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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is one of the leading causes of cancer-related death due to its late diagnosis that
removes the opportunity for surgery and metabolic plasticity that leads to resistance to chemotherapy. Metabolic reprogram-
ming related to glucose, lipid, and amino acid metabolism in PDAC not only enables the cancer to thrive and survive under
hypovascular, nutrient-poor and hypoxic microenvironments, but also confers chemoresistance, which contributes to the
poor prognosis of PDAC. In this review, we systematically elucidate the mechanism of chemotherapy resistance and the
relationship of metabolic programming features with resistance to anticancer drugs in PDAC. Targeting the critical enzymes
and/or transporters involved in glucose, lipid, and amino acid metabolism may be a promising approach to overcome chem-
oresistance in PDAC. Consequently, regulating metabolism could be used as a strategy against PDAC and could improve

the prognosis of PDAC.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) remains an
intractable malignancy and ranks as the seventh leading
cause of cancer-related death worldwide [1, 2]. Accord-
ing to the data, only approximately 10%-20% of patients
are eligible for surgical resection at the time of diagnosis;
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because PDAC is characteristically hard to detect at the early
stage and invades adjacent tissue early in the disease process
and there is a lack of effective early detection strategies, the
5-year survival rate of PDAC is merely 10% [3-5]. In addi-
tion, surgery remains the first option for PDAC if specific
tumor and patient criteria are present. Radical resection of
tumors can improve the 5-year survival rate to 20%-25%,
and surgery combined with adjuvant chemotherapy dramati-
cally enhances the 5-year survival rate to 30% [6-9]. How-
ever, the abovementioned data clearly show that even com-
prehensive treatment for PDAC does not guarantee a good
prognosis, and chemoresistance is one of the challenges that
contributes to dismal outcomes.

Surgery combined with adjuvant chemotherapy is cur-
rently the standard treatment for resectable PDAC [10].
Chemotherapy also plays a crucial role in nonresectable
PDAC. In general, chemotherapy regimens primarily consist
of gemcitabine [11], ABRAXANE (gemcitabine with albu-
min-bound paclitaxel) [12], and FOLFIRINOX (oxaliplatin,
irinotecan, leucovorin, and 5-fluorouracil) [13]. However,
chemoresistance is a frustrating and challenging reality for
clinical practitioners. The underlying mechanism of drug
resistance in PDAC is very complicated, and a variety of fac-
tors, such as the origin of the tumor, tumor microvascularity,
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and the tumor microenvironment, contribute to drug resist-
ance (Fig. 1).

Metabolism is indispensable for cell proliferation and dif-
ferentiation and produces adenosine 5'-triphosphate (ATP)
to satisfy the energetic demands of cells. Cancer cells,
unlike normal cells, need to grow rapidly with abnormal
morphology and even preferentially invade adjacent tissues
or metastasize, which undoubtedly requires large amounts of
energy. Therefore, metabolic reprogramming is crucial for
cancer cells to meet the demands for survival and growth.
Moreover, as a hallmark of malignant tumors, metabolic
reprogramming is regulated by mutations in oncogenes and
tumor suppressor genes, the tissue of origin, and the tumor
microenvironment. [14, 15] In 1927, Otto Warburg discov-
ered that cancer cells prefer glycolysis over mitochondrial
oxidative phosphorylation (OXPHOS) to acquire ATP even
under aerobic circumstances. This phenomenon, termed
the Warburg effect, [16, 17], is a hallmark of cancer and a
prime example of metabolic reprogramming. Cancer cells in
PDAC upregulate glycolysis, which produces ATP far less
efficiently than OXPHOS. However, intermediates and pre-
cursors accumulated in aerobic glycolysis serve as critical
building blocks of fast proliferation and tumor progression
[18]. Cancer cells upregulate glucose influx and promote
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biosynthetic pathways, such as the pentose phosphate path-
way, which produces ribose-5-phosphate and nicotinamide
adenine dinucleotide phosphate (NADPH), which are criti-
cal substrates of lipid and nucleic acid biosynthesis [18].
Moreover, NADPH plays an essential role in maintaining
redox balance. Therefore, it can be inferred that there is a
balance between biosynthesis and ATP production. A typi-
cal example in PDAC is the overexpressed major glycolytic
enzyme PKM?2, which exists in tetrameric and dimeric forms
[19]. The tetrameric form of PKM2 possesses high catalytic
activity and thereby generates more ATP, similar to PKM1,
while the low-activity dimeric form of PKM?2 causes the
accumulation of intermediates, which subsequently flow
into anabolic pathways to produce intermediates to main-
tain redox balance and support the proliferation of cancer
cells at the expense of ATP production [19]. Additionally,
there is a shift between the tetrameric and dimeric forms of
PKM2 according to the biosynthetic or bioenergetic needs
of cells [19].

Although cancer cells upregulate glycolysis for their
own benefit, it consequently results in the accumulation of
lactate in the ECM. However, cancer cells are not defeated
by acidosis of the ECM. In contrast, an acidic extracel-
lular microenvironment promotes the activity of matrix
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Fig.1 The mechanism of chemoresistance in PDAC. The epithe-
lial-mesenchymal transition phenotype, cancer stem cells, the tumor
microenvironment and the deregulation of metabolic pathways
induced by chemotherapeutic agents, including changes in drug influx
and efflux transporters and changes in enzymes that participate in
drug effects, contribute to chemoresistance in PDAC. The arrows in
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black indicate shifts or bioconversion, and the upward and downward
arrows in red indicate upregulation and downregulation, respectively.
EMT epithelial-mesenchymal transition, CSCs cancer stem cells,
TME tumor microenvironment, CAFs cancer-associated fibroblasts,
TAMs tissue-associated macrophages, ROS reactive oxygen species,
PSCs pancreatic stellate cells
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metalloproteinases (MMPs) via cathepsin B action [20].
Subsequently, upregulated MMPs affect growth signals such
as the transforming growth factor-p (TGF-f) pathway in the
TME, favor cancer cells to resist apoptosis, be involved in
tumor angiogenesis and degradation of ECM, mediate vas-
cular stability and assist in forming the metastatic niche [21];
thereby, inducing cancer cells to escape immune surveil-
lance and facilitating the invasiveness and migration capa-
bility of cancer cells.

PDAC features dense fibrosis, hypovascularization, and
increased interstitial pressure, which subsequently con-
tribute to hypoxia and nutrient limitation [22], and these
harsh conditions force PDAC tumors to adapt and alter their
metabolism not only to survive but also to achieve invasion
of adjacent and remote tissues. An in vitro study showed that
there were differences in the metabolome between gemcit-
abine-resistant pancreatic cancer cells and gemcitabine-sen-
sitive cells [23], suggesting that there is a strong correlation
between chemoresistance and cancer metabolism.

Mechanism of chemoresistance in PDAC

Chemotherapy resistance is generally classified into two
categories: intrinsic (innate or de novo) and acquired drug
resistance [24]. Intrinsic resistance entails a failure of drug
effectiveness from the initiation of therapy owing to genetic
factors of patients, while acquired resistance includes situ-
ations in which the patient first shows decent sensitivity to
chemotherapy at the start of therapy but gradually becomes
resistant after a certain period of exposure to anticancer
drugs. Therefore, continued usage of anticancer drugs when
acquired resistance occurs will eventually result in recur-
rence and further invasion of tumors [24]. In this paper, we
take gemcitabine resistance as an example because relatively
less research has been conducted on other drugs.
Gemcitabine (2',2'-difluorodeoxycytidine, dFdC), the
most typically used drug in the treatment of PDAC, has
been considered the first-line drug for locally advanced or
metastatic pancreatic cancer since 1997 [11]. It is a nucleo-
side cytidine analog that competes with pyrimidine and is
incorporated into replicating DNA, resulting in the block-
age of DNA synthesis. As a prodrug, gemcitabine must be
recognized and transported into the cytoplasm by nucleo-
side transporters (hNTs) and then phosphorylated by deox-
ycytidine kinase (dCK), which converts it into the active
forms gemcitabine diphosphate (dFdCDP) and triphosphate
(dFACTP) to exert cytotoxic effects [25]. dFACDP and
dFdCTP inhibit ribonucleotide reductase and DNA polymer-
ase, respectively, to terminate DNA synthesis, giving rise
to cell death [26] (Fig. 2). Overall, the underlying mecha-
nism of gemcitabine resistance can be broadly attributed to
gemcitabine metabolism, the tumor microenvironment, the

epithelial-mesenchymal transition (EMT) phenotype, and
cancer stem cells (CSCs).

