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Abstract: Stachydrine (Sta), a major constituent of Leonurus japonicus Houtt, has been reported to possess numer-
ous cardioprotective effects. In this study, we evaluated the effect of Sta on pressure overload-induced diastolic 
heart failure in rats and investigated the mechanisms underlying the effect. Wistar rats were randomized to trans-
verse aortic constriction (TAC) or sham operation. After 3 days, the rats that underwent TAC were randomized to 
treatment for a total of four experimental groups (n=10 each group): sham operation, TAC only, TAC + telmisartan 
(Tel), and TAC + stachydrine (Sta). After 12 weeks, we evaluated left ventricular hypertrophy, function, and fibrosis by 
echocardiography, pressure-volume loop analysis, and histology. In addition, levels of fibrosis-related proteins in the 
heart were determined by Western blot analysis. Our results showed that Sta significantly suppressed TAC-induced 
cardiac hypertrophy, and TAC-induced increases in heart weight/body weight and heart weight/tibial length. In ad-
dition, Sta attenuated TAC-induced decreases in left ventricular ejection fraction and improved other hemodynamic 
parameters. Compared with the TAC only group, rats treated with Sta exhibited significant decreases in intersti-
tial and perivascular fibrosis, TGF-βR1 protein levels, and phosphorylation of Smad2/3; however, protein levels of 
TGF-β1, TGF-βR2, and Smad4 did not differ significantly between the two groups. Taken together, our results dem-
onstrate that Sta protects against diastolic heart failure by attenuating myocardial hypertrophy and fibrosis via the 
TGF-β/Smad pathway.
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Introduction

Heart failure is a leading cause of death glob-
ally [1]. A substantial proportion of patients 
with congestive heart failure have a normal or 
slightly reduced ejection fraction, the preva-
lence of which is rising [2-5]. Clinical heart fail-
ure with normal ejection fraction (HFnEF) or 
preserved ejection fraction (HFpEF) is referred 
to as diastolic heart failure (DHF), as defined  
by the American College of Cardiology and 
American Heart Association [6]. DHF, which has 
only recently been identified as a clinical entity, 
is characterized by impaired myocardial compli-
ance, cardiomyocyte hypertrophy, and myocar-
dial fibrosis, which are directly linked to abnor-
mal diastolic function and myocardial stiffness 
[7]. There is a growing recognition that heart 

failure caused by diastolic dysfunction causes 
significant morbidity and mortality [8]. Although 
isolated diastolic dysfunction as a cause of 
heart failure remains controversial, early recog-
nition and appropriate therapy of diastolic dys-
function is advisable to prevent further progres-
sion to DHF and death. However, to date no 
effective therapies or preventive measures for 
DHF have been developed.

Transforming growth factor-β (TGF-β) has a cru-
cial role in tissue homeostasis and is an impor-
tant extracellular matrix (ECM) regulator [9]. 
Disruption of TGF-β signaling has been impli-
cated in many human diseases, including car-
diovascular diseases. The isoform TGF-β1 plays 
an important role in the cardiovascular system, 
where it is a potent stimulator of collagen-pro-
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ducing cardiac fibroblasts and is thought to 
mediate cardiac fibrosis. The two main TGF-β 
receptors are TGF-β receptor 1 (TGF-βR1) and 
TGF-β receptor 2 (TGF-βR2). The binding of 
TGF-β to TGF-βR2 induces a conformational 
change in this receptor, which allows dimeriza-
tion with TGF-βR1 and its phosphorylation. The 
activated complex induces the phosphorylation 
of Smad2 and Smad3, which form hetero-oligo-
meric complexes with Smad4. These complex-
es then translocate to the nucleus, where they 
regulate transcriptional responses involved in 
fibrosis [10-12]. 

Stachydrine (Sta) is an activated alkaloid that 
can be isolated from Leonurus japonicus Houtt, 
a traditional Chinese medicine. Results of pre-
clinical studies and clinical trials have demon-
strated that the herb exerts cardioprotective 
effects [13]. For example, aqueous extracts 
and alkaloids extracted from L. japonicus Houtt 
have beneficial effects on left ventricular (LV) 
dysfunction and remodeling in rats [14, 15]. 
Recently, our group showed that Sta attenu-
ates angiotensin II (Ang II)-induced and norepi-
nephrine-induced cardiomyocyte hypertrophy 
[16, 17]. However, it remains unclear whether 
Sta can improve pressure overload-induced 
DHF. Thus, in the present study we evaluated 
the effects of Sta on pressure overload-induced 
DHF and investigated the mechanism of action. 

