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Aims Vascular endothelial growth factor (VEGF) has been well documented to stimulate cell prolifer-
ation and differentiation; however, we have observed that copper (Cu)-induced regression of heart
hypertrophy was VEGF-dependent. The present study was undertaken to test the hypothesis that Cu
causes alterations in the distribution of VEGF receptors (VEGFRs) in hypertrophic cardiomyocytes so
that it switches the signalling pathway from stimulation of cell growth to reversal of cell hypertrophy.
Methods and results Primary cultures of neonatal rat cardiomyocytes were exposed to phenylephrine
(PE) at a final concentration of 100 mM in cultures for 48 h to induce cell hypertrophy. The hypertrophic
cardiomyocytes were exposed to copper sulfate at a final concentration of 5 mM in cultures for 24 h with
a concomitant presence of PE. Flow cytometry, gene silencing, and ELISA procedures were used to
analyse the changes in VEGFRs and their relationship with regression of cardiomyocyte hypertrophy.
Cu did not change the concentration of VEGF in culture media, but increased the ratio of VEGFR-1 to
VEGFR-2 two-fold. Gene silencing of VEGFR-2, in the absence of Cu addition, reversed PE-induced car-
diomyocyte hypertrophy, which was suppressed by an anti-VEGF antibody. Gene silencing of VEGFR-1
blocked Cu-induced regression of cell hypertrophy and decreased the activity of cGMP-dependent
protein kinase-1 (PKG-1). A PKG-1 antagonist, Rp-8-pCPT-cGMPS, blocked both Cu- and VEGFR-2 gene
silencing-induced regression of cardiomyocyte hypertrophy.
Conclusion Enhanced VEGFR-1 signalling is involved in Cu regression of cardiomyocyte hypertrophy, and
the PKG-1 pathway is likely associated with VEGFR-1.
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1. Introduction

Previous studies have shown that copper (Cu) addition to
primary cultures of neonatal rat cardiomyocytes at a physio-
logically relevant concentration reverses cell hypertrophy
induced by phenylephrine (PE) and this reversal is vascular
endothelial growth factor (VEGF)-dependent.1 This obser-
vation recaptures the in vivo observation that dietary sup-
plementation of physiologically relevant levels of Cu
reverses cardiac hypertrophy induced by pressure overload
in a mouse model, which is also VEGF-dependent.2

However, there is a fundamental distinction between the
in vivo observation and the result obtained from cardiomyo-
cytes in cultures. In the in vivo studies, VEGF stimulation of
coronary angiogenesis is a major factor for the regression of
cardiac hypertrophy,2–4 but the lack of blood vessels in cell
cultures indicates a direct effect of VEGF on cardiomyocytes
in the regression of cell hypertrophy.

VEGF triggers cellular responses through its receptors on
the cell membrane. Binding of VEGF promotes the receptors
to dimerize and become activated through autophosphoryla-
tion, leading to signalling transduction cascades.5 There are
three VEGF receptors (VEGFRs) and each receptor functions
differently. Activation of VEGFR-2 by VEGF in cells devoid of
VEGFR-1 results in a mitogenic response, whereas the acti-
vation of VEGFR-1 in cells lacking of VEGFR-2 does not
induce cell proliferation.6,7 Extensive studies performed in
endothelial cells suggest that VEGFR-2 mediates most of
the known cellular responses to VEGF such as embryonic vas-
culogenesis and tumor angiogenesis.8 The function of
VEGFR-1 has not been fully understood, although it is
suggested to regulate VEGFR-2 signalling negatively or posi-
tively.9–12 It has been shown that VEGFR-2 activates
mitogen-activated protein kinase (MAPK) signalling
pathway, whereas VEGFR-1 cannot activate this pathway,13

suggesting that the signalling transduction cascades
induced by these two receptors are different. It is important
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focus on endothelial cells, although VEGFRs were found in
neonatal rat cardiomyocytes.14

In cardiomyocytes, VEGF stimulates cell growth.15–17

A decoy VEGFR-2 blocks cardiac growth induced by Akt1
activation,3,18 indicating the link between the VEGFR-2 and
the Akt1 signalling pathway. However, in the hypertrophic
myocardium or cardiomyocytes in cultures, VEGF causes
regression of hypertrophy.1–3 This suggests that VEGF has a
dual function in cardiomyocytes, stimulating cell growth
under physiological or stress conditions and reducing the
size of cardiomyocytes under hypertrophic conditions.

