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This study aimed to assess the effects of the antidiabetic drug Exendin-4 (Exe-4), a GLP-1
receptor agonist, on the response of human endometrial cancer cells to chemotherapy
under high glucose (HG) conditions. Cell viability was detected using a cell counting kit
(CCK)-8. Cell apoptosis and reactive oxygen species (ROS) levels were measured by flow
cytometry. Gene expression was evaluated by real-time PCR and immunoblotting. The
chemotherapeutic drug cisplatin (DDP) dose-dependently inhibited both human
endometrial adenocarcinoma Ishikawa and HEC1B cells, a response reversed by HG.
Meanwhile, Exe-4 attenuated hyperglycemia’s effect by elevating intracellular lactate
dehydrogenase (LDH) and ROS production. Similarly, DDP-induced elevation
of intracellular rhodamine123 was attenuated by HG, and Exe-4 reversed HG’s
impact. The chemoresistance genes multidrug resistance-associated protein 1 (MRP1)
and P-glycoprotein (Pgp) were upregulated. At the same time, topoisomerase II (TOPO II)
was downregulated under HG conditions, suggesting HG-induced chemoresistance.
Exe-4 did not significantly influence the above genes. DDP downregulated Bcl-2 and Bcl-
XL and upregulated Bax, cytosolic cytochrome c, and PARP under normal glucose (NG)
versus HG conditions, and Exe-4 attenuated these effects. Upstream of Bax/Bcl,
acetylated P53 was upregulated by DDP and downregulated by HG, whose effect was
reversed by Exe-4. DPP treatment significantly induced apoptosis and cell cycle arrest in
the S phase under NG, and HG reduced these effects. Prolonged exposure to HG induces
DDP chemoresistance in human endometrial cancer cells but is alleviated by Exe-4.
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INTRODUCTION

Endometrial cancer is the sixth most common neoplasm in
women worldwide. All other malignancies have been shown to
improve survival rates since the 1970s; endometrial and cervical
cancers have not followed this trend (1). Indeed, the incidence of
endometrial cancer has increased over time, with the highest
rates being observed in high-income countries. These countries
are such as North America and Europe, in addition to Asia,
which shows the largest increase (2). Epidemiological studies
have shown that the risk factors for endometrial cancer include
early menarche, late menopause, nulliparity, hormone
replacement therapy, obesity, and diabetes (2). The prevalence
of diabetes is increasing worldwide, with 12.8% of adults affected
in 2016 (3). There will be at least 629 million people living with
diabetes by 2045 without proper intervention (4). Hyperglycemia
is associated with diabetes and obesity, which in turn have strong
associations with cancer development (1, 5, 6), progression (7),
and mortality (8). That is particularly the case for breast,
colorectal, pancreas, endometrium, and urinary tract cancers (9).

Chemotherapy is an important therapeutic method in cancer,
and multidrug resistance (MDR) represents the key factor
determining treatment failure, leading to tumor progression or
recurrence (10). The sustained hyperglycemia is associated with a
reduced cancer response rate to chemotherapy or radiotherapy
(11–13). However, the underlying causes of drug resistance in
malignancy are multifactorial. For example, chemoresistance to
cisplatin involves increased platinum-DNA adduct elimination
due to nucleotide excision repair (NER) (14). Diabetes
profoundly alters energy metabolism. Both insulin deficiency
and insulin resistance are characterized by inefficient
mitochondrial coupling and excessive reactive oxygen species
(ROS) production. This irreversibly causes DNA damage and
alters cellular functions (15). In addition, increased ROS in
cancer cells contributes to the biochemical and molecular
changes necessary for tumor initiation, promotion and
progression, and tumor resistance to chemotherapy (16).

Therefore, hyperglycemia is also considered a factor involved
in chemotherapy resistance (17). Indeed, a recent study showed
that high glucose concentrations reduce mitochondrial DNA
damage, Bax/Bcl-2 and Bax/Bcl-XL ratios, and sub-G1 phase
cells associated with antitumor drug-induced cytotoxicity (13).
One of the mechanisms of MDR is the overexpression of ATP
binding cassettes (ABC) transporters such as P-glycoprotein
(Pgp) and other MDR-related proteins (18–21). Meanwhile,
chemotherapeutic reversing the first hurdle of redox-controlled
cellular uptake channels (Pgp, MDR2, and MDR3) trigger
concerted effects of phase I/II metabolic enzymes with a
temporal redox-regulated axis (22).

Interestingly, plumbagin, a molecule well-known for anti-
diabetes properties in animal models (23). It enhances cisplatin’s
anticancer efficacy by increasing intracellular ROS in human
tongue squamous cell carcinoma (24). Still, whether
hypoglycemic agents could attenuate high glucose (HG)-
induced impaired chemotherapy efficacy remains largely
unknown. Therefore, this study aimed to assess the effects of
the anti-diabetes drug Exendin-4 (Exe-4), a GLP-1 receptor
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agonist (25), on the response of human endometrial cancer
cells to chemotherapy after prolonged exposure to HG. This
study investigated the two most widely used human endometrial
adenocarcinoma cell lines- Ishikawa and HEC1B. This was
because that both are now recognized based on the difference
in etiopathology, clinical characteristics, and genetics (26). The
findings of this study provide some insights into the mechanisms
by which hypoglycemic drugs such as GLP-1 receptor agonists
could suppress chemoresistance.
MATERIALS AND METHODS

