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Abstract: Type 1 diabetes mellitus (TADM) is still one of the major threats on global public health. This autoimmune
condition is mainly caused by the imbalance of auto-reactive inflammatory effector T cells (Teffs) and protective
regulatory T cells (Tregs). Therefore, inhibiting the development of Teffs and/or promoting Tregs provides a thera-
peutic strategy for preventing the development of TAIDM. Pathways of energy metabolism have been shown to play a
pivotal role in dictating the activation, differentiation and immune function of T cells. Studies have shown that inhibi-
tion of glycolysis suppresses the development of Th1l and Th17 cells, but promotes Treg production. AMP-activated
protein kinase (AMPK) is a master sensor and regulator of cellular energy metabolism in mammals, which has also
been demonstrated to interfere with T cell differentiation and effector function through inhibiting mammalian target
of rapamycin (MTOR) and subsequent inhibition of glycolysis, and enhancement of lipid oxidation. In this study, we
found that AMPK activator metformin suppresses T cell proliferation and inhibits the differentiation of Thl and Th17
cells while promoting the development of Tregs in vitro in a dose-dependent manner. Treatment of NOD mice with
metformin significantly mitigated autoimmune insulitis and substantially decreased the number of pro-inflammatory
IFN-y+ as well as IL17+ CD4 T cells in the spleens of NOD mice. However, a significantly increased percentage of
regulatory IL-10+ and Foxp3+ CD4 T cells were seen. We provided a novel potential therapeutic method-by regulat-
ing T cell metabolism through targeting AMPK, to reduce the severity of autoimmune insulitis.
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Introduction (insulitis) [2]. Non-obese diabetic (NOD) mouse,
which spontaneously develop destructive auto-
Epidemiological studies have demonstrated immune insulitis and progresses to overt diabe-
that type 1 diabetes mellitus (T1DM) is still one tes in the adult, can mimic the human T1DM [3,
of the major threats in global public health. 4].

Children under 5 years of age are at greatest

risk of this condition and represent the popula-
tion with greatest incidence [1]. Evidence from
research has shown T1DM is a chronic disease
caused by autoimmune destruction of function-
al insulin-producing B cells of pancreatic islets.
In TADM, B-cells are progressively destroyed by
islet-infiltrating auto-reactive T cells, which ca-
use pathogenic inflammatory immune response

During the onset of TADM, CD4+ T cells in the
draining lymph nodes proliferate and differenti-
ate into autoreactive effector T cells (Teffs) af-
ter being presented B-cell antigen from antigen
presenting cells (APCs). These Teffs further mi-
grate into pancreatic islets and release inflam-
matory cytokines such as interferon (IFN)-y and
interleukin (IL)-2, resulting in recruitment of
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cytotoxic CD8+ T cells and ultimately causing
insulitis through perforin/granzyme-mediated
toxicity [5]. Furthermore, IL-17-producing CD4 T
cells (Th17), another population of Teffs that
are able to induce potent inflammatory respons-
es, have been suggested to be involved in the
pathogenesis of autoimmune diabetes [6, 7].
On the other hand, regulatory T cells play an
essential role in the maintenance of immune
periphery tolerance regulating inflammatory
responses and preventing the development of
autoimmune diseases [8, 9]. Tregs confer pro-
tective effects during the development of TADM
[10], and adoptive transfer of in vitro expanded
antigen-specific Tregs can eliminate signs of
diabetes even after disease onset [11].