The expression of the dual function of VEGF would be
mediated by VEGFRs. The link of VEGFR-2 to the growth
stimulation pathway suggests that other receptors would
link to the regression pathway. In cardiomyocytes, a
cGMP-dependent protein kinase-1 (PKG-1) pathway has
been defined to be involved in the inhibition of myocardial
growth19,20 or regression of cardiac hypertrophy.21 We
hypothesize that in Cu-treated hypertrophic cardiomyo-
cytes, the distribution of VEGFRs would be altered,
leading to a switch from cell growth stimulation to
regression of hypertrophy or the activation of the PKG-1
pathway. In this study, we specifically addressed changes
in the ratio of VEGFR-1 to VEGFR-2 in Cu-induced regression
of hypertrophy in cultured cardiomyocytes. We also defined
the link between VEGFR-1 and PKG-1 pathways and demon-
strated that enhanced VEGFR-1 signalling pathway is an
important mechanism by which Cu causes regression of car-
diomyocyte hypertrophy, a pathway involving PKG-1 signal-
ling transduction.

2. Methods

2.1 Cell culture

Primary cultures of neonatal rat cardiomyocytes were established
according to a procedure published previously.1 The cultures were
obtained from 1- to 3-day-old Sprague–Dawley rats and the purity
of cardiomyocytes was determined by quantitative analysis by
flow cytometry of the cell population containing a-sarcomeric
actin labelled with fluorescent antibody, which was .95%. This
investigation conforms with the Guide for the Care and Use of Lab-
oratory Animals published by the US National Institutes of Health
(NIH publication no. 85-23, revised 1996). The animal procedure
was approved by the Institutional Animal Care and Use Committee
at the University of Louisville, which is certified by the American
Association of Accreditation for Laboratory Animal Care.

2.2 Experimental procedure

Cell hypertrophy was induced by PE (Sigma-Aldrich) at a final con-
centration of 100 mM for 48 h in serum-free media, then Cu in the
form of copper sulfate (CuSO4) was added directly to the cultures
at a final concentration of 5 mM for an additional 24 h in the pres-
ence of PE in cultures. At the end of Cu treatment or 72 h culturing,
the media were collected for VEGF secretion analysis. Cells were
collected by trypsinization, suspended in PBS buffer, and counted
using a haemocytometer. Protein content was measured using a
Bradford method (Bio-Rad, Hercules, CA, USA) and normalized by
the cell number. For the flow cytometry analysis of VEGFRs, the har-
vested cells were subjected to fixation and incubation with differ-
ent markers before analysis as described below. To determine the
role of different VEGFR in the regression of cardiomyocyte hypertro-
phy, siRNA targeting VEGFR-1 or VEGFR-2 was applied as described
below. To assess the role of VEGF and PKG-1, we used a monoclonal
anti-VEGF antibody (R&D Systems, Inc., Minneapolis, MN, USA) at a

final concentration of 2 ng/mL, and a PKG-1a antagonist,
Rp-8-pCPT-cGMPS (Sigma-Aldrich), at a final concentration of
0.5 mM in cultures. VEGF antibody or PKG antagonist was added
1 h prior to the addition of Cu or VEGFR-2 siRNA.

2.3 Cell size determination

Cell size was determined by a flow cytometer as described pre-
viously.1 Briefly, the cells were trypsinized, suspended in PBS, and
directly passed through the flow cytometer. For each sample, apop-
totic cells were excluded as reported previously,1 and viable 30 000
cells were recorded and analysed through forward scatter light,
which is proportional to the cell size. The data were quantitatively
analysed using the software FlowJo. In addition, cell volume was
further determined using a microslide field finder (Fisher Scientific,
Pittsburgh, PA, USA) following the procedure described previously.1

Briefly, cardiomyocytes in cultures were trypsinized, suspended in
PBS, and loaded onto the microslide field finder. The diameters of
�150 viable cells from each microslide were assessed and recorded.
The cell volume was calculated using the equation for the volume of
a sphere: V ¼ (4/3)pr3, where V is the cell volume, p ¼ 3.14, and r
the radius.

