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Treadmill Exercise Attenuates High-Fat Diet-Induced Intestinal Mucosal
Barrier Dysfunction and Pyroptosis in Mice

LIN Wei', YUAN Shunling', WU Jiyou?, GUO Weichang**, QIU Liangwu®*

(‘Provincial University Key Laboratory of Sport and Health Science, School of Physical Education and Sport Sciences, Fujian Normal
University, Fuzhou 350117, China; *Department of Physical Education, Kunming Medical University, Kunming 650500, China)

Abstract This study aimed to investigate the effects of treadmill exercise on intestinal mucosal barrier
function and pyroptosis in high-fat diet-fed mice. C57BL/6J mice were randomly divided into a control group (WT
group), a high-fat diet group (HFD group), and a high-fat diet plus exercise group (HFD-EX group). Mice in the
HFD-EX group underwent treadmill exercise for 12 weeks. After the intervention, body mass was measured and
plasma samples were collected for the determination of TG (triglycerides), TC (total cholesterol), HDL (high-density
lipoprotein), and LDL (low-density lipoprotein) levels. Plasma DAO (diamine oxidase) and LPS (lipopolysaccharide)

levels were determined by ELISA. Histopathological changes in ileal tissue were observed by HE (hematoxylin
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and eosin) staining. The expression of ZO-1 and occludin in ileal tissue was assessed by immunofluorescence, and
the protein levels of NF-kB, NLRP3, Caspase-1, GSDMD, GSDMD-N, and IL-18 in ileal tissue were determined
by Western blot. The results showed that treadmill exercise significantly reduced body mass and improved dyslip-
idemia in high-fat diet-fed mice, as evidenced by significant decreases in TG, TC, and LDL levels and a significant
increase in HDL level (P<0.05, P<0.01). Meanwhile, treadmill exercise significantly decreased plasma DAO and
LPS levels in high-fat diet-fed mice (P<0.05, P<0.01), attenuated ileal mucosal pathological injury, ameliorated
abnormalities such as villus disorganization and thinning of the mucosal epithelium, significantly increased the
percentage of fluorescence area for ZO-1 and occludin in ileal tissue (P<0.01), and markedly downregulated the
protein expression levels of NF-kB, NLRP3, Caspase-1, GSDMD, GSDMD-N, and IL-18 (P<0.05, P<0.01).
These findings indicate that treadmill exercise improves lipid metabolism disorders, attenuates ileal mucosal
barrier injury, and inhibits activation of NF-kB/NLRP3-related pyroptotic signaling in high-fat diet-fed mice.

Its protective effects may be associated with upregulation of tight junction protein expression, reduction of LPS

translocation, and suppression of Caspase-1/GSDMD-mediated pyroptosis-related processes.

Keywords

i1 P | 0 A | R (B S NG NTVAS St W 1= € )
1, K SRR AR 23 AR AL, L
2R AN AR E T R, KA SRR & 28
{100 JEL PR R A AR A 2 9 2 A B N\ SRS i e 11
BB LT AMES M, SRR & AT S BUA T &
. RR PG ZEELAI S AR BE JO0E K 2R, 35 i
TR A A X R R B B D e 2 I & VA O P, ik
R, AR R A R R R 2 312 %0,
TN, R ES 2N SRR FiFE
Bl YRR3R IURE AT 4 B 980E SN 1) H B B A Y B,
AR R R RBN , W b R d iz P3G
{5 R Y14 i 22 B (lipopolysaccharide, LPS)i#E A\ 4h
JE LR ARG , 33E 175 S LA B 3008 M 48 R A0 AC U
i, AR HENE A 5 I RORE IR R AR e

Wb s Be b L U R B . A2 BRbe . S
i e A0 A B o A (R A e, e rh EH b e 4 i e
B E A AU BT 5 2 YRR I E AR A (R &5
FZEAH B, P /N AT B T - 1(zonula occludens-1, ZO-
1), M&HH (occludin) & % EHE A e BRIL,
ot - B 1 s P 4R B PR AN EAC TS L is B
AEEZ . CAMTFRRY, SR Ed A
VB R (R A SOOI B 85 i A5 1
B 24 T 2 T8 o B e B TR PR ARG M PN B 2 A
TERST s DRI, DN 7 200 B e 45 4% #40 FE oe) B v e Je £
FHR o T8 5 FEAZ AL N ZERL AR, 6 TR IR A G
RNE SN HA BT o BRE R IEREN N, dHAE
ToAE N — PP 9 RE MR e Mgl e T2 5 20, I 4R M

high-fat diet; treadmill exercise; pyroptosis; intestinal barrier; tight junction proteins

