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Abstract: Type 2 diabetes mellitus (T2DM) is a complex metabolic disorder characterized by chronic
hyperglycemia, hyperlipidemia, and peripheral insulin resistance. Endoplasmic reticulum stress (ERS), a response
to cellular stress, is activated across various tissues during the progression of T2DM, leading to disruptions in
protein synthesis. Notably, epithelial and endocrine cells with hormone-secreting functions are particularly
vulnerable to functional impairments induced by ERS. The gut-pancreas axis is essential for regulating metabolism
and the progression of T2DM. Intestinal epithelial L cells, integral to the intestinal barrier, can secrete the glucagon-
like peptide-1 (GLP-1). This hormone promotes insulin secretion from pancreatic f-cells and plays a critical role in
glucose metabolism. Importantly, ERS plays a critical role in regulating glucolipid-induced dysfunction of

gut-pancreas axis. For instance, ERS is involved in regulating the intestinal barrier and the secretion of GLP-1 as
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well as insulin. Therefore, ERS can be a potential target for T2DM treatment. In this paper, we review the

regulatory roles of ERS in the gut-pancreas axis during the development of T2DM, and summarize the therapeutic

drugs and strategies targeting ERS for T2DM treatment.
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FE, BERREE MR T 1Y ER RS AR i (2 40 i Js 3
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Figure 1 ER stress and UPR pathways in cells. ER: Endoplasmic reticulum; Bip: Binding immunoglobulin protein; PERK: Protein kinase
R (PKR)-like ER kinase; elF2a: Eukaryotic translation initiation factor 2a; ATF4: Activating transcription factor 4; CHOP: C/EBR

homologous protein; ATF6: Activating transcription factor 6; SI1P: Site-1 protease; S2P: Site-2 protease; IRE1: Inositol-requiring enzyme 1;
XBP1u: Unspliced X-box binding protein 1; XBP1s: Spliced form of XBP1; UPR: Unfolded protein response
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YRR N G Lo 8 i B W iE 4y i . GLP-1 Hi g b
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gy . Mo, 7 iE GLP-1 8 i 1F AT B 5 B 4 i i
GLP-1 % /& (GLP-1 receptor, GLP-1R), & ¥ 1 i &% &
SR UAE R, X AN R R 5 i 1 i — I i 8 2% 1 L B
HUHITD, SRR TR B, ERS AL AT DA ELEE 520 L 4
W GLP-1 146 A5 73 W, 3 RE ) B2 521 B 41 i X GLP-1
ERERNE O MNTIE A )78 N6 BN AR
W9t o, K H ERS 5 3/ #8135 b % (thapsigargin,

TG) AbFE/N R L 40 i bk GLUTag, fEU5 F#1K GLP-1 &
R R R #5 ALE 1/3 (prohormone convertase 1/3,
PC1/3) Rk S B 14, AT 4] GLP-1 (42 . [
i, 75 = R AR 175 S AR RE R CSTBL/6 /N B, WL %% 21 g
FMEE G I8 ERS, JoH & CCAAT/HY 3 145 & B A
[ 5 2 A (C/EBR homologous protein, CHOP) fJ 33T,
SECE E R GLP-1 H9 20 WA /KT 535 R AR
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B B Ry W T e R ARG . HRIRIE, 75 g4,
UPR ] PERK-elF2a-ATF4 {5 5 i I 4% W0 5, #8512
1R B8 lE 4D (phosphodiesterase 4D, PDE4D) HI3&
5, Yk /b IR R IR EF (cyclic adenosine monophosphate,
cAMP) 15 51L& 5, MMk 55 B 40 B Xt GLP-1 #ll #Fr) fe
LV, SRR 8 R W TR RS SR R ITE S, %
W% R U P ——CHOP 30 fg 40 il GLP-1R 13K 1%,
FUfdE GLP-1 I B 4 i Jik & 35 20 s Th e 2 40 (R
A BT R B, ERS XJ B 40l () GLP-1R {5 5 il B A7 7E
P e PR 5 AE H o Gao ZEUUK I, XBP1 B ATF6 13
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ERS X1 7 & 85 A 1) 2 i B A #0 4E Y. Lin %2778
21 B0 J2 T IE 52 T IRE1-XBP1 38 8% 380 2> 91l MUC2
)& B, BE— B4 I 18 &, #2785 IRE1-XBPL {5 5
JE % A fE 2 ERS BUCA iz T8 AL 5 B P 1 G B i AR . 1
TEAE 9 N B K ) S e 3 8, L A2 o B AE AL A4 97 4
Jod JER A2 N AR R Y 98 RE S B 7 TR A B AR Y
ERS #0i% 7] LA 4% #% K ¥ «B (nuclear factor kappa-B,
NF-xB)- A 4H i /1 2 18 (cytokines interleukin-14, IL-15)
R RN TR, BRI T 40 17 (helper T
cells 17, Th17) 575 T 415 (regulatory T cells, Treg)
I ECA, AT 51 % 98 0E I 15 5 i 8 B B IR 2% I
K1 1 ERS — J7 T i TP i 40 i S5 3 i R i A
IG5 70 WA B 1 BRI, eSO B R 208 53—
77 TR OE W T adAR, (RA0  b Re A T, Se i
T8 5 B 1) 58 B ST E R B S LS W i B B
WG, i 5 IE £ B (lipopolysaccharides, LPS) & P
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T2DM ¥ & i e fih 2 — B,

