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A B S T R A C T

Connexins (Cx) are essential for cardiovascular regulation and maintenance of cardio-renal response involving the
natriuretic peptide family. Changes in the expression of connexins promote intercellular communication
dysfunction and may induce hypertension, atherosclerosis, and several other vascular diseases. This study
analyzed the expression of the genes involved in the renin-angiotensin system (RAS) and the relation of the
connexins gene expression with the renovascular hypertension 2K1C in different tissues. The insertion of a silver
clip induced renovascular hypertension 2K1C into the left renal artery. Biochemical measurements were made
using commercial kits. Gene expression was evaluated in the liver, heart, and kidneys by RT-PCR. The genes
investigated were LDLr, Hmgcr, Agt, Ren, Ace, Agtr1a, Anp, Bnp, Npr1, Cx26, Cx32, Cx37, Cx40 and Cx43. All genes
involved in the RAS presented increased transcriptional levels in the 2K1C group, except hepatic Agt. The
natriuretic peptides (Anp; Bnp) and the receptor genes (Npr1) appeared to increase in the heart, however, Npr1
decreased in the kidneys. In hepatic tissue, hypertension promoted increased expression of Cx32, Cx37, and Cx40
genes however, Cx26 and Cx43 genes were not influenced. Expression was upregulated for Cx37 and Cx43 in
cardiac tissue in the 2K1C group, but Cx40 did not demonstrate any difference between groups. The stenotic
kidney showed an upregulated expression for Cx37 vs Sham and contralateral kidney, although Cx40 and Cx43
were downregulated. Hypertension did not modify the transcriptional expression of Cx26 and Cx32. Therefore,
this study indicated that RAS and cardiac response were regulated transcriptionally by renovascular hypertension
2K1C. Moreover, the results of connexin gene expression demonstrated differential transcriptional regulation in
different tissues studied and suggest a relationship between cardiac and renal physiological changes as an
adaptive mechanism to the hypertensive state.
1. Introduction

Hypertension is a major risk factor for cardiovascular disease and
contributes to morbidity and mortality worldwide [1]. Among the
different types of high blood pressure, there is renovascular hyperten-
sion, which is characterized by increased activation of the
renin-angiotensin system (RAS) [2]. Vascular occlusion of the kidneys
produces an increase in systemic blood pressure, being one of the path-
ogenic mechanisms of hypertension [3].

The maintenance of the cardio-renal response involves the natri-
uretic peptide family (NP), which includes atrial natriuretic peptide
(ANP), brain natriuretic peptide (BNP) and natriuretic peptide type C
(CNP). Activation of ANP or BNP induces vasodilation and increases
natriuresis and diuresis, counterbalancing the main effects of RAS [4].
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In addition, ANP acts as a suppressor of renin secretion in juxtaglo-
merular cells, and in vivo, ANP and BNP may reduce plasma renin ac-
tivity [5].

Communication via gap junctions is essential for the regulation of
cardiovascular function. Gap junctions are complex structures that pro-
mote communication and signaling between adjacent cells and this
intercellular communication is mediated by connexons, constituted by
the family of connexin (Cx) proteins [6]. The activity of the connexons is
modulated by the number, functional status and permeability of gap
junctions in the plasma membrane. These events are coordinated by in-
teractions between connexins and other proteins and lipids [7]. Associ-
ation between specific phospholipids and different isoforms of connexins
promotes the regulatory and structural connections of these proteins with
lipid membranes [8]. Similarly, the connexin expression can be
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modulated by diet, which demonstrates an essential relation between
them and the genes involved in cholesterol metabolism [9].

