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Metformin is not only the first-line medication for the treatment of type 2 diabetes, but it is
also effective as an anti-inflammatory, anti-oxidative and anti-tumor agent. However, the
effect of metformin during viral hepatitis remains elusive. Using an adenovirus (Ad)-induced
viral hepatitis mouse model, we found that metformin treatment significantly attenuated liver
injury, with reduced serum aspartate transaminase (AST) and alanine transaminase (ALT)
levels and liver histological changes, presumably via decreased effector T cell responses.
We then demonstrated that metformin reduced mTORC1 activity in T cells from infected
mice, as evidenced by decreased phosphorylation of ribosome protein S6 (p-S6). The
inhibitory effects on the mTORC1 signaling by metformin was dependent on the tuberous
sclerosis complex 1 (TSC1). Mechanistically, metformin treatment modulated the
phosphorylation of dynamin-related protein 1 (Drp-1) and mitochondrial fission 1 protein
(FIS1), resulting in increased mass in effector T cells. Moreover, metformin treatment
promoted mitochondrial superoxide production, which can inhibit excessive T cell
activation in viral hepatitis. Together, our results revealed a protective role and therapeutic
potential of metformin against liver injury in acute viral hepatitis via modulating effector T cell
activation via regulating the mTORC1 pathway and mitochondrial functions.

Keywords: mTOR, T cell, mitochondria, metformin, viral hepatitis

INTRODUCTION

Metformin is a biguanide drug that has been used to treat type 2 diabetes mellitus and to help
control blood glucose levels for more than 60 years (1, 2). No significant safety issues from long-
term use of metformin have been identified for diabetes prevention (3), indicating that, as an
affordable medicine, metformin is safe and effective. Recent studies indicate that metformin may
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have additional benefits in several other diseases, such as cancer,
stroke, neurodegenerative diseases, obesity, metabolic syndrome,
and cardiovascular diseases (1, 4-7). The function of metformin
is closely linked to the mitogen-activated protein kinase and
mechanistic target of rapamycin (mTOR) pathway (8-10).
mTOR regulates cell growth, cell proliferation, cell motility,
cell survival, protein synthesis, autophagy and transcription
(11, 12). Signaling through mTOR regulates metabolism and is
an important molecular connection between nutrient signals and
the metabolic processes that are indispensable for cell growth
and function (13).

Viral hepatitis is a major health concern globally and the
main cause of hepatocellular carcinoma (14). Immune responses
play a critical role in fulminant viral hepatitis (15), which can be
observed after acute viral infection accompanied by strong (re)-
activation of the immune response in some patients (16).
Accumulating evidence has showed that metformin may have
therapeutic potential in liver diseases (1), as metformin can
improve the survival of diabetic liver cancer patients (17). In
mice, metformin treatment showed preventative effects in liver
carcinogenesis by downregulating the expression of lipogenic
enzymes and lipogenesis (18). Results from human and animal
studies also showed that the administration of metformin
improves liver function in non-alcoholic fatty liver disease
(NAFLD) subjects (19, 20). Metformin may also suppress
hepatitis B virus and hepatitis C virus (HCV) replication
in vitro (21, 22), potentially through a type I IFN-dependent
mechanism (23). However, it remains unclear as to whether and
how metformin directly modulates T cell responses in
viral hepatitis.

In this study, we challenged mice with a hepatotropic
adenovirus (Ad) type 5 (24), which can cause strong virus-
specific T cell responses and subsequent liver damage. We found
that metformin treatment significantly attenuated liver damage as
judged by serum aspartate transaminase (AST) and alanine
transaminase (ALT) levels, hepatic histological scores, and
proinflammatory cytokine (IFN-y, TNF-o. and IL-2) production.
Our in vivo and in vitro data further demonstrated that metformin
restrained T cell activation, inhibited phosphorylation of S6 (p-S6)
in the mTOR signaling pathway, reduced mitochondrial fission,
but increased the production of superoxide in T cells. These results
suggest that metformin can directly modulate T cell responses by
remodeling mitochondrial dynamics.

MATERIALS AND METHODS

Animals and Treatment

Female C57BL/6 (B6) and tuberous sclerosis 1 (TSC1) 1%
(#005680) mice were purchased from the Jackson Laboratory
(Bar Harbor, ME). Metformin was purchased from Sigma-
Aldrich (St. Louis, MO). Mice were orally pretreated with
metformin (Sigma-Aldrich, St. Louis, MO, 250 mg/kg/day) for
1 week by gavage, followed by intravenous (i.v.) infection of
adenovirus as described previously (25). Administration of
metformin was continued for another 7 days. Normal saline was

used as a control. All mice were euthanized at 7 days post-
infection (dpi). Adenovirus carrying LacZ (AdLacZ) and Cre
(AdCre), purchased from Vector Development Laboratory,
Baylor College of Medicine, were used to infect B6 and TSCI "
mice in indicated experiments. The dose of 1.8 x 10° pfu/mouse
via i.v. injection route. All mice were maintained and bred under
specific pathogen-free conditions in the animal facility at the
University of Texas Medical Branch (UTMB). Seven- to twelve-
week-old mice were used for all the experiments. All experiments
were reviewed and approved by the Institutional Animal Care and
Use Committees of the University of Texas Medical Branch.

Detection of AdLacZ in Liver Sections

The detection of AdLacZ was performed as previously described
(24). Briefly, following fixation with 0.5% glutaraldehyde for
30 min, frozen liver sections were incubated with 0.2 mg of X-
gal (5-bromo-4-chloro-3-indolyl-B-d-galactopyranoside)/ml at
37°C for 120 min. Infected cells expressing [3-gal activity were
stained blue. Eight images of each liver section were randomly
selected and captured with the Olympus BX51 microscope
equipped with the Olympus DP70 video camera (Olympus
Optical, Tokyo, Japan). The images were analyzed by Image-
Pro Plus 6.0 software (Media Cybernetics, MD, USA). Infectivity
of the hepatocytes was expressed as the percentage of positive
staining areas.

Antibodies (Abs) and Reagents

All fluorochrome-labeled mAbs and their corresponding isotype
controls were purchased from Thermo Fisher Scientific (San
Diego, CA), including PE-Cy7-conjugated anti-CD3 (17A2),
Pacific Blue-conjugated anti-CD4 (RM4-5), APC-eFlour780-
conjugated anti-CD4 (RM4-5), PerCp-Cy5.5-conjugated anti-
CD8 (53-6.7), APC-eFlour780-conjugated anti-CD8 (53-6.7),
PerCp-eFlour710-conjugated anti-TNF-o. (MP6-XT22), APC-
conjugated anti-IFN-y (XMG1.2), PE- conjugated anti-CD44
(IM7), APC-conjugated anti-CD62L (MEL-14) and FITC-
conjugated anti-IL-2 (JES6-5H4). Purified anti-CD16/32
(2.4G2), anti-CD3 (2C11) and anti-CD28 (37.51) were
purchased from Biolegend (San Diego, CA). Mito Tracker
Green and p-S6 Ribosomal Protein (Ser235/236) (D57.2.2E)
Rabbit mAb (PE Conjugate) were purchased from Cell
Signaling Technology (Beverly, MA). Mitochondrial superoxide
indicator and mouse p-Drp-1 (Ser637) were purchased from
Thermo Fisher Scientific (San Diego, CA). Mouse p-Drp-1
(Ser616) pAb was purchased from Abclonal Technology
(Woburn, MA). Mouse FIS1 Ab was purchased from
Proteintech (Rosemont, IL).