Cell Culture and Modeling
Two human endometrial adenocarcinoma cell lines- Ishikawa
(high differentiation) and HEC1B (low differentiation) were
obtained from the American Type Culture Collection (ATCC,
Rockville, MD, USA). They were grown as a sub-confluent
monolayer in RPMI-1640 base medium (GIBCO, Invitrogen
Inc., Carlsbad, CA, USA) containing 2 mM L-glutamine
(KeyGen Biotech Co., Beijing, China), 1% (v/v) antibiotic/
antimycotic solution (KeyGen Biotech), and 10% (v/v) fetal
bovine serum (FBS) (GIBCO), at 37°C in a humid
environment with 5% CO2.

All cells were cultured for up to 8 weeks in a medium
containing normal glucose (NG, 5.56 mM) or HG (25 mM)
(27) with mannitol (Absin Bioscience Inc., China; M, 25 mM) for
osmotic control. Preliminary experiments showed that the use of
mannitol did not influence the cells. The glucose concentrations
of 5.56 mM and 25 mM in this study correspond to glycemia in
fasting healthy individuals and hyperglycemia in diabetic
patients with very poorly controlled sugar levels.

Cell Viability
Cells were grown under NG or HG for eight weeks and treated
for 48 h with DDP (Luoxin Pharmaceutical Group, Beijing,
China) at various concentrations (serial dilutions from 400.00
mM to 1.56 mM, and 0 mM) and/or Exe-4 (Sigma, St Louis, MI,
USA). A preliminary study assessed Exe-4 at 1, 10, and 100 nM.
No significant inhibitory effects were found at 10 nM on
Ishikawa and HEC1B cells under HG or NG conditions for
eight weeks (Supplementary Table 1). In order to assess
viability, the cells were stained for 2 h at 37°C in a culture
medium containing CCK-8 solution (Biosharp, Beijing, China),
and absorbance was read at 450 nm. The viability of untreated
cells was considered 100%, and the results were expressed as a
percentage of viable cells in each experimental condition versus
untreated cells. The inhibitory concentration 50 (IC50), defined
as the concentration of the drug decreasing cell viability by 50%,
was calculated with the CompuSyn software.

Lactate Dehydrogenase (LDH) Release
For LDH release measurement, the cells were grown under NG
or HG conditions for eight weeks. After further incubation for
48 h with Exe-4 (10 nM) and/or DDP (25 µM), the supernatants
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were collected and centrifuged at 12,000 ×g for 30 min. LDH
activity (in U/L) was measured in the cleared supernatants with
an LDH kit (KeyGEN BioTECH) to confirm the cytotoxic effects
of chemotherapeutic agents by reading absorbance at 450 nm
(37°C).

Measurement of Cellular ROS Production
For eight weeks, cells were grown under NG or HG conditions
and incubated for 48 h with Exe-4 (10 nM) and/or DDP (25 µM).
After washing with PBS, the cells were collected and resuspended
at 1×106/ml, incubated with DCFH-DA (KeyGEN BioTECH; 10
mM) for 20 min at 37°C. Then, the cells were washed with a
serum-free cell culture medium three times. Cellular ROS levels
were detected by flow cytometry on a Becton-Dickinson FACS
Calibur (BD Biosciences, Franklin Lake, NJ, USA).

Detection of Apoptosis
For eight weeks, cells were grown under NG or HG conditions and
incubated for 48 h with Exe-4 (10 nM) and/or DDP (25 µM). After
digestion with 0.25% pancreatin without EDTA and two PBS
washes, 5×105 cells were resuspended with 500 mL of binding
buffer and mixed with 5 mL of Annexin V-FITC (KeyGEN
BioTECH) and 5 mL of propidium iodide at room temperature
away from light for 10 min. The samples were analyzed for
apoptosis by flow cytometry on a Becton-Dickinson FACS Calibur.

Pgp and MRP Activity Assessment
The efflux of rhodamine 123, a substrate of Pgp and MRP, was
measured as an index of Pgp plus MRP activity. The cells were
grown under NG or HG conditions for 8 weeks and incubated for
48 h with Exe-4 (10 nM) and/or DDP (25 µM). After PBS washing
and detachment with a cell dissociation solution, the cells were
resuspended at 1×106 cells/mL in 1 mL of DMEM medium
containing 5% FBS. The samples were maintained at 37°C for
20 min in the presence of 10 µg/mL rhodamine 123 (KeyGEN
BioTECH). After one PBS wash, the cells were resuspended in 500
µL of PBS, and intracellular rhodamine content, which is inversely
related to its efflux. Then, cells were analyzed using flow
cytometry on a Becton-Dickinson FACS Calibur, with
excitation and emission wavelengths of 488-505 nm and 515-
575 nm, respectively.

