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Research progress on glutamine metabolism and tumor drug resistance mechanisms
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[Abstract] Malignant tumor cells undergo profound metabolic reprogramming, manifested by a markedly enhanced capacity for the
uptake of specific metabolic substrates, most notably glutamine (GIn). This metabolic adaptation not only provides essential precursors
to support aberrantly active glycolysis and mitochondrial oxidative phosphorylation but also disrupts the homeostatic balance of
carbohydrate, lipid, and amino acid metabolism, thereby directly contributing to the adaptive resistance of tumor tissues to
chemotherapeutic agents. Despite its significance, a systematic understanding of how tumor cells modulate Gln metabolic plasticity to
evade drug-induced cytotoxicity remains elusive. Furthermore, there is a notable lack of in-depth analyses addressing the context-
dependent variability of GIn metabolism across different cancer types and microenvironments, as well as the underlying causes of the
failures in clinical translation. This review systematically delineates the key regulatory roles and mechanistic pathways through which
Gln metabolism drives the acquisition of drug resistance in malignant tumors. For the first time, we propose a three - dimensional
resistance framework - termed the “Gln metabolism - microenvironment - immune evasion” model and identify three major bottlenecks
inherent in current targeted therapeutic strategies. Collectively, this review aims to establish a theoretical foundation and provide
methodological insights to inform and improve clinical treatment strategies for drug-resistant malignant tumors.
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Ji 2 M 2 W R U A, 7 R AL T ROR . B
WR Y 5 YR T I R 5 B R 24 AT DR 5 4 BEL TR E
FEAE B 90 2 R 1 B AR, e 28 R i) ] R G
WP o AR EE g R DR M i R ) O B A )
A, 388 I A4 R AU O 286 SRR 4 i e S B
FHAE R A BT 34T AR AR 3, 2T 2 4k
U, Horb, & BE L (glutamine , Gln) A5 & 42 76 et
PRy AL O A 0 AE N ERR AR I AR I S
FEPITT, Gln A g i Je ZH 2L 52 43k 00 5 1) Bk 1 R A
IR, 0 8 AR BE S R 2 S R IR AR Y
28 B AT, RS K MR A0 i x4 T 25 AR
Pro LERGLLE T Gl AULE MR 20 B it 25 11
VA5 T e S LA R ML, 5 5 IR 12 R 4 AR
B DL R O AR AT R R R
W] Gln AR 5 25 W 52 1) N AE SGTEC, T R8T e
T 2R PR SCHEAITEAE AT 10 H A
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Gln VE LA =1 22 AR R A, 76 M6 26 &R
GeAnE RN 23 B BRIK L, 20 5 L i
RIEMR B ) 20%, /2 ML IR Z LR A B & b fe ey
MR FERR . (EIEW A BRSPS, Gln BEAT/E 942
Yo B B SRR, SCRE Dy A i S it 75 I &t
o 1 =R (tricarboxylic acid, TCA) 3 7, 41 g
AN Gln S A0 LB _E (¥ Gln 12 1A SLCTAS A4
MO, TE R IEAE S (glutaminase, GLS) FI/EH T 1k
N AR (glutamate, Glu) , 3 10 75 75 & B2 It & B
(glutamate dehydrogenase, GDH) BY % % i (amino -
transferase, TG) F 1 H & 4= il o - Wi [ — 2 Calpha-
ketoglutarate , a-KG) , a-KG JH 1L TCA 73 H 111 S 4k
PR R ATP N2E Rt aE" . (EAER IR, Bk
42 SN 2 L S A T BT U S R D),
P X N 4 AN LR i ARG R 7R A

PB4, Gin FIVE L IR & AN AR L AR SR &
H R A2 TR A MG T P 6 5 1 & B &,
Gln fE R H BRI A P AT BRI BRI, B
&2 VRV R RENE A IR 2 , Hory-SAE MRS 15 K
5 B R ARCR T, OB Gl 1 D U5 R = 5
e IR 75 il 11 (carbamoyl phosphate synthetase 11 ,

CPS 11 ) J2& g & e 1 FROE B . Bk Ah, Gln & g%
JE it AR Rl K A4 &R Caspartic acid, Asp) [H] 32 52 L B
B Gln Bt L BERZEE ], 4K Glu, Glu-H I LR
Z I 1 (glutamate-oxaloacetate transaminase 1, GOT1)
REfE N F Glu 5 B 4 1R (oxaloacetate, OAA) Z []
M B8, R Asp AR S o 7E Glu- TR i IR %
Z I (glutamate-pyruvate transaminase, GPT) 13 fig
22 1R ¥ & 1§ (phosphoserine aminotransferase,
PSAT) (FIEAL T » Gln fT2E 1K) Glu i vl 74 2 IR 2 1ok
2 22 BRI LR BRI B A . (HAREE R,
Glu AT /E A2 bt H K (glutathione, GSHD & A 1 R 44
Yo, U 1R NADPH A %38 JE I AR T, 4845 i A 4
A J5 P-4, DR B 240 I B

