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Background: Colorectal cancer (CRC) is a growing health concern globally and in regions such as the United
Arab Emirates, where risk factors like obesity and hyperlipidaemia are prevalent. Chronic inflammation, driven
by pathways involving protease-activated receptor 2 (PAR-2), plays a pivotal role in CRC progression, creating
a tumour-promoting microenvironment. The overexpression of PAR-2 has been associated with increased
tumour aggressiveness and drug resistance. While previous studies have focused on broad inflammatory
modulation, this study explores the selective targeting of PAR-2 by atorvastatin (ATV) and rosuvastatin (RSV),
highlighting their specificity by assessing minimal impact on PAR-1 expression, which serves as a control.
Methods: HT-29 and Caco-2 CRC cell lines were employed to investigate the anti-inflammatory effects
of ATV and RSV. Inflammation was induced with lipopolysaccharide (LPS), followed by treatment with
varying concentrations of ATV and RSV. Western blotting and real-time polymerase chain reaction for
quantification (QPCR) were performed to quantify PAR-2 and TNF-o at both the protein and mRNA
levels. Enzyme linked immunosorbent assay (ELISA) was used to measure the secretion of TNF-a. Calcium
signalling, which plays a crucial role in inflammation, was analysed using Fluo-4 AM dye, with fluorescence
imaging capturing the effects of statin treatment on intracellular calcium influx.

Results: LPS treatment significantly upregulated PAR-2 and TNF-a expression in both cell lines,
validating the inflammatory model. Co-treatment with ATV or RSV reduced PAR-2 and TNF-o expression
in a dose-dependent manner. The higher concentrations of ATV (50 pg/mL) and RSV (20 pg/mL) produced
the most significant reduction in these inflammatory markers at both the protein and mRNA levels.
Importantly, the treatment did not substantially alter PAR-1 expression, underlining the specificity of ATV
and RSV in modulating PAR-2-mediated pathways. Additionally, statin treatment attenuated LPS-induced
calcium influx, with fluorescence intensity decreasing markedly at higher concentrations of both statins.
Conclusions: This study provides novel insights into the selective targeting of PAR-2 by ATV and RSV,
distinguishing their effects from PAR-1. The reduction in PAR-2 expression and TNF-a secretion, along
with the suppression of calcium signalling, underscores the potential of these statins as targeted anti-
inflammatory agents in CRC. The findings highlight the therapeutic value of ATV and RSV in modulating
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inflammation through PAR-2-specific pathways, which may contribute to reduced cancer progression. These

results pave the way for further preclinical and clinical evaluations to explore statins as adjunctive therapies

in the management of CRC.
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Introduction
Background

Colorectal cancer (CRC) remains a formidable global health
challenge, ranking as the third most commonly diagnosed
cancer and the second leading cause of cancer-related

Highlight box

Key findings

® This study demonstrates that atorvastatin (ATV) and rosuvastatin
(RSV) selectively inhibit protease-activated receptor-2 (PAR-
2) expression and tumour necrosis factor-a (TNF-a) secretion in
lipopolysaccharide (LPS)-stimulated colorectal cancer (CRC) cell
lines, HT-29 and Caco-2.

* Statin treatment also reduces calcium influx, highlighting the
modulation of calcium-dependent inflammatory pathways.

® The expression of PAR-1 remains largely unaffected, emphasizing
the specificity of ATV and RSV towards PAR-2.

What is known and what is new?

* PAR-2 overexpression is known to promote inflammation, tumour
progression, and drug resistance in CRC, presenting challenges for
therapeutic management.

e Statins are established as anti-inflammatory agents, but their
specific impact on PAR-2 signaling in CRC models has not been
thoroughly investigated.

® This study provides novel evidence of selective PAR-2 inhibition by
ATV and RSV, with minimal effect on PAR-1 expression, along
with calcium signalling suppression as a mechanism for reducing

inflammation.

What is the implication, and what should change now?

* The findings highlight the potential of ATV and RSV as adjunctive
therapies in CRC, offering targeted modulation of PAR-2-
mediated inflammatory pathways.

e This selective targeting could improve treatment outcomes
by reducing inflammation-driven cancer progression while
minimizing off-target effects on PAR-1.

® Further preclinical and clinical trials are needed to validate these
findings and explore the integration of statins into CRC treatment
regimens for enhanced therapeutic efficacy.

© AME Publishing Company.

mortality worldwide (1). In the United Arab Emirates
(UAE), where obesity and hyperlipidemia have seen a
marked increase (2), CRC holds significant epidemiological
relevance, standing as the second most prevalent cancer
in males and third in females (3,4). The UAE also ranks
among the top 10 countries globally for obesity, with over
30% of the adult population classified as obese (5). This
rise in obesity, a key risk factor for CRC, further amplifies
the burden on the healthcare system, as both obesity and
hyperlipidemia contribute to CRC progression (6-9).

These conditions drive chronic, low-grade inflammation,
which contributes to tumor initiation and progression
through the disruption of adipose tissue homeostasis and
altered lipid metabolism (8,10,11). This pro-inflammatory
state fosters a microenvironment conducive to oncogenesis,
underscoring the importance of targeting inflammation in
CRC prevention and therapeutic strategies.

Chronic inflammation is also strongly implicated in
CRC pathogenesis, with inflammatory conditions such
as inflammatory bowel disease (IBD), ulcerative colitis
(UC), and Crohn’s disease significantly increasing the
risk for CRC (12,13). Inflammation-mediated epithelial
damage leads to genetic mutations and dysregulated
signaling that promote tumor initiation and progression.
For example, chronic inflammation in conditions like
UC can induce oxidative stress, resulting in mutations of
the TP53 gene, a crucial tumor suppressor, which drives
CRC progression (14). Additionally, in Crohn’s disease,
the inflammatory microenvironment is linked to Kirsten
rat sarcoma viral oncogene homolog (KRAS) mutations,
promoting unchecked cell proliferation and survival, further
facilitating tumorigenesis and the progression of CRC (15).
Additionally, obesity and hyperlipidemia exacerbate CRC
outcomes by inducing insulin resistance, oxidative stress,
and dysregulated cytokine signaling, further intensifying the
inflammatory state and accelerating disease progression (16).
Insulin resistance has been identified as a significant risk
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factor for CRC. A comprehensive cohort study highlighted
that individuals with metabolic syndrome, a condition
intrinsically linked to insulin resistance, exhibited a 33%
elevated risk of developing CRC, underscoring the interplay
between metabolic dysregulation and cancer progression (17).
Another study found that hyperinsulinemia promotes
the growth of colorectal tumors by increasing levels of
insulin-like growth factor-1 (IGF-1), which enhances cell
proliferation and survival (18).

Recent advances underscore the critical role of protease-
activated receptor 2 (PAR-2) in mediating inflammation and
its direct involvement in oncogenesis, particularly in the
context of CRC (19). PAR-2, a member of the G-protein-
coupled receptor (GPCR) family, is activated through
proteolytic cleavage by specific serine proteases such as
trypsin, tryptase, and coagulation factors like Factor Xa (20).
Unlike other GPCRs, PAR-2 does not rely on traditional
ligands but utilizes its tethered ligand mechanism for receptor
activation, which facilitates its persistent involvement in
inflammatory and proliferative processes (21). PAR-2
expression is significantly elevated in CRC compared to
other malignancies such as breast, ovarian, and pancreatic
cancers. A comparative analysis revealed that CRC tissues
exhibit the highest expression of PAR-2 among these cancer
types, correlating with more aggressive tumour behaviour
and poorer prognosis (22). Even, expression of the PAR-
2 gene (F2RL1) is significantly higher in CRC tissues
compared to normal colonic tissues (22,23). This elevated
expression of PAR-2 in CRC underscores its pivotal role as
a key mediator in the disease’s pathogenesis, driving both
inflammatory and proliferative processes. Not only does
high PAR-2 expression correlate with a more aggressive
clinical course, but it is also associated with poor prognosis
in CRC patients (24). This makes PAR-2 a compelling
prognostic marker and a viable therapeutic target, offering
potential pathways for interventions aimed at mitigating
inflammation-driven tumor progression and improving
clinical outcomes.

Functionally, PAR-2 promotes several malignant
phenotypes in CRC, including tumor cell proliferation,
migration, invasion, and metastasis (25). It enhances
tumour progression by activating key oncogenic pathways,
particularly the B-catenin and periostin pathways, which
drive cancer stem cell (CSC) self-renewal and metastatic
dissemination (26). Furthermore, PAR-2 contributes to
the epithelial-mesenchymal transition (EMT), a crucial
mechanism underlying cancer invasion and metastasis (27).
PAR-2’s role in EMT underscores its importance in
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enhancing the invasive capabilities of CRC cells and
promoting metastatic spread.

Recent discoveries have also identified the PAR-2-
LRP6-Axin and PAR-2-RNF43-B-Catenin pathways as
key modulators of CRC progression. The PAR-2-LRP6-
Axin signaling axis plays a pivotal role in stabilizing
B-catenin, thereby preventing its degradation and
promoting oncogenesis in CRC. Upon activation, PAR-
2 initiates downstream signaling that recruits LRP6 (28).
Phosphorylation of LRP6 at PPPS/TP motifs by Casein
Kinase 1 (CK1) and glycogen synthase kinase-3p (GSK-38)
is essential for its function. Once phosphorylated, LRP6
interacts with Axin, a scaffold protein in the B-catenin
destruction complex, preventing Axin from facilitating
B-catenin degradation (29). Normally, the ‘destruction
complex’, which includes adenomatous polyposis coli (APC),
CK1, and GSK-3p, phosphorylates B-catenin, leading to its
ubiquitination and proteasomal degradation (30). However,
the LRP6-Axin interaction disrupts this process, resulting
in B-catenin stabilization. Stabilized B-catenin accumulates
in the cytoplasm and translocates to the nucleus, where it
forms a complex with T-cell factor/lymphoid enhancer factor
(TCEF/LEF) transcription factors, driving the transcription
of oncogenic genes such as ¢c-Myc and Cyclin D1 (31). ¢-Myc
promotes cell cycle progression and proliferation (32),
while Cyclin DI facilitates the G1 to S phase transition (33),
contributing to tumour growth. This signalling axis also
intersects with the phosphoinositide 3-kinase/protein
kinase B (PI3K/AKT) and mitogen-activated protein
kinase/extracellular signal-regulated kinase (MAPK/
ERK) pathways, enhancing cell survival and invasion (34).
Furthermore, it plays a critical role in maintaining CSCs,
which drive tumour initiation and resistance to therapy (35).
Through EMT, the PAR-2-LRP6-Axin signalling axis
further contributes to cancer progression and metastasis.
This process involves the activation of key transcription
factors, including Snail and Twist, which are known to
enhance cell motility and invasiveness (28). The interaction
between PAR-2 and LRP6 promotes rapid phosphorylation
of LRPG, resulting in the recruitment of Axin from the
“destruction-complex” pool, as indicated above (28). This
recruitment not only stabilizes f-catenin but also facilitates
the formation of LRP6 signalosomes, which include
Frizzled (FZD), Axin, and GSK3 (36). The formation
of these signalosomes is facilitated by the production of
phosphatidylinositol 4,5-bisphosphate (PIP2), synthesized
by phosphatidylinositol-4-phosphate 5-kinase type-1
(PIP5K1) when bound to Dishevelled (DVL) (36). This
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interaction accelerates PIP2 generation, which enhances
and amplifies Wnt/B-catenin signalling. In the context
of CRC, Wnt-signaling plays a pivotal role in driving
tumorigenesis. The aberrant activation of this pathway,
commonly through mutations in APC or B-catenin, leads
to the stabilization and nuclear translocation of B-catenin.
This results in the transcription of genes involved in cell
proliferation, survival, and metastasis, contributing to the
initiation and progression of CRC. The amplification of
Wht signaling through PIP2 production further exacerbates
these oncogenic processes (37).

Moreover, the PAR-2-LRP6-Axin axis interacts with
multiple other signalling pathways. For instance, the (Pro)
renin receptor (PRR) has been identified as a component
of the Wnt receptor complex that can promote and
augment Wnt signaling (38). PRR acts as a specific adaptor
between LRP6 and V-ATPase, which is essential for LRP6
phosphorylation and activation (38). Also, insulin-like
growth factor binding protein 2 (IGFBP2) has been shown
to interact with LRP6, enhancing B-catenin transcriptional
activity (39). This interaction provides another layer of
regulation to the PAR-2-LRP6-Axin signaling axis. The
complex interplay between these various components
underscores the intricate regulation of the PAR-2-LRP6-
Axin signaling axis and its far-reaching effects on cancer
progression, metastasis, and therapy resistance.

The PAR-2-RNF43-B-Catenin pathway is another
crucial signalling mechanism in CRC that modulates
B-catenin stability and promotes tumorigenesis (40). While
the PAR-2-LRP6-Axin axis involves B-catenin stabilization
through Axin sequestration, the PAR-2-RNF43 pathway
focuses on regulating FZD receptors, key components in
the Wnt/B-catenin signalling pathway (40). RNF43 (Ring
Finger 43), an E3 ubiquitin ligase, typically functions to
ubiquitinate and degrade FZD receptors, limiting Wnt
signalling (41). However, upon activation of PAR-2,
RINF43’s function is inhibited, allowing an accumulation of
FZD receptors at the cell membrane, thus amplifying Wnt
signalling and stabilizing B-catenin (40).

One notable example comes from a study conducted by
Giannakis et 4/., which identified RNF43 mutations in a
significant subset of microsatellite instability-high (MSI-H)
CRC patients (42). In these tumours, loss-of-function
mutations in RNF43 led to the inactivation of its ubiquitin
ligase activity, causing continuous FZD receptor activation
and constitutive Wnt/B-catenin signalling (42). This
mutation-driven hyperactivation of B-catenin contributes
directly to tumour growth, metastasis, and resistance to
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standard therapies. The study highlighted that nearly 18%
of CRC patients with MSI-H tumours harboured RNF43
mutations, underscoring the clinical relevance of this
pathway in CRC progression (42).

