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Effects of azelnidipine and amlodipine on
exercise-induced sympathoexcitation assessed
by pupillometry in hypertensive patients

Yumi Koike1,2, Tetsuya Kawabe1,3, Kanami Nishihara1, Naomi Iwane1,4 and Takuzo Hano1

The pupil is a suitable end organ for studying autonomic function because both sympathetic and parasympathetic nerve activity

can be evaluated independently using a light stimulus. Sympathetic response elicited by physical stress is augmented in

hypertensive patients compared with normotensive subjects, which increases the risk of cardiovascular events. We used

pupillometry to evaluate the effects of the calcium channel blockers azelnidipine (AZ) and amlodipine (AM) on changes in

autonomic nervous activity induced by isometric exercise in patients with hypertension. Twenty patients with essential

hypertension who were administered AM and 21 who were administered AZ underwent a pupillary function test and blood

pressure (BP) and pulse rate (PR) measurements before and after isometric handgrip exercise (IHG). Maximal velocities of pupil

constriction (VC) and re-dilation (VD) obtained with light stimulation for 1 s were used as indices of parasympathetic and

sympathetic nerve activity, respectively. Increases in systolic BP and PR elicited by IHG were significantly smaller in the AZ

group than in the AM group. After IHG, both VC and VD significantly increased in the AM group but not in the AZ group. The

low-to-high frequency ratio obtained from analysis of PR variability, another measure of sympathetic activity, also increased in

only the AM group. Thus AZ inhibited autonomic activation and suppressed cardiovascular responses to IHG more effectively

than AM. The sympathoinhibitory effect of AZ may therefore be beneficial for patients with essential hypertension. In addition,

pupillometry was shown to be a useful tool for assessing autonomic function in hypertensive patients.
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INTRODUCTION

An increase in sympathetic nerve activity (SNA) is an important cause
of the onset and maintenance of hypertension.1,2 Psychological and
physical stress increase SNA and therefore elevate blood pressure (BP)
in healthy individuals3,4 and in patients with hypertension.5 SNA and
BP are more reactive to mental and physical stress in experimental
hypertensive animals than in normotensive animals.6 Sympathetic and
pressor responses elicited by mental and physical stress are also
augmented in hypertensive humans compared with normotensive
subjects.7,8 This sympathetic hyper-reactivity to stress might increase
the risk for coronary events.9 Sympathetic activation in hypertensive
patients is associated with a decrease in the reactive hyperemia index, a
marker of resistance artery endothelial function.10

Calcium channel blockers (CCBs) are used widely in Japan as first-
line agents for treating hypertension.11,12 However, administration of
CCBs, in particular short-acting dihydropyridine CCBs, can elicit
sympathoexcitation via the baroreceptor unloading induced by their

depressor action.13 This reflex sympathoexcitation increases cardiac
workload, resulting in cardiac complications such as coronary heart
disease.14,15 Long-acting dihydropyridine CCBs reduce sympathoexci-
tation more than short-acting dihydropyridine CCBs. Although
amlodipine (AM) is a long-acting dihydropyridine CCB used
frequently for antihypertensive therapy, it remains controversial as
to whether AM produces sympathetic activation. Several reports
have shown that administration of AM does not elicit sympathoexci-
tation in patients with essential hypertension.16–18 However, others
have demonstrated that AM increases SNA and tachycardia in
hypertensive patients.19–21 In contrast, azelnidipine (AZ), another
long-acting dihydropyridine CCB, has consistently been reported not
to elicit increases in heart rate or SNA in hypertensive model animals22

and hypertensive patients.20,23–25 These studies of the relationship
between AZ and SNA have compared AZ with other CCBs or
compared SNA before and after the administration of AZ. However,
the effect of AZ on the acute autonomic responses of hypertensive
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patients to physical stress such as isometric exercise has yet to
be shown.
The pupil is an appropriate end organ for studying autonomic

function because sympathetic and parasympathetic nerves innervate
the dilator and constrictor pupillae muscles of the iris, respectively.
Both SNA and parasympathetic nerve activity can be evaluated quickly
and independently by the pupillary function test using light
stimulus.26–28 Since pupillography was developed in 1958,29 it has
been used as an effective tool in the analysis of autonomic dysfunction
associated with various diseases, such as diabetes,30 heart failure,31

