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Abstract: Hepatocellular carcinoma (HCC) remains a global public crisis, with high morbidity and mortality rates and
significant limitations in current therapeutic strategies. Metabolic reprogramming serves as a vital energy source and
underlying driver of tumor progression. This review aims to systematically summarize the molecular mechanisms of amino
acid metabolic reprogramming in HCC, highlight therapeutic targets and biomarkers, and explore potential clinical translation
strategies. We first describe the abnormal characteristics of amino acid metabolism in HCC, including glutamine (Gln),
branched-chain amino acids (BCAAs), arginine (Arg), serine (Ser), glycine (Gly), and tryptophan (Trp). Glutamine serves as a
critical nurient for HCC cells. Glutaminase (GLS) catalyzes its catabolism, supports cellular biosynthesis, and promotes HCC
progression. Glutamate-oxaloacetate transaminase (GOT) is involved in Gln metabolism, enhancing cancer cells’ resistance to
ferroptosis induced by glutamine deprivation and to damage caused by reactive oxygen species (ROS). BCAAs accumulate in
HCC tissues due to impaired catabolic pathways, activating the mTORC1 signaling pathway to promote proliferation. Arg
metabolism is regulated by enzymes such as argininosuccinate synthetase 1 (ASS1) and argininosuccinatelyase (ASL),
thereby promoting tumorigenesis and metastasis. Additionally, Ser, Gly biosynthesis and Trp catabolism are reprogrammed to
support tumor growth and immune escape. In addition, the molecular regulation of these metabolic abnormalities involves
amino acid transporters (e.g., SLC7AS, SLC1AS5), upstream regulators (e.g., c-Myc, mTORC1, p53), and non-coding RNAs,
which synergistically modulate amino acid uptake, metabolism, and signaling transduction. Metabolites such as o-KG,
pyruvate (Pyr) and glutathione (GSH) further participate in pathway crosstalk and maintain redox homeostasis. Subsequently,
the mechanisms by which amino acid metabolic reprogramming drives HCC progression are clarified. HCC cells modulates
the tumor microenvironment by competing for nutrients with immune cells (e.g., depleting Gln to suppress T cell function)
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and promoting the formation of immunosuppressive phenotypes to facilitate tumor immune escape. It also regulates
endothelial cells and cancer-associated fibroblasts to enhance angiogenesis and extracellular matrix remodeling. Moreover,
crosstalk between metabolism and epigenetics (e.g., SAM-mediated DNA methylation, succinylation modification) further
amplifies tumorigenic signals. We then summarizes promising therapeutic strategies targeting amino acid metabolism. These
strategies include developing drugs against metabolic enzymes (e.g., GLS1 inhibitor CB-839, MAT2A inhibitor FIDAS-5),
using arginine degrading agents (e.g., Peg-thArgl, ADI-PEG 20), implementing methionine (Met) restriction therapy, and
exploring immune combination therapies (e.g., IDO1 inhibitor combined with anti-PD-1, targeting the DLAT-AUH axis).
Besides, the single-target therapies may be limited by metabolic network plasticity and compensatory mechanisms,
highlighting the need for combined strategies targeting multiple metabolic nodes. Finally, we point out current challenges and
future directions. The existing biomarkers lack sufficient validation, and the spatiotemporal heterogeneity of amino acid
metabolism, as well as its crosstalk with lipid and glucose metabolism, remain relatively under-explored. Future research
should leverage multi-omics technologies and advanced models (e.g., PDO) to validate metabolic biomarkers. Also, in-depth
investigation of the interaction between metabolism and the immune microenvironment should be further explored.
Understanding these mechanisms through systematic research could improve treatment precision and efficacy and optimize

combined therapeutic strategies.
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JHF g o 4x BRCEE R 3 TR B, 20224F
GLOBOCANHE .71 , A BRI K& #586.6 7 4] , 5
T275.9705 8, S5 SRR AE SE DN L A g
(hepatocellular carcinoma, HCC )& Hx & UL &M T
T , 24 5 S5 R PR RTIE  80% 2, SR T, AT VAYY T
B Jm PR s HCCAHME e by r AR, R
D) RE 32 0OE LA 52 4> S A0TT s TR UIBR 52 A&
At i 24, SR T 5 M ) R 2 ) B AT S
BB AN R bR S R S A PR e
PRI iR 7T T R IR S LRI O % -

g A= MR P AR O, I “Warburg
effect” O3 H R , £ B 20 A BIAIE 52 M g 2B
RET B SRR . I ARERIFIE R B, T 240 Ay 3 1V
FRIE Z BT | v B AR 22 R IR A 55 = oA i
i BRRAS 5 E A TS, AR AR
DAL R R A P AR S, Bl 22 2H S AL AR i EOR
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Mo AR R R EGEHCC & LR 4 2
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1.1 XEIEBRHRIF LT
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A& R (glutamine , Gln ) JEHCCHH i 57 BEAK S
(R P LR , A S 5 bR v R A B U AR
KB MR = IRIRIEFF (tricarboxylic acid cycle, TCA)
AT IR A B R, GInfE ied e A b &2 #5E%

