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Abstract: Prediabetes is a high-risk condition for type 2 diabetes (T2D). Pancreatic β-cells adapt to
impaired glucose regulation in prediabetes by increasing insulin secretion and β-cell mass expansion.
In people with prediabetes, metformin has been shown to prevent prediabetes conversion to diabetes.
However, emerging evidence indicates that metformin has negative effects on β-cell function and
survival. Our previous study established the Nile rat (NR) as a model for prediabetes, recapitulating
characteristics of human β-cell compensation in function and mass expansion. In this study, we
investigated the action of metformin on β-cells in vivo and in vitro. A 7-week metformin treatment
improved glucose tolerance by reducing hepatic glucose output and enhancing insulin secretion.
Although high-dose metformin inhibited β-cell glucose-stimulated insulin secretion in vitro, stimula-
tion of β-cell insulin secretion was preserved in metformin-treated NRs via an indirect mechanism.
Moreover, β-cells in NRs receiving metformin exhibited increased endoplasmic reticulum (ER) chap-
erones and alleviated apoptotic unfold protein response (UPR) without changes in the expression
of cell identity genes. Additionally, metformin did not suppress β-cell mass compensation or pro-
liferation. Taken together, despite the conflicting role indicated by in vitro studies, administration
of metformin does not exert a negative effect on β-cell function or cell mass and, instead, early
metformin treatment may help protect β-cells from exhaustion and decompensation.

Keywords: metformin; prediabetes; β-cell compensation; UPR; proliferation

1. Introduction

Prediabetes, a high-risk condition for T2D, is defined by impaired glucose tolerance
(IGT) or impaired fasting glucose (IFG) [1]. The prevalence of prediabetes is increasing; an
estimated 470 million adults worldwide will have prediabetes by 2030, and up to 70% of the
prediabetic population will progress to diabetes [2]. Much effort has been made to identify
effective interventions to prevent or even reverse prediabetes conversion to T2D [3,4]. Data
collected in the Diabetes Prevention Program (DPP) outcomes study suggests that, other
than lifestyle intervention, metformin is a cost-effective pharmaceutical option to delay the
progression of T2D in prediabetic subjects [4–6].

Metformin is a biguanide anti-diabetic medication that has been used to treat T2D for
decades. It exerts its glucose-lowering effect by inhibiting hepatic glucose production and
increasing glucose utilization [7]. Evidence from in vitro studies reveals that metformin
protects β-cells from dysfunction and apoptosis against glucolipotoxicity [8–11]. However,
given that metformin inhibits mitochondrial ATP production, which is essential for β-cell
insulin secretion, metformin is also proposed to directly inhibit β-cell insulin secretion and
survival [12–14]. With little evidence regarding in vivo metformin actions on β-cells during
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prediabetes, the role that metformin could play to advance or prevent the progression of
β-cell dysfunction is not clear.

NR (Arvicanthis niloticus) is a wild rodent that develops T2D naturally when adapted
to a laboratory setting and fed with a standard chow diet (Chow) [15]. Our previous
study demonstrated that NR is also a model for prediabetes, recapitulating characteristics
of human β-cell compensation, starting at the age of two months in response to insulin
resistance [16]. This progression of T2D in NRs, as well as the changes in β-cell function,
was prevented by providing a diet with lower caloric density and higher fiber content
(Hfib) [16,17]. In the present study, taking advantage of the spontaneous β-cell adaptative
response in the NR, we sought to investigate the long-term effect of metformin on glucose
regulation, β-cell function, and survival in prediabetes.

2. Results
2.1. Early Treatment of Metformin Improves Glucose Tolerance and Insulin Secretion In Vivo in
Newly Prediabetic NRs

NRs exhibit overnutrition-induced euglycemic hyperinsulinemia at an early age [16].
To characterize the model used in this study, we first examined their glucose tolerance
before treatment. In the intraperitoneal glucose tolerance test (ipGTT) at six weeks, NRs
on the Chow diet displayed a moderate impairment in glucose tolerance (overall p < 0.05,
Figure 1A) and a marked increase in insulin secretion (overall p < 0.001, Figure 1B), which
confirms the presence of prediabetes in this model. After seven weeks of metformin
treatment, Chow-fed NR displayed fasting hyperinsulinemia and hyperglucagonemia
compared with Hfib NR (Supplementary Table S1). Compared with Chow, bodyweight,
or hormone levels were not affected by metformin treatment (Supplementary Table S1).
Despite that, approximately 10% of NRs in the Chow group exhibited IFG (fasting glucose
over 5.6 mM), which was absent in Hfib or Chow+met group. For glucose regulation,
Chow + met NRs showed comparable glucose tolerance to Hfib NRs (overall treatment
effect p < 0.05, Figure 1C), a significant (p < 0.05) improvement vs baseline at six weeks,
while Chow NRs had no change (p > 0.05) before and after (Figure 1D). Insulin secretion
was not impaired by metformin (Figure 1E) but elevated compared to baseline at six weeks
(Figure 1F). Moreover, the glycemic excursion of Chow-feds NRs in the intraperitoneal
insulin tolerance test (ITT) was significantly different from the Hfib group in the glucose
recovery phase (t = 90 and 120, overall treatment effect p < 0.05, Figure 1G), suggesting
elevated hepatic glucose production exclusively in Chow NRs.