Quantitative Real-Time Polymerase Chain
Reaction (qRT-PCR)
Cells were grown under NG or HG conditions for 8 weeks,
incubated for 48 h with Exe-4 (10 nM) and/or DDP (25 µM), and
washed with PBS. Total RNA was extracted with the TRIzol
reagent (Invitrogen Inc., Carlsbad, CA, USA). RNA
concentration and purity were detected on a NanoDrop as
OD260/280 of 1.8-2.1. According to the manufacturer’s
instructions, total RNA (2 mg) was reverse transcribed into
cDNA in a final reaction volume of 20 ml with the cDNA first-
strand synthesis kit (RR036B, Takara Bio, Otsu, Japan). The
qRT-PCR primers (Supplementary Table 2) were designed with
Primer 6. Quantitative PCR was carried out in a final volume of
20 µL with One Step TB Green™ PrimeScript™ RT-PCR Kit II
Frontiers in Oncology | www.frontiersin.org 3
(SYBR Green) (RR086B, TaKaRa). PCR amplification was
performed at 95°C for 30 s, followed by 40 cycles of 95°C for
30 s and 60°C for 1 min on a StepOne Real-Time PCR (System
Thermo Fisher Scientific, USA). Data were analyzed by the 2-DDCt

method, with b-actin used for normalization (28–30).

Western Blot
Cells were grown under NG or HG conditions for eight weeks,
incubated for 48 h with Exe-4 (10 nM) and/or DDP (25 µM),
washed twice with PBS, and lysed for 1 h with ice-cold lysis buffer
(50mMTris–HCl, 150mMNaCl, 5 mMEDTA, pH 7.4). They were
supplemented with the protease inhibitor cocktail set III in Total
Protein Extraction Kit (KGP250, Kaiji Biotechnology, China), 1 mM
sodium orthovanadate, 1 mM phenylmethanesulfonylfluoride, 1
mg/ml aprotinin, 50 mM sodium fluoride, and 1% Triton X-100.
Cell lysates were centrifuged for 15 min at 14,000 rpm at 4°C.
Proteins were subjected to SDS-PAGE and subsequently transferred
onto PVDF membranes. The blots were blocked with 5% non-fat
milk in PBS at room temperature for 1 h and incubated overnight
with various primary antibodies (Supplementary Table 3). The
membranes were washed with 0.1% v/v PBS-Tween and subjected to
1 h of incubation with sheep anti-rabbit IgG-HRP (KGAA35, Kaiji
Biotechnology, China) or Sheep anti-mouse IgG-HRP (KGAA37,
Kaiji Biotechnology, China) secondary antibodies (1:5000) in 5%w/v
PBS-Tween. Detection and quantitation were performed by Imaging
on a G: BOX chemiXR5, and the data were analyzed with the Gel-
Pro32 software.

Cell Cycle Analysis
The cells were grown under NG or HG conditions for eight
weeks and incubated for 48 h with Exe-4 (10 nM) and/or DDP
(25 µM). They were digested with 0.25% pancreatin (KeyGEN
BioTECH) without EDTA and washed with PBS twice. The
single-cell suspension was fixed with 70% ethanol overnight at
4°C, washed with PBS, and incubated with 100 mL of RNase A
(KeyGEN BioTECH) at 37°C for 30 min. Next, 400 mL of PI
(KeyGEN BioTECH) was added and incubated away from light
at 4°C for 30 min. Afterward, flow cytometry detection was done
at 488 nm excitation wavelength (Becton-Dickinson FACS
Calibur, USA).

Statistical Analysis
Data are presented as means ± standard error of the mean (SEM)
and were checked for normal distribution. Data were analyzed by
one-way analysis of variance (ANOVA) followed by Tukey’s test.
P < 0.05 was considered statically significant. SPSS 22.0 (IBM,
Armonk, NY, USA) was used for data analysis.
RESULTS

Hyperglycemia May Help Alleviate Cancer
Cells From the DDP-Induced Cytotoxicity,
an Effect Attenuated by Exe-4
The IC50 values of DDP in cells treated with HG were elevated
compared with those obtained under NG conditions in both
December 2021 | Volume 11 | Article 793530
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Ishikawa and HEC1B cells (Figures 1A, B). In addition, under NG
conditions, Exe-4 did not considerably alter the IC50 values of
DDP in both cell lines. However, the IC50 values of DDP were
reduced in both cell lines after Exe-4 administration. This indicates
that the cells were sensitized by Exe-4 to DDP after HG-induced
resistance (Figures 1A, B). Specifically, the IC50 values of 16.726
mM and 18.569 mMwere obtained for DDP in Ishikawa cells of the
NG and NG + Exe-4 groups, respectively; 75.283 mM and 36.920
mM were determined, respectively, for the HG and HG + Exe-4
groups. In HEC-1B cells, the IC50 values were 15.428 mM and
18.621 mM for DDP in the NG and NG + Exe-4 groups,
respectively; 74.857 mM and 35.774 mM were determined for the
HG and HG + Exe-4 groups, respectively. These findings indicated
that Exe-4 reversed hyperglycemia-induced DDP cytotoxicity
impairment in Ishikawa and HEC1B cells.

Next, LDH release was assessed as an index of cytotoxicity. As
shown in Figures 1C, D, LDH levels in supernatants were
significantly lower in Ishikawa and HEC1B cells, respectively,
Frontiers in Oncology | www.frontiersin.org 4
cultured under HG versus NG at the same DDP dose and
incubation time. In addition, Exe-4 increased LDH release in
both cell lines under HG conditions. These data confirmed that
Exe-4 attenuated hyperglycemia-induced chemoresistance to
DDP in Ishikawa and HEC1B cells.

