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Abstract. The pharmacokinetics of high-dose busulphan
was studied in 17 patients during conditioning prior. to
bone marrow transplantation using deuterium:labeled bu-
sulphan (ds-BU).: About 50% of busulphan doszs 1 and 16
was replaced: with ds-BU.' Patients were treated with
phenytoin or diazepam as prophylactic anticonvulsant
therapy. Patients who received phenytoin demonstrated
significantly - “higher  clearance (mean - +SD,
3.32 = 0.99'ml min-1 kg~1), a lower area under the con-
centration-time curve (AUC, 5412 =+ 1,534 nghmi-t;:
corrected for dose/kilogram) and a’ shorter ¢elimination
half-life (3.03 £ 0.57 h) for the last dose of ds-BU
(dose " 16)  as compared  ‘with.  the - first  dose
(2.80 =+ 0.78 m! min-1 kg-1, 6,475+2.223 ng hml-1 and
3.94 % 110 b, respectively). No difTerence in the above-
mentioned: pharmacokinetic paramcters was- seen in
patients treated ‘with diazepam. Moreover, a continuous
decrease in the steady-state level of busulphan was ob-
served in four of seven patients in the phenytoin-treated
group, whereas in the diazepam group, such a decrease wis
seen in only one of cight patients. We conclude that pheny-
toin used as prophylactic anticonvulsant therapy alters bu-
sulphan pharmacokinetics and, most probably, its phar-
macodynamics. For adequate prophylactic therapy, anti-
convulsants with fewer enzyme-inductive properties than
phenytoin should be used.
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Introduction

During the last decade, high-dose chemothetapy with or
without “total body - irradiation” followed by - allogeneic
(BMT) or autologous bone marrow transplantation
{(ABMT) has been increasingly used as a very effective
means of treating both haematological malignancies and
inborn errors of mietabolism [1, 2). High-dose busulphan
(HD-BU) in combination with ¢yclophosphamide was in-
troduced by Santos etal. {3) asa myeloablative regimen for
bone marrow transplantation. Studies of HD-BU in both
adalts and children {46 have shown that patients reach a
steady-state level after the third dose and that busulphan
has age.related pharmacokinetics. Veno-occlusive discase,
mucosilis, interstitial pneumonitis and haemorrhagic cys-*
titis are well-known side effects related to HD-BU therapy -
{7, 8). HD-BU therapy is also associated with seizures
[9-12). and its dose-dependent neurotoxicity has been
studied inchildren [13]: The convulsions maybearesultof
busulphan's crossing the blood brain-barrier rapidly [14)
and entering the cerebrospinal fluid compartment at a con-
centration of the same magnitude as that found in plasma
[5.15).

Many transplantation protocols include the anticonvul-
sants phenytoin and diazepam as routine prophylaxis to
avoid seizures. Several antiepileptic agents, including
phenytoin, phenobarbital and valproate, are known to in-
duce liver enzymes such as cytochrome P450 and ¥y-glu-
tamyl transferase (¥-GT) {16=-18). In & murine model, Fitz-
simmons et al: (19, 20) have shown that phenytoin admin-
istration decreases the myelotoxicity and the neurotoxicity
of busulphan and leads to higher survival of normal mice.
Moreover, we showed in a recent study a ‘continuous
decrease in the steady-state levels of busulphan in about
40% of patients (both adults and children) over the 4-day
therapy period (21).

Busulphan is extensively metabolized in’ the rat liver,
mostly viaan enzymatic reaction with elutathione [22,23).
It has alo been shown that busulphan is at feast panly
metabolized via the glutathione route in humans [4). An
activation of the hepatic enzymes would enhance the
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Table 1. Clinical dats for patients treated with phenyloin as an anticonvulsant: group A

Patient Age Sex Weight Busulphan Doses 1 and 16 Diagnosis Transplanttion
sumber (years) () dose (mg) of ds-BU (mpg) type

1 N M n 5 40 Lymphoma BMT

2 8 M b 30 30 AML ABMT
3 53 M 94 95 50 AML ABMT
4 5§ M 68 [ 30 AML ABMT
5 52 F 53 54 30 AML ABMT
6 4 M 80 S 1| 40 AML .. ABMT
1 40 F 56 60 kL oML BMT

L 3t M 3] 3] 40 ALL ABMT
9 60 M ] n . 30 AML ABMT
AML; Acute myeloblastic keukaemia; CML, chronic myelocytc leukaemiz; ALL, scute lymphocytic leukacmia

Toble 2. Clinical data for patients treated with diszeparm as an anticonvulsant: group B

Patient Age Sex Weight Busulphandose - Doses | and 16 Diagnosis Transplantation
nutaber ‘(years) (kg) (mg) . of de-BU (mp) type

1 3 F 88 100 50 Lymphoma BMT

2 30 M 63 (2] 30 MDS ABMT
3 56 M 65 65 0 AML ABMT
4 40° M (2] s 40 AML ABMT
b 19 M 61 60 30 AML ABMT
6 4 M 66 63 30 AML ABMT
1 25 M 9N 91 40 CML - BMT

H 45 M 84 85 . 40 oML BMT

MDS, Myelodysplastic syndrome; AML., acute myeloblastic; CML. chroaic myelocytic leukazmia .

metabolism of  busulphan, ' resulting in less ' effective
therapy. .

In the present study we investigated the effect of the
anticonvulsants phenytoin: and diazepam on busulphan
kinetics during high-dose treatment. The, study was per-
formed by the administration of deuterium-labeled busul-
phan (ds-BU) to patients undergoing BMT/ABMT as 50%
of both dose 1 and dose 16. We report on an interaction.
between phenytoin and busulphan that resulted in a signif-
icant difference in the pharmacokinetics of busulphan be-
tween: the first and the last dose. Also, a continuous
decrease in the steady-state level during HD-BU therapy
was found in some patients.

