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Aims Itraconazole is a potent inhibitor of CYP3A4 activity and is often used in

combination with corticosteroids. Since the latter are partly metabolized by CYP3A4,

we studied the interaction between itraconazole, prednisone and methylprednisolone

in healthy male subjects.

Methods The effects of 4 days administration of oral itraconazole (400 mg on the ®rst

day then 200 mg dayx1 for 3 days) on the pharmacokinetics of prednisolone after a

single oral dose of prednisone (60 mg) and the pharmacokinetics of methylpredni-

solone after single oral dose of methylprednisolone (48 mg) were studied in 14 healthy

male subjects in a two-period cross-over trial. Plasma cortisol concentrations were

determined as a pharmacodynamic index.

Results Itraconazole increased the mean area under the methylprednisolone

concentration-time curve from 2773 ng mlx1 h to 7011 ng mlx1 h (P<0.001)

and the elimination half-life from 3.2 h to 5.5 h (P<0.001). The pharmacokinetics of

prednisolone were unchanged. Cortisol concentrations at 24 h were lower after

administration of methylprednisolone with itraconazole than after methylprednisolone

alone (24 ng mlx1 vs 109 ng mlx1, P<0.001).

Conclusions Itraconazole increased methylprednisolone concentrations markedly

with enhanced suppression of endogenous cortisol secretion, but had no effect on

prednisolone pharmacokinetics. The pharmacokinetic interaction between methyl-

prednisolone and itraconazole is probably related to inhibition of hepatic CYP3A4

activity by itraconazole.
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Introduction

Itraconazole is a triazole antifungal agent with a spectrum

of activity broader than other azole antifungals including

Aspergillus fumigatus [1]. Azole antifungals inhibit lanosterol

14-demethylase, a fungal enzyme belonging to the

superfamily of cytochromes P450 (CYP450). Poor select-

ivity of enzyme inhibition means that CYP enzymes of the

human liver (in particular, CYP3A4) [2] may be inhibited

by azoles, leading to competition with compounds which

are metabolized by these enzymes. This inhibition is

responsible for drug±drug interactions between itracona-

zole and cyclosporin [3±5], terfenadine [6±8], warfarin [9],

digoxin [10, 11], midazolam [12, 13], triazolam [14],

lovastatin [15], buspirone [16], and to a much lesser extent

zolpidem [17]. Such interactions may be clinically

relevant. For example, it is recommended that the dose

of cyclosporin be reduced by 50% when administered

concurrently with itraconazole in order to maintain non-

toxic plasma cyclosporin concentrations [5].

Itraconazole is frequently administered concurrently

with immunosuppressive drugs including glucocorticoids,

the metabolism of which is partly mediated by CYP3A4.

Among azole derivatives, ketoconazole has been shown

to modify the pharmacokinetics of methylprednisolone

and to increase the adrenal suppressive effects of the
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corticosteroid [18]. These changes were smaller when the

methylprednisolone dose was reduced by 57% during

ketoconazole therapy [19]. Studies investigating the

interaction between ketoconazole and prednisolone

report either an increased exposure to the steroid both

in healthy subjects [20] and mice [21] or a lack of

interaction in healthy subjects [22] between the two drugs.

In two recent studies, itraconazole was found to increase

plasma concentrations of methylprednisolone with incre-

mental adrenal suppression in healthy subjects [23, 24].

Along the same lines, grapefruit juice, known to increase

the bioavailability of many CYP3A4 substrates, was shown

to increase the total AUC of methylprednisolone by 75%

and the elimination half-life of methylprednisolone by

35% [25]. In another recent study, itraconazole given for

4 days only slightly increased the AUC(0,?) and tK of

oral prednisolone [26].

The purpose of the present study was to investigate the

in¯uence of itraconazole on pharmacokinetics of both

prednisone and methylprednisolone in healthy subjects,

and to assess its effect on the plasma concentrations of

cortisol.

Methods

Subjects

Fourteen healthy male volunteers aged between 20 and

30 years (mean 23.7 years) participated in the study. The

subjects gave written consent after full explanation of its

objectives. Their weight ranged from 56 to 83 kg (mean

72.2 kg) and their height from 169 to 192 cm (mean

181 cm). All subjects were moderate consumers of alcohol

(<20 g dayx1), coffee and tobacco (0±5 cigarettes/days).

