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ARTICLE INFO ABSTRACT

Hypertension has complex vascular pathogenesis and therefore the molecular etiology remains poorly eluci-
dated. Endoplasmic reticulum stress (ERS), which is a condition of the unfolded/misfolded protein accumulation
in the endoplasmic reticulum, has been defined as a potential target for cardiovascular disease. In the present
study, the effects of ERS inhibition on hypertension-induced alterations in the vessels were investigated.

In male Wistar albino rats, hypertension was induced through unilateral nephrectomy, deoxycorticosterone-
acetate (DOCA) injection (20 mg/kg, twice a week) and 1% NaCl with 0.2% KCI added to drinking water for
12 weeks. An ERS inhibitor, tauroursodeoxycolic acid (TUDCA) (150 mg/kg/day, i.p.), was administered for the
final four weeks.

ERS inhibition in DOCA-salt induced hypertension was observed to have reduced systolic blood pressure,
improved endothelial dysfunction, enhanced plasma nitric oxide (NO) level, reduced protein expressions of
phosphorylated-double-stranded RNA-activated protein kinase-like endoplasmic reticulum kinase (pPERK),
78 kDa glucose-regulated protein (GRP78), Inositol trisphosphate receptorl (IP;R1) and Epidermal growth
factor receptor (EGFR), increased expressions of endoplasmic reticulum Ca®*-ATPase2 (SERCA2) and B cell
lymphoma2 (Bcl2) in vessels. These findings suggest that the beneficial effects of ERS inhibition on hypertension
may be related to protection of vessel functions through restoration of endoplasmic reticulum calcium home-

Keywords:

Hypertension

Endoplasmic reticulum stress
Vascular dysfunction
TUDCA

ostasis, and apoptotic and mitotic pathways.

1. Introduction

Hypertension is one of the most prevalent cardiovascular diseases
characterized by elevated blood pressure [1]. Multifactorial pathogen-
esis of hypertension remains poorly understood, but studies of hy-
pertension maintain its importance and priority. It is well known that
vascular dysfunction is implicated in the pathophysiology of hy-
pertension [2-5]. Vascular endothelium plays an important role in the
regulation of vessel functions by releasing vasoconstrictor and vasodi-
lator substances. Endothelial dysfunction has been mostly attributed to
decreased bioavailability of NO in conditions of oxidative stress [6].
Improvement of vascular dysfunction is an important therapeutic ap-
proach to reduce blood pressure.

Endoplasmic reticulum (ER) is one of the calcium store of the cells
and regulates cell functions through calcium release. In addition, pro-
tein folding in eukaryotes is constructed in ER and ERS occurs when
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unfolded or misfolded proteins accumulate in the lumen of ER. ERS
induces an adaptive program, which is called unfolded protein response
(UPR) of the cell [7]. UPR attempts to restore ER homeostasis by in-
hibiting protein synthesis and up-regulation of protein folding and de-
gradation pathways. When ERS is prolonged and/or excessive, UPR
triggers the inflammatory pathways and finally apoptotic cell death [8].
It has been previously reported that ERS plays a key role in the pa-
thogenesis of hypertension [9]. Recent studies have revealed that ERS
inhibition improved the vascular dysfunction in Angiotensin II induced
hypertension [10], reduced systolic blood pressure and normalized
aorta contraction in spontaneously hypertensive rats (SHR) [11].
However, the underlying mechanism of the role of ERS in hypertension
has not been fully understood.

The aim of this study was to elucidate the effects of ERS inhibition
on hypertension-induced alterations of the mechanical functions of the
thoracic aorta. In a rat model of DOCA salt-induced hypertension,
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examinations were made of the expressions of ER calcium homeostasis
proteins (SERCA2 and IP3R1); ERS (PERK and GRP78); apoptosis (Bcl-
2-associated X (Bax) and Bcl2) and mitogenesis (EGFR, protein kinase B
(AKT), p-AKT, extracellular signal-regulated kinase (ERK), p-ERK, and
inhibitor of kappa B (IkB-a)) markers in vessels and blood biomarkers
related to endothelial function (NO and TAC).

2. Materials and methods
2.1. Animal care and surgical procedure

All experiments were carried out in compliance with the National
Institute of Health Guide for the Care and Use of Laboratory Animals.
The experimental procedure was approved by the Animal Ethics
Committees of Ankara and Gazi University, Ankara. Male Wistar albino
rats, aged 8 weeks and each weighing 240 g-260 g, were used in this
study. All the rats were housed in a constant temperature of 24 = 1°C
with a 12 h light/dark cycle, and free access to food and water during
the experimental period. All animals were housed in pairs in standard
laboratory cages and randomly divided into four groups. Blinding was
not performed.

The DOCA-salt hypertension model that has been previously de-
scribed in detail was used in this study [12]. In summary, the animals
were anesthetized with a mixture of ketamine (60 mg/kg) and xylazine
(10 mg/kg) and left unilateral nephrectomy was performed in hy-
pertensive groups. After a one-week recovery period, the rats were
administered DOCA subcutaneously at a dose of 15mg/kg twice a
week, and 1% NaCl and 0.2% KCl was added to the drinking water for
12 weeks. TUDCA, which is an ERS inhibitor, was administered in-
traperitoneally (150 mg/kg/day) to the normotensive and hypertensive
animal groups for the last 4 weeks of the experimental period.

Systolic blood pressure was measured once a week on pre-warmed
and restrained rats, using tail-cuff plethysmography (NIBP200A,
COMMAT, Turkey). At least six measurements were made for each rat
and the mean values were calculated.

2.2. Isolated tissue bath procedure

At the end of the treatment period, the rats were anesthetized with a
mixture of ketamine (60 mg/kg) and xylazine (10 mg/kg) and blood
samples were collected from bifurcation of the abdominal aorta. The
thoracic and carotid artery were carefully dissected and cleaned from
adventitial tissues. Four vessel rings (2-3 mm) of the thoracic aorta
were used for functional studies and the endothelium of some rings was
denuded using a cotton thread. Isolated rings of aorta were placed in
organ baths containing Krebs solution (in mM: 112 NaCl, 5 KCl, 11.5
Dextrose, 25 NaHCO3, 0.5 MgCl,, 2.5 CaCl,, 1.2 NaH,PO,, pH: 7.4)
aerated with 95% O,, and 5% CO, and warmed to 37 °C. Each ring was
mounted between stainless-steel hooks and connected to a force dis-
placement transducer (FT 03) under an initial tension of 2 g. The tissues
were allowed to equilibrate for at least 40 min. Cumulative con-
centration-response curves of acetylcholine (ACh) and sodium ni-
troprusside (SNP) were performed in the endothelium-intact aorta rings
pre-contracted by phenylephrine (Phe 10~ °M). The relaxations were
expressed as a percentage of the pre-contraction.

