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Diet pills such as aminorex, fenfluramine, and dexfenfluramine have been strongly
associated with the development of pulmonary arterial hypertension (PAH). Other
drugs ostensibly related in function have also been implicated as “likely” associated,
including amphetamine, methamphetamine, and the serotonin precursor L-trypto-
phan. Serotonin signaling is thought to be a mediator of diet pill-associated PAH,
and it is also thought to potentially play a significant role in PAH in general. In this
article, we review the evidence supporting the serotonin hypothesis in PAH in both
contexts, and the potential concerns related to selective serotonin reuptake inhibitors

and other medications acting on serotonin signaling pathways.

SEROTONIN HYPOTHESIS

The serotonin hypothesis of pulmonary
arterial hypertension (PAH) was first
proposed in the 1990s after small studies
in primary pulmonary hypertension
(PH) found increased plasma serotonin
levels and abnormal platelet serotonin
storage.”” (Throughout this review,
primary PH [PPH] is used when it was
used in the original manuscripts; in most
cases this refers to what is now called
idiopathic PAH [IPAH], although in
some studies drug/toxin-associated PAH
was also included under this term.)

The serotonin hypothesis gained
popularity after case-control studies sug-
gested an association between anorexi-
gens and PPH. Several serotonin-related
mechanisms were suggested to explain
this association.”® First, anorexigens

increase free serotonin levels, activat-
ing serotonin receptors and causing
pulmonary artery vasoconstriction and
pulmonary artery smooth muscle cell
proliferation. Also, norfenfluramine,

a fenfluramine metabolite, has direct
activity on the serotonin 2B receptor.7
Finally, internalization of the drug via
the serotonin transporter may disrupt
internal serotonin storage and promote
pulmonary artery smooth muscle cell
(PASMC) proliferation.

The serotonin story was not without
controversy, however. A few studies
questioned the role for serotonin signal-
ing in the association between fenflur-
amine and PAH, because serotonin
levels were lower after chronic fenflur-
amine exposure in animals. However,
subsequent more careful measurements
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described a 2- to 4-fold increase in
serotonin levels.* The authors of these
studies suggested that the prior results
were due to difficulty in preventing
serotonin release during blood handling
and a real reduction in intracellular
serotonin stores after long-term expo-
sure. (Of note, similar issues may have
contributed to subsequent variability in
free serotonin levels in studies of PAH
in patients as well."”)

Over the years, the serotonin hypoth-
esis has been revised and expanded,
but remains generally intact (Figure 1).
Modern work has emphasized the
importance of local serotonin produc-
tion and signaling," the serotonin 1B
receptor (vs other serotonin receptor
subtypes),”” and interactions between
estrogen pathways and serotonin signal-

3

ing.l

CLINICAL STUDIES FOCUSED
ON SEROTONIN SIGNALING
A number of medications targeting
serotonin receptors have been inves-
tigated in clinical studies in patients
with PAH, with disappointing results
thus far. This includes hemodynamic
studies of serotonin 2A and serotonin
2A/2B receptor antagonists (Table 1).
Subsequent studies suggest that the
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Figure 1: Serotonin synthesis via tryptophan hydroxylase 1 (TPH1) is increased in pulmonary
artery endothelial cells (PAECs) from rodent models of PH (inset showing a small pulmonary

artery from a control and hypoxic rat with TPH1 staining in the PAECs) and patients with PAH.

Serotonin can act in a paracrine fashion on underlying PASMCs, facilitated by myoendothelial
gap junctions (connexin intercellular channels). Serotonin can enter the PASMC via the
serotonin transporter (SERT) or activate serotonin receptors. The important receptor in the
human pulmonary arterial smooth muscle cell (PASMC) is the 5-HT1B receptor, regulated
by microRNA96 (miR96) such that it is upregulated (by decreased miR96 expression) in
female PAH patient PASMCs. 5-HT1B activation and SERT activity cooperate to induce
PASMC contraction and proliferation via increased reactive oxygen species (ROS) and
activation of downstream signaling pathways such as MAPK and rho-kinase (ROCK). These
can also facilitate nuclear growth factors such as GATA-4. Increased serotonin can facilitate
a pulmonary hypertensive phenotype in BMPR2-/+ mice via decreased BMPR2 signaling.
Reprinted with permission [Creative Commons CC BY license] from MacLean MR. The
serotonin hypothesis in pulmonary hypertension revisited: targets for novel therapies (2017
Grover Conference Series). Pulm Circ. First published February 22, 2018.

