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Abstract

Increased levels of G protein coupled receptor kinase GRK2 appear to participate in hypertension presumably through the desensitization
of B adrenergic receptors (BARs) that mediate vasodilatation. There are contrasting data on the occurrence of BAR desensitization in the
vasculature, we therefore investigated BAR vasodilatation and desensitization in normotensives and in hypertensive humans. In blood
lymphocytes, we assessed BAR signaling and GRK2 expression and found BAR signaling alterations and, consistent with desensitization,
increased GRK2 levels in hypertensives. We studied in vivo vasodilatation to the BAR agonist isoproterenol (ISO) injected in the brachial
artery in control conditions and during the concomitant infusion of heparin, a known in vitro nonspecific GRK inhibitor. ISO induced a
dose-dependent vasorelaxation that was attenuated in hypertensives indicating a loss of BAR signaling. Intra-arterial infusion of heparin
inhibited lymphocyte GRK2 activity and prevented desensitization of BAR vasodilatation in normotensives. In hypertensives, heparin
restored vasodilatation to SO, to levels observed in normotensives. Our results suggest that BAR desensitization does indeed occur
at the vascular levels in vivo, and that heparin by acting as a GRK inhibitor prevents this in normotensives and restores impaired BAR

vasodilation in hypertensives. We conclude that desensitization participates to impaired BAR vasodilation in hypertension.
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Introduction

A fine equilibrium of cardiac output and peripheral resistance
regulates arterial blood pressure. A number of neurohormonal
and mechanical factors participate in the fine tuning of blood
pressure, involving the sympathetic nervous system (SNS),
which appears to play a pivotal role' for its ability to regulate
at the same time cardiac output and peripheral vascular tone.
The release of norepinephrine, the major SNS neurotransmitter,
in neuromuscular synapses at the vascular level produces the
activation of two classes of adrenergic receptors (ARs): a, ARs that
drive to vasoconstriction and BARs, which cause vasodilatation.
Under normal physiological conditions vascular tone is a result
from a balance between a AR-mediated vasoconstriction and
BAR vasodilatation. In hypertension, this balance is shifted
toward increased vasoconstriction presumably due to defective
vasodilatation in response to BAR stimulation. Indeed, PAR agonist
administration in the human brachial artery causes forearm
vasodilatation, and this response is attenuated in hypertension.”
An impaired signal transduction due to a decreased production
of second messengers has been observed in several tissues of
hypertensive patients and has been advocated as the possible
mechanism underlying the blunted BAR vasodilatation.” This,
by increasing peripheral vascular resistance can play a causal
role in hypertension.

BAR signaling is highly regulated to allow for a quick and
versatile response, which is needed for rapid adjustments of the
vascular tone. Desensitization of BARs, that is, the functional
uncoupling of the receptor from inducing second messenger is
part of this regulation. It allows the rapid shut-off of the signaling
and starts a series of events that produce receptor internalization
and resensitization. Desensitization of these receptors occurs
after agonist-induced PAR phosphorylation by a family of Ser/
Thr kinases, known as G protein-coupled receptor kinases
(GRKs).5? The prototype GRK for BARs is GRK2, also known as
BAR kinase (BARK). This enzyme is ubiquitous in human tissues,
and is abundantly expressed in the heart and in the vessels.®'

In transgenic mice, overexpression of GRK2 in cardiovascular
tissues causes an impairment of BAR-mediated physiological
responses.'"? Interestingly, a significant increase of GRK2
expression has been shown in the heart and the vessels in humans
during chronic cardiovascular diseases'*'* and in animal models
of hypertension."” Because an increase in GRK expression and
activity leads to PAR desensitization, it has been hypothesized
that the increased GRK2 levels could play a mechanistic role
in hypertension. However, there is still a debate on whether
vascular BAR desensitization really occurs in physiological
conditions in humans. On one hand, it has been demonstrated
that in the dorsal vein of the hand, the exposure to the PAR
agonist isoproterenol (ISO) for 4 hours leads to attenuation of
the vasodilatation.'® Opposite results were gathered after 4 hours
of infusion of PAR agonist in the brachial artery, a maneuver
that causes a steady vasodilatation, without any evidence of
BAR desensitization.® Even less is known regarding excessive
desensitization as a possible mechanism in hypertension, and
the only evidence available has been obtained in experimental
models such as genetically manipulated animals.!’ Major
limitation for the investigation of this issue in humans is the
difficulty to retrieve tissue samples for biochemical assessments.
Surrogate specimens, such as peripheral blood lymphocytes
represent a valid alternative for biochemical assessments of
BAR signaling, given the similarities between lymphocyte and
vascular PAR.

