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Abstract 

 

Amiodarone, an efficacious and widely used antiarrhythmic agent, has been reported to cause 

hepatotoxicity in some patients.  To gain insight into the mechanism of this unwanted effect, 

mice were administered various doses of amiodarone and examined for changes in hepatic 

histology and gene regulation.  Amiodarone induced hepatomegaly, hepatocyte microvesicular 

lipid accumulation and a significant decrease in serum triglycerides and glucose.  Northern blot 

analysis of hepatic RNA revealed a dose-dependent increase in the expression of a number of 

genes critical for fatty acid oxidation, lipoprotein assembly and lipid transport.  Many of these 

genes are regulated by the peroxisome proliferator-activated receptor-α (PPARα), a ligand 

activated nuclear hormone receptor transcription factor.  The absence of induction of these genes 

as well as hepatomegaly in PPAR-α knockout (PPARα(-/-)) mice indicated that the effects of 

amiodarone were dependent upon the presence of a functional PPARα gene. Compared to wild 

type mice, treatment of PPARα(-/-) mice with amiodarone resulted in an increased rate and 

extent of total body weight loss.  The inability of amiodarone to directly activate either human or 

mouse PPARα transiently expressed in human HepG2 hepatoma cells indicates that the effects 

of amiodarone on the function of this receptor were indirect.  Based upon these results, we 

conclude that amiodarone disrupts hepatic lipid homeostasis and that the increased expression of 

PPARα target genes is secondary to this toxic effect.  These results provide important new 

mechanistic information regarding the hepatotoxic effects of amiodarone and indicate that 

PPARα protects against amiodarone-induced hepatotoxicity. 
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Introduction 

 

Amiodarone (2-Butyl-3-benzofuranyl 4-[2-(diethylamino)ethoxy]-3,5-diiodophenyl 

ketone) is an antiarrhythmic agent widely used in the therapy of atrial fibrillation and to a lesser 

extent, is indicated for ventricular arrhythmias (Gill et al., 1992).  It improves the survival of 

patients after myocardial infarction (Burkart et al., 1990) and of those with congestive heart 

failure (Doval et al., 1994), conditions associated with atrial and ventricular arrhythmias. 

Amiodarone has multiple beneficial therapeutic actions and is unique among antiarrhythmic 

drugs in that it counteracts the promotion of atrial fibrillation by atrial tachycardia and reverses 

the remodeling caused by atrial tachypacing (Shinagawa et al., 2003).  In clinical practice, 

amiodarone reduces the burden of atrial fibrillation in patients with impaired ventricular function 

and is the favoured drug when a treatment strategy for the maintenance of sinus rhythm is 

pursued (Gill et al., 1992).  While amiodarone is clearly an effective antiarrhythmic agent, use of 

this drug is limited by a potential for severe clinical toxicities including thyroid imbalance, 

pulmonary toxicity and persistent liver disease (Khairy and Nattel, 2002).   

Amiodarone has been shown to induce steatosis in both animal models and humans 

(Fromenty et al., 1990; Card et al., 1998; Bolt et al., 2001), possibly through inhibition of the 

mitochondrial β-oxidation of long-, medium- and short-chain fatty acids (Fromenty et al., 1990).  

Steatosis is a common, early histological finding of hepatic injury and is characterized by micro 

and/or macrovesicular hepatocellular lipid accumulation.  While steatosis is reversible, it can 

lead to steatohepatitis involving hepatocellular necrosis and/or apoptosis (Koteish and Diehl, 

2001).  Although specific mechanisms for the inhibition of mitochondrial β-oxidation by 

amiodarone have not been unequivocally defined, this drug is known to inhibit carnitine 
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palmitoyltransferase-1 (CPTI) –dependent transport of long-chain fatty acids across the 

mitochondrial membrane (Kennedy et al., 1996; Bonnefont et al., 1999).  Amiodarone also exerts 

multiple effects on mitochondrial respiration by inhibiting the normal function of the 

mitochondrial electron transport chain and thereby the generation of ATP (Bolt et al., 2001; 

Spaniol et al., 2001).  Non-specific hydrophobic interactions with either mitochondrial 

membrane phospholipids and/or membrane-associated proteins have also been suggested as a 

mechanism by which amiodarone disrupts mitochondrial function (Fromenty et al., 1990). 

An important regulator of the hepatic β-oxidation of fatty acids is the peroxisome 

proliferator-activated receptor-α(PPARα), a member of the gene superfamily of ligand-activated 

nuclear hormone transcription factors (Francis et al., 2003b).  The most important endogenous 

ligands for PPARα are fatty acids, particularly medium and long chain fatty acids, and 

eicosanoids such as leukotriene B4 and other arachidonate derivatives (Wahli et al., 1999).  

PPARα binds as a heterodimer with the retinoid X-receptor to specific DNA sequences, known 

as peroxisome proliferator response elements, that are present within the regulatory regions of 

target genes.  After activation by cognate ligands, PPARα induces the expression of target genes 

through the recruitment of coactivators that facilitate gene transcription.  Thus, by serving as a 

sensor of intracellular fatty acid concentrations and regulating genes involved in the transport 

and catabolism of these fatty acids, PPARα plays an important role in normal lipid homeostasis 

(Staels et al., 1998; Mascaro et al., 1999; Wolfrum et al., 2001). 

