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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.12 NAFLD is characterized by hepatic steatosis, and
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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.”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.®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.1! 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.3 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.!57 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
SLC1AS5 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.1® 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.!>8
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.15° Vari-
ous signaling molecules, including sterol O-acyltransferase
2, protease-activated receptor 2, transmembrane member
16A, low-density lipoprotein receptor-related protein-1, and
B-hydroxy-B-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.2° 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
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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 AMPKa1/PGC-1a 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.3* 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.3” Increased GLUT1 in
HSCs can also be induced by TGF-B1 through the Smad, p38
MAPK, and PI3K/AKT pathways.161 SLC2A5/GLUTS 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 GLUTS 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/GLUTS8 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 5.3° 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.2940 SLC2A9/GLUTO 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.*! 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-

| 233-252



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

(panunauod)

6,AIAI}ISUDS U[|NSU| pasSealdul pue uoljea
-1}oe SOSH pue NG padnpad Bupua|ls TVY6DTS

»9'c9S1S0]RD]S doudN|jul 03 SIsoydo.usy 1o sauab
pajeposse-pidi] paienbad TTv/D1S Jo uonenbad onau
-9b1da pue ,4:19'SISO3d0LIB) JO SSad04d Y3 bunenbau
Ag uopnieinwindoe pidi| oi3eday paaye TIVLITS

z.3Ub1am pue uonenwnioe pidi bupnpad Aq
9ouela|03 @s00n|H panosdwi Bupud|is 8v/D1S

09S1404d pioe oujwe ewse|d paia)
-|e ‘axeiul pooy paseaJoul Bupusjis YTY9DTS

ssobewep 914003eday Aje3ewyn pue |elpuoyd0l}
-l pajelpaw SSa41S SAIJBPIXO pue wsijogeied uiu
-0]0.3S 3|Iym ‘axeidn uluo3lolas pasealdul $\¥9I1S

85-95S91A00%N3| d13eday JO JUSWIINIDDL pasealdul

pue ¥I ‘Aemyzed N[ 2y3 JO uoneAnRde ‘sisolaoeqsAp
[BUIISDIUI PASNED ¢¢y¢’UOIRWIWEUI D13eday 03 bul
-pes| ‘buisealoul uIxojopus wnias pasned uonebaibbe
UjU030J3S Je|N|[2oeJIXD pajelpaw-buldualis #v9D1S

ccU0I1ed0|SuRL) 81 NTD paseald
-ul 03 pajejad aq Aew bupUd|IS GYSDIS

SIS9YIUAS pidi| Jo s10sinda4d paonpad pue Y1 paAoidul
¢y uondiosqge pidi| jeunsaiul bupnpad NG pue syg Jo SIS
-9YjuAs pajeIpaw-DyXT PaIGIYUl 7, SSDUIS DAI}RPIXO pue
uonjewwepul buendJd pajesolswe siolqiyul ZysdIS

1guonduiosge asoon|b pajowoud TVSDIS

1yS9uab sisAjodl| Jo uoissaudxa ayy pajow
-04d pue pioe o1n d1edayediul pasealdul 6YZI1S

6c'6z INQ @30woud 03 sejAd0jeday ul SSaU3S SAIEPIXO
pue ssaJ3s wnjnopaJd djwsejdopus paonpul ‘G4SyINL 03
buipuiq AQ pajeipaw sem uoileI0|SURI} 3SOUYM ‘8vZD1S

geSIsauabodi| Bunowoud Apoauipul sue
-bns snopiea jo uondiosge ayj pasealdoul §yzI1S

ye-1e2NSSI) 9sodipe 03 Jodsuely asoon|b bunenwis

AQ I peonpad ‘Aemyied Buijeubis Piv/MEId/ TSI/ AT
-49] BIA pajeIpaw Sem uoledo|suell asoym ‘$vzd1s

gz-9z391p Jebns-ybiy e ul sissayjuAs pidi| Jo sios
-an2aud ay3 buiseauoul Aj3oadipul ‘sajAooieday
03Ul uonedo|suely asoon|b pajowold Zyzd1S

sz-1zd4H Ue Ul JaAl| 83 03 Jodsuel) 9s0d
-n|6 bupenwias Aq W1 pednpal 2vedTS

ceuoeinwindoe pidi| pue A}IAIR SS313S DAY
-epIXo paseaJtoul padnpul Bupuslis TVZI1S

210Wo0.4d

NqIyu]

2]jowiodd

3qIyu]

2j0owiodd

3qIyur

3qIyu]

3j0Wo.d

210Wo0.4d

210Wo0.4d

3j0Wo.d

210Wo0.4d

NqIyuI

3j0Wo.d

3qIyur

3qIyur

di4dvN

di4vN

di4vN

di4dvN

di4vN

dl4dvN

di4dvN
di4dvN

dl4vN

di4vN

di4dvN

di4vN

di4vN

di4dvN

aueIquiaWwolA)

aueIqWBWO0IAD
auelquiawoli)

aueIquaWwolL)

aueIqWIBWO0IAD

aueIquiawolL)

aueIqWBWO0IAD
aueIquiawolf)

auelquiawoli)

auelIquBWO0lAD

aueIqWIBWO0IAD

aueIqWBWO0IAD

aueIqWIBWO0IAD

auelquisawoli)

J9AIN

J9AIN
anssn
asodipy

aunsau]

J9AIN

leunsajul

Asupiy

Asupiy
QuIIsajul

J9AIT

BEYNR

aunsau]

anssn
asodipy

J9AIT

J9AIN

H/eN

ajeweln|b
-2unsA)

aulwein|n

oujwe d1uo
-ed /|enaN

uIu03043S

95039N.4

3s0on|9
3s0on|9

p1oe duN

95039N.44

95030N.4J
/9s02n|9

3s0on|9

2s00Nn|9

9s00N|H

T3aHN

10X
¢-1V1

(+'0) 91v

143S

S119S

¢119s
T119S

61N719

81N19

S1N1D

71N19

[ANAR1)

