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Metformin: update on
mechanisms of action on liver
diseases
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Fangyan Wang?* and Changlong Xu*

!Department of Gastroenterology, The Second Affiliated Hospital and Yuying Children’s Hospital of
Wenzhou Medical University, Wenzhou, China, 2Department of Pathophysiology, School of Basic
Medicine Science, Wenzhou Medical University, Wenzhou, China

Substantial attention has been paid to the various effects of metformin on liver
diseases; theliveristhetargetedorganwheremetforminexertsitsantihyperglycemic
properties. In non-alcoholic fatty liver disease (NAFLD), studies have shown that
metformin affects the ATP/AMP ratio to activate AMPK, subsequently governing
lipid metabolism. The latest research showed that low-dose metformin targets
the lysosomal AMPK pathway to decrease hepatic triglyceride levels through
the PEN2-ATP6AP1 axis in an AMP-independent manner. Metformin regulates
caspase-3, eukaryotic initiation factor-2a (elF2a), and insulin receptor substrate-1
(IRS-1) in palmitate-exposed HepG2 cells, alleviating endoplasmic reticulum (ER)
stress. Recent observations highlighted the critical association with intestinal flora,
as confirmed by the finding that metformin decreased the relative abundance of
Bacteroides fragilis while increasing Akkermansia muciniphila and Bifidobacterium
bifidum. The suppression of intestinal farnesoid X receptor (FXR) and the elevation
of short-chain fatty acids resulted in the upregulation of tight junction protein
and the alleviation of hepatic inflammation induced by lipopolysaccharide (LPS).
Additionally, metformin delayed the progression of cirrhosis by regulating the
activation and proliferation of hepatic stellate cells (HSCs) via the TGF-p1/Smad3
and succinate-GPR91 pathways. In hepatocellular carcinoma (HCC), metformin
impeded the cell cycle and enhanced the curative effect of antitumor medications.
Moreover, metformin protects against chemical-induced and drug-induced liver
injury (DILI) against hepatotoxic drugs. These findings suggest that metformin
may have pharmacological efficacy against liver diseases.

KEYWORDS

non-alcoholic liver disease, metformin, cirrhosis, AMPK pathway, drug-induced liver
injury

1 Introduction

Metformin is a classical oral hypoglycemic agent derived from a leguminous caudex named
Galega officinalis (1). Its antihyperglycemic properties were first discovered in 1918, and in 1957,
Jean Sterne successfully used it to treat diabetes mellitus (2). Given its substantial safety and
efficacy, metformin is indicated as a first-line medication for type 2 diabetes treatment (3).

The liver is the primary target organ of metformin, which inhibits hepatic glucose output
through the AMPK signaling pathway in the following ways. (1) Metformin upregulates the
small hetero-dimer partner through the AMPK signaling pathway, which interacts directly with
the cAMP-response-element-binding factor (CREB) to block the recruitment of CREB to
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CREB-regulated co-activator 2 (CRTC2),

downregulating the expression of gluconeogenic genes (4); (2)

transcription

Through the AMPK signaling pathway, metformin upregulates the
expression of the hepatic deacetylase sirtuin 1 (SIRT1), which
deacetylates CRTC2 and promotes its ubiquitinated degradation,
downregulating the expression of gluconeogenic genes (5). The
lysosomal v-ATPase-regulator complex is a common activator for
AMPK and mTORCI, acting as a switch between catabolism and
anabolism (6). However, it is yet unknown how metformin activates
AMPK (Figure 1).

Later, it was found that metformin activates AMPK through the
lysosomal pathway and disrupts metabolic processes such as ATP
synthesis through oxidative phosphorylation. Mechanistically, it acts
on vacuolar H +-ATPase (v-ATPase) and promotes the translocation
of AXIN/LKBLI onto the surface of lysosome to form complex with
v-ATPase-regulator and then dissociates raptor and mTOR, leading to
AMPK activation and turning off the activity of mTORCI, a master
regulator for anabolic pathways (7).

10.3389/fnut.2023.1327814

Ma et al. synthesized a photoactive metformin probe to identify
potential direct targets. By promoting intestinal GLP-1 secretion
through the lysosomal AMPK pathway, low-dose metformin lowers
blood glucose via PEN2 in a AMP-independent manner. However,
even though metformin inhibits hepatic gluconeogenesis, researchers
found that low-dose metformin did not behave in such a way, based
on pyruvate tolerance tests and the quantification of gluconeogenic
genes. Furthermore, metformin exerted two supplementary beneficial
effects through the AMPK-determined PEN2-ATP6API axis,
specifically diminishing hepatic lipid accumulation in mice liver and
prolonging the lifespan of Caenorhabditis elegans, in addition to this
postprandial glucose reduction (8).

In recent years, several lines of evidence revealed various
biological effects of metformin in addition to improving
glucometabolic status, including anti-inflammation, antioxidation,
antitumor, and anti-fibrosis; metformin holds considerable potential
to prevent or treat non-alcoholic fatty liver disease (9), cirrhosis (10),
hepatic malignancies (11), drug-induced or chemical-induced liver
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injury (12), and other liver diseases. This article reviews its role and
underlying mechanisms in liver disease treatment.

2 NAFLD

NAFLD is a clinical-pathological syndrome not directly linked to
alcohol or other etiologies. It is characterized by excessive lipid
accumulation in hepatocytes, one of the most common types of
chronic liver disease worldwide (13, 14). NAFLD includes the benign
NAFLD and the more severe non-alcoholic steatohepatitis (NASH),
which carries a higher risk of progression to severe liver disease (15,
16). Lipotoxicity theory explains the progression of NAFLD (17).
According to the theory, large amounts of free fatty acids (FFAs)
ectopically accumulate in the liver, which causes impaired hepatocytes’
ability to output FFAs into triglycerides (TGs) and subsequent toxic
effects. This phenomenon only increases insulin resistance (18) and
also promotes disease progression (17). Metformin can relieve
NAFLD by reducing lipotoxicity in the following ways.

Recently, a consensus has been reached to replace the term
NAFLD with metabolic dysfunction-associated steatotic liver disease
(MASLD) following a modified Delphi process (19). MASLD is
defined as the presence of hepatic steatosis and at least one of five
cardiometabolic risk factors. This change in terminology aims to
increase disease awareness, reduce stigma, and accelerate the
development of drugs and biomarkers for the benefit of patients.
However, the proposed nomenclature concept has limitations in
classifying subtypes of NAFLD due to insufficient data. It is important
to highlight that metabolic syndrome and its components are strongly
associated with NAFLD/MASLD (20). Therefore, metformin, a drug
targeting various factors related to metabolic syndrome, such as
fasting plasma glucose levels and waist circumference, may also
alleviate NAFLD in the following ways.

2.1 Metformin regulates lipids metabolism
by activation of AMPK

Several studies dealt with the downstream signaling pathway of
AMPK. Nevertheless, none identified a specific target for AMPK
activation by metformin before Ma et al. found that lysosomal PEN2
is recruited to ATP6AP1 subunit upon binding to metformin to
regulate v-ATPase, which provides the impetus for the translocation
of AXIN and liver kinase Bl (LKB1) to the lysosomal surface to
activate AMPK, enabling low concentrations of metformin to utilize
the AMP-independent AMPK activation pathway (8).

Metformin activates LKB1 to induce AMPK phosphorylation and
inhibits acetyl-CoA carboxylase (ACC), which has several complex
effects. Fullerton et al. demonstrated that metformin treatment alters
hepatic lipid homeostasis and increases insulin sensitivity by
suppressing ACC (21). 103 In fasting, Metformin increases AMPK
activity, which increases the activity of LXR-a. LXR-o then suppresses
sterol regulatory element binding protein-1c (SREBP-1c¢, a master
regulator of liver lipogenesis gene programme), which in turn
suppresses enzymes of lipogenesis [ACCI, fatty acid synthase (FAS)
and stearoyl-CoA desaturase 1 (SCD1)], thereby inhibiting lipogenesis
(22). AMPK can also directly inhibit ACC2, decrease malonyl Co-A,
and activate carnitine palmitoyl transferase 1 (CPT1), and thereby
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enhancing f-oxidation. In addition, ACC1 (cytosolic) is highly
expressed in lipogenic tissues, such as liver and adipose tissue, while
ACC2 (mitochondrial membrane) is majorly expressed in oxidative
tissues, such as cardiac and skeletal muscle, which are consistent with
the functions of ACCI in lipogenesis and ACC2 in regulating fatty
acid p-oxidation (23).

Activated by metformin, AMPK phosphorylates nuclear receptor
TR4 at Ser351 to inhibit transcriptional activation of TR4, repressing
the expression of TR4-mediated gene for stearyl coenzyme A
dehydrogenase-1 (24). It also phosphorylates SREBP-1c at Ser372,
which inhibits proteolytic maturation, nuclear translocation of
SREBP-1c and the expression of downstream fatty acid synthase gene,
thus increasing fatty acid p-oxidation and reducing de novo synthesis
of TG (25) to prevent hepatocyte steatosis by reducing the
accumulation of TG in HepG2 cells (26).

