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RN F53E K 24 2 EBENL S Xt B4 . LPS 4H. 4-PBA 41 &% LPS+4-PBA 4. LPS
HF YRS 16 KBRS ES LPS(200 pg/kg), 4-PBA ZH i1 VE 5 4-PBA(150 mg/kg), LPS+4-PBA
HAENGIE S 4-PBA (150 mg/kg) J& 1 h FREEIEES LPS (200 pg/kg) o FTA 44 RAE LPS A&
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4-Phenylbutyrate ameliorates lipopolysaccharide-induced bile acid metabolism
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Abstract Objective To explore the ameliorative effect of the endoplasmic reticulum stress inhibitor
4-phenylbutyric acid (4-PBA) on bile acid metabolism disorders induced by bacterial
lipopolysaccharide (LPS) in late-pregnant mice, and to clarify the regulatory mechanism of
endoplasmic reticulum stress (ERS) in intrahepatic cholestasis of pregnancy (ICP). Methods
Twenty-four pregnant mice were divided into control group, LPS group, 4-PBA group, and
LPS+4-PBA group. On the 16th day of pregnancy, the LPS group received intraperitoneal injection
of LPS (200 pg/kg) and the 4-PBA group received injection of 4-PBA (150 mg/kg). In the
LPS+4-PBA group, 4-PBA was intraperitoneally injected first, followed by LPS administration 1 h
later. Serum total bile acid (TBA), liver injury markers, bile acid profiles, and the expression of key
genes and proteins were detected 6 h after LPS treatment. Results LPS exposure increased serum

TBA levels in pregnant mice(P<0.05), activated ERS markers and inflammatory factors, and



downregulated bile acid transporters and the expression of the rate limiting enzyme CYP7A1(all
P<0.05). 4-PBA intervention effectively inhibited ERS, reduced TBA levels(P<0.05), and
upregulated Ntcp, Bsep, Mdr3, and Mrp3 gene expression(all P<0.05). Conclusion ERS plays an
important role in LPS interference with the homeostasis of bile acid metabolism during pregnancy.
Inhibiting ERS can improve bile stasis by regulating bile acid transporters, providing a theoretical

basis for targeted therapy of ICP.
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UF R THT 9 I VR ARRE Cintrahepatic cholestasis of pregnancy, ICP) & i 4 o i 144 i T
FREIP , LA Rz SR A L7 S IH YR Ctotal bile acid, TBA) 7KF-FFE (TBA>10 pmol/L) A
fi, ™A 5] R RHATE KR LA R EE R (e, JER= ) U2, GR4ER R BIERm, 1cp
X BEAAR 1) 56 T AR TSR R, 38 ] R3S Inze 0 B T« BB PR PR TELE 0 L 28 e X
fr, AHFC BRG] M AN . B R R A N RE R IR 2 HE (lipopolysaccharide,LPS) i id
WA g B Bt NG, BT GES0E P 5 P S (endoplasmic reticulum stress, ERS) , 1fj ERS &
WAIE S5 Iy R A 25 L BT B0 3 DM 1. BRS A2 20 M S 6F PR JoR ) A 37 8 8 1 A 22 10385
e, AT B AT 51 R SO AR R . IR AT IR S ok, LPS AT S AT g
ANERIBHERACH 25 6L. 2RI, HATERRT ICP BRI 5O RE N 32, =X ERS L [A) 11
SR o %A FE R Z T R EEA LA, $R1T ERS 017 4-%FE THR (4-phenylbutyric acid,
4-PBA) Xt LPS 55 [ LR g uge I R A 1 36 AL ke A T, 3l sk o BT B A L 37 2 SR L
MRS, 454 ERS WEMRIE, BIEH/R ERS 78 ICP FPMiATEIEM, NIFRIET ERS



