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Abstract

The biological actions of retinoids are mediated by nuclear retinoic acid receptors (RARs) and
retinoid x receptors (RXRs). We have recently reported that decreased expression of RARa and
RXRa has an important role in high glucose (HG)-induced cardiomyocyte apoptosis. However,
the regulatory mechanisms of HG effects on RARa and RXRa remain unclear. Using neonatal
cardiomyocytes, we found that ligand-induced promoter activity of RAR and RXR was
significantly suppressed by HG. HG promoted protein destabilization and serine-phosphorylation
of RARa and RXRa. Proteasome inhibitor MG132 blocked the inhibitory effect of HG on RARa
and RXRa. Inhibition of intracellular reactive oxidative species (ROS) abolished the HG effect. In
contrast, H,O» stimulation suppressed the expression and ligand-induced promoter activity of
RARa and RXRa. HG promoted phosphorylation of ERK1/2, INK and p38 MAP kinases, which
was abrogated by an ROS inhibitor. Inhibition of JNK, but not ERK and p38 activity, reversed HG
effects on RARa and RXRa. Activation of INK by over expressing MKK7 and MEKK1, resulted
in significant downregulation of RARa and RXRa. Ligand-induced promoter activity of RARa
and RXRa was also suppressed by overexpression of MEKK1. HG-induced cardiomyocyte
apoptosis was potentiated by activation of JNK, and prevented by ATRA and inhibition of JNK.
Silencing the expression of RARa and RXRa activated the JNK pathway. In conclusion, HG-
induced oxidative stress and activation of the JINK pathway negatively regulated expression/
activation of RAR and RXR. The impaired RAR/RXR signaling and oxidative stress/JNK
pathway forms a vicious circle, which significantly contributes to hyperglycemia induced
cardiomyocyte apoptosis.
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INTRODUCTION

Diabetic cardiomyopathy is represented by myocardial dysfunction in the absence of
coronary artery disease and hypertension (Ho et al., 1993). The pathophysiology of diabetic
cardiomyopathy is incompletely understood. Metabolic perturbations such as
hyperglycemia, hyperlipidemia, hyperinsulinemia, and changes in cardiac metabolism seem
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to be central to the pathogenesis of diabetic cardiomyopathy and to trigger a series of
maladaptive stimuli that result in increased oxidative stress, interstitial fibrosis, cell death,
and altered intracellular ion transients and calcium homeostasis (Murarka and Movahed,
2010). Oxidative stress may be a common denominator mediating these damaging effects.
Vitamin A (retinol) and metabolites (retinoids) are a group of potent natural or synthetic
molecules which exert a number of biological activities, including regulation of
differentiation, proliferation, apoptosis and developmental changes. The pleiotropic
activities of retinoids are mediated by two classes of nuclear receptors, retinoic acid
receptors (RARa, B and y), which respond to all-trans retinoic acid (ATRA); and retinoid x
receptors (RXRa, B and y), which are activated by the 9-cis-isomers of RA, exclusively.
These receptors form RXR/RXR homodimers and RXR/RAR heterodimers, which directly
activate gene transcription by binding to specific retinoic acid response elements (RARES)
in target gene promoter regions. RXR homodimers and RXR/RAR heterodimers bind to
distinct RAREs, resulting in the activation of different signal transduction pathways. There
is a correlation between retinoid signaling and development of diabetes. A vitamin A
“relative deficiency” and impaired metabolic availability of vitamin A has been confirmed
in poorly controlled type 1 diabetic children and animal models (Baena et al., 2002; Basu et
al., 1989; Lu et al., 2000; Tuitoek et al., 1996). Activation of RAR/RXR by ATRA inhibits
type 1diabetes by increasing immune tolerance, through suppression of IFNy-producing T-
cells and by promoting in vivo expansion of T regulatory cells (Van et al., 2009). RXR
agonists function as insulin sensitizers and can decrease hyperglycemia,
hypertriglyceridemia and hyperinsulinemia (Altucci et al., 2007; Van et al., 2009; Yamauchi
et al., 2001). These studies suggest that changes in RA signaling via the extracellular/
intracellular RA level or the expression/activation of RAR/RXR, closely correlate with the
development of diabetes and insulin resistance.

The functional role of RAR and RXR in the pathogenesis of cardiac remodeling is largely
unknown. We and others have demonstrated that activation of RAR and RXR suppresses
myocardial cell hypertrophy, apoptosis and fibrosis 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. Recently, we reported that high
glucose (HG)-induced oxidative stress and apoptosis in both neonatal and adult
cardiomyocytes, were prevented by activation of RAR and RXR mediated signaling. We
also found that RARa and RXRa. were major subtype receptors that were downregulated by
HG in cardiomyocytes (Guleria et al., 2011). Silencing the expression of RARa and RXRa
in cardiomyocytes promoted HG-induced cell apoptosis, indicating that decreased
expression of RARa and RXRa has an important role in HG-induced cardiomyocyte
apoptosis. However, the regulatory mechanisms of HG-induced impairment of RAR and
RXR remain unclear.