Although most of the adverse hepatic effects of amiodarone are transient and reversible, 

deaths resulting from amiodarone-induced hepatotoxicity have been reported (Simon et al., 1984; 

Richer and Robert, 1995; Stravitz and Sanyal, 2003).  Histopathological signs of amiodarone-

induced hepatotoxicity in patients resemble non-alcoholic steatohepatitis and include steatosis, 
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cellular degeneration and cellular necrosis (Rigas et al., 1986; Stravitz and Sanyal, 2003). 

Previous studies have suggested that PPARα may have a central role in the pathogenesis of 

microvesicular steatosis and nonalcoholic steatohepatitis induced by feeding a methionine and 

choline deficient diet (Rao et al., 2002; Ip et al., 2003).  Given the similar pathological 

consequences of this model and amiodarone-induced hepatotoxicity, PPARα may also be 

relevant to the toxic effects associated with this drug. 

At present, amiodarone is one of the most effective drugs available for the treatment of 

the increasingly prevalent arrhythmia, atrial fibrillation.  However, the clinical use of 

amiodarone has been tempered by a reputation for causing hepatotoxicity.  Consequently, 

patients are often placed on less effective medications that, while presenting a lower risk of 

hepatotoxicities, may cause potentially fatal proarrhythmia.  A greater knowledge of the 

biochemical and molecular changes that occur in the liver as a result amiodarone treatment will 

advance our understanding of the mechanisms of amiodarone induced liver toxicity and as such, 

be of great benefit to patients.  The objective of the present study was to examine the role of 

PPARα in amiodarone-induced hepatotoxicity through a combination of complementary in vitro 

and in vivo approaches. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 20, 2004 as DOI: 10.1124/jpet.104.072785

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #72785 

7 

Materials and Methods 

 

Animals and Experimental Protocols.  Amiodarone was purchased from Sigma-Aldrich 

(Oakville, ON).  N-desethylamiodarone (DEA) was a generous gift of Sanofi Pharmaceuticals 

(New York, NY).  Wild type (C57BL/6) and PPARα(-/-) null (C57BL/6 background; obtained 

originally from Frank Gonzalez, NCI, NIH, Bethesda, MD) mice were obtained from our 

breeding colony and were housed under a 12 h light/dark cycle.  Mice were allowed water and 

standard rodent chow ad libitum prior to, and during, treatment.  All experiments were 

performed with male mice weighing 25 to 30 g at 9 to 11 weeks of age.  Mice were randomly 

divided into experimental groups and weighed once a day four days prior to treatment and daily 

throughout the treatment period.  Treatment consisted of daily intraperitoneal injections (0.1ml) 

of amiodarone at various doses (10 mg/kg 40 mg/kg, 80 mg/kg, 150 mg/kg) or vehicle (0.5% 

Tween-20, 10% DMSO in sterile H2O) or oral gavage of clofibrate (200mg/kg) in corn oil (0.1 

ml) daily for a total of four or seven days.  Mice were anesthetized with an intraperitoneal 

injection of 80 mg/kg sodium pentobarbital (CMTC Pharmaceuticals, Cambridge, ON) 24 h after 

the last treatment.  Blood was collected into heparinized tubes by cardiac puncture and 

centrifuged; plasma was stored at 4oC for a maximum of one week prior to assay or frozen until 

assay for amiodarone or DEA concentrations.  Liver and kidney were snap frozen in liquid 

nitrogen prior to RNA extraction or frozen in an OCT (Tissue-Tek, Tortrance, CA)/20% sucrose 

(v/v) solution for histological analysis.  All protocols and procedures were approved by the 

Dalhousie University Committee on Laboratory Animals and are in accordance with the 

Canadian Council on Animal Care guidelines. 
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Plasma Analysis.  Glucose concentrations were determined using whole blood at the time of 

sacrifice using the FreeStyle blood glucose monitoring system (TheraSense, Alameda, CA).  

Triglycerides, total cholesterol, and AST levels were determined using Infinity assay kits 

(Sigma-Aldrich); total bile acids using a kit purchased from Wako Diagnostics (Richmond, VA).  

All kits were used per manufacturer’s instructions and absorbances were read on a PowerWaveX 

microplate spectrophotometer (Bio-Tek Instruments, Winooski, VT).  Serum amiodarone and 

DEA metabolite concentrations were measured simultaneously using a liquid chromatographic 

assay with a limit of quantitation of 0.1 mg/L (Pollak, 1996). Amiodarone and DEA were 

extracted using a solid-phase technique and duplicate 20-µL injections made onto a Zorbax® 

cyano analytical column at 45°C (Chromatographic Specialties, Brockville, ON). Mobile phase 

(phosphate buffer/methanol/acetonitrile - 40: 37: 23, adjusted to pH 3.5) was pumped at 0.8 

ml/min with detection at 241 nm. 

