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Abstract.
Background: Noradrenergic signaling declines in Parkinson’s disease (PD) following locus coeruleus neurodegeneration.
Epidemiologic studies demonstrate that �-acting drugs slow PD progression.
Objective: The primary objective was to compare the safety and effects of 3 �-adrenoceptor (�-AR) acting drugs on central
nervous system (CNS) function after a single dose in healthy volunteers (HVs) and evaluate the effects of multiple doses of
�-AR acting drugs in HVs and PD-patients.
Methods: In Part A, HVs received single doses of 32 mg salbutamol, 160μg clenbuterol, 60 mg pindolol and placebo
administered in a randomized, 4-way cross-over study. In Part B (randomized cross-over) and Part C (parallel, 2:1 randomized),
placebo and/or clenbuterol (20 μg on Day 1, 40 μg on Day 2, 80 μg on Days 3–7) were administered. CNS functions were
assessed using the NeuroCart test battery, including pupillometry, adaptive tracking and recall tests.
Results: Twenty-seven HVs and 12 PD-patients completed the study. Clenbuterol improved and pindolol reduced the adaptive
tracking and immediate verbal recall performance. Clenbuterol and salbutamol increased and pindolol decreased pupil-to-iris
ratios. Clenbuterol was selected for Parts B and C. In Part B, clenbuterol significantly increased performance in adaptive
tracking with a tendency toward improved performance in immediate and delayed verbal recall. In Part C trends toward
improved performance in immediate and delayed verbal recall were observed in PD-patients. Typical cardiovascular peripheral
�2-AR effects were observed with clenbuterol.
Conclusions: This study demonstrates the pro-cognitive effects of clenbuterol in HVs with similar trends in PD-patients.
The mechanism of action is likely activation of �2-ARs in the CNS.
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Plain Language Summary
Aims and Purpose of the Research: This research aimed to explore how three different drugs affect brain function. These
drugs are salbutamol, clenbuterol, and pindolol and work in the brain by stimulating specific brain cells that can improve
aspects like memory and coordination. The main question was to see how safe these drugs were and how they impact the
brain function after one dose in healthy people, and after multiple doses in both healthy people and those with Parkinson’s
disease.
Background of the Research: Parkinson’s disease is a condition where brain cells start to die, which affects different areas
of the brain, including movement function, as well as memory and attention. This research matters because finding drugs
that affect the brain function could improve the lives of people with Parkinson’s disease.
Methods and Research Design: The study was conducted in three parts. In the first part, healthy volunteers took one
dose of each of the three drugs—salbutamol, clenbuterol, and pindolol—as well as a placebo (a harmless pill that has no
effect). The researchers tested the participants’ brain functions using various tasks including memory tests and eye response
measurements. In the second and third part, healthy people and people with Parkinson’s disease took the drug that performed
best in healthy volunteers for seven days.
Results and Importance: In the first part, a single dose of clenbuterol was safe and improved memory and attentions tasks
in healthy people, and therefore was chosen for further testing in the second and third part. In these parts, multiple doses of
clenbuterol were safe and helped improve memory and attention tasks in healthy people, with similar positive trends seen in
people with Parkinson’s disease. The study suggests that clenbuterol might help improve brain function by activating specific
receptors in the brain.
These results are important because they suggest that clenbuterol could be a potential treatment to help improve brain function
in people with Parkinson’s disease. However, more research is needed to fully understand its effects and to confirm these
findings.

Keywords: Parkinson’s disease, adrenergic beta-agonist, electroencephalography, central nervous system agents, disease
progression, phase 1 clinical trial, pharmacology

INTRODUCTION

The adrenergic system plays a crucial role in reg-
ulating physiological processes such as heart rate,
blood pressure, and metabolism via two transmit-
ters, adrenaline (Adr) and noradrenaline (NA) that
also play important stimulatory roles in central
nervous system (CNS) function.1 Recent research
has suggested that early dysfunction of the adren-
ergic system of the brain arising from the locus
coeruleus (LC) may contribute to the development
and progression of neurodegenerative disorders such
as Parkinson’s disease (PD)2,3 and Alzheimer’s
disease (AD).4–7

PD is a common, progressive, and debilitating
neurodegenerative disorder classically character-
ized by both motor and non-motor symptoms.
Motor symptoms include tremor, rigidity, bradyki-
nesia, and postural and balance disorders.8 There
is a growing appreciation of the burden and poor
medical management of non-motor symptoms,9–12

including cognitive dysfunction,13 neuropsychi-
atric symptoms,14 autonomic dysfunction,10,12 sleep
disorders,15–18 and sensory dysfunction.19

Neuroanatomical staging studies show that neu-
rodegeneration in the LC occurs very early in PD.20,21

Consistent with this, positron emission tomography
(PET) studies with 11C-MeNER, a highly selective
tracer for NA transporters, shows reduced binding,
and by inference, reduced density of noradrener-
gic axon projections in the brain of PD-patients
compared with age-matched healthy controls.22 Con-
sequently, decline of this LC projection system may
be causally associated with loss of cognition, mood,
and brain health, and revitalizing the influence of
adrenergic receptor stimulation represents a poten-
tially important pharmacological approach for the
treatment of PD symptoms and disease progression.

