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Mechanistic Investigation of Cycloastragenol in Alleviating Post-Myocardial
Infarction Heart Failure via the cGAS-STING Signaling Pathway
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Abstract To investigate the effects of CAG (cycloastragenol) on the progression of HF (heart failure) and
its underlying mechanisms, this study established a mouse HF model by ligating the left anterior descending coro-
nary artery and administered different doses of CAG for intervention. A comprehensive assessment was conducted,
including body mass monitoring, echocardiography, serum biochemical tests, HE (hematoxylin and eosin)/Mas-
son/Sirius red staining, WGA (wheat germ agglutinin) staining, TUNEL (terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling) assay, and ROS (reactive oxygen species) detection, to evaluate cardiac func-
tion, myocardial injury, myocardial structural remodeling, and cardiomyocyte apoptosis. The expression levels of
inflammatory factors such as IL-1B, IL-6, and TNF-a in serum and myocardial tissues were measured. Combined

with Western blot and RT-qPCR (real-time quantitative polymerase chain reaction), the expression changes of key
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proteins in the cGAS (cyclic GMP-AMP synthase)-STING (stimulator of interferon genes) signaling pathway and
fibrosis-related genes were analyzed. The results showed that CAG intervention significantly ameliorated the mass
loss trend in HF mice, improved cardiac pumping function, reduced serum levels of NT-proBNP (N-terminal pro-B-
type natriuretic peptide), CKMB (creatine kinase-MB), and cTnl (cardiac troponin I), effectively alleviated myocar-
dial inflammatory response, oxidative stress injury, and cardiomyocyte apoptosis, while simultaneously inhibiting
pathological myocardial hypertrophy and fibrosis formation. Further mechanistic studies indicated that CAG down-
regulated the expression of key pathway proteins, including cGAS, STING, p-TBK1 (phosphorylated TANK-bind-
ing kinase 1), and p-IRF3 (phosphorylated interferon regulatory factor 3), in myocardial tissue in a dose-dependent
manner, and significantly reduced the secretion levels of inflammatory factors such as IL-1f, IL-6, and TNF-o. In
conclusion, CAG exerts multiple protective effects, including anti-inflammatory, anti-apoptotic, anti-fibrotic actions,
and improvement of cardiac function, by inhibiting the abnormal activation of the cGAS-STING signaling pathway.

This study provides new theoretical evidence and a potential therapeutic strategy for natural product intervention in

immune-related heart failure.
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&1 RT-qPCR3|¥IF7
Table 1 Primer sequences of RT-qPCR

BEIA I HI(5'—3")
Gene Primer sequences (5'—3")
Vimentin Forward: CGG CTG CGA GAG AAATTGC

Reverse: CCA CTT TCC GTT CAA GGT CAAG

Collagen I

Forward: GGAACC TTC GCT TCC ATA CTC

Reverse: ACT GGT ACA TCA GCC CAAAC

Collagen I11

Forward: GCC ATC CTC TAG AAC TGT GTAAG

Reverse: CAG GCC AAT GGC AAT GTAAG

GAPDH

Forward: TCT CTG CTC CTC CCT GTT CT

Reverse: TAC GGC CAAATC CGT TCA CA
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60 min, DAPIE Y2l it . F2¢ 0 Wb ta s K ,
BEALE L SN EF S8+ TUNELFH PRS0 5, 5004
T3 H(BH P41 i 25 A A R £ < 100%) o
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iR HILSD-tKv 36 . P<0.05 N2 5 4iit27 75 .

