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[ Abstract] Objective To evaluate the characteristics of a rat model of heart failure with a preserved ejection
fraction ( HFpEF ) induced by combined factors, and to investigate the correlation of myocardial strain parameters to
myocardial hypertrophy and fibrosis. Methods Eight WKY rats and eight spontaneously hypertensive rats( SHR ) served as
control groups and were fed normal feed until the end of the experiment. Thirty-two SHR rats were equally divided into SHR
+ S, SHR + F, SHR + SF, and SHR + Combined groups, and fed high-salt, high-fat, high-salt-fat, or high-salt-fat-sugar
feed, respectively, in combination with intraperitoneal injection of streptozotocin for 30 weeks. After modeling, the heart
weight/body weight(HW/BW ) ratio, systolic blood pressure (SBP), and diastolic blood pressure ( DBP ) were measured.
Echocardiography was performed to measure the left ventricular (LV) end-diastolic internal diameter( LVIDd) , LV anterior
wall thickness(LVAWd) , LV posterior wall thickness ( LVPWd), LV ejection fraction ( LVEF) , isovolumetric diastolic
time(IVRT) , and peak early diastolic passive filling velocity (E)/early diastolic mitral annular velocity (e’ ). Speckle
tracking echocardiography was conducted to determine the global longitudinal strain( GLS) and strain rate (GLSr) , global
radial strain ( GRS) and strain rate (GRSr), as well as the global circumferential strain ( GCS) and strain rate ( GCSr).
Serum was collected and analyzed for triglycerides( TG ) , total cholesterol (TC) , low-density lipoprotein cholesterol ( LDL-
C), glucose (GLU), and glycated serum protein ( GSP). ELISA were used to measure serum B-type brain natriuretic
peptide( BNP) , angiotensin Il ( Ang Il ), and galectin-3 ( Gal-3). Myocardial tissue was subjected to HE and Masson
staining for cardiomyocytes and myocardial fibrosis, and the cardiomyocyte cross-sectional area ( CSA)and collagen volume
fraction ( CVF ) were calculated. Additionally, the correlation of myocardial strain parameters to CSA and CVF was
analyzed. Results
SBP, DBP, serum indexes( TC, TG, LDL-C, GLU, GSP, BNP, Angll , and Gal-3) and echocardiographic parameters
(LVIDd, LVAWd, LVPWd, IVRT, and E/e’ ) were significantly up-regulated. Absolute values of speckle-tracking
echocardiographic parameters ( GLS, GLSr, GRS, GRSr, GCS, and GCSr)were decreased considerably. HE and Masson

Compared with the control group, in model groups, especially the SHR + combined group, HW/BW

staining of myocardial tissues suggested marked cardiomyocyte hypertrophy and fibrosis, and significant increases were
observed in CSA and CVF(P < 0.05). Correlation analysis showed that GLSr, GCS, and GCSr were strongly linked to
CSA, and GLS, GLSr, and GCSr were strongly linked to CVF(P < 0.01). Conclusions A rat model of HFpEF induced
by hypertension and dysregulation of glucolipid metabolism replicated the basic characteristics of HFpEF in terms of
etiology, clinical features, and myocardial pathological changes, and might be a reliable animal model of metabolic
syndrome-related HFpEF. Moreover, myocardial strain indices were closely related to myocardial hypertrophy and fibrosis
and might indirectly reflect subtle myocardial lesions and dysfunction.

