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Abstract. Enalapril and nifedipine are used as antihyperten-
sive drugs; however, the therapeutic target molecules regulated 
by enalapril and nifedipine have yet to be fully identified. The 
aim of this study was to identify novel target genes that are 
specifically regulated by enalapril and nifedipine in tissues 
from spontaneously hypertensive rats (SHR) using DNA 
microarray analysis. We found that administration of SHR 
with enalapril and nifedipine differentially regulated 33 genes 
involved in the pathogenesis of cardiovascular diseases. 
Furthermore, we identified 16 genes that have not previously 
been implicated in cardiovascular diseases, including inter-
leukin-24 (IL-24). Among them, exogenous administration 
of IL-24 attenuated the expression of vascular inflammation 
and hypertension-related genes induced by H2O2 treatment in 
mouse vascular smooth muscle (MOVAS) cells. This study 
provides valuable information for the development of novel 
antihypertensive drugs. In addition, the genes identified may 
be of use as biomarkers and therapeutic targets for cardiovas-
cular diseases, including hypertension.

Introduction

Hypertension plays a causative role in the onset of stroke, 
myocardial infarction, heart failure, peripheral arterial disease, 
and chronic kidney disease. Hypertension can be classified as 
either essential or secondary. Due to a similar pathophysiology, 
spontaneously hypertensive rats (SHR) are widely used as an 
animal model for essential hypertension in humans (1). The 
SHR strain was derived from outbred Wistar-Kyoto (WKY) 
rats by selective breeding of animals that had high blood pres-

sure. Thus, the normotensive WKY rats were used as controls 
for SHR (2).

Currently, antihypertensive drugs include thiazide diuretics, 
angiotensin converting enzyme (ACE) inhibitors, calcium 
channel blockers, β-blockers, and angiotensin  II receptor 
antagonists (3). Enalapril is an ACE inhibitor that lowers 
blood pressure by reducing plasma levels of angiotensin II 
(4). Enalapril has also been shown to reduce progression of 
carotid intimal and medial thickening, constriction of blood 
vessels and aldosterone secretion in patients with hyperten-
sion and/or diabetes (5). Nifedipine is an L-type calcium 
channel blocker of the dihydropyridine family, which inhibits 
the transmembrane influx of calcium ions into cardiac and 
vascular smooth muscle cells (6). Nifedipine causes arterial 
vasodilation, reduced muscle contraction, inhibition of reac-
tive oxygen species (ROS) production, and vascular smooth 
muscle cell proliferation (7). However, the therapeutic target 
molecules regulated by the action of enalapril and nifedipine 
remain to be fully identified.

To identify the genes involved in the pathogenesis of 
cardiovascular diseases, including hypertension, we used 
DNA microarray analysis to establish gene expression profiles 
in heart, brain, and liver tissues from SHR, compared with the 
WKY controls, as well as after administration of antihyperten-
sive drugs. The aim of this study was to: i) identify target genes 
that are specifically regulated by enalapril and nifedipine in 
an established animal model of essential hypertension, and 
ii) provide novel insight into therapeutic antihypertension 
strategies using enalapril and nifedipine.

Materials and methods

Administration of antihypertensive drugs in WKY and SHR. 
Enalapril and nifedipine were obtained from Sigma-Aldrich 
(St. Louis, MO, USA). Specific pathogen free 8-9-week-old 
male SHR and WKY rats were obtained from the Samtaco 
Animal Breeding Company (Osan, South Korea). All in vivo 
studies were approved by the Institutional Animal Care and 
Use Committee, Chonnam National University. Enalapril 
(40 mg/kg/day) or nifedipine (30 mg/kg/day) were adminis-
tered orally every day for 3 weeks. The dosage and duration 
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of administration were calculated considering the maximum 
therapeutic dose in humans and based on previous studies (8,9).

