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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 recommendations 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 exists 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 mechanistic 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,
Published online April 7, 2021)
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INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) is a common
disease with increasing incidence worldwide. A large cohort in the United States showed a 5-fold increase in incidence from 1997 to 2014.1 Insulin resistance has a pivotal
role in NAFLD development and progression2 and NAFLD
patients with diabetes are a subgroup of patients with a
high rate of liver-related complications.3 In response to insulin resistance, hyperinsulinemia occurs causing the augmentation of hepatic de novo lipogenesis pathways, resulting in hepatic steatosis and further hepatic inflammation.4
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,5 metformin is one of the most interesting medications for the possible treatment or control of NAFLD
progression. A previous meta-analysis of randomized-controlled trials evaluated the treatment response of metformin in patients with NAFLD and NASH.6 It was concluded
that metformin was not associated with liver histologic
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improvement in patients with histologic NASH. However, most of the patients enrolled in these studies were
nondiabetic7-11 or patients with insulin resistance without
established diabetes.12 Currently, reports on the effects of
metformin among diabetic NAFLD patients have been inconsistent. Since most of the diabetes patients were receiving 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 regarding metformin for the treatment of adult NAFLD patients
with diabetes. Our review focuses on the efficacy of metformin in treating liver steatosis. Consistent and controversial 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 accumulation13 and de novo
fatty acid synthesis.14-16 Several proteins have been shown
to be essential to the regulation of hepatic de novo lipogenesis. 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.17 Phosphorylation of
ACC via AMP-activated protein kinase (AMPK) inhibits
the action of ACC, leading to inhibition of lipogenesis.18,19
Metformin increased inhibitory phosphorylation of ACC13
and induced hepatic Rho-kinase 1 (ROCK1) inhibition,16
resulting in AMPK activation and a decrease in lipogenic
genes associated with de novo lipogenesis.16 Autophagy
restoration via the sirtuin 1 (SIRT1) dependent pathway13
and signal transducer and activation of transcription 3
(STAT3) inhibition20 by metformin has been demonstrated. Anti-apoptotic activity,21 protection against lipidinduced necrotic cell death,21 reduction of oxidative stress21
and inflammatory markers20 were also shown in metformin treated cells. These in vitro reports are summarized in
Supplementary Table 1.
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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 metformin 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 treatment 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 demonstrate the effectiveness of intrahepatic lipid reduction by
metformin.13,14,16,20,22-28 However, there are a few contradictory reports showing ineffectiveness of metformin treatment.15,29-31 The differences in the NAFLD models used
causing the varying degrees of disease severity, and accompanying metabolic derangement could be responsible
for the discrepancies. It is observable that among the studies 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),15 methionine- and choline-deficient diet,29 Zucker diabetic fatty
rat,30 and Goto-Kakizaki rat fed with HFD.31 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 administration showing positive effects.13,14,20
1. Effects of metformin on molecular mechanisms of
hepatic steatosis (de novo lipogenesis reduction
and increased fatty acid β-oxidation)
Metformin is known to activate AMPK.32 The inhibition of phosphorylation of ACC by AMPK resulting in de
novo lipogenesis reduction is one of the most widely mentioned responsible mechanisms.14,16,22,24,30 An ACC knockin mouse model had increased liver triglyceride (TG)
content and increased liver fibrosis.14 Metformin treatment
decreased hepatic lipogenesis and liver TG content in wildtype mice but not in ACC knock-in mice. These findings
suggested that inhibition of phosphorylation of ACC by
AMPK was essential in metformin action.14 Other studies
added weight to this by demonstrating increasing AMPK
activation and decreasing hepatic TG content in mice
treated with metformin.16,22,24,30 It has been proposed that
AMPK activation was mediated by ROCK1.16 Lipogenic
gene expression of proteins involved in hepatic lipogenesis, including sterol regulatory element-binding protein
1 (SREBP-1c),16,23 ACC,23 fatty acid synthase (FAS)16,23 and
stearoyl-CoA desaturase-1 (SCD1)16 were reduced with
metformin treatment. It was speculated that these changes
were related to the activation of AMPK.16,33
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Leptin is an adipose tissue-produced peptide which
decreases hepatic de novo fatty acid synthesis and promotes peroxisome proliferator-activated receptor gamma
coactivator-1α (PPARα)-dependent fatty acid beta oxidation.34 Circulating leptin levels were found to be higher in
NAFLD patients than controls35 and it was proposed that
the blunted response of the liver to leptin action was related to hepatic steatosis.36 An enhanced leptin sensitivity
by metformin is one of potential mechanisms underlying
its steatosis alleviation effect.23 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,37 showed that metformin had no effect on NAFLD.30 This finding may imply
the leptin gene is essential for metformin treatment to be
effective, or suggest that the extent of the effect of metformin 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 treatment,38 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-α (TNF-α) is known to be a mediator of apoptosis and hepatotoxicity.39 It is also involved
in NAFLD development and NASH progression.40 The results regarding TNF-α level upon metformin treatment are
inconsistent, showing both reduction in20,25,26,31 and neutral
TNF-α levels.28,29 Other inflammatory markers, including,
inducible nitric oxide synthase (iNOS),25,26 interleukin1β,20 transforming growth factor β (TGF-β),28 and CD6822
decreased upon metformin treatment. While the markers
of inflammation decreased, the oxidative stress parameters
glutathione and superoxide dismutase (SOD),25 and the
antioxidant protein peroxiredoxin 6 (PRDX-6)38 increased
after metformin treatment. These findings provide a potential mechanism for metformin in treatment of NAFLD
by alleviating inflammation in the liver and decreasing oxidative stress. All these reports are summarized in Table 2.
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.41 The downregulation of SIRT1
expression and autophagy induction in the liver of ob/ob
mice were restored following treatment with metformin.13
Additionally, metformin was shown to inhibit the STAT3
pathway,20 the pathway in which inhibition also induced