FL R IR TT SR ST EIR N -

1 MRS T5k
11 ERIMKFETF SRR

AHIF FE A% FH 48 BE SPF 2% ICR /NS, (I 30~34 g, MfEPE 26~28 g, 8 JAid) , WWH L4k
BRESHYIAIRA R . INRAEERE 20~25 °C. {BS% (5045) % [IASEruE N MR 1 JE . I
MER A, UURBLAR H 322255 0 K (GD0) . SKBRkHN 24 RZi, BENL JuxtHE4 .
LPS 41, 4-PBA ZHJ7 LPS+4-PBA #H. #ZMRZERAKBIER 0.5% (VIW) 25N 4 T 403,
LPS 41T GD16 fEiE 4 LPS (200 pg/kg) , MFHALHIE G4 & 0.9% 5 ALANE T . 4-PBA 4T
GD16 E ST 4-PBA (150 mg/kg) , LPS+4-PBA 4L7E i VESS 4-PBA (150 mg/kg) J& 1 h
IS VEST LPS (200 pg/kg) o FiAZLRAE LPS AP )5 6 h &FRE .. K558, 7 & IiG
AR T AT 2R F J5 4240 HT o

1.2 EEREH

LPS (%5 : L2630-10MG, 3 [F Sigma A7) ; 4-PBA (15 : P21005, 3 [E MedChemExpress
A 5 TRIzol 3R57 (£%%5: 15596026, 3[H Invitrogen /A 7]) ; LightCycler® 480 SYBR Green
| Master & LightCycler 480 Multiwell Plate 96, white (£%5: 04887352001, 04729692001, %+t
Roche AF]) ; LC-MS AN (HEE, 155 67-56-1, b2l stibRHE I m A R A
O, Bi5: A998-4, EEZEER WH/RBHLAMRARD Wi (185: A800015, hifFZ
MAAL R I B PR A F]D; $i4K p-IREL a L IREL a A1 GRP78($% 5 : PA5-117321.MA5-14991 .,
MAS5-27686, 3% [El Thermo Fisher Scientific A 7] ); $it{& ATF4.p-PERK Fl PERK( 575 : ab85049 .
ab192591. ab229912, <[ Abcam A +]) ; Fifk CYP7TAL (175 : sc-518007, 3&[F Santa Cruz

Biotechnology A #]) ; Jifk B -actin ($%%5: A2228, fH[E Merck AF]) .
1.3 FEAUR

SEF UG E R PCR X (B S: LightCycler® 480 II, i+ Roche A®]) ; LC-MS/MS Hi
i (345 . 3500 QTRAP, 3[E AB SCIEX A#)) ; e HshAEA S HX (FS . CS-T300,
R EE G TR A ED .



1.4 HEARBEZRE

Y RER I IE L ZUE 4% 2 B [ 5E 24 h, BEJSTE 5% LREF K 24 he 2 )5, KT
HEAH A BB T, JFLLS pm EEEHAT U A . VDA RAIRAARREAERLL (HED Jethikift i

Geth,
1.5 IiE -5 FFAEAE AL s A

Wb R, T 4 °C44F T LA 5 000 r/min .0 10 min, 3 M. 1 AR RE R
¥ %% (alanine aminotransferase, ALT) . R[] 42 2 2 5= ¥ 74 il (aspartate aminotransferase, AST)
BT EA I MLE T ALT. AST i 1%, TBA BRIG RS TBA & . B 100 mg ATFHEZZA,
IO 1 mL 1 75% ZBE2) 9%, 50 °C/K¥# 2 h, T 4 °CZ&44F LA 5 000 r/min E5.C» 10 min, HX 50 pL
FVEWH TBA WIS AT AE TBA & &, SEItfli H i CS-T300 4 H sh AL HT .

