


The Beat Goes on,
TRornoTR

• Figure 1

Cardiac Myocyte

Activity of ion channels. The cardiac myocyte action potential consists of 5 phases.
Ion currents influenced by the thyroid status are summarized in Table 2d and are only
briefly mentioned here. Many other currents also contribute to the different action potential
phases. Phase zero is the depolarization phase and is carried by Na+ influx through the
INa current in the contractile myocytes. In the myocytes of the SA node, where pacemaking
action occurs, Ca2+ influx through L-type Ca2+channels provides for rapid depolarization.
During phase 1, the early repolarization phase, the Ito current encoded by the Kv2,4 gene
is active. During phase 2, the plateau phase, L-type Ca2+ channels are activated and pro­
vide the Ca2+ trigger for further calcium release from the SR. Phase 3 provides for further
repolarization by delayed rectifier channels. Some inward rectifier channels (lKl) are also
activated during phase 3. During phase 4, the If channel is activated and contributes
to the generation ofthe next heartbeat. This occurs during phase zero, with opening
ofCa2+ channels in the SA node and Na+ channels in contractile myocytes.
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significantly diminished, whereas
MHCf3 mRNA was increased.6

In contrast to the marked elec­
trophysiologic and contractile
changes of TRa KO mice, no signif­
icant electrophysiologic or contrac­
tile phenotype was observed in
TRf3 KO mice.6 The TRf3 KO mice
show some evidence of hyper­
thyroidism because of the loss of
the inhibitory effect of T3-occupied
TRf32 on thyroid-stimulating hor­
mone (TSH) gene expression. Con­
sequently, plasma thyroid hormone
levels are elevated. The TRf3 KO
mice have a rapid heart rate,
consistent with the hyperthyroid
status. When the mice are made
euthyroid, they have a normal
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Kv4.2 was decreased and minK
mRNA was increased.6 Kv4.2 con­
stitutes the Ito channel, which is
activated during the second phase
of the cardiac action potential.
The minK protein participates
in phase 3 of the cardiac action
potential.31 Wild-type mice that
are made hypothyroid show similar
quantitative changes in the mRNA
coding for these ion channels.6

T3 also influences expression
of Kv1.5 mRNA,38 In addition
to the diminished heart rate, the
TRoio mice showed a markedly
diminished contractile phenotype.
Corresponding to the diminished
contractile phenotype, the mRNAs
for MHCa and SERCA2 were

Since 1996, several mouse lines
have been generated in which
either some or all isoforms of TR
have been deleted. TRa, TRcd,
TRf3, and TRa plus TRf3 null
mutant mice have been gener­
ated.33-37 Such mice are termed
TR null mutants or knockout
(KO) mice. A significant cardiac
phenotype characterized by
decreased heart rate occurs in
mice that have deletion ofTRa.6,35
The different types of TRa KO
mice include those constructed
by B. Vennstrom's laboratory in
which a TRa splice mutant was
engineered, allowing for the
expression of TRa2 but eliminating
the expression of the T3-binding
isoform TRal.35 In other mice,
generated by J. Samarut's group,
the DNA-binding region of TRa
encoded by exon 2 was deleted.34

These latter mice, termed
TR-I-, have a decrease in body
size, hypothermia, and a limited
life span and do not reproduce.
These mice were found, however,
to have partial TRa transcripts
present. Therefore, J. Samarut's
laboratory also constructed a TRa
KO mouse line in which exons
5, 6, and 7 of the TRa gene were
deleted,37 eliminating expression
of the short partial TR transcripts.
These mice have a normal body
size and life span and reproduce;
they have been termed TROia mice.
Most important, all 3 types of
TRa KO mice have bradycardia.
In TRoio and TR-I-, the mRNA cod­
ing for specific cardiac ion channels
was quantitated and both HCN2
and HCN4 mRNA was diminished
in the cardiac ventricle and
atrium.6 In addition, mRNA for

7



THYROID Today

heart rate and contractile function
under basal conditions. In spite
of the electrophysiologic and con­
tractile function of these mice, TRI3
does make some contributions to
cardiac action, as indicated by the
following findings. In TRa KO
mice, where TRI3 is left as the only
functional TR, T3 administration
increases heart rate from a de­
creased leve1.5 Although the heart
rate is not normalized by T3' it is
significantly increased, indicating
that TRI3 mediates this increase.
Additional evidence for the role of
TRI3 in the heart comes from mice
in which the exon coding for the PV
mutant of TRI3 is exchanged for the
wild-type exon.39 This mutant is
identical to that of patients with
thyroid hormone resistance. In the
PV mutant mice, the TRI3 mutant
isoform is driven by the normal
TRI3 promoter, resulting in mutant
TRI3 expression in tissues where
wild-type TRI3 is normally ex­
pressed. These mice have marked
bradycardia (unpublished observa­
tion). Recently, mice with null
mutations for both TRa and TRI3
have been generated. These mice
are viable and have very high T3
levels, but exhibit bradycardia and
hypothermia.36,40 The phenotypes
ofTRa KO, TRI3 KO, and TRa KO
plus TRI3 KO mice are still being
actively characterized, and addi­
tional insights into T3 effects on
cardiovascular symptoms will
be gained from these models.