[ Keywords]  heart failure with preserved ejection fraction; rat; myocardial strain; myocardial hypertrophy;
myocardial fibrosis
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#55 IfLH K BR ( spontaneously hypertensive rats, SHR) il
8 H SPF 2,4 JA#%,180 ~ 200 g, Mtk Wistar Kyoto
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1] W AF ( global circumferential strain, GCS) 1) A8 %
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ES[IE
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IR T2 Bl DK R 4 L ARE B0 5 2R A5 I3, il A7
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FHEC RN E MG TG, HI M B2 a0 A6 I 1L 7
GLU , FHAFFE Y 20 M i 3500 52 13 GSP ., AR 4
VAT A5, o H i K f 928 W BT K 56 ( enzyme-linked
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JUL 2 At % A% T 1A A ( cardiomyocyte  cross-sectional
area, CSA) , UM A 3 AN FLEF 60 A0 LAY
HFEI{E, Masson Pt f5 D WLAL U 21 (0, J 247 4
S0, H Image-Pro Plus 6. 0 {4 42 g JE AR R 3
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BE JERE MUREFNE AIRE 4 S0l R A
1.3 SZitELSH

fdiF] SPSS 22. 0 AT SE M . A BcdiE
WUISERE + PRifEZE (x = 5) P, dLE) Heis A A
RIT 200, 5 2 LB T /N B 3 25 ek
fifi ] Pearson AHIC/ AL LN A2 S50 5 CSA f CVF
FAHDCHE  AHOC R B (r) IEMEARRIEAR G, TR fE AR
TAADC  r ZEXHE KT 0. 5 SR W18 5 [ 77 78 5 AH OC
P < 0.05 R BAAGIH AR,

2 #R

2.1 EEARWOE/|AEMMERBR

5 WKY H I, ir At B 20 1) HW/BW | SBP
K DBP WETHE (P < 0.01) ;5 SHR 41 H#¢, SHR
+ F 24 % SHR + SF 41 HW/BW 1} i & TFm (P <
0.01) ,SHR + E A4 HW/BW & SBP {34k i &
THE (P < 0.05) ;3f H SHR + E& A& 45
Fhiashm FHABIRIZ] | 3R SHR + & & 4100
RSO MR B E, W1,

F 1 BRI EARE R IEREN (x +5, n = 8)
Table 1 HW/BW and blood pressure in model rats(x + s,n = 8)

2H 5 Y VNG W4 e/ mmHg #73k 5/ mmHg
Groups HW/BW SBP/mmHg SDP/mmHg
WKY 4
WKY group 3.09 = 0.29 125.63 + 11.02 79.00 = 10. 62
4
SHR & 3.32£0.23 199. 88 + 16. 16 144.25 + 27. 67
SHR group
SHR + S £ AA AA AA
SHR + S group 3.64 £ 0.29 204.38 + 6.76 153.75 + 24.97
SHR + F 2 AA AA AA
SHR + F group 3.85 + 0.62 208.13 + 14.58 155. 63 + 10.76
SHR + SF 4

SHR + SF group
SHR + & &41

3.91 = 0.0744*

4.35 + 0.5644 ™

212.50 + 14. 6144

219. 88 + 27.4044~

157.25 + 22.8044

163.25 + 25. 1444

SHR + Combined group

.5 WKY 4L, 44 P < 0.01;15 SHR 4HAHLL, P < 0.05, ™ P < 0.01, (FR/%ER)
Note. Compared with WKY group, 44 P < 0.01. Compared with SHR group, * P < 0.05, ™ P < 0. 01. ('The same in the following figures and tables)

2.2 #HEVKRATERRREIER

5 WKY 4} SHR 4 L%, SHR + F 4 TC .
TG & LDL-C BETFHE (P < 0.01) ;SHR + SF 4 %
SHR + B &4 TC TG LDL-C .GLU /X% GSP & #

FHE (P < 0.05) , 3 H SHR + & & 4 M4 W45 br
A AL A ZH . I, SHR + B4
FE B H B 52 A0 5 IR ILRE R AE A B AR AL, W
#*2,
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R2 PBORRBEIRICHE AL (2 £ 5,0 = 7)

Table 2 Glycolipid metabolism in model rats(x + s,n = 7)