In another case, Koo et 4/. demonstrated that RNF43
mutations in CRC promote CSC renewal by sustaining
B-catenin-driven transcription of stemness-associated genes,
such as LGRS and ASCL2 (43). These mutations were
particularly prevalent in right-sided CRCs, a subtype known
for its distinct molecular features and poorer prognosis
compared to left-sided tumours (43). The RNF43 mutation,
by sustaining Wnt signaling, helps maintain a population
of stem-like cells within tumours, facilitating both tumour
initiation and resistance to chemotherapy. These exemplars
illustrate the critical role that RNF43 mutations play
in CRC pathogenesis, especially in terms of sustaining
B-catenin activity and driving oncogenic processes. Hence,
the PAR-2-RNF43-B-Catenin axis not only represents a key
regulatory mechanism of Wnt signalling in CRC but also
highlights the clinical importance of RNF43 as a biomarker
and a therapeutic target.

In addition to the pathways mentioned above, PAR-2
plays a critical role in regulating several well-characterized
cell signalling pathways. Activation of PAR-2 has been
shown to stimulate the MEK1/2-ERK1/2 signaling cascade
across various cell types. Additionally, PAR-2-induced
ERK1/2 activation is mediated through both G protein-
dependent and -independent mechanisms. The G protein-
dependent pathway involves Gq/11 and Gi/o, leading to
the activation of protein kinase C (PKC) and subsequent
phosphorylation of ERK1/2, while the G protein-
independent mechanism involves B-arrestin recruitment,
acting as a scaffold for signalling complexes, including RAF,
MEK, and ERK (44). In cancer cells, PAR-2-mediated
ERKI1/2 activation has been associated with increased cell
proliferation, migration, and invasion. Furthermore, recent
findings suggest that PAR-2-induced ERK1/2 activation
can lead to the upregulation of matrix metalloproteinases
(MMPs), particularly MMP-9, contributing to enhanced
tumor metastasis (19).

PAR-2 has also been found to interact with TGF-§
signalling in complex ways, where TGF-p plays a dual role
in inflammation and CRC. It acts as an anti-inflammatory
agent in normal tissue but promotes tumour progression
and immune evasion in CRC by inducing EMT and
enhancing tumour cell survival (45). This effect is mediated
through the increased phosphorylation and nuclear
translocation of Smad2/3, key components of the TGF-$
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signaling pathway (46). Additionally, PAR-2 activation
specifically through the MEK1/2-ERK1/2 pathway has
been shown to elevate the expression of TGF-B1, creating a
positive feedback loop that amplifies the tumour-promoting
effects of both the PAR-2-MEK1/2-ERK1/2 and TGF-p/
Smad2/3 pathways (47). This interaction between PAR-
2 and T'GF-B signaling has been implicated in promoting
CSC-like properties and chemoresistance in several tumour
types (48).

The interaction between PAR-2 and the PI3K/Akt
pathway has gained significant attention in recent years.
PAR-2 activation has been shown to rapidly induce PI3K
activity, leading to increased phosphorylation and activation
of Akt. This activation occurs through both G protein-
dependent and -independent mechanisms, similar to the
ERK1/2 pathway (44). Recent findings have revealed that
PAR-2-mediated Akt activation plays a crucial role in
promoting cancer cell survival and resistance to apoptosis.
Furthermore, the PAR-2-PI3K/Akt axis has been implicated
in the regulation of glucose metabolism in cancer cells,
contributing to the Warburg effect and supporting tumor
growth (49,50).

PAR-2 activation has been shown to stimulate NF-
kB signaling, leading to increased expression of pro-
inflammatory cytokines and chemokines (51). This
mechanism contributes to the creation of a tumor-
promoting inflammatory microenvironment. Emerging
evidence suggests that PAR-2 may activate the Janus kinase/
signal transducer and activator of transcription (JAK/STAT)
pathway, particularly STAT3, in certain cancer types (52).
This activation promotes cell survival, proliferation, and
metastasis. Furthermore, recently PAR-2 activation has
been shown to interact with the Hippo pathway, inhibiting
its activity and resulting in increased nuclear localization of
YAP/TAZ transcriptional coactivators, thereby promoting
cancer cell proliferation and stemness (53).

In addition to driving tumor progression, as evidenced
by its association with advanced clinicopathologic features
such as depth of tumor invasion, liver metastasis, and tumor
node metastasis (NM) stage in human CRC, where 33.9%
of 295 patients exhibited positive PAR-2 expression, and
despite not being a significant negative prognostic factor
for overall survival in either univariate or multivariate
analyses (54), PAR-2 is implicated in mediating resistance
to chemotherapeutic agents. For instance, PAR-2 activation
has been shown to attenuate doxorubicin-induced cell death
in colon cancer cells by upregulating anti-apoptotic proteins
such as MCL-1 and Bcl-xL, thereby promoting cellular
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survival under chemotherapeutic stress (55). Moreover,
PAR-2 inhibition has demonstrated the potential to
sensitize CRC cells to EGFR-targeted therapies, enhancing
the efficacy of combination treatments (56). These findings
suggest that PAR-2 plays a crucial role in maintaining
drug resistance, and its inhibition may reverse resistance
mechanisms, particularly to chemotherapeutic agents like
5-fluorouracil (5-FU) and doxorubicin (57).

Given the robust association between PAR-2 expression
and CRC progression, inhibiting this receptor has emerged
as a promising therapeutic strategy. PAR-2 antagonism
has demonstrated the potential to enhance the efficacy of
standard chemotherapeutic agents, such as doxorubicin and
5-FU, both in vitro and in vive, by disrupting critical survival
and EMT pathways (58). Furthermore, PAR-2 inhibition has
been shown to sensitize CRC cells to 5-FU, with siRINA-
mediated depletion or pharmacologic inhibition of PAR-
2 significantly enhancing 5-FU-mediated cytotoxicity and
suppressing EMT signaling in CRC xenograft models (57).
These preclinical findings highlight the potential of PAR-
2 inhibition to augment current CRC treatment regimens
and overcome therapeutic resistance.

Statins, known for their lipid-lowering effects via
inhibition of HMG-CoA reductase, have emerged as
promising candidates for targeting cancer pathways due
to their pleiotropic actions, which extend far beyond
cholesterol regulation. By disrupting the mevalonate
pathway, statins interfere with protein prenylation, a
process critical for the post-translational modification of
key signaling molecules involved in cancer cell survival,
such as Rho-GTPases (59). Statins also exhibit potent anti-
inflammatory properties, which are particularly relevant
in the context of CRC, where chronic inflammation is a
driving force behind tumor progression. Statins suppress
the production of pro-inflammatory cytokines and disrupt
lipid raft formation—cholesterol-enriched microdomains
within the cell membrane that are essential for cancer cell
signaling (60). This disruption impairs several oncogenic
pathways, including MAPK/ERK, PI3K/Akt, and NF-«B,
all of which are intimately involved in CRC progression (61).

Beyond their effects on inflammation and signaling,
statins have been shown to induce apoptosis and inhibit
angiogenesis in various cancer models (62). Clinical
evidence supports the potential of statins in reducing
cancer-specific mortality and improving overall survival
across several malignancies, including CRC, breast, lung,
and prostate cancers (63-65). Notably, in CRC, statin use
has been associated with improved outcomes, particularly
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in combination with standard chemotherapeutic regimens
(24,66,67). Statins have been shown to reduce all-cause
mortality by 30% and cancer-specific mortality by 40%, as
evidenced by observational analyses and meta-analyses (68).
These effects are thought to be dose-dependent, with
higher statin doses demonstrating more pronounced anti-
cancer effects (69).

Rationale and knowledge gap

As discussed in the background, inflammation-driven CRC
progression, mediated by PAR-2, is a critical therapeutic
challenge. PAR-2 promotes tumour proliferation, invasion,
and immune evasion, and its elevated expression is linked
with more aggressive CRC and poor patient outcomes.
While the anti-inflammatory properties of statins have been
demonstrated in other contexts, no direct evidence in the
literature establishes whether statins modulate PAR activity
or PAR-2 signalling specifically. This gap in knowledge
presents an important research opportunity.

Statins such as atorvastatin (ATV) and rosuvastatin
(RSV) are known for their pleiotropic effects, including
anti-inflammatory actions, but their specific roles in
PAR-2 regulation within CRC have not been explored.
Furthermore, the specificity of statins for PAR-2, as
compared to other protease-activated receptors such
as PAR-1, remains unexplored and requires further
investigation. Given that previous studies have primarily
focused on broad anti-inflammatory pathways like NF-xB
or PI3K/Akt, a targeted understanding of statins’ effect on
PAR-2-mediated signalling in CRC is lacking.

Our study addresses this critical gap by evaluating
whether statins selectively downregulate PAR-2 and reduce
inflammation through the suppression of TNF-a secretion.
The present investigation will also explore calcium
signalling as a key inflammatory mediator modulated by
statin treatment, providing mechanistic insights into how
these agents may attenuate inflammation-driven tumour
progression. Assessing the expression of PAR-1 alongside
PAR-2 ensures a robust evaluation of the statins’ specificity,
adding depth to the findings. This targeted approach is
essential for identifying statins’ potential as adjunctive
therapies for CRC, offering a novel therapeutic angle to
mitigate cancer progression.

Objective
This study aims to evaluate the effect of ATV and RSV on
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PAR-2-mediated inflammatory signalling in CRC models.
Specifically, we will:

(I) Investigate the dose-dependent effect of ATV and
RSV on PAR-2 expression and TINF-a secretion in
LPS-stimulated HT-29 and Caco-2 cells.

(II) Explore the modulation of calcium signalling
by ATV and RSV as a critical mechanism for
controlling inflammation.

(III) Assess the specificity of ATV and RSV for PAR-2
by comparing their effects on PAR-1 expression.

In summary, the present investigation provides new
insights into the ability of statins to modulate PAR-2-related
inflammatory pathways in CRC. Although this study does
not assess their mechanistic role as adjunctive therapies,
the results offer a foundation for future research exploring
the potential clinical applications of statins in managing
inflammation-driven CRC. We present this article in
accordance with the MDAR reporting checklist (available
at https://tcr.amegroups.com/article/view/10.21037/tcr-24-
1027/rc).

Methods
Source of data collection and review methodology

The data for this study were derived from a dual approach
integrating experimental research and a comprehensive
narrative literature review. Experimental work focused on
CRC cell lines, HT-29 and Caco-2, to evaluate the selective
targeting of PAR-2-mediated inflammatory pathways by
ATV and RSV. Inflammation was induced in vitro using
lipopolysaccharide (LPS) as a stimulant, followed by statin
treatments at varying concentrations. Molecular assays,
including enzyme-linked immunosorbent assay (ELISA)
for cytokine quantification, Western blotting for protein
expression analysis, real-time polymerase chain reaction
(PCR) for gene expression evaluation, and fluorescence
imaging for calcium signalling, were employed to generate
robust experimental data.

To complement and contextualize the experimental
findings, a detailed narrative literature review was conducted
adopting a systematic approach to identify, analyse and
synthesize information investigating the role of PAR-2 in
inflammation associated with cancer. The review followed a
systematic methodology typically used for narrative reviews,
incorporating a comprehensive and iterative search strategy.
Literature searches were conducted on PubMed and other
relevant databases (e.g., Scopus and Web of Science) to
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identify full-text articles published in peer-reviewed journals.

Search strategy and keywords

The search was performed using predefined keywords and
Boolean operators to maximize the comprehensiveness and
specificity of the results. Keywords included combinations
such as:

% “PAR-2” AND “inflammation” AND “cancer”

% “Protease-activated receptor 2” AND “tumorigenesis”

% “PAR-2 signalling” OR “chronic inflammation”

% “PAR-2” AND “statins” AND “anti-inflammatory

effects”

Advanced search filters were applied to include only full-
text articles published in English and to exclude articles
with non-relevant subject areas. The search spanned the
past 20 years, focusing on original research articles, reviews,
and meta-analyses.

Inclusion and exclusion criteria

Articles were included if they specifically addressed the
molecular mechanisms of PAR-2 in inflammation or its
role in cancer progression. Studies involving clinical
outcomes, cell line experiments, or relevant therapeutic
interventions were prioritized. Articles lacking mechanistic
insights or focused exclusively on unrelated signaling
pathways were excluded.

Data extraction and synthesis

Selected articles were reviewed in detail, and relevant data
were extracted on PAR-2-mediated pathways, inflammatory
markers, and therapeutic modulators, including statins.
The findings were synthesized to provide a cohesive
narrative, highlighting both established knowledge and
emerging perspectives. This literature review informed the
Introduction and Discussion sections of the manuscript,
ensuring a comprehensive and scientifically rigorous
contextual framework for the experimental data.

By integrating experimental results with insights from
a systematic narrative review, this study delivers a multi-
dimensional analysis of PAR-2-driven inflammation and its
implications for cancer progression and therapeutic intervention.

Cell line selection

We selected HT29 and Caco-2 cell lines to model
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distinct stages of CRC. HT29, derived from a grade
II adenocarcinoma, represents advanced CRC with its
aggressive proliferation and high EMT potential, making
it ideal for studying metastasis and PAR-2-mediated
signaling (70,71). Caco-2, from a well-differentiated
adenocarcinoma, models early CRC and differentiates into
enterocyte-like cells, allowing investigation of PAR-2’ role
in tumor initiation (25). Together, these lines provide a
robust platform for examining therapeutic leads on PAR-2-
mediated inflammation across CRC stages.

Cell culture methodology
HT29 and Caco-2 cells (Addexbio, USA) were cultured

under stringent sterile conditions to maintain experimental
integrity. Frozen cells were thawed in a 37 °C water bath
and transferred to sterile 15 mL tubes containing 10 mL of
pre-warmed complete medium. HT29 cells were cultured
in RPMI 1640 medium supplemented with 10% fetal
bovine serum (FBS), 1% penicillin-streptomycin, and 1%
L-glutamine, while Caco-2 cells were grown in DMEM high
glucose with 10% FBS, 1% penicillin-streptomycin, and 1%
non-essential amino acids. After centrifugation at 200 xg for
5 minutes, the supernatants were discarded, and cell viability
was assessed using Trypan Blue exclusion. Cells were seeded
at 1x10” cells/mL in T-75 flasks and incubated at 37 °C with
5% CO,. Both lines were grown to 70-80% confluence
within 2-3 days, and medium was replenished every 2-3 days
to ensure optimal growth. Daily microscopic observation
ensured monitoring of morphology and contamination.

