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Effects of methionine restriction on the proliferation and the pentose phosphate
pathway of lung adenocarcinoma cells
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Pharmaceutical Sciences, Guangdong University of Technology, Guangzhou 510006, Guangdong, China)

[Abstract] Objective: To investigate the impact of methionine restriction on the proliferation and apoptosis of lung adenocarcinoma
(LUAD) cells, and the pentose phosphate pathway. Methods: LUAD cells H1299 and A549 were assigned to the Met+ (100 umol/L
methionine) and Met- (0 umol/L methionine) groups and cultured continuously for 4 d. Cell counting was used to evaluate the effects
of methionine treatment on the proliferation of H1299 and A549 cells. Cell-cycle distribution was detected by PI staining; Cell
apoptosis by Annexin V -PE/7AAD labeling; intracellular ROS level by DCFH-DA probe; intracellular NADPH and GSH levels by
WST-8 and DTNB assays, respectively. The Cancer Genome Atlas (TCGA) was used to analyze the correlations between the
expressions of glucose-6-phosphate dehydrogenase (G6PD) and 6-phosphogluconate dehydrogenase (6PGD) and the methionine-
metabolic pathway. WB assay was employed to evaluate the effects of methionine restriction and supplementation of
S-adenosylmethionine (SAM), a downstream methionine metabolic product, on the expressions of G6PD and 6PGD, key enzymes in
the pentose phosphate pathway, in LUAD cells. Results: Methionine restriction significantly inhibited the proliferation of H1299 and
A549 cells (both P < 0.01), arrested cells in G2/M phase (both P < 0.05), elevated total ROS levels (both P < 0.001), and induced
apoptosis (both P < 0.001). Furthermore, methionine restriction significantly reduced NADPH and GSH levels (both P < 0.01) and
suppressed DNA synthesis (both P < 0.01). TCGA analysis revealed positive correlations between G6PD/6PGD expression levels and
the methionine metabolic pathway (both P < 0.001). Methionine restriction down-regulated the expressions of G6PD and 6PGD
proteins (both P < 0.01), whereas SAM supplementation partially restored their expressions (both P < 0.01), suggesting that methionine
regulated the pentose phosphate pathway through SAM. Conclusion: Methionine restriction suppresses LUAD cell proliferation by
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inhibiting the PPP, which provides experimental evidence for methionine-restriction therapy for LUAD.

[Key words] methionine; lung adenocarcinoma (LUAD); pentose phosphate pathway (PPP); oxidative stress; proliferation; apoptosis
[Chin J Cancer Biother, 2025, 32(8): 799-805. DOI:10.3872/j.issn.1007-385x.2025.08.002]

Jiti i 9% (lung adenocarcinoma, LUAD) #& ffili #&
5 W22 A, 5 P il s 4971 1) 50% B L,
AR, W E 1 LUAD A B 5 BT, BRI
BT R, Bl YR EIF R R IT B
PABGE B IT N o AU S 5 72 e 0 1Y) B AR ALE , 2
i 988 4 g 3R HAE ) K 43 4E R A I SR AR S R Ok
FEES R 22 e 20 M P A AR R B R B A R
PEM. BFFECIR BT, B 2 R W] R D I 4R (reactive
oxygen species, ROS) i & 71| , Tr 47 2 Ml 4 52 45 40
Woo B, AR E g AR Ak B T B R IR OBE B 2
(pentose phosphate pathway, PPP) , A it &7 4 o {it 3
Tk Jie fig M2 04 A% HF IR 8% IR (nicotinamide adenine
dinucleotide phosphate, NADPH) Fl #% ¥¥ -5- fif B2
(ribose-5-phosphate, R-5-P) , {il #& F T # A1 ROS. J&
W T EREEIR D FIIE ™. i %) BE-6-T51R
Jiit &0 (glucose-6-phosphate dehydrogenase, G6PD) Al
6- W MR i % BE MR B & B (6-phosphogluconate
dehydrogenase, 6PGD) /& PPP [ 5% [ i filg™* ', 7
PRSI BF v, b 78 F 2 R S % F I 6PGD R IA i
#E NADPH 4= J, 275 HUBR 2 R 22 PPP R HE HU AL Ty
REM o SR, HH I 2RO PRI A P PP FRIRHZAE FH
AWIER . AT S ERTT IR IR LUAD 20
B TR0, FARTT R BRI 2 75 nT I8 i PPP
s LUAD 20 e A2 G, 9l 697 SR 68T i) R

