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ABSTRACT

Cancer is a disease characterized by the acquisition of a multitude of unique traits. It has long been understood that cancer cells divert
significantly from normal cell metabolism. The most obvious of metabolic changes is that cancer cells strongly rely on glucose conversion by
aerobic glycolysis. In addition, they also regularly develop mechanisms to use lipids and fatty acids for their energy needs. Peroxisomes lie central
to these adaptive changes of lipid metabolism.
Peroxisomes are metabolic organelles that take part in over 50 enzymatic reactions crucial for cellular functioning. Thus, they are essential for an
effective and comprehensive use of lipids’ energy supplied to cells. Cancer cells display a substantial increase in the biogenesis of peroxisomes
and an increased expression of proteins necessary for the enzymatic functions provided by peroxisomes. Moreover, the enzymatic conversion of
FAs in peroxisomes is a significant source of reactive oxygen and nitrogen species (ROS/RNS) that strongly impact cancer malignancy. Important
regulators in peroxisomal FA oxidation and ROS/RNS generation are the transcription factors of the peroxisome proliferator-activated receptor
(PPAR) family. This review describes the metabolic changes in tumorigenesis and cancer progression influenced by peroxisomes. We will
highlight the ambivalent role that peroxisomes and PPARs play in the different stages of tumor development and summarize our current un-
derstanding of how to capitalize on the comprehension of peroxisomal biology for cancer treatment.
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1. INTRODUCTION

Cancer is a disease also characterized by an aberrant cellular meta-
bolism and therefore dissecting the altered metabolic pathways that
are causatively linked to the emergence or propagation of tumors
remain a major focus of the cancer research during the last 50 years.
During the last decade, the advent of novel sensitive methods in
determining the altered bioenergetics of the cell coupled with
metabolomics, epigenetics and single-cell sequencing provided critical
insights into the metabolic reprogramming of cancer cells. Interfering
with cancer cell metabolism, in all probability, is not a curative
approach, but the particularities of cancer cell metabolism are directly
linked to traits like invasiveness, metastasis, and chemoresistance.
Consequently, understanding how to block changes in the way cancer
cells metabolize and gain energy could be a way to improve response
to other therapies and prolong survival. While research on cancer
metabolism for decades focused understandably on the changes in
glucose metabolism, namely the switch to aerobic glycolysis (Warburg
effect) [1,2], cancer cells also differ in how they metabolize lipids and
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fatty acids (FAs). These changes in FA metabolism are strongly linked
to peroxisomes.
Peroxisomes, initially called “microbodies”, were first described by J.
Rhodin as spherical single membrane entities, measuring approxi-
mately 0.1e1.0 mm in diameter [3]. Nobel Laureate Christian de Duve
and Pierre Baudhuin deciphered detailed insights into peroxisomal
structures and functional properties. This seminal work on microbodies
helped to identify numerous microbody-specific enzymes such as
urate oxidase, L- and D-amino acid oxidases, and catalase [4]. The
term “peroxisome,” coined by De Duve [5], was inspired by the
catalase activity of these microbodies. Since these pioneering works of
the 1960s, our understanding of peroxisome biology in maintaining
cellular homeostasis has expanded significantly. These metabolic or-
ganelles participate in over 50 enzymatic reactions crucial for cellular
functioning [6]. As the name implies, peroxisomes are oxidative or-
ganelles. They have essential roles in lipid metabolism, general energy
metabolism, and turnover of reactive oxygen species (ROS). The crucial
metabolic functions executed by peroxisomes include fatty acid a- and
b-oxidation [7,8], biosynthesis of C24-bile acids [9], docosahexaenoic
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Review
acid (DHA) [10,11], ether phospholipids [12] and removal of ROS
[13,14]. Consequently, peroxisomes are critical metabolic organelles
whose dysfunction can lead to severe metabolic disorders. Defects in
genes coding for peroxisomal proteins are associated with their
metabolic aberrations [15].
A hallmark of cancer cells is metabolic reprogramming [16]. This is
driven by the need to rapidly dividing cancer cells for increased
metabolic turnover and is linked to malignant behavior like invasive-
ness and metastasis. Given the critical role of peroxisomes in cell
metabolism, it is not surprising that different types of cancers like
colorectal cancer [17], prostate cancer [18,19] as well as breast,
ovarian, and bladder cancer [20] are characterized by elevated levels
of peroxisomal lipid processing enzymes.
In the last few years, the role of peroxisomes in cancer has attracted
more interest. Consequently, in this review, we seek to collectively
curate recent scientific developments in understanding peroxisome
metabolism and its relevance in cancer. Given their central role in fatty
acid metabolism, we will focus not only on the genesis and assembly
of peroxisomes but also elucidate on the peroxisome proliferator-
activated receptor (PPAR) family PPARs.