In the periphery, immune tolerance is achieved
by a fine balance between effector and regula-
tory T cells. TIDM is an autoimmune disease
caused by the imbalance between Teff and
Tregs. Therefore, inhibiting the development of
Teff and/or promoting Tregs provides a thera-
peutic strategy for preventing TIDM. The gen-
eration of different subsets of Teffs and Tregs
are mainly determined by the environmental
cues, such as cytokine milieu and expression of
co-stimulatory molecules. Apart from that, mo-
re recently, energy metabolism pathways have
been also shown to play a pivotal role in the
activation, differentiation and immune function
of T cells [12-14]. For example, Thl and Th17
cells were found to rely on glycolysis to develop
and maintain their own survival as well as func-
tional characteristics. Alternatively, Tregs app-
ear to be dependent on lipid oxidation. During
naive T cell differentiation into different effec-
tor cell subsets in various local cytokine milieu,
inhibition of glycolysis dampers the develop-
ment of Thl and Th17 cells, but promotes Treg
production [15, 16].

AMP-activated protein kinase (AMPK) is a mas-
ter sensor and regulator of cellular energy me-
tabolism in mammals, which is activated when
the ratio of AMP/ATP increases due to a short-
age of cellular nutrients or to be under other
physiological stress. The activation of AMPK
accordingly restores the energy balance by
inhibiting anabolism that consumes energy
while stimulating catabolism that produces
energy [17]. Irrespective of its role in cellular
energy metabolism, recent studies demon-
strate that AMPK activation also interferes with
T cell activation, differentiation and effector
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function by controlling T cell ‘metabolic plastic-
ity’, primarily by inhibiting mammalian target of
rapamycin (mTOR) and subsequently inhibiting
glycolysis and enhancing lipid oxidation [18,
19].

Thus, strategies designed to activate AMPK to
inhibit glycolysis during the development of
T1DM to prevent naive T cells from differentiat-
ing into Teffs and/or promoting them to become
regulatory T cells might provide an alternative
path to prevent the occurrence of insulitis.
Metformin is a widely used biguanide antidia-
betic drug for treating type 2 diabetes mellitus.
Studies have shown that it may also exert anti-
inflammatory effects by activating AMPK [20].
Based on the role of AMPK signaling in T cell
metabolism, the potential therapeutic role of
metformin on the development of autoimmune
insulitis in female NOD mice is delineated here.

Materials and methods
Cell culture

CD4+CD25- naive T cells were purified from
spleens and lymph nodes of male C57BL/6
mice using an isolation kit (Miltenyi Biotec,
Germany) by negative selection. The purity of
each cell preparation used in this study was of
greater than 95% according to FACS analysis. T
cells were activated with 5 pg/ml anti-CD3
(BioLegend, CA, USA. Clone: 145-2C11), 1 pg/
ml anti-CD28 (BioLegend, CA, USA. Clone:
37.51),and 20 ng/ml human IL-2 (R&D Systems,
MN, USA). For Thl differentiation, 20 ng/ml
IL-12 (R&D Systems, MN, USA) and 10 ng/ml
anti-I.-4 (BioLegend, CA, USA. Clone: 11B11)
were added. For Th17 differentiation, 10 ng/ml
anti-IL-4 (BioLegend, CA, USA. Clone: 11B11),
10 ng/ml anti-IFN-gamma (BioLegend, CA,
USA. Clone: R4-6A2), 1 ng/ml TGF- (R&D Sys-
tems, MN, USA), 100 ng/ml IL-6 (BioLegend,
CA, USA) were added into the medium. All cells
were cultured for 5 days and medium was
changed on the third day.

Mice

6 to 8-week old C57BL/6 male mice and
3-week old NOD/LtJ female mice were obtained
from the Beijing HFK Bioscience CO., Ltd.
(Beijing, China). Mice were bred and maintained
under specific pathogen-free (SPF) conditions
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at the Tongji Medical College Facilities for
Animal Care and Housing. Cages were placed in
environmentally controlled rooms (25°C; 50%
to 55% humidity) under a standard 12 h dark-
light cycle. All procedures involving animal use
in this study were approved by the Institutional
Animal Care and Use Committee of the Tongji
Medical College in accordance with the National
Institutes of Health (NIH) guidelines.