1 MREEZE

1.1 £ &H## 5K

A LUAD 41l ffl H1299. A549 ¥t (5 o [E B} 2 Fe
AN T T, H A 2R (methionine, Met; M5308-
25G) I S- Jig HF H B & MR (S-adenosylmethionine,
SAM; A4377-5MG) #11 H Sigma-Aldrich 2 7] , fif 2
I3 (FBS) A1 g (25200072) W [ M i 38 A 1 , A&
I 22 2 1) 1640 1% 9% 3£ (A1451701) 4 H Gibeo 2
7], NADPH &l i 571 £ (S0179) - GSH 44l i 751 &
(S0053) \ROS & P 771 £ (S0033S) I H 32 = KA
F], Annexin V -PE/7AAD J# T KK (9074586) 77l &
4 5 BD /A 7] , G6PD (8866s) - 6PGD (13389s) [ Anti-
rabbit 1gG (7074P2) it /& ¥ H CST A #] , B -actin
(20536-1-AP) W H I =& A F] .
1.2 et R AR M) F AR A BR MR H) &F LUAD 40 J 3%
M0 h

2 x 103> H1299. A549 4 g £ T 6 L, 2
SITEE A (100 pmol/L) EANEr (0 pwmol/L) FH i 2 FE 11

BRI S 9F 4 d(GE N Met+Z4L AT Met-41) , g Y
A B A, FH A BRSO AT v B gt , LA
TR R T I M I = i
1.3 CCK-8 & 42 7~ B ik & F A7 2 BR xF LUAD #m fic
&R

# H1299. A549 21 ffg 2 M T~ 96 FLAR , 3 x 10° >/
FL, A8 & A AN R B R &R (1004, 504251 12.5
6.25.0 pmol/L) M K R L K5 77 48 h J5 , B ALIIA
10 pL CCK-8 471, i ) B 1~2 h, 7E B R 1Y 450 nm
b 52 S (DH . AL ) = CRRR T AR BE2H
DI - ZHEADME)/ (Met + M D - FHA4
D)) x 100%.
1.4 ik X i KA M) P 57 £ B8R 1) 3 LUAD #m 8 8]
e BT 69 B ok

4 H1299 F1 A549 40 M 42 7 T 6 FLAR , 75 A B
AN B R R R I 15 77 2L TR 175 77 48 h, WEE AN )i , i
FH 70% 2,15 B 40 B, 4 °Cit % [ %E . PBS I ¥k » 4
HEA ) 1 B 5 N PTG, 38 S ¥ 15 min J5 E
UK o WO SE VR T4, PBS 15 3% , 1% IR 7 & 56 WA
F BN Annexin V -PE.7AAD 44k}, 5 iR 86 [
N 15 min 5 _EALEI
1.5 R K I KA % AR £ BR PR ) 3t LUAD %8 e,
ROS K -F 49 %5 v

4 H1299 F1 A549 41 ff 45 F T~ 6 FLAR , £ & A 5L
NG WA B B 7 3L h B 9% 48 h, PBS /& UG, DA
JC L7 15 77 FE B 1) DCFH-DA 4541 (1:2 000) , 7E 8%
FEAA R S B 20 min, £ H PBS 15 Bt 2 RIIRE,
B J S A B A T I A
1.6 WST-8 5 \DTNB & % A A& M| P 57 £ BR (R %) AF
LUAD #m 8. % NADPH .GSH 7K -F &4 %} »f)

