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Abstract

BACKGROUND: Clinical studies have shown that aerobic exercise is an important supplement to the clinical treatment of patients with pulmonary hypertension,
which can alleviate the disease condition, increase exercise tolerance and improve the quality of life. However, it is not clear whether patients at different
stages of pulmonary hypertension can benefit equally from exercise training.

OBIJECTIVE: To compare the intervention effects of early or late aerobic training on right heart failure in rats with pulmonary hypertension and explore its
possible mechanism.
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METHODS: Sixty male Wistar rats were randomly divided into control group, model sedentary group, model early exercise group and model late exercise group,
with 15 rats in each group. The model of pulmonary hypertension was established by intraperitoneal injection of monocrotaline (60 mg/kg) in the latter three
groups. The model early exercise group was given 8 weeks of treadmill aerobic exercise (60% maximum running speed, 60 minutes per day, 5 days a week) after
modeling, while the model late exercise group was trained for 6 weeks after 2 weeks of modeling. The control and model sedentary groups were fed quietly in
the rat cage for 8 weeks. After training, the exercise performance, right ventricular hemodynamics, cardiopulmonary function, cardiopulmonary histopathology,
reactive oxygen species level in mitochondria, activity of mitochondrial respiratory chain complex and expressions of myocardial tissue proteins were detected.
RESULTS AND CONCLUSION: Compared with the model sedentary group, exercise performance and right ventricular function improved (P < 0.05), myocardial
collagen content, endothelin-1, tumor necrosis factor-a/interleukin-10 ratio and B-myosin heavy chain/a-myosin heavy chain ratio decreased (P < 0.05),
vascular endothelial growth factor and sarcoplasmic reticulum calcium-adenosine triphosphate enzyme expression increased (P < 0.05), immunofluorescence
intensity of mitochondrial reactive oxygen species and the protein expression of 3-nitrotyrosine decreased (P < 0.05), the activities of complex I, I, IV and V
increased in the model early exercise and model late exercise groups (P < 0.05), but there were no significant changes in right ventricular maximum pressure,
pulmonary acceleration time and pulmonary artery wall area/total vascular area ratio (P > 0.05). Compared with the model late exercise group, the model early

exercise group further improved exercise performance and right ventricular function, and downregulated collagen content, brain natriuretic peptide protein
expression, tumor necrosis factor-a/interleukin-10 ratio and B-myosin heavy chain/a-myosin heavy chain ratio (P < 0.05). To conclude, although pulmonary
vascular remodeling and right ventricular overload persist in rats with pulmonary hypertension, exercise training at different stages of the disease has a
cardioprotective effect. The mechanism is related to the improvement of cardiac remodeling, neurohormone system imbalance, inflammatory response and
mitochondrial oxidative stress. Greater benefit is gained from initiating exercise in the early stage of the disease.

Key words: pulmonary hypertension; aerobic exercise; cardiac remodeling; inflammation; oxidative stress; exercise performance; right heart failure
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SRR — P M WK TP 3- IHEERE R
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FETH (UVmIni-1240, 1A} HER BUAE 5245 (ChemiDoc XRS, SEH ).
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RN TEEA S .
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1.4.8 LULHLREAKEEMM R Western Blot yE 5l
O UZE SR AN G (R L] 1 0 500). PN 2 1( F R L
1 : 1000). MIUEIAFEAF af MEAELLAE] 1 0 2 000). HAHAL
rF 10( FBELLBI 1 0 2 000). o- JULERER 1 B (AR LA
1 : 5000). B- Wik A HEE (FBLLH 1 0 5000), L%
WG - e IR TG (FARELL9) 1 0 1 000) A P R AE K
K7 (FERELL] 1 1 2 000) AR R btk 3 fiFFEms = ( FAke
el 1 0 500) i RIS & .