Several pharmacoepidemiologic studies suggest
that chronic treatment with �-adrenoceptor (�-AR)
acting drugs is associated with a significantly reduced
incidence of PD.23–28 Additional data also suggest
that the effect of �-AR acting drugs may generalize
to other neurodegenerative disorders such as AD.29,30

The concept is further supported by evidence of pro-
cognitive and/or disease modifying effects of �-AR
acting drugs in rodent models of neurodegenerative
diseases.31–33
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This study investigated the effects of three �-AR
acting drugs—salbutamol (also known as albuterol),
pindolol, and clenbuterol—on CNS function in both
healthy volunteers (HVs) and PD patients. Since it is
not clear which �-AR subtype is likely to be the ideal
one to target for the treatment of neurodegenerative
disorders, this study investigated �-AR acting drugs
that have a distinct pharmacology from one another
and are able to cross the blood-brain barrier. Salbu-
tamol is a potent �2-AR agonist with modest CNS
absorption, normally used as short acting �-agonist to
treat pulmonary disorders. Pindolol acts as a �2-AR
antagonist and a �1-AR partial agonist with moder-
ate to high CNS absorption. Clenbuterol is a selective
�2-AR agonist with high CNS absorption, normally
used as long acting �-agonist to treat pulmonary dis-
orders (unpublished data).27,34–36 The study aimed
to (a) characterize and compare the effects of these
three agents with placebo on CNS function and safety
parameters such as adverse events and effects on
heart rate and blood pressure after a single oral dose;
(b) assess the safety and CNS effects of multiple
doses of one agonist selected from observations in
the single-dose cohort in HVs; and (c) similarly eval-
uate the safety and CNS effects in a small cohort of
PD patients.

MATERIALS AND METHODS

Participants

This 3-part, randomized, placebo-controlled study
was conducted at a single site in the Netherlands
in accordance with the International Conference
for Harmonization (ICH) of Good Clinical Practice
(GCP), the principles of the Declaration of Helsinki
(1964) and ethical principles as referenced in EU
Directive 2001/20/EC. The protocol and all study
materials were approved by the Medical Research
Ethics Committee of the BEBO foundation (Assen,
the Netherlands) and prospectively registered in
the Dutch Trial Register (number NL8002), and
all volunteers provided their written informed con-
sent before participation. The study was conducted
between September 2019 and March 2020 at a sin-
gle site in the Netherlands (Centre for Human Drug
Research [CHDR], Leiden). The study was com-
pleted when the planned enrolment had been reached
and all enrolled participants completed the scheduled
study assessments.

Inclusion and exclusion criteria

In Part A and Part B, male or female HVs
35–60 years of age were eligible to participate
if they weighed ≥50 kg, with BMI 18–35 kg/m2,
and were free from clinically significant abnormal-
ities based on medical history, physical examination,
12-lead electrocardiogram (ECG), and laboratory
tests (serum chemistry, hematology, coagulation,
urine drug screen, and urinalysis). Use of any
prescription- or over-the-counter medication or
herbal supplements were excluded, except paraceta-
mol/acetaminophen up to 4 g/day, oral contracep-
tives, and hormone replacement therapy. In Part C,
male or female patients with PD 40–75 years of
age with a confirmed diagnosis of PD (defined as
bradykinesia in addition to resting tremor, rigidity, or
impairment of postural reflexes with no known or sus-
pected cause37), were eligible if they were assessed
to be at Hoehn & Yahr stage ≤3,38 had a Mini-
Mental Status Examination score (MMSE) ≥2639

and no clinically significant abnormalities based on
medical history, physical examination, ECG, and lab-
oratory tests as deemed by the investigator. In these
participants, use of dopamine agonists or catechol-O-
methyltransferase inhibitors for treatment of PD was
allowed if stable for ≥60 days and stable use (≥3
months) of medications for treatment of, e.g., hyper-
tension, dyslipidemia blood pressure, and vitamin E
(up to 400 IU daily), estrogens, aspirin (81–300 mg
daily). Use of adrenergic agents was not permitted
during the study except for �-AR blockers for treat-
ment of tremors which were discontinued at least
48 h prior to NeuroCart testing. Pregnant or nursing
women were excluded from participation in all parts
of this study. Participants or their partners, unless con-
firmed sterile or postmenopausal, were required to
use a condom or two effective birth control meth-
ods during penile-vaginal intercourse throughout the
study.

