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Abstract—Admunistration of amiodarone hydrochlonde (50-150 mg/kg 1.p daily) to rats, mice or
hamsters resulted 1n the i viwo formauon of a cytochrome P-450Fe(II)-amiodarone metabolite complex
absorbing at 453 nm, unable to bind CO and biologically inactive In rats, the amount of complex
present 1n hepatic microsomes was small 24 hr after admmmstration of a single dose of amiodarone
(100 mg/kg 1p ) but was increased 2 5-times by pretreatment with phenobarbital and 8-times by
pretreatment with dexamethasone phosphate In addition, the complex increased linearly with time as
the doses of amiodarone were repeated daily When both enhancing factors were combined (treatment
for 3 days with both dexamethasone and amiodarone), the amount of complex present i liver microsomes
reached 0 78 nmol/mg protemn or 40% of total cytochrome P-450 in rats In these rats, i vitro disruption
of the complex with potassium ferricyamde suppressed 1ts Soret peak at 453 nm, ncreased by 70% the
CO-binding spectrum of dithionite-reduced microsomes, and restored several monooxygenase activities

The 453 nm-absorbing complex was also formed n vitro upon incubation of amiodarone or N-des-
ethylamiodarone with NADPH, EDTA and microsomes from dexamethasone-treated rats The for-
mation of the complex was smaller with microsomes from phenobarbital-treated rats and was not
detected with microsomes from control rats We conclude that amiodarone forms an inactive cytochrome

P-450Fe(II)-metabolite complex 1n rats, mice and hamsters

Amiodarone has been widely used in Europe for
the last two decades [1]. Imtially employed in the
treatment of angma pectors [1], the drug was soon
found to have potent antiarrhythmic properties,
being effective against a variety of supraventricular
or ventricular cardiac arrhythmias [2,3]. Adverse
reactions include various types of thyroid dysfunction
[4], a bluish discoloration of the skin [5], corneal
deposits [6], peripheral neuropathy [7], pulmonary
fibrosts [8] and liver lesions [9].

Recently, several drug interactions have been
reported in patients receiving amiodarone con-
comitantly with other drugs [10] Amiodarone
potentiated the anticoagulant effect of warfarin,
probably by interfering with the metabolism of this
compound [11-15]. Co-administration of amiod-
arone also increases the serum concentrations of
digoxin [16-20], qunidine [21,22], procainamide
[22] and aprindine [23] In rats, admunistration of
amiodarone depresses several monooxygenase
activities [24]; the mechamsm of this effect was not
determined [24]

Amodarone contains a diethylamino group Sev-
eral tertiary amines are transformed by cytochrome
P-450 into metabolites, probably mtrosoalkanes
(R—N==0), which form stable complexes with the
ron(IT) of cytochrome P-450 (25,26] Such cyto-
chrome P-450Fe(IT)-metabolite complexes exhibit a
Soret peak around 455 nm, are unable to bind CO
and are brologically inactive. Addition of potassium
ferricyanide to the microsomes, however, oxidizes
the heme 1ron to the ferric state, this disrupts the
complex and liberates uncomplexed cytochrome P-

450 which, once reduced, 1s again able to bind CO
or oxygen and to oxidize substrates We report here
the formation of such an inactive cytochrome P-450-
metabolite complex after admunistration of amu-
odarone in rats, mice and hamsters

MATERIALS AND METHODS

Amimals and treatments. Male Sprague-Dawley
rats, Crl: CD®(SD)BR, weighing 180-220 g and male
Swiss mice, Crl: CD-1(ICR)BR, weighing 32-35¢g
were purchased from Charles River France (Saint-
Aubin-lés-Elbeuf, France). Male Golden Syrian
hamsters, weighing 90-110 g were purchased from
Fichet (Ormesson, France) Animals were fed nor-
mal standard diets given ad libitum (Autoclavé 113,
UAR, France for rats and M-25 biscuits, Extralabo,
Provins, France for mice and hamsters).

