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Focus on Fotemustine
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Fotemustine is a cytotoxic alkylating agent, belonging to the group of nitrosourea family. Its mechanism of ac-
tion is similar to that of other nitrosoureas, characterized by a mono-functional/bi-functional alkylating activity.
Worth of consideration is the finding that the presence of high levels of the DNA repair enzyme O°-methylgua-
nine-DNA-methyltransferase (MGMT) in cancer cells confers drug resistance. In different clinical trials Fote-
mustine showed a remarkable antitumor activity as single agent, and in association with other antineoplastic com-
pounds or treatment modalities. Moreover, its toxicity is generally considered acceptable. The drug has been em-
ployed in the treatment of metastatic melanoma, and, on the basis of its pharmacokinetic properties, in brain tu-
mors, either primitive or metastatic. Moreover, Fotemustine shows pharmacodynamic properties similar to those
of mono-functional alkylating compounds (e.g. DNA methylating drugs, such as Temozolomide), that have been
recently considered for the management of acute refractory leukaemia. Therefore, it is reasonable to assume that
this agent could be a good candidate to play a potential role in haematological malignancies.
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Fotemustine or diethyl{1-[3-(2-cloroethyl)-3-
nitrosoureido]ethyl}phosphonate, is an alkylating
cytotoxic agent, belonging to the group of antitumor
nitrosoureas:
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Phosphoalanine Nitroso-Urea Chloro-ethyl

This molecule has been synthesized to obtain a
nitrosourea endowed with more selective antineoplas-
tic activity than that of other alkylating agents. Actu-
ally, this compound shows more attractive pharmaco-
kinetic properties than those of the other classical
nitrosoureas, in terms of blood-brain barrier passage

and of cell penetration coefficient, especially in neo-
plastic cells. This has been reached by adding a phos-
pho-alanine group, with a carrier function, to the
chloro-nitroso-urea molecule (1).

All these structural changes have a precise ratio-
nale. It is known that aminoacids are actively trans-
ported inside the cell. Moreover, neoplastic cells are
characterized by a greater permeability to aminoacids
compared to that of normal cells. Thanks to its struc-
tural analogy with alanine, phospho-alanine increases
the penetration coefficient of the drug into malignant
cells.

The elevated lipophilic properties of Fotemustine
contribute to facilitate its passage through the blood-
brain barrier. In fact, Fotemustine is more lipophilic
then other important nitrosoureas, such as Carmustine
(BCNU) and Lomustine (CCNU) (2). Moreover, high
brain permeability coefficient of this compound was
demonstrated in rats subjected to drug administration
into the right external carotid artery (3). This is
accompanied by the finding that Fotemustine shows
greater diffusion in neuronal cells and glia, than Car-
mustine (4).
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The elevated lipophilicity and cell transport capac-
ity of Fotemustine is also responsible for its high tis-
sue distribution volume. All these biochemical char-
acteristics make the molecule remarkably active
towards different kinds of tumor, especially those of
the central nervous system (5).

Mechanism of action

Although the mechanism of action of Fotemustine
is similar to that of other nitrosoureas, it has not yet
been conclusively defined. Antitumor activity of this
agent shows also similarities with that of triazene
compounds (i.e. Dacarbazine and Temozolomide).
However, unlike triazenes, that are well known
mono-functional DNA methylating agents, Fotemus-
tine is a mono-functional/bi-functional agent contain-
ing a chloroethylating group. As described by Hayes
et al. (1), Fotemustine decomposes quickly in aque-
ous solution, yielding at least two DNA-reactive
species relevant to its biological activity. In particu-
lar, they appear to be a short-lived compound, 2-
cloroethyl-diazohydroxide, and a long-lived iminol
tautomer of the parent drug:

1. HO-N=N-CH.-CH,-Cl 2-chloroethyl-diazohydroxide

CHi OH i
CHy-CHO
_ P-CH -M=-C = N —CH,-CH,-Cl iminol tautomer
CH;-CH;-0 1 |
o] N=0

Compound 1, which is rapidly inactivated within 5
minutes in aqueous solution, and the long-lived com-
pound 2 produce a cytotoxic damage through a dou-
ble and intriguing mechanism based on mono and bi-
alkylating process as well. If the compounds bind
DNA O°f-guanine from the molecule end opposite to
the alkylating chloroethyl group, O®-chloroethyl-gua-
nine is generated. On the other hand, if the same end
group of the molecules binds the N7 atom of the gua-
nine, the N’-chloroethyl-guanine is produced.

Compound 1 HO - N= N - CH,- CH, -CI
Compound 2 R - N-CH, - CH, -Cl
1
N=0
GUANINE-0°-CH,~CH,-Cl GUANINE-N’-CH,-CH,-CI

However, N7-alkyl-guanine has a minor role in
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Fig. 1 - Fotemustine: alkylating mechanism of action.