2. PEROXISOME BIOGENESIS AND ROLE IN METABOLISM

2.1. Biogenesis of peroxisomes
Peroxisome biogenesis comprises the assembly of a lipid membrane,
the import of matrix proteins, and subsequent organelle expansion.
Critical for this assembly is a class of several protein families named
peroxins (PEXs). PEXs are categorized into three primary groups. The
first group, comprising Pex3, Pex16, and Pex19, is crucial for
peroxisome membrane assembly. The second group, including PEX2,
PEX5, PEX7, PEX10, PEX12, PEX13, and PEX14, facilitates the import
of matrix proteins, with PEX5 and PEX7 serving as key transporters.
The third group comprises PEX11 isoforms, specifically Pex11a,
Pex11b, and Pex11g, which play complex roles in peroxisome dy-
namics. Notably, Pex11b has been well-characterized for its
involvement in peroxisome elongation and fission, whereas the
Figure 1: Schematic representation of the peroxisomal biogenesis pathway
ER-mediated de novo biogenesis involves formation of peroxisomes from ER-derived vesicl
from both the mitochondria (PEX3 and PEX14-bound), and the ER, (PEX16-bound). This is
PEX1, PEX6). The import of PMP gives rise to functional peroxisomes.
Steps of peroxisome fission: In the elongation/tubulation stage, PEX11 congregate on one
During constriction Fis1 recruits Dnm1 to its site of action for the final scission of peroxisom
cluster near PEX11 proteins and forms a “pinch” on the peroxisome. This leads to fission
importing matrix and membrane proteins and mature into functional peroxisomes which
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precise functions of Pex11a and Pex11g in peroxisome division and
proliferation remain less understood [21]. In addition, the peroxins
PEX5 act as a transporter, and PEX2, PEX10, and PEX12 form a
complex to function as an E3 ubiquitin ligase, thereby assisting the
recycling of PEX5 in a ubiquitin modification-dependent process [18].
The peroxisome biogenesis factors PEX3 and PEX16 bind with the
endoplasmic reticulum (ER) membrane and post-exit interacts with
PEX19, a cycling receptor in the cytosol [22]. PEX19 binds with
peroxisomal membrane proteins (PMPs) and docks with PEX3 to add
PMPs to the peroxisomal membrane [23]. The proliferation of per-
oxisomes is mediated by Pex11b, dynamin-like protein 1 (DLP1 aka
DNM1L), mitochondrial fission factor (Mff), and mitochondrial fission
1 (Fis1) that are localized to peroxisomes. Docosahexaenoic acid
(DHA, C22:6n-3), a poly-unsaturated fatty acid of peroxisomal b-
oxidation metabolites, augments hyper-oligomerization of Pex11b
thereby forming Pex11b-rich regions in the peroxisome membrane
inducing the unidirectional elongation of peroxisomes. Mff and Fis1
localize at the constrictions of the membranes of elongated peroxi-
somes, where Mff recruits DLP1. This leads to the formation of a
complex comprising Pex11b, Mff, and DLP1 that promotes Mff-
mediated fission during peroxisomal division along with the
involvement of Pex11a and Pex11g and Fis1 that interacts with
DLP1. The energy required to cleave peroxisomal membranes for
peroxisomal fission is obtained by the generation of GDP due to
hydrolysis of GTP by DLP1 resulting in peroxisomal fission [21,24,25].
The daughter peroxisomes become mature and functional by
importing matrix and membrane proteins and may re-enter the
membrane expansion component of the cycle (Figure 1).

2.2. Peroxisomal lipid metabolism
Fatty acid oxidation (FAO) is a tightly regulated process that occurs in
both peroxisomes and mitochondria; however, the nature and length of
fatty acids (FA) processed by these two organelles vary significantly:
the oxidation of linear fatty acids with short (<6 carbons) to long (13e
21 carbons) chain lengths is carried out by mitochondria [26], while
peroxisomes are involved in the oxidation of linear very-long-chain
es containing both PEX3 and PEX16. It involves fusion of PEX-bound vesicles originating
followed by import of peroxisomal membrane protein (PMPs, e.g., PEX19, PEX5, PEX7,