Retinoid receptor transcriptional activity is regulated by factors both intrinsic and extrinsic
to the receptor complex. In the absence of ligand, RA target genes are silenced due to the
recruitment of histone deacetylase containing multicomponent complexes that are tethered
through co-repressor proteins to the unliganded RAR/RXR heterodimer. Ligand binding
causes conformational changes in the receptors that allow the release of co-repressors and
bind to co-activator complexes. Co-activators form multiprotein complexes that possess
intrinsic histone acetyltransferase activity, which is required for retinoid receptor
transcriptional activation (Bastien and Rochette-Egly, 2004; Minucci and Ozato, 1996).
Although ligand binding is thought to be the primary means of activation, the transcriptional
activity of RAR and RXR is also modulated by protein kinase-mediated phosphorylation
and degradation (Bastien and Rochette-Egly, 2004). Phosphorylation of RXRa at serine 260,
a consensus MAP kinase site, results in attenuation of ligand-dependent transactivation by
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the vitamin D3 receptor/RXRa complex (Solomon et al., 1999). Stress-induced
phosphorylation of RXRa, through MAPK kinase 4 (MKK4) and JNK, results in
suppression of retinoid signaling in COS-7 cells (Adam-Stitah et al., 1999; Lee et al., 2000).
JNK activation by oxidative stress suppresses retinoid signaling through proteasomal
degradation of RARa in hepatic cells (Hoshikawa et al., 2011). Oxidative stress and
activation of MAP kinases have been implicated in diabetes-induced cardiac remodeling
(Giacco and Brownlee, 2010; Guleria et al., 2011; Liang et al., 2010; Tang et al., 2007;
Thandavarayan et al., 2009; Zhou et al., 2011). However, the association between oxidative
stress/MAP kinases and hyperglycemia mediated impairment of RAR/RXR signaling in
cardiomyocytes remains unclear. We hypothesize that high glucose-induced oxidative stress
and activation of MAP kinase pathways have an important role in the suppressed RAR/RXR
signaling in response to high glucose stimulation, through phosphorylation and/or
degradation mechanisms, in cardiomyocytes.

To more completely define the mechanism by which high glucose-induced repression of
RAR and RXR, primary cultured neonatal cardiomyocytes were used in this study. The
neonatal rat cardiomyocyte model is well established and permits the study of many of the
morphological, biochemical and molecular characteristics of the heart. We have observed
consistent findings in neonatal, adult cultured cardiomyocytes and in heart tissue, with
regard to cell apoptosis and regulation of RAR and RXR in response to high glucose (in
vitro) and in diabetic animals (Guleria et al., 2011). We found that high glucose not only
downregulated the expression of RARa and RXRuo, it also repressed ligand-induced
transcriptional activity of these receptors. The activated proteasome system-mediated
degradation and protein destabilization have an important role in HG-induced repression of
RAR/RXR signaling. High glucose-induced oxidative stress and activation of the JNK
pathway, negatively regulates the expression and transcriptional activation of RARa and
RXRa, in cardiomyocytes.

MATERIALS AND METHODS

Antibodies and Reagents

Cell culture medium, antibiotics and fetal bovine serum (FBS) were obtained from
Invitrogen (Baltimore, MD). RAR (a, B, v), RXR (a, B, y); total and phospho-ERK, JNK and
p38 antibodies were from Cell signaling Technology (Danvers, MA); actin and histone
antibodies were obtained from Santa Cruz (Delaware, CA). All-trans retinoic acid (ATRA,
pan-RAR agonist), 9-cis RA (pan-RXR agonist), and other reagents were purchased from
Sigma (St. Louis, MO). Am580 (selective RARa agonist) was from Biomol International
(Plymouth Meeting, PA). LGD1069 (RXR selective agonist) was from LC Laboratories
(Woburn, MA). DOSPER [1, 3-dioleoyloxy-2-(6-carboxyspermly)-propyl amide] was from
Roche (Indianapolis, IN). NAC (N-acetyl cysteine), MG132, U0129, SB203580 and
SP600125 were purchased from Calbiochem (Gibbstown, NJ).

Rat cardiomyocyte culture

Animal use was approved by the Institutional Animal Careand 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. N0.85-23,
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).

Cardiomyocyte apoptosis—Apoptotic cardiomyocytes were detected using the terminal

deoxynucleotide transferase-mediated dUTP nick-end labeling (TUNEL) assay (Choudhary
et al., 2008a). TUNEL assay was performed using a commercial kit (Roche Applied
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Science, Indianapolis, IN), following the manufacturer’s instructions. Myocyte cytoplasm
and nuclei were counterstained with phalloidin and DAPI, respectively. The number of
positively stained cells (TUNEL assay) was counted from 20 fields per slide.

Real time RT-PCR

Gene expression of RARa and RXRa 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

The replication-defective adenovirus-encoding constitutively active MKK7 (AdMKK?7, Cell
Biolab) and control virus (AdLacZ) were plaque purified, and amplified using HEK293
cells. The multiplicity of viral infection (MOI) for each virus was determined by dilution
assay in HEK293 cells. Cardiomyocytes were infected with AMKKY7 or AdLacZ at a MOl
of 25-50 plaque-forming units for 8 h, at 37 °C. Subsequently, cells were cultured in serum-
free DMEM medium for an additional 24 h before treatment or analysis. The plasmid vector
for the constitutively active form of MEKK1 (pCMV-MEKK1) was from Clontech. Cells
were transfected with pPCMV-empty vector and pCMV-MEKK?1 vector (150-250 ng) for 6
h, using DOSPER Liposomal transfection reagent (3ug/ml, Roche). After transfection, cells
were exposed to different treatments and a luciferase reporter assay was performed.

Luciferase reporter assay

The effect of HG on the transcriptional activity of RAR and RXR in cardiomyocytes was
determined by transfection using RARE- and RXRE-containing luciferase reporter plasmids,
pRAR-Luc and pRXR-Luc (Panomics). Transfection with pRAR-Luc, pRXR-Luc and
control reporter vector was performed using DOSPER Liposomal transfection reagent.
Briefly, neonatal cardiomyocytes were plated in 6-well plates 2 days before transfection.
Cells were transfected with pPRAR-Luc and pRXR-Luc at 500 ng per well, for 6 h, and then
washed with media and treated with different reagents. Transfection efficiency was
corrected by co-transfection of 200 ng of pRL-TK Vector (Promega, Madison, WI). After
experimental treatments, cells were washed twice with PBS, lysed in passive lysis buffer
(1X) provided in the dual luciferase kit (Promega) and assayed for luciferase activity, using
the LB96V MicroLumat Plus luminometer (EG & G Berthold, TN), according to the
manufacturer’s protocol. All transfections were performed in triplicate. The firefly luciferase
activity was normalized by Renilla luciferase activity.