 

Northern Blot Analysis. Total RNA was isolated from frozen liver using TRIzol reagent 

(Invitrogen Burlington, ON), as per the manufacturer’s instructions.  Northern blot analysis was 

performed essentially as previously described (Sinal et al., 2000).  Briefly, RNA (10 µg/sample) 

was separated by electrophoresis in a denaturing 1.1% agarose/0.22 M formaldehyde gel 

followed by transfer to Immobilon-Ny+ nylon membranes (Millipore, Billerica, MA) in 20X 

SSC buffer.  After crosslinking with UV light and drying, the blots were hybridized with cDNA 

probes labeled with [32P-dCTP] by the random primer method.  After hybridization overnight at 

65°C in PerfectHyb buffer (Sigma-Aldrich), the blots were washed once with 2X SSC/0.5% SDS 

for 15 min at 65°C, followed by two identical washes for 30 min each.  Blots were exposed to 

storage phosphor screens and images were detected using a Storm 840 PhosphorImager 
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(Amersham Biosciences, Baie d'Urfé, Québec,) and results quantitated using ImageQuant 5.2 

software (Amersham Biosciences). Plasmids containing murine (unless otherwise indicated) 

cDNA sequences for straight chain fatty acyl-CoA oxidase (ACOX), peroxisomal D-3-

hydroxyacyl-CoA dehydrogenase bifunctional protein (BIEN), 3-ketoacyl-CoA thiolase 

(thiolase), cytochromes P450 CYP4A1 and CYP4A3 and β-actin were generous gifts of Frank 

Gonzalez (NCI, NIH, Bethesda, MD).  RT-PCR of mouse liver total RNA was used to generate 

liver-carnitine palmitoyltransferase-1 and –II (CPTI and CPTII, respectively), microsomal 

triglyceride transfer protein (MTTP), fatty acid translocase (FAT/CD36), PPAR-α (mPPARα), 

apolipoprotein A-I (ApoA-I) cDNA sequences.  The identity of all sequences was verified by 

restriction mapping and sequencing. 

 

Cell Culture and Toxicity Assays.  HepG2 human hepatocellular carcinoma cells were 

maintained in a complete medium consisting of phenol red-free Dulbecco’s modified Eagle’s 

medium (HyClone, Logan, UT) supplemented with 4 mM L-glutamine (HyClone), 10% heat 

inactivated charcoal dextran-stripped fetal bovine serum (Gemini Bio-Products Woodland, CA), 

1 mM sodium pyruvate (Sigma-Aldrich) and 100 U/ml penicillin-100 µg/ml streptomycin 

(Sigma-Aldrich) at 37oC in 95% air, 5% CO2.  Freshly isolated rat (Sprague-Dawley, male) 

primary hepatocytes were obtained in 96-well Type I collagen coated plates from Cambrex Bio 

Science (Walkersville, MD) and were maintained in Hepatocyte Culture Medium (Cambrex) at 

37oC in 95% air, 5% CO2.  For assays of cell toxicity, HepG2 cells and primary rat hepatocytes 

were plated at a density of 13,700 cells/well and 40,000 cells/well, respectively, in 96 well plates 

and allowed to adhere for 18-24h.  Cells were treated by the addition of DMSO (0.5% v/v in 

media), amiodarone or DEA (both in DMSO) at the indicated final concentrations.  After 24 h 
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exposure to the test compounds, 20 µl of MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-

tetrazolium bromide; Sigma-Aldrich) reagent in PBS (5mg/ml) was added to each well.  After 2 

h at 37oC in 95% air, 5% CO2 the wells were aspirated and 100µL DMSO was added.  The plates 

were then shaken for five minutes and the absorption at 490 nm measured with a PowerwaveX 

microplate spectrophotometer (Bio-Tek Instruments). 

 

Reporter Gene Assays The sequences encoding the nuclear receptor ligand binding domain 

(LBD) of mouse (bases 945-1853 of NM 011144) and human (bases 711-1619 of NM 005036) 

PPARα were amplified by RT-PCR from mouse and human liver total RNA, respectively.  The 

products were cloned into the BamHI/HindIII sites of pCMV-BD (Stratagene, La Jolla, CA) to 

produce the LBD-GAL fusion expression constructs pCMV-BD-m PPARα and pCMV-BD-h 

PPARα.  The identity of the constructs was verified by restriction mapping and sequencing.  

HepG2 cells were plated at 200,000 cells/well in 12 well plates and transfected 18-24h later with 

pFR-luc (0.35 µg), pBSK (0.24µg) and pSV2-β-gal (0.35 µg) and either pCMV-BD-h PPARα or 

pCMV-BD-mPPARα (0.06 µg) using TransIT-LT1 transfection reagent (Mirus, Madison, WI) 

as per the manufacturer’s instructions.  Cells were treated 18-24h after transfection with DMSO 

(control) or the test compounds (clofibrate, amiodarone or DEA) at the indicated concentrations.  

All test compounds were solubilized in DMSO and diluted in media to a maximum final 

concentration of 0.5% (v/v) DMSO.  18-24 h post-treatment cells were harvested using Reporter 

Lysis Buffer (Promega, Madison, WI) as per the manufacturer’s instructions.  Cell lysates were 

assayed for luciferase activity using the Luciferase Assay System (Promega) and measured using 

a Luminoskan Ascent (Thermo Labsystems, Franklin, MA). All luciferase values were corrected 

for lysate β-galactosidase activity assayed as previously described (Sinal et al., 2001) and 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 20, 2004 as DOI: 10.1124/jpet.104.072785

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #72785 

11 

measured colorimetrically on a PowerWaveX microplate spectrophotometer (Bio-Tek 

Instruments). 