KB IR W, 1 13 B 2% U P B0 e &~ 1 3
L5 T2DM HY RN HERE 2 DIAR 5GP, T ERS 55 38 B
2 B AFE R AR A BAEH . ERS MY e 52 i i iE
PR (1) 38 5 A0 E A8, T B TE A S B2 )
ik Sk AT ERS, 3 — 0 HB G E A SR A
B0 ERS S MAAFAE 22 5% . WFFE RN, BAgiR
B (Fusobacterium nucleatum, Fn) 7] £ 3t ERS 18 %
(BTG , TR 7 06 65 e S 9 R L 2 R, WE B AR I BT
=2 W (Akkermansia muciniphila, AKK) 889 $11i ERS,
Yed il S B, T 2w IR T A BORIRE S AR, LAEVR YT
T2DM J5 HAAAE BRI /3. eab, s AR X i 2
% (cereulide toxin) F1 3R X L2 B 5 2 B (clostridium
difficile toxin B, TcdB) 1 fi i i ¥ % 74 A 1) PERK-
elF2a-ATF4 il IRE1-XBP1 3@ %, i/ & CHOP /i 5 (¥ 7
ol O S (v 3o P R s S i1 1 7Y 7B 2
R, gz, ERS 5 0 18 R R A AR 2 18] A
HAE X T2DM B & A4k e B sgmm, {3 H B AR AE
BURIEA FpBEIT . teah, H st 7e4e ok 2 20 & T
T8 W BE AR A WTE ERS AR A T RS /AR AR ML,
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E BRS 5o Ji7y 18 it A 25 140 5 i R AL A RIE 90 19 92
2.3 ERSYSMMERSDZEREDHINGERNEm ik
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. R, ERSRZS X B4 g & 35 6 B S 2 ik 1)
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H H1 BE 78 2 B9, 7£ ERS [ 3 4615 516 @ ik,
PERK-eIF2a-ATF4 {5 5 3l 5 {F A 485 N B, Xt 1
5 B AN RE R M B O EE EECT . W 58 R BE, PERK T
Tk 2 5 B0 B A0 M B i 3R 43 W ™ EE RS R PY; R
elF20 T BR ALK 7 1k B 2 e ATF4 i = £ 5| ke 4 ) B it
AR, B RORE R T 128 B B 1 i 0 B
S [HF CHOP X} g4 fu Thise 3= fE FHE NI & . 7
2 oW R /N BB EY H 0] CHOP R 250 B 20 i T
GRS R O e S o e A O )
CHOP W] 5% = BR IX & 15 3 1 41 i ERS, JF B8 i
R, 1ZId RS ER B 48 e ) i B D) A oY

HA IR, UPR I 5 P 445 515 BT B
YR By 2R W D) RE B O E R TER . K
o, IRE1-XBP1 i i % i & 25 75 W 1) 6 1 52 Wi A7 E —
E4 . AR, IREI-XBPL il &1k & S 3805
FERAS T INS-1 4H A RH 8 & 6 265 B3 o) 385 g &% 28 7 b
(glucose-stimulated insulin secretion, GSIS) P& 1) & %
Ji BR 22—V AR, B HRE S 1 XBP T R 2R /)N B AP
FEIIH B 5 2340 T B 25 LRI 4 4 R I 2 32 4, LR A
AT e SN XBP1 BRI 5] T R & 2 50N 15 70 W Th
REBRRAM . X P AR AL 2 5 AT BE HUUE T IRE1-XBP1
5 3 R WS R B, S 28 % IS 2 T T RE A B
TR RIS . [RIFE, ATF6 {5 5 18 % /£ ERS %
Wi B 4 T e FE Pt R B H XOUEE AR FH - 7 3
W1, ATF6 [ =i R IE A R T 8 R BT &5 0, 7
2 33E B 4T i 3G T 1 i 2 ak ATF6 <= #i il fgi & &=
mRNA )4 i, X5 315 S0 UZ 2 R/ S — R AR
{8 (small heterodimer partner, SHP) ) #% S 4 i% 5% .
A W Fi 3 B, SHP 7 4H i J2 11 568 3 i) bk 15 25 5%
DRI B 208 DA% R B 25 43 i

AN, EWTE 70 R B ERS 35 5550, 40 TG 5k TM,
Al LA A B 0 XBP1 A ATF6 {5 5 3 %, H ATF6 %}
XBP1 i #% [ 56 430G 2 6 ZE M, $27R ERS [ 3 44 &
B 5 18 I 2 [R) W R A ELAK R, 3L R % B 4 i Y ER
2.4 ERSXpHMRHERIFNN  ERS A2 B4

()1 & R o W D Re, ICREAEARM R JTIRES TR IR S
BAIRBECE D . 7E pARE Y, ERS AN [Fl & AL FE
FE ) UPR AT, 517 gAML E [ MG 58 L T2 825 7046 L
A [R] 4 240 e iz 26 050, 3R T 5 850 B 4 B Bl = 1) A2 A
DR, A 8 i A & 7 AR ) 24 S ERS 1 4% p 41
it 450 PR FEATL A AT 5 3 e

