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Abstract
Amiodarone (AMD) is a powerful anti-arrhythmic drug used for the treatment of a wide variety of
cardiac arrhythmias and its most striking feature is its high iodine content. Thyroid dysfunction is a
limiting side-effect of the drug and both AMD-induced hypothyroidism (AIH) and AMD-induced
thyrotoxicosis (AIT) are reported. To examine the hypothesis that altered bioavailability of iodine is a
contributing event in the pathogenesis of AIH, we compared the effects of AMD and inorganic iodine
in vitro on events involved in the process of thyroid autoregulation. FRTL-5 cells and JP26 CHO cells
(transfected with the human TSH receptor) were exposed to AMD or NaI in the presence of TSH, and
cAMP production was measured as an indicator of cellular function. Forskolin and cholera toxin were
also used to determine the possible target sites of AMD and iodide. Our results indicated that there was
a difference between the effects of AMD versus those of physiological doses of iodide. The inhibitory
effects of AMD occurred at lower concentrations of iodide than those seen in the NaI-treated cells. The
effects of AMD were irreversible indicating a possible persistence of the Wolff–Chaikoff effect due to a
constant high intracellular iodide level. The inhibitory effects of AMD (also seen at supraphysiological
doses of iodide) were partially overcome by forskolin but not by cholera toxin indicating an effect on
TSH receptor interactions with the other signal transduction elements such as G proteins and
adenylate cyclase. The persistence of the Wolff–Chaikoff effect through loss of autoregulation may
be a mechanism of the observed hypothyroidism in some patients taking AMD. The combined effects of
the constant release of iodide together with the drug toxicity may be the mechanism for the observed
effects.
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Introduction

Amiodarone (AMD) is a powerful anti-arrhythmic drug
used for the treatment of a wide variety of cardiac
arrhythmias and its most striking feature is its high
iodine content (1). The two atoms of iodine per AMD
molecule make up approximately one-third of its
molecular weight, resulting in roughly 40 times the
average daily requirement of iodine released per 200 mg
tablet (2). Thyroid dysfunction is a limiting side-effect of
the drug and both AMD-induced hypothyroidism (AIH)
and AMD-induced thyrotoxicosis (AIT) are reported.
The pathophysiological mechanisms of both AIH and
AIT are poorly understood.

AIH is commonly explained as a failure of the thyroid
gland to escape from the Wolff–Chaikoff effect by the
release of stored iodine resulting in permanent inhibi-
tion of organification. In general, the commonest

conditions for a failure to ‘escape’ from an iodine load
are immaturity of the thyroid gland, the presence of
thyroid autoimmunity or genetic abnormalities of
thyroid hormone synthesis. Specifically, in patients
with AIH, pre-existing thyroid autoimmunity has been
found to be a strong predictor of persistent hypo-
thyroidism (3, 4). This failure to autoregulate iodine in
states of thyroid autoimmunity may be exacerbated by
the increased bioavailability of iodine from AMD.
Because of its highly lipophilic nature, AMD, and
therefore iodine, directly enters the cytoplasm of the
thyroid cell, bypassing the normal iodide transporter
pathway. Rani (5), using dog thyroid slices, showed that
AMD irreversibly inhibited thyrotrophin (TSH)-stimu-
lated cAMP generation in the intact thyroid cell and this
inhibition was lost in membrane preparations alone. To
examine the hypothesis that altered bioavailability of
iodine is a contributing event in the pathogenesis of
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AIH, we compared the effects of AMD and inorganic
iodine in vitro on events involved in the processes of
thyroid autoregulation.

Materials and methods

Cell culture techniques

FRTL-5 cells This thyroid cell line is derived from Fisher
rat thyroids and has an obligate requirement for TSH for
growth in cell culture. Further, FRTL-5 cells express a
differentiated cell phenotype through the presence and
regulation of thyroglobulin, cAMP production and
iodine uptake (6–8).