I3 HFRBLONLS R A AR A SR H, KA Bradford 4
W5 B RS . B 50 g B R i £ 3 L HLIKAX |42 SDS-PAGE
NE, BMERBEERR MO L. 4 C—hifEREL
B, P (BRI E A IBEARIC I 186G, FRELL] 1 @ 5000)
FIPFE Lhe mBERIE, A RO H R U
Sk K IE . WS HE AN GAPDH( B2 & 1 ) 54 i
B c ANV (LhikED ), BERNEAKEHESNSE
HEAEAE AR Rk &, TS 4 & R AR R A S 0
R I LA A X Rk 2R
1.5 BRI SAKRBshRE N A= Mz 112 .
O TRE . ORI S O IR RARTE M EUKE . L
LR AR IR B A A 1 B O R (A R TE
1.6 it o4 {§iF SPSS 20.0 i i S S 45 B 4T
Gt AT AL P . P s A xs ROk, & S HH TR B AT
F R R TT 25007, 2 3 LIS A Y /s J 38 P 22 SR A 6
P<0.05 NZEFAEEMNRE L. Z LRI TFEOL Hh
RARFEEMG T FF .

2 5B Results

2.1 K opr LRSI T, MERATI0 R,
B IbT: 6 K, B EIEa 4T 1 R, Eif 1 A,
M RIS sh AT 4 K. a2 H, KL EPANG 1)
FEAR T n=46, 4 % B4 (n=15), BB 2R (n=9). H
T EWPEEEN A (n=13) ARG B4 (n=9).

22 AR REFHEA iR WK 1.

1 | NGEREEAXREEENNLR (Rss)

Table 1 | Comparison of rat exercise performance between groups after training

A o AL B B RME) B IHIZEE)
(n=15) (n=9) 41 (n=13) 4 (n=9)

J K HIE (m/min) 28.63+4.32 14.31#3.18°  30.83+4.64™  23.83+3.91°

J38is A (min) - 17.83£2.10 9.46+1.87° 19.2243.53" 14.60+3.21°

i KRS (m) 381.04+49.55 212.27440.13° 425.08462.25 337.55%51.23"

Fik: GXHRALELE, °P<0.05; SHRUAZEAILLE, °P < 0.05; SR EZ )

HLb#:, P<0.05

WG G, X RA R, B 22 5 4K B A B K
B s [ A OKE Y T B (P < 0.05), S 2
PL, RERLELI. WIS sh A K R & IS 3 RE I S B T
(P <0.05), S5 Rym iz )4 b, AR LIS 3 24 K BRI
Hiazhfe 1z 8 (P<0.05).
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2.3 BUARRMWTE. SRS 5T E I Wk 2,
R2 NGEREEERRFRE. LIHERESMHEREMELER ()

Table 2 | Comparison of body mass, heart mass and lung mass of rats

between groups after training

Ay pagiie: B2zl BRRMEE)  BORMIHIE )
(n=15) (n=9) 4 (n=13) 4 (n=9)

A & (g) 325.61#41.03 274.10£38.22° 320.74+45.51" 286.90+35.08°

OIEJTE (g) 0.8940.21 0.97+0.17 1.0520.16 0.930.22

OIS EE / 2.72+0.36 3.530.47° 3.21+0.41° 3.36+0.50°

PR (me/g)

it 5 (g) 1.4640.22 2.1740.31° 2.0540.25° 2.1540.36°

i 5 A / 4.39+0.87 7.8941.25° 6.40£1.09° 7.5141.32°

i (mg/g)

F0EfiE (8)  0.1840.02 0.28+0.03" 0.30+0.03" 0.27+0.03°

L EE/ 0.55+0.11 1.01%0.17° 0.93+0.12° 0.94+0.20°

A & (mg/g)

O EFE (8)  0.58:0.14 0.55+0.10 0.60+0.21 0.56+0.18

FE B R/ 1.78+0.34 1.98+0.41 1.87+0.37 1.95+0.43

PR (me/g)

Rk SAIBALLE, °P<005; SRR EALLE, P <0.05; SHAHLES)
ML, P<0.05

WEALER G, SXTIRAR, A2 H# A KRR E T
B& (P < 0.05), /O B J53 5 / 474 J 8« it o 2 o O o o / I
0= RGO EUE /AT ERS N (P<0.05); FRAEHE,
W 38 Bl 2H K R0 JUE o / P i U o s I R 5 /
PR A7 0 B AT O 5 R/ AR N (P < 0.05),
B M E B 2K R N . SIEAY e F i bl A
FIRIEZ K AR B R G (P < 0.05), LS & / R BT &~
F& (P < 0.05); HLALHEHAIE 34 %- S 800 A8 1k (P > 0.05).
5 R M W 3E B 20 P, AR R HITIE 2 4K B R T 4
(P<0.05), JifiE)ii& / A& T F¥ (P<0.05).
2.4 ZAKXBAE SH AL LK 3.
%3 | IGAHRE SAXRER LSRR (Fes)