T1N19

TV6I1S

TTVLOS

8V/LO1S

PTVOO1S

PVvoO1S

SVSO1S

¢vSO1S
TVvSO1S

6VvZI1S

8VZI1S

SvZO1S

Pveo1s

[AJaol S

TVveo1s

wisiueyoapn

Pa43

osesasia

uoijedoT

uebiQ

ajelisqns

uisjo.dd

auap

sisojea3s onpeday i Ajiwey DS dY3 o 9104 BYL T d|qeL

235

Journal of Clinical and Translational Hepatology 2025 vol. 13(3) | 233-252



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

(panuauod)

se'ye2UllIUIRD JO 23 eydn bBuiseaud
-ul Ag uone|nwindoe pidi| padNpaJ §¥ZeITS

se-ze2UINUIRD JO Dyeldn Buiseaud
-ul Ag uone|nwnode pidi| padnpal $vYZzd1S

co1S®1AD01edBY UI S39|doap pidi| JO uolle|INWNIORe By)
03} buipes| ‘1dax pue Syd 1| wsijogejaw pidi| 404 |ed
-13140 sauab jo uonenbas syl pajoae ‘s|oAs| a3e|oy Je|
-Nn|[22eJ1jul paonpad sajAdozeday ul bupuss TYETDTS

zo1'10152U9b SisAjodl| Jo uoissaudxs ay) buiseaoul pue
sauab d13Ajodi| Jo uoissaidxa ay3 buiseasdap ‘sisoaqly
pue uonewuweul Jo uoissaiboud ayy bupnpaa ‘buijeubis
d1B13ulINd Je|Nn||90433Ul PGIYUI UMOPXI0UY 6Y/TDTS

16UOIIBAIIOR MJINY paseasdul 03 buipes) ‘Ajijigejieae
9]e308| Jejn|jaoeijul pasealddap ‘YI paielpaw-3Ddd
-]0422A[6]AoeIp J13Rday pajenualle UMOPXDOoU £TVITDTS

06/2AI| PUB WINJSS U] UOIRINWNDOE DY Padnp
-3 pue YI panoidwl UMOPX0UY TTVITIS

68-,8MdWY S3BAI3OR 03 ON3eJ d1V/dIWV dU3
paseaJoul pue uojnpoid 41y paidaie yaiym
‘3eAnJdAd ul uopdnpad e 03 buipes) ‘uoissald

-X3 gHQ paiuaAa.d uonepljeaul [eied TyY9TDTS

9gSOUab paje|as-uonepixo pidi| Jo uoissaid

-X3 paseaJoap ul bunnsal ‘pDYvdd pasueyus
03 P3| Ydiym ‘sa3Aoojeday ul uoize|nwinddoe aie)
-0e| Ul pa3NsaJ uo1IR|ap di10ads-I9Al TY9TDTS

»g5S0| 3yb1om 03 buipes| uondiosqge Abus

-UD |euUlISaIUl paonpad AQ pajelpawl Sa4n3onJis
|esoonwi Jo >oe| e bupnpul S|9A3| 9-11 W]
-SAs paseaJoap pasned bupud|Is TVYSTIDIS

cg-0gU0IIBAIDE MdIWY pue ajesAingAxolpAy-g ewse|d
paseaJoul pue Aemyied ¢ uoirdudsuedy JO J03eAIOR pue
Jaonpsued) |eubis-9-11 Aq paije|nbaidn Aq pasned aq
Aew Uoiym S|aA3| DL J9A1| pue ewse|d paonpad pue
"dI pajuanald ‘sisauabodi| di3eday pasealoul GYETDTS

¢,AIAIISUSS ulNsul pasueyua pue ,,‘sauadoad
svg buusyje Aq uond.losqe jey paonpad ¢, TV/ZdAD
SINC/XY3 bunenbaadn pue 6T/ST494-¥X4 bul
-}iglyul Aq wsijogeied |04a3sajoyd d1yeday paseaud
-ul pue syg ewse|d paonpaJ bupua|is Zv0oTD1S

9,1Vg Ul uonedidsas pajdnod-uou paseatdul pue uon
-dJosqe 1ey |eunsajul paodnpad bupuajis TYOTD1S

3qIYuI

3qIyur

nqIyu]

210WO0.4d

aj0wo.d

2jowiodd

210Wo0.4d

NqIyuI

2jowiold

a10Wo.4d

aj0Wo.d

2j0owiold

SIS01ea3s
JiedsH

S|S0]e93s
JnedaH

di4vN

di4vN

di4vN

di4vN

di4vN

di4vN

di4vN

di4vN

didvN

aueIqWRWO0IAD

aueIquiawoli)

auelquBWO0lAD

1e|ndisa

aueIqWBWO0IAD

auelquiawoli)

aueIqWBWO0IAD

auelquiawoli)

aueIqWIAWO0IAD

aueIqWBWO0IAD

auelquiawoli)

SEVNG|

J9AIN

BEYNR

J9AIT

BEYNR

J9AIN

BEYNR

wna|1

J9AIT

wna|I

1AM

auniuie)

auniuied

21e/04

9pnosPNN

J1|AX0QJe20UO|p

21]AX0QJe20UOo|y

ajeyoe

apndad

21e11D

svd

svd

¢N1DOO

INLDOO

LNNA

ETLON

TTLONW

Tld3d

Aputw

SvZeo1s

Pveeo1s

J4d TV6T1D1S

6VLTOS

ETVITI1S

TTIVITO1S

TLOW TV91D1S

TVSTOS

SYETDTS

19Sv ~ ¢v0T1d1S

dO1N TVOTO1S

wisiueyosap

Pa43

osesasia

uonedo]

uebiQ

ajesysqns

u1ojoud

auap

(panunuoo) *1 alqelL

| 233-252

Journal of Clinical and Translational Hepatology 2025 vol. 13(3)