Subculturing protocol

At 70-80% confluence, cells were prepared for subculturing.
Growth medium was aspirated, and cells were washed with
sterile phosphate-buffered saline (PBS) to remove residual
medium. Two millilitres of 0.25% Trypsin-EDTA (Sigma,
USA) was added, followed by incubation at 37 °C for
2-4 minutes until detachment, confirmed via microscopy.
Trypsin was neutralised with an equal volume of complete
medium, and cells were centrifuged at 200 xg for
5 minutes. The cell pellet was resuspended in fresh medium,
seeded into new T-75 flasks at a 1:3 ratio, and incubated at
37 °Cwith 5% CO, for continued growth.

Cryopreservation of HT29 and Caco-2 cells

Cryopreservation is critical for preserving cell lines for
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future use, ensuring both viability and reproducibility after
thawing. Once HT29 and Caco-2 cells reached 70-80%
confluence, they were trypsinized with 0.25% Trypsin-
EDTA to detach them. After centrifugation at 200 xg, cells
were resuspended in cryoprotective medium containing 5%
DMSO to prevent ice crystal formation during freezing. Cell
density was adjusted to 1x10° cells/mL before aliquoting into
cryovials. Gradual cooling at -1 °C per minute was achieved
using a controlled-rate freezing container, followed by
storage in liquid nitrogen for long-term preservation.

Assessment of cytotoxicity using MTT assay

We evaluated the cytotoxic effects of LPS prior to its use
in inducing inflammation in H129 and Caco-2 cells. This
was done through the 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (M'TT) assay (Thermo Fisher
Scientific, Waltham, MA, USA), following a standard
protocol (72). After treating HT29 and Caco-2 cells, with
different doses of LPS, and incubating with MT'T solution,
we measured the optical density at a wavelength of 570 nm
to assess cell viability.

Inducing inflammation in HT29 and Caco-2 cells using
LPS; and statin treatment

To establish an inflammatory environment in CRC
models, LPS (10 pg/mL) was used to stimulate HT29 and
Caco-2 cells, activating Toll-like receptor 4 (TLR4) and
triggering intracellular pathways like NF-«B (72), which
resulted in the secretion of pro-inflammatory cytokine
(TNF-a). This mimics chronic inflammation in CRC,
as has also been reported in other studies (73,74). We
avoided higher LPS doses to prevent overstimulation, and
excessive inflammation, which could obscure experimental
outcomes (75).

After 24 hours of LPS exposure, ATV (lipophilic) was
administered at 20 and 50 pg/mL concentrations while RSV
(hydrophilic) was used at 10 and 20 pg/mL concentrations,
to assess their differential effects on inflammatory signaling.
These doses were selected based on their pharmacokinetics,
with RSV being more potent at lower concentrations due to
its hydrophilic nature and mode of transport that relies on
transporters like organic anion-transporting polypeptides
(OATPs) (76) as well as hepatic selectivity, ATV diffuses
across membranes (77). Post-treatment analysis evaluated
PAR-1 and PAR-2 expression, TNF-a secretion, and

calcium signaling.

© AME Publishing Company.

Assessment of TNF-a secretion using ELISA

Following the culture of HT-29 and Caco-2 cells, supernatants
from treated and untreated cells were centrifuged at
3,000 rpm for 10 minutes at 4 °C to collect samples for
ELISA. The levels of TNF-o were quantitatively assessed
using a commercially available ELISA kit (Abcam, USA),
following the manufacturer’s protocol. Microtiter plates
pre-coated with anti-TNF-a antibodies were used, and
optical densities were measured at 450 nm (reference
620 nm) on a Hidex microplate reader. This allowed precise
quantification of TINF-a secretion in the cell supernatants
before and after treatment.

Western blot analysis for the expression of PAR-1 and
PAR-2

To evaluate the expression levels of PAR-1 and PAR-
2 in HT-29 and Caco-2 cells, Western blot analysis was
conducted. PAR-1 was selected as a control to determine
the specificity of statin-induced effects on PAR-2 for several
reasons. Both PAR-1 and PAR-2 belong to the PAR family,
sharing structural similarities, such as GPCR architecture
and activation mechanisms via proteolytic cleavage (20).
However, these receptors mediate distinct cellular responses
and are activated by different proteases [PAR-1 primarily by
thrombin (78) and PAR-2 by trypsin-like proteases]. These
aspects have been elaborated in detail in the ‘Background’
of the present investigation. Despite these differences in
activation, their structural homology makes PAR-1 an
ideal control to assess whether statins selectively modulate
PAR-2 or exert broader effects across similar GPCR family
members. By evaluating PAR-1 expression, we aimed to
confirm that the observed effects were specific to PAR-2,
thus providing clearer insights into statin-specific targeting
of inflammatory pathways.

Protein extraction and quantification

Total protein extraction was performed using a lysis
buffer containing 0.5% Sodium Dodecyl Sulphate (SDS,
Invitrogen, USA) supplemented with a broad spectrum of
protease inhibitors to prevent protein degradation. After
cell lysis, protein concentrations were quantified using the
Bicinchoninic Acid (BCA) assay to ensure uniform protein
loading across all experimental conditions.

Experimental design
We evaluated the effect of two statins, ATV (20 and 50 pg/mL)
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and RSV (10 and 20 pg/mL), on the expression of PAR-
1 and PAR-2 in inflammatory HT-29 and Caco-2 cells.
Protein samples (20 pg per lane) from each condition were
subjected to electrophoresis on a 10% SDS-Polyacrylamide
Gel (SDS-PAGE) and then transferred to nitrocellulose
membranes (Bio-Rad Laboratories, Canada) at 4 °C.

Blocking and antibody incubation

Following the protein transfer, membranes were blocked
with 3% bovine serum albumin (BSA) in tris-buffered saline
(TBS, Pierce, USA) for 60 minutes at 4 °C. After blocking,
membranes were washed with Tris-Buffered Saline
containing 0.1% Tween 20 (T'TBS) for 10 minutes.

For primary antibody incubation, a 1:1,000 dilution
of mouse anti-human PAR-1 and PAR-2 antibodies
(Santa Cruz Biotechnology, Texas, USA) was prepared
in SuperBlock (Thermo Fisher Scientific), diluted 1:10
in TTBS, and incubated overnight at 4 °C. By including
PAR-1 in the analysis, we aimed to control for non-specific
statin effects on other structurally similar GPCRs.

Secondary antibody and detection

After three washing cycles (10 minutes each) with TTBS,
the membranes were incubated with a 1:2,000 dilution of
anti-mouse IgG-HRP secondary antibody for one hour
at room temperature. Protein bands were visualized using
SuperSignal ULTRA Chemiluminescent Substrate (Pierce)
and captured using Kodak Biomax photographic film (GE
Healthcare, Canada).

Quantification

The intensity of the PAR-2 protein bands was quantified
using Image] software to assess the relative changes
in expression. By comparing PAR-1 and PAR-2 band
intensities, we confirmed that statin treatment selectively
affected PAR-2 without significantly altering PAR-1 levels,
indicating specificity for PAR-2 in these cell lines. The
results were normalized to GAPDH expression, and the
ratios (Protein expression to GAPDH) were presented
in one graph for comparative analysis. All Western blot
experiments were run in triplicates to ensure reproducibility

and reliability of the data.

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 ATV (20 and 50 pg/mL) and
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RSV (10 and 20 pg/mL) using the Total RNA Isolation Kit
(NZY'Tech, Lisbon, Portugal). RNA quality and integrity
were assessed using a Nanodrop Spectrophotometer
(Thermo Fisher Scientific), ensuring consistent purity
and concentration across all samples. High-quality RNA
samples (with A260/A280 ratios between 1.8 and 2.0) were
reverse-transcribed into complementary DNA (cDNA) using
the First-Strand cDNA Synthesis Kit (OriGene, Heidelberg,
Germany), according to the manufacturer’s instructions (79).
The resulting cDNA was used for quantitative PCR to
evaluate the expression levels of target genes, including

PAR-1 and PAR-2, following ATV and RSV treatments.

Real-time PCR for quantification (¢PCR)

qPCR assays were meticulously conducted using the
QuantStudio 5 Flex Real-Time PCR System (Applied
Biosystems; Thermo Fisher Scientific) to quantify the
expression levels of PAR-1 and PAR-2 in HT-29 and Caco-
2 cells. The reactions employed SYBR Green chemistry,
which allows real-time detection of double-stranded DNA
during amplification, providing a reliable and sensitive
approach to measure relative gene expression.

Primers for the genes of interest (PAR-1, PAR-2, TNF-a
and GAPDH) were designed using OriGene’s proprietary
primer design algorithm to optimize specificity and
amplification efficiency. The sequences of these primers are
provided in Table 1, demonstrating the carefully selected
oligonucleotides used for targeting the genes of interest.
These primers were evaluated for their specificity using
in silico analysis, including assessments of the E-value and
Bit score to ensure minimal off-target effects and high
amplification precision.

All qPCR reactions were performed in technical
replicates, and no-template controls were included to
monitor for any potential contamination. The relative
expression levels of PAR-1 and PAR-2 were calculated using
the 27**“ method, with GAPDH as the housekeeping gene.
This approach enabled the accurate quantification of gene
expression changes in response to ATV and RSV treatments
under inflammatory conditions, offering insights into the
specific effects of statins on PAR-2 modulation and their
role in CRC.

Calcium signalling assay

Calcium signalling plays a pivotal role in regulating various
cellular processes, including proliferation, apoptosis,

Transl Cancer Res 2025;14(3):1531-1566 | https://dx.doi.org/10.21037/tcr-24-1027



1540 Patnaik et al. Targeting PAR-2 inflammatory pathways in CRC using statins

Table 1 Oligonucleotide primers used for real time PCR for quantification

Gene Primer type Sequence Accession E-value Bit score

GAPDH Forward (5'-3') GTCTCCTCTGACTTCAACAGCG NM_002046 0.0 2,374
Reverse (5'-3") ACCACCCTGTTGCTGTAGCCAA

PAR-2 Forward (5'-3") CTCCTCTCTGTCATCTGGTTCC NM-005242 0.0 2,861
Reverse (5'-3") TGCACACTGAGGCAGGTCATGA

PAR-1 Forward (5'-3') GCTGTCCTACTGCTTGGAAGAC NM_022002 0.0 2,745
Reverse (5'-3') CTGCATCAGCACATACTCCTCC

TNF-a Forward (5'-3") CTCTTCTGCCTGCTGCACTTTG NM_000594 0.0 2,449

Reverse (5'-3')

ATGGGCTACAGGCTTGTCACTC

PCR, polymerase chain reaction.

and inflammatory responses, all of which are critical in
cancer biology. In CRC, calcium flux is closely linked to
the modulation of PAR-2 activity (80,81). ATV and RSV
downregulate PAR-2 expression (see Results section), and
investigating their impact on calcium signalling can provide
valuable insights into whether their anti-inflammatory
effects also influence calcium-dependent pathways.
Therefore, calcium signalling assay was conducted to assess
whether the modulation of PAR-2 and TNF-o by ATV and
RSV, correlates with alterations in intracellular calcium
levels.

Intracellular calcium signalling was assessed in HT-29
and Caco-2 cells using the calcium-sensitive dye Fluo-4,
AM (Thermo Fisher Scientific). Fluo-4, AM, a cell-
permeant ester, becomes highly fluorescent upon binding to
intracellular calcium, providing a direct measure of calcium
flux (82). Cells were cultured in 35-mm dishes containing
2 mL of complete growth medium until they reached
70-80% confluency.

Assessment was performed for control and inflammatory
(LPS-treated) HT-29 and Caco-2 cells before and after
treatment with ATV 20 and 50 pg/mL, and RSV 10 and
20 pg/mL. On the day of the experiment, the culture
medium was removed, and cells were washed twice with
pre-warmed PBS to remove serum components that could
interfere with dye uptake. A 2 mL Fluo-4, AM loading
solution was prepared according to the manufacturer’s
instructions and added to each dish. Cells were incubated
for 30 minutes at 37 °C to allow intracellular esterases to
hydrolyze the dye and promote dye uptake, followed by an
additional 30-minute incubation at room temperature to
complete de-esterification.

After incubation, the loading solution was discarded,
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and cells were washed once with PBS to remove excess dye.
To maintain viability during imaging, 2 mL of fresh PBS
was added to the cells. Live-cell fluorescence imaging was
performed using a fluorescence microscope equipped with
excitation and emission filters specific for Fluo-4 (excitation:
488 nm; emission: 516 nm). Fluorescence intensity was
analysed in real-time to quantify intracellular calcium levels
under the different experimental conditions.

This method provided a quantitative assessment of
calcium flux across control and LPS-treated HT-29 and
Caco-2 cells, both before and after treatment with ATV
and RSV.

Statistical analysis

In this study, appropriate statistical methods were applied
to ensure the reliability and validity of the results. All
quantitative data are presented as means = standard
deviations from at least three independent experiments,
each conducted in triplicate. The primary statistical
approach used was the Student’s ¢-test, which compared
the means of two groups, typically the control and
treated groups. A P value of less than 0.05 was considered
statistically significant, indicating a less than 5% likelihood
that the observed differences were due to chance. The #-test
was chosen for its robustness in evaluating mean differences,
particularly when working with small sample sizes, which
is often the case in iz vitro studies. Statistical analyses were
carried out using GraphPad Prism software (version 9.5.1,
San Diego, CA, USA), which provided accurate calculations
of P values and confidence intervals. This rigorous statistical
approach ensures the credibility and reproducibility of the
study’s conclusions.
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Figure 1 Morphological assessment and viability of HT-29 and Caco-2 cells after 7 days of culture. (A,B) Representative phase-contrast
images of HT-29 (A) and Caco-2 (B) cells at 85% confluency after 7 days of culture in standard growth conditions. Both cell lines were
observed at 20x magnification by using a phase contrast microscope. The cell lines show distinct morphological characteristics, with H'T-
29 cells displaying a rounded shape, while Caco-2 cells exhibit a more elongated, epithelial-like morphology with areas of tight junction
formation. These images confirm healthy, confluent monolayers suitable for subsequent experimental treatments. (C,D) Quantification of
cell viability assessed using the MTT assay after treatment with increasing concentrations of a test compound (1, 10, 20, and 40 pg/mL)
for 24 hours. (C) HT-29 cells show a mild, non-significant reduction in viability at all concentrations, with viability remaining above 90%.
(D) Caco-2 cells maintain a similar trend, with cell viability remaining high (>90%) across all treatment concentrations, indicating that the
compound does not exert cytotoxic effects on these cell lines under the tested conditions. *, statistically significant differences compared to
the untreated control (0 pg/mL) at P<0.05. These results suggest that both HT-29 and Caco-2 cells exhibit robust viability, validating their
suitability for further mechanistic studies. LPS, lipopolysaccharide; MT'T, 3-(4,5-Dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide.

