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[BE] BB BHIBTFEEAMTT (Atorvastatin, ATO) 7F = 81X £ (high fat diet, HFD ) Fl N-fiff it -L-45 2 #2 B i (N-
nitro-L-arginine methyl ester, L-NAME) X 4T i 1% 5 09/ BRI E L AL IR EAA P EH . FiE RH HFD+L-
NAME # #3455 157 S /0BG IE T M B . 8 C57BL/6J /0 R B AL 4> 9 %) B 2 (Chow) (BRI 2 (HFD+1-
NAME+Vehicle) .10 mg-kg '-d ' ATO #1 (HFD+L-NAME+ATO10) #1120 mg-kg '*d ' ATO 41 (HFD+L-NAME+
ATO20), B2 6 H o W25 21 /0N BRL2s B LW 4 40 5 T a3 6 4 300 il g K 7 MR T 0 il PR 9 A28 Ak . AR 128 5 L8
aob o JUE R 7 DA /N RO T RE RS o 3 a0 S B D) R HE e € 00 22 /0N B0 I 25 0 2 B JRE 3 e A | T 8 e W ¢
i IR AT AL R A | /N 22 R 2R R 4E 3R (wheat germ agglutinin, WGA ) G2 58 6 SR 0 LR /Nt A% 3 i Western
blot #; /N B0 JIE Collagen T 1 a-SMA 4R A M A, &R SHRBA K, ATO AL HFD+L-NAME i &
19 /0N B2 JE S S 5 (P=0.006, F=5.56) , 4= 35 I3 AL G B 2, (5] B4 o /s RS B (P<<0.001, F=11.75) FlIfiL & F+
o DR EIR, ATO B3% HFD+L-NAME ¥ 5 19 /)y B HE H 5 T B (P<<0.001,F=23.56) . WGA il Western
blot £5 5 7R , ATO # il HED+L-NAME 75 5 (1) /)8 B0 JIE %8 BE 18 JEE (P<<0.001, F=11.75) . £F 4 fL 3% in (P=0.002,
F=10.95) .0 LA K (P<<0.001, F=40.08) .Collagen [ (P=0.014,F=4.49)fll a-SMA (P=0.004, F=6.28) & [ # ik 7t
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Atorvastatin inhibits mice cardiac remodeling induced
by metabolic syndrome

CAI Jia-li, WANG Xia, YIN An-wen, SHEN Ye-jiao, XIAO Qing-qing, SHEN Ling—hongﬁ, HE Ben
(Department of Cardiology , Shanghai Chest Hospital ,Shanghai Jiao Tong University,Shanghai 200030, China )

[ Abstract] Objective To investigate the role of Atorvastatin (ATO) in mice with metabolic
disorders and cardiac remodeling induced by high fat diet (HFD) and N-nitro-I.-arginine methyl ester (.-
NAME). Methods HFD+L-NAME was used to construct the mice cardiac remodeling model induced
by metabolic syndrome.C57BL/6 mice were randomly divided into the control group (Chow) , the model
group (HFD+L-NAME +Vehicle) , the 10 mg-kg '-d"' ATO group (HFD+L-NAME+ATO10) and the
mg-kg '-d' ATO group (HFD+L-NAME+ATO20). The changes of fasting blood glucose, glucose
tolerance test, blood lipid levels, body weight and blood pressure in mice were monitored.After 12 weeks of
modeling, cardiac function of the mice was evaluated by Echo. HE staining was used to observe the changes
of heart morphology and ventricular wall thickness, and Masson staining was used to observe the changes of

cardiac fibrosis. The changes of myocardial size were observed by WGA immunofluorescence, and the
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protein expressions of Collagen I and «-SMA were detected by Western blot. Results Compared with
the model group, Atorvastatin reduced the HFD+L-NAME induced fasting glucose increase (P=0.006, F=
5.56) , maintained blood glucose and lipid homeostasis, and inhibited the increase of body weight (P<C
0.001, F=11.75) and blood pressure in mice. Echo results showed that Atorvastatin improved HFD+1L.-
NAME induced the mice cardiac output reduction (P<C0.001, F=23.56). The results of WGA and protein
immunoblotting showed that Atorvastatin inhibited HFD+L-NAME induced cardiac wall thickness
increased (P<<0.001, F=11.75) , myocardinal fibrosis increased (P=0.002, F=10.95) , myocardial
hypertrophy (P<C0.001,F=40.08),Collagen | (P=0.014,F=4.49) and «-SMA (P=0.004,F=6.28) protein
Conclusion

expression increased in mice. Atorvastatin improves the abnormal glucose and lipid

metabolism, obesity and hypertension induced by HFD+L-NAME, and inhibits the cardiac remodeling

induced by HFD+L-NAME in mice.
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C57BL/6J mice
Birth HFD+L-NAME