25 53 Hil =E/ (mmol/L) EHAREEE/ (mmol/L) KNG 1/ (mmol/L) HZEHE/ (mmol/L) HHLIMEE A/ (pmol/L)
Groups TC/ ( mmol/L) TG/ ( mmol/L) LDL-C/( mmol/L) GLU/ (mmol/L) GSP/ ( pmol/L)
4]
WKy M 0.89 £ 0. 16 0.27 £ 0.03 0.29 £ 0.08 3.30 £ 0. 60 157.55 + 13.45
WKY group
3 4
SHR # 0.89 + 0. 17 0.34 + 0.06 0.29 + 0.07 4.22 +0.58 163.91 + 10.56
SHR group
4]
SHR + S 41 0.92 £ 0.29 0.35 £ 0.10 0.30 £ 0. 11 4.44 £ 0.81 164.67 £ 9.22
SHR + S group
4
SHR + I 41 2.57 £ 0.2744* 1.21 = 0. 1944 0.81 + 0.2544* 4.49 = 1.26 183.31 + 55.89
SHR + F group
SHR + SF 4 . . . .
A 2,11 + 0.2944* 1.06 + 0.2644 1.05 + 0. 2444 5.74 + 2. 174%™ 186.11 + 18.714

SHR + SF group

SHR + H A4
SHR + Combined group

.5 WKY 4,2 P <0.05, (TE/%ER)

Note. Compared with WKY group, 4P < 0.05. (The same in the following figures and tables)

2.3 HEERKRAOBEEBTNINEE (P <0.05) ,JfF HA&WdE bR I #hom T H A
5 WKY ZHIt,SHR + S 41/ LVAWd . LVPWd 41, BbAb, S840 LVEF {55 WKY 41} SHR 21

K IVRT BEFE (P <0.01) ,SHR + F 21 % SHR + R, Tegeit2m i S, 45 R R W, A B R 2 K UG I

SF #1f%) LVAWd .LVPWd . IVRT } E/e’ . 3& Tt (P SPBURER ABAFAEARTRRE E 1Y LV S8 I BT 5k D RE R

<0.05), 5 WKY 412 SHR 4 It#,SHR + E&54 i, H SHR + -5 4RI U A LV =LA

) LVIDd \LVAWd . LVPWd IVRT }& E/e’ B ETHE  JE GFskoRNER I A&k hrepans, LAl 1,38 3,

2.83 + 0.7844 1.38 + 0.2544 1.18 + 0. 3444 8.37 + 1.2344™  377.15 £ 6.6144™

+

WKY#4 SHRZ{ SHR+S#H SHR+F# SHR+SF4 SHR+E A4
WKY group SHR group SHR+S group SHR+F group SHR+SF group SHR+Combined group

B BRSO RS A A e

Figure 1 Cardiac structure and function in model rats

®3BEORRAOIELEFIFIIIRE (2 £ 5,0 = 8)

Table 3 Cardiac structure and function in model rats(x £ s,n = 8)

g1 VSHINE-SA TS O 2 R BE JEN % 5 BE ZEO 2= B EARTIK
= RN/ mm JEJE /mm JEJE/mm B % tE]/ ms E/e’
G
>Toups LVIDd/mm LVAWd/mm LVPWd/mm LVEF/% IVRT/ms
4]
WKY 4 6.58 + 0.54 1.72 + 0.17 1.71 + 0. 11 76.72 £ 4.40  23.35 + 4.73 18.62 + 4.90
WKY group
4]
SHE 41 6.85 + 0.34 1.96 + 0.08 1.95 + 0. 10 78.86 £ 3.44  36.19 £ 3.96 20.73 + 3.16
SHR group
4]
SHR +‘S’H 6.84 + 0.45 2.03 £ 0.214% 2,06 + 0.26%4 76.90 = 9.80  37.38 + 4.7844  20.30 + 4.02
SHR + S group
SHR + F 4
& 6.88 + 0.36 1.91 £ 0.154 1.96 £ 0. 1944 74.85 + 8.36  38.49 £ 5.774%  23.68 + 5.704
SHR + F group
. s
SHR + SF 41 6.87 £ 0.29 1.96 + 0. 1444 1.94 £ 0.1144 75.35 £ 8.06 39.27 + 3.50%4%  23.86 + 4.65%