Intracellular ROS levels were examined in Ishikawa and
HEC1B cells. The results showed that ROS amounts were
reduced in the HG groups of both cell lines than the NG
groups at the same DDP dose and incubation time
(Figures 1E, F). Interestingly, treatment with Exe-4 resulted in
increased ROS levels in both cell lines under HG conditions.
They further demonstrated that Exe-4 alleviated hyperglycemia-
associated DDP cytotoxicity impairment in Ishikawa and
HEC1B cells (Figures 1E, F).

To confirm that the changes of extracellular LDH and
intracellular ROS levels induced by mitochondrial membrane
potential change, intracellular rhodamine 123 amounts (as an
index of Pgp and MRP activity) in Ishikawa and HEC1B cells
A B

C D

E F

FIGURE 1 | Hyperglycemia may help alleviate cancer cells from the DDP-induced cytotoxicity, an effect attenuated by Exe-4. Ishikawa (A) and HEC1B (B) were
grown under NG and HG conditions for eight weeks, respectively, then further incubated for 48 h with or without Exe-4 (10 nM) to assess cell viability. IC50 was
calculated as the concentration of DDP that kills 50% (blue line) of cells. The IC50 values of DDP for Ishikawa in the NG, NG + Exe-4, HG, and HG + Exe-4 groups
were 16.7 3µM, 18.569 mM, 75.283 mM, and 36.92 mM, respectively (A). Those of DDP for HEC1B in the NG, NG + Exe-4, HG and HG + Exe-4 groups were
15.428 mM, 18.621 mM, 74.857 mM, and 35.774 mM, respectively (B). (C, D) LDH levels in supernatants from Ishikawa (C) and HEC1B (D) cells cultured under HG
versus NG with various treatments. E and (F) ROS amounts in Ishikawa (E) and HEC1B (F) cells cultured under HG or NG with different treatments. ∗p < 0.05,
**p < 0.01, ***p < 0.001 versus control group or corresponding treatment group under NG; #p < 0.05, ##p < 0.01 versus DDP group under HG.
December 2021 | Volume 11 | Article 793530
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were examined. The results showed that intracellular rhodamine
123 amounts were significantly higher in the DDP groups
compared with the control groups, and HG attenuated this
effect; however, Exe-4 reversed the effect of HG (Figures 2A,
B). qRT-PCR showed that MRP1 and Pgp gene expression levels
were increased. In contrast, topoisomerase II (TOPO II) gene
expression was decreased by HG (Figures 2C–H), and Exe-4 did
not significantly influence the above genes. MRP5 and MRP8
Frontiers in Oncology | www.frontiersin.org 5
levels showed no significant changes among the various
treatment groups in both cell lines (Supplementary Figure 1).

Exe-4 Attenuates Hyperglycemia-Induced
Decrease of the Apoptotic Effects of DDP
in Ishikawa and HEC1B Cells
Next, apoptosis was assessed by Annexin-V FITC/PI double-
staining in both Ishikawa and HEC1B cells. As shown in Figure 3,
A B

C

E

G
H

F

D

FIGURE 2 | Effects of Exe-4 on rhodamine 123 amounts and the expression levels of MRP1, Pgp, and TOPO II genes after treatment with DDP under NG and HG
conditions. (A, B) Cells were cultured with rhodamine 123 to assess Pgp and MRP activity flow-cytometrically. Measurements were performed in triplicate. ∗∗∗p < 0.001
DDP (25 µM), DDP (25 µM) + Exe-4 (10 nM) vs. control group and Exe-4 (10 nM) in Ishikawa (A)/HEC1B cells (B) cultured in NG; ∗∗p < 0.01 DDP (25µM), DDP (25µM) +
Exe-4 (10 nM) vs. control group and Exe-4 (10 nM) in Ishikawa/HEC1B cells cultured in HG; *p < 0.05 DDP (25 µM) + Exe-4 (10 nM) vs. DDP (25 µM) in Ishikawa/HEC1B
cells cultured in HG. #p < 0.05 DDP (25 µM) + Exe-4 (10 nM) vs. DDP (25 µM) under HG conditions. At the same experimental conditions, cells were analyzed by
quantitative real-time polymerase chain reaction (RT-qPCR) for MRP1, Pgp, and TOPO II genes in Ishikawa (C, E, G) respectively) and HEC1B (D, F, H), respectively)
cells. Measurements were performed in triplicate, and data are mean ± SEM; ∗p < 0.05 Ishikawa and HEC1B cells cultured in HG vs. cultured in NG.
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hyperglycemia abolished the pro-apoptotic effects of DDP, and Exe-
4 attenuated the effect of HG in both cell lines (Figure 3). Next,
effectors involved in apoptosis were evaluated.
Exe-4 Reverses Hyperglycemia-Induced
Reduction of DDP’s Effects on the Cell
Cycle in Ishikawa and HEC1B Cells
Further, cell cycle distribution was assessed under NG and HG
conditions in both cell lines. As shown in Figure 4, cell cycle
arrest in the S phase was more pronounced in the NG
groups than in the HG groups in both cell lines. Meanwhile,
Exe-4 reversed the effect of HG, increasing the amounts of
Frontiers in Oncology | www.frontiersin.org 6
cells in the S phase after DDP treatment under HG
conditions (Figure 4).
Molecular Mechanisms of Exe-4 in
Reversing HG-Induced Chemotherapy
Resistance in Ishikawa and HEC1B Cells
As shown in Figures 5A, B, DDP downregulated Bcl-2 and Bcl-
XL more pronounced under normal glycemia than
hyperglycemia in Ishikawa and HEC1B cells. Bcl-2 and Bcl-XL
were upregulated in the DDP + Exe-4 + HG group compared
with the DDP + HG group. Moreover, DDP significantly
upregulated Bax under HG and NG conditions, but less in the
A