12 wk
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HFD: High fat diet..-NAME : N-nitro-L-arginine methyl ester.
B1 KREESEFSTIROBEEMREET

Fig1 The establishment of cardiac remodeling model

induced by metabolic syndrome in mice

BEMEMEXE 258 2h)5, W Rk
W 25 W A WE KT, R R T 30 2 o/ kg A AV W 15
30,60 F1120 min, 73 5! I & 1 8% 7K - (mg /1)

MRS U E MR sk It v B M4 i, 5
Oy, 43 B I, W A2 I 3 b E R EE (cholesterol
CHO) . =Bk H it (triglycerides, TG) . # % FE i 2 1
(high density lipoprotein, HDL) #1 I % B jg & H
(low density lipoprotein, LDL) [ & & (mmol/L) .

INBRADBERBE KRN 5.0~11.0 MHz 1Y
PO Bl RSk BT 5 R e sk A FL R
K M B R L g B A & G S A (left
ventricular ejection fractions, LVEF) | 22 /0> &5 1) %5 il
45 %5 % (fractional shortening, FS) . .0 f f &
(cardiac output, CO) Fl % 4 fi 1} & (stroke volume,
SV) & 4545 -

B O REREE A 12 )5 PR a /D R
LR R o /I BRUBR I J5 2547 00 M 38 032, ) 00 4 %
T2 K5, Frat 0 IE & it (heart weight, HW) 5 £
TP EEE E o BUN BSOS B (tibia length, TL) , H
Jebm R RGN & i R . [ eGP O IR L B AT A
W A, SRR TET AT U0 R SRR 6 pm. D) R AT
HE Qe o R 7 Y F1 WG A g 53

Western blot # Il £ HC.0 fiE 20 808 71, ff
BCA LI EH AW . EEFES AR BRIk &,
HL % 2 PVDF I L 5% Bils Wi M s, 5 — 4t
Collagen T (Ab270993 1:1 000) .a-SMA (Ab124964
1:1 000) | a-Tubulin (Beyotime AF0001 1: 1 000)
4CHTSH. TBST¥ L —di)a, Ei T —Ji
H60min. TBST ¥tk “PRritir .

Fit=AHiE HSPSS19.0 8178811 40,
EEAIEH xts #on o 540 2 5 R A One-way
ANOVA FEME, P<0.05 hZEFE G ¥ X,

45 R

ATO #l #l HFD+L-NAME % S8 /MR ER 5 7
EAARBE R 12 S B AN RS I IR X
8 4H J+ & [Chow wvs. Vehicle: (4.98+0.91) mmol/L
vs. (5.57£0.26) mmol/L, P=0.005] ., ATO10 24 f
ATO20 41 75 7 1 0% 34 BB R 20 FE AR [ ATO10 vs.
Vehicle: (4.7740.60)mmol/L wvs. (5.5740.26)mmol/L,
P=0.002; ATO20 vs. Vehicle: (5.07+0.43) mmol/L
vs. (5.57+0.26) mmol/L, P=0.003; F=5.56] (
2A) . IGTT 45 3R o , BRI 51 1Y i B i 2h K
FATO104L M ATO20 4 , ATO10 41 7 7 5 % % b
15 min J5 , 1% T & 72 BE AR AU 24 B IR (P=0.006) ,
ATO20 20 7 1 5t 4 28 15 min(P=0.002) & 30 min
(P=0.010) J& 4 BE F& A% 1 B 3% 30 08 )% (& 2B . 2C) .
ATO FEAR & i 51 & Y 14 5T & 35 i #2 B2 [ Chow ws.
Vehicle: (28.7841.99) g wvs. (40.03%3.76) g, P<<
0.05; ATO10 ws. Vehicle: (34.10+4.06) g ws.
(40.03%£3.76) g, P=0.025; ATO20 ws. Vehicle:
(34.3242.92) g ws. (40.03£3.76) g, P=0.015; F=
11.75] (K 2D), A5 &8 T 6,

ATO #I #l HFD+L-NAME % S 89 /7 B Bg B X 351
SE GRG0 E S AN B4 T g K (R
1) SRR A I, ATO10 240 F1 ATO20 41 317 i
HFD+L-NAME i & # 1& ¥% CHO . TG #l HDL &
B TF R (P<<0.05, B 3A~3C) . 4 4/ By 1 3%
LDL & &k L2 5 (K 3D) .