Materials and methods 

Animals

The study protocol was approved by the Animal 
Care and Use Committee of Shanghai University 
of Traditional Chinese Medicine. Male Wistar 
rats (approximately 150 ± 10 g) were housed in 
cages with controlled temperature and humidi-
ty, 12-h light-dark periods, and free access to 
water and a standard diet.

Transverse aortic constriction 

Transverse aortic constriction (TAC) surgery 
was used to generate a rat model of pressure 
overload-induced cardiac hypertrophy and he- 
art failure. Briefly, the rats were placed in a 
chamber, anesthetized with 5% isoflurane 
(SurgiVet, MI, USA), and then intubated and 
ventilated (Harvard, Inspira ASV, Harvard 
Apparatus, Holliston, MA, USA), delivering tidal 
volumes of 6 ml. During the procedure, 2.5% 

isoflurane in 95% oxygen and 5% carbon diox-
ide was used to maintain anesthesia. The rats 
were placed supine on a heating pad (World 
Precision Instruments, Inc., Sarasota, FL, USA), 
with the temperature maintained at approxi-
mately 37°C. The aortic arch was carefully dis-
sected free of the surrounding tissues. To cre-
ate partial aortic constriction, a stylet made 
from a bent and blunted 18G intravenous cath-
eter was tied tightly to the aorta between the 
innominate artery and the left carotid artery 
using 4-0 silk and then removed. The sternum 
and the skin incision were closed with 5-0 
sutures. The sham operation included all surgi-
cal procedures except the ligation. Four weeks 
later, rats that underwent TAC were evaluated 
by echocardiography to determine aorta diam-
eter after ligation. Only rats with an aorta diam-
eter <1 mm were used for further study.

Treatments

The rats that underwent TAC were randomized 
to treatment 3 days after the procedure for a 
total of four experimental groups (n=10 each 
group): sham operation, TAC only, TAC + telmis-
artan (Tel, 5 mg/kg; Boehringer Ingelheim, 
Shanghai, China), or TAC + Sta (8 mg/kg; 
National Standard Materials Information Ce- 
nter, Beijing, China). The Tel, Sta, or normal 
saline (for the sham operation and TAC only 
groups) was provided once a day by oral gavage 
for 12 weeks.

Pressure-volume measurements by conduc-
tance catheter 

Hemodynamic parameters were determined 
using a 1.9 Fr pressure-volume (PV) conduc-
tance catheter (Scisense, Ontario, Canada). 
Rats were anesthetized with 2.5% isoflurane in 
95% oxygen and 5% carbon dioxide. The PV 
catheter was placed in the left ventricle using 
an apex approach, as previously described [18-
20]. PV data were analyzed using iWorx Lab- 
Scribe2 data recording and analysis software.

Echocardiographic examination

The rats were anesthetized with 2.5% isoflu-
rane in 95% oxygen and 5% carbon dioxide, and 
hair on the chest was removed by shaving and 
depilatory cream. LV function was evaluated  
by echocardiography using a high-resolution 
small animal imaging system (Vevo 2100; Vi- 
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Figure 1. Sta suppressed TAC-induced cardiac hypertrophy. (A) Comparison of heart size (scale bar, 5 mm) in rats that underwent the sham operation, TAC only, or 
TAC followed by treatment with Tel or Sta. (B) Ratios of heart weight-to-body weight and heart weight-to-tibial length in the four treatment groups. (C) Representative 
M-mode echocardiographic tracings. (D) Echocardiographic measurements (mean ± SEM). *P<0.05 versus sham; #P<0.05 versus TAC only. TAC, transverse aortic 
constriction; Tel, telmisartan; Sta, stachydrine; HW, heart weight; BW, body weight; TL, tibial length; IVS, interventricular septal; LVID, left ventricular internal dimen-
sion; LVPW, left ventricular posterior wall.
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sualSonics Inc., Toronto, Canada), with the ani-
mal placed in the supine position on a warming 
platform. Two-dimensional and M-mode echo-
cardiographic studies were performed from 
short axis view and end-systolic and ventricular 
dimensions [21].