end of the peroxisome amongst other PMPs, giving rise to a narrow, tubular structure.
es. Mdv1 and Caf4 are two additional adapter proteins required in yeast. These proteins
into two asymmetric daughter peroxisomes. The daughter peroxisomes grow in size by
may re-enter the membrane expansion component of the cycle.
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Figure 2: Peroxisomal metabolic modulation drive pro-tumorigenic pathways.
Methyl-branched chain fatty acyl-CoA activates peroxisome proliferator activated re-
ceptor (PPAR)-mediated oncogene expression. Very-long chain fatty acids (VLCFAs)
with CoA-SH enter the b-oxidation pathway generating H2O2 as a by-product which
may exit the peroxisome and play a role in pro-tumorigenic processes. The end
products of VLCFA b-oxidation, acyl-CoA and acetyl-CoA. Acyl-CoA may serve as a
PPAR ligand, or be transported to the mitochondria, and potentially contribute to
mitochondrial reprogramming. (25R)-C27 bile acids are known to alter mitochondrial
function and promote tumorigenesis. (25R)- C27 bile acyl-CoA undergoes b-oxidation
to form primary C24 bile acid conjugates, which are pro-tumorigenic at relatively low
doses. Note: Dashed lines indicate potential links that may exist between peroxisomal
products and pro-tumorigenic progression; Solid lines indicate well-established
peroxisomal pathways.
fatty acids (VLCFAs)� 22 carbons lengths to generate long-chain acyl-
CoA fatty acids and acetyl-CoA. Furthermore, peroxisomes are also
essential in the oxidation of branched-chain fatty acids such as pris-
tanic acid and di- or tri-hydroxycholestanoic acids (DHCA/THCA) [26e
28]. Evidence supporting the interconnection of peroxisomes and
oxidation of VLCFAs came from the observation that the serum levels of
VLCFAs and branched-chain fatty acids in patients with peroxisomal
disorders were significantly higher [29,30]. In addition, studies with
liver tissue subcellular fractionation confirmed that peroxisomes
preferentially carried out b-oxidation of VLCFAs [31]. Also, branched-
chain fatty acid accumulation in peroxisomal disorder indicated a role
of peroxisomes in a-oxidation [32]. In this regard, efficient lipid
transport across the peroxisomal membrane remains the most crucial
step for any metabolic reaction. Studies have revealed that a particular
class of transporters called the peroxisomal ATP-binding cassette
(ABC) transporter subfamily D (including members ABCD1, ABCD2, and
ABCD3) predominantly mediate the membrane transport process [28].
The mechanism for b-oxidation of FA by peroxisomes involves 2-
carbon chain-shortening and formation of a new acyl CoA molecule
in four consecutive steps: (1) oxidation; (2) hydration; (3) dehydroge-
nation; and (4) thiolysis. Some of the critical regulators of these pro-
cesses have shown implications in cancer. VLCFAs can also serve as
ligands for activating nuclear peroxisome proliferator-activated re-
ceptor (PPAR) signaling, promoting their own b-oxidation [33]. The
main enzymes involved in peroxisomal b-oxidation are acyl-CoA oxi-
dase 1 (ACOX1) and acyl-CoA oxidase 2 (ACOX2), ACOX1 is the primary
enzyme responsible for the peroxisomal b-oxidation of VLCFAs and
dicarboxylic acids (DCAs). In contrast, ACOX2, also known as
branched-chain acyl-CoA oxidase (BCOX), primarily handles the
oxidation of CoA esters of pristanic acid and DHCA/THCA). The process
involves oxidation of fatty acyl-CoA by ACOX1 and transferring two
hydrogens to flavin adenine dinucleotide (FAD), producing FADH2 and
enoyl-CoA by ACOX2. Electrons are transferred from FADH2 to O2,
generating H2O2 and energy in the form of heat [34]. The hydration of
enoyl-CoA forming 3-L-hydroxyacyl-CoA and their subsequent dehy-
drogenation yielding 3-ketoacyl CoA in an NAD þ dependent mech-
anism, are executed by the multifunctional enzymes named L- and D-
bifunctional protein (LBP and DBP), respectively [9,35]. Thiolysis, the
final step in peroxisomal fatty acid b-oxidation, is mediated by two
chief proteins, 3-ketoacyl-CoA-thiolase 1 (ACAA1; pTH1) and Sterol
Carrier Protein X (SCPx; pTH2), leading to the generation of acetyl-CoA
and acyl-CoA as end products. Peroxisomes are also involved in the
oxidation of some mono- and polyunsaturated FAs [15,36]. This unique
function is carried out by auxiliary enzymes such as enoyl-CoA
isomerase(s) and 2,4-dienoyl-CoA reductase(s) of the peroxisomes
by displacement of the double bond present in mono- and poly-
unsaturated acyl-CoAs, respectively.
The branched-chain fatty acids have a methyl group at g-position,
which prevents their b-oxidation [26]. The terminal carboxyl group is
removed, producing CO2 by a-oxidation in peroxisomes. b-Oxidation of
fatty acids utilizes fatty acids only in the (S) isomeric conformation [37].
However, a-oxidation is a non-stereospecific process, accepting both
(R) and (S) fatty acid isomers [38]. Thus, during theb-oxidation of the (R)
form of phytanoyl-CoA, a-oxidation comes into play and converts the
phytanoyl-CoA (R) form to the (S) form by the action of a-methylacyl-
CoA racemase (AMACR) [39]. The end product pristanic acid can un-
dergo peroxisomal b-oxidation. Formyl-CoA, produced in the second
step, is further broken down to formate and, eventually, CO2 (Figure 2)
[40]. It is noteworthy that methyl-branched chain fatty acyl-CoA (e.g.,
pristanoyl-CoA, phytanoyl-CoA) stimulates PPAR-mediated oncogene
activation [33].
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2.3. ROS/RNS metabolism in peroxisomes
It is well understood that a delicate balance in ROS levels is required in
healthy cells and microenvironments as higher levels of ROS trigger
tumorigenesis by promoting oncogenic mutations and inducing
genomic instability. However, after a tumor is established, excessive
ROS can prove deleterious for tumor progression [41,42]. Peroxisomes
are an essential source of ROS, such as H2O2, superoxide (O�-), hy-
droxyl (�OH), and RNS, including nitric oxide (NO�) radicals. These
radicals are produced as by-products during the peroxisomal fatty acid
metabolism [6]. H2O2 in peroxisomes is produced mainly by the ACOX
family of enzymes and other peroxisomal enzymes, such as L-a-
hydroxyacid oxidase 1 and 2, and xanthine oxidase (XDH) [43]. The
enzymes XDH and the inducible form of nitric oxide synthase (NOS2) are
the two sources of superoxide (O�-) and nitric oxide (NO�) radicals in
peroxisomes. H2O2 and O�- are produced as by-products of the XDH
catalytic cycle [44]. The enzyme NOS2 is a homodimer catalyzing the
oxidation of L-arginine, creating NO� and citrulline [45]. Although there
is no evidence supporting the existence of enzymes that produce �OH or
NO3