236



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

(panunuod)
ce749AI] BY] 0] S9|PSNW pue sanssi} ajAdodipe anssny
wo.j spidi| Jo uoniNqu3sIpal ay3 03 p3| TV/ZITS 1qiyurg d14dvN  SuelquidwolAd asodipy Sv4 Td1lvd TVv.L2D1S
rer-szrAemMUIRd SdGIYS-DIWY-ELUIS
9U3 BIA SS243S 9AI3RPIXO |RLIPUOYD0}IW padNp aueiquiaw
-9 pue uone|nwnooe pidi| pajqiyul ZHYSZI1S Hqiyur di4dvnN |elpUOYIOU A 49AIN +AdvN - LPVSTO1S
cz139IP UOJI-MO| B 0] pasodxa usaym wsijogel
-aw pidi| oineday paJtaje pue oy diedsy pajeas auelquiaw
-19 PaYQIYXa 0IW 3jewa) JUsdIsp 8CVSZIT1S Hqiyug di4dvnN [elpuoyd0in d9AM uoJ]  gullsjollN - 82¢VSZITS
yzrAemyied ouabodi| ayy a1e|nbau Quelquiaw
-umop Aew sa3jAdojeday ul Bupuals OTYSZI1S 2j0wWold aldvnN |RIIPUOYDOM A J9AN
ce1zz1SISAUYIUAS pidi| onedayeljul 1oj sy
-JN paonpaJ pue ‘Aemyied 1SHA ay3 buluadwep
AQ sisAjodi] 3qIyul 03 TYNDNS pasueyus ‘sa93Ad aueiquiaw pioe JljA
-odipe 0jul Xnjjuj @3eUIONS pajelpaw OTVYSZI1S lqiyur didvnN [elpuUoyd0IA VM -xo0g.Jediqg JIdw  Q0T1VSZO1S
BEVN]
Aney
pasnpul 3)Psnwi
611-s1rBUISERIDBP OV4 pue bunun|q buljeubis MdINY -|oyoo|y auelquiaw IZAETENIS uozoud
pue ‘gyd/Ply “dI 03 paie|at sem Bupua|ls 6YSZI1S 1qiyurg /a4vN |BHPUOYIOU N JACINN| pue v4071 £4oN 6VSZI1S
crr-rrrwisijogelaw pe Apey buiaosdwi Aemuyied zddn aueaquiaw uoyoud
-DYVdd-MdIWY Ybnoiyy sissusbouwliayy paseatdul 8y¥szId1S 1qiyur didvnN [elpuoyd0i d9A pue v4201 2don 8VS¢ZI1S
301-501550] 3yb1am pue sissusbowiayl bulsAlys
-uou ybnouyy sisojeais di3eday pajiqiyul saAIaU
21vyedwAs pue 0ZTHdD ‘MdiNY ‘Aemyied bul auelquiaw uojoud
-leubis Advdd Aq pajelpaw yoiym ‘/v¥SzIlS 1qIyur ai4dvN [BLIPUOYD0MIN 1vd pue y427 TdON  £LVSZO1S
BEVNT!
gz194Nsodxa [0yod|e d1uoayd ul sixe Ayvdd/>43 Anjey
/MdVIN B3 BIA SIS03ea)s pajeyl|ide) ‘2SOOIWH Aq pale pasnpul
-Ipaw sem Yoiym ‘qyagy Aq pazijiqeis sem Sy¥SZI1S ajowoldd  -|oyodly
,zrdl peiusAald pue uonjedidsad pa|d auelquisw
-nooun pasea.dul bupua|is §¥SZI1S ajowodd didvnN [elpuoyd0I d9AI dlv CINV  §VSZO1S
Tz1'0zTUORR|AIOYdSsoyd aAnepixo soueyus 03 Aemyjed
DTD9d/TLYIS dU3 pa3eAlloe osje pue ‘DTIHA 4O uol
-eAIlDRUI padnpul-uoiie|A}aoe buliabbuy Aq wsijogeied
dAI3epPIX0 9s00n|6 paonpaJd 03 pa| pue ‘YT1dD buniejAlad
-eap AQ Sy4 pajowoud ‘@3eAniAd aonpad 03 Jodsueny auelquiaw
93es31d Buiseatdap Ag ING panpad uonRigiyul TYS2DTS ajowodd didvnN |eLPUOYIOUA 19/ Cal=Rhllg) JID TVvS2O1S
66'g649A1| Bulpnpul ‘@o1w Ul uoneINW S|S0}e93s
-ndoe pidi| 21Wwa3sAs pajowodd 8TvzzZID1S 2j0wold onedasH  auelqWRWO0IAD J9AIN - - 8TVZZO1S
,61V9 JO0 Bulumougal aonpuil 03 TdON bunenbaidn Aq
I buinoaduwi ‘se3Aoo3zeday ul uoonpold SOY 4e|n|ad
-BJ3UI pue DJNL pUB Z|2D padnpas Bupua|is Z1vezd1S ajowold dT14dVN  Suelquiawoli) Aaupiy pide dun TIVdN ¢1Iveed1s
wisiueydapn 1094j3 9sedsida uoned’o ueb.aQ ajeaysqns uiajo.4d Qauan