Table 3 | Comparison of echocardiographic parameters in rats between
groups after training

A of B2 Bz BRI BRI E
(n=15) (n=9) 4l (n=13)  Fh4 (n=9)
L (YK /min) 382.53+43.21 359.64+51.10 379.25+49.55 355.71+56.03
Jiti 5 ik n 3 B ] (ms) 28.34+4.13  17.2243.26° 19.12+4.70°  21.20%5.34°
Lo (mL/min) 47.6745.79  17.91#3.64° 36.52+4.88™ 26.47+4.01"
OGRS FS (mm) 1.9140.32  1.02:0.25°  2.02#0.38™  1.330.30°
SYSRIMCAIIE M  0.0840.02  0.03#0.01°  0.06+0.02°  0.04+0.01°
B (cm/s)
SEA R B OUINEEE  9.7542.31  3.1840.98°  8.35+1.99°  7.89+2.02°
(m/s%)
SEREF RIS ] (ms) 16.8243.94  29.51+4.43° 15.18+3.12° 18.72+4.03"
i Cr4E%L 1.05¢0.21  1.76£0.43°  1.13+0.29°  1.22+0.31°

FIE: G, °P<0.05; SRR, P < 0.05; SHIEIGEIES)
414, P<0.05

WEREER G, SRIRA L, B 22 2K U bk on
S RTINS 7N i Dk - NS 2 NI &R
WA 3ok P2 AN AW A S Co LN B2 S B (P < 0.05), A& 5K
(AL Ao FE O i (P < 0.05); A7 FLIBIE s 2H K S sl bk i
I () Rl Caay Y R T (P < 0.05); AL HIE s 4K U3 i
RIS, o B AR FA A s A% AN = A i
W (B P R (P<0.05). SRR i L, KR RIS zh4
REORTH . RIS . = IR 4 S



HAREE

cEEnTERS @72

Chinese Journal of Tissue Engineering Research  www.CITER.com

T RN S WS A B Co U FE T i (P < 0.05), S 25 &F 7N E] 11
f LR R B (P<0.05); HALGE HAIE B 20 Kk RO HH LA 2528
YSCZE B OO LN B T iR (P < 0.05), 525 EF 5K I AL Rl CoFE 5
B (P<0.05), SN HHEENZH LEE, B LS ENZH R RO
it AN = SRR A A R 3 T (P < 0.05).

2.5 B4R RAdiksh A F A LK 4,

F 4 | IGLERE SEARMBEHHZESHAER (x£s)

Table 4 | Comparison of hemodynamic parameters in rats between groups
after training

A el
X HEZH L 22 2H B RIS WA S 5
(n=15) (n=9) 4H (n=13) 44 (n=9)
IS ONIVil 118.52426.81  92.63+20.12°  106.45+27.31  103.10+31.22
(mmHg)
75k K W & /7 4.11£0.92 5.01+1.17 4.75+0.83 4.92+1.05
(mmHg)

FE 75K b F+ 8292.06+1533.82 5329.34+1891.01° 6615.30+1722.89 6982.22+2 105.63
J# A (mmHg/s)
JE /14 K F P& -96753143122.52 -5912.10+1625.83° —7522.85+2310.67 —7823.83+2577.44
# (mmHg/s)

A HOE
paite:| TR 22 e BRI RINIZEE) A S S
(n=15) (n=9) 4 (n=13) 4 (n=9)
ISP NIV 23.72+4.34 45.91%5.03° 43.934.72° 47.9345.5°
(mmHg)
&7 5Kk K W1 /) 3.520.63 6.27+1.22° 3.3840.58" 3.89+0.49"
(mmHg)

JE 778K FFF 1955.134237.34 2 122.474329.83 2 512.744358.11° 2 679.32+401.74°
A (mmHg/s)

JE 38K R —1577.214259.62 —1839.64+311.71 -2 275.80+466.94° —1 910.85+378.12
. (mmHg/s)

W 4 K ) 4.92+1.61
VIRE AP
(mmHg/RVU)

B Bk # P 3.6740.63
(mmHg/RVU)

W45 K R 1.21£0.45
RE S Y
Bk L E

#F 5k K W K 1.78+0.34
J1-BHRR
(mmHg/RVU)

