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Cancer
Procarbazine in haematology: an old drug with a new life?
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Abstract

Procarbazine (PCB) was developed in the 1960s and was rapidly recognised as an active agent in lymphoid malignancies. PCB

was one of the four drugs combined in mechlorethamine, vincristine, PCB, prednisolone (MOPP), one of the first combination

chemotherapy regimens to show that advanced-stage disease could be cured in humans. During the last few decades, comprehensive

studies have clarified cellular pathways involved in the modes of action of PCB and its drug resistance mechanisms. However, late

toxicities, especially secondary leukaemias and sterility, led to its withdrawal from combination regimens used to treat Hodgkin’s

lymphomas (HLs). PCB was recently reintroduced in dose-intensified regimens and yielded impressive results. These new regimens

(bleomycin, etoposide, doxorubicin, vincristine, PCB, and prednisone (BEACOPP) or escalated BEACOPP) are now being inves-

tigated versus the classic ABVD (doxorubicin, bleomycin, vinblastine, dacarbazine) or ABVD-like combination chemotherapy

regimens in the treatment of HLs.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Procarbazine (PCB) was first synthesised as a

monoamine-oxidase inhibitor, but was rapidly devel-

oped as an anticancer agent [1]. PCB belongs to an
unconventional alkylating agent family including da-

carbazine (DTIC), hexamethylamine (HMM), pentam-

ethylmelamine (PMM) and temozolomide (TMZ). All

these anticancer drugs contain an N-methyl group that

is essential for their activity, but do not contain a

chloroethyl group which is present in nitrogen mustard-

type alkylating drugs. This explains why these agents

lack bifunctionality and have been grouped as ‘‘non-
classical alkylating agents’’. PCB is essentially a prodrug

and undergoes a complex metabolic transformation into

active intermediates. Although these metabolites have

been characterised, their precise cellular mechanism of

action and the clinical pharmacology of PCB is not fully

understood. During the last few decades, PCB has been

tested in the treatment of many human cancers and has
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shown activity in brain tumours and lymphomas, and

especially in Hodgkin’s lymphomas (HLs), where it has

recently been reintroduced in combination with other

anticancer agents. Nevertheless, the long-term toxicity

and efficacy of these new regimens need to be carefully
compared with the conventional standard doxorubicin,

bleomycin, vinblastine, dacarbazine (ABVD) combina-

tion chemotherapy.

2. Mechanism of action and cellular pharmacology

PCB is a prodrug and its hepatic metabolism plays a

major role in the generation of active metabolite species

[2]. Potential activation mechanisms include chemical

decomposition and microsomal oxidation [3]. It is me-

tabolised to azoprocarbazine by microsomal cyto-
chrome P-450 oxidoreductase or by mithochondrial

monoamine oxidase enzymatic conversion [4,5]. Azo-

PCB may be metabolised subsequently via different

pathways that are not fully understood. Studies using

alkaline elution techniques have confirmed that PCB

and its metabolites can produce chromatid and single-

strand DNA breaks in murine tumour cells in vitro [6].

The magnitude of the DNA breaks depends on the dose
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and time elapsed after treatment, suggesting that the

breaks occur during or soon after DNA synthesis [7].

In addition to these effects on nuclear DNA, PCB can

inhibit DNA, RNA and protein synthesis [6]. Inhibition

of protein synthesis is delayed and can only be a late
effect due to the inhibition of nucleic acid synthesis.

Recent data suggest that PCB cytotoxicity is mainly

mediated by its methylating properties. During PCB

treatment, the generation of large amounts of 6O-

methylguanine (also known as a mutagenic and carcin-

ogenic agent) could contribute to PCB cytotoxicity

[8–10]. Delays in the growth of tumours lacking AGT

(the enzyme mediating 6O-methylguanine repair) were
observed following the administration of PCB to thymic

nude mice bearing xenografts derived from human ma-

lignant gliomas and medulloblastomas, compared with

mice with normal AGT activity, emphasising the im-

portance of this methylating pathway in PCB anticancer

activity [11].
3. Drug resistance and clinical pharmacology

Recently, mechanisms of resistance to PCB have also

suggested that the methylating activity of PCB plays a

key role in its cellular toxicity. Resistance to PCB can

develop rapidly in tumour cells. The above-mentioned

relationship between PCB and AGT activities suggests

that resistance to this agent could be secondary to AGT-
mediated repair of 6O-methylguanine activity and this is

similar to resistance to nitrosourea which is also medi-

ated by this enzyme [12]. Other drug-resistance mecha-

nisms, such as hMSH2 mismatch-repair deficiency, have

recently been identified in PCB drug-resistance [13–15].

The recent identification of these drug-resistance mech-

anisms could be instrumental in the development of new

therapeutic strategies with PCB. Modulation of AGT
activity has already been investigated.