Parkinson’s disease,32 Alzheimer’s disease33 and head injury.34 Pupil-
lometry is a simple, non-invasive and cost-effective method to assess
autonomic nerve activity.26,35 However, to our knowledge, autonomic
activity has not been assessed by pupillometry in patients with
hypertension, except in our previous study.36

In the present study, we used pupillometry to compare the effects of
AM and AZ on the changes in autonomic activity induced by
isometric handgrip exercise (IHG) in patients with essential hyperten-
sion under the hypothesis that AZ reduces sympathetic activation
elicited by IHG compared with AM.

METHODS

Participants
We enrolled a total of 41 consecutive outpatients with essential hypertension
who had been administered AM (n= 20) or AZ (n= 21) for at least 6 months at
Wakayama Medical University Hospital or a satellite clinic of the university.
Patients diagnosed with secondary hypertension, orthostatic hypotension,
diabetes, cataract, retinal disorders or other medical issues requiring specific
treatment were excluded. Patients administered alpha- and/or beta-adrenergic
antagonists were also excluded. Informed consent to the study protocol was
obtained in writing from all participants. The study conformed to the principles
of the Declaration of Helsinki and was approved by the Ethics Committee of
Wakayama Medical University.

Study protocol
The general protocols were described in detail in our previous publication.36

Briefly, all tests were performed between 0900 and 1200 hours in a dim room at
a controlled temperature of 25 °C. After resting for 15 min to allow their eyes to
adjust to the low light levels, each participant underwent a pupillary function
test, and BP, pulse rate (PR) and PR variability were measured within 2 min in
a sitting position. IHG was then performed for 1 min. The pupillary function
test and BP, PR, and PR variability measurements were performed again within
2 min after completion of IHG.

Isometric handgrip exercise
Maximal voluntary contraction of the right hand was measured using a JAMAR
hydraulic hand dynamometer (Patterson Medical Holdings, Bolingbrook, IL,
USA) before resting for 15 min in a sitting position. Isometric contraction was
maintained for 1 min at 70% of the maximal voluntary contraction. Patients
were instructed to breathe naturally during the isometric exercise to avoid a
Valsalva maneuver, and their respiratory profiles were observed throughout the
exercise.

Measurement parameters
BP and PR were monitored using an autonomic sphygmomanometer (COLIN
203i; OMRON, Tokyo, Japan) on the left radial artery, and parameters of the
pupillary light reflex were measured using a pupillograph (Iriscorder Dual
C10641; Hamamatsu Photonics, Hamamatsu, Japan) before and after IHG.
Figure 1 indicates the indices of pupillary tests obtained from successive
changes in pupil diameter elicited by red light stimulating both eyes
simultaneously for 1 s. Average values of initial pupil diameter (D1), minimal
pupil diameter (D2), contraction ratio (CR) obtained from the formula
(D1−D2)/D1 and maximal velocities of pupil constriction (VC) and
re-dilation (VD) obtained from each pupil were adopted as parameters of

pupillary function. On the basis of previous reports,32,36 VD was used as an
index of SNA, and VC was used as an index of parasympathetic nerve activity.

