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Abstract

Serotonin plays a significant role in the development of carcinoid heart disease, which primarily
leads to fibrosis and contraction of right-sided heart valves. Recently, strong evidence has
emerged that the use of specific drug classes such as ergot alkaloids (for migraine headaches), 5-
hydroxytryptamine (5-HT or serotonin) uptake regulators/inhibitors (for weight reduction), and
ergot-derived dopamine agonists (for Parkinson’s disease) can result in left-sided heart valve
damage that resembles carcinoid heart disease. Recent studies suggest that both right- and left-
sided drug-induced heart valve disease involves increased serotoninergic activity and in particular
activation of the 5-HT receptors, including the 5-HT,g receptor subtype, which mediate many of
the central and peripheral functions of serotonin. G-proteins that inhibit adenylate cyclase activity
mediate the activity of the 5-HT,g receptor subunit which is widely expressed in a variety of
tissues including liver, lung, heart, and coronary and pulmonary arteries; and it has also been
reported in embryonic mouse heart, particularly on mouse heart valve leaflets. In this review we
discuss the salient features of serotoninergic manifestations of both carcinoid heart disease and
drug-induced cardiac valvulopathy with an emphasis on echocardiographic diagnosis.
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|. Carcinoid tumors and serotonin

Carcinoid tumors are relatively rare neuroendocrine malignancies with an incidence of
1/100,000 in the US. (1) First identified over 100 years ago as multiple tumors in the distal
ileum of two patients at necropsy, carcinoid tumors are now known to behave in a more
indolent fashion than typical adenocarcinomas. (2) Carcinoid tumors most commonly
originate from enterochromaffin cells in the gastrointestinal tract. Enterochromaffin cells
produce and contain about 90% of the serotonin stores and control intestinal motility,
secretion, and absorption. The tumors typically grow slowly over many years, and
commonly cause no symptoms until they become sufficiently large and/or metastasize. The
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typical non-cardiac manifestations of carcinoid disease include pulmonary and/or
retroperitoneal fibrosis. Normally serotonin travels via the portal circulation to the liver
where it is metabolized via monoamine oxidase and aldehyde dehydrogenase to 5-
hydroxyindolacetic acid (5-HIAA), which is excreted into the urine. Carcinoid syndrome
develops when the tumor cells metastasize to the liver and vasoactive substances including
serotonin, histamine, and bradykinin are released into the systemic circulation via the
venous system, causing the characteristic symptoms of flushing, wheezing, and diarrhea.
The most accurate test for the diagnosis of carcinoid syndrome is measurement of 24-hour
urinary 5-HIAA excretion, which has a sensitivity of 75% and a specificity of almost 100%.

[l. Carcinoid heart disease

Systemic exposure to serotonin may lead to carcinoid heart disease. Carcinoid heart disease
was initially recognized in 1954, and more recently the clinicopathologic findings were
described in seminal work by Dr. William C. Roberts and colleagues. (3, 4) The
characteristic plaque-like carcinoid deposits consist of fibrous tissue composed of smooth
muscle cells and myofibrils within an extracellular matrix; collagen fibers and endothelial
cells are abundant. (4) One of the classic studies described nine patients with carcinoid heart
disease; all nine exhibited fibrous plaques on the tricuspid and pulmonic valves.
Involvement of the left side of the heart occurred in three patients, and in none of these
individuals was an intracardiac shunt found. In general the deposits of carcinoid heart
disease occur nearly entirely on the ventricular aspects of the septal and posterior tricuspid
leaflets and on the pulmonary arterial side of the pulmonic valve cusps. On the anterior
tricuspid valve leaflet, the deposits can be present on both sides. (4) The consequences of
carcinoid plaque deposition results in adherence and constriction of the leaflets to the
underlying endocardium or to the underlying pulmonary arterial endothelium, resulting in a
smaller than normal annulus of both right-sided cardiac valves and simultaneously
diminished leaflet mobility. The hemodynamic consequences are usually the result from
both tricuspid regurgitation and pulmonic stenosis. Although tricuspid regurgitation is the
predominant lesion, some degree of tricuspid stenosis is also present; the predominant
pulmonic valve lesion is pulmonic stenosis, although pulmonic regurgitation is frequently
present. The combination of tricuspid regurgitation and pulmonic stenosis results in
significant right ventricular pressure/volume overload and subsequently in right heart
failure. (5, 6)

