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Early regression of coronary artery remodeling with
esmolol and DDAH/ADMA pathway in hypertensive rats

Begoña Quintana-Villamandos1,2, Ana Arnalich-Montiel1, Silvia Arribas3, Nicole Lüneburg4, Rainer H Böger4,
María Jesús Delgado-Martos5, Carmen Fernández-Criado6, Emilio Delgado-Baeza5 and
María Carmen González3

Our preclinical study demonstrated that esmolol produces early regression of left ventricular hypertrophy in arterial hypertension.

The aim of this study was to assess the effects of short-term esmolol therapy on the regression of left anterior descending artery

remodeling in spontaneously hypertensive rats (SHRs), and to determine whether the asymmetric dimethylarginine (ADMA)/

dimethylarginine dimethylaminohydrolase (DDAH) pathway, a regulator of nitric oxide (NO) bioavailability, accounted for this

regression. Fourteen-month-old male SHRs were treated intravenously with vehicle (SHR, n=15) or esmolol (SHR-E, n=20)

(300 μg kg−1 min−1). Age-matched, vehicle-treated male Wistar-Kyoto rats (WKY, n=15) served as controls. SHRs were also

treated with nitroglycerin (SHR-N, n=5). After 48 h, the left anterior descending artery structure and morphology were assessed,

and dose–response curves for 5-hydroxytryptamine (5-HT, 10−9–3×10−5 mol l−1) were constructed. ADMA concentrations in

plasma and left ventricle and DDAH activity in tissue were analyzed. Wall thickness and cross-sectional area were significantly

lower after treatment with esmolol in SHR-E than in SHR. Media thickness and smooth muscle cell count were lower in SHR-E

than in SHR. Esmolol induced a significant reduction in adventitial cell count in SHR-E. The area under the concentration–

response curves was significantly higher in SHR than in SHR-E, as were the esmolol normalized coronary artery contracting

responses to 5-HT. We found significantly lower ADMA levels and significantly higher DDAH activity in the ventricle in SHR-E

than in SHR. The protective effect of esmolol on the regression of left anterior descending artery remodeling may be related to

the reduction in ADMA levels.
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INTRODUCTION

Esmolol is an ultrashort-acting cardioselective β-adrenergic blocker
that is widely used for the short-term treatment of tachyarrhythmias
and hypertension.1,2 The results of underpowered studies suggested
that esmolol reduces perioperative ischemia.3 In a preclinical study,
we showed that esmolol produces early regression of left ventricular
hypertrophy in arterial hypertension.4 The pharmacodynamic and
pharmacokinetic profiles of this drug make it a suitable cardio-
protective agent.1,5 Myocardial infarction is a cause of perioperative
morbidity and mortality. The etiology of perioperative myocardial
infarction includes prolonged ischemia resulting from tachycardia or
hypertension. Some surgical procedures can increase myocardial
oxygen demand and aggravate myocardial ischemia.2 Esmolol is a
safe and effective agent that reduces myocardial oxygen consumption
by decreasing the heart rate (HR) and thus improving coronary
perfusion. Therefore, it could be used to decrease the incidence
of arrhythmias and myocardial ischemia.3 The rapid onset of action of

esmolol (2 min) and its short elimination half-life (approximately
9 min) make it the ideal perioperative agent for the short-term
treatment of hypertension and tachycardia and for clinical situations
that require easy unblocking of β-receptors because esmolol minimizes
the risk of hypotension and bradycardia.2

Structural and functional changes in the arterial vasculature in
hypertension could have a critical role in the progression of vascular
disease and be reversible with effective drug therapy.6 Appropriate
drugs could target mechanisms that appear to contribute to vascular
remodeling in hypertension, namely asymmetric dimethylarginine
(ADMA).7 As an endogenously-formed nitric oxide (NO) inhibitor,
ADMA is associated with essential hypertension.8 Increasing ADMA
concentrations are an independent risk factor for cardiovascular death
in patients with coronary artery disease.9,10

