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Abstract

Solute carrier (SLC) family transporters are crucial trans-
membrane proteins responsible for transporting various mol-
ecules, including amino acids, electrolytes, fatty acids, and 
nucleotides. To date, more than fifty SLC transporter sub-
families have been identified, many of which are linked to the 
progression of hepatic steatosis and fibrosis. These conditions 
are often caused by factors such as non-alcoholic fatty liver 
disease and non-alcoholic steatohepatitis, which are major 
contributors to the global liver disease burden. The activity 
of SLC members regulates the transport of substrates across 
biological membranes, playing key roles in lipid synthesis and 
metabolism, mitochondrial function, and ferroptosis. These 
processes, in turn, influence the function of hepatocytes, he-
patic stellate cells, and macrophages, thereby contributing to 
the development of hepatic steatosis and fibrosis. Addition-
ally, some SLC transporters are involved in drug transport, 
acting as critical regulators of drug-induced hepatic steato-
sis. Beyond substrate transport, certain SLC members also 
exhibit additional functions. Given the pivotal role of the SLC 
family in hepatic steatosis and fibrosis, this review aimed 
to summarize the molecular mechanisms through which SLC 
transporters influence these conditions.
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Introduction
Hepatic steatosis can result from various factors, including 
metabolic processes, pharmacological agents, alcohol con-
sumption, and other toxins. Among these, metabolically in-
duced non-alcoholic fatty liver disease (NAFLD) is the most 
common type, with a global prevalence of 30%, a figure 
that continues to rise, indicating a significant global disease 
burden.1,2 NAFLD is characterized by hepatic steatosis, and 

while its underlying pathogenesis remains unclear, the “mul-
tiple-hit” hypothesis is currently the most comprehensive 
and widely accepted model. This model attributes the devel-
opment of NAFLD to several factors, including disruptions in 
lipid metabolism, insulin resistance (IR), adipose tissue dys-
function, dietary composition, alterations in the gut micro-
biota, as well as genetic and epigenetic influences.3 In addi-
tion, abnormal concentrations of certain metal ions—such as 
iron, copper, and zinc—in plasma and cells may cause cellular 
dysfunction, further contributing to NAFLD pathogenesis.4–6 
Hepatic fibrosis, the subsequent stage following hepatic stea-
tosis, is a physiological metabolic response to hepatocellular 
injury. This process involves mechanisms such as the activa-
tion of hepatic stellate cells (HSCs), epithelial-mesenchymal 
transition (EMT) of hepatocytes, macrophage polarization, 
and increased secretion of inflammatory factors.7,8 As he-
patic fibrosis progresses, liver function deteriorates, poten-
tially culminating in cirrhosis. This advanced stage is as-
sociated with an elevated risk of hepatocellular carcinoma 
and poor patient prognosis.9,10 A deeper understanding of 
the mechanisms underlying steatosis and fibrosis, alongside 
the development of effective pharmacological interventions, 
could significantly improve the quality of life and prognosis 
for patients with these chronic liver diseases.

The solute carrier (SLC) family is estimated to include up 
to 456 members.11 These transporters are widely expressed 
across biological membranes, including cytoplasmic and mi-
tochondrial membranes in various organs. SLC transport-
ers facilitate the transport of a broad range of molecules, 
including amino acids, electrolytes, nucleotides, saccharides, 
and other substances.12 They play crucial roles in numerous 
physiological and pathophysiological processes, significantly 
contributing to the development of renal diseases, neurode-
generative disorders, cancer, and metabolic conditions. Mu-
tations in these transporters are also linked to various Men-
delian diseases.13 Several SLC members are expressed in the 
liver, with some influencing liver pathophysiology. Multidrug 
transporter proteins, an important subgroup of the SLC fam-
ily, are particularly regulated by liver function, thereby af-
fecting drug metabolism and efficacy. Additionally, certain 
SLC members are key mediators of drug-induced liver in-
jury caused by agents such as statins and anti-tuberculosis 
drugs.14–16 The SLC family also plays a critical role in he-
patic steatosis and fibrosis by modulating the functions of 
hepatocytes and HSCs through various mechanisms. Nota-
bly, several SLC-targeted drugs have been tested in clinical 
trials, demonstrating significant therapeutic effects in treat-
ing NAFLD.17,18
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This review provides a comprehensive overview of the 
latest developments regarding the role of the SLC family in 
hepatic steatosis and fibrosis. In particular, it focuses on elu-
cidating the mechanisms of action of various SLC molecules. 
Unlike previous studies, we conduct a systematic review of 
all known SLC molecules potentially involved in these pro-
cesses (summarized in Tables 1 and 2),19–156 emphasizing 
their clinical applications or potential. This approach offers 
new insights into how additional SLC members contribute to 
liver disease development and highlights their potential as 
drug targets for NAFLD.

SLC1/2
SLC1 is a type of glutamate transporter protein that helps 
maintain a gradient in the concentration of glutamate across 
the cell membrane.157 SLC1A4 and SLC1A5 are responsible 
for transporting neutral amino acids into the cell. The ratio 
of plasma glutamate to glutamine concentrations is elevated 
and correlates with the degree of hepatic fibrosis in patients 
with NAFLD. These elevated glutamate levels primarily re-
sult from the catabolism of glutamine. In methionine- and 
choline-deficient-induced NASH mice, the expression of 
SLC1A5 is increased, and HSCs exhibit enhanced glutamine 
uptake. Inhibition of glutamine uptake or catabolism shifts 
activated HSCs to a more quiescent state, thereby alleviat-
ing fibrosis. Consequently, inhibiting SLC1A5 may reduce 
glutamine uptake and potentially slow the progression of 
NAFLD to NASH.19 However, bioinformatics analysis reveals 
that the expression of SLC1A4 is decreased in NAFLD pa-
tients and may be associated with M1 macrophage activation 
and neutrophil infiltration. This suggests that SLC1A4 could 
contribute to fibrosis through mechanisms independent of its 
transporter function.20

The SLC2 family encodes glucose-fructose transport pro-
teins. SLC2 family members are expressed on hepatocyte 
membranes, with SLC2A2 (GLUT2) showing the highest ex-
pression. Reduced activity of SLC2A2 affects glucose trans-
port to the liver and promotes IR in response to a high-fat-
sugar diet. Elevated plasma insulin levels stimulate de novo 
lipogenesis (DNL), further exacerbating hepatic steatosis.158 
The reduction in GLUT2 activity may result from either down-
regulation of its expression or inhibition of its translocation, 
depending on its cytomembrane expression levels.159 Vari-
ous signaling molecules, including sterol O-acyltransferase 
2, protease-activated receptor 2, transmembrane member 
16A, low-density lipoprotein receptor-related protein-1, and 
β-hydroxy-β-methylbutyrate, influence hepatic lipid accumu-
lation by regulating GLUT2 activity.21–25 A high-fat diet (HFD) 
reduces cytomembrane GLUT2 levels in NAFLD mice. Inter-
estingly, one study identified elevated hepatic GLUT2 expres-
sion in mice with type 2 diabetes and high-fructose-induced 
diabetes with NAFLD.26–28 In these mice, increased GLUT2 
expression promotes glucose translocation into hepatocytes, 
indirectly increasing precursors for lipid synthesis and pro-
moting hepatic steatosis. The observed differences in GLUT2 
expression may result from varying dietary conditions, which 
induce different patterns of hepatic steatosis. This is con-
sistent with findings that mice with high-fructose-induced 
NAFLD exhibit greater insulin sensitivity compared to those 
with HFD-induced NAFLD.29 Nevertheless, aberrant GLUT2 
activity contributes to hepatic steatosis in both dietary pat-
terns. Reduced GLUT2 expression, along with increased 
GLUT4 expression, has been observed in cirrhotic patients 
and senescent hepatocytes, leading to selective IR and poor 
prognosis. It has been postulated that IR resulting from a de-
crease in GLUT2 may indirectly impact fibrosis by promoting 

hepatocyte senescence, although this hypothesis requires 
further verification.30

Unlike GLUT2, SLC2A4/GLUT4 is predominantly intracel-
lular in the unstimulated state and rapidly translocates to the 
cytomembrane in response to glucose uptake stimuli, such 
as insulin and ischemia-reperfusion. This represents the first 
reported instance of GLUT protein activation under stressed 
conditions.160 IR resulting from GLUT4 inactivation is caused 
by oxidative stress in adipose tissue, induced by short-term 
nutrient excess. This mechanism primarily explains GLUT4’s 
influence on hepatic steatosis. Additionally, GLUT4 transloca-
tion to the cell membrane can be mediated by the IGF-1R/
IRS1/PI3K/Akt or AMPKα1/PGC-1α signaling pathways.31–33 
GLUT4 expression is more pronounced in male obese spon-
taneously hypertensive rats compared to females, reflect-
ing sex-based differences in the pathogenesis of hepatic 
steatosis.34 Activated AMPK can reduce GLUT4 expression in 
HSCs, thereby decreasing glucose availability for glycolysis, 
inhibiting HSC activation, and alleviating hepatic fibrosis.35 
SLC2A1/GLUT1 is a critical transporter for glucose uptake in 
the brain, induced by hypoxia, and associated with increased 
glycolysis during carcinogenesis. GLUT1 expression is differ-
entially regulated in hepatocytes and HSCs during liver in-
jury, with each cell type playing distinct roles. Hepatic GLUT1 
expression is reduced in NAFLD patients, and in vitro knock-
down of GLUT1 on hepatocytes increases oxidative stress 
and lipid accumulation.36 Notably, increased hepatic GLUT1 
expression is observed in hepatic fibrosis mice, primarily in 
the hepatic sinusoidal region. Mechanistically, activated HSCs 
secrete GLUT1-containing exosomes in response to hypoxia-
inducible factor (HIF) 1, which are subsequently taken up 
by unactivated HSCs, promoting glucose uptake and glyco-
lysis and facilitating HSC activation.37 Increased GLUT1 in 
HSCs can also be induced by TGF-β1 through the Smad, p38 
MAPK, and PI3K/AKT pathways.161 SLC2A5/GLUT5 is widely 
expressed in intestinal epithelial cells, where it facilitates glu-
cose and fructose absorption. Its intestinal expression is as-
sociated with obesity and IR.162 Recent studies have linked 
high GLUT5 expression in the intestine to disease progres-
sion in NAFLD patients.38 It is hypothesized that specific in-
hibition of intestinal GLUT5 may alleviate hepatic steatosis 
by reducing sugar absorption. SLC2A8/GLUT8 is expressed 
in hepatocytes and intestinal cells and plays a crucial role 
in intrahepatic fructose transport. Increased translocation of 
GLUT8 to the cytomembrane during acute fructose overcon-
sumption is mediated by its transient dissociation from trans-
membrane 4 L six family member 5.39 High fructose levels 
induce endoplasmic reticulum stress and oxidative stress in 
hepatocytes, promoting DNL, lipid oxidative catabolism, and 
HSC activity. GLUT8 deletion alleviates hepatic steatosis and 
fibrosis by counteracting these effects.29,40 SLC2A9/GLUT9 is 
a urate transporter protein, and its polymorphisms are asso-
ciated with NAFLD. Liver-specific knockdown of GLUT9 ame-
liorates HFD-induced hepatic steatosis in mice by decreasing 
intrahepatic uric acid and inhibiting lipolysis gene expres-
sion.41 However, a Mendelian randomization study combined 
with cohort analysis shows that elevated plasma urate con-
centration is not causally associated with NAFLD.163 Since 
GLUT9 is widely distributed in the liver, kidney, and intestine, 
its liver-specific mediation of urate transfer may significantly 
contribute to intrahepatic urate levels.

SLC5/6
Sodium-glucose transporters (SGLTs) encoded by the SLC5 
family play a crucial role in metabolic diseases, particularly 
SLC5A2/SGLT2. SGLT2 has emerged as an effective thera-
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peutic target for diabetes, with well-documented efficacy in 
reversing hepatic steatosis and fibrosis.164 A recent five-year 
follow-up study demonstrated that SGLT2 inhibitors signifi-
cantly improved hepatic steatosis in patients with diabe-
tes and NAFLD.42 Mechanistically, SGLT2 inhibitors improve 
hepatic steatosis through multiple pathways, including the 
reduction of circulating inflammatory and oxidative stress 
conditions.43 For example, dapagliflozin inhibits liver recep-
tor alpha-mediated bile acid (BA) synthesis and DNL, amelio-
rates BA disruption-induced intestinal dysbiosis, and reduces 
intestinal lipid absorption.165 Lugliflozin has been shown to 
reduce body weight, hepatic gluconeogenesis, and blood glu-
cose levels, primarily improving IR and reducing lipid syn-
thesis precursors.44 Similarly, a prospective study observed 
an increased risk of hepatic fibrosis in diabetic patients, 
which was significantly mitigated by SGLT2 inhibitors.166 
Specifically, SGLT2 inhibitors alleviate fibrosis by improv-
ing blood sugar and lipid levels, enhancing the physiologi-
cal functions of hepatocytes and HSCs, modulating intestinal 
flora, and facilitating vascular remodeling.45,46 Additionally, 
SGLT2 inhibitors downregulate miRNA-34a-5p expression 
in HSCs, which increases Gremlin 2-mediated inactivation 
of TGF-β, resulting in impaired HSC activation. The Sirt1/
AMPK/PGC1α/FoxO1 axis is also involved in the inactivation 
of HSCs by SGLT2 inhibitors.47,48 Additionally, SGLT2 inhibi-
tors reduce glucose surplus-induced O-GlcNAcylation, which 
decreases the expression of inflammatory and fibrosis-relat-
ed genes and activates AMPK-TFEB-induced autophagic flux, 
preventing autophagy dysfunction that leads to abnormal 
lipid degradation and increased inflammatory cytokines.49 
Empagliflozin (EMPA) treatment has been shown to attenu-
ate key fibrotic pathways, including TGF-β/TGF-βRI/Smad2 
and PDGFR-β in HSCs, accompanied by decreased expres-
sion of type I collagen (Col 1A1) and extracellular matrix. 
EMPA treatment also attenuates the VEGF-A/VEGFR-2/Shb 
pathway, which induces angiogenesis in hepatic endothelial 
cells, improving vascular remodeling and portal hyperten-
sion. Notably, no toxic effects of EMPA on the kidneys have 
been observed.50 Given the mitigating effect of SGLT2 on 
hepatic fibrosis and its improvement of sodium retention and 
solution volume redistribution in vivo, this represents a novel 
approach to cirrhosis treatment. Two additional SLC5 family 
members have been linked to hepatic steatosis and fibrosis. 
SLC5A1, which encodes SGLT1, is predominantly expressed 
in the intestinal epithelium and mediates glucose uptake. 
SGLT1 levels are higher in patients with NAFLD compared 
to healthy controls and correlate with the degree of hepatic 
fibrosis.167 Consistently, SGLT1 inhibition ameliorates NAFLD 
by reducing glucose absorption and downregulating genes 
related to inflammation and hepatic fibrosis.51,52 SLC5A5, en-
coding SGLT5, is a fructose-transporting protein expressed in 
the kidneys that mediates fructose reabsorption. However, a 
high-fructose diet-induced hepatic steatosis is exacerbated in 
SGLT5-deficient mice, possibly due to increased translocation 
of GLUT8.53

The SLC6 family mediates the transport of various neu-
rotransmitters.168 The serotonin transporter (SERT) protein, 
encoded by SLC6A4, is responsible for serotonin transport. In 
fructose-fed mice, a decrease in intestinal SERT protein leads 
to extracellular serotonin aggregation, resulting in transmu-
ral transport, decreased occludin expression, and increased 
intestinal permeability. This is followed by elevated serum 
endotoxin levels, ultimately triggering hepatic inflammation 
exacerbated by lipid accumulation. Similar effects are ob-
served in glucose-fed and Western diet-fed mice following 
SERT knockout.54,55 Additional mechanisms through which 
SERT exerts its effects include intestinal dysbiosis, activa-

tion of the c-Jun N-terminal kinase (JNK) pathway, IR, and 
increased recruitment of hepatic leukocytes.56–58 However, 
one study shows that hepatic SERT expression is elevated in 
HFD-induced NASH mice, increasing serotonin uptake. Sero-
tonin catabolism and oxidative stress mediate mitochondrial 
damage, ultimately leading to hepatocyte injury. However, 
SERT levels are not elevated in human samples.59 In conclu-
sion, the expression levels of SERT in the liver and intestine 
may vary during the progression of NAFLD. In systemic SERT 
knockout mice, intestinal SERT effects may outweigh hepatic 
SERT effects. Nonetheless, aberrant expression of SERT in 
both the intestine and liver contributes to lipid accumula-
tion and inflammation in the liver. SLC6A14, a Na/Cl-coupled 
transporter for neutral/cationic amino acids, is expressed 
in the intestine. HFD-induced mice that undergo SLC6A14 
knockout exhibit increased food intake, exacerbated hepat-
ic steatosis with altered plasma amino acid profiles, and a 
greater prevalence of these effects in males, indicating a po-
tential involvement of SLC6A14 in hepatic steatosis.60

SLC7/9/10/13/15
SLC7 mediated the transport of various amino acids. The 
cystine-glutamate reverse transporter (xCT), encoded by 
SLC7A11, is a cystine-glutamate antiporter that mediates 
the import of cysteine and export of glutamate. This is fol-
lowed by the generation of glutathione and activation of glu-
tathione peroxidase 4, which plays a critical role in protect-
ing cells from ferroptosis.169 Alterations in iron metabolism 
and lipid peroxidation during ferroptosis may be pathophysi-
ologically related to lipid accumulation in NAFLD. Liraglutide 
and RBM34 have been shown to influence hepatic lipid ac-
cumulation by regulating the ferroptosis process mediated by 
SLC7A11.61,62 Additionally, epigenetic regulation of SLC7A11 
may impact hepatic steatosis. Previous studies have demon-
strated that DNA methylation of SLC7A11 is associated with 
a reduced risk of hepatic steatosis in NAFLD patients, po-
tentially through the regulation of lipid-associated genes.63 
Consistently, methylation of SLC7A11 can also promote fer-
roptosis and exacerbate the development of NAFLD when 
regulated by obesity-related protein.64 SLC7A11 is also a key 
component in various pathways by which drugs and proteins 
regulate ferroptosis in HSCs to achieve antifibrosis. These 
pathways include the sorafenib-induced HIF-1α/SLC7A11 
pathway, wogonoside-induced SOCS1/P53/SLC7A11 path-
way, ginsenoside Rh2-induced IRF1/SLC7A11 pathway, 
ginsenoside Rb1-induced Beclin1/SLC7A11 pathway, and 
tripartite motif 26-induced ubiquitination of SLC7A11.65–69 
Interestingly, SLC7A11 also exerts an inhibitory effect on he-
patic fibrosis independent of ferroptosis. Increased SLC7A11 
expression has been observed in liver samples from NASH 
patients. Mechanistically, lipid accumulation-induced activa-
tion of the JNK-c-Jun pathway increases SLC7A11 expression 
in hepatocytes. SLC7A11 reduces reactive oxygen species 
(ROS) levels and enhances α-ketoglutarate/prolyl hydroxy-
lase activity, activating the AMPK-mitochondrial autophagy 
pathway. This ultimately leads to a reduction in NOD-, LRR-, 
and pyrin domain-containing protein 3 inflammasome-me-
diated interleukin (IL) 1-beta production, preventing mye-
loid cell recruitment and HSC activation.70 In summary, an 
SLC7A11 inhibitor seems to be a potential therapeutic target 
for alleviating fibrosis progression. However, it is crucial to 
consider that SLC7A11 expression in HSCs is significantly 
higher than in hepatocytes under acute liver injury condi-
tions, making HSCs more sensitive to these inhibitors. In the 
context of chronic liver injury, prolonged TGF-β stimulation 
induces EMT in hepatocytes, enhancing their sensitivity to 
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SLC7A11. Administering an SLC7A11 inhibitor at this stage 
may not only worsen liver injury but also reduce the efficacy 
of the inhibitor in alleviating hepatic fibrosis.170 Moreover, 
inhibition of the AGER1/SIRT4/SLC7A11 pathway in hepat-
ocytes induces ferroptosis, promoting hepatocyte EMT.71 
Therefore, designing effective SLC7A11 inhibitors to alleviate 
hepatic fibrosis should prioritize specificity for HSCs to mini-
mize hepatocyte damage. Other members of the SLC7 fam-
ily also influence hepatic steatosis. Knockdown of SLC7A3 in 
mice or human hepatocytes reduces arginine transport, lead-
ing to decreased NO production and subsequent 3′,5′-Cyclic 
guanosine monophosphate synthesis. This impairs fatty acid 
(FA) oxidation, which is activated by AMPK-PPARα signal-
ing, ultimately leading to lipid accumulation under fasting 
or glucose-starvation conditions.171 Additionally, deletion of 
SLC7A8, a glutamine transporter, prevents hepatic steatosis, 
potentially due to improved glucose tolerance, reduced lipid 
accumulation, and promoted weight loss.72