2.4 Quantitative analysis of VEGF secretion

VEGF levels in collected media were determined by a Quantikine
VEGF Immunoassay kit (R&D Systems) following the manufacturer’s
instruction. The absorbance of standards and samples was measured
spectrophotometrically at 450 nm with a wavelength of 540 nm
using a microplate reader. VEGF concentrations were calculated
(in pg/mL) on the basis of the standard curve. The lower limit of
the ELISA kit for VEGF measurement was 10 pg/mL. Each sample
was measured in duplicate, and VEGF concentrations were normal-
ized by the number of cells in each sample. For each cell culture
supernatant, the inter- and intra-assay coefficients of variation
range from 5.1 to 10.4% and 1.8 to 7.2%, respectively.

2.5 Immunochemical staining of VEGFRs

To examine alterations in the distribution of VEGFRs in cardiomyo-
cytes after the treatment with PE and/or Cu, cells were cultured
in an 8-well chamber slide and treated as described in Section
2.2. After Cu treatment for 24 h, cells were fixed in 100% methanol,
followed by incubation with polyclonal anti-VEGFR-1 antibody
(Santa Cruz), and subsequently with Alexa Fluor 488 conjugated
goat anti-rabbit IgG. After washing, the culture chamber was incu-
bated with monoclonal anti-VEGFR-2 antibody (Santa Cruz) followed
by incubation with Alexa Fluor 594 conjugated goat anti-mouse IgG.
Fluorescence was visualized by a fluorescent microscope (Nikon
Instruments, Melville, NY, USA). Images were acquired by a Nikon
digital camera DXM 1200 (Nikon Instruments) using a Nikon ACT-1
software.

2.6 Flow cytometric analysis of VEGFRs

A quantitative analysis of VEGFRs in cardiomyocytes under different
treatments was done by a flow cytometric assay. Briefly, the cells
were trypsinized, washed with PBS, and fixed in 75% ethanol at
48C for at least 18 h. Immunofluorescence staining with an Alexa
Fluor 488 conjugated antibody to VEGFR-1 (1:50, Santa Cruz), and
Alexa Fluor 594 conjugated antibody to VEGFR-2 (1:50, Santa
Cruz), was performed on the fixed cardiomyocytes. Receptor
density was determined by the intensity of fluorescence using the
software FlowJo based on the data collection from 30 000 cells
per sample. The data were plotted in two-dimensional fluorescence
intensity vs. cell number.
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2.7 Gene silencing of VEGFRs

Validated siRNA targeting rat VEGFR-1 and VEGFR-2 and negative
mismatched control siRNA were purchased from Ambion, Inc.
(Applied Biosystems, Cambridge, MA, USA). The siRNA sequences
for VEGFR-2 were (from 50 to 30): GGGUAUCACUCAGACGACAtt
(sense); UGUCGUCUGAGUGAUACCCag (antisense). The siRNA
sequences for VEGFR-1 were (from 50 to 30): GAAGCGGUCUUCUUCC-
GAAtt (sense); UUCGGAAGAAGACCGCUUCag (antisense). The
optimal transfection efficiency was determined from our prelimi-
nary study testing the range from 5 to 20 nM, and we selected the
condition of siRNA causing an optimal silencing effect with
minimal cytotoxicity. After PE treatment, cardiomyocytes were
transfected with 10 nM annealed siRNA targeting rat VEGFR-1 or
VEGFR-2 or negative mismatched siRNA in antibiotics-free media.
Lipofectamine 2000 (Invitrogen) was used as the transfection
reagent according to the manufacturer’s instruction. After 48 h
transfection, cells were trypsinized and collected for further analy-
sis as described in Section 2.2.

2.8 cGMP-dependent protein kinase-1 activity

PKG-1 activity was assayed by a colorimetric analysis procedure
(MBL, Woburn, MA, USA). The assay was performed 30 min after
treatment with Cu in the experiment of VEGFR-1 siRNA-blocked
regression of hypertrophic cardiomyocytes. Each sample was
measured in duplicate and the instruction of the kit manufacture
was closely followed.

