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Abstract

Background: Chronic inflammation drives colorectal cancer (CRC) progression, with
PAR-2, a G-protein coupled receptor, linking extracellular inflammatory signals to tumor-
promoting pathways via ERK1/2 phosphorylation, calcium mobilization, TNF-« upreg-
ulation, and apoptosis suppression. While curcumin has notable anti-inflammatory and
anti-cancer properties, its effects on PAR-2 signaling in inflammation-driven CRC remain
underexplored. Objective: This study investigates how curcumin modulates PAR-2 expres-
sion and downstream oncogenic signaling in inflammation-driven CRC cells and explores
its potential direct interaction with PAR-2 at the structural level. Methods: HT 29 and
Caco-2 CRC cell lines were exposed to lipopolysaccharide (LPS) to induce an inflammatory
phenotype, followed by treatment with curcumin at 50 uM and 100 uM. PAR-2 and PAR-1
expression, along with downstream markers including ERK1/2, p-ERK, TNF-«, caspase-8,
cleaved caspase-8, caspase-3, Bcl 2, and Bax, were analyzed by Western blot and quantitative
PCR. Calcium mobilization was assessed using Fluo-4 dye-based fluorescence imaging.
Apoptosis was quantified using MTT viability assays, AO/EtBr dual staining, and Annexin
V/PI flow cytometry. In parallel, AlphaFold-predicted structural models of PAR-2 were
used to perform molecular docking with curcumin using CB-Dock?2, to identify potential
binding pockets and assess binding energetics. Results: Curcumin selectively downregu-
lated PAR-2—but not PAR-1—at both transcript and protein levels in a dose-dependent
manner. This downregulation was accompanied by suppression of ERK phosphorylation
and calcium signaling, inhibition of TNF-« secretion, and reversal of the anti-apoptotic
signaling axis (Bcl 2 downregulation and Bax and caspase-3/-8 upregulation). Functional
assays confirmed enhanced apoptosis in curcumin-treated cells. Computational docking
revealed a high-affinity binding interaction between curcumin and the transmembrane
domain of PAR-2, supporting the hypothesis of direct G-Protein-Coupled Receptor (GPCR)
modulation. Conclusions: Our findings reveal that curcumin targets the PAR-2/ERK/TNF-
o axis and reactivates apoptotic pathways in inflammation-driven CRC, establishing it as a
potent, mechanistically validated candidate for therapeutic repurposing in CRC.
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1. Introduction

Colorectal cancer (CRC) represents a significant global health burden, ranking among
the most diagnosed malignancies and a leading cause of cancer-related mortality world-
wide [1]. The pathogenesis of CRC is complex, involving a multi-step process driven by the
accumulation of genetic and epigenetic alterations [2,3]. Traditionally, two main molecular
pathways have been described: the conventional adenoma-carcinoma sequence [4], charac-
terized by mutations in genes such as APC, KRAS, and TP53, and the serrated pathway [5],
often involving BRAF mutations and CpG island methylator phenotype (CIMP), including
MLH1 methylation. However, accumulating evidence strongly implicates chronic inflam-
mation as a pivotal factor in the initiation, promotion, and progression of CRC, acting as a
critical driver alongside these genetic abnormalities [6].

The link between inflammation and CRC is most clearly exemplified by colitis-
associated cancer (CAC), which develops in patients with chronic inflammatory bowel
diseases (IBD), such as ulcerative colitis (UC) and Crohn’s disease [7-9]. Patients with IBD
have a higher risk of CRC, with CAC often showing earlier onset, distinct tumor sites, and
unique molecular features, though some overlap with sporadic CRC exists [10]. Beyond
IBD, chronic inflammation stemming from other sources, including certain infections or
conditions associated with systemic inflammation like obesity and diabetes [11], also con-
tributes to CRC risk, suggesting inflammation serves as a common mechanistic thread
linking diverse etiological factors to colorectal carcinogenesis.

The mechanisms by which chronic inflammation fuels CRC are multifaceted [12].
The persistent inflammatory microenvironment elevates reactive oxygen and nitrogen
species, causing oxidative stress, DNA damage, and genomic instability (MSI and CIN),
thereby promoting tumor initiation [3]. Furthermore, epigenetic modifications, such as the
hypermethylation of promoter regions for tumor suppressor and DNA mismatch repair
genes, represent another layer of inflammation-induced genomic dysregulation [13]. The
inflammatory milieu is rich in cytokines (e.g., TNF-«, IL-6, IL-1f3) and growth factors,
mainly secreted by infiltrating immune cells such as macrophages and lymphocytes within
the TME [14]. These mediators activate critical intracellular signaling pathways in epithe-
lial cells, notably the nuclear factor-kappa B (NF-«B) and signal transducer and activator
of transcription 3 (STAT3) pathways. Constitutive NF-kB and STAT3 activation, often
driven by IL-6 within the TME, induces genes for proliferation (e.g., Cyclin D1), survival
(e.g., Bcl 2, survivin), angiogenesis (e.g., VEGF), and inflammation, creating feed-forward
loops that sustain tumor growth [3]. The crosstalk between NF-kB and STAT3 orchestrates
interactions between malignant cells and the inflammatory TME, a complex ecosystem of
cancer cells, immune cells, fibroblasts, endothelial cells, signaling molecules, and extra-
cellular matrix that actively drives carcinogenesis. Tumors sustain chronic inflammation
by releasing pro-inflammatory factors and recruiting immunosuppressive cells, reshaping
the TME to promote growth, invasion, and metastasis. This bidirectional interplay high-
lights the TME as a key determinant of CRC progression, suggesting that targeting this
environment offers significant therapeutic potential [15].

Natural products represent a valuable source for identifying novel agents for cancer
prevention and treatment [16]. Curcumin, a hydrophobic polyphenol derived from the
rhizome of Curcuma longa (turmeric), has been used for centuries in traditional Indian and
Chinese medicine and is recognized for its potent antioxidant, anti-inflammatory, and anti-
cancer properties [17]. Extensive preclinical research supports the potential of curcumin as
a chemopreventive and therapeutic agent against various malignancies, including CRC [18].
Its hydrophobic nature allows it to readily diffuse across cellular membranes, reaching
intracellular compartments like the endoplasmic reticulum, mitochondria, and nucleus to
exert its pleiotropic effects [19].
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In CRC, curcumin modulates multiple molecular targets and signaling pathways in-
volved in inflammation and carcinogenesis. Its anti-inflammatory effects include inhibiting
transcription factors such as NF-kB—partly by blocking I«kB kinase (IKK) activation and
NF-kB nuclear translocation—and activator protein 1 (AP-1) [20,21]. Curcumin also down-
regulates the expression and activity of pro-inflammatory enzymes such as cyclooxygenase-
2 (COX-2), often selectively over COX-1, and reduces the production of inflammatory
cytokines including TNF-« and IL-6 [22-24]. Beyond its direct anti-inflammatory actions,
curcumin interferes with multiple oncogenic signaling cascades crucial for CRC devel-
opment and progression [25]. Studies have shown its ability to inhibit the JAK/STAT3
pathway [26,27], various arms of the mitogen-activated protein kinase (MAPK) pathways
including extracellular signal-regulated kinase (ERK) [28,29], c-Jun N-terminal kinase
(INK) [30], and p38 MAPK [31], the phosphoinositide 3-kinase (PI3K)/protein kinase
B (Akt) pathway [32], and the Wnt/ 3-catenin signaling pathway [33]. By targeting these
central nodes, curcumin can effectively suppress proliferation, survival signals, invasion,
and metastasis.

Furthermore, curcumin is a potent inducer of apoptosis in CRC cells, acting through
both intrinsic and extrinsic pathways [34]. Mechanistically, this involves the activa-
tion of key executioner caspases (e.g., caspase-3, -7) [35,36], and initiator caspases (e.g.,
caspase-8, -9) [37,38], leading to the cleavage of substrates like poly (ADP-ribose) poly-
merase (PARP) [39]. Curcumin also modulates the balance of Bc! 2 family proteins, typically
downregulating anti-apoptotic members (e.g., Bcl 2, Bcl-xL) while potentially upregulat-
ing pro-apoptotic members (e.g., Bax) [40,41]. Additional mechanisms contributing to its
pro-apoptotic effects may include the generation of reactive oxygen species (ROS) and
induction of endoplasmic reticulum (ER) stress [42]. Curcumin also induces cell cycle
arrest (G1/S or G2/M) [43], inhibits proliferation, modulates gut microbiota [44], targeting
cancer stem cells (CSCs) [45], influencing epigenetic modifications [46], and inhibiting
angiogenesis [47].

Despite extensive data on curcumin’s intracellular targets, its impact on cell surface
receptors like GPCRs, key transducers of diverse extracellular signals into intracellular
responses, remains poorly understood [48]. GPCRs are critical regulators of numerous
physiological processes, including inflammation and metabolism, and their dysregulation
is implicated in various diseases, making them major drug targets [49]. Given curcumin’s
ability to permeate cell membranes and its documented impact on signaling pathways
often downstream of GPCR activation (e.g., MAPK pathways, calcium signaling), exploring
its potential interactions with specific GPCRs relevant to CRC pathogenesis is warranted.
However, direct evidence specifically linking curcumin to the modulation of GPCR family
members is currently limited. This represents a notable gap in understanding, particularly
considering the established importance of GPCRs in cancer biology [50,51]. Curcumin’s
inhibition of NF-kB and ERK, key effectors of pro-tumorigenic GPCRs, suggests it may
antagonize GPCR pathways in CRC. Our recent work in a pro-inflammatory chondrocyte
model revealed that curcumin markedly downregulates PAR-2 expression and associated
cytokines (TNF-«, IL-6, IL-8), with siRNA studies confirming PAR-2 specificity [52]. These
findings provide the first evidence of curcumin’s direct modulation of a GPCR, highlighting
its potential as a PAR-2 antagonist in inflammation and cancer.

PAR-2, encoded by the F2RL1 gene, has emerged as a key player in CRC [53,54]. PAR-
2, a unique GPCR, is activated by proteolytic cleavage of its extracellular N-terminus by
serine proteases (e.g., trypsin, mast cell tryptase, factors VIla and Xa), exposing a tethered
ligand (SLIGKV in humans) that triggers conformational changes and downstream G-
protein signaling [55]. Compelling evidence indicates that PAR-2 expression is significantly
upregulated in human CRC tissues compared to adjacent normal colonic mucosa [56].
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Analysis of large cancer datasets reveals that F2RL1 expression is among the highest in
colon adenocarcinoma compared to numerous other cancer types [57], and significantly
higher than other PAR family members (F2R/PAR1, F2RL2/PAR3, F2RL3/PAR4) within
CRC tissues [58]. This elevated expression often correlates with more aggressive tumor phe-
notypes, advanced disease stage, and consequently, poorer patient prognosis, positioning
PAR-2 as a potential prognostic marker.

Functionally, PAR-2 acts as a critical mediator linking the inflammatory TME to CRC
progression. Proteases released by immune cells, stromal cells, or even gut microbiota
within the inflamed colon can activate PAR-2 on cancer cells and surrounding epithelial
cells [59]. PAR-2 activation contributes directly to the pro-inflammatory milieu by stimu-
lating the release of cytokines like TNF-« [53], and can disrupt intestinal epithelial barrier
integrity, potentially through mechanisms involving receptor endocytosis and sustained en-
dosomal signaling, further perpetuating inflammation and associated pain [60]. Crucially,
PAR-2 signaling engages key intracellular pathways that drive tumorigenesis. Activation
consistently leads to the phosphorylation and activation of the MAPK/ERK pathway
(ERK1/2) [61], a central regulator of cell proliferation and survival. PAR-2 signaling also
triggers mobilization of intracellular calcium ([Ca?*]i) [53], a versatile second messenger
implicated in regulating ERK activation, proliferation, migration, and apoptosis. Aberrant
calcium signaling itself is increasingly recognized as a contributor to cancer progression.
Furthermore, PAR-2 signaling intersects with other critical oncogenic pathways, including
NF-«B [62], and the Wnt/ 3-catenin pathway, potentially via interactions involving LRP6
and Axin that lead to 3-catenin stabilization and transcriptional activation of target genes
involved in cell proliferation and cancer stem cell maintenance [53].

PAR-2 activation drives key cancer hallmarks, including proliferation, migration, in-
vasion, EMT, and angiogenesis via ERK-or p38 MAPK-mediated upregulation of VEGF
and COX-2. Notably, PAR-2 also promotes chemoresistance, a major challenge in CRC
treatment [53]. PAR-2 activation in CRC cells reduces doxorubicin-induced apoptosis by
suppressing ROS generation and caspase-8/-3 activation, while upregulating anti-apoptotic
proteins Mcl-1 and Bcl-xL via ERK1/2. Genetic deletion or pharmacological blockade of
PAR-2 restores doxorubicin sensitivity. These findings indicate that PAR-2 acts as a key
signaling hub in inflammatory CRC, linking the protease-rich TME to pathways driving
proliferation, survival, invasion, angiogenesis, and therapy resistance. Its inhibition re-
verses chemoresistance, and its preferential upregulation over PAR-1 makes PAR-2 an
attractive therapeutic target [57]. and by preclinical studies showing that selective PAR-2
modulation without affecting PAR-1 is achievable [53,54], potentially avoiding off-target
effects associated with broader PAR inhibition (e.g., on coagulation mediated by PAR-
1) [63]. However, no PAR-2 inhibitors are clinically available for CRC, underscoring an
urgent need [54]. This study addresses this gap by investigating whether curcumin directly
suppresses PAR-2-driven inflammatory signaling, thereby revealing a novel therapeutic
mechanism in inflammation-linked malignancies. Using human CRC cell lines HT 29 and
Caco-2, representing distinct CRC phenotypes, we systematically examined curcumin’s ef-
fects on PAR-2 expression and downstream pathways under an LPS-induced inflammatory
environment [64,65].

Our investigation revealed several key findings. Treatment with curcumin signifi-
cantly attenuated the LPS-induced upregulation of PAR-2 expression at both the mRNA
and protein levels in both HT 29 and Caco-2 cells. Importantly, this effect appeared specific
to PAR-2, as curcumin treatment did not significantly alter the expression of the related
receptor PAR-1 under the same conditions, using PAR-1 as a relevant control receptor also
expressed in these cells and involved in inflammation [53]. Consistent with the inhibition
of PAR-2 expression and signaling, curcumin treatment led to a marked reduction in the
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LPS-induced phosphorylation of ERK1/2, a key downstream effector kinase mediating
PAR-2’s pro-proliferative and anti-apoptotic effects. Furthermore, curcumin modulated
key regulators of apoptosis, influencing the ratio of anti-apoptotic Bcl 2 to pro-apoptotic
Bax proteins and promoting the activation of executioner caspases, thereby countering
the survival signals potentially driven by PAR-2. Curcumin also effectively attenuated
the LPS-induced elevation of intracellular calcium levels, assessed using the Fluo-4 AM
calcium indicator, targeting another critical node in PAR-2 signaling. Functionally, these
molecular changes translated into an increased rate of apoptosis in the LPS-stimulated CRC
cells following curcumin treatment, as determined by Annexin V/Propidium lodide flow
cytometry. To explore a potential structural basis for these observations, in silico molecular
docking was performed using AlphaFold-predicted structures of human PAR-2 and the
cbDock?2 docking tool. These computational analyses suggested a plausible binding inter-
action between curcumin and the PAR-2 protein. Collectively, these findings provide novel
evidence demonstrating that curcumin can specifically target and downregulate the PAR-2
signaling axis in CRC cells under inflammatory conditions, impacting key downstream
pathways involved in proliferation, survival, calcium homeostasis, and apoptosis.

2. Materials and Methods
2.1. Study Design

This investigation was designed as a cross-sectional in vitro experimental study to
characterize the acute effects of curcumin on the modulation of inflammatory mediators
in CRC cell lines. The design enables targeted analysis of pro-inflammatory signaling
pathways at a specific time point, providing mechanistic insights into curcumin’s bioactivity.
This approach eliminates the complexities of longitudinal studies while emphasizing
curcumin’s potential as an anti-inflammatory nutraceutical in colorectal carcinogenesis.

2.2. Ethics Considerations

All experimental procedures in this study were conducted exclusively in vitro using
established, commercially available human colorectal cancer cell lines. The research did not
involve the use of animal models, patient-derived specimens, identifiable human biological
materials, or human participants.

Accordingly, the study qualifies as minimal risk and is exempt from full Institutional
Review Board (IRB) review under the regulations of Mohammed Bin Rashid University of
Medicine and Health Sciences (MBRU). Inquiries regarding the ethical review status may
be directed to the MBRU IRB at irb@mbru.ac.ae.

No human subjects, identifiable data, or archived clinical samples were accessed; thus,
informed consent was not required. The study adhered fully to institutional and interna-
tional ethical guidelines for in vitro research using non-identifiable biological materials.

2.3. Cell Line Selection

To model discrete stages of CRC, HT-29 and Caco-2 cell lines were selected based on
their distinct phenotypes and elevated endogenous PAR-2 expression. HT-29, derived from
a moderately differentiated grade II adenocarcinoma, exhibits proliferative capacity, EMT
potential, and strong inflammatory responsiveness, making it suitable for advanced-stage
modeling and PAR-2 signaling studies [66,67]. In contrast, Caco-2, originating from a
well-differentiated adenocarcinoma, undergoes spontaneous enterocytic differentiation
with apical-basolateral polarity, serving as a robust model of early-stage CRC and epithelial
barrier dysfunction [68,69]. Comparative analysis of Northern blot data from Darmoul
et al. [64], quantified by densitometry against GAPDH, confirmed that both lines exhibit
among the highest PAR-2 expression (Figure 1A).
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Figure 1. Morphological characterization and LPS cytotoxicity assessment in HT 29 and Caco-2 cells.
(A) Densitometric analysis of PAR-2 expression across multiple colorectal cancer (CRC) cell lines,
normalized to GAPDH levels (raw blot data obtained from the study by Darmoul et al. [65]). (B) HT
29 cells cultured under standard conditions to 85% confluence exhibit a well-distributed, fibroblast-
like morphology, indicative of high proliferative capacity and excellent cell viability. (C) MTT assay
results for HT 29 cells show no significant reduction in cell viability across LPS concentrations (1, 10,
20, and 40 ug/mL), with viability remaining above 90%. (D) Caco-2 cells display their characteristic
epithelial clustering and compact colony formation, reflective of their differentiation potential and
robust growth under experimental conditions. (E) MTT assay results for Caco-2 cells indicate
sustained viability exceeding 95% under identical LPS treatments as HT 29. (Note: Bars represent
mean =+ standard deviation (1 = 3), compared to untreated controls, indicating no cytotoxic effects.
These findings validate the suitability of LPS at tested concentrations for inducing inflammation
without compromising cellular integrity. Scale bars: 100 pm, ns: not significant).

Other CRC lines were excluded on functional grounds: T84, despite elevated PAR-
2, have limited proliferative kinetics and are primarily used for ion transport/barrier
assays [70]; SW480 show moderate PAR-2 expression but lack metastatic phenotype and
exhibit attenuated cytokine responsiveness [71,72]; HCT-8 display low PAR-2 levels and
poor differentiation consistency [73]; and CL.19A demonstrate transcriptional heterogeneity
and variable EMT states that compromise reproducibility [74-76]. By contrast, HT-29 and
Caco-2 have been extensively validated for epithelial fidelity and reproducibility [77,78],
supporting their strategic use here as complementary models of stage-specific CRC and
inflammation-driven PAR-2 signaling.

2.4. Cell Culture and Treatment

For all experimental procedures, HT 29 (C0009004, AddexBio, San Diego, CA, USA)
and Caco-2 (C0009009, AddexBio, San Diego, CA, USA) CRC cells were seeded at a
density of 1 x 107 cells per well to ensure standardized culture conditions and optimal cell
confluence. This seeding density was determined based on established protocols for in vitro
modeling of inflammation-associated signaling pathways in colorectal cancer [79,80]. All
assays were performed in biological triplicates (1 = 3), with each biological replicate
comprising multiple technical replicates to control for intra-assay variability. Statistical
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analyses were conducted on aggregate data to confirm experimental reproducibility and to
account for both inter-and intra-experimental variation.

2.4.1. Cell Culture Methodology

HT 29 and Caco-2 colorectal adenocarcinoma cells were cultured under aseptic con-
ditions. Cryopreserved vials were thawed at 37 °C, transferred to pre-warmed medium,
and viability was confirmed using Trypan Blue. HT 29 cells were maintained in RPMI
1640 (AL028A, Himedia, Pune, India) with 10% fetal bovine serum (FBS; 16000044, Gibco,
Thermo Fisher Scientific, Waltham, MA, USA), 1% penicillin—-streptomycin (15140122, Gibco,
Thermo Fisher Scientific, Waltham, MA, USA), and 1% L-glutamine, while Caco-2 cells were
cultured in high-glucose DMEM (11965092, Gibco, Thermo Fisher Scientific, Waltham, MA,
USA) with 10% FBS, 1% penicillin-streptomycin, and 1% non-essential amino acids. After
centrifugation (200x g, 5 min), cells were seeded at 1 x 107 cells/mL in T-75 flasks and
incubated at 37 °C with 5% CO,. Cultures were monitored daily, with medium refreshed
every 48-72 h and subcultured at 70-80% confluence to maintain logarithmic growth.

2.4.2. Subculturing Cryopreservation of HT 29 and Caco-2 Cells

At 70-80% confluence, cells were rinsed with PBS (pH 7.4) (10010023, Gibco, Thermo
Fisher Scientific, Waltham, MA, USA) and detached using 0.25% Trypsin-EDTA (15400054,
Gibco, Thermo Fisher Scientific, Waltham, MA, USA) at 37 °C for 2-4 min, with detachment
monitored microscopically to avoid over-trypsinization. Trypsinization was neutralized
with complete medium, and cells were centrifuged at 200x g for 5 min. Pellets were
resuspended in fresh medium, reseeded at a 1:3 ratio into T-75 flasks, and incubated at
37 °C with 5% CO,.

For cryopreservation, cells at 70-80% confluence were harvested similarly and re-
suspended in freezing medium (complete medium + 5% (dimethyl sulfoxide) DMSO)
at 1 x 100 cells/mL. One-milliliter aliquots were placed in cryovials (5000-0020, Gibco,
Thermo Fisher Scientific, Waltham, MA, USA) and frozen at a controlled rate of —1 °C/min
(Mr. Frosty™, Thermo Fisher Scientific, Waltham, MA, USA) before storage in liquid
nitrogen (—196 °C), ensuring high post-thaw viability and phenotypic stability.

2.5. Assessment of Cytotoxicity Using the MTT Assay

The cytotoxicity of lipopolysaccharide (LPS; 00-4976-03, Thermo Fisher Scien-
tific, Waltham, MA, USA) was assessed in HT 29 and Caco-2 cells using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as per standard proto-
cols [81]. The assay was performed using the commercially available MTT reagent (M6494,
Thermo Fisher Scientific, Waltham, MA, USA), which quantifies mitochondrial-dependent
metabolic activity as a surrogate marker of cell viability. Cells were exposed to graded LPS
concentrations, and mitochondrial activity was quantified by spectrophotometric measure-
ment of formazan at 570 nm. Viability was expressed relative to untreated controls, enabling
the selection of non-cytotoxic LPS concentrations for subsequent inflammation induction.

2.6. Prepration of Curcumin Stock Solution

Curcumin (>98% purity, HY-N0005, MedChem Express, Monmouth Junction, NJ,
USA) was accurately weighed and dissolved in anhydrous (DMSO; D12345, Thermo
Fisher Scientific, Waltham, MA, USA) to prepare a 50 mM stock solution. Complete
dissolution was ensured by gentle vortexing and brief sonication under light-protected
conditions. The stock solution was aliquoted into sterile amber microtubes to prevent
photodegradation and stored at —20 °C to avoid repeated freeze-thaw cycles. For all
treatments, the stock was freshly diluted in pre-warmed complete culture medium to
achieve final curcumin concentrations of 50 uM and 100 uM for both HT 29 and Caco-2
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cells. The final DMSO concentration did not exceed 0.2% (v/v) in any experimental or
vehicle control groups, and parallel solvent control (0.2% DMSO) treatments were included
to rule out solvent-related effects.

2.7. Induction of Inflammation in HT 29 and Caco-2 Cells Using LPS and Curcumin Treatment

To establish an in vitro inflammatory model relevant to colorectal carcinogenesis, HT-
29 and Caco-2 cells were exposed to LPS (10 ug/mL), a concentration optimized in prior
studies and widely used for TLR4 activation in epithelial systems [53,54,81]. At this dose,
LPS activates NF-«kB and induces TNF-a without nonspecific cytotoxicity [52]. LPS was
deliberately selected over direct PAR-2 agonists because it better emulates the CRC inflam-
matory milieu: TLR4 stimulation enhances endogenous protease expression (tryptase-f3,
neutrophil elastase, MMP-9) [82-84], upregulates PAR-2 itself [85,86], and recapitulates
bidirectional TLR4-PAR-2 crosstalk [77,82]. By contrast, trypsin exhibits proteolytic promis-
cuity (PAR-1,-3,-4 activation), receptor desensitization, and rapid inactivation by protease
inhibitors [87-90], while synthetic PAR2-APs such as SLIGRL-NH; lack microbial/cytokine
context, induce off-target Mrgpr signaling, are metabolically unstable, and fail to trigger
canonical NF-«kB/TNF-« responses [91-93]. In vivo data further demonstrate that PAR-2
blockade mitigates LPS-induced inflammation, underscoring their synergy [94].

Curcumin was applied 24 h post-LPS at 50 and 100 uM, doses repeatedly shown
to exert antiproliferative, pro-apoptotic and anti-inflammatory effects in CRC lines, in-
cluding G2/M arrest, Bcl-2 modulation, caspase-3/-12 activation, p53 Serl5 phospho-
rylation, and inhibition of ERK/mTOR signaling [41,95-97]. These concentrations also
suppress EGR-1/Elk-1 [96,98], mobilize intracellular Ca?*, and induce ROS-mediated apop-
tosis [42,99,100]. Although systemic free curcumin rarely exceeds 20 nM, colonic tissue
levels reach high micromolar to millimolar ranges (<131 uM in biopsies; <12,937 pM in
rectal tumors) [101-103], supported by luminal accumulation from poor absorption and
fecal excretion [104,105]. Thus, 50-100 uM approximates localized gastrointestinal expo-
sure, providing a physiologically relevant framework for dissecting curcumin’s modulatory
effects on TLR4 — PAR-2 signaling in inflammation-driven CRC.

2.8. RNA Extraction and cDNA Synthesis

Total RNA was extracted from both control and inflammatory (LPS-treated) HT 29
and Caco-2 cells before and after treatment with curcumin at concentrations of 50 and
100 uM, using the Total RNA Isolation Kit (MB13402, NZYTech, Lisbon, Portugal). In
parallel experiments designed to assess the ERK-TNF-« regulatory axis, cells were treated
with the selective ERK inhibitor SCH772984 at a final concentration of 10 pM prior to RNA
extraction. The purity and integrity of the isolated RNA were carefully assessed using a
Nanodrop Spectrophotometer (Thermo Scientific, Waltham, MA, USA), ensuring consistent
RNA quality across all biological replicates. Only samples exhibiting A260/A280 ratios
within the range of 1.8 to 2.0 were deemed suitable for subsequent analysis.

The high-quality RNA samples were then reverse-transcribed into complementary
DNA (cDNA) using the First-Strand cDNA Synthesis Kit (NP100042, OriGene, Heidelberg,
Germany), strictly following the manufacturer’s protocol [106]. The resulting cDNA was
utilized as a template for real-time quantitative PCR (qPCR) to assess the expression of
a panel of target genes: PAR-1, PAR-2, TNF-w, Bcl 2, Bax, caspase-3, caspase-8, ERK1, ERK2,
pERK and GAPDH, providing mechanistic insights into curcumin’s modulatory effect on
inflammation and apoptosis under simulated pro-inflammatory conditions.

Real-Time PCR for Quantification (qQPCR)

gPCR was performed with stringent quality control using the QuantStudio 5 Flex
Real-Time PCR System (Applied Biosystems, Waltham, MA, USA) to measure mRNA
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expression of the selected targets: PAR-1, PAR-2, TNF-«, Bcl 2, Bax, caspase-3, caspase-
8, ERK1, ERK2, pERK and GAPDH. SYBR Green chemistry was employed for real-time
fluorescence detection due to its high sensitivity and reproducibility in double-stranded
DNA quantification.

All primers were designed using OriGene’s proprietary algorithm, specifically op-
timized for sequence specificity, GC content, melting temperature, and minimized sec-
ondary structure formation. The primer sequences underwent comprehensive in silico
validation against the human genome using BLAST (version BLAST+ 2.13.0) to confirm
high target specificity and absence of off-target binding. Thermodynamic features such
as annealing temperature, hairpin structure, and dimer formation potential were eval-
uated using Primer-BLAST and OligoAnalyzer to ensure primer integrity and robust
amplification performance.

