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Effects of fluoxetine, phentermine, and venlafaxine
on pulmonary arterial pressure and electrophysiology
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Reeve, Helen L., Daniel P. Nelson, Stephen L. Archer,
and E. Kenneth Weir. Effects of fluoxetine, phentermine,
and venlafaxine on pulmonary arterial pressure and electro-
physiology. Am. J. Physiol. 276 (Lung Cell. Mol. Physiol. 20):
L213-L219, 1999.—The anorexic agents dexfenfluramine
and fenfluramine plus phentermine have been associated
with outbreaks of pulmonary hypertension. The fenflur-
amines release serotonin and reduce serotonin reuptake in
neurons. They also inhibit potassium current (lk), causing
membrane potential depolarization in pulmonary arterial
smooth muscle cells. The recent withdrawal of the fenflur-
amines has led to the use of fluoxetine and phentermine as an
alternative anorexic combination. Because fluoxetine and
venlafaxine reduce serotonin reuptake, we compared the
effects of these agents with those of phentermine and dexfen-
fluramine on pulmonary arterial pressure, I, and membrane
potential. Fluoxetine, venlafaxine, and phentermine caused
minimal increases in pulmonary arterial pressure at concen-
trations < 100 uM but did cause a dose-dependent inhibition
of Ix. The order of potency for inhibition of I« at +50 mV was
fluoxetine > dexfenfluramine = venlafaxine > phentermine.
Despite the inhibitory effect on I at more positive membrane
potentials, fluoxetine, venlafaxine, and phentermine, in con-
trast to dexfenfluramine, had minimal effects on the cell
resting membrane potential (all at a concentration of 100
uM). However, application of 100 puM fluoxetine to cells that
had been depolarized to —30 mV by current injection elicited
a further depolarization of >18 mV. These results suggest
that fluoxetine, venlafaxine, and phentermine do not inhibit
I at the resting membrane potential. Consequently, they
may present less risk of inducing pulmonary hypertension
than the fenfluramines, at least by mechanisms involving
membrane depolarization.

anorexic; serotonin; potassium channels; pulmonary hyperten-
sion; membrane potential

THE AMPHETAMINE-LIKE ANOREXIC AGENT aminorex was
associated with an epidemic of pulmonary hyperten-
sion in Austria, Germany, and Switzerland between
1967 and 1972 (13, 22). More recently, a similar epi-
demic of primary pulmonary hypertension (PPH) oc-
curred after the use of two other chemically related
anorexic agents, fenfluramine and its p-isomer dexfen-
fluramine (7). An epidemiologic study carried out in
Europe between 1992 and 1994 showed that the use of
fenfluramine for >3 mo increased the risk of developing
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PPH by an odds ratio of 23 (1). In 1996, it was reported
that the total number of prescriptions for the anorexic
combination of fenfluramine and another anorexic
agent, phentermine (Fen-Phen), was >18 million in the
United States (8). Unfortunately, despite the wide-
spread use of anorexic agents, the mechanism by which
they may cause PPH remains unclear. The fenflur-
amines cause serotonin release from neurons (21) and
reduce reuptake, whereas phentermine inhibits seroto-
nin metabolism (27). It has been proposed that high
levels of serotonin might initiate pulmonary hyperten-
sion (15).

Weir et al. (31) reported that aminorex, fenfluramine,
and dexfenfluramine cause dose-dependent inhibition
of the outward potassium current (lx) in isolated
pulmonary arterial (PA) smooth muscle cells (SMCs)
and that dexfenfluramine depolarizes the cell mem-
brane potential. More recently, it has been shown that
dexfenfluramine inhibits the voltage-dependent potas-
sium (Ky) channel Kv2.1 (25), which may contribute to
resting membrane potential (RMP) in PASMCs (6). The
same doses that inhibit I also cause pulmonary vaso-
constriction in isolated rat lungs, which is further
enhanced after the inhibition of nitric oxide (NO)
synthase (31). Because inhibition of Iy, membrane
depolarization, and the resulting increase in intracellu-
lar Ca?* concentration are thought to underlie hypoxic
pulmonary vasoconstriction (30), Weir et al. (31) sug-
gested that these drugs might initiate anorexic-induced
pulmonary hypertension in susceptible patients by a
similar mechanism.