¥ H1299 F1 A549 240 42 7 T 6 FLAR , 7£ 5 A B
AN B R R 1 15 77 2 TR 15 37 48 h, USCER 40 e, 3 1R
AH R 1 B AT A
1.7 EdU/Hoechst 3 Z % # M ¥ & & B8R Mk H) &
LUAD %8/ DNA 4+ & 89 % v

1 H1299 F1 A549 20 M 42 Fh T 6 FLAR , 7 5 A B
A HREA R IR R KT 9% 48 h, I\ EdU 57
N2 h, [ 5 38 5 NN Click [z B, %35 8t &
. 30 min {#f EAU A] ¥4k . #¢Jm » {# F] Hoechst 33342
AT gt PO BB TSI,
1.8 WB ik 4 ] ¥ # £ 8% [k %] 2} LUAD %8 i G6PD
F2 6PGD % X 69 % ")

4 H1299 F11 A549 40 53 7 78 & A BUA & B A

are



b

FEE, 5. BRI o s [t 4 e 8 G R Tl I T B g A A

M) - 801 -

PR 1) 35 77 R 45 97 48 h([BI b SAM S5 H , 7E KT 77 5%
HA 0.5 mmol/L SAM) , i I & 45 & [ g A1 IR
Pt U0 1) 7] 1) RIPA. 24 A 3 22 i ol i (R IR S O 5 T
-20 °CIRAT - 145 5 MU FF 5347 SDS-PAGE 73 & &
[, [ J5 FL % %5 PVDF I _E, 5% it B 09k 35 141, I
—$1 G6PD(1:1 000) F1 6PGD(1:1 000)Fi 44 , 4 °C
REOER . AN L 2E 3% —H0 (153 000) 28 30 RN, Ft
JE A% ECL 5% it
1.9 & F TCGA % 4% B % #7 G6PD #= 6PGD 5 ¥ #t
FER AR B IS F P a9 48 R M

M TCGA %4 J (https://portal.gdc.cancer.gov)
#% 516 6] LUAD #E A< ] RNA-seq #3541 ¥ 48 , $R X
2 o 2 R A R R R AR T B A S EE R, [ RIE &
GSVA B AT B A JE R 42 5 4R 40 1T (ssGSEA) , it
SR PR S Sy #. R FH Spearman FRAH G 73 A1 A 2=
DA 22k 5l % A o B A oG, DL P < 0.05 A 2 5
BAGH5 2
1.10 %itsae

>

H1299
100 okk

MHEE (<109 /4

2 3
i a]/d

120 H1299

AN HIE 1/%
3 8

W
S

100 50 25 125 625 0
R & RV FE /(pmol - L)
AB: AIHE T 0 I R A R B ) X H1299 1 A 549 21 i 36 55 v M I 5200 5 C D+ CCK-8 YA AN [R) A< FE FER LB %o H1299 Al
AS49 FRHIE FTI A . 5 Met+41 8% 100 pmol/L 4AH L, P < 0.01.7"P < 0.001 .
E1 EEREEEPREIXT H1299 F1 A549 ZH A8 5E A 2200

2.2 VAR ABR R M LUAD @i B 28 G2/M A

211 1 73 2R ] B 52 4% A A 1 B T ) Y R
Al R H PI3Y 0 25 5 i X 40 R A Il DNA & 8K
K2, 5 Met+ 4 A LL , Met—2H GO/G1 HA 41 g L 451
B B (B P <0.05), G2/M W40 it Eb 1] 5 25 =
(B P<0.05). 258K, FFm 2 R PR i B H1299
AT A549 2 JE SRR .