They were selected after a physical evaluation, laboratory

tests including biochemical and haematological pro®les,

HIV 1±2 and HCV antibodies, hepatitis B surface antigen

screening, and a 12 lead-electrocardiogram. None of the

subjects reported a history of drug abuse and urinanalysis

for cannabinoids, opioids, amphetamines, cocaine and

benzodiazepines was negative. Concurrent medication

and alcohol were prohibited throughout the study period.

The study was approved by the Ethics Committee of PitieÂ-

SalpeÃtrieÁre Hospital (ComiteÂ Consultatif des Personnes

Participant aÁ la Recherche BiomeÂdicale, PitieÂ-SalpeÃtrieÁre,

Paris, France).

Study design

The study was a randomized, open, cross-over design

comprising two phases separated by an interval of 9 days.

In each phase, the subjects were given orally at 08.00 h,

400 mg itraconazole (Sporanox1, Janssen) on the ®rst day

(day 1) then 200 mg for 3 days (days 2, 3, 4). Itraconazole

was ingested after a standardized breakfast to optimize

bioavailability. The day before the ®rst dose of itracona-

zole (day 0) and the last day of repeated itraconazole

administration (day 4), subjects were given at 08.00 h

either 60 mg prednisone (Cortancyl1, Roussel) or 48 mg

methylprednisolone (Medrol1, Upjohn).

Blood sampling

On day 0 and day 4, blood samples were drawn 0, 0.25,

0.5, 1, 1.5, 2, 3, 4, 5, 6, 8, 12, 18 and 24 h after dosing

to assess prednisolone or methylprednisolone pharma-

cokinetics and cortisol concentrations. On day 4, blood

samples were obtained according the same schedule (0,

0.25, 0.5, 1, 1.5, 2, 3, 4, 5, 6, 8, 12, 18, 24 h post dosing)

and 72 and 96 h post dosing to assess itraconazole and

hydroxy-itraconazole pharmacokinetics. Blood samples

were collected in heparinized tubes and centrifuged

immediately (2000 g; 15 min). Plasma was separated and

stored at x20uC in plastic tubes until assayed.

Adverse events

Clinical adverse events spontaneously reported were

recorded during the study. Biochemical and haemato-

logical pro®les were also recorded.

Determination of drugs and cortisol concentrations

Prednisolone, methylprednisolone and cortisol levels were

quanti®ed by high-performance liquid chromatography

using a modi®cation of the method of Prasad et al. [26].

Steroids, including the internal standard (dexamethasone,

Sigma-Aldrich, France) were extracted with dichloro-

methane (10 ml) from 1 ml of plasma after adding NaOH

(0.01 M, 1.0 ml). Prednisolone, methylprednisolone and

cortisol were separated isocratically on a normal-phase

silica column (Resolve spherical silica 5 mm; 4.6 mm

internal diameter; 150 mm length, Waters Millipore,

Milwaukee). The degassed mobile phase comprised

methanol, acetic acid, distilled water, tetrahydrofuran, n-

hexane and dichloromethane (1.85; 0.2; 0.1; 1.5; 8;

88.4:v/v). At a ¯ow rate of 1.2 ml minx1, the retention

times for prednisolone, dexamethasone, cortisol and

methylprednisolone were 7.2, 10.3, 12.3 and 13.2 min,

respectively. Calibration curves were linear over the range

20±1000 ng mlx1 (r2=0.999). The limit of quanti®cation

for all corticosteroids was 20 ng mlx1. The overall

precision was 4.4% and 3.2% for prednisolone and

methylprednisolone, respectively.

Itraconazole and hydroxy-itraconazole were assayed

by h.p.l.c. [27]. Calibration curves were linear over

the range 10±1000 ng mlx1; The limit of quanti®ca-

tion was 10 ng mlx1 for both itraconazole and
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hydroxy-itraconazole. Accuracy and precision of the assay

was derived from analyses of quality control samples

independently prepared in human plasma. For itracona-

zole, the overall precision (interassay coef®cient of

variation) was 3.7% and accuracy 96.0% (n=54 replicates).

For hydroxy-itraconazole, the overall precision was 3.7%

and accuracy 95.5% (n=54 replicates).