Histological and Serum Biochemical
Analysis

Liver specimens were fixed in 10% buffered formalin. Paraffin-
embedded sections were stained with H&E for histological
evaluation using a Histology Activity Index Score (HAI-
Knodell score) (26). Serum was collected for AST and ALT
measurement by an automatic biochemistry analyzer (Beckman
Coulter) in the Department of Clinical Chemistry, UTMB.
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Isolation of Intrahepatic Lymphocytes

(IHL)

IHL were isolated according to our previous method (24, 25). In
brief, mouse liver was first perfused with PBS without calcium
and magnesium. Liver tissue was collected and digested in RPMI
1640 containing collagenase IV (0.05%; Roche Applied Science,
Indianapolis, IN) at 37°C for 30 min. After digestion, cell
suspension was passed through 70-mm nylon cell strainers to
remove aggregates and yield single-cell suspensions. IHL were
purified by centrifugation (400 g) at room temperature for
30 min over a 30/70% discontinuous Percoll gradient (Sigma-
Aldrich St. Louis, MO). The IHL were collected from the
interphase, thoroughly washed, and resuspended in complete
RPMI 1640 containing 10% FBS (Hyclone, Logan, UT). The total
numbers of IHL per liver were counted.

Flow Cytometry Analysis

For surface staining, cells were first incubated with FcyR blocker
(CD16/32) at room temperature for 5 min, followed by staining
with fluorochrome-labeled Abs at 4°C for 30 min in dark. For
intracellular staining, cells were incubated with PMA (50 ng/mL),
ionomycin (750 ng/mL) and Brefeldin A (BD Biosciences) for 5 h.
After incubation, cells were collected for surface staining, followed
by fixation and permeabilization using a fixation/permeabilization
kit (Thermo Fisher Scientific). Incubation of intracellular Abs was
performed at 4°C for 45 min in dark. The phosflow experiments
were performed according to the protocol from BD Biosciences.
Briefly, the cells were stimulated with cytokines at the indicated
times, followed by immediate fixation using a prewarmed Cytofix
Fixation Buffer at 37°C for 12 min. The cells were permeabilized
using chilled Perm Buffer III for 1 h on ice and were then washed
and stained with Cell Signaling Technology phosflow Abs.
Samples were processed on an LSRII FACS Fortessa and
analyzed using FlowJo X software (Tree Star, Ashland, OR).

Quantitative Reverse Transcriptase-PCR
(GQRT-PCR)

RNA was extracted using an RNeasy Mini Kit according to the
instructions (Qiagen, Valencia, CA). The synthesis of cDNA was
proceeded using an iScript Reverse Transcription Kit (Bio-Rad,
Hercules, CA). cDNA was amplified in a 10-pl reaction mixture
containing 5 Ul of iTaq SYBR Green Supermix (Bio-Rad) and 5
UM each of gene-specific forward and reverse primers. The PCR
assays were denatured for 30 s at 95°C, followed by 40 cycles of
15 s at 95°C, and 60 s at 60°C, utilizing the CFX96 Touch real-
time PCR detection system (Bio-Rad). Relative quantitation of
mRNA expression was calculated using the 27" method. The
primers are as below. GAPDH Forward 5 -TGGAAAGCTGT
GGCGTGAT-3’, Reverse 5 -TGCTTCACCACCTTCTTGAT-3’;
TSCI1 Forward 5 ~ATGGCCCAGTTAGCCAACATT, Reverse
5 - CAGAATTGAGGGACTCCTTGAAG.

Measurement of Mitochondrial Mass and
Superoxide

IHL and splenocytes were cultured in 48-well plates with
metformin at different concentrations (0, 1, 5, 10 nM) for the

indicated times (6 and 12 h). Cells were collected for surface
staining, followed by incubation (37°C, 20 min) with 200 nM
Mito Tracker Green and 5 UM MitoSOX for mitochondrial mass
and superoxide, respectively. After incubation, cells were washed
and resuspended in FACS buffer for analysis.

CD8" T Cell Purification

The spleen was mechanically dissociated and incubated with red
blood cell lysis buffer (Sigma-Aldrich St. Louis, MO) to remove
red blood cells. CD8" T cells were purified using CD8a* T Cell
Isolation Kit (Miltenyi Biotech). The purity of CD8" T cells was
determined by flow cytometry and was higher than 95%.

Western Blot Analysis and ELISA Assay

Cell protein was extracted using a RIPA lysis buffer (Cell
Signaling Technology) in the presence of the phosphatase
inhibitor cocktail (Thermo Fisher Scientific). Protein
concentrations were measured using a BCA Protein Assay Kit
(Pierce). Protein samples were separated by SDS-PAGE (4-15%)
and electro-transferred onto a PVDF membrane, which was then
blocked with 5% BSA for 60 min. The membrane was then
incubated with primary Abs overnight at 4°C. After incubation,
the membrane was washed 3 times with TBST, incubated with
secondary Abs for 60 min at room temperature and developed
using the ECL western blotting substrate reagent (Thermo Fisher
Scientific). The signal intensity was analyzed by Image ] and
normalized to B-actin. Hepatic IL-2, TNF-a, and IFN-y protein
levels were assayed using specific ELISA kits (Biolegend)
according to the manufacturer’s instructions.

Statistical Analysis

The difference between two groups was determined using a two-
tailed Student t test. One-way ANOVA was used for multiple-
group comparisons, followed by Tukey’s multiple comparisons
(GraphPad Software v7.0, San Diego, CA). *, **, ¥ or *0*
represent p-values<0.05, <0.01, <0.001 or <0.0001, respectively.

RESULTS

Metformin Treatment Alleviates Liver
Injury in Ad-Induced Viral Hepatitis

To determine whether metformin protects mice from liver injury
in viral hepatitis, we pretreated B6 mice with metformin (250
mg/kg/day) daily for 1 week before i.v. infection of AdLacZ (1.8 x
10° pfu/mouse). Administration of metformin was continued for
another 7 days. Serum ALT, AST and liver pathological changes
at 7 dpi were used as readouts. Control animals developed
prominent liver inflammation as measured by elevation of
ALT and AST levels and considerable lymphocyte infiltration.
Metformin pre-treatment significantly decreased ALT and AST
levels, together with reduction of lymphocyte infiltration
(Figures 1A-C). No difference of ALT and AST was observed
in naive mice with or without metformin treatment (Figures 1A,
B). Histological evaluation confirmed lower liver pathological scores
in the metformin-pretreated group compared with those in the
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control group (Figure 1D). The numbers of intrahepatic
lymphocytes were also lower in metformin-treated mice
compared with that of control mice (Figure 1E). When analyzed
viral load by measuring the area with positive X-gal-staining, we
found that metformin-pretreated mice had much less hepatic viral
load than that of the control group (Figure S1). These results
demonstrate that metformin protected mice from liver damage in
Ad-induced viral hepatitis.

