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Abstract

Deregulated mucin expression is a hallmark of several inflammatory and malignant pathologies. 

Emerging evidence suggests that, apart from biomarkers, these deregulated mucins are functional 

contributors to pathogenesis in inflammation and cancer. Both overexpression and downregulation 

of mucins in various organ systems is associated with pathobiology of inflammation and cancer. 

Restoration of mucin homeostasis has become an important goal for therapy and management of 

such disorders and has fueled the quest for selective mucomodulators. With improved 

understanding of mucin regulation and mechanistic insights into their pathobiological roles, there 

is optimism to find selective non-toxic agents capable of modulating mucin expression and 

function. Recently, natural compounds derived from dietary sources have drawn attention due to 

their anti-inflammatory and anti-oxidant properties and low toxicity. Considerable efforts have 

been directed towards evaluating dietary natural products as chemopreventive and therapeutic 

agents; identification, characterization and synthesis of their active compounds; and improving 

their delivery and bioavailability. We describe the current understanding of mucin regulation, 

rationale for targeting mucins with natural products and discuss some natural products that 

modulate mucin expression and functions. We further discuss the approaches and parameters that 

should guide future research to identify and evaluate selective natural mucomodulators for 

therapy.

© 2015 Elsevier Ltd. All rights reserved.

For correspondence: Maneesh Jain, Ph.D., and Muzafar A. Macha, Ph.D., Department of Biochemistry and Molecular Biology, 
Eppley Institute for Research in Cancer and Allied Diseases, University of Nebraska Medical Center, Omaha, Nebraska, 68198-5870, 
U.S.A. Phone: 402-559-7667, Fax: 402-559-6650, mjain@unmc.edu; muzafar.macha@unmc.edu.
*Contributed equally

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Cancer Treat Rev. Author manuscript; available in PMC 2016 March 01.

Published in final edited form as:
Cancer Treat Rev. 2015 March ; 41(3): 277–288. doi:10.1016/j.ctrv.2015.01.001.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Mucins; Inflammation; cancer; natural compounds; Curcumin; Guggulsterone; Apigenin; 
Glycyrrhizin; Thymoquinone; Silibinin; Scutellarin; Graviola; Quercetin; Ursolic acid; 
Resveratrol

Introduction

Mucins are high molecular weight glycoproteins primarily expressed by epithelial cells on 

apical surfaces for lubricating and protecting the epithelia of ducts and body lumens against 

harmful exogenous and endogenous agents like bacteria, drugs, toxins, digestive enzymes 

and acids [1–3]. In addition, they are also involved in nutrient and cofactor adsorption in the 

gut, gaseous exchange in the lungs, transparency at the ocular surface and chemical sensing 

[3]. Under physiological conditions, mucins mediate diverse biological functions like cell-

cell adhesion, renewal and differentiation of the epithelium, inflammation and immune 

responses. Somewhat paradoxically, for what evolved as a protective mechanism for 

epithelial cells under normal physiological conditions, aberrant and deregulated expression 

of mucins in epithelial malignancies contributes to tumorigenesis and metastasis. These 

mucins either by physical interactions or by regulating signaling cascades, promote 

malignant transformation, cancer cell growth, cell invasiveness, metastasis, decreased 

immune surveillance and drug resistance [4–6]. Further, due to aberrant glycosylation in 

malignancies, mucins mediate cancer cell interactions with leukocytes, endothelial cells and 

platelets present in the tumor microenvironment during metastasis [3]. Owing to these above 

mentioned attributes, mucins have emerged as attractive targets for therapy and diagnosis 

[7].

Based on their structure, mucins are classified into transmembrane/membrane-bound 

(MUC1, MUC3A, MUC3B, MUC4, MUC12, MUC16 and MUC17) and secreted/gel-

forming mucins (MUC2, MUC5AC, MUC5B, MUC6 and MUC19) [8]. The bulk of 

membrane bound mucins is extracellular and comprised of several unique domains that 

modulate various biological properties by selective interactions with various ligands, cell-

surface proteins and the components of extracellular matrix [8]. The C-terminal cytoplasmic 

tails of mucins contain several phosphorylation sites and are believed to be involved in 

signal transduction by serving as docking sites for scaffolding proteins. Secreted mucins on 

the other hand lack hydrophobic transmembrane domain and on secretion form mucus layer 

on the apical surfaces of healthy epithelial cells particularly in the aerodigestive and 

genitourinary system that are exposed to the external environmental stresses.

The promise of mucins as therapeutic targets can be appreciated by the ongoing clinical 

studies and has been described by us in previously published articles [7, 9]. Most mucin-

targeted therapies have relied on the overexpression of mucins for eradication of cancer 

cells. These include immunotherapy to target epitopes presented by aberrantly expressed 

mucins on cancer cells, radioimmunotherapy to deliver cytotoxic radionuclides, or targeted 

therapy using anti-mucin antibodies or aptamers for delivering drugs toxins and 

nanoparticles specifically to mucin overexpressing cancer cells [2, 3]. Most of the current 

mucin-based therapeutic approaches have focused on MUC1, MUC2, MUC4, MUC5AC 
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and MUC16, and target single mucin at a time [7, 9]. Since mucins are emerging as 

functional contributors to the pathobiology of inflammation and cancer and multiple mucins 

are expressed by tumor cells, therapeutic approaches based on comprehensive understanding 

of coordinated mucin regulation during inflammation and cancer can have significant 

impact. Therefore, it seems logical to use agents that can target multiple mucins 

simultaneously for more pronounced anti-cancer effects. In this context, development of 

novel small molecule inhibitors and natural product based formulations may result in 

simultaneous modulation of various mucins and mucin mediated diverse signaling pathways.

Due to their structural diversity, natural products derived from medicinal plants and 

microorganisms provide “privileged scaffolds” [10] and have thus been significant 

contributors to drug development. Some of the earliest natural product-based drugs 

including actinomycin, anthracycline, taxol, campthothecin and vinca alkaloids were 

developed and approved between 1964 to 1997. Then followed a decade of lull from 1997–

2007, when no new natural product based anti-cancer drug was approved, due to the success 

of the genome project that shifted the focus towards targeted therapies like antibodies that 

generally inhibit signaling pathways by targeting a single gene product like EGFR, HER-2, 

VEGF. However, the existence of redundant signaling pathways and adaptive mechanisms 

leading to resistance, in combination with high cost and limited benefit of such targeted 

therapies, have shifted the focus back on natural products for anti-cancer drugs. Since 2007, 

several natural product derivatives including rapamycin, vinflunine, trabecedine, carfilzomib 

have been approved and marketed for the treatment of various malignancies (Reviewed in 

[11]). Recently, natural compounds derived from dietary sources like spices, fruits, 

vegetables and beverages have generated interest as chemopreventive agents due to their 

anti-oxidative and anti-inflammatory effects. Numerous dietary active compounds including 

curcumin, genistein, and resveratrol have been identified, characterized and evaluated for 

anti-inflammatory and anti-cancer effects in preclinical and clinical studies (reviewed in 

[12]) and have been demonstrated to modulate signaling pathways that are implicated in 

mucin dysregulation. Importantly, several of these compounds have recently been shown to 

modulate mucin expression, secretion or function in vitro and in vivo in models of 

inflammation and cancer.