2.2. Metformin Suppresses Hepatic Glucose Production and Expressions of Gluconeogenic Enzymes

The liver is the major target of metformin, the action of which reduces glucose produc-
tion through regulating gluconeogenic gene expressions via AMP-activated protein kinase
(AMPK) [18,19]. In line with this classic mechanism, we first showed that the glucose
elicited by exogenous pyruvate in Chow + met NRs was reduced compared to Chow rats
(overall treatment effect p < 0.05, Figure 2A), indicating lower hepatic gluconeogenesis with
metformin [20,21]. Hepatic AMPK phosphorylation was significantly downregulated in
Chow-fed NRs vs. Hfib, which was restored by metformin (Figure 2B,C). PPARγ coactiva-
tor 1α (PGC-1α) is a downstream transcriptional coactivator to the gluconeogenic enzymes
phosphoenolpyruvate carboxykinase (PEPCK) and glucose 6-phosphatase (G6Pase) [22].
Here in this study, PGC1α and PEPCK were downregulated in Chow + met NRs com-
pared to Hfib and Chow (Figure 2B,D–F). G6Pase abundance was altered by diet but not
metformin treatment (Figure 2B,G).
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Figure 1. Glucose tolerance and insulin secretion was improved by metformin in prediabetes. (A–

F): blood glucose (A,C) and insulin secretion (B,F) in ipGTT at baseline six weeks (A,B) or after 

treatment at three months (C–F); (D,F): comparisons of the area under the curve (AUC) of glucose 

(D) or insulin secretion (F) before and after treatment. (G): percentage change in blood glucose 

duringITT at three months. AUC data are presented as mean + SEM. n = 5 in Hfib; 11 in Chow and 

Chow + met group. For ipGTT, *p < 0.05 vs Hfib, **p < 0.01 vs Hfib, #p < 0.05 Chow vs Chow + met 

using two-way ANOVA or Kruskal–Wallis test (AUC) followed by post hoc multiple comparison 

tests. For comparison of AUC before and after treatment, *p < 0.05, **p < 0.01 using Wilcoxon 

matched-pairs signed-rank test. 

2.2. Metformin Suppresses Hepatic Glucose Production and Expressions of Gluconeogenic 

Enzymes  

The liver is the major target of metformin, the action of which reduces glucose pro-

duction through regulating gluconeogenic gene expressions via AMP-activated protein 

kinase (AMPK) [18,19]. In line with this classic mechanism, we first showed that the glu-

cose elicited by exogenous pyruvate in Chow + met NRs was reduced compared to Chow 

rats (overall treatment effect p < 0.05, Figure 2A), indicating lower hepatic gluconeogenesis 

with metformin [20,21]. Hepatic AMPK phosphorylation was significantly downregu-

lated in Chow-fed NRs vs. Hfib, which was restored by metformin (Figure 2B–C). PPARγ 

coactivator 1α (PGC-1α) is a downstream transcriptional coactivator to the gluconeogenic 

enzymes phosphoenolpyruvate carboxykinase (PEPCK) and glucose 6-phosphatase 

(G6Pase) [22]. Here in this study, PGC1α and PEPCK were downregulated in Chow + met 

NRs compared to Hfib and Chow (Figure 2B, D–F). G6Pase abundance was altered by diet 

but not metformin treatment (Figure 2B,G). 

Figure 1. Glucose tolerance and insulin secretion was improved by metformin in prediabetes. (A–F):
blood glucose (A,C) and insulin secretion (B,F) in ipGTT at baseline six weeks (A,B) or after treatment
at three months (C–F); (D,F): comparisons of the area under the curve (AUC) of glucose (D) or insulin
secretion (F) before and after treatment. (G): percentage change in blood glucose during ITT at three
months. AUC data are presented as mean + SEM. n = 5 in Hfib; 11 in Chow and Chow + met group.
For ipGTT, * p < 0.05 vs Hfib, ** p < 0.01 vs Hfib using two-way ANOVA or Kruskal–Wallis test (AUC)
followed by post hoc multiple comparison tests. For comparison of AUC before and after treatment,
* p < 0.05, ** p < 0.01 using Wilcoxon matched-pairs signed-rank test.

