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Abstract—The radioprotective drug 2-(3-aminopropylamino)ethanethiol (WR-1065) can be degraded
when incubated in cell culture medium in vitro. The degradation reaction consumes oxygen and results
from the action of Cu-dependent amine oxidases present in the serum content of the medium. Analysis
of the degradation products of WR-1065 demonstrates the formation of cysteamine, acrolein and H,0,.
WR-2721, the inactive prodrug of WR-1065, is not a substrate for these enzymes. Extracellular
degradation of WR-1065 by Cu-dependent amine oxidases leads to an intracellular depletion of
glutathione (GSH) in Chinese hamster ovary (CHO) cells and to reduction of clonogenic cell survival.
Addition of aminoguanidine, an inhibitor of Cu-dependent amine oxidases, protects CHO cells from
the toxic effects of WR-1065 and under these conditions an increase of intracellular GSH levels occurs.
These data demonstrate that WR-1065 can be degraded to toxic compounds by the presence of Cu-
dependent amine oxidases which might have further implications for the clinical use of WR-2721.
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WR-2721% is a well-known radioprotective drug
often used to protect tissues against the damaging
effects of radiation. These effects of WR-2721 were
demonstrated to be selective for normal but not for
tumour cells [1]. Several studies have demonstrated
that WR-2721 can also protect against cytotoxic
effects of chemotherapeutic agents [2-4]. Therefore,
WR-2721 is used in combination with chemo-
therapeutic agents, because it is able to suppress
side-effects without reducing antitumour activity
[5-7]. WR-2721 is considered to be a prodrug
which needs dephosphorylation to the active form
WR-1065. The dephosphorylation reaction is
mediated by alkaline phosphatases [8]. Pharmaco-
kinetical studies demonstrate that WR-2721 is
rapidly converted to WR-1065 in wvivo [9,10].
WR-1065 can be taken up by cells and accumulates
intracellularly [11]. WR-2721 and WR-1065 have a
polyamine-like structure similar to spermidine as
shown in Fig. 1. Polyamines are naturally occurring
polycations found in millimolar concentrations within
mammalian cells and have been implicated in normal
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patterns of cell growth and differentiation [12, 13].
Degradation of polyamines is mediated by amine
oxidases, an ubiquitous class of enzymes with a
broad spectrum of substrate specificities [14].
Previous data from our group suggest that WR-1065
might be a substrate for amine oxidases [15]. The
purpose of this study was to characterize the
degradation reaction of WR-1065 and to investigate
the consequences of an extracellular degradation
reaction on survival and GSH status of CHO cells
in vitro.

MATERIAL AND METHODS

Trypsin (0.25%), newborn and foetal calf serum,
McCoy’s SA medium, glutamine and antibiotics were
purchased from Gibco (Eggenstein, Germany). WR-
2721 and WR-1065 were a gift from Dr Leo
Gerweck of the Department of Radiation Medicine
(Massachusetts General Hospital, Boston, MA,
U.S.A.). The purified bovine plasma amine oxidase
was a gift from Dr Bruno Mondovi (Dipartimento
di Scienze Biochimiche, Rome, Italy). The inhibitor
of FAD-dependent polyamine oxidase, MDL 72.521,

Spermidine NH-CH2-CH2-CH2-NH-CH3-CH3-CHy-CH3-NH2
NH-CH)-CH3-CH2-NH-CH3-CH3-S-R

WR-2721: R =PO3H2; WR-1065:R=H

Fig. 1. Molecular structures of spermidine, WR-2721 and
WR-1065.
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was a gift from Merrell Dow Research Institute
(Strasbourg, France). Alkaline phosphatase (type
VII-NL from bovine intestine), catalase (from bovine
liver, 17,600 U/mL), acrolein, aminoguanidine,
cysteamine, DTT, sodium hydrosulfite and sper-
midine were obtained from Sigma Chemical Co.
(Deisenhofen, Germany).

Determination of WR-1065 and cysteamine.
WR-1065 was analysed using a method developed
for the determination of polyamines [16]. Perchloric
acid extracts were incubated with 1mM DTT to
reduce the disulphide forms of WR-1065. The
extracts were injected onto a C18 reversed phase
column and eluted at pH 4.5 as ion pairs with octane
sulfonate. The eluted amines were derivatized on-
line with o-phthaldialdehyde and quantified with
a fluorescent detector. For quantification di-
aminoheptane was used as internal standard.
Detection of cystcamine was not possible under
these HPLC conditions. Cysteamine was separated
with a C18 reversed-phase column using 0.1 M
monochloracetic acid/methanol (82/18) with 6 mM
octane sulphonate at a flow rate of 1 mL/min. The
eluted cysteamine was electrochemically detected
using a BAS detector at +150 V auxiliary voltage.
The retention time of cysteamine under these
conditions was 15 min.

