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The tissue distribution and hepatic microsomal metabolism of amiodarone were studied in a hyperlipi-
demic rat model. Rats were rendered hyperlipidemic by the intraperitoneal injection of poloxamer 407.
Other normolipidemic animals given saline in place of poloxamer 407 were used as control animals.
After single intravenous injection of amiodarone HCI (25 mg/kg) rats were anesthetized and plasma and
tissue specimens were obtained. Liver microsomal protein was harvested and used to measure veloc-
ity of desethylamiodarone formation from amiodarone and cytochrome P450 (CYP) protein expression.
Hyperlipidemia caused large increases in plasma concentrations of amiodarone. In tissues, however, con-
centrations of drug selectively increased, decreased or did not change. In heart, the site of action of the
drug, as well as liver and spleen, amiodarone concentrations increased. In other tissues such as kidney, lung
and brain, concentrations decreased. No changes were seen in fat or thyroid. Decreases were observed in
liver metabolic efficiency, and expression of CYP3A1/2 and 2C11. No changes were seen in CYP2B1/2, 2C6,
2D1 or 1A2. This experimental hyperlipidemia caused a complex pattern of changes in tissue distribution
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of AM. In addition, there are decreases in the expression of some important rat CYP isoenzymes.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Amiodarone (AM) is an effective agent in the treatment and
prophylaxis of wide range of cardiac rhythm disturbances includ-
ing ventricular fibrillation and pulse-less ventricular tachycardia,
refractory sustained atrial fibrillation and symptomatic atrial
flutter (Vassallo and Trohman, 2007). Amiodarone extensively dis-
tributes to body tissues due to its lipophilic structure, lending itself
to a very high volume of distribution (Hosaka et al., 2002). In
humans AM also has moderate to low bioavailability, a low hep-
atic extractionratio, and a long elimination half-life, likely due to its
extensive distribution to tissues (Riva et al., 1982a,b; Shayeganpour
et al., 2007a). The rat shares many of the pharmacokinetic charac-
teristics of AM with human, except that its hepatic extraction ratio
is higher (Shayeganpour et al., 2007a; Shayeganpour et al., 2005).
In both species AM is extensively metabolized, with the prevalent
metabolite being desethylamiodarone (DEA), which is a product of
mono-deethylation of AM by CYP (Fabre et al., 1993; Shayeganpour
et al., 2006). Similar to AM, the chemical structure of DEA also
confers it with properties of high lipophilicity and associated high
volume of distribution (Vs ). In the rat, DEA has been shown to have
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a higher plasma clearance (CL) than the parent drug (Shayeganpour
et al., 2007a).

Desethylamiodarone shares some of the pharmacological and
toxicological properties of the parent drug. For instance, in heart
DEA significantly increases the action potential duration and
decreases the maximum rate of depolarization at clinically relevant
concentrations (Varbiro et al., 2003). Also, DEA shows substantial
effects on fast channel tissues (Talajic et al., 1989). In addition,
both AM and DEA may be associated with the development of pul-
monary, thyroid, ocular and liver toxicities (Basaria and Cooper,
2005; Vassallo and Trohman, 2007). In humans, DEA appears to be
associated with higher myocardial concentrations than parent drug
(Candinas et al., 1998), thus contributing to an increased potency
of AM.

Hyperlipidemia (HL), which is a prevalent predisposing factor
for cardiovascular disease, has been shown to play an impor-
tant role in the pharmacokinetic properties of AM. Data from this
laboratory has shown that in an experimental model of HL, the
pharmacokinetic properties of AM CL and Vg5 could be markedly
reduced (Shayeganpour et al., 2005). It was also demonstrated that
the unbound fraction of AM was significantly lower in the presence
of HL, which was in line with the observed changes in pharmacoki-
netics. In both human and rat HL plasma, there was a shift of drug
into the triglyceride (TG) rich lipoprotein fractions (Shayeganpour
etal., 2007b). Although there is some understanding of the changes
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that occur in plasma in response to HL, there is no informa-
tion available as to the effects of elevated plasma lipoproteins on
the concentrations of AM in tissues. Because lipoproteins possess
apoproteins, which are recognized by tissue lipoprotein receptors,
within their structure, it is conceivable that there could be dis-
tribution of drug into tissues unexpected based on the changes
in unbound fraction (Wasan et al., 2008), as has been specifically
observed for cyclosporine A (Aliabadi et al., 2006). Hyperlipidemia
may also potentially influence the metabolism of a drug such as
AM, because of data showing that there may be a down-regulation
of some CYP isoenzymes in the Zucker obese rat (Kim et al,
2004).