The influx and efflux of gemcitabine

As described previously, gemcitabine is a prodrug and must
be delivered into the cytoplasm by hNTs. hNTs are classi-
fied into two types: concentrative nucleoside transporters
(hCNTs) and equilibrative nucleoside transporters (hENTSs)
[27]. To a large extent, the intracellular uptake of gemcit-
abine is mediated by hENT1, and the remainder of gemcit-
abine transport is mediated by hENT2, hCNT1, and hCNT3
[28]. Therefore, hNTs play a crucial role in determining
sensitivity and resistance to gemcitabine.

Moreover, the export processes for gemcitabine and
5-fluorouracil (5-FU) are mediated by multidrug resistance
protein 5 (MRP-5), which belongs to the ATP-binding cas-
sette transporter (ABC transporter) family [29]. Therefore,
inhibition of efflux transporters has been regarded as a strat-
egy to overcome chemoresistance.

Enzymes involved in gemcitabine metabolism

In addition to the factors involved in the influx and efflux of
gemcitabine, other factors, such as dCK, cytidine deaminase
(CDA), and ribonucleotide reductase (RR), also influence
the effectiveness of gemcitabine, thus having an impact on
gemcitabine chemoresistance. Gemcitabine phosphorylation
is mediated intracellularly by dCK in the rate-limiting step
of the conversion of gemcitabine to the active metabolite
form [30]. Therefore, inactivation of dCK contributes to
gemcitabine resistance in some pancreatic cancer cell lines
[31, 32], whereas upregulation of dCK leads to enhanced
chemosensitivity [10]. Moreover, an RNA-binding protein
termed Hu antigen R (HuR) regulates dCK and sensitizes
cancer cells to gemcitabine by promoting the level of dCK
[33]. In addition, inactivation of gemcitabine to 2°,2’-dif-
luoro-2’-deoxyuridine (dFdU) is catalyzed by CDA [34].
Accordingly, low activity of CDA leads to enhanced gemcit-
abine effectiveness [35]. In addition, RR catalyzes the pro-
cessing of ribonucleotides into deoxyribonucleotides, which
is a crucial step in the production of dCTP (deoxycytidine
triphosphate) [36]. Therefore, enhanced levels of RR lead to
an increase in dCTP, which competes with dFACTP in DNA
synthesis, thus resulting in gemcitabine chemoresistance.

Epithelial-mesenchymal transition

EMT refers to the phenotypic conversion of cancer epithe-
lial cells to mesenchymal cells [37]. It plays crucial roles
in mediating embryonic development and other physiolog-
ical and pathological processes in adults, such as wound
healing, regeneration of tissues, and the progression and
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Fig.2 The pharmacological mechanism and metabolism of gem-
citabine in cancer cells. Gemcitabine (dFdC) is transported into the
cytoplasm by hENT/hCNT and phosphorylated by dCK, NMPK and
NDPK into active forms to terminate DNA synthesis in cancer cells.
The arrows in black indicate shifts or bioconversion, and the T-ended
stop bar indicates negative regulation. dFdC 2'2'-difluorodeoxycy-
tidine, gemcitabine, dFdCMP gemcitabine monophosphate, dFdCDP
gemcitabine diphosphate, dFdCTP gemcitabine triphosphate, dFdU

metastasis of cancers, including PDAC [37, 38]. The pro-
cess is characterized by a reduction in cell-cell adhesion
in epithelial cells and the acquisition of motile and inva-
sive capabilities, which enables tumor cells to dissemi-
nate and metastasize [37]. Therefore, the EMT phenotype
features a decrease in E-cadherin, which is responsible
for adhesion, and an increase in mesenchymal markers,
such as vimentin and fibronectin [39]. Moreover, tumor
cells undergoing EMT become resistant to chemotherapy
and apoptosis [38]. Several transcription factors, such as
Snail, Slug, Twist, zinc-finger E-box-bonding homeobox 1
(ZEB1), and ZEB2, play a pivotal role in modulating the
process of EMT [40]. Therefore, downregulation of these
transcription factors has shown enhancement of chemo-
sensitivity in pancreatic cell lines [37, 41, 42]. In addition,
EMT can lead to the enhancement of CSCs, and intrinsic
changes, such as decreased proliferation, increased DNA
repair ability, and resistance to apoptosis, can result in
EMT-induced chemoresistance [43].
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Cancer stem cells

CSCs are present in very small numbers in tumors and are
characterized by self-renewal and the ability to differenti-
ate into cancer cells. CSCs are heterogeneous and tumori-
genic and correlate with tumor metastasis, relapse, strong
resistance to chemotherapy, and poor prognosis [44].
Pancreatic CSCs exclusively possess the ability to gener-
ate tumors and display great resistance to chemotherapy
[45]. CSCs contribute to chemoresistance by settling in
hypoxic niches that provide low levels of reactive oxygen
species (ROS) [46, 47], express high levels of ABC trans-
porters [48], possess abundant enzymes that can inactivate
anticancer drugs [46], largely remain quiescent [46, 49],
maintain competent DNA repair [50], and upregulate pro-
survival mechanisms [46, 51, 52].
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Tumor microenvironment

The tumor microenvironment (TME) serves as a nest for
tumors; as such, it plays a pivotal role in tumor growth, pro-
gression, metastasis, and anticancer drug effects. The TME
comprises cellular components such as cancer-associated
fibroblasts (CAFs), vascular cells, and immune cells, as well
as extracellular matrix, which contains collagen, cytokines,
and growth factors [53]. Furthermore, the dense fibrosis
present in the pancreatic cancer stroma acts as a barrier
that influences drug delivery and leads to chemoresistance
[53]. CAFs, as the major cellular component, are activated
under pathological conditions and take on a myofibroblast
phenotype; this phenotypic change enables them to secrete
various cytokines, which creates a favorable environment
for tumor growth. In addition, according to multiple studies,
CAFs assist in chemoresistance by promoting EMT and pre-
venting apoptosis [54, 55]. Pancreatic stellate cells (PSCs)
are classified as quiescent PSCs and activated PSCs, and
the former express several nonspecific protein markers and
play an important role in sustaining the normal physiological
state of the pancreas. Under pathological conditions, resi-
dent quiescent PSCs are activated and transform into acti-
vated PSCs, which are the primary precursors of CAFs [56].
Furthermore, both activated PSCs and CAFs contribute to
dense fibrosis of the stroma in PDAC by secreting laminins,
fibronectins, and collagens [57]. In addition, PSCs play a
critical role in PDAC metabolism by secreting nonessential
amino acids, which act as alternative carbon sources to fuel
the tricarboxylic acid (TCA) cycle, thus enabling PDAC
survival [58].