Several case-based studies have reported that carcinoid heart disease occurs in up to 66% of
patients with carcinoid syndrome, and most often afflict middle-aged individuals. (7, 8)
Since monoamine oxidase and serotonin transporter proteins in the pulmonary vascular bed
degrade serotonin, left-sided heart valves are usually spared in carcinoid heart disease. Left-
sided valvular pathology occurs in only 7 percent of patients with cardiac involvement, often
in association with an atrial right-to-left shunt (such as a patent foramen ovale, which some
authors believe should be assessed as a marker for carcinoid heart disease progression) or a
primary bronchial carcinoid. (9). These abnormalities permit serotonin-rich blood to enter
the left heart chambers without passing through the pulmonary capillaries where serotonin
can be deactivated and degraded. Left-sided valve disease can also occur in patients with
severe, poorly controlled carcinoid syndrome who have very high levels of circulating
serotonin. (8)

Seminal work published from the Mayo Clinic described the echocardiographic features of
74 patients with carcinoid heart disease. (10) The tricuspid valve was mostly involved, with
97% of patients exhibiting shortened, thickened tricuspid leaflets. Tricuspid regurgitation

was present in all 69 patients who underwent Doppler examination and was of moderate or
severe degree in 90%. Severe tricuspid regurgitation in carcinoid heart disease is classically
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characterized by a dagger-shaped Doppler spectral profile with an early peak pressure
followed by a rapid decline, indicative of markedly elevated right atrial pressures. The
tricuspid valve inflow pressure half-time may be prolonged, indicative of associated
tricuspid stenosis. The pulmonic valve appeared thickened, retracted, and immobile in 36
patients (49%). Among the 47 patients who underwent Doppler evaluation of the pulmonic
valve, regurgitation was present in 81% and stenosis was present in 53%. Left-sided valvular
involvement was present only in five patients (7%), four of whom had a patent foramen
ovale or carcinoid tumor involving the lung. Typical echocardiographic images of carcinoid
heart disease are shown on the figure and on the cine-loops (online supplement).

lll. Drug-induced cardiac valvulopathy

A. Ergot alkaloids

Ergot alkaloids are a class of chemicals with vasoconstrictive properties derived from
Claviceps purpurea, a type of mold that infects wheat and rye. Methysergide is a
synthetically derived ergot alkaloid introduced clinically in the 1960s for the treatment of
migraines. Serotonin and methysergide have similar chemical compositions. The first review
of methysergide-induced valvular heart disease was published in 1967, describing 27 cases
of retroperitoneal fibrosis, with 4 developing significant cardiac murmurs during treatment.
(11) One patient developed significant aortic regurgitation after 6 months of methysergide
treatment and at cardiac surgery was found to have a thick, fibrotic ring involving the root of
the aorta with thickened aortic valve leaflets. Another patient without history of heart
disease developed heart failure and clinical findings consistent with mitral stenosis, aortic
stenosis, and aortic regurgitation within 3 years of methysergide use. A separate group
reported a case of a young woman who developed severe mitral regurgitation after treatment
with methysergide for 4 years. At the time of mitral valve replacement the chordae tendineae
were fused and 3 large masses were noted on the mitral valve; the valve leaflets were
thickened and shiny. (12)

