be completely ruled out. More studies would be encouraged
to further determine the clinical and prognostic relevance of COX-2 expression, both on its
own and in association with BRAF mutation and breed [44].

GATA-Binding Protein 3 (GATA3) is a zinc finger transcription factor that has been used
in human medicine as a diagnostic and prognostic marker of urothelial carcinoma [117–119].
In a review article, Knapp et al., 2014 [114] showed the expression of GATA3 in a canine TCC
bladder tissue sample. To the best of our knowledge, no other studies have yet looked at its
role in canine TCC.

Further studies on the expression of these markers, especially concerning their associ-
ation with grading and prognostic evaluation, are encouraged.

4. Therapies for UC

Nowadays, a wide range of treatments have been studied that could lead to remission
of TCC or provide stable disease for several months. Therapeutic options for TCC include
surgery, radiation therapy, systemic and localised medical therapy, and combinations of
these [1].

4.1. Surgical Approaches

Surgery may be performed for collecting tissue samples for diagnosis and for tumour
removal (if lesions are located outside of the trigone region). However, complete surgical
excision is often not feasible due to the trigonal location of the tumour and/or multifocal
distribution in the bladder, urethral involvement and presence of metastases [1,120]. In
cases where excision is possible (e.g., tumours located in the apical region of the bladder),
surgery may prolong survival, and chemotherapy following excision should be consid-
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ered [121–123]. Caution should be taken during surgery to avoid cancer seeding along the
surgery site and the abdominal wall [1,120].

It is noteworthy that incontinence is an expected outcome of total cystectomy, which
is another reason why this procedure is infrequently carried out in dogs [124].

Surgical procedures may also be used for the management/palliation of urethral
obstruction secondary to TCC, to maintain or restore urine flow. For this purpose, cystotomy
tubes or catheters can be placed to allow bypassing urethral obstruction. Moreover, ureteral
or urethral stents can be placed surgically or by using less invasive techniques [1,125–127].

Ureterocolonic anastomosis, a technique that consists of transecting the ureters and
anastomosing them to the colon, has been reported in dogs with TCC, along with the
complete excision of the bladder and other affected structures. The technique allowed
diversion of urine into the colon with maintenance of continence by the anus. However,
several neurological and gastrointestinal complications developed over time, with limited
survival, and therefore the procedure has not been recommended [120,128]. More recently,
a procedure involving total cystectomy and urinary diversion to the prepuce or vagina
(ureteropreputial or ureterovaginal anastomosis) in dogs with TCC of the trigonal area
was associated with fewer gastrointestinal and neurological complications, although high
morbidity and complication rates were still seen compared with techniques used in hu-
mans [124]. Cutaneous ureterostomy with radical cystectomy has also been reported in
dogs with invasive trigonal TCC, with both ureters being transected and anastomosed to
the ventral abdominal skin. The procedure was viable, and results suggested survival bene-
fits compared to other methods, even though further studies are required to evaluate the
potential survival benefits in a larger population [129]. Urinary incontinence is invariably
associated with these two latter procedures, requiring owner compliance with life-long
diaper changes and hygiene protocols. Therefore, these options may be contraindicated in
dogs that are intolerant of direct owner handling [124,129].

Recently, a laparoscopic technique was used for the removal of a TCC in the distal part
of the urethra in a female dog. A pre-pubic urethrostomy and laparoscopic removal was
performed. Patient remained clinically stable with no urinary incontinence for 2.5 months.
The use of these minimally invasive procedures is therefore promising in some cases for
the complete removal of urethral tumours where possible and, in inoperable cases, as a
palliative alternative [130].

Liptak et al. (2004) [131] reported the use of electrosurgical transurethral resection in
dogs with neoplastic obstruction of the lower urinary tract. Despite showing promising
results for male dogs with prostatic carcinoma, the procedure was not recommended in
female dogs with urethral TCC due to high complication rate, including urethral perforation.
Laser-based techniques have also been described for the ablation of TCC and/or to relieve
urethral obstruction caused by the tumour, combined with other therapeutic options [132,133].
However, further studies are necessary to clarify their potential benefits.

4.2. Radiation Therapy

The use of radiation therapy (intraoperative and/or external beam) has been reported
in a few studies as a first-line or rescue therapy, occasionally combined with surgery,
systemic chemotherapy or NSAIDs. The approach has been associated with several com-
plications and is not routinely used in the management of TCC. One of the challenges is
related to variations in size, position and shape of the bladder and surrounding structures
throughout treatment, with surrounding normal tissues often being irradiated within the
pelvic region. However, more recent protocols have shown improved tolerability, encour-
aging further studies [134–138]. The contribution of radiotherapy to antitumour activity
in multimodal approaches requires better clarification, as well as its benefits compared to
other therapies.
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4.3. Chemotherapy/Systemic Medical Therapy

The current mainstay of treatment for canine TCC includes systemic medical therapy,
usually with chemotherapy, non-steroidal anti-inflammatory drugs (NSAIDs) or combina-
tions of these [1,123]. Medical therapy is not typically curative. However, several different
agents can produce remission or stable disease, and most of them are well tolerated [1].

Numerous chemotherapeutic drugs and protocols have been reported for canine
TCC, either as single agents or in combination therapies, including the genotoxic agents
carboplatin [139,140], cisplatin [141,142], doxorubicin [122], gemcitabine [143], mitox-
antrone [132,134,140,144], vinblastine [145,146], vinorelbine [147] and metronomic chloram-
bucil [148].

Concerning NSAIDs, nonselective cyclooxygenase (COX) inhibitors and COX-2 spe-
cific inhibitors have been used for their antitumour activity [142,149].
Piroxicam [77,122,132,134,140,143,144,150] is generally preferred as the first-line NSAID,
but deracoxib [151] and firocoxib [142] have also been studied for the treatment of canine
TCC [123,142,150,151]. The most frequently used chemotherapy protocol consists of a
combination of mitoxantrone and piroxicam [1,140,144].

Adverse effects of NSAIDs include both nephro- and gastro-intestinal (GI) toxicity.
COX-2 selective inhibitors are known to cause fewer GI effects; however, the effectiveness
of these ones compared to nonselective COX inhibitors is still unclear. Assessment of renal
and liver function prior to chemotherapy is recommended, as well as routine monitoring of
these parameters and of GI signs during the course of treatment. Drugs such as omeprazole
or famotidine could be used to reduce the risk of GI effects [1,123].

As mentioned in Section 3.3.18, COX-2 has been found to be expressed in canine
TCC. However, it is still unclear whether expression of this molecule could be useful as a
predictive factor for the response to COX-2 inhibitors.

Concerning cytotoxic chemotherapy, the risks and intensity of side effects vary with
each drug, including GI signs and bone marrow suppression, likewise requiring frequent
monitoring of overall health parameters. Overall, the majority of dogs (circa 80–85%) do
tolerate these treatments with a good quality of life [1,123].

4.4. Localised Therapies

Regarding localised treatments, intravesical therapy is frequently used in humans
with superficial TCC and has been investigated in dogs too [120].

Intravesical administration of mitomycin C has been carried out in dogs with naturally
occurring TCC as a chemotherapeutic agent, showing promising antitumour activity. Severe
adverse events were occasionally observed, possibly due to systemic absorption of the
drug, thus requiring further investigation [152].

Bacillus Calmette-Guérin (BCG) has successfully been used in humans for the treat-
ment of non-muscle invasive bladder cancer [153]. In one study with healthy dogs, pub-
lished in 1975, severe local inflammatory reactions were caused after BCG was instilled in
their bladders [154]. No recent data on clinical trials in dogs with TCC were found, and
there are concerns about the risk of systemic absorption, among others.

IL-2 is a cytokine that is involved in several immunological processes. This protein
is secreted by different types of immune cells and binds to IL-2 receptors, which are also
expressed by multiple immune cell populations. Within its numerous functions, IL-2
is capable of recruiting cytotoxic T-lymphocytes selectively to tumours [155,156]. This
cytokine has been used in cancer immunotherapy in both human and veterinary medicine,
mostly via its local application into tumour lesions [156]. When locally applied, IL-2 is
usually much more effective and causes fewer side effects compared with the systemic
route [157]. Local administration of IL-2 induces vascular leakage and tumour necrosis,
with subsequent stimulation of an immune response. Time required until tumour regression
varies with the degree of tumour vascularisation, ranging generally from a week to several
months [156].
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The influence of intralesional treatment with interleukin-2 (IL-2) on the clinical course
and tumour progression of canine TCC was evaluated in a retrospective clinical study.
Twenty-five dogs with advanced TCC of the urinary bladder and/or urethra, in which
curative surgery was unfeasible, were treated. This was achieved via either transabdominal
ultrasound-guided intralesional injection of IL-2, endoscopically/transrectally assisted
or by IL-2 injection into the tumour bed after cytoreductive (palliative) surgical tumour
resection. Additionally, all dogs received long-term NSAIDs, and a chemotherapeutic agent
was used in two dogs. Adverse effects associated with intralesional IL-2 treatment were not
observed, and at the time of re-examination (which varied individually), 17 dogs showed
marked clinical improvement and regression of tumour size, and 4 dogs were in complete
remission. IL-2 intralesional application was considered a safe and minimally invasive
palliative treatment modality for canine advanced TCC in the impossibility of a surgical
cure. Further prospective studies are warranted for clarifying the efficacy of intralesional
IL-2 treatment in dogs with TCC [156].

Photodynamic therapy has also been studied in healthy dogs and dogs with spon-
taneous TCC by orally administering 5-aminolevulinic acid (ALA), which is converted
to a photosensitiser metabolite, protoporphyrin IX (PpIX). In healthy dogs, fluorescence
of PpIX was confined to the mucosa and submucosa layers of the urinary bladder and
substantially increased in the former. In diseased dogs, the observed long-term responses
suggested the usefulness of this approach for treatment of canine TCC, requiring further
research [158,159].

Nanoparticles carrying chemotherapeutic agents have been used experimentally for
drug delivery to canine bladder TCC cells [160–165]. Gelatin nanoparticles containing
paclitaxel have been delivered intravesically to dogs with TCC [166]. Furthermore, target-
ing nanomicelles coated with the ligand PLZ4, a peptide that specifically binds to both
human and dog bladder TCC cells, were able to efficiently deliver chemotherapeutic drugs
(daunorubicin or paclitaxel) and imaging agents into the tumour site in vivo, in a mouse
model carrying canine bladder cancer xenografts [160–162]. More recently, Lin and co-
workers (2016) developed a multifunctional platform of nanoporphyrins that was also
coated with PLZ4 (PNPs), which are nanoparticles with the ability to emit fluorescent
signals/heat/reactive oxygen species when illuminated with specific light. Doxorubicin-
loaded PNPs were tested in vitro in both human bladder cancer cells and normal canine
urothelial cells, and in vivo in a mouse model. The platform selectively targeted tumour
cells for photodynamic diagnosis and was also effective against bladder cancer, integrat-
ing three therapeutic modalities in a single procedure (photodynamic, photothermal and
chemotherapeutic), with either intravesical or systemic administration [164]. In the future,
investigation is warranted on the efficacy and toxicity of these nanotechnology-based
approaches to translate them into both veterinary and human clinical application.

Another targeted therapy that is being investigated in dogs is a treatment targeting
folate (vitamin B9) receptors, which is based on the high uptake of folate and folate drug
conjugates into certain cancers compared with normal tissues [114]. In one study evaluating
canine and human tissues from invasive urothelial carcinomas, folate receptors were
detected in most primary UC tissues and nodal and lung metastases from dogs, and folate
uptake was detected in primary and metastatic lesions. Dogs with folate-receptors-positive
invasive urothelial carcinoma were treated with a folate-targeted vinblastine compound in
a dose escalation study, showing promising initial results with tumour responses, including
partial remission and stable disease, and further study is ongoing [167].

4.5. Epigenetic-Based Therapies

Therapies targeted at epigenetic changes are also being developed.
Aberrant methylation in the promoter region of tumour suppressor genes, causing

gene silencing, is an example of the epigenetic events that can lead to cancer development
and progression in the absence of DNA mutations [168]. Several DNA methylation markers
have been studied, with growing evidence supporting their usefulness for the diagnosis,

53



Vet. Sci. 2022, 9, 107

prognosis and treatment of human bladder cancer. Aberrant DNA methylation in cancer-
related genes has been reported in human TCC, cell lines and urine sediments [169–172].

DNA methyltransferase 1 (DNMT1), an important enzyme in DNA methylation, has
been found to be overexpressed in both human and canine TCC and was identified as
a potential target in the treatment of TCC, but data are lacking concerning its potential
applications in canine TCC [173,174]. DNMT1 inhibitors have shown antiproliferative
effects both in vitro and in vivo [174,175]. In a preclinical phase I trial, dogs with naturally
occurring invasive UC, used as a model for human UC, were treated with 5-azacitidine
subcutaneously, and this compound exhibited a promising clinical/antitumour activity,
encouraging further studies [175]. Zebulatine, an orally bioavailable agent that also has
demethylating activity with a similar mechanism of action to that of 5-azacitidine, was
studied in three laboratory dogs and three tumour-bearing dogs, two of them with invasive
TCC. In three laboratory dogs, the treatment resulted in some severe but reversible adverse
effects, while no appreciable toxicity was observed in the tumour-bearing dogs, with those
with invasive TCC showing stable disease. At the time of writing, a subsequent dose
escalating trial is ongoing in dogs with invasive TCC [176].

Another example of an epigenetic change is histone acetylation. Histone deacetylases
(HDAC) have been suggested to be overexpressed in both human and canine tumours.
Excessive activity of HDAC could facilitate the deacetylation of histones, causing down-
regulation of the expression of tumour suppressor genes. Molecules that inhibit the activity
of HDAC have been evaluated as a possible antitumour therapy in both humans and dogs
(reviewed by Xavier et al., 2020 and Goutas et al., 2021 [177,178]). It is thought that HDAC
inhibitors (HDACi) induce the acetylation of deacetylated histones, thereby promoting the
expression of tumour suppressor genes, which could result in an antitumour effect [179].

Vorinostat, a HDACi, was found to have an antitumour effect on canine UC cell lines,
both in vitro, and in vivo in a xenograft mouse model. It inhibited cell growth and induced
G0/G1 cell cycle arrest. This HDACi induced histone acetylation and the expression of
cell-cycle related molecules [179]. Moreover, histone deacetylation was aberrantly observed
in canine UC tissues compared to normal samples, suggesting that epigenetic dysregulation
may play a role in canine UC progression, such that lower levels of deacetylation were
related to a poor prognosis [179]. More studies will be required to further investigate these
findings and the role of HDACi as a potential therapy for UC.

4.6. Other Emerging Targeted Therapies

Toceranib phosphate is a RTK inhibitor that has been used anecdotally to treat TCC in
dogs. This small-molecule inhibitor targets c-KIT, VEGFR2 and PDGFR-β, among others. It
is approved for the treatment of cutaneous mast cell tumours in dogs, and it is also active
against several other cancer types. As mentioned in Section 3.3.15., it was recently suggested
that PDGFR-β could play a role in canine TCC tumourigenesis and that PDGFR-β and
VEGFR2 could be involved in mediating clinical response of TCC to toceranib. However,
the mechanisms by which this could take place are not entirely understood [90,91].

In a phase I clinical trial with dogs with spontaneous malignancies, treatment with
toceranib (SU11654) resulted in stable disease in three out of four dogs with TCC of the
bladder [92]. A pilot study investigated the biological activity of the combination of
toceranib and vinblastine for treatment of canine TCC of the bladder, but response to
therapy was not improved when compared to treatment with single-agent vinblastine.
However, lower doses of vinblastine were used in the combination protocol, sample size
was limited, and a prospective control group was also lacking [93].

In a retrospective study, 37 dogs were treated for TCC with toceranib as a second- or
third-line therapy. Of the 15 dogs in whom treatment response was evaluated, 13 were
concomitantly treated with an NSAID. A partial response was achieved in 1 of the patients,
while 12 (80%) dogs had stable disease for a median of around 128 days (34–310). The drug
was overall well tolerated, although azotaemia progressed in over half of the patients [94].
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In a more recent study with canine TCC cell lines that expressed these markers,
treatment with toceranib had no significant effect on cell proliferation [91].

It is possible that stable disease, rather than tumour regression, is related to the
mechanism of action of toceranib, by inhibiting growth factor signalling, and not directly
damaging tumoural DNA [94]. Further prospective studies with larger samples and
comparing different treatments are encouraged.

The identification of the BRAFV595E mutation in canine TCC and its high prevalence
pointed to the possibility of targeting the BRAF/MAPK pathway via a therapeutic approach
in those tumours carrying the mutation. In humans, several drugs, such as vemurafenib,
a kinase inhibitor, have been developed to selectively target the BRAFV600E mutation in
different malignancies, with high effectiveness. However, innate or acquired resistance to
BRAF inhibitors can occur in some BRAFV600E-positive cancers, and the presence of the
mutation does not always correlate with clinical response to BRAF inhibitors [58,59,180].

Vemurafenib was studied in canine TCC cells and showed anti-proliferative effects [58].
In a subsequent phase I/II clinical trial, this drug was tested in dogs with naturally occur-
ring invasive TCC, which were positive for the BRAFV595E mutation. In 9 of the 24 dogs
(38%), partial remission was achieved, with a median progression-free interval of 181 days
(53 to 608 days). Anorexia was the most common side effect. Similar to what has been
observed in humans treated with this drug, new tumours developed in some of the patients
(cutaneous SCC, papillomas). Resistance to therapy also occurred in some animals over
time [65].

Sorafenib is another kinase inhibitor that targets multiple kinases, including RAF,
VEGFRs and PDGFR-β, with anti-proliferative and anti-angiogenic activities. It is approved
for the treatment of various cancers in humans, and it has been studied in veterinary
medicine too, being well tolerated by dogs in preliminary studies [66,67,110,181].

In in vitro studies with established TCC cell lines derived from dogs harbouring the
mutation, this drug inhibited the RAF/MAPK pathway and induced apoptosis. These
effects were more pronounced with sorafenib than with vemurafenib. The reasons for these
differences were not fully clear, so future studies would be needed [67].

Furthermore, sorafenib was used in a dog with metastatic TCC of the urethra, in whom
complete surgical excision was not achievable. Tumour tissue was BRAFV595E-positive
and showed overexpression of VEFGR. After unsuccessful response to chemotherapy with
mitoxantrone, sorafenib was trialled in association with piroxicam. To monitor treatment
response, BRAF mutation levels were measured in ctDNA obtained from the patient’s
serial plasma samples. Genetic sequencing techniques were used. During treatment, levels
of mutated BRAF varied; they tended to increase with the severity of the clinical signs
(dysuria) and decrease when clinical signs improved after sorafenib was escalated to the
maximum tolerated oral dose. Dysuria was well managed, and a decrease in thickness of
urethral wall was seen. The patient remained stable for over 3 months of treatment, with
few side effects [110].

The effect of sorafenib on VEGFR expression, as well as the effects of sorafenib alone
versus the combined treatment, would require further study, but overall, these results were
promising, and further clinical research is encouraged.

Additional in vitro and in vivo evaluations of the effects of therapies targeted at these
and other canine TCC markers with potential applications in a clinical setting are underway.

5. Conclusions

The last few years have witnessed great progress concerning our understanding of
bladder cancer. In dogs, bladder cancer consists mainly of TCC with poorly characterised
aetiology, a complex molecular landscape, heterogeneous morphology and diverse bio-
logical behaviour, requiring effective prognostic and therapeutic markers. In contrast,
cattle, who also show a significant incidence of bladder cancer, are affected by well-defined
etiologic factors that deregulate specific signalling pathways.
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Histological analysis of canine TCC is essential but insufficient to determine patient
prognosis and reach a tailored therapeutic approach. In this context, the recent development
and validation of TCC molecular markers is of great importance for scientists and clinicians
alike. Somatic and hereditary BRAF mutations received much attention and can now be
detected via multiple types of tests, sometimes in useful combinations with CNA tests.
Urine-based tests for detecting BRAF may allow the early detection of post-treatment
relapse. Other urine-based tests (e.g., for bFGF and calgranulins levels) have also found
interesting clinical applications. A number of tissue-based markers have also been put
forward (e.g., immunohistochemical detection of COX-2), but their use to predict prognosis
or response to therapy is still under study. Additional work on blood-based liquid biopsies
is expected in the coming years, aiming to match similar developments obtained for human
patients. Minimally invasive techniques have proved valuable and more effective as
biomarkers than tissue-based approaches. A more detailed knowledge of the molecular
signalling pathways involved in canine TCC will help design more effective targeted
therapies and new tests with enhanced predictive value for canine TCC patients.
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Abstract: Trichotillomania (TTM) is a body-focused repetitive disorder affecting as much as 0.5 to 2%
of the population, with women four times more likely to be affected than men. This disorder causes
impairment in daily function and significant distress. A potential animal model for this disorder is the
inbred C57BL/6J mouse which displays clinical signs and behavioral characteristics similar to those
described for people affected by this disorder. Because alcohol-preferring P rats also display similar
clinical signs and behavioral characteristics, it was hypothesized that this selectively bred stock could
be an additional animal model. In this study, 112 female P rats were recorded on digital media for
15 min after being sprayed with a mist of water and assessed for grooming patterns—oral, manual,
and scratching. Significant elevations in scratching and oral grooming behavior were predictive of
the future development of skin lesions. These findings suggest that P rats may be an additional model
to study TTM, with the advantage of increased genetic variation (i.e., non-inbred) which mirrors
the human population. The use of this model may help to identify preventative and therapeutic
interventions for humans and other animals with similar body-focused repetitive disorders.

Keywords: animal model; trichotillomania; hair-pulling; body-focused repetitive disorder

1. Introduction

Trichotillomania (TTM, “hair-pulling disorder”) is defined by the American Psychiatric
Association as an obsessive compulsive disorder (OCD) [1]. People who are affected by
TTM pull their hair out, creating bald patches, resulting in exposed skin and tissue, with
the disorder being typically diagnosed in childhood or adolescence. The affected areas can
include anywhere there is hair, with the scalp, eyebrows, eyelashes, pubic area, and beard
representing the most common locations [1]. The true incidence rate is not known due to
the social impairment induced by the condition, but it is estimated as high as 3% of the
population [2]. Females are affected more frequently than males, with females representing
92.5% of the adult patients presenting to a TTM clinic, though it has been hypothesized
that men may be better able to hide the behavior through interventions such as shaving
the head. The diagnostic criteria for TTM include the recurrent pulling out of one’s hair
that results in noticeable hair loss, repeated attempts to decrease or stop the hair-pulling
behavior, and clinically significant distress or impairment in social, occupational, or other
areas of functioning [1]. Additionally, the condition must not be accounted for by another
mental disorder or be due to a general medical condition (e.g., dermatologic condition).
Often, these individuals exhibit more than one body-focused repetitive disorder, including
nail biting, skin picking, thumb sucking, knuckle cracking, or nose picking [2–8].
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Because the disorder often results in chastisement or teasing, individuals work to hide
the disorder and frequently develop low self-esteem. Individuals also suffer from other
psychiatric disorders, such as depression (57%), generalized anxiety (27%), simple phobia
(19%), alcohol abuse (19%), obsessive compulsive disorder (13%), social phobia (11%), and
eating disorders (11%) [4,8–15]. In addition to social impairment concerns, people suffering
from this disorder may also ingest the hair, leading to secondary complications, such as
trichobezoars and intestinal obstruction [12].

Treatment of TTM is challenging with behavioral, dietary, and pharmaceutical inter-
ventions having limited efficacy [8,9,16–21]. Human trials have the limitation of a high
amount of genetic and environmental variation, in addition to a long lifespan and relatively
low incidence of diagnosed candidates for clinical trials. The development of an animal
model that mimics the clinical presentation of humans would be valuable by providing
an experimental condition with fewer confounding factors (e.g., genetics and/or environ-
ment), leading to a better understanding of the underlying pathology and developing
strategies to treat or prevent this disorder. There are a number of different animals that
engage in similar body-focused repetitive disorders, such as feather picking in birds [22–31],
psychogenic alopecia in cats [32–36] and nonhuman primates [37–39], acral lick dermatitis
in dogs [35,40–42], tail and ear biting in swine [43–45], and flank biting in horses [46–48].

The C57BL/6J mouse, an inbred strain, has a common clinical presentation of “bar-
bering” (hair loss) and idiopathic necrotizing dermatitis, especially prevalent in stressful
situations [49–53]. Although hair loss has been noted as a precursor to idiopathic dermatitis,
the phenomenon of barbering has historically been attributed to behavioral stressors in
social dominance interactions [51,54]. However, recent work suggests that barbering is
more appropriately diagnosed as a stereotypic behavior and can be self-directed [50,51,53].
Building on these assessments, the C57BL/6J mouse has been proposed as a potential
model for TTM and a similar disorder, dermatotillomania [50]. These authors determined
that they could predict the likelihood of developing hair loss and skin lesions through a
simple behavioral test that was performed before the mouse exhibited clinical symptoms.
They found that if they gently sprayed the mouse with water and observed its grooming
pattern for 15 min, the proportion of time that the mouse spent scratching during grooming
was predictive of an increased chance of developing hair loss and skin lesions in the future
with an odds ratio of 1.20 [50]. This inbred mouse model has already been used to evaluate
the effect of diet on the development of TTM and dermatotillomania [50].

In the Indiana University (IU) breeding colonies that support the production of the
alcohol-preferring “P” rat, we have also noticed an exhibition of a clinical predisposition
to hair loss and ulcerative dermatitis. The clinical presentation is variable, with hair loss
occurring over the entire body, especially on the ventrum, neck, axillary, and inguinal
regions (Figure 1A) as well as dermatitis lesions generally focused around the neck and
ears (Figure 1B). Because this rat stock is not inbred [55,56], the use of this animal model
has the potential to better approximate the human condition, with the genetic diversity of
these populations. Although inbred mouse models and tightly controlled environmental
conditions have been used extensively for the characterization and understanding of human
diseases, the current debate has suggested that this could be contributing to the issues noted
when translating findings from rodent models to humans [57–59]. For example, scientists
evaluating an outbred model for vaccine development and testing noted that reliance on
inbred mouse strains could lead to scientists being misled regarding the effectiveness of
various vaccines in the diverse human population [60]. Identification of animal models
with more genetic diversity could be invaluable models for human diseases.

The C57BL/6J mouse and the P rat are currently used as models for addiction stud-
ies [61–66]. They also consistently test as more anxious in assays to measure depression
and anxiety when compared to other rodent models [56]. The comorbidity of these con-
ditions with the expression of TTM is similar to the presentation seen in humans, further
supporting the potential applicability of these rodents as animal models of TTM.
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Figure 1. Examples of clinical presentations of P rats with (A) hair loss and (B) dermatitis. Note that
the hair loss is most extensive in the inguinal region (box), extending down the hindlimbs, though
there is thinning over the entire ventrum (A). The development of dermatitis (B) is typically around
the head and neck region.

In this study, the spray test and subsequent grooming behavior assessment were used
to determine if there was a behavioral pattern that was predictive of future development of
hair loss and skin lesions in the P rat, to determine the applicability of this rat as a potential
animal model of TTM.

2. Materials and Methods
2.1. Ethical Statement

All procedures were reviewed and approved by the IU School of Medicine IACUC
prior to the initiation of the project. The program is accredited by AAALAC International
and compliant with all applicable federal regulations.
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2.2. Animals

The alcohol-preferring P rat was the line of rat used in this study. The P rat was
developed through bidirectional (vs the alcohol-non-preferring NP rat) mass selection from
a closed-colony of Wistar rats at the Walter Reed Army Hospital [66]. P rats were transferred
to the Indiana University School of Medicine, and they have been maintained by the Indiana
Alcohol Research Center, Indianapolis, IN, USA, since then. Two criteria determined the
alcohol-preferring P phenotype. First, the animal preferred an unadulterated 10% ethanol
solution over water by a ratio of at least 2:1; and second, the animals consumed more than
5 g of ethanol/kg body weight/day [55,65,66]. Five g/kg/day is equivalent to a 70 kg
person consuming approximately a fifth of 90-proof whiskey per day. Alcohol-naïve P
and NP rats display similar levels of alcohol metabolism [67]; after chronic free-choice
alcohol-drinking (6–8 weeks) P rats displayed both metabolic and functional tolerance to
the motor impairing and aversive effects of ethanol [68]. Moreover, similarly drinking
P rats displayed withdrawal signs [69]. In addition, P rats display relapse-like drinking by
exhibiting a robust alcohol deprivation effect (ADE) [70]. The ADE is a transient increase
in alcohol intake after a period of ethanol withdrawal [70]. Regarding initial sensitivity,
compared with NP rats, P rats are less sensitive to the ataxic [71] and hypothermic [72]
effects of alcohol; and P rats develop tolerance quicker to the ataxic [71] and hypnotic
effects [73]. During chronic alcohol drinking or operant self-administration, P rats achieve
pharmacologically relevant blood alcohol concentrations (BACs: 80 to 250 mg%) [74,75].
These BACs parallel those observed in alcoholics. Thus, the P rat meets all criteria associated
with an animal model of alcoholism [55,56,58,66].

One hundred and twelve rats were used for this study. The initial estimate of numbers
of animals required for this study proposed the use of approximately 100 pairs of female
rats (approximately 200 animals) using a multiple regression power analysis with an
alpha of 0.001 (set low to ensure maximum sensitivity in this pilot assessment, as the
true incidence in the colony was unknown) with 1 regressor and a rho2 value of 0.1. This
calculation resulted in a projection of the need for 208 rats to result in a power of 0.9183. To
reduce the overall use of animals, the experimental subjects were divided into 2 cohorts
(approximately 100 animals per cohort) to perform the initial analysis. It was planned to
repeat the experiment with the second cohort if no significant findings were identified in
the initial cohort, but this was determined to be unnecessary.

The P selectively bred rats were an average of 6 weeks of age when the study started
(range of 4 to 8 weeks of age), produced on campus from P progenitors and housed with
same-sex siblings. Only females were assessed in this study as this disorder occurs more
frequently in females than in males. The rats were housed within the IU animal facilities in
accordance with standard operating procedures, briefly summarized here. Rats were given
unrestricted access to food (Teklad Diet 7001, Envigo, Indianapolis, IN, USA) and water.
Room temperatures were maintained at 21.7 +/− 1 ◦C and humidity was at 55 +/− 5%.
Lights were maintained on a 12:12-h light:dark cycle (lights on a 0700). The rats were pair
or trio housed in individually ventilated caging systems (Lab Products, Seaford, DE, USA)
using standard, clear polycarbonate shoebox cages with wire lids and filter tops. Contact
bedding consisting of aspen chips (Sani-Chip, PJ Murphy Forest Products, Montville, NH,
USA) and paper towel nesting materials were provided to each cage.

The colony was screened quarterly by using indirect sentinels. At the time of this study,
the colony was free of the following pathogens: coronavirus (sialodacryoadenitis virus),
parvoviruses (NS1, rat pneumonia virus, Kilham rat virus, H1 virus, rat minute virus),
theliovirus, Clostridium piliforme, Mycoplasma pulmonis, pinworms (Aspicularis tetraptera,
Syphacia spp.), and fur mites (Radfordia ensifer, Orinthonyssus bacoti).

2.3. Assessment

Grooming behavior was assessed with a spray test that has been previously de-
scribed [50]. Briefly, rats were removed from their cages and placed in a clear, Plexiglass
chamber. After a minimum of 5 min within the chamber without disturbance, each rat was
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gently sprayed with a single application mist of water, sufficient to lightly dampen the
fur on the head and shoulders. Their behavior was recorded for 15 min on digital video.
This spray test was performed once for each rat. The video was scored later by a single
observer (AP), and the proportion of time engaged in three grooming behaviors during the
15 min following the spray was recorded (Table 1). The videos were scored continuously
with a notation of each time that each behavior was initiated. The relative frequency of
each behavior was calculated by dividing the number of times each behavior was initiated
by 15 min. All behavioral testing was conducted between 1200 and 1700. All data were
collected within a 3-month period. Rats were identified within the cage by applying a hash
mark on the tail of the second rat of each pair (rat “B”) or two hash marks on the tail of the
third rat in a trio (rat “C”) with a sharpie. Rat “A” was not marked.

Table 1. Description of grooming behaviors assessed.

Grooming Type Description

Manual Grooming (MG) Animal grooms its muzzle, face, and head using its forepaws.

Oral Grooming (OG) Animal grooms its body by licking, usually beginning on the upper neck and back,
then extending down to more caudal areas of the body, including the tail.

Scratching (SCR) Animal uses its hindlimbs to scratch its head, neck, and back
(very fast and of short duration).

All cages in the colony were assessed for hair loss and skin lesions by the research
staff every two weeks (and daily by the animal care staff). Tail markings were refreshed, as
needed, at this time. If animals developed severe dermatitis (defined as the presence of a
single open or ulcerated lesion that exceeded 2 cm in diameter), the rat was euthanized
for humane reasons before the end of the study. Additionally, an animal that developed
a body condition score of 2 or lower [76] was humanely euthanized. Because the study
was assessing the progression of hair loss and dermatitis, treatment of ulcerative dermatitis
would confound the study and its exemption was approved in advance of the study. When
the rats were approximately 8 months of age, they were euthanized by carbon dioxide.
Carcasses were photographed for all animals to record the presence or absence of skin
lesions—those euthanized at humane endpoints and at the end of the study.

2.4. Statistical Analysis

The relative frequency of each of the three grooming behaviors was calculated as
described above. The normality of data was determined using the Anderson–Darling test.
If the data set was normal, it was analyzed with a one-way ANOVA. If the data set was not
normal, it was analyzed with the Kruskal–Wallis test.

To determine if the use of the sharpie to identify animals potentially confounded the
study, a chi-square test was performed to test the association between being marked with
the sharpie and the presence or absence of the lesions.

To calculate the odds ratio, the grooming behaviors for oral grooming and manual
grooming were set at either greater or less than 50% of the time engaged in these behaviors.
Because no rat engaged in scratching behavior greater than 33% of the time during the
spray test, the odds ratio was set at either zero or greater than zero for the percentage of
time spent engaged in scratching behavior. In all cases, the odds ratio included the presence
or absence of lesions. The odds ratio was calculated first by dividing the number of animals
with lesions who had engaged in the defined proportion of the behavior by the number of
animals with lesions that did not engage in the defined proportion of the behavior. This
number was divided by the number of animals without lesions who had engaged in the
defined proportion behavior by the number of animals without lesions that did not engage
in the defined proportion of the behavior.
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3. Results

Two rats were excluded due to technical difficulties with the recording of video for
scoring and associated data loss. Out of the remaining 110 rats, 19 developed dermatitis
(19/110; 17.27%). The actual numbers of animals who developed lesions with the associated
relative frequency of each behavior are presented in Table 2. The use of the sharpie to
identify the rats did not correspond with the development of lesions (Chi-Square = 0.718,
p = 0.3967).

Table 2. Relative frequency of each behavior and the number of animals who developed lesions
associated with each behavior. Data used to calculate the reported odds ratios.

Behavior Number of Animals with Lesions Number of Animals without Lesions

MG relative frequency less than 0.50 11 46
MG relative frequency greater than 0.50 7 46

OG relative frequency less than 0.50 8 51
OG relative frequency greater than 0.50 10 41

SCR relative frequency of 0 3 6
SCR relative frequency great than 0 15 86

The data for the relative frequency of manual grooming and scratching behaviors
were not normally distributed. The data for the relative frequency of oral grooming was
normally distributed. There were no significant differences in the relative frequency of
manual grooming (p = 0.7147) or scratching (p = 0.1324) in rats that developed lesions as
compared to the rats that did not develop lesions using the Kruskal–Wallis test. The rats
that developed lesions engaged in significantly higher relative frequencies of oral grooming
as compared to those that did not develop lesions (p = 0.0448) using the one-way ANOVA.
Data are presented in Table 3.

Table 3. Mean relative frequency of rats developing lesions versus those without developing lesions.
Data presented as mean +/− standard deviation.

Behavior Animals with Lesions Animals without Lesions

Manual grooming (MG) 0.51 +/− 0.24 0.51 +/− 0.19
Oral grooming (OG) 0.60 +/− 0.27 0.47 +/− 0.23

Scratching (SCR) 0.04 +/− 0.10 0.01 +/− 0.03

The amount of time spent scratching was predictive of the development of future
dermatitis in the female rat with an odds ratio of 2.87 (confidence interval of 0.65, 12.73).
Assuming 50% of time spent engaged in oral grooming behavior to be predictive of the
development of future dermatitis in the female P rat, the odds ratio was calculated to be
1.55 (confidence interval of 0.56, 4.3). Assuming 50% of time spent in manual grooming
behavior to be predictive of the development of future dermatitis in the female P rat, the
odds ratio was calculated to be 0.64 (confidence interval of 0.23, 1.79).

4. Discussion

The hypothesis of this study was that the assessment of grooming patterns following
the application of the spray test would prove predictive of the development of dermatitis
in the future. The relative frequency of time engaged in the oral grooming behaviors was
found to be predictive of the development of dermatitis in this cohort of rats, suggesting
that this screening test is a potentially valuable tool for the implementation of proactive
studies. The behavior of scratching also had a high odds ratio, suggesting that the presence
of this behavior is highly predictive of the development of future dermatitis, even if the
relative frequency of this behavior is not significant between rats that developed dermatitis
as compared to those who did not develop dermatitis. Of note, the incidence of dermatitis
reported in the cohort of animals in this study is consistent with reported incidences of
dermatitis in colonies of C57BL/6J mice [77–79].
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The incidence of lesion development in our population of P rats was relatively high
(over 17%) as compared to the reported incidence in humans (as high as 3%) [2], but the
true frequency of the disorder in humans is likely underestimated as individuals work to
hide the disorder to avoid chastisement or teasing [4,8–15]. Because this stock of rat has
been selected to be prone to addictive behaviors [65,66], it is possible that the incidence is
higher than in the general human population, but the incidence of almost 20% provides
interesting avenues for potential future research directions.

Most animal model studies of hair loss and dermatitis are therapeutic studies, evaluat-
ing potential treatments of affected humans and animals. Although treatments have value
for individual humans and other animals that are affected by these body-focused repetitive
disorders, the ability to identify at-risk individuals and intervene before the disorders
become established would be beneficial. The spray test has been implemented to identify
at-risk C57BL/6J mice and to test nutritional interventions that may prevent the onset of
these body-focused repetitive disorders [50]. However, as the C57BL/6J mouse is an inbred
strain of mouse, the translatability of these findings to a heterogeneous population, such
as humans, may be limited. The genetic diversity of the selectively bred P rat provides a
better approximation of the genetic diversity of the human population, suggesting that
preventative and therapeutic studies using this animal model will result in findings that
are more translatable. For example, our laboratory recently reported on how the use of nail
trims can improve outcomes for ulcerative dermatitis in the P rat [80], but completion of
this study required waiting for animals to develop ulcerative dermatitis prior to enrollment
in the study. To complete this study, it took over 5 years, due to the relatively low incidence
in the colony. The ability to screen young rats who are at risk would allow the development
of a case-control study with young females with similar behavioral profiles that can be
used in a study comparing potential therapeutics.

Future directions for this model include the development of studies to test the effective-
ness of therapeutic interventions (such as nutritional interventions, as has been suggested
in mice [50]) in the prevention of the development of dermatitis in at-risk individuals.
Genetic and epigenetic factors could be determined, providing insight into predisposing
neurochemical or neurophysiological alterations observed in subjects that display or do not
display TTM-like behaviors. For instance, the P rat has several neurochemical differences
from their non-preferring (NP) counterparts, including serotonin and dopamine deficien-
cies, as well as that of associated receptors and transporters, in certain meso-corticolimbic
nuclei (for a review of multiple neurotransmitter and receptor differences, see [55,65]). It is
recognized that alcohol use disorders, OCD, and depression are often linked to imbalances
in serotonin level and function [81,82].

5. Conclusions

The results of this study suggest that similar to the C57BL/6J mouse, the selectively
bred P rat is a potential animal model for evaluating interventions to treat or prevent TTM
behaviors. In addition to the P rat sharing clinical signs and behaviors consistent with
what has been described for women affected by TTM, the spray test, and identification of
rats who engage in increased scratching and oral grooming behaviors may allow for the
identification of at-risk rats and the development of strategies for the prevention or early
treatment of this disorder. Additional evaluation of behavioral and physiologic interactions
will help to characterize the value of this model in the development of prevention and
intervention strategies for TTM and other similar body-focused repetitive disorders.
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Abstract: Cerebrovascular disease such as ischemic stroke develops cognitive impairment due to
brain tissue damage including neural loss, demyelination and decrease in synaptic density. In the
present study, we developed transient ischemia in the forebrain of the gerbil and found cognitive
impairment using the Barnes maze test and passive avoidance test for spatial memory and learning
memory, respectively. In addition, neuronal loss/death was detected in the Cornu Ammonis 1
(CA1) region of the gerbil hippocampus after the ischemia by cresyl violet histochemistry, immuno-
histochemistry for neuronal nuclei and histofluorescence with Fluoro-Jade B. Furthermore, in the
CA1 region following ischemia, myelin and vesicular synaptic density were significantly decreased
using immunohistochemistry for myelin basic protein and vesicular glutamate transporter 1. In
the gerbils, treatment with COG-up® (a combined extract of Erigeron annuus (L.) Pers. and Brassica
oleracea Var.), which was rich in scutellarin and sinapic acid, after the ischemia, significantly improved
ischemia-induced decline in memory function when compared with that shown in gerbils treated
with vehicle after the ischemia. In the CA1 region of these gerbils, COG-up® treatment significantly
promoted the remyelination visualized using immunohistochemistry myelin basic protein, increased
oligodendrocytes visualized using a receptor-interacting protein, and restored the density of gluta-
matergic synapses visualized using double immunofluorescence for vesicular glutamate transporter
1 and microtubule-associated protein, although COG-up® treatment did not protect pyramidal cells
(principal neurons) located in the CA1 region form the ischemic insult. Considering the current
findings, a gerbil model of ischemic stroke apparently showed cognitive impairment accompanied
by ischemic injury in the hippocampus; also, COG-up® can be employed for improving cognitive
decline following ischemia-reperfusion injury in brains.

Keywords: Cornu Ammonis 1; glutaminergic synapse; ischemia-reperfusion injury; memory func-
tion; oligodendrocyte; pyramidal cells
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1. Introduction

Ischemia/reperfusion injury in the brain is a common property of ischemic stroke,
which involves a period of impaired blood circulation in the brain, followed by restora-
tion of perfusion through medical intervention [1,2]. It was acknowledged that cognitive
impairment is developed by brain ischemia/reperfusion injury which involves various neu-
rological and behavioral changes such as paralysis in limbs, vertigo, confusion, cognitive
dysfunction [3–5].

It is well accepted that the hippocampus plays a pivotal role in memory and cognitive
function [6,7]. Therefore, ischemia/reperfusion in the hippocampus induces neuronal
damage or death, which is accompanied by decreases in synaptic density, demyelination
and axonal damage which can lead to memory and cognitive deficits [3,8–10]. It is well
established that, in the hippocampus of the gerbil, delayed neuronal death is induced
in the CA 1 region four to five days after in five-minute transient ischemia (TI) in the
forebrain [8,11,12]. For this property, many studies have utilized this model to develop
cognitive impairment followed by delayed neuronal death [3,8,13].

Many precedent studies show that the enhancement of remyelination after ischemic
insults is important for the functional recovery of memory and cognition [3,8,14]. In
particular, oligodendrocytes, a type of glial cells, form myelin sheath enveloping axons in
the brain and spinal cord in order to accelerate neural transmission by saltatory conduction,
and newly generated oligodendrocytes play an important role in remyelination [15–17]. In
addition, accumulated clinical and preclinical data demonstrate that change in glutamate
neurotransmission in the brain may be linked to cognitive impairment [18,19].

Numerous studies have reported the beneficial effects of medicinal herbs. Erigeron
annuus (L.) Pers. (EALP) belongs to the Asteraceae family, and its extract shows anti-
inflammatory effects in lipopolysaccharide-induced activated macrophage and carrageen-
induced acute inflammation in rat paws [20]. In addition, the genus Brassica belonging
to the Brassicaceae family has beneficial attributes. For instance, the extract of Brassica
oleracea Var. Italica attenuates amyloid β1–42-induced learning and memory impairment in
mice [21]. However, to the best of our knowledge, experiments on the effects of the extracts
from Erigeron annuus (L.) Pers. and Brassica oleracea Var. on the improvement of cognitive
impairment following TI in rodent brains have rarely been conducted. Therefore, herewith
we developed transient ischemia in the forebrain using gerbils, analyzed COG-up® (a
combined extract of Erigeron annuus (L.) Pers. and Brassica oleracea Var.) and investigated
whether COG-up® improve cognitive impairment induced by TI in the hippocampus. In
addition, we examined the effects of COG-up® on remyelination and restoration of synaptic
density in the damaged hippocampus.

2. Materials and Methods
2.1. Experimental Animals

Eighty-four male gerbils at the age of six months (85 ± 5 g of body weight) were
provided by Experimental Animal Center of Kangwon National University (Chuncheon,
Gangwon, Korea). The gerbils were housed in conventional room with optimum conditions
(24 ± 1 ◦C of room temperature; 50 ± 5% of relative humidity). A steady cycle of light
and dark was controlled every 12 h, and pellet feed (DBL Co. Ltd., Chungbuk, Korea) and
water were freely accessible.

All experimental processes were according to the guidelines described in the “Current
International Laws and Policies”, a part of the “Guide for the Care and Use of Laboratory
Animals”. Approval for the experimental protocol was sanctioned by Institutional Animal
Care and Use Committee of Kangwon National University (Chuncheon, Korea) on 18
February 2020 (approval no., KW-200113-1).

2.2. Experimental Groups

In this study, four groups were used: (1) sham+vehicle group (n = 21) which was given
sham surgery and treated with vehicle (saline); (2) TI+vehicle group (n = 21) which was
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given TI surgery and treated with vehicle; (3) sham+COG-up® group (n = 21) which was
undergone sham operation and treated with 100 mg/kg COG-up®; and (4) TI+COG-up®

group (n = 21) which was undergone TI operation and treated with 100 mg/kg COG-up®.

2.3. Qualitative Analysis of COG-Up®

COG-up® (a combined extract of Erigeron annuus (L.) Pers. and Brassica oleracea
Var.) was provided by Famenity (Uiwang, Korea). Scutellarin (Glentham, Corsham, UK)
standard sample and test sample (COG-up®) were precisely weighed and dissolved. These
samples (5 µL, respectively) were subjected to HPLC (Agilent 1260 Infinity II Prime LC
System) (Agilent Technologies, Inc., Waldbronn, Germany) using Discovery C18 column
(diameter of 4.6 mm, length of 250 mm) (Sigma-Aldrich Co., St. Louis, MO, USA), which
was filled with octadecylsilyl silica gel (diameter of 5 µm) at 1.0 mL/min of flow rate.
Optimum HPLC separation was achieved at 30 ◦C. UV wavelength was 335 nm for the
scutellarin. Phosphoric acid (Junsei Chemical Co., Ltd., Tokyo, Japan) was mixed with
distilled water and methanol (JT Baker, Phillipsburg, NJ, USA) which were used as a
mobile phase. Mobile phase condition for the scutellarin using A (0.5% phosphoric acid in
water) and B (methanol) was as follows: 0–5 min (25% B), 5–25 min (25–55% B), 25–30 min
(55–100% B), 30–32 min (100% B), 32–33 min (100–25% B), 33–40 min (25% B).

For high analytical performance, pretreatment using alkaline solvent was required
for sinapic acid. Sinapic acid (Sigma-Aldrich Co., St. Louis, MO, USA) standard sample
and the test sample (COG-up®) were precisely weighed and dissolved. These samples
(5 µL) were subjected to HPLC (Agilent 1260 infinity II, Agilent Technologies, Inc., Santa
Clara, CA, USA) using the same column and flow rate. Optimum HPLC separation was
achieved at 30 ◦C. UV wavelength was 320 nm for sinapic acid. The mobile phase condition
for sinapic acid using the same solution A and B was as follows: 0–15 min (10–30% B),
15–25 min (30% B), 25–26 min (30–50% B), 26–27 min (50–90% B), 27–30 min (90% B),
30–32 min (90–10% B) and 32–37 min (10% B).

2.4. Induction of TI and Treatment with COG-Up®

The gerbils underwent TI in the forebrain to develop cognitive impairment due to
ischemic damage [3]. As described previously [22], the animals were adequately anes-
thetized with 2.5% isoflurane (Hana Pharmaceutical Co. Ltd., Seoul, Korea) (in mixture of
67% N2O and 33% O2) using an inhaler. Under the anesthesia, an incision was made on
the midline of the ventral neck. Bilateral common carotid arteries (BCCA) were freed from
the vagus nerve and occluded with aneurysm clips (0.69 N) (Yasargil FE 723K; Aesculap,
Tuttlingen, Germany) for five minutes. For the complete occlusion of the BCCA, the stop
of blood flow was verified through observing in right and left central arteries (branches
of the internal carotid arteries) located at both retinae using ophthalmoscope (HEINE
K180®) (Heine Optotechnik; Herrsching, Germany). The aneurysm clips were removed
at five minutes after ligating the BCCA, and the skin was sutured with 3–0 suture silk
(Ethicon Inc, Somerville, NJ, USA). In this study, sham TI operation was performed like
the identical surgical procedure, excepting BCCA ligation. In particular, body temperature
was controlled at normothermia (37 ± 0.2 ◦C) during the surgical procedure using rectal
temperature probe (TR-100) (Fine Science Tools Inc.; Foster City, CA, USA).

In this study, vehicle and COG-up® were orally administrated once a day five days to
30 days after TI.

2.5. Barnes Maze Test (BMT)

To examine spatial memory, BMT was daily conducted 26 to 30 days after TI (Figure 1).
According to a published method [3], visual signs were located around the maze at a level
that would be perceptible to the gerbils. Lights and a stereo speaker were installed beneath
the ceiling in order to maintain brightness (220 lx) and background sound (85 dB). The
gerbils were adapted to a refuge for two minutes on the first day of training. Each gerbil
was given training three times per day with 15 min of intervals per day for four successive
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days. When the gerbil failed to find the refuge within 180 s, we escorted the gerbil toward
the escape hole and let the gerbil stay for 35 s in the refuge. Thereafter, the gerbil was
placed onto the center of the maze to explore an escape hole that is linked to the refuge.
Each trial was finished when the gerbil had entered the refuge and stayed for 30 s. The
substantial test was carried out one day after the final training. The refuge was removed,
and, when the gerbil went to the entry area where the refuge had been previously located,
the latency time was recorded within 90 s.

Vet. Sci. 2021, 8, x FOR PEER REVIEW 4 of 16 
 

 

2.5. Barnes Maze Test (BMT) 
To examine spatial memory, BMT was daily conducted 26 to 30 days after TI (Figure 

1). According to a published method [3], visual signs were located around the maze at a 
level that would be perceptible to the gerbils. Lights and a stereo speaker were installed 
beneath the ceiling in order to maintain brightness (220 lx) and background sound (85 dB). 
The gerbils were adapted to a refuge for two minutes on the first day of training. Each 
gerbil was given training three times per day with 15 min of intervals per day for four 
successive days. When the gerbil failed to find the refuge within 180 s, we escorted the 
gerbil toward the escape hole and let the gerbil stay for 35 s in the refuge. Thereafter, the 
gerbil was placed onto the center of the maze to explore an escape hole that is linked to 
the refuge. Each trial was finished when the gerbil had entered the refuge and stayed for 
30 s. The substantial test was carried out one day after the final training. The refuge was 
removed, and, when the gerbil went to the entry area where the refuge had been previ-
ously located, the latency time was recorded within 90 s. 

2.6. Passive Avoidance Test (PAT) 
In accordance with some references [3,8], PAT was performed to investigate learning 

memory on day 5, day 15 and day 30 after TI (Figure 1). We used Gemini Avoidance Sys-
tem (GEM 392) (San Diego Instruments Inc., San Diego, CA, USA) for PAT. This apparatus 
consisted of a dark and light compartment that was connected through a vertical gate 
between the compartments. The experimental procedure was separated into two sections: 
training section and substantial trial section. The training was performed one day before 
each substantial trial. For the training, the gerbil was allowed to freely explore the dark 
and light compartment for 60 s. Thereafter, the vertical door was shut as soon as the gerbil 
entered the dark compartment, and the animals received an inescapable foot-shock of 0.5 
mA for five seconds. For the substantial trial, each animal was put in the light compart-
ment, and the latency time to go into the dark compartment was evaluated within 180 s. 

 
Figure 1. Experimental timeline. Cognitive impairment is developed for 25 days from five days after TI operation. Gerbils
are daily treated with vehicle or COG-up® from five days to 30 days after TI. Delayed neuronal death is examined five days
after TI. Passive avoidance test is conducted zero, five, 15 and 30 days after TI, and Barnes maze test is carried out from
26 days to 30 days after TI. Histological examination is performed five, 15 and 30 days after TI.