Dose selection

In Part A, HVs were randomly assigned to receive
single oral doses of salbutamol (32 mg), clenbuterol
(160 μg), pindolol (20 mg in the first five HVs and
60 mg in the subsequent HVs) and placebo in 1 of
4 treatment sequences (using a William’s square,
4 period crossover design) with a washout period
of approximately 7 days between doses. The doses
selected for the three active drugs conform with
the upper ranges of daily allowed doses/exposures
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approved for use in humans for treatment of pul-
monary or cardiovascular diseases.40–42 The decision
to increase the dose of pindolol was based on emerg-
ing observations in a separate study, in which pindolol
had no effect on cerebral blood flow in any of the
brain regions of interest analyzed using Arterial Spin
Labeling (unpublished data). Also, in this study, pin-
dolol was tolerated well up to 20 mg (unpublished
data). Commercially available oral tablets of salbu-
tamol (4 mg tablets, GlaxoSmithKline), clenbuterol
(Spiropent tablets, 20 μg; Boehringer Ingelheim),
and pindolol (10 mg tablets, Teva Canada) and
placebo were administered.

After interim review of safety and CNS data from
Part A, one of the three acting drugs, clenbuterol
was selected to be administered in the subsequent
parts of the study (Part B and Part C). Based on
the long plasma half-life of clenbuterol, an oral dose
of up to 80 μg clenbuterol hydrochloride daily for 7
days was selected as this was anticipated to deliver
a steady-state plasma concentration similar to the
exposure achieved in Part A following a single dose
of 160 μg clenbuterol hydrochloride. In Part B, 16
HVs received 80 μg clenbuterol and placebo in a
double-blind, 2-period crossover design. HVs were
randomized 1:1 to the treatment sequence (active-
then-placebo, vs. placebo-then-active). Clenbuterol
hydrochloride was up titrated over the dosing period
as follows: 20 μg on Day 1, 40 μg on Day 2 and 80 μg
on Day 3 to Day 7. The two treatment periods were
separated by a washout period of at least 14 days.
Finally, in Part C of this study, 12 participants with
PD were randomized 8:4 to receive 80 μg clenbuterol
or placebo, administered once daily for 7 days. Clen-
buterol hydrochloride was up titrated over the dosing
period as follows: 20 μg on Day 1, 40 μg on Day 2
and 80 μg on Day 3 to Day 7. The final study visit
was completed 7 (±2) days after the last study drug
administration.

Randomization and blinding

For all parts of this study, randomizations codes
were generated using SAS version 9.1.3 (SAS Insti-
tute Inc. Cary, NC, USA; 2004) by a statistician who
was otherwise not involved in this study. Parts A
and B were conducted in a double-blind fashion,
while Part C of the study was single-blind (inves-
tigator blinded). In Part A, an unblinded physician
administered the different tablets to the HVs who
were blindfolded during drug administration to avoid
recognition. Participants, study staff and investigators

who evaluated safety and treatment effects were blind
to treatment assignment; randomization codes were
known only to the unblinded pharmacist who dis-
pensed study medications and an unblinded physician
who administered the doses.

Outcome measurements

In all parts of the study, safety and tolerability
(including adverse events (AEs) vital signs, electro-
cardiograms, physical examinations, routine clinical
chemistry, and hematology assessments), plasma
drug concentrations and pharmacokinetics, and CNS
effects were evaluated. CNS effects were measured
using the NeuroCart test battery, a validated set
of tests used to measure the CNS effects of drugs
in a standardized manner.43 The tests included in
the NeuroCart test battery and their related CNS
domains are described in Table 1. The NeuroCart
test battery included the following tests: saccadic eye
movement, smooth pursuit, adaptive tracking, body
sway, pupil size, visual verbal learning test, Stroop
color-word interference task, visual analogue scale
(VAS) Bond and Lader, VAS Bowdle, and pharmaco-
electroencephalography.

In addition in Part C, subjects were also provided
with a smartwatch (Withings, Withings Steel HR
France) to measure heart rate during night and day,
and polysomnography (PSG) (Trackit Mk3, Life-
lines, USA) was used to measure the effect on sleep,
including number of awakenings, R latency, sleep
latency, time in bed, total sleep time, duration of N1,
N2, N3 and R sleep, and sleep efficiency.

Safety was evaluated throughout the study by rou-
tine assessments of adverse events, blood levels of
potassium and glucose, ECG (Marquette 2000 or
5500, GE Healthcare, USA), and vital signs includ-
ing supine blood pressure and pulse rate, respiratory
rate, and temperature. Plasma drug concentrations
were measured using LC/MS-MS methods and drug
pharmacokinetics were evaluated using standard non-
compartmental analyses.

