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WE: ®HHF (isoliquiritigenin, ISL) /& H & SE BUR & R W 540 &1, FA DB FROW B Pt A 6 2 fhe
Yt . S AT HA 7T K B, ISL ] B 2 ZUHE JR 95 (type 2 diabetes mellitus, T2DM) /I 1 LA 7K T, £23% T2DM
512 B BE HEAC 5 AN B AR AL, A SCHLE — D ER 9T ISL 2% fif T2DM BT 80U P i W RS2 (endoplasmic reticulum
stress, ERS) R FMENTH T US4 Py 5256 K A 8 Ji % SPF 2l 1 CS7BL/6J /1N B, 368 b 1 MEE o I v R o £ &6
B WG I VR ST B R 2 1 25 (streptozotocin, STZ) 42 T2DM B4R AL, Bl 44 ) AN S 56 3o Pt 450 1B A1 b it A I8 245 K 225K
U H A B B S E (kv S BUCM-2022021503-1134); 14 4 2 36 % H A BT &8 HepG2 40 i, LA K 5 %
(tunicamycin, TM) 5 3 ERS 4 fu 5 28 . F1) FH % s 2000 /55 43 B ISL X T2DM /s B ik 3k R 2 S 7K P R s il SR FH S
i %% )% %€ & PCR (real-time quantitative polymerase chain reaction, RT-qPCR) £& | ISL X} ERS 2 4 2 [A] (1) 1 2 1F FH;
K FH it 36 9,928 W B 925 (enzyme-linked immunosorbent assay, ELISA). 25 [ i El 35 (Western blot, WB) LA % %% %
FARAT I ISL X ERS S M A4E/E A . SEI0 245 R B ISL 7] 235 T i ERS SR Bk D] [ty 0k, 80 {07 260 1 5
1 78 (glucose-regulated protein 78, GRP78) ¥ /K, Jf 4 il 2 [ W8 R #F 4 5T M 88 (protein kinase RNA-like
endoplasmic reticulum kinase, PERK) [1] {2 1k, M 11 22 i T2DM Bt 057 & ERS; [FIEF, ISL 7T 32 /= ik 5 R 2R R Y
(insulin receptor substrate, IRS) 1 #1IRS2 1) & 7K, {213 & 18 B (protein kinase B, Akt) [ BER AL, B3GR 5 3=
HURYE. 25 L, ISL Al id 2% ERS R & 3= BURYE, 2% T2DM A SRR .
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Isoliquiritigenin alleviates abnormal endoplasmic reticulum stress
induced by type 2 diabetes mellitus
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Abstract: Isoliquiritigenin (ISL) is a chalcone compound isolated from licorice, known for its anti-diabetic,
anti-cancer, and antioxidant properties. Our previous study has demonstrated that ISL effectively lowers blood
glucose levels in type 2 diabetes mellitus (T2DM) mice and improves disturbances in glucolipid and energy
metabolism induced by T2DM. This study aims to further investigate the effects of ISL on alleviating abnormal
endoplasmic reticulum stress (ERS) caused by T2DM and to elucidate its molecular mechanisms. /n vivo
experiments were conducted using 8-week-old SPF male C57BL/6J mice. The T2DM animal model was
established by high-fat and high-sugar diet combined with intraperitoneal injections of streptozotocin (STZ), in
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compliance with the ethical guidelines set by the Animal Welfare Committee of Beijing University of Chinese
Medicine (approval number: BUCM-2022021503-1134). In vitro experiments employed human liver cancer
HepG2 cells, which were induced with tunicamycin (TM) to establish the ERS cell model. Transcriptomic
sequencing was used to analyze changes in gene expression in the liver samples of T2DM mice following ISL
treatment. Real-time quantitative polymerase chain reaction (RT-qPCR) was employed to assess the regulatory
effects of ISL on key ERS genes. Enzyme-linked immunosorbent assay (ELISA), Western blot (WB), and
immunofluorescence techniques were used to evaluate ISL's effects on ERS-related proteins. Results indicate that
ISL significantly downregulates the expression of ERS-related genes, reduces the level of glucose-regulated protein
78 (GRP78), and inhibits the phosphorylation of protein kinase RNA-like endoplasmic reticulum kinase (PERK),
thereby alleviating abnormal ERS induced by T2DM. Additionally, ISL increases the protein levels of insulin
receptor substrate (IRS) 1 and IRS2 and enhances the phosphorylation of protein kinase B (Akt), thereby
improving insulin sensitivity. In conclusion, ISL is able to alleviate T2DM associated symptoms by improving
abnormal ERS and enhancing insulin sensitivity.
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WA IR R R — A R R TR R IR R A
AR [ B B R B 5 22 4 i, H T2 3RA 53710 Bk
FN (20~79 %) #iZ BRI, ik 2 2030 4 B H AN KL
Kt 2 6.43 10, 12045 3t — D4 2 74342, KWTE
B 2 IR A BRYE P9 B L B BR v 2K B
2 BUHE PRI (type 2 diabetes mellitus, T2DM), H: i 35 %k
o5 E PRI 11 90% LA M. T2DM LA & 2= HE it
AU 5 3R O Wb 32 450 R 1 R pl, B IS R R, W]
TECEF AL T IET 0 1 R SRR R
GO A RGO AR M I RE, T B U R .