2.6. Passive Avoidance Test (PAT)

In accordance with some references [3,8], PAT was performed to investigate learning
memory on day 5, day 15 and day 30 after TI (Figure 1). We used Gemini Avoidance System
(GEM 392) (San Diego Instruments Inc., San Diego, CA, USA) for PAT. This apparatus
consisted of a dark and light compartment that was connected through a vertical gate
between the compartments. The experimental procedure was separated into two sections:
training section and substantial trial section. The training was performed one day before
each substantial trial. For the training, the gerbil was allowed to freely explore the dark
and light compartment for 60 s. Thereafter, the vertical door was shut as soon as the
gerbil entered the dark compartment, and the animals received an inescapable foot-shock
of 0.5 mA for five seconds. For the substantial trial, each animal was put in the light
compartment, and the latency time to go into the dark compartment was evaluated within
180 s.

2.7. Preparation of Brain Sections

The brain tissue sections containing the hippocampus were prepared to carry out
histological analyses in the four groups five days (n = 7 in each group), 15 days (n = 7 in each
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group) and 30 days (n = 7 in each group) after TI. According to previously published meth-
ods [3,23], the gerbils of the four groups (n = 21, respectively) were profoundly anesthetized
with 200 mg/kg pentobarbital sodium (intraperitoneal injection) (JW Pharmaceutical Co.,
Ltd., Seoul, South Korea) [22]. Under anesthesia, the gerbils were perfused (flow rate of
6 mL/min, total perfused volume of 60 mL) with 100 mM phosphate-buffered saline (PBS,
pH 7.4) and subsequently fixed with paraformaldehyde solution (4% w/v; in 100 mM phos-
phate buffer (PB), pH 7.4) with same flow rate and total perfused volume via the ascending
aorta. When their brains were fixed, the brains were harvested and individually immersed
in the same fixative for post-fixation for six hours at room temperature. Thereafter, these
brains were infiltrated with 30% w/v sucrose (in 100 mM PB) to be cryoprotected for 24 h at
room temperature. The brain tissues were serially cut into 30-µm coronal sections using
sliding microtome (SM2020 R) (Leica, Nussloch, Germany) equipped with freezing stage
(BFS-40MP) (Physitemp Instruments Inc., Clifton, NJ, USA), Representative sections were
selected at antero-posterior of −1.8 mm to 2.7 mm from the bregma with a reference of the
“Brain Atlas of the Mongolian Gerbil (Meriones unguiculatus)” [24].

2.8. Cresyl Violet (CV) Staining

CV staining was carried out to examine the change in the distribution of hippocampal
cells. As described in a previous paper [25], the brain sections were mounted onto the
slide glasses coated with gelatin. After confirming their attachment, the prepared brain
sections were immersed in 0.1% w/v CV acetate (Sigma-Aldrich Co., St. Louis, MO, USA)
for 20 min. Thereafter these stained sections were briefly washed followed by decolorized
in 50% ethanol for two minutes, subsequently dehydrated through successive incubation
in 70%, 80%, 90%, 95% and 100% ethanol and then cleared in xylene. These stained sections
were mounted with cover glasses.

To observe the changes of the CV-stained cells in gerbil hippocampus, images of the
cells stained with CV were taken using microscope (BX53) (Olympus, Tokyo, Japan).

2.9. Fluoro-Jade B (FJB) Histofluorescence

FJB histofluorescence was performed to examine neuronal death (loss) in the hip-
pocampus with reference to some previous reports [26,27]. The brains sections were put
onto the slide glasses, which were coated with gelatin. These sections were soaked in 0.06%
KMnO4 (Sigma-Aldrich Co., St. Louis, MO, USA) for 20 min and briefly washed. After
washing, these sections were soaked in 0.0004% FJB (Histo-chem Inc., Jefferson, AR, USA)
for 30 min and rinsed. Thereafter, these sections were placed onto slide warmer until they
were completely dried. The reacted sections were finally cleared in xylene and coverslipped
with dibutyl phthalate polystyrene xylene (Sigma-Aldrich Co., St. Louis, MO, USA).

In order to count numbers of FJB positive cells, five sections per gerbil were chosen.
According to a paper [28] with some modification, the stained sections were observed
using epifluorescent microscope (Carl Zeiss, Göttingen, Germany) with blue excitation flu-
orescent filter (wavelength of 450–490 nm). Images of FJ B positive cells, which underwent
degeneration (bright fluoresce) when compared with the background [26], were captured
and counted in 250 × 250 µm at the middle of the CA1 region. Finally, the mean number of
FJB positive cells was calculated using NIH Image 1.59 software (NIH, Bethesda, Rockville,
MD, USA).

2.10. Immunohistochemistry

To examine changes in neurons, myelin and oligodendrocytes in the hippocampus,
immunohistochemistry was carried out using avidin–biotin complex (ABC) method. Ac-
cording to previous studies [25,29] with minor modifications, the prepared sections were
washed with PBS (pH 7.4) and soaked in 0.3% H2O2 (in 100 mM PBS, pH 7.4) for 30 min to
block endogenous peroxidase activity. Subsequently, to block non-specific immunoreaction,
these sections were incubated in five percent goat serum or horse (in 100 mM PBS, pH 7.4)
for 30 min. Next, the sections were immunoreacted with primary antibodies (Table 1) for
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24 h at 4 ◦C. Thereafter, the immunoreacted sections were incubated in each secondary
antibody (Table 1) for two hours at room temperature followed by ABC (diluted 1:300)
(Vector Laboratories, Burlingame, CA, USA). After briefly washing, these sections were
reacted with 0.06% 3, 3′-diaminobenzidine tetrahydrochloride (Sigma-Aldrich Co, St Louis,
MO, USA) (in 100 mM PBS containing 0.1% H2O), washed with 100 mM PBS (pH 7.4),
mounted onto the microscopic slides, dehydrated in 70%, 80%, 90%, 95% and 100% ethanol
and cleared in xylene. Lastly, these stained sections were coverslipped with Canada balsam
(Kanto Chemical Co., Inc., Tokyo, Japan).

Table 1. Primary and secondary antibodies for immunohistochemical staining.

Primary Antibodies Dilution Suppliers

Mouse anti-neuronal nuclei (NeuN) 1:1000 Chemicon, Temecula, CA, USA
Rabbit anti-myelin basic protein (MBP) 1:200 Abcam, Cambridge, UK

Mouse anti-receptor interacting protein (RIP) 1:200 Santa Cruz Biotechnology, Santa
Cruz, CA, USA

Secondary Antibodies Dilution Suppliers

Biotinylated horse anti-mouse IgG 1:250 Vector Laboratories Inc.,
Burlingame, CA, USA

Biotinylated goat anti-rabbit IgG 1:250 Vector Laboratories Inc.,
Burlingame, CA, USA

For negative controls, adjacent tissue sections were immersed in pre-immune serum
without each primary antibody. After testing, immunoreactive structures were not shown
in the sections (data not shown).

In order to evaluate changes in neurons and oligodendrocytes, the numbers of NeuN
immunoreactive neurons and RIP immunoreactive oligodendrocytes, five sections/gerbil
were selected and analyzed using microscope (BX53) (Olympus, Tokyo, Japan) in the same
way described above (in Section 2.8).

To evaluate changes in myelin, the optical density of MBP immunoreactive structure
was presented. In accordance with a previous study [30], five sections/gerbils were chosen,
and the image of MBP immunoreactive structure was taken using microscope (BX53)
equipped with cellSens Standard software (Olympus, Tokyo, Japan). The captured image
was converted to eight bits of grey scale (range, 0–255; from black to white) to measure grey
scale intensity. Average density of MBP immunoreactive structure was computed using
Image J software (version 1.46) (National Institutes of Health, Bethesda, Rockville, MD,
USA). Lastly, the density of the MBP immunoreactive structure was presented as relative
optical density (ROD) as percentage of the Sham+vehicle group (100%).

2.11. Double Immunofluorescence

Double immunofluorescence was performed to examine synaptic formation by ex-
amining the co-localization of vesicular glutamate transporter 1 (VGLUT-1; a marker
for excitatory synapse) and microtubule-associated protein 2 (MAP2; a marker for api-
cal dendrites) immunoreactive structures. As described previously [3], in brief, rabbit
anti-VGLUT-1 (diluted 1:500) (Synaptic Systems GmbH, Göttingen, Germany) and mouse
anti-MAP2 (diluted 1:400) (Chemicon International Inc., Temecula, CA, USA) were used as
primary antibodies. The sections were reacted with secondary antibody—mixture of Alexa
Fluor® 488-conjugated donkey anti-mouse IgG (diluted 1:500) (Invitrogen, Waltham, MA,
USA) and Alexa Fluor® 546-conjugated goat anti-rabbit IgG (diluted 1:500) (Invitrogen,
Waltham, MA, USA).

In accordance with our previous study [3], in each group, five sections at each time
were observed using epifluorescent microscope (Carl Zeiss, Göttingen, Germany) with blue
(450–490 nm of wavelength; for observing VGLUT-1 immunoreactive structure) and green
(510–560 nm of wavelength; for observing MAP2 immunoreactive structure) excitation
fluorescent filters. Using cellSens Standard software (Olympus, Tokyo, Japan), each VGLUT-
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1 and MAP2 immunoreactive structure was captured and merged. To quantitatively
analyze the co-localized VGLUT-1/MAP2 immunoreactive structure, the merged image
was converted into grey scale with 0–255 of range from black and white. Using Image J
software (version 1.46) (National Institutes of Health, Bethesda, Rockville, MD, USA), the
density of the co-localized VGLUT-1/MAP2 immunoreactive structure was presented as
ROD as %: the ROD of the sham+vehicle group was designated as 100%.

2.12. Statistical Analysis

To perform all statistical analyses, in this study, SPSS software (version 15.0) (SPSS Inc.,
Chicago, IL, USA) was used. In addition, Kolmogorov and Smirnov test to evaluate normal
distributions and Bartlett test to evaluate identical standard error of the mean (SEM) were
used. Moreover, all presented data were taken for the normality test. The statistical signifi-
cances of the mean among the experimental groups were determined by two-way analysis
of variance followed by post hoc Tukey’s test for all pairwise multiple comparisons. All
presented data were shown as the mean ± SEM, and statistical significance was designated
when p-value was less than 0.05.

3. Results

3.1. Major Ingredients of COG-Up®

Scutellarin standard was 19.803 min at the retention time, as shown in Figure 2A, which
was also detected in COG-up® (19.729 min of retention time (Figure 2B). The retention time
of sinapic acid standard was 24.098 min (Figure 2C), which was also shown in COG-up®

(24.004 min of retention time) (Figure 2D). Accordingly, scutellarin and sinapic acid were
revealed as major ingredients of the COG-up®.
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same mobile phase condition for the analysis of scutellarin. (C,D) were produced under the same mobile phase condition
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3.2. Cognitive Function
3.2.1. Spatial Memory by BMT

As shown in Figure 3A, in all four groups, the latency time to find the escape hole
evaluated from 26 days to 30 days after TI was gradually shortened. Latency time in the
two sham groups was not different from each other and latency time in the TI+vehicle
group was significantly longer than that shown in the sham groups. In the TI+COG-up®

group, latency time was also significantly longer than that shown in the sham groups 26, 27
and 28 days after TI. However, in this group, latency time on day 28, day 29 and day 30 after
TI was significantly shortened when as compared to that shown in the TI+vehicle group.
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3.2.2. Learning Memory by PAT

In all four groups, latency time evaluated at zero-day after TI did not exhibit differ-
ences (Figure 3B). In both sham groups, latency time shown at every time point after sham
TI operation was similar to that found at zero-day (Figure 3B). After TI, latency time in the
TI+vehicle group was significantly short as compared with that shown in the sham groups,
although the latency time was gradually increased with time after TI (Figure 3B). In the
TI+COG-up® group, latency time shown on day 5 after TI was increased as compared to the
TI+vehicle group, but significant difference in the latency time was not found between the
two groups (Figure 3B). However, latency time at 15 and 30 days after TI was significantly
longer as compared to that found in the TI+vehicle group (Figure 3B).

3.3. Cellular Change in the Hippocampus

To examine change in cells in the gerbil hippocampus following TI, CV staining
was performed. Cells stained by CV, in all sham groups, were easily identified in the
hippocampus (Figure 4A,E). In particular, CV-stained cells formed the stratum pyramidale
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(SP): these cells are principal cells and called pyramidal cells (Figure 4A,E). Five days after
TI, in the TI+vehicle and TI+COG-up® groups, the CV stainability was decreased in the SP
of the CA1 region, not CA2 and 3 regions (Figure 4B,F). This finding means that delayed
neuronal damage/death occurs only in the CA1 region following TI. Thereafter, in these
two groups, the distribution pattern of CV-stained cells was not altered until 30 days after
TI (Figure 4C,D,G,H).
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3.4. TI-Induced Neuronal Death (Loss) in the CA1 Region
3.4.1. Findings by NeuN Immunohistochemistry

In all sham groups, numerous NeuN immunoreactive pyramidal cells stained with
NeuN were located in the SP of the CA1 region (about 84 cells/250 µm2) (Figure 5(Aa,Ae)).
In the TI+vehicle and TI-COG-up® groups, NeuN immunoreactive cells were rarely de-
tected in the SP five days after TI, showing that their number was about nine cells/250 µm2

(Figure 5(Ab,Af,B)). In these two groups, at 15 and 30 days after TI, the number of NeuN
immunoreactive pyramidal cells was not significantly different from that shown five days
after TI (Figure 5(Ac,Ad,Ag,Ah,B)). This finding means that treatment with COG-up® does
not influence TI-induced delayed neuronal death.

3.4.2. Findings by FJB Histofluorescence

In both sham+vehicle and sham+COG-up® groups, FJB positive cells were not de-
tected in the CA1 region (Figure 5(Ca,Ce)). In the TI+vehicle and TI+COG-up® groups,
a plenty number of FJB positive cells (about 74 cells/250 µm2) were observed in the SP
five days after TI (Figure 5(Cb,Cf,D)). In these groups, the numbers of FJB positive cells
found 15 and 30 days after TI were not different from those found five days after TI
(Figure 5(Cc,Cd,Cg,Ch,D)). Definitely, this finding shows that treatment with COG-up®

does save CA1 pyramidal cells from TI-induced death.
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3.5. Myelin Using MBP Immunohistochemistry

In all sham groups, MBP immunoreactive structures, as myelinated nerve fibers, were
distributed throughout all layers in the CA1 region (Figure 6(Aa,Ad)). In the TI+vehicle
group, the density of MBP immunoreactive structures was significantly decreased (about
9% and 12% on day 15 and day 30 after TI, respectively, versus sham+vehicle group) as
compared with that shown in the sham+vehicle group (Figure 6(Ab,6Ac,B)). In contrast, in
the TI+COG-up® group, the density of MBP immunoreactive structure was significantly
higher (about 46% and 55% at 15 and 30 days, respectively, after TI versus sham+vehicle
group) than that evaluated in the TI+vehicle group (Figure 6(Ae,Af,B)).

3.6. Oligodendrocytes Using RIP Immunohistochemistry

In both sham+vehicle and sham+COG-up® groups, RIP immunoreactive structures,
as oligodendrocytes, were clearly shown in all layers of the CA1 region (Figure 6(Ca,Cd)).
In the TI+vehicle group, the number of RIP immunoreactive oligodendrocytes was signifi-
cantly increased (about 20 cells/250 µm2 and 28 cells/250 µm2 at 15 and 30 days, respec-
tively, after TI) as compared to that evaluated in the sham+vehicle group (Figure 6(Cb,Cc,D)).
In the TI+COG-up® group, however, a significantly increased number of RIP immunoreac-
tive oligodendrocytes was detected (about 25 cells/250 µm2 and 37 cells/250 µm2 on day
15 and day 30 after TI, respectively) when compared with that evaluated in the TI+vehicle
group (Figure 6(Ce,Cf,D)).
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bars indicate mean ± SEM (n = 7 at each time in each group; * p < 0.05 versus sham+vehicle group, # p < 0.05 versus prior
time point of each group, and † p < 0.05 versus corresponding time of TI+vehicle group).

3.7. Synaptic Density Using Double Immunofluorescence for VGLUT-1/MAP2

In all sham groups, VGLUT-1 immunoreactive structures, as glutamate transporter
in the membrane of synaptic vesicles, were predominately distributed in the stratum
oriens and stratum radiatum (Figure 7(Aa,Ba)). The VGLUT-1 immunoreactive structures
were co-localized with MAP2 immunoreactive structures, as neuronal dendritic extensions
(main dendrites), in the CA1 region (Figure 7(Ab,Ac,Bb,Bc)). In the TI+vehicle group,
when VGLUT-1/MAP2 immunoreactive structures were observed at 30 days after TI,
they were significantly decreased (about 2% versus sham+vehicle group) as compared
to the sham+vehicle group (Figure 7(Ad–Af),C). However, in the TI+COG-up® group at
30 days after TI, a significant increase in VGLUT-1/MAP2 immunoreactive structures were
found (about 25% versus TI+vehicle group) when compared with the TI+vehicle group
(Figure 7(Bd–Bf),C).
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4. Discussion

In the present study, cognitive impairment was apparently induced in a gerbil model
of TI which was accompanied by the death of pyramidal cells (neurons as principal cells)
of the hippocampal CA1 region as shown by CV staining, NeuN immunohistochemistry
and FJB histofluorescence. In addition, in the CA1 region following ischemia, myelin and
vesicular synaptic density were significantly decreased as shown by immunohistochem-
istry for MBP and VGLUT-1. Therefore, we had tried to investigate whether COG-up®

treatment improved microenvironmental damages such as demyelination (loss of myelin)
and decreased synaptic density in the hippocampus.

Accumulating experimental data show that herbal medicines were used thanks to their
beneficial attributes such as anti-inflammatory and antioxidant activities [12,20,31,32]. Fur-
thermore, many studies have investigated active ingredients of herbal medicines. For
instance, the therapeutic effect of Angelica gigas Nakai (Umbelliferae family) root extract
containing decursin (a coumarin derivate compound) was shown in the ischemic hippocam-
pus via protecting blood–brain barrier leakage and astrocyte endfeet damage in a gerbil
model of TI [33]. Additionally, it was reported that, in a gerbil model of TI, pretreated with
YES-10®, a combined extract of EALP and Clematis mandshurica RUPR. (Ranunculaceae
family), containing scutellarin and chlorogenic acid showed strong neuroprotective effect
in the hippocampus after TI [12]. We, in this study, investigated the major ingredients of
COG-up®; and, as shown in the HPLC result, we found scutellarin and sinapic acid as
active ingredients of COG-up®. A precedent study reported that scutellarin, as a flavonoid
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glycoside compound, ameliorated learning and memory deficit induced by chronic cerebral
hypoperfusion in rats [34]. In addition, Kim et al. (2011) reported that synaptic acid treat-
ment attenuated memory impairment in a rat model of global cerebral ischemia induced
by ligation of four vessels [35].

Recently, studies developed combined extracts originating natural resources and reported
that they improved cognitive dysfunctions following dementia. For example, Shenmayizhi
decoction, a Chinese herbal prescription, consists of four herbal extracts—Panax ginseng C. A.
Mey. (Araliaceae family), Gastrodia elata Bl. (Orchidaceae family), Ligusticum chuanxiong
Hort. (Apiaceae family) and Euonymus alatus Sieb. (Celastraceae family)—ameliorate
declined memory and learning function in a rat model of vascular cognitive impairment
induced by BCCA occlusion [36]. Based on these previous studies, in this experiment, we
treated COG-up® after TI in gerbils and found that TI-induced cognitive impairment was
significantly improved when we performed BMT and PAT for spatial memory and learning
memory, respectively.

In the present study, although COG-up® treatment after TI showed an improvement
of cognitive impairment in the gerbils, the COG-up® treatment failed to protect CA1 pyra-
midal cells from TI when we performed CV histochemistry, NeuN immunohistochemistry
and FJB histofluorescence. Therefore, we had tried to investigate whether COG-up® treat-
ment improved microenvironmental damages such as demyelination (loss of myelin) and
decreased synaptic density in the hippocampus.

As reviewed by Baaklini et al. (2019), demyelination attributed to various pathological
conditions retards axonal conduction and may bring a failure to transmit neural informa-
tion, passing by demyelinated segments [37]. Demyelinated axons due to injuries undergo
remyelination for the functional recovery of neural activities, and this process is facilitated
by newly generated oligodendrocytes [37,38]. It was demonstrated that the improvement
of cognitive impairment induced by ischemic stroke is accompanied by remyelination and
proliferation of oligodendrocytes. For example, Chen et al. (2018) reported that treatment
with N-acetyl-5-methoxytryptamine (melatonin), a lipophilic hormone synthesized by the
pineal gland, after ischemic stroke in gerbils, excellently improved memory impairment
and showed remyelination in the hippocampus [3]. Furthermore, Qu et al. (2014) demon-
strated that quercetin, a flavonoid abundant in diverse plants, improved cognitive deficit
induced by hypoxia-ischemia via promoting remyelination in neonatal rats [14]. With
correspondence to these precedent data, in this study, COG-up® treatment after TI in the
gerbils increased MBP immunoreactive structure (myelin) and RIP immunoreactive cells
(oligodendrocytes) in the ischemic CA1 region.

In our current study, COG-up® treatment after TI in the gerbils increased the density of
glutamatergic synapses in the ischemic CA1 region using double immunofluorescence for
VGLUT-1/MAP2. Recently, we reported that treatment with melatonin after TI in gerbils
improved the expression level of VGLUT-1 (higher synaptic density) when compared with
that evaluated in ischemic gerbils treated with vehicle [3]. Glutamate, as a major excitatory
neurotransmitter in the brain, contributes to aspects of higher intellectual function [39]. It is
acknowledged that glutamatergic neurotransmission is mainly achieved by VGLUT-1 [40].
A study described that VGLUT-1-knockout mice displayed a decline in hippocampal long-
term potentiation which was in company with impairment of spatial memory [41]. In
addition, Cao et al. (2016) showed that the expression level of VGLUT-1 was decreased
in the hippocampal CA1–3 regions accompanied with cognitive impairment after chronic
cerebral ischemia induced by BCCA occlusion in rats [42]. Moreover, a case-control autopsy
study by Kirvell et al. (2010) showed that, in patients with stroke, the preservation of
glutamatergic synapses in the frontal cortex against the temporal cortex might play a role
in maintaining cognitive function against dementia following a stroke [39].

5. Conclusions

Our present data showed that COG-up® contained scutellarin and sinapic acid as
major ingredients. Treatment with COG-up® after TI in gerbils improved cognitive im-

87



Vet. Sci. 2021, 8, 321

pairment (decline in spatial and learning memory) induced by TI. However, COG-up®

treatment did not protect against the death of pyramidal cells (principal cells) located in the
hippocampal CA1 region following TI. Instead, we found that treatment with COG-up®

improved remyelination and restored the density of glutamatergic synapses in the ischemic
CA1 region. Based on this result, we suggest that follow-up studies such as mechanisms
and optimization improving cognitive function need to be conducted; through further
studies, COG-up® can be employed for improving cognitive decline following ischemic
stroke via commercializing as health/functional foods and medicines. Ultimately, it can
enhance national health.
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Abstract: Introduction: Primate animal models are being utilized to explore novel therapies for spinal
cord injuries. This study aimed to evaluate the efficiency of the transplantation of predegenerated
nerve segments in unilateral spinal cord-hemisected bonnet monkeys’ (Macaca radiata) locomotor
functions using the complex runways. Materials and Methods: The bonnet monkeys were initially
trained to walk in a bipedal motion on grid and staircase runways. In one group of trained monkeys,
surgical hemisection was made in the spinal cord at the T12-L1 level. In the other group, hemisection
was induced in the spinal cord, and the ulnar nerve was also transected at the same time (transplant
group). After one week, the hemisected cavity was reopened and implanted with predegenerated
ulnar nerve segments obtained from the same animal of the transplant group. Results: All the
operated monkeys showed significant deficits in locomotion on runways at the early postoperative
period. The walking ability of operated monkeys was found to be gradually improved, and they
recovered nearer to preoperative level at the fourth postoperative month, and there were no marked
differences. Conclusion: The results demonstrate that there were no significant improvements in
the locomotion of monkeys on runways after the delayed grafting of nerve segments until one year
later. The failure of the predegenerated nerve graft as a possible therapeutic strategy to improve
the locomotion of monkeys may be due to a number of factors set in motion by trauma, which
could possibly prevent the qualities of regeneration. The exact reason for this ineffectiveness of
predegenerated nerve segments and their underlying mechanism is not known.

Keywords: spinal cord hemisection; Macaca radiata; predegenerated nerve transplantation; locomo-
tor recovery

1. Introduction

Impairment/injury in the spinal cord (SC) in mammals usually causes temporary
or permanent paraplegia based on the severity of the injury. Several transplants, such as
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embryonic neural tissue [1,2], peripheral nerve tissue [3,4], and Schwann cells [5,6] are
commonly used as a therapeutic approach to repair SC injuries (SCI), which differ by their
nature, origin, and mode of action. However, many scientists in SC injury research were
specifically attracted to the use of the peripheral nerve graft (PNG) as a possible means for
promoting SC repair. This may be due to the well-known fact that the use of embryonic
neural tissue for transplantation is not only difficult to obtain but has also inherent ethical
problems to use in patients. Therefore, the benefit of other tissues, viz., peripheral nerve
tissue taken from the same animal as a donor material, has been investigated to elucidate
their capacity to repair the damaged SC [7]. Additionally, the use of PNG prepared from
the same animal is more appropriate, as it overcomes the immunological problems of the
rejection of transplanted tissue from the lesioned area of SC [8]. Furthermore, all types of
transplants can stimulate the growth of axons from host nerve fibers, but these actions are
far more important and conspicuous with PNG [9,10], which provides not only a favorable
atmosphere for the growth of axons but also provides guidance by directing the regrowth
of fibers to a specific target [11].

Many studies in neuroscience research have demonstrated the interaction of CNS
neurons to sustain the outgrowth of their axons with PNG [12]. Using the retrograde and
anterograde tracing techniques, some investigators have demonstrated that neurons in
SC, brain stem, and dorsal root ganglia can revive as intraspinal grafts of peripheral nerve
segments [13]. To produce a good surgical reconstruction, Kao and his colleagues demon-
strated a “delayed reconstruction” method with an improved microsurgical technique by
using PNG on the SC cavities. The implantation of nerve graft into transected SC of dog
was performed after a delay of about 1 week after the lesion and good reconstruction of
regenerated axons within the graft after 1 month or later times following surgical recon-
struction was observed. Additionally, the results of the delayed nerve graft exhibited no
additional cord autotomy, and the grafted nerve had adhered to both cord stumps after 1
month with no cavitation [14].

The usefulness of a degenerated versus fresh nerve graft was well documented.
Earlier investigators demonstrated that predegenerated PNG may be as effective as fresh
PNG or more efficient in promoting speedy regeneration of peripheral nerves [15,16].
Predegenerated PNG may also lessen the initial time lapse before regenerating nerve
fibers enter the graft without affecting or enhancing the regeneration rate and maturation
of fibers [17,18]. Senoo et al., [19] examined the effect of prelesioned PNG versus fresh
PNG in the dorsal funiculi of rat SC and observed the number of regenerating axons was
around 10-fold greater in the prelesioned graft than the untreated grafts. Similarly, the
usefulness of predegenerated PNG on axonal regeneration of retinal ganglion cells after
optic nerve pre-lesions was also demonstrated in adult hamsters [19]. To date, most of
the studies on the effect of predegenerated PNG as a possible source to treat SCIs have
been performed in rodents [3]. To analyze specifically whether the predegenerated PNG
promotes axonal elongation in the damaged SC of higher-order mammals, we resorted to
studying the usefulness of predegenerated PNG in the recovery of locomotor functions
of bonnet monkeys after inducing unilateral SC hemisection using the complex runways.
Such a wide knowledge about the usefulness of predegenerated nerve grafting in the SC in
the primate model will provide valuable information for SCI patients in future attempts.

2. Materials and Methods
2.1. Animal Selection

The selected bonnet monkeys (Macaca radiata) of either sex with bodyweights ranging
between 4–5 kg (3–4 years of age) were used for this study. Necessary ethical approval was
obtained from the Animal Care and Institutional Ethical Committee of the University of
Madras (PGIBMS/PHY/DRRR/2021/0702021). The selected animals were fit in general
health and limb activities with no external injuries. All experimental procedures were
conducted as per the Committee for the Purpose of Control and Supervision of Experi-
ments on Animals (CPCSEA) guidelines, India. Monkeys were grouped into unilateral
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SC-hemisected control monkeys (GSC) (n = 6) and unilateral SC-hemisected as well as
predegenerated nerve-transplanted monkeys (GSC+PDNT) (n = 6). The lighting operated
on a 12 h on-and-off schedule in the primate facility house, and monkeys were fed with
freshly prepared vegetables with boiled rice, commercial food pellets (Gold Mohur, India),
and water provided ad libitum. Selection of non-human primate models has benefits of
genetic similarities, spinal cord length and physiological and biochemical responses to SCI
which are similar to those in humans [20,21].

2.2. Experimental Design

To begin with, the monkeys were accustomed to our primate facility house for 3 to
4 months and were housed one per cage. This type of habituation helped the animals
develop quietness and kept them confined for easy handling during the training period.
On completion of the habituation period, all monkeys were gently trained (30 min for each
animal; 2 sessions/day) to perform the locomotion in a bipedal fashion (i.e., the hindlimbs
participate in locomotion while forelimbs are restrained behind its back) on the two complex
runways preoperatively, viz. staircase and grid runway. The locomotor training of these
monkeys was continued until they achieved acceptable presentation (1 to 2 months). At
the end of the completion of the training period, a quantitative preoperative assessment of
the ability of animals on these runways was tested for multiple days by two independent
observers to ensure the consistency of the animals’ maximum competencies. Following the
preoperative training and assessment, the spinal cord was hemisected on the right side at
the level of T12 and L1 vertebral level in GSC. In addition to the SC hemisection, the ulnar
nerve was exposed and severed (either on the right or left side) in the GSC+PDNT group.
Subsequently, a predegenerated segment of the ulnar nerve was placed in the hemisected
site of the GSC+PDNT group. (Detailed in Sections 2.4–2.8). After the postoperative recovery
period of 4 weeks, locomotor functional assessment was performed weekly for a period
of one year. At the end of the postoperative observatory period (pop), the animals were
sacrificed and the spinal cord tissue was collected from the operated site in both groups for
histological evaluation and 3D graphical reconstruction (Illustrated in Figure 1).
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Figure 1. Illustrative of the experimental design.

2.3. The Locomotor Tests

Fresh fruits (small pieces of apples, guava, bananas, grapes) were provided as food
rewards at either end of the runways during the training period. Additional fresh fruits,
food pellets, and boiled rice with vegetables were given if any weight loss was noted
during the training period. The bipedal locomotor training was conducted between 8 a.m.
and 5 p.m. by a modified locomotor behavior test for primates originally designed to study
the recovery of motor functions after SCI in rodents [22]. All images were captured using
Pentax K1000 Manual (Pentax, Tokyo, Japan) focus with 50 mm lens. The details of each
runway in this study are as follows.
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2.4. Staircase Runway

The habituated monkeys were preoperatively trained to perform bipedal walking
in the ascent and descent of a staircase. The staircase was built with a smooth wooden
material fixed with adjustable support on the wall. This runway consisted of 10 identical
steps, measuring 45 × 15 × 15 cm, which were fitted at a 25-degree inclination. Attractive
food rewards were supplied at both corners of the staircase during the training sessions
(Figure 2A).

Vet. Sci. 2021, 8, x FOR PEER REVIEW 4 of 20 
 

 

food pellets, and boiled rice with vegetables were given if any weight loss was noted dur-
ing the training period. The bipedal locomotor training was conducted between 8 a.m. 
and 5 p.m. by a modified locomotor behavior test for primates originally designed to 
study the recovery of motor functions after SCI in rodents [22]. All images were captured 
using Pentax K1000 Manual (Pentax, Tokyo, Japan) focus with 50 mm lens. The details of 
each runway in this study are as follows. 

2.4. Staircase Runway 
The habituated monkeys were preoperatively trained to perform bipedal walking in 

the ascent and descent of a staircase. The staircase was built with a smooth wooden ma-
terial fixed with adjustable support on the wall. This runway consisted of 10 identical 
steps, measuring 45 × 15 × 15 cm, which were fitted at a 25-degree inclination. Attractive 
food rewards were supplied at both corners of the staircase during the training sessions 
(Figure 2A). 

 

Figure 2. Locomotor behavior of trained Bonnet monkeys in (A) staircase runways and (B) grid 
runway. In staircase and grid runways, trained monkeys performed bipedal locomotion to receive 
the food rewards placed on either end of runways. 

2.5. Grid Runway 
Monkeys were trained to perform bipedal locomotion on four iron grids that have 

fixed parallel bars with different inter bar intervals (4 cm, 5 cm, 6 cm, 7 cm; 1.5 m × 30 cm 
each). Food rewards were provided at both corners of the grid during the training sessions 
(Figure 2B). The errors in locomotor behavior over the grid runway were observed as the 
misplacement of an animal’s foot in such a way that it falls between fixed parallel bars 
rather than being placed onto the rungs. 

At each end of the training, the animals were freed to access a routine normal pellet 
feed in a limited quantity. All the observations were done quantitatively in relation to the 
time and number of steps for the evaluation of gait function recovery. During the pop, the 
functional status and progressive modification in the locomotion of monkeys on the grid 
or staircase runway was analyzed by using the 10-point locomotor scoring technique at 
weekly intervals. [22]. The points would be maximized if the animal was normal, and the 
reverse would be true in a completely paralyzed animal (Table 1). The score ranges from 
0 points to 10 points for a completely paralyzed monkey and a normal monkey (i.e., an 
unoperated animal), respectively. 

Table 1. Score for Grid runway and Staircase runway. 

Figure 2. Locomotor behavior of trained Bonnet monkeys in (A) staircase runways and (B) grid
runway. In staircase and grid runways, trained monkeys performed bipedal locomotion to receive
the food rewards placed on either end of runways.

2.5. Grid Runway

Monkeys were trained to perform bipedal locomotion on four iron grids that have
fixed parallel bars with different inter bar intervals (4 cm, 5 cm, 6 cm, 7 cm; 1.5 m × 30 cm
each). Food rewards were provided at both corners of the grid during the training sessions
(Figure 2B). The errors in locomotor behavior over the grid runway were observed as the
misplacement of an animal’s foot in such a way that it falls between fixed parallel bars
rather than being placed onto the rungs.

At each end of the training, the animals were freed to access a routine normal pellet
feed in a limited quantity. All the observations were done quantitatively in relation to the
time and number of steps for the evaluation of gait function recovery. During the pop, the
functional status and progressive modification in the locomotion of monkeys on the grid
or staircase runway was analyzed by using the 10-point locomotor scoring technique at
weekly intervals [22]. The points would be maximized if the animal was normal, and the
reverse would be true in a completely paralyzed animal (Table 1). The score ranges from
0 points to 10 points for a completely paralyzed monkey and a normal monkey (i.e., an
unoperated animal), respectively.

2.6. Spinal Cord Lesions

Following the presurgical locomotor training, the monkeys were anesthetized with
Thiopentane (28 mg/kg/body weight) by intraperitoneal route. On the backside of the
animals, the hairs were shaved, and the skin was disinfected with 1% povidone -iodine. A
rectal thermometer was used to measure the animals’ body temperature and the tempera-
ture was maintained with a heating pad. The cardiac rhythm was monitored throughout
surgery. The level of laminectomy was marked by palpating the posterior spinous process.
A laminectomy was performed at T12-L1 vertebral level and the SC with intact dura was
gently exposed with the help of dissecting microscope. The dura was slit with a number
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11 scalpel blade and unilateral hemisection was produced with sterilized micro scissors
followed by aspiration on the right side of SC (Figure 3).

Table 1. Score for Grid runway and Staircase runway.

Score Behavior in Staircase Runway Behavior in Grid Runway

0 grade/10 points No attempt to stand, walk, no
weight bearing

No attempt to stand, walk, no
weight bearing

1 grade/8 points

Weak and/or delayed attempt to
stand, no attempt to walk on the

runway (initiated one or two
steps)

Weak and/or delayed attempt to
stand, no attempt to walk on the

runway (initiated one or two steps)

2 grade/6 points

Good attempt to support body
weight, weak attempt to walk on

the runway with frequent
slipping/errors seen

Good attempt to support body
weight, weak attempt to walk on
the runway with frequent errors

seen

3 grade/4 points

Good attempt to stand and walk
on the runway with few errors,

significant change in time to cross
the runway

Good attempt to stand and walk on
the runway with few errors,

significant change in time to cross
the runway

4 grade/2 points

Good attempt to stand and walk
on the runway with only mild

deficits, no slipping, no
significant change in time taken to

cross the runway

Good attempt to stand and walk on
the runway with only mild deficits,

no misplacement, no significant
change in time taken to cross the

runway

5 grade/0 points
Good attempt to walk on the

runway, no significant change in
time compared to control animals

Good attempt to walk on the
runway, no significant change in

time compared to control animals
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was gently exposed with the help of dissecting microscope. The dura was slit with a num-
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sors followed by aspiration on the right side of SC (Figure 3). 

 

Figure 3. Photograph showing the completion of laminectomy and exposure of the dorsal and lateral surface of normal 
spinal cord segments in situ with intact meningeal coverings, neighboring blood vessels and dorsal rootlets (A). In (B), the 
dura was slit and a hemisection lesion cavity (approximately 5 mm) was created unilaterally. Care has been taken to not 
disrupt the neighboring blood vessels in the left side of spinal cord or along the dorsal nerve rootlets. In (C), the hemisected 
lesion cavity was filled with the donor tissue and plasma clot obtained from the same animal. An arrow indicates the 
transplanted tissue in lesioned cavity of the spinal cord. 

Figure 3. Photograph showing the completion of laminectomy and exposure of the dorsal and lateral surface of normal
spinal cord segments in situ with intact meningeal coverings, neighboring blood vessels and dorsal rootlets (A). In (B), the
dura was slit and a hemisection lesion cavity (approximately 5 mm) was created unilaterally. Care has been taken to not
disrupt the neighboring blood vessels in the left side of spinal cord or along the dorsal nerve rootlets. In (C), the hemisected
lesion cavity was filled with the donor tissue and plasma clot obtained from the same animal. An arrow indicates the
transplanted tissue in lesioned cavity of the spinal cord.

Using durafilm (Durafilm, Codman Shurtleff, Inc., Randolph, MA, USA), the site of
hemisection was covered and sutured with 4/0 silk thread. The muscles and skin were
sutured in layers with the help of 1/0 silk thread in order to cover the laminectomized area,
and the operated animal was kept in a thermostatic bed until the anesthetic drowsiness
effect wore off (Including injuries that occur during the experiments). The operated animals
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were not injured and survived till the end of the study with zero mortality rate. Animals
showed hemiplegic signs due to unilateral spinal cord hemisection but managed to move
up and down within the cage. This movement prevented bedsore formation in the operated
animals during the post-operative recovery period.

2.7. Preparation and Collection of Donor Tissue for Transplantation

The ulnar nerve was exposed and severed (either from the right or left arm) and the
wound was closed and sutured, in addition to the induction of unilateral SC hemisection in
the same animal. One week later, the wound at the elbow was reopened under anesthesia
and an autologous nerve graft was obtained from the predegenerative nerve segments of
the ulnar nerve, and 3–4 fascicles were separated to fill the hemisectioned cavity of SC. The
predegenerated ulnar nerve segment was placed longitudinally at the site of hemisection
in spinal cord, and analogous plasma clot was added in order to maintain the transected
nerve fibres in situ [23] (Figure 4).

2.8. Transplantation Animal Model

Before the implantation of predegenerated nerve grafting, unilateral hemisection was
performed on the right side of SC of the trained monkey. After one week, the hemisectioned
cavity of SC was reopened, and the accumulated glial scar was aspirated at the lesioned
area. Subsequently, the prepared predegenerated segment of the ulnar nerve (3–4 fascicles)
obtained from the same animal was placed in the reopened hemisectioned cavity by using
the sterile pointed micro forceps along with plasma clot. The operated animal was left in an
undisturbed position for 15–20 min for retention of transplanted predegenerated tissue in
the lesioned cavity (Figure 4F). In all cases, bleeding was arrested before transplantation of
donor tissue. The dura was again closed serially by continuous suture using 4/0 silk thread
and covered with dura film to prevent the transplanted tissue from getting dislodged
from the lesioned site. The skin was closed over the wound with 6/0 silk thread, and
the animal was taken to postoperative care. Perfect closure of dura is essential for better
graft survival, as this impedes the epidural scar from penetrating the zone, in which the
transplanted tissue has been deposited [24]. Recovery of the animal was assessed by
observing the amelioration of neurologic deficits at different postoperative intervals in
locomotor behavior on runways.

2.9. Histological Evaluation

At the end of the pop, the animals were deeply anesthetized with Pentathol Sodium
by the intraperitoneal route and sacrificed using the method of transcardial perfusion
with 10% buffered formalin. Freshly prepared normal saline was allowed to flow into the
left ventricle through a cannula fitted with a needle. As the right atrium starts bulging,
a nick was made on its wall for the drainage of infusing fluids. After brief washing of
the vascular systems with normal saline, two liters of 10% formal saline were infused
at room temperature. After a period from 12 to 24 h, the entire spinal cord and brain
were dissected in situ. The operated spinal cord segment of animals was confirmed by
counting the spinal nerves from the cervical level. After a secondary fixation in buffered
10% formalin, the spinal cord segment of animals was processed for routine paraffin wax
block techniques. Serial sections 10 microns thick were taken using a rotary microtome. The
sections containing the lesioned site/transplanted tissue of the SC segment were practically
saved without any wastage. Subsequently, the well-prepared thin sections were stained
with Cresyl fast violet (E.Merck, Darmstadt, Germany) for the microscopical examination
of the extent of the lesion and identification of transplanted nerve fascicles in the SC
segment of operated animals. Subsequently, the remnants (cadavers) of the animals were
incinerated.
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2.10. Three (3-D) Dimensional Graphic Reconstruction

A three-dimensional graphic representation of the spinal cord showing lesion cavity
and transplant was done for animals where not many spinal cord sections are lost during
sectioning or staining. Reconstruction was done on a centimeter graph paper using a Nikon
draw tube fitted to a Nikon labophot binocular light microscope with a magnification of
20×. This was kept constant throughout all the serials. Since every tenth-stained section
ten microns thick was used for reconstruction, the total thickness was 100 microns, and
20 times magnification of this tube was 2000 microns, which is equivalent to 2.00 mm. To
avoid overlapping, a distance of 2.00 cm has been provided between the adjacent drawings.
A straight line passing through the central canal as the central axis (third axis) of the
section, a horizontal line touching the dorsal or ventral limit of the section, and a ventral
line passing through the ventral median fissure were used as a reference point. Then the
outline of the lesioned cavity was plotted and colored. A similar method was followed
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for the reconstruction of the transplanted segment of the spinal cord in another group of
animals.

2.11. Statistical Analysis

The data obtained were analyzed by one-way analysis of variance (ANOVA) and
post hoc test was performed by Newman–Keuls multiple comparison test. p < 0.05 was
considered as statistically significant.

3. Results

In the first 4 weeks of pop, the behavioral status of the animals was not a good indicator
of the subsequent outcomes, as the operated animals showed paralysis of hindlimb on the
operated side, i.e., right side of SC hemisected/transplanted group and failed to respond
normally to behavioral tests. The recovery signs were noticeable after the fourth pop week.
Hence, the analysis of locomotor functions on grid and staircase runways was carried out
from the fifth pop week onwards.

3.1. Staircase Runway

All SC-hemisected animals failed to traverse the staircase runway successfully until
the seventh pop week (4.50 ± 0.22; 5.55 ± 0.31 steps, grade 1). By the eight pop week (12.50
± 0.22 steps; 14.33 ± 0.21 s and 13.43 ± 0.22 steps; 14.63 ± 0.16 s, grade 2), the operated
animals had the ability to walk up and down on the runway and completed the task with a
longer time. The locomotor performance of the SC-hemisected animals when climbing up
and down the runway gradually improved and gained the preoperative values by 14th
and 13th pop week (5.50 ± 0.22 steps; 2.67 ± 0.21 s and 6.38 ± 0.24 steps; 3.65 ± 0.13 s,
grade 4), respectively. Upon follow-up observation, the animals did not show any further
improvements for one year.

The walking pattern of predegenerated peripheral nerve-transplanted animals to
cross the staircase runway was also similar to SC-hemisected animals. All SC-transplanted
animals took a longer time to climb up and down the runway and completed the task
successfully by the end of the ninth pop week (13.02 ± 0.29 steps; 13.96 ± 0.11 s and 14.40 ±
0.15 steps; 14.65 ± 0.13 s, grade 2), which was 1 week delayed compared to the recovery of
SC-hemisected animals. However, in subsequent periods, all the predegenerated peripheral
nerve-transplanted animals showed an improvement in traversing the runway and attained
near normal values by the end of 16th and 17th pop week (6.58 ± 0.16 steps; 3.68 ± 0.04 s
and 5.75 ± 0.11 steps; 3.57 ± 0.13 s, grade 4), respectively, which did not improve further
(Figures 5 and 6).

3.2. Grid Runways

During the initial pop, the SC hemisected/transplanted group could not complete
the walking task on the runways. Due to the increased inter grid distances, the SC-
hemisected animals did not complete the task during the early POP. However, the SC-
hemisected animals were able to traverse the inter grid distance relatively easily for 4 cm
(7.16 ± 0.30 steps; 2.00 ± 0.25 s, grade 4) or 5 cm (7.16 ± 0.30 steps; 2.50 ± 0.22 s, grade 4)
indicating almost complete functional recovery by 10th and 12th pop week, respectively.
The recovery of functions at 6 cm inter grid distance was similar to the standard score only
by the 12th pop week (7.83 ± 0.30 steps; 2.66 ± 0.21 s, grade 4) and for 7 cm inter grid
distance by the 14th pop week (10.00 ± 0.25 steps; 3.83 ± 0.30 s, grade 4).
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Figure 5. (A,B) Evaluation of locomotor behavior in staircase test after SPC hemisection in Bonnet monkey (Macaca radiata) 
on staircase runway. X-axis represents duration of recovery of locomotor functions in terms of weeks; primary Y-axis and 
secondary Y-axis represent the number of steps and time taken by the spinal cord unilateral hemisection plus predegen-
erated peripheral nerve transplantation monkeys to climb up/down the staircase. 
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Figure 5. (A,B) Evaluation of locomotor behavior in staircase test after SPC hemisection in Bonnet monkey (Macaca radiata)
on staircase runway. X-axis represents duration of recovery of locomotor functions in terms of weeks; primary Y-axis and
secondary Y-axis represent the number of steps and time taken by the spinal cord unilateral hemisection plus predegenerated
peripheral nerve transplantation monkeys to climb up/down the staircase.
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Figure 6. (A,B) Evaluation of locomotor behavior in staircase test after SPC hemisection plus predegenerated peripheral
nerve transplantation in Bonnet monkey (Macaca radiata) on staircase runway. Primary X-axis represents duration of
recovery of locomotor functions in terms of weeks; primary Y-axis and secondary Y-axis represent the number of steps and
time taken by the spinal cord unilateral hemisection plus predegenerated peripheral nerve transplantation monkeys to
climb up/down the staircase.
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On the 4 cm inter grid runway, the performance of transplanted animals was identical
to that of the SC-hemisected animals, but in the 5 cm inter grid interval, the animals showed
a maximal recovery of locomotor function on the 11th pop week itself, i.e., 1 week earlier
than SC-hemisected animals (7.20 ± 0.27 steps; 3.27 ± 0.32 s, grade 4). A similar type
of earlier recovery was also seen in 6 cm grid interval runway, whereas in the 7 cm grid
interval, the locomotor performances of transplanted and SC-hemisected animals were
similar by the 14th pop week (Figures 7 and 8).
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Figure 7. (A–D) Evaluation of locomotor behavior in grid runways after SPC hemisection in Bonnet monkey (Macaca radiata)
on grid runways of 4, 5, 6, and and 7 cm intervals, respectively. Primary X-axis represents duration of recovery of locomotor
functions in terms of weeks; primary Y-axis and secondary Y-axis represent the number of steps and time taken by the
spinal cord unilateral hemisected monkeys to cross the grid runways.
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ondary Y-axis represent the number of steps and time taken by the spinal cord unilateral hemisection as well as predegen-
erated peripheral nerve transplantation monkeys to cross the grid runways. 

In addition to the specific observation above regarding the locomotor performance 
in GSC and GSC+PDNT monkeys on both staircase and grid runways, we noticed slipping on 
the staircase runway and misplacement of hindlimb on the grid runway which could not 
be quantified but is of relevance in assessing the recovery of function after SCI. All the SCI 
animals sat on the middle of the runway without completing the task during the initial 
period of observations, as seen in the other runways. Though there was successful com-
pletion in traversing the runway by 14th pop week in SC-hemisected animals, by the 17th 

Figure 8. (A–D) Evaluation of locomotor behavior in grid runways after SPC hemisection as well as predegenerated
peripheral nerve transplantation in Bonnet monkey (Macaca radiata) on Grid runways of 4, 5, 6, and 7 cm intervals
respectively. Primary X-axis represents duration of recovery of locomotor functions in terms of weeks; primary Y-axis
and secondary Y-axis represent the number of steps and time taken by the spinal cord unilateral hemisection as well as
predegenerated peripheral nerve transplantation monkeys to cross the grid runways.

In addition to the specific observation above regarding the locomotor performance
in GSC and GSC+PDNT monkeys on both staircase and grid runways, we noticed slipping
on the staircase runway and misplacement of hindlimb on the grid runway which could
not be quantified but is of relevance in assessing the recovery of function after SCI. All
the SCI animals sat on the middle of the runway without completing the task during the
initial period of observations, as seen in the other runways. Though there was successful
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completion in traversing the runway by 14th pop week in SC-hemisected animals, by the
17th pop week, there was extensive slipping in the stairs by predegenerated peripheral
nerve-transplanted animals, especially while climbing down the stairs. Additionally, the
SC-injured animals frequently jumped instead of using normal stepping to traverse the
runway, which did not improve until the end of the one-year observatory period. Even
though the animals were able to walk successfully across the runway, changes were noted
in its gait. The animals were able to grasp the grid bar firmly with their unoperated side of
the left hindlimb and supported their maximum bodyweight towards the left hindlimb. In
addition to this, as the distance between the grid bars increased to greater than the length
of the animal’s foot, slipping on the grid increased and was more frequent at 6 cm and 7 cm
grid intervals.

3.3. Histological and 3D Graphic Reconstruction Evaluation

Histological and 3D graphical reconstruction of the spinal cord was done to sup-
plement the preliminary findings of the functional outcome of this study. Histological
examination revealed clear differentiation of gray and white matter bilaterally in the nor-
mal spinal cord. The central canal of the spinal cord was found to be prominent without
any alterations in shape (Figure 9A). Following the unilateral spinal cord hemisection, we
found deformations and irregularities in both gray and white matter around the area of
hemisection. Furthermore, we noticed a few neuronal cell bodies found scattered away
from the damaged site of gray matter on the right side of the spinal cord section. This
section was analyzed at the maximal extent of the lesion. The central canal of the spinal
cord was also found widely opened, and significant alterations in shape were noticed.
However, the unlesioned left side was found to be intact, and no serious changes in the
arrangement of gray and white matter were noted (Figure 9B). In Figure 9C, the gray and
white matter in the right side of the spinal cord section in the transplanted animal was
found to be disturbed and interconnected with predegenerated nerve fascicles along with
scar on the dorsal side of spinal cord, and no serious changes in the unlesioned side of
spinal cord were noted.
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Lesion studies are generally helpful to convey the information on functional aspects 
about the effects of lesion on different region of brain or spinal cord for particular behav-
iors. Three-dimensional graphic representation allows the use of the image and enables a 

Figure 9. Photographs showing the Nissl (cresyl fast violet)-stained sections of spinal cord of the (A) normal animal,
(B) unilateral spinal-hemisected animal (pop 360 days) and (C) peripheral nerve-transplanted animal (pop 360 days). In
(A), the arrangement of gray and white matter is clearly differentiated in both right and left side of normal spinal cord
section. In (B), a typical hemisection lesion cavity is viewed in the right side of spinal cord section. The lesion included the
total damage of gray and white matter in right side of spinal cord section. The hemisection lesion caused the section to
be deformed into an irregular shape of surrounding tissue in right side (indicated by an arrow). This section was at the
maximal extent of lesion. The unlesioned left side was found intact, and no serious changes in the arrangement of gray and
white matter were noted. In (C), the transplanted predegenerated nerve fascicles were found to be interlinked with the
unlesioned left side of spinal cord. A black arrow indicates the transplanted predegenerated tissue in right side of lesioned
spinal cord.
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Lesion studies are generally helpful to convey the information on functional aspects
about the effects of lesion on different region of brain or spinal cord for particular behaviors.
Three-dimensional graphic representation allows the use of the image and enables a more
suitable and effective understanding about the extent of induced lesion or damage occurred
(Figure 10). Hence, we created a serial image-reconstructive representation in our study
to reveal the accuracy and extent of lesion so as to understand where the induced lesion
cavity starts (rostral) and ends (caudal). This information helps us analyze and measure
the lesion volume and verify the reproducibility for constant level of lesion and so, as a
preliminary data for this study, we have shown these reconstructive images in Figure 10.
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Figure 10. Pictures showing three-dimensional graphic representation of the unilateral hemisected segment of spinal cord
(pop 360 days) and transplanted segment of spinal cord (pop 360 days). Reconstruction was done on a centimeter graph
paper using Nikon draw tube fitted to a Nikon labophot binocular light microscope with a magnification of 20×. This
was kept constant throughout for all the serials. Red-colored part shows the lesioned area, and yellow-colored part shows
the intact area of spinal cord segment (see the procedure details for three-dimensional graphic reconstruction in materials
and methods).