Results

Evaluation of LPS-induced effects on cell viability and
inflammatory cancer model development in HT29 and
Caco-2 cell lines

In this investigation, HT29 and Caco-2 cell lines were
utilized to assess the effects of LPS on cell viability and to
develop an inflammatory CRC model. Figure 1A represents
the HT?29 cells, while Figure 1B shows Caco-2 cells, both
cultured for 7 days at 85% confluency. The images reveal
healthy growth patterns in both cell lines, with HT29 cells
exhibiting a well-distributed morphology, and Caco-2 cells
forming their characteristic clusters (83). These observations
highlight the stable and robust nature of both cell lines,
demonstrating their suitability for experimentation under
the conditions tested.
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The MTT assay results, displayed in Figure 1C for
HT29 and Figure 1D for Caco-2, indicate that there was
no significant difference in cell viability at any of the
tested LPS concentrations (1, 10, 20, and 40 pg/mL)
when compared to the control. Both cell lines maintained
strong viability across all LPS treatments, suggesting that
LPS does not negatively impact their viability under these
experimental conditions.

To effectively induce an inflammatory environment in
the CRC models, LPS was administered at a concentration
of 10 pg/mL. This treatment resulted in an increase in the
secretion of the pro-inflammatory cytokine TNF-o, showing
a rise of 58.47% in HT29 cells and 51.39% in Caco-2 cells
(data not shown), compared to the control. These findings
further validate the ability of LPS to successfully trigger
an inflammatory response in both cell lines, demonstrating
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its efficacy in establishing inflammation-associated CRC
models.

Effect of ATV and RSV on PAR-2 expression in HT-29 cells

The effect of ATV and RSV on the expression of PAR-2 in
HT-29 CRC cells was evaluated using Western blotting and
reverse transcription PCR (RT-PCR) to assess both protein
and mRNA levels, respectively.

Figure 24 presents the Western blot results showing
PAR-2 expression in HT-29 cells under various treatment
conditions. Cells were treated with LPS alone, or LPS in
combination with ATV at 20 pg/mL and 50 pg/mL, and
RSV at 10 and 20 pg/mL. The blots indicate a notable
increase in PAR-2 expression following LPS treatment
compared to untreated control cells. However, co-treatment
with ATV or RSV resulted in a significant, dose-dependent
decrease in PAR-2 protein expression, particularly at the
higher concentrations of 50 pg/mL ATV and 20 pg/mL
RSV. No changes were observed in the expression of the
housekeeping gene GAPDH, confirming the specificity of
the treatment effects on PAR-2 expression.

Figure 2B depicts the quantitative densitometric
analysis of the Western blot data, normalized to GAPDH
expression. Treatment with LPS alone led to a substantial
increase in PAR-2 expression, with a statistically significant
upregulation (P<0.05) compared to the control. However,
co-treatment with ATV (20 and 50 pg/mL) or RSV (10
and 20 pg/mL) caused a marked reduction in PAR-2
levels in a concentration-dependent manner. The highest
concentrations of both statins resulted in a significant
downregulation of PAR-2 expression (P<0.01), further
suggesting the inhibitory role of statins on PAR-2 expression
in HT-29 cells.

Figure 2C shows the results of qPCR, which was
employed to assess the effect of statins on PAR-2 mRNA
expression in HT-29 cells. Consistent with the protein
expression data, treatment with LPS significantly
upregulated PAR-2 mRNA expression compared to the
control (P<0.05). However, in the presence of ATV and
RSV, there was a notable dose-dependent reduction in
PAR-2 mRNA levels. Treatment with 50 pg/mL ATV or
20 pg/mL RSV significantly downregulated PAR-2 mRNA
expression (P<0.01), further confirming the suppression
of LPS-induced PAR-2 expression by these statins at the
transcriptional level.

In summary, both ATV and RSV effectively attenuate
LPS-induced PAR-2 expression in HT-29 cells, as
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demonstrated by significant reductions in PAR-2 protein
and mRNA levels. These results highlight the potential
of statins to modulate advantageously PAR-2-mediated
inflammatory signalling pathways in CRC.

Effect of ATV and RSV on PAR-2 expression in Caco-2 cells

The effect of ATV and RSV on PAR-2 expression in Caco-
2 CRC cells was evaluated using Western blotting and RT-
PCR to assess both protein and mRINA levels.

Figure 34 shows the Western blot results demonstrating
PAR-2 protein expression in Caco-2 cells across various
treatment conditions. Cells were treated with LPS alone,
or LPS in combination with ATV at 20 and 50 pg/mL, and
RSV at 10 and 20 pg/mL. LPS treatment led to a significant
increase in PAR-2 expression compared to control cells.
However, co-treatment with ATV or RSV resulted in a
concentration-dependent reduction in PAR-2 protein
levels, with the highest reductions observed at 50 pg/mL
ATV and 20 pg/mL RSV. GAPDH expression remained
stable across all treatments, confirming the consistency of
protein loading and the specificity of statin effects on PAR-
2 expression.

Figure 3B presents the densitometric analysis of the
Western blot data, normalized to GAPDH expression.
Treatment with LPS alone caused a marked upregulation
of PAR-2 expression (P<0.05) compared to the control
group. However, co-treatment with ATV (20 and
50 pg/mL) or RSV (10 and 20 pg/mL) significantly reduced
PAR-2 protein levels in a dose-dependent manner. The
highest concentrations of both ATV and RSV resulted in
a statistically significant reduction in PAR-2 expression
(P<0.01), indicating the inhibitory effect of these statins on
PAR-2 expression in Caco-2 cells.

Figure 3C displays the results of qPCR, assessing the
impact of statins on PAR-2 mRNA expression in Caco-2
cells. In line with the protein-level data, LPS treatment alone
significantly upregulated PAR-2 mRINA expression compared
to the control (P<0.05). However, co-treatment with ATV or
RSV led to a concentration-dependent reduction in PAR-2
mRNA levels. Treatment with 50 pg/mL ATV or 20 pg/mL
RSV significantly downregulated PAR-2 mRNA expression
(P<0.01), further confirming that these statins suppress
LPS-induced PAR-2 expression at the transcriptional level.

In summary, both ATV and RSV effectively reduce LPS-
induced PAR-2 expression in Caco-2 cells, as demonstrated
by significant decreases in both protein and mRNA
levels. These findings suggest that statins may modulate
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Figure 2 Modulation of PAR-2 expression by ATV and RSV in HT-29 cells. (A) Western blot analysis showing PAR-2 protein expression in
HT-29 cells under different treatment conditions. Cells were treated with LPS alone or with ATV at 20 and 50 pg/mL (top panel) and RSV
at 10 and 20 pg/mL (bottom panel). LPS treatment markedly increased PAR-2 expression compared to the control. Both ATV and RSV
reduced PAR-2 levels in a concentration-dependent manner, indicating statin-mediated inhibition of LPS-induced PAR-2 upregulation.
GAPDH was used as a loading control to ensure consistent protein loading. (B) Densitometric quantification of PAR-2 protein levels
normalized to GAPDH. Top panel (ATV): LPS significantly increased PAR-2 expression compared to the control (*, P<0.05). ATV at both
20 and 50 pg/mL significantly decreased PAR-2 expression (**, P<0.01), with the higher concentration showing a more pronounced effect.
Bottom panel (RSV): LPS increased PAR-2 expression compared to the control (¥, P<0.05). RSV treatment at 10 and 20 pg/mL significantly
reduced PAR-2 expression (**, P<0.01), with the highest reduction observed at 20 pg/mL. (C) Relative PAR-2 mRNA expression in
HT-29 cells, measured by qPCR, presented for both ATV and RSV treatments. Top panel (ATV): LPS treatment led to a significant
increase in PAR-2 mRINA expression compared to the control (*, P<0.05). Treatment with ATV at 20 and 50 pg/mL significantly decreased
PAR-2 mRNA levels (**, P<0.01), showing a dose-dependent effect. Bottom panel (RSV): similarly, LPS increased PAR-2 mRNA expression
compared to the control (*, P<0.05). RSV at both 10 and 20 pg/mL significantly reduced PAR-2 mRINA expression (**, P<0.01), with a
stronger effect at 20 pg/mL. ATV, atorvastatin; LPS, lipopolysaccharide; gPCR, real-time polymerase chain reaction for quantification; RSV,

rosuvastatin.

PAR-2-mediated inflammatory signaling pathways, offering
potential therapeutic benefit in CRC.

methodology, since PAR-1 shares structural and functional
similarities with PAR-2, it was used as a control to verify
the specificity of statins in modulating PAR-2 expression
without affecting other PAR family receptors.

E A R PAR-1 jon in HT-2
iffect of ATV and RS on expression i 9 cells Figure 44 presents the Western blot results demonstrating

The effect of ATV and RSV on PAR-1 expression in HT-
29 cells was evaluated using Western blotting and qPCR
to assess both protein and mRINA levels. As mentioned in
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PAR-1 protein expression in HT-29 cells under different
treatment conditions. Cells were treated with LPS alone or
co-treated with ATV at 20 and 50 pg/mL (top panel) and
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Figure 3 Modulation of PAR-2 expression by ATV and RSV in Caco-2 cells. (A) Western blot analysis showing the expression of PAR-2
and GAPDH in Caco-2 cells under different treatment conditions. Cells were treated with LPS alone or in combination with ATV at 20
and 50 pg/mL (top panel) and RSV at 10 and 20 pg/mL (bottom panel). LPS treatment significantly increased PAR-2 protein expression
compared to the control. Co-treatment with ATV and RSV resulted in a dose-dependent reduction in PAR-2 levels, with the greatest
reductions observed at 50 pg/mL ATV and 20 pg/mL RSV. GAPDH was used as a loading control to ensure equal protein quantification.
(B) Densitometric quantification of the Western blot bands, normalized to GAPDH expression. Top panel (ATV): LPS treatment
significantly increased PAR-2 expression (P<0.05) compared to the control. ATV treatment at 20 and 50 pg/mL significantly reduced PAR-
2 protein levels (P<0.01) in a concentration-dependent manner. Bottom panel (RSV): similarly, LPS treatment increased PAR-2 expression
(P<0.05). RSV treatment at 10 and 20 pg/mL resulted in a significant reduction in PAR-2 expression (P<0.01), with the most pronounced
effect at 20 pg/mL. (C) Relative mRNA expression of PAR-2 in Caco-2 cells measured by qPCR. Top panel (ATV): LPS treatment
significantly upregulated PAR-2 mRINA levels (P<0.05) compared to the control, while ATV at both 20 and 50 pg/mL significantly reduced
mRNA expression (P<0.01) in a dose-dependent manner. Bottom panel (RSV): LPS treatment also increased PAR-2 mRNA levels (P<0.05)
compared to the control. RSV at 10 and 20 pg/mL significantly downregulated PAR-2 mRNA expression (P<0.01), with the greatest
reduction observed at 20 pg/mL. Student’s #-test was performed on each experimental dataset, *, P<0.05; **, P<0.01. ATV, atorvastatin; LPS,
lipopolysaccharide; gPCR, real-time polymerase chain reaction for quantification; RSV, rosuvastatin.

RSV at 10 and 20 pg/mL (bottom panel). LPS treatment
resulted in a slight increase in PAR-1 expression compared
to the control. However, co-treatment with ATV and RSV
did not significantly alter PAR-1 protein levels, indicating
that the effect of statins on PAR-1 expression is negligible.
GAPDH was used as a loading control to ensure equal
protein quantification.

Figure 4B shows the densitometric analysis of PAR-1
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protein levels, normalized to GAPDH expression. In the
top panel (ATV), LPS treatment slightly upregulated PAR-
1 expression compared to control cells, but co-treatment
with ATV at 20 and 50 pg/mL caused only minor, non-
significant changes in PAR-1 protein levels. In the bottom
panel (RSV), similar to ATV, RSV treatment at 10 and
20 pg/mL resulted in minimal changes in PAR-1 expression
compared to the LPS-treated group, with no statistically
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Figure 4 Modulation of PAR-1 expression by ATV and RSV in HT-29 cells. (A) Western blot analysis showing the expression of PAR-1 and
GAPDH in HT-29 cells under different treatment conditions. Cells were treated with LPS alone or in combination with ATV at 20 and
50 pg/mL (top panel) and RSV at 10 and 20 pg/mL (bottom panel). LPS treatment led to a slight increase in PAR-1 expression compared to
the control. However, co-treatment with ATV or RSV resulted in only minor changes in PAR-1 levels, indicating that statins have negligible
effects on PAR-1 expression. GAPDH was used as a loading control to ensure equal protein quantification. (B) Densitometric quantification
of the Western blot bands, normalized to GAPDH expression. Top panel (ATV): LPS treatment slightly increased PAR-1 expression
compared to the control. Treatment with ATV at 20 and 50 pg/mL resulted in minimal, non-significant changes in PAR-1 levels. Bottom
panel (RSV): like ATV, RSV at 10 and 20 pg/mL showed only minor effects on PAR-1 expression, with no statistically significant differences
compared to LPS treatment alone. (C) Relative mRINA expression of PAR-1 in HT-29 cells measured by RT-PCR. Top panel (AT'V): LPS
treatment caused a slight increase in PAR-1 mRNA levels compared to the control. Co-treatment with ATV at 20 and 50 pg/mL showed
minor, non-significant reductions in mRNA expression. Bottom panel (RSV): LPS treatment also increased PAR-1 mRNA levels compared
to the control. RSV treatment at 10 and 20 pg/mL resulted in only slight reductions in mRNA expression, with no significant differences
observed. Student’s z-test was performed on each experimental dataset, *, P<0.05; **, P<0.01. ATV, atorvastatin; LPS, lipopolysaccharide;

RSV, rosuvastatin; RT-PCR, reverse transcription time polymerase chain reaction.

significant effect.

