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Nonalcoholic fatty liver disease (NAFLD) patients with diabetes constitute a subgroup of patients
with a high rate of liver-related complications. Currently, there are no specific drug recommen-
dations for these patients. Metformin, a conventional insulin sensitizer agent, has been widely
prescribed in patients with diabetes. Metformin treatment has been shown to be effective at
alleviating hepatic lipogenesis in animal models of NAFLD, with a variety of mechanisms being
deemed responsible. To date, most studies have enrolled diabetic patients who are treated with
metformin, with the drug being taken continuously throughout the study. Although evidence ex-
ists regarding the benefits of metformin for NAFLD in preclinical studies, reports on the efficacy
of metformin in adult NAFLD patients have had some discrepancies regarding changes in liver
biochemistry and hepatic fat content. Evidence has also suggested possible effects of metformin
as regards the prevention of hepatocellular carcinoma tumorigenesis. This review was performed
to comprehensively summarize the available in vitro, in vivo and clinical studies regarding the
effects of metformin on liver steatosis for the treatment of adult NAFLD patients with diabetes.
Consistent reports as well as controversial findings are included in this review, and the mecha-
nistic insights are also provided. In addition, this review focuses on the efficacy of metformin
as a monotherapy and as a combined therapy with other antidiabetic medications. (Gut Liver
2021;15:827-840)
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is a common
disease with increasing incidence worldwide. A large co-
hort in the United States showed a 5-fold increase in inci-
dence from 1997 to 2014." Insulin resistance has a pivotal
role in NAFLD development and progression’ and NAFLD
patients with diabetes are a subgroup of patients with a
high rate of liver-related complications.’ In response to in-
sulin resistance, hyperinsulinemia occurs causing the aug-
mentation of hepatic de novo lipogenesis pathways, result-
ing in hepatic steatosis and further hepatic inflammation.’
Currently, the treatment of NAFLD is markedly under
investigation. To date, no medication has been approved

to treat NAFLD and nonalcoholic steatohepatitis (NASH)
by the Food and Drug Administration in the United States
and there is no specific drug recommended for treating the
subgroup of NAFLD patients with diabetes.

Metformin, an insulin sensitizer agent in the biguanide
subclass, is a widely used drug in diabetic patients with a
good safety profile. Since it involves multiple molecular
mechanisms in glucose metabolism and anti-inflammatory
effects,” metformin is one of the most interesting medi-
cations for the possible treatment or control of NAFLD
progression. A previous meta-analysis of randomized-con-
trolled trials evaluated the treatment response of metfor-
min in patients with NAFLD and NASH. It was concluded
that metformin was not associated with liver histologic
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improvement in patients with histologic NASH. How-
ever, most of the patients enrolled in these studies were
nondiabetic’"" or patients with insulin resistance without
established diabetes.”” Currently, reports on the effects of
metformin among diabetic NAFLD patients have been in-
consistent. Since most of the diabetes patients were receiv-
ing metformin, the beneficial effects of this treatment need
to be elucidated.

In this review, we have comprehensively summarized
findings from in vivo, in vitro, and clinical studies regard-
ing metformin for the treatment of adult NAFLD patients
with diabetes. Our review focuses on the efficacy of met-
formin in treating liver steatosis. Consistent and contro-
versial reports regarding the mechanisms responsible for
the effect of metformin on NAFLD development are also
discussed. Relevant publications in the PubMed database
were included in this review, the search terms used being
“metformin” and “NAFLD,” “NASH” and “diabetes” Only
the articles published in English were reviewed.

