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[ Abstract]

degeneration (IDD) in rats. Methods: In the cell experiment, male rats were administrated with normal saline or low-, medium-,

Objective: To study the effect and mechanism of Shentong Zhuyutang in treating intervertebral disc

and high-dose (3.38, 6.75, 13.5 g-kg', respectively) Shentong Zhuyutang by gavage, respectively, and serum samples were
collected after 7 days of continuous administration. Another 10 male rats were selected for the isolation of nucleus pulposus cells.
The cell model of IDD was established by treatment with interleukin (IL)-18. The modeled cells were then treated with Shentong
Zhuyutang-containing serum and the ferroptosis inhibitor ferrostatin-1 (Fer-1), respectively, to investigate the effects of Shentong
Zhuyutang-containing serum on the proliferation and ferroptosis of nucleus pulposus cells. To study the role of silent information
regulator 1 (SIRT1)/nuclear factor erythroid 2-related factor 2 (Nrf2) in the regulation of ferroptosis in nucleus pulposus cells by
Shentong Zhuyutang-containing serum, this study treated the cells with the SIRT1 inhibitor Ex 527 and the Nrf2 inhibitor ML385,
respectively, in addition to the treatment with IL-18 and high-dose Shentong Zhuyutang-containing serum. The cell-counting kit-8
(CCK-8) assay and EdU staining were employed to measure the cell viability and proliferation, respectively. The Fe’*, glutathione
(GSH) , and malondiadehyde (MDA) levels were measured by colorimetric assay. Western blot was employed to determine the
protein levels of glutathione peroxidase 4 (GPX4), acyl-CoA synthetase long-chain family 4 (ACSL4), Collagen Il , Aggrecan,
SIRT1, and Nrf2. Immunofluorescence was used detect SIRT1 expression. In the animal experiment, male rats were treated with
anulus puncture for the modeling of IDD. Rats were randomly assigned into sham operation, model, Shentong Zhuyutang-
containing serum (13.5 g-kg') , and positive control (nimesulide dispersible tablets, 0.18 mg-kg") groups. Rats in the drug
intervention groups were administrated with corresponding agents at 1 mL-kg", and those in the sham operation and model groups
were administrated with equal volumes of normal saline, once daily for 28 consecutive days. At the end of the last administration,
the histopathological changes in the intervertebral discs of rats were observed by hematoxylin-eosin staining and scored by the
Masuda method. Western blot was employed to determine the protein levels of SIRT1, Nrf2, GPX4, and Collagen Il in the nucleus
pulposus tissue. Results: Compared with the control group, the IL-18 group of nucleus pulposus cells showed elevated levels of
Fe’*, MDA, and ACSL4 (P<0.05) , decreased cell viability, lowered GSH level, and down-regulated protein levels of GPX4,
Collagen II , and Aggrecan (P<0.05). Shentong Zhuyutang-containing serum and Fer-1 reversed the effects of IL-18 on the
viability and ferroptosis of nucleus pulposus cells and up-regulated the protein levels of Collagen II and Aggrecan in nucleus
pulposus cells (P<0.05). Compared with the control group, the IL-18 group showcased down-regulated expression of Sirtl and
Nrf2 in nucleus pulposus cells (P<0.05). Compared with the IL-18 group, the high-dose Shentong Zhuyutang-containing serum+
IL-18 group showed up-regulated expression of SIRT1 and Nrf2 in nucleus pulposus cells (P<0.05). Compared with the high-dose
Shentong Zhuyutang-containing serum+IL-18 group, the ML385 group showed down-regulated protein levels of Nrf2 and GPX4,
lowered GSH level, and elevated Fe*” and MDA levels (P<0.05). In addition, the Ex 527 group showed down-regulated protein
levels of SIRT1, Nrf2, and GPX4 (P<0.05). The results of the animal experiment showed that compared with the sham operation
group, the model group had severe degeneration of the intervertebral disc tissue with increased pathological score, up-regulated
protein level of ACSL4 (P<0.05) , and down-regulated protein levels of SIRT1, Nrf2, GPX4, and Collagen I (P<0.05).
Compared with the model group, the Shentong Zhuyutang group showed alleviated IDD with declined pathological score, down-
regulated protein level of ACSL4 (P<0.05), and up-regulated protein levels of SIRT1, Nrf2, GPX4, and Collagen 1l (P<0.05).
Conclusion: Shentong Zhuyutang may activate the SIRT1/Nrf2 signaling pathway to inhibit the ferroptosis of nucleus pulposus
cells, thereby delaying the process of IDD in rats.