Primer quality was further validated through E-value and Bit Score metrics, with all
primers showing E-values of 0.0, reflecting exact sequence alignment with their respective
targets. Bit Scores ranged from 2374 for GAPDH to 2861 for PAR-2, indicative of optimal
primer-template affinity. These results are compiled in Table 1 and collectively underscore

the stringent bioinformatic quality control underpinning primer selection.

Table 1. Oligonucleotide primers used for Real-Time PCR.

Genes for

(Proteins) Primer Type Sequence Accession E-Value Bit Score
o T €3 CIOCTCATIOMOGCE \omis 00 2
TNE-a Forward (5'-3') CTCTTCTGCCTGCTGCACTTTG NM_ 000594 0.0 2449

Reverse (5'-3) ATGGGCTACAGGCTTGTCACTC

Note: PAR-2: Protease Activated Receptor-2; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase;
PAR-1: Protease Activated Receptor-1; pERK: Phosphorylated Extracellular signal-regulated kinase; ERK 1: Ex-
tracellular signal-regulated kinase 1; ERK 2: Extracellular signal-regulated kinase 2; CASP3 and CASPS8 genes
(encoding caspase-3 and caspase-8, respectively); Bax: Bcl 2-associated X protein; Bcl 2: B-cell lymphoma 2.

qPCR reactions were performed in technical triplicates with no-template controls
to exclude contamination. Cycling comprised an initial 95 °C denaturation, 40 cycles of
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denaturation/annealing/extension, and a terminal melt-curve for specificity assessment.
Relative quantification used the 2~24Ct method with GAPDH as housekeeping control;
ACt values were normalized to GAPDH and AACt values calculated against untreated
controls (set to 1.0). Amplification efficiency was validated by standard curves from serial
cDNA dilutions, with all primer sets demonstrating 90-110% efficiency and R? > 0.99. This
protocol ensured robust, reproducible quantification of curcumin-induced transcriptional
changes under inflammatory stress.

2.9. Western Blot Analysis: Comprehensive Evaluation of PAR-2-Associated Signaling Axis and
Apoptotic Pathways

To interrogate the mechanistic effects of curcumin on key inflammatory and apoptotic
signaling cascades in CRC, Western blotting was employed to quantify the expression
levels of several proteins central to PAR-mediated signaling and downstream apoptotic
pathways in HT 29 and Caco-2 cell lines. The protein targets analyzed included PAR-
2 (6976T, Cell Signaling, Danvers, MA, USA), PAR-1 (791097, Cell Signaling, Danvers,
MA, USA), total ERK1/2 (83533-1-RR, Proteintech, Minneapolis, MN, USA), phosphory-
lated ERK1/2 (Thr202/Tyr204) (20582-1-AP, Proteintech, Minneapolis, MN, USA), cleaved
caspase-3 (25128-1-AP, Proteintech, Minneapolis, MN, USA), pro-caspase-8 (13423-1-AP,
Proteintech, Minneapolis, MN, USA), Cleaved Caspase-8 (9496T, Cell Signaling, Danvers,
MA, USA) B-cell lymphoma 2 (Bcl 2, 3498T, Cell Signaling, Danvers, MA, USA), and Bcl
2-associated X protein (Bax, 50599-2-1g, Proteintech, Minneapolis, MN, USA), with GAPDH
(2118T, Cell Signaling, Danvers, MA, USA) used as a housekeeping control.

2.9.1. Rationale for the Selection of Protease-Activated Receptors and Biochemical Markers
in This Study

Protease-Activated Receptors: PAR-2 and PAR-1. PAR-2 was the principal focus of
this investigation, given its established role in inflammation-driven carcinogenesis in CRC.
Activation of PAR-2 by trypsin-like serine proteases initiates downstream signaling via
Ga_q and p-arrestin pathways, culminating in phosphorylation of ERK1/2, increased
intracellular calcium, and modulation of pro-survival and apoptotic machinery [57]. To
determine the specificity of curcumin’s regulatory effects on PAR-2, we included PAR-1 as
a comparator control. Although PAR-3 exhibited slightly greater sequence identity with
PAR-2 than PAR-1 (Refer below), it primarily serves as a cofactor in PAR-1/PAR-4 signaling
complexes rather than an autonomous signaling receptor [107].

To support the selection of PAR-1, we conducted pairwise sequen.ce alignments using
Clustal Omega (v1.2.4) [108] and visualized the alignments via Jalview (v2.11.4.1) [109].
The results revealed the following percentage sequence identities with human PAR-2:
PAR-1 (34.25%), PAR-3 (34.90%), and PAR-4 (32.15%). Despite the marginally higher
sequence identity of PAR-3, its limited signaling autonomy and predominant function
as a dimerization partner exclude it as a reliable standalone comparator. PAR-4, though
expressed in CRC tissues, was excluded due to its less consistent expression in normal
mucosa and weaker oncogenic signaling footprint relative to PAR-1 and PAR-2 [110]. PAR-
1 was thus selected as the most appropriate internal control, enabling us to distinguish
whether curcumin’s modulatory effects were exclusive to PAR-2 or broadly applicable
across structurally similar GPCRs.

MAPK Pathway: Total and Phospho-ERK1/2—ERK1/2 (extracellular signal-regulated
kinases 1 and 2) represent terminal effectors of the MAPK cascade. Upon PAR-2 activation,
G-protein-dependent signaling and (3-arrestin-mediated scaffolding synergistically activate
Raf/MEK/ERK, driving transcriptional programs that promote proliferation and inflam-
mation. Phosphorylation of ERK1/2 at Thr202/Tyr204 is a canonical readout of pathway
activation [111]. Since curcumin is known to inhibit ERK phosphorylation via disruption
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of upstream kinases and transcriptional regulators (e.g., Egr-1) [25], inclusion of both total
and phospho-ERK was necessary to determine the specific regulatory point of intervention.

Apoptotic Markers: Caspase-3, Caspase-8, Bcl 2, and Bax. We further analyzed the
intrinsic and extrinsic apoptotic axes via Western blotting for cleaved caspase-3 (executioner
caspase) [112], cleaved caspase-8 (initiator caspase in death receptor pathway) [113], Bcl 2
(anti-apoptotic protein) [114], and Bax (pro-apoptotic pore-forming protein) [115]. In addi-
tion, cleaved caspase-8 was specifically examined to provide stronger evidence of extrinsic
apoptotic activation, given its central role in FasL/TNF-o-mediated signaling [116]. This
decision was based on the mechanistic evidence that curcumin at 50-100 pM induces apop-
tosis in CRC cells by triggering mitochondrial outer membrane permeabilization (MOMP)
and death receptor signaling, both of which converge on caspase-3 activation [34]. Curcumin
downregulates Bcl 2 and upregulates Bax, shifting the Bcl 2/Bax ratio toward apoptosis.
Caspase-8 activation, meanwhile, serves as an upstream marker of FasL/TNFa-induced
extrinsic apoptosis, further linking curcumin’s anti-inflammatory effects to apoptotic out-
comes [117].

2.9.2. Protein Extraction and Quantification

The protein extraction and blotting procedure replicated our previously validated
protocol used in the oleocanthal study to ensure methodological consistency [54]. Briefly,
HT 29 and Caco-2 cells were subjected to LPS-induced inflammatory priming followed
by curcumin treatment at 50 and 150 uM concentrations. Total cellular proteins were
extracted using ice-cold lysis buffer (0.5% SDS, 50 mM Tris-HCl, pH 7.4) containing protease
(78429, Thermo Fisher Scientific, Waltham, MA, USA) and phosphatase inhibitors (78420,
Thermo Fisher Scientific, Waltham, MA, USA). Supernatants obtained after centrifugation
at 12,000 g for 15 min at 4 °C were subjected to protein quantification using the BCA
assay (A55865, Thermo Fisher Scientific, Waltham, MA, USA). Standardized amounts
(20 pg per lane) were resolved by SDS-PAGE and transferred onto 0.45-um nitrocellulose
membranes (1620115, Bio-Rad, Mississauga, ON, Canada).

2.9.3. Antibody Incubation and Detection

Membranes were blocked with 3% BSA in Tris-buffered saline (TBS) for 1 h at 4 °C,
followed by overnight incubation at 4 °C with primary antibodies against PAR-1, PAR-2,
ERK1/2, p-ERK1/2 (Thr202/Tyr204), caspase-3, caspase-8, cleaved caspase-8, Bcl 2, and Bax
(all from Santa Cruz Biotechnology, diluted 1:1000 in SuperBlock/TTBS). After washing,
membranes were incubated with HRP-conjugated secondary antibodies (1:2000 dilution)

and visualized using SuperSignal ULTRA Chemiluminescent Substrate (Pierce). Films were
developed using Kodak Biomax (GE Healthcare, Chikago, IL, USA).

2.9.4. Densitometry and Statistical Analysis

Band intensities were quantified using Image] (v1.54, (National Institute of Health)
NIH) [118], and normalized to GAPDH, whose stable expression was verified across con-
ditions. Corrected intensities were calculated using the integrated density function with
background subtraction. Fold changes were calculated relative to untreated controls. Data
represent means + SEM from at least three independent experiments. Statistical analyses
were performed using one-way ANOVA with Tukey’s post hoc test [119] using GraphPad
Prism v9.0, with p < 0.05 considered significant.

2.10. Assessment of TNF-a Secretion via Quantitative ELISA Following Curcumin Treatment

To evaluate the modulatory effects of curcumin on inflammatory cytokine output, the
concentration of TNF-« was quantified in the conditioned media collected from both treated
and untreated HT 29 and Caco-2 colorectal carcinoma cell lines. Post-treatment, culture su-
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pernatants were harvested and subjected to centrifugation at 3000 rpm for 10 min at 4 °C to
eliminate residual cellular particulates and ensure sample clarity. The clarified supernatants
were assayed for TNF-« using a commercially available enzyme-linked immunosorbent
assay (ELISA) kit (ab181421, Abcam, Cambridge, MA, USA), with all steps performed
strictly in accordance with the manufacturer’s instructions. In parallel experiments, cells
were treated with the selective ERK inhibitor SCH772984 at a final concentration of 10 uM
to assess the impact of ERK pathway inhibition on TNF-« expression. The assay employed
pre-coated 96-well plates with immobilized anti-TNF-« monoclonal antibodies to ensure
specificity. Absorbance was measured at 450 nm, with background correction performed at
620 nm, using a Hidex microplate reader. This methodological approach enabled sensitive
and reproducible quantification of TNF-o secretion, thus serving as a critical readout for as-
sessing the anti-inflammatory efficacy of curcumin at specified concentrations in colorectal
cancer cell line models.

2.11. Dual Fluorescence Staining and Quantification of Apoptotic Cells Using Acridine
Orange/Ethidium Bromide (AO/EtBr)

Apoptosis was assessed using Acridine Orange (AO; A1301, Thermo Fisher Scientific,
Waltham, MA, USA) and Ethidium Bromide (EtBr; 15585011, Thermo Fisher Scientific,
Waltham, MA, USA) dual fluorescent staining, which discriminates viable, early apoptotic,
and late apoptotic/necrotic cells by membrane integrity and nuclear morphology [120].
HT-29 and Caco-2 cells (2 x 10°/well, 6-well plates, 2 mL DMEM) were cultured to
70-80% confluence at 37 °C/5% CO,, treated with LPS (10 pug/mL, 24 h), and subse-
quently exposed to curcumin (100 uM, 24 h). Controls included untreated, LPS-only, and
LPS + curcumin groups. After treatment, cells were washed twice with PBS and incubated
for 10 min in the dark with 1 mL dual staining solution (AO and EtBr, each 100 pg/mL
in PBS). AO intercalated into DNA of all cells (green fluorescence), while EtBr entered
only membrane-compromised cells (orange/red fluorescence). Stained cells were imme-
diately visualized on a Leica DMi8 fluorescence microscope (excitation 488 nm; emission
515-620 nm), and representative CCD images were captured to document viable, apoptotic,
and necrotic populations.

Cell populations were analyzed based on fluorescence characteristics: viable cells
fluoresced uniformly green; early apoptotic cells exhibited bright green nuclei with con-
densed chromatin; and late apoptotic or necrotic cells showed orange to red fluorescence
due to EtBr penetration. Manual quantification was performed by blinded observers, and
automated validation was conducted using Image]J software 1.54p (NIH, MD, USA) with
the “Cell Counter” and “Analyze Particles” tools. A minimum of 500 cells per condition
were analyzed across replicate fields. The apoptotic index was calculated using the formula:

Apoptotic Index (%) = (Number of apoptotic cells / Total number of cells) x 100

Statistical analysis was performed using GraphPad Prism 9.0 (GraphPad Software,
La Jolla, CA, USA). Data were expressed as mean = standard error of the mean (SEM) from
three independent experiments (1 = 3). One-way ANOVA followed by Tukey’s post hoc
test was applied to determine statistical significance, with p < 0.05 considered significant.

2.12. Annexin V-FITC and Propidium lodide (PI) Dual Staining for Apoptosis Detection

Apoptosis was quantified by Annexin V-FITC/PI dual staining (BMS500FI-300,
Thermo Fisher Scientific, Waltham, MA, USA) followed by flow cytometry, distinguishing
viable, early apoptotic, late apoptotic, and necrotic cells via phosphatidylserine external-
ization and membrane integrity. HT-29 and Caco-2 cells (3 x 10°/well, 6-well plates)
were cultured to 70-80% confluence, primed with LPS (10 ug/mL, 24 h), and treated with
curcumin (100 pM, 24 h). Adherent and floating cells were harvested by trypsinization, cen-
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trifuged (300 g, 5 min, 4 °C), washed twice in PBS, and resuspended in 100 uL 1 x binding
buffer. Staining was performed with 5 uL Annexin V-FITC and 5 pL PI (Annexin V-FITC
Apoptosis Detection Kit, BioLegend, San Diego, CA, USA) for 15 min at room tempera-
ture in the dark, followed by dilution in 400 pL binding buffer. Samples were analyzed
immediately on a BD FACSCanto II flow cytometer (BD Biosciences, San Francisco, CA,
USA) with excitation/emission of 488/530 nm (FITC) and 488/617 nm (PI). Compensation
and quadrant gates were established using unstained and single-stained controls. A mini-
mum of 10,000 gated events/sample were acquired, and data were processed in FlowJo
v10.9.1 (BD Biosciences). Results were expressed as mean £ SEM from n = 3 independent
replicates. Statistical analyses were performed in GraphPad Prism 9.0 (GraphPad Software,
San Diego, CA, USA) using one-way ANOVA with Tukey’s post hoc test; p < 0.05 was
considered significant.

2.13. Calcium Signaling Assay

Intracellular calcium signaling regulates proliferation, apoptosis, and inflammation,
and is mechanistically coupled to PAR-2 activation [121]. In CRC, PAR-2 stimulation
activates phospholipase C (PLC), generating InsP3 and mobilizing Ca?* from ER stores,
with the resultant surge potentiating NF-kB-driven pro-inflammatory pathways [122]. To
examine curcumin’s effect on Ca2* flux under inflammatory stress, HT-29 and Caco-2 cells
were cultured to 70-80% confluence in 35 mm dishes (2 mL DMEM). Cells were washed
twice with pre-warmed PBS and loaded with 2 uM Fluo-4 AM (F14217, Thermo Fisher Sci-
entific, Waltham, MA, USA) in HBSS + 1 mM CaCl, for 30 min at 37 °C, followed by 30 min
de-esterification at room temperature. Inflammation was induced with LPS (10 nug/mL),
after which cells were treated with curcumin (50 or 100 uM, 24 h), consistent with parallel
apoptosis and anti-inflammatory assays. Real-time Ca?* imaging was performed using
a Leica (Wetzlar, Germany) DMi8 fluorescence microscope (excitation 488 nm, emission
516 nm), and fluorescence intensity was quantified under live-cell conditions. This assay en-
abled high-resolution monitoring of Ca** dynamics and clarified how curcumin modulates
PAR-2-dependent calcium signaling during inflammation-driven CRC.

2.14. Computational Modeling of PAR-2

The complete amino acid sequence of human PAR-2 was retrieved from the UniProt
Knowledgebase [123], (Accession ID: P55085) [86] and formatted in FASTA for structural
modeling. Comprising 397 amino acids, the sequence was input into AlphaFold v2.3, an
advanced deep learning-based framework known for achieving near-experimental accuracy
in protein structure prediction [124]. AlphaFold combines multi-sequence alignment
(MSA), deep residual neural networks, and physical constraints to reconstruct high-fidelity
three-dimensional structures. To generate the evolutionary profile, homology searches
were performed using MMseqs2 across UniRef90, MGnify, and PDB70 databases [125]. No
crystallographic templates were applied during modeling to avoid structural bias.

The prediction was executed in monomer mode, producing five structural models
ranked by internal confidence metrics. These include the Predicted Local Distance Differ-
ence Test (pLDDT), Predicted Aligned Error (PAE), and per-residue Interatomic Distance
Difference Test (pIDDT) scores, each serving as an independent indicator of structural relia-
bility. The model with the highest global pLDDT was selected for downstream analysis.

Per-residue reliability was first evaluated using pLDDT scores, ranging from 0 to 100.
Scores above 90 were indicative of high-confidence atomic positioning, values between
70 and 90 suggested moderate confidence, and scores below 50 marked structurally dis-
ordered or flexible segments. These scores were extracted from AlphaFold’s raw output
and visualized using Matplotlib (v2.3.0) [124,126]. PAE matrices were then employed to
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evaluate pairwise residue alignment uncertainty, with values < 5 A representing structural
rigidity and those > 15 A denoting high flexibility, especially within loop regions. These
matrices were visualized as heatmaps to identify inter-domain dynamics, particularly
across extracellular and intracellular loops [127].

To complement these assessments, pIDDT scores were analyzed to quantify per-
residue structural stability, independent of domain-wide conformational constraints [128].
Residues with pIDDT scores > 80 were categorized as structurally stable, whereas those < 60
were considered conformationally labile. The pIDDT profiles were plotted to correlate local
flexibility with predicted structural disorder.

For three-dimensional structural inspection and domain annotation, ChimeraX v1.4
was employed [129]. The AlphaFold-predicted model was visualized in cartoon representa-
tion, with explicit demarcation of transmembrane helices, intracellular and extracellular
loops. Secondary structure elements—a-helices, 3-sheets, and loops—were color-mapped
for visual clarity, although this representation was not used for quantitative assessment.

To ensure comprehensive model evaluation, a set of validation figures was generated.
These included: a sequence coverage map derived from the MSA outputs to indicate evolu-
tionary conservation [130]; a pLDDT-mapped 3D structure to delineate high-confidence
core regions from low-confidence peripheries; a PAE heatmap to locate flexible domains;
and a pIDDT line graph for visualizing per-residue stability.

Taken together, this integrative multi-metric validation enabled a rigorous assessment
of PAR-2 structural reliability, delineating high-confidence transmembrane domains from
dynamic loop regions—features essential for understanding GPCR topology, conforma-
tional plasticity, and ligand-binding behavior.

2.15. Molecular Docking of Curcumin with AlphaFold-Predicted PAR-2 Structure

Molecular docking simulations to assess the interaction of curcumin with PAR-2 were
performed using CB-Dock?2 [131,132], a blind docking platform that integrates curvature-
based binding site detection with AutoDock Vina-driven flexible docking algorithms [133].
This system further incorporates a homologous template-guided docking refinement proto-
col, thus offering a synergistic combination of geometric cavity recognition and evolutionary
ligand-pose prediction. The objective of this docking study was to elucidate the potential
molecular interactions between curcumin and the transmembrane domain of PAR-2, a
G-protein-coupled receptor implicated in pro-inflammatory signaling pathways relevant to
colorectal cancer biology.

The three-dimensional structure of PAR-2 used for docking was obtained from the
AlphaFold v2.3 prediction pipeline, with the highest-confidence model selected based
on global pLDDT scores and supporting structural metrics. Given PAR-2’s classification
as a Class A GPCR with a seven-transmembrane helical topology, the receptor structure
was pre-processed to retain proper helical orientation, extracellular loop integrity, and
intracellular conformational domains.

The molecular structure of curcumin was retrieved from the MedChem database in
its lowest energy conformation and subsequently converted to PDBQT format to define
torsional flexibility for docking simulations. All stereochemical configurations and tau-
tomeric states were preserved during ligand preparation to ensure accurate modeling of
curcumin’s interaction potential.

CB-Dock2 follows a hierarchical computational framework, beginning with curvature-
based pocket prediction to identify topographically accessible binding cavities on the
protein surface. In parallel, the server performs a template-based retrieval using FP2
fingerprint similarity indices (FP2 > 0.4) to scan its internal repository of ligand-protein
complexes. If a template ligand is identified with >40% sequence identity at the predicted
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binding pocket and a pocket RMSD < 4 A, the FitDock refinement module is triggered.
This allows template-guided pose optimization prior to docking, enhancing the accuracy
of ligand placement.

Subsequently, AutoDock Vina was employed for flexible ligand docking within each
identified cavity, using an empirical scoring function to estimate the free energy of binding
(AG, kcal/mol). In cases where template ligands were identified, curcumin was aligned
to the reference ligand’s binding pose using FitDock, followed by refinement of dihedral
angles and conformational sampling within the pocket constraints.

The docking simulations generated multiple binding poses for curcumin, each ranked
by binding energy and pose confidence (PC-score). The final pose was selected based on
the lowest predicted binding energy and the highest confidence metric, indicating optimal
spatial complementarity and stability of the ligand-receptor complex.

For downstream analysis, the selected docking conformation was visualized using
PyMOL and Discovery Studio Visualizer, enabling detailed mapping of key molecular
interactions. Hydrogen bonds, n—m stacking, hydrophobic contacts, and electrostatic in-
teractions between curcumin and critical transmembrane domain residues of PAR-2 were
identified. This allowed the characterization of curcumin’s potential binding mechanism
and receptor engagement, contributing to mechanistic insights into its modulatory effects
on PAR-2-mediated inflammatory signaling.

3. Results

3.1. Assessment of LPS-Induced Cytotoxicity and Establishment of an Inflammatory CRC Model in
HT 29 and Caco-2 Cell Lines

The morphological and viability analyses of HT 29 and Caco-2 cells following LPS
treatment were conducted to establish a reliable in vitro model of inflammation-driven CRC.
For justification of cell line selection and their established relevance to inflammation-linked
colorectal pathology, the reader is referred to the Methods section.

Microscopic evaluation of untreated HT 29 cells (Figure 1B) revealed an adherent
monolayer exhibiting characteristic elongated, fibroblast-like morphology with planar
organization. Cells were distributed uniformly, with no discernible evidence of detachment,
cytoplasmic blebbing, or vacuolization. These features reflected an intact cytoskeletal
framework and confirmed the proliferative competency of HT 29 under basal conditions.
The phase-contrast imaging further demonstrated minimal intercellular spacing, suggesting
robust tight junction formation and effective cell-cell adhesion. Such a phenotype is
indicative of an epithelial-to-mesenchymal hybrid state, often retained in CRC lines with
migratory potential.

In parallel, untreated Caco-2 cells (Figure 1D) maintained their classical epithelial
morphology, forming tightly packed cobblestone-like clusters consistent with spontaneous
enterocyte differentiation. High nuclear-to-cytoplasmic ratio and clearly demarcated cellu-
lar borders were observed, signifying a polarized architecture essential for barrier function
modeling. The absence of membrane blebbing or perinuclear clearing reinforced their
viability and functional differentiation status.

To assess the cytotoxic potential of LPS and delineate a working dose that elicits
inflammation without impairing viability, both cell lines were subjected to increasing
concentrations of LPS (1, 10, 20, and 40 pg/mL), and metabolic viability was quantified
using the MTT assay. As depicted in Figure 1C, HT 29 cells retained over 90% viability
across all LPS concentrations. There was no observable dose-dependent decline in formazan
absorbance, indicating that mitochondrial dehydrogenase activity—and, by extension,
cellular metabolic competence—was largely preserved despite the inflammatory challenge.
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Similarly, Caco-2 cells exhibited minimal deviation from untreated controls across
the entire concentration range (Figure 1E), with viability consistently exceeding 95%. The
maintenance of high metabolic activity confirmed that LPS-induced signaling did not exert
deleterious effects on cell health. These findings validate the suitability of LPS at tested
concentrations for inducing inflammation without compromising cellular integrity. Impor-
tantly, neither morphological anomalies nor viability losses were detected at 10 ug/mL, the
dose selected for downstream inflammatory stimulation. This concentration was chosen
as it aligns with established thresholds for TLR4-mediated pro-inflammatory activation
without perturbing cellular integrity.

While the direct cytokine quantification is not represented in this figure, ELISA inves-
tigations confirmed the efficacy of 10 pg/mL LPS in triggering TNF-o secretion, with a
58.47% increase in HT 29 and a 51.39% increase in Caco-2 cells over untreated conditions.
This cytokine induction substantiates the activation of canonical inflammatory pathways
downstream of LPS engagement and confirms the establishment of a non-cytotoxic, yet
pro-inflammatory, CRC model suitable for investigating anti-inflammatory interventions
and molecular modulators of inflammation-driven oncogenesis.

These findings collectively underscore the suitability of HT 29 and Caco-2 cells as stable
and responsive platforms for modeling chronic inflammation in colorectal carcinogenesis.
Their preserved morphology sustained metabolic activity, and reproducible cytokine output
in response to LPS stimulation validate their role as foundational models for subsequent
mechanistic and pharmacological studies.

3.2. Curcumin Downregulates PAR-2 Expression at the Transcriptional and Translational Level in
HT 29 and Caco-2 Cells

To investigate the regulatory effect of curcumin on PAR-2 expression under inflam-
matory conditions, we examined both protein and mRNA levels in HT 29 and Caco-2
CRC cell lines following treatment with 50 uM and 100 uM curcumin, after LPS-induced
stimulation (10 pg/mL), as justified in the Section 1 and Section Real-Time PCR for
Quantification (qQPCR).

In HT 29 cells (Figure 2A—C), Western blot analysis revealed a marked attenuation
of PAR-2 protein expression following curcumin treatment. Compared to LPS-stimulated
controls, which displayed a robust upregulation of PAR-2, curcumin at 50 pM reduced
protein expression visibly, with a further pronounced suppression at 100 uM. Densitomet-
ric quantification (Figure 2B), normalized to GAPDH, substantiated this observation: a
statistically significant reduction in PAR-2 band intensity was evident at both curcumin
concentrations (p < 0.05), with a ~42.8% decrease at 50 uM and ~68.3% reduction at 100 uM
compared to LPS-only controls.

This trend was mirrored at the mRNA level, as assessed by quantitative real-time
PCR (Figure 2C). LPS treatment led to a significant induction of PAR-2 transcript levels in
HT 29 cells relative to untreated controls. However, curcumin administration significantly
blunted this effect in a dose-dependent manner. A ~1.7-fold suppression of LPS-induced
PAR-2 mRNA expression was observed at 50 M, which further deepened to ~2.6-fold
at 100 uM (p < 0.01). These findings collectively demonstrate that curcumin downregu-
lates PAR-2 expression at the transcriptional level, likely contributing to reduced protein
synthesis and downstream receptor signaling.

Parallel experiments in Caco-2 cells (Figure 2D-F) produced concordant results. Im-
munoblot analysis (Figure 2D) showed that curcumin treatment substantially reduced
PAR-2 protein levels post-LPS stimulation, with densitometric quantification (Figure 2E)
confirming a dose-dependent attenuation. Specifically, PAR-2 protein levels were reduced
by ~39.4% at 50 uM and ~63.2% at 100 uM curcumin (relative to LPS-only treatment,
p <0.05). The transcript-level data (Figure 2F) also revealed a significant repression of
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Figure 2. Curcumin attenuates LPS-induced PAR-2 expression at both protein and mRNA levels
in HT 29 and Caco-2 cells. (A) Representative Western blot showing protein expression levels of
Protease-Activated Receptor-2 (PAR-2) in HT 29 cells under four experimental conditions: untreated
control (Lane 1), LPS-treated (10 ug/mL for 24 h; Lane 2), LPS + 50 uM curcumin (Lane 3), and
LPS + 100 pM curcumin (Lane 4). GAPDH served as the loading control. A specific PAR-2 band
was detected at ~44 kDa, corresponding to the unglycosylated core protein; (B) Densitometric
quantification of PAR-2 protein expression in HT 29 cells normalized to GAPDH and expressed as
relative fold-change compared to the untreated control (Lane 1). Data represent mean + SEM from
three independent experiments; (C) Quantitative real-time PCR (qPCR) analysis of PAR-2 mRNA
expression in HT 29 cells under identical treatment conditions as panel A. Results are expressed
as fold-change relative to the untreated control using the 2-22Ct method, with GAPDH as the
housekeeping gene; (D) Representative Western blot of PAR-2 expression in Caco-2 cells under
corresponding experimental conditions as in panel A. Lanes 1 to 4 represent untreated, LPS-treated,
and LPS + curcumin (50 uM and 100 M) conditions, respectively; (E) Densitometric analysis of PAR-2
protein expression in Caco-2 cells, normalized to GAPDH, and expressed as relative fold-change
compared to the control; (F) qPCR analysis of PAR-2 mRNA expression in Caco-2 cells, showing
downregulation upon curcumin treatment. (Note: All protein and mRNA data are representative of
triplicate experiments (1 = 3). Statistical analysis was performed using one-way ANOVA followed by
Tukey’s post hoc test. * p < 0.05; ** p < 0.01).

