z
ORIGINAL RESEARCH LT
/ American ~ American

Heart | Stroke

Association | Association.

Effects of Norepinephrine Reuptake Inhibition on Postural

Tachycardia Syndrome

Elizabeth A. Green, BEng; Vidya Raj, MB, ChB; Cyndya A. Shibao, MD, MSCI; Italo Biaggioni, MD; Bonnie K. Black, RN, CNP;
William D. Dupont, PhD; David Robertson, MD; Satish R. Raj, MD, MSCI

Background—Postural tachycardia syndrome (POTS) is a disorder of chronic orthostatic intolerance accompanied by excessive
orthostatic tachycardia. Patients with POTS commonly have comorbid conditions such as attention deficit hyperactivity disorder,
depression, or fibromyalgia that are treated with medications that inhibit the norepinephrine reuptake transporter (NRI). NRI
medications can increase sympathetic nervous system tone, which may increase heart rate (HR) and worsen symptoms in POTS
patients. We sought to determine whether NRI with atomoxetine increases standing tachycardia or worsens the symptom burden in
POTS patients.

Methods and Results—Patients with POTS (n=27) underwent an acute drug trial of atomoxetine 40 mg and placebo on separate
mornings in a randomized, crossover design. Blood pressure (BP), HR, and symptoms were assessed while seated and after
standing prior to and hourly for 4 hours following study drug administration. Atomoxetine significantly increased standing HR
compared with placebo (121+£17 beats per minute versus 105415 beats per minute; P=0.001) in POTS patients, with a trend
toward higher standing systolic BP (P=0.072). Symptom scores worsened with atomoxetine compared to placebo (+4.2 au versus
—3.5 au; P=0.028) from baseline to 2 hours after study drug administration.

Conclusion—Norepinephrine reuptake inhibition with atomoxetine acutely increased standing HR and symptom burden in patients
with POTS.

Clinical Trials Registration—URL: http://clinicaltrials.gov. Unique identifier: NCT00262470. (/ Am Heart Assoc. 2013;2:
€000395 doi: 10.1161/JAHA.113.000395)
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blurred vision, shortness of breath, rapid heartbeat, tremu-
lousness, chest discomfort, headache, lightheadedness, and
nausea. The pathophysiology of POTS is unknown and likely
heterogeneous (including partial autonomic neuropathy? and
hypovolemia®’) but many patients have elevated sympathetic
tone and norepinephrine levels upon standing.3’8'9
Atomoxetine is a norepinephrine reuptake transporter
(NET) inhibitor (NRI) that is commonly used to treat attention
deficit hyperactivity disorder (ADHD) in children and adoles-
cents.'®"" Although there are no prior clinical trials of NRI in
POTS, drugs that inhibit NET are sometimes prescribed by
physicians seeking a clinically beneficial peripheral vasocon-
striction for POTS patients.'? '3 NET inhibition has been shown
to increase heart rate (HR) and blood pressure (BP) in normal
volunteers' and in patients being treated for ADHD.'® These

P ostural tachycardia syndrome (POTS) is one of the most
common forms of chronic orthostatic intolerance, affect-
ing an estimated 500 000 Americans."? It commonly affects
women of child-bearing age and often results in significant
functional disability.>® The hallmark of POTS is exaggerated
orthostatic tachycardia in the absence of orthostatic hypo-
tension. Posture-related symptoms include mental clouding,
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effects could be potentially deleterious in the POTS population
since they experience excessive tachycardia on standing. We
hypothesized that because it potentiates noradrenergic path-
ways, atomoxetine would increase standing HR and worsen
the symptom burden in patients with POTS.
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Methods

Subjects

Patients with POTS who were referred to the Vanderbilt
Autonomic Dysfunction Center between May 2004 and
March 2012 were candidates for inclusion in this study. All
patients met criteria for POTS by developing symptoms of
orthostatic intolerance, accompanied by HR rise >30 beats
per minute (bpm) within 10 minutes of standing in the
absence of orthostatic hypotension (fall in BP >20/
10 mm Hg).>%'® All had symptoms for at least 6 months
in the absence of additional chronic disorders known to
cause orthostatic intolerance, and all were >18 years old.
The Vanderbilt University Investigational Review Board
approved this study, and written informed consent was
obtained from each subject prior to study initiation. The data
reported are a part of “The Treatment of Orthostatic
Intolerance” study, which is registered with http://www.
clinicaltrials.gov (NCT00262470).