[Keywords] Shentong Zhuyutang; intervertebral disc degeneration; nucleus pulposus cells; ferroptosis; silent information
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Fig. 1 Collagen Il immunofluorescence staining (x400)
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FL 38, B i 8 08 1 45 59 i 4L B A% 41 ML 3% 1 A EdU FH
P 40 i R 48 i (P<0.05) . LRI 3 AR 3,

o :
GPX4 - - e 2D

ceoee -

Collagen II w- 142 kDa
-

A B c D
A4 14 ;B.Fer-141;C.IL-1841 ; D.Fer-1+IL-141

2 FHEKXBRIEZXMAM Collagen I .GPX4,ACSL4 71 Aggrecan

EBRIEBEIK

Fig. 2

p-actin

Electrophoresis of protein expressions of Collagen II ,
GPX4, ACSL4, and Aggrecan in rat nucleus pulposus cells in each

group

F1 SHXBREZABREERMGETERHOETL Gs,n=3)
Table 1 Changes of cell viability and ferroptotic indicators in rat

nucleus pulposus cells in each group (x+s,n=3)

N

A AL 1% /111:1221'5;'1 /mzzﬁg'l /;Llr\:lloDl?‘g'1
2 H4 100.00+3.86  4.17+0.89 28.13+2.64 2.27+0.16
Fer-124 102.2544.01  4.11£0.67 29.26+3.11 2.16+0.20
IL-1841 54.81+3.21" 7.96+0.15" 14.39+2.23" 6.09+0.42"

Fer-1+IL-1840 79.29+4.14% 5.23+0.12% 24.07+3.28% 3.48+0.30%

525 A iV P<0.05; 5 IL-18 41 1 # 2 P<0.05 (3% 2 Al
#30H)

*2 FBAKXKREZMAE B GPX4.ACSL4,Collagen Il #1 Aggrecan
EBHRIE (3+s,n=3)
Table 2 Protein expressions of GPX4, ACSL4, Collagen Il , and

Aggrecan in rat nucleus pulposus cells in each group (x+s,n=3)

) GPX4 ACSL4  Collagenll  Aggrecan
/B-actin /B-actin /B-actin /B-actin
=kl 1.00+0.05 1.00+0.08 1.00+0.09 1.00+0.06
Fer-141 1.02+0.07  0.99+0.05 1.02+0.08 1.01+0.09
IL-1841 0.25+0.02" 2.68+0.16" 0.39+0.05" 0.23+0.03"

Fer-1+IL-184 0.81£0.06> 1.30+0.12> 0.80+0.07*’ 0.68+0.07>

3.3 BB % 245 003 X IL-18 Ak BE A6 A% 20

BRIET-MISE B8 2 i 7 A 245 1T +IL-18

20K BRUBE A% 40 L rh Fe™ & i T R, GSH MR JEE iy,

MDA /K341, GPX4 . Collagen Il Fll Aggrecan &
. 33 .
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A B

TE: A VAL BIL-18 4L 5 C. B B8 % 245 15 IRR) 4L 5 D. B 38550 5 25 135 v R 415 B B 28955 0 5 245 1385 v ) ek 41
B3 SAXRREZAMEIURE (RIETOL, x400)
Fig. 3 Images of EAU staining in rat nucleus pulposus cells in each group (IF,x400)

