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Abstract
Previous studies have shown that dietary copper supplementation reversed heart hypertrophy
induced by pressure overload in a mouse model. The present study was undertaken to understand
the cellular basis of copper-induced regression of cardiac hypertrophy. Primary cultures of
neonatal rat cardiomyocytes were treated with phenylephrine at a final concentration of 100 μM in
cultures for 48 h to induce cellular hypertrophy. The hypertrophied cardiomyocytes were exposed
to copper sulfate at a final concentration of 5 μM in cultures for additional 24 h. This copper
treatment reduced the size of the hypertrophied cardiomyocytes, as measured by flow cytometry,
protein content in cells, cell volume and cardiomyocyte hypertrophy markers including beta
myosin heavy chain protein, skeletal alpha-actin, and atrial natriuretic peptide. Cell cycle analysis
and cell sorting of p-histone-3 labeled cardiomyocytes indicated that cell division was not
involved in the copper-induced regression of cardiomyocyte hypertrophy. Copper also inhibited
PE-induced apoptosis, determined by a TUNEL assay. Because copper stimulates vascular
endothelial growth factor (VEGF) production through activation of hypoxia-inducible
transcription factor, an anti-VEGF antibody at a final concentration of 2 ng/ml in cultures was
used and shown to blunt copper-induced regression of cell hypertrophy. Conversely, VEGF alone
at a final concentration of 0.2 μg/ml reversed cell hypertrophy as the same as copper did. This
study demonstrates that both copper and VEGF reduce the size of hypertrophied cardiomyocytes,
and copper regression of cardiac hypertrophy is VEGF dependent.
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Introduction
Previous studies have shown that dietary supplementation with physiologically relevant
levels of copper (Cu) reversed pressure overload-induced cardiac hypertrophy in a mouse
model along with a complete recovery of the contractile function of the heart [1]. Although
the regression of cardiac hypertrophy by dietary copper supplementation in humans is
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unknown, a recent study in a small population of chronic heart failure patients has shown
that dietary supplementation with micronutrients for 9 months increased left ventricle
ejection, decreased left ventricle volume, and improved the quality of life [2]. Among the
formulated micronutrients was Cu (1.2 mg/day), which has been considered to play an
important role in the improvement of cardiac function [3].

Cardiac hypertrophy is coordinated with angiogenesis during the cardiac growth, and
disruption of this coordination leads to cardiac dysfunction and heart failure [4,5]. Vascular
endothelial growth factor (VEGF) is a critical growth factor for the regulation of
angiogenesis and promotes blood vessel formation in the recovery of tissue injury [6,7].
During the transition from cardiac hypertrophy to heart failure, VEGF levels in the heart are
suppressed [1,4]. Interestingly, the regression of cardiac hypertrophy induced by dietary Cu
supplementation is VEGF-dependent; systemic administration of anti-VEGF antibody
completely blocks Cu supplementation-induced regression of heart hypertrophy [1]. Because
VEGF promotes blood vessel formation and the anti-VEGF antibody blocks the
angiogenesis, the regression of heart hypertrophy was considered angiogenesis-dependent.

Although angiogenesis plays an important role in the regression of heart hypertrophy, the
direct effect of Cu through VEGF on cardiomyocytes would make a critical contribution to
the regression because cardiomyocytes contain VEGF receptors. To distinguish the
contribution of the direct effect of Cu on cardiomyocytes to the regression of cardiac
hypertrophy from the angiogenesis-dependent effect, the primary cultures of cardiomyocytes
would provide a valuable model; the effect of blood vessel formation on the regression of
cardiomyocyte hypertrophy can be excluded. Therefore, in the present study we used
primary cultures of neonatal rat cardiomyocytes to examine the direct effect of Cu on the
regression of cardiomyocyte hypertrophy produced by phenylepherine (PE) stimulation.