EFFECTS OF METFORMIN ON

LIPOGENESIS REDUCTION IN NAFLD:
REPORTS FROM IN VITRO STUDIES

The findings from in vitro studies demonstrated that
metformin could reduce lipid accumulation'’ and de novo
fatty acid synthesis."*"°
to be essential to the regulation of hepatic de novo lipo-
genesis. For example, the enzyme acetyl-CoA carboxylase
(ACC) catalyzes acetyl CoA into malonyl CoA, a precursor
for fatty acid hepatic synthesis, ACC playing a vital role
in a rate limiting step of lipogenesis.”” Phosphorylation of
ACC via AMP-activated protein kinase (AMPK) inhibits
the action of ACC, leading to inhibition of lipogenesis.'*"’
Metformin increased inhibitory phosphorylation of ACC"
and induced hepatic Rho-kinase 1 (ROCK1) inhibition,'®
resulting in AMPK activation and a decrease in lipogenic
genes associated with de novo lipogenesis.'® Autophagy
restoration via the sirtuin 1 (SIRT1) dependent pathway"’
and signal transducer and activation of transcription 3
(STAT3) inhibition® by metformin has been demon-
strated. Anti-apoptotic activity,”' protection against lipid-
induced necrotic cell death,” reduction of oxidative stress”
and inflammatory markers™ were also shown in metfor-
min treated cells. These in vitro reports are summarized in
Supplementary Table 1.

Several proteins have been shown
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EFFECTS OF METFORMIN ON

LIPOGENESIS REDUCTION IN NAFLD:
REPORTS FROM IN VIVO STUDIES

Several in vivo studies evaluated the effects of met-
formin on the reduction of hepatic fat content and the
mechanism responsible. A variety of studies involving a
range of dosages, routes, and durations of metformin treat-
ment in genetically modified mice which exhibit features
of hepatic steatosis, or dietary models of NAFLD rats or
mice have been performed. Most of the studies demon-
strate the effectiveness of intrahepatic lipid reduction by
121016202228 However, there are a few contradic-
tory reports showing ineffectiveness of metformin treat-
ment.”*”?' The differences in the NAFLD models used
causing the varying degrees of disease severity, and ac-
companying metabolic derangement could be responsible
for the discrepancies. It is observable that among the stud-
ies showing negative effects, the models with more severe
disease were used, including the use of mice feeding with
higher percentage of fat in high fat diet (HFD),” methio-
nine- and choline-deficient diet,”” Zucker diabetic fatty
rat,” and Goto-Kakizaki rat fed with HFD.”' The dosing
and route of metformin administration were also varied
between studies, and this could potentially affect the drug
absorption with all studies using intraperitoneal route ad-
ministration showing positive effects.'"**

metformin.

1. Effects of metformin on molecular mechanisms of
hepatic steatosis (de novo lipogenesis reduction
and increased fatty acid B-oxidation)

Metformin is known to activate AMPK.” The inhibi-
tion of phosphorylation of ACC by AMPK resulting in de
novo lipogenesis reduction is one of the most widely men-
tioned responsible mechanisms. “'****** An ACC knock-
in mouse model had increased liver triglyceride (TG)
content and increased liver fibrosis."* Metformin treatment
decreased hepatic lipogenesis and liver TG content in wild-
type mice but not in ACC knock-in mice. These findings
suggested that inhibition of phosphorylation of ACC by
AMPK was essential in metformin action."* Other studies
added weight to this by demonstrating increasing AMPK
activation and decreasing hepatic TG content in mice
treated with metformin.'****** It has been proposed that
AMPK activation was mediated by ROCK1."® Lipogenic
gene expression of proteins involved in hepatic lipogen-
esis, including sterol regulatory element-binding protein
1 (SREBP-1c¢),'** ACC,” fatty acid synthase (FAS)'** and
stearoyl-CoA desaturase-1 (SCD1)"® were reduced with
metformin treatment. It was speculated that these changes
were related to the activation of AMPK.'**
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Leptin is an adipose tissue-produced peptide which
decreases hepatic de novo fatty acid synthesis and pro-
motes peroxisome proliferator-activated receptor gamma
coactivator-1la. (PPARa)-dependent fatty acid beta oxida-
tion.™* Circulating leptin levels were found to be higher in
NAFLD patients than controls™ and it was proposed that
the blunted response of the liver to leptin action was re-
lated to hepatic steatosis.”® An enhanced leptin sensitivity
by metformin is one of potential mechanisms underlying
its steatosis alleviation effect.”” However, a study in Zucker
diabetic fatty rats, those with missense mutation in the
leptin receptor gene which develop early fatty liver, severe
hyperlipidemia, and insulin resistance,” showed that met-
formin had no effect on NAFLD.” This finding may imply
the leptin gene is essential for metformin treatment to be
effective, or suggest that the extent of the effect of metfor-
min was not enough in the case of a more severe and early
onset of disease. Proteins involved in mitochondrial lipid
oxidation were up-regulated following metformin treat-
ment,” suggesting the potential effect of metformin in
increasing mitochondrial lipid oxidation. All these reports
are summarized in Table 1.