Study Diet and Baseline Characterization

All study investigations were performed in the Elliot V.
Newman Clinical Research Center. Subjects were placed on a
methylxanthine-free diet with 150 mEq/day sodium and 60 to
80 mEq/day potassium for at least 3 days prior to testing.
Subjects were allowed to drink water ad libitum. Long-term
medications were discontinued at least 5 half-life periods
before the study. Fludrocortisone has an elimination half-life
of 3.5 hours,'” but was discontinued at least 5 days before
the study in order to avoid potentially extended hormonal
effects.

Posture Study

A “posture study” was performed on a separate day from
either atomoxetine or placebo evaluation for the purpose of
patient diagnosis and baseline characterization. HR, systolic
BP (SBP), diastolic BP (DBP), mean arterial pressure (MAP),
and plasma catecholamines were measured after overnight
rest with the patient in the supine position and again after
standing, as tolerated, for up to 30 minutes. Hemodynamic
measures were assessed using an automated oscillometric
vital signs monitor (Dinamap, Critikon Corp). For catechol-
amine measurements, blood was collected in plastic syringes
and transferred immediately to chilled heparinized vacuum
tubes (BD) on ice. Plasma was centrifuged at —4°C and stored
at —80°C in collection tubes with 6% reduced glutathione
(Sigma-Aldrich). Concentrations of norepinephrine and epi-
nephrine were measured by batch alumina extraction followed
by high-performance liquid chromatography for separation
with electrochemical detection and quantification.'®

Medication Trials

All medication trials were started in the morning at least
2 hours after an early, light breakfast (to avoid acute
hemodynamic effects from eating) in a postvoid state. In this
trial, patients with POTS were given atomoxetine 40 mg (Eli
Lilly Co.) or placebo (“Cebocaps,” Forest Pharmaceuticals),
the standard starting dose for atomoxetine in adults, in a
randomized crossover fashion on separate days. One coin-
vestigator (BKB) determined the order of intervention using a
random number generator in a 1:1 fashion and then ordered
the appropriate study drug, but was not involved in any
outcome assessments. All subjects underwent both drug
interventions, although not all completed the symptoms score
at each time interval. The patient was blind to the interven-
tion. Except during prescribed periods of standing, the
patients were seated in a chair during data collection.
Brachial oscillometric cuff BP and HR were measured with
an automated vital signs monitor (Dinamap, Critikon Corp)
and digitally acquired into a custom-designed database
(Microsoft Access, Microsoft Corporation). Immediately
before study drug administration, and hourly for 4 hours after
study drug administration, each patient was asked to stand
from a seated position for 10 minutes while standing HR and
BP were recorded. Although this posture change does not
increase orthostatic stress as much as standing from a supine
position, it does provide a response that is clinically relevant
and reproducible.

Symptoms

Patients were asked to rate their symptom burden immedi-
ately before and at 2 and 4 hours after study drug admin-
istration using the Vanderbilt Orthostatic Symptom Score
(VOSS)." Using a scale of 0 to 10 (O reflects absence of
symptoms), the patients were asked to rate the severity of 9
symptoms. The sum of the scores at each time point was
used as a measure of symptom burden (lower score reflects
reduced symptom burden). The 9 symptoms were mental
clouding, blurred vision, shortness of breath, rapid heartbeat,
tremulousness, chest discomfort, headache, lightheadedness,
and nausea. These symptoms were selected because they
reflect common complaints of patients with POTS. The VOSS
has been used previously in acute drug trials at our
center.®'%%°

Missing Data

Individual missing hemodynamic data points (due to a failure
of the automatic recording) were interpolated by using the
within-individual mean for the parameter at the data point for
the hour immediately before and immediately after the
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missing data point. Hemodynamic data were not interpolated
if more than 1 consecutive hourly data point was missing or if
either the baseline or 4-hour (final) value was missing. Only
patients with paired sets of complete hemodynamic data
(after interpolation) were included in these analyses. The total
burden of interpolation was 0.5% of the overall hemodynamic
data.