Immune cells, such as tissue-associated macrophages
(TAMs), as the dominant immune component in the TME,
are correlated with tumor progression and chemoresistance
[54]. Moreover, TAMs have a prominent M2 phenotype and
an increase in fatty acid uptake and L-arginine metabolism,
thereby promoting tumor progression [59, 60]. In addition,
TAMs showed a preference for glycolysis in the early stage
of cancer but oxidative phosphorylation in the late stage
[61]. Similarly, TAMs also rewire lipid metabolism in can-
cer progression, such as increased lipid accumulation and
preference for fatty acid oxidation [62]. TAMs have been
reported to secrete CDA and avoid apoptosis to decrease the
efficacy of gemcitabine [63]. In addition, the acellular com-
ponents collagen, hyaluronan, and laminin impact chemore-
sistance to some extent. Pancreatic cancer is characterized
by dense fibrosis that mainly contains type I collagen [64],
which induces chemoresistance to gemcitabine by modify-
ing genes related to gemcitabine metabolism and activating
signaling pathways that prevent apoptosis [64]. The dense
fibrosis in PDAC leaves little room for blood vessels, and
consequently, there is impaired blood perfusion and hypoxia,
which ultimately give rise to decreased hNTs and enhanced

EMT [54, 65]. Hyaluronan has been reported to be an inde-
pendent prognostic factor in patients with PDAC, and its
binding to CD44 eventually contributes to antiapoptotic
mechanisms and drug resistance [66].

Glucose metabolism reprogramming
contributes to chemoresistance

Glucose metabolism includes glycolysis, the pentose phos-
phate pathway (PPP), the hexosamine biosynthesis path-
way (HBP) and gluconeogenesis. PDAC cells rewire their
glucose metabolism pathway to acquire energy, carbon and
many intermediates to thrive under nutrient-poor conditions.
More importantly, the reprogramming of glucose metabo-
lism enables PDAC to resist anticancer drugs, resulting in
chemoresistance (Fig. 3).

Glycolysis

Unlike normal differentiated cells that rely on OXPHOS, the
majority of cancer cells favor glycolysis to produce energy.
Cancer cells are highly proliferative and obviously require
much energy for growth and survival, but why vigorously
growing cancer cells choose the less efficient metabolic
pathway and how glycolysis meets the demands of highly
active cancer cells are not yet fully understood [67, 68]. War-
burg hypothesized that malfunction of mitochondria leads
to impaired OXPHOS in cancer cells, which consequently
brings about alterations in the metabolic pathway from
OXPHOS to glycolysis [16]. Nevertheless, mitochondrial
damage does not occur in the majority of cancers. Instead,
glycolysis and OXPHOS can be carried out simultaneously
in cancer cells [68, 69]. Glycolysis benefits cancer cells by
producing ATP at a faster rate, providing a plethora of inter-
mediates for vigorous biosynthesis, maintaining redox bal-
ance, and creating a microenvironment with low immunity
[67, 68].

The increase in glycolysis promotes the demand for glu-
cose in PDAC, which consequently leads to upregulation of
glucose transporters (GLUTs) [70]. According to the recent
research, GLUT1 expression is related to the grade and size
of tumors, therapeutic efficacy and the prognosis of patients
with PDAC [71, 72]. Increased expression of GLUTI in
PDAC results in poor prognosis and resistance to chemora-
diotherapy [72]. Inhibition of GLUT]1 at the transcriptional
level by a peroxisome proliferator-activated receptor o
(PPAR) agonist in colorectal cancer cell lines resulted
in reduced tumor growth and enhanced chemotherapeutic
efficacy by affecting the mTOR pathway [73]. It has also
been reported that the knockdown of Glutl improves che-
mosensitivity to cisplatin in neck and head cancers [74].
However, the underlying mechanism underlying the specific
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Fig.3 Overview of reprogrammed glucose, amino acid and lipid
metabolism in PDAC. Cancer cells regulate biochemical transport-
ers and enzymes involved in metabolic pathways to survive harsh
conditions and highly toxic anticancer drugs, and this regulation can
confer chemoresistance in PDAC. The arrows indicate shifts or bio-
conversion, and the plus and minus symbols in the red circle indicate
upregulation and downregulation, respectively. GLUTs glucose trans-
porters, SGLTs sodium-dependent glucose transporters, HK hexoki-
nase, G6P glucose 6-phosphate, GPI phosphohexose isomerase, F6P
fructose 6 phosphate, PFKI phosphofructokinase-1; F1,6BP, fructose
1,6-bisphosphate, ALDO aldolase, TPI triose phosphate isomerase,
GA3P glyceraldehyde 3-phosphate, DHAP dihydroxyacetone phos-
phate, GAPDH glyceraldehyde 3-phosphate dehydrogenase, 7,3-
BPG 1,3-bisphosphoglycerate, PGK phosphoglycerate kinase, 3-PG
3-phosphoglycerate, PGM phosphoglycerate mutase, 2-PG 2-phos-
phoglycerate, ENO enolase, PEP phosphoenolpyruvate, PK pyruvate
kinase, LDH lactate dehydrogenase, MCT monocarboxylate trans-
porter, G6PD glucose-6-phosphate dehydrogenase, 6PG 6-phospho-
gluconate, 6PGD 6-phosphogluconate dehydrogenase, R5P ribose-

relationship between GLUT1 and chemoresistance needs
further study. In addition, another type of GLUT, termed
sodium-dependent glucose transporters (SGLTs), also plays
a critical role in PDAC [75]. Scafoglio et al. reported that
treatment with SGLT?2 inhibitors in pancreatic cancer xeno-
grafts led to cancer cell death. Surprisingly, research has
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transferase, OGA O-GlcNAcase, PDH pyruvate dehydrogenase, CS
citrate synthase, OAA oxaloacetate, TCA tricarboxylic acid, a-KG
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also indicated that SGLT2 inhibitors enhance sensitivity
to gemcitabine in a pancreatic cancer model [75]. These
findings shed light on chemoresistance in PDAC treatment
and indicate that combination treatments containing GLUT
inhibitors and chemotherapy will increase efficacy.
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Moreover, after entering the cell, glucose is processed
through several steps in the process of glycolysis, which
involves a number of enzymes, such as hexokinase-1 (HK1)
and HK?2, phosphofructokinase-1 (PFK1), pyruvate kinase
(PK), lactate dehydrogenase A (LDHA), and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH). HKs catalyze
the first step of glycolysis, transforming glucose to glucose-
6-phosphate; there are four HK isoforms, HK1-HK4, and
they each exhibit different affinities for glucose and differ-
ent cellular distributions [76]. HK2 has been found to be
actively expressed in several cancers [77-79], and Ahn K.J.
et al. reported an increase in HK2 expression and activity in
hepatocellular cancer cells, which exhibited enhanced sur-
vival and resistance to cisplatin treatment [77]. Our previous
work demonstrated that HK2 was overexpressed in PDAC
[78], and overexpression of HK2 was clinically related to
cancer recurrence and poor prognosis [78, 80]. In our previ-
ous study [78], we found that high expression of HK2 was
correlated with gemcitabine resistance in pancreatic cancer
cells, whereas gemcitabine efficacy was enhanced through
HK?2 knockdown in pancreatic cancer cells both in vitro and
in vivo. In addition, gemcitabine resistance was attributed
to interactions of the HK2 dimer with voltage-dependent
anion channels. In addition, 2-deoxy-p-glucose (2DG), a
glucose analog, can be catalyzed by HK to 2-deoxyglucose-
6-phosphate, leading to blockade of glycolysis [79]. Recent
studies have indicated that 2DG not only sensitizes gemcit-
abine-resistant pancreatic cancer cells to gemcitabine but
also inhibits EMT and CSC phenotypes [81, 82]. However,
scientists are still trying to determine the appropriate dose of
2DG in terms of clinical efficacy and patient tolerance [79].
Another inhibitor targeting HK, termed 3-bromopyruvate
(3-BP), has been found to exhibit toxicity in cancer cells
[79], and its inhibition of glycolysis implies that it can be
a potential chemotherapeutic agent. Studies have indicated
that 3-BP enhances the chemosensitivity of cancer cells to
oxaliplatin and 5-FU by inactivating ABC transporters, and
strategies combining chemotherapeutics with 3-BP show
an increase in cytotoxicity and slow tumor growth [83,
84]. Since 3-BP impairs mitochondria and induces necro-
sis in pancreatic cancer cells and remains effective in harsh
hypoxic environments [85, 86], we believe that it may help
overcome chemoresistance in pancreatic cancer, especially
when combined with chemotherapeutic agents.