Metformin Limits Pro-Inflammatory
Cytokine Production From T Cells

Hepatic infiltration and activation of T effector cells result in
liver injury in a dose-dependent fashion (27). To determine
whether metformin can regulate T cell functions, we evaluated
splenic and intrahepatic T cell activation at 7 dpi and found
fewer numbers of activated T cells (CD44"CD62L") in the
spleen of metformin-treated mice, accompanied with a
decreased trend of activated T cells in the liver (Figure S2).

More importantly, metformin treatment significantly decreased
percentages of IFN-y" TNF-o." and IFN-y" IL-2" cells among
CD4" and CD8" T cells in the liver and spleen (Figure 2A). As
expected, the numbers of IFN-y" TNF-o" and IFN-y'IL-2" T
cells were also lower in the metformin group than those in the
control group (Figure 2B). These results were further
supported by decreased IFN-y, TNF-o and IL-2 production in
the liver of Ad-infected mice (Figure 2C).

To investigate if metformin can directly regulate T cell
activities in Ad-infected mice, we isolated IHL from infected
mice, followed by metformin treatment in vitro. We first
performed a cytotoxic experiment to determine the dose of
metformin that we will use in the following experiments. Our
result showed that low doses of metformin (less than 10 mM)
had no toxicity within 12 h in vitro (Figure S3). We further
found that metformin inhibited T cell activation in dose- and
time-dependent manners as evidenced by decreased percentages
of IFN-y" TNF-o." (Figure 3A) and IFN-Y'IL-2" T cells (Figure
3B). The splenocytes from infected mice showed similar trends
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by infection of adenovirus carrying LacZ (AdLacZ, 1.8 x 10° pfu/mouse). Administration of metformin was continued for another 7 days. Normal Saline was used as a
control. All mice were euthanized at 7 days post injection (7dpi). Uninfected mice were used as controls. (A) Serum ALT. (B) Serum AST. (C) Representative images of
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(Figure S4). Together, our results demonstrate that metformin
down-regulates T cell activation in vivo and in vitro, limits
intrahepatic infiltration, and inhibits inflammatory cytokine
production in Ad-induced hepatitis.

The TSC1-Dependent mTOR Signaling
Pathways Regulated by Metformin

It is known that while the mTOR signaling pathway is critical for
T cell activation and differentiation (28), mTOR is also a
potential target of metformin (29, 30). We therefore asked
whether metformin can regulate mTOR signaling in T cells of
virus-infected mice. We then treated isolated lymphocytes with
metformin in vitro and analyzed p-S6 levels. We found that
metformin treatment down-regulated p-S6 in both splenocytes
and IHL in a dose-dependent manner (Figure 3C).

The TSC complex is known to be the upstream suppressor of
mTOR complex 1 (mTORCI1)-mediated pathway, playing
regulatory roles in naive T cell quiescence (31). To investigate
the mechanism of metformin in regulating the mTOR signaling
pathway, we depleted liver TSC1 by infecting the TSC1"** mice
with AdCre, as we reported previously (32). The qPCR result of
liver tissues showed the significant decreased expression of TSC1
in AdCre-infected TSC1%* mice at 7 dpi (Figure S5). IHL were
isolated at 7 dpi from wild-type and TSC17°* mice infected with
AdCre, followed by metformin treatment in vitro. The
expression of p-S6 in T cells was significantly decreased in WT

mice by metformin treatment in a dose-dependent manner;
however, the loss of function in the TSC1"™ mice prevented
the effect of metformin. Data also showed TSC1 deficiency
increased p-S6 in both CD4 and CD8 T cells (Figures 4A, B).
Our data suggest that metformin exhibited inhibitory effects on
mTORC1 pathway in T cells following viral infection through
the PI3K/TSC axis.

Metformin Modulates Mitochondrial
Fission in T Cells

T cell proliferation and function are closely associated with its
metabolism process (33, 34). Mitochondria are the most
important organelle with regards to cell metabolism (35, 36).
Importantly, mitochondrial fission and fusion variation can
make a flexible mitochondrial mass change depending on cell
status (37, 38). For example, effector T cells have less
mitochondrial mass than memory T cells, suggesting that
mitochondria in effector T cells are actively undergoing fission
while in memory T cells, these organelles exist in a fused state
(39, 40). Furthermore, it was reported that metformin can target
mTOR and contributes to normalizing mitochondrial function
in T cells (41). We speculated that metformin acts on
mitochondrial function in T cells. To test our hypothesis, we
isolated IHL and splenocytes from Ad-infected mice and
incubated these cells with metformin for 6 and 12 h. Using a
mitochondrial tracker, we found a metformin treatment-induced
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increase of mitochondrial mass in IHL (Figures 5A, B) and
splenocytes (Figures 5C, D). Dynamin-related protein-1(Drp-1)
is a cytosolic/mitochondrial outer membrane protein, which is
crucial for mitochondrial fission (40, 42). When phosphorylated
at Ser616, Drp-1 stimulates mitochondrial fission. Conversely,
fission is inhibited when DRP1 is phosphorylated at Ser637 (40,
43). To confirm this, we measured the p-Drp-1 (Ser616 and
Ser637). As we expected, the expression of p-Drp-1 (Ser616) was
decreased, while p-Drp-1 (Ser637) was increased by metformin
treatment in splenic CD8" T cells compared with that in
the control (Figures 5E, F). Mitochondrial fission 1 protein
(FIS1) is a protein that promotes mitochondrial fission. We
found that metformin treatment also reduced the expression of
FIS1 (Figures 5E, F). Therefore, our results indicate that

metformin may regulate T cell responses via modulating
mitochondrial fission.

Metformin Promotes Mitochondrial
Superoxide Production in T Cells
Mitochondria-derived reactive oxygen species (ROS) can
mediate redox signaling, leading to aberrant T cell activation
and increased cell apoptosis/death (43-46). Since metformin can
target mitochondrial functions, we asked whether metformin can
increase superoxide production in T cells. Using the MitoSOX
Red mitochondrial superoxide indicator (47), we found that
superoxide production was significantly augmented in T cells
isolated from the liver (Figures 6A-C) and the spleen (Figures
6D-F) in a dose-dependent manner. Together, these data suggest
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that metformin may regulate T cell activity by promoting
mitochondrial superoxide production.