autophagy.42 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 obesity43 and blunted
the beneficial effect of metformin on liver lipid content.24
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,44 was up-regulated upon treatment.38 It also induced transcriptome alteration which is
negatively correlated with liver disease and injuries,22 and
induced changes in gene expression associated with the
NAFLD phenotypes.22
Intestinal dysbiosis and gut barrier function were found
to be associated with the development of NAFLD.45 The
mechanism behind the protective effects of metformin
against NAFLD development could be partly due to the
modulation of the population of intestinal microbiota,27
protection against tight junction protein loss,26 and the
reduction of bacterial endotoxins.26,27 All these reports are
summarized in Supplementary Table 2. A summary of in
vivo and in vitro reports, regarding the mechanisms behind 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 limited impact in clinical studies among NAFLD or NASH
patients without diabetes.7,8,12 The question remained to be
answered is whether metformin treatment in NAFLD patients 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 patients with diabetes, including the effects of metformin as a
monotherapy, comparison of metformin to other antidiabetic 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
https://doi.org/10.5009/gnl20367 3

Model (age)

Method

4 www.gutnliver.org

Male C57BL/6J mice
(4–6 weeks old)

Female C57BL/6J mice
(8 weeks old)
Female C57BL/6J mice
(6–8 weeks old)

Tang et al. (2016)23

Stachowicz et al. (2012)38

Male C57BL/6J mice
(8 weeks old)
Male Zucker diabetic fatty
rats (4–8 weeks old)
- fa/fa rats

- HFD

- 2.5 g/kg/day/PO/5 weeks
- Starting after HFD for 5 weeks
- 50 mg/kg/day/PO/24 weeks

- 300 mg/kg/day/PO/6 weeks

↔ Hepatic TG
↔ p-ACC/ACC
↑ Histologic fatty changes
↓ Total AMPK
↑ p-AMPK
↔ SCD1
↓ G6PDX, HMGCS1, IGFBP1

↓ Hepatic TG
↓ Liver NAS
↓ SREBP-1c
↔ FAS, ACC
↔ Hepatic TG
↓ Liver NAS
↔ SREBP-1c, FAS, ACC

↓ Hepatic lipogenesis, TG
↓ Malonyl CoA
↔ Hepatic lipogenesis, TG
↔ Malonyl CoA
↓ Hepatic TG, histologic steatosis
↑ P-AMPK/total AMPK
↓ Hepatic TG, TC
↑ p-AMPK/AMPK
↓ p-ACC/ACC
↓ Hepatic TG, TC
↑ AMPK activity
↓ FAS, SCD1, SREBP-1c
↓ Hepatic ROCK1 activity
↔ AMPK activity
↔ FAS, SCD1, SREBP-1c
↓ Hepatic TG
↓ SREBP-1c, FAS, ACC-1
↑ Hepatic LepR
↓ Hepatic TG
↓ SREBP-1c, FAS, ACC-1
↑↑ Hepatic LepR
↑ SCAD, ECHD3, IPYR

Effects of metformin

Metformin had no effect on hepatic TG
content and AMPK activation.
Metformin promoted AMPK activation and
correction of gene expression
associated with LepR mutation.