D E

R3 HEFEBRFIEHNFENEZAME N EAURAERBEROZID (r+s,n=3)
Table 3 Effect of Shentong Zhuyutang-containing serum on cell viability and EdU-positive ratio in rat nucleus pulposus cells (x+s,n=3) %
20 51 B 50/% 2} 3 77 EdU BH 1 41 fd R
2 HA 100.00+3.10 28.15+2.07
IL-184 58.72+3.36" 10.79+1.06"
I8 BT 2 24 005 A% ) e 4 10 68.03+4.27 14.23+1.45%
B BB 2 L TR R Al 10 80.25+4.09% 18.01+1.86
Y IH  24 1009 5 0 2 10 85.06+5.01% 22.5242.23%
JKSF-SE TN, ACSLA R 1K P BEAIR, 5 TL-18 41 e 48 22 xa “
B Gt X (P<0.05). W4 K4, : : 22kba

3.1.4  Nrf2 76 B 5 8 17 B 24 100 38 I8 45 B 1% 20 i
GPX4 R E MBI T-HWMEH SxAdli,
IL-18 21 %8 #% 21 MY th Nrf2 GPx4ﬁEl7J<$F¢1EE
(P<0.05); 5 IL- 1841 L3¢, B IR B 17 fm A 1 % 24
197 +1L- 18 41 8 ﬁfﬁiﬂ’@rthfzﬁnGpmﬁmkﬂ?ﬂ
i (P<0.05) ; ML385 41 i #% 41 Jfd f Nrf2 il GPX4 &
FIKEBEAL, Fe' & it Fh iy, GSH ¥R B 2, MDA K
SESEN, 5 B B = R 2 I +HIL- 18 4 L
BAZSAHGI¥E X (P<0.05), WESHES,
3.5 BUE Z N & 25 0003 X B8 A% 40 M SIRT1 .
Nrf2 Fl GPX4 A R B W m 55 HA L,
IL-18 4 K BUBE 4% 40 i b SIRT1 & H # 3A5 7K P AR
(P<005) HIL- 1840 W, B B i e ) i 2 24
Wi 2H K BB R 40 i P SIRT 4K A 2 ik KFE T
(P<005) 55 B 95 32 5537 fea 1) e 24 0 +IL-18 4
ZH P, Ex 527 4 K BRUHE A% 40 i H SIRT1  Nrf2 Al

ACSL4 79 kDa

- - L\ A 4
Collagen I » - - 142 kDa

Aggrecan m“ 261 kDa
pB-actin -. '.\ 42 kDa

A B C D

TE A2 H 4L B B B & 24 1L
D. B9 8 7 24 103 0 L +HIL-18 41
4 FBHAKXRIEZHAE GPX4.ACSL4, Collagen Il F1 Aggrecan &
B RiE Bk
Fig. 4 Electrophoresis of protein expressions of GPX4, ACSL4,

A CIL-18 4

Collagen Il , and Aggrecan in rat nucleus pulposus cells in each

group

R4 BEEZRFIEHMNFETKXRBEZBEEE TIERHZI (3xs5,0=3)

Table 4 Effect of Shentong Zhuyutang-containing serum on cell viability and ferroptotic indicators in rat nucleus pulposus cells in each

group (x+s,n=3)

215 WF¥0/%  Fe*’/mmol-g'  GSH/mmol-g' MDA/wmol-g' GPX4/B-actin  ACSL4/B-actin
= A 3.75+0.21 30.29+2.27 2.57+0.18 1.00+0.09 1.00+0.07
IL-1841 7.31£0.50 14.07+1.35 6.73+0.54 0.28+0.04 2.75+0.19
B B B 24 I v R A 10 3.66+0.30 30.48+1.91 2.49+0.23 1.03+0.06 0.97+0.10
BB & 2 3 & R R IL-18 41 10 4.49+0.42" 25.28+2.06" 3.31£0.40" 0.88+0.07" 1.25+0.15"

T 5 IL-1841 b4V P<0.05

.34.
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x5 NRESFEZRFILMNBZRAEREZARIETHHER (3+s,0=3)

Table 5 Role of Nrf2 in regulation of ferroptosis in nucleus pulposus cells by Shentong Zhuyutang-containing serum (x+s,n=3)