The intraperitoneal (i.p.) injection of poloxamer 407 (P407) to
rats (1g/kg) causes a profound but reversible rise in circulating
lipoprotein levels by modification of a number of biochemical path-
ways (Wasan et al., 2003). Although P407 represents an extreme
model of HL, it is without apparent toxicities, and is one of the few
that has been shown to able to cause atherosclerosis in rodents
(Palmer et al., 1997). This provides it a unique status as an animal
model of HL. To better understand the potential effects of HL on the
tissue uptake of both AM and its active metabolite DEA after single
doses, we undertook biodistribution and metabolism assessments
using this model, the results of which are described here. We also
examined the influence of our animal model of HL on the expression
of some CYP isoenzymes possibly contributing to the metabolism
of the drug.

2. Materials and methods
2.1. Chemicals

Amiodarone HCL (AM), cholesterol (CHOL) and P407 were
obtained from Sigma (St. Louis, Mo, USA). Desethylamiodarone
(DEA) was obtained as a gift from Wyeth Ayerst (Research Mon-
mouth Junction, NJ, USA). Halothane BP was purchased from MTC
Pharmaceuticals (Cambridge, Ontario, Canada). Heparin sodium
injection was obtained from Leo Pharma Inc. (Thornhill, Ontario,
Canada). Amiodarone HCL for injection was from Sabex (Quebec,
Canada). Antibodies for rat CYP1A2, CYP2B1/2, CYP2C6, CYP3A1
and actin, secondary IgG with horseradish peroxidase and low
range markers were purchased from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA). Antibodies for rat CYP2C11, CYP2D1 and CYP3A2
were purchased from Cedarlane Laboratories Limited (Hornby,
Ontario, Canada).

2.2. Animals and pre-experimental procedures

All experimental protocols involving animals were approved by
the University of Alberta Health Sciences Animal Policy and Welfare
Committee. A total of 80 male Sprague-Dawley rats (Charles River,
CRC, Quebec, Canada) were used in the studies. Body weight was
between 250 and 350 g and all of the rats were housed in temper-
ature controlled rooms with 12 h light per d. The animals were fed
a standard rodent’s chow containing 4.5% fat (Lab Diet 5001, PMI
nutrition LLC, Brentwood, USA). Free access to food and water was
permitted prior to experimentation.

In order to assess the effect of HL on the disposition of AM, rats
were allocated into two groups of normolipidemia (NL) and HL.
About 36 h before the tissue distribution experiment, one group
of rats was rendered HL by single intraperitoneal administration of
1 g/kg P407 (0.13 g/mL solution in cold normal saline). To ensure the
proper injection of the dose, the animals were lightly anesthetized
with halothane, injected with P407 and allowed to recover. The
same amount of normal saline was injected intraperitoneally to NL
animals under halothane.

The d after the i.p. injection, the right jugular veins of all rats
were catheterized with Micro-Renathane tubing (Braintree Scien-
tific, Braintree, MA) under halothane anesthesia. The cannulae were
filled with 100 U/mL heparin in 0.9% saline. After implantation, the
animals were transferred to regular holding cages and allowed free
access to water and food. The next morning the rats were trans-
ferred to metabolic cages and dosing with AM was performed.

2.3. Amiodarone administration and sample collection

Amiodarone was injected i.v. through the jugular vein cannula.
The doses were prepared by dilution of AM i.v. solution in normal
saline to a final concentration of 12.5 mg/mL. Rats in each group
received 25 mg/kg of AM. The i.v. doses were injected over 60s
via the jugular vein cannulae, immediately followed by injection
of approximately 1 mL of sterile normal saline.

Animals in each group were anesthetized under halothane (n=4
per time point) at approximately 0.083, 1, 2, 6, 12, 24 and 72 h post-
dose. At each time point, plasma, heart, liver, kidney, lung, brain,
fat and spleen were harvested and kept at —30 °C until assayed for
AM and DEA.

In two separate groups of NL and HL rats (n=4 per group), fol-
lowing the administration of 25 mg/kg of drug, the thyroid glands
were excised under anesthesia at 24 h postdose and kept at —30°C
freezer until assayed for AM and DEA.

2.4. Characterization of microsomal DEA formation

For in vitro studies, four male Sprague-Dawley rats in each
group (NL and HL) were sacrificed under anesthesia and their liv-
ers were excised. Microsomal protein from homogenized tissue was
prepared by differential ultracentrifugation. The final pellets were
collected in cold sucrose and stored at —80°C. Microsomes from
each rat were prepared separately and were used to characterize
the kinetics of the in vitro formation of DEA from AM and the effect
of HL on the DEA formation as previously described (Shayeganpour
et al., 2006). The Lowry method was used to measure the total pro-
tein concentration in each microsomal preparation (Lowry et al.,
1951). Total CYP was measured (Omura and Sato, 1964) in each rat
liver microsomes and the results of NL and HL compared.