Our group previously demonstrated that esmolol produces changes
on intramyocardial artery morphology by increasing the bioavailability
of NO and superoxide dismutase activity in spontaneously
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hypertensive rats (SHRs).11 Interestingly, this treatment effect was
achieved more quickly with esmolol (48 h) than with classic
antihypertensive treatments.12–14 However, we could not conclude
that regression of vascular remodeling occurred because we did
not study modifications at the cellular level and markers of smooth
muscle proliferation.
The first objective of the present study was to determine the effect

of esmolol on artery wall structure, including gross structural
differences and modifications at the cellular level, and the contracting
pharmacological response in anterior descending coronary artery
remodeling in SHR. The second objective was to determine whether
the ADMA/dimethylarginine dimethylaminohydrolase (DDAH)
pathway, as a regulator of NO bioavailability, could account for the
regression of coronary artery remodeling after treatment with esmolol.

METHODS
All procedures fulfilled the stipulations of the Guide for the Care and Use of
Laboratory Animals (Directive 2010/63/UE and RD 53/2013) and were
approved by the Ethics Committee of Hospital General Universitario Gregorio
Marañon, Madrid, Spain (PROEX 223/14).

Animals and experimental protocols
The 14-month-old male SHR (n= 40) and normotensive control Wistar-Kyoto
(WKY) rats (n= 15) were bred at the animal house of Universidad Autónoma
de Madrid, Madrid, Spain. All rats were supplied with standard rat chow and
drinking water ad libitum and were maintained on a 12-h/12-h light/dark cycle.
The animals were housed at a constant temperature of 24 °C and a relative
humidity of 40%. They were anesthetized with an i.p. injection of diazepam
10 mg kg− 1 (Valium 10 mg ml− 1; Roche Pharmaceuticals, Madrid, Spain) and
ketamine 80 mg kg− 1 (Ketolar 50 mg ml− 1; Parke-Davis, Madrid, Spain), and
a catheter was inserted into the right internal jugular vein. SHRs were divided
into two groups: rats treated with esmolol (SHR-E) and rats treated with vehicle
(SHR, hypertensive control group). A third group contained SHRs treated
with nitroglycerin (SHR-N). SHR-E received an i.v. infusion of esmolol at
300 μg kg− 1 min− 1 (Breviblock 10 mg ml− 1; Baxter, Lessines, Belgium) for
48 h, and SHR-N received an i.v. infusion of nitroglycerin at 0.5 mg h− 1 for
48 h as described previously.4 Control SHR and WKY received saline solution
(vehicle). After 48 h of treatment, blood samples were taken to study the
ADMA levels. Rats were sedated with an i.p. injection of diazepam 10 mg kg− 1

and ketamine 80 mg kg− 1 and killed by decapitation. The left ventricle was
immediately removed to measure the ADMA levels, and the coronary arteries
were dissected to perform vascular reactivity experiments and study vascular
structure.

Systolic arterial pressure and HR measurements
Systolic arterial pressure (SAP) and HR were measured using the tail-cuff
method with a photoelectric sensor (Niprem 546; Cibertec, Madrid, Spain).
Several determinations were made, and the findings were considered valid if 10
consecutive measurements were within 10 mm Hg of each other.

Confocal microscopy study of the left anterior descending coronary
artery
Each group contained five animals. Confocal microscopy was used to assess
wall thickness (intima+media), internal and external perimeter and
cross-sectional area (CSA) in left anterior descending coronary artery segments
(1 mm in length). We also studied thickness, cell count and cell density in the
adventitia and media.
Briefly, the segments were fixed in 4% paraformaldehyde before being

washed in 9% saline solution and stained with the nuclear dye DAPI (1:500 of a
5-mg ml− 1 stock solution). A ring and two longitudinal sections were cut
from each segment and mounted on a slide provided with a small well made
of spacers to avoid vessel compression. The well was filled with mounting
medium (Citifluor, Aname, Spain). One longitudinal section was mounted
with the endothelial side up and the other with the adventitial side up, and they