OER, A5 B (glutaminase , GLS ) 47 P Fh 7]
TEEGLS1MIGLS2, AL GInsy i A7+ 2R (glutamic
acid,Glu) , R E S 5 bR A A 10 B9t
/N, GLSITEHCCH ZU P Rk, HBESR ot JE Tt
B GLS1FR AT S5 oy gt | i P G &
I (alpha-fetoprotein, AFP) 7K 13 J2 TNM (tumor
node metastasis staging system )33 DB T
HCCIZ2 Wi AT 55 S AU AR S 1, O 5 j B T
JE R HHSE . GLSIEHCCH LU I #ak , Hiii% 52
JEHEMYC! Rho GTPasel ') K Notch! 74 £ &
57 B . GLS1im 2R 18 8 21 IS TGF-B/Wnt
5 Sl A S L -[B] % Ak (epithelial-mesenchymal
transition, EMT) , H4 3B AN 3R A28 E 1Y),
A 0 GLS 1] 38 £ I8 45 1 PR 48 (reactive oxygen
species , ROS ) 7K & Wnt/B-3% P4 £ 18 1% FFEAIRHCC
AR MR AR R A S A T S A AN
GLS27EHCCH Y T REHAT 2 R 57 1 R ERSREAR A
e, BARGLS2 ATkl A K I FEHCC AN
X L A A

A AR L L FR %% Z T ( glutamate-oxaloacetate
transaminase , GOT ) LAZH I i GOT 1 HIZR K AGOT2 %
MBI , 25 GInfil, /- Glu IR LR AL
Fo-fiil % IR (a-ketoglutarate , a-KG ) Fl K A& & R
(aspartic acid,Asp). GOT1[fE#EHCCHI Ikt
GIn#IZF 5| & ERFET, GInRI ZF LA GOT 1M i v]
FA RO HCCAN 50 GOT27E IE H AT
HA PR SR R R AR (HUR R HCC R i e
GOT2M KA P, 3 B 5 BE AR BRI,
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HCCH'GOT2WFEARA 3 T GInf R E g FE , 5% 1) 5
RGE JFPEZ EH BE (glutathione , GSH) , il i HHTROS
AT AE T iR 2 i SR A A AR S S PISK/AK T/
mTOR{7 53 % M M (i HCC I P
112 Z#IAER(FER FRER SREK)

4% FEWR (branched-chain amino acids, BCAAs)
FI R IR (valine, Val) 5= 2 i (leucine , Leu ) Al 545
Z R (isoleucine, Ile) , Al #IG HIAE XL EA LS
Y1 (mammalian target of rapamycin complex 1,
mTORC1) {5 5@ %22, HCCIR S BCAAS
IRV S v TR SR A B A A b ] =y A
280, $7R BCA As A Qi 8 B8 7EHCCrp ™
ZARBL L G52 AR  HCC P S B SR
fif# (branched-chain amino acid transaminases , BCATs ) %t
PR 2 S e 63k, A A0 45 S 4% o - TR 92 15 &0 T
(branched-chain o-keto acid dehydrogenase , BCKDH ) 7E
NHIZ M2 5BCAAs M IR IR TR, &
HBCAASTLIE IEH EALHBERE , 4 Ml mTORCIF 5
IR S g A0 A 20 BCK DR (BCKD kinase,
BCKDK)#EHCCM 41 4l rh ik T, ] iR b
BCKDHIfM Hyf . AMITFEIIESE [ {KBCAAS
i O mTORM i 77 75 1% 3R sl 4 i BCK DK i
AT E R HCCAN M . BCAASIU
S 5 mTORH B 1Y BRI &40 , i H o HCC
BT B P T
1.1.3 FERBRNE SR

2R (arginine , Arg) 7] 5 i 2 ik (proline, Pro)
SEARE A AL, T REIE AMTE mTORC L 40 ML A= 4K 5
[F]ER , Arg %t 240 A A Qi A 42 A IR 43 57 T mTOR
A, B B AT ZR IR ML 252 . HCCH Arg
BT VRS RS AR Tl i S e s T
RBM39(RNA-binding motif protein 39)445 4, #iGH1C
T R P A g AR 128 H e AL PR R A T
Wi Wl (asparagine synthetase , ASNS ) fig iFF R A k%
(asparagine, Asn )& 1, #E—EE Arg 528

ArgTEXE & IR B (arginase , ARG ) 1L A2 1
5, %12 (ornithine,Orn) FIJK & (urea) . SRV
I NFRIRRAGER AR N 2 R 00 R0 T 5 1Y
PREE &I 20 85 1A% B4R, F RS IR oG
FETG - 2 H WERE IR A BB 1 (carbamoyl phosphate
synthetase 1,CPS1) 5% 2 Jk FH k% #2 1 (ornithine
transcarbamylase, OTC) 5 & FEBE IR & AL 1

(argininosuccinate synthetase 1,ASS1) FG&MRICHEIA
Mok 24 fi#% fif# (argininosuccinatelyase, ASL) A ARG,
CPSIFEHCCH 2 B F 34k AL ik iz T 007,
MR E B AR RS S A T
ASS1[RIFEFEHCCH I DNA F AL R IR AR, ANY
A DME R T A= P br i, 3 R 00 Arg ) 2597 7
(99728, ASS IR T i i HCCAN M ) 1 75 142
22, ORI 231G {5 55 S A Sl IR 13 (signal
transducer and activator of transcription 3,STAT3)7E
Ser72 7 s HYBEER AL , 18 I DN A LS & i A 11
(inhibitor of DNA binding 1,ID1){E#FHCCIZZEH
W, IR 2 . ASLIEHCCZHAUNANIE 32
HRIE TR, MU ASL AT HCC AR M3 5# - 5 5
AT OTCRE MAELRLARIE B, {1k Orn il
2 H BEBE R (carbamoylphosphate, CP) 4 il Arg,
OTCkZ s TR 2P AL IR R A2 HEHCC AR Y
H5 , HOTCIRFk F MR #2210 . Ak R &
MM 1 (ARG1)7EHCCHRIA I MR, (HARG 1T
FOR A EHCCH M Huh 784 B AR 866 11, 3K
EMTd R il 2 1 N-85 26 85 RN B-14 3 R 11 46
b N T E 1 M mRNAF K B4 xee
WL R 8 Ornf VAR SC il AE HCCA Rl Hi it v
RAFRAEVER