Patients and methods.

Chemistry. do-BU was synthesized from [1,1.2.2.3,3,4, 44} 1 4 botane-
diol (da-butanediol) obuined from Aldrich (Germany). Recrystallized
methancsulphonic anhydride (1 mol; Merck, Germany) was dissolved in
dichloromethane (800 ml: Merck) and dropped slowly iato a soluion of
de-butanediol (0.1 M in 50 ml pyridine; Merck. Germany) and placed ia
an ice/NaCl bath, The temperature was not allowed W exceed 4°C and
the solution was stirred overight. The reaction mixture wis washed
twice with |00 ml sulphuric acid (1 Af) and the dichloromethans was
evaporated to dryness. The residue was redissolved in acétone and thea
precipitated with a-hexane. The yield of de-BU (222 g) was 90%. The
mielting point was 115°C (reporied (or busulphan 115°<117°C). de-BU
was identified by nuclear magnetic resonance (NMR) and gas chroas.
tography-mass spectrometry (GC-MS). The NMR analvsis was peefoem=
ed on 3 Varisn 300-MHz apparatus and the analysis of both busulphan

4nd ds-BU showed the following shifis: a singlet at 3.120 ppm (CHy-) for
4y-BU as compared ‘with 2 singlet at 3.120 ppm (CHy-). 2 triplet mt
4326 ppm (O-CHy-) and 2 vipiat &t 1.906 ppm (CH2-CHy) for busul
phan. :

After conversion of busulphin and di-BU to the comesponding 1.4-
dilodobutane [14], GC-MS was performed using & 10-m x 0.57-mm CB-
sil § eolumn (Clvompack, Holland) with tempenature programeming
(90"-180°C). Injecror and ioa-source (70 eV) temperatures were 250°C
and the separator temperature was 270°C. The identification of de-BU
was based on the fons’ m/z values [318 (7%), 191 (100%); 159 (32%).
and 62 (60%), which compared with the jons obtained from busulphan's
Ve values (310 (12%), 183 (93%), 155 (73%), and 55 (100%)).

di-BU was tested for bacterial contamination and was found to be
sterile. The labeled busulphan was weighed under sterile conditions and
encapsulated in gelatine capsules of 10 mg each. The study was approved
by the local ethics comminee.

FPatienrs. A otal of 17 patients with either leukaemia or Hodgkin's diss
easg were peepared for cither BMT o ABMT. The clinical data for the
two groups of patients are listed in Tables | and 2, respectively. Nine
patients (group A, Table 1) received phenytoin as a prophylaxis anticon-
vulsant, strting with & foading dose of 5 mp/kg x4 given from day ~10
to day <&, followed by 2.5 mp/A:g x 2 given from day ~7 1o day 4. The
sccond group (group B, Tabie 2) was treated with diszepam givea st
Smgp.o. x4 from day =7 o day -4,

The peeparatory chemotherapy regimen for both groups consisted of
HD-BU given p.o. at I mg/kg x 4 for 4 days staring on day -7, &5
shown in Tables 1 and 2, followed by cyclophosphamide given Lv. &t
60 rpAig for 2 days. Tn all patients, about 50% of busulphan doses | and
16 (Fig. 1) was replaced by de-BU capsules; and the trestment was
sanad at §:00 a.m. o minimize the rivk: of chronopharmacological
effects as described previously (21, 24). The doses of busulphan and
di-BU are shown in Tables | and 2.
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Fig. 1. A Plasma jonis of busulphsn and ds-BU measured in

patient 9 of the phenytoi d group, showing & decreass in steady-
state levels during the treatmen period. « «——«, Busulphian, @ . @,
de-BU during the first and last doses. B Plasma eoncentrations of busul-
phan and di-BU measured in patient 4 of the diazepam-treated group,
showing no decrease in steady-state levels during the treaunent period.
+=eis, Busulphan; @ < @, ds-BU during the first and last doses

Table 3. Pharmacokinetic parameters for de-BU in phenytoin-treated pavents
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Sample collection. Blood samples (47 ml) were drawn (rom & central
wenous catheter into heparinized glass tubes. The sampling was more
frequent during the first and the last dose (16 -20 samples) as compared
with the other doses. For determination of the mean minimal concentra-
tion during the 4 days of Ureatment, one blood sample was drawn imme.
diately before each dose interval, The plasma was separaied by eenuifu-
gation and stored at =20° C witil analysis.,

Busulphan snd dy-BU determindtion. Internal standard (IS) [1.5-bis-
{methancsulfonoxy)pentane), sodium lodide and a-heptane were sdded
to the plasma sarrples (1 ml). Busulphan, ds-BU and IS were determined
afier their coaversion to 1.4-diiodobutane, 1,4-dy-diiodob and 1.5.
diiodopentane, respectively, either by GC with el «<apture d i
Y25] oc with GC-MS in the selected boo-moaitoring mode (SIM) [26).

pL g 34
7

ic analysis. Ph j pa’ s for da-BU and
for the last dose of busulphan ‘were calculated using the PCNONLIN
peogram (Statistical Consulums. Inc, USA). The plasma-concentration
data were analysed, and values for the maximal plasma concentration
(Caia). the tine required 10 reach Coas (fmar), Use ares under the plasma
concentration-time. curve (AUC) and the plasina elimination half-life
{f1n) for the firstand the last dosz of ds-BU and the last dose of busulphan
were calculated according (o a linear one-companment open model. The
apparent terminal slopes following oaly the first dose of busulphan were
calculated: by semilogarithmic regression analysis. The differences
within the groups were established using Student’s paired ey, whereas
differences between the groups were analysed using Student’s unpaired
1-est and two-sample analysis. The decrease in steady-state level for
cach patient was established using lincar regression analysis of the mean
minimal concentrations determined (the concentration of busulphan mea-
sured isnmediately before each dose) after the steady-siate level had been
reacted (doses 4 = 16).