Members of the SLC10 family are primarily involved in BA 
transport. Among them, SLC10A2, also known as the api-
cal sodium-dependent bile acid transporter (ASBT), has been 
most extensively studied in liver diseases. ASBT is responsi-
ble for BA reabsorption in the ileum, and its inhibition pre-
vents lipid accumulation by reducing plasma BA, altering BA 
properties, and enhancing insulin sensitivity.73 Specifically, 
the inhibition of ASBT reduces circulating BA, leading to a 
decrease in ileum receptor farnesoid X receptor-activated fi-
broblast growth factor (FGF) 15/19. As a result, hepatic ERK 
and JNK signaling pathways are activated, upregulating cho-
lesterol 7α-hydroxylase activity and enhancing hepatic cho-
lesterol catabolism. A similar mechanism has been observed 
in alcohol-induced steatohepatitis.18,74 The degree of hydro-
phobicity of BAs is also higher after ASBT inhibition, interfer-
ing with their ability to efficiently mediate lipid uptake, partic-
ularly of saturated fatty acids. This suggests that appropriate 
dietary FA composition may contribute to the role of ASBT 
inhibitors.75 Volixibat, an ASBT inhibitor, has been evaluated 
in clinical trials for its potential to alleviate NASH, but the ef-
ficacy was unfortunately suboptimal.172 One possible expla-
nation is that, while ASBT inhibitors reduce intrahepatic cho-
lesterol levels, ASBT-mediated cholesterol catabolism leads 
to an increase in intrahepatic BAs. A recent study using an 
ASBT inhibitor in combination with FGF15 supplementation 
in NASH mice found that the combination was more effec-
tive than either treatment alone. FGF15 reduced intrahepatic 
BA accumulation and inhibited the activation of cholesterol 
7α-hydroxylase by ASBT, while maintaining its role in inhib-
iting intestinal BA reabsorption, thus ensuring cholesterol 
and BA homeostasis.173 Similarly, the sodium taurocholate 
co-transporting polypeptide (NTCP), encoded by SLC10A1, 
is also involved in the uptake and homeostatic regulation of 
BAs, although it is predominantly expressed in the liver. In 
NTCP-deficient livers, reduced BA uptake from plasma led to 
elevated plasma BA levels without causing liver injury. This 
was accompanied by reduced intestinal fat absorption and 
increased non-coupled respiration in brown adipose tissue 
(BAT), which attenuated hepatic steatosis through weight 
loss.76 NTCP expression has also been associated with HBV-
associated hepatic fibrosis and NASH, and overexpression of 
NTCP in HSCs promoted BA uptake in the NASH environ-
ment, which was associated with HSC activation.77,78

Some members of the SLC9, SLC13, and SLC15 families 
have also been reported to be associated with hepatic stea-
tosis. SLC9A1, also known as Na(+)/H(+) exchanger 1 (NHE1), 
is an electrically neutral Na/H exchanger. Chronic exposure to 
an HFD upregulated hepatic NHE1 expression, whereas NHE1 
deficiency reduced DNL and HSC activation and increased 

insulin sensitivity.79 SLC13A5, the mammalian homolog of 
INDY (mIndy), is a citrate transporter protein. The increase 
in hepatic mIndy expression in NAFLD patients was mediated 
by the IL-6-signal transducer and activator of transcription 
3 pathway, promoting increased hepatic lipogenesis.80 Fur-
thermore, liver-specific knockdown of mIndy prevented IR 
and reduced plasma and liver triacylglycerol (TAG) levels, 
potentially due to increased plasma β-hydroxybutyrate and 
AMPK activation.81–83 SLC15A1 encodes peptide transporter 
1 (PEPT1), a high-capacity, low-affinity peptide transporter 
responsible for the uptake of dipeptides and tripeptides in the 
intestine, kidney, and liver. PEPT1 knockdown was associated 
with weight loss and amelioration of hepatic steatosis, poten-
tially due to a reduction in systemic IL-6 levels, leading to a 
lack of mucosal structures and decreased intestinal energy 
absorption.84 Additionally, hepatocyte-expressed PEPT1 may 
facilitate the entry of specific peptides, such as fish-arginine-
derived peptides, to alleviate hepatic steatosis.174

SLC16/17/19/22/23
SLC16 encodes the monocarboxylic transporter (MCT), which 
plays a critical role in the transport of essential cellular nu-
trients, as well as in cell metabolism and acid-base balance. 
SLC16A1/MCT1 mediates the influx and efflux of lactate.175 
In healthy livers, intracellular lactate content was found to be 
proportional to MCT1 expression levels. However, in chronic 
liver disease, a post-transcriptional modification-associated 
decrease in MCT1 content correlated with the severity of liver 
disease, accompanied by intrahepatic lactate accumulation, 
particularly in alcoholic liver disease. This suggests that post-
transcriptional modification of MCT1 may be involved in the 
pathological processes of liver disease development.176 In 
NASH mice, knockdown of MCT1 in HSCs reduced collagen-1 
expression and attenuated hepatic fibrosis, while knockdown 
in hepatocytes had the opposite effect.85 These findings sug-
gest that reduced MCT1 expression in hepatocytes may sig-
nificantly contribute to the accelerated progression of liver 
disease. The role of MCT1 in hepatic steatosis remains in-
conclusive. Liver-specific MCT1 deletion resulted in lactate 
accumulation in hepatocytes, leading to enhanced polyubiq-
uitination-mediated degradation of peroxisome proliferator-
activated receptor alpha (PPARα), resulting in decreased 
expression of lipid oxidation-related genes and exacerbation 
of HFD-induced hepatic steatosis.86 However, another study 
showed that reduced lactate uptake in hepatocytes from par-
tial MCT1 knockout mice prevented high lactate dehydroge-
nase B expression under HFD conditions. This reduction in 
lactate led to decreased pyruvate levels, affecting ATP pro-
duction, increasing the AMP/ATP ratio, and activating AMPK 
to alleviate hepatic steatosis. Conversely, upregulation of 
MCT1 expression had the opposite effect.87–89 The present 
study indicated that abnormalities in MCT1-mediated lac-
tate influx and efflux may contribute to hepatic steatosis, 
though the specific regulatory mechanisms underlying the 
role of MCT1 in lactate transport remain to be elucidated. 
SLC16A11 and SLC16A13, members of the same family of 
monocarboxylic transporters as MCT1, have also been linked 
to susceptibility to type 2 diabetes mellitus. Hepatic expres-
sion of SLC16A11 was higher in HFD-fed mice, and its knock-
down improved IR and reduced TAG accumulation in both 
serum and liver.90 Similarly, SLC16A13 knockdown attenu-
ated hepatic diacylglycerol-PKCε-mediated IR in the setting 
of HFD and decreased intracellular lactate availability led to 
increased AMPK activation and reduced hepatic lipid accu-
mulation.91

The SLC22 family is distributed in tissues such as the kid-
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ney and liver.177 The proteins organic cation transporter 1 
(OCTN1) and organic cation transporter 2 (OCTN2), encoded 
by SLC22A4 and SLC22A5, belong to the same group of car-
nitine transporter proteins and play a critical role in cellular 
metabolism. Carnitine improves mitochondrial dysfunction, 
reduces IR, and thus alleviates NAFLD.178 Meta-analysis 
showed that carnitine supplementation improved liver func-
tion and lipid accumulation in patients with NAFLD.92 Carni-
tine deficiency, resulting from the downregulation of OCTN1 
and OCTN2, may reduce the transfer of long-chain fatty acids 
from the cytoplasm to the mitochondria, limiting their oxi-
dation. During the progression of liver disease, OCTN1 and 
OCTN2 appear to serve as binding sites for various drugs 
that influence hepatic steatosis, such as Cynara cardunculus 
extract, clozapine, and olanzapine.93–95 OCTN1 was upregu-
lated in activated HSCs, resulting in increased delivery of its 
substrate, the antioxidant ergothioneine, which protected 
against hepatic fibrosis.96 Other members of the SLC22 fam-
ily have also been implicated in hepatic steatosis and fibro-
sis. SLC22A12/Urate transporter 1, a uric acid transporter, is 
predominantly expressed in the epithelial cells of the renal 
proximal tubules, where it is responsible for the reabsorption 
of uric acid. Elevated blood urate promotes oxidative stress 
and increases the production of pro-inflammatory cytokines, 
leading to IR and hepatocellular lipid accumulation.179,180 
Consistent with this, selective inhibitors of urate transporter 
1 reduced inflammatory factors like chemokine ligand 2 and 
tumor necrosis factor α, as well as intracellular ROS pro-
duction in hepatocytes, ameliorating hepatic steatosis and 
improving IR by upregulating uncoupling protein (UCP) 1 to 
induce the rebrowning of BAT.97 SLC22A18 was thought to be 
an organic cation-transporting protein, although its physio-
logical substrates remain unclear. Furthermore, studies have 
demonstrated that overexpression of SLC22A18 promoted 
systemic lipid accumulation in mice, including in the liver.98,99 
SLC22A3/Organic cation transporter 3 is an organic cation 
transporter protein, and deletion of hepatocyte organic cat-
ion transporter 3 led to the upregulation of TGF-β, resulting 
in fibrosis progression.100

The roles of SLC17, SLC19, and SLC23 in the pathogenesis 
of hepatic steatosis and fibrosis remain incompletely under-
stood. SLC17A9 encodes the vesicular nucleotide transport-
er (VNUT) protein responsible for ATP vesicular storage.181 
VNUT-mediated vesicular ATP release promoted very low-
density lipoprotein secretion in an autocrine or paracrine 
manner via metabotropic pyrimidine and purine nucleotide 
receptors 13 receptor purinergic signaling. VNUT deficiency 
protected against the development of inflammation and fi-
brosis in the context of a HFD despite TAG accumulation in 
the liver. Mechanistically, VNUT knockdown inhibited intercel-
lular purinergic signaling, which reduced the progression of 
liver inflammation and fibrosis, accompanied by a decrease 
in the expression of lipolytic genes and an increase in the 
expression of lipolysis genes.101 Another study demonstrated 
that inhibition of glucose-induced ATP release from VNUT 
vesicles led to decreased intracellular TAG content and se-
cretion in hepatocytes, along with reduced hepatic inflam-
mation and fibrosis,102 confirming the anti-inflammatory 
effect of VNUT. However, whether this affected intrahepatic 
lipid accumulation remains to be further explored. SLC19A1 
is responsible for folate transport, and low blood folate levels 
are associated with the progression of NAFLD. A deficiency 
in SLC19A1 expression in hepatocytes reduced intracellular 
folate levels, affecting the regulation of key lipid metabolism 
genes, such as fatty acid synthase and X-box binding protein 
1, leading to the accumulation of lipid droplets in hepato-
cytes.103 SLC23A2 is a vitamin C transporter protein. Human 

HSCs express only one vitamin C transporter, SLC23A2. This 
protein is elevated in cirrhotic livers and mediates vitamin C 
influx, assisting hydroxylases in promoting collagen 1 release 
by HSCs.104

SLC25
Members of the SLC25 family transport a variety of com-
pounds across the inner mitochondrial membrane, bridging 
the mitochondrial matrix and cytosol.182 The most exten-
sively researched family within this group is the UCP fam-
ily. SLC25A7/UCP1 is a mitochondrial uncoupling protein 
expressed in BAT and associated with non-shivering ther-
mogenesis. The beneficial effects on hepatic steatosis were 
primarily achieved through weight loss. Various drugs affect-
ed UCP1 expression through different pathways to achieve 
weight loss. For example, magnolol and Paeonia lactiflora 
root increased UCP1 expression through the activation of 
the PPARγ signaling pathway and AMPK, respectively.105,106 
Loureirin B treatment increased the proportion of ω3 polyun-
saturated fatty acids in BAT and white adipose tissue (WAT), 
which activated the key lipid sensor G protein-coupled re-
ceptor 120, in turn upregulating UCP1.107 In addition, UCP1 
expression was involved in the brain-nerve-lipid axis. Mod-
erate alcohol consumption stimulated hypothalamic neural 
circuits and sympathetic nerves innervating BAT, which sig-
nificantly increased UCP1 expression and activity in BAT. This 
may serve as a potential mechanism for metabolic improve-
ment through moderate alcohol consumption.108 Alterations 
in UCP1 expression in the liver and BAT were also associated 
with the fibrotic process. The persistent high-fat environ-
ment in advanced NAFLD downregulated UCP1 in NK cells via 
the PPARγ/ATF2 axis, increasing fatty acid oxidation (FAO) 
and exacerbating irreversible mitochondrial damage. This, in 
turn, promoted necrotic apoptosis in NK cells and aggravated 
fibrosis.109 UCP1 also mediated the uptake of succinate from 
the circulation by BAT and WAT, thereby reducing extracel-
lular succinate, which activated succinate receptor 1 in HSCs 
and macrophages to produce pro-inflammatory effects.110 
The mitochondrial function of SLC25A8/UCP2 is not yet fully 
understood. As an uncoupling protein homologue of UCP1, 
it reduced mitochondrial ATP and ROS production, as well 
as thermogenesis.183 Polymorphisms in UCP2 and increased 
hepatic UCP2 expression were associated with a reduced risk 
of NASH.184,185 Various drugs could enhance thermogenesis, 
improve fatty acid metabolism, and lipid synthesis through 
the AMPK-PPARα-UCP2 pathway.111–113 Moreover, activation 
of the PPARα-UCP2-AMPK pathway in macrophages inhib-
ited macrophage activation to reduce inflammation and al-
leviate fibrosis progression.114 SLC25A9/UCP3 was primar-
ily expressed in skeletal muscle and prevented lipid-induced 
mitochondrial damage by promoting FA export from mito-
chondria. Moderate overexpression of UCP3 could increase 
mitochondrial oxygen consumption and FAO in muscle and 
liver.115,116 Polymorphisms in UCP3 were associated with 
NASH and IR.117,118 A progressive increase in IR, accom-
panied by a gradual decrease in UCP3 levels, has been ob-
served in HFD-fed mice. Meanwhile, Akt/PKB and AMPK sign-
aling were blunted, and FAO was decreased in gastrocnemius 
muscle, similar changes are seen in alcohol-induced IR.119,120 
Thus, UCP3 may delay the progression of hepatic steatosis 
by regulating fatty acid metabolism and alleviating IR.

SLC25A1 and SLC25A10 were involved in the develop-
ment of hepatic steatosis and fibrosis through the transport 
of carboxylic acids. SLC25A1 was responsible for transport-
ing mitochondrial citrate into the cytoplasm and was highly 
expressed in the livers of NASH patients. SLC25A1 inhibition 
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decreased citrate transport and inhibited glycolysis, leading 
to decreased pyruvate levels. These effects worked together 
to reduce DNL. It also inhibited the M1 pro-inflammatory 
pathway as well as the expression of pro-inflammatory and 
pro-fibrotic genes.121 Furthermore, SLC25A1 inhibition al-
leviated HFD-induced hepatic steatosis and IR by altering 
hepatic protein acetylation patterns. Specifically, under HFD 
conditions, SLC25A1 inhibition promoted FAO by deacetylat-
ing carnitine palmitoyltransferase 1A and reduced glucose 
oxidative catabolism by triggering the acetylation-induced 
inactivation of pyruvate dehydrogenase E1α, which caused 
enhanced glucose uptake and storage in the liver, and acti-
vated the SIRT1/PGC1α pathway to enhance oxidative phos-
phorylation for energy production.186 SLC25A10, also known 
as the mitochondrial dicarboxylate carrier (mDIC), was a car-
rier of dicarboxylic acids on the mitochondrial membrane, 
predominantly expressed in white adipose tissue (WAT).187 
SLC25A10 mRNA levels in human WAT correlated positively 
with insulin sensitivity and negatively with intrahepatic TAG 
levels.122 Mechanistically, mDIC mediated the influx of suc-
cinate into adipocytes, which enhanced succinate receptor 
1 to inhibit lipolysis by dampening the cAMP-phosphorylat-
ed hormone-sensitive lipase pathway. mDIC deficiency led 
to increased lipolysis in adipocytes of HFD mice, providing 
non-esterified fatty acids for intrahepatic lipid synthesis and 
promoting DNL.123 However, since mDIC also played a crucial 
role in providing malate for citrate transport required for fatty 
acid synthesis its deletion in hepatocytes may downregulate 
the lipogenic pathway.124 This suggests that mDIC performs 
distinct functions in hepatocytes and adipocytes, and its ef-
fects on hepatic steatosis may be dominated by its effects in 
adipocytes.

