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Abstract
Purpose Pathological cardiac remodeling, characterized
by cardiac hypertrophy and fibrosis, is a pathological
feature of many cardiac disorders that leads to heart
failure and cardiac arrest. Vinpocetine, a derivative of
the alkaloid vincamine, has been used for enhancing
cerebral blood flow to treat cognitive impairment.
However, its role in pathological cardiac remodeling re-
mains unknown. The aim of this study is to examine
the effect of vinpocetine on pathological cardiac remod-
eling induced by chronic stimulation with angiotensin II
(Ang II).

Methods Mice received Ang II infusion via osmotic pumps in
the presence of vehicle or vinpocetine. Cardiac hypertrophy and
fibrosis were assessed by morphological, histological, and bio-
chemical analyses. Mechanistic studies were carried out in vitro
with isolated mouse adult cardiac myocytes and fibroblasts.
Results We showed that chronic Ang II infusion caused car-
diac hypertrophy and fibrosis, which were all significantly
attenuated by systemic administration of vinpocetine. In iso-
lated adult mouse cardiomyocytes, vinpocetine suppressed
Ang II-stimulated myocyte hypertrophic growth. In cultured
cardiac fibroblasts, vinpocetine suppressed TGFβ-induced fi-
broblast activation and matrix gene expression, consistent
with its effect in attenuating cardiac fibrosis. The effects of
vinpocetine on cardiac myocyte hypertrophy and fibroblast
activation are likely mediated by targeting cyclic nucleotide
phosphodiesterase 1 (PDE1).
Conclusions Our results reveal a novel protective effect of
vinpocetine in attenuating pathological cardiac remodeling
through suppressing cardiac myocyte hypertrophic growth
and fibroblast activation and fibrotic gene expression. These
studies may also shed light on developing novel therapeutic
agents for antagonizing pathological cardiac remodeling.

Keywords Vinpocetine . Cardiac remodeling . Cardiac
hypertrophy . Cardiac fibrosis . PDE1

Introduction

In response to chronic mechanical/volume overload and neuro-
hormonal activation due to cardiovascular diseases (such as hy-
pertension, myocardial infarction, and valvular malfunction),
hearts undergo pathological remodeling associated with myocar-
dial hypertrophy and fibrosis, which ultimately leads to contrac-
tile dysfunction and heart failure. Therefore, it is believed that
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pathogenic cardiac remodeling represents a major risk fac-
tor and a leading predictor of heart failure and mortality.
The neurohormonal system renin-angiotensin is overridden
in various cardiovascular diseases and plays critical roles in
cardiac hypertrophy and remodeling [1]. The importance of
the renin-angiotensin system has been demonstrated by many
large-scale clinical trials in which angiotensin-converting en-
zyme (ACE) inhibitors and Ang II type I receptor antagonists
significantly improve the survival rates of heart failure
patients by decreasing cardiac remodeling [2]. Myocyte
hypertrophic growth, characterized by the increased size
of individual cardiomyocytes, results from changes in
gene transcription, stimulation of protein synthesis, and
increased assembly of myofibrils. Cardiac fibroblasts be-
come activated and differentiated to smooth muscle-like
myofibroblasts in response to chronic pressure and
stress overload, resulting in cell proliferation, migration,
and enhanced extracellular matrix (ECM) synthesis. The
excessive deposition of ECM by myofibroblasts pro-
motes myocardial stiffness, impairs cardiac function,
and contributes to the progression of heart failure [3].
Therefore, developing novel and systemically safe ther-
apeutic agents for antagonizing pathological cardiac re-
modeling is currently in high demand.