DISCUSSION

It is well known that metformin is not only an anti-diabetic drug,
but also has additional effects in treating cancer, obesity, NAFLD,
polycystic ovary syndrome, and metabolic syndrome (1, 48-52).
A clinical study also suggested that metformin has beneficial
effects in patients with chronic hepatitis C (53), raising the
possibility that metformin can be a therapeutic option for viral
hepatitis. Indeed, metformin inhibits HCV infection in vitro via
down-regulation of the mTOR signals (22, 54-56). In this study,
we demonstrated that metformin treatment ameliorated liver
injury in mice with viral hepatitis as evidenced by decreased
serum ALT and AST levels, and alleviated liver pathological
changes (Figure 1). Further analysis revealed that the attenuated
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FIGURE 4 | Metformin inhibits mTOR activity in T cells by a TSC1-dependent manner. TSC17 and control mice were injected i.v. with 1.8 x 10° pfu of AdCre.
Intrahepatic lymphocytes (IHL) were isolated at 7 dpi and cultured with the indicated concentrations of metformin (0, 5 and 10 mM) for 6 h. Cells were stimulated
with PMA for 30 min, then fixed immediately and analyzed for p-S6 by flow cytometry. Unstimulated cells (O min) were used as controls. (A) Representative images
of p-S6* T cells. (B) MFI of p-S6. Data are representative of at least three independent experiments. Values are shown as mean + SEM of n = 3-4 samples/group
from single experiments representative of at least three experiments performed. One-way ANOVA with Tukey’s multiple comparisons test was used. Metformin
treatment groups (5 and 10 mM) were compared to the control group (0 mM). **p < 0.01. ns, no significant difference.

liver injury by metformin treatment results from limited T cells
responses in the liver (Figure 2). Metformin has been reported to
orchestrate T cell responses in autoimmune diseases and
transplant rejection (57, 58). We found that metformin
treatment decreased the expression of TNF-a, which is a
hepatocytotoxic mediator in the liver (24, 59). Our data
highlight the immune-modulatory and anti-inflammatory roles
of metformin in viral hepatitis. Notably, metformin treatment
reduced the viral load in the liver (Figure S1), supporting a
notion that metformin may contribute to antiviral responses,
such as type I interferon (21-23).

Pharmacological effects of metformin are mediated by the
activation of AMP-activated protein kinase (60), which
negatively regulates the mTORCI activity in T cells, leading to
reduced cell proliferation and cytokine production (61-63).
Here, we showed that metformin inhibited T cell activity as
demonstrated by decreased IFN-7, TNF-o and IL-2 expression
(Figures 3A, B). The p-S6 levels in T cells were reduced
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FIGURE 5 | Metformin modulates mitochondrial fission in T cells. Mice were injected i.v. with 1.8 x 10° pfu of AdLacZ and sacrificed at 7 dpi. T cells from liver and
spleen were isolated and cultured with the indicated concentrations of metformin (0, 1, 5 and 10 mM) for 6 and 12 h. (A) Representative images of Mito Tracker
Green histogram in IHL. (B) MFI of Mito Tracker Green in IHL. (C) Representative images of Mito Tracker Green histogram in splenic lymphocytes. (D) MFI of Mito
Tracker Green in splenic lymphocytes. (E, F) western blot and statistical analysis of p-Drp-1(Ser616), Drp-1(Ser637) and FIS1 expression in CD8" T cells. Data are
representative of at least three independent experiments. Values are shown as mean + SEM of n = 3-4 samples/group from single experiments representative of at
least three experiments performed. One-way ANOVA with Tukey’s multiple comparisons test was used. Metformin treatment groups (1, 5 and 10 mM) were
compared to the control group (0 mM). *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001; ns, no significant difference.

significantly by metformin in a dose-dependent manner (Figure ~ mass (40). Our results suggest that metformin treatment
3C). It is known that TSC1-TSC2 complex is a key negative  inhibited mitochondrial fission and T effector function
upstream regulator of mTORCI1 signaling (64). To confirm our (Figures 5A-D). To confirm our conclusion that metformin
in vitro results, we performed the experiment using T cells from  modulates mitochondrial fission, we assessed expression of Drp-
AdCre infected-TSC1%"* mice, as we described previously (32). 1 (Ser616), Drp-1 (Ser637) and FIS1, which are the key fission-
As expected, metformin failed to down-regulate p-S6 levels in  associated proteins in effector T cells (40). Our data confirmed
TSCI1 deficient T cells (Figure 4B). In all, our data demonstrated that metformin can modulate mitochondrial fission and fusion
that metformin inhibited mTOR signals in T cells in a TSC1 ~ dynamics in T cells, leading to compromised T cell functions
dependent manner. during viral infection.

The mTOR signaling pathway plays a critical role in T cell activation and proliferation are associated with
mitochondrial metabolism (65, 66). More recently, metformin ~ dramatically increased bioenergetic, biosynthetic and redox
has been shown to normalize mitochondrial function in T helper =~ demands (67-69). ROS, which are mainly produced by
cells and alleviate aging-associated inflammation (41). This led ~ mitochondrial oxidative metabolism, contribute to T cell
us to investigate whether metformin contributes to  functions in diseases (70). Although moderate levels of ROS
mitochondrial function in T cells during viral hepatitis. To  can act as key mediators within T cells to promote cell
answer this question, we measured mitochondrial mass by  proliferation and clonal expansion, high levels of ROS result in
flow cytometry (40) and demonstrated that mitochondrial T cell apoptosis through upregulation of Fas ligand, playing a
mass was increased in T cells in a dose-dependent pattern by =~ necessary role in immune resolution (71). Moreover, increased
metformin (Figures 5A-D). It has been reported that naive T~ ROS production in T cells facilitates the development of Th2 cells
cells display fused mitochondria (fusion) with higher mass, (72), while the inhibition of exogenous and endogenous ROS in
while effector T cells have mitochondria fission with lower T cells causes increased IFN-y production (72, 73). We found

Frontiers in Immunology | www.frontiersin.org 8 April 2021 | Volume 12 | Article 638575


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Xu et al.

Metformin Alleviates Liver Injury

A Liver T cells superoxide Metformin(mM) Spleen T cells superoxide
10 / \. /\ N\ /\,/\\ /}\/\ ~ 10
s A A aa | AA ¢
o A A A MAa_ |
Control Control
CD4 CD8 CD4 CD8 CD4 CD8 CD4 CD8
6h 12h 6h 12h
B E .
40 []Contro Liver T cells superoxide [Gosio Spleen T cells superoxide
354 O 1mm -
2o] smm ok "
25 Il 10mMm oy e
=20 R NS 2
15 NS
10
5
0
CcD4 cD8 cD4 cDs8 cba cbs cD4 cDs
6h 12h
c F 6h 12h
600 [Jcontrol Liver T cells superoxide 8004 [Jcontrol Spleen T cells superoxide s
500 E11mM e 7004 [ 1mm
[ 5mm NS 600-{ [l 5mM bl
400 Il 10mm 500 [l 10mm
£ 300 e L L 400 — - =
200 R NS = 300 NS II -
200 -
100 Ns*E¥ e
100
; HH *lonill HH N
cD4 cobs cD4 cDs cD4 cDs8 cD4 cDs
6h 12h 6h 12h
FIGURE 6 | Metformin promotes mitochondrial superoxide production in T cells. Mice were injected i.v. with 1.8 x 10° pfu of AdLacZ and sacrificed at 7 dpi.
Lymphocytes from liver and spleen were isolated and cultured with the indicated concentrations of metformin (0, 1, 5 and 10 mM) for 6 and 12 h. Cells were
collected and stained with MitoSOX Red mitochondrial superoxide indicator. (A) Representative images of mitochondrial superoxide histogram in IHL. (B) Percentage
of mitochondrial superoxide in IHL. (C) MFI of mitochondrial superoxide in IHL. (D) MFI of mitochondrial superoxide in IHL in splenic lymphocytes. (E) Percentage of
mitochondrial superoxide in splenic lymphocytes. (F) MFI of mitochondrial superoxide in splenic lymphocytes. Data are representative of at least three independent
experiments. Values are shown as mean + SEM of n = 3-4 samples/group from single experiments representative of at least three experiments performed. One-way
ANOVA with Tukey’s multiple comparisons test was used. Metformin treatment groups (1, 5 and 10 mM) were compared to the control group (0 mM). *p < 0.05;
**p < 0.01; **p < 0.001; ***p < 0.0001; ns, no significant difference.

that metformin treatment increased superoxide in activated T
cells of infected mice (Figure 6). This result suggests that
metformin may down-regulate excessive Thl responses via
induction of intrinsic ROS species, leading to better immune
resolution and improved immunopathogenesis. In addition,
metformin-induced superoxide may also contribute to T cell
apoptosis (Figure S3) and limit inflammatory infiltration in the
liver during acute viral hepatitis.