Amiodarone hydrochloride and N-desethylami-
odarone were generous gifts from Chn Midy,
Montpellier, France. Dexamethasone phosphate was
kindly provided by Merck, Sharp & Dohme, Paris,
France Pregnenolone-16 a-carbonitrile was gen-
erously given by the Upjohn Company, Kalamazoo,
Michigan Some amimals were treated with pheno-
barbital (100 mg/kg 1.p.), 3-methylcholanthrene
(20 mg/kg 1.p.), dexamethasone phosphate (50 mg/
kg 1 p.) or pregnenolone-16 a-carbomitrile (50 mg/
kg 1p.), daily for 3 days, and were killed 24 hr
after the last dose. Amiodarone hydrochlonide (50—
150 mg/kg), dissolved 1n water (1 ml for 50 mg), was
admunistered 1 p for 1-7 days Insome experiments,
the drug was given alone for 1-7 days. In other
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experiments, a single dose of amiodarone hydro-
chlonide was admimstered to ammals pretreated for
3 days with various inducers In sull other experi-
ments. both the mducer and amiodarone hydro-
chloride were admimistered concomitantly for 3 days

Preparation of microsomes Animals were killed
by cervical dislocation and the liver was removed
Liner fragments were homogemzed in 3vol of
0 ISM KCT 001 M sodium-potassium phosphate
butter (pH 7 4) The hiver homogenate was centri-
fuged at 10.000g for 10mn The 10.000g super-
natant was centrituged at 100,000 g for 60 min Some
microsomal pellets were resuspended in buffer and
again centrituged at 100,000 g (washed microsomes)

Uncomplexed, complexed and total cvtochrome P-
450 The amount of uncomplexed. complexed, and
total eytochrome P-450 was determined as previously
reported m a study with troleandomyein [27] Wath
a st batch of microsomes. we determined cyto-
chrome P-450 according to Omura and Sato [28].
Because complexed cytochrome P-450 cannot bind
CO[27]. this technique measures uncomplexed cyto-
chiome P-450 only [27] With a second batch of
mictosomes. we looked for the presence of a cyto-
chrome P-450 Fe(Il)-metabolite complex absorbing
around 435 nm  We added 50 uM potassium ferri-
cvamde in the reference cuvette to destroy the
complex i any. in this cuvette The difference spec-
trum around 455 nm (in this case, 453 nm) measured
the Soret peak of the complex 1n the sample cuvette
and was used to calculate complexed cytochrome
P-430 with o molar extinction coetficient of
75mM Tem L previously reported for sumilar com-
plexes [25 27] To determine total cytochrome P-
450, we now added potassium ferricvanide to the
sample curvette also. so that the compiex. 1f any, was
now destroyed in both cuvettes We then repeated
the procedute ot Omura and Sato [28] Because
complexed cytochrome P-450. when present. had
been converted to uncomplexed cytochrome P-450,
this techmique now measured total cyvtochrome P-
450 [27)

Other nucrosomal enzvmes and monooxygenase
acttortes NADPH-cytochrome ¢ reductase activity
was measured as previously reported [29] Micro-
somul protemn concentration was measured by the
technique ot Lowry er af [30] [2-*C] Hexobarbutal
hvdroxylase activity was measured by the method of
Kupter and Rosenfeld [31] Aminopyrine or tro-
leandomyein - N-demethylase activity was deter-
muned as previously reported by Mazel [29]
Benzo(a)pyrene hydroxylase activity was measured
as desenibed by Kuntzman et al [32] 7-Ethosy-
coumarnn deethvlase activity was measured accord-
ing to Greenlee and Poland [33] Unless otherwise
mdicated. the concentration of the substrate was
23 mM tor hexobarbital, 0 S mM for amimopyrme.
03mM  tor  troleandomyem.  02mM  for
benzo(a)pyiene and 0 S mM tor 7-ethoxycoumarin
In some tests 30 oM potassium fernicyamde was
added to the microsomes betore their addition to the
mcubation pustutes, accordimgly. the final con-
centration of potassium  ferricyamde 1n the incu-
bation mistures was 0 5-12 5 uM