PFK-1 catalyzes the conversion of fructose-6-phosphate
(F6P) to fructose-1,6-bisphosphate, which is the rate-lim-
iting step in glycolysis. PFK1 activity can be increased by
an allosteric activator termed fructose-2,6-bisphosphate that
drives glycolysis. 6-Phosphofructo-2-kinase/fructose-2,6-bi-
sphosphates (PFKFBs) are responsible for phosphorylating
F6P to produce F26BP. However, among the four isoforms
of PFKFBs, PFKFB3 possesses the highest activity and
consequently plays a pivotal role in driving glycolysis [87].

Furthermore, the activity of PFKFB3 can be dramatically
enhanced under hypoxic conditions, and overexpression
of PFKFB3 has been reported in many cancers, including
PDAC, which is characterized by hypoxia [88, 89]. Recent
research has indicated that PFKFB3 plays a significant role
in PDAC cells by mediating plasma membrane calcium
ATPases (PMCAs), and inhibition of PFKFB3 gives rise to
calcium overload and subsequent apoptosis in PDAC [89].
In addition, PFKFB2 has also been reported to be highly
expressed in PDAC; in addition, it is required for fructose-
2,6-bisphosphate synthesis, maintaining the glycolytic phe-
notype and proliferation of PDAC cells [90]. However, the
roles of PFKFBs in chemoresistance in PDAC have scarcely
been investigated. Given that the evidence mentioned above
emphasizes the importance of PFKFBs in PDAC cell metab-
olism and cell fate, the study of their impact on chemothera-
peutic agents should be performed.

Phosphoglycerate kinase 1 (PGK1) is another essential
enzyme and the first enzyme to produce ATP in glycoly-
sis [91]. It is responsible for catalyzing the conversion of
1,3-bisphosphoglycerate to 3-phosphoglycerate, which pro-
duces ATP. Significantly, PGK1 mediates cancer cell pro-
liferation and progression by maintaining its activity under
hypoxic conditions [92]. More noticeably, multiple lines of
evidence have demonstrated that PGK1 is related to drug
resistance [93, 94]. Chemotherapy-resistant cancer cells are
the strongest and most versatile cells, and they survive not
only the toxic effects of chemotherapeutic agents but also
the harsh conditions induced by nutritional deficiency and
hypoxia, which subsequently activate PGK1 to sustain glyc-
olysis [91]. Furthermore, PGK1 has been reported to induce
chemoresistance by upregulating autophagy, which contrib-
utes to drug resistance in cancer cells, and another way of
inducing resistance is scavenging ROS [91, 93, 95, 96]. In
addition, in an in vitro study, inhibition of PGK1 not only
prevented the proliferation of cancer cells but also enhanced
the sensitivity of endometrial cancer cells to cisplatin, and
further experiments suggested that PGK1 promoted chem-
oresistance by mediating the repair and methylation of DNA
[94]. Another in vitro study indicated that the treatment with
a combination of PGK1 inhibitors and chemotherapeutic
agents, such as 5-FU and mitomycin in human gastric cancer
cells showed better anticancer effects than PGK1 inhibitors
or chemotherapy alone [97]. A recent study from our team
revealed that PGK1 expression in the nucleus and cytoplasm
determines the phenotype of SMAD4-negative PDAC cells,
and PGK1 in the nucleus can mediate gene transcription;
thereby, promoting metastasis; in addition, high expres-
sion of PGK1 in the cytoplasm supports the proliferation of
PDAC [98], suggesting that targeting PGK1 in combination
with chemotherapy may be a promising strategy to combat
drug resistance in PDAC.
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PKM2, an isoform of PK, catalyzes the last rate-limit-
ing step of glycolysis, which produces pyruvate and ATP.
More importantly, it plays a crucial role in aerobic glyco-
lysis and cancer cell growth [99]. Two genes (PKLR and
PKM) encode four PK isoforms (L, R, M1 and M2) in mam-
mals. PKLR encodes the PKL isoform in the liver, kidney
and intestine, and it encodes the PKR isoform in red blood
cells. Moreover, PKM encodes the PKM1 and PKM2 iso-
forms; the former is expressed in adult differentiated tis-
sues that highly demand energy, such as brain and muscle,
while the latter is expressed in embryonic cells and cancer
cells [99]. In addition, numerous cancers, including PDAC,
overexpress PKM2, which determines the fate of glycolysis
towards biosynthesis or bioenergetics [100]. PKM2 exists
as either a dimeric or tetrameric form. The tetrameric form
is highly active and leads to rapid and increased production
of ATP and pyruvate, similar to PKM1, which constantly
exists in the form of high-activity tetrameric. Nevertheless,
the dimeric form is nearly inactive and thereby favors the
generation of glycolytic intermediates, which then enter the
biosynthetic pathway to meet the demand of cancer cells
to proliferate and metastasize [101]. Therefore, the dimeric
form of PKM2 is regarded as an oncogenic enzyme that
is primarily expressed in cancer cells. The dimeric form
of PKM2 and tetrameric form convert mutually according
to different metabolic demands of cells. For example, the
dimeric form of PKM2 takes effect at the phase of G1/S dur-
ing the cell cycle, which are highly in need of biosynthesis,
while the tetrameric form is activated at the phase of G2/M
or the phase of tumor initiation that contains nonproliferat-
ing cancer cells that highly demand energy [19, 102]. In
addition, posttranslational modifications of PKM2, such as
phosphorylation by tyrosine kinases, acetylation, and oxida-
tion of cysteine, steer glycolysis to the biosynthetic pathway
to fulfill the needs of cancer cells by disrupting the tetra-
meric form [103].

In addition, PKM2 inhibition in PDAC leads to the inhi-
bition of aerobic glycolysis and plasma membrane calcium
pumps, which gives rise to subsequent calcium overload,
decreased cell proliferation, and cell death [104]. Moreover,
the impact of PKM2 on cancer chemoresistance has drawn
interest and has been studied intensely. In bladder cancer,
downregulation of PKM2 results in improved efficacy of
pirarubicin by inducing activation of AMPK and inhibi-
tion of STAT3 [105]. Another study reported that PKM?2
inhibition enhanced cisplatin-induced toxicity in the treat-
ment of advanced bladder cancer, but even better drug effi-
cacy occurred when cisplatin was combined with a PKM2
inhibitor [106]. Furthermore, PKM2 also plays an important
role in the chemoresistance of PDAC, and studies indicate
that PKM2 upregulation leads to gemcitabine resistance
in PDAC [107], while knockdown of PKM2 significantly
increases gemcitabine efficacy by inducing effects such as
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gemcitabine-induced cell apoptosis [103]. However, the
function of PKM2 in cell proliferation remains controversial.
Yu, L and his colleagues reported that PKM1/2 knockdown
in pancreatic cancer cells did not induce any decrease in can-
cer cell proliferation; however, the cancer cells rewired their
metabolism to acquire pyruvate from other metabolic path-
ways, such as the serine synthesis and cysteine metabolism
pathways [108], suggesting that PDAC cells are extremely
resilient and adaptable. Nevertheless, according to contra-
dictory results of PKM2 knockdown or knockout in cancer
cells concerning tumor growth, the function of PKM?2 in
cancer cells remains controversial. A possible explanation
is that the relative activity of PKM2 plays a crucial role in
conferring a cancer phenotype instead of the total amount
of PKM2 [19].

