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ABSTRACT
To explore mechanisms underlying the discrepancy in anti-tumor effects of metformin on pancreatic 
cancer cells PANC-1 under different glucose conditions. We cultured PANC-1 cells in 25 mM and 5 mM 
glucose media, then treated with or without metformin. It showed that metformin significantly inhibited 
proliferation and viability, induced apoptosis of PANC-1 cells, which was more pronounced in low- 
glucose than in high-glucose group. Metformin up-regulated the expression of miR-210-5p in low 
glucose, but not in high glucose. miR-210-5p mimic inhibited the viability of PANC-1 cells and further 
enhanced the inhibitory effect of metformin. miR-210-5p down-regulated the expression of PFKFB2, 
a predicted target gene of miR-210-5p, reduced the activity of PFK1 and LDH. Metformin significantly 
inhibited the expression of phosphorylation-PFKFB2(p-PFKFB2) in the low-glucose group and inhibited 
the LDH activity both in the low and high glucose groups, thus inhibiting anaerobic glycolysis and 
inducing energy stress. Cells in the high glucose group could make a compensatory adaptation to the 
energy stress induced by metformin through increasing glucose consumption. However, due to the 
limited glucose supply and high dependence on anaerobic glycolysis of cells in the low glucose group, 
they couldn’t make effective adaptive compensation. Therefore, cells in the low-glucose group were 
more vulnerable to the toxicity of metformin. In conclusion, the enhanced inhibitory effect of metformin 
on PANC-1 cells cultured in low glucose may be due to the up-regulation of the expression of miR-210- 
5p, then inhibiting anaerobic glycolytic flux and inducing energy stress via repressing the expression of 
p-PFKFB2 and activity of LDH.

Abbreviations: PC: pancreatic cancer; DM: diabetes mellitus; PFKFB2: 6-phosphofructo-2-kinase/ 
fructose-2,6-bisphosphatase2; PFK1: phosphofructokinases; LDH: lactate dehydrogenase; F-2,6-BP: 
fructose 2,6-bisphosphate
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Introduction

Pancreatic cancer (PC) remains the fourth leading 
cause of cancer death worldwide, with a 5-year survi-
val less than 9% [1]. It is generally believed that surgi-
cal resection is the only potentially curative treatment 
for PC patients [2]. However, due to the occult and 
asymptomatic onset, more than half of PC patients 
were diagnosed at an advanced stage with distant 
metastasis [1], thus losing the chance of radical opera-
tion. Therefore, early detection and effective treatment 
strategies are urgently needed to improve the high 
death rates and poor prognosis of this disease.

Diabetes mellitus (DM) is associated with an 
increased risk of a variety of cancers, including 
PC [3,4]. Hyperglycemia, hyperinsulinemia, and 
chronic inflammation are possible mechanisms 
that link DM and cancer [5]. PC is particularly 
closely related to DM, as DM is not only a well- 
established risk factor of PC but also may be 
a consequence of PC [6]. Up to 85% of patients 
with PC have impaired glucose tolerance or DM 
when they are diagnosed [7]. A pooled analysis 
showed that the diagnosis of DM was associated 
with a 90% increase in the risk of PC (OR = 1.9, 
95%CI 1.72–2.09), and the risk persisted even after 
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two decades of diagnosis with DM (OR = 1.3, 95% 
CI 1.03–1.63) [8]. According to a meta-analysis, 
the risk of PC increased 14% with per 0.56 mmol/L 
increase in fasting blood glucose [9]. What’s more, 
not only DM itself but also some anti-diabetic 
drugs may have an impact on the risk of PC 
[10,11].

Metformin, one of the most commonly used 
anti-diabetic drugs, is currently considered as one 
of the promising anti-tumor drugs. Convincing 
data have shown that energy metabolism plays 
a vital role in the mechanism of metformin’s 
action in diabetes and cancer [12]. Various 
mechanisms have been proposed, among which 
the inhibition of complex I and activation of 
AMP-activated protein kinase (AMPK) is gener-
ally accepted [13–15]. Some researchers have 
reported that the inhibition of mitochondrial 
respiration by metformin could result in energetic 
stress and a compensatory increase in glycolysis 
[16,17]. While other studies suggest that metfor-
min might inhibit glycolysis via downregulating 
the expression of critical enzymes in the glycolytic 
pathway [18,19]. In vivo study has shown that 
activation of AMPK, a key regulator of energy 
homeostasis, could suppress tumor growth via 
inhibiting aerobic glycolysis [20], supporting the 
possibility that metformin might inhibit glycolysis 
through activation of AMPK. Moreover, it has 
been suggested that cancer cells rely mostly on 
glycolysis for energy production rather than mito-
chondrial oxidative phosphorylation, which is 
widely known as “the Warburg effect” [21–25]. 
Therefore, inhibition or reversal of the Warburg 
effect might be a potential therapeutic method for 
the treatment of cancer [26,27]. Several studies 
have shown that the low glucose might enhance 
the anti-tumor effect of metformin on certain 
types of cancer cells, including ovarian cancer 
[28,29], thyroid cancer [30] and breast cancer 
[31,32]. Thus, providing potential benefits of met-
formin for cancer patients without diabetes. 
However, the mechanisms underlying the discre-
pancy of the inhibitory effect of metformin on cells 
cultured in different concentrations of glucose 
remain poorly understood, especially on PC cells. 
Hence, a better understanding of the impact and 