were viewed with a Leica TCS SP2 confocal system (Leica Microsystems,
Wetzlar, Germany) at excitation 405 nm/emission 410–475 nm to visualize the
cell nuclei. In each artery, three randomly selected regions were visualized
with a × 20 objective at zoom 8. In each of these regions, stacks of 1 μm serial
optical sections were captured from the adventitial and media layers. The rings
were visualized with a × 20 objective at the 488-nm/515-nm line, and an image
was captured to quantify the internal and external diameters. Several images
were also captured with a × 20 objective at zoom 2 to quantify the thickness in
the ring section.
Quantitative analysis was performed using the MetaMorph Image Analysis

Software (Universal Imaging, Wokingham, UK) as previously described.15

The thickness of each layer in μm was determined by the number of planes
between the first image showing an adventitial cell and the last image showing a
smooth muscle cell (SMC) at their maximum intensities, as well as between the
first image showing the first SMC and the last image showing the first
endothelial cell. Adventitial cells and SMCs were counted in a specific volume
defined by the image area (8731.03 μm2 for a × 20 objective at zoom 8) and
the layer thickness of each particular vessel. Data are expressed as adventitial
and media cellular density. The CSA (intima+media) of each vessel was
calculated from the internal and external perimeters measured from images
captured with the × 20 objective.

Contracting responses of the left anterior descending coronary
artery
We analyzed five animals from each group. The heart was removed and
maintained in cold (4 °C) oxygenated Krebs-Henseleit solution (KHS, in
mmol l− 1: 115 NaCl, 25 NaHCO3, 4.7 KCl, 1.2 MgSO4⋅7H2O, 2.5 CaCl2, 1.2
KH2PO4, 11.1 glucose and 0.01 Na2EDTA). Segments of the left anterior
descending coronary artery were isolated, and the surrounding cardiac tissue
was cleaned under a dissecting microscope. Segments of coronary arteries of
2 mm in length were mounted on a wire myograph (Multi Myograph System,
model 610M; Danish Myo-Technology, Atlanta, GA, USA) coupled to a
Powerlab data acquisition system (AD Instruments, Castle Hill, NSW,
Australia) and studied as described previously.16 Briefly, the vessel was mounted
in oxygenated KHS and set to a normalized internal circumference of 0.9L100,
which was considered the effective lumen diameter that represented the basal
tone of the artery. After an equilibration period in KHS at 37 °C and pH 7.4,
segments were stretched to their optimal lumen diameter to develop active
tension. Coronary arteries were exposed to 120 mmol l− 1 K+-KHS to ensure
their functional integrity. After a washout period of 60 min, concentration–
response curves after application of 5-hydroxytryptamine (5-HT, 10− 9–

3× 10− 5 mol l− 1) were plotted for the same arteries. Contraction with 5-HT
was expressed as a percentage of the maximum response of the arteries
to K+-KHS.

Determination of ADMA and symmetric dimethylarginine
concentrations in plasma and left ventricle and DDAH activity in
tissue
We analyzed 5 animals for each control group (WKY and SHR) and 10 animals
treated with esmolol. Blood (2.4 ml) was collected from each animal in
Vacutainer tubes (BD, Plymouth, UK) containing citrate (300 μl). Samples
were centrifuged at 900 g and 4 °C for 10 min to obtain plasma, which was
aliquoted and stored at –80 °C for further analysis. We studied ADMA and
symmetric dimethylarginine (SDMA) concentrations in serum and the left
ventricle, whereas DDAH activity was measured only in the left ventricle.