Measurement of systolic blood pressure. Systolic blood pressure 
(SBP) was measured using the CODA system (Kent Scientific 
Corporation, Torrington, CT, USA) as previously described 
(10). SBP and body weight were evaluated every week. After 
3 weeks of administration, the rats were sacrificed and tissue 
weights of the heart, brain and liver were determined.

RNA extraction. Samples of heart, brain and liver were homog-
enized, and total RNA was extracted using TRIzol® reagent 
(Molecular Research Center, Inc., Cincinnati, OH, USA). The 
concentration and purity of the total RNA were determined 
spectrophotometrically at 260 and 280 nm using an Agilent™ 
Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA).

DNA microarray analysis. Differential gene expression was 
measured using CodeLink Rat Whole Genome Bioarrays 
(<34,000 genes; Amersham, Piscataway, NJ, USA) following 
the manufacturer's protocol, and the data were analyzed 
as previously described (11). Briefly, for first-strand cDNA 
synthesis, 5 µg of total RNA was heated at 70˚C for 10 min 
with control bacterial mRNA and a T7 oligo(dT) primer, 
followed by incubation with first-strand reaction components 
(10X buffer, 5 mM dNTP, RNase inhibitor and reverse tran-
scriptase) for 1 h at 42˚C. The second strand was produced by 
incubation of first-strand cDNA products with second-strand 
reaction components (10X buffer, 5 mM dNTP, RNase H, 
DNA polymerase) for 2 h at 16˚C. Double-stranded cDNA was 
purified using a QIAquick purification kit (Qiagen, Valencia, 
CA, USA). Purified double-stranded cDNA was incubated at 
37˚C for 14 h with IVT mix (10X reaction buffer, biotinylated 
UTP, UTP, ATP, CTP, GTP and T7 enzyme) to enable in vitro 
transcription of cRNA. The biotin-labeled cRNA was purified 
using the Qiagen RNeasy mini kit (Qiagen). A mixture of 
10 µg of cRNA and 5X fragmentation buffer was incubated at 
94˚C for 20 min, and then hybridized at 90˚C for 5 min. After 
chilling on ice for 10 min, the hybridization mixtures were 
slowly injected into sealed microarray slides. The slides were 
shaken at 37˚C and 300 rpm for 18-24 h prior to incubation 
at 46˚C for 1 h with preheated 0.75X TNT buffer [1X TNT: 
0.1 M Tris-HCl (pH 7.6), 0.15 M NaCl, and 0.05% Tween-20], 
followed by incubation at room temperature for 30 min with 
3.4 ml of Cy5-streptavidin working solution. The slides were 
washed four times with 1X TNT buffer for 5 min and then 
rinsed with 0.1X SSC/0.05% Tween™ for 30 sec. Hybridization 
to the arrays was detected using a ScanArray Express scanner 
(Packard BioScience, Meriden, CT, USA) with the laser set at 
635 nm. After scanning, the array images were analyzed by 
ImaGene 6.0 and GeneSight 4.1 software.

Treatment of MOVAS cells with interleukin-24 (IL-24). MOVAS 
cells (1x105/ml), an immortalized mouse vascular aorta 
smooth muscle cells, were grown in DMEM supplemented 
with 10% FBS and 1% penicillin-streptomycin (Gibco-BRL, 
Rockville, NY, USA) at 37˚C in a humidified atmosphere 
containing 5% CO2. When the cells were 70% confluent, the 
medium was replaced with serum-free DMEM. After serum 
starvation for 12 h, the cells were treated with 0.3 mM H2O2 

(Merck, Darmstadt, Germany) for 6  h in the presence or 
absence of recombinant human (rh) IL-24 (50 ng/ml; R&D 
Systems, Inc., Minneapolis, MN, USA).