B

C D

FIGURE 3 | Effects of Exe-4 in high glucose (HG) on cell apoptosis in the absence or presence of cisplatin (DDP) in human endometrial cancer (Ishikawa and
HEC1B) cells. Cells were incubated for 48 h with Exe-4 (10 nM), DDP (25 µM), DDP (25 µM) + Exe-4 (10 nM), respectively, and apoptosis was detected by Annexin-
V FITC/PI double staining. Measurements were performed in triplicate. ∗∗∗p < 0.001 DDP (25ROS formed in triplicate TC/PI double staining cancer (Ishikawa and
HEC1B) cells. ∗p < 0.05 DDP (25 µM), ∗∗p < 0.01 DDP (25µM) + Exe-4 (10 nM) vs. control group and Exe-4 (10 nM) in Ishikawa/HEC1B cells cultured in HG;
#p < 0.05 DDP (25 µM) + Exe-4 (10 nM) vs. DDP (25 µM) in Ishikawa/HEC1B cells cultured in HG. Flow cytograms are presented in Ishikawa (A) and HEC1B
(B) cells, quantitated in (C, D), respectively.
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HG groups than in the NG groups. Meanwhile, Exe-4 reversed
the above effects of HG in both cell lines (Figure 5).
Furthermore, cytochrome c (cyt c) amounts in the cytosol were
markedly decreased after DDP treatment in Ishikawa and
HEC1B cells cultured under HG versus NG conditions. Exe-4
significantly reduced the effect of HG to increase cytosolic cyt c
levels under HG conditions. This corroborates the above data
obtained for Bax, a known mediator of the release of multiple
factors, including cytosolic cyt c, that trigger apoptosis. We next
assessed Poly (ADP-ribose) polymerase (PARP) as a caspase
activation index and an enzyme involved in DNA repair. As
shown in Figure 5, cleaved PARP decreased after DDP treatment
more under HG conditions than the NG groups in both cell lines.
Meanwhile, Exe-4 reversed the effect of HG on cleaved PARP
amounts after DDP treatment.

The role of AMPK has been proven as the key to a series of
complex molecular events, including apoptosis (31). In this
study, the p-AMPK/AMPK ratio and acetylated p53 amounts
were assessed in both cell lines in the contexts of HG and NG. As
shown in Figures 6A, B, p-AMPK/AMPK ratios and acetylated
p53 amounts increased in the HG + DDP + Exe-4 groups
compared with the HG + DDP groups in both groups
Ishikawa and HEC1B cell lines. These findings indicated that
Exe-4 reversed the effects of HG in these cell lines via AMPK
signaling, regulating the ROS-mediated mitochondrial pathway
of apoptosis.
DISCUSSION

DDP is the most popular and effective anticancer drug for female
reproductive tract malignancies (32). Several cancers, including
endometrial cancer, showed higher mortality rates in patients
Frontiers in Oncology | www.frontiersin.org 7
with hyperglycemia (33), which caused resistance to
chemotherapy (34–37). Indeed, Yang et al. (34) showed that
hyperglycemia was associated with oxaliplatin resistance in
colorectal cancer cells. Bergamino et al. (35) showed that high
fasting glucose levels were independently associated with non-
small cell lung cancer outcomes. Ikemura et al. (36) showed in
mice that hyperglycemia-induced resistance oxaliplatin and
5-fluorouracil.

Recently, it has been reported that hyperglycemia promotes
chemoresistance by decreasing mitochondrial DNA damage,
Bax/Bcl-2 and Bax/Bcl-XL ratios, and sub-G1 phase cells
associated with antitumor drug-induced cytotoxicity in human
colon adenocarcinoma cells (13). That is supported by Garufi
et al. (37), who showed that hyperglycemia reduced p53
apoptotic activity, reducing cell response to cancer drugs. In
the present study, cell viability was significantly lower in
Ishikawa and HEC1B cells cultured under HG or NG
conditions after treatment with DDP. However, hyperglycemia
protected the cancer cells from the DDP-induced cytotoxicity. It
is known that chemotherapeutic agents, including DDP, cause
mitochondrial respiratory chain ROS generation, which plays a
significant role in the inhibition of cancer progression (38).

