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s characterized by structural alterations such as cardiomyocyte hypertrophy,
necrosis and focal fibrosis. Hyperglycemia-induced oxidative damage may play an important role in this
pathogenetic process. Recent studies have shown that poly (ADP-ribose) polymerase (PARP) is activated in
response to oxidative stress and cellular damage as well, plays a role in gene expression. This study
investigated mechanisms of diabetes-induced, PARP-mediated development of structural alterations in the
heart. Two models of diabetic complications were used to determine the role of PARP in oxidative stress,
cardiac hypertrophy and fibrosis in the heart. PARP-1 knockout (PARP−/−) mice and their respective controls
were fed a 30% galactose diet while male Sprague–Dawley rats were injected with streptozotocin and
subsequently treated with PARP inhibitor 3-aminobenzamide (ABA). The in vivo experiments were verified in
in vitro models which utilized both neonatal cardiomyocytes and endothelial cells. Our results indicate that
hyperhexosemia caused upregulation of extracellular matrix proteins in association with increased
transcriptional co-activator p300 levels, cardiomyocyte hypertrophy and increased oxidative stress. These
pathogenetic changes were not observed in the PARP−/− mice and diabetic rats treated with ABA.
Furthermore, these changes appear to be influenced by histone deacetylases. Similar results were obtained in
isolated cardiomyocytes and endothelial cells. This study has elucidated for the first time a PARP-dependent,
p300-associated pathway mediating the development of structural alterations in the diabetic heart.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction
Pathogenetic mechanisms leading to the development of diabetic
cardiomyopathy may involve both endothelial cells and cardiomyo-
cytes. Structurally, diabetic cardiomyopathy is characterized by
capillary basement membrane thickening and focal fibrosis due to
increased production of extracellular matrix (ECM) proteins and
cardiomyocyte hypertrophy [1,2]. Increased oxidative stress from
chronic hyperglycemia may play a significant role in this process.
Oxidative stress leads to DNA breakage which renders the DNA
unstable thereby activating nuclear enzyme poly (ADP-ribose) poly-
merase (PARP) in an attempt to repair such damage. Activated PARP
transfers ADP-ribose units from NAD+ (nicotinamide adenine dinu-
cleotide) to itself and other nuclear chromatin-associated proteins [3].
When PARP is overactivated, which is the case in diabetes,
intracellular NAD+ is depleted creating a redox imbalance further
exacerbating the oxidative state in the cell. The beneficial effects of
PARP inhibition has been illustrated by PARP-1 knockout (PARP−/−)
mice. These animals are protected against streptozotocin (STZ)-
induced diabetes [4] and myocardial ischemia/reperfusion injury [5]
among other diseases.
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Transcriptional co-activator and histone acetyltransferase (HAT)
p300 mediates cell growth, proliferation and differentiation as well, it
controls a large number of transcription factors, nuclear receptors and
DNA repair enzymes including PARP [6,7]. PARP itself has been shown
to facilitate p300-mediated gene transcription [8]. Previously, we have
shown that diabetes upregulates the expression of p300 along with
PARP activity and that inhibition of p300 prevents diabetes-induced
upregulation of PARP mRNA and ECM protein fibronectin (FN). FN
plays a variety of physiological roles including cell survival, migration
and proliferation [9]. We have also shown that in diabetes, increased
ECM protein production may be mediated through the activation of
vasoactive factors such as endothelin-1 (ET-1) [10,11]. It is however
not clear as to the role of PARP and its relationship with epigenetic
mechanisms, such as p300 activation, in the pathogenesis of diabetic
cardiomyopathy.

The role of PARP activation has been demonstrated to alter the
function of the heart in diabetes. However, PARP has not been studied
with respect to structural changes in the diabetic heart. Hence, in this
study we investigated the role of PARP in the development of
structural alterations in the heart in diabetes. We determinedwhether
these effects were mediated in association with p300 in PARP−/−

animals fed a 30% galactose diet as well as chemically-induced
diabetic animals. Galactose-fed animals are well studied as a model of
chronic diabetic complications with both biochemical and structural
changes of chronic diabetic complications having been shown in this
model [12,13]. These animals also exhibit diabetes-like contractile
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Fig. 1. Clinical monitoring of the mice showing significantly increased blood reducing
sugar levels in the galactosemic animals compared to the control animals (a) and no
significant differences in body weight gain during the course of the experiment
between all groups (b). PARP gene ablation had no effect on these parameters [n=5;
WT = wild type, PARP−/− = PARP-1 knockout, CO =control, G = 30% galactose diet;
⁎pb0.05 compared to controls].

