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Abstract
Pancreatic cancer is one of the most serious health issues in developed and
developing countries, with a 5-year overall survival rate currently <9%. Patients
typically present with advanced disease due to vague symptoms or lack of screen-
ing for early cancer detection. Surgical resection represents the only chance for
cure, but treatment options are limited for advanced diseases, such as distant
metastatic or locally progressive tumors. Although adjuvant chemotherapy has
improved long-term outcomes in advanced cancer patients, its response rate is
low. So, exploring other new treatments is urgent. In recent years, increasing
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evidence has shown that lipidmetabolismcan support tumorigenesis anddisease
progression as well as treatment resistance through enhanced lipid synthesis,
storage, and catabolism. Therefore, a better understanding of lipid metabolism
networks may provide novel and promising strategies for early diagnosis, prog-
nosis estimation, and targeted therapy for pancreatic cancer patients. In this
review, we first enumerate and discuss current knowledge about the advances
made in understanding the regulation of lipid metabolism in pancreatic can-
cer. In addition, we summarize preclinical studies and clinical trials with drugs
targeting lipid metabolic systems in pancreatic cancer. Finally, we highlight the
challenges and opportunities for targeting lipid metabolism pathways through
precision therapies in pancreatic cancer.
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clinical trials, lipid metabolism, pancreatic cancer, targeting therapy

1 BACKGROUND

Pancreatic cancer (PC) is one of the most serious dis-
eases, and its 5-year survival rate remains less than 10% in
the US and 7.2% in China. Patients with PC always typi-
cally present advanced diseases principally owing to a lack
of early detection and effective treatment [1, 2]. Besides,
extensive research has shown that PC also ranks 4th and
6th leading cause of cancer-related deaths in the US and
China, respectively [3, 4]. Additionally, PC is projected to
become the second leading cause of cancer-related deaths
in the US by 2030 [5, 6].
Although progress has been made in multimodality

treatment, surgery remains the onlyway to cure PC.Unfor-
tunately, since the lack of symptoms in the early stage, over
80% of patients with PC are diagnosed when the lesion is
no longer primarily resectable, resulting in a continuous
increase in PC-related deaths throughout the years [7–9].
Like many other types of cancers, PC is suggested to be
a systematic disease that can benefit from comprehensive
treatment following multidisciplinary management [10].
Additionally, recent research has established that targeted
therapy is emerging as an anticancer strategy and plays an
important role in treating a myriad of cancer types [11].
According to recent research, although targeted therapy
has not demonstrated remarkable success in treating PC,
a few clinical trials have reported encouraging outcomes
[12]. Thus, it is fundamental to learnmore about themolec-
ular mechanisms of PC so that researchers can find novel
hallmarks of signaling pathways.
Over the past two decades, changes in cell metabolism

contributing to tumorigenicity and tumor progression
have aroused researchers’ interest [13, 14]. These alter-

ations mainly include aerobic glycolysis and glutamine
metabolism [15–17]. Besides the well-characterized repro-
gramming of glucose and glutamine metabolism, lipid
metabolism is being increasingly recognized as an impor-
tant pathway in cancer cells in the past few years [18, 19].
Lipids are a large and diverse set of nutrients composed
of fat and lipoid, widely distributed in cellular organelles,
and are critical components of all membranes [20]. Addi-
tionally, lipids are stored in lipid droplets (LDs) by cells
when energy supplies are sufficient, but nutrient scarcity,
on the other hand, can trigger homeostatic mechanisms
of lipids which could function as second messengers to
transduce signals within cells and serve as important
energy sources [21]. Dysregulation of lipid metabolism
contributes to the occurrence and progression of various
metabolic diseases, including cardiovascular diseases, dia-
betes, andmalignant diseases [22–24]. Currently, extensive
evidence has revealed lipid metabolic abnormality, includ-
ing membrane formation, lipid synthesis and degradation,
and cellular signaling driven by lipids in various cancers
[25–27]. Although several high-quality reviews discuss the
lipidmetabolism of other cancer types [28–30], there is still
no comprehensive review summarizing recent advances
in the context of lipid metabolism reprogramming in PC.
Therefore, considering the importance of lipidmetabolism
in malignant tumors, a complete understanding of repro-
grammed lipid metabolism has a pivotal role in finding
novel hallmarks and providing new insights for target-
ing cellular metabolic networks in PC. In this review, we
summarize and discuss how lipid metabolic dysregula-
tions contribute to the development and progression of
PC and introduce therapeutic strategies for targeting lipid
metabolism in PC.
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2 ALTERATIONS OF LIPID
METABOLISM IN PC

It is widely appreciated that lipids are essential to pancre-
atic cancer cells, primarily because they sustainmembrane
biosynthesis during rapid proliferation, are used in energy
storage under conditions of metabolic stress, and have
important roles as signaling molecules for many cellu-
lar activities. Althoughmultifaceted and diverse biological
functions of lipids and their by-products are beginning to
be uncovered gradually, there are still someunclear aspects
in dire need of exploring.

2.1 Aberrant lipid uptake contributes to
tumorigenesis and cancer progression

Lipid uptake from the exogenous environment is an impor-
tant route through which cells can acquire fatty acids
(FAs) and cholesterol [31]. FA uptake is conducted through
membrane-associated transport proteins, including fatty
acid transport proteins (FATPs), fatty acid translocase
(CD36), and fatty acid-binding proteins (FABPs) [32].
CD36, a scavenger receptor class B type 2 (SR-B2), is a
transmembrane glycoprotein expressed on the cell surface
in multiple cell types. In tumor tissues, CD36 is expressed
in tumor cells, stromal cells, and immune cells, but the
expression level varies in distinct cell types and tumor
stages [33]. It is wildly accepted that CD36 is involved in
metastasis initiation and proliferation of metastatic cells
[34]. For example, a study has shown that the highly
aggressive breast tumor MDA-MB-231 cell line expresses
much less CD36 than the less aggressive MCF-7 and
T47-D cells [35]. Additionally, CD36 was demonstrated
to promote metastasis by activating the serine/threonine
kinase (AKT) phosphorylation and inhibiting the degra-
dation of glycogen synthase kinase 3 (GSK-3)/β-catenin
in gastric cancer [36]. In parallel, there is evidence sug-
gesting that FA uptake through CD36 may promote tumor
metastasis and distant proliferation of cancer cells in hep-
atocellular carcinoma [37]. In the case of PC, the low
expression of CD36 was associated with large tumor size
and reduced survival rate [38], possibly due to decreased
CD36 reduced tumor cell adhesion to the extracellu-
lar matrix and increased cell mobility, thereby speeding
up the metastasis [36]. Besides, a large number of FAs
via CD36 contributes to β-oxidation, supporting cancer
cell proliferation [39]. In addition to promoting tumor
metastasis and cancer proliferation, CD36 can regulate
chemoresistance in PC. The CD36 strong expression was
correlated with gemcitabine resistance and the poor out-
come in PC patients since CD36 enhances anti-apoptosis
protein expression, including B-cell lymphoma-2 (BCL-2),