Together, this study has revealed for the first time a
hepatoprotective role of metformin in acute viral hepatitis via
mechanisms that include restraining excessive T cell infiltration
and activation in the liver, inhibiting the mTOR signaling via a
TSC1-dependent manner in T cells. Moreover, we have shown
that metformin may contribute to mitochondrial fission and
ROS production, leading to the orchestration of T cell-mediated
immunity following viral infection. Overall, this study supports a
beneficial role of metformin for viral hepatitis and also provides
mechanistic evidence for the involvement of TSC1/mTOR in the
regulation of T cell functions, providing a solid evidence for the
therapeutic potential of metformin in viral infection.

DATA AVAILABILITY STATEMENT

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

ETHICS STATEMENT

The animal study was reviewed and approved by the Institutional
Animal Care and Use Committee (IACUC) of the University of
Texas Medical Branch.

AUTHOR CONTRIBUTIONS

JS and YL conceived and designed the experiments. LX, XW, YL,
and JS performed the experiments, analyzed the data, and wrote
the paper. LS, JS, YoC, and JC contributed reagents. YaC, LS, and

Frontiers in Immunology | www.frontiersin.org

April 2021 | Volume 12 | Article 638575


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Xu et al.

Metformin Alleviates Liver Injury

JC edited the paper. All authors contributed to the article and
approved the submitted version.

ACKNOWLEDGMENT

This work was supported in part by grants from the NIH
(EY028773 to JC and JS, AI132674 to LS, and AI153586 to
YL), as well as the UTMB Institute of Human Infections &
Immunity Pilot grant (to LS and YL).

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Zhou ], Massey S, Story D, Li L. Metformin: An Old Drug with New

Applications. Int | Mol Sci (2018) 19(10):2863. doi: 10.3390/ijms19102863

. Stumvoll M, Nurjhan N, Perriello G, Dailey G, Gerich JE. Metabolic effects of

metformin in non-insulin-dependent diabetes mellitus. N Engl ] Med (1995)
333(9):550-4. doi: 10.1056/NEJM199508313330903

. G. Diabetes Prevention Program Research. Long-term safety, tolerability, and

weight loss associated with metformin in the Diabetes Prevention Program
Outcomes Study. Diabetes Care (2012) 35(4):731-7. doi: 10.2337/dc11-1299

. Rotermund C, Machetanz G, Fitzgerald JC. The Therapeutic Potential of

Metformin in Neurodegenerative Diseases. Front Endocrinol (Lausanne)
(2018) 9:400. doi: 10.3389/fendo.2018.00400

. Ladeiras-Lopes R, Fontes-Carvalho R, Bettencourt N, Sampaio F, Gama V,

Leite-Moreira A. Novel therapeutic targets of metformin: metabolic syndrome
and cardiovascular disease. Expert Opin Ther Targets (2015) 19(7):869-77.
doi: 10.1517/14728222.2015.1025051

. Dowling RJ, Zakikhani M, Fantus IG, Pollak M, Sonenberg N. Metformin

inhibits mammalian target of rapamycin-dependent translation initiation in
breast cancer cells. Cancer Res (2007) 67(22):10804-12. doi: 10.1158/0008-
5472.CAN-07-2310

. Alimova IN, Liu B, Fan Z, Edgerton SM, Dillon T, Lind SE, et al. Metformin

inhibits breast cancer cell growth, colony formation and induces cell cycle
arrest in vitro. Cell Cycle (2009) 8(6):909-15. doi: 10.4161/cc.8.6.7933

. LeiY, YiY, LiuY, Liu X, Keller ET, Qian CN, et al. Metformin targets multiple

signaling pathways in cancer. Chin ] Cancer (2017) 36(1):17. doi: 10.1186/
540880-017-0184-9

. Kuhla A, Brichmann E, Ruhlmann C, Thiele R, Meuth L, Vollmar B.

Metformin Therapy Aggravates Neurodegenerative Processes in ApoE-/-
Mice. ] Alzheimers Dis (2019) 68(4):1415-27. doi: 10.3233/JAD-181017

Lv Z, Guo Y. Metformin and Its Benefits for Various Diseases. Front
Endocrinol (Lausanne) (2020) 11:191. doi: 10.3389/fendo.2020.00191

Hay N, Sonenberg N. Upstream and downstream of mTOR. Genes Dev (2004)
18(16):1926-45. doi: 10.1101/gad.1212704

Lipton JO, Sahin M. The neurology of mTOR. Neuron (2014) 84(2):275-91.
doi: 10.1016/j.neuron.2014.09.034

Ben-Sahra I, Manning BD. mTORCI signaling and the metabolic control of
cell growth. Curr Opin Cell Biol (2017) 45:72-82. doi: 10.1016/
j.ceb.2017.02.012

Chen CJ. Global elimination of viral hepatitis and hepatocellular carcinoma:
opportunities and challenges. Gut (2018) 67(4):595-8. doi: 10.1136/gutjnl-
2017-315407

Welz M, Eickhoff S, Abdullah Z, Trebicka J, Gartlan KH, Spicer JA, et al.
Perforin inhibition protects from lethal endothelial damage during fulminant
viral hepatitis. Nat Commun (2018) 9(1):4805. doi: 10.1038/s41467-018-
07213-x

Liu M, Chan CW, McGilvray I, Ning Q, Levy GA. Fulminant viral hepatitis:
molecular and cellular basis, and clinical implications. Expert Rev Mol Med
(2001) 2001:1-19. doi: 10.1017/51462399401002812

Ma §J, Zheng YX, Zhou PC, Xiao YN, Tan HZ. Metformin use improves
survival of diabetic liver cancer patients: systematic review and meta-analysis.
Oncotarget (2016) 7(40):66202-11. doi: 10.18632/oncotarget.11033

Bhalla K, Hwang BJ, Dewi RE, Twaddel W, Goloubeva OG, Wong KK, et al.
Metformin prevents liver tumorigenesis by inhibiting pathways driving

We thank Dr. Sherry Haller and Dr. Hui Wang for their
assistance with the manuscript preparation.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online

at:

https://www.frontiersin.org/articles/10.3389/fimmu.2021.

638575/full#supplementary-material

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

30.

31.

32.

33.