Figure 4C presents the relative PAR-1 mRNA expression
measured by RT-PCR. In the top panel (ATV), LPS
treatment led to a minor increase in PAR-1 mRNA levels
compared to the control. Co-treatment with ATV at both
20 and 50 pg/mL resulted in only slight, non-significant
changes in mRNA levels, consistent with the protein-
level findings. In the bottom Panel, RSV treatment at
10 and 20 pg/mL produced minimal effects on PAR-

© AME Publishing Company.

1 mRNA expression, further confirming that statins
do not significantly regulate PAR-1 expression at the
transcriptional level.

In summary, both ATV and RSV showed negligible
effects on PAR-1 expression at both the protein and mRINA
levels in HT-29 cells. These findings support the specificity
of statins in modulating PAR-2 without influencing PAR-
1 expression, confirming that the observed effects of statins
are selective for PAR-2-mediated signalling pathways.
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Effect of ATV and RSV on PAR-1 expression in Caco-2 cells

The impact of ATV and RSV on PAR-1 expression in Caco-
2 cells was evaluated at both the protein and transcriptional
levels using Western blotting and quantitative RT-PCR.

Figure 5A shows the Western blot analysis of PAR-1
expression in Caco-2 cells under different treatment
conditions. Cells were treated with LPS alone or co-treated
with ATV at 20 and 50 pg/mL (Top Panel) and RSV at
10 and 20 pg/mL (Bottom Panel). LPS treatment resulted
in a slight increase in PAR-1 protein levels compared to
the control. However, treatment with ATV or RSV led
to only marginal changes in PAR-1 expression, indicating
that statins exert negligible effects on PAR-1 protein levels.
GAPDH was used as a loading control to ensure equal
protein quantification.

Figure 5B presents the densitometric analysis of PAR-1
protein expression, normalized to GAPDH. In the top
panel (ATV), LPS treatment caused a small increase in
PAR-1 levels compared to the control. Treatment with ATV
at both 20 and 50 pg/mL produced only minor changes,
with no significant differences observed compared to the
LPS-treated group. In the bottom panel (RSV), similar
results were observed with RSV treatment, where 10 and
20 pg/mL RSV caused slight but statistically insignificant
changes in PAR-1 expression compared to the LPS group.

Figure 5C shows the relative PAR-1 mRNA expression
measured by qPCR in Caco-2 cells. As noted in the top
panel (ATV), LPS treatment resulted in a minor increase
in PAR-1 mRNA levels compared to the control. Co-
treatment with ATV at 20 and 50 pg/mL produced small
reductions in mRNA levels, though these changes were
not statistically significant. In the bottom panel (RSV),
LPS treatment also slightly increased PAR-1 mRNA levels.
Treatment with RSV at 10 and 20 pg/mL produced minimal
changes in mRNA expression compared to the LPS group,
with no significant reductions observed.

In summary, both ATV and RSV have minimal effects
on PAR-1 expression at both the protein and transcriptional
levels in Caco-2 cells. These findings suggest that the statins
do not significantly alter PAR-1 expression, highlighting the
specificity of their effects on other signalling pathways, such
as PAR-2, without impacting PAR-1-related signalling.

Effect of ATV and RSV on TNF-o. secretion and mRNA
levels in HT-29 Cells

The effect of ATV and RSV on TNF-a secretion and

© AME Publishing Company.

transcription was evaluated using ELISA and RT-PCR,
respectively.

Figure 6A4,6B present the ELISA results showing
the dose-dependent effect of ATV and RSV on TNF-a
secretion in LPS-stimulated HT-29 cells. In Figure 64, LPS
treatment resulted in a marked increase in TNF-a secretion
compared to the control. Co-treatment with ATV at 10,
20, 50, and 100 pg/mL caused a dose-dependent reduction
in TNF-a secretion, with significant reductions observed
at concentrations of 20 pg/mL and above (P<0.01). In
Figure 6B, LPS treatment also increased TINF-a secretion.
RSV treatment at 5, 10, 20, and 50 pg/mL produced a dose-
dependent reduction in TNF-a secretion, with significant
suppression achieved from 10 pg/mL onwards (P<0.01).

Figure 6C,6D present the RT-PCR results, reflecting the
effect of ATV and RSV on TNF-o mRNA expression. In
Figure 6C, LPS stimulation significantly increased TNF-a
mRNA expression compared to the control (P<0.05). Co-
treatment with ATV at 20 and 50 pg/mL significantly
reduced TNF-a mRNA levels in a dose-dependent manner
(P<0.01). In Figure 6D, LPS treatment also elevated TNF-a
mRNA expression compared to the control (P<0.05).
Treatment with RSV at 10 and 20 pg/mL resulted in
significant reductions in TNF-a mRNA levels (P<0.01),
consistent with the dose-dependent pattern observed in the
ELISA results.

In summary, both ATV and RSV significantly suppress
LPS-induced TNF-a secretion and mRNA expression
in HT-29 cells. These findings demonstrate the anti-
inflammatory potential of statins by inhibiting TNF-a-
mediated signalling, with higher concentrations of AT’V and
RSV producing more pronounced effects.

Effect of ATV and RSV on TNF-a. secretion and mRNA
levels in Caco-2 cells

The impact of ATV and RSV on TNF-a secretion and
transcription was evaluated using ELISA and RT-PCR in
LPS-stimulated Caco-2 cells.

Figure 74 shows the ELISA results for TNF-a secretion
in Caco-2 cells treated with LPS alone or with increasing
concentrations of ATV at 10, 20, 50, and 100 pg/mL. LPS
treatment resulted in a substantial increase in TNF-a
secretion compared to the control. Co-treatment with ATV
caused a dose-dependent reduction in TNF-a secretion,
with significant reductions observed at 20 pg/mL and
higher concentrations (P<0.01). The highest suppression
was achieved at 50 and 100 pg/mL of AT'V.
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Figure 5 Modulation of PAR-1 expression by ATV and RSV in Caco-2 cells. (A) Western blot analysis showing PAR-1 protein expression in
Caco-2 cells under different treatment conditions. Cells were treated with LPS alone or in combination with ATV at 20 and 50 pg/mL (top
panel) and RSV at 10 and 20 pg/mL (bottom panel). LPS treatment slightly increased PAR-1 expression compared to the control. However,
co-treatment with ATV or RSV produced only minor changes in PAR-1 levels, indicating that statins have minimal effects on PAR-1
expression. GAPDH was used as a loading control to ensure consistent protein loading and quantification. (B) Densitometric quantification
of the Western blot bands, normalized to GAPDH expression. Top panel (ATV): LPS treatment caused a slight increase in PAR-1 expression
(P<0.05) compared to the control. Treatment with ATV at 20 and 50 pg/mL resulted in minor, non-significant changes in PAR-1 levels.
Bottom panel (RSV): Like ATV, RSV treatment at 10 and 20 pg/mL showed minimal effects on PAR-1 expression, with no significant
changes compared to the LPS-treated group. (C) Relative PAR-1 mRNA expression in Caco-2 cells measured by qPCR. Top panel
(ATV): LPS treatment led to a small increase in PAR-1 mRNA expression (P<0.05) compared to the control. Treatment with ATV at both
concentrations caused only minor reductions in mRINA levels, which were not statistically significant. Bottom panel (RSV): LPS also increased
PAR-1 mRNA expression slightly compared to the control. RSV treatment at 10 and 20 pg/mL resulted in minimal changes in mRNA
expression, with no statistically significant differences compared to the LPS group. Student’s z-test was performed on each experimental
dataset, ¥, P<0.05; **, P<0.01. ATV, atorvastatin; LPS, lipopolysaccharide; RSV, rosuvastatin; QPCR, real-time polymerase chain reaction for

quantification.

Figure 7B presents the ELISA results for TNF-a
secretion following treatment with RSV at 5, 10, 20,
and 50 pg/mL. LPS stimulation significantly increased
TNF-a secretion compared to the control. RSV treatment
produced a dose-dependent decrease in TNF-a secretion,
with significant reductions starting from 10 pg/mL (P<0.01).
The greatest reduction was observed at 50 pg/mL RSV.

© AME Publishing Company.

Figure 7C,7D depict the RT-PCR results reflecting the
effect of ATV and RSV on TNF-a mRNA expression.
LPS treatment significantly upregulated TNF-o0 mRNA
levels compared to the control (P<0.05). In cells co-treated
with ATV, a dose-dependent reduction in TNF-a mRNA
expression was observed, with significant suppression at
20 and 50 pg/mL ATV (P<0.01). Similarly, RSV treatment
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Figure 6 Dose-dependent modulation of TNF-a secretion and mRNA expression by ATV and RSV in HT-29 cells. (A) TNF-a secretion
measured by ELISA in HT-29 cells treated with LPS alone or in combination with ATV at concentrations of 10, 20, 50, and 100 pg/mL.

LPS treatment alone resulted in a significant increase in TNF-a secretion. Co-treatment with ATV produced a dose-dependent reduction

in TNF-o secretion, with significant suppression observed at 20 pg/mL and higher concentrations (P<0.01). (B) TNF-o secretion measured

by ELISA following treatment with LPS and RSV at 5, 10, 20, and 50 pg/mL. RSV treatment resulted in a dose-dependent reduction

in TNF-o secretion, with significant decreases starting from 10 pg/mL (P<0.01) and maximum suppression observed at 50 pg/mL RSV.
(C) Relative mRNA expression of TNF-a measured by RT-PCR in HT-29 cells treated with LPS and ATV. LPS treatment significantly
increased TNF-o mRNA expression compared to the control (P<0.05). Co-treatment with ATV at 20 and 50 pg/mL resulted in significant
reductions in TNF-o mRNA levels (P<0.01), confirming the dose-dependent inhibitory effect of ATV. (D) TNF-o mRNA expression in HT-
29 cells treated with LPS and RSV, measured by RT-PCR. LPS treatment elevated TNF-a mRNA expression (P<0.05). RSV treatment at
10 and 20 pg/mL significantly reduced TNF-a mRINA expression (P<0.01), demonstrating the dose-dependent effect of RSV on TNF-a
transcription. Student’s z-test was performed on each experimental dataset, *, P<0.05; **, P<0.01. ATV, atorvastatin; ELISA, enzyme linked

immunosorbent assay; LPS, lipopolysaccharide; RSV, rosuvastatin; RT-PCR, reverse transcription time polymerase chain reaction.

significantly reduced TINF-a mRNA expression in a
concentration-dependent manner, with the most significant
reduction observed at 20 pg/mL (P<0.01).

In summary, both ATV and RSV effectively inhibit LPS-
induced TINF-a secretion and mRINA expression in Caco-2
cells. The results suggest that ATV and RSV modulate
TNF-a-mediated inflammation, providing therapeutic
relevance in the context of CRC.

© AME Publishing Company.

Effect of ATV and RSV on calcium signalling in HT-29 cells

The impact of ATV and RSV on calcium signalling in

HT-29 cells was assessed by measuring fluorescence

intensity using the Fluo-4 AM dye. Figure 84-8F presents

the fluorescence images of HT-29 cells under different

treatment conditions, with Figure §G providing the

corresponding quantification of fluorescence intensity.
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Figure 7 Dose-dependent modulation of TNF-a secretion and mRNA expression by ATV and RSV in Caco-2 cells. (A) TNF-o secretion
measured by ELISA in Caco-2 cells treated with LPS alone or co-treated with ATV at concentrations of 10, 20, 50, and 100 pg/mL. LPS
treatment resulted in a significant increase in TNF-a secretion compared to the control. Co-treatment with ATV caused a dose-dependent
reduction in TNF-o secretion, with significant reductions observed at 20 pg/mL and above (P<0.01). The highest suppression was observed
at 100 pg/mL ATV. (B) TINF-a secretion measured by ELISA in Caco-2 cells following treatment with LPS and RSV at 5, 10, 20, and
50 pg/mL. LPS stimulation led to a marked increase in TNF-a secretion. RSV treatment produced a dose-dependent reduction in TNF-a
secretion, with statistically significant reductions starting from 10 pg/mL (P<0.01). The greatest suppression was observed at 50 pg/mL RSV.
(C) Relative mRNA expression of TNF-a measured by RT-PCR in Caco-2 cells treated with LPS and ATV. LPS treatment significantly
increased TNF-a mRNA levels compared to the control (P<0.05). Co-treatment with ATV at 20 and 50 pg/mL led to a dose-dependent
reduction in 7NF-a mRNA expression, with significant suppression observed at both concentrations (P<0.01). (D) TNF-a mRNA expression
measured by RT-PCR in Caco-2 cells treated with LPS and RSV. LPS treatment significantly elevated TNF-a mRINA levels compared
to the control (P<0.05). RSV treatment at 10 and 20 pg/mL produced a dose-dependent decrease in TNF-a mRNA expression, with the
highest reduction observed at 20 pg/mL (P<0.01). Student’s #-test was performed on each experimental dataset, *, P<0.05; **, P<0.01. ATV,
atorvastatin; ELISA, enzyme linked immunosorbent assay; LPS, lipopolysaccharide; RSV, rosuvastatin; RT-PCR, reverse transcription time

polymerase chain reaction.

