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Abstract
Diabetes mellitus is a primary risk factor for cardiovascular diseases and heart failure. Activation
of the retinoic acid receptor (RAR) and retinoid X receptor (RXR) has an anti-diabetic effect; but,
a role in diabetic cardiomyopathy remains unclear. Using neonatal and adult cardiomyocytes, we
determined the role of RAR and RXR in hyperglycemia-induced apoptosis and expression of
renin-angiotensin system (RAS) components. Decreased nuclear expression of RARα and RXRα,
activation of apoptotic signaling and cell apoptosis was observed in HG treated neonatal and adult
cardiomyocytes and diabetic hearts in ZDF rats. HG-induced apoptosis and reactive oxygen
species (ROS) generation was prevented by both RAR and RXR agonists. Silencing expression of
RARα and RXRα, by small interference RNA, promoted apoptosis under normal conditions and
significantly enhanced HG-induced apoptosis, indicating that RARα and RXRα are required in
regulating cell apoptotic signaling. Blocking angiotensin type 1 receptor (AT1R); but, not AT2R,
attenuated HG-induced apoptosis and ROS generation. Moreover, HG induced gene expression of
angiotensinogen, renin, AT1R and angiotensin II (Ang II) synthesis were inhibited by RARα
agonists and promoted by silencing RARα. Activation of RXRα, downregulated the expression of
AT1R; and RXRα silencing accelerated HG induced expression of angiotensinogen and Ang II
synthesis, whereas there was no significant effect on renin gene expression. These results indicate
that reduction in the expression of RARα and RXRα has an important role in hyperglycemia
mediated apoptosis and expression of RAS components. Activation of RAR/RXR signaling
protects cardiomyocytes from hyperglycemia, by reducing oxidative stress and inhibition of the
RAS.
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Introduction
Diabetes mellitus (DM) results in numerous cardiovascular complications, which are a
major cause of morbidity and mortality in the diabetic population (Ho et al., 1993). Diabetes
can result in cardiac damage in the absence of coronary artery disease, leading to diabetic
cardiomyopathy (Devereux et al., 2000; Ilercil et al., 2001), characterized by systolic and
diastolic dysfunction due to reduced contractility, prolonged relaxation, and decreased
compliance of the myocardium. Several factors have been postulated to contribute to the
pathogenesis of diabetic cardiomyopathy, including hyperglycemia, insulin resistance,
oxidative stress and the renin-angiotensin system (Karnik et al., 2007; Marra et al., 2002;
Penckofer et al., 2002). Hyperglycemia-induced apoptosis has an important role in diabetic
cardiomyopathy in both animals and humans (Baraka and AbdelGawad, 2010; Kuethe et al.,
2007). Attenuation of cardiomyocyte apoptosis has been shown to prevent the progression of
cardiac remodeling associated with diabetes (Cai et al., 2006; Katare et al., 2010; Li et al.,
2009). It is well known that hyperglycemia causes cardiac remodeling due to increased
production of reactive oxygen species (ROS) and an altered cellular redox state (Cai et al.,
2006; Fiordaliso et al., 2004). Hyperglycemia-induced ROS generation contributes to the
expression of angiotensinogen (Ao), the sole substrate of the renin-angiotensin system
(RAS) (Hsieh et al., 2002). Enhanced expression of RAS components has been implicated in
the development of diabetic cardiomyopathy (Dzau, 2001). Moreover, activation of AT1R
induces the generation of oxygen-derived free radicals, which can have detrimental effects
(Nickenig and Harrison, 2002). These data suggest that the interaction between
hyperglycemia-induced apoptosis, ROS and the RAS has an important role in the
development of diabetic cardiomyopathy.

All-trans retinoic acid (ATRA), the active metabolite of vitamin A, is important for both
cardiac development and differentiation into adult muscle cells (Kastner et al., 1997;
Subbarayan et al., 2000). The pleiotropic activities of RA in regulating cell proliferation and
differentiation are mediated by two classes of nuclear receptors, retinoic acid receptors
(RARα, β and γ), which respond to ATRA; and retinoid X receptors (RXRα, β and γ), which
are activated by the 9-cis-isomers of RA exclusively. Specific functions of the different
retinoid receptors during heart embryogenesis have been identified using genetic
approaches. RARα, RARβ and RARγ single mutations in mice had no effect on heart
development (Li et al., 1993; Lohnes et al., 1993; Luo et al., 1995). Significant heart
malformations were only demonstrated with double mutations of RARα/RARβ and RARα/
RARγ; but, not RARβ/RARγ (Lohnes et al., 1994; Mendelsohn et al., 1994), suggesting that
RARα may be the major subtype receptor of RAR, in regulating heart formation. Disruption
of the RXRα gene in mice, results in cardiac defects and heart failure (Dyson et al., 1995;
Sucov et al., 1994), while RXRβ and RXRγ gene knockout mice have normal heart
formation. Double mutation of RXRβ-/-/RXRγ-/- or triple mutation of RXRα+/-/RXRβ-/-/
RXRγ-/- mice are viable, displaying no obvious congenital heart abnormalities (Krezel et al.,
1996). These studies suggest that RXRα is the main RXR isoform implicated in cardiac
development and function. During the postnatal stage, we and others have demonstrated that
activation of both RAR and RXR suppresses myocardial cell hypertrophy, in response to a
variety of hypertrophic stimuli (Palm-Leis et al., 2004; Wang et al., 2002; Wu et al., 1996;
Zhou et al., 1995), indicating that RAR/RXR mediated signaling has an important role in
regulating the transition from adaptive cardiac hypertrophy to heart failure. However, little
is known about the role of RAR and RXR in the development of diabetic cardiomyopathy.

There is evidence that vitamin A metabolism is impaired, especially in poorly controlled
diabetes (Basu and Basualdo, 1997; Basualdo et al., 1997). The plasma level of retinol in
type 1 diabetic humans and animals is decreased (Baena et al., 2002; Tuitoek et al., 1996),
while administration of ATRA improves type 1 diabetes (Van et al., 2009). RXR agonists
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sensitize insulin action and rescue hyperglycemia, hypertriglyceridemia and
hyperinsulinemia in type 2 diabetic mouse models (Leibowitz et al., 2006; Mukherjee et al.,
1997). Thus, changes in RA signaling via the extracellular/intracellular RA level or the
expression of RAR/RXR, closely correlate with the development of diabetes and insulin
resistance. The anti-diabetic effects of RA may have an important role in diabetes induced
cardiac remodeling.

Here, we report that RARα and RXRα are downregulated in HG exposed cardiomyocytes
and diabetic hearts. The decreased expression of RARα and RXRα contributes to
hyperglycemia-induced cardiac remodeling. High glucose-mediated upregulation of RAS
components is inhibited by activation of RARα; and promoted by loss of function of RARα.
These findings suggest that RAR/RXR mediated signaling may have therapeutic potential,
by preventing hyperglycemia induced cardiac remodeling and regulating expression of RAS
components.

