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Abstract: Metabolic reprogramming, as a key hallmark of cancers, leads to the malignant behavior of pancreatic
cancer, which is closely related to tumor development and progression, as well as the supportive tumor microen-
vironments. Although cells produce adenosine triphosphate (ATP) from glucose by glycolysis when lacking oxygen,
pancreatic cancer cells elicit metabolic conversion from oxide phosphorylation to glycolysis, which is well-known as
“Warburg effect”. Glycolysis is critical for cancer cells to maintain their robust biosynthesis and energy requirement,
and it could promote tumor initiation, invasion, angiogenesis, and metastasis to distant organs. Multiple pathways
are involved in the alternation of glycolysis for pancreatic cancer cells, including UHRF1/SIRT4 axis, PRMT5/FBW7/
cMyc axis, JWA/AMPK/FOX03a/FAK axis, KRAS/TP53/TIGAR axis, etc. These signaling pathways play an important
role in glycolysis and are potential targets for the treatment of pancreatic cancer. Mutations in glycolytic enzymes
(such as LDH, PKM2, and PGK1) also contribute to the early diagnosis and monitoring of pancreatic cancer. In this
review, we summarized the recent advances on the mechanisms for glycolysis in pancreatic cancer and the func-
tion of glycolysis in the progression of pancreatic cancer, which suggested new targets for cancer diagnosis and

treatment.

Keywords: Pancreatic cancer, metabolism, glycolysis, tumor progression, tumor microenvironment

Introduction

Known as the “King of cancers”, pancreatic
cancer is a malignant and invasive digestive
tumor with a 5-year survival rate of only below
6% [1, 2]. Uncontrolled continuous proliferation
of tumor cells requires large amounts of energy
and related molecules, and thus exhibits meta-
bolic characteristics different from normal
tissues, the more common of which is the
enhanced aerobic glycolysis, known as the
“Warburg effect” [3]. The effect, a significant
feature of cancer, is characterized by active gly-
colysis and increased lactate production even
with sufficient oxygen supply. Although glucose
is less efficient at producing ATP through gly-
colysis, it yields much faster than oxidized
phosphorylation and produces a large number
of carbon skeletons and NADPH [4]. During
recent years, more researches have revealed
that glycolysis played critical roles in the patho-
genesis of pancreatic cancer. This review sum-
marized the recent advances on the relation-
ship between aerobic glycolysis and pancreatic

cancer, explored the underlying molecular
basis, and provided the new directions for tar-
geted therapies for pancreatic cancer.

Reprogramming of glycolysis in pancreatic
cancer

Cancer cells rewire the metabolism to meet
their increased needs for glucose and ferment
glucose to lactate, thus promoting their initia-
tion, development, proliferation, and even
metastasis. This phenomenon, named as the
“Warburg effect” [5], is observed in the pres-
ence of sufficient and complete functional mito-
chondria. Aerobic glycolysis, a pivotal metabolic
feature of the Warburg effect, is caused by
active metabolic reprogramming required for
the continued cell proliferation. The metabolic
conversion is achieved by changing the growth
factor signal, hypoxia or normal oxygen, and
oncogene activation, as well as the tumor
microenvironment. Metabolic reprogramming,
including the overexpression of glucose trans-
porter proteins, key glycolytic enzymes and the
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accelerated glycolysis flux, results in the accu-
mulation and transfer of glycolysis intermedi-
ates, thus promoting the biosynthesis of can-
cer. The high-rate production of ATP meets the
energy requirements, and the massive accu-
mulation of lactic acid promotes tumorigenesis.
To a large extent, tumor acidosis, which in turn
synergistically promotes tumor growth, enhanc-
es resistance to some anti-tumor treatments
and impairs the anti-tumor immunity [6]. In con-
clusion, Warburg effect is an important contrib-
utor for cancer development and progression.