2 BERREH R Gln KGR RIZ

iR RS AL BE AR A 1 O BE AN
TVIRFR . Jyidi N b8 40 S 6 B A= W R
RE B LN S AL IR SR BE 0 BB D) 5 5K, IR Al i 4
XF HARU@ AR AT H8 9 B, 00 R i 1 22 i
By E i 25k B B R E R . R 4
WA Gln AU 445 AR K P 5 I RE B A oK, R I
i3 4 L () “Gln O 7L o Quek %57 K I Gln
J% I8 AE = BF 14 FL IR 9 (triple-negative breast cancer,
TNBC) e e i 13 ] 425 W R0 P SR 88 200 ML ) E
T SR AN IG5 o £E iR 4 0 g A L B Gln AR
WA B o-KG — J7 THIAE TCA JE# Hh i i S8 A0 i R
A2 5 NADH, A BERR AL SR B RE 2, M T ZE 45 iR
NI ATP 5K, 55 — 7 i, AESRE R F T, il
I8 R R AR AR F AL OAA T L BE A A 2 517
BRIR (05 B AR BEAR TR & B, X — i Rt T 4k
FRF PP 96 4 L ) v e TR R AN AR A R R B G
o BbAh, HH LG IE R A, iR 40 B G i B 5 Gln
AR, 7= A 5 2 AR P T TS O R R A
JoE MR 5, S R 4 i ) bR B A AR K R
i £ A PR G B I R g e AR KR AR
(reactive oxygen species, ROS) , 75 %2 5 5 [¥] JT 4 AL
B AEATL 1], 438 ok 38 5% Gln AR, A2 B E £ (1) Glu,
BE— A HE GSH I & i, 15 Bk ROS, TR 741 g % %2
A -

Gln AU 2 4 5 72 b 968 40 i rh ol 5 OCREE
LG 58 Gln A SEEC A AR AT, ORI e &
RO A& BTG B . XA 3 2 R AN
B ATP 755K, BB SR S B TR IR 2K & BT
4, F4EFF GSH/NADPH S ALIE S 22 b 22 48, i H
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Extracellular Gln enters the cell via the membrane transporter SLC1AS and is catalyzed by GLS to produce glutamate. Glu is then deaminated by

glutamate dehydrogenase to generate a-ketoglutarate, which enters the tricarboxylic acid cycle and subsequently undergoes oxidative phosphorylation to

produce ATP, thereby supplying energy for cellular processes. Intermediate products of the TCA cycle can be further converted into oxaloacetate , which

is catalyzed by GOT1 to produce aspartate, or together with acetyl - CoA, participate in cholesterol synthesis. Glu also serves as a precursor for

glutathione synthesis, working in concert with NADPH to maintain intracellular redox homeostasis. In addition, glucose is metabolized via glycolysis to

generate pyruvate, which can be either converted into lactate or enter mitochondria to produce acetyl-CoA for the TCA cycle. The red lightning bolt

symbols in the figure indicate steps corresponding to inhibitors that have entered clinical trials.
E1 AaERAHTE

Figure 1 Schematic diagram of glutamine metabolism

BT HATT F5 3 1 ROS BR K, N TT RHT IR YT SR
FRft VIBAERE R SR, ASRLE A IR X Gln AR B
AR T AR SR IB AP E R 2 ZE R GR 1D,
an, PC R BR S5 R, TNBC 40 il 4 >50% (¥ o -KG
KR T Gln, H T ilF TCA 6 IARHY) °C & £ JE 2
& T AR TNBC WA, B M 27K FHIE S8 TNBC
KF Gln-o-KG il ) 15 &2 MR 7] Bk 2 75 A [R] i i S
RS Gln AR U AR R B A7 7E 12 38 v UV 3 o
S R T =y 1 AR A - OB IR ) 5
e AT RO =, 18 4 e s B e R A1 [R) R A
(myelocytomatosis concogene, MYC) 4 3 i it 1 ]
miR-23a/b A% [ GLS1™, 1fij kirsten K 5, P 987 /75

98 525 A [A) 5 4 (kirsten rat sarcoma viral oncogene
homolog, KRAS) % 4% M| il i Hippo-YAP1 i % | i
L M EFEIR ISR QWA RAEE — B A
AT B, Bk 475 5 B 1 (hypoxia-inducible factor,
HIE ) S0 W R A » 1 58 S5 R v b8 AH 5% Bl 2T 4 4
Jfd (cancer-associated fibroblast, CAF) 38 i 7+ 2 I iz
& Bl (glutamine synthetase, GS) 73 W Gln T BAR 5
Fh e, B A R BN (5 5 e 5 5 e R B0
¥ 3 (signal transducer and activator of transcription 3,
STAT3)-GLS1IE SR s DA 2 25 [R] i 52 iy 402
) SRR, e A AR R B S (isocitrate dehydr-
ogenase, IDH) B A= A JI¥ Jii £F 41 Jf1 J8 (glioblastoma,
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GBM) & #iAMJE M Gln'™, BT B1 (liver kinase B1,
LKB1 #k 238 5 AMPK 2% 1% i 4 0 2 I Al A 7240
filg Cacetyl-CoA carboxylase, ACC) ¥4, i 2k 5 Iy