N AR Wl S 45305 R AE I B ML 2 — T
Y B EE TR 4208 % B NODFE 52 1R FVER 11 45 # 35k AH
KR M 3(NOD-like receptor pyrin domain-contain-
ing protein 3, NLRP3) R PE/NMEIHHA T, TEAL )
NLRP3 % M /MA T % S Caspase-1 H H I EI Gk,
55 1) Caspase-1 2 GSDMD(gasdermin D)7k
N-3i & M - B GSDMD-N. % Fr B ml 76 48 i 5 %
FEFL, [RIBAT A 3 240 B ) 2% -18(interleukin-138,
TL-18) 55412 #¢ 4H Wi PR -y e 38 S5 8 T8, AT 80K J=s 8
FAE LB, BFFE R, NLRP3 # M /MA K A S
(20 IR T 7E 2 Rl A6 R SR S REAH % O0E
VIR R EAEH, H B#HE 570 Fi& 5 TLR4/NF-«B
S RE(E S IE B A DA 0, PR, AR T AT R
S 1 G I £ 175 5 W 0 JE 453 0 0 9 R Je B 45 S A7 A
[ A it 2 —

18 3T T BT 96 FE JHE B AR 1 95 s 1) B 2
YT B BEAEHEFUR B, RS 3 AN R 8 1]
e HE T B S IR R L (O T 1, 3 T 38 i
AR $Emg bR se BP9 1 ZO-1. occludin
SEBEERRARIEN, HIRRIL, hERERE
BB G = G /N R E SRR Th e, PR
IE@IENE, Bk SESN2/AMPKal/HIF-105558# &
FERIER U 5k, 38 3hid ] 78 JE A 557
FRARZS T 405 g 107 4L U NLRP3 & M /IMA TR AL, A%
PR SN Y, SR, B A I8 Bl A A 08 I TR 45
HZINF-kB/NLRP3AH A MAE T2 A%, O35 il i
/N R B B D Re, 10 ik — 2 B



1790

=

I -

FT I, ARFFO /N AT R IR, IRk
B GIET . @A R E. AEKE
5] i 2H 2T 3 5 R I 00 il B A 0% B 3Rk
DA}z NF-kB/NLRP3/Caspase-1/GSDMD%54H g £ 7 A
KOTHIKT, WRE AR ZE R, RFITFNH G128
BI1%F ve A I B 0 B R0 I 3 o )y e M 2 PR T AH 5K
WERRRIFE, LA a3 B vE AL AR 5% iz 38 42 43 12
PSS AR AN S FF

1 HR5HE
1.1 SEEhIK 534E

AW 5t LA 30 A 2 7 4 SPFZg E1E C57TBL/6I/IN BR,
NSEIRXE G, BT /N R B R SO SRR s )
HIRAF, HAF=VFrNE 5 8 SCXK(F5) 2021-0013.
EREEFRT dfE, KA BENL 55 N R A IE
WA (WTH) = B & 2 (HFDZH ) Fl = B B &
iz 4 (HFD-EX4L ) (1), B 102 . Jrfg sEi /s
L5177 T SPREBF B A 855 v, WTZH SR (16 a fal ke,
T HE R B ZH SR LA B BN 0.15% RIS &N
60% (11 g Wi 4Rk}, BT /N B35 B R R U ERDR AR
Ko A SEW BT 22~25 °C4A% i35, i35
I E N2 IR 12 hEBRE LRI R .
S ST e 4 1o FR AR A ) ) SIS AR FEAE N, A O

5 %6 OB AR B TG K AR B 2 01 2 W AR A HE
(JLHE 5 20250410).
1.2 EZEiR5
AW 5T BT F /N B IR TR (5% 5 : Boaigang-
12492M)1 B AL Z A HARARAF . 4%
R [ 2 W (525 - PO099)W [ _E 28 = R AW
FARB AR AT o LE M AEA AT, Hh
— i (triglyceride, TG)F1EJH[E EE (total cholesterol,
TO)M &7 & (85 : A110-1-1. Al11-1-1)IYE 7
SR TR ST &% FE R 8 1 (high-density
lipoprotein, HDL). X% & /i &5 H (low-density lipo-
protein, LDL). —fiZ%( L./ (diamine oxidase, DAO)
J LPS ELISAK M7 & (%% 5 : RX200220M.
RX202979M. RX201098M. JRXW202535) [ 5f
MBEEEYRE AR A F . Western blot 3256 it H
Puik L5 NF-kB. NLRP3. Caspase-1. GSDMD.
IL-18(%% 5 : 80979-1-RR. 30109-1-AP. 87271-4-
RR. 80918-1-RR. 30587-1-AP)¥I H il = & 4
VI ARAR AT ; GSDMD-N(1 5 : A24059)14
RN E MR AEDREARA A F35b, TRARKE -
4T (hematoxylin and eosin, HE) 4 (iR 55 & (155
G1076). RIPAZHK (F75 : G2002). cocktail 5 [
B A7 (55 5 G2006-250UL). BCAZ 7€ ik

