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Preface 
 

 

 

 

 

 

 

This book presents a review concerning to the role of mast cells in health and 

disease.  Mast cells were first described by Paul Erlich in his PhD thesis and 

are considered remaining cells of an ancient immune system. Indeed, they are 

placed in common portals of infection, like urinary and respiratory tract.  

The first chapter addressed the role of mast cells on cancer development 

and progression. Chapters II and III addressed the role of mast cells in 

periodontal disease and oral lichen planus, respectively. The role of brain mast 

cells in neuroinflammation and cognition was described in Chapter IV.  

Together, these chapters provide the readers an overview of the role of 

mast cells in different conditions.  

Since the information presented in this book was obtained from years of 

works of expertise in the field, we hope that it will be useful for those 

researchers aiming to better understand the role of mast cells in different 

conditions. 
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Chapter 1 
 

 

 

Role of Mast Cells in Tumor Growth 
 

 

Shikha Saxena1,*, Akshay Bhargava1,  

Priyanka Singh2 and Akhilesh Chandra3 
1Department of Oral Pathology & Microbiology,  

RUHS College of Dental Sciences, Jaipur, Rajasthan, India  
2Department of Oral Pathology & Microbiology,  

KGMU Faculty of Dental Sciences, Lucknow, U.P., India 
3Department of Oral Pathology & Microbiology,  

Faculty of Dental Sciences, IMS, BHU, Varanasi, U.P., India 

 

 

Abstract 

 

Mast cells are immune cells which have a widespread distribution in 

nearly all tissues. These cells and their mediators are canonically viewed 

as primary effector cells in allergic disorders. However, in the last years, 

mast cells have gained recognition for their involvement in several 

physiological and pathological conditions. Mast cells are armed with a 

wide array of receptors that sense environment modifications and, upon 

stimulation, they are able to segregate several biologically active factors 

involved in the modulation of tumor growth. They accumulate at the 

boundary between healthy tissues and malignancies and are often found 

in close association with blood vessels within the tumor 

microenvironment. They express many proangiogenic compounds and 

may play an early role in angiogenesis within developing tumors. Mast 

cells also remodel extracellular matrix during wound healing, and this 

function is subverted in tumor growth, promoting tumor spread and 

 
*Corresponding Author’s Email: drshikhasaxena29@gmail.com. 
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metastasis. In vitro studies have shown that mast cells have the potential 

to influence many aspects of tumor biology, including tumor 

development, tumor-induced angiogenesis, tissue remodeling, and the 

shaping of adaptive immune responses to tumors. Yet, the actual 

contributions of mast cells to tumor biology in vivo remain controversial. 

Here, we review some basic features of mast cell biology with a special 

emphasis on those relevant to their potential roles in tumors. 

 

Keywords: angiogenesis, inflammatory cells, mediators, prognosis 

 

 

Introduction 

 

The rate of development and growth of tumors is regulated by a delicate 

balance between pro and anti-tumorigenic effects, stimulated by the tumor 

cells themselves, as well as the surrounding microenvironment. In addition to 

tumor cells, a variety of cells (such as stromal cells and fibroblasts), 

extracellular matrix (ECM), a complicated network of blood-supplying 

vessels, and molecules (including signaling molecules) together shape the 

tumor microenvironment (TME) [1]. The TME could be depicted as a 

smoldering site of inflammation where a large number of infiltrated or resident 

cells produce and release cytokines, chemokines, and enzymes such as tumor 

necrosis factor alpha (TNF-α), matrix metalloproteinase-9 (MMP-9), 

cyclooxygenase-2 (Cox-2), interleukin-6 (IL-6), inducible nitric oxide 

synthase (iNOS), and vascular endothelial growth factor (VEGF), capable of 

mediating the inflammatory responses [2]. Maintenance, growth, metastasis, 

or eradication of tumors depends strongly on external signals received from 

surrounding immune and non-immune cells of TME [1]. The final 

consequence of such orchestration of the immune response may be the 

malignant progression in the TME [2]. Mast cells (MCs) localize at the 

margins of tumors and the TME, commonly around the vessels [3].  

Interaction between cancer cells and their microenvironment are multiple 

and can result in both progression and arrest of tumor growth [4]. TME is 

composed of stromal cells but also of cells from both innate (i.e., neutrophils, 

macrophages, mast cells, myeloid-derived suppressor cells, dendritic cells and 

natural killer lymphocytes) and adaptive (T and B lymphocytes) arms of the 

immune system. Moreover, lymphocytes and tumor-associated macrophages 

(TAMs) are the major cellular populations present in infiltrates in well-

established tumors. In this setting, the extent of type 1 helper (Th1) effector 

CD8+ cells have been shown to be a marker of clinical response suggesting 
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that, in particular conditions, immune cells can exert anti-tumor effects [5,6]. 

In contrast to T cells, it has been shown that TAM infiltrates correlate to a poor 

prognosis in the majority of cancers, but positive associations between TAMs 

and disease prognosis have been also proposed [7]. Differences in the impact 

of TAMs in cancer prognosis are probably related to their plasticity, since 

macrophages can adopt different phenotypes depending on the cellular context 

[7]. Recently, clinical trials in melanoma patients have shown that the 

manipulation of tolerance by the combined use of monoclonal antibodies 

directed against immune-checkpoint inhibitors (i.e., CTLA-4 and PD-1) 

resulted in effective responses and a proportion of patients presented an 

improved overall survival [8]. Therefore, immune modulatory molecules 

could subvert the complex interactions between tumors and immune cell 

infiltrates, therefore favoring anti-tumor responses [9].  

Although most of our knowledge in MCs biology is obtained from 

studying their role in allergic events, a new picture of them as a source of 

proinflammatory and angiogenic mediators within the tumor has emerged 

[10]. Within the TME, MCs possess both pro- and antitumorigenic properties. 

Upon activation and degranulation, they become highly proinflammatory and 

actively recruit cells of the innate immune system mainly neutrophils, 

macrophages, and eosinophils, and cells of the acquired immune system (B 

and T cells) to orchestrate antitumor immune responses [11]. Conversely, the 

outcome of their presence could be in favor of tumor progression through 

releasing VEGF to support angiogenesis and MMP-9 to degrade ECM and 

facilitate the metastasis [11]. The inconsistent and conflicting prognostic value 

of MC presence in TME may stem in the heterogeneous nature of investigated 

tumors and animal models [12,13].  

MCs are immune cells present in all classes of vertebrates which emerged 

more than 500 million years ago, before the development of adaptive 

immunity [14]. These cells, first identified in humans, and named by Paul 

Ehrlich, are distributed throughout nearly all tissues and are often found in 

close proximity to epithelia, fibroblasts, blood and lymphatic vessels, and 

nerves [15,16].  

Today, MCs are mainly thought of as critical effector cells in antigen-

induced anaphylaxis and other acute immunoglobulin E (IgE) dependent 

allergic reactions, responses initiated when antigen crosslinks antigen-specific 

IgE antibodies bound to high-affinity FceRI receptors on the MC surface, 

thereby triggering its activation [17]. However, MCs are also thought to 

represent versatile cells that can have effector or immunomodulatory functions 

in both innate and adaptive immunity, and a wide variety of additional possible 
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MC functions have been proposed, spanning many aspects of health, host 

defense, and disease [18].  

 

 

Historical Background 

 

Paul Ehrlich (1877) was the first to describe cells in connective tissue that 

stained reddish purple (metachromasia) with aniline dyes. He used the term 

“mastzellen” to describe these cells, a German term referring to feeding. The 

procedure for histologic staining, he developed as a medical student, showed 

that MCs’ cytoplasm is filled with prominent granules. Ehrlich also proposed 

that MCs might help to maintain the nutrition of the connective tissue [19]. 

Metchnikoff (1892) was probably the first to suggest that MCs had a 

phagocytic function and might thereby contribute to host defense. The 

phagocytic function of MCs has now been analyzed in some detail, at least in 

vitro. It is clear that MCs can phagocytose and kill bacteria, but the phagocytic 

efficiency of MCs appears to be much less than of ‘traditional’ phagocytes 

[20]. 

Hardy and Westbrook (1895) published what may be the first evidence of 

morphological differences among mast cells observed at different anatomic 

locations in the rat [21]. Joseph et al. [22] mentioned that MC heterogeneity 

was studied by Enerback (1966) in rat mesentery where in mucosal MCs and 

connective tissue mast cells were distinguished.  

Galli [19] suggested that MC can also stand for master cell because of 

their wide anatomical distribution, their sensitivity to activation by many 

different stimuli and their ability to release a variety of mediators, including 

cytokines. Galli et al.[20] also reported that MCs can process bacterial and 

other protein antigens and can function as antigen-presenting cells via 

mechanisms that are dependent on major histocompatibility complex (MHC) 

class I or class II.  

 

 

Mast Cell Development 
 

Mast Cells Arise from Multipotent Hematopoietic Progenitors in the 

Bone Marrow 
 

During the first 100 years after Paul Ehrlich discovered them, MCs were 

believed to be a component of connective tissue that were derived from 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Role of Mast Cells in Tumor Growth 5 

undifferentiated mesenchymal cells. However, Kitamura and co-workers [23] 

demonstrated that MCs arise from multipotent hematopoietic progenitors in 

bone marrow. Kirshenbaum et al. (1991) showed that tissue MCs in humans 

also differentiate from committed progenitor cells that arise in the marrow 

compartment from pluripotent hematopoietic progenitors. The human MCs 

originate from CD34+ human progenitor cells and require additional 

conditions in vitro for the development of MC granule structure [24]. 

MCs normally do not mature before leaving the bone marrow, but 

circulate through the vascular system as immature progenitors that then 

complete their development peripherally within connective or mucosal tissues. 

In contrast, basophils arise like the MCs from bone marrow progenitor cells; 

however they complete their maturation and differentiation within the bone 

marrow [25]. 
 

 

Mast Cell Development and Growth are Crucially Regulated by the 

Survival and Developmental Factor, Stem Cell Factor 

 

Sawai et al.[26] suggested that stem cell factor (SCF, also known as Kit ligand) 

binds its receptor, Kit, on their target cells that has an intrinsic protein-tyrosine 

kinase domain in its cytoplasmic region. SCF is a pivotal growth factor that 

promotes the development of human MCs. Okayama and Kawakami [27] in 

their review article stated that it was Galli et al. (1995) who suggested that 

SCF has multiple effects on MCs, including modulation of differentiation and 

homing, prolonging viability, inducing MC hyperplasia and enhancing 

mediator production. 

 

 

Stem Cell Factor-Mediated Mast Cell Development is Regulatedby a 

Variety of Factors Including Cytokines and Growth Factors 

 

Luke [28] studied the development of MCs in connective tissues of facial skin, 

palatal mucosa and tongue of the fetal mice. They noticed that MCs were first 

observed in skin at 15 days of fetal age, but not until 17 days in palate and 

tongue. With increasing age, they increased in size and granularity. At birth 

they were 6-7 times more numerous per unit volume of tissue in skin compared 

with palate or tongue but, in the adult, numbers were similar in each region 

[28]. 
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Table 1. List of the growth factors and cytokines that are involved in 

mast cell (MC) growth and differentiation in human systems [27] 
 

Cytokine Receptor Effect on human MCs 

SCF Kit • Directly stimulates proliferation of committed 

progenitors 

• Induces granulation and connective tissue 

proteases 

IL-3 IL-3R • Directly stimulates proliferation of uncommitted 

progenitors 

• No promotion of granule assembly 

IL-4 IL-4R • Depends on the MC subtype or cytokine milieu 

IL-5 IL-5R • Co-factor for proliferation 

IL-6 IL-6R • Co-factor for proliferation or inhibition 

IL-9 IL-9R • Co-factor for proliferation 

IL-10 IL-10R • Not clearly characterized 

IFN-γ INF-γR • Inhibits proliferation 

NGF NGFR • Inhibits apoptosis in the presence of SCF 

TGF β TGF βR • Inhibits proliferation 

GM-CSF GM-CSFR • Inhibits proliferation 

TPO TPOR • Induces MC development 

SCF - Stem cell factor, IL - Interleukin, IL-R - Interleukin receptors, IFN - Interferon, NGF - 

Nerve growth factor, NGF R- Nerve growth factor Receptor, TGF - Tumor growth factor, 

GM-CSF - Granulocyte Macrophage Colony stimulating factor, TPO - Thyroid peroxidase 

 

 

Migration of Mast Cells 

 

Critical signals for homing and recruitment of MCs to various tissues are also 

provided by SCF binding to Kit. Under various experimental conditions, the 

membrane bound SCF and/or its soluble isoform is chemotactic for MCs and 

their progenitors. SCF not only elicits adhesion of MCs, but also facilitates 

their proliferation and sustains their survival, differentiation and maturation. 

Integrins are also involved in the accumulation of MCs in inflamed mucosal 

tissues. Boyce et al.[29] expressed that additionally, human MC progenitors 

express α4β1, which mediates their adhesion to activated endothelial cells 

under flow conditions. 

Okayama and Kawakami [27] in their review article stated that chemokine 

receptors expressed by MC progenitors and mature tissue MCs are most likely 

involved in directing the progenitors from the circulation into the tissue where 

they mature. Mature MCs express a set of chemokine receptors that is 
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somewhat different from those expressed by their progenitors, and their 

expression pattern also differs between MC subtypes. Human MC progenitors 

derived in vitro from cord blood express several chemokine receptors, 

including chemokine receptors (CXCR2, CCR3, CXCR4 and CCR5), and 

respond to the corresponding ligands in vitro [27]. 

Therefore, the homing and recruitment of MCs to various tissues may be 

exquisitely regulated by a variety of factors, including integrins, chemokines 

and chemokine receptors [27]. 

 

 

Mast Cells and Inflammation 

 

Inflammation is a protective reaction elicited by the host in response to 

infection, injury or tissue damage. Under physiologic circumstances, this 

response serves to destroy pathogens and initiate repair. Chronic 

inflammation, a “promoting force” in the TME, has long been known to be 

commonly braided with the initiation, promotion and progression of 

tumorigenesis [30].  

Virchow in 1863 hypothesized that the origin of cancer was at sites of 

chronic inflammation, in part based on his hypothesis that some classes of 

irritants, together with the tissue injury and ensuing inflammation they cause, 

enhance cell proliferation. The strongest association of chronic inflammation 

with malignant diseases is in colon carcinogenesis arising in individuals with 

inflammatory bowel diseases, for example, chronic ulcerative colitis and 

Crohn’s disease [31]. 

Till date, however, it is still incompletely understood how the 

inflammation in the TME is orchestrated by inflammatory cells. Recently, 

MCs are highlighted as not only a major participator but also an important 

regulator of inflammation and their accumulation in tumors has also been well 

documented, implying that MCs may possibly play an important role in 

orchestrating the inflammation in tumors [32].  

The TME is regarded as a “smoldering” inflammation site in which a lot 

of cytokines, chemokines and enzymes mediate the inflammatory process and 

drive malignant progression. Among them TNF-α, IL-6, VEGF, Cox-2 and 

MMP-9 are of particular interest. Coincidentally, all of them can be produced 

by MCs. However, the TME is also characterized by its immunoediting from 

immunosurveillance to immunosuppression. MCs have been found to play a 

critical role in the suppression of immune reactions. They not only produce 

inhibitory cytokine IL-10, but they also are essential for the immune tolerance 
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mediated by regulatory T cells. Thus, MC infiltration into tumor may possibly 

remodel TME and profoundly influence tumor behavior by participating and 

regulating inflammatory and immune reactions. Studies have shown that MCs 

also promote tumor angiogenesis and tumor growth because of their properties 

as inflammatory cells (Huang B et al. 2008) [32]. 

Walsh et al. [33] examined the contribution of MC mediators to 

inflammation in the oral cavity. MCs in oral tissues expressed the serine 

proteases, tryptase and chymase, with a minor subpopulation being chymase-

negative. MCs contain the cytokine TNF-α in their granules. They observed 

that degranulation of MCs was a consistent feature of inflammatory lesions 

(lichen planus, gingivitis, pulpitis, periapical inflammation). In lichen planus, 

intracellular stores of TNF were depleted, and expression of mRNA for TNF 

was upregulated, indicating ongoing production and release of the cytokine. 

The density of MCs in tissue compartments was related to the level of 

expression of E-selectin, an endothelial adhesion molecule which is known to 

be induced in skin by TNF derived from degranulating MCs [33].  

Coussens et al. [34]in their experiment on K14-HPV16 transgenic mice 

studied the characterization of neoplastic stages based on keratin intermediate 

filament expression. They demonstrated an inflammatory reaction 

characterized by stromal infiltration of MCs, occurring coincident with 

activation of angiogenesis in mouse model of squamous epithelial 

carcinogenesis. They also demonstrated a role for MCs in jump starting the 

angiogenic switch. Their data supported a model according to which MCs 

contribute to premalignant progression in part by releasing two MC specific 

serine proteases tryptase and chymase, as well as progelatinase B [34]. 

Huang et al. [32] studied the role of tumor infiltrating MCs on the growth 

of tumor and reported that the MCs remodel TME and promote tumor growth. 

In their research they found MC infiltration and activation in tumors were 

mainly mediated by tumor-derived SCF and its receptor c-Kit on MCs. Low 

concentrations of SCF efficiently induced the chemotactic migration of MCs. 

Tumor-infiltrating MCs, activated by higher concentrations of SCF, expressed 

multiple proinflammatory factors and increased IL-17 expression in tumors. 

The activity of nuclear factor (NF-κB) and activator protein (Ap-1) in tumor 

cells was intensified in the MC-remodeled inflammatory microenvironment. 

SCF-activated MCs also exacerbated tumor immunosuppression by releasing 

adenosine and increasing T regulatory cells, which augmented the suppression 

of T cells and natural killer cells in tumors. By these findings they emphasized 

that the remodeling of the TME can actually be initiated by tumor cell-released 
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SCF and suggested that MCs are not only a participator but also a critical 

regulator of inflammation and immunosuppression in the TME [32].  

These findings provide an insight into the role of MCs in tumors and 

relation among inflammation, immunosuppression and TME. 
 

 

Mast Cells in the Tumor Microenvironment 

 

Mast cells are now recognized as an early and persistent infiltrating cell type 

in many tumors, often entering before significant tumor growth and 

angiogenesis have occurred. They have been shown to accumulate in and 

around adenomatous polyps (precursors to invasive colon cancer) [35] and 

skin dysplasia [36] prior to tumor development and around many developing 

tumors, particularly malignant melanoma [37], breast carcinoma [38] and 

colorectal carcinoma [39]. Much of the speculation on MC function in tumors 

results from findings in wound healing, allergic asthma and parasite infection, 

where their functions are generally better understood. However, recent work 

has focused on the role of the MC within the TME, and their roles in cancer 

are becoming clearer. 

MCs migrate toward supernatants from a number of tumorigenic cell 

lines, but not from primary cells or non-tumorigenic cell lines, suggesting 

tumor-intrinsic factors in MC recruitment across a range of tumor types [40]. 

More recently, SCF produced by tumor cells in vivo has been implicated in 

MC accumulation at the periphery of developing tumors [41, 42]. SCF over-

expression in developing mammary tumors increases MC accumulation at 

local sites of tumor growth, whereas inhibition of SCF expression results in 

decreased MC accumulation and decreased angiogenesis [41]. In addition to 

tumor-specific homing, MC progenitors home constitutively to mucosal 

tissues including the gut and MC accumulation also occurs at sites of 

inflammation in allergic asthma, wound healing and parasite infection [43, 

44]. Thus, the tissue site of tumor development and localized inflammation 

also likely contribute to MC recruitment via tumor-independent pathways. 

Intriguingly, the majority of reports on MC accumulation in tumors show 

the presence of MCs predominantly at the tumor periphery, at the interface 

with healthy tissues, rather than within the tumor [45]. Often these cells are 

associated with vasculature in the healthy regions surrounding malignant 

tissues, leading to the suggestions that MCs play a pro-angiogenic role. The 

scarcity of MCs within the tumor core has been suggested to be a histology 

artefact, resulting from MC degranulation leading to “ghosts” following 
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staining [46, 47]. However, as peripheral MC distribution has been reported 

in studies using a wide variety of histological stains ranging from toluidine 

blue and chloroacetate esterase to immuno-staining for tryptase, VEGF and 

other markers, this seems unlikely to be true in all cases. 

Peripheral MC localization suggests that recruitment occurs either from 

a) resident MCs migrating from neighboring healthy tissue or, b) de novo 

recruitment of MC progenitors via healthy vasculature close to the tumor site 

(but not through tumor vasculature) or both. While, we recently showed that 

efficient MC migration is a critical feature for their function in the tumor 

environment in the gastrointestinal tract [35], the original location of these 

migrating MC populations during active tumorigenesis has not been 

addressed. Few studies, if any, have specifically investigated the origins of 

tumor MCs (i.e., local resident migration vs. blood infiltrate), and these 

findings could have important implications on future MC-based tumor 

therapies [3].  

 

 

Mast Cells and Carcinogenesis in Experimental Models 

 

MCs were discovered more than 100 years ago and until recently, have been 

considered renegades of the host with the sole purpose of perpetuating allergy. 

Extensive research has been conducted on animal models which have allowed 

the study of the in vivo functions of MCs and revealed several new facets of 

these cells.  

Farnoush and Mackenzie [48] investigated the sequential changes of MC 

population during experimental carcinogenesis. During the initial 

inflammatory and necrotic phase of carcinogenesis, there was a marked 

decrease in the number of MCs. Subsequently, the number of MCs gradually 

increased and as early as three weeks after the initial 

dimethylbenz(a)anthracene (DMBA) treatment, quantitative analysis of the 

number of MCs in the treated skin revealed an approximately three-fold 

increase of the MC population. After 4-6 weeks there was dense accumulation 

of MCs particularly in areas associated with hyperplastic epithelium. This 

pattern of distribution of subepithelial MCs was lost during downgrowth and 

invasion of epithelial cells. They concluded that the pattern of the alteration of 

the MC population may be related to changes occurring in the overlying 

epithelium [48]. 

Flynn et al. [49] studied MC density, distribution and ultrastructure by 

light and electron microscopy in hamster buccal pouches undergoing 
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chemically induced carcinogenesis. They demonstrated sequential MC 

migration towards progressive mucosal dysplasia and subsequent 

development of squamous cell carcinoma. As they migrate from the deep 

connective tissue to the dysplastic epithelium, MC membrane-bound granules 

fuse to form multichambered sacs. This ultrastructural change takes place 

when a MC is stimulated. This observation suggests that MCs are attracted to 

the carcinomatous lesion and are stimulated to degranulate as well. Thus, in 

their experiment Flynn et al. [49] demonstrated that there is a positive 

correlation between developing carcinomas and MC density. 

Sand et al. [50] studied the role of oral subepithelial MCs in the defense 

against tumours. They studied the effects of carcinogens, such as the 

carcinogen 4-Nitroquinoline-N-oxide (4-NQO) and Herpes simplex virus type 

1(HSV-1), in combination with oral snuff on lower lip subepithelial MCs in 

rats. The rats were exposed to prolonged use of oral snuff. The test substances 

were administered in a surgically created canal in the lower lip of the rats. 

They found that the amount of countable subepithelial MCs decreased 

significantly when the rat oral mucosa was exposed to the oral carcinogen 4-

NQO but the effect of oral snuff and HSV-1 infection was weak. They 

therefore suggested that MCs play a role in immunological cell defense against 

chemical carcinogens [50]. 

Aromando et al. [51] in their study observed that tryptase released from 

MC granules after activation, induces tumor cell proliferation through the 

activation of protease-activated receptor 2 (PAR-2) on the plasma membrane 

of carcinoma cells. The aim of their study was to evaluate the potential effect 

of MCs on the proliferation of epithelial cells at different times during the 

cancerization process. They observed that there was a significant increase in 

the number of MCs at the base of tumors compared to the number of MCs in 

the wall of the pouch and in tumor stroma. The evaluation of epithelial nuclei 

revealed a statistically significant increase in cells undergoing DNA synthesis 

in the epithelium of the wall of the cancerized pouch compared to control. 

Aromando et al. concluded that MC activation in this model was associated to 

the increase in tumor cell proliferation, conceivably mediated by the release 

of tryptase [51].  

These studies highlight that MCs play a complex role in the TME, and a 

better understanding of MC function will undoubtedly improve both the 

treatment of cancer and patient health. 
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Role of Mast Cells in Tumor Growth 

 

MCs appear to be able to promote tumor development through many different 

ways: they could facilitate tumor angiogenesis through heparin-like molecules 

and heparin could further permit neovascularization and metastases through 

its anti-clotting effects. Moreover, VEGF and vascular permeability factor 

(VPF) are segregated in response to FcεRI cross linking from mouse bone 

marrow-derived and human cultured MCs, as well as from human leukemic 

mast cells (HMC-1). MCs also generate and segregate IL-8, which is an 

angiogenesis factor, as well as, a tumor cell chemotactic factor and tumor 

mitogen. MCs segregate growth factors, such as platelet derived growth factor 

(PDGF), SCF and NGF. They also secrete histamine that could induce tumor 

cell proliferation through histamine-1 (H1) receptors identified in human 

malignant carcinoma, while suppressing the immune system through H2 

receptors [52]. 

Fischer and Fischer [53] in their article cited that Sylvan et al. in 1945 

regarded MCs associated with tumors as carriers of high molecular weight 

sulfuric acid esters to the tumor cells and concluded that these actually 

promoted their growth. Fischer and Fischer [53] viewed MCs to play a 

defensive role in tumor growth. Their findings of study on carcinoma in rats 

suggested that MCs exert an inhibitory influence on tumor growth and that the 

inhibitory factor of MCs may be serotonin. 

The role of MCs in tumor growth was further studied by Hartveit [54], 

who studied metachromasia of connective tissue in human breast carcinomas. 

They concluded that MCs present at the tumor periphery marked areas of 

infiltrative growth, accompanied by mild vascular response consistent with the 

release of vasoactive substances from MCs. 

Roche [55] in his review suggested that MCs have the capacity to enhance 

profoundly the proliferation of a variety of tumors in vitro. This phenomenon 

occurs at MC/tumor ratios which reflect the stoichiometry of host cell/tumor 

relationships in vivo. He stated that the growth factor resides in MC granules 

and was identified as heparin by sequential purification and enzymatic 

degradation. This cellular interaction was tumor-specific, although isolated 

granules could enhance fibroblast proliferation [55].  

Dimitriadou and Koutsilieris [56] by their pooled data tried to assess the 

possible association between MCs and tumor progression. They suggested two 

hypotheses. The first refers on the possibility that the accumulation of MCs is 

part of a general immunological host-defense reaction since MCs have been 

shown to be cytotoxic for some tumors. They also considered a second 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Dimitriadou%20V%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Koutsilieris%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
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possibility, in which, MC products could promote tumoral growth and 

metastasis. Heparin, combined to a range of heparin-binding factors such as 

basic fibroblast growth factor (bFGF) or TGF β, is able to promote 

neovascularization and the MC proteases cause cell structural alterations and 

loss of the ECM integrity. The role of histamine segregated by MCs is less 

clear [56]. 

 

 

Role of Mast Cells in Tumor Angiogenesis 

 

Neo-angiogenesis is an essential step for many physiological processes, such 

as growth, wound healing, organ regeneration and reproductive functions. 

Abnormal blood vessel growth occurs in several pathological conditions, 

including tumor growth and metastasis. Angiogenesis is however a complex 

multistep process and one that is not fully understood. A cascade of events 

involving endothelial migration and proliferation, microvessel differentiation 

and anastomosis and extracellular remodeling has been suggested. One of the 

main differences between normal and pathological angiogenesis is that in the 

latter, the vessels are highly disorganized and their walls have many openings, 

leading to ‘leaky vessels’ [57]. 

Ribatti et al. [58] suggested that tumor-associated angiogenesis is 

important in maintaining tumor growth and facilitates its metastatic spread 

through connections with the existing vasculature. After the initial 

transformation and growth of cells, vascularization must occur if a tumor mass 

is to exceed 1mm3 in diameter. 

Newly formed blood vessels comprise a complex network that allows 

adequate oxygen and metabolic distribution to neoplastic cells. A number of 

observations on the locations of MCs suggest that they are associated with 

neovascularization and thus may be important in angiogenesis. Several studies 

demonstrated that intra-tumoral neovascularization is a significant predictor 

of metastasis and clinical outcome in oral malignancies. The association 

between microvessel density (MVD), clinicopathological parameters and 

prognosis in oral squamous cell carcinoma has been investigated [57]. 

Kessler et al. [59] observed that tumor angiogenesis factor (TAF) elicits a 

strong vasoproliferative response when implanted upon the chorioallantoic 

membrane of the chick embryo and found a 40-fold increase in MC density in 

the vicinity of TAF implant suggesting a strong association between TAF 

induced neovascularization and increased MC density. 
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Azizkhan et al. [60] reported that MCs release a factor that stimulates 

migration of endothelial cells, which is an important component of 

angiogenesis in vitro and attributed the property to specific MC product, i.e., 

heparin. Sorbo et al. [61] studied the possible role of histamine in the outcome 

of MC mediated angiogenesis using the rat mesenteric window assay. They 

used H1 and H2 receptor antagonists systemically and found that histamine 

released endogenously from connective tissue MCs stimulates angiogenesis.  

Norrby [62] hypothesized about mechanisms of MC mediated 

angiogenesis, which explained the mechanism being potent and of long 

duration. MC mediated angiogenesis is initiated by preformed MC mediators 

such as histamine and TNF-α and stimulated by newly generated MC 

mediators such as TNF-α, PAF, IL-8, bFGF and prostaglandins. Cytokines 

such as TNF-α and IL-8 produced by resident non-MCs (e.g., endothelial cells, 

fibroblasts and macrophages) and recruited non-MCs may stimulate additional 

MC secretion as well as stimulate angiogenesis themselves. The activated 

resident and recruited non-MCs may gradually produce extra cellular matrix 

degrading enzymes as well as angiogenic peptide growth factors/cytokines. 

Thus, he concluded that MC mediated angiogenesis could be further advanced, 

potentiated and prolonged [62]. 

Blair et al. [63] demonstrated that addition of tryptase to microvascular 

endothelial cell cultures causes a pronounced increase of capillary growth by 

more than twenty-folds and this can be suppressed by specific tryptase 

inhibitors. 

Coussens et al. [34] conducted an experiment on mice that were 

genetically MC deficient. The vascular density and architecture in hyperplastic 

epithelium of MC deficient mice was more characteristic of a quiescent 

vasculature. They speculated that the impaired vascular response is caused by 

the absence of angiogenic growth factors (e.g.,bFGF and VEGF/VPF) and 

suggested that MC-derived factors, including chymase and tryptase, are 

involved in the early events of neoplastic progression, e.g., fibroblast 

activation, ECM remodeling, and activation of angiogenesis. Based on their 

study, they concluded that in squamous carcinogenesis angiogenic regulation 

is biphasic. MCs are exploited by neoplastic epithelia in early lesions and act 

to jump-start angiogenesis by their release of several bioactive molecules, e.g., 

bFGF, VEGF, heparin, histamine, chymase and tryptase. In contrast, 

maintenance of neovascularization within tumor stroma is MC-independent 

[34].  

Bar-Eli [64] showed that MCs also produce IL-8, which exhibits potent 

angiogenic activities both in vitro and in vivo. It is believed that IL-8 exerts its 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22S%C3%B6rbo%20J%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
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angiogenic activity through the induction of MMP-2, thereby facilitating 

endothelial cell migration through the stroma and consequently, assisting 

tumor metastasis [64]. 

According to the data pooled by Sawatsubashi et al. [45], (VEGF) is 

thought to induce a vascular stroma by at least two mechanisms. First, VEGF 

has potent angiogenic properties due to its role as a direct mitogen of 

endothelial cells via its binding to two specific tyrosine kinase receptor 

proteins. Second, VEGF acts as a potent mediator of microvascular 

hyperpermeability. Increased permeability of microvessels results in the 

extravasation of plasma proteins into the surrounding stroma, leading to 

proangiogenic alterations of the ECM [45].  