A 8, TR 38 538 Gln AR PE , AT $2 =5 GLST #1711
UM . X ZHE R RZAAH B, KA Gln A
ST SR S IR 2 E IR T B e

F1 FEEERIASBEABFESKZOTRERER

Table 1 Glutamine metabolism characteristics and core intervention target differences in major cancer types

Key molecular

Main compensatory Core intervention

Cancer type Core dependency Reference
marker pathway target

Triple-negative GLS1-a-KG-TCA cycle  MYC T ,LKB1 wild- fatty acid oxidation(FAO) T, GLS1 [15]
breast cancer type Ssp 1
Pancreatic ductal SLC1AS/SLC38AS- KRAS mutation, Autophagy T, CAF coupling SLC1AS5_var [16]
adenocarcinoma uptake stroma-rich
Clear cell renal cell Reductive carboxylation - VHL-, HIF-2a 1 Glycolysis T , pentose HIF-2a+GLS1 [17]
carcinoma lipid synthesis phosphate pathway (PPP)
Non -small cell lung GLS1-Glu-GSH EGFR-T790M, Glycolysis T, nucleotide GLS1+SLC7A11 [18]
cancer GLS1 1 synthesis T

3 GlnfXift 5 iR 254

3.1 Gl A8 5 R BE % o I 78 &Y 25

GLS fE N —Fh 2 KL vk P 1) L8, 2 5 GIn AR
R, BEOE M 4k Gln ¥4k N Glu, 17 Glu #E— th
WHE ia-KG, 3T 2 5 A H AR BHE R . GLS %)
9 GLS1 FIGLS2, B8 #B e i 4k Gln 2E 1% Glu A
B, E TR R 40 R P SR AT R B
il GLS2 TE K 22 Ut T A v — Fof fi 8 4100 i
R0, BLAE 2 Al s ks b B R R Ik . 7 2 A
Féﬁﬂﬂ’@ﬂlﬂ GLS1 i ft e 1 H L $R ik e = DL S
TS S Im K, (R R 21 . TER A KR
& Cepidermal growth factor receptor, EGFR) 548 [#] 4k
/N 9 (non-small cell lung cancer, NSCLC) £ 3
LA A TT90M i 2 58 AN, GLST (13
PR I, I AR RCE £ 1 a-KG 4EFE TCA 7§35,
SCRF M 1 B 7 SR, AT 5 B i 8 400 i 2 e LA
Fr JE S R0 1A 25 (O B4 40 B ) 25 A B
(1 it 928 248 it 5 BB I ) 5 2 HE I MR 5 R £
F Gln MK #6119 7 4%, Gln AR 138 558 , GLS1 KF- I+ &
15 a-KG A2 B3 22, W2 325 i 88 40 i A7 9% 5 5
i 24 454, mTOR I B0 11 770 Y6 97 J5 1) GBM H1,
T AR KT A A, Gl AR 4 1 588, GLS1 AN
Glu KV F+ 51, o-KG B 2 F+ 3 HAF A E AN T,
T 8 GBM %I mTOR # il 7 fif 25 pb b, B i &
B, CB-839 F1 mTOR 1 il 771 f 4 5< =] (1) 1t & 3
S EAME] T TNBC 4 IR 8458, JF 7 T AT 2

I 245 PE 2, SR 117, CB-839 FA 24 7E NSCLC 1T {4
5 F A A, TS mTOR 2 SLC7A 1L #0477 LA BH
W AR A2, p AT A HE W, GLST i i 2E Bk Glu 4
FF GSH A i, ik /b S8 A0 B B[R] B, 380 mTORC1
55 18 % , (i 13t 20 B 1 5 5 52 e Ji g i 245 . [T
BFXF GLS B 5 1 #1551, 40 BPTES #1 CB-839 4%,
T8 I ) GLS [ 3 P, 2 B A i 8 40 L Y Gln
(49 25 1) R, 38 T A A58 40 o) 20 A i R D 3%
IX TE — L& i oRg B B B/ T — S 0 B R A
Ro BRI, —FUE B COLIAT 2k A ) 24
K RNA circCOLIAL 7E 45 B e A B 3 m &
ik, 38 I T G PR miR-214-3p, fif 4 miR-214-3p
XF GLST il 7 5 328 17 4 33E Gln 23 AR, R
i 6 200 ft 2 41 B R AN AR A R JEURE, BK B i g 4
P 25
GDH 7E Gln AR W 7 & #5 S B A L 5 1) 2 15 76
B R BEE M R GDH AL Glu i 204 ik
a-KG, ZAR U = V)b 5 %A N TCA 7538, N4l i 4
e B RW LRI S S mee SN A& ol
T, X TEHE A Gln B 5 A1 ZUR (1 AR H 22 0 B 22
GDH1 J& GDH K —Fh W %4, GDH1 7E fi 88 41 ffa o 57
Fe ek , 5 TR 200 ) G B 3 RS AN 24 %% ) A
&, GLUD1 2% % GDHI {5 [, i ik GLUD1 1)
JIts 95 240 it =% B0 o B i 1) 2 G At B i 52 8 DL B
SR FE RS AL AL BE ), (HIX 2RV FE T BR GLUD1 Ji5
B A 1 7E A *ho-KG 5 AR T U1ER GLUD1 7
S 11 ik £ P07, R bk T DA I A 7 24 Ak B S 1)
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Ji R 40 i o GLUD1 R IA 858, it — B AEE 2 1)
a-KG I 320N 2. AEARAE SRR T, It 240 i 1)
HIF-1a s HKF Ei, {23 7 GDH 13214, GDH 1)
ARG T Gln ARH, B8N T 40 P 1 a-KG /K
S, M 4457 1 44t A 1 R 12 A U R 48 Ak Ak i T 1l
A BT it 40 B U AN 257 25 i d 1, S5
i 24 14 {2 AR