1.1.4 Hft =&

21 Jig 18 5 M 6 22 5 IR (serine, Ser) FlH 2 R
(glycine, Gly) A6 1L, R 968 40 L4 A2 K 43+
G BUHT R 5 —f . BE R H I R B A
(phosphoglycerate dehydrogenase, PHGDH ) j&Ser
MG B il . AEHCCHY RS 2R F 3L 55 A5 il
(protein arginine methyltransferases, PRMTs )/
PHGDH R23641/ i 1 E:AL ] i 2580 PHGDHI 1
PR Ser &y BUF4ERF A LIR AR  HESTHCCI P
PEES) . IGF2BP3& [ FLE BN , S v 22
A RIS -BR W A &R (S-adenosylmethionine,
SAM) A8, 2 5 HCCXT i 24 R Tk il 400 11 350 R
JeRYi 2510

22 AR 2 W B A 32 (serine hydroxymethy-
ltransferase 2, SHMT2) fE W5/ {k Ser A1 P & iR
(tetrahydrofolic acid, THF ) ¥4k Gly 15, 10-H 4
VU4 H2 (5, 10-CH2-THF ) , 2 200 g P — B A Gl 56
SR ST E K e DT RSHMT2
(TR 23 IR PSR I P T 5 1 , S G A 5 T 5
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WG ALY SHMT28 o H IR AR, il 35 1 i e
2 A B M AMEREE g A A7 RE 18200, fEHep3B .
HepG2 Ff1Huh7 =Fh A\ JFHCCHI I £ ', SHMT2[¥)
mRNAFIER 135K 1 2 5 Tk A A IE 4
il ZATHLE2 (transformed human liver epithelial-
2)7 I SHMT24 3K AT A 280 I HCC AT i 1 38
FESEURENE, Horh 75 SR RS AR /N R A
SHMT23& 3K 18 5 Huh 740 i 52 4> 1 2k iU RE T 5 ]
Z , SHMT2:1d 32 3% W) 7 — 20 g JE HC C 41 i 4 38
B0 Ak, SHMT2/EHCCH I P IR A9 42 g8
HAL R RL, HHRKOKPS B EG 2
TG, 378 SHMT2 ] VE N HCCREFE Y Tl IS A= b
BV SIRITHA

(B2 (Tryptophan , Trp ) Q-5 M Se e & UIAH
Ko TrpZef|Wehi2 , 3- XU 4 i (indoleamine 2, 3-
dioxygenase, IDO) 5 {7 % % XN 4 ( Trp-2, 3-
dioxygenase, TDO ) 73 4= il K JK & & (kynurenine,
Kyn). IDOTEHCCHZH Rk 4 {2 Trpsy
fife 7 e Koyn , 25 98 B g S R 888 ) S R s 1450 [l
B, Trp Qi BR A HC C At T 38 o 42 1 S v )
TrpAR), 90 = 2k 454 (tertiary lymphoid
structures, TLS) B9 B2, 1748 ] #1 1i] TDO2 v 4 Jinl
TLSHCDS" TAIMIRNE . Ak, MY CHR3h 1 T
S MO T35 5 ) Trp 4 B, 38 5 TC Trp iR £ 325 7] LA
BEL1EMY CHR Bl 4 1 4 4147
1.2 FEBRE S FEENE
1.2.1 SEBRBFSENMEMRSTRERENSERK

BRI

BIER a1 H % 2844 (solute carrier family,
SLC) FKIRFE R iy, -T2 MR 5 i, HR ik &
PO R T 2 R o e S AR SE e Y G BE  22
JIek o 248 U 3 Aok e R R R T i AR A R I B,
HCCH i H 1 SLC 7455 R 4 i (1 LB S B iR % 12
&1 (L-type amino acid transporter 1,LAT1)5 &3
5, Al E ARG E Leu , 4 A2 (histidine , His ) 55 2 J&
TR , A 2t G s S AL o), [Tk o T AR O S Y
TR, IR A J) FEL S 2 200 M 1 2 R I 48400 e
A HCCH M Hi SLC1ASHE K 4 it (i TR R - 22
IR - bt 2 R %% iz 2% /4 2 (alanine-serine-cysteine
transporter 2, ASCT2) I, 3455 GInf lL ) 7 FFTCA
VIR A 1, e — s A G 30

THH ML D RE 2 e i AR R B8 4% . T4

TR K A a3, 0 A T 400 B v 55 T4 L 43
feist, i it SLCTASHE TR Leud B L L iE mTOR (5
S TR MR R EE | bR 4R SLCTAS Y
FRIA ST PR TA M Leui = | (1458 57 fH
I 1 REIB FTFE AL 52

122 358 BRIGAENERETFSESER

c-MycHImTORC 1S5 7E 2 HE R 5% 1z AR 1 5 s
B RAESCHEER . o-MyclENFIEILH , vl 454
BRI s IR 30, IR HZRE , 35 iR
20 i %o} S TR () B HCRE T, Sl Ao i 4 T U 3 P )
2% BETHAN A Y A SRS B, O iR 40 A=
A BB mTORCIE 4 ff A K 1A% 0
PR T, B e i B R (L STK 3955 T il /1, 1A
PR LR 1B R R T R SRR Y 7R
HCCH , mTOR S #G IR shiff iz (A 5 A, (e ik
R SLTR PRI LA 2 g B T oKk . /NG TPERHEB
L MmTORCIIG I, 12 L5 A B UBE2F-1Z R i
FEBFSAGHE A S RHEBIK 1691 5 #1124 15 1
J&i , Yo FLTE M S A 67 LA mTORC L, #E i
PR B IR B R

(ESF B, c-Myc 5 mTORC M5 518 I A7 1E
AR SEHG . fEc-Mycid FIAIKEIAYHCC K '8
PEFLH , mTORC 118 B 35 22 3800% 0 s w98 B
mTORC1 Zc-Mycifs S /N HCC & J ) 5350
#2070 MU I, c-Mycrl il [ SLC1AS SLC7A6
G IR E R A, IS mTORC L %, i
PMERIE SO P8, HAh , mTORCIRE 544 5 K T 1
[ 3 i S S TR AR ) 2238 T E R B B, Jn e
HCCHY 2 .