B-cell lymphoma extra-large (BCL-XL), and myeloid cell
leukemia-1 (MCL-1), which protect cancer cells from drug-
induced cell death [40]. Moreover, it has been proved that
CD36 can function as a mediator of the engulfment of PC
microvesicles [41], but it is relatively less studied. In sum-
mary, the expression of CD36 is discrepant in different PC
patients, and according to this we can develop individual
treatment plans and predict prognosis.
Cholesterol, an essential lipid component of the mam-

malian cell membrane, plays a crucial role in main-
taining membrane integrity and fluidity and forming
membrane microstructures [42]. Intracellular cholesterol
metabolism is maintained by a complex network, includ-
ing cholesterol biosynthesis, uptake, export, and esterifi-
cation [43, 44]. Cholesterol comes from diet and endoge-
nous synthesis in the body. Specifically, cholesterol can
be synthesized by cells de novo and through internal-
izing low-density lipoprotein (LDL) [45]. In the case
of cholesterol and cholesterol ester delivery, it occurs
through a receptor-mediated mechanism implicating the
LDL receptor (LDLR) (Figure 1) [46]. According to recent
evidence, genetically raised LDL cholesterol levels are
associated with lower risks of endometrial cancer, includ-
ing all endometrioid and non-endometrioid subtypes [47].
Besides, another mendelian randomization analysis found
that genetically predicted LDL cholesterol and total choles-
terol were suggestively associated with an increased risk
of colorectal cancer [48]. In addition, LDLR expres-
sion was positively correlated with poor prognosis in
patients with small-cell lung cancer and breast cancer,
and LDLR depletion in epidermal growth factor recep-
tor 2 (HER2)-overexpressed breast cancer cells showed
reduced cholesterol uptake and limited tumor growth
in mice with hyperlipidemia [49, 50]. In regard to PC,
several lines of evidence suggested that dysregulation
of cholesterol uptake contributed to PC carcinogenesis.
A retrospective study has found an unusual pattern of
decreasing total cholesterol and LDL levels from 18months
to 6 months before PC diagnosis [51]. In addition, sev-
eral meta-analyses have shown a significant association
between dietary cholesterol and the risk of PC in North
America, Europe, and Japan, respectively [52]. Moreover,
other studies revealed that genetically higher levels of
LDL-cholesterol were associated with PC progression. For
example, recent evidence suggested that LDL-cholesterol
promotes PC cell proliferation, migration, and invasion
by activating the signal transducer and activator of tran-
scription (STAT)-3 phosphorylation which contributes to
both tumor survival and progression through the regu-
lation of various established hallmarks of cancer [53].
Disruption of LDLR could impair proliferation in PC
cell lines and tumorigenic capacities in mouse models
and also inhibit the extracellular signal-regulated kinase
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F IGURE 1 Process of lipid uptake. Digestion of lipids in food mainly occurs in the small intestine, where they are absorbed into the
blood. The exogenous uptake of FAs from the surrounding microenvironment is facilitated by specialized transporters, including CD36,
FATPs, and FABPs. Cholesterol carried by LDL particles in the blood can be taken up by LDLR at the basal surface of cells. Abbreviations:
CD36, fatty acid translocase; FATPs, fatty acid transport proteins; FABPs, fatty acid-binding proteins. LDL, low-density lipoprotein; LDLR,
low-density lipoprotein receptor

(ERK)-dependent survival pathway, which is also overac-
tive in numerous cancers by downregulating cholesterol
uptake [54, 55]. Clinically, LDLR expression was positively
correlated with decreased survival and a high risk of recur-
rence in patients with PC [55–57]. Although some recent
research has revealed partial bio-function of LDL choles-
terol in PC, the exact correlation between LDL-cholesterol
levels and PC has not been completely deciphered
(Figure 1).

2.2 De novo lipid synthesis is a
metabolic source for tumor growth

In addition to lipid uptake, mammalian cells can acquire
lipids through de novo synthesis. Under physiological con-
ditions, lipogenesis is primarily restricted to hepatocytes
and adipocytes, but cancer cells can activate lipogenesis
in response to their high metabolic demand even in the
presence of exogenous lipid sources [58, 59]. In contrast
to non-cancerous cells, approximately 93% of triacylglyc-
erol FAs in tumor cells are de novo synthesized from
mitochondrial citrate [60]. In addition, various enzymes
that mediate lipid synthesis are transcriptionally upreg-

ulated in tumors [61, 62]. Since both FA and cholesterol
are synthesized from acetyl-CoA (acetyl coenzyme A; a
key node in metabolism due to its intersection with many
metabolic pathways and transformations) through a series
of reactions, acetyl-CoA levels are a key element for lipid
production. In matters of acetyl-CoA, it can either be
derived from citrate by ATP-citrate lyase (ACLY) or acetate
by acetyl-CoA synthetase (ACSS). Besides, glucose and
glutamine contribute to citrate production frommitochon-
drial pyruvate oxidation in the tricarboxylic acid (TCA)
cycle and reductive carboxylation, respectively. Glucose-
derived pyruvate is converted to acetyl-CoA by pyruvate
dehydrogenase, followed by citrate synthase-mediated pro-
duction of citrate, which is then exported to the cytosol
frommitochondria by mitochondrial citrate transport pro-
teins. Glutamine is converted to α-ketoglutarate mediated
by cytosolic glutaminase 1 (GLS1) or mitochondrial GLS2,
which is followed by cytosolic isocitrate dehydrogenase
1 (IDH1)- and mitochondrial IDH2-dependent isocitrate
and subsequent citrate production (Figure 2) [63–66]. Also,
under conditions of metabolic stress such as hypoxia or
lipid depletion, cancer cells can generate acetyl-CoA from
acetate by upregulating acetyl-CoA synthetase 2 (ACSS2)
[67].
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F IGURE 2 The source of acetyl-CoA in cancer cells. Cancer cells obtain acetyl-CoA from ACLY-catalyzed citrate and ACSS-catalyzed
acetate, which is used for lipid synthesis. Additionally, glutamine and glucose can contribute to citrate production through the TCA cycle.
Each solid blue arrow represents a specific biological process respectively in the figure. The dotted arrow means the process of transporting
mediated by transporters. Dark triangles following the enzymes represent the alteration in cancer cells: upward means upregulation;
downward means downregulation. Abbreviations: GLUT1, glucose transporter 1; MCT, monocarboxylate transporter; ASCT2, also named
SLC1A5, solute carrier family 1 member 5; PDH, pyruvate dehydrogenase; GLS, glutaminase; IDH, isocitrate dehydrogenase; ACLY,
ATP-citrate lyase; ACSS, acyl-CoA synthetase short-chain family; TCA, tricarboxylic acid

2.2.1 Enzymes of producing acetyl-CoA in
PC: ACLY and ACSS

Human ACLY is a 480-k-DA tetramer with a total of 1101
amino acids and is principally located in the cytosol and
nucleus [68]. ACLY catalyzes the conversion of citrate
and CoA to oxaloacetate and acetyl-CoA, playing a crit-
ical role in lipogenesis [69]. The upregulation of ACLY
is correlated with tumor progression in various cancer
types, including glioblastoma, colorectal cancer, breast
cancer, lung cancer, and hepatocellular carcinoma (HCC)
[70]. Inhibiting ACLY at the genetic level or pharma-
cologically significantly reduces tumor cell viability and
suppresses cancer cell proliferation, invasion, and migra-
tion [71, 72]. For example, a recent study revealed that
the IkB kinase β (IKKβ, which plays an important role
in mediating inflammation and oncogenesis) phospho-
rylated ubiquitin-specific peptidase 30 (USP30, which is
involved in antagonizing mitophagy, regulating mitochon-
drialmorphology, and restricting cell apoptosis) andACLY,
which in turn promoted ACLY deubiquitination in HCC.