Despite the recent withdrawal of fenfluramine and
dexfenfluramine because of their association with carci-
noid syndrome-like cardiac valve disease (8), there has
already been a move to replace them with new agents
such as the combination of fluoxetine (Prozac) and
phentermine (Pro-Phen). Fluoxetine is a serotonin reup-
take inhibitor (28) and venlafaxine inhibits reuptake of
serotonin and norephinephrine (17). To determine
whether these agents might have membrane effects
similar to the fenfluramines, we investigated the effects
of fluoxetine, venlafaxine, and phentermine on PA
pressures in isolated, perfused rat lungs and on I and
membrane potential recorded from isolated rat PASMCs
and compared them with those with dexfenfluramine.

METHODS

Isolated perfused rat lungs. Male Sprague-Dawley rats
(324 = 5 g; n = 59) were anesthetized with pentobarbital
sodium (50 mg/kg body wt ip). The rats were intubated with
PE-200 tubing (ID 1.44 mm, OD 1.90 mm), a thorocatomy was
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performed, and the animal was heparinized (100 units). The
pulmonary artery was cannulated with a double-lumen can-
nula so perfusion and pressure measurements could be
obtained simultaneously. The left atrium was cannulated for
efferent flow in a recirculating manner at a rate of 0.04 ml-
min~1.g body wt~1. Fifty milliliters of Krebs solution contain-
ing 4% albumin and 5 pg/ml of meclofenamate were used for
the perfusate. The lungs were ventilated with humidified
gases containing 20% 0O,-5% CO,-balance N, (normoxia) or
2.5% 0,-5% CO,-balance N, (hypoxia). The lung chamber and
perfusate were maintained at 37°C. Respiration was set to
physiological values (frequency 70 breaths/min; tidal volume
1.5 ml), with a positive end-respiratory pressure of 2.5
c¢cmH,0. To determine lung reactivity, the lungs were sub-
jected to two consecutive cycles, each consisting of 10 min of
normoxia, a bolus injection of angiotensin 11 (0.15 pg) into the
afferent line, and, after 8 min, a 6-min hypoxic challenge.
Lungs were only accepted for study if they had a pressor
response > 8 mmHg to hypoxia. After a return to baseline, the
lungs were given an NO synthase inhibitor [N-nitro-L-
arginine methyl ester (L-NAME); 50 uM] and perfused for a
further 20 min. At this point, increasing doses of the test
drugs (0.1, 1, and 10 pM) were administered at 5-min
intervals. The type 2 5-hydroxytryptamine (5-HT,)-receptor
antagonist ketansarin (1 uM) or vehicle was then adminis-
tered. We have found that this concentration of ketanserin
prevents the vasoconstriction caused by 100 uM serotonin
(data not shown). After a further 10 min, drugs were given
again at concentrations of 10 and 100 pM. To determine
responsiveness of the lungs to a combination of phentermine
and dexfenfluramine (to mimic the use of Fen-Phen), the
lungs were given two consecutive doses of phentermine (10
and 100 uM) or vehicle after L-NAME, followed by two doses
of dexfenfluramine (10 and 100 pM).