Alterations in the expression of connexins lead to dysfunction of
intercellular communication, which can induce hypertension, atheroscle-
rosis, and several other vascular diseases [10]. Physiological changes in
the expression of connexins are closely associatedwith changes in vascular
tone, with the most common being Cx37, Cx40, Cx43 and Cx45 [11, 12].
In the kidneys of rats and mice, Cx40 is highly expressed in endothelium
and renin-secreting cells of the afferent arterioles [13]. Cx37 is highly
expressed in the juxtaglomerular apparatus and smooth muscle cells of
renal arteries and arterioles and Cx43 expressed in endothelial cells of the
renal vasculature [14]. Hepatocytes express Cx32 and, to a lesser extent,
Cx26, 90 and 5%, respectively, of all connexins present in the liver of rats
and humans [15, 16]. Considering the importance of connexins in the
maintenance of tissue homeostasis, we hypothesized that elevated levels of
angiotensin II associated with renovascular hypertension could modulate
gene expression of connexins. Thus, the aim of this study was to evaluate
the effects of hypertension on the expression of genes involved in the RAS
and its relation with gene expression of the connexins in different tissues.

2. Materials and methods

The studies were conducted according to experimental standards and
biodiversity rights of the National Institute of Health for the Care and Use
of Laboratory Animals (NHI Publication 80-23, revised in 2011). The
experiments were carried out in accordance with the rules established by
the Arouca Law (11794/2008) and were approved by the Animal Use
Ethics Committee (CEUA) of the University Center of the Hermínio
Ometto Foundation - FHO (protocol no. 036/2014). The work followed
with the animal experimentation ethical standards of the Brazilian Col-
lege of Animal Experimentation (COBEA). The animals were kept in
cages with two to three rats per cage, at a room with controlled tem-
perature (22� 1 �C) and humidity at 60%, 12 h light/dark cycle, and free
access to water and feed.
2.1. Experimental protocol

Renovascular hypertension 2-kidney, 1-clip (model, 2K1C) was
induced as previously described by Goldblatt et al. [17]. Male Wistar rats
weighing 180–200 g (n ¼ 17) were anesthetized intraperitoneally with
ketamine (100 mg/kg) and xylazine (10 mg/kg) and a U-shaped silver
clip with an internal diameter of 0.2 mmwas placed around the left renal
artery (2K1C/hypertensive group, n ¼ 10). The Sham group (normo-
tensive, n ¼ 7) performed the same surgical procedure, but except the
insertion of the clip into the renal artery.
Table 1. Primers sequences used for gene expression analysis.

Gene Sense (5�→ 30)

LDLr CCAGTGCGGCGTAGGATT

Hmgcr CTTGACGCTCTGGTGGAATG

Agt CCCTTTCATCTCCTCTACTAC

Ren GTGGACACTGGCACATCCTA

Ace TGCCTCCCAACGAGTTAGAA

Agtr1a GGAAACAGCTTGGTGGTGAT

Anp GGATTTCAAGAACCTGCTAG

Bnp GAACAATCCACGATGCAGAAG

Npr1 GTGCGTGAACGCCTCAACAT

Cx26 GGTGTGGGGAGATGAGCAAG

Cx32 AATGAGGC GGATGAACTGG

Cx37 GATCACAGGTGGTTCTGGAAT

Cx40 ATCTCCCACATTCGTTACTG

Cx43 GATTGAAGAGCACGGCAAGG

β-act AGAGGGAAATCGTGCGTGACA
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Systolic blood pressure (SBP) was evaluated using tail plethysmog-
raphy, in the awake animals after they were heated in a cabinet at 37 �C
for 15 min. The pressure change data were captured by a Power Lab 4/S
analog-to-digital converter (AD Instruments Ltd., Castle Hill, Australia)
and the results were represented as the average of three consecutive
measurements for each animal. Before the first measurement, for 5 days,
the animals were adapted to the procedure to minimize stress-induced
SBP fluctuations. The animals were considered hypertensive when sys-
tolic blood pressure was above 160 mmHg [18]. In this study, 17% of
animals were not considered hypertensive. Systolic blood pressure and
bodymass were evaluatedweekly for 4 weeks, and then the animals were
euthanized, and the organs removed.