Insitvo fonmanion of a 433 nm-absorbing complea
The i riro tormation of o complen absorbing at
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Fig 1 Presence of a cvtochrome P-45t-metabolitg compies
m a rat treated with amiodarone alone toi 3 davy Ras
were treated with amiodarone hyvdrochlonde (100 my hy
daily) for 3 days and were killed 24 b whter the las dose
A microsomal suspension contdimng mictosomes from
62mg of liver per ml was prepared and divided o 2
cuvettes The lower curve shows the Soret pean of the
complex, as observed atter addition o} 30\ potassiam
ferricyanide 1n the reference cuvette only tand distuption
of the complex in this cuvette) The 2 upper cusves show the
CO-difterence spectrum of dithwnite-1cduced mictosonies
measured either without. or after wding ~0 (M potassium
ferncvanide to the microsoma! saspension Tepresen-
tative experiment s showp

453 nm was measured with 4 suspension or washed
hepatic microsomes contamimg 4 mg of micosomal
protein per ml. 4 mM NADPH and 1 3miM L DT A
Cuvettes divided into 2 compartments were used
The microsomal suspension was placed my one com-
partment. while ethanol was placed in the other
compartment Both cuvettes were heared at 37 The
base-line was recorded and memorized  \nnodarone
hydrochlonde or N-desethvlamiodarone 1 o,
0 25 mM) was then added 1 20 ul ot cthano! 16 the
microsomal suspension 10 the sample cuvette and to
ethanol 1n the reference cuvette Successne spectia
were repeatedly recorded {01 1S mun bom [0 (o
480 nm. on an Amimco DW-2C <pectiophotometer

RESLI IS

In vivo formation of « (vioclome =450 o -an,
odarone metabolite complen

Admimistration ot amiodarone 1osibicd ot s
viwo formation of a evtochrome P-4301 e(Ih metah
olite complex in rats The complen Cxhibited o Soret
peak at 453nm (Fig 1) which dianpearcd upon
addition of potassium ternieyanide Dhisrupuion of the
complex with potassium ferricyannle mareased the
CO-binding spectrum of microsomos secondarily
reduced with sodium dithionite nd than csposed to
carbon monoxide (Fig 1}

In rats tieated to1r 3 davs with vancus doatly doses
of amiodarone hvdrochlonde 11w 1 aapleved
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Fig 2 Effect of the dose of amiodarone on the iz vwo
formation of a cytochrome P-450-metabolite complex in
rats Rats were treated for 3 days with various daily doses
of amiodarone hydrochloride (50.100 or 150 mg/kg daily)
and were killed 24 hr after the last dose The amount of
complexed cytochrone P-450 present in hiver microsomes
was determined from its Soret peat at 453 nm Results are
means * S E M for 8 rats

cytochrome P-450 present in hepatic microsomes
mcreased with the dose. reaching an apparent maxi-
mum for a dose of 100 mg/kg of amiodarone hydro-
chloride (150 umol/kg of amiodarone). This dose
was selected for further studies

When this dose of amiodarone was repeated for
seven days mn rats, the amount of complexed cyto-
chrome P-450 increased linearly with time, reaching
0 15 nmol per mg of microsomal protein after 7 days
of treatment (Fig. 3), it then slowly decreased after
cessation of the admnistration of amiodarone (Fig
3).

The amount of complexed cytochrome P-450
recovered 1n microsomes from rats killed 24 hr after
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Fig 3 Time-course for the appearance and disappearance
of a cytochrome P-450-metabolite complex after admunis-
tration of amiodarone tn rats Rats received amiodarone
hydrochloride (100 mg/kg daily) for 7 days and were killed
cither during this treatment (24 hr atter the preceding dose)
or S or 9 days after the last dose of amiodarone The amount
ot hepatic microsomal cytochrome P-450-metabolite com-
plex was deternuined from 1ts Soret peak at 453 nm Results
are means = S E M for 8 rats
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Fig 4 Effects of various inducers on the i1 vivo formation
of a cytochrome P-450-metabohite complex after a single
dose of amiodarone 1n rats Rats were pretreated for 3
days with various inducers 3-methylcholanthrene (3-MC)
20mg/kg1 p daily, pregnenolone 16 a-carbonitrile (PCN).
50 mg/kg1 p daily, phenobarbital (Pheno). 100 mg/kg1 p
daily, or dexamethasone phosphate (Dexa), 50 mg/kg 1 p
daily, 24 hr after the last dose of the inducer, rats received
amiodarone hydrochlonide (100 mg/kg1 p ) and were killed
24 hr later The amount of complexed cytochrome P-450
present n liver microsomes was measured from 1ts Soret
peak at 453nm Results are means =+ S E M for 6 rats,
The astenisks indicate a significant difference from values in
non pretreated rats (¢-test for independent data), P <0 05