GSAF A — M S A i Gln (R , 7] 18 4k 28
Glu A 3 & A4 % Gln, 5 B T 4E R 41 P9 1 Gln 7K
-, FE 22 R bR ch ik B, SR A K I L B
Y oe. WA KRB, MYC A1 STATS | GS )
ik, A Glu 46K Gln, SEUZ EF BRI 4= 38 I,
AT 5 5 e R i 245

25 FRTIR , Gln AH OCAR U g a3 22 i ATL i) 52 el
i 988 240 P PR i 245 P, B (i i3 o- K G 1 1R 4, 8 10 A%
IR AR A%, X AR e 1 Y 4% 9 R v T SR A T
SRR AN S (B 2) .

Increased
dependence
Glucose

mTOR  —— Glycolysis

inhibitors

Metaboli; shift

cirCOL1A1 NN
miR-214-3p

[ TCA
. cycle

CB-839/
BPTES

mTORCI1

signaling

3.2 Gln #3E4K %6 Bk 7 X4

i #AK (solute carrier, SLC) 25 [ 5K ik & 45 T
Y ISR TH ) — 2R/ TS B . TR A
Hi, SLCTAS /BN Gln 1) £ B 36l , o ae 2%
Ak Gln %535 2 J Y 5 9 Gl M6 A Q1 B B AL
Y. 22500 FEAIE 92, A EE IE 5 4H 20, SLC1AS 76 fifi fi
S~ 7L e TR A B o A 2 O R R i R
B E SR KRS RIOIRS B T
Ji98g 21 2% Gln BB HLRE T35 S FF 98 4 B 14X i
Y, FE AP A A RE ) AR = LR
W72 B, SLC1AS 1 2 B BT Y] 44 R A 15 Gln 5%
NEZ, 807 Gl AU 7 A4 (1) Glu, 2 1M 12 12
GSH & B, Yk /b 75 P A2 51 2 1Y) DNA 45145 , AT
158 58 fib 989 40 0S5 U A TR I 25 PR i Ab,
SLCIAS R IEMEHE T Gln S/ ATP 2 1, 4 5
Jieb R S B 1 e RS, 3 AR AT 29 VE F R I
A7 RE J1 . BN, 75 R R B, HIF -2 5 1)

@ ——3 Decreased
ROS

i GSH
synthesis

(&)
[N
CloShe synthesis

|

Nucleotide

Tumor drug

resistance

Extracellular Gln is transported into the cell via specific transporters and is subsequently catalyzed by GLS1 in the mitochondria to produce Glu.

This step can be blocked by GLS1 inhibitors, such as CB-839 or BPTES. Glu is then catalyzed by GDHI1 to generate o - KG, which enters the

tricarboxylic acid cycle to provide energy. Under hypoxic conditions, HIF - la upregulates the expression of GDHI. Following treatment with mTOR

kinase inhibitors, tumor cells undergo a metabolic shift, characterized by suppressed glycolysis and increased dependence on Gln, ultimately leading to

tumor drug resistance. Glu can also be recycled to Gln via catalysis by GS. MYC and STATS upregulate GS expression, promoting the conversion of Glu

to Gln, which results in increased nucleotide production and subsequently contributes to tumor drug resistance. Furthermore, Glu serves as a precursor

for glutathione synthesis. GSH not only exerts antioxidant effects by reducing reactive oxygen species levels but also activates the mTORC1 signaling

pathway, thereby promoting tumor drug resistance. CircCOL1A1 enhances Gln metabolism by competitively sponging miR-214-3p, thereby relieving the

inhibitory effect of miR-214-3p on GLSI.

