DOTI: 10.26599/FSHW.2025.9250703

Z.Y. Liu et al. / Food Science and Human Wellness 15 (2026)

Feed Science
and Human Weliness,

Contents lists available at CNKI

Food Science and Human Wellness

journal homepage: http://www.keaipublishing.com/en/journals/food-science-and-human-wellness

Natural Bioactive Compounds in Foods: Modulation of Mast Cells and Tumor
Microenvironment for Health Promotion and Management

Zhengyang Liu*¢, Mingxia Lin®, Ruolin Song®, Manman Liu®, Shiwen Han®, Huilian Che®, Jiao

Xu®*, Shengqgian Sun®*

@ China National Center for Food Safety Risk Assessment, Nutrition and food hygiene, Beijing 100083, China
b Department of Medical Records Management, Yantai Affiliated Hospital of Binzhou Medical University, Yantai, Shandong, China
¢ College of Food Science and Nutritional Engineering, China Agricultural University, Beijing 100083, China
4 Yantai Key Laboratory of Special Medical Food, School of Food and Bioengineering, Yantai Institute of Technology, Yantai, Shandong, 264003,
China

ABSTRACT: Natural compounds, including polysaccharides, alkaloids and polyphenols, have been shown to
regulate immune responses within the tumor microenvironment (TME). These compounds achieve this by activating
immune cells, inhibiting tumor cell proliferation, and promoting apoptosis. Furthermore, they modulate both
immunosuppressive and immunoactivated states in the TME by influencing the activity of mast cells (MCs). MCs, as
early and persistent infiltrating cells, play a pivotal role in allergic diseases and participate in various physiological
and pathological processes. Their functions are primarily mediated through angiogenesis, tissue remodeling, and
immunomodulation within the immune microenvironment. However, the role of MCs in tumorigenesis remains
controversial. Depending on the tumor type, MCs exhibit remarkable plasticity and secrete a diverse array of signaling
molecules that can significantly influence tumor progression. This review seeks to offer new insights into the role of
MCs in tumorigenesis and development. Additionally, it explores the impact of natural compounds on the TME
through MCs, contributing to a more comprehensive understanding of cancer therapy. Ultimately, this research aims
to provide a scientific foundation for the development of novel tumor treatment strategies and to advance cancer
therapy.
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1. Introduction

Food serves not only as a source of essential nutrients but also as a reservoir of active substances and
plant-derived compounds, such as polyphenols, flavonoids, and terpenoids. These compounds not only
contribute to the unique flavors and colors of food but also play a crucial role in maintaining human health
and preventing diseases [ 2. Several antitumor compounds that directly target tumor cells have been
identified, such as paclitaxel, vincristine, and vinblastine. These components interfere with spindle formation
by modulating tubulin dynamics in tumor cells, thereby disrupting the cell cycle . Additionally, certain
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polyphenols and flavonoids have been shown to induce apoptosis in tumor cells . Given the close
relationship between tumors and their microenvironment, a comprehensive exploration of the bioactivities and
mechanisms of these plant-derived bioactive compounds is essential to elucidate the complex interactions
between food and health.

The role of mast cells (MCs) in the tumor microenvironment (TME) is intricate and multifaceted 1. MCs
are involved in processes such as angiogenesis, tissue remodeling, and immunomodulation . Increasing
evidence suggests that MCs in the TME significantly influence tumor progression [, Depending on their
subpopulations and ‘micro-localizations’ within the same tumor, MCs can exert both anti-tumor and
tumor-promoting effects, as illustrated in Figure 1. Studies indicate that an increase in MC density is
associated with the prognosis of various cancers, including lung cancer, melanoma, and esophageal cancer (¥,
Clinical evidence has shown a negative correlation between the number of infiltrating MCs and tumor
prognosis in pancreatic cancer and Hodgkin's lymphoma ! . For example, Michael ef al., observed elevated

levels of tryptase in the blood of women with advanced breast cancer "

, which may enhance the
morphometric transition of benign epithelia mediated by MCs '], In most human tumors, higher MC numbers
linked to increased vascularity and, in some cases, reduced patient survival 2. Moreover, MCs have been
found to significantly enhance the migration and invasion of gastric cancer cells and promote their viability

when co-cultured 131,
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Figure 1 Schematic diagram of mast cell function at different stages of tumor progression. In the early stages of tumor
growth, MCs play an active role in promoting angiogenesis and tissue remodeling. In the advanced stage, MCs induce
immunosuppression, promote tumor growth, and may recruit mature immune effector cells, leading to tumor suppression.
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However, MC infiltration in tumors or draining lymph nodes does not always indicate poor cancer
prognosis '], In certain cancers, such as colorectal cancer '), prostate cancer [!® and breast cancer ['”), the
findings are contradictory. Large-scale tissue microarray studies have revealed that MC infiltration is
associated with improved survival in prostate cancer ['81 and breast cancer '’ MCs infiltrate rapidly after
tumor initiation, accumulating at the interface between healthy tissue and the tumor. Therefore, the location
and activation state of MCs within the TME are likely critical determinants of tumor prognosis. Regulating
MC behavior through natural bioactive compounds holds significant potential for cancer therapy.

Actually, many plant-derived bioactive components (The compound structures and CAS numbers
presented in the article are shown in Annexes S1 and S2), such as polysaccharides, polyphenols, glycosides,
alkaloids, terpenoids, and quinones, can target various pathways to directly inhibit cancer growth and
modulate the host immune system ?°!. Given the complex role of MCs in tumor progression, this review
aims to examine the signaling molecules released by MCs in the TME and explore how natural bioactive
compounds influence the TME through MCs. These insights can help identify dietary interventions that

mitigate tumor development, providing a deeper understanding of cancer therapy.

2. The anti-tumor effect of MCs

MCs, as important regulators of tissue homeostasis and sentinel cells that enhance immune responses in
cancer patients, play a crucial role in inhibiting tumor growth. After local or systemic administration of innate
immune activators, MCs may release various of signaling molecules !, promoting immunosuppression and
thus inhibiting tumor development. These effects include directly impacting tumor cell growth and recruiting
and activating immune cells to exert anti-tumor effects.

2.1. MCs directly inhibit tumor cell growth and promote apoptosis through signaling molecules such as IL-4,
IL-6 and TNF-a

Cytokines including interleukin(IL)-1, IL-3, IL-4, IL-6 and tumor necrosis factor-o (TNF-a) secreted
by MCs, can directly inhibit tumors and induce tumor cell apoptosis??. Studies have shown that IL-1, IL-4,
IL-6, TNF-a and proteolytic enzymes secreted by tumor-associated MCs surrounding breast cancer are
detrimental to tumor cells!?’. In addition, IL-4 can bind to the IL-4 receptor (IL-4R) expressed on human
breast cancer cells, potentially inducing apoptosis. Anchorage-dependent and -independent growth of breast
cancer cell lines MCF-7 and MDA-MB-231 was inhibited by IL-4 treatment, with this effect requiring
IL-4R%. In a randomized prospective study, Bhattacharya K et al., compared cardiac tissue susceptibility
and serum IL-6 changes between MC-deficient (W/Wv) mice and their normal littermates (+/+). The results
showed that serum IL-6 levels were higher in +/+ sham mice than in W/Wv mice/?*!. Some studies have also
indicated that MCs exhibit direct tumor cytotoxicity. Activation of Toll-like receptors (TLR) 2 in MCs and
subsequent release of IL-6 may inhibit tumor growth both in in vitro and in vivol’l. Moreover, N Ahmed et
al. reported a role for IL-3 play a role in inducing apoptosis in oncogene-transformed, bone marrow derived
32D cells!?¢l.

2.2. MCs recruit NK cells, T cells and other immune cells by secreting chemokines CCL3, CXCLS8
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Requires the recruitment of various immune effector cells and the suppression of immunosuppressive
cells. Activated MCs selectively recruit immune effector cells to tumor tissue through a multi-step process
involving chemokines. Studies have shown that TLR2-activated mouse MCs secrete CCL3 in vitro, which
recruited natural killer (NK) cells and T cells*”. Similarly, C-X-C motif chemokine ligand (CXCL)8
effectively induce NK cell recruitment when human MCs are activated by viruses. Primary cultures of human
cord blood-derived MCs (CBMC) stimulated with poly(I:C) or reovirus produced several chemokines
including CCL4 and CXCLS8. The recruitment of NK cells and multiple T cell subsets was dependent on
CXCLS87!. Burke et al. suggested a novel role for MCs in recruiting of human NK cells to sites of early viral
infection via CXCL8!?8l. In addition, human MCs activated by viruses may also recruit CD56" T cells via
CCR3 and CCRS5 ligands, including invariant NK and cytotoxic T cells. MCs are abundant sources of CCLA4,
CCL5 and CXCL10™. Mast cell-derived CCL3, CCL5, and CXCL10 played roles in recruiting T cells to

tumor sites. Upon contact with activated T cells, human MCs induced migration of neutrophils via CXCLS8P%,
2.3. MCs promote the immune response by secreting signaling molecules

The inhibitory effect of MCs on tumors also involves the recruitment and activation of other immune
cells, enhancing their anti-tumor activity. MCs can enhance T cell activation through cell contact-dependent
mechanisms and TNF release®!l. In addition, mast cell-derived histamine may influence the production of
effective T cell responses®?. Activated MCs might also recruit NK cells to tumor sites and enhance their
anti-tumor activity®’!. In co-culture experiments, MCs activated by TLR3, 4 or 9 activators might enhance NK
cell Interferon (IFN)-y secretion in a cell-dependent manner, stimulating an effective immune response!*31.