FIT A G it 0 #1244 FHl GraphPad Prism 8.0 %58
o FFEIER AT EHIE D x + s RoR. P4
7 5 [ LR H Student's ¢ 48156, 22 41 1] L 35K
& 7 % 4 M Cone-way ANOVA) , £ & b 55 %
Tukey FJE kil . PLP<0.058K P <0.01 £/R%E5FHE
EE M-

2 5 R

2.1 FPHABRIRH 2 F W% LUAD fa g 38 74

I I 41 M T F0E AR A TR I R] R T H1299 Fl
AS49 B FE I I, 25 R (B 1AVB) o, £ A
FRIRHI 26 E N 5 B 55 2 RS, Met— 2140 g 3 58 3% 14 25
B Met+2H B35 PR (3 P < 0.001) o {51 FH AN [k g HR
Fi R AL B H1299 F1 A549 211 fifg 48 h, CCK-8 46 il
SR (B 1C.D) R, UG 7 A rh i 2 BRI FEAR T
25 pmol/L I, H1299 F1 A549 4 Jitl 184 5t 57 51 & 2 4161
(P<0.015(P<0.001).

A549 sk
150
100

50

MHEE (x 109 /A

2 3
i a]/d

3k

60 -

SIS S1/%

30

100 50 25 125 625 0
B &R /(umol L)

23 WHEABIEH A FLUAD 4821 ROS & A2

LA DCFH-DA £ %1 I H1299 1 A549 4 Jiid 4
ROS 7K-F, g5 B (B 3) BIr, 5 Met+ 4L 4 LE , Met—4H
H1299 F1 A549 48 fif v ROS 2R 7K 1 12 2 T i (1
P < 0.001) ; il A\ ROS i Bk 7] NAC B} , 5 Met-
AL , Met-NAC 20 ROS 2 FH /K 1 & 2% PRk (1Y
P<0.001).

are



- 802 -

rh R AE MR T 2R &, 2025, 32(8)

24 PEHEABMRH A FROS R A28 LUAD 2@/ 8 o

=K I ROS B S M 4 e i - KM
Annexin V -PE/7AAD XU 4%y [X 435 A8 T F0 i 359 7
T K40, 5 Met+2HAH EE , Met—4H H1299 F1 A549 41

8 T b AA 5 2 T 5 (35 P < 0.001) 5 I\ ROS ii5
FINAC LA H, F A 20 R PR 1l 175 5 700 40 PR o B3]
BEFLGIP<0.001).

A Met: B
Met+ et-
600 600 H1299
[ GOGl [ GU/Gl
| 62M B oM
S S
GO/G1: 73.01% GO/G1: 63.22% §
G2M: 4.97% G2M: 9.77% =
H1299 $:22.02% | 5:27.00% 9
=
g
)
= 60 80 100 60 80 100 G0/G1 S G2M
& I GO/G1 600 [ G0/G1
B oM 500 G2M A549
S S .
400
GO/G1: 73.29% GO/G1: 62.59% o
A549 G2/M: 6.71% 300 G2/M: 14.54% N
$:20.00% S:22.86% 5
200 200 =
=
100 100 &
0 0
20 40 60 80 100 120 20 40 60 80 100 120 0
G0/G1 S G2/M

BIuFL2:-PI-

A I F YR ARSI 4 S 3045 s B SRR EL B 0 A SE it . P < 0.05.7P<0.01.
2 EREREEARREIXT H1299 F1 A549 2 At E BA R 2200

A
HI1299
.
/_/l \Met-NAC 3.5 k| ok
N 3.0
" \y # 25
] et ?§ 2.0
X 15 _
// \det+NAC T 10
\ Z 05
Met+ 0
0 w1 10 Met + + ..
BIUFLI: DCE NAC - + -+