� in peroxisomes, it may be assumed that the peroxisomal H2O2
may be responsible for producing �OH through the Fenton reaction. In
addition, the presence of enzymatic sources of O2�- and NO� generates
NO3

�, a kinetically and thermodynamically favored reaction [46].
A high quantity of ROS/RNS developed in the peroxisomes raises
additional concern about how these metabolic specialists counterbal-
ance the ROS leakage or unmanageable ROS-mediated damage to
different cellular compartments. The peroxisome is equipped with at
least six proteins with antioxidant functions, including superoxide dis-
mutase 1 (SOD1), catalase (CAT), epoxide hydrolase 2 (EPHX2),
‘microsomal’ glutathione-S-transferase-1 (MGST1), peroxiredoxin-5
(PRDX5), and glutathione-S-transferase kappa 1 (GSTK1) [47].
ss article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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Figure 3: Schematic overview of peroxisomal enzymes involved in ROS pro-
duction/degradation. Several peroxisomal oxidases (e. g., acyl-CoA oxidase) produce
H2O2, which is either converted to hydroxyl radicals ($OH) or decomposed by catalase
and glutathione-peroxidase (GPx). $OH radicals can damage the peroxisomal mem-
brane by lipid peroxidation of unsaturated fatty acids. Hydroperoxides formed as a
result are decomposed by catalase and GPx. Peroxisomal oxidases generates super-
oxide anions (O2$

� which are scavenged by manganese superoxide-dismutase
(MnSOD) and by copper-zinc superoxide-dismutase (CuZnSOD). The oxidation of L-
arginine (l-Arg) to nitric oxide (NO$) is catalysed by nitric oxide synthase (NOS). NO$
reacts with O2$

� radicals to form peroxynitrite (ONOO�). Peroxiredoxin 1 and PMP 20
play role in the degradation of H2O2. Correct localization of Mpv17 on peroxisomal
membrane is still disputed.

Review
Catalase, the most widely documented peroxisomal enzyme with
antioxidant activity, forms a tetramer, accompanied by four heme
groups that enable its enzymatic activity [48]. Its primary function is the
quenching of peroxisomal H2O2 in a catalytic (2H2O2/ 2H2Oþ O2) or
peroxidatic (H2O2 þ AH2 / A þ 2H2O) manner [49]. SOD1, a homo-
dimeric enzyme found in the cytosol, the nucleus, and mitochondria,
mediates the conversion of O2�- to O2 and H2O2 (2O2�- þ 2Hþ /
O2þ H2O2). It has been reported that this enzyme can be imported into
peroxisomes by a complex with ‘copper chaperone for SOD10 via a
piggyback mechanism [50]. Glutathione S-transferases (GST) super-
family of enzymes catalyze xenobiotics conjugation and potentially
damage oxidative metabolites with glutathione [51]. Studies suggest
that GSTK1 and MGST1 might be partially located in peroxisomes,
executing xenobiotic detoxification and lipid peroxide products [52,53].
Another enzyme, PRDX5, which relates to the peroxisomal membrane,
helps in by thiol-dependent reduction of H2O2 to H2O, alkyl hydroper-
oxides (ROOH) to their respective alcohols (ROH), and NO3

� to nitrite
(NO2

�) [54]. EPHX2, a homodimeric enzyme, binds to epoxides con-
verting them to the corresponding dihydrothiols [55]. These enzymes
together are also known for ROS elimination action. Apart from these
reported enzymes, evidence suggests that peroxisomes also employ
low molecular weight, non-enzymatic antioxidant compounds such as
glutathione, ascorbic acid, and plasmalogens for combating ROS stress
(Figure 3).