Statistical analysis

This was an exploratory study and therefore, we
did not perform a formal sample size estimation.
The sample size was based on practical considera-
tions and is standard for this type of study.43 The
study collected data on pharmacodynamic parame-
ters for each subject, visit, and time point of treatment.
Mixed model analysis of covariance (ANCOVA) and



P.P.N.M. Eijsvogel et al. / CNS Effects of �-Adrenoceptor Acting Drugs 5

Table 1
Neurocart test battery, EEG and related CNS domains

NeuroCart test Targeted function and Description of the test Related CNS areas

Saccadic eye movement Alertness, vigilance.58,63

The measurement of saccadic eye movements, specifically saccadic peak
velocity, is highly sensitive for assessing sedation. Saccadic eye movements
are captured using a moving dot displayed on a computer screen. Parameters
such as latency, saccadic peak velocity, and inaccuracy of saccades were
measured and analyzed.

Superior colliculus,
substantia nigra,
amygdala

Smooth pursuit Visuomotor coordination.58,63

In the case of smooth pursuit eye movements, the target moved at frequencies
ranging from 0.3 to 1.1 Hz, in increments of 0.1 Hz. The amplitude of target
displacement corresponded to a rotation of 22.5 degrees for both sides of the
eyeball. Four cycles were recorded for each stimulus frequency. The duration
of time during which the eyes tracked the target in smooth pursuit was
calculated for each frequency and expressed as a percentage of the stimulus
duration. The average percentage of smooth pursuit across all stimulus
frequencies was used as a parameter.

Midbrain

Adaptive tracking Attention, visuomotor coordination.64

The adaptive tracking test was conducted using custom equipment and
software, which was developed by Hobbs and Strutt, according to
specifications of Borland and Nicholson. Analysis involved the average
performance and standard deviation of scores over a 3.5-minute period,
excluding the initial 0.5-minute run-in time. The task required the subject to
track a moving circle on the screen by controlling a joystick to keep a dot
within the target circle. Performance was deemed to be successful if the
participant tracked the target at high speeds, while failure occurred when the
velocity for tracking the target was low.

Neocortex, basal
nuclei, brain stem,
cerebellum

Body sway Motor coordination, postural balance.65

Postural stability was assessed using a body sway meter, which measured body
movements in a single plane to determine postural stability. The measurement
of body sway was conducted using a pot string meter based on the Wright
ataxiameter. A string was attached to the subject’s waist, capturing all body
movements over a specific time period and quantifying them as millimeters of
sway. The total measurement duration for body sway was two minutes.

Cerebellum, brain
stem

Pupil size Brain stem function.
A digital camera was used to measure the size of subject’s pupils at different
time points. One picture was taken from both eyes simultaneously, and the
ratio between the pupil- and iris diameter was measured.

Brain stem, medulla
oblongata

Visual verbal learning test
(VVLT)

Episodic memory.
Subjects that perform the VVLT were presented 30 words in three consecutive
word trials, i.e. word learning test. Each trial ended with a free recall of the
presented words (Immediate Recall) test to determine acquisition and
consolidation of information). Approximately 2.5 h after start of the first trial,
the subjects were asked to recall as many words as possible (Delayed Recall-
this test measures active retrieval from long term memory). Immediately
thereafter, the subjects underwent memory recognition test, which consisted of
15 presented words and 15 ‘distractors’ (Delayed Recognition- testing
memory storage). A different word list was presented to each subject during
the different occasions, in this way a subject was presented with a new word
list each measurement.

Hippocampus

Stroop color-word
interference task

A two-trial version of the color-word Stroop task was presented to the test
subjects. In the first trial, 6 colored items were presented at random. The
subjects were asked to respond as fast and as accurately as possible by pressing
the keys 1, 2 or 3 on the number pad with the index finger, middle finger and
ring finger of the dominant hand, corresponding with the correct answer. In the
second trial, which appeared directly after the first trial, 34 color and word
pairs were presented randomly to the subject, forming either congruent or
incongruent matches. The subjects were again asked to respond as fast as
possible by pressing the keys 1, 2 or 3 on the numpad, corresponding with the
correct answer. Three colors were shown, which are green, red and blue. The
colored items were presented in a random order.

(Continued)
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Table 1
(Continued)

NeuroCart test Targeted function and Description of the test Related CNS areas

Visual Analogue Scale
(VAS) Bond and Lader

Alertness, mood, calmness.66

Participants were asked to indicate with a mouse click on the computer screen
how they felt on sixteen visual analogue scales from which the following 3
main factors were calculated as described by: alertness (from nine scores),
contentedness (often called mood; from five scores), and calmness (from two
scores).

Cortex, prefrontal
cortex

Visual Analogue Scale
(VAS) Bowdle

Feeling high, internal and external perception.67–69

Potential subjective psychotomimetic (psychedelic) effects of
antiglutamatergic agents can be evaluated using specific VAS. Bowdle
Psychotomimetic Effects Scores consisted of thirteen 10 cm visual analogue
lines ranging from 0 (‘not at all’) to 100 mm (‘extremely’), addressing various
abnormal states of mind. The Bowdle VAS was administered electronically
and took approximately 2 minutes to complete.