Besides, the inhibition of ACLY dramatically suppressed
hepatocarcinogenesis [73]. Incidentally, increased ACLY
expression was associated with poor outcomes for patients
[74]. About PC, ACLY supports pancreatic tumorigene-
sis and facilitates tumor progression. It has been found
that ACLY is required for efficient in vitro KRAS-driven
acinar-to-ductalmetaplasia (ADM) andpancreatic tumori-
genesis [75]. Both cell proliferation and tumor growth can
be suppressed by targeting ACLY via concurrent Bromo
and extra terminal domain (BET) inhibition and statin
treatment [75]. Further, a novel study found that berber-
ine, an isoquinoline alkaloid characterized by a diversity
of pharmacological effects, could significantly decrease the
expression ofACLY in the cytosol, leading to the disruption
of lipid metabolism and inhibiting PC cells proliferation
and migration [76]. In addition to participating in lipoge-
nesis in the cytosol, nucleus-translocated ACLY generates
acetyl-CoA for histone acetylation and gene transcription
regulation [77]. For instance, the AKT-ACLY signaling
pathway could be activated by growth factors or oncogenic
KRAS, which then promotes global histone acetylation in
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cancer cells which is correlated with poor prognosis, cell
proliferation, and tumor growth [75, 77]. In the view of
ACLY-mediated acetyl-CoA production plays important
roles in both the cytosol and nucleus, targeting ACLYmay
serve as an attractive anti-cancer strategy.
ACSS, an acetyl-CoA synthetase short-chain family, pro-

duces acetyl-CoA via the ligation of acetate and CoA.
ACSS family contains three members, ACSS1, ACSS2, and
ACSS3. ACSS1 and ACSS3 are mitochondrial proteins, and
ACSS2 is localized in both the cytoplasm and nucleus
[78, 79]. In general, acetyl-CoA synthetase was involved
in the tumor progression. Specifically, ACSS1 was orig-
inally found to be required for acetate uptake and cell
survival in HCC [80, 81]. ACSS3, a relatively new ACSS
member, has been proposed as an important prognosis
biomarker in gastric cancer [82]. Besides, recent studies
have suggested that ACSS3 serves as a biomarker to strat-
ify subtypes of HCC and promotes bladder cancer cell
growth under metabolic stress [83, 84]. However, the role
of ACSS1 and ACSS3 in PC has hardly been reported.
Among the three ACSSs, ACSS2 was the most exten-
sively studied one. It was transcriptionally upregulated
by sterol regulatory element-binding protein (SREBP) and
highly expressed inmany human tumors, especially under
metabolic stress [67, 85]. In the glucose-deprived condition,
5′AMP-activated protein kinase (AMPK)-mediated phos-
phorylation of ACSS2 at S659was activated, which exposed
the nuclear localization signal of ACSS2 for importin α5
binding and nuclear translocation [78, 86]. In the nucleus,
ACSS2 formed complexes with transcription factor EB
(TFEB). These complexes were translocated to lysoso-
mal and autophagy gene promoter regions, leading to
lysosomal biogenesis, autophagy, cell survival, and tumori-
genesis [87, 88]. Knocking down ACSS2 largely inhibits
tumor growth, which also signifies the pivotal role of
acetate consumption in tumor growth [89–91]. In terms
of PC, high expression of ACSS2 promotes acetate uptake
for lipid synthesis and membrane phospholipids under
metabolic stress such as hypoxia and lack of nutrition
[92]. Nevertheless, information regarding the relation-
ship between the ACSS family and PC is still limited.
Thus, considering the critical role ACSS plays in lipid
synthesis, it is necessary to figure out the upstream reg-
ulators and downstream signaling pathways of ACSSs
in PC.
Many other enzymes are involved in the production

of acetyl-CoA, including pyruvate dehydrogenase (PDH),
IDH1/2, and GLS1/2, which are closely linked with glu-
cose and amino acids acid metabolism. Since we focus on
lipid metabolism in PC, we just enumerate these enzymes
in Figure 2 and they are not covered in detail.

2.2.2 FA biosynthesis enzymes in PC: ACC,
FASN, and SCD

Acetyl-CoA carboxylase (ACC), the rate-limiting enzyme
for FA synthesis, catalyzes the carboxylation of acetyl-
CoA tomalonyl-CoA.Mammalian acetyl-CoA carboxylase
occurs in two isoforms: ACC1 and ACC2 [93, 94]. ACC1,
encoded by ACACA, is a cytosolic enzyme primarily
expressed in lipogenic tissues and is critical for FA syn-
thesis. On the one hand, ACC1 is genetically regulated
by SREBP at the transcriptional level [95]. On the other
hand, its expression is affected by a complex interplay of
phosphorylation, the binding of allosteric regulators, and
protein-protein interactions at the protein level [93]. Previ-
ous research has established that ACC1 is highly expressed
in various human cancers, including breast [94], prostate
[96, 97], liver [98], gastric [99], andnon-small-cell lung can-
cer (NSCLC) [100]. ACC1 depletion decreases FA synthesis
and suppresses tumor growth. ACC2, encoded by ACACB,
is anchored to the outer mitochondrial membrane, which
controls FA β-oxidation and FA uptake [101]. Recent evi-
dence suggested that a high ACC2 expression level was
positively associated with poor clinical cancer stage and a
decreased 5-year survival rate in laryngocarcinoma [102].
For PC, it has been found that higher plasma triglyceride
levels and intratumor expression of ACC1 were associ-
ated with lower benefits from everolimus-based treatment
[103]. Besides, recent research found that ACC inhibitors
could attenuate the Wingless / Integrated (WNT) and
Hedgehog signaling, thus suppressing pancreatic tumor
growth [104]. In addition, a recent report has shown that
CPI-613, a novel lipoate analog inhibiting mitochondrial
metabolism, exhibits strong anticancer activity in PC cells
via reactive oxygen species (ROS)-associated apoptosis,
which is coupled with AMPK activation. The upregulated
AMPK-ACC signaling rewires lipid metabolism, promot-
ing the progression of apoptosis in PC cells [105]. Similarly,
it was also revealed that berberine inhibited ACC activ-
ity by activating AMPK, which suppressed intracellular
FA synthesis, decreased the biogenesis of extracellular
vesicles, and finally inhibited the proliferation capacity
of cancer cells [106]. Intriguingly, a lower level of ACC1
expression has been tested in PANC-1 cells compared with
other PC cell lines, which may indicate that PANC-1 cells
are independent, or only minimally dependent, on de novo
FA synthesis for survival [107]. In summary, these find-
ings suggest the critical roles of ACC in lipid metabolism,
and part of its molecular mechanisms are relatively clear.
However, whether inhibition of ACC has a bright future
in treating PC depends on the results of reliable clinical
studies.
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Fatty acid synthase (FASN), a key lipogenic enzyme in
the de novo biogenesis of FAs, condenses one molecule of
acetyl-CoA and seven malonyl-CoAmolecules into the 16-
carbon palmitate, which is used for the synthesis of more
complex FAs, plasma membrane structures, and post-
translational protein palmitoylation [108]. FASN has been
studied extensively in various cancers, including breast,
prostate, colorectal, bladder, and lung carcinoma, and its
overexpression and hyperactivity predict poor prognosis
[109]. In regard to PC, it has been shown that serum FASN
levels are higher in patients with PC and intraductal papil-
lary mucinous neoplasia (IPMN) than in healthy controls
[110]. Besides, FASN is highly up-regulated in PC stem cells
compared to parental cells [111]. Moreover, reports showed
an increased expression level of FASN during prolifera-
tion of PANC-1, and suppression of FASN by orlistat which
is a FASN inhibitor resulted in a significant reduction of
PANC-1 proliferation and enhanced apoptosis of these cells
[112, 113]. In addition, PC patients with a high level of
FASN showed a shorter overall survival than patients with
low FASN expression, and its overexpression is also asso-
ciated with poor response to gemcitabine therapy which is
the foundation of PC chemotherapy through upregulating
the expression of pyruvate kinase M2 [114]. Additionally,
novel paclitaxel nano-formulation not only reduces the
expression of FASNbut also enhances gemcitabine efficacy
[115, 116]. in vitro, it has been reported that FASN over-
expression causes resistance to genotoxic treatments by
increasing poly (ADP-ribose) polymerase (PARP)-1 expres-
sion andDNA repair activity via the nuclear factor-kappaB
(NF-κB) and specificity protein 1 (SP1) in PC cells [117].
In addition, palbociclib, the cyclin-dependent kinase 4
and 6 (CDK4/6) inhibitor, could negatively regulate FASN
due to the upregulation of AMPKα and MiR-33a levels
to increase apoptosis in PANC-1 and MIA PaCa-2 cells
[118]. Tumor-associated FASN overexpression is preferen-
tially regulated at the transcription level by SREBP1, which
is downstream of several signaling pathways and fac-
tors such as the phosphatidylinositol 3-kinase (PI3K)/AKT
and mitogen-activated protein kinase (MEK)/ERK path-
ways [119]. Being required for oncogenic KRAS-induced
pancreatic tumorigenesis, the activation of the epidermal
growth factor receptor (EGFR) signaling can promote the
expression of FASN in PC cells via an ERK-dependent
manner [120, 121]. Therefore, PC patients with overexpres-
sion of SREBP1 have shorter overall survival than patients
with low SREBP1 expression, and knockdown of SREBP1
inhibits the growth capacity of PC cells [122].
Stearoyl-CoA desaturase (SCD), an endoplasmic