3. PEROXISOME METABOLISM IN TUMORIGENESIS AND
CANCER PROGRESSION

3.1. Peroxisomal lipid metabolism: PPARs as metabolic master
regulators in cancer
Increased rates of FA oxidation are a major contributing factor in the
progression of various cancers in organs like the liver, lung, breast
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[56], and prostate [57]. As discussed previously, many peroxisomal
enzymes are involved in regulating FA b-oxidation. Very-long chain
polyunsaturated fatty acids (PUFAs) and their derivatives can act as
ligands for PPARs, potentially regulating beta-oxidation pathways [58].
PPARs are ligand-activated transcription factors of the nuclear hor-
mone receptor superfamily broadly belonging to three subtypes:
PPARa, PPARg, and PPARb/d. It is a well-established fact that the
PPAR family members regulate the expression of genes associated
with various cellular processes such as adipocyte differentiation,
neurological signaling, inflammation, and tumorigenesis [59].
PPAR and peroxisomal activation has been linked to malignancy and
poor prognosis in various cancers. Upon ligand activation, PPARs
upregulates the expression of peroxisome metabolism genes like
ACOX1 [60]. In the context of liver tumors, this leads to increased
hepatic FA oxidation [61]. In addition, FA oxidation by ACOX1 also
results in H2O2 buildup, thereby increasing the oxidative stress as
observed in rodents models of liver cancer [61,62]. Overall, it has been
shown that enhanced ACOX1 activity in hepatocellular carcinoma (HCC)
tissue leads to tumor proliferation and reduces the survival of patients
[63]. In this study, increased ACOX1 activity was caused by the
downregulation of the lysine deacetylase sirtuin 5 (SIRT5). SIRT5
mediates the desuccinylation of ACOX1 and, thereby, its inhibition.
Gene expression analyses of breast tumors have revealed that rela-
tively increased ACOX1 transcript levels correlate with inferior overall
survival for HER2-positive breast cancer patients [64]. Interestingly,
regarding breast cancer subtypes, ACOX1 levels were highest in HER2-
positive tumors and lowest in triple-negative breast cancer (TNBC).
Peroxisomal activity might also affect response to systemic therapy.
Recent studies from biopsy samples of HER2-positive breast cancer
patients show methylation of CpG islands in the promoter region of the
gene encoding for DBP (HSD17B4) and subsequent downregulation of
DBD expression is a predictive marker of response to trastuzumab
[65]. In lymphoma models, genetic downregulation of peroxisomal
gene expression has shown promising results for therapy-induced
apoptosis [66]. Therefore, inhibition of peroxisomal gene expression
in multiple cancer types may serve as an ‘Achilles’ heel’ in therapy-
induced cell death.
Branched-chain FA is catabolized by a-oxidation before entering the b-
oxidation pathway. As FAs in the (S) isomer conformation can only be
processed via b-oxidation, the enzyme AMACR, which mediates the (R)
to (S) conversion, plays an integral part in the processing of branched-
chain FAs. AMACR is reported to be overexpressed in many types of
cancers [67e69] including colon [70,71], gastric [72], breast [73],
renal, and hepatocellular carcinoma [74]. It is a biomarker in prostate
cancer diagnosis [75]. Immunostaining studies with normal prostate
gland tissue surrounding cancer foci showing higher AMACR levels
have been reported in several studies with prostate cancer patients.
Elevated levels of AMACR expression in the tumor microenvironment
may indicate the onset or progression of prostate cancer [20]. Studies
with genetic silencing or chemical inhibition of AMACR in over-
expressing prostate cancer line (LAPC-4) reduced cell proliferation by
arresting cells in the G2-M cell cycle phase. Significant reduction in
tumor burden of xenograft tumors models of myxofibrosarcoma (soft
tissue sarcoma) cells (NMFH-2) was observed upon AMACR genetic
knockdown [76]. Together, these studies emphasize the importance of
AMACR as a drug target, and efforts are being made to design novel
inhibitors of this enzyme.
In a tumor cell, PPARa and PPARg exhibit controversial roles [77].
PPARg enables cancer-associated fibroblasts and adipocytes to
become donors of substrate for tumor growth by their metabolic
reprogramming. Angiopoietin-like 4 (ANGPTL4), a secretory protein
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encoded by a target gene of PPARs, is known to trigger oncogenic
processes like inflammatory signaling, extracellular matrix rear-
rangement, anoikis resistance, and metastasis, making it a potential
and attractive drug target for cancer treatment [77].

4. PPARS AND MALIGNANCY

4.1. PPAR a
The few studies on the role of PPARa indicate a pro-carcinogenic, pro-
proliferative effect. In breast cancer stem cells, GW6471 (a PPARa
antagonist) is anti-proliferative and pro-apoptotic. At the same time,
Wy14643 (a PPARa agonist) induces the clonal expansion of breast
cancer mammospheres via nuclear receptor-kb (NF- kb)/interleukin-6
(IL-6) axis, SLUG, Notch3, and Jagged 1 [78,79]. The high lipid turn-
over rate and energy demand required to maintain cancer stemness
and self-renewal in pancreatic and colorectal cancer stem cells are
ensured by PPARa signaling.