 

Histological Analysis.   10 µm sections of liver frozen in OCT (Tissue-Tek)/20% sucrose (v/v) 

were fixed in 37% formaldehyde, stained with oil red O and counterstained with Gills’ 

hematoxylin.  Histological analysis, image capture and processing were done on a Zeiss Axiovert 

200 microscope equipped with an AxioCam camera system (Zeiss Canada, Toronto, ON). 

 

Statistics.  All data were analyzed by the unpaired Student’s t-test (unpaired) using InStat 3 for 

Macintosh. 
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Results 

 

Amiodarone treatment causes body weight loss and organomegaly  

To investigate the mechanism(s) of amiodarone-induced hepatotoxicity, groups of mice 

were administered various doses of amiodarone daily for a maximum of 7 days.  Animal weights 

were monitored, daily, 4 days prior to the first treatment with amiodarone and every day 

thereafter for the duration of the treatment period.  Treatment with the highest dose of 

amiodarone (150 mg/kg) caused a progressive loss of total body weight when compared with 

vehicle-treated mice (Fig. 1a).  Measurement of liver and kidney weights revealed a statistically 

significant increase in kidney weight, but not liver weight, in amiodarone-treated (150 mg/kg) 

versus vehicle-treated mice, after 7 days (Fig. 1b).  However, when normalized to total body 

weight, amiodarone treated (150 mg/kg) mice exhibited approximately 40% and 75% greater 

liver/body weight and kidney/body/weight ratios, respectively, when compared to vehicle treated 

mice (Fig. 1c).  The large decrease of total body weight (approximately 10%) for mice treated 

with the highest dose of amiodarone for 7 days indicated substantial toxicity and wasting in these 

animals.  To reduce confounding secondary factors associated with severe toxicity and to 

examine the early events in amiodarone-induced hepatotoxicity, subsequent experiments were 

limited to using mice treated with various doses of amiodarone for 4 days.  At this time, overt 

signs of toxicity were not apparent and loss of body weight was, on average less than 2%.  

Administration of lower doses of amiodarone (10, 40 or 80mg/kg) for up to 7 days did not 

significantly affect total body weight or organ/body weight ratios (data not shown). 
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Disruption of hepatic lipid homeostasis by amiodarone 

To determine the effect of amiodarone treatment on hepatic lipid concentrations, 10 µm 

liver sections prepared from vehicle- or amiodarone-treated (150 mg/kg) mice were stained with 

oil red O, a lipophilic red stain that is effectively solubilized by neutral lipids within cells.  

Histologic examination revealed the presence of numerous red stained lipid-containing vacuoles 

within the hepatocytes of mice treated with amiodarone (Fig. 2).  In contrast, oil red O staining 

was essentially absent in liver sections prepared from vehicle-treated mice.  Analysis of plasma 

lipids revealed that amiodarone (150mg/kg) treatment resulted in a significant decrease of 

plasma triglycerides but no significant change in total cholesterol when compared to vehicle 

treated mice (Fig. 3).  Amiodarone treatment also produced a hypoglycemic response as 

indicated by a decrease in blood glucose concentration in drug- versus vehicle-treated mice.  In 

contrast, plasma concentrations of total bile acids and AST activity levels (indicators of hepatic 

function and toxicity, respectively) were not affected by amiodarone treatment.  Lower doses of 

amiodarone (10, 40, and 80 mg/kg) did not have a significant effect on plasma chemistry (data 

not shown). 

 

Dose-dependent toxicity of amiodarone and DEA 

The microvesicular lipid accumulation observed in the livers of amiodarone-treated mice, 

concomitant with an absence of significant increase in plasma total bile acids or AST activity 

values suggested that substantial impairment of hepatic lipid homeostasis could occur in the 

absence of overt hepatotoxicity.  In order to establish a dose-response relationship for toxicity, 

HepG2 cells and primary rat hepatocytes were treated with increasing concentrations of 

amiodarone and assayed for cell viability by the MTT assay.  Amiodarone treatment for 24 h 
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resulted in a dose-dependent toxicity with an apparent LD50 of 43 µM for HepG2 cells (Fig. 4a) 

and 28 µM for primary rat hepatocytes (Fig. 4b).  While the LD50 for primary rat hepatocytes 

was slightly lower compared to the LD50 for HepG2 cells, both of these values were considerably 

greater than the mean plasma amiodarone concentration of 0.53 µM determined for mice treated 

with 150 mg/kg amiodarone for 4 days.  The major metabolite of amiodarone in humans is DEA 

(Latini et al., 1984).  Similar to the effects of amiodarone, DEA treatment caused a dose-

dependent toxicity, but with a lower apparent LD50 of 9 µM in HepG2 cells and 10 µM in 

primary rat hepatocytes. 

