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oxide, NO) f — %1k & & M (nitric oxide synthase, NOS) /K V-, I i i HHSEC 4 i 72 B 52 36 Al %6 56 [K 9 5 f1
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Abstract: Previous investigations have established that ferulic acid demonstrates anti-fibrosis effects and

could inhibit the activation of hepatic stellate cell. Injury, proliferation and capillarization of hepatic sinusoidal
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endothelial cell are important forms of angiogenesis during liver fibrosis, and is important for liver fibrosis
regression. This study investigates the effects of ferulic acid on sinusoidal capillarization and explores its anti-
fibrotic mechanism. In vitro, SK-HEP-1 cells were injured by cobalt chloride, while human hepatic sinusoidal
endothelial cells (HHSECs) were induced by endothelial cell growth supplement (ECGs). Cell viability was
detected using thiazolyl blue tetrazolium bromide (MTT); nitric oxide (NO) and nitric oxide synthase (NOS) were
visualized through the fluorescence probe method; antiangiogenesis effects were assessed using the tube formation
assay and transgenic zebrafish (VEGFR:GFP). Animal experiments complied with the regulations of the Animal
Ethics Committee of Shanghai University of Traditional Chinese Medicine (approval No. PZSHUTCM2503280008).
Mice were received intraperitoneal injection of carbon tetrachloride (CCl,) for 6 weeks to induce hepatic fibrosis
and then treated with 10 mg-kg"' of sorafenib, 50 and 100 mg kg of ferulic acid for 3 weeks from the fourth week.
Liver inflammation and fibrosis were assessed through serum liver function [alanine aminotransferase (ALT),
aspartate aminotransferase (AST), albumin (ALB)] tests, H&E and Sirius red staining, hydroxyproline (HYP)
quantification, and the immumohistochemical staining of a-smooth muscle actin (a-SMA). Sinusoidal fenestrations
were observed via scanning electron microscopy (SEM), and the phenotype of liver sinusoidal endothelial cells
were labeled by platelet endothelial cell adhesion molecule-1 (PECAM-1/CD31) and lymphatic vessel endothelial
hyaluronan receptor 1 (LYVEL). Results showed that ferulic acid protected SK-HEP-1 cells from CoCl,-induced
hypoxic injury, significantly increased NO and NOS levels. It suppressed the proliferation and tube formation of
HHSEC, and inhibited angiogenesis of VEGFR: GFP zebrafish model. /n vivo experiments, ferulic acid reduced
serum AST/ALT and HYP levels and increased ALB. Histopathological analyses confirmed that it reduced
inflammation and fibrosis, downregulated a-SMA expression, ameliorated sinusoid capillarization and
downregulated the expression of CD31 and LYVEIL. These findings indicate that ferulic acid can inhibit liver
fibrosis through alleviating sinusoidal capillarization.
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SR T MEM T8 (Cat’'41500-067) I [ GIB-
CO™ A #]; IR4- L7 (fetal bovine serum, FBS, Cat’'10099)
5 F GIBCO™ /A ] ; ECM Py JZ 41 i 85 7% 1 W 1 3%
ScienCell /A & ; HEPES (free acid, Cat'DH160-3) %
B b5 B R BOR A PR 514 A W) 5 NaHCO,
Z, W& VY 2. (EDTA).NaCl.KCl.Na,HPO, 12H,0.
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DMSO, Cat’0231) 4 Fl Amresco 2 @ ; /N /K & & Ak &
(CoCl,-6H,0, Cat'080MO0101V). W& M: i (thiazolyl blue
tetrazolium bromide, MTT, Cat'M2128) 1§ H Sigma A
#]; Matrigel /) H {8 [E Roche /A 7] ; DAF-FM DA (NO %
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(Cat’S0025) Wy H 25 2z K A= ¥ BAR BF 58 7 5 Bl ot
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& (Cat'C009-2-1). & ¥ 5% ‘A 3 (aspartate aminotrans-
ferase, AST) ¥ 77 77l & (Cat” C010-2-1). FHE A
(albumin, ALB) % 77330057 & (Cat” A028-1-1) & i
% & (hydroxyproline, HYP) 7 & Ml i i /] & (Cat”
A030-2-1) I3 ARG Y22 (hematoxylin-eosin staining,
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(1) 5 Ry M R RS 7R T 10% fif 2R 1L 1 MEM
K72 . CLEEFL 8 000 A4t 422 00 T 96 FLAR , 435 41 Hu
R 70% KA, N & CoCl-6H,0 1) 55 7% il
(CoCl,-6H,0 £ ¥ J% 800 pumol-L™"), &FFL 100 pL, # 4%
H X2 (0.5% FBS), W% & 24 h 75 5 40 fg B A 10147 -
ZiWAE 160 pmol L™ N ¢ 6 AN ¥R B o6 B A 58 X AR ¥ A
T 5 5 R 3R 10 P B A4 B PR 1) e K B Y L (5
220 AR TR % > 90%), FR 48 5 K T0 3R B 7 4 1 3 A
WREERRIE /3 AE R T A s B . 5259 5 4 i 3L i
24 h, [F]I 811 800 pmol-L™ CoCl,-6H,0. MTT %4l
Y M3 775 RAIREHE SR N K40 L NO NOS 7K

