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Metformin is the first-line antidiabetic agent for type 2
diabetes mellitus (T2DM) treatment. Although accumulated
evidence has shed light on the consequences of metformin
action, the precise mechanisms of its action, especially in the
pancreas, are not fully understood. Aquaporin 7 (AQP7) acts as
a critical regulator of intraislet glycerol content, which is
necessary for insulin production and secretion. The aim of this
study was to investigate the effects of different doses of met-
formin on AQP7 expression and explore the possible mecha-
nism of its protective effects in the pancreatic islets. We used
an in vivo model of high-fat diet in streptozocin-induced dia-
betic rats and an in vitro model of rat pancreatic β-cells (INS-
1 cells) damaged by hyperglycemia and hyperlipidemia. Our
data showed that AQP7 expression levels were decreased,
whereas p38 and JNK mitogen-activated protein kinases
(MAPKs) were activated in vivo and in vitro in response to
hyperglycemia and hyperlipidemia. T2DM rats treated with
metformin demonstrated a reduction in blood glucose levels
and increased regeneration of pancreatic β-cells. In addition,
metformin upregulated AQP7 expression as well as inhibited
activation of p38 and JNK MAPKs both in vivo and in vitro.
Overexpression of AQP7 increased glycerol influx into
INS-1 cells, whereas inhibition of AQP7 reduced glycerol
influx, thereby decreasing subsequent insulin secretion. Our
findings demonstrate a new mechanism by which metformin
suppresses the p38 and JNK pathways, thereby upregulating
pancreatic AQP7 expression and promoting glycerol influx
into pancreatic β-cells and subsequent insulin secretion in
T2DM.

Metformin is a widely used antidiabetic drug for treating
type 2 diabetes mellitus (T2DM) that enhances insulin regu-
lation of glucose, promotes weight loss, and reduces appetite
(1–3). These effects are generally explained by an increase in
peripheral insulin sensitivity, and hence a decrease in
blood glucose levels rather than a direct promotion of
pancreatic insulin release. Overall, although metformin has
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been used as a drug for more than half a century, its antidia-
betic mechanisms, particularly in the pancreas, have not been
much documented (4).

Glycerol is metabolized in the pancreas and shows the po-
tential to stimulate insulin production and secretion (5).
Aquaporins comprise a family of 13 members of water chan-
nels (AQP0-12) that facilitate the rapid transport of water
across cell membranes. In some cases, these pores are also
permeated by small solutes, particularly solutes such as glyc-
erol, urea, or nitric oxide, which are known as aqua-
glyceroporins. AQP7, a member of aquaglyceroporin family, is
expressed in pancreatic β-cells, and murine studies have
confirmed its participation in insulin secretion, triacylglycerol
synthesis, and proliferation of these endocrine cells. Therefore,
AQP7 is now considered as a β-cell protein and critical
regulator of intraislet glycerol content (6). However, nothing is
known about whether metformin could regulate this member
protein in pancreatic islets and its possible mechanism.

Several molecular abnormalities are linked to T2DM, in
which mutations in important regulatory networks remain
substantial (7–9). Pancreatic β-cell injury and insulin resis-
tance appear to be partially triggered by inflammatory (10),
oxidative (11), and endoplasmic reticulum stress-induced
pathways (12), including the mitogen-activated protein ki-
nases (MAPK) signaling cascade. However, whether MAPK
modulations affect AQP7 expression in pancreatic tissue of
T2DM treated with metformin remains poorly understood.
The present study aimed to investigate whether metformin
improves and alleviates the symptoms through modulation of
AQP7 and the MAPK pathway in pancreas of T2DM.
Results

Changes in the serum levels of glucose, triglycerides, and total
cholesterol

Significant increases were observed for glucose (Glu), tri-
glycerides (TG), and total cholesterol (TC) in the T2DM group
compared with the normal control group (Ctrl) group (p <
0.05). After metformin (Met) treatment, serum Glu, TG, and
TC were significantly decreased in T2DM+metformin (Met)
groups [T2DM+M1 (100 mg/kg/d), T2DM+M2 (300 mg/kg/d)
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Metformin rescues pancreatic Aqp7 expression in T2DM
and T2DM+M3 (500 mg/kg/d)] compared with the T2DM +
0.9% NaCl group (T2DM+NS) (p < 0.05 for all; Table S1),
supporting the beneficial effects of metformin on the treat-
ment of T2DM.

Metformin normalizes T2DM-induced histopathologic changes
of pancreas

The pancreatic sections stained with hematoxylin and eosin
(HE) are shown in Fig. S1. In the control group (Ctrl),
pancreatic islet was normal without edema or inflammatory
cells infiltration. In contrast, islets in the T2DM group showed
disturbed cellular arrangement, necrotic changes in islets
(karyolysis and loss of nuclei), and smaller islet cell masses. All
these changes were alleviated in the T2DM+Met groups by
metformin, especially in T2DM+M2 and T2DM+M3 group.