mechanisms of metformin on the energy metabo-
lism of PC cells cultured in different glucose con-
ditions may lead to better and individualized 
treatments for cancer, with or without diabetes.

MicroRNAs (miRNAs), which are approxi-
mately 21- nucleotide-long noncoding RNAs, 
have emerged as vital post-transcriptional regula-
tors of gene expression. A growing body of evi-
dence has shown that miRNAs exert pivotal 
function in the development and progression of 
cancer and metabolic disorders by involvement in 
multiple cellular functions via repressing their tar-
get genes, thus showing potential therapeutic ben-
efit [33–35]. Here, we show that the expression of 
miR-210-5p changed towards differently in PC 
cells cultured in high and low glucose conditions. 
Studies have shown that the expression of miR-210 
is lower in PC tissues than those of para-cancerous 
tissues and is negatively correlated with tumor size 
and TNM stage of PC [36]. What’s more, a higher 
expression of miR-210 is significantly associated 
with better survival of PC [37]. Yet, little known 
is obtained about the function and mechanism of 
miR-210 and its isoform, miR-210-5p, on the 
growth of PC.

In this study, we intended to explore the differ-
ent impacts of metformin on the growth of PC 
cells under low and high glucose conditions, as 
well as whether miR-210-5p and energy metabolic 
change is involved in the potential mechanisms.

Materials and methods

Cell culture

The human PC cell line PANC-1 was purchased 
from the National Infrastructure of Cell Line 
Resource, Beijing, China. PANC-1 cells were cul-
tured in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with high glucose 
(25 mM) or low glucose (5 mM) and 10% fetal 
bovine serum (FBS) at 37°C and 5% CO2 in 
a humidified incubator.

Cell proliferation assay

Cell proliferation was detected by a 5-ethynyl-2ʹ- 
deoxyuridine (EdU) incorporation assay using 
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a Cell-LightTM EdU Cell Proliferation Assay Kit 
(RiboBio, Guangzhou, China) according to the 
manufacturer’s instructions. Briefly, PANC-1 cells 
were plated at a density of 5 × 104 cells/mL in 96- 
well plates (Corning, New York, USA) for 24 h. 
The cells were treated with or without metformin 
(5/10/20 mM, Sigma-Aldrich, St. Louis, MO) for 
48 h. After that, cells were incubated with 50 µM 
EdU for 2 h, washed with phosphate-buffered sal-
ine (PBS) and fixed with 4% formaldehyde for 
30 min. Cell nuclei were stained with Hoechst 
33,342 for 30 min in the dark and then washed 
twice with PBS. The cell proliferation rate was 
assayed with an Acumen X3 cytometer and calcu-
lated by dividing the number of proliferative cells 
by the number of total cells.

Cell viability assessment

PANC-1 cells were seeded at a density of 5 × 104 

cells/mL in 96-well plates for 24 h, and metformin 
(0/5/10/20 mM) was then added to each well. Cell 
viability was performed with Cell Counting Kit-8 
(Dojindo, Japan) according to the manufacturer’s 
instructions. Briefly, PANC-1 cells were seeded 
into 96-well plates overnight at a density of 
1 × 105 cells per well in 100 μl of DMEM with 
5 mM or 25 mM glucose. Cells were then treated 
with varying concentrations of metformin for 24 h, 
48 h, 72 h. Then 10 µL of the CCK-8 solution was 
added to each well, and the cells were incubated at 
37°C for 90 min. Then, the cell viability was quan-
tified by detecting the absorbance value at 450 nm 
using a microplate absorbance reader (Multiskan; 
Thermo Fisher Scientific, Waltham, MA, USA).

