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(FEE] B SITEIE ARG E R BT (PhGs) W MeREATE K BV 18 Bt B i £ 40 4 F SO 2
I P e-Jun 2 B A S (INK) 15 5@ B BRAE T, ik b4 72 H SPF itk SD KR, 4 i
HUBUF 3 MR TR  MERAERERIZH | PhGs 2H . PhGs+Erastin 41 . BT #1415 J2 8% (DFO) 41, 2k 3E T
WG ) Erastin 20, 554 12 X BFEARAIUTHIELE S, RS AL EBHEFLEFLAR (CLP) fil 5 e Eain
PhGs dHHilBL5 2577 200 mg/kg PhGs HEE , PhGs+Erastin 20 [RIIF45F PhGs B (200 mg/kg ) 1 Erastin e s T g
(20 mg/kg), DFO 2H % T 1 5F DFO (20 mg/kg), Erastin ZH i J1E {32 5 Erastin (20 mg/kg ). il 45 24 h J5 B K /)N
Ji 21 2, R FH i 06 B 72 W B3 56 (ELISA) A5 T i o g SR A6 Bl F - o (TNF- 0 ), LA R (IL-1B L 114,
1L-10) 7K 5 2R FH EE 65 K6 0 D- FLER A S0 (D-LDH), 5 88 (MDA, Fe®* & i 5 SR FH #1158 BN 6
(Western blotting) Kl R 1L INK (p-JNK) /INK | 23 Bt H L AL 4 (GPX4), A A A B AE Rk
BT 4 (ACSL4), B %A 1 -1 (Claudin-1), A ALEG (DAO) M8 I ZRIB KT s SRR ARE - 41 (HE)
P A T4l 1 BRI LA U JFAT Chin 1743 5 RIS 4H AL GPX4 ., DAO . INK A9 f réki'%aiﬁ 5 T T
ML T MR R MAGB I ZE M . S5 PhGs £ 24 h K FUAR: A7 850 40 e B A AR R £ I G 4 1:81k6, P<
0.05), TNF-a (ng/L: 30.30£5.06 £t 62.20+3.41), IL-1B (ng/l.: 273.90+7.99 . 433.30+ 8.42)\ IL-4 (ng/L .
15.24+1.86 £ 26.40+1.57), . 1L-10(ng/L: 28.07 + 1.62 I 53.07 +3.36) . MDA (umol/L.: 4.13 +0.41 Lt 6.67 +0.51),
D-LDH (KkU/L : 6.77+0.55 [t 18.12+1.03), Fe*" (umol/L : 16.13+0.45 [t 19.20+0.56) 7K - 27 45 JHe 25 ikt A€ 50 2401
M2 TR (3 P<0.05), H LR 48455 DFO 4 e 22 F T80T 24 7 X (3 P>0.05), Western blotting £l
75 B 7R, PhGs 20 p-JNK/INK 2K 113635 [ (p-JNK/INK) /B -actin : 2.31+0.13 [ 3.41 +0.11 ) Fl ACSL4 % 155
I8 (0.44+0.02 Lt 0.86+0.13) ) 245 e 55 iF 455 760 21 B Wb B 1K, GPX4 2K 1 32 35 (GPX4/ B -actin : 0.48 +0.03 [t
0.31+0.01). Claudin-1 21335 (Claudin-1/ B -actin : 0.97 £0.03 [t 0.69 +0.03), DAO & [13ik (DAO/ B -actin :
0.68 +0.04 [t 0.32+0.03) 3455 Jife B iF 455 78 2 W] & 7] 7} (3 P<0.05), HE J: 45 R R, PhGs 4 Chiu 3T-47
A ¥ 55 9 B R0 21 W N AR (432 1754071 11 3.17+0.41, P<0.05). % s 41 4k 45 S 5 7R, PhGs 20 GPX4 [H
PEFR IR AUE 7 ((24.29+£2.53) % H(16.55+2.64) % ) Fl DAO FHAE: Rk i AU E 43 He ((16.99 +£2.34) % L
(5.6410.35) % ) Y4 e i REASTRY 2 B 3 T, INK PEPE Rk 1 A A 43 1 ((14.324£0.77) % 11 (38.06 +1.72) % )
BMeERRE AL B i R R (3 P<0.05), BT HLEE F SRR, PhGs LR RRES 1 SEA SRR IR e 7
SRR W S . 2518 PhGs X CLP 5 5 1Y MeRERE K B 1 b e BA (R 3P VE T JLALHI T B S 4m il INK {5
Sl . FIE GPX4 IR ACSLA ek MHIHIFET A 5.
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[Abstract] Objective To investigate the protective effect of phenylethanoid glycosides (PhGs), the active
constituents of Cistanche tubulosa, on the intestinal barrier in septic rats and to determine whether this effect is mediated
through regulation of the c-Jun N-terminal kinase (JNK) signaling pathway to inhibit ferroptosis. Methods Seventy-
two specific pathogen-free (SPF) male Sprague-Dawley (SD) rats were randomly assigned to six groups, 12 rats in
each group, using a random number table: sham operation group, sepsis model group, PhGs group, PhGs+Erastin
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group, ferroptosis inhibitor deferoxamine (DFO) group, and ferroptosis activator Erastin group. The sham operation
group underwent laparotomy with closure only, while sepsis was induced in the remaining groups by cecal ligation
and puncture (CLP). The PhGs group received intragastric administration of PhGs at 200 mg/kg after modeling; the