Fotemustine cytotoxicity. The chloroethyl adduct at
O°f-guanine, instead, is able to behave as a classical
alkylating moiety, producing an intramolecular N!-
Of-ethanoguanine intermediate which subsequently
reacts with the nitrogen-3 of the adjacent cytosine,
mainly of the opposite DNA strand, to form GC
cross-link (Fig. 1). However, the alkylating com-
pound can alternatively bind O®-oxygen of DNA gua-
nine by the chloroethyl moiety.

R-CH,-CH,-Cl +0°-G == G-0°-CH,-CH,-OH

In this case, the new molecule (O°-hydroxyethyl-
guanine) is not able to produce a cross linking, and the
compound behaves as a less toxic mono-functional
alkylating agent.

Another important pathway of nitrosourea metabo-
lism, and in particular of Fotemustine, concerns the
carbamoylation process. Fotemustine produces the di-
ethyl-ethyl-phosphonate isocyanate derivative (6) that
is characterized by a less carbamoylating activity than
that of BCNU (7). It was demonstrated that the car-
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bamoylation process is able to activate the HSP70 gene
transcription, leading to a reduction of the pro-apoptot-
ic effects of antineoplastic agents. In fact, HSP70 re-
duces caspase activation (8) blocking of the Apaf-1 at-
tachment to the cytochrome C (9). Therefore, the re-
duced carbamoylating effects of Fotemustine could
represent an attracting aspect of its antineoplastic
mechanism.

The effects of Fotemustine and BCNU on cell cycle
pattern have been compared in different mouse and hu-
man cell lines by tritiated thymidine capture and flow
cytometry. The results have shown that Fotemustine is
more active than BCNU, and that Fotemustine inhibits
DNA synthesis at a more advanced stage of cell cycle
progression, probably at S and G2-M phase (7, 10).

Mechanism of resistance

As previously described, the rapid alkylation of
oxygen-6 of DNA guanine is the first biochemical step
mainly involved in the cytotoxic activity of Fotemus-
tine. This step is followed by high frequency of DNA
two-strand cross-linking events. However, at the early
stage of drug activity, corresponding to the formation
of alkyl adducts at oxygen-6 of DNA guanine, DNA is
subjected to mono-functional alkylation. Therefore,
the presence of high-levels of O°-methylguanine-
DNA-methyltransferase enzyme (OGAT/MGMT) (11)
confers drug resistance. The MGMT enzyme is able to
remove alkyl adducts at oxygen-6 of DNA guanine,
transferring them on cysteine residues of MGMT itself,
with a mechanism that has been defined as "suicidal
activity". This process can take place only before the
formation of cross linking events, since alkyl residues
bound to oxygen 6 of guanine and to another reactive
site of a DNA base is not recognized as suitable sub-
strate by MGMT (1, 6, 12). In any case, MGMT in-
hibitors [e.g. O%-Benzylguanine or of O°(4-Bromoth-
enyl) guanine (PaTrin-2), (13)], are able to reduce sub-
stantially resistance to Fotemustine in neoplastic cells
endowed with high levels of MGMT activity (12, 14).
It is well known that another DNA repair system, the
mismatch repair system (MMRS), is involved in tumor
cell resistance to antineoplastic DNA alkylating
agents, such as triazene compounds (15). In this case,
MMRS-deficient target cells are resistant to triazenes
(15). In contrast, no conclusive data are available on
the possible role of DNA mismatch repair system on
tumor cell resistance to Fotemustine (16), considering
that, differently from triazenes, Fotemustine acts
through a mechanism largely based on DNA inter-

strand cross-linking effect.

Pharmacokinetics in animal models

Preclinical studies in mice, rats, monkeys and dogs
provide essential information on the pharmacokinetic
profile of Fotemustine (17). After intravenous bolus
administration (100 mg/m?), the analysis of main phar-
macokinetic parameters in these four animal species
showed that: (a) peak plasma concentrations were in
the range of 9-18 ug/mL (28-57 uM), equivalent to in
vitro antitumor activity; (b) half-life of unmodified
drug distribution and elimination was very short, thus
indicating that Fotemustine is rapidly degraded and
metabolized; (c) plasma clearance was very high; (d)
distribution volume was also found to be high, thus
confirming that the drug is highly lipophilic.

Tissue distribution

Binding to plasma proteins, studied in vitro with la-
belled ["*C]Fotemustine in equilibrium dialysis, is low
and not saturable. The main binding plasma proteins
are o/l-acid glycoprotein and human serum albumin.
Moreover, 30% of drug binds erythrocytes.

Tissue distribution was studied by autoradiography
methods using ['*C]fotemustine in healthy mouse and
in animals bearing subcutaneous B16 melanoma.
These studies demonstrated rapid and high distribution
volume. Most of injected ['*C]Fotemustine radioactiv-
ity was observed in the liver, kidneys, lung and brain.
Furthermore, high radioactivity was detected in the tu-
mor, mostly in peripheral non-necrotic areas, being tu-
mor/plasma ratio of 2:1 at 96 hrs. A study on tissue dis-
tribution of Fotemustine, conducted on normal rats or
in animals bearing Walker A and B carcinoma, con-
firmed these results (18).