Drugs

The experimental group NOD mice were admin-
istered with metformin (Biovision, CA, USA) at
200 mg/kg body weight dissolved in drinking
water every day starting from 3-week old until
the end of the study. Water consumption mea-
sured showed that NOD mice drank water at
about 30 mi/100 g of body weight everyday 24
hours. Thus, mice were supplied with 0.67 mg/
ml of metformin in the drinking water.

H&E and Immunofluorescent staining

Pancreas from control and metformin-treated
NOD mice were excised at 12-week of age.
After fixation in 4% paraformaldehyde and par-
affin embedding, tissues were cut into 4-um
sections and stained with hematoxylin and eo-
sin (H&E) for histological analysis. For Immuno-
fluorescent staining the paraffin-embedded
sections were deparaffinized and stained with
primary antibodies against CD3 (ab16669, 1:
200, Abcam, Cambridge, UK) and insulin (AO5-
64, 1:500, Dako Cytomation, Glostrup, Denm-
ark) overnight at 4°C. After washing in PBS, se-
ctions were visualized by Alexa Fluor-conjugated
secondary antibodies (ab150077, 1:300, Abc-
am) or Cy3-conjugated secondary antibody (ab-
102370, 1:300, Abcam). Nuclear counterstain-
ing was performed using 4,6-diamidino-2-phe-
nylindole (DAPI) and the sections were viewed
with epifluorescence microscope (Nikon, Tokyo,
Japan).

Insulitis score

Histological analysis was performed by using
sections of H&E-stained pancreas from control
and metformin-treated NOD mice at 12-week
of age. A score from O to 3 was assigned based
on islet infiltration [21]. Insulitis was analyzed
by two observers and a minimum of 30 islets
per animal. The pancreases were isolated from
at least 4 mice per group. Insulitis score was
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graded as follows: grade O, normal islets; grade
1, mild mononuclear infiltration involving <10%
at the periphery; grade 2, 10-50% of the islets
infiltrated; grade 3, more than 50% of the islets
infiltrated. An average insulitis score was calcu-
lated by adding up the score of each islet and
dividing it by the total number of islets coun-
ted.

Flow cytometry

In vitro cultured cells were obtained after appli-
cation of differentiation protocol (see cell cul-
ture in methods). Single-cell suspension was
prepared from spleens of NOD mice at 12-week
old. To analyze the intracellular staining for IFN-
y, IL-10 and IL-17, cells were stimulated with Cell
Stimulation Cocktail (eBioscience, CA, USA) co-
ntaining phorbol myristate acetate, ionomycin
and brefeldin A for 4 h. Cells were then fixed
and permeabilized for 30 min at 4°C using BD
Fixation/Permeabilization Solution kit (BD Bio-
sciences, Jose, CA, USA) according to the pro-
vided instructions, and then incubated with
antibodies specific for IFN-y (clone XMG 1.2),
IL-10 (clone JES5-16E3) and IL-17 (eBio17B7) at
4°C for 30 minutes before acquisition. For
staining FOXP3 (clone FJK-16S) and ROR-yt
(AFKJS-9), cells were fixed and permeabilized
with Treg staining kit (eBioscience, CA, USA). All
antibodies were purchased from eBioscience
(San Diego, CA, USA). Flow cytometric analysis
was performed with a FACS Caliber system (BD
Biosciences), and data was analyzed using
FlowJo software (Tree Star, Inc., Ashland, OR,
USA).