Although the concurrent treatment of PDAC with chemo-
therapy and PKM?2 inhibitors in some studies has shown
positive outcomes, conflicting results have raised concerns
about the utility of PKM2 as a target for overcoming chem-
oresistance. Therefore, further convincing and validated
results are needed.

LDH is the last step in aerobic glycolysis; it catalyzes the
interconversion of pyruvate and nicotinamide adenine dinu-
cleotide (NADH) to lactate and NAD™. As a form of LDH,
LDHA is expressed in various cancers, including PDAC,
while the majority of noncancerous tissues scarcely express
LDHA [109, 110]. Therefore, inhibition of LDHA leads to
impairment in cancer cell proliferation and reduces the rate
of tumor growth [111, 112]. In PDAC, the expression of
LDHA acts as a poor prognostic factor [109]. Moreover,
LDHA has been found to be correlated with chemoresist-
ance, and targeting LDHA is one of the approaches to over-
come chemoresistance [113]. Liu et al. reported that inhibi-
tion of LDHA enhances the sensitivity of Taxol-resistant
cancer cells to Taxol by promoting apoptosis [113]. LDHA
expression is increased significantly by hypoxia, which influ-
ences gemcitabine activity by downregulating the enzyme
dCK and decreasing the synthesis of an active form of gem-
citabine [114]. Interestingly, NHI compounds, which are
LDHA inhibitors, increase the level of dCK and decrease the
number of CSCs stimulated by gemcitabine treatment, thus
improving gemcitabine toxicity in PDAC cells, and synergis-
tic efficacy was observed when NHI compounds and gemcit-
abine were administered together [114]. Similarly, another
study of malignant pleural mesothelioma cells indicated
that NHI-1 is related to the recovery of hENT1 expression,
which is downregulated under hypoxia, thereby enhancing
the efficacy of gemcitabine under hypoxic conditions [115]
and suggesting that targeting LDHA is a promising way to
improve chemosensitivity and anticancer effects.

Monocarboxylate transporters (MCTs) play a critical
role in regulating pH and the levels of intracellular lactate
produced from pyruvate, and an increase in MCT1 and/or
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MCTH4 is a characteristic of some malignant tumors [116].
Furthermore, inhibition of MCT1 in aerobic cancer cells
leads to termination of lactate transport, which subsequently
results in enhanced uptake of glucose. This enhanced uptake
of glucose gives rise to a glucose shortage in hypoxic cancer
cells; thereby, inducing apoptosis of hypoxic cancer cells,
which predominantly exhibit resistance to chemotherapy.
The remaining aerobic cancer cells are responsive to chemo-
therapeutic agents; thus, inhibition of MCT1 enhances drug
efficacy [117, 118]. Moreover, inhibition of MCT4 con-
tributes to increases in lactate and HY in cells; thus, cyto-
solic acidification causes cell death [117]. An in vitro study
reported stable expression of MCT1 and MCT4 in PDAC
cells, and knockdown of either of them resulted in a decline
in invasiveness [119], suggesting that MCT1 and MCT4 are
potential anticancer targets. However, there is still a lack of
research demonstrating a direct relationship between MCTs
and chemoresistance, and more studies are needed to illu-
minate the underlying mechanism.

In addition, the function of MCT1 and MCT4 is depend-
ent on the assistance of the chaperone CD147 [120], which
is overexpressed in many tumors and has been reported
to mediate chemoresistance in tumor cells [121-123].
Silencing of CD147 by RNA interference (RNAi) leads to
decreased expression of MCT1 and MCT4 and an increase
in the efficacy of cisplatin [121]. Similarly, CD147 silenc-
ing in PDAC cells results in inhibition of lactate transport
by suppressing the expression of MCT1 and MCT4 and a
reduction in invasiveness and tumorigenicity both in vivo
and in vitro [124]. Furthermore, CD147 mediates chemore-
sistance in breast cancers by regulating vacuolar H*-ATPase,
which plays a key role in balancing intracellular pH and
chemoresistance in cancer cells [122]. In addition, silencing
CD147 improves the efficacy of 5-FU by inducing apoptosis
of cancer cells [125]. Another study indicated that inhibition
of CD147 not only impairs CSC growth but also restores
the efficacy of 5-FU in CSC-like cells [126]. In addition,
CD147 regulates ABCG2 by increasing its expression and
dimerization and influencing its cellular localization, thus
mediating its function in transporting drugs in breast can-
cer [123]. Interestingly, CD 147 confers chemoresistance by
improving the expression and localization of ABCG2 on the
cell surface, which is responsible for the efflux of chemo-
therapeutic agents. A very recent study demonstrated that
CD147 contributes to gemcitabine resistance in PDAC by
targeting the ATM/ATR/p53 axis and improving the DNA
damage response [127]. Therefore, CD147 acts as a prom-
ising therapeutic target for overcoming chemoresistance in
PDAC.

Pentose phosphate pathway (PPP)

The PPP, as a pathway of glycolysis, consists of two biomed-
ical branches and plays a pivotal role in synthesizing nucleic
acids and NADPH, thus maintaining redox homeostasis and
satisfying the biosynthetic demand of cancer cells [128]. The
oxidative branch starts with G6P, which is produced by glu-
cose-6-phosphate dehydrogenase (G6PD) and is eventually
processed into ribulose-5-phosphate (R5P), NADPH and
CO,. Furthermore, the nonoxidative branch produces F6P
and glyceraldehyde-3-phosphate, which re-enter the glyco-
lysis pathway [128]. More importantly, the PPP has been
reported to be hyperactive in cancer cells and to participate
in cancer cell proliferation and chemoresistance [129-132].
Knocking down regulators involved in the PPP in pancreatic
cancer with small RNAi decreased the resistance of pan-
creatic cancer cells to gemcitabine and doxorubicin [129].

Furthermore, G6PD, a key enzyme, catalyzes the first
reaction of the PPP, which is irreversible. Moreover, over-
expression of G6PD has been found in various cancers, and
inhibition of G6PD expression or activity causes decreased
cancer cell growth [132-134]. In addition, G6PD is also
involved in chemotherapy resistance, and its inhibition in
cancer cells contributes to an enhancement in chemotherapy
sensitivity in cancer cells [135, 136]. Yin et al. reported that
a decrease in G6PD not only reduces cell proliferation but
also restores the sensitivity of hepatocellular cancer cells
to oxaliplatin [136]. Similarly, Sharma et al. demonstrated
that upregulation of G6PD conferred erlotinib resistance
in pancreatic cancer [135]. In addition, another enzyme,
6-phosphogluconate dehydrogenase (6PGD), is involved
in the third step of the PPP, catalyzing the conversion of
6-phosphogluconate into RSP [130]. Overexpression and
high activity of 6PGD have been observed in cisplatin-
resistant ovarian and lung cancers [133]. Hu et al. reported
upregulation of 6PGD in hepatocellular carcinoma tissues
compared to adjacent normal tissues, and both genetic and
pharmacological inhibition of 6PGD increased the efficacies
of paclitaxel, doxorubicin and cisplatin [130]. In addition,
an in vitro and in vivo study demonstrated that enhance-
ment of paclitaxel and doxorubicin toxicity was observed in
6PGD-depleted breast cancer cells [137]. Recently, 6PGD
has been reported to play a crucial role in the tumorigenesis
of pancreatic cancer [138].