PSSR SEA B A HpS37EHCCH AT i
I SFAMBINEE R (cystine, Cys )-GlufEis ASLCTA 1111
Fik AT Cys I HEL, S M HIGSHA &, 1
s Jr TR 40 Xt 4 A 98174 SRR AR 2 40 i A B
720005 T 58 A8 R p 53 0 2k ok — I g, {2 i
HCCHyiEE,

NF-kBAE by 5 it AH G 1) S5 S5 [H -, 7EHCC
TRl e RS S 5, T L IR ERGLS 1/ 2%
ik WESRGIn g R FCIE, ke 4 i B2 fAE B B AN A=
A JFURH O [T A A B BT —
NF-«xBif #% , % %« RAE -3 1F RSIE 3 , 4 iF
HCCHI MR

IEAh  HCCH) KA B W v 25 5, Bk
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LA s T, R - R S A
TEBHIEHCC & A i R A Vi it
SER -, Ml K 52 R0 (estrogen receptor o, ERa) i1
SEMA T AR SRR AR IA , S SN S R R T 4y
P fCigrfa 54 M HCCH & 2E ) RSz it
LIRS fi 2 R e A4 138 (lysine acetyltransferase
8,KATS; X Ffimales absent on the first, MOF ) fll {2 &
AR B T ATXNTL3REAE 38 13 FU 35t (5 2= B 52 1
ERoA M ISR S 7 MO RE O Fepriif g 3t
FRBRE 1 1 DA AR = o) i IO A a8, L
ERo-71 7 1Y 2 B R AU TR X — i i v R # OC B A
FHNOS) . AERRT R AT, 40 A M 2 T
TS DN B AR A E 2 SR A IR TG B A O A DG a1 , 14
A S0 b MV R T e 2 (R IR TS AR 2 S R
SRAERFIFERR 1) G B, e 1 PR A 2E £ e S A ©
R OT B HE R IMEM 2 -ER oty S S M A SRR A1
(1 B %, (H HAEHCCAN I P X 2 FE FR 1 C il i 52
A . A RS R B R 52 14 (androgen
receptor, AR) 2 52 LI Sl a4 . ZERTFIAR
S, AR AT P GInfs s iR 7 AR EGLS 1Y)
32 , 52 M b 40 B X GInr 55 -5 43R,
Z 5 MG E e R . HAl, fEHCCHARS &
FERRACI A ELAASCHK S o3 B 1 A I
1.2.3 JE4RFERNAX S E BB HEAE

FERAIRNA R L RN L R 3152 HHCCH Y
MBI o c-Mychgil i 7% st i miR-23b,
e R OB B I GLS 4 il H L 261101 9 Gn i
IR ), KAEIESIIRNA LINCO12347EFHCCH
gl 2RIl HHFRIOKP S A A RS B354
5%, LINCO1234 A58 it %45 G ASS YA 3+ X 1,
Pl pS 34, S R X ASS T #S S E T, AT
JHASSTHyZL T
1.3 R4 89 Th 8 &M
1.3.1 a4

TEAFERRACH ML, a-KGIRZEILTCA S ZFE
FERR A0 SRR A, AT R R AR A (glutamate
dehydrogenase , GDH ) f b Gluflit 224 i 7, [l i a-
KG W] i 4% 2 FAE A G, #1112 5 Pro  Arg 55
T B IR A AT o AN, o-KGIE A ol i
FIE G, i8S 5BCAAsH & It 72, o )5 1
BCATHIIG T, B BCAAsAY 255 R 4n A
HEBH 5 s

TEHCCH' , a-K G2 AT i U 1 (isocitrate
dehydrogenase 1,IDH1 ) 1Y SCEEA 4 , 18 3L A 45
B85 5 I F 1a(hypoxia-inducible factor la,
HIF Lo ) {5538 B i Mo A4 o VR A Il mE 2 ik
fif} (prolyl hydroxylases, PHD) [ H F-fit4A , 0-KGFE
ASAEAERHE S HIF 1 a2 34k, i 40 B R B
VHLA % B HIF Loz 3 A6 S A A Ak 1) 5%
B KRN T AR (Scu) M ENDH1/N
Sy F IR, Al PR IDH ) Cys2974
AR HETEPEIDHT R IR, KIE S T o- KGRI A
KT, SculiB IDHLE P2 i a-K G , BERE A
HIF 1z ZALFEAfE , 0 H HCCAN OB A% , L REHH 55
Yo SE A AL 2 IR SO  BELIT AR PP PESE T 32 K- Be A
1 (programmed cell death-ligand 1,PD-L1)3ik, @
L 2 AU PTHCCRCR, , R WAL [0 i IDH 1 LR
P a-KG/K 0] B HCCIAYT T A S0k 74