Western blotting analysis

Heart tissue protein lysates were separated  
by 10% SDS-PAGE and then transferred to poly-
vinylidene difluoride membranes (EMD Milli- 
pore, Billerica, MA, USA). The membranes were 
probed overnight at 4°C with primary antibod-
ies against TGF-β1 (Cell Signaling Technology, 
Danvers, MA, USA), TGF-βR1 (Cell Signaling 
Technology), TGF-βR2 (Cell Signaling Techno- 
logy), phosphorylated Smad2/3 (p-Smad2/3; 
Cell Signaling Technology), Smad2/3 (Cell 
Signaling Technology), Smad4 (Santa Cruz 
Biotechnology, Dallas, TX, USA), β-actin (Santa 
Cruz Biotechnology), and glyceraldehyde 3- 
phosphate dehydrogenase (GAPDH; Hangzhou 
MultiSciences, Hangzhou, China). The next day, 
the membranes were washed and incubated 
with the appropriate secondary antibody for 1 h 
at room temperature. After the final wash, sig-
nals were detected using the FluorChem E 
imaging system (ProteinSimple, San Francisco, 
CA, USA) and a chemiluminescence detection 
kit (EMD Millipore). Protein band densities were 
quantified by using an image analysis system 
and expressed as ratios to GAPDH or β-actin. 

Masson’s trichrome staining

Heart tissue was fixed in 4% paraformaldehyde 
overnight at 4°C, rinsed, and transferred to 
phosphate buffered saline, followed by paraffin 
embedding. To evaluate fibrosis, sections were 
stained with Masson’s trichrome stain, exam-
ined by light microscopy, and photographed at 
× 400 magnification. Collagen volume fraction 
(collagen area/total area × 100%) was deter-
mined by using Image-Pro Plus 6.0 (Media 
Cybernetics, Inc., Silver Spring, MD, USA).

Statistical analysis

Data were analyzed using SPSS 18.0, and 
results are presented as mean ± standard error 
of the mean (SEM). Data from the experimental 
groups were compared by one-way analysis of 
variance followed by Tukey’s post hoc analysis, 
and differences were considered significant at 
P<0.05.

Results

Sta suppressed TAC-induced cardiac hypertro-
phy

To determine the effect of Sta on TAC-induced 
cardiac hypertrophy, the heart weight (HW)-to-
body weight (BW) ratio and HW-to-tibial length 
(TL) ratio were calculated, and M-mode ec- 
hocardiography was used to assess cardiac 
dimensions. Compared to the sham operation 
group, rats in the TAC only group exhibited  
considerable hypertrophy of the whole heart 
(Figure 1A) and higher HW/BW and HW/TL 
ratios (Figure 1B). LV wall thickness (including 
left ventricular posterior wall [LVPW] and inter-
ventricular septal [IVS] thickness) was signifi-
cantly increased in the systolic and diastolic 
phases in the TAC only group compared with 
the sham operation group, whereas the LV 
internal dimension in the systole and diastole 
did not differ significantly between the two 
groups (Figure 1C, 1D). In contrast, the whole 
heart in Sta-treated rats was considerably 
smaller, and the HW/BW and HW/TL ratios 
were decreased compared with the TAC only 
group. In addition, Sta attenuated TAC-induced 
LV wall thickening. These results suggest that 
Sta can prevent pressure overload-induced car-
diac hypertrophy.

Sta improved TAC-induced cardiac dysfunction

To assess cardiac function, hemodynamic 
parameters were determined by PV loop analy-
sis. Characteristic changes in PV relationships 
were observed at baseline and during inferior 
vena cava occlusion (Figure 2A, 2C). Compared 
to the sham operation, TAC significantly attenu-
ated LV ejection fraction (EF), an index of LV 
systolic function; however, EF remained >50% 
(Figure 2B). TAC also strongly increased poten-
tial energy, stroke work, and cardiac output. 
Compared with the TAC only group, rats that 
received Sta showed enhanced EF and normal-
ized cardiac output, stroke work, and potential 
energy. The TAC only group exhibited signifi-
cantly increased stiffness, isovolumetric relax-
ation time (Tau Glantz), minimum rate of pres-
sure change (dp/dtmin), and end diastolic pre- 
ssure compared with the sham operation group 
(Figure 2D). However, these changes in diastol-
ic function were attenuated in rats that received 
Sta after TAC. These results suggest that Sta 
treatment protects against TAC-induced cardi-
ac dysfunction.
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Figure 2. Sta improved TAC-induced diastolic heart failure. (A) Representative pressure-volume loops at baseline. (B) Quantification of hemodynamic parameters at 
baseline. (C) Representative pressure-volume loops during vena cava occlusion. (D) Quantification of hemodynamic parameters during vena cava occlusion. Results 
are expressed as mean ± SEM. *P<0.05 versus sham; #P<0.05 versus TAC only. TAC, transverse aortic constriction; Tel, telmisartan; Sta, stachydrine. EF, ejection 
fraction; CO, cardiac output; PE, potential energy; SW, stroke work; EDP, end diastolic pressure; dp/dtmin, minimum rate of pressure change. 
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Sta inhibited TAC-induced myocardial fibrosis 

To evaluate fibrosis in the heart, Masson’s tri-
chrome staining was used to stain myocardial 
cells red and collagenous fibers blue (Figure 3). 
Compared with the sham operation group, the 
TAC only group showed widespread fibrous tis-
sue in interstitial areas (Figure 3A, 3B) and 
perivascular areas (Figure 3C, 3D). However, 
rats treated with Sta after TAC showed consid-
erably less fibrous tissue, suggesting that Sta is 
able to attenuate myocardial fibrosis.