Further, based on the previous reports by Bergandi et al. (13)
and Garufi et al. (37), hyperglycemia has effects on the ROS-
mediated mitochondrial pathway, pro-apoptotic (Bax), and
anti-apoptotic (Bcl-2 and Bcl-XL) proteins. These are involved
in the regulation of the cell cycle, DNA repair, and replication.
The Bcl-2 protein is known to inhibit apoptosis by regulating the
mitochondrial membrane potential and cytochrome c release
needed for activation of caspase-9. PARP, used as a caspase
activation index and as an enzyme involved in DNA repair.
Besides, the AMPK role has been proven as the key to a series of
complex molecular events, including apoptosis. P53 regulates
A B

FIGURE 4 | Effects of Exe-4 and DDP under high glucose (HG) on cell cycle in Ishikawa and HEC1B cells. Cells were cultured for 8 weeks under NG and HG
conditions, incubated for 48 h with Exe-4 (10 nM), DDP (25 µM), and DDP (25 µM) + Exe-4 (10 nM), respectively, and analyzed for DNA content by FACS analysis.
The panels represent the distribution of cells in different phases of the cell cycle. Measurements (n = 3) were performed. ∗p < 0.05 DDP (25 µM), DDP (25 µM) + Exe-
4 (10 nM) vs. control group and Exe-4 (10 nM) in Ishikawa cells cultured in NG; ∗p < 0.05 DDP (25µM) + Exe-4 (10 nM) vs. Exe-4 (10 nM) in Ishikawa cells cultured
in HG; #p < 0.05 DDP (25µM) + Exe-4 (10 nM) vs. DDP (25 µM) in Ishikawa cells cultured in HG (A). ∗p < 0.01 DDP (25 µM), DDP (25 µM) + Exe-4 (10 nM) vs.
control group and Exe-4 (10 nM) in HEC1B cells cultured in NG; ∗p < 0.05 DDP (25 µM), **p < 0.01 DDP (25 µM) + Exe-4 (10 nM) vs. control group and Exe-4 (10
nM) in HEC1B cells cultured in HG; #p < 0.05 DDP (25µM) + Exe-4 (10 nM) vs. DDP (25µM) in HEC1B cells cultured in HG (B).
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cell cycles and cell apoptosis, and acetylated P53 is associated
with stress. Therefore, Bcl-2, Bcl-XL, Bax, cleaved PARP,
AMPK, p-AMPK, cytosolic cytochrome c, and acetylated P53
levels in Ishikawa and HEC1B cells were evaluated by
immunoblot to reveal the effects of HG, DDP, and Exe-4.
DDP exerted important cytotoxic effects on tumor cells in this
study, as reflected by increased LDH release and ROS
production. These were used as indexes of cytotoxicity, and
Exe-4 attenuated hyperglycemia-induced lowering LDH release
and ROS amounts in Ishikawa and HEC1B cells treated with
DDP. The level changes of extracellular LDH and intracellular
ROS result from mitochondrial membrane potential changes
Frontiers in Oncology | www.frontiersin.org 8
(39), which are reflected by rhodamine 123 amounts. As shown
above, intracellular amounts of rhodamine 123 (also considered
an index of Pgp plus MRP activity) were significantly increased
after treatment with DDP, whose effects were attenuated by HG.

Currently, little is known about the effects of hypoglycemic
drugs on the response of cancer to chemotherapy. Therefore, this
study focused on the effect of the widely used antidiabetic peptide
Exe-4, a GLP-1 receptor agonist, on DDP chemotherapy in
endometrial cancer in the context of hyperglycemia-associated
chemoresistance, exploring the underlying mechanism. Exe-4
attenuated the protective effect of hyperglycemia. Studies have
revealed that Exe-4 could inhibit cancer cell growth via different
A

B

FIGURE 5 | Effects of high glucose (HG), DDP, and Exe-4 on Bcl-2, Bcl-XL, Bax, cleaved PARP, and cytosolic cytochrome c levels in Ishikawa and HEC1B cells.
Protein levels were assessed by immunoblot, with GAPDH as a loading control. Data for Ishikawa (A) and HEC1B (B) cells are shown. Measurements were
performed in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001, DDP in HG vs. DDP in NG, DDP+Exe-4 vs. DDP in HG.
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mechanisms (40–43). Krause et al. (40) showed that exenatide
induces cancer cell autophagy and prevents chemoresistance
through mTOR modulation. Kanda et al. (41) showed that
liraglutide prevented Ishikawa cell growth by enhancing
autophagy. In the study by Zhang et al. (42), the growth of
Ishikawa cells was inhibited by Exe-4, and the results suggest that
AMPK is involved in the process. Similar results were reported
by Nomiyama et al. (43) in prostate cancer, in which Exe-4
decreased cell proliferation through ERK-MAPK signaling. In
this study, we preliminarily assessed Exe-4 cytotoxicity. Dose-
dependent inhibition of endometrial cancer cells was observed,
with 10 nM Exe-4 showing no significant inhibitory effects on
Ishikawa and HEC1B cells for 8 weeks under both HG and NG
conditions. In agreement, MRP1 and Pgp gene expression levels
were increased while TOPO II gene expression was decreased
under HG conditions. Yang et al. (34) showed that
hyperglycemia was associated with oxaliplatin resistance in
Frontiers in Oncology | www.frontiersin.org 9
colorectal cancer cells, which could be reversed by metformin,
supporting the present study. Still, Exe-4 did not significantly
regulate the expression of the above genes, which deserves
further investigation.