RT-PCR and real-time PCR. Total RNA was isolated using 
TRIzol® reagent (Molecular Research Center, Inc.). First-
strand cDNA was synthesized from 5.0 µg of total RNA using 
an M-MLV reverse transcriptase kit (Promega, Madison, 
WI, USA), according to the manufacturer's instructions. For 
RT-PCR, the synthesized cDNAs were added to a PCR mixture 
consisting of 10X PCR buffer, 0.25 mM dNTP, 0.5 unit TaqDNA 
polymerase and 10 pmol of gene-specific primers. Primers used 
for PCR were: angiotensinogen, 5'-gtacagacagcaccctactt-3' 
and 5'-cacgtcacggagaagttgtt-3'; endothelin-1, 5'-agctggtg-
gaaggaaggaaactacg-3' and 5'-gacagtgcagaaaggtgaggtagac-3'; 
angiotensin II type 1 receptor-associated protein (ATRAP), 
5'-tgcttggggcaacttcactatc-3' and 5'-acggtgcatgtggtagacgag-3'; 
platelet-derived growth factor (PDGF), 5'-tccagcgacaaggaa-
cagaacg-3' and 5'-ggagattcagattcaccactttgc-3'; β-actin, 
5'-gagatggccactgccgcatcctct-3' and 5'-atggtgctaggagccagag-
cagta-3'. PCR amplification was performed using 26 cycles 
(β-actin) or 28 cycles (all others) at 95˚C for 1 min, 56˚C for 
1 min, and 72˚C for 2 min, followed by a final extension for 
10 min at 72˚C. Equal volumes of reaction mixture from each 
sample were loaded onto 1% agarose gels and visualized by 
ethidium bromide staining.

Real-time PCR amplifications were performed in 48-well 
plates in a MiniOpticon™ Real-Time PCR Detection System 
(Bio-Rad Laboratories, Inc., USA) in a total volume of 10 µl, 
including 1 µl of template cDNA, 10 pmol of gene-specific 
primers and iQ SYBR-Green Supermix (Bio-Rad Laboratories, 
Inc.). Each sample was analyzed in triplicate. Primers used for 
PCR were: myocyte enhancer factor 2D (Mef2d), 5'-cagcagc-
cagcactacagag-3' and 5'-ggcagggatgaccttgttta-3'; IL-24, 
5'-ggcctgagcctaatccttct-3' and 5'-ctgcagaacctgtggtttca-3'; 
occludin, 5'-gagggtacacagaccccaga-3' and 5'-caggattgcgctgac-
tatga-3'; peroxisome proliferator-activated receptor δ (Pparδ), 
5'-aacatccccaacttcagcag-3' and 5'-tactgcgcaagaactcatgg-3'; 
triadin, 5'-gcttccagacctgctttgtc-3' and 5'-ggctcttttcctttcccatc-3'; 
moesin, 5'-cccaaagagtcttggagcag-3' and 5'-atgttgaga-
cccaaggcatc-3'; guanosine monophosphate reductase (Gmpr), 
5'-gatgtggccaatgggtattc-3' and 5'-ccgactcccactttgatgat-3'; 
β-actin, 5'-attgttaccaactgggacgacatg-3' and 5'-cttcatgaggtagtct-
gtcaggtc-3'. PCR amplification was performed as follows: 
95˚C for 15 min, followed by 48 cycles at 95˚C for 30 sec, 55˚C 
for 30 sec, and 72˚C for 30 sec. All data were normalized to 
β-actin expression levels.

Statistical analysis. For statistical analysis of data, P-values 
were analyzed using a two-way ANOVA and post-hoc test. 
Results are expressed as the means ± SEM, and differences 
are considered statistically significant when P<0.05.