HHSEC 20 i 58 A% % HHSEC AT 52 W 32 40 il
I B 3% & ScienCell A & o 5 I E: 77 T & W 2 40 film A=
KR F 19 5% i 4 s 55 92, 2~3 R —4%. 4i
FM T 96 LR, 24 h 5 o G 55 TR 4k 27 &, 24 h
J&i # 2% ECGs HANE FBS HIS RS 3790 (FFL 100 uL),
}i 9% 48 hif5'F HHSEC 3458, 29 1E i K ICEE K L N 45
W3 IRBERA R

B S8 HHSEC 28 il 43 4 HHSEC X 1
“ \HHSEC + Matrigel 41 (1 %441).HHSEC + Matrigel +
RPLAEJE 2 (BH %) 18 245 41) . HHSEC + Matrigel + 24
TP 4l. 96 LR 4 °CTil¥4, & FL N Matrigel 50 pL,
37 CUNMIEE A KA L h& M. AiFEP LG, B
AL, CAJC I3 B 7R A 4 R B /2 T 1x10° A,
52w <) #% 111 RA 5, BU100 pL 4 7E
Matrigel I, ®2H1% 34N AL, 37 CCANARE FRAAIT & 24 h,
Olympus {3 B 2 N LS.
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20~25 °C, FIGHE E 45%~55%, 12 h 32 & W80, fapkl .
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(sorafenib, 10 mg-kg™). B ZL {2 (ferulic acid) {7 & 21
(50 mg-kg") AE B4 (100 mgkg™), FFH 12 2. &
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FER—IK, BREEZE 6 R . 1EH 4 M A AL 45 7 M [R5
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3% Job S A A 25 Bk P R I o A AL P S 1, 5% BSA

P T & 1 30 min, % 0 30 uL —H% a-SMA (131 000).
CD31 (1:100)-LYVE1 (1:5 000), 4 °CH% & % & i 7%,
TBST ¥ 3 7%, X 5 min, % 0B A AP Bz 1
FPi R IgG P, EIRMWH 1 he TBST ¥t 3 K, B X
5 min, % 1 DAB & L, 7€ B T 6l B 6, 75K
HE YA, ThERIR A, 0.4% EhTR 2 WAk, R
B Fr. B E P ACRER F, H Image T 1.8.0
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R
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f g BB oR (F 1B), 528 X AL L, 5 pmol-L”!
NN B K T TR, R 1 1.25.2.5 F1 5 pmol-L™!
3k W 5% L &AL B 5 5 SK-HEP-1 40 fi ik 4 457
BB 2 . MTT 45 R 2o (B 10), 5XT At
B, B ZH A WS 7 35 PR AR (P < 0.01), Bl B R XT
SK-HEP-1 4 g 453 1 A B W AR 97 /EH (P < 0.05). NO
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B BRI (P < 0.01); 5 RLAUA LLAR, Bl 21 IR Rt Wi 35
0 S Ak B 45 4% A5 R SK-HEP-1 44 s NO [ %k (P <
0.05). NOS &4t S 5 oR (B 1E), 5 xf fE 2 kA,
RUZH NOS ik 1 2 FE A% (P < 0.01); 517 41 bb g, Bif
BRI e 0% 5 35 19 i &40 G 5 B Y SK-HEP-1 41 filg
NOS )3 IE (P < 0.05).
2 PAERER X HHSEC 4HR685E N R B RS

AN [) 94 B2 o] 2 % %k HHSEC 4 A 10 25 12 46 0 45 SR
Bor (E24), 525 Ax B4 42, 25 pmol- L' A 41 i
N TERFIRE, K13 E 6.25.12.5 F125 pmol-L" 34~
P A %% H 6 HHSEC 40 i 3 FE ALY R 520 . MTT 45
FEoR (E2B), 5xf 4] b, B 4 40 B i ) B
FHiE (P <0.01), FIELER T Tl 5 40 f s 1 B2 R (P <
0.01). EEIEMSLL o (B2C.D), 57 A X ZHAH
tt, Matrigel 2 I ) HHSEC 4H M v] DA fl 8 s 45 4
5 Matrigel + HHSEC A #H bt R Fi3E Je 2H 1 il 21 1R 75
T 5 ZH S5 TT S () R 40 ) 4 B s T K
3 MIRMBERXTEEFER D AIhEEmEH RN

T 56 LA 100 pmol L™ Fi] B 2 T 19l 4% ik X Bt & £
(VEGFR:GFP), AT 415 VR, 45 Rk ILBE 5 7% o
A B 52 B, (R B I A0 T A I A e (B
3A), BT UL Dy fig i $cE R onTE M (BI3B). S XT IR



3106 - #5254 Acta Pharmaceutica Sinica 2025, 60(10): 3102-3110

>
o9)

2
]

100

0 N~ OH

50—

HO

Structure of ferulic acid

Cell survival rate of SK-HEP-1 /%

T T T T T T T
0 5 10 20 40 80 160

Ferulic acid/umol-L™!