Metabolism and elimination

Fotemustine undergoes a rapid and extensive me-
tabolism in all animal species studied (mouse, rat and
monkey). The unmodified drug has not been detected
in the urine. The urinary metabolic ["*C]Fotemustine
profile determined by HPLC with radiochemical
analysis, was found to be similar in mouse and rat,
whereas it is more complex in monkey (17). Two main
metabolites were revealed in the urine of three animal
species, i.e. acetic acid and l-idantoin-ethyl-di-
ethylphosphonate that was identified by mass spec-
trometry analysis.

The urinary excretion of ['“C]Fotemustine in
mouse, either normal or bearing B6 melanoma,
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proved that both rate and excretion modality are sim-
ilar in the two animals groups. Furthermore the peak
of radioactivity was found 24 hrs after administration
of the labelled drug. Faecal excretion appeared to be
very low (3-5%) and less than 1% of the agent was
detected in pulmonary breathing as chloroethanol
whereas a variable fraction of 4-12% was identified
as “CO,, indicating that the chloroethyl group was
detached from the molecule. Similar results were ob-
tained in a study on urinary excretion in monkeys
treated with a single intravenous injection of 100
mg/m? of the drug (19).

Pharmacokinetics in humans

Intravenous administration (standard or high dose
protocol)

The pharmacokinetic profile of Fotemustine was
analysed in a multicentric study (20) that was per-
formed in 66 patients treated with Fotemustine, admin-
istered intravenously for 1 hr. Two protocols were
adopted i.e. 100 mg/m? once a week, for three weeks
(44 patients) or high single dose (600-1000 mg/m?) for
two days, followed by autologous bone marrow trans-
plantation (22 patients).

When administered as intravenous infusion for 1 hr,
the plasma concentration reached the steady-state in 45
min. After intravenous infusion the plasma concentra-
tion varied between 1 and 14 pug/mL, and declined
quickly; so that the unmodified drug disappeared in the
blood within three hours.

Administration through hepatic arterial infusion

Fotemustine was given as a standard dose by iv in-
fusion for 1 hr (15 patients with colon carcinoma) or by
hepatic arterial infusion for 4 hrs (10 patients with liv-
er metastases). The comparative study on pharmacoki-
netic parameters proved that the area under the curve
following intra-arterial infusion was much lower than
that detectable after intravenous infusion, thus indicat-
ing a manyfold increase in drug concentration at the
liver tumor site (21).

Excretion

Further studies on pharmacokinetics of the agent
have been performed in two cancer patients inoculated
with ["*C]Fotemustine. The results confirmed that (a)
the excretion of metabolized Fotemustine is mainly
urinary (50-60%); (b) faecal excretion is minimal
(5%); (c) no unmodified drug can be detected in the
urine (22).
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Diffusion in cerebral parenchyma

Patients with intermediate or advanced stage of
Hodgkin's or non-Hodgkin's lymphoma, were treated
with a single high dose of Fotemustine (300 mg/m?). In
this case, pharmacokinetic investigation to determine
the fraction of the drug able to cross the blood-brain
barrier showed that Fotemustine concentration in the
cerebrospinal fluid reached 23% of plasma level (23).

Metabolism

The most important Fotemustine metabolites iden-
tified in the plasma after treatment with [*C]Fotemus-
tine have been found to be chloroethanol and N-ni-
trous-1-Imidazolidone-1-ethyldiethylphosphonate
(NIEDP). These metabolites were identified also in vit-
ro as degradation products of the drug. Fotemustine ca-
tabolism appears to be mainly a chemical decomposi-
tion, associated with a minor enzymatic inactivation
process (20-22).

Toxicology

Acute single-dose toxicity

In the mouse, several studies have shown that LD10
and LD50 are 20 and 50 mg/kg, respectively. In the rat
it was impossible to determine LD50 because the drug
is essentially insoluble at doses higher than 50 mg/kg
(24, 25).

Acute and sub-acute toxicity

The sub-acute toxicity was studied in the rat, dog
and monkey, with a weekly intravenous administration
of the drug for 3-5 weeks. The chronic toxicity was
studied, instead, with intraperitoneal and intravenous
administration for 6 to 12 months. The most important
toxic events were dose-dependent, retarded and cumu-
lative, and concerned haematological parameters
(thrombocytopenia, leukopenia and, less frequently,
anemia). Liver and kidney toxicity was moderate, and
less frequent when compared with that found in ani-
mals treated with BCNU (26).