PhGs+Erastin group received both intragastric PhGs (200 mg/kg) and intraperitoneal Erastin (20 mg/kg); the DFO
group received subcutaneous DFO (20 mg/kg); and the Erastin group received intraperitoneal Erastin (20 mg/kg). Blood
and small intestinal tissues were collected 24 hours after modeling. Serum levels of tumor necrosis factor- o (TNF- )
and interleukins (IL-1(3, IL-4, IL-10) were measured by enzyme-linked immunosorbent assay (ELISA). Colorimetric
assays were performed to determine D-lactate dehydrogenase (D-LDH), malondialdehyde (MDA), and Fe’* levels.
Western blotting was used to detect the protein expression levels of phosphorylated JNK (p-JNK)/JNK, glutathione
peroxidase 4 (GPX4), acyl-CoA synthetase long-chain family member 4 (ACSL4), Claudin-1, and diamine oxidase (DAO).
Hematoxylin-eosin (HE) staining was performed to evaluate intestinal mucosal pathological damage, and Chiu scoring
was applied. Immunohistochemistry was used to assess the percentage of positive expression areas for GPX4, DAO, and
JNK. Transmission electron microscopy (TEM) was employed to observe mitochondrial ultrastructure. Results The
number of surviving rats at 24 hours in the PhGs group was significantly higher than that in the sepsis model group
(8 vs. 6, P < 0.05). Serum levels of TNF-a (ng/L: 30.30£5.06 vs. 62.20+3.41), IL-1B (ng/L: 273.90£7.99 vs.
433.30+8.42), I1-4 (ng/L: 15.24 £1.86 vs. 26.40 £ 1.57), IL-10 (ng/L: 28.07 £ 1.62 vs. 53.07 +3.36), MDA (umol/L:
4.13+0.41 vs. 6.67+0.51), D-LDH (kU/L: 6.77 +0.55 vs. 18.12+1.03), and Fe** (umol/L: 16.13 +0.45 vs. 19.20 +
0.56) were all significantly decreased in the PhGs group compared with the sepsis model group (all P < 0.05). Among
the above indicators, no statistically significant differences were observed between the PhGs group and the DFO group
for all parameters (all P > 0.05). Western blotting results showed that the p-JNK/JNK protein expression [(p-JNK/
JNK)/ B -actin: 2.314+0.13 vs. 3.41£0.11] and ACSI4 protein expression (0.44+£0.02 vs. 0.86 £0.13) in the PhGs
group were significantly lower than those in the sepsis model group, while GPX4 protein expression (GPX4/ -actin:
0.48+0.03 vs. 0.31 0.01), Claudin-1 protein expression (Claudin-1/ 3 -actin: 0.97 +0.03 vs. 0.69 =0.03), and DAO
protein expression (DAO/ B -actin: 0.68 +-0.04 vs. 0.32+0.03) were all significantly restored compared with the sepsis
model group (all P < 0.05). HE staining demonstrated that the Chiu score in the PhGs group was significantly lower than
that in the sepsis model group (1.75£0.71 vs. 3.17£0.41, P < 0.05). Immunohistochemical results revealed that the
percentages of GPX4-positive expression area [(24.29 +2.53)% vs. (16.55 £2.64)%] and DAO-positive expression area
[(16.99 +2.34)% vs. (5.64 +£0.35)%] in the PhGs group were significantly higher than those in the sepsis model group,
while the percentage of JNK-positive expression area [(14.3240.77)% vs. (38.06 & 1.72)%)] was significantly lower (all
P < 0.05). Transmission electron microscopy observation showed that the mitochondrial structure in the PhGs group was
largely intact, with markedly attenuated damage compared with the sepsis model group. Conclusions PhGs exert a
protective effect on the intestinal barrier in CLLP-induced septic rats. The underlying mechanism may be associated with
the inhibition of JNK signaling pathway activation, upregulation of GPX4, and downregulation of ACSL4 expression,
thereby suppressing ferroptosis.