Mechanisms for glycolysis in pancreatic can-
cer

Dysfunction of mitochondrial function

Oxidative metabolism of eukaryotes, energy
release by final oxidation of sugars, fats and
amino acids, and synthesis of hemoglobin
and phospholipids all occur in mitochondria.
Mitochondrial matrix also contains enzymes
involved in tricarboxylic acid cycle, fatty acid
oxidation and amino acid degradation. When
mitochondrial dysfunction occurs, complexes |,
Il and IV in mitochondrial electron transfer
chain are inhibited, which enhances the glu-
cose consumption and lactic acid production,
thus promoting glycolysis [7]. Recent studies
have proved that Paris saponin D could pro-
mote pancreatic cancer cell apoptosis through
mitochondrial apoptosis, thus resulting in the
inhibition of cancer cell proliferation [8]. The
inhibitory role of microtubule-associated pro-
tein JWA on pancreatic cancer cell migration
might be achieved through its regulation of
mitochondrial energy metabolism in pancreatic
cancer cells to suppress focal adhesion kinase
(FAK) expression levels [9]. It was reported that
chloroquine (CQ) could modulate glycolysis and
improve gemcitabine (GEM) sensitivity to pan-
creatic cancer. Meanwhile, CQ can promote the
production of reactive oxygen species (ROS) by
inhibiting autophagy and reducing mitochon-
drial membrane potential, and finally promote
apoptosis induced by gemcitabine [10].

Various carcinogenic signaling pathways in-
volved in glycolysis

UHRF1/SIRT4 axis: UHRF1 (ubiquitin 1 similar
to plant homologous domain and ring finger
domain) serves as an epigenetic modulator to
silence tumor suppressor genes, and it is over-
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expressed in pancreatic cancer. Recent re-
search displayed that inhibiting UHRF1 signifi-
cantly suppresses aerobic glycolysis of cancer
cells and the knockout of UHRF1 reduces the
level of hypoxia inducible factor 1o (HIF1)
and downstream glycolysis genes. The in vitro
experiments illustrated that UHRF1 has posi-
tive effects on aerobic glycolysis and cell prolif-
eration. In addition, as a tumor suppressor of
pancreatic cancer cells, SIRT4 negatively regu-
lates aerobic glycolysis as a target for UHRF1.
UHRF1 inhibits SIRT4, and then promotes aero-
bic glycolysis, thereby enhancing the prolifera-
tion of tumor cells (Figure 1). UHRF1/SIRT4 axis
can be used as a potential target for prediction
and therapy of pancreatic cancer, and further
researches are needed to determine a new
strategy by targeting this axis to improve the
overall survival rate of pancreatic cancer [11].

PRMT5/FBW7/cMyc axis: Protein arginine me-
thyltransferase 5 (PRMT5) is an epigenetic
enzyme with methyltransferase activity to mod-
ulate multiple cell processes by specifically
catalyzing the methylation of arginine residues
of histones and non-histones. Moreover, it
mainly inhibits the transcription of target genes
by symmetrically dimethyl arginine residues,
including H4R3, H3R8 and H2AR3. More and
more evidences indicated that PRMT5 may be
used as a carcinogen, and epigenetic silencing
of some tumor suppressor genes drove the pro-
liferation and metastasis of tumor cells. Recent
research suggested that in pancreatic cancer,
PRMT5 can promote the expression of cMyc by
inhibiting tumor suppressor FBW7, thus enhanc-
ing the aerobic glycolysis and tumor prolifera-
tion (Figure 1). Therefore, PRMT5/FBW7/cMyc
axis plays important roles in the modulation of
the glycolysis of pancreatic cancer [12].

JWA/AMPK/FOX03a/FAK axis: As a new regu-
lator, JWA can inhibit the adhesion, invasion
and metastasis of melanoma cells, and have
prognostic and predictive effects on gastric
cancer [13]. Some researchers have proved
that JWA positively regulates the expression of
FOX03a but inhibits the expression of FAK
through AMPK signaling pathway [9]. FOX03
belongs to the O subclass of the forked tran-
scription factor family, participates in the signal
transduction of metabolic reprogramming, and
inhibits the growth and metastasis of pancre-
atic adenocarcinoma (PDAC) by inducing apop-
tosis (Figure 1) [14].
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Figure 1. Four signaling pathways mediating glycolysis in pancreatic cancer. Green line: PRMT5 can epigenetically
inhibit FBW7 expression and stabilize cMyc, and subsequently increase the proliferation and glycolysis of pancre-
atic cancer cells. Red line: Up-regulated UHRF2 silences SIRT4 expression, and SIRT4 negatively regulates aerobic
glycolysis and suppresses HIF1a. MiRNA-3662 inhibits aerobic glycolysis through HIF-1a, and the codelivery of
miR-3662 and gemcitabine can be used as a promising therapeutic option. Orange line: JWA gene expression lev-
els significantly enhance mitochondrial aerobic respiration, along with inhibition of glycolysis. The role of JWA was
achieved through the AMPK/FOX03a/FAK signaling pathway, an inhibition on both glycolysis and cancer migration.
Blue line: KRAS can activate the protein kinase ERK signaling pathway, and in turn mediate intranuclear expression