(panunuod) *1 aqelL

237

Journal of Clinical and Translational Hepatology 2025 vol. 13(3) | 233-252



SLC transporters in liver steatosis and fibrosis

Zhang C. et al

“pT sui2jold aI|-HI pue -HZ ‘$TdIZ {193odsues) asiaAal ajewein|b-aunsAd ‘| Dx (T uldjold bulpuiq Xog-X ‘TdgX ‘la3odsuel) ap13oajonu JejndisaA ‘I NNA ‘g 103dadad Jojoey
ymoub [eljayiopus JejnaseA ‘gy493A ‘€ uieyold buldnooun ‘£4on ‘z uidjold buiidnooun ‘zdon ‘T uteoad Buidnooun ‘1dDN {1 JoModsuedy a3edn ‘T1vYN ‘S Jaquiawl Ajiley XIS T { suelquiswsuel) ‘S4SpNL ‘D 1030ey
SIS0.429U 3NssI} ‘D4NL {|0490A|6jAdeL) ‘DY) T 403dadaa 23euUIDONS ‘TYNDNS ‘S J4opodsuedy 3soon|b-wnipos ‘G119S ‘g J9jodsuesy 9soon|b-wnipos ‘z119S ‘T J49uodsuedy 9soon|b-wnipos ‘1179S ‘J4ajlodsuedy ujuoy
-0J3s ‘1 ¥3S ‘4a1ued 33ejoy ‘DY ‘gT asereydsoyd auisolAl-uiiold ‘gTdld ‘eydie 1o3dadad pajealoe-iojelayijold sawosixoldad ‘DYydd ‘asedl] aAlIsuas-auowloy pajejAloydsoyd-diWy2 ‘1SHA T Jopodsuesy spidad
‘11d3d ‘eydjet3 aseuaboipAyap a1eAntAd ‘DTIHAC |z JoHodsuesy uoized oluebio ‘gNIDO ‘T J19podsuery uoned ojuebio ‘TN1DO ‘epndadAjod bunuodsuely-0d a3ejoyd0ine} wnipos ‘dJIN ‘T J9bueyoxa (+)H/(+)eN
‘TIHN ‘9seyjuAs y awAzua0d [Ade “ISDV ‘Spioe Ajle) palylia)sa-uou ‘sy43N ‘aseasip JaAl Ajje) dljoyodje-uou ‘gi4vN ‘AANI J0 Bojowoy uejjewwew ‘Apuiw {4a144ed 9)ejAX0QJedIp |RLIpUOYd0jW ‘DIqu ‘€T J4o0d
-sueJy djjAxogaedouow ‘€T 1D ‘TT J9Hodsueuy dljAxoqaedouow ‘TTIDIW ‘T 49Hodsueay dljAxogaedouow ‘T1DIN ‘eydje J03dadad JaAll ‘DyYX] ‘g aseuaboipAyap ajeyoe| ‘gHAT {z J93odsuedy poe oulwe adAy-| ‘z-1v1
‘uonejAiAingAxolpAy-g auisA| uiayold [eqolb ‘qugy ‘aseury [eulwda}-N UNE-d “MNC ‘9 upnajajul ‘9-11 {s||92 93e||93s d13eday ‘SOSH {z 9SeUIUAS ¥ aWwAzuUa00-|Adein|bjAyiaw-¢-AX0IpAY-€ ‘ZSDDIWH ‘oouelsisad ulnsul
dI ‘321p 38J-ybIy ‘a4H ‘02T 403dadau pajdnod-uielold 9 ‘0ZTddD ‘6 9dA} 4ouodsuedy 9soon|b ‘61N1D ‘8 @dAy uejuodsuedy 9soon|b ‘g1 NTD g adAy uoodsuedy 9soon|b ‘1N {4 2dAy ueiodsuedy 9soon|b ‘y1NTO ‘z
adAy 4aodsueny asoon|b ‘z1NTo ! T 2dA3 ue3odsueay 8s0on|b ‘T1NTO ‘6T/ST 4030B) Yyimodb ysejqoiqly ‘6T/ST4D4 (103dadad X plosaudes “Yx4 ‘G uiajoad Jodsuedy pioe Aj3e) ‘Sd1v4 ‘+ uiojoad Jodsueay pioe Aj3es ‘vd1v4
!z uidoid Jodsueuy poe Apey ‘zdlv4 (T uiejosd podsuely pioe Aney ‘1d1lv4 ‘spioe Alej ‘Sy4 ‘uonepixo pe Ape) ‘Oyd {1 Jepodsuesy aseqoapnu aAnelqlinba ‘T1gN3 sisausabodi] onrou ap “INQ ‘T J9Modsuery
Jaddod ‘1-43D ‘490dsuedy pioe dljeis-diWD ‘1SD VT asetajsueny-jAoyiwied ‘YT1dD {4911ded 91ea3100SI/a3ea3d ‘D1D ‘z puebi supjowsayd ‘Z|pD) ‘enssiy asodipe umodq ‘1yg ‘spioe 9)1q ‘syg ‘@eydsoydiy auisouspe ‘d1v
!(+'0)g 4opModsueuy poe oulwe ‘(+0) glv ‘49yodsuesy poe aiq Juspuadap-wnipos [edide ‘|gSy {z-9sedojsuel) ap1iodjdnu aujuape ‘gINY ‘aseuny uijodd pajeAnde-diy ‘MdWY ‘o1eydsoydouow suisouspe ‘dWy

ogrOe1dn sy Jo Jojeinbas sanebau e pue xn|y aseqosonu
-Jo Sy4 Jo Joje|nbad aAnisod e se Hujuoiouny ‘sa3Ad 9AI309|9S
-odipe ul xn|y sy4 @3e|nbad 03 pawass £YELITS 3qIyur A1d¥N  dueiquiawolid 19A17 -aulind TINT  €VEPDIS

rguonlenwnooe pidi| pajeipaw-Aduaidiyep uodl
pa3uaAadd gri6p1 ANAIOR 103dBDB UINSUL SE [[9M Se Al
-AI3oR AYVdd P2303ye g1 ING pPue Aemyied dOHD
/¥41v/pgd19-d d1303dode-o.d ay3 buipdaye Ajaizoe
dTdld Jo buiseaidap Ag pamo||04 XNjjul dUIZ pasead