Each 0.5-mL incubate contained 1 mg/mL protein from each of
the microsomal preparations from the four individual rats, 1 mM
NADPH, and 5 mM magnesium chloride hexahydrate dissolved in
0.5 M potassium phosphate buffer (pH 7.4). Amiodarone was dis-
solved in methanol and added to the liver microsomal suspension
(8 wL/mL). The oxidative reactions were started with the addition of
NADPH after a 5-min preequilibration period. Each incubation was
performed in duplicate ina 37 °C water bath shaker for 30 min. Incu-
bation conditions were optimized so that the rate of metabolism
was linear with respect to incubation time and microsomal pro-
tein concentration. The amount of AM spiked into each incubation
mixture yielded a range of concentrations from 0.1 to 230 pM
(equivalent to 0.065-148 pg/mL).

To determine the direct effect of P407 on hepatic metabolism of
AM to DEA, 5 mg/mL of P407 dissolved in normal saline was added
to a series of tubes containing 1 mg/mL of NL hepatic microsomes.
Incubation was carried out with 50 wM of AM at 37 °C for 30 min
at the presence of NADPH. The generated DEA was determined and
the results compared with control incubations without P407.

2.5. Western blot analysis
Western blot analysis was performed using a previously

described method with minor modification to quantify the
effect of HL on some important CYP isoenzymes including
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CYP1A2,CYP2B1/2,CYP2C6,CYP2C11,CYP2D1,CYP3A1 and CYP3A2
(Korashy and El-Kadi, 2004). Briefly, 100 g of each individual
microsomal protein was denatured by diluting with loading buffer
and boiling for 5min at 100°C. Then each sample was loaded
onto a 10% SDS-polyacrylamide gel and subjected to electrophore-
sis at 120V for 2h. The separated proteins were transferred to
Trans-Blot nitrocellulose membrane (0.45pm) in a buffer con-
taining 25 mM Tri-HCl, 192 mM glycine, and 20% (v/v) methanol.
Protein blots were blocked overnight at 4°C in a solution con-
taining 5% skim milk powder, 2% bovine serum albumin and 0.5%
Tween-20 in Tris-buffered saline buffer. Thereafter, the blocking
solution was removed and the blots were rinsed three times in
a wash buffer (0.1% Tween-20 in TBS). Membranes were incu-
bated with primary antibodies (1/500 or 1/1000 dilution) to either
rat CYP1A2, CYP2B1/2, CYP2C6, CYP2C11, CYP2D1, CYP3A1 and
CYP3A2 for 2h at 4°C in TBS containing 0.01% sodium azide and
0.05% Tween-20. The primary antibody solution was removed
and blots were rinsed three times with a wash buffer, followed
by incubation with horseradish peroxidase conjugated with rab-
bit or mouse anti-goat IgG secondary antibody (1/5000 dilution)
for 1h at room temperature and washed. Immunoactive proteins
were detected using the enhanced chemiluminescence method
(Amersham, Arlington Heights, IL) and the intensity of differ-
ent CYP protein bands were quantified, relative to the signals
obtained for actin, using Java-based image-processing software,
Image] (W. Rasband [2005] National Institutes of Health, Bethesda,
MD, http://rsb.info.nih.gov/ij).

2.6. Assay of plasma lipids

Total CHOL and TG concentrations were determined using enzy-
matic CHOL and TG assay kits. Two milliliters of CHOL or TG reagents
was added to 10 pL of rat NL or HL plasma samples. Tubes were
incubated at 37°C for 5 or 10 min and scanned at 505 or 515 nm,
respectively using an ultraviolet spectrophotometer.

2.7. Assay of AM and DEA

A validated LC-MS method was used to measure the plasma
and tissue concentrations of both AM and DEA (Shayeganpour et
al., 2007c). The assay had a validated lower limit of quantification
of 2.5 ng/mL for both AM and DEA in 100 p.L of rat plasma and 5 ng/g
of both AM and DEA in each of the selected rat tissues. Separate cal-
ibration curves were made for each tissue for quantitation of AM
and DEA in the same tissue type. The method was modified to assay
both AM and DEA in microsomal protein. Denatured microsomal
media and blank tissues were used and spiked for standard curve
preparation. Briefly to each tube containing 500 pL of microso-
mal incubation mixture and 1.5 mL of acetonitrile, 30 wL of internal
standard (2.5 pg/mL ethopropazine HCl) was added. The tubes were
vortex mixed for 30s and centrifuged for 2 min at 2500 x g. The
supernatant was transferred to new glass tubes, 7 mL of hexane was
added, and the tubes were vortex mixed for 45 s and centrifuged for
3 min. The organic layer was transferred to new tubes and evapo-
rated to dryness in vacuo. The dried residue was reconstituted by
adding 1 mL of pure methanol and aliquots of 5-10 L were injected
into the LC/MS apparatus. For standard curves, drug-free microso-
mal preparations of liver or intestine without NADPH were used
and spiked with appropriate amounts of AM and DEA. The CV% of
the assay was less than 20%.