2 HFR
2.1 CAGZEB/NRERETHE

RV CAGXTHF /) B4 5 &2 AR AL R 520, ARt
FUAE 4 (5250 o W50 T /N BRI B Ak . &
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Fdashfe i 2 A I EAER . sS85,
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“P>0.05, *P<0.05, **P<0.01, ****P<0.000 1, “P>0.05.
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Fig.1 Changes in body mass of mice in each group
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Fig.2 Echocardiograms of mice in each group



LhWREE: 5T cGAS-STINGAE 5t B PR 15 4 3 el T30 O JUURE B Ji5 10 77 22 38 (R4 F AL 647
R2 BN ECIEINRE R IR IRFRELER
Table 2 Comparison of cardiac function and injury indicators in each group of mice

feESIMGy OB O EEERR 0= " JULER e [ 1
441 o iy I o NASHBRARIKE LU EE 11

/% FE2/% WP 4% /mm REA1E/mm
Group NT-ProBNP c¢Tnl

LVEF /% LVFS /% LVIDd /mm LVIDs /mm CKMB
Control group  53.60+3.83 28.62+2.50 4.10+0.21 2.96+0.18 767.26+84.32 2.10+0.76 78.38+13.50
Model group 28.00+£5.18%*  13.40+1.81%*%  5.85+0.39%* 4.58+0.35%* 1945.68+195.61%** 211.0+£20.65%*  370.73+£23.45%*
CAG-L group  39.70+1.95" 16.75+1.01% 5.16£0.17% 4.25+0.13 1017.37+92.34% 18.74+5.61"  235.17+27.80™
CAG-H group  40.67+3.44" 20.67+£2.107%%  4.47+0.207%%  3,07+0.1974& 841.04£120.934& 15.74+£2.38%  153.87+£27.36"4

n=10; **P<0.01, 5 Control 41 LLZ; P<0.01, 5Model4l FL#; “P<0.01, 55CAG-LALLLEL .
n=10; **P<0.01 compared with Control group; “P<0.01 compared with Model group; ““P<0.01 compared with CAG-L group.

BN E . Masson 4t ta H T3 A A [A) O UL X 3 1 21
YLk 2210534 o Control HERIAEIX 12 2 [X Iz bty
X AN I /b i R URR Model 2 = A [X 351 HE 31 4
Ferqedt, HBIBEIX i ™ 5 (P<0.01). CAG-LA
FEREFE X i 35 A BR (P>0.05), {H7E 32125 X A5z i [X
Ji R AR B ek 2D (P<0.01); CAG-HZHL N AE = 4L [X
B SR PURR 5 2 R 3 R B (P<0.01). 25 b, CAGE
TR AR A T 2 Mt O UL L 2R 05 RN T AL B, 45
B3, F3IMEAL,
2.4 CAGHIHILARIEEMEIEX

WGA B8 T 1Ak O UL o Ak T AR AR 4K, DA
WO WUAE KRR o 25 5 2R, Model 41/ R L L 4H
Ji R AR T AR L 2 4 K, B R T Control2H (P<0.01),
PENTE O BRI A T SR 5 B O ULAE K .
CAGTiilJ5 , {15515 2H 41 ThI AR Rk /N (P<0.05), =3 771l
o 21 41 T AR 2 kN (P<0.01), e rb v g 4
I IEHE K. LRGSR, CAGH A il 3
RE TR CIGERAE K, BA B R 17 & A P LR
PER, P HAE B O WL AL B AR, 45
DL E4FIRS .
2.5 CAGHEZLAAT-S5ROSTE

PR CAGXT Oy LSRN 38 0 B 1
MFFER , AT TR T O LZH 239 ROS/KF K
TUNELFHYE4E IR . 45 R WoR, ModelZH /)M LG AL
HLIFROSIKF 3 T 55(P<0.01), [FIFf TUNELRHYE
Y MOt 5535 B 0 (P<0.01), 47 Lo ILE i 32 31 1 B
A BT R N . TS, R R 4ROS/K
V-5 TUNELFH P4 48 ffo 4 525 Model4H T B (P<0.01),
B4 5.2 = F Control4l. 1 m7fl & 41+, ROS/KF
J¢ TUNELFH P41 g #5053t — 20 FRIG, 225K T ModelH
(P<0.01), L IEH /K F. R4 5HIER, CAGEH
REMELSHRETER, BESAE T 20E