A549
ook
S \Met- NAC 3.0 T ek
/J7 \\
N Met-
v - \‘Mﬁﬁ NAC

/ \1\ Mett
0 10 104 108 Met + +

3 - -
BluFLI1: DCF NAC - + . ¥

A:HI299 411 B. A549 4l 'P <0.05.""P<0.001.
&3 EREEEEPREIXT H1299(A)F1 A549(B) ZHA ROS BIS2

2.5 P AR ZBR [k H) % LUAD %0 iz 49 PPP

PPP /25 B ROS 4 45 /M8 41 i S A8 R AR S 1Y)
HERA . IR F R R FR 6 PPP () 520 , 2l
E 41 2 9 NADPH A GSH 7KF, 45 5 (] 5A.B) o,
5 Met+ZH A Eb , Met—4H NADPH A1l GSH /K - 14 & 2
FEAR (¥ P <0.01). R-5-P 2R & ) a7~
V), % DNA MK G R ZE R EE . BEdUB AR,
PP S PR PR A 041 7 DNA M Sk & (B P < 0.01; &
5C.D).
2.6 FALEBR R H A GOPD.6PGD 49 % "

G6PD #1 6PGD s PPP ] JC B iy , i ik TCGA %k
P i Rk 5 AR 2 IR UHE B 18 R, 45 3R
(K 6A.B) &7r, £ LUAD 1, G6PD.6PGD [ K ik 5
2 e R AN FR B 2 R A I B 2 1E A 2% Gr = 0.25
0.32, P<0.001). WBIERMLE R (K 6C.D) IR, 5
Met+41AH HE , Met—4H H1299 £ A549 4 fitg 1 G6PD Al
6PGDE AL EE R P<0.00D; [ 4 SAM I,
G6PD #1 6PGD 1 H 3 1% 35 5 Met— 4 2. 3 Ft &1 (33
P<0.0D).



b

FERE, 5. B R B 0 A s 4 D 1 5B K% IR T WA A ) S

A B H1299
Met+ Met + NAC Met- Met - NAC o 12y — T am
1wl @ ifia . @ |v¥ia @ |v'ia @ 3 3
lll"1.01% 2.17% » 0.63% 1.79% lll‘-1.58% 6.72% lll‘11_42% 4.43% % 9
] 2 -
lllS 1 lll’ 1 lll’ 1 lll] 1 iljlz 6
-
H1299 1 | 2 3
0%+ 2 ’ 10* A W ke =
o e K = 0 21 ke § N 0
A .: '5"4_4;:%' 2.35% 1:’ 3‘5.;:.:‘& 201% o 1% 3.36% ' Met oo
< L lﬂ1 Ill‘ lll5 0 lllS 10‘ lll( 0 ll)S lﬂ‘ lD‘ 0 lll! ]Il‘ lﬂ( NAC A 5 4 9
i’ o1 o2 0 {01 o2 IDs o1 02 105 o1 02 *EE
é. N 0.47% 2.80% 1.14% 2.03% 2.23% 7.31% 1.82% 4.54% o\c 15 r TEITERE . kR
=~ 10 o o' 10'4 = —_—
=
5] i
A549| ° ¢ 4
. : iy
1071 = yEs g
|:z'92.£;%" 3.85% o2 os. 5.31% K =
-0 ) IllI ‘ID ID’ : IllI I‘D‘ ID’
Annexin V-PE
AT A S AR AR T2 200 B A TR S it . TP <0.01.77P < 0.001.
4 FRREEEIRHIXT H1299 F1 A549 ZRAEE T-HI BN
A B
H1299 A549 H1299 A549
1271 127 L2r
< 09} % oot Toor
= = N %
= o I = =06
;E_‘ 0.6 - -*g _E 0.6 | _E
2 03} 2. 503 503
Z Z
0 0
Met+ Met- Met+ Met- Met+ Met-
C Hoechst
H1299
=
&
H1299 bt
<
Z
< a
O
=
Met+ Met-
A549
=
[}
A549 5
<
, Z
B a
=

3 1

TSR, v [ il R R0 R R R R
@B, RE LUAD 297 FBA KD, BE 01 5 H
PR ) B A VR IT TN 2, SELHUE AN BRI, K,
TR HIVAYTY J7 1% LAk LUAD Wi & L E K. A&