C 0.8 D 400 E 400+

- *k

o - W LT -

B 0.6 2 300 é 300

M g :

2 4 x kO 2

S 0.4- 2 200 5 200

= = =]

= - © o

= 0.2 > 100 % 1004

Q

Q

0.0 (B 0-
> @ > P .5 5 >
O R BN R S ¥© 5 2 & I S
CPQ &0 NS v QO&' @0 N Vv @06 \’.\’ Vv
Ferulic acid/umol-L! Ferulic acid/umol-L! Ferulic acid/umol-L™!

Figure 1 Effects of ferulic acid on SK-HEP-1 cell viability, NO, and NOS levels. A: Chemical structure of ferulic acid; B: Effects of
ferulic acid at varying concentrations (0, 5, 10, 20, 40, 80, and 160 p,lmol~L'l) on SK-HEP-1 cell viability; C: Effects of ferulic acid on cell
viability of injured SK-HEP-1 cells induced by CoCl,-6H,0; D: NO level of SK-HEP-1 cells following ferulic acid treatment (1.25, 2.5, and
5 umol-L™"); E: NOS level of SK-HEP-1 cells after treatment with ferulic acid (1.25, 2.5, and 5 pmol-L™"). NO: Nitric oxide; NOS: Nitric
oxide synthase. n =3, x = s. P < 0.01 vs control group; "P < 0.05, "P < 0.01 vs model group
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Figure 2  Effects of ferulic acid on HHSEC viability and tube formation. A: Cell survival rate of HHSEC (%); B: Effects of ferulic acid on

the cell viability of HHSECs induced by ECGs; C: Semi-quantitative analysis of the tube formation test (area%); D: Morphological
observation of the tube formation of HHSECs (microscopic images; scale bar: 500 pm). n =3, x £s. P < 0.01 vs control group; " P < 0.01,

Hk

P <0.001 vs model group. ECGs: Endothelial cell growth supplement
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Figure 3 Effects of ferulic acid on angiogenesis in zebrafish. A:
Observation of the intersegmental vessels of transgenic zebrafish
under stereo microscope. Scale bar: 500 pm; B: Semi-quantification
of the number of functional vessels during the initial screening
(ferulic acid 100 umol-L™); C: Semi-quantification of the number
of functional vessels in different concentration of ferulic acid. n =
3,Xx+s. "P<0.01 vs control group

Table 1  Effects of ferulic acid on the organ index in CCl,-
induced fibrotic mice. n = 9, x £ 5. P < 0.001 vs control group;

"P<0.05,""P<0.001 vs model group

. Liver/body  Spleen/body
G Bod! t/,
Toup ody weight/g weight ratio/% weight ratio/%

Control 22.72+2.67 4.12+032  0.34+0.06
Model 23.53+£2.26 5.12+0.24" 0.43+0.07"
2228+ 1.80 4.95+026 0.42+0.04
Ferulic acid 50 mg-kg’  22.49+1.33 4.81+0.15° 0.40£0.05
Ferulic acid 100 mg-kg” 22.81+2.08 4.58 021" 0.40+0.04
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Table 2 Effects of ferulic acid on the fibrosis staging in CCl,-induced fibrotic mice. n =9, x £ 5. P < 0.001 vs control group; "P < 0.05,

“P <0.01 vs model group

Group Stage of liver fibrosis Ridit analysis
SO S1 S2 S3 S4 R value
Control 9 0 0 0 0 0.10
Model 0 1 3 5 0 0.75%
Sorafenib 10 mg-kg 0 3 5 1 0 0.57
Ferulic acid 50 mg kg 0 4 3 2 0 0.56"
Ferulic acid 100 mg-kg 0 5 3 1 0 0.51"
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Figure 4 Effects of ferulic acid on hepatic fibrosis in CCl,-induced fibrotic mice. A: Schematic diagram of the experimental process; B:
H&E staining (x200), Sirius red staining (x100) and a-SMA staining (x200). Scale bar: H&E and a-SMA 100 um; Sirius red 200 um; C:
Semi-quantification of a-SMA expression (area%); D—F: Serum liver function parameters (AST, ALT, ALB); G: HYP content in liver tissue.

n=9,x=+s. ™P<0.001 vs control group; "P < 0.05, “P < 0.01, "

P < 0.001 vs model group. H&E: Hematoxylin-eosin staining; a-SMA:

a-Smooth muscle actin; AST: Aspartate aminotransferase; ALT: Alanine aminotransferase; ALB: Albumin; HYP: Hydroxyproline
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Figure 5 Effects of ferulic acid on sinusoidal fenestration in CCl,-induced fibrotic mice. A: The SEM images (*20 000), CD31-stained
images (x200) and LYVEI-stained images (x200). Scale bar: SEM 5 um, CD31 and LYVE1 100 pm; B: SEM endothelial fenestrae count;

C: Semi-quantification of CD31 (area%); D: Semi-quantification of LYVEI (area%). SEM: Scanning electron microscopy. n = 3 (A: SEM,
B) and 9 (A: CD31, LYVEI, C, and D), x £ 5. “*P < 0.001 vs control group; "P < 0.01, ™" P < 0.001 vs model group
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