reticulum-resident integral membrane protein, catalyzes
the formation of a double bond at position Δ9 in stearic
acid (C18:0) and palmitic acid (C16:0), to generate the
monounsaturated FA (MUFA) oleic acid (C18:1) and

palmitoleic acid (C16:1), respectively. SREBP controls the
expression of SCD. There are 5 SCD genes (SCD1-5), and
humans contain the SCD homologs SCD1 and SCD5 [123,
124]. SCD1 overexpression was found in multiple tumors,
and SCD1 inhibition could reduce the formation of tumors
derived from human gastric, colon, lung, and prostate
cancer cells in xenograft mouse models [125]. SCD5 is
unique to primates and highly expressed in the brain
and pancreas. Beyond that, SCD5 expression has also
been observed in several human oncogene-transformed
and cancer cells [126]. In PC cells and patients, it has
been observed an increased expression of SCD1 [127],
and extensive research has shown that SCD1 prevents the
death of PC cells by anti-ferroptosis [128, 129]. Moreover,
recent data suggest that the SCD enzyme is required for
early pancreatic tumor growth, and inhibition of SCD
induces the unfolded protein response, which in turn sup-
presses the growth of pancreatic tumors [130]. Compared
to SCD1, the bio-function of SCD5 in cancers remains
relatively mysterious, particularly in PC. Hence, further
research on the relationship between the SCD family and
the malignant biological behavior of pancreatic tumors is
worthy.
In summary, substantial evidence already showed that

ACC, FASN, and SCDare closely correlatedwith tumorige-
nesis and progression, implying that targeting themmight
offer an innovative approach to improve the therapeutic
outcome of PC patients.

2.2.3 Cholesterol and cholesterol ester
biosynthesis enzymes in PC: acetoacetyl-CoA
thiolase, HMGCR, SM, and SOAT

Acetoacetyl-CoA thiolase, also known as acetyl-CoA
acetyltransferase (ACAT), starts cholesterol biosynthe-
sis by condensing two molecules of acetyl-CoA into
acetoacetyl-CoA. ACAT corresponds to two ubiquitous
metabolic enzymes, which are respectively localized in the
mitochondria and cytoplasm [131]. In recent years, mito-
chondrial acetoacetyl-CoA thiolase (T2) has been reported
to be upregulated in diverse human cancer cells and play
roles in anti-cancer drug resistance, cancer cell prolifera-
tion, and tumor growth [132–134]. Additionally, it has also
been suggested that ACAT participated in tumorigenesis
of hypopharynx cancer and clear cell renal cell carci-
noma(ccRCC) [135]. As for the bio-function of ACAT in
PC, it has been reported that T2 showed a down-regulated
trend in PC and was associated with radioresistance in the
cell lines [136, 137].
The rate-limiting enzyme of the mevalonate (MVA)

metabolic pathway, 3-hydroxy-3-methyl-glutaryl coen-
zyme A reductase (HMGCR), converts HMG-CoA to
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mevalonate [138]. HMGCR is commonly perceived as
one of the pathogenesis for cardiovascular diseases, but
recently increased data have shown that HMGCR is also
involved in oncogenesis and metastasis [139, 140]. Sterols
and isoprenoids, the production of the MVA pathway,
are integral to tumor growth and progression [141]. It
has been observed previously that HMGCR expression is
upregulated in cancers derived from the adrenal gland,
blood, lymph, brain, breast, colon, connective tissue,
embryo, esophagus, liver, lung, ovary, pancreas, prostate,
skin, and stomach [142]. Additionally, increased HMGCR
expression promoted the growth and metastasis of some
types of cancer, while HMGCR knockdown inhibited
their growth, metastasis, and tumorigenesis [143–145].
Furthermore, it was observed that the HMGCR inhibitor
statins reduced cancer risk, the grade and stage of patients
at diagnosis, recurrence, and cancer-related mortality
[146–148]. Concerning PC, expression of HMGCR was
shown to be elevated in PC in an oncogenic KRAS
mouse model, and the MVA pathway gene expression
was upregulated in PC [57, 75]. Suppression of HMGCR
has been reported to decrease the risk of PC and had
significant chemopreventive efficacy in PC cells [149].
Furthermore, inhibition of HMGCR sensitizes PC cells
to gemcitabine and is effective in treating chemotherapy-
resistant PC cases [150, 151]. Intriguingly, according to two
large prospective cohort studies in the US, regular statin
use was not associated with PC risk [152]. Collectively,
although inhibition of HMGCR could reduce the risk of
PC remains controversial, it was proved that HMGCR
contributed to tumorigenesis, and suppression of HMGCR
could improve the therapeutic effect of PC.
Squalene monooxygenase (SM), another rate-limiting

cholesterol biosynthesis enzyme downstream of HMGCR,
converts nonsterol intermediate squalene to 2,3(S)-
oxidosqualene. It is encoded by the squalene epoxidase
gene and regulated by SREBP2 [153]. An early study
showed that cancer cell proliferation was indeed highly
dependent on sterol biosynthesis [154]. To date, robust
scientific evidence shows that SM plays a vital role in
multiple types of cancer [155]. The overexpression of
SM was detected in hepatocellular cancer, breast cancer,
prostate cancer, colorectal cancer, and squamous lung
cancer [156–160]. Moreover, increasing evidence suggests
a positive correlation between SM overexpression and
poor prognosis in various tumors [155]. Of note, the loss
of SM expression also contributes to tumor growth or
promotes tumor aggressiveness. In ALK+ anaplastic large
cell lymphoma cell lines, the loss of SM resulted in the
accumulation of the squalene, which in turn altered the
cellular lipid profile and prevented cancer cells from
ferroptosis, contributing to a growth advantage under
conditions of oxidative stress and in tumor xenografts