2.3. Islet Glucose-Stimulated Insulin Secretion Is Preserved in Metformin-Treatment Prediabetic NRs

Metformin is known to inhibit ATP synthesis, which could attenuate β-cell glucose-
stimulated insulin secretion (GSIS) [12]. However, we observed enhanced insulin secretion
in the GTT in metformin-treated NRs (Figure 1). To explore whether the islet secretory
capacity is altered, insulin secretion was assessed in isolated islets challenged with basal
(2.8–5.5 mM) and stimulated (11–22 mM) glucose. In line with previous data, Chow
islets had a greater insulin secretion than Hfib (Figure 3A). Whereas Chow + met islets
exhibited significantly increased stimulated secretion (16.5 mM, p < 0.05 vs. Hfib) but a
more regulated basal secretion (5.5 mM) compared to Chow (Figure 3A). After normalized
to basal secretion, the stimulation index of Chow islets was significantly lower than Hfib
and Chow + met (Figure 3B). This suggests the unregulated GSIS phenotype in Chow is
alleviated in Chow + met NRs. No difference was observed between Chow and Chow +
met in islet insulin content (Figure 3C).
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Figure 2. Metformin inhibited hepatic glucose production and glucogenic enzyme expression in
the fed condition. (A): blood glucose and AUC in pyruvate tolerance test (PTT); (B): Representative
images of liver protein; (C, D, F, and G): quantification of phospho-AMPK to AMPK (C), PCG1α
(D), G6Pase (F), and PEPCK (G) relative to GAPDH; (E): gene transcription of PGC1α normalized to
β-actin. Data are presented as mean + SEM. n = 4–6. * indicates p < 0.05 vs. Hfib, # p < 0.05 vs. Chow
using the Kruskal–Wallis test followed by Dunn’s multiple comparison test.
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Figure 3. Islet glucose-stimulated insulin secretion (GSIS) was preserved in metformin-treatment
NRs. (A,B): GSIS of islet isolated from NRs presented as percentage insulin release relative to islet
insulin content (A) or baseline insulin secretion at 2.8 mM glucose (B); (C): average islet insulin
content; (D): GSIS in fold change of islets treated with 20 µM or 5 mM metformin for 24 h; Data are
presented as mean + SEM. n = 8–12 (A–C), 4–6 (D). * indicates p < 0.05 vs. Hfib, ** p < 0.01 vs. Hfib,
# p < 0.05 vs. Chow using two-way ANOVA followed by post hoc multiple comparison tests; Iinsulin
content was analyzed using the Kruskal–Wallis test followed by Dunn’s multiple comparisons tests.

We then sought to test whether the improvement of islet function was via direct action
of metformin on islets. To test that, islets isolated from prediabetic NRs were treated
with metformin at 20 µM, a dose that mimics the plasma concentration of metformin [23],
or at 5 mM as it is a concentration commonly used to inhibit β-cell insulin secretion
in vitro [9,12]. Islets subjected to 24 h treatment with metformin showed no evident
improvement in secretion with 20 µM metformin, while 5 mM metformin-treated islets had
diminished insulin secretion, especially under stimulatory glucose conditions (Figure 3D).

2.4. β-Cell Compensation with Reduced Apoptotic Unfolded Protein Response in NRs Treated
with Metformin

To gain insight into the molecular mechanisms that may play a role in altering islet
function during diabetes progression and metformin treatment, we then looked at the
expression of genes critical to β-cell function and survival [24,25]. No significant change
in gene transcription of selected markers was observed in isolated islets between groups
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(Figure 4A). Metformin has been shown to active insulin receptor [26]. By Western blot,
we did observe an increase in the abundance of insulin receptor (IR) in Chow + met islets
(Supplementary Figure S1) but failed to detect phosphorylated IR or insulin receptor sub-
strate. Metformin also affects lipid metabolism through inhibiting acetyl-CoA carboxylase
(ACC), which is a key enzyme in fatty acid synthesis [18]. Here we showed increased
AMPK phosphorylation exclusively in Chow + met islets (Figure 4B), but the decrease in
ACC phosphorylation was not significant vs. Chow (Figure 4B).
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Figure 4. Assessment of β-cell identity gene and unfolded protein response (UPR) markers in islets.
(A): mRNA of keys genes to β-cells in islets; (B): quantification of phosphorylation of AMPK and
acetyl-CoA carboxylase (ACC) in islets. (C): a confocal image of islets showing ER chaperones
colocalized with insulin; (D): colocalization coefficient of ER chaperone with insulin; (E): mRNA
expression UPR transcription factors. Data are presented as means ± SEM; (F): Protein abundance
quantification of BiP, GRP94, CHOP, and cleaved caspase 3 in islets; (G): Representative images of
BiP, GRP94, CHOP, and cleaved caspase 3 blots. n = 4–5. * indicates p < 0.05 vs. Hfib, # p < 0.05 vs.
Chow using the Kruskal–Wallis test followed by Dunn’s multiple comparison test. Scale bar = 20 µm.