4. Discussion

The present study demonstrates that transplantation of predegenerated peripheral
nerve segments as a therapeutic aid was found to be ineffective in improving the functional
recovery of bipedal locomotion assessed using the two complex runways in unilaterally
SC-hemisected monkeys. To our knowledge the present study is the first of its kind in the
field of neuroscience to use complex runways in non-human primates (Macaca radiata) for
the assessment of bipedal locomotor behavior after SC damage.

To appraise the valuable effect of transplants and the mechanisms underlying the
recovery of motor functions, it is essential to use behavioral analysis [25]. This helps to
differentiate between various kinds of SC injuries or to segregate the effects of several
therapeutic interventions. Although most of the investigations concerning the assessment
of behavioral functions after SCI have been carried out in rodents, only a handful of
studies have been extended to higher species. Primate and large animal models are being
increasingly used and tested to explore the possible novel therapies for spinal cord injuries
and to advance the ideal methods for human translation.

The PNG may depend on several factors for effective SC “reconstruction”. The most
common factor is the secondary necrosis that occurs in stumps of surgically transected SC,
which results in the loss of additional SC tissue and appearance of cavities during the first
week of transection [26]. It was thus indicated that immediate grafting of peripheral nerve
grafts to SC transection was found to be innervated but separated with some degree of cyst
cavities from the SC stumps [27]. The PNG can be collected instantly after nerve transection
(fresh), or the nerve can be cut at its proximal end and left in the animal to undergo
Wallerian degeneration and collected later (predegenerated). Available evidence from the
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earlier investigations revealed that the most common period of predegeneration is 7 days;
however, a positive effect on axon growth can be seen with predegeneration times as short
as 3 days and as long as 35 days [28]. Nevertheless, Decherchi and Gauthier [17] reported
that the most effective period of predegeneration was found to occur between 3–5 days
for the rapid axonal growth of peripheral nerves. Oudega et al. [15], Zhao and Kerns [29],
Gordon [30], and Zhou and Notterpek [31], in their studies, have shown a mild to moderate
rise in the rate and extent of axon growth within predegenerated as opposed to fresh PNG.
This effect is likely due to an axotomy-induced increase in Schwann cell mitotic activity
and trophic factors production. Studies have shown that a predegenerated peripheral
nerve graft reduced the initial lapse before regenerating nerve fibers enter the graft without
affecting the regeneration rate and was more effective in promoting rapid regeneration of
transected fibers of SC [32,33]. However, the effectiveness of the predegenerated versus
fresh nerve graft remains controversial. In some studies, the predegenerated peripheral
nerve graft either did not result in enhanced axonal growth compared to fresh grafts [34]
or the increased regeneration was only evident at early time points with no difference at
longer survival times [28,35].

Remarkably, few variances were observed between “fresh” transplants and nerves
previously denervated in vivo; the latter were more densely innervated by fibers. From
the above observation, two conclusions were derived (1) in a peripheral nerve microenvi-
ronment, the CNS neuron can regenerate fibers and (2) this may be due to the synthesis
of chemotrophic and neurotrophic factors by peripheral Schwann cells in response to
denervation, a phenomenon which hypothetically would be absent in CNS tissue [14,26].
Furthermore, the degenerated nerves excluded the possibility of early intervention of
infiltrating macrophages during the storage phase and their consequent influence both
on Schwann cell activity and on the removal of debris. Some authors believe that the
premature removal of debris within predegenerated peripheral nerves could be described
as facilitating regeneration by reducing the initial stage of regeneration, whereas others
believe that the presence of debris has little effect, specifically in the initial stage while the
advancing axons are so thin that they can easily pass through debris [36,37]. In our study,
the transplantation of predegenerated peripheral nerve segments into SC-hemisected mon-
keys showed no improvement in the recovery of locomotor functions using the complex
runways. This is contrary to the previous literature on rats [29,31,38] and cats [23], which
have shown moderate improvement in SC function following transplantation with PNG.
However, these studies did not focus on the behavioral parameters but mostly focused
on the histological changes in SC segments following transplantation. The failure of this
technique using predegenerated peripheral nerve grafts as a donor material in the repair of
lost functions in SC-hemisected monkeys may be due to a number of factors set in motion
by trauma, which could considerably prevent the qualities of regeneration, some of which
are discussed below.

Many investigations in CNS injury research have delineated the benefit of PNGs
as [39] a favorable and growth-promoting environment to a variety of lesioned axons.
However, the effectiveness of the peripheral nerve environment depends on the level of
injury and may not be suitable for the regrowth of long axons into these conduits. For
instance, the axonal growth into PNG is limited from injured retinal ganglion cells or
rubrospinal neurons when the axons are injured a long distance away from the neuronal
cell body [40–42]. On the other hand, most CNS axons are capable of lengthy growth
within the permissive substrates (e.g., PNG) following axotomy close to the cell body.
The biochemical changes involved in axon regeneration are correlated with a neuronal
cell body response that includes significant upregulation of regeneration-associated-gens
(RAGs) viz., GAP-43, Tα1-tubulin, and c-Jun [43–46]. Available literature proved that
infusion of neurotrophic factors or transplantation of small peripheral nerve segments
in close proximity to the neuronal cell body has not only increased RAG expression but
also enhanced the extension of injured CNS axons into PNG. In our study, the failure in
the regeneration of PNG to form suitable functional connections between the rostral and
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caudal end of SC on the recovery of bipedal locomotion is probably due to the distant
location of the transplanted segment of SC from the neuronal cell body of medulla.

Experimental studies in animals have shown that a small number of regenerating
axonal fibers was capable of leaving the PNG and re-entering the CNS. These structural
rearrangements may be seen due to formation of glial scar at the PNS-CNS boundary, which
mostly includes reactive astrocytes, fibroblasts, and microglia. Reactive astrocytes at the
boundary were found to inhibit the growth of axons by producing a physiological [47] stop
signal within the growing axonal fibers [48,49]. Furthermore, reactive astrocytes present in
glial scar express significant levels of inhibitory molecules such as tenascin and chondroitin
sulphate proteoglycans [50]. Another important factor is the glial scarring that prevents
the diffusion process between cells at the injury site. For instance, using the evaluation
of diffusion co-efficient with tetramethyl ammonium-sensitive electrodes, Roitback and
Sykova [51] observed that the diffusion process decreased with astrocytic hypertrophy and
increased chondroitin sulphate. From the available reports, it is evident that formation of
glial scar can express higher levels of molecular inhibitors and also act as a barricade to
prevent the diffusion of growth-promoting molecules. Another study by Stichel et al. [52]
demonstrated that the impermeable nature of glial scar at the injured site is due to its basal
membrane. Moreover, in the lesioned fornix, the reduction in collagen type IV resulted in
axonal migration in glial scar region despite continued expression of proteoglycans and
glial activation. Nevertheless, this approach did not influence the significant growth of the
injured corticospinal tract [47].

There is also convincing evidence that some axons re-entering the CNS was found to
grow only short distances, approximately 1–2 mm within the adult mammalian nervous
system. Another strategy to facilitate the growth of CNS axons after injury is to neutralize
the molecules that act as putative inhibitors of axonal growth [53]. In 1988, some investiga-
tors demonstrated the presence of actual growth inhibitors in the CNS of mammals. They
reported that that the inhibitory nature of cultured oligodendrocytes could be blocked by
the monoclonal antibody. IN-1. In addition, the gene for this inhibitor was also sequenced
and named nogo [54,55]. Several other factors that prevent the axon growth have also been
identified, including the glycoproteins and proteoglycans [56–59].

Several investigators have reported that a number of inhibitory factors found in
immature and adult brains may be re-expressed after the injury. For example, the chemore-
pellent semaphorin III/collapsing I is re-expressed in scar tissue after an injury in adult
CNS [60–62]. Similarly, the other growth inhibitors such as chondroitin sulphate and
keratin are also re-expressed in mature brains [63] and the SC after injury [64–67]. Even
though some of the earlier investigations showed encouraging results with the use of
artificial materials in the form of bridges across the SC lesions, there are also conflicting
results seen in relation to achieve the proper regeneration. For example, the injection
of Schwann cell in the form of suspension or as a “Schwann cell cable” in a guidance
channel of semipermeable membrane was observed to enhance the regeneration of SC
fibers. Schreyer and Jones [68] identified the growth of newborn fibers in laminin-coated
nitrocellulose implants in the SC of neonatal rats. On the other hand, some scientists
reported poor regeneration of corticospinal fibers in adult rats in laminin-coated nitrocellu-
lose bridges [69]. Paino et al. [38] reported negative results in the regrowth of axons with
the use of collagen in lesioned adult rat SC. Conversely, Khan et al. [70] observed minimal
growth of corticospinal fibers across carbon filament implants in transected rat SCs. In
some cases, many axons were observed to grow in SC-filled guidance channels, but they
failed to exit the graft and do not re-enter the CNS environment [71].

In the current study, we carefully tested the possible recovery of bipedal locomotor
functions in unilateral SC-hemisected monkeys transplanted with predegenerated PNG.
In SCI research, behavioral analysis is an indispensable tool to evaluate the functional
recovery. The results of bipedal locomotor functional analysis in primates might be more
reliable to relate with the results to humans. In SCI research, the use of behavioral analysis
is indispensable to evaluate the appreciated outcome of transplants and their underlying
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mechanisms on the recovery of motor functions in animals. Forerunners in this field
of research have emphasized the importance of behavioral tests to analyze the recovery
of motor functions in animals after SCI for the following reasons: (1) the behavioral
analysis may postulate hidden deficits of the undamaged part from the damaged; (2)
deficit nature can be quantified, and quantification might be valuable in diagnosing the
types of abnormalities and (3) multiple tests of behavioral analysis might minimize the
experimental artifact of a single test which significantly alters the results. However, several
scientists in SCI research have mostly used behavioral tests for analyzing the recovery of
general motor functions in animals after inducing SCI.

Many factors lead to the promotion or inhibition of axonal growth and functional
improvement after SCI. For instance, the role of regeneration-associated genes (RAGs)
such as GAP-43, Tα1-tubulin, and c-Jun may not be amply expressed or weak enough to
support the promotion of axonal regeneration following predegenerated peripheral nerve
transplantation. The failure of RAGs on the regeneration of axonal fibers may be ineffective
to initiate the connection between the transplanted tissue and host fibers. Similarly, there
are also certain growth-promoting molecules that influence axonal regeneration in adult
CNS. Notable exceptions include laminin 1 and polysialic acids, which play a role in
axonal regeneration in an SC-lesioned animal. Other inhibitory factors identified, viz.,
chemorepellent semaphorin III/collapsing I, chondroitin sulphate, and proteoglycan NG2,
may be re-expressed in scar tissue or axons or glial cells after injury in adult CNS. These
molecular inhibitors present in the scar at the damaged site may act as a simple barrier to the
diffusion of growth-promoting molecules and do not provide sufficient improvement in SC
repair and restitution of motor functions. Considering these problems can be resolved, there
is a significant possibility of making a suitable rewiring of ingrowth axonal fibers between
transplants and host tissue, which helps ameliorate the recovery of locomotor functions
following the predegenerated peripheral nerve transplantation in SC injured animals.

Strength and Limitations

The present study analyzed the bipedal locomotor recovery in SCI monkeys. The
animal model used is a major strength to this study, as it closely resembles human responses
in SCI. The study analyzed the effects of SCI in monkeys longitudinally for a period of
1 year, and hence, the results are comprehensive.

However, the study has its own limitations. This study primarily focused on the
functional motor recovery using a behavioral test and not on other parameters, such as
histology, immunohistochemistry and electromyography studies.

To overcome these limitations, our experimental group planned to study the ad-
vantages of different axonal growth-promoting molecules and neurotrophic factors in
conjunction with glial scar-modifying or myelin-inhibiting blocking factors.

Author Contributions: A.P., M.J., S.B.R. and P.P. engaged in the analytical experimental part. A.P.,
S.B.R., S.M., S.J. and S.D. were involved in literature collection and manuscript preparation. A.P.,
S.B.R., S.M. and S.J. performed the statistical analysis. A.P., S.B.R., A.A. and A.A.A. coordinated the
manuscript preparation and revision. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The ethical approval was obtained from the Animal Care and
Institutional Ethical Committee of the University of Madras (PGIBMS/PHY/DRRR/2021/0702021).

Informed Consent Statement: The informed consent was obtained from the Zoological Park, Chen-
nai, Tamilnadu, India.

Data Availability Statement: The data presented in this study are available in the manuscript.

Acknowledgments: The authors would like to thank the Deanship of Scientific Research, Majmaah
University, Kingdom of Saudi Arabia for research support under project number: R-2021-268. And

106



Vet. Sci. 2021, 8, 288

the authors also would like to thank ALM PGIBMS, University of Madras, Chennai 600113, Tamil
Nadu, India for the research facilities and academic support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Reier, P.; Bregman, B.; Wujek, J. Intraspinal transplantation of embyronic spinal cord tissue in neonatal and adult rats. J. Comp.

Neurol. 1986, 247, 275–296. [CrossRef]
2. Lin, C.-C.; Lai, S.-R.; Shao, Y.-H.; Chen, C.-L.; Lee, K.-Z. The therapeutic effectiveness of delayed fetal spinal cord tissue

transplantation on respiratory function following mid-cervical spinal cord injury. Neurotherapeutics 2017, 14, 792–809. [CrossRef]
3. Côté, M.P.; Amin, A.A.; Tom, V.J.; Houle, J.D. Peripheral nerve grafts support regeneration after spinal cord injury. Neurotherapeu-

tics 2011, 8, 294–303. [CrossRef] [PubMed]
4. DePaul, M.A.; Lin, C.-Y.; Silver, J.; Lee, Y.-S. Peripheral nerve transplantation combined with acidic fibroblast growth factor and

chondroitinase induces regeneration and improves urinary function in complete spinal cord transected adult mice. PLoS ONE
2015, 10, e0139335. [CrossRef]

5. Kanno, H.; Pearse, D.D.; Ozawa, H.; Itoi, E.; Bunge, M.B. Schwann cell transplantation for spinal cord injury repair: Its significant
therapeutic potential and prospectus. Rev. Neurosci. 2015, 26, 121–128. [CrossRef] [PubMed]

6. De la Garza-Castro, O.; Martínez-Rodríguez, H.G.; Sánchez-González, S.G.; Vidal-Torres, O.; Arreola-Romero, A.; de la Garza-
Pineda, O.; Ancer-Arellano, A.G.; Guzmán-López, S.; Elizondo-Omaña, R.E. Schwann cell precursor transplant in a rat spinal
cord injury model. Rev. Investig. Clín. 2018, 70, 88–95. [CrossRef]

7. Levi, A.D.; Dancausse, H.; Li, X.; Duncan, S.; Horkey, L.; Oliviera, M. Peripheral nerve grafts promoting central nervous system
regeneration after spinal cord injury in the primate. J. Neurosurg. Spine 2002, 96, 197–205. [CrossRef] [PubMed]

8. Gao, Y.; Wang, Y.-L.; Kong, D.; Qu, B.; Su, X.-J.; Li, H.; Pi, H.-Y. Nerve autografts and tissue-engineered materials for the repair of
peripheral nerve injuries: A 5-year bibliometric analysis. Neural Regen. Res. 2015, 10, 1003.

9. Villegas-Perez, M.P.; Vidal-Sanz, M.; Bray, G.M.; Aguayo, A.J. Influences of peripheral nerve grafts on the survival and regrowth
of axotomized retinal ganglion cells in adult rats. J. Neurosci. 1988, 8, 265–280. [CrossRef]

10. Quan, M.-Z.; Kosaka, J.; Watanabe, M.; Wakabayashi, T.; Fukuda, Y. Survival of Axotomized Retinal Ganglion Cells in Peripheral
Nerve–Grafted Ferrets. Investig. Ophthalmol. Vis. Sci. 1999, 40, 2360–2366.

11. Richardson, P.; Issa, V.; Aguayo, A. Regeneration of long spinal axons in the rat. J. Neurocytol. 1984, 13, 165–182. [CrossRef]
12. El Seblani, N.; Welleford, A.S.; Quintero, J.E.; van Horne, C.G.; Gerhardt, G.A. Invited review: Utilizing peripheral nerve

regenerative elements to repair damage in the CNS. J. Neurosci. Methods 2020, 335, 108623. [CrossRef] [PubMed]
13. Ramón-Cueto, A.; Plant, G.W.; Avila, J.; Bunge, M.B. Long-distance axonal regeneration in the transected adult rat spinal cord is

promoted by olfactory ensheathing glia transplants. J. Neurosci. 1998, 18, 3803–3815. [CrossRef] [PubMed]
14. Kao, C.C.; Chang, L.W.; Bloodworth, J., Jr. Axonal regeneration across transected mammalian spinal cords: An electron

microscopic study of delayed microsurgical nerve grafting. Exp. Neurol. 1977, 54, 591–615. [CrossRef]
15. Oudega, M.; Varon, S.; Hagg, T. Regeneration of adult rat sensory axons into intraspinal nerve grafts: Promoting effects of

conditioning lesion and graft predegeneration. Exp. Neurol. 1994, 129, 194–206. [CrossRef] [PubMed]
16. Dam-Hieu, P.; Liu, S.; Choudhri, T.; Said, G.; Tadié, M. Regeneration of primary sensory axons into the adult rat spinal cord via

a peripheral nerve graft bridging the lumbar dorsal roots to the dorsal column. J. Neurosci. Res. 2002, 68, 293–304. [CrossRef]
[PubMed]

17. Decherchi, P.; Gauthier, P. In vitro pre-degenerated nerve autografts support CNS axonal regeneration. Brain Res. 1996, 726,
181–188. [CrossRef]

18. Gauthier, P.; Rega, P.; Lammari-Barreault, N.; Polentes, J. Functional reconnections established by central respiratory neurons
regenerating axons into a nerve graft bridging the respiratory centers to the cervical spinal cord. J. Neurosci. Res. 2002, 70, 65–81.
[CrossRef]

19. Senoo, E.; Tamaki, N.; Fujimoto, E.; Ide, C. Effects of prelesioned peripheral nerve graft on nerve regeneration in the rat spinal
cord. Neurosurgery 1998, 42, 1347–1356. [CrossRef]

20. Nout, Y.S.; Rosenzweig, E.S.; Brock, J.H.; Strand, S.C.; Moseanko, R.; Hawbecker, S.; Zdunowski, S.; Nielson, J.L.; Roy, R.R.;
Courtine, G.; et al. Animal models of neurologic disorders: A nonhuman primate model of spinal cord injury. Neurotherapeutics
2012, 9, 380–392. [CrossRef] [PubMed]

21. Nardone, R.; Florea, C.; Höller, Y.; Brigo, F.; Versace, V.; Lochner, P.; Golaszewski, S.; Trinka, E. Rodent, large animal and
non-human primate models of spinal cord injury. Zoology 2017, 123, 101–114. [CrossRef]

22. Kerasidis, H.; Wrathall, J.R.; Gale, K. Behavioral assessment of functional deficit in rats with contusive spinal cord injury. J.
Neurosci. Methods 1987, 20, 167–179. [CrossRef]

23. Wrathall, J.; Rigamonti, D.; Braford, M.; Kao, C. Reconstruction of the contused cat spinal cord by the delayed nerve graft
technique and cultured peripheral non-neuronal cells. Acta Neuropathol. 1982, 57, 59–69. [CrossRef]

24. Fernandez, E.; Pallini, R.; Maira, G.; Rossi, G. Peripheral nerve autografts to the injured spinal cord of the rat: An experimental
model for the study of spinal cord regeneration. Acta Neurochir. 1985, 78, 57–64. [CrossRef]

25. Suresh Babu, R.; Anand, P.; Jeraud, M.; Periasamy, P.; Namasivayam, A. Bipedal locomotion of bonnet macaques after spinal cord
injury. Mot. Control 2007, 11, 322–347. [CrossRef]

107



Vet. Sci. 2021, 8, 288

26. Kao, C.C.; Chang, L.W.; Bloodworth, J.M. The mechanism of spinal cord cavitation following spinal cord transection: Part 2:
Electron microscopic observations. J. Neurosurg. 1977, 46, 745–756. [CrossRef] [PubMed]

27. Richardson, P.; McGuinness, U.; Aguayo, A. Peripheral nerve autografts to the rat spinal cord: Studies with axonal tracing
methods. Brain Res. 1982, 237, 147–162. [CrossRef]

28. Lewin-Kowalik, J.; Sieron, A.L.; Krause, M.; Barski, J.-J.; Górka, D. Time-dependent regenerative influence of predegenerated
nerve grafts on hippocampus. Brain Res. Bull. 1992, 29, 831–835. [CrossRef]

29. Zhao, Q.; Kerns, J.M. Effects of predegeneration on nerve regeneration through silicone Y-chambers. Brain Res. 1994, 633, 97–104.
[CrossRef]

30. Gordon, T. The role of neurotrophic factors in nerve regeneration. Neurosurg. Focus 2009, 26, E3. [CrossRef] [PubMed]
31. Zhou, Y.; Notterpek, L. Promoting peripheral myelin repair. Exp. Neurol. 2016, 283, 573–580. [CrossRef] [PubMed]
32. Danielsen, N.; Kerns, J.M.; Holmquist, B.; Zhao, Q.; Lundborg, G.; Kanje, M. Pre-degenerated nerve grafts enhance regeneration

by shortening the initial delay period. Brain Res. 1994, 666, 250–254. [CrossRef]
33. Danielsen, N.; Kerns, J.M.; Holmquist, B.; Zhao, Q.; Lundborg, G.; Kanje, M. Predegeneration enhances regeneration into acellular

nerve grafts. Brain Res. 1995, 681, 105–108. [CrossRef]
34. Ellis, J.C.; McCaffrey, T.V. Nerve grafting: Functional results after primary vs delayed repair. Arch. Otolaryngol. 1985, 111, 781–785.

[CrossRef]
35. Lewin-Kowalik, J.; Górka, D.; Larysz-Brysz, M.; Goka, B.; Swiech-Sabuda, E.; Małecka-Tendera, E.; Krause, M. Short-time

predegenerated peripheral nerve grafts promote regrowth of injured hippocampal neurites. Acta Physiol. Hung. 1997, 85, 259–268.
36. Ochi, M.; Wakasa, M.; Ikuta, Y.; Kwong, W. Nerve regeneration in predegenerated basal lamina graft: The effect of duration of

predegeneration on axonal extension. Exp. Neurol. 1994, 128, 216–225. [CrossRef] [PubMed]
37. Hall, S. Axonal regeneration through acellular muscle grafts. J. Anat. 1997, 190, 57–71. [CrossRef] [PubMed]
38. Paino, C.; Fernandez-Valle, C.; Bates, M.; Bunge, M. Regrowth of axons in lesioned adult rat spinal cord: Promotion by implants

of cultured Schwann cells. J. Neurocytol. 1994, 23, 433–452. [CrossRef]
39. Oudega, M.; Hagg, T. Nerve growth factor promotes regeneration of sensory axons into adult rat spinal cord. Exp. Neurol. 1996,

140, 218–229. [CrossRef]
40. Richardson, P.; Issa, V.; Shemie, S. Regeneration and retrograde degeneration of axons in the rat optic nerve. J. Neurocytol. 1982,

11, 949–966. [CrossRef]
41. Kobayashi, N.R.; Fan, D.-P.; Giehl, K.M.; Bedard, A.M.; Wiegand, S.J.; Tetzlaff, W. BDNF and NT-4/5 prevent atrophy of

rat rubrospinal neurons after cervical axotomy, stimulate GAP-43 and Tα1-tubulin mRNA expression, and promote axonal
regeneration. J. Neurosci. 1997, 17, 9583–9595. [CrossRef]

42. Kwon, B.K.; Liu, J.; Oschipok, L.; Teh, J.; Liu, Z.W.; Tetzlaff, W. Rubrospinal neurons fail to respond to brain-derived neurotrophic
factor applied to the spinal cord injury site 2 months after cervical axotomy. Exp. Neurol. 2004, 189, 45–57. [CrossRef]

43. Tetzlaff, W.; Alexander, S.W.; Miller, F.D.; Bisby, M.A. Response of facial and rubrospinal neurons to axotomy: Changes in mRNA
expression for cytoskeletal proteins and GAP-43. J. Neurosci. 1991, 11, 2528–2544. [CrossRef] [PubMed]

44. Fernandes, K.J.; Fan, D.P.; Tsui, B.; Cassar, S.; Tetzlaff, W. Influence of the axotomy to cell body distance in rat rubrospinal and
spinal motoneurons: Differential regulation of GAP-43, tubulins, and neurofilament-M. J. Comp. Neurol. 1999, 414, 495–510.
[CrossRef]

45. Jenkins, R.; Tetzlaff, W.; Hunt, S. Differential expression of immediate early genes in rubrospinal neurons following axotomy in
rat. Eur. J. Neurosci. 1993, 5, 203–209. [CrossRef] [PubMed]

46. Broude, E.; McAtee, M.; Kelley, M.; Bregman, B. c-Jun expression in adult rat dorsal root ganglion neurons: Differential response
after central or peripheral axotomy. Exp. Neurol. 1997, 148, 367–377. [CrossRef]

47. Weidner, N.; Blesch, A.; Grill, R.; Tuszynski, M. Nerve growth factor–hypersecreting Schwann cell grafts augment and guide
spinal cord axonal growth and remyelinate central nervous system axons in a phenotypically appropriate manner that correlates
with expression of L1. J. Comp. Neurol. 1999, 413, 495–506. [CrossRef]

48. Liuzzi, F.J.; Tedeschi, B. Axo-glial interactions at the dorsal root transitional zone regulate neurofilament protein synthesis in
axotomized sensory neurons. J. Neurosci. 1992, 12, 4783–4792. [CrossRef]

49. Fraher, J.P. The transitional zone and CNS regeneration. J. Anat. 2000, 196, 137–158. [CrossRef] [PubMed]
50. Pindzola, R.; Doller, C.; Silver, J. Putative inhibitory extracellular matrix molecules at the dorsal root entry zone of the spinal cord

during development and after root and sciatic nerve lesions. Dev. Biol. 1993, 156, 34–48. [CrossRef] [PubMed]
51. Roitbak, T.; Syková, E. Diffusion barriers evoked in the rat cortex by reactive astrogliosis. Glia 1999, 28, 40–48. [CrossRef]
52. Stichel, C.C.; Hermanns, S.; Luhmann, H.J.; Lausberg, F.; Niermann, H.; D’Urso, D.; Servos, G.; Hartwig, H.G.; Müller, H.W.

Inhibition of collagen IV deposition promotes regeneration of injured CNS axons. Eur. J. Neurosci. 1999, 11, 632–646. [CrossRef]
[PubMed]

53. Keirstead, H.S.; Dyer, J.K.; Sholomenko, G.N.; McGraw, J.; Delaney, K.; Steeves, J. Axonal regeneration and physiological activity
following transection and immunological disruption of myelin within the hatchling chick spinal cord. J. Neurosci. 1995, 15,
6963–6974. [CrossRef] [PubMed]

54. Chen, M.S.; Huber, A.B.; van der Haar, M.E.; Frank, M.; Schnell, L.; Spillmann, A.A.; Christ, F.; Schwab, M.E. Nogo-A is a myelin-
associated neurite outgrowth inhibitor and an antigen for monoclonal antibody IN-1. Nature 2000, 403, 434–439. [CrossRef]
[PubMed]

108



Vet. Sci. 2021, 8, 288

55. Oertle, T.; Van Der Haar, M.E.; Bandtlow, C.E.; Robeva, A.; Burfeind, P.; Buss, A.; Huber, A.B.; Simonen, M.; Schnell, L.; Brösamle,
C.; et al. Nogo-A inhibits neurite outgrowth and cell spreading with three discrete regions. J. Neurosci. 2003, 23, 5393–5406.
[CrossRef] [PubMed]

56. Fitch, M.T.; Silver, J. Glial cell extracellular matrix: Boundaries for axon growth in development and regeneration. Cell Tissue Res.
1997, 290, 379–384. [CrossRef] [PubMed]

57. Fawcett, J.W.; Asher, R.A. The glial scar and central nervous system repair. Brain Res. Bull. 1999, 49, 377–391. [CrossRef]
58. Tang, X.; Davies, J.E.; Davies, S.J. Changes in distribution, cell associations, and protein expression levels of NG2, neurocan,

phosphacan, brevican, versican V2, and tenascin-C during acute to chronic maturation of spinal cord scar tissue. J. Neurosci. Res.
2003, 71, 427–444. [CrossRef] [PubMed]

59. Buss, A.; Pech, K.; Kakulas, B.A.; Martin, D.; Schoenen, J.; Noth, J.; Brook, G.A. NG2 and phosphacan are present in the astroglial
scar after human traumatic spinal cord injury. BMC Neurol. 2009, 9, 32. [CrossRef] [PubMed]

60. Pasterkamp, R.J.; Giger, R.J.; Ruitenberg, M.J.; Holtmaat, A.; De Wit, J.; De Winter, F.; Verhaagen, J. Expression of the gene
encoding the chemorepellent semaphorin III is induced in the fibroblast component of neural scar tissue formed following
injuries of adult but not neonatal CNS. Mol. Cell. Neurosci. 1999, 13, 143–166. [CrossRef]

61. De Winter, F.; Oudega, M.; Lankhorst, A.; Hamers, F.; Blits, B.; Ruitenberg, M.J.; Pasterkamp, R.J.; Gispen, W.H.; Verhaagen, J.
Injury-induced class 3 semaphorin expression in the rat spinal cord. Exp. Neurol. 2002, 175, 61–75. [CrossRef] [PubMed]

62. Hashimoto, M.; Ino, H.; Koda, M.; Murakami, M.; Yoshinaga, K.; Yamazaki, M.; Moriya, H. Regulation of semaphorin 3A
expression in neurons of the rat spinal cord and cerebral cortex after transection injury. Acta Neuropathol. 2004, 107, 250–256.
[CrossRef]

63. Haas, C.A.; Rauch, U.; Thon, N.; Merten, T.; Deller, T. Entorhinal cortex lesion in adult rats induces the expression of the neuronal
chondroitin sulfate proteoglycan neurocan in reactive astrocytes. J. Neurosci. 1999, 19, 9953–9963. [CrossRef] [PubMed]

64. Lemons, M.L.; Howland, D.R.; Anderson, D.K. Chondroitin sulfate proteoglycan immunoreactivity increases following spinal
cord injury and transplantation. Exp. Neurol. 1999, 160, 51–65. [CrossRef] [PubMed]

65. Ikegami, T.; Nakamura, M.; Yamane, J.; Katoh, H.; Okada, S.; Iwanami, A.; Watanabe, K.; Ishii, K.; Kato, F.; Fujita, H. Chon-
droitinase ABC combined with neural stem/progenitor cell transplantation enhances graft cell migration and outgrowth of
growth-associated protein-43-positive fibers after rat spinal cord injury. Eur. J. Neurosci. 2005, 22, 3036–3046. [CrossRef] [PubMed]

66. Iseda, T.; Okuda, T.; Kane-Goldsmith, N.; Mathew, M.; Ahmed, S.; Chang, Y.-W.; Young, W.; Grumet, M. Single, high-dose
intraspinal injection of chondroitinase reduces glycosaminoglycans in injured spinal cord and promotes corticospinal axonal
regrowth after hemisection but not contusion. J. Neurotrauma 2008, 25, 334–349. [CrossRef] [PubMed]

67. Wang, Z.; Winsor, K.; Nienhaus, C.; Hess, E.; Blackmore, M.G. Combined chondroitinase and KLF7 expression reduce net
retraction of sensory and CST axons from sites of spinal injury. Neurobiol. Dis. 2017, 99, 24–35. [CrossRef] [PubMed]

68. Schreyer, D.; Jones, E. Growth of corticospinal axons on prosthetic substrates introduced into the spinal cord of neonatal rats. Dev.
Brain Res. 1987, 35, 291–299. [CrossRef]

69. Schnell, L.; Schwab, M. Sprouting and regeneration of lesioned corticospinal tract fibres in the adult rat spinal cord. Eur. J.
Neurosci. 1993, 5, 1156–1171. [CrossRef] [PubMed]

70. Khan, T.; Dauzvardis, M.; Sayers, S. Carbon filament implants promote axonal growth across the transected rat spinal cord. Brain
Res. 1991, 541, 139–145. [CrossRef]

71. Xu, X.M.; Chen, A.; Guenard, V.; Kleitman, N.; Bunge, M.B. Bridging Schwann cell transplants promote axonal regeneration from
both the rostral and caudal stumps of transected adult rat spinal cord. J. Neurocytol. 1997, 26, 1–16. [CrossRef] [PubMed]

109





veterinary
sciences

Article

The Infectious Bronchitis Coronavirus Pneumonia Model
Presenting a Novel Insight for the SARS-CoV-2
Dissemination Route

Ekaterina Nefedova 1 , Vyacheslav Koptev 1, Anna S. Bobikova 1,2, Viktoria Cherepushkina 1,
Tatyana Mironova 1,2, Vasily Afonyushkin 1,3, Nikolai Shkil 1, Nikolai Donchenko 1 , Yulia Kozlova 3,
Natalia Sigareva 2, Natalia Davidova 1, Nina Bogdanchikova 4,* , Alexey Pestryakov 5

and Yanis Toledano-Magaña 6,*

Citation: Nefedova, E.; Koptev, V.;

Bobikova, A.S.; Cherepushkina, V.;

Mironova, T.; Afonyushkin, V.; Shkil,

N.; Donchenko, N.; Kozlova, Y.;

Sigareva, N.; et al. The Infectious

Bronchitis Coronavirus Pneumonia

Model Presenting a Novel Insight for

the SARS-CoV-2 Dissemination Route.

Vet. Sci. 2021, 8, 239. https://

doi.org/10.3390/vetsci8100239

Academic Editors: Ana Faustino and

Paula A. Oliveira

Received: 7 September 2021

Accepted: 12 October 2021

Published: 18 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Siberian Federal Scientific Center of Agro-BioTechnologies of Russian Academy of Sciences,
Novosibirsk Region, Novosibirsk District, 630501 Krasnoobsk, Russia; filll555@mail.ru (E.N.);
kastrolog@mail.ru (V.K.); bobikova.anna97@gmail.com (A.S.B.); vicky88@bk.ru (V.C.);
mironova.tanya1994@mail.ru (T.M.); lisocim@mail.ru (V.A.); nicola07@mail.ru (N.S.);
tbc2009@yandex.ru (N.D.); ulona79@mail.ru (N.D.)

2 Molecular Biology Department, Federal State Budgetary Educational Institution Higher Education
Novosibirsk State Agrarian University, 630090 Novosibirsk, Russia; natalias72@mail.ru

3 Institute of Chemical Biology and Fundamental Medicine SB RAS, 630090 Novosibirsk, Russia; ramira_@bk.ru
4 Centro de Nanociencias y Nanotecnología, Universidad Nacional Autónoma de México,

Ensenada 22860, BC, Mexico
5 Research School of Chemistry & Applied Biomedical Sciences, National Research Tomsk Polytechnic

University, 634050 Tomsk, Russia; pestryakov2005@yandex.ru
6 Escuela de Ciencias de la Salud Unidad Valle Dorado, Universidad Autónoma de Baja California,

Ensenada 22890, BC, Mexico
* Correspondence: nina@cnyn.unam.mx (N.B.); yanis.toledano@uabc.edu.mx (Y.T.-M.)

Abstract: Infectious bronchitis (IB) of chickens is a highly contagious disease characterized by
damage of the respiratory system and reproductive organs in young animals caused by a virus
of the genus Gamma coronavirus. The condition of the respiratory system caused by the IB virus
in chickens has many similarities with the pathology of the respiratory system caused by SARS-
CoV-2 in humans. The effectiveness of virucidal drugs (Argovit, Triviron, Ecocid, and lauric acid
monoglyceride) was tested on chickens inoculated with a tenfold dose of a vaccine strain based on
the attenuated virus H120 against IB of chickens. On the 6th day after inoculation, inflammatory
changes in the intestines, lungs, and thymus were observed in the control group. The experimental
groups were characterized by less pronounced inflammatory reactions and a lower proportion of
thymus and lung probes containing genomic IB virus RNA. Since the virucidal activity of four
orally administrated formulations was possible only in the intestine, the experimental data indirectly
confirmed the hypothesis of the possibility of the predominant accumulation of coronaviruses in the
intestine and subsequent lung damage due to the hematogenous redistribution of viral particles and
IBV antigens. It was suggested that other coronaviruses including SARS-CoV-2 can implement a
similar mechanism.

Keywords: virucidal drugs; IBV; chickens; Coronaviridae; silver nanoparticles; artificial ribonuclease;
monoglyceride lauryl acid

1. Introduction

Infectious bronchitis (IB) of chickens is a highly contagious disease characterized by
damage to chickens’ respiratory and reproductive organs [1–5]. Diseases of the respiratory
system caused by the infectious bronchitis virus (IBV) [5] have common features with
the pathology of the respiratory system caused by SARS-CoV-2 in humans [6]. IB and
SARS-CoV-2 viruses have many similarities: both are low copy coronavirus, both have a
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lipid envelope, and for both, the immune system reaction contributes significantly to the
damage. These give the basis to believe that the mechanisms of action of these two viruses
are similar.

Bacterial viruses (bacteriophages) are a very convenient model for studying various
drug virucidal activities. Specifically, bacteriophage ϕ6 belonging to the Cystoviridae
family is a promising model. These phage particles have a spherical or icosahedral shape
and dsRNA type of nucleic acid. The presence of capsids in its composition makes it an
effective model for testing the activity of virucidals and disinfectants against enveloped
viruses, including coronaviruses. The virucidal activity of substances determined with
the ϕ6 bacteriophage model allows the estimation of their activity against various viruses
containing lipids in their capsid, such as herpesviruses 1 and 2 and coronavirus SARS-
CoV-2, which infect eukaryotic cells [7–9]. The ϕ6 bacteriophage infects P. phaseolicola
plant pathogen bacteria. Consequently, the advantage of working experimentally with a
ϕ6 bacteriophage and plant pathogenic bacteria is that neither the phage nor the bacteria
are pathogenic to humans, which minimizes the requirements for the laboratory biosafety
level. Some research groups successfully applied the ϕ6 bacteriophage as a model for the
SARS-CoV-2 virus [10,11].

Drugs possessing virucidal activity in the small intestine can be effective against
viral infections in other tissues. Clinical observations showed the effectiveness of Ecocid,
Triviron, Argovit, and lauric acid monoglyceride (C12) against viral mal-absorption in
poultry farms (flavivirus, astroviral etiology). Ecocid shows high antibacterial and virucidal
activity combined with low toxicity and stability in a living organism, making it a promising
alternative as a topical virucidal agent [12] and a disinfectant that prevents the horizontal
transfer of antibiotic resistance genes [13]. Triviron virucidal formulation began to be used
in veterinary medicine relatively recently [14,15]. The mechanism of action has no analogs
and belongs to a new pharmacological group of synthetic ribonucleases [2,16]. Silver
nanoparticles [8,17–20] including Argovit AgNPs [21–24] have recently shown virucidal
effects against some viruses, and are therefore also potentially effective against the SARS-
CoV-2 virus. Lauric acid monoglyceride (Monolaurin) is known to inactivate lipid-coated
viruses by binding to the lipid–protein envelope of the virus, thereby preventing it from
attaching and entering host cells, making infection and replication impossible [25]. Other
studies show that Monolaurin disintegrates the protective viral envelope, killing the
virus [26,27]. Monolaurin has been studied to inactivate many pathogens, including the
Herpes simplex virus [25–28].

The present study aimed to screen the virucidal activity of the four formulations
mentioned above on in vitro (bacteriophage ϕ6) and in vivo (IB of chickens) models for
SARS-CoV-2 infection.

2. Materials and Methods
2.1. Formulations

Argovit 1% is an aqueous suspension of highly dispersed silver nanoparticles
(0.6 mg/mL of metallic silver) stabilized with polyvinylpyrrolidone, produced by the Cen-
ter of Investigation and Production “Vector-Vita”, Novosibirsk, Russia. Argovit™ is a stable
suspension in water with an AgNP concentration of 200 mg/mL (20% w/w). The metal-
lic Ag (content 1.2% w/w) is stabilized with polyvinylpyrrolidone (PVP 12.6 ± 2.7 kDa,
content 18.8%) of AgNP total weight. The remaining 80% of the weight is distilled water.
AgNPs have a spheroidal shape with a size varying from 1 to 90 nm and an average diame-
ter of 35 ± 12 nm. The hydrodynamic diameter is 70 nm, the ζ potential is −15 mV, and a
plasmonic resonance peak is registered at 420 nm [29]. Triviron (0.03% synthetic ribonu-
clease (1,5-bis-[N, N-1- (4-tetradecyl) diazoniabicyclo [2.2.2] octyl] pentane tetrobromide)
was produced by «Trionisvet» Ltd., Korolev, Russia. Ecocid (0.05%), produced by Krka, d.
d., Novo Mesto, Slovenia, contains a triple salt of potassium peroxomonosulfate (50%), as
well as auxiliary substances: surfactants (sodium dodecylbenzene sulfonate), organic acids
(malic, sulfamic), inorganic buffer systems (sodium chloride and sodium polyphosphate),
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Azo Diestaff dye, and Citron as an aromatic additive with a lemon scent. Used in our work,
Ecocid, Triviron, and Argovit are certified and are commercially produced. Lauric acid
monoglyceride (0.005%) was synthesized and kindly provided by Dr. Fomenko Vladislav
from institute N.N. Vorozhtsov, Novosibirsk Institute of Organic Chemistry of SB RAS.

2.2. Bacteriophage ϕ6 In Vitro Model

Bacteriophage ϕ6 (belonging to the Cystoviridae family) was used as an in vitro model
to assess the formulations’ virucidal activity. A Pseudomonas phaseolicola cell culture was
used to determine phage particle activity. The tested preparations were incubated with a
bacteriophage culture at room temperature at various concentrations. After 1, 5, 15, 30, and
60 min of incubation, inoculation of samples containing bacteriophages and formulations
and only bacteriophage (control group) was carried out. The residual concentration of
bacteriophage inoculations was determined in 10-fold dilutions. The survival rate of
phage particles was determined by the method of two-layer agar (Grazia method). The
studies were carried out at room temperature (26 ± 2 ◦C). All experiments were performed
in duplicate.

2.3. Poultry

Cross Shaver male chickens aged 14 days and 198–210 g each were kept indoors and
fed with standard granulated chicken feed. The experimental protocol involving animals
was reviewed and approved by the Ethical Committee of Novosibirsk State Agrarian
University of Siberian Federal Scientific Center of Agro-BioTechnologies of the Russian
Academy of Sciences CM K PO 15-01-2019/No.3 of 10.03.2021.

2.4. Inoculum Administration

Chickens received a tenfold dose of a vaccine against IBV (from the H120 strain, live,
dry) consisting of 5 lg Embryo Infectious Dose (40 per head). It was administered orally to
each chicken. Experimental groups and a control group of 13 animals were formed.

2.5. Dosage Administration

The dosages of the preparations were as follows: Argovit and Triviron, 250 and
285 µL/animal, respectively. They were administered two times a day (in the morning
and the evening) to each animal. The lauric acid monoglyceride dose was 0.1 mg/animal.
Ecocide C (0.05%) dose chickens drank freely when they wanted (57 mL per day per
head). For drinking water sanitation for animals, including birds, it is recommended to use
0.1% Ecocide C in water. Here, half of the recommended concentration was applied. All
formulations were administered for 5 days. The animals were slaughtered on the 6th day.
In Table 1, consumption per head per day for the studied formulations is summarized.

Table 1. Consumption per head per day for studied formulations.

No. Formulation Consumption of Active Component per
Head per Day (µg)

1 Argovit C, 0.06% (metallic silver) 150

2 Triviron, 0.03% 85.5

3 Lauric acid monoglyceride (C12), 0.05% 100

4 Ecocid C, 0.05% 28,500

2.6. Histopathological Evaluation

The lung histopathological analysis was performed under an Imager D1 luminescence
microscope (Zeiss) using AxioVision v 4.6.3.0 software (Zeiss, Jena, Germany). Briefly,
the lung pieces (~1 mm thick) were placed in a 96-well plate filled with distilled water
(150 µL per well), and 20 µL SYBRTM Green (1:1000) and 5 µL of SyproTM Ruby dye
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(BioRad Laboratory) were added per well. Then, they were kept for 20 min to counterstain
the preparations.

Luminescence microscopic analysis of lung pieces was carried out according to an
original technique of a short period staining mode, whose principle consisted of stain-
ing a formalin-fixed biomaterial with two dyes. SYPRO Ruby intercalates proteins and
glows, while SYBR Green I binds to DNA and fluoresces in orange-red and green ranges,
respectively. The staining is carried out within a short period (20 min), during which dye
diffusion occurs in a thin layer of cells, which avoids the intense background fluorescence
of entire pieces of tissue. Thus, in contrast to histological examination, a short period
staining mode is suitable for studying thin tissue layers. This mode makes it possible to
visualize better epithelial and endothelial cells (for example, the inner surface of the bronchi
and blood vessels and intestinal epithelium). Additionally, this mode provides a good
visualization of blood capillaries, hemorrhages, and tissue saturation with hemoglobin,
which is accompanied by a sharp decrease in fluorescence intensity. The difference of this
luminescence microscopic mode from confocal microscopy lies in the lower price of the
used equipment, faster staining process, more detailed observations of epithelium surfaces,
and the influence of the diffusion process microscopic picture.

2.7. qRT-PCR

RNA was isolated from internal organs using silica columns, with preliminary lysis
of cells with guanidine isothiocyanate. The copy number of the IBV was assessed by
qRT-PCR [14].

3. Results
3.1. Verification of the Virucidal Action with Bacteriophage ϕ6

Experiments with a virus model (bacteriophage ϕ6) were conducted as a preliminary
test to estimate active doses of the studied formulations. Triviron’s effective concentration
was ≥0.003% (30 µg/mL) for 1 min. At this point, the formulation completely suppressed
the activity of phage particles (Table 2). Ecocid, at a concentration of 0.05% (500 µg/mL),
completely suppressed viral activity in vitro within a minute, while Argovit, at a concen-
tration of 0.00001% (0.10 µg/mL) of metallic silver, inactivated viral particles at ≥ 15 min
of incubation. Lauric acid monoglyceride practically did not show a decrease in bacte-
riophage ϕ6 concentration for 60 min. So, experiments in vitro on the bacteriophage ϕ6
model demonstrated that among the four studied formulations at used concentrations,
the virucidal activity decreases in the order: Ecocid ≈ Triviron > Argovit >> lauric acid
monoglyceride.

The presence of capsids in the composition of the bacteriophage ϕ6 makes it an
effective model for testing the activity of virucidal and disinfecting drugs against enveloped
viruses, including coronaviruses. As follows from the obtained results (Table 1), Ecocid,
Triviron, and Argovit in the used concentrations in in vitro experiments suppressed the
activity of the enveloped virus, whereas lauric acid monoglyceride was practically inactive.

Table 2. Change in the concentration of bacteriophage ϕ6 after incubation with virucidal drugs.

Formulation Name and
Concentration

Bacteriophage ϕ6 Concentration, PFU */mL

Initial
After Exposure Time (min).

1 5 15 30 60

Ecocid 0.05% (500 µg/mL) 9.6 ± 0.17 × 105 0 0 0 0 0

Triviron 0.003%, (30 µg/mL) 1 ± 0.00 × 107 0 0 0 0 0

Lauric acid monoglyceride
(C12), 0.05% 1 ± 0.57 × 107 7.4 + 1.3 × 107 1.1 + 0.11 × 107 2.0 + 3.3 × 107 1.3 + 0.33 × 107 8.9 + 6.3 × 106

Argovit, 0.00001%
(10 µg/mL) of
metallic silver

4.2 ± 0.15 × 106 3.4 + 0.63 × 104 6 + 0.115 × 102 0 0 0

* Plaque-forming unit (PFU).
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3.2. Postmortem Examination

After the autopsy, the characteristic changes in the thymus (the IBV affects the
medullar zone of the thymus) and lung were noted (Figure 1). The lungs were hyperemic,
edematous, and sometimes triangular and diamond-shaped lesions were observed, indi-
cating hematogenous drift of the infectious agent to these zones. The small intestine also
showed hyperemia. The large intestine was unchanged. The kidneys were not inflamed. In
most experimental groups, changes in the intestines, lungs, and thymus were completely
absent or less pronounced than in the control group. The most severe lesions were observed
in the control and then in the lauric acid monoglyceride-treated group organs.
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Figure 1. Macroscopic observations in lungs and thymus of control and experimental groups.
Pneumonia signs were observed in the control group lungs (A) and experimental group lungs
(B). Thymus inflammation in the control group (C) and thymus without noticeable changes in the
experimental group (D).

Inflammatory changes in the intestines were observed in all groups, but these changes
were lesser in the Ecocid and Triviron groups. Lung lesions relative to the control group
were less pronounced in the Triviron-treated group. The smallest number of inflammatory
reactions in the thymus was observed in poultry after Ecocid and Triviron application. So,
the postmortem examination showed that the inflammatory responses in the studied groups
increase in the following order: Triviron < Ecocid < Argovit < lauric acid monoglyceride
< control.

3.3. Lung Luminescence Microscopy Histopathological Study
3.3.1. The Control Group

The control group is predominantly characterized by interstitial pneumonia in fo-
cal lesions involving the groups of segments of the parabronchus. In this case, some
parabronchus does not present pathologic morphological changes, and others were ex-
cluded from the gas exchange, which leads to a decrease in overall gas exchange. The
protein fluoresces in red; a reduction is due to infiltrative processes. An increase in luminos-
ity can be associated with exudative processes and respiratory epithelium desquamation.
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Hemorrhages were found (Figure 2A). A narrowing of the air capillaries further develops
the inflammatory process due to thickening the interstitium and lamina propria associated
with inflammatory infiltration (Figure 2B). More severe lesions are accompanied by the
accumulation of serous exudate and total overlap of the lumens of the airway capillaries;
exudate rich in cells accumulates in the parabronchus (Figure 2B), and diffuse hemorrhages
appear. The fact that the lesion of the pulmonary parenchyma is topologically associated
with hematogenous drift of the pathogen can be confirmed by identifying signs of vasculitis
and perivascular hemorrhage infiltrates (Figure 2C). Another criterion for the primary
involvement of blood vessels in the pathological process (from the pulmonary artery side)
is the absence of a uniform radial lesion of the parabronchial segments (Figure 2D). As
shown in Figure 2D, there is an overlap of the air capillary lumens on the pulmonary
parenchyma areas adjacent to the site of interstitial inflammation. Opposing areas of the
parabronchial segments present a well preserved network of air capillaries.
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lumen of the parabronchus, 5—preserved air capillaries. (C) Vasculitis in the vessels: 1—fibrinoid
inflammation of the vessel wall (artery), 2—suppression of fluorescence at the site of tissue imbibi-
tion by hemoglobin, 3—increased density of cells associated with inflammatory infiltration of the
interstitium of the lung. (D) Inflammatory changes in the parabronchi: 1—air capillaries that have
retained the lumen, 2—air capillaries that have lost their lumen due to inflammatory infiltration,
3—parabronchi, 4—hemorrhages around the affected blood vessel.
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3.3.2. The Group Treated with Argovit

A comparative analysis of the results obtained in luminescence microscopy histopatho-
logical study revealed that the lungs were less affected in the group receiving the Argovit
formulation. So, the Argovit-treated group was chosen for comparative analysis with the
control group. A change interval from the complete absence of signs of inflammation to
significant changes like the ones presented in Figure 2 was observed. Thus, Figure 3A,B
show photographs of two lung samples characterized by a complete lack of inflammatory
changes. The histoarchitecture of the respiratory surfaces of the parabronchus is not dis-
turbed; there are no inflammatory infiltrates and hemorrhages. In contrast, lung changes
compared to the control group in some individuals were observed (Figure 3C).
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3.3.3. IBV in Chickens with RT-PCR
Intestine

As shown in Figure 4, the virus concentration detected in the intestine in all studied
groups varied in 8–10 orders of magnitude range, changing from 0.000038 to 2,482,450.
At the same time, it is important to mention that the virus was detected in ≤69% of
poultry intestines of each group. In the control group, viral concentration was detected
in 69% of poultry intestines and varied 10 orders of magnitude from 0.000245 to 2,482,450
(Figures 4 and 5). After formulation treatments, virus concentration in the intestine
changed in 8–9 orders (9 orders for Ecocid, Argovit, and C12 and 8 orders for Triviron),
and poultry percentage with the detected virus was 38%, 54%, 54%, and 46%, respectively
(Figures 4 and 5).