2. Effects of metformin on hepatic inflammation,

oxidative stress, and fibrosis

Tumor necrosis factor-o. (TNF-q) is known to be a me-
diator of apoptosis and hepatotoxicity.” It is also involved
in NAFLD development and NASH progression.” The re-
sults regarding TNF-q. level upon metformin treatment are
inconsistent, showing both reduction in*****'
TNF-q, levels.”®” Other inflammatory markers, including,
inducible nitric oxide synthase (iNOS),**** interleukin-
1B, transforming growth factor p (TGF-p),” and CD68™
decreased upon metformin treatment. While the markers
of inflammation decreased, the oxidative stress parameters
glutathione and superoxide dismutase (SOD),” and the
antioxidant protein peroxiredoxin 6 (PRDX-6)* increased
after metformin treatment. These findings provide a po-
tential mechanism for metformin in treatment of NAFLD
by alleviating inflammation in the liver and decreasing oxi-
dative stress. All these reports are summarized in Table 2.

and neutral

3. Direct degradation of intracellular lipid by

autophagy induction

The induction of autophagy enables cells to reutilize
their own constituents for energy, one of the approaches
for NAFLD treatment.” The downregulation of SIRT1
expression and autophagy induction in the liver of ob/ob
mice were restored following treatment with metformin.”
Additionally, metformin was shown to inhibit the STAT3
pathway,” the pathway in which inhibition also induced

autophagy.” All these reports are summarized in Table 3.

4. Other proposed mechanisms of metformin

Apolipoprotein A-I (ApoA-I) may be involved in the
treatment effects of metformin as its deficiency increased
mice sensitivity to diet-induced obesity” and blunted
the beneficial effect of metformin on liver lipid content.”
Metformin alters the enzymes and genes associated with
NAFLD development. Deficiency of the enzyme glycine
N-methyltransferase (GNMT) which has a crucial role
in NAFLD development,* was up-regulated upon treat-
ment.” It also induced transcriptome alteration which is
negatively correlated with liver disease and injuries,” and
induced changes in gene expression associated with the
NAFLD phenotypes.”

Intestinal dysbiosis and gut barrier function were found
to be associated with the development of NAFLD.” The
mechanism behind the protective effects of metformin
against NAFLD development could be partly due to the
modulation of the population of intestinal microbiota,”
protection against tight junction protein loss,” and the
reduction of bacterial endotoxins.”**’ All these reports are
summarized in Supplementary Table 2. A summary of in
vivo and in vitro reports, regarding the mechanisms be-
hind the action of metformin and lipogenesis reduction in
the NAFLD model is also shown in Fig. 1.

EFFECTS OF METFORMIN ON THE LIVER
IN NAFLD PATIENTS WITH DIABETES

Preclinical studies showed remarkable improvement in
liver histology and in the reduction of hepatic fat content
following treatment with metformin as mentioned earlier.
Therefore, metformin was expected to be a promising
medication against NASH. However, metformin had lim-
ited impact in clinical studies among NAFLD or NASH
patients without diabetes.”*'* The question remained to be
answered is whether metformin treatment in NAFLD pa-
tients with diabetes could provide any clinical benefit since
it is accepted as a safe medication and is widely used. Here
we summarized available clinical reports on NAFLD pa-
tients with diabetes, including the effects of metformin as a
monotherapy, comparison of metformin to other antidia-
betic medications and as part of a combination treatment.

