Zj554Rk  Acta Pharmaceutica Sinica 2024, 59(9): 2529-2538 - 2529 -

THM R AR E T I RIS M ApoE /MR AEBARFE A BB LA F M 5=

RWAR, BT, I K, T R, RS, AEE, EEA"
(1. PEZRIR LG50, VL7 MRt 211198 2. AU A AR B A 5 R A =], #77C Hi 310018)

HEE: fi§PLJERF (nitazoxanide) /& —FiilfE R BTG B 2454, A VR ZE AT BABH 9 A B0 11 R A2 46 7 i WA J e T o
P8 751K (Western diet, WD) 5 5 [¥] ApoE™ /)N B IE G 7 BE AR, R ARF PR N B BH AL o AR SCI8 3R 38 ) AR 1 21 22 T
FURH P JE e X 78 77 OB 55 5 10 ApoE /I BRUFR A U 1 1% 5 e, g T G0 s A0 K ST 2 56 W ST R AE AL . SR
UPLC-MS B¢ A VR /N BRI 28 3 A U P a3 AT R 3 1) AR 4L 2 B 9 e 22 e AR D, It 22 AR it A7 &
53 BT RIE B 43 BT 5 SR FH A M R ) A A A 3 e i e Ak T 44, AT AL 2 R BT Bl T T 0 e e o S
JHF O A 36 S 5 D ZE ML o P JE AR D435 T D7 AR 12 155 1) ApoE /) BRUHF IEAR U 25 7L, 32 3 i -y 18 G AR
W D- 2% T A0 23 R AT A BT TR AU AR SR AR A o i M B R R AR P T AR B e TR
(tizoxanide) 34 Il HepG2 21 g 75 Jht H ik (glutathione, GSH) & & JF & it 23 &0 2 Wt & IR 1E 2 1§ (glutamate-cysteine
ligase catalytic subunit, Gel-c) F14 Bt H L JR B (glutathione reductase, Gsr) [ mRNA 2235 ; 18 i T 28 i ot i Bk B &
(cystathionine f-synthase, CBS) Fl filf JIg Fit £, B i N- F 3 4% % i (phosphatidylethanolamine N-methyltransferase,
PEMT) & 17K “F, 400 ) % 25 JIE 10 B2 (free fatty acid, FFA) 5 5 19 JHF 40 Mo I 5 25 A7, %5 e Jg B W] 189 i FRA ) 34 T
HepG2 4 i % /) B85 A H 48 B S- g (] 284 > Jhk 20 B /K A i (S-adenosyl-L-homocysteine hydrolase, SAHH) & H &
1K B e JE KRR S HepG2 41 i N- 2 T8t 4 & IR & 1§ (N-acetyl glutamate synthase, Nags) FH % 5 H1 15 2 1 & A 1
(carbamoylphosphate synthetase 1, Cps/) mRNA FKIE/K Vo 45 LRk, fE W8 K5 0S4 7 I B 15 5 10 ApoE ™/ R
JUE B 17 AR AR ) T AE AL )0 45 38 0 CBS 2634 B2 v JH- 40 B 9 4 e HEJIK 2 &=, 185 hm -4 i PEMIT & (7K1, 38 I - 24
Nags F1 Cps1 H15R15

SR IR): AL JE R, e JE R AEVERS PE AR A AR A A B H IR

& 43S R966 RKFRIRAD: A NEHS: 0513-4870(2024)09-2529-10

Metabolomic study of the improvement of nitazoxanide on
Western-diet induced hepatic steatosis in ApoE™ mice

ZHU Hu-tai-long', CHENG Xiao-fan', GUO Xin’>, CHANG Le', ZHAO Yin-di',
WU Shang-ze', DONG De-li""

(1. School of Pharmacy, China Pharmaceutical University, Nanjing 211198, China;
2. Le-Bio Technologies Co., Ltd., Hangzhou 310018, China)

Abstract: Nitazoxanide is an FDA-approved antiprotozoal drug. Our previous study found that oral
administration of nitazoxanide inhibited Western diet (WD)-induced hepatic steatosis in ApoE” mice. However, the
specific mechanism remains to be elucidated. In the present study, we performed an untargeted metabolomics
approach to reveal the effect of nitazoxanide on the liver metabolic profiles in WD-fed ApoE™ mice, and carried