L

Pheno Dexa

a single dose of amiodarone was decreased by pre-
treatment of the animals with 3-methylcholanthrene
(Fig 4); 1t was not modified by pretreatment
with pregnenolone-16a-carbonitrile, was shghtly
increased by pretreatment with phenobarbital and
was markedly increased by pretreatment with
dexamethasone (Fig. 4) Even i the latter rats,
however, the amount of complexed cytochrome P-
450 present after such a single dose of amiodarone
remained quite small, being only 0 2 nmol/mg of
microsomal protein (Fig 4)

If, however, both amiodarone and the inducer
were now given concomitantly for 3 days, the amount
of cytochrome P-450 complexed in vivo became quite
noticeable (Table 1) Dexamethasone had the most
potent effect, enhancing 10-fold the formation ot the
complex (Table 1). In rats recerving both dex-
amethasone and amiodarone for 3 days, complexed
cytochrome P-450 reached 0 78 nmol per mg of
microsomal protein, or 40% of total cytochrome P-
450 (Table 1) In contrast, concomitant adminis-
tration of 3-methylcholanthrene decreased the for-
mation of the complex; pregnenolone-16a-carbo-
nitrile had no effect while phenobarbital shightly
increased the formation of the complex (Table 1)

The formation of the complex appeared strikingly
different 1n several rodent species (Fig 5) After
administratton of amiodarone given alone for 3 days.
the complex was similar 1n rats and 1n mice. but 2 5-
times greater in hamsters, reaching 0 17 nmol per mg
of microsomal protein or 13% of total cytochrome P-
450 1n the latter species (Fig 5) However. whereas
the concomitant administration of dexamethasone
markedly increased the formation of the complex in
rats and i mice, it did not modify 1t 1n hamsters
(Fig. 5) It 1s noteworthy that the effect of dex-
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Fig 5 Companson of the i1 viwo formation of a cytochrome P-450-amiodarone metabolite complex in
various rodent species Ammals were treated for 3 days with amiodarone hydrochloride (100 mg/kg1 p
daily), given alone or in combination with dexamethasone (50 mg/kg i p daily) Anmmals were killed
24 hr after the last dose(s). The amount of cytochrome P-450-metabohite complex present in liver
microsomes was determined from its Soret peak at 453 nm Results are means = S E M for 8 amimals

amethasone phosphate given alone (50 mg/kg i.p.
daily for 3 days) on microsomal cytochrome P-450
vanied 1n different species: cytochrome P-450 was
shightly increased 1n rats (Table 1) and in mice (from
070+ 0 05nmol/mg microsomal protemn  to
1.08 = 0.07, mean *+S.E M. for 8 mice); in contrast,
1t was decreased 1n hamsters (from 0.94 = (0.05nmol/
mg microsomal protein to 0.52 + 0.04, mean *
S.E.M. for 8 hamsters).

In vitro formation of a cytochrome P-450Fe(1I)-
amiodarone metabolite complex

Incubation of microsomes from dexamethasone-
treated rats with 1.5 mM EDTA, 4 mM NADPH and
0 1mM amiodarone at 37° resulted in the slight
formation of a cytochrome P-450Fe(II)-metabolite
complex absorbing at 453 nm: 37 = 8 pmol/5 mn/
mg microsomal protein, mean * S.E.M. for 6 expen-
ments The 453 nm-peak was usually fully developed
after 5 mun of incubation and appeared stable for the
next 10 min. This peak disappeared, however, upon
addition of 100 uM potassium ferricyanide to the
microsomes. The 453 nm-absorbing peak was not
formed when either NADPH or amiodarone was
omitted or when piperonyl butoxide (4 mM) was
added to the microsomal suspension 1n both cuvettes.
Increasing the concentration of amiodarone to
0.25mM did not significantly enhance the in vitro
formation of the 453 nm-absorbing complex (not
shown)

The in viro formation of the 453 nm-absorbing
complex was even smaller with microsomes from
phenobarbital rats 17 = 2 pmol/5 min/mg micro-
somal protein, mean = § E.M for 6 experiments, it
was not detectable with microsomes from control
rats.