Vinpocetine is produced by slight modification of the
vincamine, an alkaloid molecule extracted from the peri-
winkle plant, Vinca minor [4]. Vinpocetine (trade name
Cavinton) was originally marketed in 1978 in Hungary
and has been used in many Asian and European countries
for treating cognitive disorders, such as stroke, senile de-
mentia, and memory disturbances. Currently, different
types of vinpocetine-containing memory pills such as
Intelectol (Memory Secret, Miami, FL) and Memolead
(Kao Kabushiki Kaisha, Tokyo, Japan) are used worldwide
as dietary supplements. There have been no significant side
effects and toxicity reported at therapeutic doses of
vinpocetine. Vinpocetine has multiple pharmacological ef-
fects: improving brain blood flow by acting as a cerebral
vasodilator; enhancing cerebral metabolism by increasing ox-
ygen and glucose uptake and stimulating neuronal ATP pro-
duction [5–7], as well as serving as a potent anti-inflammatory
agent in multiple cell types, including epithelial cells, vascular
smooth muscle cells, endothelial cells, and macrophages [8].
Vinpocetine also has a number of different cellular targets,
such as Ca2+/calmodulin (Ca2+/CAM)-stimulated cyclic nu-
cleotide phosphodiesterase 1 (PDE1), voltage-dependent
Na+ channels [4], and IκB kinase (IKK) [8]. We have previ-
ously shown that in the peripheral vasculature, vinpocetine
promotes vascular relaxation [9] and antagonizes vascular
neointimal hyperplasia [10] and atherosclerosis in rodents
[11]. In this study, we investigated the novel roles of
vinpocetine in cardiac hypertrophy, fibrosis, and pathological
cardiac remodeling in vitro and in vivo.

Materials and Methods

Animals

All animals were used in accordance with the guidelines of the
National Institutes of Health Institute of Laboratory Animal
Resources, 1996) and American Heart Association for the care
and use of laboratory animals. The procedures were per-
formed in accordance with experimental protocols that were
approved by the University Committee on Animal Resources
at the University of Rochester. C57/BL6 male mice were pur-
chased from The Jackson Laboratory (Bar Harbor, ME).
Animals were housed under a 12-h light-dark regimen.
Cardiac remodeling was induced in vivo by subcutaneous
infusion of Ang II (800 ng/min/kg) for 2 weeks or correspond-
ing vehicle using Alzet osmotic mini-pumps (model 1002,
Durect Corp, Cupertino, CA) as described previously [12,
13]. Animals at age of 10 weeks were anesthetized with in-
haled isoflurane and osmotic mini-pumpswere implanted sub-
cutaneously on the back slightly posterior to the scapulae. For
systemic vinpocetine treatment, mice were intraperitoneally
injected with 5 mg/kg vinpocetine or vehicle every day as
described previously [10, 11]. Blood pressure was recorded
by tail artery blood pressure measurement. Mouse hearts were
excised, excised hearts were washed with saline to remove the
blood, and the whole hearts were weighed. Hearts were used
for histological and immunoblotting analyses.

Histological Analysis

Excised hearts were fixed in 4% buffered paraformaldehyde and
embedded in paraffin. Hearts were transversely sectioned
(5 μm), deparaffinized, and stained with Oregon Green 488 or
fluorescein isothiocyanate conjugated wheat germ agglutinin
(WGA) (Thermo Fisher Scientific), hematoxylin-eosin, or
Masson’s trichrome. The cardiomyocytes’ cross-sectional area
was measured in more than 200 cardiomyocytes per section for
each animal. The fibrosis fraction was defined as the ratio of the
Masson’s trichrome-stained blue area to the myocardial area.

Isolation and Culture of Adult Mouse Ventricular
Myocytes

Adult mouse cardiomyocytes were isolated from hearts of
C57BL/6J mice by enzymatic dissociation using collagenase
type II in a Langerdorff perfusion system, according to a previ-
ously described protocol with modification [14]. In brief, hepa-
rinized and anesthetized mouse heart were rapidly excised, can-
nulated, and perfused with Ca2+ free isolation buffer (120 mM
NaCl, 15 mM KCl, 0.6 mM KH2PO4, 0.6 mM Na2HPO4,
4.6 mM NaHCO3, 1.2 mM MgSO4, 10 mM HEPES, 30 mM
taurine, 5.5 mM glucose, 10 mM 2,3-butanedione monoxime
(BDM), 10 mM creatine monohydrate, pH 7.4) for 3 min
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followed by collagenase type II (Worthington) mixed isolation
buffer (50 mg in 50 mL isolation buffer, 40 nM CaCl2) until
digestion was complete. Myocytes were exposed to stopping
buffer (10% FBS and 12.5 μM CaCl2 in isolation buffer) for
increasing Ca2+ concentration to 1.4 mM, plated cells in
laminin-precoated dishes with plating buffer (2.5% FBS and
1.4 mM CaCl2 in isolation buffer), after 2 h, cells cultured with
prewarmed culture medium (0.1% BSA, 10 mMHEPES, 4 mM
NaHCO3, 1% penicillin/streptomycin, 10 μMblebbistatin, 0.5%
insulin-selenium-transferrin in MEM + Earle’s salts + L-gluta-
mine medium).