AQP7 colocalizes with insulin-producing cells and metformin
normalized T2DM-induced downregulation of AQP7

We examined whether metformin could regulate AQP7
expression. To confirm AQP7 expression in the pancreas, we
used immunohistochemistry to localize AQP7 and insulin in
the pancreas by fluorescence microscopy and detected
immunoreactive AQP7 in insulin-producing cells. Immuno-
histochemical staining of pancreatic tissues from the Ctrl
group showed fairly well immunoreactive AQP7 in insulin-
producing cells. However, immunostaining sample of T2DM
group, T2DM+NS group, or T2DM+M1 group stained faintly
for the few immunoreactive insulin-positive cells. On the
contrary, immunostaining with AQP7 antibody in the
T2DM+M2 group and T2DM+M3 group detected more
Figure 1. AQP7 expression in pancreatic islets. Double immunofluorescent
showed AQP7 was colocalized with insulin in yellow. Arrows show AQP7 dete
graph shows a quantification of insulin fluorescence. B, bar graph shows a q
group (T2DM), 0.9% normal saline-treated diabetic group (T2DM+NS), low-dose
kg) Met-treated diabetic group (T2DM+M2), high-dose (500 mg/kg) Met-treate
independent experiments. Scale bars = 100 μm, #p < 0.05 versus Ctrl group; *
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intense immunostaining in insulin-positive cells than
T2DM+NS group (Fig. 1).

To determine whether metformin had effects on AQP7
expression, western blot analysis was performed using
pancreatic islets from all experimental groups. A significant
reduction of AQP7 levels was noted in the T2DM group as
compared with the Ctrl group (p < 0.05). An increase of AQP7
expression was observed in Met treatment groups in a dose-
dependent manner, except for low-dose Met group
(T2DM+M1) (p < 0.05) (Fig. 2, A and B).

In vitro, we established a glucolipotoxicity (0.25 mM
palmitate and 33 mM glucose conditions) model in INS-1 cells
based on previous studies (13–15). As shown, similar to the
observations in vitro, INS-1 cells cultured under glucolipo-
toxicity conditions resulted in a significant reduction of AQP7
protein expression, which was markedly increased in the
presence of 0.5, 1, and 2 mM metformin, respectively (p <
0.05) (Fig. 2, C and D).
Metformin inhibits T2DM-induced activation of p38 and JNK
MAPK but not ERK MAPK

Western blot analyses of pancreatic islets or INS-1 cells were
performed using antibodies that react with either the total or
phosphorylated of each of the three MAPKs to investigate
whether these three MAPKs are activated or inhibited in dia-
betic pancreas exposure tometformin. The total amount of each
MAPK remained constant, p38 and JNK phosphorylation was
significantly increased in T2DM group compared with the
control group, while metformin reversed the activation of p38
and JNK phosphorylation in diabetic rats in a dose-dependent
staining for AQP7 in red and insulin (a marker of pancreatic β-cell) in green
ctable in pancreatic β-cell marker. Nuclei are labeled by DAPI in blue.A, bar
uantification of AQP7 fluorescence. Control group (Ctrl), untreated diabetic
(100 mg/kg) Met-treated diabetic group (T2DM+M1), middle-dose (300 mg/
d diabetic group (T2DM+M3). Results are expressed as Mean ± SEM of three
p < 0.05 versus T2DM+NS group.



Figure 2. Effect of metformin (Met) on AQP7 protein expression of pancreatic islets or INS-1 cells. In vivo, western blot analyses of AQP7 levels in
pancreatic islets of the control group (Ctrl), untreated diabetic group (T2DM), 0.9% normal saline-treated diabetic group (T2DM+NS), low-dose (100 mg/kg)
Met-treated diabetic group (T2DM+M1); middle-dose (300 mg/kg) Met-treated diabetic group (T2DM+M2), and high-dose (500 mg/kg) Met-treated diabetic
group (T2DM+M3). A, representative blots for each group are shown; B, bar graph shows a quantification as AQP7/α-tubulin. Results are expressed as
Mean ± SEM of three independent experiments. #p < 0.05 versus Ctrl group; *p < 0.05 versus T2DM+NS group. In vitro, western blot analyses of AQP7 levels
in INS-1 cells of the control group (Ctrl), 33 mM glucose and 0.25 mM palmitate (HG+PA), 33 mM glucose and 0.25 mM palmitate with 0.5 mM Met group
(HG+PA+m1), 1 mM Met group (HG+PA+m2), or 2 mM Met group (HG+PA+m3). C, representative blots for each group are shown; D, bar graph shows a
quantification as AQP7/α-tubulin. Results are expressed as Mean ± SEM of three independent experiments. #p < 0.05 versus Ctrl group; *p < 0.05 versus
HG+PA group.