HEAE NI L 2 22—, fE ARG
WA iz A Y. FRE 2 o e H RO R R g
W, R 5390 2 SRR H L (Glyeyrrhiza uralensis
Fisch.). Y6 B H ¥ (Glycyrrhiza glabra L.) K 5 H ¥
(Glycyrrhiza inflata Bat)'"" . H ¥ & & =i S 5
5 M ) B H B R (isoliquiritigenin, ISL) EJ
4,2 4"- = F2 I AR, o2 — R B A R A 45 8 1 2K 5
B4 & . Ak, K E AT IE o ISL B A Uk IR
TR BT R HEAE  F ARG . AN RS B
HIEE XS ISL (4T T2DM UG PETF RE 1 R G ey, ik sk
T AE T IE B (high-fat-high-sugar diet, HFD) %
T (P00 B /N B, I s v S IS ] A R B AEK I B 7K
-, SRR S A, S PRI IR AR, (2 ek A
AR R AR T I, T % i T2DM 5| G2 (0 0% i e &
AL, R I G T2DM 1 R A7 7).

U AL T8 R FRARAS B, A A R A S R
HiRTEMEA RS &M, 90 KW
(endoplasmic reticulum stress, ERS)™. i) ERS &
TR 5 2 0 AL 7 B B RIS B, b0 A AE i LA

g 05 20 230 )8R & =P Rk, ERS S AE PERI R b
PRI E WAFE 2 — o AV SOK 7 T HATE 5T 1) S Atk
¥R 9T ISL 22 % T2DM T 35 57 % ERS 1925051 9
FE AT AL, b 78 58 3% ISL 243 T2DM HIHLH .

MRS EE

SLIGEhW  SPF 2% M 1E CSTBL/6T /N B (8 J& ),
T4 DAR (b)) EMBEARGIRA A, HFE T+
55 25 K 2 S Fh ) A o0y (20~24 °C, 50%~T70% H %
BEE, 12 /12 h el &), LW T REedb b EH KR
SIS TR B £t iE: BUCM-2022021503-1134; 52
B 54 PR Y AT IE S 0 SCXK (32) 2019-0010; 5256 )
VIR AR IE SR 51 110324211104663385