Determination of intracellular GSH. Total soluble
intracellular GSH (reduced and oxidized form) was
quantified using previously described methods
[17, 18]. Briefly, the cell pellet was treated with 1 N
perchloric acid and y-glutamylglutamate was added
as an internal standard. After derivatization of the
free thiol groups with iodoacetic acid and of the
aminogroups with 1-fluoro-2,4-dinitrobenzene the
reaction mixtures were separated by HPLC. Aliquots
were injected onto a uBondapak amine column
(4 x 250 mm, Waters, Eschborn) and eluted with a
sodium acetate gradient (flow rate 2mL/min) in a
water/methanol/acetic acid solvent at pH4.5. The
dinitrophenyl derivatives were detected at 360 nm.
GSH was quantified in relation to the internal
standard. Protein was determined according to the
method of Lowry {19].

Measurement of PAO-activity. Oxygen uptake and
peroxide production were measured as described
using the Yellow Springs Oxygen Apparatus with a
Clark electrode [20]. All measurements were done
at 37°. The test chamber was equipped with a
magnetic stirrer. The cell culture medium was
buffered with 20mM HEPES and allowed to
equilibrate to the desired temperature. The drug
was added using a syringe introduced into the test
chamber through an access slot. Sodium hydrosulfite
was used to calibrate recorder output. PAO-activity
was expressed as nmol O, uptake per min per mL
beginning 1-2 min after the addition of the drugs.

Determination of acrolein. A fluorimetric deter-
mination of acrolein was used as described [21]. Two
millilitres of the samples were mixed with 0.5 mL of
mixed reagent (250 mg m-aminophenol plus 300 mg
hydroxylamine hydrochloride, dissolvedin 25 ml 1 N
HCI) and 0.5 ml of 5N HCI. Blanks and standards
were prepared in a similar manner. The resulting
mixtures were heated in a boiling water bath for
10 min and subsequently cooled in tap water. In
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Fig. 2. Determination of (A) WR-1065 and (B) cysteamine
in CHO medium. CHO medium was incubated for 1 hr at
37° with 0.4 mM WR-1065 (circles), 1 mM AG + 0.4 mM
WR-1065 (squares), 10mM AG +0.4mM WR-1065
(triangles). Means + SD from three independent experi-
ments are shown.

samples containing serum the precipitated protein
was removed with a short centrifugation step.
Fluorescence was determined at room temperature
immediately after derivatization with a fluorimeter
(Kontron Spectrofluorimeter SFM 23). A calibration
curve of acrolein standard solutions was used to
quantify the acrolein content of the samples.

Cell culture. Chinese hamster ovary (CHO) cells
were routinely grown and subcultured in McCoy’s
5A medium supplemented with 10% newborn and
5% foetal calf serum with glutamine and antibiotics.
Cell viability was determined by the Trypan blue
exclusion method. The assay for the clonogenic
survival of CHO cells was performed as described
[18].

RESULTS
Measurement of WR-1065 in CHO-medium and
detection of cysteamine

In a previous study we described differential
effects of WR-1065 on cystine uptake and GSH
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Fig. 3. Determination of cysteamine in CHO medium

under different condirions. WR-1065 (0.4 mM), AG

(1mM), WR-2721 (0.4mM) and AP (20U/mL) were

added to CHO medium as indicated and incubated for 1 hr

at 37°. Means = SD from three different independent

experiments. Asterisks indicate a significant difference
from control values without AG (P < 0.05).