HHTHE FUR W], ERS REAE — € F2 K _E R B 4
%A . & RLPE UPR 1) IRE1-XBP1 Hl ATF6 3 1 75 ¥
TR T ReAR 1 B4 B IR BE 5 : IRE 1 1) 6k 2K 501 )
DAL XBP1 [f13R18 A2 40 35 B 982> B 4t i 1) £ 104, B
Y0 il ATF6 25 T] 101 1) JH: 248 A J&] B, i ik % 8 ATF6 N
REE ik B B 1. SR T, PERK X B 40 Jfd 1) 5 i 55
W — M E 4. RN WF 7R, PERK k4 F
A A A A B B D1 R Rk, I AE — € R R B2 B
AR M 5 ; {5 PERK k2K 51 A& [ IRE1-XBP1 Al ATF6 8
P AR PR OS2t — D SR R R TS S e K,
BRESEpMMITPY,

hAb, B2 A 5T R, ERS AT AR SR T A T
A S & B, 5 R SR RN, AT 3 3 B A
MRE T, (RS AR b, ERS 3 25 i 0 IRE1-XBP1
TE PR T AR B AL, 3T 5] R B AR TS . 18
o315 S AL B H HAE & A (thioredoxin-interacting
protein, TXNIP) ¥ i% NOD #f 32 14 #v 85 [ 45 1) 50 Al
X # M 3 (NOD-like receptor thermal protein domain
associated protein 3, NLRP3) # fiE /NMA&, 42 3F IL-18 43
W, & SR BYNAIE TP, S A ikiE, CHOP B 5 41
JRLR T8 DIAH 9%, LR 2k J AN BE B AR A ) T2 B R Y
ik, LRI IL-18 F1F 4L 3 y (interferon y, IFNy) 5
SAIRRAET D>, Ak, ERS BE-5 28K 4 T g B s AH
HAEH, i — B InE g it . RN, TG /b3
/N B A 22 MING 20 fifl 2 T 20 ER (1) Ca” e is B 44
LA, 5] 2 28k AR JIE B A7 53 (abnormal mitochondrial
membrane potential, AMMP), F2& 5| & 4l f f =Y,

BARRE 2 70 A 48 R p 40 L 2R 25 LR AR, S B Dh g
PE B 20 M K ek /DB ROk BR 22 1) T K B, ERS fE
AR 3E B AN 25 A I A, TTTIRD g2t i i . K
e MW I 75 5 1) ER'S e 9% W0 40 B AME = U8 715 e 1/
2 (extracellular signal-regulated kinase 1/2, ERK1/2), 3{
[+ — %8 % IR Y8 & X 1 1 (pancreatic and duodenal
homeobox factor 1, Pdx 1) FN LI £F 4 R 9 2L (R [A) &
¥ A (v-mafmusculoaponeurotic fibrosarcoma oncogene
homologue A, MafA) 55 B 4H i £ {73 Jik [K] 1) 2 1k P IS,
IF) BT I 5% 3% 3 20 37 1 1R 47 1 1 R CCAT B 51 45
& # H B (CCAAT/enhancer binding protein 3, C/EBP-5)
IS N, 2 BB A M 546, 7E T2DM K
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JE it FE , ERS A5 5 9 m i 3 808 40 M 2 73 A AL R
T EE g 5 2 R A B2 AT K ERS 38 2 B IR B 4
()R] S S Pdxl A1 MafA 1636 R 35 KF R B4
AN] T (R R, e 23 BB A M K R A T 1) T
REFEAGEY. A, ERS IS A 5 ROS 51 K (14 A6 S AH
AR, (3 g 2501k . WAL E B, ROS 3 i 3%
ERS 12 fff X 3k #E & 1 O1 (forkhead box protein O1,
FOXO1) A%, #E 1M1 BEAK Pdx1 A MafA (133K, DL
SRR, ERS e 5 A R 25 o A i B, ORI
ERS £y T2DM I35 97 5 & 68 08 4E 22 B 40 M i AT 1t
TV o

gi b, B/ B ERS A REXT A 40y iE 7R AR A
RIS o AR, e R R 2 A B At A ST
5L ERS HIRESE, DL AR B2 A 2 ERS 2 )2 5 47
TERAZ NS, 7575 32— L a5t
3 AT ERS M EF-FRINIh e R it R

ERS 7] 5 484k 8 38 0 T2 % 98 0 S5 & A% W IR0 o 1
-l Thae . DRk, % A - IRl b Bz 4 B K 1A 7y b
AL ERS, WA 35 - Dy sg, JF v T2DM HY
Biva e ptk B . B Ar, 1K H 79697 T2DM 1) LA
25, R b KRN GE IR HTT, Ok I RE IR B 4 L
(1) ERS, AT ee i i Dy e ; #4873 1l 38 e B i 15 771 e 1
5 738 ERS S GLP-1 [ 43 b, 3E i % 4% B 1 4 1 FH
Ak, — R SR ) A B 4% A A I EE PR 51 RS Y B A
ERS, M 2435 B 240 A Ji &% 25 43 WA Th R F A 22 LR T2
AR LR BLAT T2DM ¥R 7 2454 i B [ 1 715 71 L o
B 24 g HoAth Ak 2 B i 5 R 5 ERS 35 i - gl oh g
(A T
3 EEZEMBIE-BRHMERSIERANMERFSLY
GLP-1R #2075 F0 — ik 3 K -4 (dipeptidyl peptidase-4,
DPP-4) i 75/E 7R 77 T2DM ¥ /5 Fh— 22 254, g
& v MLV GLP-1 (9K B, 5 2% i T I 0 A o < il
By DIRe R . B IR W, X PR e E
THERG T ML N (0 - ol Ny W AN, 2% iR R Y ERS
ARES, HET G BER r W DRE