Metformin up-regulated protein related
fatty acid beta-oxidation.
Metformin improved liver histology and
delayed the development of NAFLD.

Metformin dose-dependently enhanced
hepatic leptin sensitivity.

Metformin inactivated ROCK1, resulting in
activation of AMPK signaling.

Metformin induced phosphorylation of
AMPK.
Metformin activated AMPK in vivo .

Inhibitory phosphorylation of ACC by
AMPK was essential for controlling
lipid metabolism and metformin action.

Interpretations

ACC, acetyl-CoA carboxylase; ACC-DKI, ACC double knock-in mutation; AMPK, AMP-activated protein kinase; apoE-/-, apolipoprotein E knock-out mutation; ECHD3, enoyl-CoA hydratase domain-containing protein 3; FAS, fatty acid synthase; G6PDX, glucose-6-phosphate dehydrogenase X-linked; HFD, high fat diet; HMGCS1, 3-hydroxy-3-methylglutaryl-coA synthase 1; IGFBP1, insulin-like growth factorbinding protein-1; IP, intraperitoneal route; IPYR, inorganic pyrophosphatase; LepR, leptin receptor; L-ROCK1-/-, liver-specific ROCK1 deficient mice; NAFLD, nonalcoholic fatty liver disease; NAS, NAFLD
activity score; p-ACC, phosphorylation of acetyl-CoA carboxylase; p-AMPK, phosphorylation of AMPK; PO, per os; ROCK1, Rho-kinase 1; SCAD, short-chain specific acyl-Co A dehydrogenase; SCD1, stearoylCoA desaturase-1; SREBP-1c, sterol regulatory element-binding protein 1; TC, total cholesterol contents; TG, triglyceride content; ↓, significant decrease; ↑, significant increase; ↔, no significant change.

Sui et al. (2019)30

Ford et al. (2015)15

- 10 mg/kg/day/PO/16 weeks

- 200 mg/kg/day PO/15 days
- Starting after HFD for 5 months

- 50 mg/kg/day/PO/15 days
- Starting after HFD for 5 months

- 250 mg/kg/day/PO/4 weeks
then 500 mg/kg/day/PO/8 weeks
- Starting after HFD for 14 weeks

- 3 mg/kg/day/PO/5 weeks
- Starting after HFD for 12 weeks

- 50 mg/kg/day/IP/6 weeks
- Starting after HFD for 12 weeks
- 50 mg/kg/day/IP/6 weeks
- Starting after HFD for 12 weeks
- 300 mg/kg/day/PO/18 weeks

Metformin (dose/route/duration)

- Fat-fructose-and - 300 mg/kg/day/PO/4 days
cholesterol-rich
diet

- apoE-/-

- L-ROCK1-/- HFD
- HFD

- HFD

Studies showing ineffective intrahepatic lipid reduction by metformin

Brandt et al. (2019)26

Male C57BL/6J mice
(6 weeks old)

Huang et al. (2018)16

Studies showing effective intrahepatic lipid reduction by metformin
Fullerton et al. (2013)14
Male C57BL/6J mice
- HFD
(6 weeks old)
- ACC-DKI
- HFD
Karavia et al. (2015)24
Male C57BL/6J mice
- Western diet
(10–12 weeks old)
Guo et al. (2018)22
Male C57BL/6J mice
- HFD
(3 weeks old)

Author (year)

Table 1. Effects of Metformin on the Molecular Mechanisms of Hepatic Steatosis (De Novo Lipogenesis Reduction and Increased Fatty Acid β-Oxidation): Evidence from In Vivo Reports
Gut and Liver, Published online April 7, 2021

Model (age)

Method

Female C57BL/6J mice - Fat/fructose-and - 300 mg/kg/day/PO/4 days
(6–8 weeks old)
cholesterol-rich
diet
- 300 mg/kg/day/PO/6 weeks

Brandt et al. (2019)26

Male C57BL/6J mice
(10 weeks old)

Goto-Kakizaki rats
(8 weeks old)
- MCD diet

- HFD

- 250 mg/kg/day/PO/6 weeks

- 60 mg/kg/day/PO/4 weeks
- Starting after HFD for 12 weeks

↔ Hepatic TG, TC
Metformin decreased TNF-α in liver.
↓ TNF-α
↔ IL-6, protein carbonyl, serum CRP
↔ Hepatic TG
Metformin did not improve NASH features
↔ TNF-α, CD68 mRNA
and proteins associated with profibrotic
↔ Collagen 1, TGF-β, Smad3
pathways.
↔ Liver fibrosis area

Metformin treatment decreased inflammatory cell infiltration and TNF-α in the liver.