Proliferation assay

Single cell suspension was obtained from mes-
enteric lymph node and spleen of male C57-
BL/6 mice by gradient centrifugation using lym-
phocyte separation medium (Dakewe Biotech,
Guangdong, China). Cells were set up in 96-well
round-bottomed plates using standard 3-day
cultures and stimulated by anti-CD3/CD28
antibody in the presence of different concen-
trations of metformin (Biovision, CA, USA). Cell
Counting Kit-8 (CCK-8) (Dojindo, Kumamoto,
Japan) was used for cell proliferation assays
according to the manufacturer’s instructions.
Statistical comparisons were performed using
one-way ANOVA. Data are represented as
counted OD value means + SEM.
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Figure 1. Metformin dose-dependently suppresses
T cell proliferation in vitro. Single cell suspensions
from mesenteric lymph nodes and spleens of male
C57BL/6 mice were cultured using a standard 3-day
culture and stimulated by anti-CD3/CD28 antibody
in the presence of different concentrations of met-
formin. Cell Counting Kit-8 was used for cell prolifera-
tion assays according to the manufacturer’s instruc-
tions. Statistical comparisons were performed using
one-way ANOVA. Data are represented as counted
OD value means + SEM. (**P<0.01, ***P<0.001;
n=4 for each group).

Western blot

Total proteins from cultured cells were prepa-
red using a cell lysis buffer (Beyotime, Shanghai,
China) with a protease inhibitor mixture (Sigma-
Aldrich, MO, USA). Protein concentrations were
determined using the bicinchoninic acid (BCA)
protein assay. An equal amount of protein ex-
tracts from each sample was separated using
sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) and then trans-
ferred to a polyvinylidene fluoride membrane
(Millipore, CA, USA). Non-specific binding was
then blocked in 5% (w/v) milk at room tempera-
ture. After that, the membrane was incubated
with the primary antibodies against AMPKa
(1:1000, Cell Signaling Technology, USA), phos-
pho-AMPKa (1:1000, Cell Signaling Technology,
USA), mTOR (1:1000, Cell Signaling Technology,
USA), phospho-mTOR (1:1000, Cell Signaling
Technology, USA), hif-1a (1:500, Novus, USA),
and o-Tubulin (1:2500, Santa Cruz, CA, USA).
The blots were then probed with a goat anti-
rabbit IgG or an anti-mouse secondary horse-
radish peroxidase-conjugated antibody (Santa
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Cruz, CA, USA). The membranes were devel-
oped using enhanced chemiluminescence re-
agents (Pierce Chemical, IL, USA). The relative
amount of the protein was normalized to o-Tu-
bulin and analyzed with Labworks image acqui-
sition and analysis software (UVP, Upland, USA).

Statistical analysis

Data, given as means + SEM, were obtained fr-
om at least three individual experiments. Sta-
tistical analysis used student’s t-test or one-
way ANOVA, as appropriate. Differences were
considered significant if P<0.05.

Results

Metformin suppresses T cell proliferation in
vitro in a dose-dependent manner

We first examined the effect of metformin on
CD4 T cell proliferation in vitro. Naive CD4 T
cells were first isolated from naive C57BL/6
mice and equal numbers of CD4 T cells were
then stimulated with plate-bound anti-CD3/
CD28 antibodies in the presence of media con-
trol or different concentrations of metformin. 3
days later, cell numbers from each well of dif-
ferent groups were counted with a CCK-8 cell-
counting kit. As shown in Figure 1, metformin
significantly inhibits the proliferation of activat-
ed T cells in a dose-dependent manner.

Metformin inhibits the differentiation of Th1
and Th17 cells while promoting Treg develop-
ment in vitro

Given the critical role of glycolysis in determin-
ing Thl and Th17 differentiation, we next sou-
ght to address the role of metformin on their
differentiation. To this end, naive T cells isolat-
ed from C57BL/6 mice were cultured under
Th1 and Th17 polarizing conditions in the pres-
ence of media or 5 mM of metformin. 5 days
later, the expression of IFN-y was examined in
Th1l polarizing cells by intracellular staining.
Expression of transcription factors RORyt and
Foxp3 were examined in Thl7-polarized cells.
As shown in Figure 2, the data suggest that
metformin significantly inhibits the develop-
ment of Thl (Figure 2A, 2D) and Th17 (Figure
2B, 2E) cells. The decrease of ROR-yt expres-
sion was associated with an increase of Foxp3
expression (Figure 2B, 2F), suggesting that
metformin promotes the production of Tregs.