In this review article, we provide a brief overview of the functional implications of mucins 

in epithelial malignancies, discuss the interplay of mucins with inflammation, and describe 

current understanding of mucin regulation, with a goal to define the rationale for targeting 

mucins with natural products. Subsequently, recent studies of natural products that modulate 

mucin expression and function are described. We further discuss the strategies and 

considerations for future research to identify and evaluate natural product derivatives as 

selective mucomodulators for mucin-targeted therapies.

Pathobiological implications of mucins

Deregulated expression and aberrant glycosylation of mucins is a prominent characteristic of 

inflammatory diseases and malignancies and contributes to disease progression and 

pathogenesis [2, 3]. MUC1 and MUC4 are the two most studied membrane associated 

mucins. Both have many unique domains, which enhance or inhibit various signaling 
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pathways involved in cellular proliferation and cell death [13]. Both MUC1 and MUC4 

physically interact with and stabilize ErbB family of growth factor receptor tyrosine kinases 

(RTKs) and potentiate ErbB-dependent signal transduction including extracellular signal 

regulated kinases (ERK1/2), MAPK and attenuate genotoxic stress induced apoptosis [4, 

14]. ErbB family members particularly Her2 mediated activation of downstream mitogen-

activated protein kinase (MAPK), phosphoinositide-3-kinase (PI3K)/Akt and c-Src/FAK 

family kinase pathways regulate cell proliferation and metastasis [15]. Previous studies in 

breast, ovarian and pancreatic cancer (PC) have established that the effects of MUC4 on 

these processes are mediated by PI3K/Akt, ERK1/2 and Src/FAK signaling pathways [16]. 

Both MUC1 and MUC4 suppress apoptosis through the regulation of various pathways. 

MUC4 mediated phosphorylation of Bad results in its interaction with 14-3-3ζ and its 

sequestration in the cytoplasm away from mitochondria leading to its anti-apoptotic effects 

[17, 18]. Anti-apoptotic effects of MUC1 are mediated by phosphorylation and subsequent 

degradation of IκB leading to constitutive activation of nuclear factor-κB (NF-κB) [19].

CA125/MUC16 mucin is overexpressed in the majority of serous ovarian carcinomas but 

not in normal ovarian epithelium [20]. Although little is known about the signaling 

pathways regulated by CA125/MUC16, recently it was shown to modulate epidermal 

growth factor receptor (EGFR) and its downstream targets Akt and ERK1/2 to promote 

metastasis via enhanced cell motility and epithelial to mesenchymal transition [21]. In 

addition, cytoplasmic domain of MUC16 is involved in cytoskeleton reorganization through 

its interaction with ezrin/radixin/moesin proteins [22]. We have recently reported that 

MUC16 physically interacts with ERM domain-containing Jak2 protein and activates 

STAT3 and c-jun signaling to promote proliferation of breast cancer cells [23]. Akita K et 

al. have recently reported association and phosphorylation of cytoplasmic MUC16 

(Tyr-22142) by SFKs such as c-Src and c-Yes [24].

MUC2 and MUC5AC are the most well-studied secretory gel-forming mucins which impart 

the characteristic viscoelastic property to mucus [25]. Normally, MUC5AC is produced by 

goblet cells [26], but is deregulated in many cancers [27]. Its overexpression is associated 

with early post-operative metastasis in non-small cell lung cancer patients [28–30], and 

worse prognosis for lung adenocarcinoma [29], cholangiocarcinoma [31, 32] and PC 

patients [27]. Although MUC5AC-mediated molecular mechanisms are unknown, it has 

been shown to promote cell invasion and migration of human PC and colon cancer cells [33, 

34] by regulating α3, α9 and β3 integrins, VEGF and MMP-3 expression [35]. Interestingly, 

similar to other mucins, MUC5AC knockdown was associated with decreased ERK1/2 

signaling as evidenced by decreased pERK1/2 expression.

MUC2 is predominantly expressed in the colon and forms a two-layered mucus system, with 

an inner dense and attached mucus layer adherent to intestinal epithelial cells (IECs) that is 

impervious to bacteria and an outer loose and unattached mucus inhabited by the microbiota 

[36]. MUC2 enhances gut homeostasis and oral tolerance by conditioning dendritic cells 

(DCs) and intestinal epithelial cells (IECs) [37]. However its deregulated expression has 

been associated with colorectal cancer development [38]. As opposed to other mucins, 

inhibition of MUC2 expression in LS174 colon cancer cells was associated with increased 

cell proliferation and invasion/metastasis both in vitro and in vivo [38], suggesting its 
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protective role in colon cancer. MUC2 also plays a protective role in the intestinal 

epithelium and MUC2 loss is generally associated with inflammatory bowel disease [39]. 

Besides this, MUC2 overexpression has been observed in many lung adenocarcinoma cell 

lines and its expression correlates with the development of some types of lung cancer [40].

In addition to their functional roles in tumorigenesis and metastasis, various mucins 

contribute to resistance to chemotherapy [6]. Several studies have reported a positive 

correlation between mucin expression and resistance to chemotherapeutic agents like 5-

fluorouracil (5-FU) or methotrexate [41–43]. We and others have demonstrated that 

overexpression of MUC4 is associated with resistance to several chemotherapeutic agents 

[17, 44, 45] and downregulation of MUC4 results in chemosensitization of PC cells. 

Wissniowski et al have also shown that downregulation of mucins, particularly MUC4, 

sensitizes PC cells to bortezomib and gemcitabine [46]. Similarly, MUC1 overexpression in 

breast cancer cells has been reported to induce Herceptin®, paclitaxel (Taxol®), 

doxorubicin and cyclophosphamide resistance [47]. Silencing the MUC1 or MUC4 gene 

reverses resistance to trastuzumab in HER2/ErbB2-positive gastric cancers [48, 49]. Thus, 

therapeutic strategies targeting mucins can not only inhibit mucin-mediated tumor 

progression, but can also result in the sensitization of tumor cells to other chemotherapeutic 

agents.