@ |

—> Group 1: l
WT, n=10 I

Chow diet

v

Group 2:
Rgndom HFD, n=10
pssignment (60% fat, 0.15% cholesterol)

Sedentary Sample collection
After final exercise and
! 12 h fasting
>
High-fat diet Sedentary

Male C57BL/6J . ‘
mice, 8 weeks old, &) 2
n=30 e R)
G 3 Blood Tleum
—p roup 3: >
HFD-EX, n=10) High-fat diet Treadmill exercise
)(60% fat, 0.15% cholesterol)g, _ _ _ _ P — °
! S J

e 12 m/min
« 0° incline
e 45 min/d
¢ 5 d/week
¢ 12 weeks

| L L »

I T T d

0 Diet induction 4 Exercise intervention 16

Week 0 (0-4 weeks) Week 4 (4-16 weeks) Week 16

Bl SRt
Fig.1 Experimental design



MRS B 532 Bl 0T i IR £/ Bt M R85 o) RE A 4 45 T R 1791

& (155 1 G2026-200T)F1 ECLAL 2 & 66 ik 77
(175 : G2074-50ML)3 W H BN TR 4 /R AV RHE
FRAH .

1.3 EEXWMNE

F B S & (KW-PT-6 4L, FF 5L
RIRSERHEA R A R ) Sl AR & L (ALX-
20RAY, 5 Sy WA AW R IT B IR A A ) BEFRIX
(Multiskan FC#!, ThermoFisher Scientific/a 7], 3 [H).
T H HEPKAU(DYCZ-24DNAY, Jb 5N — AR IR
s PIAHLRM2235%, Leica Biosystems s ],
). 5 E 9 R ES (DMi8ZY | Leica Microsystems
N, BEED . s R G EER S R 4 (ChemiDoc
XRS+%, Bio-Rad Laboratories /A 7, 3¢ [).

14 BEIFR

SEARERE S/ NRPSEREHGZE3T
TS, JF45 A AR TN R 12 shii 521 I % B 12 3))
Jy sl 1 prs, NRIA3 H R, SRS B2
B4 (HFD-EX)/N 252 12 L 6 )11 25, I Rik BE N
12 m/min, 3 JE N 0°, BFJH 5%, BEREFEE45 min.
A, WTZHA HFDA /N RAEATIE 2 T 7, (X ZE+E
HEEFRRES . AREHBREE LR R E T,
IE BT WTZH A HEDZ4L /N RUE T b &
HETRD AR B
1.5 BU#

B /N B SE BUR e — RIS 8 T TG 256 12 h,
AR E R ROK . H BRATR S5 m b5 /s B
AT R o RAR MR bR A, B T3 Bristin o R s
4 °CZAF F A3 000 r/minE§ 0210 min, 732 ML J5 HL
i, B T80 CCUKFRAE& H . KGRI, JHGE
HNER AL, 28 NRAFE G LB Tl P R
WA, B JE K RS 2 -80 CCURFE K IIRAT . 1t
A, FEALBERLIEEL 4 H /N (n=4), BRI [R5 AL [2]
2R, BT 4% 2% 5 i Hp = U ] 52 48 h, PR H
T AT A R K ) A
1.6 HE#®&

[ 5 J 070N BB (n=4) 1B 1 20 23 4 B8 5 0 it o)
AR AT A B AR SE R K B R A
PR, MRS UIBUE RN S pm AR . V)
A& il KA B S, ATHE (. et e i,
FIREFMT, VIFIKIRE 75% 85%- 95% LA
TooK ZLERRE K, BE471~3 min; FREE — F2EIE ]2
R, BERS~10 min; f5J& I I PER 3 e

1.7 s

BUNE(n=6)113%, RFITG. TCIAA &L, k1%
R 1 B D BT SRR BRAE, AR TG TCE &
1.8 ELISA#&

Foe HRS R W0 R 7 A 0 B A UL BE S  B
(=61l 3% BEA 5 B8 1:S EL I R R, B J5 I\ AL 1
Lk 96 fLEG AR, HEFRD R BRI E T A
fLo FEARTE3T °CHAF T E 60 minfa, MIAXT R
g4 G pUiR It 137 °Co&4F T 4k 2L &30 min. B )5
N AT i 8, 7 10~15 min N &1k M .
55 J5 15 FH B AR A 450 nmik K R I 5E & AL O B
{8, g EhrE 289 5 ik 1 HDL. LDL. DAO
FLPSHIZKF o HEAN A WIS F2 357 7 A 18 X 751 6
BT
1.9 SRR