content in two different types of CHO cells, but the
mechanisms of this action remained elusive [15].
Here we show that the effects of WR-1065 in vitro
mainly depend upon the formation of breakdown
products. When WR-1065 was incubated in CHO
medium in the absence of cells we found a decrease
in the concentration of WR-1065 as shown in Fig.
2(A). After 180 min less than half of the initial
concentration of WER.-1065 was detectable in the
medium. This decrease was not the result of a
disulphide formation of WR-1065 with other thiols
in the medium. As mentioned above (see the
Materials and Methods Section) all samples were
treated with DTT before HPLC analysis to convert
disulfides to the reduced thiol molecules. Because
of the polyamine-like structure of WR-1065 we
proposed that polyamine oxidases are involved in
the degradation of WR-1065. We tested AG, a
competitive inhibitor of Cu-dep. amine oxidases, on
its ability to reduce degradation of WR-1065. One
millimolar AG reduced the degradation of WR-1065
which was even more pronounced when an AG
concentration of 10 mM was used. Simultaneously
with the decrease of WR-1065 concentration in CHO
medium, the aminothiol cysteamine accumulated as
shown in Fig. 2(B). Addition of 1 and 10mM AG
reduced the levels of cysteamine. A quantitative
analysis of Figs 2(A) and (B) showed that the
detected concentration of cysteamine is about
10-30% of the degraded concentration of WR-1065.
This indicates that cysteamine is a major degradation
product of WR-1065 in CHO medium.

High concentrations of cysteamine are detectable
after incubation of CHO medium with WR-1065 but
not with WR-2721, as shown in Fig. 3. Coincubation
of AP with WR-2721, which dephosphorylates WR-
2721 to WR-1065, also leads to high concentrations
of cysteamine. Addition of AG to WR-1065 or
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WR-2721 + AP significantly reduces cysteamine
concentrations. The formation of cysteamine shows
that WR-1065 but not WR-2721 is a substrate for
Cu-dependent amine oxidases. The production of
cysteamine by WR-2721 alone can be explained by
a low dephosphorylating activity of CHO medium
which leads to the formation of WR-1065 (HPLC
data not shown).

Measurement of serum amine oxidases by oxygen
uptake and detection of HyO,

Cu-dependent amine oxidases can catabolize a
broad spectrum of polyamines [14]. To determine
the activity of polyamine oxidases in CHO medium
we used the polyamine spermidine as a substrate.
Enzyme activity was determined by measurement of
the initial oxygen uptake with Clark’s oxygen
electrode as described. In Fig. 4(A) the addition of
spermidine to CHO medium led to rapid initial
oxygen uptake. The initial oxygen uptake of 0.4 mM
spermidine at 37° was 16.7 = 2.4 nmol O,/min/mL.
Addition of different concentrations of AG to the
medium before the addition of spermidine reduced
oxygen uptake. At 1 mM AG nearly no uptake of
oxygen (1.2=0.8nmol O,/min/mL) could be
detected.

Incubation of CHO medium with WR-1065 also
leads to rapid oxygen uptake as shown in Fig. 4(B).
Addition of 1 mM AG, which nearly completely
inhibited polyamine oxidation activity as shown in
Fig. 4(A), strongly reduced oxygen uptake. The
remaining oxygen uptake results from the non-
enzymatic autoxidation reaction of the free thiol
group of WR-1065 [22] and the low enzyme activity
which remains after addition of 1mM AG. The
autoxidation reaction can also be observed in
aqueous solutions containing no serum, while AG
(1 mM) did not influence this reaction of WR-1065
(data not shown). Therefore, oxygen uptake of
WR-1065 in CHO medium is caused by two different
reactions: (a) a non-enzymatic autoxidation reaction,
and (b) an enzymatic reaction which can be inhibited
with AG. Calculation of the oxygen uptake without
and with AG from the curves in Fig. 4(B) results
in values of 26.4+3.4nmol O,/min/mL and
12.1 =2.9nmol O,/min/mL, respectively. Sub-
traction of the autoxidation rate from the total
oxygen uptake gives the oxygen uptake for the
enzymatic reaction which is inhibited by 1 mM AG.
The resulting value of 14.3 + 3.4 nmol O,/min/mL
is not significantly different (P > 0.05) from the
oxygen uptake of 0.4 mM spermidine under the same
conditions.

The accumulation of hydrogen peroxide was
measured also in Fig. 4(B). Addition of catalase
(50 ug/mL) to the medium after 5 min leads to the
rapid generation of oxygen. This was demonstrated
in the presence and absence of AG. The results
indicate that approximately half of the oxygen uptake
of WR-1065 under either condition was utilized for
the generation of H,0,.

WR-2721 led only to a small uptake of oxygen in
CHO medium as shown in Fig. 4(C), which can be
explained by the dephosphorylating activity of CHO
medium as mentioned above. Adding AP to the
medium before WR-2721 increased oxygen uptake.
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Fig. 4. Determination of oxygen consumption induced by WR-2721, WR-1065 and spermidine. (A)

Spermidine (0.4 mM) *= AG in CHO medium; (B) WR-1065 (0.4 mM) + AG (1 mM) in CHO medium;

(C) WR-2721 (0.4 mM) = AP (20 U/mL) in CHO medium; (D) summarizes data from a purified bovine

plasma amine oxidase: (1) spermidine (0.4 mM) + AG (1 mM); (2) WR-2721 (0.4 mM); (3) WR-1065

(0.4mM) + AG (1 mM); (4) spermidine (0.4 mM); (5) WR-1065 (0.4 mM). Each of the figures
represents data from the average of at least five independent experiments.

