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High glucose: an emerging association between diabetes mellitus
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Abstract
The association of cancer and diabetes mellitus (DM) has been studied for decades. Hyperglycemia and the imbalance of
hormones are factors that contribute to the molecular link between DM and carcinogenesis and cancer progression.
Hyperglycemia alone or in combination with hyperinsulinemia are key factors that promote cancer aggressiveness. Many
preclinical studies suggest that high glucose induces abnormal energymetabolism and aggressive cancer via several mechanisms.
As evidenced by clinical studies, hyperglycemia is associated with poor clinical outcomes in patients who have comorbid DM.
The prognoses of cancer patients with DM are improved when their plasma glucose levels are controlled. This suggests that high
glucose level maybe be involved in the molecular mechanism that causes the link between DM and cancer and may also be useful
for prognosis of cancer progression. This review comprehensively summarizes the evidence from recent pre-clinical and clinical
studies of the impact of hyperglycemia on cancer advancement as well as the underlying molecular mechanism for this impact.
Awareness among clinicians of the association between hyperglycemia or DM and cancer progression may improve cancer
treatment outcome in patients who have DM.
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Introduction

Diabetes mellitus (DM), a chronic and progressive disease
diagnosed with excessive plasma glucose, is one of the
most prevalent non-communicable diseases worldwide.
DM is associated with substantial comorbidities and mor-
tality. The International Diabetes Federation reported that
approximately 463 million people, aged 20–79 years old,
were diagnosed with DM worldwide in 2019. The number

of patients with DM is predicted to rise up to 700 million
people by 2045 [1]. Moreover, the pre-diabetic population
is also significant. Approximately 374 million people are
now diagnosed with either impaired glucose tolerance
(IGT) or impaired fasting glucose (IFG), a condition of
abnormally high plasma glucose but still below diabetic
criteria [1]. These people are at increased risk of develop-
ing type 2 DM and other long-term complications [2].

Diabetes-related long-term complications are catego-
rized into macrovascular such as stroke and microvascular
types such as diabetic retinopathy [3, 4]. Beside serious
long-term complications, DM also increases the risk of
tumorigenesis and accelerates cancer progression. The as-
sociation between DM and cancer has been reported in
several cancers including colorectal, breast, and pancreat-
ic cancer [5]. Furthermore, cancer patients who have DM
or abnormal plasma glucose are prone to a worse progno-
sis [6]. Tumor progression in DM patients is also associ-
ated with the hormonal effects from insulin and other
cytokines [7] and those cancer cells exposed to a
supraphysiological concentration of glucose show intra-
cellular signaling alteration and result in more aggressive
phenotypes [6, 8, 9].
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Diabetogenic glucose levels promote the progression of
several cancer cell types by various mechanisms. The mecha-
nisms underlying high glucose-induced aggressiveness of
cancer are different among each type of cancers and likely
cancer-type specific effects. Increase of aerobic glycolysis
(Warburg effect)-dependent pathways and activation of sev-
eral intracellular signaling have been shown in cancer cells
under high glucose condition (Fig. 1). Glucose is transported
intracellularly via glucose transporter-1 (GLUT1) and stimu-
lates several metabolic pathways. Many key rate-limiting

enzymes in glycolysis, e.g., hexokinase-II, phosphofructoki-
nase-1, and pyruvate kinase M2, are upregulated, resulting in
the increasing of metabolites needed for synthesis of several
macromolecules. In parallel, glucose can activate many signal
pathways, e.g., ERK, STAT3, and NF-ĸB, involving cell pro-
liferation, metastatic ability, and chemoresistance of cancer
cells [6, 8, 9]. The activations of these intracellular pathways
regulate the transcription of their specific downstream target
genes that promote the aggressive phenotypes. In addition, at
the clinical level, long-term clinical outcome and survival are

Fig. 1 The effects of high glucose on energymetabolism and intracellular
signaling pathways. The mechanisms of high glucose-induced aggres-
siveness of cancer are different among cancer types. Glucose upregulates
key enzymes in glucose metabolism resulting in the increase of glycoly-
sis, O-GlcNAcylation, lactic acid production, and lipid synthesis. In par-
allel, glucose also activates several signal pathways that promote aggres-
sive phenotypes of cancer. Red arrows, upregulation; solid arrows, evi-
dence reported in various cancers; dash arrows, unclear mechanisms.
Abbreviations: GLUT glucose transporter, HKII hexokinase II, G6P

glucose-6-phosphate, PFK1 phosphofructokinase 1, ENO enolase,
PKM2 pyruvate kinaseM2, LDHA lactate dehydrogenase A, FASN fatty
acid synthase, GFAT glutamine fructose-6-phosphate amidotransferase,
HIF1α hypoxia-inducible factor 1α, EGF epidermal growth factor,
EGFR epidermal growth factor receptor, VEGF vascular endothelial
growth factor, VEGFR vascular endothelial growth factor receptor,
CXCR4 C-X-C motif chemokine receptor 4, CXCL12 C-X-C motif che-
mokine ligand 12
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poor in cancer patients with DM whose plasma glucose are
poorly controlled [10, 11]. Therefore, high glucose has been
proposed and identified as a mechanism by which DM is
linked to cancer progression. In this article, the mechanisms
by which glucose dysregulation induces tumor progression
and the potential agents that hold promise in cancer treatment
under hyperglycemic conditions are reviewed.

Patients with cancer and hyperglycemia
prone to have a worse prognosis

A number of studies demonstrate that clinical outcome is sole-
ly dependent on glycemic status of patients regardless DM [7,
12, 13]. A retrospective analysis of 715 clinical stage I–III
patients with colon adenocarcinoma suggests that hyperglyce-
mia and obesity are correlated with a poorer prognosis.
Hyperglycemia is associated with a decreased 5-year dis-
ease-free survival to 66% compared with 80% for the
normoglycemic group (HR: 1.87; 95% CI: 1.29–2.72;
P=0.001). Consistently, another study observed a 5-year over-
all survival in patients with hyperglycemia of 73% compared
to 83% for patients with normoglycemia (HR: 1.46; 95% CI:
1.002–2.14; P=0.047) [10]. Villarreal-Garza et al. reported
that among 265 patients with advanced breast cancer, overall
survival is not different between DM and non-DM subjects.
However, DM patients with controlled glucose survive signif-
icantly longer than patients with uncontrolled glucose (> 130
mg/dL). Regardless of DM history, patients with mean glu-
cose level more than 130 mg/dL are at higher risk of death
compared to the normoglycemic group [14]. Compiling
11,091 patients in 11 studies, a systematic review and meta-
analysis on DM and a prognosis of cervical cancer was con-
ducted by Chen et al. They reported that DM is a useful prog-
nostic factor for cervical cancer, in which DM is associated
with poorer overall survival (HR: 1.59; 95% CI: 1.35–1.87; P
< 0.001) and recurrence-free survival (HR: 1.98; 95% CI:
1.47–2.66; P <0.001) compared with non-DM patients [15].
Wright et al. investigated the biochemical recurrence among
1,734 patients with localized prostate cancer who underwent
radical prostatectomy or radiotherapy. Patients with fasting
plasma glucose from 100 mg/dL have a 50% higher risk of
recurrence compared with patients whose plasma glucose was
below 100 mg/dL at the time of diagnosis [16, 17].