-Ul ‘9/p14v-ddN AQ pa3eipaw yaiym ‘pIv6£D1S Hqiyur a1dVN  Sueiquiawolid oA oulz P1diZz PIV6EDTS
perbuleubis zy493A budueyus Aq 901w |ejeUOSU SIS01ea1S
ul siseysoswoy pidi| ojedsy paulejuiew TYSED1S uqyur dnedsH snjesedde 16|09 491N Jlels-diNd 15D TVSEDTS

,vT'op1SOSUSJSP Juepixonue Jo uoiiqiyul pue uon
-dUnJsAp |elipuoyd0liw pasned Aouapiap Jaddod 03
aNp peolJaA0 uodl diedaH “YI pue NG paseaJoul pue

uonepixo-g pajeipaw-1addod paonpad bupus|is TYTEDTS 3uqIyug A1dVN SueiquiawolA)  |eunsaul Jaddo) -0 IVIEDIS
pp7SISEISORWOY 9s0on|b J1w)
-SsAs panoidull Bupus|is §v¥/2D1S aj0wo.d d14vN  suelquiswolAd J3AIN svd/svA Sdlvd  SV/ZO1S

e tprSAemuled YIWNNA/MNC pue Xeg ayy buiea

-130e pue ‘uonesayje uonisodwod pidijoydsoyd Aq

pasned sem ydiym ‘wninoiad oiwsejdopua auy Jo

94njonJ3s ay3 03 abewep ul bunnsas ‘sy4 pue spid

-1] JO SISUIUAS J0j uoneNwWi3s aeywied o3 asuods
-394 Ul AJIAI3OR SOV dseaddul pInod +v/2D1S ajowoldd di4dvN

ov1'ec1SISAlOdI| SE [|9M Se pue sy Jo d¥e)

-dn pue sisayjuAs paseaudul ‘uonepixo-g paseald auelquiaw
-9p 03 pa| sa3Ad03eday ul Bupua|ls HY/2I1S Jqiyur aldvN [elpuoyd0oi e Sv4 bdlvd  HVLZOTS
ge1-pe7SV4 40 feidn Bunigiyur Aq uonenw
-nooe pidi| oieday paonpad Bupua|ls 2v/2I1S 3j0wo.d A1d¥N  dueiquiawolAd 43AI Sv4 Zdlv4  ev/2Ools
wisiueyoa| 1093))3 9seasid uoneoso ueb.iQ ajelisqns uiajo.id EITET)

(panunuod) *1 @|qeL

| 233-252

Journal of Clinical and Translational Hepatology 2025 vol. 13(3)

238



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

(panunauod)

z01'101S2Uab SisAjodi| Jo uoissaidxa ayy buiseaoul
pue sauab d13Ajod| Jo uoissaidxa ayy Buiseatdap ‘sisolq
-1} pue uonewuweljul Jo uoissaiboid ayy buonpad ‘bule

-ubis o1bsaulnd Je|n||a0423Ul PAIQIYUI UMOPXD0UY 6Y/TD1S  d3j0wold HSVN Je|ndissp 49AI7  9pRO3PNN INNA  6VYLIDTS
cgS1s04qly d13eday pajenualie pue uolssaldxs T-usb
-e||02 paseaJoul sa3Ad03eday ul uMopXd0uy TVY9TI1S lqiyur HSVN
cgS150.q1y d13eday pajenusiie pue uoissald
-Xd T-uabe|(|0D PdNpPaJ SOSH Ul UMOPX0UY TY9TD1S — 30Wold HSYN aueiquawoiid oA jele’ TIOW  TVITDIS
g,',,U0IIRAINDE SOSH YlIM pajeldos sisoiqy
-se sem UYoiym xeadn syg pajowoldd TvYQID1S 20wold dnedsH aueiquuiawolA) SEVNR| syg dDIN IVOID1S
6,ANAI}ISUBS UlINSUl paseatdul pue uop
-BAI3OR SOSH pue INQ padonpad Bupualis TyY6DTS  @jowold HSYN Sueiquiawoiid 19/ H/eN T3IHN TV6D1S
1,S1soydoussy bupowolid Aemyied TTV/DT1S/HHIS/THIDY o uon
-Iq1yul ybnoayy se1hoojedsy jo N3 Sy3 buner|ioey o, ‘uoneAide
SOSH bunuanaid Ajjeuly pue uoipnpal g1-11 palelpaw-£dyIN 03
buipes| ‘Aemyjed Abeydoine |elipuoyd0iW-}dWY-AHd Pasea.td
-Ul pue SOY paseaJd9p TTV/D1S-Un[-0-)N[ ‘se1hd0leday uf lqiyur
69-59SDSH Ul sisoydouuay bune|nbas Aq sisolqly aous
-Nul ||e p|nod TTY/DTS 40 uoieuninbign ‘1Tv/D1S/TuUlR siso.quy ojeweln|b
-9g 'TTV/D1S/T4dI ‘TTV/LD1S/€Sd/TSD0S ‘TTVLD1S/PT-4IH  djowold diedaH  aduelquawolid eV -2uisAD 10X TTVLOTS
05S1192 [eljaylopus onieday ul Aemyied qys/z-4493A
/V-493A pue sOSH Ul g-¥449dd pue zpews/14g-491/9-491
sAemyjed onjoaqly Jofew ay3y pajenualie s1ojiqiyul Zysd1S  30wodd  SISOyddD
sySOXN|) d16eydoine paonpul-g341-MdIWY bulzeannoe pue uoiejAdyN
-0|9-0 buneipaw Aq uopepesbap pidi| jewlouge pue uonewWWeU]
paonpad g5, UOIRRAIDE SOSH Buliedw sixe TOX04/01D9d /MdINY
/THIS 10 g491-ZINTYD-dG-eHE-YNYIW PIdUSN|JUI o, IO} |eUIISDIUI
pa1dayje ¢;,'s|oAd)| pidi| pue Jebns poo|q paAoldwli S103qIyul 2¥SDTS  S30Wodd HSYN aueiquawoiAd Asupiy so0on|9  ZI119S Zvso1S
26S1s04qly d13eday pue uoiewWwejul 0} paje|
-2J sauab Jo uoissaldxa ay)] pasealoul TYSD1S  2j0wold HSVYN SueiquawolA) aunsaul 9500N|9 117198 IV¥SD1S
sisoiqly
0»SOSH Ul Wsijogejed aAlepixo pidi| pajowold 8¥egD1S 2j0wold  diedsH  Suelquiswolrd oA 9sopnid  81NT1D 8V¢ZO1S
gcuolleAOR SOSH pue SISA|0dA|B pajell|d sisoaqly
-84 SIdIWV AQ paqiyul 8q pinod Yoiym ‘pyygzdI1S  230wodd dijedsH  suelquiawolAd 49AIT 2s00N|H LN1O Pveo1Ss
ocdI Budnpau Ag sseooud o1304qly bunoaye Aj
-]024Ipul 92U32SaUas 93Ad03eday pajuanald zvzdls UQIYUT  SISOYLIID  SueIquBWO0lAD) SETNR| 2so0on|H  zIN19 vZo1s
gcUonRANDOR SOSH pue sISA|0dA|6 Bunejijine) sOSH
AQ dn uay e} a19m T4IH AQ paje|nwils sawosoxa bul
-UIRIUO0D-TYZDS ,¢'SAemyied I1MV/MEId pue ddvin ged
‘pews ybnoiyy 1g-491 Aq padnpul ag p|nod Tyzd1S  djowold Q1dVN  dueiquiawolid d9AN 9soons  TLN1D Tveo1s
ozWisijogeied pue axeidn auiwe) pioe oujwe
-n|6 sQSH buiseatoul A SDSH pajeAde GYIDTS  dj0wold HSVYN aueiquawoiAd oA [eInaN  Z1OSV SY1D1S
erUoneN Ul lydosynau pue uoly pioe oujwe
-eAjoe abeydoioew TW padnpad pvID1S Aqiyur HSYN @ueiquawoiid oA [eInaN  TLOSVY PYIO1S
wisiueyoa 109))3 9seasid uoieso uebiQ eJISqnS uld0dd EITET)

