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Mechanisms of tetramethylpyrazine in inhibiting ferroptosis of articular cartilage
in osteoarthritis rats under high humidity environment based on non-targeted
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Abstract: Objective To investigate the therapeutic effects and potential mechanisms of tetramethylpyrazine (TMP) in a high humidity
osteoarthritis (HHOA) rat model. Methods The HHOA rat model was established, and rats were given TMP for eight weeks. Safranin O-fast
green staining was used to observe morphological changes in cartilage tissue. The levels of matrix metalloproteinase-9 (MMP-9), tissue inhibitors
of metalloproteinase-1 (TIMP-1), prostaglandin-endoperoxide synthase 2 (PTGS2), glutathione peroxidase 4 (GPX4), glutathione (GSH),
malondialdehyde (MDA) and superoxide dismutase (SOD) in serum were measured. Prussian blue staining was performed to detect iron
deposition in cartilage. Immunohistochemistry was used to assess the expressions of GPX4 and acyl-CoA synthetase long-chain family member
4 (ACSLA) in cartilage. Serum untargeted metabolomics was performed to analyze changes in metabolites and their enriched pathways. In vitro,
a ferroptosis model of chondrocytes was established and treated with main metabolite N-acetylserotonin. GSH/oxidized glutathione (GSSG)
value, MDA and SOD levels were measured, the expressions of GPX4 and ACSL4 were measured by Western blotting. Results Compared
with HHOA group, levels of MMP-9, PTGS2 and MDA in serum of rats in TMP group were significantly reduced (P < 0.05, 0.01), while the
levels of TIMP-1, GPX4, SOD and GSH in serum were significantly increased (P <0.05, 0.01). The pathological damage to the articular cartilage
was significantly improved, and the deposition of iron ions in articular cartilage was reduced, GPX4 protein expression was increased, and
ACSLA protein expression was reduced. Metabolomics analysis showed that 2 695 differential metabolites were screened between HHOA group
and sham group, with significantly more down-regulated metabolites than up-regulated metabolites; A total of 2 846 differential metabolites were
screened between TMP high-dose group and HHOA group, with up-regulated metabolites being the main ones. KEGG pathway enrichment
analysis results showed that the differential metabolites between HHOA group and sham group were mainly enriched in multiple metabolic
pathways such as carbon metabolism and amino acid metabolism, the differential metabolites between TMP group and HHOA group were
mainly enriched in multiple pathways closely related to amino acid metabolism and substance transport. Compared with sham group, the levels
of y-glutamylleucine, 3-indoolepropionic acid and N-acetylseletonin in serum of HHOA group rats were significantly reduced (P < 0.05).
Compared with HHOA group, the levels of y-glutamylleucine, 3-indoolepropionic acid and N-acetylseletonin in TMP high-dose group were
significantly increased (P < 0.05). The in vitro experimental results showed that the main metabolite N-acetylserotonin significantly increased
the GSH/GSSG value and SOD activity in ferroptosis model of chondrocytes (P < 0.05), decreased MDA level (P < 0.05), up-regulated GPX4
protein and down-regulated ACSL4 protein expressions (P < 0.05, 0.01). Conclusion TMP could improve the metabolomic profile of HHOA
rats, regulate the tryptophan metabolism pathway represented by N-acetylserotonin, alleviate GPX4/ASCLA4 axis mediated lipid peroxidation
and iron ion deposition, thereby reducing ferroptosis in chondrocytes and delaying the progression of HHOA.