2.9 Statistical analysis

Data were obtained from three separate experiments and are
expressed as means+SEM. A 2 � 2 factorial design was applied to
the experiments with the results presented in Figures 1–4, and a
2 � 2 � 2 factorial design was applied to the experiments presented
in Figures 4–7. The data were analysed according to the experimen-
tal design. After a significant interaction was detected by the analy-
sis of variance based on the factorial design, the significance of the
main effects was further determined by F-test. The level of signifi-
cance was considered when P , 0.05.

3. Results

3.1 The increase in the ratio of VEGFR-1 to
VEGFR-2 by Cu treatment in hypertrophic
cardiomyocytes

Cardiomyocyte hypertrophy was induced by PE at a final
concentration of 100 mM in cultures for 48 h in serum-free
media. These cells were then treated with Cu by a direct
addition of CuSO4 into cultures at a final concentration of
5 mM. PE treatment increased VEGF concentrations in
culture media, but Cu treatment affected neither basic
nor PE-elevated VEGF concentrations in culture media
(Figure 1). Then, we investigated the effect of Cu on the
density of VEGFRs. PE increased the density of both
VEGFR-1 (green) and VEGFR-2 (red) (Figure 2). Cu addition
did not change the density of VEGFR-1, but markedly
reduced that of VEGFR-2 in hypertrophic cardiomyocytes,
so that the merge of the two fluorescent labelling showed
more green colour (VEGFR-1) than the orange observed
under PE only treatment condition (Figure 2). Quantitative
analysis by flow cytometer confirmed the effect of Cu on
the density of VEGFRs, and the ratio of VEGFR-1 to
VEGFR-2 was significantly increased as shown in Figure 2.

3.2 Reversal of PE-induced cardiomyocyte
hypertrophy by gene silencing of VEGFR-2

To determine whether the increase in the ratio of VEGFR-1/
VEGFR-2 was related to Cu-induced reversal of cardiomyo-
cyte hypertrophy, we used siRNA targeting VEGFR-2 to
increase the ratio of VEGFR-1/VEGFR2, as shown in
Figure 3. The VEGFR-2 gene silencing-induced increase in
the ratio of VEGFR-1 to VEGFR-2 was as the same as that
induced by Cu treatment, which was associated with reversal
of cardiomyocyte hypertrophy (Figure 4), an effect that was
comparable to that induced by Cu treatment.1 In addition,
the VEGFR-2 gene silencing-induced regression of cardiomyo-
cyte hypertrophy was also VEGF-dependent, as shown that
anti-VEGF antibody blocked the reversal by VEGFR-2 gene
silencing of cardiomyocyte hypertrophy (Figure 4).

3.3 Suppression of Cu-induced reversal of
cardiomyocyte hypertrophy by gene
silencing of VEGFR-1

The increase in the ratio of VEGFR-1/VEGFR-2 accompanied
with the reversal of PE-induced cardiomyocyte hypertrophy
indicates the determinant role of VEGFR-1 in Cu regression
of cardiomyocyte hypertrophy. To confirm this, we used an
siRNA targeting VEGFR-1 to examine the effect of VEGFR-1
suppression on Cu reversal of cardiomyocyte hypertrophy.
Gene silencing of VEGFR-1 inhibited the response of the
cells to PE-induced VEGFR-1 elevation, thereby suppressed
the increase in the ratio of VEGFR1/VEGFR2 (Figure 5). Impor-
tantly, this VEGFR-1 gene silencing blocked Cu reversal of
PE-induced cardiomyocyte hypertrophy, as shown in Figure 5.

3.4 Association of PKG-1 with VEGFR-1-mediated
reversal of cardiomyocyte hypertrophy
by Cu treatment

Activation of PKG-1 signalling pathway has been shown to be
involved in the regression of cardiac hypertrophy.21 The link
between PKG-1 and VEGFR-1 was examined by (i) the effect
of VEGFR-1 gene silencing on PKG-1 activity and (ii) the
effect of a PKG-1 antagonist on Cu- or VEGFR-2 gene
silencing-induced regression of cardiomyocyte hypertrophy.
The result presented in Figure 6 shows that PE treatment
significantly elevated PKG-1 activity and Cu addition did