An early echocardiographic case-report of methysergide induced valvulopathy involved a
case of a 51 year old woman that presented with dyspnea on exertion, paroxysmal nocturnal
dyspnea, and orthopnea after taking methysergide for 19 months. (13) Transthoracic
echocardiography revealed markedly thickened mitral valve leaflets with severe wide open
mitral regurgitation; the aortic valve leaflets and proximal aortic root were also thickened
with moderate to severe aortic insufficiency. There was reverse doming of the aortic valve
leaflets at end systole. The tricuspid valve also appeared thickened, with moderate tricuspid
regurgitation and severe pulmonary hypertension (pulmonary artery systolic pressure
~70mmHg). Left and right ventricular size and function were normal. The patient underwent
aortic valve and mitral valve repair, and pathologic examination of the resected posterior
mitral valve leaflet revealed gross thickening, restriction, and a thick fibrotic layer covering
the leaflet but without leaflet destruction. Multiple additional case reports suggest a link
between prolonged methysergide exposure and development of cardiac valvulopathy. The
gross examination and histological findings from these patients reveal striking similarities to
carcinoid heart disease, except that these findings predominantly involve left-sided heart
valves (Table 1, refs 11, 12, 14, 15).

Ergotamine, an ergot alkaloid, is structurally similar to methysergide and has also been used
for the treatment of migraines. A 1992 report described 5 cases of valvular heart disease
associated with ergotamine use. (16) Echocardiography revealed thickening and diastolic
doming of the anterior mitral leaflet with thickening and immobility of the posterior leaflet.
Subvalvular involvement was characterized by thickening and shortening of the chordae
tendineae. Involvement of the aortic valves was characterized by thickening and retraction
of the leaflets. Microscopically the lesions were characterized by irregular proliferation of
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myofibroblasts within an avascular myxoid or collagenous matrix that encased the leaflets
and chordal structures but with little disruption of the valve. Thus, ergotamine use has also
been implicated in cardiac valvulopathy, exhibiting pathologic and echocardiographic
findings that are similar to those caused by use of methysergide (Table 2, refs 17-19).

B. Phentermine, Fenfluramine, and Dexfenfluramine

Appetite suppression medications such as phentermine and fenfluramine have been
prescribed for the treatment of obesity. Phentermine, approved for use in the US in 1959, is
a monoamine oxidase inhibitor that inhibits serotonin degradation within vascular cells.
Fenfluramine, approved in 1973, is a serotonin releaser and re-uptake inhibitor. Both
medications induce a centrally-mediated anorectic effect that lead to weight loss; both drugs
were intended for shortterm use (i.e., less than 3 months). In 1996, dexfenfluramine, the
dextro-isomer of fenfluramine, was approved in the US for the long-term treatment of
obesity.

A couple of seminal publications in the 1990s linked these drugs to both pulmonary
hypertension and left-sided heart valve disease. (20-21) Left-side heart valve disease was
described in 24 women without a history of cardiac disease who had been treated with the
combination of fenfluramine and phentermine (average doses: fenfluramine 60 mg/day and
phentermine 30 mg/day; mean duration of treatment 11 months) and who presented with
cardiovascular symptoms and/or a new heart murmur. (20) Aortic and/or mitral regurgitation
was present in all 24, and 5 (28%) required valve replacement. On pathologic examination
the valves exhibited a glistening white appearance. Histopathologic findings included
plaque-like encasement of the leaflets and chordal structures with intact valve architecture,
characteristic of those seen in carcinoid heart disease.

On July 8, 1997, the Food and Drug Administration (FDA) issued a public health advisory
after a report that 33 women who had taken combination fenfluramine-phentermine
(treatment duration: 1-28 months) had unusual heart-valve morphology and regurgitation,
which was characterized by multivalvular disease involving the mitral, aortic, and tricuspid
valves. (22) Dexfenfluramine and fenfluramine were subsequently withdrawn from the
market, although phentermine was not since it had not been directly implicated as a culprit,
but most likely acted synergistically with fenfluramine to enhance serotonergic activity.

