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Summary. As determined by a colorimetric assay
measuring parent compounds plus ether-extractable,
nitroso-containing metabolites, N,N'-bis(2-chloro-
ethyl)-N-nitrosourea (BCNU) disappeared more rap-
idly than N-(2-chloroethyl)-N'cyclohexyl-N-nitroso-
urea (CCNU) and N-(2-chloroethyl)-N'-(4-trans-
methylcyclohexyl)-N-nitrosourea (MeCCNU) and
their products from the tissues of mice injected 1V.
Assay of selected samples by high-pressure liquid
chromatography revealed that the colorimetric assay
for BCNU was specific in that the two assays gave
equivalent results. Following IV-injections of CCNU
and MeCCNU, however, levels of the parent com-
pounds decreased much more rapidly than the total,
color-producing material.

Of seven tissues, the largest Cxt values for BCNU,
as determined by the colorimetric assay, were noted for
blood (442 pg-min/ml) and large intestine (285
ug-minlg). Liver (29 ug-mini/g) had the lowest Cxt
value, reflecting rapid metabolism of the compound by
this organ. Color-producing material related to CCNU
disappeared from the solid tissues of mice in a manner
generally parallel to that for blood. Of the Cxt values
for this compound and its products, those for lung
(1753 ug-equivalents-minlg), kidney (1633 ug-equival-
ents-min/g), and small intestine (1557 ug-equival-
ents-min/g) were highest. Consistent with its slower
rate of metabolism, MeCCNU and its color-producing
metabolites remained in most tissues of mice for 12 h
following injection. Except for brain (1434 ug-equi-
valents-min/g), Cxt values for this nitrosourea and its
metabolites in tissues were higher than those of blood
(5485 ug-equivalents-min/ml), with kidney (15,324
ug-equivalents-minlg), liver (12,921 ug-equival-
ents-min/g), and large intestine (11,501 ug-equival-
ents-min/g) being highest. For each nitrosourea, a fair
correlation was observed between the Cxt values for
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tissues and the toxic and/or antitumor effects at those
sites.

Introduction

A large number of nitrosoureas have activity against
leukemia L1210 in mice [26]. Of these, N,N'-
bis(2-chloroethyl)-N-nitrosourea (BCNU), N-(2-chlo-
roethyl)-N’-cyclohexyl-N-nitrosourea (CCNU), and
N-(2-chloroethyl)-N'-(4-trans-methylcyclohexyl)-N-
nitrosourea (MeCCNU) have been widely used in
clinical tests [5, 8, 36]. These compounds decompose
chemically through reactive intermediates and are
metabolized to derivatives that, in some cases, retain
anticancer activity [21, 35].

Although studies involving distribution of
radioactivity from labeled BCNU, CCNU, and
MeCCNU have been accomplished [6, 16, 24, 30, 34],
little is known about the distribution of intact
nitrosoureas and their reactive, nitroso-containing
metabolites in animals. In previous investigations,
intact BCNU and CCNU were measured in several
rat tissues at times up to 40 min following an IV
injection [16], and BCNU was measured in human
blood [17].

The present study was undertaken to investigate
the possibility of a relationship between distribution
of BCNU, CCNU, and MeCCNU and their reactive
products in mice and the biological activity of these
compounds. A preliminary report of this work has
appeared [13].

Materials and Methods

Emulphor-EL620 (polyethoxylated vegetable oil) was obtained
from General Aniline and Film Corp., New York, NY. Sulfanil-
amide dihydrochloride and N-(1-naphthyl)ethylenediamine dihy-
drochloride were purchased from Eastman Organic Chemicals,
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Rochester, NY. Hydroxylated derivatives of CCNU were supplied
by Dr T P Johnston of Southern Research Institute.

For injection, nitrosoureas were dissolved in an Emul-
phor-EL620/ethanol (1 : 1, v/v) mixture and diluted with 4 volumes
of 0.9% saline to final concentrations of 5, 3, and 5 mg/ml for
BCNU, CCNU, and MeCCNU, respectively [3]. These solutions
were stable for up to 90 min at room temperature. Male BDF,
mice, 7—8 weeks old and weighing between 23 and 28 g, were
fasted for 24 h before administration of drugs.

