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The pharmacokinetics of the cytoprotective agent amifostine (Ethyol®; WR 2721) and its main
metabolites (WR 1065 and the disulphides) were studied in patients participating in two phase I
trials concerning carboplatin or cisplatin in combination with amifostine. Patients were treated with
a single dose or three doses of amifostine (740 or 910 mg/m?®). The single or first dose was given as a
15 min i.v. infusion just before administration of the chemotherapeutic agent. The additional two
infusions were administered 2 and 4 h thereafter. Amifostine was rapidly cleared from the plasma,
due to, at least in part, the fast conversion into WR 1065. A biphasic decrease with a final half-life of
0.8 h was observed. The active metabolite WR 1065 was cleared from the plasma with a final half-
life of 7.3 + 3.6 h. The short initial half-life of WR 1065 can be explained by its fast uptake in tissues
and the formation of disulphides. The disulphides were cleared with a final half-life of 8.4-13.4h
and were detectable for at least 24 h after treatment. They may serve as an exchangeable pool of WR
1065. The amifostine peak values at the end of each 15 min infusion did not accumulate in the mul-
tiple dosing schedule. For WR 1065 a trend towards an increase in the peak levels was observed
[Cimaxt 47.5+11.9 pM, C;nax: 79.0 £ 13.2 pM, C;naxt 84.8 £ 15.1 pM, (n=6)], whereas a trend
towards a small decrease was observed for the peak levels of the disulphides [C; ., 184.2 +12.6
MM, C; maxt 175.0 + 23.7 pM, G5 1axt 166.0 + 17.2 pM, (n = 6)]. This latter finding might suggest a sat-
uration of the disulphide formation or a change in the uptake or elimination of WR 1065, which
would result in higher WR 1065 levels in plasma and tissues, after multiple doses of amifostine. ©
1997 Elsevier Science Ltd.
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INTRODUCTION
AMIFOSTINE [S-2-(3-aminopropylamino)ethylphosphoro-
thioic acid, Ethyol, WR 2721], originally developed as a
radioprotector, is successfully being used as a modulating
agent. In preclinical studies, amifostine protected against
chemotherapy-induced toxicities without reducing its antitu-
mour activity [1-3]. This selectively is thought to be based
on the preferential formation and uptake of the active
metabolite WR 1065 in normal tissues, as the result of
higher alkaline phosphatase activity and a higher pH com-
pared to hypoxic tumour tissues (Figure 1) [4-7]. WR 1065
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can be further oxidised to disulphides, i.e. the symmetrical
disulphide WR 33278 or mixed disulphides with endogen-
ous thiols or thiol-containing proteins. These disulphides
may serve as an exchangeable pool of WR 1065 [8].

For a better understanding of the mechanism of action
and the metabolism of amifostine, pharmacokinetic studies
of amifostine itself as well as its main metabolites WR 1065
and the disulphides may be of great importance. Until now
pharmacokinetic studies in humans have been mainly lim-
ited to analysis of the parent drug [6, 9—11]. Preclinical data
on the pharmacokinetics of the active metabolite WR 1065
have been obtained in mice {7, 8] and rhesus monkeys [12,
13]. Only a few data on the human pharmacokinetics of
WR 1065 and the symmetrical disulphide WR 33278 are
available [9, 11, 14].
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Amifostine
H,N-(CH,),-NH-(CH,),-S-PO,H,

l Alkaline phosphatase
WR1065
H,N-(CH,),-NH-(CH,),-S-H

l Oxidation
Disulphides
WR33278

[H,N-(CH,),-NH-(CH,),-S1,
+

Mixed disulphides
H,N-(CH,),-NH-(CH,),-8-S-R

Figure 1. Structural formula of amifostine and its conversion
into the main metabolites WR 1065 and the disulphides (with
WR 1065 itself or with endogenous thiols (RSH)).

Therefore, the aim of our study was to determine the
pharmacokinetics of amifostine, WR 1065 and the disul-
phides in plasma of patients participating in two phase I
trials concerning carboplatin or cisplatin in combination
with amifostine.