Mucins and inflammatory network in tumor microenvironment

Chronic inflammation is considered to be precursor to malignant transformation and 

contributes to tumor growth and progression. The presence of inflammatory elements 

including infiltrating immune cells and cytokines and growth factors in the preneoplastic 

and early neoplastic lesions in various malignancies underscore the central involvement of 

inflammation in carcinogenesis [50]. Overexpression of chemotactic factors by tumor cells 

recruit hematopoietic cells such as lymphocytes, monocytes (macrophages), and neutrophils 

into the tumor microenvironment [51]. Activation of several transcription factors like NF-

κB, HIF-1β, and STAT3 [52] during neoplastic transformation induces expression of pro-

inflammatory cytokines, chemokines, prostaglandins and nitric oxide in both tumor and 

stromal cells and create a tumor promoting inflammatory microenvironment [53]. These 

inflammatory mediators function individually or cumulatively to trigger and sustain chronic 

inflammation, promote proliferation of tumor and stromal cells and inhibit 

immunosurveillance [51]. Several inflammation and hypoxia associated factors result in 

mucin deregulation in a variety of inflammatory and malignant diseases [13]. In turn, these 

mucins facilitate oncogenic signaling promoting tumor cell proliferation, EMT and 

metastasis and contribute to the formation of tumor microenvironment (TME) by recruiting 

and/or interacting with stromal compartments including stromal cells, extra cellular matrix 

(ECM) and several growth factors (reviewed in [3]). The nature of the cytokines in the 

milieu, the degree and duration of inflammation determines the overall mucin expression 

and therefore the extent and type of mucin dependent oncogenic cell signaling and 

immunomodulation [51].

Previous studies have shown that a large array of pro-inflammatory cytokines and 

interleukins like IL-4, IL-9, IL-13 and tumor necrosis factor-α (TNF-α) secreted by 
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lymphocytes during injury or infection results in aberrant mucin expression [54, 55]. Our 

studies and others have shown that MUC4 is transcriptionally regulated by inflammatory 

cytokines like interferon-γ (IFN-γ) [56] whereas MUC1/MUC5AC is regulated by 

neutrophil elastase respectively [57], a neutrophil secreted serine protease during 

inflammation [58]. MUC1 expression is also induced by inflammatory cytokines, including 

TNFα, IFN-γ and IL-6 [59]. Anti-inflammatory cytokine interleukin-10−/− (Il-10−/−) 

deficient mice showed defective colonic MUC2 synthesis leading to colonic inflammation 

and ulcerative colitis [60, 61]. Inflammatory cytokines like IL-13, IL-1β and TNFα have 

been shown to induce secretion and expression of MUC5AC and orchestrate respiratory 

mucus hypersecretion [62, 63]. In addition, TNF-α, IL-1β, IL-6 and IL-8 upregulate major 

gel-forming MUC19 transcript in the human middle ear [64]. Not only expression, mucin 

glycosylation patterns are also altered in response to pro-inflammatory conditions in cancer 

cells [55].

While inflammatory cytokines contribute to mucin deregulation during carcinogenesis, 

studies have also documented mucin-mediated deregulation of various cytokines and 

transcription factors during inflammation induced cancer progression. Yokoigawa et al., 

demonstrated that mucins secreted by the cancer cells induce IL-6 and PEG2 expression 

from peripheral blood monocytes/macrophages through activation of orphan receptor [65]. 

MUC1-CT has been implicated in the activation of NF-κB family member RelA by direct 

interaction with nuclear factor-κB kinase-β (IKKβ) [59, 65] thereby increasing the 

expression of IL-2, IFN-γ, and TNF-α [65, 66]. Transgenic mice expressing human MUC1-

CT specifically in the pancreas, exhibit overexpression of COX-2 that converts arachidonic 

acid to prostaglandin (PG) which is a strong immune modulator and immune suppressor 

[67]. It is becoming increasingly evident that the intricate association between mucins, 

inflammation and tumor microenvironment contribute significantly to tumor development 

and progression. Therefore, targeting this intricate network can provide novel avenues for 

cancer prevention and therapy.

Regulation of mucin expression

Normal tissue homeostasis requires tight regulation of mucin expression. Biologically 

diverse molecules including cytokines, growth factors and transcription factors regulate 

mucin expression in a defined tissue, time and developmental state specific manner [13, 56]. 

However, several environmental and/or intrinsic insults compromise this regulation leading 

to their aberrant expression resulting in diverse inflammatory and pathological disorders 

including cancer [2, 3]. Therefore, it is critical to understand the molecular mechanisms of 

mucin deregulation for devising appropriate therapeutic modalities to combat mucin 

associated pathologies.

The gene promoters play a very critical role in transcriptional regulation. MUC1 

overexpression is considered to contribute to several epithelial malignancies and its 

transcriptional regulation has extensively been studied [54, 55]. The MUC1 promoter is GC-

rich and contains numerous binding sites for specificity protein-1 (Sp1), activator protein-1 

(AP-1), AP-2, AP-3, nuclear factor-1 (NF-1), estrogen receptor (ER) and signal transducers 

and activators of transcription (STAT) transcription factors [68]. In human lung 
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adenocarcinoma cells (A549) pro-inflammatory cytokines like TNF-α stimulate de novo 

expression of MUC1 through mitogen-activated protein kinase kinase (MAPKK/MAP2K), 

extracellular signal-regulated kinase (ERK1/2)/SP1 and NF-κB pathway [69]. In addition, 

MUC1 promoter also contains four STAT binding cis-elements which are downstream of 

interferon signaling pathway [70]. IFN-γ and IL-6 activate STAT-1 and STAT-3 

transcription factors respectively, which interact with their cis-elements on MUC1 promoter 

to upregulate its expression in tumor cells. In addition, binding of Hypoxia Inducible Factor 

(HIF)-1α to HIF responsive elements (HRE) at -1488/-1485 and at -1510/-1507 of MUC1 

promoter upregulates its expression.