Clinical Aspects of
T3-lnduced Changes in

Cardiovascular Function

Hyperthyroidism. Cardiovascu­
lar signs and symptoms are
complaints that frequently bring
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the hyperthyroid patient to initial
medical attention. These include
palpitation manifested by a vigor­
ous and irregular heartbeat,
a widened pulse pressure, and
shortness of breath on exertion.
These symptoms may be even
more pronounced in older
patients. Further, symptoms
of angina pectoris can first pre­
sent during hyperthyroid
episodes, especially in the older
age group. The occurrence of
angina pectoris has even been
described in the presence of nor­
mal coronary arteries and may
reflect vascular spasm.41 In
patients with significant tachy­
cardia, the cardiac symptoms can
progress to heart failure,42 a form
of rapid heart rate-induced
cardiac failure. On physical exam­
ination, the first heart sound is
frequently increased and an
accentuated pulmonic component
of the second heart sound can be
noticed. Systolic murmurs indi­
cating mitral and tricuspid valve
regurgitation are noted in hyper­
thyroid patients. These murmurs
result most likely from papillary
muscle dysfunction and disappear
when a euthyroid state is reestab­
lished. Patients with auto­
immune-based hyperthyroidism,
such as Graves' disease, show an
increased production of glycos­
aminoglycan (GAG), which also
involves the cardiac valve43 in
addition to the orbital space and
the pretibial region. The in­
creased GAG accumulation leads
to thickening of the cardiac
valves, which results in mitral
valve prolapse. The hyperdynamic
state accompanying hyper­
thyroidism, however, further
promotes the manifestations
resulting from the mitral valve

prolapse.44 A systolic scratching
sound, the so-called Means­
Lerman Scratch, can also be audi­
ble in the left second intercostal
space. The rubbing of pleural and
pericardial surfaces against each
other due to the hyperdynamic
action of the heart most likely cre­
ates this sound. Over the thyroid
area, a venous hum may be audi­
ble; it results from the marked
increase in blood supply to the
hypertrophied thyroid gland.
Blood pressure measurements
frequently reveal an increased
systolic level, which leads to a
widened pulse pressure with a
normal diastolic pressure. Dia­
stolic hypertension, however,
is not linked to the hyperthyroid
state but occurs with hypo­
thyroidism, as discussed below.
At least half of the patients with
hyperthyroidism exhibit sinus
tachycardia with 100 beats per
minute or more.45 In approxi­
mately 10% to 15% of patients
with marked hyperthyroidism,
atrial fibrillation occurs. In
patients with apathetic hyper­
thyroidism, that is, not showing
other outright manifestations
of hyperthyroidism, increased
thyroid hormone levels as an
underlying cause for the atrial
fibrillation can frequently be over­
looked. In elderly patients with
atrial fibrillation, a serum TSH
level should be determined to
diagnose hyperthyroidism in
a timely manner. Ventricular
arrhythmias, which are often
of a more serious nature than
atrial arrhythmias, occur at
a higher incidence in patients
with toxic goiter, whereas in
patients with Graves' disease,
this arrhythmia is not signifi­
cantly increased.45



Heart rate disturbances, espe­
cially tachycardia and atrial fibril­
lation, can occur in patients with
subclinical hyperthyroidism, as
defined by depressed TSH levels
with normal T4 and T3 levels.46

In addition, subclinical hyper­
thyroidism can lead to an increase
in left ventricular mass and left
ventricular contractile function. 47

A setting of subclinical hyper­
thyroidism with cardiac symptoms
occurs especially frequently in
patients who are on T4 replace­
ment therapy, which can lead to
suppressed TSH levels.