PR variability
In order to calculate the low-frequency to high-frequency (LF/HF) ratio, an
acceleration pulse wave measurement system (Artett C; U-Medica, Osaka,
Japan) was used. Variation of the pulse interval, obtained by monitoring the
pulse wave in the left middle finger for 1 min, was analyzed with fast Fourier
transform. The LF component was calculated as the power within a frequency
range of 0.02–0.15 Hz, and the HF component was calculated as that within a
frequency range of 0.15–0.50 Hz. The LF/HF ratio was then used as an index
of SNA.37

Statistical analysis
Differences between the AM-treated and AZ-treated groups in age, body mass
index, maximal voluntary contraction of handgrip and baseline BP and PR were
examined with Student’s unpaired t-test. Analysis of covariance with treatment
regimen (AM or AZ) and baseline BP and PR measured before IHG as
explanatory variables was used to compare the changes in BP and PR elicited by
IHG between the two groups. Rates of males and females, smokers, patients
with dyslipidemia or hyperuricemia and patients administered angiotensin II
receptor antagonists and/or diuretics were compared between the groups by the
chi-square test. Student’s paired t-test was used for comparisons of BP, PR, D1,
D2, CR, VC, VD and LF/HF ratio before and after IHG within groups. Data are
expressed as means± s.e.m., with Po0.05 taken to indicate a significant
difference.

RESULTS

Baseline characteristics
The baseline characteristics in the AM and AZ groups are shown in
Table 1. There were no significant differences between the AM and AZ
groups on any measure. In some patients, CCBs were administered in
combination with angiotensin II receptor antagonists and/or diuretics,
and the rates of patients administered these drugs in combination with
CCBs were not statistically different between the groups.

BP and PR
There were no differences between the AZ and AM groups in baseline
systolic BP (SBP), diastolic BP (DBP) or PR measured before IHG.
IHG significantly (Po0.01) increased DBP and PR in both the AM
and AZ groups (Figures 2b and c). However, IHG did not alter SBP in
the AZ group, although it significantly (Po0.001) increased SBP in the
AM group (Figure 2a).
The increase in SBP elicited by IHG was significantly (Po0.05)

smaller in the AZ group (3.8± 2.6 mmHg) than in the AM group
(11.3± 2.9 mmHg) (Figure 2a). The increase in PR elicited by IHG

Figure 1 Analysis of pupillary light reflex parameters using pupillometry.
D1, initial pupil diameter; D2, minimal pupil diameter; VC, maximal velocity
of pupil constriction (velocity of miosis); VD, maximal velocity of pupil
re-dilation (velocity of mydriasis).
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was also significantly (Po0.01) smaller in the AZ group
(2.1± 0.5 min− 1) than in the AM group (5.1± 0.9 min− 1)
(Figure 2c). The increase in DBP elicited by IHG did not differ
between the two groups: increases in DBP in the AZ and AM groups
were 4.2± 1.4 and 7.7± 1.9 mmHg, respectively (Figure 2b).

Pupillary function
D1 remained unchanged after IHG in both the AM and AZ groups.
D1 before and after IHG was 4.54± 0.21 and 4.46± 0.19 mm,
respectively, in the AM group and 4.59± 0.23 and 4.42± 0.25 mm,
respectively, in the AZ group. D2 after light stimulus also remained
unaltered by IHG in both groups: D2 before and after IHG was
3.35± 0.14 and 3.22± 0.16 mm, respectively, in the AM group and
3.34± 0.17 and 3.31± 0.19 mm, respectively, in the AZ group. There
was no significant difference in CR before and after IHG in each
group: 0.25± 0.03 and 0.28± 0.03, respectively, in the AM group and
0.27± 0.02 and 0.25± 0.02, respectively, in the AZ group.
VC increased significantly after IHG in the AM group but not in the

AZ group. VC before and after IHG was 3.53± 0.26 and
4.52± 0.41 mm s− 1, respectively, in the AM group (Po0.05) and
3.58± 0.18 and 3.64± 0.28 mm s− 1, respectively, in the AZ group
(P40.05) (Figure 3a). VD also increased significantly after IHG but
only in the AM group. VD before and after IHG was 1.82± 0.15 and

2.64± 0.23 mm s− 1, respectively, in the AM group (Po0.01) and
1.73± 0.14 and 2.08± 0.30 mm s− 1, respectively, in the AZ group
(P40.05) (Figure 3b).