12.843.9° 7.12+1.89° 7.23+2.28"

8.95+3.52° 7.34+2.90° 6.98+1.89°

1.31+0.61 0.99+0.38 1.07£0.40

4.65%1.98° 1.36+0.41° 1.5540.52°

FE: 1 mmHg=0.133 kPa; RVU MAHXF R AL, HxtRE 4L Lb A,
T E LR, °P<0.05

WS R, SxRatii, BAHZHARRALOE
KRS R TR E S KRB R (P <
0.05), fi0vEHRAES . &Pk AL Wi KR - &
BUIR R SRR PEAIET ik AR AR )y - A R T (P < 0.05);
BRI S A K RA OERKE S ERK ETH#EE,
JE KR B R A sh kst = (P < 0.05); 1A B I IE 5
HRRAOERKNES SR BT RS kT =
(P<0.05), iRl Epdl Ll , 57 A2 ol 41 AR 7Y e
ERNHAAT O EFIKARIAE S, W48 K WAIE ) - B R AET
SKARIIE ) - AL R NI (P <0.05). SHEAMINIZS)A L
8, BRBRIHIZA A O ESSEOCH B (P> 0.05).
2.6 ELAKBMIEA A S F LR RILF T

Bl /NENBR TR ARHE — (RLI R WHIRLL RN B ke i
BHARK, MR, B i, SRR 2 ) 4 AT
R W32 B A K R s kT i LAl B s A= . fAZ s R, HESI

°P<0.05; Ljfi

AL, /NS I B AE, R RE R SR, WA 1.
xR b, AT e ER AL R TR B A2 B 4R AR TR g
& B 2H K B B R e AR /ot A R TR BB 2 2 T
(P<0.05), A4 ] b5 5 3 3 3L (P> 0.05), UL 2.

AOEDIFHARE - ROLRE: BHRESW, BEZEE
o, SR KR OGS IESR . S5, HHgE.
IIARYIEY, R g R RO LN B M K AR . B 58, 4
BRI, HEFIR BT AL EL; AR, B E sh 40 K RO L
Yl AR 22 B AL WUIE KRR B B Rk, (EHEPEEA 7
JLE 3. SxIMRAE, B A, BT RIS B H A
R HA T2 S 4O L4 A A T AR S 2 2 T (P < 0.05), %
PRI A ) BT B 2 Ve S (P> 0.05), WL 4.

AILEDHL Masson e : R T 4E YL ik o, O VLGH
MO e ta . XA R ROV LT R4, fRT 2 fpd
KO WU IR B R S o BE ORI Bl 2 B S 4 4 sk 2>
UL 5. xR LG, BN i 2 R RO WL SR AT 4 i
BN (P < 0.05); SR ERA LU, ALY, HE s s
gz &/ NP (P < 0.05); SR HAE 3N 4H L, AR
BRI &8 T (P<0.05), WLE 6.
2.7 B KFRSIERARERE. "R T A RE LR
Bk 3- FEABEREAE O R X TR A O O RARE T
ATt (B 7): LhREHEEa G, AR
550 B UL, BRI 22 5 2 A A vt 1 B S 2 D' i P 398 o
(P<0.05); Al FRd i, BRI, #iE shd b
TS PR 2 DGR N % (P < 0.05); SR IHIZ B ZH L
LS R I B PR YA LN e Wk L o U L R X
(P>0.05), UL 8.

MEMRSES AR : SXHIRA G, HR A g a1k
I 1. VANV iEPEREC (P < 0.05); SR FRA LR, B
TR, Wiz sl E AR 1. 1T VA VigHET & (P<0.05)
SR IS S A L, AT RUIE B0 A S S HOE I B AR
(P>0.05), W% 5.