Results

The pharmacokinetic - parameters for both dose 1 and
dose 16 (da-BU) are given in Table 3 for the group of
patients who received phenytoin as anticonvulsant prophy-
laxis (group A) and in Table 4 for those who reccwed
diszepam (group B).

Patient - First dose Lastdose
number

& Cau tass - AUC cn vd tiry - Cou taas  AUC O VD, e

(ag/ml) - (h) . (rghmi) (el mint kgl QR Y (agim) (R (nghmi~) (md mic-' Kg™) (Okg!) (b

1 412 261 6,025 n as 248249 5831 236 077 306
2 530 1.49 11355 147 01} 649 344 195 1.216 pAJ] 082 40}
3 368 244 . 52585 b RY (1] 313 12 4348 k¥ 7] 085 = 257
4 533 a3 4793 348 .98 272 %6 218 4052 401 084 - 23}
s 6§14 134 0 8104 205 04 359 69 188 7657 218 034~ 281
6 476 24 TA6 b1 [/ 394 616 0.96 - 6554 254 0.76 341
7 467 1.65 - 4498 wm 1.16 360 333 124 3288 s.12 107 . 252
8 427 0.49 [ %3} 257 1.08 468 411 150 . 5365 3.01 095 367
9 456 077 - 4512 3.65 108 348381 086 4233 i 096 -~ 283
Mean & 477 % 181t 64785 280 090 % I 40 1Y L SN2t s 082 301
SD ™ 0.92 13 0.78 [ ) Lo 13X 037 15K 099 021 057

Caa, Maximal plasma concenmtration: fuma. time for Cas: AUC, area under the plasma concestration-time curve (correcied for dose/kg): 1/ plasma
eliminstion hatf-life; Vd, distribuion volume: CAT, total body clesrance based on = |
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Patient First dose Last dose
Cau lasc - AUC (o § vd [V Can tass - AUC cn . vd nn
(agiml) () (aghmbtt)  (mimintkph) (kg () (ag/ml) (@) (aghmt) (mlmins kgt) @ k) @)
] 615 167 653 255 012 32 &8 L1 7816 pAY - 061 336
2 sn 065 535 235 077« 314 440 1.8 . S4n 3.05 084 32
3 436 161 636 263 . 083 382 387 260 6,904 242 083 396
4 k31 376 se6l 297 105 407 - 406 6819 - 7210 o - 0BY v 435
5 [20) 251 6698 24 on 330 355 205 3049 208 0.62 kY I
[ 540 211 11516 1.45 0.78 628 428 190 7,360 217 0.80 4.28
7 499 227 11 216 068 167 . 409 143 6841 243 088 4.19
4 - 366 349 6390 261 058 2% I 3.35 - 6306 263 0 kR T
Mean 480 2 226+ 1085+ 246+ 07 T4 2453+ 262+ 7047 % 240+ 071t 3N
+SD <98 101 1,898 047 0.14 L12.-ns 1.65 §'I7 032 on 0.49

Cais, Maximal plasma concentration; fuas. time fof Cec AUC, area undet the plasma conceatration-tione curve (corrected for dose/kg); 1/, plasma
elimination halllife: Vd, distribution volume: C/7, total body cleirance based on fx |*

The time required 1o reach the Cmax of ds-BU in both
groups varied between 0.49 and 6.19 h. No dilference was
observed between the first and the last dose within either
group, whereas ‘a slightly shorter tmax was found: in
group A as compared with group B for both doses. This
differcnce was similar to that seen for busulphan at dose 16
between the groups  (1.70 '+ 1.38 h for group A vs
2.04 £1.65 h for group B). The absorption of dg-BU in
group. B for both the first and the last dose obeyed first-
order kinetics, whereas in group A, seven of nine patients
displayed a zero-order absorption mechanisim.

“The AUC (corrected for dose/kilogram) for the first
dose - “of - ds-BU = tvas significandy  higher
(64752 2223 nghml-1; P= 0.02) than that for the last
dose (5412 + 1,534 nghml-!) in group A patients,
whereas no difference between the first and the last dose
was seen in group B in that respect. The AUC for the last
dose was significanty lower in group A than in group B
(P =0.01). No dilference was obtained when the AUCs for
the first dose were compared between the two groups.

Patients treated with phenytoin showed & significanuly
higher (P = 0.006) clearance of ds-BU afier the last dose
(332 + 0.99 m! min-! kg-1) as compared with the first
dose (2.80 = 0.78 ml min-! kg-1). The clearance of di-BU
after the last dose was also higher in group A as compared
with group B (P = 0.03). Clearance did not change signifi-
cantly from the first to the last dose of d3-BU in patients of
group B (246 and 2.40 ml min-! k-l “respectively).
Moreover, busulphan's clearance (last dose) showed a ten-
dency to be higher in group - A than in- group B
(330 % 0.44 vs 2.85 + 0.47 m] min-! kg-1).

The elimination of ds-BU was significantly faster
(P =0.003) after the last dose (3.03 + 0.57 h) as com-
pared with the first dose (3.94 =+ 1.10 h) in group A,
whereas no difference was observed in group B (nin, 3.73
and 3.74 b, respectively). There was a significant differ-
ence (P =0.01) in the last-dose elimination half-lives ob-
served between group A and group B.