Thus, to clarify in vivo the occurrence of BAR desensitization
and its role, if any, in the control of vascular responses to AR
stimulation, we evaluated PAR signaling in lymphocytes and forearm
vasodilatation induced by ISO administration in normotensive
subjects and hypertensive patients. Because it is well known that
heparin can be used as inhibitor of GRK activity in vitro to lower
receptor phosphorylation induced by ISO,"” we designed an
experimental protocol, using this inhibitor, to evaluate the process
of in vivo desensitization of ISO-induced vasodilatation.
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Methods

Study population

The study was performed on 22 volunteers (13 males, 9 females;
mean age 40 * 4) who gave their written informed consent to
participate in the study.

All subjects were Caucasian, born within the Campania
region in Southern Italy. We studied 12 normotensive subjects
and 10 patients with mild-moderate hypertension (grade 1-2).'¢
All hypertensive volunteers were either never treated or placed
on treatment suspension for up to a month to rule out any
cause of secondary hypertension or the concurrence of other
relevant disease. The study design adheres to the principle of
the Declaration of Helsinki and the protocol was performed in
compliance with human study committee regulations of Federico
II University.

Experimental protocol

Studies were performed in a calm and quiet room, starting at
8:00 AM, with a constant temperature of 20-25°C. We used the
described human forearm perfusion technique.” Briefly, after
an overnight fast, the volunteer rested in the supine position,
with the right arm at the same resting level of the heart. Cardiac
activity was monitored by EKG. Blood pressure was measured
by connecting a catheter placed into the brachial artery to a
small displacement volume transducer and amplifier (Powerlab,
AD Instruments, Colorado Springs, CO, USA). Blood flow of
the right forearm (FBF, mL/min/100 mL of forearm volume),
was measured by strain gauge plethysmography (Hokanson)
as previously described.”

Forearm PAR-induced vasodilatation was assessed by
intra-arterial administration of the BAR agonist ISO (1, 3, 6
ng/100 mL of forearm volume/min, for 5 minutes, 7 subjects),
the muscarinic receptor agonist Acetylcholine (Ach, 0.5, 1.0,
2.0 pg/kg/min, 5 subjects) and the receptor-independent
vasodilator Nitroprusside (NP, 0.8, 1.6, 3.2 ug/kg/min, same
5 subjects of Ach).” Desensitization of the PAR response was
evaluated comparing two vasodilatation curves to ISO generated
15 minutes apart from each other, according to the protocol
depicted in Figure 1A.

Doses were identified to have an effect restricted only to
the forearm, without any systemic involvement, as indicated by
continuous monitoring of blood pressure and heart rate.

To assess the role of phosphorylation in the process of
desensitization of AR we repeated, in the same session, the
identical protocol after a phase of recovery of at least 30 min, in
the presence of intrarterial infusion heparin (administered as a
bolus of heparin [250 IU] followed by continous infusion of 1,000
IU/hr), and evaluated the two curves of vascular responses to ISO,
as described in Figure 1B.

We also performed two additional studies in two independent
healthy volunteers, which were subjected to intra-arterial infusion
of heparin according to the above described protocol, but that
did not receive any vasodilating agent.

Vasodilatation is reported as fold over resting FBE.