SLC25A3 and SLC25A28 were implicated in the develop-
ment of hepatic steatosis and fibrosis by modulating intracel-
lular copper and iron levels, respectively, with low copper 
and iron being common risk factors for NAFLD. SLC25A3, 
a mitochondrial inner membrane carrier for inorganic phos-
phate (Pi) and copper, was observed to be downregulated in 
the livers of HFD-fed mice. This reduction in SLC25A3 ex-
pression impaired the electron transport chain by decreas-
ing copper in mitochondria, leading to electron leakage and 
increased mitochondrial ROS production. Ultimately, this 
rendered hepatocytes more susceptible to oxidative stress 
and potentially facilitated NASH progression.188 SLC25A28/
Mitoferrin2 was a mitochondrial iron-translocation protein es-
sential for hepatocyte regeneration.189 Mitoferrin2-deficient 
female mice exhibited elevated hepatic TAG levels and al-
tered hepatic lipid metabolism when exposed to a low-iron 
diet, suggesting that Mitoferrin2-mediated intrahepatic iron 
homeostasis plays an important role in lipid metabolism.125 
Additionally, Mitoferrin2-mediated iron transfer was implicat-
ed in the pathogenesis of fibrosis by influencing ferroptosis. 
The elevated expression of bromodomain-containing protein 
7 in response to ferroptosis inducers promoted mitochondrial 
translocation of p53 by directly binding to it, which interacted 
with SLC25A28 to form a complex that enhanced SLC25A28 
activity. This resulted in the aberrant accumulation of redox-
activated iron and hyperfunction of the electron transport 
chain, ultimately promoting ferroptosis in HSCs.126

SLC25A5 and SLC25A47 were involved in the develop-
ment of hepatic steatosis and fibrosis through nucleotide 
transport. SLC25A5 is a mitochondrial ATP transporter pro-
tein that facilitates the exchange of adenosine diphosphate 
and ATP across the inner mitochondrial membrane. Liver-
specific SLC25A5 deficiency increased uncoupled respira-
tion and prevented the development of steatosis and IR in 
mice.127 Its role in alcohol-induced fatty liver disease was 

similar. Alcohol administration triggered global protein lysine 
β-hydroxybutyrylation (hereinafter referred to as Kbhb) in 
the liver. Two modifications of SLC25A5 Kbhb, mediated by 
3-hydroxy-3-methylglutaryl-coenzyme A synthase 2, pre-
vented SLC25A5 degradation by ubiquitin proteases. The 
stabilization of SLC25A5 facilitated steatosis via the MAPK/
Erk/PPARγ axis under chronic alcohol exposure.128 SLC25A47 
was a hepatocyte-specific mitochondrial carrier that trans-
ported NAD+. SLC25A47 mediated the increase of mitochon-
drial NAD+, activating sirtuin 3 (SIRT3) protein activity, and 
inhibited lipid accumulation via the SIRT3-AMPKα-SREBPs 
pathway.129 Upon activation of SIRT3, hepatocyte mitochon-
drial oxidative stress was reduced, and mitochondrial dys-
function was alleviated, which reduced hepatocyte apoptosis 
and alleviated hepatic fibrosis.130 Similarly, the deletion of 
SLC25A47 impaired hepatocyte mitochondrial function due 
to an inability of the mitochondria to cope with the additional 
metabolic stress induced by high-fat/high-sucrose feeding. 
This ultimately led to the development of NASH.131

The loss of function of SLC25A46, an outer mitochondrial 
membrane protein, led to alterations in mitochondrial lipid 
composition and may play a role in membrane remodeling as-
sociated with mitochondrial fusion and fission.190 SLC25A46 
was involved in endoplasmic reticulum-mitochondrial con-
tacts through the ECM2-SLC25A46-Mic19 axis. Abnormali-
ties in this pathway resulted in impaired mitochondrial phos-
pholipid metabolism, disrupted mitochondrial membrane 
organization, and affected hepatic mitochondrial fatty acid 
β-oxidation and lipid metabolism, potentially contributing to 
the development of hepatic fibrosis.132

SLC27/29/31/35/37/38/39/43
The FATP family, encoded by SLC27, is responsible for fatty 
acid transport, with some members also exhibiting acyl-CoA 
synthase activity, playing important roles in metabolic dis-
eases.191 SLC27A1/Fatty acid transport protein 1 is mainly 
expressed in adipocytes and skeletal muscle tissues, and 
its loss of function leads to the redistribution of lipids from 
adipose and muscle tissues to the liver.133 SLC27A2/Fatty 
acid transport protein 2 (FATP2) is mainly expressed in the 
liver and can reduce hepatic lipid accumulation when inhib-
ited. Transmembrane 4 L six family member 5, murine CYP 
(Cyp2c44), and Forkhead box protein A1 all mitigate he-
patic lipid accumulation by downregulating FATP2 expres-
sion or interfering with FATP2 translocation.134–136 Hepatitis 
B virus X and N-Acetyltransferase-like protein 10 can pro-
mote hepatic lipid accumulation by upregulating FATP2 ex-
pression or promoting FATP2 stability.137,138 SLC27A4/Fatty 
acid transport protein 4 (FATP4) is widely distributed in vivo, 
functioning as an acyl-CoA synthetase on organelle mem-
branes but is relatively poorly expressed in hepatocytes.192 
FATP4 may play a key role in mitochondrial β-oxidation and 
mediates the transport of fatty acids from lipid droplets to 
mitochondria for β-oxidation during starvation in myofibro-
blasts. Conversely, the deletion of FATP4 in hepatocytes de-
creases β-oxidation and increases fatty acid synthesis and 
uptake, ultimately elevating hepatocyte and plasma TAG 
levels.139,140 Another study found that FATP4 expression 
was elevated in the livers of NASH mice. Additionally, cells 
that overexpress FATP4 can increase acyl-CoA synthetase 
activity in response to palmitate stimulation for β-oxidation, 
elongation, and desaturation of FAs, as well as synthesis of 
neutral lipids, sphingolipids, and phospholipids. This results 
in hepatocellular steatosis, endoplasmic reticulum structural 
damage due to phospholipid composition changes, and acti-
vation of the Bax and JNK/PUMA pathways, which increases 
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TAG levels in hepatocytes and plasma. Furthermore, down-
regulation of FATP4 in hepatocytes and adipocytes mediates 
the protective effects of vitamin D and exercise on obe-
sity and HFD-induced hepatic steatosis.141,142 FATP4 influ-
ences both lipid synthesis and catabolism, with its stable 
expression being crucial for hepatocyte lipid homeostasis. 
Additionally, the deletion of FATP4 in bone marrow-derived 
macrophages and Kupffer cells leads to an increased pro-
inflammatory response and induces hepatic fibrosis in HFD-
fed female mutants.143 SLC27A5/Fatty acid transport protein 
5 (FATP5) is associated with BA homeostasis in the liver in 
addition to fatty acid transport.193 Knockdown of FATP5 can 
reverse NAFLD and significantly improve systemic glucose 
homeostasis.144 However, reduced hepatic FATP5 expression 
in NAFLD patients is associated with histologic progression 
and may contribute to lipid reduction during the progres-
sion of NASH to cirrhosis.194 The possible explanation is that 
downregulation of FATP5 is mediated by the RUNX family of 
transcriptional repressors 2, which increases the accumu-
lation of hepatic unconjugated bile acids, especially cholic 
acid, leading to HSC activation through upregulation of the 
expression of early growth response protein 3.145

SLC31A1 and SLC39A14 influence the development 
of hepatic steatosis and fibrosis by regulating intracellular 
metal ion levels. SLC31A1 is a copper-specific transport pro-
tein located in the parietal membrane of enterocytes. High-
fat-sugar diet inhibited SLC31A1-mediated copper uptake 
through the intestinal epithelium, leading to blood copper 
deficiency followed by hepatic copper reduction. This reduc-
tion decreased β-oxidation, increased DNL, and contributed 
to IR. Additionally, hepatic iron overload caused by cop-
per deficiency led to mitochondrial dysfunction and inhibi-
tion of antioxidant defenses.146,147 Blood copper levels also 
predicted the risk of cardiovascular diseases in NAFLD pa-
tients.195 SLC39A14 (also known as Zrt- and Irt-like protein 
14, or ZIP14) is a zinc transporter protein highly expressed 
in both the intestine and liver. It plays a critical role in reg-
ulating manganese and iron homeostasis.196,197 ZIP14 is 
upregulated during endoplasmic reticulum stress, where it 
reduces endoplasmic reticulum stress-induced hepatic ste-
atosis and apoptosis. Mechanistically, the unfolded protein 
response activates transcription factors ATF4 and ATF6, lead-
ing to upregulation of ZIP14 and subsequent zinc influx. This 
process decreases protein-tyrosine phosphatase 1B activity, 
which affects the pro-apoptotic p-eIF2α/ATF4/CHOP pathway 
and DNL, offering protection against endoplasmic reticulum 
stress.148 ZIP14-mediated zinc influx also directly influences 
the activity of PPARγ and insulin receptors, thereby regulat-
ing hepatic lipogenesis.149,150 In addition, ZIP4 may be less 
induced by long-term HFD, leading to iron deficiency and 
thus lipid accumulation in hepatocytes.151 Low zinc levels 
were associated with an increased risk of hepatic fibrosis, 
and consistent with this, ZnCl2 treatment could ameliorate 
hepatic fibrosis by increasing intracellular zinc levels through 
metal-regulatory transcription factor 1-mediated upregula-
tion of ZIP14 and inhibition of histone deacetylase 4 in com-
bination with ZIP14.152

Other SLC family members may also play a role in hepatic 
steatosis and fibrosis, although reports on them are fewer. 
SLC29A1 is a nucleoside transporter protein, and miR-126b 
mimics may alleviate hepatic fibrosis in rats by inhibiting the 
activation of the RhoA/ROCK-1 signaling pathway through 
decreased expression of SLC29A1.153 SLC35A1 encoded a 
cytidine-5′-monophosphate-sialic acid transporter that me-
diates the transport of cytidine-5′-monophosphate-sialic acid 
between the cytoplasm and the Golgi apparatus for protein 
sialylation. A deficiency in SLC35A1 in liver sinusoidal en-

dothelial cells (LSECs) results in excessive neonatal hepatic 
lipid deposition and severe hepatic injury. In SLC35A1-defi-
cient mice, vascular endothelial growth factor receptor 2 in 
LSECs was desialylated, resulting in enhanced vascular en-
dothelial growth factor receptor 2 signaling, which disrupted 
LSEC recognition and hepatic compartmentalization. This 
suggests that SLC35A1 plays an important role in maintain-
ing hepatic lipid homeostasis in neonatal mice.154 SLC38A1 
mediates glutamine uptake, and upregulation of HIF-2α in-
hibited Yes-associated protein phosphorylation in HSCs, lead-
ing to the overexpression of enzymes related to glutamine 
metabolism, including SLC38A1. This enhanced glutamine 
metabolism and activated HSCs.19,155 Although the expres-
sion level of SLC38A1 in human fibrotic liver remains unclear, 
it is reasonable to speculate that overexpression of SLC38A1 
promoting glutamine uptake might be beneficial for fibro-
sis progression. Polymorphisms in SLC37A3, SLC38A8, and 
SLC39A8 have been implicated in NAFLD progression, but 
their specific regulatory mechanisms in fibrosis progression 
have yet to be fully clarified.198–200 SLC43A3 seems to regu-
late the flux of FAs in adipocytes, functioning as a positive 
regulator of FA efflux and a negative regulator of FA uptake. 
Therefore, overexpression of SLC43A3 may be beneficial for 
FA clearance in hepatocytes.156

Future perspectives
As the structure and function of SLC family molecules con-
tinue to be elucidated, an increasing number of members 
have been identified as being involved in the development 
of hepatic steatosis and fibrosis. Among these, the SLC2, 
SLC5, SLC7, and SLC25 families are better understood and 
have been shown to influence hepatocyte and HSC function 
by mediating saccharide or FA transport and regulating fer-
roptosis or mitochondrial function. Other SLC family mem-
bers are also implicated in the development of steatosis or 
fibrosis through the transport of BAs, metal ions, serotonin, 
amino acids, carboxylic acids, and nucleotides. However, the 
specific regulatory mechanisms of these molecules remain 
to be fully elucidated. Additionally, certain transporters, 
such as GLUT2, SERT, mDIC, and MCT1, may exhibit distinct 
patterns depending on the conditions, leading to seemingly 
contradictory roles in hepatic steatosis and fibrosis. It is 
likely that these molecules may have different functions at 
various sites or in different environments. Consequently, it 
is essential to elucidate the regulatory conditions governing 
these diverse functions. In future research, we anticipate 
utilizing a greater number of preclinical models, including 
organoids, which more closely resemble the actual human 
environment. These models can simulate the structure and 
function of these molecules in various states and investigate 
potential mechanisms, such as epigenetic modifications and 
stereostructural changes in different environments. The SLC 
family has considerable potential as therapeutic targets for 
NAFLD and NASH. However, purifying SLC molecules is dif-
ficult due to their structural complexity. Moreover, the fact 
that their intracellular and extracellular domains are regu-
lated by different post-translational modifications adds to 
the challenge. Additionally, the structure of SLC molecules 
is influenced by the surrounding cellular environment. Thus, 
studies on the structure of SLC molecules must integrate 
an understanding of the cellular and organismal context. 
Furthermore, more research should focus on the expression 
and modification of these molecules in human samples to 
confirm their expression in extrahepatic tissues and ensure 
that targeted drugs do not affect other organs. It is an-
ticipated that the utilization of advanced bioinformatics and 
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imaging techniques, coupled with increased interdiscipli-
nary collaboration, will facilitate a more comprehensive un-
derstanding of SLC molecules. Despite numerous obstacles 
to clinical implementation, some drugs, such as SGLT2 in-
hibitors and ASBT inhibitors, have already been developed. 
SGLT2 inhibitors have shown significant potential in inhibit-
ing the progression of NAFLD and NASH.17,42,166,201 How-
ever, clinical studies of SGLT2 inhibitors have been limited 
to patients with diabetes and NAFLD or NASH, necessitating 
large, high-quality, randomized controlled trials to explore 
their effectiveness in all patients with NAFLD or NASH. Addi-
tionally, the current maximum follow-up period of five years 
highlights the need for further investigation into the long-
term effects of SGLT2 inhibitors, as well as the optimal dose 
and duration for treating steatohepatitis in diverse popula-
tions or in patients with varying degrees of severity. There is 

also the possibility that SGLT2 inhibitors could be employed 
in the treatment of cirrhosis. ASBT inhibitors have also been 
developed to alleviate steatohepatitis, but their efficacy has 
been limited.

Conclusions

In summary, SLC family molecules play a crucial role in the 
development of hepatic steatosis and fibrosis (Figs. 1 and 2). 
Therefore, further research into the underlying mechanisms 
and corresponding SLC molecular structures is necessary to 
develop safe and effective targeted therapies.

Funding

The work was supported by the National Key Research and 

Fig. 1.  The role of the SLC family in hepatic steatosis. The blue rectangle represents cells in different tissues, the orange box represents key molecules, the pro-
cess described in the yellow box is the key process affecting hepatic steatosis, the green arrow represents promotion/up-regulation, and the orange arrow represents 
inhibition/down-regulation. SLC2/5/27 are distributed across the intestine, kidney, adipose tissue, and liver. They regulate sugar transport, affect insulin sensitivity, and 
influence fat synthesis by decreasing its precursors, along with hepatic fatty acid transport, which is directly or indirectly regulated by SLC25A8/9. SLC7A11 is primarily 
found in the liver, where it regulates ferroptosis and influences lipid metabolism. SLC6A14, SLC7A8, SLC10, SLC15A1, and SLC25A7/8 are distributed in the intestine, 
adipose tissue, and liver, where they regulate bile acid transport, adipose tissue thermogenesis, and intestinal absorption, collectively contributing to weight reduction. 
SLC13A5, SLC16, and SLC25A5/9 are found in the liver, where they primarily regulate IR. SLC17A9 is located in vesicles and influences the release of VLDL in hepato-
cytes. SLC19A1 and SLC25A28 are located in the liver and primarily affect the expression of lipid metabolism genes. SLC22A4/5 are also distributed in the liver, where 
they primarily influence lipolysis through the transport of carnitine. SLC6A4, SLC22A12, and SLC25A47 are found in the liver and kidney, where they regulate hepatic 
inflammation. SLC9A1, SLC25A1, SLC31A1, and SLC39A14 are distributed in both the liver and intestine and are involved in reducing DNL in the liver. SLC25A10 is 
located in adipose tissue, where it regulates lipolysis and influences DNL through the regulation of NEFAs. AMPK,AMP-activated protein kinase; ATP, adenosine triphos-
phate; BAs, bile acids; CYP7A1, cholesterol 7α-hydroxylase; FAs, fatty acids; HFD, high-fat diet; HFS, high fructose diet; P2Y13, purine nucleotide receptors 13; PPARα, 
peroxisome proliferator-activated receptor alpha; PTP1B, protein-tyrosine phosphatase 1B; LCFA, long-chain fatty acid; LXR, liver receptor; VLDL, very low density 
lipoprotein; IR, insulin resistance; DNL, de novo lipogenesis; NEFAs, non-esterified fatty acids.



Journal of Clinical and Translational Hepatology 2024 15

Zhang C. et al: SLC transporters in liver steatosis and fibrosis

Development Program of China (2023YFC2507405) to MC, 
and the Interdisciplinary Innovative Talents Foundation from 
Renmin Hospital of Wuhan University (JCRCFZ-2022-017) 
to MC.

Conflict of interest

The authors declare no conflict of interest.

Author contributions

Literature analysis and conceptualization (CZh, XY, YX), 
original draft preparation and writing (CZh, HL), review, and 
supervision (CZe, MC). CZh and XY have equally important 
contributions to the article. All authors have read and agreed 
to the published version of the manuscript.

References
[1]	 Idilman IS, Ozdeniz I, Karcaaltincaba M. Hepatic Steatosis: Etiology, Pat-

terns, and Quantification. Semin Ultrasound CT MR 2016;37(6):501–510. 
doi:10.1053/j.sult.2016.08.003, PMID:27986169.

[2]	 Younossi ZM, Golabi P, Paik JM, Henry A, Van Dongen C, Henry L. The 
global epidemiology of nonalcoholic fatty liver disease (NAFLD) and 
nonalcoholic steatohepatitis (NASH): a systematic review. Hepatology 
2023;77(4):1335–1347. doi:10.1097/HEP.0000000000000004, PMID:366 
26630.

[3]	 Buzzetti E, Pinzani M, Tsochatzis EA. The multiple-hit pathogenesis of non-
alcoholic fatty liver disease (NAFLD). Metabolism 2016;65(8):1038–1048. 
doi:10.1016/j.metabol.2015.12.012, PMID:26823198.

[4]	 Gao H, Jin Z, Bandyopadhyay G, Wang G, Zhang D, Rocha KCE, et al. Aber-
rant iron distribution via hepatocyte-stellate cell axis drives liver lipogen-
esis and fibrosis. Cell Metab 2022;34(8):1201–1213.e5. doi:10.1016/j.
cmet.2022.07.006, PMID:35921818.

[5]	 Fathi M, Alavinejad P, Haidari Z, Amani R. The Effect of Zinc Supplemen-
tation on Steatosis Severity and Liver Function Enzymes in Overweight/
Obese Patients with Mild to Moderate Non-alcoholic Fatty Liver Following 
Calorie-Restricted Diet: a Double-Blind, Randomized Placebo-Controlled 
Trial. Biol Trace Elem Res 2020;197(2):394–404. doi:10.1007/s12011-

Fig. 2.  The role of the SLC family in hepatic fibrosis. The blue polygon represents different cells, the orange box represents key molecules, the process described in 
the yellow box is the key process affecting hepatic fibrosis, the green arrow represents promotion/up-regulation, and the orange arrow represents inhibition/down-reg-
ulation. SLC1A5, SLC2A1/4/9, SLC9A1, SLC10A1, SLC16A1, SLC27A5, SLC38A1, and SLC39A14 are distributed in the kidney and liver, and they influence hepatic stel-
late cell (HSC) activation through multiple pathways. SLC22A3/4 and SLC5A1/2 influence HSC activation through the regulation of TGF-β. SLC23A2 in HSCs promotes 
the release of COL-1. SLC1A4, SLC25A1, and SLC25A8 affect macrophage polarization. SLC2A2 modulates insulin sensitivity, while SLC5A1, SLC17A9, and SLC27A4 
are distributed in the intestine and liver and are associated with hepatic inflammation. SLC7A11 regulates the ferroptosis of HSCs, as well as the EMT of hepatocytes. 
SLC25A3/7/46/47 are distributed in the intestine and liver, and they affect mitochondrial function. SLC25A28 promotes the ferroptosis of HSCs. AMPK, AMP-activated 
protein kinase; BAs, bile acids; CA,COL-1,EGR3, early growth response protein 3; ERGO, ergothioneine; ETC, electron transport chain; GREM2, Gremlin-2; HFD, high-
fat diet; IR, insulin resistance; LCFA, long-chain fatty acid; M1, M1 macrophage; MCD, methionine- and choline-deficient diet; PPARα,peroxisome proliferator-activated 
receptor alpha; ROS, reactive oxygen species; TGF-β, transforming growth factor-beta; EMT, epithelial-mesenchymal transition.

https://doi.org/10.1053/j.sult.2016.08.003
http://www.ncbi.nlm.nih.gov/pubmed/27986169
https://doi.org/10.1097/HEP.0000000000000004
http://www.ncbi.nlm.nih.gov/pubmed/36626630
http://www.ncbi.nlm.nih.gov/pubmed/36626630
https://doi.org/10.1016/j.metabol.2015.12.012
http://www.ncbi.nlm.nih.gov/pubmed/26823198
https://doi.org/10.1016/j.cmet.2022.07.006
https://doi.org/10.1016/j.cmet.2022.07.006
http://www.ncbi.nlm.nih.gov/pubmed/35921818
https://doi.org/10.1007/s12011-019-02015-8


Journal of Clinical and Translational Hepatology 202416

Zhang C. et al: SLC transporters in liver steatosis and fibrosis

019-02015-8, PMID:32020523.
[6]	 Ma C, Han L, Zhu Z, Heng Pang C, Pan G. Mineral metabolism and fer-

roptosis in non-alcoholic fatty liver diseases. Biochem Pharmacol 2022; 
205:115242. doi:10.1016/j.bcp.2022.115242, PMID:36084708.