Mutagenesis and Carcinogenesis

Nitrosureas, including Fotemustine, as alkylating
agents, have toxic effects on DNA, accompanied by
mutagen and carcinogenic activity. However, Fotemus-
tine shows reduced damage to DNA and possibly less
mutagenic effects when compared with that of the oth-
er alkylating nitrosoureas of clinical interest (27). This
has been later confirmed by Ashby J. et al. (28) who
showed that Fotemustine is less mutagenic then BC-
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NU, as revealed by the ad hoc assays performed on
Salmonella, Drosophila and mouse bone marrow.

Therapeutic Activity

Preclinical Studies

The activity of Fotemustine was investigated in a
number of tumor animal models. In particular, the
agent was found to be highly active against L1210 and
P388 leukemia inoculated intraperitoneal in histocom-
patible (H-2¢/H-29) recipient mice (18). In this case, the
therapeutic efficacy was comparable to that of the clas-
sical BCNU nitrosourea. In additional studies conduct-
ed in rodents, Fotemustine showed appreciable activi-
ty against primary and metastatic M5076 reticular cell
sarcoma injected intramuscularly in mice, and against
subline A of the Walker carcinoma of the rat (18).
However, cross-resistance between Fotemustine and
BCNU was detected in experiments performed with
BCNU-resistant L1210/BCNU leukaemia and ICIG-
Ci4 fibrosarcoma in mice and Walker carcinoma sub-
line B in the rat (18). Further studies were performed
using a single intraperitoneal injection of Fotemustine
in seven types of human brain tumor models, in nude
mice (29, 30). In these studies Fotemustine activity
was compared with that of BCNU, by assessment of
tumor growth and volume, and Overall Survival (OS).

A single dose of Fotemustine (50 mg/kg) showed
remarkable therapeutic effects in three out of four
medulloblastomas. In particular, in animals inoculated
with two of these tumors (i.e. IGRM34 ¢ IGRMS57),
drug treatment resulted in 100 % of complete response
rate (CR) and, respectively, 37 % and 100 % of long
term survival. Additional experiments performed with
IGRG88 glioma showed that treatment with Fotemus-
tine produced 100% CR and 37% of long term sur-
vivors. Moreover, comparative studies between the an-
titumor effects of Fotemustine and BCNU against
IGRM34 and IGRG88 medulloblastoma, showed that
Fotemustine provided better results than those obtain-
able with BCNU treatment. Additional studies have
been carried out with Fotemustine, BCNU and Temo-
zolomide in vivo, in two human glioma models trans-
planted in nude mice (29). These drugs, administrated
intravenously, increased the survival time of the Hs683
oligodendroglioma-bearing mice, whereas temozolo-
mide only induced a weak, although statistically signif-
icant, increase in U373 glioma-bearing mice.

Clinical Studies

Melanoma

In a number of phase I, II and III clinical trials,
Fotemustine, either as a single agent or in association
with other antineoplastic drugs, showed appreciable
activity against metastatic melanoma that is generally
considered highly resistant to chemotherapy (31- 33).

In phase II trials, Fotemustine alone showed a Re-
sponce Rate (RR) of 26% and a RR of 25% at brain
sites. Moreover, RR was found to be higher in those
patients who have not been treated previously (30%)
(34-37). However, the majority of clinical studies with
this agent did not show therapeutic results significant-
ly higher than those obtainable with Dacarbazine. On
the other hand, Fotemustine could have some advan-
tages over Dacarbazine, since it does not require meta-
bolic activation by the liver, crosses the blood-brain
barrier and should be more active than the triazene
compound against MMRS-negative target tumor cells
(see the previous paragraph on mechanisms of drug re-
sistance). Actually, in phase III study on single drug
treatment with Fotemustine compared with Dacar-
bazine in metastatic melanoma (33), a trend of longer
survival was found in patients subjected to Fotemus-
tine, if compared to those treated with Dacarbazine, al-
though the difference did not reach statistical signifi-
cance.

Fotemustine has also been studied in association
with other drugs to improve chemotherapeutic effica-
cy. The combination of Fotemustine with Dacarbazine
produced a 27% of overall RR and 21.5 weeks of re-
sponse duration. These results are similar to those ob-
tained with Fotemustine alone (38). However, better
results were obtained with the combination of Fote-
mustine, Dacarbazine and Vindesine, with 32% of
overall RR and 15% of CR (39). A subsequent study, in
which Fotemustine was used in association with
Dacarbazine, Cisplatin and Interferon-a,, showed an
overall RR of 38%, and a CR of 18% (40). Fotemus-
tine in association with interferon-o. gave an overall
RR of 28% and 30 weeks of median response duration
(41).

Because of the high risk of brain metastasis in
melanoma, Fotemustine was studied, in a recent clini-
cal trial, in association with whole brain irradiation
versus Fotemustine alone. The results were evaluated
in terms of cerebral response and time to cerebral pro-
gression in melanoma patients with brain metastases
(42). The results did not show any significant differ-
ence between the two arms of the study (the best objec-
tive RR was 11% in the arm containing patients treat-
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ed with Fotemustine alone and 17% in the combination
arm). Nevertheless, it is not excluded that further trials
enrolling a higher number of patients could provide
sound evidence of a potential preventive activity of
Fotemustine on brain metastases.