Metformin decreased hepatic cholesterol
contents and TGF-β.

Metformin reduced hepatic inflammatory
markers.

apoE-/-, apolipoprotein E knock-out mutation; CRP, C-reactive protein; GSH, glutathione; HFD, high fat diet; IHC, immunohistochemical staining; IL, interleukin; IP, intraperitoneal route; iNOS, inducible
nitric oxide synthase; MCD, methionine-and choline-deficient diet; MDA, malondialdehyde; NASH, nonalcoholic steatohepatitis; PRDX-6, peroxiredoxin 6; PO, per os; SOD, superoxide dismutase; TC, total
cholesterol contents; TG, triglyceride content; TGF-β, transforming growth factor β; TNF-α, tumor necrosis factor α; ↓, significant decrease; ↑, significant increase; ↔, no significant change.

Mahzari et al. (2019)29

Matafome et al. (2011)31

Studies showing ineffective intrahepatic lipid reduction by metformin

- 50% sucrose (wt/ - 200 mg/kg/day/PO/5 weeks
vol) in drinking - Starting after sucrose for 16 weeks
water

Male Wistar rats
(4 weeks old)

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

de Jesús Acosta-Cota
et al. (2019)28

- MCD diet

Metformin reduced macrophage content in
the liver.
Metformin reduced oxidative stress and
inflammatory mediators.

↓ Hepatic TG, TC
↓ Hepatic CD68+ IHC staining
↓ Hepatic TG
↑ GSH, SOD
↓ MDA
↓ TNF-α
↓ Histologic steatosis
↔ Histologic inflammation
↓ iNOS stained cell
↓ Histologic steatosis and
inflammatory cell infiltration
↓ TNF-α, IL-1β, IL-6
↔ Hepatic TG
↓ Hepatic TC
↔ TNF-α, IL-6, IL-10
↓ TGF-β
↓ Number of rats with fibrosis
↓ Hepatic TG
↓ Neutrophilic granulocytes
↔ TNF-α
↔ Hepatic TG
↓ Neutrophilic granulocytes
↓ TNF-α

- 3 mg/kg/day/PO/5 weeks
- Starting after HFD for 12 weeks
- 300 mg/kg/day/PO/4 weeks

Male C57BL/6J mice
(6 weeks old)

Metformin up-regulated antioxidant protein.

Interpretations

↑ PRDX-6

Effects of metformin

- 10 mg/kg/day/PO/16 weeks

Metformin (dose/route/duration)

Li et al. (2019)20

Studies showing effective intrahepatic lipid reduction by metformin
Stachowicz et al. (2012)38 Female C57BL/6J mice - apoE-/(8 weeks old)
Male C57BL/6J mice
- HFD
Guo et al. (2018)22
(3 weeks old)
Khalaf et al. (2019)25
Male albino rats
- 10% fructose in
(200–250 g weight)
drinking water

Author (year)

Table 2. Metformin Effects on Hepatic Inflammation, Oxidative Stress, and Fibrosis: Evidence from In Vivo Reports
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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; ↑, significant increase.

Li et al. (2019)20

Male C57BL/6J mice (6 weeks old) - MCD diet

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

↓ Hepatic TG
Metformin restored SIRT1 expression and induced
↑ SIRT1 expression
autophagy.
↑ Autophagy
↓ Histologic steatosis
Metformin inactivated STAT3 signaling pathway
↓ STAT3 protein and mRNA expression
and reversed autophagy inhibition.
↑ Autophagy
- 300 mg/kg/day/IP/4 weeks
Studies showing effective intrahepatic lipid reduction by metformin
Song et al. (2015)13 C57BL/6J mice (8 weeks old)
- Ob/Ob mice
- Chow diet

Effects of metformin
Metformin (dose/route/duration)
Method
Model (age)
Author (year)

Table 3. Metformin Effects on the Direct Degradation of Intracellular Lipid by Autophagy Induction: Evidence from In Vivo Reports