out the cellular experiments to elucidate the underlying mechanisms. UPLC-MS-based untargeted metabolomics
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analysis was used to investigate the effect of nitazoxanide on global metabolite changes in liver tissues. The
differential metabolites were screened for enrichment analysis and pathway analysis. Hepatocytes were treated with
tizoxanide, the metabolite of nitazoxanide, to investigate the underlying mechanism based on the findings in
metabolomics study. The improvement of liver lipid metabolism disorders by nitazoxanide treatment in WD-fed
ApoE” mice was mainly through regulating glycerophospholipid metabolism, D-glutamine and glutamate
metabolism, glutathione metabolism, and arginine biosynthesis metabolism. Tizoxanide, the active metabolite of
nitazoxanide, increased glutathione (GSH) contents and glutamate-cysteine ligase catalytic subunit (Gcl-¢) and
glutathione reductase (Gsr) mRNA expressions in HepG2 cells. Tizoxanide increased cystathionine f-synthase
(CBS) and phosphatidylethanolamine N-methyltransferase (PEMT) protein levels, inhibited lipid accumulation in
hepatocytes induced by free fatty acid (FFA). Tizoxanide increased S-adenosyl-L-homocysteine hydrolase (SAHH)
protein levels in HepG2 cells and mouse primary liver cells stimulated with free fatty acid (FFA). Tizoxanide
increased N-acetyl glutamate synthase (Nags) and carbamoylphosphate synthetase 1 (Cps/) mRNA expressions in
HepG2 cells. In conclusion, nitazoxanide improves WD-induced hepatic steatosis in ApoE” mice and the
underlying mechanisms include increasing CBS expression, GSH content, PEMT protein expression, Nags and

Cps1 mRNA expression in hepatocytes.
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BiR IR W L B ¥ (AMP-activated protein
kinase, AMPK) NIk RE BACHI I REBIRTTE T, 55
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7 HU TR R L BRTOK B ] S RS 2
AR A T AT A B, i W e R B FLE A U )
B JE RE (tizoxanide) BT I8 Jok 4% b A4 A 5 IDE ML 1) S0
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ETF UPLC/MS (KA Z S FREL20 mg /)
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W (7 0.2 pgmL! 4-FOR 2 R) W HEFR % 10 min,
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HEMH. fH 100 pL HEE D KER (50050, viv) B
7%, 18 000 rrmin™, 4 °CE{.0» 10 min, H_EIEHEAEAGI .
& FE: XBridge BEH Amide HPLC 44 (100 mm x 4.6 mm,
id 3.5 pm), #iff: 45 °C, FEFEE: 2 pL, JiE: 0.4 mLmin™.
WA AR 95% 5 mmol L 2 BR4% 22 AT 5% 2.

& (pH = 9) 41pk, BHI A Z - Ve AR : 0~2 min,
85% B; 2~8 min, 85%~30% B; 8§~11 min, 30% B;
11~ 14 min, 30%~85% B; 14~20 min, 85% B.

B U5 BUIE L 47 FL T %5 HL B (electrospray ioniza-
tion, ESI) #:0i217. 2B W F: BT
(gas ion source, GS 1) 0 psi, B FJES4K2 (GS 1) 30 psi,
LTS AK (curtain gas, CUR) 30 psi; 1F 7B 7R T
5% 55 LI 43 ) ¥ B NS 500 V FT-4 500 V; Al 3 fiE &
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m/z 50~1 000 Da, Fef & 7 H1 453 [l m/z 50~900 Da.
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MetaScope Z $ 5 B : BT IKAR A ZE (10 ppm); £/ B B [H]
(0.1 min ); A B %2 ¥ (15 ppm). METLIN 2 £ 1%
B AR A Z (10 ppm); A BL A2 14 (15 ppm).
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I35 55 72 LUK 8~ 12 h, IINAS[R] MR 5 5 M J 4Ry A i
BRI (free fatty acid, FFA) AbFH 24 h, 77 J: 15 95 5,
FFLIIA 100 uL MTT ¥ (0.5 mg-mL™") 75 7% 46
%8 3~4 h Ja & B3 F%, F AL N IRAR A B H, BEAL N
A 100 uL. DMSO, 2 PRI 38 5E ¥ 5~ 10 min {5 45 &4 ¥
SE AR, B A E 490 nm I K AR R WO B 54
a3 77 -
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i = Ee S, PAVE AR =B 2
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{55 I T A GSH 2 B o il 7] 4 0 5 40 B 9 GSHL 7 & o
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RIPA 2R3 (7 1 mmol-L™ PMSF I 1 filg 411 k1 7)) 22
fR 41 ff 30 min, 18] AF 10 min 3% BEHRES 1 . 1640
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Studio 7F 800 nm 81 X} 57 HEAT 78 ST T