1.6 REIHBR SS B9 2

41 LC-MS/MS A8 IRE BRI 775 60 S M P L 8 B o R 2 52060 A8 PR V0AH €8 - — 5 DU 4T
JoR U ASORT R BRI B B M ZH ZRE A R (R IR BR 4L o & s dE AT e, i AEE ) Phenomenex
Gemini 3um NX-Cis 110A #. FBIHEE: A MHA 4 mmol/L LEREE (& 0.1%IKLFD
B A HEE; ARZERFAE 40 °C; MIEBLE N 0.4 mL/min; BEFEARRN 10 pl. M5 AL
EUREAS 50 uL, JAA 250 pL HEEL 50 uL AR (200 ng/mL) , JWHEWREIJG - 20°CERE. 20 min;
T 4 °CZAFF LA 5000 r/min &0 10 min, HCEFHZEAWRTs BLSO uL HEE - K (1, viv) &
W, HRECEIEEERE . FFIFAHZ 40 FREX 100 mg HFAHZL, I 1 mL 75%REA K,
50 °C/KIBIEHE 2 h; T 4 °CZ4F T LA 5000 r/min 250> 10 min, H( 50 pL _E3&W, B 50 uL A

Fr, WRHEE B0y BUETERAWRT, WEE-K (1) EiE, B0 E B EEA .
1.7 F RT-gPCR HAREMAHFREF I mRNA Rik/KF

MEER B IFRE P3RS RNA, R4 TRIZol 1R 6 NN # I REAS . BlJE, F
FE T 3 B R e AT Wi i 5% . 87 LightCycler® 480 SYBR Green | iR 71 61 LA K 1564 i
FEREHI S (PEWEE 1, % PCR FEAREAT SERF AN . 3X 46 g RiFE LightCycler® 480 4 2%
HR A, HYGAE 95 °CREEAT 10 min AR M IR, SRS HEAT 45 =20 PCR ¥ #1534 7£ 95 °C



A 158, fE60°C TRk 155, SRJG1E 72 C F4EfH 20 s. FrE 514935 % E Invitrogen /A4
A . KA 270 ke BRI RIE K, LL 18S rRNA K FAE NS,

&1 514955

Tab.1 Primer sequences

Genes Forward primers (5’ -3’ ) Reverse primers (5’ -3' )

Rn18s GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG
Cyp7al ACTAGGGAAGTTTCGACATGC ATGGTGTGGTTCTTGGAGGT
Bsep CTGCCAAGGATGCTAATGCA CGATGGCTACCCTTTGCTTCT
Ntcp TCTTTTATTTGCCCACAGCTACA CATCCTCCGACCCAGTGAAC
Mrp3 CTGGGTCCCCTGCATCTAC GCCGTCTTGAGCCTGGATAAC
Mdr3 TATCCGCTATGGCCGTGGGAA ATCGGTGAGCTATCACAATGG
Chop CCAACAGAGGTCACACGCACATC CTTGAGCCGCTCGTTCTCTTCAG
Grp78 GCCGAGGAGGAGGACAAGAAGG CATTCCAAGTGCGTCCGATGAGG
Atfoo TTATCTCCGGGATCATCAGC CTAGCATGTTCCACCCCACT