[161, 162]. Taken together, SM might act as a double-edged
sword in various cancer. According to bioinformatic anal-
yses of gene expression data in the ONCOMINE database,
SM was significantly highly expressed in PC [158]. Fur-
thermore, SM was considered a novel ferroptosis-related
risk signature, and a ferroptosis-related high-risk level
can adversely affect the anti-tumor immune process
[163]. Additionally, SM has also been associated with
radioresistance in PC [136]. However, there are still many
unanswered questions about the role of SM in pathogen-
esis, progression, treatment, and prognosis in PC. Given
the importance of SM in other cancers, focusing on the
molecular mechanism of SM is expected to provide a novel
idea for treating PC.
Sterol-o-acyltransferase (SOAT, also known as acyl-CoA

cholesterol acyltransferase), the founding member of the
membrane-bound O-acyltransferase (MBOAT) family, cat-
alyzes the transfer of an acyl group from acyl-coenzyme
A to cholesterol to generate cholesteryl ester (CE) at
endoplasmic reticulum (ER) membrane [164]. Two mam-
malian isoforms of SOAT have been identified, SOAT1
and SOAT2, and they have gained attention as potential
drug targets for treating diseases such as atherosclerosis,
Alzheimer’s disease, and cancers [165]. SOAT1 is ubiq-
uitously expressed in most cell types and tissues, and
high levels of SOAT1 expression have also been previously
observed in diverse cancers [44, 166]. In addition, pharma-
cological inhibition of SOAT1 has been shown to reduce
the size of HCC, inhibit the growth of prostate cancer cells,
prolong survival in glioblastoma xenograft models, and
enhance the antitumor response of CD8+ T cells and effi-
cacy of immunotherapy in vitro [167–170]. Human SOAT2
ismainly expressed in the intestine and fetal liver [171]. The
previous research showed the induction of SOAT2 is linked
to HCC development and demonstrated that HCC-linked
promoter hypomethylation played a conclusive role in the
induction of human SOAT2 gene expression [172]. Besides,
SOAT2 is also involved in the migration and invasion pro-
cesses of breast cancer cells [173]. Further, an in vitro study
revealed that the inhibitor of SOAT2 exhibited moderate
cytotoxicity in the HeLa cell line [174]. The role of SOAT in
PC is gradually being elucidated. An early study showed
that SOAT was activated significantly in tumor models
compared to normal mice or rats [175]. Moreover, a case
report described an undifferentiated pancreatic carcinoma
with rhabdoid features which strongly expressed SOAT1
[176]. Based on current work, SOAT1 expression depen-
dent on p53 status was upregulated during PC progression.
SOAT1 loss significantly impairs PC progression, and het-
erozygous loss of TP53 sensitizes tumor cells to SOAT1
deficiency [177]. Moreover, the overexpression of SOAT1
has been reported to be associated with a poor prognosis in
patients with PC, and inhibitors of SOAT1 could suppress
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F IGURE 3 The synthesis of FAs and cholesterol. FA and cholesterol biosynthesis both starts with acetyl-CoA. Acetyl-CoA is catalyzed
into a series of unsaturated FAs by ACC, FSAN, and SCD in sequence. The production of cholesterol is mediated by several key enzymes,
including ACAT, HMGCR, and SM. Furthermore, cholesterol can be converted to CE by SOAT, which is stored in LDs. The solid arrow
represents a one-step specific biological process, whereas the dotted arrow represents a multi-step specific biological process. Red triangles
following the enzymes represent the alteration in PC cells: upward means upregulation; downward means downregulation. Abbreviations:
FAs, fatty acids; ACC, Acetyl-CoA carboxylase; FASN, fatty acid synthase; SCD, stearoyl-CoA desaturase; MUFAs, monounsaturated fatty
acids; PUFAs, polyunsaturated fatty acids; ACAT, Acetyl-CoA acetyltransferase; HMGCR, 3-hydroxy-3-methyl-glutaryl coenzyme A
reductase; SM, Squalene monooxygenase; SOAT, Sterol-o-acyltransferase; CE, cholesterol ester; LDs, lipid droplets. CD36, fatty acid
translocase; FATP, fatty acid transport protein; FABP, fatty acid-binding protein. LDLR, low-density lipoprotein receptor

the growth and metastasis of tumors [178, 179]. In con-
trast, the mechanism of SOAT2 act in PC remains almost
unknown, which needs further exploration (Figure 3).

2.3 Multiple roles of abnormal lipid
catabolism to malignancy

2.3.1 Fatty acid oxidation

Fatty acid oxidation (FAO), also called β-oxidation, allows
the mitochondrial conversion of long-chain FAs into
acetyl-CoA (which enters the TCA cycle), NADH, and
FADH2 (which are coenzymes used in the electron trans-
port chain) [180]. FAOmainly occurs in mitochondria and
involves a series of reactions. The first step of FAO is
fatty acid activation, producing fatty acyl-CoA catalyzed
by acyl-CoA synthetase. Then, on the outer mitochondrial
membrane, fatty acyl-CoA is converted to fatty acylcar-
nitine by carnitine palmitoyltransferase I (CPT1), which

comprises three subtypes, CPT1A, CPT1B, and CPT1C.
After that, carnitine/acylcarnitine translocase (CACT) on
the inner mitochondrial membrane shuttles acylcarnitine
into the mitochondrial matrix. Next, carnitine palmitoyl-
transferase II (CPT2) on the matrix side of the inner
membrane reconverts acylcarnitine to acyl-CoA. Finally,
in themitochondrion, acyl-CoA is cleaved into acetyl-CoA
by a repeated 4-step cycle, and the breakdown product
acetyl-CoA enters the TCA cycle to generateATP [181–183].
Studies over the past two decades have highlighted the

importance of FAO for cancermetabolism, andmany types
of cancer exhibit high FAO activity [184–186]. Cancer cells
frequently use FAs as catabolic substrates under conditions
of ATP depletion, and the NADH and/or NADPH gen-
erated supports ATP production, redox homeostasis, and
biosynthesis reactions, which in turn ensure cell survival
and proliferation, and even some cancer cells preferen-
tially use FAO to fuel growth when nutrients are abundant
[187]. Instead, FAO was reported to be involved in the
metastasis of some tumors [188, 189]. One of the main



YIN et al. 1243

mechanisms of tumor metastasis is that FAO promotes
the proliferation of lymphatic endothelial cells and lym-
phangiogenesis [190]. Another study also found that tumor
metastasis to lymph node (LN) in mice required cancer
cells to undergo a metabolic shift toward FAO, and the
FAO signaling pathway was upregulated [191]. In addition,
current evidence has revealed that FAO participates in the
occurrence of chemoresistance [192]. Moreover, excessive
FAO leads to oxidative stress, p38 activation, and impaired
muscle growth in cancer cachexia [193].
Increasingly more studies have recognized the critical

role of FAO in PC. Recent research showed that FA, not
glucose, was a major source of electrons for ATP produc-
tion through FAO and oxidative phosphorylation in cancer
cells. Besides, dysregulated FAO contributed to the drug
resistance of cancer stem cells (CSCs) [194, 195]. Similarly,
another study has suggested that in PC with G-protein
αs (GNAS) mutations, cancer cells acquire acetyl-CoA
through FAO, which is activated by the protein kinase
A (PKA)-salt-inducible kinase (SIK) axis, which leads to
pancreatic tumorigenesis [196]. Besides, recent research
has reported that FAO supports cell viability and invasion
of PC in vitro under acidic extracellular conditions [197].
At the molecular level, it has been observed that CPT1A
and CPT1B levels are higher in drug-resistant pancreatic
CSCs, and the oxidative phosphorylation in drug-resistant
cells was due to FAO [195]. Knockdown of CPT1C inhib-
ited the tumorigenesis of PANC-1 cells in vivo and further
suppressed xenograft tumor growth in situ [198]. In con-
clusion, the dynamic FAO regulation exerts a critical role
in cancer progression, and targeting the FAO signaling
pathway might be a promising therapeutic strategy for PC.

