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Metabolomics study on the effect of linezolid on the proliferation of MEG-01 megakaryocytes and the
generation of platelet precursors
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ABSTRACT OBJECTIVE To investigate the metabolic changes in MEG-01 megakaryocytes after treatment with linezolid
(LZD) from metabolomic perspective and its impact on the the proliferation of cells and generation of platelet precursors.
METHODS MEG-01 cells were seeded in proliferation medium and divided into blank control group (untreated), solvent control
group (4%cDMSO), and 100, 200, 400, 800 wg/mL LZD groups. The proliferation status of cells in each group was observed

under the microscope; cell proliferation and viability were

AEETE FER A RBIEEE H (No.82102448) ; F PRI A
i8R ZE AT H (No.425Z2P12D) assessed. Cells were also seeded in differentiation medium and
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group (4%cDMSO) , and 400 pg/mL LZD group; after 14
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under the microscope; immunofluorescence staining was performed to count the proportion of cells producing pseudopodia, the
relative length of pseudopodia was measured, and the expression levels of CD41 and CD42b mRNA were assessed. Cells from the
solvent control group and the 400 pwg/mL LZD group, cultured in differentiation medium for 14 days, were extracted and subjected
to non-targeted metabolomics and targeted energy metabolomics analysis using liquid chromatography-tandem mass spectrometry.
The relative content of pyruvate in cells, after being cultured for 14 days with the addition of pyruvate (10 mmol/L) or LZD (400
wg/mL ) +pyruvate (10 mmol/L) , was measured and observed, as well as its effects on cell proliferation and platelet precursor
generation. RESULTS 400 pg/mL LZD could significantly inhibit the proliferation of MEG-01 cells and the generation of platelet
precursors (P<<0.01). Non-targeted metabolomic analysis of MEG-01 cells after 400 pwg/mL LZD treatment revealed significant
changes in energy metabolism-related pathways such as mTOR signaling pathway, alanine, aspartate and glutamate metabolism,
and central carbon metabolism in cancer. Targeted energy metabolomic analysis further showed that the relative contents of
adenosine triphosphate, guanosine triphosphate, and pyruvate in MEG-01 cells were significantly reduced (P<<0.01), while the
relative contents of lactate were significantly increased (P<<0.01). Compared with the LZD group, the relative content of pyruvate,
cell count, the proportion of cells producing pseudopodia and the relative length of pseudopodia were significantly increased in the
LZD+pyruvate group (P<<0.01). CONCLUSIONS LZD may reduce pyruvate production by inhibiting mitochondrial energy

metabolism, thereby suppressing megakaryocyte proliferation and platelet precursor production, ultimately leading to the occurrence

of thrombocytopenia.
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F5E B A AR = A REAY MEG-01 FAZ 4 A o5
XFG , FI RS 24 5 098 LZD X EAZ AR AR g i) 5%
W, I P4k 20 A3 FE A /N Fi A AR B O, B AR —
ARSE LZD £ LIT &R ALl 52

1 w7
1.1 FEUES

A FE T FH A 2 BN F2 B AL IX71 A3 i
5% (H A Olympus 23 &) ) , TC-20 4 41 fifg 3% 4% . CFX-96
AU 1 A Wi BE 20 7 (PCR) Y (32 [ Bio-Rad 2%
] ), LSM-880 U O M 5 A5 1 S 58 (12 ] Carl Zeiss 2
H] ), Varioskan™ LUX % £ ) fi B A5 1% ( 3€ [ Thermo
Fisher Scientific 23 7] ) , TripleTOF™ 6600 7Y Ji 1543 (35 [#
AB SCIEX /A ), 1290 Infinity LC 7 =5 oA (4, 3154%
(Z£[H Agilent A1) ) .
1.2 FEHmEIRF

