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Abstract

Cancer is now one of the leading diseases responsible for the highest mortality rates
worldwide. Cancer treatment is extremely intricate and is often associated with less
targeted effects and more side effects. In the last few years, two significant revolutions
in cancer treatment have altered treatment paradigms: immuno-oncology and the
pursuit of actionable changes in oncogene-driven cancers. Significant obstacles
continue to exist in both areas of cancer treatment. Next-generation sequencing
technologies for molecular prescreening in clinical research are advancing, but
their widespread clinical use is hindered by challenges related to the clinical
interpretation of large genomic data. Moreover, cancer mono-chemotherapy is
associated with issues such as inadequate efficacy, drug resistance, and systemic
toxicity. It is not possible to administer cytotoxic drugs limitlessly. Combination
therapy was developed in response to this circumstance, with the expectation of
achieving high therapeutic efficacy at lower dosages of medication. Peroxisome
proliferator-activated receptors (PPARs) are a group of essential lipid sensors and
metabolic pathway regulators. In addition, they possess the ability to modulate
immunity, inflammation, and endothelial nitric oxide synthase activation. Alongside
their well-established functions, new insights into the roles of PPAR agonists in
cancer research are emerging. After reviewing current research, it is evident that
PPAR modulators have significant potential for managing cancer. This review aims
to consolidate the functions of PPAR ligands alongside other cancer therapies. We
provide a comprehensive perspective on the applicability of PPAR ligands in cancer
treatment as an adjuvant.

Keywords: PPAR agonists; Adjuvant; Cancer; Synergism; Cancer therapy; Drug
repurposing

1. Introduction

According to the World Health Organization, 97 million people died from cancer in
2022, with an estimated 20 million new cases. The estimated number of people who
were alive 5 years after a cancer diagnosis was 53.5 million. In their lifetime, one in five

Volume 3 Issue 4 (2024)

1 doi: 10.36922/td.4003


https://dx.doi.org/10.36922/td.4003
https://orcid.org/0009-0009-0472-3525
https://orcid.org/0000-0002-1703-6611
https://dx.doi.org/10.36922/td.4003
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Tumor Discovery

PPAR agonist and cancer

people will develop cancer; one in nine men and one in 12
women will die from the disease. The process of treating
cancer has always been intricate. Conventional therapeutic
modalities, including radiotherapy, chemotherapy, and
surgery, have been employed to treat cancer.’

The main treatments for cancer are surgery and
chemotherapy; however, patients frequently develop
chemotherapeutic resistance within a few years after
starting treatment.? Furthermore, side effects from
chemotherapeutic drugs such as paclitaxel, carboplatin,
and doxorubicin can significantly worsen quality of
life. These side effects include weakness, itching, loss
of appetite, hair loss, and facial flushing, among others.
Consequently, novel therapeutic approaches and improved
predictive markers for chemotherapy, targeted therapies,
immunotherapy, and hormonal therapy are required.’

Advances in our understanding of the molecular
mechanisms underlying cancer progression have made it
possible to develop novel targeted therapies that are proving
to be innovative and promising approaches for treating the
disease.” As these therapies specifically target cancer cells
while avoiding harm to non-target cells, they are becoming
increasingly significant. The strategies used in targeted
therapy include prodrugs, nanoparticulate antibody
conjugates, small molecule inhibitors, and monoclonal
antibodies. However, recent studies have revealed that
the presence of molecularly diverse tumors can lead
to treatment failures in several cases.>® Furthermore,
although it was anticipated that targeted therapy would
cause fewer side effects than conventional chemotherapy,
significant toxicities are still observed. Trastuzumab, for
example, has been linked to congestive heart failure as a
known adverse effect.” Common side effects of vascular
endothelial growth factor (VEGF) inhibitors and VEGF
receptor inhibitors include hypertension, thromboembolic
events, slowed wound healing, and an elevated risk of
bleeding, including tumor-related hemorrhage."

By enhancing the immune response, immunotherapy
enables the patient’s immune system to destroy cancer
cells. As a next-generation treatment for cancer, it has the
potential to replace chemotherapy due to its effectiveness
against multiple tumors and its innovative therapeutic
properties.'! There are two types of immunotherapy: active
and passive. Active immunotherapy includes chimeric
antigen receptor T cells, immunostimulatory vaccines,
and genetically modified organisms that can recognize
specific cancer antigens. Passive immunotherapy, on
the other hand, involves using cytokines or checkpoint
inhibitors to indirectly enhance the patient’s immune
response.'> Although these treatments are novel, clinical
trial results indicate that they are only effective against a

limited number of cancers and can lead to unfavorable
side effects, including cytokine release syndrome and a
weakened immune response.” Although immunotherapy
has been developed as an effective cancer treatment,
immunotherapy-based drugs often have poor outcomes
in solid tumors due to low infiltration of immune cells
and decreased tumor immunogenicity, resulting in an
immunosuppressive tumor environment." Furthermore,
the lack of appropriate preclinical models for validating
distinct biomarkers, as well as inadequate methods for
tumor tissue collection, makes it more difficult to assess
predictive biomarkers.'?