2.3.2 Lipid peroxidation and cell death

Lipids, particularly polyunsaturated fatty acids (PUFAs),
are susceptible to oxidation, leading to lipid peroxidation
that is harmful to cells and tissues [199]. Lipid peroxides are
formed through non-enzymatic and enzymatic lipid per-
oxidation. Non-enzymatic lipid peroxidation (also named
auto-oxidation of lipids) is a free radical-driven chain reac-
tion in which ROS initiates the oxidation of PUFAs. On
the other hand, enzymatic lipid peroxidation is mediated
by the lipoxygenase (LOX) family that catalyzes the deoxy-
genation of free and esterified PUFAs to generate various
lipid hydroperoxides [200]. Lipid peroxidation has been
shown to play a role in several types of cell death, includ-
ing apoptosis, necroptosis, ferroptosis, pyroptosis, and
alkaliptosis, which are associated with inflammation, neu-
rodegenerative disease, and cancers [201]. In recent years,
there has been an increasing interest in lipid peroxidation,
especially ferroptosis, which was originally described as a

type of cell death specifically occurring in cancer cells with
mutant RAS and characterized by iron-dependent lipid
peroxidation [202]. Generally speaking, ferroptosis can be
induced in two ways. On the one hand, the extrinsic path-
way is mainly induced by the suppression of system XC−
(for example, with erastin, sorafenib, or sulfasalazine). On
the other hand, the intrinsic pathway of ferroptosis can be
directly activated by reducing the expression or activity of
glutathione peroxidase 4 (GPX4) [203].
It has been repeatedly reported that ferroptosis works

as a tumor-suppressive mechanism as well as apoptosis,
and has been attracting attention as a novel therapeutic
method against drug-tolerant cancer cells [204]. The way
of cell death like ferroptosis caused by lipid peroxidation
plays a crucial part in the development and progression
of PC. Recent evidence has suggested that ferroptosis acts
as an inhibitor of pancreatic tumorigenesis in mice, and
autophagy-dependent ferroptotic cancer cell death may
be required for ROS-induced KRASG12D release from PC
cells [205, 206]. A novel study also has reported that inhibi-
tion of the cytosolic aspartate aminotransaminase (GOT1)
used to maintain redox balance in PC can promote fer-
roptosis and suppress the growth of numerous PC cell
lines, primary cancer models, and xenograft tumors [207].
Moreover, inducing ferroptosis at the pharmacological or
genetic level inhibits the formation and development of PC
cells, particularly in subtypes of drug resistance. For exam-
ple, activated ferroptosis potentiated the cytotoxic effect
of gemcitabine and mitigated gemcitabine resistance in
PC cells [208, 209]. Additionally, a predictive model based
on ferroptosis regulators accurately predicted PC patient
survival time, and elevated sensitivity to ferroptosis was
correlatedwith enhanced immune activity [210]. However,
recent studies have revealed the harmful impact of fer-
roptosis on tumor biology. For instance, new preclinical
animal studies and clinical retrospective analyses docu-
mented that ferroptotic damage promoted KRAS-driven
pancreatic tumorigenesis [211], implicating that induction
or inhibition of ferroptosis may depend on specific tumor
subtypes. In regard to other kinds of cell death, such
as necroptosis, previous evidence showed that inducing
necroptosis could dramatically increase the survival times
of mice with orthotopic PC and reduce tumor growth,
stroma, and metastasis [212]. Overall, cell death associ-
ated with lipid peroxidation has emerged as an active area
of research that may lead to new anti-cancer approaches,
particularly against metabolically active tumors.

2.3.3 Lipid droplets

Ubiquitous in cells, LDs, which mainly consist of tria-
cylglycerol (TAG) and CE, are storage organelles at the
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center of lipid and energy homeostasis. Lipids stored
during conditions of nutrient surplus are mobilized for
energy production during starvation or phospholipid syn-
thesis during high demand for membranes [213]. Recently,
alterations in LD metabolism are emerging as impor-
tant parts of cancer metabolic reprogramming [214]. The
biosynthesis and breakdown of LDs play different roles in
tumor progression. Extensive evidence has revealed that
an increased abundance of LDs is a feature ofmany aggres-
sive cancers, and their accumulation has been associated
with neoplastic processes and tumor invasiveness [26, 215].
Moreover, compromising the ability of cancer cells to form
LDs could also impair their chemoresistance and immune
evasion [216]. Analogously, the activation of LD break-
down could be a beneficial strategy. For example, stim-
ulation of lipolysis is detrimental for cancer cells under
certain conditions since it may increase the levels of oxida-
tive and ER stress, elevate lipid peroxidation and even lead
to ferroptotic cell death [217]. Whereas caution should be
exerted because LDs do not always play a cancer-friendly
role. LDs can promote drug accumulation and activation to
kill certain types of cancer cells, such as the MCF7, H1650,
A549, and RKO cell lines [218]. In addition, LD break-
down promotes the resistance of cancer cells to stress [219].
Thus, to sum up, the feasibility of targeting LDs should be
carefully examined in different tumor types and particular
contexts.
Based on the double-edged roles of LDs in multiple can-

cers, the influence of LDs on tumor growth andmetastasis
needs to be spelled out in the context of PC. Previ-
ous data showed that LDs were drastically increased in
PC [57], and that LD accumulation was correlated with
the tumor growth and aggressiveness [220, 221]. Another
study showed that the number of LDs in pancreatic
CSCs was higher than that in non-CSCs, and the peroxi-
some proliferator-activated receptor α (PPARα) activation,
which is considered a downstream factor of LD-derived
signaling, was observed in CSCs, implicating that LD-
PPARα axis is possibly involved in themaintenance of CSC
properties [222]. Furthermore, depletion of LDs inhibited
invasion of KRAS-mutant PC [223]. Of note, instead of the
amount of LDs, high LD movement speed, especially in
a more acidic tumor microenvironment, promoted tumor
invasion regulated by V-ATPase, a key membrane proton
(H+) pump which is associated with multidrug resistance
of PC [224].

2.3.4 Cholesterol efflux

Instead of de novo synthesis, uptake, storage, and choles-
terol efflux are also critical for cholesterol homeostasis.

The rate of cholesterol efflux is dependent on choles-
terol load in the cell, composition, size, and concentration
of high-density lipoprotein (HDL), and the expression of
the efflux transporters. Four main pathways of choles-
terol efflux have been identified: 1. passive diffusion of
cholesterol to mature HDL particles; 2. facilitated dif-
fusion via Scavenger receptor type B, class-I (SR-B1); 3.
efflux to lipid-poor apolipoprotein, apo A1 (pre β1 HDL)
via ATP-binding cassette transporter A1 (ABCA1); 4. ATP-
binding cassette transporter G1 (ABCG1) mediated efflux
to lipid-rich, mature HDL [225, 226]. Increasing evidence
has suggested that cholesterol efflux contributes to diverse
types of tumors. For example, HDL-cholesterol levels are
a potential biomarker for some cancers, and epidemio-
logical data have also shown levels of HDL-cholesterol
are significantly inversely correlated with risk for multiple
cancers [227]. In addition, SR-B1, a multiligand mem-
brane receptor protein that functions as a physiologically
relevant HDL receptor, is reported to be overexpressed
in many tumors [228]. ABCA1, a plasma membrane-
bound transporter that promotes cholesterol export and
thereby reduces intracellular cholesterol levels, is well
accounted for its anticancer activity [229]. Moreover, the
expression of ABCG1 was also reported to be enhanced
in cancer cell lines and was inversely related to over-
all survival, and depletion of ABCG1 triggered tumor
regression [230].
The role of cholesterol efflux in PC is becoming increas-

ingly clear. A previous study found serumHDL-cholesterol
levels were significantly lower in PC postmenopausal
women [52]. Similarly, a two-center retrospective study
showed that PC patients exhibited a lower serum HDL
level on admission versus the non-PC tumor group
[231]. Additionally, recent data comparing PC samples
with those of normal tissues demonstrated considerably
increased expression of SR-B1 [232]. Meanwhile, a study
showed an upregulation in transcript levels of ABCA1
and ABCG1 in PC compared to non-neoplastic tissues
[233]. Further, ABCA1 and ABCG1 were correlated with
tumor progression and survival. Besides, ATP-binding
cassette (ABC) transporters are known to play a piv-
otal role in the development of PC chemoresistance due
to their ability to pump anticancer drugs out of can-
cer cells [234], but relatively little is known about the
roles of ABCA1 and ABCG1 in drug resistance. Collec-
tively, the abnormal cholesterol efflux is evident in PC,
and its underlying molecular mechanisms urgently need
to be explored, which could provide a new hematologic
index for diagnosis and prognosis combined with choles-
terol uptake and synthesis, and also may point to a
potentially novel anti-tumor therapeutic strategy against
PC.