LZD FrifE i (5 HY-10394, 4l =99% ) W [ 25 [#
MCE /A w3 — L (dimethyl sulfoxide, DMSO; It 5
D2650) \ IER R bR E Sy (L5 P8574, 4l =99%) ¥4I A
2 [ Sigma 2\ 7] ; RPMI-1640 1% 3% 5 (415 SH30809.01)
W A 3 B Cytiva 24 Al 5 i 4 1035 (5845 10099-141) i H
2 [H Gibeo 23 ) s CCK-8 4 1 PR A 7] & B- 1 2
F (8-tubulin) FL {4 . DAPI %t {4 57 (L5 4351 & C0037
AF2835.C1005) ¥ 7 1 58 = KA AR B A R
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N /A AL ZE (thrombopoietin, TPO ; 41t -5- 300-18-
100UG) 4 F 3£ [E Thermo Fisher Scientific 2] ; HilE-3-
W2 I ZU M (GAPDH) .CD41.,CD42b 5| ¥4t A= T 4=
PRk (BT ) A BRTTAE A Rl & i SEmE 526 E it PCR
(qRT-PCR)IXH & (45 1173605111 [ %51 Roche 2 H] .
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1640 K32 36+109% i 4= 105 ) v, 4% AL R 1 X 107>
1977 2O AR MR T 12 FUAR P o BB R EREUE K
() MEG-01 4L 53 425 % BRAL (TCARBR) 570 %) B 21
(4%cDMSO) F1 100,200,400, 800 pg/mL LZD £ ( Jifi &
WREEARIE R P g0 a5 R s ) , BB 5 AL, Ky
I 4 dJETICBE R WS4 A A0 B4 RS, -0 F 40 i
THBASCT A i . e BEHH R 700 85 U I 84 SR
CCK-8 A5 44 2 20 B () 34 B 15 o
2.2 M/NRBTAR A BB R 2R

F MEG-01 41 Jfg 42 o3 fb 55 7 3 (45 i1 50 ng/mL
TPO) i ET3% . B85 % 256 84 K I MEG-01 4l ff 43
7S U IR (TEAb ) (7 6] B ZH (4%0DMSO ) #1400
pg/mL LZD 41 (o ik BEAR 9 2.1 T T 45 311 5 ) , &
W E 5N, 3555 14 dJR I, TO6EE F gk
2 R A 1l AR AT AR —— O R A UG OO R EIR . #
SIS B A LA 4% Z2 5 F [ 5 , i A B-tubulin HT 44
PEAT R E T C YLt , (i FH DAPL e (0 30) 52 YL A% .
FHBEO AR A BB R AR IR WSS ST vh & 2H B AZ AN
Ji A B PR AR O L R 2 0 55 5T, DL & A
1 25 F2 Ry )G AR T A A RS o 2 PR A2 1Y) 40 i L
o] AT PSS LT R A o O FE G B, AT e i
SN ST . PAAS O BRZ v 10 A
SEE ARME, TR O A AR X BE T LAt A T e 1
1M
2.3 CD41.CD42b mRNA KiX#&

HRAE 2.2 BT Iy b AT i oy 2 5 b B, Wi 4y
AR SRR RE IR 14 d B 2R, 55 Trizol 177 46 , $2
S RNA. Ll GAPDH AN Z, #i i qRT-PCR A5 & H
Ui B A3 7 R /Ml AR IE 4 CD41 . CD42b mRNA 3=
PRIV 1T B K EE R 1
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®1 PCRI|MFIIR=MKE

JEH 4EAI5 3" P o
CD4I-F313 4% GATGAGACCCGAAATGTAGGC 155
CD41-R449 Ti: GTCTTTCTAGGACGTTCCAGTG

CD420-F57 if: CTGTGAGGTCTCCAAAGTGGC 145
CD42b-R221 Fli#: GTGAGGCGAGTGTAAGGCATC

GAPDH-F108 |-4##:GGAGCGAGATCCCTCCAAAAT 138

GAPDH-R304 Tii:GGCTGTTGTCATACTTCTCATGG
2.4 AEEREMRIGHES R E A E R I EHF

HRAE “2.27 TR Jy e T AN Ay 4 S A B . P
SRS CLUESE, A0HE T AR B SR B R R 14 dJ5 , DMSO
Xof A% A0 M 1 S Ph F 1) A 1 TG S 35 S ), SOA AT 54
IBUI R REZH AN LZD 2H 4 (4% 306 X 1074 ) A7 At
HAWTIT . TR AR SRR K VR VR AN 2 U, 1 400 wL 2
HBE-C MG (121, viv) 52 JUAH B AR 7= 9 . 7E 4 °C
T, LA 14 000 X g #5.0> 20 min, I8 IS T8, K5
TR T 100 pL ZAE-7K (1 1w D . BESRETE |
T Th R A= i A YRR A BRA W) Hy s TR €3 -
FR I T 1 H AR 2 AR HE 1) A 20 2% AN 1) R AU 2H
SR o A A 1) A A o AR e e AT
JA3 53 BT, PSSR T i A 0L ) A A 2 5 i s LA
AR G 4% 5 # B (variable importance in projection, VIP)
fH=1.P<<0.05 HZ (55 =>1.2 8 # 22 55 40<0.83
bR, AT 28 S AR P I 5 B, AR R R A
55 W4 i B4 45 (Kyoto Encyclopedia of Genes and
Genomes , KEGG ) B4 14 % 22 S A Qi = Wy 4 1 i i 4R
G307 o ARHEARRE p AR A S5 2R, i — 2D A T 1
e ARSI 43T , I 1155 40 e fi A QA DG i A
X
2.5 N0 TR R A Xt 4 L £ 5 R I /N B4 A R O =20