To summarize the findings obtained from both the human
endometrial adenocarcinoma cell lines- Ishikawa and HEC1B
cells, there is no significant difference among these two cell lines.
Nonetheless, we only used in vitro assay; therefore, insulin
secretion and/or glucose-lowering effects of Exe-4 cannot be
expected in this case.

This study has limitations. (i) Only a small panel of genes was
investigated, which cannot determine the exact mechanisms
being involved in the role of the Exe-4. (ii) This study is highly
descriptive, and mechanisms need to be investigated further. (iii)
In this study, in vitro assay was employed. Thus, whether Exe-4
shows the potential additional efficacy glucose-dependently was
not explored. (iv) Moreover, in this study, the combination of
A B

FIGURE 6 | Effects of high glucose (HG), DDP, and Exe-4 on AMPK, p-AMPK, and acetylated P53 levels in Ishikawa and HEC1B cells. Protein levels were assessed
by immunoblot, with GAPDH as a loading control. Data for Ishikawa (A) and HEC1B (B) cells are shown. Measurements were performed in triplicate. ***p < 0.001,
DDP in HG vs. DDP in NG, DDP+Exe-4 vs. DDP in HG.
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Exe-4, cisplatin, and high glucose medium showed the efficacy,
and mechanism of glucose-dependent and cisplatin-dependent
efficacy of Exe-4 need to be explored in vivo in the future.

CONCLUSIONS

These data provide some insights into the molecular mechanisms
involved in chemoresistance induced by hyperglycemia
and demonstrate that hypoglycemic drug, GLP-1 receptor
agonist-Exe-4, could help alleviate such chemoresistance in
endometrial cancer.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.
AUTHOR CONTRIBUTIONS

Conceptualization: YZ, XL, and FX. Data curation: JC. Formal
analysis: JL and JH. Funding acquisition: YZ, JC, XL, and FX.
Investigation: YZ, JC, and JL. Methodology: JC, JL, and JH.
Resources: JH. Software: JH. Supervision: XL and FX. Validation:
Frontiers in Oncology | www.frontiersin.org 10
XL and FX. Visualization: XL and FX. Roles/Writing - original
draft: YZ, JC, and JL. Writing - review and editing: YZ and FX.
All authors contributed to the article and approved the
submitted version.
FUNDING

This study was supported by the National Natural Science
Foundation of China Grant [grant number 81970741 and
81670782 to FX]; The Local Innovative and Research Teams
Projects of Guangdong Pearl River Talents Program [grant
number 2017BT01S131 to FX)]; The Science and Technology
Planning Project of Guangdong Province of China [grant
number 2017A020215020 to YZ]; and the Medical Science and
Technology Research Fund of Guangdong Province of China
[grant number A2018293 to JC].
SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fonc.2021.793530/
full#supplementary-material

Supplementary Figure 1 | Effects of high glucose (HG), DDP, and Exe-4 on
MRP5 (A, C) and MRP8 (B, D) levels in Ishikawa and HEC1B cells.
REFERENCES
1. Siegel RL, Miller KD, Jemal A. Cancer Statistics, 2020. CA Cancer J Clin

(2020) 70:7–30. doi: 10.3322/caac.21590
2. Lortet-Tieulent J, Ferlay J, Bray F, Jemal A. International Patterns and Trends

in Endometrial Cancer Incidence, 1978-2013. J Natl Cancer Inst (2018)
110:354–61. doi: 10.1093/jnci/djx214

3. WHO. Classification. Geneva: World Health Organization (2016).
4. Afroz A, Alam K, Ali L, Karim A, Alramadan MJ, Habib SH, et al. Type 2

Diabetes Mellitus in Bangladesh: A Prevalence Based Cost-of-Illness Study.
BMC Health Serv Res (2019) 19:601. doi: 10.1186/s12913-019-4440-3

5. Orgel E, Mittelman SD. The Links Between Insulin Resistance, Diabetes, and
Cancer. Curr Diabetes Rep (2013) 13:213–22. doi: 10.1007/s11892-012-0356-6

6. Biadgo B, Melku M, Abebe SM, Abebe M. Hematological Indices and Their
Correlation With Fasting Blood Glucose Level and Anthropometric
Measurements in Type 2 Diabetes Mellitus Patients in Gondar, Northwest
Ethiopia. Diabetes Metab syndrome obesity: Targets Ther (2016) 9:91–9.
doi: 10.2147/DMSO.S97563

7. Duan W, Shen X, Lei J, Xu Q, Yu Y, Li R, et al. Hyperglycemia, a Neglected
Factor During Cancer Progression. BioMed Res Int (2014) 2014:461917.
doi: 10.1155/2014/461917

8. Barone BB, Yeh HC, Snyder CF, Peairs KS, Stein KB, Derr RL, et al. Long-
Term All-Cause Mortality in Cancer Patients With Preexisting Diabetes
Mellitus: A Systematic Review and Meta-Analysis. Jama (2008) 300:2754–
64. doi: 10.1001/jama.2008.824

9. Arcidiacono B, Iiritano S, Nocera A, Possidente K, Nevolo MT, Ventura V,
et al. Insulin Resistance and Cancer Risk: An Overview of the Pathogenetic
Mechanisms. Exp Diabetes Res (2012) 2012:789174. doi: 10.1155/2012/789174