The pharmacokinetics and metabolism of PCB have

been studied mostly in laboratory animals, and such

information in humans is incomplete. The rapid and

extensive enzymatic metabolism of PCB plays a role in

the complexity of its pharmacokinetic and excretion

characteristics. PCB hydrochloride is available in 50 mg

capsules. In HLs, it is usually given at a daily dose of
100 mg/m2 for 7–14 days [16]. After oral administration,

the drug is rapidly and completely absorbed from the

gastrointestinal tract. The biodistribution of PCB is not

well known, but there is rapid equilibration of PCB

between plasma and cerebrospinal fluid in humans. PCB

treatment is able to alter its own metabolism: the total

and relative plasma concentrations of PCB metabolites

were changed after the administration of 14 daily oral
doses. There is a significant increase in the azoPCB

concentration over time, suggesting that prior exposure

to PCB induces the production of this metabolite or
delays its clearance. The major urinary metabolite is the

biologically inactive N-isopropylterephtamilic acid (70%

of the drug during the first 24 h). There is minimal faecal

and respiratory excretion of the drug (from 4% to 12%

and 20% to 30%, respectively).
4. Toxicity and drug interactions

Long-term PCB toxicities remained a major problem

and were responsible for the withdrawal of PCB from

recent combination chemotherapy regimens, for exam-

ple, ABVD in HLs. However, given the high activity of
PCB in this disease, it has recently been reintroduced in

new dose-intensified regimens, but at lower doses than in

the classic mechlorethamine, vincristine, PCB, prednis-

olone (MOPP) regimen. PCB has profound azoosper-

mic, teratogenic, mutagenic and carcinogenic effects that

can limit its use in humans [17–20].

Rare side-effects, usually observed when large cohorts

of patients are treated with a drug, have also been re-
ported in recent decades: haemolysis in individuals with

glucose 6-phosphate dehydrogenase deficiency; hyper-

sensitivity reactions, including maculo-papular skin

rash, eosinophilia, pulmonary infiltrates, or, rarely,

transient hepatic dysfunction. PCB pulmonary toxicity

necessitates discontinuation of the drug [21–23].

Many drug–drug or drug–food interactions are ob-

served with PCB because of its extensive hepatic micro-
somal metabolism and its capacity to inhibit monoamine

oxidase. Patients taking barbiturates, phenothiazines,

narcotics, and hypnotics or sedatives may experience

potentiated effects of these drugs during PCB therapy.

Other drugs such as cimetidine or phenobarbital (pre-

treatment with phenobarbital results in increased PCB

clearance) can affect PCB hepatic metabolism.

The inhibition of monoamine oxidase also predis-
poses patients to acute hypertensive reactions after

concomitant therapy with tricyclic antidepressants and

sympathomimetic drugs, as well as after ingestion of

tyramine-rich beverages or foods, such as red wine,

bananas, ripe cheese and yogurt. After ingestion of al-

cohol, disulfiram-like reactions (sweating, facial flushing

and headache) may occur.
5. PCB in Hodgkin’s lymphoma therapy

The development of cytotoxic drugs in the early 1960s

dramatically improved the survival of patients with ad-

vanced HL [24]. Nitrogen mustard, PCB, vincristine and

prednisolone were shown to be active in HL as single

agents (see Table 1), but few patients achieved a com-
plete response [25]. These responses were not long-lived

and cure was not achieved. At the National Cancer In-

stitute, DeVita and co-workers [16] developed a 4-drug

chemotherapy regimen MOPP which was the first to



Table 1

Efficacy of single agent chemotherapy in Hodgkin’s lymphoma

Drug Response rate

(%)

Complete response

(%)

Mechlorethamine 63 16

Vincristine 64 36

Procarbazine 69 38
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demonstrate that HL could be cured with a combination

of anticancer agents. The complete remission (CR) rate

attained was 84%, with relapse-free and overall survival

reaching 66% and 48%, respectively, after more than 20

years. PCB certainly played a major role by producing a

synergistic effect with other drugs. The Stanford group

found that the dose and dose rate of nitrogen mustard,

vincristine and procarbazine were crucial factors in
obtaining a complete remission [26]. MOPP rapidly

became the ‘‘gold standard’’ therapy for patients with

advanced HL. Associated acute toxicities were common

and manageable, but infertility and secondary acute

leukaemia (sAML) were serious long-term toxicities.

The risk of developing sAML was mainly due to the

association of PCB with mechlorethamine and to the

cumulative dose of these alkylating agents [27,28].
sAML began 2 years following therapy, and declined by

11 years, with a peak-incidence at 6 years. These sAML

often presented with total or partial deletion of chro-

mosomes 5 and 7 at cytogenetic analysis, were poorly

chemosensitive and the prognosis was extremely dismal

with a median survival of only 0.4 of a year [29,30].