386 J. Chiu et al. / Journal of Molecular and Cellular Cardiology 45 (2008) 385–393
abnormalities in the heart [14]. We further used a well-studied
streptozotocin-induced diabetic rat model [11,14] as well as neonatal
rat cardiomyocytes and endothelial cells to study mechanistic path-
ways [10].

2. Research design and methods

2.1. Animal models

All animals were cared for according to the Guiding Principle in the
Care and Use of Animals. All experiments were approved by the
University of Western Ontario Council on Animal Care Committee.

PARP−/− and wild type (WT) littermates (129S/SvlmJ) were
purchased from Jackson Laboratories (ME, USA). At 6 weeks of age,
males from both PARP −/− and WT groups were randomly divided into
two groups. The mice were given either a standard rodent diet (CO)
containing 19% protein, 5% fat and 5% crude fiber or a similar feed
enriched with 30% galactose (G, Test Diet, IN, USA). These animals
were maintained for a period of 8 weeks.

Male Sprague–Dawley rats weighing 200–250 g were purchased
from Charles River (QC, Canada) and randomly divided into 3 groups:
control (CO), diabetic (DM) or diabetic treated with PARP inhibitor 3-
aminobenzamide (DM-ABA, MP Biomedical, Inc, OH, USA). Diabetes
was induced by a single intravenous injection of STZ (65 mg/kg in
citrate buffer, pH=5.6), while the control animals were injected with
the same volume of citrate buffer. ABA, reconstituted in saline, was
administered (30 mg/kg/day [15]) intraperitoneally for a period of
4 months. The control animals received saline injections of a similar
volume. These animals were monitored daily and implanted with
insulin implants that released small doses of insulin to prevent
ketonuria (2 U/day, Linshin Canada Inc, ON, Canada).

Clinical monitoring of both groups of animals was performed
through regular assessment of body weight and blood reducing sugar
levels. The animals were sacrificed and the hearts were excised and
weighed. Twomm thick portions of cardiac tissue was removed 2 mm
above the apex and fixed in 10% formalin for immunohistochemical
analysis. The remainder of the tissue was snap frozen.

2.2. RNA extraction and real time RT-PCR analysis

RNA was isolated from mice and rat heart tissues as well as from
human umbilical endothelial vein (HUVECs; see below) as previously
described [10]. cDNA was synthesized from the total RNA. The mRNA
levels of FN, ET-1, p300 and heme oxygenase (HO-1) were quantified
using LightCycler™ (Roche Diagnostics Canada, QC, Canada). The data
was normalized to housekeeping gene 18S rRNA to account for reverse
transcription efficiencies. The primer sequences for mouse ET-1 are:
5′-TTAGCAAGACCATCTGTGTG-3′ and 5′-GAGTTTCTCCCTGAAATGTG-
3′. The primer sequences for mouse p300 are: 5′-AGGCAGAGTAGGA-
CAGTGAA-3′ and 5′-CTCAGTCTGGGTCACTCAAT-3′. The primer
sequences for mouse HO-1 are: 5′-TGAACACTCTGGAGATGACA-3′
and 5′-AACAGGAAGCTGAGAGTGAG-3′. All other primer sequences
have previously been described [16,17].

2.3. Histological analysis

Formalin fixed tissues were embedded in paraffin, sectioned at
5 μM thickness and placed on positively charged slides. Trichrome
staining was performed to assess ECM protein deposition and fibrosis.

The heart tissues were also analyzed for 8-hydroxy-2′-deoxygua-
nosine (8-OHdG, Chemicon International, Inc, CA, USA), a sensitive
marker for oxidative DNA damage [18] and nitrotyrosine (NT, Cayman
Chemical Company, MI, USA), a marker for oxidative protein damage
[19]. The slides were stained using Vectastain Elite (Vector Labora-
tories Canada, Inc, ON, Canada) for 8-OHdG and EnVision (Dako
Canada, Inc, ON, Canada) for NT as each reagent recognized a different
host. The chromagen 3,3′ diaminobenzine (DAB, Sigma-Aldrich, ON,
Canada) was used for detection. Ten random fields were examined by
two investigators unaware of the experimental treatment. 8-OHdG
immunoreactivity was assessed by the presence of positively stained
nuclei while NT was evaluated by comparing the relative staining
intensity in the cytoplasm.