At the cellular level, cardiac hypertrophy involves the increases in the cell volume of
individual cardiomyocytes. The regression of cardiac hypertrophy would thus involve the
reduction in the size of the hypertrophied cardiomyocytes. However, the cellular basis of the
regression of heart hypertrophy has not been determined. This also can be addressed using
the primary cultures of neonatal rat cardiomyocytes. Through a thorough analysis of cell
cycle and mitotic activities of the cardiomyocytes in cultures under different conditions in
combination with the analysis of cell size, the contribution of the reduction in the size of
individual hypertrophied cardiomyocytes to the regression of heart hypertrophy can be
determined. Therefore, the present study has two purposes: (1) to determine the direct effect
of Cu on the regression of cardiac hypertrophy and (2) to define the cellular basis of
regression of cardiac hypertrophy. The results obtained demonstrated that Cu causes a direct
reduction in the size of hypertrophied cardiomyocytes and this effect is VEGF dependent.

Materials and Methods
Cell culture

Primary cultures of neonatal rat cardiomyocytes were established according to a procedure
published previously [8], with some modifications. Briefly, the hearts of 1-3 day-old
Sprague-Dawley rats were minced and incubated overnight at 4 °C with trypsin in Hanks’
balanced salt solution (HBSS, Life Technologies Ltd, Carlsbad, CA). The tissue was then
digested with collagenase (Worthington Biochemical Corporation, Lakewood, NJ) in L-15
media (Worthington Biochemical Corporation) at 37 °C for 70 min. The digests were
resuspended in DMEM/Ham’s nutrient mixture F12 (1:1, vol/vol, Life Technologies Ltd)
supplemented with antibiotics (100 U/ml penicillin and 100 μg/ml streptomycin, MP
Biomedicals, LLC, Solon, OH), 10% fetal bovine serum (FBS, Life Technologies Ltd) and
0.1 mM 5-bromo-2-deoxyuridine (BrdU, Sigma-Aldrich, St. Louis, MO). The fibroblasts
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were removed by pre-incubation for 2 h at 37 °C. The cardiomyocytes in the suspension
were collected and seeded in gelatin-coated plates containing DMEM/F12 media
supplemented with FBS, BrdU and antibiotics for 24 h before subsequent experiments.

Experimental procedure
Cell hypertrophy was induced by phenylephrine (PE, Sigma-Aldrich) at a final
concentration of 100 μM for 48 h in serum-free media, following a procedure published
previously [9]. At the end of the 48 h incubation, Cu in the form of copper sulfate was added
directly to the cultures at a final concentration of 5 μM Cu element for additional 24 h
incubation. At the end of Cu treatment or 72 h culturing, the cells were collected by
trysinization and suspended in phosphate buffered saline (PBS) buffer, and counted using a
hemocytometer. Protein content was measured using a Bradford method (Bio-Rad, Hercules,
CA), and normalized by the cell number. For the flow cytometry analysis of cell size and
cell proliferation, the harvested cells were subjected to fixation and incubation with different
markers before analysis, as described below. To assess the role of VEGF in Cu regression of
cell hypertrophy, we used monoclonal anti-VEGF antibody (R & D Systems, Inc.,
Minneapolis, MN) at a final concentration of 2 ng/ml in cultures. The antibody was added to
the cultures 1 h prior to the addition of Cu in the cultures. The effect of VEGF was
examined by adding recombinant rat VEGF164 (R & D Systems) at 0.2 μg/ml to substitute
for Cu in the media.

The purity of cardiomyocytes in cultures was more than 95%, which was determined at the
end of each experiment (48 h PE treatment and 24 h Cu treatment) using a flow cytometer.
Briefly, cells were trypsinized, washed with PBS, and fixed in 75% ethanol at 4 °C for at
least 18 h. Primary anti-α-sarcomeric actin antibody (Sigma-Aldrich) was diluted in PBS
and incubated at room temperature for 1 h. Secondary fluorescein-conjugated goat anti-
mouse IgM antibody (FITC, Southern Biotech, Temecula, CA) was used for
immunofluorescence and incubated for 30 min at room temperature. The fluorescence
distribution from 30,000 cells was captured and recorded using a CellQuest Acquisition
program (Becton & Dickinson, Franklin Lakes, NJ). Data were analyzed using a FlowJo
software (Tree Star, Inc., Ashland, OR), and the percentage of the α-sarcomeric actin
labeled cardiomyocytes in the population was calculated.