SR PPA A1 P TR 2 %o 4 L R /N AR A
PRS2 K MEG-01 48 J 53 51142k T 43 Ak 15 57 FL A
FAREFRIE R, FF 3850 R G B2 (4%0DMSO) TN Bl iR
2H (10 mmol/L A i g ) . LZD #H (400 wg/mL LZD) .
LZD+N iz 2H (10 mmol/L i iR +400 wg/mL LZD) Jf:
VEARRI AL R, BE2H 508 5 A fL. i T A IR 5k
Figt 4 d e AT AN T ok Rk b R 14 d s
HEAT 240 B A PR R R A T el (7 ik [R] <2473 ), OF
WE L/ MR AT A BB ik [A] “2.27 30T ) .
2.6 FItEFHZE

fdi 1 SPSS 27.0 F AR S s e AT et or . it
OB X 5 7R, Z 410 SR FER R R 7 2504,
ZH [ LR FH LSD- i 35 o k37K M a=0.05,
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3.1 LZD %I MEG-01 4R issEF0iE

JEEE TS EE R R - 528 O RZE LA, 5000
HEL 2L 00 i Py 1 9 A A7 38 B S g i), H LZD 20 20 i 14 5 <7
B 7B R AR, ELA R R 24 W R 8 i v
5, DLPE 1, A ANIETTEU COK-8 IR 4 R R - 528
P X HRZH A, Vs 390 0 2 4 34 A B 4 i 7% ) 22
S TG X (P>0.05) ;100,200,400,800 wg/mL
LZD #H 431508 8 & /> (P<<0.01) ,800 wg/mL LZD
LA EHE BTG ) A FEAR(P<<0.01) . Z2RILEK 2,

o0
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D.200 pg/mLLZD4  E. 400 pg/mL LZD %4 F. 800 pg/mL LZD 4

Bl fAMEG-014pEAEEBHE(FRR 450 wm)

F2 BAMEITHNEMRIEEENER (xts,n=5)

ik A X104 USRS
MR 6511049 8996179
TN R 716£030 91.16£2.96
100 pgmL LZD4] 5551018 §9.83£3.10
200 pgmL LZD# 4524035 87361343
400 pgimL LZD4L 3931029 9043£2.10
800 pg/mL LZD4L 2434012 7687470}

a: 578 PN R [hds, P<<0.01,

3.2 LZD /N T 2 AR

5525 P A oA, v 75 %o B A RO A B AR L
) AR ARG B2 22 S ¥ o g it 2 L (P>0.05) ;400
pe/mL LZD 414 il Oh 2 (4 20 L 1) 8 35 AR (P<<0.01)
O AN B 2 (P<<0.01) o 45SRILIE 2 £ 3,
3.3 LZD A0 CD41#1 CD42b mRNA )&%

qRT-PCR SZ 5645 5t 7R, 400 wg/mL LZD AbBEJ5 40
Jfirf CD41,CD42b mRNA FRik/KF-2 7 G145 L
(P>0.05) (HARZESNE)
34 LZD M T E %A i 5

F AT AT BT AE A o, R R A E R, 400
pg/mL LZD 2H 4 i i) A Qs A A 1 i A2 (&1 3A) .
400 wg/mL LZD ZH 20 N 41 PG4 & i B 5 T
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a. 4% IR b. i%'%’?fﬂ%‘rﬂ?zéﬁ‘ ¢. 400 pg/mL LZD 2,
AL AR it/ DN AR A SR 1 S B (B Rk 50 um)

b. I AL
B. 45 ZH 4 /MR AT WA 1 G2 Dt S 1 (B RUR 50 wm)