Met+ Met-
A :NADPH /K- 45 S E 0 401t B : GSH /KP4 45 S %3 48 i C : EdU/Hoechst XU 4L 46 H1299 F1 A549 4 it it DNA & 1%,
fit 17:D:EdU/Hoechst AL BHHE S 1. 5 Met+ 4HMIEL, P <0.01.""P < 0.001.
5 ERETEEAPREIXT H1299 F1 A549 4HRE PPP HY 520

WEIFC AR B , Bt 2R R A 2 25 40 ] 7 LUAD 2 Jig 1
B HAF NI 5 PPP SZ4IAH 5%

R 2R e N A 75 AR IR, 25 AL N
T T IR B L R R A RN 2 A % A PR
LR R A T A IR B IR R R R K
PERR 9“8 R 8RN B 2R X A£E i R



. 804 -

rh R AE MR T 2R &, 2025, 32(8)

ST B BfE 55 1 A L R B L R 51 7 i
FLJ7 1), B G ) H R R X B T AL
1) 7)< BR )RR 2 R UK B B R R R R K
fige T Y AR AR PN R B IR 55 2. AN AR S, HR
R PR 1) S 35 B0 H1299 A1 AS49 21 it 44 5 , 15 5 1

TCGA ¥

r=253x10"
0.60 P=654x10" -

0.55

0.50

P PER A T I AR R E

0.45

5 7 9
Log, (G6PD TPM+1)
C D
H1299 A549
Met + - - + B
SAM - + - - + 12
OPOD| ey i e [ e e e | -
0.8
G7PD g
— — 'H%
0 0.4
B-acti M
-actin
Lt dhand 0

JHROS /KF, e BRI T~ s ROS 3/ B 771 NAC & 3
B A &R PR 1 175 5 O ROS BB e 4l i R T, 2
7k ROS AT 6 A2 HBR 22 19 IR 1 175 5 40 M 90 2 1) DG e A
RN R R RIS T B 4 ¥R T LUAD 244t
TSI

TCGAKHE

r =3.16x10";
P=181x10"

0.60

R SoNee

EREBRA PR R A SR

5 6 7 8 9 10 11
Log, (G6PD TPM+1)

14 .\ et+
$xx ™ Met-SAM+
™ mm Met-

6PGD  G6PD 6PGD  G6PD

A 3T TCGA BT GOPD 15 2 Jht 2 R AN AT 2R A 8T8 I AH S 1 2041 s B - 6PGD 5 2 JHE 2 R AN VAt 2 R A 30 8 K D 1
M C D : WB K I H1299 F1 A549 49 7 G6PD #1 6PGD & [ %14 & 45 REHR 41t . “P<0.01.""P<0.001.
6 LUAD F B RELBRHI%T G6PD.6PGD BIF2N

PPP /& ROS i& [ (1) S A", [K H4 7= 9 NAPDH /&
FEWIE JFE A, 2 20 M 4 R A A IS SR AR A I B )
Jii » G6PD 1 6PGD /& PPP H [1) 4™ JCEE B . 7T
KB, 2E P BRI GEPD F [K S JC It , 41 B AS e & 1k
PRI 2R » iy P A 2 B R ik fea 20>, fE FR B 2
P B 77 R B 1) R P 8% BE b, Kb 78 HR B 2R vT B
6PGD ] 3 J& L= 4 NADPH, iX #2 7~ F A & R 7] 3
it PPP R AEHUA AL s A FTESE , F
SR PR 1) 50 i1 PPP, % 324 G6PD 1 6GPD £ [ K ik
B 1K , NADPH. GSH 7K “F '~ % Fl DNA & J %2 4
TCGA $ 4 43 #r 5. 71% » G6PD Al 6PGD [ £ ik 15 5
R 2 IR AR 2 2 IR AR DG o 7 FR 2 1R PR A1) 2% A4
N, SAM [H%hA] 1% & G6PD A1 6PGD & A K &5 , 12
7 B R I8 I R i HE R A It iR SAML B ik A 4%
PPP. CHAP4RIE , G6PD. 6PGD ) £ iA 14 5% m°A H
FAL A, W METTL14 f218 42 = G6PD mRNA [ F2
SE M, HE AR 3F LUAD A K A#6 % . k4, GOPD JH
1 A4 A H3K9me3 45 547 41, H3K9me3 7]