Metformin rescues pancreatic Aqp7 expression in T2DM
manner. However, ERK phosphorylation had no significant
changes among different groups (p < 0.05) (Fig. 3, A–F).

In vitro, after incubation INS-1 cells with 0.25 mM palmitate
and 33 mM glucose for 24 h, JNK phosphorylation increased,
p38 phosphorylation increased, and ERK MAPK phosphory-
lation remained unchanged. Furthermore, metformin mostly
rescued the activation of JNK and p38 MAPK phosphorylation
(p < 0.05) (Fig. 4, A–F). We also tested the changes in phos-
phorylated MAPK signaling molecules treated with 0.25 mM
palmitate and 33 mM glucose for short time duration (0, 1, 2,
5, 10 and 15 min). The results showed that the phosphoryla-
tion levels of JNK and p38 increased after treatment with
33 mM glucose and 0.25 mM palmitate for 1, 2, 5, 10, and
15 min, which were time-dependent. The phosphorylation
levels of ERK increased after treatment with 33 mM glucose
and 0.25 mM palmitate for 1, 2, and 5 min, but it returned to
normal after 10 min (Fig. S2).

Metformin rescues intracellular glycerol content, KCl-
stimulated insulin secretion (KSIS), and glucose-stimulated
insulin secretion (GSIS) impaired by glucolipotoxicity

Next, we examined the glycerol permeability of each group in
INS-1 cells. Glycerol permeability was evaluated by calculating
the time course of the intracellular glycerol content change of
INS-1 cells subjected to a 50 mM glycerol osmotic shock. As
observed, glucolipotoxicity abated glycerol permeability. Under
this stress condition, metformin could rescue the inhibitory
effect of glucolipotoxicity on glycerol permeability and increase
intracellular glycerol content (p < 0.05) (Fig. 5A).

To determine the effects of glucolipotoxicity on insulin
secretion and whether metformin could rescue insulin secre-
tion function in pancreatic β-cells, INS-1 cells were exposed to
0.25 mM palmitate and 33 mM glucose with or without
metformin for 24 h. It has shown that KSIS and GSIS were
markedly inhibited under the glucolipotoxicity condition.
Under the same stress condition, metformin rescued insulin
secretion (p < 0.05) (Fig. 5B).

JNK and p38 MAPKs mediate the expression of AQP7 under
glucolipotoxicity condition in INS-1 cells

As shown in Figure 6, SP600125 and SB203580, as inhibitors
of JNK and p38, respectively, blocked the decrease of AQP7
protein expression in INS-1 cells after 24 h incubation of
0.25 mM palmitate and 33 mM glucose. Simultaneously, we
observed that pharmacological activation of JNK and p38 by
anisomycin (a potent agonist of p38 and JNK; 2 μM) also
significantly decreased AQP7 protein expression (p < 0.05).

Knockdown (KD) or overexpression (OE) of AQP7 alters
intracellular glycerol content and insulin secretion in INS-1 cells

To test whether AQP7 was bound to the insulin secretion,
we established INS-1 cell lines stably knocking down or
J. Biol. Chem. (2021) 297(2) 101002 3



Figure 3. Effects of metformin (Met) on MAPK expression in the pancreatic islets. A, the expression of p-p38, p38, p-ERK, ERK, p-JNK, and JNK in the
pancreatic islets. B–F, the ratio of p-p38/p38, p-ERKa/ERKa, p-ERKb/ERKb, p-JNKa/JNKa and p-JNKb/JNKb in the pancreatic islets, respectively. Control group
(Ctrl), untreated diabetic group (T2DM), 0.9% normal saline-treated diabetic group (T2DM+NS), low-dose (100 mg/kg) Met-treated diabetic group
(T2DM+M1), middle-dose (300 mg/kg) Met-treated diabetic group (T2DM+M2), high-dose (500 mg/kg) Met-treated diabetic group (T2DM+M3). Results are
expressed as Mean ± SEM of three independent experiments. #p < 0.05 versus Ctrl group; *p < 0.05 versus T2DM+NS group.

Metformin rescues pancreatic Aqp7 expression in T2DM
overexpressing AQP7 by lentiviral infection. The knockdown
or overexpression efficiency of AQP7 was substantiated at the
protein level using western blot analysis (Fig. 7, A–D).