Cardiac Myocyte Hypertrophy In Vitro

Adult mouse cardiac myocyte hypertrophy was analyzed as
described previously with modification [12]. Myocytes were
cultured for 72 h in the presence of blebbistatin, a myosine II
inhibitor that prevents myocyte contraction and increases
myocyte viability over longer culture durations [15].
Hypertrophy was induced with treatment of either Ang II
(100 nM) with indicated treatments. After 72 h, cells were
fixed in 4% paraformaldehyde, and microscopic pictures were
then taken. The cell area was quantified using Image Pro.
Each experimental condition was repeated for at least three
times, and 300 or more myocytes were quantified per
experiment.

Isolation and Culture of Cardiac Fibroblasts

Fibroblasts were isolated along with cardiac myocytes. When
isolating fibroblasts, the supernatant remaining after the initial
10 min settling phase of cardiac myocytes was centrifuged at
2000g for 5 min. This pellet was then resuspended in DMEM
+ 10% FBS + 2% P/S. Fibroblasts were plated directly into 12-
well plates for experimentation, at a density of approximately at
5 × 104 cells/mL. After allowing several hours for attachment,
cells were washed several times in PBS, and medium was re-
placed with DMEM containing 10% FBS and 2% P/S. Cells
were then cultured for 2 days and then serum starved (DMEM
+ 2%P/S) for 24 h before treatment. After serum starvation, cells
were stimulated with TGFβ (10 ng/mL) for 24 h in the presence
of vehicle, the PDE1 inhibitor IC86340, and/or vinpocetine.
Cells were then washed briefly with PBS and flash frozen for
RNA extraction.

Real-time PCR

Real-time PCR was used to detect the mRNA expressions of B-
type natriuretic peptide (BNP), smooth muscle alpha actin (α-
SMA), type 1 collagen (col 1), fibronectine (Fn-1), PDE1A,
PDE1C, and TGFβ1 in heart tissue based on manufacture’s in-
struction of the kit. The primers were BNP: 5′-TCCT
AGCCAGTCTCCAGAGCAA-3′ (forward) and 5′-GGTC

CTTCAAGAGCTGTCTCTG-3′ (reverse); α-SMA: 5′-GCTT
CGCTGGTGATGATGCTC-3′ (forward) and 5′-AGTT
GGTGATGATGCCGTGTTC-3′ (reverse); Col1: 5′-CCTC
AGGGTATTGCTGGACAAC-3′ (forward) and 5′-CAGA
AGGACCTTGTTTGCCAGG-3′ (reverse); Fn 1: 5′-
GCTCAGCAAATCGTGCAGC-3′ (forward) and 5′-CTAG
GTAGGTCCGTTCCCACT-3′ (reverse); PDE1A:5′-TGAG
CACACAGGAACAACAAAC-3′ (forward) and 5′-GTTC
CGAAGATCCCTCCAGTC-3′ (reverse); PDE1C:5′-TAGC
CATGGTCTTTGCAGCTGC-3′ (forward) and 5′-CAAG
CACTGAGCGGTCGTTGTA-3′ (reverse); TGFβ1:5′-ACCA
TGCCAACTTCTGTCTGGG-3′ (forward) and 5′-TTGT
GTTGGTTGTAGAGGGCAA-3′ (reverse); and GAPDH:5′-
TCAAGAAGGTGGTGAAGCAG-3′ (forward) and 5′-TGGG
AGTTGCTGTTGAAGTC-3′ (reverse). GAPDH was used as a
loading control. Total RNA isolation from cardiac tissues and
primary cardiomyocytes was performed according to standard
methods. 0.5 μg of RNA from each sample was reverse-
transcribed by a reverse transcription system (Bio-Rad) follow-
ing the manufacturer’s protocol. The real-time PCR was per-
formed by Bio-Rad real-time PCR kit and instrument. Briefly,
a 20-μL reaction mixture containing 1 μL cDNA template,
10 μL SYBR master mix, 8 μL H2O, and 1 μL of each primer
was amplified by the following thermal parameters: denaturing at
95 °C for 3 min and 40 cycles of the amplification step (dena-
turation at 95 °C for 10 s, annealing and extension at 60 °C for
60 s). Results are expressed as the ratio of BNP,α-SMA, col 1, or
Fn-1 normalized to GAPDH mRNA.