Post-operative hyperglycemia also affects treatment out-
comes. Fiorillo et al. reported that non-DM gastric cancer
patients with plasma glucose more than 200 mg/dL after gas-
trectomy have poorer post-operative outcomes and a higher
rate of complications [7]. Moreover, post-operative patients
with hyperglycemia also had a worse overall survival rate
(45% vs 57%; P=0.05) and disease-free survival rate (46%
vs 68%; P =0.02) in another retrospective study [17]. Simon
et al. enrolled 301,948 volunteers who came for a regular

health checkup and categorized them based on fasting plasma
glucose. Following up for several years, patients with high
plasma glucose suffer significantly more cancer-related deaths
(HR: 1.17; 95% CI: 1.03–1.34; P <0.05), especially gastroin-
testinal cancer and leukemia. With applications of glucose-
lowering medications, the risk is significantly decreased
[18]. Table 1 summarizes the effect of hyperglycemia on clin-
ical outcomes of patients with various types of cancer.

As demonstrated by clinical outcome, most patients with
cancers who have uncontrolled plasma glucose have a worse
prognosis and shorter survival time. Thus, many preclinical
studies have been conducted both in vitro and in vivo to elu-
cidate the molecular mechanisms by which high glucose in-
creases the aggressiveness of cancer. Both the metabolic util-
ity of glucose and other glucose’s roles have been investigated
to suggest the therapeutic window for the improvement of
clinical outcomes.

Warburg effect: a malignant hallmark
of glucose metabolism

Deregulation of cellular energetics is one of the 10 cancer
hallmarks summarized by Hanahan and Weinberg [19].
However, the aberrant energy metabolism in cancer cells
was observed by Warburg almost a century ago [20].
Warburg reported that, even in an oxygen-sufficient environ-
ment, cancer cells often utilize glucose via glycolysis instead
of oxidative phosphorylation. It is speculated that this so-
called aerobic glycolysis or Warburg effect results from im-
paired mitochondrial function in cancer cells. Although a rea-
sonable assumption, the explanation of the root cause of
Warburg effect has been challenged. One criticism is that
not all cancers with Warburg effect have impaired mitochon-
dria [21]. Moreover, this phenomenon is also found in highly
proliferative normal cells as well as in embryonic cells which
have high anabolic rate. Many glycolytic intermediates can be
shunted to other anabolic pathways serving precursors for
biomolecules syntheses and used as building blocks for cell
proliferation. Thus, the Warburg effect provides an advantage
for cancer cell survival and advancement rather than being the
result of ineffective energetic machinery. To achieve high rate
of aerobic glycolysis, some cancer types adapt themselves to
have specific glycolytic enzyme isoforms [22]. For example,
hexokinase II (HKII) and pyruvate kinase (PK) M2 promote
glycolysis and increase glycolytic intermediates accumulation
in the glycolytic pathway [23]. This metabolic adaptation then
provides cancer cells the building blocks that allow for higher
proliferation and more invasiveness. The overexpression of
these specific isoforms of proteins or enzymes potentiates
cancer cells to survive and compete with normal cells in par-
ticular microenvironments.
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Glucose is not only a major cellular energy source, but itself
also a regulator of the energy metabolism pathways. Glucose
upregulates several glycolytic genes and genes involved in glu-
cose utilization, e.g., glucose transporter (GLUT), HKII, and
PKM2 in both normal and cancer cells [24, 25]. Studies in pan-
creatic cancer demonstrate that high glucose upregulates the ex-
pression of hypoxia-inducible factor 1α (HIF1α) regardless of
oxygenic condition. The increased HIF1α protein results in up-
regulation of its downstream targets that function in glycolysis,
i.e., HKII, platelet-type of phosphofructokinase (PFKP), and lac-
tate dehydrogenase A (LDHA) [26, 27]. A study in breast cancer
also demonstrated that high glucose upregulates the expression
of HKII and PK [28]. In addition to promoting glycolysis, up-
regulation of glycolytic enzymes by high glucose facilitates other
aggressive phenotypes of cancer cells as well. High glucose
upregulates enolase 1 (ENO1), a glycolytic enzyme, in gastric
cancer. ENO1 expression in gastric cancer in turn regulates the
expression of Snail, which is a transcription factor in the
epithelial-mesenchymal transition (EMT) process and, hence,
promotes migration of cancer cells apart from its regular role in
glycolysis [29]. Altogether, the evidence suggests that high glu-
cose not only fuels abnormal glycolysis but also provides a com-
petitive advantage for cancer cells in the other ways. Therefore,
studies of high glucose and other cancer hallmarks are still being
investigated.

High glucose induces cancer cell proliferation
by modulating signaling pathways

Most studies on the effects on cancer of high glucose and other
diabetic conditions are carried out in pancreatic and breast

cancers [30–32]. However, the effects of high glucose on can-
cer cell proliferation and growth are reported in almost every
organ system. Therefore, in this review, we discuss the effects
of high glucose on cancer growth in groups according to the
organ in which the cancer occurs.

Pancreatic cancer

Since one etiology of DM is insufficient insulin production,
one could speculate that DM may be a consequence of pan-
creatic cancer. The malignancy or treatment might destroy the
Islet of Langerhans and result in type 1 DM in some patients
[33, 34]. However, the epidemiological studies indicate that
DM is associated with increased risk of pancreatic cancers in
some cohort studies [35]. A recent molecular study also re-
ported that high glucose level is associated with aberrant gly-
cosylation in pancreatic cells, especially O-GlcNAcylation.
Increased O-GlcNAcylated ribonucleotide reductase results
in less enzymatic activity and leads to a deficiency of
deoxynucleotide triphosphate (dNTP). The abnormally low
dNTP causes genomic DNA alterations in several genes, in-
cluding inKRAS—an oncogene frequently mutated in pancre-
atic cancer. This study pointed out a possible mechanism un-
derlying the linkage between DM and the transformation of
pancreatic cells toward malignancy [36]. Furthermore, hyper-
glycemia is also significantly associated with poor clinico-
pathological characteristics, e.g., higher TNM staging, meta-
static status, and shorter survival of patients with pancreatic
cancer [37].

A study of pancreatic tissues from patients found that sterol
regulatory element-binding protein 1 (SREBP1), an important
transcription factor involved in lipid metabolism, is increased

Table 1 Effects of hyperglycemia
on clinical outcomes of cancer
patients

Cancer types Sample
size

Measured outcomes Relative risk (95% CI)

Hype rg l y c em i a v s .
normal

References

Gastric cancer 193 - Post-operative complications

- Mortality rates

HR 7.3 (1.8–28.4)

HR 6.9 (0.9–167.1,
P = 0.05)

7

Colorectal cancer 715 - 5-yr disease-free survival

- 5-yr overall survival

HR: 1.87 (1.29-2.72)

HR: 1.46 (1.002-2.14)

10

Breast cancer 265 5-y overall survival HR: 2.8 (1.1–7.3) 14

Cervical cancer 11,091 - 5-yr overall survival

- 5-yr recurrence-free survival

HR: 1.59 (1.35–1.87)

HR: 1.98 (1.47–2.66)

15

Prostate cancer 1,734 - Biochemical recurrence
(PSA)

HR: 1.5 (1.1–2.0) 16

Gastric cancer 104 - 5-yr disease-free survival

- 5-yr overall survival

OR: 2.21 (1.03–4.74)

OR: 2.14 (1.13–4.05)