R5P is a substrate for synthesizing nucleic acids, and its
upregulation improves the synthesis of nucleic acids; this
increased nucleic acid synthesis subsequently promotes
DNA repair after exposure to chemotherapeutics that cause
DNA damage, thereby inducing chemoresistance and sup-
porting the rapid proliferation of cancer cells [131]. NADPH
plays a crucial role in reductive biosynthesis and maintain-
ing reduced conditions to counteract ROS [79]. Further-
more, high ROS production leads to oxidative stress in cells,
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and glycolysis-dominant cancer cells are exposed to fewer
ROS generated by OXPHOS, which subsequently provides
cancer cells with protection from the oxidative stress caused
by chemotherapy; thus, reducing ROS production is also an
effective approach for overcoming chemoresistance [133,
139]. Moreover, NADPH is critical for maintaining reduced
glutathione (GSH), which acts as a significant antioxida-
tive agent and controls redox balance in cells. Furthermore,
GSH also determines chemotherapy-induced apoptosis,
and high levels of GSH lead to superior detoxification in
KRAS mutant cancers such as PDAC, which enables cancer
cell proliferation and chemoresistance [140, 141]. However,
the role of ROS in chemoresistance is still under debate.
Of note, higher levels of ROS decrease the expression of
P-glycoprotein, which subsequently decreases the efflux of
chemotherapeutic agents, thus enhancing the chemosensitiv-
ity of cancer [142].

In light of the aforementioned evidence, targeting critical
enzymes in the PPP seems to enhance the chemosensitivity
of cancer cells by decreasing NADPH and R5P. However,
few studies have investigated the roles of these promising
enzymes and NADPH in chemoresistance in PDAC, and
targeting critical enzymes involved in the PPP and NADPH
might be a promising strategy for overcoming drug resist-
ance in PDAC.

Hexosamine biosynthesis pathway (HBP)

HBP is another branch of glycolysis that induces increased
glucose influx in PDAC in response to oncogenic KRAS
signaling [70]. HBP starts with F6P, which is converted
into glucosamine-6-phosphate through catalysis of the
rate-limiting enzyme glutamine fructose-6-phosphate ami-
dotransferase (GFAT), and GFAT simultaneously catalyzes
the conversion of glutamine into glutamate. Glucosamine-
6-phosphate then undergoes several steps of catalysis and is
ultimately converted into uridine diphosphate-N-acetylglu-
cosamine (UDP-GIcNAc) [143]. UDP-GIcNACc is a substrate
for glycosylation and O-GlcNAc modification of proteins
[144], which is catalyzed by O-GlcNAc transferase (OGT);
O-GlIcNAcase (OGA) catalyzes the removal of O-GlcNAc
from proteins. O-GlcNAcylation has been reported to regu-
late the repair of DNA damage, thus playing a significant
role in inducing resistance to drugs targeting DNA [145]. Ma
et al. investigated O-GlcNAcylation in PDAC and reported
high activity of the PPP and high levels of O-GIlcNAcyla-
tion; these results support the idea that PDAC growth occurs
through NF-kB oncogenic activation and antiapoptotic
mechanisms [146]. In addition, inhibition of GFAT, the rate-
limiting enzyme in the HBP, contributes to enhancement
of the pharmacologic efficacy of cisplatin by downregulat-
ing binding immunoglobulin protein (BiP), which subse-
quently induces apoptosis [147]. Mechanistically, a recent
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study indicated that increased levels of O-GlcNAcylation
in cancer cells confer cisplatin resistance by regulating p53
and c-Myc. [148] Liu et al. reported that high activity of
HBP and a subsequent increase in O-GlcNAcylation were
observed in cancer cells after exposure to chemotherapy
[145]. In addition, the study also demonstrated that O-Glc-
NAcylation induced chemoresistance in cancer cells by
inhibiting apoptosis and inducing the transcription factors
NF-kB and AKT, which act as survival-promoting factors.
In contrast, chemoresistance in cancer cells can be reduced
through inhibition of O-GlcNAcylation or knockdown of
OGT, suggesting that O-GIlcNAcylation affecting the HBP is
a potential key target for strategies to overcome drug resist-
ance in PDAC.

Mitochondrial metabolism

The majority of metabolic pathways, including pathways
related to the synthesis of lipids, amino acids, and nucleic
acids, converge on mitochondria; thus, mitochondria play
essential roles in cancer metabolic reprogramming [149,
150]. Even though glycolysis is the dominant metabolism
in most PDAC cells, mitochondrial OXPHOS should not be
ignored, and it is of great significance in PDAC relapse and
progression [151-153]. It has been reported that the ferlin
family member myoferlin, which is abundant in PDAC, plays
a crucial role in tumor progression in PDAC by enhancing
OXPHOS, and inhibition of myoferlin induces cell lines to
switch to a glycolytic phenotype but results in reduced cell
proliferation and ATP production [154]. Pancreatic cancer
cells that survived KRAS ablation showed strong depend-
ency on OXPHOS and highly expressed genes related to
mitochondrial function, but these cells could not shift their
metabolism to glycolysis when OXPHOS was inhibited
[153], suggesting a potential therapeutic target in the treat-
ment of PDAC. In an in vitro study, forcing pancreatic can-
cer cells to utilize OXPHOS resulted in the enrichment of
pancreatic CSCs, which are highly plastic and able to alter
their metabolism; this alteration in metabolism contributes
to the enhancement of chemoresistance [152]. CSCs exert
chemoresistance primarily through overexpression of ABC
transporters (such as ABCG2) and correlate with increased
autophagy [48, 51, 52]. Pancreatic cancer cells utilizing
OXPHOS express more ABCG2 and less CNT1 than those
utilizing other forms of metabolism, which subsequently
leads to reduced intracellular concentrations of drugs and
increased survival under treatment with different chemo-
therapeutics, including gemcitabine [152].



Overcoming chemoresistance by targeting reprogrammed metabolism: the Achilles’ heel of... 5515

Gluconeogenesis

Gluconeogenesis is less investigated than other glucose
metabolism pathways, such as aerobic glycolysis, OXPHOS
and the PPP. Cells generate glucose using substrates such
as glucogenic amino acids, glycerol and lactate in gluco-
neogenesis. However, gluconeogenesis also antagonizes
the Warburg effect in cancer cells [155]. Therefore, gluco-
neogenesis is suppressed in cancer cells in favor of aerobic
glycolysis.

Furthermore, fructose-bisphosphatase 1 (FBP1) is one of
the rate-limiting enzymes of gluconeogenesis that catalyzes
the conversion of fructose-1,6-biphosphate into F6P. The
expression of FBP1 is downregulated in multiple cancers,
including PDAC [156]. As FBP1 is a tumor suppressor, its
downregulation is related to tumor progression and indicates
a poor prognosis in PDAC [156]. Moreover, FBP1 inhibits
cell proliferation and the progression of PDAC by inhibit-
ing downstream genes of BRD4 [157]. Additionally, it sup-
presses tumor progression primarily by inhibiting aerobic
glycolysis and the transcription factor hypoxia-inducible fac-
tor 1o (HIF1ax) [158]. Notably, FBP1 contributes to gemcit-
abine resistance by suppressing the IQGAP1-MAPK inter-
action [156], suggesting that targeting gluconeogenesis may
be a promising strategy for overcoming chemoresistance.

Amino acid metabolism reprogramming
contributes to chemoresistance

Amino acids play indispensable roles in cancer metabo-
lism, such as maintaining redox balance, regulating energy
and providing nitrogen and carbon for biosynthesis [159].
In addition to modifying glucose metabolism, PDAC cells
also rewire amino acid metabolism to satisfy their demand
for rapid proliferation, which facilitates their survival under
harsh conditions and resistance to chemotherapeutic agents.
For example, PDAC cells upregulate transporters of amino
acids, express more asparagine synthetase and even activate
a noncanonical glutamine metabolism pathway [160, 161]
(Fig. 3).