2 BREEAHEEN SRR Z5HLE

Figure 2 Mechanisms of glutamine metabolic enzyme-mediated tumor drug resistance
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SLC1AS 7B A 3t 334 5 35 Gln % U3 I, 34E 1 38 Jon
ATP F1 GSH 115 5, 12 {5 J i e 4 b oF =5 7 Al v =
A 25 PERY . 5 e A T Y 28 i SLC1AS ANJA],
SLC1AS5_var 5& SLC1AS ) 8e KA BT V) A8 44 , 5 7
I3 A LR R A R, DA TRDE = SR AR A 5 41 i i
Gln [ 2R RIARIE R iz . AR F 41 7] iMQT-020
3 I AR A4 A B SLC1AS_var = 58 44 BH K £ ki & Gln
PREL, 51 % TCA G322 B . GSH 635 5 ROS A &, i
SR ML . R a-KG [B = $# DNA 2 FH 3
1L TET i% ¥, S8 PD-L1 % K8 8 1 2 &1k,
PD-L1 ik Eif, iMQT-020 5 PD-1/PD-L1 Hip {4 H [
BSUR G N

BRIt Z 4h, SLCTA8 R B R L is 1, 1%
Z 5E RN IR i2 % . I & (cholangiocarc-
inoma, CCA) FIHF 70 FR & B, SLCTAS 7E 75 it Aih Ji2 firf
2 ) CCA A fia v 235 i 308 . T siRNA $R
R SLCTA8 1314, ] DL i 3 14 51 CCA 2 fg %) #5 78
by (S S ) 40 i A KB, SLCT7AS W B
mTORC1, ¥ i mTORC 1 31 ] 25 14 8l 44 375 1k A 1
155 SLCTAS [ 8 M, T BUE TG IR , {2 46 it 3
Y B B 22 (1) Gln JF& B GSH, 1 — 2 75 5 o0
T PG AR 25

SLC7A11 & Glu- Pt 2 BR 1% 7] #%i2 H H , 5 Gln
R EAFAE T FAEF , “Gln-Glu- Bt 2 R -GSH” A
Bl [F) 2R 2 7E 22 F S AR 8 s Rk A B 4
1E i ik 5 & I 9% (pancreatic ductal adenocarcinoma,
PDAC) IR 78 FF 5 SLCTA LT Rl MR Bk A 75 174 A 2 ik ey
TEAEFRAG /N T4% , B 2ALAR /N 31% . 4l B AN e
A MRIE T SLCTAL Fig AR 1 BB 40 L N, Gln X,
WP AE 1) Glu N BRIE I 5 1 2 B R e it 17 &
% GSH (LA™ . ARG PRAF 78, SLCTAS #iii|
J& » L Glu/a-KG bE 2R R B f 0035 % 5% K1 4
(activating transcription factor 4, ATF) 4 ¥3% , 75
SLCTALL % 5% b i, Bk & IR 8% B3 %, M1 5 5
GSH & it BT, T C“Glu A k- bt & iR $% B -GSH
AR, 58U — RIS R [ TR T R AL
DAL SLCTA T 1 vy 2328 AT LAY 98 GSH -5 1, AT
P 20 MR L A RE 77, B R 4 AR P T 2
W51 L S AL LI, T SLCTA L 061 770 C ik fg s
nE )R] DL 3 40 GSH &, 11 55 40 i ) B SR L B
775 38 5 iR 20 ek AR 9T 25 UMD . B TR
B, SLCTA 1Ry 2R (1) NGB i 24 240 i % Bk B 12 15 3
1AW 2R B 22 S 2514, SLCTA11 Ji it 48 F GSH
(7K, SRR B0 T, (i a3k e 40 i 1 AR K, 8 5

i 2500, A, £ GBM Y, SLCTAL ) s A 1
I T 240 B A RBURHR T T, BRAR T AT 251
RCRET, AN, SLCTA LT B2 3E Glu (4 HE, (182
SN0 Gln FOAR . Glu 1E R GIn AR 7= 4, FoAMHE
2 SR N Glu/a-KG Jth (1 FE 5, AT Gln 1)
I3 BEINXS Gln IERHL, X FhAX 1 B 4m F2 0 AT G2
i bR A ML DT 250 o 25 B TR, 440 i A B
PR 70 /L I, PRI LA i GSHL, il i B éa b gk st
T FREN 2] A4 M7 B ZURRAS 2 5 ROS # K B3
b5 Glu e 824 U 3 B0 A Glu/a-KG K BE R
B, 4 B 3d i 1 38 GLS PAIRI#ha-KG H: 4 £F TCA 7
R, 40 BT Gln i “HHL- 7 7 IR R 3 — 2P R
T R G HE  FE I 3 3 Cln AR AR AL 24

TR, BT R B Gln 5632 18 4 B e AR i F 5
PEAE T OB N . 2023 4, Kim 25U K R
SLC38AS 1E v B BN B 1 Mg v vh 1t S B IR e ia
A, 7E Bk B e 35 G A R T 25 R B G BEAE .
SLC38AS ¥ 12 11 Gln £ Bl - Ji Ji 98 41 2 1) GSH &
%, B J5 A B GSH B I 4% NRF2 A1 GPX4 A e
DRI 0 755 40 L P ROS 7K °F-, {875 ROS AN W FH 28 T 2
EPR A BRIET, e AT B I i P AR 2. (R
B 7E JEAL /)N BB o, 0ER SLC38AS Wi b 41 ft] i
I A A RN 7 7% Wik 52 75 7 A s AU M 5 3t AN T 6
E T SLC38AS A F 4t o) it fim Jes 75 V8 Al V52 i 24 11
G TRILNE PN (Lp

