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The Regulatory Mechanism of L-Citrulline on Oxidative Stress and

Trophoblast Invasion in Preeclampsia*®
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ABSTRACT Objective: To investigate the therapeutic effect of L-Citrulline (L-Cit) on preeclampsia (PE) rat model and its effect on
oxidative stress and trophoblast cell invasion. Methods: After establishing the PE rat model induced by N-nitro-L-arginine methyl ester
(L-NAME), the rats were divided into Control group, PE group, PE+ low, middle and high dose L-Cit groups (L-L-Cit, M-L-Cit and
H-L-Cit groups in sequence, with doses of 100, 200 and 500 mg/kg in sequence), n=6, continuous administration for 7 days. On the 21st
day of pregnancy, systolic blood pressure (SBP), 24-hour urinary protein, serum superoxide dismutase (SOD) and malondialdehyde
(MDA) were measured, and placental tissue was stained with hematoxylin-eosin (HE). The HTR-8/Svneo cells were divided into Control
group, hypoxia/reoxygenation (H/R) group, H/R+L-Cit group and H/R+L-Cit+sc-221593 group. The cells were treated with H/R, respec-
tively, and cultured with L-Cit (200 pg/mL) and the specific ERK1/2 inhibitor sc-221593 (10 wmol/L) for 48 h. Cell invasion was deter-
mined by Transwell assay. The protein expressions of total-ERK1/2, p-ERK1/2, total-p38, p-p38, matrix metalloproteinase (MMP)-2 and
MMP-9 in placental tissues and cells were detected by Western blotting. Results: Compared with PE group, the SBP and 24 h urinary
protein levels of the rats in L-L-Cit group, M-L-Cit group and H-L-Cit group were decreased (P<0.05); the placental tissue morphology
was significantly improved; serum SOD was increased, while MDA was decreased (P<0.05); the phosphorylation levels of ERK1/2 and
p38 and the protein expression levels of MMP-2 and MMP-9 in placental tissue were increased (P<0.05). Compared with H/R group, the
number of invasive cells in H/R+L-Cit group increased (P<0.05); the phosphorylation levels of ERK1/2 and p38 and the protein expres-
sion levels of MMP-2 and MMP-9 increased (P<0.05). Compared with the H/R+L-Cit group, the above changes in the
H/R+L-Cit+sc-221593 group were reversed (P<0.05). Conclusions: L-Cit may alleviate the symptoms of PE by reducing oxidative stress
in PE and promoting trophoblast invasion by activating the ERK/JNK pathway.
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drochloride, L-NAME )i %/ PE K SRUIARITVE A, - i s
NY R 55 241 (HTR-8/Svneo) 4, / & 48 (Hypoxia/re-
oxygenation, H/R ) | it —EHF9E T L-Cit X177 )2 iR 2%
REJT Y20 R AL o

1 AR5 07
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L1.1 EBEHRF  L-Cit(155 5 :C7629) W F ZE & Sigma A,
ERK1/2 $il#] sc-221593 (482 : CAS 1049738-54-6) Il [ 3 [
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WFFEIT . ALY ILEF(SOD, 185 : A001-3-2)ik 7 & N —
fiif (MDA, #745 : A003-1-2 iR 57 & [ P B 2B 4 T AR A 3R
T, RPMI1640 5355 (975 :R8758) Wy 3£ [H Sigma /A F] .
Transwell | F (525 :3422) 4 [ 3 [E Corning /A 7], total-
ERK1/2(ab184699) .p-ERK1/2(ab201015) .total-p38(ab170099) ,
p-p38 (abl78867). FEJT 4 )@ i ¥ (MMP)-2(ab51075),
MMP-9 (ab76003 ) , B-actin (ab8227) il IgG-HRP (ab205719) i
I H £ Abcam /A,
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#2416 H. Control 411y 6 R K AR L TS 1 mL 1 0.9%
SALEN R . 2245 15 KRBT, Control 01 PE 40K 45 KU H
1 mL [ 0.9%& Ak aNiA W, L-L-Cit 41 M-L-Cit £ F1 L-L-Cit £
KR4 R ¥ 1 mL 1% 100,200 5§ 500 mg/kg (1) L-Cit %
W B2 7d, L-Cit BFIE S TR E