4.2. Anti-tumorigenic activity of PPARg
PPARg is a regulator of cell differentiation. Consequently, PPARg
agonists like thiazolidinedones (TZDs) promote differentiation of cancer
stem cells by restraining yes-associated protein 1 (YAP) transcriptional
activity and highlight a novel connection between PPARg agonist in
inducing adipogenesis, thereby mimicking the tumor-suppressive
hippo pathway in osteosarcoma [80]. Gene expression analysis
revealed that the molecular mechanism of action was by the induction
of lipid metabolism pathways by TZDs while suppressing targets of the
Hippo-YAP pathway, Wnt signaling, and cancer-related proliferation
pathways. A significant finding that TZD action was restricted to the
high Sox2 expressing cancer stem cell population and is dependent on
PPARg expression has been reported; whilst affecting tumor cell
growth and cell fate by cytoplasmic sequestration of the transcription
factors SOX2 and YAP required for tumorigenicity [80]. Similarly,
activation of PPARg by troglitazone, another TZD, caused a reversal of
gene expression associated with colon cancer and inhibited tumor
growth, malignancy, and de-differentiation of colon cancer cells [81].
Ligand activation of the PPARg transcriptional pathway is also involved
in the terminal differentiation of malignant breast epithelial cells, evi-
denced by extensive lipid accumulation, and changes in breast
epithelial gene expression resulting in reduced growth and malignancy
[82]. PPARg agonists exert anti-inflammatory and pro-apoptotic ac-
tivity by triggering NFkB trans-repression, and modulation of BCL-2
class proteins via PI3K/Akt pathway [83]; ciglitazone and 15-deoxy-
D12,14-prostaglandin J2 (15d-PGJ2), (both PPARg agonists) exhibited
anti-proliferative activity in brain tumor stem cells via the inhibition of
Sox2 while enhancing Nanog expression [84]. Even though the
mechanism of action of PPARg agonists in regulating differentiation
and self-renewal remains unclear, PPARg is known to attenuate
extracellular matrix (ECM) remodeling and epithelialemesenchymal
transition (EMT) by the suppression of matrix metalloproteinases and
antagonizing Smad3-dependent transcriptional activity, leading to
reduced tumor invasion and metastasis in lung cancer [77,85,86]
(Figure 4 (a)).

4.3. Pro-tumorigenic activity of PPARg
PPARg is generally overexpressed in liposarcoma, colon, breast, and
prostate carcinomas [87,88]. PPARg agonists have exhibited pro-
tumorigenic activity in colorectal cancer [89,90], renal and bladder
cancers [91,92]. In prostate cancer, PPARg overexpression activates
Akt3, inhibiting nuclear export protein CRM1 and leading to the
retention of PPARg co-activator 1a (PGC1a). PGC1a again elevates the
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mitochondrial ATP output in cancer cells to facilitate the extensive
energy requirement for EMT and metastasis of tumors [93]. In the
genetic breast cancer model, MMTV-PyV co-transgenic expression of a
constitutively active PPARg in the mammary gland accelerated tumor
development significantly [94]. In thyroid cancer, PPARg protein
expression is said to be linked with the aggressiveness of thyroid
cancer cells, wherein depletion of PPARg in anaplastic thyroid cancer
cells demonstrated decreased growth and invasion in vitro, as opposed
to its aggressive growth and invasion in PPARg overexpressed thyroid
cancer cells [95]. Studies with a liver-specific Pten knockout mouse
model revealed that pro-tumorigenic signaling of PPARg was mediated
by Akt2 and by repression hepatocyte nuclear factor 1a (HNF1a)
[77,96,97] (Figure 4B).
Thus, the evidence for the broad role of PPARg remains inconclusive. A
possible interpretation of the published data so far could be that PPARg
blocks the acquisition of stem cell-like characteristics during trans-
formation, thereby inhibiting certain traits connected to malignancy
(invasiveness, metastasis, chemoresistance), but on the other hand,
PPARg is required to match the high metabolic needs of cancer cells.
The increased metabolic capacity of elevated PPARg might be needed
for cancer cells to act on their metastatic, proliferative, and invasive
potential. However, as comprehensive experimental data is missing,
this interpretation remains speculative. Further research could focus
on the balance of this dual aspect of PPARg and might also shed light
on a stage-specific requirement for certain levels of PPARg expression
during tumorigenesis and manifestation.

4.4. PPARb/d
Another member of the nuclear receptor factor peroxisome
proliferator-activated receptor family, PPARb/d, regulates its target
gene expression either by transcriptional activation or repression
through ligand-dependent and independent mechanisms and through
interaction with other transcription factors. Apart from its significant
function in intermediary metabolism, it has been shown to play a role in
inflammation, differentiation, apoptosis, and processes involved in
tumorigenesis. Clinically, the expression of PPARb/d and its target
genes is correlated with poor outcomes in cancers. However, the
mechanism of action and its role in cancer cell proliferation remains
controversial [98].
It has been proposed that PPARb/d can be targeted for the prevention
and/or treatment of diseases, including diabetes, dyslipidemias,
metabolic syndrome, and cancer, due to its role in physiological
functions ranging from enhancing FA catabolism, improving insulin
sensitivity, inhibiting inflammation and increasing oxidative myofibers.
It is also known to interact directly with the p65 subunit of NFkB,
leading to inhibition of NFkB-dependent signaling, or direct interaction
with ERK5 or STAT3 accounting for its anti-inflammatory activities [99].
A significant finding was reported wherein PPARb/d which is highly
expressed in endothelial cells, upon pharmacological activation with
PPARb/d agonists, has shown to increase endothelial cell proliferation
in vitro and to intensify tumor angiogenesis in vivo, enhancing tumor
progression and metastases, suggestive of its role in the regulation of
the angiogenic switch in tumor progression. The molecular mechanism
of action in the promotion of tumor-angiogenesis is mediated via
activation of the PDGF/PDGFR pathway, c-Kit, and probably the VEGF/
VEGFR pathway [100].