1. Effects of metformin as a monotherapy in NAFLD
patients with diabetes
The efficacy of metformin monotherapy in the NAFLD
population with diabetes has rarely been evaluated in a
randomized-controlled study. The majority of the clinical
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studies were conducted with the primary aim of compar-
ing the effects of metformin with other antidiabetic medi-
cations. No placebo-controlled study has been conducted
at this time. In eight studies that reported the effects of
metformin in diabetic NAFLD patients compared to the
pretreatment baseline condition, the patients were treated
with metformin at dosages ranging from 1,000 to 2,000
mg/day for 12 to 48 weeks."”* These studies had various
methods of NAFLD diagnosis, including ultrasonographic
assessment of hepatic steatosis, a quantitative ultrasono-
graphic method, or a liver/spleen computed tomography
ratio (L/S CT ratio) of less than 1. One study included the
patients who underwent liver biopsy and were diagnosed
as NASH.™

Metformin was shown to be beneficial in patients with
NAFLD compared to baseline. Five studies showed that
metformin treatment for 12 to 24 weeks reduced the body
mass index (BMI), liver fat content, liver enzymes, and he-
moglobin Alc (HbAlc) and improved insulin resistance in
NAFLD patients with type 2 diabetes mellitus (T2DM).**™
A prospective study in 11 patients with new-onset T2DM
showed lower amounts of fat in the liver after 16 weeks
of metformin treatment.”> However, one study reported
inconsistent findings. In this small study with 16 partici-
pants treated with metformin for 24 weeks, increased liver
fat content was demonstrated, and no beneficial effects of
metformin were found on the BMI, transaminase level,
and HbAlc.” The possible cause of this conflicting result
could be due partly to the limited number and type of
patients enrolled. In this study, the enrolled patients were
older than other studies (mean age of 60 years) with slight-
ly lower baseline HbAlc compared to other studies (mean
HbAlc of 7.4%). These patients’ characteristics suggest
longer NAFLD disease duration and less insulin resistance
in the enrolled patients. Future studies are needed to test
this hypothesis.

Metformin treatment significantly decreased liver fibro-
sis evaluated by noninvasive measurement in NAFLD pa-
tients.* However, inconsistent report exists. No significant
improvement of fibrosis was demonstrated in histologic
NASH patients (n=10) evaluated by liver biopsy.”" The
number of patients included in this study was small, which
could limit the study power. Since this study also enrolled
both T2DM and impaired glucose tolerance patients, the
mean HbA 1c at baseline (5.8%) was lower than other stud-
ies. Several studies already showed that metformin was in-
effective among patients without diabetes,”*'” thus further
investigations in diabetes population are required. All these
reports are summarized in Table 4.

Similar to findings from preclinical studies, metformin
use is associated with decreased liver fat content in diabetic

Interpretations

and reversed autophagy inhibition.

Metformin restored SIRT1 expression and induced
autophagy.

Metformin inactivated STAT3 signaling pathway

Effects of metformin
| STAT3 protein and mRNA expression

| Histologic steatosis
t Autophagy

| Hepatic TG
t SIRT1 expression
t Autophagy

Metformin (dose/route/duration)

- 300 mg/kg/day/IP/4 weeks
- 250 mg/kg/day/IP/4 weeks

Method
- 0b/0b mice
- Chow diet
- MCD diet

Model (age)
Male C57BL/6J mice (6 weeks old)

Author (year)
Song et al. (2015)® C57BL/6J mice (8 weeks old)

Lietal. (2019)%
IP, intraperitoneal route; MCD, methionine-and choline-deficient diet; SIRT1, sirtuin 1; STAT3, signal transducer and activator of transcription 3; TG, triglyceride content; |}, significant decrease; 1, signifi-

Studies showing effective intrahepatic lipid reduction by metformin
cant increase.