[Key words] Sepsis-associated intestinal injury; Phenylethanoid glycosides; c-Jun N-terminal kinase;
Ferroptosis
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ACSLA | B3 #5111 (Claudin-1), — i AL
(diamine oxidase, DAO) i & [ A K-« FEHLA
HRBIHLE A, A LI BRER K E5E L,
AT R/ 35 1 R , 8 2H 2 T R T A B
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DFO 41 8 30.56+2.98"  234.20+16.04"
Erastin 21 5 91374335  547.50+20.60 "
7y 634.80 1 823.00
P1iE <0.05 <0.05
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Erastin 21 5 42.01+0.15"  121.10+6.49 "
F g 308.60 983.40
Pt <0.05 <0.05

T BT ARALILE, *P<0.05; 54, PP<
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DFO 41 8 355+0.18" 549+1.05" 1535+0.68"
Erastin 41 5 8.02+048" 3634+1.08" 27.22+1.40"
F i 210.20 635.10 231.90
P <0.05 <0.05 <0.05

T SRR, *P<0.05; SR R, Pp<
0.05; 5 PhGs #1 Fb3%, “P<0.05,

24 %4 KB 4 21 JNK. p-INK. GPX4,
ACSL4, Claudin-1, DAO 8 A K P A (K 15
% 3): SRTFARAE, Mg A2 iy p-JNK/
JNK Fl ACSL4 £ [ Z&i5 5 W] W F+ i (1 P<0.05),
GPX4, Claudin-1, DAO £ #1880 I TR (3 P<
0.05), $8/R SR FEITE  PAET B & ; 5 MG
IR 2 L %%, PhGs 24H . PhGs+Erastin 21 . DFO 4119
p-JNK/INK 1 ACSLA % [1 3235 5 W i F I () P<
0.05), GPX4, Claudin-1, DAO & H 5% ik = B g 7+
B (¥ P<0.05), 1M Erastin 20 9 _F R 8 55 7K - %5 fie
BEAE B 2] 0 — 254k (38 P<0.05), R 54T
A R B AT BIPE & A7 T . 5 PhGs 41
LL#, DFO 4458 bm LR 22 SR ¥ gt it2 2 L (3
P>0.05), 1M PhGs+Erastin 21 p-JNK/JNK Fl1 ACSL4
() 1 R IR 7K — 20 T (1) P<0.05), GPX4,
Claudin-1, DAO [ AR5 F (3 P<
0.05), #2755 Erastin A 7E— & 2B U855 PhGs [yl
RABHERIPEH . LIRS PREES A Hrvl F, “ 5%
SiE - ERBCT" AUHG IR S 18 B 35 90 7 e B 43 49 114
FF “IKBh” R ZE, 1M PhGs 0T AR AES 55K .t
Al BB TR EE LS, BN T I B R SR
EME
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1 Western blotting R4 K BUBHA L H INK. p-JNK.
GPX4, ACSIA, Claudin-1, DAO H1FE FAFIXKF

2.5 HAKRBHAHLURPEFMEL T Chin P53 L
(F2; % 4) b8 FREER, RFARL/NGHE
Y RAE , 2B TV O IS RIS, /N s
HED &%, B A ARY K, /MakEFa . -
Rz SEEE 5 M TR RE AR AR 20 7 38 28 B AR A L AR T, T g
RRREES e SV A e Y O B YN E - O =k ) kR L
5 PhGs 4155 Jie B iE A5 7Y 21 99 6 T 3t 97 ik 200 2 ik
%% ; PhGs+Erastin 2 44 7E T0 ity 7 i P02 45 e B R A
UL A Pl G2 fidk , (H/ N BB AT BB 730 2 . DFO 41
/N B8 T FE AT A A AR A I R A A AU A
PhGs+Erastin 20 B it 2% f# ; Erastin Z1/Mp 28 & K&
e LT FENUZ SR T )2 B e, B4R
Bk, RAEANNIZE I B X454 HE U R AT
W78 Chin P53, ST ARA LR, MR AE B AL ZH 1Y
PEO I BT (P<0.05), HE/s i B 3l 5 5 e
KERIZH [ %52, PhGs 2H . PhGs+Erastin 21 . DFO 41119

STEHAAFREN TR, HES¥ARIT¥HEX
(#] P<0.05), 5 PhGs 41 %%, B4 Erastin 2H 20 {H

— - FFE A (P<0.05), PhGs+Erastin 41 . DFO 2143
ZEX (¥ P>0.05),

H2ZEF TG

oy &
T A WIRTARE, B AT, C Jy PhGs 4,
D N PhGs+Erastin 20, E Jy DFO #H, F >} Erastin £ ;
H AR N B e A H kR MA S E

E2 U5 T MESAEKRHHS MRERFREE
HE 3¢ fREHA

x4 BHKXRIHHLE ChiuiFo bR (x £5)