17

Normal
volunteers

301,948 - All-cause mortality rates

- Cancer mortality rates

- Non-cancer mortality rates

HR: 1.17 (1.03–1.34) 18

Abbreviations: CI confident interval, HR hazard ratio, OR odds ratio
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in tumor tissue compared with normal tissue. In vitro and
in vivo experiments also showed an increased proliferation
rate of pancreatic cancer cells in high glucose medium and
increased size of implanted tumor in diabetic mice in which
the mechanism was proven via the induction of SREBP1 ex-
pression [37]. The study with effect of short-term treatment of
high glucose to pancreatic cancer cells also showed the con-
sistent results. Han et al. reported that pancreatic cancer cells
cultured in high glucose have increased epidermal growth
factor (EGF) expression which in turn activates epidermal
growth factor receptor (EGFR). They also demonstrated that
high glucose can transactivate EGFR independently from the
EGF and stimulate the proliferation of pancreatic cancer cells
[38]. Another report by Ito et al. [39] revealed high glucose-
enhanced pancreatic cell proliferation by increasing the ex-
pression of osteopontin. The effect of osteopontin on cell pro-
liferation is augmented by insulin, which is usually increased
in patients with insulin resistance or type 2 DM. They also
showed that high glucose can induce intracellular oxidative
stress, a tumor promoting condition, as indicated by increased
level of 8-hydroxy-2’-deoxyguanosine (8-OHdG). A later
study by Luo et al. [40] showed that an increase of intracellu-
lar reactive oxygen species (ROS) in high glucose conditions
is associated with an accelerated proliferation rate in pancre-
atic cancer cells. Glucose-induced ROS in pancreatic cancer
has an anti-apoptotic effect via inhibition of JNK pathway. In
addition to its direct effect on cancer cells, high glucose alters
the tumor microenvironment and indirectly promotes cancer
cell proliferation. High glucose upregulates CXCL12 expres-
sion in pancreatic stellate cells and upregulates CXCR4which
is a CXCL12 receptor in pancreatic cancer cells. The interac-
tion of CXCL12-CXCR4 thus accelerates the proliferation of
pancreatic cancer cells in a high glucose environment [41]. All
studies in pancreatic cancer suggest that diabetic condition, in
particular high glucose, can aggravate the carcinogenesis as
well as cancer cell proliferation. Hyperglycemia in patients
with pancreatic cancer is not likely a simple complication of
the malignant progression but indeed a poor prognostic factor
that need to be addressed.

Breast cancer

The association between DM and breast cancer has been stud-
ied as extensively as it has for pancreatic cancer. Breast cancer
is significantly associated with DM and a metabolic syndrome
[42, 43]. Epidemiological studies indicate that DM is associ-
ated with increased risk of breast cancer and promotes tumor
progression once the malignancy is established [44, 45]. An
in vivo study supports these epidemiological findings. Mice
fed with high glycemic index food and carcinogens developed
breast cancer more rapidly and had more severe tumor burden
than those fed with lower glycemic index food. The study also
found that levels of two adipokines, leptin and adiponectin,

are increased in mice fed with high glycemic index food [46].
High glucose and metabolic hormones from adipose tissues
are suspected to be involved in the carcinogenesis of breast
cancer. This study also demonstrated the importance of lipid
metabolism on the progression of breast cancer, as the high
expression of the enzyme fatty acid synthase (FASN) is es-
sential for breast cancer cell proliferation and can be upregu-
lated by high glucose [47].

As breast cancer cells are mostly dependent on the activa-
tion of hormones and growth factors, it was originally hypoth-
esized that the excessive insulin and insulin-like growth factor
(IGF) may underlie this association. The report of Yamamoto
et al. [48], in fact, proved that insulin and high glucose play a
reciprocal and critical role in stimulation of breast cancer cell
proliferation. In addition, it has consistently been shown that
high glucose and insulin synergistically promote the prolifer-
ation of breast cancer via increased ROS production [49],
which activates insulin receptor substrate (IRS) and in turn
activates the mitogen-activated protein kinase (MAPK) path-
way [50]. The direct effect of high glucose on breast cancer
cells has also been shown. High glucose increases ROS level
independently from insulin, as reported by Nasir Kansestani
et al. [51]. High glucose stimulates ROS production in breast
cancer cells and then promotes growth and anti-apoptosis. An
in vitro and in vivo study by Wu et al. [52] also reported that
high glucose increases ROS level in breast cancer cells. ROS
then triggers nuclear factor-κB (NF-κB) pathway to activate
nuclear type 2 C protein phosphatase (PP2Cδ) and promotes
breast cancer cell proliferation. The expression of PP2Cδ in
tumor tissue from patients with breast cancer who had DM is
consistently higher than those with normoglycemia. The effect
of high glucose on other signaling pathways has also been
reported. Hou et al. [53] showed that stimulated EGFR by
high glucose activates the Rho family GTPase, Rac1, and
Cdc42, resulting in activation of breast cancer cells’ growth.
Additionally, Adham et al. [54] also showed the effect of high
glucose on another class of growth factors. Vascular endothe-
lial growth factor (VEGF) and its receptor, vascular endothe-
lial growth factor receptor (VEGFR), are increased in breast
cancer cells cultured in high glucose by stabilization of the
VEGFR protein. The binding of VEGF to VEGFR then pro-
motes the growth of breast cancer cells. The activation of
protein kinase Cδ (PKCδ)-dependent ubiquitin proteasome
system by high glucose is another mechanism reported in
breast cancer cells cultured in high glucose [55]. Aside from
promoting cell proliferation in adherent conditions, high glu-
cose also supports the viability of breast cancer cells in
anchorage-independent environment and promotes the growth
as demonstrated by soft agar colony-forming assay. The
mechanism by which high glucose promotes anchorage-
independent growth is signaling through the activation of
Akt [56] and decreased expression of angiotensinogen [57].
These results suggest that growing in a non-adherent
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environment not only provides a survival benefit but also sup-
ports the growth of circulating cancer cells during their meta-
static process in the blood stream.

Gastrointestinal and hepatobiliary tract cancers

The positive effect of high glucose on cancer cell proliferation
of gastrointestinal tract and hepatobiliary systems have also
been demonstrated. DM and hyperglycemia are associated
with poor prognoses of patients with colorectal cancer
(CRC). The study of tumor tissues from patients with CRC
who had hyperglycemia shows the decreased methylation of
phosphatase 1 regulatory subunit 3C (PPP1R3C), a transcrip-
tional protein primarily involved glycogen metabolism.
PPP1R3C also has a functional role in cell growth.
Consistently with CRC cells cultured in high glucose, the
methylation level of PPP1R3C is repressed and resulted in
higher proliferation of CRC cells than those in normal glucose
medium [58]. High glucose triggers the signaling pathway in
CRC cells as demonstrated by the study of Chen et al. [59].
Cultured in high glucose medium, the insulin-like growth fac-
tor receptor (IGFR) is highly activated in CRC cells. The
activated IGFR then further signals to Src and Erk and in-
creases CRC cell proliferation. High glucose also modulates
the expression and activity of the enzyme glutamine-fructose-
6-phosphate amidotransferase (GFAT) to enhance the activity
of hexosamine biosynthetic pathway (HBP). HBP is neces-
sary for the synthesis of precursors for glycosylation, which
is associated with abnormal post-translational modification of
proteins in CRC cells. High glycosylation is found in CRC
cells cultured in high glucose and thus results in increased
proliferation [60].