Nuclear expression of RAR and RXR

Nuclear proteins were extracted from cardiomyocytes, 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 ug) was 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 RARa and RXRa was determined by Western blotting, using
antibodies against RARa and RXRa. Membranes were reprobed with anti-histone antibody
to verify equal loading.
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Immunoprecipitation and Western blot analysis

Cardiomyocytes were lysed in buffer as previously described (Pan et al., 1999) and
incubated with 1 pg/mL of the antibodies against RARa and RXRa, overnight at 4°C.
Immunocomplexes were collected by incubating with 50 uL of protein A-Sepharose for 2
hours. After washing with lysis buffer, pellets were resuspended in sample buffer and
subjected to SDS-PAGE. The membranes were immunolabeled overnight at 4°C with anti-
phosphoserine antibody. Proteins were visualized by enhanced chemiluminescence (ECL)
kit (Perkin Elmer Life Sciences, Boston, MA), according to the manufacturer’s instructions.
The blots were stripped and reprobed with the same antibodies used for their
immunoprecipitation, to ensure equal loading of the proteins. For Western blot, equal
amounts of total extracted proteins (50 ug) were separated on SDS-PAGE (Palm-Leis et al.,
2004), transferred to a PVDF membrane and probed with primary antibodies. Binding of
primary antibody was detected with horse-radish peroxidase-conjugated, goat anti-mouse or
goat anti-rabbit secondary antibody and visualized using an ECL detection kit.

Small Interfering RNA (siRNA) transfection of cardiomyocytes

Cardiomyocytes were transfected with Stealth/siRNA oligoribonucleotides (50 nM for
RXRa and 100 nM for RARGa, Invitrogen) using 3 pg/ml DOSPER (1,3-di-oleoxyloxy-2-(6-
carboxyspermly)-propylamid, Roche) for 12 h, in OPTI-MEM | medium (Gibco,
Invitrogen). Scrambled probe was used as a negative control. After washing, cells were
maintained in DMEM medium with 5 % fetal bovine serum. The siRNA probes used as
described previously (Guleria et al., 2011).

Statistical analysis

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

RESULTS

High glucose inhibits transcriptional activation of RARa and RXRa in cardiomyocytes

We have recently reported that the gene and protein expression of RARa and RXRa was
downregulated in response to high glucose (HG) stimulation (Guleria et al., 2011). Thus, we
hypothesized that RAR and RXR-mediated transcriptional activity may be also impaired by
HG. After being transfected with RARE- and RXRE-containing luciferase constructs,
cardiomyocytes were exposed to 100 nM of ATRA or 9-cis RA up to 24 h, in normal (NG)
or HG medium. RARE- or RXRE-dependent luciferase activity was determined. The
promoter activity of RAR and RXR was stimulated by ATRA and 9-cis RA, and peaked at
12 and 24 h, in normal glucose treated cells. However, ATRA and 9-cis RA-induced
promoter activity was significantly suppressed in HG treated cells (Fig. 1A & B). We further
determined the dose response. Cardiomyocytes were exposed to HG for 12 h, and then
treated with different doses of ATRA (pan-RAR ligand), Am580 (RARu selective ligand),
9-cis RA and LGD1069 (RXR ligand). As shown in Fig. 1C to F, RARE- or RXRE-
dependent luciferase activity was significantly increased following RAR or RXR ligand
stimulation, in a dose-dependent manner, in normal glucose treated cells. High glucose
significantly suppressed ligand-induced promoter activity. There was ~30% inhibition of the
RARE and RXRE-dependent luciferase activity, compared to normal glucose treated groups.
The doses of retinoids (5-1000 nM) we used were within the range of physiological levels
observed in normal human plasma and rat tissue (Basualdo et al., 1997; Jacques et al., 1988;
Krempf et al., 1991; Napoli, 1986). These results indicate that ligand-stimulated activation
of RAR- and RXR-mediated signaling is significantly impaired by HG, and suggest that
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hyperglycemia-induced suppression of RA/RAR/RXR signaling may have an important role
in the development of insulin resistance and metabolic perturbations observed in diabetic
cardiomyopathy.

Mechanism of glucose regulation of RARa and RXRa

We have shown that HG regulates the RARo and RXRa at both the gene and protein levels
(Guleria et al., 2011). To determine whether changes in RARao and RXRa mRNA levels
with HG may be due to alterations in mRNA stability, cardiomyocytes were treated with the
RNA synthesis inhibitor actinomycin D (Act D). Act D reduced the level of RARo mRNA
to 50% after 1.5 h (Fig. 2A). The decline in RARa mRNA induced by Act D was similar in
normal and HG-treated cells, indicating that mMRNA destabilization was not involved in the
reduction of RARa transcripts by HG. The decline in RXRo mRNA by Act D in HG-treated
cells was faster than control cells. Act D reduced the level of RXRa mRNA to 50% after 2 h
of treatment in HG stimulated cells, and 3 h in normal cells (Fig. 2B), indicating that mMRNA
destabilization may be involved in the reduction of RXRa transcripts by HG. We further
determined whether the changes in protein levels of RARa and RXRa by HG were due to
alterations in protein stability. As shown in Fig. 2C & D, the half-life of the RARa and
RXRa protein was shorter in the HG-treated cells. RARa and RXRa protein levels
decreased with an apparent half-life of 4 h in cells treated with HG; whereas in cells
incubated with normal glucose, RARa and RXRa protein expression was stable, with a half-
life at 8 to 12 h, following treatment with cycloheximide, suggesting that protein
destabilization contributed to the reduced RARa and RXRa protein levels in HG stimulated
cells.