Cell apoptosis assay

Cell apoptosis was assessed using the Annexin V, 
FITC Apoptosis Detection Kit (Dojindo, Japan), 
and flow cytometry according to the manufac-
turer’s instructions. Briefly, PANC-1 cells were 
seeded into 24-well plates at a density of 1 × 106/ 
ml and incubated overnight, then treated with 
metformin (0/5/10/20 mM) for 48 h. Cells were 
collected by centrifugation and resuspended in 
500 µL binding buffer, then incubated with 

Annexin V-FITC and propidium iodide (PI) for 
15 min at room temperature in the dark. 
Apoptotic cells were quantitated by flow cytometry 
(Becton-Dickinson, Franklin Lakes, NJ, USA).

RNA isolation and real-time quantitative PCR 
assay

Total RNA was isolated from PANC-1 cells using the 
miRNeasy Mini Kit (Qiagen, 217004, Hilden, USA) 
according to the manufacturer’s protocol. The con-
centrations of RNA were measured with NanoDrop 
Spectrophotometry (Thermo Fisher, USA). The 
OD260/280 ratios of all samples were between 1.9 
and 2.1. Complementary DNA (cDNA) was synthe-
sized using 1 µg of total RNA and miScript II RT kit 
(Qiagen, 218161) according to the manufacturer’s 
protocol. miR-210-5p was quantified using real- 
time quantitative PCR with miScript SYBR Green 
PCR Kit (Qiagen, 218073) according to the manu-
facturer’s instructions. U6, a small nuclear RNA, was 
used as a control to determine relative miRNA 
expression. The primer sequences used for RT- 
qPCR were as follows: miR-210-5p (forward primer): 
AATAGTAGCCCCTGCCCACC, U6 (forward pri-
mer): AATAGTAGCCCCTGCCCACC. The relative 
miRNA levels were calculated using the comparative 
Ct method (ΔΔCt).

Small RNA transfection

PANC-1 cells were cultured with DMEM contain-
ing 25 mM or 5 mM glucose overnight, then 
transfected with 50 nM miR-210-5p mimics or 
mimic NC, 100 nM miR-210-5p inhibitor or inhi-
bitor NC (RiboBio, Guangzhou, China) using 
LipofectamineTM3000 (Invitrogen, USA), accord-
ing to the manufacturer’s instructions. After 24 h 
of transfection, the cells were treated with or with-
out 10 mM metformin for 48 h. Then, cell viability 
and apoptosis were detected as described above.

Specific miRNA function prediction

The potential target genes of miR-210-5p were pre-
dicted using four databases: miRDB, miRWalk, 
TargetScan, and miRTarBase. Gene ontology (GO) 
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terms and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathways were used to identify the potential 
functions and related pathways of target genes.

Western blot

After harvesting cells transfected with miR-210-5p 
mimic or inhibitor, treated with or without metfor-
min, cells were washed with cold PBS and incubated 
with ice-cold RIPA buffer for 30 min on ice. After 
centrifugation at 12,000 g for 15 min, the supernatant 
was collected. Protein concentration was detected 
using the BCA Protein Assay Kit (Beyotime 
Biotechnology, Shanghai, China). Equal amounts of 
proteins per well were separated by SDS-PAGE elec-
trophoresis (80 V × 30 min→120 V × 60 min) using 
BeyoGelTM Plus PAGE (Tris-Gly, 10%, P0455S, 
Beyotime Biotechnology, Shanghai, China) and trans-
ferred onto PVDF membranes (300 mA × 2 h), which 
were subsequently blocked in TBST (150 mM NaCl, 
10 mM Tris-HCl [pH 7.6], and 0.05% Tween 20) 
containing 5% nonfat dry milk for 60 min at room 
temperature. After that, the membranes were incu-
bated overnight at 4 °C with PFKFB2 (1:1000; #13029, 
Cell Signaling Technology, Inc., Beverly, MA, USA), 
Phospho-PFKFB2 (Ser 483)(1:1000; #13064, Cell 
Signaling Technology, Inc., Beverly, MA, USA), beta- 
actin (1:1000; #4970, Cell Signaling Technology, Inc., 
Beverly, Ma, USA). After incubated with horseradish 
peroxidase-conjugated secondary antibody (1:2000; 
Cell Signaling Technology, USA) at room temperature 
for 60 min, the membranes were washed 3 times with 
TBST. The blots were visualized using an ultra- 
sensitive ECL chemiluminescence detection kit 
(Proteintech Group, Inc., Rosemont, IL, USA). 
Protein levels were quantified using the ImageJ soft-
ware V2.0.0.