sisoaqyy oiyeday ul Ajiwey 31S 3yl Jo 3j04 dYL *T 3lqeL

239

Journal of Clinical and Translational Hepatology 2025 vol. 13(3) | 233-252



SLC transporters in liver steatosis and fibrosis

Zhang C. et al

u93lodsuel) 9siaAad ajewein|b-aulisAd ‘| DX f1alodsuely apioapnu JendisaA ‘I NNA ‘z ui@yoad Buidnooun ‘zdon T uidjold Buidnooun ‘14N ‘T B39qg-10308)
ymodb bujwaojsueny ‘1g-49] ‘g 493d0dsueuy D ujweliA Jusapuadap-wnipos ‘Z1JAS ‘T 103dadad 23euIdONs ‘TYNDNS ‘T 49310dsuedy pioe oujwe |eJ3nau-wnipos ‘T1YNS ‘¢z Jopodsuesy 8soon|b-wnipos ‘z119s ‘T 4910d
-sueJ} 9s0on|b-wnipos ‘11719S ‘g sdossaidad jeuonduosuen) Jo Ajiwes XNNY ‘ZXNNY ‘sanads usbAxo aanoeals ‘sQy ‘4eModsuesy +n) |eipuoydoliw ‘zdld ‘eyd|eT3 aseusboipAysp a3eaniAd ‘DTIHAC ‘T 193odsueny
uopyed ojuebio ‘TN1DO ‘€ Jopodsuesy uoned ojueblio ‘€100 ‘epndadAjod Buiodsuel3-0d a3ejoyd04ne) WNIpos ‘ddJIN ‘€ ui@jold Buluiejuod-ujewop uAd pue ‘-¥¥7 ‘-QON ‘€d¥IN ‘T 49bueyoxa (+)H/(+)eN ‘TIHN
!si33edayolea)s d1joyodje-uou ‘HSyN ‘T 4030e) uonduosuesy Alojeinbal-je3aw ‘141 ‘T 49340dsueay dljAxogiedouow ‘T1DN {@SeUP| [RUIWIS}-N UNC-D “MN[ ‘@duUe)sISaJ ulnsul "Y1 ‘e3aq-T upnajaul ‘g1-11 !s||90 a3e|
-|23s o13eday ‘sOSH T 10308y 9|gIdNpul-eIX0dAY ‘T4IH !T J4930dsuely apisoajonu aAleIqlinba uewny ybiy ‘T1NJY ‘8 2dAy uopodsuesy asoon|b ‘g1 N9 {4 2dAy uepodsuely asoon|b ‘i1 NTD ‘z 2dAy Joodsuedy asoon|b
‘Z21N19 ‘T 2dAy uepodsuesy asoon|b ‘T1N1O ‘G uljold podsuely pe Aje) ‘Sdlv4 ‘v uiejoad Jodsuely pioe Aney ‘bdlvd ‘9SeyjuAs pioe Ayes ‘Sy4 ‘uonepixo pioe Ayey ‘Ov4 ‘aulsuolyiobis ‘09Y3 ‘uleyd Jodsuesy
u0J430319 ‘D13 ‘uonisuedy [rwAyduasaw-[elRYIda ‘I INT ‘€ uejoad asuodsal ymodb Aes ‘€393 ‘sisauabodi] onrou ap ‘“INQ ‘YT 9sedajsuedy-jAojyiwied suiiuled ‘yT11dD ‘Jamded 93es3nosi/ajel3n ‘D10 ‘sebeydosoew
paAlIap-moldlew auoq ‘WaINg ‘onssiy asodipe umolqg ‘Iyg ‘spioe 3|iq ‘syg ‘g Jopodsuel) aul@isAd ‘aulias ‘asujuele ‘z1DSY ‘T Jopodsued) aulalsAd ‘auldas ‘auluele ‘T1DSY ‘aseuny uiajoldd pajeAnde-dWy ‘MdWY