Metformin-induced NAFLD remission could be attributed to the
cooperative roles of Kuffer cells (KCs) and hepatocytes, which are
mediated by the presence of tristetraprolin (TTP), an mRNA-binding
protein. Metformin activates TTP in hepatocytes and KCs through the
AMPK/Sirtl pathway. TTP inhibited TNF-a production in KCs,
resulting in a subsequent reduction in hepatocyte necroptosis.
inhibited mTORC1 via
destabilization of Rheb, which promotes transcription factor-EB

Metformin-induced TTP activation

nuclear translocation to promote hepatocyte lipophagy, treating
obesity-related NAFLD (27).

2.2 Metformin alleviates endoplasmic
reticulum (ER) stress

ER stress refers to a homeostatic imbalance within the ER caused
by external stimulus or changes in the intracellular environment,
which further leads to the accumulation of unfolded or misfolded
proteins in the ER. It can cause cytotoxic effects and unfolded protein
response (UPR) (28). Although proper UPR acts as a protective agent
against misfolding, enhancing the ER folding capacity, and degrades
misfolded proteins, excessive or persistent UPR can trigger cellular
insults, such as the execution of apoptosis, which accelerates NAFLD
progression (29). Cell culture and animal studies found that
metformin may act to reduce ER stress. Indeed, metformin attenuated
palmitate-induced UPR events in RINm5F rat insulinoma cells (30)
and HepG2 cells (31), and alleviated hepatic ER stress of Male albino
Wistar rats induced by a high-calorie diet (29). The UPR is initiated
through three sensors: the protein kinase RNA-like ER kinase (PERK),
the inositol requiring enzyme-1 (IRE-1), and the activating
transcription factor-6 (ATF-6). Accumulated unfolded proteins bind
to immunoglobulin-binding proteins, activating PERK, IRE-1, as well
as transcription factor-6 and phosphorylating eIF2a. In response to
activation of IRE-1, active ATF6 translocates to the Golgi apparatus,
enters the nucleus, and triggers apoptosis through C/EBP homologous
protein (CHOP) (29). As reported by Kim et al, metformin
significantly suppresses caspase-3 and eIF2a phosphorylation,
blocking the induction of the ER stress markers in palmitate-exposed
HepG2 cells. The expression of spliced XBP-1 mRNA and cleaved
ATF6 was at low levels, suggesting that metformin regulates ATF6
processing, inhibits selected IRE-1 activities, and regulates the
expression of pro-apoptotic CHOP (31). Metformin also reversed the
palmitate-induced serine phosphorylation of IRS-1, thus attenuating
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ER stress to inhibit hepatocellular apoptosis resulting from lipotoxicity
(30).However, it should be noted that a study by Geng et al. showed
that elF2a
phosphorylation in HepG2 cells, it did not downregulate the
expression of CHOP, Gadd34, or GRP78, which are the downstream
target genes of p-elF2a (32). This finding suggests that the

while metformin inhibited palmitate-induced

dephosphorylation of p-eIF2a does not lead to deactivation of the
downstream UPR signaling pathway, meaning that metformin is not
directly related to lower ER stress. The precise process is debated.

2.3 Metformin restores mitochondrial
function

Lipotoxicity can potentially harm the mitochondrial respiratory
chain by accelerating the tricarboxylic acid cycle flux in NAFLD (33,
34). Geng et al. discovered that metformin inhibits the mitochondrial
respiratory chain complex to prevent the electron transport from
NADH to coenzyme Q, which somewhat lowers mitochondrial basal
and maximal respiration and mildly limits ATP synthesis. In response
to metformin treatment, primary rat hepatocytes exposed to palmitate
experienced a recovery of mitochondrial respiration. Further study
showed that palmitate decreased mitochondrial membrane potential
and increased cell reactive oxygen species (ROS) by detecting
mitochondrial membrane potential. At the same time, metformin
restored the membrane potential, reducing mitochondrial proton leak
and ROS generation by inducing the expression of superoxide
dismutase 2. Thus, the protective effects of metformin on palmitate-
induced cell death could result from partially inhibiting mitochondrial
complex I, which would restore mitochondrial function and
demonstrate the necessity of mitochondrial complex I in retarding or
stopping the progression of NAFLD (32). Before this study, the
concentrations of metformin used in reports investigating the
mechanism of action of metformin varied widely, often at much
higher than the blood concentration of the therapeutic dose of
metformin. Consequently, research on the mechanism of action of
metformin has produced contradictory findings. Emphasis should
be given to the importance of proper inhibition of mitochondrial
complex I since excessive or insufficient metformin cannot have its
intended therapeutic effect. Studies will be needed to determine the
appropriate metformin dose for use in NAFLD therapy.

2.4 Metformin downregulates non-coding
RNA associated with NAFLD

In recent years, the critical role of non-coding RNA such as
microRNA, IncRNA, and circRNA has become recognized in NAFLD
(35-37). Dysregulation of non-coding RNA disrupts the gene
regulatory network, leading to metabolic syndrome and related
diseases. MicroRNAs are small non-coding RNAs involved in post-
transcriptional gene expression regulation by binding to the
3’-untranslated region of target mRNAs and inhibiting their
expression (38). A broad spectrum of NAFLD has aberrantly
enhanced miR-34a expression in humans and mice (39). By
coordinating the regulation of lipid metabolism, mRNAs regulate
NAFLD development and progression. Silencing miR-34a led
to an initially increased expression of hepatic peroxisome

Frontiers in Nutrition

10.3389/fnut.2023.1327814

proliferation-activated receptor-o (PPARw), SIRT1, then PPARa and
SIRT1 activated the AMPK pathway. PPARx and pAMPKa 1
increased fat oxidation and improve the steatosis finally (40). In vitro
experiments conducted by Xu et al.showed that the ablation of
hepatocyte miR-34a resulted in the inhibition of intestinal lipid
absorption and hepatic TG synthesis, as well as a decrease in
inflammation, ROS production, apoptosis, and an induction of
hepatic fatty acid oxidation. Furthermore, the in vivo experiments
showed that miR-34a inhibitors reduced hepatic levels of TG and
FFAs. These findings were further supported by a reduction in hepatic
expression of genes associated with bile acid synthesis (CYP7A1 and
CYP8BI) and fatty acid synthesis (SREBP-1¢, ACC1, and FAS), while
genes involved in fatty acid oxidation (PPARa, CPT1, CPT2, and
PDK4) were upregulated, which may account for the mechanism by
which inhibition of miR-34a expression protects against the
development of steatohepatitis (41). Others reported that miR-34a was
upregulated in MCD-fed mice, and following treatment with
metformin, this effect attenuated miRNA expression (42). However,
no further studies were conducted. Thus, the study mentioned above
may provide insight into the potential mechanism by which
metformin halts the advancement of NAFLD.

2.5 Metformin reshapes the gut microbiota
and intestinal barrier function

The occurrence and development of NAFLD are associated with
impaired intestinal flora metabolism and intestinal permeability.
Several lines of evidence suggest that metformin improves intestinal
microflora composition and intestinal barrier dysfunction (43-45),
suggesting that this pathway might be essential for metformin against
NALFD. The FXR, a bile acid-activated nuclear receptor prominently
expressed in the liver and intestine, regulates the expression of genes
involved in cholesterol and bile acid homeostasis, hepatic lipogenesis,
and inflammation, in addition to maintaining the intestinal barrier
integrity, preventing bacterial translocation and preserving the gut
microbiota eubiosis. Based on previous studies, the imbalance of FXR
is one of the critical mechanisms in the development of NAFLD (46).
Metformin treatment decreased the abundance of species of
Bacteroides fragilis and its bile salt hydrolase activity in the intestines
of individuals with T2D, increasing the levels of the bile acid
glycoursodeoxycholic acid to inhibit intestinal FXR signaling (47).
Another study showed that metformin is associated with higher
relative abundance of mucin-degrading Akkermansia muciniphila and
Bifidobacterium bifidum (43, 48, 49) Both strains protected against
NAFLD by activating hepatic FXR, suppressing intestinal FXR
expression, modulating the gut microbiota, and improving intestinal
mucosal permeability (50). The administration of A. muciniphila
restored metabolic disturbances in diet-induced obese mice. These
imbalances include heightened adiposity and metabolic endotoxemia.
Damage to the intestinal barrier is an early core event and an essential
mechanism for NAFLD development. Li et al. (51) discovered that
A. muciniphila given by daily oral gavage in high-fat diet-fed mice
partially restored the thickness of the mucin layer and upregulated
epithelial tight junction proteins, specifically zona occludens 1 and
occludin. These alterations ultimately lead to a reduction in the influx
of pro-inflammatory LPS into the systemic circulation, resulting in a
subsequent decrease in the expression of hepatic inflammatory
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markers. Furthermore, A. muciniphila raised the level of gut
endocannabinoids, pivotal in controlling inflammation, maintaining
intestinal barrier integrity, and encouraging the release of gut peptides
from intestinal L-cells. Experimental evidence from in vivo and in
vitro studies substantiated the endocannabinoid system’s role in
regulating the gut-intestinal barrier via a mechanism dependent on
the CBI receptor (52). A cross-sectional metagenomic study
conducted across three countries revealed a positive correlation
between the utilization of metformin and the presence of short-chain
fatty acid-producing bacteria, including Bifidobacterium bifidum,
Butyrivibrio, Megasphaera, and an operational taxonomic unit of
Prevotella (48, 53). Acetate promoted by carbohydrate transporter in
bifidobacterial mediates anti-apoptotic and anti-inflammatory
responses in the host colonic epithelium, protecting the host against
lethal infection (54). Cani et al. (55) demonstrated that manipulating
gut microbiota in mice favoring the Bifidobacterium spp. significantly
improves gut permeability and obesity-induced hepatic inflammatory
phenotype in a glucagon-like peptide-2-dependent way. These
findings suggest that microbes at least partially mediate the positive
effects of metformin on host metabolism. The findings further
illustrate the diversified modes of metformin in NAFLD treatment
with direct effects on the liver and indirect actions via
extrahepatic pathways.