211 51) s (R) Chiu ¥F5> (43)
TR 12 0.58+0.51
JieBEREAR AL ZH 6 3.17+041%
PhGs 41 8 1.75+0.71"
PhGs+Erastin 2 7 1.78+0.83"
DFO 41 8 1.88+0.84"
Erastin 41 5 4.60+0.55"
F A 29.820
Pt 0.001

T ST ARALLE:, *P<0.05; SIEERRA L4, PP<
0.05 ; 5 PhGs ZH L8, °P<0.05

2.6 #5H KB IE S Th ZORARIE S BB T A
RARFR P TEFRIAE O AL (B 3~ 45 K 5) : Sk
FERLAY A LLH, PhGs 41, PhGs+Erastin 41, DFO 41
1 GPX4 A1 DAO By B B ET o FE 2 AN [ 7

®3 J[EXRBARPEXEANRIEER (x+s)

i s (p-JNK/INK)/ GPX4 H1FEiE ACSIA4 T HFRE Claudin-1 EHFIk DAO #E13RiE
(H) 8 —actin (GPX4/ B -actin) (ACSLA4/ B -actin) (Claudin-1/B -actin) (DAO/ B -actin)

BFARA 12 2.04+0.07 0.63+0.03 0.22+0.02 1.2740.01 0.89+0.03
JHeBEAE AR AL ZH 6 34140112 0.31+0.01% 0.86+0.13% 0.69+0.03 % 0.32+0.03%
PhGs 41 8 231+0.13° 0.48+0.03" 0.44+0.02" 0.97+0.03" 0.68+0.04"
PhGs+Erastin 41 7 2.46+0.13 " 0.41+0.01" 0.64+0.02 " 0.90+0.04 > 0.52+0.05"
DFO 41 3 2.58+0.10" 0.51+0.02" 0.45+0.02" 1.11+0.07" 0.67+0.02"
Erastin 20 5 3.83+0.15 " 0.22+0.03 " 1.21+0.09 ¢ 0.56+0.03 ™ 0.21+0.02"
F{E 107.200 111.800 79.940 126.700 169.100
P <0.001 <0.001 <0.001 <0.001 <0.001

TE : ST RS, *P<0.05 ; 5 HERIERIAL LA, PP<0.05 ; 5 PhGs 4114, °P<0.05
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1 F+ v, B 22 5390 ge it () P<0.05), T
INK £ BH P 1o AR A 4 Fe ) B R 9 (P<0.05) 5 5
PhGs 2 H#, PhGs+Erastin 20 %) a8 4 BH M ]
HE I 2R TG 7 2 L (B P>0.05) ; $278
PhGs TEMIE P47 SEREM 5 THAFAE R 3L, I
HSEIC TS RAAERS U . S T k2D e
BRIET A4 20 P VR T A B SR AE 25 20 i B8 T WL 4L
RARZE R AR, 25 R R TR A LRI SR
R USSR  SORLRIE + 57, AR AE AT R 2 2k
KLAR TR 3 5 A . ZORARUB T 2%, PhGs ZHZOR AT
FER B 5 IR RE RS R A LA, TR A8 R SR 25 4
Y88, PhGs+Erastin 21 2&k7 (47K B i, T H2
ARG Y A WIS (H AR S S ik, b Y 32
LR T —ERENIRE . DFO 4 £k RTE
BB MAERE BRI A BT, AR B U4
T4 FAE 52 RN R AU 19 56 3% B2 7 TRT . 177 Erastin 28
IR TR /N UETH R | B ITR , T4 2kt
PRI A, X PIC T TELRAR i BRI, 255
K&, PhGs HLRARZEBAR KPR B, HACR
5 PhGs+Erastin 141, 5 DFO 220, #— 20 i B
PhGs A 38 52 410 il R AL 1T 52 X SR AR 25 44 g LR 4
YR

RFARA

Jife i S TR 2 PhGs#l

R5 RAKXRFALF GPX4.DAO UK

JNK BIPHMEER B S LB (x +5)

T YR GPX4 DAO INK
(H) (%) (%) (%)

BFARH 12 4506+3.37 18.47+4.34 7414045
[ e AL 6 1655+2.64% 5644035 38.06+1.72°
PhGs 41 8 2429+253"  1699+234" 1432+0.77"
PhGs+Erastin 4 7  2178+3.53"  1390+195" 1556+1.05"
DFO 41 8  31.68+295" 1838+3.17" 12.19+1.57"
Erastin 41 5 682+1.14"™  222+0.11° 4853+1.95™
FAH 162.500 52.480 916.600
P 0.001 0.001 0.001

T HEFARAE, *P<0.05; SRR L, PP<
0.05 ; 5 PhGs 40 H#, °P<0.05
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A6 A ¥ 88 (Toll-like receptor 4/myeloid differentiation
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