DM also affects the risk of cancer in the organ all along the
hepatobiliary system, i.e., hepatocellular carcinoma (HCC),
intrahepatic and extrahepatic cholangiocarcinoma (CCA),
and carcinoma of gall bladder. However, the association of
DM and the carcinoma of ampulla of Vater and periampullary
carcinoma remains unclear [61]. High glucose can promote
HCC cell proliferation by increasingO-GlcNAcylation of pro-
teins and modulating expression of miRNA. The O-
GlcNAcylation of a transcription factor zinc finger protein
410 (APA1) is increased inHCC cells cultured in high glucose
as well as in tumor tissues from patients who had DM. O-
GlcNAcylation of APA1 stabilizes and enhances its transcrip-
tional function. APA1 upregulates the expression of gap junc-
tion protein gamma 1, a proto-oncogene, which promotes pro-
liferation of HCC cells [62]. High glucose also upregulates
miRNA-483-3p and suppresses the expression of endoplas-
mic reticulum protein 29, resulting in increased proliferation
of HCC cells [63]. In addition, our previous report showed the
proliferative effect of high glucose in intrahepatic CCA cells
by activation of signal transducer and activator of transcription
3 (STAT3) pathway. The in vitro effect was confirmed by

immunohistochemistry of tumor tissues from patients, which
found higher nuclear expression of STAT3 and p-STAT3 in
patients with CCA who had DM. Controlling glucose level to
within normal range thus reverses STAT3 effect and reduces
the proliferation of CCA cells, suggesting the vital roles of
high glucose in CCA progression [64].

Reproductive organs and genitourinary tract cancer

The promoting effect of high glucose on cancers in reproduc-
tive organs and genitourinary tract has been studied in both
male and female types. Since the function of reproductive
organs, i.e., ovaries and testes are under regulation of hor-
mones, the interaction of sex hormones and insulin in patients
with DM is hypothesized. The effect of DM on the risk of
prostate cancer carcinogenesis are widely studied; however,
their association remains controversial [65]. Most reports
show that DM is a protective factor for prostate cancer devel-
opment; in contrast, many reports emphasized the effect of
hyperglycemia on cancer cell progression rather than the ef-
fect of hormones [66, 67]. Once malignantly transformed,
prostate cancer cells show a dependence on high glucose for
growth promotion, and high glucose results in worse progno-
sis [68]. The study by Rezende et al. [69] showed that high
glucose alone or in combination with palmitate-a fatty acid
increases proliferation of prostate cancer cells by regulating
the metabolic sensor AMP-activated protein kinase (AMPK).
AMPK is a multifunctional kinase which can inhibit cell pro-
liferation. Therefore, suppression of AMPK by high glucose
results in increased proliferation of prostate cancer cells.
Supporting these findings, Li et al. [70] found that high glu-
cose upregulates the expression of miRNA-301, which sup-
presses the translation of p21 and Smad4, resulting in the
acceleration of cell cycle progression of prostate cancer both
in vitro and in vivo. Recruited patients with prostate cancer
who had high plasma glucose also showed a higher severity of
prostate cancer burden as indicated by Gleason score. In con-
trast, an in vitro study from Chen et al. [71] showed the op-
posite result that high glucose suppresses the proliferation and
promotes apoptosis of prostate cancer cells. The underlying
mechanism implicated in the latter study was suppression of
genes involving the anti-oxidative stress and increase expres-
sion of inflammatory cytokines which trigger the apoptosis
cascade. However, the study of Chen et al. used only one
prostate cancer cell line and is therefore difficult to generalize
to prostate cancer biology. The available evidence is incon-
clusive with respect to the effects of DM and hyperglycemia
on the carcinogenesis and progression, especially effect on
cell proliferation, in prostate cancer. More epidemiological
and molecular investigations are needed to make a concrete
conclusion.

The effect of high glucose on proliferation of cancers of
female reproductive organs, e.g., ovary, endometrium, and
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cervix, have also been reported. An in vitro and in vivo study
by Kellenberger and Petrik [72] showed that high glucose
induces proliferation of ovarian epithelial cancer cells inde-
pendently from insulin. They also demonstrated the promot-
ing effect of hyperglycemia on tumor growth in insulin defi-
cient type 1 DMmice. The studies of endometrial cancer cells
reported the same effect of high glucose. Han et al. [73]
showed that in addition to increased glycolytic activity in en-
dometrial cancer cells, high glucose also modulates the sig-
naling of AMPK/mTOR/S6 and MAPK pathways. The mod-
ulations of these pathways, hence, results in increased endo-
metrial cancer cell proliferation. Another report also showed
that the activation of STAT3 by high glucose is another mech-
anism underlying the accelerated growth of endometrial can-
cer [74]. Moreover, the effect of high glucose on STAT3
activation and promoting cell proliferation is also reported in
HeLa cells, a cervical cancer cell line, by downregulating
genes associated with retinoid-interferon-induced mortality
19 (GRIM-19), a mitochondria-related protein, interacting
and inhibiting phosphorylation of STAT3 [75].

Apart from the cancers of male and female reproductive
organs, the proliferative effect of high glucose in cancers of
the genitourinary tract has also been shown. High glucose
increases the proliferation of bladder cancer cells via activa-
tion of Wnt/β-catenin signaling pathway [76]. In a combina-
tion treatment with insulin, another report showed that ERK
and p38 MAPK pathway are activated. Activated ERK and
p38 pathways result in high expression of cell cycle machin-
ery and anti-apoptotic proteins in bladder epithelial cells. In
patients with DM, glucose levels are increased in not only in
the blood but also in urine. High glucose levels in urine may
increase risk of bladder cancer development in DM patients
and may accelerate tumor growth in DM patients with bladder
cancer [77].

Cancer in other systems

While there are relatively fewer number of studies, high glu-
cose also exerts the enhancing effect on cancer cell prolifera-
tion in other organs and systems. A study in glioblastoma, a
malignancy of glial cells in central nervous tissue, revealed
that exposure to high glucose upregulates EGFR and formyl
pept ide receptor 1 (FPR1), a G-prote in-coupled
chemoattractant receptor. The upregulation of EGFR and
FPR1 results in high proliferation of glioblastoma cells in high
glucose conditions [78]. Studies in two lung cancer subtypes,
lung adenocarcinoma and non-small cell lung carcinoma
(NSCLC), also demonstrated the effect of high glucose on
cancer cell growth. High glucose upregulates the expression
of the receptor for advanced glycation end-products (RAGE)
and nicotinamide adenine dinucleotide phosphate oxidases
(NOXs) in lung adenocarcinoma cells. The authors showed
that NOXs are possibly a downstream target of RAGE that

can activate the expression of VEGF and HIF1α. The upreg-
ulation of RAGEs/NOXs/VEGF/HIF1α was proven as the
underlying mechanism of high glucose induced lung adeno-
carcinoma cell proliferation [79]. NSCLC, another subtype of
lung cancer, is also affected by high glucose condition. High
glucose activates the growth of NSCLC cells by stimulating
JNK, ERK, and p38 MAPK pathways and promotes the pro-
liferation and anti-apoptotic properties in NSCLC. The acti-
vated JNK downregulates p53, a well-known tumor suppres-
sor gene, leads to promote the survival of NSCLC cells in high
glucose [80]. Lastly, high glucose inhibits the expression of
growth arrest-specific 5 (GAS5) but elevates tribbles homolog
3 (TRIB3) level. The altered levels of GAS5 and TRIBE3 then
result in higher proliferation and promote anti-apoptosis of
NSCLC cells [81].

Taken together, this evidence emphasizes the crucial roles
of diabetogenic glucose level that not only associates with
increased risk of carcinogenesis in almost organ systems but
also later becomes a factor that promotes tumor growth. Aside
from promoting the growth of the primary tumor, high glucose
can also promote an aggressive phenotype which negatively
affects patient survival, and enhancement of metastatic
activities.