Measurement of ADMA and SDMA
Mass spectrometry of ADMA and SDMA was performed as previously
described using a fully-validated high-throughput liquid chromatography/
tandem mass spectrometry (LC-MS/MS) assay.17,18 In brief, samples were
analyzed using a 96-well 0.20-μm microfiltration plate pre-coated with internal
standards. After conversion to their butyl ester derivatives, analytes were
evaluated on a Varian 1200L Triple Quadrupole mass spectrometer
(Varian, Walnut Creek, CA, USA) in the positive electrospray ionization mode.
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Measurement of DDAH activity in tissue
DDAH activity in rat ventricles was determined as previously described.19 In
brief, to minimize possible interference by endogenously-formed ADMA, tissue
samples were homogenized in PBS buffer with protease inhibitor.
The homogenate was centrifuged (4 °C) for 5 min at 12 000 g. Fifty microliter
aliquots of the resulting supernatant were added to 50 μl aliquots of PBS
buffer containing 20 μM [2H6]-ADMA. After incubation at 37 °C for 60 min,
the reactions were stopped, and the remaining [2H6]-ADMA was measured
using LC-MS/MS as described above.

Statistical analysis
The results were expressed as the mean± s.e.m. The parameters were compared
using repeated measures analysis of variance (physiological and concentration–
response curves parameters) and the t-test for independent samples. To
compare the contracting responses of 5-HT in coronary segments, some results
were expressed as differences in the area under the concentration–response
curves (AUC) among the experimental groups. P-values o0.05 were
considered as statistically significant. The statistical analysis was performed
using IBM SPSS Statistics for Windows, version 20.0 (IBM Corp, Armonk,
NY, USA) and S-PLUS 6.1.

RESULTS

Blood pressure, HR and weight
Weight was significantly higher in WKY than in SHR (414.21±
17.02 g vs. 382.15± 14.02 g, Po0.05), although no statistically
significant differences were detected between SHR, SHR-E and
SHR-N (382.15± 14.02 g vs. 371.48± 15.24 g vs. 375.21± 11.31 g).
SAP was significantly higher in SHR than in WKY controls. Esmolol

significantly reduced SAP in SHR-E (Figure 1a). SHR-N showed the
same reduction in SAP as SHR-E. HR remained unchanged in SHR,
SHR-N and WKY, but decreased after treatment in SHR-E compared
with SHR, SHR-N and WKY (Figure 1b).

Effect of esmolol on vascular structure
Figure 2 shows the structural parameters of the left anterior
descending coronary artery for WKY, SHR and SHR-E. The external
diameter of the coronary artery was greater in SHR than in WKY.
Esmolol administered to SHR-E caused a significant decrease in
external diameter compared with SHR (Figure 2b). The internal
diameter was similar in SHR and SHR-E, although it was higher in
both than in WKY (Figure 2b). The wall thickness (tunica intima
+media) of this artery was greater in SHR than in WKY. Wall
thickness was significantly lower after 48 h of treatment with esmolol
in SHR-E than in SHR and showed no differences with respect to
WKY (Figures 2a and b). Arterial CSA was larger in the SHR than

in the WKY. However, after treatment with esmolol, CSA was
significantly smaller in SHR-E than in SHR (Figure 2b). There were
no significant differences in external diameter, internal diameter, wall
thickness or CSA in either SHR or SHR-N. Administration of esmolol
to SHR-E caused a decrease in wall thickness, external diameter and
CSA in comparison with SHR-N (Figures 2a and b).

Effect of esmolol on vascular wall morphology
Figure 3 shows the morphology parameters of the left anterior
descending coronary artery wall. The media was significantly thicker
in SHR than in WKY. This parameter was significantly lower after 48 h
of treatment in SHR-E than in SHR (Figure 3a). The SMC count was
significantly higher in the media layer in SHR than in WKY, although
esmolol led to a lower SMC count in SHR-E than in SHR (Figures 3a
and b). Consequently, no significant differences in cell density were
detected between SHR-E and SHR (Figure 3a). No differences in
media thickness, SMC count or SMC density were found between the
SHR-E and the WKY. There were no significant differences in the
media layer (wall thickness, SMC count and cell density) between
SHR and SHR-N. In comparison with SHR-N, administration of
esmolol to SHR-E caused a decrease in media thickness and
SMC count.
No significant differences in adventitial thickness were observed