Measuring Intracellular cGMP

cGMP levels were measured with the AlphaScreen cGMP
Detection Kit (PerkinElmer) according to the manufacturer’s in-
struction. In brief, the isolated adult mouse cardiomyocytes were
plated in MEM without phenol red in 35 mm dishes.
Cardiomyocytes were pretreated with vinpocetine for 30 min
before Ang II (100 nM) treatment of 15 min. After the treatment,
cardiomyocytes were lysed in 20 μL lysis buffer and then stored
at −80 °C for future use. The assay was performed in 1/2 area 96-
well plate. The cGMP standard curve was prepared by serial
dilution in lysis buffer. Ten microliters lysate or cGMP standard
solutions were added into each well. Five microliters anti-cGMP
acceptor beads were then added to each well and incubated at
room temperature in the dark for 1 h. Tenmicroliters biotinylated
cGMP-tracer/streptavidin donor bead mixture were added to
each well and incubated at room temperature in the dark for
1 h. The plate was read with the Envision plate reader.

PDE Activity Assay

PDE activity assay was performed as described previously
with modification [12, 13]. Frozen heart tissue samples were
homogenized in PDE assay lysis buffer [40 mM Tris⋅HCl
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(pH 7.5), 15 mM β-mercaptoethanol, 20% (vol/vol) glycerol,
1 mMNa3VO4, 100 nMOkadaic acid, Abcam protease inhib-
itor mixture]. cAMP/cGMP–PDE activities were measured
using 1 μM cAMP or cGMP substrate in the presence of
4 μg/mL calmodulin and 0.8 mM CaCl2 (for Ca

2+/CaM-de-
pendent PDE assay). Briefly, PDE assay reactions were as-
sembled on ice until addition of cAMP substrate. Reactions
were incubated at 25 °C for 10 min and then were terminated
at 100 °C for 1 min. After cooling at RT for 10 min, the
remaining cAMP or cGMP level in the reaction lysate was
measured by AlphaScreen assay kit (PerkinElmer). PDE1 ac-
tivities were defined as total PDE activity minus PDE activity
in the presence of PDE1 inhibitor IC86340 (15 µM).
Activities were normalized to protein concentration.

Western Blot

Western blot was performed as previously described [12, 13].
Briefly, lysates were prepared in RIPA buffer with protease
inhibitor cocktail (Sigma). The concentrations of total proteins
were measured by Bradford protein assay (Bio-Rad). Total
lysates were loaded on SDS-PAGE, and electrotransferred on-
to PVDF membrane. The primary antibodies rabbit anti-p-
SMAD2 (Cell signaling), rabbit anti-p-SMAD3 (Cell signal-
ing), and mouse anti-GAPDH (Millipore) were used.

After washing with PBST, the membranes were incubated
with horseradish peroxidase coupled secondary antibodies.
The signals were visualized using ECL reagents (Amersham).