Table 1. Hemodynamic Studies of Medications Acting on Serotonin Signaling in Humans

‘ Target ‘ Patient Population ‘ Results
Ketanserin® 5-HT2A receptor PAH PVR fell 12% vs baseline
antagonist (P<0.001); SVR fell 16.5%
(P<0.001)
Acute hemodynamics only
Terguride 5-HT2A/2B PAH No change in PVR vs
(abstract)®® receptor antagonist placebo (16 weeks,
terguride vs placebo: -0.5
Wood units, P=NS)
Fluoxetine Serotonin PAH No change in PVR vs
(abstract)"” transporter baseline (12-24 weeks)
reuptake inhibitor
(SSRI)
Sumatriptan® 5-HT1B/D receptor Healthy controls mPAP increased 58%
agonist acutely (from 16 mm Hg to
26 mm Hg)
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serotonin 1B receptor is more important
in pulmonary vasoconstriction in human
lungs," but clinical studies are lack-

ing. The serotonin transporter has also
been considered a potential therapeutic
target, based on both in vitro human and
animal studies and in animal models of
PH due to monocrotaline or hypoxia.ls‘lf’
We recently completed a small open-la-
bel study of fluoxetine in PAH (N=10),
and found no significant hemodynamic
improvement or worsening over 12 to 24
weeks.” Other researchers in this field
have suggested that a more effective
strategy could be to target both sero-
tonin receptors and the serotonin trans-
porter at the same time."*"® Combined
5-HT1B receptor/serotonin transporter
antagonists are effective in preventing
and reversing experimental PAH and

at reducing serotonin-induced prolifer-
ation of PASMC:s derived from IPAH
patients. However, it remains to be seen
whether the combination of 5-HT1B
receptor/serotonin transporter antago-
nists will have similar effects in clinical
studies.

STIMULANTS: SEROTONIN
VS OTHER MECHANISMS OF
ACTION
Most prescription and illicit stimu-
lants as well as the diet pills aminorex,
fenfluramine, and dexfenfluramine act
as monoamine transporter substrates.
They bind to and are internalized by
various cell surface transporters in-
cluding serotonin, norepinephrine,
and dopamine. Cocaine, the major
exception, is a monoamine transporter
reuptake inhibitor. Transporter selectiv-
ity varies considerably. All 3 diet pills
act as serotonin transporter substrates.
Methamphetamine, and to a lesser
extent amphetamine, also have activity
at the serotonin transporter; this has
been suggested as a likely contributor to
methamphetamine-associated PAH."
On the other hand, many other stim-
ulants including phenylpropanolamine,
methylphenidate, and phentermine have
little or no serotonin activity. Norepi-
nephrine receptor activation can also
promote pulmonary vasoconstriction
and vascular remodeling; as such, an
adrenergic hypothesis of PAH has also
been proposed.” It should be noted,
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however, that evidence to support an
association with these medications is
relatively weak. Only phenylpropanol-
amine, found to be associated with PPH
in one case-control study,” has even
been considered “possibly associated” in
prior consensus documents.”

In contrast, phentermine was includ-
ed in 2 case-control studies, neither of
which found an association,””" and only
case reports have described phenter-
mine-’ and methylphenidate-associated
PAH.** Some researchers have also
argued that these case reports likely rep-
resented IPAH rather than drug-associ-
ated PAH, given the widespread use of
these medications and small number of
reports.25 Further studies will be needed
to address these possible associations.