RFFRFIE  ISL (A1 > 98%, #it 5 : B21525).
I (metformin, MET, 46 )% : 98%, it 5 : S30880)
A % & (tunicamycin, TM, 4i & > 98%, it = :
S17119) ¥ H bt Y5 A= Yy kLB G R 2 =] 5 4 R A
P % (streptozotocin, STZ, 4l & > 98%, ik 4fi, #it*5:
BN30130) W [ b 50 B 5 AE R A PR A | ; 4- 280
T (4-phenylmethylbutyric acid, 4-PBA, i [ > 99%,
fit5: P132032) I H _EigRiTd T AR R A IR A
A]; JR4- LI (fetal bovine serum, FBS) 14 H 3£ & Corning
A F]; DMEM i B 5 77 56 1 [ 2% [ Gibeo 24w ; i %1 b
W 15 2 H 78 (glucose-regulated protein 78, GRP78).
C/EBP [FJJi# 1 (C/EBP homologous protein, CHOP) I\
JHF 458 i B I 5 9% WK B 7% (enzyme-linked immunosorbent
assay, ELISA) W7 G340 B g A YR A TR 2
;R A M (R AT RE SRR R S
IR AR TR T BT, — il xU DNA/RNA/EE [ $2 5L
RAEWEHETEY TR (LB BOERAA,
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NovoScript” Plus All-in-one 1st Strand cDNA Synthesis
SuperMix (gDNA Purge) il NovoStart” SYBR gqPCR
SuperMix Plus 1 T 75 M i 5 85 B 5 B I 4 A BR A
] B 5L AR - =5 % (periodic acid-Schiff, PAS) He
TR 5 LA S BCA B A9 B I s 355 & 0 B b o 2836
FRHECA PR A A5 SR Z AR Y) (insulin receptor
substrate, IRS) 1.IRS2. & [ ¥ i RNA £ P JiT % 51
(protein kinase RNA-like endoplasmic reticulum kinase,
PERK).p-PERK (Thr980). & [ ## ! B (protein kinase B,
Akt) Fl p-Akt (Serd73) —Hi¥J I H 3£ [H Cell Signaling
Technology /A ) ; GRP78 — il H 3 [E Proteintech /A 7] .

8 CO,H i £ 7= 4§ (MCO-18AIC, H &
SANYO 4 #]); PCR 1 (QuantStudio™ 6 Flex, 3
Applied Biosystems A #)); Bf #x {¢ (EPOCH, 3%
Biotek Epoch 2\ #)); G 518 B9 /0o AL (Centrifuge 5424 R,
/i [ Eppendorf 2 ®]); # )¢ 3% B £ H B 8
(FV3000, H A Olympus Corporation 2 #); PowerPac
S At L KA (1645050, 35 [E Bio-Rad 24 7).

T2DM/NRARBIE R AL /I RUE R
IR 1 G, SRR 2 57 B 770 R 2 T2DM /) R
R DL MET fE B 255 IR, s 2 ad
(CTRL-Vehicle). 75 145 2 2 (CTRL-ISL-H). 5 %4 44
(T2DM-Vehicle). i 71 & ¥ J7 41 (T2DM-ISL-L). /= 7l
R Y7 41 (T2DM-ISL-H) A1 FH % 25 41 (T2DM-MET),
fpel o R B3 RMEEEEE 1R, Hh S Hh4H
FEn 77 B ¥R 7 4145 F ISL (20 mg-kg™), 157 B 67 41
257 ISL (10 mg'kg™), FHIE 254145 7 MET (200 mg'kg™),
FReR3 . h2i4 e, MIRERALFE /N B, B8 B AT 40
ZUFIRAFT-80 °C.

NERBTRREESRB S BENL PR ISL IR yT M
T2DM R AL /N ER A% 3 I, S FL A A i A T 2 S 4L
J¥ 534, BB B ) AR ) R R A B A w S A I

TM #04-PBARETFiE AN HepG2 4l )l F
Jb 5 W R0 B 2 B A0 B B R RO o AR R SCHR, 0 R
TM 1y #4) £ ERS 41 i 52 B 1) 5 54k 7707, 4-PBA
VE N B35 ERS (1) BHPE 25 %6 RS, 1 HepG2 4 fia %5 77
F DMEM+10% FBS (37 °C, 5% CO,), 24 fil & Z ik 5
80% I, 47 W& M {5 [3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide, MTT] Eb &34, DL
5E TM F14-PBA [ %2245 256 H . TM 25N 1.
2.5.10 pg'mL™", 15 4.8 F124 h; 4-PBA 4 25K FE R
1.5.10.20 mmol-L"', % & 24 148 h, 4 iy S48 ¥ 1%
HIXEE,

ERSHRBEVER AR Y RH Lk AH [F %14
K5 7% HepG2 4 i, 46 218 21 80% B, B4 97 2%

FBS [¥] DMEM 5 77 3 3F 7 4 25 24, v B 25 1 20 L 7Y
41 VISL 25 25 40 (5.10.20. 40 pwmol-L™")22 AT B 11 24
4-PBA 41 (1 mmol-L"), ¥ & 24 h; Fr2s F 414N, HAt &
HIMANTM (2.0 ug-mL™), B & 4 h, LLi%5 3 ERS.

