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ABSTRACT

INTRODUCTION
HMBA3 (NSC-95580) is a compound known to induce in
vitro morphological and functional differentiation of murine
and human leukemic cells (1-6) as well as a variety of human
and solid tumor cell lines (7-11). Among the class of agents
which have the potential of inducing the differentiation of
tumor cells and which represent an exciting and novel approach
to the chemotherapy of neoplasia, HMBA has a number of
characteristics which render it one of the most interesting and
of greatest potential clinical use. HMBA was selected for intro
duction into clinical trials because in the series of bisacetamides,
HMBA, which has six mÃ©thylÃ¨ne
units separating the acetamide
moieties, approached maximum differentiation potency (1, 3).
In addition, HMBA differs from previous differentiating agents
such as dimethyl sulfoxide and Ar-methylformamide that have
undergone clinical evaluation in that carefully conducted clini
cal and pharmacokinetic studies have documented the ability
to achieve concentrations of HMBA in patient plasma equal to
the concentrations required for induction of differentiation in
vitro* On the other hand, administration of HMBA to humans
has not proven devoid of adverse effects.4 At HMBA dosages
equal to or greater than 33 g/m2/day, systemic acidosis and
neurotoxicity occur as dose limiting toxicities. Platelet count
suppression, although not dose limiting, has also been observed
with HMBA therapy. In view of the fact that the metabolism
of HMBA was undefined and with the belief that knowledge of

MATERIALS

AND METHODS

Chemicals and Instrumentation. Hexamethylene bisacetamide was
supplied by the Investigational Drug Branch, National Cancer Institute,
Bethesda, MD. 1,6-Diaminohexane, 6-acetamidohexanoic acid, 6-ami
nohexanoic acid, 6-amino-l-hexanol, caprolactam, acetic anhydride,
trifluoroacetic anhydride, and 2,2,2-trifluoroethanol were obtained
from Aldrich Chemical Co. (Milwaukee, WI). 6-Acetamido-l-hexanol
was .V-uuMylated with acetic anhydride in glacial acetic acid cooled in
an ice bath. After stirring for 20 h at room temperature, the mixture
was reduced in volume with a rotary evaporator to remove volatile
solvents. Analysis of the product by GC-MS directly and as the ester
derivative, 6-acetamido-l-hexyl trifluoroacetate, indicated that the ma
jor component was 6-acetamido-l-hexanol.
Proton nuclear magnetic resonance spectra were recorded on a
VarÃ-anT-60A spectrometer and are expressed in ppm relative to
internal standard 3-(trimethylsilyl)-l-propanesulfonicacid
sodium salt.
Synthesis of 6-Acetamido-l-aminohexane Hydrochloride. Following
a modified method of Tabor et al. (12), 1,6-diaminohexane (38.3 g; 330
mino]) was added slowly to glacial acetic acid (250 ml) which was
stirred and cooled in an ice bath. The solution was heated to 70 KO(
and acetic anhydride (9.0 ml; 95 mmol) was added dropwise with
stirring over a 20-min period. The resulting mixture was stirred at
room temperature for 4 h and then evaporated to dryness with a rotary
evaporator. The residue was dissolved in 150 ml of hot water and
concentrated HC1 was added until pH l was achieved. The solution
was evaporated to dryness and the residue was extracted with hot
isopropyl alcohol to separate the product from the less isopropyl
alcohol-soluble dihydrochloride of unreacted starting material. Re
peated recrystallizations of the product from isopropyl alcohol/ether
yielded pure material: mp 136-137'C; 'H nuclear magnetic resonance
(D20) 1.17-1.90 (m, 6 H, CH2), 1.95 (s, 3 H, CH3), and 2.73-3.40
ppm (m, 4 H, CH2N).
Drug Administration and Isolation of HMBA Metabolites. HMBA
was administered to patients as a 5-day continuous infusion at dosages
of 4.8-43.2 g/m2/day. Urine was collected as voided and pooled as 24h collections held at 4 C. The volume of each 24-h collection was
determined daily and a portion was immediately stored at â€”20Â°C
until

