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ABSTRACT

We studied the ability of five metabolites of hexamethylene bisaceta-
mide (HMBA), which we had previously identified in patient urine, to
induce differentiation or to influence differentiation induced by HMBA
of a human promyelocytic cell line. Differentiation of HL60 cells was
quantified by morphological changes and by the ability to reduce nitroblue
tetrazolium. /V-Acetyl-l,6-diaminohexane (NADAH), the deacetylated,
first metabolite of HMBA, was a more potent inducer of HL60 differ
entiation than was HMBA. NADAH produced 20-30% differentiation
at 0.25 HIMand 30-40% differentiation at 0.5 HIM.NADAH (1 HIM)
induced 2-3-fold more differentiation than did 1 HIMHMBA. HL60
differentiation, induced by various combinations of HMBA and NADAH,
reflected a combined effect of the two compounds. In contrast, 1,6-
diaminohexane, at 0.5-5 HIM, failed to induce HL60 differentiation.
Similarly, 0.5-5 IHM6-acetamidohexanoic acid, the major metabolite of
HMBA, and 6-aminohexanoic acid failed to induce differentiation of
HL60 cells. However, 6-acetamidohexanoic acid, when combined with
HMBA or NADAH at various concentrations and ratios, enhanced the
differentiation of HL60 cells induced by these two compounds. This
enhancement was most apparent with addition of 0.50-3.0 HIM6-aceta
midohexanoic acid to HL60 cells incubated with 1.0-3.0 mM HMBA or
0.25-1.0 mM NADAH. 6-Aminohexanoic acid similarly enhanced
HMBA-induced differentiation of HL60 cells. These in vitro results have
implications in terms of the clinical application of HMBA and interpre
tation of the results of clinical trials performed to date and may provide
some insight into the mechanism of HMBA-induced cellular differentia
tion.

INTRODUCTION

HMBA3 (NSC 95580) induces in vitro morphological and

functional differentiation of murine and human leukemic and
solid tumor cell lines (1-13). Among the class of agents that
have the potential for inducing the differentiation of tumor cells
(14-19), HMBA has a number of characteristics, including the
ability to achieve plasma concentrations equal to those required
for activity in vitro, which render it one of the most interesting
and of greatest potential clinical use (20).

Despite the variety of in vitro studies documenting and char
acterizing the ability of HMBA to induce differentiation of
malignant cells (1-13) and despite the fact that HMBA has
been introduced into clinical trials (20-24), the mechanism of
action of HMBA-induced differentiation remains undefined.
Moreover, the in vitro activity of HMBA has not been dupli
cated in a variety of in vivo systems (20). We have recently
utilized gas chromatography/mass spectrometry to identify five
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metabolites of HMBA in the urine of patients treated with
HMBA (25). These metabolites included the major metabolite,
AcHA; the monodeacetylated product, NADAH; the bis-de-
acetylated diamine, DAH; and the amino acid, Am HA with its
lactam, caprolactam (Fig. 1). Subsequently, we have developed
suitable gas Chromatographie methodology (26) and have quan
tified the concentration of each of these metabolites in the
plasma and urine of patients receiving various doses of HMBA
(26, 27). Our documentation of the presence of these metabo
lites and the determination of pharmacologically relevant con
centrations of each compound allowed us to investigate the
potential of each metabolite to induce cellular differentiation
and to assess what effect these compounds had on HMBA-
induced differentiation. We undertook the studies described in
this communication because of their implications in terms of
the clinical applications of HMBA and the possibility that their
results might provide some insight into the mechanism of
HMBA-induced cellular differentiation.

MATERIALS AND METHODS

Reagents. Hexamethylene bisacetamide was supplied by the Investi
gational Drug Branch, National Cancer Institute, Bethesda, MD, as a
30-mg/ml solution in 0.154 M NaCl. DAH, AcHA, AmHA, and acetic
anhydride were purchased from Sigma Chemical Co. (St. Louis, MO).
NADAH was synthesized from DAH and acetic anhydride as described
previously (25).

Cell Lines. HL60 human leukemia cells, a line derived from periph
eral blood leukocytes of a patient with acute progranulocytic leukemia
(28), were maintained in vitro by serial culture in RPMI 1640 (GIBCO,
Grand Island, NY) containing penicillin (50 units/ml), streptomycin
(50 /ig/ml), L-glutamine (2 /Â¿moI/ml),and 15% (v/v) heat-inactivated
fetal calf serum (GIBCO). The low passage number (50-70) cells
utilized in these experiments were maintained at 37Â°Cin an atmosphere

of 5% CO2 and 95% humidity. Under these conditions, cells had a
population-doubling time of approximately 24 h and achieved a maxi
mum cell density of 3-4 x 10' cells/ml.