Key words: osteoarthritis; high humidity environment; tetramethylpyrazine; non-targeted metabolomics; ferroptosis; GPX4/ACSL4
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HI[E Abcam A#]; N-ZFFEIMER (It'5 HY-
107854) & 5 3£ [ MCE Aw]; BRAET-15'F57 Ras i
FEVEIE 3 (Ras-selective lethal 3, RSL3, fit5 S8155)
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i@ B9 (matrix metalloproteinase-9, MMP-
9) ELISA i{#& (b5 MM-20918R1). KR IES
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( prostaglandin-endoperoxide synthase 2, PTGS2)
ELISA i{7& (L5 MM-70227R1). K GSH
ELISA {#& Git'S MM-0602R1). K FUEBEELY)
b (superoxide dismutase, SOD) ELISA {71 &
(k5 MM-0386R 1) Il VLIRSl A PR A F] s
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B0 10min, HEHERTEOE T, R TE: #E
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EIRIR (B, BEEEVEML: 0~1.0min, 8%B1; 1.0~
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Bl. @AM WA 5 mmol/L HIR L
KIBW (A2) -2 (B2), FEFEVEME: 0~1.0min,
8% B2; 1.0~8.0 min, 8%~98% B2; 8.0~10.0 min,
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ionization, ESD), FI1E. #2F#iA T RELIE .
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JF K H 5 e Al % f# 25 Chigher-energy collisional
dissociation, HCD)H4T — 2 24, Al AE &N 30%,
TR HER N 15000, KRG SHT 4 BT IHTIHER,
[ B K FH B &S HERR 25 B o ZE MS/MS 15 B
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IFIE] S AR 7 F B (R ZE <1 X 1075, it
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KH XCMS V& A7 R 51 | FR B s ) 1 i T
FIREL, FA ERFEAN S E R E (total ion
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ATV A R AR AN B i 2. 2 LR ) 22 57
RV RH Z 765480 (fold change, FC) 73#r&s&
AEBCHT ¢ A, JRikBRI{E BoE v FC>1 8 FC<1 H.
P<0.05; [F B 2% 048 5 /) = 3 - #1051 43 #r
(orthogonal partial least squares-discriminant analysis,
OPLS-DA) MAF &AL & {H (variable importance for the
projection, VIP), LA VIP>1 H P<0.05 {FNEE%E
S sE A TRk bRIE . 3 4 LB LRECH, MRS
i AR BRI R 7 Z Ml Kruskal-Wallis £
5, P<0.05 MANZERARIHFE L.

2.10 FERHFYIN-CEEEIE R ITIRE MR
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BHTE 1%WPTH PBS ik, TS TIES
BROCHT A BENAELR, 2B R B H, HH
BTSN RS, PLE 1%8Udt ) PBS Bk 2
s AN 0.25%J#RE, T 37 “C. 120 r/min ¥H4k 30
min, 35BS FRSEE 2 KA, I 0.2% T
R E ABIEW, T 37°C. 120 v/min WAL 5he W
AL 2 000 r/min B0 10 min, F BRI 5%
ARE AL RN, BeAh T AR SR, 78 37 C
5% CO, [NANMREL FEAE H 578, WM 2 R 1
R, AR SENEEE IS T fE 2505

2.10.2 CCK-8 VEMEAMMIEF1 1 K SRR i 4t
VAL S BRI BL 3 X 103 ANFLIERN T 96 FLIR .
HRRISEE S, AN EAFKRE (1. 5. 105 20+ 40,
60+ 80 100 pmol/L) ] N-Z. k3 i & 4 il k5 5+
gHfE 24, 48, 72 h Jg CWHEBRZIIMAE 0.1% DMSO
[R5 7R3, TN 10 uL CCK-8 TR, & T4y
FEFEHEE 2 h, BRI 450 nm 4RO
FE ) 8, R4 .

2.10.3 GSH/GSSG-.MDA #1 SOD /K-F &l K
RCE A EA T 6 om K5FR 1L, BB XA, #at
T-15 555 RSL3 4181 RSL+N-Z. B3 fiE R (80.
100 pmol/L) #H. ZHMuNGEESS, KM 0.25 pmol/L
RSL3 S 8CH MR AT, 457 80, 100
umol/L ] N-Z R IMIE R T 24 h J5 o RR4Ln
AT 0.1%DMSO HEE 7RI, USCEEAHM, 3% BB
&I E GSH/GSSG. MDA A1 SOD 7K.
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ST ER A 2T K A
2.11 HiHESH
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FAMSIFEA ¢ A5, 24 (8] 22 5 LL SR FH B R R 7
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3 4R
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R4T-0 [P a R (B 1-A) B, 5T
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PR R AR 5, OARSI PR B E T+ (P<
0.01. 0.001, ¥ 1-B); 5HKWRALLE, HHOA