Table 3. Metformin Effects on the Direct Degradation of Intracellular Lipid by Autophagy Induction: Evidence from In Vivo Reports
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Fig. 1. Mechanism of action of metformin in nonalcoholic fatty liver disease. (A] Decrease in de novo lipogenesis: (1) AMPK activation and in-
crease inhibitory phosphorylation of ACC; (2] inhibition of ROCK-1 by metformin resulting in inhibitory phosphorylation of ACC; and (3) increase
in leptin sensitivity attenuates de novo lipogenesis pathway. Decreasing fatty acyl CoA also decreases hepatic steatosis, decreases lipid-induced
ER stress and decreases substrate for FA B-oxidation. (B) Increase in FA B-oxidation: (3) increase in leptin sensitivity induces PPARa-dependent
FA B-oxidation; (4) up-regulation of proteins involved in mitochondrial lipid oxidation by metformin results in increased FA breakdown and energy
combustion. (C) Decrease in inflammation and HSC activation: (5) decreased lipid-induced ER stress and oxidative stress due to decreased de novo
lipogenesis; (6) TNF-a reduction decreases Kupffer cell and HSC activation resulting in reducing inflammation and fibrosis in the liver. (D) Direct
degradation of intracellular lipid: (7, 8) induction of autophagy by restoration of SIRT1 activity causing lipolysis by lysosome (lipophagy).

ACC, acetyl-CoA carboxylase; CPT-1, carnitine palmitoyltransferase; ECM, extracellular matrix proteins; ER, endoplasmic reticulum; FA, fatty acid;
FAS, fatty acid synthase; HSC, hepatic stellate cells; LepR, leptin receptor; Monounsat. LC-FAs, monounsaturated long-chain FAs; P-AMPK, phos-
phorylated AMP-activated protein kinase; PPARa., peroxisome proliferator-activated receptor gamma coactivator-1a,; ROCK1, Rho-kinase 1; Sat.,
saturated; SCD, stearoyl-CoA desaturase; SIRT1, sirtuin 1; SREBP-1c, sterol regulatory element-binding protein 1; TNF-a, tumor necrosis factor.

patients. However, the effect is not as prominent as the
effect shown in the rodent studies as the liver histology
improvement was not replicated. It is unclear why there
is a difference between animal and human studies. We
speculate that this might be due to the uniform pattern of
fatty phenotype in the animals studied, and the difference
in the pharmacokinetics of metformin between species.
Animal studies with an NAFLD model include genetically
modified mice or mice fed with a diet promoting the de-
velopment of a fatty liver. These models generate uniform
fatty rodents and the effect of metformin might be seen
more clearly than in a human study in which the partici-
pants had various degrees of severity of fatty liver and
concurrent metabolic derangements. Metformin is taken
up in the liver via organic cation transporter-1 (OCT1).”
Hepatic uptake of various drugs via this transporter has
been shown to have differ between species, for example be-
tween mice and humans.” To our knowledge, no previous
research had explored the species difference of metformin

uptake. Therefore, it remains unclear whether our specula-
tion would impact the results. Future research should ex-
amine this issue as it is important when projecting animal
research results to humans. Histologic outcome should be
further evaluated in a larger NAFLD population with dia-
betes. The effect of long-term treatment of metformin on
liver-related adverse events are currently unclear, knowl-
edge surrounding this is desirable.

Most of the recent studies conducted in diabetic
NAFLD patients enrolled the patients treated with met-
formin and allowed metformin continuation during the
study. Some studies included both metformin users and
nonusers. However, despite modest effects being observed,
metformin monotherapy decreased liver transaminases
and hepatic fat content. These effects were prominent dur-
ing the 12 to 24 weeks after administration. Therefore, the
conduction of clinical studies should consider this possible
effect for patient selection to avoid confounding effects
caused by metformin treatment.

https://doi.org/10.5009/gnl20367 833
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2. Effects of metformin compared to other antidiabetic

drugs in NAFLD patients with diabetes

In the past decades, new classes of antidiabetic drugs
have been approved to be used in T2DM patients. Al-
though metformin as a monotherapy has been shown to
reduce hepatic steatosis and improve liver biochemistry
in diabetic NAFLD patients, the magnitude of the ben-
efits seems to be more subtle than the newer antidiabetic
drugs. These newer agents include thiazolidinediones, '
glucagon-like peptide-1 (GLP-1) receptor agonists,"”***
and sodium-glucose co-transporter-2 (SGLT?2) inhibitors.”