Sample Size Determination

The study was powered to detect a difference in standing
heart rate of 10 bpm between groups. Assuming that the
pooled standard deviation in standing heart rate was 15 (seen
in prior similar analyses), a sample size of 26 would give 90%
power to detect such a difference with =0.05.%"

Statistical Analysis

Our primary end point was the standing HR 2 hours after
study drug administration. The 2-hour time point was
selected as the primary end point because the peak plasma
concentration of atomoxetine occurs 1 to 2 hours after drug
administration.?? The primary statistical analysis was a
2-tailed paired t-test comparing standing HR at 2 hours after
study drug administration between atomoxetine and placebo.
The null hypothesis was that standing HR would not be
statistically different between the atomoxetine and placebo
day.

Secondary analyses were performed using paired t-tests to
compare standing HR at other time points after drug
administration as well as seated HR, AHR (standing minus
seated), standing, seated, and ASBP, standing and seated
DBP, standing and seated MAP, and VOSS for each time point.
Repeated-measures analysis of variance (ANOVA) were used
to compare HR (standing, seated and A) and SBP (standing,
seated, and A) over time on both the atomoxetine and
placebo days; the Greenhouse-Geisser correction to the
degrees of freedom from these analyses was used to adjust
for departures of the variance-covariance matrix from the
sphericity assumption. ANOVA P values were generated for
the effects over time (Prime), the effects of the drug (Pp.g) and
the interaction of the drugs over time (Pj).

Values are reported as means and standard deviations
unless otherwise noted. Probability values <0.05 were
considered statistically significant for the ANOVA. A threshold
of <0.0125 was used for posthoc individual paired tests for
hemodynamic data due to the multiple comparisons. All tests
were 2-tailed. Statistical analyses were performed with SPSS
for Windows (version 21.0, IBM Corporation). Prism for
Windows 5 (version 5.02, GraphPad Software Inc.) was used
for graphical presentation.

Results

Baseline Characteristics

Patients with POTS (n=27; 25 female, 3449 years) underwent
paired administration of atomoxetine and placebo on different
days.

Baseline “posture study” data are presented in Table 1.
Supine HR was 73+12 bpm, and BP was 105+10/674+10
mm Hg. The supine plasma norepinephrine (1.33+£0.89 nmol/L)
and epinephrine (0.07840.069 nmol/L) values were within the
normal range (norepinephrine <2.81 nmol/L and epinephrine
<0.41 nmol/L) for each subject, with the exception of 3 subjects
with elevated norepinephrine. On standing, there was a signif-
icant increase in HR (120£25 bpm; P<0.001), norepinephrine
(5.17£2.86 nmol/L; P<0.001), and epinephrine (0.38+0.38
nmol/L; P=0.001).

Heart Rate Effects

Baseline seated HR was not significantly different between
atomoxetine (86+=10 bpm) and placebo (84412 bpm,
P=0.334). Atomoxetine increased seated HR compared with
placebo over the 4 hours following drug administration
(Porug=0.002). This effect was seen starting at 1 hour
(P<0.002) and continuing at 2 hours (P<0.001), and 4 hours
(P<0.001) following study drug administration (Figure 1;
Table 2).

Prior to study drug administration, there was no significant
difference in standing HR between atomoxetine (110+
18 bpm) and placebo (1144-17 bpm, P=0.204). Following study
drug administration, standing HR increased with atomoxetine
and decreased with placebo (Pp,<0.001). Atomoxetine
significantly increased HR compared with placebo at 1 hour
(P=0.004), 2 hours (121£17 bpm versus 105415 bpm;
P=0.001; primary study endpoint), 3 hours (P<0.001), and
4 hours (P=0.001).