zc1SIS04qly BuuaAald SOSH Ul XNjjul dUIZ paje

-Ipaw ‘T41IW Aq paieinbaidn Yorym ‘v 1v6£D1S 3qIYur  g1d¥N  duelquiswolid 43I dulz  $TdiZ $TV6EDTS
c51SIOSH 91eAlDe 0] wsijogelaw aulwein|b ul SAJ0A

-ul Aew dvA-DZ-4IH Aq pajelpaw uopienbaldn Ty8eD1S  dj0wold A1dVN  dueiquiawolid JOAIT  dulwend  TIYNS  TV8EDTS
csrAemyied buijeubis T-4D0Y

/WOUY JO uoieAde payjqiyul bupus|is T¥62dT1S  @3owold HSYN aueiquawoiAd JOAIT  9pISOPNN  TINIY  TV6ZDTS

sp7EYDT JO uolssaudxa ay) Jo uonenbaidn ybnoayy uoneande
SJOSH pue spioe 9j1q pajebnfuodoun di3eday Jo uoie|NWNIOe 9y}

03 Buipes| ‘gXNNY Ag pajeipaw sem uoie|nbaiumop §y/zd1S 3qiyur HSYN @ueiquawoiid SEY\y | svda/sv4 Sdlvd  SV/ZO1S
cp1S1S04q1y dneday padnpul pue asuodsals Alojewwe|jul-old auelquisw
pasea.dul ue 03} pa| s||3d Jayydny pue WAING Ul budualis $v/ZD1S }qiyur HSVN [elpuoyd0 oA Sv4 Pdlvd  HVLZDTS
re1-szrABMUIRd SHFTYS-DUdINY-EL1HYIS 9Y) BIA SSBU3S SAIRPIXO aueiquiawl
[ellpuOYd03}iW padNpaJ pue uonienwndoe pidi| payqiyul /+vYSZITS }qiyur HSVN [elpuoyd0 e +AvN - LPVYSTOIS
ze1SIXe 6 TIIN-9PVYSZDTS-ZIND3 243 ybnoayy wsijogeisw pidi| pue suelquisw
uoljepixo-g pioe Ayey |elipuoydoyiw dieday paydaye 94vYSeI1S Jqiyur HSVN [elpuoyd0oin oA = - 9p¥VSeZI1S
9z1SOSH Ul sisojdoliay pajowold yoiym ‘013
2y3 Jo uopunyadAy pue uodl pa3eAI}OR-X0paJ JO Uol} s1soJqly auelquiaw zuu
-e|nwindoe juellaqge 03} pa| SIXe 8zvYSeI1S-£5d-/ayd 3quyur  dnedsH [elpuoyd0 SELY uoJdl  -J49JOllN  8CVSCI1S
»77S1S04q1 JO uoissaiboud syl 91elAd||e pue uoljewwely
-u| @2npad 03 uojreAnde sbeydotoew iqiyul pjnod sabeydod auelquiawl uoyoud
-oew ul Aemyied MdWV-8VYSZD1S-DUVdd U3 JO UOIIRAIDY 3uqIyug HSVN [elPUOYD0M A 1317 pue v427 7ddN  8vSeZOlS

0115129440 Atojewwelyui-oad sonpoud 03 sabeydosoew
pue sDSH ul TYINDNS Buneade ‘Iyg Aq a3euiddns jo ey
-dn paonpaJ gg1'S|192 MN Ul sisoydode onosdau 03 buipes| ‘sbe
-wlep [el.puoyd0liw 3|qisiaAalll buineglalexs Q4 pasesJoul auelquiawl uojoid
'sixe Z41V/AdVdd BIA S|190 YN ul paie|nbaiumop sem /ySZO1S  @i0wold HSVN [eLpuUOY20I lvg pue v427 TdON  £ZVSZOTS

»z1SS241S DAI3BPIXO 03 9]q13dadSNs aJow S23Ad
-ojeday Hupjew ‘uononpold SOY |BHPUOYD0}IW PasSeaId

-u| pue abexes| uoJyds|e 03 buipes| ‘elpuoydoyw uj Jod auelquiawl Jaddoo
-doo bupnpal Ag D13 padiedwi bupualis £¥SZI1S uqIyur HSVN [e1PUOYD0M A J3AI pue id Z70ld  €VSZO1S
1zrSauab 21304q1y-04d Jo uoissaidxa ay3 pue Aem auelquiawl
-yied Alojewwepul-oad T paAUQIYUl UORIGIYUl TYSZDTS  S30wold HSVN |erpuoyd0 iy J3AI a1e1D 2D TVSeO1S
»o19Se92d T usabe||0d sOSH ajowold 03 ase|Axolp
-Ay bunsisse ‘xnjul D UlWRYA palelpawW ZYEZDTS  230WOId  SISOYID  dueiquBWOoIAD oA D ulwelin  ZIOAS  ¢VveECD1S
9651504q1) 213eday Jsuiebe 108)40 DAI3I9)
-04d e sey yoiym ‘09y3 Jo AJaAlep pasealoul ue ul bul sisoJqly
-}nsaJ ‘sOSH pajeAnde ul pajejnbaldn sem pyzed1S uqIyul  dnedsH suelqWBWO0IAD J3AIT supjuied  INLDO  bVzZzdls
00151504414 Jo uoissasboud ayy ul bunns sisoiqly uoned
-1 ‘g-491 Jo uone|nbaidn ayy 03 pa| bupua|IS £¥ZZI1S JAqiyur  dnpedsH sueiquIBWOlAD 1317 dluebliQ €100 €VZedl1s
wsiueys’sdpn 309))3 9seasiq uoieso0 uebiQ 9edisqns uidjo.dd auap