MCs not only regulate immune cells but also modulate immunosuppressed cells. The interaction of MCs
with the local Treg population within the TME is particularly important. MCs and Treg cells can mutually
regulate each other's activity. Treg cells may regulate MCs activity to inhibit their degranulation in a
contact-dependent manner through OX40/0X40L cells, and enhance IL-6 secretion via TGF-B1, thereby
promoting their full anti-tumor effect 4. Conversely, histamine released by MCs degranulation may inhibit
the suppressive function of Treg cells through H1 receptors, inhibit immunosuppression during tumor
progression, and thus inhibit tumor growth %), MCs may also bias Treg cells toward the pro-inflammatory
Th17 phenotype through IL-6-dependent or independent mechanisms. While Th17 cells can promote tumor
growth induced by chronic inflammation, in some cases, they act as are effective antitumor effector cells*>!.
Therefore, MCs activation provides a potential approach to reduce Treg cells function at tumor sites,

enhancing the development of anti-tumor immunity.

3. The role of MCs in promoting tumors

While there is significant evidence supporting the anti-tumor effects of MCs, studies have also reported a
substantial presence of MCs in various tumors, which is associated with poor prognosis . Clinical
evidence has shown that the number of infiltrating MCs is significantly elevated in pancreatic cancer and
Hodgkin's lymphoma, potentially contributing to the poor outcomes observed in these cancers ¢l This

suggests that the aggregation of MCs at tumor sites may promote tumor development. Research on the
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tumor-promoting mechanisms of MCs signaling molecules primarily focuses on their roles in angiogenesis,

tumor tissue remodeling, and immunosuppression.
3.1. MCs promote tumor angiogenesis through secretion of signaling molecules

Tumor angiogenesis is a complex process influenced by angiogenic and anti-angiogenic factors,

136 Previous studies have

angiopoietins, proteases and their inhibitors, as well as adhesion molecules
demonstrated that higher microvessel density (MVD) values in primary tumors are associated with worse
prognose in various cancers, including lung cancer, esophageal squamous cell carcinoma, and pancreatic

[16.37] Moreover, increased MCs number at tumor sites have been linked to higher microvessels density

cancer
in tumors ¥, This indicates that MCs may promote tumors growths by enhancing angiogenesis, which in turn
worsens cancer outcomes>®. As shown in Figure 1, in the early stage of tumor growth, MCs accumulate at
tumor site and play a curcial role in promoting angiogenesis.

Further research indicates that MCs promote angiogenesis by secreting signaling molecules. Firstly,
heparin analogues secreted by MCs enhance tumor angiogenesis, and heparin might further promote the
formation of new blood vessels and promote tumor metastasis through its anticoagulant effect. It has been
demonstrated that MCs tryptase was also involved in the angiogenesis of the cells a large extent!*". Tryptase
released by MCs might degrade connective tissue and activate PAR-2 expressed on endothelial cells, induced
endothelial cells to form luminal structures, and promote angiogenesis!*!. Secondly, angiogenesis during
tumor growth might also be attributed to a variety of pro-angiogenic factors secreted by MCs. Activation of
mouse bone marrow-derived MCs, human bone marrow-derived MCs, and human mast cell (HMC-1), MCs
secreted vascular endothelial growth factor (VEGF) and vascular permeability factor (VPF). A previous study
found that histamine also promoted the production of VEGF, and the density of blood vessels in melanoma
tissue was significantly increased, but the use of H1 receptor antagonists can inhibit this phenomenon*?!. MCs
can also synthesize and secrete cytokines IL-8, which acted as an angiogenic factor as well as a tumor cell
chemokine and a tumor cell mitogen. In addition, mediators present in MCs particles include basic fibroblast
growth factor (bFGF), TNF-a, TNF-b, and histamine, all of which were potent inducers of angiogenesis®”*>

4] Therefore, it is speculated that the infiltration of MCs into tumor tissues and the release of histamine

increases the tumor neovascularization.

3.2. MCs promote tumor tissue remodeling by secreting proteolytic enzymes, metalloproteinases and

histamine

Beyond promoting angiogenesis, MCs contribute to tumor tissue remodeling by degrading the
extracellular matrix, directly influencing tumor cell growth, and altering the tumor miccroenvironment 37,
This process involves the secretion of cytokines and proteolytic enzymes, which remodel the extracellular
matrix and consequently affect MC function, number, and phenotype. Studies have shown that tryptase may
stimulate tumor growth, especially through activation of PAR-2, MAPK, and release of prostaglandin E2[*°!,
Moreover, MCs are also rich in metalloproteinases, a proteolytic enzyme component that was required for

tumor invasion and remodeling of tumor stroma tissue, and interfered with normal stromal-epithelial
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signaling, such as some matrix degradation causing tumor invasion and metastasis!*®!. Besides, a previous
study found that histamine induced tumor proliferation through the HI receptor and suppressed the immune
system through the H2 receptor. Histamine-activated H2 receptors can cause NMU-induced proliferation of
breast tumor cells and promote remodeling of breast tumors, which may be involved in human
carcinogenesis*’> *8. Additionally, Bowrey et al., demonstrated that histamine content in breast cancer was
positively correlated with the number of MCs in tumor tissue, suggesting that MCs were indeed the source of

histamine in tumor tissue!*’). Thus, histamine might play a role in the progression of tumor tissue.

4. MCs as potential therapeutic targets

The role of MCs in tumor growth may depend on the specific tumor type and the location of MCs in the
tumor tissue. At present, studies have shown that in patients with colon cancer, the number of MCs around the
tumor tissue was significantly higher than the internal tumor®”. Upon activation and accumulation, MCs can
secrete a large number of pre-formed and newly synthesized signaling molecules after activation and
accumulation of MCs, affecting the TME. In the TME, activated MCs might initiate multiple responses by
interacting with tumor cells, stromal cells, and immune cells.

A large body of evidence suggests that MCs play a role in promoting or inhibiting tumors depending on
local matrix conditions. At different sites, different tumor types, and different stages of tumors, MCs
selectively release signaling molecules to exert tumor-promoting or anti-tumor effects. Selective inhibition of
tumor-promoting molecules and promotion of cytotoxic signaling molecule secretion may effectively control
the tumor-promoying effects of MCs. Therefore, activation of the immune pathway targeting MCs may make
the combination therapy involving MCs become a new direction for cancer treatment. Due to their long
survival time and slow rate of cell division, MCs may serve as effective targets for cancer treatments aimed at
inhibiting the rapid division of tumor cells. Promising therapeutic effects have been demonstrated in some
pre-clinical studies using experimental models, such as anti-cKit antibody®!!, anti-TNFa antibody!?, or
cromoglycate (cromolyn),a disodium MC stabilizer’®¥. Through multi-intervention therapy of MCs, transform
MCs pro-tumor action into tumor suppression to initiate and enhance effective anti-tumor immunity and

inhibit the occurrence and development of tumors, thereby acting as an effective cancer immunotherapy.

5. MCs regulation based on natural active ingredients and its application potential in the TME

Natural active ingredients regulate the tumor microenvironment by mast cells, and the regulatory effect
on tumor immunity has been gradually recognized **. MCs interact with multiple components in the TME,
affecting tumor angiogenesis, invasion, and metastasis, as well as tumor immunity **. The difference in
composition produces opposite functional properties: inhibition and promotion of tumor progression 6381,
This means that it is necessary to identify the effects of specific natural active ingredients on mast cells. For
example, some plant polysaccharides regulate mast cells by regulating TLR4-MAPK/NF-kB signaling
pathway, thus playing a role in tumor inhibition °%). Based on mast cell tumor homing characteristics [®Y, It

can be used as the target carrier of anti-tumor drugs, and the immune regulation of natural active ingredients
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on tumors and mast cells can be used to further improve the therapeutic effect of drugs. This provides a new
strategy for targeting mast cells to treat tumors.

The interaction between bioactive components, MCs and TME constitutes a complex regulatory
network. Bioactive components can significantly affect the composition and function of TME by regulating
the activity of mast cells, thus exerting anti-tumor effects. For instance, active ingredients extracted from
medicinal plants and marine organisms, such as terpenoids, alkaloids, polysaccharides, essential oils, and

61, 62]

polypeptides, can effectively inhibit tumor cell growth! In particular, certain natural products such as

curcumin and resveratrol have been found to modulate the behavior of MCs, thereby affecting the TME[63: 641,
These components show potential application value in cancer treatment by inhibiting the release of
tumor-promoting mediators from MCs or by promoting anti-tumor immune responses.

Furthermore, therapeutic strategies targeting MCs have shown clinical significance in cancer treatment.
By modulating the activity of MCs, tumor occurrence and progression can be limited, offering new insights
for cancer therapy!®!. Furthermore, by utilizing the immunomodulatory effects of natural active ingredients,
new therapeutic strategies can be developed to improve the TME and enhance anti-tumor immune responses.

Finally, although existing studies have revealed the role of MCs in the TME, further research is needed to
clarify how to effectively utilize natural active ingredients to regulate MCs and their specific mechanisms in
tumor treatment>>). Future research needs to focus on the interaction between MCs and the TME, and how to
optimize these interactions through natural active ingredients to develop more effective cancer treatment

strategies>.