Immunochemical Staining

Following treatment with vinpocetine for 30 min, fibroblasts
were stimulated with TGFβ for 24 h. Cells were fixed in 4%
buffered paraformaldehyde and washed with PBS for several
times. After blocking with 2% BSA for 1 h, cells were incu-
bated in blocking buffer within anti-α-SMA Cy3 primary an-
tibody (mouse monoclonal, Sigma) overnight at 4 °C. Primary
antibody was removed; cells were washed with PBS for three
times and then incubated in FITC-secondary antibody for 1 h
at room temperature. Following the washing with PBS, cells
were labeled with DAPI to show nucleus. The fluorescence
microscopy was used to take images.

Statistics

Data are expressed as the mean ± SEM. Comparisons between
two groups were evaluated using Student’s t test. One-way
ANOVA followed by Tukey’s post hoc test were used for
multiple comparisons. P < 0.05 was considered statistically
significant.

Results

Vinpocetine Attenuated Heart Enlargement In Vivo
in Ang II-Induced Mouse Models

Neurohormonal overactivation of renin-angiotensin plays crit-
ical roles in cardiac hypertrophy and remodeling [1]. We per-
formed continuous subcutaneous infusion of Ang II using
osmotic mini-pumps, a model well-known to induce cardiac
hypertrophy and fibrosis.We found that the heart size assessed
by the global morphology (Fig. 1a) as well as the ratio of heart
weight versus body weight (Fig. 1b) or tibia length (Fig. 1c)
was markedly increased in the Ang II infusion group com-
pared to the vehicle infusion group. There was no significant
change of body weight among different groups (Online
Resource 1). Interestingly, heart enlargement by Ang II was
significantly suppressed by daily vinpocetine treatment at the
dose of 5 mg/kg/day. At the same dose, vinpocetine has been
previously shown to significantly attenuate lung inflammation
[8], injury-induced vascular intimal hyperplasia [10], and ath-
erosclerosis [11] in mouse models. Ang II significantly in-
creased blood pressure as expected and vinpocetine partially
attenuated Ang II-induced blood pressure elevation (Online
Resource 2a), which is consistent with previously reported
vasodilatory effect of vinpocetine [9]. Vinpocetine did not
alter the heart rate (Online Resource 2b). Vinpocetine did
not have any effect on global heart morphology in normal
mice under no disease-related perturbation (Online Resource
3a, b).

Vinpocetine Attenuated Ang II-Induced Cardiac
Hypertrophy and Fibrosis In Vivo

To investigate the effects of vinpocetine on cardiac structural
changes, we measured myocyte cross-sectional area, an indi-
cation of myocyte hypertrophy in vivo. We found that Ang II
infusion significantly increased cross-sectional area
(Fig. 2a, b) and cardiac hypertrophic biochemical marker B-
type natriuretic peptide (BNP) expression (Fig. 2c) as antici-
pated, which were largely suppressed by daily vinpocetine
(5 mg/kg/day, IP) treatment. Moreover, we assessed cardiac
fibrosis by measuring interstitial collagens. Vinpocetine mark-
edly reduced cardiac fibrosis induced by Ang II (Fig. 3a, b). It
is evident that vinpocetine did not exhibit any significant ef-
fect on cardiac hypertrophy and fibrosis in normal mice with-
out disease-related perturbation (Online Resource 3c-e).

Vinpocetine Inhibited Cardiomyocyte Hypertrophy
In Vitro

To examine whether vinpocetine has direct effect on
cardiomyocytes, we examined the effect of vinpocetine on iso-
lated adult mouse cardiomyocyte hypertrophy by measuring cell
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area (Fig. 4a). Indeed, vinpocetine reduced Ang II-induced in-
creased cell areas in a dose-dependent manner (Fig. 4b).