To investigate the functional capacity of the ER calcium store in the
Phe-induced contraction, the previously described experiment design
was followed [13]. Briefly, after equilibration and washing of en-
dothelium-denuded aortic rings in the organ bath, the medium was
replaced with Ca?™ -free Krebs solution containing EGTA (10~°M) for
15 min then the Phe (10> M) was added. The response of rings to Phe
in Ca®*-free medium was recorded for 10 min to observe intracellular
calcium release. Then, Ca?* (2.5 mM) was added to the bath medium
and extracellular calcium-induced contraction was determined in the
presence of Phe.
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2.3. Biochemical examinations

The plasma nitrite level as an indicator of NO production was
measured using the spectrophotometric method based on the Griess
reaction [14]. Total Antioxidant Capacity (TAC) of plasma was mea-
sured by the method previously described [15], based on the reduction
of Cu*?to Cu™?! by the antioxidants of plasma. Neocuproine (Nc) was
used as a chromogenic agent and the color of the formed complex (Nc-
Cut!) was detected spectrophotometrically at 455 nm.

2.4. Western Blot analysis

The isolated and cleaned thoracic aorta and right and left carotid
arteries were placed in Krebs solution. One half of the right and left
carotid arteries were incubated with Krebs solution and the other half
of the carotid arteries were incubated with phenylephrine (10~°M) in
37 °C for 10 min. Then, the carotid arteries and the remaining part of
the thoracic aorta were immediately frozen (—80°C). The thoracic
aorta and carotid artery samples were homogenized in homogenization
buffer containing 2 mM EDTA, 50 mM Tris, 1 mM PMSF, 1% NP40 (v/
v), 10% Sucrose (w/v) and protease and phosphatase inhibitor tablets
(Roche, USA) using Tissue Ruptor homogenizator (Qiagen, Venlo,
Netherlands). Homogenates were centrifuged at 800g for 10 min at 4 °C
and supernatants were collected. Total protein concentrations were
quantified using the Lowry method. Equal amounts of protein (50 pg)
samples were mixed with sample buffer, separated by SDS-poly-
acrylamide gel electrophoresis and electroblotted to PVDF membranes.
The membranes were blocked by incubation in blocking buffer (3% BSA
or 5% nonfat dried milk) and primary antibody incubation (1:100) was
performed using the following antibodies: PERK, pPERK, GRP78,
SERCA2, IP5R1, Bcl2, Bax, EGFR, AKT, p-AKT, ERK, p-ERK, IkB-a, and
GAPDH (1:2000) (Santa Cruz Biotec., CA, USA). Then, the membranes
were incubated with horseradish peroxidase conjugated secondary an-
tibodies (1:10.000, Santa Cruz Biotec., CA, USA) for 1 h. Signals were
visualized by chemiluminescent detection using the ChemiDoc™ MP
(Bio-Rad Laboratories, Hercules CA, USA) system. GAPDH was used as
an internal control protein. The expression level of proteins relative to
GAPDH was determined using the ImageLab 4.1 software.

2.5. Chemicals

TUDCA was obtained from Calbiochem (La Jolla, CA, USA).
Acetylcholine, phenylephrine, DOCA and all other chemicals were ob-
tained from Sigma Chemical Co (St Louis, MO, USA). TUDCA was
prepared daily in serum physiologic. DOCA was dissolved in corn oil
(20 mg/ml, w/v).

2.6. Statistical analysis

The results were expressed as mean = standard error of the mean
(SEM). Repeated-measures of two-way ANOVA and posthoc Bonferroni
test (for ACh and SNP dose-response curves) and the Student's t-test
were used to test differences among the groups for statistical analysis. A
value of p < 0.05 was considered statistically significant.

3. Results

The body weights of all animals were similar at the beginning of
experiment. At the end of the experiment, the body weights of the
hypertensive animals were significantly lower than those of the control
group (p < 0.05). Reduced body weight was increased by TUDCA
treatment (p < 0.05). In normotensive animals, TUDCA treatment
prevented the weight gain (Fig. 1A).

Systolic blood pressure of the animals was measured weekly using
the tail-cuff method. In the DOCA-salt group, systolic blood pressure
was significantly increased compared to the control group (p < 0.05).
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Fig. 1. The effect of ERS inhibition with TUDCA on the body weight and systolic blood pressure of the animals. TUDCA treatment enhanced body weight in
hypertensive rats and decreased it in normal rats (A). Systolic blood pressure was increased with DOCA-salt administration and reduced with TUDCA treatment (B).

Differences from *Control, #DOCA-salt (n = 6-8).

TUDCA treatment reduced the systolic blood pressure in hypertensive
animals (p < 0.05). In normal rats, systolic blood pressure was not
altered by TUDCA treatment (Fig. 1B).

Vascular ERS was examined by quantifying the expression levels of
ERS markers such as p-PERK and GRP78. While p-PERK expression in
the thoracic aorta was significantly increased in the hypertensive group
compared to the control group (p < 0.05), elevated p-PERK expression
was decreased by TUDCA treatment (p < 0.05) but, total PERK ex-
pression was similar in all groups (Fig. 2A, B, C and D). Another ERS
marker, GRP78 expression, was also enhanced by DOCA-salt hy-
pertension and TUDCA treatment significantly reduced expression level
in the carotid artery similar to in the thoracic aorta (Fig. 2E and F).

ACh-induced endothelium-dependent relaxations of the vessel were
recorded against Phe-induced (10~°M) pre-contraction in the thoracic
aorta (Fig. 3A). Endothelium-dependent relaxations were significantly
reduced in the DOCA-salt hypertensive rats when compared to the
control rats (p < 0.05). The DOCA-salt induced decrease in the en-
dothelium-dependent relaxations were improved by TUDCA treatment
(p < 0.05). SNP-induced endothelium-independent relaxations were
also decreased in the DOCA-salt group and improved by TUDCA
treatment (p < 0.05) (Fig. 3B).

The plasma nitrite level, which reflects NO production, was not
different in the DOCA-salt group from the control group (Fig. 4A).
TUDCA treatment significantly increased the plasma nitrite levels in
both hypertensive and normotensive animals (p < 0.05). The plasma
TAC levels were significantly augmented in the DOCA-salt group
compared to the control group (p < 0.05). Elevated plasma TAC levels
were significantly decreased by TUDCA treatment (p < 0.05) (Fig. 4B).