Usually, hormonal treatments prevent steroid ligands
from attaching to the nuclear hormone receptor family,
which includes estrogen receptor and androgen receptor
(AR) in breast cancer and prostate cancer, respectively.'s
Various hormone receptors are expressed in cancer and
mediate both growth stimulation and inhibition effects.
Hormones such as gonadotropin-releasing hormones,
gonadotropins, androgens, estrogens, and progestins have
been evaluated in several clinical trials to understand the
mechanisms of tumorigenesis.””*° However, resistance
is a common cause of failure in single-agent hormonal
therapy, and it is not the only factor at play. Therapies such
as leuprorelin and enzalutamide can lead to resistance
through various mechanisms, including mutations in the
AR ligand-binding domain and the creation of variant AR
proteins that can recognize antiandrogens (antagonists)
as agonists.”® In this comprehensive review, we have
compiled the available research on the utilization of
various peroxisome proliferator-activated receptor (PPAR)
agonists as a combination therapy with known cancer
modalities for different cancers.

2. Combination therapy for cancer

Considering the current situation, a synergistic approach
that combines a chemotherapeutic agent with another
agent can be employed to target similar or different
genes for cancer treatment. Although the combination of
cytotoxic drugs has garnered significant interest, concerns
remain regarding the potential risks of drug toxicity, cross-
resistance, and compromised quality of life.* Therefore,
incorporating a biological agent alongside an established
chemotherapeutic drug presents a promising alternative to
optimize therapeutic outcomes while minimizing toxicity.
By targeting various molecular pathways implicated in
cancer development through diverse mechanisms of
action, combination therapy aims to enhance treatment
efficacy.** However, discovering novel therapeutic agents
is a complex and resource-intensive process that entails
multiple steps, substantial time, and costs, including clinical
trials.”” Thus, drug repurposing offers several advantages
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in overcoming the challenges associated with finding
new agents.”® The process of using an already-approved
medication or drug candidate for a new medical condition
or treatment for which it was not previously recommended
is known as “drug repurposing”??® To expedite the drug
discovery process and address the pressing needs in
healthcare, drug repurposing has become essential. In
drug repurposing, a drug is identified, preclinical models
are used to assess its efficacy, and Phase II clinical trials
are then conducted.’® Among the various drugs that can
be repurposed for synergistic cancer treatment, PPAR
agonists show promising results.

3.PPARs

PPARsareagroup of nuclear receptor superfamily members
that play a major role in gene expression and metabolism
regulation. PPARs bind to ligands and translocate to the
cell nucleus. Together with their ligands, PPARs act as
transcription factors that bind to specific DNA sequences
known as peroxisome proliferator-responsive elements
and heterodimerize with retinoid X receptors.*> The PPAR
superfamily comprises three subtypes: PPAR-o, PPAR-y,
and PPAR-B/3. These PPAR subtypes share a relatively
high similarity in molecular structure; however, there are
significant differences in their biological functions, tissue
distribution, and ligand affinities.® Figure 1 illustrates
the differences between the PPAR subtypes and their
interactions with DNA. PPAR-o. expression is primarily
found in the liver, brown adipose tissue, heart, kidney, and
muscle tissue, where it regulates fatty acid B-oxidation and
energy homeostasis.* PPAR-P/S is ubiquitously expressed,
often at high levels in skeletal muscle, adipose tissue, heart,
and the gastrointestinal tract, and it regulates fatty acid
metabolism and blood glucose levels.’®* PPAR-y is highly
expressed in the heart, muscle, gastrointestinal tract,
kidney, adipose tissue, immune cells, and endothelial cells.”
PPARs are also important lipid sensors and regulators of
various metabolic pathways. They can promote endothelial
nitric oxide synthase activation and modulate immune
and inflammatory responses. In addition to their well-
established roles, discoveries are being made regarding
the functions of PPARs in cancer.*** Previous studies
have shown that the expression of PPAR-f3/8 correlates
with tumor proliferation, whereas the activation of
PPAR-o and PPAR-y is associated with tumor suppression.
Such generalizations may be overly simplistic due to the
complex regulatory signals of PPARs, and their intricate
mechanisms require further investigation. Consequently,
the role of PPARs in cancer has gradually become a focal
point of research.” More specifically, initially recognized
as key players in adipocyte differentiation and glucose
regulation, PPAR-y and PPAR-o have now been identified

as therapeutic targets with a wide range of potential
applications in cell differentiation, apoptosis, angiogenesis,
epithelial-mesenchymal transition, and other biological
processes that are deregulated in cancer.*"*?