Gln /2 i 988 41 B v #E B e K I RUBE IR, 4 K 2
0 Gln 218 18 B 42 B A 422 52 ) Gl AU, B0 AT a3
SRR BE 77, SCHF A R AR A5 7 2 i R 48 i
() 75 SR 2 25 (B 3) . H T, V-9302(SLC1AS
1] 770 ) D] 4 55 AN & — CJAD A A T SLC38A2) H
SLC1AS i 2% Ji5 % 40 Hi v 44 i SLC38A2 4R 42 45 HiL
Gln, CU5 1524 TR A it e s g T 81 K551
BE G5 AR TP B2 T 1 ARSI 5
2024—2025 4 £ WU 5C — 4R 1, B & FH B
SLC1AS5+SLC38A2 BRI & o 2t 25 01 7], m e
PR AR I8 26 FE FRARA B S, S AR I R A 1) 3
B 7R,
3.3 Gln R3] AZ a9 ¥ I8 OR3P0 R %o It 98 it 25

i 988 ZH 23 T Ak ) AR SR A A 855 3 el R 4
FE 0T R AY S5 A B K e W R ) (LR SR B S
T AR O BL A 91 i b 5 Cextracellular
matrix, ECM) & [ 3L [FI A4 5 7 i 1k 58
Gln AR5 1 30 25 728 A0 AT e I 35 52 1 41030 1E 55 41 i
R T A G T A T ) AR RS B R R B
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Multiple solute carrier transporters on the cell membrane are involved in the transmembrane transport of Gln and related amino acids. SLC1AS
serves as the primary Gln transporter, facilitating the uptake of extracellular Gln into the cytoplasm, where it is subsequently catalyzed by GLSI to
generate Gln. SLC7A8 mediates amino acid uptake and activates mTORC1 signaling, forming a positive feedback loop that enhances SLC7A8 stability,
thereby promoting Gln uptake and glutathione synthesis. SLC7A11 functions as a Gln-cystine antiporter, mediating cystine uptake and Glu efflux,
thereby providing the cysteine substrate required for GSH synthesis. GSH suppresses reactive oxygen species accumulation by activating the NRF2-
GPX4 pathway, consequently inhibiting ferroptosis and inducing chemotherapy resistance. SLC38AS5, a novel sodium - dependent Gln transporter,
similarly facilitates GSH synthesis and antioxidant defense. The mitochondrial splice variant SLC1AS5_var, localized to the inner mitochondrial
membrane, mediates the transport of cytoplasmic Gln into the mitochondrial matrix. Its allosteric inhibitor, iMQT-020, blocks this process, leading to
TCA cycle disruption, GSH depletion, and ROS accumulation, which collectively induce tumor cell death. Concurrently, o - ketoglutarate deficiency
inhibits the activity of the DNA demethylase TET, resulting in hypomethylation of the PD-L1 gene promoter and subsequent upregulation of PD-L1

expression. The iMQT-020 synergizes with PD-1/PD-L1 antibodies to activate anti-tumor immunity.
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Figure 3 Mechanisms of glutamine transporter-mediated tumor drug resistance
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Tumor cells competitively uptake Gln from the microenvironment through high expression of SLC1AS and GLS1, leading to local Gln depletion and

establishing a Gln competition microenvironment. This nutrient scarcity forces metabolic reprogramming in T cells and natural killer cells, resulting in

reduced IFN-vy secretion and subsequent immune suppression. Concurrently, tumor cells activate NF-kB p65 via CDC42 and interact with IQGAP1 to

drive the secretion of GLS1-containing microvesicles, which induce M2-type tumor-associated macrophage (TAM) polarization. M2-TAM secretes IL-6

to activate STAT3 signaling in tumor cells, further upregulating GLS1 expression and glutathione synthesis, thereby forming a positive feedback loop. In

addition, TAM converts ATP into adenosine via CD39 and CD73; adenosine then binds to the A2A receptor on the surface of T cells, inhibiting T cell

activation and proliferation. Cancer-associated fibroblasts form a metabolic coupling with tumor cells, secreting Gln and lactate that are taken up by

tumor cells. This enhances mitochondrial oxidative phosphorylation, maintains reactive oxygen species homeostasis, and confers resistance to

glutaminase inhibitors (e.g., CB-839). Activation of the Ras signaling pathway in CAF increases Gln synthesis. Furthermore, CAF promotes collagen

secretion and extracellular matrix stiffening through upregulation of PYCR1, thereby forming a drug barrier that impedes drug penetration and ultimately

leads to multidrug resistance.
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Figure 4 Mechanisms of glutamine metabolism-mediated drug resistance in the tumor microenvironment
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Level 1 (transporter compensation) : following SLC1A5 inhibition, tumor cells maintain Gln uptake by upregulating SLC38A2. Level 2 (metabolic

enzyme reprogramming) : when the conversion of Gln to Glu is blocked by GLS1 inhibitors (e.g. CB-839) , tumor cells compensate by enhancing fatty

acid oxidation to directly supply acetyl-CoA to the tricarboxylic acid cycle. Concurrently, they upregulate the pentose phosphate pathway to generate