Cell size determination
The cell volume was determined using a microslide field finder (Fisher Scientific,
Pittsburgh, PA) following the procedure described previously [10]. Briefly, cardiomyocytes
in cultures were trypsinized, suspended in PBS, and loaded onto the microslide field finder.
The diameters of approximately 150 cells from each group were assessed and recorded. The
cell volume was calculated using the equation for the volume of a sphere: V = (4/3) πr3,
where V = cell volume, π= 3.14, and r = radius. In addition, the cell size was further
determined by a flow cytometer as described previously [11]. Briefly, the cells were
trypsinized, suspended in PBS, and directly passed through the flow cytometer. For each
sample, 30,000 cells were recorded and analyzed through the forward scatter light (FSC),
which is proportional to the cell size. The data were quantitatively analyzed using the
FlowJo software.

Immunocytochemistry
To examine the morphological changes of cardiomyocytes in cultures after the treatment
with PE and Cu, cells were cultured in an 8-well chamber slide and treated as described in
the experimental procedure. After Cu treatment for 24 h, cells were fixed in 4%
paraformaldehyde in PBS. After fixation, the culture chamber was incubated with
monoclonal anti-α-sarcomeric-actin antibody (Sigma-Aldrich) followed by incubation with
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FITC-conjugated goat anti-mouse IgM [12]. Fluorescence was visualized by a phase
contrast microscope (Nikon Instruments, Melville, NY). Images were acquired by a Nikon
digital camera DXM 1200 (Nikon Instruments) using a Nikon ACT-1 software.

Cell cycle analysis
To analyze the distribution of cardiomyocytes in cell cycle under different treatment
conditions, cells were trypsinized, washed with PBS, and fixed in 75% ethanol at 4 °C for at
least 18 h. The cardiomyocytes were then incubated for 30 min in DNA staining buffer,
which contains 200 μg/ml ribonuclease A (Sigma-Aldrich) and 5 μg/mL propidium iodide
(PI, Sigma-Aldrich). The PI stained cells were analyzed using a flow cytometer. For each
sample, 30,000 cells were captured and cells in different phases of cell cycle are expressed
as a percentage of the total number of cells counted.

Assessment of mitosis
Determination of mitotic activities of cardiomyocytes under different treatments was done as
described previously [13], with some modifications. Briefly, the cells were trypsinized,
washed with PBS, and fixed in 75% ethanol at 4 °C for at least 18 h. Immunofluorescence
staining with an Alexa Fluor 488 conjugated antibody to phosphorylated Histone-3 (Ser10,
1:10, Cell Signaling Technology, Inc., Danvers, MA), which is a mitosis-specific marker,
was performed on the fixed cardiomyocytes. DNA staining buffer was added 30 min prior to
detection using a flow cytometer. Mitotic index was determined by using the FlowJo
software based on the data collection from 30, 000 cells per sample. The data were plotted in
two-dimensional PI versus Alexa Fluor 488-p-Histone-3 (p-H3) fluorescence, and the
percentage of the p-H3 stained cells in the cell population counted was calculated.

Real-time quantitative RT-PCR
Total RNA was extracted from cardiomyocytes collected after 72 h culturing (48 h PE + 24
h Cu) using TRIzol reagent (Invitrogen, Carlsbad, California) according to the
manufacturer’s instruction. RNA concentration was quantified with a Beckman Coulter DU
650 spectrophotometer (Pegasus Scientific, Frederick, MD). Complementary DNAs
(cDNAs) were synthesized using a GeneAmp RNA PCR kit (Applied Biosystems, Foster
City, CA) in PerkinElmer DNA Thermal Cycler 480. The amount of cDNA corresponding
to 100 ng of RNA was amplified using a SYBR green PCR kit (Applied Biosystems) with
the primer pairs of rat beta-myosin heavy chain (β-MHC), skeletal alpha-actin (α-SA), atrial
natriuretic peptide (ANP), or GAPDH respectively. The primer sequences were designed as
reported previously [14]. Real-time PCR reactions were performed, recorded, and analyzed
by a 7500 Real Time PCR System (Applied Biosystems). Samples were amplified for 1
cycle at 50 °C for 2 min and 95 °C for 10 min followed by 40 cycles at 95 °C for 15 s and
60°C for 1 min. Results were calculated from the cycle threshold (Ct) value using the ΔΔCt
method for quantification [15]. The expression of interested genes was normalized by
GAPDH in each sample. Untreated group was set as control, a calibrator sample. Take β-
MHC as an example, ΔΔCt=(Ct β-MHC-sample-CtGAPDH-sample)-(Ct β-MHC-control-
CtGAPDH-control). The relative expression of the sample was then calculated using the
formula 2−ΔΔCt. Thus, all the data were expressed as the fold-change of the control group
that was 1. All the samples were measured in triplicate.