[7]	 Roehlen N, Crouchet E, Baumert TF. Liver Fibrosis: Mechanistic Con-
cepts and Therapeutic Perspectives. Cells 2020;9(4):E875. doi:10.3390/
cells9040875, PMID:32260126.

[8]	 Wei S, Wang L, Evans PC, Xu S. NAFLD and NASH: etiology, tar-
gets and emerging therapies. Drug Discov Today 2024;29(3):103910. 
doi:10.1016/j.drudis.2024.103910, PMID:38301798.

[9]	 Li X, He W, Chen X, Zhang Y, Zhang J, Liu F, et al. TRIM45 facilitates NASH-
progressed HCC by promoting fatty acid synthesis via catalyzing FABP5 
ubiquitylation. Oncogene 2024;43(27):2063–2077. doi:10.1038/s41388-
024-03056-7, PMID:38755308.

[10]	Foerster F, Gairing SJ, Müller L, Galle PR. NAFLD-driven HCC: Safe-
ty and efficacy of current and emerging treatment options. J Hepatol 
2022;76(2):446–457. doi:10.1016/j.jhep.2021.09.007, PMID:34555422.

[11]	Liu X. SLC Family Transporters. Adv Exp Med Biol 2019;1141:101–202. 
doi:10.1007/978-981-13-7647-4_3, PMID:31571165.

[12]	Newstead S. Future opportunities in solute carrier structural biology. Nat 
Struct Mol Biol 2024;31(4):587–590. doi:10.1038/s41594-024-01271-0, 
PMID:38637662.

[13]	Pizzagalli MD, Bensimon A, Superti-Furga G. A guide to plasma membrane 
solute carrier proteins. FEBS J 2021;288(9):2784–2835. doi:10.1111/
febs.15531, PMID:32810346.

[14]	Dvorak V, Superti-Furga G. Structural and functional annotation of sol-
ute carrier transporters: implication for drug discovery. Expert Opin Drug 
Discov 2023;18(10):1099–1115. doi:10.1080/17460441.2023.2244760, 
PMID:37563933.

[15]	Merkel M, Schneider C, Greinert R, Zipprich A, Ripoll C, Lammert F, et al. 
Protective Effects of Statin Therapy in Cirrhosis Are Limited by a Common 
SLCO1B1 Transporter Variant. Hepatol Commun 2021;5(10):1755–1766. 
doi:10.1002/hep4.1753, PMID:34558822.

[16]	Sticova E, Lodererova A, van de Steeg E, Frankova S, Kollar M, Lanska V, 
et al. Down-regulation of OATP1B proteins correlates with hyperbilirubine-
mia in advanced cholestasis. Int J Clin Exp Pathol 2015;8(5):5252–5262. 
PMID:26191226.

[17]	Hiruma S, Shigiyama F, Kumashiro N. Empagliflozin versus sitagliptin for 
ameliorating intrahepatic lipid content and tissue-specific insulin sensitiv-
ity in patients with early-stage type 2 diabetes with non-alcoholic fatty 
liver disease: A prospective randomized study. Diabetes Obes Metab 
2023;25(6):1576–1588. doi:10.1111/dom.15006, PMID:36749298.

[18]	Ge MX, Niu WX, Ren JF, Cai SY, Yu DK, Liu HT, et al. A novel ASBT inhibitor, 
IMB17-15, repressed nonalcoholic fatty liver disease development in high-
fat diet-fed Syrian golden hamsters. Acta Pharmacol Sin 2019;40(7):895–
907. doi:10.1038/s41401-018-0195-3, PMID:30573812.

[19]	Du K, Chitneni SK, Suzuki A, Wang Y, Henao R, Hyun J, et al. Increased 
Glutaminolysis Marks Active Scarring in Nonalcoholic Steatohepatitis Pro-
gression. Cell Mol Gastroenterol Hepatol 2020;10(1):1–21. doi:10.1016/j.
jcmgh.2019.12.006, PMID:31881361.

[20]	Zhang H, Axinbai M, Zhao Y, Wei J, Qu T, Kong J, et al. Bioinformatics 
analysis of ferroptosis-related genes and immune cell infiltration in non-
alcoholic fatty liver disease. Eur J Med Res 2023;28(1):605. doi:10.1186/
s40001-023-01457-0, PMID:38115130.

[21]	Ahmed O, Pramfalk C, Pedrelli M, Olin M, Steffensen KR, Eriksson M, et al. 
Genetic depletion of Soat2 diminishes hepatic steatosis via genes regulat-
ing de novo lipogenesis and by GLUT2 protein in female mice. Dig Liver Dis 
2019;51(7):1016–1022. doi:10.1016/j.dld.2018.12.007, PMID:30630736.

[22]	Shearer AM, Wang Y, Fletcher EK, Rana R, Michael ES, Nguyen N, et al. 
PAR2 promotes impaired glucose uptake and insulin resistance in NAFLD 
through GLUT2 and Akt interference. Hepatology 2022;76(6):1778–1793. 
doi:10.1002/hep.32589, PMID:35603482.

[23]	Guo JW, Liu X, Zhang TT, Lin XC, Hong Y, Yu J, et al. Hepatocyte TMEM16A 
Deletion Retards NAFLD Progression by Ameliorating Hepatic Glucose 
Metabolic Disorder. Adv Sci (Weinh) 2020;7(10):1903657. doi:10.1002/
advs.201903657, PMID:32440483.

[24]	Ding Y, Xian X, Holland WL, Tsai S, Herz J. Low-Density Lipoprotein Re-
ceptor-Related Protein-1 Protects Against Hepatic Insulin Resistance and 
Hepatic Steatosis. EBioMedicine 2016;7:135–145. doi:10.1016/j.ebi-
om.2016.04.002, PMID:27322467.

[25]	Sharawy MH, El-Awady MS, Megahed N, Gameil NM. The ergogenic sup-
plement β-hydroxy-β-methylbutyrate (HMB) attenuates insulin resist-
ance through suppressing GLUT-2 in rat liver. Can J Physiol Pharmacol 
2016;94(5):488–497. doi:10.1139/cjpp-2015-0385, PMID:26871756.

[26]	David-Silva A, Esteves JV, Morais MRPT, Freitas HS, Zorn TM, Correa-Gi-
annella ML, et al. Dual SGLT1/SGLT2 Inhibitor Phlorizin Ameliorates Non-
Alcoholic Fatty Liver Disease and Hepatic Glucose Production in Type 2 Dia-
betic Mice. Diabetes Metab Syndr Obes 2020;13:739–751. doi:10.2147/
DMSO.S242282, PMID:32231437.

[27]	Mathur R, Dutta S, Velpandian T, Mathur SR. Psidium guajava Linn. leaf 
extract affects hepatic glucose transporter-2 to attenuate early onset 
of insulin resistance consequent to high fructose intake: An experimen-
tal study. Pharmacognosy Res 2015;7(2):166–175. doi:10.4103/0974-
8490.151459, PMID:25829790.

[28]	Sumlu E, Bostancı A, Sadi G, Alçığır ME, Akar F. Lactobacillus plantarum 
improves lipogenesis and IRS-1/AKT/eNOS signalling pathway in the liver 
of high-fructose-fed rats. Arch Physiol Biochem 2022;128(3):786–794. do
i:10.1080/13813455.2020.1727527, PMID:32067511.

[29]	Novelle MG, Bravo SB, Deshons M, Iglesias C, García-Vence M, Annells R, 
et al. Impact of liver-specific GLUT8 silencing on fructose-induced inflam-
mation and omega oxidation. iScience 2021;24(2):102071. doi:10.1016/j.

isci.2021.102071, PMID:33554072.
[30]	Aravinthan A, Challis B, Shannon N, Hoare M, Heaney J, Alexander GJM. 

Selective insulin resistance in hepatocyte senescence. Exp Cell Res 
2015;331(1):38–45. doi:10.1016/j.yexcr.2014.09.025, PMID:25263463.

[31]	Boden G, Homko C, Barrero CA, Stein TP, Chen X, Cheung P, et al. Exces-
sive caloric intake acutely causes oxidative stress, GLUT4 carbonylation, 
and insulin resistance in healthy men. Sci Transl Med 2015;7(304):304re7. 
doi:10.1126/scitranslmed.aac4765, PMID:26355033.

[32]	Zhou J, Shi Y, Yang C, Lu S, Zhao L, Liu X, et al. γ-glutamylcysteine al-
leviates insulin resistance and hepatic steatosis by regulating adenylate 
cyclase and IGF-1R/IRS1/PI3K/Akt signaling pathways. J Nutr Biochem 
2023;119:109404. doi:10.1016/j.jnutbio.2023.109404, PMID:37311491.

[33]	Lin W, Jin Y, Hu X, Huang E, Zhu Q. AMPK/PGC-1α/GLUT4-Mediated Effect 
of Icariin on Hyperlipidemia-Induced Non-Alcoholic Fatty Liver Disease and 
Lipid Metabolism Disorder in Mice. Biochemistry (Mosc) 2021;86(11):1407–
1417. doi:10.1134/S0006297921110055, PMID:34906049.

[34]	Dong Q, Kuefner MS, Deng X, Bridges D, Park EA, Elam MB, et al. Sex-spe-
cific differences in hepatic steatosis in obese spontaneously hypertensive 
(SHROB) rats. Biol Sex Differ 2018;9(1):40. doi:10.1186/s13293-018-
0202-x, PMID:30201044.

[35]	Lian N, Jin H, Zhang F, Wu L, Shao J, Lu Y, et al. Curcumin inhibits aerobic 
glycolysis in hepatic stellate cells associated with activation of adenosine 
monophosphate-activated protein kinase. IUBMB Life 2016;68(7):589–
596. doi:10.1002/iub.1518, PMID:27278959.

[36]	Vazquez-Chantada M, Gonzalez-Lahera A, Martinez-Arranz I, Garcia-Mon-
zon C, Regueiro MM, Garcia-Rodriguez JL, et al. Solute carrier family 2 
member 1 is involved in the development of nonalcoholic fatty liver dis-
ease. Hepatology 2013;57(2):505–514. doi:10.1002/hep.26052, PMID: 
22961556.

[37]	Wan L, Xia T, Du Y, Liu J, Xie Y, Zhang Y, et al. Exosomes from activated 
hepatic stellate cells contain GLUT1 and PKM2: a role for exosomes in 
metabolic switch of liver nonparenchymal cells. FASEB J 2019;33(7):8530–
8542. doi:10.1096/fj.201802675R, PMID:30970216.

[38]	De Vito F, Suraci E, Marasco R, Luzza F, Andreozzi F, Sesti G, et al. As-
sociation between higher duodenal levels of the fructose carrier glucose 
transporter-5 and nonalcoholic fatty liver disease and liver fibrosis. J Intern 
Med 2024;295(2):171–180. doi:10.1111/joim.13729, PMID:37797237.

[39]	Lee H, Kim E, Shin EA, Shon JC, Sun H, Kim JE, et al. Crosstalk between 
TM4SF5 and GLUT8 regulates fructose metabolism in hepatic steato-
sis. Mol Metab 2022;58:101451. doi:10.1016/j.molmet.2022.101451, 
PMID:35123128.

[40]	DeBosch BJ, Chen Z, Saben JL, Finck BN, Moley KH. Glucose transport-
er 8 (GLUT8) mediates fructose-induced de novo lipogenesis and mac-
rosteatosis. J Biol Chem 2014;289(16):10989–10998. doi:10.1074/jbc.
M113.527002, PMID:24519932.

[41]	Zeng H, Tang C, Lin B, Yu M, Wang X, Wang J, et al. The regulation ef-
fect of GLUT9/SLC2A9 on intrahepatic uric acid level and metabolic associ-
ated fatty liver disease. Hepatol Int 2022;16(5):1064–1074. doi:10.1007/
s12072-022-10371-2, PMID:36006548.

[42]	Suzuki A, Hayashi A, Oda S, Fujishima R, Shimizu N, Matoba K, et al. 
Prolonged impacts of sodium glucose cotransporter-2 inhibitors on met-
abolic dysfunction-associated steatotic liver disease in type 2 diabetes: 
a retrospective analysis through magnetic resonance imaging. Endocr J 
2024;71(8):767–775. doi:10.1507/endocrj.EJ24-0005, PMID:38811192.

[43]	Bellanti F, Lo Buglio A, Dobrakowski M, Kasperczyk A, Kasperczyk S, Aich 
P, et al. Impact of sodium glucose cotransporter-2 inhibitors on liver stea-
tosis/fibrosis/inflammation and redox balance in non-alcoholic fatty liver 
disease. World J Gastroenterol 2022;28(26):3243–3257. doi:10.3748/
wjg.v28.i26.3243, PMID:36051336.

[44]	Iwamoto Y, Kimura T, Dan K, Iwamoto H, Sanada J, Fushimi Y, et al. Di-
peptidyl peptidase-4 inhibitor and sodium-glucose cotransporter 2 inhibitor 
additively ameliorate hepatic steatosis through different mechanisms of 
action in high-fat diet-fed mice. Diabetes Obes Metab 2024;26(6):2339–
2348. doi:10.1111/dom.15548, PMID:38504118.

[45]	Goto R, Kamimura K, Shinagawa-Kobayashi Y, Sakai N, Nagoya T, Niwa 
Y, et al. Inhibition of sodium glucose cotransporter 2 (SGLT2) delays 
liver fibrosis in a medaka model of nonalcoholic steatohepatitis (NASH). 
FEBS Open Bio 2019;9(4):643–652. doi:10.1002/2211-5463.12598, 
PMID:30984539.

[46]	Huang C, Qian J, Liu Y, Zhang L, Yang Y. Empagliflozin attenuates liver fibro-
sis in high-fat diet/streptozotocin-induced mice by modulating gut micro-
biota. Clin Exp Pharmacol Physiol 2024;51(3):e13842. doi:10.1111/1440-
1681.13842, PMID:38302074.

[47]	Shen Y, Cheng L, Xu M, Wang W, Wan Z, Xiong H, et al. SGLT2 inhibi-
tor empagliflozin downregulates miRNA-34a-5p and targets GREM2 to 
inactivate hepatic stellate cells and ameliorate non-alcoholic fatty liver 
disease-associated fibrosis. Metabolism 2023;146:155657. doi:10.1016/j.
metabol.2023.155657, PMID:37422021.

[48]	Hassan HA, Nageeb MM, Mohammed HO, Samy W, Fawzy A, Afifi R, et al. 
Dapagliflozin dampens liver fibrosis induced by common bile duct ligation 
in rats associated with the augmentation of the hepatic Sirt1/AMPK/PGC1α/
FoxO1 axis. Toxicol Appl Pharmacol 2024;489:116991. doi:10.1016/j.
taap.2024.116991, PMID:38871090.

[49]	Chun HJ, Kim ER, Lee M, Choi DH, Kim SH, Shin E, et al. Increased expres-
sion of sodium-glucose cotransporter 2 and O-GlcNAcylation in hepato-
cytes drives non-alcoholic steatohepatitis. Metabolism 2023;145:155612. 
doi:10.1016/j.metabol.2023.155612, PMID:37277060.

[50]	Noah AA, El-Mezayen NS, El-Ganainy SO, Darwish IE, Afify EA. Reversal 
of fibrosis and portal hypertension by Empagliflozin treatment of CCl(4)-
induced liver fibrosis: Emphasis on gal-1/NRP-1/TGF-β and gal-1/NRP-1/
VEGFR2 pathways. Eur J Pharmacol 2023;959:176066. doi:10.1016/j.

https://doi.org/10.1007/s12011-019-02015-8
http://www.ncbi.nlm.nih.gov/pubmed/32020523
https://doi.org/10.1016/j.bcp.2022.115242
http://www.ncbi.nlm.nih.gov/pubmed/36084708
https://doi.org/10.3390/cells9040875
https://doi.org/10.3390/cells9040875
http://www.ncbi.nlm.nih.gov/pubmed/32260126
https://doi.org/10.1016/j.drudis.2024.103910
http://www.ncbi.nlm.nih.gov/pubmed/38301798
https://doi.org/10.1038/s41388-024-03056-7
https://doi.org/10.1038/s41388-024-03056-7
http://www.ncbi.nlm.nih.gov/pubmed/38755308
https://doi.org/10.1016/j.jhep.2021.09.007
http://www.ncbi.nlm.nih.gov/pubmed/34555422
https://doi.org/10.1007/978-981-13-7647-4_3
http://www.ncbi.nlm.nih.gov/pubmed/31571165
https://doi.org/10.1038/s41594-024-01271-0
http://www.ncbi.nlm.nih.gov/pubmed/38637662
https://doi.org/10.1111/febs.15531
https://doi.org/10.1111/febs.15531
http://www.ncbi.nlm.nih.gov/pubmed/32810346
https://doi.org/10.1080/17460441.2023.2244760
http://www.ncbi.nlm.nih.gov/pubmed/37563933
https://doi.org/10.1002/hep4.1753
http://www.ncbi.nlm.nih.gov/pubmed/34558822
http://www.ncbi.nlm.nih.gov/pubmed/26191226
https://doi.org/10.1111/dom.15006
http://www.ncbi.nlm.nih.gov/pubmed/36749298
https://doi.org/10.1038/s41401-018-0195-3
http://www.ncbi.nlm.nih.gov/pubmed/30573812
https://doi.org/10.1016/j.jcmgh.2019.12.006
https://doi.org/10.1016/j.jcmgh.2019.12.006
http://www.ncbi.nlm.nih.gov/pubmed/31881361
https://doi.org/10.1186/s40001-023-01457-0
https://doi.org/10.1186/s40001-023-01457-0
http://www.ncbi.nlm.nih.gov/pubmed/38115130
https://doi.org/10.1016/j.dld.2018.12.007
http://www.ncbi.nlm.nih.gov/pubmed/30630736
https://doi.org/10.1002/hep.32589
http://www.ncbi.nlm.nih.gov/pubmed/35603482
https://doi.org/10.1002/advs.201903657
https://doi.org/10.1002/advs.201903657
http://www.ncbi.nlm.nih.gov/pubmed/32440483
https://doi.org/10.1016/j.ebiom.2016.04.002
https://doi.org/10.1016/j.ebiom.2016.04.002
http://www.ncbi.nlm.nih.gov/pubmed/27322467
https://doi.org/10.1139/cjpp-2015-0385
http://www.ncbi.nlm.nih.gov/pubmed/26871756
https://doi.org/10.2147/DMSO.S242282
https://doi.org/10.2147/DMSO.S242282
http://www.ncbi.nlm.nih.gov/pubmed/32231437
https://doi.org/10.4103/0974-8490.151459
https://doi.org/10.4103/0974-8490.151459
http://www.ncbi.nlm.nih.gov/pubmed/25829790
https://doi.org/10.1080/13813455.2020.1727527
http://www.ncbi.nlm.nih.gov/pubmed/32067511
https://doi.org/10.1016/j.isci.2021.102071
https://doi.org/10.1016/j.isci.2021.102071
http://www.ncbi.nlm.nih.gov/pubmed/33554072
https://doi.org/10.1016/j.yexcr.2014.09.025
http://www.ncbi.nlm.nih.gov/pubmed/25263463
https://doi.org/10.1126/scitranslmed.aac4765
http://www.ncbi.nlm.nih.gov/pubmed/26355033
https://doi.org/10.1016/j.jnutbio.2023.109404
http://www.ncbi.nlm.nih.gov/pubmed/37311491
https://doi.org/10.1134/S0006297921110055
http://www.ncbi.nlm.nih.gov/pubmed/34906049
https://doi.org/10.1186/s13293-018-0202-x
https://doi.org/10.1186/s13293-018-0202-x
http://www.ncbi.nlm.nih.gov/pubmed/30201044
https://doi.org/10.1002/iub.1518
http://www.ncbi.nlm.nih.gov/pubmed/27278959
https://doi.org/10.1002/hep.26052
http://www.ncbi.nlm.nih.gov/pubmed/22961556
https://doi.org/10.1096/fj.201802675R
http://www.ncbi.nlm.nih.gov/pubmed/30970216
https://doi.org/10.1111/joim.13729
http://www.ncbi.nlm.nih.gov/pubmed/37797237
https://doi.org/10.1016/j.molmet.2022.101451
http://www.ncbi.nlm.nih.gov/pubmed/35123128
https://doi.org/10.1074/jbc.M113.527002
https://doi.org/10.1074/jbc.M113.527002
http://www.ncbi.nlm.nih.gov/pubmed/24519932
https://doi.org/10.1007/s12072-022-10371-2
https://doi.org/10.1007/s12072-022-10371-2
http://www.ncbi.nlm.nih.gov/pubmed/36006548
https://doi.org/10.1507/endocrj.EJ24-0005
http://www.ncbi.nlm.nih.gov/pubmed/38811192
https://doi.org/10.3748/wjg.v28.i26.3243
https://doi.org/10.3748/wjg.v28.i26.3243
http://www.ncbi.nlm.nih.gov/pubmed/36051336
https://doi.org/10.1111/dom.15548
http://www.ncbi.nlm.nih.gov/pubmed/38504118
https://doi.org/10.1002/2211-5463.12598
http://www.ncbi.nlm.nih.gov/pubmed/30984539
https://doi.org/10.1111/1440-1681.13842
https://doi.org/10.1111/1440-1681.13842
http://www.ncbi.nlm.nih.gov/pubmed/38302074
https://doi.org/10.1016/j.metabol.2023.155657
https://doi.org/10.1016/j.metabol.2023.155657
http://www.ncbi.nlm.nih.gov/pubmed/37422021
https://doi.org/10.1016/j.taap.2024.116991
https://doi.org/10.1016/j.taap.2024.116991
http://www.ncbi.nlm.nih.gov/pubmed/38871090
https://doi.org/10.1016/j.metabol.2023.155612
http://www.ncbi.nlm.nih.gov/pubmed/37277060
https://doi.org/10.1016/j.ejphar.2023.176066