BUNR (=4 R ig s U1 a5, 0 D IR IR
BTG . EOK RPEEE AL, I HPBSIEBE3IR.
ARV RMERBS , WA K RCE KA, S
WG E 5 min, 5 LLARBNK 7S 0 vhde. 2 JE N
BSAH I, 7E % T E 20 min, LLIRTSIERE 1
BRES. HEERE, 25T 1:500 Lo R
11 ZO-1Floccludin—Ht, T4 CHMHTFHE LK. X
H B ARR, —470(1:500), 72500 F4E4EHEE 1 h.
WE LA G, FAHPBSTHUEYI A L LR RE A =
P, HTRRFA T BT 558 H S DAPIH)
UG R E 3, R0 AR T AT %%
BB R 5
1.10 Western blot

W& HANR (n=5)FlmH 2R, 4% 20 )5 =
N2 105 AR RIPAZL R, RIEE 10 mg4l 23 m
AZ]100 pL RIPAZLRIR , I 1 M5 - 55 A B 40
#1177 =100: 1 1 Le A i N 2 B A0 RVR A, 7855
SRR G4 °Cy 12 000 r/minBS 015 min, Y8 F
EE N B EAREAR. G KHEBCARE A E &R
SULH B E S AEAREAWRE. SR EREE, K
R IT & SDS-PAGEHLUK 7 B8« 6 i e 3 P AL 22, JF:
T4 CHRETNMA—PELRE. FrH—dtml
NNF-xB(1:5 000). NLRP3(1:2 000). Cas-
pase-1(1:2 000). GSDMD(1:1 000). GSDMD-
N(1:70 000). IL-18(1:1 000)F1 GAPDH(1:50 000).
A PBSTHEME 39K, 4K 10 min, BE 5 IIAT%
1:5 000 BE I P, FES MRV K FIFE 1 he %



1792

WL -

B 45 A5G FIR APBSTHEE 3K, B 10 min, /5K
F ECLAL 22 RGN AT B, I Bh k22 8 et
Ji % 2 45 (ChemiDoc XRS+HY )58 il 2% iy B 6 5
BRLE.
111 SHZESH

S 45 SR8 DAY A 2 (eks) o, Bdm Ak
5 E 41| #)7E GraphPad Prism 9.0 47 5¢ il »
1E AT AL 18] EL AT, Seoxt % L B0 St 1 S A
B R )5 TR S . X AR IR A B & 2%
FHERIBORL, SR B 5 2 AT AT B A LA, IF
FEME S F A LSDIE T R S 5 2 E AL, P<0.05
N2 BAT B, P<0.01AZE R RS EME.

2 R
21 HAEHNERES/NRARSMIIMASHE
iy

wE2FTR, SWTALA L, HFDZ /N fRAR 5 & 35
(A) 50— (B) 250 —
k3 ok
40— g 200 =
o E:
2 30 < 150
< >
g 5
2 20 © 100
2 <
= g
10 250
(=W
0 0
& St
<Q & ng
&
(D) 1.0 — x *
o
< 0.8
=
£
= 0.6
5
A 0.4
T
<
£ 024
=
=¥
0 -
N Qg@ &
I~
Q»

FHh0 (P<0.01), 13 TG, TCM LDL/K-%) 5.3 T
15 (P<0.058P<0.01), fj HDL/K - & & B&{%(P<0.05),
PR R MR RE BRI 1/ R BT B G n A I AR
WAL, 5 HFDALA L, HFD-EX 4 /)N 53 AA i 2 1
% (P<0.01), M13% TG+ TC K LDL/K & 3% P&
(P<0.055 P<0.01), HDL/KF &2 2 F & (P<0.05). %
RE, MG B 5] IR = e i S AR
S K fE AR 5
22 HWEEXEEER /R ILRFAEFREREX
e oA

WK 3FTN, 5 WTAA L, HFD4 /N R i 5
DAOK 2.3 T (P<0.01), I3 LPS/KF 53 Tt
15 (P<0.01), #2776 I 6 v] i 37 26 15 o P Tl e
2P, R LPSAIL. 5 HFDA AL, HFD-EX
/B DAORT LPS/KF- 1 W] T B (P<0.05 5K
P<0.01), R Gi2ahpe iz =g ik S
L B B 9 B AR PN B 2% MR

_ ©) 44
TTI kol kk
g 39
£
T
2 2-
@)
=
g
& 17
[=9}
0
N O
S o
(B) 1.5 = . .
O
E
£ 1.0
)
5
—
8 05-
<
g
=
(=9
0—
O
Q»

Az /NS B L3 TGIKF; C: ML TCKF; D: M3KHDL/KY; E: M3 LDLIK . Fts, n=6, *P<0.05, **P<0.01.
A: body mass of mice; B: plasma TG level; C: plasma TC level; D: plasma HDL level; E: plasma LDL level. X£s, n=6. *P<0.05, **P<0.01.
E2 /NRIAREFMMASENLER
Fig.2 Body mass and blood lipid profiles in mice
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Fig.4 Histopathological changes in mouse ileum tissue
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