It has been shown that the ubiquitin-proteasome pathway is involved in regulation of RAR
and RXR (Bastien and Rochette-Egly, 2004; Zhu et al., 1999). To determine whether an
active proteasome pathway was involved in the HG effect on RARa and RXRa,
cardiomyocytes were pretreated with the proteasome inhibitor MG132, and nuclear
expression of RARa and RXRa determined. HG-induced downregulation of nuclear protein
expression of RARa and RXRa was prevented by MG132 (Fig. 2E & F), suggesting that
proteasome-mediated degradation contributes to the HG effects. Previous studies have
suggested that phosphorylation of RAR and RXR at specific serine sites leads to degradation
and transcriptional inhibition of RAR and RXR (Hoshikawa et al., 2011; Srinivas et al.,
2005). Thus, we determined whether HG-induced degradation of RAR and RXR is regulated
by phosphorylation. Cardiomyocytes were exposed to HG up to 24 h, and serine
phosphorylation of RARa and RXRa was determined by immunoprecipitation and Western
blot. As shown in Fig. 2G & H, the serine phosphorylation of RARa and RXRa was
observed after 1 h of HG stimulation, peaked from 2 to 8 h and decreased after 24 h. The
time phase of the phosphorylation is consistent with the decreased expression of RARa and
RXRa, which is evident following 4 to 24 h of HG stimulation (Guleria et al., 2011),
suggesting that HG-induced serine phosphorylation of RARe and RXRa may lead to
degradation and inhibition of RAR and RXR-mediated signaling events.

Role of oxidative stress in regulation of expression/activation of RARa and RXRa

A previous study had shown that oxidative stress suppressed retinoid signaling through
proteasomal degradation in HUH7 hepatocarcinoma cells (Hoshikawa et al., 2011). It is well
known that increased production of reactive oxygen species (ROS) and an altered cellular
redox state contribute to hyperglycemia induced cardiac remodeling (Cai et al., 2006;
Fiordaliso et al., 2004). We also demonstrated that HG-promoted intracellular ROS
generation, which has an important role in HG-induced apoptosis in cardiomyocytes
(Guleria et al., 2011). Thus, we determined whether oxidative stress was involved in the HG
effects on expression/activation of RARa and RXRa. Cardiomyocytes were pretreated with
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NAC (N-acetyl cysteine, an ROS scavenger), and exposed to HG for 12 h. Gene and nuclear
protein expression of RARa and RXRa was determined. HG-induced decreases in protein
(Fig. 3A & B) and gene expression (Fig. 3C) of RARa and RXRa was prevented by NAC
treatment. NAC alone had no significant effect. We further determined the role of oxidative
stress in regulating the transcriptional activity of RARa and RXRa. As shown in Fig. 3D &
E, HG-induced inhibition of the promoter activity of RAR and RXR was reversed by NAC
treatment. NAC also promoted RARE- or RXRE-dependent luciferase activity in normal
glucose conditions. To further confirm the involvement of oxidative stress in HG effects,
cardiomyocytes were exposed to H,O, for different time periods and the protein/gene
expression of RARa and RXRa were determined. A significant decrease in protein
expression of RARa and RXRa was observed following 8 to 24 h of H,0, treatment (Fig.
4A & B). A modest decreased gene expression of RARa and RXRa was observed from 4—
12 h following H,O» treatment, and returned to a normal level at 24 h (Fig. 4C). We further
determined the effect of H,O, on ligand-stimulated promoter activity of RAR and RXR. As
shown in Fig. 4D & E, 9-cis RA and ATRA stimulated RXRE and RARE-dependent
luciferase activity was significantly suppressed in H,O, treated cells, compared to normal
control. These data indicate that oxidative stress has an important role in HG-induced
suppression of the RAR/RXR-mediated signaling in cardiomyocytes.

Role of the MAP kinase cascade in HG-induced downregulation of RAR and RXR

To elucidate the potential regulatory mechanisms involved in HG and oxidative stress-
mediated impairment of RAR/RXR signaling, the role of the MAP kinase cascade including
p38, ERK1/2 and JNK1/2 was determined. Exposure of cardiomyocytes to HG for 10 to 30
min significantly activated p38, ERK1/2 and JNK, without affecting respective total protein
expression (Fig. 5A & C). HG-induced phosphorylation of p-38, ERK1/2 and JNK1/2 was
significantly inhibited by NAC (Fig. 5B & D), indicating that oxidative stress is involved in
HG-induced activation of the MAP kinase pathway. We next determined the role of MAP
kinases in regulation of the gene expression of RARa and RXRa. Cardiomyocytes were
pretreated with or without inhibitors for p38 (SB203580), ERK1/2(U0126) and JNK1/2
(SP600125) and exposed to HG for 12 h, gene expression of RARa and RXRa was
determined. The JNK inhibitor SP600125 reversed the inhibitory effect of HG on gene
expression of RARa and RXRa (Fig. 5E & F). The basal level of RARa and RXRa mRNA
was also increased in SP600125 treated cells. The ERK1/2 inhibitor, U0126 had a modest
effect on the decreased expression of RXRa,; but, had no effect on the expression of RARGa.
No changes were observed in SB203580 treated cells. These results indicate that inhibition
of the INK pathway abrogated the inhibitory effect of HG on RARa and RXRa, in both
normal and high glucose conditions.