4.5. PPARs mediated metabolic-immune regulation in cancer
Recent studies emphasized the adaptive metabolic strategies imple-
mented by immune cells: the competition with cancer cells in the
tumor microenvironment for nutrition and survival renders their
ss article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 4: (a) Anti-tumorigenic roles of PPARg.
Activation of PPARg by troglitazone or TZDs induces lipid metabolism pathways and suppresses targets of the Hippo-YAP pathway, Wnt signaling and cancer-related proliferation
pathways in osteosarcoma [80]. PPARg agonists exert anti-inflammatory and pro-apoptotic activity by triggering NF-kb trans-repression and modulation of BCL-2 class of proteins
via PI3K/Akt pathway [83]. Ciglitazone and 15d-PGJ2, both PPARg agonists, exert anti-proliferative activity in brain tumor stem cells via the inhibition of Sox2 while enhancing
Nanog expression [84]. PPARg via suppression of matrix metalloproteinases and antagonizing Smad3-dependent transcriptional activity attenuates extracellular matrix (ECM)
remodeling, epithelialemesenchymal transition (EMT) mediated tumor invasion and metastasis in lung cancer [77,85,86]. Ligand activation of PPARg transcriptional pathway
mitigates terminal differentiation of malignant breast epithelial cells by extensive lipid accumulation, epithelial gene expression changes inhibiting tumor growth and malignancy in
breast cancer [82].
(b) Pro-tumorigenic activity of PPARg.
Pro-tumorigenic signaling of PPARg mediated by Akt2 via repression of hepatocyte nuclear factor 1a (HNF1a) [77,96,97]. In prostate cancer, the EMT mediated prostate cancer
metastasis is facilitated by PPARg overexpression mediated activation of Akt3 pathway inhibiting nuclear export protein, CRM1 leading to the retention of PPARg co-activator 1a
(PGC1a) resulting in elevated mitochondrial ATP output facilitating metastasis [93]. In melanoma, activation of PPARg results in remodeling of expression and localization of
integrins promoting distal metastases with reduced expression of thioredoxin-interacting protein (TXNIP) [120].
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Figure 5: Metabolic-immune regulation in cancer mediated by PPARs. In breast cancer, PPARg cleavage at Asp64 leads to lipid droplet formation in tumor associated
macrophages (TAMs). High concentrations of linoleic acid and arachidonic acid can act as agonists of PPARd causing active polarization of TAMs in the TME [111,112] Lipid
droplets serve as source of PPARd ligands in ovarian cancer-causing TAM polarization. In the TME, PPARd regulates survival benefits for intra-tumoral Tregs with higher CD36
expression and more robust lipid metabolism by modulating mitochondrial fitness by lactate utilization. In colon cancer, Bezafibrate, an agonist of PGC-1a/PPAR complexes,
increased proliferation of naïve T cells via mitochondrial activation and upregulation of the mTOR pathway and is a potential candidate for combinatorial therapy with antiePD-1
immunotherapy [117]. PPARa activation and catabolism of fatty acids in tumor infiltrating CD8þ T cells can enhance their survival and retain cytotoxicity in hypoglycemic and
hypoxic TME [118]. PPARa activation by metabolites of the 5-lipoxygenase pathway such as leukotriene B4 produced by tumor cells orchestrates breast cancer metastasis and
tumor evasion by the induction of immunosuppressive regulatory B cells, designated tBregs, making it an attractive pharmacological target [119].
immune functions compromised. The immunosuppressive phenotype
of tumor infiltrating immune cells, including macrophages, dendritic
cells, T lymphocytes, and others, is due to their survival strategies
adopted by lipid metabolism reprogramming toward FA oxidation
[101].
During tumor progression, lipid accumulation has been reported in
tumor infiltrating immune cells, including dendritic cells (DCs)
[102,103], macrophages [104,105], Treg cells [106] and effector T
cells [107,108], indicating the role of the tumor microenvironment
(TME) in reprogramming the lipid metabolism of immune cells,
impacting host immune surveillance and anti-tumor immunity
[109,110].
PPARs are implicated in this lipid accumulation and in the more general
mediation of metabolic-immune regulation in cancer. Caspase 1-
mediated reduction of medium-chain acyl-CoA dehydrogenase
through cleaving PPARg at Asp64 leads to increased lipid droplet
formation in tumor associated macrophages (TAMs) in a late-stage
murine breast tumor model. Also, active polarization of TAMs is
facilitated by high concentrations of linoleic acid and arachidonic acid
that can act as agonists of PPARd [111,112]. In ovarian cancer, lipid
droplet serves as a source of PPARd ligands leading to the upregulation
of PPARd target genes and pro-tumoral TAMs M2-polarization [113].
Finally, the immunosuppressive cytokine IL-10 is a downstream
effector of PPARd activation [114].
During tumor progression, gastric cancer cells with RHOA Y42 muta-
tion produced high FA levels that provided a sufficient metabolic
advantage to Tregs as they exhibit selective dependency on FA oxidation
compared to other subsets of T-cells [115,116].
Even though programmed cell death-1 (PD-1) blockade cancer
immunotherapy has been successful, its efficacy is challenged due to
MOLECULAR METABOLISM 90 (2024) 102044 � 2024 Published by Elsevier GmbH. This is an open acce
www.molecularmetabolism.com
the loss of functional effector T-cell number via terminal
differentiationeinduced apoptosis. In a murine colon cancer model,
Bezafibrate, an agonist of PGC-1a/PPAR complexes, upregulated
oxidative phosphorylation as well as glycolysis, increased proliferation
of naïve T cells via mitochondrial activation and upregulation of the
mTOR pathway and improved effector function in CTLs; inhibited
apoptosis as evidenced by upregulation of anti-apoptotic BCL-2 pro-
teins, increased fatty acid oxidation (FAO) and mitochondrial respira-
tory capacity, supporting the energy demands of cells [117]. This
opens the possibility of using PPAR-induced FAO in T cells as a
combinatorial approach to improve response to antiePD-1 therapy.
Studies on PPARa signaling have revealed that its activation and
catabolism of fatty acids in tumor infiltrating CD8þ T cells can
enhance their survival in hypoglycemic and hypoxic TME and retain the
cytotoxic activity of these cells [118]. An exciting study reports that
distal breast cancer metastasis is facilitated by the induction of
immunosuppressive regulatory B cells, designated tBregs, orchestrated
by the activation of PPARa by metabolites of the 5-lipoxygenase
pathway such as leukotriene B4 produced by tumor cells. Thus,
apart from FA oxidation and metabolic signal transduction, PPARa is
involved with the programming and differentiation of tBregs, making it a
novel target for pharmacological control of tBreg mediated tumor
evasion [119] (Figure 5).