4, PPAR modulators

PPAR modulators are molecules that modulate the activity
of PPAR receptors. PPAR agonists are compounds that
activate the PPAR pathway. These ligands are developed
to treat various diseases and disorders related to lipid
metabolism, diabetes, and metabolic syndromes. PPAR-a.
agonists are primarily used to treat dyslipidemia, whereas
PPAR-y agonists are prescribed for the treatment of
Type 2 diabetes. PPAR-ot agonists include a class of
chemicals called fibrates, which encompasses fenofibrate,
gemfibrozil, bezafibrate, ciprofibrate, and clofibrate.
Several other compounds, such as pemafibrate, Wy-14643
(pirinixic acid), and GW7674, are also known to act as
PPAR-ou agonists.” In addition to these, omega-3 fatty
acids, curcumin, and sesquiterpenes are recognized for
their PPAR-ou agonist activity.** PPAR-y agonists are the
most widely used. Several other compounds, including
natural compounds and synthetic derivatives, have been
identified as PPAR-y agonists. This group includes a
class of drugs called thiazolidinediones (TZDs), whose
antidiabetic properties were discovered in the early 1980s.*
Various natural products derived from traditionally
used medicinal plants and foods activate the PPAR-y
receptor.”® Different fatty acids and fatty acid derivatives,
such as eicosanoids (e.g., 8-S-hydroxyeicosatetraenoic acid
[HETE] and leukotriene B4), can also activate PPAR-y. In
addition, several prostanoids, such as 15-deoxy-A12,14-
prostaglandin J2 (15d-PGJ2) and 15-HETE, can activate
PPAR-y as well” Many in vivo studies have shown
that some natural activators of PPAR-y (e.g., honokiol,
amorphofurtin 1, amorphofurtin B, and amorphastilbol)
improve metabolic parameters in diabetic animal
models.**** TZDs include pioglitazone, rosiglitazone,
troglitazone (TGZ), rivoglitazone, and netoglitazone. Dual
or pan-PPAR agonists have also been developed, including
muraglitazar, tesaglitazar, and saroglitazar.>* We have
compiled a comprehensive review that summarizes the
available literature supporting the beneficial effects of
treatment with PPAR ligands in combination with existing
therapies in cancer. Numerous examples exist where
combination therapy has produced synergistic or additive
effects on apoptosis, differentiation, and the ability to
reduce cell proliferation and tumor burden.* Some studies
indicate that pretreatment with PPAR ligands can overcome
resistance and reduce toxicity.*® Several mechanisms have
been investigated to explain these protective effects.”” This
article focuses on studies that provide strong arguments
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Figure 1. Peroxisome proliferator-activated receptor (PPARs) subtypes and their interaction with DNA. PPAR-0,, PPAR-f, and PPAR-y (Y1, and y2) are
the known PPAR subtypes. All subtypes of PPAR contain the A/B domain or AF-1 domain, C or DNA binding domain, D or hinge region, and E/F or
ligand-binding domain (LBD). LBD has the ligand and retinoic acid receptor (RXR) interaction sites. It contains the AF-2 region, which is important for
ligand-dependent trans-activation. The difference between the subtypes of PPAR at the A/B, D, and E/F domains determines its subtypes and the efficiency
of its interaction with its ligands. The PPAR - RXR complex binds DNA at the peroxisome proliferator response elements.

for the use of PPAR ligands in conjunction with other
treatment modalities as anticancer therapy for multiple
types of cancer.