Journal of Clinical and Translational Hepatology 2024 17

Zhang C. et al: SLC transporters in liver steatosis and fibrosis

ejphar.2023.176066, PMID:37769984.
[51]	Dobbie LJ, Cuthbertson DJ, Hydes TJ, Alam U, Zhao SS. Mendelian ran-

domisation reveals Sodium-glucose Cotransporter-1 inhibition’s poten-
tial in reducing Non-Alcoholic Fatty Liver Disease risk. Eur J Endocrinol 
2023;188(6):K33–K37. doi:10.1093/ejendo/lvad068, PMID:37343141.

[52]	Honda Y, Ozaki A, Iwaki M, Kobayashi T, Nogami A, Kessoku T, et al. Protec-
tive effect of SGL5213, a potent intestinal sodium-glucose cotransporter 
1 inhibitor, in nonalcoholic fatty liver disease in mice. J Pharmacol Sci 
2021;147(2):176–183. doi:10.1016/j.jphs.2021.07.002, PMID:34384565.

[53]	Fukuzawa T, Fukazawa M, Ueda O, Shimada H, Kito A, Kakefuda M, et 
al. SGLT5 reabsorbs fructose in the kidney but its deficiency para-
doxically exacerbates hepatic steatosis induced by fructose. PLoS One 
2013;8(2):e56681. doi:10.1371/journal.pone.0056681, PMID:23451068.

[54]	Haub S, Kanuri G, Volynets V, Brune T, Bischoff SC, Bergheim I. Seroto-
nin reuptake transporter (SERT) plays a critical role in the onset of fruc-
tose-induced hepatic steatosis in mice. Am J Physiol Gastrointest Liver 
Physiol 2010;298(3):G335–G344. doi:10.1152/ajpgi.00088.2009, PMID: 
19713474.

[55]	Rosa LF, Haasis E, Knauss A, Guseva D, Bischoff SC. Serotonin reuptake 
transporter deficiency promotes liver steatosis and impairs intestinal bar-
rier function in obese mice fed a Western-style diet. Neurogastroenterol 
Motil 2023;35(9):e14611. doi:10.1111/nmo.14611, PMID:37246491.

[56]	Singhal M, Turturice BA, Manzella CR, Ranjan R, Metwally AA, Theorell J, 
et al. Serotonin Transporter Deficiency is Associated with Dysbiosis and 
Changes in Metabolic Function of the Mouse Intestinal Microbiome. Sci Rep 
2019;9(1):2138. doi:10.1038/s41598-019-38489-8, PMID:30765765.

[57]	Chen X, Margolis KJ, Gershon MD, Schwartz GJ, Sze JY. Reduced sero-
tonin reuptake transporter (SERT) function causes insulin resistance and 
hepatic steatosis independent of food intake. PLoS One 2012;7(3):e32511. 
doi:10.1371/journal.pone.0032511, PMID:22412882.

[58]	Hoch J, Burkhard N, Zhang S, Rieder M, Marchini T, Geest V, et al. Seroto-
nin transporter-deficient mice display enhanced adipose tissue inflamma-
tion after chronic high-fat diet feeding. Front Immunol 2023;14:1184010. 
doi:10.3389/fimmu.2023.1184010, PMID:37520561.

[59]	Nocito A, Dahm F, Jochum W, Jang JH, Georgiev P, Bader M, et al. Serotonin 
mediates oxidative stress and mitochondrial toxicity in a murine model 
of nonalcoholic steatohepatitis. Gastroenterology 2007;133(2):608–618. 
doi:10.1053/j.gastro.2007.05.019, PMID:17681180.

[60]	Sivaprakasam S, Sikder MOF, Ramalingam L, Kaur G, Dufour JM, Moustaid-
Moussa N, et al. SLC6A14 deficiency is linked to obesity, fatty liver, and 
metabolic syndrome but only under conditions of a high-fat diet. Biochim 
Biophys Acta Mol Basis Dis 2021;1867(5):166087. doi:10.1016/j.bbad-
is.2021.166087, PMID:33513428.

[61]	Song JX, An JR, Chen Q, Yang XY, Jia CL, Xu S, et al. Liraglutide at-
tenuates hepatic iron levels and ferroptosis in db/db mice. Bioengi-
neered 2022;13(4):8334–8348. doi:10.1080/21655979.2022.2051858, 
PMID:35311455.

[62]	Zhang J, Kong X, Sun W, Wang L, Shen T, Chen M, et al. The RNA-binding 
protein RBM24 regulates lipid metabolism and SLC7A11 mRNA stability 
to modulate ferroptosis and inflammatory response. Front Cell Dev Biol 
2022;10:1008576. doi:10.3389/fcell.2022.1008576, PMID:36478739.

[63]	Nano J, Ghanbari M, Wang W, de Vries PS, Dhana K, Muka T, et al. Epige-
nome-Wide Association Study Identifies Methylation Sites Associated With 
Liver Enzymes and Hepatic Steatosis. Gastroenterology 2017;153(4):1096–
1106.e2. doi:10.1053/j.gastro.2017.06.003, PMID:28624579.

[64]	Jiang T, Xiao Y, Zhou J, Luo Z, Yu L, Liao Q, et al. Arbutin alleviates fat-
ty liver by inhibiting ferroptosis via FTO/SLC7A11 pathway. Redox Biol 
2023;68:102963. doi:10.1016/j.redox.2023.102963, PMID:37984229.

[65]	Yuan S, Wei C, Liu G, Zhang L, Li J, Li L, et al. Sorafenib attenuates 
liver fibrosis by triggering hepatic stellate cell ferroptosis via HIF-1α/
SLC7A11 pathway. Cell Prolif 2022;55(1):e13158. doi:10.1111/cpr.13158, 
PMID:34811833.

[66]	Liu G, Wei C, Yuan S, Zhang Z, Li J, Zhang L, et al. Wogonoside attenu-
ates liver fibrosis by triggering hepatic stellate cell ferroptosis through 
SOCS1/P53/SLC7A11 pathway. Phytother Res 2022;36(11):4230–4243. 
doi:10.1002/ptr.7558, PMID:35817562.

[67]	Lang Z, Yu S, Hu Y, Tao Q, Zhang J, Wang H, et al. Ginsenoside Rh2 pro-
motes hepatic stellate cell ferroptosis and inactivation via regulation of 
IRF1-inhibited SLC7A11. Phytomedicine 2023;118:154950. doi:10.1016/j.
phymed.2023.154950, PMID:37441987.

[68]	Lin L, Li X, Li Y, Lang Z, Li Y, Zheng J. Ginsenoside Rb1 induces hepatic 
stellate cell ferroptosis to alleviate liver fibrosis via the BECN1/SLC7A11 
axis. J Pharm Anal 2024;14(5):100902. doi:10.1016/j.jpha.2023.11.009, 
PMID:38784156.

[69]	Zhu Y, Zhang C, Huang M, Lin J, Fan X, Ni T. TRIM26 Induces Ferroptosis to 
Inhibit Hepatic Stellate Cell Activation and Mitigate Liver Fibrosis Through 
Mediating SLC7A11 Ubiquitination. Front Cell Dev Biol 2021;9:644901. 
doi:10.3389/fcell.2021.644901, PMID:33869196.

[70]	Lv T, Fan X, He C, Zhu S, Xiong X, Yan W, et al. SLC7A11-ROS/αKG-AMPK 
axis regulates liver inflammation through mitophagy and impairs liver fi-
brosis and NASH progression. Redox Biol 2024;72:103159. doi:10.1016/j.
redox.2024.103159, PMID:38642501.

[71]	Gong Y, Liu Z, Zhang Y, Zhang J, Zheng Y, Wu Z. AGER1 deficiency-triggered 
ferroptosis drives fibrosis progression in nonalcoholic steatohepatitis with 
type 2 diabetes mellitus. Cell Death Discov 2023;9(1):178. doi:10.1038/
s41420-023-01477-z, PMID:37280194.

[72]	Pitere RR, van Heerden MB, Pepper MS, Ambele MA. Slc7a8 Deletion Is 
Protective against Diet-Induced Obesity and Attenuates Lipid Accumula-
tion in Multiple Organs. Biology (Basel) 2022;11(2):311. doi:10.3390/biol-
ogy11020311, PMID:35205177.

[73]	Rao A, Kosters A, Mells JE, Zhang W, Setchell KD, Amanso AM, et al. In-

hibition of ileal bile acid uptake protects against nonalcoholic fatty liver 
disease in high-fat diet-fed mice. Sci Transl Med 2016;8(357):357ra122. 
doi:10.1126/scitranslmed.aaf4823, PMID:27655848.

[74]	Matye DJ, Li Y, Chen C, Chao X, Wang H, Ni H, et al. Gut-restricted apical so-
dium-dependent bile acid transporter inhibitor attenuates alcohol-induced 
liver steatosis and injury in mice. Alcohol Clin Exp Res 2021;45(6):1188–
1199. doi:10.1111/acer.14619, PMID:33885179.

[75]	van de Peppel IP, Rao A, Dommerholt MB, Bongiovanni L, Thomas R, de 
Bruin A, et al. The Beneficial Effects of Apical Sodium-Dependent Bile 
Acid Transporter Inactivation Depend on Dietary Fat Composition. Mol 
Nutr Food Res 2020;64(24):e2000750. doi:10.1002/mnfr.202000750, 
PMID:33079450.

[76]	Donkers JM, Kooijman S, Slijepcevic D, Kunst RF, Roscam Abbing RL, 
Haazen L, et al. NTCP deficiency in mice protects against obesity and 
hepatosteatosis. JCI Insight 2019;5(14):127197. doi:10.1172/jci.in-
sight.127197, PMID:31237863.

[77]	Su Z, Cai B, Wu X, Li L, Wei B, Meng L, et al. NTCP polymorphisms were 
associated with fibrosis development in patients with chronic HBV infec-
tion. J Infect Dev Ctries 2022;16(1):179–186. doi:10.3855/jidc.15138, 
PMID:35192536.

[78]	Salhab A, Amer J, Lu Y, Safadi R. Sodium(+)/taurocholate cotransport-
ing polypeptide as target therapy for liver fibrosis. Gut 2022;71(7):1373–
1385. doi:10.1136/gutjnl-2020-323345, PMID:34266968.

[79]	Prasad V, Chirra S, Kohli R, Shull GE. NHE1 deficiency in liver: implica-
tions for non-alcoholic fatty liver disease. Biochem Biophys Res Commun  
2014;450(2):1027–1031. doi:10.1016/j.bbrc.2014.06.095, PMID:24976 
401.

[80]	von Loeffelholz C, Lieske S, Neuschäfer-Rube F, Willmes DM, Raschzok N, 
Sauer IM, et al. The human longevity gene homolog INDY and interleukin-6 
interact in hepatic lipid metabolism. Hepatology 2017;66(2):616–630. 
doi:10.1002/hep.29089, PMID:28133767.

[81]	Pesta DH, Perry RJ, Guebre-Egziabher F, Zhang D, Jurczak M, Fischer-
Rosinsky A, et al. Prevention of diet-induced hepatic steatosis and he-
patic insulin resistance by second generation antisense oligonucleotides 
targeted to the longevity gene mIndy (Slc13a5). Aging (Albany NY) 
2015;7(12):1086–1093. doi:10.18632/aging.100854, PMID:26647160.

[82]	Brachs S, Winkel AF, Tang H, Birkenfeld AL, Brunner B, Jahn-Hofmann K, 
et al. Inhibition of citrate cotransporter Slc13a5/mINDY by RNAi improves 
hepatic insulin sensitivity and prevents diet-induced non-alcoholic fatty 
liver disease in mice. Mol Metab 2016;5(11):1072–1082. doi:10.1016/j.
molmet.2016.08.004, PMID:27818933.

[83]	Zahn G, Willmes DM, El-Agroudy NN, Yarnold C, Jarjes-Pike R, Schaertl S, 
et al. A Novel and Cross-Species Active Mammalian INDY (NaCT) Inhibitor 
Ameliorates Hepatic Steatosis in Mice with Diet-Induced Obesity. Metabo-
lites 2022;12(8):732. doi:10.3390/metabo12080732, PMID:36005604.

[84]	Kolodziejczak D, Spanier B, Pais R, Kraiczy J, Stelzl T, Gedrich K, et al. Mice 
lacking the intestinal peptide transporter display reduced energy intake and 
a subtle maldigestion/malabsorption that protects them from diet-induced 
obesity. Am J Physiol Gastrointest Liver Physiol 2013;304(10):G897–
G907. doi:10.1152/ajpgi.00160.2012, PMID:23494121.

[85]	Min K, Yenilmez B, Kelly M, Echeverria D, Elleby M, Lifshitz LM, et al. 
Lactate transporter MCT1 in hepatic stellate cells promotes fibrotic col-
lagen expression in nonalcoholic steatohepatitis. Elife 2024;12:RP89136. 
doi:10.7554/eLife.89136, PMID:38564479.

[86]	Luo X, Li Z, Chen L, Zhang X, Zhu X, Wang Z, et al. Monocarboxylate 
transporter 1 in the liver modulates high-fat diet-induced obesity and he-
patic steatosis in mice. Metabolism 2023;143:155537. doi:10.1016/j.me-
tabol.2023.155537, PMID:36933792.

[87]	Hadjihambi A, Konstantinou C, Klohs J, Monsorno K, Le Guennec A, Don-
nelly C, et al. Partial MCT1 invalidation protects against diet-induced non-
alcoholic fatty liver disease and the associated brain dysfunction. J Hepatol 
2023;78(1):180–190. doi:10.1016/j.jhep.2022.08.008, PMID:35995127.

[88]	Carneiro L, Asrih M, Repond C, Sempoux C, Stehle JC, Leloup C, et al. AMPK 
activation caused by reduced liver lactate metabolism protects against he-
patic steatosis in MCT1 haploinsufficient mice. Mol Metab 2017;6(12):1625–
1633. doi:10.1016/j.molmet.2017.10.005, PMID:29092796.

[89]	Mornagui B, Rezg R, Repond C, Pellerin L. Bisphenol S favors hepatic 
steatosis development via an upregulation of liver MCT1 expression and 
an impairment of the mitochondrial respiratory system. J Cell Physiol 
2022;237(7):3057–3068. doi:10.1002/jcp.30771, PMID:35561261.

[90]	Zhang T, Qi Z, Wang H, Ding S. Adeno-Associated Virus-Mediated 
Knockdown of SLC16A11 Improves Glucose Tolerance and Hepatic In-
sulin Signaling in High Fat Diet-Fed Mice. Exp Clin Endocrinol Diabetes 
2021;129(2):104–111. doi:10.1055/a-0840-3330, PMID:31185508.

[91]	Schumann T, König J, von Loeffelholz C, Vatner DF, Zhang D, Perry RJ, et 
al. Deletion of the diabetes candidate gene Slc16a13 in mice attenuates 
diet-induced ectopic lipid accumulation and insulin resistance. Commun 
Biol 2021;4(1):826. doi:10.1038/s42003-021-02279-8, PMID:34211098.

[92]	Liu A, Cai Y, Yuan Y, Liu M, Zhang Z, Xu Y, et al. Efficacy and safety of 
carnitine supplementation on NAFLD: a systematic review and meta-
analysis. Syst Rev 2023;12(1):74. doi:10.1186/s13643-023-02238-w, 
PMID:37120548.

[93]	Oppedisano F, Muscoli C, Musolino V, Carresi C, Macrì R, Giancotta C, et 
al. The Protective Effect of Cynara Cardunculus Extract in Diet-Induced 
NAFLD: Involvement of OCTN1 and OCTN2 Transporter Subfamily. Nutri-
ents 2020;12(5):1435. doi:10.3390/nu12051435, PMID:32429274.

[94]	Jiang T, Zhang Y, Bai M, Li P, Wang W, Chen M, et al. Up-regulation of 
hepatic fatty acid transporters and inhibition/down-regulation of hepat-
ic OCTN2 contribute to olanzapine-induced liver steatosis. Toxicol Lett 
2019;316:183–193. doi:10.1016/j.toxlet.2019.08.013, PMID:31437515.