TUNEL (TdT-mediated dUTP nick-end labeling) Assay
Cardiomyocyte apoptosis was quantified by using an ApopTag apoptosis detection kit
(Chemicon International, Inc., Temecula, CA) according to the manufacturer’s instruction
with some modifications. Briefly, the cells were cultured and treated with PE for 48 h and
Cu for additional 24 h in a Lab-Tek II chamber glass slide. At the end of 72 h culturing, the
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cells were fixed with 1% paraformaldehyde and permeabilized by 0.3% Triton X-100 in
PBS. Then the culture slides were incubated with the reaction mixture containing TdT and
digoxigenin-conjugated dUTP for 1 h at 37 °C, followed by an incubation with anti-
digoxigenin peroxidase conjugate antibody, using 3,3′-diaminobenzidene as the chromagen.
As a positive control, cells were treated with DNase 1 to introduce nicks in genomic DNA.
For negative control, TdT enzyme was removed from the reaction mixture. The apoptotic
index was calculated as the percentage of the TUNEL-positive cells in the total cell
population by counting cells exhibiting brown nuclei among randomly selected 1000-1200
nuclei in each slide chamber and the data were obtained from triplicate chambers for each
experiment.

Statistical analysis
Data were obtained from three separate experiments and are expressed as means ± S.E.M. A
2 × 2 factorial design was applied to all of the experiments with an exception of the
experiment presented in Fig 7, which was a 2 × 2 × 2 factorial design, and the data were
analyzed according to the experimental design. After a significant interaction was detected
by the analysis of variance (ANOVA) based on the factorial design, the significance of the
main effects was further determined. The level of significance was considered when P <
0.05.

Results
Copper reversed PE-induced cell hypertrophy in primary cultures of neonatal rat
cardiomyocytes

Cardiomyocyte hypertrophy was induced by PE, an α-adrenergic receptor agonist, at a final
concentration of 100 μM in cultures for 48 h in serum-free media. These cells were then
treated with Cu by a direct addition of CuSO4 into the cultures at a final concentration of 5
μM Cu element for additional 24 h. Morphological analysis showed a reduction in the size
of the PE-induced hypertrophied cardiomyocytes, but not in the non-PE treated
cardiomyocytes after Cu treatment (Fig 1). The cell number in the PE-treated cultures was
less than that in the non-PE-treated controls. The cell number in Cu treated hypertrophied
cardiomyocytes were more than that of PE-treated cultures (Fig 2A), suggesting that Cu
might protect the cardiomyocytes from apoptosis or necrosis, or stimulate proliferation of
the hypertrophied cardiomyocytes. The results presented in Fig 2B show that the cell size
was significantly reduced by Cu treatment in the PE-induced hypertrophied cardiomyocytes
measured by flow cytometry, which is consistent with the result obtained from a direct
measurement of the cell volume by a microslide field finder (Fig 2C). In addition, Cu
treatment significantly reduced the total protein content in the PE-pretreated cardiomyocytes
(Fig 2D), further confirming Cu-induced regression of the PE-induced cardiomyocyte
hypertrophy. However, Cu did not change the phenotype of non-PE-treated control cells, as
examined by all of the parameters described above.

To further confirm the effect of Cu on PE-induced cardiomyocyte hypertrophy, changes in
the markers of cardiomyocyte hypertrophy, including β-MHC, α-SA and ANP, were
determined by a real-time RT-PCR analysis. The data presented in Fig 3 show that the
increases in these marker proteins expression induced by PE treatment were significantly
suppressed by Cu treatment, agreeing with the data obtained from morphological and protein
content analysis.

Cu inhibition of PE-induced apoptosis
The determine whether or not the reduced number of cardiomyocytes in the PE treated
cultures was due to apoptosis and the effect of Cu treatment on apoptosis, a TUNEL assay
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was performed to quantitatively analyze the apoptotic cells in cultures under different
conditions. The data presented in Fig 4 show that PE caused a significant increase in the
number of TUNEL positive cardiomyocytes and Cu treatment significantly inhibited the
effect of PE treatment.