For the illicit stimulants, a num-
ber of other mechanisms could also
contribute, as described in more detail
in the Stimulants and PAH article in
this issue by Ramirez et al. In addition
to mechanisms related to the primary
(intended) drug, contaminants and
adulterants must also be considered.
Some illicit drug users inject or inhale
crushed tablets, and the talc used as a
filler and lubricant for the pills may
result in foreign body granulomas in
the lung parenchyma or vasculature,
contributing to PH.*** Another po-
tential contributor has been described
with regard to levamisole, an adulterant
commonly found in cocaine. Levam-
isole is an antihelminthic agent used
to “cut” cocaine, presumably because it
is both relatively inexpensive and has
some stimulant properties of its own.
However, levamisole is associated with
a number of serious adverse reactions,
and, most notably, is also metabolized
to aminorex. This adulteration could
contribute to a resurgence of amino-
rex-induced PH.?

It also remains unclear why some
patients develop PAH after anorexigen
exposure, but most do not. One hypoth-
esis is that the anorexigens may serve
as a “second hit” in patients who have a
genetic predisposition to develop PAH.
Indeed, patients with anorexigen-in-
duced PAH are more likely to harbor
BMPR2 mutations (9%).” Moreover,
serotonin increases susceptibility to PH

in BMPR-deficient mice.*

SELECTIVE SEROTONIN
REUPTAKE INHIBITORS AND
PAH:TO PRESCRIBE ORNOT IN
PAH?

Selective serotonin reuptake inhibitors
(SSRIs) block the reuptake of sero-
tonin and cause increases in circulating
serotonin levels as well as alterations in
serotonin signaling in the central ner-
vous system. This has raised questions
about whether SSRIs could lead to sero-
tonin-mediated pulmonary vasoconstric-
tion. However, circulating levels appear
to return to baseline during long-term
administration.®

Interestingly, the association between
SSRIs and PH also appears to be differ-
ent for newborns vs adults. A rat model
showed that prenatal exposure to fluox-
etine induces fetal PH.*' Furthermore,
epidemiology studies reveal that risk for
persistent pulmonary hypertension of
the newborn (PPHN) is increased in ne-
onates whose mothers report SSRI ex-
posure.” Although variability has been
reported for this finding,”* meta-anal-
yses and larger well-designed population
studies have convincingly shown a small
but statistically significant increased risk
of PPHN with SSRI use late in preg-
nancy (after 20 weeks' gestation).”*’’

In contrast to the neonatal studies,
SSRI use has not been clearly linked with
the development of PAH in adult studies.
Four studies have investigated antide-
pressant use in PAH (all antidepressants
combined or specifically SSRIs). Three
utilized a traditional case-control meth-
odology, none of which found a positive
association between antidepressant or
SSRI use and PAH. In fact, SSRI use
was numerically lower in PPH patients
compared with controls (P=NS or not
reported in all three).*”***” A fourth
study using an administrative dataset
found a significant association with SSRI
exposure (OR 1.6,95% CI 1.1 to 2.1),
but the authors themselves suspected
residual confounding may have accounted
for their findings.* A separate concern
regarding the validity of this finding is
that the accuracy of the PAH diagnosis
code in database studies is often poor."!

Outcomes among PAH patients
who are subsequently treated with an
SSRI have also been investigated. These

studies had mixed results, with improved
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4 . .
3942 similar out-

outcomes in 2 studies,
comes vs untreated patients in one study,
and worse outcomes for the SSRI-treat-
ed patients in a fourth study.*** Finally,
animal studies have found a protective
effect in both monocrotaline- and
chronic hypoxia—induced PH in adult
rats and mice.**

Given the absence of randomized con-
trolled clinical trials of SSRIs in PAH, a
firm conclusion is not currently possible.
So practically, what recommendations
can be made with regard to SSRI use in
PAH? Unfortunately in adult PAH pa-
tients, depression is very common (25%
prevalence) and SSRIs are considered
a first-line medication for treatment of
major depression.* Although consen-
sus statements are lacking, our current
practice is to consider use of an SSRI for
moderate or severe depression in PAH
patients in whom they are otherwise
indicated. For pregnant women, stronger
evidence of harm has been suggested.
Nevertheless, consensus documents from
the American College of Obstetricians
and Gynecologists (ACOG) currently
note that “untreated maternal depres-
sion is associated with increased rates of
adverse outcomes (eg, premature birth,
low birth weight, fetal growth restric-
tions, postnatal complications), espe-
cially when depression occurs in the late
second to early third trimester.” They
recommend the initiation or continua-
tion of SSRIs in the setting of past or
current moderate or severe depression.”
Thus while we express caution, benefits
of treatment may in many cases out-
weigh the risks of untreated depression.
Further studies are required in this area.