PATIENTS AND METHODS

Parients

Twelve patients, 4 males and 8 females, aged 39-64
years, participated in two phase I studies after informed
consent had been obtained. Patients were treated with car-
boplatin (n=7) or cisplatin (n=35) in combination with
amifostine. Blood samples were collected to study the phar-
macokinetics of amifostine and its metabolites. Six patients
were sampled after receiving a single dose of 740 or
910 mg/m? amifostine as a 15 min i.v. infusion followed by
a 1h iv. infusion of cisplatin (n =5) or a 15 min i.v. infu-
sion of carboplatin (#» = 1). Six patients were sampled after
receiving three doses of amifostine (3 x 740 or 910 mg/m?
amifostine as a 15 min i.v. infusion at t=0, t=2h 15 min
and t=4h 15 min, in combination with one i.v. infusion of
carboplatin over 15 min at r= 15 min). All patients had a
normal function (creatine clearance >70 ml/min).

Drug administration

Amifostine was given at a dose of 910 (n=5) or 740
(n=7) mg/m® The infusion solution was prepared by
reconstituting amifostine (500 mg lyophilised amifostine
with 500 mg mannitol per vial; USB Pharma, Nijmegen,
The Netherlands) with normal saline up to a total volume
of 55 ml. The drug was given as a 15 min i.v. infusion with
a syringe infusion pump. Carboplatin was administered as a
15 min infusion (in 150 ml 5% dextrose), whereas cisplatin
was given over one hour (in 300ml 3% NaCl).
Dexamethasone, ondansetron and torecan or lorazepam
were administered to reduce nausea and vomiting.
Desamethasone and ondansetron were administered 30 min
before the start of treatment and 4 and 8 h later. Torecan
or lorazepam were given 4.5 or 6 h before treatment, re-

A.E.C. Korst et al.

spectively. All patients received at least 1 litre of normal
saline before treatment.

Sampling

Blood samples were always taken from the non-infused
arm by venipuncture using prechilled glass tubes containing
ethylenediaminetetraacetic acid (EDTA). Patients treated
with three doses of amifostine were sampled just before and
immediately after each infusion i.e. just before and at 0, 2,
2.25, 4 and 4.25 h after the end of the first amifostine ad-
ministration. Patients treated with single dose of amifostine
were more extensively sampled i.e. just before and at 0, 0.5,
1, 2, 3, 4, 5, 6, 10, 22 and 24 h after the end of the amifos-
tine infusion. The samples were pretreated and analysed im-
mediately.

Analytical methods

Three different pretreatment procedures were performed
to measure amifostine, WR 1065 and the disulphides [15,
16]. For the analysis of WR 1065, plasma was immediately
added to cold perchloric acid to precipitate the proteins.
After neutralising the acidic supernatant to pH 2, the WR
1065 concentration was determined by HPLC with electro-
chemical detection. Separation of the WR 1065 peak from
endogenous components could be obtained on a C18 col-
umn (Customsil 5 ODS-4, 100 x 4.6 mm) with a mobile
phase consisting of a mixture of monochloroacetic acid and
methanol with hexanesulphonic acid as the ion-pairing
agent. WR 1065 was quantified in the effluent with a static
mercury drop electrode at +0.15 V versus Ag/AgCl (PAR
303, EG&G, Princeton, U.S.A.) or a digital amperometric

detector (Decade, Antec, Leiden, The Netherlands)
equipped with a gold working electrode at +1.0 V versus
Ag/AgCl.

Amifostine could be analysed by incubating the acidic
deproteinised supernatant for 5h at 37°C in order to con-
vert amifostine quantitatively into WR 1065. After neutralis-
ing the incubation mixture to pH 2, the total amount of
WR 1065 was quantified by the above described HPLC
procedure. The total amount of WR 1065 corresponds to
native WR 1065 plus the amount of amifostine. After sub-
tracting the concentration of native WR 1065 measured
according to the first procedure, the concentration of ami-
fostine was obtained.

For the analysis of the (mixed) disulphides, dithiothreitol
was added to the plasma sample. The disulphides were
quantitatively reduced to free WR 1065 after 15 min of in-
cubation at ambient temperature. Subsequently, the pro-
teins were precipitated by the addition of perchloric acid
and the total concentration of WR 1065 was determined as
described above. The total concentration of WR 1065 rep-
resents native WR 1065 plus the disulphides. The concen-
tration of the disulphides could be calculated by subtracting
the concentration of native WR 1065, as determined with the
first procedure, from the total concentration of WR 1065.

The lower limit of quantitation for all three compounds
was 0.15 pM. The within-day and between-day precisions
were <4.4% and <8.2% for WR 1065, <4.9% and <13.1%
for amifostine, <8.5% and <5.5% for the disulphides, re-
spectively. The within-day and between-day accuracies were
97.2-109.8% and 97.6-101.5% for WR 1065, 88.3-
110.7% and 99.4-101.5% for amifostine and 99.2-110.2%
and 103.3-104.9% for the disulphides, respectively.
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Figure 2. Plasma concentration-time curves of amifostine
(e), WR 1065 (A) and the disulphides (ll) in a representative
patient treated with 910 mg/m? amifostine.