Fotemustine is likely to play a significant role also
in malignant melanoma of the uvea that is considered
more chemoresistant than cutaneous melanoma. In ad-
dition, patients bearing uveal melanoma are at higher
risk of liver metastases, than those affected by the cu-
taneous disease. Compared to dacarbazine, that provid-
ed no more than 10% of RR, Fotemustine, in a multi-
center study, induced 35.5% of RR, with a median sur-
vival from liver metastases diagnosis of 14.8 months
(22, 43).

Finally, since in aqueous solution the drug is con-
verted spontaneously into its active derivatives, Fote-
mustine can play an appreciable role in local perfusion
of limb melanoma, as shown by relatively recent clin-
ical trials (44, 45).

Primary and Metastatic Brain Tumors

Large clinical evidence is available showing that
alkylating agents can have a role in the treatment of
primary or metastatic malignancies at CNS level. Re-
cently, particular attention has been given to Temo-
zolomide for its noticeable efficacy in a variety of
brain tumors (46). However, Fotemustine has been
found to be effective in the treatment of medulloblas-
toma, malignant glioma, and brain metastasis of other
solid tumors (30, 47). The drug was used as single
agent, in association with radiotherapy (48-50), or with
other antitumor compounds, such as Dacarbazine (51),
Procarbazine (52), Temozolomide (53, 54) and other
antineoplastic (55) and differentiating agents (56). All
these studies have shown that Fotemustine is endowed
with an appreciable antitumor activity at CNS level,
along with acceptable toxicity and tolerability.

Hematological Malignancies

Little information is available from the literature
about the possible use of Fotemustine in haematologi-
cal malignancies. However, in a relatively recent clini-
cal trial (57), this agent was found to be active and
moderately toxic in relapsed multiple myeloma. In ad-
dition, in the last few years, increasing interest has
been devoted to the role of mono-functional alkylating
agents, such as triazene compounds, in the treatment of
acute leukaemia, especially in case of leukaemia cells
refractory to conventional chemotherapy (13, 58-66).
Therefore, on the basis of some pharmacodynamic
similarities between triazene compounds and Fotemus-
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tine, it is reasonable to consider this agent as a good
candidate to be investigated in acute leukaemia and
lymphomas.

Acknowledgements: This work was supported by
a grant of “Lega Italiana per la Lotta contro i
Tumori”, given to Enzo Bonmassar.

References

1. Hayes M.T., Bartley J., Parson P.G., Eaglesham G.K.,
Prakash A.S.: Mechanism of action of Fotemustine, a new
chloroethylnitrosourea anticancer agent: evidence for the
formation of two DNA-reactive intermediates contributing to
cytotoxicity. Biochemistry 36:10646-10654, 1997.

2. Levin V.A: Relationship of octanol/water partition coeffi-
cient and molecular weight to rat brain capillary permeabili-
ty. J. Med. Chem. 23:682-684,1980.

3. Meulemans A., Giroux B., Hannoun P., Henzel D., Bizzari
J.P., Mohler J. : Permeability of two nitrosoureas, carmustine
and fotemustine in rat cortex. Chemotherapy. 35:313-319,
1989.

4. Meulemans A, Giroux B, Hannoun P, et al. : Comparative
diffusion study of two nitrosoureas: carmustine and fotemus-
tine in normal rat brain, human and rat brain biopsies.
Chemotherapy. 37:86-92,1991.

5. Lokiec F., Beerblock K., Decoffre P., et al.: Clinical pharma-
cocinetics study of fotemustine in different tumor types. Bull
Cancer. 76:1063-1069,1989.

6. Passagne 1., Evrard A., Winum J.Y., et al.: Cytotoxicity,
DNA Damage, and Apoptosis Induced by New Fotemustine
Analogs on Human Melanoma Cells in Relation to O6-
Methylguanine DNA-Methyltransferase Expression. J.
Pharm. Exp. Ther. 307:816-823, 2003.

7. De Loffre P., Paraire M., Bizzarri J.P.: Muphoran (Fotémus-
tine), une nouvelle nitrosourée: eludes précliniques. Cancer
Comunication 4:7-16, 1990.

8. Petak 1., Mihalik R., Bauer P.I., et al.: BCNU is a caspase-
mediated inhibitor of drug-induced apoptosis. Cancer Res.
58:614-618, 1998.

9. Saleh A., Srinivasula S.M., Balkir L., Robbins P.D., Alnemri
E.S. Negative regulation of the Apaf-1 apoptosome by
Hsp70. Nat. Cell Biol. 2:476-483, 2000.

10. Fischel J.L., Formenta P., Etienne M.C., et al.: In vitro
chemosensitivity testing of fotemustine (S 10036), end new
antitumor nitrosourea. Cancer Chemother. Pharmacol.
25:337-341, 1990.