Table 1. Determination of acrolein concentrations in CHO-

medium
Acrolein (uM)
Control <0.05
WR-1065 (400 uM) 20.4+5.9
WR-1065 (400 uM) + AG (1 mM) 11.6x24
Acrolein (500 uM) 464 2.0

Table 2. Determination of acrolein concentrations in PBS

Acrolein (uM)

Control <0.05
WR-1065 (400 uM) <0.05
Acrolein (100 uM) 87.9+83
WR-1065 (400 uM) + acrolein (100 uM) 3113
Acrolein (100 pM) + AG (1 mM) 84.9 + 8.6

After addition of the compounds the CHO medium was
incubated at 37° for 1 hr. Means * SD from at least three
independent measurements.

These data also confirmed that WR-1065 (but not
WR-2721) can be a substrate for Cu-dependent
amine oxidases.

To support the finding that Cu-dependent amine
oxidases were responsible for the degradation of
WR-1065 we tested a purified bovine plasma amine
oxidase. The results (summarized in Fig. 4D)
demonstrate that addition of WR-1065 or spermidine
led to a strong uptake of oxygen. No oxygen uptake
was observed when WR-2721 or spermidine + AG
were tested, whereas WR-1065 + AG again showed
a reduced uptake compared to WR-1065 alone. AG
completely blocked the oxygen uptake of spermidine,
but in the case of WR-1065 oxygen uptake due to
the autoxidation reaction of the free thiol group
remained. Therefore, bovine plasma amine oxidase

After addition of the compounds the PBS was incubated
at37°for 1 hr. Means = SD from at least three independent
measurements.

exhibits similar substrate and inhibitor properties as
the enzymes responsible for the oxidation of
WR-1065 and spermidine in the CHO medium.

Detection of acrolein as breakdown product of
WR-1065

Incubation of CHO medium with WR-1065 led to
the formation of the aldehyde acrolein as summarized
in Table 1. Coincubation of WR-1065 with AG
reduced the detectable concentration of acrolein. A
quantitative analysis of the data showed that the
concentration of acrolein resulting from the
degradation of WR-1065 was less than expected.
After 1hr incubation time the concentration of
WR-1065 was reduced from 400 uM to approximately
200 uM (seeFig. 2A), while an acrolein concentration
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Fig. 5. Modulation of glutathione levels in CHO cells by

WR-2721 under different conditions. (O) WR-2721

(0.4 mM) + AP (20 U/mL); (W) WR-2721 (0.4 mM) + AP

(20 U/mL) + AG (1 mM); (O) control. Means * SD from
three different independent experiments.

of only 20.4 uM was detectable. To investigate side
reactions we added acrolein alone to CHO medium.
Approximately 10% of the added acrolein could be
recovered after an incubation time of 1hr. This
demonstrates that acrolein reacts with molecules of
the CHO medium and only low concentrations of
acrolein can be detected. Experiments designed
without the use of CHO medium did not circumvent
the problem of acrolein side reactions. The data in
Table 2 summarize the recovery of acrolein
concentrations in PBS under different incubation
conditions. Approximately 90% of acrolein could be
detected after an incubation time of 1 hr at 37°. The
addition of WR-1065 thus strongly reduces the
detectable concentration of acrolein. These data are
in agreement with data from the literature stating
that the favourite reaction molecules of acrolein in
aqueous solutions are those with free thiol groups
[23]. Itis to be noted that acrolein did not significantly
react with AG, as shown in Table 2.