analyzed.
The urine was thawed at room temperature, centrifuged at 2000 x g
Received 3/31/86; revised 6/3/86; accepted 6/23/86.
for 5 min, and 0.5-ml aliquots were taken for metabolite isolation. At
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ion exchange chromatography. Caprolactam was isolated by extraction
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a rotary evaporator.
1The abbreviations used are: HMBA, hexamethylene bisacetamide; GC, gas
Metabolite isolation was accomplished with cation and aniÃ³n ex
chromatography; MS, mass spectrometry; El, electron ionization; CI, chemical
change resins. After acidification with l N HC1 (0.5 ml), the urine was
ionization.
added to a column containing 5 g of AGW-50X8, 50-100 mesh cation
4 M. J. Egorin, L. M. Sigman, D. A. Van Echo el al. A phase I clinical and
exchange
resin. The column was washed with water until the eluent
pharmacokinetic study of hexamethylene bisacetamide (HMBA, NSC 95580)
administered as a five-day continuous infusion, submitted for publication.
was at neutral pH and then eluted with l N NH4OH (30 ml). The water
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Hexamethylene bisacetamide, a compound which in vitro induces
differentiation in a wide variety of human and animal cancer cell lines, is
being investigated in phase I clinical trials. After i.v. administration of
hexamethylene bisacetamide to humans, urine contained the parent com
pound and at least five metabolites formed by deacetylation and oxidation
pathways. Identification of urinary metabolites was accomplished by gas
chromatography-mass spectrometric analysis after isolation by ion ex
change chromatography or extraction with ethyl acetate. Metabolites
with amino or alcohol groups were trifluoroacetylated and acidic func
tional groups were esterified with 2,2,2-trifluoroethanol or methanol. The
structure of each metabolite was confirmed by comparison with authentic
standards. Metabolites identified included the major metabolite, 6-acetamidohexanoic acid; the monodeacetylated product, \-acetyl-l,6-dhiminohexane; the bis-deacetylated diamine, 1,6-diaminohexane; and the
amino acid, 6-aminohexanoic acid and its lactam, caprolactam.

the metabolic pathways of the drug might allow a better under
standing of the mechanism of action and/or etiology of the
toxicities associated with its use, we undertook the identifica
tion of HMBA metabolites found in humans treated with the
drug. In this communication we report the structure elucidation
of five metabolites of HMBA in the urine of patients treated
with HMBA in a phase I trial at our institution.
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Table 3 Positive chemical ionization mass spectra of HMBA and derivatized
HMBA metabolites
Major ions (m/z)Â°
Compound

MH*

(MH-HF)*

(MH-C2H2Or

AcNHCH2(CH2)4CH2NHAc
hexamethylene bisacetamide

(MH-CF3CH2OH)*

1357910201256310255309114236290159213210

AcNHCH2(CH2)4CH2NH2
N-acetyl-1,6-diaminohexane

[AcNHCH2 (CH2 ) 4 CHO ]
6-acetamidohexanal

"Other significant ions: Compound 1, m : 142 (M11 CI I,C( )MI, ):Compound
3, m/z \ 14 (MH-CH3COOCH2CFj); Compound 5, m/z 201.

DISCUSSION
Although the clinical toxicities and pharmacokinetic prop
erties of HMBA have been described in humans4 and several
animal species (14, 15), there is little information on the me
tabolism of the compound.
In Figure 2 are proposed enzymatic pathways for HMBA
metabolite formation in humans. The main pathway involves
deacetylation as a first step. This premise is based on observa
tion of the deacetylated metabolite, ./V-acetyl-1,6-diaminohex
ane, in the urine of patients treated with HMBA. The enzyme
system which catalyzes this hydrolysis may be the same soluble
cytoplasmic enzyme responsible for the deacetylation of Nacetylspermidine (16) or A^A^'-diacetylputrescine (17). The re
sulting monoacetyldiamine is a good candidate for oxidative
deamination catalyzed by monoamine oxidase (18, 19) or per
haps by the cytochrome P-450 system. A predictable interme-

ACNHCH2(CH2)4COOH
6-acetamidohexanoic
acid
(major metabolite)

H2NCH2(CH2)4COOH
6-aminohexanoic
acid

caprolactam

Fig. 2. Proposed metabolic pathways leading to the urinary metabolites of
HMBA in humans, a, deacetylase; b, monoamine oxidase or cytochrome P-450;
c, aldehyde dehydrogenase or aldehyde oxidase; Â¡I,
diamine oxidase and aldehyde
oxidase. Ac, acetyl.