2.2. Biochemical dosages

The blood of the animals was collected by cardiac puncture after a
fasting for 10–12 h. The serum was obtained by centrifuging this material
for 15 min at 3500 rpm, and then frozen until the time of analysis. The
concentration of glucose, total cholesterol, triacylglycerol, creatinine, uric
acid, urea, creatine kinase-MB (CK-MB)and creatine kinase-NAC(CK-NAC)
was determined using colorimetric kits (Laborclin and Labtest, Brazil). The
free fatty acid (FFA) was measured using a commercial colorimetric kit
(NEFA, Randox, USA), according to the manufacturer's specifications.

2.3. Analysis of gene expression by RT-PCR

Thehepatic, cardiac (left ventricle), andrenal (right and left) tissuewere
removed and immediately frozen in liquid nitrogen and stored at – 80 �C.
Total RNA was isolated from approximately 100 mg of tissue using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) and digested with amplification
grade DNAse I (Invitrogen), according to the manufacturer's instructions.
The concentration of RNA was then determined using UV spectrophotom-
etry atwavelengths of 260 and 280 nm. The conversion of total RNA (2 μg/
μl) to cDNAwas performedusing randomprimers and reverse transcriptase
(RT) enzyme (SuperScript II, Invitrogen) in a final volume of 20 μl. The
expression of the transcripts of genes involved in cholesterol metabolism -
LDLr (LDL receptor) and Hmgcr (3-hydroxy-3-methylglutaryl CoA reduc-
tase), Renin-Angiotensin System - Agt (Angiotensinogen), Ren (Renin), Ace
(Angiotensin Converting Enzyme I), Agtr1a (Angiotensin II Receptor, type
1a), cardiovascular homeostasis – Anp (Atrial Natriuretic Peptide), Bnp (Brain
Natriuretic Peptide), Npr1 (Natriuretic Peptide Receptor 1) and intercellular
communication - Cx26, Cx32, Cx37, Cx40, Cx43 were estimated by semi-
quantitative RT-PCR (Amplitherm Thermal Cyclers PCR) according to
Santolim [9] using specific primers described in Table 1. The PCR products
were separated by electrophoresis in 1.5% agarose gel and stained with
Antisense (5�→ 30)

GGGACTCATCGGAGCCAT

TGGCTGAGCTGCCAAATTGG

CTTGCCTCACTCAGCATCTT

CTTGGAGAGCCAGTATGCAC

GAGAAGTCCACGTACTTTGG

ACATAGGTGATTGCCGAAGG

CAGAGCCCTCAGTTTGCTT

GTCTTCCTAAAACAACCTCAG

GCATCCGGAGAACTGCAGAT

GACTTCCCTGAGCAATACCT

CCTCAAGCCGTAGCATTTTC

CAGCCTACATCAGTGCCTTC

AGGAAGATCCCATAGAGGAG

GTGTAGACCGCGCTCAAG

CGATAGTGATGACCTGACCGTCA



Figure 1. Body weight (A) and systolic blood pressure (B) of the experimental animals. The values are expressed as mean � S.E.M and significant differences between
groups are indicated by ***P < 0.0001 vs Sham.

Table 2. Biometric and biochemical parameters of renovascular hypertension 2K1C.

Parameters Sham (n ¼ 7) 2K1C (n ¼ 10)