Toth et al. (2000) studied double immunostaining of cutaneous malignant 

melanoma and showed the presence of VEGF in the cytoplasm of tryptase-

positive peritumoral MCs. They suggested that peritumoral accumulation of 

MCs, the subsequent release of potent angiogenic factor such as VEGF may 

thus represent a tumor-host interaction that may favor progression of this 

tumor [65]. 

Elpek et al.[66] conducted a study on 53 patients diagnosed with 

squamous cell carcinoma of the esophagus to investigate the correlation 

between MVD and mast cell density (MCD). Intratumoral microvessels were 

stained with anti-CD34 antibody and MCs with toluidine blue before being 

measured by light microscopy. Both MVD and MCD were associated with the 

depth of wall invasion, lymph node metastasis and tumor progression (stage). 

A significant correlation was noted between MVD and MCD values and 

concluded that MCD may have a role in the angiogenesis of these tumors and 

might be responsible for their aggressive behavior [66]. A similar positive 

correlation between the MC and tumor angiogenesis was found in patients 

with esophageal squamous cell carcinoma by Tomita et al. [67], invasive 

breast carcinoma by Kwon et al. [68] and in patients with gastric carcinoma 

by Yano et al. [69]. 

Benitez-Bribiesca et al. [70] studied the expression of tryptase and bFGF 

in MCs during development of neoangiogenesis in premalignant and 

malignant lesions of the cervix. Paraffin-embedded cervical biopsies from 21 

patients without cancer, 19 with cervical dysplasia, 8 with carcinoma in situ 

and 36 with squamous cell carcinoma in different clinical stages were studied. 

They were stained with Alcian blue-Safranin O and immunostained with 

specific antibodies against factor VIII, CD105, tryptase and bFGF. Tryptase-

positive MCs increased with tumor progression and were close to newly 

formed blood vessels. Vascularization showed a linear increase from dysplasia 
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to invasive cancer. They suggested that MC tryptase may upregulate 

neoangiogenesis in carcinogenesis of the uterine cervix [70].  

Iamaroon et al.[71] in their study on twenty-six cases of oral squamous 

cell carcinoma, six cases of premalignant dysplasia, ten cases of oral 

hyperkeratosis and six cases of normal oral mucosa, speculated that the release 

of potent angiogenic factors such as tryptase regulate tumor angiogenesis in 

oral squamous cell carcinoma, rather than VEGF, another potent angiogenic 

factor [71]. The results of their study were similar to the study conducted by 

Tomita et al. [72] in lung cancer patients who found that there appears to be a 

direct correlation between the number of MCs and tumor angiogenesis in 

patients with lung cancer, but this is not associated with VEGF expression. 

Tryptase stimulates the proliferation of human vascular endothelial cells, 

promotes vascular tube formation in culture and also degrades connective 

tissue matrix to provide space for neovascular growth. Tryptase containing 

MCs are likely to play an important role in neovascularization in human 

tumors such as cutaneous basal cell carcinoma, squamous cell carcinoma of 

the oral cavity, uterine cervix, cutaneous melanoma, B-cell non-Hodgkin’s 

lymphoma, multiple myeloma, myelodysplastic syndromes and chronic 

lymphocytic leukemia [73]. 

Starkey et al. [74] investigated the role of host MCs in tumor-associated 

angiogenesis by comparing the angiogenic response of genetically MC-

deficient mice and MC-sufficient mice to growing B16BL6 tumors. The 

angiogenic response was found to be slower and initially less intense in MC 

deficient mice than in MC sufficient mice. Bone-marrow repair of the MC 

deficiency restored the angiogenic response of cell deficient mice and also 

restored the incidence of hematogenous metastases to approach that of MC 

sufficient mice. These results demonstrate a role for MCs in vivo during tumor 

angiogenesis and suggest a role also for host MCs in hematogenous metastasis 

[74]. 

Tumor angiogenesis requires a combination of angiogenic factors and 

stromal remodeling by proteolytic enzymes. Ch’ng et al. [37] reported that 

proteolysis of the ECM not only facilitates endothelial-cell migration, but also 

releases sequestered latent stores of angiogenic factors. MC mediators are 

known to affect endothelial cells by inducing vasodilatation and recruitment 

of inflammatory cells. It has been postulated that MCs play a role in promoting 

angiogenesis in some malignant tumors and their association with various 

tumors has been studied [37]. 

Varricchi et al. [75] in their review article summarized that various 

immunologic and nonimmunologic stimuli induce the production of VEGF-A 
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from human MCs. Human lung MCs express several isoforms (121, 165, 189, 

and 206) of VEGF-A, and activation of these cells induces the release of 

VEGF-A [9]. These cells also express VEGF-B, VEGF-C, and VEGF-D. 

VEGFs induce MC chemotaxis in vitro and in vivo through the activation of 

both VEGFR1 and VEGFR2 [75]. 

These recent studies demonstrate the effectiveness of MC-targeted 

interventions in several tumor models and confirm that MCs are not merely 

innocent bystanders in the tumor environment. MCs express a range of potent 

pro-angiogenic factors associated with vessels in developing tumors in 

humans and have been shown to be integral in tumor angiogenesis in mouse 

models. MC-targeted approaches could limit angiogenesis in developing 

tumors, resulting in increased tumor cell apoptosis, and decreased tumor 

growth and metastasis throughout the body. 

 

 

Role of Mast Cells in Degradation of Extracellular Matrix 

 

MCs play an accessory role in the degradation of ECM, the first of a series of 

linked sequential steps for a tumor to establish successful metastasis. 

Dabbous et al. [76] showed that MC degranulation is commonly 

associated with disruption and lysis of the connective tissue matrix occurring 

in tumor infiltration. MCs have been implicated in this process either directly 

through the action of their enzymes or indirectly through modulation of the 

collagenolytic activity of fibroblasts, macrophages and tumor cells. They 

suggested that MCs contribute to the connective tissue breakdown commonly 

associated with tumor invasiveness and metastatic spread [76]. Dabbous et al. 

[77] further examined the role of MCs in malignant cell invasion. Histologic 

studies showed increased numbers of MCs at the zone of tumor invasion. MC 

products and conditioned medium from such cells stimulated the production 

of collagenolytic enzymes by stromal fibroblasts as well as certain 

subpopulations of tumor cells in vitro. The tumor cell response to MC-

mediated stimulation of collagenolysis appears to be related to the metastatic 

potential of the tumor cell. A subpopulation of host fibroblasts derived from 

the invading tumor zone was also found to be more responsive to MC factors 

than normal fibroblasts, as judged by collagenase production. Thus, the MC 

has the potential to induce collagenolytic activity from both host fibroblasts 

and tumor cells [77]. 

Stack and Johnson [78] on the basis of their pooled data stated that 

tryptase activates latent MMPs and plasminogen activator, which degrades the 
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ECM. Tryptase has been found to degrade fibronectin, a component of the 

pericellular matrix. Thus, tryptase may participate in the proteolysis associated 

with tumor invasion and/or angiogenesis [78]. 

Kankkunen et al. [79] analyzed tryptase and chymase containing MCs in 

benign and malignant breast lesions and found that MCs with tryptase activity 

were increased in malignant lesions and increase was significant in the 

invasion zone. Their findings indicated that tryptase might promote tumor 

invasion and accelerate tumor growth [79]. Kanbe et al. [80] showed that 

human MCs can produce MMP-9, which might contribute to ECM 

degradation and absorption. 

Rojas et al. [81] on the basis of their pooled data stated that MCs contain 

chymase which is known for its ability to promote ECM degradation and for 

indirectly stimulating angiogenesis. These responses are essential for tumor 

invasion and metastasis. Chymase activates latent MMPs, including gelatinase 

B and pro-collagenases, which degrade components of epithelial basement 

membranes and extracellular matrix, respectively. Other potent ECM 

degrading enzymes of MCs involve cathepsin G, carboxypeptidase and the 

most frequently discovered gelatinase A and B, which are mediators of tumor 

progression and metastasis [81].  

According to the data collected by Ch’ng et al. [37] heparin enhances both 

the activity and production of collagenase in vitro. Heparin also releases 

plasminogen activator from endothelial cells. Other MC mediators, such as 

FGF-2, TGF-β, IL-3 and IL-4 can stimulate collagenase and β-hexosaminidase 

production by fibroblasts, and IL-1 by macrophages. These factors work in 

concert to loosen up the stromal milieu to facilitate tumor invasion [37]. 

MC roles in tissue remodeling have obvious beneficial effects in wound 

healing but, in the tumor environment, promote tumor growth and spread. In 

addition, as shown, their role in remodeling demonstrates obvious links to 

angiogenesis and immune regulation highlighting the diverse range of 

functions that MCs can have in a developing tumor environment. Further, 

these findings suggest that local stimuli within the microenvironment can alter 

these functions to shift the immune response. 

 

 

Anti-Tumor Activity of Mast Cells 

 

The body of evidence presented thus far supports a tumorigenic role for MCs 

in the development and progression of malignant lesions. But this can be an 

incomplete portrayal of the MCs. In fact, MCs can oppose the growth of the 
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tumor depending on the microenvironment in which they reside. This dual role 

for MCs certainly seems probable. This dual role of MCs is probably because 

of two reasons. Firstly, MCs have a vast array of mediators, some of which 

have promoting, and others have inhibitory effects on malignancies. Secondly, 

the phenotypic expression of MC is not static, and its secretory pattern alters 

according to the microenvironment. MCs have the ability to segregate 

individual granules (in contrast to indiscriminate degranulation in an 

anaphylactic reaction) or distinct mediators selectively. Several studies have 

shown a tumor cytotoxic role for MCs in malignant lesions [37].  

Henderson et al. [82] observed that MC granules contain a small amount 

of peroxidase activity. MCs are toxic to tumor cells when combined with 

hydrogen peroxide and a halide. The hydrogen peroxide initiates MC 

secretion; the released granules with their endogenous peroxidase are toxic to 

the tumor cells in the presence of hydrogen peroxide and a halide. Therefore, 

MCs can inhibit tumor growth by releasing endogenous peroxidase that is 

cytotoxic to mammalian tumor cells [82].  

Ghiara et al. [83] analyzed the cytotoxic capability of bone marrow 

derived murine MCs differentiated in vitro in the presence of IL-3. They 

observed the natural cytotoxic activity of cells cultivated in IL-3 and extended 

them with the observation that MCs are the effectors of this anti-tumor activity 

[83]. 

Tharp et al. [84] studied the connective tissue MC mediated cytotoxicity. 

Their study demonstrated that connective tissue MCs mediated cytotoxicity in 

vitro is by both TNF-associated and TNF-independent mechanisms. They 

concluded that connective tissue MCs are capable of mediating antitumor 

activity which may be important for tumor surveillance in the skin and other 

sites [84]. Jiang et al. [85] in their study found that MCs may have effect on 

inhibiting invasive growth of tumor, especially in the aged patients. They 

suggested that MC accumulation may inhibit the proliferation and the 

dissemination of the tumor cells [85]. 

Latti et al. [86] in their article stated that upon degranulation, MCs 

segregate into the surrounding tissue an array of mediators, including 

proapoptotic molecules, such as chymase and TNF-α. In their experiment they 

observed that stimulation of MCs with degranulation rapidly (within 30 min) 

down-regulated the expression of both bcl-2 mRNA and protein, with 

subsequent induction of apoptosis in the endothelial cells, thus affecting the 

tumor growth [86].  

Samoszuk et al. [87] performed a study to test the hypothesis that MCs 

that are present in fibrotic regions of cancer can suppress the growth of tumor 
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cells through an indirect mechanism involving peri-tumoral fibroblasts. They 

observed that MC heparin is a powerful inhibitor of clonogenic growth of 

tumor cells co-cultured with fibroblasts. They concluded that heparin could 

inhibit the growth of primary and metastatic tumors [87].  

According to the data pooled by Ozdemir [88], MCs mediated 

cytotoxicity seems to be operated by at least 2 pathways: by secretory 

pathways via exocytosis of granules containing serine proteases such as 

granzymes, chymase and soluble TNF-α; and non-secretory (cell-to-cell 

contact) pathways via membranous TNF-α and FasL [88].  

MCs may promote tumor development through many different ways. On 

the other hand, MCs could also be detrimental to tumor growth by secreting 

several cytokines and proteolytic enzymes, participating in apoptosis 

induction of the malignant cells. The dual role of MCs in inhibiting or 

promoting tumor growth needs to be further investigated [89]. 
 

 

Prognostic Relevance of Mast Cells  
 

Elpek et al. [66] conducted a study on 53 patients diagnosed with squamous 

cell carcinoma of the esophagus to investigate the prognostic value of MVD 

and MCD in squamous cell carcinoma and concluded that the prognosis was 

significantly worse in patients with high MVD and high MCD values [66]. 

Iamaroon et al. [71] in their study demonstrated a significant correlation 

between MC and MVD in oral squamous cell carcinoma. Their results 

indicated that MC infiltration may contribute to tumor angiogenesis and tumor 

progression and that MCD may be a useful prognostic marker for disease 

progression in oral carcinogenesis [71]. 

Similar studies conducted by various researchers have shown that MCD 

is a useful prognostic marker and is associated with poor prognosis in 

pulmonary adenocarcinoma [90], melanoma [91], hepatocellular carcinoma 

[92] and colorectal carcinoma [93]. However, Tan et al. [94] in their study 

observed increased MCD to be associated with improved prognosis in 

colorectal cancer patients. No correlation was found between MC and the 

prognosis in invasive breast carcinoma [89]. 

 

 

Treatment Implication 
 

Dabbous et al. [95] conducted a study to assess the physiological role of MCs 

in vivo. For this they used a MC stabilizing compound. Using a group of 12 
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rats they found that the compound inhibited tumor growth at the primary site 

by as much as 70% in most of treated animals compared with the control group 

which received equal volumes of saline. When the drug treatment was stopped 

after 23 days, tumor growth of the test group accelerated over the next seven 

days and reached a tumor size similar to that of control animals. Following 

cessation of the MC stabilizing treatment, progressive MC activation was 

evident within 2-4 days, primarily at the tumor periphery. Their data indicated 

that a MC stabilizing compound has significant benefits in reducing tumor 

growth in vivo, an observation which supports the concept that MC: tumor cell 

interactions are important for the growth and invasion of the tumor [95]. 

The studies conducted in animal models have therefore shown that, in the 

design of drugs for treatment or prevention of cancer or precancerous lesions, 

it may be beneficial to consider agents that stabilize, restore or improve 

functionality of MCs. Focusing on the design of MC stabilizers, for example, 

using a combination of inhibitors of IgE-Fc receptor function, cromolyn 

derivatives, antihistamines or inhibitors of heparin may prove to be a superior 

strategy for enhancing the tumoricidal role of MCs. The design and use of 

suitable MC stabilizers is suggested to reduce MC “leakiness” and provide an 

opportunity for MCs to mature (be granulated) for their tumoricidal properties 

[96]. Therefore, studies suggest MCs as a novel therapeutic target for cancer 

treatment. 

 

Conclusion 

 

The interaction of MCs with other cell types in TME should be extensively 

investigated to clarify other possible interactions and potential prognostic 

significance. Based on our current knowledge about the involvement of MCs 

in inducing inflammation and angiogenesis in the TME, they may be 

promising targets in the adjuvant treatment of cancers by - on the one hand - 

selective inhibition of angiogenesis and tissue remodeling, targeting the 

release of tumor-promoting molecules, and targeting MC-orchestrated 

immune-suppression, and - on the other hand - stimulating their ability to 

produce cytotoxic cytokines resulting in an enhanced tumor degradation. 
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Abstract 

 

Periodontitis is an inflammatory chronic disease affecting the integrity of 

tooth supporting tissues. Although it results from host reaction that 

primarily mediates tissue damage, subgingival bacterial pathogens are 

essential for the disease initiation and progression. The periodontal host 

response is highly complex, it contains both protective and destructive 

elements, and may be proactively modified by immune subverting 

pathogens. Immune-histological studies in humans established that the 

early periodontal lesion - gingivitis - is characterized by increased 

number of immune and inflammatory cells, which are capable of 

generating a large number of biologically active substances responsible 

for further activation of other immune processes against bacteria. Most 

findings show that tissue destruction occurring in periodontal disease is 
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mainly due to host response to the bacteria and their products. Mast cells 

are among the cells found in the periodontal tissues, have been detected 

in both healthy and inflamed gingiva, in different numbers at various 

sites. Following degranulation, mast cell mediators are deposited in large 

quantities in the extracellular environment, increasing inflammatory 

reactions. 

 

Keywords: Defence mechanisms, gingiva, gingivitis, mast cell, periodontitis 

 

 

Introduction 

 

Periodontium is defined as the tissues that invest and support the teeth 

including the gingiva, alveolar mucosa, cementum, periodontal ligament, 

alveolar and supporting bone [1]. Periodontal components are specialized 

structures whose characteristics define their function. The proper functioning 

of the periodontium depends on its integrity. The periodontal tissues can be 

repaired and regenerated, which have led to the development of tissue 

engineered factors that favor the regeneration of lost periodontal structure. 

Periodontitis is an infectious disease resulting in inflammation of the teeth 

supporting tissues, leading to progressive attachment loss and bone loss [1]. 

Gingivitis and periodontitis are the most common periodontal diseases usually 

affecting older population, but younger age group may also be involved [2]. 

Inflammatory and immune reactions to microbial plaque are the predominant 

features in gingivitis and periodontitis, which can be evident clinically and 

microscopically in affected periodontium [2]. These immune and 

inflammatory reactions extend apically along the root surface causing loss of 

connective tissue attachment to the tooth and further alveolar bone loss. These 

defensive processes can be harmful if they become excessive and 

paradoxically contribute to tissue injury as observed in gingivitis and 

periodontitis. In response to bacterial penetration into the gingival sulcus, the 

inflammatory processes are activated, and various inflammatory cells are 

involved, including polymorphonuclear leukocytes (PMNs), macrophages, 

mast cells (MCs) and Langerhans cells. Later, if the innate immune response 

becomes ineffective leads to chronic inflammation characterized by the 

activation of more specific immune response of acquired immunity involving 

T and B lymphocytes, which contribute significantly to tissue damage. 

The presence of MCs in human gingiva and experimental gingivitis has 

been established [3]. The activation of MCs depends on the accumulation of 

lymphocytes, macrophages, and plasma cells [4]. In periodontal disease, 
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especially in gingivitis, the MCs density increases significantly [5]. Their role 

in inflammation maintenance and progression is not well established [5]. In 

periodontitis, upon activation MCs release granules which bring about 

immune and inflammatory reactions [6]. 

 

 

Etiology of Periodontal Disease 

 

Bacteria inhabit the oral cavity from birth to death. They colonize the soft 

tissues including the gingiva, cheeks, tongue, and teeth. Bacteria colonize 

teeth both below and above the gingival margin. In the oral cavity we can find 

300 to 400 different microbial species. In general, these organisms live in 

harmony with the host, but in certain circumstances a select group of 

organisms have the potential to cause disease, including dental caries and 

periodontal diseases.  

The bacteria in the oral cavity exist in a highly organized extracellular 

matrix in the form of communities called dental plaque [7]. Plaque is 

continuously formed in the oral cavity. After teeth are cleaned, immediately 

there is adsorption of salivary glycoprotein called organic pellicle, which aids 

in the adherence of certain bacteria to the tooth surface [8]. These are called 

initial colonizers and are mainly gram-positive facultative microorganisms, 

such as Streptococcus sanguinis, Streptococcus mitis and Actinomyces spp. 

[9]. After initial colonization, the environment is made conducives by using 

the available oxygen, leading to reduced oxygen levels and a redox potential 

favorable for secondary colonizers. In this way, the plaque matures favoring 

the growth of gram-negative anaerobes, such as Fusobacteriumnucleatum and 

Capnocytophaga spp. These gram-negative organisms do not possess the 

ability to adhere directly to the pellicle and hence adhere to cell surface 

receptors of the initial colonizers. So, in this way the bacteria adhere to one 

another is called co-aggregation. Initially there is a co-aggregation between 

gram-positive and gram-negative organisms, such as Actinomycesviscosus and 

F. nucleatum, and later between gram-negative organisms such as F. 

nucleatum and Porphyromonasgingivalis [10]. 

Recent details on dental plaque affirms that it exists as a microbial biofilm 

[11,12]. Biofilm is defined as “matrix-enclosed bacterial population adherent 

to each other and/or to surfaces or interfaces” [13]. Biofilm allows the 

development of bacterial ecologic communities permitting the survival of 

whole community [14]. In a complex environment, like gingival sulcus, 

different bacterial communities co-exist and live in harmony with other 
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communities conferring enhanced virulence to bacteria [15].The bacteria in a 

biofilm behave differently compared to planktonic bacteria. 

The characteristics of biofilm are listed in the Table 1 [14,15]. 

 

Table 1. Characteristics of biofilm 
 
 

1.  Ecological communities evolved to allow the survival of the community as a 

whole. 

2.  The communities exhibit metabolic cooperativities. 

3.  There is a primitive circulatory system. 

4.  Numerous microenvironments have radically different pH, oxygen 

concentrations and electric potentials. 

5.  Biofilm resists to the usual host defenses. 

6.  Biofilm resists to systemic or local antibiotics and antimicrobial agents. 

 

The biofilm provides a media for the bacteria to exchange information 

like metabolites and products among them and build a primitive circulatory 

system and microenvironment which can maintain pH, oxygen and nutrients 

required for their growth. As a result, the electric potential difference in a 

biofilm has been reported to be more than 100mv [13]. 

By the end of 1950 it was established that dental plaque plays an important 

role in the initiation and progression of periodontal disease. First it was 

thought that the severity was associated with the quantity of the plaque 

formed. This was known as nonspecific plaque hypothesis, according to which 

large amount of plaque, if allowed to accumulate, produce toxic and virulent 

factors that leads to periodontal diseases. Later, in 1976, Walter J. Loesche 

delineated the specific plaque hypothesis, according to which only certain 

microorganisms in plaque are pathogenic. An increase in the number of 

specific bacteria will produce periodontal disease due to release of virulent 

factors by them [16]. Accordingly, at the 1996 World Workshop on Clinical 

Periodontics, a relevant working group concluded that most human 

periodontitis is caused by Porphyromonasgingivalis, Bacteroidesforsythus 

and Actinobacillusactinomycetemcomitans [17].  

It is worth to note that during the 1970s and 1980s, great strides were 

made in elucidating the infectious nature of human periodontitis. In the 1990s, 

it was stated that although bacteria are the direct cause of the disease, other 

factors such as genetic, tobacco smoking and systemic factors also contribute 

to its development and progression. These observations have led to major 

changes in ideas and concepts about periodontal disease pathogenesis, 

prevention, and treatment. 
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Pathogenesis of Periodontitis 

 

The pathogenesis of periodontal destruction involves a complex interplay 

between bacterial pathogens and host tissues that will determine the course 

and extent of the periodontal disease. Periodontitis is an infectious disease in 

which there is direct damage to periodontium produced by microorganisms 

and indirect damage produced by host defence towards these 

bacteria. Bacteria and their products interact with the junctional epithelium 

and penetrate the underlying connective tissue. The inflammatory infiltrate 

further activates lymphocytes and fibroblasts and there is a release of 

collagenases and matrix metalloproteinases (MMPs). The collagen and other 

components of the gingival extracellular matrix are destroyed. As 

supragingival plaque extends apically into the gingival sulcus, the coronal 

cells of junctional epithelium get detached and proliferate along the root 

surface resulting in intraepithelial cleft and pocket formation [18,19]. 

 

 

Host-Microbial Interaction 

 

Microbial Virulence Factors  

 

Substances produced by microbial complex are directly responsible for injury 

of host cells and tissues whereas other microbial substances contribute to 

activate inflammatory, cellular, and humoral immune system causing further 

periodontal tissue injury. These factors are involved in initiating and 

sustaining the periodontal disease [20]. 

 

 

Microbial Invasion  

 

Many bacteria have the capacity to penetrate host epithelial or connective 

tissue cells. Aggregatibacteractinomycetemcomitans, P. gingivalis, F. 

nucleatum and Treponema denticola can directly invade junctional 

epithelium. Bacteria can also enter gingival connective tissue through 

ulcerations in the epithelium, thus evading host inflammatory response [21].  
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Endotoxins 

 

Lipopolysaccharides of gram-positive bacteria can activate both inflammatory 

and immune reaction, promoting the release of various cytokines from 

macrophages and MCs. Lipopolysaccharides have an impact on blood 

coagulation and on the complement system. Gram-positive bacteria possess 

lipoteichoic acid and are responsible for activation of inflammatory process 

such as causing vascular permeability, chemotactic action, and activation of 

leukocytes to produce and release of proinflammatory agents and cytokines 

[22]. 

 

 

Enzymes  

 

A variety of soluble enzymes produced by periodontal bacteria digests 

extracellular host proteins and other molecules and thereby produces nutrients 

for bacterial growth. As microbes grow, they produce various metabolic by 

products such as ammonia, indole, hydrogen sulfide and butyric acid which 

also cause activation of inflammatory cells. 

Actinobacillusactinomycetemcomitans produces leukotoxin and protease 

that have claimed in periodontal tissue breakdown [20]. The leukotoxin is 

more virulent in its form and known to kill leukocytes [23].  

 

 

Host Response in Periodontitis 

 

Bacteria have generation times allowed an evolutionary adaptation to an 

inhospitable environment. Thus, many of the bacteria in the gingival sulcus 

evolved mechanisms to avoid and manipulate the host defense mechanisms. 

Similarly, the host has developed counter measures against these 

microorganisms. 

In the gingival sulcus the bacterial ecosystem develops the co-

evolutionary processes between bacterial species and the host, leading to the 

production of host molecules against bacterial species. This host response may 

be protective or destructive depending on the feedback mechanisms at play to 

ultimately regulate and control the immune inflammatory response. Such 

mechanisms are finely tuned, so that the synthesis and inhibition of various 

cytokines and other mediators will undergo repeated changes to allow a 

response that properly limits the bacterial challenge. 
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Certain substances in plaque, such as toxins or histolytic enzymes, may 

have a direct effect on periodontal tissues [24]. However; there is considerable 

evidence that in periodontal disease, as in other chronic bacterial diseases, the 

host's immunologic responses to microbial products play the major role in the 

development of inflammation. Inflammation has been regarded as primarily a 

protective response in which vascular reactions, exudation of fluids and cells, 

resolution and finally repair occurs. It has become apparent that inflammatory 

reactions also cause considerable damage to the host tissues. The gingivitis is 

known to persist for years without proceeding to periodontitis, but some 

individuals become susceptible to periodontitis due to factors other than 

microbial. On the other hand, an ineffective response results in chronic lesion 

that does not resolve and an excessive response results in a lesion in which the 

host response contributes significantly to tissue destruction. 

One of the crucial early events involves increased permeability of the 

sulcular epithelium brought about by bacterial products, e.g., hyaluronidase. 

Other constituents of plaque, including antigens, then penetrate the sulcular 

epithelium, and elicit an immune response in the host [25]. Subsequent 

intermittent or prolonged exposures to these same plaque antigens then 

triggers local immune reactions of both humoral and cell-mediated type in the 

gingiva and deeper periodontal tissues. These immunologic reactions and the 

associated host systems that they activate lead to inflammation and periodontal 

disease. 

The sequence of events in gingivitis and periodontitis include acute 

bacterial challenge phase, acute inflammatory phase, immune response phase 

and periodontal tissue destruction phase [26]. 

 

 

Acute Bacterial Challenge Phase 

 

The intact epithelial barrier of the gingival, sulcular and junctional epithelium 

normally prevents bacterial invasion of the periodontal tissues, and it normally 

acts as an effective barrier against penetration by bacterial products and 

components. Salivary secretions provide a continuous flushing of the oral 

cavity as well as provide a continuing supply of agglutinins and specific 

antibodies that can aggregate and kill bacteria, and greatly influence the 

species and numbers that can survive in the oral cavity. The gingival crevicular 

fluid continuously flushes the sulcus or pocket and delivers all the components 

of blood serum including complement proteins and specific antibodies, which 

bathe the bacteria of the subgingival flora. 
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The gingival epithelium in health is exposed to various bacterial products 

such as butyric and propionic acid, peptides of the N-formylmethionyl-leucyl-

phenylalanine type which are potent chemoattractants for leukocytes, and 

lipopolysaccharide of gram-negative bacteria that are toxic to the tissues[25]. 

In response to this, several proinflammatory mediators synthesized by the 

junctional epithelium, such as interleukin 1 (IL-1) prostaglandin E2 and 

MMPs, can traverse the junctional epithelium and enter the connective tissues, 

providing a chemoattractant gradient for leucocytes to arrive at the gingival 

sulcus [25]. The lipopolysaccharides also activate the endothelial cells either 

directly or indirectly by inducing the production and release of inflammatory 

mediators from various cells in the connective tissue. These include histamine 

from perivascular MCs, prostaglandins, and interleukins, such as IL-lα, and 

MMPs from resident tissue macrophages, fibroblasts, and keratinocytes [27]. 

Lipopolysaccharide can also activate the complement cascade via the indirect 

pathway as well as induce the production of kinins, all of which can act on the 

blood vessels and their endothelial cells [28].The endothelial cells of the 

microcirculation become activated, and the vessels become inflamed, dilated, 

and engorged with blood, and the blood flow slows. The endothelial cell 

junctions open and protein-rich fluid leaves the vessels at the site of the post-

capillary venules and accumulates in the extracellular matrix.  

Several studies of early or experimental gingivitis show increase in 

inflammatory mediators in the gingival crevicular fluid [29,30]. Most 

neutrophils recruited into the gingival tissues migrate out into the gingival 

sulcus, most of the mononuclear cells persist in the perivascular connective 

tissue and form the local inflammatory infiltrate. 

 

 

Acute Inflammatory Phase  

 

Page & Schroeder in 1976 [31] divided the progressing lesion in gingival and 

periodontal tissues into four phases: 

 

1. Initial Phase  

As soon as plaque is allowed to accumulate on the tooth surface within 24hrs 

there is inflammation in the form of dilatation of arterioles and capillaries and 

there is an increase in blood flow to the site of infection. There is formation of 

intercellular gaps between the endothelial cells and PMNs emigration occurs. 

There is an increase in gingival crevicular fluid flow. 
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2. Early Phase 

Within 7-14 days, the marginal gingiva shows change in color and bleeding 

on probing becomes evident. There is increase in size and number of vascular 

units. The gingival appears redder in color. PMNs infiltrate increases, and 

lymphocytes become prominent with very few plasma cells. There is loss of 

collagen in connective tissue. 

 

3. Established Lesion 

In this phase the gingiva appears more bluish in color because of engorgement 

and congestion of blood vessels. The lesion is dominated by plasma cells. The 

inflammatory cells infiltrate further increases, and the collagen loss continues 

in both lateral and apical directions. There is no alveolar bone loss or apical 

migration of junctional epithelium at this stage. Gingivitis develops within 2-

4 weeks after the plaque accumulation. 

 

4. Advanced Lesion 

The inflammatory infiltrate reaches deep in the gingival connective tissue. 

There is alveolar bone loss, extensive fiber damage and there is apical 

migration of junctional epithelium onto the root surface. At this stage 

periodontitis is preceded by gingivitis. 

 

 

Immune Response Phase  

 

The bacterial products and epithelium derived cytokines also activate the local 

tissue mononuclear cells that shape the local immune response [26]. Very soon 

after the initiation of the acute inflammatory response, small lymphocytes 

consisting of both T and B cells predominate in the tissue infiltrate. 