Lungs

Virus concentration in lungs varied 0–6 orders of magnitude: 4, 6, 0, 3, and 4 for
Ecocid, Argovit, Triviron, C12, and the control group, respectively (Figure 4). For Ecocid,
Argovit, Triviron, C12, and the control group, the number of chickens with the detected
virus was four, two, one, five, and four among thirteen chickens in every group, which
corresponds to 31, 15, 8, 39, and 31%, respectively (Figures 4 and 5).
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Figure 4. The concentration of IBV in the intestine, lungs, and thymus in chickens of the experimental
and control groups. Data are presented in 2−(∆∆Ct) units, which reflect the concentration of IBV
from chickens treated with Ecocid (O), Argovit (∇), Trivirion (�), C12 (♦), Control (*). Every group
contains data for 13 chickens.
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studied groups.

Thymus

After treatment with Ecocid and Triviron, the virus was not detected by PCR. Virus
concentration in the thymus was detectable only for the Argovit, C12, and control groups
(Figures 4 and 5). Virus concentration varied 1-5 orders of magnitude inside these groups,
being 1, 1, and 5 in the range from 7.16 × 10−10 to 1.03 × 10−8, from 2.64 × 10−11 to
2.95 × 10−10, and from 1.43 × 10−10 to 6.01 × 10−5 for Argovit, C12, and the control group,
respectively (Figure 4). The virus was detected on 23, 31, and 15% of poultry thymus,
respectively (Figures 4 and 5).

4. Discussion

The results showed that treatment with all four studied formulations decreased the
poultry percentage with virus detected in the intestine compared to the control group. The
percentage of chickens in which the virus was detected on intestines was considerably
higher in the control group (69%) than in experimental groups, being 38, 54, 46, and 54%
for Ecocid, Argovit, Triviron, and C12, respectively (Figures 4 and 5). The variation in virus
concentration in the control group (11 orders of magnitude) was slightly higher than in
experimental groups (8–9 orders of magnitude).

The investigation of virus concentration in the lungs (Figures 4 and 5) showed a
decrease in the fraction of chickens with detectable virus concentration, virus concentration,
and an interval of variation in detected virus concentration in each group compared with
the intestine. The fraction of chickens with detectable virus concentration in the lungs was
lower than in the intestine, being 31% < 38% for Ecocid, 15% < 54% for Argovit, 8% < 46%
for Triviron, 39% < 54% for C12, and 31% < 69% for the control group (Figure 5). These
results showed that virus RNA in the lungs was detected on a minimum fraction of chickens
for Triviron (8%) and Argovit (15%). These results are consistent with histopathological
studies, where Argovit showed minimal lesions in epithelial and endothelial cells in the
lungs (Figure 2). Maximum virus concentrations measured in the lungs were less than in
the intestine for all studied groups. These concentrations decreased by 3, 7, 5, and 10 orders
of magnitude for Ecocid, Triviron, C12, and the control group, respectively. However, the
concentration only decreased by half for Argovit. The virus concentrations in lungs varied
in all groups between 0 and 6 orders of magnitude: 4, 6, 0, 3, and 4 for Ecocid, Argovit,
Triviron, C12, and the control, respectively.

Intestine virus concentrations varied in all groups between 8 and 11 orders of magni-
tude. This difference could indicate that intestinal tissue has conditions promoting viral
replication, while lung tissue is more restrictive to viral replication. Unexpectedly, it was
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observed that virus concentrations in the lungs in the control group were much lower
(between 9.19 × 10−9 and 1.07 × 10−4) than in experimental groups (between 3.3 × 10−3

and 3.1 × 102). The explanation of this effect will need further studies. In contrast, thymus
viral concentration was very low (Figure 5), and for Ecocid and Triviron, viral RNA was
undetectable using qRT-PCR. For Argovit, C12, and the control group, most values were
between 2.6 × 10−11 and 1.0 × 10−8. Additionally, only one data point for the control
group was higher (6.0 × 10−5). This might be related to the fact that the thymus belongs to
the immune system and, therefore, it highly restricts viral replication and/or eliminates
viral particles.

All the above results demonstrate that all four studied formulations demonstrated
virucidal activity against IB virus. Argovit, Triviron, and Ecocid showed some advantages
compared with C12. However, in general, the difference in the virucidal activity of the
four formulations was not significant. This work is only a first approximation of using
these formulations against IBV, and further studies are needed to clarify the potential use
of these formulations.

Obtained data showed that on the 6th day after IBV injection, the virus concentration
was significantly higher in the intestine than in the lungs and thymus in all groups. The
period of six days after inoculation was adequate time for the dissemination of the virus
to all organs by blood circulation. Supposing that the intestine was not the organ with
optimal conditions (among the three studied organs) for virus replication, after 6 days,
the concentration of the virus would be maximal in other organs (if they have optimal
conditions for replication), for example, in the lungs. However, this was not observed
experimentally. Instead, the highest viral concentration was observed in the intestine.
Hence, the obtained results suggest that the intestine is the organ with the highest cell
secretory potential, receptors, and enzyme systems suitable for the reproduction of coron-
avirus and the maturation of viral particles, which creates optimal conditions for primary
virus replication and accumulation. It implies that, specifically, the intestine serves as a
source for virus dissemination to other organs. Low virus concentrations in the lungs and
thymus could indicate that viral replication is occurring relatively slowly. However, lesions
observed in our experiments in the lungs might show that the virus is not eliminated
quickly from the lungs because even at low concentrations it manages to cause lesions. The
hypothesis about the primary role of intestinal tissue in the replication/accumulation and
source of dissemination of IBV was suggested in our previous publications [1,30].

The obtained results suggest the following mechanism of IB virus entering the organism.
Firstly, the virus enters the nasopharynx and interacts with the mucus. The nasopharynx
mucus layer (a porous gel net) acts as an impenetrable physical barrier to most pathogens.
However, because the pore diameter of the gel net (approximately 500 nm) is significantly
larger than the IB virus diameter (50–100 nm) [4], the IB virus easily penetrates mucus pores.
Once swallowed, the mucus is digested by the gastrointestinal system, and the virus starts
to replicate. It is important to mention that the size of the SARS-CoV-2 virus (approximately
60–140 nm) [31] is close to the IB virus diameter (50–100 nm).

Because IB and SARS-CoV-2 viruses are similar, the mechanism suggested above for
IB virus could also be applied to the SARS-CoV-2 virus. The results of recent works confirm
the validity of our hypothesis that the intestine is the principal organ for virus reproduction
and accumulation, and it serves as a source of virus dissemination into other tissues. These
results agree with the fact that that the highest ACE2 expression in human organisms
occurs in the intestinal enterocyte brush border [32,33]. Although it was reported that
ACE2 is expressed in the lung, liver, stomach, ileum, kidney, and colon, its expressing
levels there are relatively low, especially in the lung. In lung AT2, this level is 4.7-fold
lower than the average expression level value of ACE2-expressing cells of all 13 cell types
studied in this work [32].

Some recently published clinical observations indicate the relevant role of the intestine
in the infection caused by the SARS-CoV-2 virus, which agrees with our hypothesis. SARS-
CoV-2 viral RNA can be detected in rectal swabs when nasopharyngeal testing was already
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negative, suggesting long-term gastrointestinal infection [34]. The recent observations
showed that gastrointestinal symptoms were observed in 57% of the patients infected
with SARS-CoV-2. In addition, these symptoms sometimes occurred without respiratory
symptoms. Gastrointestinal manifestations are more common in patients with severe
disease than in patients with non-severe disease. For approximately 48.1% of patients with
severe acute respiratory syndrome COVID-19, a stool sample was positive for SARS-CoV-2
RNA virus [35]. This hypothesis [36] suggests that complications after COVID-19 could be
caused by SARS-CoV-2-upregulated angiotensin II-caused disruption of mucosal barriers
with following microbial and/or lipopolysaccharide movement from the gastrointestinal
tract into various tissues.

Coronavirus modulates autophagy or its components for its benefit, primarily the
autophagosomes used as replication and transcriptional niches. The IBV induces the
formation of autophagosomes via the MAPK/ERK1/2 pathway dependent on Atg5 [37].
However, the induction of autophagy also facilitates the activation of apoptosis by gener-
ating a platform for activating caspase-8 or depleting endogenous inhibitors of this cell
death pathway [38,39], as observed on tumor cells exposed to Bortezomib, which showed
apoptosis via caspase-3 activation [40,41].

Although MAPK/ERK1/2 pathways generally promote cell survival, certain cir-
cumstances such as DNA or oxidative damage function as pro-apoptotic signaling [42].
Oxidative stress and DNA damage have been described on several tumor cells exposed to
Argovit AgNPs, promoting cell death by an intrinsic apoptotic pathway [43,44]. Thus, the
apoptotic pathway could be activated on cells harboring IBV due to the virus-promoted
autophagosome increase and redox damage promoted by the presence of AgNPs, leading
to cell death and the inhibition of virus proliferation. This fact could explain the viral titer
decrease observed in the lungs after the administration of silver nanoparticles.

Furthermore, the absence of inflammatory infiltrates or hemorrhages observed in the
lungs treated with AgNPs could be associated with the selective cytotoxic effect that should
be kept only on those cells with increased autophagosomes, which are more susceptible to
oxidative damage than non-infected cells. The above-mentioned cytotoxic selectivity was
already observed on tumor and non-tumor cells exposed to AgNPs, where non-transformed
cells showed no oxidative damage compared with tumoral cells [45].

It is also worth mentioning that recently published works describe the first experimen-
tal data on infection prevention with SARS-CoV-2 in humans at least for two formulations
studied here (Argovit and C12). For example, recently, Argovit was studied in vitro and
in vivo to prevent SARS-CoV-2 infection in health workers. The inhibitory effect of AgNPs
in SARS-CoV-2 NL/2020 strain replication in cultured Vero E6 cells was confirmed [46].
A randomized study (with 114 and 117 participants in experimental and control groups,
respectively) demonstrated that mouthwash and nose rinse with 1% Argovit-C reduced
the SARS-CoV-2 infection rate 16 times in healthcare personnel attending on average
169 patients with COVID-19 per week per person [47]. It was demonstrated that the silver
nanocluster/silica composite coating deposited on facial masks possessed a virucidal effect
against SARS-CoV-2 [29]. The investigation of blood serum samples collected from 51
healthcare workers of an Italian COVID-19 hospital showed that a higher concentration
of C12 was observed in protected workers compared with those infected with SARS-CoV-
2 [46]. The authors suggested a potential defensive role of monolaurin against SARS-CoV-2
infection. They offered a randomized controlled trial of monolaurin supplements to confirm
these observational findings before any therapeutic recommendations can be made.

Hence, the results of our study showed that it is vital to consider the prospects for
combating coronavirus infections, including COVID-19, using virucidal drugs. Virucidal
drugs are substances causing the inactivation of viral particles, thereby limiting the infection
of new cells and preventing the damage of cells and body tissues. Silver nanoparticles
should also be included in this class of drugs. Unlike classical antiviral drugs, for example,
inhibitors of the activity of RNA-dependent RNA polymerase of coronaviruses (Areplivir,
Remdesivir, etc.), virucidal drugs are not required to penetrate the cell to exert their
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virucidal effect. For this reason, the dosage of virucidal medicines may be less. Therefore,
their toxic effect may be significantly less due to poor transport into cells (which reduces
the risks of metabolic disorders).

One feature of the pharmacokinetics of many virucidal drugs is poor penetration
through mucous barriers. However, the inactivation of viral particles on the surface of
mucous membranes (intestines, nasopharynx) with virucidal medications, combined with
an intensive self-cleaning of the surfaces of mucous membranes, creates good prospects for
limiting the entry of the SARS-CoV-2 virus into the blood and lymphatic vessels, followed
by hematogenous and lymphomatous transport to the pulmonary circulation (lungs). The
intensity of biosynthetic processes (such as virus replication) in the epithelium of mucous
membranes is extremely high. Limiting the reproduction of the virus in the nasopharynx
and intestine can have a systemic effect on the development of COVID-19.

5. Conclusions

Four formulations (Ecocid, Triviron, Argovit, and lauric acid monoglyceride) possess-
ing virucidal activity in the small intestine showed potential against chicken infectious
bronchitis virus. Based on the obtained results, our hypothesis is that the transmission of
IB virus in chickens occurs not through the respiratory system but through the intestine,
where more RNA was determined. Then, from there, it is disseminated to other organs,
including the lungs. To the best of our knowledge, our group is the first to propose such a
route of infection for the IB virus.

Considering that IB is proposed as a model for SARS-CoV-2, because both viruses
are low-copy coronaviruses with a lipid envelope and similar diameters, it was suggested
that a similar mechanism based on primary virus replication and accumulation in the
intestine could also be carried out for the SARS-CoV-2 virus. If confirmed, this paradigm
may open up innovative treatments for COVID-19 and other respiratory diseases caused
by a coronavirus, targeting intestinal viral load to minimize infection in other tissues.
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Abstract: Cardiac arrest (CA) causes severe spinal cord injury and evokes spinal cord disorders
including paraplegia. It has been reported that risperidone, an antipsychotic drug, effectively protects
neuronal cell death from transient ischemia injury in gerbil brains. However, until now, studies
on the effects of risperidone on spinal cord injury after asphyxial CA (ACA) and cardiopulmonary
resuscitation (CPR) are not sufficient. Therefore, this study investigated the effect of risperidone on
hind limb motor deficits and neuronal damage/death in the lumbar part of the spinal cord following
ACA in rats. Mortality, severe motor deficits in the hind limbs, and the damage/death (loss) of motor
neurons located in the anterior horn were observed two days after ACA/CPR. These symptoms
were significantly alleviated by risperidone (an atypical antipsychotic) treatment after ACA. In
vehicle-treated rats, the immunoreactivities of tumor necrosis factor-alpha (TNF-α) and interleukin
1-beta (IL-1β), as pro-inflammatory cytokines, were increased, and the immunoreactivities of IL-4
and IL-13, as anti-inflammatory cytokines, were reduced with time after ACA/CPR. In contrast, in
risperidone-treated rats, the immunoreactivity of the pro-inflammatory cytokines was significantly
decreased, and the anti-inflammatory cytokines were enhanced compared to vehicle-treated rats.
In brief, risperidone treatment after ACA/CPR in rats significantly improved the survival rate and
attenuated paralysis, the damage/death (loss) of motor neurons, and inflammation in the lumbar
anterior horn. Thus, risperidone might be a therapeutic agent for paraplegia by attenuation of the
damage/death (loss) of spinal motor neurons and neuroinflammation after ACA/CPR.

Keywords: whole-body ischemia; cardiopulmonary resuscitation; drug-induced hypothermia; spinal
motor neuron; inflammation; paraplegia
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1. Introduction

CA abruptly ceases blood circulation and oxygen delivery to the entire body, induces
ischemia in the whole body, and develops high mortality after CA/CPR [1,2]. Studies
on CA have concentrated on the improvement in the rate of the return of spontaneous
circulation (ROSC) after CPR [3,4]. It has been reported that CA is one of the causes of
severe spinal cord injuries including paraplegia, which negatively affects the quality of life
in patients [5–7]. It is well known that motor neurons located in the ventral horn of the
spinal cord are very vulnerable to ischemia-reperfusion injury [8–10]. However, the factors
protecting or attenuating the damage of spinal motor neurons following ischemic insults
have been insufficiently reported yet.

It is well accepted that body temperature influences the outcome of ischemic injury
in patients after the ROSC [11–14]. To date, hypothermia has been applied to increase the
ROSC in order to improve the survival rate of patients with CA. Data using experimental
animals indicate that early cooling after the ROSC provides neurological recovery, but
delayed hypothermia after ROSC limits these beneficial effects [15,16].

Risperidone (RIS), a benzoxazole derivative, has been widely used as a second-
generation antipsychotic drug and selective monoaminergic antagonist containing high
affinity for serotonin type 2 (5-HT2A) and dopamine type 2 (D2) receptors in the limbic
system [17,18]. Studies in 2003 and 2004 reported that RIS induced hypothermia in patients
with brain disorders, such as schizophrenia [19,20]. In a recent experimental study, RIS
induced hypothermia in gerbils and effectively protected cells or neurons from ischemia-
reperfusion injury in the hippocampus by attenuating glial activation and maintaining
antioxidants [21].

Neuroinflammation is a major pathophysiologic feature following brain ischemic
insults [22,23]. The inflammatory cascade is induced a few hours after ischemic insults,
and inflammation may last for a few days or weeks as a delayed tissue reaction to the
damage [24,25]. The inflammatory response is controlled through the balance between
pro- and anti-inflammatory cytokines, and this balance disappears after ischemia [26]. It is
well accepted that pro-inflammatory cytokines promote inflammatory processes and the
processes worsen following ischemia-reperfusion, but anti-inflammatory cytokines inhibit
pro-inflammatory cytokine expression and induce ischemic tolerance [27,28].

There are some explanations of the protective effects of hypothermia against ischemic
damage in the spinal cord [29,30], and we hypothesized that treatment with RIS after
asphyxial CA (ACA) attenuates paraplegia and affects neuroinflammation in the spinal
cord of patients with ACA. In this regard, we developed a rat model of ACA and examined
the effects of RIS on paraplegia, neuronal damage and death, and inflammatory cytokines
in the lumbar part of the spinal cord in rats following ACA/CPR.

2. Materials and Methods
2.1. Rats, Protocol, and Groups for Experiment

Male Sprague-Dawley rats at 10 weeks of age (body weight, 310–320 g) were obtained
from the Experimental Animal Center of Kangwon National University (Chuncheon,
Republic of Korea). The rats were kept under pathogen-free conditions with suitable
temperature (about 23 ◦C) and humidity (about 60%). Freely accessible feed (DBL Co., Ltd.;
Chungbuk, Korea) and water were provided to the rats. A 12-h cycle of light and dark
was maintained.

The protocol for this experiment was approved on 18 February 2020 (approval no.,
KW-200113-1) by the Institutional Animal Care and Use Committee (IACUC). The protocol
content adhered to the guidelines, which are in compliance with the “Current International
Laws and Policies” from the “Guide for the Care and Use of Laboratory Animals” (The
National Academies Press, 8th ed., 2011) [31]. The number of the rats used in this study
was minimized, and the suffering caused by the procedures used in this experiment
was minimized.
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Rats (total n = 84) were assigned to four groups and treated as follows (Figure 1):
(1) Sham+vehicle group (n = 21), which was given identical anesthetic and sham ACA/CPR
operation, and intraperitoneally injected with vehicle; (2) ACA/CPR+vehicle group (n = 21
at each point in time), which was given ACA/CPR operation and intraperitoneally injected
with vehicle; (3) Sham+RIS group (n = 21 at each point in time), which was given sham
ACA/CPR operation and intraperitoneally injected with RIS; and (4) ACA/CPR+RIS group
(n = 21), which was given ACA/CPR operation and injected intraperitoneally with RIS. In
each group, seven rats were sacrificed at 12 h, one day and two days after ACA/CPR.
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Figure 1. Experimental timeline. The rats used in this study underwent sham or ACA/CPR followed by treatment with
vehicle or 10 mg/kg RIS. They were deeply anesthetized and sacrificed at 12 h, 1 day, and 2 days after ROSC, and their
spinal cords were used for analyses.

For reference, the original number of the rats used in this study was different (n = used
number/original number) due to the survival rate as follows: (1) Sham+vehicle group
(n = 7/7 at each time); (2) ACA/CPR+vehicle group (n = 7/9 at 12 h; n = 7/16 one day;
n = 7/164 two days); (3) Sham+RIS group (n = 7/7 at each time); (4) ACA/CPR+RIS group
(n = 7/8 at 12 h; n = 7/8 one day; n = 7/11 two days).

2.2. ACA/CPR Operation and RIS Treatment

As shown in Figure 1, ACA/CPR was performed. Each rat was anesthetized with
2.5% isoflurane (Hana Pharmaceutical Co., Ltd.; Seoul, Korea) (in 33% oxygen and 67%
nitrous oxide) and endotracheally intubated with a cannula (14-gauge) under mechanical
ventilation with 2% isoflurane (in 33% oxygen and 67% nitrous oxide). Under the anesthesia,
the right femoral artery and vein were isolated and cannulated with catheters (PE-50) to
administer drug and to monitor arterial blood pressure. During the surgery of ACA/PCR,
the body temperature in the rats was monitored using a rectal temperature probe (TR-100)
(Fine Science Tools, Foster City, CA, USA) and maintained at a normothermic condition
(37 ± 0.5 ◦C) using a thermometric blanket (Harvard Apparatus™, Holliston, MA, USA).
Two mg/kg of vecuronium bromide obtained from Reyon Pharmaceutical (Seoul, Korea)
was intravenously injected at 5 min after stabilization, and the anesthesia was stopped.
Then, the mechanical ventilation in the rats was stopped, and the endotracheal tube was
removed from the ventilator. Usually, ACA was confirmed at 3–4 min after vecuronium
bromide injection in this study. Perfect ACA was confirmed when pulseless electric activity
(PEA) was shown and mean arterial pressure (MAP) was below 25 mmHg [8,9]. ACA
was maintained for 5 min. Then, CPR was immediately initiated by an intravenous
injection of 0.005 mg/kg of epinephrine (Dai Han Pharm, Seoul, Korea) and 1 meq/kg
of sodium bicarbonate (Daewon Pharm, Seoul, Korea), and mechanical ventilation with

127



Vet. Sci. 2021, 8, 230

100% oxygen was simultaneously given. Subsequently, manual chest compressions were
performed. Namely, manual chest compression was performed at a rate of 300/min until
MAP increased to 60 mmHg, and electrocardiography was checked [8,9]. Once each rat
breathed and was hemodynamically stable, which was usually shown 1 h after ROSC,
the catheter was removed. The rat came out from the anesthesia 1 h after ROSC. For the
control of body temperature from 20 min to 6 h after ACA, any artificial maintenance for
body temperature was not conducted after ROSC while the ambient temperature (room
temperature) was kept at 24 ± 1 ◦C.

In this study, the rats of the sham group underwent the surgical procedure of ACA
without the injection of vecuronium. After the surgical procedure, the rats were placed in
cages (DBL Co., Ltd.; Chungbuk, Korea), in which aspen beds were spread on the bottom,
and they were kept in thermal incubators (Mirae Medical Industry, Seoul, Korea) at 25 ◦C
and 60% humidity. While the rats were kept in the incubators, room temperature was
maintained at 24 ± 1 ◦C. Body temperature and MAP was recorded every minute from 0 to
20 min. Thereafter, till 1 h after ACA induction, body temperature and MAP was measured
every 5 min. Especially, body temperature was recorded every 15 min from 1 to 6 h after
ACA induction.

As shown in Figure 1, vehicle or RIS (10 mg/kg) (Sigma-Aldrich, St. Louis, MO, USA)
was injected into the peritoneal cavity immediately after ACA/CPR operation. The dose of
RIS was selected based on a previous study [21]. RIS was dissolved in 0.3% Tween 80 (in
0.85% saline; NaCl w/v; Junsei Chemical Co., Ltd., Tokyo, Japan).

2.3. Assessment of Physiological Variables and Motor Function

Body weight and MAP between the groups were compared at 1 day after ROSC.
Motor function of the hind limbs was evaluated for paralysis at 1 day after ROSC using
Tarlov Scale [8]: motor deficit scoring 0, complete paralysis with no hind limb function;
1, slight movement in articulations; 2, unable to stand without support; 3, sit alone; 4, weak
walking with poor jumping; 5, normal walking.

2.4. Preparation of Histological Sections

The rats (n = 7 at each point in time) in each group were used for histopathological
staining and immunohistochemistry at 12 h, 1 day, and 2 days after ROSC. The rats were
deeply anesthetized by intraperitoneal injection of 200 mg/kg pentobarbital sodium (JW
pharm Co Ltd., Seoul, Korea) [32]. Under the anesthesia, they were transcardially rinsed
with 0.1 M phosphate-buffered saline (PBS, pH 7.4) and fixed with 4% paraformaldehyde
(in 0.1 M PB, pH 7.4) for 30 min. The lumbar parts of the spinal cords were obtained and
postfixed in the same fixative for 8 h. The lumbar spinal cords were infiltrated with 25%
sucrose (in 0.1 M PB) to be cryoprotected for 12 h. To prepare histological sections, the
spinal cord tissues were frozen in a cryostat (Leica, Wetzlar, Germany) and serially cut into
a 25-µm coronal plane.

2.5. Fluoro-Jade B (F-J B) Histofluorescence

F-J B (a fluorescent marker for cellular degeneration) histofluorescence was per-
formed to assess neuronal damage/death (loss) after ACA/CPR. In short, as described
previously [33], the spinal cord sections were immersed in 0.0004% F-J B (Histochem,
Jefferson, AR, USA) and washed. Finally, for the reaction of the F-J B, these sections were
placed on a slide warmer (about 50 ◦C).

To quantitatively analyze the death or protection of motor neurons in the ventral
horn, five sections were chosen with a 120-µm interval. F-J B-positive cells were counted
as previously described [34]. In short, F-J B-positive cells (neurons) were observed with
an epifluorescence microscope (BX53) (Olympus, Tokyo, Japan) with blue (450–490 nm)
excitation light. The images were captured with a digital camera (DP7) (Olympus, Tokyo,
Japan) connected to a PC monitor. The F-J B-positive cells were counted in 200,000 µm2

(400 µm × 500 µm) at the anterior horn. Counts of the cells were evaluated by averaging
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the total numbers obtained from 35 sections from 7 rats/group using an image analyzing
system (Optimas 6.5) from CyberMetrics (Scottsdale, AZ, USA).

2.6. Immunohistochemistry

In this study, general immunohistochemistry was carried out to examine changes
regarding the neurons, pro-inflammatory, and anti-inflammatory cytokines. For the im-
munohistochemistry, we used primary antibodies as follows: mouse anti-neuronal nuclei
(NeuN; diluted 1:1100; Cat. No., MAB377; Chemicon International, Temecula, CA, USA),
rabbit anti-TNF-α (diluted 1:1200) (Cat. No., ab66579; Abcam, Cambridge, UK), rabbit
anti-IL-1β (diluted 1:250) (Cat. No., ab2105; Abcam, Cambridge, UK), goat anti-IL-4 (di-
luted 1:200) (Cat. No. sc-1260; Santa Cruz Biotechnology, Santa Cruz, CA, USA), and goat
anti-IL-13 (diluted 1:200) (Cat. No., sc-393365; Santa Cruz Biotechnology, Santa Cruz, CA,
USA). In short, as described previously [35], the sections were incubated with each diluted
antibody for 12 h at 4 ◦C. After the sections were washed, they were reacted with biotiny-
lated horse anti-mouse (diluted 1:200) (Cat. No., BA-2001;Vector Laboratories, Burlingame,
CA, USA), goat rabbit (diluted 1:200) (Cat. No., BA-1000; Vector Laboratories, Burlingame,
CA, USA), or rabbit anti-goat IgG (diluted 1:200) (Cat. No., BA-5000; Vector Laboratories,
Burlingame, CA, USA) and, thereafter, developed by avidin-biotin complex (ABC) (diluted
1:300) (Cat. No. PK-4000; Vector Laboratories, Burlingame, CA, USA). Finally, they were
visualized with 3,3′-diaminobenzidine solution (DAB; Cat. No., D8001; Sigma-Aldrich,
St. Louis, MO, USA). The sections were identically reacted with DAB solution for 90 s at
room temperature. In addition, negative control tests for NeuN, TNF-α, IL-1 β, IL-4, and
IL-13 were performed for the specificity of each immunostaining, with pre-immune serum
instead of each primary antibody. As a result, any immunostained structures were not
shown in the tested sections.

For quantitative analysis of the number of NeuN immunoreactive motor neurons and
their change, five sections/rat were chosen with a 120-µm interval. The numbers were
counted as described in the Section 2.5.

For quantitative analysis of each immunoreactivity (TNF-α, IL-1 β, IL-4, and IL-13) in the
ventral horn, the images were taken using the above-mentioned method and analyzed as de-
scribed in our published paper [35]. Briefly, each image of the captured immunoreactivity was
evaluated as optical density (OD): the OD was obtained after transforming each immunoreac-
tive structure to mean gray level using the formula OD = log (256/mean gray level). Finally,
each OD was compared as the relative optical density (ROD): a ratio of the ROD was evaluated
as percent using Image J software (version 1.59) from NIH (Bethesda, MD, USA).

2.7. Statistical Analysis

In this study, SPSS software (version 15.0) from SPSS Inc (Chicago, IL, USA) was used
to perform all statistical analysis. We used the Kolmogorov and Smirnov test for testing
normal distributions and Bartlett test for testing the identical standard error of the means
(SEMs), and all our data passed the normality test. The statistical significances of the mean
among the experimental groups were determined by one-way analysis of variance followed
by post hoc Tukey test for all pairwise multiple comparisons. Any differences lower than
0.05 of p value were considered significant.

3. Results
3.1. Changes in Physiological Function and Body Temperature

MAP and body temperature was recorded in each group before and after ACA opera-
tion as shown in Figure 2. Before ACA, MAP and body temperature were similar to the base-
lines observed in the Sham+vehicle group. Body temperature in the ACA/CPR+RIS group
was not significantly different from that in the ACA/CPR+vehicle group (Figure 2A). Un-
der 24 ± 1 ◦C of room temperature, a significant low body (rectal) temperature (33 ± 0.5 ◦C)
in all RIS groups was detected from 1 to 2 h after ACA, which was due to RIS injection.
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Thereafter, their body temperature was spontaneously and gradually increased with inter-
mittently shivering to 37 ± 0.5 ◦C (Figure 2B).
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after ACA. a, inducing ACA; b, maintaining ACA condition; c, conducting CPR; d, confirming ROSC. The bars indicate
the means ± SEM (n = 7).

3.2. Survival Rate and Motor Deficit Score

The survival rate in the ACA/CPR+vehicle and ACA/CPR+vehicle groups was
recorded by Kaplan-Meier analysis for 2 days after ACA/CPR (Figure 3A). In all sham
groups, all rats survived (Figure 3A). In the ACA/CPR+vehicle group, the survival rate
gradually reduced with time after ACA/CPR, showing 65.3% at 1 day and 4.3% at 2 days
after ROSC (Figure 3A). In the ACA/CPR+RIS group, however, the survival rate was
significantly high compared with that in the ACA/CPR+vehicle group, showing 92.4% at
1 day and 67.9% at 2 days after ACA/CPR (Figure 3A).

Hind limb motor deficit (paralysis) was evaluated with the Tarlov score at 1 day after
ACA/CPR (Figure 3B). The rats of the Sham+vehicle group revealed normal function in
their hind limbs. In the ACA/CPR+vehicle group, the score was significantly low (average
0.8 point) compared with that in the Sham+vehicle group (average 4.1 point) (p < 0.01).
In the ACA/CPR+RIS group, however, motor function was significantly better (average
2.9 point) than that in the ACA/CPR+vehicle group (p < 0.05).

3.3. Neuroprotection by RIS
3.3.1. NeuN Immunoreactive Neurons

We examined neuronal damage/loss in the ventral horn of the lumbar part in the
spinal cord after ACA/CPR using immunohistochemistry with NeuN: NeuN is well used
to detect neuronal nucleus damage (Figure 4). In the Sham+vehicle and Sham+RIS groups,
neurons in the anterior horn, which are called motor neurons, were well stained with NeuN
in their nuclei (Figure 4A(a,b,e,f)). In the ACA/CPR+vehicle group, a few neurons stained
with NeuN (NeuN+ neurons) were shown in the anterior horn at 2 days after ACA/CPR
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(Figure 4A(c,g)). The mean percentage of NeuN+ neurons, in this group, was 24.6%
of that in the Sham+vehicle group (Figure 4C). However, in the ACA/CPR+RIS group,
many NeuN+ neurons were found at 2 days after ACA/CPR (Figure 4A(d,h)), revealing
that the mean percentage of the motor neurons was 91.7% of that in the Sham+vehicle
group (Figure 4C).
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cord of the Sham+vehicle (a,e), Sham+RIS (b,f), ACA/CPR+vehicle (c,g), and ACA/CPR+RIS (d,h) groups at 2 days after
ACA/CPR. The middle panels are high magnified images for the squares in the upper panels. In the ACA/CPR+vehicle
group, NeuN+ neurons are rarely shown (asterisk) in the ventral horn (VH). However, many NeuN+ cells are shown in
the ACA/CPR+RIS group. DH, dorsal horn. Scale bar = 200 (a–d) and 100 (e–h) µm. (B) F-J B histofluorescence in the
ventral horn of the Sham+vehicle (a), Sham+RIS (b), ACA/CPR+vehicle (c), and ACA/CPR+RIS (d) groups at 2 days after
ACA/CPR. In the ACA/CPR+vehicle group, many F-J B+ cells (arrows) are shown, but the numbers of F-J B+ cells are
decreased in the ACA/CPR+RIS group. Scale bar = 400 µm (A) and 100 µm. (C,D) Quantitative analyses of NeuN+ (C) and
F-J B+ cells (D) in the VH. The bars indicate the means ± SEM (n = 7; * p < 0.05 vs. Sham+vehicle group; † p < 0.05 vs.
ACA/CPR+vehicle group).
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3.3.2. F-J B-Positive Cells

The neuroprotection by RIS from ACA/CPR in the ventral horn was analyzed by
F-J B histofluorescence: F-J B is an excellent marker for detection of dead cells (neurons)
(Figure 4B). No F-J B-positive (F-J B+) cells were found in the Sham+vehicle and Sham+RIS
groups (Figure 4B(a,b)). In the ACA/CPR+vehicle group, many F-J B+ cells were found
in the anterior horn at 2 days after ACA/CPR (Figure 4Bc,D). In the ACA/CPR+RIS
group, the numbers of F-J B+ cells were significantly decreased at 2 days after ACA/CPR
(Figure 4Bd), showing that the mean percentage of the F-J B+ cells was 12.1% of that in the
ACA/CPR+vehicle group (Figure 4D).

3.4. Decreased Pro-Inflammatory Cytokines by RIS
3.4.1. TNF-α Immunoreactivity

TNF-α immunoreactivity shown in the Sham+vehicle group was shown in the motor
neurons located in the anterior horn (Figure 5Aa). In the ACA/CPR+vehicle group, TNF-
α immunoreactivity was gradually enhanced until 1 day after ACA, showing that the
ROD of TNF-α immunoreactivity at 12 h and 1 day after ACA/CPR was 183.5% and
211.9%, respectively, compared with that in the Sham+vehicle group (Figure 5A(b,c),B).
Thereafter, TNF-α immunoreactivity was decreased, but the ROD was 150.1% of that in the
Sham+vehicle group (Figure 5Ad,B).
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the ventral horn of the Sham+vehicle (a), ACA/CPR+vehicle (b–d), Sham+RIS (e), and ACA/CPR+RIS (f–h) groups at 12 h,
1 day, and 2 days after ACA/CPR. In the ACA/CPR+vehicle group, TNF-α and IL-1β immunoreactivities are significantly
increased from 12 h after ACA/CPR. However, in the ACA/CPR+RIS group, immunoreactivities of TNF-α and IL-1β
are significantly low compared with that shown in the ACA/CPR+vehicle group. VH, ventral horn. Scale bar = 100 µm.
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In the Sham+RIS group, TNF-α immunoreactivity in the ventral horn was similar
to that in the Sham+vehicle group (Figure 5Ae,B). In addition, in the ACA/CPR+RIS
group, TNF-α immunoreactivity in the anterior horn showed no difference from that in the
Sham+vehicle group (Figure 5A(f–h),B).

3.4.2. IL-1 β Immunoreactivity

In the Sham+vehicle group, IL-1β immunoreactivity was weakly shown in the motor
neurons (Figure 5Ca). In the ACA/CPR+vehicle group, IL-1β immunoreactivity at 12 h,
1 day, and 2 days after ACA/CPR was intensely increased, showing that the ROD was
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224.4%, 305.3, and 237.1%, respectively, compared with that in the Sham+vehicle group
(Figure 5B(b–d),C).

In the Sham+RIS group, IL-1β immunoreactivity in the lumbar ventral horn was not
significantly different from that found in the Sham+vehicle group (Figure 5Be,D). In the
ACA/CPR+RIS group, IL-1β immunoreactivity was gradually enhanced after ACA, but the
ROD at each point in time was significantly lower (41.2%, 45.4%, and 23.5%, respectively)
than that in the ACA/CPR+vehicle group (Figure 5D).

3.5. Increased Anti-Inflammatory Cytokines by RIS
3.5.1. IL-4 Immunoreactivity

IL-4 immunoreactivity in the ventral horn of the Sham+vehicle group was shown in
the motor neurons (Figure 6Aa). In the ACA/CPR+vehicle group, IL-4 immunoreactivity
was dramatically and gradually decreased after ACA/CPR, showing that the ROD at 12 h,
1 day, and 2 days after ACA/CPR was 68.3%, 47.1%, and 31.3%, respectively, compared
with that found in the Sham+vehicle group (Figure 6A(b–d),B).
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In the Sham+RIS group, IL-4 immunoreactivity in the lumbar ventral horn was similar
to that shown in the Sham+vehicle group (Figure 6Ae,B). In the ACA/CPR+RIS group, IL-4
immunoreactivity in the anterior horn was maintained after ACA/CPR (Figure 6A(f–h),B).

3.5.2. IL-13 Immunoreactivity

In the ventral horn of the Sham+vehicle group, IL-13 immunoreactivity was also found
in the motor neurons (Figure 6Ba). IL-13 immunoreactivity in the ACA/CPR+vehicle group
was dramatically and gradually decreased after ACA/CPR (RODs: 81.7% at 12 h, 60.9%
at 1 day, and 34.5% at 2 days after ACA/CPR) compared with that in the Sham+vehicle
group (Figure 6B(b–d),D).

In the Sham+RIS group, IL-13 immunoreactivity in the ventral horn was not differ-
ent from that shown in the Sham+vehicle group (Figure 6Ce,D). In the ACA/CPR+RIS
group, IL-13 immunoreactivity in the anterior horn was also maintained after ACA/
CPR (Figure 6C(f–h),D).
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4. Discussion

Generally, the spinal cord is prominently susceptible to ischemic insults owing to
diverse circulatory abnormalities [36–38]. In addition, the vulnerability and sensitivity of
the spinal cord after ACA/CPR are completely different from those of the brain. In
particular, the time course of cell death in the ischemic spinal cord is different from
that in the ischemic brain after ACA/CPR [39]. This difference may be because much
energy is required for the extensive activity of the motor neurons located in the anterior
horn of the spinal cord [36]. It has been reported that thoracic aortic occlusion-induced
spinal cord ischemia leads to neuronal damage in the ventral horn of the lumbar spinal
cord from one day after spinal cord ischemia in rats [40]. In a rat model of ACA/CPR,
neuronal death (loss) in the anterior horn in the lumbar part of the spinal cord occurs at
one day after ACA/CPR [9]. In addition, Ahn et al. [10] recently reported that neuronal
death in the central nervous system (CNS) autonomic control center (myelencephalon
and thoracolumbar division of the spinal cord) occurred very early compared to the other
CNS divisions after ACA/CPR in rats. In our current study, we found that ventral motor
neurons at the level of the lumbar spinal cord were dead at two days after ACA/CPR in
rats. These results indicated that the time course of neuronal damage/death in the CNS
following global ischemia in the whole body (i.e., ACA) must be different according to the
regions of the brain and spinal cord and that the spinal cord has a higher vulnerability
to transient ischemia than the brain. In short, spinal cord damage following ACA/CPR
occurred much faster than brain damage.

Hind-limb paralysis is one of the main disorders after ACA/CPR [8,9]. Duggal
and Lach [39] reported that selective vulnerability of the lumbosacral part of the spinal
cord was shown in patients with ACA/CPR and hypotension. Experimental studies on
ischemic spinal cord injury have been conducted using animal models with aortic disease
or local vascular change [40–42]. In a rabbit model of spinal cord ischemia, which is simply
produced by occlusion of the spinal arteries that have no collateral circulation, paraplegia
occurs when motor neurons in the lumbar spinal cord are damaged or dead after ischemic-
reperfusion injury [43], and the death of motor neurons in the lumbar spinal cord is shown
within one day after ischemia-reperfusion [44–46]. In our current study using a rat model
of ACA/CPR, paralysis in the hind limbs was seen one day after ACA/CPR, and most
motor neurons located in the anterior horn were not seen two days after ACA/CPR. Taken
together, we suggest that paraplegia following ACA/CPR might occur with motor neuron
damage or death because normal motor nerve fibers (general somatic efferent) via the
spinal nerves cannot innervate muscles of the limbs [47].

For several decades, RIS, as a selective monoaminergic antagonist, has been widely
used for the treatment of schizophrenia [17,18]. In addition, RIS has been reported to
induce hypothermia [19,21,48]. It has been reported that hypothermia can display neuro-
protection and improve damaged outcomes in experimental animal models of spinal cord
and brain injury [49]. However, few data concerning the effects of hypothermia against
spinal cord injury after ACA have been accumulated. In this regard, we examined the
effect of RIS on motor deficits in the hind limbs and its related neuronal vulnerability in
the spinal cord following ACA/CPR in rats. It was reported that RIS treatment after brain
transient ischemia induced hypothermia within 30 min and lasted for four hours and that
hypothermia displayed effective protection against the death of hippocampal neurons
induced by transient brain ischemia by attenuating glial activation and maintaining an-
tioxidant enzymes [21]. In our present study, the effects of RIS-induced hypothermia on
spinal cord injury after ACA/CPR in rats were investigated, and, as expected, RIS-induced
hypothermia significantly improved paraplegia and alleviated the damage/death (loss) of
ventral motor neurons at two days after ACA/CPR. These results strongly suggest that RIS
treatment after ACA improves neurological dysfunction by attenuating the damage of the
ventral motor neurons in patients with spinal cord injury from ACA.

Over the past few years, a body of evidence has stressed the roles of inflammation
in the pathophysiology of acute brain ischemia [50]. Cytokines include many groups of
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inflammatory mediators, and they act as signaling molecules to control inflammation and
to induce positive or negative effects on neuronal survival [51]. It is well known that
pro-inflammatory cytokines are involved in the amplification of inflammatory reactions
and contribute to the pathogenesis of neurological disorders, whereas anti-inflammatory
cytokines are decisively involved in resolving inflammation through downregulating the
production of pro-inflammatory cytokines [52].

Some studies showed the anti-inflammatory properties of RIS in an in vivo and in vitro
model. MacDowell K.S. et al. [53] demonstrated the anti-inflammatory effect of RIS. In
detail, a single administration of RIS regulated various factors that triggered advanced
inflammatory responses, such as the expression of inflammatory cytokines (interleukin
(IL)-1β and tumor necrosis factor (TNF)-α) following lipopolysaccharide (LPS)-induced
inflammation in the frontal cortex of rat brains. Additionally, a precedent study showed
that RIS suppressed the production of pro-inflammatory cytokines and decreased the
level of inducible NO synthase (iNOS), which are secreted by reactive microglia using a
microglial cell line [54]. In this study, the immunoreactivity of pro-inflammatory cytokines
(TNF-α and IL-1β) in the ventral horn of the ACA/CPR+vehicle group was increased with
time after ACA/CPR, but, in the ACA/CPR+RIS group, the immunoreactivity of TNF-α
and IL-1β was significantly lower than that in the ACA/CPR+vehicle group. It has been
found that TNF-α and IL-1β are activated in the brains of animal models of transient brain
ischemia as mediators in response to ischemic injury [55–57]. TNF-α and IL-1β play critical
roles in post-ischemic inflammatory injury in the spinal cord [58–60]. Hasturk et al. [58]
concluded that serum TNF-α and IL-1β levels significantly increased after spinal cord
ischemia-reperfusion injury accompanied by tissue damage. In rat models of spinal cord
ischemia-reperfusion injury, increased levels of cytokines induced by ischemic injury
were observed to be associated with the deterioration of motor function and histological
damage in the spinal cord [61] and TNF-α levels were significantly increased within 1.5 h,
and peaked 3 h after ischemic injury [62]. In a swine model of spinal cord ischemia-
reperfusion injury, TNF-α levels were significantly increased from 6 to 24 h after ischemic
injury [63]. Additionally, IL-1 expression was significantly increased in the spinal cord 6
and 36 h following ischemic-reperfusion injury in mice [64]. Taken together, we suggest
that pro-inflammatory cytokines might contribute to cell death in the spinal cord following
ischemia-reperfusion injury. In addition, our current findings indicate that RIS treatment
after ACA/CPT induces hypothermia and prevents the abnormal expressions of TNF-α
and IL-1β in the ischemic spinal cord.

In our current study, significant decreases in the immunoreactivity of anti-inflammatory
cytokines (IL-4 and IL-13) were observed in the anterior horn cord in the lumbar spinal cord
after ACA/CPR. However, IL-4 and IL-13 immunoreactivity in the ACA/CPR+RIS group
was not reduced compared to that in the sham+vehicle group. It was demonstrated that the
sustained or increased expression of endogenous anti-inflammatory cytokines (IL-4 and IL-13)
contributed to neuronal survival from ischemia-reperfusion injury in the gerbil hippocampus
after transient forebrain ischemia [65,66]. Additionally, some studies showed that IL-4 and
IL-13 suppressed the expression and production of pro-inflammatory cytokines (TNF-α
and IL-1β) in the spinal cord of animal models of spinal cord ischemia [67,68]. Therefore,
taken together, the findings suggested that the maintained expression of anti-inflammatory
cytokines in the ACA/CPR+RIS group may contribute to the protection of motor neurons
from ACA injury.

5. Conclusions

In brief, our present findings showed that RIS treatment after ACA/CPR induced
hypothermic conditions, significantly reduced mortality, and attenuated hind-limb paral-
ysis. In addition, neuronal damage/death (loss) in the ventral horn of the lumbar spinal
cord was ameliorated. These might be associated with the significant decreases of pro-
inflammatory cytokines and the maintenance of anti-inflammatory cytokines, which might
be induced by the hypothermic condition induced by RIS treatment. Taken together, we
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suggest that immediate post-treatment with RIS after ACA can be utilized as a novel
therapeutic approach of patients with ACA.
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Abstract: Xenografts can grow in immunosuppressed hosts, such as SCID mice, and tumor material
can be injected into hosts either ectopically or orthotopically. Choosing the correct model to use
is a crucial step in animal research. The aim of this study was to report the differences between
ectopic and orthotopic xenografts in tumor progression, metastasis capacity, histological features,
and steroid hormone profiles in xenografts from the cIMC (canine inflammatory mammary cancer)
cell line IPC-366 and hIBC (human inflammatory breast cancer) cell line SUM149. To achieve this
purpose, 40 female mice 6–8 weeks old were inoculated with IPC-366 and SUM149 cells subcuta-
neously (ectopic models) or into mammary fat pad (orthotopic models). Mice were monitored for
tumor progression and appearance of metastases, and generated tumors were analyzed in terms of
histological examination and steroid hormone production. The results revealed differences in tumor
appearance and percentage of metastasis between ectopic and orthotopic models, which were higher
in the ectopic xenografts from both cell lines. However, both models had similar characteristics of
tumor progression, histological features, and steroid hormone secretion profiles. We show that the
ectopic model can be validated as a good and useful model of tumor development in addition to, not
contrary to, the orthotopic model in breast cancer research.

Keywords: xenograft; ectopic; orthotopic; hIBC; cIMC

1. Introduction

Human and canine inflammatory breast cancer are the most aggressive mammary
neoplasms that affects women [1–3] and female dogs [4,5]. hIBC accounts for around 6%
of human breast cancer diagnoses, presenting poor survival in women, and cIMC is more
prevalent than hIBC (approximately 7.6%) [1,4,6]. These diseases are characterized by the
invasion of dermal lymphatic vessels by neoplastic cells, which blocks lymph drainage
and causes the characteristic edema [1,4,7]. In addition, this type of cancer is highly
angiogenic and angioinvasive in both species [1,8–10]. Canine inflammatory mammary
cancer has been suggested as the best spontaneous animal model for the study of human
disease [1,5]. Several human inflammatory breast cancer cell lines have been established
in order to study the in vitro mechanisms of this special type of breast cancer such as
SUM149 [11–13]. Recently, the IPC-366 cell line, the first canine inflammatory mammary
cancer triple-negative cell line, has been established and characterized [1,14].

Animal models developed for the study of human breast cancer have been useful
tools for refining our understanding of breast cancer progression and metastasis [15–17].
Recently, xenografts for cIMC have been established [18]. In general, rodents, such mice,
are being used for these studies because they are small in size, breed readily, and can
be genetically modified [19]. The advantages of using xenografts are that many of these
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models are reproducible, are readily available, and a sufficient number can be used in
studies to generate valid statistics. The disadvantages are that these models are costlier to
run, the stromal component of the tumors is rodent, the hosts are immunodeficient, and
most of the time the tumors are grown in a non-natural site [20].

Xenografts can grow in immunosuppressed hosts, such as athymic mice (nu/nu),
severe combined immunodeficiency (NOD-SCID, NSG, or HuNSG) mice, or humanized
mice, and tumor material can be injected into the host either ectopically (via subcuta-
neous injection, among others) or orthotopically (inoculation at the site of the primary
tumor) [16,17,19]. In breast cancer research, ectopic xenografts are usually performed via
subcutaneous and intravenous injections, and orthotopic ones by injecting cancer cells into
the mice mammary fat pads [16,17].

Ectopic xenograft models are simple to perform and reproducible and result in a
homogeneous tumor histology and growth rate. Accordingly, this type of xenograft is
widely used in anticancer drug research [17,19]. In orthotopic xenograft models, the grafted
tumor grows in the tissue of origin of the primary tumor. However, complex surgeries are
often needed, leading to a limited number of mice used [17,19,20].

In breast cancer research, orthotopic models are the most widely used model. These
xenografts better recapitulate the location of the disease and therefore better mimic human
cancerous disease [21]. The mammary fat pad is considered the stromal microenvironment
of the mammary gland [22], so the inoculation of cancer cells in this component is more
similar to human mammary disease [21]. The disadvantages of using this model are that
it requires surgery and the number of animals is limited. Another of the models used in
breast cancer research is the ectopic model in which cancer cells are injected generally
subcutaneously in the mammary chain. The two research models are valid, however, there
is little literature on the differences between the two models in breast cancer.

Normal and neoplastic mammary glands are considered endocrine tissues due to the
local biosynthesis of steroid hormones [23]. Several studies have shown a strong association
between elevated levels of circulating estrogens and their metabolites with an increased
risk of developing breast cancer [24]. Furthermore, data from in vitro studies suggest that
androgens may also exert antiproliferative and apoptotic effects [25].

Recent studies have shown that the hormonal tumor environment is crucial for tu-
mor development and progression [1]. In addition, male and female mice are capable of
reproducing tumors, and their levels of intratumoral hormones will influence tumor pro-
gression [1,25]. Therefore, the form of inoculation of tumorigenic material could determine
the hormonal microenvironment of the tumor.

This report describes two xenograft models from the hIBC cell line (SUM149) and
cIMC cell line (IPC-366). Ectopic and orthotopic xenografts were performed to observe the
differences between the two injections in terms of tumor growth, histology, and hormone
secretion. Furthermore, this study intended to demonstrate that IMC could be a good
animal model for the study of human disease by presenting similarities in tumor growth
progression in vivo.

2. Materials and Methods
2.1. Cell Culture

Canine triple-negative inflammatory mammary carcinoma cell line IPC-366 was ob-
tained from the Department of Physiology of the Veterinary Medicine School of the Com-
plutense University of Madrid (established and characterized in our laboratory [14]).
IPC-366 was cultured in Dulbecco’s modified Eagle medium/nutrient mixture F-12 Ham
(DMEM/F12) containing 5% fetal bovine serum, 1% L-glutamine, and 1% antibiotic-
antimycotic. The human triple-negative inflammatory breast cancer cell line SUM149
was obtained from Asterand, Inc. (Detroit, MI, USA), (RRID: CVCL_3422). SUM149
was cultured in Ham’s F12 (Thermo Fisher Scientific, Madrid, Spain) supplemented
with 5% fetal bovine serum, 5 µg/mL insulin, 1 µg/mL hydrocortisone, and antibiotic-
antimycotic (Sigma Aldrich, Madrid, Spain). All cell lines were maintained in a humidified
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atmosphere of 5% carbon dioxide at 37 ◦C. Cell culture was observed daily via phase-
contrast microscopy.