Interpretations

Gut and Liver, Published online April 7, 2021

studies were conducted with the primary aim of comparing the effects of metformin with other antidiabetic medications. 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.46-53 These studies had various
methods of NAFLD diagnosis, including ultrasonographic
assessment of hepatic steatosis, a quantitative ultrasonographic 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.51
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 hemoglobin A1c (HbA1c) and improved insulin resistance in
NAFLD patients with type 2 diabetes mellitus (T2DM).46-50
A prospective study in 11 patients with new-onset T2DM
showed lower amounts of fat in the liver after 16 weeks
of metformin treatment.53 However, one study reported
inconsistent findings. In this small study with 16 participants 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 HbA1c.52 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 slightly lower baseline HbA1c compared to other studies (mean
HbA1c 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 fibrosis evaluated by non-invasive measurement in NAFLD patients.46 However, inconsistent report exists. No significant
improvement of fibrosis was demonstrated in histologic
NASH patients (n=10) evaluated by liver biopsy.51 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 HbA1c at baseline (5.8%) was lower than other studies. Several studies already showed that metformin was ineffective among patients without diabetes,7,8,12 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

Pinyopornpanish K, et al: Metformin and Hepatic Steatosis
FA
3
Glycolysis

LepR

Glucose
Leptin sensitivity

De novo lipogenesis

FA -oxidation
1

Acetyl CoA

P-AMPK

ACC
Malonyl CoA
FAS

2

SREBP-1c

Sat. fatty acyl CoA

Peroxisome
-oxidation

ROCK-1
SCD

Monounsat. LC-FAs

7

Hepatic
steatosis

Fatty acyl CoA

SIRT1

4

CPT-1

Mitochondrial
-oxidation

5
ER stress
Oxidative stress
6

Autophagy
Lipophagy

8

FA break down

Hepatocyte

TNF-
HSC
activation

TNF-
Kupffer cells

ECM
Fibrosis

HSC

Fig. 1. Mechanism of action of metformin in nonalcoholic fatty liver disease. (A) Decrease in de novo lipogenesis: (1) AMPK activation and increase 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 β-oxidation. (B) Increase in FA β-oxidation: (3) increase in leptin sensitivity induces PPARα-dependent
FA β-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-α 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, phosphorylated AMP-activated protein kinase; PPARα, peroxisome proliferator-activated receptor gamma coactivator-1α; ROCK1, Rho-kinase 1; Sat.,
saturated; SCD, stearoyl-CoA desaturase; SIRT1, sirtuin 1; SREBP-1c, sterol regulatory element-binding protein 1; TNF-α, 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 development 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 participants 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).54
Hepatic uptake of various drugs via this transporter has
been shown to have differ between species, for example between mice and humans.55 To our knowledge, no previous
research had explored the species difference of metformin

uptake. Therefore, it remains unclear whether our speculation would impact the results. Future research should examine 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 diabetes. The effect of long-term treatment of metformin on
liver-related adverse events are currently unclear, knowledge surrounding this is desirable.
Most of the recent studies conducted in diabetic
NAFLD patients enrolled the patients treated with metformin 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 during 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 7
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Populations

T2DM with NAFLD
(n=50)

Male T2DM with
NAFLD (n=92)

T2DM with NAFLD
(n=75)

New-onset T2DM
(n=11)

Zhang et al. (2017)46

Yabiku et al. (2017)49

Tian et al. (2018)50

Zsóri et al. (2019)53
CT

US

US

CT
(L/S CT ratio <1)

Quantitative US with
IHF ≥10%

US

Method of NAFLD
diagnosis

Metformin, PO
(dose/duration)

1,000 mg/day/
16 weeks

Open-label 1,700 mg/day/
48 weeks
randomized
study
Randomized 1,500 mg/day/
24 weeks
open-label
study

Prospective
study

Randomized 1,000-1,500 mg/day/
study
12 weeks

Randomized 1,000 mg/days/
study
24 weeks

Randomized 2,000 mg/day/
24 weeks
open-label
study
Randomized 1,500 mg/day/
study
24 weeks

Randomized 1,000-2,000 mg/day/
study
12 weeks

Design

↔ BMI

↓ BMI
↓ WC

↔ BMI

↓ BMI

↓ BMI

↓ BMI

↓ BMI
↓ WC

↓ BMI

Body
anthropometry
↓ AST, ALT*
↓ HbA1c
↓ HOMA-IR
↓ AST, ALT*
↓ HbA1c*

Biochemistry

↔ AST, ALT*
↔ HbA1c
↔ HOMA-IR
↓ L/S CT ratio* ↔ ALT
↔ HbA1c

-

↓AST, ALT
↓ HbA1c
↓ HOMA-IR
↑ CT radiation ↔ HbA1c
absorption* ↔ HOMA-IR

-

↑ L/S CT ratio ↓ AST, ALT
↓ HbA1c
↓ HOMA-IR
↑ L/S CT ratio* ↓ AST, ALT
↓ HOMA-IR

↓ IHF*

-

Liver fat
contents

↔ NAS*
↔ Fibrosis
(n=10)
-

-

-

-

↓ LSM

-

-

Liver fibrosis
and histology

Major findings (compared to baseline)

Metformin did not improve
transaminase levels and
histological NASH score.
Metformin had no beneficial effects on transaminase level
and hepatic fat content.