FRTL-5 cells were a gift from Dr L Kohn (Bethesda,
MD, USA) by way of the laboratories of Dr H Drexhage
(Amsterdam, The Netherlands). FRTL-5 cells were
routinely cultured in 75 cm2 flasks in Coons’ modified
F-12 medium containing insulin (10 mg/ml), hydrocor-
tisone (0.32 ng/ml), transferrin (5 mg/ml), glycyl-L-
histidyl-L-lysine (10 ng/ml), somatostatin (10 ng/ml),
penicillin (50 IU/ml), streptomycin (50 mcg/ml), 5%
donor calf serum and bovine TSH (1 mU/ml) in 5% CO2
at 37 8C in a humidified incubator until confluent (6).
The medium was replaced with fresh medium every 2–
3 days. For individual experiments, the cells were grown
in full medium (6H) or in medium without TSH (5H).
Cells were subpassaged using trypsin–collagenase and
plated at the appropriate cell densities for the experi-
ments described below. All experiments described below
used cells from the 16th to the 26th passages, during
which they were routinely monitored for cAMP
production and iodide uptake in response to TSH.

CHO cells (JP26, JP02) Chinese hamster ovary (CHO)
cells which have been transfected with the human TSH
receptor and the neomycin resistance gene (9) are
widely used to measure TSH receptor antibodies in
human thyroid disease. These cells were a gift from Dr G
Vassart, Brussels, Belgium. JP26 are the CHO cells
transfected with the human TSH receptor and the
neomycin resistance gene, the JP02 cells have been
transfected with the neomycin resistance gene alone
and are used as the control cells, therefore all
experiments were done in parallel using both JP26
and JP02 cells. The use of the CHO JP26 cell line will
determine if the effects of AMD on the rat TSH receptor/
adenylate cyclase are also seen in the human TSH
receptor/adenylate cyclase machinery.

JP26 and JP02 cells were routinely cultured in
75 cm2 flasks in Ham’s F12 medium containing 10%
donor calf serum, sodium pyruvate (10 mg/ml), peni-
cillin (100 IU/ml), streptomycin (100 mcg/ml) and
geneticin (G418, 400 mg/ml) in 5% CO2 at 37 8C in a
humidified incubator until confluent. The medium was
replaced with fresh medium every 2 days. Cells were
subpassaged using 0.1% trypsin and plated at the
appropriate cell densities for the functional experiments

described below. This study used JP26 cells from the
23rd to the 25th passages and JP02 cells from the 17th
to the 19th passages.

TSH-stimulated cAMP production bioassay in
FRTL-5 cells

Day 1 FRTL-5 cells (1×105 cells/ml) were seeded into
24-well plates and allowed to grow in 6H medium for 7
days. Cells were then washed and incubated in 5H
medium (medium without TSH) for a further 3 days to
sensitize cells to TSH. cAMP bioassay was then
performed. Medium was removed and 100 ml hypotonic
Hank’s buffer (10), 50 ml 3 mmol/l 3-isobutyl-L-methyl-
xanthine (IMX) and 150 ml test substance added. Test
substances were all made up in hypotonic Hank’s buffer
containing TSH (10 mU/ml). Substances tested were
AMD (0, 25, 100, 250 and 500 mmol/l), NaI (0, 0.1, 1,
10 and 100 mmol/l) or TSH (10 mU/ml) alone in
hypotonic Hank’s buffer as the control. Plates were
then incubated for 3 h at 37 8C. Supernatant was
removed, snap-frozen in liquid nitrogen and stored at
¹70 8C until assayed for cAMP content using a cAMP
(I125) assay kit.

TSH-stimulated cAMP production bioassay in
CHO cells
The advantage of the CHO cells is that they grow at a
faster rate than the FRTL-5 cells and do not require TSH
for growth. Day 1 CHO cells (0.3×105 cells/ml) were
seeded into 24-well plates and allowed to grow in
growth medium. Day 3 cAMP bioassay was performed
as in the FRTL-5 cell experiments above.

Washout studies for FRTL-5 and CHO cells

Cells were preincubated with AMD (0, 25, 100, 250 and
500 mmol/l) or NaI (0, 0.1, 1, 10 and 100 mmol/l) for
3 h after which medium was aspirated and cells were
washed twice with 0.5 ml 0.15 mol/l PBS. Then 150 ml
TSH (10 mU/ml), 100 ml hypotonic Hank’s buffer and
50 ml 3 mmol/l IMX were added to wells and incubated
for 3 h as above. Supernatant was collected, frozen and
stored until assayed for cAMP as above.