Although the effect of ERS on protein synthesis and cell metabolism
has been studied in detail, the functional situation of the intracellular
ER calcium store has not been examined to date. To evaluate the con-
tribution of Ca®" release from ER store on the Phe-induced contraction
of vascular smooth muscle, vessel response was obtained in the cal-
cium-free and calcium-containing medium. Phe-induced contractions of
the aortic rings isolated from DOCA-salt rats were attenuated in the
calcium-free medium and additional contraction induced by calcium
was also smaller than in the control group (p < 0.05) (Fig. 5). In hy-
pertensive and normal rats, TUDCA treatment significantly elevated
Phe-induced contractions in the calcium-free medium (p < 0.05). In
the hypertensive group, TUDCA treatment enhanced the contractions in
the calcium-containing medium (p < 0.05) (Fig. 5).

Regulation of ER calcium store was examined by aortic expressions
of SERCA and IP3R, which are responsible for calcium storage and the
release of ER. Although expressions of SERCA2 protein in the thoracic
aorta were significantly reduced, IP3R1 expression was significantly
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increased in the DOCA-salt hypertensive rats compared to the control
group (p < 0.05) (Fig. 6). TUDCA treatment enhanced expressions of
SERCA2 and reversed expression of IP3R1.

The relationship of ERS inhibition with apoptosis in the vessel was
examined using marker expression. DOCA-salt hypertension sig-
nificantly increased the expression level of Bax protein when compared
to the control group (p < 0.05) (Fig. 7A and B). The expression of Bcl2
protein was significantly reduced in the aorta of DOCA-salt rats and was
increased by TUDCA treatment (p < 0.05) (Fig. 7C and D).

Hypertension is associated with remodeling of resistance vessels.
Hypertension-induced mitotic pathways in resting and Phe-stimulated
conditions were investigated in the carotid artery. Enhanced EGFR
expression in the DOCA-salt group was significantly lowered with
TUDCA treatment (p < 0.05) (Fig. 8A, B). Expressions of AKT, p-AKT,
ERK, p-ERK and IkB-a protein in the carotid artery, were similar in all
the groups. However, p-AKT expression was significantly elevated by
Phe stimulation in the carotid artery isolated from DOCA-salt hy-
pertensive rats (Fig. 8D).

4. Discussion

The results presented in this study showed that DOCA-salt induced
hypertension impaired vascular responsiveness and altered expressions
of functional proteins in the vessel wall. These were seen as enhanced
expressions of pPERK, GRP78, IP;R1, Bax, EGFR and reduced expres-
sions of SERCA2 and Bcl2. ERS inhibition with TUDCA decreased sys-
tolic blood pressure, improved vascular dysfunction, and reduced ex-
pressions of pPERK, GRP78, IP3R1 and EGFR, increased expressions of
SERCA2 and Bcl2 in the vessel.

The accumulation of misfolded or unfolded proteins in ER lumen is
defined as ER stress which leads to the activation of the unfolded
protein response (UPR) to restore homeostasis [16]. Young et al. first
reported that ERS plays a pivotal role in chronic hypertension [9]. Since
then, ERS has been the subject of studies on hypertension
[10,11,17-20].

It has been reported that ERS affects the lipid, glucose and energy
metabolism [21-23]. In addition, TUDCA treatment has been shown to
inhibit weight gain in mice fed with a high-fat diet [23]. In the current
study, the body weights of hypertensive rats were significantly lower
than those of the control group rats. TUDCA treatment increased the
body weight of hypertensive animals and inhibited weight gain in
normotensive animals. The effect of ERS inhibition by TUDCA on body
weight may be altered by hypertension-induced regulation of lipid,
glucose and energy metabolism. However, further examinations are
needed to elucidate the mechanism of hypertension and the effects of
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Fig. 2. The effect of ERS inhibition with TUDCA on PERK, p-PERK and GRP78 protein expressions. Total PERK expressions of the thoracic aortas were similar in all
groups (A and B). Aortic p-PERK expression level was enhanced in the DOCA-salt group and was reduced with TUDCA treatment (C and D). Increased GRP78 protein
expression of the carotid artery isolated from hypertensive animals was reduced with TUDCA treatment (E and F). Difference from *Control (n = 6).

TUDCA on weight regulation.

It has been shown that ERS inhibition with TUDCA lowers the blood
pressure in Angiotensin II-induced hypertension [10,18] and SHR [17].
Similar to a previous study, ERS inhibition with TUDCA in the current
study was seen to reduce the systolic blood pressure of the DOCA-salt

hypertensive rats, suggesting that TUDCA affected the main
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mechanisms of hypertension.

Eukaryotic cells respond to ERS through three sensors that are
bound to the ER membrane mediating the UPR signaling: PERK, acti-
vating transcription factor 6 (ATF6) and inositol requiring kinase 1
(IRE1) [24]. Under ERS, the GRP78/PERK complex is separated and
PERK is activated by autophosphorylation [25]. It has been shown that
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Fig. 3. The effect of ERS inhibition with TUDCA on endothelium-dependent and endothelium-independent relaxations. ACh-induced endothelium-dependent re-
laxations were decreased in hypertensive rats and ameliorated with TUDCA treatment (A). SNP-induced endothelium-independent relaxations were decreased in the

DOCA-salt group (B). Differences from *Control, #DOCA-salt (n = 11-24).
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total PERK expression was not changed in the aorta of hypertensive
animals [26]. In the current study, total PERK expressions were also
similar in all experimental groups as seen in the previous study. How-
ever, the aortic expression level of activated PERK (pPERK) was higher
in the hypertensive group compared to the control group and TUDCA
treatment reversed this increment. GRP78 is a major endoplasmic
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function in angiotensin II induced hypertension [10]; inhibited tuni-
camisin induced endothelial dysfunction in mice aorta [32]; and en-
hanced endothelium-dependent relaxation in mesenteric arteries of
SHR [33]. In addition, Galan et al. showed that ERS decreased en-
dothelial NOS expression and activation in endothelial cells [26]. In
accordance with previous studies, ACh-induced endothelium-depen-
dent relaxations of hypertensive rat aortas were decreased when com-
pared to the control group in the current study. This is the first study to
have observed that ERS inhibition with TUDCA improved DOCA-salt
hypertension induced endothelial dysfunction. Therefore, it can be
suggested that the antihypertensive action of TUDCA may be due to its
beneficial effect on the endothelial function in DOCA-salt hypertension.

On the other hand, it has been demonstrated that SNP-induced
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Fig. 6. The effect of ERS inhibition with TUDCA on SERCA2 and IP3R protein expressions in the aorta. The SERCA2 expression level was reduced in hypertension and
enhanced with TUDCA treatment (A, B). The IP3R expression level was enhanced in the DOCA-salt group and TUDCA treatment inhibited this increment (C, D).