Am J Transl Res 2019;11(4):2393-2402



Metformin mitigates autoimmune insulitis

A & Medium 5 mM MET
4 Jo.00% 28.1% 4 {0.00% 20.0% 4 T0.00% 14.1% 4 T0.00% 535%
3" omMMET| & ° 1mM MET| 3 ° 5mM MET| & 10mM MET
% 1031 % 107 - % 10° i % 10 m
L] -
E E E : p-AMPK s W™
& 10 - & 10 - S 1074 > 10 -
> > : z > )
E.k. 1 * 1 & 1 4 I* 1 b
< 10 < 10 < 10 4 < 10 4
38 2 o : 8 ol I
> 10° Jooow | 71.9% 10° 10.00% 80.0% 10° looow | 85.9% 10? lo.00% |5 94.7% AMPK "D S
z 0§ 2y C M W Eadim R B ki My b i
o 00 100 10° 100 10 100 10 100 100 10 10 10 1° 100 10 1 10 10 100 10
Hiii FITC-A: CD4 FITC-A FITC-A CD4 FITC-A FITC-A: CD4 FITC-A FITC-A: CD4 FITC-A
PMTOR (D  ——
B w'l 103 w* W
omM MET 1 1imM MET 3 5mM MET 10mM MET
10 Rc;‘.’; 10? 1 n?: ‘;" m‘-; RT;‘;. :o’-; '%ll"ol' TOR
- m - ==
- i = 1 z )
o4 & w’y 3
Hif-1q - es—
foxp3 + 10" i
: 7.03 -:‘ -
s 1 54
z v R P I e e -
e 0w W w 10 w .
2 _  * 2 AL R a-Tubulin S S—
Foxp3
D r —= 1 E I . F ; = ) G -
ns _— 2 40- - 1 ok [J Medium
. ! —_—— —
2 — £ 3 ns 8 ns My 5mMMET
s == 8 r— + —— o 2.0-
¢ . ‘?':.30- E
g - (=] -
E 20 gzo I.:‘, s 1.5 e
3 « 3 204 ® —
o a3 o @ 1.04
% 104 © 1 s 3
- 5 S 10 i g5
8 £ § ’
5 5 - B
TE e & EY T & "l S e e e o s
3
& ¢ Q-S‘f‘ & gﬁ G#\v"' R R *- Q"“ oQ' #\1 S
o K &F o8 o N o o oF W oF ,s-c“ Q & &

Figure 2. Metformin inhibits the differentiation of Thl and Th17 cells, whereas promotes Tregs development in vitro. (A) Naive CD4 T cells from male C57BL/6 mice
were differentiated under Thl-inducing conditions for 5 days with different concentrations of metformin, followed by surface staining of CD4 and intracellular stain-
ing of IFN-y. (D) Statistical analysis of the percentage of CD4+IFNy+ cells among different groups. (B) Naive CD4 T cells from male C57BL/6 mice were differenti-
ated under Th17-inducing conditions for 5 days with different concentrations of metformin, followed by surface staining of CD4 and intracellular staining of RORyt
and Foxp3. (E) Statistical analysis of the percentage of CD4+RORy+ cells among different groups. (F) Statistical analysis of the percentage of CD4+Foxp3+ cells
among different groups. (C) Naive CD4 T cells from male C57BL/6 mice were differentiated under Th17-inducing conditions with or without 5 mM metformin for 5
days. The expression of p-AMPKa, AMPKa, p-mTOR, m-TOR, Hif-1a and a-Tubulin expression in the cells were determined by Western blot. (G) Statistical analysis of
the expression of p-AMPKa, AMPKa, p-mTOR, m-TOR, Hif-1a and a-Tubulin by Western blot. Expression in Medium group cells was assigned the value of 1. Statisti-
cal comparisons were performed using one-way ANOVA in (D-F), and student’s t-test in (G). Data shown are representative images or expressed as means + SEM.
(**P<0.01, ***P<0.001, n=4 for each group).
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(**P<0.01, n=4 for each group).