3 Hepatic fibrosis and cirrhosis

Hepatic cirrhosis is a diffuse liver injury characterized by
degeneration and necrosis of hepatocytes, replacement of normal liver
tissue by fibrotic tissues and nodules, and progressive loss of liver
function (56). Hepatic fibrosis is an essential pathological process in
which liver lesions develop into cirrhosis (57), characterized by
excessive accumulation of connective tissue and abnormal formation
of fibrous septum, the primary component of which is type I collagen
produced by activated HSCs (58). HSC activation is the classical
mechanism for promoting liver fibrosis (59). In response to injury and
inflammatory factors, HSCs transform into highly proliferative and
migratory myofibroblasts, upregulate the expression of a-SMA, a sign
of HSC activation, and produce a large amount of collagen and other
extracellular matrix (ECM), leading to fibrosis (60, 61). Metformin
improves outcomes by treating NAFLD/NASH to delay the
progression to cirrhosis and inhibits hepatic fibrosis (62). Mounting
evidence has indicated that it can control the activation and
proliferation of HSC through various signal pathways.

3.1 Metformin activates AMPK to inhibit the
platelet-derived growth factor (PDGF)
pathway

The PDGF signaling pathway is one of the most characteristic
pathways in HSC activation. PDGEF-BB, a subtype of the PDGF family,
is induced by the most potent stimulator of HSC growth and
intracellular signal transduction. PDGF induces the activation of
extracellular signal-regulated kinase and Akt/mTOR pathways, which
are serine/threonine protein kinases that are critical in cell growth,
differentiation, proliferation, migration, and survival. Metformin
activated AMPK to regulate PDGF-BB-induced phenotypic changes
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in HSC activation (63, 64). Adachi et al. demonstrated that metformin
inhibited PDGF-induced phosphorylation of AKT, FoxOl and
mTOR/p70S6K (two downstream targets of the phosphatidylinositol
3-kinase/AKT pathway), resulting in the inhibition of HSC
proliferation and migration, the reduction of extracellular matrix
secretion consisting of a-SMA, type I collagen and fibronectin, which
leads to inhibition of fibrosis (64, 65).

3.2 Metformin inhibits the TGF-p1/Smad3
pathway

Another mechanism of HSC activation is the cooperation of
TGF-P1-related signaling pathways and other signals, including ROS,
PDGE and connective tissue growth factors (66). Smad3 is the
primary downstream target. In human and rat HSC lines, activated
AMPK Inhibited TGF-p-Induced fibrotic responses of HSCs by
regulating transcription co-activator P300 without altering TGF-f3-
induced Smad3 phosphorylation, nuclear localization, and Smad3
promoter binding activity. This regulation manifested as increasing
proteasomal degradation to induce p300 downregulation but not
attenuating p300 expression (67). Fan. et al. studied CCl4-exposed
mice and found that metformin reduced the expression of TGF-f1
and inhibited the TGF-p1/Smad3 pathway, thereby inhibiting the
expression of fibroblast genes and fibroblast markers such as a-SMA
and E-cadherin directly mediated by Smad3 (68-70). Xiao et al. (71)
established a model of myocardial fibrosis. They found that metformin
can directly bind to TGF-p1 through an AMPK-independent pathway;,
reducing its binding probability to TGF-1 type II receptor rather than
binding force and leading to the reduction of downstream signal
transduction, which might explain how metformin inhibits
TGF-P1 signaling.

3.3 Metformin inhibits the succinate-GPR91
pathway

Succinate is an intermediate product of the tricarboxylic acid
cycle, which can be converted into fumaric acid by succinate
dehydrogenase. In addition to its critical role in energy metabolism, it
acts as an extracellular signaling molecule that binds to and activates
its specific G-protein-coupled receptor (GPR91), a receptor in HSCs
whose role in hepatic fibrosis remains unclear. In an in vitro and in
vivo study, Li. et al. found that HSCs cultured and treated directly with
succinate or succinate dehydrogenase inhibitors increased the
expression of GPRI1 and the expression of a-SMA, TGF-f, and type
I collagen, which are markers of the fibrotic response. These findings
suggested that succinate accumulation and GPR91 overexpression are
pathological features of hepatic fibrosis (72). Nguyen et al. (10) found
that in mice fed with a methionine-choline-deficient diet, the
expression of a-SMA and GPRI1 is enhanced, while metformin
administration reduced overexpression in the liver, ameliorating
steatohepatitis and liver fibrosis in mice. In addition, metformin
significantly reduced the enhanced HSC activation, proliferation, and
migration processes induced by succinate and inhibited the expression
of inflammatory cytokines (e.g., IL-6 and TGF-p1). These findings
suggest that metformin acts as an antifibrotic agent by inhibiting the
succinate-GPR91 pathway.
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4 HCC

Hepatoma is a common malignant digestive system tumor with
significant morbidity and mortality. HCC, which makes up 70-90%
of the pathological types of primary liver cancer, is now the second
most common cause of cancer death worldwide. Epidemiological
evidence suggests that metformin can reduce the risk of cancer in
diabetic patients (73), while HCC is one of the cancer types with the
most significant reduction in incidence after the application of
metformin (74). Here, we discuss how metformin exerts its underlying
anti-cancer effects through the following pathways.

4.1 Metformin inhibits the growth of liver
cancer cells

Activation of the mTOR signaling pathway, a branch downstream
of AMPXK, plays an essential role in the occurrence and progression of
cancer, primarily hepatocellular carcinoma. The AMPK activation by
metformin enhances the binding of DEPTOR and mTOR by
increasing  DEPTOR production and inhibiting proteasomal
degradation, thereby interfering with the downstream target p70-S6
kinase and ribosomal protein S6 and inhibiting the proliferation of
hepatocellular carcinoma cells (75, 76). Metformin-activated AMPK
also reduces the degradation of intracellular caspase-3 protein by
inhibiting the proteasome, inducing apoptosis in tumor cells (77, 78).

4.2 Metformin interferes with energy
metabolism of liver cancer cells

The impact of metformin on tumor energy metabolism may be what
causes it to have antitumor properties. Increased glycolysis is a
characteristic of many tumors (79, 80). Glycolysis provides tumor cells
with the energy they need for basal activities, and its metabolites can
be employed to synthesize biomacromolecules and NADPH necessary
for developing and invading cancerous cells. A study found that a
hypoglycemia-metformin combination restrains tumor growth by
activating glycogen synthase kinase 33 (GSK3p) downstream of
PP2A. Mechanically, metformin inhibits CIP2A, a PP2A suppressor. At
the same time, hypoglycemia upregulates B565, the PP2A regulatory
subunit, resulting in the formation of a PP2A-B566 active complex with
a high affinity toward GSK3p to specifically activate the PP2A-GSK3f
axis, leading to a decline in the pro-survival protein MCL-1, thereby
interfering with glycolysis in hepatocellular carcinoma cells (81). Due to
the rapid growth of tumor tissue, local hypoxia is ubiquitous in tissues,
including liver cancer cells. Composed of a and f subunits, the
heterodimeric hypoxia-inducible factor 1 (HIF-1), a critical transcription
factor that regulates the response of tumor cells to hypoxia, can cause the
transcription of a variety of genes to make it possible for the tumor cells
to tolerate oxygen environment (82). HIF-1o is upregulated in many
malignant tumors and reflects the tendency of tumor metastasis and
poor prognosis (83). Metformin inhibits mitochondrial respiration by
inhibiting respiratory chain complex I and reduces oxygen consumption
to improve hypoxia (84), thereby promoting the ubiquitination of
HIF-1a and the degradation of HIF-1x by the proteasome. The stability
of HIF-1a and the translocation of the a subunit to the nucleus to bind
to HIF-1p is reduced, resulting in the decrease of its ability to activate the
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cancer-promoting target genes glucose transporter 1 and carbonic
anhydrase IX, exerting the role of inhibiting liver cancer progression
(85-87). The effect of metformin on promoting degradation of HIF-1a
can also inhibit the allosteric activator of phosphofructokinase-1
6-phosphofructose-2-kinase/fructose-2, 6-bisphosphatase 3 (PFKFB3),
downregulating the expression of PFK1 mediated by PFKFB3 to inhibit
glycolysis and cancer cell proliferation (88).