Difference from *Control (n = 6).
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Fig. 7. The effect of ERS inhibition with TUDCA on Bax and Bcl2 protein expressions. Bax expression was enhanced in the DOCA-salt group (A, B). Bcl2 expression
was decreased in hypertensive rats and enhanced with TUDCA treatment (C, D). Differences from *Control, #DOCA-salt (n = 6).

endothelium-independent relaxations decreased in animal models of
hypertension including SHR [34], renovascular hypertension [35] and
high-salt diet induced hypertension [36]. In the present study, SNP-
induced endothelium-independent relaxation was also attenuated in the
aorta of DOCA-salt hypertensive animals and was improved with
TUDCA treatment. It has been suggested that reduced SNP-induced
relaxations are caused by impairment in the NO-cGMP signaling
pathway in the vascular smooth muscle cells [36].

The endothelium-derived NO level is regarded as an indicator of
endothelial function. However, NO may be synthesized in other cells in
case of inflammation which is involved in the pathophysiology of hy-
pertension [37]. Attenuated or unchanged plasma levels of NO in hy-
pertension have been reported in previous studies [12,38]. In the cur-
rent study, it was observed that plasma levels of NO were not changed
by DOCA-salt hypertension. Thus, it was hypothesized that a reduced
level of endothelium-derived NO production in hypertension might be
balanced by NO secreted from immune cells. In the present study,
TUDCA treatment enhanced plasma levels of NO in both hypertensive
and normotensive rats. These results suggest that the effect on NO levels
of ERS inhibition with TUDCA may be another important mechanism to
improve endothelial function in hypertension.

Oxidative stress is another important factor which is involved in the
pathophysiology of hypertension [39-41]. Enhanced production or
impaired inactivation of reactive oxygen species (ROS) lead to a de-
crease in NO bioavailability [6]. TAC measurement is a method which
allows the examination of different components of the antioxidant de-
fense system together. In the current study, plasma levels of TAC in-
creased in DOCA-salt hypertensive rats in consistent with previous
studies [42,43] and returned to the control values with TUDCA treat-
ment. It has been argued that reduced or increased TAC levels occur
based on the progression of the pathology and the duration of exposure
to oxidative stress [43]. On the one hand, long term oxidative stress
may be lead to depletion of the antioxidant system. On the other hand,
in the earlier stages of hypertension, a reactive TAC increment may be a
consequence of enhanced activity of the antioxidant defense system in
response to sustained oxidative stress.

Intracellular Ca®>* homeostasis plays an important role in vascular
excitation-contraction coupling. Contraction of the arterial smooth
muscle by stimulation of G, coupled receptors is dependent on the
elevation of intracellular free calcium concentration due to the release
of Ca®* from the ER store and Ca®" influx from the extracellular space
[44]. IPs-mediated Ca®>" release from ER due to IPsR and Ca®* entry
through membrane Ca®* channels is involved in the alpha-1
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adrenoreceptor-stimulated contraction of smooth muscle. In the current
study, Phe-induced contractions stimulated by Ca®* release from ER
and extracellular influx were attenuated in the aortic rings isolated
from the DOCA-salt hypertensive rats. In the hypertensive and nor-
motensive rats, TUDCA treatment elevated Phe stimulated Ca2* re-
lease-induced contraction in the calcium-free medium. In the hy-
pertensive group, TUDCA treatment also increased the contractions
induced by extracellular Ca™" influx. These results indicate that TUDCA
treatment enhanced the contraction induced by Ca®* release from in-
tracellular stores in both hypertensive and normotensive animals. In
addition, TUDCA increased the contraction mediated by extracellular
Ca®" entry in the hypertensive rats. This is the first study to have ob-
tained this functional data that alpha-1 adrenoreceptor-stimulated
Ca®" release and influx diminished by hypertension and ERS inhibition
with TUDCA treatment reversed the hypertension-induced disruption of
the functional reflection of calcium homeostasis in the vascular smooth
muscle cells.

On the other hand, increased intracellular free calcium concentra-
tion after cell stimulation is reversed by calcium transporters. The most
important transporter is SERCA, which is a calcium ATPase and carries
calcium in the ER lumen and is responsible for filling the ER calcium
store. SERCA regulates the ER calcium store and has an important role
in contraction-relaxation coupling, apoptosis and proliferation [45]. It
has been shown that an alteration in SERCA activity diminished in-
tracellular Ca%2™ homeostasis, which was related to enhancement of
vascular tone in hypertensive animals [46]. Decreased endothelial
SERCA2b expression in SHR has also been reported [47]. In addition,
depletion of the ER calcium store by SERCA2 inhibition has been used
in an ERS induction model [48]. It has been reported that attenuation of
SERCA2a activity caused ER Ca®>" store depletion and consequently,
ERS [49]. It has been reported that SERCA functions are disrupted but
the expression level is not changed under oxidative stress [45]. Reg-
ulation of SERCA activity and expression seem to be related to many
factors but the relationship with hypertension has not been fully elu-
cidated. In the present study, it was observed for the first time that
aortic expression of SERCA2 decreased in DOCA-salt hypertension and
enhanced with TUDCA treatment. This result also supported the Phe-
induced contraction of the aorta in the calcium free medium that was
reduced by hypertension and enhanced after TUDCA treatment. These
findings suggest that the effect of ERS inhibition with TUDCA on
SERCA2 expression may be another important mechanism in the ben-
eficial effect on hypertension.

In addition, stimulation of Phe causes IPs;-mediated activation of
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Fig. 8. The effect of ERS inhibition with TUDCA on EGFR, Akt, p-Akt, ERK, p-ERK and IkB-a protein expressions in the carotid artery. EGFR expression was increased
in the DOCA-salt group and lowered with TUDCA treatment. The expression of p-AKT was elevated by Phe-incubation in the carotid artery isolated from the
hypertensive rats. Differences from *Control, #DOCA-salt, & Phe incubation (n = 6).