Cu regression of cardiomyocyte hypertrophy did not involve promotion of cell
proliferation

To determine whether or not Cu stimulates cardiomyocyte proliferation, we measured the
cell cycle distribution of the cardiomyocytes in cultures under different conditions. FACS
analysis of cells stained with PI was performed. The results presented in Fig 5 show that PE
treatment increased the number of cells in the population with diminished DNA content,
which is considered as the apoptotic cell population, and this increase was reduced by Cu
treatment. Conversely, PE reduced the number of cells in the G0/G1 phase correspondingly
and Cu significantly inhibited this reduction. PE also increased the percentage of cells in the
S and G2/M phases, and Cu did not alter the effect of PE (Fig 5). To assess the mitotic
activity of cardiomyocytes, an Alex Fluor 488-labled p-H3 antibody was incubated with the
fixed cells and PI was added before FACS analysis. The plot of DNA content (PI-staining)
versus p-H3 labeling and the quantitative analysis of the p-H3 labeled cells showed that
although PE increased the number of p-H3-labeled cells, Cu did not change the effect of PE
(Fig 6), thus excluding the contribution of cell division to Cu-induced regression of
cardiomyocyte hypertrophy.

Cu-induced reduction in cell size was VEGF-dependent
Previous studies in vivo have shown that dietary Cu supplementation-induced regression of
hypertrophic cardiomyopathy was partially mediated by VEGF-dependent angiogenesis [1].
To determine the role of VEGF in the direct effect of Cu on cardiomyocyte hypertrophy, an
anti-VEGF antibody at a final concentration of 2 ng/ml was added before the addition of 5
μM Cu element in the PE-treated cultures. The results presented in Fig 7 show that the
addition of the anti-VEGF-antibody completely blocked the regression of cardiomyocyte
hypertrophy by Cu treatment. To further define the involvement of VEGF in the regression
of cell hypertrophy, VEGF alone at a final concentration of 0.2 μg/ml was added to the
cultures of hypertrophied cardiomyocytes to replace Cu. The results showed that VEGF
mimicked the effect of Cu and reduced the hypertrophied cell size, cell volume, and the total
cellular protein content as the same as 5 μM Cu (Fig. 8). The same VEGF treatment did not
alter the cell size, volume, or protein content of non-PE-treated cardiomyocytes. Therefore,
the Cu-induced reduction in cardiomyocyte hypertrophy was VEGF-dependent.

Discussion
The results presented here demonstrated that Cu addition causes regression of cellular
hypertrophy of neonatal rat cardiomyocytes in primary cultures. The level of Cu added in
the cultures is relevant to that supplemented in diet, which causes regression of pressure-
overload hypertrophic cardiomyopathy in a mouse model [1]. This in vitro study thus
recapitulates in vivo observation. However, there are fundamental differences between the in
vitro and the in vivo models. The reduction in the size of hypertrophied cardiomyocytes was
directly observed in the in vitro model. One of the concerns in the in vivo model is that the
regression of heart hypertrophy may involve division of the hypertrophied cardiomyocytes,
however, the present study demonstrated that Cu treatment does not cause proliferation of
the hypertrophied cardiomyocytes. Therefore, the reduction in the size of hypertrophied
cardiomyocytes would make a significant contribution to the regression of heart
hypertrophy, although this may not exclude the possibility of cell division of hypertrophied
cardiomyocytes in vivo. Another difference between the in vitro and the in vivo models is
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that the role of angiogenesis in reduction in the size of hypertrophied cardiomyocytes can be
excluded in the in vitro model. Thus, the results here demonstrated that Cu induced
regression of cardiomyocyte hypertrophy is VEGF-dependent but angiogenesis-independent.

We have recently reported that VEGF production in the heart was decreased in the chronic
pressure overload mouse model and Cu supplementation increased myocardial VEGF
production through activation of hypoxia-inducible factor 1 transcription factor.
Consequently, systemic administration of anti-VEGF antibody blunted Cu supplementation-
induced regression of hypertrophic cardiomyopathy [1]. One of the effects of the anti-VEGF
antibody is the suppression of Cu-induced angiogenesis, to which VEGF is the crucial
regulator. It has been shown that disruption of coordinated heart hypertrophy and
angiogenesis contributes to the transition to heart failure [4,16,17]. It is well known that the
stimulation of cell growth and proliferation is the major, if not exclusive, action of VEGF.
However, the result that Cu supplementation-induced regression of heart hypertrophy is
VEGF-dependent challenges this general belief. It is possible that VEGF functions in
reduction in the size of hypertrophied cardiomyocytes to maintain their physiological
function. If proven, this will be a newly identified biological function of VEGF and will
bring up a new perspective of VEGF biology and medicine.