Macrophages exposed to lipopolysaccharide produce several cytokines, 

including interferon γ, tumor necrosis factor α, transforming growth factor β, 

IL-lα and β, IL- 6, IL-10, IL-12, IL-15, the chemokines monocyte 

chemoattractant protein, macrophage inflammatory protein, MMPs and 

prostaglandinE2. Some of the factors from monocytes, IL-lα, tumor necrosis 

factor α and prostaglandin E2 are prominent components of the periodontitis 

lesion and have been strongly implicated in the pathogenesis of periodontal 

diseases [32-41]. 

The bacterial antigens “processed” by the macrophages are presented to 

the antigen sensitive T and B-lymphocytes. These “antigen sensitive” 

lymphoid cells have the morphology of small lymphocytes and upon contact 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Neetha Bhargava, Akshay Bhargava, Pradeep Chaudhary et al. 

 

40 

with antigen many undergo blastogenesis and become large lymphoblast. The 

lymphoblast undergoes proliferation to form large lymphoblast, plasma cells 

and memory cells. The sensitized T-cells are now able to carry out reactions 

of cell-mediated immunity. The plasma cells are capable of antibody 

production and responsible for carrying out humoral immunity. The memory 

cells are long-lived lymphocytes, released from the lymph node where they 

are stored and constantly recirculated [42-44].  

The sensitized T-cells provide immunologic surveillance for the body 

since they can recognize the antigens to which they have been sensitized. Upon 

exposure to antigen, they localize and proliferate at the site of antigen 

encounter, and concomitantly release cytokines. The cytokines produced by T 

helper (Th) cells regulate and determine the type of immune response seen in 

periodontitis and occurs as Th-1 and Th-2 cells. Although both Th cells 

express the CD marker, they are distinguished from each other by their 

cytokine production [45]. 

Th-1 clones secrete interferon α and are responsible for cell mediated 

immunity [46]. Th-2 clones produce IL-4, IL-5, and IL-6, and both Th-1 and 

Th-2 cells produce other cytokines such as IL-10 and 13, tumor necrosis factor 

α and granulocyte-macrophage colony stimulating factor. The Th2 cytokine 

profiles are known to produce B-cell differentiation and antibody production. 

Th-2 infiltrate may be protective or non-protective depends on the nature of 

the antibody produced and a strong Th-2 response can inhibit a Th-1 response 

and vice versa. In periodontitis whether the Th-1 and Th-2 paradigm exists 

remains unproven [45]. 

 

 

Phase of Periodontal Tissue Destruction 

 

Periodontitis involves the destruction of bone and connective tissue including 

collagen, proteoglycans, and other components of the extracellular matrix. The 

tissue destruction is not unidirectional, but rather is an iterative process that is 

constantly adjusted by host-bacterial interaction [47,48]. 

 

 

Cytokines 

 

Cytokines are low molecular weight polypeptides weighing 5-70 kDa. They 

are produced by macrophages, B lymphocytes, T lymphocytes, and MCs. The 

important cytokines involved in cell signaling and regulating the activity of 
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other cells are chemokines, interferon, interleukins, lymphokines and tumor 

necrosis factor (TNF). The actions of various cytokines are listed in Table 2 

[49]. 

 

 

Prostaglandins 

 

These are arachidonic acid derivatives produced under the action of 

cyclooxygenases (COX-1 and COX-2) [45]. They are secreted by 

macrophages and fibroblasts of the periodontium. An increase in 

prostaglandin E2 (PGE2) in periodontal sites suggests initiation of 

inflammation and attachment loss [50]. It causes activation of MMPs and 

osteoblastic bone resorption [51]. 

 

 

Matrix Metalloproteinases 

 

These are family of homologous Zn++ endopeptidases which can hydrolyze 

most of the extracellular matrix constituents. They cause periodontal tissue 

destruction by degrading extracellular matrix molecules [51]. MMPs are 

activated by proteases secreted by bacteria, host cells, plasmin, trypsin, 

tryptase, kallikrein and other oxidants. MMPs are secreted in latent or inactive 

form. Their activation is partly controlled by the latent enzyme and the level 

of enzyme inhibitors present. They are inhibited by tissue inhibitors of MMPs 

and by TNF-α, IL-1, transforming growth factor (TGF)-β. 
 

Table 2. Cytokines and their actions 
 

Actions Cytokines 

Proinflammatory IL-1, IL-6, IL-8, TNF-α, IFN-γ 

Anti-inflammatory IL-4, IL-10, IL-13, TGF-α 

Scarring IL-6, TGF-β 

Ant-scarring IL-10, IL-8 

Anti-angiogenic IL-10 

 

 

Phase of Resolution and Repair 

 

If bacterial elimination is successful, the periodontal tissues undergo stages of 

healing. There is reduction in inflammation, restoration of gingival health and 
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alveolar bone undergoes remodeling. The anti-inflammatory signals secreted 

by leukocytes include IL-1 receptor antagonist (IL-1ra) and TGF-β. In 

inflamed periodontal tissues, macrophages are the source of IL-ra, whereas 

neutrophils, macrophages, and MCs and lymphocytes produce TGF-β [52]. 

Cytokines such as IL-1β and TNF-β, help to induce angiogenesis and 

fibrogenesis in inflammation and healing [53]. Platelet derived growth factor 

(PDGF) activates fibroblasts and osteoblasts, resulting in the induction of 

protein synthesis. TGF- β stimulates osteoblasts and fibroblasts and inhibits 

osteoclasts, epithelial cells, and most immune cells [54]. Regeneration of 

periodontium can be induced by immune system by preventing osteoclasts in 

bone resorption and activating osteoblasts. 

 

 

Mast Cells 

 

MCs are well organized multifunctional connective tissue cells found in 

almost all human organs [55]. In periodontal diseases many immune cells act 

at various stages of immune inflammatory reactions and among them MCs are 

involved in the onset of inflammatory process and in the activation of other 

immune cells [56], with their number varying in inflammatory and healthy 

areas [57]. MCs are known for their specific mediators’ release which bring 

about various immunologic reactions [58]. 

 

 

Mast Cell Origin 

 

MCs originate from pluripotential hematopoietic cells of the bone marrow. 

Partial differentiation occurs in bone marrow and then they circulate via blood 

stream and reach peripheral mucosal or connective tissue (CT) where they 

undergo complete differentiation [59]. During the process of development, 

MCs acquire a cell surface receptor of stem cells (CD117) called stem cell 

factor (SCF) that is expressed by MCs and their progenitors including 

committed MCs, mature and immature MCs. The proliferation progenitors, 

immature and mature MCs, and maturation of precursors are brought about by 

SCF and they also regulate the phenotypic alteration and the mediator content 

[60]. In gingival, CTMC are scattered throughout in close approximation to 

endothelial cells wherein they respond immediately upon contact with the 

cytokines and bacterial products. They are also found sub and intraepithelially 

[61]. 
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Mast Cell Heterogeneity 

 

There are two types of MCs phenotype based on their proteinase content, CT 

and mucosal phenotypes (MMC). CTMC phenotypes contain chymase and 

tryptase (MCTC) proteinases, while MMC phenotypes contain only tryptase 

(MCT) [62]. The significance of MC phenotypes in vivo is not established.  

 

 

Mast Cell Mediators 

 

MCs produce a variety of mediators including histamine, lipid derived 

mediators which belong to arachidonic acid (AA) metabolites and 2-acetylated 

phospholipids structurally related to platelet action factor (PAF), 

proteoglycans such as heparin, chondroitin sulfate, cytokines such as IL-1β, 

IL-3,IL-4,IL-5,IL-6, IL-8, IL-13, TNF-α, SCF, TGF-β, MIP-1α, MIP-1β, 

RANTES, I-309 and MCP-1 serine proteinases such as tryptase and chymase 

[63]. MCs also produce MMP-1, MMP-8 and TIMP-1 which are involved in 

extracellular matrix degradation and tissue destruction seen in periodontitis. 

Thus, MCs play a key role in the pathogenesis of periodontitis [64]. 

 

 

Role of Mast Cells in Gingivitis  

 

MCs are important first line of defense against infection. The host tries to 

prevent the microorganisms by virtue of cell adhesion and cohesion property 

of gingival and junctional epithelium. This immune response is further 

augmented by MCs residing intra and subepithelially and are seen scattered 

throughout the gingival connective tissue, often in closed association with 

endothelial cells [65]. MCs get activated by LPS, bacterial lipids and peptides 

of the N-formyl-methionyl-leucylphenylalanine type and release mediators 

that causes chemotaxis of leukocytes to the site of infection, stimulate 

epithelial cells to secrete IL-8, cause epithelial cell proliferation and cause 

increased expression of intraepithelial adhesion molecule-1 [66]. 

MCs release histamine which causes gingival vessels to become inflamed 

and develop a gradient of chemoattractant signals that can guide the 

leukocytes to the location of microbial plaque. MCs are known to produce 

angiogenesis related factor that are involved in regulating angiogenesis. 

Vascular endothelial growth factor is released by MCs and have a potential for 

mitotic activity on endothelial cells. In this way, MCs are considered as 
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triggers of angiogenic and capable of developing new vessels, with a possible 

role in development of inflammatory process in periodontitis [67]. 

 

 

Role of Mast Cells in Periodontitis  

 

In chronic gingivitis and gingivitis progressing to periodontitis with clinically 

evident pocket formation, the MCs express TGF-beta that recruit 

inflammatory cells such as neutrophils, monocytes, and MCs to plaque 

accumulation [68]. MC express IL-4 that play a role in T-cell differentiation 

towards TH-2 phenotype. 

MCs actively take part in adaptive immunity by presenting antigen to T-

cells. They express MHC class II molecules and have co-stimulatory 

molecules ICAM-1/3, CD 80, and CD86. In this way MCs have an important 

role in developing cellular and humoral immunity [69]. An increase in MCs 

count is observed in periodontitis region when compared to healthy tissue. The 

MCs density in moderate periodontitis was lower in comparison to severe 

periodontitis. The inhibition of MCs release has led to a reduction in bone loss 

and a reduction in MC counts in tissues with chronic periodontitis when 

compared to gingivitis [70]. 

 

 

Role of Mast Cells in Periodontal Tissue Degradation 

 

Many tissues-degrading enzymes are released by MCs, including the serine 

proteinases tryptase and chymase. Tryptase is responsible for fibrinogen 

cleavage, is mitogenic for fibroblasts, and activates latent collagenases, MMP-

2, MMP-3 and kininogen-causing degradation of extracellular matrix [71-74]. 

Tryptase is also a potent chemoattractant for neutrophils and stimulates 

epithelial cell proliferation. Moreover, MCs play a role in inducing neurogenic 

inflammation by stimulating peripheral sensory nerves to secrete 

inflammatory neuropeptides such as calcitonin gene related peptides [75].  

MCs chymase has a role in the degradation of basal membrane and 

neuropeptides [76]. Few studies have found trace number of MCs proteases in 

periodontal lesion, but their role in periodontitis remains to be clarified 

[56,64]. 
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Conclusion 

 

MCs play a vital role from the initial stages of gingivitis to destructive events 

of periodontitis. Once MCs have a role in angiogenesis, an increase in the MCs 

number can be a primary phenomenon in the progression of inflammatory 

changes in the gingival tissue. MCs have a role in periodontal tissue 

destruction that must be further evaluated.  
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Abstract 

 

Mast cells (MCs) are immune cells of the myeloid lineage and are present 

in connective tissues throughout the body. Many aspects of physiological 

and pathological conditions in various settings are being controlled by 

the activation and the degranulation of MCs. MCs are known to regulate 

vasodilation, vascular hemostasis, innate and adaptive immune 

responses, angiogenesis, and venom detoxification. 

Recently attention has been given toward the role of MCs in the 

pathogenesis of oral lichen planus (OLP). MCs release certain chemical 

mediators which play a major role in the pathogenesis of lichen planus. 

They are responsible for migration of inflammatory cells into the 

connective tissue that in turn helps in progression and maintenance of 

OLP chronicity. OLP is a T-cell mediated chronic inflammatory oral 

mucosal disease of unknown etiology, and lesions contain few B-cells or 

plasma cells and minimal deposits of immunoglobulin or complement. 
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Hence, OLP is ideally positioned for the study of human T-cell-mediated 

inflammation and autoimmunity. The consistent finding in pathogenesis 

of OLP is increased MC density with significant percentage of 

degranulation. 

 

Keywords: mast cells, oral lichenoid lesions, oral lichen planus, oral lichenoid 

reaction 

 

 

Introduction 

 

Oral lichenoid reaction (OLR), also known as an interface mucositis, is an 

inflammatory disorder characterized by dense subepithelial lympho histiocytic 

infiltrates, increased number of intra-epithelial lymphocytes and degeneration 

of basal keratinocytes [1].  

Lichenoid reactions represent a family of lesions with different etiologies, 

but with a common clinical and histological appearance. Contact with various 

metals has been associated with lichenoid skin lesions. The oral mucosa also 

manifests this lichen planus like lesions as hyperkeratotic, white, thickened, 

inflammatory reactions, called lichenoid. Various terminologies have been 

given to these reactions such as oral lichenoid lesions (OLL), OLR, oral 

lichenoid tissue reaction (OLTR), lichenoid contact stomatitis or lichen planus 

like lesions [2]. 

These reactions include oral lichen planus (OLP), lichenoid contact 

reactions, lichenoid drug eruptions, and lichenoid reactions of graft versus host 

disease. OLP forms the biggest group in this category. It is a chronic 

dermatosis with a female preponderance. The term OLP is now considered to 

represent those lesions where no trigger zone can be identified and are thus 

“idiopathic.” The lesions associated with drug intake, systemic diseases (such 

as chronic liver diseases), food or flavor allergies, hypertension and diabetes 

mellitus are considered lichenoid lesions [3]. 

OLR is clinically and histologically similar to OLP, with an appearance 

of white hyperkeratotic thickened lesions. These lesions occur in the sites with 

direct relation to the causative agent. Similar to OLP, the lichenoid reactions 

also occur in various forms, like erythematous, reticular, plaque-like, and 

atrophic [4]. 

OLP is a mucocutaneous disease of unknown etiology characterized by 

keratotic plaques on the skin. The disease has a global prevalence of 0.1% to 

4% and affects middle aged women predominantly [5]. Many patients also 
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harbor white lesions of the oral mucosa. OLP can be restricted to the oral 

cavity with no cutaneous lesions. Such lesions are referred to as OLP and 

should be treated as a precancerous condition [6, 7]. The WHO criteria (1978) 

for histopathological diagnosis of OLP include thickened ortho or 

parakeratinised epithelium, liquefaction degeneration of basal layer, well-

defined juxtaepithelial lymphocytic infiltration, and civatte bodies in basal 

epithelium and lamina propria [8]. 

The subepithelial infiltrate in both OLP and in classic reactions of delayed 

hypersensitivity is primarily composed of T-lymphocytes. OLP is a T cell-

mediated immune pathological response to antigenic alterations due to 

exposure to many agents (viruses, drugs, contact allergens) in keratinocytes of 

the skin and mucosal tissues [9-11]. 

The hypothesized pathogenesis is the cross-reaction of T cells primed by 

those agents with epidermis-restricted antigens. Viruses, particularly Hepatitis 

C virus (HCV), have been associated with this disease. Several studies found 

a higher prevalence of HCV antibodies among patients with LP compared with 

controls [12]. One study detected HCV RNA in 93% of OLP lesions, while 

another found that five out of seven patients with anti-HCV antibodies had 

demonstrable HCV RNA in skin biopsies [13, 14]. 

Recent attention has been directed toward the role of MCs in the 

pathogenesis of OLP. OLP is a T-cell-mediated chronic inflammatory oral 

mucosal disease of unknown etiology, and lesions contain few B-cells or 

plasma cells and minimal deposits of immunoglobulin or complement. Hence, 

OLP is ideally positioned for the study of human T-cell-mediated 

inflammation and autoimmunity. 

 

 

Pathogenesis of OLP 

 

OLP is a T-cell mediated autoimmune disease in which the auto-cytotoxic 

CD8+ T cells trigger apoptosis of the basal cells of the oral epithelium [15]. 

An early event in the disease mechanism involves keratinocyte antigen 

expression or unmasking of an antigen that may be a self-peptide or a heat 

shock protein [9, 16]. Following this, T cells (mostly CD8+, and some CD4+ 

cells) migrate into the epithelium either due to random encounter of antigen 

during routine surveillance or a chemokines mediated migration toward basal 

keratinocytes [9]. These migrated CD8+ cells are activated directly by antigen 

binding to major histocompatibility complex (MHC)-1 on keratinocyte or 

through activated CD4+ lymphocytes. In addition, the number of Langerhans 
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cells in OLP lesions is increased along with upregulation of MHC-II 

expression; subsequent antigen presentation to CD4+ cells and Interleukin 

(IL)-12 activates CD4+ T helper cells which activate CD8+ T cells through 

receptor interaction, interferon γ (INF - γ) and IL-2. The activated CD8+ T 

cells in turn kill the basal keratinocytes through tumor necrosis factor (TNF)-

α, Fas/FasL mediated or granzyme B activated apoptosis [9, 16]. 

Though the precise pathogenesis is unidentified, evidence available at 

present strongly suggests that cell mediated immunity plays a major role in the 

initiation and evolution of this disease. MCs, the major immune effector cell 

of the connective tissue, result in the various clinical manifestations of OLP 

[17]. 

 

 

Mast Cells 

 

Paul Ehrlich in 1877 discovered a granular cell of loose connective tissue and 

named it as “Mastzellan”- a well-fed cell [18]. Ehrlich described the 

association of MCs with inflammation as well as with blood vessels and neural 

tissue [19]. 

MCs have a diameter of about 12 μm, they are heterogenous in shape, and 

round, oval, or spindle shaped, and are packed with 50–100 granules. MCs are 

bone marrow derived cells with a lifespan up to 12 weeks [20-23]. 

 

 

Historical Background 

 

Metchnikoff was probably the first to suggest that MCs had a phagocytic 

function and might thereby contribute to host defense. The phagocytic 

function of MCs has now been analyzed in some detail, at least in vitro. It is 

clear that MCs can phagocytose and kill bacteria, but their phagocytic 

efficiency appears to be much less than of ‘traditional’ phagocytes [24]. 

Hardy and Westbrook published the first evidence of morphological 

differences among MCs observed at different anatomic locations in the rat 

[25]. 

Joseph et al. mentioned that MCs heterogeneity was studied by Enerback 

(1966) in rat mesentery where mucosal and connective tissue MCs were 

distinguished [26]. 

Galli et al. suggested that MCs can also stand for master cell because of 

their wide anatomical distribution, their sensitivity to activation by many 
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different stimuli and their ability to release a variety of mediators, including 

cytokines. The same author also reported that MCs can process bacterial and 

other protein antigens and can function as antigen presenting cells via 

mechanisms that are dependent on MHC I and MHC II [27]. 

They are members of the innate immune system and develop from CD34+ 

hematopoietic precursor cells in the bone marrow which circulate in the blood 

in an immature form. Once they establish residency in a particular tissue, they 

complete their tissue-specific differentiation and maturation [19]. 

 

 

Location of MCs 

 

MCs are present in mucosal and epithelial tissues of the body. MCs are found 

in all vascularized tissues except in the central nervous system and retina [28]. 

MCs are located at the junction point of the host and external environment at 

places of entry of antigen (gastrointestinal tract, skin, respiratory epithelium) 

[29-31]. MCs are located in areas below the epithelium in connective tissue 

surrounding blood cells, smooth muscle, mucous, and hair follicles. MCs are 

considered as first line of defense as they are more commonly present in 

tissues such as skin, gut, respiratory tract and urinary tract. MCs contribute to 

a number of protective and pathologic events which includes angiogenesis, 

wound healing and the exacerbation of inflammation as they are present 

closely with blood vessels, lymphatic vessels and nerves [32-34]. 

The cytoplasm of the MC store inflammatory mediators, including 

histamine, heparin, a variety of cytokines, chondroitin sulfate, and neutral 

proteases [28]. In order of MCs to move to their target area, the effects of 

integrins, adhesion molecules, chemokines, cytokines, and growth factors 

should be in coordination [35]. MC progenitors are found in high numbers in 

the small intestine. CXCR2 expressed on MC progenitors directs their 

migration to the small intestine. Binding of α4β7 integrins (expressed on MCs) 

to adhesion molecule VCAM-1 on the endothelium initiates the transit of MC 

precursors out of the circulation [35]. Human MCs are of two types: mucosal 

MCs which only produce tryptase and other one is the connective tissue MCs 

which produce chymase, tryptase, and carboxypeptidases [36, 37]. MCs have 

different effects on various tissues and organs. The mucosa of the respiratory 

tract (airborne), gastrointestinal tract (food borne), blood (wounds, absorption 

from respiratory tract/gastrointestinal tract), and connective tissues are the 

most common sites in the body exposed to antigens [38]. 
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Mechanism of Activation 

 

The basic function of MCs is to respond to certain parasites and allergens. 

However, MCs are extremely adaptable and act as effector cells that amplify 

inflammation, as well as regulatory cells that suppress responses. This 

versatility is reflected in the numerous IgE independent activation pathways 

that intersect to modulate the quality and magnitude of the MC response. The 

main function of MC is IgE mediated allergic reactions through the FcϵRI 

receptor.  

Mature B cells produce IgE antibodies in response to CD4+ Th2 cells. 

Naïve mature B cells produce IgM and IgD antibodies. Once they become 

activated by an antigen, B cells will proliferate. If the proliferating B cells 

interact with cytokines, such as IL-4 (which is modulated by CD4+ Th2 cells), 

the antibody will transfer from IgM to IgE [39]. FcϵRI receptors on the MC 

will hold IgE, and very little IgE is found as a soluble antibody in circulation. 

When an antigen comes in contact with the MC, it cross links two or more 

FcϵRI molecules and activates the release of granules from the MC [40]. IgE 

is found in the connective tissue under epithelial layers of the skin, in the 

respiratory tract, and also in the gastrointestinal [40]. In addition to FcϵRI, 

MC’s have Fc receptors for IgA and IgG, receptors for adenosine, C3a, 

chemokines, cytokines, and pathogen-associated molecular patterns (PAMPs), 

as well as toll-like receptors (TLRs). They are all involved in MC activation 

and immune response.  

Cross linking with antigen/IgE/FcϵRI is the most common physiological 

pathway for MCs activation [41]. FcϵRI consists of an α-chain, β-chain, and 

the γ chains. α-chain binds to IgE, β-chain spans the membrane and γ chains 

are a disulfide-linked homodimer. Patients’ sensitivity can be desensitized by 

the repeated and controlled exposure of MCs. The slow and persistent 

degranulation of MCs is thought to be one of the mechanisms for the 

desensitization of the patient. This one is used in patients who are allergic to 

certain drugs (e.g., penicillin) but need treatment for a life-threatening 

bacterial infection that can only be treated with this drug. Increasing doses of 

antigen can cause MC desensitization. This technique can be used to prevent 

any type of anaphylactic reaction whether it is due to a drug or food. By 

desensitizing the receptors, this can decrease the number of FcϵRI molecules 

available on the MC surface [42]. 
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Physiological Role of MCs 

 

MCs regulate the variety of physiological functions such as vasodilation, 

angiogenesis, bacterial, and parasite elimination. MCs also regulate the 

functions of many cell types, such as dendritic cells, macrophages, T cells, B 

cells, fibroblasts, eosinophils, endothelial cells, and epithelial cells. They also 

have the capacity to regulate the functions of many organs and tissues as MCs 

generate and release multipotent molecules, such as histamine, proteases, 

prostanoids, leukotrienes, heparin, and many cytokines, chemokines, and 

growth factors [43]. 

 

 

Angiogenesis 

 

MCs are involved with enhancing angiogenesis. They secrete pro-angiogenic 

factors, such as VEGF, TGF-beta, TNF-alpha, and IL-8. In addition, MCs 

release proteases and heparin which release pro-angiogenic factors that bind 

to heparin. Histamine released by MCs, induces permeability of the 

microvasculature that also induces angiogenesis. There is also evidence of 

MCs enhancing angiogenesis in tumor growth [44]. 

 

 

Homeostasis 

 

MCs contribute to homeostasis in the immune system. They act as the first 

line of defense against antigens entering the body due to their location in the 

skin and mucosa [45]. They are important in the homeostasis of the commensal 

bacteria of the gut [46]. 

 

 

Innate and Adaptive Immunity 

 

MCs play an important role in both innate and adaptive immunity. They 

recognize harmful antigens by binding to pathogens directly or associating 

with PAMPs on the MCs surface [47]. Most commonly the receptors on the 

MCs are TLRs and receptors for complement. Once the antigen binds to the 

receptors on the MC, it causes the release of inflammatory mediators, which 

helps to eliminate the pathogen that activated it. The mechanism for how this 

happens depends on which PAMP is recognized. TLR2 is activated by Gram-
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positive bacteria, and to an extent by Gram-negative bacteria and 

mycobacteria, which cause the MC to release cytokines, such as IL-4. TLR4 

binds LPS from Gram-negative bacteria, which causes proinflammatory 

cytokine release (TNFα, IL-1, IL-6) without degranulation [48, 49]. On the 

other hand, the Gram-positive bacterial product peptidoglycan stimulates MC 

degranulation as well as histamine release via TLR2 activation [50, 51]. 

 

 

Activation and Mediator Release 

 

Upon activation, MCs release preformed and newly synthesized mediators in 

a phasic fashion. A variety of endogenous and exogenous agents can stimulate 

MCs to release mediators immediately. Activation of MCs occurs when an 

antigen crosslinks IgE molecules that are bound to FcϵRI on the surface of the 

MCs. FcϵRI consists of an α-chain that binds to IgE, a β-chain, which spans 

the membrane, and γ chains, which are a disulfide-linked homodimer. FcϵRI 

receptor for IgE has an affinity 100 times greater for the Fc of IgE than of IgG. 

Because of this, IgE is found bound to the FcϵRI receptors on the MC even 

when there are no antigens present. As a result, this makes the response of the 

MC to an antigen very fast [28]. 

 

 

Ultra Structure of MCs 

 

Three Types of MC’s 

 

1. The deeper connective tissue have round/oval shaped cells which is 

dark purple in color. They have well defined borders with invisible 

nucleus due to granules called as intact cells [52]. 

2. The superficial connective tissue have flattened MCs and the 

cytoplasm appear granular immediately below the infiltrating area 

and near the blood vessels. The borders of the cell are not well defined 

with a partially appreciable nucleus. They are called as spreading cells 

[53]. 

3. The cells found within the infiltrate are paler and the staining has 

reverted from metachromatic violet to light pink, with blue and well-

defined nucleus [54]. 
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Role of MC Released Cytokines 

 

IL-3 – induce basophil recruitment & activation 

IL-5 - eosinophil recruitment & activation 

IL-13 - induction of IgE synthesis 

 

MC bears receptors for IgE and degranulates this cytophilic antibody 

crosslinked by antigen. Other factors such as mechanical trauma, complement 

C5a, eosinophil derived cationic protein, and bacterial products can cause the 

MC degranulation. Toluidine blue stain which stains the granules 

metachromatically and immune histochemical labeling by using antibodies to 

tryptase and chymase can identify the MCs in the specimen [55, 56]. 

 

 

MCs in Normal Mucosa 

 

The MC count (MCC) in normal mucosa (NM) has been found to be 

25.50/sq.mm [57] and 12.2/microscopic field at 400X using toluidine blue 

stain [58] and 41.67 ± 15.38 cells/sq.mm using MC tryptase antibody [59]. 

MCC was found to be 71 ± 16 in normal healthy gingiva using monoclonal 

antibodies specific for tryptase [60]. 

 

 

Role of MCs in Oral Lichen Planus 

 

The critical event in the pathogenesis of OLP is the activation of CD8+ 

cytotoxic cells, which leads to basal cell degeneration. There is recent 

evidence to point out that the activated T cells trigger the activation of MCs 

[10]. MCs are responsible for recruitment of inflammatory cells into the 

connective tissue that in turn helps in progression and maintenance of OLP 

chronicity. MCs are granular, bone-marrow derived, mobile leucocytes with 

wide range of functions including inflammation, immune modulation, tissue 

repair, and remodeling. On response to immunologic and nonimmunologic 

stimuli, they release preformed mediators, vasoactive amines, cytokines, and 

enzymes via granules [22]. 

The MCs play multiple immunological roles in various anatomical sites 

and also been implicated in autoimmunity. MCs degranulation releases a range 

of pro-inflammatory mediators such as histamine, TNF α, chymase and 

tryptase, and each of these mediators have specific function in OLP. Histamine 
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causes vasodilatation and increases the vascular permeability whereas TNF 

may up regulate endothelial cell adhesion molecule expression that is required 

for lymphocyte adhesion to the luminal surfaces of blood vessels and 

subsequent extravasation. Studies showed significantly increased MC number 

in OLP lesions compared to the normal mucosa [52]. In oral mucosa and skin, 

MCs are distributed around the microvascular bed, near the basement 

membranes of blood vascular endothelial cells, and can move among tissues 

as a group of migratory cells [61, 62]. 

The significance of the distribution of MCs in tissue compartment relates 

to the potential for MC derived mediators to influence nearby cells, with 

resulting stimulatory, inhibitory, or toxic effects [63]. 

MCs release TNF-α, that can induce endothelial leukocyte adhesion 

molecule (ELAM) and vascular cell adhesion molecule (VCAM), for the 

binding of leukocytes and contributing to the progression of inflammation. 

MCs protease, tryptase has an angiogenic property, whereas chymase may 

lead to epithelial basement membrane damage. MCs mediators like histamine, 

heparin and TNFα are also mitogenic for endothelial cells and fibroblasts [64]. 

Tumor necrosis factor-α (TNF-α) is a cytokine involved primarily in T-

cell mediated immune pathological reactions [7]. The T cell accumulation in 

the superficial stroma, basement membrane disruption, intra-epithelial T cell 

migration and keratinocyte apoptosis also play an important role in the non-

specific mechanism of OLP. 

Hall et al. found a significant increase in the number of MCs in OLP and 

noted that the MCs lined up along the basement membrane [65]. Kabashima 

et al. found a close association of substance P immune reactive nerve and MCs 

in periapical granuloma and suggested that the synthesis of TNF α from MCs 

is stimulated by substance P released by noxious stimulants. Similar non 

immunogenic MC degranulation could also occur in OLP. Tryptase can 

facilitates recruitment of T lymphocytes whereas chymase can cause the 

degradation of basement membrane either directly or indirectly via the 

activation of T-cell secreted MMP-9 thereby paving way for the CD8+ 

lymphocytes to enter the epithelium [66]. 

The degranulation of MCs in OLP may be initiated by two different 

mechanisms [67]: 

 

1. Following the interaction of T cells in a MHC class I or class II 

manner, the resultant T-cell activation activates MCs leading to 

degranulation and cytokine release. 
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2. Second by inducing a direct calcium influx which cause 

degranulation of the MCs to release TNF-α, stimulating T cell to 

produce cytokine and chemokines. To maintain the chronicity and the 

pathogenecity of OLP the interaction of the oral mucosal T cells and 

MCs occurs in the bidirectional manner. During the course of the 

lesion, TNF-α produced by MCs activates T cells to secrete RANTES 

and matrix metalloproteinases (MMPs). In contrast, RANTES causes 

continued degranulation of the MCs while MMPs prepare the 

endothelium and the surrounding connective tissue matrix tissue [68]. 

 

Several investigators have demonstrated an increased MCs density and 

degranulation in OLP [67]. It has been shown that on degranulating, these 

MCs release a range of both preformed and newly synthesized cytokines and 

chemokines. These cytokines act by different mechanisms to maintain the 

OLP lesion. 

Overall, the effects of MCs in pathogenesis of OLP include:  

 

1. Degranulating MC release TNF-α that upregulates endothelial cell 

adhesion molecule expression for lymphocytes adhesion and 

extravasation. 

2. MC TNF-α also upregulates RANTES and MMP-9 secretion by OLP 

lesional T cells. Activated lesional T cells secrete chemokines that 

attract extravasated lymphocytes toward the OLP epithelium. 