Pharmacokinetics

Pharmacokinetic analysis was performed using SIPHAR

software (Simed, CreÂteil, France). The pharmacokinetics

of both corticosteroids, itraconazole and its active meta-

bolite, were characterized by peak concentration in plasma

(Cmax), time to peak concentration (tmax), elimination

half-life (t1/2), and areas under the drug concentration-time

curves. The latter was calculated by the linear trapezoidal

rule up to 24 h (AUC(0,24 h)) for both corticoids and

up to 96 h for itraconazole and hydroxy-itraconazole.

t1/2 and AUC were estimated using a model-independent

approach.

The pharmacokinetics of cortisol were characterized by

AUC over 24 h, concentrations 24 h after corticosteroid

ingestion (C24 h), time to reach the lowest concentration

(tmin) and elimination rate constant.

Statistical analysis

All data are expressed as mean values and differences

between means and their 95% con®dence intervals (CI).

tmax and tmin are expressed as median values and range.

Continuous variables were analysed by t-test for paired

values (methylprednisolone and prednisolone) or ANOVA

including treatment and subject effects (cortisol). tmax and

tmin were compared using the nonparametric Kruskal±

Wallis test. Differences were regarded as statistically sig-

ni®cant when P values were <0.05. If ANOVA showed a

signi®cant treatment effect, treatment levels were com-

pared by means of t-test taking into account a global error

risk related to the number of simultaneous tests performed

(Bonferroni). If the Kruskal±Wallis test found a global

difference, nonparametric Tukey-type multiple compar-

isons were applied.

Results

Methylprednisolone

Itraconazole markedly increased the plasma concentrations

of methylprednisolone (Table 1; Figure 1). The mean

Cmax (95% con®dence interval) was increased from

453 ng mlx1 before itraconazole to 713 ng mlx1

(P<0.001). The mean AUC(0,24 h) after a single oral

dose of 48 mg methylprednisolone was 2773 ng mlx1 h.

Itraconazole increased the AUC (0x24) of methylpredni-

solone to 7011 ng mlx1 h P<0.001). Itraconazole

increased the tK of methylprednisolone from 3.2 h to

5.5 (P<0.001). tmax was not affected by itraconazole.

Prednisolone

The pharmacokinetics of prednisolone after prednisone

alone and following itraconazole administration did not

differ signi®cantly (Table 2; Figure 1).

Cortisol

Overall analysis of the four phases showed a signi®cant

treatment effect on C24 h (P<0.001), tmin (P<0.01) and

elimination rate constant (P<0.01).

Simple contrasts demonstrated that mean cortisol C24 h

after methylprednisolone ingestion during the itraconazole

phase (24 ng mlx1) was signi®cantly lower than after

methylprednisolone alone (109 ng mlx1), prednisone

alone (173 ng mlx1) or prednisone during the itracona-

zole phase (185 ng mlx1) (Table 3; Figure 2). In addition,

cortisol C24 h after methylprednisolone alone was lower

than after prednisone administration during the itra-

conazole phase. Among the 14 subjects, two had undetect-

able cortisol C24 h after methylprednisolone ingestion

and six after methylprednisolone during itraconazole

phase, while no subject had a cortisol C24 h-value

under 95 ng mlx1 after prednisone before and during

itraconazole administration.

Simple contrasts between tmin showed that cortisol

reached its lowest concentration after prednisone admin-

istration (median of tmin=4 h, range from 7.5 to 7.1 h)

Table 1 Pharmacokinetic parameters of methylprednisolone after a single 48 mg oral dose before and after repeated administration of

itraconazole for 4 days to 14 subjects.

Cmax (ng mlx1) tmax (h) t1/2 (h) AUC(0,24 h) (ng mlx1 h)

Methylprednisolone 453 [401,505] 2 (1±4) 3.2 [2.5±3.9] 2773 [2223,3323]

Methylprednisolone+itraconazole 713 [637,788] 3 (1±5) 5.5 [5.2,5.9] 7011 [6275,7747]

Differences between means 260* [177,343] ± 2.25* [1.5,3] 4238* [3421,5055]

Data are mean [95% CI]; tmax is given as median (range). Cmax peak plasma concentration, tmax time to Cmax, t1/2 elimination half-life, AUC area

under the plasma concentration-time curve. *paired t-test : P<0.001.