The elimination half-life determined for the 1ast dose of
busulphan in group A was slightly (P = 0.06) shorter
(2.70 £ 0.3 h: range, 1,39-4.24 h) than that found for

Table 5. Decrease in steady-state Yevels of b Iphan for both paii

groups

Patient number . Intercept  Slope “Significance - Decreass

(group) (ng/mi) S level (P) afier 16
doses (%)

6(A) 1.540 -1481 0.0005 52

T(A) 637 ~351 0.005 2

B(A) 1487 «£.29 0.0001 32

9(A) 1,092 301 0002 27

6(B) 1438 ~8.18 002 20

the first dose (3.59 + 1.29 h: range, 0.94-5.13 h; the 112
for the first dose was' caleulated for each patient on the
basis of 3-4 observations): However, in group B the elim- -
ination  half-life  determined  for the fast ° dose
(298 =+ 0.33 h; range, 2.40-3.40 h) did not differ signifi-
cantly (P = 02) from that calculated for the first dose
(338 + 114 hi range, 2.34-581 h). :

No change in the distribution volume of ds-BU was
observed  during  busulphan conditioning. Distribution
volumes of 0.90 + 0.23 and 0.82 =+ 0.21 Ikg-t were ob-
tained in group A during the first dose and the last doss,
respectively. For group B, distibution volumes of
0.77 + 0.14 1 kg-! for the firstdose and 0.77 + 0.11 ] kg1
for the last dose were calculated. These values were similar
Lo those obtained for groups A and B during the last dose of
busulphan (0.64 + 0.18 and 0.73 + 0.101%g~!, respec-
tively):

A continuous and significant decrease in the steady-
state level of busulphan was found in four of seven paticats
in group A (Table S). The percentage of decrease was cal-
culated (rom the regression line as the ratio between the
plasma level measured at dose 16 and that determined at
dose 3. On the other hand, only one individual (patient 6)
in group B showed a continuous decrcase by 20%. This
patient displayed an extremely long elimination half-life
for both busulphan and ds-BU during the first and last
doses.

.




Discussion

Busulphan has been used in conditioning regimens priof o
bone marrow transplantation more frequently during the
_last decade. Busulphan is a lipophilic small compound that
is rapidly absorbed from the gastrointestinal tract and
highly metabolized in the liver. In the present stdy,
- deuteration ‘of busulphan did not result in a significant
-jsotope effect. Only a slightly longer plasma eliminatian
-half-life was observed, which might have been due to an
“inerease in busulphan's lipophilicity of to a slower enzy-

matic reaction of the deuterated analogue. However, this

“difference in plasma hall-life was of the same magnitude
for both the first-and the last dosc and was seen in both
patient groups, which most likely makes both busulphan
and dg-BU pharmacokinetically comparable.

The dose-dependent neurotoxicity of busulphan is well
established [13), and many cases of convulsions have been
reported, mostly in adults. Martell et al. (9] reported 2
myoclonic case of cpilepsy; Marcus and Goldman (11]
deseribed o' case of consciousness loss and intermittent
ruscle twitching; and De La Camara et al. [12] described
thres cases of generalized seizures that did not result in
neurological deficits which occutred despite the use of
anticonvulsant prophylaxis in two of thése three paticats.
Santos [27] estimated the rate of occurrence of convulsions
1o be 105 in over 100 adult patients with acute leukaemia.
The rate of convulsions was reported 1o be 1.7% in very
young children receiving 16 mg/kg busulphan and 154%
in yourig “children when- the dose was adjusted ‘to
600 mg/m2. This difference was duc to higher systemic
exposure as reported by Vassal et al. in a recent study [13).
“However, convulsions in adults have been described
mostly as generalized tonic-clonic convulsions without
neurological sequelae, usually occur on the 2nd day of
treatment {10, 11) and can even occur at 1824 h aftec the
last dose as reported by Grigg et al. [28). A possibie reason
for these convulsions might be the continuous exposure of
the brain to at least 20% of the busulphan dose during
4-day weatment (14, 15] or an accumulation of busulphan
metabolites in the brain, which has beea noted in the rat
brain {29).

To prevent the occutrence of seizures, clonazepam was
recommended by Vassal et al. (13] as prophylaxis: for
children, whereas phenytoin has been recommended by
Sureda et al. {10) and Grigg et al. {28) for adult patients.
Phenytoin is a common, widely used anticonvulsant agent.
It has been shown that phenytoin induces serum bilirubin
{30] and many liver enzymes such as y-glutamyltransferase
(v-GT) in adult epileptic patients [31), and in children it
induces y-GT and may cause liver damage [17].

In the present investigation, phenytoin-treated patients
displayed significantly shorter ~elimination  half-lives,
higher clearance and lower AUCs after the last dose. of
d1-BU as compared with the first dose. On the other hand,
none of the above-mentioned parameters was: affected
when diazepam was used as prophylaxis in seven of eight
patients. Also, none of the patients in either group showed
any sign ol ncurotoxicity during HD-BU therapy. A con-
linuous decrease in the steady state-ievel of busulphan was
observed in four of seven paticnts in the phenytoin-treated
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group as compared with only onc of the patients receiving
diazepam. These results arc in'good agreement with those
of our previous study [21]), in which we reported that about
40% of the patients showed a continuous decrease in the
stcady-state level of busulphan, Ina retrospective analysis,
it was found that about 90% of those patients were treated
with phenytoin as anticonvulsant prophylaxis.