Glutamine metabolism

Among all essential and nonessential amino acids, glutamine
is the most abundant in the blood [162]. Glutamine uptake
into the cytoplasm is mediated by the glutamine transporter
ASCT?2 or via macropinocytosis [162, 163]. In general, after
entering mitochondria, glutamine is converted into glutamate
by glutaminase (GLS). Glutamate dehydrogenase (GDH)
catalyzes the conversion of glutamate into a-ketoglutarate
(-KG) to fuel the TCA cycle, which produces NADPH.
Nevertheless, oncogenic KRAS promotes the metabolic

reprogramming of PDAC cells, including activation of a
noncanonical pathway of glutamine metabolism [164]. The
production of NADPH and NH4* regulates the synthesis
of pyrimidines and purines. In PDAC, KRAS mutation
induces downregulation of glutamate dehydrogenase and
upregulation of cytosolic glutamic oxaloacetic transami-
nase or aspartate aminotransferase (GOT1). Accordingly,
mitochondrial aspartate aminotransferase (GOT?2) catalyzes
the conversion of glutamine-derived glutamine and oxaloac-
etate (OAA) into a-KG and aspartate. When aspartate enters
the cytoplasm, GOT1 catalyzes its conversion into OAA,
which is then processed by malate dehydrogenase 1 (MDHI)
and malic enzyme into pyruvate. As a result, noncanonical
glutamine metabolism increases the production of NADPH
and contributes to redox balance in PDAC. Of note, either
glutamine deprivation or inhibition of enzymes involved in
this process results in an increased amount of ROS and a
reduction in GSH [164].

One study used the glutamine analog 6-diazo-5-oxo-
L-norleucine (DON) to investigate the specific mechanism
underlying the chemoresistance induced by disruption of
glutamine metabolism. Researchers elucidated that disrup-
tion of glutamine metabolism enhanced gemcitabine sen-
sitivity in gemcitabine-resistant PDAC cells in three ways.
First, downregulation of the epidermal growth factor recep-
tor (EGFR)-dependent pathway has been correlated with
chemoresistance in cancer. Second, HBP is impaired by
interfering with GFAT, which leads to downregulation of
UDP-GIcNAc and subsequent inhibition of protein glyco-
sylation, including glycosylation of EGFR-related proteins
and MRP1 or P-glycoproteinl. MRP1 and P-glycoprotein 1
without glycosylation are discharged from the cell. Third,
redox imbalance promotes apoptosis and cell death [165].

Branched chain amino acid (BCAA) metabolism

BCAAs include leucine, isoleucine, and valine. All of them
are essential amino acids and play a significant role in pro-
viding carbon for other metabolic syntheses, thus fueling the
TCA cycle and providing cells with energy. Furthermore,
BCAAs also provide nitrogen for nucleotide synthesis and
impact protein synthesis [166]. A large prospective study
with nearly 16 years of follow-up in Japan indicated that
elevated levels of plasma BCAAs were strongly correlated
with a high risk of pancreatic cancer occurrence [167]. Of
note, BCAAs are elevated in pancreatic cancer at an early
stage [168]. Because elevation of circulating BCAAs can
subsequently enhance the synthesis of nucleic acids, meta-
bolic reprogramming affecting BCAAs may confer chem-
oresistance by improving DNA repair, which is damaged by
DNA-targeting chemotherapeutic agents.
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Asparagine metabolism

Recently, a study from Krall et al. demonstrated that aspar-
agine acts as an exchanger that controls the intracellular
amounts of serine, arginine and histidine, thus indirectly
mediating protein synthesis. Significantly, asparagine medi-
ates serine uptake into cells and consequently becomes a
determinant in nucleotide synthesis [169]. Asparagine syn-
thetase (ASNS) catalyzes the conversion of glutamine and
aspartate into asparagine. Additionally, ASNS has been
reported to suppress apoptosis as a result of cell stress
caused by altered cancer metabolism [170]. Moreover, Cui
H and colleagues found overexpression of ASNS in glucose-
deprived PDAC cells, which showed resistance to cisplatin-
and carboplatin-induced apoptosis but not to gemcitabine,
5-FU and paclitaxel, which are commonly used in PDAC
chemotherapy [161]. Furthermore, ASNS induced resistance
to apoptosis partly by suppressing JNK/SAPK activation.
Additionally, ASNS inhibition in gastric cancer not only
reduces tumor growth but also synergizes with cisplatin
toxicity [171]. In an in vivo study, asparagine depletion in
brain tumors significantly enhanced the pharmacological
efficacy of gemcitabine and etoposide [172]. Therefore, it
can be deduced that overexpression of ASNS in PDAC con-
fers chemoresistance through suppression of apoptosis and a
subsequent increase in asparagine, which indirectly enhance
nucleotide synthesis.

Proline metabolism

Proline metabolism is activated under hypoxic conditions,
and as a subsequent metabolite of proline, hydroxyproline
promotes cancer growth and confers sorafenib resistance in
hepatocellular carcinoma (HCC) by regulating HIF1a [173].
Moreover, proline has been reported to promote cancer pro-
liferation under nutrient-poor circumstances in PDAC both
in vitro and in vivo; specifically, overexpressed proline oxi-
dase (POX) produces glutamate [174], suggesting that POX
might contribute to chemoresistance in PDAC by enhancing
survival and regulating HIF 1, although this possibility has
never been investigated.

Lipid metabolism reprogramming
contributes to chemoresistance

The role of lipid metabolism reprogramming in PDAC
chemoresistance is less studied than that of glucose metab-
olism. However, lipid metabolism is indispensable for
building the cell membrane because it provides backbone
structures for the formation of lipid rafts to recruit signal-
ing proteins, which transduce signals and produce signaling
molecules [175]. Excessive demand for lipids enables cancer
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cells to acquire lipids either through exogenous uptake or
endogenous synthesis. Furthermore, lipid metabolism also
satisfies the energy demands of cancer cells by generating
lipid droplets, which store excess energy and can be utilized
to supply energy [176]. Of note, lipid droplets have been
reported to be involved in chemoresistance, and cancer cells
rich in lipid droplets show more resistance to chemotherapy
[177]. Lipid droplet accumulation mediated by lysophos-
phatidylcholine acyltransferase 2 impairs activation of the
caspase cascade and endoplasmic reticulum stress (ER
stress) responses, thus inducing resistance to 5-FU and oxali-
platin in colorectal cancer [178]. In PDAC, decreased levels
of low-density lipoprotein (LDL) render cancer cells more
sensitive to chemotherapy. Therefore, cancer cells mobilize
cholesteryl ester, a component of lipid droplets, under such
conditions [179] (Fig. 3).

Lipogenesis

Various enzymes involved in the de novo synthesis of fatty
acids and cholesterol are upregulated in PDAC. For exam-
ple, fatty acid synthase (FASN), ATP citrate lyase (ACLY),
citrate synthase (CS), and 3-hydroxy-3-methylglutaryl coen-
zyme A (HMGCoA) reductase [179, 180]. FASN plays a
crucial role in de novo lipogenesis and is regulated by tran-
scriptional regulators, such as c-Myc [181]. Its overexpres-
sion has been observed in some chemotherapy-resistant
cancer cells, including PDAC [182, 183]. Moreover, the
expression of FASN in cancer has been reported to predict
poor prognosis, and inhibition of FASN significantly reduces
the proliferation of chemoresistant PDAC cells [183]. An
in vitro study reported that a FASN inhibitor induced apop-
tosis and restored the sensitivity of ovarian cancer cells to
platinum [184]. Tadros S et al. found overexpression of
FASN in PDAC, and the inhibition of FASN profoundly
enhanced the chemosensitivity of gemcitabine by mediat-
ing ER stress and promoting stemness in cancer cells [183].
Therefore, de novo lipid synthesis in PDAC plays a signifi-
cant role in the development of chemoresistance.