ATO % {& HFD+L-NAME i & 89/ R i /£ F
B s 128G, AR A s R R e, AT O20
4 fE % % (% HFD+L-NAME 5| # #4 4 4 /& T 5
[ATO20 ws. Vehicle: (128.46+6.79) mmHg ws.
(141.52+4.42)mmHg, P=0.003 ] (& 4A) . R4 (1
-3 3 Bk e B BRAE T, ATO10 40 Ff ATO20 4H
i oF ¥ 8 Bk ¥ R B [ATO10 wvs. Vehicl:
(109.18+4.88) mmHg wvs. (117.53+3.48) mmHg, P=
0.007; ATO20 wvs. Vehicle: (97.17+7.51) mmHg wvs.
(117.53+3.48)mmHg, P<C0.001; F=59.76 ] (& 4B) .
R R, ATO10 44 1 ATO20 4 ¥ B [ i
HFD+L-NAME 5| & 9 & 3k H J+ & [ATO10 wvs.
Vehicle: (94.89+6.85) mmHg wvs. (104.29+5.18)
mmHg, P=0.023; ATO20 wvs. Vehicle: (83.53+
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IGTT :Intraperitoneal glucose tolerance test. "

Chow Vehicle ATOI10 ATO20
HFD+L-NAME

vs. Chow group, *'vs. Vehicle group, P<C0.05 (2=6).

2 ATO i #| HFD+L-NAME i 5 i/ R 4% (X 151 5 5 70 B8 B
Fig2 ATO inhibited abnormal glucose metabolism and obesity induced by HFD+L-NAME in mice

%1 ATO X = HFD+L-NAME i S8/ B I g = E.

Tab 1 ATO inhibited abnormal lipid metabolism induced by HFD-L-NAME in mice

(x+s)

CHO (mmol/L) 2.13+0.17 4.98 +0.49""
TG (mmol/L) 0.88+0.18 1.45+0.27"
HDL (mmol/L) 1.16+0.14 2.18+0.35"
LDL (mmol/L) 0.49+0.11 1.43+0.05

2.5340.952 2.63%0.47% 28.04
0.92+0.32? 0.85+0.12% 8.46
1.36 +0.39"% 1.39 +0.28"% 13.15
0.43+0.15 0.43+0.15 0.41

CHO': Cholesterol; TG : Triglycerides; HDL : High density lipoprotein; LDL: Low density lipoprotein.Vus. Chow group, “vs. Vehicle group,

P<20.05 (n=6).

7.66) mmHg vs. (104.29+5.18) mmHg, P<0.001;
F=32.16](K 4C).

ATO ¥ # HFD+L-NAME i S8 /MR O H H 8
T KHA/NEZEM LVEF fFS ¥k WL &%
5 (B 5A . 5B) . BRI CO FI SV BExT 4] T &
(P<<0.05) . ATO10 41 1 ATO20 41 CO[ATO10
vs.Vehicle: (0.50 +0.06)mg-kg '*d " vs.(0.43 + 0.06)
mg-kg'-d"', P=0.003; ATO20 ws. Vehicle: (0.50 +
0.09) mg-kg'+d'wvs. (0.43£0.06) mg-kg'-d', P=
0.017;F=23.56 (K 5C)F1SV (ATO10 vs. Vehicle:

(1.01£0.10) pL./g vs. (0.89 £ 0.11) pL./g, P=0.002;
ATO20 ws. Vehicle: (1.05%0.20) pl/g ws.
(0.89+0.11) pl./g, P=0.012; F=16.42 ] /K °F- ¥J #& &
(K 5D).