1 — KA Y =R N ER R (pyruvate , Pyr) , H:
18 o & EAE A BN &R (alanine , Ala) , & 5
N SR - A TR AR IR . AEHCCHI M b, D A 12 i
R i (pyruvate dehydrogenase kinase , PDK) f 3
AT G Pyr e ATCA  REH T Z 2 5 Ala
%, SR A B T Ala R B A T 40 B Y
a5 S M EE T RE 70 AN  FEHCCH , B
KN R (phenylalanine , Phe ) MIfi% % iR ( tyrosine,
Tyr) 53 AR 25 e H K S-H #2211 (glutathione
S-transferase zeta 1,GSTZ1) ik T %, FEBEFAME
P (succinylacetone, SA ) 277 —J7Hi, SATK
)T E e FEKEAP] (cysteine-rich protein kelch-
like ECH-associated protein 1) beJEAk , 5| 5
R BT B AL 7 2 I FE240 K 2 (nuclear
factor erythroid 2-related factor 2,NRF2)7Gi1k,
NRF2#F 14 T e i RAEAE KN F 132 /K (1GF-
1 receptor, IGFIR) A% %% S 3800 , T HEHT 40 i 3
77 5 —J5 1, TS5 a-KGA AL, SATE 4k
MHIPHDIE M , Y SR HIF 1 2 AR e M, S
LA P9 B A K - (vascular endothelial growth
factor, VEGF) (kAR HE A AR 78 T AR
515538 0 28 SR o
1.3.2 |UERENBEHY

A BIGSHAE A 4 P A v 50 s 41, ZEAR N T
FALBH AR R S PEAZ O, A B Glu 2
AR (cysteine, Cys ) MGy AL , R L GSHIKF- 1T 2
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T I AP LR AT . GSH A HOCHK
3L [ ) AR N B IR MRS AR AE R S, U AE
HOCK K B R AR B BRI, febiiadbz
B, GSHY GPx a1 AT, i it 2 A1 i 745 A Bl
AR R CFE BEE UK , H S — ik
A HEH BK (glutathione disulfide, GSSG) ., [RIH, 7E4F
B H BKIA 5 B ( glutathione reductase, GR) LT,
GSSGIf Al # AL GSH, SBUE SR A S0 phsh,
GSHiA BE i i3 25 b H Ik S-%% #% il (glutathione S-
transferase , GST) 5 3 L MEAMRTEY) IR HLIE45 &, &
AR

AWM BHCCIME A 2P GSH .GST .GRA
GPx Y S AR ER I R AE L UAR 2 (s &
MBS i , HCCIN GSH RAR DGR N , AR 2
TP . 5 IEH HAAAH L HCCAA R N
FEER K EGSH ™), fEHCCHY , GSHA B R H Y
R T F 7 2 2 e UMK % $2 1# ( glutamate-cysteine
ligase, GCL, X #Xy-glutamylcysteine synthetase,y-
GCS) 33k KB Tt i, - 5 TR 224 68455,
i B FGCLAZ 5 GSHA L1 2 b H kA i ity
(glutathione synthetase,GS) 5215 , HCCE 4
UM GSHW I B T+ %) GSHIE i 3 i 4 15
GPx4MH MR e =137, Rt , HCCHH L1k ks
PR GSHAK T 8], 4k, GPx2 .GPx4HIGPxT
BIfEHCCH Hpia ik , HH R IA K 5k
JEARR89000

2 REBRKIHERERNITET RIS

b Ak, IR AR FEHC CA i bt
PR ARSI R B SO A A A i R v R AR
HEAEM . A, A AR E g ARk 2 55 i
JEMOAE Ot AR ) 5 R Mt G A LA AR 2
S
2.1 MhERIRERE
2.1.1 REHME

BRRACINRA S5 IR TS v g% SO (1Y)
P . IR NSLCIASH s B AR BT E, 5
BE RS Gln, SIS GIn S BB 2, K3
HhE Z A A A 8 SR OGS IRE 1o/ XBP Vh, #1717
755 GPR109A™ G i 1 il 14 458 25 4 B (A8 1, e 2%
PSR ANAY P . GInfRigh T 4a i %5
PETA L D e 2= CH B, M GInd A T FERT, 40

JHBE P T 40 B A PN ST XN 38 s I, 3 — 20 9 HG
e, WA BEIEERIS 5 Asnf Vil A K&
Tk i Tl AN S K 4 &R AR BTG MR ASRGL
(asparaginase and isoaspartyl peptidase 1)7EHCCH
I, TP SAZ AL R A R A DG B
WEAAE T AN T4 ) (B e ML
FFTHRAG T

Trp43 A= B Kyn , K yn A& U855 PE T i 557 5
&2 {4 (aromatic hydrocarbon receptor, AHR ) ¥ 7%
F, AT S T AR A 534k , $00 AR 2 R 240 Jf R0 T 240 Jf 1)
AE , T 9 e TP S5 100 SR R A, X 2 e g g2 76
Wl [EIE, Kyn |2 AHRTG AL REAR HE e i
EL AL CD39Ry 2R3k , SR HICD8™ T
g,

Trp I8 1 52 M HC C Jai il A R 1 R i 422
JifEE P9 = bk B 4544 (tertiary lymphoid structures,
TLS) I T/BAI I AE . TLSHITE B B4 1Y
B IZEVRTT RN R R4S Jey A5G , HCCHY AR A &
BHOE S H B R R TLS 5 3 i) S e V6 I7 3R
MISE40) ) e “ARES BITLS P35 B4 49 Trp ¢
FEIEE B B, IDO1/2FITDO2R 6T , i i
TLSK & B K i e IR 7 18 P RS fE 23 [l 4h
F b A s " B TL BT A9 HCCIi R 240 it 1 5 Trp X
L TG B , TDO245 A i 1k 1 2 , T TDO241
FIATHEINTLSHCD8™ TAHAIEE , i THCC N £h i
I8 20 L BT T2 1R Trep & 4 PO AC I A B 41 1l S22 36
AN
2.1.2 AR