2.8. Data analysis

The mean area under the tissue or plasma versus time curves
(AUC) from time of dosing to last measured time point was deter-

mined by the combined log-linear trapezoidal rule. The tissue to
plasma AM or DEA concentration ratios (Kp) were determined for
the AUC, and for the concentrations during the terminal elimina-
tion phase, which appeared from 24 h onwards after the AM was
administered. It is during this postdistributive phase that constant
tissue to plasma concentration ratios are expected to be reached.
Previously it was estimated that mean unbound fractions of AM in
plasma from NL and P407-treated rats were 0.147 and 0.00345%,
respectively (Shayeganpour et al., 2005). These unbound fractions
were multiplied by the plasma AUC and used to permit an estimate
of the Kpy, which is the tissue to unbound plasma concentration
ratio.

Rates of DEA formation in liver microsomes were obtained by
plotting the formed DEA versus AM concentrations. Single enzyme
models for metabolism of AM to DEA were fitted to the formation
rate versus time data using nonlinear curve-fitting routines using
an in-house written program based on Microsoft Excel (Microsoft,
Redmond, WA) and the Solver routine. The Michaelis—-Menten
model for a single enzyme was used as follows:

Vmax X [AM]n

Rate of DEA formation = =
KD + [AM]

where Viax is the maximal rate of formation (capacity), Kn, is the
affinity constant, [AM] is AM concentration, and n is the shape fac-
tor required to fit sigmoidal shapes. When n =1, the model reduced
to the simple Michaelis—-Menten equation. In the presence of sig-
moidal relationships, the maximum clearance (CLpax ), which was
obtained graphically from the highest value of rate/[AM] noted in
the clearance (rate/[AM] vs. [AM]) plot (Houston and Kenworthy,
2000; Vuppugalla and Mehvar, 2005), and used as the most appro-
priate measure of intrinsic clearance (CLjy).

2.9. Statistical analysis

Compiled data were expressed as mean + S.D. unless otherwise
indicated. In the tissue distribution study, AUC for AM and DEA
were determined for each specimen. The S.D. of partial AUC was
estimated to assess significance of differences (Bailer, 1988). In this
test, « was 0.05, the critical value of Z (Z;) for the 2-sided test
after Bonferroni adjustment was 2.24, and the observed value for Z
(Zops) was calculated.

For microsomal studies, Western blot analysis, and postdistribu-
tive Kp and Kpy, the Student’s paired or unpaired t tests were used
as appropriate to assess the significance of differences between NL
and HL groups. Microsoft Excel was used in statistical analysis of
data. The goodness of fit was measured using Akaike Information
Criterion and least sum of squares. The level of significance was set
at p=0.05 for all comparisons.

3. Results
3.1. Biodistribution experiments

In the plasma of NL rats, the total TG and CHOL concentrations
were 0.549+0.219 and 1.03 +0.356 mM, respectively. In contrast,
in the plasma of HL rats, the total TG (46.7 + 18.6 mM) and CHOL
(29.3 +£6.97 mM) concentrations were substantially and signifi-
cantly higher.

Both AM and DEA were detected in all of the tissues. After
single-dose i.v. administration of AM to all rats, the plasma concen-
trations initially rapidly declined. By 12 h after dosing the terminal
phase appeared to be log-linear, indicating that postdistributive
conditions had been reached (Fig. 1). In all of the NL tissues
except for fat, there was no evidence of delayed tissue absorp-


http://rsb.info.nih.gov/ij

A. Shayeganpour et al. / International Journal of Pharmaceutics 361 (2008) 78-86 81

tion as the first concentration at 5min postdose was the highest.
In contrast, delayed tissue concentrations of AM were noted in
the lung, kidney, spleen, and fat of HL animals. For most corre-
sponding sample times the plasma concentrations were higher in
HL than NL rats, and the plasma concentrations in the terminal
phase declined more rapidly (Fig. 1). For specific tissue concen-
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trations versus time profiles, shapes generally were similar for
the HL and NL groups, although in some tissues concentrations
were higher in HL animals, and in others the reverse was the
case.

For DEA similar to AM, the DEA plasma concentrations in the
terminal phase declined more rapidly in the HL animals. However,
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Fig. 1. Amiodarone concentration vs. time profiles in tissues following single intravenous administration of 25 mg/kg in normolipidemic (NL) and hyperlipidemic (HL) rats.