123 SBP WyMIE N A JC A R 3h bk ol e 0 2 43 A7 R 4
ZH-HX-Z(ZHIEAEE PR B2 B 1) I K L SBP,
124 24 hREAMNE 2225 21 Kut, ARSI
PR, 4CF 2000 rpm &5.0 15 min, W F#E W, @i HA7
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1.2.9 HTR-8/Svneo 4Hf4 AR AbFE  Ff HTR-8/Svneo #ififg
44 Control 41 H/R 41 .H/R+L-Cit 41 fl H/R+L-Cit+sc-221593
41, Control Z1ZNMIAEH E A1 (5% CO,.20% 0,.75% N,) F1;
F, ANl ZE Y A3, H/R 41 H/R+L-Cit 21 fl H/R+L-
Cit+sc-221593 £H 240 Jfa 75 40 iy =< 55 35 46 vh B S 4 21 8 h(5%
C0,.2% 0,.93% N,), SRJ5H A Hidr 16 h,2 A EFFIL 48 h,
H/R+L-Cit 41 40 i }% 3 % v % Ji 200 pg/mL (% L-Cit,
H/R+L-Cit+sc-221593 4 4 ffa B335 3 5 200 pg/mL 11 L-Cit
FEE S ERK1/2 #1171 sc-221593(10 wmol/L).,
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b=, FERFRREPES 1% FBS, [FEPE 700 WL #h7EA 10%
FBS {58 &R B TN = . 78 5%I1 CO, M1 37 CHyREFAE
% 48 h, BRIV, FH PBS ik 2 1k, 4%% B HI ik
[ 22 20 min, 0.2%%5 55448 10 min, 55 , 7E 200 A5 AR A 4L
FREHLIERE 5 T, TR AN A

1.2.11 Western blotting T/ B RIAKFEWRM A AR M
0 44 50 F0 ZE B B0 ) A RIPA 28 b v DA IR 2% 2 2 8
HTR-8/Svneo 4l 15385 58 M . R BCA LE B EES
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1 B-actin 7£ 4 CHFF K . TBST Lk dk 3 k5, 5 1:
2000 FiREY IgG-HRP P RMFH 2 h, i1 BeyoECL Plus
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{577 SPSS18.0 ZRA AT R 4347, 2RI LEBCR AR R R
Fr 220301 I LSD K5, P<0.05 /R 225 A Giit 2+ Lo

2 R

2.1 L-Cit 3f L-NAME 558y PE KR IM/EF 24 h REBH
=AU

Za%5 21 K, 5 Control 2H 35, PE 4HAY SBP il 24 h Jj}
EHAKEHFE (P<0.05); 5 PE 41 H4:, L-L-Cit 41 .M-L-Cit
ZHF1 H-L-Cit 411 SBP 1 24 h JR & /K FH AR (P<0.05), I
*1,

1 BEKRASBP M 24 h [REAKTE

Table 1 SBP and 24 h urine protein levels of rats in each group

Groups SBP(mmHg) 24 h urine protein( mg)
Control 115.68+ 10.21 6.76% 0.71

PE 154.94+ 6.09* 13.24+ 1.01*
L-L-Cit 133.81+ 8.61% 8.12+ 0.36
M-L-Cit 131.93+ 4.73" 7.55+ 0.35*
H-L-Cit 120.76+ 8.51* 7.01% 0.87*

F 22.255 84.901

P <0.001 <0.001

Note: Compared with Control group, *P<0.05; Compared with PE group, “P<0.05.
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Fig.1 HE staining of placental tissue of rats in each group

Note: magnification: X 200
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2.3 L-Cit 3f L-NAME % 5# PE X R Ini%& & 4 B35 4R 80
=A

5 Control 2 bt % ,PE 41 K Bl ¥ - SOD 7K - R AL,

MDA /KT (P<0.05); 5 PE 4 H#, L-L-Cit 46 .M-L-Cit
20 A1 H-L-Cit 41K BT 1 SOD 7K EFF &5 , MDA 7K B ik
(P<0.05). W% 2.

*® 2 FAAXRKMTE SOD F1 MDA X
Table 2 Serum SOD and MDA levels of rats in each group

Groups SOD(U/mL) MDA (nmol/mL)
Control 23.18+ 2.81 1.57+ 0.19

PE 11.07¢ 3.42%* 3.64+ 0.84%*
L-L-Cit 19.25+ 1.52* 2.03+ 0.29*
M-L-Cit 27.01% 1.74% 1.65% 0.15*
H-L-Cit 29.56 2.17* 1.46x 0.06*

F 53.227 28.738

P <0.001 <0.001

Note: Compared with Control group, *P<0.05; Compared with PE group, “P<0.05.
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bEF s b Al
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Fig. 2 Protein expression of total-ERK1/2, p-ERK1/2, total-p38, p-p38, MMP-2 and MMP-9 in placental tissue of rats in each group

Control PE

MMP-9 [y 8 [ Rk K T HBEAL (P<0.05); 5 PE 4l 1b#¢,
L-L-Cit 20 M-L-Cit 21 Fil H-L-Cit 41 K [ i3 #% 2 41t ERK1/2
1 p38 (IBERR 16K SF- B MMP-2 il MMP-9 [ 7K 11 363k K - 44
T (P<0.05), W 2,