Figure 1 Quantitative analysis of VEGF in culture media of primary cultures of
neonatal rat cardiomyocytes. The cells were treated with 100 mM PE for 48 h in
serum-free media, and then exposed to 5 mM CuSO4 for additional 24 h in the
presence of PE. The assay procedure was described in Section 2. Each group
of data were obtained from three independent experiments and each exper-
iment contains triplicate samples for each treatment. Values are means+
SEM. *Significantly different from control group (P , 0.05).
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Figure 2 (A) Representative fluorescence microscopic images of cells labelled with anti-VEGFR-1 or anti-VEGFR-2 antibodies, or the combination. After fixation,
cells were incubated with polyclonal anti-VEGFR-1 antibody, and subsequently with Alexa Fluor 488 (green) conjugated goat anti-rabbit IgG. After washing, the
cells were incubated with monoclonal anti-VEGFR-2 antibody followed by incubation with Alexa Fluor 594 (red) conjugated goat anti-mouse IgG. Images were
acquired by a Nikon digital camera DXM 1200 using a Nikon ACT-1 software. �400. (B–F) Flow cytometry analysis of VEGFR-1 and VEGFR-2 in cultured neonatal
rat cardiomyocytes. At the end of Cu treatment as described in Figure 1, the cells were collected, fixed, and incubated with an Alexa Fluor 488 conjugated
antibody to VEGFR-1 and Alexa Fluor 594 conjugated antibody to VEGFR-2. The cells were then subjected to flow cytometry analysis and 30 000 cells in each
sample were counted. Receptor density was determined by the intensity of fluorescence using the software FlowJo based on the data collection from 30 000
cells per sample. The data were plotted in two-dimensional fluorescence intensity vs. cell number. (B) Representative histograms showing the change in the
density of VEGFR-1 under different treatment conditions. (C) Representative histograms showing the change in the density of VEGFR-2 under different treatment
conditions. (D) Quantitative analysis of the density of VEGFR-1 based upon the flow cytometric analysis. (E) Quantitative analysis of the density of VEGFR-2 based
upon the flow cytometric analysis. Each group of data presented in (D) and (E) were obtained from three independent experiments and each experiment contains
a triplicate samples for each treatment. (F) Ratio of VEGFR-1 to VEGFR-2 calculated from the data presented in (D) and (E). The values presented in the figures
are means+ SEM. *Significantly different from control group (P , 0.05).
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not change PKG-1 activity, but VEGFR-1 gene silencing sig-
nificantly attenuated PE-induced PKG-1 activation. Impor-
tantly, a PKG-1 antagonist, Rp-8-pCPT-cGMPS, blocked
both Cu- and VEGFR-2 gene silencing-induced reversal of
cardiomyocyte hypertrophy, as shown in Figure 7.

4. Discussion

The present study followed our previous observation that Cu
reversal of PE-induced hypertrophy in primary cultures of
neonatal rat cardiomyocytes is VEGF-dependent1 to