Together, these results robustly establish that curcumin effectively counteracts the
LPS-induced upregulation of PAR-2 in CRC cells. This suppression at both protein and
mRNA levels reinforces curcumin’s potential as an anti-inflammatory agent targeting
PAR-2-mediated signaling in the CRC inflammatory microenvironment. These results also
validate PAR-2 as a pharmacologically responsive target modulated by naturally occurring
bioactives in epithelial tumor models.
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3.3. Curcumin Does Not Significantly Alter PAR-1 Expression in LPS-Stimulated HT 29 and
Caco-2 Cells

To determine whether the modulatory effects of curcumin observed on PAR-2 ex-
pression were specific or extended to other members of the PAR family, the expression of
PAR-1 was analyzed in both HT 29 and Caco-2 colorectal cancer cell lines. As explicated
in Methodology (refer above), PAR-1 was selected as a comparator based on its structural
and functional homology with PAR-2, while being activated by distinct proteolytic stimuli
(thrombin rather than trypsin-like proteases). The comparative analysis included evalu-
ation at both the protein and mRNA levels following treatment with 50 uM and 100 pM
curcumin under LPS-induced inflammatory conditions (10 ug/mL, 24 h).

In HT 29 cells, Western blot analysis revealed stable PAR-1 expression across all
experimental conditions (Figure 3A). Densitometric quantification (Figure 3B) confirmed
no statistically significant differences between untreated controls, LPS-stimulated cells, and
curcumin-treated groups. The integrity of protein loading was validated by consistent
GAPDH expression across lanes. Quantitative real-time PCR (qPCR) analysis further
corroborated these findings, with PAR-1 mRNA levels exhibiting no significant modulation
following curcumin exposure (Figure 3C). These data suggest that, unlike PAR-2, PAR-1 is
not transcriptionally or translationally downregulated by curcumin in the HT 29 model.

A similar pattern was observed in Caco-2 cells. Western blot analysis (Figure 3D)
showed uniform PAR-1 expression across all groups, including LPS-treated cells and those
co-treated with curcumin. Densitometric evaluation normalized to GAPDH (Figure 3E)
demonstrated no statistically significant changes in protein expression. This stability in
PAR-1 expression was further supported by qPCR analysis (Figure 3F), which showed
consistent mRNA levels regardless of curcumin treatment.
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Figure 3. Curcumin does not significantly modulate PAR-1 expression at the protein or mRNA
level in HT 29 and Caco-2 cells. This figure examines whether curcumin’s inhibitory effect on PAR-
2 is selective, by evaluating the expression of PAR-1, a homologous G-protein-coupled receptor.
The rationale for choosing PAR-1 as a control comparator is detailed in the Methods section.
(A) Representative Western blot analysis showing the expression of PAR-1 protein in HT 29 cells
under four conditions: untreated control (Lane 1), LPS-treated (10 ug/mL; Lane 2), LPS + 50 uM



Cells 2025, 14, 1451

19 of 56

curcumin (Lane 3), and LPS + 100 pM curcumin (Lane 4). GAPDH was used as a loading con-
trol. The molecular weight of the PAR-1 band was observed at ~47 kDa, consistent with expected
unglycosylated core protein; (B) Densitometric quantification of PAR-1 protein expression in HT
29 cells, normalized to GAPDH. No statistically significant differences were observed between groups.
(C) Quantitative real-time PCR (qQPCR) analysis of PAR-1 mRNA expression in HT 29 cells using the
2-85Ct method. Consistent with protein-level findings, mRNA expression remained stable across all
treatment conditions; (D) Western blot of PAR-1 expression in Caco-2 cells under identical experimen-
tal conditions. The protein band for PAR-1 remained unchanged across treatments; (E) Densitometric
analysis of Caco-2 PAR-1 expression normalized to GAPDH shows no significant variation; (F) gPCR
analysis of PAR-1 mRNA levels in Caco-2 cells further confirms the absence of significant transcrip-
tional modulation following curcumin treatment. (Note: Data in panels B, C, E, and F represent
means = SEM from triplicate experiments (1 = 3). One-way ANOVA followed by Tukey’s post hoc
test was used to assess statistical significance. All comparisons showed non-significant changes
(* p < 0.05), underscoring the specificity of curcumin’s action on PAR-2 rather than across the broader
PAR family, ns: not significant).

Together, these results reinforce the specificity of curcumin’s inhibitory action on
PAR-2 expression. The unaltered expression of PAR-1 at both the transcript and protein
levels in two distinct CRC cell lines under matched inflammatory conditions suggests that
curcumin selectively targets the PAR-2 signaling axis without broadly suppressing the
PAR family. This finding underscores the potential mechanistic specificity of curcumin in
modulating protease-activated receptor-mediated inflammatory signaling in CRC models.

3.4. Curcumin Modulates ERK1/2 and Phosphorylated ERK Signaling in HT 29 and Caco-2 Cells

To investigate whether curcumin modulates MAPK pathway signaling downstream of
PAR-2 in LPS-induced inflammatory conditions, we assessed the expression of ERK1, ERK2,
and their phosphorylated forms (p-ERK1/2) in HT 29 and Caco-2 CRC cells, treated with
LPS alone or in combination with curcumin (50 uM or 100 uM). The selection of ERK iso-
forms was based on their established role in promoting inflammatory cytokine production,
cell proliferation, and survival in CRC models downstream of PAR-2 activation [134].

HT 29 cells: As illustrated in Figure 4A, Western blot analysis revealed that both ERK1
and ERK2 protein levels were significantly upregulated upon LPS stimulation (lane 2)
compared to untreated controls (lane 1). Curcumin co-treatment led to a dose-dependent
reduction in ERK1/2 expression, with 100 uM curcumin yielding the most pronounced
suppression (lanes 3 and 4). Phosphorylated ERK (p-ERK) levels followed a similar trend,
being elevated by LPS but attenuated by curcumin, although residual p-ERK signal per-
sisted at higher curcumin doses. Densitometric analysis (Figure 4B,C) quantified these
changes, showing a clear reduction in both total ERK1/2 and p-ERK levels. Notably, when
analyzed as a ratio of phosphorylated to total ERK (p-ERK:ERK), a divergent trend emerged
(Figure 4D), where the ratio increased slightly with curcumin treatment despite a decline in
absolute p-ERK levels, suggesting potential post-translational modulation of ERK signaling.

Caco-2 cells: A similar pattern was observed in Caco-2 cells (Figure 5A). LPS ex-
posure (lane 2) led to pronounced upregulation of total ERK1/2, which was attenuated
by curcumin in a dose-dependent manner at 50 pM and 100 uM (lanes 3 and 4). Quan-
titative densitometry (Figure 5B) confirmed a statistically significant reduction in total
ERK1/2 levels upon curcumin treatment (p < 0.01), with a stronger effect at 100 uM. The
expression of p-ERK (Figure 5A) similarly increased with LPS but was reduced by cur-
cumin (Figure 5C), with no enrichment in the p-ERK:ERK ratio (Figure 5D), indicating
proportional downregulation of both total and active ERK isoforms.
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Figure 4. Curcumin attenuates LPS-induced ERK1/2 and phosphorylated ERK (p-ERK) expression
in HT 29 colorectal cancer cells. (A) Representative Western blot images showing the expression
of total ERK1/2 (top left) and phosphorylated ERK1/2 (p-ERK; top right) in HT 29 cells under
four conditions: untreated (Lane 1), LPS-treated (10 pg/mL; Lane 2), LPS + 50 uM curcumin (Lane
3), and LPS + 100 pM curcumin (Lane 4). GAPDH (37 kDa) served as the internal loading con-
trol; (B,C) Densitometric quantification of total ERK1/2 (B) and p-ERK1/2 (C) bands normalized to
GAPDH. Curcumin elicited a dose-dependent suppression of both total and phosphorylated ERK1/2
levels; (D) Quantification of the p-ERK to total ERK ratio reveals an apparent increase in phospho-
rylation status upon curcumin treatment despite suppression of total protein levels, suggesting a
relative enrichment of p-ERK; (E) Real-time PCR analysis of ERK1 (MAPK3) and ERK2 (MAPK1)
mRNA expression shows significant upregulation following LPS treatment and downregulation
with curcumin in a concentration-dependent manner; (F) Transcriptional modulation of p-ERK was
assessed by evaluating DUSP6 mRNA expression, which serves as a proxy for MAPK signaling
activity. Curcumin significantly attenuated DUSP6 expression in LPS-primed cells. (Note: Data are
presented as mean + SEM of triplicate experiments. Statistical comparisons were performed using
one-way ANOVA followed by Tukey’s post hoc test. p < 0.05 (*), p < 0.01 (**), ns: not significant).

Transcriptional effects: In both HT 29 and Caco-2 cells, RTPCR analysis of ERK1
(MAPK3) and ERK2 (MAPK1) mRNA (Figures 4E and 5E) mirrored the protein-level
observations. LPS stimulation upregulated ERK1/2 transcripts, whereas curcumin co-
treatment significantly suppressed their expression in a dose-dependent manner. ERK1 was
more responsive to curcumin compared to ERK2, particularly in Caco-2 cells. Furthermore,
DUSPS, a dual-specificity phosphatase and downstream target of MAPK signaling—was
significantly downregulated following curcumin treatment (Figures 4F and 5F), aligning
with the observed suppression of ERK activation at the protein level.

Therefore, taken together, these findings demonstrate that curcumin effectively sup-
presses both total and phosphorylated ERK signaling components in LPS-induced HT
29 and Caco-2 cells, with consistent effects observed at both transcriptional and post-
translational levels. The subtle shift in the p-ERK:ERK ratio in HT 29 cells suggests a
complex feedback mechanism that may be partially disrupted by curcumin. These results
underscore the conserved anti-inflammatory and anti-proliferative potential of curcumin
via modulation of MAPK signaling in CRC models.
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Figure 5. Curcumin attenuates LPS-induced ERK1/2 and phosphorylated ERK (p-ERK) expression in
Caco-2 cells. (A) Representative Western blot images showing total ERK1/2 and p-ERK protein levels
in Caco-2 cells across four treatment conditions: untreated control (Lane 1), LPS-treated (10 pg/mL;
Lane 2), LPS + curcumin 50 uM (Lane 3), and LPS + curcumin 100 uM (Lane 4). GAPDH was used as
the loading control; (B,C) Densitometric quantification of Western blot bands for total ERK1/2 (B) and
p-ERK (C), normalized to GAPDH; (D) Ratio of phosphorylated ERK to total ERK was computed
for each condition to assess relative pathway activation; (E) Relative mRNA expression levels of
ERK1 and ERK2 in the same treatment groups, as measured by qPCR and normalized to GAPDH;
(F) Transcript levels of DUSP6, a downstream ERK-responsive phosphatase, were quantified by qPCR.
Data are expressed as fold change relative to untreated controls using the 2722t method. (Note: All
experiments were performed in biological triplicates (1 = 3). Statistical significance was assessed by
one-way ANOVA with Tukey’s post hoc test; * p < 0.05; ** p < 0.01, ns: not significant).

3.5. Curcumin Attenuates TNF-a Expression in LPS-Stimulated HT 29 and Caco-2 Cells

Following the observation that curcumin attenuates PAR-2 and ERK1/2 signaling,
we next investigated TNF-« as it represents a critical downstream effector that integrates
pro-inflammatory signaling with apoptotic regulation [135]. TNF-« is transcriptionally
regulated by MAPK and NF-«B pathways, both of which are activated by PAR-2 and
ERK1/2, and serves as a proximal trigger for caspase-8 activation and mitochondrial apop-
totic signaling [136-138]. Placing TNF-« analysis after ERK evaluation allows a mechanistic
transition from upstream receptor-kinase signaling to effector cytokine responses, which
are ultimately linked to the apoptotic outcomes assessed later.

Curcumin markedly suppressed TNF-« at both protein and mRNA levels in LPS-
stimulated HT 29 and Caco-2 cells in a dose-dependent manner. In HT 29 cells, LPS
induced a significant increase in TNF-« secretion (Figure 6A), which was progressively
reduced by curcumin, with maximal inhibition observed at 100 uM (p < 0.01). RT-PCR
analysis revealed a parallel trend in TNF-« transcripts (Figure 6B). Similarly, in Caco-2 cells,
curcumin treatment significantly reduced both TNF-« secretion (Figure 6C) and mRNA
expression (Figure 6D) compared to the LPS group, confirming its dual transcriptional
and post-transcriptional regulation of TNF-c.. To establish whether this suppression is
mediated through ERK signaling, we employed the selective ERK inhibitor SCH772984.
ELISA and RT-PCR analyses demonstrated that SCH772984 markedly decreased TNF-
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o protein (Figure 6E,G) and mRNA levels (Figure 6F,H) in both HT 29 and Caco-2 cells,
reinforcing the mechanistic link between ERK inhibition and TNF-oc downregulation. These
findings underscore that curcumin’s anti-inflammatory action is at least partly mediated
through suppression of the PAR-2/ERK/TNF-« axis, bridging upstream kinase signaling
to downstream apoptotic pathways (refer below).
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Figure 6. Curcumin attenuates TNF-a expression in LPS-stimulated HT 29 and Caco-2 cells. (A) ELISA
quantification of TNF-« secretion in HT 29 cells demonstrates significant LPS-induced upregulation,
which is dose-dependently reduced by curcumin treatment (25, 50, 75, and 100 pM), with maximal
suppression at 100 uM (** p < 0.01); (B) RT-PCR analysis in HT 29 cells reveals that LPS robustly induces



Cells 2025, 14, 1451

23 of 56

TNF-o mRNA expression, which is significantly downregulated by curcumin in a concentration-
dependent manner (** p < 0.01); (C) In Caco-2 cells, ELISA reveals a similar LPS-induced increase
in TNF-a secretion that is significantly attenuated by curcumin, with the most potent suppression
observed at 100 uM (** p < 0.01); (D) RT-PCR data in Caco-2 cells show that curcumin significantly
inhibits LPS-induced TNF-oc mRNA expression across all tested concentrations, with the greatest
inhibition at 100 uM (** p < 0.01); (E) Treatment of HT 29 cells with the selective ERK inhibitor
SCH772984 (1 uM) markedly reduces TNF-« secretion following LPS stimulation, as measured by
ELISA (** p <0.01); (F) RT-PCR analysis in HT 29 cells demonstrates that SCH772984 also signifi-
cantly downregulates TNF-« mRNA levels in the presence of LPS (** p < 0.01); (G) In Caco-2 cells,
SCH772984 treatment similarly suppresses LPS-induced TNF-« protein secretion (** p < 0.01); (H) RT-
PCR data confirm that SCH772984 significantly reduces TNF-ac mRNA expression in LPS-stimulated
Caco-2 cells (** p < 0.01). (Note: Data are expressed as mean + SEM of three independent experi-
ments; significance was assessed via one-way ANOVA followed by Tukey’s post hoc test. In all the
experiments * p < 0.05).

3.6. Curcumin Induces Apoptosis in HT 29 and Caco-2 Cells via PAR-2/ERK/TNF-x-Mediated
Activation of Extrinsic and Intrinsic Pathways

Having established that curcumin suppresses PAR-2 and ERK1/2 signaling and down-
regulates TNF-« expression, we next examined whether these upstream alterations culmi-
nate in activation of apoptotic pathways. PAR-2 signaling is well-documented to confer
apoptosis resistance by engaging MEK1/2-ERK1/2 and PI3K-Akt cascades, which sup-
press extrinsic and intrinsic apoptotic mechanisms through inhibition of initiator caspases
(e.g., caspase-8), modulation of the Bcl 2 family, and prevention of mitochondrial outer mem-
brane permeabilization (MOMP) [139]. Therefore, targeting PAR-2 provides a mechanistic
entry point for reactivating apoptosis, and we hypothesized that curcumin’s suppression
of the PAR-2-ERK axis would reverse these anti-apoptotic effects.

Curcumin restores caspase-8 activation: Caspase-8, the apical initiator of the extrinsic
apoptotic pathway, is tightly suppressed by PAR-2 signaling through phosphorylation
of pro-apoptotic proteins (e.g., BAD) and the induction of anti-apoptotic molecules such
as MCL-1 and Bcl2L12 [140]. To differentiate between basal expression and proteolytic
activation, both full-length and cleaved caspase-8 were examined. Western blot analysis
(Figure 7A,D,G,I) showed that LPS treatment markedly reduced both forms of caspase-8
in HT-29 and Caco-2 cells, reflecting PAR-2-mediated inhibition of extrinsic apoptosis. In
contrast, curcumin treatment (50 and 100 pM) significantly restored full-length caspase-8
expression and, importantly, induced its cleavage, the hallmark of enzymatic activation
(Figure 7A,D,G,I). Although canonical apoptosis is typically associated with depletion of
the procaspase pool and accumulation of cleaved fragments, in our system the increase in
both full-length and cleaved caspase-8 suggests that curcumin not only triggers activation
but also transcriptionally up-regulates CASPS, thereby replenishing substrate while simul-
taneously promoting its cleavage. This interpretation is supported by our parallel RT-PCR
results (Figure 7C,F), which demonstrated a dose-dependent rise in CASPS8 transcripts.
Thus, curcumin appears to act at both transcriptional and post-translational levels to relieve
PAR-2/ERK-mediated suppression of the extrinsic death receptor pathway, reinstating
caspase-8 activity and apoptotic priming.

Induction of Bax and downregulation of Bcl 2: Activated caspase-8 cleaves Bid, linking
the extrinsic pathway to mitochondrial apoptosis by inducing Bax oligomerization and
MOMP [141]. We therefore investigated Bax expression to determine whether curcumin-
mediated caspase-8 activation translated into intrinsic pathway engagement. In HT 29 and
Caco-2 cells, Western blotting revealed negligible Bax induction with LPS alone, whereas
curcumin co-treatment, especially at 100 pM, produced a pronounced increase in Bax
protein levels (Figure 8A,D), confirmed by densitometric analysis (Figure 8B,E). RTPCR
further showed significant transcriptional upregulation of Bax (Figure 8C,F), indicating
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curcumin-mediated activation at both levels. In parallel, we assessed Bcl 2, the primary
anti-apoptotic counterpart of Bax. LPS stimulation markedly upregulated Bcl 2 expression
(Figure 9A,D), consistent with a pro-survival phenotype. Curcumin treatment significantly
and dose-dependently reduced Bc! 2 protein and mRNA levels (Figure 9B,C E,F), effectively
shifting the Bax/Bcl 2 ratio in favor of apoptosis. These data highlight a concerted effect of
curcumin on both arms of the mitochondrial checkpoint, tilting the balance toward MOMP
and cytochrome c release.
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Figure 7. Curcumin restores caspase-8 expression suppressed by LPS-induced PAR-2 activation in
colorectal cancer cell lines. HT 29 (upper panel; A-C) and Caco-2 (lower panel; D-F) cells were
exposed to LPS (10 pug/mL) to simulate inflammatory conditions and subsequently treated with
curcumin (50 pM and 100 uM) to assess effects on caspase-8 expression. (A,D) Representative Western
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blot images showing full-length caspase-8 protein levels. GAPDH was used as a loading control.
(B,E) Densitometric analysis of caspase-8 bands normalized to GAPDH, expressed as fold change
relative to untreated controls. (C,F) Relative mRNA expression levels of CASP8 determined by real-
time PCR, normalized to GAPDH, confirming transcriptional upregulation by curcumin. (G,I) Western
blot detection of cleaved (activated) caspase-8 fragments under the same conditions, demonstrating
that curcumin induces caspase-8 activation in a dose-dependent manner. (H,J) Quantification of
cleaved caspase-8 bands normalized to GAPDH, confirming that curcumin relieves the LPS-mediated
blockade of caspase-8 activation, particularly at 100 uM.(Note: In both cell lines, LPS reduced caspase-
8 expression, while curcumin treatment markedly reversed this suppression in a concentration-
dependent manner. All data are expressed as mean &+ SEM from three independent experiments.
Statistical analysis was performed using one-way ANOVA with Tukey’s post hoc test. ns: not
significant, * p < 0.05 and ** p < 0.01, versus LPS-treated controls.
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Figure 8. Curcumin induces Bax expression to activate the intrinsic apoptotic pathway in LPS-
stimulated CRC cell lines. Western blot and RT-PCR analyses were performed to assess the effect of
curcumin on Bax expression in HT 29 and Caco-2 cells pre-treated with LPS. (A) Representative West-
ern blot showing Bax protein levels in HT 29 cells across untreated, LPS-only, and curcumin-treated
(50 uM and 100 uM) conditions. GAPDH was used as a loading control; (B) Densitometric analysis
of Bax expression normalized to GAPDH in HT 29 cells; (C) mRNA expression of Bax in HT 29 cells
assessed by RT-PCR, demonstrating transcriptional upregulation by curcumin; (D) Representative
Western blot for Bax expression in Caco-2 cells under the same treatment conditions; (E) Densitometric
quantification in Caco-2 confirms a dose-dependent increase in Bax protein levels with curcumin;
(F) RT-PCR analysis of Bax mRNA in Caco-2 cells, indicating transcriptional upregulation in response
to curcumin. (Note: Data represent the mean + SD of three independent experiments. * p < 0.05 and
** p < 0.01, ns: not significant).

Activation of caspase-3 as the executioner caspase: Given that Bax-mediated MOMP
triggers apoptosome assembly and subsequent caspase-3 activation [142], we next ana-
lyzed caspase-3 expression. Curcumin induced a robust, concentration-dependent increase
in caspase-3 protein in both HT 29 and Caco-2 cells, with 100 uM curcumin producing
the strongest upregulation (Figure 10A,D). Densitometric analyses (Figure 10B,E) con-
firmed these trends. While LPS alone elicited only a minor, non-significant increase in
caspase-3 protein, no corresponding rise in CASP3 mRNA was detected, suggesting post-
transcriptional regulation. In contrast, curcumin treatment significantly upregulated CASP3
mRNA (Figure 10C,F), indicating that the executioner phase of apoptosis is transcription-
ally reactivated by curcumin in an inflammatory context.
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Figure 9. Curcumin Downregulates Bcl 2 Expression in LPS-Stimulated HT 29 and Caco-2 Cells.
(A) Western blot showing Bcl 2 protein expression in HT 29 cells under control, LPS, LPS + cur-
cumin 50 uM, and LPS + curcumin 100 uM conditions; (B) Densitometric quantification of Bcl 2
protein levels in HT 29 normalized to GAPDH, confirming dose-dependent suppression by cur-
cumin; (C) RT-PCR analysis of Bcl 2 mRNA in HT 29 showing LPS-induced upregulation reversed
by curcumin; (D) Western blot of Bcl 2 protein expression in Caco-2 cells under identical treatment
conditions demonstrating curcumin-mediated suppression; (E) Densitometric analysis of Bcl 2 protein
in Caco-2 cells normalized to GAPDH showing significant reduction with curcumin; (F) RT-PCR
analysis of Bcl 2 mRNA in Caco-2 cells reflecting the protein data with transcript downregulation
upon curcumin treatment. (Note: Data represent the mean =+ SD of three independent experiments.

*p <0.05 and ** p < 0.01, ns: not significant).

A B (o]
15 sk
Expression of cleaved | 2 3 4 H *x 25 *
caspase 3 in HT 29 - — — — 17 kD2 ; s
cell line cx 1.0 & 20
&5 S ns
Expression of GAPDH — ks 8% §15 l_l
in HT 29 cell line 52 ns S
G205 T 10
3 IS
. 0.5
1. HT 29 cell line g
2. HT29+LPS § oo 0.0
3. HT 29 +LPS + 50 pM Curcumin 1 2 3 4 12 3 4
4. HT 29 + LPS + 100 pM Curcumin Caspase 3 Expression in +/- of Curcumin in HT 29 Cell Line  mRNA expression analysis in +/- of Curcumin
’ in HT 29 Cell line

D

Expression of cleaved
caspase 3 in Caco-2

cell line

Expression of GAPDH e <— — — 37 kDa
in Caco-2 cell line

LN S

E F

—— N S— 17 KDa

by GAPDH
Fold Change
5

Caco-2 cell line

Caco-2 + LPS

Caco-2 + LPS + 50 pM Curcumin
Caco-2 + LPS + 100 pM Curcumin

Caspase 3 Expression Normalized

0.0 0.0

mRNA expression analysis in +/- of Curcumin
in Caco-2 Cell line

Caspase 3 Expression in +/- of Curcumin in Caco-2 Cell Line

Figure 10. Curcumin upregulates caspase-3 expression, promoting execution-phase apoptosis in
inflamed CRC cell line. Western blot and RT-PCR were used to evaluate the effect of curcumin
on caspase-3 expression in LPS-stimulated HT 29 and Caco-2 cells. (A) Western blot showing dose-
dependent increase in caspase-3 protein expression in HT 29 cells after treatment with 50 uM and
100 uM curcumin; (B) Densitometric analysis of caspase-3 expression normalized to GAPDH in HT
29 cells; (C) CASP3 mRNA expression levels in HT 29 cells, as determined by real-time PCR, confirm-
ing transcriptional upregulation with curcumin; (D) Western blot analysis of caspase-3 expression in
Caco-2 cells under similar treatment conditions; (E) Densitometric quantification of Caco-2 caspase-3
protein normalized to GAPDH; (F) RT-PCR analysis of CASP3 mRNA levels in Caco-2 cells showing
no significant change with LPS alone but robust upregulation with curcumin. (Note: Data represent
the mean + SD of three independent experiments. * p < 0.05 and ** p < 0.01, ns: not significant).

Functional validation of apoptosis: To corroborate the molecular evidence of apop-
tosis, we employed morphological and quantitative assays. Acridine Orange/Ethidium
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Bromide (AO/EB) staining revealed that untreated and LPS-treated HT 29 and Caco-2 cells
displayed predominantly green fluorescence (viable cells), with only rare early apoptotic
events (Figure 11A,B,EF). In contrast, co-treatment with 100 uM curcumin and LPS re-
sulted in widespread orange-to-red fluorescence, indicative of apoptotic or necrotic nuclei
(Figure 11C,G). Quantification of live cell density (Figure 11D,H) demonstrated a significant

reduction in viable cells (p < 0.01) in curcumin-treated groups compared to both control
and LPS-only conditions.
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A.HT 29 Cells; B. HT 29 + LPS; C. HT 29 + LPS + 100 uM Curcumin
E. Caco-2 Cells; F. Caco-2 +LPS; G. Caco-2 +LPS + 100 uM Curcumin

Figure 11. Acridine Orange/Ethidium Bromide Staining Reveals Curcumin-Induced Apoptosis in
LPS-Stimulated HT 29 and Caco-2 Cells. Representative fluorescence microscopy images of acridine
orange/ethidium bromide (AO/EB) dual-stained HT 29 cells: untreated control (A); LPS-treated (B);
LPS + 100 uM curcumin (C); and corresponding live cell density quantification (D); Representative
fluorescence microscopy images of AO/EB-stained Caco-2 cells: untreated control (E); LPS-treated (F);
LPS + 100 uM curcumin (G); and corresponding live cell density quantification (H); (Note: Green
fluorescence indicates viable cells with intact membranes; orange/red fluorescence denotes apoptotic
or non-viable cells with compromised membrane integrity; Quantitative data (D,H) are presented
as mean £ SD, with statistical significance determined by ANOVA followed by post hoc testing
(** p < 0.01); AO/EB staining confirms curcumin-induced apoptosis in both cell lines, supporting
molecular findings from caspase-8, Bax, Bcl 2, and caspase-3 assays, ns: not significant).
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To further quantify apoptosis, Annexin V/PI flow cytometry was performed. In

both cell lines, curcumin treatment led to a marked increase in early apoptotic (Annexin
V+/PI-) and late apoptotic (Annexin V+/PI+) populations compared to LPS or untreated
groups (Figure 12A-C,F-H). Quantitative analysis (Figure 12D,E,I]) revealed a statistically
significant (p < 0.01) increase in total apoptotic cells, confirming that curcumin robustly

drives apoptotic progression.
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Figure 12. Curcumin Induces Quantitative Apoptosis in LPS-Stimulated HT 29 and Caco-2 Cells as
Assessed by Annexin V/PI Flow Cytometry. Representative flow cytometry plots showing Annexin
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V-FITC and PI staining in HT 29 cells under untreated (A), LPS-treated (B), and LPS + 100 uM
curcumin (C) conditions; Quantitative analysis of total apoptotic cells in HT 29 populations under
each treatment (D); Cell distribution analysis showing percentages of viable, early apoptotic, late
apoptotic, and necrotic cells in HT 29 (E); Representative flow cytometry plots for Caco-2 cells
under untreated (F), LPS-treated (G), and LPS + 100 uM curcumin (H) conditions; Quantitative
apoptotic cell percentages in Caco-2 populations (I); Corresponding distribution across viability and
apoptosis states in Caco-2 (J); (Note: Annexin V-positive, PI-negative cells represent early apoptosis;
Annexin V and PI double-positive cells indicate late apoptosis; Data are presented as mean + SD
from independent experiments; ** p < 0.01 vs. untreated or LPS-treated groups; ns = not significant).