Similar observations were made when microsomes
were incubated with the secondary amine, N-des-
ethylamiodarone. the amount of formed cytochrome
P-450-metabolite complex was 40 = 9 pmol/5 min/
mg protein with microsomes from rats pretreated by

dexamethasone, and 26 + 4 with microsomes from
rats pretreated with phenobarbital, mean = S E.M
for 6 experiments. No complex was found with micro-
somes from untreated rats

Effects of amiodarone on monooxygenase actiities
I vivo and 1n vitro

The hiver weight/body weight ratio, microsomal
protein content, NADPH-cytochrome ¢ reductase
activity, and total cytochrome P-450 levels were not
significantly modified after admmistration of ami-
odarone given alone for 3 days (Table 1). This treat-
ment, however, slightly decreased some mono-
oxygenase activities (Table 2). In these rats, in which
complexed cytochrome P-450 represented only 10%
of total cytochrome P-450 (Table 1), the addition of
potassium ferricyamide to the microsomes did not
significantly enhance monooxygenase activities
(Table 2). In contrast, 1n rats receiving both ami-
odarone and dexamethasone, in which complexed
cytochrome P-450 represented 40% of total cyto-
chrome P-450 (Table 1), the addition of potassium
ferricyamde selectively increased some monooxy-
genase activities (Table 2). While hexobarbital
hydroxylase and aminopyrine or troleandomycin
demethylase activities were not modified, benzo(a)-
pyrene hydroxylase activity, 7-ethoxycoumarin
deethylase activity and the wn vuro formation of
the cytochrome P-450Fe(IT)-amiodarone metabolite
complex 1n the presence of 0.1 mM N-desethyl-
amiodarone were increased by 30, 40 and 270%,
respectively (Table 2). Addition of potassium fer-
ricyamde also tended to increase the m vuro for-
mation of the complex m the presence of 0 1 mM
amiodarone, the difference, however, was not stat-
istically sigmificant (Table 2).

In vitro, amiodarone (0 15 mM) inhibited by 20-
70% monooxygenase activities 1n microsomes from
dexamethasone-treated rats (Table 3) An almost
similar inhibition was observed in microsomes from
control rats (Table 3)
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Cytochrome P-450Fe(Il)-amtodarone metabolite complex

DISCUSSION

Our results show that amiodarone 1s transformed
by cytochrome P-450 into a metabolite which forms
a 453-nm absorbing complex with the ron(I) of
cytochrome P-450 1n rats. Indeed, administration
of amiodarone i vivo, or incubation with hepatic
microsomes, NADPH and amiodarone wn vitro
resulted 1n the appearance of a Soret peak at 453 nm
(Fig 1, Tables 1 and 2). Disruption of this mactive
cytochrome P-450 Fe(II)-amiodarone metabohte
complex, by addition of potassium ferricyanide to
the microsomes, restored the ability of cytochrome
P-450 to bind carbon monoxide or molecular oxygen,
and to oxidize substrates (Fig. 1, Table 2). As a
consequence, addition of potassium ferricyamde
mcreased several monooxygenase activities in micro-
somes from rats treated with amiodarone and dex-
amethasone (Table 2)

The very low formation of complex in vivo after
administration of a single dose amiodarone (Fig. 4)
and its absence tn vitro with microsomes from control
rats show that cytochrome P-450 1sozymes present in
untreated rats have probably alow ability to form this
complex Two factors, however, markedly increased
the amount of cytochrome P-450-metabolite
complex A first factor was the induction of cyto-
chrome P-450 1sozymes more apt to form the
complex The formation of the complex in vitro
and tn vivo was mcreased slightly by phenobarbital-
pretreatment and markedly by dexamethasone-pre-
treatment, but was not modified by pretreatment
with pregnenolone-16a-carbomtrile (Table 2, Fig
4) This may mndicate that the 1sozyme(s) involved in
the formation of the cytochrome P-450-amiodarone
metabolite complex may yet differ from that punfied
cytochrome P-450 1sozyme which 1s induced by both
dexamethasone and pregnenolone-16a-carbonitrile
[34.35]