10. Alfarouk KO, Stock CM, Taylor S, Walsh M, Muddathir AK, Verduzco D,
et al. Resistance to Cancer Chemotherapy: Failure in Drug Response From
ADME to P-Gp. Cancer Cell Int (2015) 15:71. doi: 10.1186/s12935-015-
0221-1

11. Meyerhardt JA, Catalano PJ, Haller DG, Mayer RJ, Macdonald JS, Benson
AB3rd, et al. Impact of Diabetes Mellitus on Outcomes in Patients With
Colon Cancer. J Clin Oncol (2003) 21:433–40. doi: 10.1200/JCO.
2003.07.125

12. Meyerhardt JA, Sato K, Niedzwiecki D, Ye C, Saltz LB, Mayer RJ, et al. Dietary
Glycemic Load and Cancer Recurrence and Survival in Patients With Stage III
Colon Cancer: Findings From CALGB 89803. J Natl Cancer Inst (2012)
104:1702–11. doi: 10.1093/jnci/djs399

13. Bergandi L, Mungo E, Morone R, Bosco O, Rolando B, Doublier S.
Hyperglycemia Promotes Chemoresistance Through the Reduction of the
Mitochondrial DNA Damage, the Bax/Bcl-2 and Bax/Bcl-XL Ratio, and the
Cells in Sub-G1 Phase Due to Antitumoral Drugs Induced-Cytotoxicity in
Human Colon Adenocarcinoma Cells. Front Pharmacol (2018) 9:866.
doi: 10.3389/fphar.2018.00866

14. Ferry KV, Hamilton TC, Johnson SW. Increased Nucleotide Excision Repair
in Cisplatin-Resistant Ovarian Cancer Cells: Role of ERCC1-XPF. Biochem
Pharmacol (2000) 60:1305–13. doi: 10.1016/S0006-2952(00)00441-X

15. Ruegsegger GN, Creo AL, Cortes TM, Dasari S, Nair KS. Altered
Mitochondrial Function in Insulin-Deficient and Insulin-Resistant States.
J Clin Invest (2018) 128:3671–81. doi: 10.1172/JCI120843

16. Galadari S, Rahman A, Pallichankandy S, Thayyullathil F. Reactive Oxygen
Species and Cancer Paradox: To Promote or to Suppress? Free Radical Biol
Med (2017) 104:144–64. doi: 10.1016/j.freeradbiomed.2017.01.004

17. Ottaiano A, Nappi A, Tafuto S, Nasti G, De Divitiis C, Romano C, et al.
Diabetes and Body Mass Index Are Associated With Neuropathy and
Prognosis in Colon Cancer Patients Treated With Capecitabine and
Oxaliplatin Adjuvant Chemotherapy. Oncology (2016) 90:36–42.
doi: 10.1159/000442527

18. Riganti C, Doublier S, Aldieri E, Orecchia S, Betta PG, Gazzano E, et al.
Asbestos Induces Doxorubicin Resistance in MM98 Mesothelioma Cells via
HIF-1alpha. Eur Respir J (2008) 32:443–51. doi: 10.1183/09031936.00090407

19. Riganti C, Doublier S, Viarisio D, Miraglia E, Pescarmona G, Ghigo D, et al.
Artemisinin Induces Doxorubicin Resistance in Human Colon Cancer Cells
via Calcium-Dependent Activation of HIF-1alpha and P-Glycoprotein
Overexpression. Br J Pharmacol (2009) 156:1054–66. doi: 10.1111/j.1476-
5381.2009.00117.x
December 2021 | Volume 11 | Article 793530

https://www.frontiersin.org/articles/10.3389/fonc.2021.793530/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.793530/full#supplementary-material
https://doi.org/10.3322/caac.21590
https://doi.org/10.1093/jnci/djx214
https://doi.org/10.1186/s12913-019-4440-3
https://doi.org/10.1007/s11892-012-0356-6
https://doi.org/10.2147/DMSO.S97563
https://doi.org/10.1155/2014/461917
https://doi.org/10.1001/jama.2008.824
https://doi.org/10.1155/2012/789174
https://doi.org/10.1186/s12935-015-0221-1
https://doi.org/10.1186/s12935-015-0221-1
https://doi.org/10.1200/JCO.2003.07.125
https://doi.org/10.1200/JCO.2003.07.125
https://doi.org/10.1093/jnci/djs399
https://doi.org/10.3389/fphar.2018.00866
https://doi.org/10.1016/S0006-2952(00)00441-X
https://doi.org/10.1172/JCI120843
https://doi.org/10.1016/j.freeradbiomed.2017.01.004
https://doi.org/10.1159/000442527
https://doi.org/10.1183/09031936.00090407
https://doi.org/10.1111/j.1476-5381.2009.00117.x
https://doi.org/10.1111/j.1476-5381.2009.00117.x
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhang et al. Exe-4 Attenuates Hyperglycemia-Induced Chemoresistance
20. Doublier S, Belisario DC, Polimeni M, Annaratone L, Riganti C, Allia E, et al.
HIF-1 Activation Induces Doxorubicin Resistance in MCF7 3-D Spheroids via
P-Glycoprotein Expression: A Potential Model of the Chemoresistance of
Invasive Micropapillary Carcinoma of the Breast. BMC Cancer (2012) 12:4.
doi: 10.1186/1471-2407-12-4
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