2.4. Catalase activity assay

Catalase activity was assessed in the mice hearts using a
commercially available colorimetric kit (E-100, Biomedical Research
Service Center University at Buffalo, NY, USA). This kit is based on the
premise that the presence of catalase reduces the amount of H2O2 and
thus inhibits the oxidation of the chromagen. Total protein was
extracted and quantified. Five μg of protein was used in each assay as
per manufacturer's instructions. Catalase activity is expressed as
optical density at 410 nm.

2.5. Immunofluorescence

PARP activation in the rat hearts was determined using a
monoclonal mouse antibody (1:200, Biomol International L.P., PA,
USA). In addition, neonatal cardiomyocytes were fixed in methanol
and stained with a mouse monoclonal phospho-H2A.X antibody
(1:200, Abcam, Inc, MA, USA) to assess double stranded DNA breaks
[20]. An Alexa Fluor® 488-labelled anti-mouse secondary antibody
(Invitrogen Canada, Inc, ON, Canada) was used for detection using a
fluorescent microscope (Olympus BX51, Olympus Canada Inc, ON,
Canada) and Northern Eclipse software (Empix Inc, ON, Canada).
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Hoechst 33342 dye (1 μg/mL, Invitrogen Canada Inc, ON, Canada) was
used to visualize the nuclei.

2.6. Histone deacetylase (HDAC) activity assay

Nuclear protein extracts were prepared from heart tissues (50–
100 mg) of both rats and mice as previously described [21]. HDAC
activity from 100 μg of nuclear extract was determined using the
HDAC activity assay kit (ab1432, AbCam Inc, MA, USA) as per
manufacturer's instructions. HDAC activity is expressed as the
absolute amount of deacetylated lysine generated in each sample
(μmol/L).

2.7. Cardiomyocyte isolation and culture

Myocytes were prepared from 1 to 2 day old neonatal Sprague–
Dawley rat heart ventricles as previously described [22,23]. Non-
myocytes were removed through differential attachment. The isolated
cardiomyocytes were then plated onto 6 well culture plates
(Primaria™ Falcon, NJ, USA) at a density of 3.0×104 cells/cm2. The
cells were maintained for 48 h in Dulbecco's Modified Eagle's
Medium/Ham's F-12 supplemented with 10% fetal bovine serum,
10 µg/mL transferrin selenium, 10 µg/mL insulin, 10 ng/mL selenium,
50 U/mL penicillin, 50 µg/mL streptomycin, 2 mg/mL bovine serum
albumin, 5 µg/mL linoleic acid, 3 mN pyruvic acid, 0.1 mmol/L
minimum essential medium (MEM) non-essential amino acids, 10%
MEM vitamin, 0.1 mmol/L bromodeoxyuridin, 100 µm L-ascorbic acid,
and 30 mmol/L HEPES (pH 7.1). The cells were serum-starved
overnight and treated with either 5 mmol/L of PARP inhibitor ABA
or 16 μmol/L of 1,5-isoquinolinediol (ISO, Sigma-Aldrich, ON, Canada)
for 1 h. The cardiomyocytes were then subjected to either a 5 mmol/L
glucose (low glucose, LG) or a 25 mmol/L glucose (high glucose, HG)
environment for 24 h. LG was used as controls.

2.8. Endothelial cell culture

HUVECs (Clonetics, MD, USA) were cultured in endothelial cell
growth medium (Clonetics, MD, USA). The cells were serum-starved
overnight and exposed to either 5 mmol/L of PARP inhibitor ABA
dissolved in ddH20 or 0.01 μmol/L of HDAC inhibitor trichostatin A
(TSA, Calbiochem, NJ, USA) dissolved in DMSO for 1 h. The cells were
then incubated with 5 mmol/L of D-glucose or 25 mmol/L of glucose
and maintained for 24 h. We have previously determined that these
concentrations of glucose are optimal for studying glucose-induced
gene expression alterations [10,17]. Twenty five mmol/L of L-glucose
were used as controls (data not shown). The endothelial cells were
subsequently used for RNA extraction and cDNA synthesis for RT-PCR
analyses (see above). HUVECs treated with TSA are normalized to
RPL13A as the mRNA level of this housekeeping gene has been shown
to remain the most constant with TSA treatment [24].

