Amiodarone Decreases Gene Expression of Low-Density Lipoprotein Receptor
at Both the mRNA and the Protein Level
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Amiodarone, a potent antiarrhythmic drug, decreases plasma and tissue triiodothyronine (T;) and increases plasma
cholesterol levels, resembling changes seen during hypothyroidism. The increase of serum cholesterol during amiodarone
medication is associated with a decreased expression of the hepatic low-density lipoprotein {LDL} receptor mRNA. To further
elucidate the mechanism of amiodarone-induced hypercholesterolemia, we investigated whether the decreased mRNA levels
are the result of decreased transcription or increased degradation or both, and whether protein expression is decreased
accordingly. Relative to pair-fed controls, amiodarone treatment increased plasma cholesterol by 69% and decreased
expression of the mRNA encoding for the hepatic LDL receptor by 45%. To study this decrease in mRNA, we performed a
run-on assay, from which it appears that amiodarone acts by decreasing LDL receptor mBNA expression 2.5-fold at the
transcriptional level. The decay rate of liver LDL receptor mRNA, measured at different time points after injecting actinomycin
D, was not different between amiodarone-treated and control animals (116 = 32 minutes and 84 = 10 minutes, P = .44).
Hepatocytes in primary culture isolated from amiodarone-treated and control animals were used to determine specific binding
of ["25]]-LDL to hepatic LDL receptors. Amiodarone decreased specific LDL binding and Scatchard analysis demonstrated that
amiodarone treatment reduced the number of LDL receptors by 69%, without affecting the dissociation constant (Kg}. In
conclusion, amiodarone-induced hypercholesterolemia can be explained by decreased transcription of the LDL receptor gene,

resulting in lower mRNA and protein levels.
Copyright © 1998 by W.B. Saunders Company

MIODARONE IS AN IODINATED benzofuran derivative
that is used as an antiarrthythmic drug. It contains 39.4%
iodine oni weight basis, and pharmacological doses of iodine are
released during the biotransformation of the drug. This may
cause hyperthyroidism or hypothyroidism in susceptible sub-
jects.! Apart from these effects on the thyroid gland itself,
amiodarone profoundly affects extrathyroidal metabolism of
thyroid hormones. It inhibits the transport of thyroxine (T,)
across the plasma membrane into hepatocytes. The subsequent
decreased availability of the substrate T, in the liver cells results
in a diminished 5'-deiodination of T,, which results in a
decreased production of triiodothyronine (T3).? Amiodarone
thus appears to induce a hypothyroid-like condition in extrathy-
roidal tissues. The antiarrhythmic effect of amiodarone is
related to a lengthening of the cardiac action potential, quite
similar to what is observed in hypothyroid patients. It has been
hypothesized that the mechanism of action of amiodarone is
partly due to the induction of a local hypothyroid-like condition
by inhibition of the extrathyroidal conversion of T, into Ts.
Thyroid hormone deficiency results in hypercholesterolemia,
and a dose-dependent increase of plasma cholesterol has indeed
been observed in patients on long-term amiodarone treatment.3
The amiodarone-induced increase of plasma cholesterol is
largely caused by an increase in low-density lipoprotein (LDL)
cholesterol, and has been reproduced in rabbits* and rats.> We
hypothesized that the increase of plasma cholesterol by amioda-
rone is related to the induction of a hypothyroid-like condition
in the liver by the drug. The hepatic LDL receptor plays a key
role in maintaining cholesterol homeostasis, with lower levels
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being associated with a higher plasma cholesterol concentration
due to diminished uptake of LDL cholesterol, partly in the liver.
We have recently demonstrated that amiodarone decreases the
LDL receptor mRNA in the liver, whereas mRNA’s encoding
for hepatic hydroxymethyl glutaryl coenzyme A (HMG-CoA)
reductase and cholesterol 7a-hydroxylase (the rate-limiting
enzymes in cholesterol synthesis and degradation, respectively)
remained unchanged.S The present studies were designed to
answer the following questions: (1) Are the decreased LDL
receptor mRNA’s caused by decreased gene transcription or by
increased mRNA degradation? (2) Does amiodarone treatment
also reduce the expression of the LDL receptor protein?