MUC4 promoter is 3.7 kb long and includes four transcriptional start sites, one in proximal 

promoter (TATA-less) at -199 and three at the distal promoter at -2603, 2604 and -2605 

with TATA a box located at (-2672/-2668) from translational start site [70]. While the 

proximal promoter has potential binding sites for SP1, CACCC box, glucocorticoid receptor 

element, AP-1, polyomavirus enhancer activator-3 (PEA3) and Med-1; distal promoter has 

binding sites for Sp1, AP-1, AP-4, GATA and cyclic adenosine monophosphate responsive 

element binding protein (CREB) transcription factors [70]. MUC4 promoter also contains 

numerous putative binding sites for transcription factors downstream of protein kinase A 

(PKA), PKC, cAMP signaling pathways [70]. Inflammatory factors like IFN-γ and TNF-α 

upregulate MUC4 expression by activating Jak/STAT1 and NF-κB pathways [71]. In 

addition, interleukins like IL4/IL9 and IL6 through Jak/STAT pathway regulate MUC4 

expression in normal airways [72]. Besides IFN-γ and TNF-α, TGF-β in cooperation with 

SMAD2 or SMAD4 transcription factors upregulates MUC4 expression [73]. Interestingly, 

all-trans-retinoic acid (RA) treatment has also been shown to increase expression of TGF-β2 

to increase MUC4 expression [74]. IFN-γ and RA synergy has been observed to induce 

MUC4 expression in PC cells [75] and gastric cancer respectively [76]. Besides, MUC4 

expression in intestinal cells are also regulated by hepatocyte nuclear factors (HNF-1/-4), 

forkhead box A FOXA1/A2), GATA-4/-5/-6 and caudal-related homeobox (CDX-1/-2) TFs 

[77]. Bile acids through PI3K signaling activate HNF1-α transcription factor to upregulate 

MUC4 expression in esophageal cancer [78].

Similarly, secretory mucin MUC5AC that is known to be overexpressed during airway 

inflammatory conditions, inflammatory diseases of the colon, different malignancies such as 

PC, lung cancer and colorectal cancer is extensively regulated by inflammatory cytokines 

(e.g., TNF-α, IL-1β, IL-4, IL-6, IL-9, IL-13, IL-17), bacterial products (LPS, LTA, 

peptidoglycans, flagellin), growth factors (EGF, TGF-α, RA, thyroid hormones), proteases 

(neutrophil elastase), environmental pollutants (cigarette smoke extracts, acrolein, ozone) 

and viral mediators (respiratory syncytial virus, rhinovirus) [79]. Transforming growth 

factor-α (TGF-α)-Epidermal growth factor receptor (EGFR) signaling pathway are being 

implicated in regulating MUC5AC over expression in many diseases including pulmonary 

mucoepidermoid carcinoma [40].

Overall, looking at the simultaneous expression of different mucins in various tissues and 

their co-stimulation by certain reagents along with extensive analysis of individual MUC 

gene promoters suggests common regulatory mechanisms for various mucins. This includes 

the inflammatory mediators such as cytokines IL-1β, IL-4, IL-6, IL-9, IL-12, IL-13, TNF-α, 
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EGF, TGF-α and functional binding sites for transcription factors induced during 

inflammatory conditions such as NF-κB, STAT-1, STAT-3, STAT-6, Sp1, Sp3, CREB, 

AP-1, c-Myc, n-Myc and SMADs. Thus, knowledge of mucin regulation and identification 

of common regulators of mucin expression can be utilized to repress or control their 

expression through products that have effects on these pathways and factors as an effective 

therapeutic strategy in many pathological conditions.

Natural products modulating mucin expression: potential therapeutic 

agents

Fruits, vegetables, spices and beverage like tea contain a heterogeneous class of molecules 

called phytochemicals such as vitamins (carotenoids) and polyphenols that include 

flavonoids, phytoalexins, phenolic acids indoles and sulfur rich compounds (reviewed in 

[80]). Initially promoted as chemopreventive agents, these plant derived chemicals have 

shown promise as potent anti-cancer and anti-inflammatory agents through their significant 

inhibitory impact on cancer cell growth, proliferation, progression and metastasis by 

affecting a large array of proteins involved in various signaling cascades. Encouraged by the 

results of these in vitro and in vivo studies, several clinical trials have been undertaken in 

cancers and other human diseases (reviewed in [12]). Recently, several studies have 

demonstrated the ability of natural product derivatives to modulate mucin expression in 

various cell types in vitro and organ systems in vivo (summarized in Table 1) and have 

raised hopes of developing selective and safe mucomodulators for inflammatory and 

neoplastic disorders. Herein we discuss selective natural products that have demonstrated to 

alter mucin expression in cellular and animal models of inflammation and cancer.

Curcumin

Curcumin (diferuloylmethane), a naturally occurring polyphenol derived from Curcuma 

longa is one of the most studied natural products for medicinal use. The pharmacological 

activities of curcumin are attributed to its antioxidant, antimicrobial, anti-inflammatory and 

immunomodulatory effects [81]. Extensive research addressing the pharmacokinetics, safety 

and efficacy of this highly pleiotropic compound has demonstrated its utility to modulate 

multiple cell signaling pathways in various pro-inflammatory diseases including arthritis, 

crohn’s disease, ulcerative colitis, irritable bowel disease, pancreatitis, gastric ulcer, gastric 

inflammation, psoriasis, atherosclerosis, diabetes and cancer (pancreatic, colon, rectal, 

osteosarcoma, multiple myeloma and oral) [82]. Several in vitro and in vivo studies have 

shown that curcumin decreases cyclooxygenase-2 (COX-2), lipoxygenase and inducible 

nitric oxide synthase (iNOS) enzymes activity by suppressing a transcription factor NF-κB 

[83]. Besides affecting a plethora of molecules, curcumin has shown to impact mucin 

expression in several cell models [84]. In one of the earliest studies, curcumin increased the 

secretion of mucins in primary hamster tracheal surface epithelial (HTSE) cells [85]. 

However, subsequent studies by the same research group demonstrated that curcumin 

decreased EGF-induced MUC5AC expression in lung cancer NCI-H292 cells both at protein 

and transcript level [84]. Similarly, curcumin pretreatment down-regulated IL-1β induced 

MUC5AC expression in lung airway epithelial H292 cells [86]. In addition, modulation of 

mucin expression by curcumin was also reported in gastrointestinal epithelial cells. MUC2 
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expression is generally decreased in colorectal adenocarcinoma (reviewed in [87]), and 

Muc2−/− mice spontaneously developed colitis and colorectal cancer [88] suggesting its 

tumor suppressor role in colon cancer. Interestingly, in Citrobacter rodentium and 

dibenzazepine (DBZ) induced murine model of colitis and hyperplasia, dietary curcumin 

restored mucin production by modulating Notch and Wnt/β-catenin signaling pathways and 

facilitated crypt regeneration [89]. In contrast to its loss in the majority of colon cancers, 

MUC2 expression is preserved in subset of mucinous type colon cancer and is associated 

with advanced-stage disease. Bile acids have been shown to induce mucin secretion [90, 91] 

and promote colorectal carcinogenesis. In this context, using mucinous colon carcinoma cell 

line LiM6, bile acid was shown to upregulate MUC2 expression by activating AP-1 

transcription factor [92]. However, curcumin treatment reduced both basal and bile acid-

induced MUC2 expression both at the protein and transcript level by inhibiting AP1 [92]. 