3. Degranulating MCs release chymase (a MC protease) that damages 

the epithelial basement membrane directly or indirectly via activation 

of MMP-9 secreted by OLP lesional T cells. 

 

Thus, the role of MCs in pathogenesis of OLR is well studied. The 

triggering factor in case of OLP is an unknown antigen [69] while in case of 

OLR it may be a food, drug, or dental restorative material. Thus, if the antigen 

is identifiable, appropriate management may cause resolution of the lesion. 

However, chronicity is seen if the antigen cannot be specifically identified. 

Thus, clinical examination and detailed history is of prime importance in the 

management of OLP and OLR lesions. 
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Role of Histamine in OLP 

 

In a study by Salem et al. on the role of histamine in healthy tissues, they have 

reported that there is a 0.022 femtomolar secretion of histamine from 

keratinocytes which is a non‐professional histamine producer. The secreted 

histamine acts through the H4R receptor, which has a 10000‐fold higher 

affinity for histamine. In OLP patients, Salem et al. observed that there is a 

lack or weak expression of H4R by immunostaining methods [70]. This weak 

expression could be due to massive production of histamine from MCs which 

causes a ligand mediated receptor internalization of H4R leading to the action 

of histamine to act through H1R and H2R [70-73]. This reveals not just that 

there is a change in the quantity of histamine but also a change in the receptor 

expression dynamics. Histamine tends to increase the vascular permeability 

and cause migration of lymphocytes to the affected site [74]. 

 

 

Correlation of Lichen Planus and Mast Cells: Different Studies 

 

OLP and OLL have presented a diagnostic challenge to clinicians and the 

pathologists. But despite the two different entities OLP and OLL, the World 

Health Organization’s criteria for OLP do not distinguish between the two 

conditions and several reports have concurred about the lack of distinguishing 

features [75]. 

MCs are well known as effector cells of IgE-mediated allergic reactions. 

Innate immunity and the induction and regulation of adaptive immune 

responses have been reported as the important functions of MCs in different 

diseases, whereas their role in pathogenesis of the dermatological diseases is 

not completely understood [76, 77]. 

The role of MCs in OLP and OLL has been studied and have shown an 

increase in MCs density and MCs degranulation in OLP. It has been shown 

that, on degranulating, these MC’s release a range of cytokines and 

chemokines including TNF α, which regulate immune responses and activate 

T cells [78]. 

Some studies have also demonstrated the growth arrest and necrosis of 

epithelial cells by TNF α, leading to reduced epithelial thickness [55]. 

A study conducted by Jungell showed that alterations of the basement 

membrane in OLP were of three different kinds: breaks, branches, or patch-

like thickenings [79]. Up to now, however, no studies have evaluated these 
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features in OLL. In a study of normal human gastrointestinal mucosa, Stead et 

al. observed that MCs have close relationship with the nerve fibers [80]. 

In a study by Niissalo et al. on OLP and OLL, they found a difference in 

the pattern of innervations in OLP and OLL. The nerves in OLL were evenly 

distributed whereas they were concentrated in the superficial subepithelial 

tissue in OLP. This might explain the increased concentration of MCs in the 

subepithelial zone in OLL. They also suggested that neuropeptides released 

from the nerve fibers could cause degranulation of MCs in OLP [81]. 

Two different populations of MCs have been suggested by some studies, 

some with mucosal phenotypes having only tryptase and others with 

connective tissue phenotypes having both tryptase and chymase. The oral 

mucosa showed a mixed population of MCs with predominance of the 

connective tissue phenotype [82]. 

Ruokonen et al. in a study of human buccal mucosa, showed that MCs 

differed in their spatial relation to peripheral nerves in different locations [83]. 

Walsh et al. stated that MC mediators such as TNF-α and the serine 

proteases, tryptase and chymase, were released upon degranulation and had a 

potent effect on nearby cells [84]. TNF-α induces both arrested growth or the 

necrosis of epithelial cells [7, 85]. Thus, an increased number of degranulated 

MCs might also be correlated with the reduced epithelial thickness seen in 

OLP. In contrast, the OLL group demonstrated two-fold increase in epithelial 

thickness. A possible reason could be there is release of inflammatory 

mediators from the cellular infiltrate, inducing the basal keratinocytes to 

proliferate [86]. Yamamoto et al. also suggested that the pathological changes 

in the epithelium were initiated by inflammatory cells due to the production 

of different kind of cytokines and growth factors which are capable of 

affecting epithelial cell growth and differentiation [87]. 

Jontell et al. observed that MC number was elevated in OLP in 

comparison to healthy oral mucosa [67]. Zhao et al. proposed that MCs play 

an important role in the pathogenesis of OLP. The interactions between MCs 

and T-cells, which are related to the disease process are relevant to both the 

initiation, vasoinduction and effector phases of OLP. They observed a MCC 

of 151.5/sq.mm in OLP. They considered MC as the offender in the basement 

membrane destruction. TNF-α released from MCs causes increased synthesis 

of MMPs like collagenase, which cause the basement membrane destruction 

and causes increased expression of adhesion molecules like E-selectin and 

Intra cellular adhesion molecule ICAM. This could probably cause increased 

leukocytic migration [68]. Histamine causes vasopermeability leading to 

submucosal edema and antigen induced T-cell proliferation. This could 
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attribute for the characteristic trafficking of lymphocytes. The cytotoxic 

lymphocytes, thus recruited by MCs cause the basal cell degeneration, 

keratinocyte apoptosis and thus characteristic civatte bodies seen in OLP [68]. 

Sharma et al. found an increase in MCC in OLP and OLR in comparison 

to normal mucosa. However, no significant differences in MCC were noted 

between OLP and OLR [88]. 

Degranulated MCs stained with toluidine blue were significantly different 

between OLP and OLR lesions. Jahanshahi et al. [89] and Juneja et al. [70] 

reported that the number of degranulated MCs in OLR lesions is higher when 

compared with OLP lesions. 

 

 

Conclusion 

 

The pathogenesis of both OLP and OLR is well understood from the functional 

relationships between MCs and T cells, and the only difference exists in the 

etiological factor. The findings of the different studies suggest that MCs play 

a key role in the pathogenesis of oral inflammation; however, the ability of 

MC measurements to reliably differentiate between OLP and other lichenoid 

mimickers was limited as the number of MCs was found to be increased in 

both the conditions. 
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Abstract 

 

Mast cells derive from hematopoietic precursors, travel in the circulation 

as precursor cells and mature in all tissues under the influence of local 

micro-environmental factors resulting in different phenotypes. Mast cells 

are located perivascularly and are typically activated by allergens 

crosslinking specific immunoglobulin E (IgE) bound to high affinity 

surface Fc epsilon receptor 1 (FcεRI). Mast cells are also triggered by 

non-IgE stimuli including neuropeptides resulting in release of individual 

or numerous biologically active mediators that include biogenic amines, 

chemokines, cytokines, hormones, and neurotransmitters. Unique among 

the mast cells are those found in the brain, especially in the thalamus and 

hypothalamus, even though IgE does not cross the blood-brain barrier 
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(BBB) and the brain does not get allergic reactions. Brain mast cells act 

as the ‘immune gate to the brain” by controlling the permeability of the 

BBB, but also serve as a “master neuroimmune regulator” of 

homeostasis, cognition and behavior via direct communication with 

microglia and neurons. Brain mast cells can participate in 

neuroinflammation and in the pathogenesis of a number of 

neuropsychiatric disorders such as Alzheimer’s disease (AD), Autism 

spectrum disorder (ASD) and Long COVID syndrome. Inhibition of 

brain mast cell hyperreactivity is necessary in order to prevent or treat 

neuroinflammatory and neurodegenerative disorders and could be 

accomplished with liposomal formulations of certain natural flavonoids, 

especially luteolin. 

 

Keywords: Alzheimer’s disease, autism spectrum disorder, blood-brain 

barrier, behavior, cognition, corticotropin-releasing hormone, brain fog, 

corona virus, COVID-19, fatigue, hypothalamus, inflammation, mast 

cells, microglia 

 

 

Introduction: Nature of Mast Cells 

 

Mast cells [1-5] derive from hematopoietic precursors [6] travel in the 

circulation as precursor cells and proliferate in response to stem cell factor 

(SCF), the ligand of the tyrosine kinase receptor CD117 (C-KIT) [7]. Mast 

cells then mature in all tissues [8] under the influence of local micro-

environmental factors [9, 40] resulting in different phenotypes [10]. Mast cells 

are located perivascularly [11-13] and are typically activated by allergens 

crosslinking specific immunoglobulin E (IgE) bound to high affinity surface 

Fc epsilon receptor 1 (FcεRI) [14, 15]. Even though mature mast cells reside 

in the tissues, they probe the blood vessel lumen by extending philopodia 

through endothelial gaps and this way they capture IgE, and sense circulating 

antigens [16]. Unlike what was thought earlier, fetal mast cells can bind 

maternal circulating IgE and contribute to postnatal allergic responses [17]. 

Quite surprisingly, prenatal stressful events were reported to to increase cord 

blood IgE [18]. Mast cells are critical for mast cell-related diseases [8], 

especially allergies [19] and anaphylactic reactions [2, 4, 8, 20], but also 

inflammation [21, 2, 22, 23].  

Mast cells are also triggered by non-IgE stimuli [19, 24, 25] by additional 

ligands [26], including neuropeptides [27], such as corticotropin-releasing 

hormone (CRH) [28], neurotensin (NT) [29], substance P (SP) [30] and 
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somatostatin [31, 32] via high affinity receptors (Table 1), as well as by many 

cationic compounds through the low affinity G-coupled receptor MRGPRX2. 

33 Interestingly, allergic stimulation of mast cells leads to secretion of the SP-

related peptide Hemokinin-1, which augments IgE-mediated allergic 

responses by binding with low affinity to the SP receptor (NK1) on mast cells 

[34]. CRH augmented VEGF release from human mast cells stimulated by 

IgE/anti-IgE [35].  

 
 

Table 1. Brain mast cell receptors 
 

 
*Not in the brain unless there is inflammation. 

 

Table 1. Brain mast cell receptors. 

___________________________________________________________________________ 
 

Receptor     Ligand 

A2A, A2B, A3                  Adenosine 

ACTH-R     Adrenocorticotrophin 

ACE2      Angiotensin 2 

Beta2-Adrenoreceptor    Adrenaline 

Cannabinoid CB2 receptor   2-arachidonoyl-glycerol, amandamide  

C3a, C5a     Complement 

C-kit (CD117)     Stem cell factor 

CXCR1-4     Chemokines 

CD47      Integrins 

CD300      Eosiniphilic Ctioinic proteins 

CRHR-1, 2     CRH, urocortin 

Estrogen receptors A, B                 Estrogens 

ETA, B                   Endothelin-1 

FcalphaR (CD89)    IgA* 

FcepsilonR      IgE* 

FcgammaRI, RIIA, RIIB, RIII                IgG* 

GABA-A, B, C                  Benzodiazepines, gamma-aminobutyric 

NMDAR, AMPAR, and kainate receptors              Gluatamate 

Heparan sulfate                 Bacterial, viral antigens 

H1, H2, H3     Histamine 

IL-1R1      IL-1beta 

IL-4R      IL-4, IL-13 

IL-6R+IL6ST/GP130/IL6-beta                IL-6 

IL-10R1,2     IL-10 

IL-17R      IL-17 

IL-18Ralpha+IL-18Rbeta                IL-18 

LDL, VLDL     Apolipoprotein E 

Mel1a, Mel1b, MT1, MT2   Melatonin 

NGFR (CD271 or p75 neurotrophinR)               Nerve growth factor, brain-derived neurotrophic fac 

MHCI, II     Antigenic peptides 

MRGPRX2     Cationic peptides 

NK-1      Substance P, emokinin-1 
NT3      Neurotensin 

Opioid receptors                  Endorphins, encephalins 

PAR      Proteases 

Progesterone receptor    Progestins 

ST2       IL-33 

TGFBR1,2 and 3    TGFbeta 

TLR(1-9)     DAMPs, Pathogens 

VDR      Vitamin D 
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Mast cells are also triggered by pathogens including fungi [36], toxins 

[37], as well as viruses [38, 39] including SARS-CoV-2 [40, 41]. A recent 

publication using normal oral cavity mucosa reported no gene expression of 

the SARS-CoV-2 receptor, angiotensin converting enzyme 2 (ACE2) in mast 

cells [42]. ACE2 gene expression was recently shown to be induced by 

interferon [43], and mast cells can elicit strong pro-inflammatory and Type I 

interferon responses in response to viruses [44], implying an autocrine action 

on ACE2 expression.  

Upon stimulation, mast cells rapidly secrete via degranulation multiple 

mediators that include the preformed, granule-stored, heparin, histamine, 

tryptase and TNF [3]. Histamine has been the main mediators associated with 

mast cells [45, 46], but is also released from basophils [47]. Interestingly, mast 

cells can also generate a histamine-releasing peptide from albumin [48]. Mast 

cells also secrete newly synthesized prostaglandin D2 (PGD2) [49], cytokines 

(IL-5, IL-6, IL-31, IL-33 and TNF) and chemokines (CCL2, CCL5 and 

CXCL8) released 6-24 hours later [4, 5, 50]. Furthermore, mast cells 

synthesize and release platelet activating factor (PAF) [51], which has been 

implicated in the inflammation [52] and microthromboses [52, 53] 

characterizing COVID-19 infection. 

We were the first to show that mast cells can release specific mediators, 

such as serotonin [54], IL-6 [55] and VEGF [56] without degranulation, but 

via intragranular changes associated with release of mediators without 

histamine or tryptase [57]. In addition, we reported that IL-33 [58, 59, 60] can 

act as “alarmin” via mast cells and significantly increases the ability of SP to 

stimulate mast cells to release VEGF [30], IL-31 [61], TNF [62] and IL-1 

[63], as well as CCL2 and CCXL8 [64] and other newly synthesized mediators 

[60]. We also showed that IL-33 augments release of IL-31 from human mast 

cells stimulated either by SP or IgE/anti-IgE [61]. Histamine can stimulate 

macrophages to release IL-1 [65], which stimulates mast cells to release IL-6 

[55]. IL-6 [55, 66] is elevated in systemic mastocytosis and correlated with 

disease severity [67-69], but also in myalgic encephalomyelitis/chronic 

fatigue syndrome (ME/CFS) [70, 71] and in COVID-19 [72, 73]. In fact, IL-6 

promotes an increase in mast cell numbers [74].  

Mast cells can also secrete mitochondrial DNA (mtDNA) [75], which was 

recently reported to be increased in the serum of COVID-19 patients and 

correlated with disease severity [76]. Extracellular mtDNA serves as an 

alarmin and stimulates pro-inflammatory mediator secretion from immune 

cells [77, 78]. Moreover, mast cells synthesize and release platelet activating 
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factor (PAF), which has been implicated in the inflammation [52] and 

microthromboses [53] characterizing COVID-19. 

The mode and extent of mast cells responsiveness ultimately depends on 

an interplay of stimulatory and inhibitory signaling pathways. Mast cell 

responsiveness may be regulated not only by the neuroimmune stimuli, but 

also by their effects of the different receptors involved. For instance, mast cells 

express high affinity NK-1 receptors for SP [79, 80]. Moreover, we reported 

that SP [81] and NT [82] induce the expression of CRHR-1 in human mast 

cells. Secretion of mediators can occur utilizing different signaling [83-86] 

and secretory [83, 87] pathways. In addition, inhibition of mast cells varies 

considerably. For instance, even though disodium cromoglycate (cromolyn) 

inhibits histamine secretion from rat peritoneal mast cells [88], it does not 

inhibit mouse [89] or human [90, 91] mast cells.  

A few studies have implicated the mammalian target or rapamycin 

(mTOR) in the regulation of FcεRI-mediated responses [92-94], and we 

reported that it is involved in the stimulatory effect of SP on human mast cells 

[95]. Downregulation of the upstream mTOR inhibitory protein phosphatase 

and tensin homolog (PTEN) leads to increased mast cell activation [96] and a 

mastocytosis-like state [97]. Patients with systemic mastocytosis [8, 98] have 

increased mTOR gene expression in bone marrow mononuclear cells [92].  

As a result, mast cells have been implicated in both health and disease [19, 

99 86, 100], especially immunity [101, 102] and inflammation [22, 91, 103, 

104, 105, 192].  

 

 

Functions of Brain Mast Cells 

 

Mast cells are present in the brain [106, 107], especially the meninges 

[108, 109], thalamus and hypothalamus, especially the median eminence [108, 

110, 111] where they are located perivascularly in close proximity to neurons 

[112], positive for CRH [108]. Mast cells have been shown to make functional 

contacts with neurons [108, 113, 114]. We showed that during the first 11 days 

after birth, rat brain mast cells were exclusively concentrated within the pia 

mater surrounding the diencephalon, the choroid fissure and within the 

choroid plexus. Histochemically these cells contained only a few 

metachromatic granules. But from postnatal day 11 to 13, these cells migrated 

along blood vessels of the hippocampus into the dorsolateral and posterolateral 

thalamic nuclei. These cells contained more metachromatic granules similar 
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to those described for mature connective tissue mast cells [115], and they 

could be stimulated to release inflammatory mediators [116, 117]. 

Brain mast cells are the richest source of histamine [118], which is 

involved in neurodevelopment [119], an “alert signal” in the brain [120], has 

been associated with memory consolidation and retrieval [121-123], as well 

as arousal [124, 125] and motivation [126, 127]. 

Mast cells express receptors for (Table 1) and are affected by numerous 

hormones [27, 128]. Mast cells express sex hormone receptors [129] and have 

been implicated in sexual development [128, 130-134] and social behavior 

[135]. In addition, mast cells can synthesize hormones [136] and 

neuropeptides such as CRH and urocortin [137], as well as NT [138] which 

they can also degrade [139]. Mast cells in the pineal and the hypothalamus 

may also be involved in circadian rhythms [140-143]. 

We had called brain mast cells the “Immune Gate to the Brain” [106] and 

the “Immunoendocrine Master Player” [144]. We showed that restraint stress 

in rodents increased blood-brain barrier (BBB) permeability [110, 145-147] 

via CRH stimulating mast cells [145, 148, 149]. Mast cell-derived mediators, 

such as cytokines [150, 151], increased BBB permeability not only to small 

molecules [110, 145], but also to mammary adenocarcinoma brain metastases 

in mice [148]. This process could worsen with stress acting via CRH 

stimulation of mast cells [145, 148]. We showed that psychological stress 

stimulates mast cells via CRH [152] leading to increased dura vascular 

permeability, an effect that was absent in mast cell-deficient mice [153]. In 

fact, we showed that allergic stimulation of nasal mast cells stimulated the 

hypothalamic-pituitary-adrenal (HPA) axis [28, 154-156], possibly via release 

of histamine [157], IL-6 [158] and CRH [137].  

The BBB typically prevents entry into the brain of circulating toxic 

substance, but also immune cells. The BBB is not fully developed until the 

third trimester [159-161] and is more vulnerable to toxins and drugs [162]. 

Common drugs such as acetaminophen (paracetamol) can enter the fetal brain 

in higher amounts than the adult brain [163], and umbilical cord blood 

biomarkers indicative of acetaminophen exposure were reported to be 

significantly associated with risk of autism spectrum disorder (ASD) in 

childhood [164]. In fact, breakdown of the BBB has been reported in the 

developing brain following inflammation [165], and in children with ASD 

[110, 147]. 
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      (A)          (B) 

Figure 1. Light and electron micrographs of mast cells close to neurons in the 

median eminence of a rat. (A) Light micrograph stained with toluidine blue. Vertical 

image = a blood vessel; horizontal line = nerve ending. The blue oval cell is a mast 

cell. Magnification = 1x1,000. (B). Transmission electron microscope image of parts 

of two mast cells showing their secretory granules (g) in close contact with a nerve 

(N) terminus containg synaptic vesicles (arrowheads). Magnification = x200,000. 

Mast cells can communicate with neurons [166] both by direct contact 

[113, 167, 168] (Figure 1) and via nanotubules [169]. Mast cells also interact 

with microglia in the brain [170, 171] leading to their activation [170-173] and 

neuroinflammation [170] and degenerative diseases [174]. Microglia are 

specialized resident macrophages of the Central Nervous System (CNS) with 

important functions both in health and disease. They are especially implicated 

in neuroinflammatory [111, 175, 176, 177] and neurodegenerative [175, 178-

180] diseases. Microglia can be activated by numerous molecules including 

Pathogen-associated molecular patterns (PAMPs) and endogenous Damage-

associated patterns (DAMPs) acting on acting on Toll-like receptors (TLRs), 

but also in response to molecules released from mast cells, such as histamine 

[181, 182] and tryptase [183], thus contributing to neuroinflammation [172, 

184]. 

In fact, mast cell proteases can activate astrocytes and glia to release IL-

33 [185]. Microglia also express receptors for NT [186] and we reported that 

NT can activate human microglia to secrete pro-inflammatory molecules 

[187]. Microglia were also implicated in COVID-19 possibly via their 

expression of TLRs [188] and were recently implicated in COVID-19. 

Stabilization of mast cells was recently reported to inhibit LPS-induced 

neuroinflammation by inhibiting activation of microglia [189]. 
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Stress stimulates secretion of CRH from the hypothalamus leading to 

activation of the hypothalamic-pituitary-adrenal (HPA) axis [190], typically 

associated with anti-inflammatory effects via secretion of catecholamines and 

glucocorticoids from the adrenal glands. However, psychological stress can 

also have pro-inflammatory effects via stimulation of mast cells [152], 

especially by CRH [28] leading to increased vascular permeability [152]. This 

process also leads to disruption of the BBB [110, 147], via release of IL-6 

[158] and CRH [137], further exacerbating brain inflammation by permitting 

the entry into the brain of more viral particles, cytokines or other toxic 

substances. Microglia also express receptors for CRH and could be further 

activated by stress [191]. Psychological stress has been associated with 

increased levels of CRH in the serum of patients with either systemic or 

cutaneous mastocytosis, respectively [192, 193], as well as in patients with 

psoriasis and AD [194]. Stress is the most common trigger of mastocytosis 

[195] and mastcell activation syndrome (MCAS) [196, 197, 198]. Stress also 

contributes to pathological processes in various tissues [23, 199].  

There is also strong evidence of a cutaneous neuroendocrine system [200] 

that contributes to inflammatory diseases via CRH [28, 201, 202]. Both CRH 

and CRHR are expressed in human skin [203] where they contribute to the 

equivalent of a local “HPA axis” since different skin cells can produce CRH, 

ACTH and cortisone [200]. Stress increased vascular permeability in human 

[204] and rodent [205] skin.  

Moreover, mast cells are implicated in the gut-brain axis [146, 206-209] 

with altered mast cell-enteric glia interactions in IBS [210]. CRH also 

increased intestinal permeability in humans [211] via stimulation of mast cells 

by CRH. In fact, gut mast cells are now invoked in the pathogenesis of brain 

injury [212, 213] and as a therapeutic target for neurodegenerative diseases 

[208, 214]. 

Mast cells have been implicated in neuroinflammation [171, 215, 216], 

migraines headaches [217], pain [218, 219], peripheral neuropathy [220], 

psychosis [221], traumatic brain injury [222-224], subarachnoid hemorrhage 

[209], encephalitis [225, 226], surgery-induced neuroinflammation [227], 

neurodegenerative diseases [228], multiple sclerosis [229, 230-234], and 

possibly amyotrophic lateral sclerosis (ALS) [235-238]. 

A dysfunctional neuroimmune crosstalk may result in a state of chronic 

microglial activation leading to a disruption of neurogenesis and synaptic 

pruning [239]. Processes critical for brain development. Activation of mast 

cells [240, 241] and microglia [242] in the hypothalamus [243] could lead to 

cognitive dysfunction [244], commonly also seen in patients with MCAS [245, 
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246], Alzheimer’s disease (AD), Autism spectrum disorder (ASD) and Long-

COVID syndrome. Many of the symptoms experienced by such patients are 

quite similar (Table 2). 

 

Table 2. Symptoms related to mast cell mediators 

 

• Angioedema 
• Anxiety 
• Arrythmias 
• Brain fog 
• Confusion 
• Diarrhea 
• Difficulty multitasking 
• Dizziness 
• Dysautonomia  
• Fatigue 
• Flushing 
• Gastrointestinal complaints 
• Headache 
• Hives 
• Hypotension 
• Insomnia 
• Irritability 
• Lightheadedness (syncope) 
• Inability to find the right word 
• Memory loss 
• Myalgias 
• Palpitations 
• Psychosis 
• Shortness of breath 
• Skin rashes 
• Weakness 

 

 

Alzheimer’s Disease 

 

Alzheimer’s Disease (AD) is the most prevalent dementia estimated to reach 

about 4 million in the US by mid-century [247]. The disease is characterized 

by neuronal degeneration and death that leads to cognitive dysfunction 

characterized by memory loss, executive dysfunction, and difficulty with 

language, associated with agitation, behavioral disturbances and depression 

[248]. Brains of patients with AD contain amyloid  (A) plaques and 

neurofibrillary tangles (NFT), but the exact pathogenesis and progression are 

poorly understood with definitive diagnosis only being conclusive post-
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mortem. Worse yet, both A deposits and NFTs in healthy, cognitively normal 

elderly subjects [249, 250].  

Unfortunately, most drugs developed to date have targeted the 

accumulation and production of A, but they all eventually failed to show any 

significant benefit [251, 252] despite of effectively reducing A load. Instead, 

brain inflammation triggered at least in part by accumulation of A, has 

become the new area of investigation [253, 254] with activation of brain mast 

cells featuring prominently in disease pathogenesis [255]. Inflammation in the 

brains of patients with AD has been documented through increased levels of 

pro-inflammatory cytokines, specifically TNF- and IL-6 in AD patients 

compared to controls [256, 257]. The cytokine IL-1, which is responsible for 

stimulating astrogliosis, was found in 30 times as many glial cells, specifically 

microglia, in tissue sections of AD patients compared to controls [258]. 

Another study found microvessels of AD patients expressing higher levels of 

pro-inflammatory IL-1, IL-6 and TNF-, as well as microvessel-associated 

monocyte chemoattractant protein compared to non-AD controls [259]. Glial 

cells in the cortex of AD patients colocalized with A plaques [260]. 

Neuroinflammatory biomarkers also correlated to AD progression [261, 262]. 

However, aging has been linked to both an overall increase in immune 

responses in general [263] and in pro-inflammatory cytokines, including IL-

1, IL-6, CD68, CD11b and TLRs [264, 265], as well as a decrease in anti-

inflammatory cytokines such as IL-10 and IL-4 [266, 267]. Also of 

significance, aging has been linked to increased permeability of the BBB [268, 

256], which would allow for external factors including pro-inflammatory 

cytokines to enter the brain. It would be important to investigate the presence 

of such neuroinflammatory biomarkers also in patients with minimal cognitive 

impairment and in patient with mast cell diseases. 

In fact, one paper reported that the “mast cell stabilizer” disodium 

cromoglycate (cromolyn) could reduce AD-like symptoms in an amyloid -

protein mouse model of AD [269]. However, cromolyn had to be given 

parenterally as it does not cross the BBB. Cromolyn had originally been shown 

to inhibit rat peritoneal mast cell histamine release, [88] but has since been 

shown to not effectively inhibit either mouse [89] or human [90, 270] mast 

cells. 
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Autism Spectrum Disorder 

 

ASD a neurodevelopmental condition of variable severity, chiefly 

characterized by difficulties with social interaction and communication and by 

restricted or repetitive patterns [271-275] with a prevalence estimated to be 1 

in 54 children in the US in 2020 [276] and 1 in 44 in 2021 

(https://www.cdc.gov/media/releases/2021/p1202-autism.html.)  

The pathogenesis of ASD is still unknown [277], and most children with 

ASD have a number of comorbidities such as hyperactivity, gastrointestinal 

problems, allergies and seizures [278-280]. Hence, the development of 

effective treatments is extremely difficult [281, 282]. 

A number of risk factors during gestation, especially atopic conditions, 

autoimmune diseases and psychological stress have been associated with 

higher risk of ASD in the offspring [283-285]. Over the last few years, the 

emphasis has been on different aspects of immune dysfunction in ASD [286-

290]. For instance, maternal autoantibodies against brain epitopes have been 

reported in ASD [291], especially autoantibodies against proteins in the 

developing fetal brain [292-294]. In fact, the presence of allergies was 

associated with elevated serum levels of autoantibodies against brain antigens 

in children with ASD [295]. We proposed that focal inflammation in the 

amygdala may contribute to ASD [296] via activation of microglia [297-300]. 

This premise originated from the observation that children born to mothers 

with systemic mastocytosis [301], which is characterized by a greater number 

of hyperactive mast cells, had a higher risk of developing ASD than the 

general population [8]. 

It had been reported that maternal immune activation [302] and 

autoimmune diseases [303, 304], especially psoriasis, but also allergies and 

asthma, were associated with higher risk of ASD [305, 306]. Many 

epidemiological studies have since reported a strong association between 

atopic diseases and behavioral problems in general [307] and ASD in 

particular [308, 309]. Other epidemiological studies showed strong 

association between risk for developing ASD and allergies [308, 310-313], 

especially asthma [312, 314] and atopic dermatitis [315], but also food allergy 

[316] and food hypersensitivity [278, 317-321] that could lead to brain 

inflammation and cognitive impairment [322]. 

We showed that CRH [323] and NT [323, 324], as well as TNF and IL-6 

[325] are increased in the serum of children with ASD. We had also shown 

that acute restraint stress significantly increased serum IL-6 in mice that was 

dependent on mast cells [326]. Interestingly, the highest the release of IL-6 
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from mouse bone marrow-derived leukocytes the more likely the mice were 

to develop a phenotype susceptible to chronic stress [327]. Prenatal and early 

postnatal stress in humans was associated with elevated serum levels of IL-6 

[328]. A longitudinal study of mother’s serum measurements during gestation 

linked IL-6 to decreased executive function in their offspring [329]. We had 

shown that acute restraint stress significantly increased serum IL-6 in mice 

that was entirely dependent on mast cells [326]. Moreover, prenatal stress or 

exposure to IL-6 resulted in increased microglia ramification in mice, and it 

was prevented by IL-6 blockade [330]. It is interesting that IL-6 has also been 

reported to promote human mast cell numbers and reactivity [331]. 

We further showed that NT can stimulate cultured human embryonic 

microglia to release IL-1 [187], an effect also stimulated by extracellular 

macrovesicles containing mtDNA [332], which we had reported to be elevated 

in the serum of children with ASD [333]. Activation of microglia has been 

reported in ASD [298-300, 334] as documented by the release of the pro-

inflammatory mediators IL-1β and CXCL8 [187]. It was receently reported 

that elevated protein synthesis in miroglia resulted in autism-like synaptic and 

behavioral changes in mice [335]. We also investigated brain samples of 

deceased children with ASD and showed increased gene expression of IL-1 

and IL-18 [336], as well as of the pro-inflammatory microRNA-155 (miR-

155) [337] in the amygdala of children with ASD. We also recently also 

reported reduced expression of the anti-inflammatory cytokine IL-38 again 

only in the amygdala of children with ASD [338].  

The detrimental effects of stress, inflammation and autoimmunity were 

discussed recently [199], specially with respect to mast cells [152]. A number 

of reviews have discussed neurobiological aspects [339] and 

neuroinflammation in the context of ASD [340, 341, 341-343], especially 

focal inflammation in the amygdala that regulate emotions and fear [344] and 

its contribution to ASD [313, 345, 346]. 

There are no effective drugs for ASD except for antipsychotic medications 

that address some of the obsessive-compulsive symptoms of the syndrome. 