ANOREXIGENS AND PAH:
REVIEW/NEWER AGENTS

As much of the world continues to
struggle with the obesity epidemic,
anorexigens continue to be prescribed to
aid weight loss, generally in combination
with lifestyle approaches. Medications
for obesity have a long history of con-
troversy. Between the 1940s and the
1970s, amphetamines were commonly
prescribed for weight loss. With recogni-
tion of the potentially addictive nature of
amphetamines, the Bureau of Narcotics
and Dangerous Drugs (the forerunner

to today's Drug Enforcement Agen-
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1940-1970's :
Prescription
Amphetamines
alone and in
combination with
diuretics, digitalis
etc.

1959 to present :
Phentermine

1966-1968 :
Aminorex

1963-1997 :
Fenflurmine

Figure 2: Timeline of anorexigens associated with PAH.

cy) imposed more restrictions on their
prescription, and a shift in prescribing
patterns toward alternative agents be-
gan.” Fenfluramine and dexfenfluramine
subsequently became the most commonly
prescribed diet pills, prescribed alone

and in combination with phentermine
until their withdrawal from the market
in 1997. Finally, benfluorex, which is
molecularly similar to fenfluramine, was
introduced in 1976 for the treatment of
diabetes and metabolic syndrome. Al-
though withdrawn from several Europe-
an markets due to a suspected association
with valvular heart disease, it remained
available in France until 2009, when ad-
ditional studies found an association with
both valvular heart disease and PAH; an
estimated 300,000 patients were exposed
amnually.‘w'5 * Figure 2 shows a timeline of
anorexigen approvals.

Newer Agents
Among the diet pills shown in the
timeline in Figure 2, only phentermine
remains available by prescription for this
indication. However, a number of other
newer anorectic agents and combina-
tions of agents are currently available.
This includes orlistat (pancreatic lipase
inhibitor), liraglutide (glucagon-like
peptide agonist), lorcaserin (5-HT2C
agonist), bupropion-naltrexone, and
phentermine in combination with
topiramate. None have been significantly
associated with PH, and one study of
liraglutide found that it could prevent
and reverse monocrotaline-induced
PAH in rats.>*

Lorcaserin, as a 5-HT2C agonist, has
been of particular interest to the PH

66 Advances in Pulmonary Hypertension

community because it interacts with

a serotonin receptor. In 2 randomized
control trials including 3182 patients
and 4008 patients treated for one year,
no increase in cardiac valvulopathy

or PH was seen in association with
lorcaserin use.”* The size and dura-
tion of newer anorexigen studies has
been mandated by the Food and Drug
Administration, with goals of allowing
assessment of both longer-term efficacy
as well as adverse effects.”’

In contrast to the large studies
described above, a larger study investi-
gating the combination drug naltrex-
one-buproprion was terminated early
related to premature disclosure of results
from an interim analysis. Although
no cardiovascular safety concerns were
raised and no association with the devel-
opment of PAH was found, completed

long-term studies are lalcking.58

CONCLUSION
Anorectic agents like aminorex, fen-
fluramine, and benfluorex are strongly
associated with development of PAH,
while evidence in support of metham-
phetamine, amphetamine, and cocaine
is growing. Current evidence suggests
that alteration in the serotonin pathway
by these drugs may play a major role in
development of PAH. Since most ex-
posed individuals do not develop PAH,
genetic susceptibility and other factors
are thought to play an important role.
Serotonin receptors and transporters
have also been considered as potential
therapeutic targets. Studies so far have
been disappointing, but a number of
additional serotonin pathway targets

Volume 17, Number 2; 2018

1996-1997 :
Dexfenfluramine

1976- 2009 :
Benfluorex

exist. Potential future considerations
include inhibition of serotonin synthesis,
antagonists to the serotonin 1B receptor
(vs antagonists to the serotonin 2A and
2B receptors), and targeting one or more
serotonin receptors while also blocking
the serotonin transporter.'
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