4.1. PPAR agonists for antiangiogenic effects

Angiogenesis, a crucial process in the tumor
microenvironment involved in metastasis, is the natural
progression through which new blood vessels form from
existing ones. Growth factors that stimulate angiogenesis
and inhibitors that regulate neovascularization act as
controllers of this process.”® The mutation of K-Ras and
epidermal growth factor receptors is associated with
resistance to conventional chemotherapeutic agents and
other targeted therapies.”” The treatment of PPAR-y ligand
(rosiglitazone) alongside carboplatin induces a dramatic
depletion of mutant K-Ras and epidermal growth factor
receptors in murine lung adenocarcinomas. In numerous
genetically engineered mouse models of lung carcinoma,
the combination treatment of rosiglitazone and carboplatin
inhibits tumor aggressiveness, indicating its promise as a
predominantly effective anticancer strategy.® Arachidonic
acid (AA), a polyunsaturated fatty acid released from
membrane phospholipids, is converted into different

bioactive lipid mediators, such as epoxyeicosatrienoic
acids (EETs), prostaglandins (PGs), and HETEs, through
the action of cytochrome P450 (CYP) epoxygenases,
cyclooxygenase (COX), or lipoxygenase pathways.®
Among these, EETs are particularly potent proangiogenic
eicosanoids and are positively linked with cancer
progression.” PPAR-o. ligand AVE8134, in conjunction
with COX inhibitor therapy, synergistically halts lung
cancer development and angiogenesis by downregulating
CYP2c44 expression, reducing the synthesis of EETs
(AA-derived EETs), increasing levels of 11-HETE, and
altering the catalytic activity of COX enzymes.®® N-(9-
fluorenylmethyloxycarbonyl)-L-leucine (F-L-Leu), a novel
PPAR-y agonist, along with COX-2 inhibitors, induces an
anti-tumorigenesis pathway in breast cancer cells. This
integrated effect can be utilized at subclinical dosesto reduce
chemotherapy in women at high risk of developing breast
cancer.® Malakouti et al. studied CXCR4 and CXCR7 gene
expression to investigate the effects of co-administration
of pioglitazone and doxorubicin on the breast cancer
cell line MDA-MB-231. They observed that pioglitazone
decreased the movement of MDA-MB-231 cells, possibly
by upregulating the expression of CXCR4 and CXCR7 and
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affecting other pathways related to cell migration, without
increasing the expression of the surface proteins of these
two receptors.®

4.2. PPAR agonists for antiproliferative and
apoptotic effects

Apoptosis, the body’s natural cell death process, is a
key area of focus in anticancer treatment. In cancer, the
suppression of the apoptotic pathway often occurs through
the overexpression of antiapoptotic proteins and the
underexpression of proapoptotic proteins. These changes
can lead to resistance to chemotherapy, a commonly used
cancer treatment method.®® Several PPAR agonists have
demonstrated antiproliferative and apoptosis-inducing
effects when used in combination with chemotherapeutic
agents, and the underlying pathways are illustrated in
Figure 2. Treatment with PPAR-y through the synthetic
ligand TGZ and all-trans-retinoic acid significantly
inhibited the growth of MCF7 tumors, which was
correlated with the downregulation of Bcl-2 and resulted
in significant apoptosis and fibrosis in these tumors.”

In certain cancer cell lines, ranpirnase and rosiglitazone
work synergistically to reduce cell viability and accelerate
cell death. For malignancies with elevated PI3K-dependent
Fra-1 expression or survivin, the innovative combination
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A-l
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ATRA

COX
.

PPAR-L +

: PGH)
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DNA

INUNINUNUNI
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JSurvivin Procaspase
— v
4 Caspase

of ranpirnase and rosiglitazone appears promising, as
illustrated in Figure 2. The combination of rosiglitazone
and all-trans-retinoic acid lowers the expression of
COX-2, matrix metallopeptidase 7 (MMP-7), and tissue
inhibitor of metalloproteinase 1, induces cell cycle
arrest at the GI1 phase and consequently inhibits cell
proliferation in the human colorectal cancer cell line HCT-
15.9 In hepatocellular carcinoma (HCC) cells treated
with 5-fluorouracil, rosiglitazone activates the PPAR-y
signaling pathway, upregulating PTEN expression and
downregulating COX-2 expression to promote cancer
cell growth.” Fenofibrate, an agonist of PPAR-c, hinders
cell proliferation and induces apoptosis in Ishikawa
endometrial carcinoma cells. These effects are magnified
by retinoic acid, an agonist of the retinoid X receptor.
DNA content analysis indicates that progression through
the G1/S phase of the cell cycle is inhibited. Independent
component analysis of gene microarray experiments shows
a reduction in the expression of cyclin D1 (CCNDI) and
related changes in cell cycle gene expression.”