Materials and Methods
Antibodies and Reagents

Cell culture medium, antibiotics and fetal bovine serum (FBS) were obtained from
Invitrogen (Baltimore, MD). The Annexin V-FITC Apoptosis Detection Kit was obtained
from Roche Diagnostics (Indianapolis, IN). Total and cleaved caspase-3 antibodies were
purchased from Cell Signaling (Boston, MA). RAR (α, β, γ), RXR (α, β, γ), Bax, Bcl-2, and
histone antibodies were obtained from Santa Cruz (Delaware, CA). The Ang II EIA kit and
Ang II antibody for immunochemistry were purchased from Peninsula Laboratories
(Belmont, CA). All-trans retinoic acid (ATRA, pan-RAR agonist), TTNPB (RAR agonist),
9-cis RA (pan-RXR agonist), Ang II, losartan (AT1R blocker), PD123319 (AT2R blocker),
Benazepril (angiotensin converting enzyme inhibitor), D-glucose, D-mannitol, actin
antibody and other reagents were purchased from Sigma (St. Louis, MO). Am580 (selective
RARα agonist) was from Biomol International (Plymouth Meeting, PA). LGD1069 (RXR
selective agonist) was from LC Laboratories (Woburn, MA). AGN193109 (pan-RAR
antagonist) was from Allergen pharmaceuticals and HX532 (pan-RXR antagonist) was a gift
from Dr. Kagechika (University of Tokyo, Japan). DOSPER [1, 3-dioleoyloxy-2-(6-
carboxyspermly)-propyl amide] was from Roche (Indianapolis, IN). NAC (N-acetyl
cysteine), DPI (diphenyleneiodonium) and Tiron (1, 2-Dihydroxy-3, 5-benzenedisulfonic
acid disodium) were purchased from Calbiochem (Gibbstown, NJ).

Rat cardiomyocyte culture
Animal use was approved by the Institutional Animal Care and Use Committee of the Texas
A&M Health Science Center and conformed to the Guide for the Care and Use of
Laboratory Animals, published by the National Institutes of Health (NIH Pub. No.85-23,
1996). Primary cultures of neonatal cardiomyocytes were prepared from ventricles of 1- to
2-day-old Sprague-Dawley rat pups, as previously described (Palm-Leis et al., 2004). Adult
female rats (Sprague-Dawley, 6 weeks old) were anesthetized and hearts were removed from
the chest cavity, rinsed with Dulbecco's modified essential medium (DMEM) and
cardiomyocytes isolated by enzymatic dissociation with collagenase (Claycomb and
Palazzo, 1980). Freshly isolated cardiomyocytes were plated on laminin (20 μg/ml) coated
chamber slides at a density of 2×104 cells/cm2 and incubated overnight in DMEM,
containing 10% FBS and 0.1 % penicillin-streptomycin, at 37°C, in an atmosphere
containing 5% CO2. After 12 h of plating, the medium was changed and myocytes were
cultured for 24 h in DMEM containing 5 % FBS, 5.5 mM (normal glucose, NG) or 25 mM
glucose (HG), in the absence or presence of different agonists for RAR and RXR. To
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prevent growth of nonmyocytes, the medium was also supplemented with 10 mM cytosine-
β-D-arabinofuranoside.

Animal groups
Male Zucker diabetic fatty (ZDF) rats and age matched lean Zucker rats (Charles River
Laboratories) were used. All animals were randomized into 6 groups (6 rats/group) at the
age of 8 weeks: (1) untreated lean rats; (2) untreated ZDF rats; (3) Lean rats treated with
ATRA (20 mg/kg body weight/day); (4) Lean rats treated with LGD1069 (20 mg/kg body
weight/day); (5) ZDF rats + ATRA and (6) ZDF rats + LGD1069. Rats were given vehicle
(corn oil, 1 μL/g body), ATRA or LGD1069, orally by gastric gavage, daily. All rats had
free access to rat chow (Purina 5008, Charles River Laboratories) and water. Body weight
was monitored daily and fasting blood glucose measured weekly using a commercially
available glucometer (Elite’ Bayer, Newbury, U.K.). Rats were sacrificed after 2 weeks of
treatment, blood collected by direct cardiac puncture and hearts arrested in Krebs-Henselite
solution and immediately placed into liquid nitrogen.

Cardiomyocyte apoptosis
Apoptotic cardiomyocytes were detected using the terminal deoxynucleotide transferase-
mediated dUTP nick-end labeling (TUNEL) assay, caspase-3 activity and Annexin V
binding analysis (Choudhary et al., 2008a). TUNEL assay was performed using a
commercial kit (Millipore, Temecula, CA), following the manufacturer's instructions.
Myocyte cytoplasm and nuclei were counterstained with phalloidin and DAPI, respectively.
Caspase-3 activity was determined by both Western blotting and immunostaining. For
cleaved caspase-3 staining, cardiomyocytes cultured in 2-well chamber slides were washed
with cold PBS. After fixation with 4% paraformaldehyde solution, cells were incubated with
anti-cleaved caspase-3 antibody (1:200) overnight at 4°C, followed by fluorescein
isothiocyanate-conjugated goat anti-rabbit IgG (1:200; Molecular Probes). The number of
positively stained cells was counted from 20 fields per slide. Annexin V binding and FACS
analysis were performed. Quantitative results of apoptotic cells were averaged from three
independent experiments. Total cell lysates were collected from treated and untreated cells
and the expression of Bcl2, Bax and caspase-3 activity were determined by Western
blotting, using specific antibodies against Bcl2, Bax and caspase-3 (Choudhary et al.,
2008a).

Intracellular ROS generation
Intracellular generation of ROS was determined by flow cytometry with 2, 7-
dichlorodihydrofluorescein diacetate (DCF) staining (Choudhary et al., 2008a). Data were
expressed as F/FO (fluorescence of test sample/fluorescence of control), and analyzed by
CellQuest software on a BD FACScan.

Ang II measurement
Ang II was measured in cell lysates and the culture medium by a quantitative, competitive
EIA kit (Peninsula Laboratories), as previously described (Baker et al., 2004; Sakoda et al.,
2010; Singh et al., 2007). Briefly, cell culture medium was collected after treatment, and
cells were washed three times with ice-cold phosphate-buffered saline. Cells were extracted
in lysis buffer containing 20 mM Tris-HCl, 10 mM EDTA, 5 mM EGTA, 5 mM
mercaptoethanol, 1 mM PMSF, 1 μg/ml aprotinin and pepstatin. Cell lysate was
homogenized and sedimented at 4 °C, 13,000 rpm, for 15 min. The supernatant was
collected and passed over a DSC-18 column (Supelco, Bellefonte, PA) and eluted with
methanol. The methanol was evaporated and the peptide reconstituted in PBS. To purify
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Ang II from the culture medium, the medium was passed through Biomax 10K filters before
applying over a DSC-18 column.