A colorimetric method utilizing the Bratton-Marshall reaction
[19] was used for measurement of nitrosoureas. Mice, four per
group, received I'V injections of BCNU or MeCCNU, 50 mg/kg, or
CCNU, 25 mg/kg; controls received vehicle only. The 50 mg/kg
doses are equivalent to the IV LD;, values for BCNU and
MeCCNU; the 25 mg/kg dose of CCNU is equivalent to 0.6 of the
LD, dose (FM Schabel, unpublished results). At various times
after treatment, 0.5 ml blood from each animal was drawn by heart
puncture with a heparinized syringe and needle. The blood was
diluted with an equal volume of 0.1 M phosphate-buffered saline,
pH 7.4, and extracted immediately with 4 ml cold diethyl ether.
Control blood both with and without BCNU, CCNU, or MeCCNU
(20 pg/ml) was treated similarly. Portions (3 ml) of the super-
natants from animals of the same group were pooled and
evaporated to dryness in vacuo. The dry residue was dissolved in
1.5 ml sulfanilamide reagent (0.5% in 2 N HCI) and incubated at
52° for 45 min. After the mixture was quickly brought to room
temperature, 0.1 ml 0.3% N-(1-naphthyl)ethylenediamine was
added. In 10 min a colored complex formed, and the solutions were
filtered by suction through an F sintered glass funel. After
appropriate dilution of the solutions, their absorbance was
measured at 540 nm. Absorbance values of controls without added
nitrosoureas were subtracted; and values were corrected for
extractability of added nitrosoureas (10 pg/ml), which varied from
80% to 96% depending on the compound and the tissue.
Recoveries from blood were 96%, 92%, and 92%, respectively, for
BCNU, CCNU, and MeCCNU. All assays were performed in
duplicate, and all determinations were made in three separate
experiments.

In tissue distribution studies, six mice per group were given
BCNU, CCNU, or MeCCNU as described above. At various times
after treatment, the animals were killed by exsanguination, tissues
were removed, blotted on filter paper, pooled according to type,
and frozen immediately in solid CO,. At the time of tissue
collection, contents of the intestines were removed. Cold 0.1 M
phosphate-buffered saline, pH 7.4, was added (5 ml/g) to the
thawed samples; and the pooled tissues were homogenized with a
Brinkman Polytron equipped with a P-10 generating head
(Brinkman Instruments, Westbury, NY). Portions (5 ml) of each
tissue homogenate were extracted immediately with 20 ml cold
diethyl ether and centrifuged at 1,640 g for 3 min. A portion (15 ml)
of the ether extract was evaporated to dryness and analyzed as
described above with the same type of controls.

Analysis of selected blood samples was accomplished by
high-pressure liquid chromatography with an instrument from
Waters Associates (Milford, Mass.). The instrument was equipped
with two pumps (Model 6000 A), a solvent flow programmer
(Model 660), a Partisil ODS-2 column preceded by a PXS 10/25
pre-column, a UV detector (Model 440) set at 254 nm, and a
Hewlett-Packard 3380 A integrator. Methanol : water solvents of
the following compositions were used: 1:1, solvent A; 7:3,
solvent B; 2 : 3, solvent C; and 13 : 7, solvent D. For separation of
CCNU and its metabolites, a 16-min gradient was used, starting
with 90% A and 10% B and reaching 100% B as the final
condition. Isocratic elutions with solvents C and D were used for
BCNU and its products and MeCCNU and its products, respec-
tively. Samples were prepared as described above, except that the
dried ether extract was dissolved in ethanol. A 10-pl portion was
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used for injection into the HPLC instrument. 7Trans-4-hy-
droxy-CCNU and cis-3-hydroxy-CCNU were identified in extracts
of blood by their characteristic retention times.

Half-lives for BCNU were calculated by fitting a polyexpo-
nential equation to the data through the use of a nonlinear
least-squares program, NONLIN [23]. Initial parameter estimates
were obtained by exponential stripping [28]. The number of
exponential terms required was determined by means of a pseudo F
test. For calculation of the Cxt values, a minimum value for
cytotoxicity of 1 pg/m], based on in vitro studies [29], was
used.