In patients treated with
amiodarone, which is an iodine­
rich antiarrhythmic compound,
hyperthyroidism can develop and
is frequently initially overlooked.
The patient's arrhythmia may
get worse, resulting in a further
dose increase of amiodarone
because the physician may not
recognize that the underlying
cause for the worsening arrhyth­
mia is a progressive state of
hyperthyroidism. Two different
types of amiodarone-induced
hyperthyroidism occur, one
resulting from the increased
iodine exposure and increased
thyroid hormone production,
termed type I thyrotoxicosis.
In addition, a destructive thyro­
toxicosis (type II) occurs with a
thyroiditis, leading to a firm thy­
roid gland and to increased
release of thyroid hormone.48

The type II thyrotoxicosis
involves inflammatory processes,
and inflammatory cytokines like
interleukin-6 are increased in this
group ofpatients.48

Treatment of Cardiac
Symptoms in Thyrotoxic
Patients. The central treatment
objective in hyperthyroid patients

with cardiovascular symptoms
is to return them to a euthyroid
status as soon as possible.
Antithyroid drug treatment is
the preferred mode of thyroid
hormone therapy for most of these
patients. Other options include
treatment with radioactive iodine
or surgical thyroidectomy. The
former can take several weeks
until it becomes fully effective;
the latter provides a rapid method
of returning the patient to a eu­
thyroid status. However, most
clinicians are reluctant to subject
patients with cardiac toxicity to
a surgical procedure. In addition,
a euthyroid status should be
achieved before thyroid surgery
is performed.

In patients with a rapid heart
rate or atrial arrhythmias, sympa­
thetic blockade can markedly
ameliorate these symptoms. Fur­
thermore, some l3-sympathetic
blocking agents like propranolol
also modestly inhibit T4 to T3 con­
version. Pulmonary diseases like
asthma or chronic obstructive
lung disease, however, are relative
contraindications to the use of a
l3-adrenergic antagonist. In addi­
tion, propranolol by itself has a
negative contractile effect, and if
the hyperthyroid patient does not
have rapid heart rate-induced
heart failure, treatment with pro­
pranolol could lead to a further
worsening of the underlying heart
failure. In patients exhibiting
underlying heart failure, digitalis
treatment may be considered, but
digitalis toxicity can develop in
hyperthyroid patients at doses that
are generally well tolerated in the
euthyroid patient population.
Administration of calcium channel
blockers also leads to the slowing
of the heart rate in patients with

thyrotoxicosis; however, these
compounds also lead to peripheral
vascular dilatation, which is
already increased in hyperthyroid
patients. Calcium channel blockers
may therefore have unfavorable
hemodynamic effects that lead
to further decompensation. Hyper­
thyroid patients who show signs
of heart failure, including signifi­
cant pulmonary or peripheral
edema, can be treated with diuret­
ics, like furosemide.

The use of anticoagulation
therapy in patients with atrial
fibrillation is controversial. Espe­
cially in younger patients with
hypertension and atrial fibrilla­
tion with no evidence of under­
lying heart disease or thrombus
formation in the atrium, the risk
of anticoagulation therapy can
outweigh its benefits.49 Older
patients, however, who more fre­
quently have underlying heart dis­
ease and an increased propensity
for embolic complications, should
be anticoagulated.

The treatment of hyper­
thyroidism induced by the anti­
arrhythmic agent amiodarone
can present significant difficulties.
Distinguishing between iodine­
induced type I thyrotoxicosis
versus type n destructive thyrotox­
icosis is important. For type I thy­
rotoxicosis, antithyroid medication
and potassium perchlorate at doses
of 250 mg 3 times a day can be
used.48 Potassium perchlorate will
lead to iodine depletion of the thy­
roid gland. For the type n form,
antithyroid medication and high
doses of a glucocorticoid, such as
60 mg of prednisone, are frequently
beneficial. Some patients are very
treatment resistant to this medical
therapy and ultimately require
a thyroidectomy.
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Hypothyroidism. In contrast
to hyperthyroidism-induced cardiac
manifestations, such as tachycar­
dia and atrial fibrillation, which
occur early in the course of hyper­
thyroidism, the cardiac manifesta­
tions of hypothyroidism are slow to
develop. Hypothyroidism of signifi­
cant duration and severity leads
to decreased exercise tolerance,
dyspnea on exertion, and easy
fatigability. Bradycardia occurs
commonly in patients with hypo­
thyroidism, but it is not uniformly
present. On physical examination,
in addition to bradycardia, one
may find an elevated blood pres­
sure. The incidence of true hyper­
tension, which manifests itself as
an elevated diastolic and systolic
blood pressure, is approximately
10% to 20% in patients with hypo­
thyroidism.50 Heart sounds are fre­
quently difficult to hear and are
faint and distant. There may be an
increased cardiac silhouette appar­
ent on chest x-ray. The increased
cardiac silhouette frequently
results from a pericardial effusion,
which rarely leads to cardiac tam­
ponade. In patients with severe
long-standing hypothyroidism,
a nonpitting edema due to muco­
polysaccharide accumulation
develops. This nonpitting edema
may be superimposed on the pit­
ting edema secondary to congestive
heart failure.