NADPH for maintaining redox homeostasis and activate glycolysis to indirectly replenish TCA cycle intermediates via the lactate-pyruvate shuttle. Level

3 (antioxidant system compensation) : when reduced Glu availability limits glutathione synthesis, tumor cells enhance cystine uptake via SLC7A11,

directly utilizing exogenous cysteine to bypass the glutamate-dependent GSH synthesis pathway. Level 4 (microenvironmental metabolic coupling) :

tumor cells induce cancer-associated fibroblasts to highly express GS, which converts Glu and ammonia into Gln for secretion into the extracellular

space; establishing a“CAF-tumor cell ’metabolic coupling. Additionally, tumor-associated macrophages can also provide exogenous Gln to support tumor

cells.
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Figure 5 Four compensatory networks of glutamine metabolism
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The three-dimensional resistance model of Gln metabolism-microenvironment-immune evasion consists of three interacting dimensions. Metabolic
reprogramming dimension Cupper left) : tumor cells highly express SLC1A5 and GLSI to extensively uptake and catabolize Gln, producing ammonia and
promoting tumor cell proliferation. Microenvironment remodeling dimension (upper right) : metabolic scavenging leads to Gln depletion in the
microenvironment, resulting in reduced IFN-vy secretion and functional impairment of CD8" T cells. The substantial ammonia generated from GLSI-
mediated Gln catabolism accelerates regulatory T cell recruitment. Concurrently, ammonia metabolic reprogramming activates the pro - tumorigenic
phenotype of cancer-associated fibroblasts, establishing a metabolic-stromal vicious cycle. Immune evasion dimension (lower) : nutrient scarcity in the
microenvironment impairs mitochondrial oxidative phosphorylation in tumor - associated macrophages. Following AMPK activation, STAT6
phosphorylation drives M2-type polarization, leading to the secretion of cytokines such as IL-6. The three dimensions mutually reinforce one another
through positive feedback loops: IL-6 secreted by M2-TAM activates STAT3 signaling in tumor cells, which further upregulates GLS1 expression,

thereby forming a“metabolic-immune”closed loop. Collectively, these interactions drive drug resistance , tumor progression, metastasis, and recurrence.
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Figure 6 The interaction mechanisms of the“glutamine metabolism-microenvironment-immune evasion ”three-dimensional

drug resistance model
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Table 2 Major research advances in glutamine metabolism and tumor drug resistance(2020-2025)
Year Core discovery Key target Tumor type Resistance mechanism Clinical translational Reference
significance
2020 SLC25A22 - mediated SLC25A22, Colorectal can- Succinate accumulation in- Suggests that combined — [48]
glutamine  metabolism succinate, Wnt cer duces DNA hypermethyl- metabolic  intervention
promotes 5 - FU resis- pathway ation, activates Wnt signal- with epigenetic ~drugs
tance in KRAS - mutant ing, and enhances stem- can reverse resistance
colorectal cancer ness properties
2021 SLC7AI11 in KRAS-mu- SLC7A11,GSH Pancreatic can- High SLC7A11 expression First validation of the  [36]
tant pancreatic cancer -GPX4 cer promotes cystine uptake, SLC7A11-GSH axis re-
resists  ferroptosis in- maintains GSH synthesis, sistance mechanism in
duction by maintaining inhibits lipid peroxidation, KRAS-mutant tumors
GSH synthesis resists ferroptosis, leading
to resistance to ferroptosis
inducers in KRAS - mutant
pancreatic cancer
2021 SLC1AS upregulation SLC1AS, HIF - Pancreatic can- Glutamine - dependent Suggests targeting [30]
by HIF-20 in pancreatic 2o cer ATP and GSH synthesis SLC1A5 variants or
cancer enhances gluta- enhanced, antioxidant ca- combining with HIF-2a
mine uptake and gem- pacity and energy supply  inhibitors
citabine resistance
2022  Apatinib induces ami- ATF4, Non -small cell Apatinib induces amino Combined inhibition of [1]
no acid imbalance and SLCIAS, lung cancer acid metabolic imbalance, ATF4 reverses resis-
activates ATF4 to re- ASNS, GCN2/ activates the GCN2/elF2a/ tance, providing a new
program glutamine me- elF2a ATF4 amino acid stress re- strategy to overcome tar-
tabolism, leading to re- sponse pathway, upregu- geted therapy resistance
sistance lates SLCIAS and ASNS
expression, promotes gluta-
mine uptake and metabo-
lism, forming adaptive re-
sistance
2023  First discovery of the SLC38AS, Pancreatic can- SLC38A5 mediates gluta- SLC38A5 as a novel  [38]
important ~ role  of GSH,  PI3K/ cer, breast can- mine uptake, inhibits fer- metabolic target and re-
SLC38A5 as a mnovel AKT/mTOR - cer; and multi- roptosis through GSH syn- sistance marker, provid-
glutamine  transporter SREBP1-SCD1 ple tumors thesis antioxidant or PI3K/ ing precision interven-
in tumor resistance AKT/mTOR - SREBP1 - tion strategies for che-
SCD1 axis, promoting che- motherapy resistance in
motherapy resistance pancreatic cancer,
breast cancer, etc.
2023  CAF - tumor cell gluta- CAF,GS, Breast cancer, CAFs highly express GS to First systematic elucida- ~ [43]
mine metabolic cou- SLCIAS pancreatic can- catalyze glutamine synthe- tion of the microenviron-