Forskolin- and cholera toxin (CT)-stimulated
cAMP production bioassay in FRTL-5 and CHO
cells

A cAMP bioassay was performed as above using
100 mmol/l forskolin, 1.5 mg/ml CT, 250 mmol/l AMD,
100 mmol/l NaI, 1 mol/l NaI and 10 mU/ml TSH tested
either alone or in combinations of two or more test
substances. After a 3-h incubation the supernatant was
collected, frozen and stored until assayed for cAMP as
above.
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Statistical analysis
Results are expressed as the mean6S.E. of three to six
experiments. Analysis of difference amongst multiple
groups was performed using analysis of variance
(ANOVA), followed by Fisher PLSD or Scheffe’s F-test
for the significance of differences between the groups at
a significance level of 95%. Analysis of difference in two
group samples was performed by using Mann–Whitney
U nonparametric test at a significance level of 95%.

Materials
Coons’ modified Ham’s F-12 medium, Ham’s F-12
medium, insulin, hydrocortisone, transferrin, somato-
statin, glycyl-L-histidyl-L-lysine acetate, bovine TSH,
penicillin/streptomycin, IMX, sodium pyruvate, genet-
icin (G418), forskolin, CT, NaI and AMD were all
obtained from Sigma, Sydney, Australia. Calf serum was
obtained from Cytosystems, Sydney, Australia. Non-
essential amino acid mixture was obtained from
Commonwealth Serum Laboratories, Sydney, Australia.
cAMP (I125) assay kit was obtained from Amersham
Australia Pty Ltd, Sydney, Australia.

Results

Effects of TSH on cAMP production in FRTL-5
cells and CHO cells
In order to determine the functional activity of FRTL-5
cells and secondly to determine the maximum dose–
response of cAMP to TSH, cells were exposed to log order
increases in TSH concentration (0, 0.01, 0.1, 1, 10 and
100 mU/ml). Experiments were performed on separate
24-well plates with each plate being exposed to a
different TSH concentration. Twenty-one wells were
used for cAMP estimation whilst three wells were used
for protein estimation. Results are expressed as pmol
cAMP/mg protein.

There was an increase in the production of cAMP
with increasing concentrations of TSH. The concentra-
tion of cAMP rose rapidly from baseline values (no
TSH=10062 pmol/mg protein) to reach a plateau at
concentrations above 1 mU/ml TSH (3465690 pmol/
mg protein, P<0.05), with maximal stimulation of
cAMP production at 10 mU/ml TSH (37856100 pmol/
mg protein). Because experiments were designed to
assess inhibition of TSH-stimulated cAMP production
we chose a concentration of 10 mU/ml TSH as the
FRTL-5 stimulant.

Similar experiments were conducted in JP26 CHO
cells. There was an increase in cAMP production from
baseline, no TSH=10562 pmol/mg protein to 13956
121 pmol/mg protein at 10 mU/ml TSH (P<0.05) and
23956180 pmol/mg protein at 100 mU/ml TSH
(P<0.05). To be consistent with the FRTL-5 cell

experiments we used 10 mU/ml TSH as our cAMP
stimulant in the JP26 CHO cells. The control cells, JP02
CHO cells, showed no significant TSH-stimulated cAMP
activity at 10 mU/ml TSH (4561 pmol/mg protein)
from baseline (no TSH=5063 pmol/mg protein) as
expected. TSH at 100 mU/ml (9968 pmol/mg protein)
produced a slight response in the JP02 control cells
which may be attributed to TSH cross-reactivity with
luteinizing hormone and follicle-stimulating hormone
receptors.

Comparison of the effects of AMD and iodide on
TSH-stimulated cAMP production

In order to determine the effects of AMD on TSH-
stimulated cAMP production in FRTL-5 cells, cells
were exposed to increasing concentrations of AMD
(0–500 mmol/l AMD) in the presence of 10 mU/ml TSH.
AMD did not inhibit cAMP production at concentra-
tions of less than 100 mmol/l (equivalent to 200 mmol/l
iodide). Above 100 mmol/l AMD there was a decline in
cAMP production from baseline (AMD=0 mmol/l,
TSH=10 mU/ml). At concentrations greater than
100 mmol/l AMD there was a fall in cAMP production
to 82% of baseline values. cAMP production continued
to fall reaching 37% of baseline values at concentra-
tions of 500 mmol/l AMD (P=0.0001, ANOVA).