Real time RT-PCR
Gene expression of cardiac RARα, RXRα, Ao, renin, ACE, ACE2, AT1R and AT2R was
determined by real time RT-PCR, as described previously (Choudhary et al., 2008b). PCR
was performed using the Mx3005P Real-time PCR System (Stratagene, TX). The relative
amount of mRNAs was calculated using the comparative CT method. GAPDH mRNA was
used as an internal control for all experiments.

Transfection of cardiomyocytes by small interfering RNA (siRNA)
Cardiomyocytes were transfected with Stealth/ siRNA oligoribonucleotides (50 nM for
RXRα, No. 34, 35 and 36; and 100 nM for RARα, No.57, 58 and 59, Invitrogen), using 3
μg/ml DOSPER for 12 h, in OPTIMEM I medium (Gibco, Invitrogen). Scrambled probe
was used as a negative control. After washing, cells were maintained in DMEM medium
with 5 % FBS, and subjected to different treatments. The siRNA probes were as follows:
RARα (57) sense 5’-UAAUCUGGUCGGCAAUGGUGAGGGU-3’, anti-sense 5’-
ACCCUCACCAUUGCCGACCAGAUUA-3’; RXRα (34) sense 5’-UUCUCU
ACAGGCAUGUCCUCGUUGG-3’, anti-sense 5’-
CCAACGAGGACAUGCCUGUAGAGAA-3’.

Nuclear expression of RAR and RXR
Nuclear proteins were extracted from cardiomyocytes or left ventricular myocardium, using
NE-PER reagents (Thermo Scientific). The purity of nuclear protein extraction was
determined before performing experiments. The same amount of cytoplasmic and nuclear
proteins (40 μg) were separated by SDS–PAGE and transferred to a PVDF membrane for
Western blotting using a specific HSP90 (heat shock protein 90) antibody, which provided
detection in the cytoplasmic but not nuclear extraction. The absence of expression of HSP90
in the nuclear proteins, demonstrates the absence of contamination of cytoplasmic protein in
the nuclear extraction. Nuclear expression of RAR and RXR was determined by Western
blotting, using antibodies against RARα, -β, -γ, and RXRα, -β and -γ.

Statistical analysis
Data are expressed as the mean ± SEM. Statistical significance was determined using one-
way ANOVA, combined with the Tukey-Kramer Multiple Comparisons test. P < 0.05 was
considered statistically significant.

RESULTS
RAR and RXR expression in high glucose treated cardiomyocytes and diabetic hearts

To determine the effect of high glucose (HG) on cardiac expression of RAR and RXR,
primary cultured cardiomyocytes were exposed to normal glucose (5.5 mM) or HG (25
mM), with or without pretreatment with 1 μM of ATRA for different time periods. Nuclear
protein expression of RAR and RXR was determined. Significant downregulation of the
expression of RARα and RXRα was observed following 4 - 48 h of HG stimulation (Fig. 1A
& B), whereas no significant changes were observed in the expression of other receptors
(data not shown). ATRA treatment induced the expression of RARα and RXRα in
cardiomyocytes cultured in normal glucose medium and prevented the downregulation in
HG treated cells. Mannitol did not have any significant effect. We next determined whether
the decrease in RARα and RXRα protein levels was preceded by a decrease in mRNA
levels. As shown in Fig. 1C & D, HG produced a modest decrease in the levels of RARα
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and RXRα mRNA. A rapid decrease (5%) was observed from 2 h of HG exposure, with an
observed maximal decrease in RARα mRNA (15%) at 8 h, and RXRα mRNA (25%) at 24 h.
These decreases were sustained for 72 h. With the limitation of in vitro studies, changes in
the expression of RAR and RXR in cultured cardiomyocytes may not represent in vivo,
chronic diabetic conditions. To determine the effect of diabetes on cardiac expression of
RAR and RXR, ZDF rats and age matched Zucker lean rats were sacrificed at 10 weeks of
age. Compared to Zucker lean rats, a significant decrease in nuclear expression of RARα
and RXRα proteins (Fig. 1E) and mRNA levels (Fig. 1F) was observed in ZDF rat hearts.
These results are consistent with the in vitro data and suggest that cardiac expression of
RARα and RXRα is impaired at both gene and protein levels, directly and/or indirectly by
hyperglycemia.

ATRA protects cardiomyocytes from hyperglycemia-induced apoptosis
After 24 h of serum starvation, neonatal cardiomyocytes were pretreated with different doses
of ATRA for 2 h and then exposed to HG for 24h. Apoptosis was analyzed by flow
cytometry, using an Annexin V staining kit. Flowcytometric data demonstrated increases of
the Annexin V positive population following HG stimulation (Fig. 2A) and ATRA
significantly inhibited the percentage of Annexin V positive cells, even at lower doses
(0.01-1 μM). The increased TUNEL positive cell population (Fig. 2B & C) and caspase-3
activity (Fig. 2D) in HG-stimulated cells was dose-dependently inhibited by ATRA. A mild
apoptotic response (~5% apoptotic cells) was also observed in untreated cells, due to serum
starvation (we compared with non-starved cells, data not shown). ATRA partially attenuated
this basal apoptotic response. To confirm our findings, we further examined caspase-3
cleavage and expression of pro-apoptotic and anti-apoptotic Bcl2 protein family members
(Fig. 2E). HG resulted in cleavage of the caspase-3 holoenzyme (30 kDa) to form a smaller,
active p17 subunit. HG also reduced the protein level of the anti-apoptotic member Bcl2 and
increased the level of pro-apoptotic Bax, resulting in a decreased Bcl2/Bax ratio. ATRA
prevented the hyperglycemic effects on caspase-3 cleavage, upregulation of Bax and
downregulation of Bcl2.

Using cultured adult cardiomyocytes, we determined whether there was a similar apoptotic
response to HG as observed in neonatal cardiomyocytes. Primary cultured adult rat
cardiomyocytes were exposed to normal or HG for 24 h, in the presence or absence of 1 μM
of ATRA, 9-cis RA, Am580 or SR11345. 9-cis RA is a pan-RXR ligand that activates all
RXR subtypes (Dawson, 2004); Am580 is a selective high affinity RARα ligand that
activates RARα (Delescluse et al., 1991); and SR11345 is a selective ligand for RXRα
(Dawson and Zhang, 2002). Cell apoptosis was determined by immunostaining, using
specific antibody against cleaved caspase-3. As shown in Fig. 3A, a significant increased
caspase-3 signal was observed in HG-stimulated adult cardiomyocytes, which was
significantly inhibited by ATRA and Am580, and partially inhibited by 9-cis RA or
SR11345. These data suggest that activation of RAR and RXR, especially RARα/RXRα
mediated signaling, inhibits the hyperglycemia-induced apoptotic response in both neonatal
and adult cardiomyocytes.