Our previous study showed that ER chaperones that facilitate insulin synthesis are
upregulated in β-cells during insulin secretory compensation as a mechanism of adaptive
UPR [16]. In Chow + met islets, insulin-colocalized with protein disulfide isomerase (PDI)
and ER-resident protein 44 (ERp44) were significantly increased (Figure 4C,D). While pro-
apoptotic UPR marker binding immunoglobulin protein (BiP), C/EBP homologous protein
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(CHOP), Bax (Bcl-2-associated X protein), as well as apoptotic marker cleaved caspase 3
were downregulated in Chow+met islets (Figure 4E–G), indicating alleviated apoptotic
UPR with metformin.

2.5. β-Cell Mass and Regeneration Does Not Change with Metformin

In addition to its actions on cell function, recent diabetes and cancer research reveal an
inhibitory effect of metformin on cell proliferation under physiological conditions [27,28].
Thus, we investigated the islet morphology and β-cell proliferation in metformin-treated
NRs. The β-cell area increased by 3-fold in Chow-fed NRs compared to Hfib, but was not
different between Chow and Chow + met treatments (Figure 5A,B). The α-cell area and
average islet size were also elevated, with a moderately reduced α/β ratio (Figure 5A,C–E).
Consistent with the previous results regarding β-cell proliferation, β-cells in Chow NRs
demonstrate a lower incidence of proliferation as indicated by ki67 positive nuclei in insulin-
positive cells, notwithstanding the larger cell area (Figure 5E). There is no difference in
individual cell area or proliferation between metformin-treated and untreated groups
(Figure 5F).
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Figure 5. Pancreatic α-/β-cell area and β-cell proliferation. (A,F): representative images of insulin
and glucagon staining; (B,C): relative β- (B) and α-cell (C) area to the total pancreas area; (D): average
islet size; (E): Ratio of α- to β-cell area; (F): Percentage of the number of proliferating β-cell to the
total number of β-cell. n = 5 in Hfib group; n = 11 in Chow and Chow-met groups. * p < 0.05 using
the Kruskal–Wallis test followed by Dunn’s multiple comparisons tests. Scale bar = 100 µm.

3. Discussion
3.1. The Effect of Metformin Dose in Glucose Regulation

Metformin has been suggested as a treatment for prediabetes and insulin resistance
in numerous studies [4,27,29–32]. Interestingly, most animal trials reported complete
reversal of insulin resistance, whereas clinical trials showed a far less evident outcome
with metformin [4,32,33]. The clinically effective dose of metformin for diabetes prevention
is 850 mg twice daily, which is equivalent to 20–50 mg/kg body weight [4]. In animal
studies, metformin doses vary from 50 to 200 mg/kg depending on the species and diabetic
condition of the model [30,31]. A recent study revealed that a low dose of metformin
(10 mg/kg) mimics the effect of caloric restriction in mice, improving insulin sensitivity with
aging and preventing the onset of metabolic syndrome; whereas a higher dose (100 mg/kg)
shortens the mean lifespan likely due to renal failure [34]. Given that the effect of metformin
is dose-dependent [35], the different efficacy may be a result of the 10-fold higher dose
used in animal studies, which is not applicable in clinical trials due to consideration of side
effects [36]. Herein, the use of metformin at a relatively low dose could represent a more
realistic replication of the clinical situation. After seven weeks of metformin treatment,
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glucose tolerance was improved concomitant with enhanced insulin secretion. Although
metformin did not reverse the prediabetes, it prevented the decompensation of Chow NRs
by reducing hepatic glucose production, sustaining insulin secretion compensation, and
protecting β-cells against dysfunction.