High glucose-induced metastatic potential
of cancer cells

Metastasis is a complex process that requires a multistep al-
teration of cell biology. Epithelial cancer cells need to adapt
themselves to have more mesenchymal characteristics, by an
epithelial-mesenchymal transition (EMT) process which facil-
itates their mobility [82]. They need to produce enzymes for
degradation of extracellular matrix, express the adhesion mol-
ecules for the invasion through the endothelium, and adhere to
the secondary sites. Anchorage-dependent cells also need to
resist the apoptosis induced by non-adherent status or anoikis
resistance [83]. Studies in the past decade demonstrated that
high glucose contributes to the promotion of these steps
throughout metastatic cascade. In several cancers, high glu-
cose promotes the EMT process, a key step of cell migration,
by various mechanism, e.g., upregulation of transcription fac-
tors of EMT-related genes. High glucose also upregulates en-
zymes in both the metalloproteinases (MMPs) and plasmino-
gen activators (PAs) families that are involved in the degrada-
tion of extracellular matrix proteins. The reportedmechanisms
are different from one cancer to another, and in some cancer,
further study is required.

Pancreatic cancer

Hyperglycemia is usually associated with a poor prognosis,
i.e., the metastatic disease in patients with pancreatic cancer.
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In vitro and in vivo studies of metastasis induced by high
glucose showed that increased ROS mainly contributes to
the EMT process and invasiveness of pancreatic cancer. An
in vitro study demonstrated that high glucose increases the
level of hydrogen peroxide and results in upregulation of uro-
kinase plasminogen activator (uPA), the essential enzyme for
invasive ability. The invasiveness of pancreatic cancer cells,
thus, could be reversed with the ROS scavenging agents, e.g.,
superoxide dismutase (SOD) [84]. A later in vivo study by
xenograft model in streptozotocin (STZ)-induced type 1 dia-
betic nude mice by Li et al. discovered several pathways un-
derlying high glucose-induced migration, invasion, and then
in vivo metastasis of pancreatic cancer [85]. Most of the sig-
naling pathways are triggered by the increased level of ROS.
Hyperglycemic mice contain a higher plasma hydrogen per-
oxide level than those mice with normoglycemia. Increased
hydrogen peroxide is associatedwith the upregulation of EMT
transcription factors and markers such as Snail, N-cadherin,
and vimentin, whereas the epithelial marker, E-cadherin, is
downregulated. These proteins cause the higher metastatic
burden in the hyperglycemic mice. The injection of hydrogen
peroxide scavenging agent, polyethylene glycol-conjugated
catalase (PEG-CAT) suppresses hyperglycemia-induced me-
tastasis in mice with DM.

The increased production of hydrogen peroxide by high
glucose also triggers signaling of ERK and p38 MAPK path-
ways as well as the transcription factors NF-κB and AP-1.
Activation of these signaling pathways results in higher ex-
pression of uPA and increases invasiveness of pancreatic can-
cer cells. The in vivo experiment also revealed more invasion
in the renal capsule of pancreatic cancer xenografts, which
could be reversed by PEG-CAT treatment [86]. Another study
using resveratrol to suppress ROS production also supported
these findings that the metastatic potential of pancreatic cancer
cells is suppressed in cells cultured in high glucose condition
[87]. Apart from the ROS generation, high glucose also me-
diates the migration and invasion of pancreatic cancer cells by
other mechanisms. A study of tumor tissue from patients with
pancreatic cancer who had hyperglycemia showed that the
expression of HIF1α was significantly higher than those
who had normoglycemia. An in vivo study in nude mice with
pancreatic cancer xenografts also showed higher expression of
HIF1α in type 1 diabetic mice, which results in upregulation
of MMP9. Thus, the tissue invasion and distant metastasis are
much more occurred in hyperglycemic mice [88]. Another
study also showed that high glucose promotes EMT process
in premalignant H6c7-kras pancreatic cells by stimulating the
secretion of transforming growth factor-β1 (TGFβ1). The
TGFβ1 signaling then suppresses the expression of E-
cadherin and induces nestin expression. Moreover, the same
study also demonstrated that pancreatic cancer cells exposed
to high glucose exhibit cancer stem cell properties and in-
creased Nanog-a cancer stem cell marker expression [89].

Breast cancer

A study in patients with breast cancer found that those who
had type 2 DM had significantly more lymphatic and distant
metastasis [90]. The expressions of GLUT1, MMP2, and
MMP9 in patients with type 2 DM are significantly higher
than patients without DM. The suppression of GLUT1 expres-
sion in breast cancer cells by siRNA suppresses the expression
of MMP2 and MMP9, which results in decreased in vitro
invasion. The synergistic effects of high glucose and insulin
are demonstrated in several studies. For example, Flores-
López et al. [49] showed that high glucose and insulin increase
the migration and invasion of a highly metastatic breast cancer
cell line, MDA-MB-231, via ROS production. The increased
expression of uPA, uPAR, and PAI-1, as well as an increase in
activity of uPA were shown as the underlying mechanisms.
Moreover, the later study by Viedma-Rodriguez et al. [91]
showed that using ε-aminocaproic acid, an inhibitor of the
binding of plasminogen to cell surface, suppresses the migra-
tion and invasion of MDA-MB-231 induced by high glucose
and insulin. The EMTmarkers and expression of uPA, uPAR,
PAI-1, MMP2, and MMP9 are accordingly attenuated, em-
phasizing the importance of the plasminogen systems in inva-
siveness of breast cancer under the diabetic condition.
Another study suggested that high glucose and insulin activate
the signaling through the classical pathway of insulin. The
IRS1 expression is higher in breast cancer cells cultured in
high glucose and high insulin concentration compared with
those cultured in normal glucose and normal insulin supple-
ment. The downstream signaling molecules, i.e., Ras/Raf/
MEK/ERK, are then activated and result in increased migra-
tion and invasion ability of breast cancer cells when exposed
to high glucose and high insulin [50].

The direct effects of high glucose on metastatic potential of
breast cancer have also been studied. Wu et al. [52] found that
increased PP2Cδ expression by activating ROS/NF-κB also
promotes migration and invasion of breast cancer cells, in
addition to promoting cancer cell growth. The activation of
PKCδ phosphorylation under high glucose also increases in-
vasion of breast cancer cells via activation of the proteasome
[55]. The alterations of EMT markers, i.e., increased vimentin
and Slug and decreased E-cadherin, are promoted by high
glucose [47]. The upregulation of cellular transporter proteins
by high glucose are other mechanisms involved in the migra-
tion and invasion activity of breast cancer cells. Matsui et al.
[56] found that GLUT12 expression is increased in breast
cancer cells cultured in high glucose. The suppression of
GLUT12 expression hence suppresses the migration activity.
The same group also showed that the transporters of Zn2+ ion
in breast cancer cells are also increased by high glucose. The
authors proved that the high level of intracellular Zn2+ ion is
essential for the mobility of breast cancer cells. Thus, in-
creased intracellular Zn2+ level by upregulation of Zn2+
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transporter facilitates the migration of breast cancer cells [92].
High glucose also indirectly promotes the metastatic potential
of breast cancer cells by inducing cytokine production in tu-
mor microenvironment. Kallens et al. [93] reported that high
glucose favors a pro-inflammatory and pro-oxidant environ-
ment, as indicated by the induction of the cyclooxygenase/
prostaglandin E2 (COX-2/PGE2) axis. PGE2 produced by
tumor microenvironment cells thus activates the synthesis of
interleukin-1β which stimulates EMT and migration of breast
cancer cells. A study in orthotopic tumor grafts in type 2
diabetic mice also showed similar results. Hyperglycemic
mice bearing breast cancer had a higher lung metastatic bur-
den compared with normal mice or diabetic mice with con-
trolled glucose levels. The treatment of hyperglycemia using
insulin reverses the effect of hyperglycemia-induced metasta-
sis, emphasizing the direct effect of high plasma glucose rath-
er than the effect of insulin signaling. The study showed that
hyperglycemia suppresses the expression of granulocyte
colony-stimulating factor, a cytokine that triggers neutrophil
function. Thus, mobilization suppression of lung neutrophils
in high glucose results in the attenuation of their anti-
metastatic activity [94]. These studies firmly suggest the pro-
moting effect of high glucose on breast cancer metastasis in
addition to the effect of insulin in patients with type 2 DM.