Role of the JNK pathway in regulation of the expression/activation of RARa and RXRa

We further determined the role of JNK signaling in regulation of the HG effects on RARa
and RXRa. Cardiomyocytes were pretreated with SP600125 for 1 h and exposed to HG for
12 h, and nuclear protein expression of RARa and RXRa was determined. The specificity of
SP600125 on the activation of JINK was confirmed in Fig. 6A, as HG-induced
phosphorylation of INK was completely inhibited by SP600125. The downregulation of
nuclear protein expression RARa and RXRa by HG was reversed by SP600125 (Fig. 6B &
C). SP600125 also abrogated the inhibitory effect of HG on promoter activity of RAR and
RXR (Fig. 6D & E). SP600125 also significantly increased the basal level of the promoter
activity of RAR and RXR. To further confirm the role of INK in HG effects on RARa and
RXRa, we used adenovirus-mediated overexpression of constitutively active MKK7
(AdMKK?7ca) and plasmid-mediated constitutively active MEKK1 (pCMV-MEKK1).
MKKT7 is an upstream kinase that directly activates JINK, and MEKK1 is an upstream kinase
that directly activates MKK?7. Overexpression of AAMKK?7ca stimulated the
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phosphorylation of INK (Fig. 7A) and decreased the protein and gene expression of RARa
and RXRa (Fig. 7B & C); and significantly inhibited the promoter activity of RAR and
RXR, in both normal and HG treated cells (Fig. 7D & E). Overexpression of pPCMV-
MEKK?1 had a similar effect on the promoter activity of RARa and RXRa, as compared to
AdMKK7ca. ATRA or 9-cis RA induced promoter activity of RAR and RXR was
dramatically inhibited by overexpression of pCMV-MEKK1. These results indicate that
JNK functions as upstream molecule, negatively regulating RAR and RXR-mediated
signaling.

The JNK pathway is involved in HG-induced cardiomyocyte apoptosis

To determine the role of INK in HG-induced cell apoptosis, cardiomyocytes were infected
with AdMKKT7ca, and then exposed to normal or HG, in the presence or absence of
SP600125 and ATRA for 24 h. Apoptosis was determined by the TUNEL assay. As shown
in Fig. 8A & B, the increased TUNEL positive cell population in HG-stimulated cells was
prevented by SP600125. Activation of INK by overexpression of AAMKK?7ca caused an
increased number of the TUNEL positive cell population, at a comparable level of HG
stimulation, indicating that JNK activation has an important role in regulation of cell
apoptosis. Activation of RAR/RXR-mediated signaling by ATRA prevented both HG and
AdMKK?7ca-induced cell apoptosis. We have shown that silencing the expression of RARa
and RXRa. promoted HG-induced cell apoptosis (Guleria et al., 2011). Thus, we hypothesize
that HG-induced suppression of the RAR/RXR signaling can activate the JNK pathway,
leading to cell apoptosis. To address our question, the expression of RARa and RXRa in
cardiomyocytes was silenced by siRNA, the phosphorylation of INK was determined. As
shown in Fig. 8C, silencing RARa and RXRa induced phosphorylation of JNK. These data
suggested that HG-induced impairment of RAR/RXR signaling directly associated to
increased intracellular oxidative stress and activation of JINK pathway, and contributed to
HG-induced cardiomyocyte apoptosis.

DISCUSSION

We have recently reported that downregulated RAR/RXR signaling contributed to high
glucose-induced cardiomyocyte apoptosis and oxidative stress (Guleria et al., 2011). Thus,
understanding the mechanisms of how high glucose affects RAR/RXR-mediated signaling
may have important clinical relevance in addressing the pathophysiology of diabetes-
induced cardiac remodeling. In the present study, we found that ligand stimulated
transcriptional activity of RAR and RXR was significantly suppressed under high glucose
conditions. High glucose promoted serine-phosphorylation of RARa and RXRa, which may
associated with protein destabilization and proteasomal degradation of RARa and RXRa in
response to high glucose stimulation. High glucose-induced oxidative stress and activation
of the INK pathway suppressed the expression and transcriptional activation of RARa and
RXRa. Inhibition of ROS and the JNK pathway prevented the high glucose effect on RARa
and RXRa. Silencing RARa and RXRa promoted phosphorylation of JNK and activation of
JNK resulted in cell apoptosis. These data suggest that high glucose-induced oxidative stress
and activation of the INK pathway caused repression of RAR/RXR signaling. The impaired
RAR/RXR signaling further accelerated the generation of ROS and activation of the INK
pathway, leading to cardiomyocyte apoptosis (Fig. 9).

There are limited studies on the link between cardiac function and the expression of nuclear
receptor RARs and RXRs. It has been reported that decreased expression of RXR is
involved in the altered myocardial metabolic phenotype in severe heart failure, and that the
downregulation of RXR may be responsible for the impairment in free fatty acid oxidative
pathways in the failing heart (Feingold et al., 2004; Osorio et al., 2002). However, the
interaction between RAR/RXR and the development of diabetic cardiac remodeling remains
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unknown. We have recently reported that high glucose downregulated the nuclear
expression of RARa and RXRa in cultured cardiomyocytes and in diabetic rat hearts
(Guleria et al., 2011). Silencing the expression of RARa and RXRa promoted
cardiomyocyte apoptosis and gene expression of the RAS (renin-angiotensin system)
components angiotensinogen and renin. Activation or upregulation of RAR and RXR by
respective selective ligands, attenuated high glucose-induced cell apoptosis, intracellular
ROS generation and the expression of RAS components. These data suggested that
downregulated expression of RARa and RXRa contributed to hyperglycemia-induced
cardiomyocyte apoptosis, through upregulation and activation of the intracellular ROS-
mediated signaling and the renin-angiotensin system. We further confirmed the action of
high glucose on RAR and RXR signaling, and demonstrated that high glucose not only
affected the gene and protein expression of RARa and RXRa; but, also repressed
physiological doses of RA-induced transcriptional activity of RAR and RXR. We observed
that a 10-50 fold higher dose of RA was required under high glucose conditions, in order to
maintain an equal level of transcriptional activation of RAR and RXR as induced under
normal conditions. Since we didn’t measure the intracellular and nuclear level of RA, we
couldn’t rule out the possibility that high glucose may affect the transfer of RA into nuclei
for initiating transcriptional activity of RAR/RXR. In correlation with the in vivo situation,
the tissue RA level is maintained through a cascade of metabolic reactions. A number of key
enzymes and proteins involved in retinoid metabolism, such as serum retinol binding protein
(RBP), cellular retinol-binding proteins (CRBPs), retinol dehydrogenases (RoDHSs), retinal
dehydrogenases (RalDHs) and cellular retinoic acid binding proteins (CRABPS) have been
identified and functionally characterized (Napoli, 1996). Previous studies have shown that
vitamin A metabolic availability is impaired in diabetes mellitus (Baena et al., 2002; Basu et
al., 1989; Lu et al., 2000; Tuitoek et al., 1996); and some key enzymes and proteins like
RBP4, CRBP-I1 and CRABP2 have been linked to insulin resistance and lipid metabolism
(Salazar et al., 2007; Yang et al., 2005; Zizola et al., 2010). Our data provide further
evidence that high glucose targets the receptor level, resulting in impairment of cellular
functions mediated by RAR/RXR signaling. Understanding the role of the retinoid
metabolic cascade in diabetes-induced cardiac injury will have clinical significance in the
prevention and treatment of diabetic related complications.