and promote glycolysis. Small-molecule KRAS inhibitors can act on KRAS.

KRAS/TP53/TIGAR axis: Once the oncogene
KRAS is activated, the expression of glucose
transporter 1 (GLUT1) is enhanced to promote
the increase of glucose uptake and lactic acid
production (Figure 1).

KRAS mutant results in increased glycolytic
enzyme expression, such as phosphofructoki-
nase 1 (PFK1), hexokinase 2 (HK2) and lactate
dehydrogenase A (LDHA) [15], thus leading to
the inhibition of TP53 pathway [16]. Afterwards,
the TP53 inactivation supports cell glycolysis
by disrupting the translocation of glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH)
from nuclear to cytosol [17]. Due to the higher
activity of anabolic pathway, tumor invasive-
ness is increased. Autophagy is involved in the
activation of these pathways. Therefore, auto-
phagy inhibitor hydroxychloroquine increased
PDAC cell growth and TP53 loss in KRAS mu-
tant mice [18]. As a glycolytic enzyme, different
roles of TP53-induced glycolysis and apoptosis
regulator (TIGAR) were reported in tumor meta-
bolism [19]. TIGAR suppresses glycolysis by its
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bisphosphatase activity and transferring meta-
bolic intermediates to replace pentosephos-
phate pathway (PPP) under oxidative stress.
The process is critical in regulating redox bal-
ance, and suppressing ROS production in cells
by increasing NADPH production. TIGAR is high-
ly expressed in many cancers and PDAC patient-
derived xenografts (PDX) with wide type TP53
rather than mutant TP53 [19]. Besides, the
modulation of ROS production for TIGAR was
also observed in a mouse model of PDAC devel-
opment [20, 21]. Given mutant-activated KRAS
expression in more than 90% of pancreatic
cancers and its role in the onset and develop-
ment of the disease, it is an attractive but
“untreatable” therapeutic target. However, this
limitation may be overcomed by new and inno-
vative approaches, such as siRNA delivery tech-
nology (phase Il trial NCT01676259) and small-
molecule KRAS inhibitors [22].

Changes of glycolytic enzyme activity

Lactate dehydrogenase (LDH): LDHA, one of
the key enzymes in glycolysis and subgroups of
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Figure 2. Glycolytic enzymes in pancreatic cancer. The regulation of key enzymes is particularly important. The acti-
vation of KRAS enhances the transcription of GLUT1, promotes the glucose uptake and lactic acid production, and
also promotes the activation of glycolytic enzymes (such as HK2, PFK1, and LDHA). Upregulated KRAS leads to the
inhibition of TP53 pathway. The TP53 inactivation supports cell glycolysis by disrupting the translocation of GAPDH
from nuclear to cytosol. MVIH inhibits the activity of PGK-1, and FX11. And NHI inhibitor and gemcitabine inhibit the
LDH activity. PPP, pentose phosphate pathway; TCA, tricarboxylic acid; HK2, hexokinase 2; PFK1, Phosphofructoki-
nase 1; LDHA, lactate dehydrogenase A; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MVIH, microvascular

invasion in hepatocellular carcinoma.