 

Increased expression of hepatic PPARα target genes after amiodarone treatment 

PPARα is a critical regulator of hepatic fatty acid oxidation and activation of this 

receptor mediates the liver enlargement that occurs as a consequence of peroxisome proliferation 

upon fibrate exposure to rodents (Lee et al., 1995).  As such, the hepatomegaly observed in mice 

treated with 150 mg/kg amiodarone for 7 days (Fig. 1c) and the microvesicular lipid 

accumulation observed in response to 150 mg/kg amiodarone treatment for 4 days, led us to 

investigate the function of PPARα in these mice.  In order to accomplish this, hepatic mRNA 

levels for several PPARα target genes encoding proteins critical for the metabolism and transport 

of hepatic fatty acids were determined.  Genes investigated include those encoding: ACOX, the 

initial, and rate limiting enzyme in the peroxisomal β-oxidation of fatty acids; BIEN and 

thiolase, enzymes also involved in the peroxisomal β-oxidation pathway; CYP4A1 and 

CYP4A3, microsomal cytochrome P450 enzymes that catalyze the ω-oxidation of fatty acids; 

CPTI and CPTII, both involved in mitochondrial uptake of long chain fatty acids; MTTP, which 

is essential for the hepatic secretion of apolipoprotein B containing lipoproteins; FAT/CD36, a 
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scavenger receptor with numerous physiological functions including fatty acid uptake into the 

liver; and, ApoA-I, the major apolipoprotein constituent of high density lipoprotein (Staels et al., 

1998; Mascaro et al., 1999; Wolfrum et al., 2001). Total RNA was isolated from the livers of 

mice treated with vehicle, 10-150 mg/kg amiodarone or 200 mg/kg clofibrate, a prototypical 

PPARα ligand activator. Northern blot analysis demonstrated that amiodarone treatment caused 

a dose-dependent increase in the mRNA levels of a number of PPARα target genes when 

compared to vehicle treated mice (Fig. 5a,b).  While all of the genes exhibited variable levels of 

response, the greatest increases occurred for hepatic mRNA levels for thiolase, CYP4A1 and 

CYP4A3.  In this respect, the qualitative effects of amiodarone treatment on the mRNA levels 

for several target genes were very similar in extent to that observed after treatment with the bona 

fide PPARα activator clofibrate. 

The similarity of the effects of high dose amiodarone and clofibrate treatment on the 

expression of various PPARα target genes suggested that the hepatic responses to amiodarone 

treatment are mediated by this nuclear receptor.  To address this question, PPARα knockout 

(PPARα(-/-)) and congenic C57BL/6 wild type mice (PPARα(+/+))were treated with 

amiodarone (150mg/kg) or vehicle and used to isolate total hepatic RNA for northern blotting.  

Consistent with the previous data, wild type mice treated with amiodarone exhibited increase in 

the hepatic mRNA levels for the PPARα target genes ACOX, BIEN, thiolase, CYP4A1 and 

CYP4A3 (Fig. 6).  In contrast, PPARα(-/-) mice exhibited lower constitutive expression levels of 

all of these genes.  Further, upon treatment with amiodarone, no induction of the hepatic 

expression of these genes was observed. 

Similar to wild type, PPARα(-/-) mice exhibited a progressive loss of total body weight 

in response to daily injections of 150 mg/kg amiodarone (Fig. 7a).  However, the extent of 
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weight loss for the PPARα(-/-) mice was significantly greater compared to that for wild type 

mice as measured at days 5 through 8 of the experimental protocol.  Coincident with these time 

points, PPARα(-/-) mice exhibited increasingly overt signs of toxicity including an obvious drop 

in body temperature, dehydration, constipation and lethargy.  While amiodarone treated wild 

type treated mice exhibited similar signs, they did not appear until the day of sacrifice and were 

generally much milder in comparison to those exhibited by PPARα(-/-) mice.  Furthermore, in 

contrast to wild type mice, PPARα(-/-) mice did not exhibit hepatomegaly in response to 

amiodarone treatment (Fig. 7b).  Histological analysis of the livers of these mice indicated that 

there were no substantive differences in the extent of microvesicular lipid accumulation in the 

hepatocytes of amiodarone treated wild type compared to PPARα(-/-) mice (Fig. 7c).  Similarly, 

analysis of serum lipids and glucose did not indicate any significant differences between 

amiodarone-treated wild type and PPARα(-/-) mice (data not shown). 

 

Amiodarone is not a ligand-activator of PPARα 

The experiments with PPARα(-/-) mice clearly demonstrated that the increase in hepatic 

mRNA levels for ACOX, BIEN, thiolase, CYP4A1 and CYP4A3 in response to amiodarone 

treatment was dependent upon the presence of a functional PPARα gene. To address the question 

of whether the molecular mechanism of action of amiodarone was similar to that of clofibrate, a 

reporter gene assay that measured the activation of PPARα by cognate ligands was employed.  

The coding regions for the ligand binding domains (LBDs) of the murine or human PPARα were 

cloned and expressed as fusion proteins with the yeast GAL4 DNA binding domain by 

subcloning into pCMV-BD.  Transient transfection of these expression constructs in to HepG2 

cells, along with a UAS-driven luciferase reporter construct, allowed assessment of ligand-
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dependent transcriptional activity of PPARα. As shown in Figure 8a, clofibrate treatment of 

HepG2 cells transfected with either the murine or human PPARα-GAL expression construct 

caused a robust (7-10 fold) increase in reporter gene activity.  In contrast, no increase of reporter 

gene activity was observed for treatment with amiodarone at any of the tested concentrations 

(0.01-50 µM).  To consider the possibility that in vivo metabolism of amiodarone may have 

resulted in the generation of a PPARα ligand, we also tested the response of transfected HepG2 

cells to the major metabolite DEA using the reporter gene assay.  Similar to the results for the 

parent compound, no increase in reporter gene activity was observed in response to treatment of 

transfected cells with DEA (Fig. 8b). 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 20, 2004 as DOI: 10.1124/jpet.104.072785

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #72785 

18 

Discussion 

 
Amiodarone has been reported to inhibit the hepatic mitochondrial β-oxidation of fatty 

acids and to produce microvesicular steatosis of the liver in mice (Fromenty et al., 1990).  