Metformin treatment lowered
the amount of fat in the liver
of patients with new-onset
T2DM.

Metformin decreased liver
aminotransferase level and
hepatic fat content.
Metformin was effective in
reducing liver enzymes, fat
content and hepatic fibrosis.
Metformin improved liver
enzymes and hepatic fat
content.
Metformin decreased liver
enzymes.

Metformin was able to improve
hepatic enzymes.

Interpretations

ALT, alanine aminotransferase; AST, aspartate transaminase; BMI, body mass index; HbA1c, hemoglobin A1c; HOME-IR, homeostatic model assessment for insulin resistance; IGT, impaired glucose tolerance; IHF, intrahepatic fat; L/S CT ratio, liver/spleen liver/spleen computed tomography (CT) ratio; LSM, liver stiffness measurement; NAFLD, nonalcoholic fatty liver disease; NAS, NAFLD activity score;
NASH, nonalcoholic steatohepatitis; PO, per os; T2DM, type 2 diabetes mellitus; US, ultrasonography; WC, waist circumference; ↓, significant decrease; ↑, significant increase; ↔, no significant change.
*An asterisk symbol in the major finding column indicates the primary outcomes in that report.

Studies showing uncertain/negative results of metformin use
Omer et al. (2010)51
Histologic diagnosis
T2DM or IGT with
of NASH (NAS ≥5)
NASH and
elevated ALT (n=22)
Shibuya et al. (2018)52 T2DM with NAFLD
US or CT
(n=16)

T2DM with NAFLD
(n=29)

Feng et al. (2017)48

Studies showing benefit of metformin use
Fan et al. (2013)47
T2DM with NAFLD
(n=68)

Author (year)

Table 4. Effects of Metformin on the Liver in Diabetic NAFLD Patients
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US

Quantitative US
method with
IHF ≥10%

Randomized
study

Randomized
open-label study

Randomized
open-label study

Randomized
study
(compared to no
treatment; n=91)

Randomized
study

Design

↓↓ BMI

Exenatide
(n=49)
for 12 weeks
Metformin
(n=92)

Rosiglitazone
(n=20)
for 48 weeks

Liraglutide
(n=52)
for 12 weeks
Metformin
(n=22)

↔ BMI

Sitagliptin
(n=92)
for 6 months
Metformin
(n=16)
Luseogliflozin
(n=16)
for 6 months
Metformin
(n=29)
Liraglutide
(n=29)
Gliclazide
(n=29)
for 24 weeks
Metformin
(n=75)

-

-

↔ BMI
↔ WC

-

↓↓ BMI

↓ BMI
↓ WC

-

↓ IHF*

↓↓↓ IHF*

↓↓ IHF*

↓ ALT
↓ HbA1c
↓ HOMA-IR
↓↓ ALT
↓ HbA1c
↓ HOMA-IR
↔ AST, ALT*
↔ HbA1c
↔ HOMA-IR
↓ AST, ALT*
↔ HbA1c
↔ HOMA-IR

↓↓ AST, ALT*
↓ HbA1c*
↓↓ AST, ALT*
↓ HbA1c*
↔ AST, ALT*
↓ HbA1c*

↓ AST, ALT*
↓ HbA1c
↓ HOMA-IR
↓↓ AST, ALT*
↓ HbA1c
↓ HOMA-IR
↑ L/S CT*
↓↓ AST
↓↓ ALT
↓↓ HOMA-IR
↑ L/S CT*
↓↓↓ AST
↓↓↓ ALT
↓↓↓ HOMA-IR
↔ L/S CT*
↓ AST
↓ ALT
↓ HOMA-IR
↓ L/S CT ratio* ↔ ALT
↔ HbA1c
↑ L/S CT ratio* ↔ ALT
↓ HbA1c

-

Biochemistry

Major findings
Liver fat
contents

↓ BMI

↓ BMI
↓ WC
↓ BMI
↓ WC
↔ BMI
↔ WC

↓ BMI

↔ BMI

↑ BMI

Pioglitazone
(n=91)

↓ BMI

↓ BMI

Body
anthropometry

Metformin
(n=68)

Intervention

Liraglutide was more effective than
metformin in decreasing ALT
levels.