There are two critical questions that need to be addressed before a mechanistic approach to
the function of VEGF in reducing the size of hypertrophied cardiomyocytes should take
place. First, can hypertrophied cardiomyocytes reduce their size in response to an
appropriate stimulation? Second, is this reduction in the size of hypertrophied
cardiomyocytes directly related to VEGF? The results obtained here unambiguously
addressed these two questions.

We took advantage of the primary cultures of neonatal rat cardiomyocytes to address these
two questions simultaneously. Because we directly treated the cardiomyocytes in cultures,
the influence of angiogenesis or blood vessels was excluded. The reduction in the size of the
hypertrophied cardiomyocytes could be easily observed and analyzed with high purity of
cardiomyocytes in cultures. There are other types of cells in cultures, particularly fibroblast
cells that may confound the experimental results. To eliminate the potential influence of
these cells, we not only used a differentially culturing procedure to remove fibroblast cells
before culturing cardiomyocytes, but also used BrdU to inhibit the proliferation of the
remaining fibroblasts in cultures, which has been reported previously [18]. To further ensure
the high purity of cardiomyocytes in cultures, we used an anti-α-sarcomeric actin antibody
to specifically label cardiomyocytes. At the end of each experiment, we used a flow
cytometry cell sorting procedure to estimate the proportion of cardiomyocytes in the
population of each culture. We have found that more than 95% were cardiomyocytes in the
cultures, so that the influence of fibroblasts and other cell types was minimized. Therefore,
the effect of Cu addition on the regression of cell hypertrophy was addressed in
cardiomyocytes.

The hypertrophied cardiomyocytes were exposed to 5 μM CuSO4 (the final concentration in
the cultures) to examine the effect of Cu on regression of cardiomyocyte hypertrophy. In
addition, the DMEM/F12 media contain 1.3 μg/L of Cu, which would add 0.02 μM Cu to
the final concentration in the cultures. The level of Cu selected in this study was derived
from the calculation of in vivo Cu supplementation used in our previous studies (20 ppm Cu
in diet). This is the level of DRI for Cu (0.9 mg/day) plus Cu supplementation (2 mg/day)
for humans. It should note that many studies in cultured cells use high levels of Cu, ranging
from 100 to 500 μM CuCl2 or CuSO4 [19-21].
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The data obtained here demonstrated that the hypertrophied cardiomyocytes indeed reduced
their size under an appropriate stimulation. For the cell size analysis, we used three different
parameters; a direct measurement and calculation of the cell volume from cardiomyocytes
collected from cultures through trypsinization, flow cytometry analysis of the cell size, and
the measurement of cellular protein content. These measurements provided a consistent
assessment of the reduction in the size of the PE-treated cardiomyocytes in cultures treated
with relevant level of Cu. We also observed that the same Cu treatment did not change the
size of cardiomyocytes without pre-treatment with PE in cultures.

The reduction in the size of cardiomyocytes in the Cu-treated cultures might result from a
division of the hypertrophied cardiomyocytes, the daughter cells becoming smaller. We did
observe that in the Cu treated cultures had a high number of cells than in the PE-treated only
cultures. But the TUNEL assay and the cell cycle analysis indicated that the higher number
of cells in the Cu-treated cultures mostly likely resulted from inhibition of PE-induced cell
death. Furthermore, the analysis of p-H3-labled cells demonstrated that Cu did not cause
proliferation of hypertrophied cardiomyocytes. Therefore, Cu caused a direct reduction in
the size of hypertrophied cardiomyocytes.