*Significant differences between NL and HL rats.
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at all time points plasma concentrations were higher for the HL
rats (Fig. 2). In NL animals there was evidence of delayed appear-
ance of DEA in kidney, spleen, fat, brain and heart. In HL delayed
appearance of DEA was evident in all of the tissues, including the
plasma. The delay was in general much more noticeable in the HL
rats.
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Compared to NL (Table 1), HL was associated with significantly
higher AM and DEA plasma AUC (8- and 23-fold, respectively). The
AUC of AM was also significantly increased in heart (two-fold), liver
(2.5-fold) and spleen (5.6-fold). In contrast, in HL brain, kidney and
lung the measured AM AUC were significantly decreased by 94,
50 and 47%, respectively (Fig. 1, Table 1). For DEA, there were no
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Fig. 2. Desethylamiodarone concentration vs. time profiles in tissues following single intravenous administration of 25 mg/kg amiodarone in normolipidemic (NL) and

hyperlipidemic (HL) rats. *Significant differences between NL and HL rats.
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Table 1
Tissue uptake of AM and DEA in NL and HL rats given 25 mg/kg i.v. bolus doses of AM HCl
Tissue AUCO_72 Kp
AM DEA DEA:AM NL HL
NL HL HL:NL ratio NL HL HL:NL Ratio NL HL
Plasma 16.7 £ 2.38 134 + 25.8* 8.0 0.728 + 0.112 17.0 £ 5.37* 23 0.0436 0.126 - -
Brain 182 + 12,5 114 + 117" 0.063 4.72 + 0.636 11.5 + 8.01 24 0.0259 1.01 10.9 0.0851
Heart 146 + 174 279 + 49.2* 1.9 32.6 £ 23.6 17.3 + 3.20 0.53 0.223 0.0620 8.74 2.08
Kidney 577 £ 55.7 289 + 25.0* 0.50 75.3 £ 8.36 24.8 +2.44* 0.33 0.131 0.0858 34.6 2.16
Liver 313 £223 786 + 146* 25 33.0 +£4.05 62.3 + 14.1 1.9 0.105 0.0793 18.7 5.87
Lung 924 £ 73.6 478 + 61.8* 0.52 159 + 20.8 82.5 + 12.8* 0.52 0.172 0.173 55.3 3.57
Fat 222 £415 253 £451 1.1 5.28 + 1.06 8.09 +2.21 1.5 0.0238 0.0320 133 1.89
Spleen 607 + 38.2 3373 + 382* 5.56 519 + 6.69 1.54 + 0.191* 0.030 0.0855 0.0060 36.3 25.2

The mean + S.D. of the AUCy_7, (g h/[mL or g]) of AM and DEA are shown. Asterisks represent significant differences in AUC from NL.

significant increases in AUC noted in any HL tissue. However, in
HL kidney, lung and spleen there were significant decreases of 67,
47 and 97% fold, respectively in the AUC of DEA (Fig. 2, Table 1).
In thyroid, no significant differences were observed between the
concentrations of AM and DEA in NL and HL rats 24 h postdose
(Fig. 3).

The calculated Kp for the AM AUC in HL animals were con-
sistently lower those in NL animals (Table 1). For DEA the
postdistributive K in HL were numerically lower than NL for all tis-
sues except heart. The estimated Kpy of AM AUC in NL rats yielded
mean values of 7413, 5947, 23,504, 12,750, 37,639, 9043 and 24,726
in brain, heart, kidney, liver, lung, fat and spleen, respectively. In
contrast, in HL tissues the corresponding Kpy were 2466, 60,350,
62,513, 170,020, 103,396, 54,726 and 729,613, respectively. The
mean Kpy in HL was therefore higher than NL in all tissues except
for brain.

The calculated AUC ratios of DEA:AM in several of the HL tissues
(heart, kidney, liver and spleen) were lower than in NL specimens
(Table 1). In lung the mean DEA:AM AUC ratios in both NL and HL
animals were equal. In brain however, the AUC ratio of DEA:AM
in HL was 39-fold higher than that of NL rats. Plasma and fat had
somewhat higher mean DEA:AM AUC ratios in the HL animals as
well (Table 1).

71 BN COHL

Concentrations, pa/g

q P

AM DEA

Fig. 3. The concentrations of amiodarone (AM) and desethylamiodarone (DEA) in
thyroid glands 24 h postdose in NL and HL animals given 25 mg/kg AM. No differ-
ences were seen between NL and HL animals.