6. Dietary components that affect MCs

Plant-derived active compounds often exhibit multi-target functionality and a wide range of actions.
These compounds can directly target tumor cells and also modulate various components of the TME.
Plant-derived active compounds often exhibit multi-target functionality and a wide range of actions. These
compounds can directly target tumor cells and also modulate various components of the TME. MCs play a
crucial role in the development of allergic diseases, including allergic rhinitis, asthma, atopic dermatitis, food
allergies, drug allergies, and the severe systemic reaction known as anaphylaxis [*¢1. MCs is not only involved
in allergic diseases, but also affects the inflammatory state of TME by releasing inflammatory mediators such
as TNF-a and IL-6. Thus, dietary components that target MCs may interfere with both allergy and tumor
progression. In the context of managing or preventing allergic diseases, an alternative to traditional treatments
could be the use of "nutraceuticals." The term "nutraceutical" was first used by DeFelice in 1989, combining
"nutrition" and "pharmaceutical," and it refers to a food or food component that offers medical or health
benefits, including the prevention and treatment of diseases [’). According to this definition, nutraceuticals
can include a range of products such as isolated nutrients, dietary supplements, herbal remedies, and even
processed items like soups and drinks/¢”!. It is hypothesized that, beyond their nutritional content, these
substances might also possess medicinal benefits!®*l. The food items that serve as nutraceuticals can be

categorized into dietary fiber, prebiotics/probiotics, polyunsaturated fatty acids, antioxidant vitamins,
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polyphenols, and spices ). A variety of naturally occurring secondary plant compounds and other dietary
elements are recognized for their impact on MCs activation. these include dietary components such as specific
fatty acids and amino acids, vitamins, antioxidant plant compounds like carotenoids and flavonoids, as well as

an array of spices.
6.1 Carotenoid

Carotenoids, a tetraterpene compound derived from carrots, reduce the polarization of tumor-associated M2
macrophages by activating the IL-6/STAT3 signaling pathway. Additionally, they inhibit the expression of
tumor stem cell properties and epithelial-mesenchymal transition (EMT)-related markers induced by the
TME, thereby effectively reducing the aggressiveness and migration ability of colon cancer cells. Studies have
also shown that IL-6 derived from MCs can inhibit tumor growth by remodeling MCs in vivo. Carotenoids
enhance the tumor suppressive effects by promoting IL-6 release from MCs while directly targeting tumor
inhibition. Carotenoid inhibit FceRI-mediated intracellular signaling, reducing mast cell degranulation and

histamine release ["%1. The table 1 highlights some active substances affecting MCs.
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Table 1. Food Bio-active Ingredients Impacting Mast Cells: Regulatory Mechanisms and Health Benefits.

Active ingredient Research model Regulatory mechanism Health-related impacts Applied food types Efficacy Ref.
LAD? in vitro Reduce the percentage of serum Anti-allergic,
Alpha-linolenic C57BL/6 male’ mice in Through the Lyn-PLCy-IP3R-Ca2+ and histamine release, chemokines, Flaxseed oil. perilla oil anti-inflammatory, improves [48]
acid . Lyn-p38/NF-kB signaling pathways. vasodilation, eosinophil infiltration, and s skin condition, cardiovascular
vivo .
degranulation of MCs. health
Elfzosapentaenow Inhibit FceRI signal transduction by AH?VIate allergic discases by regula.t ne .. Anti-inflammatory, immune
acid / . . . . . the immune response through reducing  Deep-sea fish, flaxseed oil, . [50]
. LAD?2 in vitro disrupting the distribution of FceRI in . . regulation, improvement of
Docosahexaenoic .. the production of pro-inflammatory walnuts, etc. .
. lipid rafts. . cardiovascular health.
acid mediators.
Precision cutting lung By ll’lhlbltll’lg.h¥st0n€ . deagetylase Butyric acid inhibits allergic reactions, Foods r.wh in short-chain Regulate immune response,
L . (HDAC:S) activity, altering histone . . fatty acids, such as . . [51]
Butyric acid slice models, acetvlation levels. thereby reulatin enereduces allergic contraction, and fermented foods (kimchi anti-inflammatory, improve
BMCMCs, PBCMCs yian ’ yreg £8 suppresses diseases mediated by MCs. ’ allergy symptoms
expression. yogurt, etc.)
Vitamin D reduces VEGF expression by VD deficiency is associated with various Fish. fish liver oil. e Immune regulation,
Vitamin D Person LAD2 inhibiting the PI3K/Akt/p38 autoimmune and allergic diseases olk,s etc 88 improvement of chronic B2
MAPK/HIF-1a signaling pathway. (chronic urticaria). YOS, ete. urticaria symptoms
Alleviates local skin inflammation and
By inhibitng the phosphorylaion of g € e e R —
C57BL/6 mouse model, PLCy (phospholipase Cy) and subsequent . . > Tea, broccoli, cabbage, Y, P Y B3
Kaempferol . S trypsin, tumor necrosis factor o (TNF-a), used for the treatment of 541
LAD2 intracellular calcium ion (Ca2+) . . grapes, honeysuckle, etc. . .
mobilization t ress MCs activation interleukin 8 (IL-8), and monocyte IgE-mediated allergic or
© On 1o suppress sac O chemoattractant protein-1 (MCP-1) in inflammatory diseases.
serum.
. C Anti-allergic,
Decreasing FeeRI expression 1r.1h1b1ted Inhibit IgE-mediated MCs activation, Strawberries, broccoli, anti-inflammatory, possibly
mast cell (MCs) activation, while . . . [56]
Kaempferol BMMCs . . . suppress IL-6 production induced by LPS green tea, propolis, used for the prevention or
increasing SHIP1 expression also :
g L and IL-33. honeysuckle, etc. treatment of IL-33-mediated
inhibited MCs activation. s
allergic diseases.
Alleviate clinical and histopathological . .
By inhibiting the Lyn/PLCy/IP3R-Ca2+ symptoms of allergic conjunctivitis in Anti-allergic,
Quercetin C57BL/6mouse siynalin a%hwa t}(]) re ducz MCs OyV llk)-in duced mici re dch ¢ the Apples, onions, green tea, anti-inflammatory, treatment for ;7
model, LAD2 £ £p Y ’ red wine, dark chocolate. non-IgE-mediated allergic

activation.

concentration of IgE, histamine, IL-4,
TNF-a in serum.

diseases or inflammation.
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Myricetin BALB/c mouse model,
y LAD?2 cells

Myricetin RBL-2H3 cell

Hesperidin HMC-1.2

Epicatechin HMC-1

BMMCs,C57BL/6

Resveratrol CS7BL/6

LAD2

L-Glutamic acid Sprague-Dawley

HR-1
Astaxanthin

SKH-1

Inhibition of MCs activation and
degranulation through the
PI3K/Akt/NF-kB signaling pathway.

Reduce the release of B-hexosaminidase,
alleviate the increase of intracellular
calcium, inhibit MCs degranulation, and
suppress the production of IL-4 and
TNF-a.

Inhibition of IL-31mRNA and protein
expression, inhibition of MAPK and
NF-«B signaling pathway.

Block the RANKL/RANK signaling
pathway to prevent MCs degranulation.

Inhibiting MCs activation by suppressing
the MK2/3-PI3K/Akt axis.

Inhibiting MCs activation by suppressing
the MK2/3-PI3K/Akt axis

By modulating the Nrf2 signaling
pathway, inhibition of
MRGPRX2-mediated MCs activation.,

Activate intestinal mucosal MCs
(MMCs), increasing the release of
RMCPII (Rat Mucosal MCs Protease 1I),

histamine, and prostaglandin D2 (PGD2).

Reduce ear thickness, lower MCs count,
decrease IgE concentration in the blood.

Reduce epidermal thickness and MCs
infiltration, alleviate oxidative stress and
restore antioxidant protein expression.

Alleviates the symptoms of immune
contact urticaria, including reducing wind
and itchy behavior, inhibiting ear
swelling, and lowering serum IgE,
histamine, IL-4, TNF-a, and MCP-1
levels

Berries, vegetables, tea,
wine.

Alleviate allergic reactions, including
allergic asthma, food allergies,
anaphylaxis, and atopic dermatitis, etc.

Extracted from the fruit of
Myrtaceae plants.

IL-31 and IL-33 are expressed in various
inflammatory and pathological diseases,

including atopic dermatitis, inflammatory
bowel disease, and asthma, among others.

Celery, perilla, onion, etc.

Alleviate inflammation
Alleviate inflammation mediated by mediated by RANKL,
RANKL, including allergic inflammation,including allergic
autoimmune diseases, etc. inflammation, autoimmune
diseases, etc.
Helps prevent and treat IgE dependent
and non-dependent allergic inflammation Red grapes, etc.

Relieving symptoms of allergic diseases

may be effective for conditions such as Red wine
asthma, chronic urticaria, etc.

Relieving symptoms of allergic diseases

may be effective for conditions such as Red wine

asthma, chronic urticaria, etc.

May affect gut health and repair "leaky ~ As a supplement, it
gut," possibly related to gut inflammation promotes gut health and
and lipid absorption. repair.

Lobster, salmon, trout,
eggs, and red marine life,
etc.