Liver weight (g) 9.4 � 0.25 9.7 � 0.34

IPF (g/g) 0.032 � 0.0007 0.032 � 0.0006

Heart weight (g) 0.835 � 0.012 1.163 � 0.013***

IPC (g/g) 0.0027 � 0.0001 0.0036 � 0.0001**

Kidney weight (g) Right 1.097 � 0.034 1.392 � 0.056*#

Left 1.106 � 0.020 0.933 � 0.037*

IPR (g/g) Right 0.0035 � 0.0001 0.0043 � 0.0002*#

Left 0.0035 � 0.0003 0.0028 � 0.0001*

Glycemia (mg/dL) 78 � 4.5 88 � 3.3

Total cholesterol (mg/dL) 75 � 9.2 80 � 4.3

Triglycerides (mg/dL) 74 � 7.2 58 � 7.8

Free Fatty Acids (mmol/L) 0.3 � 0.04 0.5 � 0.09

Creatinine (mg/dL) 2.2 � 0.2 2.1 � 0.1

Urea (mg/dL) 59.9 � 4.3 70.5 � 7.8

Uric acid (mg/dL) 3.1 � 0.4 3.5 � 0.6

CK-MB (U/L) 32.5 � 4.9 27.1 � 5.1

CK-NAC (U/L) 1707 � 227.8 1691 � 261.4

Values are expressed as mean� S.E.M of 2 independent experiments. Number of animals (n); Liver weight index (IPF) (IPF¼ liver weight, body weight); Heart rate index
(CPI); Kidney Weight Index (IPR); Creatine kinase-MB (CK-MB); Creatine kinase- NAC (CK-NAC). *P < 0.05, **P < 0.01 e ***P < 0.001 vs. Sham. #P ¼ 0.001 vs.
contralateral kidney 2K1C.
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ethidiumbromide. Thegelwas visualizedandphotographedusing Syngene
G:Box® photodocumentation system, followed by densitometric quantifi-
cationof thebandsusingScion ImageSoftware (ScionCorp., Frederick,MD,
USA). The β-actin gene was used for the housekeeping control. Data are
reported as intensity target genes/intensity β-actin (β-act).

2.4. Statistical analyses

The results were analyzed comparatively between the groups using
the Student's t-test or ANOVA (Kidneys) followed by the Bonferroni post-
hoc test. Statistical analyses were performed with GraphPad Prism soft-
ware, version 5.0 (GraphPad Software, Inc., USA). The data were
expressed as mean � standard error of the mean (X � S.E.M.), consid-
ering the results of two independent experiments. The significance level
adopted was 5% (P < 0.05).

3. Results and discussion

3.1. Characteristics of the animals after the induction of hypertension

After the experimental period, animals with renal artery stenosis
(2K1C) had an increase in body weight, SBP (Figure 1) and heart mass.
Likewise, hypertension promoted an increase in the right kidney vs.
Sham and compared to the left of the 2K1C group, which indicates right
3

renal hypertrophy and left renal atrophy. These findings indicate hy-
peractivity of the right kidney relative to the stenotic kidney and cardiac
hypertrophy, characteristics of the renovascular hypertension model
2K1C [19]. The others biometric parameters evaluated were not different
between the groups (Table 2).

Usually, hypertension raises blood levels of LDL-c, total cholesterol,
and triglyceride and, in contrast, decreases the amount of HDL-c [20].
However, within 4 weeks of hypertension induction, it was not possible to
observe changes in serum cholesterol profile (Table 2). The results found
can be justified by the similarity of the gene expression of LDLr andHmgcr
between the groups (Figure 2). The enzyme 3-hydroxy-3-methylglutaryl--
CoA reductase participates in the biosynthesis of the cholesterol molecule
and acts on homeostasis of blood pressure and hypertension [21]. Serum
levels of triglycerides, free fatty acids, glucose, urea, uric acid, CK-MB,
CK-NAC and creatinine were similar for the two groups. Increased
creatinine levels are associated of risk of cardiovascular [22] disease and
reduction in creatinine clearance, as well as increased serum creatinine is
found in subjects with mild or moderate renal impairment [23].

3.2. Transcriptional analysis of the renin-angiotensin system and
cardiovascular homeostasis

Renovascular hypertension 2K1C is an experimental model that
stimulates the renin-angiotensin system and plays a key role in



Figure 2. Expression of target genes of cholesterol metabolism and RAS demonstrated by RT-PCR analysis. Relative densitometry values were calculated after
normalization with β-actin gene and the expression changes of the transcripts between the Sham and 2K1C groups were expressed as mean � S.E.M. The upper panels
show the representative bands of the gel in liver (a), heart (b), kidneys (c) (R ¼ right; L ¼ left) (see supplemental data). Significant differences between groups are
indicated by *P < 0.05, **P < 0.001, and ***P < 0.0001 vs. Sham; 6¼6¼ P < 0.001 vs. contralateral kidney.
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developing and maintaining high blood pressure [24]. Thus, we per-
formed a comparative analysis of Agt, Ren, Ace, Agtr1a gene expression
among normotensive (Sham) and hypertensive (2K1C) animals in
different tissues. All RAS genes studied, except hepatic Agt, were upre-
gulated by hypertension (Figure 2).