Table 1. Postural Vital Signs and Catecholamine Values of
the Subjects With Postural Tachycardia Syndrome (n=24)

Supine Standing P Value
Heart rate, bpm 73+12 120+£25 <0.001
Systolic blood pressure, 105+01 100426 0.311
mm Hg
Diastolic blood pressure, 67+10 69+18 0.542
mm Hg
Norepinephrine, nmol/L 1.33+0.89 4.77+2.64 <0.001
Epinephrine, nmol/L 0.33+0.074 | 0.38+0.377 0.001

Data are presented as the mean-standard deviation. Reported P values are for paired
t-tests comparing supine and upright parameters. bpm indicates beats per minute.
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Figure 1. Changes in heart rate (HR) and systolic blood pressure (SBP) before and after atomoxetine vs placebo. HR and SBP data are presented
immediately before (pre), and hourly for 4 hours (4H) following study drug administration for the atomoxetine 40 mg day (solid circles) and the
placebo day (open squares). Peak HR after standing for a maximum of 10 minutes (A), seated HR immediately before standing (B) and the
orthostatic changes in HR (sit to stand; C) are shown. Standing SBP (D), seated SBP (E) and the orthostatic changes in SBP (sit to stand; F) are
shown. The error bars represent the standard error of the mean. The ANOVA P values are presented for the overall interaction effect between the
study drug and time. ANOVA indicates analysis of variance; bpm, beats per minute.

Overall, there was not a statistically significant increase in
AHR over time with atomoxetine compared with placebo
(Ppryg=0.080).

Blood Pressure Effects

There was no significant difference in baseline seated
(P=0.918) or standing (P=0.113) SBP between groups.
Overall, atomoxetine was associated with significantly higher
seated SBP (Pp;,g=0.042) and a trend toward higher standing
SBP (Pprg=0.072) (Figure 1).

Symptoms

Baseline symptom scores were similar between groups
(P=0.054). Over time, atomoxetine worsened the symptoms
score compared with placebo (P,,;=0.038; Figure 2A). From
baseline to 2 hours (time of primary end point), symptom
scores significantly increased with atomoxetine (worse) but
decreased (improved) with placebo (+4.2 au versus —3.5 au;
P=0.028; Figure 2B). While the changes in individual symp-
toms were not large enough to meet statistical significance,
all symptoms, worsened from baseline to 2 hours compared
to placebo (Figure 3).

Discussion

This report is the first placebo-controlled trial of norepineph-
rine reuptake inhibition in patients with POTS. We found that
(1) oral atomoxetine 40 mg produced a statistically significant
increase in standing HR and seated HR compared to placebo;
and (2) atomoxetine significantly increased the self-reported
symptom burden in patients with POTS.

Atomoxetine and NET

Atomoxetine is an inhibitor of catecholamine reuptake that
possesses a higher affinity for NET than the dopamine or
serotonin transporters.?®?* NET is the primary mechanism of
norepinephrine synaptic clearance. Inhibition of NET leads to
an increased synaptic concentration of norepinephrine and
increased activation of pre- and postsynaptic adrenorecep-
tors. While the precise mechanism of action is unclear, it is
thought that modulation of noradrenergic signaling in the
prefrontal cortex is responsible for atomoxetine’s efficacy in
the treatment of ADHD. This constitutes its primary
FDA-approved clinical use.

The potentiation of noradrenergic pathways also has effects
on the cardiovascular system, resulting in significant increases
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Table 2. Orthostatic Hemodynamics and Symptoms With Atomoxetine and Placebo in Patients With Postural Tachycardia

Syndrome (n=27)