34.

hepatic lipogenesis. Cancer Prev Res (Phila) (2012) 5(4):544-52.
doi: 10.1158/1940-6207.CAPR-11-0228

LiY, Liu L, Wang B, Wang ], Chen D. Metformin in non-alcoholic fatty liver
disease: A systematic review and meta-analysis. BioMed Rep (2013) 1(1):57—
64. doi: 10.3892/br.2012.18

Brandt A, Hernandez-Arriaga A, Kehm R, Sanchez V, Jin CJ, Nier A, et al.
Metformin attenuates the onset of non-alcoholic fatty liver disease and affects
intestinal microbiota and barrier in small intestine. Sci Rep (2019) 9(1):6668.
doi: 10.1038/541598-019-43228-0

Xun YH, Zhang Y], Pan QC, Mao RC, Qin YL, Liu HY, et al. Metformin
inhibits hepatitis B virus protein production and replication in human
hepatoma cells. J Viral Hepat (2014) 21(8):597-603. doi: 10.1111/jvh.12187
Del Campo JA, Garcia-Valdecasas M, Gil-Gomez A, Rojas A, Gallego P,
Ampuero J, et al. Simvastatin and metformin inhibit cell growth in hepatitis C
virus infected cells via mTOR increasing PTEN and autophagy. PloS One
(2018) 13(1):20191805. doi: 10.1371/journal.pone.0191805

Tsai WL, Chang TH, Sun WC, Chan HH, Wu CC, Hsu PI, et al. Metformin
activates type I interferon signaling against HCV via activation of adenosine
monophosphate-activated protein kinase. Oncotarget (2017) 8(54):91928-37.
doi: 10.18632/oncotarget.20248

Liang Y, Jie Z, Hou L, Aguilar-Valenzuela R, Vu D, Soong L, et al. IL-33
induces nuocytes and modulates liver injury in viral hepatitis. J Immunol
(2013) 190(11):5666-75. doi: 10.4049/jimmunol.1300117

Hou L, Jie Z, Desai M, Liang Y, Soong L, Wang T, et al. Early IL-17 production
by intrahepatic T cells is important for adaptive immune responses in viral
hepatitis. ] Immunol (2013) 190(2):621-9. doi: 10.4049/jimmunol.1201970
Knodell RG, Ishak KG, Black WC, Chen TS, Craig R, Kaplowitz N, et al.
Formulation and application of a numerical scoring system for assessing
histological activity in asymptomatic chronic active hepatitis. Hepatology
(1981) 1(5):431-5. doi: 10.1002/hep.1840010511

Yan J, Jie Z, Hou L, Wanderley JL, Soong L, Gupta S, et al. Parenchymal
expression of CD40 exacerbates adenovirus-induced hepatitis in mice.
Hepatology (2011) 53(5):1455-67. doi: 10.1002/hep.24270

Waickman AT, Powell JD. mTOR, metabolism, and the regulation of T-cell
differentiation and function. Immunol Rev (2012) 249(1):43-58. doi: 10.1111/
j.1600-065X.2012.01152.x

. Howell JJ, Hellberg K, Turner M, Talbott G, Kolar M]J, Ross DS, et al.

Metformin Inhibits Hepatic mTORC1 Signaling via Dose-Dependent
Mechanisms Involving AMPK and the TSC Complex. Cell Metab (2017) 25
(2):463-71. doi: 10.1016/j.cmet.2016.12.009

Kalender A, Selvaraj A, Kim SY, Gulati P, Brule S, Viollet B, et al. Metformin,
independent of AMPK, inhibits mTORCI in a rag GTPase-dependent
manner. Cell Metab (2010) 11(5):390-401. doi: 10.1016/j.cmet.2010.03.014
Yang K, Neale G, Green DR, He W, Chi H. The tumor suppressor Tscl
enforces quiescence of naive T cells to promote immune homeostasis and
function. Nat Immunol (2011) 12(9):888-97. doi: 10.1038/ni.2068

Yi P, Liang Y, Yuan DMK, Jie Z, Kwota Z, Chen Y, et al. A tightly regulated IL-
22 response maintains immune functions and homeostasis in systemic viral
infection. Sci Rep (2017) 7(1):3857. doi: 10.1038/s41598-017-04260-0
Salmond RJ. mTOR Regulation of Glycolytic Metabolism in T Cells. Front Cell
Dev Biol (2018) 6:122:122. doi: 10.3389/fcell.2018.00122

Pollizzi KN, Powell JD. Regulation of T cells by mTOR: the known knowns
and the known unknowns. Trends Immunol (2015) 36(1):13-20. doi: 10.1016/
j.it.2014.11.005

Frontiers in Immunology | www.frontiersin.org

April 2021 | Volume 12 | Article 638575


https://www.frontiersin.org/articles/10.3389/fimmu.2021.638575/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.638575/full#supplementary-material
https://doi.org/10.3390/ijms19102863
https://doi.org/10.1056/NEJM199508313330903
https://doi.org/10.2337/dc11-1299
https://doi.org/10.3389/fendo.2018.00400
https://doi.org/10.1517/14728222.2015.1025051
https://doi.org/10.1158/0008-5472.CAN-07-2310
https://doi.org/10.1158/0008-5472.CAN-07-2310
https://doi.org/10.4161/cc.8.6.7933
https://doi.org/10.1186/s40880-017-0184-9
https://doi.org/10.1186/s40880-017-0184-9
https://doi.org/10.3233/JAD-181017
https://doi.org/10.3389/fendo.2020.00191
https://doi.org/10.1101/gad.1212704
https://doi.org/10.1016/j.neuron.2014.09.034
https://doi.org/10.1016/j.ceb.2017.02.012
https://doi.org/10.1016/j.ceb.2017.02.012
https://doi.org/10.1136/gutjnl-2017-315407
https://doi.org/10.1136/gutjnl-2017-315407
https://doi.org/10.1038/s41467-018-07213-x
https://doi.org/10.1038/s41467-018-07213-x
https://doi.org/10.1017/S1462399401002812
https://doi.org/10.18632/oncotarget.11033
https://doi.org/10.1158/1940-6207.CAPR-11-0228
https://doi.org/10.3892/br.2012.18
https://doi.org/10.1038/s41598-019-43228-0
https://doi.org/10.1111/jvh.12187
https://doi.org/10.1371/journal.pone.0191805
https://doi.org/10.18632/oncotarget.20248
https://doi.org/10.4049/jimmunol.1300117
https://doi.org/10.4049/jimmunol.1201970
https://doi.org/10.1002/hep.1840010511
https://doi.org/10.1002/hep.24270
https://doi.org/10.1111/j.1600-065X.2012.01152.x
https://doi.org/10.1111/j.1600-065X.2012.01152.x
https://doi.org/10.1016/j.cmet.2016.12.009
https://doi.org/10.1016/j.cmet.2010.03.014
https://doi.org/10.1038/ni.2068
https://doi.org/10.1038/s41598-017-04260-0
https://doi.org/10.3389/fcell.2018.00122
https://doi.org/10.1016/j.it.2014.11.005
https://doi.org/10.1016/j.it.2014.11.005
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Xu et al.