between the experimental groups (Figure 3c). The adventitia contained
significantly more cells in SHR than in WKY. However, treatment
with esmolol induced a significant reduction in the cell count in
SHR-E compared with SHR. No differences in this respect were
observed between SHR-E and WKY (Figures 3c and d). Consequently,
adventitial cell density was higher in SHR than in WKY,
although esmolol decreased this parameter in SHR-E with respect to
SHR. No differences in adventitial cell density were found between
SHR-E and WKY (Figure 3c). There were no significant differences
between SHR and SHR-N in the adventitial layer (wall thickness, cell
count and cell density). In comparison with SHR-N, the administra-
tion of esmolol to SHR-E caused a decrease in cell count. No
significant differences in wall thickness were found between SHR-E
and SHR-N.

Effect of esmolol on contracting responses
Effective lumen diameter at 0.9L100 was significantly smaller in
the WKY coronary arteries than in those of SHR and SHR-E
(Figure 4a). The contractile response to 5-HT (10− 7–3×10− 5 mol l− 1)
in the left anterior descending coronary artery was higher in

Figure 1 Changes in systolic arterial pressure (a) and heart rate (b) from Wistar-Kyoto control rats (WKY, n=10), spontaneously hypertensive control rats
(SHR, n=10), spontaneously hypertensive rats treated with esmolol (SHR-E, n=10) and spontaneously hypertensive rats treated with nitroglycerin
(SHR-N, n=5). Data were obtained at 0, 12, 24, 36 and 48 h of treatment. Data are expressed as the mean± s.e.m. The parameters were compared using
repeated measures analysis of variance. Statistically significant differences between WKY, SHR, and SHR-E and SHR-N are shown (∗Po0.05 vs. WKY;
∗∗Po0.01 vs. WKY; #Po0.05 vs. SHR; ##Po0.01 vs. SHR; §§Po0.01 vs. SHR-E).
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Figure 2 Medial thickness (tunica intima+media) of the left anterior descending artery rings (representative examples of projections obtained from confocal
microscopy images, ×20, zoom 2) (a) and structural parameters (tunica intima+media) in the left anterior descending artery (b) from Wistar-Kyoto control
rats (WKY, n=5), spontaneously hypertensive control rats (SHR, n=5), spontaneously hypertensive rats treated with esmolol (SHR-E, n=5) and
spontaneously hypertensive rats treated with nitroglycerin (SHR-N, n=5). Data are expressed as the mean± s.e.m. Between-group comparisons were based
on the t-test for independent samples. Statistically significant differences between WKY, SHR, and SHR-E and SHR-N are shown (∗Po0.05 vs. WKY;
∗∗Po0.01 vs. WKY; ∗∗∗Po0.001 vs. WKY; #Po0.05 vs. SHR; §Po0.05 vs. SHR-E; §§Po0.01 vs. SHR-E).
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SHR than in WKY. Interestingly, esmolol reduced the contraction
(10− 7–3×10−5 mol l− 1) of this artery in SHR-E compared with
SHR. Coronary artery contracting responses induced by 5-HT returned
to normal values after treatment with esmolol at all concentrations
(Figure 4b).

The AUC was significantly larger in SHR than in WKY (AUC
SHR= 269.36± 23 vs. AUC WKY= 47.99± 19, P= 0.00001). AUC
was significantly higher in SHR than in SHR-E (AUC SHR= 269.36
± 23 vs. AUC SHR-E= 22.14± 1, P= 0.00003). No differences were
observed between SHR-E and WKY.