Results

SBP, body and tissue weights. SBP levels of SHR were 
higher than those of WKY rats (128±11 mmHg in WKY vs. 
186±10 mmHg in SHR, P<0.05), while administration with 
enalapril or nifedipine for 3 weeks significantly decreased SBP 
levels of SHR (186±10 mmHg in SHR vs. 144±9 mmHg in 
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enalapril-treated SHR, P<0.05 or 142±8 mmHg in nifedipine-
treated SHR, P<0.05) (Table I). SHR had a lower body weight 
than WKY (233±6 g in WKY vs. 228±6 g in SHR, Day 0; 
254±5 g in WKY vs. 246±7 g in SHR, Day 21) (Table I). The 
heart weights of SHR were greater than those of the WKY 
rats (1.00±0.05 g in WKY vs. 1.22±0.05 g in SHR, Day 0; 
1.09±0.004 g in WKY vs. 1.30±0.05 g in SHR, Day 21, P<0.05), 
but weights of the brain and liver did not show apparent differ-
ences between SHR and WKY rats. Administration with 
enalapril or nifedipine did not significantly affect the body and 
tissue weights in SHR (Table I).

Effects of nifedipine and enalapril on differential gene expres-
sion in the heart, brain and liver from SHR. We used 34K gene 
chip microarray analysis to identify differentially expressed 
genes in the heart, brain, and liver from WKY and SHR as 
well as SHR treated with antihypertensive drugs. In total, 
4,020 genes were found to be differentially expressed, with 
expression profiles clustering into three different groups using 
the K-means algorithm (Fig. 1). Heart, brain and liver samples 
showed 1,146, 265 and 172 upregulated genes, respectively, 
in SHR compared with the WKY controls. Administration of 
enalapril in SHR decreased the expression of 948, 104 and 45 
of these same genes in the heart, brain and liver, respectively, 
compared with the untreated SHR. Similarly, nifedipine 
administration decreased the expression of 921, 111 and 69 of 
these genes in the heart, brain and liver, respectively.

Figure 1. Cluster analysis of gene expression in different organs of WKY 
and SHR as well as SHR treated with antihypertensive drugs. Gene expres-
sion profiles were clustered using the K-means algorithm. Columns represent 
genes ordered according to their hierarchical distances. The red, green and 
black colors denote upregulated, downregulated and unchanged expression 
compared with the average expression levels, respectively.
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In the converse analysis, 1,887, 283 and 267 genes showed 
decreased expression in the heart, brain and liver, respectively, 
from SHR compared with the WKY controls. Among these 
downregulated genes, expression of 1,490, 36 and 50 genes 
in the heart, brain and liver, respectively, was increased in 
SHR treated with enalapril compared with untreated SHR. 
Similarly, the expression of 1,564, 102 and 47 of these genes 
in the heart, brain and liver, respectively, was increased by 
nifedipine administration.

Several of the differentially expressed genes are known 
to be involved in the pathogenesis of cardiovascular diseases, 
as shown in Table II. Expression of 23 genes was markedly 
elevated in these three tissues from SHR compared with the 
WKY controls, whereas 10 genes showed decreased expres-
sion. Among these differentially regulated genes, analysis 
of heart samples from SHR showed that the expression of 
11  genes was increased, while the expression of 7  genes 
was decreased. The expression of 9 genes was increased in 
brain samples from SHR, while the expression of 2 genes 
was decreased. Analysis of liver samples showed that the 
expression of 3 genes was elevated, while 1 was decreased. 
Markedly, these gene expression patterns were reversed by 
administration of either enalapril or nifedipine. We also identi-
fied 16 differentially expressed genes that had not previously 
been reported to be involved in the pathogenesis of cardio-
vascular diseases (Table  III). In heart samples from SHR, 
5 genes were upregulated compared with the WKY controls, 
and 3 genes were downregulated. In brain samples from SHR, 
2 genes were upregulated, while 2 genes were downregulated. 
In liver samples from SHR, 3 genes were upregulated, while 
1 gene was downregulated. Among these three tissues, the 
most prominent changes in gene expression were observed in 
the heart. These data show that administration of SHR with 
antihypertensive drugs led to changes in gene expression in a 
drug- and tissue-specific manner.