Itraconazole±corticosteroids interaction
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earlier than after administration of methylprednisolone

and independently of itraconazole ingestion (median of

tmin=15 h, range from 8 to 24 h before itraconazole,

median of tmin=24 h, range from 0 to 24 h during

itraconazole). ANOVA of the elimination rate constant

demonstrated a global difference between the four phases,

without signi®cant difference on simple contrast when

a multiple comparison test was applied. ANOVA showed

no signi®cant treatment effect on cortisol AUC(0,24 h)

between the four phases.
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Figure 1 Mean (ts.d.) plasma concentration-time pro®les for methylprednisolone and prednisolone in 14 healthy subjects after a single

oral dose of methylprednisolone (48 mg) or prednisone (60 mg) before (%) and during (#) dosing with oral itraconazole (400 mg on

day 1 then 200 mg dayx1 for 3 days).

Table 2 Pharmacokinetic parameters of prednisolone after a single 60 mg oral dose before and after repeated administration of itraconazole for

4 days to 14 subjects.

Cmax (ng mlx1) tmax (h) t1/2 (h) AUC(0,24 h) (ng mlx1 h)

Prednisolone 587 [532,642] 2 (1±4) 3.7 [3.3,4.1] 3860 [3365,4356]

Prednisolone + itraconazole 668 [592,744] 3 (1±5) 4.2 [3.7,4.7] 4571 [3997,5145]

Differences between means 81 [x5,167] ± 0.5 [x0.2,1.2] 710 [x69,1489]

Data are mean [95% CI]; tmax is given as median (range). Cmax peak plasma concentration, tmax time to Cmax, t1/2 elimination half-life, AUC area under

the plasma concentration-time curve.

Table 3 Pharmacokinetics parameters of cortisol after methylprednisolone (MP) 48 mg or prednisone (PN) 60 mg with or without itraconazole

treatment (itra).

C24 h (ng mlx1) AUC(0,24 h) (ng mlx1 h) tmin (h) Elimination rate constant (hx1)

MP 109* [68,149] 1933 [1073,2793] 15 (8±24) 5.6 [3.2,8]

MP+itra 24* [5,43] 1790 [896,2684] 24 (0±24) 7.0 [4.9,9.1]

Difference between means x85 [x123,x46] x143 [x499,211] ± 1.4 [x0.4,3]

PN 173* [142,203] 2010 [727,3293] 4 (1±18) 3.2 [0.1,6.3]

PN+itra 185* [149,221] 2031 [913,3149] 4.5 (1.5±18) 3.7 [0.8,6.6]

Difference between means 12 [x24,49] 21 [x921,964] ± 0.5 [x0.4,1.4]

Simple contrasts MP+itra=MP

MP+itra=PN

MP+itra=PN+itra

MP=PN+itra

MP=PN

PN=PN+itra

NS MP=PN

MP+itra=PN

MP+itra=PN+itra

MP=MP+itra

PN=PN+itra

MP=PN+itra

NS

Data are mean [95% CI], tmin is given as median (range). C24 h cortisol concentrations at 24 h, AUC area under the cortisol concentration-time curve,

tmin time to reach the lowest concentrations of cortisol. *ANOVA : P<0.001, uANOVA : P<0.01.
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Itraconazole and hydroxyitraconazole

Pharmacokinetic parameters of itraconazole and hydroxy-

itraconazole were similar during administration of

methylprednisolone and prednisone (Table 4; Figure 3).

Side-effects

No relevant side-effect or changes in biochemical and

haematological pro®les was noted during any phase of

the study.

Figure 2 Mean t (s.d.) plasma

cortisol concentration-time pro®les in

14 healthy subjects after a single oral

dose of a) methylprednisolone (48 mg)

or b) prednisone (60 mg) before (%)

and during (&) daily dosing with oral

itraconazole (400 mg on day 1 then

200 mg dayx1 for 3 days). *P<0.001.
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Table 4 Pharmacokinetics parameters of itraconazole and hydroxyitraconazole when coadministered with prednisone or methylprednisolone

dosing (day 4) in 14 subjects.

