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Role of glutathione in regulating ferroptosis and
cuproptosis in metabolic dysfunction-associated
steatotic liver disease
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ABSTRACT Metabolic dysfunction-associated steatotic liver disease (MASLD) is a fatty liver disease
characterized by metabolic dysfunction as its core feature. It represents one of the most
common causes of liver disease worldwide and imposes a substantial disease burden.

Abnormal cell death patterns are involved in the initiation and progression of MASLD, and
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ferroptosis and cuproptosis have recently emerged as research hotspots due to their roles in
triggering and exacerbating MASLD. Glutathione (GSH), the most important reductant in
redox regulation, can promote hepatic lipid accumulation and oxidative injury when its
levels decline or become depleted, thereby driving the progression of MASLD. GSH serves
as a common hub linking ferroptosis and cuproptosis: on the one hand, GSH acts as an
essential reducing substrate for glutathione peroxidase 4 (GPX4) and suppresses ferroptosis
by eliminating toxic lipid peroxides; On the other hand, GSH chelates excessive
intracellular cuprous ions (Cu*), reducing the cytotoxicity of Cu* and thus inhibiting
cuproptosis. Therefore, GSH is a key regulator of ferroptosis and cuproptosis in MASLD,
and targeting the GSH metabolic pathway holds promise as a potential novel strategy for
the prevention, diagnosis, and treatment of MASLD. Future investigations should focus on
dissecting the molecular network of GSH-mediated crosstalk between ferroptosis and
cuproptosis and integrating advanced approaches such as nano-targeted delivery and gene

editing to develop safe and potent GSH-directed modulators, thereby expediting the

translation of basic research findings into clinical practice.
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MASLD 2Bk B3 N 30.2%, B R BkA S T
i, WA KEHAYY, MASLD # & J& ARt e g
i PERT- 98 (metabolic dysfunction-associated steatohepatitis,
MASH). T £F 4k 1k £ % i 40 B %5 (hepatocellular
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b i LAY AR R AR AR 4 B PN AR A
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it 5 [ (glutaredoxin, Grx) & 4t K& i & L & H
(thioredoxin, Trx)/Trx ifJAEE RS0 . Ai2 N RAEHTH
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(glutamate-cysteine ligase, GCL)FMESL T AW y-5 2

©Journal of Central South University (Medical Science). All rights reserved.



1512 PR RAA (BESARR ), 2026, 51(7)  https:/xbyxb.csu.edu.cn
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GSH/GSSG A, X—IEH R AIMEIA RS M T HISRRE . filn, #%4H nl 8 i35 0 GSH Y
AIAZ AL Mk A s R4 % i MASLDY s i B AR P /)N
LA AL R GEAE MASLD A ML A ik i vh & R A H AR EJLJiEZ% GSH 9 M3k & Bk %
FEOBAE R, AR AT S AL ) 3 22 B A ) o X W2 FE By 5 T R . JHEIE GSH AL iR i
GSH FZAEPAEJFNE, XM fat fe 2= C 22, F45 O HAE MASLD # R b () R AR FR LI 1
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Figure 1 Hepatic GSH redox system and its decompensation during MASLD progression

De novo GSH synthesis is catalyzed in 2 steps by GCL and GS. In the redox cycle, GSH reduces lipid peroxides to lipid alcohols via
GPX, generating GSSG; GSSG is then regenerated to GSH by GR using NADPH, thereby maintaining a high GSH/GSSG ratio.
Healthy hepatocytes are rich in GSH and contain very low levels of ROS. In early MASLD, decreased Gly availability impairs GSH
synthesis, leading to the accumulation of ROS and lipid peroxides and the initiation of lipid peroxidation. Upon progression to
MASH, GSH is nearly depleted, and hepatocytes experience severe oxidative stress, massive lipid peroxide accumulation,
inflammatory infiltration, and fibrosis. ATP: Adenosine triphosphate; Cys: Cysteine; GSH: Glutathione; Glu: Glutamate; GCL:
Glutamate-cysteine ligase; Gly: Glycine; GS: Glutathione synthetase; GPX: Glutathione peroxidase; GSSG: Oxidized glutathione;
GR: Glutathione reductase; LOOH: Lipid hydroperoxide; LOH: Lipid alcohol; MASLD: Metabolic dysfunction-associated
steatotic liver disease; MASH: Metabolic dysfunction-associated steatohepatitis; NADPH: Nicotinamide adenine dinucleotide
phosphate hydrogen; NADP': Nicotinamide adenine dinucleotide phosphate; ROS: Reactive oxygen species; v-Glu-Cys: Gamma-