Sitagliptin, a dipeptidyl peptidase-4 inhibitor (DPP4i),
had less potency than metformin in reducing liver en-
zymes.” Gliclazide, a drug in sulfonylurea class, was able to
decrease hepatic fat content but to a lower extent than that
observed after metformin therapy.® A summary of reports
comparing the effects of metformin to other antidiabetic
drugs on the liver in diabetic NAFLD patients is shown in
Table 5.

3. Effects of combined treatment with metformin and
other antidiabetic drugs in NAFLD patients with
diabetes
A combination of metformin with other antidiabetic

drugs in NAFLD patients with diabetes had been studied

and reported. Since most of diabetic patients had previ-
ously received metformin, enrollment of these patients
with other antidiabetic medications being added on was
common across most of these studies. Addition of thia-
zolidinediones,” GLP-1 receptor agonists,”*” DPP4i”’ and

SGLT2i" all provided additional benefit to metformin as

a monotherapy. However, it should be noted that the syn-

ergistic effect of metformin added on to other antidiabetic

Future research directions of metformin
treatment in NAFLD with diabetes patients

\Normal liver

Long-term

"« NAFLD -
clinical outcomes?

N\
’ ?/”\N‘ASH

Combination/add-on
to other treatment?

Early treatment
and NAFLD
prevention?

@rosis/cirrhosis

Hee HCC

prevention?

Fig. 2. Future directions.
NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steato-
hepatitis; HCC, hepatocellular carcinoma.

medications has not yet been reported. Insulin glargine
treatment did not improve NAFLD parameters further, as
insulin treatment did not affect the insulin resistance nor
body weight reduction.”” A summary of the reports regard-
ing the effects of a combined treatment with metformin
and other antidiabetic drugs on the liver in NAFLD pa-
tients with diabetes is shown in Table 6.

HCC DEVELOPMENT
The use of metformin was associated with a reduced
risk of hepatocellular carcinoma (HCC).” Several epide-
miological studies suggested that metformin had potential
antitumor effect with potential effects in cancer preven-

%81 A large matched-paired cohort conducted in Tai-
wan found that metformin was associated with HCC inci-

tion.

dence reduction in patients with T2DM with a hazard ratio
of 0.76 (0.67 to 0.85).” In a mouse model of NASH and
liver tumor, metformin decreased the proportion of tumor-
carrying mice.” However, this effect was not observed in
the liver in mice that had already developed NAFLD.”
Another study of a HFD-fed, HCC model of transgenic
zebrafish demonstrated the HFD enhanced malignancy-
related histologic and morphologic features.” Metformin
treatment reduced liver size and reversed the diet-induced
increase in steatosis, vessel formation, and inflammation
and restored T cell infiltration.” These results suggested
potential benefits of metformin in the prevention of HFD-
induced liver tumorigenesis and progression, especially if
administered early prior to the onset of NAFLD. Further
studies are needed to warrant this benefit of metformin as
regards liver cancer.

FUTURE PERSPECTIVES

Metformin treatment was shown to be effective in al-
leviating hepatic lipogenesis in animal models of NAFLD
through various mechanisms. However, in clinical studies,
metformin could modestly reduce the BMI, liver fat con-
tent, and liver enzymes in NAFLD patients with diabetes.
Despite these reports on benefits of metformin, some
contradicting reports still exist. Combination treatments
with other antidiabetic drugs, especially the drugs in the
thiazolidinediones, GLP-1 receptor agonists and SGLT2
inhibitors groups demonstrated increased efficacy. Among
diabetic patients with biopsy-proven NASH, currently
available data from a small enrolled study suggested that

https://doi.org/10.5009/gnl20367 837
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metformin was not associated with histologic or liver fi-
brosis improvement. Further research with a larger sample
size is warranted to confirm these findings. A long-term
clinical study to evaluate liver-related complications, and
a study to elucidate the role of metformin in HCC preven-
tion are necessary. Summaries of the future directions are
shown in Fig. 2. Nevertheless, there is a potential benefit in
the continued use of metformin in NAFLD patients with
diabetes, either alone or in combination with other antidia-
betic drugs.
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