Subsequently, we investigated whether knockdown (KD) or
overexpression of AQP7 (OE) could alter glycerol content,
insulin secretion in INS-1 cells. The result showed both
intracellular glycerol content and insulin secretion were
markedly inhibited by AQP7 knockdown (Fig. 7, E and G).
Overexpression of AQP7 could slightly increase the content of
intracellular glycerol, but not insulin secretion (Fig. 7, F
and H).
Discussion

In the present study, we demonstrated that a 4-week met-
formin intervention in T2DM rats ameliorated the metabolic
abnormalities induced by hyperglycemia and hyperlipidemia
and improved islet cell mass, suggesting that metformin could
ameliorate pancreatic islet injury. It was shown that AQP7
expression was decreased, whereas p38 and JNK MAPK were
activated in response to hyperglycemia and hyperlipidemia
stimuli in vivo and in vitro. Activation of p38 and JNK MAPK
pathway could downregulate AQP7 expression. Furthermore,
metformin upregulated AQP7 expression and inhibited p38
and JNK MAPK pathway, implying that metformin might
restore AQP7 expression by suppressing specific MAPK
pathway so as to provide some protection for rat pancreatic
4 J. Biol. Chem. (2021) 297(2) 101002
islets. Metformin rescued intracellular glycerol content
and insulin secretion impaired by glucolipotoxicity. Over-
expression of AQP7 increased glycerol influx into INS-1, and
inhibition of AQP7 could reduce glycerol influx into INS-1,
thereby decreasing insulin secretion.

Although numerous studies have focused on the roles of
metformin in regulating glucose homeostasis and promoting
insulin sensitivity, the exact mechanism of metformin on the
pancreas remains unclear. Previous studies demonstrated that
a decrease in β-cell mass or impaired β-cell function could lead
to abnormal plasma insulin levels, thereby promoting glucose
intolerance and diabetes (6). The present study showed that
metformin alleviated pancreatic islet degeneration and
increased β-cell mass in type 2 diabetic rats, suggesting its
possible direct protective effect on the pancreas.

Previous experiments using adenovirus-mediated gene
transfer of glycerol kinase (Gyk) to insulinoma cell line or
isolated rat β-cells showed that proinsulin biosynthesis and
insulin secretion stimulated when glycerol is metabolized
(5, 16). To date, one of the known mammalian glycerol
channels is subcategorized as aquaglyceroporins, which
permeate glycerol as well as water, including AQP3, 7, 9, and
10 (17). Among them, AQP7 is a unique aquaglyceroporin in
pancreatic islets β-cells (6). Moreover, AQP7 deficiency is
associated with a reduction in islet cell number and total β-cell
mass (6). Additionally, the human AQP7 gene is in chromo-
somal region 9p13.3–p21.1 and has been reported being linked



Figure 4. Effects of metformin (Met) on MAPK expression in the INS-1 cells. A, the expression of p-p38, p38, p-ERK, ERK, p-JNK, and JNK in the INS-
1 cells. B–F, the ratio of p-p38/p38, p-ERKa/ERKa, p-ERKb/ERKb, p-JNKa/JNKa and p-JNKb/JNKb in the INS-1 cells, respectively. Results are expressed as
Mean ± SEM of three independent experiments. Control group (Ctrl), 33 mM glucose and 0.25 mM palmitate (HG+PA), 33 mM glucose and 0.25 mM
palmitate with 0.5 mM Met group (HG+PA+m1), 1 mM Met group (HG+PA+m2), or 2 mM Met group (HG+PA+m3). Results are expressed as Mean ± SEM of
three independent experiments. #p < 0.05 versus Ctrl group; *p < 0.05 versus HG+PA group.