The present results might explain the observations re-
portted by Fitzsimmons et al. {19, 20]. who were capable of
decreasing the neurotoxicity and myelotoxicity of busu}-
phan in'a murine model pretreated with phenytoin. In this
respect, busulphan does not differ from many other drugs

- such as misonidazole, prednisolone and paracetamol, for*’

which it has been shown that phenytoin administration can
alter their pharmacokinetics, pharmacodynamics and tox-
feity [32-35). ,

On the other hand, Grigg et al. [28] reported that three
patients experienced myoclonic jerks during HD-BU ther-
apy given in combination with phenytoin as an anticonval-
sant In two of these cases the phenytoin levels were about
10 mmiol, which is far from the therapeutic range (40—
80 mmol/1). Many authors have reported decreased pheny-
toin levels during antineoplastic therapy with a combina-
tion regimen of carmustine, methotrexate and vinblastine
or cisplatin, vinblastine and bleomycin (36-38). However,
the levéls of phenytoin were normalized after termination
of the antineoplastic therapy. In all three of the above-cited
publications it was concluded that malabsorption was the
most likely explanation for the decreased phenytoin levels,
whereas an increase in the distribution volume or an in-
¢rease in the rate of metabolism of phenytoin during snti-
neoplastic therapy was given as an explanation by Neef -
and De Voogd-van der Straaten {39). Since it is known that
busulphan is extensively metabolized in both the rat and -
the human liver {4, 22, 23] and that phenytoin therapy can.
enhance liver activity, it is obvious that phenytoin adminis-
tration can alter busulphan’s pharrnacokinetics and, most
probably. its phiarmacodynamics. In addition, it seems that
busulphan, like other antineoplastic drugs {28, 35-38}, can
alter phenytoin's pharmacokinetics by inducing either mal-
absorption, a change in its distribution volume and/or an

_ intrease in the rate of its metabolism.

In summary, we conclude that phenytoin as an anticon-
vulsant alters the pharmacokinetics of busulphan and
decreases its steady-state level during high-dose therapy,
which most likely changes its pharmacodynarnics, result-
ing in less effective mycloablative therapy prior to bone
marrow transplantation. For adequate antiscizure prophy-
laxis, anticonvulsants with fewer enzyme-inductive prop-
erties than phenytoin should be used.

.
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Itraconazole Can Increase Systemic Exposure to Busulfan in
Patients Given Bone Marrow Transplantation
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Abstract Busilfun (BU) is an alkylating dnig frequientls used in
prepare; patients- for bowe marro transplantation. . (BMT).
Sevendl studies. have - documenied  that - there i fmportant
interpatient variabiliey in. B dispasition and sysieinic exposiire,
and. that other drugs with a ¢ holic: pathway are
capable of influencing BU clearance, Ve compared the BU
pliannacokinetics and phanmacodvnamics of 13 patients given
BMT and receiving BU and itraconazole: with  those . of 26
matched controls who did not receive any anti-fungal agent. and

. witl thase of 13 matched patients treated with Sfuconazole as

prophylads egainst fungal infections. The effect of itraconazole
was best reflécted in BU clearance since the BU dose was
#nodified in some paiients. BU ¢learance was decreased by an
averuge of 20 in patients receiving itraconazole as compered &)
coritrol patierits and patients receiving fluconazole (p<0.0{).
Mean BU clearance was 7.653x1.871 them? in the iraconazole
patients. 10.10322.007 Uhran® in the Jluconazole group and
937321702 Uhen® in the control growp. In this sty
dtraconazole, but not fluconazole. markedly affected the pha.
nmcokinaiao[BUnuhmeo[BUplama

Comespondence 1o: Dott, Mario B. Repazzi Depantment of
Pharmacologv. 1.R.C.CS. S.Matteo Hospital, Ple. Golyi 'L,
27100 Pavia, Tualy, Tel: 0039 382 SO3471: Fax: 00 39 382 422701,

Key - Words:  Busuifan, pharmacokinetics. - bone -~ marrow

transplantation. - coaditioning rerimen. aatilungal ‘treatment;
uraconazole. drug-drug interaction.
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concentrations was ohserved. The ndture of thix interaction has
ot vet been fulls charucierized. Iiraconazole and its analogues
are inhibitors of hotly extochrome PIS0 arl lipavypenuse and
since . @raconazvle can modulate . BU pPlannacokinetics.
andative - cutaboliun - is probihls o detenninam of BU
metabolisin... This - hypothesis ~should - be “tested in. huntan
metabolic studies,

Due to its ability 10 permanently. impair- the self-renewsal
capacity of hematopoietic progenitors. busulfan (BU). usually
associsted to cvdophosphimide (C¥): has gained increasing
us¢ a5 an alternative 1o preparative regimens containing total
body irradiation s patients given  bone marrow
transplanzation (BAT) for both malignant and non-malignant