Cortex, prefrontal
cortex, amygdala

Pharmaco-
electroencephalography
(pEEG)

CNS actions of pharmacological substances.70

Resting-state pEEG recordings were conducted on subjects with open and
closed eyes for 5 minutes each. Subjects were instructed to avoid staring, head
and eye movements, and suppress eye blinks while facing a featureless wall.
pEEG was recorded using a 40-channel system, with electrode placement
following the international 10–20 system. Ocular artifacts were detected using
vertical and horizontal pEEG recordings. The recorded signals were processed
by applying filters, calculating power spectrum density, and analyzing specific
electrode sites of interest.

All brain regions

CNS, central nervous system; pEEG, pharmaco-electroencephalography; VAS, visual analogue scale; VVLT, Visual Verbal Learning Test.

analysis of variance (ANOVA) were used to deter-
mine whether there were significant treatment effects
on pharmacodynamic parameters, heart rate, and
blood pressure. The models included factors such
as treatment, time, and period, as well as random
factors such as subject. Also, the Kenward-Roger
approximation and the restricted maximum likeli-
hood method was used to estimate model parameters
and reported treatment effects with the estimated dif-
ference (ED) compared to placebo of the least squared
means (LSM), 95% confidence intervals (95%CI),
and p-values. P-values <0.05 were assessed as sta-
tistically significant. These ED, LSM and p-values
will be reported in the results section. In Part A, spe-
cific contrasts were also calculated to compare the
effects of specific treatments to a placebo. Parame-
ters were initially analyzed without transformation,
but if the data suggest otherwise, logtransformation
was applied. Residual Q-Q plots were produced to
check the assumption of normality of the error term
in the mixed effects models. This was done by visual
inspection and the Shapiro-Wilk test statistic.

Pharmacodynamic, pharmacokinetic and safety
analyses were performed with SAS 9.4 for Win-
dows (SAS Institute Inc. Cary, NC, USA, 2013). All
available data were included in the analyses with no
imputation of missing data and no correction for mul-

tiplicity. Data from Part A was evaluated prior to the
initiation of the other parts of the study to inform
which �-AR drug to take forward into Part B and
Part C.

RESULTS

Disposition and demographics

A total of 79 HVs were screened for participation
in the first 2 parts of this study, of whom 35 were
enrolled. A total of 35 HVs received at least 1 dose
of the study drug, and 27 completed the scheduled
dosing and assessments. In Part C, 23 PD patients
were screened for participation, of whom 13 were
enrolled. All 12 PD patients were administered all
doses during the study and completed the study. The
numbers of participants who were screened, enrolled,
and withdrawn/completed each of the 3 parts of the
study is summarized in Fig. 1. The demographic char-
acteristics of participants enrolled in this study are
summarized in Table 2. No important differences
were noted between treatment groups within each
part, except for a difference in age groups as expected
from the enrolment criteria between HVs in Parts A
and B, and PD-patients in Part C.
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Fig. 1. Flowchart showing disposition of all consenting participants.

Pharmacodynamic effects

Part A
In Part A, administration of a single dose of clen-

buterol to HVs significantly increased the number of
correctly recalled words during the first immediate
recall trial test (ED of the LSM 1.30 [95%CI 0.10;
2.60], N = 15, p = 0.04, Fig. 2), increased the num-
ber of correctly recalled positive words during the
delayed recall test (ED of the LSM 8.79 [95%CI 0.17;
17.41], p = 0.05) increased the performance in the
adaptive tracking test during the first 4 h (ED of the
LSM 2.23 [95%CI 0.51; 3.95], p = 0.01), increased
the pupil/iris ratio in both the left eye (ED of the LSM
0.02 [95%CI 0.01; 0.04], p = 0.01) and the right eye
(ED of the LSM 0.02 [95%CI 0.01; 0.04], p = 0.01),
and decreased the smooth pursuit parameter of sac-
cadic eye movements albeit non-significantly (ED
of the LSM –0.97% [95%CI –3.10; 1.15]). In these

participants, responses following administration of
a single dose of salbutamol were qualitatively sim-
ilar to clenbuterol, although a significant effect was
observed only in the immediate word recall test (ED
of the LSM 1.3 [95%CI 0.1; 2.6], p = 0.03, Fig. 2).
Conversely, among the subset of participants (N = 10)
who received 60 mg pindolol, there was a tendency
towards worse performance in the cognitive tasks,
while the pupil/iris ratio was significantly decreased
in the left eye (ED of the LSM –0.03 [95%CI –0.05;
–0.02], p < 0.01), and the right eye (ED of the LSM
–0.03 [95%CI –0.05; –0.02], p < 0.01). Also, saccadic
eye movement during smooth pursuit was signif-
icantly decreased (ED of the LSM –3.19 [95%CI
–5.68; –0.71], p = 0.01). Data for the 5 participants
who received 20 mg pindolol are not presented but
generally consistent with the observations with 60 mg
pindolol. In the presence of each of the three active
drugs administered in Part A, there was a decrease in
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the number of correct responses in incongruent trials
compared to placebo which was statistically signifi-
cant with clenbuterol (ED of the LSM –0.2 [95%CI
–0.40; –0.00], p = 0.04).