IP3R, which is a Ca®>* channel allowing Ca®™ release from ER into the
cytoplasm. IP3R1 isoform has been assumed to be the fourth ERS sensor
[50]. The ER chaperone, GRP78, specifically binds IP;R1 and acts to-
gether against ERS [51]. In the current study, it was shown for the first
time that aortic IP3R1 expression was augmented in DOCA-salt hy-
pertension and decreased to control values with TUDCA treatment.
Enhanced IP3R1 expression in hypertension would be a compensation
mechanism of the insufficient ER calcium store.
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Enhanced apoptotic activity has been reported in several hy-
pertension models [52,53]. In addition, exposure to chronic ERS can
impair cellular function and result in apoptosis [54]. The Bcl2 family
proteins including the anti-apoptotic (Bcl2, Mcl1: myeloid cell leukemia
1, BelxL: B-cell lymphoma extra-large, Belw: Bcl2-like protein 2 and
Bfll: Bcl2-related protein Al) and the pro-apoptotic (Bax, Bak: Bcl2
homologous antagonist/killer and Bok: Bcl2-related ovarian killer)
members, play an important role in the regulation of ERS-induced
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apoptosis [55]. Pro-apoptotic Bcl2 family members, such as Bax, are the
main steps for the induction of apoptosis in mitochondria. These pro-
teins cause cytochrome C release and caspase activation and then cells
undergo apoptosis [54]. Previous studies have shown that ERS inhibi-
tion produced anti-apoptotic activity in the aorta of SHR [17], inhibited
apoptosis in the pulmonary arterial smooth muscle cells [56] and re-
duced apoptosis in the aorta of angiotensin II treated rats [18]. Spitler
et al. reported that ERS inhibition with TUDCA reduced Bax protein
expression and enhanced Bcl2 protein expression in the aorta of SHR
[17]. In the current study, it was shown that the pro-apoptotic Bax
protein expression level increased and the anti-apoptotic Bcl2 protein
expression level decreased in the aorta of DOCA-salt hypertensive rats.
In addition, ERS inhibition with TUDCA did not change Bax expression
but enhanced Bcl2 expression in hypertensive animals. These results
suggest that the anti-apoptotic action of ERS inhibition with TUDCA
may play an important role in the antihypertensive effect.

Resistance arteries play an important role in the regulation of blood
pressure [57]. Hypertension is related with a remodeling of the re-
sistance vessels [58] and vascular remodeling is associated with in-
creased proliferation and migration of vascular smooth muscle cells in
response to enhanced production of growth factors [59]. Epidermal
growth factor (EGF) is the one of the mitogenic growth factors for the
vascular smooth muscle cells [60]. EGFR stimulation leads to activation
of ERK, AKT and NH,-terminal c-Jun kinase (JNK) pathways [61]. EGF/
EGFR is involved in enhanced vascular smooth muscle proliferation and
leads to hypertrophic remodeling [62]. The elevated level of EGF and
the enhanced protein tyrosine kinase activity associated with the EGFR
has been reported in the spontaneously hypertensive Lyon rat aorta
[63]. However, the relationship between EGFR and ERS has been re-
vealed in type 1 diabetes mellitus [64]. Takayanagi et al., showed that
ERS inhibition prevented the EGFR activation by AnglII in vascular cells
[20]. In the present study, prevention of increased expression of EGFR
with TUDCA treatment in the carotid artery was observed for the first
time in the DOCA-salt hypertensive rats. It seems that one of the mo-
lecular mechanisms of ERS inhibition may be associated with mitogenic
EGF/EGFR pathway, which leads to vascular remodeling in hyperten-
sion.

The AKT signaling pathway plays an important role in cardiovas-
cular system regulation through involving angiogenesis and apoptosis
[65]. It has been suggested that impairment of AKT activity contributed
to endothelial dysfunction in hypertension [66]. ERK and Nuclear
Factor kappa B (NF-kB) pathways are also involved in the proliferation
process [67,68]. In the current study, the expression levels of AKT, p-
AKT, ERK, p-ERK and a NF-kB inhibitor IkB-a were not altered by hy-
pertension or TUDCA treatment in the carotid artery. Vascular re-
modeling is an active process that develops in response to long-standing
changes in the hemodynamic situation. Hypertension-induced changes
are dependent on interactions between local growth factors, vasoactive
substances and hemodynamic stimuli therefore it may vary in different
periods of the pathological process. Further studies are needed to in-
vestigate the long term effects of ERS inhibition on vascular mitogenic
pathways in hypertension.

In conclusion, ERS inhibition with TUDCA treatment was observed
to reduce systolic blood pressure and improve vessel functions in the
DOCA-salt hypertension model. These effects of ERS inhibition were
accompanied by enhancement of the plasma NO level, and restoration
of vascular pPERK, GRP78, SERCA2, IP;R1, Bcl2 and EGFR protein
expressions. These findings will help to elucidate the molecular me-
chanisms of the beneficial effect of ERS inhibition on hypertension and
can be suggested as potential targets for novel therapies.

Acknowledgements
This study was supported by a research grant (16B0230004) from

the Ankara University Research Foundation. The authors are grateful to
Prof. Dr. H. Gurdal and B. Dalkilic for assisting with the Western Blot

45

Vascular Pharmacology 113 (2019) 38-46

analysis.
References

[1] T.M. Coffman, Under pressure: the search for the essential mechanisms of hy-
pertension, Nat. Med. 17 (11) (2011) 1402-1409.

D. Nakano, C. Itoh, F. Ishii, H. Kawanishi, M. Takaoka, Y. Kiso, N. Tsuruoka,

T. Tanaka, Y. Matsumura, Effects of sesamin on aortic oxidative stress and en-
dothelial dysfunction in deoxycorticosterone acetate-salt hypertensive rats, Biol.
Pharm. Bull. 26 (12) (2003) 1701-1705.

M. Galisteo, M.F. Garcia-Saura, R. Jiménez, I.C. Villar, A. Zarzuelo, F. Vargas,

J. Duarte, Effects of chronic quercetin treatment on antioxidant defence system and
oxidative status of deoxycorticosterone acetate-salt-hypertensive rats, Mol. Cell.
Biochem. 259 (1-2) (2004) 91-99.

R. Vera, M. S'Anchez, M. Galisteo, 1.C. Villar, R. Jimenez, A. Zarzuelo, F. P'Erez-
Vizca'lno, J. Duarte, Chronic administration of genistein improves endothelial
dysfunction in spontaneously hypertensive rats: involvement of eNOS, caveolin and
calmodulin expression and NADPH oxidase activity, Clin. Sci. 112 (2007) 183-191.
N.G. Gumanova, E.B. Artyushkova, V.A. Metel'skaya, V.I. Kochkarov,

T.G. Pokrovskaya, L.M. Danilenko, M.M. Korneev, M.V. Pokrovskii, E.N. Pashin,
Effect of antioxidants pQ510 and resveratrol on regulatory function of the en-
dothelium in rats with modeled arterial hypertension, Bull. Exp. Biol. Med. 143 (6)
(2007) 678-681.

U. Forstermann, Nitric oxide and oxidative stress in vascular disease, Pflugers Arch.
459 (6) (2010) 923-939.

D. Ron, P. Walter, Signal integration in the endoplasmic reticulum unfolded protein
response, Nat Rev Mol Cell Biol. 8 (2007) 519-529.