disorders (1-). The usual ‘dose of BU employed is I mg/Ke -

every 6 bours for 16 doses and the pharmacokinetic
panameters of the ‘drug have been derived mostly from
patients receiving  this dosage. - Several - studies * have
documented - that “significant differences in  the systemic
exposure to the drug exist among patients. ape representing
the most important factor influencing BU disposition (5-8). In
facL in younger patients (particularly those below the age of
5) BU clearance and the volume ol distnibution have been
reported to be higher than in adults and older children (9-12)
In addkion. since BU is mainly metabolized in the liver (13-
18). several ‘dnugs can substantially modify its disposition.
increasing the risk o either extra-haemitological taxicitics or
ineflicacy (19-20). Hepatic veno-ocelusive discase (HVOD) i
the mast frequent life-treatening complication observed after
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—ill
Tobde 1. Clasemerevisrics oof thse: pasticonts cveniliint in the sy,
Tuscvnarnde Comirad Geiuap Flutvaarnic Panluc
(ne 1Y) (LT tna 1Y)
Meian ape (yrx ranpe) 2(1-5n Ml &) R YARRATY =S
MakesTemales o e L %] raxs .
Median bdy weight (kg range) $3{10-) £2010.83) YR Puns
Meding body surface area (m", cunpe) La (UL 1) I 43 1) [ K316 KT PupNs
Discasex;
AML <4 4 4 PuapNs
CML [ 1?2 [
ALL 1 2 '
Inborn Errors 2 4 M
Conditioning regiment:®
BUCY IN 2 7 4 Paks
BUCY X0 ] M 2
BUCYL-PAM s 3 3
BU/VP.16Cy 2 H 3
Type of BMT : :
Autologous b} 2 3 PaXNs
Allogencic 10 hT 8 .
ALL = acute hmphablastic leukemia: AML acute myelopenoas leukemia: CML = chirmnic myehopenous leulemia: BU = basulfan: Cv -
exclophosphamide: LPAM = tphalan: VP-16 w etoposide. *Foe funherdmaihonundi«imin; fegimens se¢ text. "Patients and Alethods” sevtion.
i high-dase BU (21-23). Increased fiver tosicity may be related  Abweswner, & g ke ean I et i influcace BL anctabdis,
S to drug interaction in ome condiuuning regimens(24). e by évaluated 1he IM{a of its sdnknistration on I3 further patients,
s 3 . e " . . watched with the prevings 3 Ereups
( o In BMT pauents. particularly “ during - the - period of Consiering the whole study pupulaticn 16 paticars wiere al 1
g neutropenia, fungal infections fepresent one’ of the major

s Scute mrehuid beubemia (AMLL 24 by ehrnic myeloid beukemia (CML
causes of inféctious death and. the most difficult of all 4 by acure hmphoblagic leukemia (ALL) and X by inburn erroes of the
= microbial infections to treat Therefore, several studies have km:;"ﬂi:ft 06 immune sysier, Dw:“_lr Paﬁtl.m' characterivies
focus on the prophviact; : . | wed disty L0 amung groups are reported in Tahle .
. .:‘edl ch P.lOP N aa"; usen of ::::‘mc - fl:n‘ia In the 3 gnwpe of paticnts  regimen-related veiciey ity wus graded
tmidazoles su asum.onazgcor uco e to prevent thie according 6 the eriteria Broes Iy repiried by Deacman ev af (1)
occurrence of fungal infections. However, important drug

interactions may occur resulting in either subtherapeutic o¢ Condisining repiment BU was fiven as whole oc crushed taheis ot 2 <.
toxic . plasmaltissue - concentrations - of different - agents :e ol ;‘m eery ‘:h &:u:‘n;:h ol 4 enasecutive n:*.\x A pormal
administered simultaneously, 1w oA gach. day o ¥
. . N . o~ . regimens emploved were ax follows: 3) BUCy 13 BU 4 =g ky day

‘VF investigated tbclh.er the samunfneous adm:p:suauon £ 22 0ty from day -7 b d od and Exciphphamie M mg kg dav
of “itracenazole @ - influence BU  metabolism  and i¥.0n Uavs -) and -X b) BUCy Sux: BUY 4 mgkpiday iven ocally from
consequently. systemic exposure in comparison to PatiEnts day 910 day 4 and Eyclophocphamide 40 mekgalay iy, from day 8 e

who did not receive any kind of aati-fungal trestment. ey -2 €) BUKYL-PAM: BU 4 mp kgiday given onally (rom day -7

day ', ow pﬁdewng'tgdayiv.ndap~1lnd¢a~l

y ; 1 N ot P »BU 4 day
Patients and Metbods melphatan 140 mgm® on day of: d) BUNP Cr: BU 4 mpkg )

ren onally (rom dav + s day . VPR N metp cumtinunas infuion

lmndn_enélod:y-uudq:h-plumwm;k;'d-yh.udqvj
Patienis, Bemullmuy 1992 sad June 1v94, 13 comsecutive patients sad .y,

(6 makes and 7 females. age maage 1-57 vears) given sn sutologows (3

patients) or allogencs plant (10 patients) sad receiing BU Anti-fumpul srviisnent. | de was sdmini I ocslly m a singlc
and were - enrulicd

L4
- this. protpective: mudy. Written daily dme of & mg Ky stsrting lmmedny&knlbckﬁm;dme

nlormed At was cbined from pa o their pareats. The Conditinaing regimen and ending it the time myehoid recowery after
{ group included 2 pati ched for houdy mrtace scea body - gAIT {absilute granubisyte awnt > | x %Ly or whenever the paticnt
wighnmw.num.m-m;imamhmmm-«a i wnahle W oralM i o devekiped: fungal i

Januxry 143V and April 193 and did ot recene sy propbylasis spaing fequining wxwe sgprexine |r:'amwa_|' e, smphotericin B intravenousiy).
fungal infectivns. Tuw contrats were selecred and wsigned W each Utewise. t le. was suminiered wnally a the sane dusage
racnaarmic treated paticat. thas resshing in & casctontrnl e of 123 stacling I‘mlhed:yheomchc‘f;' ing ol evnditioni imen and
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ending at timc of mvehnd roaoneny after BMT or whencver the puicm_
was wnahlc 10 suume oral therapy. fn the Bitter case. e paticets
praemm; gmk [} m 2 ‘mucukitis were shilted s the intravenous
ol ade. whereas wthers were tiested with

oxcticin B § 1o

Sample collecrion. Heparinized while blond - samiples (3 'aml) -were

vained (rom indwelling venous cath hefore and 05, 5. 2. 4. 6. 8
and 12 bours after the lat dwe of DU. Plavna was scperated.
frozen'at-20 °C and shipped (rozen wntil anahxi