Previous studies have shown that Hypoxia indu-
cible factor 1a (HIF-1&), whose expression is re-
gulated by mTOR, regulates the development of
Th17 and Tregs. To study the role of metformin
on AMPK/mTOR/HIF-1a signaling, the expres-
sion of phosphorylated AMPK and mTOR, as well
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as HIF-1a from whole protein lysate of 5 mM
metformin or vehicle-treated Th17 polarized ce-
lls were determined by western blot analysis. As
shown in Figure 2C, treatment with metformin
significantly activates AMPK and inhibits mTOR.
The expression of Hif-1a was further inhibited.

Am J Transl Res 2019;11(4):2393-2402
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Metformin treatment reduces the severity of
insulitis

Having demonstrated the effect of metformin
on T cells proliferation and differentiation in
vitro, we hypothesized that metformin could be
a candidate for preventing the development of
T1DM. NOD female mice were treated daily with
metformin or vehicle starting from 4 weeks of
age. At week 12 normal NOD mice had devel-
oped insulitis, but not diabetes, and were sacri-
ficed for insulitis scoring. As shown in Figure 3,
metformin-treated mice preserved many more
functional B cells (demonstrated by the positive
staining of insulin), whereas the control group
had fewer functional B cells. Metformin-treated
mice had significantly lower insulin scores than
vehicle treated ones.

We further compared the percentage of differ-
ent subsets of T cells in the spleen of metfor-
min- or vehicle-treated mice. As shown in Figure
4, metformin treatment significantly decreased
the number of pro-inflammatory IFN-y+ as well
as IL17+ CD4 T cells in the spleens of NOD
mice. Also, a significantly-increased percent-
age of regulatory IL-10+ and Foxp3+ CD4-T
cells, which exhibit immune regulatory function,
were seen in the metformin-treated mice.

Discussion

In this study, a novel potential therapeutic
method is described in regulating T cell metab-
olism and reducing the severity of autoimmune
insulitis prior to the development of type 1 dia-
betes. AMPK activator metformin dose-depend-
ently suppresses T cell proliferation and inhib-
its the differentiation of Thl and Th17 cells
while promoting the development of Tregs in
vitro. NOD mice treated with metformin had sig-
nificantly lower insulin scores than vehicle-
treated ones at least till week 12.

Aerobic glycolysis refers to the use of glycolysis
even in the presence of a sufficient supply of
oxygen. This was first described by Ott Warburg
in cancer cells in the 1950s and was further
found to exist in activated T cells [22]. The
explanation of this interesting phenomenon is
that aerobic glycolysis can promote the genera-
tion of substrates crucial for activation and pro-
liferation [23]. More interestingly, a recent stu-
dy demonstrated different subsets of T cells
have different metabolic characteristics. During

2399

naive T cell differentiation into different effec-
tor cell subsets in various local cytokine milieu,
inhibition of glycolysis hinders the development
of Thl and Th17 cells but promotes Treg pro-
duction [15, 16].