Peripheral lymphocyte samples

Blood (20 mL) was collected from the antecubital vein and
anticoagulated with EDTA. Lymphocytes were isolated by ficoll
gradient using HISTOPAQUE-1077 (Sigma), frozen, and stored
at —80°C until the day of the assay.”
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Figure 1. The forearm perfusion technique was applied to induce local
vasodilatation assessed by strain gauge plethysmography. (A) To induce
vasodilatation, increasing amounts of drug were infused in the brachial artery through
means of a plastic cannula. Each level of infusion was maintained for 5 minutes. At
the fifth minute of infusion, blood flow was assessed for 1 minute twice consecutively
(indicated by the arrows) and then the drug infusion rate was switched to the next
step. After the last measurement on the last dose, the infusion was stopped and the
FBF allowed to recover for 15 minutes. Then, blood flow was measured twice, and the
drug infusion was started again, according to the same procedure described above. (B)
In normotensives, after adequate recovery time, heparin was infused into the brachial
artery, by a bolus injection of 250 units, followed by a constant infusion of 1,000
units per hour. After 15 minutes of infusion, the 1SO administration was started again
according to the same protocol described in A, while heparin was still being infused.

B-AR density and membrane adenylyl cyclase activity assays

Crude cell membranes were prepared from lymphocytes as previously
described.”® B-AR density was determined by radioligand binding
with the nonselective B-AR ligand ['*T]-CYP and membrane adenylyl
cyclase activity under basal conditions or in the presence of either
10 pmol/L isoproterenol or 10 mmol/L NaF and cAMP was quantified
using standard methods." All 3-AR signaling results were normalized
to the amount of protein added during the experiments.

Protein immunoblotting

Immunodetection of lymphocyte levels of GRK2 and actin were
performed using detergent-solubilized cell extracts or cytosol
fractions obtained by centrifugations, using polyclonal anti-
GRK?2 and anti-actin antibodies (Santa Cruz Biotechnology) after
SDS-PAGE and Western Blot.”* The 80 kDa GRK2 protein was
visualized using standard enhanced chemiluminescence (ECL Kit,
Amersham Biosciences, Piscataway, NJ, USA). Quantization of
immunoreactive GRK2 was done by scanning the autoradiography
film and using ImageQuant software (Molecular Dynamics,
Piscataway, NJ, USA), and corrected for actin expression.

GRK activity

Soluble cytosolic fractions were separated and GRK activity was
assessed on 100 pg protein by light dependent phosphorylation of
rhodopsin-enriched rod outer segment membranes in lysis buffer
with 10 mM MgCl, and 0.1 mM ATP (containing y[**P] ATP)."
After incubating on light for 15 minutes at room temperature,
reactions were quenched with ice-cold lysis buffer, and centrifuged
for 15 minutes at 13,000 g. The pelleted material was resuspended
in 35 pL protein gel loading dye and electrophorosed through 4%-
20% polyacrylamide Tris/glycine gels. Phosphorylated rhodopsin
was visualized by autoradiography of dried gels.
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Normotensives Hypertensives
(n=12) (n=10)

Age (years) 39+4 41 +4 NS
Sex (M/F) 7/5 6/4 NS
Weight (kg) 66t 4 60t 4 NS
Height (cm) 168 + 3 166 + 4 NS
BMI 233+0.9 21613 NS
SBP (mm Hg) 126 £ 6.5 167 £5.0 <0.05
DBP (mm Hg) 72t 4 86 £ 3.5 <0.05
MBP (mm Hg) 90 + 4.5 113+ 3.0 <0.05
Blasonc biaod pressure: MBb = mean blood preteure, -« 00 Pressurei B =

Table 1. Characteristics of the population.

Statistical analysis

The t-test was used to compare PAR signaling in lymphocytes.
One-way repeated-measurements analysis of variance (ANOVA)
was used to evaluate the responses to ISO, Ach, and sodium
nitroprusside. To estimate the effect of heparin on the responses
to ISO, repeated-measurements ANOVA with a grouping factor was
performed. Post hoc simultaneous multiple comparisons were done
by Bonferroni’s analysis.! Results are presented as mean + SE.