Two well-designed recent studies using sulforaphanes [347] orintranasal 

oxytocin [348] showed no significant benefit. Nevertheless, open-label pilot 

studies using a formulation containing the natural flavonoid luteolin (in olive 

pomace oil to increase oral absorption) significantly improved behavior in 

children with ASD [325, 325, 349]. In fact, luteolin could inhibit cultured 

human microglia [187] and mast cells [63, 91, 95]. 
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Long-COVID 

 

The Coronovirus [severe acute respiratory syndrome (SARS)-CoV-2] is 

associated with a high morbidity and mortality in adults, known as COVID-

19 [350]. Infection with SARS-CoV-2 is primarily due to the release of a storm 

of pro-inflammatory cytokines [351-359], especially IL-6 [72, 360-362] and 

IL-1β [73, 363]. A key source of such cytokines in COVID-19 [364] is the 

mast cells [19, 365] that could contribute to interstitial lung edema and 

immunothromboses [366] that may involve platelet activating factor (PAF) 

[52, 53, 367]. Infected patients who recover have increased levels of specific 

antibodies and activated T cells [352, 368], and dysfunctional immune system 

[353, 365]. 

COVID-19 has been associated with neurological [369-377], 

neurodegenerative [372, 378] and mental [379-389] disorders, including ASD 

[390]. Moreover, it is now recognized that as many as 50% of those infected 

with SARS-CoV-2 [391-393, 393-396] develop a post-acute syndrome known 

as “Long-COVID syndrome” [391-393] characterized by persistent fatigue 

apparently independent of the severity of the initial symptoms [397]. Long-

COVID is associated with neurologic disorders [379], neurodegenerative 

[372, 398, 399], psychiatric [380-385, 400] disorders, especially cognitive 

[379-389] problems, such as brain fog [392, 400-407]. The precise 

pathogenesis is not known, but a recent NIH study reported blood vessel 

damage and perivascular inflammation in brains of deceased patients with 

COVID-19 [408]. 

Interestingly, symptoms experienced by patients with Long-COVID 

syndrome are similar [409, 410] to those present in patients with MCAS, 

especially with respect to cognitive dysfunction [244-246]. Recent papers 

have also reported mast cell activation in the lungs of patients with COVID-

19 [366], and blood vessel damage and inflammation in the brains of COVID-

19 patients [411]. In fact, a recent paper reported a strong association across 

the globe with SARS-CoV-2 infection rates and levels of pollen known to be 

involved in upper respiratory system allergies, thus implicating mast cell 

activation [412]. 

Unfortunately, there are no clinically effective interventions for Long-

COVID syndrome [351, 413] or brain fog associated with MCAS [197]. It is 

also hard to decide whether it would be best to stimulate or suppress the 

immune system [414, 415], since antibody production and T cells appear to be 

protective, while pro-inflammatory cytokines are destructive [351, 416, 417]. 

A reasonable approach would be inhibition of mast cell-associated 
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neuroinflammation. In this context, the natural flavonoids luteolin and 

quercetin have been proposed as prophylaxis or treatment against COVID-19 

[365, 418-421]. In particular, a number of studies using in-silico approaches 

identified the flavonol quercetin and the structurally related flavone luteolin 

as potential strong blockers of RBD [422-424] broad anti-viral properties 

[425-427], inhibition of corona virus entry [39, 428, 429], inhibition of the 

serine protease required for spike protein processing [430, 431], inhibition of 

neuroinflammation [432] and reduction of cognitive decline [433]. Quercetin 

has been discussed in a few recent studies, 434, 435 including an open-label 

clinical study showing good tolerability and benefit [436]. More recently, 

luteolin was concluded to be the best potential blocker of SARS-CoV-2 entry 

[437], but can also prevent neuroinflammation [432, 438-440], is 

neuroprotective [439, 441-443] and reduces cognitive dysfunction [433, 444-

447], especially brain fog [405, 407, 448]. 

 

 

How to Regulate Mast Cells 

 

There has been considerable progress in defining drugs that block tyrosine 

kinases (TK) that are involved in mast cell proliferation [449]. However, 

inhibitors of the tyrosine kinase c-kit receptor that reduce mast cell 

proliferation [450], do not inhibit mast cell activation [451]. There are still no 

clinically effective mast cell inhibitors [105, 452]. Disodium cromoglycate 

(cromolyn), known as a “mast cellstabilizer,” had originally been shown to 

inhibit rat peritoneal mast cell histamine release [88]. However, cromolyn 

does not effectively inhibit either murine [89] or human mast cells [90, 91, 

270]. 

Inhibition of mast cell-related brain inflammation could be accomplished 

with natural molecules, especially the polyphenolic flavonoids [453-457], 

especially the structurally related luteolin and quercetin [454-456, 458, 459]. 

Luteolin better penetrates into the brain, inhibits both microglia [187, 460] and 

mast cells [91, 95] and has been reported to reduce neuroinflammation [438-

440] and cognitive dysfunction [444, 445], including AD in humans [254, 461] 

and in animal models [462]. Furthermore, luteolin improved AD [461, 463] 

and other disorders via different mechanisms [438]: these include inhibiting 

activation of microglia [187, 460], inhibiting fibrillary A-induced dementia. 

Quercetin also decreased neuroinflammation, including microglia activity, 

and could be of benefit in AD [464-466].  
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Luteolin also inhibits mast cells [91, 459, 467], and has anti-inflammatory 

properties [91, 459]. A novel luteolin analogue, tetramethoxyluteolin, is even 

more potent [91] and can also inhibit secretion of the pro-inflammatory 

cytokines TNF [62] and IL-1 [63, 95], as well as the chemokines CCL2 and 

CCL5 [64] from human mast cells. In fact, tetramethoxyluteolin has been 

proposed for the treatment of neurodegenerative diseases [468].  

Luteolin and related flavonoids are generally considered safe [349, 440, 

440, 469, 469, 470, 470-473]. In fact, a luteolin formulation in olive pomace 

oil (NeuroProtek®) improved behavior in children with ASD [325, 349], while 

another one (BrainGain®) reduced brain fog [445].  

Luteolin and quercetin are difficult to absorb after oral administration, but 

their pharmacokinetics are greatly improved in liposomal preparations using 

olive pomace oil. These liposomal formulations not only improve oral 

absorption and bioavailability, but also provide the additional neuroprotective 

[474-476, 479, 480, 481, 482] and anti-inflammatory [477, 478] actions of 

olive pomace oil polyphenols, as well as the increase in memory provided by 

the olive hydroxytyrosol [479, 483] present in BrainGain®. However, one 

should be aware of numerous other dietary supplements stating to contain 

luteolin with misleading names (e.g., “luteolin complex”) and wide variations 

in the source, content and purity [484]. 

 

 

Conclusion 

 

Brain mast cells have been underappreciated because their pathophysiological 

function in the brain remains elusive. As a result, their study has not been of 

interest to funding agencies. However, the increased awareness that mast cells 

are plentiful in the basal ganglia and can release mediators selectively in 

response to neurohormonal triggers such as CRH and pathogens positions 

brain mast cells “master neuroimmunomodulators” with potentially critical 

involvement in the pathogenesis of neuroinflammatory and neurodegenerative 

diseases. It is therefore important to find ways of delivering mast cell 

regulatory molecules, such as methoxyluteolin, directly to the brain. 

 

 

 

 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Theoharis C. Theoharides 88 

Declaration 

 

Theoharis C. Theoharides is the Scientific Director of and shareholder in 

Algonot, LLC (Sarasota, FL), which develops and markets flavonoid-

containing dietary supplements. He is also the recipient of US Patent No. 

8,268,365, “Anti-inflammatory compositions for treating brain 

inflammation.” 

 

 

References 

 

[1] Csaba G. Mast cell, the peculiar member of the immune system: A 

homeostatic aspect. Acta Microbiol Immunol Hung 2015; 62(3):207-231. 

[2] Theoharides TC, Kalogeromitros D. The critical role of mast cells in 

allergy and inflammation. Ann N Y Acad Sci 2006; 1088:78-99. 

[3] Wernersson S, Pejler G. Mast cell secretory granules: armed for battle. Nat 

Rev Immunol 2014; 14(7):478-494. 

[4] Castells M. Mast cell mediators in allergic inflammation and mastocytosis. 

Immunol Allergy Clin North Am 2006; 26(3):465-485. 

[5] Mukai K, Tsai M, Saito H, Galli SJ. Mast cells as sources of cytokines, 

chemokines, and growth factors. Immunol Rev 2018; 282(1):121-150. 

[6] Chen CC, Grimbaldeston MA, Tsai M, Weissman IL, Galli SJ. 

Identification of mast cell progenitors in adult mice. Proc Natl Acad Sci 

USA 2005; 102(32):11408-11413. 

[7] Gurish MF, Austen KF. Developmental origin and functional 

specialization of mast cell subsets 1. Immunity 2012; 37(1):25-33. 

[8] Theoharides TC, Valent P, Akin C. Mast Cells, Mastocytosis, and Related 

Disorders. N Engl J Med 2015; 373(2):163-172. 

[9] Galli SJ, Borregaard N, Wynn TA. Phenotypic and functional plasticity of 

cells of innate immunity: macrophages, mast cells and neutrophils. Nat 

Immunol 2011; 12(11):1035-1044. 

[10] Theoharides TC. Skin Mast Cells: Are We Missing the Forest for the 

Trees? Exp Dermatol 2016; 25(6):422-423. 

[11] Rodewald HR, Dessing M, Dvorak AM, Galli SJ. Identification of a 

committed precursor for the mast cell lineage. Science 1996; 271:818-822. 

[12] Kitamura Y, Ito A. Mast cell-committed progenitors. Proc Natl Acad Sci 

USA 2005; 102(32):11129-11130. 

[13] Schmetzer O, Valentin P, Church MK, Maurer M, Siebenhaar F. Murine 

and human mast cell progenitors. Eur J Pharmacol 2016; 778:2-10. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Brain Mast Cells, Neuroinflammation and Cognition 89 

[14] Rivera J, Fierro NA, Olivera A, Suzuki R. New insights on mast cell 

activation via the high affinity receptor for IgE. Adv Immunol 2008; 98:85-

120. 

[15] Rivera J, Gilfillan AM. Molecular regulation of mast cell activation. J 

Allergy Clin Immunol 2006; 117(6):1214-1225. 

[16] Cheng LE, Hartmann K, Roers A, Krummel MF, Locksley RM. 

Perivascular mast cells dynamically probe cutaneous blood vessels to 

capture immunoglobulin E. Immunity 2013; 38(1):166-175. 

[17] Msallam R, Balla J, Rathore APS et al. Fetal mast cells mediate postnatal 

allergic responses dependent on maternal IgE. Science 2020; 

370(6519):941-950. 

[18] Peters JL, Cohen S, Staudenmayer J, Hosen J, Platts-Mills TA, Wright RJ. 

Prenatal negative life events increases cord blood IgE: interactions with 

dust mite allergen and maternal atopy. Allergy 2012; 67(4):545-551. 

[19] Olivera A, Beaven MA, Metcalfe DD. Mast cells signal their importance 

in health and disease. J Allergy Clin Immunol 2018; 142(2):381-393. 

[20] Bachelet I, Levi-Schaffer F, Mekori YA. Mast cells: not only in allergy. 

Immunol Allergy Clin North Am 2006; 26(3):407-425. 

[21] Galli SJ, Tsai M, Piliponsky AM. The development of allergic 

inflammation. Nature 2008; 454(7203):445-454. 

[22] Theoharides TC, Alysandratos KD, Angelidou A et al. Mast cells and 

inflammation. Biochim Biophys Acta 2012; 1822(1):21-33. 

[23] Theoharides TC, Cochrane DE. Critical role of mast cells in inflammatory 

diseases and the effect of acute stress. J Neuroimmunol 2004; 146(1-2):1-

12. 

[24] Theoharides TC. Danger Signals and Inflammation. Clin Ther 2016; 

38(5):996-999. 

[25] Redegeld FA, Yu Y, Kumari S, Charles N, Blank U. Non-IgE mediated 

mast cell activation. Immunol Rev 2018; 282(1):87-113. 

[26] Migalovich-Sheikhet H, Friedman S, Mankuta D, Levi-Schaffer F. Novel 

identified receptors on mast cells. Front Immunol 2012; 3:238. 

[27] Theoharides TC. Neuroendocrinology of mast cells: Challenges and 

controversies. Exp Dermatol 2017; 26(9):751-759. 

[28] Theoharides TC, Donelan JM, Papadopoulou N, Cao J, Kempuraj D, Conti 

P. Mast cells as targets of corticotropin-releasing factor and related 

peptides. Trends Pharmacol Sci 2004; 25(11):563-568. 

[29] Donelan J, Boucher W, Papadopoulou N, Lytinas M, Papaliodis D, 

Theoharides TC. Corticotropin-releasing hormone induces skin vascular 

permeability through a neurotensin-dependent process. Proc Natl Acad Sci 

USA 2006; 103:7759-7764. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Theoharis C. Theoharides 90 

[30] Theoharides TC, Zhang B, Kempuraj D et al. IL-33 augments substance P-

induced VEGF secretion from human mast cells and is increased in 

psoriatic skin. Proc Natl Acad Sci USA 2010; 107(9):4448-4453. 

[31] Theoharides TC, Douglas WW. Somatostatin induces histamine secretion 

from rat peritoneal mast cells. Endocrinology 1978; 102(5):1637-1640. 

[32] Theoharides TC, Douglas WW. Mast cell histamine secretion in response 

to somatostatin analogues: structural considerations. Eur J Pharmacol 

1981;73(2-3):131-136 

[33] McNeil BD, Pundir P, Meeker S et al. Identification of a mast-cell-specific 

receptor crucial for pseudo-allergic drug reactions. Nature 2015; 

519(7542):237-241. 

[34] Sumpter TL, Ho CH, Pleet AR et al. Autocrine hemokinin-1 functions as 

an endogenous adjuvant for IgE-mediated mast cell inflammatory 

responses. J Allergy Clin Immunol 2015; 135(4):1019-1030. 

[35] Gietzen K, Penka L, Eisenburger R. Imidazole fungicides provoke 

histamine release from mast cells and induce airway contraction. Exp 

Toxicol Pathol 1996; 48:529-531. 

[36] Saluja R, Metz M, Maurer M. Role and relevance of mast cells in fungal 

infections. Front Immunol 2012; 3:146. 

[37] Ratnaseelan AM, Tsilioni I, Theoharides TC. Effects of Mycotoxins on 

Neuropsychiatric Symptoms and Immune Processes. Clin Ther 2018; 

40(6):903-917. 

[38] Abraham SN, St John AL. Mast cell-orchestrated immunity to pathogens. 

Nat Rev Immunol 2010; 10(6):440-452. 

[39] Marshall JS, Portales-Cervantes L, Leong E. Mast Cell Responses to 

Viruses and Pathogen Products. Int J Mol Sci 2019; 20(17):4241. 

[40] Theoharides TC. Potential Association of Mast Cells with COVID-19. Ann 

Allergy Asthma Immunol 2020; 126(3):217-218. 

[41] Motta Junior JDS, Miggiolaro AFRD, Nagashima S et al. Mast Cells in 

Alveolar Septa of COVID-19 Patients: A Pathogenic Pathway That May 

Link Interstitial Edema to Immunothrombosis. Front Immunol 2020; 

11:574862. 

[42] Xu H, Zhong L, Deng J et al. High expression of ACE2 receptor of 2019-

nCoV on the epithelial cells of oral mucosa. Int J Oral Sci 2020; 12(1):8. 

[43] Ziegler CGK, Allon SJ, Nyquist SK et al. SARS-CoV-2 Receptor ACE2 Is 

an Interferon-Stimulated Gene in Human Airway Epithelial Cells and Is 

Detected in Specific Cell Subsets across Tissues. Cell 2020; 181(5):1016-

1035. 

[44] Dietrich N, Rohde M, Geffers R et al. Mast cells elicit proinflammatory 

but not type I interferon responses upon activation of TLRs by bacteria. 

Proc Natl Acad Sci USA 2010; 107(19):8748-8753. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Brain Mast Cells, Neuroinflammation and Cognition 91 

[45] Csaba G. Regulation of mast cell formation. Studia Biolog Acad Scient 

Hung 1972; 11:7-148. 

[46] Uvnas B. Histamine storage and release. Fed Proc 1974; 33:2172-2176. 

[47] Borriello F, Iannone R, Marone G. Histamine Release from Mast Cells and 

Basophils. Handb Exp Pharmacol 2017; 241:121-139. 

[48] Cochrane DE, Carraway RE, Feldberg RS, Boucher W, Gelfand JM. 

Stimulated rat mast cells generate histamine-releasing peptide from 

albumin. Peptides 1993; 14:117-123. 

[49] Boyce JA. Mast cells and eicosanoid mediators: a system of reciprocal 

paracrine and autocrine regulation. Immunol Rev 2007; 217:168-185. 

[50] Varvara G, Tettamanti L, Gallenga CE et al. Stimulated mast cells release 

inflammatory cytokines: potential suppression and therapeutical aspects. J 

Biol Regul Homeost Agents 2018; 32(6):1355-1360. 

[51] Alevizos M, Karagkouni A, Vasiadi M et al. Rupatadine inhibits 

inflammatory mediator release from human LAD2 cultured mast cells 

stimulated by PAF. Ann Allergy Asthma Immunol 2013; 111(6):524-527. 

[52] Demopoulos C, Antonopoulou S, Theoharides TC. COVID-19, 

microthromboses, inflammation, and platelet activating factor. Biofactors 

2020; 46(6):927-933. 

[53] Theoharides TC, Antonopoulou S, Demopoulos CA. Coronavirus 2019, 

Microthromboses, and Platelet Activating Factor. Clin Ther 2020; 

42(10):1850-1852. 

[54] Theoharides TC, Bondy PK, Tsakalos ND, Askenase PW. Differential 

release of serotonin and histamine from mast cells. Nature 1982; 297:229-

231. 

[55] Kandere-Grzybowska K, Letourneau R, Kempuraj D et al. IL-1 induces 

vesicular secretion of IL-6 without degranulation from human mast cells. 

J Immunol 2003; 171(9):4830-4836. 

[56] Cao J, Papadopoulou N, Kempuraj D et al. Human mast cells express 

corticotropin-releasing hormone (CRH) receptors and CRH leads to 

selective secretion of vascular endothelial growth factor. J Immunol 2005; 

174(12):7665-7675. 

[57] Theoharides TC, Kempuraj D, Tagen M, Conti P, Kalogeromitros D. 

Differential release of mast cell mediators and the pathogenesis of 

inflammation. Immunol Rev 2007; 217:65-78. 

[58] Enoksson M, Lyberg K, Moller-Westerberg C, Fallon PG, Nilsson G, 

Lunderius-Andersson C. Mast cells as sensors of cell injury through IL-33 

recognition. J Immunol 2011; 186(4):2523-2528. 

[59] Saluja R, Khan M, Church MK, Maurer M. The role of IL-33 and mast 

cells in allergy and inflammation. Clin Transl Allergy 2015; 5:33. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Theoharis C. Theoharides 92 

[60] Theoharides TC, Leeman SE. Effect of IL-33 on de novo synthesized 

mediators from human mast cells. J Allergy Clin Immunol 2019; 143:451. 

[61] Petra AI, Tsilioni I, Taracanova A, Katsarou-Katsari A, Theoharides TC. 

Interleukin 33 and interleukin 4 regulate interleukin 31 gene expression 

and secretion from human laboratory of allergic diseases 2 mast cells 

stimulated by substance P and/or immunoglobulin E. Allergy Asthma Proc 

2018; 39(2):153-160. 

[62] Taracanova A, Alevizos M, Karagkouni A et al. SP and IL-33 together 

markedly enhance TNF synthesis and secretion from human mast cells 

mediated by the interaction of their receptors. Proc Natl Acad Sci USA 

2017; 114(20):E4002-E4009. 

[63] Taracanova A, Tsilioni I, Conti P, Norwitz ER, Leeman SE, Theoharides 

TC. Substance P and IL-33 administered together stimulate a marked 

secretion of IL-1beta from human mast cells, inhibited by methoxyluteolin. 

Proc Natl Acad Sci USA 2018; 115(40):E9381-E9390. 

[64] Bawazeer MA, Theoharides TC. IL-33 stimulates human mast cell release 

of CCL5 and CCL2 via MAPK and NF-kappaB, inhibited by 

methoxyluteolin. Eur J Pharmacol 2019; 865:172760. 

[65] Conti P, Caraffa A, Tete G et al. Mast cells activated by SARS-CoV-2 

release histamine which increases IL-1 levels causing cytokine storm and 

inflammatory reaction in COVID-19. J Biol Regul Homeost Agents 2020; 

34(5):1629-1632. 

[66] Gagari E, Tsai M, Lantz CS, Fox LG, Galli SJ. Differential release of mast 

cell interleukin-6 via c-kit. Blood 1997; 89:2654-2663. 

[67] Theoharides TC, Boucher W, Spear K. Serum interleukin-6 reflects disease 

severity and osteoporosis in mastocytosis patients. Int Arch Allergy 

Immunol 2002; 128:344-350. 

[68] Brockow K, Akin C, Huber M, Metcalfe DD. IL-6 levels predict disease 

variant and extent of organ involvement in patients with mastocytosis. Clin 

Immunol 2005; 115(2):216-223. 

[69] Mayado A, Teodosio C, Garcia-Montero AC et al. Increased IL6 plasma 

levels in indolent systemic mastocytosis patients are associated with high 

risk of disease progression. Leukemia 2015; 30(1):124-130. 

[70] Fletcher MA, Zeng XR, Barnes Z, Levis S, Klimas NG. Plasma cytokines 

in women with chronic fatigue syndrome. J Transl Med 2009; 7:96. 

[71] Milrad SF, Hall DL, Jutagir DR et al. Depression, evening salivary cortisol 

and inflammation in chronic fatigue syndrome: A 

psychoneuroendocrinological structural regression model. Int J 

Psychophysiol 2018; 131:124-130. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Brain Mast Cells, Neuroinflammation and Cognition 93 

[72] Herold T, Jurinovic V, Arnreich C et al. Elevated levels of IL-6 and CRP 

predict the need for mechanical ventilation in COVID-19. J Allergy Clin 

Immunol 2020; 146(1):128-136. 

[73] Copaescu A, Smibert O, Gibson A, Phillips EJ, Trubiano JA. The role of 

IL-6 and other mediators in the cytokine storm associated with SARS-

CoV-2 infection. J Allergy Clin Immunol 2020; 146(3):518-534. 

[74] Kaur D, Gomez E, Doe C et al. IL-33 drives airway hyper-responsiveness 

through IL-13-mediated mast cell: airway smooth muscle crosstalk. 

Allergy 2015; 70(5):556-567. 

[75] Zhang B, Asadi S, Weng Z, Sismanopoulos N, Theoharides TC. Stimulated 

human mast cells secrete mitochondrial components that have autocrine 

and paracrine inflammatory actions. PloS One 2012; 7(12):e49767. 

[76] Scozzi D, Cano M, Ma L et al. Circulating Mitochondrial DNA is an Early 

Indicator of Severe Illness and Mortality from COVID-19. bioRxiv 2020. 

[77] Collins LV, Hajizadeh S, Holme E, Jonsson IM, Tarkowski A. 

Endogenously oxidized mitochondrial DNA induces in vivo and in vitro 

inflammatory responses. J Leukoc Biol 2004; 75(6):995-1000. 

[78] Sun S, Sursal T, Adibnia Y et al. Mitochondrial DAMPs increase 

endothelial permeability through neutrophil dependent and independent 

pathways. PloS One 2013; 8(3):e59989. 

[79] Taracanova A, Alevizos M, Karagkouni A et al. SP and IL-33 together 

markedly enhance TNF synthesis and secretion from human mast cells 

mediated by their receptor cross-activation. Proc Natl Acad Sci USA 2017; 

114:E4002-E4009. 

[80] Okada T, Hirayama Y, Kishi S, Miyayasu K, Hiroi J, Fujii T. Functional 

neurokinin NK-1 receptor expression in rat peritoneal mast cells. Inflamm 

Res 1999; 48:274-279. 

[81] Asadi S, Alysandratos KD, Angelidou A et al. Substance P (SP) induces 

expression of functional corticotropin-releasing hormone receptor-1 

(CRHR-1) in human mast cells. J Invest Dermatol 2012; 132(2):324-329. 

[82] Alysandratos KD, Asadi S, Angelidou A et al. Neurotensin and CRH 

interactions augment human mast cell activation. PloS One 2012; 

7(11):e48934. 

[83] Xu H, Bin NR, Sugita S. Diverse exocytic pathways for mast cell 

mediators. Biochem Soc Trans 2018; 46(2):235-247. 

[84] Gilfillan AM, Tkaczyk C. Integrated signalling pathways for mast-cell 

activation. Nat Rev Immunol 2006; 6(3):218-230. 

[85] Gaudenzio N, Sibilano R, Marichal T et al. Different activation signals 

induce distinct mast cell degranulation strategies. J Clin Invest 2016; 

126(10):3981-3998. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Theoharis C. Theoharides 94 

[86] Sibilano R, Frossi B, Pucillo CE. Mast cell activation: a complex interplay 

of positive and negative signaling pathways. Eur J Immunol 2014; 

44(9):2558-2566. 

[87] Crivellato E, Nico B, Gallo VP, Ribatti D. Cell secretion mediated by 

granule-associated vesicle transport: a glimpse at evolution. Anat Rec 

(Hoboken) 2010; 293(7):1115-1124. 

[88] Theoharides TC, Sieghart W, Greengard P, Douglas WW. Antiallergic 

drug cromolyn may inhibit histamine secretion by regulating 

phosphorylation of a mast cell protein. Science 1980; 207(4426):80-82. 

[89] Oka T, Kalesnikoff J, Starkl P, Tsai M, Galli SJ. Evidence questioning 

cromolyn’s effectiveness and selectivity as a ‘mast cell stabilizer’ in mice. 

Lab Invest 2012; 92(10):1472-1482. 

[90] Weng Z, Zhang B, Asadi S et al. Quercetin is more effective than cromolyn 

in blocking human mast cell cytokine release and inhibits contact 

dermatitis and photosensitivity in humans. PloS One 2012; 7(3):e33805-k. 

[91] Weng Z, Patel AB, Panagiotidou S, Theoharides TC. The novel flavone 

tetramethoxyluteolin is a potent inhibitor of human mast cells. J Allergy 

Clin Immunol 2015; 135(4):1044-1052. 

[92] Smrz D, Kim MS, Zhang S et al. mTORC1 and mTORC2 differentially 

regulate homeostasis of neoplastic and non-neoplastic human mast cells. 

Blood 2011; 118(26):6803-6813. 

[93] Dibble CC, Cantley LC. Regulation of mTORC1 by PI3K signaling. 

Trends Cell Biol 2015; 25(9):545-555. 

[94] Kim MS, Radinger M, Gilfillan AM. The multiple roles of 

phosphoinositide 3-kinase in mast cell biology. Trends Immunol 2008; 

29(10):493-501. 

[95] Patel AB, Theoharides TC. Methoxyluteolin Inhibits Neuropeptide-

stimulated Proinflammatory Mediator Release via mTOR Activation from 

Human Mast Cells. J Pharmacol Exp Ther 2017; 361(3):462-471. 

[96] Furumoto Y, Brooks S, Olivera A et al. Cutting Edge: Lentiviral short 

hairpin RNA silencing of PTEN in human mast cells reveals constitutive 

signals that promote cytokine secretion and cell survival. J Immunol 2006; 

176(9):5167-5171. 

[97] Furumoto Y, Charles N, Olivera A et al. PTEN deficiency in mast cells 

causes a mastocytosis-like proliferative disease that heightens allergic 

responses and vascular permeability. Blood 2011; 118(20):5466-5475. 

[98] Metcalfe DD, Akin C. Mastocytosis: molecular mechanisms and clinical 

disease heterogeneity. Leuk Res 2001; 25:577-82. 

[99] Siebenhaar F, Redegeld FA, Bischoff SC, Gibbs BF, Maurer M. Mast Cells 

as Drivers of Disease and Therapeutic Targets. Trends Immunol 2018; 

39(2):151-162. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Brain Mast Cells, Neuroinflammation and Cognition 95 

[100] Gallenga CE, Pandolfi F, Caraffa A et al. Interleukin-1 family cytokines 

and mast cells: activation and inhibition. J Biol Regul Homeost Agents 

2019; 33(1):1-6. 

[101] Marone G, Galli SJ, Kitamura Y. Probing the roles of mast cells and 

basophils in natural and acquired immunity, physiology and disease. 

Trends Immunol 2002; 23:425-427. 

[102] Galli SJ, Grimbaldeston M, Tsai M. Immunomodulatory mast cells: 

negative, as well as positive, regulators of immunity. Nat Rev Immunol 

2008; 8(6):478-486. 

[103] Hakim-Rad K, Metz M, Maurer M. Mast cells: makers and breakers of 

allergic inflammation. Curr Opin Allergy Clin Immunol 2009; 9(5):427-

430. 

[104] Olivera A, Beaven MA, Metcalfe DD. Mast cells signal their importance 

in health and disease. J Allergy Clin Immunol 2018; 142(2):381-393. 

[105] Theoharides TC, Alysandratos KD, Angelidou A et al. Mast cells and 

inflammation. Biochim Biophys Acta 2012; 1822(1):21-33. 

[106] Theoharides TC. Mast cells: the immune gate to the brain. Life Sci 1990; 

46:607-617. 

[107] Traina G. Mast cells in the brain - Old cells, new target. J Integr Neurosci 

2017; 16(s1):S69-S83. 

[108] Rozniecki JJ, Dimitriadou V, Lambracht-Hall M, Pang X, Theoharides TC. 

Morphological and functional demonstration of rat dura mast cell-neuron 

interactions in vitro and in vivo. Brain Res 1999; 849:1-15. 

[109] Polyzoidis S, Koletsa T, Panagiotidou S, Ashkan K, Theoharides TC. Mast 

cells in meningiomas and brain inflammation. J Neuroinflammation 2015; 

12(1):170. 

[110] Theoharides TC, Konstantinidou A. Corticotropin-releasing hormone and 

the blood-brain-barrier. Front Biosci 2007; 12:1615-1628. 

[111] Colonna M, Butovsky O. Microglia Function in the Central Nervous 

System during Health and Neurodegeneration. Annu Rev Immunol 2017; 

35:441-468. 

[112] Paus R, Theoharides TC, Arck PC. Neuroimmunoendocrine circuitry of 

the ‘brain-skin connection.’ Trends Immunol 2006; 27(1):32-39. 

[113] Dimitriadou V, Rouleau A, Trung Tuong MD et al. Functional 

relationships between sensory nerve fibers and mast cells of dura mater in 

normal and inflammatory conditions. Neuroscience 1997; 77:829-839. 

[114] Bhuiyan P, Wang YW, Sha HH, Dong HQ, Qian YN. Neuroimmune 

connections between corticotropin-releasing hormone and mast cells: 

novel strategies for the treatment of neurodegenerative diseases. Neural 

Regen Res 2021; 16(11):2184-2197. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Theoharis C. Theoharides 96 

[115] Lambracht-Hall M, Dimitriadou V, Theoharides TC. Migration of mast 

cells in the developing rat brain. Dev Brain Res 1990; 56:151-159. 

[116] Lambracht-Hall M, Konstantinidou AD, Theoharides TC. Serotonin 

release from rat brain mast cells in vitro. Neuroscience. 1990; 39(1):199-

207. 

[117] Marathias K, Lambracht-Hall M, Savala J, Theoharides TC. Endogenous 

regulation of rat brain mast cell serotonin release. Int Arch Allergy Appl 

Immunol 1991; 95(4): 332-340. 

[118] Panula P. Histamine receptors, agonists, and antagonists in health and 

disease. Handb Clin Neurol 2021; 180:377-387. 

[119] Carthy E, Ellender T. Histamine, Neuroinflammation and 

Neurodevelopment: A Review. Front Neurosci 2021; 15:680214. 