RT-qPCR 34 4R HCLL L% A 4H IR ol RNA,
LA B-actin fE N A 2, #E4T SIS 5% 5€ B PCR (real-time
quantitative polymerase chain reaction, RT-qPCR) 43 #7,
Kol ERS 41 ¢ 5 K| GRP78.CHOP . PERK LR 36t i
la (inositol-requiring enzyme la, IREla)~ 1% ¥ 3¢
F 6a (activating transcription factor 6a, ATF6a)~ H. 1% &l
PEAC UG X T~ 2a (eukaryotic initiation factor 2a, elF2a)~
X-HE45 4 % A 1 (recombinant X-Box binding protein 1,
XBPI) 1 c-Jun & F R Uiy W B (c-Jun N-terminal kinase
1, JNK) B 57K, 51 AE TAY) TR (L) it
HIRA A G R, FPoE BRI, 712 95 °C 1 min.
95 °C 20 5,60 °C 1 min, 40 MEH .

Table 1  Real-time quantitative polymerase chain reaction
(RT-gPCR) primers. GRP78: Glucose-regulated protein 78; CHOP:
C/EBP homologous protein; PERK: Protein kinase RNA-like
endoplasmic reticulum kinase; e/F2a: Eukaryotic initiation factor
2a; IREla: Inositol-requiring enzyme la; XBPI: Recombinant
X-box binding protein 1; JNK: C-Jun N-terminal kinase; ATF6a:

Activating transcription factor 6a

Gene Sequence (5'-3")
f-actin GAGAAAATCTGGCACCACACC
GATAGCACAGCCTGGATAGCAA
GRP78 GCACAGACGGGTCATTCCAC
CAACGATGGAAGGATGCTGG
CHOP TTGCCTTTCTCCTTCGGGAC
CAGTCAGCCAAGCCAGAGAA
PERK CTCGGGAAAAGGTAATGCG
ATCCATCTTTTCTTGCCACTTC
elF2a TAGCCTTGTCAGATAAGGAAGGA
TTTGGCTTCCATTTCTTCTGC
IREla AGAGAAGCAGCAGACTTTGTC
GTTTTGGTGTCGTACATGGTGA
XBP1 ATGGATTCTGGCGGTATTGAC
GAGAAAGGGAGGCTGGTAAGG
JNK ACACCACAGAAATCCCTAGAAG
CACAGCATCTGATAGAGAAGGT
ATF6o. AGCAGCACCCAAGACTCAAAC

GCATAAGCGTTGGTACTGTCTGA

ELISA 341 A& A 0 U/ BRUFFIE, PR, #2119
IO\ PBS (pH 7.4), i B 513 A4 MIF FL L& 2H 1 mL 48
M RG IR E T 1.5 mL 808 W N AMFE i S 0 JFUR
£ b3, i ELISA 7 & i & 414 5 GRP78 Al
CHOPHJEHE &.

E A RENIE . (Western blot, WB) #5024 fi# 44
Jitl, 95 °CHn#% 5 min il £ &5 A al; Bl ) SDS-PAGE
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JB2, 10 uL &5 [ FE i EAE, HLJK 60 min, HL & 120 V; #%
JIE 75 min, B 220 mA; 5% M AR WK 51 5% 4 1 iE A
HEHERBA LS4 CRWELR R -IHE
2 h; ECL & 5. ffi FH Image J %4 % H #% % 4 IRS1 .
IRS2.PERK .p-PERK . Akt.p-Akt fl GRP78 #4743 #T -

REWRASH KA S E T 24 fLAR0T, FAL
e 50% HepG2 i, K 13 HH R 4% 44 70 4. 45 24 5%
Py ERS 4N AL . DL 4% % 2 B BS [ 5 v == R 1 o
1 h; 0.2% Triton X-100 3% 20 min; 10% 111 2 I3 = i
HMA1h 4 C—WELR; FR_HWHE 1 he KH
BOGH R AR BB L% GRPT B 3R IA .