Activation of RAR and RXR inhibits apoptotic signaling in diabetic hearts
To confirm our in vitro findings, we determined the role of RAR and RXR in the diabetic
heart, using ZDF rats. Consistent with a diabetic phenotype, ZDF rats were obese and
hyperglycemic (body weight: 381 ± 12.4 mg; blood glucose: 528 ± 28 mg/dl), compared
with Zucker lean rats (body weight: 279 ± 2.8 mg; blood glucose: 85 ± 1.7 mg/dl). The
increased body weight in ZDF rats was reduced following 2 weeks of ATRA treatment (328
± 7.4 mg, p <0.001 vs ZDF group); but, not in LGD1069 treated animals (379 ± 5.5 mg, p>
0.05 vs ZDF group). ATRA and LGD1069 treatment, both significantly reduced the
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increased blood glucose level in ZDF rats (223 ± 25 mg/dl and 260 ± 12 mg/dl, respectively;
p<0.001 vs ZDF group). We further determined the effect of RA on the expression of Bcl2
and Bax proteins in diabetic heart. Myocardium lysates were prepared and protein
expression of Bcl2 and Bax determined by Western blotting. As shown in Fig. 3B, increased
Bax and decreased Bcl2 expression was observed in ZDF rat (10 weeks of age) hearts,
resulting in a decreased Bcl2/Bax ratio, indicating increased apoptotic cell death signaling in
the diabetic heart. The decreased Bcl2/Bax ratio was significantly improved by ATRA and
LGD1069 treatment, suggesting that activation RAR/RXR-mediated signaling can protect
the myocardium from diabetes-induced cell death.

Role of RAR and RXR in hyperglycemia-mediated apoptosis
To determine the role of RAR and RXR in HG-induced apoptosis, cells were pretreated with
or without 1 μM of AGN193109 or HX531 for 1 h, and exposed to HG for 24 h, in the
absence or presence of 1 μM of ATRA, TTNPB, Am580 or 9-cis RA. AGN193109 exhibits
potent antagonism of ATRA-mediated transactivation of RARα, RARβ and RARγ (Johnson
et al., 1995; Klein et al., 1996). HX531, an antagonist of RXRs, antagonizes the activation
of RAR-RXR heterodimmer induced by 9-cis RA (Ebisawa et al., 1999). As shown in Fig.
4A, HG-induced increases in the percentage of Annexin V-positive cells were attenuated by
all of the agonists and the anti-apoptotic effect of ATRA was abrogated by the antagonists
AGN193109 and HX531, indicating the participation of both RAR and RXR in the
cardioprotective effect of ATRA. RARα and RXRα are the two major receptor subtypes that
have an important role in developmental heart formation. Expression of these receptor
subtypes was reduced by HG in both neonatal cardiomyocytes and the diabetic adult heart
(as shown in Fig. 1). To determine the contribution of RARα and RXRα in HG-induced cell
apoptosis, the expression of RARα and RXRα was silenced by siRNA. Cells were
transfected with a final concentration of 50-200 nM Stealth/siRNA oligoribonucleotides for
RARα or RXRα. Scrambled siRNA probe was used as a non specific control. After 12 h of
transfection, cells were washed and cultured for another 24 h. Nuclear protein was extracted
and the expression of RARα and RXRα determined. Transfection of siRNA probes 57 and
34, significantly knocked down the expression of RARα and RXRα, respectively, compared
to scrambled siRNA (Fig. 4B). Following 12 h of transfection, cardiomyocytes were
exposed to HG for 24 h, in the presence or absence of selective agonists for RARα and
RXRα, and cell apoptosis was evaluated by TUNEL. As shown in Fig 4C, HG-induced
increases in the TUNEL positive cell population were significantly inhibited by either
Am580 or SR11345. Interestingly, silencing RARα or RXRα resulted in a modest apoptotic
effect (lane 9 and 13), compared to scrambled normal control. HG-induced apoptosis was
further accelerated by silencing RARα or RXRα (lane 10 and 14). Am580 and SR11345 had
no significant effect on HG-induced cellular apoptosis, when the expression of RARα or
RXRα was silenced. Similar results were observed in HG-induced caspase-3 activity (data
not shown). These data suggest that both RARα and RXRα are required for maintaining cell
survival and that downregulation of RARα or RXRα has an important role in
hyperglycemia-induced cardiomyocyte apoptosis.

Activation of RAR and RXR signaling inhibits HG-mediated ROS generation
To determine whether the protective effect of RA on HG-induced apoptosis is regulated by
reducing oxidative stress, cardiomyocytes were pretreated with or without ATRA (10 nM to
10 μM) for 2 h, exposed to HG for 1 h, and intracellular oxidant production monitored by
DCF staining and flow cytometry. An increased DCF fluorescence intensity was observed in
HG stimulated cells (Fig. 5A), which was blocked by ATRA. To determine whether
activation of RAR and RXR has an effect on ROS generation, cells cultured in normal or
HG medium were treated with different antagonists or agonists for RAR and RXR and the
contribution of RAR and RXR on the RA-mediated inhibitory effect on ROS generation
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determined. As shown in Fig. 5B, the HG-induced increase in DCF fluorescence intensity
was inhibited by ATRA, TTNPB, Am580 and 9-cis RA. ATRA-mediated inhibition of DCF
fluorescence intensity was reversed by AGN193109 and HX531, suggesting that both RAR
and RXR are involved in regulating hyperglycemia-induced intracellular ROS generation.

Both NADPH oxidase and mitochondrial-derived ROS have been proposed to contribute to
the development of diabetic cardiomyopathy (Shen et al., 2009; Song et al., 2007). To
determine the source of increased ROS in HG-stimulated cardiomyocytes, we used N-acetyl
cysteine (NAC, 10 mM, a ROS scavenger); 1, 2-dihydroxybenzene-3, 5-disulfonate (Tiron,
5 mM, a superoxide scavenger); diphenyleneiodonium (DPI, 10 μM, NADPH-oxidase
inhibitor) and rotenone (10 μM, inhibitor of mitochondrial complex I). The addition of these
agents to cardiomyocytes prevented HG-induced ROS generation (Fig 5C), indicating that
both NADPH oxidase and mitochondrial-derived ROS are involved. These results suggest
that activation of RAR/RXR signaling has a protective role, by inhibiting HG-induced
oxidative stress.