Figure 3 Flow cytometry analysis of VEGFR-1 and VEGFR-2 in cultured neonatal rat cardiomyocytes treated with siRNA targeting VEGFR-2. The experimental
procedure and treatment protocol were described in Section 2. At the end of siRNA treatment, the cells were collected, fixed, and incubated with an Alexa Fluor
488 conjugated antibody to VEGFR-1 and Alexa Fluor 594 conjugated antibody to VEGFR-2. The cells were then subjected to flow cytometry analysis and 30 000
cells in each sample were counted. Receptor density was determined by the intensity of fluorescence using the software FlowJo based on the data collection from
30 000 cells per sample. The data were plotted in two-dimensional fluorescence intensity vs. cell number. (A) Representative histograms showing the change in
the density of VEGFR-1 under different treatment conditions. (B) Quantitative analysis of the density of VEGFR-1 based upon the flow cytometric analysis. (C)
Representative histograms showing the change in the density of VEGFR-2 under different treatment conditions. (D) Quantitative analysis of the density of
VEGFR-2 based upon the flow cytometric analysis. Each group of data presented in (B) and (D) were obtained from three independent experiments and each
experiment contains a triplicate samples for each treatment. (E) Ratio of VEGFR-1 to VEGFR-2 calculated from the data presented in (B) and (D). The values
presented in the figures are means+ SEM. *Significantly different from control group (P , 0.05).
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Figure 4 Regression of PE-induced cell hypertrophy by siRNA targeting VEGFR-2 in primary cultures of neonatal rat cardiomyocytes, and the requirement of
VEGF in the regression of cardiomyocyte hypertrophy induced by siRNA targeting VEGFR-2. The induction of cellular hypertrophy and the treatment with
siRNA targeting VEGFR-2 were described in Section 2. (A) Representative flow cytometric histograms showing the change in cell size under different experimental
conditions. (B) Quantitative analysis of cell size by flow cytometer. (C) Analysis of cell volume after siRNA treatment. Cell volume was calculated from cell diam-
eter, which was determined by a microslide field finder. Approximately 150 cells from each group were randomly measured by the microslide field finder. (D) The
protein content in the cells measured by a Bradford method and normalized by cell number. (E) Representative flow cytometric histograms showing the change in
cell size under different experimental conditions; however, only the cells that were treated with anti-VEGF antibody were shown here (VEGF antibody added) and
the cells were treated with anti-VEGF antibody 1 h prior to siRNA treatment. (F) Quantitative analysis of cell size by flow cytometer. (G) Analysis of cell volume,
calculated from cell diameter, which was determined by a microslide field finder. Approximately 150 cells from each group were randomly measured by the
microslide field finder. (H ) The protein content in the cells measured by a Bradford method and normalized by cell number. Each group of data were obtained
from three independent experiments and each experiment contains triplicate samples for each treatment. Values are means+ SEM. *Significantly different from
control group and †significantly different from PE-treated group (P , 0.05).
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Figure 5 Effect of siRNA targeting VEGFR-1 on the distribution of VEGFR-1 and VEGFR-2 and the antagonistic effect of siRNA targeting VEGFR-1 on Cu-induced
regression of cell hypertrophy in cultured neonatal rat cardiomyocytes. The experimental procedure and treatment protocol were described in Section 2. At the
end of siRNA treatment, the cells were collected, fixed, and incubated with an Alexa Fluor 488 conjugated antibody to VEGFR-1 and Alexa Fluor 594 conjugated anti-
body to VEGFR-2. The cells were then subjected to flow cytometry analysis and 30 000 cells in each sample were counted. Receptor density was determined by the
intensity of fluorescence using the software FlowJo based on the data collection from 30 000 cells per sample. The data were plotted in two-dimensional fluorescence
intensity vs. cell number. (A) Representative histograms showing the change in the density of VEGFR-1 under different treatment conditions, but only shown the
VEGFR-1 siRNA treated, not the mismatch siRNA treated. (B) Quantitative analysis of the density of VEGFR-1 based on the flow cytometric analysis. (C) Representative
histograms showing the change in the density of VEGFR-2 under different treatment conditions in the presence of VEGFR-1 siRNA. (D) Quantitative analysis of the
density of VEGFR-2 based upon the flow cytometric analysis. (E) Ratio of VEGFR-1 to VEGFR-2 calculated from the data presented in (C) and (D). (F) Representative
flow cytometric histograms showing the change in cell size under different experimental conditions in the presence of VEGFR-1 siRNA (the results from mismatched
siRNAwere not included). (G) Quantitative analysis of cell size by flow cytometer. (H ) Analysis of cell volume calculated from cell diameter, which was determined by a
microslide field finder. Approximately 150 cells from eachgroupwere randomly measured by the microslide fieldfinder. (I) The protein content in the cells measured by
a Bradford method and normalized by cell number. Each group of data were obtained from three independent experiments and each experiment contains a triplicate
samples for each treatment. Values are means+SEM. *Significantly different from control group and †significantly different from PE-treated group (P , 0.05).
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provide mechanistic insights into the Cu action. The results
presented here show that Cu at the physiologically relevant
level used in the present study did not increase VEGF pro-
duction in the primary cultures of neonatal rat cardiomyo-
cytes. However, our previous study has shown that
anti-VEGF antibody blocked the reversal by Cu of cardiomyo-
cyte hypertrophy.1 This VEGF-dependent action of Cu
suggested that although Cu did not cause increases in
VEGF production, it would change the downstream events
that are VEGF-dependent. Such downstream events
include VEGFRs. The results obtained indeed demonstrated
that Cu increased the ratio of VEGFR-1 to VEGFR-2, and
this increase was highly responsible for the reversal of cardi-
omyocyte hypertrophy.