Metformin rescues pancreatic Aqp7 expression in T2DM
to T2DM (18). These studies show that glycerol mediated by
AQP7 is involved in glucose metabolism in the pancreas (18).
As found in previous studies, AQP7 permeated glycerol influx
Figure 5. The glycerol content and insulin secretion of INS-1 cells follow
ment. A, intracellular glycerol levels were measured before and after 5, 15, 30
glucose and 0.25 mM palmitate (HG+PA), 33 mM glucose and 0.25 mM palmita
2 mM Met group (HG+PA+m3). Results are expressed as Mean ± SEM of thre
HG+PA group. B, insulin secretion was stimulated by LG, HK or 16.7 mM in INS
and HG+PA+m3 group. LG: 2.8 mM glucose; HK: 50 mM KCl and 2.8 mM gluco
three independent experiments. #p < 0.05 versus Ctrl group; *p < 0.05 versus
into β-cell. The present study also demonstrated that shRNA
downregulation of AQP7 or hyperglycemia-induced reduction
in AQP7 expression could decrease glycerol influx into β-cell,
ing glucolipotoxicity condition with or without metformin (Met) treat-
, 60, and 120 min addition of 50 mM glycerol. Control group (Ctrl), 33 mM
te with 0.5 mM Met group (HG+PA+m1), 1 mM Met group (HG+PA+m2), or
e independent experiments. #p < 0.05 versus Ctrl group; *p < 0.05 versus
-1 cells of Ctrl group, HG+PA group, HG+PA+m1 group, HG+PA+m2 group
se; 16.7 mM Glu: 16.7 mM glucose. Results are expressed as Mean ± SEM of
HG+PA group.
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Figure 6. Effects of glucolipotoxicity, Anisomycin, SP600125, SB203580 on the phosphorylation of JNK, p38, and AQP7 in INS-1 cells, detected by
western blot. A, protein expression of AQP7, phosphorylated JNK (p-JNK) and JNK in INS-1 cells with different treatments (Ctrl, HG+PA, Anisomycin,
SP600125 and HG+PA+SP600125). B, the proportion of AQP7 in α-tubulin in INS-1 cells. C, the ratio of p-pJNKa/JNKa in INS-1 cells. D, the ratio of p-pJNKb/
JNKb in INS-1 cells. E, protein expression of AQP7, p-p38, and p38 in INS-1 cells with different treatments (Ctrl, HG+PA, Anisomycin, SB203580, and
HG+PA+SB203580). F, the proportion of AQP7 in α-tubulin in INS-1 cells. G, the ratio of p-p38/p38 in INS-1 cells. Results are expressed as Mean ± SEM of
three independent experiments. Control group (Ctrl), 33 mM glucose and 0.25 mM palmitate (HG+PA), Anisomycin (a potent agonist of p38 and JNK; 2 μM)
group (Anisomycin), JNK inhibitor SP600125 (10 μM) group (SP600125), 33 mM glucose +0.25 mM palmitate+10 μM SP600125 group (HG+PA+SP600125),
p38 MAPK inhibitor SB203580 (10 μM) group (SB203580), 33 mM glucose +0.25 mM palmitate+10 μM SB203580 group (HG+PA+SB203580). Results are
expressed as Mean ± SEM of three independent experiments. #p < 0.05 versus Ctrl group; *p < 0.05 versus HG+PA group.

Metformin rescues pancreatic Aqp7 expression in T2DM
thereby decreasing insulin secretion. Overexpression of AQP7
induced glycerol influx into β-cell; however, insulin secretion
was not increased significantly. The reason for this may be that
insulin production is regulated by several pathways except for
glycerol. In addition, our data showed that metformin
increased intracellular glycerol content, insulin secretion,
and upregulated hyperglycemia-induced decrease in AQP7
expression in a dose-dependent manner, indicating that met-
formin exerts protective effects on the pancreas through
modulation of AQP7 expression. Based on the above, our
results suggested that upregulation of AQP7 during the
metformin treatment of T2DM increased glycerol entering
into β-cell, thereby promoting insulin secretion.

The outcome of T2DM therapy largely depends on the
complex network of signaling pathways, including activating
or inhibiting the specific transcription factors following drug
treatment. In present study, we found that metformin inhibits
MAPK signaling and rescues pancreatic AQP7 expression to
induce insulin secretion in T2DM, suggesting that MAPK may
be involved in metformin rescues AQP7 on pancreas. The
MAPK family includes a serial cascade that regulates various
biological processes in response to a variety of cellular signals,
such as insulin signaling (19). The MAPK pathway comprises a
core constituted sequentially by JNK (c-Jun N-terminal ki-
nase), ERK1/2 (extracellular signal-regulated kinases 1/2), and
p38 (p38 kinase) (19). Some researchers demonstrated that
6 J. Biol. Chem. (2021) 297(2) 101002
activation of JNK MAPK is relevant for a central signal
transduction event promoting peripheral insulin resistance,
suppressing insulin production and secretion, and increasing
apoptosis of islet cells (20, 21). Other researchers reported that
activation of p38 MAPK appears to trigger pancreatic β-cell
dysfunction and apoptosis in response to oxidative stress and
cytokines in vitro (22). Our results were consistent with the
reports demonstrating that streptozocin (STZ) combined with
high-fat diet activates p38 and JNK MAPK pathway, while ERK
MAPK is unaltered (23). However, the changes in ERK MAPK
under only hyperglycemia or hyperlipidemia, or hyperglycemia
and hyperlipidemia conditions, remain controversial. Previous
reports have shown that ERK phosphorylation status remained
unchanged under 33 mM glucose stimulus for 48 h in INS-
1 cells (8), whereas other studies have shown increased levels
of phosphorylation of ERK in cells treated with glucose for
short periods of time (16). The present study was consistent
with previous studies that ERK was activated in the presence of
hyperglycemia and hyperlipidemia during short time stimuli.
The inconsistency of ERK changes across studies may be due
to different culture conditions or different time duration. The
present study also identified that metformin reduced hyper-
glycemia and hyperlipidemia-induced activation of phosphor-
ylation of p38 and JNK. In vitro, it showed similar result that
suppressing p38 and JNK MAPK pathway could upregulate
AQP7 expression. Furthermore, other researchers and our