Improve atopic dermatitis symptoms,
regulate immune response

Improve atopic dermatitis symptoms,

. Microalgae, crustaceans
regulate immune response

Anti-inflammatory,
anti-epileptic, anti-ulcer, etc.

[55]

Anti-inflammatory, antioxidant,
anticancer, anti-atherosclerotic, 1
etc.

Treatment for hypertension,

inflammatory diseases, cancer, 8!
etc.
Helps treat inflammatory [59]

diseases

Anti-inflammatory, anti-cancer, 5,
anti-allergic, etc.

Anti-inflammatory, anti-cancer, 4
and neuroprotective effects

Anti-inflammatory, anti-cancer, 5
and neuroprotective effects.

Promotes fat absorption,
activates intestinal mucosal
MCs, which may affect
intestinal barrier function and
inflammatory responses.
Protect the skin from ultraviolet
damage, anti-cancer, activate
immune function.

Protect the skin from ultraviolet
damage, anti-cancer, activate
immune function.

178

179

180
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Active plant compounds have garnered significant attention for their potential to modulate immune
responses and mitigate chronic inflammation. These compounds influence MC functions through various

mechanisms Figure 2, thereby enhancing immunity and reducing chronic inflammation!’!l.
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Figures 2. Nutrient-Mediated Regulation of Mast Cells: Signaling Pathways and Molecular Interactions. This diagram
illustrates how various nutrients, including polyphenols, cannabinoids, fatty acids, and fat-soluble vitamins, modulate mast
cell (MC) signaling pathways such as NF-kB, MAPK, and JNK. These nutrients influence mast cell functions at multiple
levels, impacting immune responses, angiogenesis, and pro-inflammatory or anti-inflammatory mediators. The regulation of
these pathways plays a significant role in immune modulation, tumor progression, and inflammatory diseases.

6.2 Polyphenols
6.2.1 Flavonoid

Flavonoids constitute a class of polyphenolic compounds that are naturally present in plants, known for
their antioxidant and anti-inflammatory activities. Polyphenolic compounds, especially flavonoids, suppress
mast cells activation by inhibiting the expression and release of pro-inflammatory cytokines, leukotrienes, and
prostaglandins "?1. Kaempferol and myricetin, both flavonols, have been found to suppress the degranulation

[73-73] ' Kaempferol

and cytokine release in LAD2 cells that are triggered by IgE, C48/80, or streptavidin
suppressed the activation of LAD2 cells induced by IgE, potentially by inhibiting Lyn kinase activity and the
subsequent downstream signaling through the PLCy-IP3R/Ca2+ pathway!’> 74, In a study conducted by Cao
et al. in 2020, it was demonstrated that kaempferol notably impeded the movement of Parkinson’s disease

protein 7 (DJ-1) to the plasma membrane in LAD?2 cells. This action effectively blocked the activation of Lyn,
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and consequently, curbed the activity of receptor-distal signaling molecules, including Syk, Btk, PLCy, IP3R,
protein kinase C (PKC), MAPK, Akt, and NF-xB!74],

A higher concentration of 50 uM kaempferol in IL-33-stimulated bone marrow-derived mast cells
(BMMC) significantly reduced the cytokine release of tumor necrosis factor a (TNF-a), interleukin-6
(IL-6), and interleukin-13 (IL-13) by nearly 80%!7%!. Myricetin impeded the activation of RBL-2H3 cells
induced by IgE/antigen stimulation, acting through the Syk signaling pathway!"’!.

Upon treatment with kaempferol, IL-33-stimulated bone marrow-derived MCs (BMMC) exhibited a
time-dependent decrease in phospholipase Cy (PLCy) and the cell surface expression of the high-affinity IgE
receptor (FceRI), while the expression of Src homology 2 domain-containing inositol 5-phosphatase 1
(SHIP1) was enhanced. This upregulation of SHIP1 was also observed in mouse peritoneal MCs, suggesting a
potential anti-allergic effect of kaempferol’®!. In response to luteolin treatment, IL-33-stimulated HMC-1.2
cells exhibited a decrease in IL-31 production by approximately 70%, likely due to the suppression of the
IL-31/IL-33 signaling axis. This effect may contribute to the mitigation of diseases activated by IL-33,

including asthmal”®),
6.2.2 Resveratrol

Further studies have demonstrated that resveratrol, a natural polyphenol compound present in red grapes,
exerts notable anti-inflammatory and anti-allergic effects in murine models of atopic dermatitis (AD). The
results of several studies have demonstrated that resveratrol has the capacity to inhibit the activation of MCs
and the subsequent release of inflammatory mediators. Furthermore, it has been shown to reduce skin
inflammation by inhibiting the activation of Sphingosine kin-1 (SphK1), Stat3 and NF-kB p65 signaling
pathways. These findings suggest that resveratrol could be a potential natural therapy for preventing and
treating pathological inflammation driven by MCs "1,

In bone marrow-derived MCs (BMMC) stimulated by either IL-33 or IgE/antigen, the administration of
25 uM resveratrol led to a reduction of over 40% in the secretion of TNF-a, IL-13, and IL-6. This effect is
suspected to be mediated through the modulation of the MAPK-activated protein kinase (MK)-2/3-PI3K/Akt
signaling axis, as the production of IL-6 and IL-13 in MCs in response to IL-33 is known to be facilitated by
the MK2/3-driven activation of the PI3K/Akt pathway!®®!. Resveratrol treatment in RBL-2H3 cells activated
by IL-33 resulted in the inhibition of the release of proinflammatory cytokines and chemokines, including
TNF-o, IL-6, IL-4, IL-3, and MCP-18!]. Beyond its effect on MAPK, resveratrol treatment also led to a
significant decrease in the phosphorylation of p38, inhibitor of nuclear factor kappa B (IkBa), and the NF-kB
subunit p65 by over 50% in RBL-2H3 cells that were stimulated with IL-33 and IgE/antigen!®!],

At a higher concentration of 200 uM, resveratrol demonstrated a dose-dependent reduction in
C48/80-induced B-hexosaminidase (B-hex) and histamine release by approximately 80% in the LAD2 mast
cell line. The expression of cytokines MCP-1, TNF-a, and IL-1f was suppressed by resveratrol by about 40%,
60%, and 80%, respectively. Additionally, resveratrol increased the expression of the nuclear erythroid

2-related factor 2 (Nrf2) and the production of its target genes, including the transcription factor heme
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oxygenase-1 (HO-1) and NADPH dehydrogenase quinone 1 (NQO1). Consequently, the Nrf2/HO-1 pathway

could be a potential therapeutic target for treating MC-mediated allergic conditions®?!.

6.2.3 Catechin

Epigallocatechin gallate (EGCGQG), a catechin derived from green tea, lessened histamine release and
cytokine production—including TSLP, IL-18, IL-6, and IL-8—in HMC-1 cells activated by receptor activator
of NF-xB ligand (RANKL). This reduction was achieved by modulating the PI3K, MAPK, caspase-1, and
NF-xB signaling pathways(®*). The suppression of Th2 immune responses by L-Theanine (LTA) + EGCG
inhibits the cross-linking of OVA and FceRI, thereby reducing mast cell (MC) degranulation and decreasing
serum levels of histamine (HIS) and mast cell protease-1 (mMCPT-1) via the FceRI/Btk/PLCy signaling
pathway. Additionally, LTA + EGCG attenuates Th2 immune responses through the
FceRI/Lyn/Syk/PI3K/AKT signaling pathway, leading to reduced serum levels of IL-4 and IL-13 B4 In
addition, some studies have demonstrated that catechins, in synergy with caffeine, stabilize mast cells in a

dose-dependent manner [#°1,

6.2.4 Curcumin

Curcumin and bisdemethoxycurcumin (BDMC) are two natural compounds found in curcuma, also
known as turmeric. In RBL-2H3 cells activated by IgE/antigen, curcumin led to a significant decrease in the
release of B-hexosaminidase by approximately 80% and histamine by around 60%*.Curcumin and BDMC
are likely to exert their effects by targeting the Syk pathway, which subsequently leads to the inhibition of the
activation of mitogen-activated protein kinases (MAPK) such as ERK, JNK, and p38, as well as nuclear factor
kappa B (NF-«kB) and the translocation of protein kinase C delta (PKC-8)®®!. Spices like curcumin and
cinnamon extract/cinnamaldehyde inhibit-mast degranulation and inflammatory mediators synthesis by

targeting specific enzymes and signaling pathways®’- 81,

6.2.5 Lignans

Lignans are mainly found in the seeds, fruits and wood of plants, especially in the seeds of sesame, which
have a relatively high content. This is also the origin of the name "sesamin". Its metabolism can produce
monocatechol and dicatechol, and the bioavailability and activity of these metabolic products in the body may
be different from those of sesamin. Studies have found that sesamin and its metabolites (such as monocatechol
SC-1 and dicatechol SC-2) exhibit higher binding affinity and inhibitory efficiency than traditional SYK
inhibitors (such as R406) by tightly binding to the ATP-binding pocket of splenic tyrosine kinase (SYK). In
vitro experiments showed that sesamin significantly inhibited the degranulation of IgE/ HSA-stimulated
RBL-2H3 cells and reduced the release of B -hexosaminase and histamine. In animal models, sesamin can
alleviate passive skin hypersensitivity (PCA) and active systemic hypersensitivity (ASA) reactions, reduce the
levels of allergic mediators (such as IgE, IgG, histamine, IL-4 and mMCP-1) in serum, and partially correct
the imbalance of Th cell differentiation in the spleen. These results indicate that sesamin effectively inhibits

the degranulation of mast cells and alleviates the systemic inflammatory response by suppressing SYK and its
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downstream signaling pathways[®*! . It can provide relief ideas for alleviating the inflammatory symptoms of
tumors. Another aspect related to sesamin is that it can not only directly inhibit the degranulation of mast cells,
but also regulate the composition and function of intestinal microbiota, increase the production of short-chain
fatty acids, and enhance the intestinal barrier function °!. These studies have all demonstrated the inhibitory
effects of excessive activation of mast cells and degranulation responses, indicating that they have great
application potential in the treatment of clinical diseases targeting or starting from mast cells. At the same

time, they also produce other beneficial effects to assist in the recovery of diseases.
6.3 Fatty acid
6.3.1 n-3 polyunsaturated fatty acids

Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are omega-3 fatty acids that may interact
with and stimulate the G-protein coupled receptor 120 (GPR120) in MCss. This interaction could result in an
elevation of cyclic adenosine monophosphate (cAMP) levels within the cells. Qiao Bai et al. verified the
inhibitory effect of increased cAMP content on TNF-q, alleviating allergic symptoms and local inflammatory

B To some extent, mast cells may influence the inflammatory response in

response through mast cell models
the tumor microenvironment. The subsequent activation of protein kinase A (PKA) could then lead to the
inhibition of MCs degranulation, potentially reducing the release of inflammatory mediators’®?l. n-6 fatty
acids, on the other hand, exhibit the opposite pro-inflammatory and pro-allergic effects of n-3 fatty acids®*/, so

it is necessary to pay attention to the ratio between the two during dietary intake to avoid potential accidents.
6.3.2 Short chain fatty acid

Short-chain fatty acids like butyrate inhibit the release of pro-inflammatory mediators by intestinal mast
cells®¥. Butyrate modulated the activity of histone deacetylase (HDAC), echoing the effects of the HDAC
inhibitor trichostatin A, which resulted in the suppression of transcription for crucial FceRI signaling genes

such as Bruton's tyrosine kinase (Btk), Syk, and LATP?!,
6.4 Vitamin

Vitamin D, a fat-soluble nutrient, possesses a range of physiological and immunomodulatory effects. It is
predominantly sourced from animal-based foods, including fatty fish, egg yolks, liver, milk, and butter.
Fat-soluble vitamins D3 and E stabilize mast cells, reducing the release of pro-inflammatory mediators® °7),
Treatment of LAD2 cells with calcidiol prior to serum stimulation effectively reduced the expression of
vascular  endothelial  growth  factor (VEGF) by inhibiting the activation of the
phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/Akt/p38 and mitogen-activated protein kinase
(MAPK)/hypoxia-inducible factor 1-alpha (HIF-1a) signaling pathways®®]. VEGF serves as a potential blood
biomarker for chronic spontaneous urticaria (CSU). The results imply that proper vitamin D supplementation

might curb mast cell-mediated VEGF synthesis, potentially leading to a reduction in CSU symptoms®®].
6.5 Polysaccharides

Some studies have shown that polysaccharides treated with fermentation can significantly reduce their
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particle size, thereby improving their bioavailability and cell penetration. For example, studies have found that
laveri polysaccharide (FPHSP-2/3), fermented by Lactobacillus plantarum, inhibits mast cell degranulation by
reducing the release of B-hexosaminase in rat basophilic leukemic cells (RBL-2H3 cells) by inhibiting the Ca?
endogenous flow. This suggests that properly treated polysaccharides may have the potential to act directly on
mast cells 2!, Interestingly, red algae polysaccharide showed the same mast cell degranulation inhibition
mechanism as laver polysaccharide. Based on this, Marine algal polysaccharide may be a new raw material for
mast cell degranulation inhibitors in the future.

In ovo-sensitised rat models, Astragalus polysaccharide significantly decreased the density of mast cells
in skin tissue (from 180.0 to 99.7 /mm?) and degranulation, and down-regulated the expression of CD34 in
microvascular endothelial cells, thereby reducing the status of mast cells and microvessels, and thus inhibiting
the inflammatory response!®”’.

Studies on sulfated polysaccharides (specifically Tosalvan), such as those from the Japanese river alga
Sujiaonori, have demonstrated significant reductions in B-aminohexosidase release, a marker of allergic
reactions, in MCs model RBL-2H3 cells, and that Sujiaonori supplementation reduced the level of epidermal
water loss and improved skin barrier function!'%%,

Sulfated oligosaccharides (ESO) from Eucheuma cottonii was found to reduce MCs protease-1,
histamine levels, and specific IgE production. ESO also induced MCs apoptosis, demonstrating its potentical
in reducing allergic reactions [1°1],

Sulfated polysaccharide (GLSP) from Gracilaria lemaneiformis, inhibit the p38 MAPK signaling
pathway, reducing mast cell activation in KU812 cells (a human stromal cell model) through the RBL-2H3
cell model, which in turn inhibits the activation and function of MCs, as well as modulating the immune

response, demonstrating the potential of anti-food allergy!!%?l.

6.6 Other plant active ingredients

Cannabidiol (CBD) and Palmitoylethanolamide (PEA) modulate the endocannabinoid system to reduce
mast cell inflammatory responses [19 194 Amino acids, including arginine, glutamine, and asparagine, reduce
mast cells by mediated pro-inflammatory cytokines production!!%% 1061,

Boswellic acid, particularly acetyl-11-keto-B-boswellic acid (AKBA), derived from frankincense,
effectively inhibits 5-lipoxygenase (5-LOX), a key enzyme in inflammatory responses. By blocking
5-LOX, boswellic acid reduces leukotrienes production, of 5-LOX playsespecially in the production of
leukotrienes, modulating inflammatory responses in the TME[34]. Additionally, frankincense extracts lower
pro-inflammatory cytokines levels[35], such as tumor necrosis factor-a (TNF-a) and interleukin-1p (IL-1p),
which are critical inflammation [36]. Regulating the levels of these pro-inflammatory cytokines in the TME is
crucial for controlling chronic inflammation and enhancing immunity. Boswellic acid can also prevent the
activation of nuclear factor-kB (NF-xB), a protein complex that controls the expression of many genes related

to inflammation. By inhibiting NF-kB, boswellic acid can reduce overall inflammation and pain[37], which is

significant for immune regulation and inflammation control in the TME.
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Carnoic acid (CA), a polyphenol, suppresses allergic inflammatory mediators by inhibiting Syk kinase
activation. CA significantly inhibited allergen-induced early responses, including Ca®" mobilization, reactive
oxygen species (ROS) production, and subsequent degranulation. Furthermore, CA treatment also reduced
late responses, including release of all detected cytokines and chemokines after IgE stimulation, and
expression of corresponding genes other than CCL 2. Importantly, CA mediates the inhibitory effect of the
tyrosine kinase Syk and its downstream effectors TAK 1 (Ser412) and Akt (Ser473) and NF « B signaling
pathway, which can have some influence on the TME!?7],

The mixed extract of wheat grass and wild cherry (TAAR) was verified to inhibit the activation and
degranulation of MCs in vitro and in vivo, reducing the release of mediators such as histamine andf
-hexanosidase, and decreasing the production of inflammatory factors such as TNF- a and IL-6. These
findings suggest that TAAR extracts may influence the TME by regulating the function of MCs, particularly in
tumor-associated inflammation and immune responses. For example, by reducing the release of inflammatory
mediators, TAAR extracts may help mitigate the inflammatory response in the TME, thereby affecting tumor
growth and progression!!%%],

In their 2021 study utilizing LAD?2 cells, Ding et al. demonstrated that the application of alpha-lipoic acid
(ALA) led to a dose-dependent reduction in the release of B-hexosaminidase (B-hex) and histamine triggered
by C48/80. Specifically, ALA treatment led to a roughly 60% reduction in histamine degranulation.
Furthermore, ALA mitigated the release of cytokines including C-X-C motif chemokine ligand
(CXCL)-8/IL-8, IL-13, and tumor necrosis factor a (TNF-a) by LAD2 cells in response to C48/80 stimulation.
The observed decrease in MCs (MC) activity was linked to the suppression of Lck/Yes-related novel protein
tyrosine kinase (Lyn) activity within LAD2 cells, which was mediated through the Lyn-phospholipase Cy
(PLCy)-inositol trisphosphate receptor (IP3R)-Ca2+ and Lyn-p38/NF-kB signaling cascades. Consistently,

ALA also showed similar effects on serum histamine and cytokine levels, and it diminished vasodilation along

with the proportion of degranulated MCs in C57BL/6 mice!'%.