Gastrointestinal and hepatobiliary tract cancers

A study by Xu et al. [29] found that the effect of high glucose
on the upregulation of ENO1 is associated with increased
expression of Snail, in addition to promoting glycolysis.
Overexpression of Snail, thus, enhances the EMT process
and the migration of gastric cancer cells under high glucose
conditions. In vitro and in vivo studies in CRC cells also
demonstrated similar results. High glucose promotes the
EMT process of CRC cells as evidenced by decreased E-
cadherin and increased vimentin which associate with the
higher migration ability of CRC cells. High glucose also
upregulates high-mobility group A protein 2 to promote the
mobility of the CRC cells [95]. High glucose can alter the
expression of miRNA, e.g., downregulating miRNA-9. As
miRNA-9 normally controls the expression of EMT genes in
CRC cells, the suppression of miRNA-9 results in increased
N-cadherin and reduced E-cadherin levels and thus enhances
the migration of CRC cells [59]. High glucose upregulates
GFAT, which is involved with the invasiveness of CRC cells
by promoting the aberrant glycosylation of proteins. The al-
teration of glycosylation of proteins, then, disrupts their nor-
mal functions and leads to tumor progression [60]. A study in
a rat CRC cell line revealed that high glucose activates STAT3
pathway and upregulates MMP9, which increase invasion ac-
tivity [96]. High glucose also increases the phosphorylation
and promotes nuclear localization of STAT3 in CCA.
Activated STAT3 increases expression of vimentin and

MMP2 and increases the in vitro migration and invasion of
CCA cells [64]. Moreover, in highly metastatic sublines of
CCA cells, high glucose additionally increases CCA cells’
migration activity by increased O-GlcNAcylation of NF-ĸB
transcription factor, which in turn stimulates the transcription
of EMT-related genes [97].

Reproductive and genitourinary tract cancer

A study of bladder cancer found that high glucose can induce
cancer cell migration and invasion. However, the laminar
shear stress generated from the flowing of blood or fluid con-
taining glucose can suppress the migration of cells by physical
force, which may be a protective factor for metastasis in pa-
tients with DM [98]. The study in prostate cancer also showed
that high glucose and high palmitate promote the migration of
cells as well as their proliferation. The mechanism may in-
volve the suppression of AMPK and also an increase activity
of catalase, which alters the ROS balance in cells [69]. The
effect of DM on risk and progression of endometrial cancer is
known by the effect of hormone level. However, the direct
effect of glucose on both proliferation and metastatic potential
has been demonstrated in recent years [72]. High glucose pro-
motes the migration and invasion of endometrial cells by var-
ious mechanisms. Gu et al. [99] reported that high glucose
increases the expression of GLUT4 and estrogen receptor
(ER) in endometrial cancer cells, which is associated with
the expression of VEGF and VEGFR. The suppression
GLUT4 not only inhibits the growth of endometrial cancer
both in vitro and in vivo but also decreases the invasion.
Another study revealed that high glucose disturbs the function
of dynamin-related protein 1 in the mediation of mitochondri-
al homeostasis. The mitochondrial disturbance thus enhances
the alteration of cellular metabolism as well as the EMT pro-
cess of endometrial cancer cells. As a result, the migration and
invasion of endometrial cancer cells in high glucose condition
is increased by stimulation of EMT process [100].

Lung cancer

A study in lung cancer cells showed that exposure to high
glucose, either for short or long time, increases the expression
of p-selectin on the cancer cell surface. p-Selectin is an adhe-
sion molecule promoting the attachment of lung cancer cells
to the endothelial cells which facilitates their mobility and
distant metastasis [101]. As in other cancers, ROS also plays
a role in high glucose-induced invasion of lung cancer cells. A
study by Kang et al. [102] reported that high glucose increases
expression of heme oxygenase 1, an enzyme involved in ROS
generation. Concordantly with increased ROS, the expression
of TGFβ is also upregulated by high glucose, which then
triggers the signaling of PI3K/Akt pathway. The activated
PI3K/Akt signal, hence, enhances the invasion of lung cancer
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cells. The study in NSCLC cell lines demonstrated that in
addition to promoting cell proliferation, high glucose also
promotes the migration as well. The activation of RAGE-
NOXs-VEGF/HIF1α axis or downregulation of GAS5 are
associated with increased migration and invasion of NSCLC
cell lines, as shown by several studies [79, 81].

High glucose promotes angiogenesis

As shown in several studies, high glucose can upregulate the
expression of VEGF and VEGFR in many kinds of cancers to
promote their proliferation. The interaction of VEGF and
VEGFR not only promotes the proliferation of cancer cells
themselves but also promotes other tumor microenvironments
that encourage cell proliferation, including angiogenesis. High
glucose increases the expression of VEGF and VEGFR in
breast cancer via NF-ĸB activation [51, 54]. An in vivo study
using a diabetic mice model of breast cancer found that high
glucose upregulates the expression of miRNA-467. miRNA-
467 i s known as a t r ans l a t iona l suppres so r of
thrombospondin-1, a potent anti-angiogenic protein in micro-
vascular endothelium and in breast cancer. The overexpres-
sion of miRNA-467 thus promotes neovascularization in
breast cancer tissues and also underlies the pathogenicity of
other microvasculopathy in patients with DM [103]. The sys-
temic injection of miRNA-467 antagonist into diabetic mice
with breast cancer also resulted in decreased angiogenesis in
the tumor area. This study confirms the effect of high glucose
via the action of the miRNA system [104]. Since the effect of
high glucose on the vasculopathy in vivo is suspected to be
tissue-specific, further study is needed to determine the effect
of high glucose in pathological conditions, e.g., in cancer.

High glucose-induced chemoresistance
of cancer cells

During cancer treatment, plasma glucose level is a direct
d e t e rm inan t o f t h e r a peu t i c ou t come fo r po s t -
chemotherapeutic status. As evidenced in preclinical and
clinical studies, hyperglycemia usually influences the re-
sponse to chemotherapeutic agents in various cancers such
as colorectal, breast, pancreatic, and prostate cancer. After
CRC cell inoculation in STZ-induced hyperglycemic and
non-diabetic mice and following the regular FOLFOX che-
motherapy administration; a combination of oxaliplatin,
fluorouracil (5-FU), and levofolinate, Ikemura and
Hashida observed larger tumor volumes and shorter surviv-
al in hyperglycemic mice compared with non-diabetic coun-
terparts. The study reported that the combination of
oxaliplatin and 5-FU is less effective in hyperglycemic state
[105]. Based on in vitro studies, Ma et al. reported that

human CRC cells are more susceptible to the growth inhi-
bition by 5-FU in low glucose conditions [106]. Ideno et al.
showed that bromopyruvate uptake by its transporter is sup-
pressed by high glucose in human CRC cell lines, which
contributes to a decrease in chemotherapy-induced apopto-
sis [107]. Another study by Xu et al. pointed out in HCC
model that high glucose inhibits AMPK and results in
adriamycin resistance in vitro. The resistance to adriamycin
of HCC cells thus could be overcome with the co-treatment
with the AMPK activator in high glucose condition [108].