MATERIALS AND METHODS
Materials

Amiodarone was a kind gift of Sanofi B.V. (Maassluis, The Nether-
lands). Formaldehyde, formamide, B-mercaptoethanol, and guanidine
isothiocyanate were from Merck, Darmstadt, Germany. Collagenase
(type H); actinomycin D, rat-tail collagen, and [B-actin riboprobe
(digoxigenin-labeled) were purchased from Boehringer Mannheim
Biochemica (Mannheim, Germany), and 121 (carrier-free) in NaOH
from Amersham (Buckinghamshire, UK). Ham’s F10, Hanks balanced
salt solution (HBSS) and fetal calf serum (FCS) were obtained from
Biowithacker (Brussels, Belgium). Fatty acid-free bovine serum albu-
min (BSA) was from Sigma (St Louis, MO). The ¢cDNA probe for
human LDL receptor (pLDLR3) was a generous gift from Dr D.W.
Russell (Dallas, TX).” All other reagents were of the highest grade
possible.

Animals

Male Wistar rats (weight, 270 to 325 g) were housed under normal
conditions with free access to tap water. All animal experiments were
approved by the local animal welfare committee. Rats were divided into
two groups. Group A was fed ad libitum on standard laboratory chow,
and treated daily with 10 mg/100 g body weight (BW) amiodarone by
gastric tube for 2 weeks. Group B was treated daily with water by
gastric tube, and served as pair-fed controls of group A.

Experiment I was designed to evaluate the stability of the mRNA
encoding for the LDL receptor. Twenty-four hours after the last gastric
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tubing, rats were intraperitoneally injected with actinomycin D (0.2
mg/100 g BW; reconstituted in water 0.4 mg/mL at 4°C) at 30, 60, or
120 minutes before they were killed (three rats per time point). Blood
(EDTA) was collected by cardiac puncture and plasma stored at —20°C
for determination of plasma lipids and thyroid hormones. The liver was
removed from each rat and immediately frozen and stored in liquid
nitrogen for further analysis (described later).

Experiment II was designed to evaluate the effect of amiodarone on
LDL receptor protein. Rats (four per group) were treated with amioda-
rone (group A) or water (pair-fed controls, group B) as described earlier.
Twenty-four hours after the last gastric tubing, rats were anesthesized
by intraperitoneal injection of Nembutal (Sanofi, France), and rat livers
were isolated and perfused in a recirculating system at 37°C to isolate
the parenchymal cells.

LDL Receptor mRNA Determination

RNA was isolated from liver samples using a modified Chomczynski
single-step RNA isolation method.®® mRNA was isolated from total
RNA using the polyAT tract mRNA isolation system from Promega
(Madison, WI). A 5-ug aliquot of polyA™ RNA was denatured and
electrophoresed in 1% agarose/formaldehyde vertical gels. The sepa-
rated RNAs were transferred to nylon membranes (Boehringer Mann-
heim) by pressure blotting and membranes were fixed using UV
crosslinking (1 J/em?). The filters were hybridized at 55°C with a
digoxigenin-labeled LDL receptor RNA probe. Hybridization and
detection were performed as described previously.® The blots were
rehybridized at 68°C with a B-actin probe, labeled with digoxigenin, to
standardize the amount of mRNA in each lane. The hybridization
pattern of three identical experiments were analyzed. Several exposures
of each blot were done on x-ray film (Fuji RX, Japan) and the relative
amount of the mRNA was calculated using Eagle Eye II video-imaging
system and OneD-scan software (Stratagene, La Jolla, CA). The
exposure time was plotted against the intensity of each band. The
optimal exposure time chosen was the one with the highest band
intensity within the linear range, which was determined for each blot
separately. The ratio between LDL receptor and B-actin was calculated.
The nuclear run-on assay was performed as described using digoxigenin-
labeled uridine triphosphate (UTP) on nuclei isolated from livers of
amiodarone-treated and control rats,’®!! and signals were quantified
using a Lumi-Imager (Boehringer Mannheim, Germany).

LDL-Binding Assay

Isolation of rat hepatocytes. Rat parenchymal cells were isolated as
described previously.'? Briefly, the liver was perfused with a carbogen
saturated buffer containing 142 mmol/L NaCl, 6.7 mmol/L KClI, and 6.7
mmol/L Hepes, pH 7.4. The liver than was removed and transferred to a
perfusion apparatus, which maintains the perfusate temperature at 37°C
while constantly oxygenating it. In the second step, collagenase (0.042
U/mL) and 5 mmol/L. CaCl, were added to the perfusion medium and
perfused (recirculating via backflow through the caval vein) for *10
minutes. The cell suspension was filtered through four sheets sterile
gauze and washed four times in HBSS with 2% (wt/vol) BSA. The cells
were resuspended in Ham’s F10 culture medium containing 10%
(vol/vol) FCS, and 3 X 109 cells per well were seeded in collagen-
coated six-well culture dishes (2.5 mL/cm? of a 2-mg/mL collagen-
coating solution). After incubation at 37°C with 5% CO for 4 hours, the
medium and nonattached cells were removed and replaced by serum-
free medium containing 2% BSA.