B2 LZD XTI/ N e A s B 8200
x3 FBAMBEIM/NREEIEERBXIEREEE (x+5,

a. 75 IR RA ¢. 400 pg/mL LZD 24

n=>5)
45 DRI % A
75 FIRTHRA 7631419 094+0.16
T RIX AL 78141247 0.89£0.12
400 pg/mL LZD4 41204518 05610.15*

a: 575 FIXTIRAL R, P<<0.01,

(P<<0.05), 134 F A1) & it i AR (P<<0.05) ,
ULIE 3B [# 3C, i 2 M 25 AR - Mk 1 T KEGG R
i % e 2R 45 R WK, 4% mTOR {5 % i B (mTOR
signaling pathway ) , TN 2 ig . K 4 2 iR Fl 4 & R 1 15
(alanine, aspartate and glutamate metabolism ) , J% 4 [ 7
LMRA T (central carbon metabolism in cancer) %55 A &
AR AZ 2 T W52, 7 UL 3D,

A ] e e ARSI A3 B 25 SR S, SR R L
8,400 pg/mL LZD ZH 4 1 P e 4 Bt — BE IR R 1 (ad-
eno- sine triphosphate, ATP) | & 1 = #i2 (guanosine tri-
phosphate , GTP ) AHXT 7 it i 2/ (P<0.01) 5 BHEEfF L
AR A 4 H ] 7 ) ——— PR R R A 0 e I 2 el (P <<
0.01) , LM (lactic acid, LA) A X} & & i 35 54 (P<
0.01). &R A4,

3.5 MMAREREREEE T LZD 5| &2 H 4 RasGsE 0 H &
/MR A B FE S

SRR R LA, P Bl 2 2 40 v oA T PR R X 57
i AT A O R A AR LA DR R X B 2 S
Wi it 2 L (P>0.05) , LZD 4 4l P i R AH X
T UM R AR PR AR A L A1 S B A B
Y 2 WA > (P<<0.01) . 5 LZD 4 I #, LZD+N
V] P22 21 240 A v DA W TR R X 5 i L 8 A P 1Y
20 LA Oy R X B B A 3 T i (P<<0.01) o
SRR 43R5,
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20 | EEibapti) @ 100 pg/mLLZD 4]
10
s
i
= 0
=
3]
-9
—10
—20

—20 0 20
PC1(47.9%)
AL F RS Hras R

AR AL

400 p.g/mL LZD 4

linezolid

hypoxanthine
deoxyguanosine
2-hydroxyadenine
D-ribose 1-phosphate
choline

pyridoxal
L-palmitoylcarnitine
deoxyadenosine
uridine 5'-diphosphate
palmitic acid
thymidine 5’ -triphosphate
glutamic acid

cytosine

alanine

glutathione

adenine

cholesteryl sulfate
eicosenoic acid
alpha-D-galactose 1-phosphate
sphingosine
N-acetyl-d-glucosamine
D-glucose 6-phosphate
glycerophosphocholine
L-glutamine

glycerol 3-phosphate
N-acetyl-I-methionine
valine
L-hydroxyarginine
DL-tyrosine
DL-arginine

glyceric acid

C AT 1) (HE# 1 32) A A

8 F Down: 134 metabolites Up:41 metabolites

6 0
- e
o Kk
a
= 4
g
|
2
0
—10 —5 0 5 10
log, (2 54540

BATTEZE AL Ry K L

mTOR signaling pathway t
choline metabolism in cancer L]
FoxO signaling pathway
alcoholism .
cocaine addiction
morphine addiction

glutamatergic synapse

alanine, aspartate and glutamate metabolism [ ]
sphingolipid signaling pathway .
central carbon metabolism in cancer =]
mineral absorption o
protein digestion and absorption L ]

Parkinson disease
—log,,(P)

7
6
5
4
3
2

Metabolite number

L]

pyrimidine metabolism o
aminoacyl-tRNA biosynthesis (<]
glycerophospholipid metabolism I o]
purine metabolism |
O

ABC transporters . 4

® 3

glycine, serine and threonine metabolism [ & e 12
| ® 16

biosynthesis of amino acids &

0.1 0.2 0.3 0.4 0.5
Rich factor

D.AEAEASARI ARS8 KEGG 38 14 (HE44 1T 20) 5 4243 BF

3 JE#mE A BIEFRN LZD Xt E % 4R 5 R0

F4 MANAMBLEEEAHEXTVENSERER

(x*+s,n=5H)
4151 ATP GTP R LA PEP
esibapel 1041014 102005 100007  LO3£011 098+0.06
400pugnLLZDA 0461007 056009  062+010°  135+017 101003

a: SN BRZH L4, P<<0.01; PEP : W2 M5 B R il i ( phosphoe-

nolpyruvic acid) .
4 it
4.1 LZDHPH B 1% 40 pa g 5E & /R BT A A 5L 1€ B
wit

DA A% 20 8 by 72 A8 1L/ A A e R v e E A% AR
UL B4 I I A AR 1 A BRI v B I RIS
FEHH 53 LIT B FiAT 4 i 40 st D - i ol 2 80
PRI LIT 1) s AL 7T R 55 1 A0 1 3 ol A m s 2
AN, AWFFTSE AW, LZD A ] R 40 i 1
LI 4 B A R BEARO e 3, 3 S I R A 52 v
LIT &% 5 LZD A ik B 52 IEAH G A — 3, 36 W]