Insulin resistance in the liver is a major contributor to the pathogenesis of predia-
betes [37,38]. Dysfunctional mitochondria and disrupted insulin signaling due to excessive
lipid metabolism lead to uncontrolled hepatic glucose production [39,40], while metformin
inhibits mitochondrial function, thereby activating AMPK, which switches off the gluco-
neogenic pathway as shown in our results [18,41,42]. Metformin also improves insulin
signaling and counteracts the action of glucagon in the liver [43,44]. In fasted NRs, protein
kinase A (PKA) was activated in response to the marginal rise in circulating glucagon in
Chow + met NRs but failed to induce PEPCK and G6Pase, which may be neutralized by
AMPK activation with metformin (Supplementary Figure S2). Of note, healthy NRs fed on
the Hfib diet demonstrate a high abundance of G6Pase and PEPCK throughout the study,
reflecting an overall enhanced hepatic glucose production that is likely advantageous in
their native environment but which could be a risk factor for glucose intolerance when
switching to a high-energy and high refined carbohydrate diet like Chow.

In clinical trials, decreased food intake and weight loss are related to the glucose-
lowering effect of metformin, the mechanism of which is linked to decreased appetite [45].
However, low dose metformin did not change the bodyweight of NRs, which may be
attributed to a lack of suppression of appetite. However, due to the feral behavior of NRs,
we could not track their food intake, which is a limitation of the study.

3.2. Metformin Actions on β-Cell Function and Possible Mechanisms

In human islets, the effect of metformin on β-cells function is controversial. Since
metformin is the f in human islets, the effect of metformin on β-cell function is controversial.
Because metformin is the first-line drug for T2D, whether it reverses defects in islet function
in prediabetic and T2D human patients is a trending topic. Loss of GSIS after exposure to
high glucose is termed ‘glucotoxicity’. Early studies in healthy human islets found that
15 µM metformin for 24h blocked the development of glucotoxicity [8,46]. In addition, Lupi
et al. also reported a protective effect of metformin on GSIS inhuman islets treated with
2mM free fatty acid (FFA) [47]. Moreover, islets from T2D donors incubated with metformin
for 24h had partially restored islet insulin content and GSIS as well as reduced oxidative
stress and apoptosis [10]. On the contrary, inhibition of insulin secretion by metformin
has been reported in both rodent and human islets [12,48,49]. After a 16h incubation with
1 mM metformin, GSIS from human islets was significantly decreased [12]. In rodent islets,
a high dose of metformin inhibited insulin biosynthesis and cell survival [48,49].

When evaluating the evidence regarding metformin on islet function, it is critical to
compare the metformin concentration used in the in vitro setting to achieve therapeutic
plasma metformin concentrations. According to the pharmacokinetics of metformin in
humans, the plasma metformin peaks at 3 µg/mL (18 µM) after oral administration of a
1.5 g dose and is maintained at concentrations lower than 0.2 µg/mL [50,51]. In rodents,
the peak is 18 µg/mL (108 µM) after a 200 mg dose [23], both of which are much lower
than 1 mM. Therefore, it seems unconvincing that the plasma concentrations of metformin
in vivo exert inhibitory actions on islet function. Despite that, it has been recognized
that the cellular metformin concentration could be much higher than in circulation as it
tends to accumulate in mitochondria [42]. In the current study, Chow islets exhibited
unregulated basal insulin secretion and decreased GSIS, which are features of β-cell de-
compensation [52,53], whereas islets isolated from metformin-treated NRs (Chow + met)
exhibited improved GSIS with alleviated hypersecretion at basal glucose and improved
GSIS. These results support the notion that metformin protects islets from dysfunction.
Besides, metformin in vivo did not alter β-cell identity or suppress insulin expression.
Despite that, a 24h incubation with 20 µM metformin in vitro did not restore impaired GSIS
as reported previously [10]. Metformin at 5mM mildly suppressed insulin secretion, which,
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however, was not seen in vivo. The results emphasize the necessity of carefully evaluating
and comparing findings from in vitro islets in in vivo studies.