Table 3. Toxic effects of WR-2721 on CHO celis

Trypan
blue Clonogenic Number of
negative surviving independent
cells fraction experiments
Control >95% 0.98 £ 0.05 7
WR-2721 + AP >95% 0.14 £0.11* 4
WR-2721+ AP + AG >95% 0.86 = 0.20 4

CHO cells were incubated with WR-2721 (0.4 mM), AP
(20 U/mL), AG (1 mM) for 5 hr at 37° as indicated. The
asterisk indicates a significant difference from control
(P <0.05).
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Influence of degradation of WR-1065 on GSH levels
and survival of CHO cells

Earlier data from our group demonstrate that
WR-2721 + AP is able to promote the cystine uptake
of CHO cells in vitro [15]. A promotion of cystine
uptake leads to an increase in GSH biosynthesis and
GSH content of CHO cells as demonstrated for
several thiols, because cysteine is in most cases the
limiting amino acid for GSH biosynthesis [24].
Addition of WR-2721 + APleadstoarapid depletion
of GSH in CHO cells as demonstrated in Fig. 5. In
contrast inhibition of amine oxidase by addition of
1mM AG to the medium before WR-2721 + AP
increased the GSH levels of CHO cells.

WR-2721 + AP did not influence the viability of
CHO cells as measured by Trypan blue exclusion
assay (Table 3). In contrast, the clonogenic survival
of the cells was significantly reduced after incubation
with WR-2721 + AP, but addition of 1mM AG
completely prevented this cellular toxicity. One
millimolar AG alone had no influence on glutathione
levels and clonogenic survival of CHO cells, but
higher concentrations of AG (e.g. 10 mM) lead to a
reduced clonogenic survival (data not shown). The
effects of WR-2721 + AP was also tested using a
carcinoma cell line. Incubation of CHO carcinoma
cells with WR-2721 + AP showed a similar influence
on GSH levels and clonogenic survival when
incubated under the same medium conditions like
CHO cells (data not shown).

DISCUSSION

The data demonstrate a degradation pathway of
WR-1065 by Cu-dependent amine oxidases present
in the culture medium of CHO cells. The results
confirm our previous observations where we found
evidence for a degradation of WR-1065 in cell culture
medium [15]. Many data are available on the
pharmacokinetics of WR-2721 in animals and
humans. These studies show that only low amounts
of the administered dose of WR-2721 are excreted
as WR-2721, WR-1065 or WR-33278 [25]. WR-
33278 is the disulphide form of WR-1065 and can
be formed by a non-enzymatic autoxidation reaction
from WR-1065 in aqueous solutions [22]. Studies
with radioactively-labelled WR-2721 demonstrate
the excretion of unidentified breakdown products
of WR-2721 [26]. These studies implicate that
degradation reactions of WR-2721/WR-1065 also
occur in vivo, but the mechanism of degradation
and the resulting products remained elusive. In our
in vitro experiments we found that the aminothiol
cysteamine is one major breakdown product of
WR-1065. In a previous study, cysteamine was also
proposed as a breakdown product of WR-1065 from
data of cystine depletion by WR-1065 in cystinotic
cells [27]. The observed degradation of WR-1065 in
CHO medium was most likely mediated by amine
oxidases. To investigate the source of amine oxidase
activity in our system we tested the major components
of the CHO medium. Amine oxidase activity was
only detected in the newborn calf serum portion of
the medium, whereas in foetal calf serum no amine
oxidase activity could be found (data not shown).
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NH3-CH2-CH2-CH2-NH-CH2-CH2-SH + 02 + H20
WR-1065

Cu-dependent
Amine oxidase

CHO-CH=CH3 +NH2-CH-CH2-SH + H207 + NH3
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Fig. 6. Proposed degradation pathway of WR-1065.

Amine oxidase activity is present in the sera of a
number of mammalian species [28] and these
enzymes are quite heterogeneous in regard to
structure, catalytic mechanism and mode of substrate
oxidation [29]. One simple classification divides
amine oxidases into FAD- and Cu-dependent
enzymes in reference to the nature of the prosthetic
group [14]. Natural substrates of amine oxidases are
polyamines and related compounds. The use of
amine oxidase inhibitors—particularly the nontoxic
carbonyl reagent aminoguanidine, a specific inhibitor
of Cu-dependent amine oxidases—has often been
demonstrated to reduce the growth-inhibitory effects
of polyamines dose-dependent [30, 31]. From our
results the degradation and toxic effects of WR-1065
in vitro could be inhibited by AG, which demonstrates
that Cu-dependent amine oxidases are responsible
for the degradation reaction. We were able to
confirm this observation by the use of a purified and
characterized amine oxidase from bovine plasma
[32]. The observed breakdown product acrolein is
an a,f-unsaturated aldehyde which in general can
be formed by oxidation from organic compounds.
In summary we propose a degradation pathway of
WR-1065 by Cu-dependent amine oxidases as shown
in Fig. 6.