(panunuod) z @|qeL

| 233-252

Journal of Clinical and Translational Hepatology 2025 vol. 13(3)

240



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

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.*3 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.16> 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.5:46 Additionally,
SGLT2 inhibitors downregulate miRNA-34a-5p expression
in HSCs, which increases Gremlin 2-mediated inactivation
of TGF-B, resulting in impaired HSC activation. The Sirtl/
AMPK/PGC1a/FoxO1 axis is also involved in the inactivation
of HSCs by SGLT2 inhibitors.47:48 Additionally, SGLT2 inhibi-
tors reduce glucose surplus-induced O-GIcNAcylation, 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.4®
Empagliflozin (EMPA) treatment has been shown to attenu-
ate key fibrotic pathways, including TGF-B/TGF-BRI/Smad?2
and PDGFR-B 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.3? 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 SGLTS5, 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.5#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.>6-58 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.>® 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.®?

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.16® 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.%3
Consistently, methylation of SLC7A11 can also promote fer-
roptosis and exacerbate the development of NAFLD when
regulated by obesity-related protein.®* 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-1a/SLC7A11
pathway, wogonoside-induced SOCS1/P53/SLC7A11 path-
way, ginsenoside Rh2-induced IRF1/SLC7A11 pathway,
ginsenoside Rbl-induced Beclinl/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 a-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.’® 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-B 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.1’® Moreover,
inhibition of the AGER1/SIRT4/SLC7A11 pathway in hepat-
ocytes induces ferroptosis, promoting hepatocyte EMT.”!
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-PPARa signal-
ing, ultimately leading to lipid accumulation under fasting
or glucose-starvation conditions.'’! Additionally, deletion of
SLC7A8, a glutamine transporter, prevents hepatic steatosis,
potentially due to improved glucose tolerance, reduced lipid
accumulation, and promoted weight loss.”2

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.”3 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 7a-hydroxylase activity and enhancing hepatic cho-
lesterol catabolism. A similar mechanism has been observed
in alcohol-induced steatohepatitis.8:74 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.”> 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
7a-hydroxylase by ASBT, while maintaining its role in inhib-
iting intestinal BA reabsorption, thus ensuring cholesterol
and BA homeostasis.'’3 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.”® 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.””.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
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insulin sensitivity.”® 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.8% Fur-
thermore, liver-specific knockdown of mIndy prevented IR
and reduced plasma and liver triacylglycerol (TAG) levels,
potentially due to increased plasma B-hydroxybutyrate and
AMPK activation.81-83 S| C15A1 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.8> 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 polyubig-
uitination-mediated degradation of peroxisome proliferator-
activated receptor alpha (PPARa), resulting in decreased
expression of lipid oxidation-related genes and exacerbation
of HFD-induced hepatic steatosis.8¢ 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.87-8% 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.?0 Similarly, SLC16A13 knockdown attenu-
ated hepatic diacylglycerol-PKCe-mediated IR in the setting
of HFD and decreased intracellular lactate availability led to
increased AMPK activation and reduced hepatic lipid accu-
mulation.%!

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.%2 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.?3-95> OCTN1 was upregu-
lated in activated HSCs, resulting in increased delivery of its
substrate, the antioxidant ergothioneine, which protected
against hepatic fibrosis.®¢ 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 a, 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
SLC22A3/0rganic cation transporter 3 is an organic cation
transporter protein, and deletion of hepatocyte organic cat-
ion transporter 3 led to the upregulation of TGF-f3, 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.8!
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.10! 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,192 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 PPARYy signaling pathway and AMPK, respectively.105.106
Loureirin B treatment increased the proportion of w3 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 UCP1.197 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.198 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 PPARY/ATF2 axis, increasing fatty acid oxidation (FAO)
and exacerbating irreversible mitochondrial damage. This, in
turn, promoted necrotic apoptosis in NK cells and aggravated
fibrosis.199 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-PPARa-UCP2 pathway.111-113 Moreover, activation
of the PPARa-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.'2! 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 Ela, which caused
enhanced glucose uptake and storage in the liver, and acti-
vated the SIRT1/PGCla pathway to enhance oxidative phos-
phorylation for energy production.18 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.8° 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
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similar. Alcohol administration triggered global protein lysine
B-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/PPARY 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-AMPKa-SREBPs
pathway.12° 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.!30 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.13!

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
B-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.!91 SL.C27A1/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 SL.C27A2/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 Al 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 SL.C27A4/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 B-oxidation and
mediates the transport of fatty acids from lipid droplets to
mitochondria for B-oxidation during starvation in myofibro-
blasts. Conversely, the deletion of FATP4 in hepatocytes de-
creases B-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 B-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.#41/142 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.43 SLC27A5/Fatty acid transport protein
5 (FATP5S) 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.44 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 FATPS 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 3.14°

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 B-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-elF2a/ATF4/CHOP pathway
and DNL, offering protection against endoplasmic reticulum
stress.148 ZIP14-mediated zinc influx also directly influences
the activity of PPARy 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.!5! Low zinc levels
were associated with an increased risk of hepatic fibrosis,
and consistent with this, ZnCI2 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.1>4 SLC38A1
mediates glutamine uptake, and upregulation of HIF-2a 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 S| C43A3 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.1%6

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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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 7a-hydroxylase; FAs, fatty acids; HFD, high-fat diet; HFS, high fructose diet; P2Y13, purine nucleotide receptors 13; PPARa,
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.

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
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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.
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