2.9. Measurement of cardiomyocyte hypertrophy

Cell surface area of cardiomyocytes wasmeasured to assess cellular
hypertrophy. The cells were visualized using a Leica DMIL inverted
microscrope (Leica Wetzlar, Germany) equipped with a Polaroid
digital camera. The images were captured at 10× magnification. Cell
surface area was determined using Mocha™ Software (SPSS, IL, USA)
from 50 randomly selected cells per experiment, then averaged and
expressed as pixels.

2.10. Statistical analysis

The data is expressed as mean±SEM. Statistical significance was
determined by ANOVA followed by Bonferroni/Dunn test. Differences
were considered to be statistically significant at values of pb0.05.
3. Results

3.1. Hyperhexosemia-induced PARP activation and increased oxidative
stress is prevented with PARP inhibition

Both mice and rats were monitored for diabetic dysmetabolism
by evaluating body weight gain and blood reducing sugar levels.
Galactose-fed diabetic mice showed significant elevation of blood
reducing sugar levels after one and two months of galactose feeding,
however, no significant reduction of body weight was observed. No
effect of PARP−/− was seen on blood sugar levels or body weight.
These data are shown in Figs. 1a and b, respectively. The diabetic rats
showed significantly reduced body weight (484.0±40.3 g vs. 613.5±
13.8 g in controls) and hyperglycemia (18.4±6.8 mmol/L vs. 7.22±
1.6 mmol/L) after 4 months of follow up. PARP inhibition had no
significant effect on these parameters (526.1±17.9 g and 22.6±
4.7 mmol/L).

We first determined whether diabetes does in fact increase the
activation of PARP in the heart. Rat heart sections were immunofluor-
escently assessed for PARP activation using a monoclonal PARP
antibody. In thediabetic animals, therewas increased nuclear positivity
for PARPcompared to the control counterparts (Fig. 2a). PARP inhibition
with ABA treatment prevented this diabetes-induced effect.

Next we assessed hyperhexosemia-induced oxidative damage in
the heart. A catalase activity assay was performed on the mice. The
WT galactose-fed mice exhibited significantly increased activity
compared to the WT control animals. It is of interest to note that
the PARP−/− control mice had significantly lower levels of catalase
compared to the WT controls. The galactose-fed PARP−/− mice had
catalase levels similar to the controls (Fig. 2b). These data were
further verified with immunohistochemistry using two markers of
oxidative damage. The WT mice fed a galactose rich diet showed
increased nuclear staining of 8-OHdG, a marker of oxidative DNA
damage compared to the WT control mice (Fig. 2c). This was
paralleled in the rats, where the STZ-induced diabetic rat hearts
exhibited increased nuclear staining of 8-OHdG, compared to their
age-matched controls (Fig. 2d). Interestingly, the galactose-fed
PARP−/− mice and the diabetic rats treated with ABA showed
complete normalization of the hyperhexosemia-induced effects
(Figs. 2c and d).

We then tested the effect of PARP inhibition on oxidative stress by
using another sensitive oxidant injury marker. Analysis of the WT
mice on the high galactose diet with NT, a marker of oxidative protein
damage, showed increased staining intensity in the cytoplasm
compared with the hearts of the WT animals on normal diet (Fig. 2c).
A similar pattern was also seen in the diabetic rat hearts (Fig. 2d).
Cardiac tissue from the galactose-fed PARP−/− mice and the diabetic
rats with ABA treatment showed a NT staining pattern that is
reminiscent of their respective control hearts; again indicating com-
plete attenuation of the hyperhexosemia-induced effects (Figs. 2c
and d). These results were further confirmed by the analysis of a pro-
oxidant marker HO-1 [25] transcript levels. Cardiac tissues of WT
galactose-fed mice showed a significant upregulation of HO-1 (data
not shown). Inhibition of PARP also prevented this hyperhexosemia
associated increase in the mice (data not shown). These findings are
in support of Garcia Soriano et al. who found that PARP activation
increased NT positivity in the blood vessels of diabetic mice and that
pharmacological PARP inhibition can prevent this diabetes-induced
effect [26].