Pre 2 Hours Post 4 Hours Post RM ANOVA
Porug

Standing HR, bpm

Atomoxetine 110+18 121417 117114

Placebo 11417 105+£15.0 104+16

PValue (between drugs) 0.204 0.001 0.001 0.002
Seated HR, bpm

Atomoxetine 86+10 89413 89412

Placebo 84412 79410 78+11

P\Value (between drugs) 0.334 <0.001 <0.001 <0.001
A HR (standing—seated), bpm

Atomoxetine 24413 31+15 28413

Placebo 31414 26+12 26+12

P\Value (between drugs) 0.010 0.119 0.508 0.080
Standing SBP, mm Hg

Atomoxetine 108415 111+20 112+18

Placebo 10410 107+£12 110+£15

PValue (between drugs) 0.113 0.239 0.501 0.072
Sitting SBP, mm Hg

Atomoxetine 102+13 105+10 107+10

Placebo 10210 10210 103+10

P\Value (between drugs) 0.918 0.128 0.040 0.042
HR SBP (standing—seated), mm Hg

Atomoxetine 5+10 6+18 —5+15

Placebo 1+8 4+9 7+14

PValue (between drugs) 0.053 0.657 0.570 0.251
Symptom score, au

Atomoxetine 14+10 19+15 16+£15

Placebo 18416 154+14 14412

PValue (between drugs) 0.054 0.250 0.622 0.038

Repeated measures analysis of variance (RM ANOVA) was used to determine the P Value for the overall change between study drug and placebo and paired comparisons were made with
the Wilcoxon Signed Rank test for paired data. Data are presented as mean=+standard deviation. P<0.05 was considered significant for ANOVA and P<0.0125 was considered significant for
the post-hoc hemodynamic t-tests. au indicates arbitrary units; bpm, beats per minute; HR, heart rate; NS, not significant; SBP, systolic blood pressure.

in HR and BP in patients with ADHD.'® The global effect of
atomoxetine on the cardiovascular system is the result of 2
opposing actions. In peripheral sympathetic neurons, atomoxe-
tine increases HR and BP, but the central effect of atomoxetine
is a clonidine-like -2 mediated sympatholytic effect that
results in decreased supine venous norepinephrine.'®2°28

Atomoxetine Increases HR in POTS

In this study, atomoxetine significantly increased seated HR
and standing HR compared with placebo in patients with

POTS. The AHR was not significantly increased with ato-
moxetine, likely because both standing and seated HR
increased comparably with atomoxetine. The increases in
HR and BP observed in this study indicate that, in patients
with POTS, peripheral potentiation of noradrenergic signaling
by atomoxetine likely predominated over its central sympa-
tholytic effects. This effect is consistent with the finding that
the overall effect of oral atomoxetine in patients with ADHD
was an increase in HR and BP. Given that orthostatic
tachycardia is a characteristic of patients with POTS, medi-
cations like atomoxetine that increase standing HR should
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Figure 2. Changes in symptom score with atomoxetine and
placebo. Top—Total Vanderbilt Orthostatic Symptoms Score ratings
are presented immediately before (pre), at 2 hours (2H) and 4 hours
(4H) following study drug administration for the atomoxetine 40 mg
day (solid circles) and the placebo day (open squares). The ANOVA P
values are presented for the overall interaction effect between the
study drug and time. Bottom—The changes in the total Vanderbilt
Orthostatic Symptom Score are presented from immediately before
to 2 hours after study drug administration for atomoxetine 40 mg
(solid black) and placebo (black dots). A negative score reflects a
reduction in symptom burden. The error bars represent standard
error of the mean. au indicates arbitrary units; P,,;, ANOVA P values
generated for the interaction of the drugs over time. ANOVA
indicates analysis of variance.

likely be avoided due to their potential to exacerbate this core
feature of their disease. Unfortunately, the alternative med-
ications for ADHD are stimulants,?® which are likely to also be
poorly tolerated in POTS for similar reasons.

Symptoms

Atomoxetine significantly increased symptom burden com-
pared with placebo. Interestingly, this contrasted sharply with
a decreased symptom burden at 2 hours for the placebo
group. Given that atomoxetine increased standing HR com-
pared with placebo, it is not surprising that symptoms
worsened. Several placebo-controlled medication trials in
POTS that reported a decrease in symptom burden also
reported a decrease in standing HR.%'%?% Interestingly, there
was a nonsignificant increase in symptom score for each of
the 9 symptoms from baseline to 2 hours for the atomoxetine

group, suggesting that atomoxetine consistently worsened all
the core symptoms of POTS. As symptom control is the
mainstay of POTS treatment, the increase in symptom-burden
and HR suggest that NRI medications are unlikely to be
tolerated in POTS patients.