PLHIH AR AR, a5 R LS. e fERS.
2.6 CAGHIHIKFEFRIL

Rt — 25 PEAl CAGXT O ZEARAS TS 20E [ M. 1)
WPEAEH , ARSI T IL-1B. IL-6+ TNF-a—
Tt S B 980 DR I I8 RIA K. SR ER, 5
ControlZHAH tt., ModelZH /)N FRIL-1B+ IL-6F1TNF-a
JKF 2 5 25 T (P<0.01), $E7R 78 O RS oh
IiE N 2 G . &0 CAG T A, (K7 &4 %
i Rl - Rk K3 T R B, 22 R Model 4 W 2%
(3 P<0.01); SR NI, B2l 1IEH# K
F(P<0.01). FIRSREN, CAGH A R T IL-
1B+ IL-6 /2 TNF-a#iE K 5 (I8 K1, il 03
FHOR RNE SN, FF 52 I — e 1 7] 5 ko 12k 1 42
FRIE, 455 W36,
2.7 CAGHIHILBELF4ELL

FPEAL CAGXT O LA 4 A0 A O 8 A 1) F TiAE
H, AHEFCNE A KR S K [ED R T Vi-
mentin. Collagen I. Collagen IIIfJFKIAA1 ., KA
/KF-E., 5 ControlZHA#H E , Model4. Vimentin. Col-
lagen 155 Collagen I A /K452 3 i (P<0.01),
PN O ZE RS O WA 2R A BH 2 1) TR) 78 o B
K IR PTAR o ARG B 2 = T8 3 Rk K- A P
N B&, {BAT5 5T Control 4., T i 77 & 425 H R 1A 7K
PRI E, 25 BA SR E L(P<0.05), 2R
CAGXT WL 4L B A B IMHIEH . Rk
J7 T , ModelZHH Vimentin. Collagen I. Collagen
I mRNAZKF- 2 2 75 (P<0.01). KB R
P — e FEEE 1R, {HAX Collagen IFCollagen 111
FImRNAZFRIAH ModelH B A Fiit 5 % 7 (P<0.01).
1) B 2H = I mRNARIL K3 8 25 T B 2400 1E
WK, 5 ModelZl 2 5 8. 3 (P<0.01). %:L, CAG
TE 5 [R 2 5 7K ST 00 ) 18] 78 01 3R B i A 5 4R 4R 1



648 BB -

Control Model CAG-L CAG-H

(A)

(B) Control

20 um| & ; 20 um 20 um

Control Model CAG-L CAG-H

2

Infarct zone Infarct zone

Remote zone

A: F /N ERHEG R ONUARSECHE (i k), R PRI IE G (i k), O WK (L EEER); B SN RORR B LG (0 BEZOATR A, 3
SN R R C: &2/ F Masson s (1
A: HE staining of myocardial tissues in each group, showing myocardial necrosis (blue arrows), inflammatory cell infiltration (yellow arrows), and
endocardial edema (red arrows). B: Sirius red staining of myocardial tissues in each group; orange-red indicates type I collagen, and yellow-green indi-
cates type III collagen. C: Masson staining of myocardial tissues in each group.
E3 FENROMERFIRERE
Fig.3 Pathological staining of myocardial tissues in each group of mice

R3 BENFOBEAHEIERREEE

Table 3 Comparison of cardiac fibrosis indicators between groups of mice

il TR /% TITAY I 5/ %
Group Collagen I /% Collagen I1I /%
Control group 5.67+2.08 30.33+4.51
Model group 20.6745.13%* 14.334+4.04*
CAG-L group 11.00+3.24" 21.67+3.217
CAG-H group 7.67+2.52° 26.00+5.29"

n=4; *P<0.05, **P<0.01, 5 ControlZH FL#5; “P<0.05, 5Model 41 tL 45,
n=4; *P<(0.05, **P<0.01 compared with Control group; “P<0.05, compared with Model group.