Subsequent studies have reported the overall risk and prevalence of heart valve regurgitation
in the general population and that associated with the use of these anorectic medications.
(Table 3, refs 23-28) The FDA criterion for significant drug-induced heart valve
regurgitation is aortic regurgitation severity mild or greater and/or mitral regurgitation
severity moderate or greater. (29) According to the FDA criteria, the overall prevalence of
significant heart valve regurgitation in the general population is 4.8% for aortic insufficiency
and 1.6% for mitral regurgitation. (23) An echocardiographic study of 1072 overweight
patients performed within one month after discontinuation of drug treatments showed that
those who had been randomly assigned to receive dexfenfluramine (n=366), sustained-
release dexfenfluramine (n=352), or placebo (n=354) for an average duration of 72 days
found no statistically significant differences among the groups when using the above-
described FDA criteria for heart valve regurgitation. (24)

In summary, the prevalence of significant phentermine, fenfluramine, and dexfenfluramine
drug-induced left-sided heart valve regurgitation ranges from 1.3% to 5.1% for mitral valves
and from 5.0% to 13.7% for aortic valves (Table 3). Most studies suggest an increased risk
of valvular regurgitation with the use of combination fenfluramine-dexfenfluramine, or with
either medication used in combination with phentermine.
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C. Pergolide and Cabergoline

Pergolide and cabergoline are ergot-derived dopamine agonists used in the treatment of
Parkinson’s disease and restless leg syndrome. Pergolide has agonistic activity at
dopaminergic receptors (i.e., D1 and D2 receptors) and stimulates postsynaptic dopamine
receptors in the nigrostriatal pathway, temporizing some of the motor disorders commonly
associated with this disease. Cabergoline has higher affinity for the D2 receptor and is FDA-
approved for the treatment of hyperprolactinemia. An association between pergolide use and
heart valve disease was first described in 2002 in 3 patients. (30) By echocardiography,
severe tricuspid valve regurgitation was seen in all three individuals and significant left-
sided valve regurgitation was noted in 2 of the patients. Histology of the explanted valves
revealed fibroproliferative lesions with preserved underlying valve architecture, suggestive
of carcinoid heart disease. A subsequent report described 4 cases of heart valve disease in
patients taking either pergolide or cabergoline for Parkinson’s disease. Echocardiography
showed aortic, mitral, and tricuspid regurgitation with other echocardiographic features
similar to those seen in carcinoid heart disease; histology showed myofibroblast
proliferation. (31)

Several subsequent publications raised significant concern in regards to pergolide and
cabergoline causing valvulopathy localized to the mitral and aortic valves (Table 4, refs
32-34). Shortly after the publication of these reports, pergolide was voluntarily withdrawn
from the US market. Cabergoline is still available in the US, but its use is limited by the
FDA only for hyperprolactinemia, and the recommended dose is less than that used to treat
Parkinson’s disease.

V. Potential mechanisms of serotonin-induced heart valve disease

A. Serotonin and cardiac 5-HT,g receptors

As previously discussed, serotonin and serotoninergic drugs play an important role in the
development of right- and left-sided drug-induced heart valve disease. Recent studies have
shown that the human heart possesses several receptors for serotonin (i.e., 5HT1 4, 5SHT1g,
5HT,g, 5HT3, and 5HTY). (35) It is not entirely clear why drug-induced valvular heart
disease tends to predominantly affect left-sided heart valves. While it appears that drug-
induced valvular disease is more prominent in left-sided valves with phentermine-
fenfluramine, methysergide, or ergotamine use, right-sided involvement appears more
common in patients who have taken cabergoline or pergolide. (32-34) Two separate studies
have shown that the metabolites of fenfluramine, ergotamine, and methysergide have high
affinity for the 5HT,g receptor and that pergolide and cabergoline also have agonistic
activity at the same receptor. In addition the 5SHT-2B receptors are located on all four heart
valves. (35-38) Activation of the 5HTog receptor is a G-protein mediated process. Once the
receptor is activated it leads to dissociation of the G-protein, whose subunits can then
activate phospholipase C-B, phosphokinase-C, steroid receptor co-activator, and
extracellular regulated kinases, a process that engages mitogenic pathways. G-protein
activation may also enhance the activity of transforming growth factor-p (TGFB),
augmenting 5HTog-stimulated mitogenesis. (39) Up-regulation of TGFB has been shown to
lead to increased extracellular matrix, including collagen and glycosaminoglycans in human
aortic valve interstitial cells, potentially playing a significant role in increasing fibrosis and
subsequent valvulopathy. (40) The final common pathway for mitogenesis via 5SHTog
stimulation probably involves the phosphorylation of the retinoblastoma protein. Excessive
cell division and proliferation leads to an overgrowth valvulopathy and subsequent
dysfunction as normally quiescent cells become activated. (39)
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B. 5HT,g receptor-induced heart valve disease in animal models