S.E. Logue, P. Cleary, S. Saveljeva, A. Samali, New directions in ER stress-induced
cell death, Apoptosis 18 (5) (2013) 537-546.

C.N. Young, X. Cao, M.R. Guruju, J.P. Pierce, D.A. Morgan, G. Wang, C. Iadecola,
A.L. Mark, R.L. Davisson, ER stress in the brain subfornical organ mediates angio-
tensin dependent hypertension, J. Clin. Investig. 122 (2012) 3960-3964.

M. Kassan, M. Galan, M. Partyka, Z. Saifudeen, D. Henrion, M. Trebak,

K. Matrougui, Endoplasmic reticulum stress is involved in cardiac damage and
vascular endothelial dysfunction in hypertensive mice, Arterioscler. Thromb. Vasc.
Biol. 32 (7) (2012) 1652-1661.

B. Liang, S. Wang, Q. Wang, W. Zhang, B. Viollet, Y. Zhu, M.H. Zou, Aberrant en-
doplasmic reticulum stress in vascular smooth muscle increases vascular con-
tractility and blood pressure in mice deficient of AMP-activated protein kinase-a2
in vivo, Arterioscler. Thromb. Vasc. Biol. 33 (3) (2013) 595-604.

S. Han, M.O. Uludag, S.E. Usanmaz, F. Ayaloglu-Butun, K.C. Akcali, E. Demirel-
Yilmaz, Resveratrol affects histone 3 lysine 27 methylation of vessels and blood
biomarkers in DOCA salt-induced hypertension, Mol. Biol. Rep. 42 (1) (2015)
35-42.

E. Demirel, R.K. Tiirker, Inhibition of iloprost of the contractile effect of nora-
drenaline in mesenteric artery rings: evidence for a possible calcium-dependent
mechanism, Prostaglandins Leukot Essent Fatty Acids (3) (1991) 185-189 Mar 42.
J. Navarro-Gonzalvez, C. Garcia-Benayas, J. Arenas, Semiautomated measurement
of nitrate in biological fluids, Clin. Chem. 44 (3) (1998) 679-681.

S.E. Usanmaz, Yilmaz E. Demirel, A microplate based spectrophotometric method
for the determination of the total antioxidant capacity of human plasma: modified
cupric reducing ability assay, Fundamental & Clin. Pharmacol. 22 (Suppl. 2)
(2008) 67.

R.J. Kaufman, Stress signaling from the lumen of the endoplasmic reticulum: co-
ordination of gene transcriptional and translational controls, Genes Dev. 13 (10)
(1999) 1211-1233.

K.M. Spitler, T. Matsumoto, R.C. Webb, Suppression of endoplasmic reticulum stress
improves endothelium-dependent contractile responses in aorta of the sponta-
neously hypertensive rat, Am. J. Physiol. Heart Circ. Physiol. 305 (3) (2013)
344-353.

K.M. Spitler, R.C. Webb, Endoplasmic reticulum stress contributes to aortic stif-
fening via proapoptotic and fibrotic signaling mechanisms, Hypertension 63 (3)
(2014) 40-45.

S. Lenna, R. Han, M. Trojanowska, Endoplasmic reticulum stress and endothelial
dysfunction, IUBMB Life 66 (8) (2014) 530-537.

T. Takayanagi, T. Kawai, S.J. Forrester, T. Obama, T. Tsuji, Y. Fukuda, K.J. Elliott,
D.G. Tilley, R.L. Davisson, J.Y. Park, S. Eguchi, Role of epidermal growth factor
receptor and endoplasmic reticulum stress in vascular remodeling induced by an-
giotensin II, Hypertension 65 (6) (2015) 1349-1355.

U. Ozcan, Q. Cao, E. Yilmaz, A.H. Lee, N.N. Iwakoshi, E. Ozdelen, G. Tuncman,
C. Gorgiin, L.H. Glimcher, G.S. Hotamisligil, Endoplasmic reticulum stress links
obesity, insulin action, and type 2 diabetes, Science 306 (5695) (2004) 457-461.
M. Zhao, B. Zang, M. Cheng, Y. Ma, Y. Yang, N. Yang, Differential responses of
hepatic endoplasmic reticulum stress and inflammation in diet-induced obese rats
with high-fat diet rich in lard oil or soybean oil, PLoS One 6 (11) (2013) €78620.
Q. Guo, Q. Shi, H. Li, J. Liu, S. Wu, H. Sun, B. Zhou, Glycolipid metabolism disorder
in the liver of obese mice is improved by TUDCA via the restoration of defective
hepatic autophagy, Int. J. Endocrinol. 2015 (2015) 687938.

D.T. Rutkowski, R.J. Kaufman, A trip to the ER: coping with stress, Trends Cell Biol.
14 (1) (2004) 20-28.

Cui, W., Li, J., Ron, D. ve Sha, B. (2011). The structure of the PERK kinase domain
suggests the mechanism for its activation. Acta Crystallographica Section D
Biological Crystallography, 67, 423-428.

M. Galan, M. Kassan, P.J. Kadowitz, M. Trebak, S. Belmadani, K. Matrougui,
Mechanism of endoplasmic reticulum stress-induced vascular endothelial

[2]

[3

[4]

[5]

[6]
[71
[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]


http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0005
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0005
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0010
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0010
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0010
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0010
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0015
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0015
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0015
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0015
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0020
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0020
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0020
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0020
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0025
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0025
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0025
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0025
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0025
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0030
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0030
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0035
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0035
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0040
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0040
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0045
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0045
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0045
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0050
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0050
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0050
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0050
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0055
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0055
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0055
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0055
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0060
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0060
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0060
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0060
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0065
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0065
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0065
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0070
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0070
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0075
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0075
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0075
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0075
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0080
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0080
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0080
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0085
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0085
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0085
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0085
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0090
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0090
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0090
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0095
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0095
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0100
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0100
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0100
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0100
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0105
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0105
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0105
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0110
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0110
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0110
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0115
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0115
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0115
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0120
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0120
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0125
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0125

S. Han et al.

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

dysfunction, Biochim. Biophys. Acta 1843 (6) (2014) 1063-1075.

K.T. Pfaffenbach, A.S. Lee, The critical role of GRP78 in physiologic and pathologic
stress, Curr. Opin. Cell Biol. 23 (2) (2011) 150-156, https://doi.org/10.1016/j.ceb.
2010.09.007 Epub 2010 Oct 21.

R. Cunard, Endoplasmic reticulum stress, a driver or an innocent bystander in en-
dothelial dysfunction associated with hypertension? Curr. Hypertens. Rep. 19 (8)
(2017) 64, https://doi.org/10.1007/s11906-017-0762-x.