[120] Mochizuki T. Histamine as an Alert Signal in the Brain. Curr Top Behav 

Neurosci 2021. 

[121] Provensi G, Costa A, Izquierdo I, Blandina P, Passani MB. Brain histamine 

modulates recognition memory: possible implications in major cognitive 

disorders. Br J Pharmacol 2020; 177(3):539-556. 

[122] Passani MB, Benetti F, Blandina P, Furini CRG, de Carvalho MJ, 

Izquierdo I. Histamine regulates memory consolidation. Neurobiol Learn 

Mem 2017; 145:1-6. 

[123] Burgess CR. Histamine and orexin in the control of arousal, locomotion, 

and motivation. J Neurosci 2010; 30(8):2810-2811. 

[124] Sadek B, Saad A, Sadeq A, Jalal F, Stark H. Histamine H3 receptor as a 

potential target for cognitive symptoms in neuropsychiatric diseases. 

Behav Brain Res 2016; 312:415-430. 

[125] Schlicker E, Kathmann M. Role of the Histamine H3 Receptor in the 

Central Nervous System. Handb Exp Pharmacol 2017; 241:277-299. 

[126] Torrealba F, Riveros ME, Contreras M, Valdes JL. Histamine and 

motivation. Front Syst Neurosci 2012; 6:51. 

[127] Nomura H, Shimizume R, Ikegaya Y. Histamine: A Key Neuromodulator 

of Memory Consolidation and Retrieval. Curr Top Behav Neurosci 2021. 

[128] Theoharides TC, Stewart JM. Genitourinary mast cells and survival. Transl 

Androl Urol 2015; 4(5):579-586. 

[129] Pang X, Cotreau-Bibbo MM, Sant GR, Theoharides TC. Bladder mast cell 

expression of high affinity oestrogen receptors in patients with interstitial 

cystitis. Br J Urol 1995; 75(2): 154-161. 

[130] Silver R, Ramos CL, Silverman AJ. Sexual behavior triggers the 

appearance of non-neuronal cells containing gonadotropin-releasing 

hormone-like immunoreactivity. J Neuroendocrinol 1991; 4:1-3. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Brain Mast Cells, Neuroinflammation and Cognition 97 

[131] Silver R, Silverman A-J, Vitkovic L, Lederhendler II. Mast cells in the 

brain: evidence and functional significance. Trends Neurosci 1996; 19:25-

31. 

[132] Mackey E, Thelen KM, Bali V et al. Perinatal androgens organize sex 

differences in mast cells and attenuate anaphylaxis severity into adulthood. 

Proc Natl Acad Sci USA 2020; 117(38):23751-23761. 

[133] Joshi A, Page CE, Damante M et al. Sex differences in the effects of early 

life stress exposure on mast cells in the developing rat brain. Horm Behav 

2019; 113:76-84. 

[134] Lenz KM, Pickett LA, Wright CL, Davis KT, Joshi A, McCarthy MM. 

Mast Cells in the Developing Brain Determine Adult Sexual Behavior. J 

Neurosci 2018; 38(37):8044-8059. 

[135] Tanioka D, Chikahisa S, Shimizu N et al. Intracranial mast cells contribute 

to the control of social behavior in male mice. Behav Brain Res 2021; 

403:113143. 

[136] Csaba G, Kovacs P. Hormones in the nucleus of mast cells: confocal 

microscopic immunocytochemical observations. Horm Metab Res 2009; 

41(8):621-625. 

[137] Kempuraj D, Papadopoulou NG, Lytinas M et al. Corticotropin-releasing 

hormone and its structurally related urocortin are synthesized and secreted 

by human mast cells. Endocrinology 2004; 145:43-48. 

[138] Grounds MD, Radley HG, Gebski BL, Bogoyevitch MA, Shavlakadze T. 

Implications of cross-talk between tumour necrosis factor and insulin-like 

growth factor-1 signalling in skeletal muscle. Clin Exp Pharmacol Physiol 

2008; 35(7):846-851. 

[139] Cochrane DE, Carraway RE, Boucher W, Feldberg RS. Rapid degradation 

of neutotensin by stimulated rat mast cells. Peptides 1991; 12:1187-1194. 

[140] Baumann A, Gonnenwein S, Bischoff SC et al. The circadian clock is 

functional in eosinophils and mast cells. Immunology 2013; 140(4):465-

474. 

[141] Wang X, Reece SP, Van Scott MR, Brown JM. A circadian clock in murine 

bone marrow-derived mast cells modulates IgE-dependent activation in 

vitro. Brain Behav Immun 2011; 25(1):127-134. 

[142] Christ P, Sowa AS, Froy O, Lorentz A. The Circadian Clock Drives Mast 

Cell Functions in Allergic Reactions. Front Immunol 2018; 9:1526. 

[143] Pham L, Baiocchi L, Kennedy L et al. The interplay between mast cells, 

pineal gland, and circadian rhythm: Links between histamine, melatonin, 

and inflammatory mediators. J Pineal Res 2021; 70(2):e12699. 

[144] Theoharides TC. Mast cell: a neuroimmunoendocrine master player. Int J 

Tissue React 1996; 18(1):1-21. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Theoharis C. Theoharides 98 

[145] Esposito P, Chandler N, Kandere-Grzybowska K et al. Corticotropin-

releasing hormone (CRH) and brain mast cells regulate blood-brain-barrier 

permeability induced by acute stress. J Pharmacol Exp Ther 2002; 

303:1061-1066. 

[146] Theoharides TC, Doyle R. Autism, gut-blood-brain barrier and mast cells. 

J Clin Psychopharm 2008; 28(5):479-483. 

[147] Fiorentino M, Sapone A, Senger S et al. Blood-brain barrier and intestinal 

epithelial barrier alterations in autism spectrum disorders. Mol Autism 

2016; 7:49. 

[148] Rozniecki JJ, Sahagian GG, Kempuraj D et al. Brain metastases of mouse 

mammary adenocarcinoma is increased by acute stress. Brain Res 2010; 

1366:204-210. 

[149] Theoharides TC, Rozniecki JJ, Sahagian G et al. Impact of stress and mast 

cells on brain metastases. J Neuroimmunol 2008; 205(1-2):1-7. 

[150] Abbott NJ. Inflammatory mediators and modulation of blood-brain barrier 

permeability. Cell Mol Neurobiol 2000; 20:131-147. 

[151] Pan W, Stone KP, Hsuchou H, Manda VK, Zhang Y, Kastin AJ. Cytokine 

signaling modulates blood-brain barrier function. Curr Pharm Des 2011; 

17(33):3729-3740. 

[152] Theoharides TC. Effect of psychological stress on mast cells. Annals 

Allergy, Asthma, Immunology 125[4], 388-392. 8-10-2020.  

[153] Kandere-Grzybowska K, Gheorghe D, Priller J et al. Stress-induced dura 

vascular permeability does not develop in mast cell-deficient and 

neurokinin-1 receptor knockout mice1. Brain Res 2003; 980(2):213-220. 

[154] Matsumoto I, Inoue Y, Shimada T, Aikawa T. Brain mast cells act as an 

immune gate to the hypothalamic-pituitary-adrenal axis in dogs. J Exp Med 

2001; 194:71-78. 

[155] Bugajski AJ, Chlap Z, Gadek-Michalska A, Borycz J, Bugajski J. 

Degranulation and decrease in histamine levels of thalamic mast cells 

coincides with corticosterone secretion induced by compound 48/80. 

Inflamm Res 1995; 44 Suppl 1:S50-S51. 

[156] Kalogeromitros D, Syrigou EI, Makris M et al. Nasal provocation of 

patients with allergic rhinitis and the hypothalamic-pituitary-adrenal axis. 

Annals Allergy, Asthma, Immunology 2007; 98:269-273. 

[157] Scaccianoce S, Lombardo K, Nicolai R, Affricano D, Angelucci L. Studies 

on the involvement of histamine in the hypothalamic-pituitary-adrenal axis 

activation induced by nerve growth factor. Life Sci 2000; 67:3143-3152. 

[158] Mastorakos G, Chrousos GP, Weber JS. Recombinant interleukin-6 

activates the hypothalamic-pituitary-adrenal axis in humans. J Clin 

Endocrinol Metab 1993; 77:1690-1694. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Brain Mast Cells, Neuroinflammation and Cognition 99 

[159] Saunders NR. Ontogeny of the blood-brain barrier. Exp Eye Res 1977; 25 

Suppl:523-550. 

[160] Saunders NR, Liddelow SA, Dziegielewska KM. Barrier mechanisms in 

the developing brain. Front Pharmacol 2012; 3:46. 

[161] Bueno D, Parvas M, Hermelo I, Garcia-Fernandez J. Embryonic blood-

cerebrospinal fluid barrier formation and function. Front Neurosci 2014; 

8:343. 

[162] Saunders NR, Dziegielewska KM, Mollgard K, Habgood MD. Recent 

Developments in Understanding Barrier Mechanisms in the Developing 

Brain: Drugs and Drug Transporters in Pregnancy, Susceptibility or 

Protection in the Fetal Brain? Annu Rev Pharmacol Toxicol 2019; 59:487-

505. 

[163] Koehn L, Habgood M, Huang Y, Dziegielewska K, Saunders N. 

Determinants of drug entry into the developing brain. F1000Res 2019; 

8:1372. 

[164] Ji Y, Azuine RE, Zhang Y et al. Association of Cord Plasma Biomarkers 

of In Utero Acetaminophen Exposure With Risk of Attention-

Deficit/Hyperactivity Disorder and Autism Spectrum Disorder in 

Childhood. JAMA Psychiatry 2019;1-11. 

[165] Stolp HB, Dziegielewska KM, Ek CJ et al. Breakdown of the blood-brain 

barrier to proteins in white matter of the developing brain following 

systemic inflammation. Cell Tissue Res 2005; 320(3):369-378. 

[166] Forsythe P. Mast Cells in Neuroimmune Interactions. Trends Neurosci 

219; 42(1): 43-55. 

[167] Bienenstock J, MacQueen G, Sestini P, Marshall JS, Stead RH, Perdue 

MH. Mast cell/nerve interactions in vitro and in vivo. Am Rev Respir Dis 

1991; 143(3 Pt 2):S55-S58. 

[168] Rozniecki JJ, Dimitriadou V, Lambracht-Hall M, Pang X, Theoharides TC. 

Morphological and functional demonstration of rat dura mater mast cell-

neuron interactions in vitro and in vivo. Brain Res 1999; 849(1-2):1-15. 

[169] Weng Z, Zhang B, Tsilioni I, Theoharides TC. Nanotube Formation: A 

Rapid Form of “Alarm Signaling”? Clin Ther 2016; 38(5):1066-1072. 

[170] Skaper SD, Facci L, Zusso M, Giusti P. Neuroinflammation, Mast Cells, 

and Glia: Dangerous Liaisons. Neuroscientist 2017; 23(5):478-498. 

[171] Hendriksen E, van BD, Oosting RS, Redegeld FA. Mast cells in 

neuroinflammation and brain disorders. Neurosci Biobehav Rev 2017; 

79:119-133. 

[172] Skaper SD, Facci L, Giusti P. Neuroinflammation, microglia and mast cells 

in the pathophysiology of neurocognitive disorders: a review. CNS Neurol 

Disord Drug Targets 2014; 13(10):1654-1666. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Theoharis C. Theoharides 100 

[173] Zhang X, Wang Y, Dong H, Xu Y, Zhang S. Induction of Microglial 

Activation by Mediators Released from Mast Cells. Cell Physiol Biochem 

2016; 38(4):1520-1531. 

[174] Sandhu JK, Kulka M. Decoding Mast Cell-Microglia Communication in 

Neurodegenerative Diseases. Int J Mol Sci 2021; 22(3). 

[175] Subhramanyam CS, Wang C, Hu Q, Dheen ST. Microglia-mediated 

neuroinflammation in neurodegenerative diseases. Semin Cell Dev Biol 

2019; 94:112-120. 

[176] Voet S, Prinz M, van LG. Microglia in Central Nervous System 

Inflammation and Multiple Sclerosis Pathology. Trends Mol Med 2019; 

25(2):112-123. 

[177] Theoharides TC, Stewart JM, Panagiotidou S, Melamed I. Mast cells, brain 

inflammation and autism. Eur J Pharmacol 2015; 778:96-102. 

[178] Perry VH, Nicoll JA, Holmes C. Microglia in neurodegenerative disease. 

Nat Rev Neurol 2010; 6(4):193-201. 

[179] Ransohoff RM. How neuroinflammation contributes to neurodegeneration. 

Science 2016; 353(6301):777-783. 

[180] Hickman S, Izzy S, Sen P, Morsett L, El KJ. Microglia in 

neurodegeneration. Nat Neurosci 2018; 21(10):1359-1369. 

[181] Zhang W, Zhang X, Zhang Y, Qu C, Zhou X, Zhang S. Histamine Induces 

Microglia Activation and the Release of Proinflammatory Mediators in Rat 

Brain Via H1R or H4R. J Neuroimmune Pharmacol 2020; 15(2):280-291. 

[182] Ramirez-Ponce MP, Sola-Garcia A, Balseiro-Gomez S et al. Mast Cell 

Changes the Phenotype of Microglia via Histamine and ATP. Cell Physiol 

Biochem 2021; 55(1):17-32. 

[183] Zhang S, Zeng X, Yang H, Hu G, He S. Mast cell tryptase induces 

microglia activation via protease-activated receptor 2 signaling. Cell 

Physiol Biochem 2012; 29(5-6):931-940. 

[184] Skaper SD, Giusti P, Facci L. Microglia and mast cells: two tracks on the 

road to neuroinflammation. FASEB J 2012; 26(8):3103-3117. 

[185] Kempuraj D, Thangavel R, Selvakumar GP et al. Mast Cell Proteases 

Activate Astrocytes and Glia-Neurons and Release Interleukin-33 by 

Activating p38 and ERK1/2 MAPKs and NF-kappaB. Mol Neurobiol 

2019; 56(3):1681-1693. 

[186] Martin S, Dicou E, Vincent JP, Mazella J. Neurotensin and the neurotensin 

receptor-3 in microglial cells. J Neurosci Res 2005; 81(3):322-326. 

[187] Patel AB, Tsilioni I, Leeman SE, Theoharides TC. Neurotensin stimulates 

sortilin and mTOR in human microglia inhibitable by methoxyluteolin, a 

potential therapeutic target for autism. Proc Natl Acad Sci USA 2016; 

113:E7049-E7058. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Brain Mast Cells, Neuroinflammation and Cognition 101 

[188] Jack CS, Arbour N, Manusow J et al. TLR signaling tailors innate immune 

responses in human microglia and astrocytes. J Immunol 2005; 

175(7):4320-4330. 

[189] Dong H, Wang Y, Zhang X et al. Stabilization of Brain Mast Cells 

Alleviates LPS-Induced Neuroinflammation by Inhibiting Microglia 

Activation. Front Cell Neurosci 2019; 13:191. 

[190] Chrousos GP. The hypothalamic-pituitary-adrenal axis and immune-

mediated inflammation. N Engl J Med 1995; 332:1351-1362. 

[191] Kempuraj D, Selvakumar GP, Ahmed ME et al. COVID-19, Mast Cells, 

Cytokine Storm, Psychological Stress, and Neuroinflammation. 

Neuroscientist 2020; 26(5-6):402-414. 

[192] Theoharides TC, Kempuraj D, Marchand J et al. Urticaria pigmentosa 

associated with acute stress and lesional skin mast cell expression of CRF-

R1. Clin Exp Dermatology 2008; 34(5):e163-6. 

[193] Theoharides TC, Petra AI, Stewart JM, Tsilioni I, Panagiotidou S, Akin C. 

High serum corticotropin-releasing hormone (CRH) and bone marrow 

mast cell CRH receptor expression in a mastocytosis patient. J Allergy Clin 

Immunol 2014; 134(5):1197-1199. 

[194] Vasiadi M, Therianou A, Sideri K et al. Increased serum CRH levels with 

decreased skin CRH-R1 gene expression in psoriasis and atopic dermatitis. 

J Allergy Clin Immunol 2012; 129(5):1410-1413. 

[195] Jennings S, Russell N, Jennings B et al. The Mastocytosis Society survey 

on mast cell disorders: patient experiences and perceptions. J Allergy Clin 

Immunol Pract 2014; 2(1):70-76. 

[196] Jennings SV, Slee VM, Zack RM et al. Patient Perceptions in Mast Cell 

Disorders. Immunol Allergy Clin North Am 2018; 38(3):505-525. 

[197] Theoharides TC, Tsilioni I, Ren H. Recent advances in our understanding 

of mast cell activation - or should it be mast cell mediator disorders? Expert 

Rev Clin Immunol 2019; 15(6):639-656. 

[198] Khokhar D, Akin C. Mast Cell Activation: When the Whole Is Greater than 

the Sum of Its Parts. Med Clin North Am 2020; 104(1):177-187. 

[199] Theoharides TC. Stress, Inflammation, and Autoimmunity: The 3 Modern 

Erinyes. Clin Ther 2020; 42(5):742-744. 

[200] Slominski AT, Zmijewski MA, Zbytek B, Tobin DJ, Theoharides TC, 

Rivier J. Key Role of CRF in the Skin Stress Response System. Endocr 

Rev 2013; 34(6):827-884. 

[201] Slominski A. On the role of the corticotropin-releasing hormone signalling 

system in the aetiology of inflammatory skin disorders. Br J Dermatol 

2009; 160(2):229-232. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Theoharis C. Theoharides 102 

[202] O’Kane M, Murphy EP, Kirby B. The role of corticotropin-releasing 

hormone in immune-mediated cutaneous inflammatory disease. Exp 

Dermatol 2006; 15(3):143-153. 

[203] Slominski A, Wortsman J, Pisarchik A et al. Cutaneous expression of 

corticotropin-releasing hormone (CRH), urocortin, and CRH receptors. 

FASEB J 2001; 15:1678-1693. 

[204] Crompton R, Clifton VL, Bisits AT, Read MA, Smith R, Wright IM. 

Corticotropin-releasing hormone causes vasodilation in human skin via 

mast cell-dependent pathways. J Clin Endocrinol Metab 2003; 88:5427-

5432. 

[205] Theoharides TC, Singh LK, Boucher W et al. Corticotropin-releasing 

hormone induces skin mast cell degranulation and increased vascular 

permeability, a possible explanation for its pro-inflammatory effects. 

Endocrinology 1998; 139:403-413. 

[206] Petra AI, Panagiotidou S, Hatziagelaki E, Stewart JM, Conti P, 

Theoharides TC. Gut-Microbiota-Brain Axis and Its Effect on 

Neuropsychiatric Disorders with Suspected Immune Dysregulation. Clin 

Ther 2015; 37(5):984-995. 

[207] Traina G. The role of mast cells in the gut and brain. J Integr Neurosci 

2021; 20(1):185-196. 

[208] Traina G. Mast Cells in Gut and Brain and Their Potential Role as an 

Emerging Therapeutic Target for Neural Diseases. Front Cell Neurosci 

2019; 13:345. 

[209] Schwerdtfeger LA, Tobet SA. Sex differences in anatomic plasticity of gut 

neuronal-mast cell interactions. Physiol Rep 2021; 9(19):e15066. 

[210] Meira de-Faria F, Casado-Bedmar M, Marten LC, Jones MP, Walter SA, 

Keita AV. Altered interaction between enteric glial cells and mast cells in 

the colon of women with irritable bowel syndrome. Neurogastroenterol 

Motil 2021; 33(11):e14130. 

[211] Vanuytsel T, van WS, Vanheel H et al. Psychological stress and 

corticotropin-releasing hormone increase intestinal permeability in 

humans by a mast cell-dependent mechanism. Gut 2014; 63(8):1293-1299. 

[212] Rahman Z, Dandekar MP. Crosstalk between gut microbiome and 

immunology in the management of ischemic brain injury. J Neuroimmunol 

2021; 353:577498. 

[213] Blasco MP, Chauhan A, Honarpisheh P et al. Age-dependent involvement 

of gut mast cells and histamine in post-stroke inflammation. J 

Neuroinflammation 2020; 17(1):160. 

[214] Bhuiyan P, Chen Y, Karim M, Dong H, Qian Y. Bidirectional 

communication between mast cells and the gut-brain axis in 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Brain Mast Cells, Neuroinflammation and Cognition 103 

neurodegenerative diseases: Avenues for therapeutic intervention. Brain 

Res Bull 2021; 172:61-78. 

[215] Kempuraj D, Selvakumar GP, Ahmed ME et al. COVID-19, Mast Cells, 

Cytokine Storm, Psychological Stress, and Neuroinflammation. 

Neuroscientist 2020; 26(5-6):402-414. 

[216] Wang Y, Sha H, Zhou L et al. The Mast Cell Is an Early Activator of 

Lipopolysaccharide-Induced Neuroinflammation and Blood-Brain Barrier 

Dysfunction in the Hippocampus. Mediators Inflamm 2020; 

2020:8098439. 

[217] Theoharides TC, Donelan J, Kandere-Grzybowska K, Konstantinidou A. 

The role of mast cells in migraine pathophysiology. Brain Res Brain Res 

Rev 2005; 49(1):65-76. 

[218] Skaper SD. Mast Cell - Glia Dialogue in Chronic Pain and Neuropathic 

Pain: Blood-Brain Barrier Implications. CNS Neurol Disord Drug Targets 

2016; 15(9):1072-1078. 

[219] Theoharides TC, Tsilioni I, Bawazeer M. Mast Cells, Neuroinflammation 

and Pain in Fibromyalgia Syndrome. Front Cell Neurosci 2019; 13:353. 

[220] Novak P, Giannetti MP, Weller E, Hamilton MJ, Castells M. Mast cell 

disorders are associated with decreased cerebral blood flow and small fiber 

neuropathy. Ann Allergy Asthma Immunol 2021. 

[221] Treviranus GRS. Psychoses by Attacks from Subverted Mast Cells: A Role 

for Arterial Intramural Flow Badly Steered by the Nasal Ganglia? 

Psychiatr Danub 2020; 32(Suppl 1):93-104. 

[222] Kempuraj D, Ahmed ME, Selvakumar GP et al. Acute Traumatic Brain 

Injury-Induced Neuroinflammatory Response and Neurovascular 

Disorders in the Brain. Neurotox Res 2021; 39(2):359-368. 

[223] Kempuraj D, Ahmed ME, Selvakumar GP et al. Mast Cell Activation, 

Neuroinflammation, and Tight Junction Protein Derangement in Acute 

Traumatic Brain Injury. Mediators Inflamm 2020; 2020:4243953. 

[224] Putzolu S, Pecknold JC, Grad B. Proceedings: Trazodone: clinical and 

biochemical studies III. Dexamethasone suppression test results and 

therapeutic responsiveness. Psychopharmacol Bull 1976; 12(1):41-42. 

[225] Sener S, Ipek V. Investigation of brain mast cells in ovine encephalitic 

listeriosis. Biotech Histochem 2021;1-7. 

[226] Natarajan S, Govender K, Shobo A et al. Potential of brain mast cells for 

therapeutic application in the immune response to bacterial and viral 

infections. Brain Res 2021; 1767:147524. 

[227] Zhang X, Dong H, Wang F, Zhang J. Mast Cell Deficiency Protects Mice 

from Surgery-Induced Neuroinflammation. Mediators Inflamm 2020; 

2020:1921826. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Theoharis C. Theoharides 104 

[228] Jones MK, Nair A, Gupta M. Mast Cells in Neurodegenerative Disease. 

Front Cell Neurosci 2019; 13:171. 

[229] Karagkouni A, Alevizos M, Theoharides TC. Effect of stress on brain 

inflammation and multiple sclerosis. Autoimmun Rev 2013; 12(10):947-

953. 

[230] Theoharides TC, Baloyannis SJ, Manolidis LS. Activated rat peritoneal 

mast cells can cause syngeneic brain demyelination in vitro. Int J 

Immunopath Pharmacol 1991; 4:137-144. 

[231] Elieh-Ali-Komi D, Cao Y. Role of Mast Cells in the Pathogenesis of 

Multiple Sclerosis and Experimental Autoimmune Encephalomyelitis. 

Clin Rev Allergy Immunol 2017; 52(3):436-445. 

[232] Brown MA, Weinberg RB. Mast Cells and Innate Lymphoid Cells: 

Underappreciated Players in CNS Autoimmune Demyelinating Disease. 

Front Immunol 2018; 9:514. 

[233] Brown MA. Studies of Mast Cells: Adventures in Serendipity. Front 

Immunol 2018; 9:520. 

[234] Shelestak J, Singhal N, Frankle L et al. Increased blood-brain barrier 

hyperpermeability coincides with mast cell activation early under 

cuprizone administration. PLoS ONE 2020; 15(6):e0234001. 

[235] Granucci EJ, Griciuc A, Mueller KA et al. Cromolyn sodium delays 

disease onset and is neuroprotective in the SOD1(G93A) Mouse Model of 

amyotrophic lateral sclerosis. Sci Rep 2019; 9(1):17728. 

[236] Theoharides TC, Tsilioni I. Amyotrophic Lateral Sclerosis, 

Neuroinflammation, and Cromolyn. Clin Ther 2020; 42(3):546-549. 

[237] Volonte C, Apolloni S, Sabatelli M. Histamine beyond its effects on 

allergy: Potential therapeutic benefits for the treatment of Amyotrophic 

Lateral Sclerosis (ALS). Pharmacol Ther 2019; 202:120-131. 

[238] Apolloni S, Amadio S, Fabbrizio P et al. Histaminergic transmission slows 

progression of amyotrophic lateral sclerosis. J Cachexia Sarcopenia 

Muscle 2019; 10(4):872-893. 

[239] Sotgiu S, Manca S, Gagliano A et al. Immune regulation of 

neurodevelopment at the mother-foetus interface: the case of autism. Clin 

Transl Immunology 2020; 9(11):e1211. 

[240] Shaik-Dasthagirisaheb YB, Conti P. The Role of Mast Cells in Alzheimer’s 

Disease. Adv Clin Exp Med 2016; 25(4):781-787. 

[241] Kempuraj D, Mentor S, Thangavel R et al. Mast Cells in Stress, Pain, 

Blood-Brain Barrier, Neuroinflammation and Alzheimer’s Disease. Front 

Cell Neurosci 2019; 13:54. 

[242] Hansen DV, Hanson JE, Sheng M. Microglia in Alzheimer’s disease. J Cell 

Biol 2018; 217(2):459-472. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Brain Mast Cells, Neuroinflammation and Cognition 105 

[243] Hatziagelaki E, Adamaki M, Tsilioni I, Dimitriadis G, Theoharides TC. 

Myalgic Encephalomyelitis/Chronic Fatigue Syndrome-Metabolic Disease 

or Disturbed Homeostasis due to Focal Inflammation in the 

Hypothalamus? J Pharmacol Exp Ther 2018; 367(1):155-167. 

[244] Zhang X, Dong H, Li N et al. Activated brain mast cells contribute to 

postoperative cognitive dysfunction by evoking microglia activation and 

neuronal apoptosis 1. J Neuroinflammation 2016; 13(1):127. 

[245] Moura DS, Sultan S, Georgin-Lavialle S et al. Evidence for cognitive 

impairment in mastocytosis: prevalence, features and correlations to 

depression. PLoS ONE 2012; 7(6):e39468. 

[246] Afrin LB, Pohlau D, Raithel M et al. Mast cell activation disease: An 

underappreciated cause of neurologic and psychiatric symptoms and 

diseases. Brain Behav Immun 2015; 50:314-321. 

[247] 2016 Alzheimer’s disease facts and figures. Alzheimers Dement 2016; 

12(4):459-509. 

[248] Sauder GE, Huggins CG. Vasoactive peptides. Annu Rev Pharmacol 1972; 

12:227-264. 

[249] Hardy J, Selkoe DJ. The amyloid hypothesis of Alzheimer’s disease: 

progress and problems on the road to therapeutics. Science 2002; 

297(5580):353-356. 

[250] Morris GP, Clark IA, Vissel B. Inconsistencies and controversies 

surrounding the amyloid hypothesis of Alzheimer’s disease. Acta 

Neuropathol Commun 2014; 2:135. 

[251] Honig LS, Vellas B, Woodward M et al. Trial of Solanezumab for Mild 

Dementia Due to Alzheimer’s Disease. N Engl J Med 2018; 378(4):321-

330. 

[252] Selkoe DJ. Alzheimer disease and aducanumab: adjusting our approach. 

Nat Rev Neurol 2019; 15(7):365-366. 

[253] Heppner FL, Ransohoff RM, Becher B. Immune attack: the role of 

inflammation in Alzheimer disease. Nat Rev Neurosci 2015; 16(6):358-

372. 

[254] Delgado A, Cholevas C, Theoharides TC. Neuroinflammation in 

Alzheimer’s disease and beneficial action of luteolin. Biofactors 2021. 

[255] Kempuraj D, Selvakumar GP, Thangavel R et al. Mast Cell Activation in 

Brain Injury, Stress, and Post-traumatic Stress Disorder and Alzheimer’s 

Disease Pathogenesis. Front Neurosci 2017; 11:703. 

[256] Fillit H, Ding WH, Buee L et al. Elevated circulating tumor necrosis factor 

levels in Alzheimer’s disease. Neurosci Lett 1991; 129(2):318-320. 

[257] Strauss S, Bauer J, Ganter U, Jonas U, Berger M, Volk B. Detection of 

interleukin-6 and alpha 2-macroglobulin immunoreactivity in cortex and 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Theoharis C. Theoharides 106 

hippocampus of Alzheimer’s disease patients. Lab Invest 1992; 66(2):223-

230. 

[258] Griffin WS, Stanley LC, Ling C et al. Brain interleukin 1 and S-100 

immunoreactivity are elevated in Down syndrome and Alzheimer disease. 

Proc Natl Acad Sci USA 1989; 86(19):7611-7615. 

[259] Grammas P, Ovase R. Inflammatory factors are elevated in brain 

microvessels in Alzheimer’s disease. Neurobiol Aging 2001; 22(6):837-

842. 

[260] Rogers J, Luber-Narod J, Styren SD, Civin WH. Expression of immune 

system-associated antigens by cells of the human central nervous system: 

relationship to the pathology of Alzheimer’s disease. Neurobiol Aging 

1988; 9(4):339-349. 

[261] Cabinio M, Saresella M, Piancone F et al. Association between 

Hippocampal Shape, Neuroinflammation, and Cognitive Decline in 

Alzheimer’s Disease. J Alzheimers Dis 2018; 66(3):1131-1144. 

[262] Browne TC, McQuillan K, McManus RM, O’Reilly JA, Mills KH, Lynch 

MA. IFN-gamma Production by amyloid beta-specific Th1 cells promotes 

microglial activation and increases plaque burden in a mouse model of 

Alzheimer’s disease. J Immunol 2013; 190(5):2241-2251. 

[263] Rosczyk HA, Sparkman NL, Johnson RW. Neuroinflammation and 

cognitive function in aged mice following minor surgery. Exp Gerontol 

2008; 43(9):840-846. 

[264] Maher FO, Martin DS, Lynch MA. Increased IL-1beta in cortex of aged 

rats is accompanied by downregulation of ERK and PI-3 kinase. Neurobiol 

Aging 2004; 25(6):795-806. 

[265] Godbout JP, Chen J, Abraham J et al. Exaggerated neuroinflammation and 

sickness behavior in aged mice following activation of the peripheral 

innate immune system. FASEB J 2005; 19(10):1329-1331. 

[266] Nolan Y, Maher FO, Martin DS et al. Role of interleukin-4 in regulation 

of age-related inflammatory changes in the hippocampus. J Biol Chem 

2005; 280(10):9354-9362. 

[267] Blau CW, Cowley TR, O’Sullivan J et al. The age-related deficit in LTP is 

associated with changes in perfusion and blood-brain barrier permeability. 

Neurobiol Aging 2012; 33(5):1005-1035. 