Metformin Alleviates Liver Injury

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Mishra P, Chan DC. Metabolic regulation of mitochondrial dynamics. J Cell
Biol (2016) 212(4):379-87. doi: 10.1083/jcb.201511036
Vakifahmetoglu-Norberg H, Ouchida AT, Norberg E. The role of
mitochondria in metabolism and cell death. Biochem Biophys Res Commun
(2017) 482(3):426-31. doi: 10.1016/j.bbrc.2016.11.088

Friedman JR, Nunnari J. Mitochondrial form and function. Nature (2014) 505
(7483):335-43. doi: 10.1038/nature12985

Wai T, Langer T. Mitochondrial Dynamics and Metabolic Regulation. Trends
Endocrinol Metab (2016) 27(2):105-17. doi: 10.1016/j.tem.2015.12.001

van der Windt GJ, Everts B, Chang CH, Curtis JD, Freitas TC, Amiel E, et al.
Mitochondrial respiratory capacity is a critical regulator of CD8+ T cell
memory development. Immunity (2012) 36(1):68-78. doi: 10.1016/
jimmuni.2011.12.007

Buck MD, O’Sullivan D, Klein Geltink RI, Curtis JD, Chang CH, Sanin DE,
et al. Mitochondrial Dynamics Controls T Cell Fate through Metabolic
Programming. Cell (2016) 166(1):63-76. doi: 10.1016/j.cell.2016.05.035
Bharath LP, Agrawal M, McCambridge G, Nicholas DA, Hasturk H, Liu J,
et al. Metformin Enhances Autophagy and Normalizes Mitochondrial
Function to Alleviate Aging-Associated Inflammation. Cell Metab (2020) 32
(1):44-55 e6. doi: 10.1016/j.cmet.2020.04.015

Tondera D, Czauderna F, Paulick K, Schwarzer R, Kaufmann J, Santel A. The
mitochondrial protein MTP18 contributes to mitochondrial fission in
mammalian cells. J Cell Sci (2005) 118(Pt 14):3049-59. doi: 10.1242/jcs.02415
Jezek J, Cooper KF, Strich R. Reactive Oxygen Species and Mitochondrial
Dynamics: The Yin and Yang of Mitochondrial Dysfunction and Cancer
Progression. Antioxid (Basel) (2018) 7(1):13. doi: 10.3390/antiox7010013
Campbell EL, Colgan SP. Control and dysregulation of redox signalling in the
gastrointestinal tract. Nat Rev Gastroenterol Hepatol (2019) 16(2):106-20.
doi: 10.1038/s41575-018-0079-5

Moshfegh CM, Collins CW, Gunda V, Vasanthakumar A, Cao JZ, Singh PK,
et al. Mitochondrial superoxide disrupts the metabolic and epigenetic
landscape of CD4(+) and CD8(+) T-lymphocytes. Redox Biol (2019)
27:101141. doi: 10.1016/j.redox.2019.101141

Sena LA, Li S, Jairaman A, Prakriya M, Ezponda T, Hildeman DA, et al.
Mitochondria are required for antigen-specific T cell activation through
reactive oxygen species signaling. Immunity (2013) 38(2):225-36.
doi: 10.1016/j.immuni.2012.10.020

Kauffman ME, Kauffman MK, Traore K, Zhu H, Trush MA, Jia Z, et al.
MitoSOX-Based Flow Cytometry for Detecting Mitochondrial ROS. React
Oxyg Species (Apex) (2016) 2(5):361-70. doi: 10.20455/r0s.2016.865

Saito T, Chiba T, Yuki K, Zen Y, Oshima M, Koide S, et al. Metformin, a
diabetes drug, eliminates tumor-initiating hepatocellular carcinoma cells. PloS
One (2013) 8(7):¢70010. doi: 10.1371/journal.pone.0070010

Ma S, Zheng Y, Xiao Y, Zhou P, Tan H. Meta-analysis of studies using
metformin as a reducer for liver cancer risk in diabetic patients. Med
(Baltimore) (2017) 96(19):e6888. doi: 10.1097/MD.0000000000006888
Babcook MA, Sramkoski RM, Fujioka H, Daneshgari F, Almasan A, Shukla S,
et al. Combination simvastatin and metformin induces G1-phase cell cycle
arrest and Ripkl- and Ripk3-dependent necrosis in C4-2B osseous metastatic
castration-resistant prostate cancer cells. Cell Death Dis (2014) 5:¢1536.
doi: 10.1038/cddis.2014.500

Koh §J, Kim JM, Kim IK, Ko SH, Kim JS. Anti-inflammatory mechanism of
metformin and its effects in intestinal inflammation and colitis-associated colon
cancer. ] Gastroenterol Hepatol (2014) 29(3):502-10. doi: 10.1111/jgh.12435
Chakraborty A, Chowdhury S, Bhattacharyya M. Effect of metformin on
oxidative stress, nitrosative stress and inflammatory biomarkers in type 2
diabetes patients. Diabetes Res Clin Pract (2011) 93(1):56-62. doi: 10.1016/
j.diabres.2010.11.030

Romero-Gomez M, Diago M, Andrade RJ, Calleja JL, Salmeron J, Fernandez-
Rodriguez CM, et al. Treatment of insulin resistance with metformin in naive
genotype 1 chronic hepatitis C patients receiving peginterferon alfa-2a plus
ribavirin. Hepatology (2009) 50(6):1702-8. doi: 10.1002/hep.23206
Nakashima K, Takeuchi K, Chihara K, Hotta H, Sada K. Inhibition of hepatitis
C virus replication through adenosine monophosphate-activated protein
kinase-dependent and -independent pathways. Microbiol Immunol (2011)
55(11):774-82. doi: 10.1111/j.1348-0421.2011.00382.x

Mankouri ], Tedbury PR, Gretton S, Hughes ME, Griffin SD, Dallas ML, et al.
Enhanced hepatitis C virus genome replication and lipid accumulation

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

mediated by inhibition of AMP-activated protein kinase. Proc Natl Acad Sci
USA (2010) 107(25):11549-54. doi: 10.1073/pnas.0912426107

Huang H, Kang R, Wang ], Luo G, Yang W, Zhao Z. Hepatitis C virus inhibits
AKT-tuberous sclerosis complex (TSC), the mechanistic target of rapamycin
(MTOR) pathway, through endoplasmic reticulum stress to induce
autophagy. Autophagy (2013) 9(2):175-95. doi: 10.4161/auto.22791

Yin Y, Choi SC, Xu Z, Perry DJ, Seay H, Croker BP, et al. Normalization of
CD4+ T cell metabolism reverses lupus. Sci Transl Med (2015) 7
(274):274ral8. doi: 10.1126/scitranslmed.aaa0835

Lee CF, Lo YC, Cheng CH, Furtmuller GJ, Oh B, Andrade-Oliveira V, et al.
Preventing Allograft Rejection by Targeting Immune Metabolism. Cell Rep
(2015) 13(4):760-70. doi: 10.1016/j.celrep.2015.09.036