3.2. Hepatic microsomal metabolism of AM to DEA

In the preliminary evaluation of microsomal metabolism it was
noted that at a single concentration the formation rate of DEA
from AM was less in microsomal protein of HL rats. This prompted
a more complete metabolic characterization of the drug in rat
hepatic microsomes using a wider range of concentrations than
was previously used (Shayeganpour et al., 2006). The kinetic pro-
file of DEA formation versus concentration conformed best to the
sigmoidal Michaelis-Menten model with one enzyme (Fig. 4A).
Eadie-Hofstee plots of both NL and HL data displayed convexity
suggesting sigmoidal kinetics (Fig. 4B). The fit of the sigmoidal
model to the data was improved over the simple non-sigmoidal
model, and the two enzyme Hill equation. The CLyax was there-
fore estimated by plotting the data in clearance plots as depicted in
Fig. 4C.

The estimated K, Vimax, and clearance maximum (CLy2x ) were
determined in each of the liver microsomal specimens (Table 2).
There were higher apparent rates of DEA formation in NL than in HL
(Fig.4A). There were no significant differences discernable between
the K, and the Vinax of NL and HL rat hepatic microsomes (Table 2).
There was a higher degree of variability in the estimated Viyax and
in particular Ky, in HL compared to NL. In contrast, for CLpax the
variability was the same for both NL and HL, and the difference was
significant between groups, with NL being greater than HL (1.46-
fold).

When P407 was added directly to the microsomal incu-
bates, there was no significant impact on the formation of
DEA from AM. The formation rates were 91.34+9.82 and
89.4 4+ 10.4 pmol/(min mg protein) in the absence and presence of
P407, respectively.

3.3. CYP expression

The total CYP content was significantly lower in microsomal
protein from HL (0.407 +0.0883) than NL (0.788 + 0.183 nmol/mg
protein) livers (Fig. 5), which prompted an investigation of CYP

Table 2

Enzyme kinetic parameters for desethylamiodarone formation by normolipi-
demic (NL) and hyperlipidemic (HL) liver microsomes from four individual rats
(mean =+ S.D., range in parentheses)

NL HL
K (M) 102 + 16.3 (79.7-118) 143 + 85.3 (77.0-266)
Vimax 387 + 69.6 (327-473) 306 + 86.1 (230-416)
(pmol/(min mg protein))
CLmax 2.12 + 0.349 (1.66-2.59) 1.48 + 0.251* (1.14-1.71)

(L/(min mg protein))

*Significant differences from NL (Student’s unpaired t-test, p<0.05).
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Fig. 4. Plots of (A) velocity of formation vs. amiodarone (AM) concentration, (B)
Eadie-Hofstee and (C) clearance plots in formation of desethylamiodarone from AM
by NL and HL liver microsomes from a representative Sprague-Dawley rat.

protein expression in the microsomal preparations. Western blot
analysis for CYP2C11, CYP3A1 and CYP3A2 showed significant
decreases of 39.6, 51.9 and 38.4%, respectively, in the hepatic micro-
somes of HL rats compared to NL rats. On the other hand the
expression of CYP 1A2, 2B1/2, 2C6 and 2D1 did not change (Fig. 5).

4. Discussion

This is the first data describing the influence of HL on the tissue
uptake of AM and DEA. As expected (Shayeganpour et al., 2005), the
plasma total AM AUC in HL were much higher than that in NL. Pre-
viously (Shayeganpour et al., 2005) an assay was used that limited
the ability of DEA to be measured in plasma. Here with a more sen-
sitive assay, full plasma AUC of DEA were determinable in both NL

and HLrats (Fig. 2). In the tissues it was observed that HL caused AM
concentrations to significantly increase in some tissues, including
heart, the site of action of the drug (Table 1). Potentially this could
imply that HL causes an increased effect of the drug on its car-
diac effects. In this respect, it is of note that a nice modeling of the
AM concentration versus inotropism relationship has been demon-
strated with amiodarone (Sermsappasuk et al., 2006). In contrast,
lower concentrations were observed in lung, a site of toxicity of AM
(Fig. 1, Table 1). Although only one timed sample was obtained, for
another organ associated with side effects, thyroid, there was no
change in AM uptake in HL (Fig. 3).

Based on the estimates of unbound fraction (Shayeganpour et
al., 2005), assuming linear binding over the course of the plasma
concentration versus time profile, it was estimated that the mean
unbound AUC of AM in NL and HL rats were approximately 25
and 4.3 ng h/mL, respectively, thus representing an approximately
5.75-fold higher unbound AUC in NL versus HL rats. This use of our
unbound fraction calculations established earlier (Shayeganpour et
al., 2005) is reasonable considering that in rats given three esca-
lating oral dose regimens (25, 50 and 100 mg/(kgd) x 13d) there
were increases noted in the mean serum concentrations across
the range of doses (Plomp et al., 1985), suggesting that nonlinear
protein binding does not occur. Therefore, in HL, given its lower
unbound concentrations, AM might be expected to be associated
with across the board decreases in the distribution to the peripheral
tissues, given its moderate hepatic extraction ratio in rat. Indeed,
the volume of distribution of AM was reduced 23-fold in the HL state
in line with the change in unbound fraction previously described
(Shayeganpour et al., 2005). Consistent with this change, in brain,
kidney, and lung significant decreases were seen in total AM uptake.
These expected observations, however, were not uniformly seen in
all tissues. Indeed in some HL tissues, including the liver, spleen,
and notably the target organ for effect of the drug, the heart, AUC
were significantly higher.