Figure 3 Media thickness, media cell number and media cell density (a) in left anterior descending artery segments from Wistar-Kyoto control rats (WKY,
n=5), spontaneously hypertensive control rats (SHR, n=5), spontaneously hypertensive rats treated with esmolol (SHR-E, n=5) and spontaneously
hypertensive rats treated with nitroglycerin (SHR-N, n=5). Representative examples of projections of the media layer obtained from confocal microscopy
images (×20, zoom 8) (b). Adventitial thickness, adventitial cell count and adventitial cell density (c) in left descending anterior artery segments from Wistar-
Kyoto control rats (WKY, n=5), spontaneously hypertensive control rats (SHR, n=5), spontaneously hypertensive rats treated with esmolol (SHR-E, n=5)
and spontaneously hypertensive rats treated with nitroglycerin (SHR-N, n=5). Representative examples of projections of the adventitial layer obtained from
confocal microscopy images (×20, zoom 8) (d). Data are expressed as the mean± s.e.m. Between-group comparisons were based on the t-test for
independent samples. Statistically significant differences between WKY, SHR, SHR-E and SHR-N are shown (∗Po0.05 vs. WKY; ∗∗Po0.01 vs. WKY;
∗∗∗Po0.001 vs. WKY; #Po0.05 vs. SHR; ##Po0.01 vs. SHR; ###Po0.001 vs. SHR; §Po0.05 vs. SHR-E; §§Po0.01 vs. SHR-E).
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Effect of esmolol on left ventricle concentrations of ADMA, SDMA
and DDAH
A significantly higher ADMA concentration and decreased DDAH
activity was observed in SHR compared with WKY. Importantly, we
found a significantly lower ADMA concentration (Figure 5a) and a
significantly higher DDAH concentration in the left ventricle in SHR-E
than in SHR (Figure 5c). Ventricular ADMA and DDAH values
returned to normal after treatment with esmolol. No significant
differences were found for SDMA between SHR, WKY and SHR-E
(Figure 5b).

Effect of esmolol on serum concentrations of ADMA and SDMA
Serum concentrations of ADMA were higher in SHR than in WKY.
Treatment with esmolol significantly decreased serum concentrations
of ADMA (Figure 5d). There were no significant differences in SDMA
concentrations between SHR, WKY and SHR-E (Figure 5e).

DISCUSSION

In the present study, we show that short-term (48 h) i.v. infusion of
esmolol (300 μg kg− 1 min− 1) in adult SHR induces early regression
of coronary artery remodeling, and this effect may be associated
with the ADMA/DDAH pathway. Although previous studies have
demonstrated that antihypertensive drugs can reverse coronary artery
remodeling, they have all been conducted with long-term drug
administration.12–14 Ours is the first study to show early regression
in coronary artery remodeling by decreased ADMA with short-term
administration of a β-blocker.
Several studies show changes in coronary artery remodeling

(structure and morphology) with antihypertensive therapy.12–14,20

Administration of lizard's over 5 weeks reduced wall thickness and
CSA in SHR.12 Amlodipine and enalapril led to a reduction in media
thickness, media CSA and number of SMCs in SHR after 12 weeks.13

Perindopril and indapamide led to a reduction in coronary artery CSA
and vessel diameter in SHR after 8 weeks.14 The administration of
lisinopril reduced the thickness of the intramyocardial coronary artery
media in SHR after 12 weeks.20 No differential effects of esmolol
(lower wall thickness and CSA, lower media thickness, decreased SMC

count in media and decreased adventitial cell count) on
coronary artery remodeling were observed compared with other
antihypertensive agents, although a difference was found in the time
of administration. Changes in structure and morphology were
observed with esmolol after only 48 h.
Arterial hypertension could be responsible for the increase in media

thickness and SMC growth, and these changes may mark differences
in the vasoconstrictor responses.21 We suggest that the reduction in
SMCs after treatment with esmolol might contribute to decreased
contractile function. On the other hand, administration of esmolol to
SHR corrected the adventitial cellular hyperplasia observed in SHR.
This is important because the adventitia has a key role in vascular
remodeling leading to cell proliferation.22

Vascular remodeling by antihypertensive therapy implies not only
structural changes in the coronary artery but also changes in vascular
reactivity, including a reduction in contracting responses. The
response of the coronary artery to serotonin was less pronounced in
WKY than in SHR, in agreement with the findings of other authors.23