Formation of acrolein as a breakdown product of
polyamine (e.g. spermidine and spermine) oxidation
has been described [33]. Acrolein is also a metabolite
of the cystostatic drugs cyclophosphamide and
ifosfamide [34]. As a direct-acting alkylating agent
acrolein is capable of covalent binding to cellular
electrophilic groups [23]. The unsaturated double
bond in acrolein conjugates nonenzymatically with
sulphydryl groups as demonstrated for the thiols
cysteine [35] and GSH [36]. Reactions with
other thiols have also been described; e.g. 2-
mercaptoethanesulphonate (mesna) prevents toxic
side-effects of cyclophosphamide chemotherapy by
protecting cells from the toxic effects of acrolein
[37,38]. Exposure of cells to acrolein leads to
an intracellular depletion of GSH [38,39]. This
high reactivity of acrolein with sulphydryl groups
might explain the low concentrations of acrolein
measured in our experiments as described in Tables
1 and 2. The data indicate that acrolein reacts
non-enzymatically with the thiols WR-1065 and
cysteamine present in the medium.

CHO cells have intracellularly high levels of FAD-
dependent polyamine oxidase activity [40]. We also
tested whether WR-1065 is a substrate for this kind
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of enzyme. An assay was used which is based on the
specific inhibitor MDL 72.521 of FAD-dependent
polyamine oxidase [31,41] as described [40]. We
found no indication that WR-1065 is degradated by
this kind of enzyme (data not shown).

GSH is the major intracellular non-protein thiol
that is responsible for a variety of cellular functions
[42,43). The data available in the literature
concerning the influence of WR-1065 on intracellular
GSH levels are not consistent. Some authors find
no influence on GSH levels [10], whereas others
describe a depletion [44] or increase [15] of
intracellular GSH induced by WR-1065. In our in
vitro system using CHO cells we observed a depletion
of GSH under conditions where degradation of
WR-1065 occurs in the medium. The breakdown
product responsible for this GSH depletion is most
likely acrolein, because acrolein binds to GSH. In
contrast, exposure of CHO cells to cysteamine
increased GSH levels [24]. An increase in GSH
levels is observed after exposure of CHO cells to
WR-1065 when the acrolein-producing oxidation
reaction is reduced with AG. GSH synthesis is
regulated in most cases by the availability of the
amino acid cysteine [42]. As demonstrated with
other thiols (e.g. cysteamine, N-acetylcysteine)
WR-1065 promotes cystine uptake from the medium
and increases intracellular GSH level [15, 24].

In vitro data using different cell systems
demonstrate that molecules with a free thiol group
can exhibit a strong toxicity in vitro {18, 45]. This
toxicity may be accounted for the generation of
reactive oxygen species during the autoxidation
reaction of the free thiol group. However, the extent
of thiol toxicity depends on the cell system, the
environmental conditions and the structure of the
thiol compound [46]. Addition of catalase markedly
reduced the toxicity of thiol compounds, which
indicates that generation of H,0, is the most
important factor for thiol toxicity [45]. Data from
the literature demonstrate that the toxicity of
WR-1065 due to autoxidation of the free thiol group
is low [46]. Therefore the observed toxicity of
WR-1065 in our CHO cell system is not caused by
autoxidation of the free thiol group but by production
of breakdown products, because the inhibition of
enzymatic degradation by AG blocks the cytotoxic
effects.

High WR-2721 toxicity has been reported and
suggested to be based on the action of polyamine
oxidases [47]. Cytotoxic effects of the polyamines
spermidine or spermine are mediated by degradation
reactions in the culture medium of cells [48, 49]; e.g.
exogenous spermidine is oxidized by Cu-dependent
amine oxidases to putrescine, acrolein and H,0,
[50]. Our data strongly suggest that the cytotoxic
effects of WR-1065 on CHO cells are caused by
similar mechanisms as described for the toxicity of
polyamines. The enzymatic degradation of WR-1065
leads to the formation of toxic breakdown products
(e.g. acrolein and H,0;), which are able to damage
cellular structures. For clinical situations it is very
difficult to make meaningful predictions in regard to
the levels of toxic degradation products which may
be reached in vivo. The amount of amine oxidases
present in the serum of humans seems to be low in
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general, but under certain conditions, e.g. during
pregnancy, in cancer patients or after administration

of

heparin, an increase in serum amine oxidase

activity was observed [51]. However, it is not clear
whether the enzyme characteristics of human and
bovine serum amine oxidases are comparable. The
detection of cysteamine after administration of WR-
2721 in vivo (52) indicates that the described
degradation mechanism might be of importance for
the clinical use of WR-2721.
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