Sta alleviated fibrosis by downregulating 
TGF-β/Smad signaling

To investigate the mechanism underlying the 
antifibrotic effects of Sta, protein levels of TGF-
β1 and the two main TGF-β receptors (TGF-βR1 
and TGF-βR2) in the heart tissue were deter-

mined by Western blotting. Our results showed 
significantly higher TGF-βR1 and TGF-βR2 lev-
els in the TAC only group compared to the sham 
operation group but no significant difference in 
TGF-β1 levels. To evaluate Smad signaling, we 
measured phosphorylation of Smad proteins. 
Our results showed higher levels of p-Smad2/3 
in cardiac tissues of the TAC only group com-
pared to the sham operation group but no sig-
nificant difference in Smad 4 level between the 
two groups. In addition, the level of TGF-βR2 
appeared to decrease in the Sta-treated rats 
(Figure 4).

Discussion

Previous studies have reported that leonurine, 
another activated alkaloid found in Leonurus 
japonicus Houtt, significantly improves cardiac 
function and decreases pulmonary congestion 

Figure 3. Effect of Sta on TAC-induced myocardial fibrosis. Fibrosis was evaluated by Masson’s trichrome staining 
(n=3), with myocardial cells stained red, and collagenous fibers stained blue. Collagen deposition was quantitatively 
analyzed as collagen volume fraction (collagen area/total area × 100%). Results are expressed as mean ± SEM. 
*P<0.05, ***P<0.001 versus sham operation; #P<0.05, ###P<0.001 versus TAC only. TAC, transverse aortic constric-
tion; Tel, telmisartan; Sta, stachydrine.
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Figure 4. Effect of Sta on fibrosis associated TGF-β/Smad signaling. Protein levels of TGF-β1, TGF-βR1, TGF-βR2, Smad2/3, p-Smad2/3, and Smad4 in heart tissue 
were determined by Western blotting (n=3). (A and C) Protein bands. (B and D) Quantification of protein levels (mean ± SEM). *P<0.05 versus sham; #P<0.05 versus 
TAC only. TAC, transverse aortic constriction; Tel, telmisartan; Sta, stachydrine; TGF-β1, transforming growth factor-β1; TGF-βR1, transforming growth factor-β recep-
tor 1; TGF-βR2, transforming growth factor-β receptor 2; p-Smad2/3, phosphorylated Smad2/3; t-Smad2/3, total Smad2/3. 
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in a rat model of chronic myocardial ischemia 
[22]. Our group provided the first evidence that 
the L. japonicus Houtt alkaloid stachydrine 
(Sta) inhibits cardiomyocyte hypertrophy in vitro 
[16, 17]; however, it was not clear whether Sta 
improves cardiac function in vivo.

In this study we generated a rat model of pres-
sure overload-induced cardiac hypertrophy and 
heart failure using TAC. This procedure involves 
tightening a suture around the transverse aorta 
to increase resistance to blood flow, thereby 
increasing hemodynamic load on the heart and 
requiring greater force to maintain normal car-
diac output, eventually leading to cardiac hyper-
trophy [23]. Several studies [24-26] have shown 
that most patients with DHF exhibit LV hypertro-
phy. In the present study we detected cardiac 
hypertrophy 12 weeks after TAC which compen-
sated for the increased hemodynamic load. 
Results of cardiac catheterization and echocar-
diography showed diastolic dysfunction in the 
rats that underwent TAC, as demonstrated  
by significantly lower cardiac function parame-
ters, such as EF (>50%) and diastolic function. 
M-mode echocardiography also detected TAC-
induced LVPW and IVS hypertrophy in the sys-
tolic and diastolic phases. PV loop analysis 
revealed that the stiffness constant was signifi-
cantly higher and Tau-Glantz constant was larg-
er in the TAC only group compared with the 
sham operation group. In addition, the diastolic 
PV relation was shifted up and to the right in 
the TAC only group. We found that Sta treat-
ment for 12 weeks after the TAC procedure pre-
vented cardiac hypertrophy and appeared to 
reverse the myocardial diastolic dysfunction. 