Consistent with these previous findings, the amiodarone treated (150 mg/kg) mice in the present 

study exhibited clear and obvious hepatocyte microvesicular lipid accumulation.  Given that oil 

red O is a general histological stain for neutral lipids rather than for specific classes of lipids (e.g. 

sterols, triglycerides, phospholipids), it is not possible to determine the composition of the lipids 

that accumulated within hepatocytes in response to amiodarone treatment.  However it is likely 

that inhibition of mitochondrial β-oxidation, the major route of fatty acid catabolism in the liver, 

contributed to lipid accumulation observed in the livers of amiodarone treated mice.  Such 

accumulation of fatty acids and subsequent esterification to form triglycerides is believed to be 

an important early causative event in hepatic steatosis and the eventual development of 

steatohepatitis (Fromenty and Pessayre, 1995; Koteish and Diehl, 2001). 

Analysis of various plasma chemistry parameters revealed additional evidence consistent 

with impaired lipid homeostasis.  For example, amiodarone treatment resulted in a significant 

decrease of plasma triglycerides and glucose.  The absence of effect of amiodarone on plasma 

total bile acids and AST activity indicates that hepatocyte microvesicular lipid accumulation and 

decreased plasma triglycerides, preceded overt hepatotoxicity.  This is consistent with the pattern 

seen in non-alcoholic liver disease in humans, which can manifest as steatohepatitis with 

advanced fibrosis in the absence of elevated serum alanine aminotransferase values (Mofrad et 

al., 2003).  Also consistent is the observation that relatively high concentrations of amiodarone 

or DEA were required to cause substantial toxicity to HepG2 cells (LD50=43 and 9 µM, 

respectively) and primary rat hepatocytes (LD50=28 and 10 µM, respectively) in an acute (24 h) 
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treatment model.  This is much higher than the mean plasma amiodarone concentration (0.53 

µM) determined for mice treated with 150 mg/kg amiodarone for 4 days.  However, it is 

important to note that the toxicity of low dose amiodarone may be manifest only after longer 

periods of exposure to the drug. 

Recently, amiodarone was reported to inhibit MTTP function in mice (Letteron et al., 

2003).  MTTP is an essential protein involved in the lipidation of apolipoprotein B (ApoB) in the 

lumen of the endoplasmic reticulum to form triglyceride-rich very low density lipoprotein 

(VLDL) particles.  Fully-lipidated VLDL particles follow the vesicular flow and are secreted into 

the plasma, while incompletely lipidated ApoB particles are retained and partially degraded.  

Thus, it is likely that the decrease in serum triglycerides caused by amiodarone treatment 

observed in the present study was caused, at least in part, by an inhibition of hepatic VLDL 

synthesis and secretion.  Importantly, these data also indicate that amiodarone can induce 

hepatocyte microvesicular lipid accumulation through two mechanisms: inhibition of 

mitochondrial β-oxidation of fatty acids resulting in an increase in hepatic triglycerides and 

inhibition of MTTP causing a decrease in the hepatic secretion of triglycerides into the blood.   

Mitochondrial fatty acid oxidation is the primary process in mice by which fatty acids are 

utilized to produce energy through the β-oxidation of short (<C8)-, medium (C8-12)- and long 

(C12-20)-chain fatty acids (Reddy and Hashimoto, 2001).  Consistent with a critical regulatory 

role in this process, PPARα expression is highest in tissues that possess a significant capacity for 

fatty acid catabolism including liver, heart, kidney and skeletal muscle (Auboeuf et al., 1997; 

Escher et al., 2001).  Endogenous fatty acids and their metabolites, particularly very-long (>C20)-

chain and polyunsaturated fatty acids, appear to be the most important endogenous PPARα 

ligands (Wahli et al., 1999).  Hypolipidemic drugs of the fibrate class, including clofibrate, 
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fenofibrate, bezafibrate, ciprofibrate and gemfibrozil, are exogenous ligands that exert their 

beneficial actions via PPARα activation (Staels et al., 1998).  Fibrates are also known as 

peroxisome proliferators due to the increase in size and number of hepatic peroxisomes (i.e. 

peroxisome proliferation) as well as hepatomegaly known to occur in rodents as a result of 

PPARα activation by these xenobiotics (Lee et al., 1995).  Given the hepatomegaly and 

disruption of lipid homeostasis observed for amiodarone treated mice, it was hypothesized that 

changes in the activation state of PPARα would be associated with amiodarone treatment.  

Consistent with this hypothesis, amiodarone treatment caused a dose-dependent increase in the 

mRNA levels of a number of known PPARα target genes encoding enzymes involved in the 

peroxisomal, mitochondrial and microsomal oxidation of fatty acids.  Interestingly, genes 

involved in the fatty acid transport (FAT/CD36) as well as the gene encoding PPARα were also 

increased to varying degrees by amiodarone treatment. 