Inactivation of the serotonin transporter protein (5HTT) has been proposed as one
mechanism for heart valve disease. SHTT is a key protein responsible for serotonin uptake
and subsequent inactivation in the lungs and thus in normal concentrations this protein limits
systemic availability of serotonin. 5SHTT-deficient mice develop structural cardiac
abnormalities including marked interstitial, perivascular, and valvular fibrosis, thus
establishing a link between SHTT deficiency, serotonin and heart valve fibrosis. (41) Rats
exposed to long-term serotonin administration (injected once a day for 3 months) exhibit a
10-fold increase in plasma serotonin levels and a statistically significant weight loss
compared to controls, consistent with the known anorectic effects of serotonin. Furthermore,
six of 10 rats exhibited pulmonic and/or aortic insufficiency by echocardiography, and a
significant increase in heart weight compared to controls (p<0.02). (42) Histopathologic
examination revealed shortened and thickened aortic cusps and carcinoidlike plaques.

In another study, rats were given daily injections of pergolide, serotonin, or placebo for 5
months. (43) At 20 weeks, echocardiography demonstrated significant aortic and/or mitral
regurgitation in serotonin-treated rats in 86% and 57%, respectively, and 67% aortic and
mitral regurgitation for pergolide-treated rats, compared to none in placebo control group.
Histologic examination revealed diffusely thickened and myxoid aortic, mitral, and tricuspid
valves in both pergolide- and serotonin-treated animals, but not in the controls.

V. How about selective serotonin re-uptake inhibitors (SSRIs)?

Since serotonin release and serotonin reuptake inhibitors are involved in heart valve disease,
concerns have been raised regarding the use of selective serotonin re-uptake inhibitors
(SSRI) such as fluoxetine, sertraline, paroxetine, and similar drugs used for the treatment of
depression as potentially causing heart valve disease. One study examined the association
between valvular regurgitation and treatment with SSRI’s in 292 patients and compared
these to 5,145 consecutively hospitalized patients as controls. (44) The unadjusted
prevalence of left-sided and/or overall heart valve regurgitation was slightly less common
among SSRI-treated patients than controls, thus arguing for a lack of an association between
SSRI’s and heart valve disease. These data are in agreement with the current thinking that
serotonergic activity alone is probably not sufficient to induce heart valve disease, and that
activation of the 5HT,g receptor is also required. A host of medications with serotonergic
activity do not activate the 5SHT,g receptor, and none of these have been directly implicated
with heart valve disease (Table 5).

VI. Summary

Human and animal data provide support for a role of serotonin and other serotonergic agents
to induce heart valve disease in a fashion similar to that seen in carcinoid heart disease.
Although some of these agents have been taken off the US market (i.e., methysergide,
dexfenfluramine, fenfluramine, and pergolide), others still remain, and clinicians should be
aware of their potential toxicity. Ergotamine is rarely used in the US due to the popularity of
the triptans for the treatment of migraines; it has a black box warning for risk of peripheral
ischemia but interestingly not for heart valve disease. Phentermine is still available since it
has not been directly implicated in causing heart valve disease, likely because it does not
activate the 5HT,g receptor. Cabergoline is available in the United States only for the
treatment of hyperprolactinemia and the recommended dosage used is less than that used for
treatment of Parkinson’s disease. Although no consensus recommendations exist regarding
the use of these medications, it appears reasonable to recommend that medications that
activate the 5HT,g receptor should be avoided when possible, and that patients taking
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serotoninergic medications are at risk of developing heart valve disease and thus routine
evaluation with echocardiography may be reasonable.
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Figure.