Figure 7. Impact of AQP7 on intracellular glycerol content and insulin secretion in INS-1 cells. AQP7 expression after knockdown (KD) or over-
expression (OE) of AQP7 in INS-1 cells (A and C). Bar graph shows a quantification as AQP7/α-tubulin (B and D). Glycerol content (E and F) and insulin
secretion (G and H) after knockdown (KD) or overexpression (OE) of AQP7 in INS-1 cells. LG: 2.8 mM glucose; HK: 50 mM KCl and 2.8 mM glucose; 16.7 mM
Glu:16.7 mM glucose. Results are expressed as Mean ± SEM of at least three independent experiments. *p < 0.05 versus Ctrl group.

Metformin rescues pancreatic Aqp7 expression in T2DM
laboratory demonstrated that MAPK is involved in the regu-
lation of aquaglyceroporin (24–26). Based on the above, we
hypothesized that AQP7 is partially mediated via MAPKs
signal pathway, but does not exclude the existent of other
molecules and pathways, e.g., dibutyryl cyclic AMP (27), PKA
(28, 29), PKC (30), AMP-activated protein kinase (AMPK)
(31), and PI3K/Akt signal transduction pathway in the
pancreas (32). Furthermore, other mechanisms might be
involved in metformin rescue of pancreatic AQP7. Some
studies showed that metformin ameliorates the inhibition of
insulin secretion from INS-1 cells under glucotoxic conditions
by suppressing the ATP-conducting mitochondrial outer
membrane voltage-dependent anion channel-1 (VDAC1)
(33) or activating AMPK/sirtuin 1 (SIRT1)/peroxisome
proliferator-activated receptor gamma coactivators-1α (PGC-
1α) signal pathway (34). Some other studies showed that
metformin prevents high-glucose-induced Rac1 [GTP-bound
conformation] activation, nuclear translocation, cluster deter-
minant 36 (CD36) expression, and this ultimately prevents
high-glucose-induced β-cell dysfunction (35, 36). Whether
metformin regulates AQP7 expression through VDAC1,
AMPK/SIRT1/PGC-1α, Rac1, CD36, or some other pathway
or whether these pathways synergy with the MAPK signal in
pancreas, it needs further studies.

In summary, we propose a mechanism by which metformin
regulates glucose homeostasis via alleviating pancreatic
dysfunction in type 2 diabetic rats. This improvement is tightly
associated with upregulation of pancreatic AQP7 expression to
induce glycerol influx to promote insulin secretion by inhibi-
tion of phosphorylation of JNK and p38 MAPK pathway in
T2DM (Fig. 8). Our findings indicate that the novel mecha-
nism for metformin treatment of T2DM and the selective
modulation of AQP7 function may have important implica-
tions for therapeutic strategies of T2DM. Our work should be
more informative for studying whether the deficiency of AQP7
could impair the effect of metformin in vivo, the effect of
metformin on AQPs expression, glycerol flux, and insulin
response in other tissues in the future.
Experimental procesures

Ethics statement

This study was explicitly approved by the ethics committees
of Chongqing Medical University. All procedures were based
on the recommendations of the National Institute of Health
(NIH) Guide for the Care and Use of Laboratory Animals
(NIH Publications No. 80-23).
Animals

Male Sprague-Dawley rats (200–250 g body weight) were
obtained from the Animal Breeding Facility, Chongqing
Medical University. Animals were cared for in accordance with
the principles of Experimental Animals of Chongqing Medical
J. Biol. Chem. (2021) 297(2) 101002 7



Figure 8. Summary for regulations of metformin on pancreatic β-cells under glucolipotoxicity-challenged. Metformin could suppress p38 and JNK
MAPK pathway, thereby upregulate pancreatic AQP7 expression, which facilitates glycerol influx into pancreatic β-cell to promote insulin secretion in T2DM.

Metformin rescues pancreatic Aqp7 expression in T2DM
University. Rats were raised under a 12 h dark–light artificial
cycle.