W 58 & B, GLP-1R ¥ 3) 71 3 ZE AL ik (exendin-4)
AL 38 i B B 40 P eIF-20 F1 CHOP 25 [ 1 234 BL &
XBP1s ({5 55K 22/ ERS, % SHE T-HE [ Jun BJA
Jeb L IR # 41 5 H (recombinant Jun B proto oncogene,
Jun-B) 1 B bk B2 41 e 98 -2 & (1 (B-cell lymphoma-2,
BCL-2) [ 3R 1A, LA 4k FF p 40 i H & Bl 5 & Ak
(liraglutide) £ A 3 — Fh GLP-1R 450 71, B8 5% 301 ] b
JRI% /N BB i 1 PERK-elF2a-ATF4-CHOP {5 5 38 %,
O B AR R T e, IR IR AR i S S R0 s A
FELOH, A, B 5 RNV R G, b

REHN 1 IRE1-XBP1 J i Al CHOP 2 [ (1 3R 1K, MMl 2%
AR R R 9 RE S R T IR A, 4k B AT 1D JR 2 3R 4 A 3
RE. 34, DPP-4 i 71 W] 38 ik %I ifl DPP-4 & 74
o 4E 22 11375 GLP-1 (¥ [F4 A . Wu 251 % B, DPP-4 111
i 4EIE BT RE W BEAK db/db /)N 5. p A Aef4 A1 Chop
BRI IA, B RS TAER .

B A, B 371 BT % 1 cotadutide H& — ki e b
#* %MK (glucagon receptor, GCGR) F1 GLP-1R X H ¥
N7, HETAL T TR PR B, m] T B A 2 B0 PR 0
S () B R ) A BE K S o 4RI I, cotadutide fE
i B 5 A K 5 5 I (diet-induced obesity, DIO)
/NER T ATF4 J2 CHOP [ ik, /> BCL-2 KBk X &
F (BCL-2-associated X protein, Bax)/BCL-2/Caspase3
R T e Rk, R BE N Pdx 1 AT MafA %5 B4R
i B 4y F R ) R IE, 2% T2DMUIRZS B R ERS, IFek
S IR By W HLHT

A% F1 B (imeglimin) & — P il 25 82 R0 44 T e
TR 3 IR PR RE 2, ME N — A S IR = 5 T 1)
WA, BT OrE H AR B, e
LR LR T 6 e 52 S84 LI ) 52 ), 50 R 4 AR
B IF R B 24 WS, R 9T R IR, imeglimin MY
REHS PRI B4 TG 5 5 1 TXNIP & JA, 36 i BCL-2
[)2IA ; 16 Tl i CHOP/A: KA i Fl DNA i 15 3 4
1 34 (growth arrest and DNA-damage-inducible protein
34, GADD34) i i J 15t P 23 i BR AL elF2a, AT 2% B
Y Ff 1Y) ERS, #0 ) 4H A R T, f 2% O B oAl )
hee,
32 MERMEETH T iE bR A E R,
ERS Xif i 18 Jf b5 1) 5 i A £ 42 22 J2 ORI, AR 1, 46t skt
Jr & ERS (1115 5l 5 R 2 B8 . ARk {ER
— b a A A, E B IR 5 TSR I R AR, B R i
Z FPHLH], Wht 4 060 BE S A A0 R DT AR S e
T2DM™.  H#f, Akk T8 1F 5L Ae #l i i 1E CHOP A
() ERS K 20 B T2, AT 5035 1 3 B B 50 B, I A
& 4 T B A DY, % %E 8 5 B (short chain fatty
acid, SCFA) 1 4y li7 18 B B (1 i 24 A 7= ), 76 1 39
J¥— 12l ERS 8 15 J5 T & 4% 45 X 20 a8 - e BE RE 40 |
JW 3 A 98 TR 7 P 7= A, o i 3 B B [, SRR I
JVr 38 L 48 53 5 GLP-1, AT 4 455 761 26 0 A 25 OF 42 fig
T2DMP>Y, [ 137E & 12, T2DM — £k i697 254 —
UNCRT o T8 T A R 28 i 7 B A VR R B AL Re S
FETH G Fh B 1 P 52 2 B AR SR, IR BE A5 1 n XL
FFBE T BRI 25 72 SCFA B ) A5, $2 7 — UMK
it -l ERS A7 15 [ 22 R 2 E
33 HMERSETH 2 A4 SR EsiEe
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% 2% fift p 41 i H 1Y) ERS R A, AT o 58 L T R il 4% 5
HoE o Jin S CVR L, PEALE T ) ERS A BE 5
W&, 29035 1 db/db /SRR BAN T RERRRS . A2 P BEATAE
T2 PR AR 25 b, 32 B3 I 0] - 20 0 B A
FAEREREIMEAEM . BRI E i i 50 ERS H
PERK 5 i 5544 W g 4 384 5 0 B0 52 4K y (peroxisome
proliferator-activated receptor y, PPARy) [ 25 H AH . AE
FH 3 1 #10 #1) PPARy ) % 15, JF &1 GRP78. ATF4 4
ERS 7 13 &, i {4 MIN6 41 i K 2k 6 1 5 551
TR & 2R A W AT . Ak, BR B E A O
K EMAEESFUSRGMBEEHNAERZC
Tt (histone deacetylase, HDAC) #4571 T BR8N, B¢
i 0 #] ERS # PERK-elF2a -ATF4-CHOP J% IREI-
XBP1 i S R 1 21k, AT 22 /il B 40 I ) 12 0 £r
PIRSRE S,
4 NEERE