The first evidence that showed the cause–effect relation-
ship between the increase in the ratio of VEGFR-1 to
VEGFR-2 and the reversal of cardiomyocyte hypertrophy
was obtained from the experiment using siRNA targeting
VEGFR-2 to elevate the ratio of VEGFR-1 to VEGFR-2.
This VEGFR-2 gene silencing-induced increase in the ratio
of VEGFR-1 to VEGFR-2 was thus differentiated from the
action of Cu, but reproduced the effect of Cu-induced
reversal of cardiomyocyte hypertrophy. The second evi-
dence was obtained from the study showed that anti-VEGF
antibody also effectively blocked the reversal of cardio-
myocyte hypertrophy induced by VEGFR-2 gene silencing,
indicating the importance of interaction between VEGF
and the VEGFR-1. The third evidence was that gene silen-
cing of VEGFR-1 blocked Cu-induced reversal of cardiomyo-
cyte hypertrophy, further indicating the role of VEGFR-1 in
mediating Cu-induced reversal of cardiomyocyte
hypertrophy.

There are several studies that have demonstrated differ-
ent functions between VEGFR-2 and VEGFR-1. In particular,
VEGFR-2 is more responsible for cell growth stimulation trig-
gered by VEGF in endothelial cells. Activation of VEGFR-2 by
VEGF in cells devoid of VEGFR-1 results in a mitogenic
response.6,7 In addition, VEGFR-2 is more predominant in
most of the known cellular responses to VEGF such as
embryonic vasculogenesis and tumour angiogenesis.8 The
link between VEGFR-2 and its downstream pathways is
more related to growth stimulation such as MAPK signalling
pathway. The Akt1 pathway is a critical component in the
process of myocardial hypertrophy and it has been shown

that VEGFR-2 is linked to Akt1, as demonstrated by the
fact that decoy VEGFR-2 blocks cardiac growth induced by
Akt1 activation.3,18

Although previous studies have not provided a comprehen-
sive understanding of the role of VEGFR-1 in cellular func-
tion, many studies have pointed out a counter action of
VEGFR-1 relative to VEGFR-2, so that it was suggested that
the function of VEGFR-1 is more related to a negative regu-
lation of the action of VEGFR-2.9–12 The present study pro-
duced evidence that shows VEGFR-1 is associated with
PKG-1 activation. The link of VEGFR-1 to this important
pathway in regression of heart hypertrophy provides an
explanation of the VEGFR-1-dependent reversal of cardio-
myocyte hypertrophy. There would be multiple pathways
that are triggered by VEGFR-1 activation. However, the
PKG-1 signalling pathway is the most studied and important
in relation to regression of heart hypertrophy. Our obser-
vation that suppression of VEGFR-1 reduced the activity of
PKG-1 suggests that the activation of PKG-1 at least in
part is VEGFR-1-dependent. Conversely, the PKG-1 antagon-
ist Rp-8-pCPT-cGMPS effectively blocked both Cu- and
VEGFR-2 gene silencing-induced reversal of cardiomyocyte
hypertrophy. Taken together, these results demonstrate
that VEGFR-1 is likely involved in Cu-induced reversal of car-
diomyocyte hypertrophy, a pathway that is associated with
PKG-1 activation.

Activation of PKG-1 in hypertrophic myocardium has been
observed in pressure overload-induced heart hypertrophy.21