7. Natural active components affecting the TME as shown Table 2
7.1. Terpenes

Terpene compounds are a class of natural organic compounds widely found in nature. They are composed
of isoprene (C5HS) units, which are linked together in various ways to form polymers. The general formula
for terpenes can be written as (C5H8)n. Depending on their molecular structure, they can be classified as
monoterpenes (consisting of two isoprene units, CI0H16), sesquiterpenes (three isoprene units, C15H24),
diterpenes (four isoprene units, C20H32), hemiterpenes (five isoprene units), triterpenes (six isoprene units,
C30H48), tetraterpenes (eight isoprene units, C40H64), and polyterpenes (consisting of more than eight
isoprene units)!''4l. Natural monoterpenes such as borneol, extracted from the Dipterocarpaceae family, can
trigger oxidative damage mediated by reactive oxygen species (ROS) and regulate mitogen-activated protein
kinases (MAPKs) and phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT) signaling pathways,

enhancing the anticancer effects of cisplatin''*. The key diterpene compound celastrol, found in
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Tripterygium wilfordii, promotes the apoptosis of MDSCs and the polarization of TAMs from M2 to M1by
inhibiting the PI3K/AKT/NF-kB pathway!!'%.Oridonin, a diterpene compound, can reduce the
differentiation of Treg cells by lowering the expression of TGF-B receptors, thereby further inhibiting the
development of breast cancer!!!”). Other studies have found that oridonin at low concentrations (15 or 20
umol/L) can induce autophagy by enhancing the expression of p62 protein and the LC3B-II/LC3B-I ratio,

st!1¥1 Notably that oridonin can form a covalent

while high concentrations (>30 pmol/L) induce apoptosi
bond with Cys-813, reducing the activity of highly expressed hexokinase I in bladder cancer, thereby
inhibiting the proliferation of bladder cancer cells and immune escapel!!!’l. The sesquiterpenes cedrol,
discovered in juniper, has shown anticancer activity through in vitro and in vivo experiments. Cedrol
reduces the expression of minichromosome maintenance (MCM) proteins, thereby decreasing cellular
density within tumors and reducing tumor vascularization!'?”), The triterpenoid compound
23-hydroxybetulinic acid extracted from Chinese white-headed eagles, inhibits colon cancer growth in a
mouse model , by reducing the proportion of MDSCs and the expression of the immunosuppressive factor
Argl in MDSCs!'?!l. Additionally, it promotes TAM polarization of TAM from M1 phenotype to M2

122

phenotype ?%1.In both in vivo and in vitro breast cancer models, artemisinin was found to promote T cell

activation in the TME, inhibit the expression of Tregs and MDSCs, and suppress the in vivo growth of breast

cancer!!?3],
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Table 2. Natural active substances that affect the tumor microenvironment.

Anti-tumor components Source Name Type of tumor Antitumor mechanism Ref.
It can trigger ROS overproduction and
Monoterpene Dipterocarpus Borneol Glioma affect MAPKs and PI3K/AKT signaling pathway, and enhance
the anti-tumor effect of cisplatin
Inhibition of PI 3K /AKT/NF-xB
Thunder god vine Triptolide ovarian cancer pathway inhibited M2 macrophage polarization and
promoted M1 macrophage polarization
The expression of TGF-f receptor was [67]
Breast cancer decreased and the differentiation of Treg cells was reduced
Diterpenes Autophagy was induced by activation
. o Small cell lung cancer of PERK/eIF20/CHOP signaling pathway at low concentration, and [68]
Rabdosia rubescens Oridonin . . . C o
apoptosis was induced by high concentration in small cell lung cancer
Terpenes The activity of HK1 is inhibited by
Bladder cancer  covalent bonding with Cys-813 located near the HK1 glucose binding 691
domain
Needle juniper cedrol Colorectal cancer Inh.l biting tumor gr.owth by . [70]
. suppressing MCM protein expression.
Sesquiterpenes . . . .
L By promoting T cell activation and suppressing the expression of -
Sweet wormwood arteminsinin Breast cancer (71]
Tregs and MDSCs.
By inhibiting the differentiation of MDSCs, the
. Colon cancer immunosuppressive function of MDSCs is suppressed, thereby [72]
Triterpenes Pulsatilla chinensis 23—Hydr;)(>:(i}(;betuhnlc restoring the anti-tumor activity of CD8+ T cells.
Promoting TAM polarization from M1 to M2 type by activating 7
Colorectal cancer (73]
the JAK/STAT 3/NF-kB/STAT 1 pathway.
Activate the Syk signaling pathway to guide macrophages towards
Oral squarmous cell M1 phenotype differentiation and block their transition to the M2 (4]
carcinoma
phenotype.
Astragalus Grapes, berries. Resveratrol Esophageal squamous Inhibit the activity of TAOK I (76]
cell carcinoma
. By clearing tumor-associated fibroblasts and inducing their (77
Pancreatic cancer
Polyphenols senescence
Enhancing the survival and suppressive properties of G-MDSCs (78]
Breast cancer through the ESR2/STAT3 signaling pathway.
Flavonoids Mulberry, Forsythia Quercetin By inhibiting the activity of CYP3A4, it affects the metabolism of (79]

Melanoma

arachidonic acid.
By increasing the percentage of M1 macrophages, CD8+ T cells,
and CD4+ T cells to modulate the TME.

[80]
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Milk thistle

Turmeric, Iris

Astragalus

Mushroom

Polysacchar

ides Fenugreek seeds

Licorice

Ganoderma lucidum

Purslane

Grifola frondosa
Barbary Wolfberry

Fruit

Coptis

Alkaloids Isoquinolines

Spatholobus

Silymarin

Curcumin

Astragalus
Polysaccharides

Lentinan

Plantago Seed
Polysaccharides
Licorice
polysaccharides

Ganoderma lucidum
polysaccharides

Portulaca Oleracea
Polysaccharides
Grifola frondosa
polysaccharides

Barbary Wolfberry
Polysaccharide

Berberine

Sanguinarine

Brain glioma

Stomach cancer

Colorectal cancer

Pancreatic cancer
Colorectal cancer
Lung cancer
Ovarian cancer

Colorectal cancer

Bladder cancer

Lung cancer,
colorectal cancer

Breast cancer
Colorectal cancer

Lung cancer
Liver cancer

Breast cancer
Breast cancer

Lung cancer

Nasopharyngeal
carcinoma
Colorectal cancer
Lung cancer

By modulating Rac1-p66Shc signaling, specifically inhibiting
Racl1 activation, thereby suppressing the production of ROS and
tumor growth.

By reducing the expression of MMP-2 and MMP-9
By modulating MAPK signaling in cancer cells
Exhibits anti-tumor activity through various mechanisms including
modulating the gut microbiota, enhancing gut barrier function,
inhibiting inflammatory responses, promoting autophagy, and
targeting cancer stem cells.

Targeting circular RNA pathways in pancreatic cancer cells
By downregulating the expression of USP4 and LAMP3 pathways.
By adjusting the balance of gut microbiota.

By modulating the SIPR1/STAT3 signaling pathway.

By enhancing the patient's sensitivity to PARPi through the
PINK 1/Parkin pathway, survival rates are improved.

By inducing Treg cells to differentiate into HCT-116
By inducing macrophage activation, enhancing the proliferation of
CD4+ and CD8+ T cells, upregulating the expression of IFN-y and
IL-2, while downregulating the proportion of MDSCs and Tregs,
and reducing the expression of anti-inflammatory cytokines IL-10
and TGF-p.

By increasing the expression of I[FN-y

By modulating the transformation of macrophages into the M1

phenotype.
By inducing the differentiation of regulatory T cells,

downregulating the expression of immunosuppressive molecules.
Regulate MDCSs to enhance anti-tumor immune response through
the CARD9-NF-kB-IDO pathway.
Inhibition of Tregs accumulation and function by miR-125b.

By increasing ACSL4-mediated ferroptosis.
By eliminating MDSCs and enhancing T cell responses.
By inhibiting angiogenesis

By inhibiting STAT3 activation

By intervening in the EGFR signaling pathway
By promoting cell differentiation and inhibiting the activity of

(81]

[82]
(83]

[84, 85]

[86]
(87]
(88]
(93]

[94]

[95]

[96]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]
[108]
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Piperidine class

Indole compounds

Hydroxyanthraquinones

Quinones
Naphthoquinones

Saponin Glycosides

suberectus

Dendrobium nobile

Black pepper

Potato

Baldhead fungus

Reed rhizome,
Rhubarb

Comfrey

Peony

Dioscorea
zingiberensis

Gotu Kola

Ginseng

Red Rhodiola

MDSCs.
Dendrobine Lung cancer By inhibiting the PD-1/PD-L1 checkpoint pathway.
Piperine Head aniéﬁfk cancet By adjusting the related signaling pathways.
Solanine Liver cancer By suppressing the TGF /Smad signaling pathway, the proportion of

TGF B is downregulated.
By blocking the interaction of the TAK1-TRAF6 complex to inhibit

N-hydroxysuccinamid the NF-«B signaling pathway, while also exhibiting effective

Colorectal cancer

€ cytotoxicity.
Emodin Macrophages By restoring macrophage homeostasis
Breast cancer By modulating T cell activation mediated by the TME.
Colorectal cancer By promoting the phosphorylation of Akt and ERK1/2 in NK cells
Shikonin Stimulate DC cell maturation, enhance Th1 cell and cytotoxic T
Breast cancer ..
cell activity.
Total Glycosides of Melanoma By .promotlng the degradation of a5-nAChR .
. By suppressing the BAFF-BAFF-R pathway, the proportion of
Paeony Liver cancer .
Breg is downregulated.
By activating the Cx43/STAT 1/IFN-y pathway and inhibiting the
Diosgenin Melanoma IL-4/JAK 2/STAT 3 pathway, it promotes the polarization of
TAMs from the M2 phenotype to the M1 phenotype.
ZnS Hepatocellular By adjusting the expression of TCONS-00026762
carcinoma
Madecassoside Breast cancer Inhibition through the YAP1/VEGFA signaling pathway
Rg3 Cervical cancer By reducing AKT2 expression
Rh4 Multiple Myeloma By modulating SIRT2 expression
Salidroside Non-small cell lung By modulating the Hsp 70/Foxp 1/Foxp 3 pathway

cancer

[109]