Isolation and labeling of LDL. Human LDL was obtained from the
blood of healthy volunteers who had fasted overnight. Isolation of LDL
(1.019 < d < 1.063) was performed by density-gradient centrifugation
according to Redgrave et al.!13 LDL was dialyzed extensively at 4°C
against phosphate-buffered saline containing 1 mmol/L EDTA. Human
LDL was iodinated with 1231 by the ICI method of McFarlane.! Labeled
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LDL was separated from unbound 2] by passage through a Sephadex
G-25 column (Pharmacia, Sweden). The specific activity was approxi-
mately 125 cpm/ng LDL.

Lipoprotein binding. The binding of ['*I]-LDL to rat hepatocytes
was determined by a modification of the procedure of van Berkel et al.’>
After 24 hours, the dishes with primary hepatocytes were placed on ice.
The cells were washed with ice-cold serum-free Ham’s F10 medium
containing 2% BSA. Fresh albumin-containing medium was then added
containing 5 to 100 pg/ml ['Z1]-LDL in the presence or absence of 500
mg/mL unlabeled LDL. Each incubation was performed in triplicate.
The cells were incubated for 2 hours at 4°C. After incubation, the cells
were washed five times with 0.15 mmol/L NaCl buffered with 0.05
mmol/L Tris/HCI pH 7.4 containing 0.2% BSA, and twice with buffer
without BSA. Finally, the cells were lysed with 1 mL 0.1-mmol/L
NaOH and the radioactivity counted. The protein content of the samples
was determined using a Biorad (Miinchen, Germany) protein assay.

Assays

Plasma cholesterol concentrations were determined by a fully
enzymatic, kinetic UV method (Cobas analyzer; Boehringer Mann-
heim). Thyroid hormones were measured with in-house radioimmunoas-
says (RIAs),'S and thyroid-stimulating hormone (TSH) by a specific rat
TSH RIA. Reagents used in the TSH-RIA were r-TSH-RP-2 (AFP-
5153B) as reference preparation, anti r-TSH-S-5 (C 21381) as antibody,
and r-TSH-I-8 (AFP-8334B) as antigen for iodination (courtesy of
National Institute of Arthritis, Diabetes, Digestive & Kidney Diseases,
Bethesda, MD).

Calculations and Statistical Analysis

Student’s ¢ test was used to evaluate difference in serum cholesterol
and thyroid hormones between amiodarone-treated and control rats.
Data from experiment I and II were analyzed by ANOVA. The Excel 5
statistical package (Microsoft, Redmond, WA) was used.

Calculation of the binding of LDL to LDL receptor protein in
experiment Il was performed as follows. Specific binding was calcu-
lated by subtracting nonspecific binding from the total binding. The
radioligand binding analysis program LIGAND (Biosoft, Cambridge,
UK) was used to estimate the affinity constant and maximal-binding
capacity (MBC). We obtained nonlinear Scatchard plots, most probably
caused by an inequality of the affinity constant of the labeled and
unlabeled ligand.!” The ratio (a) between the affinity constant of the
unlabeled ligand and the labeled ligand, and the ratio (n) between the
concentration of unlabeled and labeled ligand were calculated from the
binding data according to Hollemans and Touber!® and Hollemans and
Bertina,'” and subsequently applied to calculate the MBC and the
affinity constant for the unlabeled ligand.

RESULTS

Amiodarone treatment, as compared with pair-fed controls,
resulted in a significant increase of plasma cholesterol and T,
and a decrease of plasma T; (Table 1). Plasma TSH did not
increase significantly.

Table 1. Effects of Amiodarone on Plasma Cholesterol
and Thyroid Hormones

Cholesterol
Group n T4 (nmol/L) Tz {(nmol/L} TSH (ng/dL) {mmol/L}
Control 16 60x3 126=0.05 1.04=x0.14 1.6 = 0.1