16 1EH A B4 K, ERS 38 1T #03% UPR, #5% ER
X R AT B TR R R D T PR IR AR B A K
P, AT G340 B IR IE # A= BT RE . SR, 7E T2DM K
Jeid FE e, KR AR AR A & 5] R A N RE S
ERS. Z IR #& 18 i ¥ % PERK-elF2a -ATF4. IREI-
XBP1 Jt ATF6 4 5 H)15 5 % Sl ik, i 3 - A A

ST B X ALEGE T . K, 7E T2DM H, Ji7iE |
S A B K% J5R 5 B B R 1 4R S ER'S 2 5 1 g — i il
RE SRR S AR U 5L B BRI R 2 — o 7 | RN L
H A 008 -9 4 ERS 1 FH IR 97 251t R I % 1E
W SRR 7R i 18 B B R R 2R U AR, 1
RE I L I 15 ERS B0 MR AR 2L o 5 il a2 v 24 1)
A, 7E o508 B AR X AL I A2, BEXT ERS 1 2 A
5 B s R AR R, X — AR T
THZHS 2R A RERR S X AR
ERS 5| & i 0% g A 22 8L T ge B A R34, 12 A
R 2 B 4R 5 b 2 1 4% 1 - gl ERS T BB RCA AR R
T2DM VAT F 8T H 0

2% LRIk, ERS i i 520 fig 36 B e S v L i
R F A Wb UL K B A i i) B, U T2DM R
AT M-I ThRE R ELINE, H 4 538 T2DM M7
RE (E2). X 7-4h ERS FF K I6 9T 259, 50K RE
4 T2DM I — 8t BLVG T SR B

e Smk: 70 5t LSS0 B I HE 2 S0 4R 5
B U5 A B A 57 SRR A 1] ISR« FRAT O IR AR 5] 47 B S0 &
(1) 5635 ; B E A Z 55 67 57 SCF )48 5 R R o

FIZERSE: BTG 1 AAELER 2 P o

High glucose

SR

ERS

TZII)M

Immune barrier:
NF-xBY, IL-18 §
Imbalaced Th17 cells /Treg cells, inﬂammationT A

Chemical barrier:
/ MUC?2 expression ¢
Mucus

GLP-1 secretion

p-cell dysfunction:
Insulin SHP T, insulin gene transcription ¢ .
and insulin secretion

p-cell apoptosis:

IL- lﬂt apoptosis T
TXNIP/NLRP3 pathway 4, IL-18 4
AMMPT, apoptosisf

P-cell dedifferentiation
ERK1/2}, Pdx1 and Mafd |,

.O@‘O...Q..

Occludin, claudin-1, ZO-1 ¢

Biological barrier:

Regulate proliferation and colonization of intestinal flora

and C/EBP-8
i . L_, > GLP-1R FOXO1 translocationT , Pdxl
it % GLP-1 synthesis and secretion: and Maf4 $
crort, apoptosis >4 PC1/3 expression and activityy, Sensitivity to GLP-1:

PDE4D expressionT

G prontein transition from Gs to Gq, Gs utilizationT

Figure 2 The mechanism of ERS regulating gut-pancreas axis in T2DM. ERS: Endoplasmic reticulum stress; T2DM: Type 2 diabetes
mellitus; GLP-1: Glucagon-like peptide-1; PC1/3: Prohormone convertase 1/3; PDE4D: Phosphodiesterase 4D; NF-«xB: Nuclear factor
kappa-B; IL-1p: Interleukin-14; Th17 cells: Helper T cells 17; Treg cells: Regulatory T cells; MUC2: Mucin 2; ZO-1: Zonula occludens-1;

SHP: Small heterodimer partner; TXNIP: Thioredoxin-interacting protein; NLRP3: NOD-like receptor thermal protein domain associated

protein 3; AMMP: Abnormal mitochondrial membrane potential; ERK1/2: Extracellular signal-regulated kinase 1/2; Pdx1: Pancreatic and

duodenal homeobox factor 1; MafA: V-mafmusculoaponeurotic fibrosarcoma oncogene homologue A; C/EBP-f: CCAAT/enhancer binding

protein f5; FOXO1: Forkhead box protein O1



Ny

3196 - #2224t Acta Pharmaceutica Sinica 2024, 59(12): 3189-3198

References

(1]

(2]

(3]

(4]

(3]

[6]

[7]

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

Folli F, Finzi G, Manfrini R, et al. Mechanisms of action of
incretin receptor based dual- and tri-agonists in pancreatic islets
[J]. Am J Physiol Endocrinol Metab, 2023, 325: E595-E609.
Unger RH, Eisentraut AM. Entero-insular axis [J]. Arch Intern
Med, 1969, 123: 261-266.

Zheng Y, Ley SH, Hu FB. Global aetiology and epidemiology of
type 2 diabetes mellitus and its complications [J]. Nat Rev
Endocrinol, 2018, 14: 88-98.