3.2. Hyperhexosemia-induced ECM protein production is mediated
through a PARP-dependent pathway

Next, we studied the second important parameter of diabetic
cardiomyopathy, ECM protein production. WT mice fed a galactose
rich diet had significantly upregulated mRNA expression of FN when
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compared to their WT controls (Fig. 3a). However, such galactose-
induced effects were not evident in the PARP−/− animals (Fig. 3a)
suggesting a regulatory role of PARP in the expression of FN. It is of
interest to note that in the PARP−/− mice, the basal levels of FN mRNA
were elevated compared to theWTcontrols animals (Fig. 3a). We have
previously demonstrated that vasoactive factor ET-1 may regulate
diabetes-induced FN production [10,11]. Such increase in ET-1 mRNA
was also present in galactose-fed animals and was prevented in the
PARP−/− animals (Fig. 3a).

Parallel experiments in diabetic rat hearts showed a significant
increase in the production of FN and ET-1mRNA (Fig. 3b). Inhibition of
PARP through the daily administration of ABA in the diabetic animals
completely prevented the diabetes-induced effects on these genes
(Fig. 3b). Western blot analysis of FN showed similar patterns of
expression between the treatment groups in the rat hearts as the
mRNA results (data not shown).

Histological analyses of the heart tissues were done on both the
mice and the rats. As with the molecular studies, hyperhexosemia in
the WT mice and rats lead to areas of focal fibrosis (Fig. 3c) as
demonstrated by trichrome staining. Inhibition of PARP prevented
these hyperhexosemia-induced effects in the myocardium of both the
mice and the rats (Fig. 3c).

3.3. PARP activation mediates hyperhexosemia-induced
cardiac hypertrophy

Heart weight to body weight ratios were determined to assess
myocardial hypertrophy. These ratios were significantly increased in
the hyperhexosemic mice and rats compared to their respective
controls (Figs. 4a and b). Interestingly, this hyperhexosemia-induced
Fig. 2. Representative micrographs of immunofluorescent analyses of PARP activation (a) in t
mice (b) as well as immunohistochemical analyses of oxidative stress markers 8-OHdG a
activation and oxidative stress which is prevented with PARP inhibition [n=3 per group
magnification (150×); bars represents 20 µm, magnification is the same for all micrographs in
PARP−/−=PARP-1 knockout, CO = control, G = 30% galactose diet, DM = diabetes mellitus, AB
hypertrophy was not seen in the PARP−/− mice fed galactose compared
to its corresponding control and was significantly lowered in the
diabetic rats treated with ABA compared to the diabetic rats indicating
that PARP inhibition can at least in part prevent hyperhexosemia-
induced cardiac hypertrophy in vivo (Figs. 4a and b).

3.4. PARP may regulate gene expression at the transcriptional level

At the chromosomal level, alteration of transcriptional co-
activators may influence PARP-dependent gene expression. We
investigated transcriptional co-activator p300, a HAT, and HDAC
activity. TheWTmice showed increased cardiac p300 transcript levels
in animals given a high galactose diet compared to those fed normal
rodent feed (Fig. 5a). As with FN and ET-1, the basal levels of p300
expression is significantly increased in comparison to theWTcontrols.
The exact reason for such changes is not clear. The possibility that
other co-regulatory mechanisms may affect this process cannot be
excluded. However, the PARP−/− mice fed a galactose enriched diet
expressed p300 levels similar to that of the WT control mice (Fig. 5a).
Similarly, in the rats, the hearts of the diabetic animals exhibited
significantly increased levels p300 mRNA when compared to the
control animals (Fig. 5b). ABA treatment prevented this hyperglyce-
mia-induced increase of p300 mRNA (Fig. 5b).

As histone acetylation of p300 may be balanced by HDACs, we
investigated HDAC activity. We found that in both the galactose-fed
WT mice and the diabetic rat heart levels of deacetylated lysine were
elevated compared to the WT mice and control rats, respectively
(Figs. 5c and d). Interestingly, PARP inhibition had no effect on these
hyperhexosemia-induced effects in either the PARP−/− mice or the
diabetic rats (Figs. 5c and d).
he rat hearts and oxidative stress analyses of catalase activity (relative to control) in the
nd NT in mice (c) and rat (d) heart tissues. Hyperhexosemia-induced increased PARP
; arrows = positive nuclei, arrowheads = marker negative nuclei, insets show higher
each panel; ⁎pb0.05 compared toWT CO, †pb0.05 compared toWT G;WT = wild type,
A = 3-aminobenzamide, Hoechst = nuclear marker].
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3.5. PARP inhibition in vitro produces similar effects as in vivo