diate in the oxidation of W-acetyl- 1,6-diaminohexane is the
unstable aldehyde, 6-acetamidohexanal, which can either be
reduced by an aldehyde reducÃ-aseto yield 6-acetamido-l-hexanol, a metabolite not observed, or oxidized by aldehyde dehy
drogenase or aldehyde oxidase to form the major urinary me
tabolite of HMBA, 6-acetamidohexanoic acid. Hydrolysis of
the remaining acetyl group from W-acetyl- 1,6-diaminohexane
produces hexamethylenediamine (1,6-diaminohexane) which is
a substrate for diamine oxidase (20). By the same pathway by
which the naturally occurring diamines, putrescine and cadav
erine are oxidized with diamine oxidase to form the correspond
ing lactam and amino acid metabolites (21, 22), oxidation of
hexamethylenediamine with diamine oxidase could yield the
lactam, caprolactam, and the amino acid, 6-aminohexanoic
acid. In the human urine samples examined, 6-aminohexanoic
acid was readily identified while caprolactam was observed in
small quantities. Since caprolactam can be rapidly hydrolyzed
enzymatically to 6-aminohexanoic acid (23) which is readily
excreted in urine (24), the possibility exists that caprolactam
may be a significant intermediate metabolite of HMBA. An
other potential pathway for the formation of 6-aminohexanoic
acid is deacetylation of the major metabolite 6-acetamidohex
anoic acid.
Of the metabolites identified, 1,6-diaminohexane may itself
exhibit a low level of differentiation inducing activity in murine
cry throle ukein Â¡acells (1, 3); however, a small but measurable
inhibition of induction by HMBA was observed when 1,6diaminohexane was included with HMBA (1). Involvement of
the major metabolites, 6-acetamidohexanoic acid and JV-acetyl1,6-diaminohexane in cell growth, proliferation, or differentia
tion is currently under investigation. While the amino acid
metabolite, 6-aminohexanoic acid, is inactive as an inducer of
cell differentiation (3), pharmacological effects such as inhibi
tion of fibrinolysis and central activity as a convulsant or -,aminobutyric acid system antagonist are observed with this
compound (25).
Our identification of a number of metabolites of HMBA and
formulation of a scheme by which they are produced should
enhance the clinical use of the drug by facilitating mechanism
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itled with 2,2,2-trifluoroethanol. Substitution of methanol for
2,2,2-trifluoroethanol in the derivatization scheme provided the
methyl ester as a second derivative of 6-acetamidohexanoic
acid.
The structure of an amino acid metabolite of HMBA was
assigned to 6-aminohexanoic acid (t-aminocaproic acid, Com
pound 4) based on the properties of the W-trifluoroacetyl 2,2,2trifluoroethyl ester derivative 5 in comparison to an authentic
standard.
Extraction of a urine sample with ethyl acetate yielded a
neutral metabolite as a minor component which had identical
Chromatographie and mass spectral properties as caprolactam
(Compound 10). Neither authentic caprolactam nor the metab
olite identified as caprolactam reacted to form a stable deriva
tive under the derivatizing conditions described for the other
HMBA metabolites.
Deacetylated HMBA, /V-acetyl-1,6-diaminohexane
(Com
pound 6), was identified as a metabolite following trifluoroacetylation. Authentic W-acetyl-1,6-diaminohexane was synthe
sized by the partial acetylation of 1,6-diaminohexane with acetic
anhydride. Comparison of retention times and mass spectra of
trifluoroacetylated W-acetyl-1,6-diaminohexane standard 7 with
the trifluoroacetylated metabolite verified the structure.
The diamine, 1,6-diaminohexane (Compound 8), was iden
tified as a minor metabolite of HMBA. The El and CI mass
spectra of authentic standard after bis-trifluoroacetylation were
identical to the spectra recorded for derivative 9.
Analysis of urine samples from three patients receiving
HMBA at different dose levels consistently showed the presence
of the same HMBA metabolites in approximately equivalent
relative proportions.
Potential metabolites of HMBA which were not found in
urine using the described procedures included 6-acetamido-lhexanol, 6-amino-l-hexanol, and adipic acid.

H2NCH2(CH2)4CH2NH2
1,6-diaminohexane
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of action studies and by allowing a better understanding of the
toxicities associated with use of the drug.
Although the ability of HMBA to induce differentiation has
been demonstrated, the question of how HMBA metabolites
influence differentiation remains an undefined area. Such an
influence might occur in a number of ways. It remains unknown
whether tumor cells that can be induced to differentiate do
metabolize HMBA. Even if tumor cell metabolism of HMBA
is not related to differentiation, the influence of metabolites,
which might be generated in the liver or other site and be
present in plasma, on HMBA induced differentiation is an
important issue. If any of the metabolites of HMBA have their
own differentiating potential or could enhance that of HMBA,
the achievement and maintenance of 2 mM concentrations of
HMBA in plasma may not be necessary; rather, a total of
combined 2 HIM of "differentiating material," consisting of
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