Al Qahtani et al. reported that breast cancer cells acquire
doxorubicin resistance via upregulation of insulin-like growth
factor binding protein-2 (IGFBP-2) and FASN in high glucose
conditions. Using siRNA to silence ER-dependent IGFBP-2
expression, sensitivity to doxorubicin is restored. However,
hypoxia is able to downregulate IGFBP-2 and FASN which
result in chemosensitivity of cancer cells. Hence, negated by
hypoxia, IGFBP-2-mediated pathway is involved in
chemosensitivity in high glucose conditions [109].
Biernacka et al. also studied the samemodel in prostate cancer
cell lines. They confirmed that high glucose actually increases
IGFBP-2 expression via histone acetylation. Upregulated
IGFBP-2 leads to significant reduction of docetaxel-induced
apoptosis in prostate cancer cells [110]. The other studies also
support the involvement of FASN-mediated pathway in
chemosensitivity of cancer cells. Zeng et al. revealed that hy-
perglycemia activates ERα and downstream of FASN and
finally enhances chemoresistance in breast cancer cells.
When ERα is silenced, all of the effects are abolished. The
results indicate that anti-estrogens may possibly be beneficial
in ERα-positive breast cancer patients with DM [111].
Another study by Zeng et al. compared the efficacy of several
chemotherapeut ic agents in breas t cancer cel ls .
Chemotherapy-induced cell death is attenuated in cancer cells
with hyperglycemic state by upregulated FASN under the
modulation of IGF1 [112].

In clinical studies, Yang et al. found that overall survival of
stage III colorectal cancer patients receiving adjuvant
oxaliplatin depended on plasma glucose level, not diabetic
status. Hyperglycemic patients obviously had poorer clinical
outcomes, possibly via SMAD3 and MYC phosphorylation,
compared to the normoglycemic group [113]. Li et al. retro-
spectively reviewed records of early-stage cervical cancer pa-
tients who received neoadjuvant chemotherapy and
underwent radical hysterectomy. Patients with fasting plasma
glucose more than 126 mg/dL were less likely to achieve
complete response after treatment [114]. Zhao et al. indicated
that patients with gastric cancer and DM responded poorly to
5-FU and had shorter survival time. In hyperglycemic state,
Nampt1, Sirt1, and mutated p53 were upregulated following
by increase in p-gp level, a multi-drug resistant marker, and
decrease in Topo-IIα level [115]. Therefore, it is clearly evi-
dent both in preclinical and clinical studies that high glucose
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level and hyperglycemia associate with the chemoresistance.
The plasma glucose level, hence, should not be neglected
during the therapeutic course of any cancer.

Targeting high glucose-activated pathway
to improve cancer treatment in patients
with DM

Hyperglycemia is known to drive cancer cells aggressive-
ness through many different signaling pathways. Apart
from preventing hyperglycemia, targeting particular mole-
cules in the pathways may help suppressing tumor progres-
sion after treatment completion. Based on recent studies,
glucose-lowering agents and targeted drugs have been
shown to possess an inhibitory effect on cancer progres-
sion [116, 117]. Metformin, a well-known antidiabetic
medication, has been proven to interfere tumor growth in
various cancer types [118]. As reported by Rogalska et al.,
metformin induces more cytotoxic effect in an ovarian can-
cer cell line (SKOV-3) in normoglycemic (5 mM) com-
pared to hyperglycemic condition (25 mM). The underly-
ing mechanism is d is rup t ion of HIF1α and O -
GlcNAcylation pathways by hyperglycemia. Genes under
regulation of both pathways are modified by metformin in
high glucose conditions, resulting in suppressed cell pro-
liferation [119]. A similar study was conducted by
Litchfield et al. in four ovarian cancer cell lines: HeyA8,
Tyk-nu, DOV13, and ID8. The cytotoxic effect of metfor-
min is lower in hyperglycemic conditions (25 mM) [120].
The study of Wallbillich et al. pointed out that STAT3
upregulation in endometrial cancer cells is induced by high
glucose and the addition of metformin significantly sup-
presses the activation of STAT3. Tumor apoptosis and tu-
mor weight reduction are observed in vitro and in vivo,
respectively [74]. Valaee et al. evaluated the effect of met-
formin on EMT process and metastatic potential of gastric
cancer cells under high glucose condition. The mesenchy-
mal cell markers, vimentin and β-catenin, are downregu-
l a t e d when me t f o rm i n i s i n t r o d u c e d i n bo t h
normoglycemic (7.8 mM) and hyperglycemic (17.5 mM)
conditions. Phenotypic effects of cell migration and inva-
sion in these conditions are also in accord with gene ex-
pressions [121]. Lv et al. investigated effects of metformin
on cell viability and apoptosis of human hepatocellular
cancer cell line (HepG2). In a dose-dependent manner,
metformin stimulates cell apoptosis and decreases cell vi-
ability of high glucose-induced HepG2 cells. Moreover,
these effects are subjected to activation of AMPK phos-
phorylation and deactivation of mTOR phosphorylation
[122]. Results from Varghese et al. in two triple-negative
breast cancer cell lines, MDA-MB-468 and MDA-MB-
231, also reported the same observation. Metformin exerts

a more anti-proliferative effect, via mTOR suppression, in
non-glucose and normal glucose conditions (5.5 mM)
compared to high glucose condition (25 mM). Apart from
glucose level, this effect also varies between cell lines
[118]. In addition to metformin, thiazolidinediones has
been shown to slow down cancer progression by its
glucose-lowering effect [77, 123, 124]. Previous data con-
firms that the therapeutic effect of 5-FU is attenuated by
hyperglycemia [117]. Lau et al. revealed that rosiglitazone
and 5-FU synergistically increase apoptotic rate of
glucose-treated human CRC cells in two studies [123,
124]. In high glucose condition, reduced form of glutathi-
one level is significantly increased and prevented cell ap-
optosis. When the combination of 5-FU and rosiglitazone
is administered, both in normal and high glucose condition,
the apoptosis mediated by HCT116 and HT29 is increased.

A previous study by Cao et al. reported that EMT process
in pancreatic cancer cell line (Panc-1) could be inhibited by
curcumin [116]. Later, the same group explored the effect of
curcumin in reducing hyperglycemia-induced invasive and
migratory potential in another pancreatic cancer cell line. By
suppressing EGF/EGFR signaling pathway, as well as its
downstream ERK and Akt, curcumin inhibits invasive and
migratory potential caused by high glucose condition [88].
The same group also introduced another candidate attenuating
glucose-driven invasive and migratory potential in Panc-1
cells. By suppressing ERK and p38 MAPK signaling path-
way, as well as NF-κB transcriptional factor, resveratrol
lowers ROS and hydrogen peroxide levels in Panc-1 cells
induced by high glucose conditions. Thus, glucose-driven
ROS-induced invasion and migration are repressed [87].
These agents might be alternative approach for the treatment
of cancer in patients whose blood glucose are difficult to con-
trol. The effects of aforementioned promising agents against
high glucose-modulated cancer progression at preclinical lev-
el are summarized in Table 2. Although these agents showed a
promising effect at preclinical level, the clinical study in can-
cer patients with DM is limited. One observational study of
patients with pancreatic cancer comparing between those who
used metformin for DM treatment vs other antidiabetic med-
ications did not found any add-on benefit of metformin in term
of overall and recurrent free survival [125].

It has been demonstrated that glucose-lowering agents
and targeted drugs play an important role in inhibiting
tumor progression via diverse mechanisms. The effects
of metformin, resveratrol, and curcumin on the inhibition
of glucose-activated pathways are depicted in Fig. 2.
These studies, however, are mainly focused on in vitro
models. Further animal models and clinical trials are re-
quired for better confidence in application of these medi-
cations. Along with regular monitoring of plasma glucose
level, antidiabetic and targeted drugs may help improve
clinical outcomes in cancer patients.
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DM: a risk factor or a consequence of cancer
development?