Validation of microarray data by real-time PCR. To validate 
the microarray data, the expression levels of 7 genes were 
measured using real-time PCR (Table  IV). Expression of 
IL-24 in heart samples from SHR was increased by enalapril 
compared with SHR controls, but the expression of occludin 
and Pparδ did not change. Expression of triadin and moesin 
was elevated in brain samples of SHR compared with WKY 
controls, but it was decreased after administration of enalapril. 
Gmpr and Mef2d showed no change in expression in the heart 
or liver from SHR compared with WKY controls. In addition, 
the elevated expression of triadin, moesin, Gmpr and Mef2d in 
the heart, brain, and liver of SHR was lowered by nifedipine, 
while decreased expression of IL-24, occludin and Pparδ in 
the heart of SHR was raised by nifedipine. These results corre-
late with those from our microarray data.

Effect of IL-24 on the expression of genes associated with 
cardiovascular disease in MOVAS cells treated with H2O2. 
The overproduction of intracellular ROS, such as super-
oxide anions (O2

-), hydrogen peroxide (H2O2), and hydroxyl 
radicals (OH-), has been implicated in the pathogenesis 
of cardiovascular diseases, including hypertension, heart 
failure, atherosclerosis and diabetes (12). ROS can induce the 
expression of genes associated with cardiovascular diseases 
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in vascular smooth muscle cells (VSMCs) (13,14). IL-24 is 
among the differentially expressed genes described above, but 
no role of IL-24 in cardiovascular disease has been reported. 
To investigate the effect of IL-24 on ROS-mediated gene 
expression, RT-PCR was performed in MOVAS cells treated 
with H2O2 in the presence or absence of rhIL-24. The expres-
sion of angiotensinogen, endothelin-1, ATRAP and PDGF was 
increased by treatment with H2O2, but reduced by rhIL-24 
(Fig. 2). There was no effect of IL-24 alone on the expression 
of the above genes. These data suggest that IL-24 might play 
a role in the suppression of ROS-induced gene expression in 
cardiovascular disease.

Discussion

Hypertension is a key risk factor for cardiovascular mortality 
through target-tissue damage induced on the heart, brain, liver, 
kidney and vessels by its various effects (15,17). It has been 
reported that the heart and brain tissues are damaged by high 
blood pressure, leading to heart hypertrophy and stroke (16). 
In addition, the liver is the main tissue of angiotensinogen 
synthesis, and angiotensin II causes liver fibrosis, which results 
in portal hypertension (17). Previous studies found that admin-
istration of SHR with antihypertensive drugs caused changes 
in gene expression in the kidney and bladder tissues (18,19). 

However, there are few similar studies using the heart, brain or 
liver tissue from SHR treated with the antihypertensive drugs 
enalapril or nifedipine.

The objective of our study was to determine how these 
drugs affect gene expression in SHR tissues other than kidney 
or bladder. In the heart, brain, and liver tissues from SHR, 
we found that oral administration of these drugs altered the 
expression of 33 genes involved in cardiovascular disease 
pathogenesis. In these tissues, we also identified 16 differen-
tially expressed genes that were not previously known to be 
involved in cardiovascular disease pathogenesis (Table III). We 
confirmed the differential gene expression found using micro-
array analysis (Table II) by real-time PCR on selected genes, 
including Mef2d, IL-24, occludin, Pparδ, triadin, moesin 
and Gmpr (Table IV). The biological roles of these genes in 
cardiovascular disease have been demonstrated, but no studies 
have shown changes in their expression in an animal model of 
hypertension as a result of administration with enalapril and 
nifedipine. Our identification of genes known to be associ-
ated with cardiovascular disease validates this experimental 
system.