Similarly, curcumin encapsulated nanoparticles were found to decrease oncogenic MUC1 

protein in human PC cells and exhibit anti-tumor effects both in vitro and in vivo [93]. Not 

only curcumin modulates mucin expression, it can also affect mucin glycosylation by 

targeting the enzymes involved. Ozen et al, have shown that curcumin decreased both the 

sialic acid and sialidase activity in ascites fluids of Ehrlich ascites tumor bearing mice [94].

Apigenin

Apigenin, a plant flavone (4, 5, 7,-trihydroxyflavone), has gained considerable interest as a 

beneficial agent for human health due to its low intrinsic toxicity on normal cells, anti-

inflammatory and anti-mutagenic effects. Cancer preventive and/or therapeutic properties of 

apigenin has been investigated in Breast, colon, pancreatic, prostate, lung and oral squamous 

cell cancer [95] cells and are attributed to its ability to modulate cell growth, inhibit cell 

cycle progression, diminish oxidative stress, improve the efficacy of detoxification enzymes, 

induce apoptosis and stimulate the immune system. Recently, Wang et al. have shown that 

apigenin abrogated Helicobacter pylori induced inflammation of gastric epithelial MKN45 

cells and concomitantly restored the expression of protective mucin MUC2 [96]. Apigenin 

treated cells exhibited significantly increased levels of IκBα expression and thus reduced 

NF-κB signaling along with decrease in the expression of downstream inflammatory 

mediators including COX-2, ICAM-1, ROS, IL-6 and IL-8) following H. pylori 

infection[96]. MUC2 suppresses inflammation in the intestinal tract and inhibits intestinal 

tumor development [13] supporting the potential utility of apigenin to suppress 

inflammation and gastric cancer development. Apigenin was also demonstrated to modulate 

mucin function in breast cancer cells by inhibiting the dimerization of MUC1-C terminal 

subunit and its subsequent nuclear translocations [97]. Through MUC1-C terminal mediated 

auto-inductive loop, apigenin was also found to decrease MUC1 mRNA levels [97]. The 

same study also demonstrated that apigenin-mediated MUC1 downregulation was associated 

with increased apoptosis and decreased clonogenic potential. EGF through EGFR signaling 

stimulates MUC5AC expression in a human airway epithelial cell line [98] and its 

hypersecretion is associated with severe pulmonary disorders like asthma, chronic 

bronchitis, cystic fibrosis and bronchiectasis [99]. Apigenin treatment was shown to 

decrease both de-novo [100] as well as EGF-induced MUC5AC expression [100] in lung 

cancer NCI-H292 cells. Molecular mechanism of MUC5AC downregulation revealed that 
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apigenin inhibits phosphorylation of EGFR and its downstream signaling molecules 

MEK1/2 and ERK1/2 [101].

Glycyrrhizin

The roots of Glycyrrhiza glabra (licorice) have been used in traditional medicine to treat 

peptic ulcers, liver disorders, bronchitis and asthma. Glycyrrhizic acid or glycyrrhizin, the 

active ingredient in the licorice root extract is triterpene glycoside, that exhibits anti-

inflammatory, antiviral and anti-cancer properties. Recent studies have documented the 

impact of glycyrrhizin on mucin expression in airway and colonic epithelial cells. In LPS- 

and IL-4-induced murine models of airway goblet cell hyperplasia, glycyrrhizin attenuated 

goblet cell hyperplasia and significantly reduced LPS and IL-4 induced MUC5AC protein 

and transcripts in vivo [102]. Further, glycyrrhizin attenuated TGF-α-, EGF- or phorbol 

ester-induced MUC5AC protein and mRNA in carcinoma-derived H292 airway epithelial 

cells and reduced MUC5AC promoter activity in A549 cells in vitro in a dose dependent 

manner [102, 103]. Similarly, glycyrrhizin reduced neutrophil elastase-induced expression 

of MUC5AC protein and transcripts in bronchial epithelial cells (HBE16) by augmenting 

p38-NF- κB p65/IκBα pathway [104]. Glycyrrhizin also reduced IL-13-induced MUC5AC 

hypersecretion and production along with reduced oxidative stress in vivo in Sprague 

Dawley rats and in vitro in HBE16 [105]. Khan et al. evaluated the chemopreventive effect 

of glycyrrhizin in DMH induced colon carcinogenesis in a rat model. Mucin depleted foci 

(MDF) and aberrant crypt foci (ACF), the two well recognized preneoplastic lesions of 

colon cancer are observed in this model following DMH treatment. MDF are known to 

exhibit numerous preneoplastic characteristics including reduced expression of MUC2 (a 

mucin abundantly expressed in the normal colon). Glycyrrhizin supplementation resulted in 

a significant decrease in the number of DMH-induced MDF and attenuated the depletion of 

the mucous layer. While the study did not investigate any alteration in the expression of any 

specific mucin gene, it was noted that glycyrrhizin prevented the shifting of sulphomucin 

(present in normal colon) to sialomucin (associated with colon cancer) following DMH 

treatment. This study indicated that glycyrrhizin in addition to modulating mucin expression, 

can also impact post-translation modifications of mucins [106].

Guggulsterone

Gum Guggul derived from the bark of the plant Commiphora wightii is used from centuries 

to treat various inflammation associated diseases like hypercholesterolemia, atherosclerosis, 

rheumatism, and obesity. The crude ethyl acetate extract of gum guggul has been shown to 

suppress inflammatory mediators such as IFN-γ, IL-12, TNF-α and IL-1β. Recently, 

Guggulsterone E and Guggulsterone Z the active components from the gum guggul has been 

shown to exhibit anti-inflammatory activities by suppressing cytokines expression [107, 

108] and inhibit tumor growth both in vitro and in vivo by modulating numerous survival 

and proapototic signaling cascades [107]. By affecting growth factors, growth factor 

receptors and several transcription factors implicated in inflammation like NF-κB, 

STAT1/3, C/EBPα, androgen and glucocorticoid receptors, guggulsterone (GS) modulates 

the expression of antiapoptotic proteins (IAP1, XIAP, Bcl-2, cFLIP, survivin), inhibits cell 

survival, cell proliferation associated proteins (cyclin D1, c-Myc), abrogates angiogenesis, 

and metastasis (MMP-9, COX-2, VEGF) in tumor cells [107]. GS has also been 
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demonstrated to inhibit the transcriptional regulator farnesoid X receptor (FXR) and is 

involved in maintaining cholesterol/bile acid homeostasis, triglyceride and glucose 

metabolism [107].