2.2. Animals

Forty 6-to-8-week-old female NOD.CB-17-Prkdc scid-RJ mice were used in this study.
The animals were housed in flexible-film isolators (Janvier Labs, Madid, Spain) in cages
(1–2 animals per cage) in a room with controlled environmental conditions (20–22 ◦C,
50–55% relative humidity, 10–15 air changes per hour, 12 h/12 h light/dark cycle). Food
and water, previously sterilized, were provided ad libitum. The required sample size
needed to simultaneously compare the normal means of the groups was determined using
the sample size determination module of the Statgraphics Centurion XVI statistical package
(Statpoint Technologies Inc., Warrenton, VA, USA). Animals were anesthetized prior to all
procedures with isoflurane at 4% for induction and 1.5% to maintain sedation, supplied
in a fresh gas flow rate of 0.5 L oxygen/minute, and were observed until fully recovered.
Animals were sacrificed using a lethal dose of isoflurane.

Clinical and experimental protocols of this study were approved by the Institutional
Animal Care and Use Committee of Complutense University of Madrid, Spain (number:
Proex 31/15). All procedures were completed in accordance with the Guide for the Care
and Use of Laboratory Animals and conformed to the relevant EU Directive.

2.3. Cell Injections

A suspension of 106 IPC-366 and SUM149 cells was implanted subcutaneously (ectopi-
cally) into the fourth inguinal mammary gland or orthotopically into the fourth mammary
fat pad (both n = 20, 10 IPC-366 and 10 SUM149). For orthotopical injections, animals were
anaesthetized with isoflurane at 4% and an incision was made medial to the nipple. In
order to expose the mammary gland, a cotton swab was used and cell suspension was
injected directly into the mammary fat pad with a syringe and a 26-G needle. The wound
was closed with a stapled suture.

Mice were inspected twice a week for the development of tumors. When tumors were
detected, they were monitored weekly by palpation and measured using calipers. The great-
est longitudinal diameter (length) and greatest transverse diameter (width) were measured.
Tumor volume was estimated using the formula: volume = (length × width2)/2 [26]. When
tumors reached a volume of 1.5 cm3 (endpoint), blood samples were obtained intracardially
and collected in heparin-coated tubes. Prior to this procedure, animals were anaesthetized
with isoflurane at 4% for induction and 1.5% to maintain sedation, supplied at a fresh
gas flow rate of 0.5 L oxygen/minute. After blood collection, animals were euthanized
using a lethal dose of isoflurane. Tumors were harvested at necropsy for subsequent analy-
sis. The appearance of metastasis at the lung and liver were determined macroscopically
at necropsy.

The collected tumors were divided into 2 fragments: one fragment for hitological
examination was fixed in 4% paraformaldehyde and then embedded in paraffin, and the
other fragment was frozen (−20 ◦C) for hormonal studies.

2.4. Histopathology and Immunohistochemistry

Tumors were histopathologically characterized on HE-stained sections following
the routine method for histological description of neoplasms [5]. Immunohistochemi-
cal characterization of estrogen and progesterone receptors (ER, Ref. M7047, Dako; PR,
Ref. 790-2223, Ventana, Oro Valley, AZ, USA) and human epidermal receptor-2 (HER-2,
Ref. A0485, Dako, Santa Clara, CA, USA) was performed. Paraffin sections were placed
in a PT module, heated for 20 min at 95 ◦C, and cooled down to 60 ◦C. Then, slides were
rinsed in warm tap water and placed in an automatic immunostainer device (Lab Vision
Corp., Fremont, CA, USA) for immunohistochemistry using a peroxidase detection system.
After immunostaining, the slides were counterstained with hematoxylin and permanently
mounted with Depex. Corresponding negative control slides were prepared by replacing
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the primary antibody with nonreactive antibody. Slides from human and canine mammary
tumors with previously demonstrated reactivity to the primary antibody and tissue internal
controls were used as positive controls [5].

For estrogen receptor, progesterone receptor, and HER-2 evaluation, 3+ positive
scoring was considered, following the recommended guidelines of the American Society of
Cancer Oncology (ASCO).

2.5. Steroid Determination in Serum, and Tumor Homogenates

For tumor homogenates, a total of 0.5 g of tumor collected at necropsy was homoge-
nized in phosphate-buffered saline (PBS; pH 7.2) and centrifugated at 1200× g for 20 min
at 4 ◦C. Supernatants were collected, aliquoted individually, and frozen at −80 ◦C until
hormones were assayed. Blood samples were centrifugated at 1200× g for 20 min 4 ◦C,
and the serum was separated and stored frozen at −20 ◦C before being assayed.

The hormones evaluated in this study were progesterone (P4), dehydroepiandros-
terone (DHEA), androstenedione (A4), testosterone (T), dihydrotestosterone (DHT), estrone
sulfate (E1SO4), and 17beta-estradiol (E2). The antibodies used were P4 (C914), A4 (C9111),
T (R156), E1SO4 (R522-2), and E2 (C6E91). The antibodies were developed in the De-
partment of Physiology (UCM, Madrid, Spain). DHEA and DHT determinations were
performed using a commercially available EIA kit (Demeditech Diagnostic GmbH, Kiel,
Germany) following the manufacturer’s instructions.

Determined steroid hormones in tumor homogenates were assayed using previously
validated competitive enzyme-linked immunosorbent assay (ELISA), and an amplified
ELISA was used for blood samples [26]. Briefly, 96-well flat-bottom medium-binding
polystyrene microplates (Greiner Bio-One, Madrid, Spain) were coated with the appropriate
purified antibody dilution overnight at 4 ◦C. Afterward, for competitive ELISA, plates
were washed and standards and tumor homogenate samples were diluted in working
solution (CWS) and analyzed in duplicate. Plates were incubated at room temperature
for 2 h. For amplified ELISA, standards and serum samples were added in duplicate and
incubated overnight at 4 ◦C, then CWS was added to each well and incubated for 4 h
at room temperature. For both ELISAs, after conjugate incubation plates were washed,
to evaluate the amount of labelled steroid hormones, Enhanced K-Blue TMB substrate
(Neogen, Lexington, KY, USA) was added to each well and incubated for an additional
15 min at room temperature. Finally, colorimetric reaction was stopped via the addition
of 10% H2SO4 to each well. Absorbance was read at 450 nm using an automatic plate
reader. Hormone concentrations were calculated by means of software developed for this
technique (ELISA AID, Eurogenetics, Brussels, Belgium). A standard dose-response curve
was constructed by plotting the binding percent (B/B0 × 100) against each steroid hormone
standard concentration. All hormone concentrations were expressed in ng/g for tumor
homogenates and ng/mL for serum samples.

2.6. Statistics

The statistics software used for data analysis was SAS 9.4 (UCM, Madrid, Spain).
The results were expressed as means ± SD. For tumor progression analysis (time of
palpable tumor, % of tumor engraftment, time of 1.5 cm3 volume (edpoint days), and
% of animals with metastasis) and hormone determination to compare both cell lines
(IPC-366 and SUM149) in each group, the one way ANOVA and Mann-Whitney rank-sum
tests were performed. In all statistical comparisons, p < 0.05 was accepted as denoting
significant difference.

3. Results
3.1. Differences in Tumor Appearance Time According to the Manner of Cell Injection

IPC-366 and SUM149 cells were injected ectopically and orthotopically in female SCID
mice to observe if there were differences in tumor growth (Table 1, Figure 1). When IPC-366
cells were injected subcutaneously, all mice (100%) reproduced a tumor that was palpable
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approximately 2 weeks after injection (16.64 ± 1.72 days). When cells were injected into MFP,
70% of mice reproduced a tumor approximately 3 weeks after injection (21.40 ± 3.71 days).
However, these differences were not statistically significant.

Table 1. Tumor growth parameters of IPC-366 and SUM149 cell lines in ectopic and orthotopic models.

Cell Line Injection % of Tumor
Engraftment

Time of Palpable
Tumor (Days)

Time of 1.5 cm3 Volume
(Edpoint, Days)

% of Animals
with Metastasis

IPC-366 (n = 20)
Ectopic (n = 10) 100% 16.64 ± 1.72 42.02 ± 2.35 90%

Orthotopic (n = 10) 70% 21.40 ± 3.71 49.81 ± 2.21 * 40% *

SUM149 (n = 20)
Ectopic (n = 10) 80% 26.82 ± 2.19 a 53.40 ± 4.86 a 80%

Orthotopic (n = 10) 70% 30.35 ± 3.47 51.46 ± 3.67 60%

* p < 0.05; significant differences between ectopic and orthotopic models on each cell line. a; significant differences (p < 0.05) between
cell lines.
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Figure 1. Tumor growth progression in ectopic and orthotopic models. The two injection models of both cell lines showed a
fast pattern of tumor growth progression. Bar represents means ± SD * p < 0.05; significant differences between ectopic
and orthotopic models on each cell line. a; significant differences (p < 0.05) between cell lines in each group (ectopic
and orthotopic).

Approximately 4 weeks after injection, with SUM149 cells injected subcutaneously,
80% of mice reproduced a tumor (26.82 ± 2.19 days), and with cells injected into the MFP,
70% of mice reproduced a tumor (30.35 ± 3.47 days), and there was no significant difference
in the time palpable tumors were found between the 2 groups.

Regarding differences between cell lines, ectopic injection of IPC-366 resulted in
significantly earlier tumor appearance (p < 0.05) than SUM149. However, with orthotopic
injections no significant differences were found between the two cell lines.

3.2. Tumor Progression in Ectopic and Orthotopic Models

After the emergence of tumors, their progression was monitored to observe if there
were differences between ectopic and orthotopic models. Tumor progression with IPC-366
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and SUM149 cell lines was similar (Figure 1). Both cell lines exhibited rapid growth in vivo,
reaching a volume of 1500 mm3 approximately 6–8 weeks after injection; it was significantly
earlier in the IPC-366 ectopic model (p < 0.05), which reached final volume 6 weeks after
injection (Table 1).

3.3. Occurrence of Metastasis According to the Manner of Cell Injection

These two models developed spontaneous distant metastases (Table 1). No significant
differences were found between cell lines in the two models of injection. However, dif-
ferences in the incidence of metastasis in IPC-366 were found between ectopic (90%) and
orthotopic (40%) models, the appearance of metastases in the ectopic model being greater.

3.4. Histological Characteristics of Ectopic and Orthotopic Models

The histological examination of tumors from ectopic models revealed highly infiltrat-
ing, poorly demarcated, unencapsulated, densely cellular neoplastic growth extending
into the adjacent dermis (Figure 1, inset) and striated muscle. Similarly, in the orthotopic
models, both IPC-366 and SUM149 xenotransplanted mice had infiltrating, unencapsulated,
and densely cellular masses infiltrating the adjacent adipose tissue and compressing the
adjacent skin. In both orthotopic and ectopic xenografts, neoplastic cells were arranged in
solid masses separated by a scant fibrovascular stroma. The neoplastic cells were medium
size, round to oval, with indistinct cell borders and a moderate eosinophilic cytoplasm.
The nucleus was medium to large, round to oval, with stippled chromatin, and one to two
magenta nucleoli were evident. Anisocytosis and anisokaryosis were marked, the mitotic
index was very high, and atypical mitoses were frequently observed (Figure 2).

In addition, some neoplastic cells presented morphological features of endothelial-like
cells (ELCs): a rim of elongated, encircled cytoplasm that displaced an elongated nucleus
to the periphery was a common finding, suggesting the presence of vasculogenic mimicry
(Figure 2).

The presence of emboli in dermal capillaries and marked dermal edema, character-
ized by colorless spaces that separated dermal collagen fibers, confirmed the histological
characteristics of inflammatory mammary carcinoma.

No morphological differences were found between IPC-366 and SUM149 in both
orthotopic and ectopic xenografts, so IPC-366 can be considered a good model compared
with its human counterpart SUM149 cell line.

Tumors generated by IPC-366 and SUM149 cell lines have common characteristics on
the expression of ER, PR, and HER2 and were found to be negative in both ectopic and
orthotopic xenografts (Table 2).

Table 2. Estrogen receptor (ER), Progesterone receptor (PR), and human epidermal growth factor
receptor 2 (HER-2) expression on ectopic and orthotopic xenografts from IPC-366 and SUM149
cell lines.

Receptor IPC-366
Ectopic

IPC-366
Orthotopic

SUM149
Ectopic

SUM149
Orthotopic

ER Negative Negative Negative Negative

PR Negative Negative Negative Negative

HER-2 Negative Negative Negative Negative
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characteristics of inflammatory mammary carcinoma. 

No morphological differences were found between IPC-366 and SUM149 in both or-
thotopic and ectopic xenografts, so IPC-366 can be considered a good model compared 
with its human counterpart SUM149 cell line. 
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Figure 2. IPC-366 and SUM149 xenotransplanted mice, paraffin sections, H-E. (A) IPC-366 ectopic xenotransplanted mice.
Neoplastic cells arranged in solid masses separated by a scant fibrovascular stroma infiltrating the adjacent dermis (inset:
neoplastic cells infiltrating adjacent dermis). (B) IPC-366 orthotopic mice. Unencapsulated and densely cellular mass
extending into the adjacent adipose tissue. (C,D) Ectopic and orthotopic IPC-366 xenotransplanted mice. Tumors are
composed of highly pleomorphic cells with marked anisocytosis and anisokaryosis. Binucleated cells are commonly seen
(arrow). (E,F) Ectopic and orthotopic SUM149 xenografted mice. Solid tumors infiltrate the dermis and adipose tissue. No
histological differences were found between the types of SUM149 xenografts. (G) Orthotopic SUM149 xenograft. Medium to
large round cells with a moderate eosinophilic cytoplasm and large nuclei with one or more evident nucleoli. (H) Orthotopic
SUM149 xenograft. Presence of neoplastic cells with an elongated and empty cytoplasm that displaced the nuclei to the
periphery, suggestive of endothelial-like cells (ELCs) (arrow). Atypical mitoses were frequently seen (arrowhead).

3.5. Similar Steroid Hormone Secretion in Ectopic and Orthotopic Models

Figure 3 shows the results of the concentrations of steroid hormones studied (P4,
DHEA, A4, T, DHT, E1SO4, and E2), in both serum and tumor homogenate.

No significant differences in the plasma and intratumoral hormonal levels of the
human and canine inflammatory carcinoma cell lines (SUM149 and IPC-366) were observed,
nor are there differences depending on the type of inoculation (orthotopic or ectopic).
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4. Discussion

Animal models of human breast cancer are valuable in cancer research for understand-
ing the pathophysiology of cancer, including new target identification [16]. In general,
tumor development in murine models is faster and more homogeneous. In the early 1970s,
it was demonstrated that human tumor tissues could be successfully grown in athymic
nu/nu mice, leading to ectopic tumor xenografts becoming a valuable approach to the
study of cancer biology [16,17,19,20]. Nowadays, specific types of tumor models in rodents
include ectopic xenografts of tumor-derived cell lines and orthotopic xenografts in which
tumor cell lines are implanted into the primary tumor source [16,17,19].

The choice of the type of implantation of tumor cells is a critical step in cancer re-
search, and a comparative study of these models is needed. In tumor models, the murine
microenvironment affects the efficiency of engraftment, the rate of tumor growth, and their
ability to metastasize [17,19,20,27]. Many breast cancer cell lines have the ability to grow
subcutaneously, but ectopic xenograft models have limitations with regard tumor growth
location, loss of tumor heterogeneity, and the absence of a specific murine microenviron-
ment, which leads to tumor cells having paracrine interactions with noncancerous cells and
tissues [17,18,28,29]. This is why several investigators have moved away from ectopic and
use orthotopic xenografts in the MFP. It seems that orthotopic implantation has the advan-
tage that the tumor growth is in the tissue of origin of the primary tumor and facilitating
metastatic spread [20,27]. However, this implantation type also has disadvantages, such
as the need for complex surgeries, the rodent microenvironment, variable tumor take-up
rates, and the long time for primary tumor development [17–20].

This study intended to determine the differences in tumor characteristics in terms of
progression, metastatic capacity, histological features, and hormonal secretion in ectopic
and orthotopic models in order to evaluate the capacity of both models for their use in
breast cancer research. To achieve this purpose, we decided to use two triple-negative cell
lines of canine and human inflammatory carcinoma (IPC-366 and SUM149), which have
been shown to have significant tumorigenic potential [30]. cIMC and hIBC are considered
to be the most malignant and aggressive subtypes of breast cancer affecting female dogs
and humans, respectively [4,6,25].

cIMC has been suggested as a model to study the human disease [4,5,25]. Recently,
a triple-negative cIMC cell line (IPC-366) was established as a useful tool for TNBC re-
search [1,14,25]. This study also intended to show that triple-negative cell lines from hIBC
(SUM149) and cIMC (IPC-366) resemble each other, sharing in vivo characteristics. The
results described above support the statement that cIMC is a good model for studying
human disease.

On the other hand, the use of ectopic and orthotopic models in hIBC and cIMC
research is limited. There are two murine models (patient derived xenografts) established
for human inflammatory breast cancer, MARY-X and WIBC-9 [31,32], and recently a murine
model for cIMC was established [18]. Therefore, the use of xenografts from hIBC and cIMC
cell lines is crucial for research in this type of cancer.

In this study, the results reveal that with IPC-366 ectopic xenografts, 100% of mice
reproduced a tumor 2 weeks post inoculation compared to 70% of mice with orthotopic
xenografts, which reproduced a tumor 1 week later. However, SUM149 xenografts did
not show significant differences in frequency of tumor appearance (80% ectopic and 70%
orthotopic) or time of tumor emergence (4 weeks post inoculation in both). These results
are in agreement with the literature [14,25,28]. Thus, ectopic models of cIMC may have
an advantage over orthotopic models in that they have higher success rates. Possibly
the difference in results between the human and canine models is due to the fact that
the IPc-366 cell line presents a tumorogenic and malignancy potential greater than the
human SUM149 cell line [30]. Therefore, the ectopic model can be validated as a good and
useful model of tumor development in addition to, not contrary to, the orthotopic model.
Furthermore, the results showed that IPC-366 and SUM149 grew rapidly in vivo and with
tumor progression similar in both ectopic and orthotopic xenografts. Several studies found
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a correlation between tumor morphology and aggressiveness [4,6]. Agollah and colleagues
(2014) showed that the orthotopic SUM149 model grew as multiple nodes/clusters and
was capable of producing spontaneous metastasis, which is in accordance with our results
in both cell lines [33].

Approximately 40% of hIBC patients have distant metastases to the brain, bones, and
lymph nodes [33–35]. hIBC and cIMC are capable of spreading into the skin and distant
sites through dermal lymphatic vessels [4,33,35]. According to the literature, the metastatic
rates of ectopic xenografts are low compared with orthotopic models, in human studies [17].
In this study, the high rates found in both models differed from what is observed in most
other tumor types based on literature [17]. A possible explanation could reside in the
fact that ectopic subcutaneous injection of breast cancer cells can be performed very near
the mouse mammary gland, while ectopic injections of other tumor types, such as brain
tumors, are traditionally injected subcutaneously into the hind flank, far from the tissue
of origin. In addition, we found a higher percentage of metastasis in the IPC-366 ectopic
model than the orthotopic model. However, in SUM149 no differences were found between
both models. However, dissemination patterns may vary not only between mice and
humans but also among mouse strains [19,20]. Although we found these differences, both
models reflect patterns of human and canine disease, such as metastasis, which help in the
investigation of inflammatory breast carcinoma and validate the use of both models for a
better understanding of breast cancer.

In order to further explore the differences between the ectopic and orthotopic models,
we studied the histological characteristics of the tumors generated in both. No morpho-
logical differences were found between IPC-366 and SUM149 in orthotopic and ectopic
xenografts, so IPC-366 is a good model compared with its human counterpart SUM149
cell line. In both models, neoplastic cells were distributed in solid masses and presented
marked anisocytosis and anisokaryosis, characteristics that are similar to the appearance of
tumors in the two species studied.

hIBC is predominantly ER-negative, PR-negative, and HER2-positive. It is known that
triple-negative breast cancer (TNBC) is highly proliferative and sensitive to chemotherapy
and has a poor prognosis [35–37]. In our study, the expression of ER, PR, and HER-2
receptors was negative in both the ectopic and orthotopic models, again validating the use
of these models in breast cancer research.

It is important that xenograft models preserve inter- and intratumoral heterogene-
ity [38]. It has been shown that the hormonal tumor environment is crucial for tumor
progression and dissemination [1,25]. In order to elucidate whether ectopic and ortho-
topic models share tumor microenvironment characteristics, an evaluation of their steroid
hormone secretion and production profiles was performed.

In previous studies carried out by our group, possible local synthesis of some steroid
hormones was indicated in normal and neoplastic mammary glands in canine mammary
carcinoma, and more recently in hIBC and cIMC [1,26]. The formation of sex steroids
in peripheral tissues in humans is well documented [39]. The action of progestogens,
estrogens, and androgens (produced locally or not) is crucial in neoplastic growth and
progression of breast cancer, due to their interactions with specific receptors [1,39]. From
the results obtained, it can be seen that the plasma hormone levels (P4, DHEA, A4, T, DHT,
E1SO4, and E2) were similar between the ectopic and orthotopic models, and similarly, the
intratumoral hormone levels were similar between the 2 models. Thus, the ectopic and
orthotopic models presented similar steroid hormone profiles, indicating that both models
can be used.

The limitations to this study are that the results are only reproducible for these two
human and canine inflammatory carcinoma cell lines and for their use in SCID mice; in
other immunosuppressed mouse strains the results may vary. In addition, other factors
such as the cell line pass number can influence the engraftment rate.
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5. Conclusions

Ectopic and orthotopic models with hIBC and cIMC cell lines share characteristics in
terms of tumor progression, metastatic rates, histological features, and hormonal secretion
profiles, and both are useful for cancer research. Furthermore, the ectopic model can be
validated as a good and useful model of tumor development in addition to and not contrary
to the orthotopic model.

Author Contributions: Conceptualization, S.C., L.P. and J.C.I.; methodology, S.C., B.C., G.S., A.A.-D.,
L.P., M.J.I. and J.C.I.; software, S.C., A.A.-D., M.J.I. and J.C.I.; validation, S.C., B.C., G.S. and J.C.I.;
investigation, S.C., A.A.-D., B.C., G.S., M.J.I., P.J.d.A. and J.C.I.; writing—original draft preparation,
S.C., A.A.-D. and J.C.I.; writing—review and supervision, S.C., A.A.-D., B.C., G.S., L.P., M.J.I., P.J.d.A.
and J.C.I. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Animals were housed and bred at the Animal Facility
(Department of Animal Physiology, Veterinary Medicine School, Complutense University of Madrid
(UCM), Spain). Experiments were approved by the Institutional Animal Care and Use Committee of
the Complutense University of Madrid, Spain (number: Proex 31/15). All procedures were completed
in accordance with the Guide for the Care and Use of Laboratory Animals and conformed to the
relevant EU Directive.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: The authors thank Carmen García-Velasco for her technical and animal care.

Conflicts of Interest: The authors declared no potential conflicts of interest with respect to the
research, authorship, and/or publication of this article.

References
1. Caceres, S. Caracterización In Vitro e In Vivo de Una Nueva Línea Celular (IPC-366) de Cáncer Inflamatorio Mamario Canino

(IMC): Comparación con el Cáncer de Mama Inflamatorio Humano. Ph.D. Thesis, University Complutense of Madrid, Madrid,
Spain, 2016.

2. Hance, K.W.; Anderson, W.F.; Devesa, S.S.; Young, H.A.; Levine, P.H. Trends in inflammatory breast carcinoma incidence and
survival: The surveillance, epidemiology, and end results program at the National Cancer Institute. J. Natl. Cancer Inst. 2005, 97,
966–975. [CrossRef]

3. Yamauchi, H.; Woodward, W.A.; Valero, V.; Alvarez, R.H.; Lucci, A.; Buchholz, T.A.; Iwamoto, T.; Krishnamurthy, S.;
Yang, W.; Reuben, J.M.; et al. Inflammatory breast cancer: What we know and what we need to learn. Oncologist 2012, 17, 891–899.
[CrossRef] [PubMed]

4. De Souza, C.H.M.; Toledo-Piza, E.; Amorin, R.; Barboza, A.; Tobias, K.M. Inflammatory mammary carcinoma in 12 dogs: Clinical
features, cyclooxygenase-2 expression, and response to piroxicam treatment. Can. Vet. J. 2009, 50, 506–510. [PubMed]

5. Peña, L.; Pérez-Alenza, M.D.; Rodriguez-Bertos, A.; Nieto, A. Canine inflammatory mammary carcinoma: Histopathology,
immunohistochemistry and clinical implications of 21 cases. Breast Cancer Res. Treat. 2003, 78, 141–148. [CrossRef]

6. Barkataki, S.; Javadekar, M.J.; Bradfield, P.; Murphy, T.; Witmer, D.D.; Van Golen, K.L. Inflamma-tory Breast Cancer: A Panoramic
Overview. J. Rare Dis. Res. Treat. 2018, 3, 37–43.

7. Giordano, S.H.; Hortobagyi, G.N. Inflammatory breast cancer: Clinical progress and the main problems that must be addressed.
Breast Cancer Res. 2003, 5, 284–288. [CrossRef]

8. Kleer, C.G.; van Golen, K.L.; Merajver, S.D. Molecular biology of breast cancer metastasis. Inflammatory breast cancer: Clinical
syndrome and molecular determinants. Breast Cancer Res. 2000, 2, 423–429. [CrossRef]

9. Van der Auwera, I.; Van Laere, S.J.; Van den Eynden, G.; Benoy, I.; van Dam, P.; Colpaert, C.G.; Fox, S.B.; Turley, H.; Harris, A.L.;
Van Marck, E.A.; et al. Increased angiogenesis and lymphangiogenesis in inflammatory versus noninflammatory breast cancer by
real-time reverse transcriptase-PCR gene expression quantification. Clin. Cancer Res. 2004, 10, 7965–7971. [CrossRef]

10. Clemente, M.; Pérez-Alenza, M.D.; Peña, L. Metastasis of canine inflammatory versus non-inflammatory mammary tumors.
J. Comp. Path 2010, 143, 157–163. [CrossRef]

11. Klopp, A.H.; Lacerda, L.; Gupta, A.; Debeb, B.G.; Solley, T.; Li, L.; Spaeth, E.; Xu, W.; Zhang, X.; Lewis, M.T.; et al. Mesenchymal
Stem Cells Promote Mammosphere Formation and Decrease E-Cadherin in Normal and Malignant Breast Cells. PLoS ONE 2010,
5, e12180. [CrossRef]

151



Vet. Sci. 2021, 8, 194

12. Holliday, D.L.; Speirs, V. Choosing the right cell line for breast cancer research. Breast Cancer Res. 2011, 13, 215. [CrossRef]
[PubMed]

13. Fernandez, S.V.; Robertson, F.M.; Pei, J.; Aburto-Chumpitaz, L.; Mu, Z.; Chu, K.; Alpaugh, R.K.; Huang, Y.; Cao, Y.; Ye, Z.; et al.
Inflammatory breast cancer (IBC): Clues for targeted therapies. Breast Cancer Res. Treat. 2013, 140, 23–33. [CrossRef] [PubMed]

14. Caceres, S.; Peña, L.; de Andres, P.J.; Illera, M.J.; Lopez, M.S.; Woodward, W.A.; Reuben, J.M.; Illera, J.C. Establishment and
characterization of a new cell line of canine inflammatory mammary cancer: IPC-366. PLoS ONE 2015, 10, e0122277. [CrossRef]
[PubMed]

15. Lelekakis, M.; Moseley, J.M.; Martin, T.J.; Hards, D.; Williams, E.; Ho, P.; Lowen, D.; Javni, J.; Miller, F.R.; Slavin, J.; et al. A novel
orthotopic model of breast cancer metastasis to bone. Clin. Exp. Metastasis 1999, 17, 163–170. [CrossRef] [PubMed]

16. Fantozzi, A.; Christofori, G. Mouse models of breast cancer metastasis. Breast Cancer Res. 2006, 8, 212. [CrossRef] [PubMed]
17. Ruggeri, B.A.; Camp, F.; Miknyoczki, S. Animal models of disease: Pre-clinical animal models of cancer and their applications

and utility in drug discovery. Biochem. Pharm. 2014, 87, 150–161. [CrossRef]
18. Camacho, L.; Peña, L.; González Gil, A.; Caceres, S.; Diez, L.; Illera, J.C. Establishment and characterization of a canine xenograft

model of inflammatory mammary carcinoma. Res. Vet. Sci. 2013, 95, 1068–1075. [CrossRef]
19. De Jong, M.; Maina, T. Of mice and humans: Are they the same?—Implications in cancer translational research. J. Nucl. Med.

2010, 51, 501–504. [CrossRef]
20. Teicher, B.A. Tumor models for efficacy determination. Mol. Cancer Ther. 2006, 5, 2435–2443. [CrossRef]
21. Kocatürk, B.; Versteeg, H.H. Orthotopic Injection of Breast Cancer Cells into the Mammary Fat Pad of Mice to Study Tumor

Growth. J. Vis. Exp. 2015, 967, 51967. [CrossRef]
22. Hovey, R.C.; Aimo, L. Diverse and active roles for adipocytes during mammary gland growth and function. J. Mammary Gland.

Biol. Neoplasia 2010, 15, 279–290. [CrossRef]
23. McNamara, K.M.; Sasano, H. The intracrinology of breast cancer. J. Steroid Biochem. Mol. Biol. 2015, 145, 172–178. [CrossRef]
24. Falk, R.T.; Brinton, L.A.; Dorgan, J.F.; Fuhrman, B.J.; Veenstra, T.D.; Xu, X.; Gierach, G.L. Relationship of serum estrogens

and estrogen metabolites to postmenopausal breast cancer risk: A nested case-control study. Breast Cancer Res. 2013, 15, R34.
[CrossRef]

25. Caceres, S.; Peña, L.; Silvan, G.; Illera, M.J.; Woodward, W.A.; Reuben, J.M.; Illera, J.C. Steroid Tumor Environment in Male and
Female Mice Model of Canine and Human Inflammatory Breast Cancer. BioMed Res. Int. 2016, 2016, 8909878. [CrossRef]

26. Alonso-Diez, A.; Caceres, S.; Peña, P.; Crespo, B.; Illera, J.C. Anti-angiogenic treatments interact with steroid secretion in
inflammatory breast cancer triple negative cell lines. Cancers 2021, 13, 3668. [CrossRef]

27. Lacroix, M.; Leclercq, G. Relevance of breast cancer cell lines as models for breast tumours: An update. Breast Cancer Res. Treat.
2004, 83, 249–289. [CrossRef]

28. Abate-Shen, C. A new generation of mouse models of cancer for translation research. Clin. Cancer Res. 2006, 12, 5274–5276.
[CrossRef]

29. Szadvari, I.; Krizanova, O.; Babula, P. Athymic Nude Mice as an Experimental Model for Cancer Treatment. Physiol. Res. 2016, 65,
441–453. [CrossRef] [PubMed]

30. Caceres, S.; Peña, L.; Lacerda, L.; Illera, M.J.; de Andres, P.J.; Larson, R.A.; Gao, H.; Debeb, B.G.; Woodward, W.A.; Reuben, J.M.;
et al. Canine cell line, IPC-366, as a good model for the study of inflammatory breast cancer. Vet. Comp. Oncol. 2016, 15, 980–995.
[CrossRef] [PubMed]

31. Alpaugh, M.L.; Tomlinson, J.S.; Shao, Z.M.; Barsky, S.H. A novel human xenograft model of inflammatory breast cancer. Cancer
Res. 1999, 59, 5079–5084. [PubMed]

32. Shirakawa, K.; Tsuda, H.; Heike, Y.; Kato, K.; Asada, R.; Inomata, M.; Sasaki, H.; Kasumi, F.; Yoshimoto, M.; Iwanaga, T.; et al.
Absence of endothelial cells, central necrosis, and fibrosis are associated with aggressive inflammatory breast cancer. Cancer Res.
2001, 61, 445–451.

33. Agollah, G.D.; Wu, G.; Sevick-Muraca, E.M.; Kwon, S. In vivo lymphatic imaging of a hmodel. J. Cancer 2014, 5, 774–783.
[CrossRef]

34. Jaiyesimi, I.A.; Buzdar, A.U.; Hortobagyi, G. Inflammatory breast cancer: A review. J. Clin. Oncol. 1992, 10, 1014–1024. [CrossRef]
[PubMed]

35. Chavez, K.J.; Garimella, S.V.; Lipkowitz, S. Triple negative breast cancer cell lines: One tool in the search for better treatment of
triple negative breast cancer. Breast Dis. 2010, 32, 35–48. [CrossRef] [PubMed]

36. Ueno, N.T.; Zhang, D. Targeting EGFR in Triple Negative Breast Cancer. J. Cancer 2011, 2, 324–328. [CrossRef] [PubMed]
37. Boyle, P. Triple-negative breast cancer: Epidemiological considerations and recommendations. Ann. Oncol. 2012, 23, 7–12.

[CrossRef] [PubMed]
38. Choi, S.Y.; Lin, D.; Gout, P.W.; Collins, C.C.; Xu, Y.; Wang, Y. Lessons from patient-derived xenografts for better in vitro modeling

of human cancer. Adv. Drug Deliv. Rev. 2014, 15, 222–237. [CrossRef]
39. Labrie, F.; Luu-The, V.; Labrie, C.; Simard, J. DHEA and itstransformation into androgens and estrogens in peripheraltarget

tissues: Intracrinology. Front. Neuroendocr. 2001, 22, 185–212. [CrossRef]

152



veterinary
sciences

Article

Imipramine Accelerates Nonalcoholic Fatty Liver Disease,
Renal Impairment, Diabetic Retinopathy, Insulin Resistance,
and Urinary Chromium Loss in Obese Mice

Geng-Ruei Chang 1 , Po-Hsun Hou 2,3,4, Chao-Min Wang 1 , Jen-Wei Lin 5, Wei-Li Lin 5,6, Tzu-Chun Lin 1,
Huei-Jyuan Liao 1, Chee-Hong Chan 7,* and Yu-Chen Wang 8,9,10,11,*

Citation: Chang, G.-R.; Hou, P.-H.;

Wang, C.-M.; Lin, J.-W.; Lin, W.-L.;

Lin, T.-C.; Liao, H.-J.; Chan, C.-H.;

Wang, Y.-C. Imipramine Accelerates

Nonalcoholic Fatty Liver Disease,

Renal Impairment, Diabetic

Retinopathy, Insulin Resistance, and

Urinary Chromium Loss in Obese

Mice. Vet. Sci. 2021, 8, 189. https://

doi.org/10.3390/vetsci8090189

Academic Editors: Ana Faustino,

Paula A. Oliveira and W. Jean Dodds

Received: 6 July 2021

Accepted: 7 September 2021

Published: 9 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Veterinary Medicine, National Chiayi University, 580 Xinmin Road, Chiayi 60054, Taiwan;
grchang@mail.ncyu.edu.tw (G.-R.C.); leowang@mail.ncyu.edu.tw (C.-M.W.); lin890090@gmail.com (T.-C.L.);
pipi324615@gmail.com (H.-J.L.)

2 Department of Psychiatry, Taichung Veterans General Hospital, 4 Section, 1650 Taiwan Boulevard,
Taichung 40705, Taiwan; peterhopo2@yahoo.com.tw

3 Faculty of Medicine, National Yang-Ming University, 2 Section, 155 Linong Street, Beitou District,
Taipei 11221, Taiwan

4 College of Medicine, National Chung Hsing University, 145 Xingda Road, South District,
Taichung 40227, Taiwan

5 Bachelor Degree Program in Animal Healthcare, Hungkuang University, 6 Section, 1018 Taiwan Boulevard,
Shalu District, Taichung 433304, Taiwan; jenweilin@hk.edu.tw (J.-W.L.); ivorylily99@gmail.com (W.-L.L.)

6 General Education Center, Chaoyang University of Technology, 168 Jifeng Eastern Road,
Taichung 413310, Taiwan

7 Division of Nephrology, Chang Bing Show Chwan Memorial Hospital, 6 Lugong Road, Lukang Township,
Changhua 50544, Taiwan

8 Division of Cardiology, Asia University Hospital, 222 Fuxin Road, Wufeng District, Taichung 41354, Taiwan
9 Department of Medical Laboratory Science and Biotechnology, Asia University, 500 Lioufeng Road,

Wufeng District, Taichung 41354, Taiwan
10 Division of Cardiovascular Medicine, China Medical University Hospital, 2 Yude Road, North District,

Taichung 404332, Taiwan
11 College of Medicine, China Medical University, 91 Hsueh-Shih Road, North District, Taichung 404333, Taiwan
* Correspondence: cheehong.chan@gmail.com (C.-H.C.); richard925068@gmail.com (Y.-C.W.);

Tel.: +886-975-617071 (C.-H.C.); +886-4-2332-3456 (Y.-C.W.)

Abstract: Imipramine is a tricyclic antidepressant that has been approved for treating depression and
anxiety in patients and animals and that has relatively mild side effects. However, the mechanisms
of imipramine-associated disruption to metabolism and negative hepatic, renal, and retinal effects
are not well defined. In this study, we evaluated C57BL6/J mice subjected to a high-fat diet (HFD) to
study imipramine’s influences on obesity, fatty liver scores, glucose homeostasis, hepatic damage,
distribution of chromium, and retinal/renal impairments. Obese mice receiving imipramine treat-
ment had higher body, epididymal fat pad, and liver weights; higher serum triglyceride, aspartate
and alanine aminotransferase, creatinine, blood urea nitrogen, renal antioxidant enzyme, and hepatic
triglyceride levels; higher daily food efficiency; and higher expression levels of a marker of fatty
acid regulation in the liver compared with the controls also fed an HFD. Furthermore, the obese
mice that received imipramine treatment exhibited insulin resistance, worse glucose intolerance,
decreased glucose transporter 4 expression and Akt phosphorylation levels, and increased chromium
loss through urine. In addition, the treatment group exhibited considerably greater liver damage and
higher fatty liver scores, paralleling the increases in patatin-like phospholipid domain containing
protein 3 and the mRNA levels of sterol regulatory element-binding protein 1 and fatty acid-binding
protein 4. Retinal injury worsened in imipramine-treated mice; decreases in retinal cell layer organi-
zation and retinal thickness and increases in nuclear factor κB and inducible nitric oxide synthase
levels were observed. We conclude that administration of imipramine may result in the exacerbation
of nonalcoholic fatty liver disease, diabetes, diabetic retinopathy, and kidney injury.
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1. Introduction

Imipramine, derived from dibenzazepine, is a prototypical tricyclic antidepressant
(TCA). TCAs have a structure that is close to that of a phenothiazine, and they contain a
tricyclic ring system. The central ring contains an alkylamine substituent [1]. On the basis
of animal studies, imipramine is known as a candidate therapy for antipredator defensive
behavior, sleep deprivation, and related anxiety- and depressive-like behaviors [2–4]. In
individuals without depression, imipramine has no impact on arousal or mood; however,
it may act as a sedative. In people with depression, their mood is positively affected
by imipramine use [5]. Thus, it is among the most effective drugs for the treatment of
severe long-term depression [6]. TCAs strongly inhibit the reuptake of norepinephrine
and serotonin. 3◦ TCAs (i.e., tertiary TCAs), including amitriptyline and imipramine,
have stronger inhibition of serotonin reabsorption than 2◦ TCAs, such as desipramine
and nortriptyline [7]. The particular mechanism explaining the treatment-related benefits
of imipramine is still not well understood. TCAs are able to blockade muscarinic, his-
tamine H1, and α1-adrenergic receptors, which explains their anticholinergic, sedative,
and hypotensive impacts, respectively [8]. The anticholinergic and sedative actions of
imipramine are less pronounced than those of other 3◦ TCAs such as clomipramine and
amitriptyline. In children, imipramine is used as an antidepressant and as a treatment for
bedwetting. Off-label uses include the (1) treatment of panic disorders without or with
agoraphobia, (2) second-line treatment of attention deficit hyperactivity disorder in young
people, (3) management of bulimia, (4) treatment of postacute and posttraumatic stress,
and (5) short-term treatment of acute depression in patients with schizophrenia and bipolar
disorder [9–12]. Side effects such as drowsiness, dry mouth, excitement, and weight or
appetite alterations may be induced by imipramine [13]. In-depth explorations of the side
effects of imipramine have been inconclusive.

Obesity is a major risk factor for various conditions related to metabolic syndrome,
such as hyperlipidemia, nonalcoholic fatty liver disease (NAFLD), insulin resistance (IR),
and type 2 diabetes [14]. An imbalance between expenditure and consumption causes an
increase in energy storage within the body, which could lead to weight gain and obesity [15].
Moreover, recent studies have suggested that atypical glucose–insulin homeostasis is linked
to various depression severity indicators and could be a neurohormonal mediator of cer-
tain depression symptoms, such as neurocognitive impairments, and disorders that are
comorbid with depression, such as cardiovascular disease [4,5,16]. Gupta et al. reported a
significant association between imipramine administration and increased blood glucose
levels of rabbits. They also indicated that hyperglycemic responses increased more when
adrenaline and imipramine were administered simultaneously than when they were ad-
ministered alone [17]. In addition, some scholars have observed the effects that the tricyclic
antidepressants trimipramine and amitriptyline have on glucose homoeostasis in rats,
indicating that their long-term administration could cause IR and diabetes [18]. Obesity
is regularly linked to NAFLD, a group of conditions that can take the form of cirrhosis,
nonalcoholic steatohepatitis, and fatty liver [19]. As well as drug-related factors including
liver metabolism, daily dose, and chemical structure, different risk factors heighten the
likelihood of liver injury induced by drugs [20]. How patients with fatty liver further
develop nonalcoholic steatohepatitis is complicated; the mechanism could involve various
factors such as the overproduction of reactive oxygen species, lowered reactive oxygen
species (ROS) detoxification, and heightened profibrogenic and proinflammatory cytokine
release [21]. In addition, tricyclic antidepressants may have adverse health effects associ-
ated with kidney damage, diabetes, and FLD, and their prolonged use may impede weight
control and aggravate diabetes [22].
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Additionally, obesity is a major renal disease risk factor. Similar to hypertension
and diabetes, it heightens the risk of end-stage renal disease (ESRD) and chronic kidney
disease (CKD) [23]. Moreover, in ESRD or CKD, associations exist between depression
and unfavorable quality of life as well as poor health outcomes [24]. One study high-
lighted that symptoms of depression could be related to reduced kidney function and
dialysis commencement; such symptoms should be monitored in all disease stages in CKD
patients [25]. Long-term hyperglycemia and IR are among the key factors related to blood–
retina barrier dysfunction and retina damage linked to diabetes [26]. The retina is crucial
to human vision, and diabetes is, of course, a risk factor for diabetic retinopathy (DR).
Heightened inflammation and oxidative stress are suggested to be the major mechanisms
behind neural retina damage in diabetes [27,28]. Research has indicated that within 3 years
of antipsychotic medication initiation in patients with schizophrenia who have visual
disturbances, visual cortex function and retinal thickness gradually deteriorate [29]. Other
studies have indicated that processes including vasorelaxation through alpha adrenergic
blocking or direct impacts on the retinal vascular endothelium could be the reasons for
cystoid macular edema induced by antidepressant use [30]. Thus, we sought to understand
whether imipramine affects the retina and to elucidate the possible mechanisms.

The adverse effects of imipramine likely arise from differences between the conditions
under metabolic syndrome that affect body weight and hyperglycemia associated with
imipramine. Thus, in our investigation, mice were fed a high-fat diet (HFD) and adminis-
tered imipramine to mimic obesity; this was conducted to investigate imipramine’s effects
on patients with obesity concomitant with psychotic disorders. The majority of research
on the metabolism-related side effects of imipramine has centered on the central nervous
system [4,31,32]. We examined glucose levels, lipid metabolism, and oxidative stress, and
then we explored the effects of these on the kidneys caused by abnormal metabolism,
particularly related to chromium; this topic is little understood. Chromium is involved
in normal lipid, protein, and carbohydrate metabolism and can benefit individuals with
diabetes, glucose intolerance, obesity, or nephropathy [22]. These results provide a deeper
insight into metabolic impacts and the mechanisms of fatty liver as well as kidney damage
stemming from chronic imipramine use as an antipsychotic in humans or animals. We also
conducted investigations on whether imipramine exacerbated metabolic abnormalities,
chromium changes, oxidative stress, liver and kidney damage, and DR.

2. Materials and Methods
2.1. Animals with Feed-Induced Obesity Administered Imipramine

Five-week-old male C57BL/6J mice were procured from Taiwan’s National Laboratory
Animal Center. Their treatment accorded with the Taiwanese government’s Guidelines for
the Care and Use of Laboratory Animals. The protocol for using the experimental mice was
approved after a review by the institutional animal care and use committee of the first au-
thor’s university (approval no. 109019). For 12 weeks, the mice were continuously adminis-
tered an HFD from PMI Nutrition International (St. Louis, MO, USA; diet 58Y1, comprising
23.6% protein, 60.0% of energy from fat, 2.6 µg/g Cr, metabolizable energy: 5.16 kcal/g).
To induce obesity, the HFD was administered for 12 weeks (in the literature, 4 weeks was
the associated diet duration) [33]. We then categorized the group into two subgroups.
During the 8-week treatment, while remaining on the HFD, one group was administered
10 mg/kg of oral imipramine (Sigma-Aldrich, St. Louis, MO, USA) through daily gavage,
and the other was administered oral saline. At the start of the treatment, the control mice
weighed 28.9 ± 1.48 g, and those receiving imipramine weighed 28.35 ± 1.09 g (p > 0.05).
The imipramine dose was decided after consultation of the literature on imipramine ad-
ministration in mouse model studies related to diabetes-like status, neurological behavior
observations, antidepressant effects, stress, and memory deficits [34–37]. In addition, obese
mice were administered oral imipramine (5 mg/kg/day) in our preliminary investigation;
however, differences in weight gain and body weight were not significant between the
imipramine-treated and control mice (Figure S1). Accordingly, we adopted 10 mg/kg as the
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imipramine dose in this study. Mice were individually housed in micro-isolation cages on
HEPA-filtered and ventilated racks. The humidity (55% ± 5%) and temperature (22 ± 1 ◦C)
were controlled, and the mice were maintained in a 12 h light/dark cycle. The mice freely
accessed water and food. From the commencement of the experiment and on a weekly
basis, food consumed and body weight were recorded. When the experiment was termi-
nated, the mice were anesthetized for tissue and blood serum harvesting. Imipramine’s
impact on food intake, body weight, adipocyte concentration, levels of blood glucose, fatty
liver, biochemical alterations, hepatic triglycerides, endocrine profiles, insulin signaling,
and renal pathology was investigated. In addition, for urine sample collection, mice were
kept for 12 h in individual metabolic cages (SN-783-0; AS ONE, Osaka, Japan) before they
were killed.

2.2. Measurement of Food Intake, Body Weight, and Leptin and Insulin Levels

Every week of the study, we measured food consumed and body weight. To determine
food intake, food that remained within each cage dispenser was weighed, as was the
food that remained on the cage floor. Furthermore, after tissue and blood samples were
harvested, serum leptin and insulin levels were measured following a 12 h fast using an
ELISA mouse insulin kit (INSKR020; Crystal Chem, Downers Grove, IL, USA) and a leptin
kit (INSKR020; Crystal Chem), respectively.

2.3. Measurement of Serum and Hepatic Triglycerides, Creatinine, Alanine Aminotransferase,
Blood Urea Nitrogen, Aspartate Aminotransferase, Serotonin, Soluble Leptin Receptor, and
Fibroblast Growth Factor-21

Serum triglyceride, alanine aminotransferase (ALT), aspartate aminotransferase (AST),
blood urea nitrogen (BUN), and creatinine levels were determined from the collected
blood samples by means of an automated analyzer (Catalyst One Chemistry Analyzer,
IDEXX Laboratories, Westbrook, ME, USA) and commercial kits under the guidance of
manufacturer-approved protocols; the variation coefficient between and within analyses
was under 2%. Following Folch et al., we extracted hepatic triglycerides in a 2:1 (vol/vol)
mixture of chloroform and methanol [38]. Subsequently, extract solubilization was per-
formed; the extracts were twice heated gradually to 90 ◦C over 5 min and subsequently
cooled to room temperature. Insoluble materials were removed through centrifugation.
Finally, colorimetric assay-based triglyceride analysis was conducted using the supernatant
and a BioVision triglyceride quantification kit (Milpitas, CA, USA). Mouse enzyme-linked
immunosorbent assay kits were employed to measure serotonin, serum soluble leptin recep-
tor, and fibroblast growth factor-21 (FGF21) levels (EL-M0543, EL-M0545, and EL-M0435,
respectively; Zgenebio Biotech, Taipei, Taiwan).

2.4. Histological and Morphometric Analysis

We weighed the retroperitoneal and epididymal fat pads and kidneys, spleen, liver,
and heart; the weights are presented as a proportion (%) of body weight. Hematoxylin
and eosin staining (BioTnA, Kaohsiung, Taiwan) was used to reveal hepatic fat infiltration,
with scores of 0, 1, 2, 3, and 4 indicating no visible fat, <5% fat infiltration on the liver
surface, 5% to 25% infiltration of fat, 25% to 50% fat infiltration, and >50% infiltration of
fat, respectively [14,39]. Moreover, many epididymal white adipose tissue (EWAT) and
retroperitoneal WAT (RWAT) sections were collected and analyzed in terms of adipocyte
number and size. Hematoxylin and eosin staining of sections was conducted. We analyzed
≥10 fields (approximately 100 adipocytes) per slide for every sample [40,41]. Image
acquisition was conducted by means of a high-resolution digital microscope (Moticam
2300, Motic Instruments, Canada), and adipocyte size analysis was conducted using Motic
Images Plus 2.0. Correlations between the sizes of adipocytes and their distributions (%)
were conducted for HFD controls and HFD mice administered imipramine. In addition,
the right eyeball was fixed in a solution containing 4% paraformaldehyde, followed by
dehydration, which involved passing the eyeball over several graded concentrations
of ethanol (70%, 80%, 95%, and 100%). To render them transparent, the eyeballs were
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dehydrated and placed in xylene. Subsequent to being embedded in paraffin, mouse
eyeballs were sliced into sections for hematoxylin and eosin stains [42].

2.5. Intraperitoneal Glucose Tolerance Test (IPGTT)

After 7 weeks of the imipramine or saline protocol, we performed an IPGTT on mice
with an obesity-like status that were starved overnight but had ad libitum water. The
concentration used for the assay was 1 g of glucose per 1 kg of body weight; in animal
obesity and diabetes models, this is appropriate for examining antidiabetes activity [22,43].
Blood glucose levels were determined 0, 30, 60, 90, and 120 min after intraperitoneal
glucose was administered. We extracted tail vein blood using a One Touch glucose meter
(LifeScan, Malpitas, CA, USA). Over the 0–120 min after administration of glucose, we
conducted glucose tolerance tests based on area under the curve (AUC) values.

2.6. Insulin Sensitivity (IS) and IR Indexes

Fasting blood glucose is widely utilized to determine IR and IS indexes [15,33,39].
We therefore used these indexes for assessment of IR and β-cell secretion function fol-
lowing imipramine administration. The homeostasis model assessment-estimated IR
(HOMA-IR) value was calculated as HOMA-IR = [fasting insulin (mU/L)× fasting glucose
(mmol/L)]/22.5 [23]. The IS index was determined as (1/[fasting insulin (mU/L) × fasting
glucose (mmol/L)]) × 1000. The IR and IS models were constructed using fasting values of
plasma insulin and glucose levels by using the HOMA approach, which has been validated
against clamp measurements [33,43].

2.7. Western Blotting

The mice were killed at the end of the experiment. Their livers and gastrocnemius
muscles were rapidly removed, minced roughly, and homogenized immediately. West-
ern blotting was conducted using the approach detailed in another study [44]. We used
Akt, phospho-Akt (Ser473), actin, GLUT4, and adiponectin antibodies procured from Cell
Signaling Technology (Beverly, MA, USA). Sigma-Aldrich supplied antibodies against
patatin-like phospholipid domain containing protein 3 (PNPLA3) and fatty acid synthase
(FASN). Enhanced chemiluminescence reagents (Thermo Scientific, Rockford, MA, USA)
were employed to obtain immunoreactive signals, which were detected using UVP Chem-
Studio (Analytik Jena, Upland, CA, USA). After that, Scion Image (Scion, Frederick, MD,
USA) from the National Institute of Health was employed to measure protein expression
and phosphorylation.