20 51 KRB #/%  Nrf2/B-actin - GPX4/B-actin  Fe’’/mmol-g’  GSH/mmol-g' MDA/pmol-g"
24 1.00+0.08 1.00+0.07 3.25+0.17 33.65+2.84 3.05+0.19
B8 B 0 2 ) o 25 L +IL-18 40 10 0.89+0.11% 0.84+0.09% 4.11+£0.27% 27.09+2.15% 3.72 +0.28%
IL-1841 0.31+0.04" 0.30+0.03" 7.08+0.49" 13.18+1.41" 6.94+0.45"
ML385 4 10 0.39+0.05> 0.48+0.06> 5.94+0.35> 18.42+1.86" 5.63+0.37%

528 A U VP<0.055 5 TL-18 41 He A ¥ P<0.05 5 5 B 98 34 5537 186 770 3 5 25 L +TL- 18 40 He 4% > P<0.05 (£ 6 [))

G e R

GPX4 S S W S S — S 1) kDa

L e v
B-actin ————— e 1 kDa

A B c D
A U BIL-1B2H  C. B B 187 i 1) Bt 55 25 1L 75 +1L-18

41;D.ML385 4

B 5 RAKXRBEZMMEP Nr2FGPX4EHRIA

Fig. 5 Protein expressions of Nrf2 and GPX4 in rat nucleus

pulposus cells in each group

GPX4 3K H £ i5 K F 3 B B B R (P<0.05) . WL 6
K6 &7,

3.2 BJRZE X IDD KRB 4 AR B H X
SIRT1/Nrf2 i % i 52 1

3.2.1 B %% 4 1DD K RROHE (] 45 5 B AR b A
Js BRVE A3 (52 R T AR A1 K BRUME 8] 4% 45 4 58 %
WL BER S SRR WA 5 SR
FAR A LA, 45578 2 R FRUME 1] 285 5 A% 4N i 1) 23t A
8 REAG, 2T 4 0 0 HE 5 s B0 25 6L L 4 20 B 2 0T
43 W1 Tt (P<0.05) ; 5REAUZH LU 85, B 8 00 4
I JE 3 £ ) 20 BRUAE [ 25905 B0 A8 1b 75 21 3028
96 B PE 43 BH B A (P<0.05) . WLIEI 8 AR 7.

3.2.2 BRI X IDD K BUBE % 41 41 SIRT1 .
Nrf2 .GPX4 Fl Collagen [ &£ AR B MM  SEF
AU, 1A AR BRLRE A% 41 21 b SIRT1 . Nrf2 |
GPX4 Fl Collagen Il 2 [ 7K °F BH I % Ik , ACSL4 &

A B
C D

T AL U BAL- 184 5 C. B B 1017 e 71 62t 35 24 IfL T +1L-18
ZH;D.Ex 52740 (K 7[)
B 6 HmERZEEMEKRMEZLMAMSIRTLHE I (FyEse
6, x400)
Fig. 6
SIRT1 in rat nucleus pulposus cells (IF, x400)

F 7K B 58 7 5 (P<0.05) 5 ST AUZ LU 45, B 9/ 14 i
2 e 36 & R 2H K B E A% 2 21 b SIRT 1 Nrf2 |
GPX4 F1 Collagen Il 2 [ 7K 3 Jt & , ACSL4 & 17K
B B FEAR (P<0.05) . WK 9 RIS,
4 itig

DD 1 3= ZERFAF 2 56 42 20 M 50 B A v /b Je 4 i
AN TR i o A0 T B R AN A BE T R 35 A A At
SE TR, 0 T AESE IDD A3 5 B XY, IL-18
J& 5|2 IDD Y ¢ 8 [ , i £ /Y IL- 1B 1T R4 {1 &6 A%
M AF TG L 375 AN B AR L R . Rk TIL-18

Effect of Shentong Zhuyutang-containing serum on

*x6 BERBZAHMBENKRIEXEHMSIRTI N2 # GPX4FE B RIZWHM (x+s,1=3)

Table 6 Effect of Shentong Zhuyutang-containing serum on protein expressions of SIRT1, Nrf2, and GPX4 in rat nucleus pulposus cells

(x£s,n=3)
20 51 B 50/% SIRT I A 5% 5 Ji SIRT1/B-actin Nrf2/B-actin GPX4/B-actin
4 1.00+0.09 1.00+0.11 1.00+0.07 1.0040.10
IL-1841 0.39+0.05" 0.21+0.01" 0.27+0.02" 0.30+0.04"
B 905 1 T 24 I 1 R e+ TIL-18 41 10 0.89+0.08% 0.87+0.07” 0.83+0.09% 0.85+0.11%
Ex 52741 10 0.43+0.04> 0.25+0.02” 0.38+0.04% 0.40+0.05>