Drucker DJ, Holst JJ. The expanding incretin universe: from
basic biology to clinical translation [J]. Diabetologia, 2023, 66:
1765-1779.

Caesar R. Pharmacologic and nonpharmacologic therapies for
the gut microbiota in type 2 diabetes [J]. Can J Diabetes, 2019,
43:224-231.

Back SH, Kaufman RJ. Endoplasmic reticulum stress and type 2
diabetes [J]. Annu Rev Biochem, 2012, 81: 767-793.

Ron D, Walter P. Signal integration in the endoplasmic reticulum
unfolded protein response [J]. Nat Rev Mol Cell Biol, 2007, 8:
519-529.

Ren J, Bi Y, Sowers JR, et al. Endoplasmic reticulum stress and
unfolded protein response in cardiovascular diseases [J]. Nat
Rev Cardiol, 2021, 18: 499-521.

Hetz C, Zhang K, Kaufman RJ. Mechanisms, regulation and
functions of the unfolded protein response [J]. Nat Rev Mol Cell
Biol, 2020, 21: 421-438.
Moon S, Jung HS. Endoplasmic reticulum stress and
dysregulated autophagy in human pancreatic beta cells [J].
Diabetes Metab J, 2022, 46: 533-542.

Marciniak SJ, Chambers JE, Ron D. Pharmacological targeting
of endoplasmic reticulum stress in disease [J]. Nat Rev Drug
Discov, 2022, 21: 115-140.

Rowlands J, Heng J, Newsholme P, et al. Pleiotropic effects of
GLP-1 and analogs on cell signaling, metabolism, and function
[J]. Front Endocrinol, 2018, 9: 672.

Hayashi H, Yamada R, Das SS, et al. Glucagon-like peptide-1
production in the GLUTag cell line is impaired by free fatty
acids via endoplasmic reticulum stress [J]. Metabolism, 2014,
63: 800-811.

Lee JH, Ryu H, Lee H, et al. Endoplasmic reticulum stress in
pancreatic f cells induces incretin desensitization and f -cell
dysfunction via ATF4-mediated PDE4D expression [J]. Am J
Physiol Endocrinol Metab, 2023, 325: E448-E465.

Cheong YH, Kim MK, Son MH, et al. Glucose exposure pattern
determines glucagon-like peptide 1 receptor expression and
signaling through endoplasmic reticulum stress in rat insulinoma
cells [J]. Biochem Biophys Res Commun, 2011, 414: 220-225.
Gao Y, Ryu H, Lee H, et al. ER stress and unfolded protein

response (UPR) signaling modulate GLP-1 receptor signaling in

[17]

(18]

[19]

[20]

(21]

[22]

[23]

(24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

the pancreatic islets [J]. Mol Cells, 2024, 47: 100004.
Widenmaier SB, Ao Z, Kim SJ, et al. Suppression of p38 MAPK
and JNK via Akt-mediated inhibition of apoptosis signal-regulating
kinase 1 constitutes a core component of the f-cell pro-survival
effects of glucose-dependent insulinotropic polypeptide [J]. J
Biol Chem, 2009, 284: 30372-30382.

Lavine JA, Raess PW, Stapleton DS, et al. Cholecystokinin is
up-regulated in obese mouse islets and expands f-cell mass by
increasing f-cell survival [J]. Endocrinology, 2010, 151: 3577-
3588.

Tan YR, Shen SY, Shen HQ, et al. The role of endoplasmic
reticulum stress in regulation of intestinal barrier and
inflammatory bowel disease [J]. Exp Cell Res, 2023, 424: 113472.
Yuan JH, Xie QS, Chen GC, et al. Impaired intestinal barrier
function in type 2 diabetic patients measured by serum LPS,
Zonulin, and IFABP [J]. J Diabetes Complications, 2021, 35:
107766.

Di Tommaso N, Gasbarrini A, Ponziani FR. Intestinal barrier in
human health and disease [J]. Int J Environ Res Public Health,
2021, 18: 12836.

Wan Y, Yang L, Jiang S, et al. Excessive apoptosis in ulcerative
colitis: crosstalk between apoptosis, ROS, ER stress, and intestinal
homeostasis [J]. Inflamm Bowel Dis, 2022, 28: 639-648.

Ohashi W, Kimura S, Iwanaga T, et al. Zinc transporter
SLC39A7/ZIP7 promotes intestinal epithelial self-renewal by
resolving ER stress [J]. PLoS Genet, 2016, 12: €1006349.
Adulcikas J, Sonda S, Norouzi S, et al. Targeting the zinc
transporter ZIP7 in the treatment of insulin resistance and type 2
diabetes [J]. Nutrients, 2019, 11: 408.

Parikh K, Antanaviciute A, Fawkner-Corbett D, et al. Colonic
epithelial cell diversity in health and inflammatory bowel disease
[J]. Nature, 2019, 567: 49-55.

Laudisi F, Di Fusco D, Dinallo V, et al. The food additive
maltodextrin promotes endoplasmic reticulum stress-driven mucus
depletion and exacerbates intestinal inflammation [J]. Cell Mol
Gastroenterol Hepatol, 2019, 7: 457-473.

Lin R, Sun Y, Ye W, et al. T-2 toxin inhibits the production of
mucin via activating the IRE1/XBP1 pathway [J]. Toxicology,
2019, 424: 152230.