Results confirm that curcumin treatment significantly increases both early and late apoptosis in
LPS-stimulated HT 29 and Caco-2 cells.

Reduction in cell viability (MTT assay): Finally, to integrate the molecular and func-
tional outcomes into a global measure of cytotoxicity, we conducted MTT assays in the
presence and absence of LPS. Curcumin treatment resulted in a dose-dependent reduction
in mitochondrial metabolic activity, with maximal cytotoxicity observed at 100 uM in both
HT 29 and Caco-2 cells (Figure 13A-D). LPS alone had minimal effect on viability, but its
combination with curcumin further exacerbated cell death, suggesting that curcumin’s
pro-apoptotic activity overrides LPS-driven survival cues.
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Figure 13. Curcumin reduces cell viability in HT 29 and Caco-2 cells under basal and LPS-stimulated
conditions as measured by MTT assay. (A) Dose-dependent reduction in cell viability in HT 29 cells
following curcumin treatment (25, 50, 75, 100 uM) under basal conditions, as measured by MTT
absorbance at 570 nm; (B) Curcumin significantly reduces HT 29 cell viability in the presence of
LPS (10 pg/mL), with maximal cytotoxicity at 100 uM; (C) Caco-2 cells show a comparable dose-
dependent decline in viability under basal conditions, with statistically significant reductions at
all tested concentrations of curcumin; (D) Under LPS-stimulated conditions, curcumin markedly
decreases viability in Caco-2 cells, indicating robust cytotoxicity in an inflammatory microenvi-
ronment. (Note: All values are expressed as mean + SEM from three independent experiments;
significance determined using one-way ANOVA with Tukey’s post hoc test (ns: non-significant,
*p <0.05; ** p <0.01)).

In summary, these findings establish a coherent mechanistic sequence in which cur-
cumin suppresses PAR-2 and ERK/TNF-« signaling, thereby reactivating both extrinsic
(caspase-8) and intrinsic (Bax/ Bcl 2) apoptotic pathways. The convergence of these pathways
leads to caspase-3 activation, culminating in apoptotic cell death as validated by AO/EB
staining, Annexin V/PI flow cytometry, and MTT assays. This multi-level regulation un-
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derscores curcumin’s potential as a pleiotropic anti-inflammatory and pro-apoptotic agent
in colorectal cancer models.

3.7. Effect of Curcumin on Calcium Dynamics

After demonstrating that curcumin downregulates PAR-2 and TNF-o, modulates
caspase activation, and shifts the balance between pro-and anti-apoptotic proteins (Bax and
Bcl 2), we next assessed intracellular calcium dynamics using the Fluo-4 assay in HT 29 and
Caco-2 cells. This transition was guided by the well-established mechanistic link between
PAR-2 activation and intracellular calcium release via the PLC/InsP3; pathway, which not
only amplifies inflammatory signaling through NF-«B but also directly influences mito-
chondrial apoptotic checkpoints such as Bax/Bcl 2 and caspase-3 activation [122]. Calcium
is a central second messenger in both inflammatory and apoptotic signaling, with PAR-2
and TNF-« known to stimulate intracellular calcium release and influx. Dysregulation of
calcium homeostasis can trigger mitochondrial dysfunction, amplify apoptotic signaling,
and contribute to cellular injury. By examining changes in Fluo-4 fluorescence, we aimed
to determine whether curcumin’s anti-inflammatory and pro-apoptotic actions in these
intestinal epithelial cell lines are associated with modulation of calcium signaling pathways,
thereby providing further mechanistic insight into its cellular effects.

Fluo-4 fluorescence imaging revealed that untreated HT 29 cells (Figure 14A) displayed
moderate baseline fluorescence, corresponding to physiological intracellular calcium levels.
Upon LPS stimulation (Figure 14B), there was a marked increase in Fluo-4 fluorescence
intensity, indicating a substantial elevation in intracellular calcium. Notably, treatment
with 100 uM curcumin in the presence of LPS (Figure 14C) resulted in a pronounced
reduction in fluorescence intensity, approaching or falling below baseline levels observed
in untreated cells. Quantitative analysis (Figure 14D) confirmed that LPS significantly
increased intracellular calcium compared to control, while curcumin treatment robustly
suppressed this LPS-induced calcium elevation (p < 0.01).

Morphologically, HT 29 cells maintained their typical epithelial appearance across
all conditions, though LPS stimulation appeared to increase cell clustering and density.
Curcumin treatment did not induce overt morphological changes but was associated with
a reduction in overall fluorescence, consistent with lower intracellular calcium.

A similar pattern was observed in Caco-2 cells. Baseline Fluo-4 fluorescence in un-
treated cells (Figure 14E) was modest, while LPS stimulation (Figure 14F) led to a substantial
increase in fluorescence intensity, reflecting elevated intracellular calcium. Curcumin treat-
ment (Figure 14G) significantly diminished Fluo-4 fluorescence, restoring calcium levels
toward or below those of untreated controls. Quantitative analysis (Figure 14H) mirrored
the findings in HT 29 cells, with curcumin significantly reducing LPS-induced calcium
elevation (p < 0.01).

Caco-2 cells retained their characteristic cobblestone morphology throughout the
experiment. LPS exposure did not cause major morphological alterations, but curcumin
treatment was associated with a visible decrease in fluorescence intensity, without apparent
cytotoxic morphological effects.

In summary, these results demonstrate that curcumin effectively suppresses LPS-
induced intracellular calcium elevation in both HT 29 and Caco-2 cells, as evidenced by
reduced Fluo-4 fluorescence intensity. This reduction in calcium signaling may contribute
to curcumin’s anti-inflammatory and pro-apoptotic effects, further supporting its role in
modulating key cellular pathways in intestinal epithelial cells.
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Figure 14. Curcumin attenuates LPS-induced intracellular calcium elevation in HT 29 and Caco-2
cells as assessed by Fluo-4 fluorescence imaging. (A) Baseline Fluo-4 fluorescence in untreated
HT 29 cells reveals moderate intracellular calcium levels; (B) LPS stimulation (10 pg/mL) leads
to a marked increase in intracellular calcium as indicated by elevated Fluo-4 fluorescence; (C) Co-
treatment with 100 uM curcumin significantly reduces LPS-induced calcium elevation in HT 29 cells;
(D) Quantitative fluorescence analysis confirms statistically significant suppression of LPS-induced
calcium increase by curcumin in HT 29 cells); (E) Untreated Caco-2 cells exhibit modest baseline
Fluo-4 fluorescence; (F) LPS treatment induces substantial elevation of intracellular calcium in Caco-
2 cells; (G) Curcumin (100 uM) markedly diminishes calcium levels in LPS-treated Caco-2 cells;
(H) Quantitative analysis in Caco-2 confirms significant curcumin-mediated attenuation of calcium
flux. (Note: Data represent mean + SEM of three independent experiments; statistical significance
was determined using one-way ANOVA followed by Tukey’s post hoc test).

3.8. Structural Prediction of PAR-2 Using AlphaFold Confirms Canonical GPCR Topology and
Identifies a Viable Ligand-Binding Pocket

Having established through our experimental data that curcumin downregulates PAR-2
and attenuates its downstream signaling (PAR-2 — ERK1/2 — TNF-« — apoptosis), we
next sought to investigate whether these effects may also arise from a direct interaction of
curcumin with the receptor’s structural framework, thereby altering its conformational
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dynamics and signaling output. Curcumin, as a polyphenolic diarylheptanoid compound,
exhibits a planar and highly conjugated structure with flexible hydroxyl and methoxy
groups capable of forming stable hydrophobic interactions, m— stacking, and hydrogen
bonding within transmembrane receptor pockets [143]. This structural versatility enables
curcumin to potentially engage PAR-2’s ligand-binding cavity, stabilizing an inactive confor-
mation that prevents the receptor’s conformational cycling required for G-protein coupling
and (-arrestin recruitment [144]. Attenuation of PAR-2’s conformational plasticity would
disrupt its ability to trigger canonical phosphorylation cascades, thereby suppressing
downstream MAPK and NF-«B pathways [145]. NF-«kB, a transcription factor central to
inflammatory responses, is activated by PAR-2 signaling through TLR4-like cross-talk and
ERK1/2 phosphorylation, resulting in nuclear translocation and transcriptional upregula-
tion of pro-inflammatory and pro-survival genes such as TNF-«, Bcl 2, and MCL-1 [146].
Thus, if curcumin directly interferes with PAR-2’s conformational state, this would not
only inhibit receptor signaling at the plasma membrane but also attenuate transcriptional
programs that sustain inflammation, tumor proliferation, and apoptosis resistance. As
illustrated in Figure 15, such conformational inhibition could theoretically dampen multiple
interconnected pathways, including ERK1/2 phosphorylation, NF-«B nuclear activity, and
the downstream regulation of caspase-8 and mitochondrial apoptotic checkpoints.

This rationale provides the foundation for integrating in silico modeling with our
experimental findings, as structural docking analyses can reveal whether curcumin is
capable of engaging key transmembrane or extracellular domains of PAR-2, thereby offering
a plausible molecular explanation for the downregulation of signaling cascades observed
in our CRC cell models. To explore this hypothesis, we generated a full-length structural
model of human PAR-2 using AlphaFold2 and subsequently performed molecular docking
studies with curcumin to identify energetically favorable binding pockets and assess their
potential mechanistic relevance.

Figure 16A shows the per-residue confidence scores (pLDDT) plotted alongside
sequence coverage. The AlphaFold model demonstrated high-confidence predictions
(pLDDT > 90) across the transmembrane helices, which constitute the core of the receptor’s
functional architecture. The extracellular N-terminal domain and some loop regions exhib-
ited lower pLDDT values, reflecting intrinsic flexibility and conformational heterogeneity
commonly observed in GPCR extracellular domains.

The predicted 3D structure of PAR-2 is illustrated in Figure 16B. The model adopts
a canonical Class A GPCR fold, comprising seven transmembrane «-helices organized
in a right-handed bundle, three extracellular loops (ECL1-3), and three intracellular
loops (ICL1-3). The helices form a central cavity—spanning helices III, V, VI, and
VIl—characteristic of ligand-binding domains in GPCRs. The arrangement and orientation
of the transmembrane helices are structurally analogous to those reported for crystallized
Class A GPCRs, underscoring the model’s fidelity. The cytoplasmic C-terminal tail, which
typically exhibits conformational disorder, remained unresolved beyond a certain length,
as expected from its unstructured nature.

To assess the robustness and internal consistency of the structural predictions,
residue-residue distance contact maps were generated for the top five AlphaFold-ranked
models (Figure 16C). These matrices display high concordance in inter-residue distances,
particularly within the transmembrane core, indicating that the transmembrane bundle is
reproducibly predicted across models.

Figure 16D illustrates the predicted IDDT (inter-residue distance difference test) scores
per residue for all five models. The overlay of curves reveals a tightly clustered confidence
profile, especially within the transmembrane segments, validating the reproducibility and
reliability of the spatial predictions across multiple independently ranked models.
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Taken together, the AlphaFold-generated model of PAR-2 provides a high-confidence
structural framework consistent with a functional GPCR capable of ligand binding. The cen-
tral cavity formed within the transmembrane helices presents a plausible and biophysically
relevant site for small molecule interaction. This structural prediction was thus employed
in subsequent molecular docking analyses to assess curcumin binding using the CB-Dock2
platform (refer below).

/~ Curcumin Downregulates \ Curcumin Does Not Modulate PAR-1 Expression
PAR-2 Expression at Curcumin treatment did not alter PAR-1 expression at either the

Translational & mRNA or protein level, confirming the specificity of its regulatory
Transcriptomic Levels effects toward PAR-2 in CRC cell models.

This study elucidates the 4
mechanistic cascade

PAR-2 > ERK1/2  pERK »
TNF-a > Caspase-8 >

Bax/Bel-2 > Caspase-3>

Highlighting curcumin’s , ‘ F2R Gene \ ,

multi-level modulation of
inflammatory and apoptotic
signaling

In silico docking studies
(AlphaFold, DeepMind; CB-
DOCK2) suggest that

curcumin may directly bind to
PAR-2 10 exertts effects. A\ AF2RL1Gene f AN
Confirmation of this direct
interaction will require
advanced biophysical

approaches such as surface
plasmon resonance (SPR),

isothermal titration
calorimetry (ITC), or NMR
Bl P imour initiation +
. ~ Q:un ORI rucvow: kision

TNF-alpha

/ niotion o A = ‘ Rerufmantof AP-

Interaction with Axin

PI3/AKT pathway

MAPK pathway

Accumulation of
FZD Receptors

Stabilized beta TNF -alpha
catenin Bol2 (Bax) 1 Destruction Complex
T
Translocation
to the nucleus
g } Phosphortation of beta-
e \ catenin
: —
s
—

Figure Key

Experimentally confirmed in this
study

Potential downstream target
(literature-based)

Figure 15. Integrated mechanistic model illustrating the multi-level inhibitory effects of curcumin on
PAR-2 signaling and downstream inflammatory and apoptotic pathways in colorectal cancer (CRC)
cells. Curcumin is predicted to bind and inhibit F2RL1 (gene) and its protein product PAR-2, as
supported by in silico modeling using CB-Dock2 and DeepMind (AlphaFold2) predictions (upper
left). Experimental validation via ITC and SPR is indicated as a future requirement. In contrast,
no downregulation of PAR-1 (F2R) was observed at either the transcriptional or translational level
(upper right). Curcumin-induced inhibition of PAR-2 leads to suppression of pro-inflammatory
signaling cascades, including NF-«B activation, TNF-o secretion, and intracellular Ca?* flux, thereby
reducing proto-oncogene activation and cell proliferation. The inhibition of MAPK/ERK1/2 signaling
(both total and phosphorylated ERK) downstream of PAR-2 results in reduced DUSP6 expression
and altered phosphorylation dynamics. This blockade relieves the PAR-2-mediated suppression of
apoptosis, enabling activation of caspase-8 (full-length and cleaved forms), Bax upregulation, Bcl 2
downregulation, and caspase-3 activation, culminating in apoptosis. Additionally, curcumin disrupts
PI3K/Akt and Wnt/ 3-catenin pathways by inhibiting LRP6 recruitment, 3-catenin stabilization, and
EMT-related signaling, which collectively impair tumor initiation, chemoresistance, and metastasis.
Pathways confirmed experimentally in this study are highlighted with black arrows and red con-
nectors, whereas potential downstream targets derived from literature-based evidence are shown in

purple connectors.
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Figure 16. AlphaFold-based structural prediction of PAR-2 confirms canonical GPCR topology
and supports downstream docking analysis. (A) Sequence coverage and per-residue confidence
(pLDDT) plot from AlphaFold prediction showing high confidence scores (>90) across transmem-
brane domains, with lower confidence regions corresponding to extracellular and intracellular
loops; (B) Three-dimensional ribbon model of human PAR-2 generated using AlphaFold, reveal-
ing the typical seven-transmembrane x-helical architecture characteristic of Class A GPCRs, with
helices arranged to form a central ligand-accessible cavity; (C) Contact distance matrices for the
top five ranked models, illustrating inter-residue spatial congruency and stability of the predicted
transmembrane core; (D) Predicted IDDT score per residue across the five AlphaFold models, demon-
strating consistent high-confidence predictions in helical regions and variability in terminal and
loop regions.

3.9. Molecular Docking Suggests Direct Interaction of Curcumin with PAR-2 at a Deep
Transmembrane Pocket

Given the pronounced downregulation of PAR-2 expression by curcumin in both HT
29 and Caco-2 cell lines, coupled with reduced downstream signaling via ERK1/2 and reac-
tivation of apoptotic cascades (caspase-8 and -3), we sought to investigate whether curcumin
may directly interact with PAR-2 at a structural level. To this end, molecular docking studies
were conducted using the AlphaFold-predicted structure of human PAR-2 (refer Figure 16),
followed by blind docking through the CB-Dock2 platform. This approach allowed iden-
tification of energetically favorable curcumin-binding pockets, enabling structure-based
insights into its potential inhibitory mechanism.

Among five identified binding cavities (C1-C5), the site designated as C4 yielded the
most favorable vina docking score of —6.9 kcal/mol, compared to —6.5, —6.1, —6.0, and
—3.5 kcal/mol for the remaining sites, respectively. A more negative vina docking score
reflects a stronger predicted binding affinity between the ligand and the receptor, indicating
greater thermodynamic favourability of the interaction.

C4 was characterized by a compact pocket (volume = 324 A%) located within the
transmembrane domain, centered at coordinates (13, 2, 11), and exhibited a hydrophobic
microenvironment conducive to aromatic ligand binding. Based on the superior binding
energy and spatial proximity to the functional core of PAR-2, this conformation was selected
for detailed structural visualization and interaction profiling (Figure 17).
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Figure 17. Molecular docking of curcumin with AlphaFold-modeled human PAR-2 structure using
CB-Dock2 (A) Cartoon representation of the full-length PAR-2 receptor (predicted by AlphaFold2)
showing curcumin bound within the C4 binding cavity, the site with the most favorable vina docking
score (—6.9 kcal/mol); (B) Zoomed-in view of the transmembrane domain of PAR-2 depicting the
docking pose of curcumin stabilized within the ligand-accessible pocket formed by helices TM3, TM5,
and TM6; (C) Surface representation of the binding site highlighting specific interacting residues
including F251, 1252, A255, F256, T258, Y262, V263, and 1266, suggesting a hydrophobic and hydrogen
bonding—stabilized interaction network between curcumin and the PAR-2 binding groove.

The 3D docking pose in Figure 17A demonstrates the localization of curcumin within
the central transmembrane (TM) cleft of PAR-2. Figure 17B provides a lateral view, high-
lighting its insertion within helices TM3, TM5, and TM6. Notably, the ligand formed stable
hydrophobic and van der Waals interactions with several conserved residues, including
F251, 1252, P254, A255, F256, Y262, and V263, all of which line the inner binding groove
(Figure 17C). Additionally, putative hydrogen bonds and m—m stacking interactions with
residues Y296 and T301 likely enhance binding stability, further anchoring curcumin in a
functionally relevant site that may allosterically hinder signal transduction.

This docking model supports our experimental hypothesis that curcumin directly
engages PAR-2 to suppress its signaling function. Given the spatial positioning within
a region implicated in G-protein coupling and activation, the results raise the possibility
of a steric hindrance or conformational locking mechanism by which curcumin exerts
its anti-inflammatory and pro-apoptotic effects. These insights reinforce the notion that
curcumin acts not merely as a transcriptional modulator of PAR-2 expression but may
also function as a direct structural antagonist under inflammatory conditions relevant to
colorectal cancer progression.
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4. Discussion

In this study, we demonstrate that curcumin, a bioactive polyphenol, potently at-
tenuates LPS-driven inflammatory signaling in CRC cells by downregulating PAR-2 and
its downstream effectors, thereby reactivating apoptotic pathways. Curcumin treatment
counteracted the LPS-induced upregulation of PAR-2 at both protein and mRNA levels in
HT 29 and Caco-2 cells (Figure 2), without affecting the closely related PAR-1 (Figure 3).
This selective PAR-2 inhibition translated into a suppression of mitogen-activated protein
kinase (MAPK) signaling, as evidenced by reduced total ERK1/2 and phosphorylated ERK
levels in both cell lines (Figures 4 and 5). Consequently, curcumin blunted the production
of the pro-inflammatory cytokine TNF-u (Figure 6) and relieved the PAR-2-mediated block-
ade of apoptosis. We observed restored expression of caspase-8 (Figure 7), upregulation
of the pro-apoptotic Bax (Figure 8) with concomitant downregulation of anti-apoptotic
Bcl 2 (Figure 9), and increased caspase-3 expression (Figure 10). These molecular changes
culminated in a marked induction of apoptosis, as confirmed by acridine orange/ethidium
bromide staining (Figure 11), Annexin V/PI flow cytometry (Figure 12), and loss of cell
viability in MTT assays (Figure 13). Notably, curcumin also prevented the LPS-triggered
rise in intracellular Ca?* (Figure 14), suggesting an additional mechanism by which cur-
cumin may dampen inflammatory signaling. Finally, integrative in silico analyses indicate
that curcumin may directly interact with PAR-2. In fact, an AlphaFold2-derived PAR-2
structure (Figure 16) revealed a credible ligand-binding pocket within the transmembrane
(TM) domain, and molecular docking pinpointed a deep cavity where curcumin binds with
high affinity (~—6.9 kcal/mol) (Figure 17). Below, we discuss each of these findings in the
context of the current literature, focusing on the mechanistic sequence PAR-2 — ERK1/2
— pERK — TNF-a — Caspase-8 — Bax/Bcl 2 — Caspase-3 — Apoptosis, and explore the
translational implications and future directions of targeting the PAR-2 pathway in CRC.

Our results establish PAR-2 as a key target of curcumin’s action in inflamed CRC cells.
Curcumin dose-dependently reversed the LPS-induced PAR-2 upregulation in both cell
lines (Figure 2A-F). In contrast, the structurally homologous PAR-1 remained unchanged
(Figure 3A-F), underscoring that curcumin’s effect is not due to a nonspecific shutdown
of all PARs, but rather a selective modulation of the PAR-2 axis. This finding is novel
and significant, as PAR-2 is increasingly recognized as an important pro-tumorigenic, pro-
inflammatory receptor in CRC pathophysiology [147]. PAR-2 is often overexpressed in
colorectal tumors and drives inflammatory cascades (e.g., ERK1/2 and PI3K/Akt path-
ways) that promote cancer cell proliferation, survival, and invasion [53]. By dampening
PAR-2 expression, curcumin effectively short-circuits these oncogenic signals at their origin.
Indeed, following PAR-2 suppression, we observed a marked reduction in downstream
ERK1/2 signaling activity in curcumin-treated cells (Figures 4 and 5). LPS alone robustly
activated ERK1/2 (via TLR4-PAR-2 crosstalk) in our model, consistent with the known
role of PAR-2 in amplifying MAPK signaling during inflammation [53,147]. Curcumin
co-treatment significantly lowered total ERK1/2 protein levels and their phosphorylation
(pERK), which aligns with curcumin’s well-documented inhibition of MAPK pathways
in various cell types [148]. For example, curcumin has been reported to suppress ERK
activation in immune cells and cancer cells as part of its broad anti-inflammatory, anti-
proliferative effects [148,149]. Our findings mirror those in human mast cells where cur-
cumin blocked PAR-2-mediated degranulation by inhibiting the downstream ERK pathway
rather than by directly inactivating the protease agonist [149]. Thus, both in immune and
epithelial contexts, curcumin appears to target the receptor—+MAPK link as a means of
controlling inflammation.

It is worth noting an intriguing nuance in the ERK signaling data. In HT 29 and Caco-2
cells, the ratio of phosphorylated ERK to total ERK was paradoxically elevated at the high-
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est curcumin dose (Figures 4D and 5D), despite an absolute reduction in both measures.
One interpretation is that curcumin more strongly suppressed new ERK protein synthesis
than it did ERK phosphorylation of the residual pool, resulting in a higher pERK/ERK
ratio. This effect could arise from curcumin’s pleiotropic actions on transcriptional and
post-translational regulation of ERK signaling components, such as its reported inhibition
of transcription factors AP-1 and Egr-1, leading to reduced ERK1/2 transcription [98]. Con-
currently, curcumin may alter the activity or expression of ERK-directed phosphatases like
DUSPé, preserving phosphorylated ERK species within specific subcellular compartments
(e.g., nuclear pools) even while total ERK declines [150]. This could reflect a compensatory
feedback—for instance, reduced ERK levels might lessen the activation of ERK-responsive
phosphatases like DUSP6 [151], causing the remaining ERK to retain phosphorylation.
In line with this, there may be a plausible decrease in DUSP6 expression (an inducible
ERK phosphatase) with curcumin treatment, reflected in the concomitant drop of ERK1/2
mRNA [151,152] (Figures 4 and 5), suggesting curcumin curtailed the usual negative feed-
back loop. Additionally, curcumin’s induction of oxidative and endoplasmic reticulum (ER)
stress could transiently activate upstream stress kinases, allowing residual ERK molecules
to remain phosphorylated as part of a stress-adaptive response, a phenomenon observed
in other models of curcumin-induced apoptosis [153]. Such complexity underscores the
layered regulation of MAPK signaling. It is a possibility that curcumin’s partial inhibition
of the pathway may unmask feedback dynamics that maintain a fraction of ERK in the
active state. Nonetheless, the net effect clearly favored signaling suppression, as total pERK
levels fell and downstream inflammatory outputs were reduced. This interpretation is
further supported by the induction of apoptosis-related factors in the present investigation
(e.g., caspase-8 and Bax/Bcl 2 modulation) downstream of ERK attenuation, indicating that
the apparent ratio increase does not equate to functional pathway activation but rather to a
redistribution of residual signaling pools under curcumin’s influence. Further studies could
explore this phenomenon. This phenomenon can be investigated, through time-resolved
phosphoproteomics [154], or mathematical modeling of the ERK pathway [155] to deter-
mine if curcumin induces any adaptive resistance in signaling networks. Overall, our data
firmly support that curcumin attenuates the pro-inflammatory ERK cascade downstream
of PAR-2. This is a critical mechanistic link, where by disconnecting PAR-2 from its MAPK
effector, curcumin interrupts a major route by which PAR-2 drives gene expression of
inflammatory and survival genes in CRC.

One important downstream consequence of PAR-2/MAPK signaling is the induction
of cytokines like TNF-a. As expected, LPS stimulation sharply increased TNF-« secretion
and mRNA in our cell models, and curcumin caused a dose-dependent blockade of this
increase (Figure 6A-D). This finding is in agreement with the wealth of literature describing
curcumin’s anti-NF-«B activity [156,157]. TNF-« expression in LPS-stimulated colon cells
is largely NF-kB-dependent [158], and curcumin is a known inhibitor of NF-«B signal-
ing [148]. By suppressing ERK and likely NF-kB activation (via TLR4/PAR-2), curcumin
effectively prevented the transcriptional upregulation of TNF-«. Our observation parallels
prior reports in macrophages and intestinal models where curcumin reduced LPS-induced
TNF-« levels [159-161]. To further confirm the role of ERK in regulating TNF-« expression,
we employed the selective ERK inhibitor SCH772984 (10 uM). Treatment with SCH772984
markedly reduced TNF-« secretion and mRNA levels in both HT 29 and Caco-2 cells
(Figure 6E-H), supporting the conclusion that ERK signaling is a critical upstream regulator
of TNF-« induction in this context. These findings strengthen our assertion that curcumin’s
effect on TNF-« is mediated, at least in part, through ERK pathway suppression. This is
significant because TNF-o not only propagates inflammation but also serves as a contextual
signal for apoptosis. In cancer cells, TNF- can have dual roles: it might induce apoptosis
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through extrinsic death receptors, but in an inflammatory milieu TNF-« often promotes
survival by activating NF-«B and other pathways in tumor cells [162,163]. Here, curcumin’s
simultaneous dampening of TNF-« and PAR-2/ERK suggests a coordinated shutdown of
pro-survival inflammatory loops. The SCH772984 data also suggest that ERK inhibition
reduces TNF-a-mediated survival signaling, thereby creating a cellular environment that is
more permissive to caspase-8 activation and the downstream Bax/Bcl 2 apoptotic cascade.
The net effect is that cells are no longer “primed” by inflammatory signals to resist apop-
tosis; instead, they become permissive to cell death pathways. Indeed, the positioning of
the TNF-« results in our study was deliberate—having established that curcumin quelled
upstream signals (PAR-2 and ERK), we showed TNF-« reduction as an intermediate out-
come that “sets the stage” for downstream apoptotic effects. In essence, curcumin pulls
multiple levers to tilt the balance from a pro-inflammatory, tumor-promoting state towards
a pro-apoptotic state.