Among a number of molecular targets of vinpocetine [4, 8],
PDE1 represents the first one to be identified. The IC50 values
of vinpocetine for inhibiting PDE1 are approximately 10–
40 μM, which may vary dependent on different PDE1 iso-
zymes or with distinct experiments [8, 16]. Previous studies
have revealed that PDE1 is important for rat cardiac myocyte
hypertrophy [12] and fibroblast activation in vitro [13], as well
as ISO-induced cardiac remodeling in vivo [12]. Therefore,
we hypothesized that the inhibitory effect of vinpocetine on
cardiac remodeling may be exerted through inhibiting PDE1.
Consistently, a PDE1-selective inhibitor IC86340 also dose-
dependently attenuated mouse adult cardiomyocyte hypertro-
phy (Fig. 4c), similar to vinpocetine. Interestingly, when
PDE1 activity was inhibited by IC86340, different doses of
vinpocetine exhibited no additional effect (Fig. 4d), suggest-
ing that vinpocetine and IC86340 may share similar mecha-
nism and PDE1 is likely to serve as the pharmacological target
for the anti-hypertrophic effect of vinpocetine.

PDE1 family members are encoded by three different genes,
PDE1A, PDE1B, and PDE1C. Among them, PDE1A and
PDE1C but not PDE1B are expressed in the mouse heart [12].

Indeed, we found that Ang II infusion increased PDE1A and
PDE1C expression (Online Resource 4a, b) and PDE1 activ-
ity (Online Resource 4c) in the heart, consistent with previ-
ously reported upregulation of PDE1A and PDE1C mRNA
and/or protein in rodent andhumanhearts under pathological
remodeling [12, 13, 17]. PDE1 family members are Ca2+/
CaM-stimulated PDEs, and we have previously shown that
PDE1 is responsible forAng II-mediated reduction of cGMP
in cardiomyocytes as assessed by using the PDE1-selective
inhibitor IC86340 [12, 13].Similarly, in thepresent study,we
found that vinpocetine also abolished Ang II-mediated re-
duction of cGMP in mouse adult cardiomyocytes (Fig. 4e),
providing further supporting evidence for the role of
vinpocetine in targeting PDE1 in cardiomyocytes.

Vinpocetine Inhibited Cardiac Fibroblast Activation
and ECM Synthesis In Vitro

We next evaluated the effects of vinpocetine on adult
mouse cardiac fibroblast activation by measuring the in-
duction of smooth muscle alpha-actin (α-SMA), a marker
of fibroblast transdifferentiation to myofibroblast. As
shown in Fig. 5a, b, α-SMA protein and mRNA were

Fig. 1 Vinpocetine attenuated
cardiac hypertrophy induced by
Ang II infusion in vivo. a
Representative gross heart images
showing the effect of vinpocetine
on global heart enlargement
induced by Ang II. Scale bars
3 mm. Mice were infused with
saline (control) or Ang II (800 ng/
min/kg) for 14 days and systemi-
cally administrated with vehicle
or vinpocetine (5 mg/kg/day)
daily via IP injection for 17 days
(3 days prior and 14 days during
Ang II infusion). b, c Quantified
results of Ang II-infused model:
heart/body weight (HW/BW) ra-
tio (mg/g) or heart weight/tibia
length (HW/TL) ratio (mg/mm).
Data represent means ± SEM
from control (n = 8), Ang II (n =
10), and Ang II + vinpocetine
(n = 10). *P < 0.05 vs. control
group and #P < 0.05 vs. Ang II
group
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induced by Ang II, which was markedly suppressed by
vinpocetine. In addition, vinpocetine also significantly re-
duced Ang II-induced expression of ECM such as type I
collagen (Fig. 5c) and fibronectin (Fig. 5d). Similarly,

when PDE1 activity was inhibited by IC86340, vinpocetine
had no additional effect (Fig. 5e), suggesting that
vinpocetine inhibits cardiac fibroblast activation likely by
targeting PDE1.