Results

Population

Characteristics of our population are reported in Table 1. There
are not significant differences in age and body mass index between
normotensives and hypertensive patients. As expected, values of
systolic and diastolic blood pressure were significantly higher in
hypertensives.

Lymphocyte AR signaling in normotensive and hypertensive
patients

The signaling capability of the BAR system was assessed on peripheral
blood lymphocyte membranes, given the similarities between the
BAR signaling of the vasculature and peripheral lymphocytes.”? A
reduced basal production of cAAMP was observed in nonstimulated
membranes in hypertensive patients as compared to normotensives
(38.5 + 10 vs. 125 + 31 pmol/mg/min, respectively, p < 0.02). In
normotensives, challenges with the BAR agonist ISO (Figure 2A)
or the adenylyl cyclase activator NaF (5208 + 278 pmol/mg/min)
caused an increase in the production of the second messenger
cAMP. In hypertensive patients the AR response to ISO was
blunted (Figure 2A), but not that to NaF (5374 + 296 pmol/mg/min,
NS vs. normotensives). The impairment of the BAR response could
not be imputed to downregulation of BARs, since hypertensive and
normotensive showed similar BAR densities (Figure 2B). Thus,
it could be ascribed to the higher GRK2 expression observed in
hypertensive patients compared to normotensives (Figure 2C).

Forearm vasodilatation

Normotensive subjects.

The intra-brachial artery administration of ISO did not cause
significant alterations of blood pressure or heart rate (Figure 3).
ISO induced a dose-dependent increase of forearm blood flow
(FBE: from 9.14 + 0.78 to 27.5 + 1.4 mL/100 mL/min, p < 0.05
ANOVA; Figure 4A). After 15 minutes of rest, FBF returned to
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Figure 2. AR signaling in peripheral blood lymphocytes from normotensives
and hypertensive patients. (A) cAMP production was assessed on lymphocyte
membranes. Stimulation with 1SO induced an increase, which was attenuated in
hypertensive patients compared to normotensives. *p < 0.05, n = 5 in duplicate.
(B) Receptor density was similar between hypertensive patients and normotensives,
although there is a slight reduction in the number of receptors in hypertensive patients
that was not statistically significant. n = 5 in triplicate. (C) GRK2 and actin expression
were evaluated by western blot and quantified by digital densitometry (Inset). GRK2
levels were higher in hypertensive patients than in normotensives, and this difference
held significant also after correction for actin expression levels. *p < 0.05, n = 5.

basal level (12.9 + 1.6 mL/100 mL/min, NS vs. basal) and the
second administration of ISO induced again a vasodilatation,
which was significantly attenuated as compared to the previous
hemodynamic response (Figure 4A, p < 0.05, ANOVA).
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The administration of Ach or NP both
Mean Blood Pressure 120 - Heart Rate induced dose-dependent vasodilatations
140 1 that did not desensitize over time (Figure
100 4 4B and 4C).
120 1
50 4 Effects of heparin on BAR
100 desensitization in normotensives.
2 Z 50 Intra-brachial artery infusion of heparin
E ) did not modify the basal blood flow in the
80 1 40 4 forearm (from 11.37 £ 0.8 to 11.23 + 1.6
mL/min/100 mL, NS), nor changed the ISO
60 4 vasodilatation (Figure 4A). Interestingly,
20 1 . e .
heparin prevented the desensitization of
40 Fr~r—————————— 0 the ISO response (Figure 4A).
PO H D D oD P DL D P DD Effects of heparin on lymphocyte cytosol
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QT RN A ! QTN TR A GRK activity and GRK2 expression.
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Jpertensiyes GRK activity of venous lymphocytes

Figure 3. Blood pressure and heart rate were measured throughout the study in normotensives (n =
7) and hypertensive patients (n = 10), continuously, by means of an EKG lead and a blood pressure
amplifier connected to the arterial cannula. BP and HR did not change throughout the ISO infusion. A similar

pattern was observed in subjects infused with Ach and NP (data not shown).
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Figure 4. Increase in FBF in normotensive subjects. (A) ISO induced a first dose
dependent response, followed by a second dose dependent response, which was
attenuated. When the protocol was repeated during concomitant heparin infusion, no
desensitization was observed in the second vasodilatation. *p < 0.05, second versus
first, ANOVA. (B) Acetylcholine, on the contrary, did not desensitize, and the second
response was similar to the first (n = 5). (C) Similarly, no changes were observed in
the responses to NP (n = 5).
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collected before and after intrabrachial
artery infusion of heparin. This maneuver
inhibited cytosol kinase activity as
indicated in Figure 5, without changing
GRK2 expression.