To ascertain whether the observed effects were due to
the iodine content of AMD, FRTL-5 cells were exposed to
increasing concentrations of NaI (0–100 mmol/l). By
comparison to AMD, equivalent doses of inorganic
iodide had negligible effects on cAMP production, until
supraphysiological doses were used (Fig. 1).
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Figure 1 The inhibitory effects of AMD and NaI on cAMP production
in FRTL-5 cells. AMD inhibited TSH-stimulated cAMP production at
a much lower iodide content (1000mmol/l) than in the NaI-treated
cells. NaI levels above 10 000mmol/l were required to achieve
inhibition similar to that seen at 500mmol/l AMD (equivalent to
1000mmol/l iodide). *P<0.05, Mann–Whitney U nonparametric test
at iodide concentration of 1000mmol/l.
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The effects in the JP26 cells were similar to those
observed in the FRTL-5 cell line, AMD did not inhibit
cAMP production at concentrations of less than
100 mmol/l AMD. There was a decline in TSH-stimu-
lated cAMP production from baseline to 59% at
100 mmol/l AMD and to 25% of baseline at 500 mmol/
l AMD (P=<0.05, ANOVA). Similar to the FRTL-5 cells,
inorganic iodide alone had no effect on TSH-stimulated
cAMP production within the physiological dose range
(Fig. 2). The JP02 CHO control cells as expected showed
no response to TSH stimulation with AMD or NaI and
gave a flat response (results not shown).

Washout studies

As a measure of iodine bioavailability, we examined the
reversibility of the inhibitory effects of both AMD and
NaI on TSH-stimulated cAMP production by preincu-
bating FRTL-5 cells with increasing concentrations of
AMD or NaI. We found that preincubation with AMD
caused a greater inhibition of cAMP production than
cells not preincubated with AMD. Preincubation with
AMD decreased TSH-stimulated cAMP production to
7% of baseline values at 100 mmol/l AMD, compared
with 25% of baseline values in the non-preincubated
group (P=0.0001, ANOVA) (Fig. 3). These effects were
not altered by washout and the inhibitory effect was
persistent. By comparison, preincubation of FRTL5 cells
with NaI and its subsequent washout completely
removed the partial inhibitory effects of NaI (see Fig. 4).

In a similar experiment to the FRTL-5 cells, we
preincubated JP26 and JP02 CHO cells with increasing
concentrations of AMD or NaI to determine if similar
effects are seen in the human TSH receptor/adenylate
cyclase machinery. Analogous to the FRTL-5 experi-
ments, we found that preincubation with AMD caused
greater inhibition of TSH-stimulated cAMP production
at all concentrations (Fig. 5). Unlike the FRTL-5
experiments preincubation with NaI had a greater
inhibitory effect on cAMP production in the JP26 CHO
cells though not to the extent of AMD (Fig. 6). This
difference is probably explained by the lack of a Na+/I-

symporter. The control cells JP02 had no activity
(results not shown).

Comparison of the effects of AMD and NaI on
forskolin-stimulated cAMP production

Forskolin stimulates the cAMP cascade at the catalytic
component of adenylate cyclase (11). The use of
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Figure 2 The inhibitory effects of AMD and NaI on cAMP production
in JP26 CHO cells. Similar to the FRTL-5 cell experiments AMD
inhibited TSH-stimulated cAMP production at a much lower iodide
content (1000mmol/l) than in the NaI-treated cells. NaI levels above
10 000mmol/l were required to achieve inhibition similar to that seen
at 500mmol/l AMD (equivalent to 1000mmol/l iodide). *P<0.05,
Mann–Whitney U nonparametric test at iodide concentration of
1000mmol/l.

Figure 3 Washout studies using AMD in FRTL-5 cells. Preincu-
bating FRTL-5 cells in AMD with removal of AMD prior to adding
TSH resulted in an even greater inhibition of TSH-stimulated cAMP
production indicating an irreversible effect of AMD. *=significantly
different from matching preincubation dose, P<0.05, Mann–
Whitney U nonparametric test.