VER, 4551 W7/, BAE, AWFRITE T 40 7o i, wHEss R
2.8 TEERESGASH FRIEER 7R, CAGH cGASZ B A BRI 45 A e 11, Hah & hE
7t

Ryt — B EIF CAGE cGASZ A i] REfEAE I B 71-10.0 keal/mol, $E/ngh A At rfaw . =4

&
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R4 FENEOEERX. M5X. TinXERRETRER

Table 4 Intergroup comparison of collagen deposition in the infarct zone, border zone, and remote myocardial zone

xl RFEX /% W2 X/% 23 X /%o
Group Infarct zone /% Border zone /% Remote zone /%
Control 2.15+1.62 3.44+1.78 3.47+2.86
Model 57.3547.84%* 52.84+6.77** 35.61+8.18**
CAG-L 53.75+6.84 34.42+8.26% 18.7243.67%
CAG-H 38.33+9.6174 22.4346.79"4& 13.15+3.7274&

n=4; **P<0.01, 55 Control L IL4; "P<0.01, 5Model A LLEL; ““P<0.01, 55 CAG-LAH L.
n=4; **P<0.01 compared with Control group; “P<0.01 compared with Model group; ““P<0.01 compared with CAG-L group.

Control Model CAG-L CAG-H

20 um 20 um

20 pliu

El4 FENROHEWGARE
Fig.4 WGA staining of the hearts of mice in each group

5 RENBRMAMETR. ATER. ROSKIEELLE

Table 5 Comparison of cell area, apoptosis rate and ROS fluorescence intensity in each group of mice

74 M T AR BHPE 0 SR T2/ % T I KT
Group Cell area /um? Apoptotic rate /% ROS level
Control group 313.50+28.73 2.25+1.89 0.79+0.37
Model group 672.25+40.91%* 14.2542.63** 14.334+].83%*
CAG-L group 565.75+37.98" 9.25+2.22" 8.26+2.17"
CAG-H group 449.50+£52.91"4& 6.50+1.29" 4.86+2.04%%

n=4; **P<0.01, 55 ControlZH LL#Z; P<0.05, “P<0.01, 5Model4 tLiz; “P<0.05, “4P<0.01, 5 CAG-LALL#L .
n=4; **P<0.01 compared with Control group; “P<0.05, “P<0.01 compared with Model group; “P<0.05, ““P<0.01 compared with CAG-L group.

Control Model CAG-L CAG-H

TUNEL

DAPI

10 um

10 pm

Merge

+ 10 pm

10 pm

L4896 FORTUNELIH PR 1240, 15 t(DAPD Z - 41 .
Green fluorescence indicates TUNEL-positive apoptotic cells, and blue fluorescence (DAPI) indicates nuclei.
E5 ZEPNETUNELRE
Fig.5 TUNEL staining of mice in each group
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Control Model

ROS

10 um 10 um

DAPI

10 pm

Merge

10 pm 10 um

AR IRROSFHMENS 5, 3 A(DAP)R /RGN o

CAG-L CAG-H

10 pm 10 um

10 um 10 um

10 um

Red fluorescence indicates ROS-positive signals, and blue fluorescence (DAPI) indicates nuclei.
Ee6 &H/NBR/UAEROSEE
Fig.6 ROS staining in the hearts of mice in each group

6 FLH/NRIMERERFELIR

Table 6 Comparison of serum inflammatory factors in each group of mice

Pad:l 14 A% -1B/pg-mL ! F141 i A 2 -6/pg-mL! i A BE A F—a/pg-mL
Group IL-1B /pg'mL" IL-6 /pg'mL" TNF-a /pg-mL"

Control group 81.42+10.12 103.25+8.11 519.84+39.68

Model group 160.99£19.04%** 177.58£17.25%* 888.26:+88.35%*

CAG -L group 108.23+15.37* 131.09+14.76* 648.42+74.66"

CAG-H group 96.61+11.12"&& 105.88+11.77%&& 533.91+£59.20"4&

n=10; **P<0.01, 15 ControlZfl FLA%; #P<0.01, HModel 41 HLA; “4P<0.01, 5 CAG-LALEL#
n=10; **P<0.01 compared with Control group; “P<0.01 compared with Model group; ““P<0.01 compared with CAG-L group.