While several cell types produce AGT, knockout animals for hepatic
AGT demonstrate marked reductions in plasma concentrations of AGT
and decreased blood pressure [25]. On the other hand, a study provides
evidence that AGT also has independent effects of Ang II [26]. However,
the Agt genotype has no effect on the 2K1C model, in which renin is
stimulated [27]. Thus, these factors may justify that Agt gene expression
in the liver is not increased in 2K1C animals.

In the heart, renovascular hypertension increased the expression of
Ace, Agtr1a, Anp, Bnp andNpr1 genes in the left ventricle of 2K1C animals
when compared to Sham (Figure 2). Studies suggest that ACE inhibition
generates cardiac protection, being important given to hypertension
patients, but its excess generates left ventricular hypertrophy [28].
Similarly, Agtr1a is required for the development of hypertension and
cardiac hypertrophy [29]. Therefore, as expected, renal artery stenosis
caused hypertension and cardiac hypertrophy through the over-
expression of the Agtr1a gene.

The RAS and NPs present antagonistic mechanisms for the control of
arterial hypertension. However, in renovascular hypertension and heart
failure, plasma levels of renin, ANP and BNP are also increased [30].
Renovascular hypertension increased gene expression of the NPs and
Npr1 in response to renal artery stenosis to attenuate the release of renin
(Figure 2). In genetically modified and spontaneously hypertensive rats,
the activity of the natriuretic peptide-A receptor (NPR-A) is altered in
relation to Npr1 mRNA expression, suggesting abnormal transcriptional
control in hypertension [31]. Npr1 is identified as an anti-hypertrophic
gene that negatively regulates abnormal cardiac remodeling and
4

cardiac failure [32]. Consequently, increased expression of the Npr1 gene
suggests a response to cardiac hypertrophy.

Although the plasma levels of renin, ACE and ANG II were not studied
in this study, the gene expression of Ren, Ace, and Agtr1a in the kidneys
was upregulated by hypertension (Figure 2), which suggests the tran-
scriptional regulation of this system. The increase of the mRNA of Ren
and Ace occurred in the stenotic kidney of the 2K1C animals when
compared to the Sham and the contralateral kidney. However, transcripts
of the Agtr1a gene increased in both kidneys of the 2K1C vs. Sham ani-
mals in an attempt to regulate local blood pressure [33]. Npr1 exhibits
negative transcriptional regulation when there are high levels of Agt II in
renal cells [34] and increased expression of Agtr1a is followed by
decreased expression of Npr1 in 2K1C hypertension.

3.3. Modulation of connexin mRNA expression by renovascular
hypertension

The connexins most frequently expressed in hepatocytes are Cx26 and
Cx32, while the Cx43 in hepatic non-parenchymal cells [35]. Santolim
[9] demonstrated the direct relationship between the increase in Hmgcr
gene expression and expression of Cx26 transcripts. In this study, the
gene expression of the Cx26 was not affected by hypertension, which
may be associated with the transcriptional levels of the Hmgcr in this
tissue (Figure 3). Cx32 plays a protective role in hepatic tissue and is
downregulated in liver injury, inflammation and oxidative stress [36].
Microvascular changes related to hypertension are a major risk factor
that predisposes the liver to disorders [37]. Data from our study
demonstrate an increase in expression level of Cx32 in 2K1C animals.
This finding suggests a response to the imbalance caused by hyperten-
sion, early protecting liver tissue (Figure 3). Generally, gap junctions
mediate intercellular communication and support liver homeostasis.