Atf4 GAGTAATGTAAGCAGCAGAGTCAGG ATTCCTTTAGTTTAGAGCTAGGCAGTG
Xbpls GAGTCCGCAGCAGGTG GTGTCAGAGTCCATGGGA

IL-1a GTGCTCAAAACGAAGACGAACC CATATTGCCATGCTTTTCCCAGAA
IL-15 GAGCCCATCCTCTGTGACTC TCCATTGAGGTGGAGAGCTT

IL-6 CTGGCAGAAAACAACCTGAACC TGATTCTCATCAAGCAGGTCTCC
TNF-a AGAGGGAAATCGTGCGTGAC CAATAGTGATGACCTGGCCGT

1.8 Western blot Sz



ik SDS-PAGE HLIK 73 2 £F BRUH I SL T AR AR, Bl S 5678 2 5% I — 9 L)@ b ] 5%
AR YR E A 1 h 5, HBE TR R —5t LIEW GRP78. ATF4. PERK. p-PERK.
IRElo. p-IREla Al CYP7AL (Fi%tb43% 1: 1000, 1: 500. 1: 1000. 1: 1 000. 1:2 000.
1:1000 #11:1000) , BHJGFE 4 °CHAMF FREIRWTE LK. p-NahEH (MRt 1: 50000 7£
S Tk AR AL R UK P IS 2% . T 0.05% Tween-20 (¥ TBST ZEMWRBEE,
Ve 3 WK, BRRPEE 8 min. W E S AUE H P QLEPTREVNR 196G, FiRetth 1: 10 000D
B E 2 h b5, (£S5 0.05% Tween-20 f) TBST L7yl BRI 3 I, 5K 8 min.

e, AR ECL Al &G 5 .
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1.9 Giit2EAb

KHI SPSS 21.0 AT HEATGE T 73 Mt o X T 45 & IS 70 A (K P AL Kcale 1a) () 22 5, R X £ s K
N, A EEBUONR 7T Z2 73 B CANOVA) JHiE AT AR PR, Herb 22 20 1) 22 AN ) n 8030 19
PO, KA ERZNETT 20 . P<0.05 RZERA G FE L

2 4R

2.1 4-PBA TTREZEH] LPS 535 M R M R

RV ERS X LPS 5 S MV BRACHT AU REI, AW SR ERS #0177 4-PBA 217+
Til. 25N, 4-PBA REMH T LPS ¥ 5 1 ERS brEEEK Chop. Grp78. Atféa. Atf4 F
Xbpls ) mRNA it Eif (P<0.05, K 1A-1E) . [, 4-PBA TR ZEFEILT ATF4 A
GRP78 HIE ARIEKT (P<0.05, B IF-1G) , FH#H T p-IREla [FRIL, 1M/ IREla F
ik FJF, p-IREI/IRELa HUAE & 3 FEAK (P<0.05, & 1H-1D) . 4, 4-PBA i&[£{X T PERK
S p-PERK W FHRi%, p-PERK/PERK LUH T (P<0.05, Kl IK-IN) o LA EZFIRFEH,
4-PBA iid {i] IRE1a A1 PERK i, A XZM | LPS 53 HIZ W B U ERS, 4 ERS

FEREABRACH b R IV P3R4 1 SEIR 4R



B1 Stk LPS BFEK 4-PBA THONBERTFAEA B MBI (n=6)

Fig.1 The effects of acute LPS exposure and 4-PBA intervention on hepatic endoplasmic

reticulum stress of maternal mice (n=06)

7¥. A-E: The levels of Chop, Grp78, Atf6a, Atf4, and Xbpls mRNA in maternal liver were
detected by RT-qPCR; F-N: The protein expression levels of GRP78, ATF4, IREla, p-IREla,
PERK and p-PERK in maternal liver were detected by Western blot analysis with quantification;
a: Control group; b:LPS group; c:4-PBA group; d:LPS+4-PBA group; *P < 0.05 , **P < 0.01,

##%P < 0.001 vs Control group; “P < 0.05 , #P < 0.01, **P < 0.001 vs LPS group.

2.2 4-PBA T LPS 5| KI5 FFFIE 40 [ S

JIWEE 4-PBA T-T00T LPS 5l BF 5 28 0E i S 520, A RT-qPCR BRI IL-1a
IL-18+ IL-6 VL J% TNFo mRNA 7K. b IL-1o AT IL-1p /E 9 530 20 SN () S A 77, BE s
fil i — RGN TS50 8% 1L-6 W25 07 G ) SR 2R OBE s T TNFou U2 51 & 9 5EF1



HATG I EEM R E . LR E R, 4 LPS &GS S E LR FIEKF, £ 4-PBA
AT TG R T 220 % (P<0.05, B 2A-2D) . 458K, 4-PBA [Tt it A 0
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B2 4-PBA W@k LPS RFE TRFFMIERMEER (n=6)

Fig. 2 The effects of 4-PBA on hepatic inflammatory response in maternal mice under

acute LPS exposure (n=6)

¥. A-D: The levels of llla, 1118, 1I6 and Tnfa mRNA in maternal liver were detected by
RT-qPCR; a:Control group; b:LPS group; c:4-PBA group; d:LPS+4-PBA group; *P < 0.05, **P

<0.01 vs Control group; *P < 0.05,P < 0.01 vs LPS group.