A PPAR-y agonist, TGZ, in combination with cisplatin,
inhibited EHMES-10 cell growth through cell cycle arrest
due to the overexpression of p21*/#! and apoptosis. This
synergism may provide therapeutic benefits for patients
with malignant pleural mesothelioma.” The combination

PPAR-L +
Paclitaxel

l

PI3K PGE2 DNA damage
AJk . PPAR-L +
AET p Cisplatin
MDM2 ——P33 PPAR-L +
ATRA

fBax

Figure 2. Effect of peroxisome proliferator-activated receptor (PPAR) agonists as an adjuvant on the proliferation and apoptosis of cancer cells. PPAR
ligand along with paclitaxel, cisplatin, ranpirnase, all-trans-retinoic acid, and 5-fluorouracil exert more effects than cancer therapy alone. The effects of
PPAR agonists were due to the decreased expression of Bcl2, survivin, PI3K, AKT, MDM2, and p53 and the increased expression of Bax. This finally leads

to the activation of apoptotic pathways in cancer cells.
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of the high-affinity PPAR-y agonist RS5444 and paclitaxel
exhibited a reduction in the proliferation rate of cells and
minimized tumor growth of undifferentiated thyroid
neoplasm carcinoma in vivo. Although RS5444 alone did not
induce apoptosis, its combination with paclitaxel increased
the apoptotic index twofold compared to paclitaxel alone.”
Moreover, activation of PPAR-y by its ligand pioglitazone
intensifies the effects of cisplatin, inhibiting MDA-MB-231
cell survival compared to chemotherapy alone. This effect
may be attributed to enhanced apoptosis resulting from
the downregulation of the antiapoptotic protein Bcl-2
and increased levels of caspase-9 and cleaved PARP, as
explained in Figure 2.7* Pouya et al. illustrated that the
co-delivery of capecitabine-pioglitazone-loaded triblock
nanoparticles effectively destroyed colorectal cancer cells
in vitro. This approach could achieve the co-delivery of
capecitabine and pioglitazone, utilizing the potential of
both drugs and increasing the longevity of patients with
colorectal cancer.”

4.3. PPAR agonists for prevention of cell migration
and invasion

The first stage of the metastatic cascade is invasion, which
occurs when tumor cells migrate, infiltrate the surrounding
tissue, and enter lymphatic and blood vessels to spread.
A growing body of research suggests that mutations may
drive and accelerate the invasion and migration of various
cancer cell types.”® The antimigration and anti-invasion
effects of radiation were enhanced by rosiglitazone, a
PPAR-y agonist that decreased cell viability. Rosiglitazone
increased the radiosensitivity of PANCI xenografts and
pancreatic cancer cells. According to microarray studies,
the combination of rosiglitazone and radiation altered
the expression of several genes and impacted various
pathways.” In addition, a novel PPAR-y ligand, CB13,
inhibits cell growth by increasing lactate dehydrogenase
release, decreasing cell viability, and enhancing caspase-3
and caspase-9 activities in non-small cell lung cancer
(NSCLC) and radioresistant NSCLC cell lines (A549R and
H460R). Furthermore, CB13 generates reactive oxygen
species (ROS) and induces endoplasmic reticulum (ER)
stress, leading to cell death. When CB13 is combined
with radiation, ER stress, and cell death are significantly
increased compared to using CB13 alone.*

Lyon et al. were the first to demonstrate that long-term
in vivo treatment with a chemopreventive mixture, which
includes selenium (an antioxidant), rosiglitazone, sodium
phenylbutyrate or valproic acid (histone deacetylase
inhibitors),and hydralazine (a cytosine-demethylating agent),
could effectively block the development of premalignant
lung cancer in the A/] mouse model treated with NNK
(4-methylnitrosamino)-1-(3-pyridyl)-1-butanone.”

As shown in Figure 3, the PPAR agonist pioglitazone
and the histone deacetylase inhibitor valproic acid
synergistically regulate E-cadherin expression and inhibit
the growth and invasion of prostate cancer compared to
individual therapies.” The PPAR-y agonist rosiglitazone, in
combination with radiotherapy, enhances the effectiveness
of radiotherapy to improve local tumor control, decrease
the risk of distant metastasis, and delay tumor recurrence.®
Survivin is the smallest member of the apoptosis inhibitor
protein family, and its aberrant expression is correlated
with tumor cell proliferation, progression, angiogenesis,
resistance to therapy, and poor prognosis. Survivin is
predominantly expressed in most human malignancies,
including lung, pancreatic, and breast cancers, compared
to normal tissues.® A natural PPAR-y agonist, 15d-
PGJ2 (15-Deoxy-A12,14-PGJ2), has been investigated for
over a decade. Studies have shown that it possesses pro-
apoptotic, anti-inflammatory, antiangiogenic, and anti-
metastatic properties, along with significant anticancer
effects.®? Co-treatment with 15d-PGJ2 and survivin RNAi
synergistically inhibits the stem cell phenotype and cell
proliferation of bladder cancer in vitro by upregulating ROS
production and generating oxidative stress mediated by
NADPH oxidase 2. This study suggests that the combined
treatment of survivin inhibitors and PPAR-y agonists may
have therapeutic significance in the clinical treatment of
various cancers.®