Glucose, pyruvate, lactate, and ATP 
measurement

Cells were plated in 12-well plates overnight in 
DMEM containing 5 mM or 25 mM glucose. 
Then cells were transfected with miR-210-5p 
mimic or NC for 24 h and subsequently treated 
with or without 10 mM metformin for 48 h. After 
the treatment with metformin, the media was 

collected. The glucose concentration was mea-
sured by the glucose oxidase method. Glucose 
consumption was calculated by deducting the 
concentration of glucose in the medium without 
cells. The concentration of pyruvate was mea-
sured using a pyruvate assay kit (A081-1-1, 
Nanjing Jiancheng Bioengineering Institute, 
China) with a colorimetric detection method 
according to the manufacturer’s instructions. 
The consumption of pyruvate was calculated 
using a similar formula as the consumption of 
glucose. The production of lactate was deter-
mined using the lactic acid assay kit (A019-2, 
Nanjing Jiancheng Bioengineering Institute, 
China) via colorimetric detection according to 
the manufacturer’s protocol. The ATP Assay Kit 
(A095-1, Nanjing Jiancheng Bioengineering 
Institute, China) was used to test the level of 
ATP in the medium according to the manufac-
turer’s protocol. All the values were normalized 
to protein concentration.

The activity of PFK1 and LDH assay

Cell supernatant was collected after transfected 
with miRNA as well as treatment with metformin. 
The activity of phosphofructokinases (PFK1) was 
assayed using the spectrophotometric method with 
the PFK test kit (A129-1, Nanjing Jiancheng 
Bioengineering Institute, China), according to the 
manufacturer’s recommendation. The activity of 
lactate dehydrogenase (LDH) was detected with 
the LDH assay kit (A020-1, Nanjing Jiancheng 
Bioengineering Institute, China) using the colori-
metric method according to the manufacturer’s 
instructions. The values were normalized to pro-
tein concentration.

Statistical analysis

The data are shown as the mean ± standard error. 
Comparisons between the control and metformin 
treatment groups in the contexts of different con-
centrations of glucose were analyzed by two-way 
ANOVA followed by Tukey or Dunnet post hoc 
test. Statistical analysis were performed with 
GraphPad Prism 8.0 (GraphPad Software, San 
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Diego, CA, USA). P < 0.05 was considered statis-
tically significant.

Results

Metformin inhibited the growth of PANC-1 cells, 
which was more profound in low glucose than in 
high glucose

The viability of PANC-1 cells cultured in 5 mM 
glucose was lower than those in 25 mM glucose. 
Metformin treatment inhibited the proliferation 
and viability of PANC-1 cells in a concentration- 
dependent way. High dose of metformin induced 
apoptosis of PANC-1 cells cultured both in high 
and low glucose. The inhibitory effect of metfor-
min on cell growth is more pronounced in cells 
cultured with low glucose than those with high 
glucose. For example, treatment with 10 mM and 
20 mM metformin induced apoptosis in up to 90% 

of cells in the low-glucose group, however, the 
apoptotic cell ratio was less than 60% in the high 
glucose group (Figure 1).

Metformin increased the expression of miR-210- 
5p in PANC-1 cells cultured in low glucose but 
not in high glucose

Without metformin, the expression of miR-210-5p 
is lower in cells cultured in low glucose comparing 
to those in high glucose. However, when treated 
with metformin, the expression of miR-210-5p is 
increased significantly in cells cultured in 5 mM 
glucose, but not in those cultured in 25 mM glu-
cose. Conversely, metformin treatment decreased 
the expression of miR-210-5p in cells cultured in 
25 mM glucose, though without statistical signifi-
cance. Besides, compared with cells cultured in 
high glucose, the expression of miR-210-5p is 

Figure 1. Effects of metformin on proliferation, viability, and apoptosis of PANC-1 cells cultured in high and low glucose conditions.
Note: PANC-1 cells were cultured in DMEM with 25 mM or 5 mM glucose for 24 h and then treated with metformin (0/5/10/20 mM) 
for 24 h or 48 h. Cell proliferation was detected with EdU assay, and the cell proliferation rate (%) was calculated by providing the 
number of proliferative cells by the number of total cells (a). Cell apoptosis was assayed using Annexin V, FITC Apoptosis kit, and the 
ratio of apoptotic cells and total cells was presented (b). Cell viability was measured using the CCK8 kit, and the OD value 
represented cell viability. Two-way ANOVA follows by Tukey post-hoc was used to analyze the differences among groups. Met: 
metformin, Glu: glucose. *P < 0.05, **P < 0.01, *** P < 0.001 when compared with the control group without metformin. #P < 0.05, 
##P < 0.01, ###P < 0.001 when compared between the high and low glucose groups. 
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significantly higher in those cultured in low glu-
cose with metformin treatment (Figure 2).

miR-210-5p inhibited cell viability but didn’t 
induce cell apoptosis of PANC-1 cells