2.8. RNA Extraction and Real-Time Quantitative Polymerase Chain Reaction (PCR)

After the mice were sacrificed, total RNA was extracted from their eyeballs and liver
tissues using TRIzol reagent (Sigma-Aldrich) per the manufacturer’s protocol. We then
examined RNA concentration based on absorbance levels of 260 to 280 nm and 230 to
260 nm with a Qubit fluorometer (Invitrogen, Carlsbad, CA, USA). Subsequently, the RNA
(1 µg) was subjected to reverse transcription into cDNA by using an iScript cDNA synthesis
kit (Bio-Rad, Hercules, CA, USA) following the producer’s procedure. Subsequently, real-
time polymerase chain reaction (PCR) was performed per the specifications of Bio-Rad’s
iTaq Universal SYBR Green Supermix kit and with the application of the Bio-Rad CFX
Connect Real-Time PCR system. In brief, the cycling conditions were as follows: 95 ◦C
for 5 min, 45 cycles at 95 ◦C for 15 s, and 60 ◦C for 25 s. The expression level of every
target gene was determined relative to β-actin levels, with these levels expressed in the
2−∆∆Ct manner. The primers used for RT-qPCR are listed in Table 1.
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Table 1. Sequences of primers used for RT-qPCR.

Gene Primer Sequences

Fatty acid-binding protein 4
(FABP4)

Forward: 5′-GATGAAATCACCGCAGACGACA-3′

Reverse: 5′-ATTGTGGTCGACTTTCCATCCC-3′

Sterol regulatory element–binding
protein 1 (SREBP1)

Forward: 5′-CGGAAGCTGTCGGGGTAG-3′

Reverse: 5′-GTTGTTGATGAGCTGGAGCA-3′

Inducible nitric oxide synthase
(iNOS)

Forward: 5′-CCTCCTCCACCCTACCAAGT-3′

Rreverse: 5′-CACCCAAAGTGCTTCAGTCA-3′

Cyclooxygenase-2 (COX-2) Forward: 5′-TTCAAAAGAAGTGCTGGAAAAGGTTCT-3′

Rreverse: 5′-AGATCATCTCTACCTGAGTGTCCTT-3′

Nuclear factor κB (NF-κB) Forward: 5′-GCAACTCTGTCCTGCACCTA-3′

Reverse: 5′-CTGCTCCTGAGCGTTGACTT-3′

Inhibitory κBα (IκBα) Forward: 5′-AAGTGATCCGCCAGGTGAAG-3′

Reverse: 5′- CTGCTCACAGGCAAGGTGTA -3

Uncoupling protein 1 (UCP1) Forward: 5′-GGCCTCTACGACTCAGTCCA-3′

Reverse: 5′-TAAGCCGGCTGAGATCTTGT-3′

β-actin Forward: 5′-GGCTGTATTCCCCTCCATCG-3′

Reverse: 5′-CCAGTTGGTAACAATGCCATGT-3′

2.9. Analysis of Chromium Content

After all experiments were complete, blood, urine, and several types of tissue (kidney,
blood, liver, bone, fat, and muscle) were collected. Concentrations of chromium in samples
were measured according to a prior report [40]. In brief, each sample (0.1 g of tissue and
25 µL of blood and urine) was digested in 65% nitric acid, and then each sample was sub-
jected to digestion with nitric acid overnight (temperature: 100 ◦C). Chromium concentra-
tions were determined using an ICP Mass Spectrometer (NexION 350X, PerkinElmer, MA,
USA). Next, distilled water was used to dilute the digested solution to a 5 mL solution
prior to measurements. The relative chromium recovery rate was calculated at 10 ppb
and 100 ppb of the quantification levels by 5% (n = 5) and 8% (n = 5), respectively. The
absorption data were plotted onto a 1–500 ppb standard curve, and regression analysis was
performed to identify the total chromium level in samples (R2 > 0.996).

2.10. Measurement of Glutathione Peroxidase, Renal Catalase, and Superoxide Dismutase

We analyzed the antioxidant system’s functional activity to determine the enzymatic
activity of glutathione peroxidase (GPx), hepatic catalase (CAT), and superoxide dismutase
(SOD). Ice-cold saline (0.9% sodium chloride) was used to perfuse kidneys, after which
they underwent homogenization in chilled potassium chloride (1.17%) by means of a
homogenizer and in accordance with a previous description [22]. Next, the homogenates
were gathered for analysis after 5 min of centrifugation at 800× g (4 ◦C). Finally, the
supernatant was subjected to 20 min centrifugation at 10,500× g (also 4 ◦C) to obtain the
postmitochondrial supernatant for the kidney samples to measure SOD, catalase, and GPx
activity. Commercially available colorimetrical kits were used for these procedures (catalase:
#K773-100, #GPx: K762-100, and SOD: #K335-100; BioVision) following manufacturer-
recommended protocols.

2.11. Statistical Analysis

Data are shown as the mean ± standard deviation. The t-test was employed for
determining intergroup differences (p < 0.05 denoted a statistically significant difference).
Additionally, we determined contingency data significance by means of Fisher’s exact test.
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3. Results
3.1. Imipramine Changed Food Efficiency, Morphometric Parameters, and Food Intake in Animals

Our preliminary investigation did not identify significantly different antiobesity ef-
fects in standard diet (SD)-fed animals that were and were not administered imipramine
(Figure S2). Mice on an HFD were administered imipramine for 8 weeks to elevate
their body weight, metabolic parameters, serum leptin levels, and leptin receptor levels
(Figure 1). The body weight of the imipramine-treated mice at the end of the experiment
was 21% higher (p < 0.01) than that of the HFD-fed controls (Figure 1a). Furthermore,
weekly food consumption was 21% higher in mice after they were administered imipramine,
and their increase was parallel with the food consumption increase in controls (Figure 1b).
These changes took place alongside significantly increased daily food efficiency in mice ad-
ministered imipramine; this efficiency was 20% higher than the control animals (Figure 1c).
We also revealed that imipramine had a significant effect on serum leptin (Figure 1d) and
leptin receptor levels (Figure 1e), with the treatment group exhibiting a 15% higher serum
leptin level and an 11% lower leptin receptor level than the control group. Leptin also
plays a role in food intake regulation [22].

Figure 1. Effects of imipramine on (a) weekly body weight changes and (b) food intake in each group
(measured weekly). (c) Daily food efficiency, (d) serum leptin levels, and (e) leptin receptor levels
were measured in HFD-fed controls and imipramine-treated obese mice. For both groups, data are in
the form of mean ± standard deviation (n = 8). * p < 0.05; ** p < 0.01.
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3.2. Imipramine Increased Liver, Kidney, and Fat Pad Weights

Next, assessments were conducted to discover whether the indicated weight dispari-
ties were linked to body composition or adiposity alterations. Eight weeks after imipramine
administration commenced, the body compositions of treated mice differed significantly
from those of control mice in terms of their hearts, livers, kidneys, EWAT, and RWAT, but
not in terms of their spleens (Figure 2). After 8 weeks of imipramine administration, the
treated mice had significantly different body compositions from the control mice: their
hearts, livers, kidneys, RWAT, and EWAT were 1.3, 1.3, 1.2, 1.2, and 1.3 times heavier
than those of the control mice, respectively; moreover, when expressed as a proportion
of body weight, these were 1.1, 1.2, 1.1, 1.2, and 1.1 times heavier than those of control
mice, respectively. Spleen weights, as a proportion of the overall body weight, were not
significantly different between the groups.

Figure 2. Effects of imipramine on total heart, retroperitoneal white adipose tissue (RWAT), spleen,
liver, kidney, and epididymal white adipose tissue (EWAT) weights (shown as a percentage of total
body weight). Both groups’ data are in the form of mean ± standard deviation (n = 8). * p < 0.05;
** p < 0.01.

3.3. Imipramine Increased Hepatic Fat Accumulation and the Ratio of Large to Small Adipocytes
but Reduced UCP1 mRNA Expression

A morphometric evaluation involving hematoxylin and eosin tissue staining for
both groups revealed that the treated mice had considerably larger adipocytes in EWAT
and RWAT and more liver fat compared with the controls (Figure 3a), indicating that
imipramine promotes hepatic fat accumulation and may thus increase fat pad hypertrophy.
Our analyses of alterations in fatty liver scores (Figure 3b) and RWAT (Figure 3c) and
EWAT (Figure 3d) adipocyte size revealed significant differences between groups; the
treatment mice had fatty liver scores almost 1.3 times higher than the control group’s scores.
Additionally, the mean EWAT and RWAT adipocyte size was significantly larger (1.4 and
1.2 times, respectively) in the imipramine group, which agrees with the observation of
higher fat pad weights in the mice administered imipramine. Moreover, we determined
that imipramine had a significant influence on the mRNA expression of UCP1, with the
treatment group exhibiting a 12% lower level than the controls (Figure 3e). In other words,
the mice administered imipramine had a lower proportion of RWAT and EWAT adipocytes
with a diameter of 0–40 and 40–80 µm (Table 2) but a higher proportion of those with a
diameter of 80–120 and >120 µm. Therefore, although an increasing trend in RWAT and
EWAT adipocyte size was discovered in response to mice being fed an HFD, imipramine
expedited this size increase.
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Figure 3. Effects of imipramine on (a) the mouse livers, retroperitoneal white adipose tissue (RWAT),
and epididymal white adipose tissue (EWAT) of control and treated mice, as determined through
hematoxylin and eosin staining (magnification, 200×). (b) Fatty liver score findings. (c) RWAT
and (d) EWAT adipocyte sizes and (e) the mRNA expression of UCP1 in brown adipose tissue
were measured in HFD-fed control and imipramine-treated obese mice. Data are in the form of
mean ± standard deviation (n = 8). * p < 0.05; ** p < 0.01; *** p < 0.001.

Table 2. Influence of imipramine on fat cell sizes in HFD-fed controls and imipramine-treated mice.

Variable Control Imipramine

Retroperitoneal white adipose tissue (RWAT)
Adipocyte diameter

0–40 µm (%) 17.59 ± 0.43 5.78 ± 0.04 ***
40–80 µm (%) 58.97 ± 4.31 30.98 ± 1.93 ***

80–120 µm (%) 21.44 ± 0.62 57.33 ± 3.86 ***
>120 µm (%) 0 ± 0 5.91 ± 0.77 ***

Epididymal white adipose tissue (EWAT)
Adipocyte diameter

0–40 µm (%) 5.62 ± 0.29 0 ± 0 ***
40–80 µm (%) 71.37 ± 5.82 20.47 ± 1.06 ***

80–120 µm (%) 23.01 ± 1.3 67.09 ± 4.84 ***
>120 µm (%) 0 ± 0 12.44 ± 0.92 ***

Data are in the form of mean ± standard deviation (n = 8). *** p < 0.001.

3.4. Imipramine Increased the Serum Levls of Serotonin, FGF21, ALT, and AST and the mRNA
Levels of FABP4 and SREBP1

A report indicated that increased serotonin activity resulted in severe obesity and
hepatic steatosis [45]. Our results indicate that the serum serotonin levels of imipramine-
treated mice were 1.3 times higher than those of the controls (Figure 4a). In addition, the
imipramine-treated group had 20% reduced FGF21 activity compared with that of the con-
trol group (Figure 4b). Serum ALT and AST were increased by 1.3 and 1.3 times, respectively,
in the mice administered imipramine, indicating hepatic function (Figure 4c,d, respec-
tively). FABP4 and SREBP1 are implicated in regulating many metabolic pathways, such
as those related to type 2 diabetes, atherosclerosis, and hepatic lipid accumulation [38,43].
These genes reportedly have dominant effects in promoting FLD in rodents and hu-
mans [40]. In the current investigation, compared with control mice, mice administered
imipramine had, respectively, 1.8 (Figure 4e) and 1.5 (Figure 4f) times higher liver mRNA
levels of FABP4 and SREBP1. The gene-associated activation of hepatic steatosis resulted
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in significantly increased AST and ALT levels; this was probably related to imipramine
and its contribution to FLD, mediating the heightened mRNA expression of molecular
mechanisms of hepatic lipid accumulation.

Figure 4. Effects of imipramine on (a) serum serotonin levels, (b) serum fibroblast growth factor-21
(FGF21) levels, (c) serum alanine aminotransferase (ALT) levels, (d) serum aspartate aminotransferase
(AST) levels, and hepatic mRNA levels of (e) FABP4 and (f) SREBP1 measured in HFD-fed control
and obese imipramine-treated mice. Data are in the form of mean ± standard deviation (n = 8).
* p < 0.05; ** p < 0.01; *** p < 0.001.

3.5. Imipramine Increased Serum Triglycerides and Hepatic Triglycerides, FASN Levels, and
PNPLA3 Levels but Reduced Hepatic Adiponectin Levels

Levels of blood triglycerides (Figure 5a) and hepatic triglycerides (Figure 5b) were
significantly higher in imipramine-treated mice than in control mice. Furthermore, we
noted a 1.2-fold and 1.3-fold increase in blood triglyceride levels and hepatic triglycerides,
respectively, compared to control mice. In addition, Western blot analysis performed on
the liver of mice determined adiponectin, FASN, and PNPLA3 expression (Figure 5c).
Adiponectin has mediated stimulation of energy expenditure and regulates the expression
of hepatic genes critical for glucose and lipid metabolism [40]. Alternatively, FASN is a
crucial liver enzyme for lipid homeostasis and triglyceride synthesis [46], and PNPLA3 is
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a marker that is pathologically characterized by the regulation of lipogenesis in obesity,
nonalcoholic fatty liver disease, and cardiovascular disease [33]. Remarkably, FASN and
PNPLA3 expressions in the liver of imipramine-treated mice were significantly higher
(by 1.5-fold and 1.5-fold; Figure 5d,e, respectively) compared with those in the control
mice. Moreover, adiponectin expressions in the imipramine-treated mice were significantly
lower by 63% compared with those in the control mice (Figure 5f). These results indicate
that imipramine increased the upregulation of lipogenesis in the liver and exacerbated
HFD-induced fatty liver scores.

Figure 5. Effects of imipramine on (a) serum triglycerides and (b) hepatic triglycerides. (c) A
representative image showing blots of liver extracts. The hepatic expression levels of (d) fatty
acid synthase (FASN), (e) patatin-like phospholipid domain containing protein 3 (PNPLA3), and
(f) adiponectin were measured. Data are in the form of mean ± standard deviation (n = 8). * p < 0.05;
** p < 0.01; *** p < 0.001.

3.6. Imipramine Reduced Glucose Tolerance and Lowered Insulin Levels

To examine the effect of imipramine on glucose homeostasis, we conducted glucose
tolerance tests. Significant imipramine-induced impairment of glucose tolerance was
discovered in the imipramine group compared with the control group, as demonstrated
by the IPGTT data presented in Figure 6a. Notably, imipramine administration resulted
in significantly heightened fasting blood glucose. Moreover, imipramine administration
resulted in a significant increase in fasting blood glucose levels at all time points after
glucose supplementation through injection; in addition, after 120 min, blood glucose levels
in the imipramine group were 1.1 times higher after glucose injection than they were
before it. Furthermore, when comparing the control and imipramine groups, the AUC for
glucose levels at 120 min was 1.1 times higher in the mice administered imipramine; this
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difference reached statistical significance (Figure 6b). With glucose intolerance defined as a
>10 mmol L−1 blood glucose level at 120 min after an intraperitoneal glucose injection, we
revealed that a large proportion of mice administered imipramine had glucose intolerance
(Figure 6c) [39]. Imipramine-treated mice had significantly lower levels of serum insulin
(Figure 6d). Therefore, HFD-fed mice that received imipramine had exacerbated diabetes
symptoms, with more severe hyperglycemia and impaired glucose tolerance associated
with hypoinsulinemia.

Figure 6. Impact of imipramine on (a) blood glucose tolerance score. (b) Area under the curve (AUC)
at 120 min post-glucose injection of blood glucose levels. (c) Glucose intolerance (Fisher’s exact
test). (d) Serum insulin levels. Data are in the form of mean ± standard deviation (n = 8). * p < 0.05;
** p < 0.01.

3.7. Imipramine Reduced IS through Changing the Expression of Phosphorylated Akt and GLUT4

Long-term imipramine treatment increased IR and diminished insulin insensitivity
in HFD-fed mice. This finding is backed up by a significant difference in the respective
HOMA-IR value and IS index (Figure 7a,b, respectively). Moreover, compared with the
control group, the imipramine group had a significantly (1.2 times) higher HOMA-IR
(Figure 7a). The IS index of the imipramine group was significantly lower (by 17%)
(Figure 7b). Furthermore, we made an attempt to understand the mechanisms underlying
glucose homeostasis in the mice fed an HFD through examining Akt phosphorylation and
GLUT4 expression within muscles after imipramine treatment (Figure 7c). Significantly
lower (11% and 25%, respectively) muscle Akt activation and GLUT4 expression were
observed in the imipramine group (Figure 7d,e).
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Figure 7. Effects of imipramine on the (a) homeostasis model assessment-estimated IR (HOMA-IR)
index and (b) insulin sensitivity (IS) index. (c) Representative blot of gastrocnemius muscle extracts.
Expression levels of (d) phosphorylated Akt and (e) GLUT4. Data are in the form of mean± standard
deviation (n = 8). * p < 0.05; *** p < 0.001.

3.8. Imipramine Affected Chromium Levels in Tissues and Organs and Increased Chromium
Urinary Loss

Chromium (III) has important functions in glucose homeostasis, makes a major contri-
bution to insulin action, and reduces IR [15,38]. Therefore, to evaluate whether imipramine-
treated mice with HFD-induced obesity and glucose intolerance had altered chromium
levels, we measured the chromium concentration in various harvested tissues and organs;
the results are presented in Table 3. Chromium intake in the imipramine-treated mice was
significantly higher (by 1.2 times) than that in the control mice. This finding was linked to
the imipramine-treated mice being more hyperphagic than the control mice. Blood, bone,
liver, muscle, and fat pad chromium levels were (significantly) 60%, 53%, 20%, 22%, and
24% lower, respectively, in the imipramine-treated mice than in the controls. By contrast,
these chromium levels had an opposite trend in kidney and urine samples; average in-
creases of 1.5 times and 2.2 times, respectively, were noted in the imipramine-treated mice
compared with the controls, reaching the level of statistical significance.

Table 3. Chromium concentrations in the organs and tissues of HFD-fed controls and imipramine-
treated mice.

Variable Control Imipramine

Chromium intake/mouse/week (µg) 16.42 ± 0.66 19.96 ± 0.91 *
Blood (ng/mL) 182.28 ± 8.51 72.36 ± 5.78 ***

Bone (ng/g) 326.58 ± 9.26 152.27 ± 6.31 ***
Liver (ng/g) 76.27 ± 6.83 60.61 ± 4.25 **

Muscle (ng/g) 52.36 ± 4.62 40.84 ± 3.73 **
Epididymal fat pads (ng/g) 50.59 ± 4.61 38.52 ± 2.54 **

Kidney (ng/g) 100.51 ± 3.75 151.73 ± 6.29 ***
Urine (ng/mL) 51.18± 3.65 112.41 ± 4.23 ***

Data for the two groups are in the form of mean ± standard deviation (n = 8). * p < 0.05; ** p < 0.01; *** p < 0.001.

3.9. Imipramine Induced Renal Injury, Increased Serum BUN and Creatinine, and Reduced
Antioxidant Enzymes in the Kidneys

We next evaluated whether imipramine induced renal damage because evidence pre-
viously indicated that obesity, hyperlipidemia, and diabetes resulted in kidney injury [39].
Hematoxylin and eosin staining revealed that imipramine administration induced glomeru-
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lonephritis and inflammatory cell infiltration (Figure 8a). In addition, we observed signifi-
cantly higher serum BUN and creatinine levels (1.2 times higher each) in the imipramine
group (Figure 8b,c). Renal injury is linked to a reduction in antioxidant enzymes in the
kidney; increased oxidant enzyme activity may result in alleviation of renal nephropathy
and improve renal function [47,48]. Mice administered imipramine had significantly lower
activities of antioxidant biomarkers CAT (Figure 8d), GPx (Figure 8e), and SOD (Figure 8f;
27%, 10%, and 13% lower, respectively).

Figure 8. Effect of imipramine on (a) glomerular morphologies according to hematoxylin and eosin
staining (magnification, 200×). (b) Serum BUN, (c) serum creatinine, (d) renal catalase (CAT) activity,
(e) renal glutathione peroxidase (GPx) activity, and (f) renal superoxide dismutase (SOD) activity.
Data are in the form of mean ± standard deviation (n = 8). * p < 0.05; ** p < 0.01.

3.10. Imipramine Aggravates Retina Damage and Increases the Gene Expression of iNOS, NF-κB,
and COX-2 but Reduces IκBα Expression in the Eyeballs

Diabetes heightens oxidative stress, and such a heightened stress state may play a
major role in diabetes complications, including retinal injury [47,48]. In hematoxylin and
eosin-stained sections of retinas, the inner plexiform and nuclear layers (IPL and INL,
respectively) of imipramine-treated mice were thinner than those of the control mice,
and the ganglion cell layer was almost absent in the treated mice (Figure 9a). Ocular
inflammation and associated complications are key causes of vision loss. In recent years,
evidence has suggested that inflammation has a prominent role in the pathogenesis of
several retinal conditions, such as DR [48]. Our results show that the gene expression of
COX-2, iNOS, and NF-κB was higher in imipramine-treated mice compared with controls
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(1.5, 1.8, and 1.2 times higher, respectively; Figure 9b,c, respectively). By contrast, the
gene expression of IκBα in imipramine-treated mice was 18% lower than that in controls
(Figure 9d). These results indicate that imipramine increased the risk of DR by elevating
inflammation and glucose uptake.

Figure 9. Effects of imipramine on (a) retinal morphology according to hematoxylin and eosin
staining (magnification, 200×). (b) Cyclooxygenase-2 (COX-2), (c) inducible nitric oxide synthase
(iNOS), (d) nuclear factor κB (NF-κB), and (e) inhibitory κBα (IκBα) mRNA levels. Data are in the
form of mean ± standard deviation (n = 8). GCL, ganglion cell layer; IPL, inner plexiform layer;
INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; IS/OS, inner/outer
segment junction; RPE, retinal pigment epithelium. * p < 0.05; ** p < 0.01; *** p < 0.001.

4. Discussion

We conducted this study to explore the impact of imipramine on obesity development
in mice fed an HFD. Mice administered imipramine for 8 weeks had a higher obesity risk,
more visceral fat, a higher fatty liver score, more severe glucose intolerance, increased IR,
more severe kidney damage, and a larger AUC value 120 min after glucose was injected.
Daily food efficiency, liver, kidney, and fat pad weight, fatty liver score, adipocyte size,
serum and hepatic triglyceride levels, and serum BUN and creatinine also increased;
however, reductions were noted in renal catalase, GPx, and SOD activities. Our results
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demonstrate that imipramine can increase weight gain and food intake and attenuate
glucose homeostasis concomitant with hypoinsulinemia. Imipramine increases fatty liver
scores and is linked to adipogenesis in the liver, including FABP4 and SREBP1 mRNA
levels, in addition to adiponectin, FASN, and PNPLA3 activation. IR is typically associated
with lower insulin signaling protein activity; our imipramine-treated hyperglycemic mice
exhibited exacerbated glucose homeostasis induced by a reduction in phosphorylated Akt
and GLUT4. Compared with the controls and after 56 days of imipramine treatment, the
treated mice had significantly lower chromium levels in their bones, blood, livers, muscles,
and fat pads; however, they had significantly higher levels in their urine and kidneys.
Imipramine treatment also rendered mouse retinas abnormal and increased the expression
of inflammatory-related genes, including COX-2, iNOS, and NF-κB, in the eyeballs. Finally,
the treated mice also had increased obesity, hepatic fat accumulation, serum triglyceride
levels, serum liver function indexes, and urinary chromium loss, and they exhibited insulin
resistance, heightened glucose intolerance, renal injury, diabetic retinopathy, and thin IPLs
and INLs corresponding to the development of hyperglycemia-associated fatty liver.

After mice were administered an HFD for 8 weeks, the diet made a contribution to
obesity development. Weight gain increases occur when fat pad mass increases because of
an increase in the number of new adipocytes from precursor cells or due to an enlarged
adipocyte size because of fat storage [14,38]. Body weight gain is related to increased fat cell
differentiation or fat pad weight caused by fat cell hypertrophy [14,39]. For this reason, the
body weight of the imipramine-treated mice was greater than that of the control mice, and
the weights of organs and tissue, including the kidneys, the liver, RWAT, and EWAT, were
also greater. We suggest that the increases in body fat as well as RWAT, EWAT, and liver
weights in the imipramine group may have been caused by increases in adipocyte size and
fatty liver scores. Additionally, we obtained evidence that the increase in body fat may have
been a result of lower energy expenditure, indicated by the mRNA expression in brown
adipose tissue of UCP1. UCP1 expression occurs in the inner membrane of brown adipocyte
mitochondria, creating heat through the uncoupling of oxidative phosphorylation, and
thermogenesis induction is controlled by adrenaline. Hypothalamus feeding centers
were linked to this thermogenic system for body temperature control, which enables
the regulation of body weight and may well represent an efficient dual function related to
the thermogenesis of brown fat [49]. Furthermore, leptin has roles in the hypothalamus
regarding regulating food intake, and leptin synthesis occurs primarily within white
adipose tissue [50]. The imipramine-treated mice ate more, and their serum leptin was
higher than that of the controls. Leptin mediates food intake by means of sympathetic
outflow to the hypothalamus, and leptin directly affects tissues through enhancement of
lipid oxidation and a reduction in lipogenesis [51]. Imipramine therapy appeared to inhibit
the leptin signaling pathway. Moreover, we found a decrease in leptin receptor levels in
the imipramine-treated mice; the leptin receptor is a phenome of resistance to leptin. The
finding that long-term use of imipramine may accelerate obesity through leptin signaling
inhibition is valuable.

The accumulation of fat in the liver induces FLD, which is strongly associated with
obesity [33,38]. The imipramine group had higher fatty liver scores (revealed through
histopathology) and higher levels of the liver enzymes AST and ALT, which act as hepatic
injury markers. Hepatocellular permeability is increased when liver injury is induced, and
consequently, AST and ALT are released from intracellular spaces into plasma [52]. In
addition, we analyzed SREBP1 and FABP4 mRNA expressions and discovered them to
be associated with the expression of genes participating in lipid storage, hepatic steatosis,
hepatic lipogenesis, and NAFLD pathogenesis [33,53]. Higher expression of SREBP1 and
FABP4 mRNA in the liver was observed after long-term imipramine administration and
caused liver injury owing to marked hepatic lipid infiltration. In addition, the activity of
COX-2 in the obese imipramine-treated mice was significantly higher than in the control
mice (Figure S3), which eventually led to inflammation and liver damage [54]. Serum
AST and ALT levels were subsequently analyzed. Similar studies have found liver test
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abnormalities in patients administered tricyclic antidepressants, such as aminotransferase
abnormalities and cholestatic hepatitis [55]. A report indicated that increased systemic
serotonin activity through the knockout of the serotonin transporter resulted in IR, severe
obesity, and hepatic steatosis [53]. Our findings corroborate those of other studies related
to imipramine-treated HFD-fed mice; these mice exhibited substantially increased fat pad
and liver weights, serum and hepatic triglyceride levels, and fatty liver scores in response
to increased serum serotonin levels. For safety reasons, when imipramine use is linked to
higher risks in individuals with depression and underlying liver disease, it is recommended
that serum AST and ALT be regularly monitored during clinical trials despite the fact that
no such recommendation has been formally made for related investigations.

Obesity is highly associated with elevated triglycerides [56]. In addition, the hallmark
of NAFLD is accumulated triglycerides in hepatocytes’ cytoplasm [57]. We explored serum
and hepatic triglyceride levels. Our imipramine group exhibited elevated serum and
hepatic triglyceride levels compared with the control group. This may have been related
to imipramine decreasing fibroblast growth factor-21 activity, which has major effects on
metabolic parameters, including on lipid and glucose homeostasis, and which promotes fast
weight loss [58]. The finding may be linked to lower FGF21 levels preventing a reduction
in excess lipid levels in hepatocytes; this may result in lipid overload-related stress and
activate the release of several proinflammatory factors (e.g., tumor necrosis factor-α (TNF-
α)) [59,60]. FASN may have a role in body weight regulation and the development of
obesity [61]. Research has revealed a significant correlation of FASN expression with
the degree of steatosis in primary human hepatocytes in vitro as well as in experimental
murine models and in the livers of patients with NAFLD in vivo [62]. Furthermore, hepatic
inflammation may be promoted by PNPLA3 during NAFLD progression through an
increase in TNF-α expression and activation of endoplasmic reticulum stress-mediated
and NF-kB-related inflammation in NAFLD [63]. In addition, adiponectin has antidiabetic
characteristics owing to its insulin-mimetic and insulin-sensitizing effects, and furthermore,
anti-inflammatory and anti-atherosclerotic effects have been consistently reported [64]. As
expected, in this study, adiponectin was reduced in the imipramine-treated mice. Taken
together, the results indicate that imipramine induced a marked intrahepatic accumulation
of lipids, and this exacerbated liver damage in mice with HFD-induced NAFLD. The
activation of multiple inflammatory signaling pathways by imipramine may accelerate the
development of liver damage. Therefore, regulation of imipramine in these pathways may
indicate novel treatment targets for these increasingly less common sequelae of hepatic
side effects after imipramine administration.

Reports indicated that tricyclic antidepressants elevate and reduce glucose and insulin
levels, respectively, in humans and animals, contributing to greater metabolic risks in non-
diabetic patients with depression or the deterioration of glucose metabolism in individuals
with depression and type 2 diabetes through the aggravation of glucose intolerance [65–67].
Moreover, evidence indicates that TCAs, such as doxepin and amitriptyline, induce hy-
perglycemia by inhibiting insulin release from the pancreas and inhibit glucose transport,
resulting in decreased glucose uptake [68,69]. Our results indicate that imipramine exacer-
bates diabetes mellitus complications by reducing serum insulin levels, as evidenced by the
fact that chronic imipramine use resulted in a reduced proportion of β-cells in mouse pan-
creas sections (Figure S4). Generally, a reduction in Akt phosphorylation and serum FGF21
level leads to the attenuation of insulin signaling, which impairs glucose homeostasis and
enhances IR [33,39]. GLUT4 facilitates insulin-promoted glucose uptake into adipose tissue
and muscle, and reduced GLUT4 expression levels lower insulin-mediated glucose uptake;
exacerbated hyperglycemia may be the mechanism of action, as indicated by heightened
glucose intolerance on the basis of an IPGTT [70]. Considerable basal glucose transport
reductions suggest strong IR and glucose intolerance in mice that have diabetes and a
selective deficiency of GLUT4 in their muscles [33]. Collectively, these findings indicate that
HFD-fed mice administered imipramine have severe hyperglycemia and IS suppression.
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Chromium administration may be a crucial adjunct therapy for type 2 diabetes because
it may be involved in glucose metabolism through potentiating insulin’s actions [38].
This action of chromium has a role in metabolism, and a consequence of this action is
glucose metabolism alteration. Our results also indicate that chromium levels in the
muscles, blood, bones, liver, and fat pads of HFD-fed mice administered imipramine were
significantly lower than in control mice. These results show that imipramine negatively
affects chromium accumulation in tissues [39]. Similarly, serum chromium levels were
significantly decreased in patients with uncontrolled type 2 diabetes [71]. Therefore,
prolonged imipramine intake could change chromium concentrations in various organs
and tissues. Chromium mobilization or redistribution prompted the worsening of the
hyperglycemic status of our mice administered imipramine.

Large amounts of trace elements are excreted in urine; however, the majority of them
are absorbed again at the proximal renal tubule [34]. Although chromium levels were low
in the metabolic tissue and blood of our imipramine group, they were high in urine and
kidney samples. We surmised that the imipramine resulted in chromium release from
metabolic tissues into the kidneys, thus increasing urinary chromium loss. Greater urine
excretion and lower trace metal reabsorption are generally kidney damage responses [15].
This supposition is backed up by the higher renal function indexes (creatine and BUN) in
our mice administered imipramine. Higher creatine and BUN concentrations are known
to be kidney disease progression risk factors in those with moderate or severe CKD [72].
Additionally, imipramine caused lesions in mice and glomerulonephritis. Collectively, the
results demonstrate that chronic intake of imipramine causes kidney injury; inflammatory
cell infiltration in the renal interstitium was observed alongside increased biomarkers of
nephropathy, namely, creatine and BUN. Detoxicant and antioxidant enzymes provide cru-
cial protection to the kidney [73]. Due to their transport-related functions, the kidneys have
an active oxidative metabolism, and this action causes ROS production [74]. We detected
lowered GPx, catalase, and SOD activities in the treated mice compared with our controls.
Furthermore, immunohistochemical (IHC) staining demonstrated that mice administered
imipramine had heightened levels of renal inflammatory cytokines, including TNF-α
(Figure S5). The results indicate that chronic and continuous imipramine administration
can lead to hyperglycemia-induced kidney damage and long-term inflammation, exacerbat-
ing injuries caused by reduced antioxidant levels and oxidative stress. Researchers should
investigate whether drugs other than imipramine can be used as replacement or adjunct
therapies to alleviate kidney-related side effects in diabetes patients with depression.

Hyperglycemia is a common diabetes symptom, and it may induce oxidative stress and
inflammatory injuries during DR development and later result in vascular dysfunctions [75].
DR can lead to blindness [76]. IR and chronic hyperglycemia are key factors related to blood–
retina barrier dysfunction and retinal damage related to diabetes [77]. Various neuronal
cells, including amacrine and ganglion cells, are affected by pathogenic changes that are
manifestations of morphologic abnormalities and neuronal apoptosis [78]. Numerous
physiological and molecular abnormalities develop in the retinas of individuals with
diabetes, and the manifestations seem to be related to inflammation [79]. Upregulated
COX-2 and iNOS have been noted in rodent and human retinas [80]. Moreover, NF-κB,
which is inhibited by IκBα, is a widely expressed inducible transcription factor known to
be a crucial regulator of various genes with roles in immune and inflammatory responses
and cellular apoptosis and proliferation. NF-κB activation is induced by proinflammatory
proteins such as iNOS [81]. Diabetes activates NF-κB in the retinas of rodents [82]. Through
hematoxylin and eosin staining, we discovered that retina cells in the mice administered
imipramine had more severe injury than such cells in control mice; RT-PCR revealed
that the gene expression of inflammatory markers (e.g., iNOS, COX-2, and NF-κB) was
heightened, and IκBα expression was reduced in mice administered imipramine.

Our findings suggest that an HFD can be used to create a mouse model of both hyper-
glycemia and obesity, and that prolonged imipramine intake in mice causes weight gain;
increased food intake; increased kidney, liver, and fat pad weight; heightened serum and
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hepatic triglyceride, ALT, and AST levels; and increased fatty liver scores and adipocyte
sizes. These findings could, indeed, be corroborated by lipid accumulation and lipogenesis
activation for the regulation of nutrient metabolism. Furthermore, administering mice
imipramine worsened their hyperglycemia, expedited glucose intolerance with glomeru-
lonephritis, and caused retinopathy. The reduced expression of Akt and GLUT4 in skeletal
muscles was possibly a factor in the indicated reduction in glucose metabolism. Imipramine
altered the distribution of chromium in tissues and organs and increased the urinary loss
of chromium. These findings point to the attenuation of glucose homeostasis and IS and
the enhancement of IR. Moreover, the HFD slowed glucose homeostasis in these mice,
but imipramine expedited the manifestation of diabetes symptoms. Thus, imipramine
could have side effects related to kidney damage, FLD, and diabetes (Figure S6). Chronic
imipramine intake could exacerbate conditions such as obesity, diabetes, CKD, and DR.

5. Conclusions

The present study reveals new information indicating that constant intake of imipramine
in mice as part of an HFD had marked effects in terms of obesity and hyperglycemia
inducement. Parallel alterations in weight gain (including fat pad and body weight), food
efficiency, serum triglyceride levels, serum AST and ALT levels, fatty liver scores, adipocyte
size, and glucose intolerance were indicated. The current investigation provides evidence
of the mechanisms behind the imipramine-induced exacerbation of hyperglycemia through
decreasing GLUT4 expression. Nephropathy in obese mice administered imipramine
may have been due to the exacerbation of hyperglycemia, and reductions in antioxidant
enzymes may have worsened nephropathy. DR as well as thinner IPLs and INLs among
mice administered imipramine was noted, and the mechanisms behind these manifestations
were the increased expression levels of inflammatory COX-2, iNOS, and NF-κB. Blood
glucose alterations, kidney and liver function, and eyesight changes must be carefully
assessed following initial imipramine intake to ensure early recognition of these rare side
effects, especially in patients and animals receiving antidepressants. Such recognition
would allow for early identification and treatment to prevent the development of DR, CKD,
obesity, and hyperglycemia.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/vetsci8090189/s1, Figure S1. Effect of imipramine (5 mg/kg every day) on body weight
and weekly body weight gain in HFD-fed controls and HFD-fed mice treated with imipramine
during the 56-day experimental period. No significant differences in body weight and weekly body
weight gain were observed between the two groups. Figure S2. Effect of imipramine (10 mg/kg
every day) on body weight in SD-fed controls and SD-fed mice treated with imipramine during the
56-day experimental period. No significant differences in body weight were observed between the
two groups. Figure S3. Effects of imipramine on (a) A representative image showing blots of liver
extracts. The expression level of (b) COX-2 was measured. Data are in the form of mean ± standard
deviation (n = 8). *** p < 0.001. Figure S4. Alterations in (a) islet morphologies (hematoxylin
and eosin as well as immunohistochemical stain; 200×magnification) and (b) β-cell percentage in
control and treatment groups. * p < 0.05. Figure S5. Alterations in (a) IHC stains (magnification:
200×) and (b) renal levels of TNF-α in treatment and control groups. ** p < 0.01. Western blotting
with the antibody COX-2 (Sigma-Aldrich) and immunoreactive signals was employed along with
enhanced chemiluminescence reagents (Thermo Scientific); UVP ChemStudio (Analytik Jena) was
then used for signal detection. Primary antibodies against insulin (Bioss, Woburn, MA, USA) were
used for IHC staining for insulin in pancreatic islets. Primary antibodies against TNF-α (Merck,
Billerica, MA, USA) were utilized for further IHC staining for TNF-α in kidneys. IHC using a TAlink
mouse/rabbit polymer detection system procured from BioTnA (#TACH04D, Kaohsiung, Taiwan)
was used for determining the expression of proteins. Figure S6. Mechanistic presentation of side
effects experienced by HFD-induced obese mice treated with imipramine for 56 days.
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Abstract: Enteric infectious diseases are not all well controlled, which leads to animal suffering
and sometimes death in the most severe cases, in addition to economic losses for farmers. Typical
symptoms of enteric infections include watery diarrhea, stomach cramps or pain, dehydration, nausea,
vomiting, fever and weight loss. Evaluation of new control methods against enteric infections requires
the use of many animals. We aimed to develop a new method for an initial in vivo screen of promising
compounds against neonatal diseases such as cryptosporidiosis while limiting experimental animal
use. We therefore adapted an in vivo method of multiple consecutive but independent intestinal loops
to newborn lambs delivered by cesarean section, in which endotoxin responsiveness is retained. This
new method allowed for the screening of natural yeast fractions for their ability to stimulate immune
responses and to limit early Cryptosporidium parvum development. This model may also be used to
investigate host–pathogen interactions and immune responses in a neonatal controlled environment.

Keywords: newborn lamb; multiple intestinal loop model; 3R; Cryptosporidium parvum; yeast cell
wall fractions

1. Introduction

Infectious diseases are mainly controlled by the use of vaccines and antimicrobials.
Despite major discoveries, some infectious diseases remained refractory to vaccination and
treatments and therefore require specific attention together with the new infectious zoonotic
threats that increasingly emerge these last decades. The evaluation of new antimicrobials
is usually first performed by bioinformatics and/or by in vitro approaches sometimes
resulting from High-Throughput Screening (HTS) on miniaturized 2D cell-based assays,
evaluating 100,000 or more samples per day [1,2]. Many of these candidates failed when
entering clinical trials and have required the unnecessary use of numerous experimental
animals. Ex vivo cultures of multipotent or pluripotent stem cells in a three-dimensional
(3D) matrix represent major improvements and contribute to reducing animal use [3,4].
However, despite their obvious advantages, these systems cannot yet fully reproduce all
the complex characteristics and interactions encountered in vivo, such as the (I) multiplicity
and spatial organization of cell types, (II) the immune cell recruitments, (III) the ability to
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experiment in presence of a full cultivable and non-cultivable microbiota or (IV) to repro-
duce the peculiarity of a specific age of development e.g., neonatal period, etc. In addition,
these models are usually unsuitable for assessing the mechanism of physiopathology re-
sulting from infectious processes. Until technical progress can resolve these limitations, it is
therefore important to develop or improve in vivo methods to minimize the use of animals
and take full advantage of each experiment in accordance with the 3R rules (Replacement,
Reduction and Refinement) [5].

Neonatal enteric infections result essentially from the infection of bacterial, parasitic,
or viral pathogens and they have profound effects on intestinal absorption, nutrition, and
youth development as well as on global mortality. Cryptosporidiosis due to the zoonotic
protozoan parasite Cryptosporidium parvum (C. parvum) is characterized by infection of
the epithelial cells of the small intestine, mainly in the ileum, leading to acute diarrhea
and dehydration that may lead to death in severe cases [6]. This disease represents a true
one-health threat with severe consequences for human and animal health [7,8]. Extensive
new epidemiology studies revealed cryptosporidiosis to be the second leading cause of
death in children due to diarrheal disease worldwide [9], and is the first cause of diarrheal
enteric disease in young ruminants in France [10]. There is no vaccine and a very limited
chemotherapy available for animals and humans [11].

We aim to evaluate natural alternatives for controlling cryptosporidiosis using lambs
as a target species and also as a model for larger animals such as calves. Indeed, lambs
represent a cost-effective model and harbor similar development of gut lymphoid tissues
at birth to other young ruminants. We intent to stimulate the immune responses of animals
from birth with colostrum supplemented with natural products such as yeast cell wall
(YCW) fractions that contain TLR2, TLR4 and Dectin-1 receptor ligands. However, intestinal
immune tolerance initiates rapidly after birth in response to microbial colonization gained
during vaginal delivery and subsequently via colostrum, milk and multiple contacts with
the environment. This immune tolerance is characterized by a rapid hypo-responsiveness
to microbial antigens as demonstrated in mouse models [12,13].

We therefore developed an in vivo model suitable to investigate both host–pathogen
interactions in a controlled environment and to evaluate new natural antiparasitic com-
pounds. Our model relies on two previously described gut-loop models: one performed
with fetal lambs (120 to 130 days of gestation) but with just a single loop [14] and an-
other one made with 4–6 month-old lambs [15]. The surgical procedure was therefore
successfully adapted right after birth to cesarean-born lambs and allowed to produce
an isolated intestinal segment in the ileum area free of microbiota and immune system
stimulation. Multiple loops were created in the isolated intestinal segment which allowed
for the evaluation endotoxin responsiveness, immune responses, parasite replication in
presence or not of YCW fractions. This new model combines different specificities which
were required for our investigations such as (1) a newborn model for neonatal enteric
disease study, (2) sterility for evaluating the immunomodulatory properties of natural
compounds provided in the first colostrum and (3) a large number of intestinal loops per
animal to perform multiple comparisons of selected compounds while severely limiting
the use of experimental animals.

2. Materials and Methods
2.1. Development of a New Animal Model
2.1.1. Ethic Statements

Animal needs were met in accordance with the European Community Council Direc-
tive 2010/63/EU (Decree: 2013-118 01/02/2013). The experimental facilities had received
authorization to house experimental animals from the local bureau of veterinary services
(Indre-et-Loire, France, authorization N◦: D 37-175-3), and all the experimental procedures
were approved by the Val de Loire Ethics Committee (authorization N◦ APAFlS#16870-
201809261558973 v2). All animal experimentations have been performed in the Infectiology
of Farm, Model and Wildlife Animals Facility (PFIE, Centre INRAE Val de Loire available
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online: https://doi.org/10.15454/1.5572352821559333E12 (accessed on 23 August 2021);
member of the National Infrastructure EMERG’IN). All the personnel involved had special
training in animal care, handling and experimentation, as required by the French Ministry
of Agriculture.

2.1.2. Neonatal Care of Newborn Lambs after Cesarean Surgery

The pregnant Préalpes-du-Sud ewe selected to give birth to two lambs was subjected
to classical cesarean surgery. After stimulation of the respiratory function, right after
birth, they were positioned in lateral decubitus and received intranasally one to two
drops of doxapram (Dopram®, Vetoquinol, Lure, France) to stimulate the respiratory
rate. The umbilical cord was disinfected with Vetedine® (Vetoquinol, Lure, France) and
newborns were then placed together in close contact in the housing box, in a dry and warm
environment, under a heating lamp. After 30 min, one of the two lambs was operated.

2.1.3. Intestinal Loop Surgery

Preparation: The lamb was placed on a heated neonatal resuscitation table and re-
ceived isoflurane via a face mask for general anesthesia and buprenorphine (Buprecare®

Multidose 0.01 mg/kg, Axience, Pantin, France) for analgesia by intramuscular injection.
The lamb was then intubated with an endotracheal tube (internal diameter 4 to 5 mm,
RÜSCH®, Teleflex, Wayne, NJ, USA) and put on assisted ventilation (CPV mode: controlled
pressure ventilation, Fabius® Tiro, Dräger, Lübeck, Germany), with a 50/50 oxygen and air
mixture. The monitoring system installed (BLT, M8500) allowed to continuously monitor
rectal temperature, heart and respiratory rates, oxygen saturation (SpO2) and End Tidal
CO2 (ETCO2). An intravenous catheter was placed in the cephalic vein and a warm infu-
sion of sterile isotonic Ringer-Lactate saline solution (Osalia, Paris, France) was started at a
rate of around 10 mL/kg/h via a flow regulator.

Surgical intervention: The surgical area was disinfected and a subcutaneous injection
of 1 mL of lidocaine was performed at the level of the midline. After a few minutes, a
10-cm skin incision was made in the midline, caudal to the umbilicus. After dissection
of the subcutaneous tissue and opening of the abdominal cavity, the urachus duct was
reclined. Sterile compresses moistened with prewarmed (+37 ◦C) sterile saline were placed
all around the surgical wound. The intestinal tract was exteriorized on the compresses, the
area of interest (from the ileocecal fold) was identified and the rest was reintroduced into
the abdomen. The externalized portion was regularly humidified with sterile warm saline
throughout the procedure.

Creation of loops and inter-loops: A silk ligature (dec. 3, SILK®, SMI, St Vith, Belgium)
was made approximately at 5 cm from the ileocecal fold (retrograde direction). This 5 cm
area is the site of the distal enterotomy. Then, moving up the small intestine, ligatures
were placed at approximately 2–3 cm intervals to generate three consecutive loops, and an
interloop region which separates each set of triplicates. This can be repeated as many times
as necessary before the continuous ileal Peyer’s patch disappears (Figure 1b). Long ends
were performed to allow the identification of each triplicate of loops plus the interloop
region to be easily clamped for reliable tracking during the loop injection stage. The lumen
of the gastrointestinal tract was not rinsed before the ligatures were made, the intestinal
contents remained therefore intact.
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Figure 1. Intestinal loops surgery on the ileum of cesarean-section born lamb. (a) Picture of lamb that was anesthetized 
before surgery, intubated with endotracheal tube and put on assisted ventilation; (b) Schematic representation of the in-
testinal loop generation in the ileum of caesarean-born lamb. Series of triplicates of loops (L1, L2, L3) were generated 
between the two areas (I and II) indicated by arrows. Interloop region separates series of triplicates and are indicated in 
shaded areas. The first ligature of the triplicates harbors longer ends, so do the one of each triplicate to facilitate the iden-
tification; (c) Schematic representation of end-to-end anastomosis is visualized (I/II) allowing intestinal transit restauration 
and the separation of the intestinal segment containing the isolated loops; (d) Picture of a loop creation within intestinal 
segment during surgery; (e) Food intake represented by the volume of milk drunk per ml and per kg of lamb body weight 
per 24 h for the gut-loop lamb and its littermate. Each point shape corresponds to an independent experimentation (n = 4 
for each group); (f) Body temperature (°C) (mean ± SEM) was monitored from birth to 20-h post-surgery (ps) for the gut-
loop lamb and its littermate. The grey box corresponds to the surgery intervention (from start to end). 

Double enterotomy, end-to-end anastomosis: A double enterotomy was performed 
on each extremity of the area containing loops (Figure 1c). The four ends created were 
immediately wiped with a sterile compress moistened with warm saline. To avoid leakage 
or adhesion, each end of the isolated intestinal segment was sutured with a single suture 
(dec. 1.5, MONOCRYL®, Johnson & Johnson, New Brunswick, NJ, USA) and a jejuno–ileal 
anastomosis was performed to allow normal intestinal transit before gently placing the 
entire externalized digestive tract back into the abdominal cavity. It should be noted that 
the vascularization of the intestinal loops after the separation of the ileal segment was 
maintained. The abdominal cavity was rinsed several times with sterile warm saline. The 
abdominal wall was stitched with a single suture (dec. 2, SAFIL®, B. BRAUN, Melsungen, 
Germany) followed by subcutaneous and cutaneous sutures and finally, the wound was 
disinfected. Isoflurane supply was cut off, the animal was put on assisted ventilation with 
a 100% oxygen mixture and then positioned in a lateral recumbence to accelerate awak-
ening. The animal was regularly “switched” to spontaneous ventilation (Man/Spont) and 
received an intravenous injection of doxapram (0.87 mg/kg, Dopram-V Injectable®, 

Figure 1. Intestinal loops surgery on the ileum of cesarean-section born lamb. (a) Picture of lamb that was anesthetized
before surgery, intubated with endotracheal tube and put on assisted ventilation; (b) Schematic representation of the
intestinal loop generation in the ileum of caesarean-born lamb. Series of triplicates of loops (L1, L2, L3) were generated
between the two areas (I and II) indicated by arrows. Interloop region separates series of triplicates and are indicated
in shaded areas. The first ligature of the triplicates harbors longer ends, so do the one of each triplicate to facilitate
the identification; (c) Schematic representation of end-to-end anastomosis is visualized (I/II) allowing intestinal transit
restauration and the separation of the intestinal segment containing the isolated loops; (d) Picture of a loop creation within
intestinal segment during surgery; (e) Food intake represented by the volume of milk drunk per ml and per kg of lamb body
weight per 24 h for the gut-loop lamb and its littermate. Each point shape corresponds to an independent experimentation
(n = 4 for each group); (f) Body temperature (◦C) (mean ± SEM) was monitored from birth to 20-h post-surgery (ps) for the
gut-loop lamb and its littermate. The grey box corresponds to the surgery intervention (from start to end).

Double enterotomy, end-to-end anastomosis: A double enterotomy was performed
on each extremity of the area containing loops (Figure 1c). The four ends created were
immediately wiped with a sterile compress moistened with warm saline. To avoid leakage
or adhesion, each end of the isolated intestinal segment was sutured with a single suture
(dec. 1.5, MONOCRYL®, Johnson & Johnson, New Brunswick, NJ, USA) and a jejuno–ileal
anastomosis was performed to allow normal intestinal transit before gently placing the
entire externalized digestive tract back into the abdominal cavity. It should be noted that
the vascularization of the intestinal loops after the separation of the ileal segment was
maintained. The abdominal cavity was rinsed several times with sterile warm saline. The
abdominal wall was stitched with a single suture (dec. 2, SAFIL®, B. BRAUN, Melsungen,
Germany) followed by subcutaneous and cutaneous sutures and finally, the wound was
disinfected. Isoflurane supply was cut off, the animal was put on assisted ventilation
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with a 100% oxygen mixture and then positioned in a lateral recumbence to accelerate
awakening. The animal was regularly “switched” to spontaneous ventilation (Man/Spont)
and received an intravenous injection of doxapram (0.87 mg/kg, Dopram-V Injectable®,
Vetoquinol, Lure, France), repeated once if necessary, to help spontaneous breathing. The
animal was then extubated, the catheter was removed and the animal was placed in the
housing box with heat lamp, in direct contact with the control lamb from the litter.

Post-operative care: The lambs were fed as the first signs of awakening were observed
(Colostromix®, Technovet Eurotonic, Briec, France). The volume and number of feedings
were adapted upon lamb request. Analgesia was continued with four intramuscular
injections per day of buprenorphine (0.01 mg/kg). The criteria for assessing the animal’s
clinical condition and possible pain were primarily behavioral: vocalizations (which do
not occur after drinking), lordosis, prostration or apathy, absence or too frequent stands
up, disinterest in the surroundings, low head carriage or low ears, etc. At every visit to
feed them (3 h interval), the surgical wound, rectal temperature, quantity of ingested milk,
stool and urine output were controlled. No additional enrichment was provided other
than the presence of a littermate from the same litter and all physical contact with the
animal technicians, particularly during feedings, which is particularly important at this
physiological stage.