E.H. Tang, P.M. Vanhoutte, Endothelial dysfunction: a strategic target in the
treatment of hypertension? Pflugers Arch. 459 (6) (2010) 995-1004.

M. Civelek, E. Manduchi, R.J. Riley, C.J. Stoeckert, P.F. Davies, Chronic en-
doplasmic reticulum stress activates unfolded protein response in arterial en-
dothelium in regions of susceptibility to atherosclerosis, Circ. Res. 105 (5) (2009)
453-461.

T. Matsumoto, M. Ando, S. Watanabe, M. Iguchi, M. Nagata, S. Kobayashi,

K. Taguchi, T. Kobayashi, Tunicamycin-Induced Alterations in the Vasorelaxant
Response in Organ-Cultured Superior Mesenteric arteries of Rats, Biol. Pharm. Bull.
39 (9) (2016) 1475-1481.

K.W. Choy, M.R. Mustafa, Y.S. Lau, J. Liu, D. Murugan, C.W. Lau, L. Wang, L. Zhao,
Y. Huang, Paeonol protects against endoplasmic reticulum stress-induced en-
dothelial dysfunction via AMPK/PPARS signaling pathway, Biochem. Pharmacol.
116 (2016) 51-62.

R.E. Carlisle, K.E. Werner, V. Yum, C. Lu, V. Tat, M. Memon, Y. No, K. Ask,

J.G. Dickhout, Endoplasmic reticulum stress inhibition reduces hypertension
through the preservation of resistance blood vessel structure and function, J.
Hypertens. 34 (8) (2016) 1556-1569.

M. Ajay, F.I. Achike, M.R. Mustafa, Modulation of vascular reactivity in normal,
hypertensive and diabetic rat aortae by a non-antioxidant flavonoid, Pharmacol.
Res. 55 (5) (2007) 385-391.

D. Bonaventura, R.G. de Lima, R.S. da Silva, L.M. Bendhack, NO donors-relaxation
is impaired in aorta from hypertensive rats due to a reduced involvement of K(+)
channels and sarcoplasmic reticulum Ca(2+)-ATPase, Life Sci. 89 (17-18) (2011)
595-602.

AK. Oloyo, O.A. Sofola, M.A. Yakubu, Orchidectomy attenuates high-salt diet-in-
duced increases in blood pressure, renovascular resistance, and hind limb vascular
dysfunction: role of testosterone, Clin. Exp. Pharmacol. Physiol. 43 (9) (2016)
825-833.

F. Montecucco, A. Pende, A. Quercioli, F. Mach, Inflammation in the pathophy-
siology of essential hypertension, J. Nephrol. 24 (1) (2011) 23-34.

C. Martin, J. Cameron, B. McGrath, Mechanical and circulating biomarkers in iso-
lated clinic hypertension, Clin. Exp. Pharmacol. Physiol. 35 (4) (2008) 402-408.
L. Nicod, S. Rodriguez, J.M. Letang, C. Viollon-Abadie, A. Jacqueson, A. Berthelot,
L. Richert, Antioxidant status, lipid peroxidation, mixed function oxidase and UDP-
glucuronyl transferase activities in livers from control and DOCA-salt hypertensive
male Sprague Dawley rats, Mol. Cell. Biochem. 203 (1-2) (2000) 33-39.

D. Binda, L. Nicod, C. Viollon-Abadie, S. Rodriguez, A. Berthelot, P. Coassolo,

L. Richert, Strain difference (WKY, SPRD) in the hepatic antioxidant status in rat
and effect of hypertension (SHR, DOCA). Ex vivo and in vitro data, Mol. Cell.
Biochem. 218 (2001) 139-146.

T. Shirakura, J. Nomura, C. Matsui, T. Kobayashi, M. Tamura, H. Masuzaki,
Febuxostat, a novel xanthine oxidoreductase inhibitor, improves hypertension and
endothelial dysfunction in spontaneously hypertensive rats, Naunyn
Schmiedeberg's Arch. Pharmacol. 389 (8) (2016) 831-838.

C. Vassalle, S. Masini, C. Carpeggiani, A. L'Abbate, C. Boni, G.C. Zucchelli, In vivo
total antioxidant capacity: comparison of two different analytical methods, Clin.
Chem. Lab. Med. 42 (1) (2004) 84-89.

A. Gawron-Skarbek, J. Chrzczanowicz, J. Kostka, D. Nowak, W. Drygas, A. Jegier,
T. Kostka, Cardiovascular risk factors and total serum antioxidant capacity in
healthy men and in men with coronary heart disease, Biomed. Res. Int. 2014 (2014)
216964, https://doi.org/10.1155/2014/216964.

S. Goulopoulou, R.C. Webb, Symphony of vascular contraction: how smooth muscle
cells lose harmony to signal increased vascular resistance in hypertension,
Hypertension 63 (3) (2014) e33-e39.

X. Tong, A. Evangelista, R.A. Cohen, Targeting the redox regulation of SERCA in
vascular physiology and disease, Curr. Opin. Pharmacol. 10 (2) (2010) 133-138.
D.O. Levitsky, M. Clergue, F. Lambert, M.V. Souponitskaya, T.H. Le Jemtel,

Y. Lecarpentier, A.M. Lompré, Sarcoplasmic reticulum calcium transport and Ca

46

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

Vascular Pharmacology 113 (2019) 38-46

(2+)-ATPase gene expression in thoracic and abdominal aortas of normotensive
and spontaneously hypertensive rats, J. Biol. Chem. 268 (11) (1993) 8325-8331.
1. Mountian, F. Baba-Aissa, J.C. Jonas, H. De Smedt, F. Wuytack, J.B. Parys,
Expression of Ca(2+) Transport Genes in Platelets and Endothelial Cells in
Hypertension, Hypertension 37 (1) (2001) 135-141.

J. Lytton, M. Westlin, M.R. Hanley, Thapsigargin inhibits the sarcoplasmic or en-
doplasmic reticulum Ca-ATPase family of calcium pumps, J. Biol. Chem. 266 (1991)
17067-17071.

D. Mekahli, G. Bultynck, J.B. Parys, H. De Smedt, L. Missiaen, Endoplasmic-re-
ticulum calcium depletion and disease, Cold Spring Harb. Perspect. Biol. 1 (6)
(2011).