Ang II/AT1R signaling is involved in HG-mediated apoptosis and ROS generation
To determine if the local renin-angiotensin system was involved in HG-mediated cellular
injury, cardiomyocytes were treated with losartan (Los, AT1R antagonist, 1 μM), PD123319
ditrifluoroacetate (PD, AT2R antagonist, 10 μM) or benazepril (BE, ACE inhibitor, 100 nM)
for 1 h, before HG stimulation. As shown in Fig 6A & B, HG-induced apoptosis and ROS
generation were significantly inhibited by losartan; but, not by PD123319, indicating that
Ang II via AT1R contributes to HG-mediated cellular injury. Benazepril only partially
inhibited HG-induced apoptosis and ROS generation. We next determined the effect of RA
on Ang II-induced cellular injury. Cells were exposed to HG, Ang II, or HG+Ang II, with or
without ATRA treatment. As shown in Fig. 6C & D, both HG and Ang II promoted cell
apoptosis and intracellular ROS generation. Ang II had an additional effect on HG-mediated
intracellular ROS generation; however, no additional effect was observed on HG-mediated
apoptosis. ATRA prevented both Ang II and HG induced cell apoptosis and oxidative stress.
These data indicate that Ang II/AT1R signaling is involved in the hyperglycemic effects on
cell apoptosis and ROS generation, while ATRA largely prevented the cellular effects
caused by HG and Ang II.

RA inhibits HG induced cardiac Ang II synthesis
To determine the effect of RA on HG induced Ang II synthesis, cardiomyocytes were
exposed to HG for 24 h, with or without ATRA. Ang II was measured in cell lysates and
culture medium, using a quantitative, competitive EIA kit (Singh et al., 2007). Significantly
increased levels of Ang II were observed in lysates of HG-stimulated cardiomyocytes,
compared to control (Fig. 7A). Interestingly, Ang II levels in the culture medium were not
affected by HG (data not shown), suggesting that the HG effects were exhibited only on the
intracellular RAS. Mannitol had no effect on Ang II levels. RA inhibited Ang II levels in
cell lysates, in a dose-dependent fashion. We further determined the contribution of RAR
and RXR in the regulation of Ang II synthesis, using different receptor agonists. As shown
in Fig. 7B, the increased Ang II levels were inhibited by RAR agonists (ATRA, TTNPB and
Am580); but, not by 9-cis RA, indicating that RAR mediated signaling contributes to the
inhibitory effect of RA on intracellular Ang II synthesis.

Role of RARα and RXRα in the regulation of expression of RAS components
De novo synthesis of Ang II necessitates the presence of precursor components of the RAS.
To determine the role of RARα and RXRα in regulation of HG-stimulated gene expression
of Ao, renin, ACE (angiotensin converting enzyme), ACE2, AT1R and AT2R,
cardiomyocytes were exposed to HG, in the presence or absence of Am580 and SR11345,
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for 24 h. Gene expression of these components was analyzed by real-time RT-PCR. As
shown in Fig. 8, Ao and renin mRNA were significantly increased in HG stimulated cells
and inhibited by low doses (0.1 and 1 μM) of Am580; but, not by SR11345. The inhibitory
effect of SR11345 was only observed at a higher dose (5 μM). Expression of AT1R was
increased following HG stimulation and inhibited by both Am580 and SR11345. No
significant changes were observed in ACE, ACE2 and AT2R, following HG exposure.
Expression of ACE2 and AT2R was slightly increased in Am580 treated cells, and ACE
expression was unaffected by either Am580 or SR11345.

To confirm the role of RARα and RXRα in the regulation of expression of RAS
components, we silenced expression of RARα and RXRα, with the appropriate siRNA. As
shown in Fig. 9A and B, silencing RARα, enhanced expression of Ao and renin in
cardiomyocytes (lane 7), an increase comparable to HG stimulation. HG stimulated
expression of Ao and renin (lane 4) was synergistically increased in RARα silenced cells
(lane 9) and these increases were not inhibited by Am580 and SR11345. Silencing of RXRα
promoted Ao gene expression, under normal and HG conditions (lane 8 & 9) and the
increased Ao expression was partially inhibited by Am580 (lane 13). Renin expression was
not affected by silencing RXRα. We further determined the contribution of RARα and
RXRα in HG-induced intracellular synthesis of Ang II. As shown in Fig. 9C, in control
cells, cytoplasmic Ang II staining was very faint. A dramatically elevated level of staining
was observed in HG exposed cells, which correlated with the intracellular Ang II levels
detected by ELISA. The majority of staining was in the perinuclear and nuclear regions. The
increased Ang II staining was significantly suppressed by Am580, and partially inhibited by
SR11345. Increased Ang II staining was also observed in RARα and RXRα silenced cells,
and an additional effect was observed in HG plus siRARα or siRXRα treated cells. Silencing
of RARα, promoted synthesis of Ang II, which was not affected by either Am580 or
SR11345. However, Am580 partially inhibited the increased Ang II staining in RXRα
silenced cells, suggesting that RARα is likely the major receptor subtype contributing to the
regulation of RAS expression and intracellular Ang II synthesis.

DISCUSSION
In the present study, we observed a reduction in RARα and RXRα expression in diabetic
myocardium and HG treated neonatal and adult cardiomyocytes. Activation of RAR and
RXR mediated signaling prevented the hyperglycemic effects on cell apoptosis and ROS
generation. Silencing the expression of RARα and RXRα accelerated HG-induced apoptosis.
HG increased the expression of RAS components, which was further promoted by silencing
RARα and RXRα, and inhibited by activation of RARα and RXRα. These data suggest that
decreased expression of RARα and RXRα contributes to HG-induced cardiac remodeling,
through regulation of the expression of RAS components and oxidative stress related
pathways.

High glucose toxicity is an important initiator of cardiovascular disease, contributing to the
development of cardiomyocyte death and diabetic complications. Apoptotic cell death has
been found in the hearts of diabetic patients and animal models (Li et al., 1993; Lohnes et
al., 1993; Luo et al., 1995), and has an important role in initiating the early pathogenic
changes that lead to the development of diabetic cardiomyopathy (Baraka and AbdelGawad,
2010; Cai and Kang, 2003). However, hyperglycemia is not always associated with
cardiomyocyte death or apoptosis. It has also been reported that hyperglycemia or diabetes
protects cardiomyocytes or the heart from various pathological insults, such as ischemia and
hypoxia (Schaffer et al., 2000; Wang and Chatham, 2004). The pro- or anti-apoptotic effects
of high glucose may be associated with the presence or absence of insulin, or the exposure
time (Ricci et al., 2008; Xu et al., 2004). These data suggest that hyperglycemia may initiate

Guleria et al. Page 9

J Cell Physiol. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



distinct mechanisms that can precondition cardiomyocytes under stress conditions. In the
present study, we have focused on determining the direct effect of hyperglycemia on
cardiomyocytes under normal conditions. We observed cell apoptosis in neonatal and adult
cardiomyocytes, in response to high glucose exposure (24 hours). The apoptotic response
was also observed in hearts from 12 week old ZDF rats. Hyperglycemia or diabetes-induced
apoptosis were associated with a decrease in the anti-apoptotic protein Bcl2 and increased
pro-apoptotic protein Bax. These data indicate that acute hyperglycemia exposure or early
diabetes can directly initiate pro-apoptotic signaling, resulting in cardiomyocyte apoptosis.
Though our data are consistent with other studies (Rajamani and Essop, 2010; Shen et al.,
2009); the complexity of high glucose effects on cardiomyocytes necessitates further
evaluation of the role of hyperglycemia in cardiac remodeling, in different experimental
conditions and pathological insults.