4.3 Epigenetic modification

MiRNAs play critical roles in liver cancer (89). Among these RNAs,
miR-21 is oncogenic for HCC. Liu et al. (90) found that miR-21 is
highly upregulated in liver cancer cells; the reduced expression of
miR-21 inhibited the proliferation and migration of liver cancer cells
through the phosphate and tension homology and triggered G2/M cell
cycle arrest in cancer cells. Miyoshi et al. used metformin to treat liver
cancer cells in vivo and in vitro and found that metformin inhibits
human HCC cell proliferation and arrests the G1 cell cycle by
suppressing the cell cycle-related molecules via alteration of miRNAs.
Fifty-one differentially expressed miRNAs were identified, among
which the let-7 family (let-7a, let-7b, and let-7e) was upregulated in
metformin-treated liver cancer cells (91). The human let-7 family
contains 13 members and is a class of tumor suppressor miRNAs (92).
The upregulated miRNAs in these studies included miRNAs
overexpressed in HCC (e.g., miR-21). The investigators speculated that
this phenomenon might be related to altered survival responses in
malignant cells. Additional investigations are required to determine
whether each miRNA reflects the cause or effect of metformin treatment.

4.4 Metformin with cytotoxic therapy

Several studies explored the possibility of combining metformin
with cytotoxic therapy for liver cancer; several lines of evidence
suggest that metformin enhances the anti-cancer effect of these agents.
WP631 is a structural analog of doxorubicin that exerts anti-cancer
effects by inducing cell apoptosis. Its molecular mechanism includes
activating NF-kB and increasing Bax, p53, and caspases-3, 8, and 9.
Sliwinska et al. found that metformin can accelerate the death of
cancer cells induced by WP631 and reduce the dose of WP631, which
may be related to a significant increase in the level of NF-«B in liver
cancer cells (93). These authors also discovered that metformin
enhanced the anti-hepatoma effect of tubulin depolymerization
inhibitor epothilone A by enhancing its pro-apoptotic effect and
increasing levels of NF-kB (94).

5 Drug-induced and
chemical-induced liver injury (DILI)

DILI refers to many forms of liver injury during medication
exposure, resulting from metabolite hepatotoxicity or poor drug tolerance
in specific patient populations. Given that the incidence is increasing
yearly in China and Western countries because of substance abuse (95).
DILI is the most common cause of acute liver failure (96). Chemical
hepatotoxicants cause chemical-induced liver injury and are similar to
DILI in mechanism. Hence, these two diseases will be discussed together.
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5.1 Metformin ameliorates APAP-induced
liver injury

In the Western world, APAP overdose is the most common cause
of DILI and acute liver failure (97). Excessive APAP is converted to
N-acetylbenzoquinone imine (NAPQI) by hepatic cytochrome P450
2El. It depletes reduced glutathione in mitochondria, and the
remaining NAPQI then reacts to form covalent links with cellular
biological macromolecules, especially proteins, resulting in
mitochondrial damage and necrotic cell death. This process increases
ROS production, triggering JNK phosphorylation and sustained JNK
activation, which contributes to liver cell death (98). Kim et al. (12)
found that metformin protects against APAP overdose-evoked
hepatotoxicity via growth arrest and DNA damage 458 (GADD450)-
dependent JNK regulation. Metformin can increase the expression of
growth arrest and GADD45f to inhibit the phosphorylation of
mitogen-activated protein kinase kinase 4, inhibiting JNK
phosphorylation to protect hepatocytes from oxidative damage.
However, another study indicated that metformin does not inhibit
JNK activation or mitochondrial JNK translocation; metformin
significantly reduced APAP protein adducts in mitochondria.
Additionally, metformin inhibits mitochondrial respiratory chain
complex I, which lowers proton leak and ROS generation in
hepatocyte mitochondria, thereby reducing hepatocyte apoptosis to
treat DILI (99).

5.2 Metformin ameliorates DILI induced by
other chemicals

Metformin protects against chemical-induced liver injury.
D-galactosamine increases the level of LPS and TNF-« in hepatocytes,
causing acute liver injury. Metformin can reduce inflammatory
indicators such as myeloperoxidase and malondialdehyde by
activating the classic AMPK signaling pathway to inhibit apoptosis
induced by LPS and TNF-aq, thereby alleviating liver injury (100, 101).
Moreover, arsenic trioxide, a chemotherapy agent used to treat
promyelocytic leukemia, causes liver damage by generating ROS,
while metformin can inhibit mitochondrial respiratory chain complex
I and increase NAD+/NADH ratio, protecting against ATO damage.
In addition, metformin can prevent carbon tetrachloride-induced
hepatotoxicity, possibly associated with the increase of glutathione in
hepatocyte mitochondria (102).

References

1. Bailey CJ, Day C. Traditional plant medicines as treatments for diabetes. Diabetes
Care. (1989) 12:553-64. doi: 10.2337/diacare.12.8.553

2. Bailey CJ. Metformin: historical overview. Diabetologia. (2017) 60:1566-76. doi:
10.1007/s00125-017-4318-z

3. Doyle-Delgado K, Chamberlain JJ, Shubrook JH, Skolnik N, Trujillo J.
Pharmacologic approaches to glycemic treatment of type 2 diabetes: synopsis of the 2020
American Diabetes Association's standards of medical Care in Diabetes Clinical
Guideline. Ann Intern Med. (2020) 173:813-21. doi: 10.7326/M20-2470

4. Kim YD, Park K-G, Lee Y-S, Park Y-Y, Kim D-K, Nedumaran B, et al. Metformin
inhibits hepatic gluconeogenesis through AMP-activated protein kinase-dependent
regulation of the orphan nuclear receptor SHP. Diabetes. (2008) 57:306-14. doi: 10.2337/
db07-0381

5. Liu Y, Dentin R, Chen D, Hedrick S, Ravnskjaer K, Schenk S, et al. A fasting

inducible switch modulates gluconeogenesis via activator/coactivator exchange. Nature.
(2008) 456:269-73. doi: 10.1038/nature07349

Frontiers in Nutrition

10.3389/fnut.2023.1327814

6 Conclusion

Given recent advances in understanding metformins role in
activating AMPK,
microbiome, and regulating HSCs and liver cancer cells, the drug has

attenuating lipotoxicity, optimizing gut
potential therapeutic applications in several liver diseases. However,
the actual clinical application of metformin for various in vivo
disorders needs to be approached with caution due to limited relevant
clinical research, and the correlation of dose must be considered when
designing new metformin-based therapies. More research in these
fields will advance our knowledge of metformin as a novel treatment
for several liver diseases.

Author contributions

GR: Writing - review & editing, Writing - original draft. FW:
Writing - original draft. DS: Writing - original draft, Writing - review
& editing. HS: Writing - original draft. FW: Writing - original draft.
CX: Writing - review & editing.

Funding

The author(s) declare financial support was received for the research,
authorship, and/or publication of this article. This work was funded by
the Natural Science Foundation of Zhejiang Province (LGF22H030011).