Results and Discussion

In general, BCNU (Table 1) disappeared from the
tissues of mice more rapidly than CCNU (and its
extractable metabolites) (Table 2), and much more
rapidly than MeCCNU (and its extractable metabol-
ites) (Table 3). At 1h after injection, BCNU in
tissues of the animals was 1 ug/g or less, except for
large intestine (2 pg/g) (Table 1). At 45 and 60 min,
the concentration of BCNU in brain, lung, small
intestine, and kidney was similar to that for blood.
The BCNU concentration in liver was low, even at 5
min after injection, and was below detection at 45
min. The rapid drop of BCNU concentration in this
organ probably resulted from metabolism, since
BCNU is a substrate for a denitrosating enzyme [12]
and for a glutathione S-transferase [11] present in
mouse liver. The shape of the curve for blood levels
of BCNU in mice is similar to that derived for rats
given an IV dose of 1 mgkg [18]. Assay by
high-pressure liquid chromatography of blood sam-
ples taken at 5 and 15 min after injection gave results
similar to those derived by the colorimetric assay
(Table 1).

As judged by killing of leukemia cells injected at
various times after BCNU, the biological half-life of
this nitrosourea was between 15 and 30 min {2], and,
as determined by a colorimetric procedure similar to
that used in the present study, the half-life of BCNU
in the blood of dogs was less than 15 min [20]. Our
experiments indicated a half-life of 15 min for BCNU
in the blood of mice (Table 4). In tissues, the values
for tips ranged from 15 min (liver) to 91 min
(lung).

When BCNU, labeled either in the chloroethyl
groups or in the carbonyl carbon, was injected IP to
mice or hamsters, the highest concentrations of
radioactivity were found in liver, kidneys, and lungs
[34]. At 1 h after an IP injection or oral dose, 13% of
the radioactivity from ethyl-labeled BCNU was in
the small intestine; 8% was in the liver; and 14% was
in the remaining carcass of mice [6]. Our results,
which show that liver and small intestine have
relatively low Cxt values for BCNU (Table 4),
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Table 1. Levels of Bratton-Marshall-positive material in tissues of mice following an IV dose of 50 mg BCNU/kg

Minutes  Tissue?

Blood Brain Kidney Lung Liver Sm. intestine Lg. intestine
5 22.9 £3.7 (22.3) 8.0x0.7 50X 0.6 6.1+£02 21+0.1 52+02 6.7+0.5
10 122x23
15 8.5+ 1.8 (10.7) 34102 2502 2706 1.0+£0.1 1.9+0.1 3.9+02
30 39+04 1.6 £0.2 1.5£04 1.5+01 0.6+0.1 1.6 £ 0.0 3.2+£02
45 1.6 £0.5 1.0£0.1 0.9+02 09+02 0.3 1.0+0.1 3101
60 1.0£0.1 0.7£0.0 0.7%£0.1 0.9+0.0 0.8=0.1 2102

2 Values are averages (+ standard errors) for three separate experiments, expressed as BCNU equivalents/g or ml
®The numbers in parentheses represent the amount of intact BCNU present, as determined by HPLC

Table 2. Levels of Bratton-Marshall-positive material in tissues of mice following an IV dose of 25 mg CCNU/kg

Minutes Tissue?

Blood Brain Kidney Lung Liver Sm. intestine Lg. intestine

5 24712 16.7 £2.5 21.7+35 23.0x 1.0 21.0%+3.6 17.7+ 4.0 93x038
15 16.3+3.2 (4.1)° 11.0£1.0 223140 23.7+59 13.7+£3.1 207+ 6.1 11.7+£1.5
30 11.7+2.1 6.6+12 14.0 £3.0 16.7 £3.0 7501 16.7+2.3 8.6+ 1.0
45 9315 49+0.1 11.3+£23 123+£25 5309 113£15 82111
60 53+£0.7 44x0.9 104+1.4 10135 42+0.8 1n5+£17 7.6x0.6
120 2.6+ 0.1 (0.2) 0.7+01 44+1.0 53+ 1.1 1.1+02 57106 37+£06
180 1.5+£03 0301 2303 2.1+0.1 05+0.0 1.7+£02 1.0£03

2 Values are averages (£ standard errors) for three separate experiments, expressed as CCNU equivalents/g or mi
® The numbers in parentheses represent the amount of intact CCNU present, as determined by HPLC

Table 3. Levels of Bratton-Marshall-positive material in tisshes of mice following an IV dose of 50 mg MeCCNU'kg

Minutes Tissue?