Ramos GP, Papadakis KA. Mechanisms of disease: inflammatory
bowel diseases [J]. Mayo Clin Proc, 2019, 94: 155-165.

Duan J, Matute JD, Unger LW, et al. Endoplasmic reticulum
stress in the intestinal epithelium initiates purine metabolite
synthesis and promotes Th17 cell differentiation in the gut [J].
Immunity, 2023, 56: 1115-1131.

Rohr MW, Narasimhulu CA, Rudeski-Rohr TA, et al. Negative
effects of a high-fat diet on intestinal permeability: a review [J].
Adv Nutr, 2020, 11: 77-91.

Rohm TV, Meier DT, Olefsky JM, et al. Inflammation in obesity,
diabetes, and related disorders [J]. Immunity, 2022, 55: 31-55.



TP AR PAY O IR M — e D R 3R LA 2 BB PR o T S

3197

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Liu L, Zhang J, Cheng Y, et al. Gut microbiota: a new target for
T2DM prevention and treatment [J]. Front Endocrinol, 2022, 13:
958218.

Rubin BE, Diamond S, Cress BF, et al. Species- and site-specific
genome editing in complex bacterial communities [J]. Nat
Microbiol, 2021, 7: 34-47.

Cao P, Chen Y, Guo X, et al. Fusobacterium nucleatum activates
endoplasmic reticulum stress to promote Crohn's disease
development via the upregulation of CARD3 expression [J].
Front Pharmacol, 2020, 11: 106.

Sanjiwani MID, Aryadi IPH, Semadi IMS. Review of literature
on Akkermansia muciniphila and its possible role in the
etiopathogenesis and therapy of type 2 diabetes mellitus [J]. J
ASEAN Fed Endocr Soc, 2022, 37: 69-74.

Yong J, Johnson JD, Arvan P, et al. Therapeutic opportunities for
pancreatic f -cell ER stress in diabetes mellitus [J]. Nat Rev
Endocrinol, 2021, 17: 455-467.

Lee JH, Lee J. Endoplasmic reticulum (ER) stress and its role in
pancreatic f-cell dysfunction and senescence in type 2 diabetes
[J]. Int J Mol Sci, 2022, 23: 4843.

Wang R, Munoz EE, Zhu S, et al. PERK gene dosage regulates
glucose homeostasis by modulating pancreatic f-cell functions
[J]. PLoS One, 2014, 9: €99684.

Kitakaze K, Oyadomari M, Zhang J, et al. ATF4-mediated
transcriptional regulation protects against f -cell loss during
endoplasmic reticulum stress in a mouse model [J]. Mol Metab,
2021, 54: 101338.

Back SH, Scheuner D, Han J, et al. Translation attenuation
through elF2alpha phosphorylation prevents oxidative stress and
maintains the differentiated state in beta cells [J]. Cell Metab,
2009, 10: 13-26.

Yong J, Parekh VS, Reilly SM, et al. Chop/Ddit3 depletion in f
cells alleviates ER stress and corrects hepatic steatosis in mice
[J]. Sci Transl Med, 2021, 13: eaba9796.

Lipson KL, Fonseca SG, Ishigaki S, et al. Regulation of insulin
biosynthesis in pancreatic beta cells by an endoplasmic
reticulum-resident protein kinase IRE1 [J]. Cell Metab, 2006, 4:
245-254.

Ota A, Wang Y. Cdc37/Hsp90 protein-mediated regulation of
IREla protein activity in endoplasmic reticulum stress response
and insulin synthesis in INS-1 cells [J]. J Biol Chem, 2012, 287:
6266-6274.

Allagnat F, Christulia F, Ortis F, et al. Sustained production of
spliced X-box binding protein 1 (XBP1) induces pancreatic beta
cell dysfunction and apoptosis [J]. Diabetologia, 2010, 53: 1120-
1130.

Lee K, Chan JY, Liang C, et al. XBP1 maintains beta cell
identity, represses beta-to-alpha cell transdifferentiation and

protects against diabetic beta cell failure during metabolic stress

in mice [J]. Diabetologia, 2022, 65: 984-996.

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Sharma RB, O'Donnell AC, Stamateris RE, et al. Insulin demand
regulates f cell number via the unfolded protein response [J]. J
Clin Invest, 2015, 125: 3831-3846.

Seo HY, Kim YD, Lee KM, et al. Endoplasmic reticulum
stress-induced activation of activating transcription factor 6
decreases insulin gene expression via up-regulation of orphan
nuclear receptor small heterodimer partner [J]. Endocrinology,
2008, 149: 3832-3841.

Sharma RB, Darko C, Alonso LC. Intersection of the ATF6 and
XBP1 ER stress pathways in mouse islet cells [J]. J Biol Chem,
2020, 295: 14164-14177.

Sharma RB, Landa-Galvan HV, Alonso LC. Living dangerously:
protective and harmful ER stress responses in pancreatic f-cells
[J]. Diabetes, 2021, 70: 2431-2443.

Gao Y, Sartori DJ, Li C, et al. PERK is required in the adult
pancreas and is essential for maintenance of glucose homeostasis
[J]. Mol Cell Biol, 2012, 32: 5129-5139.

Lerner AG, Upton JP, Praveen PV, et al. IREla induces
thioredoxin-interacting  protein to activate the NLRP3
inflammasome and promote programmed cell death under
irremediable ER stress [J]. Cell Metab, 2012, 16: 250-264.