[110]

[111]

[112]

[113]
[114]
[115]

[116]

[117]

[118]

[119]

[120]

[121]
[122]
[123]

[124]
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7.2. Polyphenols

Natural polyphenols can be divided into six groups according to their chemical structure: stilbenes,
flavanols, flavonols, flavonoids, chalcones and isoflavones. Resveratrol, a polyphenol found in grapes, is an
anti-tumor compound that plays an anti-cancer role by regulating the polarization state of TAMs and further
inhibiting the migration and invasion of CAL 27 cells by suppressing the phosphorylation of Syk protein
[124] " Crude flavonoids in rose, about 28.34%, have been confirmed to induce apoptosis of HepG2 cells by
up-regulating the expression of pro-apoptotic proteins p53 and Bax, and down-regulating the expression of
anti-apoptotic protein Bcl-2 %], A recent study found that resveratrol can directly target the overexpressed
thousand and one amino-acid protein kinase 1 (TAOKI1) in esophageal squamous cell carcinoma,
significantly reducing cancer cell proliferation and inducing cell cycle arrest and apoptosis!®*l. Furthermore,
resveratrol can also target senescent tumor-associated fibroblasts, preventing their senescence while
inhibiting the progression of pancreatic cancer 2], Quercetin is a flavonoid compound extracted from
plants such as mulberry and forsythia. It can promote the survival of mouse and human granulocyte

1271 In another breast cancer study,

myeloid-derived suppressor cells, achieving anti-tumor therapeutic effects!
it was found that quercetin can inhibit the activity of CYP3A4, reducing the metabolism of the arachidonic
acid into epoxyeicosatrienoic acids, further affecting the nuclear translocation of signal transducer and

[128] In recent studies on

activator of transcription 3, thereby inhibiting the development of breast cancer
inhibiting melanoma, quercetin promotes the release of IL-2 and IFN-y by increasing the percentage of M1
macrophages, CD8+ T lymphocytes, and CD4+ T lymphocytes, further inhibiting the growth of

[1291 P66Shc and Racl are two proteins associated with tumor-related inflammation. In the study of

melanoma
human brain gliomas, it was found that quercetin specifically inhibits Racl activation by modulating
Racl-p66Shc signaling, thereby suppressing the production of ROS and the growth of gliomas
[139] Silymarin, which is also a flavonoid, can inhibit the recruitment of MCs and reduce the expression of

1311 Silibinin can also reduce the growth of

MMP-2 and MMP-9, resulting in tumor suppressive effects !
gastric cancer cells by inhibiting p-ERK and activating p-P38 and p-JNK!32.Curcumin, derived from the
root and rhizome of plants such as turmeric and calamus, can increase the number of CD4+ T cells and
CD8+ T cells in the TME, while reducing the number of CD4+CD25+Foxp3+ Treg cells. It promotes the
secretion of interferon-y (IFN-y) and inhibits the production of interleukin-4 (IL-4), transforming growth
factor-p (TGF-P), and interleukin-10 (IL-10), thereby facilitating the conversion of Treg cells to Thl cells,

[133.134] Curcumin has been proven to mediate

and thus restoring the host's immune surveillance capability
the expression of circular RNAs to inhibit tumor development. Some studies have focused on circ_ 0079440
in pancreatic cancer, finding that curcumin inhibits the development of pancreatic cancer by targeting the
circ_0079440/miR-522-3p/EIF4A1 pathway!'**! Furthermore, in the study of colorectal cancer, it was found
that curcumin exerts an inhibitory effect on tumors by downregulating the expression of USP4 and
LAMP3![!%] It is interesting that curcumin can inhibit the development of colorectal cancer induced by

AOM/DSS in mice by regulating intestinal homeostasis and intestinal metabolites!!*”). Two kinds of tea
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polyphenols (gallatechin and gallatechin gallate) can significantly reduce the level of mast cell protease in
mice, alleviate certain inflammatory reactions, and the pathological changes of intestinal tract, thymus,

[138] These two polyphenols can act as inhibitors of

spleen and lung can be observed in pathological sections
mast cell proteases, reduce PARs activation, and further regulate the occurrence of tumor
microenvironment-related responses. In recent years, there have been abundant studies on the anti-tumor
effect of EGCG, and it exerts anti-cancer effects through multiple mechanisms. Recent reviews have well
summarized the mechanism of EGCG in anti-tumor, mainly by regulating the expression of various
cancer-related micrornas (miRNAs) to inhibit the proliferation of cancer cells and tumor growth 3%,
However, their bioavailability in vivo is relatively low and most studies remain at the in vitro experimental
stage. In the future, it is necessary to further explore the mechanism of action in the human body and the

direction to improve bioavailability.
7.3. Polysaccharides

Over the past few decades, polysaccharides extracted from various traditional Chinese medicines have
gained widespread attention in the field of cancer treatment due to their diverse mechanisms of action and

1401 For example, the inhibitory effect of angelica polysaccharide (AP) on MCs

minimal adverse effects!
activation and its possible molecular mechanism has been demonstrated. Yaru Wu et al. orally fed rhodiola
rosea polysaccharide to tumor-bearing mice, and confirmed that rhodiola Rosea polysaccharide induced tumor
cell apoptosis through S-phase block of mitochondria-related pathway, and showed a dose-dependent effect
(1411, Studies found that AP significantly reduced the release of histamine, p-hexosaminidase, leukotriene C4
(LTC4), IL-1, IL-4, TNF-a, IL-6, and MCP-1/CCL2 in anti-DNP IgE-stimulated RBL-2H3 cells. In addition,
AP inhibited Ca2+ inward flow and downregulated p-Fyn, p-Akt, p-P38, IL-4, TNF-a, and NF-xB p65 protein
expression. These findings suggest that AP may inhibit MCs activation by suppressing the release of
inflammatory factors and allergic mediators, as well as the Gab2/PI3-K/Akt and Fyn/Syk signaling
pathways!!!?],

In vivo and in vitro experiments to verify the anti-tumor effects of ginger polysaccharide (UGP1), it
was found that in vivo, it can inhibit tumor proliferation, increase p53 expression and Bax/Bcl-2 ratio, and
enhance the secretion of pro-inflammatory cytokines (such as TNF-a, IL-2 and IL-6). At the same time,
reducing the secretion of tumor promoting cytokines (such as TGF-B) in the serum [84] may change the
cytokine network formed by mast cells in the tumor microenvironment and play an anti-tumor rolel'*?,
Astragalus polysaccharide, a major component extracted from Astragalus, has been extensively studied for
its role in treating non-small cell lung cancer. It functions by inhibiting the SIPR1/STAT3 signaling pathway
and promoting the differentiation of myeloid-derived suppressor cells (MDSCs) in  peripheral blood!'**. In
ovarian cancer research, astragalus polysaccharides, as adjunct medication, inhibit mitochondrial autophagy
through the PINK 1/Parkin pathway, thereby increasing the sensitivity of ovarian cancer stem cells to PARP
inhibitors, reducing patient resistance, and improving survival rates!!**l. Moreover, astragalus

polysaccharides can inhibit the recruitment of MDSCs and regulatory T cells (Tregs), thereby reducing the
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expression of IL-10, transforming growth factor-f (TGF-B), and vascular endothelial growth factor
(VEGF)!'*]. Certain immune-suppressive cytokines expressed in the TME, such as IL-10 and TGF-p, are
key factors in the failure of anti-tumor immune responses. Lentinan has been shown to inhibit the
progression of bladder cancer by upregulating IFN-y and IL-2 expression while significantly decreasing
IL-10 and TGF-B levels in MDSCs and Tregs!!#). In recent years, the anti-tumor effect of edible mushroom

n 141 Lentinan has also been found to increase

polysaccharides has gradually entered the public's attentio
interferon gamma (INF-y) independently of T cells, thereby inhibiting tumor blood vessels formation.
Interestingly, long-term administration of lentinan can continuously suppress tumor growth!!'*8]. Studies
utilizing the breast cancer 4T1 cell model have validated that psyllium polysaccharides promote macrophage
polarization into the M1 phenotype, while improving T cell accumulation in the spleen and lymph nodes,
synergistically achieving tumor suppression effects!!%’l. Glycyrrhizin polysaccharides demonstrate the ability
to inhibit IL-10 and TGF-B secretion by dendritic cells, downregulating their expression!'>®!. Recently,
ganoderma lucidum polysaccharides have emerged as a potential anticancer agent. They activate the
CARDO9-NF-kB-IDO pathway in Lewis lung cancer, inducing MDSCs differentiation and inhibiting their
accumulation, thereby preventing cancer development!!>!l. These polysaccharides have significantly
inhibited tumor growth in tumor-bearing mice, by increasing the expression of miR-125b, enhancing the