Hypertensive patients.

Resting FBF in hypertensive patients did not differ from
normotensives (FBF: 12.2 + 9.4 mL/min/100 mL, NS). As
observed in normotensive subjects, also in hypertensive
patients the administration of ISO in the brachial artery did
not cause significant alterations of blood pressure or heart rate
(Figure 3).1SO caused a forearm vasodilatation response, which
was smaller than that of normotensives (Figure 6A; ANOVA,
P <0.0.5). This response did not deteriorate further when the
forearm was challenged for the second dose-response curve
(Figure 6B). Heparin induced a slight albeit not significant
increase in basal FBF (from 11.9 + 1.03 to 12.45 + 3.0 mL/100
mL/min), but enhanced in a significant manner the responses
to ISO (Figure 6B). Thus, the increases in FBF were no longer
distinguishable from those of the normotensive subjects
(Figure 6C).

Discussion

The first major finding of the present article is the evidence that
in humans in vivo, PAR vasodilation undergoes desensitization.
This is a controversial issue because of several conflicting studies
in the literature: Stein et al. described that chronic exposure to
the PAR agonist terbutalin leads to a decreased vasodilatation
to ISO in dorsal veins of the hand.” However, the same group of
authors showed that continuous administration of ISO for 4 hours
in the brachial artery produces a constant increase in forearm
blood flow, without attenuation of the response.* This observation
seems to deny the existence of an acute desensitization of vascular
BARs, but using a similar protocol, Vincent et al. showed that
chronic exposure to ISO (4 hours) causes a desensitization of
venodilatation.’® We believe that our results help to clarify this
issue, in virtue of the use of an experimental protocol which
is more appropriate for the evaluation of the desensitization.
Indeed, the study of desensitization phenomena can be carried
out according to different experimental procedures.? We assessed
the amplitude of the reduction in vasodilatation in a second curve
performed after a short interval from the first one. This protocol
is borrowed from in vitro studies and requires a tight respect of
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Figure 5. The effects of intrabrachial artery infusion of heparin on
lymphocyte cytosol GRK activity were assessed in two healthy volunteers.
Lymphocytes were extracted before (Control, Ctrl) and during heparin infusion
(Heparin); cytosol GRK activity was tested on rod outer segments (ROS), and GRK2
expression assessed by Western Blot.

timing for administration of the drugs.”” By the use of such a
protocol, we can demonstrate that the desensitization of PAR
vasodilatation is a phenomenon that takes place acutely in vivo
in the forearm of normotensive subjects.