[95]	Wang W, Bai M, Jiang T, Li C, Li P, Zhou H, et al. Clozapine-induced re-

https://doi.org/10.1016/j.ejphar.2023.176066
http://www.ncbi.nlm.nih.gov/pubmed/37769984
https://doi.org/10.1093/ejendo/lvad068
http://www.ncbi.nlm.nih.gov/pubmed/37343141
https://doi.org/10.1016/j.jphs.2021.07.002
http://www.ncbi.nlm.nih.gov/pubmed/34384565
https://doi.org/10.1371/journal.pone.0056681
http://www.ncbi.nlm.nih.gov/pubmed/23451068
https://doi.org/10.1152/ajpgi.00088.2009
http://www.ncbi.nlm.nih.gov/pubmed/19713474
https://doi.org/10.1111/nmo.14611
http://www.ncbi.nlm.nih.gov/pubmed/37246491
https://doi.org/10.1038/s41598-019-38489-8
http://www.ncbi.nlm.nih.gov/pubmed/30765765
https://doi.org/10.1371/journal.pone.0032511
http://www.ncbi.nlm.nih.gov/pubmed/22412882
https://doi.org/10.3389/fimmu.2023.1184010
http://www.ncbi.nlm.nih.gov/pubmed/37520561
https://doi.org/10.1053/j.gastro.2007.05.019
http://www.ncbi.nlm.nih.gov/pubmed/17681180
https://doi.org/10.1016/j.bbadis.2021.166087
https://doi.org/10.1016/j.bbadis.2021.166087
http://www.ncbi.nlm.nih.gov/pubmed/33513428
https://doi.org/10.1080/21655979.2022.2051858
http://www.ncbi.nlm.nih.gov/pubmed/35311455
https://doi.org/10.3389/fcell.2022.1008576
http://www.ncbi.nlm.nih.gov/pubmed/36478739
https://doi.org/10.1053/j.gastro.2017.06.003
http://www.ncbi.nlm.nih.gov/pubmed/28624579
https://doi.org/10.1016/j.redox.2023.102963
http://www.ncbi.nlm.nih.gov/pubmed/37984229
https://doi.org/10.1111/cpr.13158
http://www.ncbi.nlm.nih.gov/pubmed/34811833
https://doi.org/10.1002/ptr.7558
http://www.ncbi.nlm.nih.gov/pubmed/35817562
https://doi.org/10.1016/j.phymed.2023.154950
https://doi.org/10.1016/j.phymed.2023.154950
http://www.ncbi.nlm.nih.gov/pubmed/37441987
https://doi.org/10.1016/j.jpha.2023.11.009
http://www.ncbi.nlm.nih.gov/pubmed/38784156
https://doi.org/10.3389/fcell.2021.644901
http://www.ncbi.nlm.nih.gov/pubmed/33869196
https://doi.org/10.1016/j.redox.2024.103159
https://doi.org/10.1016/j.redox.2024.103159
http://www.ncbi.nlm.nih.gov/pubmed/38642501
https://doi.org/10.1038/s41420-023-01477-z
https://doi.org/10.1038/s41420-023-01477-z
http://www.ncbi.nlm.nih.gov/pubmed/37280194
https://doi.org/10.3390/biology11020311
https://doi.org/10.3390/biology11020311
http://www.ncbi.nlm.nih.gov/pubmed/35205177
https://doi.org/10.1126/scitranslmed.aaf4823
http://www.ncbi.nlm.nih.gov/pubmed/27655848
https://doi.org/10.1111/acer.14619
http://www.ncbi.nlm.nih.gov/pubmed/33885179
https://doi.org/10.1002/mnfr.202000750
http://www.ncbi.nlm.nih.gov/pubmed/33079450
https://doi.org/10.1172/jci.insight.127197
https://doi.org/10.1172/jci.insight.127197
http://www.ncbi.nlm.nih.gov/pubmed/31237863
https://doi.org/10.3855/jidc.15138
http://www.ncbi.nlm.nih.gov/pubmed/35192536
https://doi.org/10.1136/gutjnl-2020-323345
http://www.ncbi.nlm.nih.gov/pubmed/34266968
https://doi.org/10.1016/j.bbrc.2014.06.095
http://www.ncbi.nlm.nih.gov/pubmed/24976401
http://www.ncbi.nlm.nih.gov/pubmed/24976401
https://doi.org/10.1002/hep.29089
http://www.ncbi.nlm.nih.gov/pubmed/28133767
https://doi.org/10.18632/aging.100854
http://www.ncbi.nlm.nih.gov/pubmed/26647160
https://doi.org/10.1016/j.molmet.2016.08.004
https://doi.org/10.1016/j.molmet.2016.08.004
http://www.ncbi.nlm.nih.gov/pubmed/27818933
https://doi.org/10.3390/metabo12080732
http://www.ncbi.nlm.nih.gov/pubmed/36005604
https://doi.org/10.1152/ajpgi.00160.2012
http://www.ncbi.nlm.nih.gov/pubmed/23494121
https://doi.org/10.7554/eLife.89136
http://www.ncbi.nlm.nih.gov/pubmed/38564479
https://doi.org/10.1016/j.metabol.2023.155537
https://doi.org/10.1016/j.metabol.2023.155537
http://www.ncbi.nlm.nih.gov/pubmed/36933792
https://doi.org/10.1016/j.jhep.2022.08.008
http://www.ncbi.nlm.nih.gov/pubmed/35995127
https://doi.org/10.1016/j.molmet.2017.10.005
http://www.ncbi.nlm.nih.gov/pubmed/29092796
https://doi.org/10.1002/jcp.30771
http://www.ncbi.nlm.nih.gov/pubmed/35561261
https://doi.org/10.1055/a-0840-3330
http://www.ncbi.nlm.nih.gov/pubmed/31185508
https://doi.org/10.1038/s42003-021-02279-8
http://www.ncbi.nlm.nih.gov/pubmed/34211098
https://doi.org/10.1186/s13643-023-02238-w
http://www.ncbi.nlm.nih.gov/pubmed/37120548
https://doi.org/10.3390/nu12051435
http://www.ncbi.nlm.nih.gov/pubmed/32429274
https://doi.org/10.1016/j.toxlet.2019.08.013
http://www.ncbi.nlm.nih.gov/pubmed/31437515


Journal of Clinical and Translational Hepatology 202418

Zhang C. et al: SLC transporters in liver steatosis and fibrosis

duction of l-carnitine reabsorption via inhibition/down-regulation of renal 
carnitine/organic cation transporter 2 contributes to liver lipid metabolic 
disorder in mice. Toxicol Appl Pharmacol 2019;363:47–56. doi:10.1016/j.
taap.2018.11.007, PMID:30465787.

[96]	Tang Y, Masuo Y, Sakai Y, Wakayama T, Sugiura T, Harada R, et al. Locali-
zation of Xenobiotic Transporter OCTN1/SLC22A4 in Hepatic Stellate Cells 
and Its Protective Role in Liver Fibrosis. J Pharm Sci 2016;105(5):1779–
1789. doi:10.1016/j.xphs.2016.02.023, PMID:27020986.

[97]	Tanaka Y, Nagoshi T, Takahashi H, Oi Y, Yoshii A, Kimura H, et al. URAT1-se-
lective inhibition ameliorates insulin resistance by attenuating diet-induced 
hepatic steatosis and brown adipose tissue whitening in mice. Mol Metab 
2022;55:101411. doi:10.1016/j.molmet.2021.101411, PMID:34863940.

[98]	Yamamoto T, Izumi-Yamamoto K, Iizuka Y, Shirota M, Nagase M, Fujita 
T, et al. A novel link between Slc22a18 and fat accumulation revealed by 
a mutation in the spontaneously hypertensive rat. Biochem Biophys Res 
Commun 2013;440(4):521–526. doi:10.1016/j.bbrc.2013.09.096, PMID: 
24099777.

[99]	Yamamoto T, Iizuka Y, Izumi-Yamamoto K, Shirota M, Mori N, Tahara Y, 
et al. Overexpression of Slc22a18 facilitates fat accumulation in mice. 
Biochem Biophys Res Commun 2024;712-713:149922. doi:10.1016/j.
bbrc.2024.149922, PMID:38626531.

[100]	Vollmar J, Kim YO, Marquardt JU, Becker D, Galle PR, Schuppan D, et al. De-
letion of organic cation transporter Oct3 promotes hepatic fibrosis via upreg-
ulation of TGFβ. Am J Physiol Gastrointest Liver Physiol 2019;317(2):G195–
G202. doi:10.1152/ajpgi.00088.2019, PMID:31241979.

[101]	Tatsushima K, Hasuzawa N, Wang L, Hiasa M, Sakamoto S, Ashida K, 
et al. Vesicular ATP release from hepatocytes plays a role in the progres-
sion of nonalcoholic steatohepatitis. Biochim Biophys Acta Mol Basis Dis  
2021;1867(3):166013. doi:10.1016/j.bbadis.2020.166013, PMID:33212 
187.

[102]	Hasuzawa N, Tatsushima K, Wang L, Kabashima M, Tokubuchi R, Na-
gayama A, et al. Clodronate, an inhibitor of the vesicular nucleotide 
transporter, ameliorates steatohepatitis and acute liver injury. Sci Rep 
2021;11(1):5192. doi:10.1038/s41598-021-83144-w, PMID:33664289.

[103]	Cano A, Vazquez-Chantada M, Conde-Vancells J, Gonzalez-Lahera A, 
Mosen-Ansorena D, Blanco FJ, et al. Impaired Function of Solute Car-
rier Family 19 Leads to Low Folate Levels and Lipid Droplet Accumula-
tion in Hepatocytes. Biomedicines 2023;11(2):337. doi:10.3390/biomedi-
cines11020337, PMID:36830876.

[104]	Smith-Cortinez N, Fagundes RR, Gomez V, Kong D, de Waart DR, Heegs-
ma J, et al. Collagen release by human hepatic stellate cells requires 
vitamin C and is efficiently blocked by hydroxylase inhibition. FASEB J 
2021;35(2):e21219. doi:10.1096/fj.202001564RR, PMID:33236467.

[105]	Chu Y, Gui S, Zheng Y, Zhao J, Zhao Y, Li Y, et al. The natural compounds, 
Magnolol or Honokiol, promote adipose tissue browning and resist obesity 
through modulating PPARα/γ activity. Eur J Pharmacol 2024;969:176438. 
doi:10.1016/j.ejphar.2024.176438, PMID:38402928.

[106]	Choi JW, Choi HJ, Ryu GH, Lee JW, Beak JK, Koh EJ, et al. Paeonia lac-
tiflora root decreases lipid accumulation through the induction of lipoly-
sis and thermogenesis via AMPK activation in 3T3-L1 cells. Int J Mol Med 
2023;52(2):65. doi:10.3892/ijmm.2023.5268, PMID:37326061.

[107]	Liu M, Zhang JF, Zhu WL, Liu H, Jia X. Loureirin B protects against obe-
sity via activation of adipose tissue ω3 PUFA-GPR120-UCP1 axis in mice. 
Biochem Biophys Res Commun 2022;632:139–149. doi:10.1016/j.
bbrc.2022.09.096, PMID:36209582.

[108]	Shen H, Jiang L, Lin JD, Omary MB, Rui L. Brown fat activation miti-
gates alcohol-induced liver steatosis and injury in mice. J Clin Invest 
2019;129(6):2305–2317. doi:10.1172/JCI124376, PMID:30888335.

[109]	Gu M, Zhang Y, Lin Z, Hu X, Zhu Y, Xiao W, et al. Decrease in UCP1 by sus-
tained high lipid promotes NK cell necroptosis to exacerbate nonalcoholic 
liver fibrosis. Cell Death Dis 2024;15(7):518. doi:10.1038/s41419-024-
06910-4, PMID:39033153.

[110]	Mills EL, Harmon C, Jedrychowski MP, Xiao H, Garrity R, Tran NV, et al. 
UCP1 governs liver extracellular succinate and inflammatory pathogen-
esis. Nat Metab 2021;3(5):604–617. doi:10.1038/s42255-021-00389-5, 
PMID:34002097.

[111]	Mohammadi M, Abbasalipourkabir R, Ziamajidi N. Fish oil and chicoric 
acid combination protects better against palmitate-induced lipid accumula-
tion via regulating AMPK-mediated SREBP-1/FAS and PPARα/UCP2 path-
ways. Arch Physiol Biochem 2023;129(1):1–9. doi:10.1080/13813455.20
20.1789881, PMID:32654534.

[112]	Dihingia A, Bordoloi J, Dutta P, Kalita J, Manna P. Hexane-Isopropanolic 
Extract of Tungrymbai, a North-East Indian fermented soybean food pre-
vents hepatic steatosis via regulating AMPK-mediated SREBP/FAS/ACC/
HMGCR and PPARα/CPT1A/UCP2 pathways. Sci Rep 2018;8(1):10021. 
doi:10.1038/s41598-018-27607-7, PMID:29968750.

[113]	Shin MR, Shin SH, Roh SS. Diospyros kaki and Citrus unshiu Mix-
ture Improves Disorders of Lipid Metabolism in Nonalcoholic Fatty 
Liver Disease. Can J Gastroenterol Hepatol 2020;2020:8812634. doi: 
10.1155/2020/8812634, PMID:33425805.

[114]	Li W, Deng M, Gong J, Hou Y, Zhao L. Bidirectional Regulation of So-
dium Acetate on Macrophage Activity and Its Role in Lipid Metabolism of 
Hepatocytes. Int J Mol Sci 2023;24(6):5536. doi:10.3390/ijms24065536, 
PMID:36982619.

[115]	Fan Y, Futawaka K, Koyama R, Fukuda Y, Hayashi M, Imamoto M, et al. 
Vitamin D3/VDR resists diet-induced obesity by modulating UCP3 expres-
sion in muscles. J Biomed Sci 2016;23(1):56. doi:10.1186/s12929-016-
0271-2, PMID:27473111.

[116]	Lindquist C, Bjørndal B, Rossmann CR, Tusubira D, Svardal A, Røsland 
GV, et al. Increased hepatic mitochondrial FA oxidation reduces plasma 
and liver TG levels and is associated with regulation of UCPs and APOC-

III in rats. J Lipid Res 2017;58(7):1362–1373. doi:10.1194/jlr.M074849, 
PMID:28473603.

[117]	Toda-Oti KS, Stefano JT, Cavaleiro AM, Carrilho FJ, Correa-Gianella ML, 
Oliveira CPMS. Association of UCP3 Polymorphisms with Nonalcoholic 
Steatohepatitis and Metabolic Syndrome in Nonalcoholic Fatty Liver Dis-
ease Brazilian Patients. Metab Syndr Relat Disord 2022;20(2):114–123. 
doi:10.1089/met.2020.0104, PMID:35020496.

[118]	Aller R, De Luis DA, Izaola O, González Sagrado M, Conde R, Alvarez T, 
et al. Role of -55CT polymorphism of UCP3 gene on non alcoholic fatty 
liver disease and insulin resistance in patients with obesity. Nutr Hosp 
2010;25(4):572–576. PMID:20694293.

[119]	Senese R, Valli V, Moreno M, Lombardi A, Busiello RA, Cioffi F, et al. Un-
coupling protein 3 expression levels influence insulin sensitivity, fatty acid 
oxidation, and related signaling pathways. Pflugers Arch 2011;461(1):153–
164. doi:10.1007/s00424-010-0892-3, PMID:21058020.

[120]	Koh JH, Kim KH, Park SY, Kim YW, Kim JY. PPARδ Attenuates Alcohol-
Mediated Insulin Resistance by Enhancing Fatty Acid-Induced Mitochon-
drial Uncoupling and Antioxidant Defense in Skeletal Muscle. Front Physiol 
2020;11:749. doi:10.3389/fphys.2020.00749, PMID:32760285.

[121]	Tan M, Mosaoa R, Graham GT, Kasprzyk-Pawelec A, Gadre S, Parasido E, 
et al. Inhibition of the mitochondrial citrate carrier, Slc25a1, reverts steato-
sis, glucose intolerance, and inflammation in preclinical models of NAFLD/
NASH. Cell Death Differ 2020;27(7):2143–2157. doi:10.1038/s41418-
020-0491-6, PMID:31959914.

[122]	Kulyté A, Ehrlund A, Arner P, Dahlman I. Global transcriptome profiling 
identifies KLF15 and SLC25A10 as modifiers of adipocytes insulin sensitiv-
ity in obese women. PLoS One 2017;12(6):e0178485. doi:10.1371/jour-
nal.pone.0178485, PMID:28570579.

[123]	An YA, Chen S, Deng Y, Wang ZV, Funcke JB, Shah M, et al. The mito-
chondrial dicarboxylate carrier prevents hepatic lipotoxicity by inhibiting 
white adipocyte lipolysis. J Hepatol 2021;75(2):387–399. doi:10.1016/j.
jhep.2021.03.006, PMID:33746082.

[124]	Mizuarai S, Miki S, Araki H, Takahashi K, Kotani H. Identification of di-
carboxylate carrier Slc25a10 as malate transporter in de novo fatty acid 
synthesis. J Biol Chem 2005;280(37):32434–32441. doi:10.1074/jbc.
M503152200, PMID:16027120.

[125]	Klag KA, Bell R, Jia X, Seguin A, Maschek JA, Bronner M, et al. Low-Iron 
Diet-Induced Fatty Liver Development Is Microbiota Dependent and Exac-
erbated by Loss of the Mitochondrial Iron Importer Mitoferrin2. Nutrients 
2024;16(12):1804. doi:10.3390/nu16121804, PMID:38931165.

[126]	Zhang Z, Guo M, Shen M, Kong D, Zhang F, Shao J, et al. The BRD7-P53-
SLC25A28 axis regulates ferroptosis in hepatic stellate cells. Redox Biol 
2020;36:101619. doi:10.1016/j.redox.2020.101619, PMID:32863216.

[127]	Cho J, Zhang Y, Park SY, Joseph AM, Han C, Park HJ, et al. Mitochondrial 
ATP transporter depletion protects mice against liver steatosis and insu-
lin resistance. Nat Commun 2017;8:14477. doi:10.1038/ncomms14477, 
PMID:28205519.

[128]	Chen N, Luo J, Zhou T, Shou Y, Du C, Song G, et al. Lysine 
β-hydroxybutyrylation promotes lipid accumulation in alcoholic liver dis-
ease. Biochem Pharmacol 2024;228:115936. doi:10.1016/j.bcp.2023. 
115936, PMID:38012969.

[129]	Cheng L, Deepak RNVK, Wang G, Meng Z, Tao L, Xie M, et al. Hepatic 
mitochondrial NAD + transporter SLC25A47 activates AMPKα mediating 
lipid metabolism and tumorigenesis. Hepatology 2023;78(6):1828–1842. 
doi:10.1097/HEP.0000000000000314, PMID:36804859.

[130]	Chen P, Yuan M, Yao L, Xiong Z, Liu P, Wang Z, et al. Human umbili-
cal cord-derived mesenchymal stem cells ameliorate liver fibrosis by im-
proving mitochondrial function via Slc25a47-Sirt3 signaling pathway. Bi-
omed Pharmacother 2024;171:116133. doi:10.1016/j.biopha.2024.116 
133, PMID:38198960.

[131]	Bresciani N, Demagny H, Lemos V, Pontanari F, Li X, Sun Y, et al. The 
Slc25a47 locus is a novel determinant of hepatic mitochondrial function im-
plicated in liver fibrosis. J Hepatol 2022;77(4):1071–1082. doi:10.1016/j.
jhep.2022.05.040, PMID:35714811.

[132]	Dong J, Chen L, Ye F, Tang J, Liu B, Lin J, et al. Mic19 depletion im-
pairs endoplasmic reticulum-mitochondrial contacts and mitochondrial li-
pid metabolism and triggers liver disease. Nat Commun 2024;15(1):168. 
doi:10.1038/s41467-023-44057-6, PMID:38168065.

[133]	Wu Q, Ortegon AM, Tsang B, Doege H, Feingold KR, Stahl A. FATP1 is 
an insulin-sensitive fatty acid transporter involved in diet-induced obe-
sity. Mol Cell Biol 2006;26(9):3455–3467. doi:10.1128/MCB.26.9.3455-
3467.2006, PMID:16611988.

[134]	Park D, Kim E, Lee H, Shin EA, Lee H, Lee JW. Tetraspanin TM4SF5 in 
hepatocytes negatively modulates SLC27A transporters during acute fat-
ty acid supply. Arch Biochem Biophys 2021;710:109004. doi:10.1016/j.
abb.2021.109004, PMID:34364885.