Regarding available evidence, DM is associated with the in-
creased risk of a malignancy of many organs [126], e.g., pan-
creas, liver, colorectum, biliary tract (including bile duct and
gallbladder), kidney, breast, ovary, endometrium, urinary
bladder, stomach, esophagus, thyroid, meningioma, multiple
myeloma, and non-Hodgkin lymphoma. On the other hand,
the meta-analysis of observational studies indicates that DM is
a protective factor for prostate cancer development [127]. The
effects of DM on the increased risk of cancer have been re-
cently reviewed [128, 129].

Opposite to the increased risk of cancers, several studies
demonstrated DM as a potential consequence of cancers. The
effects of pancreatic cancer on the development of DM have
been reported and postulated as a result of pancreatic β cells
destruction causing insulin deficiency and also a complication
of pancreatectomy that decreased pancreatic mass [130, 131].
Cancers influence DM development which have been shown
in the cancers of metabolically active organs, i.e., liver and
kidney. The consequence was shown to be resulted from the
disturbance of glucose metabolisms and insulin sensitivity
[132, 133]. A recent retrospective cohort study in Korea fol-
lowing 524,089 healthy subjects until DM was diagnosed,
indicated that people with preceding cancers were significant-

Table 2 Therapeutic agents with
a potential to target the effect of
high glucose-induce cancer
aggressiveness

Therapeutic agents Cancer type Targeted molecules/pathways References

Resveratrol Pancreas - Inhibit ROS, ERK, p38 87

Curcumin Pancreas - Inhibit ROS, EGF, EGFR 88, 116

Metformin Ovary - Inhibit HIF1α

- Inhibit O-GlcNAcylation

119

Metformin Endometrium - Inhibit STAT3 74

Metformin Stomach - Inhibit EMT process 121

Metformin Liver - Activate AMPK 122

Abbreviations: ROS reactive oxygen species, EGF epidermal growth factor, EGFR epidermal growth factor
receptor, HIF1α hypoxia-inducible factor 1α, STAT3 signal transducer and activator of transcription 3, EMT
epithelial-mesenchymal transition, AMPK AMP-activated protein kinase

Fig. 2 Metformin, curcumin, and
resveratrol reverse the high
glucose effects on cancer cell
progression. Metformin,
curcumin, and resveratrol are
highly promising agents for
cancer treatment. They exert the
inhibitory effects on the signaling
molecules and pathways activated
by high glucose condition
resulting in the inhibition of
cancer progression. Red lines,
inhibition; AMPK AMP-
activated protein kinase, ROS re-
active oxygen species, GLUT1
glucose transporter 1, EGF epi-
dermal growth factor, EGFR epi-
dermal growth factor receptor
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ly associated with the increased risk of DMwith a hazard ratio
(HR) of 1.35 [95% confident interval (CI): 1.26–1.45; P <
.001] [134]. Considering each type of cancer in the same
study, the association of malignancy and the risk of DM de-
velopment was increased in patients with cancer of the pan-
creas (HR: 5.15; 95% CI: 3.32–7.99), kidney (HR: 2.06; 95%
CI: 1.34–3.16), liver (HR: 1.95; 95%CI: 1.50–2.54), gallblad-
der (HR: 1.79; 95% CI: 1.08–2.98), lung (HR, 1.74; 95% CI,
1.34–2.24), blood (HR: 1.61; 95% CI:1.07–2.43), breast (HR:
1.60; 95% CI: 1.27–2.01), stomach (HR: 1.35; 95% CI, 1.16–
1.58), and thyroid (HR, 1.33; 95% CI, 1.12–1.59). The effects
of cancers on DM development are suspected as a result of
both tumor itself and the therapeutic modalities, for example,
the use of corticosteroids [135], chemotherapeutic drugs
[136], irradiation [137], and immunosuppressive agents
[138]. Cancer cachexia, a common complication of cancer,
is also a factor that associated with insulin resistance in cancer
patients leading to the increased risk of DM development
[139]. To date, the studies on the effects of cancer on DM
development are limited and the underlying mechanism is
largely unknown. More investigations are needed to clarify
the main factors that contribute for DM development in cancer
patients. Even if DM is a risk factor or a consequence of
cancers, available evidence clearly indicates that concurrent
DM and cancer almost always results in the worse prognoses
of patients. DM and hyperglycemia are critical factors needed
to be concerned to improve therapeutic outcomes of cancers.

Concluding remarks and the future directions
of study

The association between DM and cancers as well as the effects
of high glucose as a linker for promoting aggressiveness of
cancer cells are well evident. The promoting effects of high
glucose on cancer hallmarks and their related mechanisms are
summarized in Table 3. The molecular mechanisms by which
high glucose mediates the aggressive phenotypes, however,
are not fully understood. Several models are proposed as re-
sponsible mechanisms of high glucose activating cancer
cells—namely, the activation of intracellular pathways, post-
translational glycosylation and glycation of proteins, and also
modification of the glucose metabolism. The mechanisms that
high glucose promotes cancer cell progression in each cancer
are also varied and seems to be cancer type specific. The
aggressive phenotypes of cancer cells activated by high glu-
cose in each cancer type are addressed in Table 4. Searching
for the general “master sensor” molecule of high glucose in
cancer cells might reveal the target and provide the opportu-
nity to inhibit the aggressiveness of cancers in patients who
have DM. The signaling pathways responsible for the aggres-
siveness of cancer are probably good targets for the develop-
ment of therapeutic agents. However, one might argue that the
easier and more practical way is to control the progression of
cancer in patient with DM with the controlling of plasma
glucose level. In fact, many patients with critical ill and have

Table 3 The effects of high glucose on cancer hallmarks and the associated molecular mechanisms

Cancer hallmarks Effects of high glucose Associated molecular mechanisms

Deregulation of cellular
energetics

- Warburg effect: aerobic glycolysis rather than
oxidative phosphorylation

- Glycolytic intermediates shunted to anabolic
pathways→ building blocks for cell proliferation

- Upregulation of HIF1α regardless of oxygen condition→ upregulation
of glycolysis-associated genes

- GLUT1
- HKII
- PMK2
- PFKP
- LDHA
- ENO

Cell proliferation - Cell growth promotion via various growth
factors and transcriptional factors

- O-GlcNAcylation
- EGF production → EGFR transactivation
- Upregulation of CXCL12 → upregulation of CXCR4
- Increased ROS production
- IRS activation→ MAPK pathway activation
- NF-kB activation → PP2Cδ activation

Metastatic potential - Epithelial cells undergo EMT to possess more
mesenchymal characteristics which promote
migration, invasion, and metastasis

- Increased ROS production and decreased ROS scavenger
- Upregulation of metastasis-associated genes
- MMP2, MMP9
- uPA, uPAR, PAI-1

Angiogenesis - Vascular endothelium proliferation
- Inhibition of anti-angiogenic factors

- NF-kB activation → upregulation of VEGF and VEGFR
- Upregulation of miRNA-467→ suppress thrombospondin-1 (anti--

angiogenic protein)

Cell death resistance - Inhibition of anti-apoptotic proteins - AMPK inhibition → adriamycin resistance
- Upregulation of IGFBP-2 and FASN → doxorubicin resistance
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underlying DM are difficult to control glucose level within the
normal range due to various factors [140]. Therefore, the in-
depth understanding of molecular linkage of how high glu-
cose modulates biology of cancer cells is ultimately needed
and might direct the research field of DM, hyperglycemia, and
cancer treatment. With more in-depth evidence, combining
glucose control and cancer therapy may optimize the response
of patients to cancer treatment and improve the clinical
outcomes.
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