glutamylcysteine.
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B ZRIRE A A, i e s s R
BRI, TR AR LG GSH, AT 4E &
GPXA TEE, TEORA AN A 32 BRAE T4 3 vh & 45K
HEAE ™, A, T -E2 M 2E H T 2(nuclear
factor-E2-related factor 2, Nrf2)J&4i 4k 3k K A4k I
T R SRR A SR, Nef2 AU RE T 1T P Ak g
J1, i R AR (245 GPX4, SLCTAL)M 42
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Jo it AR AL T e S A I SR AU i v R
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B L/ F 3(RAS-selective lethal small molecule 3,
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B Wi 28 Pk, Al Y& R = Ak B B T (alanine
aminotransferase, ALT)? it - B SR AED
BRAE T A 50) %) 7 T w] BELBT ACSL4 335, AT ek

SRR AR IR 22, R SN A s 10 1 g o
i AR BRIE T IR 2 MASLDPY, 4R TR B i
T Nrf2 {5 538 [t BT 4 Ak 17 330F0 g o aot S Ak 5 1 AR 1Y)
BREFET:, MIMIRYT MASLD™Y, FOKB BT, fRIEZE M
AESR T T 38 N GPX4 B ZRIA KTt/ JH 48 B g S5 ot
Ak, MIMPTIRERIET, SZfd AR A,

GSH REHRHLERIE T B P i S A ™, o™
KM, EARZHMGSH &5, MiiifiH MASLD
HERAET o /INBER M]3 SLCTA11/GSH/GPXA4 {5
S MRS TS, oo MASLD 5 5 19 R
B4 B 22 5 o 1 GSH KA 47 20 i 4 37 4 AL
R, T HI ] MASLD HAgsET-2 ik
GSH W AEY) & BBV AL T-0Y, 2R 3301
GSH FE45 K it 1) GPX4 23 n] S 2R i it Ak
YRR, M5 EERIET-PY, RSL-3 74| GPX4 1
[ F, A3 A Nrf2/GSHGm 1%, 75 S il i e 40 i
BRPET-PT, BRI YY), FERDEE AR, v THiAni
WHLEIL R SE, F9E N2 . GSH M GPX4 i@, i
1 BB R S E ALY RS T BT Y, Bai 5
KL, FRNEBSGYT I T AR GSH#EM, M
W51 E AT 4RI PET . GSH R 40 M kA8 T~ (0 1 1]
LK 2,

2.2 GSHE#ZRT4AaSRZE T

20224F3 [, Tsvetkov S E 4B 7R T 8175 31
Y AE T AL ——H FE T . AR FE T RRAE 2 40 i PN
Cuss® MR, It — D HERRITIY b =R FRIE R
T B AL T RS, B AL A
RALHBE)S ARG (Fe-S)FEE H M, M EE A
FRREPE N O R A S B AE T, Horh, BRI R
[ 1(ferredoxin 1, FDX1)J& 8 A% = BEIL A L3
AR AR T A OG0, YRR S A
AL R S B Ela 2 3 1(pyruvate
dehydrogenase E1 alpha 1, PDHA1). P ilil i i &0 i
EIB WV 3 (pyruvate dehydrogenase El beta subunit,
PDHB). — & B - Mt M ¥ £ Tt B (dihydrolipoyl
transacetylase, DLAT). . & i ¥ Bt i B =
(dihydrolipoyl dehydrogenase, DLD)ZH i¥ /&8 kb
R AR,

i BE TC & MASLD & % 1 8 2 P %Y, 1
MASLD W, HiFE TR, 5 Bl P s 17 T
(nonalcoholic fatty liver, NAFL) & J& & MASH™!,
Zhao 55" I, MASH (& IFIEH FDX1 2% Fil,
FDX1 7£ MASH i J£ 2 HCC fyaf 2 vh & 4% 5 4 OB
M. #F5* 875, DLD fIPDHB 5 MASLD /3 5
4 . DLD FIDLAT j& MASLD &ALl Sk A4
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A M B GOx@[Cu(tz) 1415 B Hil B T~ U - AF 580
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WA B SE AL . 22 45l 2 2 DA AR 5l
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FR I I PR 2H 0 W MR L P Al B B T,
AR AR R, FEE R L, BFTEE U]
CHRIE” R IR — AT X D) — A% B A [R] 4 R
M o )4 E3 D0 0 P SR 75 AN [ A5 538 f 0 T