11. Esteller M., Herman J.G.: Generating mutations but provid-
ing chemosensitivity: the role of O6-methylguanine DNA
methyltransferase in human cancer. Oncogene. 23: 1-8,
2004.

12. Hayes M.T., Bartley J., Parsons P.G.: In vitro evaluation of
fotemustine as a potential agent for limb perfusion in
melanoma. Melanoma Res. 8:67-75, 1998.



Fotemustine

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Turriziani M., Caporaso P., Bonmassar L., et al.: O(6)-(4-
Bromothenyl)guanine (PaTrin-2), a novel inhibitor of O(6)-
alkylguanine DNA alkyl-transferase, increases the inhibitory
activity of temozolomide against human acute leukaemia
cells in vitro. Pharmacol. Res. 53:317-323, 2006.

. Kaina B., Muhlhausen U., Piee-Staffa A., et al.: Inhibition of

0O6-methylguanine-DNA methyltransferase by glucose-con-
jugated inhibitors: comparison with nonconjugated inhibitors
and effect on fotemustine and temozolomide-induced cell
death. J. Pharmacol. Exp. Ther. 311:585-593, 2004.
Caporali S., Falcinelli S., Starace G., et al.: DNA damage in-
duced by temozolomide signals to both ATM and ATR: role
of the mismatch repair system. Mol. Pharmacol. 66:478-491,
2004.

Runger T.M., Emmert S., Schadendorf D., Diem C., Epe B.,
Hellfritsch D.: Alterations of DNA repair in melanoma cell
lines resistant to cisplatin, fotemustine, or etoposide. J. In-
vest. Dermatol. 114: 343-349, 2000.

Lucas C., Ings B., Gray A.J., et al.: Inter-species comparison
of the pharmacokinetics parameters of Fotemustine (Ni-
trosourea S 10036): mouse, rat, monkey, dog and man. Bull
Cancer. 76:863-885, 1989.

Filippeschi S., Colombo T., Bassani D., et al.: Antitumor ac-
tivity of the novel nitrosourea S 10036 in rodent tumors. An-
ticancer Res. 8:1351-1354, 1988.

Lucas C., Taylor A.R., Richards R.P., et al.: Metabolism of
Muphoran (fotemustine) in man, monkey, rat and mouse.
Cancer Commun. 4:17-25, 1990.

[liadis A., Launay-Iliadis M.C., Lucas C., et al. : Pharmaco-
kinetics and pharmacodynamics of nitrosourea fotemustine:
a French Cancer Center Multicentric Study. Eur. J. Cancer.
32A: 455-460, 1996.

Fety R., Lucas C., Solere P., Cour V., Vignoud J.: Hepatic in-
tra-arterial infusion of fotemustine: pharmacokinetics. Can-
cer Chemother. Pharmacol. 31:118-122, 1992.

Ings R.M.J., Gray A.J., Taylor A.R., et al.: Disposition, phar-
macokinetics, and metabolism of 14C-fotemustine in cancer
patients. Eur. J. Cancer. 26:838-842, 1990.

Rigal-Huguet F., Gaspard M.H., Attal M., Giroux B., Lucas
C., Pris J.: Clinical pharmacokinetics of fotemustine with as-
sessement of passage across the blood-brain barrier. Bull
Cancer. 21:775-791, 1990.

Garattini S. : Muphoran: Résumé du dossier de demande
d'autorisation de mise sur le marché dans I'indication
me¢lanome malin disseminé. Laboratories Servier 1988.
Laquerriere A., Raguenez-Viotte G., Paraire M., et al. : Ni-
trosoureas lomustine, carmustine and fotemustine induced
hepatatotoxic perturbations in rats: biochemical, morpholog-
ical and flow cytometry studies. Eur. J. Cancer 27,5:630-638,
1991.

Laquerriere A., Raguenez-Viotte G., Paraire M., et al. : He-
patotoxic effects in rats of single or repeated doses of fote-
mustine and carmustine. J. Cell. Pharmacol. 2:61-67, 1991.
Tapiero H., Yin M. B., Catalin J., et al.: Cytotoxicity and
DNA damaging effects of a new nitrosourea, fotemustine; di-
ethyl-1-(3-(2-chloroethyl)-3-nitrosoureido) ethyl phospho-
nate-S 10036. Anticancer Res. 9:1617-1622, 1989.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Ashby J., Vogel E.W., Tinwell H., et al.: Mutagenicity to sal-
monella, drosophila and the mouse bone marrow of the hu-
man antineoplastic agent fotemustine: prediction of carcino-
genic potency. Mutat. Res. 286:101-109, 1993.