To further verify our in vivo results, we investigated whether
glucose causes similar effects in isolated heart cells. To test this, we
isolated neonatal cardiomyocytes and exposed the cells to high levels
of glucose. Twenty five mmol/L glucose caused cardiomyocte hyper-
trophy after 24 h as measured morphometrically (Fig. 6a). ABA was
effective in blocking glucose-induced cellular hypertrophy (Fig. 6a).
Interestingly, ABA reduced cardiomyocyte size in cells exposed to LG
(Fig. 6a). A more potent PARP inhibitor was also utilized to ensure the
specificity of the response. Sixteen μmol/L of ISO prevented high
glucose-induced cardiomyocyte hypertrophy (Fig. 6a).

DNA damage was also determined using cultured neonatal
cardiomyocytes. These cells were stained for phospho-H2A.X, a
marker for double stranded DNA breakage [20]. High glucose
treatment resulted in increased nuclear staining in these cells
compared to the cells subjected to LG indicating increased double
stranded DNA breaks (Fig. 6b). Interestingly, ABA and ISO treatment in
both LG and HG environments yielded less nuclear positivity than that
of the cardiomyocytes subjected only to a low glucose environment
(Fig. 6b). These results indicate that PARP inhibition can prevent
double stranded DNA breaks induced by hyperglycemia, possibly as a
result of oxidative stress, ultimately resulting in the prevention of
glucose-induced cellular damage.

3.6. HDACs may also influence glucose-induced gene expression through
PARP in vitro

To further characterize whether ABA alters gene expression of ET-1
and FN as well as to determine the role of HDACs in this pathway we
Fig. 3. Real time RT-PCR analysis of ECM protein FN and vasoactive factor ET-1 in mice (a)
stained heart sections (c) showed focal fibrosis in the hearts of mice (upper panel) and rat
prevented with PARP inhibition [n=5, mRNA is expressed as a ratio of target to 18S rRNA (r
†pb0.05 compared to WT G (a) and DM (b); arrows indicate fibrotic areas; abbreviations sim
used HUVECs. We have previously demonstrated that glucose causes
PARP, p300, ET-1 and FN upregulation in these cells [10,17]. These cells
were treated with HDAC inhibitor TSA. High glucose significantly
upregulated the expression of PARP, p300 and FN mRNA (Fig. 7a)
compared to normal glucose levels. This glucose-induced effect was
prevented with TSA treatment (Fig. 7a). Additionally, PARP-depen-
dent ET-1 and FN expression were also assessed in HUVECs. Twenty
five mmol/L of glucose significantly upregulated these transcripts but
this glucose-induced increase was prevented with PARP inhibition
(Fig. 7b).

4. Discussion

The novelty of this study lies in the elucidation of a specific PARP-
mediated pathway in hyperhexosemia-induced structural alterations
in the heart. Our findings in conjunction with the findings from the
available literature demonstrate a significant role for PARP-dependent
increase in oxidative stress in the pathogenesis of diabetic cardiomyo-
pathy [27]. As well, our results from this and a previous study offer a
novel regulatory mechanism for these PARP-mediated changes by
transcriptional co-activator p300 [17]. These are consistent with
previous findings indicating that PARP and p300 may interact to alter
gene expression [8,28]. Downstream effects, such as PARP-dependent
upregulation of vasoactive factor ET-1 and ECM protein FN along with
cardiac hypertrophy can detrimentally impair the function of the
heart. This investigation elucidates, for the first time, a novel
mechanistic pathway for the action of PARP in diabetes-induced
structural alterations of the heart. These findings complement studies
which implicate PARP in hyperglycemia-induced functional modifica-
tions in the heart [27,29]. Soriano et al. found that PARP inhibition not
and rats (b) showing hyperhexosemia-induced upregulation of both genes. Trichrome
s (lower panel). Hyperhexosemia-induced mRNA upregulation and focal fibrosis were
elative to control); bar represents 20 µm; ⁎pb0.05 compared to WT CO (a) and CO (b),
ilar to Fig. 2].