SHR + SF group

SHR + &4

) 7.17 + 0.444% 2,14 £ 0.0744" 2.20 £ 0. 1244 77.79 £ 5.49  43.91 x 3.4844" 31.93 + 2. 8644 ™
SHR + Combined group
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2.4 HEEKRMOIEZE

5 WKY 4 [ #, i A 8 R 2H 1) GLS |, GLSr,
GRS .GRSr.GCS & GCSr 4 ¥HE B & F (P <
0.05), 5 SHR 4 [k &, SHR + S 419 GCS K
GCSr FZa X (H . % F % (P < 0.01) ;SHR + F 41
) GRSr, GCS & GCSr 45 %} {6 . F F R (P <
0.01) ;SHR + SF #1f# GLS ,GRSr,GCS K GCSr %

WKY#H SHR#H SHR+S#.

SHR group

GLS

Bl i e i s o NIV S
GCS GRS

SHR+S group

YHE B E FF(P < 0.01 8,0.05) ;SHR + B/
) GLS .GLSr .GRSr GCS & GCSr A2 X B & T
FE(P < 0.01),3F H NS R FHAMBIAL,
IR A5 R, SR K RAEAE LV O UL 22 ik
B, H SHR + &2 &4 £ H E w86 LV 290
] W AR A48 ) o AR K JE] ) o AR R0 N AR R R L UL
Kl2,%4,

SHR+F4H
SHR+F group

SHR+SF4
SHR+SF group

SHR+E &4
SHR+Combined group

2 FERUCRLAYC L AR

Figure 2 Myocardial strain in model rats

R4 BRI (x £ 5,0 = 8)

Table 4 Myocardial strain in model rats(x = s,n = 8)

i) | N | ! x| 2xJH 1) 4 JE 1A
G’ NEAE/ % REAEH/(1/5) NEAE/ % RIAEE/ (1/5) NEAE/ % MAEE/ (1/5)
Toups GLS/% GLSt/(1/s) GRS/% GRSt/ (1/s) GCS/% GCSt/(1/s)
4]
WKY 4 -22.59 + 4.31 ~7.73 +2.25 28.44 + 3.79 4.57 £ 0.60 -35.06 + 2.92 -8.77 + -1.31
WKY group
SHR 41
-19.74 + 2.40 —6.44 + 1.82 24.05 + 5.84 4.10 £ 1.33 -28.54 + 3.41 -6.70 + 1. 13
SHR group
SHR + S %
il -16.82 £ 3.164% 509 £ 1.674% 23.81 £4.52%  3.80+0.43%  -24.62 £ 1.7044™ —4.99 £ 0.5644 "
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x5 BHEUKEMIMTE BNP Ang 1 #1 Gal-3 /K (% £s,n = 7)
Table 5 Serum BNP, Angll and Gal-3 levels in model rats(x £ s, n = 7)

ikl
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Note. A. HE staining and Masson staining of myocardium. B. Myocardial CSA. C. Myocardial CVF.
Figure 3 Myocardial hypertrophy and fibrosis in model rats(x + s,n = 8)
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R 6 NSRS CSA L CVF IS
Table 6 Correlation of myocardial strain parameters with CSA and CVF
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ZH Index KRR R AR B A S AR R AR B WA fE
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r P r P r P r P
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Note. A ~ C. Fitted lines of correlation between GLSr, GCS, and GCSr with CSA. D ~ F. Fitted lines of correlation between GLS, GLSr, and GCSr

Figure 4 Correlation of GLS, GCS, and GCSr with CSA and correlation of GLS, GLSr, and GCSr with CVF

with CVF.
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