Pharmacokinetic analysis

Pharmacokinetic parameters were calculated with the
pharmacokinetic data analysis program Topfit 2.0 (Gustav
Fischer, Stuttgart, Germany). Pharmacokinetic analysis was
performed for amifostine over a time period of 3 h and for
WR 1065 and the disulphides over 6 h. The pharmacoki-
netic parameters of the disulphides were also calculated over
24 h when data were available.

Staristics

The Mann-Whitney test was used for statistical evalu-
ation of the results. P values were given when significant
differences (P < 0.05) were observed.

RESULTS

Figure 2 shows the plasma concentration—-time curves of
amifostine, WR 1065 and the disulphides of a representative
patient treated with a single dose of amifostine. In general,
amifostine and WR 1065 could not be detected for longer
than 3 and 6 h after the start of treatment, respectively. The
disulphides were still detectable 24 h after the start of infu-
sion (mean concentration: 3.1 pM (n = 2)). Unfortunately,
in most patients, data were only available until 6 h after
treatment. For all three components, peak values were
observed at the end of the infusion, indicating that amifos-
tine was rapidly converted into WR 1065 and the disul-
phides. The mean peak values (+S.D.) were 234.7 +45.2
UM (n=10) for amifostine, 45.2+13.5 pM (n=12) for
WR 1065 and 178.0 + 34.4 uM (n=11) for the disulphides
when all values were normalised to a dose of 740 mg/m?
amifostine. No notable differences were observed when
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comparing the normalised peak values after treatment with
740 mg/m? amifostine with those after treatment with
910 mg/m> amifostine [amifostine: 236.1 + 42.3 (n = 8) ver-
sus 229.3+ 77.4 (n=2); WB 1065: 41.6 + 15.0 (n = 8) ver-
sus 52.6 1+ 6.2 (n=4); disulphides: 170.84+27.4 (n=17)
versus 190.7 +45.9 (n = 4)].

For all three components, a two-compartmental analysis
resulted in the best curve fit. The main pharmacokinetic
parameters calculated for amifostine and its metabolites
after a single dose of amifostine are shown in Table 1.
These results were comparable with those obtained from
non-compartmental data analysis. The AUC values, which
were normalised to 740 mg/m? amifostine, were comparable
between the two dose levels [WR 1065: 50.4 (740 mg/m?,
n=1) versus 44.6 +7.3 pM/h (910 mg/m?, »n=5); disul-
phides: 363 + 48 (740 mg/m>, »n = 3) versus 403 + 107 pM/
h (910 mg/m?, n = 5)]. The AUC value obtained for the dis-
ulphides was much higher than those for amifostine and
WR 1065 (P < 0.001), due to a higher plasma concentration
for a longer time.

The initial half-lives of the three compounds were very
short with the lowest value for amifostine. T3 was highest
for WR 1065 (range 2.7-11.7h) (P<0.02). However,
when considering the concentration—time curves over 24 h,
which was only possible for the disulphides, then the final
half-lives obtained with a three compartmental model ran-
ged from 8.4 to 13.4h, which were comparable with the
final half-lives of WR 1065.

Table 2 summarises the peak plasma concentrations of
amifostine and its metabolites in patients treated with three
doses of 740 mg/m? amifostine. Comparable peak plasma
levels of amifostine were observed after multiple dosing.
The peak values of WR 1065 showed a trend towards an
increase [47.5-84.8 pM (P <0.001 for C, . When com-
pared to Cy ma)], Whereas the peak values of the disulphides
showed a trend towards a small decrease (184.2-160.0 uM)
after each dose. Table 2 also shows the plasma levels just
before the second and the third infusion (Cy i, and Cs min)s
which were very low for amifostine and WR 1065 (0.2 yM
and 0.7-2.4 pM, respectively). The trough plasma levels of
the disulphides were much higher at these time points
(55.5-59.9 uM, P < 0.001).

DISCUSSION
Pharmacokinetic data of amifostine in patients have been
previously reported by Shaw and associates [6, 9-11].
However, in these studies, mainly the pharmacokinetics of
the parent drug were investigated, whereas data on the
metabolites were very limited. We investigated in patients

Table 1. Pharacokinetics parameters calculated for amifostine, WR 1065 and the disulphides after a single dose of 740 or 910 mg/m?®
amifostine (mean + S.D.)