4.4. PPAR agonists for induction of oxidative stress

ROS plays a major role in regulating normal cellular
functions, but when they are uncontrolled, they can
contribute to diseases such as cancer. Increased ROS
generation has been observed in several studies, activating
protumorigenic signaling, enhancing cell survival and
proliferation, and promoting DNA damage and genetic
instability.** However, it hasalso been discovered that higher
concentrations of ROS can encourage antitumorigenic
signaling by triggering oxidative stress-induced tumor
cell death. Tumor cells adapt by producing higher levels
of antioxidant proteins to detoxify excess ROS while
maintaining protumorigenic signaling and resistance
to apoptosis.”” The effects of various PPAR agonists on
elevating ROS levels in cancer cells are summarized in
Figure 4.

The combination therapy of PPAR-y ligands and COX-2
inhibitors has shown anti-inflammatory and antineoplastic
effects in vitro and has been evaluated for its therapeutic
potential in several preclinical and clinical studies.®® As
illustrated in Figure 4, PPAR-yligands can enhancey-H2AX
expression, thereby magnifying the DNA damage response
induced by vy-radiation. Furthermore, the combined
treatment significantly increased ROS generation, whereas
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Figure 3. Effect of peroxisome proliferator-activated receptor (PPAR) agonists as an adjuvant on cell migration and invasion of cancer cells. PPAR ligand
as an adjuvant regulates the expression of E-cadherin and effects the EGFR/MAPK/PI3K-AKT pathway. This leads to decreased cell growth, cell migration,

and epithelial-mesenchymal transition in cancer cells
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Figure 4. Effect of peroxisome proliferator-activated receptor (PPAR) agonists as adjuvants in inducing oxidative stress in cancer cells. PPAR ligand along
with y-radiation activates the y-H2AX pathway to generate reactive oxygen species, which mediates the execution of apoptosis in cancer cells
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the ROS scavenger N-acetylcysteine inhibited ROS
production and the apoptotic cell death induced by this
combination treatment.”” The synergistic treatment of
TGZ and heregulin increased the generation of superoxide
in mitochondria, which disrupted mitochondrial potential
and induced substantial cell death in breast cancer cells.®

4.5. PPAR agonists for suppression of multidrug
resistance (MDR)

MDR is an acquired resistance that poses a major barrier to
the successful treatment of cancer. One of the most common
causes of MDR is the overexpression of P-glycoprotein
(P-gp), which is encoded by the MDRI gene. This gene
is a direct target of the Wnt/P-catenin signaling pathway,
which plays a key role in cancer progression. The effects
of various PPAR agonists on MDR are summarized in
Figure 5. Pioglitazone, a PPAR-yagonist, can modulate P-gp
and overcome doxorubicin resistance in a patient-derived
orthotopic xenograft model of osteosarcoma.® In addition,
the PPAR-y agonist rosiglitazone reverses ABCG2-
mediated MDR expression by inhibiting ABCG2 transport
activity and facilitating the translocation of ABCG2 from
the cell surface to intracellular compartments through the
PTEN/PI3K/AKT pathway.”® It also downregulates the
expression of FZD1 and MDR1/P-gp in a dose-dependent
manner while significantly decreasing nuclear B-catenin
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levels and its transcriptional activity in ovarian cancer
cells.”

Combination therapy using tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL) with PPAR
ligands may offer a promising experimental approach, as
PPAR ligands - particularly d15-PGJ2 - sensitize drug-
resistant ovarian cancer cells to TRAIL-induced apoptosis.*
In general, Wnt/B-catenin signaling is upregulated during
inflammatory processes and oxidative stress in many
cancers, whereas PPAR-y is typically downregulated in
these contexts. Therefore, PPAR-y ligands have been
shown to prevent cancer development by modulating the
Wnt/B-catenin signaling pathway.”