A central novel finding of our work is that curcumin reverses PAR-2-mediated apop-
tosis resistance, as evidenced by the robust upregulation of caspase-8 (Figure 7). PAR-2
activation is known to confer resistance to apoptosis through sustained MEK1/2-ERK1/2
and PI3K-Akt signaling [57,139]. These pathways upregulate anti-apoptotic proteins and
prevent the activation of caspases—for example, PAR-2 signaling can promote BAD phos-
phorylation and increase levels of survival proteins like MCL-1 and Bcl2L12, thereby
impeding the proteolytic maturation of caspase-8 [139]. Consistent with these reports,
we observed that LPS (which indirectly activates PAR-2) kept caspase-8 expression low
(Figure 7A,D, lanes 2), indicating an apoptotic blockade at the initiator caspase level. Cur-
cumin effectively lifted this blockade: caspase-8 protein and mRNA were restored to, or
even exceeded, baseline levels with curcumin co-treatment (Figure 7A-F). Although apop-
tosis is classically associated with depletion of the procaspase pool and accumulation of
cleaved fragments, our concurrent observation of elevated full-length and cleaved caspase-8
suggests that curcumin transcriptionally upregulates CASP8 while simultaneously pro-
moting its activation, thereby replenishing substrate and ensuring sustained apoptotic
signaling.Importantly, analysis of cleaved caspase-8§ (Figure 7G,H) revealed a marked in-
crease in the active form of the enzyme with curcumin, confirming that curcumin not
only restores caspase-8 expression but also drives its proteolytic activation, a critical step
in initiating the extrinsic apoptotic cascade. This suggests that curcumin negated the
survival signals maintaining caspase-8 suppression. Our data align with earlier findings
that antagonizing PAR-2 or its downstream pathways can reinstate caspase-8 activity and
sensitize cells to apoptosis [57]. Also, PAR-2-driven ERK/ Akt signaling prevents caspase-§
activation [139]. By inhibiting these pathways, curcumin allows caspase-8 to accumulate
and presumably become activated in the presence of TNF- or other death signals. The
observed increase in cleaved caspase-8 complements the subsequent induction of Bax and
caspase-3 (Figures 8 and 10), indicating that curcumin coordinates the activation of both
extrinsic and intrinsic apoptotic pathways in CRC cells. This pro-apoptotic shift induced
by curcumin is particularly relevant in the context of cancer therapy. Many tumors, in-
cluding CRC, upregulate PAR-2 and other inflammation-linked signals to evade apoptosis
and resist chemotherapy [53]. Our results indicate that curcumin can counteract such
mechanisms, thereby potentially resensitizing cancer cells to apoptotic triggers. Notably,
curcumin’s effect on caspase-8 was dose-dependent and reproducible in two distinct CRC
lines, highlighting the robustness and generality of this mechanism.

Downstream of caspase-8, apoptosis signaling bifurcates into extrinsic and intrinsic
pathways. Caspase-8 can directly activate executioner caspases (extrinsic route) and can also
cleave Bid to engage the mitochondrial (intrinsic) pathway [164]. We therefore examined
Bax (pro-apoptotic) and Bcl 2 (anti-apoptotic) as critical regulators of the intrinsic pathway.
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Curcumin dramatically upregulated Bax in LPS-treated cells (Figure 8) while downregu-
lating Bcl 2 (Figure 9), in both cases countering the LPS-induced pro-survival expression
profile. In the presence of inflammation (LPS), cells tended to maintain low Bax and high
Bcl 2, a hallmark of apoptosis resistance. Curcumin reversed this balance: the Bax/Bcl 2
ratio was markedly increased in treated cells, favoring mitochondrial outer membrane
permeabilization and apoptosis. These findings reinforce the notion that curcumin triggers
apoptosis through multi-level regulation. Independent studies in other cancer models
corroborate our observations. For example, in retinoblastoma cells, curcumin was shown
to reduce Bcl 2 and increase Bax and cleaved caspase-3/-9, driving the cells into apopto-
sis [148]. Likewise, in breast cancer and gastric cancer models, curcumin or its analogs
increased the Bax/Bcl 2 ratio to initiate cell death [165-167]. The consistency of this pattern
across disparate cell types suggests that modulating Bcl 2 family members is a common
endpoint of curcumin’s pro-apoptotic action. Mechanistically, the drop in Bcl 2 we see with
curcumin could be a downstream effect of curcumin’s NF-kB inhibition, since Bcl 2 is an
NEF-«B-responsive gene in many contexts [168]. It could also relate to the aforementioned
caspase-8 reactivation, as active caspase-8 (via Bid cleavage) leads to mitochondrial engage-
ment and can promote Bax activation. Interestingly, PAR-2 signaling has been linked to the
maintenance of anti-apoptotic proteins (e.g., PAR-2 can induce MCL-1 and Bcl2L12 [140]).
Our data indicate that curcumin interrupts these signals, thereby lowering Bc! 2 levels. The
net effect is a cellular milieu that is decidedly pro-apoptotic. Also, high Bax expression
induced by curcumin (Figure 8), drives mitochondrial cytochrome c release, concomitantly
downregulation of Bcl 2 by curcumin (Figure 9), fails to stop it, and caspase-9/3 can then
be activated, as reflected in our measurements of caspase-3.

As the final executor of apoptosis, caspase-3 was expected to be activated as a con-
sequence of the upstream events. We indeed found that curcumin elevated caspase-3
expression (Figure 10). Although we primarily measured the expression of caspase-3 (full-
length) rather than its cleaved fragments, the increase in CASP3 mRNA, and protein with
curcumin suggests that the cells were transcriptionally upregulating the executioner ma-
chinery, likely in response to the pro-apoptotic signaling cascade. In HT 29 cells, LPS
alone did not significantly increase caspase-3, whereas curcumin did, implying that only
curcumin-treated cells fully commit to the apoptotic program. In Caco-2, there was a slight
increase in caspase-3 protein with LPS, but it was not supported at the mRNA level, hinting
at possible post-transcriptional stabilization of caspase-3 under stress (a divergence we noted
in results, Figure 10D-F). Regardless, in both cell lines the addition of curcumin caused a
clear upsurge in caspase-3, consistent with the completion of the apoptotic cascade. This
molecular evidence is powerfully reinforced by our functional apoptosis assays. Acridine
orange/EtBr staining revealed that curcumin + LPS treatment led to widespread cell death
(orange/red nuclei indicating late apoptosis/necrosis), whereas LPS alone left cells largely
viable (green, Figure 11). Quantitation showed significant reductions in live cell density
only when curcumin was present (Figure 11D,H). Similarly, Annexin V/PI flow cytometry
demonstrated a major shift in cell populations into early and late apoptosis quadrants with
curcumin treatment (Figure 12A-]). In both HT 29 and Caco-2, curcumin plus LPS caused ~3
to 4 fold increases in apoptotic cells compared to controls or LPS alone (Figure 12D,I), while
LPS by itself caused minimal apoptosis—a non-significant change relative to untreated
cells. These data confirm that LPS-induced inflammation is not intrinsically cytotoxic
(consistent with our initial MTT and morphology observations, Figure 1B-E), but curcumin
turns this inflammatory context into a lethal one for the cancer cells. The agreement among
multiple orthogonal assays (microscopy, flow cytometry, biochemical markers) leaves little
doubt that curcumin drives genuine programmed cell death rather than causing assay
artifacts or generic toxicity. Notably, even the MTT viability assays showed that curcumin
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reduced cell viability in both the presence and absence of LPS (Figure 13A-D), whereas
LPS alone had negligible impact on viability. This emphasizes that curcumin’s effect is
dominant and that the inflammatory state (while promoting PAR-2 signaling and cytokine
production) was primarily influencing how cells die rather than if they die. In absence
of inflammation, curcumin still can kill CRC cells (through its well-known cytotoxic ef-
fects at high concentrations), but under inflammatory conditions relevant to the tumor
microenvironment, curcumin’s pro-apoptotic efficacy is maintained or even enhanced
due to the relief of inflammation-associated survival signals. Taken together, our find-
ings paint a coherent picture: curcumin dismantles the inflammation-induced survival network
(PAR-2 — ERK — NF-xB/TNF-a — Bcl 2) that would normally shield CRC cells from apoptosis,
thereby allowing both extrinsic and intrinsic apoptotic pathways to proceed to completion. “Al-
though curcumin is known to modulate transcription factors like p53 and NF-«B in other models,
our study did not directly assess these factors. The observed changes in Bcl 2/Bax and inflammatory
markers are downstream indicators that align with p53/NF-x B influence, but we refrain from making
any claims about p53 or NF-xB activation in the absence of direct assays” .

We also discovered that curcumin abrogated LPS-induced intracellular Ca?* eleva-
tion (Figure 14). This result provides an additional mechanistic insight. PAR-2, being
Gg-coupled, and TNF-« can both trigger intracellular Ca?* release as part of cell signal-
ing [169,170]. In our model, LPS stimulation led to a pronounced Ca?* flux (visualized
by Fluo-4 fluorescence, Figure 14A-H), which is consistent with PAR-2 activation and
inflammatory signaling. Elevated Ca?" can activate numerous downstream pathways, in-
cluding Ca?*-dependent kinases, calcineurin/NFAT, and even calpain-mediated apoptosis
or necrosis, depending on context [171-173]. Curcumin’s ability to keep intracellular Ca?*
at baseline or below suggests that it interferes with this aspect of PAR-2/TLR4 signaling
as well. One likely explanation is that by downregulating PAR-2 (and possibly affecting
IP3 generation), curcumin prevents the Gg—coupled calcium release from the endoplas-
mic reticulum that would normally occur upon PAR-2 stimulation [169]. Additionally,
curcumin disrupts cellular Ca** homeostasis in cancer cells through other multifaceted
mechanisms that reinforce its pro-apoptotic and anti-proliferative actions. It inhibits Orail-
mediated store-operated Ca?* entry (SOCE), thereby impairing a critical influx pathway
required for CRC cell growth and survival. Simultaneously, curcumin targets the mitochon-
drial Na*/Ca2* exchanger (NCLX), promoting mitochondrial Ca?* overload, respiratory
dysfunction, and reactive oxygen species (ROS) generation—events that culminate in
endoplasmic reticulum (ER) stress and apoptosis [174]. In parallel, curcumin enhances
ER Ca?* release by modulating inositol trisphosphate receptor (IP3R) activity, a process
augmented by Bcl 2 downregulation (also observed in our study, Figure 9) witnessed in
non-small cell lung cancer models [175]. These concerted effects on Ca?* influx, efflux, and
ER-mitochondrial signaling establish curcumin as a dual modulator of Ca?* dynamics. In
malignant cells, this dyshomeostasis drives cytotoxicity, while in non-malignant contexts,
it may offer cytoprotective benefits by attenuating pathological Ca?* signaling. Together,
these findings underscore curcumin’s capacity to reprogram Ca* signaling networks across
intracellular compartments, coherently aligning with its anti-tumor mechanism of action.
In our context, curcumin suppressing the LPS-induced Ca?* rise might contribute to its
overall anti-inflammatory effect (since Ca?* is a secondary messenger for NF-«B activation
and cytokine secretion [176]) and could also stabilize cellular physiology as apoptosis takes
place. We noted that curcumin did not visibly perturb cell morphology aside from reducing
fluorescence (Figure 14C,G), indicating it was not causing acute cytotoxic calcium shock,
but rather normalizing calcium levels. Therefore, while the Ca?* findings are ancillary,
they reinforce the concept that curcumin globally dampens the “activated” state of the cell
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induced by LPS. This comprehensive suppression from calcium surges to kinase activation
to cytokine releasecreates conditions conducive to apoptosis and detrimental to survival.

In our study, we observed slight differences n the response to curcumin between HT
29 and Caco-2. This differential response of HT 29 and Caco-2 cells to curcumin can be
attributed to their distinct biological phenotypes and signaling landscapes. Caco-2 cells
display markedly higher basal expression of PAR-2 compared to HT 29 cells, as reported
by Darmoul et al. [64] and supported by our densitometric analysis (Figure 1A). This
elevated PAR-2 abundance may enhance curcumin’s downregulatory effects on the PAR-
2/ERK/TNE-a signaling axis. Furthermore, Caco-2 cells possess the ability to differentiate
into enterocyte-like cells with brush-border morphology and tight junctions, closely resem-
bling intestinal epithelial barrier function [177,178]. In contrast, HT 29 cells remain less
differentiated and exhibit a more stem-like phenotype with enhanced proliferative capacity
and resistance to apoptosis [179]. These intrinsic differences may influence the sensitivity of
the mitochondrial and death receptor-mediated apoptotic pathways, particularly involving
caspase-3 and caspase-8 activation, upon curcumin treatment. Additionally, the two cell lines
display variations in Wnt/ 3-catenin signaling and calcium homeostasis, both of which
intersect with PAR-2 pathways. Reports suggest that differentiated Caco-2 cells have a
more stabilized (3-catenin signaling profile and distinct MAPK/ERK activation patterns
compared to HT 29 [180]. Such differences in intracellular signaling and NF-«B activity
may underlie the subtle variations in cytokine secretion and apoptotic responses observed
in our study. Together, these data highlight that intrinsic PAR-2 abundance, differentiation
status, and signaling context significantly shape CRC cell line responsiveness to curcumin.

To complement these experimental findings, we employed structural modeling and
molecular docking to determine whether curcumin might exert a direct antagonistic effect
on PAR-2 at the receptor level. While our data clearly demonstrate transcriptional and
translational downregulation of PAR-2 and its downstream effectors, the rapid attenuation
of signaling events such as ERK phosphorylation and calcium flux within 24 h suggests
an additional layer of acute receptor modulation. Structural prediction of PAR-2 using
AlphaFold revealed a canonical GPCR fold with a well-defined transmembrane binding
cleft, which was further interrogated by docking analyses with curcumin. The docking
results indicate that curcumin may insert into a hydrophobic transmembrane pocket in
a manner capable of stabilizing an inactive PAR-2 conformation. Such conformational
locking would impede G-protein coupling and (3-arrestin recruitment, thereby silencing
downstream pathways, including ERK/MAPK and NF-«B signaling, which regulate tran-
scription of TNF-«, Bcl 2, and other pro-survival factors. As illustrated in our integrative
model (Figure 15), this structural interference could act synergistically with curcumin’s
transcriptional suppression of PAR-2, amplifying its ability to disconnect the inflammatory-
to-apoptotic signaling cascade. Thus, the in silico findings not only provide a plausible
molecular explanation for the observed attenuation of PAR-2 signaling but also underscore
a dual mechanism of action where curcumin functions both as a transcriptional regulator
and as a potential structural antagonist of PAR-2.

To delve deeper into whether curcumin might directly bind and antagonize PAR-2,
we turned to structural modeling and docking. Using AlphaFold2, we generated a high-
confidence model of human PAR-2 (Figure 16), which displayed the canonical Class A
GPCR topology: seven TM helices forming a central ligand-binding cavity, with flexible
extracellular loops [49] (as evidenced by lower pLDDT confidence in those regions). The
model’s TM core was predicted with high confidence and showed excellent agreement
with known GPCR structures (e.g., closely overlapping helices in the distance contact maps
across the top five models). This gave us a reliable scaffold to explore ligand binding. Blind
docking of curcumin using the CB-Dock?2 algorithm revealed five candidate binding pock-



Cells 2025, 14, 1451

42 of 56

ets (C1-C5) on PAR-2, of which one pocket (denoted C4) was clearly the most energetically
favorable. Curcumin docking in C4 yielded a vina score of approximately —6.9 kcal/mol,
more negative (stronger binding) than the next-best pockets (scores —6.5, —6.1, —6.0, and
—3.5 kcal/mol for pockets C1, C2, C3, C5, respectively) (Table 2). The C4 pocket is located
deep in the transmembrane bundle, with an approximate volume of 324 A3. Notably, this
pocket is a hydrophobic cleft formed by helices 111, V, VI (and likely VII)—aligning well
with where many Class A GPCR antagonists bind allosterically or orthosterically. The
docked pose (Figure 17A,B) showed curcumin nestled in this cleft, oriented roughly hori-
zontal to the plane of the membrane. Curcumin’s aromatic rings engaged in hydrophobic
contacts with multiple conserved residues lining the pocket, including F251, L.252, P254,
A255, and F256 on TM5 and Y262 and V263 on TM6. Additionally, the docking predicted
potential hydrogen bonds or n—m stacking interactions between curcumin’s (3-diketone or
phenolic groups and residues Y296 and T301 (likely on TM7/ECL3). These interactions
would together stabilize curcumin in a key region of the receptor. Intriguingly, the pocket
identified is adjacent to the intracellular side of the receptor—i.e., near where the G-protein
or (-arrestin would bind. If curcumin occupies this cavity, it could sterically hinder con-
formational changes or allosterically lock PAR-2 in an inactive state, preventing it from
coupling to G-proteins. This structural insight dovetails nicely with our experimental data:
it suggests that beyond downregulating PAR-2 gene expression, curcumin might acutely
inhibit PAR-2 function by directly binding the receptor. In practical terms, curcumin could
act as an allosteric antagonist of PAR-2 signaling, explaining why PAR-2 downstream
effects (ERK phosphorylation, calcium release, NF-«B activation) were all inhibited even
within 24 h of curcumin treatment—a timeframe in which direct receptor inhibition could
play a role before full protein downregulation occurs.

Table 2. Docking Parameters and Scores for Curcumin Binding to Predicted PAR-2 Pockets
Using CB-Dock2.

Pocket ID Vina Score (Kcal/Mol)

Cavity Volume (A%) Center Coordinates (x,y,z) Docking Box Size (x, y, z)

C4 —6.9 324 (13,2,11) (26, 26, 26)

C1 —6.5 698 (—14,10, 19) (26, 26, 26)

C3 —-6.1 353 (—6,16,1) (26, 26, 26)

C2 —6.0 580 (=25, —6,12) (26, 26, 26)

C5 —-35 283 9, -8, -7) (26, 26, 26)
Pocket ID  Vina Score (kcal/mol)  Cavity Volume ( AS) Center Coordinates (x,y,z) Docking Box Size (x, y, z)

Cc4 —6.9 324 (13,2,11) (26, 26, 26)

C1 —6.5 698 (—14,10,19) (26, 26, 26)

C3 -6.1 353 (—6,16,1) (26, 26, 26)

Cc2 —-6.0 580 (=25, —6,12) (26, 26, 26)

C5 -35 283 9, -8, -7) (26, 26, 26)
Pocket ID  Vina Score (kcal/mol)  Cavity Volume ( A3) Center Coordinates (x,y,z) Docking Box Size (x, y, z)

C4 —6.9 324 (13,2,11) (26, 26, 26)

C1 —6.5 698 (—14,10,19) (26, 26, 26)

C3 -6.1 353 (—6,16,1) (26, 26, 26)

C2 —6.0 580 (=25, —6,12) (26, 26, 26)

C5 -35 283 9, -8, -7) (26, 26, 26)

Note: The docking box size refers to the dimensions of the 3D search grid used by AutoDock Vina for ligand
exploration. All values are given in Angstréms (A), where 1 A =107 m.

It must be emphasized that this docking model, while compelling, is a computational
prediction. Nonetheless, the notion of a small-molecule binding to PAR-2’s TM core is sup-
ported by emerging research. A notable example is GB88, a synthetic PAR-2 antagonist that
has been shown to bind within the PAR-2 helical bundle and inhibit signaling. GB88 blocks
PAR-2-mediated calcium release with an ICsy of ~2 uM and is effective in vitro and in vivo
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as an allosteric antagonist [181]. A recent cryo-EM structure of PAR-2 bound to an antago-
nist (PDB 9E7R) revealed that small molecules can occupy a cavity in the transmembrane
region, stabilizing the inactive conformation of the receptor [144]. Although curcumin is
structurally distinct from GB88, our docking-predicted binding site for curcumin overlaps
with the general region targeted by known PAR-2 antagonists. Thus, our computational
findings lend credence to a model where curcumin directly engages PAR-2 to suppress its
activity. This dual mechanism, i.e., “direct receptor antagonism and transcriptional down-
regulation”, would make curcumin particularly effective at silencing PAR-2 signaling. It is
interesting to speculate that curcumin’s polyphenolic structure, despite not being a drug-
like optimized molecule, has just the right planar conformation and hydrophobic character
to slip into GPCR pockets. Indeed, many natural polyphenols are promiscuous binders
of proteins due to their hydrophobic rings [182], and in the case of PAR-2, this promiscu-
ity might serendipitously translate into a specific inhibitory interaction. Future studies
employing biophysical assays (e.g., those involving surface plasmon resonance [183], or
isothermal titration calorimetry [184] with purified PAR-2) or mutagenesis of the putative
binding residues could validate this interaction. We have planned such biophysical studies
to directly investigate whether curcumin binds PAR-2 in vitro. Techniques such as SPR,
isothermal titration calorimetry (ITC), and NMR spectroscopy are ideally suited for char-
acterizing small molecule-GPCR interactions in native-like environments. For example,
SPR has been successfully applied to detect ligand binding to GPCRs with preserved
topology and membrane context [185], while ligand-observed NMR can reveal interactions
with GPCRs even in complex systems [186]. These approaches will allow us to determine
the affinity, kinetics, and potential allosteric nature of curcumin-PAR-2 binding without
requiring receptor overexpression or perturbing its conformation. Validating curcumin’s
binding via these methods would greatly strengthen the case for direct PAR-2 antagonism
and could guide future drug design based on curcumin’s scaffold.

The ability of curcumin to downregulate PAR-2 and tip the balance towards apoptosis
has important implications for CRC therapy. Chronic inflammation (such as in IBD) is a
known risk factor for CRC progression, and PAR-2 is a critical link between inflammation
and cancer in the colon. By curbing PAR-2, one can potentially break the inflammatory feed-
back loop that fosters tumor growth and also remove a survival advantage of cancer cells.
This raises the prospect of using PAR-2 inhibitors, or agents like curcumin, as adjuvants to
conventional chemotherapy. Most chemotherapeutic drugs (e.g., 5-fluorouracil, oxaliplatin)
ultimately act by inducing sufficient DNA damage or stress to trigger cancer cell apoptosis.
However, if cancer cells are under the influence of inflammatory pro-survival signals (like
PAR-2 — ERK — NF-kB), they become more refractory to chemo-induced apoptosis. Our
results show curcumin can disable these signals, suggesting that combining curcumin
with cytotoxic drugs could yield a more effective tumor kill. There is already evidence to
support this: in vitro and in vivo studies have demonstrated that curcumin enhances the
efficacy of 5-FU against CRC cells. Du et al. [187] and Srimuangwong et al. [188] found
that curcumin or its metabolite hexahydrocurcumin synergized with 5-FU to reduce colon
tumor cell growth and increase apoptosis, both in culture and in mouse models. Curcumin
also potentiated the pro-apoptotic, anti-metastatic effects of capecitabine (a 5-FU prodrug)
in orthotopic models [189]. Furthermore, a recent phase I clinical trial reported that adding
curcumin to the FOLFOX regimen (5-FU plus oxaliplatin and leucovorin) in metastatic CRC
patients was safe and showed enhanced anti-proliferative effects ex vivo in patient-derived
tumor explants [190,191]. These studies, together with our mechanistic data, indicate that
curcumin can chemosensitize cancer cells—likely by lowering the threshold for apoptosis
through pathways such as PAR-2 inhibition. It is tempting to draw parallels with other
targeted therapies, just as blocking EGFR or PI3K can overcome resistance to apoptosis in
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certain tumors, blocking an inflammation-specific target like PAR-2 could make tumors
more susceptible to immune or chemo-mediated killing. Indeed, beyond chemo, one
could envision curcumin or PAR-2 antagonists improving responses to immunotherapy.
PAR-2 in the tumor microenvironment influences cytokine profiles and immune cell re-
cruitment [192], and therefore inhibiting PAR-2 might create a more favorable milieu for
immune attack on the tumor. While our study did not directly address immune aspects
(being an in vitro cell study), it underscores the value of targeting inflammatory GPCRs
in cancer.

A noteworthy concern in drug development is that curcumin has been criticized as a
“PAINS” (pan-assay interference compound) and an “IMPS” (invalid metabolic panacea)
candidate [193,194], implying its multitudinous in vitro effects might be artifacts of assay
interference (fluorescence, redox cycling, aggregation, etc.) rather than true target-specific
actions [195]. Our findings help refute this concern by providing ‘multi-tiered validation’
of curcumin’s bioactivity on a specific pathway. First, the effects of curcumin we report
are highly specific (e.g., selective downregulation of PAR-2 but not PAR-1; suppression
of inducible targets like TNF-, but no cytotoxicity to unstimulated cells at comparable
doses). Such specificity is hard to reconcile with a non-specific PAINS mechanism, which
would typically cause widespread assay signals (or false positives even in control condi-
tions). Second, we used endpoint assays that are not easily fooled by common interference
mechanisms. For instance, our qPCR measurements of gene expression are not susceptible
to curcumin’s autofluorescence or chemical reactivity—they unequivocally show changes
in mRNA levels for PAR-2, TNF, caspases, etc., in curcumin-treated cells. Similarly, West-
ern blots demonstrate changes in protein levels based on immunodetection, which, aside
from extremely high doses potentially causing off-target protein crosslinking, is a fairly
interference-robust method. The consistency between mRNA and protein changes (e.g.,
curcumin decreased PAR-2 transcript and protein in tandem, Figure 2A,C) further supports
genuine modulation of cellular pathways rather than an assay artifact. Third, the ultimate
proof of pharmacologic effect is a functional outcome: we showed curcumin drives apopto-
sis as evidenced by morphological and flow cytometric criteria. The dramatic apoptotic
phenotypes (nuclear condensation, Annexin V positivity) cannot be explained by simple
assay interference and are in line with curcumin’s mechanistic effects upstream. Notably,
we did control for curcumin’s natural fluorescence in flow cytometry—Annexin V-FITC
and PI were chosen such that any fluorescence overlap from curcumin (which fluoresces
in the blue/green range) would not be misinterpreted as a positive signal; appropriate
compensation and gating were applied. Thus, the flow cytometry data reliably indicate
phosphatidylserine externalization and membrane permeability changes due to apoptosis.
All these pieces form a coherent story that validates curcumin’s activity in our system.
Supporting this, numerous peer-reviewed studies over the last decade have documented
specific molecular effects of curcumin in cancer cells—for example, curcumin consistently
has been shown to downregulate Bcl 2 and upregulate Bax, p53, and pro-apoptotic factors
in various cancers, as we also see here. Such reproducibility across studies, cell types, and
endpoints indicates that curcumin’s effects are real and biologically meaningful, even if its
precise molecular targets can be multiple. The PAINS label serves as a caution to investiga-
tors to employ proper controls (which we did) and not overinterpret curcumin as a magic
bullet. We acknowledge curcumin is not a highly selective drug—it may hit several targets
and pathways (indeed our data suggest multi-target action, from TLR4/PAR-2/NF-kB to
intrinsic apoptosis regulators). However, this multi-target nature can be an advantage in
treating complex diseases like cancer, provided we understand the mechanism, which our
work contributes to. In summary, our results argue that curcumin’s anti-inflammatory and
pro-apoptotic actions in CRC are genuine and mechanism-based. This lays a foundation
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for taking curcumin (or its analogs) seriously in translational development, albeit with eyes
open about its challenges.

5. Limitations and Future Directions

Our study adopts a reductionist in vitro approach, which, while powerful for mecha-
nistic dissection, imposes several translational limitations. First, the use of 2D monolayer
CRC lines (HT-29, Caco-2) cannot fully recapitulate the 3D tumor microenvironment,
which in vivo involves stromal protease release, immune—tumor crosstalk, and paracrine
PAR-2 activation [192]. Although our LPS model approximates inflammation (via NF-
kB-mediated TNF-« upregulation), validation in 3D organoids or co-culture systems is
warranted. Second, we relied solely on curcumin as a pharmacological inhibitor without
complementary genetic manipulation. Curcumin’s polypharmacology—e.g., NF-«B inhibi-
tion, Nrf2 activation, ROS generation—means off-target effects cannot be excluded. While
PAR-1 sparing and docking analyses support specificity, PAR-2 knockout/knockdown or
use of selective antagonists (e.g., GB88) would strengthen causal attribution. Rescue experi-
ments (e.g., PAR-2 overexpression or constitutive MEK activation) could further validate
the pathway. Third, in vivo confirmation is absent. Curcumin’s bioavailability is lim-
ited, with <1% absorption and plasma levels rarely exceeding nanomolar concentrations,
compared with the 50-100 uM used in vitro [193]. Although colonic tissue concentra-
tions can reach higher micromolar levels, efficacy remains speculative. Animal models
(e.g., AOM/DSS colitis-associated CRC) or xenografts with PAR-2 silencing are needed
to assess translational relevance, alongside advanced formulations such as nanoparticle-
encapsulated curcumin [196,197]. Fourth, assay-specific limitations exist: Western blots
quantified total but not active protein (e.g., cleaved caspase-3, PARP), and cytokine analysis
was restricted to TNF-«, omitting IL-6/IL-8. Finally, our docking analysis is predictive: al-
though AlphaFold2-derived PAR-2 structures suggest curcumin binding (~—6.9 kcal/mol),
docking assumes rigidity and modest affinity, necessitating validation via ITC, SPR, NMR,
or mutagenesis.