Time interval Total body
pharmacokinetic AUCO> clearance (/' Distribution
Compound model n (uMh) 1126 (H) 23 () tiay () MRT () min/1.73 m? volume (Vkg)
Amifostine 0-3h, 2-comp 3 61.01+ 158 0.0440.01 0.8+0.0 0.14+0.08 1.724+0.51 0.21+0.11
WR 1065 0-6h, 2-comp 6 455+69 0.18 +0.01 7.3+3.6 6.8+4.6
Disulphides 0-6 h, 2-comp 8 388 + 87 0.17 £ 0.12 25+0.6 3.2+07
0-24 h, 3-comp 2 594 + 10 0.03 +0.03 2.2+03 109+36 8.7+ 5.1

AUC values were normalised to 740 mg/m? amifostine; comp, compartment.
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Table 2. Plasma concentrations (mean + S.D., n =6, pM) of amifostine, WR 1065 and the disulphides just before (C, i) and
immediately after (C,,..y) each infusion in patents treated with 3 x 740 mgim® amifostine

Compound C! smin Cl smax C2,min C2,m:a|x CB,min C3,max
Amifostine 0 240.2 0.2 221.9 0.2 247.1
+30.3 +0.3 +36.8 +0.4 +53.3
WR 1065 0 47.5 0.7 79.0 2.4 84.8
+11.9 +0.8 +13.2 +2.1 +15.1
Disulphides 0 184.2 59.9 175.0 55.5 166.0
+12.6 +30.1 +23.7 +19.3 +17.2

the pharmacokinetics of amifostine, the metabolite WR
1065 and the (mixed) disulphides. These investigations co-
incided with clinical phase I studies in which both a single
dose and multiple doses of amifostine (administrations with
2 h intervals) were given.

A rapid biphasic plasma clearance of amifostine had been
reported in patients (z;,2,0.88 min, 2,/,38.8 min) [6, 9].
These two phases were observed within 45 min. Our
sampling frequency was clearly too low to distinguish these
two phases. Therefore, the initial half-life we observed
(0.04 h, 2.4 min) is most probably a combination of the two
phases described by Shaw and associates [9]. In addition,
we determined a terminal elimination phase with a half-life
of 0.8h, (48 min), which was not observed by Shaw
because he investigated the pharmacokinetics over the first
45 min only. However, the plasma levels during this final
elimination phase were very low and may not be of clinical
relevance. Because of these low concentrations, repeated
treatment of amifostine with 2 h intervals did not lead to
increasing peak values at the end of each infusion (Cj max:
240.2 pM, Cy max: 221.9 pM, C; 1ax 247.1 pM).

Other data from Shaw and associates suggest the presence
of a saturable metabolism of amifostine [10], because dis-
proportional higher C,,., and area under the curve (AUC)
values were observed after treatment with 910 mg/m” in
comparison with those after 740 mg/m®. Also the clearance
of amifostine was twice as low after 910 mg/m® than after
treatment with 740 mg/m®. In our study, we did not observe
such a difference in the C,, values when comparing the
two dose levels, although our data only concerned 2 patients
treated with 910 mg/m® versus 8 patients treated with
740 mg/m?. However, our Cp. (n=10) and AUC values
(n=3), which were normalised to the 740 mg/m? dose
level, were comparable to the values of Shaw at a dose level
of 910mg/m> An explanation for this difference is
unknown.

Most pharmacokinetics data about the active metabolite
WR 1065 have been obtained in mice. In these animals,
WR 1065 was rapidly formed and distributed to the tissues
[7, 8]. In patients, only a few data on the pharmacokinetics
of WR 1065 have been reported. Maximal concentrations of
the metabolite were observed shortly after a bolus injection
of amifostine [9] or at the end of a 15 min infusion [11]
which also indicates that amifostine is rapidly converted into
WR 1065. This corresponds to the fast decrease of the ami-
fostine concentration in plasma. The mean maximal con-
centration of WR 1065 of 45.2 pM in our study is in
agreement with that reported by Shaw and associates (50
uM) after 740 mg/m? amifostine {11]. WR 1065 was rapidly
cleared from the plasma compartment with an initial half-
life of 0.18 h, followed by a slower second phase with a
half-life of 7.3 h. The short initial half-life can be explained