It has also been suggested that responses to vasoconstrictors in the
coronary artery are diminished24 in SHR or are similar in both SHR
and WKY.25 The difference could be related to the contractile agent
used, artery type and size, methodology and age.26 Vascular function
(vasoconstrictor responses) was improved after treatment with
esmolol. Other studies have demonstrated similar results, though after
long-term antihypertensive therapy.27,28

The early structural alterations in the coronary artery (decreased
media thickness) produced by esmolol could be explained by a
reduction in media SMCs. Esmolol led to morphological alterations
in the coronary artery (reduction in the SMC count in the media
layer) after only 48 h of treatment. These data correlate with the
findings of other investigators, who demonstrated a reduction in aortic
SMCs after 48 h of treatment with simvastatin29 and after 3 days of
treatment with amlodipine30 in SHR. Simvastatin produced disturbing
Ca2+ influx and RhoA activity and induced apoptosis of vascular
SMCs.29 Reduced Akt-associated survival signaling (reduction in Akt
phosphorylation from days 1 to 3) and activation of the extrinsic
caspase-8-associated apoptotic pathway explain the regression of aortic

Figure 4 Effective lumen diameter (a) and 5-hydroxytryptamine (5-HT, 10−9–3×10−5 mol l−1) responses (b) in the left descending anterior artery
from Wistar-Kyoto control rats (WKY, n=5), spontaneously hypertensive control rats (SHR, n=5) and spontaneously hypertensive rats treated with esmolol
(SHR-E, n=5). Contraction to 5-HT was expressed as a percentage of the maximum response of the arteries to K+-KHS. Data are expressed as
the mean± s.e.m. The parameters were compared using repeated measures analysis of variance. Statistically significant differences between WKY,
SHR and SHR-E are shown (∗Po0.05 vs. WKY; ∗∗Po0.01 vs. WKY; ∗∗∗Po0.001 vs. WKY; #Po0.05 vs. SHR; ##Po0.01 vs. SHR;
###Po0.001 vs. SHR).
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remodeling with amlodipine in SHR immediately after the loss of
medial SMCs via apoptosis (SMC apoptosis was rapid and massive).30

Therefore, antihypertensive therapy may contribute to the rapid
regression of vascular remodeling via activation of a pro-apoptotic
mechanism. In the present study, we do not know whether esmolol
activated a pro-apoptotic mechanism, although the activation of
the ADMA/DDAH/NO pathway could explain the early regression
of vascular remodeling, with esmolol inhibiting the proliferation of
SMCs. Based on a comparison with a group treated with nitroglycerin,
our findings exclude the blood pressure-lowering effect of esmolol on
vascular remodeling.
The ADMA/DDAH pathway is a critical regulator of NO signaling

in vascular disease.31 NO is an important regulator of
vascular remodeling, inhibiting SMC proliferation and producing
vasodilatation. ADMA levels reduce NO production by inhibiting
the activity of NOS, and therefore increasing the proliferation of
vascular SMCs.32,33 Previous studies have suggested that ADMA
inhibits NO production, resulting in activation of RhoA and stress
fibers through inhibition of PKG activity and reduction of RhoA
phosphorylation at Ser 188, which in turn leads to angiogenic
dysfunction.31

ADMA levels are regulated by DDAH, and DDAH2 is the isoform
that is expressed in the vascular endothelium and heart. More than
90% of ADMA are eliminated by the action of DDAH. ADMA
concentrations are elevated by impairment of DDAH activity, resulting
in reduced NO generation on the one hand and the overexpression of
DDAH activity on the other.34 To investigate the molecular
mechanism underlying the reduction in ADMA levels after treatment
with esmolol, we investigated DDAH levels in plasma and tissue.
We observed lower DDAH levels in SHR than in WKY. Therefore, the
impaired metabolism of ADMA as a result of reduced DDAH levels is
a causal factor for the elevation of ADMA in SHR. We found that
esmolol increased DDAH in SHR. We recently demonstrated that