2.3 4-PBA TTEME LPS 5[ & RTFH%G

Pl 4-PBA X LPS 5 5 BE BRUH ISR 105 T TRBUR , A RES SIS WS S EA R
WREEET T RS0 . S8R E/R, 4-PBA REZEM T LPS i S AT AR K (B
3A-3C) , KT HFAE &% (P<0.05, K 3D) . [ARf, 4-PBA T-FiliE 2 4% T 117 TBA.
ALT J¢ AST /K~F (P<0.05, KI3E-3G) , PLAJHE TBA /KF (P<0.05, K 3H) . XL
KB, 4-PBA 8IS 3% LPS SR AR5, AR A IR B a7 S it 1 SEae ks o



B3 4-PBA W@tk LPS REF SR BETBRRES RFRHGRSEER (i=6)

Fig.3 Improving effects of 4-PBA on hypercholanemia and liver injury induced by acute

LPS exposure of maternal mice (n=6)

7¥. A: Representative liver images (photographed in a 30 mm culture dish, scale bar 1 cm); B:
Representative H&E staining images of liver tissue (X200, scale bar 50 um); C: Body weight of
pregnant mice from GDO to GD16; D: Liver coefficient; E: Serum total bile acid levels; F: Serum
alanine aminotransferase levels; G: Serum aspartate aminotransferase levels; H: Hepatic total bile
acid levels; a:Control group; b:LPS group; c:4-PBA group; d:LPS+4-PBA group; **P < 0.01, ***P

<0.001 vs Control group; *P < 0.05 vs LPS group.

2.4 4-PBA THKE LPS X & AL BR S BT HhAE A



NEHE 4-PBA TT00 2 BE BRIV BRARU 2 57 AR BE IR AL, A LC-MS/MS
AR RGN E 7 BF ST FFE S AR 7o WH A R R 78 BRI oh LA il
121 FIEATR R (B 4AD ABAFER L, B TI%% LPS AbFEHIX 4, LPS+4-PBA
2R A3 v O A MR R B A I B i I B R R R . FEAIIRT R, A AR
2 TCA. T-a-MCA LA R R o-MCA M3 = IC R, H LPS+4-PBA 21 & & AHE
T LPS HARE % (P<0.05, Bl 4B) . MAEREMITERY, LPS+4-PBA 411) GDCA I
FRMET LPS 418% T (P<0.05, B 4C) o fERERAFAEF, FFASNH T 21 FAE
BRRGy s HL5 s A AR SE AR — 5 (B 4D) o AP RISt & Y FRR K o5 L B A 4%t
Ao BARFIWIH AL, LPS+4-PBA #1f] T-a-MCA. TCA. T-B-MCA. CA. CDCA. a-MCA
FTB-MCA & BT LPS 44 3 T B (P<0.05, B 4E) . T 7E X IHV TR , LPS+4-PBA
411 TLCA. TDCA. GUDCA # DCA K& B FIFAHE T LPS A 2% M (P<0.05, &
4F) o XEEFIRILFEIRN, 4-PBA 00 A1 B KM TR A28 1 2 2 AR,
A BT LPS 28k 51E R = IEH BRIRE .
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Fig. 4 The effects of 4-PBA on abnormal bile acid metabolism induced by acute LPS

exposure of maternal mice (n=6)



¥ . A: Heatmap of serum bile acid profiles; B: Metabolic profiles of primary bile acids in serum;
C: Metabolic profiles of secondary bile acids in serum; D: Heatmap of hepatic bile acid profiles;
E: Metabolic profiles of primary bile acids in liver; F: Metabolic profiles of secondary bile acids
in liver; a:Control group; b:LPS group; c:4-PBA group; d:LPS+4-PBA group; *P < 0.05 , **P <

0.01, ***P < 0.001 vs Control group; “P < 0.05, P < 0.01, P < 0.001 vs LPS group.