Song B, Scheuner D, Ron D, et al. Chop deletion reduces
oxidative stress, improves f cell function, and promotes cell
survival in multiple mouse models of diabetes [J]. J Clin Invest,
2008, 118: 3378-3389.

Grieco FA, Schiavo AA, Brozzi F, et al. The miRNAs miR-211-
5p and miR-204-5p modulate ER stress in human beta cells [J]. J
Mol Endocrinol, 2019, 63: 139-149.

Luciani DS, Gwiazda KS, Yang TL, et al. Roles of IP3R and
RyR Ca** channels in endoplasmic reticulum stress and f-cell
death [J]. Diabetes, 2009, 58: 422-432.

Niu F, Liu W, Ren Y, et al. f-cell neogenesis: a rising star to
rescue diabetes mellitus [J]. J Adv Res, 2024, 62: 71-89.
Lombardi A, Ulianich L, Treglia AS, et al. Increased hexosamine
biosynthetic pathway flux dedifferentiates INS-1E cells and
murine islets by an extracellular signal-regulated kinase (ERK)1/
2-mediated signal transmission pathway [J]. Diabetologia, 2012,
55:141-153.

Brusco N. Intra-islet insulin synthesis defects are associated with
endoplasmic reticulum stress and loss of beta cell identity in
human diabetes [J]. Diabetologia, 2023, 66: 354-366.

Chen CW, Guan BJ, Alzahrani MR, et al. Adaptation to chronic
ER stress enforces pancreatic f-cell plasticity [J]. Nat Commun,
2022, 13: 4621.

Newsholme P, Cruzat VF, Keane KN, et al. Molecular
mechanisms of ROS production and oxidative stress in diabetes
[J]. Biochem J, 2016, 473: 4527-4550.

Kondo M, Tanabe K, Amo-Shiinoki K, et al. Activation of GLP-
1 receptor signalling alleviates cellular stresses and improves

beta cell function in a mouse model of Wolfram syndrome [J].



Ny

3198 - #2224t Acta Pharmaceutica Sinica 2024, 59(12): 3189-3198

[61]

[62]

[63]

[64]

[65]

[66]

Diabetologia, 2018, 61: 2189-2201.

Fu J, Nchambi KM, Wu H, et al. Liraglutide protects pancreatic
p cells from endoplasmic reticulum stress by upregulating
MANF to promote autophagy turnover [J]. Life Sci, 2020, 252:
117648.

Fang T, Huang S, Chen Y, et al. Glucagon like peptide-1 receptor
agonists alter pancreatic and hepatic histology and regulation of
endoplasmic reticulum stress in high-fat diet mouse model [J].
Exp Clin Endocrinol Diabetes, 2021, 129: 625-633.

Gaballah H, Zakaria SS, Mwafy SE, et al. Mechanistic insights
into the effects of quercetin and/or GLP-1 analogue liraglutide
on high-fat diet/streptozotocin-induced type 2 diabetes in rats
[J]. Biomed Pharmacother, 2017, 92: 331-339.

Wu YJ, Guo X, Li CJ, et al. Dipeptidyl peptidase-4 inhibitor,
vildagliptin, inhibits pancreatic beta cell apoptosis in association
with its effects suppressing endoplasmic reticulum stress in db/
db mice [J]. Metabolism, 2015, 64: 226-235.

Spezani R, Marinho TS, Macedo Cardoso LE, et al. Pancreatic
islet remodeling in cotadutide-treated obese mice [J]. Life Sci,
2023, 327: 121858.

Pirags V, Lebovitz H, Fouqueray P. Imeglimin, a novel glimin

oral antidiabetic, exhibits a good efficacy and safety profile in

[67]

[68]

[69]

[70]

[71]

[72]

type 2 diabetic patients [J]. Diabetes Obes Metab, 2012, 14:
852-858.

Li J, Inoue R, Togashi Y, et al. Imeglimin ameliorates f -cell
apoptosis by modulating the endoplasmic reticulum homeostasis
pathway [J]. Diabetes, 2022, 71: 424-439.

Guo HH, Shen HR, Han YX, et al. Short chain fatty acid: a
messenger of gut-organ axis for disease regulation [J]. Acta
Pharm Sin (£57%274}), 2023, 58: 593-604.

Jin W, Fan M, Zhang Y, et al. Polydatin prevents lipotoxicity-
induced dysfunction in pancreatic S-cells by inhibiting endoplasmic
reticulum stress and excessive autophagy [J]. Phytomedicine,
2022, 106: 154410.

Zhang X, Jiang L, Chen H, et al. Resveratrol protected acrolein-
induced ferroptosis and insulin secretion dysfunction via ER-
stress- related PERK pathway in MING6 cells [J]. Toxicology,
2022, 465: 153048.

Kalpana K, Priyadarshini E, Sreeja S, et al. Scopoletin
intervention in pancreatic endoplasmic reticulum stress induced
by lipotoxicity [J]. Cell Stress Chaperones, 2018, 23: 857-869.
Hu Y, Liu J, Yuan Y, et al. Sodium butyrate mitigates type 2
diabetes by inhibiting PERK-CHOP pathway of endoplasmic

reticulum stress [J]. Environ Toxicol Pharmacol, 2018, 64: 112-121.