Bile reflux into the stomach results in induction of metaplasia and gastric carcinogenesis. 

Secretory mucin MUC2 is not expressed in normal gastric epithelium but a significant de 

novo expression of MUC2 is observed during gastric carcinogenesis [109]. While studying 

the impact of bile acids on MUC2 expression in normal rat gastric epithelial (RGM-1) cells, 

Xu et al., demonstrated the ability of GS to modulate mucin expression. By antagonizing 

FXR, GS abolished chenodeoxycholic acid (CDCA) induced expression of Cdx2 and MUC2 

expression at both the mRNA and protein levels suggesting its utility as a potential 

therapeutic modality in gastric carcinogenesis [110]. In a recent study, we observed that GS 

downregulates the expression of oncogenic mucins MUC1, MUC4 and MUC16 in PC cells 

[18]. MUC4 downregulation was associated with decreased proliferation, migratory 

capabilities and increased apoptosis of PC cells. In PC cells, the molecular mechanism of 

GS mediated MUC4 down-regulation was independent of FXR and involved inhibition of 

Janus Kinase- signal transduction and activator transcription (JAK-STAT) pathway and 

modulation of inflammation-induced transcription factors like STAT1 and STAT3 on 

MUC4 promoter [18].

Thymoquinone

Thymoquinone (TQ) constitutes about 30–48% of essential oils extracted from Nigella 

sativa seeds and is extensively investigated at preclinical level for its antioxidant, anti-

inflammatory and anticancer activities [111]. TQ also preserves the activity of various anti-

oxidant enzymes such as catalase, glutathione peroxidase and glutathione-S-transferase thus 

acting as free radical and superoxide scavenger [112]. TQ modulates numerous molecular 

targets (p53, p73, PTEN, STAT3, PPAR-γ), activates caspases and generates ROS that are 

implicated in tumor cell proliferation, apoptosis, cell cycle arrest, metastasis and 

angiogenesis [113] in different drug resistant cancers like osteosarcoma, uterine sarcoma 

and leukemia [114]. Nigella sativa oil was found to exhibit protective effects against 

ethanol-induced gastric ulcers in rats and result in increased gastric mucin content [115]. 

Recently, gastroprotective effects of TQ were demonstrated in the rat ischemia/reperfusion 

model of gastric ulcers. TQ alone at high doses, and in combination with omeprazole at low 

doses, resulted in decreased acid secretion and neutrophil infiltration and increased mucin 

production and secretion following ischemia/reperfusion [116]. In the PC cells, TQ has been 

shown to be 4- to 5-fold more cytotoxic compared to normal cells [117]. TQ also showed 

anti-inflammatory properties and sensitized the PC cells to conventional chemotherapeutic 

drugs [113, 117]. Our recent studies demonstrated that TQ treatment resulted in decreased 

levels of MUC4 protein in PC cells. While TQ treatment had no impact on MUC4 

transcripts, TQ promoted proteasomal degradation of MUC4 suggesting that the TQ 

modulates MUC4 levels post-translationally [118]. TQ can potentially modulate the mucin 

function by altering their glycosylaion particularly by removing sialic acid. In an interesting 

study, TQ treatment resulted in increased activity of Neuraminadase 4 (sialidase) present on 

the surface of macrophages, dendritic cells, fibroblasts, cancer cells and enhanced 

desialylation of gangliosides and mucins [119]. Given the significance of sialic acid in 
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receptor recognition (selectins), involvement of mucins in cell-cell interactions during 

growth and metastasis, enrichment of macrophages, fibroblast in TME and surface 

localization of sialidases and mucins, it will be of interest to determine the impact of TQ on 

mucin glycosylation.

Silibinin

Silibinin, a naturally occurring polyphenolic antioxidant, is a major constituent of the dietary 

supplement milk thistle (Silybum marianum L.) extract and has been extensively studied for 

anti-inflammatory and anti-neoplastic effects [120]. In airway epithelial cells, silibinin was 

demonstrated to inhibit mucin production and secretion. Silibinin attenuated EGF, PMA or 

TNF-α induced expression of the MUC5AC at the transcript and protein levels in NCI-H292 

cells. Further, silibinin resulted in a significant reduction of ATP-induced mucin secretion in 

cultured rat tracheal surface epithelial (RTSE) cells [121]. Transcription factor Cdx2, has 

been shown to directly bind MUC2 and MUC4 promoters and upregulate their expression 

[122, 123]. Recently, Sangeetha et al. demonstrated the ability of silibinin to modulate 

mucin expression in colonic epithelial cells. In the DMH-induced model of colorectal 

carcinogenesis in rats characterized by reduced goblet cell mucin and increase in the number 

of MDF, silibinin resulted in increased mucin content in the goblet cells following DMH 

treatment [124]. Like guggulsterone, silibinin prevented the suppression of Cdx2, both at 

mRNA and protein level [124], suggesting that silibinin has a great potential in modulating 

mucin expression through Cdx2 regulation.

Scutellarin

Scutellarin is a flavonoid extracted from traditional Chinese herbs, Erigeron breviscapus 

and Scutellaria barbata. Mucomodulatory effects of scutellarin were recently demonstrated 

in airway epithelium. Pretreatment of human bronchial epithelial 16 (HBE16) cells with 

scutellarin inhibited IL-13 or human neutrophil elastase (HNE)-induced MUC5AC 

expression in a dose-dependent manner [125]. Similarly, neutrophil elastase-induced 

MUC5AC mRNA, protein expression and goblet cell hyperplasia were significantly 

decreased in rats treated with scutellarin [126]. Modulation of MUC5AC expression by 

scutellarin appeared to be due to inhibition of PKC and ERK1/2 signaling and was 

independent of STAT-6 [125, 126].