Figure 3. Modulation of the gene expression of connexins by hypertension analyzed by RT-PCR in (a) liver, (b) heart and (c) kidneys (R ¼ right; L ¼ left). Relative
densitometry values were calculated after normalization with β-actin gene and the expression changes of the transcripts between the Sham and 2K1C groups were
expressed as mean � S.E.M. The top panels show the representative bands of the gel (see supplemental data). Significant differences between groups are indicated by
*P < 0.05, **P < 0.001 vs. Sham; #P < 0.05, 6¼ P < 0.001 and 6¼6¼6¼ P < 0.0001 vs. contralateral kidney.
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Therefore, the upregulation of Cx43 expression is stimulated in patho-
logical conditions, including inflammation and oxidative stress [38].
However, Cx43 gene expression was not modulated by hypertension in
the experimental period (Figure 3). Considering that the Cx37 and Cx40
are expressed in vascular cells [16], and that liver damage depends on the
degree of microcirculation exposed to the increase in blood pressure
[37], the increase of transcripts of these connexins in 2K1C animals is
likely to be an adaptive protective response of the liver to allow better
cell-to-cell communication.

Cardiac hypertrophy induced by hypertension increased gene
expression of the Cx37 and Cx40 in the heart (Figure 3). In rats, Cx37 and
Cx40 are expressed in the endothelium, emphasizing the importance of
these channels of intercellular communication in the control of cardio-
vascular homeostasis coordinating specific signaling processes [12]. The
increased gene expression of Cx40 may be due to electrical stimulation
generated by hypertension [39]. The increased expression of Cx43 was
evidenced in hypertension, hypertrophy, hypercholesterolemia and
post-infarction remodeling [40]. Thus, from the increase in Cx43 gene
transcripts found in 2K1C animals and reports that connexin 43 protein is
also upregulated by hypertension, we can suggest a transcriptional reg-
ulatory event for the Cx43 gene in hypertension through organ
hypertrophy.

In the kidneys, Cx26 is predominantly present in the proximal tu-
bules, and Cx32 is expressed by the cortical and medullary region of the
renal tubules. The Cx32 acts as a tumor suppressor in renal cells and the
loss of its function of the Cx26 and Cx32 was not related to changes in
blood pressure in humans and rats [41, 42] justifying the maintenance of
tissue mRNA levels in this study. However, the increased gene expression
5

of Cx37 in the stenotic kidney of 2K1C animals is due to the increased
inflammatory process, since this type of connexin may participate in the
inflammatory process during the development of the disease [43]. Gene
expression of Cx40 is decreased when compared to their contralateral
kidney and Sham group. This decrease may be associated with gene
expression Ren increase and renin secretion [44]. Rats with Cx40 defi-
ciency, the renin secretion are increased and there is an increase in the
number of renin-secreting cells [45]. In renovascular hypertension 2K1C,
there is an increase in mRNA of Cx43 in the non-clipped kidney, which is
exposed to increased blood pressure. The increased expression of Cx43 in
the non-clipped kidney may be an adaptation of changes occurred in
vascular remodeling and consequently associated with the development
of hypertension [46]. This may justify decreased gene expression of Cx43
in the left kidney of 2K1C animals, when compared to Sham and
contralateral kidney, and increased expression in the right kidney vs.
Sham. Data related to the expression of Cx40 and Cx43 corroborate with
left renal atrophy.

4. Conclusion

In conclusion, the present study demonstrated that renovascular hy-
pertension 2K1C transcriptionally modulated RAS by increasing the Ren,
Ace, and Agtr1a gene expression. It indicated a cardiac response, medi-
ated by the increase of the natriuretic peptides gene expression, in the
attempt of normalization of the arterial pressure. LDLr and Hmgcr genes,
associated with cholesterol metabolism, were not modulated by 4 weeks
of hypertension, as were serum cholesterol and triglyceride levels. Con-
nexins transcripts were differentially regulated in the tissues studied,
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suggesting a response to hypertension, which might be a possible way to
reestablish tissue homeostasis.
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