LDH, oxidizes reduced NADH to NAD* and con-
verts pyruvate to lactic acid. Furthermore, the
expression of LDHA is significantly upregulated
in various malignant tumors such as ovarian
cancer [23], breast cancer [24], osteoma [25],
pancreatic gland cancer [26], melanoma [27]
and prostate cancer [28]. In the carcinogenesis
process from pancreatitis to cancer, LDHA
was over-expressed at a very early stage, and
increased particularly in the highly aggressive
tumors [29]. Recent study found that FX11, an
inhibitor of LDHA, could inhibit tumor growth
and promote the apoptosis of tumor cells in the
xenotransplantation model of mouse pancre-
atic cancer with mutant TP53. However, the
tumor containing wild-type TP53 had complete
drug resistance to FX11 [30], which may be due
to the fact that the high expression of TIGAR
was beneficial to PPP instead of glycolysis [31].
Novel N-hydroxylindindex (NHI) inhibitor target-
ing LDH-A impairs the proliferation, growth and
migration of PDAC. Furthermore, when the NHI
inhibitor was used together with gemcitabine,
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its anticancer activity against PDAC blasts was
enhanced [32].

Pyruvate kinase 2 (PKMZ2): In the glycolytic
metabolism of tumor cells, PKM2, one of its
rate-limiting enzymes, catalyzes phosphoenol-
pyruvate to synthesize pyruvic acid, and then
enters tricarboxylic acid cycle to produce lactic
acid to form ATP (Figure 2). This irreversible
reaction is a very important regulatory step in
glycolytic pathway [33]. The latest research
exhibited that the gene expression of PKM2 is
mainly to maintain the steady state of glycolytic
intermediates instead of controlling glycolysis
flow [34]. PKM2 expression was highly up-regu-
lated in gastric cancer [35], cervical cancer
[36] and prostate cancer [37]. The expression
of PKM2 gradually increased in the process of
transforming into pancreatic cancer with a low
expression in cyst, the middle in pancreatic
intraepithelial neoplasia (PanIN) and the high-
est in cancer [28]. So far, it was proved the
detection of serum PKM2 is useful in the diag-
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nosis of pancreatic cancer, and its sensitivity
and specificity are comparable to those of
CA19-9 [38-40]. The silencing of PMK2 gene in
human or mouse PDAC cell line indicated that it
participated in the tumor initiation, growth,
invasion and metastasis [41-45]. Mechanisti-
cally, PKM2 may be regulated by serine/threo-
nine protein kinase 2 (PAK2). In fact, PKM2
knockout reduced the half-life of PAK2 pro-
tein by increasing the ubiquitin-dependent pro-
teasome degradation [45]. The expression of
PKM2 and PAK2 in PDAC was highly associated
with metastasis, which indicated that the com-
plex was a possible target [45]. In addition, the
deletion of PKM2 negatively affects the secre-
tion of HIF-1la and VEGF through Akt/c-Myc,
NF-kB, and mTOR pathways, thus impairing pro-
liferation, increasing apoptosis and reducing
the growth of PDAC tumor [42, 46-48]. PKM2
also participates in the regulation of MAPK
pathway [49, 50], and may target and regulate
STAT3 and TWIST1, especially in EMT, which
increases the invasion and metastasis [43, 51].
Furthermore, MIR210HG affects the pheno-
type of pancreatic cancer cells by regulating
the miR-125b-5p/HK2/PKM2 axis, thus affect-
ing the tumor glycolysis and progression [52].
Recent studies indicated that the combination
of ethanol extract of Hedyotis diffusa (EEHD)
and Scutellaria barbata (EESB) can synergisti-
cally suppress the in vivo and in vitro growth of
pancreatic cancer. Its inhibitory effects on aer-
obic glycolysis may be achieved by affecting
PKM subtype transformation.

Phosphoglycerate kinase 1 (PGK1): PGK1 pro-
duces an ATP by glycolysis, thereby catalyzing
the conversion of 1,3-diphosphoglyceric acid
to 3-phosphoglyceric acid (Figure 2). PGK1 is
also involved in DNA repairmen and autophagy,
and it has been overexpressed in most can-
cers, and its overexpression in some specific
cancer types indicates poor prognosis [53].
However, extracellular PGK1 plays an opposite
role to intracellular PGK1. Under certain condi-
tions, extracellular PGK1 can inhibit tumor
growth and metastasis. For example, the intra-
peritoneal injection of recombinant human
PGK in fibrosarcoma mice and pancreatic
tumor mice will result in an increase in plasma
angiostatin level and a decrease in tumor
angiogenesis and tumor growth [54]. In addi-
tion, PGK1 is secreted into cell matrix, which
reduces VEGF level and promotes the produc-
tion of angiostatin, thereby inhibiting the angio-
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genesis of prostate cancer (PCA) [55]. In anoth-
er recent study, the expression of PGK1 was
inhibited by MVIH, a long non-coding RNA
(LncRNA) that activated tumor-induced angio-
genesis in hepatocellular carcinoma (HCC) [56].
Apart from producing angiogenesis inhibitor
angiostatin as tumor suppressor, PGK1 can
also inhibit the tumor growth of Lewis lung can-
cer by down-regulating the COX-2 expression
and promoting anti-tumor immunity in vivo [57].
The latest data implied that PGK1 can play a
role as an oncogene in patients with SMAD4
negative PDAC, thus enhancing glycolysis and
making tumors more invasive [58]. The exis-
tence of PGK1 can predict the fate of tumor
metastasis and become a potential therapeu-
tic target.