Fig. 4. Heart weight to body weight ratios of mice (a) and rats (b) showing
hyperhexosemia-induced cardiac hypertrophy are prevented with PARP inhibition
[n=5; ⁎pb0.05 compared to WT CO (a) and CO (b), †pb0.05 compared to WT G (a) and
DM (b); abbreviations similar to Fig. 2].
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only prevented the development of endothelial dysfunction in 4 and
8 week old STZ-induced diabetic mice but also restored endothelium-
dependent relaxant abilities in animals with already established
Fig. 5. Real time RT-PCR of p300 mRNA and HDAC activity in mice (a and c) and rats (b and
levels. PARP inhibition prevented these hyperhexosemia-induced p300 mRNA levels but no
control); HDAC activity is expressed as the absolute amount of deacetylated lysine/sample (μ
DM (b) and ‡pb0.05 compared to PARP−/− CO (a); abbreviations similar to Fig. 2].
endothelial dysfunction [29]. Futhermore, Pacher et al. found that
diabetes-induced depression of left ventricular systolic pressure and
elevation of left ventricular end-diastolic pressure was prevented in
diabetic mice and rats treated with PARP inhibitor PJ34 [27].

The usage of a galactose-induced model of chronic diabetic
complications is well-established. Both biochemical and structural
changes associated with these complications have been demonstrated
using this model. In the heart, galactose feeding has been shown to
elicit cardiac muscle contractile abnormalities due to the accumula-
tion of polyols [14].

In the context of the present study, oxidative stress-induced DNA
damage activates PARP. Several mechanisms may lead to oxidative
stress in diabetes; increased superoxide anion generation at the
mitochondrial level appears to be a key mechanism [30]. However,
other possible pathways may include advanced glycation end
products-mediated signaling as well as alterations in intracellular
NADPH/NAD+ levels [30,31]. PARP activation, due to oxidative stress,
plays a variety of roles in the cell; it can repair DNA damage, mediate
gene expression and induce cell death [3,28,32]. This and previous
studies have demonstrated a role for PARP activation in the retina,
peripheral nerves, kidney and heart in diabetes [15,26]. The enzymatic
activity of PARP may contribute to an overall increase in oxidative
stress by creating a redox imbalance through its consumption of NAD+
[4]. As previously proposed, this may explain the overall reduction of
oxidative stress in the hearts of the hyperhexosemic animals when
PARP is inhibited and suggests that PARP activation may be a primary
contributor to the increased levels of oxidative stress [27].

This notion is further strengthened upon analysis of double
stranded DNA breakage. Previously, Du et al. found that 30 mM
glucose increases DNA damage [33]. Our findings indicate that PARP
inhibition may in fact be beneficial in circumstances of PARP
overactivation and is in support of previously conducted research
[26]. However, it is in contrast to other findings which suggest that
d) showing hyperhexosemia-induced increased expression of p300 and HDAC activity
t HDAC induction [n=5, mRNA is expressed as a ratio of target to 18S rRNA (relative to
mol/L); ⁎pb0.05 compared toWT CO (a) and CO (b), †pb0.05 compared toWT G (a) and