Our microarray analysis also identified 16 genes that have 
not been implicated in cardiovascular disease or shown to be 
regulated by antihypertensive drugs (Table III). Among these 
is cathepsin, a lysosomal cysteine protease that is associated 

Figure 2. Effect of IL-24 on the expression of genes associated with cardiovascular disease in MOVAS cells treated with H2O2. Following serum starvation 
for 12 h, MOVAS cells were treated with 0.3 mM H2O2 for 6 h in the presence or absence of rhIL-24 (50 ng/ml). (Upper panels) Total cytoplasmic RNA 
was isolated from the cells, and RT-PCR was performed for 28 cycles using the indicated PCR primers, as described in the Materials and methods. Data 
are representative of three independent experiments. (Lower panels) The bar graphs were generated by quantifying the relative band intensities, which were 
normalized with β-actin mRNA expression levels. The data represent the means ± SEM of data from three independent experiments, which yielded similar 
results. *P<0.05 compared with the individual controls.
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with the pathogenesis of cancer, bone remodeling, and cardio-
vascular disease through degradation of extracellular matrix 
(ECM) proteins (20,21). ECM degradation activity of cathepsin 
contributes to the pathogenesis of various diseases, including 
cancer and cardiovascular disease (20,22). Cathepsin Z, listed 
in Table III, is the only carboxypeptidase in the cathepsin 
family (23) that is highly expressed in gastric cancer and 
hepatocellular carcinoma and contributes to tumor develop-
ment (24,25). Secretory carrier membrane protein (SCAMP), 
a family of highly conserved tetraspanning transmembrane 
proteins, has been known to play a role as a carrier to the cell 
surface in post-golgi recycling pathways (26) and to be involved 
in endocytosis (27) and exocytosis (28,29). SCAMP2 has 
been characterized as a novel serotonin transporter (SERT)-
interacting protein that regulates the subcellular distribution 
of SERT (30). It is known that mice overexpressing SERT 
generate pulmonary arterial hypertension (31,32). In this 
context, the genes listed in Table III including cathepsin Z and 
SCAMP2 may be novel therapeutic targets in cardiovascular 
disease. However, this needs to be further defined for correla-
tion with cardiovascular disease.

Among the differentially expressed genes found in this 
study is IL-24, which was previously known as melanoma 
differentiation antigen  7 (mda-7) exhibiting proapoptotic 
activity in a variety of tumor cells and belonging to the IL-10 
family of cytokines (which also includes IL-19, IL-20, IL-22 
and IL-26) (33). Recent studies have reported several anti-
cancer functions of IL-24, including cancer-specific induction 
of apoptosis, cell cycle regulation, and the ability to inhibit 
angiogenesis (34). IL-24 has also been known to selectively 
inhibit the growth and migration of mouse VSMCs (MOVAS 
cells), but the precise mechanisms involved remain unclear 
(35). A series of the molecular pathogenesis are common 
in cancer and vascular diseases, such as atherosclerosis and 
hypertension (36), but little is known about the role of IL-24 
on the pathogenesis of cardiovascular diseases. In this study, 
we are the first to show that IL-24 might be capable of inhib-
iting expression of cardiovascular disease-associated genes in 
ROS-treated mouse VSMCs (MOVAS cells). ROS play impor-
tant roles in the pathophysiology of cardiovascular diseases, 
such as hyperlipidemia, diabetes mellitus, hypertension, isch-
emic heart disease, and chronic heart failure. In addition, H2O2 
itself promotes rat VSMC proliferation (37), and exogenous 
H2O2 can induce production of endogenous H2O2 by activating 
cellular NAD(P)H oxidase (38). We found that IL-24 regulates 
the expression of inflammation- and hypertension-related 
genes, such as angiotensinogen, endothelin-1, ATRAP and 
PDGF, in H2O2-treated MOVAS cells. These data suggest that 
IL-24 may be a novel therapeutic target for hypertension as 
well as cardiovascular disease.

In conclusion, our study is the first report on the gene 
expression profiles from the heart, brain and liver of SHR 
orally treated with enalapril or nifedipine. These data may 
aid in the delineation of the molecular mechanisms that 
underlie the potential efficacy of enalapril and nifedipine 
against cardiovascular disease. In addition, the differentially 
expressed genes identified here may be potential biomarkers 
as well as novel targets for the prevention of cardiovascular 
disease, potentially providing valuable information for the 
development of antihypertensive drugs.
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