A second factor which dramatically enhanced the
amount of complex present in the liver was the
repetition of amiodarone admimstration (Fig. 3)
Unhke previous findings with macrohdes [36-42],
there was no clear-cut evidence for an inducing effect
of amiodarone. as judged by activities of hepatic
microsomal enzymes (Table 1) The progressive
increase 1n the amount of complexed cytochrome P-
450 observed upon repeated admimstration of ami-
odarone (Fig 3) may be mainly related to the long
survival of complexed cytochrome P-450, leading to
1ts progressive accumulation n the iver This would
also explain the slow disappearance of complexed
cytochrome P-450 upon cessation of amiodarone
admimstration (Fig  3) Indeed. a slow disap-
pearance rate has been previously suspected for
other cytochrome P-450Fe(Il)-metabolhite com-
plexes [42] or in the presence of other heme iron
ligands [43]. However, the lysosomal storage of ami-
odarone (a cationic amphiphilic drug) and its conse-
quent slow eliminatton from the body [44] may have
been contributory

Interestingly. induction of some cytochrome P-450
1sozvme(s) by the administration of some inducers
and the repetition of amiodarone administration had
multiplying effects on the amount of complex present
in the hver Indeed. in rats receiving both ami-
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odarone and dexamethasone for 3 days (Table 1),
the amount of complexed cytochrome P-450 was
much higher than in rats pretreated with dex-
amethasone but receiving only a single dose of ami-
odarone (Fig 4), or in rats recerving only ami-
odarone for 3 days (Table 1).

It 1s clear that the formation of the inactive cyto-
chrome P-450-metabolite complex 1s but one of the
several mechanisms decreasing the activity of cyto-
chrome P-450 This 1s well apparent in vitro where
amiodarone markedly mhibited monooxygenase
activities i control microsomes (Table 3), although
no cytochrome P-450-metabolite complex could be
detected with such microsomes (see results) As a
general rule, drugs forming cytochrome P-450-
metabolite complexes are thought to mhibit cyto-
chrome P-450 1n at least two ways: first by competing
with other substrates for reversibly binding to cyto-
chrome P-450 and, eventually, by forming the 1nac-
tive cytochrome P-450-metabolite complex [25, 45].
Other mechanisms may contribute to cytochrome P-
450 hypoactivity. For example, 1t 1s concervable,
albeit still unproven, that the presumed nitroso-
alkane metabohite, unless stabilized through the for-
mation of an iron(Il)-metabolite complex, may react
with, and covalently bind to, the apoprotein itself
[46] Indeed, conjugation with glutathione and/or
covalent binding to the SH-groups of proteins 1s
known to occur with several nitrosoarenes [47-49]
and might also occur with the nitrosoalkanes (or therr
nitrone precursors) formed during the metabolism of
macrolides [50. 51].

So far, all species tested (rats, mice and hamsters)
did form the cytochrome P-450-metabolite complex
in vivo (Fig 5), albert in variable amounts, and with
different responses to dexamethasone. In the case of
macrolide antibiotics, the nitial findings in rats
[36-39] have been subsequently corroborated by
stmilar results 1n humans [27,52]. It 1s therefore
tempting to speculate that amiodarone may likewise
form a cytochrome P-450-metabolite complex 1n
humans, which may contribute to the many drug
interactions known to occur with this antiarrhythmic
agent [10-23]. Studies in humans are now under-
taken to delineate the clinical significance of the
present findings.

We conclude that amiodarone 1s transformed by
cytochrome P-450 into a metabolite which forms an
mactive cytochrome P-450Fe(IT)-metabolite com-
plex 1n rats, mice, and hamsters. In rats, the amount
of complex present in the liver 1s small after a single
dose of amiodarone but 1s markedly increased when
the doses of amiodarone are repeated or when dex-
amethasone 1s added, reaching 40% of total cyto-
chrome P-450 when both enhancing factors are
combined
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