The clear increase in hepatic expression for various PPARα target genes caused by 

amiodarone treatment suggested the involvement of this nuclear receptor as the mediator of this 

effect.  To test this possibility, we used the well characterized PPARα(-/-) mouse model.  These 

mice lack a functional PPARα gene and thus, do not exhibit typical pleiotropic responses (i.e. 

hepatomegaly, peroxisome proliferation, target gene induction) after exposure to PPARα ligands 

(Lee et al., 1995; Aoyama et al., 1998).  Our experiments with PPARα(-/-) mice demonstrated 

that, in contrast to wild type mice, amiodarone treatment did not increase expression of hepatic 

PPARα target genes.  Consistent with these data, amiodarone-induced hepatomegaly was also 

abolished in PPARα(-/-) mice.  These results indicate that increased hepatic expression of 

various genes involved in lipid homeostasis as well as the hepatomegaly associated with 

amiodarone treatment is absolutely dependent upon the presence of a functional PPARα ����.  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 20, 2004 as DOI: 10.1124/jpet.104.072785

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #72785 

21 

In this qualitative sense, the in vivo effects of amiodarone are similar to that for PPARα agonists 

such as fibrates.  However, the inability of amiodarone or DEA to induce ligand-dependent 

expression of the reporter gene construct in the PPARα activation assay in a manner similar to 

that for clofibrate clearly indicates that the mechanisms of action are different.  Rather, it is more 

likely that amiodarone increases the expression of PPARα target genes through an indirect 

mechanism related to a disruption of hepatic fatty acid metabolism. 

Compared with wild type mice, treatment of PPARα(-/-) mice with amiodarone was 

associated with a greater rate and extent of total body weight loss as well as more severe overt 

signs of toxicity.  These data indicate that PPARα provides protection against the toxicity 

associated with high doses administration of amiodarone.  This finding is consistent with 

previous studies supporting a protective role for this receptor in models of methionine and 

choline deficient (MCD) diet-induced steatohepatitis (Rao et al., 2002; Ip et al., 2003; Ip et al., 

2004).  Interestingly, amiodarone treatment caused a similar degree of microvesicular lipid 

accumulation in the livers of wild type and PPARα(-/-) mice.  This was somewhat surprising 

given reports that the potent PPARα agonist Wy-14,643 protects against hepatic lipid 

accumulation in the MCD diet-induced model of steatohepatitis (Ip et al., 2003; Ip et al., 2004).  

However, a number of important differences between our study and the previous work are 

notable.  For example, the MCD diet has a markedly elevated fat content (20%) and was 

administered for approximately 5 weeks resulting in signs of advanced steatohepatitis (severe 

macrovesicular steatosis, infiltration of inflammatory cells, fibrosis, elevated serum AST).  Thus, 

the source of hepatic lipid accumulation in this model is primarily exogenous.  In contrast, the 

mice in our model were fed a normal rodent chow diet (7% fat) and exhibited only early signs of 

steatohepatitis (moderate microvesicular steatosis without elevated serum AST).  Thus, there are 
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a number of qualitative and quantitative differences between the present study and those 

published previously that confound direct comparison.  Also of note, oil red O is a general stain 

for neutral lipids that provides no information regarding the identity of lipid.  Thus, we cannot 

rule out qualitative differences in the amiodarone-induced microvesicular lipid accumulation in 

wild type and PPARα(-/-) mouse liver.  

Based upon the results of this study, we conclude that amiodarone causes a profound 

disruption of normal lipid homeostasis and that the increased expression of PPARα target genes 

is secondary to perturbation of normal fatty acid catabolism.  The combined effects of 

amiodarone to inhibit mitochondrial β-oxidation and decrease the secretion of hepatic 

triglycerides through MTTP inhibition probably constitute early events leading to microvesicular 

lipid accumulation within the hepatocyte.  It is likely that this accumulated lipid consists, at least 

in part, of various fatty acids that are capable of ligand activation of PPARα.  This leads to 

increased expression of PPARα target genes, many of which are involved in the oxidation of 

fatty acids and efflux of lipids from the hepatocyte.  Thus, the indirect activation of PPARα by 

amiodarone most likely represents a homeostatic increase in the consumption of fatty acids in an 

attempt to decrease the accumulation of triglycerides in hepatocytes. 

In contrast to most rodents, activation of human PPARα does not lead to significant 

increases in the expression of genes encoding hepatic enzymes of peroxisomal fatty acid β-

oxidation, nor does it cause peroxisome proliferation (Staels et al., 1995). Mitochondrial, rather 

than peroxisomal β-oxidation appears to be the major target of PPARα regulation of fatty acid 

metabolism in humans.  However, in addition to the dramatic effects on peroxisomal β-

oxidation, constitutive levels of mitochondrial β-oxidation are also reduced in the PPARα(-/-) 

mouse model (Aoyama et al., 1998), demonstrating the importance of this protein in overall fatty 
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acid homeostasis.  Furthermore, many of the beneficial actions of fibrates, including 

hypolipidemia, anti-inflammatory and anti-atherosclerotic effects, are common to both humans 

and rodents (Xie et al., 2002; Francis et al., 2003a).  Determination of whether the present 

findings are relevant to amiodarone-induced hepatotoxicity in humans requires additional study.  