Fig. 6. Representative micrographs of neonatal cardiomyocytes and their morphometric analysis (a) and immunofluorescent staining of DNA damage by phospho-H2A.X (b) showing
glucose-induced myocyte hypertrophy and DNA damage are normalized with PARP inhibitors ABA and ISO [bar in (a) represents 20 µm; scale bar in (b) represents 50 µm, insets show
higher magnification (125×); ⁎pb0.05 compared to LG, †pb0.05 compared to HG and ‡pb0.05 compared to LG+ABA; LG = 5 mmol/L glucose, HG = 25 mmol/L glucose, ABA = 3-
aminobenzamide, ISO = 1,5-isoquinolinediol].
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PARP inhibition increases double stranded DNA breaks [34]. This
discrepancy may lie in the cause of the DNA damage, oxidative stress-
induced versus ionizing radiation-induced andwhether or not PARP is
overactivated. These findings indicate that different mechanisms of
DNA damage may lead to different tissue responses. Diabetic
cardiomyopathy, due to hyperglycemia, is a slow chronic process
while radiation may cause acute tissue injury. However, further
investigation is necessary to elucidate the exact mechanism by which
PARP inhibition may stimulate or prevent DNA strand breakage. One
cannot exclude the possibility that other actions of ABA such as a
scavenger of free radicals [35] may play a role in preventing this
hyperglycemia-induced double stranded DNA damage seen in the
cardiomyocytes and decreased staining positivity of oxidative stress
markers 8-OHdG and NT in the rats. However, our studies included
PARP-1−/− mice which exhibited similar staining patterns of the
aforementioned markers as the ABA-treated rats and treatments with
ISO, a potent PARP inhibitor, yielded results that mirror our in vitro
ABA studies. This further strengthens our notion that inhibition of
PARP is the primary reason a reduction in hyperhexosemia-induced
oxidative stress is seen rather than a confounding result due to the
non-specific actions of ABA. In further support of the efficacy of ABA
on preventing PARP inhibition, this compound was found to provide
comparable degrees of restoration of endothelium-dependent relaxa-
tion capacities in diabetic blood vessels when compared to other more
potent inhibitors of PARP [29]. In addition, ABA-treated blood vessels
had NAD+ levels that were significantly elevated compared to diabetic
controls while NADH levels were significantly lowered [29].
We have previously shown that p300 is upregulated in the heart
and in the retina of diabetic animals and in endothelial cells exposed
to HG levels [17]. We have also demonstrated that p300 regulates the
expression of ECM protein FN in the context of diabetes [17]. p300
directly interacts with the p65 subunit of NFκB to regulate the
transcription of multiple genes [36]. In diabetic retinopathy, NFκB has
been shown to be regulated by PARP possibly through p300 [37]. It has
been reported that both PARP and p300 interact to form a complex
which regulates gene expression by binding onto promoter regions
[8]. Furthermore, it has been suggested that the presence of the PARP
protein itself is what mediates its co-activator function on NFκB and
not its DNA binding nor its enzymatic activity [38]. Our lab has shown
that activation of transcription factors NFκB and AP-1 mediates the
expression of FN in all target organs of diabetic complications [11]. In
addition, PARP has been shown to regulate NFκB transcriptional
activation in vivo and that this regulation is through p300 [8]. Our
study showed that PARP inhibition attenuated the hyperhexosemia-
induced upregulation of p300 in both rodent models and in vitro in
HUVECs. We also found that hyperhexosemia-induced increased FN
levels were reduced when PARP is inhibited, showing the same trends
as p300. These findings suggest that PARP mediates its hyperhex-
osemia-induced transcriptional effects through p300 and may utilize
other transcription factors, such as NFκB, to regulate hyperhexosemia-
induced upregulation of FN. The possibility of the involvement of
other transcriptional co-activators such as CREB binding protein and
other transcription factors cannot be excluded and would require
further investigation.



Fig. 7. Real time RT-PCR analyses of HUVECs showing hyperglycemia-induced increased
PARP, p300 and FN mRNA were normalized with TSA treatment (a) and ABA treatment
also prevented glucose-induced ET-1 and FN upregulation (b) [n=5, mRNA is expressed
as a ratio of target to housekeeping gene (relative to control); ⁎pb0.05 compared to LG,
†pb0.05 compared to HG and ‡pb0.05 compared to LG+ABA or LG+TSA; TSA =
trichostatin A, all other abbreviations similar to Fig. 6].
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The action of HATs, such as p300, are counteracted by HDACs [39].
It is of interest to note that in our studies HDAC activity levels were
increased in the diabetic rats and theWT galactose-fed mice. This was
unexpected since there was increased gene expression of FN and ET-1
seen in these animals. However, this finding suggests that HDACs may
either be attempting to counteract the elevated levels of HATs such as
p300 through increased deacetylation of lysine residues in hyperhex-
osemic conditions evenwith PARP inhibition or that HDACsmay play a
role in this pathway upstream of PARP and p300. These notions are
strengthened upon the treatment of HUVECs with HDAC inhibitor TSA
which prevented the glucose-induced upregulation of PARP, p300 and
FN mRNA. This signifies a more complex regulatory relationship
between HATs and HDACs. However, the exact role of HDACs in the
hyperhexosemic heart requires further investigation.

The finding that PARP activity is regulated through transcriptional
co-activator(s), possibly by histone acetylation, is very interesting
and provides insight into how PARP may exert its transcriptional
effects. Furthermore, the finding that the relationship between HATs
and HDACs may not be as simple as a balance suggests that a more
complex interplay exists between the two molecules when regulat-
ing chromatin relaxation and gene expression. Such epigenetic
regulation of gene expression has not been adequately explored in
the context of diabetic cardiomyopathy and in other chronic diabetic
complications.
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