The transcriptional activation of RAR and RXR is regulated by multiple mechanisms,
including co-activator, co-repressor, ubiquitin-proteasome system and phosphorylation
(Bastien and Rochette-Egly, 2004). We have observed that protein destabilization
contributed to HG-induced decreases in the expression of RARa and RXRa; and that an
activated proteasome system may be an initiating factor leading to protein destabilization.
However, the mechanisms whereby HG promotes proteasome-mediated degradation remain
unclear. As with most nuclear hormone receptors, retinoid receptors exhibit a modular
structure composed of 6 conserved regions designated A—F. The N-terminal A/B region
harbors a ligand-independent transcriptional activation function (AF-1). This domain
contains several consensus phosphorylation sites (Rochette-Egly, 2003) for proline-
dependent kinases, which include cyclin-dependent kinases (CDKSs) and MAP kinases (Bour
et al., 2005; Bour et al., 2007; Gianni et al., 2002; Rochette- Egly et al., 1997). The ligand
binding domain (LBD) and ligand-dependent transcriptional activation/repression domain
AF-2, located in region E, also contains consensus phosphorylation sites, which can be
phosphorylated by PKA, ERK, JNK and p38 MAP kinases (Adam-Stitah et al., 1999; Bruck
et al., 2009; Matsushima-Nishiwaki et al., 2001; Rochette-Egly et al., 1995; Srinivas et al.,
2005). The phosphorylation of RAR and RXR are further linked to their degradation or
increased/decreased transcriptional activation. These studies suggest that RAR and RXR are
substrates for these protein kinases. It is well accepted that oxidative stress induced by
hyperglycemia could be a major factor affecting the different pathways leading to diabetes
complications (Baynes, 1991; Giacco and Brownlee, 2010). Importantly, acute glucose
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fluctuations exhibit a more specific triggering effect on oxidative stress, than chronic
sustained hyperglycemia (Choi et al., 2008; Monnier et al., 2006). We have reported that
hyperglycemia-induced intracellular ROS generation has an important role in cardiomyocyte
apoptosis (Guleria et al., 2011). Inhibition of ROS generation prevented the downregulated
expression and transcriptional activation of RARa and RXRa in response to high glucose
stimulation. On the other hand, H,O, stimulation significantly downregulated the expression
of RARa and RXRa, and suppressed ligand-induced RAR and RXR promoter activity in
cardiomyocytes, indicating that oxidative stress has a major role in hyperglycemia-induced
repression of RAR/RXR signaling.

There are accumulating data which implicate the role of oxidative stress in the activation of
MAP kinases (Aikawa et al., 1997; Clerk et al., 1998; Turner et al., 1998). This is in
agreement with our finding that high glucose-induced phosphorylation of ERK1/2, p38 and
JNK1/2 was inhibited by NAC, a direct scavenger of ROS. Thus, it is possible that high
glucose-induced activation of MAP kinases may be involved in the repression of RAR and
RXR. Using specific inhibitors for ERK1/2, p38 and JNK, we found that JNK is the major
kinase involved in high glucose-mediated repression of RAR and RXR. Inhibition of the
phosphorylation of JNK blocked the high glucose effects on the expression/transcriptional
activation of RARa and RXRo. Activation of INK by overexpressing its upstream activator
MKK?7 and MEKKZ1, significantly inhibited the expression of RARa and RXRa, under
normal and high glucose conditions. More importantly, ATRA and 9-cis RA-induced
promoter activity of RAR and RXR was also repressed by activation of JNK. These results
indicate that RAR and RXR are downstream substrates of JNK. It has been reported that
JNK promotes phosphorylation of RAR and RXR, which further leads to proteasomal
degradation and transcriptional inhibition of RAR and RXR (Adam-Stitah et al., 1999;
Bruck et al., 2005; Srinivas et al., 2005). This is consistent with our findings, that high
glucose-induced downregulation of RARae and RXRa was reversed by the proteasome
inhibitor MG132. On the basis of these findings, we confirmed the hypothesis that high
glucose-induced oxidative stress and activation of JNK, leads to degradation of RAR and
RXR and repression of ligand-induced transcriptional activation of the receptors, which
subsequently contributes to retinoid receptor dysfunction in high glucose stimulated
cardiomyocytes. Phosphorylation of RAR and RXR by JNK may be involved in the
degradation of RAR and RXR. We observed that HG induced serine phosphorylation of
RARa and RXRa in cardiomyocytes; however, the role of JNK in the phosphorylation of
RARa and RXRa and the relationship between phosphorylation and proteasome-mediated
degradation of RARa and RXRo remains to be determined.

Activation of INK has been implicated in the development of insulin resistance and type 2
diabetes (Hirosumi et al., 2002; Sabio et al., 2010; Vallerie and Hotamisligil, 2010). INK
signaling also has an important role in hyperglycemia-induced cardiomyocyte apoptosis
(Gurusamy et al., 2004; Liang et al., 2010). This is consistent with our study that JINK
activation promoted cardiomyocyte apoptosis, and inhibition of JINK protected
cardiomyocytes from high glucose-induced apoptosis. We further demonstrated that
activation of INK-induced cell apoptosis was abolished by RA, indicating that activation of
RAR/RXR signaling protects cardiomyocytes from high glucose-induced apoptosis, through
inhibiting the activation of INK. We have shown previously that silencing RARa and RXRa.
in cardiomyocytes promotes cell apoptosis (Guleria et al., 2011). Here, we further confirmed
that silencing RARa and RXRa activated the JINK pathway. Thus, it is likely that high
glucose-induced repression of RAR/RXR signaling can potentiate the activation of the INK
pathway and lead to apoptosis.