4.6. PPAR agonists in clinical trials for cancer
therapy

Clinical trials have been organized to evaluate the effects
of PPAR agonists in combination with other therapies
for the treatment of cancer. Efatutazone, also known
as RS5444 and CS-7017, belongs to the TZD class of
synthetic PPAR ligands and is an orally bioavailable,
selective, and highly potent agonist of PPAR-y, more
so than second-generation TZDs such as pioglitazone
and rosiglitazone.” When efatutazone is administered
with other cytotoxic medications, its selective activation
of the PPAR-y subtype may be enhanced. Efatutazone

No efflux of drugs

l lABC G2
i
Mé/{f@%”ﬂ

p

Figure 5. Effect of peroxisome proliferator-activated receptor (PPAR) agonists as an adjuvant in suppressing multidrug resistance in cancer cells. PPAR
ligand sensitizes drug-resistant cancer cells by decreasing the expression of P-glycoprotein (P-gp). The reduced P-gp further reduces the expression of
ABCBI1, ABCC1, and ABCG2 and hence reduces the efflux of drugs from the cancer cells.
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is being evaluated alongside paclitaxel in a Phase I
trial for the treatment of anaplastic thyroid cancer,
based on preclinical research showing that the drug
inhibits cell proliferation by upregulating RhoB and
p21 while promoting apoptosis.”>*>*® In patients with
advanced solid tumors, efatutazone has demonstrated
acceptable safety, tolerability, and disease control
when administered orally.”” In Japanese patients with
metastatic colorectal cancer, efatutazone combined
with FOLFIRI (5-fluorouracil, levoleucovorin, and
irinotecan) showed an acceptable safety profile and
evidence of disease stabilization.”® For patients with
high-grade gliomas (glioblastoma or anaplastic
glioma), a Phase II trial was initiated to examine the
efficacy of continuously administered pioglitazone and
rofecoxib in combination with low-dose chemotherapy
(capecitabine or temozolomide). The study indicated
that this novel regimen is well-tolerated and moderately
effective.”” Patients with advanced vascular malignancies
participated in a pilot study assessing the effectiveness
of metronomically scheduled, low-dose trofosfamide in
combination with pioglitazone and rofecoxib, a selective
COX-2 inhibitor, which may offer a new alternative for
palliative care.'® A Phase II trial was initiated to analyze
the effectiveness of pioglitazone and rofecoxib combined
with sequentially added angiostatic chemotherapy for
patients with previously treated metastatic melanoma or
soft-tissue sarcoma. This study demonstrated a novel and
entirely orally administered chemotherapeutic regimen
that is well tolerated in patients with chemotherapeutic
malignancies.'”

4.7. PPAR agonists as a supportive regimen for
cancer immunotherapy

Immunotherapyhastransformed cancer treatmentinrecent
decades by modifying immune responses against tumor
cells to enhance the effectiveness of conventional therapies
such as chemotherapy and radiation. Programmed cell
death protein 1 (PD-1) is a receptor present on immune
cells that plays a crucial role in regulating the immune
response. PD-1 restricts the entry and survival of T cells
within the tumor microenvironment. However, targeting
PD-1 with inhibitors allows T cells to infiltrate the tumor,
thereby enhancing the effects of other cancer therapies.'**'%*
PPAR agonists are a promising adjunct to immunotherapy,
as they can boost the antitumor activity of T cells, even
in an immunosuppressive tumor microenvironment.
Research has shown that fenofibrate, an agonist of PPAR-0,
can work synergistically with PD-1 blockers in cancer
immunotherapy by altering the metabolism of effector
T cells.!”® PD-1 blockade has also been found to work in
conjunction with bezafibrate, an agonist of the PGC-1o/

PPAR complex. In this context, fenofibrate increases fatty
acid oxidation and mitochondrial respiratory capacity in
CD8+ Tlymphocytes, which enhances antitumor immunity
when combined with PD-1 blockade.'” TZDs have also
been shown to inhibit TGF-f transcription, resulting
in a significant reduction of the malignant phenotype
in gliomas.!””! In addition, inhibiting TGF-f} signaling
improves survival and restores immune surveillance.'”