VA B 200 2 I A5 A 1 A% 0 4 43, VEGF A ML
A ) E BRI HIF 1029 S VEGFH 5 1Y
KSR R R , o- KGR SAFTER T
T HIF a2 34k 32 24k K2R A %745 S A
S EEA AL o-KGAHZE S , T HG 58 HIF 1o 25 14
Rtk e EVEGF Y A e b i 5 A4 i 78 i
GlInfUif™ 4 FIROS AT UG HIF- 1o, i T {2 #F VEGF
FIK 175 T IR A8 AR B, SR IR A B A A R RS
PR SR R AR S
2.1.3 FEREETH KA LT4ELHAE

SRR S AT 4E 4 it ( cancer-associated fibroblasts,
CAFs) 2 e T 58 v (%) 32 22 40 B 1 o3, 5 b 9 24
MBI A G R . FEBRIR 40 LR b, CAFsAi
A 0 AspZEARF 98 A MBS 5, iR A AT A 1Y GluF-
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CAFs AL JFUIR 2, fE o 41 i b R FE 90 00
T 1M 48 I R CAFs ] i E A BCATs /3 i
Leu Ie55 SCHERELNR , 0 [ied 40 S (AL AE 1 A5 il
JEORE i EL s 0T A AE = B SLARE
CAFsH'GInG IS 2, 73ih 2= A i SR T , -9k g
200 L FBE B S A A ) I 2R LA REXS g TP 114
EHREZY, BT, TEHCCH CAFSZ IR Y
ARESFNIEDLRIIA T T RGARTE o
2.1.4 HELMHE

VA RA ST R I, P B 2 22 A A SR
(1835 3l A, Bl 28 200 1 2 5 e T 05 1) 52 2
AT obgeg A IR e 22 2T A 5 B 228 T
S 3R R VL 32 1A 1Y) 6 9% 4 L ) e 5 e 440 B A
SR HO0) . HCCHL LT YA RS I 26 R A8 I 26 1l
O3 B IR EHE BRI E R
£ Tt JIEL 08055 22 7ol o 22 366 O, 30 5K 4 4 1Y AK T/
mTOR , ERKHINF-«B 45 )¢ HH 1 % 52 1 fifr I8 240 i
B S AN, DA T SR S 9o o | A 82 106 s A AL 7 T
251100 ANHCC AP A7 A N B A A 28 20 L 1) S5 0
T, BT £ T B B IA % P 4 L 4 T 1% 7 RS2 4K
(muscarinic acetylcholine receptors,mAChRs) , ifi :f
ERK/STAT3 3 3K 2l g 5 5 e ks 102 TRl
HCCHH M N #2247 (nerve growth factor,
NGF ) i B3R Gk , HaT Re LSS 43 Jy U A i 1 A8 A il
g A B 2 B 0% HRT, ZEHC C R 22 40
AR G AR U A A e TR AW .
2.2 RYBFESREFRZFE

SAMYf:  DNA FUEAL B 22 FBEAEAR, HOR P
ZSAMAL ) B4R (methionine , Met) 25 FH
it 2R iR 2 #2 2 A (methionine adenosyltransferase
2A ,MAT2A) 73 A HE SAM, 24 iZ A fE i &
A BUE I, SAMUK Y- (435 38 52 M DN A Y LA 16
3, BEMT AR R A HESTHCCHERE . HCCHR
S H I SAM AT DN A F ALK E-BEAIR , 30 I
L Bk, AR kg 22 2110 A, 2%
HCCAH 7R 2 PEMetp 45 J5 2 S48 J4) 0 457
IFHEBE™ A DNARI o [FIIF, /N BRSERY B 7 1)
I Met MIAHAK B = (methionine-choline deficiency,
MCD) IR, 2 16 b R 40 (hepatic stellate
cells, HSC ) fie #F g It T AR, 2F 1M I 35 o 21 4
11105196 HORMet! il 5 HCCRBABE Y 3h 25451k
G IL PSS

SRS A E B LT, ZEHCCA R
FeHEFHAE L A0 N BE I BEA AR A (succinyl-
coenzyme A, S-CoA ) AJ /Ay i Z W2 BEHIE AL 1Y A4
Sy O8I, 2 BE BT EG K 40 2K 1k 2 AL A
(histone deacetylase, HDAC) % %5 H SIRTS (1097
SIRT7 MV HIHDAC1/2/31 108112 2 5 g1 e 42 3o
o 3-FfR I AR L1 (3-ketoacid coenzyme A
transferase 1,0XCT1)7EHCCAEH & 5 ik, MY
TEACERAR A AL , 3 AT AR A AU B B A% AL I, 11T S -
CoAfEHHIE R FILACTBRYK 28417 A BRFABEAL , 11
Tl P S 1 4 R LR AR I T R, 1 T SR
HCCHR M4 55 g e 7 st L B 7R 148
W™ 5 8 BB B X LS, S HCC
A R AL TR B . LRSS TR
R E P EHCCH .