Response to Placebo

As has been seen in prior acute, placebo-controlled medica-
tion trials in POTS,8’19'20 the standing HR decreased over time
on the placebo day (Table 2). This was associated with a small
reduction in symptoms score with placebo, likely driven by the
reduction in standing HR. The reasons underlying this HR
reduction with placebo are not clear. Possibilities include
diurnal variability in standing HR,%® a “training effect” from
repeated standing in the morning of the study, or a
psychological benefit from expectation of beneficial therapy.
Importantly, other therapies®'*?° showed a reduction in HR
and symptoms score greater than placebo while atomoxetine
behaved in the opposite manner (increasing both HR and
symptoms scores).

Norepinephrine and POTS

Despite the heterogeneous pathophysiology of POTS,
increased sympathetic activity seems to be a common final
pathway, and thus an area of focus in POTS research. There
are two possible mechanisms for increased synaptic concen-
trations of norepinephrine: an increase in synaptic norepi-
nephrine release or a decrease in synaptic norepinephrine
clearance. Synaptic norepinephrine clearance is accomplished
in 2 ways: 80% to 90% is cleared by presynaptic neuronal
reuptake of norepinephrine via NET and 10% to 20% is cleared
by diffusion out of the synaptic cleft and into the circulation or
extraneuronal tissues.”’

Altered NET Expression in POTS

The first indication that altered NET activity was implicated in
the hyperadrenergic state observed in POTS came from the
study of a 33-year-old female with a 20-year history of
orthostatic tachycardia (among other symptoms of ortho-
static intolerance).>? In response to upright posture, she
experienced a 4-fold increase in plasma norepinephrine, but
only a doubling of muscle sympathetic nerve activity,
indicating an electrochemical dissociation in the sympathetic
neuron. A point mutation in the coding region of the NET
gene (SLC6A2) was identified that encoded a dysfunctional
protein with dramatically reduced norepinephrine reuptake
compared to wild-type NET. While neither this mutation, nor
single nucleotide polymorphisms (SNPs) in the NET gene
have been found in other unrelated POTS patients, Lambert
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Figure 3. Changes in individual symptoms with atomoxetine and placebo. The changes in the 9 individual components of the Vanderbilt
Orthostatic Symptom Score are presented from immediately before to 2 hours after study drug administration for atomoxetine 40 mg (solid
black) and placebo (black dots). A negative number represents an improvement in symptoms. The error bars represent standard error of the

mean. au indicates arbitrary units.

et al®*® have found that some POTS patients have decreased
NET protein expression when compared with healthy sub-
jects. This may be attributable to altered posttranscriptional
modification.>* This suggests that reduced NET expression
may be more globally involved in the pathophysiology of
POTS.

Altered NET Activity and Atomoxetine

The increased HR in response to atomoxetine seen in this
study is consistent with the growing evidence that decreased
expression or activity of NET is involved in the pathophysi-
ology of POTS.**** If reduced NET activity is present in some
patients with POTS, then a further decrease in NET activity
(such as with NRI medications) could exacerbate the signs
and symptoms of POTS. This model aligns with our study

findings of a significant increase in both HR and symptom
burden with atomoxetine compared with placebo. There are
also potential safety concerns with NRI medications. The
SCOUT (Sibutramine Cardiovascular OUTcomes) study found
that long-term use of sibutramine in patients with known
cardiovascular disease resulted in an increased risk of
nonfatal myocardial infarction and nonfatal stroke.*> NRI
medications also have complex effects on cognition, with
increasing cognitive impairment at higher levels. This might
limit tolerability in some POTS patients given their altered NET
expression.>¢

Study Limitations

Detailed sympathetic nervous system assessments were not
performed before and after atomoxetine administration in this
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study. Assessments of sympathetic nerve traffic and plasma
norepinephrine levels might help to better understand the
physiological responses observed in this trial. Further, this
was an acute study, and longer-term studies are needed to
assess chronic tolerability and clinical utility of NRIs in POTS.

Conclusions

NET inhibition with atomoxetine acutely increased standing
HR and worsened symptom burden in patients with POTS.
This suggests that NRIs are poorly tolerated in patients with
POTS and should be administered with caution.
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