Figure 4 Washout studies using NaI in FRTL-5 cells. Preincubating
FRTL-5 cells in NaI with removal of NaI prior to adding TSH resulted
in restoration of cAMP production indicating that the inhibitory
effects of NaI are reversible. *=significantly different from matching
preincubation dose, P<0.05, Mann–Whitney U nonparametric test.
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forskolin allowed us to determine whether the inhibi-
tory effects of AMD were above or below the adenylate
cyclase in cAMP cascade. Figures 7 and 8 describe the
results of various combinations of forskolin, TSH, AMD
and NaI in FRTL-5 cells and CHO cells (JP26 and JP02).
The addition of forskolin to the AMD and TSH
combination was able to partially restore cAMP
production in the FRTL-5, JP26 and JP02 CHO cell
lines, indicating that AMD may affect the interaction of
the receptor with the G proteins and adenylate cyclase.
The observation that this effect was also seen in the

control JP02 cells indicates that this may be the case
because although these cells lack the TSH receptor they
do have adenylate cyclase and G proteins associated
with other receptors present in that cell line. Reinforc-
ing this interactive property with membrane proteins is
the observation that cAMP stimulation with forskolin
alone was much greater than with AMD and forskolin
together in the all the cell lines (results not shown).

In FRTL-5 cells exposed to 100 mmol/l NaI, the
addition of forskolin was able to completely restore
cAMP production. Similar experiments using
100 mmol/l NaI in JP26 CHO cells also showed complete
restoration of cAMP production when forskolin was
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Figure 5 Washout studies using AMD in JP26 CHO cells. Similar to
the FRTL-5 cell experiment, preincubating JP26 cells in AMD with
removal of AMD prior to adding TSH resulted in an even greater
inhibition of TSH-stimulated cAMP production indicating an
irreversible effect of AMD. *=significantly different from matching
preincubation dose, P<0.05, Mann–Whitney U nonparametric test.

Figure 6 Washout studies using NaI in JP26 CHO cells. Unlike the
FRTL-5 cell experiment, preincubating JP26 cells in NaI with
removal of NaI prior to adding TSH resulted in only partial
restoration of cAMP production indicating partial reversibility of the
inhibitory effects of NaI in this cell line. The reason for this may be
the lack of the Na+/I- symporter in the JP26 CHO cells.
*=significantly different from matching preincubation dose, P<0.05,
Mann–Whitney U nonparametric test.

Figure 7 The effects of AMD on forskolin (FSK)-and TSH-
stimulated cAMP production in FRTL-5 cells. The addition of
forskolin to AMD and TSH in FRTL-5 cells only partially restored
cAMP production indicating an effect on the interaction between the
TSH receptor, G proteins and adenylate cyclase. §=significantly
different from TSH and forskolin, ANOVA, Fisher PLSD, P<0.05.
†=significantly different from AMD and TSH, ANOVA, Fisher PLSD,
P<0.05.

Figure 8 The effects of AMD on forskolin (FSK)- and TSH-
stimulated cAMP production in JP26 and JP02 CHO cells. Similar to
the FRTL-5 cell experiments the addition of forskolin to AMD and
TSH in JP26 and JP02 cells only partially restored cAMP production
indicating an effect on the interaction between the receptor, G
proteins and adenylate cyclase. §=significantly different from TSH
and forskolin, ANOVA, Fisher PLSD, P<0.05 in JP26 cells.
†=significantly different from TSH and forskolin, ANOVA, Fisher
PLSD, P<0.05 in JP02 CHO cells. *=significantly different from AMD
and TSH, ANOVA, Fisher PLSD, P<0.05 in both JP26 and JP02
CHO cells.
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introduced into the system (results not shown). How-
ever, experiments using 1 mol/l NaI concentration in
both FRTL-5 and JP26 cell lines showed that forskolin
only partially restored cAMP production in the presence
of TSH (results not shown).