In summary, high glucose induced oxidative stress and activation of JNK signaling
suppressed the expression and transcriptional activation of RARa and RXRa. Activation of
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RARa and RXRa protects cardiomyocytes through inhibition of JNK signaling. The
impaired RAR/RXR signaling and oxidative stress/JNK activation provides a putative
mechanism for the development of diabetic cardiomyopathy.
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Fig. 1. High glucose downregulates the expression and transcriptional activation of RARa and
RXRa in cardiomyocytes

Neonatal rat cardiomyocytes were transfected with pRAR-Luc and pRXR-Luc (Materials
and Methods section), exposed to normal (5.5 mM) or HG (25 mM), in the presence of 100
nm of ATRA (A) or 9-cis RA (B), up to 24 h, RARE and RXRE-dependent luciferase
activity was measured and changes in firefly luciferase activity were calculated and plotted
after normalization to Renilla luciferase activity of untreated cells. C to F. After
transfection, cardiomyocytes were exposed to normal or HG for 12 h, and then treated with
or without different doses of ATRA (RA, C), Am580 (Am, D), 9-cis RA (9-cis, E) and
LGD1069 (LGD, F), for 12 h. RARE and RXRE-dependent luciferase activity was
measured. Each value represents the mean + SEM (n = 3). *, p<0.05, versus control (column
1 in each set); #, p<0.05, versus individual corresponding normal glucose (NG) treated
group. Representative results from three independent experiments with similar results are
shown.
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Fig. 2. Effect of HG on RARa and RXRa mRNA and protein stability
A & B. RARa and RXRo mRNA half-life was determined from real-time RT-PCR in cells
incubated with normal (NG) or HG for 24 h. After this period (time 0), cells were incubated
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in the presence of actinomycin D (0.25 ug/ml, Act-D). At the time indicated, RARa and
RXRa mRNA levels were determined by real-time RT-PCR. The data are expressed as
percentages of the RARa and RXRa mRNA levels obtained at time 0. *, p<0.05, versus
individual corresponding normal glucose (NG) treated group. C. RARa and RXRa protein
half-life was determined by Western blot after the same treatments in the presence of
cycloheximide (10pg/ml). Actin was used as a loading control. D. Intensity of the bands was
analyzed by densitometry. Data are expressed as the mean + SEM (n=3). Broken line:
normal glucose treated cells; solid line: HG treated cells. *, p<0.05, versus normal glucose
group. E. HG induces proteasomal degradation of RARa and RXRa. Cardiomyocytes were
exposed to HG for 24 h, in the presence or absence of the proteasomal inhibitor MG132 (1
uM). Nuclear protein expression of RARa and RXRa was determined by Western blot.
Histone levels were used as a loading control. F. Intensity of the bands (E) was analyzed by
densitometry. Data are expressed as the mean + SEM (n=3). *, p<0.05, versus control group;
#, p<0.05, versus HG. G. Cell lysates were immunoprecipitated with antibodies to RARa
and RXRa and immunoblotted with anti-phosphoserine antibody. Membranes were stripped
and reprobed with anti-RARa and -RXRa antibodies. Data are representative of three
separate experiments. H. Intensity of the bands (G) was analyzed by densitometry. Data are
expressed as the mean + SEM (n=3). *, p<0.05, versus non-treated group.
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Fig. 3. Effect of oxidative stress on high glucose action on RARe and RXRa

A & B. Cardiomyocytes were pretreated with NAC (5 mM) for 30 min and exposed to HG
for 24 h. Nuclear protein expression of RARa and RXRa was determined by Western blot.
Histone levels were used as a loading control. Results are representative of three
independent experiments. The intensity of the bands was analyzed by densitometry (B).
Data are expressed as the mean + SEM (n=3). *, p < 0.05 versus control; #, p < 0.05 versus
HG. C. Cardiomyocytes were pretreated with NAC (5 & 10 mM) for 30 min, and then
exposed to HG for 12 h. Gene expression of RARa and RXRa 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<0.05, versus control; #,
p<0.05, versus HG. D & E. Cardiomyocytes were transfected with pPRAR-Luc and pRXR-
Luc, for 6 h, and then subjected to similar treatment as noted in Fig. 3C. RARE and RXRE-
dependent luciferase activity was measured as described in Fig. 1. Each value represents the
mean + SEM (n = 3). *, p<0.05, versus control; #, p<0.05, versus HG.
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Fig. 4. HoOo inhibits gene and protein expression of RARa and RXRa