Fig. 3 Vinpocetine inhibited
cardiac fibrosis induced by Ang II
in vivo. a Representative images
showing collagen deposition
(blue) in left ventricle of mouse
hearts depicted by Masson’s
trichrome staining. b
Quantification of percentage
fibrosis (n = 8 for the control
group, n = 10 for the Ang II
group, and n = 10 for the Ang II +
vinpocetine group). Scale bar
50 μm. *P < 0.05 vs. the control
group and #P < 0.05 vs. the Ang II
group

Fig. 2 Vinpocetine inhibited
cardiomyocyte hypertrophy
induced by Ang II in vivo. a
Representative images of heart
section stained for cell membrane
with oregon green 488 or
fluorescein isothiocyanate-
conjugated wheat germ agglutinin
(WGA). Myocyte cross-sectional
area, the area encircled by a yel-
low dotted line, was calculated.
Scale bars 20 μm. b Quantified
results of cross-sectional area
(averaged from 200 random
myocytes per section per animal;
n = 8 for the control group, n = 10
for the Ang II, and n = 10 for the
Ang II + vinpocetine group. c
Hypertrophic marker BNP
mRNA expression normalized to
GAPDH analyzed by quantitative
real-time RT-PCR (n = 5).
*P < 0.05 vs. the control group
and #P < 0.05 vs. the Ang II group
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Discussion

In the present study, we demonstrate that systemically applied
vinpocetine inhibits pathological cardiac remodeling includ-
ing myocardial hypertrophy and fibrosis in mice in response
to pathological neurohormonal stress such as chronic Ang II
infusion. In addition, using isolated adult cardiac myocytes
and fibroblasts, we show that vinpocetine directly attenuated
Ang II-stimulated myocyte hypertrophy as well as fibroblast
activation and ECM synthesis, likely by targeting PDE1
(Fig. 6). To our knowledge, this is the first study to evaluate
the effect of vinpocetine in animal models of cardiac diseases.
Our results demonstrated novel and important pharmacologi-
cal effects of vinpocetine on preventing cardiac hypertrophy,
fibrosis, and cardiac remodeling. Pathological cardiac remod-
eling is involved in the pathogenesis of various cardiovascular
disorders that lead to heart failure, such as hypertension, myo-
cardial infarction, heart valve disease, and variety of other

causes. Given that vinpocetine has proven to be a safe drug
in long-term therapy [18], vinpocetine may represent an at-
tractive therapeutic candidate for treating cardiovascular dis-
eases associated with cardiac remodeling.

Activation of the renin-angiotensin system (RAS) increases
blood pressure, which contributes to cardiac hypertrophy and
remodeling. Numerous pieces of experimental evidence indicate
that Ang II promotes cardiac hypertrophy and fibrosis largely
independent of blood pressure elevation [19–22]. Ang II is capa-
ble of exerting direct effects in the heart, which involves a num-
ber of different cell types, including cardiac myocytes, fibro-
blasts, and immune cells [23]. Indeed, we found that vinpocetine
can directly block cardiac myocyte hypertrophy and fibroblast
activation in isolated cells. In addition, we also observed similar
results in a different mouse model induced by chronic activation
of β-AR through ISO infusion, a model without changing blood
pressure (data no shown). These results together support a direct
protective effect of vinpocetine in the heart.

Fig. 4 Vinpocetine inhibited cardiomyocyte hypertrophy in vitro. a
Representative bright-field images of isolated cardiomyocytes treated
Ang II (100 nM) or saline (control) for 72 h to induce hypertrophic
growth. Scale bar 50 μm. b Vinpocetine dose-dependently inhibited car-
diomyocyte hypertrophic growth. Adult mouse myocytes were pre-
treated with indicated dose of vinpocetine, followed by Ang II
(100 nM) or saline (control) stimulation for 72 h. Quantification of cell
area (the area encircled by yellow dotted line in a. Data represent the
averages of a minimum of 100 cardiomyocytes from each animal heart
preparation and n = 5 independent animal hearts per condition. c IC86340