The lipogenic gene transcription factor SREBP1 has
been reported to mediate de novo lipogenesis and correlate
with tumorigenesis. In PDAC, silencing SREBP1 impairs
lipid metabolism and induces apoptosis, thereby inhibiting
tumor progression. Moreover, a study also demonstrated
the prognostic value of SREBP1 in PDAC; in the study,
high expression of SREBP1 predicted poor survival [185].
PDAC shows high dependence on cholesterol uptake, thus
exhibiting overexpression of low-density lipoprotein recep-
tor (LDLR), which has been reported to correlate with a
high risk of cancer recurrence. Of note, blocking choles-
terol uptake by silencing LDLR sensitizes cancer cells to
chemotherapy by suppressing the ERK1/2 survival pathway
[179]. Suppressing the cholesterol pathway using melittin
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not only inhibited tumor growth but also restored gemcit-
abine efficacy in PDAC [186]. J Li et al. reported that aber-
rant cholesterol metabolism supported tumor progression
and metastasis in PDAC. Researchers have found that cancer
cells exhibit high accumulation of cholesterol ester and that
inhibiting cholesterol esterification by targeting the acyl-
CoA cholesterol acyltransferase-1 (ACAT-1) enzyme results
in suppression of tumor growth and metastasis as a result of
the increased ER stress and subsequent apoptosis induced
by elevated free cholesterol [187]; these results suggest that
the proportions of free cholesterol and cholesterol ester are
dysregulated and thus that increasing the amount of free
cholesterol will induce toxic effects [179]. Increasing the
amount of cholesterol ester by increasing ACAT-1 gave rise
to gemcitabine resistance in PDAC by downregulating Act,
while inhibition of ACAT-1 significantly restored sensitivity
to gemcitabine [188]. Lowering cholesterol via simvastatin
in cancer cells enhances sensitivity to paclitaxel. Mecha-
nistically, simvastatin impairs the cholesterol-rich domains
of lipid rafts, inhibits the FAK signaling pathway, regulates
TAMs, subsequently remodels the TME and suppresses
EMT, thereby promoting drug efficacy [189].

Fatty acid oxidation (FAO)

Adipocytes confer chemoresistance by secreting arachidonic
acid, which subsequently activates AKT and blocks the
apoptosis induced by cisplatin [190]. In breast CSCs, inhib-
iting JAK/STAT?3 blocks CSC self-renewal and the expres-
sion of diverse lipid metabolism genes, including carnitine
palmitoyltransferase 1B (CPT1B), which encodes an enzyme
for FAO. Adipocyte-derived leptin upregulates the afore-
mentioned processes, and inhibiting FAO or leptin restores
chemosensitivity and inhibits tumor growth [191]. FAO is a
prominent energy production pathway in mitochondria and
is highly related to NADPH production [192]. Furthermore,
FAO was reported to support cancer cell invasion in PDAC
in an in vitro study [193]. Additionally, adipocytes support
the growth and survival of PDAC cells under glutamine
shortage by secreting glutamine [194]. In addition, adipo-
cytes in PDAC secrete the cytokine interleukin-1 (IL-1) to

activate pancreatic stellate cells, which subsequently cre-
ates a microenvironment with high fibrosis and poor vascu-
larization, thus conferring chemoresistance [195]. However,
whether adipocytes or FAO directly influence anticancer
drug toxicity in PDAC needs to be verified.

The plethora of evidence mentioned above indicates that
reprogramming lipid metabolism to some extent contributes
to chemoresistance in PDAC. Significantly, the PDAC phe-
notype involving proliferation and growth changes induced
by altered lipid metabolism is classified as the lipid-depend-
ent phenotype, and the lipid-dependent phenotype of PDAC
shows sensitivity to inhibitors of lipogenesis [196], suggest-
ing that targeting lipid metabolism in PDAC with this phe-
notype will probably enhance the effect of chemotherapy.

Conclusion

PDAC remains an intractable malignancy, and surgical
resection is still the only opportunity to cure PDAC. How-
ever, the lack of overt clinical manifestations combined
with the lack of effective measurements to detect early-
stage PDAC remove the chance for surgery in the majority
of patients with PDAC. Improvements in chemotherapy
will not only enable some patients to be eligible for surgi-
cal resection but will also promote long-term outcomes in
patients who undergo surgery and have advanced disease.
Unfortunately, resistance to anticancer drugs impedes the
effect of chemotherapy in PDAC. Reprogramming glu-
cose, amino acid and lipid metabolism provides PDAC
cells with energy and metabolites, which supports tumor
growth, progression, metastasis and even resistance to
chemotherapy. Recently, an increasing number of studies
have focused on the role of metabolic reprogramming in
chemoresistance. Upregulation or downregulation of criti-
cal enzymes or transporters involved in glucose, amino
acid and lipid metabolism has been shown to confer chem-
oresistance in PDAC. There are some clinical trials con-
cerning metabolic inhibitors in PDAC (Table 1). A pleth-
ora of in vivo and in vitro studies have demonstrated that
targeting critical steps in metabolic pathways overcomes
the chemoresistance of PDAC. However, more specific
mechanisms involved in the promotion of chemoresist-
ance should be verified in the future, and more convincing
evidence from clinical trials of metabolic interventions to
overcome chemoresistance is needed to move treatment
strategies from bench to bedside. In summary, a better
understanding of the anticancer drug resistance mecha-
nism and metabolic reprogramming in PDAC and their
relationship will aid the development of strategies that aim
to overcome chemoresistance by targeting the Achilles’
heel of PDAC: reprogrammed metabolism.
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Table 1 Clinical trials concerning metabolic inhibitors in pancreatic cancer

Identifier Recruitment status Intervention

Study phase Cancer stage

Target: Glucose metabolism

NCT00096707 Completed 2-deoxy-p-glucose (2DG) I Locally advanced or metastatic solid malig-
nancy

NCT04542291 Recruiting Dapagliflozin 1 Metastatic or locally advanced pancreatic
cancer

NCTO01835041 Active, not recruiting CPI-613/Modified FOLFIRINOX I Metastatic pancreatic adenocarcinoma

NCT03435289 Unknown CPI-613/Gemcitabine/Nab-paclitaxel I Locally advanced or metastatic pancreatic
cancer

NCT03699319 Recruiting CPI-613 /Modified FOLFIRINOX i Locally advanced (including unresectable or

borderline resectable) pancreatic cancer

NCT03504423 Active, not recruiting CPI-613 /mFolfirinox/Folfirinox il Metastatic stage IV adeno-carcinoma of the
pancreas

NCTO01839981 Completed CPI-613 1 Locally advanced or metastatic pancreatic
adenocarcinoma

NCT03854110 Recruiting GP-2250 i Advanced unresectable or metastatic pancre-
atic adenocarcinoma

Target: Lipid metabolism

NCT02201381 Not yet recruiting Metformin/Atorva-statin/Doxycycline/ I Any cancer type and stage

Mebendazole

NCT00944463 Completed Gemcitabine/Simvastatin 1I Metastatic or unresectable pancreatic adeno-
carcinoma

NCT03889795 Recruiting Simvastatin/Metformin/Digoxin 1 Advanced pancreatic cancer/Advanced
solid tumor

NCT00944463 Completed Gemcitabine/Simvastatin 1I Metastatic or unresectable pancreatic adeno-
carcinoma

NCTO03889795 Recruiting Metformin/Simvastatin/Digoxin I Advanced pancreatic cancer/Advanced
solid tumor

NCTO01488513 Completed ABC294640 1 Pancreatic cancer/Unspecified adult solid
tumor

Target: Amino acid metabolism

NCTO01523808 Completed GRASPA I Locally advanced and non-resectable or
metastatic pancreatic adenocarcinoma

NCTO02195180 Completed ERY001/Gemcitabine/Folfox I Advanced or metastatic exocrine pancreatic
adenocarcinoma

NCT02077881 Completed

NCTO03006302 Recruiting
phamide/GVAX

Nab-Paclitaxel/Gemcitabine/Indoximod v
Epacadostat/Pembrolizumab/Cyclophos- 11

Metastatic pancreatic cancer
Metastatic pancreatic adenocarcinoma
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