.35.
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SRTI SEBEES ~ SS W =~ ~ 8kDa

Braclil  — - —— 42 kD2

Nrf2 "_ e - 681Da

GPX4 WD . —= - o S - e 22LkDa

-actin S ——————
f-actin 42kDa

A B C D
E7 &HEZMAMSIRTI N2 F1 GPX4ERRIAABIK
Fig. 7 Electrophoresis of protein expressions of SIRT1,Nrf2, and

GPX4 in rat nucleus pulposus cells in each group

HA BT ARE BB ; C. B f E W7 4 D.JE &7 Al 41
(9 T)
B8 SmZEmiaxKRiEEZAANIZI (HE,x200)
Fig. 8 Effect of Shentong Zhuyutang on rat intervertebral disc in
rat (HE, x200)

X7 BEERRIMAREBZEALFELZTSIHHZIE (Fs,n=8)
Table 7 Effect of Shentong Zhuyutang on pathological score of

rat intervertebral disc (x+s,7=8)

41 51 /g kg LU ERT 23 /4y
e F AR 4.23+0.35
ML 4] 11.19+0.62"
B B 1 41 13.5 6.88+0.52%
Je &7 FIZH 1.8x10™* 7.21£0.60”

S P ARG A Y P<0.05; SR 2 P<0.05( 3 8 [A])

SIRTI (D e - ;) D,

Nrf2 t-~ S 68KDa

22 kDa

ACSL4 S - — a— 79 kDa

-

Collagen IT *' -~ " 142 kDa
B-actin ‘ - ‘- 42 kDa

A B C D
B9 &HXRHZAELR D SIRTL, Nrf2, GPX4, ACSL4
Collagen Il & B &L Bk

Fig. 9 Electrophoresis of SIRT1, Nrf2, GPX4, ACSL4, and
Collagen [l protein expressions in rat nucleus pulposus in each

group

H W T IDD R A1 41 Jf A R B kg ST AR BIE 5 4
SRR IL- 189 1 K R 2% 40 B i) 3 5, 5k o R
53 F Collagen Il il Aggrecan 3 ik 7K ¥ B ik , % W]
IDD 4 55 AU AL S 1 2y o B9 B LA ZLAE Bk
JIE R Z 0 ARy, B DLIE TR (Z U HE X
FRIE 7 05 45, TR BE AT SRR, SO A Y
T AL L9, SR, o Lk 0 R0 T A A D) b e
JKC I 2T A DG A RN S R A A A R E
Z )l DA R A 2, 4 07 I R A
MR R B R AR T BB
B ARG T Y, BB R IL-1B 155 3 1Y B8 A% 40
Collagen Il A1 Aggrecan [ f# , 1T & ¥ 2 3% IDD 1Y
PEFN2 A58 R FH B8 B 8 & 25 1 9,
KL RE A RS i TL-1815 3 1) il 2% 4l i € ot [
%, 2 57 4 P AR O Ve AR I AOR 5 B R 2 5
B SR ARG . AN 2B R R B, B R B
W5 T HUE 1DD K BUME ] 5 88 4% 41 21 b Collagen 1T
A KF B8 A% A B A H 6, 20 20 B4 ]

K8 BREEMFHNKRIEXALF SIRTI Nrf2.GPX4,ACSL4 F1 Collagen Il & A K AKFHEIE (x+s,n=4)
Table 8 Effect of Shentong Zhuyutang on SIRT1, Nrf2, GPX4, ACSL4, and Collagen Il protein levels in rat nucleus pulposus (x+s,n=4)