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.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

6. Zhang C-S, Jiang B, Li M, Zhu M, Peng Y, Zhang YL, et al. The lysosomal v-ATPase-
Ragulator complex is a common activator for AMPK and mTORC], acting as a switch between
catabolism and anabolism. Cell Metab. (2014) 20:526-40. doi: 10.1016/j.cmet.2014.06.014

7. Zhang C-S, Li M, Ma T, Zong Y, Cui ], Feng JW, et al. Metformin activates AMPK
through the lysosomal pathway. Cell Metab. (2016) 24:521-2. doi: 10.1016/j.
cmet.2016.09.003

8. Ma T, Tian X, Zhang B, Li M, Wang Y, Yang C, et al. Low-dose metformin targets
the lysosomal AMPK pathway through PEN2. Nature. (2022) 603:159-65. doi: 10.1038/
s41586-022-04431-8

9. Rouabhia S, Milic N, Abenavoli L. Metformin in the treatment of non-alcoholic
fatty liver disease: safety, efficacy and mechanism. Expert Rev Gastroenterol Hepatol.
(2014) 8:343-9. doi: 10.1586/17474124.2014.894880

10. Nguyen G, Park SY, Le CT, Park WS, Choi DH, Cho E-H. Metformin ameliorates
activation of hepatic stellate cells and hepatic fibrosis by succinate and GPR91 inhibition.
Biochem Biophys Res Commun. (2018) 495:2649-56. doi: 10.1016/j.bbrc.2017.12.143

frontiersin.org


https://doi.org/10.3389/fnut.2023.1327814
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.2337/diacare.12.8.553
https://doi.org/10.1007/s00125-017-4318-z
https://doi.org/10.7326/M20-2470
https://doi.org/10.2337/db07-0381
https://doi.org/10.2337/db07-0381
https://doi.org/10.1038/nature07349
https://doi.org/10.1016/j.cmet.2014.06.014
https://doi.org/10.1016/j.cmet.2016.09.003
https://doi.org/10.1016/j.cmet.2016.09.003
https://doi.org/10.1038/s41586-022-04431-8
https://doi.org/10.1038/s41586-022-04431-8
https://doi.org/10.1586/17474124.2014.894880
https://doi.org/10.1016/j.bbrc.2017.12.143

Ruan et al.

11. Murff HJ, Roumie CL, Greevy RA, Hackstadt AJ, McGowan LEDA, Hung AM,
et al. Metformin use and incidence cancer risk: evidence for a selective protective effect
against liver cancer. Cancer Causes Control. (2018) 29:823-32. doi: 10.1007/
510552-018-1058-4

12. Kim Y-H, Hwang JH, Kim K-S, Noh J-R, Choi D-H, Kim DK, et al. Metformin
ameliorates acetaminophen hepatotoxicity via Gadd45p-dependent regulation of JNK
signaling in mice. ] Hepatol. (2015) 63:75-82. doi: 10.1016/j.jhep.2015.02.008

13. Younossi ZM, Koenig AB, Abdelatif D, Fazel Y, Henry L, Wymer M. Global
epidemiology of nonalcoholic fatty liver disease-Meta-analytic assessment of prevalence,
incidence, and outcomes. Hepatol Baltimore. (2016) 64:73-84. doi: 10.1002/hep.28431

14. Sumida Y, Yoneda M. Current and future pharmacological therapies for NAFLD/
NASH. ] Gastroenterol. (2018) 53:362-76. doi: 10.1007/s00535-017-1415-1

15. Angulo P. Nonalcoholic fatty liver disease. N Engl ] Med. (2002) 346:1221-31. doi:
10.1056/NEJMra011775

16. Marchesini G, Bugianesi E, Forlani G, Cerrelli F Lenzi M, Manini R, et al.
Nonalcoholic fatty liver, steatohepatitis, and the metabolic syndrome. Hepatol Baltimore.
(2003) 37:917-23. doi: 10.1053/jhep.2003.50161

17. Rada P, Gonzdlez-Rodriguez A, Garcia-Monzén C, Valverde AM. Understanding
lipotoxicity in NAFLD pathogenesis: is CD36 a key driver? Cell Death Dis. (2020) 11:802.
doi: 10.1038/s41419-020-03003-w

18.Lam TKT, van de Werve G, Giacca A. Free fatty acids increase basal hepatic
glucose production and induce hepatic insulin resistance at different sites. Am J Physiol
Endocrinol Metab. (2003) 284:E281-90. doi: 10.1152/ajpendo.00332.2002

19. Lazarus JV, Newsome PN, Francque SM, Kanwal F, Terrault NA, Rinella ME. A
multisociety Delphi consensus statement on new fatty liver disease nomenclature. J
Hepatol. (2023). 79:1542-1556. doi: 10.1097/HEP.0000000000000696

20. Colosimo S, Marchesini G. Editorial: should NAFLD be included in the definition
of metabolic syndrome? Aliment Pharmacol Ther. (2023) 57:1151-2. doi: 10.1111/
apt.17411

21. Fullerton MD, Galic S, Marcinko K, Sikkema S, Pulinilkunnil T, Chen ZP, et al.
Single phosphorylation sites in Accl and Acc2 regulate lipid homeostasis and the
insulin-sensitizing effects of metformin. Nat Med. (2013) 19:1649-54. doi: 10.1038/
nm.3372

22. Marcondes-de-Castro IA, Reis-Barbosa PH, Marinho TS, Aguila MB, Mandarim-
de-Lacerda CA. AMPK/mTOR pathway significance in healthy liver and non-alcoholic
fatty liver disease and its progression. J Gastroenterol Hepatol. (2023) 38:1868-76. doi:
10.1111/jgh.16272

23. Yeudall S, Upchurch CM, Seegren PV, Pavelec CM, Greulich J, Lemke MC, et al.
Macrophage acetyl-CoA carboxylase regulates acute inflammation through control of
glucose and lipid metabolism. Science. (2022) 8:eabq1984. doi: 10.1126/sciadv.abq1984

24.Kim E, Liu N-C, Yu IC, Lin H-Y, Lee Y-E, Sparks JD, et al. Metformin inhibits
nuclear receptor TR4-mediated hepatic stearoyl-CoA desaturase 1 gene expression with
altered insulin sensitivity. Diabetes. (2011) 60:1493-503. doi: 10.2337/db10-0393

25.1iY, Xu S, Mihaylova MM, Zheng B, Hou X, Jiang B, et al. AMPK phosphorylates
and inhibits SREBP activity to attenuate hepatic steatosis and atherosclerosis in diet-
induced insulin-resistant mice. Cell Metab. (2011) 13:376-88. doi: 10.1016/j.
cmet.2011.03.009

26.Zhu X, Yan H, Xia M, Chang X, Xu X, Wang L, et al. Metformin attenuates
triglyceride accumulation in HepG2 cells through decreasing stearyl-coenzyme a
desaturase 1 expression. Lipids Health Dis. (2018) 17:114. doi: 10.1186/
512944-018-0762-0

27.Park ], Rah S-Y, An HS, Lee JY, Roh GS, Ryter SW, et al. Metformin-induced TTP
mediates communication between Kupfter cells and hepatocytes to alleviate hepatic
steatosis by regulating lipophagy and necroptosis. Metab Clin Exp. (2023) 141:155516.
doi: 10.1016/j.metabol.2023.155516

28.Leamy AK, Egnatchik RA, Young JD. Molecular mechanisms and the role of
saturated fatty acids in the progression of non-alcoholic fatty liver disease. Prog Lipid
Res. (2013) 52:165-74. doi: 10.1016/j.plipres.2012.10.004

29. Yogalakshmi B, Sathiya Priya C, Anuradha CV. Grape seed proanthocyanidins and
metformin combination attenuate hepatic endoplasmic reticulum stress in rats subjected
to nutrition excess. Arch Physiol Biochem. (2019) 125:174-83. doi:
10.1080/13813455.2018.1444058

30. Simon-Szab6 L, Kokas M, Mandl J, Kéri G, Csala M. Metformin attenuates
palmitate-induced endoplasmic reticulum stress, serine phosphorylation of IRS-1 and
apoptosis in rat insulinoma cells. PLoS One. (2014) 9:¢97868. doi: 10.1371/journal.
pone.0097868

31.Kim D-S, Jeong S-K, Kim H-R, Kim D-S, Chae S-W, Chae H-J. Metformin
regulates palmitate-induced apoptosis and ER stress response in HepG2 liver cells.
Immunopharmacol Immunotoxicol. (2010) 32:251-7. doi: 10.3109/08923970903252220

32. Geng Y, Hernandez Villanueva A, Oun A, Buist-Homan M, Blokzijl H, Faber KN,
et al. Protective effect of metformin against palmitate-induced hepatic cell death.
Biochimica Et Biophysica Acta Mol Basis Dis. (2020) 1866:165621. doi: 10.1016/j.
bbadis.2019.165621

33. Sunny NE, Parks EJ, Browning JD, Burgess SC. Excessive hepatic mitochondrial
TCA cycle and gluconeogenesis in humans with nonalcoholic fatty liver disease. Cell
Metab. (2011) 14:804-10. doi: 10.1016/j.cmet.2011.11.004

Frontiers in Nutrition

10.3389/fnut.2023.1327814

34. Satapati S, Sunny NE, Kucejova B, Fu X, He TT, Méndez-Lucas A, et al. Elevated
TCA cycle function in the pathology of diet-induced hepatic insulin resistance and fatty
liver. J Lipid Res. (2012) 53:1080-92. doi: 10.1194/jlr.M023382

35.Jin X, Feng C-Y, Xiang Z, Chen Y-P, Li Y-M. CircRNA expression pattern and
circRNA-miRNA-mRNA network in the pathogenesis of nonalcoholic steatohepatitis.
Oncotarget. (2016) 7:66455-67. doi: 10.18632/oncotarget.12186

