
Classificazione farmaci antitumorali

I farmaci antitumorali possono essere classificati in base al loro 
meccanismo d’azione in: 

• Farmaci che agiscono sugli acidi nucleici

ü Farmaci che formano legami con il DNA

ü Inibitori della topoisomerasi

• Antimetaboliti
• Ormoni e anti ormoni

• Farmaci antimitotici 

• Inibitori delle protein chinasi 



Farmaci che formano legami con il DNA

• AGENTI ALCHILANTI: farmaci che reagiscono covalentemente 
alchilando il DNA, inibendo così la trascrizione e la duplicazione

• AGENTI INTERCALANTI: sono farmaci caratterizzati nella struttura 
dalla presenza di un sistema aromatico planare che si inserisce fra le basi 
del DNA, inibendo gli enzimi adibiti alla sua trascrizione e duplicazione



Farmaci alchilanti

! Epoxides
! Methanesulfonates
! Nitrosoureas
! Triazenes
! Methylhydrazines
! 1,3,5-Triazines
! Platinum complexes
! Miscellaneous alkylating and acylating antitumor agents

2. NITROGEN MUSTARDS

2.1. Introduction

Sulfur mustard (mustard gas, yperite) was used in World War I for chemical
warfare because it is an extremely irritant vesicant agent. After the war, it was
realized that it also caused systemic effects such as leukopenia, aplasia of the bone
marrow, dissolution of lymphoid tissue, and ulceration of the gastrointestinal
tract. This suggested a possible role for this compound in cancer treatment, but
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FIGURE 5.1 Different modes of DNA cross-linking.
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Varie forme di interazione con il DNA

Farmaco

Interazione u/le

Interazione utile

Interazione dannosa



• Mecloretamina: troppo reattiva, non può essere somministrata per via orale
• Melfalan: la presenza del gruppo aromatico riduce la reattività, può essere 

somministrato per via orale
• Clorambucile: utilizzato per via orale nella leucemia

riduce la reattività

riduce la reattività



Meccanismo mostarde azotate

As a consequence of tautomerism, hydrogen bonding with cytosine is weak-
ened because only two bonds can be established at best. On the contrary, pairing
of the 6-hydroxy species with thymine leads to a more stable complex (three
hydrogen bonds), and hence the base pairing is altered to guanine-thymine,
leading to mutations.

N

NN

N

O

N
H

H

R N N

O

N
HH

Alkylated guanine

Cytosine
N

NN

N

O

N
H

H

R

Alkylated guanine

N N

O

O

Thymine

CH3

H

HH

DNA

DNA

DNA

DNA

Another consequence of guanine alkylation is an increase in the electrophilicity
of positions adjacent or conjugated to the positive charge at N-7, which leads to
several hydrolytic reactions that alter the DNA structure. Thus, cleavage of the
heteroside bond in structure 5.2, although slow7, induces DNA depurination to
give 5.3. This structure is in equilibrium with the open form 5.4, which has a good
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FIGURE 5.2 Mechanism of DNA alkylation by nitrogen mustards.
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Partecipazione di un gruppo vicino
in una reazione SN intramolecolare

N7 della guanina

Intermedio aziridinico
R modula la densità
ele5ronica sull’azoto

Nu = N7-guanina



Legami crociati delle mostardeBendamustin
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FIGURE 5.5 DNA cross-linking by nitrogen mustards.
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Frammentazione del DNA in seguito
all’alchilazione dell’N7 della guanina

leaving group (phosphate oxygen) at the b position with respect to the carbonyl
group. This arrangement leads to an easy elimination process whereby DNA is
fragme�nted� to� 5.5� and� 5.6� (Fi�g.� 5.3).

Another position of the purine ring with increased electrophilicity is C-8,
which is adjacent to the positive charge induced on alkylation. Water addition
to C-8 leads to intermediate 5.7, which then evolves to 5.8. This compound has an
imine structure that allows hydrolysis and gives 5.4with subsequent DNA strand
scission� (Fig�.� 5.4).

Because nitrogen mustards are bifunctional alkylating agents, one of their
cytotoxicity mechanisms is related to the ability of DNA-monoalkylated species
5.9 to give covalent DNA interstrand and intrastrand cross-links (5.10) or DNA–
protein complexes (5.11) from the monoalkylated species 5.9, leading to disrup-
tion� of� replication� or� tran�scriptio�n� (Figs.� 5�.1� and� 5.5).

2.3. Structure–activity relationships in nitrogen mustards

Although mechlorethamine was an improvement over sulfur mustard, it was still
highly vesicant and chemically labile because of its very rapid reaction with
biological material and water, respectively. Replacement of its methyl group by
an aromatic ring lowers its reactivity because the electron-withdrawing effect of
this type of substituents hampers anchimeric assistance to alkylation by the
nitrogen atom. The increased stability gives enough time for absorption and
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FIGURE 5.3 DNA fragmentation triggered by guanine alkylation.
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Ciclofosfamide

plasm�a,� but� the� disulfid�e� is� redu�ced� by� glutat�hione� tran�sferase� in� the� kidne�y,
liberat�ing� the� thiol� that� inactivat�es� acrol�ein� thr�ough� a� conjuga�te� addit�ion,� givin�g
compo�unds� suc�h� as� 5.17� fo�r� the� case� of� me�sna� (Fig.� 5.9).

Another� bioche�mical� differen�ce� bet�ween� some� tumo�rs and� norm�al� tissues� is
based� on� thei�r� differen�t� reduci�ng� cap�acities.� The� inne�r� region�s� of� soli�d� tumors
have� little� vas�cularizati�on� and� theref�ore� their� oxyg�en� conten�t is� low� (for� a� more
detailed� treatm�ent of hypoxia-based strategies for tumor-specific prodrug activa-
tion,� see� Se�ction� 2.2� of� Chapte�r� 1�1).� Bec�ause� molec�ular� oxygen� rev�erts� some� of� the
reactions� of� redu�ctive� metabo�lism,� the� latter� is� enhance�d� in� hypoxi�c� tissue�s. Some
of these reactions are nitro and azo reduction, which are multistep processes
where� oxyge�n� reverts� the� first� equil�ibrium� (Fig.� 5.10�).

On this basis, some aromatic nitrogen mustard prodrugs bearing nitro or azo
groups have been designed to be activated in these hypoxic environments. In
the simplest of them, the presence of these electron-withdrawing groups in the
p-position with respect to the nitrogen atom prevents cyclization to an
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• l legame fosforamidico mitiga la reattività della mostarda azotata.
• È relativamente non tossico è può essere somministrato per via orale.

metabolita tossico

Profarmaco

Metabolita attivo mitigato

Metabolita attivo aggressivo

lento

aminoacetale
spont



Ifosfamide

aziridinium cation, but after metabolic reduction they are transformed into an
electr�on-releasi�ng� group�16� (Fig.� 5.11).

Similarly, some nitrogen mustard Co (III) complexes such as SN 24771 are
activated by reduction in hypoxic tumor microenvironments because one-electron
reduction of Co (III) to Co (II) greatly labilizes the Co–N bonds, causing the release
of� the� active� nitrogen� mustar�d� (Fi�g.� 5.12).�17� See� Sectio�n� 2.2.�4� of� Chapte�r� 1�1� for
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Nonostante la similitudine, genera metaboliti sostazialmente differenti dalla ciclofosfamide

CYP450