A decreased cardiac output
is often balanced by a decreased
peripheral oxygen demand.
In hypothyroid patients, however,
congestive heart failure can
develop if an additional stress,
such as hypertension or an
ischemic event, is placed on
the heart. Impairment in contrac­
tile function of the hypothyroid
heart results primarily from slow
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diastolic relaxation that requires
an increase in filling pressure to
provide for normal cardiac filling
during diastole. In addition, con­
traction velocity is slowed during
systole and the heart has to con­
tract against increased resistance
in the periphery due to the ele­
vated blood pressure.

The distinction between hemo­
dynamic changes as a consequence
of hypothyroidism versus the
occurrence of congestive heart
failure can sometimes be difficult
to make. The following are some
distinguishing signs:

1. Patients with congestive
heart failure have a diminished
cardiac response to exercise ver­
sus a normal exercise response
in hypothyroid patients.

2. The cardiac contractile
response to therapeutic maneu­
vers can be used to distinguish
the 2 entities. For example, the
hypothyroidism-induced alter­
ations in cardiac contractility
respond well to thyroid hormone
replacement but do not respond
well to digitalis or diuretics.

3. In general, pulmonary con­
gestion is not present in hypo­
thyroid patients.

4. The pericardial effusions
occurring in hypothyroid patients
have a much higher protein con­
tent than effusions associated
with congestive heart failure.
In addition, hypothyroid patients
usually show other hallmarks of
hypothyroidism and have associ­
ated laboratory values of a low
thyroxine and an elevated TSH.

Recent studies have found that
patients with severe congestive
heart failure have a decreased
number of TRs expressed in the
heart.9 Furthermore, thyroid
hormone levels are diminished

in the context of the nonthyroidal
illness syndrome. Because genes
that play an important role in the
mediation of the normal contrac­
tile cycle, like SERCA, are mark­
edly thyroid hormone responsive,
the question has been raised if
the down-regulation of the thyroid
hormone system associated with
the failing heart may contribute
to the worsening of congestive
heart failure. 9 While this area is
under current investigation, no
firm conclusions related to a thy­
roidal contribution to heart fail­
ure in patients without primary
hypothyroidism can be drawn.
Some studies in this area include
a recent report indicating that
children who underwent compli­
cated surgery for congenital
heart defects and exhibited a
postoperative fall in T3 benefited
from intravenous T3 admini­
stration 48 to 96 hours after
surgery.51 Studies in adults
related to overall benefits of
T3 administration after cardiac
surgery were less conclusive;
however, a decreased frequency
of postoperative atrial fibrillation
could be demonstrated in adults
after coronary bypass surgery.52

Long-standing hypothyroidism
not only leads to decreased cardiac
contraction but also has detrimen­
tal effects on the vascular system,
effects that may promote the
development of atherosclerotic
lesions. An increased incidence of
hypercholesterolemia can be iden­
tified in the hypothyroid patient
population. Thyroid hormone
has important influence on the
enzymes that lead to cholesterol
clearance.53 The combination
of an increased incidence of true
hypertension in the hypothyroid
patient population with the



increased occurrence of hyper­
cholesterolemia probably accounts
for the increased frequency of
coronary artery disease in the
hypothyroid patient population.

Treatment of Cardiovascu.­
lar Symptoms in Hypothyroid
Patients. Adequate thyroid hor­
mone replacement is the most
important therapeutic maneuver
for hypothyroid patients with car­
diovascular symptoms. All the
changes in cardiovascular func­
tion improve and may revert to
normal when a euthyroid status
is reached. The increased occur­
rence of coronary artery disease
in elderly hypothyroid patients,
however, warrants a cautious
approach to thyroid hormone
replacement therapy. Levothy­
roxine is the drug of choice for
replacement therapy. Its onset
of action is slower than that of
T3' and thyroid hormone levels
are more stable. In patients with
coronary artery disease, a start­
ing dose of 25 J.lg per day is appro­
priate. This dose can be increased
by 12.5 J.lg per day at 4- to 6-week
intervals. If angina pectoris
ensues after the patient has
started replacement therapy,
[3-adrenergic blocking agents can
be added to modify the increase
in heart rate caused by T4
replacement. Should severe coro­
nary artery disease require
surgery, this procedure can be
performed before a full thyroid
hormone replacement state is
reached. Morbidity and mortality
in such circumstances are not sig­
nificantly increased.54 The bene­
fits of optimal thyroid hormone
replacement include marked low­
ering of cholesterol and normal­
ization of blood pressure. If
cholesterol levels remain high

after adequate thyroid hormone
replacement, additional choles­
terollowering, which often
involves administration of a
statin class of drug, should be
undertaken. Similarly, if hyper­
tension persists, blood pressure­
lowering medication needs to be
prescribed. The antiarrhythmic
drug amiodarone can also induce
a hypothyroid state48 that does
not present significant manage­
ment problems and is adequately
treated with appropriate thyroid
hormone replacement.
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