Establishment of type 2 diabetes mellitus

Control Sprague-Dawley rats were fed on a standard chow
diet, with an Atwater Fuel Energy of 3.0 kcal/g, comprising
66% calories from carbohydrate, 22% from protein, and 12%
from fat. To induce diabetes, Sprague-Dawley rats were fed
with the high-fat diet prepared with a total kcal value of
5.3 kcal/g, comprising 60% calories from fat, 35% from protein,
and 5% from carbohydrate for 4 weeks (37–39), and then
diabetic rats were induced by intraperitoneal injection of
30 mg/kg STZ from Sigma in 0.1 M citrate buffer solution
(pH = 4.5). Fasting blood glucose (FBG) levels were measured
72 h after STZ injection by Rightest Glucometer (Bionime
Corporation, Taiwan), and diabetic model was considered
successfully established in rats with blood glucose levels higher
than 16.7 mM. Rats were randomly divided into the normal
control group (Ctrl), diabetes mellitus group (T2DM), diabetes
mellitus group +0.9% NaCl group (T2DM+NS), and
T2DM+Metformin (100, 300, and 500 mg/kg/d) groups.
T2DM+Metformin (Met) groups [T2DM+M1 (100 mg/kg/d),
T2DM+M2 (300 mg/kg/d), and T2DM+M3 (500 mg/kg/d)]
were administered intragastrically with metformin for 4 weeks.
8 J. Biol. Chem. (2021) 297(2) 101002
T2DM+NS group was treated with an equal volume of 0.9%
NaCl.

Pancreatic islet isolation

The pancreatic isolation procedure was carried out under
sterile conditions in a biological safety cabinet as before
(40, 41). After SD rats were anesthetized with 50 to 75 mg/kg
pentobarbital sodium, their abdominal walls were cut open.
Ten milliliter Hank’s buffered saline solution (HBSS) (Gibco)
containing collagenase V (1.0–1.2 mg/ml, Sigma) was injected
into the common bile duct of the rat. The pancreas swollen
with the digestion solution was quickly excised and immersed
into a plastic culture bottle with solution for 13 to 15 min
incubation at 37 �C. The digested suspension obtained by
shaking the bottle was filtered through 0.5 mm metal mesh
and washed with HBSS complement with 2% bovine serum
albumin. Islets were obtained from rats by the discontinuous
Ficoll density gradient centrifugation.

Cell culture

INS-1 cell line was obtained from the Cell Resource Center,
IBMS, CAMS/PUMC. Cells were cultured in Roswell Park
Memorial Institute regular RPMI-1640 medium at 11 mM
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glucose supplemented with 15% fetal bovine serum (Founda-
tion, Gemini) and 50 μM β-mercaptoethanol at 37 �C in a
humidified atmosphere with 5% CO2. For experiments, cells
were exposed to for the indicated time. The basal medium
glucose concentration was 11 mM glucose when growing
INS-1 cells. So the control group cells were cultured in basal
medium (absence of palmitate and presence of 11 mM
glucose), containing 22 mM mannitol and palmitate solvent.
Treatment group cells were incubated in the presence of
glucose (33 mM) and palmitate (0.25 mM) with or without
metformin. For signal pathway study, cells were pretreated
with the JNK inhibitor SP600125 (10 μM) or the p38 MAPK
inhibitor SB203580 (10 μM) for 1 h or pretreated with ani-
somycin (a potent agonist of p38 and JNK; 2 μM) (23, 42) for
2 h before 0.25 mM palmitate and 33 mM glucose treatment.

Western blot analysis

Pancreatic tissues and INS-1 cells were homogenized in
RIPA lysis buffer (Beyotime Institute of Biotechnology) con-
taining protease and phosphatase inhibitor cocktails in the
lysis buffer. Protein concentrations of the homogenates were
measured by a BCA protein assay kit (Beyotime Institute of
Biotechnology). The extracted proteins (50 μg) were separated
by 10% SDS–PAGE gels and then transferred onto mem-
branes. Blotted membranes of phosphorylated proteins were
blocked with 5% bovine serum albumin (5% BSA) and blotted
membranes of nonphosphorylated proteins were blocked with
5% skimmed milk. After blocking, the membranes were then
incubated with primary antibody against AQP7 (SC376407,
1:200, mouse anti-AQP7; Santa Cruz), or p38 (66234-1-lg,
1:1000, mouse anti-p38; Proteintech), or phosphorylated p38
(#4511, 1:1000, rabbit anti-p-p38; Cell Signaling Technology),
or ERK1/2 (67170-1-Ig, 1:1000, mouse anti-ERK; Proteintech),
or phosphorylated ERK1/2 (#4370, 1:1000, rabbit anti-p-
ERK1/2; Cell Signaling Technology), or JNK (66210-1-lg,
1:1000, mouse anti-JNK; Proteintech), or phosphorylated JNK
(#4668, 1:1000, rabbit anti-p- JNK; Cell Signaling Technology),
or α-tubulin (66031-1-lg, 1:5000, mouse anti-α-tubulin; Pro-
teintech). After that, the membranes were incubated with
horseradish-peroxidase-conjugated secondary antibody (goat
anti-rabbit HRP or goat anti-mouse HRP, ZSGB-Bio). The
specific reaction was visualized by a chemiluminescent
substrate (ECL). The bands were quantified by densitometry
using gel densitometry (quantity one) software. Results were
expressed as AQP7/α-tubulin, p-MAPK/MAPK. Each point
was repeated in triplicate.