LF/HF ratio
The LF/HF ratio increased significantly after IHG only in the AM
group. The LF/HF ratio before and after IHG was 2.17± 0.46 and
4.71± 1.00 mm s− 1, respectively, in the AM group (Po0.05) and
3.54± 0.62 and 3.46± 0.69 mm s− 1, respectively, in the AZ group
(P40.05) (Figure 4).

DISCUSSION

In this study, we found that AZ, but not AM, inhibited the expected
increases in SNA, as assessed by pupillometry and analysis of
PR variability and elevations of SBP and PR elicited by IHG were
significantly reduced in the AZ group compared with the
AM group.
In clinical studies, plasma catecholamines, sympathetic skin

response and heart rate variability have generally been used for the
assessment of SNA. However, measurement of plasma catecholamines
is not suitable for this study because repetitive blood sampling elicits
pain, which can change the levels of catecholamines, and a time lag
exists between the physical loading and elevation of plasma catecho-
lamines. The sympathetic skin response test requires direct electric
stimulation of the skin, and the response habituates when stimuli are
applied with short intervals.38 Pupillometry using light stimuli is a
reproducible and non-invasive method for the assessment of auto-
nomic function.26,33,39 Moreover, pupillometry can evaluate sympa-
thetic and parasympathetic function separately in a short time and is
not affected by the secretion of catecholamines from the adrenal
gland.26,33 Consequently, we used pupillometry to evaluate autonomic
activity in this study.
Sympathetic activation during IHG dilates the pupil.40 It is not clear

whether pupillary autonomic activity reflects other autonomic activity
contributing to cardiovascular regulation, such as renal SNA.
However, because isometric exercise has been also reported to increase
renal SNA,41 renal and pupillary sympathetic activity may change in a
parallel manner at least during isometric exercise.
The present study showed no significant differences in D1, D2 or

CR before and after IHG in either the AM or the AZ group. This
finding is in agreement with a previous study that did not find a
change in pupil diameter in the recovery phase following exercise.40

However, VC and VD, indices of parasympathetic nerve activity and

Table 1 Baseline characteristics of patients

Characteristics Amlodipine Azelnidipine P-value

Men/women (n) 9/11 10/11 0.867

Age (years) 67.8±2.7 68.6±1.9 0.802

Current smoking (n) 1 1 0.972

BMI (kg m−2) 24.1±0.8 24.2±0.6 0.909

MVC of handgrip (kg) 26.5±1.8 28.0±2.5 0.653

Dose of drugs (mg per day) 4.0±0.3 16.0±0.0

Number of subjects taking
AM or AZ only (n) 6 4 0.414

AM or AZ+ARB (n) 9 9 0.890

AM or AZ+DU (n) 1 1 0.972

AM or AZ+DU+ARB (n) 4 7 0.335

Lipid-modifying drugs (n) 5 9 0.228

Uric acid-lowering drugs (n) 1 2 0.578

Abbreviations: AM, amlodipine; ARB, angiotensin II receptor blockade; AZ, azelnidipine;
BMI, body mass index; DU, diuretics; MVC, maximal voluntary contraction.
Values are expressed as means± s.e.m.

Figure 2 Changes in SBP (a), DBP (b) and PR (c) after isometric handgrip exercise in the amlodipine and azelnidipine groups. Values are expressed as
means± s.e.m. Aft IHG, after isometric handgrip exercise; AM, amlodipine; AZ, azelnidipine; Bef IHG, before isometric handgrip exercise; DBP, diastolic
blood pressure; NS, not significant, PR, pulse rate; SBP, systolic blood pressure. *Po0.05, †Po0.01, ‡Po0.001.
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SNA, respectively, increased in the AM group after IHG. VC and VD
may therefore be more sensitive than pupil diameter for the
measurement of pupillary autonomic activity. The increases in VC
elicited by IHG in the AM group can be explained as a counteraction
to sympathetic activation. In contrast, in the AZ group, changes in VC
by IHG were completely inhibited and no significant changes in VD
were observed. These results suggest that AZ inhibits the sympathetic
activation elicited by the exercise and counteractive changes in
pupillary parasympathetic activity were not elicited as pupillary SNA
was not altered by IHG. In each group, the change in VD induced by
IHG was consistent with the change in the LF/HF ratio. Therefore, we
were able to validate the VD changes in pupillometry as an excellent