LR E = PCR K Trizol (Fd &{ Vazyme 2 )
R M HepG2 41 i F 73 55 st RNA FERE T 2 2. #4118
Vi B, {8 A HiScript[IIRT SuperMix i3k 1T qPCR (F§ &%
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QuantStudio 1 real-time PCR & 4t (32 [E Thermo Fisher
Scientific 2 &) #F47 SL K 5 &8 PCR B, FF4 Hobz Ak
WRHLBE E B (ACTB). K 27T & & A it B A
KA R 5 & . 51 %7 %140~ - ATCB-F, 5'-TGAGC-
GCGGCTACAGCTT-3"; ATCB-R, 5-CCTTAATGTCA
CACACGATT-3'; GCL-C-F, 5'-AATGAGATTTAAGC-
CCCCTCCTC-3'; GCL-C-R, 5-AAAGTCTGTTAATT-
GCACCTCC-3"; GSR-F, 5'-TTCACGAGTGATCCCAA-
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GCC-3"; GSR-R, 5'-ATTCCTAAGCTGGCACCGGG-3';
NAGS-F, 5-“ACGTCTCCGAGGGGTACAA-3"; NAGS-
R, 5-AATTTGTCCAGGTACGGGGTG-3'; CPSI-F,
5-GTGGCTTGCTTTGGTGAAGGTA-3'; CPSI-R, 5-TTG-
GCCGGAATGATTGCTGGATG-3'.
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Figure 1  Oral nitazoxanide improved Western diet-induced liver metabolic profiles in ApoE™ mice. A: Scores plot of the PCA model of

mouse livers; B: Scores plot of the PLS-DA model of mouse livers; C: Heatmap showing tested metabolites in livers. n = 8. Nit:

Nitazoxanide; ND: Normal diet; WD: Western diet; PCA: Principal component analysis; PLS-DA: Partial least squares discrimination analysis



RO IE A TP S R D50 VG 5 U 5 S 19 ApoE /N UMy JHF A F IR AR AL 22 F 7T © 2533 -

Overview of enriched
metabolite sets (top 25)
Glutathione metabolism °
D-Glutamine and D-glutamate metabolism L]
Glycerophospholipid metabolism -

Arginine biosynthesis ° Enrichment
Riboflavin metabolism ° radio
Nitrogen metabolism ° ® 10
Butanoate metabolism . @® 20
Histidine metabolism . @30
Pantothenate and CoA biosynethesis .
Ether lipid metabolism . P-value
Sphingolipid metabolism . 0.4
Alanine asparate and glutmate metabolism 0.3
Porphyrin and chlorophyll metabolism 8%
Glyoxylate and dicarboxylate metabolism I 00

Cysteine and methionine metabolism
Arginine and proline metabolism
Primary bile acid biosynthesis
Aminoacyl-tRNA biosynthesis
Purine metabolism

&1.5 $2.0
<+ : ® 2 ] 1.0 # £15 #
Glutathione metabolism RS * S 1.0
) 9
E 0.5 E 0.5
o Glycerophospholipid ) 0.0 0.0

E - am

-0.5 0 0.5 1.0 1.5
log2 (Fold change(WD-+Nit (200 mg-kg™)/WD))

(e {ionie

N
\

-
-
/

I ND+WT
B WD+ApoE"-

Glutathione

B WD+ApoE-~+Nit 100 mg-kg!

Fold change
i e
Shoboin

3
¥

=3 WD+ApoE+Nit 200 mg-kg™'

ngs met:bollsm D-Glutamine and D-Glutamine NAG 5-Oxoproline 5-Glutamy-alanine
T & ® D-glutamate metabolism g?g %1'5 %l.S oy %1,5
i g
Arginine 510 s 8 10 sk % 510 #  £10 . #
. biosynthesis r-!é 05 E 0.5 g 0.5 E 05
—_ e 0.0 0.0 0.0 0.0
°co0 o o SAH PE(18:1(/0:0) Glycerophosphocholine Acetylcholine
8 $201 . 1.5 * 2.0 it %15
! " j ! ' ' §15 g0 w815 510 i
00 01 02 03 04 05 S0 w5 510 S L e b
. =0 =2 = =
Pathway impact 205 2 0.5 05 * K] 0.5
0.0 0.0 0.0 0.0