Liraglutide provided greater improvement in liver function and
IHF contents than metformin.

Luseogliflozin was more effective
than metformin in reducing liver
fat deposition.

Pioglitazone elicited greatest
improvement of liver fat content
and hepatic enzymes compared
to metformin and Sitagliptin.

Exenatide was more effective than
metformin in improving hepatic
enzymes.

Interpretations

↔ NAS*
Rosiglitazone was more effective
↔ Fibrosis (n=10)
than metformin in improving
liver enzymes and histology.
↓ NAS*
↔ Fibrosis (n=13)

-

-

-

-

-

-

-

-

-

-

-

-

Liver fibrosis
and histology

ALT, alanine aminotransferase; AST, aspartate transaminase; BMI, body mass index; HbA1c, hemoglobin A1c; HOME-IR, homeostatic model assessment for insulin resistance; IGT, impaired glucose
tolerance; IHF, intrahepatic fat; L/S CT ratio, liver/spleen liver/spleen computed tomography (CT) ratio; NAFLD, nonalcoholic fatty liver disease; NAS, NAFLD activity score; PO, per os; SC, subcutaneous
injection; T2DM, type 2 diabetes mellitus; US, ultrasonography; WC, waist circumference; ↓, significant decrease; ↑, significant increase; ↔, no significant change.
*An asterisk symbol in the major finding column indicates the primary outcomes in that report.

Open-label
Histologic
T2DM or IGT with
diagnosis of NASH randomized study
NASH and
(NAS ≥5)
elevated ALT
(n=42)

T2DM with NAFLD
(n=127)

Tian et al. (2018)50

Omer et al. (2010)51

T2DM with NAFLD
(n=87)

US or CT

Shibuya et al. (2018)52 T2DM with NAFLD
(n=32)

Feng et al. (2017)48

US

Yabiku et al. (2017)49 Male T2DM with
NAFLD (n=366)

Method of
NAFLD
diagnosis
US

Populations

T2DM with NAFLD
(n=117)

Fan et al. (2013)47

Author (year)

Table 5. Effects of Metformin and Other Antidiabetic Drugs on the Liver in Diabetic NAFLD Patients
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Populations

Method of
NAFLD diagnosis

T2DM with NAFLD
treated with
metformin (n=65)

Yan et al. (2019)57
MRI-PDFF >10%

H MRS with
IHL >5.5%

1

Randomized
study

Prospective
single arm
study

↓ BMI
↓ WC

Sitagliptin (n=26)

Insulin glargine (n=21) ↔ BMI
↓ WC

↓ BMI
↓ WC

↓ BMI
↓ WC

Liraglutide (n=18)

Exenatide (n=19) or
Liraglutide (n=6)

↓ AST*
↓↓ ALT*
↓ AST*
↓ ALT*

↓ IHL by 1H MRS* ↔ AST
↓ ALT
↓ HbA1c
↑ Adiponectin
↓ MRI-PDFF*
↔ AST, ALT
↓ HbA1C
↓ HOMA-IR
↓ Serum IL-6
↓ MRI-PDFF*
↓ AST, ALT
↓ HbA1C
↔ HOMA-IR
↔ Serum IL-6
↔ MRI-PDFF*
↔ AST, ALT
↓ HbA1C
↔ HOMA-IR
↔ Serum IL-6

-

-

↓ BW
Metformin+
Dapagliflozin (n=50)
↔ BW
Metformin+
Sitagliptin or
Linagliptin (n=52)

Retrospective
study

↓ AST, ALT*
↔ HbA1c
↔ HOMA-IR

Biochemistry

Major findings
Liver fat
contents
-

Body
anthropometry

↓ BMI
Metformin+
Rosiglitazone (n=22) ↓ WC

Intervention

Open-label
randomized
study

Design

↔ FIB-4
↔ NFS

↔ FIB-4
↔ NFS

↔ FIB-4
↔ NFS

-

-

-

↓ NAS*
↔ Fibrosis
(n=12)

Liver fibrosis
and histology

Combination of metformin and rosiglitazone
improved liver enzymes
and liver histology.
Combination of metformin
and dapagliflozin was
more effective in improving liver biochemistry
than a combination of
metformin and DPP4i.
GLP1-RA added to metformin treatment decreased liver fat content
and ALT.
Combination of Metformin
with liraglutide and
sitagliptin reduced IHL.