Part B
As with the single-dose assessments, a general,

albeit non-significant, improvement in visual verbal
learning tests was observed in HVs who received
once-daily oral clenbuterol hydrochloride for 7 days
in Part B (20 μg on Day 1, 40 μg on Day 2 and 80 μg
on Day 3 to Day 7, Fig. 3A). In addition, a signif-
icant improvement in performance was observed in
the adaptive tracking test over the first 4 h after dos-
ing on Day 7 (ED of the LSM 1.58% [95%CI 0.22;
2.94], p = 0.03, Fig. 3B), compared to placebo. Also,
administration of clenbuterol significantly increased
parieto-occipital delta-power with eyes open (ED
of the LSM 11.10% uV2 [95%CI 5.20%; 17.30%],
p = 0.01) and closed (ED of the LSM 9.50% uV2

[95%CI 3.20%; 16.10%], p = 0.01), compared to
placebo.

Part C
Unlike in the larger, crossover cohorts in Parts A

and B of this study, evaluation of the effects of treat-
ment in participants with PD enrolled in Part C of
the study was significantly confounded by the small
sample size, especially in the placebo group (N = 4)
of this parallel-group assessment. Nonetheless, a ten-
dency toward increased recall and recognition of
words was observed (ED of the LSM for number
of words correct over all test days in immediate
word recall [trial 1] 1.10 [95%CI –2.80; 5.10], and
delayed word recall 0.90 [95%CI –3.30; 5.10]) albeit
without attaining statistical significance. Administra-
tion of clenbuterol did not have significant effects on
EEG frequency bands. Polysomnography evaluations
in Part C showed that administration of clenbuterol
in participants with PD significantly decreased the
time before waking up after sleep onset compared
to placebo (ED of the LSM –68.59 min [95%CI
–135.55; –1.635], p = 0.05).

Safety and pharmacokinetics

Clenbuterol, salbutamol and pindolol have been
approved for use in humans for several decades,
and the safety profile observed for these drugs
was similar to previously reported experience. The
treatment emergent AEs that were reported most
frequently while receiving the �2-AR acting drugs,

salbutamol or clenbuterol, were typical for the
drug class: headache, tremor, palpitations, tachy-
cardia, fatigue, nausea, and dizziness.44 The most
commonly reported adverse events with the �2-
AR antagonist/�1-AR partial agonist, pindolol, were
headache, dizziness and nausea.

Of the 43 HVs or participants with PD who were
enrolled and received active drug, 5 HVs discontin-
ued due to AEs, most frequently dizziness, nausea,
vomiting, cold sweat, headache, paraesthesia, mus-
cular weakness, palpitations, somnolence, tremor,
and/or fatigue while on salbutamol or clenbuterol.
One HV withdrew from study due to adverse events
of syncope, somnolence, nausea, cold sweat while
receiving pindolol. All withdrawn HVs recovered
from the adverse events within seven days with-
out intervention. No deaths or serious AEs were
observed. Paracetamol was occasionally used as con-
comitant medication for headache or malaise.

Also, in keeping with the �2-AR agonist mecha-
nism of action, increases in supine heart rate were
observed following repeat administration of 80 μg
clenbuterol to HVs over multiple measurements dur-
ing Days 4 through 7 compared to placebo (ED of
the LSM 11.50 bpm [95%CI 8.00; 14.90], p = 0.01),
with a modest increase in systolic blood pressure
compared to placebo (ED of the LSM 1.80 mmHg
[95%CI 0.40; 3.20], p = 0.02) and no effect on dias-
tolic blood pressure (ED of the LSM –0.2 mmHg
[95%CI –2.7; 2.2], p = 0.83). Similarly, significant
increases in supine heart rate were observed with
clenbuterol compared with placebo in participants
with PD during waking hours (ED of the LSM 13.30
bpm [95%CI 8.20; 18.40], p = 0.01 on Day 7) as well
as during sleep (ED of the LSM in the median per-
centile of 11.10 bpm [95%CI 7.05; 15.15], p = 0.01,
across all dosing days), without significant changes
in supine systolic (ED of the LSM –4.4 mmHg
[95%CI –16.9; 8.1], p = 0.45) or diastolic blood pres-
sure (ED of the LSM –3.7 mmHg [95%CI –10.7; 3.3],
p = 0.27).