Characteristic echocardiographic images from a patient with carcinoid heart disease. Panel
A. Apical 4-chamber view showing marked right atrial (RA) and right ventricular (RV)
enlargement. The tricuspid leaflets (arrows) are thickened, retracted and fixed leading to
both tricuspid regurgitation (TR) and tricuspid stenosis (TS). Panel B. Apical 4-chamber
view showing severe TR by color flow Doppler. Panel C. Continuous-wave Doppler
showing both TS and TR. On the TR jet notice the classic dagger-shaped Doppler spectral
profile with an early peak pressure followed by a rapid decline, indicative of markedly
increased RA pressure.
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Table 1

Case reports of Methysergide induced valvulopathy

M ethysergide Duration (study Valvulopathy Histopathology

author, ref #)

6 months (Graham, ref #11) Aortic regurgitation Fibrotic ring at root of aortic valve, thickened aortic valve leaflets

3 years (Graham, ref #11) Mitral stenosis, aortic stenosis Aortic and mitral valve thickening with an orderly distribution of
and regurgitation fibrous tissue

4 years (Munroe, ref #12) Mitral regurgitation Fused chordae tendineae, masses on mitral valve, thick and shiny

leaflets
3 years (Mason, ref #14) Tricuspid regurgitation Fibrotic thickening of the tricuspid valve
4 years (Misch, ref #15) Mitral regurgitation Glistening white plaque on chordae tendineae with thickening on

the surface of leaflets. Microscopy with cellular fibrous tissue
covering mitral valve leaflets
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Table 2
Cases of Ergotamine induced valvulopathy
Ergotamine Duration,(study author, ref #)  Valvulopathy Echocar diographic or pathological findings
20 years (Austin, ref #17) Mitral regurgitation and stenosis Thickened mitral valve with restricted mobility
18 months (Flaherty, ref #18) Mitral regurgitation, aortic Thickened mitral valve
insufficiency
5 years (Wilke, ref #19) Mitral regurgitation, tricuspid Aortic valve thickening, tricuspid valve commissural
stenosis fusion, mitral valve leaflet thickening
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Summary of studies investigating pergolide and cabergoline induced valvulopathy.

Medication Average Significant Echocar diographic Findings  Significant Results

(study author, Duration of

ref #) Use

Pergolide (Van 18 months Restrictive disease of the mitral valve Restrictive valvular heart disease (any type) present in

Camp, ref #32)

Pergolide and
Cabergoline
(Schade, ref #33)

Pergolide and
Cabergoline
(Zanettini, ref
#34)

Greater than 6
months

Mitral and aortic regurgitation

63 months for
pergolide, 24
months for
cabergoline

Mitral and aortic regurgitation

33% of the Pergolide group and in none of the controls
(p=0.003). A significant correlation noted between
cumulative doses of Pergolide and tenting areas of the
mitral valves (p=0.41, p=0.02).

Risk of cardiac valve regurgitation was significantly
increased with current use of Pergolide (incidence-rate
ratio [IRR] 7.1, 95% Cl 2.3-22.3) and Cabergoline (IRR
4.9, 95% CI 1.5-15.6) but not with other dopamine
agonists.

Relative risk of clinically significant valvular disease for
Pergolide was 6% for MR (p = 0.008), 4% for AR (p=
0.01). For Cabergoline, the relative risk was 5% for MR
(p =0.09), 7% for AR (p<0.001). Mean composite score
for patients taking cabergoline or pergolide who had no
leaflet thickening was significantly higher than the score
in the control group (4.4+1.5 vs. 3.27+2.02, p<0.001).

AR, aortic regurgitation; MR, mitral regurgitation.
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Table 5

Common serotonergic medications and their actions.

Medication

Indication Rolewith Serotonin

Trazadone Tricyclic’s

Sedation/Depression Antidepressants ~ Serotonin Antagonist Inhibits reuptake of serotonin

Lithium Bipolar disorder Decreases reuptake of serotonin
Monoamine Oxidase Inhibitors  Depression Inhibits metabolism of serotonin
Mirtazipine Depression Blocks 5HT2 and 5HT3 receptors
Triptans Migraines 5-HT1B and 5-HT1D receptor agonist
Ondansetron Antiemetic Selective 5-HT3 Receptor Antagonist
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