Infertility arose in more than 90% of males after treat-

ment with a PCB-based regimen like MOPP: azoosper-
mia and oligospermia were irreversible and often

occurred after treatment with more than 3 cycles of

MOPP. The remaining 10% of male patients recovered

spermatogenesis within 1–7 years following the end of

chemotherapy. 80–100% of women over the age of 25

years also became infertile [25,28,31].

Many MOPP-like combination regimens were devel-

oped to improve overall survival and reduce long-term
toxicities. The only irreplaceable drug was PCB. MOPP-

like regimens reduced some of the acute toxicities asso-

ciated with MOPP, but failed to improve overall or

disease-free survival.

ABVD was introduced in the 1970s by Bonadonna as

a non-cross-resistant salvage regimen for patients failing

on MOPP [32]. The regimen was shown to yield good

activity in patients with MOPP-resistant disease, causing
Table 2

Comparison of COPP–ABVD, BEACOPP, increased-dose BEACOPP [36]

FFTF at 5 years (%) OS at 5 y

COPP–ABVD 69 83

BEACOPP 76 88

Increased-dose

BEACOPP

87 (P < 0:001 comparison with

COPP–ABVD)

91 (P ¼ 0

COPP–A
less acute myelotoxicity, sterility and particularly, less

sAML.

Alternating MOPP with ABVD was studied based on

the hypothesis put forward by Goldie–Coldman. Better

failure-free survival (FFS) was achieved, but the com-
plete response rate was not significantly improved and

overall survival did not improve, as confirmed after

long-term follow-up.

In 1992, the pivotal Cancer and Leukemia Group B

(CALG B) trial in advanced HL, which compared

MOPP with ABVD and with MOPP/ABVD, showed

equivalent therapeutic results for ABVD and MOPP/

ABVD, (CR rates were 81% and 82%, respectively, and
the FFS rate was 64% for both regimen’s). Both regi-

mens were superior to MOPP (69% CR and 48% FFS at

3 years).

In 2003, an Intergroup trial compared ABVD versus

a MOPP/ABV hybrid in a randomised study. The CR

rates (76% vs. 80%, P ¼ 0:16), FFS at 5 years (63% vs.

66%, P ¼ 0:42) and overall survival at 5 years (82% vs.

81%, P ¼ 0:82) were similar for the ABVD and MOPP/
ABV hybrid regimens, respectively. MOPP/ABV was, as

expected, significantly associated with a higher incidence

of secondary myelodysplasia and sAML, but also with a

higher risk of azoospermia. The ABVD regimen there-

fore became the standard chemotherapy regimen for

advanced HL [33,34].

Dose-intensified regimens have been developed in an

attempt to improve survival. The 12-week Stanford V
regimen (doxorubicin, vinblastine, mechlorethamine,

vincristine, bleomycin, etoposide, prednisone) combined

with radiation yielded a 5 year survival rate of 96% and

a freedom-from-disease-progression rate of 89%, which

compare favourably with the ABVD results. No sAML

was observed which could be related to the decision not

to include PCB in this new regimen [35]. The German

Hodgkin’s study Group recently developed the BEA-
COPP regimen where PCB is administered at a dose of

100 mg/m2 over 7 days, which represents half the classic

dose delivered over 14 days in the MOPP regimen.

In a randomised study, COPP/ABVD, and standard-

dose BEACOPP were compared with an escalated-dose

BEACOPP. Freedom-from-treatment failure (69% vs.

76% vs. 87% P 6 0:001) and overall survival at 5 years

(83% vs. 88% vs. 91%, P ¼ 0:002) favoured the escalated
BEACOPP combination compared with the other regi-

mens tested. Once again myelodysplasia and sAML

were observed with an expected actuarial rate at 5 years
ears (%) Acturial rate of sAML at 5 years (%)

0.4

0.6

:002 comparison with

BVD)

2.5 (P ¼ 0:03 comparison with

COPP–ABVD)
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of 0.4%, 0.6% and 2.5% (P ¼ 0:03) for the COPP/

ABVD, standard-dose BEACOPP and escalated-dose

BEACOPP, respectively (see Table 2) [36].

These data suggest that PCB could indeed remain a

major anticancer drug in HL and could possibly be a
part of the new ‘‘gold standard’’ combination chemo-

therapy regimen. However, many questions remain un-

answered. Is the new escalated BEACOPP regimen

really superior to the ABVD combination? Did all HL

need to be treated with aggressive chemotherapy such as

the escalated BEACOPP regimen and what precisely is

the long-term toxicity observed with BEACOPP and

especially the incidence of sAML. Ongoing clinical trials
in Europe should answer all these important questions

in the near future.
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