Blood Brain Kidney Lung Liver Sm. intestine Lg. intestine

5 52065
10 45.7 £ 5.6 (15.0)° 23719 93.1+2.7 65.7%3.7 150 *+6.5 75.5+3.38 474238

15 402+ 4.5
20 34652 187+ 1.4 73.9+3.0 479 +3.8 744+ 44 62.0 £2.7 51.9 +3.6
30 29.2+£4.0 102+£0.4 65.6 £3.1 413%23 57.4+3.7 50.5+22 44.4£32
45 26,7133 7.4+0.7 583+2.1 354 +£3.0 493+£30 38.1£3.0 37.6+35
60 22.7+3.0 7206 453 +£2.6 29.7+1.0 457+ 2.4 345+33 344+2.6
120 15.7 £2.8 (1.0) 3.0£05 322402 21.2+£2.0 21.7+29 22+31 27.1+1.6
180 102 £ 1.1 2.6+0.4 254+£28 16.6 £ 0.4 21.7+1.8 17.0 = 0.6 222 +0.8
240 82x0.1 1.0£0.0 242+2.8 11.9+£03 143 +0.7 11.9 £ 0.8 159 £0.7
480 1.5+£04 8807 2602 3504 20+03 6.5+ 0.6
720 0501 3.6£04 07+0.1 0.7+0.1 09x0.1 3208

4 Values are averages (£ standard error) for three separate experiments, expressed as MeCCNU equivalents/g or ml
> The numbers in parentheses represent the amount of intact MeCCNU present, as determined by HPLC

demonstrate that studies on the distribution of intact
BCNU can be considerably different from those on
distribution of radioactivity. In another study, high
concentrations of intact BCNU were found in the
kidneys shortly after an I'V dose of 8.5 mg/kg to rats;
lower concentrations appeared in brain, fat, muscle,
liver, and lung [16].

Of the Cxt values derived in the present study for
BCNU, that for blood was greatest, although-large
intestine had a high value (Table 4). The value for
kidney was relatively low. For both mice and rats,
BCNU caused signs of gastrointestinal toxicity [32]
and hepatotoxicity [31]. It appears that high con-
centrations of intact BCNU are not required for the
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Table 4. Pharmacokinetic values for BCNU, CCNU, MeCCNU

BCNU CCNU?  MeCC-
NU?
tl/zab tl/zﬁb Cxt® CXtd CXtd
Blood 3 15 442 983 5,485
Kidney 5 32 197 1,633 15,324
Liver ND¢ 14 29 741 12,921
Brain 5 32 158 599 1,434
Lung 6 91 124 1,753 8,109
Small intestine 1 29 125 1,557 8,458
Large intestine ND 41 285 925 11,501

@ Plus ether-extractable, nitroso-containing metabolites

b Minutes

¢ ug-min/ml or pg-min/g from C, to 1 pg/ml or 1 pg/g

4 ug-equivalents-min/g from C, to 1 pg-equivalent/ml or 1 ug-equi-
valent/g

¢ ND, not detected

observed toxicity to liver (Table 1). Some therapeutic
effect of BCNU has been observed for cancer of the
colon in humans [33]. In patients given BCNU, there
were gastrointestinal disturbances, occasional hepatic
and renal damage, and occasional pulmonary edema
[1, 15].

As indicated above, a single ether extraction of
various biological samples allowed recovery of
80%—-96% of the parent nitrosourea present. We
also determined that, by our procedure, 60% —70%
of cis-4-hydroxy-CCNU and trans-2-hydroxy-CCNU,
two monohydroxylated metabolites of CCNU, were
extracted. Only 25% of added 2,6-dihydroxy-CCNU,
however, was recoverable.

At 15 min after injection of CCNU, the total
amount of extractable, nitroso-containing material in
blood was 16.4 ug-equivalents/ml. Of this, 4.1 ug/ml
was CCNU (Table 2), 7.7 ug/ml was trans-4-hy-
droxy-CCNU, and 4.6 pg/ml was cis-3-hy-
droxy-CCNU (not shown). At 90 min, only
trans-4-hydroxy-CCNU could be identified. The
presence of monohydroxylated metabolites in
extracts of tissues of mice treated with CCNU [21]
does not alter our interpretation of the results, for
they have toxicity and antitumor activity equivalent
to or slightly greater than that of CCNU [35]. Since
the extractabilibity of hydroxylated derivatives is
somewhat less than that for CCNU, the values
reported here for CCNU plus monohydroxylated
derivatives are low, to some extent. Very probably,
the monohydroxylated derivatives of MeCCNU
would have activity and extractability similar to that
of corresponding derivatives of CCNU. No
nitroso-containing metabolite of BCNU is known.