The second major observation is that heparin prevents
desensitization. In vitro this large molecule is a potent inhibitor
of GRK."” Although other more selective in vitro protein kinase
inhibitors are available, we decided to use sodium heparin
for its wide and safe use in clinic. We chose doses that were
not able to modify the coagulation time in arterial samples,
but only in the experimental forearm venous blood (data not
shown), indicating that the drug was only acting at the infused
forearm level. Therefore, the drug was indeed uptaken by the
forearm tissues. This infusion prevents desensitization without
modifying the resting FBF. This observation suggests that at
least the effect of heparin on PAR vasodilatation is not provoked
by other hemodynamic effects. Our protocol design offers the
possibility to focus on desensitization, therefore we feel confident
in concluding that in healthy humans heparin prevents BAR
desensitization. On the other hand, the same protocol does not
allow us to conclude that heparin is indeed interfering with the
phosphorylation events of desensitization, given the pleiotropic
effects of the molecule. We therefore needed to demonstrate
that at least in peripheral blood lymphocytes drained from the
experimental forearm, after exposure to heparin, inhibition
of GRK activity occurs. This latter finding, together with the
above hemodynamic observation, is strongly suggestive of the
prevention of desensitization through inhibition of GRK activity.
Other effects of heparin, involving extracellular effectors not
related to GRK activity, are less likely to be involved, because
they would have affected also the resting blood flow and the
first vasodilatation to ISO. It is not surprising that intra-
arterial infusion of heparin affects ISO-induced vasodilatation
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Figure 6. Increase in FBF to ISO in hypertensive subjects. (A) In hypertensive
patients, forearm vasodilation to 1SO yielded an increase in forearm blood flow that
was significantly lower to that observed in normotensive patients, at each dose of
ISO (§p < 0.05, ANOVA; *p < 0.05, Bonferroni post hoc test). (B) Interestingly, this
impaired response did not desensitize when challenged with second drug infusion.
Heparin enhanced the 1SO induced vasodilation (*p < 0.05 vs. first curve, ANOVA).
(€) Notably, durung heparin, ISO induced vasodilation in hypertensive patients was
no longer distinguishable from that of normotensives.

in the forearm. Endothelial cells in vitro and in vivo take
up heparin, following administration.? We and others have
already clarified that in the human forearm a large part of the
response to AR agonist infusion is endothelium dependent.'*?
Also, arterial endothelium expresses GRKs and in particular
GRK2.% Therefore, our results are consistent with the notion
of endothelial PARs that cause vasodilation and undergo rapid
desensitization in human forearm.

Vascular tone is regulated by the adrenergic system, and an
important role has been reported for the §,ARs, which control
vasodilation.”®* In particular, §,AR modulate at the endothelial
level the release of nitric oxide, a mighty vasodilator.” So important
is the B,AR for the vasculature, that genetic variants of the
B,AR leading to excessive p,AR desensitization causes reduced
vasodilation to catecholamines®*? and favors the occurrence of
atherosclerosis.”® At the moment, there is no definitive evidence to
link hypertension and 3, AR polymorphisms, nevertheless impaired
vascular B,AR responsiveness is thought to play an important
role in the development of hypertension. Indeed, impairment in
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B,AR-mediated vasodilatation has been described in both human
and animal models of hypertension.>** This impairment may be
due to an alteration in GRK2 expression; in particular Gros et al.
have demonstrated that GRK2 activity is increased in lymphocytes
from hypertensive subjects.” It is possible to speculate that this
increase is causative for the impaired BAR response in hypertensive
state. To test this hypothesis, we repeated our experimental
desensitization protocol in untreated hypertensive patients. The
present data confirm our previous report that hypertensive patients
show an impaired PAR vasodilatation.” It is interesting to note
that in hypertensive patients, the vasodilatation cannot be further
desensitized and the first and second ISO-vasodilatation overlap.
Heparin action results to be effective on the impaired BAR response,
and enhance the vasodilatation to ISO to a level similar to those
of normotensives. This change occurs without any modification in
blood pressure and heart rate, suggesting that there is no systemic
hemodynamic involvement in this heparin effect. Our data in
vivo are also sustained by an in vitro counterpart, showing that
at least in peripheral blood lymphocytes, the main determinant
of impaired BAR response in hypertensives is the increased level
of GRK2. Therefore, the possible explanation for the improved
hemodynamic to ISO is that heparin exerts its favorable effect by
ameliorating PAR response, probably by inhibiting GRK activity
at the endothelial level.

Perspectives

Increased GRK expression is probably causal to impaired
vasodilatation and increased peripheral resistance in hypertension;
as a consequence, GRK inhibition by systemic administration
should result in reduced blood pressure. In perspective, the
monitoring of peripheral GRK levels could be used as a biomarker
for monitoring prognosis and effectiveness of treatment in
hypertensive patients.”® Further studies ongoing in the lab are
actively pursuing this issue, which requires an appropriate follow-
up and a larger patient population.
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