Cmax (ng.mlx1) tmax.(h) t1/2.(h) AUC(0,96 h) (ng.mlx1 h)

Itraconazole+prednisone 1066 [885x1247] 4 (3±5) 35.1 [25.5x44.7] 28008 [18952x37064]

Itraconazole+methylprednisolone 1097 [875x1319] 4 (2±5) 31.8 [26.4x37.2] 31656 [19843x43469]

Differences between means 31 [x89x151] ± x3.3 [x9.6x2.8] 3648 [x1133x8429]

Hydroxyitraconazole+prednisone 1037 [906x1168] 5 (4±12) 28.5 [17.9x39.1] 55274 [33096x77452]

Hydroxyitraconazole+methylprednisolone 1103 [933x1273] 5 4±12 27.6 [17.7x37.5] 58875 [33922x83828]

Differences between means 67 [x38x172] ± x0.9 [x3.7x1.9] 3602 [x4748x11952]

Data are mean [95% CI]; tmax is given as median (range).
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Figure 3 Meant(s.d.) plasma concentration-time pro®les of itraconazole and hydroxy-itraconazole in 14 healthy subjects after daily

dosing with oral itraconazole (400 mg on day 1 then 200 mg dayx1 for 3 days). % ITRA+MP, # ITRA+PN; % ITRA+MP,

& ITRA+PN.

Itraconazole±corticosteroids interaction
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Discussion

The results of this study indicate that itraconazole

markedly increased the plasma concentrations of methyl-

prednisolone, but did not affect the concentrations of

prednisolone after prednisone administration. This inter-

action is probably related to inhibition of CYP3A4 activity

by itraconazole. Although itraconazole was found to be 10

times less potent in vitro than ketoconazole as an inhibitor

of cyclosporin A metabolism by human liver microsomes,

several reports in the literature mention interactions

between itraconazole and some substrates of CYP3A4.

For instance, a study in healthy subjects showed that

concomitant ingestion of itraconazole increases the

concentration of lovastatin acid (the active metabolite of

lovastatin) about 10±30 fold [15]. Such a mechanism was

proposed to explain the increased muscular toxicity of

lovastatin used in combination with other inhibitors of

CYP3A4. Itraconazole was also found to affect markedly

the pharmacokinetics of both triazolam [14] and mid-

azolam [12, 13], two CYP3A4 substrates, in healthy

subjects. This pharmacokinetic interaction was associated

with increased sedative effects of both hypnotics.

Cortisol and corticosteroids are partly metabolized to

6b-hydroxyderivatives. One previous study has demon-

strated that 6b-hydroxylation of cortisol is a CYP3A4

dependent metabolic pathway [28]. A signi®cant

pharmacokinetic interaction between ketoconazole, a

very potent inhibitor of CYP3A4, and methylpred-

nisolone has been demonstrated in healthy subjects [18,

19]. Recent studies in healthy subjects showed a signi®cant

interaction between itraconazole and methylprednisolone

orally or intravenously administered, with an increase of

plasma concentrations of methylprednisolone and an

incremental effect on endogenous cortisol secretion [23,

24]. The results of the present investigation show an even

larger effect on methylprednisolone pharmacokinetics.

In another recent study, a minor interaction between

itraconazole and prednisolone was found in 10 healthy

volunteers [26]. Similarly, interaction between itra-

conazole and prednisolone was found in our study in

15 healthy subjects. Hence the two corticosteroids appear

to be very different with regard to sensitivity to inhibitors

of steroid metabolism. Other work supporting this has

shown that troleandomycin and erythromycin inhibit

methylprednisolone metabolism but have no effect on

prednisolone metabolism [30, 31]. In addition, inducers of

the hepatic microsomal enzyme system such as pheno-

barbitone, carbamazepine and phenytoin are associated

with a more pronounced acceleration of methylpredniso-

lone metabolism compared with prednisolone metabolism

in children [32]. Interactions between ketoconazole

and prednisolone seem to be less consistent than with

methylprednisolone [20±22]. CYP3A4 could be the main

metabolic pathway for methylprednisolone whereas it may

be a subsidiary one for prednisolone. This hypothesis was

also suggested by Harris and colleagues [33] who reported

a lack of correlation between the erythromycin breath test,

used as marker of in vivo CYP3A4 activity, and pred-

nisolone clearance in pre and postmenopausal women.

However it remains possible that the interaction does not

occur after a single dose of prednisone but only after

chronic dosing.

The clinical relevance of an interaction between

itraconazole and corticosteroids remains questionable.