The concentration of CCNU (and its ether-sol-
uble, nitroso-containing metabolites) in mouse serum
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dropped below the level of detection after 2 h (Table
2). As determined by high-pressure liquid chroma-
tography, the concentration of intact CCNU in blood
dropped from 4.1 pg/ml (25% of the total material
present) at 15 min to <0.2 ug/ml at 2 h (Table 2). The
half-life of intact CCNU in mice and rats is only 5—6
min [24, 25]. Its biological half-life, however, is
reported to be 94 min [2]. Following doses of CCNU
(Table 2), nitroso-containing material persisted in
mouse tissues for longer periods than after BCNU,
even though the dose administered was smaller.
There were no noteworthy differences between the
disappearance from blood and that from other
tissues. In general, the concentration, which was
10-20 ug-equivalents/g or ml at early time points,
dropped at similar rates to about 1 ug-equivalent/g at
3h

Of the Cxt values for CCNU (and its ether-sol-
uble metabolites), those for the lung, kidney, and a
small intestine were greatest, being considerably
higher than the Cxt value for blood (Table 4). It is
noteworthy that CCNU is superior to BCNU and
MeCCNU in the treatment of human lung cancer
[33]. Nephrotoxicity, hepatotoxicity, and pulmonary
edema were evident in dogs [1, 10, 27], and kidney
lesions were prominent in monkeys to which CCNU
had been administered (LH Schmidt, unpublished
results). In mice and rats, CCNU caused signs of
hepatic and gastrointestinal toxicity [32]. The toxic
effect on the gastrointestinal tract correlates with the
relatively large Cxt value for the small intestine
(Table 4). The relatively low Cxt value for large
intestine is consistent with the lack of effect of CCNU
on human colon cancer [33].

MeCCNU (and its ether-extractable, nitroso-con-
taining metabolites) remained in blood and most
other tissues of mice during the 12 h in which assays
were made (Table 3). At 10 min after injection,
concentrations ranged from 24 ug-equivalents/g in
brain to 150 ug-equivalents/g in liver. Except for
brain, in which the level had dropped to 3 pg-equi-
valents/g, the tissue concentrations at 2 h were in the
range of 20—30 ug-equivalents/g. Also except for
brain, tissue concentrations of color-producing mate-
rial were higher than those in blood. The concen-
tration of intact MeCCNU in blood decreased from
15 ug/ml at 10 min to 1.0 pg/mi at 120 min (Table 2).
We have previously reported [12] that MeCCNU is
metabolized by mouse liver microsomes at a rate
lower than that for CCNU.

Cxt values were large for kidney, liver, lung, and
intestine of mice injected with MeCCNU (Table 4).
For this compound, antitumor and/or toxic effects
have been noted for each of these organs. MeCCNU
has been widely used in the treatment of gastroin-
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testinal tumors of humans, and is superior to CCNU
and BCNU in its therapeutic effect [33]. It also has
activity against human lung cancer [33] and a
remarkable effect on Lewis lung carcinoma of mice
[22]. Both MeCCNU and CCNU are active against a
transplantable renal sarcoma of mice [14]. MeCCNU
is reported to cause kidney and gastrointestinal
damage in mice [4], humans [9], and dogs and
monkeys (LH Schmidt, unpublished results). All
three nitrosoureas enter the brain, but concentrations
there never reach those in the blood (Tables 1-3).
All three compounds have activity against human
brain tumors [33].

It has been reported that considerably more
Bratton-Marshall-positive material appears in the
metastases than in the primary of Lewis lung tumor
following an IV injection of N-methyl-N-nitrosourea
[7]. These metastases are known to be more
responsive to chemotherapy than the primary tumor.
Perhaps nitrosoureas accumulate in sensitive normal
and tumor tissues as a prerequisite for their effect on
these tissues. It is possible that distribution studies on
other nitrosoureas could allow prediction of organ
sites for toxicity and/or antitumor activity.
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