B p-p38 W— - m——
total-p38 wE—_—_:G G — —
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—
S
1

0.5

Relative expression of
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Control PE  L-L-Cit M-L-Cit H-L-Cit

MMP-9 S = = sees G o
B-actin — — S S
2.0+

Relative expression of

MMP-9/B-actin protein

Control PE

L-L-Cit M-L-Cit H-L-Cit

Note: A: Phosphorylation level of ERK1/2; B: Phosphorylation level of p38; C: Protein expression level of MMP-2; D: Protein expression level of
MMP-9; Compared with Control group, *P<0.05; Compared with PE group, “P<0.05.
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2.5 L-Cit % HTR-8/Svneo ZHBIRYZ 145k

ATk BE i L-Cit 3% 3% HTR-8/Svneo 4l 48 h J5, 50
pg/mL A% ,400 pg/mL F1 800 wg/mL ¥ 3 114 i1 L-Cit &b P
AHXT ARG 7750 25 B4 (P<0.05, LA 3), J58esti i, ¥ L-Cit
AL VR FE R A 200 pg/mL,

1.5

=
1

e
n
1

Relative cell viability

B 3 R[ERE IR HTR-8/Svneo 4B 48 X175 1
Fig. 3 Relative viability of HTR-8/Svneo cells treated with different
concentrations

Note: *P<0.05 vs 0 pg/ML.
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2.6 L-Cit ¥ H/R 555 HTR-8/Svneo ZHBI{S 22 {985

Transwell 255 7R , 55 Control 4H [X4% , H/R 4H ({228 40y
B AR (P<0.05) ;5 H/R £1 HbAs , H/R+L-Cit 26 1= 28 40 i 5k
BT B (P<0.05); 5 H/R+L-Cit 41 %7 , H/R+L-Cit+sc-221593
H AR ZE B R (P<0.05) . TLIE 4,
2.7 L-Cit 3} H/R %5 HTR-8/Svneo £ fii 1 ERK/MAPK &
Fidaap=Al

Western blotting 45 % i 7% , 55 Control £H [t %% , H/R 41 it
rf ERK1/2 1 p38 A4 2 1k 7k F K& MMP-2 1 MMP-9 fi4%& [
FRIK B AK (P<0.05) ; 55 H/R 4 L%, H/R+L-Cit 21 41 i
ERK1/2 1 p38 4 iR fb /K S K2 MMP-2 il MMP-9 {1 2 H %
koK E ¥ T E (P<0.05); 5 H/RHL-Cit 4 H o,
H/R+L-Cit+sc-221593 ZH 4t ffd i+ ERK1/2 F1 p38 1) B AR ALK -
S MMP-2 Fl MMP-9 [ I 33k KP4 R (P<0.05) . TLIEIS
3 3HE

PE J&—FiE IR IR 0% , 24210 R LRTETAE JLAE
TR EZF R Z — X} PE BB 1A EA B8R P, #FFTIESE L-
FE AR REERE (L L-NAME 53 A0 4T S ks BRUR 28 (AT M 7K
S PEATRPY M A ST AR AT , S T - BR A - BRLIE RS,
T L-Cit ATYEN L- M EZ R R AR &Y, A AR 58 4 D
L-Cit AT gext PE EA BHVATERYM, 45538, 100,200 F1500

80

604

404

204

Number of invasive cells

TR-8/Svneo B2 ZEHRE

Fig. 4 Invasion ability of HTR-8/Svneo cells in each group

Note: A: Transwell image, magnification: X 200; B: Number of invasive cells; Compared with Control group, *P<0.05; Compared with H/R group;
Compared with H/R+L-Cit group, “P<0.05.

mg/kg 11 L-Cit 445245 7 d J5 ,PE KB # SBP 124 h [RE [
T2 AR PERE AR, HE 2825 IR 5L L-Cit (4% TPE K
U SR , 33k 45 B SE T L-Cit % PE BIGY7FVEH] o Man 45
AHRE , L-Cit nJR#E% PE KR AR I SGE I Tset, ik,
L-Cit FTRE/ZIBYT PE MTBTEZY) .