[135]	Moya M, Benet M, Guzmán C, Tolosa L, García-Monzón C, Pareja E, et al. 
Foxa1 reduces lipid accumulation in human hepatocytes and is down-regu-
lated in nonalcoholic fatty liver. PLoS One 2012;7(1):e30014. doi:10.1371/
journal.pone.0030014, PMID:22238690.

[136]	Ghoshal K, Luther JM, Pakala SB, Chetyrkin S, Falck JR, Zent R, et al. 
Epoxygenase Cyp2c44 Regulates Hepatic Lipid Metabolism and Insulin 
Signaling by Controlling FATP2 Localization and Activation of the DAG/
PKCδ Axis. Diabetes 2024;73(8):1229–1243. doi:10.2337/db23-0493, 
PMID:38743615.

[137]	Liu GZ, Xu XW, Tao SH, Gao MJ, Hou ZH. HBx facilitates ferroptosis in 
acute liver failure via EZH2 mediated SLC7A11 suppression. J Biomed Sci 
2021;28(1):67. doi:10.1186/s12929-021-00762-2, PMID:34615538.

[138]	Zhang QR, Zhang JB, Shen F, Xue R, Yang RX, Ren TY, et al. Loss of 
NAT10 alleviates maternal high-fat diet-induced hepatic steatosis in 
male offspring of mice. Obesity (Silver Spring) 2024;32(7):1349–1361. 

https://doi.org/10.1016/j.taap.2018.11.007
https://doi.org/10.1016/j.taap.2018.11.007
http://www.ncbi.nlm.nih.gov/pubmed/30465787
https://doi.org/10.1016/j.xphs.2016.02.023
http://www.ncbi.nlm.nih.gov/pubmed/27020986
https://doi.org/10.1016/j.molmet.2021.101411
http://www.ncbi.nlm.nih.gov/pubmed/34863940
https://doi.org/10.1016/j.bbrc.2013.09.096
http://www.ncbi.nlm.nih.gov/pubmed/24099777
https://doi.org/10.1016/j.bbrc.2024.149922
https://doi.org/10.1016/j.bbrc.2024.149922
http://www.ncbi.nlm.nih.gov/pubmed/38626531
https://doi.org/10.1152/ajpgi.00088.2019
http://www.ncbi.nlm.nih.gov/pubmed/31241979
https://doi.org/10.1016/j.bbadis.2020.166013
http://www.ncbi.nlm.nih.gov/pubmed/33212187
http://www.ncbi.nlm.nih.gov/pubmed/33212187
https://doi.org/10.1038/s41598-021-83144-w
http://www.ncbi.nlm.nih.gov/pubmed/33664289
https://doi.org/10.3390/biomedicines11020337
https://doi.org/10.3390/biomedicines11020337
http://www.ncbi.nlm.nih.gov/pubmed/36830876
https://doi.org/10.1096/fj.202001564RR
http://www.ncbi.nlm.nih.gov/pubmed/33236467
https://doi.org/10.1016/j.ejphar.2024.176438
http://www.ncbi.nlm.nih.gov/pubmed/38402928
https://doi.org/10.3892/ijmm.2023.5268
http://www.ncbi.nlm.nih.gov/pubmed/37326061
https://doi.org/10.1016/j.bbrc.2022.09.096
https://doi.org/10.1016/j.bbrc.2022.09.096
http://www.ncbi.nlm.nih.gov/pubmed/36209582
https://doi.org/10.1172/JCI124376
http://www.ncbi.nlm.nih.gov/pubmed/30888335
https://doi.org/10.1038/s41419-024-06910-4
https://doi.org/10.1038/s41419-024-06910-4
http://www.ncbi.nlm.nih.gov/pubmed/39033153
https://doi.org/10.1038/s42255-021-00389-5
http://www.ncbi.nlm.nih.gov/pubmed/34002097
https://doi.org/10.1080/13813455.2020.1789881
https://doi.org/10.1080/13813455.2020.1789881
http://www.ncbi.nlm.nih.gov/pubmed/32654534
https://doi.org/10.1038/s41598-018-27607-7
http://www.ncbi.nlm.nih.gov/pubmed/29968750
https://doi.org/10.1155/2020/8812634
http://www.ncbi.nlm.nih.gov/pubmed/33425805
https://doi.org/10.3390/ijms24065536
http://www.ncbi.nlm.nih.gov/pubmed/36982619
https://doi.org/10.1186/s12929-016-0271-2
https://doi.org/10.1186/s12929-016-0271-2
http://www.ncbi.nlm.nih.gov/pubmed/27473111
https://doi.org/10.1194/jlr.M074849
http://www.ncbi.nlm.nih.gov/pubmed/28473603
https://doi.org/10.1089/met.2020.0104
http://www.ncbi.nlm.nih.gov/pubmed/35020496
http://www.ncbi.nlm.nih.gov/pubmed/20694293
https://doi.org/10.1007/s00424-010-0892-3
http://www.ncbi.nlm.nih.gov/pubmed/21058020
https://doi.org/10.3389/fphys.2020.00749
http://www.ncbi.nlm.nih.gov/pubmed/32760285
https://doi.org/10.1038/s41418-020-0491-6
https://doi.org/10.1038/s41418-020-0491-6
http://www.ncbi.nlm.nih.gov/pubmed/31959914
https://doi.org/10.1371/journal.pone.0178485
https://doi.org/10.1371/journal.pone.0178485
http://www.ncbi.nlm.nih.gov/pubmed/28570579
https://doi.org/10.1016/j.jhep.2021.03.006
https://doi.org/10.1016/j.jhep.2021.03.006
http://www.ncbi.nlm.nih.gov/pubmed/33746082
https://doi.org/10.1074/jbc.M503152200
https://doi.org/10.1074/jbc.M503152200
http://www.ncbi.nlm.nih.gov/pubmed/16027120
https://doi.org/10.3390/nu16121804
http://www.ncbi.nlm.nih.gov/pubmed/38931165
https://doi.org/10.1016/j.redox.2020.101619
http://www.ncbi.nlm.nih.gov/pubmed/32863216
https://doi.org/10.1038/ncomms14477
http://www.ncbi.nlm.nih.gov/pubmed/28205519
https://doi.org/10.1016/j.bcp.2023.115936
https://doi.org/10.1016/j.bcp.2023.115936
http://www.ncbi.nlm.nih.gov/pubmed/38012969
https://doi.org/10.1097/HEP.0000000000000314
http://www.ncbi.nlm.nih.gov/pubmed/36804859
https://doi.org/10.1016/j.biopha.2024.116133
https://doi.org/10.1016/j.biopha.2024.116133
http://www.ncbi.nlm.nih.gov/pubmed/38198960
https://doi.org/10.1016/j.jhep.2022.05.040
https://doi.org/10.1016/j.jhep.2022.05.040
http://www.ncbi.nlm.nih.gov/pubmed/35714811
https://doi.org/10.1038/s41467-023-44057-6
http://www.ncbi.nlm.nih.gov/pubmed/38168065
https://doi.org/10.1128/MCB.26.9.3455-3467.2006
https://doi.org/10.1128/MCB.26.9.3455-3467.2006
http://www.ncbi.nlm.nih.gov/pubmed/16611988
https://doi.org/10.1016/j.abb.2021.109004
https://doi.org/10.1016/j.abb.2021.109004
http://www.ncbi.nlm.nih.gov/pubmed/34364885
https://doi.org/10.1371/journal.pone.0030014
https://doi.org/10.1371/journal.pone.0030014
http://www.ncbi.nlm.nih.gov/pubmed/22238690
https://doi.org/10.2337/db23-0493
http://www.ncbi.nlm.nih.gov/pubmed/38743615
https://doi.org/10.1186/s12929-021-00762-2
http://www.ncbi.nlm.nih.gov/pubmed/34615538


Journal of Clinical and Translational Hepatology 2024 19

Zhang C. et al: SLC transporters in liver steatosis and fibrosis

doi:10.1002/oby.24041, PMID:38816990.
[139]	Miner GE, So CM, Edwards W, Ragusa JV, Wine JT, Wong Gutierrez D, et 

al. PLIN5 interacts with FATP4 at membrane contact sites to promote lipid 
droplet-to-mitochondria fatty acid transport. Dev Cell 2023;58(14):1250–
1265.e6. doi:10.1016/j.devcel.2023.05.006, PMID:37290445.

[140]	Li H, Seessle J, Staffer S, Tuma-Kellner S, Poschet G, Herrmann T, et 
al. FATP4 deletion in liver cells induces elevation of extracellular lipids via 
metabolic channeling towards triglycerides and lipolysis. Biochem Bio-
phys Res Commun 2023;687:149161. doi:10.1016/j.bbrc.2023.149161, 
PMID:37931418.

[141]	Seeßle J, Liebisch G, Schmitz G, Stremmel W, Chamulitrat W. Palmitate 
activation by fatty acid transport protein 4 as a model system for hepato-
cellular apoptosis and steatosis. Biochim Biophys Acta 2015;1851(5):549–
565. doi:10.1016/j.bbalip.2015.01.004, PMID:25603556.

[142]	Kolieb E, Maher SA, Shalaby MN, Alsuhaibani AM, Alharthi A, Hassan WA, 
et al. Vitamin D and Swimming Exercise Prevent Obesity in Rats under 
a High-Fat Diet via Targeting FATP4 and TLR4 in the Liver and Adipose 
Tissue. Int J Environ Res Public Health 2022;19(21):13740. doi:10.3390/
ijerph192113740, PMID:36360622.

[143]	Göcebe D, Jansakun C, Zhang Y, Staffer S, Tuma-Kellner S, Altamura 
S, et al. Myeloid-specific fatty acid transport protein 4 deficiency in-
duces a sex-dimorphic susceptibility for nonalcoholic steatohepatitis 
in mice fed a high-fat, high-cholesterol diet. Am J Physiol Gastrointest 
Liver Physiol 2023;324(5):G389–G403. doi:10.1152/ajpgi.00181.2022, 
PMID:36881564.

[144]	Doege H, Grimm D, Falcon A, Tsang B, Storm TA, Xu H, et al. Silenc-
ing of hepatic fatty acid transporter protein 5 in vivo reverses diet-in-
duced non-alcoholic fatty liver disease and improves hyperglycemia. J 
Biol Chem 2008;283(32):22186–22192. doi:10.1074/jbc.M803510200, 
PMID:18524776.

[145]	Wu K, Liu Y, Xia J, Liu J, Wang K, Liang H, et al. Loss of SLC27A5 Ac-
tivates Hepatic Stellate Cells and Promotes Liver Fibrosis via Unconju-
gated Cholic Acid. Adv Sci (Weinh) 2024;11(2):e2304408. doi:10.1002/
advs.202304408, PMID:37957540.

[146]	Jiang X, Hu R, Huang Y, Xu Y, Zheng Z, Shi Y, et al. Fructose aggravates 
copper-deficiency-induced non-alcoholic fatty liver disease. J Nutr Biochem 
2023;119:109402. doi:10.1016/j.jnutbio.2023.109402, PMID:37311490.

[147]	Song M, Schuschke DA, Zhou Z, Chen T, Pierce WM Jr, Wang R, et al. High 
fructose feeding induces copper deficiency in Sprague-Dawley rats: a novel 
mechanism for obesity related fatty liver. J Hepatol 2012;56(2):433–440. 
doi:10.1016/j.jhep.2011.05.030, PMID:21781943.

[148]	Kim MH, Aydemir TB, Kim J, Cousins RJ. Hepatic ZIP14-mediated zinc 
transport is required for adaptation to endoplasmic reticulum stress. 
Proc Natl Acad Sci U S A 2017;114(29):E5805–E5814. doi:10.1073/
pnas.1704012114, PMID:28673968.

[149]	Maxel T, Smidt K, Larsen A, Bennetzen M, Cullberg K, Fjeldborg K, et 
al. Gene expression of the zinc transporter ZIP14 (SLC39a14) is affected 
by weight loss and metabolic status and associates with PPARγ in hu-
man adipose tissue and 3T3-L1 pre-adipocytes. BMC Obes 2015;2:46. 
doi:10.1186/s40608-015-0076-y, PMID:26623077.

[150]	Aydemir TB, Troche C, Kim MH, Cousins RJ. Hepatic ZIP14-mediated Zinc 
Transport Contributes to Endosomal Insulin Receptor Trafficking and Glu-
cose Metabolism. J Biol Chem 2016;291(46):23939–23951. doi:10.1074/
jbc.M116.748632, PMID:27703010.

[151]	Jiang S, Yan K, Sun B, Gao S, Yang X, Ni Y, et al. Long-Term High-Fat Diet 
Decreases Hepatic Iron Storage Associated with Suppressing TFR2 and 
ZIP14 Expression in Rats. J Agric Food Chem 2018;66(44):11612–11621. 
doi:10.1021/acs.jafc.8b02974, PMID:30350980.

[152]	Aksoy-Ozer ZB, Bitirim CV, Turan B, Akcali KC. The Role of Zinc on Liver 
Fibrosis by Modulating ZIP14 Expression Throughout Epigenetic Regulatory 
Mechanisms. Biol Trace Elem Res 2024;202(11):5094–5105. doi:10.1007/
s12011-023-04057-5, PMID:38221603.

[153]	Chen Y, Tian Y. Influence of miR-26b on hepatic cirrhosis and portal pres-
sure in rats with cirrhotic portal hypertension by targeting hENT1 depending 
on RhoA/ROCK-1 pathway. Eur Rev Med Pharmacol Sci 2019;23(4):1668–
1673. doi:10.26355/eurrev_201902_17128, PMID:30840291.

[154]	Zuo B, Yang F, Huang L, Han J, Li T, Ma Z, et al. Endothelial Slc35a1 Defi-
ciency Causes Loss of LSEC Identity and Exacerbates Neonatal Lipid Depo-
sition in the Liver in Mice. Cell Mol Gastroenterol Hepatol 2024;17(6):1039–
1061. doi:10.1016/j.jcmgh.2024.03.002, PMID:38467191.

[155]	Yan R, Cai H, Zhou X, Bao G, Bai Z, Ge RL. Hypoxia-inducible factor-2α 
promotes fibrosis in non-alcoholic fatty liver disease by enhancing glu-
tamine catabolism and inhibiting yes-associated protein phosphorylation 
in hepatic stellate cells. Front Endocrinol (Lausanne) 2024;15:1344971. 
doi:10.3389/fendo.2024.1344971, PMID:38501098.

[156]	Hasbargen KB, Shen WJ, Zhang Y, Hou X, Wang W, Shuo Q, et al. Slc43a3 
is a regulator of free fatty acid flux. J Lipid Res 2020;61(5):734–745. 
doi:10.1194/jlr.RA119000294, PMID:32217606.

[157]	Grewer C, Gameiro A, Rauen T. SLC1 glutamate transporters. Pflugers Arch 
2014;466(1):3–24. doi:10.1007/s00424-013-1397-7, PMID:24240778.

[158]	Sakurai Y, Kubota N, Yamauchi T, Kadowaki T. Role of Insulin Resistance 
in MAFLD. Int J Mol Sci 2021;22(8):4156. doi:10.3390/ijms22084156, 
PMID:33923817.

[159]	Leturque A, Brot-Laroche E, Le Gall M. GLUT2 mutations, transloca-
tion, and receptor function in diet sugar managing. Am J Physiol Endo-
crinol Metab 2009;296(5):E985–E992. doi:10.1152/ajpendo.00004.2009, 
PMID:19223655.

[160]	Kurabayashi A, Furihata K, Iwashita W, Tanaka C, Fukuhara H, Inoue K, 
et al. Murine remote ischemic preconditioning upregulates preferentially 
hepatic glucose transporter-4 via its plasma membrane translocation, 
leading to accumulating glycogen in the liver. Life Sci 2022;290:120261. 

doi:10.1016/j.lfs.2021.120261, PMID:34968468.
[161]	Zhou MY, Cheng ML, Huang T, Hu RH, Zou GL, Li H, et al. Transform-

ing growth factor beta-1 upregulates glucose transporter 1 and glycoly-
sis through canonical and noncanonical pathways in hepatic stellate cells. 
World J Gastroenterol 2021;27(40):6908–6926. doi:10.3748/wjg.v27.
i40.6908, PMID:34790014.

[162]	Fiorentino TV, De Vito F, Suraci E, Marasco R, Hribal ML, Luzza F, et al. 
Obesity and overweight are linked to increased sodium-glucose cotrans-
porter 1 and glucose transporter 5 levels in duodenum. Obesity (Silver 
Spring) 2023;31(3):724–731. doi:10.1002/oby.23653, PMID:36746764.

[163]	Tang Y, Xu Y, Liu P, Liu C, Zhong R, Yu X, et al. No Evidence for a Causal 
Link between Serum Uric Acid and Nonalcoholic Fatty Liver Disease from the 
Dongfeng-Tongji Cohort Study. Oxid Med Cell Longev 2022;2022:6687626. 
doi:10.1155/2022/6687626, PMID:35340212.

[164]	Ong Lopez AMC, Pajimna JAT. Efficacy of sodium glucose cotransport-
er 2 inhibitors on hepatic fibrosis and steatosis in non-alcoholic fatty 
liver disease: an updated systematic review and meta-analysis. Sci Rep 
2024;14(1):2122. doi:10.1038/s41598-024-52603-5, PMID:38267513.

[165]	Jin Z, Yin R, Yuan Y, Zheng C, Zhang P, Wang Y, et al. Dapagliflozin ame-
liorates hepatic steatosis via suppressing LXRα-mediated synthesis of li-
pids and bile acids. Biochem Pharmacol 2024;223:116167. doi:10.1016/j.
bcp.2024.116167, PMID:38527558.

[166]	Lombardi R, Mantovani A, Cespiati A, Francione P, Maffi G, Del Zanna E, et 
al. Evolution of liver fibrosis in diabetic patients with NAFLD in a follow-up 
study: Hepatoprotective effects of sodium-glucose co-transporter-2 inhibi-
tors. Dig Liver Dis 2024;56(4):551–558. doi:10.1016/j.dld.2023.09.023, 
PMID:37845152.

[167]	Fiorentino TV, De Vito F, Suraci E, Marasco R, Catalano F, Andreozzi F, 
et al. Augmented duodenal levels of sodium/glucose co-transporter 1 are 
associated with higher risk of nonalcoholic fatty liver disease and nonin-
vasive index of liver fibrosis. Diabetes Res Clin Pract 2022;185:109789. 
doi:10.1016/j.diabres.2022.109789, PMID:35192912.

[168]	Jayaraman K, Das AK, Luethi D, Szöllősi D, Schütz GJ, Reith MEA, et 
al. SLC6 transporter oligomerization. J Neurochem 2021;157(4):919–929. 
doi:10.1111/jnc.15145, PMID:32767560.

[169]	Chen X, Li J, Kang R, Klionsky DJ, Tang D. Ferroptosis: machinery and 
regulation. Autophagy 2021;17(9):2054–2081. doi:10.1080/15548627.20
20.1810918, PMID:32804006.

[170]	Du K, Oh SH, Dutta RK, Sun T, Yang WH, Chi JT, et al. Inhibiting xCT/
SLC7A11 induces ferroptosis of myofibroblastic hepatic stellate cells 
but exacerbates chronic liver injury. Liver Int 2021;41(9):2214–2227. 
doi:10.1111/liv.14945, PMID:33991158.

[171]	Gu Q, Yang X, Lin L, Li S, Li Q, Zhong S, et al. Genetic ablation of sol-
ute carrier family 7a3a leads to hepatic steatosis in zebrafish during 
fasting. Hepatology 2014;60(6):1929–1941. doi:10.1002/hep.27356, 
PMID:25130427.