Cu regression of cardiomyocyte hypertrophy is VEGF dependent because the anti-VEGF
antibody blocked and VEGF alone mimicked the Cu regression of cardiomyocyte
hypertrophy. This VEGF-mediated effect is angiogenesis-independent because the primary
culture condition eliminated the influence of blood vessel formation. This is an important
finding. VEGF has been extensively studied regarding its effect on cell growth and
proliferation. In the cardiomyocytes, VEGF also is required for cell growth [22-24]. Studies
in vivo have shown that a decoy VEGF receptor blocked cardiac growth induced by Akt1
activation [4,16]. Therefore, VEGF would have a dual function: stimulating cardiomyocyte
growth under stress condition and reducing the size in the hypertrophied cardiomyocytes to
improve their physiological function. In addition, other studies in vivo have demonstrated
that VEGF prevents apoptosis and preserves contractile function in hypertrophied heart [25].

This novel observation that VEGF reduces the size of hypertrophied cardiomyocytes
suggests a new biological function of VEGF. This newly identified action of VEGF in the
heart is angiogenesis-independent. The main VEGF receptors (VEGFRs) comprise a family
of closely related receptor tyrosine kinases consisting of three members, VEGFR-1 (Flt-1),
VEGFR-2 (KDR or Flk-1), and VEGFR-3 (Flt-3). The studies of these receptors have been
focused on their role in endothelial cells and blood vessel formation. Activation of the
VEGFR-2 receptor by VEGF in cells devoid of VEGFR-1 results in a mitogenic response,
while the activation of VEGFR-1 in cells lack of VEGFR-2 does not induce cell
proliferation [26,27]. These results indicate that the signaling transduction cascades induced
by VEGFR-1 and -2 are different, although the molecular basis for this difference is
unknown. It has also been observed that VEGF promoted the binding and phosphorylation
of the Shc and Nyc adaptors, Grb-2 binding, and MAP kinase activation in porcine aortic
endothelial cells expressing recombinant VEGFR-2. In contrast, MAP kinase was not
activated by VEGF in cells expressing recombinant VEGFR-1 [28]. These differential
activities between VEGFR-1 and -2 in the endothelial cells suggest that the signaling
transduction cascades induced by these receptors in the cardiomyocytes would also be
different. This scenario becomes an important direction for our future studies.

Cu stimulation of VEGF production has been observed in other type of cells, such as
keratinocytes [29]. In the present study, we used isolated cardiomyocytes in cultures, which
eliminated the interaction between cardiomyocytes and other cell types, to which Cu would
have significant effects on their VEGF production as well as other biological function. This
becomes a major limitation of the present study because it did not address the effect of other
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cells and the extracellular matrix on regression of heart hypertrophy, which may play the
major role in vivo. Another limitation of the present study is that the use of neonatal rat
cardiomyocytes, which are different from adult cardiomyocytes in vivo. Whether or not Cu
can reduce the size of hypertrophied adult cardiomyocytes need to be studied specifically
under in vivo conditions in the adult mouse model.