Activation of RXR-mediated signaling improves insulin resistance in type 2 DM (Mukherjee
et al., 1997) and activation of RAR prevents the development of type 1 DM (Stosic-Grujicic
et al., 2009; Van et al., 2009), indicating that activation of RAR/RXR signaling has an
important role in the development of DM. A recent study has shown that activation of RXR
improves insulin responsiveness in cardiomyocytes (Montessuit et al., 2008), suggesting that
RXR mediated signaling may have a role in diabetic cardiomyopathy, through regulation of
glucose transport and the metabolic profile. We observed that hyperglycemia induced
cardiomyocyte apoptosis was prevented by activation of RAR and RXR, while abrogated by
inhibiting the activation of these receptors, indicating that RAR/RXR heterodimer mediated
signaling is involved in regulating hyperglycemia-induced cell apoptosis. The apoptotic
response in ZDF diabetic rat heart was also attenuated by ATRA and LGD1069 treatment.
We observed anti-diabetic effects (decreased blood glucose level) in ATRA and LGD1069
treated ZDF rats. Though we didn't study changes in cardiac glucose metabolism or
activation of insulin/PI3k/Akt signaling in these animals, it has previously been shown that
9-cis RA, which induces activation of RXR signaling, increased insulin stimulated glucose
transport and activation of Akt in cardiomyocytes (Montessuit et al., 2008), indicating that
the anti-apoptotic effect of ATRA and LGD1069 on diabetic heart, may be through
activation of PI3KAkt signaling. However, the anti-diabetic effect of ATRA and LGD1069,
may also be related to the anti-apoptotic effects of these ligands in ZDF rat hearts, by
improvement in local cardiac glucose metabolism. We have previously demonstrated that
ATRA inhibits intracellular ROS generation by increasing the anti-oxidant defense system
in mechanical stretch-induced cardiac injury (Choudhary et al., 2008a). Here, we
demonstrated that this mechanism also applies in hyperglycemia-induced apoptosis.
Superoxide generation is one of the earliest detectable cellular responses to HG. HG causes
mitochondrial membrane depolarization and a loss of uncoupling proteins, resulting in
increased oxidative stress, as well as the release of cytochrome c and activation of caspase-3
(Green and Reed, 1998; Wang, 2001). We observed that both rotenone and DPI inhibited
HG-mediated intracellular ROS generation, suggesting that HG may induce both
mitochondrial, as well as NADPH-oxidase derived ROS. HG-induced ROS generation was
prevented by pharmacological activation of RAR and RXR, indicating that RAR/RXR
heterodimer may serve as an important mediator of the endogenous cellular defense system,
against oxidative stress-induced cardiovascular dysfunction.

To our knowledge, there are no reports regarding the expression profile of RAR and RXR in
cardiomyocytes exposed to high glucose. We have reported previously that all six subtypes
of retinoid receptors are expressed in cardiomyocytes, though RARα and RXRα are the two
subtypes predominantly expressed (Palm-Leis et al., 2004). In the present study, we
demonstrated that RARα and RXRα are the major receptor subtypes downregulated in
cardiomyocytes, in response to HG and in diabetic rat hearts. Moreover, silencing the
expression of RARα or RXRα resulted in cell apoptosis and enhanced HG-induced cellular
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injury. Activation of RARα/RXRα mediated signaling protects cardiomyocytes from
hyperglycemia-induced apoptosis, through inhibition of pro-apoptotic signaling and by
enhancing anti-apoptotic signaling, indicating that both RARα and RXRα are required for
maintaining the balance between cell survival and apoptotic signaling. These data indicate
that hyperglycemia impairs RA signaling at the receptor level, and that decreased expression
of RARα/RXRα is involved in hyperglycemia-mediated dysregulation of RAR/RXR
transactivation and downstream signaling activity. We studied the expression of RARα and
RXRα in the early stage diabetic heart in the present study, and whether the changes of the
expression/activation of RAR and RXR during the development of DM are correlated with
the progressive structural and functional deterioration of cardiac muscle associated with
diabetes induced cardiomyopathy, needs to be addressed.

Little information is presently available regarding the intracellular signaling regulating
retinoid receptors in cardiomyocytes. Based on previous reports and our data, we present
several hypotheses regarding the mechanisms for regulation of the expression/activation of
RAR and RXR in diabetic hearts. First, it has been demonstrated that oxidative stress is an
important contributor to the onset and progression of diabetic cardiomyopathy (Marra et al.,
2002; Penckofer et al., 2002), and can induce downregulation of functional RXR protein in
H9C2 cardiomyocytes (Shan et al., 2008), indicating that high glucose-induced ROS
generation may contribute to the downregulated expression of RARα and RXRα in diabetic
cardiomyocytes. Pharmacological activation of RAR and RXR prevented the generation of
ROS, suggesting that a negative feedback between ROS and the expression/activation of
RAR and RXR may be involved. Second, the metabolic availability of vitamin A and the
carrier proteins are affected in poorly controlled type 1 and 2 diabetic patients (Baena et al.,
2002; Cho et al., 2006; Tuitoek et al., 1996; Yang et al., 2005). This may result in less
ATRA synthesis or intracellular transportation, leading to reduced stimulation of normal
expression and transactivation of retinoid receptors. Third, we have observed that both
protein and mRNA levels of RARα and RXRα were decreased; however, we cannot exclude
the possibility of additional post-translational modifications. It has been reported that the
transcriptional activity of RAR/RXR can be modulated through phosphorylation by various
kinases, such as PKC, JNK and p38 MAP kinase (Bastien and Rochette-Egly, 2004; Bruck
et al., 2005; Delmotte et al., 1999). The expression of RAR and RXR can also regulated by
proteasome-mediated degradation (Boudjelal et al., 2002; Kopf et al., 2000). Furthermore,
HG or advanced glycation end products may directly and/or indirectly result in reduced
RAR and RXR protein synthesis or increased degradation. Since downregulation of RARα
and RXRα might represent the initial predisposing step leading to metabolic and structural
changes during the development of cardiac remodeling, it will be important to further
determine the precise mechanisms mediating the downregulation of these receptors.