Comparison of the effects of AMD and NaI on
CT-stimulated cAMP production
The TSH receptor associates with G proteins which in
turn associate with adenylate cyclase to stimulate
cAMP production. CT stimulates the stimulatory
adenylate cyclase G protein (Gs). The use of CT allowed
us to determine whether the inhibitory effects of AMD
were above or below the G proteins in the cAMP
cascade. Figures 9 and 10 show the results of various
combinations of CT, TSH, AMD and NaI in FRTL-5 and
CHO cells (JP26 and JP02). In FRTL-5 cells, the addition
of CT to the AMD and TSH combination did not increase
cAMP production at all indicating a direct affect on the
coupling of the Gs protein with adenylate cyclase.
Similarly the addition of CT to the AMD and TSH
combination in the JP26 cell line did not increase cAMP
production at all. This effect was also seen in the control
JP02 cells indicating that AMD affects the interactions
of receptor and the G proteins.

In similar experiments using 100 mmol/l NaI, there
was a complete restoration of cAMP production in the
FRTL-5 and JP26 CHO cells when CT was introduced
into the system, indicating that at this concentration
NaI was not affecting the receptor and G protein
interaction (results not shown). However, experiments
using 1 mol/l NaI concentration in the presence of TSH
showed that CT did not restore cAMP production in
FRTL-5 cells, JP26 and JP02 cells. This may indicate
that at very high levels of iodide the interaction of the
TSH receptor, G proteins and adenylate cyclase may be
affected.

Discussion
The role of iodine versus direct drug toxicity of AMD in
the pathogenesis of thyroid dysfunction and damage
has been a long-standing debate. The high iodine
content of the drug and its structural resemblance to
thyroid hormone (1) are generally the focal point in the
attempt to establish a cause for the effects of the drug.
The two atoms of iodine per AMD molecule in a 200 mg
tablet results in an iodine intake of approximately 40
times the average daily requirement (2). Our data
indicate that at equimolar concentrations of iodide,
AMD has potent and persistent inhibitory effects on
thyroid cell function in vitro. At lower concentrations of
iodide, AMD exerts a significant inhibition of function
compared with the equivalent amount of NaI in both
cell lines (FRTL-5 and CHO-JP26). At higher concentra-
tions of NaI (100 mmol/l=100 000 mmol/l iodide) the
effects are similar to those seen at the lower iodide
equivalent AMD concentration (100 mmol/l AMD=
200 mmol/l iodide). Where AMD and iodine (at high
levels) have the ability to disturb signal transduction
through G protein-associated receptors, our data
indicate that the iodine content of AMD alone is not
the sole explanation for the observed inhibitory effects
on thyroid cell function.

Under normal circumstances the thyroid gland
adapts to an increased iodine load by autoregulation
of iodide uptake and clearance. AMD exposure in
humans reduces thyroid iodide uptake as well as the
thyroid clearance of iodide (12). Further there is an
increase in both urinary iodide and plasma iodide
resulting in an increase in absolute iodide uptake. The
net result is a massive increase in available inorganic
iodide during treatment. The decrease in thyroid iodide
clearance is an adaptive mechanism that allows ‘escape’
from the Wolff–Chaikoff effect (13). This allows
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Figure 9 The effects of AMD on CT- and TSH-stimulated cAMP
production in FRTL-5 cells. The addition of CT to AMD and TSH in
FRTL-5 cells did not restore cAMP production indicating an effect
on the coupling of the TSH receptor and the Gs protein.
§=significantly different from CT and TSH, ANOVA, Fisher PLSD,
P<0.05.

Figure 10 The effects of AMD on CT- and TSH-stimulated cAMP
production in JP26 and JP02 CHO cells. Similar to the FRTL-5 cell
experiments the addition of CT to AMD and TSH in JP26 and JP02
cells did not restore cAMP production indicating an effect on the
coupling of the receptor and the Gs protein. §=significantly different
from CT and TSH, ANOVA, Fisher PLSD, P<0.05 in JP26 cells.
†=significantly different from CT and TSH, ANOVA, Fisher PLSD,
P<0.05 in JP02 cells.
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restoration of more efficient organification despite
continuing high plasma inorganic iodide and is
mediated by inhibition of iodide transport until
intrathyroidal iodine concentrations fall below the
critical level needed to sustain the Wolff–Chaikoff
effect (14). Thyroid autoimmunity, a common compo-
nent of AIH, may be the necessary prerequisite that
determines those patients who will fail to escape from
the excess iodine load and develop AIH by interfering
with organification.