Influence of tumor microenvironment

Tumor microenvironment refers to the local
internal environment composed of tumor cells,
immune cells, interstitial cells and secreted
active media. Recent researches have con-
firmed that the tumor microenvironment plays
a key role in PDAC progression [59], which
revealed the relationship between microenvi-
ronment and metastasis. The microenviron-
ment of pancreatic cancer has two main char-
acteristics, as dense fibrous hyperplasia and
extensive immunosuppression [60]. The two
characteristics can promote the proliferation of
pancreatic cancer cells, and evade immune
surveillance and metastasis by directly inhibit-
ing anti-tumor immunity or inducing the prolif-
eration of immunosuppressive cells (Figure 3).

Hypoxic microenvironment: There are two rea-
sons that account for the hypoxic microenviron-
ment in tumor [61]. One is the rapid prolifera-
tion of tumor cells that leads to a continuous
decrease of oxygen in tumor tissue [62], and
another is the construction of vascular net-
works with abnormal growth within the tumor
[63], especially vascular dysfunction [64]. PDAC
is characterized by large areas of hypoxic
regions, which may be due to poor perfusion of
blood and the dense matrix [65]. Tumor cells in
hypoxic regions tend to undergo epithelial-stro-
mal transformation (EMT) and exhibit high gly-
colysis [66].

Hypoxia-inducible factor (HIF1x) is an impor-
tant transcription factor in tumor microenviron-
ment, and plays a key role in regulation. HIF-1c,
a nuclear protein with transcriptional activity as
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Figure 3. Tumor microenvironment in pancreatic cancer. Pancreatic cancer cells secrete multiple cytokines (such
as IL-10, TGF-B, and IL-23) and chemokines (such as CXCL1-3, CXCL5, CXCL12, CCL2, and VEGFa) to activate sur-
rounding stromal cells and attract immunosuppressive cells such as Treg, MDSCs, and TAMs to cluster at tumor
sites. High expression of glycolytic enzymes (such as HK2) in TAMs enhances its glycolysis, but also promotes the
glycolytic levels of pancreatic cancer cells, which impacts on the growth of pancreatic cancer cells. MDSCs, myeloid-
derived suppressor cells; TAMs, tumor-associated macrophages; PSCs, pancreatic stellate cells; HK2, hexokinase 2.

the regulator for aerobic glycolysis, can make
cell survive in hypoxic microenvironment
by metabolism reprogramming for glycolysis.
Besides, HIF1a can induce angiogenesis, pH
balance and cell proliferation. Mechanistically,
HIF1x can regulate the transcription of its tar-
get genes, such as GLUT1, HK2 and LDHA,
which is critical in the regulation of aerobic gly-
colysis. Hu et al. discovered that SIRT4, a mito-
chondrial tumor suppressor, can inhibit the
expression of HIF1la and negatively regulate
the pancreatic cancer glycolysis [11]. UHFR1,
an epigenetic modifier, is upregulated in pan-
creatic cancer patients and associated with
poor prognosis of patients. On the other hand,
UHFR1 can positively regulate the HIF1la tran-
scription in a dose-dependent manner by inhib-
iting SIRT4, while HIF1la regulates aerobic gly-
colysis through regulating of glycolytic gene
transcription and promoting the development
of pancreatic cancer. Transcription analysis fur-
ther indicated that UHFR1 inhibited SIRT4 tran-
scription in pancreatic cancer.
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Immune microenvironment: Pancreatic cancer
has significant immune cell infiltration in micro-
environment, with immunosuppression as the
prominent feature. On the one hand, the tumor
educates the immune system so that it cannot
be recognized by the immune system. On the
other hand, it recruits and activates various
immunosuppressive cells such as pancreatic
stellate cells (PSCs), myeloid-derived suppres-
sor cells (MDSCs), tumor-associated macro-
phages (TAMs) and regulatory T cells (Tregs),
and then secretes immunosuppressive mole-
cules and inhibits the host’s anti-tumor immune
response, thus inducing the immune escape of
tumor, and “domesticating” the body’s immune
system to promote the growth, invasion and
metastasis of tumor [67, 68].