ATO #l #l HFD+L-NAME % S/ /MR O BEE
EESFMET o HE A Masson 4 €8 00 2200 fF 21
LU B2 U - 5 0 IR LA, R A A B B T
o BE R RO 2T SR AL s SR B LB, ATO10 4
FATO20 4 1YL JIiE %5 BE JE 2 (P<<0.001, F=27.06)
(& 6A ) Fll Masson % {8, FH 14 X 48 37 9 2> (P=0.002,
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CHO': Cholesterol; TG : Triglycerides; HDL : High density lipoprotein; LDL: Low density lipoprotein. "vs. Chow group, *'vs. Vehicle group,

El3 ATO ¥ % HFD+L-NAME i S i /\ i I B§ 3 &L

Fig3 ATO inhibited abnormal lipid metabolism induced by HFD-L-NAME in mice

P<C0.05 (n=6).
A B
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Chow Vehicle ATO10 ATO20

Chow Vehicle ATOI10 ATO20

DBP (mmHg)

Chow Vehicle ATO10 ATO20

HFD+L-NAME

HFD+L-NAME

HFD+L-NAME

SBP: Systolic blood pressure; MAP : Mean arterial pressure ; DBP : Diastolic blood pressure. "vs. Chow group, *vs. Vehicle group, P<<0.05 (#=6).
El4 ATO##) HFD+L-NAME i SH/NR M EH 5
Fig4 ATO inhibited HFD+L-NAME induced hypertension in mice

F=10.95) (& 6B) . ¥E# 12 85, WGA YLt 455 i
I, AT A 1 LR AT B AR RIS K. ATO10
ZHF ATO20 20 1Y AL 8 T FR 18 e A A 2 45 /)
[ATO10 ws. Vehicle: (543.65£43.24) pm’ vs.
(698.41+79.34) pm*, P=0.002; ATO20 vs. Vehicle:

(469.24£31.94) pm® wvs. (698.41+£79.34) pm’, P<<
0.05;F=40.08 (] 6C) .

ATO 1 #| HFD+L-NAME i% S 9/ R0 i E 4
HEEHERZE Collagen [ fll a-SMA J& .0 JIiE 5 #)
B AR ICY . T4 Collagen | Fl a-SMA FHH
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LVEF ( %)

Chow Vehicle ATO10 ATO20
HFD+L-NAME

CO (mg-kg'-d™")

=0.2
Chow Vehicle ATO10 ATO20

HFD+L-NAME

Chow Vehicle ATO10 ATO20
HFD+L-NAME

SV (uL/g)

Chow  Vehicle ATO10 ATO20
HFD+L-NAME

LVEF: Left ventricular ejection fraction; FS: Fractional shortening; CO: Cardiac output; SV : Stroke volume. "vs. Chow group, *ws. Vehicle

group, P<C0.05 (n=6).

5 ATO ¥ Z HFD+L-NAME i% S8/ 0 3 H 2 T
Fig5 ATO alleviated heart output reduction induced by HFD-L-NAME in mice

FILAKF BT E (B 7A) M ATOJ5 ,ATO104
FATO20 4] Collagen | & 1R IBAKFEBAAT
% (ATO10 ws. Vehicle: P=0.013; ATO20 wvs.
Vehicle: P=0.022; F=4.49) ( & 7B) , ATO10 4 fil
ATO20 H 1 a-SMA H R 35KV AR T Fe
(ATO10 ws. Vehicle: P=0.010; ATO20 wvs. Vehicle:
P=0.018;F=6.28) (K 7C) . ATO1041#1 ATO2041
1) HW/TL 4 & #8558 2 BE AR [ATO10 vs. Vehicle:
(8.18+0.54) mg/mm vs. (8.98+0.57) mg/mm, P=
0.0305 ATO20 wvs. Vehicle: (8.09£0.45) mg/mm wvs.
(8.98+0.57) mg/mm, P=0.013;F=11.41]( 7D) .

ER

ST B 45 B Bk ATO X HFD+L-NAME 7%
S AR ZE AL A R TR AT O A A
AW 5T R F Y 2 LT 5 AL L-NAME ] 5| 2
/N B I v B AR R AT 51k A R DL KR T 52

W, 2 Fh i e R 2R ) B A7 7, T AT A A AR L
1.0 o 3 v B IR I DR R 3

AHIF 5T 45 5 e W AT O W] 835 /) B3 725 4 Tt 4
ZAA MBS E IR R MR ER I, BT ATO
Xt I 4 3 9 3 A R Ao R TRE 5 v Al Y
AN T 2 10 p b 7T 2 25 8 L 4 25 Ik () K S AN ) DA B kit
JO7 N TR I 2y 4y A4S R A ) ) e B 3G AR A B2 R
Bl 2 A L A HIE S 1 25 SR R < A I WE R
17, ATO RE S REAR /N B4 M6 B , 248 35 i B e S 1%
AEK i A T 5 A e (L (LS IfBE R RG] B 25 5 .
T AR AW B 5 43 s K T ELARAT B S B ARHTIA L,
R I A LR AL R R B L AR R 5 R BT A
AL L-NAME #l = R iR & #4251 INOS FRak e &,
AT 51 36 5 R INOS 2 3 2 g
it , 5 166 i FHRPUE VA OCT . IR UL T
PR 25 A AF 5 2 10 0 IE T AL 8] e A A R T A
i B REC> o At T 5w ot A 3 0 B A 32 B AL AT