indicator of SNA obtained by the LF/HF ratio of heart rate variability.
Indeed, pupillary autonomic function has been reported to correlate
with cardiac autonomic function assessed by heartbeat interval.42 The
inhibitory effect of AZ on sympathetic activation might result in a
significant reduction of SBP and PR elevation elicited by IHG
compared with AM.
Several reports have shown a sympathoinhibitory effect of AZ. In

studies using hypertensive model animals, infusion of AZ did not elicit
reflex renal sympathetic activation by its depressor effect, whereas
infusion of AM did.22 The reduction of SNA elicited by AZ
administration is mediated by its antioxidant effect on the rostral
ventrolateral medulla.43 In patients with hypertension, AZ has been
reported to reduce serum norepinephrine levels.44 A recent study
showed that resting muscle SNA is reduced in hypertensive patients
who were given AZ compared with patients who were given AM.45

Although the present study showed that significant increases in VD
and the LF/HF ratio after IHG were observed in the AM group, but
not in the AZ group, these indices of SNA before IHG were similar
between the two groups. The inhibitory effect of AZ on SNA may
appear more remarkable after isometric exercise than at rest. It has
been reported that baroreflex sensitivity was improved by AZ therapy
but not by AM therapy.25 The inhibitory effects of AZ on the acute
sympathoexcitation induced by IHG observed in this study may be
partly due to the improving effect of AZ on baroreflex sensitivity. In
spite of the inhibitory effect of AZ on IHG-induced sympathoexcita-
tion, IHG significantly increased DBP and PR even in the AZ group.
The reason for this finding remains unclear but could be explained by
adrenal gland activation as a result of IHG.
Calcium channels are classified into several subtypes, including

L-type and T-type.46 L-type calcium channels in vascular smooth
muscle participate in vascular contraction.47,48 T-type calcium chan-
nels are present in the sinoatrial node in the heart and accelerate
pacemaker depolarization.49 AZ, but not AM, blocks T-type calcium
channels in addition to L-type channels.50 This pharmacological
difference may also explain the smaller elevation of PR in the AZ
group compared with the AM group.
A limitation of this study was that only patients treated with

antihypertensive drugs were enrolled. The participation of individuals
with untreated hypertension was not permitted by our Ethics
Committee, because it has been reported that the pressor responses
induced by IHG are greater in hypertensive patients than in
normotensive subjects,8 and such augmented pressor responses can
be a risk for cardiovascular events.
In conclusion, pupillometry is useful for assessing autonomic

function in hypertensive patients. Using pupillometry, we found that,
compared with AM, AZ inhibited autonomic activation and elevation
of SBP and PR elicited by IHG among patients with essential
hypertension. These effects of AZ may be beneficial for hypertensive
patients.
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Figure 3 Comparison of changes in VC (a) and VD (b) induced by isometric
handgrip exercise in the azelnidipine group (filled circles) and amlodipine
group (unfilled circles). Values are expressed as means± s.e.m. Significant
differences from baseline (resting) values in the amlodipine group:
*Po0.05, †Po0.01.

Figure 4 Comparison of changes in the LF/HF ratio induced by isometric
handgrip exercise in the azelnidipine group (filled circles) and amlodipine
group (unfilled circles). Values are expressed as means± s.e.m. Significant
difference from baseline (resting) values in the amlodipine group: *Po0.05.
LF/HF, ratio of low frequency to high frequency.
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