MpEREENERERESEMNE EHEHEE
PAS et i35 15 B TS Ab B A LA i, I\ Rl &, T
— RO R G R Gt b SR AN 1) B DR G
Mo WCEER AN T 1.5 mL 5508, PBSIE U5
PR 1 min, 28N BE S ELIS A 32077 &5 1k B 500
R S R A

BB RmFMAAREERERIUNE K54
oA G I iE DMEM #5 7% 5L 0% B O O\ iR R &R
(100 nmol-L™") %1l # 30 min, BX 40 i 55 77 7, K FH 76 %5
R G I A 751 A N % A 5 77 VRO W P P AT RE
i, DS 200 e 1) 7 A R B UK

ZitZE ot KB4 IBM SPSS Statistic 26.0,
X EHE AT LR R T 2 50T (ANOVA), L3550 + b5
HEZ (x+5) T, P<0.05 NEA G5 L.

%R
1 T2DM/NRATBE¥ERA SR

1A B H, 5 A 4] (T2DM-Vehicle) #H E,
ISLYGYT 51k 7/ R IR A e fh, b 2 7R
ik 3 K] (differentially expressed genes, DEGs) 180 1,
A5 704N 5.2 L DEGs 11104~ &2 F i DEGs.

DEGs [¥] KEGG i i#% 73 25 s Wi & 1B fi 7 : ISL
YBIT IR T T2DM /) B % 32 EAR M AR 1 AR 4k, B FE
WK AL B YA 2 0 A A RS AR B AR BE
AU E A

DEGs {1 KEGG & £ 70 #r45 R & 1C FioR: Hi4
720 ) (5 Sl % AL AE T R KA A AR L 1 T 15
JILEE 3-1% 0 (phosphoinositide 3-kinase, PI3K)-Akt {5 5
I I R PR J5 PR A ) B BN A, $20 ISL T BE B
T2DM /) R iR ) 2245 5 1 ERS .

DEGs 1] GO & £ i 4 R 1D fiow: 7EHE4
BT 30 (1 _EAE 5@, ISL Bl TR AR ER S K
R B 8 AL A % AL BESE A AR E A
ghitr, TR T MRS L Y S AR s, $RR ISL AT

M) ERS (I HEfE
2 TM 54-PBA T{EREHIHE

AN FE TM 4525 4.8 #1124 h J5 HepG2 41 3% /1
2k AN 2A s 52 A A A, 1R 2 pg-mL!
TM XJ 41 B 1R 3 ) 06 S 35 520, 5 F 10 pg-mL! TM 1]
35 AR BTG 77 o AR i 556 48 S KA 5 SR
RIE, #5E 2 pg'mL! TM 45 24 4 h LA & HepG2 4 fild
ERS A,

A [E) W FE 4-PBA %5 % 24 11 48 h J& HepG2 4H it v
JIkr g R an i 2B Fros: 52 A4, 5 mmol- L K&
PLR K B 4-PBA X 40 i 1 3% ) 6 & 3 s,
10 mmol-L™" J DL | ¥R £ (1) 4-PBA 2> . 3 A% 40 i v
1o MRYE A S5 45 B KA 56 SCHRPY o, ik
1 mmol-L" 1}y 4-PBA 45 251K .

3 ISLAHIHI ERS HH X EFE#I5ER

A SCKEI T ISL X HepG2 41 i ER'S A 2% 3 K] (1) 14
BAEH, R E 3 i 5 AME, /£ ERSIRE
T, % 4 GRP78. CHOP. PERK. elF2a. IREla.
XBP.JNK 1 ATF60 [f{) mRNA 7KV & 2% Tt & ISL VA
J7 Al PR AR X 2 I K] ) mRNA /K P, H ISL Xf
CHOP- eIF2aJNK F1 ATF6a [¥) F W %50 58 B A W K
Mtk . PHYEZG 4-PBA th3 B H X DL 35 R 0 5 3 41 )
A UL B RS MR A o g RAHV &, 320K
ISL A fig i ik '~ i ERS AH 9¢ 5= R 1) %% 5%, 4% /i HepG2
4HARIT ERS J& /7, Yk A 52 I 1) IE 5 D RE
4 ISLAHl4IERS (B EAMRIA