In summary, the present study demonstrates that Cu at relevant levels of in vivo
experimental conditions reverses cardiomyocyte hypertrophy induced by PE stimulation.
The reduction in the size of hypertrophied cardiomyocytes is VEGF-dependent. Future
studies need to focus on the mechanistic insights into VEGF signaling pathways leading to
cell size reduction.
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Figure 1.
Representative fluorescence microscopic images of cellular morphology by staining the cells
with anti-α-sarcomeric actin antibody in primary cultures of neonatal rat cardiomyocytes.
Cellular hypertrophy was induced by 100 μM PE for 48 h in serum-free media, and then the
cultures were exposed to 5 μM CuSO4 for additional 24 h in the presence of PE. After
fixation, cells were incubated with the anti-α-sarcomeric actin antibody followed by an
incubation with fluorescein-conjugated goat anti-mouse IgM. 200X.
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Figure 2.
PE-induced cell hypertrophy and its regression by Cu in primary cultures of neonatal rat
cardiomyocytes. The induction of cellular hypertrophy and the treatment with Cu were as
the same as that described for Figure 1. A. Cell number was counted using a hemocytometer
after the cells were trypsinized and suspended in PBS at the end of Cu treatment. B.
Analysis of cell size by flow cytometer. C. Analysis of cell volume after the Cu treatment
for 24 h. Cell volume was 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. The protein content in the cells measured by a Bradford
method and normalized by cell number. Control (non-treated and incubated for 72 h), PE
(PE treated for 48 + 24 h), Cu (Cu treatment during the last 24 h), and PE+Cu (PE treated
for 48 h followed by Cu for 24 h). Each group of data were obtained from three independent
experiments and each experiment contains a triplicate samples for each treatment. Values
are means ± S.E.M. *, significantly different from control group and †, significantly
different from PE-treated group (p < 0.05).
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Figure 3.
PE-induced changes in cellular hypertrophic markers and the effect of Cu addition in
primary cultures of neonatal rat cardiomyocytes. The experimental condition was as the
same as described above (Figure 2), and the experimental procedure the data acquisition and
analysis were described in the Materials and Methods. Values are means ± S.E.M. *,
significantly different from control group and †, significantly different from PE-treated
group (p < 0.05).
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Figure 4.
PE-induced increase in TUNEL-positive cells (brown nuclei) and the effect of Cu addition
in primary cultures of neonatal rat cardiomyocytes. Cells ere cultured in a Lab-Tek II
chamber glass slide, following the same treatments described for Figure 2. The experimental
procedure the data acquisition and analysis were described in the Materials and Methods.
The image scale bar = Values are means ± S.E.M. *, significantly different from control
group and †, significantly different from PE-treated group (p < 0.05).
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Figure 5.
Flow cytometry analysis of cell cycle. At the end of Cu treatment as described in Figure 1,
the cells were collected, fixed, and incubated with PI as described in the Materials and
Methods. The cells were then subjected to flow cytometry analysis and 30,000 cells in each
sample were counted. A. Representative histograms demonstrating the distribution of cells
in cell cycle under different experimental conditions. B. Quantitative analysis of the
distribution of cells in cell cycle (% of cells in each phase relative to the total population).
Apo: Cell population with diminished DNA content, referred to as apoptotic population; G1/
G0: Cells in quiescent or early G1 phase, as defined with 2n DNA content; S: Cells in DNA
synthesis phase, 4n DNA content; G2/M: G2 and Mitotic population. The labels for the
treatment conditions are the same as described in Figure 2. Each group of data were
obtained from three independent experiments and each experiment contains a triplicate
samples for each treatment. Values are means ± S.E.M. *, significantly different from
control group and †, significantly different from PE-treated group (p < 0.05).
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Figure 6.
Flow cytometry analysis of cell mitotic activity. At the end of Cu treatment as described in
Figure 1, the cells were collected, fixed, and incubated with polyclonal p-H3 (Ser10)
antibody (Alexa Fluor 488 conjugate) and with PI as described in the Materials and
Methods. The cells were then subjected to flow cytometry analysis and 30,000 cells in each
sample were counted. Representative histograms demonstrating the percentage of p-H3
stained cells under different experimental conditions. DNA content was assessed by PI
staining. Quantitative analysis of the p-H3 stained cells among the total population was
shown in the bar graph. The labels for the treatment groups are the same as described in
Figure 2. Data were obtained from three independent experiments and each experiment
contains a triplicate samples for each treatment. Values are means ± S.E.M. *, significantly
different from control group (p < 0.05).
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Figure 7.
The antagonistic effect of anti-VEGF antibody on Cu-induced reversal of cardiomyocyte
hypertrophy. The cultures were treated with the anti-VEGF antibody at the final
concentration of 2 ng/ml in the culture 30 min prior to the addition of CuSO4. A. Cellular
Protein content. B. Cell volume. Each group of data were obtained from three independent
experiments and each experiment contains a triplicate samples for each treatment. Values
are means ± S.E.M. *, significantly different from control group and †, significantly
different from PE-treated group (p < 0.05).
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Figure 8.
VEGF-induced regression of cardiomyocyte hypertrophy. VEGF at a final concentration of
0.2 μg/ml was added into the cultures after the treatment with PE for 48 h. The VEGF
treatment lasted for 24 h before the cells were collected for analysis. A. Cell number counted
using a hemocytometer. B. Cell size analyzed by flow cytometer. C. Cell volume. D.
Cellular protein content. The experimental condition and procedure, and the label for each
treatment were as the same as described in Figure 2. Each group of data were obtained from
three independent experiments and each experiment contains a triplicate samples for each
treatment. Values are means ± S.E.M. *, significantly different from control group and †,
significantly different from PE-treated group (p < 0.05).
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