[268] Enciu AM, Gherghiceanu M, Popescu BO. Triggers and effectors of 

oxidative stress at blood-brain barrier level: relevance for brain ageing and 

neurodegeneration. Oxid Med Cell Longev 2013; 2013:297512. 

[269] Zhang C, Griciuc A, Hudry E et al. Cromolyn Reduces Levels of the 

Alzheimer’s Disease-Associated Amyloid beta-Protein by Promoting 

Microglial Phagocytosis. Sci Rep 2018; 8(1):1144. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Brain Mast Cells, Neuroinflammation and Cognition 107 

[270] Vieira Dos SR, Magerl M, Martus P et al. Topical sodium cromoglicate 

relieves allergen- and histamine-induced dermal pruritus. Br J Dermatol 

2010; 162(3):674-676. 

[271] Fombonne E. Epidemiology of pervasive developmental disorders. Pediatr 

Res 2009; 65(6):591-598. 

[272] McPartland J, Volkmar FR. Autism and related disorders. Handb Clin 

Neurol 2012; 106:407-418. 

[273] Lai MC, Lombardo MV, Baron-Cohen S. Autism. Lancet 2014; 

383(9920):896-910. 

[274] Xu G, Strathearn L, Liu B, Bao W. Prevalence of Autism Spectrum 

Disorder Among US Children and Adolescents, 2014-2016. JAMA 2018; 

319(1):81-82. 

[275] Johnson CP, Myers SM. Identification and evaluation of children with 

autism spectrum disorders. Pediatrics 2007; 120(5):1183-1215. 

[276] Preliminary Estimates of the Prevalence of Selected Underlying Health 

Conditions Among Patients with Coronavirus Disease 2. MMWR Morb 

Mortal Wkly Rep 2020; 69(13):382-386. 

[277] Angelidou A, Asadi S, Alysandratos KD, Karagkouni A, Kourembanas S, 

Theoharides TC. Perinatal stress, brain inflammation and risk of autism-

review and proposal. BMC Pediatr 2012; 12: 89. 

[278] Xue M, Brimacombe M, Chaaban J, Zimmerman-Bier B, Wagner GC. 

Autism spectrum disorders: concurrent clinical disorders. J Child Neurol 

2008; 23(1):6-13. 

[279] Bauman ML. Medical comorbidities in autism: challenges to diagnosis and 

treatment. Neurotherapeutics 2010; 7(3):320-327. 

[280] Underwood JFG, Kendall KM, Berrett J et al. Autism spectrum disorder 

diagnosis in adults: phenotype and genotype findings from a clinically 

derived cohort. Br J Psychiatry 2019;1-7. 

[281] Howes OD, Rogdaki M, Findon JL et al. Autism spectrum disorder: 

Consensus guidelines on assessment, treatment and research from the 

British Association for Psychopharmacology. J Psychopharmacol 2018; 

32(1):3-29. 

[282] Howes OD, Rogdaki M, Findon JL et al. Autism spectrum disorder: 

Consensus guidelines on assessment, treatment and research from the 

British Association for Psychopharmacology. J Psychopharmacol 2018; 

32(1):3-29. 

[283] Matelski L, Van de WJ. Risk factors in autism: Thinking outside the brain. 

J Autoimmun 2016; 67:1-7. 

[284] Muhle RA, Reed HE, Stratigos KA, Veenstra-Vanderweele J. The 

Emerging Clinical Neuroscience of Autism Spectrum Disorder: A Review. 

JAMA Psychiatry 2018; 75(5):514-523. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Theoharis C. Theoharides 108 

[285] Theoharides TC. Ways to Address Perinatal Mast Cell Activation and 

Focal Brain Inflammation, including Response to SARS-CoV-2, in Autism 

Spectrum Disorder. J Pers Med 2021; 11(9): 860. 

[286] Zimmerman AW, Jyonouchi H, Comi AM et al. Cerebrospinal fluid and 

serum markers of inflammation in autism. Pediatr Neurol 2005; 33(3):195-

201. 

[287] Estes ML, McAllister AK. Immune mediators in the brain and peripheral 

tissues in autism spectrum disorder. Nat Rev Neurosci 2015; 16(8):469-

486. 

[288] Meltzer A, Van de WJ. The Role of the Immune System in Autism 

Spectrum Disorder. Neuropsychopharmacology 2017; 42(1):284-298. 

[289] Matta SM, Hill-Yardin EL, Crack PJ. The influence of neuroinflammation 

in Autism Spectrum Disorder. Brain Behav Immun 2019; 79:75-90. 

[290] Hughes HK, Mills KE, Rose D, Ashwood P. Immune Dysfunction and 

Autoimmunity as Pathological Mechanisms in Autism Spectrum 

Disorders. Front Cell Neurosci 2018; 12:405. 

[291] Kowal C, Athanassiou A, Chen H, Diamond B. Maternal antibodies and 

developing blood-brain barrier. Immunol Res 2015; 63(1-3):18-25. 

[292] Edmiston E, Ashwood P, Van de WJ. Autoimmunity, Autoantibodies, and 

Autism Spectrum Disorder. Biol Psychiatry 2017; 81(5):383-390. 

[293] Jones KL, Van de WJ. Maternal autoantibody related autism: mechanisms 

and pathways. Mol Psychiatry 2019; 24(2):252-265. 

[294] Mazon-Cabrera R, Vandormael P, Somers V. Antigenic Targets of Patient 

and Maternal Autoantibodies in Autism Spectrum Disorder. Front 

Immunol 2019; 10:1474. 

[295] Mostafa GA, Al-Ayadhi LY. The possible relationship between allergic 

manifestations and elevated serum levels of brain specific auto-antibodies 

in autistic children. J Neuroimmunol 2013; 261(1-2):77-81. 

[296] Theoharides TC, Zhang B. Neuro-Inflammation, blood-brain barrier, 

seizures and autism. J Neuroinflammation 2011; 8(1):168. 

[297] Rodriguez JI, Kern JK. Evidence of microglial activation in autism and its 

possible role in brain underconnectivity. Neuron Glia Biol 2011; 7(2-

4):205-213. 

[298] Gupta S, Ellis SE, Ashar FN et al. Transcriptome analysis reveals 

dysregulation of innate immune response genes and neuronal activity-

dependent genes in autism. Nat Commun 2014; 5:5748. 

[299] Koyama R, Ikegaya Y. Microglia in the pathogenesis of autism spectrum 

disorders. Neurosci Res 2015; 100:1-5. 

[300] Takano T. Role of Microglia in Autism: Recent Advances. Dev Neurosci 

2015; 37(3):195-202. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Brain Mast Cells, Neuroinflammation and Cognition 109 

[301] Theoharides TC. Autism spectrum disorders and mastocytosis. Int J 

Immunopathol Pharmacol 2009; 22(4):859-865. 

[302] Estes ML, McAllister AK. Maternal immune activation: Implications for 

neuropsychiatric disorders. Science 2016; 353(6301):772-777. 

[303] Zerbo O, Leong A, Barcellos L, Bernal P, Fireman B, Croen LA. Immune 

mediated conditions in autism spectrum disorders. Brain Behav Immun 

2015; 46:232-236. 

[304] Comi AM, Zimmerman AW, Frye VH, Law PA, Peeden JN. Familial 

clustering of autoimmune disorders and evaluation of medical risk factors 

in autism. J Child Neurol 1999; 14(6):388-394. 

[305] Croen LA, Grether JK, Yoshida CK, Odouli R, Van de WJ. Maternal 

autoimmune diseases, asthma and allergies, and childhood autism 

spectrum disorders: a case-control study. Arch Pediatr Adolesc Med 2005; 

159(2):151-157. 

[306] Patel S, Cooper MN, Jones H, Whitehouse AJO, Dale RC, Guastella AJ. 

Maternal immune-related conditions during pregnancy may be a risk factor 

for neuropsychiatric problems in offspring throughout childhood and 

adolescence. Psychol Med 2020;1-11. 

[307] Chang HY, Seo JH, Kim HY et al. Allergic diseases in preschoolers are 

associated with psychological and behavioural problems. Allergy Asthma 

Immunol Res 2013; 5(5):315-321. 

[308] Liao TC, Lien YT, Wang S, Huang SL, Chen CY. Comorbidity of Atopic 

Disorders with Autism Spectrum Disorder and Attention 

Deficit/Hyperactivity Disorder. J Pediatr 2016; 171:248-255. 

[309] Theoharides TC. Is a subtype of autism an “allergy of the brain”? Clin Ther 

2013; 35(5):584-591. 

[310] Magalhaes ES, Pinto-Mariz F, Bastos-Pinto S, Pontes AT, Prado EA, 

Deazevedo LC. Immune allergic response in Asperger syndrome. J 

Neuroimmunol 2009; 216(1-2):108-112. 

[311] Jyonouchi H. Autism spectrum disorders and allergy: observation from a 

pediatric allergy/immunology clinic. Expert Rev Clin Immunol 2010; 

6(3):397-411. 

[312] Lyall K, Van de WJ, Ashwood P, Hertz-Picciotto I. Asthma and Allergies 

in Children with Autism Spectrum Disorders: Results from the CHARGE 

Study. Autism Res 2015; 8(5):567-574. 

[313] Theoharides TC., Tsilioni I, Patel AB, Doyle R. Atopic diseases and 

inflammation of the brain in the pathogenesis of autism spectrum disorders. 

Transl Psychiatry 2016; 6(6):e844. 

[314] Kotey S, Ertel K, Whitcomb B. Co-occurrence of autism and asthma in a 

nationally-representative sample of children in the United States. J Autism 

Dev Disord 2014; 44(12):3083-3088. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Theoharis C. Theoharides 110 

[315] Billeci L, Tonacci A, Tartarisco G, Ruta L, Pioggia G, Gangemi S. 

Association Between Atopic Dermatitis and Autism Spectrum Disorders: 

A Systematic Review. Am J Clin Dermatol 2015; 16(5):371-388. 

[316] Xu G, Snetselaar LG, Jing J, Liu B, Strathearn L, Bao W. Association of 

Food Allergy and Other Allergic Conditions With Autism Spectrum 

Disorder in Children. JAMA Netw Open 2018; 1(2):e180279. 

[317] Jyonouchi H. Food allergy and autism spectrum disorders: is there a link? 

Curr Allergy Asthma Rep 2009; 9(3):194-201. 

[318] Li H, Liu H, Chen X, Zhang J, Tong G, Sun Y. Association of food 

hypersensitivity in children with the risk of autism spectrum disorder: a 

meta-analysis. Eur J Pediatr 2021; 180(4):999-1008. 

[319] Xu G, Snetselaar LG, Jing J, Liu B, Strathearn L, Bao W. Association of 

Food Allergy and Other Allergic Conditions With Autism Spectrum 

Disorder in Children. JAMA Netw Open 2018; 1(2):e180279. 

[320] Tan Y, Thomas S, Lee BK. Parent-reported prevalence of food allergies in 

children with autism spectrum disorder: National health interview survey, 

2011-2015. Autism Res 2019; 12(5):802-805. 

[321] Peretti S, Mariano M, Mazzocchetti C et al. Diet: the keystone of autism 

spectrum disorder? Nutr Neurosci 2019; 22(12):825-839. 

[322] Zhou L, Chen L, Li X, Li T, Dong Z, Wang YT. Food allergy induces 

alteration in brain inflammatory status and cognitive impairments. Behav 

Brain Res 2019; 364:374-382. 

[323] Tsilioni I, Dodman N, Petra AI et al. Elevated serum neurotensin and CRH 

levels in children with autistic spectrum disorders and tail-chasing Bull 

Terriers with a phenotype similar to autism. Transl Psychiatry 2014; 

4:e466. 

[324] Angelidou A, Francis K, Vasiadi M et al. Neurotensin is increased in serum 

of young children with autistic disorder. J Neuroinflam 2010; 7:48. 

[325] Tsilioni I, Taliou A, Francis K, Theoharides TC. Children with Autism 

Spectrum Disorders, who improved with a luteolin containing dietary 

formulation, show reduced serum levels of TNF and IL-6. Transl 

Psychiatry 2015; 5:e647. 

[326] Huang M, Pang X, Karalis K, Theoharides TC. Stress-induced interleukin-

6 release in mice is mast cell-dependent and more pronounced in 

Apolipoprotein E knockout mice. Cardiovasc Res 2003; 59(1):241-249. 

[327] Hodes GE, Pfau ML, Leboeuf M et al. Individual differences in the 

peripheral immune system promote resilience versus susceptibility to 

social stress. Proc Natl Acad Sci USA 2014; 111(45):16136-16141. 

[328] Pedersen JM, Mortensen EL, Christensen DS et al. Prenatal and early 

postnatal stress and later life inflammation. Psychoneuroendocrinology 

2018; 88:158-166. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Brain Mast Cells, Neuroinflammation and Cognition 111 

[329] Rudolph MD, Graham AM, Feczko E et al. Maternal IL-6 during 

pregnancy can be estimated from newborn brain connectivity and predicts 

future working memory in offspring. Nat Neurosci 2018; 21(5):765-772. 

[330] O’Keeffe GW. A new role for placental IL-6 signalling in determining 

neurodevelopmental outcome. Brain Behav Immun 2017; 62:9-10. 

[331] Desai A, Jung MY, Olivera A et al. IL-6 promotes an increase in human 

mast cell numbers and reactivity through suppression of suppressor of 

cytokine signaling 3. J Allergy Clin Immunol 2016; 137(6):1863-1871. 

[332] Tsilioni I, Theoharides TC. Extracellular vesicles are increased in the 

serum of children with autism spectrum disorder, contain mitochondrial 

DNA, and stimulate human microglia to secrete IL-1beta. J 

Neuroinflammation 2018; 15(1):239. 

[333] Zhang B, Angelidou A, Alysandratos KD et al. Mitochondrial DNA and 

anti-mitochondrial antibodies in serum of autistic children. J 

Neuroinflammation 2010; 7(1):80. 

[334] Xu ZX, Kim GH, Tan JW et al. Elevated protein synthesis in microglia 

causes autism-like synaptic and behavioral aberrations. Nat Commun 2020; 

11(1):1797. 

[335] Lee N, Chan PK, Ip M et al. Anti-SARS-CoV IgG response in relation to 

disease severity of severe acute respiratory syndrome. J Clin Virol 2006; 

35(2):179-184. 

[336] Tsilioni I, Patel A.B., Pantazopoulos H et al. IL-37 is increased in brains 

of children with Autism Spectrum Disorder and inhibits human microglia 

stimulated by neurotensin. Proc Natl Acad Sci USA 2019; 116(43):21659-

21665. 

[337] Almehmadi K.A., Tsilioni, Theoharides T.C. Increased expression of miR-

155p5 in amygdala of children with Autism Spectrum Disorder. Autism 

Res 2020; 13(1): 18-23. 

[338] Tsilioni I, Pantazopoulos H, Conti P, Leeman SE, Theoharides TC. IL-38 

inhibits microglial inflammatory mediators and is decreased in amygdala 

of children with autism spectrum disorder. Proc Natl Acad Sci USA 2020; 

117(28):16475-16480. 

[339] Keller F, Persico AM. The neurobiological context of autism. Mol 

Neurobiol 2003; 28(1):1-22. 

[340] El-Ansary A, Al-Ayadhi L. Neuroinflammation in autism spectrum 

disorders. J Neuroinflammation 2012; 9:265. 

[341] Young AM, Chakrabarti B, Roberts D, Lai MC, Suckling J, Baron-Cohen 

S. From molecules to neural morphology: understanding 

neuroinflammation in autism spectrum condition. Mol Autism 2016; 7:9. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Theoharis C. Theoharides 112 

[342] Prata J, Machado AS, von DO et al. The Contribution of Inflammation to 

Autism Spectrum Disorders: Recent Clinical Evidence. Methods Mol Biol 

2019; 2011:493-510. 

[343] Bjorklund G, Saad K, Chirumbolo S et al. Immune dysfunction and 

neuroinflammation in autism spectrum disorder. Acta Neurobiol Exp 

(Wars) 2016; 76(4):257-268. 

[344] Platt MP, Agalliu D, Cutforth T. Hello from the Other Side: How 

Autoantibodies Circumvent the Blood-Brain Barrier in Autoimmune 

Encephalitis. Front Immunol 2017; 8:442. 

[345] Theoharides TC, Angelidou A, Alysandratos KD et al. Mast cell activation 

and autism. Biochim Biophys Acta 2012; 1822(1):34-41. 

[346] Theoharides TC, Asadi S, Patel AB. Focal brain inflammation and autism. 

J Neuroinflammation 2013; 10:46. 

[347] Zimmerman AW, Singh K, Connors SL et al. Randomized controlled trial 

of sulforaphane and metabolite discovery in children with Autism 

Spectrum Disorder. Mol Autism 2021; 12(1):38. 

[348] Sikich L, Kolevzon A, King BH et al. Intranasal Oxytocin in Children and 

Adolescents with Autism Spectrum Disorder. N Engl J Med 2021; 

385(16):1462-1473. 

[349] Taliou A, Zintzaras E, Lykouras L, Francis K. An open-label pilot study of 

a formulation containing the anti-inflammatory flavonoid luteolin and its 

effects on behavior in children with autism spectrum disorders. Clin Ther 

2013; 35(5):592-602. 

[350] Poon LLM, Peiris M. Emergence of a novel human coronavirus threatening 

human health. Nat Med 2020; 26(3):317-319. 

[351] Ye Q, Wang B, Mao J. The pathogenesis and treatment of the `Cytokine 

Storm’ in COVID-19. J Infect 2020; 80(6):607-613. 

[352] Chen G, Wu D, Guo W et al. Clinical and immunological features of severe 

and moderate coronavirus disease 2019. J Clin Invest 2020; 130(5):2620-

2629. 

[353] Conti P, Ronconi G, Caraffa A et al. Induction of pro-inflammatory 

cytokines (IL-1 and IL-6) and lung inflammation by Coronavirus-19 

(COVI-19 or SARS-CoV-2): anti-inflammatory strategies. J Biol Regul 

Homeost Agents 2020; 34(2):327-331. 

[354] Giamarellos-Bourboulis EJ, Netea MG, Rovina N et al. Complex Immune 

Dysregulation in COVID-19 Patients with Severe Respiratory Failure. Cell 

Host Microbe 2020; 27(6):992-1000. 

[355] Tang Y, Liu J, Zhang D, Xu Z, Ji J, Wen C. Cytokine Storm in COVID-

19: The Current Evidence and Treatment Strategies. Front Immunol 2020; 

11:1708. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Brain Mast Cells, Neuroinflammation and Cognition 113 

[356] Paces J, Strizova Z, Smrz D, Cerny J. COVID-19 and the immune system. 

Physiol Res 2020; 69(3):379-388. 

[357] Ragab D, Salah EH, Taeimah M, Khattab R, Salem R. The COVID-19 

Cytokine Storm; What We Know So Far. Front Immunol 2020; 11:1446. 

[358] Brodin P. Immune determinants of COVID-19 disease presentation and 

severity. Nat Med 2021; 27(1):28-33. 

[359] Canna SW, Cron RQ. Highways to hell: Mechanism-based management of 

cytokine storm syndromes. J Allergy Clin Immunol 2020; 146(5):949-959. 

[360] Han H, Ma Q, Li C et al. Profiling serum cytokines in COVID-19 patients 

reveals IL-6 and IL-10 are disease severity predictors. Emerg Microbes 

Infect 2020; 9(1):1123-1130. 

[361] Mazzoni A, Salvati L, Maggi L et al. Impaired immune cell cytotoxicity in 

severe COVID-19 is IL-6 dependent. J Clin Invest 2020; 130(9):4694-

4703. 

[362] Liu F, Li L, Xu M et al. Prognostic value of interleukin-6, C-reactive 

protein, and procalcitonin in patients with COVID-19. J Clin Virol 2020; 

127:104370. 

[363] Conti P, Caraffa A, Gallenga CE et al. Coronavirus-19 (SARS-CoV-2) 

induces acute severe lung inflammation via IL-1 causing cytokine storm in 

COVID-19: a promising inhibitory strategy. J Biol Regul Homeost Agents 

2020; 34(6):1971-1975. 

[364] Kritas SK, Ronconi G, Caraffa A, Gallenga CE, Ross R, Conti P. Mast 

cells contribute to coronavirus-induced inflammation: new anti-

inflammatory strategy. J Biol Regul Homeost Agents 2020; 34(1):9-14. 

[365] Theoharides TC. COVID-19, pulmonary mast cells, cytokine storms, and 

beneficial actions of luteolin. Biofactors 2020; 46(3):306-308. 

[366] Motta Junior JDS, Miggiolaro AFRD, Nagashima S et al. Mast Cells in 

Alveolar Septa of COVID-19 Patients: A Pathogenic Pathway That May 

Link Interstitial Edema to Immunothrombosis. Front Immunol 2020; 

11:574862. 

[367] Klein M, Dao V, Khan F. A Review of Platelet-Activating Factor As a 

Potential Contributor to Morbidity and Mortality Associated with Severe 

COVID-19. Clin Appl Thromb Hemost 2021; 27:10760296211051764. 

[368] Thevarajan I, Nguyen THO, Koutsakos M et al. Breadth of concomitant 

immune responses prior to patient recovery: a case report of non-severe 

COVID-19. Nat Med 2020; 26(4):453-455. 

[369] Helms J, Kremer S, Merdji H et al. Neurologic Features in Severe SARS-

CoV-2 Infection. N Engl J Med 2020; 382(23):2268-2270. 

[370] Fotuhi M, Mian A, Meysami S, Raji CA. Neurobiology of COVID-19. J 

Alzheimers Dis 2020; 76(1):3-19. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Theoharis C. Theoharides 114 

[371] Najjar S, Najjar A, Chong DJ et al. Central nervous system complications 

associated with SARS-CoV-2 infection: integrative concepts of 

pathophysiology and case reports. J Neuroinflammation 2020; 17(1):231. 

[372] Singh AK, Bhushan B, Maurya A, Mishra G, Singh SK, Awasthi R. Novel 

coronavirus disease 2019 (COVID-19) and neurodegenerative disorders. 

Dermatol Ther 2020; 33(4):e13591. 

[373] Liotta EM, Batra A, Clark JR et al. Frequent neurologic manifestations and 

encephalopathy-associated morbidity in Covid-19 patients. Ann Clin 

Transl Neurol 2020; 7(11):2221-2230. 

[374] Koralnik IJ, Tyler KL. COVID-19: A Global Threat to the Nervous 

System. Ann Neurol 2020; 88(1):1-11. 

[375] Nepal G, Rehrig JH, Shrestha GS et al. Neurological manifestations of 

COVID-19: a systematic review. Crit Care 2020; 24(1):421. 

[376] Favas TT, Dev P, Chaurasia RN et al. Neurological manifestations of 

COVID-19: a systematic review and meta-analysis of proportions. Neurol 

Sci 2020; 41(12):3437-3470. 

[377] Nazari S, Azari JA, Mirmoeeni S et al. Central nervous system 

manifestations in COVID-19 patients: A systematic review and meta-

analysis. Brain Behav 2021;e02025. 

[378] Kempuraj D, Selvakumar GP, Ahmed ME et al. COVID-19, Mast Cells, 

Cytokine Storm, Psychological Stress, and Neuroinflammation. 

Neuroscientist 2020; 26(5-6):402-414. 

[379] Schirinzi T, Landi D, Liguori C. COVID-19: dealing with a potential risk 

factor for chronic neurological disorders. J Neurol 2020. 

[380] Ongur D, Perlis R, Goff D. Psychiatry and COVID-19. JAMA 2020; 

324(12):1149-1150. 

[381] Vindegaard N, Benros ME. COVID-19 pandemic and mental health 

consequences: Systematic review of the current evidence. Brain Behav 

Immun 2020; 89:531-542. 

[382] Pfefferbaum B, North CS. Mental Health and the COVID-19 Pandemic. N 

Engl J Med 2020; 383(6):510-512. 

[383] Xiang YT, Yang Y, Li W et al. Timely mental health care for the 2019 

novel coronavirus outbreak is urgently needed. Lancet Psychiatry 2020; 

7(3):228-229. 

[384] Gordon JA, Borja SE. The COVID-19 Pandemic: Setting the Mental 

Health Research Agenda. Biol Psychiatry 2020; 88(2):130-131. 

[385] Taquet M, Luciano S, Geddes JR, Harrison PJ. Bidirectional associations 

between COVID-19 and psychiatric disorder: retrospective cohort studies 

of 62 354 COVID-19 cases in the USA. Lancet Psychiatry 2021; 8(2):130-

140. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Brain Mast Cells, Neuroinflammation and Cognition 115 

[386] Steardo L, Jr., Steardo L, Verkhratsky A. Psychiatric face of COVID-19. 

Transl Psychiatry 2020; 10(1):261. 

[387] Shader RI. COVID-19 and Depression. Clin Ther 2020; 42(6):962-963. 

[388] Smith CM, Komisar JR, Mourad A, Kincaid BR. COVID-19-associated 

brief psychotic disorder. BMJ Case Rep 2020; 13(8). 

[389] Druss BG. Addressing the COVID-19 Pandemic in Populations with 

Serious Mental Illness. JAMA Psychiatry 2020; 77(9):891-892. 

[390] Steinman G. COVID-19 and autism. Med Hypotheses 2020; 142:109797. 

[391] Moreno-Perez O, Merino E, Leon-Ramirez JM et al. Post-acute COVID-

19 Syndrome. Incidence and risk factors: a Mediterranean cohort study. J 

Infect 2021; 82(3):378-383. 

[392] Nalbandian A, Sehgal K, Gupta A et al. Post-acute COVID-19 syndrome. 

Nat Med 2021; 27(4):601-615. 

[393] Montagne A, Nation DA, Sagare AP et al. APOE4 leads to blood-brain 

barrier dysfunction predicting cognitive decline. Nature 2020; 

581(7806):71-76. 

[394] Huang C, Huang L, Wang Y et al. 6-month consequences of COVID-19 in 

patients discharged from hospital: a cohort study. Lancet 2021; 

397(10270):220-232. 

[395] Sudre CH, Murray B, Varsavsky T et al. Attributes and predictors of long 

COVID. Nat Med 2021; 27(4):626-631. 

[396] Dennis A, Wamil M, Alberts J et al. Multiorgan impairment in low-risk 

individuals with post-COVID-19 syndrome: a prospective, community-

based study. BMJ Open 2021; 11(3):e048391. 

[397] Townsend L, Dyer AH, Jones K et al. Persistent fatigue following SARS-

CoV-2 infection is common and independent of severity of initial infection. 

PLoS ONE 2020; 15(11):e0240784. 

[398] Kempuraj D, Selvakumar GP, Ahmed ME et al. COVID-19, Mast Cells, 

Cytokine Storm, Psychological Stress, and Neuroinflammation. 

Neuroscientist 2020; 26(5-6):402-414. 

[399] Levin SN, Venkatesh S, Nelson KE et al. Manifestations and impact of the 

COVID-19 pandemic in neuroinflammatory diseases. Ann Clin Transl 

Neurol 2021; 8(4):918-928. 

[400] Baig AM. Deleterious Outcomes in Long-Hauler COVID-19: The Effects 

of SARS-CoV-2 on the CNS in Chronic COVID Syndrome. ACS Chem 

Neurosci 2020; 11(24):4017-4020. 

[401] Huang C, Huang L, Wang Y et al. 6-month consequences of COVID-19 in 

patients discharged from hospital: a cohort study. Lancet 2021; 

397(10270):220-232. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Theoharis C. Theoharides 116 

[402] Higgins V, Sohaei D, Diamandis EP, Prassas I. COVID-19: from an acute 

to chronic disease? Potential long-term health consequences. Crit Rev Clin 

Lab Sci 2020;1-23. 

[403] Theoharides TC, Cholevas C, Polyzoidis K, Politis A. Long-COVID 

syndrome-associated brain fog and chemofog: Luteolin to the rescue. 

Biofactors 2021; 47(2):232-241. 

[404] Graham EL, Clark JR, Orban ZS et al. Persistent neurologic symptoms and 

cognitive dysfunction in non-hospitalized Covid-19 “long haulers.” Ann 

Clin Transl Neurol 2021; 8(5):1073-1085. 

[405] Stefano GB, Buttiker P, Weissenberger S, Martin A, Ptacek R, Kream RM. 

Editorial: The Pathogenesis of Long-Term Neuropsychiatric COVID-19 

and the Role of Microglia, Mitochondria, and Persistent 

Neuroinflammation: A Hypothesis. Med Sci Monit 2021; 27:e933015. 

[406] Bell ML, Catalfamo CJ, Farland LV et al. Post-acute sequelae of COVID-

19 in a non-hospitalized cohort: Results from the Arizona CoVHORT. 

PLoS ONE 2021; 16(8):e0254347. 

[407] Hugon J, Msika EF, Queneau M, Farid K, Paquet C. Long COVID: 

cognitive complaints (brain fog) and dysfunction of the cingulate cortex. J 

Neurol 2021; 18:1-3. 

[408] Lee MH, Perl DP, Nair G et al. Microvascular Injury in the Brains of 

Patients with COVID-19. N Engl J Med 2021; 384(5): 481-483. 

[409] Theoharides TC, Conti P. COVID-19 and Multisystem Inflammatory 

Syndrome, or is it Mast Cell Activation Syndrome? J Biol Regul Homeost 

Agents 2020; 34(5):1633.-1636. 

[410] Afrin LB, Weinstock LB, Molderings GJ. Covid-19 hyperinflammation 

and post-COVID-19 illness may be rooted in mast cell activation 

syndrome. Int J Infect Dis 2020; 100:327-332. 

[411] Mizurini DM, Hottz ED, Bozza PT, Monteiro RQ. Fundamentals in Covid-

19-Associated Thrombosis: Molecular and Cellular Aspects. Front 

Cardiovasc Med. 2021; 17(8): 785738. 

[412] Damialis A, Gilles S, Sofiev M et al. Higher airborne pollen concentrations 

correlated with increased SARS-CoV-2 infection rates, as evidenced from 

31 countries across the globe. Proc Natl Acad Sci USA 2021; 118(12): 

e2019034118. 

[413] Iannaccone G, Scacciavillani R, Del Buono MG et al. Weathering the 

Cytokine Storm in COVID-19: Therapeutic Implications. Cardiorenal 

Med 2020; 10(5):277-287. 

[414] Jamilloux Y, Henry T, Belot A et al. Should we stimulate or suppress 

immune responses in COVID-19? Cytokine and anti-cytokine 

interventions. Autoimmun Rev 2020; 19(7):102567. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Brain Mast Cells, Neuroinflammation and Cognition 117 

[415] Ronconi G, Tete G, Kritas SK et al. SARS-CoV-2, which induces COVID-

19, causes kawasaki-like disease in children: role of pro-inflammatory and 

anti-inflammatory cytokines. J Biol Regul Homeost Agents 2020; 

34(3):767-773. 

[416] Gomez-Lopez N, StLouis D, Lehr MA, Sanchez-Rodriguez EN, renas-

Hernandez M. Immune cells in term and preterm labor. Cell Mol Immunol 

2014; 11(6):571-581. 

[417] Theoharides TC, Conti P. Dexamethasone for COVID-19? Not so fast. J 

Biol Regul Homeost Agents 2020; 34(3):1241-1243. 

[418] Richman S, Morris MC, Broderick G, Craddock TJA, Klimas NG, Fletcher 

MA. Pharmaceutical Interventions in Chronic Fatigue Syndrome: A 

Literature-based Commentary. Clin Ther 2019; 41(5):798-805. 

[419] Goris T, Perez-Valero A, Martinez I et al. Repositioning microbial 

biotechnology against COVID-19: the case of microbial production of 

flavonoids. Microb Biotechnol 2021; 14(1):94-110. 

[420] Gour A, Manhas D, Bag S, Gorain B, Nandi U. Flavonoids as potential 

phytotherapeutics to combat cytokine storm in SARS-CoV-2. Phytother 

Res 2021; 35(8):4258-4283. 