esmolol normalized endothelium-dependent relaxation in the left
anterior descending coronary artery owing to increased bioavailability
of NO and superoxide dismutase.11 Other drugs illustrate the key role
of NO in cardioprotection through the increase in coronary blood
flow by vasodilation.35 ADMA levels could also account for this
improved bioavailability of NO. Nevertheless, a similar effect of
esmolol on ADMA and DDAH2 has been reported for antihyperten-
sive agents such as losartan and nebivolol in other vascular beds in
SHR.36,37 Nebivolol, a β1-receptor blocker antihypertensive drug that
needs additional pharmacological actions to reduce blood pressure in
the short term,38 reduces plasma ADMA levels in SHR by increasing
its hydrolysis by DDAH2 and reducing its generation by reduced
PRMT1 expression.37 Nebivolol reduces ADMA in endothelial cells by
increasing DDAH2 activity, and this effect may be mediated by
estradiol receptors, as nebivolol has estradiol-agonistic action in
SHR and estradiol increases NOS by increasing DDAH2 activity and
ADMA metabolism.39 The mechanism by which DDAH2 activity is
increased by esmolol is unclear and warrants further examination.
The availability of esmolol, an ultrashort-acting parenteral

β-adrenergic antagonist with a rapid onset and short elimination
half-life that enables the rapid discontinuation of therapy, brings
obvious advantages to the perioperative management of hypertension
and tachycardia. Clinical studies performed during the perioperative
period reveal that esmolol is safe and effective in this setting.1

Clinically, it is used in situations where brief adrenergic blockade is
required, such as tracheal intubation and extubation and
surgical stimuli, to prevent potentially serious complications in
patients with cardiovascular disease40 and in critically ill or unstable
patients where clinical conditions change rapidly and where early
initiation of therapy, dosage changes and discontinuation of
therapy may be necessary.2,41 The efficacy of esmolol has also been
established in patients with unstable angina, myocardial ischemia and
supraventricular arrhythmias.2,3

Figure 5 ADMA (a), SDMA (b) and DDAH activity (c) in the left ventricles of Wistar-Kyoto control rats (WKY, n=4), spontaneously hypertensive control rats
(SHR, n=4) and spontaneously hypertensive rats treated with esmolol (SHR-E, n=6). ADMA (d) and SDMA (e) in plasma from Wistar-Kyoto control rats
(WKY, n=5), spontaneously hypertensive control rats (SHR, n=5) and spontaneously hypertensive rats treated with esmolol (SHR-E, n=10). Data are
expressed as the mean± s.e.m. Between-group comparisons were based on the t-test for independent samples. Statistically significant differences between
WKY, SHR and SHR-E are shown (∗Po0.05 vs. WKY; #Po0.05 vs. SHR; ##Po0.01 vs. SHR; ###Po0.001 vs. SHR).
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Remodeling of the coronary artery compromises organ function,
thus increasing the cardiovascular morbidity and mortality of
hypertension.42 The benefits of regression of structural and functional
alterations in the coronary artery in patients with hypertension are
important factors in the selection of antihypertensive therapy.43 In this
study, we demonstrate the regression of coronary artery remodeling
using a short course of therapy with esmolol in an experimental model
with hypertension. If these results are confirmed in humans, then
esmolol could be used for the treatment of coronary artery remodeling
in patients with arterial hypertension in critical care units.
The present study is subject to limitations. This study was designed

to analyze the effect of esmolol on ADMA in the regression of
coronary artery remodeling in SHR. Endothelial disease is highly
variable in SHR owing to differences in age, sex, artery type and
methodology used for determination of vascular function.26 However,
the results of our study apply only to the left anterior descending
coronary artery in 14-month-old male SHR.
In summary, our results show that esmolol produces early

regression of coronary artery remodeling, and this effect may be
associated with the reduction in plasma and ventricular ADMA
concentrations. Improved vascular wall structure (lower wall thickness
and CSA) and morphology (lower media thickness, decreased SMC
count in media and decreased adventitial cell count) and normalized
contracting responses were observed in SHR-E compared with
the control SHR. This is the first study to show the regression of
coronary artery remodeling through the influence of the short-term
administration of a β-blocker on ADMA.
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