BEGEAT, A BT AT A £ S A T A/ O Bl EE A 575

200 pm
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ATOI10 ATO20
B 20, - Lo T D 1000,
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E 15t =8r ) = 800f
E & 3 g
Z gor @ o00r 3
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& &F &S & F S S & F S
» F L & R & &
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HFD+L-NAME HFD+L-NAME HFD+L-NAME

A': Representative images of hematoxylin-eosin (HE) , Masson’ s trichrome (MT) and wheat germ agglutinin (WGA) staining in different
experimental groups; B: HE quantification of ventricular wall thickness; C: Percentage of fibrosis area of MT-stained transversal sections; D: WGA
quantification of cardiomyocyte cross sectional area. ’vs. Chow group, @vs. Vehicle group, P<C0.05 (7=6).

6 ATO #] #l HFD+L-NAME i S8 /N RO BE EM M S ZF 8 E
Fig 6 ATO inhibited morphological changes of cardiac remodeling in mice induced by HFD+L-NAME

A
Collagen [ |- -m- - -‘
2-SMA | _-—_——|
a -Tubulin ‘
mmj
Chow Vehicle ATOI10 ATO20
HFD+L-NAME
B D
301 4 0] 10 ¢ ()
= 2l {2) 2)
£ 25t & gk
= n =37 E
220t E E
. = w6
= = L E
= 1y @ 5 2 @ =
= 2) ;E (2) ﬁ 4+
g 10 = I~
o 175} I 3
Z 05¢ i 2T
Q
0 : ] 2 N 0 Z 2 N 0 - ] 2 N
i B > L, Foy & & o L&
A KO0 O o O7 O Y Y 00 O
NGRS SR CE LR
HFDH+L-NAME HFD+L-NAME HFD+L-NAME

A': Immunoblot images of Collagen | , a-SMA and a-Tubulin proteins in LV samples of mice after twelve weeks treatment ; B : Densitometric analysis
ratio between Collagen [ and a-Tubulin protein bands; C : Densitometric analysis ratio between a-SMA and a-Tubulin protein bands; D : Ratio between
heart weight and tibia length (HW /TL) ratio. "vs. Chow group, ?vs. Vehicle group,P<<0.05 (n=6).

7 ATO #1# HFD+L-NAME i SH/MNR O EEWHEXEALE
Fig 7 ATO inhibited the proteins changes of cardiac remodeling in mice induced by HFD+L-NAME
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fil < 30 R S 2 AR PR g 5 R v . AR R
B, AT O A RE 3 2 400 1) B Fi7 20 2 1 184 Jonn R0 g 15 240 i
JIE R K H R RE BT A R0, AT B 36 B Tt R A2
i [, ATO B BB 6] iINOS Fak Th i ™, A
7 236 R 5 BT o SCHRARAE , AT O 520 /) BB
B 240 it ) 5 R A B W ) R e 45 R I M T v
8 E R R R R RUBRE L g A A B 5T G 45 3
ATO M #H HFD+L-NAME % 5 (19 /)y B it 4 7 5 A
BEAC AL, DA ATO XTI 6l INOS DA Bl 3 g 5
FHCPL AR FH R F B FE AR 7T X B R 3 4 i 45 i A
B A3 W6 T Rl B VR o

TE U0 AG 8 9 O T, AW SE A AR WK  ATO Hp
HFD+L-NAME <3 5| & /) B ifi 7 5 CHO . TG i
HDL KTt &, HIF AR AR LDL K- o AL X
Mg B ek s i HFD 52 . g AR = % 5
EA IR B R EEMBR R EZ —", X
B E T ATO M HED 5 5 89 /8 Rl 3% CHO .
LDL Al TG 7K F ,HDL /K - A 80 07  kcAs . A
R LDL KSR % A 0 Bl A%, 58 21 HDL 7K S
i, EEE R TR S CHO K FEFH .
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