Plasma drug concentrations were measured by
LC/MS-MS and submitted to non-compartmental
analyses for determination of pharmacokinetic
parameters, including the observed time to maxi-
mal plasma concentration (Tmax) and half-file. The
observations generally conformed with published
values. After administration of 160 μg clenbuterol
hydrochloride, the Tmax was 3 h and longer, and half-
life longer than could be estimated based on the
amount of samples in the study (prior studies report
>30 h half-lives for clenbuterol).45 After administra-
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Table 2
Demographic characteristics of all participants who received study drug

HVs PD: multiple dose

Part A: Part B: Part C: Part C: Part C:

single dose multiple dose overall Clenbuterol Placebo

N 19 16 12 8 4

Age (y) 49.0 (4.7) 51.6 (6.7) 63.4 (6.6) 64.1 (6.1) 62 (8.3)

Height (cm) 178.47 (9.03) 177.74 (9.98) 177.93 (9.57) 180.55 (5.59) 172.68 (14.43)

Weight (kg) 81.52 (14.84) 84.53 (10.97) 77.68 (8.07) 78.656 (6.753) 75.73 (11.16)

BMI (kg/m2) 25.46 (3.35) 26.84 (3.55) 24.56 (1.98) 24.16 (2.34) 25.35 (0.58)

Gender, male (percentage) 68.4 56.3 83.3 100 50

MMSE n.a. n.a. 29.3 (0.8) 29.2 (0.9) 29.3 (0.77)

Hoehn and Yahr n.a. n.a. 1.7 (0.9) 1.8 (0.7) 1.5 (1.3)

BMI, body mass index; HVs, healthy volunteers; MMSE, Mini-Mental State Examination; n.a., not applicable; PD, Parkinson’s disease.
Results are either presented as mean (standard deviation), or percentages.

Fig. 2. Effects of single doses of clenbuterol, salbutamol and pindolol on immediate word recall, delayed word recall, adaptive tracking and
pupil/iris ratio in part A. LS, Least Square; CI, Confidence Interval. Data for the cohort of healthy volunteers in Part A who received a single
dose of placebo, clenbuterol (160 μg, N = 16), salbutamol (32 mg, N = 17) and pindolol (60 mg, N = 10) in a randomized sequence separated
by an approximately 7-day washout. LS mean (95%CI) differences between drug and placebo are plotted for repeat observations over the
first 4 h after dosing on Day 1 for immediate word recall (trial 1, A), delayed word recall (B), adaptive tracking (C) and left pupil-to-iris ratio
(D).

Fig. 3. Effects of repeat, once-daily oral doses of clenbuterol (80 μg) in healthy subjects in immediate word recall (A) and adaptive tracking
(B) in part B. LS, Least Square; CI, Confidence Interval. Data for the cohort of 14-15 healthy volunteers in Part B who received placebo
and clenbuterol (up-titrated over the dosing period from 20 μg on Day 1, 40 μg on Day 2 and 80 μg on Days 3–7) in a 7-day crossover are
presented. LS mean (95%CI) differences between clenbuterol and placebo are plotted for repeat observations at 1, 2, and 8 h after dosing on
Days 1, 4, and 7 for the number of correct responses for the immediate word recall (trial 1), delayed word recall and delayed word recognition
(B), and repeat observations over the first 4 h after dosing on Days 1, 4, and 7 for adaptive tracking (B).
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tion of 32 mg salbutamol, Tmax was 6-7 h and half-life
was 1-2 h. After administration of 60 mg pindolol,
Tmax was 1 h, and half-life was 4 h.

DISCUSSION

Degeneration of the LC neurons likely contributes
to the loss of cognitive function in diseases such as
PD46 and AD.47 Although a role of the LC in atten-
tion, learning and memory has been known for over
50 years, the specific adrenergic receptor(s) that pro-
duce these effects are not well-established.48 This
study sought to evaluate the effects of two potent
�2-AR acting drugs (clenbuterol and salbutamol)
and a non-selective �1-AR agonist/�2-AR antago-
nist (pindolol) on CNS measures with the aim to
select a drug for future trials investigating the poten-
tial to reduce cognitive dysfunction in PD. In this
study, we observed enhancements in working mem-
ory, attention, visuomotor coordination and pupil/iris
ratios among HVs with the CNS penetrating �2-AR
acting drug, clenbuterol. Responses to salbutamol
were similar to clenbuterol, but weaker in magni-
tude, presumably due to its lower CNS absorption,
whole the effects were not observed for the �1-AR
agonist/�2-AR antagonist, pindolol. These findings
suggest that centrally acting �2-AR agonists may
improve cognitive function in individuals affected by
neurodegenerative diseases like PD. In addition, we
demonstrated the safety of and single and repeat doses
of clenbuterol in HVs and PD patients.