BR, CAGEELEAT cGASHIBLIARL: & 148, AT
B2 A E R EM EAER . KA, CAG
A5 Lys122. Ser215. Ser271F1 Arg273Z i3I A
BEAEH, FINHE 5116167 Tle168. Phel70. Phe217.
Phe26455 5% 5L 7= A2 i 2 B KA BLAE R, AfiiE—25
RESAEMG . M R B — e T Bk
e, R CAGHERRE IR cGASIIE It
X5 R, CAGH ReiEd 5 cGAS H 45 &Mkt
cGAS-STINGIHE H K AEHHIEH, 455 WL EI8.
2.9 CAGHI#|cGAS-STINGIS 5@
WB4E B IR, Model 4L O LA R ¢cGAS.
STING. p-TBKI1. p-IRF3FRIA/KF-1 8% i
(P<0.05, P<0.01), &/~ 7E HFIRZE T cGAS-STING
R W EBOE , Ol KM N RGE R R L. £
I CAGT R, &FEAEAREKFHEI T

B o AR 2 25 Model 415 [ ik /KT B 35 PR AR
(P<0.05, P<0.01); =7l ST TR E V&, &
H Rk O B E 2 IEH KT (P<0.01). _Lid4s
FAEIR, cGAS-STINGAE 5 18 B £ O 325 B
Bl O, CAGHRENS DL &4 7 ) 1% 08 %
G AL, BETRIEDTR ORI VR, 45 2R W B9 S,

3 iTig

HF R 2K W10 L 57, HOm FHLA 52 2%
W RS ST DM T &b L E
FIZEZAIRAT 19, H RTIG PR B 2 Fh 2 T4
B HFAER , EO T 48 00 BN 0 0o JU AR 05 55 425 M ok
AR BT RT R, B, SREE s &
BB (/N 43 T 2590, o HOR LA S0 80 AU E (1 R
RIS, ORI AF R 5 S () 35 7 1) o
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Control  Model CAG-L  CAG-H
Vimentin 54 kDa
Collagen I W 129 kDa
&7 %4/ OB Vimentin, Collagen I, Collagen 1157 &
Fig.7 Bands of Vimentin, Collagen I, and Collagen III in the hearts of mice in each group
RT BHNRAUELIEIREER
Table 7 Comparison of fibrosis indicators in each group of mice

el POV AR Rk TR EA Rk TR R WIREA AL TR I
Group Vimentin/GAPDH Collagen I/GAPDH  Collagen II/GAPDH  Vimentin Collagen I Collagen IT
Control group 1.10£0.36 1.50+0.30 1.07+0.32 1.01£0.12 1.02+0.22 1.02+0.22
Model group 2.37+0.36%* 2.40+0.36* 2.55+0.34%* 3.73£0.33%* 4.77+0.84%* 7.40+0.68**
CAG-L group 1.97£0.15 1.23+0.25" 2.33+0.43 2.48+0.25% 3.19+0.27% 5.2240.65"
CAG-H group ~ 1.43+0.42" 1.21+0.36% 1.48+0.31% 0.98+0. 1474« 1.13£0.2374& 2.44+().2574&

n=3; *P<0.05, **P<0.01, 5 Control 41 ELA; P<0.05, #P<0.01, 5Model41LL#4; 4P<0.05, “4P<0.01, 5CAG-LALLLEL
n=3; ¥*P<0.05, **P<0.01 compared with Control group; “P<0.05, #P<0.01 compared with Model group; “P<0.05, ““P<0.01 compared with CAG-L group.
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MIEAEAARIN: CAGTECGASTE M M4SN Z4E 45 G R CAGH ZIEERIRIE 2 ] 1 SV B /K AH TLAEH; CAGHcGAS