3 ETRERKEBAERTT RS

3.1 MEsSEBRRIENEMTE
3.1.1 B RERRABEHDFIF

GInfR I 5 7 e ko v SCRAE ), L0
PR AFGLS 1 E o EE B . fEHCCHY  fR k2
YICB-839( Telaglenastat ) f& 1] ¥ P GLS 1l il 71 , Ife
PR B 830 52 JE BA T i B b i L L 1
HCC 180641 it v, CB-83 9411 ] 41 At 445 , I
1T caspase 3/7% AN T Ginds iR
JHUOS3 1] REARHIF- 1o, 390 5] B3 145 A= 6 A7,
T 490 o o 8 4 e A AE RS AR LY fEHCCH,
JHUOS3{E#ECD8" T4 it 3% 58 3 {2 HE HL PD- 157
B AR SR, GLS LI FI B A TFRD 1
(interferon related developmental regulator 1)#Htk
AJ dnp ZE B R GIn PR (TR T AL, B A IR 1 77
5 st A% 4% A F 1 B R F B HCCIR T 1Y
Fog el
3.1.2 H A SEERN G EEH0 HIF

Mee t 4 1 AH 5 Bt & HC C 6 7 10 357 58
MAT2AJZ&Met /73 fiff A 0 G B PR 3 g , LA 55 ]
P FHCCHIMI . MHIMAT2AREMS S| KHCCHH
it SR IF5 S DN A A , 1A e A A it 3
(glycogen synthase kinase 3, GSK3 )il 5] ] BE £
WX s D E AL R HCC
A rpnT g S e A [ S I 40 A AR
FEARERE , X G A YT SR IS R I R T T 4L 1737
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Glu, A %2 ; Cys, P EIR ; GCLC, B &RV M MR IEHENG ; yv-GC, y- A ARRF 2R ; GSS , A Db H ARG 1 ; GSH, 24 B H K
Ser, #2541 ; PHGDH , 2 H 2 i 0 ; SHMT?2 , 22 e H S 2 ; Gly , H &R ; Gln, & WERE ; GS , B2 & AU ; Arg,
&R ; GLS1, SR BN ; GOT2 , AR MR FEWE 2 IR &M - a-K G, a-Bi I — R ; ASL G G IRACBE ML S 1 ; ASA IS & IR B
FAWR ; ASS KRR B AR & B ; Cit, INE R ; OTC, % IR E K H BE % F2  ; CPS 1, & H BB A & A8 1 ;O , B8R ; ARG,
W EMREF ; BCAA , SHE R EEMR 5 Val, 4R ; Leu, 5 &R ; e, S22 & MR ; BCAT, 4 @ IEMRE 2 1 ; BCKA , X FE & IL R TR
12 ; BCKDH, 3 o- B2 I3 i ; BCKDK , BCK D s Met, S M2 s MAT2A , HUBR ZABR IR H 5 AL 2. A s SAML, S-fIf i FH BRI 5
PHD, A B AL HIF Lo, S S 7 1; PHE, 25N &8 ; GSTZ 1, &AM H KS-#EF M7 1 ; SA , BEFAWENER ; NRF2, % K FE2
ARSI F2;5 Trp, LR s IDO, M52 , 3- XU 42 s Kyn K IR &R

Figure 1 The function of amino acid metabolic reprogramming in hepatocellular carcinoma

Glu, glutamic acid; Cys, cystine; GCLC, glutamate-cysteine ligase catalytic subunit; y-GC, y-glutamylcysteine; GSS, glutathione synthetase;
GSH, glutathione; Ser, serine; PHGDH, phosphoglycerate dehydrogenase; SHMT?2, serine hydroxymethyltransferase 2; Gly, glycine; Gln,
glutamine; GS, glutamine synthetase; Arg, arginine; GLS1, glutaminase 1; GOT2, glutamate-oxaloacetate transaminase 2; o-
KG, a-ketoglutarate; ASL, argininosuccinatelyase; ASA, argininosuccinic acid; ASS, argininosuccinate synthetase; Cit, citrulline;
OTC, ornithine transcarbamylase; CPS1, carbamoyl phosphate synthetase 1; Orn, ornithine; ARG, arginase; BCAA, branched-chain
amino acid; Val, valine; Leu, leucine; Ile, isoleucine; BCAT, branched-chain amino acid transaminase; BCKA, branched-chain keto
acids; BCKDH, branched-chain a-keto acid dehydrogenase; BCKDK, BCKD kinase; Met, methionine; MAT2A, methionine
adenosyltransferase 2A; SAM, S-adenosylmethionine; PHD, prolyl hydroxylase; HIF1a, hypoxia-inducible factor la; Phe,
phenylalanine; GSTZ1, glutathione S-transferase zeta 1; SA, succinylacetone; NRF2, nuclear factor erythroid 2-related factor 2; Trp,
tryptophan; IDO, indoleamine 2,3-dioxygenase; Kyn, kynurenine.

Tl o K EMZGYIMEMP HH 40K 0k 3 A MAT2A
R FIDAS-5 | L RELH M4 PD-L14H AL, REGS
HESRHCCAN AT I | T T3 58 e 4 TR 3 S T4
M itie A1, BAT— @ SR R S
3.2 IESERRERER

TEHCCH , Arg R 5 R ASS 1115 fik
o, S E MR A0 M AR AN IR Arg 28 3 R BRI A
VR Arg B fi 7 15 I AE K B2 408 T BRI AR . ik
YEHCCH, ] 2 —BEL F 4 S B2 1 (pegylated
recombinant human arginase 1,Peg-rhArgl) DAF 4K
Wil )7 A S ArgheR 1120 B2 T E BB R