Incubation of Cells with HMBA and Metabolites. On the 2 days
preceding institution of an experiment, cell cultures were split 1:4 with
fresh medium. Experiments were begun by resuspending HL60 cells to
a final concentration of approximately 2 x 10s/ml in 5 ml of RPMI
1640 containing penicillin, streptomycin, glutamine, 15% heat-inacti
vated fetal calf serum, and the desired concentration of HMBA or
metabolite. These cells were incubated in the presence of inducing
materials for 7 days at 37Â°Cin an atmosphere of 5% CO2 and 95%

humidity. The incubation period had been determined previously to
optimize expression of differentiation and final cell viability.

Assays for Differentiation. Final cell concentration was assessed with
a hemocytometer and cell viability was determined by trypan blue
exclusion. Additional aliquots of each cell suspension were diluted with
phosphate-buffered saline to produce cell concentrations of 4-5 x 10s

cells/ml. Portions (0.5 ml) of each diluted cell suspension were placed
into cuvets of a cytocentrifuge (Shandon Elliot, United Kingdom) and
centrifugea for 5 min at a setting of 7. Slides were then air-dried and
stained with Wright-Giemsa stain. Differential counts were performed
on 200 cells from a slide prepared from each flask and cells assessed as
metamyelocytes or more mature forms were scored as differentiated.
Each point represents averaged differential counts from four slides.
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AcNHCH2(CH2)4 CHjNHAc
hexamethylene bisocetomide

AcNHCH2(CH2)4CH2NH2
/V-ocetyl- 1,6-diominohexone

[AcNHCH2(CH2)4 CHO]
6-ocetomidohexonol

HjNCHj (CH2)4CH2NH2
1,6 - diominohexone

AcNHCH2(CH2)4COOH
6~ acetamidohexonoic acid

(major metabolite)

H2NCH2 { CH2)4 COOH
6-ominohexanoic acid

Fig. 1. HMBA, its known metabolites, and a proposed scheme for their
interconversion, a, deacetylase; b, monoamine oxidase; c, aldehyde dehydrogenase
or aldehyde oxidase; Â¡I.diamine oxidase and aldehyde oxidase. Ac, acetyl.

Functional assays of differentiation were based on the ability of cells to
reduce NBT. NBT kits were purchased from Sigma. Samples of 5 x
10s cells were incubated in 0.5 ml of RPMI 1640 with penicillin,
streptomycin, glutamine, and 7.5% heat-inactivated fetal calf serum
containing 0.25 mg/ml of NBT and 500 ng/ml phorbol-17-myristate-
13-acetate. Cells were incubated at 37Â°Cfor 25 min after which the

entire 0.5-ml incubation mixture was placed into a cytocentrifuge cuvet
and slides were prepared. The percentage of cells containing the char
acteristic blue-black precipitate of formazan was determined by count
ing under light microscopy. At least 200 cells were counted on two
different slides prepared from each incubation mixture.

RESULTS

Control cultures, incubated with no inducing agent contained
approximately 9% differentiated cells (Tables 1-5). In all ex
periments, DMSO, another agent capable of inducing HL60
cell differentiation (8), was included as a positive control. After
incubation with 1.25% (v/v) DMSO for 7 days treated cells
were approximately 84% differentiated (Table 1). These values

for control and DMSO-treated cultures agree well with results
previously published by other investigators (29, 30). As ex
pected, HMBA induced HL60 cell differentiation in a dose-
dependent fashion (8) (Table 1). HMBA concentrations of 0.5-
5 HIM produced approximately 17-90% differentiation.
NADAH also produced dose-dependent induction of HL60 cell
differentiation, with concentrations of 0.5-5 IHMinducing 33-
92% differentiation (Table 1). In contrast to HMBA and
NADAH, neither DAH, AcHA, nor AmHA, in concentrations
up to 5 rn.M,induced differentiation of HL60 cells (Table 1).