by the fast uptake in tissues [7, 8] and the fast conversion
of WR 1065 into disulphides. During the second phase,
only low plasma concentrations were present. Therefore,
hardly any accumulation was expected after multiple dosing
with 2h intervals. However, a trend towards a slight
increase in the peak concentrations of WR 1065 was
observed (Cymaxt 47.5 pM, Comaxt 79.0 uM,; Cj 1yt 84.8
pM). This observation might suggest a saturation of the
uptake of WR 1065 in tissues or its conversion into disul-
phides. Such a saturation of the pharmacokinetics of WR
1065 had also been suggested by Mangold and associates
[13]. They observed a decrease in the volume of distri-
bution of WR 1065 in rhesus monkeys when the infusion
time of amifostine was decreased, possibly due to a satur-
ation of binding in plasma and tissue. The observation in
our study of accumulating WR 1065 concentrations with
successive administrations might have some clinical rel-
evance because Ryan and associates showed that amifostine-
induced hypotension in rats was mediated by WR 1065
[17]. Indeed, we observed more frequent and more severe
hypotension during the third amifostine administration in
comparison with the first (J.B. Vermorken, University
Hospital, Vrije Universiteit, Amsterdam, The Netherlands).
It is attractive, though speculative, to relate the pharmaco-
kinetic data to our clinical observation.

Up to now, no data are available about the pharmacoki-
netics of the (mixed) disulphides in patients after treatment
with amifostine. Although the protective properties of the
disulphides (symmetrical and mixed disulphides) are doubt-
ful, they could be of clinical relevance when they would
serve as an exchangeable pool of the active metabolite WR
1065 [8]. A parallel decrease in the plasma concentration—
time curves of WR 1065 and the disulphides would confirm
the existence of an exchange between WR 1065 and the dis-
ulphides. We did not observe such a parallelism during the
first 6 h after the administration of amifostine. However, the
final half-life of the disulphides, observed in the time period
of 6-24 h after treatment, was comparable to the ;55 of
WR 1065. This observation supports the suggestion that the
(mixed) disulphides serve as a pool of exchangeable WR
1065.

Peak values of the disulphides at the end of the infusion
indicate that the conversion of WR 1065 into the disul-
phides must have been very fast. Also, Shaw and associates
mentioned a fast formation of the symmetrical disulphide
WR 33278 with peak plasma levels of 7-11 pm at 1-3 min
after a bolus injection of 150 mg/m? amifostine [9]. Our
peak values (178.0 +34.4 uM; n=11) were much higher
than the peak values of WR 33278 reported by Shaw and
associates, indicating that a principle part of the total disul-
phides, as we determined, consisted of mixed disulphides
with endogenous thiols. In contrast to amifostine and WR



Pharmacokinetics of Amifostine

1065, the disulphides were detectable in the plasma com-
partment for at least 24 h after a single dose of amifostine.
In the multiple dosing schedule, rather high plasma concen-
trations (55.5-59.9 uM) were still present at the beginning
of the next infusion. Therefore, an increase in the peak
values of the disulphides was expected. However, a trend
towards a decrease in the subsequent peak concentrations
was observed (Cy max: 184.2 pM, C; pax: 175.0 UM, G5 pax:
166.0 pM). This might be due to a saturation of the disul-
phide formation, which was also suggested by the unex-
pected increase in the subsequent peak concentrations of
WR 1065. However, if this suggestion is correct it would be
expected that the increase in the peak concentrations of WR
1065 would have been higher. Therefore, the uptake of WR
1065 in tissues and/or its elimination might also be
enhanced in parallel with the relatively lower disulphide for-
mation.

The observed rapid decrease of amifostine and WR 1065
concentrations in plasma and the low reaction rate between
amifostine or its metabolites with platinum compounds [19]
suggest that no chemical inactivation of the platinum drug
will take place in the circulation when amifostine is adminis-
tered close to the platinum drug. However, this does not
exclude the possibility for any other than chemical inter-
action between amifostine and the platinum drugs, as
observed in clinical and preclinical studies {20, 21].

It can be concluded that amifostine is rapidly converted
into the active metabolite WR 1065, which in turn is rapidly
oxidised to the disulphides. A rapid clearance from the
plasma was observed for amifostine and WR 1065, whereas
the disulphides were cleared much slower. Multiple dosing
(2 h intervals) resulted in an increase of the peak levels of
WR 1065 but not of the disulphides. This might suggest a
saturation of the disulphide formation or changes in the
uptake of tissues or the elimination of WR 1065.
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