Cell dispersal. Rat PASMCs were obtained fresh on each
day of experimentation. Male Sprague-Dawley rats (316 =
14 g; n = 30) were anesthetized with 50 mg/kg of pentobarbi-
tal sodium, and the heart and lungs were removed en bloc.
Fourth-, fifth-, and sixth-generation pulmonary arteries were
dissected free and placed in Ca?*-free Hanks' solution com-
posed of (in mM) 145 NacCl, 4.2 KCI, 1.0 MgCl,, 1.2 KH,PO,,
10 HEPES, and 0.1 EGTA (pH 7.4) for 10 min at 4°C. The
arteries were then transferred to Hanks’ solution containing
1 mg/ml of papain, 0.75 mg/ml of albumin, and 0.85 mg/ml of
dithiothreitol without EGTA and kept at 4°C for 17 min. After
this time, the arteries were incubated at 36°C for 10 min. The
arteries were washed in enzyme-free Hanks’ solution and
maintained at 4°C. Several digestions were done each day to
ensure cell viability. Gentle trituration produced a cell suspen-
sion that was divided into aliquots in a perfusion chamber on
the stage of an inverted microscope (Diaphot 200, Nikon) for
whole cell patch-clamp studies (14). The cells were allowed to
adhere to the bottom of the organ bath for several minutes
before perfusion with a solution composed of (in mM) 145
NaCl, 5.4 KCI, 1.0 MgCl,, 1.5 CaCl,, 10 HEPES, and 10
glucose (pH 7.4 with NaOH). For conventional whole cell
recordings, electrodes were filled with a solution of (in mM)
140 KCI, 1.0 MgCl,, 5 HEPES, 1 EGTA, and 1 ATP (dipotas-
sium salt) (pH 7.2 with KOH). For perforated-patch record-
ings (26), ATP was omitted from the pipette solution and
amphotericin B was included at a final concentration of 120
pg/ml. The electrodes had a resistance of 2—3 M() after being
fire polished. All drugs were applied via the extracellular
perfusate at a rate of 1-2 ml/min at room temperature
(21-23°C). For voltage-clamp experiments, the cells were
held at a potential of —70 mV and stepped to more depolar-
ized potentials in +20-mV steps. For recordings of membrane

ELECTROPHYSIOLOGY AND PULMONARY VASOCONSTRICTION

potential, the cells were held in current clamp at either their
RMP (—44 £ 3 mV, n = 21) or a potential of —30 mV. The
baseline was recorded for at least 1 min to ensure stability.
Data were recorded and analyzed with pClamp 6.04 software
(Axon Instruments, Foster City, CA).

Drugs used. Dexfenfluramine, phentermine, fluoxetine,
and ketanserin were obtained from RBI (Natick, MA). Venla-
faxine (Effexor) was a gift from Knoll Pharmaceutical (Mt.
Olive, NJ). The drugs were dissolved in normal saline, except
ketanserin that was dissolved in 1 part ethanol to 4 parts
normal saline. All other drugs and salts were obtained from
Sigma (St. Louis, MO). Vehicle controls were done for all
experiments.

Statistics. Data are expressed as means *= SE. The effects
of drugs on lx and PA pressure were compared with a
repeated-measures ANOVA (Staview I1, version 4.0, Abacus
Concepts). Membrane potential data were compared with
Student’s paired t-test. A value of P < 0.05 was considered
significant.

RESULTS

Fluoxetine, phentermine, and venlafaxine effects on
PA pressure. There was minimal effect on PA pressure
at concentrations of <10 pM for all drugs tested.
Dexfenfluramine caused a small constriction at 10 pM,
whereas venlafaxine, fluoxetine, and phentermine had
minimal effect on baseline pressures at this concentra-
tion (Fig. 1A). At a dose of 100 pM, dexfenfluramine
and fluoxetine caused significant constriction. Pretreat-
ment of the lungs with the 5-HT, blocker ketanserin
(1 pM) caused no significant reduction in the response
to dexfenfluramine (Fig. 1A). Lungs treated with phen-
termine (10 and 100 uM) constricted significantly more
to subsequent doses of dexfenfluramine (10 and 100
1M) than control lungs given vehicle before dexfenflur-
amine (Fig. 1B).

Whole cell I« recorded from PASMCs with the conven-
tional and perforated-patch clamp. Ix recorded from
single PASMCs (average cell capacitance 8.6 = 0.2 pF;
n = 67) with the conventional whole cell configuration
were typically fast activating and slowly inactivating,
with an average current amplitude of 2,326 = 183 pAat
+50 mV (n = 27 cells). Currents recorded with the
perforated-patch clamp, which prevents dialysis of the
cell cytosol, displayed similar kinetics and were not
significantly different in amplitude (n = 7 cells). Cur-
rents were inhibited by 1 and 2 mM 4-aminopyridine
(4-AP), suggesting that they were primarily due to
activation of 4-AP-sensitive Ky channels (Fig. 2A).