Expression/activation of the RAS has been implicated in the development of diabetic
cardiomyopathy and cardiac remodeling. The interaction between RA signaling and
regulation of RAS components has previously been reported. RA negatively regulates renal
RAS components in rats with experimental nephritis (Dechow et al., 2001). Downregulation
of AT1R is observed in RA treated vascular smooth muscle cells (Haxsen et al., 2001;
Takeda et al., 2000) and in hearts of SHR rats, which is accompanied by a decrease in blood
pressure (Zhong et al., 2005; Zhong et al., 2004). We have recently demonstrated that the
increased activation/expression of cardiac RAS components was inhibited by ATRA, in
pressure overloaded rats and mechanically stretched cardiomyocytes (Choudhary et al.,
2008b), indicating that activation of RAR/RXR negatively regulates the RAS, contributing
to the protective effects of RA. Based on these results, we hypothesized that the protective
effects of RA on hyperglycemia-induced cardiac remodeling were mediated via regulation
of RAS components. As demonstrated in this study, hyperglycemia-induced apoptosis and
ROS production were inhibited by an AT1R blocker, indicating that AT1R signaling
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contributed to hyperglycemia mediated cellular injury. ATRA inhibited HG- and Ang II-
induced cell apoptosis and ROS production and hyperglycemia stimulated synthesis of Ang
II, indicating an interaction between RA and Ang II signaling. ACE inhibitor only partially
inhibited hyperglycemia mediated cell apoptosis and ROS generation, consistent with a
previous study, demonstrating that HG-induced intracellular Ang II synthesis was chymase-
dependent in cardiomyocytes (Singh et al., 2007). It was previously demonstrated that HG
increased intracellular Ang II in cardiomyocytes, in the presence of candesartan (specific
AT1R blocker), indicating that the increase was due to intracellular synthesis and not uptake
via AT1R-mediated internalization (Singh et al., 2007). Corroborating these data, we again
observed that HG stimulated intracellular, but not extracellular Ang II synthesis. The
increased levels of Ang II were prevented by ATRA, suggesting that RA inhibits HG-
induced Ang II production, by regulating intracardiac Ang II synthesis.

We have shown that RXR agonist has no inhibitory effect on HG-induced Ang II synthesis,
suggesting that RAR; but not RXR, may be the major receptor involved in intracellular
regulation of Ang II synthesis. Using selective RARα and RXRα agonists, we observed that
activation of RARα significantly inhibited HG-induced gene expression of Ao and renin,
and that activation of RXRα alone had no significant effect. However, activation either
RARα or RXRα markedly suppressed the increased expression of AT1R. Silencing the
expression of RARα or RXRα, increased the basal level of gene expression of Ao and
dramatically increased Ao expression in combination with HG stimulation. In regard to
renin expression, silencing RARα; but, not RXRα, significantly increased basal level
expression and had a synergistic effect on HG-stimulated upregulation. Our results suggest
the following: (1) a certain level of expression of RARα and RXRα is required in the
regulation of expression of Ao and renin, under normal and hyperglycemic conditions; (2)
RARα/RXRα heterodimer-mediated signaling, negatively regulates RAS components; (3)
downregulation of RARα and RXRα contributes to hyperglycemia-induced expression/
activation of RAS components; (4) RARα is the major receptor subtype responsible for
regulating Ang II synthesis and gene expression of Ao and renin; and that RXRα has a
coordinate role; and (5) activation of RARα and RXRα leads to a reduction in AT1R
mediated signaling events, through downregulation of expression of AT1R.

In summary, our findings have several conceptual and therapeutic implications. The fact that
activation of RAR and RXR and silencing the expression of RARα and RXRα, regulated
cardiomyocyte apoptosis, provides evidence supporting a role of RARα and RXRα in
hyperglycemia-induced development of cardiac remodeling. The negative regulatory effects
of RARα and RXRα signaling, on hyperglycemia-induced expression of RAS components,
indicate that pharmacologic manipulation of RARα and RXRα activity, may be beneficial in
the treatment of heart dysfunction associated with increased expression of the renin-
angiotensin system. Thus, selective activation of RARα and RXRα mediated signaling, may
result in a cardioprotective effect, by inhibiting hyperglycemia/oxidative stress-induced
apoptosis and cardiac expression of RAS components, providing an important strategy for
therapeutic development in treating diabetic cardiomyopathy.
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Fig. 1. Expression of RARα and RXRα in high glucose treated cardiomyocytes and diabetic
hearts
A. Neonatal rat cardiomyocytes were exposed to normal (5.5 mM) or high glucose (HG, 25
mM) for the times indicated, with or without 1μM of ATRA (RA). Mannitol (M, 19.5 mM)
was used for osmolarity control. Equal amounts of extracted nuclear proteins (40 μg) were
separated on 10% SDS-PAGE. Expression of RARα and RXRα was detected using anti-
RARα and -RXRα antibodies. The blots were reprobed using anti-histone antibody, to verify
equal loading. B. The intensity of the bands was measured by densitometry and relative
intensity calculated, after subtraction of the histone level in each sample. *, p<0.01, versus
control (C); †, p<0.001, versus HG; #, p<0.001, versus RA+HG. C & D. RARα and RXRα
mRNA expression. Cardiomyocytes were exposed to HG for different time periods and total
RNA was isolated. Real-time RT-PCR was performed, as described in “Material and
Methods”. The mRNA levels were normalized to GAPDH. Data (mean ± SEM, n = 3) are
expressed as a relative value compared to control. *, p<0.05, versus control. E. Nuclear
protein expression of RARα and RXRα in diabetic myocardium. Nuclear proteins were
extracted from (10 week of age) ZDF and Zucker lean rat hearts. The expression of RARα
and RXRα was determined by Western blot. Histone was used to verify equal loading. F.
RARα and RXRα mRNA expression. Total RNA was isolated from lean and ZDF rat hearts,
and expression of RARα and RXRα mRNA was determined by Real-time RT-PCR and
normalized to GAPDH. Data (mean ± SEM, n = 6) are expressed as a relative value,
compared to lean control.*, p<0.01, versus lean group.
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Fig. 2. Effect of RA on hyperglycemia-induced apoptosis
A. After 24 h of serum starvation, cardiomyocytes were pretreated with ATRA (RA) for 2h
and exposed to HG for 24 h. Apoptosis was quantified by Annexin V-based flow cytometric
analysis. The percent of Annexin V+ cells was calculated from three independent
experiments and expressed as an apoptosis ratio. *, p < 0.001 versus control; †, p < 0.001
versus HG. TUNEL analysis (B) and caspase-3 activity (D) were performed as described in
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methods. Red color, Texas-red labeled phalloidin staining; blue, DAPI staining; green,
TUNEL and active caspase-3 staining; yellow, merged color. Results shown are merged
pictures representative of three separate experiments. Five hundred cardiomyocytes were
counted and the number of TUNEL-positive cells (C) and caspase-3 positive cells (D)
presented as a percentage from three independent experiments. *, p < 0.001 versus control;
†, p < 0.001 versus HG. E. Following 2 h of RA pretreatment, cardiomyocytes were exposed
to HG for 8 h. Cell lysates were prepared and expression of Bax, Bcl2 and caspase -3 was
determined by Western blotting. The blots were reprobed using anti-actin antibody, to verify
equal loading. Results are representative of three independent experiments. The intensity of
the bands was analyzed by densitometry. Data are presented as the mean ± SEM (n=3). *, p
< 0.001 versus control; †, p < 0.001 versus HG.