YIN et al. 1245

2.4 Transcriptional regulation of lipid
metabolism

2.4.1 SREBPs

Cellular lipid metabolism and homeostasis are controlled
by SREBPs, a family of helix-loop-helix leucine zipper tran-
scription factors consisting of three isoforms: SREBP1a
and SREBP1c encoded by the SREBF1 gene, and SREBP2
encoded by the SREBF2 gene. SREBP1 mainly regulates
the expression of FA synthesis genes and LDLR, while
SREBP2 preferentially controls cholesterol biosynthesis
gene expression [235]. The importance of SREBPs in cancer
has begun to be recognized, which are frequently activated
in cancer cells. Cleavage of SREBPs is stimulated by the
PI3K-AKT-mTOR pathway, which is the most frequently
activated oncogenic signaling pathway found in various
cancers [236]. Additionally, the above-mentioned ACLY is
also a downstream target of SREBPs, which has an insep-
arable relationship with the occurrence and progress of
PC.

2.4.2 LXRs

Liver X receptors (LXRs), including LXRα and LXRβ,
are nuclear receptors with pivotal roles in the transcrip-
tional control of lipid metabolism. LXRs regulate FA
metabolism by controlling SREBP1c, and LXRs also par-
ticipate in cholesterol absorption, transport, efflux, and
excretion by binding to and regulating the expression
of relevant genes [237]. Besides, LXRs have important
effects on the metabolism of phospholipids [238]. LXRs
play a divergent role in tumorigenesis, functioning as
either tumor-suppressors or tumor-promoter dependent
on the cell types and animal species [239, 240]. Thus,
the roles of LXRs deserve further elaboration in PC. A
study analyzed transcriptomic data of PC clinical sam-
ples and found overexpression of LXRs in tumors as
compared to normal tissue controls [241]. In contrast,
another research showed that the expression of LXRs
and sterol response element-binding factor-1 (SREBF1),
which controls the transcription of a key DNA repair
gene polynucleotide kinase/phosphatase (PNKP), was sig-
nificantly reduced in the tumor tissues from human
PC patients compared with the adjacent normal tis-
sues, contributing to the DNA repair deficiency in
cancer by the newly identified LXR-SREBF1-PNKP sig-
naling pathway [242]. Therefore, keeping LXRs in a
dynamic balance seems capable of preventing cancer cell
proliferation.

3 THERAPEUTICALLY EXPLORING
LIPIDMETABOLISM IN PC TREATMENT

It has now been increasingly accepted that the inte-
grated and mutual regulation between oncogenic signal-
ing and lipid metabolism promotes cancer cell growth,
invasion, and metastasis. Thus, developing therapeutic
drugs to intervene in lipid metabolism at different lev-
els is an emerging strategy against cancer (Figure 4).
Here, we discussed several drugs or inhibitors target-
ing lipid metabolism not only in PC but also in other
tumor types potentially relevant for future PC treatment
(Table 1).

3.1 Targeting FA synthesis

Several lines of evidence have suggested that targeting
FA synthesis might be effective in treating PC. A pre-
clinical study showed that intraperitoneally administered
SB-204990, an ACLY inhibitor, reduces tumor xerograph
development in mice [243]. For inhibiting ACC, BAY
ACC002 blocked tumor growth and converted the poorly
differentiated histological phenotype to epithelial pheno-
type in multiple cell line-based and patient-derived PC
xenograft models [104]. Besides, targeting FASN can be
performed by several different inhibitors since FASN is
a multi-enzyme protein complex. Epigallocatechin-3 gal-
late (EGCG) can inhibit the growth of pancreatic tumors
orthotopically implanted in mice by blocking the β-
ketoacyl-ACP synthase domain of FASN [244]. Orlistat
blocked the thioesterase-domain of FASN, and it has been
shown that orlistat reduced human PC cell proliferation
[112]. Beyond that, lansoprazole, rabeprazole, omeprazole,
and pantoprazole, which are proton pump inhibitors, can
induce PC cell death by suppressing thioesterase activity
[245]. Moreover, targeting SCD has also been considered
an anti-cancer strategy, in which SCD inhibitor A939572
induced cell death in early pancreatic tumors [130]. In
terms of clinical trials, although targeting FASN, which is
overexpressed by many solid and hematopoietic tumors,
including non-small cell lung, breast, ovarian, prostate,
colon, pancreatic cancers, and lymphoma, arouses the
interest of most investigators, there is no direct and solid
evidence to prove that inhibiting FASN is effective and safe
for patientswith PC (bothNCT02336087 andNCT04930991
are recruiting). Nevertheless, we may draw inspiration
fromanother completed clinical trial (NCT02223247) [246],
demonstrating that responses to TVB-2640 in combina-
tion with paclitaxel were seen acrossmultiple tumor types,
including in patients with KRASMUT NSCLC, ovarian, and
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F IGURE 4 The landscape of lipid metabolism in PC cells and its potential targets in PC treatment. Abbreviations: ACLY, ATP-citrate
lyase; ACSS, acyl-CoA synthetase short-chain family; FAs, fatty acids; ACC, Acetyl-CoA carboxylase; FASN, fatty acid synthase; SCD,
stearoyl-CoA desaturase; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids; ACAT, Acetyl-CoA acetyltransferase;
HMGCR, 3-hydroxy-3-methyl-glutaryl coenzyme A reductase; SM, Squalene monooxygenase; SOAT, Sterol-o-acyltransferase; CE, cholesterol
ester; LD, lipid droplet; LDL-C, low-density lipoprotein cholesterol; SREs, sterol regulatory elements; SREBP1/2, sterol regulatory element
(SRE)-binding protein 1/2; TCA, tricarboxylic acid; TAG, triacylglycerol; CPT1, carnitine palmitoyltransferase 1; EGCG, epigallocatechin
gallate

breast cancer, and the primary adverse events are non-
serious and reversible like skin and subcutaneous tissue
disorders [246]. Therefore, the efficacy and safety of tar-
geting FASN in PC patients are promising and need to be
warranted urgently.