dose-dependently inhibited cardiomyocyte hypertrophic growth. Adult
mouse myocytes were pre-treated with indicated dose of IC86340,
followed by Ang II (100 nM) or saline (control) stimulation for 72 h. d
Effects of vinpocetine and IC86340 together on cardiomyocyte hypertro-
phy. Adult mouse myocytes were pre-treated with vehicle or IC86340
(15 μM) with different doses of vinpocetine as indicated, followed by
Ang II (100 nM) or saline (control) stimulation for 72 h. e Effects of
vinpocetine on intracellular cGMP levels in adult mouse cardiomyocytes
(n = 3). *P < 0.05 vs. the control group. *P < 0.05 vs. the control group
and #P < 0.05 vs. the Ang II group. ns no significant difference
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Vinpocetine has multiple cellular targets [4, 8], PDE1 was
the first molecular target identified for vinpocetine [4]. We
have previously shown that both PDE1A and PDE1C are
detected in the heart, and the expression of them was signifi-
cantly upregulated in mouse hearts with pathological remod-
eling induced by thoracic aorta constriction and/or myocardial
infarction, as well as human failing hearts [12, 13, 17].
Consistently, PDE1A and/or PDE1C expression was also up-
regulated by Ang II (Supplemental Fig. S3) or ISO infusion

[12, 13]. Our previous in vitro studies demonstrated that
PDE1A plays a critical role in cultured cardiac myocyte hy-
pertrophy and fibroblast activation [12, 13]. For example,
PDE1A knockdown with siRNA prevented phenylephrine
(PE)-induced myocyte hypertrophy and hypertrophic marker
expression in neonatal and adult rat ventricular myocytes [12].
PDE1A knockdown also attenuated TGFβ-stimulated rat car-
diac fibroblast activation and ECM protein synthesis, with a
Smad2/3-independent and yet unknown mechanism [13].

Fig. 5 Vinpocetine inhibited cardiac fibroblast activation and ECM
synthesis in vitro. a Representative immunofluorescent microscopic
images showing the effects of vinpocetine on α-SMA protein levels in
cultured mouse adult cardiac fibroblasts. Cardiac fibroblasts at passage 1
were seeded and cultured overnight in DMEM supplemented with 10%
FBS, serum-starved for 48 h, and pretreated with vehicle of vinpocetine
(10 μM), then stimulated with 10 ng/mL of TGFβ for 24 h. α-SMA
protein was immunostained (green) and nucleus was stained by DAPI
(blue). b–d qRT-PCR results showing effects of the vinpocetine on TGFβ

stimulated pro-fibrotic marker gene expression, including α-SMA (b),
type I collagen (Col1) (c), and fibronectin 1 (Fn 1) (d). e Effects of
vinpocetine and PDE1 inhibition together on cardiac fibroblast activation.
Adult mouse cardiac fibroblasts were pre-treated with vehicle, IC86340
(15μM), or both of vinpocetine (10 μM) and IC86340 (15μM), followed
by stimulation with TGFβ (10 ng/mL) for 24 h. The similar results were
obtained from at least three independent experiments. *P < 0.05 vs. the
control group and #P < 0.05 vs. the Ang II group. ns no significant
difference
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Interestingly, the effects of vinpocetine on inhibiting cardiac
fibroblast activation and matrix protein expression were also
independent on Smad2/3 phosphorylation/activation (data not
shown), which is consistent with the previous result from
PDE1-selective inhibitor IC86340 [13]. Recently, we also re-
ported the role of PDE1C deficiency in antagonizing patho-
logical remodeling induced by thoracic aortic constriction
(TAC) [17]. In the current study, we further showed that, when
PDE1 activity was inhibited by the selective inhibitor
IC86340, vinpocetine exhibited no additional effects on
cardiomyocytes hypertrophy (Fig. 4d) and fibroblast activa-
tion (Fig. 5e). All these together suggest that PDE1 inhibition
may represent one of the major mechanisms for vinpocetine in
antagonizing pathological cardiac remodeling. Therefore, this
study provides direct evidence demonstrating the protective
effect of the therapeutic safe drug vinpocetine on animal
models of pathological cardiac remodeling, probably via
targeting PDE1 isozymes.

Inflammation also plays a critical role in cardiac hypertrophy
and fibrotic response during cardiac remodeling [23]. Activation
of IKK/NF-κB signaling has been shown to be involved in car-
diac myocyte hypertrophy and ventricular remodeling [24–26].
We have previously shown that vinpocetine is an IKK inhibitor
and plays an important role in NF-κB activation in a variety of
cell types [8]. Thus, the anti-inflammatory effect of vinpocetine
may also contribute to the anti-remodeling effect.
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