[172]	Newsome PN, Palmer M, Freilich B, Sheikh MY, Sheikh A, Sarles H, et 
al. Volixibat in adults with non-alcoholic steatohepatitis: 24-week interim 
analysis from a randomized, phase II study. J Hepatol 2020;73(2):231–
240. doi:10.1016/j.jhep.2020.03.024, PMID:32234329.

[173]	Matye DJ, Wang H, Luo W, Sharp RR, Chen C, Gu L, et al. Combined 
ASBT Inhibitor and FGF15 Treatment Improves Therapeutic Efficacy in 
Experimental Nonalcoholic Steatohepatitis. Cell Mol Gastroenterol Hepa-
tol 2021;12(3):1001–1019. doi:10.1016/j.jcmgh.2021.04.013, PMID:339 
65587.

[174]	Mijiti M, Mori R, Nakashima Y, Banno A, Ye Y, Takeuchi A, et al. Protamine-
derived peptide RPR (Arg-Pro-Arg) ameliorates oleic acid-induced lipogen-
esis via the PepT1 pathway in HepG2 cells. Biosci Biotechnol Biochem 
2023;87(2):197–207. doi:10.1093/bbb/zbac197, PMID:36521839.

[175]	Felmlee MA, Jones RS, Rodriguez-Cruz V, Follman KE, Morris ME. Mono-
carboxylate Transporters (SLC16): Function, Regulation, and Role in 
Health and Disease. Pharmacol Rev 2020;72(2):466–485. doi:10.1124/
pr.119.018762, PMID:32144120.

[176]	Droździk M, Szeląg-Pieniek S, Grzegółkowska J, Łapczuk-Romańska J, 
Post M, Domagała P, et al. Monocarboxylate Transporter 1 (MCT1) in Liver 
Pathology. Int J Mol Sci 2020;21(5):1606. doi:10.3390/ijms21051606, 
PMID:32111097.

[177]	Nigam SK. The SLC22 Transporter Family: A Paradigm for the Impact of 
Drug Transporters on Metabolic Pathways, Signaling, and Disease. Annu 
Rev Pharmacol Toxicol 2018;58:663–687. doi:10.1146/annurev-pharm-
tox-010617-052713, PMID:29309257.

[178]	Li N, Zhao H. Role of Carnitine in Non-alcoholic Fatty Liver Disease and 
Other Related Diseases: An Update. Front Med (Lausanne) 2021;8:689042. 
doi:10.3389/fmed.2021.689042, PMID:34434943.

[179]	Sun DQ, Wu SJ, Liu WY, Lu QD, Zhu GQ, Shi KQ, et al. Serum uric acid: 
a new therapeutic target for nonalcoholic fatty liver disease. Expert Opin 
Ther Targets 2016;20(3):375–387. doi:10.1517/14728222.2016.1096930
, PMID:26419119.

[180]	Yu W, Xie D, Yamamoto T, Koyama H, Cheng J. Mechanistic insights of 
soluble uric acid-induced insulin resistance: Insulin signaling and beyond. 
Rev Endocr Metab Disord 2023;24(2):327–343. doi:10.1007/s11154-023-
09787-4, PMID:36715824.

[181]	Moriyama Y, Hiasa M, Sakamoto S, Omote H, Nomura M. Vesicular nu-
cleotide transporter (VNUT): appearance of an actress on the stage of 
purinergic signaling. Purinergic Signal 2017;13(3):387–404. doi:10.1007/
s11302-017-9568-1, PMID:28616712.

[182]	Kunji ERS, King MS, Ruprecht JJ, Thangaratnarajah C. The SLC25 Car-
rier Family: Important Transport Proteins in Mitochondrial Physiology and 
Pathology. Physiology (Bethesda) 2020;35(5):302–327. doi:10.1152/
physiol.00009.2020, PMID:32783608.

[183]	Nesci S, Rubattu S. UCP2, a Member of the Mitochondrial Uncoupling Pro-

https://doi.org/10.1002/oby.24041
http://www.ncbi.nlm.nih.gov/pubmed/38816990
https://doi.org/10.1016/j.devcel.2023.05.006
http://www.ncbi.nlm.nih.gov/pubmed/37290445
https://doi.org/10.1016/j.bbrc.2023.149161
http://www.ncbi.nlm.nih.gov/pubmed/37931418
https://doi.org/10.1016/j.bbalip.2015.01.004
http://www.ncbi.nlm.nih.gov/pubmed/25603556
https://doi.org/10.3390/ijerph192113740
https://doi.org/10.3390/ijerph192113740
http://www.ncbi.nlm.nih.gov/pubmed/36360622
https://doi.org/10.1152/ajpgi.00181.2022
http://www.ncbi.nlm.nih.gov/pubmed/36881564
https://doi.org/10.1074/jbc.M803510200
http://www.ncbi.nlm.nih.gov/pubmed/18524776
https://doi.org/10.1002/advs.202304408
https://doi.org/10.1002/advs.202304408
http://www.ncbi.nlm.nih.gov/pubmed/37957540
https://doi.org/10.1016/j.jnutbio.2023.109402
http://www.ncbi.nlm.nih.gov/pubmed/37311490
https://doi.org/10.1016/j.jhep.2011.05.030
http://www.ncbi.nlm.nih.gov/pubmed/21781943
https://doi.org/10.1073/pnas.1704012114
https://doi.org/10.1073/pnas.1704012114
http://www.ncbi.nlm.nih.gov/pubmed/28673968
https://doi.org/10.1186/s40608-015-0076-y
http://www.ncbi.nlm.nih.gov/pubmed/26623077
https://doi.org/10.1074/jbc.M116.748632
https://doi.org/10.1074/jbc.M116.748632
http://www.ncbi.nlm.nih.gov/pubmed/27703010
https://doi.org/10.1021/acs.jafc.8b02974
http://www.ncbi.nlm.nih.gov/pubmed/30350980
https://doi.org/10.1007/s12011-023-04057-5
https://doi.org/10.1007/s12011-023-04057-5
http://www.ncbi.nlm.nih.gov/pubmed/38221603
https://doi.org/10.26355/eurrev_201902_17128
http://www.ncbi.nlm.nih.gov/pubmed/30840291
https://doi.org/10.1016/j.jcmgh.2024.03.002
http://www.ncbi.nlm.nih.gov/pubmed/38467191
https://doi.org/10.3389/fendo.2024.1344971
http://www.ncbi.nlm.nih.gov/pubmed/38501098
https://doi.org/10.1194/jlr.RA119000294
http://www.ncbi.nlm.nih.gov/pubmed/32217606
https://doi.org/10.1007/s00424-013-1397-7
http://www.ncbi.nlm.nih.gov/pubmed/24240778
https://doi.org/10.3390/ijms22084156
http://www.ncbi.nlm.nih.gov/pubmed/33923817
https://doi.org/10.1152/ajpendo.00004.2009
http://www.ncbi.nlm.nih.gov/pubmed/19223655
https://doi.org/10.1016/j.lfs.2021.120261
http://www.ncbi.nlm.nih.gov/pubmed/34968468
https://doi.org/10.3748/wjg.v27.i40.6908
https://doi.org/10.3748/wjg.v27.i40.6908
http://www.ncbi.nlm.nih.gov/pubmed/34790014
https://doi.org/10.1002/oby.23653
http://www.ncbi.nlm.nih.gov/pubmed/36746764
https://doi.org/10.1155/2022/6687626
http://www.ncbi.nlm.nih.gov/pubmed/35340212
https://doi.org/10.1038/s41598-024-52603-5
http://www.ncbi.nlm.nih.gov/pubmed/38267513
https://doi.org/10.1016/j.bcp.2024.116167
https://doi.org/10.1016/j.bcp.2024.116167
http://www.ncbi.nlm.nih.gov/pubmed/38527558
https://doi.org/10.1016/j.dld.2023.09.023
http://www.ncbi.nlm.nih.gov/pubmed/37845152
https://doi.org/10.1016/j.diabres.2022.109789
http://www.ncbi.nlm.nih.gov/pubmed/35192912
https://doi.org/10.1111/jnc.15145
http://www.ncbi.nlm.nih.gov/pubmed/32767560
https://doi.org/10.1080/15548627.2020.1810918
https://doi.org/10.1080/15548627.2020.1810918
http://www.ncbi.nlm.nih.gov/pubmed/32804006
https://doi.org/10.1111/liv.14945
http://www.ncbi.nlm.nih.gov/pubmed/33991158
https://doi.org/10.1002/hep.27356
http://www.ncbi.nlm.nih.gov/pubmed/25130427
https://doi.org/10.1016/j.jhep.2020.03.024
http://www.ncbi.nlm.nih.gov/pubmed/32234329
https://doi.org/10.1016/j.jcmgh.2021.04.013
http://www.ncbi.nlm.nih.gov/pubmed/33965587
http://www.ncbi.nlm.nih.gov/pubmed/33965587
https://doi.org/10.1093/bbb/zbac197
http://www.ncbi.nlm.nih.gov/pubmed/36521839
https://doi.org/10.1124/pr.119.018762
https://doi.org/10.1124/pr.119.018762
http://www.ncbi.nlm.nih.gov/pubmed/32144120
https://doi.org/10.3390/ijms21051606
http://www.ncbi.nlm.nih.gov/pubmed/32111097
https://doi.org/10.1146/annurev-pharmtox-010617-052713
https://doi.org/10.1146/annurev-pharmtox-010617-052713
http://www.ncbi.nlm.nih.gov/pubmed/29309257
https://doi.org/10.3389/fmed.2021.689042
http://www.ncbi.nlm.nih.gov/pubmed/34434943
https://doi.org/10.1517/14728222.2016.1096930
http://www.ncbi.nlm.nih.gov/pubmed/26419119
https://doi.org/10.1007/s11154-023-09787-4
https://doi.org/10.1007/s11154-023-09787-4
http://www.ncbi.nlm.nih.gov/pubmed/36715824
https://doi.org/10.1007/s11302-017-9568-1
https://doi.org/10.1007/s11302-017-9568-1
http://www.ncbi.nlm.nih.gov/pubmed/28616712
https://doi.org/10.1152/physiol.00009.2020
https://doi.org/10.1152/physiol.00009.2020
http://www.ncbi.nlm.nih.gov/pubmed/32783608


Journal of Clinical and Translational Hepatology 202420

Zhang C. et al: SLC transporters in liver steatosis and fibrosis

teins: An Overview from Physiological to Pathological Roles. Biomedicines 
2024;12(6):1307. doi:10.3390/biomedicines12061307, PMID:38927514.

[184]	Fares R, Petta S, Lombardi R, Grimaudo S, Dongiovanni P, Pipitone 
R, et al. The UCP2 -866 G>A promoter region polymorphism is associ-
ated with nonalcoholic steatohepatitis. Liver Int 2015;35(5):1574–1580. 
doi:10.1111/liv.12707, PMID:25351290.

[185]	Mohseni F, Farajnia S, Farhangi MA, Khoshbaten M, Jafarabadi MA. As-
sociation of UCP2 -866G>A Polymorphism With Nonalcoholic Fatty Liver 
Disease in Patients From North-West of Iran. Lab Med 2017;48(1):65–72. 
doi:10.1093/labmed/lmw052, PMID:27794526.

[186]	Wang JX, Zhang YY, Qian YC, Qian YF, Jin AH, Wang M, et al. Inhibi-
tion of mitochondrial citrate shuttle alleviates metabolic syndromes in-
duced by high-fat diet. Am J Physiol Cell Physiol 2024;327(3):C737–C749. 
doi:10.1152/ajpcell.00194.2024, PMID:39069827.

[187]	Das K, Lewis RY, Combatsiaris TP, Lin Y, Shapiro L, Charron MJ, et al. 
Predominant expression of the mitochondrial dicarboxylate carrier in white 
adipose tissue. Biochem J 1999;344(Pt 2):313–320. PMID:10567211.

[188]	Nakanishi T, Kawasaki Y, Nakamura Y, Kimura Y, Kawamura K, Shum-
ba MN, et al. An implication of the mitochondrial carrier SLC25A3 as an 
oxidative stress modulator in NAFLD. Exp Cell Res 2023;431(1):113740. 
doi:10.1016/j.yexcr.2023.113740, PMID:37557977.

[189]	Seguin A, Jia X, Earl AM, Li L, Wallace J, Qiu A, et al. The mitochondrial 
metal transporters mitoferrin1 and mitoferrin2 are required for liver regen-
eration and cell proliferation in mice. J Biol Chem 2020;295(32):11002–
11020. doi:10.1074/jbc.RA120.013229, PMID:32518166.

[190]	Schuettpelz J, Janer A, Antonicka H, Shoubridge EA. The role of the 
mitochondrial outer membrane protein SLC25A46 in mitochondrial fis-
sion and fusion. Life Sci Alliance 2023;6(6):e202301914. doi:10.26508/
lsa.202301914, PMID:36977595.

[191]	Anderson CM, Stahl A. SLC27 fatty acid transport proteins. Mol Aspects 
Med 2013;34(2-3):516–528. doi:10.1016/j.mam.2012.07.010, PMID:235 
06886.

[192]	Li H, Herrmann T, Seeßle J, Liebisch G, Merle U, Stremmel W, et al. Role of 
fatty acid transport protein 4 in metabolic tissues: insights into obesity and 
fatty liver disease. Biosci Rep 2022;42(6):BSR20211854. doi:10.1042/
BSR20211854, PMID:35583196.

[193]	Doege H, Baillie RA, Ortegon AM, Tsang B, Wu Q, Punreddy S, et al. Target-
ed deletion of FATP5 reveals multiple functions in liver metabolism: altera-
tions in hepatic lipid homeostasis. Gastroenterology 2006;130(4):1245–
1258. doi:10.1053/j.gastro.2006.02.006, PMID:16618416.

[194]	Enooku K, Tsutsumi T, Kondo M, Fujiwara N, Sasako T, Shibahara J, et al. 
Hepatic FATP5 expression is associated with histological progression and 
loss of hepatic fat in NAFLD patients. J Gastroenterol 2020;55(2):227–
243. doi:10.1007/s00535-019-01633-2, PMID:31602526.

[195]	Tarantino G, Porcu C, Arciello M, Andreozzi P, Balsano C. Prediction of 
carotid intima-media thickness in obese patients with low prevalence of 
comorbidities by serum copper bioavailability. J Gastroenterol Hepatol 
2018;33(8):1511–1517. doi:10.1111/jgh.14104, PMID:29405466.

[196]	Fung CK, Zhao N. The Combined Inactivation of Intestinal and He-
patic ZIP14 Exacerbates Manganese Overload in Mice. Int J Mol Sci 
2022;23(12):6495. doi:10.3390/ijms23126495, PMID:35742937.

[197]	Nam H, Wang CY, Zhang L, Zhang W, Hojyo S, Fukada T, et al. ZIP14 and 
DMT1 in the liver, pancreas, and heart are differentially regulated by iron 
deficiency and overload: implications for tissue iron uptake in iron-related 
disorders. Haematologica 2013;98(7):1049–1057. doi:10.3324/haema-
tol.2012.072314, PMID:23349308.

[198]	Wei J, Wu BJ, Daoud SS. Whole-Exome Sequencing (WES) Reveals Novel 
Sex-Specific Gene Variants in Non-Alcoholic Steatohepatitis (MASH). Genes 
(Basel) 2024;15(3):357. doi:10.3390/genes15030357, PMID:38540416.

[199]	Adams LA, White SW, Marsh JA, Lye SJ, Connor KL, Maganga R, et al. As-
sociation between liver-specific gene polymorphisms and their expression 
levels with nonalcoholic fatty liver disease. Hepatology 2013;57(2):590–
600. doi:10.1002/hep.26184, PMID:23213074.

[200]	Parisinos CA, Wilman HR, Thomas EL, Kelly M, Nicholls RC, McGoni-
gle J, et al. Genome-wide and Mendelian randomisation studies of liver 
MRI yield insights into the pathogenesis of steatohepatitis. J Hepatol 
2020;73(2):241–251. doi:10.1016/j.jhep.2020.03.032, PMID:32247823.

[201]	Takeshita Y, Honda M, Harada K, Kita Y, Takata N, Tsujiguchi H, et al. Com-
parison of Tofogliflozin and Glimepiride Effects on Nonalcoholic Fatty Liver 
Disease in Participants With Type 2 Diabetes: A Randomized, 48-Week, 
Open-Label, Active-Controlled Trial. Diabetes Care 2022;45(9):2064–
2075. doi:10.2337/dc21-2049, PMID:35894933.

https://doi.org/10.3390/biomedicines12061307
http://www.ncbi.nlm.nih.gov/pubmed/38927514
https://doi.org/10.1111/liv.12707
http://www.ncbi.nlm.nih.gov/pubmed/25351290
https://doi.org/10.1093/labmed/lmw052
http://www.ncbi.nlm.nih.gov/pubmed/27794526
https://doi.org/10.1152/ajpcell.00194.2024
http://www.ncbi.nlm.nih.gov/pubmed/39069827
http://www.ncbi.nlm.nih.gov/pubmed/10567211
https://doi.org/10.1016/j.yexcr.2023.113740
http://www.ncbi.nlm.nih.gov/pubmed/37557977
https://doi.org/10.1074/jbc.RA120.013229
http://www.ncbi.nlm.nih.gov/pubmed/32518166
https://doi.org/10.26508/lsa.202301914
https://doi.org/10.26508/lsa.202301914
http://www.ncbi.nlm.nih.gov/pubmed/36977595
https://doi.org/10.1016/j.mam.2012.07.010
http://www.ncbi.nlm.nih.gov/pubmed/23506886
http://www.ncbi.nlm.nih.gov/pubmed/23506886
https://doi.org/10.1042/BSR20211854
https://doi.org/10.1042/BSR20211854
http://www.ncbi.nlm.nih.gov/pubmed/35583196
https://doi.org/10.1053/j.gastro.2006.02.006
http://www.ncbi.nlm.nih.gov/pubmed/16618416
https://doi.org/10.1007/s00535-019-01633-2
http://www.ncbi.nlm.nih.gov/pubmed/31602526
https://doi.org/10.1111/jgh.14104
http://www.ncbi.nlm.nih.gov/pubmed/29405466
https://doi.org/10.3390/ijms23126495
http://www.ncbi.nlm.nih.gov/pubmed/35742937
https://doi.org/10.3324/haematol.2012.072314
https://doi.org/10.3324/haematol.2012.072314
http://www.ncbi.nlm.nih.gov/pubmed/23349308
https://doi.org/10.3390/genes15030357
http://www.ncbi.nlm.nih.gov/pubmed/38540416
https://doi.org/10.1002/hep.26184
http://www.ncbi.nlm.nih.gov/pubmed/23213074
https://doi.org/10.1016/j.jhep.2020.03.032
http://www.ncbi.nlm.nih.gov/pubmed/32247823
https://doi.org/10.2337/dc21-2049
http://www.ncbi.nlm.nih.gov/pubmed/35894933

	﻿﻿Abstract﻿

	﻿﻿﻿﻿Introduction﻿

	﻿﻿﻿﻿﻿SLC1/2﻿

	﻿﻿﻿SLC5/6﻿

	﻿﻿﻿SLC7/9/10/13/15﻿

	﻿﻿﻿SLC16/17/19/22/23﻿

	﻿﻿﻿SLC25﻿

	﻿﻿﻿SLC27/29/31/35/37/38/39/43﻿

	﻿﻿﻿Future perspectives﻿

	﻿﻿﻿Conclusions﻿

	﻿﻿﻿﻿﻿﻿﻿Funding﻿

	﻿﻿﻿Conflict of interest﻿

	﻿﻿﻿Author contributions﻿

	﻿﻿﻿References﻿