The observations in the present study are in line
with a prior study in approximately 40 HVs, in
which salbutamol produced pro-cognitive effects on
emotional memory and attention (unpublished data,
NCT01957293).23 The observations are additionally
consistent with the pro-cognitive effects of direct
stimulation of �-Ars using clenbuterol and indi-
rect stimulation using the norepinephrine reuptake
inhibitor, atomoxetine, in a rat model of visuospatial
attention.49 However, this is the first study in humans
to compare different �-AR properties, including �1-
vs. �2 selectivity, and CNS absorption to enable iden-
tification of the key properties for a potential future
drug for treating cognitive decline. While signifi-
cant improvements in immediate word recall were
observed with both clenbuterol and salbutamol, the
improvements in other cognitive tasks that were
observed with clenbuterol but not salbutamol suggest
that penetration into the CNS may contribute to the
broader range of observed effects. The contrasting

tendency of pindolol to worsen performance in word
recall and adaptive tracking lend further support to
the hypothesized pro-cognitive role of �2-AR activa-
tion, as pindolol is an antagonist at this receptor and
may be blocking endogenous stimulation.50 How-
ever, whether the latter effect may also be the result
of partial agonism of �1-AR, or some other nonse-
lective that cannot be concluded definitively from the
present study.

The data from Part A suggest that CNS-penetrating
�2-AR acting drugs may mediate the effects of LC
innervation on memory and alertness. This informed
the decision to evaluate clenbuterol in Part B and Part
C of this study. The observed effects of a single dose
of clenbuterol in Part A were corroborated follow-
ing once-daily administration of clenbuterol to HVs
for 1 week in Part B. Specifically, there was a trend
towards improved performance in the immediate and
delayed word recall tests, and statistically significant
improvement in performance in the adaptive tracking
task. Similar evaluation of the effects of clenbuterol in
patients with PD in Part C was confounded by sam-
ple size, especially in the placebo comparator arm
(N = 4). In addition, motor deficits in the PD popula-
tion may impact measurement of response, especially
in tasks with greater motor involvement such as the
adaptive tracking task. Since cognitive impairment
varies not only with disease severity but also between
different neurodegenerative diseases,51 presumably
reflecting the different brain regions, pathways and
cell types involved, we cannot expect a single drug
target to rescue all cognitive domains. In the case
of clenbuterol, some of the improvements in per-
formance of cognitive tasks may reflect effects on
attention and alertness, while non-neuronal changes
in metabolism, inflammation and perfusion mediated
by �2-adrenergic receptors expressed on astrocytes
and microglial may provide more sustained benefit.52

In Part A of this study, the two �2-AR agonists,
clenbuterol and salbutamol, resulted in qualitatively
similar effects on cognition in HVs, including sig-
nificant improvements in the immediate verbal recall
test, and a tendency toward improved performance
in delayed verbal recall. Performance in visual ver-
bal tests has been correlated with short-term memory
and is known to be improved after administration of
caffeine.53–55 In addition, clenbuterol significantly
improved performance in the adaptive tracking task.
The adaptive tracking test is a marker of drug effects
on coordination and vigilance.56,57 The performance
during the adaptive tracking test is worsened by
sedatives such as diazepam and temazepam,58,59
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and increased by psychoactive drugs such as meta-
chlorophenyl piperazine.60 In keeping with its lower
absorption into the CNS, the observed effects of
salbutamol in this study were qualitatively similar
but typically more modest compared with those of
clenbuterol.36 In contrast, the effects of pindolol were
directionally different from clenbuterol and salbu-
tamol, including worsening of performance in the
immediate and delayed verbal recall tests as well as
in adaptive tracking.

When administered in single or repeat doses, the
peripheral effects observed for clenbuterol were sim-
ilar to those often reported for the �2-AR agonist
drug class.61,62 The most frequently reported AEs by
HVs were palpitations and tremor with increases in
mean supine heart rate of more than 10 bpm that led
to 5 withdrawals and that likely impacted the eval-
uations of cognition undertaken in this study. There
were no withdrawals of PD-patients. Chronic dos-
ing with clenbuterol, as would be anticipated if used
for treatment of cognitive decline due to PD or AD,
will necessitate better control of these effects in the
periphery, e.g., by using strategic co-administration
of a selective �2-AR antagonist that achieves mini-
mal penetration into the CNS. However, this needs to
be confirmed in future trials.

This study had some limitations. Firstly, this study
involved a small number of PD-patients, which may
not fully represent the diverse patient populations
that will ultimately use the drug. Consequently,
the findings may not accurately predict how clen-
buterol will affect patients with various medical
conditions or demographics. Secondly, this study
assessed the short-term effects of the treatment.
Similar effects on the long term will need to be
corroborated in a follow-up study. Additionally,
the controlled environment of this study may not
fully reflect real-world conditions, which is inher-
ent to an early phase clinical study. Factors such
as patient compliance, concomitant medications, and
environmental influences can affect drug outcomes
differently.

Taken together, the observations from this study
identify the �2-AR as a candidate receptor that may
result in pro-cognitive effects. Moreover, the supe-
rior effects of the CNS-penetrating drug, clenbuterol,
compared with salbutamol reveal the potential utility
of selective, CNS-penetrant �2-AR agonism, espe-
cially if the agonistic effect can be limited to the brain.
These data support further investigation of the effects
of clenbuterol on measures of cognition and alertness
in patients with a neurodegenerative disease such as

PD, especially under conditions where the peripheral
effects of �2-AR agonism are controlled.
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