Cardiomyocytes were exposed to 100 uM of H,O,, for different time periods, and nuclear
protein (A & B) and gene (C) expression of RARa and RXRa was determined. Each value
represents the mean £ SEM (n = 3). *, p<0.05, versus control. D & E. Cardiomyocytes were
transfected with pRXR-Luc and pRAR-Luc, for 6 h, and exposed to 1 uM of 9-cis RA (9-
cis) and ATRA (RA), in the absence or presence of 100 uM of H,0,, for 12 h. RARE and
RXRE-dependent luciferase activity was measured, as described in Fig. 1. Each value
represents the mean £ SEM (n = 3). *, p<0.05, versus control; #, p<0.05, versus HG.
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Fig. 5. Role of MAP kinases in regulation of the HG action on RARa and RXRa
A. High glucose induces phosphorylation of MAP kinases. Cardiomyocytes were exposed to
HG for different time periods, and the phosphorylation of p38, ERK1/2 and JNK was
determined by Western blotting. C. Intensity of the phosphorylation of p38, ERK and JINK
(A) was analyzed by densitometry and standardized to the corresponding total proteins. Data
are expressed as the mean + SEM (n=3). *, p<0.05, versus non-treated group. B. Oxidative
stress is involved in HG-induced phosphorylation of MAP kinases. Cardiomyocytes were
pretreated with NAC for 30 min and exposed to HG for 10 and 30 min, and the
phosphorylation of MAP kinases was determined and quantified (D) as noted in C. *,
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p<0.05, versus non-treated group; #, p<0.05, versus HG 10 min; §, p<0.05, versus HG 30
min. E & F. Role of MAP kinases in regulation of HG-induced downregulation of RARa
and RXRa. Cardiomyocytes were pretreated with 10 uM of U0126, SB203580 or SP600125
for 30 min, and exposed to HG for 12 h. Gene expression of RARa (E) and RXRa (F) was
determined. Data (mean = SEM, n = 3) are expressed as a relative value compared to
control. *, p<0.05, versus control; #, p<0.05, versus HG.

J Cell Physiol. Author manuscript; available in PMC 2013 June 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Singh et al.

Page 22
A Mmoo + - - -
HG: - -+ -+
SP: - - - + + D
'NK - e 2 7
p-J ~—~ 3' . e - ‘55 *H#ox g
28
T-JNK| S S 9 2 1.5 -
BEEBEE :
g3 .
— O -1
B HG - + - + %E’:‘/
. =3NS
SP: - - + + :1)50_5 i
=
RARa | e —— r
g ? - 0
HG: - + -+
RXRo! - ' —
” SP: - - + +
Histone | MR IS SN S
.~ 21 E
C B RAR £g
12 4 RXR # # g 2 4 *H
¢ 2515 - #o 7
D I I =
S0e d g€
508 , S 1{m =+
50.6 A * 2y =
S I a5
€04 - © 705 -
0.2 - =
(o3
0 A T T T mé O T T T 1
HG: - + - " HG:- + - +
Spr - - + + SP: - -+ o+

Fig. 6. Inhibition of INK reverses the HG action on RARa and RXRa

Cardiomyocytes were pretreated with SP600125 for 30 min, exposed to HG for 30 min (A)
or 24 h (B & C), and the phosphorylation of JNK (A) and nuclear protein expression of
RARa and RXRa (B & C) determined by Western blot. Total JINK and histone levels were
used as a loading control. Data are expressed as the mean £ SEM (n=3). *, p < 0.05 versus
control; #, p <0.05 versus HG. D & E. After transfection with pPRAR-Luc and pRXR-Luc,
cardiomyocytes were pretreated with SP600125 for 30 min, exposed to HG for 12 h, and
RARE and RXRE-dependent luciferase activity was measured as described in Fig. 1. *,
p<0.05, versus control; #, p<0.05, versus HG.
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A. Cardiomyocytes were infected with AMKK7 and AdLacZ, exposed to hormal or HG for
30 min, and phosphorylation of JINK determined. Total JINK levels were used as loading
control. B. Cardiomyocytes were infected with AdMKK?7ca (MKK7, 50 MOI), exposed to
HG for 24 h, nuclear protein expression of RARa and RXRa was determined. Histone levels
were used as a loading control. C. Cardiomyocytes were infected with ADMKK7ca
(MKKT7), pretreated with or without SP600125 and exposed to HG for 12 h. Gene
expression of RARa and RXRa was determined. 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; #, p<0.05, versus HG; §, p<0.05, versus AdMKK7ca+HG group.
D&E. After infected with ADMKK?7ca, cardiomyocytes were transfected with pRAR-Luc
and pRXR-Luc, pretreated with or without SP600125 and then exposed to HG for 12 h, and
luciferase activity measured. Each value represents the mean + SEM (n = 3). *, p<0.05,
versus control; #, p<0.05, versus HG; §, p<0.05, versus AdMKK?7ca; T, p<0.05, versus
AdMKK7ca+HG. F &G. Cardiomyocytes were transfected with pCMV-empty vector
(CMV) or pPCMV-MEKK1 vector (MEKK1, 150 and 250 ng), pretreated with or without
uM of ATRA (RA, F) and 9-cis RA (9-cis, G) and exposed to normal or HG for 12 h.
RARE and RXRE-dependent luciferase activity was determined. *, p<0.05, versus control,
#, p<0.05, versus RA or 9-cis group.
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Fig. 8. INK pathway is involved in HG-induced apoptosis

A & B. After infecting with AdLacZ or AMKKT7ca, cardiomyocytes were pretreated with
or without SP600125(10 puM), and exposed to normal or HG, in the presence or absence of
ATRA (1 uM), for 24. Apoptosis was determined by TUNEL assay. TUNEL positive cell
counting was expressed as the mean £ SEM. *, p < 0.001 versus control; #, p < 0.001 versus
HG; T, p < 0.001 versus AdMKK7ca; §, p < 0.001 versus AOMKK7ca+HG. C. Scrambled
or RARa and RXRa siRNA transfected cells were exposed to HG for 30 min, and
phosphorylation of JNK was determined by Western blot. Blots were reprobed for total
JNK, RARa and RXRa. Actin was used as a loading control.
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Fig 9. Proposed interaction between RAR/RXR and oxidative stress/JNK signaling

The relationship between high glucose, oxidative stress and impaired RAR/RXR signaling
are proposed. Retinoic acid, through activation of RAR/RXR-mediated signaling, inhibits
intracellular oxidative stress and the JNK pathway, protecting cardiomyocytes from HG-
induced apoptosis. High glucose promotes oxidative stress, which leads to activation of the
JNK pathway and degradation of RAR/RXR, resulting in repression of RAR/RXR signaling.
Impaired RAR/RXR signaling further potentiates intracellular oxidative stress and activation
of INK-mediated apoptotic signaling.
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