The classic mechanism of the anti-diabetic actions exerted by metformin is through
inhibiting the mitochondrial respiratory chain complex, which leads to a reduction of
ATP and increases in the AMP/ATP ratio [41,42]. Subsequent phosphorylation of AMPK
activates a serial of downstream actions [18]. However, ATP production is critical to insulin
secretion because increased ATP/ADP closes the ATP-sensitive potassium channel and
initiates insulin granule exocytosis [54,55]. Evidence from human islets showed that 24h
treatment with 15 µM metformin does not decrease the ATP/ADP ratio of islets under
normal conditions and restores the impaired ATP/ADP ratio caused by glucotoxicity [56].
Also, metformin prevents the high glucose-induced ultrastructural abnormalities of mito-
chondria and ER in human islets [56]. In a lipotoxicity islet model, 48h FFA-treated islets
exhibited a hypersecretion pattern during GSIS, which decreased significantly at day seven,
and this was prevented by co-incubation with 25 µM metformin [57]. In the dynamics of
islet function, metformin showed a mild inhibitory effect on mitochondrial oxidation and
activation of AMPK [57]. In this study, we showed enhanced AMPK phosphorylation in
Chow + met islets, suggesting AMPK may be involved in metformin action. However,
the exact role of AMPK in insulin secretion is not clear as the activation of AMPK by
high-dose metformin or overexpression in human islets impairs insulin secretion [49]. Also,
decreased GSIS by a high-dose of metformin can be reversed by 25 mM glucose, albeit with
the inhibition of mitochondrial oxidation in INS1 cells [14]. Therefore, how mitochondrial
oxidation and AMPK is involved in metformin action remains to be clarified.

In addition to AMPK, evidence from FFA-treated islets suggests that metformin al-
leviates oxidative stress [9,11]. In rodent islets, metformin inhibits FFA-induced oleate
oxidation, restoring GSIS and reducing reactive oxygen species (ROS) and inducible nitric
oxide synthase (iNOS) [9,11]. Excessive ROS and iNOS induce oxidative stress, mitochon-
drial damage, impaired GSIS, and apoptosis [58–60]. Despite the AMPK activation in
Chow+met NR islets, we did not observe a significant increase in phosphorylated ACC,
the form of ACC that catalyzes fatty acid synthesis [18]. More evidence is required from
human islets or in vivo studies to test the hypothesis that FFA oxidation and oxidative
stress are involved in metformin mechanisms.

Another mechanism of metformin in islets is decreased ER stress [57]. ER stress plays
a dual role in islet dysfunction [61]. With increased insulin demand, adaptive UPR is acti-
vated by the accumulation of unfolded proinsulin in the ER, leading to increased expression
of ER chaperones and folding enzymes [62–64]. Chronic ER stress, on the other hand, exerts
apoptotic UPR and cell apoptosis [61]. A recent finding in human islets suggested that the
presence of 25 µM metformin ameliorated apoptotic UPR through decreased CHOP and
caspase 3 [57]. Our previous study revealed that ER chaperones increase concomitantly
with β-cell compensation [16]. Here, with metformin, PDI and ERp44 in islets were main-
tained, while expression of apoptotic markers including CHOP, Bax, and cleaved caspase 3
was reduced, suggesting a shift of apoptotic UPR to adaptive UPR with metformin. BiP
is an upstream effector that senses the unfolded protein perturbation in ER [65,66]. The
reduced BiP in Chow + met islets suggests alleviated stress and restoration of a healthier
ER environment. Taken together, metformin protects islet function partially via reduced
ER stress.

3.3. Metformin Actions on β-Cell Mass and Survival

In addition to islet function, another concern for using metformin to treat prediabetes
is its ability to inhibit cell proliferation, as shown in cancer research [28,67]. This could
lead to suppressed β-cell mass compensation during prediabetes. Our results showed no
difference in β-cell mass in prediabetic NRs with or without metformin, both of which
had increased β-cell mass compared to healthy controls. On the contrary, Tajima et al.
found that metformin abolishes β-cell mass expansion in obesity-induced prediabetic
mice together with a marked reduction in insulin secretion [27]. As β-cell compensation
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is tightly associated with glucose and insulin concentrations [68,69], the absent mass
expansion could be an indirect effect of metformin actions on glucose metabolism. Indeed,
Wyett et al. reported no inhibitory effect of metformin on β-cell during development
or regeneration after β-cell ablation [70]. Although some in vitro evidence shows that
metformin suppresses proliferation and induces apoptosis [27,49,71], the decreased cleaved
caspase 3 in Chow + met islets, as well as the maintained β-cell mass, indicated no pro-
apoptotic activity of metformin.

In summary, the present study demonstrates that metformin treatment of insulin-
resistant, prediabetic NRs improves glucose tolerance, insulin secretion, and overall insulin
sensitivity, which is accompanied by downregulated expressions of hepatic glucogenic en-
zymes. The observation of preserved β-cell secretion capacity with increased adaptive UPR
and reduced apoptotic markers indicates a protective role for metformin in β-cell function.
Additionally, metformin does not suppress β-cell proliferation or β-cell mass expansion.
Taken together, despite the conflicting role indicated by in vitro studies, metformin does
not exert a negative effect on β-cell function or cell mass, and instead, early metformin
treatment may help protect β-cell from exhaustion in insulin secretion and apoptosis.