[421] Alzaabi MM, Hamdy R, Ashmawy NS et al. Flavonoids are promising safe 

therapy against COVID-19. Phytochem Rev 2021;1-22. 

[422] Kumar B, Zaidi S, Haque S et al. In silico studies reveal antiviral effects of 

traditional Indian spices on COVID-19. Curr Pharm Des 2020. 

[423] Ali AM, Kunugi H. Propolis, Bee Honey, and Their Components Protect 

against Coronavirus Disease 2019 (COVID-19): A Review of In Silico, In 

Vitro, and Clinical Studies. Molecules 2021; 26(5):1232. 

[424] Stalin A, Lin D, Senthamarai KB et al. An in-silico approach to identify 

the potential hot spots in SARS-CoV-2 spike RBD to block the interaction 

with ACE2 receptor. J Biomol Struct Dyn 2021;1-16. 

[425] Xu L, Su W, Jin J et al. Identification of luteolin as enterovirus 71 and 

coxsackievirus A16 inhibitors through reporter viruses and cell viability-

based screening. Viruses 2014; 6(7):2778-2795. 

[426] Fan W, Qian S, Qian P, Li X. Antiviral activity of luteolin against Japanese 

encephalitis virus. Virus Res 2016; 220:112-116. 

[427] Yan H, Ma L, Wang H et al. Luteolin decreases the yield of influenza A 

virus in vitro by interfering with the coat protein I complex expression. J 

Nat Med 2019; 73(3):487-496. 

[428] Russo M, Moccia S, Spagnuolo C, Tedesco I, Russo GL. Roles of 

flavonoids against coronavirus infection. Chem Biol Interact 2020; 

328:109211. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Theoharis C. Theoharides 118 

[429] Derosa G, Maffioli P, D’Angelo A, Di PF. A role for quercetin in 

coronavirus disease 2019 (COVID-19). Phytother Res 2020; 35(3):1230-

1236. 

[430] Jo S, Kim S, Shin DH, Kim MS. Inhibition of SARS-CoV 3CL protease 

by flavonoids. J Enzyme Inhib Med Chem 2020; 35(1):145-151. 

[431] Xue G, Gong L, Yuan C et al. A structural mechanism of flavonoids in 

inhibiting serine proteases. Food Funct 2017; 8(7):2437-2443. 

[432] Calis Z, Mogulkoc R, Baltaci AK. The Roles of Flavonols/ 

Flavonoids in Neurodegeneration and Neuroinflammation. Mini Rev Med 

Chem 2020; 20(15):1475-1488. 

[433] Devi SA, Chamoli A. Polyphenols as an Effective Therapeutic Intervention 

against Cognitive Decline During Normal and Pathological Brain Aging. 

Adv Exp Med Biol 2020; 1260:159-174. 

[434] Manjunath SH, Thimmulappa RK. Antiviral, immunomodulatory, and 

anticoagulant effects of quercetin and its derivatives: Potential role in 

prevention and management of COVID-19. J Pharm Anal 2021. 

[435] Simsek Y, Baran SS, Aslim B. In silico identification of SARS-CoV-2 cell 

entry inhibitors from selected natural antivirals. J Mol Graph Model 2021; 

109:108038. 

[436] Di PF, Derosa G, Maffioli P et al. Possible Therapeutic Effects of Adjuvant 

Quercetin Supplementation Against Early-Stage COVID-19 Infection: A 

Prospective, Randomized, Controlled, and Open-Label Study. Int J Gen 

Med 2021; 14:2359-2366. 

[437] Shadrack DM, Deogratias G, Kiruri LW et al. Luteolin: a blocker of SARS-

CoV-2 cell entry based on relaxed complex scheme, molecular dynamics 

simulation, and metadynamics. J Mol Model 2021; 27(8):221. 

[438] Ashaari Z, Hadjzadeh MA, Hassanzadeh G et al. The Flavone Luteolin 

Improves Central Nervous System Disorders by Different Mechanisms: A 

Review. J Mol Neurosci 2018; 65(4):491-506. 

[439] Kempuraj D, Thangavel R, Kempuraj DD et al. Neuroprotective effects of 

flavone luteolin in neuroinflammation and neurotrauma. Biofactors 2020; 

47(2):190-197. 

[440] Theoharides TC, Conti P, Economu M. Brain inflammation, 

neuropsychiatric disorders, and immunoendocrine effects of luteolin. J 

Clin Psychopharmacol 2014; 34(2):187-189. 

[441] Dajas F, Rivera-Megret F, Blasina F et al. Neuroprotection by flavonoids 

1. Braz J Med Biol Res 2003; 36(12):1613-1620. 

[442] Lin TY, Lu CW, Wang SJ. Luteolin protects the hippocampus against 

neuron impairments induced by kainic acid in rats. NeuroToxicol 2016; 

55:48-57. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Brain Mast Cells, Neuroinflammation and Cognition 119 

[443] Ashaari Z, Hadjzadeh MA, Hassanzadeh G et al. The Flavone Luteolin 

Improves Central Nervous System Disorders by Different Mechanisms: A 

Review. J Mol Neurosci 2018; 65(4):491-506. 

[444] Rezai-Zadeh K, Douglas SR, Bai Y et al. Flavonoid-mediated presenilin-1 

phosphorylation reduces Alzheimer’s disease beta-amyloid production. J 

Cell Mol Med 2009; 13(3):574-588. 

[445] Theoharides TC, Stewart JM, Hatziagelaki E, Kolaitis G. Brain "fog," 

inflammation and obesity: key aspects of 2 neuropsychiatric disorders 

improved by luteolin. Front Neurosci 2015; 9:225. 

[446] Yao ZH, Yao XL, Zhang Y, Zhang SF, Hu JC. Luteolin Could Improve 

Cognitive Dysfunction by Inhibiting Neuroinflammation. Neurochem Res 

2018; 43(4):806-820. 

[447] Gratton G, Weaver SR, Burley CV et al. Dietary flavanols improve 

cerebral cortical oxygenation and cognition in healthy adults. Sci Rep 

2020; 10(1):19409. 

[448] Theoharides TC, Cholevas C, Polyzoidis K, Politis A. Long-COVID 

syndrome-associated brain fog and chemofog: Luteolin to the rescue. 

Biofactors 2021; 47(2):232-241. 

[449] Caslin HL, Kiwanuka KN, Haque TT et al. Controlling Mast Cell 

Activation and Homeostasis: Work Influenced by Bill Paul That Continues 

Today. Front Immunol 2018; 9:868. 

[450] Heinrich MC, Griffith DJ, Druker BJ, Wait CL, Ott KA, Zigler AJ. 

Inhibition of c-kit receptor tyrosine kinase activity by STI 571, a selective 

tyrosine kinase inhibitor 1. Blood 2000; 96(3):925-932. 

[451] Gotlib J, Kluin-Nelemans HC, George TI et al. Efficacy and Safety of 

Midostaurin in Advanced Systemic Mastocytosis. N Engl J Med 2016; 

374(26):2530-2541. 

[452] Finn DF, Walsh JJ. Twenty-first century mast cell stabilizers 

1. Br J Pharmacol 2013; 170(1):23-37. 

[453] Middleton EJ, Kandaswami C, Theoharides TC. The effects of plant 

flavonoids on mammalian cells: implications for inflammation, heart 

disease and cancer. Pharmacol Rev 2000; 52(4):673-751. 

[454] Leyva-Lopez N, Gutierrez-Grijalva EP, mbriz-Perez DL, Heredia JB. 

Flavonoids as Cytokine Modulators: A Possible Therapy for 

Inflammation-Related Diseases. Int J Mol Sci 2016; 17(6). 

[455] Jager AK, Saaby L. Flavonoids and the CNS. Molecules 2011; 16(2):1471-

1485. 

[456] Calis Z, Mogulkoc R, Baltaci AK. The roles of Flavonoles/ 

Flavonoids in Neurodegeneration and Neuroinflammation. Mini Rev Med 

Chem 2019. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Theoharis C. Theoharides 120 

[457] Calfio C, Gonzalez A, Singh SK, Rojo LE, Maccioni RB. The Emerging 

Role of Nutraceuticals and Phytochemicals in the Prevention and 

Treatment of Alzheimer’s Disease. J Alzheimers Dis 2020; 77(1):33-51. 

[458] Kempuraj D, Madhappan B, Christodoulou S et al. Flavonols inhibit 

proinflammatory mediator release, intracellular calcium ion levels and 

protein kinase C theta phosphorylation in human mast cells. Br J 

Pharmacol 2005; 145:934-944. 

[459] Seelinger G, Merfort I, Schempp CM. Anti-oxidant, anti-inflammatory and 

anti-allergic activities of luteolin. Planta Med 2008; 74(14):1667-1677. 

[460] Jang S, Kelley KW, Johnson RW. Luteolin reduces IL-6 production in 

microglia by inhibiting JNK phosphorylation and activation of AP-1. Proc 

Natl Acad Sci USA 2008; 105(21):7534-7539. 

[461] Kwon Y. Luteolin as a potential preventive and therapeutic candidate for 

Alzheimer’s disease. Exp Gerontol 2017; 95:39-43. 

[462] Wang H, Wang H, Cheng H, Che Z. Ameliorating effect of luteolin on 

memory impairment in an Alzheimer’s disease model. Mol Med Rep 2016; 

13(5):4215-4220. 

[463] Ali F, Siddique YH. Bioavailability and Pharmaco-therapeutic Potential of 

Luteolin in Overcoming Alzheimer’s Disease. CNS Neurol Disord Drug 

Targets 2019; 18(5):352-365. 

[464] Sabogal-Guaqueta AM, Munoz-Manco JI, Ramirez-Pineda JR, Lamprea-

Rodriguez M, Osorio E, Cardona-Gomez GP. The flavonoid quercetin 

ameliorates Alzheimer’s disease pathology and protects cognitive and 

emotional function in aged triple transgenic Alzheimer’s disease model 

mice. Neuropharmacology 2015; 93:134-145. 

[465] Zaplatic E, Bule M, Shah SZA, Uddin MS, Niaz K. Molecular mechanisms 

underlying protective role of quercetin in attenuating Alzheimer’s disease. 

Life Sci 2019; 224:109-119. 

[466] Moreno LCGE, Puerta E, Suarez-Santiago JE, Santos-Magalhaes NS, 

Ramirez MJ, Irache JM. Effect of the oral administration of 

nanoencapsulated quercetin on a mouse model of Alzheimer’s disease. Int 

J Pharm 2017; 517(1-2):50-57. 

[467] Foreman JC, Mongar JL, Gomperts BD. Calcium ionophores and 

movement of calcium ions following the physiological stimulus to a 

secretory process. Nature 1973; 245:249-251. 

[468] Theoharides TC, Tsilioni I. Tetramethoxyluteolin for the treatment of 

neurodegenerative diseases. Curr Top Med Chem 2018; 18(21):1872-1882. 

[469] Harwood M, nielewska-Nikiel B, Borzelleca JF, Flamm GW, Williams 

GM, Lines TC. A critical review of the data related to the safety of 

quercetin and lack of evidence of in vivo toxicity, including lack of 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Brain Mast Cells, Neuroinflammation and Cognition 121 

genotoxic/carcinogenic properties. Food Chem Toxicol 2007; 

45(11):2179-2205. 

[470] Okamoto T. Safety of quercetin for clinical application (Review). Int J Mol 

Med 2005; 16(2):275-278. 

[471] Theoharides TC, Asadi S, Panagiotidou S. Effect of a luteolin formulation 

(NeuroProtek) on autism spectrum disorders-A case series. Int J 

Immunopathol and Pharmacol 2012; 25(2):317-323. 

[472] Theoharides TC. Luteolin as a therapeutic option for multiple sclerosis. J 

Neuroinflammation 2009; 6:29. 

[473] Andres S, Pevny S, Ziegenhagen R et al. Safety Aspects of the Use of 

Quercetin as a Dietary Supplement. Mol Nutr Food Res 2018; 62(1). 

[474] Angeloni C, Malaguti M, Barbalace MC, Hrelia S. Bioactivity of Olive Oil 

Phenols in Neuroprotection. Int J Mol Sci 2017; 18(11). 

[475] Casamenti F, Stefani M. Olive polyphenols: new promising agents to 

combat aging-associated neurodegeneration. Expert Rev Neurother 2017; 

17(4):345-358. 

[476] Omar SH, Scott CJ, Hamlin AS, Obied HK. Olive Biophenols Reduces 

Alzheimer’s Pathology in SH-SY5Y Cells and APPswe Mice. Int J Mol 

Sci 2018; 20(1): 125. 

[477] Marquez-Martin A, De La PR, Fernandez-Arche A, Ruiz-Gutierrez V, 

Yaqoob P. Modulation of cytokine secretion by pentacyclic triterpenes 

from olive pomace oil in human mononuclear cells. Cytokine 2006; 36(5-

6):211-217. 

[478] Hornedo-Ortega R, Cerezo AB, de Pablos RM et al. Phenolic Compounds 

Characteristic of the Mediterranean Diet in Mitigating Microglia-Mediated 

Neuroinflammation. Front Cell Neurosci 2018; 12:373. 

[479] Calahorra J, Shenk J, Wielenga VH et al. Hydroxytyrosol, the Major 

Phenolic Compound of Olive Oil, as an Acute Therapeutic Strategy after 

Ischemic Stroke. Nutrients 2019; 11(10): 2430. 

[480] Fu X, Zhang J, Guo L et al. Protective role of luteolin against cognitive 

dysfunction induced by chronic cerebral hypoperfusion in rats. Pharmacol 

Biochem Behav 2014; 126:122-130. 

[481] Beauchamp GK, Keast RS, Morel D et al. Phytochemistry: ibuprofen-like 

activity in extra-virgin olive oil. Nature 2005; 437(7055):45-46. 

[482] Khalatbary AR. Olive oil phenols and neuroprotection. Nutr Neurosci 

2013; 16(6):243-249. 

[483] Bertelli M, Kiani AK, Paolacci S et al. Hydroxytyrosol: A natural 

compound with promising pharmacological activities. J Biotechnol 2020; 

309:29-33. 

[484] Theoharides TC. Luteolin supplements: All that glitters is not gold. 

Biofactors 2020; 47(2):242-244.



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

 

 

In: Mast Cells and their Role in Health and Disease 

Editors: Ana I. Faustino and Paula A. Oliveira 

ISBN: 978-1-68507-628-3 

© 2022 Nova Science Publishers, Inc. 

 

 

 

About the Editors 
 

 

Ana I. Faustino 

 

Ana I. Faustino holds a Master’s in Veterinary Medicine and a European PhD 

in Veterinary Sciences. She is Professor and Researcher at University of Évora 

and CITAB/UTAD, respectively. Animal models of cancer, tumoral 

angiogenesis and lymphangiogenesis, and imaging are her main areas of 

interest. She has collaborated on several Financed Research projects. The 

results of her works were published in more than 250 publications in several 

formats. She received several prizes of scientific merit, and highlights and 

press honours. She has experience in supervising graduate and post-graduate 

students. She participated in several courses, workshops, international and 

national meetings. She is editorial member of several scientific journals and 

collaborated as reviewer of more than 200 manuscripts. She is Guest Editor of 

a special issue in Veterinary Animals. 

 

 

Paula A. Oliveira 

 

Paula Alexandra Oliveira (PAO) graduated in Veterinary Medicine at 

University of Trás-os-Montes and Alto Douro (UTAD) in 1996, completed 

her Master’s Thesis in Oncology at University of Porto in 2002, and completed 

her PhD at UTAD in 2006. PAO is a habilitated professor and researcher at 

UTAD and CITAB, respectively. Her research targets are mainly in the use of 

animal models to study cancer biopathology and to evaluate new treatments 

(drugs, natural compounds and lifestyle). PAO has several international and 

national collaborations and she is PI and member of several Financed 

Research projects with different typologies: 5 FCT R&D projects and 1 

INTERREG (POCTEP) project. Her scientific work has raised interest and has 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

About the Editors 124 

led to the supervision of Post-doc (1 concluded), PhD (9 concluded and 7 

ongoing), Master’s (30 concluded and 6 ongoing) and Bachelor’s (33 

concluded, 2 ongoing) students. PAO has published more than 150 scientific 

documents, including research articles, reviews and editorials, within the 

highest impact factor journals (24 h-index, SCOPUS, January 2021). She has 

written 9 book chapters and has registered 1 national patent. She is an editorial 

board member of Diagnostics, Oncology Letters and Expert Opinion on Drug 

Discovery. At the moment, she is also guest editor of a special issue in 

Cancers. 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

 

 

In: Mast Cells and their Role in Health and Disease 

Editors: Ana I. Faustino and Paula A. Oliveira 

ISBN: 978-1-68507-628-3 

© 2022 Nova Science Publishers, Inc. 

 

 

 

List of Contributors 
 

 

Akhilesh Chandra 

Department of Oral Pathology & Microbiology, Faculty of Dental Sciences, 

IMS, BHU, Varanasi, U.P., India  

 

Akshay Bhargava 

Department of Oral Pathology & Microbiology,  

RUHS College of Dental Sciences, Jaipur, Rajasthan, India 

 

Bharat Sankhla 

Department of Oral Pathology and Microbiology,  

RUHS College of Dental Sciences, Jaipur, India 

 

Krishna Sireesha Sundaragiri 

Department of Oral Pathology and Microbiology,  

RUHS College of Dental Sciences, Jaipur, India 

 

Neetha Bhargava 

Department of Periodontics, NIMS Dental College, NIMS University, 

Jaipur, Rajasthan 

 

Pradeep Chaudhary 

Department of Periodontics, Rajasthaan Dental College, Rajasthan 

University, Jaipur, Rajastha 

 

Priyanka Singh 

Department of Oral Pathology & Microbiology,  

KGMU Faculty of Dental Sciences, Lucknow, U.P., India 

 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

List of Contributors 126 

Rohit Sharma 

Department of Oral Pathology, NIMS Dental College, NIMS University, 

Jaipur, Rajasthan 

 

Shikha Saxena  

Department of Oral Pathology & Microbiology, RUHS College of Dental 

Sciences, Jaipur, Rajasthan, India 

 

Theoharis C. Theoharides 

Laboratory of Molecular Immunopharmacology and Drug Discovery, 

Department of Immunology, Tufts University School of Medicine,  

Boston, USA 

School of Graduate Biomedical Sciences, Tufts University School of 

Medicine, Boston, USA 

Department of Internal Medicine, Tufts University School of Medicine and 

Tufts Medical Center, Boston, USA 

Institute of Neuro-Immune Medicine, Nova Southeastern University, Tampa, 

FL, USA 

 

Vatchala Rani 

Department of Oral Pathology and Microbiology, Faculty of Dentistry, Jamia 

Millia Islamia, New Delhi, India 

 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

 

 

 

 

 

Index 
 

 

A 

adaptive immunity, 3, 44, 59, 68, 71 

adenocarcinoma, 20, 27, 28, 29, 78, 98 

adhesion, 6, 8, 43, 45, 46, 47, 50, 57, 62, 

63, 65, 72 

angiogenesis, 1, 2, 3, 8, 9, 12, 13, 14, 15, 

16, 17, 18, 20, 21, 22, 24, 25, 26, 27, 28, 

29, 42, 43, 45, 53, 57, 59, 69, 70, 123 

antibody, 15, 40, 58, 61, 85 

antigen, 3, 4, 28, 39, 40, 44, 47, 55, 57, 58, 

59, 60, 61, 63, 65, 69 

apoptosis, 6, 17, 19, 20, 28, 47, 48, 55, 62, 

66, 71, 105 

autism, 74, 78, 81, 83, 84, 98, 100, 104, 

107, 108, 109, 110, 111, 112, 115, 121 

autism spectrum disorder, 74, 78, 81, 98, 

107, 108, 109, 110, 111, 112, 121 

autoimmune diseases, 55, 83, 109 

autoimmunity, 54, 55, 61, 84 

B 

bacteria, 4, 31, 33, 34, 35, 36, 37, 38, 40, 

41, 45, 49, 56, 59, 60, 90 

behavior, 8, 15, 74, 78, 84, 87, 96, 97, 106, 

112 

blood-brain barrier, 73, 74, 78, 98, 99, 104, 

106, 108, 115 

brain fog, 74, 81, 85, 87, 116, 119 

breast carcinoma, 9, 12, 15, 20, 24, 27, 28 

C 

cancer, vii, 2, 7, 9, 11, 15, 16, 19, 20, 21, 

22, 24, 25, 26, 27, 28, 29, 67, 119, 123 

carcinogenesis, 7, 8, 10, 11, 14, 16, 20, 24, 

25 

carcinoma, 9, 11, 12, 13, 15, 16, 20, 22, 24, 

25, 26, 27, 28, 29, 70 

chemokine(s), 2, 7, 39, 41, 55, 57, 58, 59, 

63, 64, 73, 76, 87, 88 

cognition, v, vii, 73, 74, 119 

cognitive dysfunction, 80, 81, 85, 86, 105, 

116, 121 

cognitive impairment, 82, 83, 105, 110 

connective tissue, 4, 5, 6, 11, 12, 14, 16, 

17, 19, 28, 32, 35, 38, 39, 40, 42, 43, 53, 

56, 57, 58, 60, 61, 63, 65, 67, 70, 78 

coronavirus, 74, 86, 112, 113, 114, 117, 

118 

corticotropin, 74, 89, 91, 93, 95, 97, 98, 

101, 102 

corticotropin-releasing hormone, 74, 89, 

91, 93, 95, 97, 98, 101, 102 

COVID-19, 74, 76, 79, 85, 86, 90, 91, 92, 

93, 101, 103, 112, 113, 114, 115, 116, 

117, 118 

cystitis, 96 

cytokine(s), 2, 4, 6, 7, 14, 20, 21, 36, 39, 

40, 42, 43, 57, 58, 59, 60, 61, 63, 64, 65, 

73, 76, 78, 80, 82, 85, 87, 88, 91, 92, 95, 

112, 113, 117 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Index 128 

D 

defence mechanism(s), 32 

E 

endothelial cells, 6, 14, 15, 16, 18, 19, 26, 

28, 38, 42, 43, 59, 62 

endothelium, 24, 57, 63 

enterovirus, 117 

environment, 1, 10, 17, 18, 32, 33, 36, 57 

enzyme(s), 2, 7, 14, 16, 17, 18, 20, 36, 37, 

44, 61 

epithelial cells, 10, 11, 42, 43, 46, 50, 59, 

64, 65, 90 

epithelium, 10, 11, 14, 35, 37, 38, 39, 43, 

55, 57, 62, 63, 65 

extracellular matrix, 1, 2, 18, 33, 35, 38, 

40, 41, 43, 44 

F 

fatigue, 74, 76, 81, 85, 92, 105, 115, 117 

fibroblast(s), 2, 3, 14, 17, 18, 20, 28, 35, 

38, 41, 42, 44, 48, 59, 62 

flavonoid(s), 74, 86, 87, 117, 118, 119 

G 

gingiva, 32, 33, 37, 39, 45, 49, 51, 61 

gingival, 32, 33, 35, 36, 37, 38, 39, 41, 42, 

43, 45, 46, 47, 48, 49, 50 

gingival epithelium, 38 

gingivitis, 8, 31, 32, 37, 38, 39, 43, 44, 45, 

47, 48, 70 

H 

histamine, 12, 13, 14, 26, 38, 43, 57, 59, 

60, 61, 62, 64, 71, 76, 77, 78, 79, 82, 86, 

90, 91, 92, 94, 96, 97, 98, 102, 107 

homeostasis, 48, 59, 74, 94 

host, 4, 7, 10, 12, 15, 16, 17, 25, 31, 33, 34, 

35, 36, 37, 40, 41, 43, 47, 49, 51, 54, 56, 

57 

hypothalamus, 73, 74, 77, 78, 80, 105 

I 

immune response, 2, 3, 18, 32, 37, 39, 40, 

43, 49, 53, 58, 64, 68, 82, 101, 103, 108, 

113, 116 

immune system, vii, 2, 3, 12, 35, 42, 57, 

59, 69, 85, 88, 106, 110, 113 

immunity, 3, 23, 32, 40, 44, 47, 51, 56, 59, 

64, 68, 71, 77, 88, 90, 95 

in vitro, 4, 5, 7, 12, 14, 17, 18, 19, 26, 28, 

56, 93, 95, 96, 97, 99, 104, 117 

in vivo, 2, 9, 10, 12, 14, 16, 17, 20, 43, 50, 

93, 95, 99, 120 

inflammation, 2, 7, 8, 9, 21, 22, 24, 25, 27, 

32, 33, 37, 38, 41, 44, 46, 47, 48, 51, 54, 

55, 56, 57, 58, 61, 62, 66, 68, 69, 74, 75, 

76, 77, 78, 80, 82, 83, 84, 85, 86, 88, 89, 

91, 92, 95, 99, 100, 101, 102, 104, 105, 

107, 108, 109, 110, 112, 113, 118, 119 

inflammatory cell(s), 2, 7, 8, 16, 28, 31, 32, 

36, 39, 44, 53, 61, 65, 70, 71 

inflammatory disease, 80, 89, 102 

inflammatory mediators, 38, 57, 59, 61, 65, 

78, 84, 97, 111 

M 

macrophages, 2, 3, 14, 17, 18, 32, 36, 38, 

39, 40, 41, 42, 47, 48, 59, 76, 79, 88 

mast cell stabilizer, 29, 82, 94, 119 

mast cell(s), vii, 1, 2, 4, 6, 9, 12, 15, 22, 23, 

24, 25, 26, 27, 28, 29, 32, 45, 49, 50, 51, 

53, 54, 67, 68, 69, 70, 71, 72, 73, 74, 75, 

76, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 

87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 

98, 99, 100, 101, 102, 103, 104, 105, 

110,111, 112, 113, 116, 119, 120 

mediator(s), 1, 2, 3, 4, 5, 8, 14, 15, 16, 18, 

19, 26, 32, 36, 38, 42, 43, 45, 48, 53, 57, 

59, 60, 61, 62, 65, 69, 72, 73, 76, 77, 78, 

81, 84, 87, 88, 91, 92, 93, 94, 97, 98, 

100, 101, 103, 108, 111, 120 



Nov
a S

cie
nc

e P
ub

lish
ers

, In
c.

Index 129 

microglia, 74, 79, 80, 82, 83, 84, 86, 95, 

99, 100, 101, 104, 105, 108, 111, 116, 

120, 121 

O 

oral cavity, 8, 16, 24, 33, 37, 55, 76 

oral lichen planus, vii, 53, 54, 66, 67, 70, 

71, 72 

oral lichenoid lesion, 54, 66, 71 

oral lichenoid reaction, 54, 71, 72 

P 

pathogenesis, 34, 35, 39, 43, 46, 48, 49, 50, 

53, 55, 56, 61, 63, 64, 65, 66, 67, 72, 74, 

80, 81, 82, 83, 85, 87, 91, 108, 109, 112 

pathogens, 7, 31, 35, 59, 69, 71, 76, 87, 90 

periodontal, vii, 31, 32, 33, 34, 35, 36, 37, 

38, 39, 41, 42, 44, 45, 46, 47, 48, 49, 50, 

51, 70 

periodontal disease, vii, 31, 32, 33, 34, 35, 

37, 39, 42, 45, 47, 48, 49, 70 

periodontitis, 31, 32, 33, 34, 35, 36, 37, 39, 

40, 43, 44, 45, 46, 47, 48, 49, 51 

prognosis, 2, 3, 13, 20, 28 

S 

SARS, 76, 85, 86, 90, 92, 93, 108, 111, 

112, 113, 114, 115, 116, 117, 118 

SARS-CoV, 76, 85, 86, 90, 92, 93, 108, 

111, 112, 113, 114, 115, 116, 117, 118 

secretion, 14, 19, 48, 63, 64, 75, 76, 77, 80, 

87, 90, 91, 92, 93, 94, 98, 121 

squamous cell, 11, 13, 15, 16, 20, 25, 26, 

27, 70 

squamous cell carcinoma, 11, 13, 15, 16, 

20, 25, 26, 27, 70 

T 

T cell(s), 3, 8, 22, 47, 55, 59, 61, 62, 63, 

64, 66, 67, 85 

tumor, 1, 2, 3, 8, 9, 10, 11, 12, 13, 14, 15, 

16, 17, 18, 19, 20, 21, 22, 24, 25, 26, 27, 

28, 29, 39, 40, 41, 47, 56, 59, 67, 70, 71, 

105 

tumor cell(s), 2, 8, 9, 12, 17, 19, 20, 28 

tumor development, 2, 9, 12, 20 

tumor growth, 1, 2, 8, 9, 12, 13, 17, 18, 19, 

20, 21, 22, 25, 26, 59 

tumor invasion, 17, 18, 27 

tumor necrosis factor, 2, 39, 40, 41, 56, 67, 

71, 105 

tumor progression, 3, 12, 15, 18, 20, 22, 26 

 


	Preface
	Chapter 1
	Role of Mast Cells in Tumor Growth
	Abstract
	Introduction
	Historical Background
	Mast Cell Development
	Mast Cells Arise from Multipotent Hematopoietic Progenitors in the Bone Marrow
	Mast Cell Development and Growth are Crucially Regulated by the Survival and Developmental Factor, Stem Cell Factor
	Stem Cell Factor-Mediated Mast Cell Development is Regulatedby a Variety of Factors Including Cytokines and Growth Factors

	Migration of Mast Cells
	Mast Cells and Inflammation
	Mast Cells in the Tumor Microenvironment
	Mast Cells and Carcinogenesis in Experimental Models

	Role of Mast Cells in Tumor Growth
	Role of Mast Cells in Tumor Angiogenesis
	Role of Mast Cells in Degradation of Extracellular Matrix
	Anti-Tumor Activity of Mast Cells
	Prognostic Relevance of Mast Cells

	Treatment Implication
	Conclusion
	References

	Chapter 2
	Role of Mast Cells in Periodontal Disease
	Abstract
	Introduction
	Etiology of Periodontal Disease
	Pathogenesis of Periodontitis
	Host-Microbial Interaction
	Microbial Virulence Factors
	Microbial Invasion
	Endotoxins
	Enzymes

	Host Response in Periodontitis
	Acute Bacterial Challenge Phase
	Acute Inflammatory Phase
	1. Initial Phase
	2. Early Phase
	3. Established Lesion
	4. Advanced Lesion

	Immune Response Phase
	Phase of Periodontal Tissue Destruction
	Cytokines
	Prostaglandins
	Matrix Metalloproteinases
	Phase of Resolution and Repair
	Mast Cells
	Mast Cell Origin
	Mast Cell Heterogeneity
	Mast Cell Mediators
	Role of Mast Cells in Gingivitis
	Role of Mast Cells in Periodontitis
	Role of Mast Cells in Periodontal Tissue Degradation

	Conclusion
	References

	Chapter 3
	Role of Mast Cells in Oral Lichen Planus
	Abstract
	Introduction
	Pathogenesis of OLP
	Mast Cells
	Historical Background
	Location of MCs
	Mechanism of Activation
	Physiological Role of MCs
	Angiogenesis
	Homeostasis
	Innate and Adaptive Immunity
	Activation and Mediator Release

	Ultra Structure of MCs
	Three Types of MC’s
	Role of MC Released Cytokines

	MCs in Normal Mucosa
	Role of MCs in Oral Lichen Planus
	Role of Histamine in OLP
	Correlation of Lichen Planus and Mast Cells: Different Studies
	Conclusion
	References

	Chapter 4
	Brain Mast Cells, Neuroinflammation and Cognition
	Abstract
	Introduction: Nature of Mast Cells
	Functions of Brain Mast Cells
	Alzheimer’s Disease
	Autism Spectrum Disorder
	Long-COVID
	How to Regulate Mast Cells
	Conclusion
	Declaration
	References

	About the Editors
	Ana I. Faustino
	Paula A. Oliveira

	List of Contributors
	Index