Pancreatic cancer cells secrete multiple cyto-
kines (such as IL-10, TGF- and IL-23) and che-
mokines (such as CXCL1-3, CXCL5, CXCL12,
CCL2, and VEGF-a) to activate surrounding stro-
mal cells and recruit Tregs, MDSCs and TAMs
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and other immunosuppressive cells to the
tumor site. Tregs, MDSCs, and TAMs act on
pancreatic T cancer cells by having secreted
immunosuppressors (such as TGF-3, IL-10) and
express immunosuppressive ligands (such as
PD-L1, B7) to inhibit effector T cell function
[69]. Meanwhile, pancreatic cancer cells
secrete platelet-derived growth factor (PDGF),
Angiotensin 11 and TGF-B to activate PSCs
[70], which can also secrete multiple growth
factors to drive the growth and proliferation of
PDAC [71]. MDSCs decompose the arginine
necessary for T cell protein synthesis by
expressing high levels of arginine for protein
synthesis, producing reactive oxygen species,
and secreting TGF-B to inhibit the function of
effector T cells [72]. Dendritic cells of patients
with pancreatic cancer suppress the anti-tumor
immunity of T cells by expressing indindomine
2, 3-dioxygenase, and inducing immune toler-
ance to tumor cells [73]. B cells can inhibit the
response of antitumor T cells via Bruton tyro-
sine kinase pathway [74].

TAMs are highly plastic in tumor microenviron-
ment, which can account for 50% of some solid
tumors. The results showed that the decrease
of glycolytic activity in TAMs was achieved
through nutrition and immune circuit, thus pro-
moting tumor progression. In addition, accord-
ing to Liu et al. found that Glycolytic enzymes
including hexokinase 2 (HK2) were up-regulat-
ed in TAMs of pancreatic cancer patients [75],
which indicated that glycolysis ability was
enhanced. Penny [76] held the view that this
metabolic reprogramming was responsible for
the increased metastasis of PDAC. Though
competition for local glucose supply is intensi-
fied, the glycolysis of TAMs may still promote
tumor growth. Recent research proved that
there is a significant positive correlation
between tumor glycolysis and tumor immunity
in various cancer types. Tumor glycolysis can
increase the expression of PD-L1 in tumor cells
[77]. Therefore, the glycolytic activity of tumor
can be used as a biomarker to predict the
response to immunotherapy for various can-
cers.

The influence of glycolysis to pancreatic can-
cer

Glycolysis in proliferation of pancreatic cancer

Metabolic reprogramming of cancer cells is
conducive to the initiation, proliferation, inva-
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sion and metastasis of tumors in the TME.
Recent research revealed that chromobox pro-
tein homolog 3 (CBX3) can promote aerobic gly-
colysis of pancreatic cancer cells, inhibit mito-
chondrial respiration, and induce cell prolifera-
tion by inhibiting the expression of fructose
diphosphatase 1 (FBP1). Interference with
CBX3-FBP1 signal axis can suppress the cell
proliferation, which effectively inhibits the pan-
creatic cancer growth by targeting aerobic gly-
colysis [78]. Meanwhile, the latest research
displayed that long-chain non-coding RNA
(IncRNA) HOXA antisense RNA2 (HOXA-AS2) is
up-regulated in pancreatic cancers, and is
related to clinical indicators of malignant pro-
gression. Silencing its expression can reduce
cell proliferation and inhibit cell invasion [79].