Immunofluorescence staining

Rats were deeply anesthetized and then perfused trans-
cardially using 4 �C normal saline, followed by fixation with 4%
paraformaldehyde in 0.1 M PBS. Pancreatic tissues were
removed and placed in 30% sucrose-PBS overnight. Tissues
were then sliced (10 μm thickness). Sections were washed with
0.01 M PBS, incubated with 0.2% Triton X-100 and 4% horse
serum (HS), and blocked with 4% HS for 60 min. Sections were
then incubated overnight at 4 �C with primary antibodies
specific for AQP7 (SC376407, 1:50, mouse anti-AQP7; Santa
Cruz) mixed with insulin (H-86) (AF5109, 1:100, rabbit
anti-insulin; Affinity Biosciences). Afterward, sections were
incubated for 1 h at room temperature with fluorescein
Alex488-labeled anti-rabbit IgG mixed with Cy3-labeled anti-
mouse IgG (Beyotime Institute of Biotechnology). Nuclei
were labeled with 40, 6-diamidino-2-phenylindole (1 mg/ml)
for 5 min at room temperature. Sections were mounted in
glycerol and visualized by a fluorescence microscope (Leica).
KSIS assay and GSIS assay

INS-1 cells were cultured in 6-well plates with the corre-
sponding treatments KSIS and GSIS assays. INS-1 cells were
preincubated for 1 h in Kreb’s ringer bicarbonate (KRB) buffer
(137 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM MgSO4,
1.2 mM KH2PO4, 25 mM NaHCO3, and 1% BSA) (pH 7.4)
containing 2.8 mM glucose. Then, INS-1 cells were incubated
for 1 h in KRB buffer containing basal glucose (LG: 2.8 mM) or
in KRB buffer containing stimulatory condition 50 mM KCl
and 2.8 mM glucose (HK) or 16.7 mM glucose (16.7 mM Glu).
The supernatants were obtained, after the static incubation
period. After treatment, cell supernatants were collected and
secreted insulin was measured by using the Rat Insulin
Enzyme-linked immunosorbent assay (ELISA) Kit (JM-
01993R1, Jiangsu Jingmei Biotechnology Co, Ltd) according to
the instructions.
Measurement of glycerol content

INS-1 cells cultured in 6-well plates were exposed to glucose
(33 mM) and palmitate (0.25 mM) with or without metformin,
and then the medium was aspirated and replaced with 50 mM
glycerol for exactly 0, 5, 15, 30, 60, and 120 min. The reactions
were terminated and the excess glycerol was removed with
three washes of ice-cold PBS. Intracellular glycerol levels were
measured by a quantitative enzymatic determination glycerol
assay kit (Applygen Technologies Inc).
Lentivirus infection

Lentivirus infection for the INS-1 cells was conducted as
described previously (43). Briefly, to establish INS-1 cells with
stable AQP7 overexpression, the Ubi-AQP7-MCS-3FLAG-
SV40-EGFP-IRES-puromycin lentivirus, which encodes a
full-length rat AQP7 gene, and the Ubi-MCS-3FLAG-
SV40-EGFP-IRES-puromycin as empty vector control were
transfected into INS-1 cells, and stable clones with AQP7
overexpression were selected after 2 weeks with 0.5 to 2 μg/ml
puromycin. The hU6-AQP7-MCS-CBh-gcGFP-IRES-puro-
mycin lentivirus containing the target sequences (50-
CTGCAGCTACCACCTACTTAA -30) was used for AQP7
knockdown and the negative control was the hU6-MCS-CBh-
gcGFP-IERS-puromycin with its sequences as follows: 50-
TTCTCCGAACGTGTCACGT -30. After transfection, cells
were harvested and the knockdown or overexpression effi-
ciency was determined using western blot. The vector con-
structions (verification by Sanger sequencing), virus packaging,
J. Biol. Chem. (2021) 297(2) 101002 9
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and collection of the corresponding viral supernatants were
performed by GeneChem Co, Ltd.

Statistical analysis

All data were presented as Mean ± SEM, and p value was
analyzed by Student’s t test or ANOVA. Values of p < 0.05
were considered statistically significant.
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All data are indicated in the manuscript.
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