Busulfan anabsic” BU plasma bevels were mcasered by sa High
Performance  Liquid  Chromatographic. (HPLC) - astay - previowndy
deéictibed by Henncf("n Pl:'sm- umpl« (0.3 ml) were mised with 06
mlof hanol (or o g The wng iluped w
olnain the wpemaum ’nun. uw superaziant wis mised -uh [ ¥

(0.15 mi) wind 100 mh{
(pH 5.5). Immediatety alter combining the

-
q Guethy

the Eevivative was exracted imto ¢'ind acctate (s ml; :ud Jncd s

specd vac conceatrator Savant. HPLC was petfs d wtilizing » oo
Supeleosil LC-18. 5 . 25 em x J.l\mm.‘l"hetmbikpl'mecmu'mcdof
¥ methanol and 16% water. The Mow rate was 1.3 ml'min. The UV
deiéctor was at 351 am.

The seasitivity fimit of the atsay was X ag/ml and the iatra- and
interassay coellwicnts of vasiation were kess than 8% over the catire
range of the standard curve.

Pirarscobincric enchs. Pl kinet hsis was p

d with
PPHARM computer software (\tm-\ L1) (261 Thc wndividual
ters were f to arisé (rom & mormal or

lng-wrm..l dissribution chacacrerized o2 pupulation mean and sn
interindividual variance. Preliminan anuhsis révealed that the data were
hext fitted by a ancowmpartment model {mode! producing the smatles
beop likclibwwnd. the Alaike eriterion. and the hest Gt of the data pisias).
that the prohability distribution of the dom “¢ffect p s was

Tuble (1. Mharmacodinctic puvwoctors of Inraslfun.

better dewribed by bop-aemal rather than marmat distribution. and that
the residuals distribution showed that the ernvr variance was hetter
descnbed b a heteroscedastic {propartional 10 the squared value of the
predictions) model

Fromy the fitted p. 1 (CL Feal livided for the [
of - the - dose  absorhed - ( fui) Vasol of the ceawal
comparument . and . Kasabsorpion . eate | eonstant), - other
phat Linetics par wnere calculated: AUC(0w=) (the arca

under the besifitted cune of the plasma concentrativa-time  dats
cakulated by Dow F-CL)L Css (the mverage plasma concentrativn at
steady-state calculated by AUCID- se)t whete € is the dosing interval).
Gy (the elimination hail-ife).

i plasrs conse (Camux) atad the coeTespotalent
time (Tmax) were determined by obsenation (rom each patieat’s data.

Maiivtical analysis end’ presewistion. Diats were stwed. sashred and
reporied with the: packages STATISTICAWT™ (SuatSolt fnc. Tulsa,

OKL and FigP"™ (Diosolt. Cambridge. UKL both rin on a PowerExee |

EL {AST. Invine. Califurnia) personal computer. Results were expressed
a3 meian = SD wnkis otherwise stated. Normat distribution of data was
tesied with the Shapira-Wilk' s W test. One-way analysis of vaniance was
emploved 10 detect significant dnllerences bherween the 3 groups wnth
respect 1© BU ¢k and mean p on at the seady
state, whereas the LSD test was doved 10 eval the' dill

between o groups. The Chissquare test was wsed to aunpate dan'cn-t
frequencies. P values lower than U035 were idered 8o be statissically
significat (27).

Results

The “calculated pharmacokinetic ‘parameters for the ‘three
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Figure X Comvlaticn berween CLIF corecsed Jor B3 and ape.

groups of patients are shown in Table 11 Ia the control group
(N=26). BU Cmax was 875.38+303.17 np'ml. Tmax was
18212 hours. AUC was 393881= 101130 nzhml Css wus
639.97=168.35 ng/ml, 13 was 1.8620.47 bours and CUF wic
93732 1.702 Livn®, )

Age-telated pharmacokinetic differences were observed. In
order to- minimize the interindividual variability due 1o age-
dependent clearance (the younger the patient. the higher the
clearance rate (9-12). we normalized clearance for budy
surface area rather than body weight (28). The relationship
between clcarance normalized for body weight and age. and
clearance  normalized  for body surface ‘area and age are
shown in Figures Jand 2 respectively.

The: thirteen patients of the itraconazole group gave 3
mean=SD BU Cmax value of 1167.692472 1% ng/ml. Tmax
was 1.320.9 hours; AUC was AT0272 143312 nevml. Css
was 193352 238 85 ng'ml. tyx was 17=0.63 hours and CUF

286

14 4

r-—P<0.05'ﬁ[— P<0.0S'-—~l
12 4 I
E 10 - I
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0 47
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Figure X Inflicwce of i de ond J be-on BU ok .
Duia are cxpeessed a5 mean and sicvdand deviasion.

was 765321571 Wum, In patients receiving fluconazole
(N=13) BU Cmax was 751.1425]420 ng'ml Tmax was
14209 hours. AUC was 3655382133822 ng.h/ml. Css was
609.73£2330 ng/ml. ty:s was 1.6720.63 hours and CUF was
1010322007 Livm”,

The - measured . BU  concentrations and AUC “values
increased in all patients given itruconazole ‘but not if the
fluconazole or control patients. The meun BU Cas was higher
in the itraconazole group (798152335 85 ng‘ml) as compared
to the Quconazole group (6K.73x233.04 ngml) and the
control group (639.57= 168.55 ngiml) (p<0.01).