FRATR

w
a &

HHOA

HR R BT B R N E, {2 OARSI ¥4
TG R MK = E ) =] 2%
HHOA KR GTTHCE B Hi4% , OARSI V77 i 3 PR IK
(P<0.05). ELISA 5% (K 1-C. D) &/, Hix
FARULLE:, HRFTRLAM HHOA KR MmiFEH
MMP-9 /KB 8 T+ (P<<0.05. 0.01), TIMP-1 7K
SRR PR (P<<0.05); 58 kT R4 HE, HHOA
R RIMES MMP-9 /KFEE R (P<0.05),
TIMP-1 KV 4ttt %% : 5 HHOA Attt NIE
BRSBTS MMP-9 /K P B FEE (P<
0.01), TIMP-1 /KFHEF 5 (P<0.05). KHEIR
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Fig. 1 Effect of tetramethylpyrazine on articular cartilage injury in HHOA model rats (X £ s, n =6)



506 » PER 2026518 B57% B2 Chinese Traditional and Herbal Drugs 2026 January Vol. 57 No. 2
A B R
Fi—\ [*I—\ N - FiE
b EIE
’JW @ l : 1.00 61 : : o Fif
HHOA 41 2 1 B
HHOA 41 1 5 ol
HHOA 41 5 088 i
HHOA 413 :
HHOA 41 4 0.85 i
HHOA 41 6 0 o
IR 2 S . ) .
i IS AL 6 S0 ]
DI R A 3 22
ﬁ ISR 4 .
I e A — N
IS R 2 12 P LA
BTFARLL3 10 : S RTE2id
ﬂ AL L HHOA o 5 s
EFAG2 ISR P T
BFERAL 6 EEEN B 61 g
ﬂ PR 4 T 5
AL S :
N~ WO ON T~ N~ N0 TN 21 H
EEEEELLLLLL s
= HS K = T T T T
%%%%%%h&g&g@ -5 0 5 10 15
P i logoFC

A-RFEIHIIEL BT AU vs HHOA ZHK1ILIE; C-HHOA A vs )1 E s 71 E 4 K L L.
A-heatmap of clustering analysis; B-volcano plot of sham group vs HHOA group; C-volcano plot of HHOA group vs tetramethylpyrazine high-dose group.
EHRIFIRRE S REFALL

Fig.2 Heatmap of clustering analysis and volcano plots of differential metabolites

AR I, RS EGE S E T R VR
YidE (& 2-B); I B %S FEH S HHOA 42
(L% 2 846 A2 FARUY, Horb 1 732 MK
WY B, 114 MR T, BRI EE S
TR EE (8 2-C), #m)1EBERE 2L

Wi HHOA 51 rA 5% .

>

150
100
50-
0,
,50_
-100-
150
-100 -20 60
PCI [23.1%]

PC2 [11.7%]

140

-80-40 0 40 80
PCI [22.2%]

&2

TR
»HHOA

HHOA
o IE

il ik

Z gt i ]RERY], HHOA A5 RFRH
FEARUIYITE EAFAE R 225 . £ 70T (principal
components analysis, PCA) 5> —3fi%-#1 5
53 #T (partial least squares-discriminant analysis, PLS-
DA) #EoR 2 HFEARRBIIRX 5 (B 3-A. C.

E), #2777 HHOA CIRZ MHUAACHHE &4 17 B ik

C E
200+ BFA
) © HHOA
S 1007 .
2 o .
3}
€ -100-
-200-
-200-100 0 100
PCI1 [24.1%]
D F
200 HHOA
o JIIZ I
< 1001 1= 7B
S0 ®
= o H
O
© -100
-200

-100-60 -20 20 60
PC1 [22.2%]

Ortho Score (OC2) [14.8%]

Ortho Score (OC2) [9.9%]

Score (PC1) [22%]

BFAR
150 * HHOA
50 ®
]
-504 ©
-150-
-60 20 20 60
Score (PC1) [20%]
HHOA
150 )
i ST S
100 A
50
0 §
-50 o
-100
-150
-60 20 20 60

A, C. EfBF AL vs HHOA 41 PLS-DA. PCA 1 OPLA-DA [¥; B. D. F-HHOA 41 vs JI| #5577 &4 PLS-DA. PCA Fil OPLA-DA [,
A, C, E-PLS-DA, PCA and OPLA-DA plots of sham group vs HHOA group; B, D, F-PLS-DA, PCA and OPLA-DA plots of HHOA group vs

tetramethylpyrazine high-dose group.

B3 BRARBHENZ TSRO0
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Fig.7 Effect of N-acetylserotonin on chondrocytes in a ferroptosis model (X £ s, n =3)
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Fig. 9 Iron deposition and ferroptosis-related protein expressions in articular cartilage tissues of rats in each group
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