S. Kiviluoto, T. Vervliet, H. Ivanova, J.P. Decuypere, H. De Smedt, L. Missiaen,

G. Bultynck, J.B. Parys, Regulation of inositol 1,4,5-trisphosphate receptors during
endoplasmic reticulum stress, Biochim. Biophys. Acta 1833 (7) (2013) 1612-1624.
H. Ivanova, T. Vervliet, L. Missiaen, J.B. Parys, H. De Smedt, G. Bultynck, Inositol
1,4,5-trisphosphate receptor-isoform diversity in cell death and survival, Biochim.
Biophys. Acta 1843 (10) (2014) 2164-2183.

H.D. Intengan, E.L. Schiffrin, Vascular remodeling in hypertension: roles of apop-
tosis, inflammation, and fibrosis, Hypertension 38 (3 Pt 2) (2001) 581-587.

M. Suematsu, H. Suzuki, F.A. Delano, G.W. Schmid-Schénbein, The inflammatory
aspect of the microcirculation in hypertension: oxidative stress, leukocytes/en-
dothelial interaction, apoptosis, Microcirculation 9 (4) (2002) 259-276.

E. Dufey, D. Septilveda, D. Rojas-Rivera, C. Hetz, Cellular mechanisms of en-
doplasmic reticulum stress signaling in health and disease. 1. An overview,
American Journal of Physiology: Cell Physiology 307 (7) (2014) 582-594.

J. Cui, W.J. Placzek, Post-Transcriptional Regulation of Anti-Apoptotic BCL2 Family
Members, Int J Mol Sci. 19 (1) (2018), https://doi.org/10.3390/ijms19010308 Jan
20. pii: E308. doi.

P. Dromparis, R. Paulin, T.H. Stenson, A. Haromy, G. Sutendra, E.D. Michelakis,
Attenuating endoplasmic reticulum stress as a novel therapeutic strategy in pul-
monary hypertension, Circulation 127 (1) (2013) 115-125.

Laurent S, Boutouyrie P. (2015) The structural factor of hypertension: large and
small artery alterations. Circ. Res. Mar 13;116(6):1007-21. doi: https://doi.org/10.
1161/CIRCRESAHA.116.303596.

M.J. Mulvany, Small artery remodeling and significance in the development of
hypertension, News Physiol Sci. Jun 17 (2002) 105-109.

D.G. Johns, A.M. Dorrance, R. Leite, D.S. Weber, R.C. Webb, Novel signaling
pathways contributing to vascular changes in hypertension, J Biomed Sci. Nov-Dec
7 (6) (2000) 431-443.

M.P. Sambhi, K.B. Clegg, Epidermal growth factor stimulation of DNA synthesis and
its inhibition by tyrosine kinase inhibition in aortic smooth muscle cells from SHR,
Clin. Exp. Hypertens. 13 (1991) 797 suppl A.

C. Fernandez-Patron, Therapeutic potential of the epidermal growth factor receptor
transactivation in hypertension: a convergent signaling pathway of vascular tone,
oxidative stress, and hypertrophic growth downstream of vasoactive G-protein-
coupled receptors? Can J Physiol Pharmacol. 85 (1) (2007) 97-104 (Review).

A. Kalmes, G. Daum, A.W. Clowes, EGFR transactivation in the regulation of SMC
function, Ann N YAcad Sci. 947 (2001) 42-54.

N. Swaminathan, M. Vincent, J. Sassard, M.P. Sambhi, Elevated epidermal growth
factor receptor levels in hypertensive Lyon rat kidney and aorta, Clin. Exp.
Pharmacol. Physiol. 23 (9) (1996) 793-796.

M. Galan, M. Kassan, S.K. Choi, M. Partyka, M. Trebak, D. Henrion, K. Matrougui, A
novel role for epidermal growth factor receptor tyrosine kinase and its downstream
endoplasmic reticulum stress in cardiac damage and microvascular dysfunction in
type 1 diabetes mellitus, Hypertension 60 (1) (2012) 71-80.

B.T. O'Neill, E.D. Abel, Aktl in the cardiovascular system: friend or foe? J Clin
Invest. 115 (8) (2005) 2059-2064.

G. laccarino, M. Ciccarelli, D. Sorriento, E. Cipolletta, V. Cerullo, G.L. Iovino,

A. Paudice, A. Elia, G. Santulli, A. Campanile, O. Arcucci, L. Pastore, F. Salvatore,
G. Condorelli, B. Trimarco, AKT participates in endothelial dysfunction in hy-
pertension, Circulation 109 (2004) 2587-2593.

M.A. Bogoyevitch, Signalling via stress-activated mitogen-activated protein kinases
in the cardiovascular system, Cardiovasc Res 45 (4) (2000) 826-842.

G. Gloire, S. Legrand-Poels, J. Piette, NF-kappaB activation by reactive oxygen
species: fifteen years later, Biochem. Pharmacol. 72 (2006) 1493-1505.


http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0125
https://doi.org/10.1016/j.ceb.2010.09.007
https://doi.org/10.1016/j.ceb.2010.09.007
https://doi.org/10.1007/s11906-017-0762-x
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0140
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0140
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0145
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0145
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0145
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0145
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0150
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0150
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0150
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0150
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0155
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0155
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0155
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0155
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0160
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0160
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0160
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0160
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0165
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0165
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0165
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0170
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0170
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0170
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0170
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0175
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0175
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0175
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0175
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0180
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0180
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0185
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0185
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0190
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0190
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0190
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0190
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0195
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0195
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0195
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0195
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0200
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0200
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0200
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0200
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0205
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0205
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0205
https://doi.org/10.1155/2014/216964
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0215
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0215
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0215
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0220
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0220
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0225
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0225
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0225
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0225
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0230
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0230
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0230
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0235
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0235
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0235
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0240
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0240
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0240
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0245
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0245
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0245
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0250
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0250
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0250
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0255
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0255
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0260
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0260
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0260
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0265
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0265
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0265
https://doi.org/10.3390/ijms19010308
https://doi.org/10.3390/ijms19010308
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0275
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0275
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0275
https://doi.org/10.1161/CIRCRESAHA.116.303596
https://doi.org/10.1161/CIRCRESAHA.116.303596
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0280
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0280
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0285
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0285
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0285
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0290
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0290
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0290
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0295
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0295
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0295
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0295
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0300
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0300
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0305
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0305
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0305
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0310
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0310
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0310
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0310
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0315
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0315
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0320
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0320
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0320
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0320
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0325
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0325
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0330
http://refhub.elsevier.com/S1537-1891(18)30196-4/rf0330

	Inhibition of endoplasmic reticulum stress protected DOCA-salt hypertension-induced vascular dysfunction
	Introduction
	Materials and methods
	Animal care and surgical procedure
	Isolated tissue bath procedure
	Biochemical examinations
	Western Blot analysis
	Chemicals
	Statistical analysis

	Results
	Discussion
	Acknowledgements
	References