36. Zhao X-Y, Xiong X, Liu T, Mi L, Peng X, Rui C, et al. Long noncoding RNA
licensing of obesity-linked hepatic lipogenesis and NAFLD pathogenesis. Nat Commun.
(2018) 9:2986. doi: 10.1038/s41467-018-05383-2

37.Liu C-H, Ampuero J, Gil-Gémez A, Montero-Vallejo R, Rojas A, Mufoz-
Herndndez R, et al. miRNAs in patients with non-alcoholic fatty liver disease: a
systematic review and meta-analysis. ] Hepatol. (2018) 69:1335-48. doi: 10.1016/j.
jhep.2018.08.008

38. Lee J, Kemper JK. Controlling SIRT1 expression by microRNAs in health and
metabolic disease. Aging. (2010) 2:527-34. doi: 10.18632/aging.100184

39. Szabo G, Bala S. MicroRNAs in liver disease. Nat Rev Gastroenterol Hepatol. (2013)
10:542-52. doi: 10.1038/nrgastro.2013.87

40. Ding J, Li M, Wan X, Jin X, Chen S, Yu C, et al. Effect of miR-34a in regulating
steatosis by targeting PPARa expression in nonalcoholic fatty liver disease. Sci Rep.
(2015) 5:13729. doi: 10.1038/srep13729

41.XuY, Zhu Y, Hu S, Pan X, Bawa FC, Wang HH, et al. Hepatocyte miR-34a is a key
regulator in the development and progression of non-alcoholic fatty liver disease. Mol
Metab. (2021) 51:101244. doi: 10.1016/j.molmet.2021.101244

42. KATSURA A, MORISHITA A, IWAMA H, TANI J, SAKAMOTO T, TATSUTA
M, et al. MicroRNA profiles following metformin treatment in a mouse model of non-
alcoholic steatohepatitis. Int J Mol Med. (2015) 35:877-84. doi: 10.3892/ijmm.2015.2092

43. Wu H, Esteve E, Tremaroli V, Khan MT, Caesar R, Manneras-Holm L, et al.
Metformin alters the gut microbiome of individuals with treatment-naive type 2
diabetes, contributing to the therapeutic effects of the drug. Nat Med. (2017) 23:850-8.
doi: 10.1038/nm.4345

44.Zhou Z-Y, Ren L-W, Zhan P, Yang H-Y, Chai D-D, Yu Z-W. Metformin exerts
glucose-lowering action in high-fat fed mice via attenuating endotoxemia and enhancing
insulin signaling. Acta Pharmacol Sin. (2016) 37:1063-75. doi: 10.1038/aps.2016.21

45. Spruss A, Kanuri G, Stahl C, Bischoff SC, Bergheim I. Metformin protects against
the development of fructose-induced steatosis in mice: role of the intestinal barrier
function. Lab Investig J Tech Meth Pathol. (2012) 92:1020-32. doi: 10.1038/
labinvest.2012.75

46. Adorini L, Trauner M. FXR agonists in NASH treatment. ] Hepatol. (2023)
79:1317-31. doi: 10.1016/j.jhep.2023.07.034

47.8Sun L, Xie C, Wang G, Wu Y, Wu Q, Wang X, et al. Gut microbiota and intestinal
FXR mediate the clinical benefits of metformin. Nat Med. (2018) 24:1919-29. doi:
10.1038/s41591-018-0222-4

48. de la Cuesta-Zuluaga J, Mueller NT, Corrales-Agudelo V, Veldsquez-Mejia EP,
Carmona JA, Abad JM, et al. Metformin is associated with higher relative abundance of
mucin-degrading Akkermansia muciniphila and several short-chain fatty acid-producing
microbiota in the gut. Diabetes Care. (2017) 40:54-62. doi: 10.2337/dc16-1324

49. Verdura S, Cuyas E, Martin-Castillo B, Menendez JA. Metformin as an archetype
immuno-metabolic adjuvant for cancer immunotherapy. Onco Targets Ther. (2019)
8:€1633235. doi: 10.1080/2162402X.2019.1633235

50.Nian E Wu L, Xia Q, Tian P, Ding C, Lu X. Akkermansia muciniphila and
Bifidobacterium bifidum prevent NAFLD by regulating FXR expression and gut
microbiota. ] Clin Transl Hepatol. (2023) 11:763-76. doi: 10.14218/JCTH.2022.00415

51. LiJ, Lin S, Vanhoutte PM, Woo CW, Xu A. Akkermansia Muciniphila protects against
atherosclerosis by preventing metabolic Endotoxemia-induced inflammation in Apoe—/—
mice. Circulation. (2016) 133:2434-46. doi: 10.1161/CIRCULATIONAHA.115.019645

52. Everard A, Belzer C, Geurts L, Ouwerkerk JP, Druart C, Bindels LB, et al. Cross-
talk between Akkermansia muciniphila and intestinal epithelium controls diet-induced
obesity. Proc Natl Acad Sci U S A. (2013) 110:9066-71. doi: 10.1073/pnas.1219451110

53. MetaHIT consortiumForslund K, Hildebrand F, Nielsen T, Falony G, le Chatelier
E, et al. Disentangling type 2 diabetes and metformin treatment signatures in the human
gut microbiota. Nature. (2015) 528:262-6. doi: 10.1038/nature15766

54. Fukuda S, Toh H, Taylor TD, Ohno H, Hattori M. Acetate-producing bifidobacteria
protect the host from enteropathogenic infection via carbohydrate transporters. Gut
Microbes. (2012) 3:449-54. doi: 10.4161/gmic.21214

55. Cani PD, Possemiers S, van de Wiele T, Guiot Y, Everard A, Rottier O, et al.
Changes in gut microbiota control inflammation in obese mice through a mechanism
involving GLP-2-driven improvement of gut permeability. Gut. (2009) 58:1091-103. doi:
10.1136/gut.2008.165886

56. Anthony PP, Ishak KG, Nayak NC, Poulsen HE, Scheuer PJ, Sobin LH. The
morphology of cirrhosis. Recommendations on definition, nomenclature, and
classification by a working group sponsored by the World Health Organization. J Clin
Pathol. (1978) 31:395-414. doi: 10.1136/jcp.31.5.395

57. Asrani SK, Larson JJ, Yawn B, Therneau TM, Kim WR. Underestimation of liver-
related mortality in the United States. Gastroenterology. (2013) 145:375-382.€2. doi:
10.1053/j.gastro.2013.04.005

frontiersin.org


https://doi.org/10.3389/fnut.2023.1327814
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1007/s10552-018-1058-4
https://doi.org/10.1007/s10552-018-1058-4
https://doi.org/10.1016/j.jhep.2015.02.008
https://doi.org/10.1002/hep.28431
https://doi.org/10.1007/s00535-017-1415-1
https://doi.org/10.1056/NEJMra011775
https://doi.org/10.1053/jhep.2003.50161
https://doi.org/10.1038/s41419-020-03003-w
https://doi.org/10.1152/ajpendo.00332.2002
https://doi.org/10.1097/HEP.0000000000000696
https://doi.org/10.1111/apt.17411
https://doi.org/10.1111/apt.17411
https://doi.org/10.1038/nm.3372
https://doi.org/10.1038/nm.3372
https://doi.org/10.1111/jgh.16272
https://doi.org/10.1126/sciadv.abq1984
https://doi.org/10.2337/db10-0393
https://doi.org/10.1016/j.cmet.2011.03.009
https://doi.org/10.1016/j.cmet.2011.03.009
https://doi.org/10.1186/s12944-018-0762-0
https://doi.org/10.1186/s12944-018-0762-0
https://doi.org/10.1016/j.metabol.2023.155516
https://doi.org/10.1016/j.plipres.2012.10.004
https://doi.org/10.1080/13813455.2018.1444058
https://doi.org/10.1371/journal.pone.0097868
https://doi.org/10.1371/journal.pone.0097868
https://doi.org/10.3109/08923970903252220
https://doi.org/10.1016/j.bbadis.2019.165621
https://doi.org/10.1016/j.bbadis.2019.165621
https://doi.org/10.1016/j.cmet.2011.11.004
https://doi.org/10.1194/jlr.M023382
https://doi.org/10.18632/oncotarget.12186
https://doi.org/10.1038/s41467-018-05383-2
https://doi.org/10.1016/j.jhep.2018.08.008
https://doi.org/10.1016/j.jhep.2018.08.008
https://doi.org/10.18632/aging.100184
https://doi.org/10.1038/nrgastro.2013.87
https://doi.org/10.1038/srep13729
https://doi.org/10.1016/j.molmet.2021.101244
https://doi.org/10.3892/ijmm.2015.2092
https://doi.org/10.1038/nm.4345
https://doi.org/10.1038/aps.2016.21
https://doi.org/10.1038/labinvest.2012.75
https://doi.org/10.1038/labinvest.2012.75
https://doi.org/10.1016/j.jhep.2023.07.034
https://doi.org/10.1038/s41591-018-0222-4
https://doi.org/10.2337/dc16-1324
https://doi.org/10.1080/2162402X.2019.1633235
https://doi.org/10.14218/JCTH.2022.00415
https://doi.org/10.1161/CIRCULATIONAHA.115.019645
https://doi.org/10.1073/pnas.1219451110
https://doi.org/10.1038/nature15766
https://doi.org/10.4161/gmic.21214
https://doi.org/10.1136/gut.2008.165886
https://doi.org/10.1136/jcp.31.5.395
https://doi.org/10.1053/j.gastro.2013.04.005

Ruan et al.