Yuan H, Li L, Zheng W, Wan J, Ge P, Li H, et al. Antidiabetic drug metformin
alleviates endotoxin-induced fulminant liver injury in mice. Int
Immunopharmacol (2012) 12(4):682-8. doi: 10.1016/j.intimp.2012.01.015
Grahame Hardie D. AMP-activated protein kinase: a key regulator of energy
balance with many roles in human disease. ] Intern Med (2014) 276(6):543—
59. doi: 10.1111/joim.12268

Huang H, Long L, Zhou P, Chapman NM, Chi H. mTOR signaling at the
crossroads of environmental signals and T-cell fate decisions. Immunol Rev
(2020) 295(1):15-38. doi: 10.1111/imr.12845

Blagih J, Coulombe F, Vincent EE, Dupuy F, Galicia-Vazquez G, Yurchenko E,
et al. The energy sensor AMPK regulates T cell metabolic adaptation and
effector responses in vivo. Immunity (2015) 42(1):41-54. doi: 10.1016/
jimmuni.2014.12.030

Ma EH, Poffenberger MC, Wong AH, Jones RG. The role of AMPK in T cell
metabolism and function. Curr Opin Immunol (2017) 46:45-52. doi: 10.1016/
j.c01.2017.04.004

Curatolo P, Moavero R. mTOR Inhibitors in Tuberous Sclerosis Complex. Curr
Neuropharmacol (2012) 10(4):404-15. doi: 10.2174/157015912804143595

de la Cruz Lopez KG, Toledo Guzman ME, Sanchez EO, Garcia Carranca A.
mTORCI as a Regulator of Mitochondrial Functions and a Therapeutic Target in
Cancer. Front Oncol (2019) 9:1373. doi: 10.3389/fonc.2019.01373

Ramanathan A, Schreiber SL. Direct control of mitochondrial function by mTOR.
Proc Natl Acad Sci USA (2009) 106(52):22229-32. doi: 10.1073/pnas.0912074106
Dimeloe S, Burgener AV, Grahlert J, Hess C. T-cell metabolism governing
activation, proliferation and differentiation; a modular view. Immunology
(2017) 150(1):35-44. doi: 10.1111/imm.12655

Rashida Gnanaprakasam JN, Wu R, Wang R. Metabolic Reprogramming in
Modulating T Cell Reactive Oxygen Species Generation and Antioxidant
Capacity. Front Immunol (2018) 9:1075. doi: 10.3389/fimmu.2018.01075
Simeoni L, Bogeski I. Redox regulation of T-cell receptor signaling. Biol Chem
(2015) 396(5):555-68. doi: 10.1515/hsz-2014-0312

Yarosz EL, Chang CH. The Role of Reactive Oxygen Species in Regulating T
Cell-mediated Immunity and Disease. Immune Netw (2018) 18(1):el4.
doi: 10.4110/in.2018.18.e14

Devadas S, Zaritskaya L, Rhee SG, Oberley L, Williams MS. Discrete generation of
superoxide and hydrogen peroxide by T cell receptor stimulation: selective
regulation of mitogen-activated protein kinase activation and fas ligand
expression. ] Exp Med (2002) 195(1):59-70. doi: 10.1084/jem.20010659

Frossi B, De Carli M, Piemonte M, Pucillo C. Oxidative microenvironment
exerts an opposite regulatory effect on cytokine production by Th1 and Th2
cells. Mol Immunol (2008) 45(1):58-64. doi: 10.1016/j.molimm.2007.05.008
Jackson SH, Devadas S, Kwon J, Pinto LA, Williams MS. T cells express a
phagocyte-type NADPH oxidase that is activated after T cell receptor
stimulation. Nat Immunol (2004) 5(8):818-27. doi: 10.1038/ni1096

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Xu, Wang, Chen, Soong, Chen, Cai, Liang and Sun. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Immunology | www.frontiersin.org

April 2021 | Volume 12 | Article 638575


https://doi.org/10.1083/jcb.201511036
https://doi.org/10.1016/j.bbrc.2016.11.088
https://doi.org/10.1038/nature12985
https://doi.org/10.1016/j.tem.2015.12.001
https://doi.org/10.1016/j.immuni.2011.12.007
https://doi.org/10.1016/j.immuni.2011.12.007
https://doi.org/10.1016/j.cell.2016.05.035
https://doi.org/10.1016/j.cmet.2020.04.015
https://doi.org/10.1242/jcs.02415
https://doi.org/10.3390/antiox7010013
https://doi.org/10.1038/s41575-018-0079-5
https://doi.org/10.1016/j.redox.2019.101141
https://doi.org/10.1016/j.immuni.2012.10.020
https://doi.org/10.20455/ros.2016.865
https://doi.org/10.1371/journal.pone.0070010
https://doi.org/10.1097/MD.0000000000006888
https://doi.org/10.1038/cddis.2014.500
https://doi.org/10.1111/jgh.12435
https://doi.org/10.1016/j.diabres.2010.11.030
https://doi.org/10.1016/j.diabres.2010.11.030
https://doi.org/10.1002/hep.23206
https://doi.org/10.1111/j.1348-0421.2011.00382.x
https://doi.org/10.1073/pnas.0912426107
https://doi.org/10.4161/auto.22791
https://doi.org/10.1126/scitranslmed.aaa0835
https://doi.org/10.1016/j.celrep.2015.09.036
https://doi.org/10.1016/j.intimp.2012.01.015
https://doi.org/10.1111/joim.12268
https://doi.org/10.1111/imr.12845
https://doi.org/10.1016/j.immuni.2014.12.030
https://doi.org/10.1016/j.immuni.2014.12.030
https://doi.org/10.1016/j.coi.2017.04.004
https://doi.org/10.1016/j.coi.2017.04.004
https://doi.org/10.2174/157015912804143595
https://doi.org/10.3389/fonc.2019.01373
https://doi.org/10.1073/pnas.0912074106
https://doi.org/10.1111/imm.12655
https://doi.org/10.3389/fimmu.2018.01075
https://doi.org/10.1515/hsz-2014-0312
https://doi.org/10.4110/in.2018.18.e14
https://doi.org/10.1084/jem.20010659
https://doi.org/10.1016/j.molimm.2007.05.008
https://doi.org/10.1038/ni1096
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Metformin Modulates T Cell Function and Alleviates Liver Injury Through Bioenergetic Regulation in Viral Hepatitis
	Introduction
	Materials and Methods
	Animals and Treatment
	Detection of AdLacZ in Liver Sections
	Antibodies (Abs) and Reagents
	Histological and Serum Biochemical Analysis
	Isolation of Intrahepatic Lymphocytes (IHL)
	Flow Cytometry Analysis
	Quantitative Reverse Transcriptase-PCR (qRT-PCR)
	Measurement of Mitochondrial Mass and Superoxide
	CD8+ T Cell Purification
	Western Blot Analysis and ELISA Assay
	Statistical Analysis

	Results
	Metformin Treatment Alleviates Liver Injury in Ad-Induced Viral Hepatitis
	Metformin Limits Pro-Inflammatory Cytokine Production From T Cells
	The TSC1-Dependent mTOR Signaling Pathways Regulated by Metformin
	Metformin Modulates Mitochondrial Fission in T Cells
	Metformin Promotes Mitochondrial Superoxide Production in T Cells

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgment
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