PANC-1 cells transfected with miR-210-5p mimic 
showed a significant reduction of viability both in 
high and low glucose, compared to cells trans-
fected with the mimic NC. The inhibitory effect 
of miR-210-5p mimic on cell viability is more 
pronounced in cells cultured in low glucose than 
in high glucose. When combined with miR-210-5p 
mimic, the inhibitory effect of metformin on cell 
viability is more substantial in both high and low 
glucose when compared with mimic NC group. 
The miR-210-5p mimic does not affect the apop-
tosis of PANC-1 cells significantly, whether treated 
with metformin or not (Figure 3).

miR-210-5p down-regulated the expression of 
PFKFB2 and inhibited lactate production of 
PANC-1 cells

6-phosphofructo-2-kinase/fructose-2,6-bispho-
sphatase2 (PFKFB2) is predicted to be a potential 
target of miR-210-5p. Western blot results showed 
that miR-210-5p mimic inhibits the expression of 

PFKFB2 both in high and low glucose when com-
pared to the mimic NC group. The expression of 
p-PFKFB2 seemed to be reduced with transfection 
of miR-210-5p mimic, but without statistical sig-
nificance (Figure 4). What’s more, miR-210-5p 
mimic reduced the activity of PFK1 and LDH 
significantly. Besides, miR-210-5p mimic 
decreased the lactate content in cellar supernatant 
of cells cultured in high glucose treated with 
10 mM metformin. However, miR-210-5p didn’t 
affect the consumption of glucose and pyruvate, as 
well as ATP content significantly (Figure 5).

Cells in the low glucose group are highly 
dependent on anaerobic glycolysis

It can be seen from Figure 5 that, without the 
treatment of metformin, the PFK1 activity of the 
cellar supernatant in the low glucose group was 
significantly lower than that in the high glucose 
group, while the LDH activity was significantly 
higher than that in the high glucose group. 
Additionally, cells in the low glucose group con-
sume less glucose and more pyruvate than those in 
the high glucose group. Although the glucose con-
sumption of cells in the low glucose group was 
significantly reduced, actually the glucose in the 
culture medium had been completely consumed 

Figure 2. Relative expression of miR-210-5p in PANC-1 cells treated with metformin in high and low glucose conditions.
Note: PANC-1 cells were cultured in DMEM with 25 mM or 5 mM glucose for 24 h and then treated with metformin (0/1/10 mM) for 
48 h. RNA was extracted, and real-time PCR was used to detect the relative expression of miR-210-5p. a) Comparison of the relative 
expression of miR-210-5p in cells treated with different concentrations of metformin. Cells treated without metformin were defined 
as the control group. Thus, cells under the 5 mM and 25 mM glucose conditions had their own control group when calculated the 
relative expression of miR-210-5p using the comparative Ct method. b) Differences in the relative expression of miR-210-5p in cells 
cultured in different concentrations of glucose. Cells treated without metformin under 25 mM glucose conditions were defined as 
the control group to calculate the relative expression of miR-210-5p using the comparative Ct method. *P < 0.05, **P < 0.01, *** 
P < 0.001. 

CELL CYCLE 2173



(5 mM). That’s why the flux of glycolysis from 
glucose to pyruvate is reduced while the flux of 
anaerobic glycolysis from pyruvate to lactate was 
enhanced, which is also supported by the 
enhanced consumption of pyruvate. Therefore, 
the lower activity of PFK1 and the higher activity 
of LDH in the low glucose group might be 
a reflection of high dependence on anaerobic gly-
colysis when the supply of glucose is insufficient. 
Nevertheless, the lactate production and ATP con-
tent in the low glucose group was still significantly 
lower than those in the high glucose group, indi-
cating a relative insufficiency in energy supply 
(Figure 5).

Metformin inhibited the expression of p-PFKFB2 
and activity of LDH in low glucose

Metformin treatment almost completely inhibited the 
expression of p-PFKFB2 in PANC-1 cells cultured in 
the low glucose group. Yet, in cells cultured under 
high glucose conditions, metformin increased the 
expression of p-PFKFB2, though without statistical 
significance (Figure 4). In addition, metformin treat-
ment significantly reduced LDH activity both in high 
and low glucose groups, thus inhibiting anaerobic 
glycolytic flux. However, a combination of miR-210- 
5p and metformin significantly enhanced metfor-
min’s inhibitory effect on LDH activity only in the 