58.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) 9:6668. doi: 10.1038/
s41598-019-43228-0

59. Lee UE, Friedman SL. Mechanisms of hepatic fibrogenesis. Best Pract Res Clin
Gastroenterol. (2011) 25:195-206. doi: 10.1016/j.bpg.2011.02.005

60. Lakner AM, Steuerwald NM, Walling TL, Ghosh S, Li T, McKillop IH, et al.
Inhibitory effects of microRNA 19b in hepatic stellate cell-mediated fibrogenesis.
Hepatol Baltimore. (2012) 56:300-10. doi: 10.1002/hep.25613

61. Baroni GS, D'Ambrosio L, Curto P, Casini A, Mancini R, Jezequel AM, et al.
Interferon gamma decreases hepatic stellate cell activation and extracellular matrix
deposition in rat liver fibrosis. Hepatol Baltimore. (1996) 23:1189-99. doi: 10.1002/
hep.510230538

62. de Oliveira S, Houseright RA, Graves AL, Golenberg N, Korte BG, Miskolci V, et al.
Metformin modulates innate immune-mediated inflammation and early progression of
NAFLD-associated hepatocellular carcinoma in zebrafish. ] Hepatol. (2019) 70:710-21.
doi: 10.1016/j.jhep.2018.11.034

63. Caligiuri A, Bertolani C, Guerra CT, Aleffi S, Galastri S, Trappoliere M, et al.
Adenosine monophosphate-activated protein kinase modulates the activated phenotype
of hepatic stellate cells. Hepatol Baltimore. (2008) 47:668-76. doi: 10.1002/hep.21995

64.1i Z, Ding Q Ling L-P, Wu Y, Meng D-X, Li X, et al. Metformin attenuates motility,
contraction, and fibrogenic response of hepatic stellate cells and by activating AMP-
activated protein kinase. World ] Gastroenterol. (2018) 24:819-32. doi: 10.3748/wjg.v24.
i7.819

65. Adachi M, Brenner DA. High molecular weight adiponectin inhibits proliferation
of hepatic stellate cells via activation of adenosine monophosphate-activated protein
kinase. Hepatol Baltimore. (2008) 47:677-85. doi: 10.1002/hep.21991

66. Dewidar B, Meyer C, Dooley S, Nadja MB. TGF- in hepatic stellate cell activation
and liver Fibrogenesis-updated 2019. Cells. (2019) 8:1419. doi: 10.3390/cells8111419

67.Lim J-Y, Oh M-A, Kim WH, Sohn H-Y, Park SI. AMP-activated protein kinase
inhibits TGF-p-induced fibrogenic responses of hepatic stellate cells by targeting
transcriptional coactivator p300. J Cell Physiol. (2012) 227:1081-9. doi: 10.1002/
jcp.22824

68.Fan K, Wu K, Lin L, Ge P, Dai ], He X, et al. Metformin mitigates carbon
tetrachloride-induced TGF-p1/Smad3 signaling and liver fibrosis in mice. Biomed
Pharmacother. (2017) 90:421-6. doi: 10.1016/j.biopha.2017.03.079

69. Yao Q-y, Xu B-1, Wang J-y, Liu H-c, Zhang S-c, Tu C-t. Inhibition by curcumin of
multiple sites of the transforming growth factor-betal signalling pathway ameliorates
the progression of liver fibrosis induced by carbon tetrachloride in rats. BMC
Complement Altern Med. (2012) 12:156. doi: 10.1186/1472-6882-12-156

70. Latella G, Vetuschi A, Sferra R, Catitti V, D'Angelo A, Zanninelli G, et al. Targeted
disruption of Smad3 confers resistance to the development of dimethylnitrosamine-
induced hepatic fibrosis in mice. Liver Int. (2009) 29:997-1009. doi:
10.1111/j.1478-3231.2009.02011.x

71.Xiao H, Zhang J, Xu Z, Feng Y, Zhang M, Liu J, et al. Metformin is a novel
suppressor for transforming growth factor (TGF)-B1. Sci Rep. (2016) 6:28597. doi:
10.1038/srep28597

72.Li YH, Woo SH, Choi DH, Cho E-H. Succinate causes a-SMA production through
GPROI1 activation in hepatic stellate cells. Biochem Biophys Res Commun. (2015)
463:853-8. doi: 10.1016/j.bbrc.2015.06.023

73. Noto H, Goto A, Tsujimoto T, Noda M. Cancer risk in diabetic patients treated
with metformin: a systematic review and meta-analysis. PLoS One. (2012) 7:e33411. doi:
10.1371/journal.pone.0033411

74. Zhang Z-], Zheng Z-J, Shi R, Su Q, Jiang Q, Kip KE. Metformin for liver cancer
prevention in patients with type 2 diabetes: a systematic review and meta-analysis. J Clin
Endocrinol Metab. (2012) 97:2347-53. doi: 10.1210/jc.2012-1267

75.Obara A, Fujita Y, Abudukadier A, Fukushima T, Oguri Y, Ogura M, et al.
DEPTOR-related mTOR suppression is involved in metformin's anti-cancer action in
human liver cancer cells. Biochem Biophys Res Commun. (2015) 460:1047-52. doi:
10.1016/j.bbrc.2015.03.148

76. Peterson TR, Laplante M, Thoreen CC, Sancak Y, Kang SA, Kuehl WM, et al.
DEPTOR is an mTOR inhibitor frequently overexpressed in multiple myeloma cells and
required for their survival. Cells. (2009) 137:873-86. doi: 10.1016/j.cell.2009.03.046

77. Ludwig H, Khayat D, Giaccone G, Facon T. Proteasome inhibition and its clinical
prospects in the treatment of hematologic and solid malignancies. Cancer. (2005)
104:1794-807. doi: 10.1002/cncr.21414

78. Guo N, Peng Z. MG132, a proteasome inhibitor, induces apoptosis in tumor cells.
Asia Pac J Clin Oncol. (2013) 9:6-11. doi: 10.1111/§.1743-7563.2012.01535.x

79. Havas KM, Milchevskaya V, Radic K, Alladin A, Kafkia E, Garcia M, et al.
Metabolic shifts in residual breast cancer drive tumor recurrence. J Clin Invest. (2017)
127:2091-105. doi: 10.1172/JCI89914

Frontiers in Nutrition

09

10.3389/fnut.2023.1327814

80. DeBerardinis R], Chandel NS. Fundamentals of cancer metabolism. Science. (2016)
2:¢1600200. doi: 10.1126/sciadv.1600200

81. Elgendy M, Cird M, Hosseini A, Weiszmann J, Mazzarella L, Ferrari E, et al.
Combination of hypoglycemia and metformin impairs tumor metabolic plasticity and
growth by modulating the PP2A-GSK3B-MCL-1 Axis. Cancer Cell. (2019)
35:798-815.e5. doi: 10.1016/j.ccell.2019.03.007

82. Wilson WR, Hay MP. Targeting hypoxia in cancer therapy. Nat Rev Cancer. (2011)
11:393-410. doi: 10.1038/nrc3064

83.Liu L, Zhu X-D, Wang W-Q, Shen Y, Qin Y, Ren ZG, et al. Activation of beta-
catenin by hypoxia in hepatocellular carcinoma contributes to enhanced metastatic
potential and poor prognosis. Clin Cancer Res. (2010) 16:2740-50. doi:
10.1158/1078-0432.CCR-09-2610

84.Zhang Y, Guan M, Zheng Z, Zhang Q, Gao F, Xue Y. Effects of metformin on
CD133+ colorectal cancer cells in diabetic patients. PLoS One. (2013) 8:¢81264. doi:
10.1371/journal.pone.0081264

85. Amann T, Maegdefrau U, Hartmann A, Agaimy A, Marienhagen J, Weiss TS, et al.
GLUT1 expression is increased in hepatocellular carcinoma and promotes
tumorigenesis. Am J Pathol. (2009) 174:1544-52. doi: 10.2353/ajpath.2009.080596