Branle F., Lefranc F., Camby 1., et al.: Evaluation of the effi-
ciency of chemotherapy in in vitro orthotopic models of hu-
man glioma cells with and without 1p19q deletions and in C6
orthotopic allografts serving for the evaluation of surgery
combined with chemotherapy. Cancer 95:641-655, 2002.
Vassal G., Boland I., Terrier-Lacombe M.J., et al. : Activity
of fotemustine in medulloblastoma and malignant glioma
xenografts in relation to O6-alkylguanine-DNA alkyltrans-
ferase and alkylpurine-DNA N-glycosylase activity. Clinical
Cancer Res. 4:463-468, 1998.

Chudnovsky Y., Khavari P.A., Adams A.E. : Melanoma ge-
netics and the development of rational therapeutics. J. Clin.
Invest. 115:813-824, 2005.

Rockmann H., Schadendorf D.: Drug resistance in human
melanoma: mechanisms and therapeutic opportunities.
Onkologie. 26: 581-587, 2003.

Avril MF., Aamdal S., Grob J.J., et al.: Fotemustine Com-
pared With Dacarbazine in Patients With Disseminated Ma-
lignant Melanoma: A Phase III Study. J. Clin. Oncol.
22:1118-1125, 2004.

Jacquillat C., Khayat D., Benzet P., et al. : Final report of the
French multicentric phase II study of the nitrosurea fotemus-
tine in 153 evaluable patients with disseminated malignant
melanoma including patients with cerebral metastasis. Can-
cer; 66:1873-1878, 1990.

Calabresi F., Aapro M., Bequart D., et al.: Multicenter phase
IT trial of the single agent fotemustine in patients with ad-
vanced malignant melanoma. Ann. Oncol. 2:377-378, 1991.
Schallreuter K.U., Wenzel E., Brassow F.W., Berger J.,
Breibart E.W., Teichmann W.: Positive phase II in the treat-
ment of advanced malignant melanoma with fotemustine.
Cancer Chemoter. Pharmacol. 29:85-87, 1991.

Kleeberg U.R., Engel E., Israels P., et al.: Palliative therapy
of melanoma patients with fotemustine: inverse relationship
between tumot load and treatment effectiveness. A multicen-
ter phase II trial of the EORTC Melanoma Cooperative
Group (MCQG). Melanoma Res. 5:195-200, 1995.

Avril M.F., Bonneterre J., Cupissol D., et al.: Fotemustine
plus dacarbazine for malignant melanoma. Eur. J. Cancer
28A:1807-1811, 1992.

Rixe O., Borel C., Paraiso D., et al. : Fotemustine, dacar-
bazine, vindesine combination therapy in advanced malig-
nant melanoma: a phase II study of 43 patients. Melanoma
Res. 5:419-424, 1995 .

Daponte A., Ascierto P.A., Melucci M.T., et al.: Cisplatin,
dacarbazine and fotemustine plus interferon alpha in patients
with advanced malignant melanoma. A multicenter phase 11
study of the Italian Cooperative Oncology Group. Cancer
89:2630-2636, 2000.

Weichental M., Mohr P., Stephan U., et al.: Fotemustine and
interpheron alpha 2b in metastatic malignant melanoma. J.
Cancer Res. Clin. Oncol. 124:55-59, 1998.

Mornex F., Thomas L., Mohr P., et al.: A prospective ran-

467



A. De Rossi et al.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

468

domized multicenter phase III trial of fotemustine plus whole
brain irradiation versus fotemustine alone in cerebral metas-
tasis of malignant melanoma. Melanoma Res. 13:97-103,
2003.

Leyraz S., Bosshard W., Salmon R., et al.: Prolonged sur-
vival of patients with liver metastasis from ocular melanoma:
multicentric experience with fotemustine hepatic arterial in-
fusion. Proc. Am. Soc. Clin. Oncol. 1360:341a, 2002.

Rossi C.R., Foletto M., Pilati P., Mocellin S., Lise M.: Isolat-
ed limb perfusion in locally advanced cutaneous melanoma.
Semin. Oncol. 29:400-409, 2002.

Bonenkamp J.J., Thompson J.F., de Wilth J.H., Doubrovsky
A., de Faria Lima R., Kam P.C.: Isolated limb infusion with
fotemustine after dacarbazine chemosensitisation for inoper-
able loco-regional melanoma recurrence. Eur. J. Surg. Oncol.
30:1107-1112, 2004.

Gonzalez J., Gilbert M.R.: Treatment of astrocytomas. Curr.
Opin. Neurol.18:632-638, 2005.

Malhaire J.P., Lucas B., Simon H., et al. : Fotemustine
(Muphoran) in 22 patients with relapses of high-grade cere-
bral gliomas. Bull. Cancer. 86:289-294, 1999.

Pignon T., Astoul P., Ruggeri S., et al.: Association of radia-
tion and fotemustine therapy in the management of brain
metastasis from non-small-cell cancers of the lung. Bull.
Cancer Radiother. 81:49-51, 1994.