P2 i IV i 1§ (arginine deiminase, ADI-PEG 20) A 8
L PRI P Arg , BERFPE AR DT ASS TR ITHCC
A, SR H R 2GR RO A R, F il B AR yT
T i — AR TR 12
3.3 BRERFTE
MetfE i NRME— S BT 2 AR, IR E IR
] S W AR IR IB T RS . A A R 4a
(hepatocyte nuclear factor 4o, HNF4a )/ A S S A
F, n] R DAL B B S A (cystathionine B-synthase,
CBS) e A Bk y 24 % i ( cystathionine y-lyase, CTH)
S A SR AR Y R IE . (RMetiR & AT i 0
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HH HNF4a fHHEHCCAI ML 151 , THNF4ak 2k 1)
HCCHN T SAMER il 7 A= it , (H 4% 52 CBS/CTHIE
BT Z U  IESEHNF 4o o P8 7 2 i A JE 1R
TREHEITHCC X Met BRI O Skt 2, [l
W R B, AEA BT YNAIT IS OL T, [ B Met
2R E 3 o 3 R HC CAH X R 38 T 1) AU T
SN GRS SIS S Y A - N
(programmed death 1,PD-1)Hp[E] LIS 5R TAH A5
ARG S S R 24 T A LR e ke
VBT 20 B35 A 75 2 Met, MetBIR i A48 24
TR AT BRI T W e 4 5 092 20 6 Met Y AH
XA , 2 735 Met BRI AR E 9 I AL A 3R A7)
TRABIE],
34 [EBRNIHEEARKRERGRTHIER
3.4.1 IDOMEIF 5 BRERR T

BT IRTEHCCIRYT ST RO SN A TR,
AR X IR SR RIS HEATIR TS o Trp o3 AR Y
OB R ID O 1410 1 55 7 P8 €6, 2% 97 A b g g Al v
CLJB /R AT A7 1200 R , 7 0 i 2 1 A
PROTACHABIIDO 1 AR R4 E AT , it
SRR Y EHCCEIBLRL T IDO 1]
71| AbrineBE 41 il e e 52 6 3% , Abrine 54HTPD-1
A 0 i iR 2 KT 42 R CD4 5 CD8 ™ T4t i
(3R , BESRHTPD- 1 VAT FRICR 128
3.4.2 $EEIDLAT-AUHAHET = S EA 5

mTORAE Ay 3% 45 2 3 1R AR5 fo i I 280 1 ¢
SR AL, HLAm ¥ S5 HEPD-L 1B R AEHC CIA YT Hh A
A RN FEHCCRM R, R AR AR i
AR WERE S - L Wk % A% i (dihydrolipoamide S-
acetyltransferase, DLAT ) Z Ak &M Leuf# A it
KB AUH(AU RNA-binding methylglutaconyl-
coenzyme A hydratase) , il JLIEPE R Leuf R, I
FREEHIRmTORCUE il . 31X — I g At it 2
ALK BTy 40 3 5, 038 o 5 1 R YUk i b
JETASE , THICDS™ TAHMILIRE , IR 2 T4 A3
G, S RS HRRAS 22 ET HRAUH
K 109R 278 & 2 i m RN A F Ji J5 44 > J8iok (LN P-
mRNA ) i[5 LeuiE# 73t Ll , A 2 BHBrm TORC1
P , TS IR G IO, TR AR M AN B K- AL
THIHCCRYMTE 22 . EaRAFTEF I, #0 i
1R A T L T 000G B 2 2 R QT 0E %, A L
HCCHRPERRAIRYT IR A0 R HE 24 A5

3.5 BT RN EEBRRFERENRBEERE

a3

T ) 2 SRR I R 1 259 T &b B T B
T i A A A AR S A, D —AMEAR SRR 2
AT VAT SR AR By P BE S 1] A4 ek 4 i 1) S S
TR SRR , PE TR MY 7 3L A ST GInfRigHm
il 75075 BELBT G In 20+ () [RJ S, T RS 3 35775 e e 4 i
AIARAZAIL R , 35T Ser - A E T4 I A HEE L 5 1)
I, AZERF TCATE R R A 4 A iAok 30 7EASS
FE IR B 0 20 B b O RS R G I i il ( ADI-
PEG20) [#fift Argle , 23175 5 P8 20 i P9 ASS Y 5% 3%
PG A IR TS B Arg i B 55 % AN Arg 94K
Wi, PR URE TR sl SRR
0 16 A IR P SRS W T R4 R 6% 1) T v TG A2
B, AW 1) 2 R AR s LAV D IR B A AT B Bk
BIGITIRALE RS . R LRSS T /IS A IS
JT IR

4 BESEE

FIHT, I PR BV HCCAR ST AN AFP S35 BE 1L
fitf JRPIVK AII (protein induced by vitamin k absence or
antagonist-11) 55 5 22 HE MR A Ll 14 DS IR M A8 55 , T BT
RIAACEPR Y , A0 75 A= Rl 45 5 IE T R 55 i ik
ZRIEA BRI R, 2 1 48 0] 2 LR ACHDRS HER
ISP RN o R 2 AT S0 ME SRR A, T R
PR E YRR AR T T, 22X s & AL 2 R
FUSUAL e E AR LA AR ALK SR AR e
RIERRACBIHR KW R T AAY , m] R g e B — AR
YU R IR, R, 722548 (patient-
derived organoids, PDO) &Y | fified 21 it 1Y) GIndk
R il RAEAS 1Y — ZOHEAR 5 , 327 Hon] R ALk A%
G5 i A MU R 551l R R S g il Bt
BB SO A HRE R T, tPDO
U5 s S+ A RS 4E (patient-derived tumor xenograft,
PDX) #4145 , HCCE AR AU A S W F e A B K
FRHTEE

() IR, 22 56 R A A P 2 S S, BIDAS [ e
O3 AN TR]IEE PR ARCPR 35 v R T O R T Y 22 5
KX IRTT R, e AR R 7 17 . H Al
W5 2 B T 00— IR PR sl A hE B, X R
ARG 19 25 Bp ] 458 0 5 TR AR F . T HL, 2R R
FCEIFAR IS A A, L5 e Bt DR 5 At
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Table 1 Therapeutic strategies targeting amino acid metabolism in liver cancer
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