4. Methods and Materials
4.1. Animals

This study was approved by the University of Alberta Animal Care and Use Commit-
tee (#00000328, 24 January 2018). All animal experiments were performed following the
Canadian Council on Animal Care Guidelines. The NRs were obtained from the colony
maintained at the University of Alberta and housed under 14 h/10 h-light/dark cycle. At
three weeks, NRs were weaned to a chow diet (Chow, Prolab RMH 2000, LabDiet) or a
high fiber, low energy diet (Hfib, Mazuri Chinchilla, 5M01, PMI Nutrition International) as
previously described [16,17].

4.2. Drug Administration

Animal fed on chow diet in each litter were randomized into Chow or Chow+met
group to avoid litter effect. Metformin (Millipore Sigma, St. Louis, MA, USA) was ad-
ministered at 20 mg/kg body weight/day in drinking water beginning three weeks after
weaning. Water intake was measured weekly before and during the treatment. Metformin
concentration in drinking water was adjusted based on animal water intake and body
weight, if necessary.

4.3. Glucose, Insulin, and Pyruvate Tolerance Tests

Animals in Hfib, Chow, and Chow + met were subject to intraperitoneal ipGTT at six
weeks and three months of age to assess the baseline and changes in glucose metabolism
after treatment. The intraperitoneal ITT or PTT tests were used to estimate insulin respon-
siveness and hepatic gluconeogenesis in vivo. ipGTT, PTT, and ITT were performed on
animals following overnight or 4 h fasting. Due to the feral behavior of NRs, all toler-
ance tests were done in a surgery room, and animals were anesthetized with isoflurane
(Millipore Sigma) during procedures. ipGTT and ITT were measured by the method de-
scribed [16]. For PTT, pyruvate was intraperitoneally injected at a dose of 2 g/kg body
weight. Blood glucose was determined before and 10, 20, 40, 60, 90, 120 min after injection
using a CONTOUR NEXT blood glucose monitoring system (Bayer Inc., Mississauga, ON,
Canada). All standard operating procedures were approved by the University of Alberta
Animal Care and Use Committee. Animals that did not recover from anesthesia in 30 min or
had blood glucose lower than 2 mM during experiments were excluded from the study. The
in vivo experiments were not done blindly as metformin-treated animals were regarded as
chemical hazard-treated, which requires additional personal protective equipment.
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4.4. Tissue Collection

Animals were euthanized following overnight fasting or a 16 h fasting and 4 h refeed-
ing protocol to allow measurement of the metabolic status and the expression of hepatic
gluconeogenic enzymes under fasting and fed conditions, respectively. Fasting blood
glucose was measured before administration of Euthanyl. To avoid degradation of liver
proteins, a lobe of the liver was harvested and snap-frozen immediately after animals
achieved a surgical plane of anesthesia without damaging the common bile duct for pan-
creas perfusion. Blood samples were then collected via cardiac puncture for measurement
of insulin, glucagon, and glucagon-like-peptide 1 (GLP-1). DPP-IV inhibitor (10 µmol/L,
Millipore, Billerica, MA, USA) was added to blood collected for GLP-1 measurement.
Insulin, glucagon, and GLP-1 concentrations were determined by ELISA (Insulin, Crystal
Chem Inc., Downers Grove, IL, USA; glucagon, ALPCO Diagnostics Inc., Salem, NH; GLP-
1, Meso Scale Discovery, Rockville, MD, USA). The pancreas tail was clamped and collected
from fasted animals and fixed in 10% Neutral Buffered Formalin for immunohistochemi-
cal (IHC) examination. Islet isolation and calculation of body mass index (BMI), insulin
sensitivity index (ISI), homeostatic model assessment of insulin resistance (HOMA-IR),
and the homeostatic model assessment of β-cell function (HOMA-B) were as described
previously [16].

4.5. In Vitro Metformin Treatment and Glucose-Stimulated Insulin Secretion

To measure the effects of sub-acute, direct, in vitro metformin treatment on islet
function, isolated islets from Chow NRs at the age of three to four months were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing 8.3 mM glucose, 10% bovine
serum with or without 20 µmol/L or 5 mmol/L metformin for 24 h. Metformin was
supplemented in the medium used in the GSIS assay as well. To examine the effects
of chronic, in vivo metformin treatment, islets from the metformin-treated group were
cultured in the absence of exogenous metformin. Control islets for both sub-acute and
chronic metformin experiments were from Chow NRs.