Figure 2 Oral nitazoxanide altered the metabolic pathways in WD-fed ApoE” mice. A: Enrichment analysis based on metabolites that

displayed significant variation in livers; B: Pathway analysis of the differential metabolites; C: Overview of the differential metabolites and
the related metabolic pathways; D: The analyzed data of different metabolites in livers. n = 8, X £ SEM. "P < 0.05, "'P < 0.01 vs ND+WT;
P < 0.05, "P < 0.01 vs WD-fed ApoE mice. WT: Wild type; NAG: N-Acetyl glutamate; SAH: S-Adenosyl-L-homocysteine; PE:
Phosphatidylethanolamine; GPC: Glycerophosphocholine; GSSG: Oxidized glutathione
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B I H AN S 25 T H IR 1 2 =, T R A B A b
H ik (oxidized glutathione, GSSG) JC i 35 f4 i ; £ M 8
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i (K3C). A& IR M = R IZEFEE (glutamate-cysteine
ligase catalytic subunit, GCL-C) j& GSH £ 1% I R i B,
A W H BKIE SR (glutathione reductase, GSR) 7E GSSG
& 5 GSH g FE g B E A . Bt Jedr 3 b
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AT JOE T IR PR 340 5L, AT 2 s 448 b P 3 D5 28 2 O T
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BT AR AT A D H DR A B B B A AR, [A) Y i
SR AL EZ IR G A i 1L Wi ik g & B (cystathionine
B-synthase, CBS) £ i Bt 282, M ifi 2 i GSH &
BN ARSI Y)AKT S h, DRI AR 4G TR JE
K (200 mg-kg™") 4 1 ApoE" /)y B A 4H 41 CBS & (1
K (EI3E). EA0 7K~ S8, 5 e g R Ak 22 v 40
#ill FFA %5 5 1) HepG2 4l il CBS & H 7K °F- F % (& 3F);
B Je Rt 2 T s /s R4 o CBS 2 K
7 (B3G).
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& B 3T FRAK PE AKSF (18 2D), PRI 4% 22 1 5 PEMIT 78
JH WAL 28 B R TA K o 7R BEAR B P K S2 R
FIAR S T M e F (200 mg-kg™) PR R TG )7 IR B 15 5
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Figure 3 Tizoxanide treatment increased liver glutathione (GSH) contents. A: The analyzed data of cell viability in HepG2 treated with

different concentration of tizoxanide for 24 h; B: The analyzed data of cell viability in HepG2 treated with different concentration of FFA for
24 h; C: The analyzed data of GSH contents in HepG2 cells treated with tizoxanide (2, 5, 10 umol-L™") for 24 h; D: Gcl-c and Gsr mRNA

expressions in HepG2 cells treated with tizoxanide (2, 5, 10 umol-L™) for 24 h. n = 6, x £ SEM. P < 0.05,

P < 0.01 vs CTL; E: The

representative Western blots and analyzed data of CBS protein levels in the livers of mice. n = 8, ¥ = SEM. "P < 0.05 vs WD+ApoE™; F, G:

The representative Western blots and analyzed data of CBS protein levels in HepG2 cells and primary hepatocytes. n = 6, x + SEM. "P <
0.05 vs CTL; “P < 0.05, P < 0.01 vs FFA (200 umol-L"). FFA: Free fatty acid; Tiz: Tizoxanide; GSSG: Oxidized glutathione; CBS:
Cystathionine f-synthase; GCL-C: Glutamate-cysteine ligase catalytic subunit; GSR: Glutathione reductase; CTL: Control
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Figure 4 Tizoxanide treatment increased PEMT protein expres-
sion and reduced FFA-induced lipid accumulation in hepatocytes.
A: The representative Western blots and analyzed data of PEMT
protein levels in the livers of mice. n = 8, x + SEM. "P < 0.05 vs
WD+ApoE” ; B: The representative Western blots and analyzed
data of PEMT protein levels in HepG2 cells treated by tizoxanide
for 24 h; C, D: The TG content in HepG2 cells and primary
hepatocytes treated with tizoxanide for 24 h. n = 6, x £ SEM. P <
0.05,"P<0.01 vs CTL; "P < 0.05, ¥P < 0.01 vs FFA (200 pmol-L™").
PEMT: Phosphatidylethanolamine N-methyltransferase; TG: Triglyceride
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Figure 5 Tizoxanide treatment increased SAHH protein expres-
sion in hepatocytes. HepG2 cells and primary hepatocytes were
treated by tizoxanide and FFA for 24 h. The representative Western
blots and analyzed data of SAHH protein levels in HepG2 cells
were shown in (A) and primary hepatocytes were shown in (B).
n=6,x+ SEM. "P < 0.05, P < 0.01 vs FFA (200 pmol-L™").
SAHH: S-Adenosyl-L-homocysteine hydrolase
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Figure 6 Tizoxanide treatment increased Nags and Cps/ mRNA
expressions in HepG2 cells. HepG2 cells were treated by
tizoxanide for 24 h. A: Nags mRNA expressions in HepG2 cells;
B: CpsI mRNA expressions in HepG2 cells. n = 6, x £ SEM. P <
0.01 vs CTL; “P < 0.05, ¥P < 0.01 vs FFA (200 umol-L™"). NAGS:
N-Acetyl glutamate synthase; CPS1: Carbamoylphosphate synthetase
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