86. McIntyre A, Patiar S, Wigfield S, Li J-L, Ledaki I, Turley H, et al. Carbonic
anhydrase IX promotes tumor growth and necrosis in vivo and inhibition enhances
anti-VEGF therapy. Clin Cancer Res. (2012) 18:3100-11. doi: 10.1158/1078-0432.
CCR-11-1877

87.Zhou X, Chen ], Yi G, Deng M, Liu H, Liang M, et al. Metformin suppresses
hypoxia-induced stabilization of HIF-1a through reprogramming of oxygen metabolism
in hepatocellular carcinoma. Oncotarget. (2016) 7:873-84. doi: 10.18632/oncotarget.6418

88. Hu L, Zeng Z, Xia Q, Liu Z, Feng X, Chen J, et al. Metformin attenuates hepatoma
cell proliferation by decreasing glycolytic flux through the HIF-1a/PFKFB3/PFK1
pathway. Life Sci Part 2. (2019) 239:116966. doi: 10.1016/j.1fs.2019.116966

89. Ding J, Wu J. Epigenetic regulation of hepatic tumor-initiating cells. Front Biosci.
(2015) 20:946-63. doi: 10.2741/4349

90. Liu H, Cheng L, Cao D, Zhang H. Suppression of miR-21 expression inhibits cell
proliferation and migration of liver Cancer cells by targeting phosphatase and Tensin
homolog (PTEN). Med Sci Monit. (2018) 24:3571-7. doi: 10.12659/MSM.907038

91. Miyoshi H, Kato K, Iwama H, Maeda E, Sakamoto T, Fujita K, et al. Effect of the
anti-diabetic drug metformin in hepatocellular carcinoma in vitro and in vivo. Int J
Oncol. (2014) 45:322-32. doi: 10.3892/ij0.2014.2419

92. Boyerinas B, Park S-M, Hau A, Murmann AE, Peter ME. The role of let-7 in cell
differentiation and cancer. Endocr Relat Cancer. (2010) 17:F19-36. doi: 10.1677/
ERC-09-0184

93. Sliwinska A, Rogalska A, Marczak A, Kasznicki J, Drzewoski J. Metformin, but not
sitagliptin, enhances WP 631-induced apoptotic HepG2 cell death. Toxicol Vitro. (2015)
29:1116-23. doi: 10.1016/j.tiv.2015.04.019

94.Rogalska A, Sliwinska A, Kasznicki J, Drzewoski J, Marczak A. Effects of
Epothilone a in combination with the antidiabetic drugs metformin and Sitagliptin in
HepG2 human hepatocellular Cancer cells: role of transcriptional factors NF-kB and
p53. Asian Pac ] Cancer Prev. (2016) 17:993-1001. doi: 10.7314/APJCP.2016.17.3.993

95. Drug-induced Liver Injury (DILI) Study Group, Chinese Society of Hepatology
(CSH), Chinese Medical Association (CMA)Yu YC, Mao YM, Chen CW, Chen JJ, Chen
J, et al. CSH guidelines for the diagnosis and treatment of drug-induced liver injury.
Hepatol Int. (2017) 11:221-41. doi: 10.1007/s12072-017-9793-2

96. Katarey D, Verma S. Drug-induced liver injury. Clin Med (Lond). (2016) 16:s104-9.
doi: 10.7861/clinmedicine.16-6-s104

97. Ramachandran A, Jaeschke H. Acetaminophen hepatotoxicity. Semin Liver Dis.
(2019) 39:221-34. doi: 10.1055/5-0039-1679919

98. Seki E, Brenner DA, Karin M. A liver full of JNK: signaling in regulation of cell
function and disease pathogenesis, and clinical approaches. Gastroenterology. (2012)
143:307-20. doi: 10.1053/j.gastro.2012.06.004

99. du K, Ramachandran A, Weemhoff JL, Chavan H, Xie Y, Krishnamurthy P, et al.
Editor's highlight: metformin protects against acetaminophen hepatotoxicity by
attenuation of mitochondrial oxidant stress and dysfunction. Toxicol Sci. (2016)
154:214-26. doi: 10.1093/toxsci/kfw158

100. Cai L, Hu K, Lin L, Ai Q, Ge P, Liu Y, et al. AMPK dependent protective effects
of metformin on tumor necrosis factor-induced apoptotic liver injury. Biochem Biophys
Res Commun. (2015) 465:381-6. doi: 10.1016/j.bbrc.2015.08.009

101. 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) 12:682-8. doi: 10.1016/j.intimp.2012.01.015

102. Poon MKT, Chiu P-Y, Mak DHF, Ko K-M. Metformin protects against carbon
tetrachloride hepatotoxicity in mice. J Pharmacol Sci. (2003) 93:501-4. doi: 10.1254/
jphs.93.501

frontiersin.org


https://doi.org/10.3389/fnut.2023.1327814
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1038/s41598-019-43228-0
https://doi.org/10.1038/s41598-019-43228-0
https://doi.org/10.1016/j.bpg.2011.02.005
https://doi.org/10.1002/hep.25613
https://doi.org/10.1002/hep.510230538
https://doi.org/10.1002/hep.510230538
https://doi.org/10.1016/j.jhep.2018.11.034
https://doi.org/10.1002/hep.21995
https://doi.org/10.3748/wjg.v24.i7.819
https://doi.org/10.3748/wjg.v24.i7.819
https://doi.org/10.1002/hep.21991
https://doi.org/10.3390/cells8111419
https://doi.org/10.1002/jcp.22824
https://doi.org/10.1002/jcp.22824
https://doi.org/10.1016/j.biopha.2017.03.079
https://doi.org/10.1186/1472-6882-12-156
https://doi.org/10.1111/j.1478-3231.2009.02011.x
https://doi.org/10.1038/srep28597
https://doi.org/10.1016/j.bbrc.2015.06.023
https://doi.org/10.1371/journal.pone.0033411
https://doi.org/10.1210/jc.2012-1267
https://doi.org/10.1016/j.bbrc.2015.03.148
https://doi.org/10.1016/j.cell.2009.03.046
https://doi.org/10.1002/cncr.21414
https://doi.org/10.1111/j.1743-7563.2012.01535.x
https://doi.org/10.1172/JCI89914
https://doi.org/10.1126/sciadv.1600200
https://doi.org/10.1016/j.ccell.2019.03.007
https://doi.org/10.1038/nrc3064
https://doi.org/10.1158/1078-0432.CCR-09-2610
https://doi.org/10.1371/journal.pone.0081264
https://doi.org/10.2353/ajpath.2009.080596
https://doi.org/10.1158/1078-0432.CCR-11-1877
https://doi.org/10.1158/1078-0432.CCR-11-1877
https://doi.org/10.18632/oncotarget.6418
https://doi.org/10.1016/j.lfs.2019.116966
https://doi.org/10.2741/4349
https://doi.org/10.12659/MSM.907038
https://doi.org/10.3892/ijo.2014.2419
https://doi.org/10.1677/ERC-09-0184
https://doi.org/10.1677/ERC-09-0184
https://doi.org/10.1016/j.tiv.2015.04.019
https://doi.org/10.7314/APJCP.2016.17.3.993
https://doi.org/10.1007/s12072-017-9793-2
https://doi.org/10.7861/clinmedicine.16-6-s104
https://doi.org/10.1055/s-0039-1679919
https://doi.org/10.1053/j.gastro.2012.06.004
https://doi.org/10.1093/toxsci/kfw158
https://doi.org/10.1016/j.bbrc.2015.08.009
https://doi.org/10.1016/j.intimp.2012.01.015
https://doi.org/10.1254/jphs.93.501
https://doi.org/10.1254/jphs.93.501

	Metformin: update on mechanisms of action on liver diseases
	1 Introduction
	2 NAFLD
	2.1 Metformin regulates lipids metabolism by activation of AMPK
	2.2 Metformin alleviates endoplasmic reticulum (ER) stress
	2.3 Metformin restores mitochondrial function
	2.4 Metformin downregulates non-coding RNA associated with NAFLD
	2.5 Metformin reshapes the gut microbiota and intestinal barrier function

	3 Hepatic fibrosis and cirrhosis
	3.1 Metformin activates AMPK to inhibit the platelet-derived growth factor (PDGF) pathway
	3.2 Metformin inhibits the TGF-β1/Smad3 pathway
	3.3 Metformin inhibits the succinate-GPR91 pathway

	4 HCC
	4.1 Metformin inhibits the growth of liver cancer cells
	4.2 Metformin interferes with energy metabolism of liver cancer cells
	4.3 Epigenetic modification
	4.4 Metformin with cytotoxic therapy

	5 Drug-induced and chemical-induced liver injury (DILI)
	5.1 Metformin ameliorates APAP-induced liver injury
	5.2 Metformin ameliorates DILI induced by other chemicals

	6 Conclusion
	Author contributions

	References