Fluoxetine, phentermine, and venlafaxine inhibition
of Ix. Fluoxetine and venlafaxine caused dose-depen-
dent and reversible inhibition of I recorded from single
PASMCs. Dose-response curves (1-100 pM) were con-
structed for both drugs and compared with those
obtained with dexfenfluramine (Fig. 2B). Because phen-
termine had minimal effect on Ix even at 100 uM, a
dose-response curve was not constructed. Venlafaxine
and dexfenfluramine inhibited a similar percentage of
Ik at all concentrations tested. Fluoxetine inhibited a
significantly greater percentage of the total I and, at a
membrane potential of +50 mV, almost completely
eliminated the current at 30 pM (79.8 £ 3.0% inhibi-
tion; n = 6 cells; Fig. 2B), with no additional inhibition
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Fig. 1. A: changes (A) in pulmonary arterial pressure
(Ppa) measured after increasing doses of venlafaxine,
dexfenfluramine, and fluoxetine before and after admin-
istration of ketanserin (arrow) in isolated perfused rat
lungs. Values are means = SE; n, no. of lungs. B: Py,
measured during indicated interventions in isolated
perfused rat lungs. Control, vehicle treated; ANG II,
angiotensin 11 (0.15 pg); L-NAME, N-nitro-L-arginine
methyl ester; Phen, phentermine; Dex, dexfenflur-

* amine. Values between interventions indicate baseline
measurements pre- and postintervention. Values are
means *= SE; n, no of lungs. Note that ANG Il and
hypoxia have similar responses in both sets of lungs.
*P < 0.05 compared with control value.

ANG 14
Hypoxia 4
ANG I 1
Hypoxia
50uM L-NAME
10uM PHEN -
or Vehicle
100pM PHEN A
or Vehicle

at 100 uM. The ECs, of fluoxetine for the inhibition of Ik
at +50 mV was calculated as 4.3 uM. Inhibition of I« by
dexfenfluramine (30 pM) with the perforated patch-
clamp technique was not significantly different from
that found with the conventional whole cell technique
(data not shown).

Fluoxetine, phentermine, and venlafaxine modula-
tion of membrane potential. The average RMP recorded
from fresh PASMCs was —44 = 3 mV (n = 21). Cells
could be consistently depolarized from RMP by applica-
tion of 4-AP (1 mM; 18.6 = 4-mV depolarization; n = 3)
but not by tetraethylammonium (5 mM; data not
shown), suggesting that a K, channel controls RMP in
these cells as previously described (4, 5, 33). Despite
the significant inhibition of I at +50 mV by 100 pM
fluoxetine, when this concentration was applied to cells
held at their RMP, it had minimal effect on the mem-
brane potential (3-mV depolarization; n = 7; Fig. 3A).
In contrast, if cells were held at a more depolarized
potential of —30 mV, 100 uM fluoxetine caused signifi-
cant membrane depolarization (~18 mV; n = 3; Fig.

104M DEX
100uM DEX-

3B). Venlafaxine (100 uM) had little or no effect on cells
held either at their RMP (n = 6; Fig. 3A) or at —30 mV
(n = 3; Fig. 3B). One hundred micromolar phentermine
had no effect on RMP (n = 4; Fig. 3A) but caused a small
depolarization if cells were predepolarized to —30 mV
(n = 3; Fig. 3B). Dexfenfluramine (100 uM) depolarized
PASMCs from their RMP by ~14 mV (n = 4; Fig. 3A).
Cells that did not respond to the test drugs were
exposed to 1 mM 4-AP to ensure reactivity (16.2 =
4mV;n=17).

DISCUSSION

Obesity, which is estimated to contribute to 300,000
deaths annually, is a significant medical problem in the
United States (19). Aminorex, fenfluramine, and dexfen-
fluramine were developed to treat obesity but have
been associated with epidemics of PPH (1, 7) and, more
recently, carcinoid-like cardiac valve disease (8). These
drugs are inhibitors of potassium-channel activity in
resistance PASMCs (31). In a susceptible population,
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