However the similarity between humans and mice with respect to the physiological role of 

PPARα suggest that this may indeed be the case. 
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Figure Legends 

 

Figure 1. High dose amiodarone treatment results in a loss of total body mass and 

organomegaly 

(A) Effect of amiodarone on total body weight.  Body weights of mice treated either with 

vehicle or amiodarone (150mg/kg) were monitored beginning 4 days prior to treatment and 

everyday thereafter until sacrifice 24 h after the final injection.  The first treatment commenced 

on day 0.  Data points are expressed as the percentage of body weight determined for each 

animal at the indicated time points compared with the initial value at day minus 4. Values shown 

are mean ± SD, N=8  (B) Organ weight and (C) Organ to body weight ratio.  Liver and 

kidney weights of mice were determined and normalized to total body weight 24 hours after 

receiving either vehicle or amiodarone (150mg/kg) i.p. once a day for seven days.  Values shown 

are mean ± SD, N=4.  *p<0.05 vs. vehicle, **p<0.01 vs. vehicle; ***p<0.001 vs. vehicle. 

 

Figure 2.  Amiodarone treatment results in hepatocellular microvesicular lipid 

accumulation.  

Representative photomicrograph of liver sections prepared from mice treated daily with vehicle 

or amiodarone (150 mg/kg) for 4 days. Sections (10 µm) were fixed in 37% formaldehyde 

followed by staining with oil red O and counterstaining with hematoxylin.  Magnification = 

100X. 
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Figure 3. Amiodarone treatment reduces plasma triglycerides and glucose. 

Mice received daily injections of vehicle or amiodarone (150mg/kg) for 4 days and were 

sacrificed 24 h following the last treatment.  Plasma glucose, triglycerides, total cholesterol, AST 

and bile acids were determined as described in Materials and Methods.  Values are expressed as 

mean ± SD, N=5.  *p<0.05 vs. vehicle. 

 

Figure 4.  Amiodarone and DEA are toxic to HepG2 cells and primary rat hepatocytes. 

HepG2 cells (A.) and primary rat hepatocytes (B.) were plated in 96-well plates and treated with 

amiodarone or DEA at the indicated concentrations.  After 24 h, cells were assayed for cell 

viability using a standard MTT assay as described in Materials and Methods. The results are 

normalized to vehicle (DMSO) control and are expressed as mean ± SD, N=4. 

 

Figure 5.  Amiodarone treatment increases the hepatic mRNA levels of PPARα target 

genes. 

 Mice received daily injections of vehicle or the indicated doses of amiodarone for 4 days and 

were sacrificed 24 h following the last treatment.  Clofibrate treatment was used as a positive 

control for PPARα activation. Total hepatic RNA was prepared and analyzed by northern blot 

analysis as described in Materials and Methods.  All probes were derived from murine cDNA 

sequences except where indicated otherwise:.  A. ACOX, BIEN, thiolase, rat CYP4A1 (detects 

mouse CYP4a10) and rat CYP4A3 (mouse CYP4a14).  B. CPTI, CPTII, MTTP, FAT/CD36, 

mPPARα, ApoA-I.  A cDNA probe for β-actin was used as a loading control. 
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Figure 6.  Induction of hepatic PPARα target genes requires a functional PPARα gene. 

PPARα-null (PPARα(-/-)) or wild type (PPARα(+/+)) mice received daily injections of vehicle 

or 150 mg/kg amiodarone for 4 days and were sacrificed 24 h following the last treatment.  Total 

hepatic RNA was prepared and analyzed by northern blot analysis as described in Materials and 

Methods.  All probes were derived from murine cDNA sequences except where indicated 

otherwise: ACOX, BIEN, thiolase, rat CYP4A1 (detects mouse CYP4a10) and rat CYP4A3 

(mouse CYP4a14). A cDNA probe for β-actin was used as a loading control. 

 

Figure 7.  Differential effects of amiodarone treatement on wild type and PPARα(-/-) mice. 

(A) Total body weight.  Body weights of wild type mice treated either with vehicle or 

amiodarone (150mg/kg) were monitored beginning 3 days prior to treatment and everyday 

thereafter until sacrifice 24 h after the final injection.  The first treatment commenced on day 0.  

Data points are expressed as the percentage of body weight determined for each animal at the 

indicated time points compared with the initial value at day minus 3. Values shown are mean ± 

SD, N=3; *p<0.05 vs. PPARα(-/-). (B) Liver to body weight ratio.  Liver weights of mice were 

determined and normalized to total body weight 24 hours after receiving either vehicle or 

amiodarone (150mg/kg) i.p. once a day for seven days. *p<0.05 vs. vehicle.  (C) Liver 

histology.  Representative photomicrograph of liver sections prepared from mice treated daily 

with amiodarone (150 mg/kg) for 4 days. Sections (10 µm) were fixed in 37% formaldehyde 

followed by staining with oil red O and counterstaining with hematoxylin.  Magnification = 

100X. 
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Figure 8.  Amiodarone and DEA do not activate PPARα in a ligand activation reporter 

assay. 

HepG2 cells were co-transfected with a UAS-driven luciferase reporter construct (pFR-luc) and 

GAL-LBD expression constructs for murine (mPPARα) or human (hPPARα) isoforms.  

Luciferase activities were determined as described in Materials in Methods using cell lysates 

prepared after 24 h of exposure to vehicle (DMSO) or the indicated concentrations of A. 

amiodarone or B. DEA.  Clofibrate (CFB) was used as a positive control for both assays. The 

results were corrected for β-galactosidase activity and normalized to vehicle (DMSO) control 

values.  Luciferase values were below background levels for 30 µM (hPPARα) and 50 µM 

(hPPARα and mPPARα) DEA.  Values are expressed as mean ± SD, N=4. 
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