Amiodarone 16 130 = 5* 1.13 £ 0.047 2.93 = 1.04 2.7 = 0.1*

NOTE. Values are means = SE.
*P < .0001, vcontrols.
tP < .01 vecontrols.
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The rate of LDL receptor mRNA disappearance after admin-
istration of the transcription inhibitor actinomycin D was
determined by Northern blot analysis, using B-actin as internal
standard (Fig 1A). The hybridization patterns of three identical
experiments were analyzed. The relative mRNA expression at
time zero of the pair-fed controls was taken as one. The amount
of LDL receptor mRNA (log values) was plotted against time
(Fig 1B). Treatment with amiodarone reduced the level of LDL
receptor mRNA by approximately 45% relative to pair-fed
controls, as evident from time-zero levels in Fig 2. The mRNA
half-lives (t;;;) were calculated assuming first-order kinetics.
The t;, of LDL-R mRNA in controls was not different from that
in amiodarone-treated rats (84 + 10v 116 =% 32 minutes, respec-
tively; P = .44, n = 3). We also performed a run-on experiment
on nuclei isolated from livers of control rats and those treated
with amiodarone. As can be seen in Fig 2, the transcription from
the LDL receptor gene is reduced 2.5-fold in the amiodarone-
treated animals compared with controls.
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Figure 3 shows the specific binding of LDL to isolated
hepatocytes. The binding of LDL to LDL receptors increased
with increasing amounts of added LDL. The binding of LDL to
hepatocytes isolated from amiodarone-treated rats was approxi-
mately two times lower than the binding to control hepatocytes.
Data obtained from this experiment were also evaluated by
Scatchard analysis. A representative plot is depicted in the insert
of Fig 3. The slope and the intercept of the fitted line indicate the
dissociation constant (K4) of the binding of LDL to LDL
receptors and the MBC or total number of LDL receptors,
respectively. The Ky was not different between amiodarone-
treated animals and pair-fed controls (Table 2), but the number
of LDL receptors was decreased by 69% (Table 2).

DISCUSSION

In agreement with our previous study, amiodarone treatment
resulted in an increase of plasma T, and a decrease of plasma Ts,
explained by inhibition of T, 5'-deiodination in the liver. The

control
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Fig 1. {A) Effect of amiodarone on degradation of hepatic LDL
receptor mRNA. Northern blot analysis of liver LDL receptor mRNA in
amiodarone-treated animals {lanes 1 to 4) and pair-fed controls {lanes 5
to 8). Actinomycin D was given at 30, 60, or 120 minutes before death.
(B) Effect of amiodarone on decay rate of liver LDL receptor mRNA,
Degradation of LDL receptor mRNA in amiodarone-treated rats and
pair-fed controls (values are mean * SE of 3 independent experiments).
LDL receptor mRNA values are relative to p-actin mRNA; the level of
LDL receptor mRNA of control rats not treated with actinomycin D is
set at 1.0. The decay curves are described by the following equations:
log (y) = —0.0033 x —0.04 for control and log {y) = —0.0029 x —0.25 for
amiodarone-treated rats.
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.DL-receptor

1.35 0.51

relative expression (corrected for B-actin)

Fig 2. Effect of amiodarone on LDL receptor gene transcription.
Dots represent the result of a run-on experiment performed on nuclei
purified from livers of control or amiodarone-treated rats. 8-actin was
used as a control to normalize the LDL receptor expression data.

reduction in plasma Ts in this study is comparable to that
previously published.>!® The plasma and tissue concentrations
of rats treated with 10 mg/100 g BW closely resemble those in
patients on long-term amiodarone treatment.?’ Plasma choles-
terol increased by 69%; this cannot be explained by the mild
increase of TSH, because levels up to 7.6 ng/dL in experimen-
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Table 2. Effects of Amiodarone on Liver LDL Receptors
Group n MBC {ng/mg protein) Kq {ma/mL}
Control 4 64+ 75 77 £ 15
Amiodarone 4 20 = 8.6* 41 =21

NOTE. Values are means * SE,
*P<.01 vecontrols.

tally induced hypothyroidism do not increase plasma choles-
terol as observed previously. In a previous study, we demon-
strated that the increase in plasma cholesterol during amiodarone
treatment is due to an increase in both LDL and HDL
cholesterol, whereas triglyceride levels remained unchanged.®
In line with our previous study, the liver mRNA encoding the
LDL receptor was decreased by approximately 45% after 2
weeks of amiodarone treatment. We evaluated the degradation
of the LDL receptor mRNA by injecting actinomycin D at
various time intervals before the animals were killed. The dose
used was twice the dose shown to decrease total RNA transcrip-
tion by more than 80% in rat liver.?! The rate of LDL receptor
mRNA degradation was not different between the amiodarone-
treated animals and the pair-fed controls, as evident by the
similar slope of the regression lines (Fig 2). We calculated the
t;» of the LDL receptor mRNA as 84 minutes in control rats.
This figure is comparable to that obtained by other investigators
using human cells.?>?* The only other report in the literature on
the t;, of the LDL receptor mRNA in relation to thyroid
hormone status is that by Ness et al.>> They observed a t;; of
approximately 30 minutes in young hypophysectomized rats,
which did not change after treatment with Ts. The discrepancy
with our results might be due to difference in age (adult v
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young) or hormonal status (intact v hypophysectomized rats).
The latter seems more plausible, because rats easily become
hypercholesterolemic after hypophysectomy, by which they
lose their natural resistance to develop high cholesterol levels
when the cholesterol content of the diet is increased.?® Because
the stability of the LDL receptor mRNA is not affected, whereas
its gene expression is, we conclude that the amiodarone-induced
decrease in LDL receptor mRNA is caused by decreased
transcription.