In a mouse model of cardiac pressure overload induced by
transverse aorta constriction (TAC), heart hypertrophy was
observed after TAC for 3 weeks. PKG-1 activity was signifi-
cantly elevated in the hypertrophic myocardium.21 This acti-
vation would be considered as a counter action to heart
hypertrophy induced by pressure overload. However, the
PKG-1 activation was not sufficient to prevent the develop-
ment of heart hypertrophy.21 But a treatment with an oral
phosphodiesterase-5A inhibitor, sildenafil, blocked the
intrinsic catabolism of cGMP leading to further activation
of PKG-1 with an accompanied regression of heart hypertro-
phy. In the study presented here, we observed that PE treat-
ment enhanced PKG-1 activity, but Cu did not affect the
PE-induced activation of PKG-1. However, Cu inhibited
VEGFR-2, which is linked to the Akt-1 signalling pathway.
Along with this, inhibition was the increase in the ratio of
VEGFR-1/VEGFR-2, thus making the VEGFR-1 downstream
signalling pathway overshadows that of VEGFR-2. Therefore,
although Cu did not increase the level of PKG-1 activity, the
signalling pathway switching from VEGFR-2 to VEGFR-1
would make the activity of PKG-1 become dominant,
leading to activation of the hypertrophic reversal signalling
cascades.

The finding here provides further insights into Cu
regression of heart hypertrophy, as reported previously.2

Clinically, regression of heart hypertrophy by Cu supplemen-
tation would be a simple and less expensive therapy for
heart disease. The Cu level used in the present study
would be equivalent to the level of Cu found in conventional
mineral supplements (2 mg Cu/day), which is much lower
than the tolerable upper intake level of 10 mg/day for
adults 19 years of age or older.22 In addition, the current
US-Canadian Dietary Reference Intakes for Cu is 0.9 mg/
day,22 a relatively big margin for dietary Cu
supplementation.

Figure 6 Inhibitory effect of siRNA targeting VEGFR-1 on PE-elevated PKG-1
activity. The experimental procedure was described in Section 2. Each group
of data were obtained from three independent experiments and each exper-
iment contains a triplicate samples for each treatment. Values are means+
SEM. *Significantly different from control group and †significantly different
from PE-treated group (P , 0.05).
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Figure 7 Antagonistic effect of PKG-1 inhibitor, Rp-8-pCPT-cGMPS, on regression of cell hypertrophy induced by siRNA targeting VEGFR-2 (A–D) or Cu sup-
plementation (E–H). The induction of cell hypertrophy and the treatment with siRNA targeting VEGFR-2 or Cu supplementation were described in Section
2. (A and E) Representative flow cytometric histograms showing the change in cell size under different experimental conditions in the presence of PKG-1 inhibitor
only (PKG antagonist added). (B and F) Quantitative analysis of cell size by flow cytometer. (C and G) Analysis of cell volume calculated from cell diameter, which
was determined by a microslide field finder. Approximately 150 cells from each group were randomly measured by the microslide field finder. (D and H ) The
protein content in the cells measured by a Bradford method and normalized by cell number. Each group of data were obtained from three independent exper-
iments and each experiment contains a triplicate samples for each treatment. Values are means+ SEM. *Significantly different from control group and †signifi-
cantly different from PE-treated group (P , 0.05).
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There are several limitations in the present study. We did
not examine how Cu regulates the expression or differential
distribution of VEGFRs. This is an important question and the
answer to this question will help further understand the role
of Cu in regression of heart hypertrophy. From our obser-
vation that Cu suppressed PE-elevated VEGFR-2 levels, it
would suggest that Cu would not cause overexpression of
VEGFR-1. Then the question needs to be addressed is how
Cu reduces VEGFR-2, suppressing its expression or enhancing
its degradation? Our future studies will address this ques-
tion. Another limitation of this study is that the mechanism
by which VEGFR-1 regulates PKG-1 activation has not been
defined. This mechanistic insight is important for further
understanding the signalling pathway leading to regression
of cardiomyocyte hypertrophy, which will be an important
focus in our future studies.

In conclusion, the present study demonstrates that
Cu-induced regression of cardiomyocyte hypertrophy is
related to a switch of signalling pathways from VEGFR-2 to
VEGFR-1. Although both pathways are VEGF-dependent,
the data suggest that VEGFR-1 is associated with signalling
pathways linked to PKG-1, which has been demonstrated
both in vivo and in vitro to be associated with cardiomyo-
cyte growth inhibition and regression of cardiomyocyte
hypertrophy. It remains to be elucidative that how Cu regu-
lates the differential distribution between VEGFR-1 and
VEGFR-2 in hypertrophic cardiomyocytes and how VEGFR-1
interacts PKG-1 leading to the activation of hypertrophic
reversal signalling pathways.
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