After assessment of the ability of individual HMBA metab
olites to induce differentiation of HL60 cells, NADAH, AcHA,
AmHA, and DAH were studied for their effects on the ability
of HMBA to induce HL60 cell differentiation (Tables 2-4).
Concentrations (0.25-3 HIM) of either metabolite were incu
bated in various combinations with HL60 cells and concentra
tions of HMBA between 0.5-3 mM. HL60 cell differentiation
induced by various combinations of HMBA and NADAH re
flected a combined effect of the two compounds (Table 2). As
stated earlier, AcHA and AmHA, at concentrations between
0.5 and 5 HIM, failed to induce differentiation of HL60 cells
(Tables 1, 3 and 4). However, when combined with HMBA at
various concentrations and ratios, AcHA and AmHA enhanced
the differentiation of HL60 cells induced by HMBA (Tables 3
and 4). This enhancement was dose dependent and was most
easily seen with the addition of 0.5-3 HIMAcHA or AmHA to

HL60 cells incubated with 1 mM HMBA (Tables 3 and 4). In
contrast, DAH, which at concentrations between 0.5 and 5.0
mM also failed to induce differentiation of HL60 cells, did not
enhance the effect of HMBA on HL60 cells. Addition of 0.2-
1 mM DAH to 0.5 or 1.0 HIM HMBA caused little or no
alteration in the ability of HMBA to induce HL60 differentia
tion. However, DAH, while not cytotoxic by itself, produced a
dose-dependent reduction in cell viability when combined with
3 HIMHMBA. The effect of AcHA on NADAH-induced differ
entiation of HL60 cells was similar to its effect on HMBA-
induced differentiation (Table 5). When combined with
NADAH at various concentrations and ratios, AcHA enhanced
HL60 cell differentiation (Table 5). As was seen with HMBA,
this enhancement was dose dependent and occurred with addi
tion of 0.5-3.0 HIMAcHA to HL60 cells incubated with 0.25-
1.0 mM NADAH (Table 5).

Table 1 Induction ofHL60 differentiation by HMBA and its metabolites

AdditiveHMBA

WGC

NBTNADAH

WG
NBTDAH

WG
NBTAcHA

WG
NBTAmHA

WG
NBT0"5

Â±2 (2.62)''

8Â±55

Â±2(3.45)7Â±66

Â±1 (2.25)
12Â±113

Â±2 (2.60)
6Â±14

Â±1 (2.32)
6Â±20.5

mM6Â±4(1.74)

10Â±426

Â±7 (3.40)
33Â±34

Â±1 (2.87)
14Â±115

Â±1 (3.04)
6Â±24

Â±1 (4.02)
6Â±21

mM21

Â±13 (2.66)
20Â±1054

Â±5 (1.66)
57Â±77

Â±3 (2.05)
16 Â±134

Â±1 (2.36)
6Â±24

Â±1 (3.30)
6Â±23

mM78

Â±11 (2.04)
69Â±785

Â±6 (0.52)
88Â±37

Â±3 (2.72)
13 Â±103

Â±1 (2.70)
13Â±55

Â±1 (2.70)
8Â± 15mM99

Â±1 (0.25)
91Â±298

Â±3(0.01)72
Â±2110

Â±5(1.97)
11Â±81

1 Â±8 (2.68)
14 Â±13

Â±1 (3.65)
9Â±4DMSO*91

Â±6 (2.09)
84Â±689

Â±5 (3.05)
81Â±595

Â±4 (3.07)
80Â±681

Â±14(2.33)
79Â±693

Â±2(1.75)
81 Â±3

" Control cultures received no inducing agent.
* Positive controls, run with each experiment, utilized 1.25% (v/v) DMSO.
' WG, percentage of differentiated cells Â±SD by Wright-Giemsa staining (n â€¢

Â±SD by NBT reduction (n = 34 for HMBA and 4 for other compounds).
* Numbers in parentheses, concentration of viable cells (x 10'/ml).