3.2 Targeting cholesterol synthesis

Targeting cholesterol synthesis is considered an emerg-
ing treatment, especially by blockage of the rate-limiting
enzyme HMGCR. According to in vitro studies, statins
exert anti-cancer activities against PC cells resistant to

gemcitabine [151]. Additionally, several meta-analyses sug-
gested that the improved survival of PC patients was
associatedwith statin use [247, 248]. Furthermore, a pooled
analysis of two-phase III studies showed that statin use
was associated with better overall survival among patients
with metastatic PC treated with first-line chemotherapy
[249]. However, according to another randomized con-
trolled trial (NCT00944463), adding low-dose simvastatin
to gemcitabine did not provide clinical benefits in patients
histologically or cytologically confirmed with metastatic
or unresectable pancreatic adenocarcinoma [250]. Given
sophisticated pharmacologic effects and the complexity
of tumor molecular biology, a scrap of clinical findings
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TABLE 1 Representative completed and ongoing clinical trials with inhibitors or drugs modulating lipid metabolism

NCT number Main target Inhibitors/drugs Tumor types
Stage of
clinical trial Addendum

NCT02223247 FASN TVB-2640 Solid tumors Phase I Combination treatment
NCT02891538 FASN EGCG Colon cancer Early phase I Monotherapy
NCT02336087 FASN EGCG Pancreatic cancer Phase I Combination treatment
NCT02580279 FASN EGCG Breast neoplasms Phase II Combination treatment
NCT01340599 FASN EGCG Prostate cancer Phase III Combination treatment
NCT00666562 FASN EGCG Bladder cancer Phase II Monotherapy
NCT01317953 FASN EGCG Lung carcinoma Phase I Monotherapy
NCT01116336 FASN EGCG Neoplasms of head and

neck
Phase I Combination treatment

NCT00303823 FASN EGCG Cervical cancer Phase II Combination treatment
NCT04930991 FASN Omeprazole Pancreatic cancer Early phase I Monotherapy
NCT04862260 HMGCR Atorvastatin Pancreatic cancer Early phase I Combination treatment
NCT02201381 HMGCR Atorvastatin Pancreatic cancer and

other cancers
Phase III Combination treatment

NCT00944463 HMGCR Simvastatin Pancreatic cancer Phase II Combination treatment
NCT03889795 HMGCR Simvastatin Pancreatic cancer Phase I Combination treatment
NCT00416403 HMGCR Fluvastatin Breast neoplasms Phase II Monotherapy
NCT01992042 HMGCR Fluvastatin Prostate cancer Phase II Monotherapy
NCT02115074 HMGCR Fluvastatin Glioma Phase I Combination treatment
NCT00584012 HMGCR Lovastatin Solid tumors Phase I Combination treatment
NCT01898715 SOAT1 ATR-101 Adrenocortical carcinoma Phase I Monotherapy
NCT02432651 SREBPs Xanthohumol Oxidative DNA damage Phase I Monotherapy
NCT02353026 Ferroptosis Artesunate Solid tumors Phase I Monotherapy
NCT02304289 Ferroptosis Artesunate Hepatocellular carcinoma Phase I Monotherapy
NCT02633098 Ferroptosis Artesunate Colorectal cancer Phase II Combination treatment

Abbreviations: FASN, fatty acid synthase; EGCG, epigallocatechin gallate; HMGCR, 3-hydroxy-3-methyl-glutaryl coenzyme A reductase; SOAT1, Sterol-o-
acyltransferase 1; SREBPs, sterol regulatory element (SRE)-binding proteins.

does not conclusively exclude the use of simvastatin for
advanced PC. For instance, inhibiting cholesterol syn-
thesis endogenously by HMGCR inhibitors may cause
an increased rate of cholesterol uptake so that cancer
cells can remain alive and proliferate. This hypothesis
needs to be confirmed by further clinical trials com-
bining anti-HMGCR drugs like atorvastatin, simvastatin,
and fluvastatin combined with exogenous inhibitors of
cholesterol uptake.

3.3 Targeting lipid catabolism

FAs are important energy resources through FAO, which
are required for cancer cell growth and survival. Accord-
ingly, FAO is considered a potential target for cancer
therapy. A recent study found that inhibiting FAO with
etomoxir, which acts as a potent inhibitor of CPT1, effec-
tively suppressed low pH-induced invasion in PC [197].
Besides, the knockdown of CPT1C inhibited the growth

and tumorigenesis of PC [198]. Regarding the role of cell
death related to lipid catabolism, targeting ferroptosis may
be another attractive treatment for cancer. Great efforts
have been made to develop therapeutic drugs to induce
ferroptosis in PC cells [251]. Particularly, the antimalarial
drug artesunate and the antiviral drug zalcitabine, which
are two clinically used drugs, have been demonstrated to
effectively suppress PC cells as ferroptosis inducers [252,
253]. Further, the combined application of gemcitabine
and ferroptotic inducers could effectively attenuate gem-
citabine resistance in vitro [129]. Additionally, targeting
LDs is also a new strategy for treating PC by inhibit-
ing cholesterol esterification. For example, avasimin, a
potent SOAT1 inhibitor, caused apoptosis and suppression
of proliferation in PC cell lines [179]. For now, the safety
of SOAT1 inhibitor ATR-101 has been demonstrated in a
phase I study (NCT01898715), but the current formulation
of ATR-101 had limited efficacy in patients with advanced
adrenocortical carcinoma [254]. There is a lack of clinical
trial findings in PC patients.
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3.4 Targeting transcriptional regulators
of lipid metabolism

The transcription of genes required for FA and cholesterol
synthesis is controlled by membrane-bound transcription
factor SREBPs, which are potential targets for cancer
therapy. Betulin and fatostatin have been proposed as
SREBP inhibitors. For example, the combined application
of betulinic acid andmithramycin A effectively suppressed
the development of PC xenografts in mice [255]. Besides,
fatostatin has been reported to possess high antitumor
activity against PC [256]. In addition to these, recent
research has found that Yarrow CO2 supercritical extract
(Yarrow SFE) diminished the tumor growth in a xenograft
mousemodel of PC, which suggests that Yarrow SFE could
be a complementary adjuvant or nutritional supplement in
PC therapy [257]. LXRs are nuclear receptors that regulate
the transcription of genes involved in lipid metabolism.
Targeting LXRs with the novel LXR inverse agonist and
degrader (GAC0001E5) inhibited PC cell proliferation,
supporting their potential application as treatments for
advanced PC and other recalcitrant malignancies [258].

4 CONCLUSIONS AND PERSPECTIVES

It is now widely appreciated that cancer cells display
significant rewiring in their lipid metabolism. Malignant
cells enhance lipid metabolism to satisfy their demand
for proliferation and progression under a nutrient- and
oxygen-scarce microenvironment. Various alterations in
FA and cholesterol uptake have been reported and can
contribute to cancer cells’ aggressiveness. Furthermore,
elevated expression of the key enzymes in lipogenic syn-
thesis is closely related to the malignant biological behav-
iors of hematological and solid tumors. Aberrant lipid
catabolism, such as high FAO activity, enhanced lipid per-
oxidation and abnormal cholesterol efflux, also appears to
play an essential role in tumor growth and poor prognosis.
Thus, the complexity of the lipid metabolism is embodied
in functioning as a network of pathways with flexibility,
feedback loops, and crosstalk. FA and cholesterol intake,
synthesis, and degradation, as well as the involved key
proteins and transcriptional regulators, constitute the core
of this framework. Accordingly, most drugs or inhibitors
in preclinical cancer models or clinical trials also target
lipid metabolism. In addition, targeted drugs combined
with classic chemotherapeutic agents have shown some
promising results, especially in treating intractable PC.
However, some results from completed clinical trials in PC
or other solid tumors are not encouraging. Give an illustra-
tive instance, solely inhibiting FA or cholesterol de novo
synthesis does not affect cancer cells remarkably, which is

probably associated with upregulated feedback of exoge-
nous lipid uptake. Therefore, further clinical studies on
the combination of exogenous lipid uptake inhibition and
de novo synthesis might be promising. It is also worth
noting that lipid homeostasis in cancer cells is controlled
by lipid anabolism and catabolism. Compared with lipid
anabolism, the roles of lipid catabolism and its related
factors remain relatively unclear in PC, while reprogram-
ming lipid catabolism is crucial in supporting cancer
cell proliferation and migration. Importantly, focusing
on the specific molecular mechanism of lipid catabolism
and drugs targeting catabolic processes in PC may yield
promising results.
In summary, lipid metabolism-targeted therapy may be

a novel and potentially effective strategy for PC patients.
Thus, further understanding of the lipid metabolic net-
work is required.
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