Ulrich J., Gadman G., Gollnick H.: Management of cerebral
metastases from malignant melanoma: results of a combined,
simultaneous treatment with fotemustine and irradiation. J.
Neurooncol. 43:173-178, 1999.

Ozkan M., Altinbas M., Er O., et al.: Post-operative sequien-
tal chemo-radiotherapy in high-grade cerebral gliomas with
fotemustine. J. Chemother. 16:289-302, 2004.
Fanzeny-Dorner B., Veilt M., Wenzel C., et al.: Second-line
chemotherapy with dacarbazine and fotemustine in ni-
trosoureas-pretreated patients with recurrent glioblastoma
multiforme. Anticancer Drugs 14:437-442, 2003.

Boiardi A., Silvani A., Ciusani E., et al.: Fotemustine com-
bined with procarbazine in recurrent malignant gliomas: a
phase I study with evaluation of lymphocyte O6-alkylgua-
nine- DNA alkyltransferase activity. J. Neurooncol. 52:149-
156, 2001.

Marzolini C., Decosterd L.A., Shen F., et al.: Pharmacokinet-
ics of temozolomide in association with fotemustine in ma-
lignant melanoma and malignant glioma patients: compari-
son of oral, intravenous, and hepatic intra-arterial adminis-
tration. Cancer Chemother. Pharmacol. 42:433-40, 1998.
Gander M., Leyvraz S., Decosterd L., et al.: Sequential ad-
ministration of temozolomide and fotemustine: depletion of
0O6-alkylguanine-DNA transferase in blood lymphocytes and
in tumors. Ann. Oncol. 10:831-838, 1999.

Frenay M., Leburn C., Lonjon M., Bondiau P.Y., Chatel M.:
Up-front chemoterapy with fotemustine (F)/ cisplatin (CD-
DP)/ etoposide (VP16) regimen in the treatment of 33 non-
removable glioblastomas. Eur. J. Cancer 36:1026-1031,

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

2000.

Trouillas P., Honnorat J., Bret P., Jouvet A., Gerard J.P. :
Redifferentiation therapy in brain tumors : long-lasting com-
plete regression of glioblastomas and an anaplastic astrocy-
toma under long term 1-alpha-hydroxycholecalciferol. J.
Neurooncol. 51:57-66, 2001.

Dumontet C., Jaubert J., Sebban C., et al.: Clinical and phar-
macokinetic phase II study of fotemustine in refractory and
relapsing multiple myeloma patients. Ann. Oncol. 14:615-
622, 2003.

Seiter K, Liu D, Siddiqui AD, Lerner R, Nelson J, Ahmed T.:
Evaluation of temozolomide in patients with myelodysplas-
tic syndrome. Leuk. Lymphoma 45:1209-1214, 2004.
Pagani E, Pepponi R, Fuggetta MP, et al.: DNA repair en-
zymes and cytotoxic effects of temozolomide: comparative
studies between tumor cells and normal cells of the immune
system. J. Chemother. 15:173-183, 2003.

Seiter K., Liu D., Loughran T., Siddiqui A., Baskind P.,
Ahmed T.: Phase I study of temozolomide in relapsed/refrac-
tory acute leukemia. J. Clin. Oncol. 1;3249-3253, 2002.
Messinger Y, Reaman GH, Ek O, Uckun FM. Evaluation of
temozolomide in a SCID mouse model of human B-cell pre-
cursor leukemia. Leuk. Lymphoma. 33:289-293, 1999.
Tentori L., Orlando L., Lacal P.M., et al.: Inhibition of O6-
alkylguanine =~ DNA-alkyltransferase or  poly(ADP-
ribose)polymerase increases susceptibility of leukemic cells
to apoptosis induced by temozolomide. Mol. Pharmacol.
52:249-258, 1997.

Tentori L., Graziani G., Gilberti S., Lacal P.M., Bonmassar
E., D'Atri S. Triazene compounds induce apoptosis in O6-
alkylguanine-DNA alkyltransferase deficient leukemia cell
lines. Leukemia 9:1888-1895, 1995.

Piccioni D., D'Atri S., Papa G., et al.: Cisplatin increases
sensitivity of human leukemic blasts to triazene compounds.
J. Chemother. 7:224-229, 1995.

D'Atri S., Piccioni D., Castellano A., et al.: Chemosensitivi-
ty to triazene compounds and O6-alkylguanine-DNA alkyl-
transferase levels: studies with blasts of leukaemic patients.
Ann. Oncol. 6:389-393, 1995.

Franchi A., Papa G., D'Atri S., Piccioni D., Masi M., Bon-
massar E. Cytotoxic effects of dacarbazine in patients with
acute myelogenous leukemia: a pilot study. Haematologica
77:146-150, 1992.

Received: May 10, 2006

A. Aquino

Department of Neuroscience,
University of Rome "Tor Vergata",
Via Montpellier 1, 00133 Rome, Italy.
e-mail: angelo.aquino@uniroma2.it