Figure 3. Effects of miR-210-5p mimic and inhibitor on the viability of PANC-1 cells cultured in high and low glucose conditions.
Note: PANC-1 cells were transfected with miR-210-5p mimic or inhibitory or their respective negative control (NC) for 24 h, then 
treated with or without metformin for 24 h, 48 h, 72 h respectively. Cell viability was detected and analyzed using the CCK8 kit (a/b/ 
c/d). Cell apoptosis was assayed using Annexin V, FITC Apoptosis kit, and the ratio of apoptotic cells and total cells was presented (e/ 
f). *P < 0.05, **P < 0.01, ***P < 0.001 when compared with the NC group. #P < 0.05, ##P < 0.01, ###P < 0.001 when compared 
between the high and low glucose groups. 
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low glucose group. With the treatment of metformin, 
cells in the high glucose group showed increased 
consumption of glucose and production of lactate 
compared with those without treatment of metformin 
(Figure 5). This might be a compensatory response to 
the energy stress induced by metformin via inhibiting 
the activity of LDH and anaerobic glycolysis. 
However, this adaptive response wasn’t observed in 
the low glucose group. One important reason is that, 
without treatment of metformin, the glucose con-
sumption of cells in the low glucose group had 
reached the upper limit of the medium, and cells are 
highly dependent on anaerobic glycolysis, as men-
tioned above. What’s more, Treatment of metformin 
and miR-210-5p significantly inhibited expression of 
p-PFKFB2 and activity of LDH, further inhibiting the 
flux of anaerobic glycolysis. Therefore, the 

consumption of pyruvate didn’t increase to produce 
more lactate and ATP to adapt to the energy stress 
induced by metformin. The contents of lactate and 
ATP were still significantly lower than those in the 
high glucose group (Figure 5).

Discussion

This study showed that metformin inhibited cell 
proliferation and cell viability, induced cell apop-
tosis of PANC-1 cells, both in high and low glu-
cose groups. Whereas, the inhibitory effect of 
metformin on cell growth was more pronounced 
in cells cultured under low glucose conditions than 
those under high glucose conditions. Metformin 
treatment increased the expression of miR-210-5p 
in cells cultured in low glucose group, but not in  

Figure 4. Effects of miR-210-5p mimic combined with or without metformin on the expression of PFKFB2 and p-PFKFB2 in PANC-1 
cells.
Note: PANC-1 cells were transfected with miR-210-5p mimic or inhibitor or negative control (NC) for 24 h and then treated with or 
without metformin for 48 h. Then the protein was extracted, and western blot was used to test the expression of PFKFB2 and 
p-PFKFB2. *P < 0.05, **P < 0.01, ***P < 0.001 when compared with the NC group. #P < 0.05, ##P < 0.01, ###P < 0.001 when 
compared between cells transfected with miR-210-5p mimic or inhibitor combined treatment with metformin and those without 
metformin. 

CELL CYCLE 2175



the high glucose group. miR-210-5p mimic inhib-
ited cell viability and enhanced the inhibitory 
effect of metformin on the viability of PANC-1 
cells. PFKFB2 might be one of the potential target 
genes of miR-210-5p, whose expression was 
reduced in cells transfected with miR-210-5p 
mimic. In addition, miR-210-5p mimic signifi-
cantly reduced the activity of PFK1 and LDH, 
two key enzymes in the downstream pathway of 
glycolysis. Metformin inhibited LDH activity both 
in high and low glucose, but significantly inhibited 
the expression of p-PFKFB2 only in cells cultured 

with low glucose, which might be mediated by up- 
regulation of miR-210-5p. Cells cultured under 
high glucose conditions increased consumption 
of glucose and production of lactate as 
a compensatory response to energy stress induced 
by metformin treatment. However, due to the 
complete consumption of glucose of cells cultured 
under low glucose conditions, this phenomenon 
wasn’t observed in the low glucose group. 
Additionally, cells in the low glucose group suf-
fered more severe energy stress induced by met-
formin, which makes them unable to make 

Figure 5. Effects of miR-210-5p mimic combined with or without metformin on glycolysis related enzyme and products in PANC-1 
cells.
Note: PANC-1 cells were transfected with miR-210-5p mimic or inhibitor or negative control (NC) for 24 h and then treated with or 
without metformin for 48 h. Then the media was collected for analysis of the activity of PFK1 (a) and LDH (b), consumption of 
glucose (c), and pyruvate (d), the content of lactate (e), and ATP (f). *P < 0.05, **P < 0.01, ***P < 0.001 when compared with the NC 
group. #P < 0.05, ##P < 0.01, ###P < 0.001 when compared between the high and low glucose groups. *P < 0.05, **P < 0.01, 
***P < 0.001 when compared between cells treated with or without metformin. 
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adaptive compensation by increasing pyruvate 
consumption. Hence, the ATP content is still sig-
nificantly lower than that in the high-glucose 
group. Collectively, these results suggest that the 
more pronounced inhibitory effect of metformin 
on PANC-1 cells in the low glucose conditions is 
probably due to up-regulating the expression of 
miR-210-5p in the low-glucose, which in turn 
inhibits glycolysis through PFKFB2 (Figure 6).