Despite these constraints, the work highlights several promising avenues. Validation
in CRC organoids and in vivo models could establish whether curcumin downregulates
PAR-2 and induces apoptosis under physiologic conditions. Translationally, combining
curcumin with chemotherapy (e.g., 5-FU, oxaliplatin) or immunotherapy could overcome
inflammation-associated chemoresistance [190,191]. PAR-2 profiling may enable patient
stratification, while nanoformulations could address pharmacokinetic barriers. Drug
development efforts targeting PAR-2 are particularly compelling: selective antagonists such
as GB88 provide proof-of-concept, and our docking results suggest a pharmacophore that
could be refined via Al-driven medicinal chemistry [198,199]. This strategy could yield
analogs with greater potency, specificity, and bioavailability, while exploiting curcumin’s
polypharmacology. Systems-level approaches, including quantitative proteomics, single-
cell transcriptomics, and ODE-based modeling, could map curcumin’s global effects, predict
resistance mechanisms, and identify biomarkers of response [200,201]. Dynamic proteomic
modeling, coupled with live-cell imaging of caspases, calcium flux, and mitochondrial
potential, may further clarify thresholds and temporal dynamics of apoptosis induction.

In summary, while limited by in vitro design, absence of genetic manipulation, and
pharmacokinetic hurdles, this work establishes PAR-2 as a credible therapeutic target
in inflammation-driven CRC and positions curcumin as a scaffold for next-generation
PAR-2—-directed agents.
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6. Conclusions

Our study delineates a mechanistic framework through which curcumin exerts anti-
cancer effects in inflammation-driven CRC. By selectively downregulating PAR-2, while
sparing PAR-1, curcumin disrupts the LPS-PAR-2 axis linking MAPK (ERK1/2) and NF-«B
signaling, thereby reducing TNF-« expression, relieving the apoptotic blockade, and ac-
tivating both extrinsic (caspase-8, cleaved caspase-8) and intrinsic (Bax/Bcl-2, caspase-3)
pathways (Figures 2-12). Restoration of calcium homeostasis (Figure 14) further under-
scores curcumin’s ability to redirect signaling toward apoptosis.

A notable strength is the integration of in vitro data with in silico structural modeling.
AlphaFold2-derived PAR-2 models identified a hydrophobic pocket in which curcumin
was predicted to bind with favorable affinity (~—6.9 kcal/mol) (Figures 16 and 17). These
docking results suggest that curcumin’s activity may extend beyond transcriptional down-
regulation to include allosteric GPCR modulation, potentially silencing PAR-2 signaling at
the receptor level. However, this remains a predictive hypothesis requiring experimental
validation (e.g., mutagenesis, ITC, SPR, NMR). Thus, curcumin may act via a dual mecha-
nism of transcriptional repression and receptor antagonism, positioning it as a nutraceutical
with GPCR-modulating potential.

Figure 15 summarizes this integrated mechanism, highlighting disruption of the PAR-
2/ERK/NF-kB axis and convergence on apoptotic signaling nodes. Translationally, these
findings underscore the therapeutic value of targeting PAR-2 to overcome inflammation-
associated chemoresistance. While clinical use of curcumin is limited by poor bioavailability
and PAINS concerns, our results support the rationale for developing curcumin analogs or
PAR-2-specific small molecules as adjuncts in CRC therapy. Nevertheless, conclusions must
be tempered by the in vitro context, and future research should focus on in vivo validation,
PAR-2 genetic silencing, and Al-guided optimization of curcumin-inspired antagonists.
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Akt Protein kinase B

AO/EtBr Acridine orange/ethidium bromide

AP-1 Activator protein 1

APC Adenomatous polyposis coli

Bax Bcl 2-associated X protein

Bcl 2 B-cell lymphoma 2

BIRC5 Baculoviral IAP repeat-containing protein 5 (Survivin)

BRAF v-Raf murine sarcoma viral oncogene homolog B

CAC Colitis-associated cancer

CB-Dock2 Cavity-detection guided protein-ligand docking tool

CIMP CpG island methylator phenotype

CIN Chromosomal instability

COX-1 Cyclooxygenase-1

COX-2 Cyclooxygenase-2

CRC Colorectal cancer

CSCs Cancer stem cells

DUSP6 Dual Specificity Phosphatase 6.

Egr-1 Early Growth Response 1.

ER Endoplasmic reticulum

ERK Extracellular signal-regulated kinase

F2R Coagulation factor II (thrombin) receptor (gene encoding PAR-1)
F2RL1 Coagulation factor II (thrombin) receptor-like 1 (gene encoding PAR-2)
F2RL2 Coagulation factor II (thrombin) receptor-like 2 (gene encoding PAR-3)
F2RL3 Coagulation factor II (thrombin) receptor-like 3 (gene encoding PAR-4)
GPCR G-protein coupled receptor

IBD Inflammatory bowel disease

IKK IkB kinase

IL-1B Interleukin-1 beta

IL-6 Interleukin-6

JAK Janus kinase

JNK c-Jun N-terminal kinase

KRAS Kirsten rat sarcoma viral oncogene homolog

LPS Lipopolysaccharide

MAPK Mitogen-activated protein kinase

MLH1 MutL homolog 1



Cells 2025, 14, 1451 48 of 56

MSI Microsatellite instability

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NF-«xB Nuclear factor-kappa B

ns Not significant

p-ERK Phosphorylated extracellular signal-regulated kinase
PAR-1 Protease-activated receptor-1

PAR-2 Protease-activated receptor-2

PARP Poly (ADP-ribose) polymerase

PI Propidium iodide

PIBK Phosphoinositide 3-kinase

ROS Reactive oxygen species

STAT3 Signal transducer and activator of transcription 3
TME Tumor microenvironment

TNF-« Tumor necrosis factor-alpha

TP53 Tumor protein p53

ucC Ulcerative colitis

VEGF Vascular endothelial growth factor

References

1.

10.

11.

12.
13.

14.

15.

16.

17.

Bray, F.; Laversanne, M.; Sung, H.; Ferlay, J.; Siegel, R.L.; Soerjomataram, L; Jemal, A. Global Cancer Statistics 2022: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer |. Clin. 2024, 74, 229-263. [CrossRef]
Li, J; Pan, J.;, Wang, L.; Ji, G.; Dang, Y. Colorectal Cancer: Pathogenesis and Targeted Therapy. MedComm 2020, 6, 70127. [CrossRef]
Li, Q.; Geng, S.; Luo, H.; Wang, W.; Mo, Y.Q.; Luo, Q.; Wang, L.; Song, G.B.; Sheng, ].P.; Xu, B. Signaling Pathways Involved in
Colorectal Cancer: Pathogenesis and Targeted Therapy. Signal Transduct. Target. Ther. 2024, 9, 266. [CrossRef]

Pierantoni, C.; Cosentino, L.; Ricciardiello, L. Molecular Pathways of Colorectal Cancer Development: Mechanisms of Action and
Evolution of Main Systemic Therapy Compunds. Dig. Dis. 2024, 42, 319-324. [CrossRef]

Wang, ].D.; Xu, G.S.; Hu, X.L,; Li, W.Q.; Yao, N.; Han, EZ.; Zhang, Y.; Qu, J. The Histologic Features, Molecular Features, Detection
and Management of Serrated Polyps: A Review. Front. Oncol. 2024, 14, 1356250. [CrossRef] [PubMed]

Akkiz, H.; Simsek, H.; Balci, D.; Ulger, Y.; Onan, E.; Akcaer, N.; Delik, A. Inflammation and Cancer: Molecular Mechanisms and
Clinical Consequences. Front. Oncol. 2025, 15, 1564572. [CrossRef]

Olen, O.; Erichsen, R.; Sachs, M.C.; Pedersen, L.; Halfvarson, J.; Askling, J.; Ekbom, A.; Sorensen, H.T.; Ludvigsson, J.F. Colorectal
cancer in ulcerative colitis: A Scandinavian population-based cohort study. Lancet 2020, 395, 123-131. [CrossRef]

Ekbom, A.; Helmick, C.; Zack, M.; Adami, H.O. Ulcerative Colitis and Colorectal Cancer. A Population-Based Study. N. Engl. ].
Med. 1990, 323, 1228-1233. [CrossRef] [PubMed]

Birch, R.J.; Burr, N.; Subramanian, V.; Tiernan, J.P.; Hull, M.A_; Finan, P,; Rose, A.; Rutter, M.; Valori, R.; Downing, A. Inflam-
matory Bowel Disease-Associated Colorectal Cancer Epidemiology and Outcomes: An English Population-Based Study. Am. J.
Gastroenterol. 2022, 117, 1858-1870. [CrossRef] [PubMed]

Sato, Y.; Tsujinaka, S.; Miura, T.; Kitamura, Y.; Suzuki, H.; Shibata, C. Inflammatory Bowel Disease and Colorectal Cancer:
Epidemiology, Etiology, Surveillance, and Management. Cancers 2023, 15, 4154. [CrossRef]

Molla, M.D.; Symonds, E.L.; Winter, ].M.; Debie, A.; Wassie, M.M. Metabolic Risk Factors of Colorectal Cancer: Umbrella Review.
Crit. Rev. Oncol. Hematol. 2024, 204, 104502. [CrossRef] [PubMed]

Schmitt, M.; Greten, ER. The inflammatory pathogenesis of colorectal cancer. Nat. Rev. Immunol. 2021, 21, 653-667. [CrossRef]
Yang, J.; Xu, J.; Wang, W.; Zhang, B.; Yu, X.; Shi, S. Epigenetic Regulation in the Tumor Microenvironment: Molecular Mechanisms
and Therapeutic Targets. Signal Transduct. Target. Ther. 2023, 8, 210. [CrossRef]

Stayoussef, M.; Weili, X.; Habel, A.; Barbirou, M.; Bedoui, S.; Attia, A.; Omrani, Y.; Zouari, K.; Maghrebi, H.; Almawi, W.Y. Altered
Expression of Cytokines, Chemokines, Growth Factors, and Soluble Receptors in Patients with Colorectal Cancer, and Correlation
with Treatment Outcome. Cancer Immunol. Immunother. 2024, 73, 169. [CrossRef]

Chen, Y.; Zheng, X.; Wu, C. The Role of the Tumor Microenvironment and Treatment Strategies in Colorectal Cancer. Front.
Immunol. 2021, 12, 792691. [CrossRef]

Naeem, A.; Hu, P; Yang, M.; Zhang, ].; Liu, Y.; Zhu, W.; Zheng, Q. Natural Products as Anticancer Agents: Current Status and
Future Perspectives. Molecules 2022, 27, 8367. [CrossRef]

Sivani, B.M.; Azzeh, M,; Patnaik, R.; Pantea Stoian, A.; Rizzo, M.; Banerjee, Y. Reconnoitering the Therapeutic Role of Curcumin
in Disease Prevention and Treatment: Lessons Learnt and Future Directions. Metabolites 2022, 12, 639. [CrossRef]


https://doi.org/10.3322/caac.21834
https://doi.org/10.1002/mco2.70127
https://doi.org/10.1038/s41392-024-01953-7
https://doi.org/10.1159/000538511
https://doi.org/10.3389/fonc.2024.1356250
https://www.ncbi.nlm.nih.gov/pubmed/38515581
https://doi.org/10.3389/fonc.2025.1564572
https://doi.org/10.1016/S0140-6736(19)32545-0
https://doi.org/10.1056/NEJM199011013231802
https://www.ncbi.nlm.nih.gov/pubmed/2215606
https://doi.org/10.14309/ajg.0000000000001941
https://www.ncbi.nlm.nih.gov/pubmed/36327438
https://doi.org/10.3390/cancers15164154
https://doi.org/10.1016/j.critrevonc.2024.104502
https://www.ncbi.nlm.nih.gov/pubmed/39245299
https://doi.org/10.1038/s41577-021-00534-x
https://doi.org/10.1038/s41392-023-01480-x
https://doi.org/10.1007/s00262-024-03746-x
https://doi.org/10.3389/fimmu.2021.792691
https://doi.org/10.3390/molecules27238367
https://doi.org/10.3390/metabo12070639

Cells 2025, 14, 1451 49 of 56

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Zoi, V;; Galani, V,; Lianos, G.D.; Voulgaris, S.; Kyritsis, A.P.; Alexiou, G.A. The Role of Curcumin in Cancer Treatment. Biomedicines
2021, 9, 1086. [CrossRef] [PubMed]

Pedrosa, M.; Maldonado-Valderrama, J.; Galvez-Ruiz, M.]. Interactions Between Curcumin and Cell Membrane Models by
Langmuir Monolayers. Colloids Surf. B Biointerfaces 2022, 217, 112636. [CrossRef]

Jobin, C.; Bradham, C.A.; Russo, M.P,; Juma, B.; Narula, A.S.; Brenner, D.A.; Sartor, R.B. Curcumin Blocks Cytokine-Mediated
NF-kB Activation and Proinflammatory Gene Expression by Inhibiting Inhibitory Factor I-«B Kinase Activity. J. Immunol. 1999,
163, 3474-3483. [CrossRef] [PubMed]

Plummer, S.M.; Holloway, K.A.; Manson, M.M.; Munks, R.J.; Kaptein, A.; Farrow, S.; Howells, L. Inhibition of Cyclo-Oxygenase 2
Expression in Colon Cells by the Chemopreventive Agent Curcumin Involves Inhibition of NF-«B Activation via the NIK/IKK
Signalling Complex. Oncogene 1999, 18, 6013-6020. [CrossRef]

Kubota, M.; Shimizu, M.; Sakai, H.; Yasuda, Y.; Terakura, D.; Baba, A.; Ohno, T.; Tsurumi, H.; Tanaka, T.; Moriwaki, H. Preventive
Effects of Curcumin on the Development of Azoxymethane-Induced Colonic Preneoplastic Lesions in Male C57BL/Ks]-Db/Db
Obese Mice. Nutr. Cancer 2012, 64, 72-79. [CrossRef] [PubMed]

Villegas, I.; Sanchez-Fidalgo, S.; Lastra, C.A. Chemopreventive Effect of Dietary Curcumin on Inflammation-Induced Colorectal
Carcinogenesis in Mice. Mol. Nutr. Food Res. 2011, 55, 259-267. [CrossRef]

Goel, A ; Boland, C.R.; Chauhan, D.P. Specific Inhibition of Cyclooxygenase-2 (COX-2) Expression by Dietary Curcumin in HT-29
Human Colon Cancer Cells. Cancer Lett. 2001, 172, 111-118. [CrossRef]

Ameer, S.F.; Mohamed, M.Y.; Elzubair, Q.A.; Sharif, E.A.M.; Ibrahim, W.N. Curcumin as a Novel Therapeutic Candidate for
Cancer: Can This Natural Compound Revolutionize Cancer Treatment? Front. Oncol. 2024, 14, 1438040. [CrossRef]

Li, Q.; Ding, Y;; Ou, Y; Li, M,; Jithavech, P.; Buranasudja, V,; Sritularak, B.; Xu, Y.; Rojsitthisak, P.; Han, J. Curcuminoids Modulated
the IL-6/JAK/STAT3 Signaling Pathway in LoVo and HT-29 Colorectal Cancer Cells. Curr. Pharm. Des. 2023, 29, 2867-2876.
[CrossRef]

Ham, IL.H.; Wang, L.; Lee, D.; Woo, J.; Kim, T.H.; Jeong, H.Y.; Oh, H.J.; Choi, K.S.; Kim, T.M.; Hur, H. Curcumin Inhibits the
Cancer-Associated Fibroblast-Derived Chemoresistance of Gastric Cancer Through the Suppression of the JAK/STAT3 Signaling
Pathway. Int. J. Oncol. 2022, 61, 85. [CrossRef]

Zhou, L.; Zhang, J.; Zhao, K.; Chen, B.; Sun, Z. Natural Products Modulating MAPK for CRC Treatment: A Promising Strategy.
Front. Pharmacol. 2025, 16, 1514486. [CrossRef]

Shinojima, N.; Yokoyama, T.; Kondo, Y.; Kondo, S. Roles of the Akt/mTOR/p70S6K and ERK1/2 Signaling Pathways in
Curcumin-Induced Autophagy. Autophagy 2007, 3, 635-637. [CrossRef] [PubMed]

Chen, Y.R;; Tan, T.H. Inhibition of the C-Jun N-Terminal Kinase (JNK) Signaling Pathway by Curcumin. Oncogene 1998,
17,173-178. [CrossRef] [PubMed]

Epstein, J.; Docena, G.; MacDonald, T.T.; Sanderson, I.R. Curcumin Suppresses P38 Mitogen-Activated Protein Kinase Activation,
Reduces IL-1beta and Matrix Metalloproteinase-3 and Enhances IL-10 in the Mucosa of Children and Adults with Inflammatory
Bowel Disease. Br. J. Nutr. 2010, 103, 824-832. [CrossRef]

Jiang, Q.G.; Li, T.Y,; Liu, D.N.; Zhang, H.T. PI3K/ Akt Pathway Involving into Apoptosis and Invasion in Human Colon Cancer
Cells LoVo. Mol. Biol. Rep. 2014, 41, 3359-3367. [CrossRef]

Hao, J; Dai, X,; Gao, J.; Li, Y.; Hou, Z.; Chang, Z.; Wang, Y. Curcumin Suppresses Colorectal Tumorigenesis via the Wnt/Beta-
Catenin Signaling Pathway by Downregulating Axin2. Oncol. Lett. 2021, 21, 186. [CrossRef]

Ismail, N.I; Othman, I.; Abas, F,; Lajis, H.N.; Naidu, R. Mechanism of Apoptosis Induced by Curcumin in Colorectal Cancer. Int.
J. Mol. Sci. 2019, 20, 2454. [CrossRef]

Gogada, R.; Amadori, M.; Zhang, H.; Jones, A.; Verone, A.; Pitarresi, J.; Jandhyam, S.; Prabhu, V.; Black, ].D.; Chandra,
D. Curcumin Induces Apaf-1-Dependent, P21-Mediated Caspase Activation and Apoptosis. Cell Cycle 2011, 10, 4128-4137.
[CrossRef] [PubMed]

Yang, S.J.; Lee, S.A.; Park, M.G.; Kim, ].S.; Yu, S.K.; Kim, C.S.; Kim, ].S.; Kim, S.G.; Oh, J.S.; Kim, H.J. Induction of Apoptosis by
Diphenyldifluoroketone in Osteogenic Sarcoma Cells Is Associated with Activation of Caspases. Oncol. Rep. 2014, 31, 2286-2292.
[CrossRef] [PubMed]

Kuttikrishnan, S.; Siveen, K.S.; Prabhu, K.S.; Khan, A.Q.; Ahmed, E.I.; Akhtar, S.; Ali, T.A.; Merhi, M.; Dermime, S.; Steinhoff,
M. Curcumin Induces Apoptotic Cell Death via Inhibition of PI3-Kinase/AKT Pathway in B-Precursor Acute Lymphoblastic
Leukemia. Front. Oncol. 2019, 9, 484. [CrossRef] [PubMed]

Chen, Q.Y;; Lu, GH.; Wu, Y.Q.; Zheng, Y.; Xu, K.; Wu, L.J.; Jiang, Z.Y.; Feng, R.; Zhou, J.Y. Curcumin Induces Mitochondria
Pathway Mediated Cell Apoptosis in A549 Lung Adenocarcinoma Cells. Oncol. Rep. 2010, 23, 1285-1292. [CrossRef]

Wang, ].B.; Qi, L.L.; Zheng, S.D.; Wu, T.X. Curcumin Induces Apoptosis Through the Mitochondria-Mediated Apoptotic Pathway
in HT-29 Cells. J. Zhejiang Univ. Sci. B 2009, 10, 93-102. [CrossRef]


https://doi.org/10.3390/biomedicines9091086
https://www.ncbi.nlm.nih.gov/pubmed/34572272
https://doi.org/10.1016/j.colsurfb.2022.112636
https://doi.org/10.4049/jimmunol.163.6.3474
https://www.ncbi.nlm.nih.gov/pubmed/10477620
https://doi.org/10.1038/sj.onc.1202980
https://doi.org/10.1080/01635581.2012.630554
https://www.ncbi.nlm.nih.gov/pubmed/22172229
https://doi.org/10.1002/mnfr.201000225
https://doi.org/10.1016/S0304-3835(01)00655-3
https://doi.org/10.3389/fonc.2024.1438040
https://doi.org/10.2174/0113816128263974231029180947
https://doi.org/10.3892/ijo.2022.5375
https://doi.org/10.3389/fphar.2025.1514486
https://doi.org/10.4161/auto.4916
https://www.ncbi.nlm.nih.gov/pubmed/17786026
https://doi.org/10.1038/sj.onc.1201941
https://www.ncbi.nlm.nih.gov/pubmed/9674701
https://doi.org/10.1017/S0007114509992510
https://doi.org/10.1007/s11033-014-3198-2
https://doi.org/10.3892/ol.2021.12447
https://doi.org/10.3390/ijms20102454
https://doi.org/10.4161/cc.10.23.18292
https://www.ncbi.nlm.nih.gov/pubmed/22101335
https://doi.org/10.3892/or.2014.3066
https://www.ncbi.nlm.nih.gov/pubmed/24604218
https://doi.org/10.3389/fonc.2019.00484
https://www.ncbi.nlm.nih.gov/pubmed/31275848
https://doi.org/10.3892/or_00000762
https://doi.org/10.1631/jzus.B0820238

Cells 2025, 14, 1451 50 of 56

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Anto, R.]J.; Mukhopadhyay, A.; Denning, K.; Aggarwal, B.B. Curcumin (Diferuloylmethane) Induces Apoptosis Through
Activation of Caspase-8, BID Cleavage and Cytochrome c Release: Its Suppression by Ectopic Expression of Bcl-2 and Bel-XI.
Carcinogenesis 2002, 23, 143-150. [CrossRef]

Song, G.; Mao, Y.B.; Cai, Q.F; Yao, L.M.; Ouyang, G.L.; Bao, S.D. Curcumin Induces Human HT-29 Colon Adenocarcinoma Cell
Apoptosis by Activating P53 and Regulating Apoptosis-Related Protein Expression. Braz. ]. Med. Biol. Res. 2005, 38, 1791-1798.
[CrossRef]

Huang, Y.E; Zhu, D.]J.; Chen, X.W.; Chen, Q.K,; Luo, Z.T,; Liu, C.C.; Wang, G.X.; Zhang, W.]J.; Liao, N.Z. Curcumin Enhances
the Effects of Irinotecan on Colorectal Cancer Cells Through the Generation of Reactive Oxygen Species and Activation of the
Endoplasmic Reticulum Stress Pathway. Oncotarget 2017, 8, 40264-40275. [CrossRef] [PubMed]

Hu, A,; Huang, ].J.; Zhang, J.E; Dai, W.J.; Li, RL.; Lu, Z.Y,; Duan, J.L.; Li, ].P; Chen, X.P; Fan, J.P. Curcumin Induces G2/M
Cell Cycle Arrest and Apoptosis of Head and Neck Squamous Cell Carcinoma In Vitro and In Vivo Through ATM/Chk2/P53-
Dependent Pathway. Oncotarget 2017, 8, 50747-50760. [CrossRef] [PubMed]

Deng, W.; Xiong, X.; Lu, M.; Huang, S.; Luo, Y.; Wang, Y.; Ying, Y. Curcumin suppresses colorectal tumorigenesis through restoring
the gut microbiota and metabolites. BMC Cancer 2024, 24, 1141. [CrossRef]

Sordillo, P.P.; Helson, L. Curcumin and Cancer Stem Cells: Curcumin Has Asymmetrical Effects on Cancer and Normal Stem
Cells. Anticancer Res. 2015, 35, 599-614. [PubMed]

Ming, T.; Tao, Q.; Tang, S.; Zhao, H.; Yang, H.; Liu, M.; Ren, S.; Xu, H. Curcumin: An Epigenetic Regulator and Its Application in
Cancer. Biomed. Pharmacother. 2022, 156, 113956. [CrossRef]

Fu, Z.; Chen, X,; Guan, S.; Yan, Y,; Lin, H.; Hua, Z.C. Curcumin Inhibits Angiogenesis and Improves Defective Hematopoiesis
Induced by Tumor-Derived VEGF in Tumor Model Through Modulating VEGF-VEGFR2 Signaling Pathway. Oncotarget 2015,
6,19469-19482. [CrossRef]

Arora, C.; Matic, M.; Bisceglia, L.; Chiaro, P; Oliveira Rosa, N.; Carli, F.; Clubb, L.; Nemati Fard, L.A.; Kargas, G.; Diaferia, G.R.
The Landscape of Cancer-Rewired GPCR Signaling Axes. Cell Genomics 2024, 4, 100557. [CrossRef]

Zhang, M.; Chen, T; Lu, X,; Lan, X.; Chen, Z.; Lu, S. G Protein-Coupled Receptors (GPCRs): Advances in Structures, Mechanisms,
and Drug Discovery. Signal Transduct. Target. Ther. 2024, 9, 88. [CrossRef]

Arang, N.; Gutkind, J.S. G Protein-Coupled Receptors and Heterotrimeric G Proteins as Cancer Drivers. FEBS Lett. 2020,
594, 4201-4232. [CrossRef]

O’Hayre, M.; Vazquez-Prado, J.; Kufareva, I.; Stawiski, E.W.; Handel, T.M.; Seshagiri, S.; Gutkind, ].S. The Emerging Mutational
Landscape of G Proteins and G-Protein-Coupled Receptors in Cancer. Nat. Rev. Cancer 2013, 13, 412—-424. [CrossRef]

Patnaik, R.; Riaz, S.; Sivani, B.M.; Faisal, S.; Naidoo, N.; Rizzo, M.; Banerjee, Y. Evaluating the Potential of Vitamin D and Curcumin
to Alleviate Inflammation and Mitigate the Progression of Osteoarthritis Through Their Effects on Human Chondrocytes: A
Proof-of-Concept Investigation. PLoS ONE 2023, 18, 0290739. [CrossRef] [PubMed]

Patnaik, R.; Varghese, R.L.; Khan, S.; Huda, B.; Bhurka, F; Amiri, L.; Banerjee, Y. Targeting PAR-2-Driven Inflammatory Pathways
in Colorectal Cancer: Mechanistic Insights from Atorvastatin and Rosuvastatin Treatment in Cell Line Models. Transl. Cancer Res.
2025, 14, 1531-1566. [CrossRef] [PubMed]

Patnaik, R.; Varghese, R.L.; Banerjee, Y. Selective Modulation of PAR-2-Driven Inflammatory Pathways by Oleocanthal: Attenua-
tion of TNF-& and Calcium Dysregulation in Colorectal Cancer Models. Int. ]. Mol. Sci. 2025, 26, 2934. [CrossRef]

Jannati, S.; Patnaik, R.; Banerjee, Y. Beyond Anticoagulation: A Comprehensive Review of Non-Vitamin K Oral Anticoagulants
(NOAG:sS) in Inflammation and Protease-Activated Receptor Signaling. Int. . Mol. Sci. 2024, 25, 8727. [CrossRef]

Ma, Y;; He, L.; Zhao, X,; Li, W,; Lv, X,; Zhang, X,; Peng, J.; Yang, L.; Xu, Q.; Wang, H. Protease Activated Receptor 2 Signaling
Promotes Self-Renewal and Metastasis in Colorectal Cancer Through Beta-Catenin and Periostin. Cancer Lett. 2021, 521, 130-141.
[CrossRef] [PubMed]

Shah, H.; Hill, T.A.; Lim, J.; Fairlie, D.P. Protease-Activated Receptor 2 Attenuates Doxorubicin-Induced Apoptosis in Colon
Cancer Cells. J. Cell Commun. Signal 2023, 17, 1293-1307. [CrossRef]

Jiang, P,; Li, S.; Li, Z.G.; Zhu, Y.C.; Yi, X.J.; Li, SM. The Expression of Protease-Activated Receptors in Esophageal Carcinoma
Cells: The Relationship Between Changes in Gene Expression and Cell Proliferation, Apoptosis In Vitro and Growing Ability In
Vivo. Cancer Cell Int. 2018, 18, 81. [CrossRef]

Vetvicka, D.; Suhaj, P,; Olejar, T.; Sivak, L.; Benes, J.; Pouckova, P. Proteinase-Activated Receptor 2: Springboard of Tumors.
Anticancer Res. 2024, 44, 1-12. [CrossRef]

Latorre, R.; Hegron, A ; Peach, C.J.; Teng, S.; Tonello, R.; Retamal, ]J.S.; Klein-Cloud, R.; Bok, D.; Jensen, D.D.; Gottesman-Katz, L.
Mice Expressing Fluorescent PAR(2) Reveal That Endocytosis Mediates Colonic Inflammation and Pain. Proc. Natl. Acad. Sci.
USA 2022, 119, €2112059119. [CrossRef]