Our second set of experiments demonstrates that amiodarone
also decreases the expression of the LDL receptor at the protein
level: the number of LDL receptors in the liver of amiodarone-
treated animals were on average 69% lower than that of pair-fed
controls. This is evident from Scatchard analyses of the binding
of LDL to isolated hepatocytes in primary culture. The experi-
ments were performed at 4°C to prevent internalization of LDL
receptors.?’ Although the number of LDL receptors is in the
same order of magnitude as reported by others,?®2? the observed
K, is higher than reported. This could (partly) be the result of
the collagenase treatment during the preparation of the primary
hepatocytes. It is interesting to note that amiodarone did not
decrease the affinity of the LDL receptor for LDL binding,
although the variation in the Ky between the experiments was
rather large. Given the inherent variability of the assays, we
believe that amiodarone decreases the LDL receptor mRNA and
protein levels about equally. An additional mechanism by which
the number of cell surface receptors is decreased could be via a
amiodarone-induced decrease in growth hormone concentra-
tion. It has been shown that growth hormone can restore LDL
receptor expression in livers of hypophysectomized rats.3%3! On
the other hand, we have recently obtained evidence using
transfection experiments that points to a thyroid hormone~
responsive element in the promoter of the LDL receptor gene (F.
Hudig, unpublished observations, 1997) and we therefore
suggest that at least a large part of the amiodarone effect is
direct via the LDL receptor promoter. Another way in which
amiodarone could influence the number of LDL receptors on the
cell surface could be a, nongenomic, effect on LDL receptor
recycling, as has been shown for the 3-adrenergic receptor.

The present results strengthen the hypothesis that a local
hypothyroid-like condition in the liver is connected to the
amiodarone-induced hypercholesterolemia. Hypothyroidism in
experimental animals is, in addition to the increase of plasma
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cholesterol, associated with a decrease in hepatic LDL receptor
mRNA, which is not caused by changes in mRNA stability.?
The expression of the LDL receptor protein in hepatocytes in
culture from hypothyroid rats is also decreased relative to
euthyroid controls.>® Amiocdarone mimics these effects of
thyroid hormone deficiency. The mechanism by which amioda-
rone exerts these hypothyroid-like effects remains to be eluci-
dated. Thyroid hormones increase the expression of LDL
receptors in rat liver both at mRNA and at the protein level.??
Putative thyroid hormone-responsive elements are present in
the promoter region of the gene encoding for the LDL recep-
tor.>* It might thus be that the potent inhibition of extrathyroidal
T production induced by amiodarone, which causes a very low
T; content of several tissues, including the liver, which results
in a low Tj; receptor occupancy and thereby decreases transcrip-
tion of the LDL receptor gene. The recently observed inhibition
of the binding of T; to its nuclear o; and B; receptor by
desethylamiodarone, the major metabolite of amiodarone, could
reduce the occupancy of Ty receptors even further.?53” We have
recently shown that T; counteracts the amiodarone-induced
increase in plasma cholesterol and decrease in liver LDL
receptor gene expression, which suggests that the inhibitory
effect of amiodarone on LDL receptor gene expression is
mediated via Ts-dependent pathways.3® However, other mecha-
nisms are also possible. It has been shown that amiodarone, a
lipophilic drug that accumulates to a great extent in liver and
adipose tissue, stiffens membranes.> This could interfere with
the internalization of membrane-bound receptors and affect the
number of membrane receptors, like the LDL receptor.*®

We conclude that the amiodarone-induced increase of plasma
cholesterol levels can be explained by a reduced transcription of
the LDL receptor gene, which results in a decrease of the LDL
receptor protein on hepatocytes. It is likely that the reduced
transcription is related to an amiodarone-induced hypothyroid-
like condition in the liver.
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