Differences in iodine pharmacokinetics and bioavail-
ability are mechanisms that may account for the potent
and persistent effects of AMD compared with inorganic
iodine. Whereas NaI pre-exposure was readily reversed
by a change in the cell culture media, AMD effects on
thyroid cell function persisted after removal of the drug.
In support of these observations Rani (5) found that the
inhibitory effects on function of AMD in dog thyroid
cells were dependent on the cell being intact. In
membrane preparations the effects of AMD were
reversible whereas these effects were irreversible in the
intact dog thyroid cells. These results reflect the long
half-life of the drug. Terminal elimination half-life
studies of AMD in patient groups have shown that the
half-life can vary from 8 to 107 days (15) and is
attributed to the amphiphilic nature of the drug. These
compounds are known to interact with lipids forming
indigestible complexes, stored in intracellular lysosomes
(16, 17). Conversion to the more toxic metabolite,
desethylamiodarone, may also explain the prolonged
action of the drug (18).

Analytical ion microscopy studies in mice have
shown that bioavailability of iodide released from
AMD is different from that released from NaI (19).
Under normal conditions free iodide is not detected in
the thyroid, however in AMD-treated patients, trapped
iodide is built up in the thyroid presumably because
organic binding of iodide becomes the rate-limiting step
of intrathyroidal iodine metabolism. A threefold
increase of the percentage of radioiodide discharged
after perchlorate administration has been described in
patients receiving long-term AMD therapy (20). X-ray
fluorescence (21) and computerized tomography (22)
have shown that AMD increases intrathyroidal iodide
by a factor of four in patients remaining euthyroid. The
constant iodide release from AMD may result either in a
failure to escape from the Wolff–Chaikoff effect or may
precipitate iodide toxicity (20, 23).

This then brings us back to the question of iodide
presentation during AMD treatment. The intrathyroidal
iodide during AMD treatment remains high even
though iodide transport has ceased. AMD has been
estimated to release 10% of its total iodide at any one
time (12). This means that the intrathyroidal iodide
cannot be controlled by simply ceasing iodide transport,
assuming AMD enters the cell through a different path
and once inside the cell AMD will continually release
iodide as well as exert its own toxic effects. Moreover

in vivo, a small to moderate dose of AMD over an
extended period of time may result in a large
accumulation of the drug in the tissue consistent with
high iodine content described in X-ray fluorescence (21)
and computerized tomography (22) studies. Thus the
higher doses of AMD and NaI used in this study may
more appropriately reflect what is occurring during
long-term AMD treatment in vivo. Our previous studies
showed that AMD induced different changes to thyroid
ultrastructure compared with an iodide equivalent (24).
The results from this study indicate that AMD exerted its
own specific toxic effects on the thyroid which may be a
combination of the excess iodide release and drug
toxicity. Others have demonstrated iodide toxicity
leading to inhibition of TSH-induced cAMP production
in a number of thyroid cell lines (11, 25–28). Others
have shown iodide toxicity leading to necrosis and
thyroid atrophy in iodine-deficient animal models (29–
31). This effect was also seen in isolated human thyroid
follicles (32). The mechanism for this thyroid cell
destruction is not known but it is postulated to involve
the formation of secondary lysosomes and free radical
attack and lipid peroxidation (32–34).