In general, the observed relative tissue:plasma total drug AUC
ratios (Table 1) matched well with the values reported earlier in NL
Sprague-Dawley rats given radiolabeled AM 50 mg/kg i.v. (Wyss et
al., 1990). In the HL rats, lower K, were seen for each of the tissues
studied (Table 1), although the K}, between tissues differed widely.
Such a reduction in Kj, was previously observed for cyclosporine A
in the same P407 rat model of HL (Aliabadi et al., 2006). Given that
uptake of drug into tissues is normally dependent to some degree
on the plasma unbound fraction, the Kpy were calculated and com-
pared. If unbound fraction alone was responsible for the uptake of
the drug by tissues, there should be little difference between HL
and NL in this parameter. However, in all cases except for brain
the Kpy was higher for HL than corresponding NL tissues. Although
statistical comparison of the Kp, AUC was not possible, by examin-
ing those concentrations during the postdistributive phase (24 h or
longer) from each of the tissues, it was apparent that for all tissues
except for brain the Kp,, of HL rats were significantly higher than NL.
This suggests that unbound fraction by itself was not the only con-
trolling factor for tissue uptake of the drug in HL. Although the study
design does not allow for a definitive answer to this anomaly, a fea-
sible explanation for the increases in Kpy is apoprotein-mediated
recognition of lipoprotein remnants containing AM (Diard et al.,
1994; Shayeganpour et al., 2007b; Wasan et al., 2008).

The highest association of AM in HL rat plasma is in the TG-rich
lipoprotein fraction, which is rich in chylomicron (CM) and very
low-density lipoproteins (VLDL) (Shayeganpour et al., 2007b). The
association of AM in low-density lipoprotein (LDL) was the sec-
ond highest after TRL fraction in HL rat plasma (Shayeganpour et
al., 2007b). This might help explain the high AM AUC in some tis-
sues such as liver, heart and spleen of HL rats. It is known that
VLDL receptor mRNA is highly expressed in specific tissues. The
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Fig. 5. The effect of hyperlipidemia (HL) on expression of different CYP enzymes in Sprague-Dawley rat liver microsomes shown by Western blot (left and centre panels),

and total CYP (right panel). *Significant differences between NL and HL.

VLDL receptor mRNA levels in heart are highest, followed by mus-
cle, kidney, adipose tissue, brain and macrophages of adult mouse
(Tiebel et al., 1999). In contrast, the mRNA level of VLDL recep-
tors was barely detectable in liver of adult mouse. In neonatal rat
liver, however, the expression of VLDL receptor mRNA was about
3-fold higher (Tiebel et al., 1999). In contrast to VLDL, LDL recep-
tors were found abundantly expressed in liver (Chung and Wasan,
2004). Given the increased association of AM to VLDL and LDL in HL
(Shayeganpour et al.,2007b), the similarity in the tissue localization
of LDL and VLDL receptors is in line with the observation. The high
capacity of bone marrow and spleen macrophages to clear CM parti-
cles from the rat blood circulation has been demonstrated (Hussain
et al., 1989). Such a mechanism might have been responsible for
increased uptake of AM by spleen in HL (Fig. 1, Table 1).

The effect of HL on the biodistribution of AM in this animal
model yielded some interesting differences from another LP-bound
drug, cyclosporine A. For AM here it was found that AUC were
increased in heart and spleen, but decreased in kidney. These find-
ings were opposite to those seen for cyclosporine A (Aliabadi et al.,
2006). Only in liver was HL associated with similar relative out-
comes (increased AUC compared to NL). In the obese Zucker rat,
kidney levels of amphotericin B were substantially higher than in
control lean rats (Vadiei et al., 1990). HL appears to affect pharma-
cokinetics of lipoprotein bound drugs in a drug-specific manner.
It is not possible to definitively explain these differences although
drug-specific alterations in binding to specific lipoprotein classes
in HL might be a cause of the differences. For example, although it
is known what the plasma lipoprotein disposition of AM is in P407
HL plasma (Shayeganpour et al., 2007b), this has not been evalu-
ated for cyclosporine A. It should be recognized that AM possesses
avery long terminal phase half-life and this study only followed the
distribution of the drug after a single dose (Weiss, 1999). It remains
to be seen whether the distributional findings seen here also holds
with chronic dosing.