REE L #H GOPD ik k4% PPP AR T 227,

zi b, PR ER IR 1 & 2% Th % LUAD 41 g !
ROS /K °F, % 5 LUAD 41 i 7 1=, #l #i] LUAD 4
it 386 5, X AT A A2 JE L #0 PPP SE IR, % 4 R
NI R R B &R PR 9T VR IR T I SR A T SE
£k,

F &5 B

AW ST AR TARAT I 2R 2 0 585 A 52 55 By
T3 BRI, AR 3 Bk ST HRAS SE 36 200 » IF 2 Hiodls K
Gt M AR P A AT SE P 4 56 42 94T

[& £ 3 #]

[1] CHEN P X, LIU Y H, WEN Y K, et al. Non-small cell lung cancer
in China[J]. Cancer Commun, 2022, 42(10): 937-970. DOI:10.1002/
cac2.12359.

[2] CHEN Z, FILLMORE C M, HAMMERMAN P S, et al. Non-small-
cell lung cancers: a heterogeneous set of diseases[J]. Nat Rev
Cancer, 2014, 14(8): 535-546. DOI:10.1038/nrc3775.



b

FEE, 5. B R B 0 i s 4 e 1 5K IR R MR A )

g - 805

[3] PAVLOVA N N, ZHU J J, THOMPSON C B. The hallmarks of
cancer metabolism: still emerging[J]. Cell Metab, 2022, 34(3): 355-
377. DOI:10.1016/j.cmet.2022.01.007.

[4] FNAS, X538, JRuN G, &5 . AR g e A RV o b /R R
FUE R [J]. o [ R AR i 97 44 &, 2023, 30(5): 432-437. DOI:
10.3872/j. issn.1007-385X.2023.05.009.

[5] HAYES J, DINKOVA-KOSTOVA A, TEW K. Oxidative stress in
cancer[J]. Cancer Cell, 2020, 38(2):167-197. DOI: 10.1016/j.ccell.
2020.06.001.

[6] KAISER P. Methionine dependence of cancer[J/OL]. Biomolecules,
2020, 10(4): 568[2025-02-02]. https://pubmed. ncbi. nlm. nih. gov/
32276408/. DOI:10.3390/biom10040568.

[71 BORKLU E. Methionine restriction and cancer treatment: a systems
biology study of yeast to investigate the possible key players[J].
Turk J Biol, 2023, 47(3): 208-217. DOI:10.55730/1300-0152.2656.

[8] TESLAA T, RALSER M, FAN J, et al. The pentose phosphate
pathway in health and disease[J]. Nat Metab, 2023, 5(8): 1275-
1289. DOI:10.1038/542255-023-00863-2.

[9] PATRA K C, HAY N. The pentose phosphate pathway and cancer[J].
Trends Biochem Sci, 2014, 39(8): 347-354. DOI:10.1016/j.tibs.2014.
06.005.

[10] AHAMED A, HOSEA R, WU S R, et al. The emerging roles of the
metabolic regulator G6PD in human cancers[J/OL]. Int J Mol Sci,
2023, 24(24): 17238[2025-02-02]. https://pubmed.ncbi.nlm.nih.gov/
38139067/. DOI:10.3390/ijms242417238.

[11] CAMPBELL K, VOWINCKEL J, KELLER M A, et al. Methionine
metabolism alters oxidative stress resistanceviathe pentose
phosphate pathway[J]. Antioxid Redox Signal, 2016, 24(10): 543-
547.DO0I:10.1089/ars.2015.6516.