YEH, JUHIE 50 — 4538 FE (0 T5 P 2 UL B 4 — 4%
G LAY . A, CHEE” AR AT
IR 2 PO [RlE 5 2L RN TR 5L S 1 B
5| & ] I (AR sy oz )

BRIET S H A0 T /Y R L BEARBLAE LLR J i
B—, JLEAMEET R AL . BRIET LA T AR
.00, IR BT A At R PR T A BRI 2
—, Cu'nJ g Cu'#ikiz ik =AM, AT 40 if 9
Cu" & B8N, Gl S WU N ™ A it i ROS, i 540
FBET1, o i AT i S A AR GPX4 (Y B IR
fife, PRHFPFET, PORTEAALNIHOT I, Pt
WFET AU R . B, L B+
SLCTATL 3 it 41 5 IDE 2 1R £ BRI 45 24 1 R e £ it
GSH & ., LAHEHT 4 Ak I 075 5 1 48 i A8 T2,
SLCTALL J& R T FIHR AL T A S B 1 [ 1~ 2 —
SR BRIET AR T 1A AR . TESE B A
fa, Elesclomol (i #E 1175 500 (i 4 B T4 B 7E £k
kifkrh, SEROSTAR, Lk SLCTALLFESE, Hin
YHRIXTERIE T 1) Zp B 25 =, —DRIRIFFR A1)
1o GRAR = RIRIG IR 1 ROS Z 5 HFET- 1
TR HRAE T SR e B R F =R IR
PEFR, PRI 2R P T2 5 40 58 T2 W] BE il ik =R IR G
WA BRI BRI, B2 K- A . k-
RS S LR R 2 ROS 1 7= AL % V1M & . Fe-S
WL Bl 32 BN IR, 2352 0 — R TR AE R 1 1% P A e
FALH AR, DT 5 2ok 4™ A 1 ROS /K-,
SEMAERAET . TERSET Y, BR-BRAE s 2 & B
PR AR B AL LSS Y, S5, ZekifATAE
Wi 5 A T o 4Rk =2 B) P BEAEAEAH B2 o FEERSE
Toad R, ZekifR ROS A Bh T 5 Fiad &4k 19 i sl Al
POHL, 1 E AR R I PR B T 2R AT AT A I
PAREE T, SEMTMR AR RN . X Fh R mis8 BAE
JH AT RE B AR P38 2 1 BT M A Bt B, B
HI W Gk = HHAEE 5875, MR ERA . 78
it AE DG AIFFRI e, RECERARAE T PR (A A T
AR R IR A A AR, R R A 5K )
£ M [ J5 9 (phosphatase and tensin homolog, PTEN)
J& WS ot A % 31 18 51 1(solute carrier family 31
member 1, SLC3IANIIZRIKIEIN, FRERERL A 55
“F A(mitochondrial transcription factor A, TFAM)J5
i %% 35 ATP [ o ik (copper-transporting ATPase alpha
peptide, ATP7A) K335 L, REER S s K 2
(activating transcription factor 2, ATF2)/J5 k% # il
I(lipoyltransferase 1, LIPTI)IJFI8 T M. WAL T:
SRR )52 M RS T AH G I I 3k, i —
HRE
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FET-IERE, ]2 Hh i 95 MASLD 1y #EF27", Wang
SEUFR L, A) BRI R R S U ISR it A vl D Rk &

PEERURL, A & BIET-H- FEMASLD, £ERifk
HBk = & MASLD [—AN8Rsh K 28, AT Ae ik A & H:

=3- ¥ f
A i m peroxidation f

¢
Ferroptosis 1nh1b1t10n
MASLD

&2 GSHW%H?@HH@FPH’\J%%?Eﬁu%WEt

peroxidation  phospholipids

%%m%
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<
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Figure 2 GSH regulates both ferroptosis and cuproptosis in hepatocytes

In MASLD, excessive accumulation of Fe* induces ROS generation and leads to lipid peroxidation, thereby triggering ferroptosis.