5. CONCLUSION

Changes in cell metabolism are a hallmark of cancer. Cancer cells,
with their increased proliferation and protein synthesis, demand an
increased energy turnover. As peroxisomes are a critical player in
supplying energy from the oxidation of certain FAs, especially VLCFAs
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and BCFAs, it is not surprising to find the misregulation of peroxisome
biogenesis in many cancers. Furthermore, the high peroxisomal ac-
tivity contributes to the high levels of reactive oxygen species (ROS) in
tumors. Although ROS as cell toxic entities is detrimental to cancer cell
survival, they also drive a more malignant phenotype by increasing
mutation rate and promoting upregulation of pathways steering inva-
siveness. Controlling peroxisome biogenesis and activity especially
targeting PPARs in the TME, holds great promise and unexplored
potential. Moreover, their function as receptors makes them assess-
able targets for small molecule inhibitors and activators. Various drugs
targeting PPARs are already available, at least for pre-clinical studies,
although clinical applications in all likeliness would necessitate novel,
more specific drugs. Another caveat is that despite the potential impact
of PPARs on the cross-talk between tumor stroma and epithelium, or
tumor microenvironment, it is difficult to attribute a pro- or anti-
tumorigenic role for different PPAR isotypes as they seem to be
influenced by many factors such as cancer and its sub-types, tumor-
stage, and stromal cell types. More research is required, especially
directed at deciphering the balance between the pro- and anti-
tumorigenic activity of PPARS.
PPARs are also mediators of macrophage polarization and determine
T-cell activation and differentiation, implicating their activation as a
strategy for altering immune cell functions leading to better thera-
peutic interventions in cancer. Post-translational studies on the
regulation of PPARs, will help develop novel synthetic compounds for
targeted and cell-specific therapy. Considering the ambiguity of
PPARs as pro- or anti-tumorigenic regulators with tumor specific
responses, diverse molecular approaches, gene transfection studies
for overexpression or silencing of genes, pharmacological induction
of PPARs, along with genetic knockdown animal models for PPARs,
studies on microRNAs supported with genomics, transcriptomics,
proteomics and metabolomics guided approaches could in totality
assist in arriving at meaningful conclusions for PPAR targeted anti-
cancer therapy. However, the effect of the genetic predisposition
for polymorphisms and mutations in PPARs cannot be ruled out, that
in turn, influences the administration of PPAR agonists as a pre-
ventive measure for cancer. Nanoparticles as targeted release sys-
tems for TME-responsive drugs and delivery of PPAR ligands;
immunotherapy, the use of naturally occurring exosomes with
reduced immunogenicity, increased bioavailability, and biocompati-
bility as drug carriers are some of the recent advancements to target
PPARs in TME for precision oncology.
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