Nevertheless, in patients with allergic bronchopulmonary

aspergillosis, the introduction of itraconazole therapy

was followed by an improvement in clinical status lead-

ing to a decrease in prednisone and methylprednisolone

dosage [34].

In our study, both corticosteroids and itraconazole were

given orally. As CYP3A4 is found extensively in the liver

and in the gut [35], it is possible that inhibition of

CYP3A4 plays an important role in the interaction

between itraconazole and oral methylprednisolone. How-

ever, itraconazole can also inhibit P-glycoprotein, a

transmembrane ef¯ux pump, and methylprednisolone is

a P-glycoprotein substrate [36]. Under this assumption,

the pharmacokinetics of intravenous methylprednisolone

should be less affected during itraconazole treatment, as

reported previously in healthy volunteers for the interac-

tion between ¯uconazole and midazolam [37]. However,

this does not seem to be the case because in healthy

subjects, the clearance of intravenous methylprednisolone

was shown to be dramatically decreased when given

concomitantly with itraconazole [24].

Plasma cortisol was determined as a pharmacodynamic

index of glucocorticoid activity. When methylpredniso-

lone was administered with itraconazole, suppression of

endogenous cortisol was prolonged. In addition, 6 of the

14 subjects had no detectable cortisol in the plasma when

methylprednisolone and itraconazole were taken together.

No difference could be demonstrated between the four

phases on the cortisol AUC(0,24 h) which may be related

to the inter and intrasubject variability. Similar results have

been found for ketoconazole and methylprednisolone, but

in addition to prolonged adrenal suppression, the cortisol

AUC(0,24 h) was lower during ketoconazole therapy

[18]. However, it cannot be ruled out that part of the

enhanced suppression of endogenous cortisol is related to a

pharmacodynamic property of ketoconazole. As far as

itraconazole is concerned, no impairment of cortisol

synthesis could be demonstrated during chronic itracona-

zole treatment in patients [38, 39]. Reversible adrenal

insuf®ciency occurred in one among eight patients

receiving high-dose itraconazole (600 mg dayx1) for a

mean duration of 5.5 months [39]. In our study, the

baseline pro®le of cortisol during the itraconazole phase
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was not determined. However, the cortisol concentrations

at 08.00 h t 0 did not differ during the itraconazole phase

compared with drug free values. Thus we postulate that

the secretion of cortisol was maintained after 4 days of

itraconazole administration. It seems reasonable to con-

sider that suppression of endogenous cortisol is related

only to the effect of the corticosteroid.

Our results show differences for the cortisol suppression

between the two corticosteroids. Prednisolone inhibited

cortisol secretion more rapidly than did methylpredniso-

lone. As previously suggested, we think this ®nding is

related to the differences in the pharmacokinetic pro®le

between the two corticosteroids [41].

The pharmacokinetics of itraconazole and hydroxy-

itraconazole are similar to those determined in other

studies in healthy subjects performed with multiple

doses [17, 42]. A regimen of 400 mg on the ®rst day

followed by 200 mg dayx1 for 3 consecutive days leads

to plasma concentrations similar to those obtained after

200 mg dayx1 over 15 days. Cmax values of 1292t
355 ng mlx1 and 697t391 ng mlx1 were reported at

day 15 after treatment with an oral solution of itracona-

zole in two studies performed in bone marrow transplant

recipients (5 mg kgx1 dayx1) [43] and in HIV-infected

patients receiving 200 mg dayx1 [44].

Corticosteroid therapy is an important risk factor for

systemic mycoses including invasive aspergillosis [45].

Itraconazole is frequently administered in combination

with corticosteroids. The aim of our study was to examine

to what extent itraconazole, as a potent inhibitor of

CYP3A4, is able to affect the pharmacokinetics and

pharmacodynamics of two widely used corticosteroids.

Our results suggest a preference for the use of prednisone

in combination with itraconazole because of the lack of a

pharmacokinetic interaction. When methylprednisolone is

used in association with itraconazole, exposure to the

corticosteroid is markedly increased and may lead to an

enhancement of side-effects. It is therefore reasonable to

reduce the dose of methylprednisolone (dosed chronically

or as pulse therapy) during concomitant treatment with

itraconazole.

AP-HP, Direction de la Recherche Clinique supported the study.
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