Zhang, C.; Gao, G.R.; Lv, C.G.; Zhang, B.L.; Zhang, Z.L.; Zhang, X.F. Protease-Activated Receptor-2 Induces Expression of
Vascular Endothelial Growth Factor and Cyclooxygenase-2 via the Mitogen-Activated Protein Kinase Pathway in Gastric Cancer
Cells. Oncol. Rep. 2012, 28, 1917-1923. [CrossRef] [PubMed]


https://doi.org/10.1093/carcin/23.1.143
https://doi.org/10.1590/S0100-879X2005001200007
https://doi.org/10.18632/oncotarget.16828
https://www.ncbi.nlm.nih.gov/pubmed/28402965
https://doi.org/10.18632/oncotarget.17096
https://www.ncbi.nlm.nih.gov/pubmed/28881600
https://doi.org/10.1186/s12885-024-12898-z
https://www.ncbi.nlm.nih.gov/pubmed/25667437
https://doi.org/10.1016/j.biopha.2022.113956
https://doi.org/10.18632/oncotarget.3625
https://doi.org/10.1016/j.xgen.2024.100557
https://doi.org/10.1038/s41392-024-01803-6
https://doi.org/10.1002/1873-3468.14017
https://doi.org/10.1038/nrc3521
https://doi.org/10.1371/journal.pone.0290739
https://www.ncbi.nlm.nih.gov/pubmed/38157375
https://doi.org/10.21037/tcr-24-1027
https://www.ncbi.nlm.nih.gov/pubmed/40224964
https://doi.org/10.3390/ijms26072934
https://doi.org/10.3390/ijms25168727
https://doi.org/10.1016/j.canlet.2021.08.032
https://www.ncbi.nlm.nih.gov/pubmed/34461179
https://doi.org/10.1007/s12079-023-00791-6
https://doi.org/10.1186/s12935-018-0577-0
https://doi.org/10.21873/anticanres.16782
https://doi.org/10.1073/pnas.2112059119
https://doi.org/10.3892/or.2012.1998
https://www.ncbi.nlm.nih.gov/pubmed/22941376

Cells 2025, 14, 1451 51 of 56

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Wu, Y,; Wang, ].; Zhou, H.; Yu, X.; Hu, L.; Meng, F; Jiang, S. Effects of Calcium Signaling on Coagulation Factor VIIa-Induced
Proliferation and Migration of the SW620 Colon Cancer Cell Line. Mol. Med. Rep. 2014, 10, 3021-3026. [CrossRef] [PubMed]
Han, N,; Jin, K; He, K.; Cao, J.; Teng, L. Protease-Activated Receptors in Cancer: A Systematic Review. Oncol. Lett. 2011,
2,599-608. [CrossRef]

Darmoul, D.; Marie, ].C.; Devaud, H.; Gratio, V.; Laburthe, M. Initiation of Human Colon Cancer Cell Proliferation by Trypsin
Acting at Protease-Activated Receptor-2. Br. ]. Cancer 2001, 85, 772-779. [CrossRef]

Hu, X,; Fatima, S.; Chen, M.; Xu, K.; Huang, C.; Gong, R.H.; Su, T.; Wong, H.L.X_; Bian, Z.; Kwan, H.Y. Toll-like Receptor 4 Is a
Master Regulator for Colorectal Cancer Growth Under High-Fat Diet by Programming Cancer Metabolism. Cell Death Dis. 2021,
12, 791. [CrossRef]

Cohen, E.; Ophir, L; Shaul, Y.B. Induced Differentiation in HT29, A Human Colon Adenocarcinoma Cell Line. J. Cell Sci. 1999, 112,
2657-2666. [CrossRef] [PubMed]

Nautiyal, J.; Kanwar, S.S.; Yu, Y.; Majumdar, A.P. Combination of dasatinib and curcumin eliminates chemo-resistant colon cancer
cells. J. Mol. Signal. 2011, 6, 7. [CrossRef]

Verhoeckx, K.; Cotter, P.; Lopez-Exp6sito, I; Kleiveland, C.; Lea, T.; Mackie, A.; Requena, T.; Swiatecka, D.; Wichers, H. (Eds.) The
Impact of Food Bioactives on Health: In Vitro and Ex Vivo Models; Springer: Cham, Switzerland, 2015; ISBN 978-3-319-15791-7.
Fernando, E.H.; Gordon, M.H.; Beck, P.L.; MacNaughton, W.K. Inhibition of Intestinal Epithelial Wound Healing Through
Protease-Activated Receptor-2 Activation in Caco2 Cells. J. Pharmacol. Exp. Ther. 2018, 367, 382-392. [CrossRef]

Barrett, K.E.; Keely, S.J. Chloride Secretion by the Intestinal Epithelium: Molecular Basis and Regulatory Aspects. Annu. Rev.
Physiol. 2000, 62, 535-572. [CrossRef]

Leibovitz, A.; Stinson, J.C.; McCombs, W.B.; McCoy, C.E.; Mazur, K.C.; Mabry, N.D. Classification of Human Colorectal
Adenocarcinoma Cell Lines. Cancer Res. 1976, 36, 4562-4569.

Hsu, R.Y.; Chan, C.H.; Spicer, ].D.; Rousseau, M.C.; Giannias, B.; Rousseau, S.; Ferri, L.E. LPS-Induced TLR4 Signaling in Human
Colorectal Cancer Cells Increases Betal Integrin-Mediated Cell Adhesion and Liver Metastasis. Cancer Res. 2011, 71, 1989-1998.
[CrossRef]

Chantret, I.; Barbat, A.; Dussaulx, E.; Brattain, M.G.; Zweibaum, A. Epithelial Polarity, Villin Expression, and Enterocytic
Differentiation of Cultured Human Colon Carcinoma Cells: A Survey of Twenty Cell Lines. Cancer Res. 1988, 48, 1936-1942.
Augeron, C.; Laboisse, C.L. Emergence of Permanently Differentiated Cell Clones in a Human Colonic Cancer Cell Line in Culture
After Treatment with Sodium Butyrate. Cancer Res. 1984, 44, 3961-3969. [PubMed]

Kolios, G.; Wright, K.L.; Jordan, N.J.; Leithead, ].B.; Robertson, D.A.; Westwick, J. C-X-C and C-C Chemokine Expression and
Secretion by the Human Colonic Epithelial Cell Line, HT-29: Differential Effect of T Lymphocyte-Derived Cytokines. Eur. J.
Immunol. 1999, 29, 530-536. [CrossRef]

Househam, J.; Heide, T.; Cresswell, G.D.; Spiteri, I.; Kimberley, C.; Zapata, L.; Lynn, C.; James, C.; Mossner, M.; Fernandez-Mateos,
J. Phenotypic Plasticity and Genetic Control in Colorectal Cancer Evolution. Nature 2022, 611, 744-753. [CrossRef]

Greten, F.R.; Eckmann, L.; Greten, T.F,; Park, ] M.; Li, ZW.; Egan, L.J.; Kagnoff, M.F.; Karin, M. IKKbeta Links Inflammation and
Tumorigenesis in a Mouse Model of Colitis-Associated Cancer. Cell 2004, 118, 285-296. [CrossRef]

Rousset, M. The Human Colon Carcinoma Cell Lines HT-29 and Caco-2: Two in Vitro Models for the Study of Intestinal
Differentiation. Biochimie 1986, 68, 1035-1040. [CrossRef]

Behrendt, I.; Roder, I.; Will, F.; Mostafa, H.; Gonzalez-Dominguez, R.; Merofio, T.; Andres-Lacueva, C.; Fasshauer, M.; Rudloff, S.;
Kuntz, S. Influence of Plasma-Isolated Anthocyanins and Their Metabolites on Cancer Cell Migration (HT-29 and Caco-2) In
Vitro: Results of the ATTACH Study. Antioxidants 2022, 11, 1341. [CrossRef]

Gheytanchi, E.; Naseri, M.; Karimi-Busheri, F.; Atyabi, F; Mirsharif, E.S.; Bozorgmehr, M.; Ghods, R.; Madjd, Z. Morphological
and Molecular Characteristics of Spheroid Formation in HT-29 and Caco-2 Colorectal Cancer Cell Lines. Cancer Cell Int. 2021, 21,
204. [CrossRef]

Patnaik, R.; Jannati, S.; Sivani, B.M.; Rizzo, M.; Naidoo, N.; Banerjee, Y. Efficient Generation of Chondrocytes from Bone Marrow-
Derived Mesenchymal Stem Cells in a 3D Culture System: Protocol for a Practical Model for Assessing Anti-Inflammatory
Therapies. JMIR Res. Protoc. 2023, 12, e42964. [CrossRef] [PubMed]

Dery, O.; Corvera, C.U.; Steinhoff, M.; Bunnett, N.W. Proteinase-Activated Receptors: Novel Mechanisms of Signaling by Serine
Proteases. Am. |. Physiol. 1998, 274, 1429-1452. [CrossRef]

Kuwabhara, I.; Lillehoj, E.P; Lu, W.; Singh, L.S.; Isohama, Y.; Miyata, T.; Kim, K.C. Neutrophil Elastase Induces IL-8 Gene
Transcription and Protein Release Through P38/NF-«B Activation via EGFR Transactivation in a Lung Epithelial Cell Line. Am. J.
Physiol. Lung Cell Mol. Physiol. 2006, 291, 407-416. [CrossRef] [PubMed]

Yoo, H.G,; Shin, B.A ; Park, ].S.; Lee, K.H.; Chay, K.O.; Yang, S.Y.; Ahn, BW.; Jung, Y.D. IL-1beta Induces MMP-9 via Reactive
Oxygen Species and NF-kB in Murine Macrophage RAW 264.7 Cells. Biochem. Biophys. Res. Commun. 2002, 298, 251-256.
[CrossRef] [PubMed]


https://doi.org/10.3892/mmr.2014.2665
https://www.ncbi.nlm.nih.gov/pubmed/25323578
https://doi.org/10.3892/ol.2011.291
https://doi.org/10.1054/bjoc.2001.1976
https://doi.org/10.1038/s41419-021-04076-x
https://doi.org/10.1242/jcs.112.16.2657
https://www.ncbi.nlm.nih.gov/pubmed/10413674
https://doi.org/10.1186/1750-2187-6-7
https://doi.org/10.1124/jpet.118.249524
https://doi.org/10.1146/annurev.physiol.62.1.535
https://doi.org/10.1158/0008-5472.CAN-10-2833
https://www.ncbi.nlm.nih.gov/pubmed/6744312
https://doi.org/10.1002/(SICI)1521-4141(199902)29:02%3C530::AID-IMMU530%3E3.0.CO;2-Y
https://doi.org/10.1038/s41586-022-05311-x
https://doi.org/10.1016/j.cell.2004.07.013
https://doi.org/10.1016/S0300-9084(86)80177-8
https://doi.org/10.3390/antiox11071341
https://doi.org/10.1186/s12935-021-01898-9
https://doi.org/10.2196/42964
https://www.ncbi.nlm.nih.gov/pubmed/37505889
https://doi.org/10.1152/ajpcell.1998.274.6.C1429
https://doi.org/10.1152/ajplung.00471.2005
https://www.ncbi.nlm.nih.gov/pubmed/16632517
https://doi.org/10.1016/S0006-291X(02)02431-2
https://www.ncbi.nlm.nih.gov/pubmed/12387824

Cells 2025, 14, 1451 52 of 56

85.

86.

87.

88.

89.

90.
91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Rallabhandi, P.; Nhu, Q.M.; Toshchakov, V.Y.; Piao, W.; Medvedev, A.E.; Hollenberg, M.D.; Fasano, A.; Vogel, S.N. Analysis of
Proteinase-Activated Receptor 2 and TLR4 Signal Transduction: A Novel Paradigm for Receptor Cooperativity. J. Biol. Chem.
2008, 283, 24314-24325. [CrossRef]

Nhu, Q.M.; Shirey, K.; Teijaro, ].R.; Farber, D.L.; Netzel-Arnett, S.; Antalis, TM.; Fasano, A.; Vogel, S.N. Novel Signaling
Interactions Between Proteinase-Activated Receptor 2 and Toll-like Receptors In Vitro and In Vivo. Mucosal Immunol. 2010,
3,29-39. [CrossRef]

Bohm, S.K.; Kong, W.; Bromme, D.; Smeekens, S.P.; Anderson, D.C.; Connolly, A.; Kahn, M.; Nelken, N.A.; Coughlin, S.R.; Payan,
D.G. Molecular Cloning, Expression and Potential Functions of the Human Proteinase-Activated Receptor-2. Biochem. ]. 1996,
314, 1009-1016. [CrossRef]

Xu, W.E; Andersen, H.; Whitmore, T.E.; Presnell, S.R.; Yee, D.P.,; Ching, A.; Gilbert, T.; Davie, EW.; Foster, D.C. Cloning and
Characterization of Human Protease-Activated Receptor 4. Proc. Natl. Acad. Sci. USA 1998, 95, 6642-6646. [CrossRef]

DeFea, K.A.; Zalevsky, J.; Thoma, M.S.; Dery, O.; Mullins, R.D.; Bunnett, N.W. Beta-Arrestin-Dependent Endocytosis of Proteinase-
Activated Receptor 2 Is Required for Intracellular Targeting of Activated ERK1/2. J. Cell Biol. 2000, 148, 1267-1281. [CrossRef]
Travis, ].; Salvesen, G.S. Human plasma proteinase inhibitors. Annu. Rev. Biochem. 1983, 52, 655-709. [CrossRef]

Liu, Q.; Weng, H.J.; Patel, K.N.; Tang, Z.; Bai, H.; Steinhoff, M.; Dong, X. The Distinct Roles of Two GPCRs, MrgprC11 and PAR?2,
in Itch and Hyperalgesia. Sci. Signal. 2011, 4, 45. [CrossRef] [PubMed]

Kawabata, A.; Kuroda, R.; Nishikawa, H.; Kawai, K. Modulation by Protease-Activated Receptors of the Rat Duodenal Motility in
Vitro: Possible Mechanisms Underlying the Evoked Contraction and Relaxation. Br. J. Pharmacol. 1999, 128, 865-872. [CrossRef]
Ramachandran, R.; Mihara, K.; Chung, H.; Renaux, B.; Lau, C.S.; Muruve, D.A.; DeFea, K.A.; Bouvier, M.; Hollenberg, M.D.
Neutrophil elastase acts as a biased agonist for proteinase-activated receptor-2 (PAR?2). J. Biol. Chem. 2011, 286, 24638-24648.
[CrossRef]

Lohman, R.J.; Cotterell, A.J.; Barry, G.D.; Liu, L.; Suen, ].Y.; Vesey, D.A; Fairlie, D.P. An Antagonist of Human Protease Activated
Receptor-2 Attenuates PAR2 Signaling, Macrophage Activation, Mast Cell Degranulation, and Collagen-Induced Arthritis in Rats.
FASEB . 2012, 26, 2877-2887. [CrossRef] [PubMed]

Johnson, S.M.; Gulhati, P; Arrieta, I.; Wang, X.; Uchida, T.; Gao, T.; Evers, B.M. Curcumin Inhibits Proliferation of Colorectal
Carcinoma by Modulating Akt/mTOR Signaling. Anticancer Res. 2009, 29, 3185-3190.

Erk, M.].; Teuling, E.; Staal, Y.C.; Huybers, S.; Bladeren, PJ.; Aarts, ].M.; Ommen, B. Time- and Dose-Dependent Effects of
Curcumin on Gene Expression in Human Colon Cancer Cells. . Carcinog. 2004, 3, 8. [CrossRef] [PubMed]

Singh, N.; Shrivastav, A.; Sharma, R.K. Curcumin Induces Caspase and Calpain-Dependent Apoptosis in HT29 Human Colon
Cancer Cells. Mol. Med. Rep. 2009, 2, 627-631. [CrossRef]

Chen, A.; Xu, J.; Johnson, A.C. Curcumin Inhibits Human Colon Cancer Cell Growth by Suppressing Gene Expression of
Epidermal Growth Factor Receptor Through Reducing the Activity of the Transcription Factor Egr-1. Oncogene 2006, 25, 278-287.
[CrossRef] [PubMed]

Park, J.; Conteas, C.N. Anti-Carcinogenic Properties of Curcumin on Colorectal Cancer. World ]. Gastrointest. Oncol. 2010,
2,169-176. [CrossRef]

Herrero de la Parte, B.; Rodefio-Casado, M.; Iturrizaga Correcher, S.; Mar Medina, C.; Garcia-Alonso, I. Curcumin Reduces
Colorectal Cancer Cell Proliferation and Migration and Slows In Vivo Growth of Liver Metastases in Rats. Biomedicines 2021, 9,
1183. [CrossRef]

Patel, V.B.; Misra, S.; Patel, B.B.; Majumdar, A.P. Colorectal cancer: Chemopreventive role of curcumin and resveratrol. Nutr.
Cancer 2010, 62, 958-967. [CrossRef]

Gunther, J.R,; Chadha, A.S.; Guha, S.; Raju, G.S.; Maru, D.M.; Munsell, M.E; Jiang, Y.; Yang, P; Felix, E.; Clemons, M. A Phase II
Randomized Double Blinded Trial Evaluating the Efficacy of Curcumin with Pre-Operative Chemoradiation for Rectal Cancer.
J. Gastrointest. Oncol. 2022, 13, 2938-2950. [CrossRef]

Irving, G.R.; Howells, L.M.; Sale, S.; Kralj-Hans, I.; Atkin, W.S.; Clark, S.K.; Britton, R.G.; Jones, D.J.; Scott, E.N.; Berry, D.P.
Prolonged Biologically Active Colonic Tissue Levels of Curcumin Achieved After Oral Administration—A Clinical Pilot Study
Including Assessment of Patient Acceptability. Cancer Prev. Res. 2013, 6, 119-128. [CrossRef]

Epstein, J.; Sanderson, I.R.; Macdonald, T.T. Curcumin as a Therapeutic Agent: The Evidence from in Vitro, Animal and Human
Studies. Br. J. Nutr. 2010, 103, 1545-1557. [CrossRef]

Vareed, S.K.; Kakarala, M.; Ruffin, M.T.; Crowell, ].A.; Normolle, D.P.; Djuric, Z.; Brenner, D.E. Pharmacokinetics of Curcumin
Conjugate Metabolites in Healthy Human Subjects. Cancer Epidemiol. Biomark. Prev. 2008, 17, 1411-1417. [CrossRef]

Kim, H.-Y. Statistical Notes for Clinical Researchers: Post-Hoc Multiple Comparisons. Restor. Dent. Endod. 2015, 40, 172-176.
[CrossRef]

Ramey-Ward, A.N.; Walthall, H.P,; Smith, S.; Barrows, T.H. Human Keratin Matrices Promote Wound Healing by Modulating
Skin Cell Expression of Cytokines and Growth Factors. Wound Repair. Regen. 2024, 32, 257-267. [CrossRef]


https://doi.org/10.1074/jbc.M804800200
https://doi.org/10.1038/mi.2009.120
https://doi.org/10.1042/bj3141009
https://doi.org/10.1073/pnas.95.12.6642
https://doi.org/10.1083/jcb.148.6.1267
https://doi.org/10.1146/annurev.bi.52.070183.003255
https://doi.org/10.1126/scisignal.2001925
https://www.ncbi.nlm.nih.gov/pubmed/21775281
https://doi.org/10.1038/sj.bjp.0702755
https://doi.org/10.1074/jbc.M110.201988
https://doi.org/10.1096/fj.11-201004
https://www.ncbi.nlm.nih.gov/pubmed/22467762
https://doi.org/10.1186/1477-3163-3-8
https://www.ncbi.nlm.nih.gov/pubmed/15140256
https://doi.org/10.3892/mmr_00000148
https://doi.org/10.1038/sj.onc.1209019
https://www.ncbi.nlm.nih.gov/pubmed/16170359
https://doi.org/10.4251/wjgo.v2.i4.169
https://doi.org/10.3390/biomedicines9091183
https://doi.org/10.1080/01635581.2010.510259
https://doi.org/10.21037/jgo-22-259
https://doi.org/10.1158/1940-6207.CAPR-12-0281
https://doi.org/10.1017/S0007114509993667
https://doi.org/10.1158/1055-9965.EPI-07-2693
https://doi.org/10.5395/rde.2015.40.2.172
https://doi.org/10.1111/wrr.13137

Cells 2025, 14, 1451 53 of 56

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.
133.

134.

Lin, H.; Liu, A.P; Smith, T.H.; Trejo, J. Cofactoring and Dimerization of Proteinase-Activated Receptors. Pharmacol. Rev. 2013,
65,1198-1213. [CrossRef] [PubMed]

Procter, ].B.; Carstairs, G.M.; Soares, B.; Mourao, K.; Ofoegbu, T.C.; Barton, D.; Lui, L.; Menard, A.; Sherstnev, N.; Roldan-Martinez,
D. Alignment of Biological Sequences with Jalview. Methods Mol. Biol. 2021, 2231, 203-224. [CrossRef] [PubMed]

Zhang, H.; Jiang, P; Zhang, C.; Lee, S.; Wang, W.; Zou, H. PAR4 overexpression promotes colorectal cancer cell proliferation and
migration. Oncol. Lett. 2018, 16, 5745-5752. [CrossRef] [PubMed]

Kahsai, A.W,; Shah, K.S.; Shim, PJ.; Lee, M.A; Shreiber, B.N.; Schwalb, A.M.; Zhang, X.; Kwon, H.Y.; Huang, L.Y.; Soderblom,
E.J. Signal Transduction at GPCRs: Allosteric Activation of the ERK MAPK by Beta-Arrestin. Proc. Natl. Acad. Sci. USA 2023,
120, 2303794120. [CrossRef]

Meloche, S.; Pouyssegur, J. The ERK1/2 Mitogen-Activated Protein Kinase Pathway as a Master Regulator of the G1- to S-Phase
Transition. Oncogene 2007, 26, 3227-3239. [CrossRef]

Zhou, M.; Liu, X,; Li, Z.; Huang, Q.; Li, F; Li, C.Y. Caspase-3 Regulates the Migration, Invasion and Metastasis of Colon Cancer
Cells. Int. ]. Cancer 2018, 143, 921-930. [CrossRef]

Zhang, W.; Zhu, C.; Liao, Y.; Zhou, M.; Xu, W.; Zou, Z. Caspase-8 in Inflammatory Diseases: A Potential Therapeutic Target. Cell
Mol. Biol. Lett. 2024, 29, 130. [CrossRef] [PubMed]

Opferman, ]J.T.; Kothari, A. Anti-Apoptotic BCL-2 Family Members in Development. Cell Death Differ. 2018, 25, 37-45. [CrossRef]
[PubMed]

Lavrik, I.N.; Krammer, P.H. Regulation of CD95/Fas Signaling at the DISC. Cell Death Differ. 2012, 19, 36—41. [CrossRef]

Kluck, R.M.; Esposti, M.D.; Perkins, G.; Renken, C.; Kuwana, T.; Bossy-Wetzel, E.; Goldberg, M.; Allen, T.; Barber, M.].; Green,
D.R. The Pro-Apoptotic Proteins, Bid and Bax, Cause a Limited Permeabilization of the Mitochondrial Outer Membrane That Is
Enhanced by Cytosol. J. Cell Biol. 1999, 147, 809-822. [CrossRef] [PubMed]

Shankar, S.; Chen, Q.; Sarva, K.; Siddiqui, I.; Srivastava, R.K. Curcumin Enhances the Apoptosis-Inducing Potential of TRAIL in
Prostate Cancer Cells: Molecular Mechanisms of Apoptosis, Migration and Angiogenesis. J. Mol. Signal 2007, 2, 10. [CrossRef]
Schroeder, A.B.; Dobson, E.T.A.; Rueden, C.T.; Tomancak, P; Jug, F; Eliceiri, K.W. The Image] Ecosystem: Open-Source Software
for Image Visualization, Processing, and Analysis. Protein Sci. 2021, 30, 234-249. [CrossRef]

Ribble, D.; Goldstein, N.B.; Norris, D.A.; Shellman, Y.G. A Simple Technique for Quantifying Apoptosis in 96-Well Plates. BMC
Biotechnol. 2005, 5, 12. [CrossRef]

Moon, D.O. Calcium’s Role in Orchestrating Cancer Apoptosis: Mitochondrial-Centric Perspective. Int. J. Mol. Sci. 2023, 24, 8982.
[CrossRef]

Macfarlane, S.R.; Sloss, C.M.; Cameron, P,; Kanke, T.; McKenzie, R.C.; Plevin, R. The Role of Intracellular Ca%* in the Regulation
of Proteinase-Activated Receptor-2 Mediated Nuclear Factor Kappa B Signalling in Keratinocytes. Br. J. Pharmacol. 2005, 145,
535-544. [CrossRef] [PubMed]

UniProt, C. UniProt: The Universal Protein Knowledgebase in 2025. Nucleic Acids Res. 2025, 53, 609-617. [CrossRef]

Jumper, J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.; Tunyasuvunakool, K.; Bates, R.; Zidek, A.; Potapenko,
A. Highly Accurate Protein Structure Prediction with AlphaFold. Nature 2021, 596, 583-589. [CrossRef]

Mirdita, M.; Schutze, K.; Moriwaki, Y.; Heo, L.; Ovchinnikov, S.; Steinegger, M. ColabFold: Making Protein Folding Accessible to
All. Nat. Methods 2022, 19, 679-682. [CrossRef]

Han, S.; Kwak, Y. Mastering Data Visualization with Python: Practical Tips for Researchers. . Minim. Invasive Surg. 2023, 26,
167-175. [CrossRef]

Guo, H.B.; Perminov, A.; Bekele, S.; Kedziora, G.; Farajollahi, S.; Varaljay, V.; Hinkle, K.; Molinero, V.; Meister, K.; Hung, C.
AlphaFold2 Models Indicate That Protein Sequence Determines Both Structure and Dynamics. Sci. Rep. 2022, 12, 10696. [CrossRef]
Wroblewski, K.; Kmiecik, S. Integrating AlphaFold pLDDT Scores into CABS-Flex for Enhanced Protein Flexibility Simulations.
Comput. Struct. Biotechnol. ]. 2024, 23, 4350-4356. [CrossRef]

Meng, E.C.; Goddard, T.D.; Pettersen, E.F.; Couch, G.S.; Pearson, Z.J.; Morris, ].H.; Ferrin, T.E. UCSF ChimeraX: Tools for Structure
Building and Analysis. Protein Sci. 2023, 32, 4792. [CrossRef] [PubMed]

Zhang, C.; Wang, Q.; Li, Y;; Teng, A.; Hu, G.; Wuyun, Q.; Zheng, W. The Historical Evolution and Significance of Multiple
Sequence Alignment in Molecular Structure and Function Prediction. Biomolecules 2024, 14, 1531. [CrossRef] [PubMed]

Liu, Y;; Yang, X.; Gan, J.; Chen, S.; Xiao, Z.X.; Cao, Y. CB-Dock2: Improved Protein-Ligand Blind Docking by Integrating Cavity
Detection, Docking and Homologous Template Fitting. Nucleic Acids Res. 2022, 50, 159-164. [CrossRef]

Liu, Y.; Cao, Y. Protein-Ligand Blind Docking Using CB-Dock2. Methods Mol. Biol. 2024, 2714, 113-125. [CrossRef] [PubMed]
Trott, O.; Olson, A.J. AutoDock Vina: Improving the Speed and Accuracy of Docking with a New Scoring Function, Efficient
Optimization, and Multithreading. . Comput. Chem. 2010, 31, 455-461. [CrossRef] [PubMed]

Perico, L.L.; Vegso, A.].; Baggio, C.H.; MacNaughton, W.K. Protease-Activated Receptor 2 Drives Migration in a Colon Cancer Cell
Line but Not in Noncancerous Human Epithelial Cells. Am. ]. Physiol. Gastrointest. Liver Physiol. 2024, 326, 525-542. [CrossRef]


https://doi.org/10.1124/pr.111.004747
https://www.ncbi.nlm.nih.gov/pubmed/24064459
https://doi.org/10.1007/978-1-0716-1036-7_13
https://www.ncbi.nlm.nih.gov/pubmed/33289895
https://doi.org/10.3892/ol.2018.9407
https://www.ncbi.nlm.nih.gov/pubmed/30333860
https://doi.org/10.1073/pnas.2303794120
https://doi.org/10.1038/sj.onc.1210414
https://doi.org/10.1002/ijc.31374
https://doi.org/10.1186/s11658-024-00646-x
https://www.ncbi.nlm.nih.gov/pubmed/39379817
https://doi.org/10.1038/cdd.2017.170
https://www.ncbi.nlm.nih.gov/pubmed/29099482
https://doi.org/10.1038/cdd.2011.155
https://doi.org/10.1083/jcb.147.4.809
https://www.ncbi.nlm.nih.gov/pubmed/10562282
https://doi.org/10.1186/1750-2187-2-10
https://doi.org/10.1002/pro.3993
https://doi.org/10.1186/1472-6750-5-12
https://doi.org/10.3390/ijms24108982
https://doi.org/10.1038/sj.bjp.0706204
https://www.ncbi.nlm.nih.gov/pubmed/15821758
https://doi.org/10.1093/nar/gkae1010
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s41592-022-01488-1
https://doi.org/10.7602/jmis.2023.26.4.167
https://doi.org/10.1038/s41598-022-14382-9
https://doi.org/10.1016/j.csbj.2024.11.047
https://doi.org/10.1002/pro.4792
https://www.ncbi.nlm.nih.gov/pubmed/37774136
https://doi.org/10.3390/biom14121531
https://www.ncbi.nlm.nih.gov/pubmed/39766238
https://doi.org/10.1093/nar/gkac394
https://doi.org/10.1007/978-1-0716-3441-7_6
https://www.ncbi.nlm.nih.gov/pubmed/37676595
https://doi.org/10.1002/jcc.21334
https://www.ncbi.nlm.nih.gov/pubmed/19499576
https://doi.org/10.1152/ajpgi.00284.2023