In cardiac disease, the heart is subject to ch- 
anges in composition and structure, often lead-
ing to cardiac fibrosis [27]. Fibrosis is also cre-
ated by the TAC procedure, as demonstrated  
by assessment of collagen deposition [28, 29]. 
Although fibrogenesis is initially an effective 
mechanism of tissue repair, the ongoing remod-
eling eventually decreases cardiac functionality 
and leads to heart failure [30]. A major patho-
logical feature of DHF is diastolic dysfunction 
[8], which is characterized by increased LV stiff-
ness, high LV filling pressure, and myocardial 
stiffness. Increased LV stiffness has been 
traced to myocardial fibrosis and increased col-
lagen turnover [31-33]. Myocardial fibrosis, 
which is associated with reduced microvascu-
lar network and disruption of normal myocardi-

al structures, results from excessive deposition 
of ECM by fibroblasts. The interstitial and peri-
vascular fibrosis ultimately lead to LV hypertro-
phy, dilatation, and failure [34]. Consistent with 
the results of previous studies [35, 36], histo-
logical analysis of heart tissue 12 weeks after 
TAC showed interstitial and perivascular fibro-
sis, which was inhibited by Sta, suggesting that 
this treatment preserves myocardial compli-
ance and diastolic function. 

Our results show that Sta can improve diastolic 
function, inhibit cardiac hypertrophy, and atten-
uate fibrosis in rats that underwent TAC, ulti-
mately decreasing LV stiffness and improving 
LV diastolic filling. To identify the molecular 
mechanisms responsible for these effects, we 
evaluated the expression of TGF-β, which has 
been shown to mediate diastolic dysfunction 
and cardiac fibrosis when activated [10, 37]. 
This profibrotic cytokine works synergistically 
with connective tissue growth factor to pro-
mote fibroblast proliferation and the deposition 
of collagen and fibronectin. In fact, TGF-β is 
believed to be the most important ECM regula-
tor [9]. In vascular smooth muscle cells, endo-
thelial cells, and fibroblasts, TGF-β1 increases 
synthesis of ECM proteins, such as fibronectin, 
collagen, and plasminogen activator inhibitor-1, 
even at low concentrations [9, 38]. Smad pro-
teins mediate TGF-β signaling [12]. Specifically, 
TGF-β increases the phosphorylation of Smad2 
and Smad3, which then form heterotrimers 
with Smad4. This complex translocates into the 
nucleus, binds to Smad-related DNA sequenc-
es, and increases the transcription of fibrosis-
related genes such as fibronectin, type I colla-
gen, and connective tissue growth factor [11, 
12, 39].

In our rat model of DHF we observed increased 
activation of TGF-βR1 and TGF-βR2 and phos-
phorylation of Smad2 and Smad3 in heart tis-
sue. These results are consistent with previous 
studies describing pressure overload-induced 
cardiac fibrosis via TGF-β1 signaling [40]. In 
addition, protein levels of Smad4 appeared to 
increase in the DHF rats; however, this increase 
was not significant. Our results suggest that 
Sta improves cardiac fibrosis by decreasing  
levels of TGF-βR1, TGF-βR2, and p-Smad2/3. 
Because Ang II-mediated upregulation of TGF-β 
induces myocardial fibrosis [39], we used 
telmisartan (Tel), which inhibits angiotensin II 
type 1 receptor, as a positive control. Our 
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results showed that Tel inhibited the TAC-
induced increase in TGF-βR1 and p-Smad2/3, 
which supports the involvement of TGF-β/Smad 
pathways in pressure overload-induced myo-
cardial fibrosis.

Myocardial fibrosis can increase myocardial 
compliance and myocardial stiffness [41], but 
our results indicate that treatment with Sta can 
decrease TGF-β/Smad activation and intersti-
tial and perivascular fibrosis, ultimately decrea- 
sing myocardial stiffness and myocardial com-
pliance. This appears to be the main mecha-
nism by which Sta improves diastolic function.  
Further studies are needed to better under-
stand the antifibrotic and cardioprotective 
effects of Sta. 

Conclusions

Our findings suggest that stachydrine, an alka-
loid found in L. japonicus Houtt, protects 
against TAC-induced myocardial hypertrophy 
and cardiac dysfunction by inhibiting cardiac 
fibrosis. These findings may provide evidence 
to support the clinical application of L. japoni-
cus Houtt in DHF. 
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