Sample recovery: After 24 h, the animal was injected intramuscularly with xylazine
(0.5 mg/kg, ROMPUN®, Bayer, Leverkusen, Germany) and euthanized intravenously
with pentobarbital (180 mg/kg, DOLETHAL®, Vetoquinol, Lure, France). The animal
was then bled and the small and large intestine was harvested in a whole (duodenum to
colon), then samples were taken from each intestinal loop. The unique 24 h-time point
was selected to limit animal consumption based on the compromise between assessing the
innate immune response to immunostimulants and allowing sufficient time to measure the
effect on parasite invasion and development.

2.2. Use of the Gut-Loop Model for Investigating Immune Responses and Infection with C. parvum
2.2.1. Intestinal Stimulations

Intestinal responses to immunostimulants were evaluated with isolated loops in lambs
and ex vivo with explants. Just after the end-to-end anastomosis, 150 µL of stimulants were
injected into loops with an 8-mm 30G needle at the following concentrations: bacterial
lipopolysaccharide (LPS) (10 µg/mL, LPS-EB, Invivogen, San Diego, CA, USA), R848
(10 µg/mL, Resiquimod, Invivogen, San Diego, CA, USA) and yeast cell wall fraction 1
(YCW1) or 2 (YCW2) (5 mg/mL, Phileo by Lesaffre, Marcq-en-Barœul, France). The two
YCW were obtained from a Saccharomyces cerevisiae (S. cerevisiae) strain and differed in
their polysaccharide composition. YWC1 is composed of an equilibrated content between
β-glucans and mannoproteins (at minima 20% of each sugar compound), whereas YCW2
is enriched in β-glucans (50%). Twenty-four hours after surgery, animals were euthanized
and intestinal tissues were collected either from the loops or from the ileum reconnected to
the intestinal transit, and explants were generated with biopsy punches of 8 mm diameter.
Tissue samples were incubated in culture medium (RPMI; 10% FBS; 100 U/mL Penicillin;
100 µg/mL Streptomycin; 100 µg/mL Normocin; 250 ng/mL Amphotericin B) alone or
with LPS at a concentration of 10 µg/mL, for 4 h at +37 ◦C and 5% CO2. Three explants per
condition were used, referred as triplicates.

2.2.2. RNA Extraction and RT-qPCR

RNA extractions from explants or pieces of loop were performed after homogenization
in TRIzol (Invitrogen, Waltham, MA, USA) with an Ultra-turrax and processed according
to manufacturer’s recommendations. Total RNA was reverse transcribed with the iScript
RT SuperMix kit (Biorad, Hercules, CA, USA) and amplified by quantitative real-time PCR
(RT-qPCR) in presence of EVA® Green using CFX96 Touch Real-Time PCR Detection System
(Biorad, Hercules, CA, USA). Results were expressed as 2e−∆Ct, following normalization
with three stable reference genes (hprt, gapdh and actb). mRNA was quantified for il1α, il1β,
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mx1, cxcl1, cxcl2, cxcl8 and tnfα genes known to be upregulated by YCW extracts and/or
TLR-agonists used in this study, LPS and R848 (see Table S1 for primer sequences).

2.2.3. C. parvum Infection

Intestinal loops were injected with 150 µL of physiological serum (0.9% NaCl) or with
150 µL of parasite solution containing 1.5× 104 or 1.5× 105 oocysts of C. parvum in presence
or not of yeast cell wall fractions. The nluc-INRAE transgenic strain of C. parvum [16],
which expresses the nanoluciferase enzyme was used in the study to quantify parasite load.
All intestinal samples were collected after 24 h of infection with C. parvum.

2.2.4. Parasite Burden

The level of infection in the intestinal loops was determined by two complementary
methods: The assessment of the luciferase activity of the C. parvum nluc-INRAE transgenic
strain and the quantification of the C. parvum 18S (Cp18S) gene expression by RT-qPCR.
For relative light unit (RLU) quantification, 500 µL of lysis buffer (50 mM Tris HCl; 2 mM
DTT; 2 mM EDTA; 10% glycerol; 1% Triton) were added to biopsy punch, followed by a
30 min incubation at +4 ◦C. Samples were then vortexed during 1 min and centrifuged at
12,000× g for 1 min. Twenty-five µL of supernatant were mixed with 25 µL of Nano-Glo®

substrate (1/50, Promega, Madison, WI, USA) and luminescence activity measured with
a GloMax® plate reader (Promega, Madison, WI, USA). The values were expressed in
RLU per cm2 of intestinal tissue. Cp18S gene mRNA was quantified using the forward
5′-TAGAGATTGGAGGTTGTTCCT-3′ and reverse 5′-CTCCACCAACTAAGAACGGCC-3′

primers and results are expressed as 2e−∆Ct, after normalization with the expression of
three reference genes (hprt, gapdh and actb).

2.2.5. Histology and Immunofluorescence

Following dissection and PBS wash, intestinal samples were immediately incubated in
a 4% paraformaldehyde PBS solution during 24 h at +4 ◦C for tissue fixation. After 2 washes
of 4 h at +4 ◦C in PBS, samples were incubated in a 30% sucrose PBS solution before
inclusion in OCT (Cellpath, Newtown, UK) and conserved at −20 ◦C until histological
analyses. Seven µm-thick histological sections were realized with the 3050S Leica cryotome
(Leica, Wetzlar, Germany).

Intestinal sections were incubated with a rat polyclonal serum against oocyst antigens
(as previously used [17]), overnight in the dark at +4 ◦C and then washed twice with PBS.
The secondary antibody coupled with Alexa 594 (Invitrogen, Waltham, MA, USA) was
added for 1 h in the dark and washed twice with PBS. Finally, cell nuclei were stained
with Hoechst (Invitrogen, Waltham, USA) during 2 min and then washed twice with PBS.
Immunofluorescent staining of C. parvum were analyzed by microscopy with the Eclipse
80i Nikon Microscope (Nikon, Tokyo, Japan).

2.2.6. Statistics

Statistical analyses were performed using the GraphPad Prism v6 software (GraphPad
Software, San Diego, CA, USA). The Kruskal–Wallis non-parametric test and the Dunn’s
multiple comparison test were used to determine the significance of difference for par-
asite load determination by luminescence measure and RT-qPCR between the different
conditions. p-values of less than 0.05 were considered statistically significant. The lin-
ear regression analysis was used to establish the correlation curve between parasite load
evaluated by luminescence measure and Cp18S gene expression.

3. Results
3.1. Establishment of Gut-Loop Model on a Cesarean-Born Neonatal Lamb

In order to be able to compare the immunomodulatory properties of natural com-
pounds in the intestinal response of newborn lambs without prior interference with natural
microbial stimulation, we adapted the gut-loop model to cesarean-born lambs (Figure 1a).
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All physiological parameters were constantly recorded during the surgery (SpO2, ETCO2,
respiratory and heart rates, body temperature) and no loss was registered. The ligatures
were made in the ileum of lambs since it is the main infected area in the case of natural
infection by C. parvum. We performed set of triplicates for each treatment to be used,
separated by an interloop region to avoid diffusion of the treatment to another adjacent
treatment to be administered (Figure 1b). Leakage between loops were never observed
confirming the effective sealing of each loop. At the end of the loop’s generation, an end-
to-end anastomosis was performed to reconnect the normal transit that will occur when
lambs will first feed, and to allow the separation of the intestinal segment containing the
isolated loops (Figure 1c). With the practice and experience gained over the first surgeries,
the veterinary surgeon can now make around 25–30 intestinal loops (Figure 1d). The
gut-loop lamb animals used to evaluate efficacy of immunostimulatory compounds were
maintained with their littermates for 24 h before euthanasia and none presented abnormal
behavior. Food intake was slightly lower in gut-loop lambs, but all animals were regularly
fed on several occasions during the first 24 h (Figure 1e). In gut-loop animals, the body
temperature drops before the beginning of the surgery and then regularly increases to reach
similar temperature as littermate (Figure 1f), thanks to the heated neonatal resuscitation
table, the heat lamp in the housing box and the early food intake following surgery.

3.2. Innate Immune Response to LPS Stimulation of Sterile Gut Loop

Intestinal immune tolerance initiates within the first hours of life in response to mi-
crobial colonization gained during vaginal delivery and subsequently via colostrum, milk
and multiple contact with environment. This immune tolerance is characterized by a rapid
hypo responsiveness to microbial antigens as demonstrated in mouse models [12,13]. We
aim to stimulate the immune responses of animals from birth with colostrum supplemented
with natural products and in particular YCW fractions that contain TLR2 and TLR4 ligands.
This led us to use lambs born by cesarean-section and whose intestine had not yet been
in contact with a microbiota. In order to validate the requirement of using cesarean-born
lambs, we assessed LPS responsiveness of isolated ileal loops and of the ileum exposed to
microbial colonization 24 h after birth. Chemokines (CXCL1, CXCL2, CXCL8) and TNFα,
known to be induced after LPS stimulation, were compared by transcriptomic analysis in
both conditions. Our results (Figure 2) demonstrated that in isolated loops LPS induced a
chemokine response and TNFα expression while in the connected ileum exposed to micro-
bial and alimentary antigens, these levels were already upregulated and LPS stimulation
was without clear additive effect except for a slight increase in cxcl8 mRNA expression.
In order to compare the potential of microbial productsm it is therefore necessary to use a
cesarean-born lamb that remains fully responsive to microbial ligands.
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Figure 2. Intestinal responsiveness to LPS stimulation within the gut loop generated with a cesar-
ean-born neonatal lamb. Intestinal tissues from the ileal gut loops and the ileum were recovered 
from the same neonatal lamb 24 h post-surgery. Small pieces of intestine, designed as “explants”, 
were placed in a CO2 incubator at 37 °C in culture medium alone (untreated) or with LPS at a con-
centration of 10 µg/mL for 4 h (n = 3 explants per condition). Explants were processed for RNA 
extraction and cxcl1 (a), cxcl2 (b), cxcl8 (c) and tnfα (d) gene expressions were quantified by RT-
qPCR. Results are expressed as 2e−ΔCt (mean ± SEM), following normalization with the expression of 
three reference genes (hprt; gapdh; actb). 

3.3. Innate Ileal Immune Response to TLR-Ligands and YCW Fractions in Isolated Loops 
YCW principal components are β-glucans and mannoproteins, known to stimulate 

immune responses through multiple Pattern Recognition Receptors (PRR), mainly TLR2, 
TLR4 and Dectin-1 [18]. We investigated the innate immune response in ileal loops to two 
YCW from S. cerevisiae, differing in their polysaccharide composition. As controls, we 
used, Escherichia coli LPS, a TLR4-ligand, and R848, a synthetic TLR7-8 viral single-
stranded ribonucleic acid mimic-ligand. We compared the responsiveness to these differ-
ent agonists after 24 h of stimulation. YCW1 induced the mRNA expression of CXCL8 
chemokine, IL1α, IL1β proinflammatory cytokines and the interferon-induced Mx1 while 
β-glucans enriched fraction only induced IL1β (Figure 3). LPS and R848 presented distinct 
cytokinic responses with R848 inducing the Mx1 upregulation while LPS was more prone 
to upregulate CXCL8 chemokine. These results confirm the potential of the neonatal gut-
loop model to be used as a screening method to evaluate the immunostimulating proper-
ties of various compounds using a single animal. 

 

Figure 2. Intestinal responsiveness to LPS stimulation within the gut loop generated with a cesarean-
born neonatal lamb. Intestinal tissues from the ileal gut loops and the ileum were recovered from the
same neonatal lamb 24 h post-surgery. Small pieces of intestine, designed as “explants”, were placed
in a CO2 incubator at 37 ◦C in culture medium alone (untreated) or with LPS at a concentration of
10 µg/mL for 4 h (n = 3 explants per condition). Explants were processed for RNA extraction and
cxcl1 (a), cxcl2 (b), cxcl8 (c) and tnfα (d) gene expressions were quantified by RT-qPCR. Results are
expressed as 2e−∆Ct (mean ± SEM), following normalization with the expression of three reference
genes (hprt; gapdh; actb).

3.3. Innate Ileal Immune Response to TLR-Ligands and YCW Fractions in Isolated Loops

YCW principal components are β-glucans and mannoproteins, known to stimulate
immune responses through multiple Pattern Recognition Receptors (PRR), mainly TLR2,
TLR4 and Dectin-1 [18]. We investigated the innate immune response in ileal loops to two
YCW from S. cerevisiae, differing in their polysaccharide composition. As controls, we used,
Escherichia coli LPS, a TLR4-ligand, and R848, a synthetic TLR7-8 viral single-stranded
ribonucleic acid mimic-ligand. We compared the responsiveness to these different agonists
after 24 h of stimulation. YCW1 induced the mRNA expression of CXCL8 chemokine, IL1α,
IL1β proinflammatory cytokines and the interferon-induced Mx1 while β-glucans enriched
fraction only induced IL1β (Figure 3). LPS and R848 presented distinct cytokinic responses
with R848 inducing the Mx1 upregulation while LPS was more prone to upregulate CXCL8
chemokine. These results confirm the potential of the neonatal gut-loop model to be used as
a screening method to evaluate the immunostimulating properties of various compounds
using a single animal.
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Figure 3. Innate ileal immune response to TLR-ligands and yeast cell wall fractions. Lamb’s gut-
loops were stimulated in vivo immediately after the surgery procedure by in situ injection of LPS 
(10 µg/mL), R848 (10 µg/mL), yeast cell wall fraction 1 (YCW1) or 2 (YCW2) (5 mg/mL) into distinct 
intestinal loops. Twenty-four hours later, intestinal loops were recovered and samples processed for 
RNA extraction. cxcl8 (a), il1α (b), il1β (c) and mx1 (d) gene expressions were quantified by RT-qPCR. 
Results are expressed as 2e−ΔCt following normalization with the expression of three reference genes 
(gapdh; hprt; actb). 

3.4. Evaluation of YCW Fractions on Early Cryptosporidium parvum Invasion and Development 
To evaluate if immune stimulation with YCW fractions can reduce C. parvum infec-

tion with a limited number of animals, we used the benefit of the gut-loop model in 
providing multiple experimental conditions in a single animal. To evaluate C. parvum in-
fection and development, we used a previously generated transgenic strain Cp-Nluc-
INRAE allowing simple and accurate measurement of luciferase activity on tissue samples 
[16]. Two doses of C. parvum oocysts (1.5 × 104, 1.5 × 105) were inoculated in triplicate in 
independent loops and in both condition, parasite invasion and development were mon-
itored by luciferase activity (Figure 4a). We confirmed the early C. parvum development 
within 24 h of infection by immunofluorescence microscopy, showing parasites develop-
ing into intestinal epithelial cells lining the ileal villi (Figure 4b). This result was also con-
firmed by RT-qPCR on Cp18S gene (Figure 4c) on tissue samples recovered from the same 
ileal loop as for luciferase activity. The correlation between the two variables presented a 
r2 of 0.26 and a p value of 0.0044 (Figure 4d).  

 

Figure 3. Innate ileal immune response to TLR-ligands and yeast cell wall fractions. Lamb’s gut-
loops were stimulated in vivo immediately after the surgery procedure by in situ injection of LPS
(10 µg/mL), R848 (10 µg/mL), yeast cell wall fraction 1 (YCW1) or 2 (YCW2) (5 mg/mL) into distinct
intestinal loops. Twenty-four hours later, intestinal loops were recovered and samples processed for
RNA extraction. cxcl8 (a), il1α (b), il1β (c) and mx1 (d) gene expressions were quantified by RT-qPCR.
Results are expressed as 2e−∆Ct following normalization with the expression of three reference genes
(gapdh; hprt; actb).

3.4. Evaluation of YCW Fractions on Early Cryptosporidium parvum Invasion and Development

To evaluate if immune stimulation with YCW fractions can reduce C. parvum infection
with a limited number of animals, we used the benefit of the gut-loop model in providing
multiple experimental conditions in a single animal. To evaluate C. parvum infection and
development, we used a previously generated transgenic strain Cp-Nluc-INRAE allowing
simple and accurate measurement of luciferase activity on tissue samples [16]. Two doses of
C. parvum oocysts (1.5 × 104, 1.5 × 105) were inoculated in triplicate in independent loops
and in both condition, parasite invasion and development were monitored by luciferase
activity (Figure 4a). We confirmed the early C. parvum development within 24 h of infection
by immunofluorescence microscopy, showing parasites developing into intestinal epithelial
cells lining the ileal villi (Figure 4b). This result was also confirmed by RT-qPCR on Cp18S
gene (Figure 4c) on tissue samples recovered from the same ileal loop as for luciferase
activity. The correlation between the two variables presented a r2 of 0.26 and a p value of
0.0044 (Figure 4d).
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Figure 4. Establishment of Cryptosporidium parvum experimental infection in the gut-loop model. 
Data are cumulative results from three independent experimentations each performed with one 
newborn lamb. For each experimental condition, three loops were used; (a) Parasite load were de-
termined by measuring luminescence activity in the ileal tissue from the loop 24 h after infection 
with oocysts of C. parvum nluc-INRAE transgenic strain (n = 9). Results are expressed as RLU per 
cm2 of intestinal tissue (mean ± SEM); (b) Immunofluorescence microscopy of ileal tissue section 
from a C. parvum infected gut loop (1.5 × 105 oocysts) 24 h after infection. Parasites were stained in 
red with anti-C. parvum antibodies and nuclei in blue with DAPI. “GC” corresponds to the germinal 
centers of the ileal Peyer’s patch. White arrows indicate parasites developing into intestinal epithe-
lial cells lining the ileal villi; (c) Quantification of Cp18S gene expression in the intestinal loops was 
performed on the same samples as above. RNA was extracted from a piece of each intestinal loop 
after 24 h of infection with C. parvum nluc-INRAE transgenic strain, reverse transcribed and ampli-
fied by quantitative PCR. Results are expressed as 2e−ΔCt (mean ± SEM) following normalization with 
the expression of three reference genes (gapdh; hprt; actb); (d) Correlation between parasite load eval-
uated by luminescence and Cp18S gene expression was determined by linear regression analysis. 
Statistical analyses in (a,b) were realized with the Kruskal–Wallis non-parametric test and the 
Dunn’s multiple comparison test, and significative difference was determined by a p-value < 0.05 
(** p < 0.01, *** p < 0.001). 

The control of cryptosporidiosis is still limited and the search of natural alternative 
highly anticipated. With the same animal and benefiting from the multiple experimental 
possible conditions offered by the gut-loop model, we investigated the ability of two YCW 
fractions to limit C. parvum development. Both yeast fractions presented a limited but sig-
nificant effect on C. parvum development (Figure 5), thus validating the gut-loop model to 
investigate new alternatives of treatment against this disease together with a limited use 
of experimental animals. 

Figure 4. Establishment of Cryptosporidium parvum experimental infection in the gut-loop model. Data are cumulative
results from three independent experimentations each performed with one newborn lamb. For each experimental condition,
three loops were used; (a) Parasite load were determined by measuring luminescence activity in the ileal tissue from the
loop 24 h after infection with oocysts of C. parvum nluc-INRAE transgenic strain (n = 9). Results are expressed as RLU per
cm2 of intestinal tissue (mean ± SEM); (b) Immunofluorescence microscopy of ileal tissue section from a C. parvum infected
gut loop (1.5 × 105 oocysts) 24 h after infection. Parasites were stained in red with anti-C. parvum antibodies and nuclei
in blue with DAPI. “GC” corresponds to the germinal centers of the ileal Peyer’s patch. White arrows indicate parasites
developing into intestinal epithelial cells lining the ileal villi; (c) Quantification of Cp18S gene expression in the intestinal
loops was performed on the same samples as above. RNA was extracted from a piece of each intestinal loop after 24 h of
infection with C. parvum nluc-INRAE transgenic strain, reverse transcribed and amplified by quantitative PCR. Results are
expressed as 2e−∆Ct (mean ± SEM) following normalization with the expression of three reference genes (gapdh; hprt; actb);
(d) Correlation between parasite load evaluated by luminescence and Cp18S gene expression was determined by linear
regression analysis. Statistical analyses in (a,b) were realized with the Kruskal–Wallis non-parametric test and the Dunn’s
multiple comparison test, and significative difference was determined by a p-value < 0.05 (** p < 0.01, *** p < 0.001).

The control of cryptosporidiosis is still limited and the search of natural alternative
highly anticipated. With the same animal and benefiting from the multiple experimental
possible conditions offered by the gut-loop model, we investigated the ability of two YCW
fractions to limit C. parvum development. Both yeast fractions presented a limited but
significant effect on C. parvum development (Figure 5), thus validating the gut-loop model
to investigate new alternatives of treatment against this disease together with a limited use
of experimental animals.
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Figure 5. Evaluation of yeast cell wall fractions on early Cryptosporidium parvum invasion and de-
velopment. Data are cumulative results from three independent experimentations each with one 
newborn lamb. For each experimental condition, three loops were used. Loops were infected by in 
situ injection of 1.5 × 104 oocysts of C. parvum nluc-INRAE transgenic strain alone (untreated), or 
associated with YCW1 or YCW2 at a concentration of 5 mg/mL. Parasite loads were evaluated by 
quantifying luminescence in intestinal tissues after 24 h of infection. Results are expressed as RLU 
per cm2 of intestinal tissue with a logarithmic scale (mean ± SEM). Statistical analyses were per-
formed with the Kruskal–Wallis non-parametric test followed by the Dunn’s multiple comparison 
test (** p < 0.01). 

4. Discussion 
Neonates have an underdeveloped immune system at birth explaining their high sus-

ceptibility to infectious diseases. The high incidence of diarrhea in young ruminants must 
be addressed as soon as possible, as it results in the majority of mortality and morbidity 
[19,20]. Neonatal diseases, in particular those well controlled by neutralizing antibodies 
can often be prevented by maternal vaccination with vaccines administered before or dur-
ing pregnancy. Multivalent vaccines against calf scours currently available are designed 
to prevent or limit infections with rotavirus, coronavirus, E. coli (K99) and Salmonella in-
fections. There is no vaccine for Cryptosporidium to date which might be explained by the 
fact that antibodies seem to play a limited role in the protection process [21]. Therefore, 
alternative control strategies have to be investigated.  

To promote gut health and improve growth, supplements containing immunoglob-
ulins or mineral and vitamin complements, or with probiotics such as Enterococcus faecium 
can be orally given to young ruminants just after birth [22–24]. Live yeast and yeast-de-
rived products are also extensively used as probiotic and prebiotic, respectively, for farm 
animals to reduce the severity of diarrhea by preventing pathogenic bacteria from binding 
to intestinal epithelial cells or by modulating gut mucosal immunity [25–27]. Indeed, YCW 
fractions are known for their immunostimulatory properties, they harbor ligands for var-
ious innate receptor such as TLR2, TLR4 and Dectin-1. They have previously shown to be 
effective against cryptosporidiosis and pathogenic bacterial colonization in young rumi-
nants. Mammeri et al. identified the anti-cryptosporidial activities of chitosan, a natural 
polysaccharide present in YCW in in vitro and mouse studies [28]. In another study, yeast 
culture enriched with mannan-oligosaccharides were fed in milk to Holstein heifer calves 
enrolled at 4 to 12 h of age, and this led to the presence of fewer Escherichia coli and path-
ogenic E. coli compared with control calves [29]. 

In addition to their immunostimulatory properties, YCW products are suggested to 
be anti-adhesive agents able to reduce adhesion of intestinal pathogens [30,31]. Cryptos-
poridium spp. are known to express the lectin galactose/N-acetyl-D-galactosamine, which 
facilitates their adhesion to host epithelial cells via interaction with sulfated proteoglycans 
[32,33]. Therefore, further investigations are required regarding the precise mechanism of 

Figure 5. Evaluation of yeast cell wall fractions on early Cryptosporidium parvum invasion and
development. Data are cumulative results from three independent experimentations each with one
newborn lamb. For each experimental condition, three loops were used. Loops were infected by
in situ injection of 1.5 × 104 oocysts of C. parvum nluc-INRAE transgenic strain alone (untreated),
or associated with YCW1 or YCW2 at a concentration of 5 mg/mL. Parasite loads were evaluated
by quantifying luminescence in intestinal tissues after 24 h of infection. Results are expressed as
RLU per cm2 of intestinal tissue with a logarithmic scale (mean ± SEM). Statistical analyses were
performed with the Kruskal–Wallis non-parametric test followed by the Dunn’s multiple comparison
test (** p < 0.01).

4. Discussion

Neonates have an underdeveloped immune system at birth explaining their high
susceptibility to infectious diseases. The high incidence of diarrhea in young ruminants
must be addressed as soon as possible, as it results in the majority of mortality and morbid-
ity [19,20]. Neonatal diseases, in particular those well controlled by neutralizing antibodies
can often be prevented by maternal vaccination with vaccines administered before or
during pregnancy. Multivalent vaccines against calf scours currently available are designed
to prevent or limit infections with rotavirus, coronavirus, E. coli (K99) and Salmonella in-
fections. There is no vaccine for Cryptosporidium to date which might be explained by the
fact that antibodies seem to play a limited role in the protection process [21]. Therefore,
alternative control strategies have to be investigated.

To promote gut health and improve growth, supplements containing immunoglobu-
lins or mineral and vitamin complements, or with probiotics such as Enterococcus faecium
can be orally given to young ruminants just after birth [22–24]. Live yeast and yeast-
derived products are also extensively used as probiotic and prebiotic, respectively, for farm
animals to reduce the severity of diarrhea by preventing pathogenic bacteria from binding
to intestinal epithelial cells or by modulating gut mucosal immunity [25–27]. Indeed,
YCW fractions are known for their immunostimulatory properties, they harbor ligands for
various innate receptor such as TLR2, TLR4 and Dectin-1. They have previously shown
to be effective against cryptosporidiosis and pathogenic bacterial colonization in young
ruminants. Mammeri et al. identified the anti-cryptosporidial activities of chitosan, a
natural polysaccharide present in YCW in in vitro and mouse studies [28]. In another study,
yeast culture enriched with mannan-oligosaccharides were fed in milk to Holstein heifer
calves enrolled at 4 to 12 h of age, and this led to the presence of fewer Escherichia coli and
pathogenic E. coli compared with control calves [29].

In addition to their immunostimulatory properties, YCW products are suggested
to be anti-adhesive agents able to reduce adhesion of intestinal pathogens [30,31]. Cryp-
tosporidium spp. are known to express the lectin galactose/N-acetyl-D-galactosamine,
which facilitates their adhesion to host epithelial cells via interaction with sulfated pro-
teoglycans [32,33]. Therefore, further investigations are required regarding the precise
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mechanism of inhibition of C. parvum observed with YCW extracts while considering the
role of polysaccharide composition.

We also wish to investigate if immunostimulatory components administered with the
colostrum can strengthen immune system of neonatal ruminants and reduce the incidence
of cryptosporidiosis. Comparing multiple derivates from yeast or other sources will
require the use of many animals. In order to follow reduce animal consumption, we aimed
to develop a gut-loop model adapted to caesarean-born animals. This surgical model,
although invasive by definition, fits well with the 3Rs principle. With the practice and
experience gained over the first surgeries, we can now make around 25–30 intestinal loops
within the ileal Peyer’s patch area which gives the opportunity to produce replicates and/or
evaluate many anti-infectious products with just a single newborn animal. With this gut-
loop model, the animal is its own control which reduces variability of responses especially
in non-inbred animals that vary substantially in their genetic. We took a particular care to
provide the best veterinary practices during surgery, anesthesia and analgesia, neonatal
nursing, pre- and post-operative care. All of the contact related to the animals were
optimized to avoid or limit pain and discomfort. After surgery, the animals fed naturally
and did not show any particular behavior compared to its littermate.

The model is also flexible on the section of the intestine that could be investigated.
Indeed, the small intestine contains distinct areas of organized lymphoid tissues at birth
like Peyer’s patches that are known to be the major inductive sites of immune responses.
Ruminants possess jejunal Peyer’s patches (JPP) that retain classical functions of intestinal
Peyer’s patches founds in mouse and human such as antigen sampling through Microfold
cells and T- and B-cell activation, but also a peculiarly long ileal Peyer’s Patch (IPP), which
extends one meter along the terminal small intestine and which is known to be a primary
lymphoid organ of B-cell development [34]. Since C. parvum infect primarily the distal
small intestine, for our own investigations the intestinal loops were therefore generated in
the ileum.

In order to compare various immunostimulant candidates containing TLR ligands
we needed to use caesarean-section born lamb to have sterile intestinal environment
mimicking the first encounter of the yeast derivates when administered with the first
yeast-supplemented colostrum and putative interference with the presence of endotoxins
that will raise rapidly in the gut lumen following microbiota installation. This process was
previously reported in the mouse model by a mechanism that involves microRNA-146a-
mediated translational repression and proteolytic degradation of the essential Toll-like
receptor (TLR) signaling molecule interleukin-1 receptor-associated kinase 1 (IRAK1) [12].
This mechanism is sufficient to induce intestinal epithelial innate immune tolerance [13].
Although we did not demonstrate that similar mechanism occurs in lambs, we observed in
this study that only in the gut loop explants, free of endotoxins, LPS induced chemokine
production was preserved 5 h post-stimulation. Conversely, in explants generated with the
ileum connected to the intestinal transit since 24 h, addition of LPS to these explants did
not improve further chemokine upregulation with the exception of cxcl8 mRNA expression
for which a slight increase was observed.

As a proof of concept, we next compared two YCW fractions for their immunostimu-
latory properties: one with a proportional content of β-glucans and mannoproteins and
the second one enriched in β-glucans. We noticed that the YCW fractions enriched in
β-glucans induced lower expression of pro-inflammatory cytokines in the gut-loop (CXCL8
and IL1α). Similar observation was previously made with macrophages cultured in vitro
with S. cerevisiae extracts enriched in β-glucans that displayed weaker TLR2/4-related
NFκB/AP-1 activity and less TNFα production [35]. We therefore can suspect that a similar
mechanism may occur in gut lamb but this requires further investigations. When YCW1
and YCW2 were tested for their ability to reduce invasion and development of C. parvum in
intestinal epithelial cells, they both limited in a modest but similar manner C. parvum early
development despite different contents in β-glucans. One can conclude that the difference
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in ability to induce higher level of these immune effectors did not play a significant role in
the protection process.

In addition to the evaluation of products for their immunostimulatory or their anti-
infectious properties, the gut-loop in cesarean-born lambs can be used to further investigate
host–microbial interactions in a controlled environment, and decipher immune feature of
a specific area of the intestine. The gut-loop system is indeed suitable for investigations
in various intestinal lymphoid and non-lymphoid segments by just making loops in the
selected area as performed with jejunal loop made in a one-month-old piglet to study
innate immune response to Salmonella [36]. Since our model does not require the use of
antibiotics after the loop surgery, the neonatal gut-loop model can also be very useful
to investigate the role of selected microbiota or probiotics that could be introduced in
the “sterile loops” to evaluate their capacity to promote intestinal immune responses and
mucosae maturation. For the later, maintenance of gut loop for long period would be
required. A model of fetal lamb with a single 8–10 cm intestinal loop model was previously
generated, and in this case, sterile intestinal loop constructed in utero retained functional
GALT for as long as 6–7 months after birth [14]. This therefore demonstrates that even long-
term slow progressive enteric diseases can be investigated with the gut-loop model. Our
lamb gut-loop model could also be a model for human cryptosporidiosis to evaluate drug
compounds and innate immune responses, considering the observed similarities between
those of young ruminants and young children infected by Cryptosporidium. However, it has
some limitations; for example, the large ileal Peyer’s patch of young ruminants, which is
not present in human.

Overall, this model paves the way for further new control method development such
as immunostimulants, antimicrobial compounds and vaccines dedicated to the control of
enteric infections in neonates.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/vetsci8090170/s1, Table S1: List of forward and reverse primers used for gene expression
analysis by RT-qPCR.
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Abstract: Resveratrol has been shown to preserve organ function and improve survival in hem-
orrhagic shock rat models. This study investigated whether seven days of oral resveratrol could
improve hemodynamic response to hemorrhage and confer benefits on risk of acute kidney injury
(AKI) without inducing coagulopathy in a canine model. Twelve greyhound dogs were randomly
allocated to receive oral resveratrol (1000 mg/day) or placebo for seven days prior to inducing
hemorrhage until a targeted mean blood pressure of ≤40 mmHg was achieved. AKI biomarkers
and coagulation parameters were measured before, immediately following, and two hours after
hemorrhage. Dogs were euthanized, and renal tissues were examined at the end of the experiment.
All investigators were blinded to the treatment allocation. A linear mixed model was used to assess
effect of resveratrol on AKI biomarkers and coagulation parameters while adjusting for volume
of blood loss. A significant larger volume of blood loss was required to achieve the hypotension
target in the resveratrol group compared to placebo group (median 64 vs. 55 mL/kg respectively,
p = 0.041). Although histological evidence of AKI was evident in all dogs, the renal tubular injury
scores were not significantly different between the two groups, neither were the AKI biomarkers.
Baseline (pre-hemorrhage) maximum clot firmness on the Rotational Thromboelastometry (ROTEM®)
was stronger in the resveratrol group than the placebo group (median 54 vs. 43 mm respectively,
p = 0.009). In summary, seven days of oral resveratrol did not appear to induce increased bleeding
risk and could improve greyhound dogs’ blood pressure tolerance to severe hemorrhage. Renal
protective effect of resveratrol was, however, not observed.

Keywords: acute kidney injury; biomarkers; coagulation; ischemia-reperfusion injury; shock

1. Introduction

Perioperative hemorrhage is a major complication in surgical patients, resulting in
increased morbidity and mortality [1–4]. Severe hemorrhage can lead to severe hypotension
resulting in reduced vital organs perfusion and oxygenation [5]. Ischemia followed by
reperfusion—also known as ischemia-reperfusion (I-R) injury—will induce formation of
free radical oxygen species, inflammatory mediators, and toxic metabolites which can
cause organ injury [6–8]. Indeed, I-R injury is one of the main causes of perioperative
acute kidney injury (AKI) [9,10]. AKI is common in patients undergoing major surgery and
can contribute to increased perioperative mortality [11–15]. As such, strategies capable of
attenuating I-R injury due to severe hemorrhage are both clinically relevant and desirable.
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Resveratrol is a naturally occurring polyphenol and administrating resveratrol in large
doses parenterally has been shown to preserve organ function and improve survival in
hemorrhagic shock rat models [6]. Resveratrol can activate expression of the Silent Informa-
tion Regulator (SIRT1) gene to produce situin-1 protein which can inhibit pro-inflammatory
mediators, enhance anti-oxidant pathways, and improve mitochondrial function. In addi-
tion, it also has an agonist effect at estrogen receptors [6–8,16]. These effects may explain
why administering intraperitoneal or parenteral resveratrol as a resuscitation agent could
improve blood pressure in rats with decompensated hemorrhagic shock [6,8]. Although
rodent models are appropriate to investigate the mechanistic benefits of resveratrol, con-
firmation of resveratrol’s benefits in large-animal models is needed before it can be safely
tested on humans in a clinical setting [17,18]. Previous experimental studies have pri-
marily used a single large dose of resveratrol during or after hemorrhage [6,8]. Because
sterile preparation of parenteral resveratrol is not commercially available, translating this
treatment strategy to patients at risk of hemorrhage remains difficult.

It is possible that oral resveratrol, taken for a prolonged period of time prior to
hemorrhage, may achieve a similar benefit as parenteral resveratrol in hemorrhage. If this
is the case, this strategy would be more clinically applicable for patients who are at risk of
massive blood loss in elective major surgery. Another concern about the use of resveratrol
in perioperative patients is its potential antiplatelet action [19,20]. Currently no safety data
exists to guide clinicians whether resveratrol should be ceased prior to major surgery to
avoid increased risk of bleeding.

We hypothesized that seven days of oral resveratrol treatment would improve hemo-
dynamic tolerance to induced bleeding. Using a canine model, we aimed to investigate
whether resveratrol, administered orally for seven days prior to anesthesia, could improve
blood pressure tolerance due to induced hemorrhage. Our secondary objective was to
investigate whether resveratrol could protect against AKI without inducing adverse effect
on the coagulation.

2. Materials and Methods
2.1. Animals and Selection Criteria

Twelve donated adult entire male dogs were included in the study. The dogs were
retired racing greyhounds, surrendered by their owners to be used as terminal blood
donors. Physical examination, renal ultrasonography, urinalysis, complete blood count,
serum creatinine (SCr), blood urea nitrogen, serum albumin concentration, platelet closure
time (PCT), and Rotational Thromboelastometry (ROTEM® delta, Tem International GmbH,
Munich, Germany) for all dogs were within reference intervals for adult Greyhounds [21].
Ethics approval was granted by the Murdoch University Animal Ethics Committee (permit
number R2726/15) and the dogs cared for in accordance with the Australian code for the
care and use of animals for scientific purposes.

2.2. Resveratrol Administration

Dogs were randomly allocated to receive either no resveratrol supplementation
(C-control group; n = 6) or seven days of 1000 mg (>10 mg/kg) per day of micronized
trans-resveratrol (Micronized Resveratrol Micro500, Harmoni-T, Las Vegas, NV 89119, USA)
orally (R-resveratrol group; n = 6), via a computer-generated random number sequence
(Excel, Microsoft Corporation, Redmond, WA, USA). The final dose of resveratrol was
administered in the morning of anesthesia. Serum and urine supernatant collected during
the enrolment screening process for all dogs was divided into aliquots and stored at −80 ◦C
as “baseline” samples for subsequent analysis of creatinine, protein, gamma-glutamyl trans-
ferase (GGT), and AKI biomarker concentrations. Animals in both groups were cared for in
the same premises, under the same conditions, for seven days prior to anesthesia. Through-
out this period, water was provided ad lib, and dogs were fed an intestinal health diet
(Hills I/D) twice daily. All dogs received a deworming prophylactic medication (Popantel®,
Jurox Animal Health, Rutherford, NSW, Australia) at the time of enrolment into the study.
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Dogs in both groups were examined daily by a veterinarian to ensure maintenance of good
health, and any abnormalities detected on physical examination recorded.

2.3. Anesthesia

For all dogs, food was removed at least eight hours prior to the procedure but access
to water provided until premedication. Dog were anesthetized by a veterinary anesthe-
siologist (AR) using a standardized protocol. Premedication with methadone 0.3 mg/kg
(Ilium Methadone 10 mg/mL, Troy Laboratories, Glendenning, NSW, Australia) IM was
performed 30 min prior to induction of general anesthesia with alfaxalone (Alfaxan in-
jection 10 mg/mL, Jurox, Glendinning, NSW, Australia) 2.2–3.2 mg/kg intramuscularly.
Endotracheal intubation was used to maintain anesthesia with isoflurane (I.S.O., Veterinary
Companies of Australia Pty Ltd, Kings Park, NSW, Australia) in 30% oxygen through
a circle rebreathing system. End tidal isoflurane was maintained at 1.3–1.4%. Infusion of
a balanced isotonic crystalloid solution (Compound Sodium Lactate, Baxter Healthcare,
Toongabbie, NSW, Australia) was provided at 10 mL/kg/hour IV throughout anesthe-
sia, along with IV fentanyl (Fentanyl injection 50 µg/mL, AstraZeneca, Macquarie Park,
NSW, Australia) 2 µg/kg/hour. Arterial carbon dioxide tension was maintained between
35 and 45 mmHg by provision of mechanical ventilation by an anesthesia workstation
(Datex-Ohmeda S/5 Aespire Anaesthesia Machine, GE Healthcare, Chicago, IL, USA).
Active warming maintained esophageal temperature between 36.0 and 38.0 ◦C.

2.4. Instrumentation Procedures

Instrumentation procedures were performed within the first 60 min of anesthesia.
Dogs were positioned in dorsal recumbent position during this period. The cranial vena
cava was cannulated via the right jugular vein, using a 14-gauge 13 cm cannula, to facilitate
collection of venous blood and injection of lithium chloride. To allow measurement of
arterial blood pressure and cardiac output (Qt) via the lithium dilution technique, and to
facilitate controlled hemorrhage, a 14-gauge 9 cm cannula was placed in the left femoral
artery. Prior to surgical exposure of the femoral artery and cannula placement, a femoral
nerve block was performed using 0.1 mL/kg bupivacaine (Bupivacaine hydrochloride
5.0 mg/mL, Pfizer, Sydney, NSW, Australia). Non-distensible tubing filled with hep-
arinized saline connected the arterial cannula to an electronic pressure transducer (DTX
Plus, Argon Critical Care Systems, Singapore) for measurement of arterial blood pressure
using a multi-parameter monitor (Surgivet V9203; Smiths Medical, Minneapolis, MN, USA).
Before anesthesia of each animal, the transducer was calibrated using a mercury manome-
ter (at 40, 80 and 120 mmHg). Once connected, the transducer was placed level with
the manubrium of the sternum (i.e., approximate level of the right atrium) and zeroed to
atmospheric pressure. Hourly during the study (just prior to each data collection interval),
damping factor was subjectively assessed via a rapid flush test. Lack of baseline drift was
confirmed at the end of each anesthetic by ensuring pressure read zero upon re-opening
the transducer to the atmosphere. An 8 Fr 55 cm Foley urinary catheter was inserted into
the bladder for collection of urine samples and measurement of urine output (UOP).

2.5. Experimental Design

This study utilized a predefined blood pressure (mean arterial pressure-MAP of
≤40 mmHg) target to assess whether the volume of blood loss needed to achieve such
target was different between the two groups (see Figure 1). Following instrumentation
and collection of baseline samples (T0), bleeding was commenced by removing blood
from the femoral artery cannula until MAP fell to ≤40 mmHg and remained at that
level for 60 mins. After the 60-min hypotensive period was completed, intravenous
fluid resuscitation was initiated using 20 mL/kg of succinylated gelatine solution 4%
(Gelofusine®, B. Braun, Bella Vista, NSW, Australia) at 1200 mL/h (without crystalloid
boluses) until MAP was ≥60 mmHg. The dogs then underwent a further three hours of
anesthesia with their MAP maintained at ≥60 mmHg, by infusing more Gelofusine® if

195



Vet. Sci. 2021, 8, 129

required. Approximately about five hours following induction of anesthesia, the animals
were euthanized using pentobarbitone (Lethabarb Euthanasia Injection 300 mg/mL, Virbac,
Milperra, NSW, Australia) 150 mg/kg IV. The total amount of blood volume needed to
achieve and maintain the 60 min hypotensive period and the amount of colloid fluid
needed to achieve normotension subsequently were recorded.

Figure 1. Timeline of the pressure-targeted hemorrhage model performed in 12 adult male Greyhounds. MAP = mean
arterial pressure. T0–T4 were time points at which cardiac output was measured, and blood (arterial and venous) and urine
samples were collected.

2.6. Data Collection

Data collection was performed at T0 (baseline: 60 min after induction of anesthesia, fol-
lowing instrumentation, prior to ischemia), T1 (60 min after MAP first reached ≤40 mmHg,
prior to reperfusion), T2 (60 min after commencing reperfusion), T3 (120 min after reperfu-
sion commenced), and T4 (180 min after reperfusion commenced).

2.6.1. Cardiovascular Parameters

At each time point, the mean of five consecutive MAP measurements was calculated.
A blood gas analyzer and co-oximeter (ABL 725, Radiometer, Copenhagen) was used
to measure blood gas variables (oxygen tension, carbon dioxide tension, bicarbonate
concentration, calculated base excess, oxygen saturation) on arterial and central venous
blood collected into heparinized syringes (PICO syringe, Radiometer, Copenhagen). These
samples were analyzed immediately following collection. The same analyzer was used
to measure hemoglobin and sodium concentration in central venous blood, necessary for
the Qt measurement using lithium dilution. The lithium dilution technique, previously
validated for Qt measurement in dogs, was performed at each time interval [22]. The
mean of two consecutive Qt measurements that were not different by >10% was used for
analysis. The calculation of the oxygen extraction ratio (OER) is described in Table 1. OER
reflects the balance between systemic oxygen delivery and demand, and an OER greater
than 0.5 in anesthetized dogs implied the presence of anaerobic metabolism according to
previous studies [23–25].

Table 1. Calculation of oxygen extraction ratio (OER).

Calculated Variable Formula

BSA (m2) 10.1 × (bodyweight in grams2/3) × 10−4

Cardiac index (L minute−1 (m2)−1) Qt ÷ BSA
CaO2 (mL L−1) (1.36 × SaO2 × Hb) + (0.003 × PaO2) × 10

DO2I (mLO2 min−1 (m2)−1) Cardiac index × CaO2
CcvO2 (mL L−1) (1.36 × ScvO2 × Hb) + (0.003 × PcvO2) × 10

VO2I (mLO2 min−1 (m2)−1) Cardiac index × (CaO2 − CcvO2)
OER VO2I ÷ DO2I

BSA = body surface area; CaO2 = arterial oxygen content; CcvO2 = central venous oxygen content; DO2I = oxygen
delivery index; Hb = hemoglobin concentration; PaO2 = arterial oxygen tension; PcvO2 = central venous oxygen
tension; Qt = cardiac output; SaO2 = arterial oxygen saturation; ScvO2 = central venous oxygen saturation;
VO2I = oxygen consumption index.
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2.6.2. Renal Parameters
Urine Sediment Examination

At each time point urine bag was emptied into a sterile collection pot for UOP mea-
surement, and urine specific gravity and dipstick analyses (Multistix®, Siemens, Erlangen,
Germany). Urine samples were centrifuged at 339 g for five minutes. At each time interval,
urine sediment in the urine was examined using light microscopy at low (×100) and high
(×400) power. A minimum of ten high power fields were examined for presence of blood
cells, epithelial cells, and granular and hyaline casts. Urine supernatant was divided into
multiple aliquots and stored at −80 ◦C for later analysis of creatinine, protein, GGT, and
biomarker concentrations.

Kidney Light Microscopy

Kidneys were removed immediately following euthanasia, sectioned and stored in
10% formalin. Additionally, small cubes of cortex (approximately 2 to 3 mm3) were placed
into 3% glutaraldehyde (Koch-Light, Johannesburg, South Africa) for transmission electron
microscopic (TEM) evaluation. Samples were processed routinely by the Comparative
Pathology and Mouse Phenotyping Shared Resource (The Ohio State University, Columbus,
OH, USA). Samples were embedded in paraffin, sectioned at 3µm thickness and stained
with hematoxylin and eosin and periodic acid-Schiff. One veterinary pathologist, blinded to
group allocation and AKI biomarker concentrations, examined sections of both kidneys by
light microscopy and counted the number of injured tubules per 200× field. Tubular injury
was defined as loss of the apical brush border, denudation of tubular basement membranes,
singly dead tubular epithelial cells and tubules with intra-luminal detached cells/cellular
debris. Twenty randomly selected cortical fields were assessed, and the average number of
injured tubules per field was calculated for each specimen. Based on these quantitative data,
the samples were then categorized into groups of normal (no injured tubules), minimal
(mean tubular injury ≤0.5), mild (mean tubular injury >0.6 but ≤1) and moderate (mean
tubular injury >1 but ≤2) histologic injury.

Kidney Transmission Electronic Microscopy (TEM)

Due to resources constraint, the glutaraldehyde-fixed tissue from only 4 dogs (2 control
and 2 treated) were processed for electronic microscopy. After post-fixation in 1% osmium
tetroxide, the specimens were serially dehydrated, infiltrated in an acetone/epoxy plastic,
and embedded in plastic. The plastic blocks were sectioned to a silver-grey interference
color (55–60 nm) and placed on copper mesh grids. The sections were stained with filtered
lead citrate/sodium citrate solution (Electron Microscopy Sciences, Inc., Hatfield, PA,
USA). Grids were imaged on a JEOL JEM-1400 TEM (JEOL USA, Inc., Peabody, MA, USA)
and representative images were photographed with an Olympus SIS Veleta 2K camera
(Olympus Soft Imaging Solutions GmbH, Muenster, Germany.

Renal Biomarkers

At baseline, T0, T1, and T3; aliquots of plain serum and urinary supernatant were
stored at −80 ◦C for measurements of SCr and AKI biomarkers within three months.

Urinary creatinine, protein, and GGT concentrations; and SCr concentration, were
measured using the same biochemistry analyzer (Cobas Integra 400 plus, Roche Diagnos-
tics) that was calibrated prior to each use, with two control samples included in each run.
Concentrations of AKI biomarkers; clusterin, cystatin C, kidney injury molecule 1 (KIM-1),
monocyte chemoattractant protein 1 (MCP-1), and neutrophil gelatinase-associated lipocalin
(NGAL), were measured in the urine and serum samples from each dog at baseline, T0,
T1, and T2 using a bead-based multiplexed immunoassay (MILLIPLEX™ MAP Canine
Kidney Toxicity Expanded Magnetic Bead Panel 1, Merck Millipore, Burlington, MA,
USA). Urinary samples were diluted to 1:2, and serum samples to 1:10, using assay buffer
prior to analysis. All samples were analyzed in duplicate. The assays were performed
according to manufacturer instructions. Briefly, samples were incubated with a solution of
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antibody-immobilized magnetic beads (for each of the five biomarkers previously listed) for
two hours at room temperature. The plate was then washed using a magnetic plate washer
(Bio-Plex® Pro II Wash Station, Bio-Rad, Hercules, CA, USA), detection antibodies added,
and incubated at room temperature for one hour. Streptavidin-Phycoerythrin was added to
the detection antibodies, prior to a further 30 min period of incubation at room temperature.
The plate was then washed, and beads re-suspended with drive fluid (MAGPIX® Drive
Fluid, Merck Millipore, Burlington, MA, USA). The plate was analyzed five minutes later
using a multiplex reader (Bio-Plex® MAGPIX™ Multiplate Reader, Bio-Rad, Hercules, CA,
USA) with xPONENT® software. The Median Fluorescent Intensity data was analyzed
using a 5-parameter logistic curve to calculate analyte concentrations in each sample. If
the coefficient of variance between two duplicates was >15% the sample was re-analyzed
on a subsequent plate. If the analyte concentration of a sample was above the upper limit
of quantification (ULOQ) the sample was diluted until the biomarker concentration fell
within the measurable range of the assay. If the analyte concentration of a sample was
below the lower limit of quantification (LLOQ) the sample was reanalyzed on a subsequent
plate using undiluted sample. Any result still falling below the LLOQ was allocated the
same value as the LLOQ in order to allow statistical analysis. When serum samples were
analyzed using the multiplex assay, a serum diluent (Serum Matrix, Merck Millipore,
Burlington, MA, USA) was added to wells containing the Standards and Controls in place
of assay buffer in order to mitigate any matrix effects.

2.6.3. Coagulation Parameters

Central venous blood was obtained from the jugular vein catheter at each time
point for assessment of coagulation. At T0, T1, and T2, blood samples for coagulation
assay were transferred into blood tubes containing 3.2% buffered sodium citrate with
a blood: anticoagulant ratio of 9:1. Tubes were gently agitated to ensure even mixing of
anticoagulant. Platelet closure time (PCT) was measured immediately, and blood was
stored at room temperature for Rotational Thromboelastometry analysis (ROTEM® delta,
Tem International GmbH, Munich, Germany) 30 min after collection.

The Platelet Function Analyzer-100 (Dade Boehring Inc., Deerfield, IL, USA), with
collagen and adenosine diphosphate cartridges, was used to measure PCT in duplicate
within 10 min of sample collection. Analysis was immediately repeated if the coefficient of
variation was greater than 15%. ROTEM® was performed according to the manufacturer’s
instructions using both InTEM and ExTEM. Each profile was run for at least one hour
following initiation. Data recorded for the InTEM and ExTEM profiles included clotting
time (CT), clot formation time (CFT), alpha angle, maximum clot firmness (MCF) and lysis
index at 60 min (LI60). Peak thrombin generation (normal range 243–507 nM) and area
under the thrombin generation curve (AUC: normal range 1500–2835 nM × min) were
measured by the Calibrated Automated Thrombogram using Thrombinoscope® (StagoTM,
Asnières sur Seine, France).

Total concentrations of resveratrol in plasma and qualitative investigation of its
metabolites (glucuronide and sulphate) both prior to the administration and after 7 days of
resveratrol treatment (or control) were measured by the UHPLC-MS/MS on a Shimadzu
Nexera2 UHPLC system coupled to a Shimadzu 8030+ triple quadrupole mass spectrometer
(Kyoto, Japan) [26].

2.7. Data Analysis

A sample size calculation was performed using data from a previous study by
Holthoff et al. [27] in which the benefits of resveratrol on septic AKI were quantified by
histological changes in a murine model (n = 6). A sample size of 6 dogs per group would be
needed assuming a difference in histology score of 1.2 between the treatment and control
groups, with a standard deviation in the scores of 0.6, in order to achieve 80% power while
taking an alpha-value <0.05 as significant. Due to the small sample size of this study,
a non-parametric Mann–Whitney test was used to compare the outcomes between the
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two treatment groups. The changes in MCF on the ROTEM between the two groups was
analyzed by adjusting for volume of blood loss in each animal using a linear mixed model.
All analyses were two tailed using SPSS for Windows (version 23, IBM, Armonk, NY, USA)
and MedCalc Statistical Software (version 18.11.3, Ostend, Belgium). A p-value < 0.05
was taken as significant, and no adjustment was made for multiple statistical testing in
this study.