GSH suppresses ferroptosis in MASLD by inhibiting ROS production and lipid peroxidation. In parallel, excess Cu’ in MASLD

directly binds to lipoylated proteins in the mitochondrial tricarboxylic acid cycle, inducing their aberrant aggregation, which results

in the loss of Fe-S cluster proteins and proteotoxic stress, ultimately driving cuproptosis. GSH can chelate excess Cu” to form stable

Cu’-GSH complexes, thereby clearing surplus intracellular Cu’. This chelation not only abolishes the ability of free Cu' to generate

ROS through the Fenton reaction but also prevents free Cu’ from binding to essential proteins, consequently reducing the

intracellular toxicity of Cu* and exerting an inhibitory effect on cuproptosis.

4 GSHTESRET-FSEZE TRy B

GSH /2L T- AL T A LRl AX 4, XFkser
AHFET- A MEERT . FEBRIET -, GSH &%
PrEALKIMIER, BHIEAR L A ik 7EMIZET -,
GSH 72 MHIf R, 5 Cu s & LIs/ b i b &
FIR R, ZEME 4N, GSHFEM [R5 GPX4
T A DLAT 52404 &, M fish & K BE T A4 ST
T2, Zhang ZP VR L, ERFETSE I8 1 A Xe-FE
RS  GSH X A VER, fRFdstr. o
TR, BRIET-5 55 sorafenib il erastin 11| FDX1

T WA T30 3 0 B 9 GSH A B, DA T 184 10 4 44 o
P S Tk T R 11 2R A R 1 58 D5 & 1 P98 40 L b ) 4
FETPY, ST GSHAEHMIHLE], Bai 57 E R T HA
A e IR S AL R TG M 1 (3-FR TR 0 = LA L Ay
A B 37 B R 48 1 4 4R AR AR 49 oK B (MitCuOHA),
MitCuOHA F] f ft GSH IS AE I 15 S 2R AE T, [RIAFRH
1E 40 N AR KCE b, R E RN, TR
HAFET, NI 3 B AE T A B8 T B R Y6 7 A o
Jiang VR B, I TR L TR 1) GSH i Ry 8 2% Tk 4
KR (CACUPDA)if i 175 5 GSH/GPX4 #6355 11 £ 4L
TOREISETS, 51K IZ AR, 2 SeBlfs
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PP e SRS 1 B e . Cheng SR & T —Fil
pH/GSH X i j 28 AE 5 25 W 4 & A3 HILAE 28 41 ok
(Fe/CuPSH), #i#kAET . HIAET- RN T-bhRA
SPIRAE . SRTT,  H A X MASLD H GSH #4525
T-S5HPET- 2 HAE MRS, ATRRRART .

5 $[E GSH X187 MASLD BUE 7E SR B

YT GSH1E MASLD AL T 5 s T2 42 H.AE
RS VE R, $E A GSH AR ISHE M & T 1k
W HA —E IR IREALTE J) . PR, ST 223
i ATH 22 (7 % GSH B TR 2SS RSP
AP B MASLD, Irie 7 % 3, 45 H Il JH 300 mg
GSH A Bjj 1 MASLD % i 5y MASH., Honda Z5* A
T IR GSH(300 mg/d) % MASLD & # B ¥A 7 5UR
WEWT GSH 72 M - 40 07 1 A AR R R . —
TSR IR, IR GSH 3938 5 S-Hi H F A 2 2 (S-
adenosylmethionine, SAM)F 2- 1 PN JEBEME 5 -4-F2 iR
(2-n-propylthiazolidine-4-carboxylic acid, PTCA) 7£
MASH & B A RIF AT 5. N- L WE1 e 208 (N-
acetylcysteine, NAC) 2 lm /K& HIRHTAA AN, REA
AR B, R TN GSHKF o i —
TRREALYT BE G151, NAC X MASLD A ER)
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