Graviola

Leaves of Annona Muricata, also known as Graviola or Soursop, have been used for a wide 

range of human diseases including inflammatory conditions, neuralgia, diabetes, cystitis and 

cancer [127]. The potent bioactive anticancer components were recently identified to be 

annonaceous acetogenins. We recently evaluated the therapeutic efficacy of Graviola leaves 

extract (GLE) on growth and metastasis of PC cells [128]. GLE significantly inhibited the 

expression of MUC4 mucin (in vitro and in vivo) and its downstream signaling regulating 

cell cycle, survival and metastasis of the PC cells [128]. Besides, significant inhibition of 

cell proliferation and invasive behavior, GLE induced acute metabolic stress leading to ATP 

depletion and exhibited in vivo therapeutic efficacy.
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Quercetin

Quercetin is a plant flavonoid that occurs in numerous vegetables, fruits and grains 

including capers, radish, onions, cranberry and exhibits potent antioxidant, anti-angiogenic, 

anti-proliferative and pro-apoptotic functions [129]. Several studies have also revealed its 

anti-inflammatory potential in airway pathologies that are usually associated with mucus 

hypersecretion. Using airway epithelial cells (HBE16), quercetin treatment was shown to 

reduce neutrophil elastase induced MUC5AC expression both at RNA and protein level 

through PKC/EGFR/ERK signal transduction pathway [130]. In addition, quercetin also 

attenuated IL-1β-induced MUC5AC expression by modulating ERK and p38 MAPK 

phosphorylation [131]. Besides in vitro studies, quercetin has been shown to attenuate 

cigarette smoke [132] and elastase/LPS [133] induced Muc5ac expression in mouse models.

Ursolic acid

Ursolic acid, a pentacyclic triterpenoid, is widely found in fruits and medicinal herbs with 

hypoglycemic, anti-obesity and anti-cancer properties [134]. Ursolic acid also showed anti-

inflammatory potential by inhibiting EGF and PMA induced MUC5AC expression in the 

lung epithelial cells (NCI-H292)[135]. Furthermore, ursolic acid inhibited ATP induced 

secretion of MUC5AC in hamster tracheal surface epithelial cells (HTSE) [136].

Resveratrol

Resveratrol (3, 5, 4′-trihydroxy-trans-stilbene), is a phytoelaxin and a natural phenol 

produced by many plants when attacked by pathogens. Usually abundant in berries, grape, 

peanuts and wine, resveratrol exhibits strong anti-tumor activities by modulating cell 

proliferation, apoptosis, invasion, metastasis and enhances host immune system to kill tumor 

cells [137]. Interestingly, resveratrol has been shown to decrease MUC1 expression while it 

upregulated MUC2 expression in a carcinogen induced colon cancer rat model [138]. 

Besides affecting mucin expression, resveratrol also decreased the expression of 

inflammatory mediator COX-2 [138]. Moreover, resveratrol suppressed the EGF, PMA and 

TNF-α induced production and secretion of MUC5AC in NCI-H292 cells. In addition, 

resveratrol also suppressed the ATP-induced MUC5AC secretion in primary rat tracheal 

surface epithelial (RTSE) cells [139]. Several studies have reported a positive correlation 

between mucins expression and resistance to chemotherapy [41-43]. Resveratrol has been 

shown to sensitization of tumor cells to many chemotherapeutic drugs by modulating 

multiple cell-signaling molecules, including drug transporters and members of the NF –κB, 

SP1and STAT3 signaling pathways [140]. Our lab and others have conclusively established 

the involvement of NF-κB and STAT3 signaling pathways in regulating mucins expression 

particularly MUC1 and MUC4 (reviewed in[54, 55].While these studies suggest that 

resveratrol mediated chemosensitization of cancer cells may be attributed to the modulation 

of mucin expression, a more direct association needs to be explored.

Tea Polyphenols and Flavins

Epicatechin-3-gallate (ECG), Epicatechin (EC), Epigallocatechin-3-gallate (EGCG) and 

Epigallocatechin (EGC) are the polyphenol components of green tea (Camellia sinensis) 

with potent anti-oxidant and anti-inflammatory effects [141]. In context with its effect on 
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mucin expression, EGCG was recently shown to attenuate MUC5AC expression by 

modulating EGFR signaling in normal human nasal epithelial (NHNE) cells [142]. Further, 

EGCG was demonstrated to suppress IL-1β induced expression and secretion of MUC5AC 

via inhibition of the phosphorylation of ERK/MAP kinase and MSK1 [143]. Importantly, Lu 

et al have shown that EGCG decreased MUC1 expression in hepatocellular carcinoma cells 

(HepG2) that was associated with reduced invasive potential [144]. In addition, theaflavins 

isolated from the black tea have also been shown to decrease smoking induced MUC5AC 

expression and decrease airway mucus hypersecretion by modulating the EGFR signaling 

[145].

Conclusions and Perspectives

Considering deregulated and aberrant expression of mucins in inflammation and cancer, and 

involvement in the epithelial protection, there has been an ongoing interest in identifying 

agents that can modulate their expression and functions in pathobiology. Recent studies 

involving cell culture, animal models and human tissues and advances in molecular biology 

have enhanced our understanding of mucin gene regulation. The promoters of several mucin 

genes have been characterized and their regulatory pathways have been studied. Mucin 

promoters are enriched in binding elements for regulatory proteins responsive to signaling 

pathways involved in differentiation and inflammation and mechanisms of deregulated 

mucin expression under pathological conditions are beginning to be understood. Given the 

role of inflammation in mucin gene regulation and the anti-inflammatory effects of plant-

derived natural products, it is not surprising that several of these compounds have been 

found to modulate mucin expression. Importantly, despite the similarity in the promoters, 

the regulation of mucins by natural products is context dependent. A compound can result in 

the restoration of protective mucin under pathological conditions where the given mucin is 

typically lost; on the other hand the same compound can downregulate the expression of an 

aberrantly overexpressed mucin contributing to pathobiology in another disease. Although 

the utility of natural products in restoring mucin homeostasis and function is only beginning 

to be realized, the promise of these compounds in developing mucin targeted therapies is 

immense.

Imbalance in intestinal microflora is associated with and contributes to pathogenesis of 

inflammatory bowel diseases (IBD) [146]. Many natural compounds have been shown to 

affect both the intestinal microflora as well as IBD. Natural compounds by modulating 

intestinal flora and inflammation can impact mucin expression during pathogenesis of 

intestinal cancers. Although there is currently no direct evidence suggesting the modulation 

of mucin expression by natural compounds via impact on intestinal microflora, it will be 

interesting to explore this link in future studies.