4.8. PPAR agonists for altering tumor
microenvironment

The PPAR subtypes may function differently depending
on the type of cancer and the stage of the tumor. In
addition, the effects of PPAR agonists can vary based
on the tumor microenvironment. For instance, the
expression of PPAR-y in breast cancer cells inhibits
the NF-xB signaling pathway, reducing the levels of
proinflammatory,  proangiogenic, and protransfer
signaling molecules in the tumor microenvironment,
including IL-6, IL-8, CXCR4, MMP-2, and MMP-9. This
reduction inhibits tumor cell activity in breast cancer.!'*!!!
Tumor-associated macrophages (TAMs) are the most
prevalent immune cells that promote neovascularization,
immunosuppression, and chemoresistance  within
the tumor microenvironment."? The activation of
PPAR-y leads to lipid retention and PGE2 secretion,
which causes macrophage polarization toward anti-
inflammatory TAMs, converting the M1 phenotype into
the M2 phenotype and diminishing the Stat3-mediated
proinflammatory response.'*''® In contrast, PPAR-a in
the tumor microenvironment often negatively affects
immune cells, leading to immunosuppression or cancer
immune escape. Tumor-derived exosomes substantially
activate PPAR-a0 in tumor-infiltrating dendritic cells,
increasing intracellular lipid content and mitochondrial
respiration, which triggers cytotoxic T-cell activation and
immune dysfunction.'” Cancer stem cells (CSCs) are
frequently associated with the development of malignant
tumors.''® Stearoyl-CoA desaturase 1 is an ER enzyme that
converts saturated fatty acids into monounsaturated fatty
acids."”® PPAR-o activates the stearoyl-CoA desaturase 1
pathway, which is significantly upregulated to maintain
CSC stemness in human liver cancer.!® Cells in the tumor
microenvironment exhibit increased glucose uptake
and glycolysis, enhanced glutamine depletion, and the
dissolution of carbon and amino nitrogen. This becomes
a direct source of energy for the cancer cells.’*'** PPARs
are known regulators of cellular metabolism, particularly
carbohydrate and mitochondrial-linked metabolism.
Thus, altering PPAR activity through their antagonists can
modify the metabolism of cancer cells, which is related to
the Warburg effect.'?!#
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4.9. PPAR and its associated genes as biomarkers for
evaluating cancer therapy

The expression of PPAR and its associated genes is utilized
as a biomarker to evaluate the effects of various cancer
therapies. In HCC, molecular subtypes associated with
the PPAR signaling pathway were identified through
consensus clustering analyses. Based on this study, the
authors developed a prognostic prediction model that
relies on four gene signatures (G6PD, SLC10AI, ABCCI,
and PKIB). These gene signatures are closely related to
patient survival in HCC."?¢ Zhang et al. validated a PPAR
signaling pathway-based prognostic prediction model for
uterine cervical cancer (UCC). They utilized the gene set
enrichment analysis algorithm to calculate the PPAR scores
of patients with cervical cancer. The study demonstrated
that PPAR scores correlate with different sensitivities to
immune checkpoint therapy. AC099568.2 was identified as
a marker indicating the involvement of the PPAR pathway
in patients with UCC."”” The PPAR signaling pathway is
also a potential biomarker for the detection of breast
cancer. The study employed various bioinformatics and
networking tools to identify 21 differentially expressed
genes associated with the PPAR signaling pathway. The
results indicated that four key genes - RXRA, LPL, FABP4,
and PPARG - exhibited a high degree of interaction,
suggesting that they may co-function in tumorigenesis
by participating in the regulation of the PPAR signaling
pathway.'®® Although the studies cited above have identified
the use of PPAR-related proteins as biomarkers for
cancer treatment, there are currently no studies that have
identified biomarkers capable of detecting or explaining
the effects of PPAR agonists on cancer progression and the
efficacy of anticancer therapies utilizing PPAR agonists.
In addition, further research is required to confirm the
exact association between PPAR-related genes and cancer
progression.

5. Conclusion

Due to its high morbidity and mortality rates, cancer has
long been considered one of the most harmful illnesses.
At present, combination therapy is widely recommended
and practiced as a therapeutic intervention for cancer. One
of the drugs suggested for use in combination therapy is
PPAR agonists. PPAR agonists have shown significant
promise in preventing tumor growth and metastasis in
various cancers. Recent studies have elucidated the roles
of PPAR ligands as adjuvants, helping to clarify their
antitumor effects. PPAR ligands inhibit inflammation and
immune responses, suppress cell proliferation, promote cell
differentiation and apoptosis, and regulate fat and glucose
metabolism. Therefore, it can be concluded that PPAR
modulators do not play a primary role in the treatment

of tumors but rather an auxiliary one. Despite their
encouraging but paradoxical efficacy in reducing cancer
metastasis and proliferation, PPAR ligands can increase
tumor cell susceptibility to treatments such as radiation and
chemotherapy. Among the several known PPAR agonists,
only a few have been evaluated for their anticancer activity
as adjuvants, whereas the anticancer activity of many other
PPAR agonists remains unexplored. In addition, different
types of cancer have distinct properties and may respond
differently to PPAR agonists. However, such information
is still lacking and represents a valuable area for further
research.
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