PE i & A B e SHT b R B YA M, TP
HE S PE SR G SN R A, 5 kS PN R 4 M D) e R A
B LA SOD e ZIANG# P REAIL, I HL55 0 1 /8 A O i

SR AALA Y MDA 7 PE & R T, L-Cit A
WRPTAR A ERE 1 AHFST R, L-Cit T4 T PE K RUMLTE
SOD 75k, MK T MDA i, XS5 L-Cit J457 PE
MR S5 R

UFA L R 2 T AN TR AR B (EV Ts ) {2 22 AR g 5h ik 2
[ A 1], BV Ts {22 A BRI ISR 5 B | (2 (i RE AR e 01 ik
MR EETE , MR E PR LAER 7 2 1B TR A A
1, EVTs {22845 f& FIIEiE sl ik 8 40 2 -5 PE 1) 2 2L 3L
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D
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Relative expression of
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& 5 &% HTR-8/Svneo ZAAfIH total-ERK1/2,p-ERK1/2 total-p38.p-p38 . MMP-2 1 MMP-9 B & B KX
Fig. 5 Protein expression of total-ERK1/2, p-ERK1/2, total-p38, p-p38, MMP-2 and MMP-9 in HTR-8/Svneo cells in each group

Note: A: phosphorylation level of ERK1/2; B: phosphorylation level of p38; C: protein expression level of MMP-2; D: protein expression level of MMP-9;

Compared with Control group, *P<0.05; Compared with H/R group; Compared with H/R+L-Cit group, *P<0.05.

il B AL R P AR5 TS R EVTs (RZ88 12, TG
E T e ESh K, S BUR AR E IR, 51K PEY, Ry Tk —
#2453 L-Cit J5Y7 PE AT REBLE] , A58 35 T HTR-8/Svneo
2 H/R B, P AR S ME I 37 2 A0 . B9 B/, 200
wg/mL 4 L-Cit {2 £ T H/R i ) HTR-8/Svneo #ifii{Z 28, £
PE 1 L-Cit 0] g4 in T B4 S5 EVTs 191228681, X vl fig
JEHEAE PE (R EHIALE]

A1 T (ECM ) i fige Fir e 0 Bt -5 00 9 )2 A 1 28
fiE J1 A X ,PE B H IR {1 40 ECM R F fif il 2 1B 09,
MMP-2 I MMP-9 BEH 71 £k 55 J5C A5 1) 35 2 43 TV BT, DA
1M% 5 ECM (WA, 7ELEUR 151, MMP-2 FI MMP-9 %15
DT BB, PR SR A A 2R e B AR R, AR
FEFEW L-Cit 138 T PE KRR &4 41 &% HR i 5 1)

HTR-8/Svneo 4l Jifd ' MMP-2 F1 MMP-9 (] ik . MMP-2 I
MMP-9 [{)3%ik3Z2 5] MAPK 45 ZFP {558 077 . 72 MAPK
FE 5L, p38 JERK1/2 H1 INK 24N 915 554 51 T 289%
fiff, X LEFE T R IR R A K R B MIEA KA, A 4
3% ERK 1/2 JNK #1 p38 ZEN 1 MAPK 18 g2 5% 3% E 4
{RZBHGPHTT, a8, ERK (P38 Fl INK {55 4 1Y S 3 3 il
T MMP-2 1 MMP-9 f335, ii ERK/TNK 3 F A4 8005 34 in
T MMP-9 ()36, 55 #R L-Cit XF MMP-2 Fl MMP-9
B IR TR ME P TT A& B ERK/INK Gl B8 S0 BRI, ASBIFST
#4527 ERK/INK JE BSOS 00, 453 L-Cit FJH T PE
KM FE2H 2 H/R 5519 HTR-8/Svneo 4l ERK1/2 il
p38 MIBERRILAK . SR, (A ERK1/2 #7fil3) sc-221593 4b#f
H/R 55 1) HTR-8/Svneo 41 ffd U 7 ] T ERK/INK 3 # 19 %
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W%, FEH T HTR-8/Svneo AR ZE . FAREAWFRR,
L-Cit REAIR T Bl / PR TSR BB 240 ERK/2 il Akt (1)
BERR AL KT, (H Tt T p38 MAPK (@R b /K0, FLJF PR
fESE ERK/INK 3 B AR [0 Hh i s AR )

AR 5 [ MAPK 3@ R 52, ERK1/2 (236 23
TR 2 A A A5 4, IX W] ERK/2 i AR A1 T 4 A
TG AR AL P9, Dong 4 A\HRIE , - A 7T W] BEid o 0%
ERK/MAPK {55 i B P Ik L-NAME 175 S PE KR ifLE
PR A8 A BT Y R RN AR B, R PR 3 e 9
1% MAPK/ERK {5553 f& #0 #] HTR-8/SVneo 4 i i) JH 1 Fl 48
AR, TR PR T 5, FATHEN L-Cit n] G238 8
ERK/INK 3# 4% 1T PE F A58 Ab N I, TT e dE 1106 5% )2 4t
228, NTIAZ T PE SR

ZE FRTIR, AWF5E R L-Cit v G838 13 3 ERK/INK i
PEIAE PE i) AN O T 0 77 2 A AR 28 , ANITT%: PE
SiEtk. L-Cit AT g2 —FAYT PE TBTEZY) .
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