Previous studies have indicated that metformin 
could inhibit the growth of PC both in vitro and 
in vivo [38–40]. But the results of clinical studies 
are inconsistent: observational studies have shown 
reduced risk and better survival in PC patients 
treated with metformin than without metformin 
[33,41]. However, two RCT studies showed that 
advanced PC patients didn’t benefit from metfor-
min treatment [42,43]. One possible reason is 
that the patients included were in an advanced 
stage with remote metastasis, as is shown in two 
meta-analyses [44,45]. The other possible reason 
is due to the low dose of metformin used in 
clinical trials than in pre-clinical trials [46]. By 
exploring the mechanisms and targeting the cri-
tical molecules for treatment, the anti-tumor 
function of metformin will be enhanced, and the 
limitation of metformin’s clinical application will 
be improved.

Our study demonstrated that metformin inhi-
bits proliferation and induce apoptosis of PANC-1 
cells. The anti-tumor effect of metformin is more 
pronounced in cells cultured in high glucose than 
those in low glucose. Several studies have explored 
the impact of metformin in different glucose con-
ditions on several other types of tumor cells. They 
also find out that low glucose enhances the anti- 
tumor effects of metformin, while high glucose 
may reduce the sensitivity to metformin. The pos-
sible mechanism may involve the activation of 
AMPK [31], mitochondrial dysfunction, and endo-
plasmic reticulum stress [28].

In this study, we found that the expression of 
miR-210-5p was significantly different between the 
high and the low glucose group after treatment 
with metformin, which may be a possible reason 
accounting for the difference in the effect of met-
formin. Metformin significantly enhanced the 
expression of miR-210-5p in the low glucose 
group but had no significant impact on the high 
glucose group. Cells transfected with miR-210-5p 
mimic had decreased viability compared to those 
transfected with NC. Moreover, miR-210-5p 
mimic further enhanced the inhibitory effect of 
metformin on tumor cell viability. Thus, we spec-
ulate that there might be a possibility that the 
increased expression of miR-210-5p might account 

Figure 6. Possible mechanism of the difference in the effect of metformin on PANC-1 cells cultured in high and low glucose.
Note: Met: metformin; G-6-P: glucose 6-phosphate; F-6-P: fructose 6-phosphate; F-2,6-BP: fructose 2,6-bisphosphate; F-1,6-BP: 
fructose 1,6-bisphosphate; PFKFB2: 6-phosphofructo-2-kinase; PFK1: phosphofructokinases; LDH: lactate dehydrogenase; TCA Cycle: 
tricarboxylic acid cycle. 
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for the enhanced anti-tumor effect of metformin 
on cells cultured in low glucose conditions. 
However, miR-210-5p mimic and inhibitor didn’t 
significantly affect cell apoptosis, suggesting that 
metformin exerts pro-apoptotic effects through 
other mechanisms.

Western blot results showed that miR-210-5p 
mimic could significantly inhibit the expression 
of PFKFB2, a predicted potential target gene of 
miR-210-5p. PFKFB2 catalyzes the synthesis and 
degradation of fructose 2,6-bisphosphate 
(F-2,6-BP), which is a potent allosteric regulatory 
activator of PFK1, a rate-limiting enzyme in gly-
colysis [47,48]. To clarify the effects and potential 
mechanisms of miR-210-5p on PANC-1 cells glu-
cose metabolism, we examined the products of 
glycolysis, as well as the activity of PFK1 and 
LDH. LDH catalyzes the conversion of pyruvate 
to lactate, thus playing a pivotal role in regulating 
anaerobic glycolysis [49]. It turned out that miR- 
210-5p mimic could significantly inhibit the 
activity of PFK1 and LDH. Therefore, it can be 
supposed that miR-210-5p might inhibit cell activ-
ity by down-regulating the expression of its poten-
tial target gene PFKFB2 and then inhibiting 
glycolysis by repressing the activity of PFK1 and 
LDH. However, other parameters related to glyco-
lysis were not changed, possibly owing to the rela-
tively low level of miR-210-5p in these cells.

In fact, in the absence of metformin, the activ-
ity and glucose metabolism of cells cultured in the 
high and low glucose conditions was different: 
cells in the low glucose group had lower cell 
viability, higher LDH activity, lower PFK1 activ-
ity, and lower ATP levels than those of high 
glucose. The lower activity of PFK1 in cells 
under low glucose conditions might reflect 
a relatively low flux of glycolysis, while a higher 
activity of LDH might be a reflection of sufficient 
reserve capacity of anaerobic glycolysis in cells 
cultured with low glucose. This might be 
a compensatory response to accommodate the 
energy stress and to satisfy the rapid growth of 
tumor cells when the energy supply is relatively 
inadequate under low glucose conditions. 
However, since glucose consumption has reached 

the maximum level, the cells try to proceed 
towards the direction of anaerobic glycolysis by 
enhancing the activity of LDH activity and 
increasing the consumption of pyruvate, to adapt 
to the lack of energy. Whereas, the ATP level is 
still low, which might be a good reason responsi-
ble for the lower viability of cells in low glucose 
than those in high glucose.