AMPK is an evolutionarily conserved Serine/
Threonine kinase that regulates cellular metab-
olism and energy balance in eukaryotic cells
including lymphocytes [24, 25]. AMPK influenc-
es cellular energy balance by inhibiting anabol-
ic metabolism and enhancing catabolic metab-
olism. One of the important pathways to con-
serve energy is to antagonize mRNA translation
through the inhibition of the mammalian target
of rapamycin complex 1- (MTORC1) signaling.
By activating the TSC1-TSC2 complex, AMPK is
able to repress mTOR-dependent mRNA trans-
lation [18, 26, 27]. mTOR is a regulator of a vari-
ety of metabolic pathways including autophagy
and protein synthesis. In addition, mTOR also
acts as an important regulator of T-cell metabo-
lism. Activation of mTOR upregulates glycolysis,
which promotes differentiation and effector
function of Th1l and Th17 cells [28, 29]. Conver-
sely, inhibition of mTOR signaling impedes the
differentiation of these Teffs [29, 30] while pro-
moting the development of Treg cells [29, 31].
HIF-1a, which has been shown to be able to
induce numerous genes that are involved in gly-
colysis, is one of the target genes of mTOR.
Under both normoxic and hypoxic conditions,
HIF-1a enhances Th17 development through
direct transcriptional activation of ROR-yt but
restricts FoxP3 expression by targeting its pro-
teasomal degradation. Therefore, it acts as a
regulator of Th17/Treg balance during differen-
tiation [32]. Further study proved HIF-1a-dep-
endent glycolysis dictates the lineage choices
between Thl7 and Treg cells. Lack of HIF-1
resulted in diminished Th17 development but
enhanced Treg cell differentiation [16]. Tregs
exhibit higher levels of AMPK activity and rely
more on fatty acid oxidation for development
and functional maintenance [15]. During lipid
metabolism, Acetyl-CoA carboxylase is a rate-
limiting enzyme for lipid biosynthesis and oxida-
tion. The activation of AMPK further phosphory-
lates ACC on Ser-79 and decreases its activity,
thus promoting fatty acid oxidation [33].

Given the inhibitory roles of AMPK on mTOR
and HIF-1a signaling pathways and the AMPK-
mediated promotion of fatty acid oxidation, we
postulate that activating AMPK could be an

Am J Transl Res 2019;11(4):2393-2402
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Figure 4. Metformin treatment decreases the numbers of inflammatory T cells whereas increases the numbers of
regulatory T cells. The percentage of different T cell subsets in the spleens of 12-week old metformin-treated (MET)
and untreated (CON) female NOD mice. Statistical comparisons were performed using student’s t-test. Data are
represented as means + SEM. (*P<0.05, **P<0.01, n=4 for each group).

important target for regulating Teff/Treg bal-
ance and a promising therapeutic method for
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treating autoimmune diseases, including T1-
DM. Consistent with aforementioned studies,
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our data showed that treatment with AMPK
activator metformin dose-dependently repress-
es T cell proliferation. During in vitro T-cell-
subset-polarizing conditions, metformin treat-
ment significantly decreased Th1l and Thil7
development and promoted Treg production.
The reduced Th17/Treg balance after AMPK
activation is associated with a decreased
mTOR/Hif-1a signaling pathway.

A fine balance between Teffs and Tregs is cru-
cial for the development of peripheral tolerance
and protective immunity as well as the suppres-
sion of inflammatory autoimmune diseases,
including TLDM. Previous studies have demon-
strated that in vivo treatment with AMPK activa-
tors exerts protective effects in different mod-
els of inflammatory/autoimmune diseases
models [34-37].

In our study, in vivo treatment with metformin
mitigates the severity of insulitis in female NOD
mice during the early stage of disease develop-
ment. Analysis of splenic cells revealed a sig-
nificantly decreased percentage of inflamma-
tory IFN-y+ and Th17+ CD4 T cells in metfor-
min-treated mice relative to vehicle-treated
NOD mice, with the percentage of immune-reg-
ulatory IL-10+ and Foxp3+ CD4 T cells found to
be significantly elevated as well. An increased
ratio between regulatory and inflammatory
cells may, at least partially, account for the pro-
tective effects of metformin. Although we
observed reduced severity of insulitis and lower
incidence of diabetes in metformin-treated
compared with vehicle-treated mice at an early
stage, we did not see a significant difference in
diabetic rate after a 30-week observation (data
not shown). We speculate that other factors
reverse the protective effects of metformin,
causing an increase in diabetic incidence in the
late stage. Further study needs to be done to
address this question.
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