21 5] Fl /g kg SIRT1/B-actin Nrf2/B-actin GPX4/B-actin ACSL4/B-actin ~ Collagen Il /B-actin
B F AR 1.00+0.09 1.00+0.07 1.00+0.05 1.00+£0.10 1.00+0.08
I 2 0.31+0.04" 0.38+0.03" 0.27+0.03" 3.61£0.19" 0.22+0.02"
BIRERm A 13.5 0.88+0.11% 0.80+0.09” 0.85+0.07> 2.02+0.15% 0.90+0.13%
Je & FI 41 1.8x10™ 0.70£0.06 0.73+0.05” 0.82+0.10” 1.93+0.14” 0.84+0.09%

.36.
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BRIETAE N —FloBr i A i st T 5, g
7 AE Bk B AR 2 R ORI AR B o AR R AR
F0, mH B R AT 25T
IDD () % A 5 % Rk 722 76 40 Bk B T 1 i AR
o PERE A BRIE T AR bR Fe B i AR 2 AN
T RS U5 2 AR 3 [R] T ACSL4 Fik iy 7>, g
Jo 3k S A 45 (g o3 S 1K = 9 MDA & =3,
GSH 7K ¥ B B3 ) J& B IE T~ 19 AT IR 724, & Bt
IL-18 b ) 8 A% 41 g o Fe*” Al MDA & & 3% in |
ACSL4 % /KT, GSH K EFRAR . 278 IL-18
XoF A1 5 A A 4 AR T RT BE S A SRR TR G
BRBE T I 6 R Fer-1 0] 45 25055 i TL-18 X B 4% 40 Mo
Fe*" MDA .GSH K ACSLA4 /K152 Wi , 40 i 3% 71
FEIE . XEEE RN BKIET- S5 T IL-185 T
P HEAZ AN M AE T . B R B S O 2 I T BE A
IL-18 % B A% Al MLk FE T~ M52 M o LA K F%AIK IDD K
FUBE R 4121 i) ACSLA B K P X sbgh LR,
B 958 3% 955 17 XF IDD (1 £ 4 V8 T BB 5 HL 4 o B A%
MR IE T A

GPX4 1] LA 420 £k 1) 41 A JIE 22 A 1 g i 1 38
J BV AT B P 0 MR O, DA AR B 0 4 2k T T A
FHZ20, 7€ IDD 2 #2 o, 2 451 8 A% 40 il th GPX4 3£
KACOTFFEAS . bR GPX4 1) 3 35 T £ 41 15 56 4% 40 it
18 B R4 ML A0 R SR A R, DT SE 28 T IDD 1Y i
PR BFGE A Bk I, TL- 18 Ak B A 6 4% 41 L )2 IDD
KRB SR ¥ PR b % GPX4 KR REMR . B
BRI 2 0T AR B A T RS A0 GPX4 R R
ik, $E 7R GPX4 S B 98 3% 7% 17 100 ) 16 4% 40 i kA T
B R 4% 85 1 . STRT1 R Nrf2 J2& Bl A% 4 i N AR A
Y O E A NP SIRTLAE h — Fh & 2 BE b
ity , ] 2 55 40 i 98 0 SN LSRR I B R R BT A 2
Tl BRI A B G R A R 500 AR IR A A A 30 AF Y
ShE R 5 B A 0% 2 UF SIRT1 By K k™.
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GPX4 () i 3L 4 SIRT 1 i 3 0% Nrf2 o i
1) 100 1) 240 M R BE TS A Y . SR, SIRT 1/Nrf2 il
% 7E B 95 35 58 1 2035 1DD 4R M ST R L A
WF5E 45 5L R W, IDD K BURE A% 41 2URT 1L-1B &b 3 11 B
¥ 40 it v 2 00 8¢ 5] SIRT1 M Nrf2 2 71 26 35 7K SF 1
FEAK . BRI T WG |, 32 B BE % 41 23 f 40 il vp
SIRT1 A1 Nrf2 7 [ 7K -3 hn . Ex 527 (SIRT1 411

) A ML385 (Nrf2 4 5 M40 i 550 ) vl 55 1 £ 98 18 4%
V%) IL-18 Ak 36 A% 4 ML Ak FE T 52w . R Ik, B
I 2817 AT DL 2% i IDD A% 4 MR AE T, AR H AL
7] B8 55 S SIRT1/Nrf2 {5 5 18 1% 1L A 5% .

g5 LTIk, B B & 2 13 v] LA IDD
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