pling: CAF - secreted
glutamine supports tu-
mor cell survival and

promotes resistance

cer

sis and transport it to tu-
mor cells, promoting their
glutamine-addictedmetabo-
lism and enhancing che-

motherapy resistance

ment metabolic  cou-
pling resistance mecha-
nism, providing a basis

for targeting CAF
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Clinical translational
Year Core discovery Key target Tumor type Resistance mechanism o Reference
significance
2024  circCOL1AT promotes circCOLIA1 Colorectal can- Enhances glutamine catab- circCOL1A1 as a prog-  [24]
glutaminolysis through miR-214-3p,  cer olism, provides energy and nostic marker, target-
the miR-214-3p/GLS1 GLS1 biosynthetic  precursors, ing this axis can inhibit
axis promotes tumor prolifera- tumor metabolism and
tion and metastasis progression
2025 The mitochondrial glu- SLC1AS5_var,  Pancreatic can- iMQT - 020 blocks mito- Highly selective and — [31]

iMQT - 020 (al-

losteric inhibi-

tamine transporter chondrial

SLC1AS5_var

allosteric inhibitor

cer, lung can- glutamine up- low - toxicity metabolic

and its inhibitor,

with PD-1/PD-L1 anti-

cer, breast can- take, leading to TCA cycle

synergistic

tory site) cer, and multi- impairment, reduced GSH

iMQT-020 achieve spa- ple solid tu- synthesis, and ROS accu- bodies, providing a new
tially specific targeting mors mulation;, triggering energy strategy to overcome
of tumor glutamine me- crisis and oxidative stress, GLS inhibitor resis-

tabolism for the first time and inducing tumor cell tance

death

(FR3). FEF, IR 4 0 B A e L AR St o Mk Ao 2
Vi, FEEEXS Gln AR BEAT 167 I, JH 83 400 Mt AT g 2 3
o HARACH @ AR (A E R Y- RF A=A AN G 5, T iy 4
T EL D7 ik 83 P4 41 328 3R ik At 2 R R WF 7 75 B IK

SERE R

BEAh, Gln AU #2244 PE B 3R 78 3 — 48 i T
TiR] REAE LLHUS BEAR VR I T ROR , AR T SRIE 1)
TR BAFICNEE . B2, Gln AL MR TN 24

#3 CInRIPFEEAMIERFEUIRGRES LR L)

Table 3 Clinical translation status of glutamine metabolism-targeted drugs(classified by target type)

Target type Representative Development Clinical trial result Core failure reason Reference
drug stage
Transporter  V-9302 (SLC1A5 Preclinical Showed antitumor activity in Lack of target specificity: simultane-  [61]
inhibitor inhibitor) (discontinued) preclinical studies, but efficacy ously inhibits multiple amino acid
was not related to SLC1AS inhi- transporters; significant off-target ef-
bition fects
iMQT-020 Preclinical op- Pancreatic cancer model: 75% Not yet entered clinical validation [31]
(SLC1AS5_var, mi- timization stage tumor suppression, 40% CR
tochondria - spec - rate when combined with PD-1,
ific) high selectivity, low toxicity
Metabolic ~ CB-839(GLS1 in- Phase II (dis- RCC combined with everolim- (D Metabolic compensation: FAO — [62]
enzyme in- hibitor) continued) us: PFS HR=0.83 (P=0.29) ; 1 , glycolysis T , SLC7TAL1 - GSH
hibitor TNBC and CRC did not meet loop activation; @ Lack of biomark-
endpoints;  monotherapy  in ers: did not screen for MYC/LKB1 -
NSCLC failed high expression population; &) Nor-
mal tissue toxicity: high GLSI ex-
pression in intestine/kidney
BPTES (GLS1 in- Preclinical Poor water solubility, poor phar- Physicochemical —property limita-  [63]
hibitor) (discontinued) macokinetics, did not enter tions: poor druggability, low bio-
clinic availability
Combination CB-839 + Evero- Phase I (par- TNBC: significantly inhibited Combination strategy relatively suc- — [64]
regimen limus tially positive)  tumor proliferation, overcame cessful

monotherapy resistance
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