2.5 4-PBA T-Tix} LPS T8 RARITERA B IR

PR FE LPS %t 2 W BF BRI T Rt OC B 42 IH 1 A B & 4-PBA (KT T0UALAR, ASHF 78K
1] Western blot Al RT-qPCR ${AREAT ¥ RGE0 M. 4R &R, LPS Sk 5 R 5 25 PR 42 U I
t CYP7AL WIEHK, T 4-PBA FHEIHE R T (P<0.05, & 5A. 5B) , 27~ 4-PBA
B CYPTAL RIEEMRIEIT RS i . dboh, LPS SEUHI BRI CypTal.
Ntcp. Bsep. Mdr3. Mrp3. Cyp3all [f) mRNA F£ik4TH Fif; 4-PBA A5, XELRNFRIXL
BEE LR (P<0.05, & 5C-5H) , R 240 S SCE B A R #ig LR ThEg .
PAESRIER, LPS i@ CYPTAL MBI FRACH LR 5] A ME IR AR A R4, 177 4-PBA 7]
WX —id A%, J94E[A ER NEIR T MESRIIE IR BUE SR B 1 SE30 M4

B5 4-PBA EQE LPS RESEEREHBRAMEILPHTFIER (i=06)

Fig.5 Interventional role of 4-PBA in bile acid metabolism disorder induced by acute LPS



exposure of maternal mice (n=6)

7¥:. A, B: The protein expression level of CYP7A1 was detected by Western blot analysis with
quantification; C-H: The levels of Cyp7al, Ntcp, Bsep, Mdr3, Mrp3 and Cyp3all in maternal
liver were detected by RT-qPCR; a:Control group; b:LPS group; c:4-PBA group; d:LPS+4-PBA

group; *P < 0.05, **P < 0.01 vs Control group; “P < 0.05, *P < 0.01 vs LPS group.

3 it

AHBFFEUESL ERS WS AE LPS 5 T [ 4E YR IAREY T FR A5 35 0L i R 1% B B E .« ERS 2
280 e S L 1 O A R T 3 L R, AFL G T B Y T s R RE G R BT IR AR
AT LEIRI/N R LPS SR BEAAL, AL R TR, LPS HIRER T ETH LG
TBA /KF. hAh, 4-PBA FTAEH AEMIRTTH AR, FRARIIE TBA /K ol i I 2
P, XN ST M ERS 2 SRR R0 W s — 2, kB 1
ERS FEUE4RMES S MEAR T R AU S iy vh 0 B A Y o TAFR, M DR R R 45 S oA S5
() I A5 52 I o S BT B A i oA 1) 7 9 ] RS I I TESEIE M, Rk LPS B AL,
BETT S0 FEEARE T e AT, LPS 255 235 THm AL 0k /N UL LPS 7K, R Syt
22 85 1 BSEP A1 MDR3 R M, X—ILR 5K ICP E3 foW 52 21 Iy BRHEMERR
i e FE AR 1OT, 25 S AT AR TC ), AR ST Y« i B E-LPS-ERS %l ” P RES2 ICP RAERE
BIPLH: Jil B RE AR 2 LPS Zr NI — 0S4 ERS— I IV iR ¥ iz i 1 — IRV IR
BN T . Xl R ICP AR O AL SR A TR, RIS AR R
1 B AL LPS BFT00R) A A TRBRIA YT ICP O TETE SR .

S B P9 T X L CE R R AR U ZE AL RS AR, AR SR 4-PBA JEAT HA Y T TS
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