From left to right: the 3D binding conformation of CAG within the active pocket of cGAS; the hydrogen-bonding and hydrophobic interactions between
CAG and the amino acid residues of cGAS; the 2D interaction diagram of the CAG-cGAS complex.
El8 CAGScGASHIN FIi#ELER
Fig.8 Molecular docking results of CAG with cGAS

cGAS-STING{F Sl #1411 T DNA
WOE TR X2 P IR R 1 IO K, Rl
TZINNZ Y T 2 Fh JEAH S IR AR e 1519,
A W 7T R B %@ B e Co UBR L . 5 79 97 i 450 I
B CRAS S B, IS0 LA . T
AT YA RIS DA S A AL TE R 202 . HALHITE T,

cGASTH A P45 19 f5 B BT L DNA, =R 238 A5
# cGAMPIH-3#1i% STING, #E1f1 J5 2/ TBK1/IRF341 3 1)
PSR FERE, IR TR SIL-1B. IL-6. TNF-02%%
T 28 PR B R BB S 2224 T A o A& %
O LA B RS MR IR 5 40 R T n R, o T
55 03 WA KN BX B AT A A M S i R AL, S R R
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Control Model CAG-L CAG-H

|

TBK1 ! g l J 84 kDa

p-TBK1

:

84 kDa

IRF3

p-IRF3

47 kDa

47 kDa

GAPDH

37 kDa

El9 &A/NEROBEcGAS. STING. TBK1. p-TBK1. IRF3, p-IRF3%&#H[E
Fig.9 Western blot images of cGAS, STING, TBK1, p-TBK1, IRF3, and p-IRF3 in the hearts of mice in each group

#*8 HH/N R cGAS-STINGIEHEIEFRELER
Table 8 Comparison of cGAS-STING pathway indicators in each group of mice

Dol CGASHIXT ik & STINGHI X} Feik & TBK R L7k IRF3EER AL /KT
Group c¢GAS/GAPDH STING/GAPDH p-TBK1/TBK1 p-IRF3/IRF3
Control group 1.14+0.34 0.84+0.18 1.58+0.27 0.99+0.22

Model group 4.69+0.50%* 2.14+0.28* 3.18+£0.39%* 2.140.23%*
CAG-L group 2.67+0.51% 1.37+0.17* 1.47+0.18% 1.17£0.16*
CAG-H group 1.2240.57#& 1.01£0.17% 1.03£0.17#¢ 1.09+0.26"

n=3; *P<0.05, **P<0.01, &5 ControlZfl EL#%; *P<0.05, P<0.01, 5Model 4L LL4L; “P<0.05, “4P<0.01, 55 CAG-LAL L .
n=3; *P<0.05, **P<0.01 compared with Control group; "P<0.05, “P<0.01 compared with Model group; “P<0.05, ““P<0.01 compared with CAG-L

group.

N G e AN i N Lt £ s N e S =1 0] R4
Hed it —2 LifiCollagen IfICollagen T4/ Ji &%
F& R, 514l 7 3E 7 (extracellular matrix, ECM)
o EEGUR AL 4EFE 21 25 0L POV BB RORE . 2R 4
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i O HVSCAE DRSS , e 2T kAT 10 2 H A
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REJFARE B R, T S I FR AR I JIRTBORRFE
cGAS-STINGIH B I 5 5 WO 1 75 3 AORE S W 4
THER, 4k T SRS BCET 4R 20 S 8 W0 5 IR IR TR, 3
B0 UL B 1 33k — 2 %Ak 5 a0 20 PRURE O i ot
DNA A 53 il cGAS-STING A 5 1) G 1% I 2
i RE 5 2T AR S S AN BT B A IOK , e 2 43 HF

HERE P28, RRE AR, R HF /MR, cGAS.
STING. p-TBKI1Mlp-IRF35 (/K F &3 7t &, FIL-
1B+ IL-6. TNF-a45 #EK § A Vimentin. Collagen
[#1 Collagen IR IEWEE Fiff, XL RHLTR,
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FAELHBAHR . PrEfl. Ry 0w E S5 2
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(1977 2 7 cGAS-STINGAS 5 18 I B B 1 IR IE,
JCHAE = 77 B A 2 2 40 p-TBK 1A p-IRF3 (1) 3%
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Ko BT HIER AN, HF R H HEBE A 5 1o UL EE A
S 4idk e MPT, HE. MassonbA f RIRE 21 446,
SRR, CAGR 5 T AL/ O LA &
fil B JETRR BA S /IR i Jid B A3 ) 2R 187 .- Western
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