[12] FERH, XU il s J 8 e S8 R 358 3 I 5 77 28R T 1) 9K 3R
[90. H g 2R iR 7 24 36, 2023, 30(8): 733-738. DOI:10.3872/.
issn.1007-385x.2023.08.013.

[13] BRI, A3 <5 . ARG 7T )71 5 O Ik &R T R S S AN T 1)
AR/ e it F) S A IR BILERIBIE 838 R (). e e 88 A 0 i 07 4%
&, 2023, 30(12): 1110-1115. DOI: 10.3872/j.issn. 1007-385x.2023.
12.011.

(141547, E VUM AT . DUSRER Bt 22 % B Je 73 ik & TP ARST 5 &
xof WG 9 it e S8 HRNRTT ROR B2 e W [7]. B2 24, 2025,
49(5): 705-7. DOI: 10.3969/j.issn.1000-744X.2025.05.008.

[15] MARTINEZ Y, LI X, LIU G, et al. The role of methionine on
metabolism, oxidative stress, and diseases[J]. Amino Acids, 2017,
49(12): 2091-2098. DOI:10.1007/s00726-017-2494-2.

[16] GAO X, SANDERSON S M, DAI Z W, et al. Dietary methionine
influences therapy in mouse cancer models and alters human
metabolism[J]. Nature, 2019, 572(7769): 397-401. DOI: 10.1038/
s41586-019-1437-3.

[17] WANDERS D, HOBSON K, JI X M. Methionine restriction and cancer
biology[J]. Nutrients, 2020, 12(3): 684. DOI:10.3390/nu12030684.

[18] TULI H S, KAUR J, VASHISHTH K, et al. Molecular mechanisms
behind ROS regulation in cancer: a balancing act between
augmented tumorigenesis and cell apoptosis[J]. Arch Toxicol, 2023,
97(1): 103-120. DOI:10.1007/s00204-022-03421-z.

[19] HEINISCH J J, MURRA A, FERNANDEZ MURILLO L, et al. The
role of glucose-6-phosphate dehydrogenase in the wine yeast
Hanseniaspora wvarum[J/OL]. Int J Mol Sci, 2024, 25(4): 2395
[2025-02-02]. https://pubmed. ncbi. nlm. nih. gov/38397078/. DOLI:
10.3390/ijms25042395.

[20] BERTELS L K, FERNANDEZ MURILLO L, HEINISCH T J. The
pentose phosphate pathway in yeasts-more than a poor cousin of
glycolysis[J/OL]. Biomolecules, 2021, 11(5): 725 [2025-02-02].
https://pubmed. ncbi. nlm. nih. gov/34065948/. DOI: 10.3390/
biom11050725.

[21] THOMAS D, CHEREST H, SURDIN-KERJAN Y. Identification of
the structural gene for glucose-6-phosphate dehydrogenase in yeast.
Inactivation leads to a nutritional requirement for organic sulfur[J].
EMBO J, 1991, 10(3): 547-553. DOI: 10.1002/j. 1460-2075.1991.
tb07981.x.

[22]WUWD,LIML, WUY X, et al. METTL14-mediated m6A mRNA
modification of G6PD promotes lung adenocarcinoma[J/OL]. Cell
Death Discov, 2024, 10(1): 361 [2025-02-02]. https://pubmed.ncbi.nlm.
nih.gov/39138186/. DOI:10.1038/541420-024-02133-w.

[23] LU C W, YANG D F, KLEMENT ] D, et al. H3K9me3 represses GoPD
expression to suppress the pentose phosphate pathway and ROS
production to promote human mesothelioma growth[J]. Oncogene,
2022, 41(18): 2651-2662. DOI:10.1038/541388-022-02283-0.

(s BHEAT  2025-02-25
[Axéwig]  HiFHa

(&= HEAT 2025-06-06