34 for HMBA and 4 for other compounds); NBT, percentage of differentiated cells
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Table2NADAH(HIM)0

WG"NBT0.25

WG
NBT0.5

WG
NBT1

WGNBT3

WGNBTINDUCTION

OF DIFFERENTI

Effect of NADAH on HMBA-induced differentiation ofHLoOcellsHMBAOmM4

Â±1 (2.61)*

11Â±79

Â±1 (3.88)
32Â±2115

Â±4 (3.54)
35Â±2316

Â±5(2.71)
48Â±2972

Â±6(1.62)
80 Â±90.5

HIM4

Â±1 (3.87)
6Â±115

Â±4(3.74)
27Â±729

Â±2 (3.61)
42Â±746

Â±11(3.61)
52Â±183

Â±4 (2.71)
66 Â±51

HIM9

Â±4 (3.86)
15Â±434

Â±13(3.88)
37Â±449

Â±17 (3.62)
50Â±265

Â±9 (3.24)
68Â±793

Â±1 (2.00)
88 Â±43

mM75

Â±6 (2.90)
73Â±593

Â±5(1.50)
94Â±395

Â±2(1.00)
97 Â±199

Â±1 (0.10)
90Â±599

Â±1 (0.02)
70 Â±6

* WG, percentage of differentiated cells Â±SD by Wright-Giemsa staining (n
â€¢-4); NBT, percentage of differentiated cells Â±SD by NBT reduction (n = 4).

* Numbers in parentheses, concentration of viable cells (x lO'/ml).

Table 5 Effect of AcHÃ€on NADAH-induced differentiation of HIM cells

AcHA(mM)0

WGÂ°

NBT0.25

WG
NBT0.5

WG
NBT1

WGNBT3

WG
NBTNADAHOmM6

Â±1 (4.27)*

7Â±27

Â±2 (3.60)
9Â±39

Â±1 (3.25)
11Â±49

Â±4 (3.66)
11Â±48

Â±2 (3.42)
11 Â±50.25

mM8

Â±3 (3.05)
23 Â±119

Â±3(3.74)
46Â±2022

Â±3 (2.92)
54Â±2527

Â±2 (3.00)
54Â±2530

Â±4 (3.70)
55 Â±220.5

mM16

Â±2(3.51)
33Â±636

Â±2 (3.08)
66Â±942

Â±6 (2.88)
77 Â±1959

Â±1 (3.28)
74 Â±1254

Â±1 (1.98)
63 Â±91

mM40

Â±24 (2.27)
54 Â±1567

Â±14 (2.24)
77 Â±1872

Â±13(2.45)
75Â±2167

Â±15(2.61)
79 Â±1675

Â±12(2.29)
78 Â±8

Â°WG, percentage of differentiated cells Â±SD by Wright-Giemsa staining (n
â€¢-4); NBT, percentage of differentiated cells Â±SD by NBT reduction (n = 4).

* Numbers in parentheses, concentration of viable cells (x lO'/ml).

Table 3 Effect of AcHA on HMBA-induced differentiation ofHLoO cells

AcHA
(mM0WG"NBT0.25WGNBT0.5WGNBT1WGNBT3WGNBTHMBAOmM5

Â±2(3.46)*12Â±44

Â±1(2.96)10Â±
14

Â±2(2.09)15Â±810

Â±2(3.38)11
Â±612

Â±3(2.75)15Â±70.5

mM5

Â±1(3.67)12
Â±213

Â±1(4.15)12
Â±413

Â±3(3.08)13
Â±215

Â±2(2.77)13
Â±418

Â±2(3.22)14
Â±61

mM18

Â±10(2.72)18
Â±523

Â±9(2.92)20
Â±533

Â±17(2.98)27
Â±1736

Â±17(2.34)38
Â±2055

Â±20(2.82)40
Â±253

mM85

Â±3(1.58)75
Â±682

Â±3(1.58)67
Â±1082

Â±8(2.05)76
Â±1086

Â±7(1.82)82
Â±594

Â±3(1.68)83
Â±1

"WG, percentage of differentiated cells Â±SD by Wright-Giemsa staining (n
â€¢4); NBT, percentage of differentiated cells Â±SD by NBT reduction (n = 4).

* Numbers in parentheses, concentration of viable cells (x lO'/ml).

Table 4 Effect ofAmHA on HMBA-induced differentiation ofHLoO cells

AmHA
(mM)