Glycolysis in metastasis of pancreatic cancer

Transcription factors, including c-Myc, EST1
and FOXM1, can promote the glycolysis of pan-
creatic cancer and regulate the invasion and
metastasis of PDAC by combining with the pro-
moters of glycolytic genes (such as HK1,
PFKFB3, LDHA and GLUTs) [80, 81]. With the
expression of glycolytic enzyme, PDAC can
change its enzyme activity through post-trans-
lational modification, thus promoting glycolysis.
For example, PFKFB3 can enhance the glycoly-
sis of cancer cells by phosphorylation, dimethyl
and acetylation under energy crisis [82, 83]. Li
et al. uncovered the mechanism that cisplatin
induced the acetylation of lysine 472 (K472) of
PFKFB3 and disrupted the nuclear localization,
thus leading to the cytoplasm accumulation,
which promoted the AMPK phosphorylation of
PFKFB3 and caused its activation and glycoly-
sis [82]. Besides, due to the degradation of
LDHA acetylated by lysine 5 (K5), LDHA was
overexpressed in PDAC cells, which reduced
the level of LDHA and inhibited the migration of
glycolysis and PDAC cells [84]. With the devel-
opment of nanoparticles, nanoalbumin-bound
paclitaxel (Abraxane) has been approved in
combination with gemcitabine for first-line
treatment with metastatic pancreatic cancer
[85].

Glycolysis in drug resistance of pancreatic
cancer

Based on previous studies, the metabolites of
pancreatic cancer cells exposed to gemcitabine
do not show obvious changes. However, the
chemotherapy resistance to gemcitabine will
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induce metabolic reprogramming and partici-
pate in the regulation process of chemotherapy
resistance to tumor cells. L-type amino acid
transporter 2 (LAT2) is up-regulated in many
tumor types, and can reduce the gemcitabine
sensitivity of PDAC cells in vivo and in vitro.
The research conducted by Feng et al. [86] indi-
cated that higher expression of LAT2 and lac-
tate dehydrogenase B (LDHB) was in PDAC
tissues than those in adjacent tissues, which
may predict poor prognosis of PDAC patients.
LAT2 can regulate two glutamine-dependent
positive feedback loops (LAT2/p-mTORSer24-
48 loop and glutamine/p-mTORSer2448/gluta-
mine syntheses loop), promote the glycolytic
pathway of pancreatic cancer cells and reduce
the sensitivity to gemcitabine. The activation of
glycolysis induced by LAT2 can be reversed by
mTOR inhibitor (RAD0O01). RADOO1 combined
with gemcitabine can promote the sensitivity
of chemotherapy in PDAC cells with LAT2
overexpression.

Recent research revealed that miRNA-3662
inhibited PDAC cell chemoresistance and aero-
bic glycolysis through a negative feedback loop
with HIF-1a and argued that co-delivery of miR-
3662 and gemcitabine could serve as a prom-
ising therapeutic regimen for PDAC patients
[87]. Another research shed light on a recipro-
cal feedback of antisense RNA1 of HIFlx
(HIFLA-AS1) and HIF-1a promoted gemcitabine
resistance of pancreatic cancer, which pro-
vided an applicable therapeutic target [88].
Besides, human balanced nucleoside trans-
port protein 1 (hENT1) reversed the gem-
citabine resistance by inhibiting glycolysis and
modifying HIF-1a mediated glucose transport
in pancreatic cancer [89].

Conclusions and prospect

Our understanding of cancer metabolism has
gone beyond the “Warburg” effect itself and
has become increasingly aware of the enor-
mous complexity behind. A slight loss leads to a
thousand miles away, called “the whole body
moves with one hair”, which requires us to pay
attention to all the elements involved, including
the “base” TME, the activity change of several
key enzymes, and the abnormality of signal
transduction pathway. At present, the survival
rate of pancreatic cancer remains significantly
low, and the molecular mechanism behind the
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pancreatic cancer and glycolysis needs to be
further studied, so as to provide targeted thera-
py for regulating glycolysis and new targets and
ideas for clinical treatment of pancreatic can-
cer. We hope to find a “control switch” for gly-
colysis as soon as possible, press the shortcut
key for stopping cancer, build a bridge between
basic research and clinical research, and truly
realize the “precise” treatment of cancer.
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