Figure 84 shows the baseline fluorescence in control Figure 8C,8D present the fluorescence intensities in
HT-29 cells, displaying minimal fluorescence intensity. HT-29 cells treated with LPS in combination with 20 pg/mL
Figure §B illustrates the effect of LPS treatment alone, and 50 pg/mL of ATV, respectively. A dose-dependent

which led to a marked increase in calcium fluorescence reduction in fluorescence intensity was observed with
intensity, indicating enhanced intracellular calcium levels in increasing concentrations of ATV, suggesting that ATV
response to inflammation. mitigates calcium influx induced by LPS stimulation.
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Figure 8 Effect of ATV and RSV on calcium fluorescence intensity in HT-29 cells. (A-F) Fluorescence microscopy images at 20x
magnification of HT-29 cells stained with Fluo-4 AM, depicting calcium fluorescence under different treatment conditions. (A) Control HT-
29 cells showing minimal baseline fluorescence. (B) HT-29 cells treated with LPS, displaying enhanced fluorescence intensity, indicative of
increased intracellular calcium levels. (C) Cells treated with LPS + ATV (20 pg/mL), showing a reduction in fluorescence compared to LPS
treatment alone. (D) Cells treated with LPS + ATV (50 pg/mL), exhibiting further suppression of fluorescence, indicating a dose-dependent
reduction in calcium influx. (E) HT-29 cells treated with LPS + RSV (10 pg/mL), with fluorescence intensity slightly reduced compared to
LPS alone. (F) Cells treated with LPS + RSV (20 pg/mL), displaying the lowest fluorescence among RSV-treated groups, demonstrating a
dose-dependent inhibitory effect on calcium signalling. (G) Quantified fluorescence intensity of HT-29 cells across treatment conditions
(A-F); the highest fluorescence is observed with LPS treatment alone, reflecting elevated calcium levels; co-treatment with ATV or RSV
reduces fluorescence in a dose-dependent manner, with the most substantial suppression seen at 50 pg/mL ATV and 20 pg/mL RSV. ATV,
atorvastatin; LPS, lipopolysaccharide; RSV, rosuvastatin.

Figure SE,8F display the fluorescence intensities in cells Figure 8G provides the quantified fluorescence intensity
treated with LPS along with 10 pg/mL and 20 pg/mL of from Panels A to F, confirming the dose-dependent
RSV, respectively. RSV also demonstrated a dose-dependent reduction in calcium fluorescence with both ATV and RSV
reduction in calcium fluorescence, with lower fluorescence treatments. LPS alone elicited the highest fluorescence
levels at 20 pg/mL RSV compared to 10 pg/mL, indicating intensity, while the addition of ATV and RSV resulted
the inhibitory effect of RSV on calcium signalling. in significant reductions, consistent with their roles in
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modulating calcium-dependent signalling pathways.

In summary, both ATV and RSV effectively reduce LPS-
induced calcium signalling in HT-29 cells, as evidenced
by the dose-dependent decreases in fluorescence intensity.
These findings highlight the potential of statins to inhibit
calcium-dependent inflammatory responses in CRC.

Effect of ATV and RSV on calcium signalling in Caco-2

cells

The impact of ATV and RSV on calcium signalling in Caco-
2 cells was assessed by measuring fluorescence intensity using
the Fluo-4 AM dye. Figure 9A4-9F presents fluorescence
microscopy images of Caco-2 cells under various treatment
conditions, with the corresponding quantification of
fluorescence intensity presented in Figure 9G.

Figure 94 shows minimal baseline fluorescence in control
Caco-2 cells, indicating low intracellular calcium levels.
Figure 9B illustrates a significant increase in fluorescence
intensity following LPS treatment alone, suggesting
heightened intracellular calcium concentration due to
inflammatory stimulation.

Figure 9C,9D depict the effects of ATV at concentrations
of 20 pg/mL and 50 pg/mL, respectively, in LPS-stimulated
cells. Both treatments show a decrease in fluorescence
intensity compared to LPS alone, with 50 pg/mL ATV
exhibiting a more pronounced reduction, indicating a dose-
dependent inhibition of calcium signalling.

Figure 9E,9F display the results of RSV treatment at 10 and
20 pg/mL, respectively. RSV also induced a dose-dependent
reduction in fluorescence intensity, with 20 pg/mL RSV
demonstrating the most substantial suppression of calcium
signalling compared to LPS treatment alone.

Figure 9G provides the quantified fluorescence
intensity across the treatment conditions from Panels
A to F. LPS treatment led to the highest fluorescence
intensity, consistent with elevated intracellular calcium.
Co-treatment with ATV or RSV resulted in progressive,
dose-dependent reductions in fluorescence, with the
greatest inhibitory effect observed at the highest
concentrations of each statin.

In summary, ATV and RSV effectively attenuate LPS-
induced calcium signalling in Caco-2 cells, as evidenced
by dose-dependent reductions in fluorescence intensity.
These findings highlight the ability of both statins to
modulate calcium-dependent inflammatory pathways in

© AME Publishing Company.
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CRC models.

Discussion
Key findings

This study demonstrates that ATV and RSV selectively
inhibit PAR-2 expression and TNF-a secretion in LPS-
stimulated CRC cell lines, HT-29 and Caco-2, providing
novel insights into the anti-inflammatory actions of
statins. Our results show that both statins produce
a dose-dependent reduction in PAR-2 expression at
both the mRNA and protein levels, with the highest
inhibition observed at 50 pg/mL ATV and 20 pg/mL RSV
(Figures 2,3). The suppression of TNF-a secretion
(Figures 6,7), further corroborates the inhibitory effect of
these statins on inflammation-mediated signalling pathways.

Importantly, the specificity of ATV and RSV towards
PAR-2 was confirmed by the negligible impact on PAR-
1 expression in both CRC cell lines (Figures 4,5). This
specificity distinguishes the effects of ATV and RSV,
demonstrating that the statins modulate PAR-2-driven
inflammatory pathways without altering other related
protease-activated receptor signalling, such as PAR-1.
This novel aspect of selective targeting provides crucial
mechanistic insight and highlights the potential for
minimizing off-target effects.

Furthermore, our calcium fluorescence experiments using
Fluo-4 AM dye reveal that ATV and RSV inflaimmation-
induced calcium influx in a concentration-dependent
manner (Figure 8). This modulation of calcium signalling, a
key player in inflammation and tumour progression, adds a
mechanistic dimension to the anti-inflammatory effects of
these statins. Collectively, these findings suggest that ATV
and RSV mitigate calcium-dependent signalling pathways,
contributing to the reduction of inflammation in CRC
models.

Although this study does not explore the role of statins
as adjunctive therapies in clinical settings, it provides
foundational evidence supporting their potential therapeutic
relevance in CRC. The selective targeting of PAR-2 and
the suppression of TNF-o secretion, along with reduced
calcium signalling, underscore the unique anti-inflammatory
properties of statins in CRC. These results offer promising
avenues for further research aimed at evaluating the
translational potential of statins in managing inflammation-
driven CRC progression.
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Figure 9 Effect of ATV and RSV on calcium fluorescence intensity in Caco-2 cells. (A-F) Fluorescence microscopy images of Caco-2 cells at
20x magnification stained with Fluo-4 AM, representing calcium fluorescence under different treatment conditions. (A) Control Caco-2 cells
showing low baseline fluorescence. (B) Cells treated with LPS, exhibiting a substantial increase in fluorescence intensity, indicating elevated
intracellular calcium levels. (C) Cells treated with LPS + ATV (20 pg/mL), showing a reduction in fluorescence compared to LPS alone.
(D) Cells treated with LPS + ATV (50 pg/mL), with further suppression of fluorescence, demonstrating a dose-dependent effect. (E) Cells
treated with LPS + RSV (10 pg/mL), showing moderate reduction in fluorescence. (F) Cells treated with LPS + RSV (20 pg/mL), displaying
the lowest fluorescence intensity among RSV-treated groups, indicating the most significant reduction in calcium influx. (G) Quantification
of fluorescence intensity across the treatment groups from Panels A to F; the highest fluorescence intensity was observed in LPS-treated
cells, indicating elevated calcium signalling; co-treatment with ATV or RSV resulted in a dose-dependent decrease in fluorescence intensity,

with the most notable reductions at 50 pg/mL ATV and 20 pg/mL RSV. ATV, atorvastatin; LPS, lipopolysaccharide; RSV, rosuvastatin.

Strengths and limitations PAR-2 signalling in CRC cell lines. The physicochemical
Strengths properties of these statins play a critical role in determining
Statin specificity their intracellular distribution and therapeutic action.

This study provides valuable insights into the differential Lipophilic statins such as ATV (84), can diffuse across
effects of lipophilic (ATV) and hydrophilic (RSV) statins on lipid membranes, enhancing their ability to interact with
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intracellular targets, including endoplasmic reticulum (ER)
stress pathways and NF-xB signalling, both of which are
implicated in CRC progression. Lipophilic statins may also
disrupt the lipid rafts that harbour PAR-2 (85), reducing
receptor availability on the cell surface and blunting
inflammatory signalling. Conversely, hydrophilic statins
like RSV, which are selectively taken up by hepatocytes
through OATPs (86), have limited systemic distribution.
This hepato-selectivity reduces the risk of off-target effects
and systemic toxicity. The distinct pharmacological profiles
of these statins highlight the potential for ATV to be more
effective in extrahepatic tumours like CRC, while RSV
could offer safer therapeutic options with fewer side effects.
The comparative analysis informs future personalized
therapies, suggesting that lipophilic statins may be preferred
for targeting non-hepatic malignancies like CRC.

Cell line diversity

The use of HT-29 and Caco-2 cell lines enhances
the robustness of this study. HT-29 cells represent an
undifferentiated and aggressive CRC phenotype, known
to exhibit high proliferation rates and chemoresistance,
mimicking advanced-stage tumours (87,88). In contrast,
Caco-2 cells can differentiate into enterocyte-like cells,
more closely resembling normal colonic epithelium (89).
This diversity enables a broader understanding of statin
effects across different stages of tumour development and
differentiation states. HT-29 cells, for example, provide
insight into how statins might affect highly proliferative,
resistant tumours, while Caco-2 cells model the effects of
statins on less aggressive or early-stage tumours. This dual-
model approach ensures that the findings are not restricted
to a single cell phenotype and can inform stage-specific
therapeutic interventions in CRC.

PAR-2 specificity

"This study’s focus on PAR-2 downregulation without affecting
PAR-1 represents a significant advancement. PAR-2, often
overexpressed in CRC, drives inflammation by activating
pathways such as MAPK/ERK1/2 and PI3K/Akt, promoting
tumour growth, invasion, and metastasis. Statin-mediated
inhibition of PAR-2 could interrupt these pro-tumorigenic
pathways, thereby attenuating inflammation-driven CRC
progression. Importantly, PAR-1, which is predominantly
involved in normal coagulation and vascular integrity (90),
remains unaffected, minimizing the risk of disrupting
normal haemostatic processes. This receptor specificity
offers a safer therapeutic profile, as it avoids unintended side
effects, such as increased bleeding risk, which might arise
from PAR-1 inhibition. This precision targeting of PAR-2
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distinguishes statins as potential adjuncts to CRC therapy,
providing a mechanistically targeted approach to reduce
tumour-promoting inflammation.

Comprebensive molecular analysis

The study employs a multi-level molecular approach,
combining transcriptional (RT-PCR), protein expression
(Western blot), and functional (calcium fluorescence
imaging) analyses. This integrative methodology allows for
a thorough examination of statin effects on PAR-2 signalling
at multiple biological levels. The inclusion of calcium
fluorescence assays further strengthens the mechanistic
understanding by linking statins to the suppression of
calcium-dependent signalling pathways, which play essential
roles in cell proliferation, migration, and inflammation.
By demonstrating a dose-dependent reduction in calcium
influx, the study suggests that statins inhibit calcium
signalling cascades linked to PAR-2 activation, providing
further insight into their therapeutic potential in CRC.

Limitations

In vitro models and tumour microenvironment (TME)
Although HT-29 and Caco-2 cells are well-established
models, they lack the complexity of in vivo systems,
including interactions with immune cells, fibroblasts, and
extracellular matrix components present in the TME (91).
These interactions are critical for understanding tumour
progression, angiogenesis, and immune evasion. For example,
tumour-associated macrophages (TAMs) and myeloid-
derived suppressor cells (MDSCs), which are absent in these
models, play significant roles in CRC progression (92).
Future studies should incorporate co-culture systems (93),
organoids (94), or xenograft models (95) to better capture
the interplay between CRC cells and the TME.

Genetic and epigenetic variability

The study relies on two CRC cell lines, HT-29 and
Caco-2, which have specific genetic and epigenetic profiles
that may limit the generalizability of the findings. HT-
29 cells harbour mutations in APC and TP53, which
are common in CRC (96), while Caco-2 cells exhibit
relatively stable genomes but differ in their differentiation
capacity (97). However, CRC tumours exhibit substantial
genetic and epigenetic heterogeneity across patients,
including mutations in genes such as KRAS, BRAF, and
PI3KCA (98). Epigenetic factors, including methylation
of tumour suppressor genes and histone modifications,
also influence tumour behaviour and treatment response.
These variabilities could impact how CRC tumours
respond to statin treatment, suggesting that future studies
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should explore the role of tumour genotype and epigenetic
landscape in determining statin sensitivity.
Pharmacokinetics and tissue distribution

This study does not address the pharmacokinetic behaviour
of statins in CRC, including how first-pass metabolism,
plasma protein binding, and tissue-specific distribution
influence their bioavailability at the tumour site. Lipophilic
statins like ATV may accumulate in lipid-rich tissues,
potentially reducing their availability in tumours, while
hydrophilic statins like RSV exhibit restricted tissue
penetration, which could limit their therapeutic efficacy.
Further pharmacokinetic studies, including iz vivo models,
are needed to better understand how statins distribute
within the body and accumulate in tumours.

Long-term effects and resistance mechanisms

The study focuses on acute responses to statin treatment,
limiting insights into potential long-term effects. Chronic
statin exposure might trigger compensatory feedback
loops or lead to the development of treatment resistance
through upregulation of survival pathways, such as PI3K/
Akt or ERK1/2 signalling (99,100). Understanding these
compensatory mechanisms will be essential for developing
durable therapeutic strategies. Future studies should assess
long-term statin exposure in CRC models to determine
whether resistance emerges and how it can be mitigated.
Mechanistic depth of PAR-2 modulation

While this study effectively demonstrates PAR-2
downregulation through statin treatment, further exploration
of the impacted downstream signalling pathways is essential
for a more comprehensive understanding. PAR-2 is known
to regulate several signalling cascades critical for CRC
progression and inflammation, including the ERK1/2,
NF-«B, GRKs, PI3K/Akt, and P-catenin pathways
(Figure 10), all discussed in the introduction.