152

ratio of effector T cells (Teffs) to regulatory T cells (Tregs)!'>?. The anti-tumor effect of Portulaca oleracea

polysaccharides have been confirmed, as they promote ferroptosis by upregulating acyl-CoA synthetase
long-chain family member 4 (ACSL4), thereby inhibiting ovarian cancer development!!>]. Another
polysaccharide, Grifola frondosa polysaccharide, depletes MDSCs in CD8+ T cells, reducing their numbers

154

in tumor tissues, and ultimately inhibiting tumor growth!'>*. Ahomogeneous polysaccharide, PPTP80-1,

isolated and purified from Barbary Wolfberry fruit, was found, activate the immune system and exhibit

anti-tumor effects in zebrafish tumor models '3,

7.4. Alkaloids

Numerous studies have indicated that natural alkaloids possess significant potential in the treatment and
prevention of cancer. For example, berberine inhibits the proliferation of nasopharyngeal carcinoma cells
and promotes their apoptosis by suppressing the activation of STAT3 induced by tumor-associated
fibroblasts!!>®!. Additionally, in studies of rectal cancer models, berberine has been shown to inhibit the

secretion of TNF-a and the expression of downstream signaling pathways, effectively suppressing tumor

157

progression''3”] Sanguinarine blocks the Wnt/B-catenin pathway, preventing the polarization of M2-type

macrophages, and thereby inhibiting angiogenesis in lung cancer. Concurrently, it promotes the

158

differentiation of MDSCs into macrophages and dendritic cells through the NF-«xB pathway!!>®l. Dendrobine

isolated from Dendrobium alkali, has demonstrated no hepatorenal toxicity in mice with tumors and inhibits
tumor immune escape by suppressing the PD-1/PD-L1 checkpoint pathway, further limiting tumor growth.

[159

However, this effect has only been observed in lung cancer tumors!!*”). Piperine, found in black pepper, has

shown inhibitory effects on cancer cells in vitro by regulating cell cycle arrest and promoting apoptosis. It



Z.Y. Liu et al. / Food Science and Human Wellness 15 (2026)

can also inhibit the gene expression of matrix metalloproteinases 2/9 (MMP2/9) and downregulate the levels
of inflammation-related molecules (PTGS2, PTGER4). Furthermore, piperine affects cytokines
release(IFN-y, IL-8) and regulates the activity of the ERK and p38 signaling pathways, thereby exerting its
anti-tumor effects at multiple levels!!®’l. Solanine extracted from potatoes may downregulate TcB through the
TGF-B/SMAD pathway and activate anti-tumor immune responses!!®!l. Additionally, the alkaloid
N-hydroxysporamide has been confirmed to exhibit inhibitory effects on NF-kB. It also demonstrated

cytotoxicity by inducing apoptosis in tumor cells, showing anti-tumor activity both in vitro and in vivol'¢?!,
7.5. Quinones

Emodin extracted from rhubarb and giant knotweed, inhibits the polarization of M2-type macrophages.
By reducing the paracrine and autocrine effects of tumor cells, emodin suppresses the migration and
recruitment of macrophages to metastatic sites, thereby improving the immunosuppressive conditions within
the TME!%], In the treatment of breast cancer, emodin can regulate T cells activation and inhibit tumor
angiogenesis, effectively reducing lung metastasis of cancer cells "%, Shikonin, derived from the roots of
plants in the Boraginaceae family, affects signaling pathways by promoting the phosphorylation of Akt and
ERK1/2 in NK cells!'®). Shikonin also promote the maturation of DC cells while enhancing the activity of

Th1 cells and cytotoxic T cells, thereby improving their tumor killing effects!'®¢,

7.6. Saponin

Saponins are compounds composed of saponin aglycones and sugar molecules. The aglycones are
typically triterpenoid or steroid structures, while the attached sugar molecules often include glucose,
arabinose, rhamnose, galactose, and xylose. Due to these structural feature, saponins exhibit diverse
biological activities such as anti-tumor, immune regulation, and anti-inflammatory effects. B-cell activating
factor (BAFF), a member of the tumor necrosis factor (TNF) family, significantly impacts B cells survival
and differentiation. Total glucosides of pacony (TGP) inhibit the phosphorylation of p38-MAPK, reduce
a5-nAChR-mediated cell proliferation and migration, and induce mitochondrial dysfunction and

apoptosis!!¢71,

Paeoniflorin reduces the proportion of regulatory B cells (Bregs) by inhibiting the
BAFF-BAFF-R signaling pathway!'®l. Dioscin, a saponin extracted from Dioscorea zingiberensis and
Dioscorea nipponica, inhibits M2 macrophages polarization in tumor-associated macrophages (TAMs) by
activating the Cx43/STAT1/IFN-y signaling pathway and suppressing the 1L-4/JAK2/STAT3 pathway!!'¢’!.
Recently, a new saponin ZnS, was discovered in Dioscorea zingiberensis. Its anticancer effect has been
verified, demonstrating ZnS inhibits the proliferation of liver cancer cell proliferation in a dose-dependent
manner. It significantly suppresses cell vitality, induces, and reduces invasion of liver cancer cells by
regulating the expression of TCONS-00026762['7%. Madecassoside derived from Centella asiatica,
inhibits breast cancer tumor growth and angiogenesis primarily through the YAP1/VEGFA signaling

(71 Ginsenoside Rg3, extracted from ginseng, suppresses AKT2 expression in cervical cancer

pathway
cells, reversing AKT-mediated cell proliferation, migration, and invasion''’?. Additionally, ginsenoside Rh4

inhibits cancer cell proliferation by regulating SIRT2, promoting cell cycle arrest, and inducing
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ferroptosis!! 1. Salidroside, a glucoside derived from Rhodiola, is a type of tyrosol glycoside. Recent studies
have identified a novel mechanism by which it inhibits non-small cell lung cancer: salidroside suppresses

the function of Treg cells via the Hsp 70/Foxp 1/Foxp 3 pathway, thereby inhibiting tumor growth!!74!,

8. Conclusion

The function of MCs in tumor progression depends on the specific tumor type and its stage of
development, making a universal generalization impractical. As illustrated in Figure 3, MCs may serve a dual
role in tumor biology by both promoting growth and inhibiting progression. Typically, in the earlystages of
carcinogenesis, MCs, as sentinel cells, exert an anti-tumor effect. MC regulation of anti-tumor immunity may
occur via the following mechanisms: Interleukin-4 (IL-4), secreted by MCs, has been demonstrated to inhibit
the proliferation of tumor cells. Conversely, IL-1, IL-6, tumor necrosis factor-alpha (TNF-a), interferon-alpha
(IFN-a), and transforming growth factor-beta (TGF-f3) have been shown to promote the apoptosis of tumor
cells. Additionally, MCs may regulate anti-tumor immunity through the release of pre-synthesized and newly
synthesized mediators (including histamine, CCL3, CCL5, CXCL10, IL-6, etc.) stored in their granules. This
may occur through the induction of activation and differentiation of immune cells, such as dendritic cells,
CDA4+ T cells, and NK cells, thereby enhancing anti-tumor responses. Conversely, growth factors secreted by
MCs, such as PDGF, SCF, and NGF, can directly induce tumor cell proliferation and metastasis. This may
occur through the expression of H1 receptors on human malignant tumors or through the H2 receptors to
inhibit the immune system. New angiogenic agents, including heparin, VEGF, IL-8, and proteases, facilitate
the formation of new blood vessels and metastasis, promoting angiogenesis and supplying essential nutrients
for tumor growth. Additionally, matrix metalloproteinases (MMPs), selectively secreted by MCs, play a
crucial role in extracellular matrix (ECM) degradation, with MMP2 and MMP9 being particularly important

for tissue remodeling in the TME.
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Figure 3. The main mechanism of action of mast cells in tumor progression. In the tumor microenvironment, mast cells
release a series of media that affect the survival of tumor cells, as well as the remodeling of local tissues and the recruitment of
immune effector cells. Local cell infiltration also produces and secretes its own molecular subpopulations, resulting in a series

of complex interactions.

The complex role of MCs in tumor progression can be modulated through the intervention of natural
bioactive substances. These natural bioactive substances can influence the TME, thereby regulating the
behavior of MCs. For example, studies have found that curcumin can activate the innate immune system
to fight against cancer and can inhibit epithelial-mesenchymal transition (EMT) in the
TME.!"73IChlorogenic acid can regulate the TME and malignant behavior of cancer, inhibiting the growth
of pancreatic cancer through the AKT/GSK-3B/B-catenin signaling pathway!!7!,

Natural active substances also affect the TME by regulating the function of immune cells. For
example, polysaccharides extracted from natural resources can activate natural killer cells (NK cells),
enhance their cytotoxicity against tumors, and through the TLR4/MAPKSs/NF-kB signaling pathway,

177]

enhance the cytotoxicity of NK cells! Furthermore, some polysaccharides can convert

immunosuppressive macrophages into M 1-like phenotype by inhibiting the PD-L1/PD-1 axis and activate

178, 179]

T lymphocytes! . Based on this, we can provide functional hints for anti-tumor food supplements

[180] The development of new combination therapies in combination with existing anti-tumor therapies, such
as immune checkpoint inhibitors, chemotherapy, and radiotherapy, can further enhance the anti-tumor effects

of bioactive ingredients. Future research should focus on the screening and optimization of bioactive
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ingredients, further analysis of mast cell functions, and development of clinical combination therapies to

provide new strategies for cancer treatment.
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