T2 2024 4F5 35 45 23 1]

5 LZD I PR -4 B4 1) 247 40 390 kR FH 24 B 1] 3 1
WY EBRA SE, A, AR R LI, =ik
(800 pg/mL) ) LZD 23 FLHEAR 15 A% 4 M () B 58 75 07
B 7E 1E 5 B9 I TR 5 FH o LZD 1fi 28 9 3 ¥ 35 3] 800
pg/mL™ PR, 2 R XA 51 5 LIT i & AT
Koo AT, EF ARG LRI I B LZD W
400 wg/mL,

A WFFEHGE , fEXT LIT 8 A T BE s ke i R 30 T
JE A HIEAS IEH A AZ AN, Ui LZD 78 i B A%
S HL 1) I A3 A S Rt R AR T AR SR AE T
SN TPO 1Y 3 A8 35 ik vp g0 4T 4 M 3 7 0 WL O 2
A RE L, 25, 400 wg/mL LZD ] i M B A%
4 BB 2 A . A, qQRT-PCR 52 56 45 JR 1 755, 400
pg/mL LZD 4b B 41 il H CD41,CD42b ) mRNA ik
KBTI R E A, FREEREER  LZD w4l i /M
HIAHY A2 BUE ARSI CD41 I CD42b Yk
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b. YRR

a. I AR

b. N R

c.LzD4 d. LZD+N R

AL FSLLANI L/ NG PR A OO ) 35 (R )R 100 wm)

c.LZD#A d. LZD+ N R4

B. 45 AL/ A P O 0 G934 €5 ] (BRI 100 )
B4 RIMAEERXS LZD 5| & 4G &) K /MR T 4 i RS R #200

®x5H FNMAMERE&HME P RWERENSE . HE
TR /MR £ AR R FEAREL B (x £ 5,n=5)

ik [T e 1 O i e 2 R )
VN TR 1.00£005 6401033 76024582 1042011
iR 1.04£0.06 6.01£040 69.68%342 094£0.13
LZD4 0.60+0.05° 2914019 4381276 04740.12°
LZD+H R4 107£0.10° 5.08:+0.86° 60.66£5.72° 1.04£0.15°

a: GIRFIRT AL L, P<0.01;b: HLZDA He#s, P<0.01,

4.2 BEERBIRETE LZD SEUm /IR A BOR D 91
At

BRAERIF ST & B, i MR 9 A et P 5 Lok i g 1A
R DIAHOC™ ) LZD £33 bR 07 , i 1M 5 2 fig
AR H 1 E G T LZD X AR 4 A G Y
WFFEARRT D o A STk R R ) A 2H 27 o0 BT e ]
LZD (78 T MEG-01 EAZ 41 MG , H &R K&
RN Z IR AT, i Y rh OB A R 55 5 e s A QAR
KREZ R T W E 50, HE— 20 U ) 5E A A
WS AFr 45 R B, VAR IR [, 400 weg/mL LZD
ZH 240 ffa v ATP . GTP FTP BR B2 AH T 25 i i /b , LA AHXT 2
AN, LSRR, LZD T T H ALk A fE
PR, 255 ISR , 28 HE D AE B2 A ) 520 v] R 2
LZD 3 J30 240 A 43 5 R il /Nl R A 2B st i S ] .
BB A2 P N R 2 PEP B R — 2 720, AR WFSE K
381 275 245 21 240 it DS R A X 5 2D, {FL PEP (14 AT
E AL, UL LZD S8 Mk A s b i 4 R R]
B & A= 7F PEP A LN B BRIk — B BL , J S A 7 ik — 25
WFFE AW B LZD $0 PEP % 40 1 a2 (1 AH DG AL

- 2868 - China Pharmacy 2024 Vol. 35 No. 23

4.3 WERNEEEEE EZ A M/ NMEETE £ BGTE PR
1B RERT
PRI A RE o A A v Py B E A (0, LR
BERE AR Z™ ), R —RIRIE R RIS . 1EA
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