The ERK1/2 pathway, activated through both
G-protein-dependent and B-arrestin mechanisms, promotes
cellular proliferation, migration, and survival, contributing
to tumour progression (Figure 10). Statins potentially
interfere with this pathway, reducing cancer-promoting
signals. Similarly, the NF-xB pathway, responsible for
producing pro-inflammatory cytokines like TNF-a, is a
key target. Attenuating NF-«xB through PAR-2 modulation
by statins aligns with the reductions in TNF-a secretion
observed in this study (Figures 6,7).

In addition, PI3K/Akt signalling, which supports survival
and proliferation under inflammatory conditions, may
be downregulated by statins, mitigating tumor growth
and chemoresistance. The introduction also discusses
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p-catenin-mediated transcription, regulated through PAR-
2 interactions, which promotes CSC renewal and EMT.
Statins’ ability to reduce PAR-2 activity could diminish
B-catenin stability, thereby limiting metastatic potential and
tumour aggressiveness.

While this study focuses on PAR-2 and minimal PAR-
1 impact, future research should explore the possible roles
of other PAR family members, such as PAR-3 and PAR-4,
to ensure comprehensive receptor targeting. This balanced
view could confirm whether the specificity of ATV and RSV
toward PAR-2 is unique or part of a broader interaction
with PAR family members.

Furthermore, future experiments could employ
phosphoproteomics, pathway-specific inhibitors, or siRINA
knockdown techniques to dissect the signalling networks
modulated by statins at a more granular level. This would
provide valuable insights into how PAR-2 inhibition translates
into reduced cancer progression, offering a mechanistic basis
for developing adjunctive therapies for CRC.

By building on the mechanistic foundations laid in
this study, such future investigations could establish the
full therapeutic potential of statins. This would bridge
the current knowledge gap regarding chemo-resistance
pathways and statin interactions with other therapeutic
agents, contributing to personalized CRC treatment
strategies.

Clinical translation and dosing strategy

The absence of in vivo studies or clinical data limits the
immediate translational impact of the findings. While this
study establishes a foundational understanding of statin
effects on PAR-2, animal models and clinical trials are
needed to validate these results iz vivo. Determining optimal
dosing regimens that maximize therapeutic efficacy while
minimizing toxicity will be essential for integrating statins
into CRC treatment protocols. Pharmacodynamic studies
could further elucidate the dose-response relationships
for ATV and RSV, guiding future personalized treatment
strategies.

Comparison with similar research

The overexpression of PAR-2 in CRC has been well-
documented in the literature. Darmoul et a/. established
that PAR-2 is highly expressed in colon cancer tissues and
cell lines, contributing significantly to tumour progression
and the pro-inflammatory microenvironment (101). Our
study aligns with these findings, showing elevated PAR-
2 expression in LPS-stimulated HT-29 and Caco-2
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Figure 10 This figure illustrates the proposed mechanistic pathways by which ATV and RSV selectively inhibit PAR-2 signaling in CRC
cells, without affecting PAR-1. The inhibition of PAR-2 by ATV and RSV disrupts multiple downstream signaling cascades associated with
inflammation, tumor progression, and metastasis. The pathways investigated in this study are represented as follows: (I) PAR-2 specificity:
both ATV and RSV specifically target PAR-2, as indicated by the red blocks on the PAR-2 receptor, while sparing PAR-1, which remains
unaffected (top left of the figure). This specificity underscores the selective effect of statins on pro-inflammatory pathways without impacting
vascular functions typically mediated by PAR-1. (IT) Calcium-dependent inflammatory signaling: activation of PAR-2 leads to calcium (Ca™)-
dependent pro-inflammatory signaling, resulting in the upregulation of TNF-a and activation of the NF-xB pathway, both of which are
key drivers of inflammation in CRC (shown on the left side). (IIT) LRP-6 and Wnt/B-catenin pathway: PAR-2 activation recruits LRP-6 and
interacts with Awin, leading to the accumulation of stabilized B-catenin, which translocates to the nucleus and activates proto-oncogenes,
promoting cell proliferation and tumor progression. Statin-mediated inhibition of PAR-2 disrupts this pathway, preventing S-catenin
stabilization and subsequent oncogenic signaling (center). (IV) Inhibition of PI3K/Akt and MAPK pathways: PAR-2 signaling enhances the
PI3K/Akt and MAPK pathways, which are involved in cell survival, EMT (epithelial-mesenchymal transition), cancer stem cell maintenance,
and metastasis. ATV and RSV suppress these pathways by targeting PAR-2, thereby reducing CRC cell survival, chemoresistance, and
metastatic potential (center and right side). (V) Anti-Inflammatory and non-PAR-2-mediated effects: statins also exhibit anti-inflammatory
effects that are independent of PAR-2, including the inhibition of the NLRP3 (NOD-, LRR- and Pyrin Domain-Containing Protein 3)
inflammasome, PLA2 activity, and mitochondrial dysregulation. These effects provide additional anti-inflammatory benefits that support
CRC treatment (top right). (VI) Role of ERK and T'GF-p pathway: Statin treatment inhibits P4R-2-mediated ERK and TGF-p signaling,
which are implicated in metastasis, tumor initiation, and chemoresistance, further reducing the aggressive behavior of CRC cells. Molecules
and pathways directly investigated in this study are marked with specific symbols for clarity. Signaling pathways are indicated with color-
coded arrows to distinguish between two main signaling axes observed in PAR-2-mediated pathways. Overall, this figure integrates the
molecular effects of statins on PAR-2 signaling and its downstream pathways, emphasizing the therapeutic potential of ATV and RSV in
attenuating P4R-2-mediated inflammatory and tumorigenic processes in colorectal cancer. ATV, atorvastatin; CRC, colorectal cancer; RSV,

rosuvastatin.
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cells, indicating that PAR-2 plays a critical role in CRC
pathology. Interestingly, a recent study by Shah ez al
showed that PAR-2 activation attenuates doxorubicin-
induced cell death in HT29 cells, suggesting a role for
PAR-2 in chemoresistance (55). This finding corroborates
our observations and highlights the potential of PAR-
2 modulation in enhancing chemotherapeutic efficacy.
Furthermore, Quan et 4/. reported that PAR-2 inhibition
enhanced the sensitivity of CRC cells to 5-FU and reduced
EMT signalling (57). These studies collectively underscore
the importance of PAR-2 in CRC progression and
treatment resistance.

The anti-inflammatory effects of statins in CRC have
been previously reported, but the mechanisms were not
fully elucidated. A meta-analysis involving 52 studies and
over 11 million individuals found that statin use reduced
CRC risk by 20% in the general population, with even more
pronounced effects—up to 60% risk reduction in individuals
with IBD (P<0.001) (102). These findings suggest that
statins may be particularly effective in modulating chronic
inflammation, a key driver of CRC progression, especially
in high-risk populations such as those with inflammation-
related disorders. Additional evidence from a nationwide
cohort study from Sweden confirmed that statins are
associated with a 24% reduction in CRC incidence [adjusted
hazard ratio (HR): 0.76] and a 44% reduction in CRC-
related mortality (adjusted HR: 0.56). The benefit was most
pronounced in patients using statins for five or more years
[adjusted odds ratio (OR): 0.38], emphasizing the potential
for long-term statin use to prevent CRC (24). Notably,
the protective effects were primarily observed in patients
with UC rather than Crohn’s disease, suggesting a possible
interaction between statin therapy and the inflammatory
pathways specific to UC. Another meta-analysis comprising
40 studies similarly concluded that statin use was associated
with a modest reduction in CRC risk. While the reduction
was not statistically significant in randomized clinical trials,
it achieved significance in observational studies, pointing to
the potential for statins as chemopreventive agents (103).
However, the precise mechanisms underlying these effects
remained unclear, underscoring the need for more focused
research on how statins interact with tumour biology,
particularly through specific pathways such as PAR-2
signalling. Our findings address this gap by providing a
potential molecular mechanism for the chemopreventive
effects observed in previous research.

Stein er al. investigated the role of PAR-2 in calcium
mobilization within cancer cells, particularly in triple-
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negative breast cancer (MDA-MB-231). Their study
demonstrated that activation of PAR-2 by agonists,
such as the SLIGKV-NH2 peptide, triggers significant
intracellular calcium release, highlighting calcium as a key
secondary messenger in cancer progression, migration,
and inflammation, as corroborated by other studies
detailed in Feldenzer’s review, which provides additional
insights into calcium’s pivotal role in oncogenic signalling
pathways (104,105). Inhibition of PAR-2 with synthetic
indolactam V analogues significantly reduced calcium
mobilization, reinforcing the link between PAR-2 activation
and calcium flux-driven tumour migration and invasion.
This underscores PAR-2 as a viable therapeutic target for
blocking metastasis and inflammation. In complementary
findings, lablokov et a/. further elucidated the impact of
PAR-2 activation on calcium signalling and apoptosis
in CRC cells. In HT-29 cells, PAR-2 activation leads to
intracellular calcium influx through the activation of PI3K
and MEK1/2 pathways, which are essential for cancer cell
proliferation and survival (106). Elevated calcium levels
were found to support cell survival by promoting the
phosphorylation of BAD and MCL-1, two pro-survival
proteins that stabilize mitochondrial integrity. Notably,
when PAR-2 signalling was inhibited via siRNA, calcium
influx was diminished, sensitizing the cells to apoptosis
induced by TNF-a and IFN-y, thereby underscoring the
importance of PAR-2 in maintaining cancer cell viability. In
the context of our study, the observed reduction in calcium
fluorescence following treatment with ATV and RSV is
consistent with the suppression of PAR-2-mediated calcium
mobilization. As calcium influx is a key downstream effect
of PAR-2 activation, our results suggest that ATV and RSV
effectively inhibit PAR-2 signalling, thereby disrupting
calcium-dependent inflammatory and survival pathways
in CRC. This aligns with prior research, highlighting
the potential of statins to impair tumour progression
by targeting PAR-2 and attenuating calcium-driven
tumorigenic behaviour, which may translate into effective
therapeutic strategies for inflammation-associated cancers.
Apart from the PAR-2-mediated effects on intracellular
calcium signalling observed in our study, statins may
modulate calcium levels through additional independent
mechanisms that warrant further investigation. For example,
pravastatin has been shown to alleviate IL-6-induced
calcium dysregulation in adult ventricular myocytes,
suggesting that statins may restore calcium homeostasis
under inflammatory conditions by mechanisms distinct from
PAR-2 inhibition (107). Furthermore, statins are known
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to inhibit inflammatory pathways such as the NLRP3
inflammasome and TLR pathways (108,109), both of which
contribute to elevated intracellular calcium (110,111).
By reducing the activation of these pathways, statins
may indirectly limit calcium influx, thereby modulating
inflammatory responses in CRC cells. Additionally, statins
lower oxidative stress by decreasing the production of
reactive oxygen species (ROS), which is another factor
that influences calcium channel function and intracellular
calcium balance (112). This reduction in oxidative stress
could play a role in maintaining normal calcium signaling,
preventing excess calcium-driven inflammation and
tumour progression (113). These complementary pathways
underscore the need for future research to investigate
whether statins affect intracellular calcium independently
of PAR-2, especially in the context of cancer, to better
understand their full therapeutic potential.

Statins have been reported to modulate TINF-a levels.
For instance, in hepatic inflammation models, RSV
has been shown to reduce TNF-a expression through
pathways unrelated to PAR-2 (114), thereby alleviating
chronic inflammation and potentially preventing tumour
progression. Similarly, statins have been found to inhibit
TNF-a production in stimulated T-lymphocytes, involving
the suppression of the NLRP3 inflammasome and TLR
pathways (115), which are critical regulators of systemic
inflaimmation. Furthermore, the inhibition of the TBKI-
IRF3-1L-33 signalling pathway by statins, which also leads
to reduced TNF-a levels (116,117), underscores their broad
anti-inflammatory capabilities, where attenuation of TNF-a
occurs through mechanisms independent of PAR-2. In our
study, while we similarly observe a reduction in TNF-a
levels following statin treatment, this is accompanied by a
concomitant reduction in PAR-2 expression, suggesting a
PAR-2-dependent mechanism. This finding indicates that
statins may directly inhibit PAR-2 expression in CRC cells,
thereby attenuating TINF-a secretion. This mechanism
is consistent with our observations in pro-inflammatory
chondrocytes, where siRNA-mediated knockdown of PAR-
2 resulted in a significant reduction of TNF-a levels, though
it did not completely eliminate TNF-a production (118),
pointing to the existence of both PAR-2-dependent and
independent mechanisms in the modulation of TNF-a
levels. Thus, our study introduces a new dimension to
the understanding of statins’ anti-inflammatory actions
by highlighting a PAR-2-dependent pathway, particularly
relevant in the context of CRC inflammation, where PAR-
2 signalling appears to play a crucial role in modulating
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TNF-a secretion and downstream inflammatory pathways.
Further investigation is needed to clarify how both PAR-2-
dependent and independent mechanisms contribute to the
overall anti-inflammatory and anti-cancer effects of statins

in CRC.

Explanation of findings

Our study demonstrates that both ATV and RSV selectively
inhibit PAR-2 expression and related signalling in CRC
cell lines (HT-29 and Caco-2) stimulated by LPS, without
altering PAR-1 expression. This selectivity underscores the
targeted action of these statins in reducing inflammation
and tumour progression through PAR-2-specific pathways.