Because when P407 was incubated with microsomes no change
occurred in the formation of DEA from AM, the diminished
metabolism of AM by microsomes does not seem attributable to
a competitive interaction due to P407 itself, but rather due to the
resultant HL it causes in vivo. Other models of HL caused similar
observations with respect to CYP activity and/or expression (Fig. 5).
For example, recently it was reported the Zucker obese rat dis-
played a significant decrease in the expression of a number of drug
metabolizing enzymes and transport proteins (Kim et al., 2004). In
the P407 model of HL the findings here (Fig. 5) suggested either
suppressed expression, or increased rate of enzyme turnovers of
CYP2C11, CYP3A1 and CYP3A2. Similar to the current findings, oth-
ers have reported down-regulation of hepatic expression of CYP3A
after high fat diet (Yoshinari et al., 2006). This down-regulation was
attributed to lower expression of nuclear hormone transcription
factors such as constitutive androstane receptor (CAR) and retinoid

X receptor (RXR) (Yoshinari et al., 2006). In addition, it has been
reported that the expression of CAR in obese Zucker rats is sig-
nificantly lower than control lean rats (Xiong et al., 2002). Since
CYP2C11 and CYP3A1/2 are regulated by the transcription factors,
CAR and PXR (Pascussi et al., 2003), we postulate that the selective
down-regulation of CYP2C11 and CYP3A1/2 in the current study is
due to the decrease in the expression of both transcription factors.

The clearance of (bound + unbound) AM was diminished in P407
treated rats from 1380 in NL rats to 120 mL/(h kg), a decrease of over
90% (Shayeganpour et al., 2005). Given the unbound fractions of
the drug, estimates of unbound clearance of 937 and 3450L/(h kg)
can be calculated in NL and HL, respectively. In effect an appar-
ent paradoxical increase in unbound drug clearance was realized
in HL (Table 1). Each of CYP1A, CYP3A1, CYP3A2 are involved in the
metabolism of AM to DEA by rat hepatic microsomes (Elsherbiny
et al., 2008; Shayeganpour et al., 2006). Although there was some
decrease in the effective intrinsic CL (CLyax ) of AM to DEA (Table 2),
there was a 2.5-fold higher uptake of AM to the liver (Table 1) which
exceeded the reduction observed in the microsomal CLyax (30%).
Together these findings help to explain each of (i) the significant
increase in DEA concentrations and (ii) mean DEA/AM ratio in HL
plasma, (iii) the high concentrations of DEA present in HL liver and
(iv) the paradoxical increase in apparent AM unbound clearance.

Despite the resemblance in the trend of lipoprotein association
for AM and DEA in HL rats (Shayeganpour et al., 2007b), there were
some notable discrepancies between the drug and metabolite in
relative uptake by different tissues of HL rats. In plasma, similar to
AM, the DEA AUC was significantly and substantially higher in the
HL rats. However, there were significant reductions in DEA uptake
by HL spleen, lung and kidney (Table 1). This trend was opposite of
parent drug for spleen and lung, where increases were observed in
HL. Except for the anticipated lower unbound fraction in HL, other
possible explanations for the decreases of DEA in these tissues can-
not presently be provided. For brain it was of interest that in HL the
DEA:AM ratio was much higher than NL. As speculation, it can be
offered that as in the gut (Kimoto et al., 2007), DEA is also a sub-
strate for brain efflux transport. This in turn might be inhibited by
the elevated plasma lipid levels in HL, as it is in gut in the presence
of lipids (Custodio et al., 2008).

In conclusion, the reduction in plasma unbound fraction of AM in
HL could not by itself explain the precise changes in tissue distribu-
tion. Indeed, the influence of HL on AM tissue distribution was not
uniform, but rather tissue-specific, and AM metabolism and some
hepatic CYP expression were decreased. As is the case for any ani-
mal model, caution is necessary in extrapolating these findings to
humans. This is specifically underlined here by the degree of eleva-
tion in lipoproteins in the P407 rodent model, which is much higher
than would be encountered in a human HL population. Neverthe-
less, assuming that this model qualitatively reflects similar changes
in HL patients, these finding have potential therapeutic implica-
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tions. An increased delivery of AM to the heart has the potential to
confer a given dose of the drug with greater potency. The increased
hepatic concentrations of AM were in line with the observation
that the unbound fraction decreased more than the CL of the drug
(Shayeganpour et al., 2005). The decrease in AM unbound fraction
and intrinsic level of hepatic CYP activity therefore might be com-
pensated for by an increased delivery of the lipoprotein-bound drug
to the liver, where metabolism could proceed at a higher overall
rate.
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