In this study, we also used a non-thyroid cell line
transfected with the human TSH receptor to ascertain
whether the effects of AMD were possibly via the TSH
receptor. AMD affected both FRTL-5 and JP26 CHO cell
lines in a similar fashion indicating possible TSH
receptor involvement which would also contribute to
the inhibitory effects observed. Rani (5) in 1990
performed 125I-TSH binding studies in cultured dog
thyroid cells. This study showed that there was an
increase in specific binding of 125I-TSH with as little as
10 mmol/l AMD and this became progressively greater
as AMD concentration increased reaching a plateau at
100 mmol/l AMD. The time-course study revealed an
increase in labelled TSH binding as time progressed
reaching a plateau at 60 min. This is opposite to that
which is observed in functional studies where cAMP
production decreases as AMD concentration increases.
This may indicate that the drug affects the receptors in
such a way that receptor synthesis is increased to try to
counterbalance the toxic effects of the drug. The
amphiphilic nature of AMD may be the key to this
effect since small quantities of AMD have been observed
to inhibit the equilibrium binding of the muscarinic
ligand to its receptors in purified canine cardiac
sarcolemmal vesicles. It may be that AMD and/or its
metabolite, desethylamiodarone, modulates ligand
binding to the muscarinic receptor by influencing
lipid–protein interactions (35), then, it is possible that
AMD affects lipid–protein interactions of the TSH
receptor resulting in disruption of signal transduction.
A study into the effects of amphiphilic drugs on the
internalization of CT showed that these drugs inhibit
vesicular transport of CT to the Golgi apparatus in
hippocampal neurones and consequently inhibited the
ability of CT to elevate cAMP (36). In our study CT was
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not able to restore cAMP production in the presence of
TSH and AMD. High concentrations of NaI (1 mol/l) had
similar effects indicating that constant iodide release
over a period of time from AMD may affect the TSH
receptor and G protein interaction in the cAMP cascade
in a similar fashion.

Forskolin was able to partially overcome the inhibi-
tory effects of AMD in both FRTL-5 and CHO cell lines.
This indicates an effect on the cAMP cascade above the
catalytic component of adenylate cyclase such as TSH
receptor with the G proteins and adenylate cyclase. The
reason for the blunted response may once again indicate
that there is more than one factor involved in the
observed effects. The inhibitory effects of NaI
(100 mmol/l) were reversed by adding forskolin to the
system, however at higher concentrations of NaI
(1 mol/l) the cAMP production was only partially
restored in FRTL-5 and JP26 cells. These results indicate
that AMD and very high iodide (1 mol/l) affect the Gs
protein–adenylate cyclase interaction since addition of
CT did not reverse the inhibitory effects.

Gathering all the available data on the effects of
AMD such as inhibition of TSH-stimulated cAMP
production (5), diminished thyroid hormone secretion
(37) and iodine metabolism (38), the effects on
peripheral thyroid hormone metabolism (39–41) and
effects on thyroid hormone receptors (41) may provide a
mechanism for the development of hypothyroidism in
some patients receiving AMD (3). Additionally the
effects of AMD on cell viability are also important.
Chiovato et al. (2) showed that AMD in concentrations
greater than or equal to 75 mmol/l were cytotoxic to
FRTL-5 cells over a 24-h period (2). In our own cell
viability studies not shown here, trypan blue exclusion
tests showed that AMD in concentrations of 50 mmol/l
and above were cytotoxic to FRTL-5 cells over a 48-h
period. Under light microscope examination FRTL-5
cells exposed to 250 mmol/l AMD had lost their normal
appearance with the outer cell membrane appearing
fuzzy, almost jaggered in some cells. Examination of
cells under the microscope at earlier time-points such
as 3 and 6 h did not show any abnormal cell appear-
ance perhaps indicating that an accumulation of
AMD for a time greater that 6 h is required to induce
the membrane changes observed. Similar experiments
using NaI showed cytotoxicity to FRTL-5 cells at
concentrations of 100 mmol/l NaI with no apparent
changes in cell morphology.

In conclusion, our results clearly showed a difference
between the effects of AMD versus those of physiological
doses of iodide. The inhibitory effects of AMD occurred
at lower concentrations of iodide than those seen in the
NaI-treated cells and this is probably related to a loss of
iodine-controlled thyroid autoregulation with AMD
treatment. The effects of AMD were irreversible
indicating a possible persistence of the Wolff–Chaikoff
effect due to a constant high intracellular iodide
level. The inhibitory effects of AMD (also seen at

supraphysiological doses of iodide) were partially over-
come by forskolin but not by CT indicating an effect on
TSH receptor interactions with the other signal
transduction elements such as G proteins and adenylate
cyclase. The persistence of the Wolff–Chaikoff effect
through loss of autoregulation may be a mechanism of
the observed hypothyroidism in some patients taking
AMD. The combined effects of the constant release of
iodide together with the drug toxicity may be the
mechanism for these observations.
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