Guleria et al. Page 20

J Cell Physiol. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3. Effect of RA on cardiomyocyte apoptosis in diabetic heart
A. Adult rat cardiomyocytes were cultured in normal or HG medium, in the presence or
absence of ATRA (0.1 and 1 μM), 9-cis RA (9-cis, 0.1 and 1 μM), Am580 (1 μM) or
SR11345 (SR, 1μM) for 24 hours. Caspase-3 activity was determined, as described in
methods. Red color, Texas-red labeled phalloidin staining; blue, DAPI staining; green,
active caspase-3 staining. B. Left ventricle was collected from ZDF and Zucker lean rat
heats, following 2 weeks of treatment with ATRA and LGD1069. Cardiac expression of Bax
and Bcl2 was determined by Western blotting. The blots were reprobed using anti-actin
antibody, to verify equal loading. The intensity of the bands was analyzed by densitometry
and the Bcl2/Bax ratio calculated. Data are presented as the mean ± SEM (n=6). *, p < 0.001
versus Zucker lean group; †, p < 0.001 versus ZDF group; #, p < 0.001 versus lean +
LGD1069 group.
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Fig. 4. Role of RARα and RXRα in HG-mediated apoptosis
A. Cardiomyocytes were pretreated with or without 1μM of AGN193109 (AGN193), or
HX531 for 1 h, exposed to 1 μM of RA, TTNPB (TTN), 9-Cis RA (9-cis), Am580 or
mannitol (M) for 2h, under normal or HG conditions. Apoptosis was quantified by flow
cytometric analysis. *, p < 0.001 versus control; †, p<0.001 versus HG. B. Silencing of
RARα or RXRα was achieved by transfecting cardiomyocytes with individual, pre-designed
RARα and RXRα siRNA probes or scrambled siRNA (Scram) as a negative control. Nuclear
proteins were extracted and expression of RARα and RXRα was determined by Western
blot. C. Scrambled or RARα and RXRα siRNA transfected cells were exposed to HG, in the
presence or absence of Am580 (Am) or SR11345 (SR), for 24 h, followed by TUNEL assay.
TUNEL positive cell counting was presented as the mean ± SEM. *, p < 0.001 versus
control; †, p < 0.001 versus HG or HG + scrambled probe; #, p < 0.01 versus siRARα; §, p <
0.01 versus siRXRα.
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Fig. 5. RA inhibits HG-mediated intracellular ROS generation
Cardiomyocytes were pretreated with different doses of ATRA (RA), and exposed to HG for
1h (A). Cells were preincubated with or without 1 μM of AGN193109 (AGN), or HX531 for
1 h and treated with 1 μM of RA, TTNPB, 9-Cis RA or Am580 for 2h, followed by
exposure to HG for 1h (B). Cardiomyocytes were pretreated with or without 10 mM of
NAC, 5 mM Tiron, 10 μM of rotenone or DPI, following 1 h of HG exposure (C).
Intracellular ROS production was determined by flow cytometry with DCF staining. Results
are expressed as the mean ± SEM (n=3). *, p < 0.001 versus control; †, p < 0.001 versus
HG.
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Fig. 6. Role of Ang II in HG-mediated apoptosis and ROS generation
Cardiomyocytes were pretreated with or without 10 μM of losartan (Los), PD123319 (PD)
or benazepril (BE) for 1 h, and exposed to HG for 24 h, to determine cell apoptosis (A) and
1 h for intracellular ROS generation (B). Cardiomyocytes were treated with or without Ang
II (100 nM) and HG, in the presence or absence of ATRA (RA, 1μM). Cell apoptosis (C, 24
h treatment) and intracellular ROS generation (D, 1 h treatment) were determined. Data are
expressed as the mean ± SEM (n=3). *, p < 0.001 versus LG; †, p < 0.001 versus HG; ††, p
< 0.001 versus Ang II; #, p < 0.001 versus HG+Ang II.
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Fig. 7. Effect of RA on HG-induced Ang II synthesis
Cardiomyocytes were exposed to HG for 24 h, in the presence or absence of ATRA (A),
TTNPB, Am580 (Am) or 9-cis RA (9-cis) (B). Cell lysates were extracted and Ang II levels
determined, using an EIA kit. Data are expressed as the mean ± SEM, from three separate
experiments. *, p<0.05, versus control; †, p<0.05, versus HG.
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Fig. 8. Effect of RA on HG-induced expression of RAS components
Cardiomyocytes were exposed to HG for 24 h, in the presence or absence of 0.1 and 1 μM of
Am580 (Am) or SR11345 (SR, 0.1-5 μM). Total RNA was isolated and gene expression of
cardiac angiotensinogen (Ao), renin, ACE, ACE2, AT1R and AT2R was determined by real-
time RT-PCR. Data were normalized to a housekeeping gene (GAPDH). Data (mean ±
SEM; n=3) were expressed as a relative value compared to control. *, p<0.01, versus
control; †, p<0.01, versus HG.
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Fig. 9. Role of RARα and RXRα in HG-mediated RAS component expression
The expression of RARα and RXRα in cardiomyocytes was silenced by transfecting
individual pre-designed RARα and RXRα siRNA. Scrambled siRNA was used as a negative
control. Cells were exposed to HG, in the presence or absence of 1μM of Am580 (Am) or
SR11345 (SR), for 24 h. Gene expression of Ao (A) and renin (B) was determined by Real-
time RT-PCR. *, p<0.001, versus control; †, p<0.001, versus HG; §, p<0.05, versus HG
+siRXRα. Intracellular Ang II distribution was determined by fluorescence immunostaining
(C). Red, Texas-red labeled phalloidin staining; blue, DAPI staining; green, Ang II staining;
yellow, merged color. Results shown are merged pictures, representative of three separate
experiments.
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