To assess insulin secretion, three isolated islets were incubated in 1 mL of DMEM
supplemented with concentrations of glucose of 2.8, 5.5, 11.0, 16.5, or 22 mM for 90 min.
The supernatant was transferred into new tubes, and the pellets were lysed using 1 mL
of 3% acetic acid. Insulin in the supernatant and the pellet was determined by insulin
radioimmunoassay. Absolute insulin secretion indicates the amount of insulin secreted
per islet during the 90-min incubation. Insulin release % was insulin secretion normalized
by the corresponding islet insulin content. The stimulation index reflects the ability of
islet in insulin secretion at high glucose concentrations and was calculated as the ratio of
stimulated (X.X glucose) to basal secretion at 2.8 mM glucose.

4.6. Immunofluorescent Microscopy

Pancreatic tails dissected from NRs were fixed in formalin overnight, sectioned into
5 µm slices, and mounted on glass slides (Superfrost Plus Microscope Slides, Fisherbrand).
Antibodies used in immunohistochemistry- or immunofluorescent -staining were listed
in Supplementary Table S1. Insulin- and glucagon- stained sections were scanned using
the Leica DM 6000B platform and analyzed with Image J 6.0. The α-/β-cell areas % was
calculated by taking the glucagon- or insulin-positive area divided by total pancreatic
section area. Ki67/insulin co-stained sectioned were imaged with Zeiss Axio Imager. Ki67
positive β-cell% was evaluated by the number of ki67/ insulin double-positive cells divided
by the total number of insulin-positive cells. ER protein/insulin co-stained images were
obtained using Quorum’s WaveFX confocal system (Quorum Technologies) and analyzed
with Volocity 6.0 (PerkinElmer) as previously described [17].

4.7. Semi-Quantitative Real-Time PCR

Total RNA was extracted from islets (>30 islets) or frozen liver (50–100 mg) using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA). We used 1 µg of RNA to synthesize cDNA
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using QuantiTect reverse transcription kit (QIAGEN, Mississauga, ON, Canada). Because
the NR genome has not been sequenced, primers were designed from regions conserved
between rat and mouse (Supplementary Table S2). Real-time PCR was performed using
an SYBR green qPCR Mastermix (Quanta Biosciences, Gaithersburg, MD, USA) and Rotor
Gene 6000 Real-time PCR machine (Corbett Research). The qPCR specificity was confirmed
by agarose gel electrophoresis and efficiency of 90%–110%. The data were analyzed using
the delta Ct method [72]. Target gene expression was normalized to β-actin.

4.8. Western Blot Analysis

Snap-frozen liver (up to 50 mg) was homogenized in 0.5 mL of RIPA buffer supple-
mented with proteinase inhibitor cocktail, aprotinin (2 µg/mL), sodium fluoride (5 mmol/L),
sodium orthovanadate (1 mmol/L) and PMSF (1 mmol/L). All reagents were from Milli-
pore Sigma. The concentration of protein extracts was determined by bicinchoninic acid
assay, and proteins were diluted to a final concentration of 2 µg/µL with RIPA buffer and
SDS loading buffer. About 50 µg of protein was loaded for each sample. Proteins were
separated on 10% SDS-PAGE gels and transferred to nitrocellulose membranes. Mem-
branes were blocked for 1 h with 5% skim milk or 3% BSA in TBS (20 mM Tris, 137 mM
NaCl, pH 7.6) with 0.1% Tween-20 and probed with antibodies (Supplementary Table S1).
Blots were developed using ECL (Thermo Fisher Scientific) and imaged with a Bio-Rad
ChemiDoc MP imaging system. Antibody detecting phosphorylated protein was stripped
to enable detection of the corresponding total protein on the same blot.

4.9. Statistical Analyses

For all experiments, data were expressed as the mean ± SEM and statistically analyzed
with GraphPad Prism version 6.0. Outlier identified by ROUT was removed from the
analysis. One-way or two-way analysis of variance was used, with repeated measures
when appropriate, followed by posthoc multiple comparisons if significance was reached.
Differences were considered significant at p < 0.05.

Supplementary Materials: The following are available online at https://www.mdpi.com/1422-006
7/22/1/421/s1, Figure S1: Protein abundance of GLUT2 (A) and IR (B) in isolated islets; Figure S2:
Analysis of hepatic AMPK pathway in the fasting condition; Table S1: Metabolic profile of NRs treated
with metformin; Table S2: Antibodies and dilutions used in western blot and immunofluorescent
microscopy; Table S3: qPCR primers and annealing temperatures.
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