The effect of itraconazole on BU pharmacokinetics was
best reflected in BU clearance since BU dose was modified in
some patients. In fact, in comparison to controls and patients
receiving fluconazole. BU ‘clearance was decreased by an
average of 205 in patients receiving itraconazole {see Figure
3 showing the different clearance of BU in the three group of
patients).. MANOVA  revealed a statistically * significant
differcnce between CLF values for the itraconazole group in
comparison with- the ‘other two groups - (fluconzzole and
control patients) (p<0.01). :

Only 10 out of 26 controls (38%) and 3 out of 13 patients
given BU and. Nuconazole (33%) experienced grade [1-111
regimen-related toxicity. fn contrast. Y out of 13 ‘patients
(69%) given BU' had comparable - toxicity (p<0.05 in
comparison o the  fluconarole group - and . P=0.07 in
comparison 1o the control group).

Discussion

imidazoles are: thought to exert their antifungal elfects by
inhiditing lanosterol C-14 demethylase, 2 evtochrome P-450-
mewbolizing enzyme Yesponsible for converting Lanosterel
into “ergosterol.” a “substance needed for the fungal cell
membrane (29). .
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These drugs also bind and inhibit the hepatic evtochrome
P30-cnzymes responsible for drug metabolism. fluconazole
affecting hunan enzymes to s lesser extent than itraconarole
(vt ketoconazole) (30-32); In this study. itraconazole, but not
Quconazole, markedly affected the pharmacokinetics of BU.
in fact, the concomitant: use of itraconazole at the usual
therapeutic ‘dose resulted in a 20% decrease in BU ocal
clearance with a correspondent increase of BU plasma levels,
The nature of this interaction. however, is unclear.

The - chemical fate of BU has not yet: been fully
characterized. BU elearance is mainly extrarenal since bess
than 1U% of the dosc is exereted unchanged in' urine within
24 hours (16:33). The drug is extensively biotransformed in
the live: through conjugation to reduced glutathione (GSH)
by glutathion-S-transferases in rodents and humans (14;34-
40). The first 3nd major mictudolite is the sulloniuim ion of
glutathione which is further transformed in 3 hydrosoluble
metabolites (sulfolane, 3 hydroxysullolane, tetrahydro-thio-
phene-1 oxide). Most studies in animals (mouse) have failed
to show any involvement of oxidative mietabolism enzymes
(Cvtochrome P450) in BU fiver biotransformation - {36).
Vassal er al (1994)(37) reported that drug interactions with
BU metabolism may occur by at least two means: depletion of

3. TTwischka PJ; Copclin EA. Kicia 1P fhune Susrrow (ransplantstiog
b leubemia blbswing & mew busullan and archipluoaphamide
segimen. Bhond 0: 1352, 197,

4 WWG.MnNdN.MP.MWEWD.
Giardini C. Politi P, Durazsi SMT. Auecun P, A¥criiai F: Bone

t | 00 i paticncs with thal Engl J Med 12>
417, vy, "

1) VMGMMAMD.IMWO.M&
Vaheau-Comsnnct’ D, Lemerle J. Gouyetic A: I 6 g m® the
appeiywiste dosape of basul(an i chiklren wnderpuing hune saserow
tramspluntation? Bloud 70; 2475340, 19y,

& Yeaper: AN Wagner JE Grabam ML Joacs R, Saintos GV,
G LB:  Optimization ' of ' husui dotape in - children
anderpoing hne .

ol » pharmacukinetic stwdy of
dose excatition. Blood & 2438243%, fev)
T Gruchow LB Krivit W.“‘hi(ky(‘n.Bhurﬂ:Mbth
childien. Blood 75: 1723 1727, 1L
Vassal G. Focher A, Challine D. Quisnd 1. Ledheist F. Lemesic 5.
Vmer E. Rabiny C. Sowrifict G. Guckman E Miche!l G. Dersussent
AL Gouw A Busulfan disposi below the spe. of three:
altecation i children with hswomal porage disease. Biood 82 1030
1034, 199,
¥ Repazzi MB, Locielli F: Bugria 1. Dot F: Zoces M. Pregpnolae
M. Quaglini S: Dispositica of high dose busulfan in pedistric patienes
wndergpuing bone marrow tramplantation. Clin Prurmacol Ther $4;
4552 1wy o
10 Hassan M. Oberp G, Bélams AN. Aschan J. Ehesson L Ljungman P,

liver GSH content and induction of glutathion-S ln:ufcnsu. :

Nonetheless. itraconazole and its analogues are inhibitors of
both evtochrome - P450  and lipoxipenase * and  since
itraconazole - modullates’ BU pharmacukinetics: . oxidative
catubolism is probably a determirant of BU metabolisat. This
hypothesis should be further investigated in human metabolic
studies.

There is clinical evidence that variations in BU dispasition
may -be responsible for differences in" the toxic “and
therapeutic effect seen in patient population (41). Patients
with slow rates of druy clearance would have'a relatively high
level of systemic exposure: - with a corresponding . high
probability. of unacceptable toxicity- (42). In our study, the
itraconazole paticat group evidenced higher BU plasma levels
than the contro! and fluconazole group. and this resulied in
#n higher incidence of regimen-related toxicity.

The dlinical implication of these results & that dinicians
should be aware that itraconazole may increase the BU
plasma. "~ concentrations, 7 possibly - requiring dosage
adjustment in the myeloablative therapy when the two drugs
are administered concomitantly.
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