Cells 2025, 14, 1451 54 of 56

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

Webster, ].D.; Vucic, D. The Balance of TNF Mediated Pathways Regulates Inflammatory Cell Death Signaling in Healthy and
Diseased Tissues. Front. Cell Dev. Biol. 2020, 8, 365. [CrossRef]

Sabio, G.; Davis, R.J. TNF and MAP Kinase Signalling Pathways. Semin. Immunol. 2014, 26, 237-245. [CrossRef]
Serebrennikova, O.B.; Paraskevopoulou, M.D.; Aguado-Fraile, E.; Taraslia, V.; Ren, W.; Thapa, G.; Roper, J.; Du, K.; Croce, CM,;
Tsichlis, PN. The Combination of TPL2 Knockdown and TNF« Causes Synthetic Lethality via Caspase-8 Activation in Human
Carcinoma Cell Lines. Proc. Natl. Acad. Sci. USA 2019, 116, 14039-14048. [CrossRef] [PubMed]

Khoon, L.; Piran, R. A New Strategy in Modulating the Protease-Activated Receptor 2 (Par2) in Autoimmune Diseases. Int. ]. Mol.
Sci. 2025, 26, 410. [CrossRef]

Iablokov, V.; Hirota, C.L.; Peplowski, M.A.; Ramachandran, R.; Mihara, K.; Hollenberg, M.D.; MacNaughton, W.K. Proteinase-
Activated Receptor 2 (PAR2) Decreases Apoptosis in Colonic Epithelial Cells. J. Biol. Chem. 2014, 289, 34366-34377. [CrossRef]
Ma, G.; Wang, C.; Lv, B,; Jiang, Y.; Wang, L. Proteinase-Activated Receptor-2 Enhances Bcl2-like Protein-12 Expression in Lung
Cancer Cells to Suppress P53 Expression. Arch. Med. Sci. 2019, 15, 1147-1153. [CrossRef]

Huang, K.; Zhang, J.; O'Neill, K.L.; Gurumurthy, C.B.; Quadros, RM.; Tu, Y.; Luo, X. Cleavage by Caspase 8 and Mito-
chondrial Membrane Association Activate the BH3-Only Protein Bid During TRAIL-Induced Apoptosis. J. Biol. Chem. 2016,
291,11843-11851. [CrossRef]

Green, D.R.; Kroemer, G. The Pathophysiology of Mitochondrial Cell Death. Science 2004, 305, 626—-629. [CrossRef]

Anand, P.; Kunnumakkara, A.B.; Newman, R.A.; Aggarwal, B.B. Bioavailability of Curcumin: Problems and Promises. Mol.
Pharm. 2007, 4, 807-818. [CrossRef]

Lyu, Z.; Lyu, X.; Malyutin, A.G; Xia, G.; Carney, D.; Alves, V.M,; Falk, M.; Arora, N.; Zou, H.; McGrath, A.P,; et al. Structural
Basis for the Activation of Proteinase-Activated Receptors PAR1 and PAR2. Nat. Commun. 2025, 16, 3931. [CrossRef] [PubMed]
Yan, S.; Ding, H.; Peng, J.; Wang, X.; Pang, C.; Wei, J.; Wei, ]J.; Chen, H. Down-Regulation of Protease-Activated
Receptor 2 Ameliorated Osteoarthritis in Rats Through Regulation of MAPK/NF-kB Signaling Pathway In Vivo and In Vitro.
Biosci. Rep. 2020, 40, BSR20192620. [CrossRef]

Li, W,; Ma, Y;; He, L.; Li, H.; Chu, Y;; Jiang, Z.; Zhao, X.; Nie, Y.; Wang, X.; Wang, H. Protease-Activated Receptor 2 Stabilizes
Bcl-xL and Regulates EGFR-Targeted Therapy Response in Colorectal Cancer. Cancer Lett. 2021, 517, 14-23. [CrossRef]

Sebert, M.; Sola-Tapias, N.; Mas, E.; Barreau, F; Ferrand, A. Protease-Activated Receptors in the Intestine: Focus on Inflammation
and Cancer. Front. Endocrinol. 2019, 10, 717. [CrossRef]

Wang, H.; Zhang, K.; Liu, J.; Yang, J.; Tian, Y.; Yang, C.; Li, Y.; Shao, M.; Su, W.; Song, N. Curcumin Regulates Cancer Progression:
Focus on ncRNAs and Molecular Signaling Pathways. Front. Oncol. 2021, 11, 660712. [CrossRef] [PubMed]

Baek, O.S.; Kang, O.H.; Choi, Y.A.; Choi, S.C.; Kim, T.H.; Nah, Y.H.; Kwon, D.Y.; Kim, Y.K; Kim, Y.H.; Bae, K.H. Curcumin Inhibits
Protease-Activated Receptor-2 and -4-Mediated Mast Cell Activation. Clin. Chim. Acta 2003, 338, 135-141. [CrossRef]

Sugiura, R.; Satoh, R.; Takasaki, T. ERK: A Double-Edged Sword in Cancer. ERK-Dependent Apoptosis as a Potential Therapeutic
Strategy for Cancer. Cells 2021, 10, 2509. [CrossRef] [PubMed]

Zhang, Z.; Kobayashi, S.; Borczuk, A.C.; Leidner, R.S.; Laframboise, T.; Levine, A.D.; Halmos, B. Dual Specificity
Phosphatase 6 (DUSP6) Is an ETS-Regulated Negative Feedback Mediator of Oncogenic ERK Signaling in Lung Cancer Cells.
Carcinogenesis 2010, 31, 577-586. [CrossRef]

Ahmad, M.K.; Abdollah, N.A.; Shafie, N.H.; Yusof, N.M.; Razak, S.R.A. Dual-Specificity Phosphatase 6 (DUSP6): A Review of Its
Molecular Characteristics and Clinical Relevance in Cancer. Cancer Biol. Med. 2018, 15, 14-28. [CrossRef]

Hu, Y,; Cheng, L.; Du, S.; Wang, K.; Liu, S. Antioxidant Curcumin Induces Oxidative Stress to Kill Tumor Cells (Review). Oncol.
Lett. 2024, 27, 67. [CrossRef]

Kubiniok, P; Lavoie, H.; Therrien, M.; Thibault, P. Time-Resolved Phosphoproteome Analysis of Paradoxical RAF Activation
Reveals Novel Targets of ERK. Mol. Cell Proteom. 2017, 16, 663-679. [CrossRef]

Hayden, L.D.; Poss, K.D.; Simone, A.; Talia, S. Mathematical modeling of Erk activity waves in regenerating zebrafish scales.
Biophys. J. 2021, 120, 4287-4297. [CrossRef]

Vesela, K.; Kejik, Z.; Abramenko, N.; Kaplanek, R.; Jakubek, M.; Petrlova, J. Investigating Antibacterial and Anti-Inflammatory
Properties of Synthetic Curcuminoids. Front. Med. 2024, 11, 1478122. [CrossRef]

Esmaealzadeh, N.; Miri, M.S.; Mavaddat, H.; Peyrovinasab, A.; Ghasemi Zargar, S.; Sirous Kabiri, S.; Razavi, S.M.; Abdolghaffari,
A.H. The Regulating Effect of Curcumin on NF-«kB Pathway in Neurodegenerative Diseases: A Review of the Underlying
Mechanisms. Inflammopharmacology 2024, 32, 2125-2151. [CrossRef] [PubMed]

Rafa, H.; Benkhelifa, S.; AitYounes, S.; Saoula, H.; Belhadef, S.; Belkhelfa, M.; Boukercha, A.; Toumi, R.; Soufli, I.; Morales, O.; et al.
All-Trans Retinoic Acid Modulates TLR4/NF-kB Signaling Pathway Targeting TNF-oc and Nitric Oxide Synthase 2 Expression in
Colonic Mucosa During Ulcerative Colitis and Colitis Associated Cancer. Mediat. Inflamm. 2017, 2017, 7353252. [CrossRef]
Aggarwal, B.B.; Gupta, S.C.; Sung, B. Curcumin: An Orally Bioavailable Blocker of TNF and Other Pro-Inflammatory Biomarkers.
Br. . Pharmacol. 2013, 169, 1672-1692. [CrossRef] [PubMed]


https://doi.org/10.3389/fcell.2020.00365
https://doi.org/10.1016/j.smim.2014.02.009
https://doi.org/10.1073/pnas.1901465116
https://www.ncbi.nlm.nih.gov/pubmed/31239343
https://doi.org/10.3390/ijms26010410
https://doi.org/10.1074/jbc.m114.610485
https://doi.org/10.5114/aoms.2019.86980
https://doi.org/10.1074/jbc.M115.711051
https://doi.org/10.1126/science.1099320
https://doi.org/10.1021/mp700113r
https://doi.org/10.1038/s41467-025-59138-x
https://www.ncbi.nlm.nih.gov/pubmed/40287415
https://doi.org/10.1042/BSR20192620
https://doi.org/10.1016/j.canlet.2021.05.040
https://doi.org/10.3389/fendo.2019.00717
https://doi.org/10.3389/fonc.2021.660712
https://www.ncbi.nlm.nih.gov/pubmed/33912467
https://doi.org/10.1016/j.cccn.2003.08.015
https://doi.org/10.3390/cells10102509
https://www.ncbi.nlm.nih.gov/pubmed/34685488
https://doi.org/10.1093/carcin/bgq020
https://doi.org/10.20892/j.issn.2095-3941.2017.0107
https://doi.org/10.3892/ol.2023.14200
https://doi.org/10.1074/mcp.M116.065128
https://doi.org/10.1016/j.bpj.2021.05.004
https://doi.org/10.3389/fmed.2024.1478122
https://doi.org/10.1007/s10787-024-01492-1
https://www.ncbi.nlm.nih.gov/pubmed/38769198
https://doi.org/10.1155/2017/7353252
https://doi.org/10.1111/bph.12131
https://www.ncbi.nlm.nih.gov/pubmed/23425071

Cells 2025, 14, 1451 55 of 56

160.

161.

162.

163.

164.
165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.
177.

178.

179.

180.

181.

182.

183.

184.

Guimaraes, M.R.; Leite, ER.M.; Spolidorio, L.C.; Kirkwood, K.L.; Rossa, C. Curcumin Abrogates LPS-Induced pro-Inflammatory
Cytokines in RAW 264.7 Macrophages. Evidence for Novel Mechanisms Involving SOCS-1, -3 and P38 MAPK. Arch. Oral Biol.
2013, 58, 1309-1317. [CrossRef]

Ma, F; Liu, F; Ding, L.; You, M.; Yue, H.; Zhou, Y.; Hou, Y. Anti-Inflammatory Effects of Curcumin Are Associated with down
Regulating microRNA-155 in LPS-Treated Macrophages and Mice. Pharm. Biol. 2017, 55, 1263-1273. [CrossRef] [PubMed]
Wang, X.; Lin, Y. Tumor Necrosis Factor and Cancer, Buddies or Foes? Acta Pharmacol. Sin. 2008, 29, 1275-1288. [CrossRef]
[PubMed]

Kokolakis, G.; Sabat, R.; Kruger-Krasagakis, S.; Eberle, ]. Ambivalent Effects of Tumor Necrosis Factor Alpha on Apoptosis of
Malignant and Normal Human Keratinocytes. Ski. Skin. Pharmacol. Physiol. 2021, 34, 94-102. [CrossRef] [PubMed]

Tummers, B.; Green, D.R. Caspase-8: Regulating life and death. Immunol. Rev. 2017, 277, 76-89. [CrossRef] [PubMed]

Lv, Z.D,; Liu, X.P,; Zhao, W.J.; Dong, Q.; Li, EN.; Wang, H.B.; Kong, B. Curcumin Induces Apoptosis in Breast Cancer Cells and
Inhibits Tumor Growth In Vitro and In Vivo. Int. J. Clin. Exp. Pathol. 2014, 7, 2818-2824.

Chiu, T.L.; Su, C.C. Curcumin Inhibits Proliferation and Migration by Increasing the Bax to Bcl-2 Ratio and Decreasing NF-kBp65
Expression in Breast Cancer MDA-MB-231 Cells. Int. ]. Mol. Med. 2009, 23, 469-475. [CrossRef]

Li, W,; Zhou, Y,; Yang, J.; Li, H.; Zhang, H.; Zheng, P. Curcumin Induces Apoptotic Cell Death and Protective Autophagy in
Human Gastric Cancer Cells. Oncol. Rep. 2017, 37, 3459-3466. [CrossRef]

Catz, S.D.; Johnson, ].L. Transcriptional Regulation of Bcl-2 by Nuclear Factor Kappa B and Its Significance in Prostate Cancer.
Oncogene 2001, 20, 7342-7351. [CrossRef]

Paul, M.; Murphy, S.F,; Hall, C.; Schaeffer, A.].; Thumbikat, P. Protease-Activated Receptor 2 Activates CRAC-Mediated CaZ*
Influx to Cause Prostate Smooth Muscle Contraction. FASEB Bioadv. 2019, 1, 255-264. [CrossRef]

Koller, H.; Thiem, K.; Siebler, M. Tumour Necrosis Factor-Alpha Increases Intracellular Ca?* and Induces a Depolarization in
Cultured Astroglial Cells. Brain 1996, 119, 2021-2027. [CrossRef]

Rose, A.].; Hargreaves, M. Exercise Increases Ca2+—Calmodulin—Dependent Protein Kinase II Activity in Human Skeletal Muscle.
J. Physiol. 2003, 553, 303-309. [CrossRef]

Chin, E.R. Role of Ca?*/Calmodulin-Dependent Kinases in Skeletal Muscle Plasticity. J. Appl. Physiol. 1985, 99, 414-423.
[CrossRef]

Smedt, H.; Verkhratsky, A.; Muallem, S. Ca?t Signaling Mechanisms of Cell Survival and Cell Death: An Introduction. Cell
Calcium 2011, 50, 207-210. [CrossRef]

Gueguinou, M.; Ibrahim, S.; Bourgeais, J.; Robert, A.; Pathak, T.; Zhang, X.; Crottes, D.; Dupuy, J.; Ternant, D.; Monbet, V.
Curcumin and NCLX Inhibitors Share Anti-Tumoral Mechanisms in Microsatellite-Instability-Driven Colorectal Cancer. Cell Mol.
Life Sci. 2022, 79, 284. [CrossRef]

Xu, X.; Chen, D.; Ye, B.; Zhong, F.; Chen, G. Curcumin Induces the Apoptosis of Non-Small Cell Lung Cancer Cells Through a
Calcium Signaling Pathway. Int. . Mol. Med. 2015, 35, 1610-1616. [CrossRef]

Lilienbaum, A ; Israel, A. From Calcium to NF-«B Signaling Pathways in Neurons. Mol. Cell Biol. 2003, 23, 2680—-2698. [CrossRef]
Peterson, M.D.; Mooseker, M.S. Characterization of the Enterocyte-like Brush Border Cytoskeleton of the C2BBe Clones of the
Human Intestinal Cell Line, Caco-2. J. Cell Sci. 1992, 102 Pt 3, 581-600. [CrossRef]

Hidalgo, I.].; Raub, T.J.; Borchardt, R.T. Characterization of the Human Colon Carcinoma Cell Line (Caco-2) as a Model System
for Intestinal Epithelial Permeability. Gastroenterology 1989, 96, 736-749. [PubMed]

Zheng, H.; Liu, H,; Li, H.; Dou, W.; Wang, J.; Zhang, J.; Liu, T.; Wu, Y.; Liu, Y.; Wang, X. Characterization of Stem Cell Landscape
and Identification of Stemness-Relevant Prognostic Gene Signature to Aid Immunotherapy in Colorectal Cancer. Stem Cell Res.
Ther. 2022, 13, 244. [CrossRef]

Mariadason, J.M.; Nicholas, C.; L'Italien, K.E.; Zhuang, M.; Smartt, H.].M.; Heerdt, B.G.; Yang, W.; Corner, G.A.; Wilson, A.J.;
Klampfer, L.; et al. Gene Expression Profiling of Intestinal Epithelial Cell Maturation along the Crypt-Villus Axis. Gastroenterology
2005, 128, 1081-1088. [CrossRef] [PubMed]

Kennedy, A.J.; Sundstrom, L.; Geschwindner, S.; Poon, EK.Y,; Jiang, Y.; Chen, R.; Cooke, R.; Johnstone, S.; Madin, A.; Lim, J.
Protease-Activated Receptor-2 Ligands Reveal Orthosteric and Allosteric Mechanisms of Receptor Inhibition. Commun. Biol. 2020,
3, 782. [CrossRef] [PubMed]

Charlton, A.].; Baxter, N.J.; Khan, M.L.; Moir, A.].; Haslam, E.; Davies, A.P.; Williamson, M.P. Polyphenol/Peptide Binding and
Precipitation. J. Agric. Food Chem. 2002, 50, 1593-1601. [CrossRef] [PubMed]

Yang, X.V.; Banerjee, Y.; Fernandez, J.A.; Deguchi, H.; Xu, X.; Mosnier, L.O.; Urbanus, R.T.; Groot, P.G.; White-Adams, T.C,;
McCarty, O.J. Activated Protein C Ligation of ApoER2 (LRP8) Causes Dabl-Dependent Signaling in U937 Cells. Proc. Natl. Acad.
Sci. USA 2009, 106, 274-279. [CrossRef] [PubMed]

Banerjee, Y.; Lakshminarayanan, R.; Vivekanandan, S.; Anand, G.S.; Valiyaveettil, S.; Kini, R.M. Biophysical characterization
of anticoagulant hemextin AB complex from the venom of snake Hemachatus haemachatus. Biophys. . 2007, 93, 3963-3976.
[CrossRef] [PubMed]


https://doi.org/10.1016/j.archoralbio.2013.07.005
https://doi.org/10.1080/13880209.2017.1297838
https://www.ncbi.nlm.nih.gov/pubmed/28264607
https://doi.org/10.1111/j.1745-7254.2008.00889.x
https://www.ncbi.nlm.nih.gov/pubmed/18954521
https://doi.org/10.1159/000513725
https://www.ncbi.nlm.nih.gov/pubmed/33730739
https://doi.org/10.1111/imr.12541
https://www.ncbi.nlm.nih.gov/pubmed/28462525
https://doi.org/10.3892/ijmm_00000153
https://doi.org/10.3892/or.2017.5637
https://doi.org/10.1038/sj.onc.1204926
https://doi.org/10.1096/fba.2018-00024
https://doi.org/10.1093/brain/119.6.2021
https://doi.org/10.1113/jphysiol.2003.054171
https://doi.org/10.1152/japplphysiol.00015.2005
https://doi.org/10.1016/j.ceca.2011.06.004
https://doi.org/10.1007/s00018-022-04311-4
https://doi.org/10.3892/ijmm.2015.2167
https://doi.org/10.1128/MCB.23.8.2680-2698.2003
https://doi.org/10.1242/jcs.102.3.581
https://www.ncbi.nlm.nih.gov/pubmed/2914637
https://doi.org/10.1186/s13287-022-02913-0
https://doi.org/10.1053/j.gastro.2005.01.054
https://www.ncbi.nlm.nih.gov/pubmed/15825089
https://doi.org/10.1038/s42003-020-01504-0
https://www.ncbi.nlm.nih.gov/pubmed/33335291
https://doi.org/10.1021/jf010897z
https://www.ncbi.nlm.nih.gov/pubmed/11879042
https://doi.org/10.1073/pnas.0807594106
https://www.ncbi.nlm.nih.gov/pubmed/19116273
https://doi.org/10.1529/biophysj.106.100164
https://www.ncbi.nlm.nih.gov/pubmed/17704148

Cells 2025, 14, 1451 56 of 56

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

Langelaan, D.N.; Ngweniform, P; Rainey, ].K. Biophysical Characterization of G-Protein Coupled Receptor-Peptide Ligand
Binding. Biochem. Cell Biol. 2011, 89, 98-105. [CrossRef]

Yeagle, P.L.; Choi, G.; Albert, A.D. Studies on the Structure of the G-Protein-Coupled Receptor Rhodopsin Including the Putative
G-Protein Binding Site in Unactivated and Activated Forms. Biochemistry 2001, 40, 11932-11937. [CrossRef]

Du, B,; Jiang, L.; Xia, Q.; Zhong, L. Synergistic Inhibitory Effects of Curcumin and 5-Fluorouracil on the Growth of the Human
Colon Cancer Cell Line HT-29. Chemotherapy 2006, 52, 23-28. [CrossRef]

Srimuangwong, K.; Tocharus, C.; Yoysungnoen Chintana, P.; Suksamrarn, A.; Tocharus, J. Hexahydrocurcumin enhances
inhibitory effect of 5-fluorouracil on HT-29 human colon cancer cells. World ]. Gastroenterol. 2012, 18, 2383-2389. [CrossRef]
Kunnumakkara, A.B.; Diagaradjane, P.; Anand, P.; Harikumar, K.B.; Deorukhkar, A.; Gelovani, J.; Guha, S.; Krishnan, S.; Aggarwal,
B.B. Curcumin Sensitizes Human Colorectal Cancer to Capecitabine by Modulation of Cyclin D1, COX-2, MMP-9, VEGF and
CXCR4 Expression in an Orthotopic Mouse Model. Int. ]. Cancer 2009, 125, 2187-2197. [CrossRef]

Patel, B.B.; Sengupta, R.; Qazi, S.; Vachhani, H.; Yu, Y.; Rishi, A K.; Majumdar, A.P. Curcumin Enhances the Effects of 5-Fluorouracil
and Oxaliplatin in Mediating Growth Inhibition of Colon Cancer Cells by Modulating EGFR and IGF-1R. Int. J. Cancer 2008, 122,
267-273. [CrossRef]

James, ML.L; Twuiji, C.; Irving, G.; Karmokar, A.; Higgins, J.A.; Griffin-Teal, N.; Thomas, A.; Greaves, P.; Cai, H.; Patel, S.R.
Curcumin Inhibits Cancer Stem Cell Phenotypes in Ex Vivo Models of Colorectal Liver Metastases, and Is Clinically Safe and
Tolerable in Combination with FOLFOX Chemotherapy. Cancer Lett. 2015, 364, 135-141. [CrossRef]

Liu, Z,; Jiang, X.; Ke, Z.; Wang, W.; Tang, ].; Dai, Y. PAR2 Deficiency Impairs Antitumor Immunity and Attenuates Anti-PD1
Efficacy in Colorectal Cancer. Pharmacol. Res. 2025, 215, 107721. [CrossRef]

Bahadori, F.; Demiray, M. A Realistic View on “The Essential Medicinal Chemistry of Curcumin”. ACS Med. Chem. Lett. 2017, 8,
893-896. [CrossRef]

Nelson, K.M.; Dahlin, J.L.; Bisson, J.; Graham, J.; Pauli, G.F; Walters, M.A. The Essential Medicinal Chemistry of Curcumin.
J. Med. Chem. 2017, 60, 1620-1637. [CrossRef]

Baell, ].B. Feeling Nature’s PAINS: Natural Products, Natural Product Drugs, and Pan Assay Interference Compounds (PAINS).
J. Nat. Prod. 2016, 79, 616-628. [CrossRef]

Tsai, YM.; Chien, C.F,; Lin, L.C.; Tsai, T.H. Curcumin and Its Nano-Formulation: The Kinetics of Tissue Distribution and
Blood-Brain Barrier Penetration. Int. J. Pharm. 2011, 416, 331-338. [CrossRef]

Yallapu, M.M.; Jaggi, M.; Chauhan, S.C. Curcumin nanoformulations: A future nanomedicine for cancer. Drug Discov. Today 2012,
17, 71-80. [CrossRef]

Sadia, H.; Qureshi, I.Z.; Naveed, M.; Aziz, T.; Alharbi, M.; Alasmari, A.F,; Albekairi, T.H. Natural Al-Based Drug Designing by
Modification of Ascorbic Acid and Curcumin to Combat Buprofezin Toxicity by Using Molecular Dynamics Study. Sci. Rep. 2024,
14, 28445. [CrossRef]

Gangwal, A.; Lavecchia, A. Artificial Intelligence in Natural Product Drug Discovery: Current Applications and Future Perspec-
tives. J. Med. Chem. 2025, 68, 3948-3969. [CrossRef]

Maagdenberg, HW.; Otterloo, J.; Hasselt, ].G.C.; Graaf, PH.; Westen, G.J.P. Integrating Pharmacokinetics and Quantitative
Systems Pharmacology Approaches in Generative Drug Design. . Chem. Inf. Model. 2025, 65, 4783-4796. [CrossRef]

Cui, M.; Cheng, C.; Zhang, L. High-Throughput Proteomics: A Methodological Mini-Review. Lab. Investig. 2022, 102, 1170-1181.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1139/O10-142
https://doi.org/10.1021/bi015543f
https://doi.org/10.1159/000090238
https://doi.org/10.3748/wjg.v18.i19.2383
https://doi.org/10.1002/ijc.24593
https://doi.org/10.1002/ijc.23097
https://doi.org/10.1016/j.canlet.2015.05.005
https://doi.org/10.1016/j.phrs.2025.107721
https://doi.org/10.1021/acsmedchemlett.7b00284
https://doi.org/10.1021/acs.jmedchem.6b00975
https://doi.org/10.1021/acs.jnatprod.5b00947
https://doi.org/10.1016/j.ijpharm.2011.06.030
https://doi.org/10.1016/j.drudis.2011.09.009
https://doi.org/10.1038/s41598-024-79275-5
https://doi.org/10.1021/acs.jmedchem.4c01257
https://doi.org/10.1021/acs.jcim.5c00107
https://doi.org/10.1038/s41374-022-00830-7

	Introduction 
	Materials and Methods 
	Study Design 
	Ethics Considerations 
	Cell Line Selection 
	Cell Culture and Treatment 
	Cell Culture Methodology 
	Subculturing Cryopreservation of HT 29 and Caco-2 Cells 

	Assessment of Cytotoxicity Using the MTT Assay 
	Prepration of Curcumin Stock Solution 
	Induction of Inflammation in HT 29 and Caco-2 Cells Using LPS and Curcumin Treatment 
	RNA Extraction and cDNA Synthesis 
	Western Blot Analysis: Comprehensive Evaluation of PAR-2-Associated Signaling Axis and Apoptotic Pathways 
	Rationale for the Selection of Protease-Activated Receptors and Biochemical Markers in This Study 
	Protein Extraction and Quantification 
	Antibody Incubation and Detection 
	Densitometry and Statistical Analysis 

	Assessment of TNF- Secretion via Quantitative ELISA Following Curcumin Treatment 
	Dual Fluorescence Staining and Quantification of Apoptotic Cells Using Acridine Orange/Ethidium Bromide (AO/EtBr) 
	Annexin V-FITC and Propidium Iodide (PI) Dual Staining for Apoptosis Detection 
	Calcium Signaling Assay 
	Computational Modeling of PAR-2 
	Molecular Docking of Curcumin with AlphaFold-Predicted PAR-2 Structure 

	Results 
	Assessment of LPS-Induced Cytotoxicity and Establishment of an Inflammatory CRC Model in HT 29 and Caco-2 Cell Lines 
	Curcumin Downregulates PAR-2 Expression at the Transcriptional and Translational Level in HT 29 and Caco-2 Cells 
	Curcumin Does Not Significantly Alter PAR-1 Expression in LPS-Stimulated HT 29 and Caco-2 Cells 
	Curcumin Modulates ERK1/2 and Phosphorylated ERK Signaling in HT 29 and Caco-2 Cells 
	Curcumin Attenuates TNF- Expression in LPS-Stimulated HT 29 and Caco-2 Cells 
	Curcumin Induces Apoptosis in HT 29 and Caco-2 Cells via PAR-2/ERK/TNF–Mediated Activation of Extrinsic and Intrinsic Pathways 
	Effect of Curcumin on Calcium Dynamics 
	Structural Prediction of PAR-2 Using AlphaFold Confirms Canonical GPCR Topology and Identifies a Viable Ligand-Binding Pocket 
	Molecular Docking Suggests Direct Interaction of Curcumin with PAR-2 at a Deep Transmembrane Pocket 

	Discussion 
	Limitations and Future Directions 
	Conclusions 
	References