AR ELISA VE R I 1 /s B H JIE F1 Hep G2 4
i s GRP78 ¥ 25 /K F, Wi & 4A BT 7 75/ B JIE
W, 52 A T, Y 1Y) GRPTS B K P R 3 T
i1, ISL A YT 1] &2 3% F# (% GRP78 [ & 7K °F; 7F HepG2
40 rh, ERS #5704 41 () GRP78 2 [ /K T AHE T 45 L 41
B ET A, &30 ISL 44 % 5 B & BRI, JF7E 5 pmol L™
IE BRI RO, B2 4-PBA tHR B % GRP78 1)
IR . WB SEEG 45 F (K] 4B) b % 58 0t W 5% 45
R (Kl 4C) Wit —B I 7 ISL XF GRP78 [ I/EH -

CHOP & F /K- Ik I 45 SR n & 4D B %41/
B0 () CHOP 25 (1 & 534 6 B 3 M 2 7, 7F HepG2
Y, 52 A B, R 4 CHOP (18 (/K 7 2 3%
FFT, 24 ISL R 9 BE ik 31 40 wmol- L7 B, T ] 3 2 BRAG
CHOP & H /K.

PERK %5 [ B¢ FL B R Ak /K ~F () WB A I 25 St ]
4E [T FHECT 25 140, ERS B0 26 b PERK ) 2K 17K
T R SR BR AL 7K T 24 48 25 v, T ISL YA 9T )R 3
il 7 PERK £ [ 11 R IA M H R 4k, FH 1 2 4-PBA 5
FILH AL AR
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Figure 1 RNA-sequence analysis results. A: Volcano plot of differentially expressed genes (DEGs); B: KEGG enrichment analysis at the
primary level; C: Top 20 terms of KEGG enrichment analysis; D: Top 30 terms of GO enrichment analysis. DEGs were identified by P <
0.05 and [log,FC| > 1. T2DM: Type 2 diabetes mellitus; ISL: Isoliquiritigenin; GO: Gene ontology; KEGG: Kyoto encyclopedia of genes

and genomes
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Figure 2 Determination of working concentrations of tunicamycin (TM) and 4-phenyl butyrate acid (4-PBA). A: Cell viability with TM
treatment; B: Cell viability with 4-PBA treatment. n =3, X +s. "P < 0.05, P < 0.01 vs CTRL group
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Figure 3

ISL downregulates the mRNA levels of endoplasmic reticulum stress (ERS)-related genes, including GRP78, CHOP, PERK,

elF2a, IREla, XBPI, JNK, and ATF6a in HepG2 cells. n = 3, x £ 5. "P < 0.05, P < 0.01 vs CTRL group; P < 0.05, P < 0.01 vs ERS

model group
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Figure 4

ISL downregulates the levels of key proteins involved in ERS in mice livers and HepG2 cells. A: Enzyme-linked immunosorbent

assay (ELISA) analysis results of GRP78 in mice livers and HepG2 cells; B: Western blot (WB) analysis results of GRP78 in HepG?2 cells;

C: Immunofluorescence observation of GRP78 in HepG2 cells (40x magnification), the scale bar stands for 100 pm; D: ELISA analysis

results of CHOP in mice livers and HepG2 cells; E: WB analysis results of PERK and p-PERK in HepG2 cells. n = 6 (in vivo experiments)
or n =13 (in vitro experiments), x = s. "P < 0.05, P < 0.01 vs CTRL group, ‘P < 0.05, "P < 0.01 vs ERS model group
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Figure 5 The effects of ISL on glycogen synthesis and insulin sensitivity in HepG2 cells. A: Periodic acid-Schiff stained HepG2 cells (40%

magnification), the scale bar stands for 100 um or 10 um; B: Glycogen levels in HepG2 cells; C: Glucose levels in media; D: WB analysis
results of insulin receptor substrate 1 (IRS1) and TRS2; E: WB analysis results of protein kinase B (Akt) and p-Akt. n =3, x 5. "P < 0.05 vs

CTRL group; ‘P < 0.05, "P < 0.01 vs ERS model group
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Figure 6 Molecular mechanism underlying the effects of ISL alleviating T2DM-induced abnormal ERS
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