Epigenetic alterations including DNA methylation, histone modifications and micro-RNAs 

(miRNAs) have been shown to regulate mucin expression in various diseases including 

cancer (reviewed in [147]. Use of demethylating agent 5-aza-20-deoxycytidine upregulated 

MUC5AC, MUC5B expression while use of histone deacetylases (HDAC) inhibitor 

Trichostatin (TSA) downregulated MUC6 expression in adenocarcinomatous cells 

respectively [148]. Recent studies have indicated that various natural compounds including 
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curcumin, resveratrol, folates, and polyphenols can impact epigenetic modifications by 

targeting histone acetyl transferases (HATs), DNA methyl transferees (DNMTs) and 

HDACs [149]. The impact of natural compounds on the epigenetic modifications on the 

promoters of mucins and mucin-regulating genes (cytokines, growth factor receptors and 

miRNAs) need to be thoroughly studied and characterized to fully exploit their potential as 

meaningful mucomodulators.

The discovery of compounds capable of regulating mucin expression should be accelerated 

by the increasing availability of libraries of natural and synthetic compounds and 

development of mucin promoter reporter constructs. Similarly, screening strategies to 

identify compounds capable of regulating mucin function should be devised for mucins 

whose mechanism(s) of action or interacting partners are known. An encouraging first step 

in this direction was the employment of a MUC1 cytoplasmic domain dimerization-based 

approach for identifying MUC1 function-blocking compounds [96]. Some of the oncogenic 

functions of MUC1 are attributed to the dimerization of its cytoplasmic domain that triggers 

nuclear translocation [150]. Yang et al., screened four libraries containing known bioactives 

(ICCB3, NINDS2, Prestwick1, Microsource1) and two libraries of natural product extracts 

(NCDDG8, MMV6) for identifying compounds capable of inhibiting MUC1-cytoplasmic 

domain dimerization. Of the several compounds found to inhibit MUC1-cyptoplasmic 

domain dimerization, apigenin was further validated in mammary epithelial cells for its 

ability to augment the nuclear translocation of MUC1. Some of pro-tumorigenic functions of 

mucins have been attributed to their ability to interact with various cell surface proteins and 

several mucin-interacting proteins have been identified. These include growth factor 

receptors [151], selectins, galectin-3 and mesothelin. It will be of interest to develop assays 

for screening compounds capable of disrupting the interaction of mucins with their 

functional partners.

Although mucomodulatory effects of several natural compounds have been documented and 

demonstrated, their clinical utility is compromised due to poor bioavailability and 

pharmacokinetics, and administration of some of these compounds at higher doses could 

induce non-target toxicity. Extensive research is underway to modify these natural 

compounds by either acylating, alkylating or glycosylating their reactive hydroxy or 

methylene groups[152], and formulate the natural products to overcome these limitations. 

Curcumin has been encapsulated in a variety of nanoformulations including magnetic 

nanoparticles, polymer micelles, nanogels

[153]. Similarly, while there is limited data on the bioavailability and other pharmacokinetic 

parameters of thymoquinone, novel thymoquinone analogs and nanoparticle formulations 

have been developed and found to exhibit greater anti-cancer and anti-oxidant activities than 

TQ [154]. Various nanoparticle formulations have also been developed for apigenin, 

glycyrrhizin and silibinin [153, 155-160]. Given the emerging role of mucins in resistance to 

chemotherapy and the ability of several mucomodulatory agents to modulate pathways 

associated with chemoresistance, it will also be of interest to evaluate mucomodulators as 

chemosensitizers.
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In conclusion, while the research regarding the utility of natural products and modulators of 

mucin expression and function is still in early stages, it holds promise for developing novel 

and non-toxic strategies to combat inflammation and cancer.
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Abbreviations

ECM extracellular matrix

TGF-α Transforming growth factor-α

EGFR Epidermal growth factor receptor

STAT signal transducer and activation of transcription

VEGF vascular endothelial growth factor

TME tumor microenvironment

IKKβ Inhibitor of nuclear factor-κB kinase-β

PG prostaglandin

HIF-1α Hypoxia Inducible Factor-1α

HRE HIF responsive elements

PEA3 polyomavirus enhancer activator-3

CREB cyclic adenosine monophosphate responsive element binding protein

PKA protein kinase A

COX-2 cyclooxygenase-2

iNOS inducible nitric oxide synthase

ACF aberrant crypt foci

MDF Mucin depleted foci

HNF1-α hepatocyte nuclear factors-α

RA all-trans-retinoic acid

EGCG Epigallocatechin gallate
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Highlights

• Deregulated mucin expression is a hallmark of inflammation and cancer.

• Due to their functional involvement, mucins are potential therapeutic targets for 

cancer and inflammatory disorders.

• Inflammatory and oncogenic signaling networks that result in deregulated mucin 

expression have been characterized.

• Natural products are potential mucomodulators as they can modulate signaling 

pathways involved in mucin dysregulation.

• Recently several natural products have been demonstrated to modulate mucin 

expression and function in vitro and in vivo.
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Figure 1. 
Schematic representation of natural compounds that target signaling pathways regulating 

expression of mucins. Cytokines, interleukins and the growth factors secreted by the tumor 

cells or other cells of tumor microenvironment (lymphocytes, macrophages, neutrophils and 

fibroblasts) activate various signaling cascades like PI3K-AKT, Jak/STAT, 

MAPK/ERK/P38 and SMAD pathways involved in mucin regulation. Several dietary 

natural product derivatives modulate these signaling pathways at various steps to regulate 

mucin expression. Abbreviations: NFB, nuclear factor kappa B; P, phosphate; PI3K, 

phosphatidylinositol-3-kinase; STAT3, signal transducer and activator of transcription 3; 

TNF: tumor necrosis factor, IL: interleukin, IFN: interferon, TGF: transforming growth 

factor, MEK: mitogen-activated protein kinase (MAPK) extracellular signal regulated 

kinase, ERK: extracellular signal regulated kinase, STAT: signal transducers and activators 

of transcription, Sp: specificity protein, HRE: hypoxia response element, ER: estrogen 

receptor, AP: activator protein; CUR, Curcumin; GUG, Guggulsterone, API, Apigenin; 

GLC, Glycyrrhizin; THY, Thymoquinone; SIL, Silibinin; SCU, Scutellarin; GRA, Graviola, 

QUE, Quercetin; URS, Ursolic acid; RES Resveratrol and EGCG, Epigallocatechin gallate.
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Figure 2. 
Modulation of mucin expression by natural compounds. Mucins represented in downward 

purple arrows are downregulated by the indicated natural compounds, while MUC2 shown 

in upward red arrow is upregulated by glycyrrhizin, curcumin, guggulsterone and apigenin.
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