Treatment with metformin significantly inhib-
ited the LDH activity of cells both in high and 
low glucose conditions, indicating that it had 
a significant inhibitory effect on anaerobic gly-
colysis. It is reported that LDH was dysregulated 
in several types of cancers and might be 
a potential therapeutic target in cancer [49–51]. 
Several previous studies have also drawn 
a similar conclusion that metformin treatment 
might inhibit LDH activity and glycolysis of 
certain types of cancer cells [18,19]. According 
to the Warburg effect, the rapid growth of tumor 
cells is highly dependent on anaerobic glycolysis, 
even when there is enough oxygen. Therefore, by 
inhibiting LDH activity and flux of anaerobic 
glycolysis metformin may lead to energy stress 
and less production of ATP. Cells in the high 
glucose group can compensate for energy stress 
induced by metformin via increasing the con-
sumption of glucose, together with increased 
production of lactate as a consequence. So, the 
ATP content does not decrease significantly, and 
this might explain why the repressive function of 
metformin on cells cultured in high glucose con-
ditions are relatively mild. However, due to the 
limited glucose supply, cells in the low glucose 
conditions compensate for energy stress by up- 
regulating LDH activity and consumption of 
pyruvate. The treatment of metformin not only 
inhibited LDH activity but also reduced expres-
sion of p-PFKFB2 in cells cultured under low 
glucose conditions, thus, further inhibiting gly-
colysis and aggravating the energy crisis. 
Whereas, on the basis that cells in the low glu-
cose group have reached the upper limit of glu-
cose consumption, they are unable to gain more 
energy by increasing the flux of glycolysis. That 
may explain why the cell activity is more 
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severely inhibited, and the cells are more likely 
to undergo apoptosis under low glucose 
conditions.

Taken together, metformin significantly up- 
regulated the expression of miR-210-5p, down- 
regulated the expression of p-PFKFB2, and inhib-
ited the activity of LDH in the low-glucose group. 
Additionally, miR-210-5p mimic significantly 
reduced the expression of PFKFB2, as well as the 
activity of PFK1 and LDH. Besides, it was 
observed that miR-210-5p mimic could reduce 
the content of lactate in the high-glucose group, 
together with the treatment of metformin. 
Although no significant decrease in lactate levels 
in the low-glucose group was observed, we still 
believe that there is a good reason to support the 
point that up-regulating expression of miR-210-5p 
and then inhibiting expression and activity of 
PFKFB2, PFK1 and LDH, thus inhibiting the flux 
of glycolysis may be one of the mechanisms of the 
enhanced inhibitory effect of metformin on cell 
growth in the low glucose conditions.

A limitation of this study is that we didn’t con-
firm the effect of metformin and miR-210-5p by 
using other pancreatic cancer cell lines other than 
PANC-1. In addition to in vitro experiments, 
tumor-induced mice models with or without dia-
betes is another way to better explore the effect of 
metformin as well as miR-210-5p on pancreatic 
cancer in different glucose conditions. Further 
experiments will be needed to confirm the findings 
of our study.

In conclusion, metformin has an inhibitory 
effect on the growth of pancreatic cancer cells, 
and the inhibitory effect is more evident on cells 
cultured in low glucose conditions. Metformin up- 
regulates the expression of miR-210-5p in the low 
glucose group, which inhibits the expression of the 
potential target gene PFKFB2, and then represses 
glycolysis via inhibiting the activity of PFK1 and 
LDH, essential enzymes of the downstream glyco-
lytic pathway. This may be one of the mechanisms 
why metformin inhibits cell activity in the low 
glucose group more profoundly. Therefore, for 
PC patients without DM, taking metformin may 
be more beneficial, especially in combination with 
miR-210 analogs or glycolysis inhibitors may 

further increase the efficacy. However, for patients 
with PC and DM, due to high glucose impairs 
sensitivity to metformin by increasing glucose 
uptake and consumption to compensate for energy 
stress induced by metformin, a combination of 
glucose uptake inhibitors with metformin might 
be a choice. Further researches are needed to 
explore the mechanisms to find out more targeted 
and individualized therapeutic strategies for tumor 
patients with different glucose metabolism states.
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