Interpretations

1

ALT, alanine aminotransferase; AST, aspartate transaminase; BMI, body mass index; DPP4i, dipeptidyl peptidase-4 inhibitors; FIB-4, fibrosis-4 index; GLP1-RA, glucagon-like peptide-1 receptor agonists;
H MRS, proton magnetic resonance spectroscopy; HbA1c, hemoglobin A1c; HOME-IR, homeostatic model assessment for insulin resistance; IGT, impaired glucose tolerance; IHL, intrahepatocellular
lipid; IL, interleukin; MRI-PDFF, magnetic resonance imaging-estimated proton density fat fraction; NAFLD, nonalcoholic fatty liver disease; NAS, NAFLD activity score; NASH, nonalcoholic steatohepatitis; NFS, NAFLD fibrosis score; T2DM, type 2 diabetes mellitus; US, ultrasonography; WC, waist circumference; ↓, significant decrease; ↑, significant increase; ↔, no significant change.
*An asterisk symbol in the major finding column indicates the primary outcomes in that report.

T2DM and NAFLD
treated with
metformin (n=25)

Cuthbertson et al.
(2012)56

Histologic
Omer et al. (2010)51 T2DM or IGT with
diagnosis of NASH
NASH and
(NAS ≥5)
elevated ALT
(n=22)
Choi et al. (2018)58 T2DM with NAFLD
US
and elevated ALT
(n=102)

Author (year)

Table 6. Effects of Combined Treatment with Metformin and Other Antidiabetic Drugs on the Liver in Diabetic NAFLD Patients
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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. Although metformin as a monotherapy has been shown to
reduce hepatic steatosis and improve liver biochemistry
in diabetic NAFLD patients, the magnitude of the benefits seems to be more subtle than the newer antidiabetic
drugs. These newer agents include thiazolidinediones,49,51
glucagon-like peptide-1 (GLP-1) receptor agonists,47,48,50
and sodium-glucose co-transporter-2 (SGLT2) inhibitors.52
Sitagliptin, a dipeptidyl peptidase-4 inhibitor (DPP4i),
had less potency than metformin in reducing liver enzymes.49 Gliclazide, a drug in sulfonylurea class, was able to
decrease hepatic fat content but to a lower extent than that
observed after metformin therapy.48 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 previously received metformin, enrollment of these patients
with other antidiabetic medications being added on was
common across most of these studies. Addition of thiazolidinediones,51 GLP-1 receptor agonists,56,57 DPP4i57 and
SGLT2i58 all provided additional benefit to metformin as
a monotherapy. However, it should be noted that the synergistic effect of metformin added on to other antidiabetic

Future research directions of metformin
treatment in NAFLD with diabetes patients

Early treatment
and NAFLD
prevention?

Long-term
clinical outcomes?

NASH

Fibrosis/cirrhosis

Combination/add-on
to other treatment?

HCC
prevention?

EFFECTS OF METFORMIN ON
HCC DEVELOPMENT
The use of metformin was associated with a reduced
risk of hepatocellular carcinoma (HCC).59 Several epidemiological studies suggested that metformin had potential
antitumor effect with potential effects in cancer prevention.60,61 A large matched-paired cohort conducted in Taiwan found that metformin was associated with HCC incidence reduction in patients with T2DM with a hazard ratio
of 0.76 (0.67 to 0.85).62 In a mouse model of NASH and
liver tumor, metformin decreased the proportion of tumorcarrying mice.63 However, this effect was not observed in
the liver in mice that had already developed NAFLD.63
Another study of a HFD-fed, HCC model of transgenic
zebrafish demonstrated the HFD enhanced malignancyrelated histologic and morphologic features.64 Metformin
treatment reduced liver size and reversed the diet-induced
increase in steatosis, vessel formation, and inflammation
and restored T cell infiltration.64 These results suggested
potential benefits of metformin in the prevention of HFDinduced 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.

CONCLUSION AND
FUTURE PERSPECTIVES

Normal liver

NAFLD

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.57 A summary of the reports regarding the effects of a combined treatment with metformin
and other antidiabetic drugs on the liver in NAFLD patients with diabetes is shown in Table 6.

HCC

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

Metformin treatment was shown to be effective in alleviating hepatic lipogenesis in animal models of NAFLD
through various mechanisms. However, in clinical studies,
metformin could modestly reduce the BMI, liver fat content, 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 11
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metformin was not associated with histologic or liver fibrosis 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 prevention 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 antidiabetic drugs.
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