HMBA

0 mM 0.5 mM 1 mM 3 HIM

WGÂ°

NBT

0.25
WG
NBT

0.5
WG
NBT

1
WG
NBT

WG
NBT

3 Â±1 (3.00)*

8Â±3

5 Â±2 (4.08)
10 Â±2

5 Â±2 (3.96)
12 Â±4

5 Â±1 (3.28)
10 Â±3

9 Â±3 (2.89)
14 Â±13

6Â±2 (4.05)
9Â±4

7 Â±1 (3.94)
12 Â±1

9 Â±1 (2.98)
17Â±4

10 Â±1 (3.22)
20 Â±6

11 Â±1(3.55)
20 Â±2

19 Â±10 (3.87)
20 Â±6

21 Â±5 (3.54)
38 Â±4

31 Â±10(3.34)
42 Â±9

49 Â±8 (3.56)
52 Â±5

54 Â±12(2.38)
44Â±3

75 Â±7 (2.34)
74 Â±10

82 Â±4(1.80)
78 Â±8

88 Â±3 (2.75)
66 Â±7

93 Â±3(1.82)
67 Â±5

93 Â±3(2.52)
90 Â±3

"WG, percentage of differentiated cells Â±SD by Wright-Giemsa staining (n
=4); NBT, percentage of differentiated cells Â±SD by NBT reduction (n = 4).

* Numbers in parentheses, concentration of viable cells (x lO'/ml).

DISCUSSION

Clinical trials have been conducted with HMBA after exten
sive demonstration of the ability of HMBA to induce differen
tiation of various murine and human leukemic and solid tumor
cell lines in vitro (1-13). However, HMBA has failed to induce
differentiation in any in vivo system studied to date (20). More
over, clinical studies (21, 22) have documented dose-limiting
metabolic acidosis and neurotoxicity at dosages of HMBA
required to produce plasma concentrations of HMBA equiva
lent to those needed to induce differentiation in vitro. Prior to
the identification of various metabolites of HMBA in human
urine (25), there had been little information on the metabolism
of the compound. With the demonstration that HMBA under
went extensive catabolism in patients (25) and the characteriza
tion of pharmacologically relevant concentrations of various
HMBA metabolites (26, 27), questions arose as to: (a) whether
the lack of in vivo activity of HMBA reflected an adverse effect
of one or more of its metabolites; and (b) whether the HMBA
concentrations required in vitro for differentiation could be
replaced by an aggregate plasma concentration of HMBA and
active metabolites. The studies presented in this paper are
relevant to each of these issues, neither of which has been
addressed in earlier in vitro studies of HMBA-induced differ
entiation.

Our studies clearly document the ability of NADAH, the
initial, deacetylated metabolite of HMBA, to induce differen
tiation of HL60 cells. In this regard our results agree with the
recent publication of Meilhoc et al. (31 ), who studied differen
tiation of murine erythroleukemia cells. However, our results
differ somewhat in that we found NADAH to be an even more
potent inducer of HL60 cell differentiation than was the parent
compound. These in vitro results can be considered in light of
our clinical studies which demonstrated plasma NADAH con
centrations of 0.05-0.38 RIM in patients receiving nontoxic

dosages of HMBA (26, 27). Our failure to document in vitro
differentiating activity of DAH and AmHA is consistent with
earlier studies performed with these materials and murine eryth
roleukemia cells (1,3, 5). These earlier studies were undertaken
before it was known that these compounds were produced in
vivo as catabolites of HMBA.

The in vitro inducing activity produced by combinations of
HMBA and NADAH implies that it may not be necessary to
achieve plasma concentrations of HMBA equal to those re-
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quired for maximum in vitro differentiation. This possibility is
lent further strength by the interesting observation that AcHA,
the major metabolite of HMBA (25-27), while not capable of
inducing differentiation by itself, has the ability, at pharmaco
logically relevant concentrations, to potentiate the differentiat
ing capability of HMBA and NADAH. In addition, AmHA, a
minor plasma and urinary metabolite of HMBA, can also
potentiate the activity of HMBA. These interesting and clini
cally relevant observations have not been described previously
and may not have seemed reasonable hypotheses to investigate
before the in vivo metabolism and disposition of HMBA had
been defined. Although our current studies document the ability
of AcHA and AmHA to potentiate the inducing activity of
HMBA, they do not provide any insight into the mechanism of
that potentiation. We are actively investigating several possi
bilities including increased cellular influx of HMBA and altered
intracellular metabolism of HMBA.

Although the current studies offer the potential for enhanced
clinical utilization of HMBA through the possibility of nontoxic
dosages delivering a quantitatively efficacious "differentiating
mixture," they do not help explain the lack of in vivo activity
of HMBA. The ability of DAH to impair HMBA-induced
differentiation in vitro raises the possibility that DAH may
actually reduce the activity of HMBA in vivo. However, the
extremely low plasma concentrations (26,27) of this metabolite
and the small effect of such concentrations in vitro makes such
a possibility unlikely.
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