F5 | IGERE SHXRIFRES A AEMELE xts, pmol/(min-mg)]
Table 5 | Comparison of respiratory chain complex activity in rats
between groups after training

BIS S R MRz ERLENNEE) A E )
(n=15) (n=9) 4 (n=13) 4 (n=9)
=REE/N 6.75%2.18 2.1740.76° 5.35+1.88" 4.6741.75°
=R 2.72+0.59 2.27+0.45 2.89+0.61 2.65+0.53
HHEAIT 1.29+0.44 0.6740.29° 1.3620.50" 1.21%0.37°
HHEEWN 3.5541.12 1.21£0.4° 3.09+0.87° 2.87+0.98"
HEEV 1.950.63 0.5840.21° 2.19+0.88" 1.720.56"

Frk: SAIRALLE, P<0.05; SRR, P<0.05

DRI 3- AR SRR ERRIAE: SXIIRA AL,
B 22 i O LR 3- SRR A IR B P R IA & B (P <
0.05); SHEALZBALLE, MR, BiiEsh 4O NLE kL
I 3- AR R R R FARIA B N (P < 0.05); HECRLE i
A LLEL, AR S Z) A O LR 3- AR IR AR R E
RiLEILW R (P>0.05), WLE 9.
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o X HRAL KBRS B BAREOKR, MU BRI Y 22 i
FELTRY L Y12 B 4 AR B W 338 Bl 20K SR B 5T T LA ARG A . Bk 3
K HEBIZREL, Ti/NANKE s B B A, I 45 B 15 25 1
1 | NGERESHEARMALT AR - FLRE (x200)
Figure 1 | Hematoxylin-eosin staining of rat lung tissue after training (x200)

z v SRR, P <005
= w0 L e 2 | ISR E S AR
i 35 MR EEER/ MERE
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Eé 20 Figure 2 | Comparison of
%*ﬂi 1(5) pulmonary artery wall area/
% 5] total vascular area ratio
= "Cimm g Bow B between groups
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FVE: A-D 3Rl st AL, AL 2efp ], At
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Bl BRI RIS B A R SR LT A 2 i AL UL KR FE B
Rz, EHPEEA P
B3 | NHEREBEEERRADETARE - FLRE (x400)

Figure 3 | Hematoxylin-eosin staining of the rat right ventricle after
training (x400)
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Figure 4 | Comparison of cross-
sectional area of right ventricular
cardiomyocytes between groups
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Figure 5 | Masson staining of the rat right ventricle after training (x400)
Bl S5xE4 L, °P < 0.05
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30
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Figure 7 |

Immunofluorescence
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1ZEh4
observation of
reactive oxygen
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mitochondria after
training (x600)

BlE: S5XfRAHE, P<0.05; 5

B A, °P<0.05
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Figure 8 | Comparison of fluorescence
20 intensity of reactive oxygen species
in myocardial mitochondria of rats
between groups after training
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2.8 BAAK R SR E & AL F IR

WZHERG: SXTIRA i, 57 2 #5620 i ah ik A
W 1 EAREET G (P<0.05), MENEAEKETEA
FILRE TP (P<0.05). SEAILEAE, #3EIEshA
MEAIK . PR3 1 ERERIB & RMK (P < 0.05), I A R AEK
N7 A R IL B T (P < 0.05); B IHIZZNH N K& 1 &
HRIEEFK (P <0.05), & NKEKHETFEAREESS
(P <0.05), ARG W BN 4 b, AT 2 B 4L A
HHFIAE NE (P<0.05), WE 10,

RIER RIIRZS : S Lui, B 22 28 i SR AL A
T a ARG E MR T o/ 40N 2 10 HoE T =
(P<0.05), Sz b, MARINEH AN =
10 HHKIEETHE (P <0.05), MUBIRIER T o HRIL &
AR IATER T of EI4HAf/ 3 10 LUfA F#AIK (P < 0.05); #E7Y
W 1132 20 41 i 988 0 A8 R F- o B 1 SRk B ORISR BB R of
HAE 2 10 EUAEFEAIC (P < 0.05). SR ]iE 5 20 F A,
B FLHIZ 20 LA A 35 10 B R IA & s (P < 0.05),
JREIRSEIN 7 a B R IE B AR AL T o/ AN R
10 {4 (P < 0.05), W& 11.
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Figure 10 | Comparison of protein expression of brain natriuretic peptide,
endothelin-1 and vascular endothelial growth factor in rat cardiomyocytes
between groups after training
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Figure 11 | Comparison of tumor necrosis factor-a and interleukin-10
protein expression in rat cardiomyocytes between groups after training
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Figure 12 | Comparison of protein expression of a-myosin heavy chain,
B-myosin heavy chain and sarcoplasmic reticulum calcium-adenosine
triphosphate enzyme in rat cardiomyocytes between groups after training
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