The selective inhibition of PAR-2 by ATV and RSV,
while sparing PAR-1, emphasizes the differential signalling
mechanisms and functional roles of these receptors in
CRC. As detailed in the Introduction, PAR-2 activation is
closely linked to key oncogenic pathways, including NF-«B,
PI3K/Akt, MAPK/ERK, COX-2, Rho/Rac signalling, and
phospholipase A2 (PLA2) activity, all of which contribute
to inflammation, cell proliferation, and tumour progression
(Figure 10). By downregulating PAR-2 expression, ATV
and RSV are likely to inhibit these downstream pathways,
thereby attenuating pro-inflammatory signalling, reducing
tumour growth, and potentially preventing metastasis.

The mechanisms by which statins selectively
downregulate PAR-2 in HT-29 and Caco-2 cell lines
can be linked to their effects on the mevalonate pathway,
which inhibits isoprenoid synthesis required for GTPase
prenylation. This disrupts PAR-2-mediated signaling
pathways that are heavily dependent on small GTPases like
Rho and Rac (119). In human umbilical vein endothelial
cells (HUVEC:), statins were found to prevent tissue factor
(TF) induction by both PAR-1 and PAR-2 by reducing
cholesterol content in caveolin-enriched membrane
microdomains, which are essential for maintaining receptor
localization and function (120). Specifically, statins induced
the relocation of PAR-1 from these microdomains to high-
density membrane fractions, impairing TF induction and
PAR-1’s signaling capacity (120). Additionally, statins
selectively decreased PAR-2 mRNA expression but not
PAR-1 mRNA levels, further contributing to the inhibition
of PAR-2-mediated TF induction (120). Importantly,
this effect was shown to be specific to the inhibition of
HMG-CoA reductase, as it was reversed by the addition of
mevalonate (120). This mechanism aligns with the effect
observed in CRC cells, where the disruption of lipid rafts

Transl Cancer Res 2025;14(3):1531-1566 | https://dx.doi.org/10.21037/tcr-24-1027



1558 Patnaik et al. Targeting PAR-2 inflammatory pathways in CRC using statins

by statins (121), particularly RSV, affects PAR-2 more than
PAR-1, potentially due to PAR-2’s greater reliance on these
microdomains for signaling in cancer cells. Statins in the
HUVEC study also impaired ERK1/2 activation, which
is essential for TF induction through both PAR-1 and
PAR-2 pathways, further highlighting the significant role
of statin-mediated membrane alterations in suppressing
inflammatory and pro-thrombotic signaling pathways (120).

Conversely, PAR-1, which primarily mediates thrombin
signaling in vascular processes, relies less on GTPase-
dependent pathways (122), making it less susceptible to
statin-induced modulation in CRC cells. The difference
in response between HUVECs and CRC cells may also
stem from distinct cellular contexts and membrane lipid
compositions, as well as differences in mRNA regulation; in
HUVECs, PAR-1 mRNA levels are not affected, whereas
in CRC cell lines, statins do not impact PAR-1 signaling
due to the receptor’s reduced reliance on lipid rafts and
isoprenoid-dependent pathways (120).

PAR-2 downregulation by statins could also impact
the TME in CRC. The TME, characterized by a pro-
inflammatory milieu, supports tumour growth, immune
evasion, and metastasis, with PAR-2 playing a central role
in orchestrating these processes through cytokine release,
angiogenesis, and stromal remodelling (122). By inhibiting
PAR-2, ATV and RSV may reduce pro-tumorigenic signalling
within the TME, which could enhance the immune response
against cancer cells, decrease stromal support for tumour
growth (121), and limit metastasis (123). This reduction
in TME-driven inflammation and support potentially
translates to better control of tumour progression.

Additionally, PAR-2 activation has been implicated in
drug resistance mechanisms, as it contributes to the reduced
sensitivity of cancer cells to chemotherapeutic agents by
enhancing survival signalling pathways and promoting
the expression of drug efflux pumps (55,57,124,125).
The downregulation of PAR-2 by statins could sensitize
CRC cells to chemotherapy by lowering the activation of
pathways such as PI3K/Akt and NF-kB, which are involved
in cell survival and resistance to apoptosis induced by drugs
like doxorubicin (126). Therefore, the combination of
statins with existing chemotherapeutic agents could offer a
synergistic approach, improving the efficacy of treatment
through PAR-2 inhibition and increased drug sensitivity.

The downregulation of TNF-o and calcium mobilization
observed in our study can also be attributed to the selective
inhibition of PAR-2 by statins (Figure 10). PAR-2 activation
is known to trigger Gq protein-coupled signalling, which
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leads to calcium release from intracellular stores (127),
and promotes NF-«B activation, driving TNF-o secretion.
By downregulating PAR-2, ATV and RSV effectively
reduce calcium signalling and TNF-o production, further
supporting their role in attenuating inflammation and
tumour progression through this specific pathway.

Our study builds on the role of PAR-2 as a central
mediator in inflammatory processes within endothelial and
cancerous cells, contributing to a range of pathological
conditions, including vascular inflammation and CRC
progression. The findings from Al-Ani et /. (128)
significantly enrich our understanding of the pathways
by which PAR-2 activation impacts cellular signaling and
highlight the potential for statins to attenuate these effects.
In endothelial cells, PAR-2 activation, through specific
agonist peptides or by FXa, has been shown to increase
soluble vascular endothelial growth factor receptor 1
(sVEGFR-1) release, a factor implicated in endothelial
damage. The mechanism of sVEGFR-1 release appears
tightly regulated by several kinases and signaling pathways.
Specifically, PAR-2-induced sVEGFR-1 release requires
the activity of PKC isozymes, particularly PKCB1 and
PKCe, as well as Src family kinases. The Src kinases,
when inhibited, significantly attenuate both sVEGFR-1
release and VEGFR-1 promoter activity, highlighting
the importance of Src-dependent phosphorylation in
this pathway. Moreover, the MAPK pathway, specifically
through ERK-1/2 phosphorylation, is essential for PAR-2-
mediated sVEGFR-1 release. The involvement of MEK-
1/2, a critical upstream regulator of ERK-1/2, further
underscores the significance of MAPK signaling in PAR-
2-activated responses. This pathway convergence points to
ERK-1/2 as a potential downstream target through which
PAR-2 exerts its inflammatory effects, leading to elevated
sVEGFR-1 levels. This finding has broader implications
for other systems where ERK-1/2 activity is integral to
the cellular response to inflammation and growth signals,
including in CRC.

A particularly noteworthy mechanism in PAR-2
signaling, as highlighted by Al-Ani et 4l. (128), is the role of
EGFR transactivation in sVEGFR-1 release. Upon PAR-2
activation, intracellular signaling mediated by PKC and Src
promotes EGFR transactivation, which in turn amplifies
downstream signaling cascades, including MAPK/ERK-
1/2. The inhibition of EGFR with AG1478 results in the
complete blockade of sVEGFR-1 release and ERK-1/2
phosphorylation, emphasizing EGFR’s central role in PAR-
2-mediated responses. This transactivation mechanism
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is particularly relevant to cancer, where EGFR and ERK
signaling are commonly upregulated and associated with
tumor growth and survival. An additional regulatory axis
involving heme oxygenase-1 (HO-1) and carbon monoxide
(CO) provides further complexity to the PAR-2 pathway.
HO-1 and its metabolic product CO downregulate
sVEGFR-1 release through suppression of PAR-2 signaling.
Statins, by upregulating HO-1 expression, indirectly
reduce PAR-2-mediated sVEGFR-1 release, indicating a
possible mechanism for their anti-inflammatory effects.
The application of simvastatin in Al-Ani’s study significantly
reduced PAR-2-induced sVEGFR-1 release (128), aligning
with our study’s focus on statin-mediated PAR-2 inhibition.
"This suggests that statins might not only disrupt isoprenoid
synthesis necessary for GTPase-dependent signaling but
also reduce PAR-2 activation through pathways involving
HO-1 and CO.

In our study, we observed that ATV and RSV selectively
downregulated PAR-2 expression in CRC cells, with
downstream inhibition of inflammatory cytokines. This
selective inhibition of PAR-2, while sparing PAR-1, aligns
with findings that statins can disrupt lipid rafts essential
for PAR-2 localization and function. Furthermore, Al-
Ani’s findings (128), support our hypothesis that statins
reduce PAR-2-related signaling by mechanisms extending
beyond direct receptor interaction. The statin-mediated
upregulation of HO-1 and suppression of ERK-1/2
activation provide indirect yet effective pathways for
reducing PAR-2-driven inflammatory responses. Therefore,
the anti-inflammatory effects of statins could suppress PAR-
2 indirectly.

Apart from PAR-2-specific effects, statins are
known to exert broader anti-inflammatory effects
through mechanisms such as inhibition of the NLRP3
inflammasome (129), reduction of PLA2 activity (130),
and attenuation of mitochondrial function (131). These
pathways indirectly impact intracellular calcium levels by
modulating cellular stress responses, further contributing to
the anti-inflammatory effects observed in our study.

Implications and actions needed

The findings from this study indicate that ATV and
RSV specifically inhibit PAR-2 expression and related
inflammatory signaling in CRC cell lines, while sparing
PAR-1. This selective modulation has significant
implications for managing inflammation-driven CRC,
particularly through targeting PAR-2-related pathways.
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Below are the detailed implications and suggested actions:

Adjunctive therapy potential in CRC

The selective downregulation of PAR-2 by statins, as
demonstrated in this study, adds a novel dimension to their
well-established anti-inflammatory properties. This suggests
that statins could be effectively incorporated as adjunctive
treatments in CRC management to reduce inflammation
and tumor growth while potentially enhancing the efficacy
of existing chemotherapies.

Modulation of TME

The TME plays a crucial role in supporting cancer
progression and treatment resistance. By specifically
targeting PAR-2, statins have the potential to modulate
the TME by reducing pro-inflammatory cytokine release,
limiting stromal support for tumor growth, and enhancing
antitumor immune responses. This broader therapeutic role
for statins warrants further investigation in iz vivo models
to better understand their impact on the TME dynamics.

Enhanced drug sensitivity

The study also highlights that PAR-2 downregulation
by statins may increase the sensitivity of CRC cells to
chemotherapeutic agents, as PAR-2 has been implicated in
mechanisms of drug resistance, including survival signaling
and the upregulation of drug efflux pumps. The potential
to improve chemotherapeutic efficacy through statin co-
treatment should be further explored through combination
therapy studies.

Broader mechanistic insights into statin action

These findings underscore that beyond their cholesterol-
lowering effects, statins can selectively inhibit specific
GPCR-mediated signaling pathways, such as those driven
by PAR-2. This raises the possibility of broader therapeutic
implications, as the modulation of GPCR signaling may
extend beyond CRC to other inflammation-driven cancers,
suggesting a need for further mechanistic studies.

Future preclinical and clinical investigations

To translate these promising findings into clinical
applications, it is imperative to conduct comprehensive
in vivo studies to evaluate the effects of statins on PAR-2
expression, tumor progression, and survival in CRC models.
Additionally, clinical trials should focus on identifying
optimal dosing strategies for combining statins with
standard therapies, aiming to enhance safety, efficacy, and
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the reduction of inflammation-driven CRC progression.

Recommended actions

%  Preclinical validation: utilize animal models to further

evaluate the impact of statins on PAR-2 expression,
inflammatory signaling, and TME modulation in
CRC.

%  Clinical trials: design clinical trials to assess the
efficacy of statins as adjunctive therapies in CRC, with
a focus on PAR-2-specific outcomes, chemoresistance,
and tumor progression.

% Mechanistic studies: investigate the broader effects of
statins on GPCR signaling and associated pathways,
aiming to uncover potential therapeutic benefits in
other inflammation-driven cancers.

K2
*

TME-focused research: examine the effects of statins
on the TME, emphasizing immune modulation,
stromal interactions, and overall impact on CRC
progression.

Conclusions

This study demonstrates the selective inhibition of PAR-2
expression and related signaling pathways by ATV and RSV
in LPS-stimulated CRC cell lines. By targeting PAR-2,
both statins significantly attenuate inflammatory responses,
TNF-a secretion, and calcium mobilization, while sparing
PAR-1 expression. This specificity not only underscores
their therapeutic potential in controlling inflammation-
driven CRC, but also differentiates them from other
treatment strategies that often affect broader signaling
networks, including those critical for vascular homeostasis
mediated by PAR-1.

The selective downregulation of PAR-2 is mechanistically
linked to the mevalonate pathway inhibition by statins,
which disrupts isoprenoid synthesis and subsequently
GTPase activation, crucial for PAR-2-mediated signaling.
The observed reduction in calcium signaling, alongside
diminished TNF-a secretion, suggests that statins not
only suppress pro-inflammatory signaling but also mitigate
the TME, thereby inhibiting tumor progression. This
modulation of the TME, marked by decreased cytokine
release, reduced stromal support, and enhanced immune
responsiveness, further supports the potential of statins as
adjunctive treatments in CRC.

Additionally, this study identifies a plausible mechanism
by which statins could enhance chemotherapeutic efficacy

© AME Publishing Company.

by increasing drug sensitivity through PAR-2 inhibition.
The suppression of survival signaling pathways, such as
PI3K/Akt and NF-«B, highlights their role in overcoming
drug resistance, a major challenge in cancer therapy.
Given the broader anti-inflammatory actions of statins,
including NLRP3 inflammasome inhibition, reduction of
PLA2 activity, and modulation of mitochondrial function,
their integration into CRC treatment regimens presents a
promising multi-dimensional therapeutic approach.

While this study provides compelling iz vitro evidence
of the anti-inflammatory and potential anti-cancer effects
of statins through PAR-2-specific pathways, it is critical to
validate these findings in 7z vivo models and clinical trials.
The translation of these results into clinical practice requires
a deeper understanding of the optimal dosing strategies,
long-term outcomes, and the broader implications of statin
use in CRC management. Future research should focus on
clarifying the complex interplay between PAR-2-specific
signaling, the TME, and chemoresistance mechanisms, with
an aim to establish statins as a standard adjunctive therapy
in inflammation-driven CRC.

In summary, this study not only advances our
understanding of statin action beyond cholesterol
modulation but also paves the way for novel therapeutic
strategies in managing inflammation-driven malignancies
like CRC. The selective targeting of PAR-2 by statins
represents a significant step toward more precise, safe, and
effective cancer therapies, warranting further exploration
and clinical application.
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