3. Results

Six dogs were included in each group. Exact age of each dog was unknown, but
veterinary examination suggested all dogs were adult (2–7 years). The body weights of the
dogs were not statistically different between the two groups (median [range] for the control
group was 30.9 kg (30.1–32.5), and for treatment group was 32.6 kg (27.9–34.0); p = 0.441).
All dogs had a lean body condition (score 3/9), appropriate for trained racing dogs of
this breed. No adverse effects of oral resveratrol were noted, and all dogs completed the
study. There was no significant difference in renal and coagulation parameters between
the two groups prior to initiation of resveratrol treatment (Tables 2 and 3), but there was
a suggestion that seven days of resveratrol treatment could improve clot strength compared
to the control prior to induction of hemorrhage (InTEM MCF 54 vs. 43 mm respectively;
p = 0.009)(Table 3). No resveratrol and its metabolites were detected in the control dogs.
Among the six dogs treated with resveratrol, only one had a detectable level of resveratrol
at a concentration < 50 mg/mL.

Table 2. Renal parameters of anesthetized greyhound dogs before and after induced hemorrhage
(n = 11).

Variables Resveratrol Treated (n = 5) Control (n = 6) p-Value #

Serum creatinine, µmol/L:*
-Pre-treatment 129 (121–146) 118 (105–128) 0.126
-Pre-hemorrhage 125 (113–136) 105 (99–120) 0.126
-1 h post-hemorrhage 145 (133–155) 133 (128–151) 0.329
-2 h post-resuscitation 155 (145–185) 154 (130–167) 0.537

Serum cystatin:
-Pre-treatment 49 (36–56) 45 (36–58) 0.999
-Pre-hemorrhage 52 (41–63) 46 (41–54) 0.537
-1 h post-hemorrhage 64 (46–69) 56 (49–72) 0.931
-2 h post-resuscitation 47 (32–55) 39 (31–47) 0.537

Serum NGAL:
-Pre-treatment 8.4 (4.6–12.8) 8.8 (4.8–12.9) 0.999
-Pre-hemorrhage 9.4 (7.7–20.2) 10.8 (8.5–13.1) 0.931
-1 h post-hemorrhage 12.4 (11–22.9) 14.9 (12.3–22.8) 0.662
-2 h post-resuscitation 12.1 (7.8–19.5) 11.2 (9.9–16.9) 0.999

Serum KIM-1:
-Pre-treatment 59 (51–94) 75 (42–101) 0.73
-Pre-hemorrhage 71 (54–87) 74 (53–90) 0.999
-1 h post-hemorrhage 54 (46–68) 64 (48–75) 0.537
-2 h post-resuscitation 39 (35–45) 42 (32–47) 0.931

Urine clusterin:
-Pre-treatment 219 (146–617) 250 (83–921) 0.999
-Pre-hemorrhage 299 (134–348) 72 (24–186) 0.082
-1 h post-hemorrhage 318 (147–1315) 368 (49–554) 0.999
-2 h post-resuscitation 2242 (1275–3769) 1381 (727–4443) 0.537

Urine cystatin:
-Pre-treatment 3.6 (2.9–4.3) 3.2 (2.1–3.8) 0.42
-Pre-hemorrhage 3.8 (2.5–5.4) 3.7 (1.8–5.7) 0.999
-1 h post-hemorrhage 4.0 (2.7–5.9) 5.0 (1.7–7.5) 0.999
-2 h post-resuscitation 8.7 (8.0–10.8) 9.1 (7.3–10.6) 0.792

Urine NGAL:
-Pre-treatment 0.5 (0.3–3.7) 1.5 (0.1–6.2) 0.999
-Pre-hemorrhage 1.2 (0.3–3.0) 0.9 (0.6–3.3) 0.931
-1 h post-hemorrhage 1.1 (0.3–2.3) 0.8 (0.6–2.8) 0.841
-2 h post-resuscitation 25.6 (18.1–30.1) 19.7 (16.2–24.7) 0.429
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Table 2. Cont.

Variables Resveratrol Treated (n = 5) Control (n = 6) p-Value #

Urine KIM-1: 0.052
-Pre-treatment 50 (8–119) 139 (109–279)
-Pre-hemorrhage 22 (11–138) 82 (44–184) 0.247
-1 h post-hemorrhage 18 (12–223) 137 (38–415) 0.286
-2 h post-resuscitation 49 (38–75) 57 (36–115) 0.662

Urine GGT to creatinine ratio:
-Pre-treatment 21 (4–224) 13 (9–21) 0.841
-Pre-hemorrhage 25 (21–145) 51 (29–80) 0.548
-1 h post-hemorrhage 76 (24–306) 39 (26–285) 0.999
-2 h post-resuscitation 1190 (842–12996) 1299 (420–2500) 0.69

Glomerular injury, % 3.9 (2.4–15.1) 0.6 (0–3.7) 0.082

Tubular injury score 0.30 (0.28–0.89) 0.30 (0.11–0.49) 0.429
# p-value by non-parametric Mann–Whitney test. All values are median (with interquartile range –IQR un-
less stated otherwise). Except for the urine KIM-1 (p = 0.536), all kidney injury parameters listed in this table
differed significantly (p-values < 0.05) during the time course of the experiment. * The number of animals
developed stage-1 acute kidney injury–with an increment in serum creatinine > 26.4 µmol/L-between the resver-
atrol (n = 2, 40%) and control (n = 6, 100%) groups appeared different but this was not statistically signifi-
cant (p = 0.061). GGT = gamma-glutamyl transferase; KIM-1 = kidney injury molecule 1; NGAL = neutrophil
gelatinase-associated lipocalin.

Table 3. Rotational Thromboelastometry (ROTEM®) viscoelastic and thrombin generation parameters
of the anesthetized greyhound dogs before and after induced hemorrhage (n = 9).

Variables Resveratrol Treated (n = 5) Control (n = 4) p-Value #

CT-InTEM:
-Pre-treatment 198 (167–233) 194 (169–209) 0.73
-Pre-hemorrhage 168 (137–192) 133 (80–169) 0.177
-1 h post-hemorrhage 142 (130–165) 168 (140–174) 0.548
-2 h post-resuscitation 160 (142–200) 183 (168–193) 0.286

CT-ExTEM:
-Pre-treatment 71 (40–90) 72 (49–98) 0.556
-Pre-hemorrhage 40 (35–60) 86 (31–155) 0.429
-1 h post-hemorrhage 62 (38–76) 101 (65–112) 0.082
-2 h post-resuscitation 76 (69–88) 113 (100–188) 0.016

MCF-InTEM:
-Pre-treatment 51 (44–56) 48 (43–50) 0.556
-Pre-hemorrhage 54 (47–63) 43 (38–47) 0.009
-1 h post-hemorrhage 38 (33–45) 40 (32–44) 0.841
-2 h post-resuscitation 33 (30–41) 33 (28–37) 0.556

MCF-ExTEM:
-Pre-treatment 41 (38–51) 40 (33–47) 0.73
-Pre-hemorrhage 52 (47–63) 45 (33–50) 0.052
-1 h post-hemorrhage 38 (34–45) 27 (25–36) 0.052
-2 h post-resuscitation 35 (30–39) 21 (14–32) 0.063

PFA-closure time:
-Pre-hemorrhage 78 (71–93) 87 (70–131) 0.914
-1 h post-hemorrhage 111 (106–115) 95 (79–95) 0.057
-2 h post-resuscitation 91 (75–91) 89 (79–120) 0.857

Peak thrombin generation, nM:
-Pre-treatment 66 (47–93) 101 (56–121) 0.286
-1 h post-hemorrhage 93 (61–137) 41 (19–56) 0.032

AUC thrombin generation, nM × min:
-Pre-treatment 329 (252–329) 406 (254–406) 0.999
-1 h post-hemorrhage 495 (495–495) 294 (160–427) 0.4

# p-value by non-parametric Mann–Whitney test. All values are median (with interquartile range –IQR unless
stated otherwise). CT-INTEM (p = 0.008), MCF-INTEM (p = 0.001), and MCF-EXTEM (p = 0.001) all significantly
differed with time. AUC = area under curve; CT = clotting time; MCF = maximum clot firmness; PFA = platelet
function analyzer.
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3.1. Cardiovascular Results

MAP over time are summarized in Figure 2. The median time to induce hemorrhage
to achieve a MAP ≤ 40 mmHg was within 4 min (interquartile range [IQR] 2.75–8.75) in the
treatment group and 5 (3–7.75) minutes in the control group which were not statistically
different (p = 0.939). A significantly larger amount of blood was, however, withdrawn
to achieve and maintain this MAP target for 60 min for the dogs treated with resveratrol
compared to control (median 63.8 vs. 54.9 mL respectively, p = 0.041), with a slightly
lower MAP at end of one-hour of hemorrhage in the resveratrol group (33 vs. 39 mmHg
respectively, p = 0.041). Arterial and venous pH were also significantly lower in the treat-
ment group versus control group at end of one-hour of hemorrhage (arterial 7.24 vs. 7.35,
p = 0.011; venous 7.23 vs. 7.32, p = 0.047 respectively). The other blood gas and hemody-
namic parameters between the two groups were not significantly different (Tables 4 and 5).
Time for the MAP to return to ≥ 60 mmHg following cessation of induced bleeding and
initiation of Gelofusine® fluid resuscitation was not different between the two groups (R
group: median 17, IQR 12.5–25 vs. C group: 14, IQR 11.3–17.3; p = 0.571). No additional
fluid administration was required in any dog in order to maintain MAP > 60 mmHg during
the subsequent three-hour reperfusion period. There were also no significant differences
in the arterial and venous blood gases including OER between the two groups during
the experiment.

Figure 2. Changes in mean arterial pressure (MAP) over time in anesthetized greyhounds subjected
in a pressure-targeted hemorrhage model. Values are median and interquartile range. (A) Control
group (n = 6). (B) Resveratrol pretreated group (n = 6).

Table 4. Arterial and venous blood gas parameters during the experiment (n = 12).

Variables Resveratrol Treated (n = 6) Control (n = 6) p-Value #

Arterial pH:
-Pre-hemorrhage 7.44 (7.41–7.48) 7.46 (7.40–7.52) 0.696
-1 h post-hemorrhage 7.24 (7.21–7.33) 7.35 (7.33–7.36) 0.011
-1 h post-resuscitation 7.33 (7.32–7.38) 7.35 (7.31–7.39) 0.913
-2 h post-resuscitation 7.35 (7.34–7.39) 7.36 (7.32–7.42) 0.853

PaO2 (mmHg):
-Pre-hemorrhage 187 (178–191) 196 (179–2.8) 0.329
-1 h post-hemorrhage 133 (124–153) 147 (130–170) 0.485
-1 h post-resuscitation 170 (146–207) 150 (132–163) 0.147
-2 h post-resuscitation 159 (152–174) 157 (138–172) 0.699

PaCO2 (mmHg):
-Pre-hemorrhage 33.1 (28.4–38.5) 32.1 (26.7–36.0) 0.662
-1 h post-hemorrhage 45.9 (36.9–51.6) 37.9 (36.1–40.7) 0.162
-1 h post-resuscitation 43.2 (40.4–46.4) 44.7 (38.9–48.0) >0.999
-2 h post-resuscitation 41.7 (37.0–43.7) 41.3 (37.0–46.2) >0.999

Arterial HCO3 (mmol/L)
-Pre-hemorrhage 22.1 (20.8–23.7) 22.3 (21.2–23.3) 0.892
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Table 4. Cont.

Variables Resveratrol Treated (n = 6) Control (n = 6) p-Value #

-1 h post-hemorrhage 19.5 (17.1–20.9) 20.8 (18.3–22.3) 0.225
-1 h post-resuscitation 22.5 (21.2–23.6) 23.6 (22.9–24.2) 0.121
-2 h post-resuscitation 21.8 (20.9–23.4) 23.2 (22.7–23.9) 0.178

Arterial Base excess (mmol/L):
-Pre-hemorrhage −1.7 (−2.3–(−0.4)) −1.5 (−2.3–(−0.2)) 0.792
-1 h post-hemorrhage −6.9 (−8.3–(−5.0)) −4.0 (−6.7–(−2.9)) 0.132
-1 h post-resuscitation −2.4 (−3.7–(−1.6)) −1.5 (−2.2–(−0.5)) 0.143
-2 h post-resuscitation −2.9 (−3.6–(−1.5)) −1.7 (−2.3–(−0.7)) 0.102

SaO2 (%):
-Pre-hemorrhage
-1 h post-hemorrhage All values 100%, at all time points
-1 h post-resuscitation
-2 h post-resuscitation

Central venous pH:
-Pre-hemorrhage 7.41 (7.39–7.46) 7.43 (7.38–7.51) 0.792
-1 h post-hemorrhage 7.23 (7.16–7.28) 7.32 (7.29–7.32) 0.047
-1 h post-resuscitation 7.29 (7.28–7.34) 7.32 (7.30–7.36) 0.29
-2 h post-resuscitation 7.32 (7.30–7.35) 7.34 (7.29–7.39) 0.771

PvO2 (mmHg):
-Pre-hemorrhage 46.1 (39.9–51.2) 46.5 (43.8–50.4) 0.931
-1 h post-hemorrhage 25.4 (19.2–29.3) 25.9 (23.8–27.7) 0.784
-1 h post-resuscitation 51.4 (45.1–59.6) 50.4 (46.4–53.0) 0.732
-2 h post-resuscitation 50.3 (44.9–59.0) 46.9 (41.9–49.9) 0.24

PvCO2 (mmHg):
-Pre-hemorrhage 38.3 (33.8–42.1) 33.4 (29.3–40.0) 0.247
-1 h post-hemorrhage 59.3 (47.4–70.0) 49.1 (45.6–51.2) 0.18
-1 h post-resuscitation 50.4 (48.4–51.7) 48.5 (43.2–52.0) 0.589
-2 h post-resuscitation 47.1 (44.8–50.4) 48.0 (42.3–53.2) 0.181

Central venous HCO3 (mmol/L)
-Pre-hemorrhage 24.0 (23.0–25.1) 23.4 (20.8 - 24.6) 0.699
-1 h post-hemorrhage 23.0 (21.7–25.0) 24.1 (21.4–25.4) 0.667
-1 h post-resuscitation 23.3 (22.9–25.0) 24.5 (23.3–24.9) 0.407
-2 h post-resuscitation 23.2 (22.6–24.5) 24.7 (23.1–25.2) 0.37

Venous Base excess (mmol/L):
-Pre-hemorrhage 0.9 (−0.8–1.4) −0.5 (−3.1–0.8) 0.306
-1 h post-hemorrhage −3.8 (−5.5–(−1.2)) −1.6 (−4.8–(−0.1)) 0.589
-1 h post-resuscitation −2.5 (−2.8–(−0.5)) −1.3 (−1.8–(−0.4)) 0.234
-2 h post-resuscitation −2.2 (−2.6–(−0.1)) −1.1 (−1.7–(−0.5)) 0.31

SvO2 (%):
-Pre-hemorrhage 88.2 (76.3–90.8) 91.7 (85.2–92.6) 0.162
-1 h post-hemorrhage 29.3 (22.9–38.5) 41.0 (34.1–49.9) 0.064
-1 h post-resuscitation 84.0 (59.4–86.2) 85.1 (80.1–90.0) 0.589
-2 h post-resuscitation 84.2 (82.1–88.0) 79.6 (72.4–86.9) 0.589

Hemoglobin-venous (g/dL):
-Pre-hemorrhage 13.5 (12.7–13.7) 15.8 (14.5–16.1) 0.262
-1 h post-hemorrhage 17.2 (14.9–19.5) 17.5 (15.8–18.1) 0.965
-1 h post-resuscitation 8.7 (7.1–10.7) 9.2 (9.0–9.5) 0.662
-2 h post-resuscitation 8.8 (7.3–10.8) 9.3 (8.8–9.5) 0.79

Sodium (mmol/L):
-Pre-hemorrhage 145 (145–147) 146 (145–148) >0.999
-1 h post-hemorrhage 144 (141–145) 145 (143–146) 0.298
-1 h post-resuscitation 144 (143–146) 145 (145–146) 0.141
-2 h post-resuscitation 144 (143–145) 145 (144–147) 0.175

# p-value by non-parametric Mann–Whitney test. All values are median (with interquartile range –IQR unless
stated otherwise).

3.2. Renal Outcomes

Renal data from one dog in the resveratrol group were excluded from further analysis
due to identification of pre-existing renal inflammatory disease on histological examination
of the kidney tissue. Except for the urine KIM- 1 (p = 0.536), all kidney injury parameters
increased significantly (p-values < 0.05) within 2 h after induced hemorrhage. The risks of
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AKI—defined according to the IRIS criteria [22]—were not significantly different (p = 0.844)
between the resveratrol (no AKI = 3 dogs, AKI grade 2 = 3 dogs) and control groups (no
AKI = 1 dog, AKI grade 1 = 1 dog, AKI grade 2 = 4 dogs). All serum and urinary AKI
biomarkers were also similar between the two groups (Table 2).

Table 5. Hemodynamic parameters, bleeding volume and intravenous fluid administered during the
experiment (n = 12).

Variables Resveratrol treated (n = 6) Control (n = 6) p-Value #

Bleeding volume, mL 63.8 (57.8–78.6) 54.9 (42.5–58.9) 0.041

Total intravenous fluid volume, mL:
- Compound Sodium Lactate 978 (924.8–1004.3) 925 (013.5-942) 0.31
- Colloid 652 (616.5-669.5) 617 (609-628) 0.31

Heart rate, beats/min:
-Pre-hemorrhage 86 (52–122) 104 (93–118) 0.485
-1 h post-hemorrhage 204 (179–221) 182 (156–208) 0.31
-1 h post-resuscitation 172 (153–184) 150 (134–171) 0.18
-2 h post-resuscitation 176 (156–189) 154 (126–167) 0.093

Mean arterial pressure, mmHg:
-Pre-hemorrhage 60 (59–68) 65 (60–74) 0.31
-1 h post-hemorrhage 33 (31–37) 39 (38–40) 0.041
-1 h post-resuscitation 76 (71–81) 76 (68–79) 0.589
-2 h post-resuscitation 71 (67–76) 69 (64–73) 0.394

Cardiac index, mL/min/m2:
-Pre-hemorrhage 95 (90–104) 86 (74–93) 0.082
-1 h post-hemorrhage 36 (32–40) 41 (33–49) 0.18
-1 h post-resuscitation 118 (111–130) 134 (120–170) 0.093
-2 h post-resuscitation 121 (115–139) 143 (119–152) 0.31

Oxygen extraction ratio, %:
-Pre-hemorrhage 13 (12–23) 11 (10–17) 0.24
-1 h post-hemorrhage 71 (62–77) 60 (50–66) 0.065
-1 h post-resuscitation 19 (16–20) 17 (12–22) 0.699
-2 h post-resuscitation 18 (14–20) 22 (15–29) 0.589

# p-value by non-parametric Mann–Whitney test. All values are median (with interquartile range –IQR unless
stated otherwise).

3.3. Coagulation Outcomes

The clotting time became prolonged (p = 0.008) and MCF was weakened in both
InTEM (p = 0.001) and ExTEM (p = 0.001) in the study dogs after hemorrhage. In addition
to having a better clot firmness (or MCF) prior to hemorrhage, dogs treated with resveratrol
also had a higher peak thrombin generation potential at 1-h after hemorrhage (Table 3).
MCF on the InTEM appeared to remain better in the resveratrol group during the period of
hemorrhage after adjusting for volume of blood withdrawn in each animal in the linear
mixed model analysis (Table 6).

Table 6. Linear mixed models showing the associations between resveratrol treatment with maximum
clot firmness on the Rotational Thromboelastometry (ROTEM®) of the anesthetized greyhound dogs
before and after induced hemorrhage (n = 12) after adjusting for volume of blood removed using
unstructured covariance structure. MCF = maximum clot firmness.

Predictors Coefficient (95% Confidence Interval) p-Value

MCF-InTEM
Resveratrol treatment 10.6 (1.0–20.3) 0.034
Volume of blood removed 0.1 (0.3 to −0.3) 0.673
Time points −4.7 (−3.3 to −6.1) 0.001
Resveratrol × time 1.8 (−0.3 to 3.7) 0.078

MCF-ExTEM
Resveratrol treatment 5.5 (−2.8 to 13.8) 0.158
Volume of blood removed −0.4 (−0.1 to −0.7) 0.028
Time points −0.8 (−2.3 to 0.7) 0.260
Resveratrol × time 2.9 (0.7 to 5.1) 0.017
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3.4. Renal Histopathology

Notably, severe tubular injury (evidence of ischemic coagulative necrosis) was not
identified in any specimen. In the 20 randomly selected 200× fields of cortex (due to the lack
of lesions in the deeper regions of the renal parenchyma) for each kidney examined, there
was evidence of injury (loss of brush border, singly dead cells, sloughed cellular debris) in
the study animals. Both control and resveratrol treated dogs had normal to mildly injured
tubules (Figure 3A,B). One resveratrol-treated dog had evidence of moderate tubular
injury (Figure 3C).

Figure 3. (A) Photomicrograph from a control dog with mild acute tubular epithelial injury, charac-
terized by loss of the brush border and simplification of the tubular epithelium. There are 2 sloughed
necrotic cells within the lumen. (B) Photomicrograph from a treated dog with mild acute tubular
epithelial injury characterized by the presence of many sloughed epithelial cells within a tubular
lumen. (C) Photomicrograph from a treated dog that had moderate acute tubular epithelial in-
jury, characterized by simplification and attenuation of tubular epithelium (asterisk) that was more
frequently observed than in dogs with mild injury. Periodic acid Schiff, 40 × magnification.

3.5. Renal Transmission Electron Microscopy (TEM)

Samples from two control dogs and two treated dogs were further evaluated using
TEM. All four dogs had evidence of loss of the apical brush border, cellular swelling and
intraluminal cellular fragments (Figure 4). Proximal tubules were most frequently damaged
but distal convoluted tubules were occasionally affected. Ultra-structurally, there were
no obvious differences between the two dogs in each study group (although this was not
formally tested statistically because of the small sample size of this sub-group). Dogs that
had minimal injury in the histology specimen had similar ultrastructural lesions on the
TEM as dogs that had mild and moderate histologic lesions.

Figure 4. (A) Transmission electron micrograph from a control dog that had minimal acute tubular
epithelial injury in the histology sample. The sample submitted for TEM showed sloughed cellular
debris (circled) and electron dense cytoplasmic material (mineralization) (asterisk). There is denuded
tubular basement membrane. Bar is 2 micron. (B) Transmission electron micrograph from a treated
dog that had mild acute tubular epithelial injury in the histology sample. There is loss of the apical
brush border of multiple cells (circled) whereas neighboring cells maintain intact brush borders. Bar
is 20 micron. (C) Transmission electron micrograph from a control dog that had minimal injury in the
histology sample. There is loss of the apical brush border (circled) as well as sloughed cells within
the tubular lumen (asterisk). Bar is 2 micron.
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4. Discussion

This study showed that seven days of oral resveratrol treatment in greyhound dogs
improved their blood pressure tolerance to induced hemorrhage; that is, treated animals
required a larger amount of blood loss to develop the same degree of hypotension. There
was also a signal to suggest that resveratrol might improve clot strength and thrombin
generation. The potential renal protective effect of resveratrol was, however, not observed
both in terms of biochemical and histological assessments. These findings are clinically
relevant and require further discussion.

First, a blood pressure targeted hemorrhage model was used in this study in an attempt
to assess whether resveratrol could improve the maintenance of blood pressure during
hemorrhage. Whether this was a better model than a model that induces a fixed amount of
blood loss remains uncertain [28]. The volume of blood loss to achieve the predetermined
MAP in our control animals (median 54.9, range 42.5–58.9 mL/kg) was consistent with
the results of another study (53 mL/kg, 95% confidence interval 48–57) [29]. As such, the
greater amount of blood loss needed to achieve and maintain the same degree of hypoten-
sion (and OER in the central venous blood) in the resveratrol-treated dogs (median 63.8,
range 57.8–78.6 mL/kg) suggests that oral resveratrol pretreatment may have genuinely
assisted the dogs in maintaining a better blood pressure during acute bleeding. This benefi-
cial effect of resveratrol may theoretically, at least in part, be related to activation of SIRT1
gene, its estrogen agonist effect, or interactions with other targets or receptors that are
relevant to pathogenic process of I-R injury [6–8]. Because we could not detect resveratrol
levels in most blood samples of our resveratrol-treated dogs, the precise mechanisms how
resveratrol can help to maintain the blood pressure remains unclear, but modification
of gut microbiota is one possibility [30]. Nonetheless, the dogs in the resveratrol group
did have a lower MAP and pH in the arterial and venous blood at the end of 60-min
of hemorrhage. Repeating the study with a larger sample size, using a volume-guided
hemorrhagic model using preset volume of blood loss, and extending the study duration to
include survival time and effect on gut microbiota would be helpful to confirm the benefits
of resveratrol, and clarify the mechanisms through which oral resveratrol pretreatment
improves cardiovascular tolerance to hemorrhage.

Second, all study dogs had an increase in many serum and urinary AKI biomarkers
induced hemorrhage; and these changes were associated with histopathological evidence
of AKI. This was not surprising as a reduction in blood volume and pressure would cer-
tainly compromise renal blood flow, triggering a reduction in glomerular filtration rate
and induction of renal ischemia [31]. As such, the hemorrhagic model used in our study
was sensitive enough to induce bleeding-related AKI [32]. Despite this, there were no
significant difference in all the renal biomarkers and histological changes between the
resveratrol and control groups. This negative result could be explained by a number of
reasons. First of all, a much lower dose (per body weight) of resveratrol was used in
this study and outcomes were assessed in a shorter time frame than in the rat models in
previous studies [6–8,16,27,33]. Furthermore, a small sample size could undermine the sta-
tistical power of this study. Of the dogs that were treated with resveratrol, 40% (2/6 dogs)
developed stage-1 AKI (defined by an increment in SCr > 26.4 µmol/L) compared to
100% of the dogs in the control group, even though this difference did not reach statistical
significance. Another possibility is that resveratrol might have different renal effects in
different animal species. To the best of our knowledge, using resveratrol to prevent AKI
during hemorrhage in dogs (in contrast to rats [16]) has not been assessed previously. Some
types of intravenous fluid used for resuscitation can also have an adverse effect on the
kidneys. Although the same types and similar quantities of intravenous fluid (Compound
Sodium Lactate for maintenance at 10 mL/kg/hour and Gelofusine® to restore normal
blood pressure: see Table 4) were used for both groups in this study, it is possible that
resveratrol’s renal protective effect—if there is one—was confounded or overwhelmed by
a potential harmful or beneficial effect of Gelofusine® on the kidneys. Previous studies
have shown that using Gelofusine® for resuscitation was less likely to induce AKI com-
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pared to the older forms of intravenous starches in humans [34], but recent animal studies
have shown that Gelofusine® may induce AKI compared to crystalloids or fresh whole
blood [35]. As such, it would be better to use crystalloid fluid alone during the reperfusion
period in similar experiments in the future.

An interesting and important finding of this study was the positive association be-
tween resveratrol, clot firmness and thrombin generation. A previous study has showed
that resveratrol could help to preserve platelet function in stored blood [36]. Conversely,
resveratrol has also been shown to induce platelet dysfunction and coagulation derange-
ments in a few other experimental studies [19,20,37,38]. Given hemostasis is a paramount
outcome in any hemorrhagic situations, the effect of resveratrol on bleeding tendency
requires further investigation.

Finally, we need to acknowledge the limitations of this study. The circumstances of
how our study animals were recruited had limited our ability to address the important issue
of survival time after hemorrhage. It is important to note that race-trained greyhounds are
highly adapted to anaerobic tissue metabolism during exercise, modulating their cardiovas-
cular, hemostatic and homeostatic responses to hemorrhage [39,40]. Prolonged anesthesia
(5 h in this study) might have interfered with the normal cardiovascular compensatory
responses to bleeding. In addition, pure µ-agonist opioids, such as the fentanyl used in
this study, are known to cause venous and arterial blood wall relaxation, via endothelium
and opioid-receptor independent mechanisms in various species [41,42]. Similarly, isoflu-
rane also has a dose-dependent vasodilatory and negative inotropic effect, rendering our
study animals more likely to develop hypotension after hemorrhage [43,44]. Nonethe-
less, a parallel-arm randomized-controlled design should have balanced the confounding
effects of these factors.

5. Conclusions

This exploratory study showed that seven days of oral resveratrol treatment prior
to bleeding improved greyhound dogs’ blood pressure stability in response to severe
hemorrhage and possibly also coagulation profiles compared to no resveratrol treat-
ment. A renal protective effect of resveratrol in hemorrhage was, however, not observed.
An adequately-powered study using a volume-targeted hemorrhage model assessing the
benefits of resveratrol, including survival time, is needed before this dietary supplement
can be recommended prior to exposure to hemorrhage.
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Abstract: Colorectal cancer is one of the most common gastrointestinal malignancies in humans,
affecting approximately 1.8 million people worldwide. This disease has a major social impact and
high treatment costs. Animal models allow us to understand and follow the colon cancer progression;
thus, in vivo studies are essential to improve and discover new ways of prevention and treatment.
Dietary natural products have been under investigation for better and natural prevention, envisioning
to show their potential. This manuscript intends to provide the readers a review of rodent colorectal
cancer models available in the literature, highlighting their advantages and disadvantages, as well as
their potential in the evaluation of several drugs and natural compounds’ effects on colorectal cancer.

Keywords: spontaneous models; induced models; genetically engineered models

1. Introduction

Worldwide, colorectal cancer is the third most common cancer in men and second
in women [1]. Many risk factors have been considered for the development of colorectal
cancer, such as the ingestion of processed meat, alcoholic drinks, body fatness, low intake
of vegetables and fruits, smoking, and other concomitant diseases, such as inflammatory
bowel disease (IBD), Crohn’s disease, and ulcerative colitis [2,3].

Colorectal cancer is characterized by the invasion of neoplastic epithelial cells below
the muscularis mucosae of the colorectal wall [4]. Its evolution is slow and characterized
by different stages. Progressive changes in the amount or activity of proteins that reg-
ulate cell proliferation, differentiation, and cell survival occur, leading to a disorder in
cell replication that contributes to the development of proliferative lesions, such as ade-
noma [5]. Subsequently, the intestinal epithelium undergoes a malignant transformation
to invasive carcinoma [4,5]. Besides adenomas, hyperplastic polyps, serrated adenomas,
flat adenomas, and dysplastic lesions are also observed in the colon as other types of
preneoplastic lesions [5]. In humans, colorectal cancer is histologically classified as an
adenocarcinoma [4,6]. In Figure 1 we can observe the progression from normal intestinal
epithelium to carcinoma.
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Figure 1. Schematic representation of adenoma–carcinoma multistep model. The normal cells of colon epithelium progress
sequentially to a hyperproliferative epithelium, premalignant adenoma, and then carcinoma.

About 97% of colorectal cancers are spontaneous, and the remaining are due to one of
two autosomal dominant inherited diseases: hereditary non-polyposis colorectal cancer
(HNPCC) and familial adenomatous polyposis (FAP) [4,5]. The genetic mechanisms of
spontaneous CRC are present in the adenoma–carcinoma sequence. Carcinogenesis is
initiated with inactivating mutations in the tumor suppressor adenomatous polyposis
coli (APC) gene, followed by an accumulation of mutations in the genes K-RAS, PI3K,
DCC, SMAD2, SMAD4, and lastly the mutation in the tumor suppressor gene TP53 that
determines the progression from the non-invasive to the invasive CRC [7].

Laboratory rodents are commonly used as animal models in experimental research
because they are easy and cheap to maintain, their physiology and genetics are well studied,
and they are mammals like humans [8]. They allow us to understand and follow the
progression of diseases, enable the discovery and development of new preventive strategies,
which can be later used in clinical trials. An ideal animal model of human disease should
be simple, not expensive, and mimic the disease in terms of morphology, biochemical
alterations, and biological behavior [4,9]. Several works have reviewed the use of animal
models of CRC [10]. However, this manuscript not only intends to augment the information
on rodent models of CRC, highlighting their advantages and disadvantages, but also to
review their applications and how they can be used to evaluate natural compounds,
nutrition habits, and drugs.

2. Rat and Mouse Colon and Rectum: Anatomy and Histology

The rat and mouse intestine are similar to that of humans concerning development,
structure, and functions [9]. The large intestine comprises the cecum, the colon, the rectum,
and anus, and it is responsible for the absorption of water and salt from feces [11] (Figure 2).

The cecum is a curved blind sac responsible for bacterial fermentation and empties
into the proximal/right colon. Even though the rodents’ colon and rectum represent a
percentage of the total size of the large intestine similar to the humans, the cecum is much
bigger in rats, which may be attributed to the high fiber content of their diet [12]. The colon
continues toward the pyloric region of the stomach and has the same histological structure
of the gastrointestinal tract: mucosa, submucosa, inner circular and outer longitudinal
tunica muscularis, and serosa [1]. Despite histological similarities, rats and mice do not
have adipose tissue in the submucosa, unlike humans who have it in abundance. The colon
can be divided into ascending (it leads cranially to the thoracic cavity), transverse colon
(from the left to the right side), and descending colon (on the right side of the abdominal
cavity). The rodents’ middle and distal colon corresponds to the human left colon [13].
The rectum is relatively short and indistinct from the distal colon. The anorectal junction
has no stratified columnar epithelium, and the anal canal is lined by keratinized stratified
squamous epithelium [11].
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Figure 2. Schematic representation of some parts of the human (A) and rodent (B) digestive system, where is possible to
observe the distinct portions of the large intestine: cecum, colon (ascendant, transverse, and descendent), rectum and anus,
and its topographic anatomy. Human and rodent in supine position.

3. Rodents as Models of Colorectal Cancer

Although there is no ideal animal model that replicates all human disease aspects, the
rodents are accepted as good models to study colorectal carcinogenesis because of their
physiological similarity with humans, reproducible tumor induction, and the possibility to
study the disease biopathology and test strategies for cancer prevention and treatment [4].

An ideal rodent model of colorectal cancer should develop carcinomas in the colon and
rectum, with a high incidence in a short period, allow non-invasive monitoring of disease
progression, and follow the histological and molecular characteristics of human colorectal
cancer [8,13]. The models available to study colorectal cancer include spontaneous, induced,
genetically engineered, xenograft, and syngeneic models (Figure 3).

Figure 3. Rodent models available to study human colorectal cancer.

3.1. Spontaneous Models

Spontaneous development of colorectal cancer in rats and mice is rare, although some
cases were reported in the literature. In 1969 it was reported that C57BL mice developed
adenomas in the colon [9], and in 1975 Miyamoto and colleagues showed that 30–40%
of animals from the Wistar-Furth/Osaka strain developed adenocarcinomas [14]. More
recently, in 2009, Newark and colleagues showed that C57BL/6J developed cancer in

211



Vet. Sci. 2021, 8, 59

the large intestine with an incidence of 1% [15]. These models are not very used due to
unpredictability and low reproducibility [4]. In 40% of the spontaneous rat models, the
period of latency is approximately eight months [16,17].

3.2. Induced Models

Colorectal tumors can be induced in rodents through the administration of chemical
carcinogens alone or in combination [5]. There are two types of chemical carcinogenic
agents: direct and indirect. Direct carcinogens do not need to be metabolized to induce
cancer, while the indirect agents are administered in their inactive form and only acquire
carcinogenic activity when biotransformed and converted into their active form in the
liver [5,6].

3.2.1. Chemically Induced Models

In 1941, Lorenz and Stewart were the first to induce intestinal mouse tumors by feeding
them with dibenzanthracene or methylcholanthrene [4], leading to the development of
adenocarcinoma of the small intestine [4]. Later, in 1947, Lisco and colleagues induced
carcinomas in the rat colon through feeding with radioactive yttrium [17]. Some years later,
in 1963, Laquer and colleagues stated hydrazines are colonic carcinogens. Rats developed
adenocarcinomas after feeding with a large quantity of cycad flour, which have hydrazine
called cycasin, a form of methylazoxymethanol (MAM) [18,19].

Over the years, experimental research was conducted to discover chemical carcino-
gens specific for colorectal cancer such as 3,2′-dimethyl-4-aminobiphenyl (DMAB), alkyl-
nitrosamines such as N-methyl-N-nitrosourea (MNU) and N-methyl-N-nitrosoguanidine
(MNNG), 1,2-dimethylhydrazine (DMH), azoxymethane (AOM), and 2-amino-1-methyl-6-
phenylimidazo (4,5-b) pyridine (PhIP) [20].

These carcinogens can be indirect-acting agents (DMAB, DMH, AOM, and PhiP),
which need an enzymatic reaction to be converted into an active form, or direct-acting
carcinogens (MNU and MNNG) that do not need biological catalysis [5].

3,2′-Dimethyl-4-Aminobiphenyl (DMAB)

Walpole and colleagues, in 1952, described the first induction of intestine cancer in
male rats by subcutaneous administration of DMAB dissolved in arachis oil, at a mean total
dose of 2.8 g/kg, for 141 days [21]. After that, other researchers evaluated the carcinogenic
potential of this compound [22]. Of these works, the one made by Reddy et al. [23] stands
out; they showed that 30% of F344 rats fed with a low-fat diet and 75% of animals fed with
a high-fat diet developed colon cancer after being injected with DMAB (50 mg/kg), once a
week, for 20 weeks. DMAB forms carcinogenic DNA adducts through the N-hydroxylation
by cytochrome P450, followed by O-acetylation and hydrolysis, reacting with DNA [23].

Nevertheless, this model has some disadvantages because multiple DMAB adminis-
trations are needed [23–25] and it has low specificity, leading to the development of tumors
in various other tissues, such as salivary glands, mammary glands, urinary bladder, ear,
and skin [6]. The studies performed using this model may be consulted in Table 1.
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N-Methyl-N-Nitrosourea (MNU) and N-Methyl-N-Nitrosoguanidine (MNNG)

Since 1967, after discovering that oral administration of alkylnitrosamide induced
adenocarcinomas in the glandular stomach in rats, other works were performed envisioning
to address the carcinogenic potential of MNNG and MNU [4,13]. MNU and MNNG are
direct DNA alkylating agents; they transfer a methyl group to nucleobases leading to the
accumulation of genetic mutations [13]. Intra-rectal instillation of MNNG during 20 weeks
at a dose of 1–3 mg/rat/week induced colon cancer in 100% of F344 rats [13,18,20]. Female
ICR/Ha Swiss mice instilled with 0.3 mg of MNU intrarectally, three times a week for
10 weeks, developed tumors in the distal colon, rectum, and anus with an incidence of
78% [29]. The intrarectal administration allows a more selective induction in the distal
colon and rectum, which is a huge advantage of this model. However, a precise technique is
needed, and the quantification of drug volume is difficult [18,20]. In addition, the animals
need to be kept in an inverted position for one minute after administration to prevent the
return of the compound to the anus [19,20].

This model can be used to evaluate the therapeutic effects of several compounds on
colorectal cancer development. More details about colorectal cancer studies using the MNU
model to evaluate the influence of diet, drugs, and natural compounds can be consulted in
Table 2.
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1,2-Dimethylhydrazine (DMH)

DMH is an alkylating agent that needs liver metabolic activation to become a carcino-
gen. Therefore, DMH is oxidized in the liver into azoxymethane and is then hydroxylated to
form methylazoxymethanol (MAM). MAM is converted to formalin and methyldiazonium
ion that are responsible for DNA, RNA, and protein alkylation [4,33].

The induction of colon cancer in rats with this compound was described for the first
time in 1967 by Druckrey and colleagues, through its subcutaneous administration, at a
dose of 21 mg/kg [20,34]. They showed that DMH cancer induction in the distal portion
of the colon is histopathologically similar to humans [16,33]. These results were later
confirmed by other authors [6,13,19].

DMH can be administered through different routes, including subcutaneous, intraperi-
toneal, oral, and intrarectal [4]. For example, a subcutaneous injection of 20 mg/kg DMH,
once a week, for 20 weeks induces colonic adenomas in about 60% of male F344 rats [21].
Oral administration of 20 mg/kg showed a lower tumor incidence in male Wistar rats,
depending on the nature of the diet [35]. Intrarectal administration of 250 mg/kg of DMH
in Sprague-Dawley rats induced multiple colorectal adenocarcinomas with a latency period
of 34 weeks [36]. Of the routes of administration presented, subcutaneous seems to be
the one that leads to high incidence and consequently the most used in chemopreventive
studies [4]. More information about other studies with this model may be consulted in
Table 3.

Although DMH-induced colon tumors in rodents are similar to human colon tu-
mors [21], this model has disadvantages, e.g., multiple injections of DMH are necessary
to induce tumors, it is characterized by at least six months of the latency period, and no
hepatic metastases were observed until now (Figure 4C) [20].

Azoxymethane (AOM)

In 1970, Druckrey and colleagues showed for the first time the ability of azoxymethane
(AOM) to induce intestinal tumors. Other works were then published confirming that
AOM is a potent inducer of carcinomas of the large intestine in various strains of rats, such
as F344, and mice, such as C57BL/6J and SWR/J, among others [21,37,38].

AOM is a metabolite of DMH that has been more frequently used in the induction of
colon tumors than DMH, given some of its advantages over the original compound, such as
its increased efficacy and greater chemical stability [37]. Like DMH, AOM is also an indirect
carcinogenic compound, and it is activated in the liver by N-oxidation through cytochrome
P450 2E1, producing metabolites such as methylazoxymethanol and methyl-diazoxide,
which induce inflammation [39]. AOM seems to be a more effective carcinogen than DMH
because it requires fewer reactions to be activated [6].

AOM induces rodent colon carcinogenesis when administered over 6–8 weeks via sub-
cutaneous or intraperitoneal injection, with a latency period ranging from 20 to 30 weeks [13].
The distribution of tumors developed in the small intestine and colon (predominantly in
the distal colon) is similar to that observed in the human colon [21,40]. Histological and
histochemical properties of AOM-induced tumors are similar to those described in humans,
being classified as adenomas and adenocarcinomas. Using this induction model, it was
possible to identify metastases in lymph nodes and the liver similar to those described in
humans [6,38].

Details concerning studies using AOM induction model to understand the influence
of diet, drugs, or natural compounds in colorectal cancer can be consulted in Table 4.
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Vet. Sci. 2021, 8, 59

Figure 4. Representative photomicrographs of mouse/rat colon and rectum. (A) Rat colon with
no alterations. (B) Mouse anorectal junction, with no alterations. (C) Mouse colon showing mild
inflammatory infiltrate at the mucosa (DMH induction CRC model). (D) Rat colon with the presence
of focal mild epithelial dysplasia (DMH induction CRC model). (E) Rat colon adenoma, character-
ized by a benign epithelial tubulopapillary neoplastic proliferation, non-invasive (DMH induction
CRC model). (F) Mouse rectum, adenocarcinoma, characterized by a carcinomatous proliferation,
associated with stromal invasion and inflammation (DMH induction CRC model). HE staining.
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Azoxymethane (AOM) and Dextran-Sodium Sulfate Model (DSS)

Because colon cancer is associated with long-standing IBD, such as ulcerative colitis
and Crohn’s disease, the risk of colorectal cancer development increases with the extent and
duration of disease [19]. Chronic and repeated mucosal inflammation may result in tumors
through several mechanisms, such as induction of genetic mutations, increased cryptal cell
proliferation, changes in crypt cell metabolism, changes in bile acid, and alterations in the
bacterial flora [5]. In 2003, Tanaka and colleagues developed a colitis-related mouse model
of colorectal cancer initiated with AOM and promoted by dextran-sodium sulfate (DSS) [88].
DSS is an inflammatory compound that causes damages to the epithelial lining of the colon
and induces colitis. Using this model, male Crj: Cd-1 (IRC) mice were intraperitoneally
injected with AOM (10 mg/kg of body weight) and, one week later, received 2% of DSS in
drinking water for seven days. Twenty weeks later, 88% of animals had colonic dysplasia,
and the incidence of adenoma and adenocarcinoma was 100% [88]. This model allows
the reduction in the number of AOM administrations, avoiding prolonged exposure to
this compound, and still allows a reduction in the latency period. After this finding,
other researchers have associated DSS with other compounds (PhIP and DMH), with
tumor induction in a shorter period than the AOM/DSS model [19,89,90]. Concerning the
AOM/DSS-induced model, different mice strains present diverse sensitivity; for example,
the incidence and multiplicity of adenocarcinomas appear to be higher in the BALB/c
mouse strain [91].

The AOM/DSS model mimetics human colorectal cancer pathogenesis, with a similar
location (distal colon) and initiation by a polypoid growth. However, this model has a very
low tendency to metastasize, which constitutes a limitation [92]. This model has been used
in several chemopreventive studies of colitis-related colon carcinogenesis [88] (Table 5).

2-Amino-1-Methyl-6-Phenylimidazo (4,5-b) Pyridine (PhIP)

The PhIP is a heterocyclic amine isolated from cooked fish and meat, which can be used
to induce tumors in the colon, prostate, and mammary gland [93]. After administration,
it is rapidly absorbed by the gastrointestinal tract and widely distributed through the
body [19]. Then it is bio-transformed by the liver cytochrome P450 s, being converted in
the amino group to a hydroxyamino group, which is then activated by forming esters with
acetic acid, sulfuric acid, and proline. These esters are responsible to induce carcinogenic
DNA adducts and genetic alterations leading to colorectal cancer [94]. The work performed
by Ito and colleagues was the first to induce colon tumors in rats with this compound [95].
F344 rats from both sexes were fed with 400 ppm PhIP for up to 52 weeks and presented a
high incidence of colon carcinomas [95]. PhIP did not induce colon cancer in mice, it just
induced the formation of colonic aberrant crypt foci and lymphomas [4,9]. The mechanisms
responsible for the non-induction of cancer in mice are not well understood [94]. This model
has been used to evaluate the therapeutic effects of several compounds on colorectal cancer.
Detailed information concerning mouse and rat models’ studies using PhIP induction can
be consulted in Table 6.
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3.3. Genetically Engineered Models

Genetically engineered models allow the study of genetic predisposition to colorectal
cancer development, and its interaction with environmental and modifying factors. These
models mimic the genetic alterations of spontaneous and hereditary forms of colorectal
cancer [9]. Through the study of hereditary colorectal syndromes, such as FAP and HNPCC,
it was possible to discover the mutations under colonic carcinogenesis and replicate genetic
lesions in mice and rats by developing genetically engineered models [9].

3.3.1. Adenomatous Polyposis Mouse Models (APC)

It was demonstrated that human colorectal cancer is a multi-step genetic process and
that the mutation of the APC gene occurs at the beginning of the carcinogenesis process.
The APC gene is responsible for the regulation of β-catenin, cytoskeleton organization, cell
cycle regulation, apoptosis, and cell adhesion. When mutated in the germline, this gene is
associated with FAP [5,121].

Moser and colleagues discovered that C57BL/6 mice treated with ethylnitrosourea
developed a mutation that predisposes to spontaneous development of intestinal cancer,
naming the model as ApcMin mouse [122]. The Min mouse model is the only animal model
of cancer that contains a single genetic alteration capable of producing a fully penetrating,
consistent, and organ-specific tumor phenotype. The adenomas developed rapidly, with
lesions identified within 60 days, and high tumor multiplicity. This model allows the
study of multiple pathways impacting tumorigenesis and enables numerous entry points
for basic or applied studies [10]. Over the years, this model has been tested, improved,
characterized, and used to understand the role of the APC gene in colorectal cancer and
also in chemopreventive studies [14] (Table 7).

Other mouse models with target genetic modifications at different locations on the
APC gene have been generated, such as ApcMin/850, Apc∆716, Apc1638N, Apc1638T,
Apc∆468, and Apc∆474 [10], that allow the study of the colorectal cancer mechanisms,
create models more similar to those changes found in humans, and test the role of specific
regions in the APC gene on cancer development [9,10].
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3.3.2. F344-Pirc Rat Model

In 2007, Landgraf and colleagues developed a rat model carrying a knockout allele in
the APC gene on an inbred F344/NTac genetic background rat [145]. To distinguish it from
the APC mouse, they called this strain Pirc form (polyposis in the rat colon). The Pirc rats
developed adenomas similar to those found in humans, showed the same progression to
invasive carcinomas, and dependence on gender was observed, with males more prone to
develop tumors in the intestinal tract than female rats [145]. In comparison to APC mouse
models, this model takes some advantages due to the rat’s size, the facility of diagnostic
imaging, colonic predisposition, and longevity [10].

3.3.3. Hereditary Nonpolyposis Colon Cancer Mouse Models (HNPCC)

HNPCC is an inherited disease characterized by inactivated DNA mismatch repair
genes, such as MLH1, MSH2, MSH6, and PMS2, that leads to the development of a variety
of cancers, including colorectal cancer [15]. Mice with a targeted inactivating mutation in
the mismatch repair genes are used to study these genes and evaluate their contribution to
carcinogenesis [14,146]. Developed tumors are not specific to the colon-rectum; they occur
in other organs such as the skin, lung, lymphatic system, stomach, and small intestine [15].

3.4. Xenograft and Syngeneic Models

Colorectal cancer cells or grafts of tissue can be implanted into animals to evaluate
tumor development and to analyze the effects of several chemicals and natural compounds
(Figure 5).

Figure 5. Schematic representation of xenograft and syngeneic models. In both models, the cells
may be implanted in tumor site origin (orthotopic grafts) or a site different from tumor origin
(heterotopic grafts).

In xenograft models, human tumor cells or tumor fragments are implanted into
immunocompromised animals. Syngeneic tumor models are characterized by the use of
animal tumor cell lines obtained from chemically induced rodent colorectal cancer and
are implanted into animals with the same genetic background as the cell line [13]. These
models can be used, among others, to study the effects of treatment on colorectal cancer
metastases [4,147,148].

The cells may be implanted subcutaneously, intrasplenically into the renal capsule
(heterotopic models), or directly in the colon or rectum (orthotopic models) [13,14]. The
subcutaneous inoculation (heterotopic model) is one of the most used methods due to the
simplicity, easy access, and high tumor growth [4]; however, the tumor microenvironment is
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different from the colon [13], and the metastases do not develop [149]. Comparing with the
subcutaneous heterotopic model, the intrasplenically and renal capsule heterotopic models
and the orthotopic model are technically more advanced and more difficult to work with,
requiring the animals’ anesthesia and use of imaging modalities (e.g., ultrasonography) to
implant the cells specifically in the spleen, the renal capsule or colon, respectively [150].

Orthotopic implantation refers to cells or tumor fragments implanted in the tumor
site of origin, i.e., colon or rectum [13]. These models allow replication of tumor invasion,
vascular spread, mimic the progression to advanced colorectal cancer in humans, and
metastasize to distal organs [12]. For example, MCA-38 cells were intramurally injected
into the cecum of C5BL/6J mice, and 40–65% of them developed metastases eight weeks
later [151]. In another study, CT26 cells were transanal rectal injected in Balb/c mice with
uptake rates of 65%, but only 3.3% developed metastases [152].

These models can be used to evaluate some therapeutic drugs. For example, Tao and
colleagues used a commercial human colon cancer cell line, HCT-116, to evaluate the anti-
colorectal cancer activity of Weichang’an, a Chinese herbal medicine, with 5-fluorouracil.
The cells were injected subcutaneously in male BALB/C mice axilla, and after tumor
growth, they were transplanted into the cecum. The group concluded that the compounds
evaluated inhibited both colon tumor growth and hepatic metastases [153].

4. Conclusions

Experimental data concerning dietary, drugs, and natural compounds’ effects on colon
cancer models were reviewed in this work. Although several animal models are available
to study colon cancer, there is no perfect model; all constitute an important tool to study
human and animal colon carcinogenesis and to evaluate the potential effects of preventive
and therapeutic strategies.

Whereas the AOM/DSS model mimetics the pathogenesis observed in human colorec-
tal cancer, others like genetically engineered models allow studying genetic predisposition
to the development of this type of cancer. The model selection should consider the studies’
goals, the costs, and the advantages and disadvantages of each model, animal, strain,
and gender.

Considering dietary patterns and natural products used as chemoprevention or
chemotherapy, some like soy isoflavones, β-carotene, dried plums, fuji flavone, and Chinese
cabbage showed an inhibitory effect on colorectal carcinogenesis, and adlay bran ethanol
extract, grape seed extract, and pomegranate peel extract decreased the development of
colonic premalignant lesions. However, groups that studied the effects of wheat bran and
heme groups (in form of chicken, beef, black pudding) in the mice diet have concluded the
opposite, observing a higher incidence of colorectal carcinogenesis.

In some cases, natural compounds, several drugs, and dietary patterns results are
inconsistent and depend on multiple factors, and the best way to obtain better results is to
select the most appropriate model and try to reduce most of the external factors. To achieve
this goal, more research with controlled parameters is warranted. Moreover, ideally, the
studies to evaluate the effects of natural compounds in CRC should not only evaluate
the whole compound, but also each active substance in an isolated way. However, these
studies imply the use of a higher number of animals, and consequently, higher costs for
researchers, which may constitute a limitation.
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