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noted after 4 hours of dialysis (Figure 31). Figure 31 also shows the
results of a simple co-incubation procedure for MMC plus NAC 0.4 mg/ml or
4.0 mg/ml at 37°C . The extent of loss of MMC (by HPLC analysis) was
dependent on time and on the concentration of NAC:42 percent loss with
0.4 mg/m1 NAC, and 95 percent Toss of MMC with 4.0 mg/ml1 NAC after424
hours.

These concentrations of MMC and the sulfur nucleophiles NAC and
Na23203 were selected to approximate the maximal concentration
ratios of the drugs obtainable in vivo. The peak plasma concentrations
of NAC and Na25203 were approximated at 0.4 mg/ml1 and 0.16 mg/m1,
respectively. This assumes predominant distribution to total body water
in mice given either 2.0 g/kg NAC orally (Doroshow et al. 1981) or 800
mg/kg or Na,S,05 IV (Howell and Taetle 1980).

A final series of equilibrium dialysis experiments was carried
out using calf thymus DNA (Sigma Chemical, St. Louis, MO), to evaluate
the binding of parent MMC to mammalian DNA in vitro. DNA was diluted
into PBS to final concentrations of 1.0 and 10.0 mg/ml. Figure 32 shows
the results of these experiments. Approximately 63.3 percent (+/- 5.0
percent S.D.) of the available MMC was bound to the DNA at 37°C. There
was no consistent change in the percent MMC bound when either the DNA or
MMC concentration was altered. The addition of NAC and NaZSZO3
also did not significantly increase MMC binding to DNA (p <.05, Table 35).

In summary these equilibrium dialysis studies have demonstrated
that MMC is not significantly bound to normal human plasma and is only

minimally bound to purified human serum albumin and heat-inactivated
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Concentration-time plots of mitomycin C (MMC) stability (a)
or equilibrium dialysis (o) with N-acetylcysteine (NAC) and a

heat-inactivated S-9 preparation (1.93 mg/ml).

Both plots

demonstrate a NAC concentration-dependent loss of

HPLC-recoverable MMC over time at 37°C.
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Figure 32. A concentration-time plot of unbound (free) mitomycin C (MMC)
concentrations following equilibrium dialysis for up to 20
hours. MMC (10 or 100 ug/ml1) was added to side A of the
dialysis chamber which also contained calf thymus UNA (1.0 or
10.0 g/ml in phosphate buffered saline (PBS). At serial
times aliquots were removed from side B (PBS) for MMC
analysis by HPLC. The right hand ordinal axis represents the

log of MMC bound to the DNA.
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Table 35. Mitomycin C equilibrium dialysis with calf-thymus DNA at 37°C*.

MMC DNA Na SO NAC PERCENT MMC BOUND AT
(ng/ml1) (mg/m1) (mg/m1) (mg/m1) EQUILIBRIUM (SD)
10 1.0 -- -- 67. (5.3)

(7.5)
(2.9)

100 1.0 -- -- 56.
10 10.0 -- -- 66.
100 10.0 -- -- 62.
10 1.0 0.16 -- 52.
10 1.0 1.6 -- 74.
10 1.0 -- 0.4 65.

~N NN 0O O P&~ 00 A w
——
w
—
A

10 1.0 -- 4.0 74,

* SNK multiple range tests at p = .05 showed no significant differences
between controls and sulfur nucleophile treatments
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fetal bovine serum. About half the available MMC was bound to a standard
cell culture media and this may explain the reduced in vitro cytotoxicity
of MMC in MOLT-3 leukemia cells in media containing serum or human
albumin (Takahashi et al. 1980). About a third of added MMC was bound to
heat-inactivated S-9 preparations. The addition of sulfur nucleophiles
at pharmacologic concentrations, increased MMC-S-9 binding to about 65
percent. In addition, there was evidence of NAC concentration-dependent
loss of MMC over time. This was also seen in a simple co-incubation
procedure. The mechanism of S-9/NAC induced loss of HPLC-recoverable MMC
is unknown. Explanations include an NAC induced chemical decomposition
of MMC or the slow formation of either a NAC-MMC complex or NAC enhanced
binding of MMC to S-9 components. There was no similar effect of sulfur
nucleophiles on MMC binding to calf thymus DNA although binding was
consistently high at 60-70 percent. The level of binding to albumin
suggests that MMC-induced cytotoxicity in vivo is not significantly

effected by plasma protein binding.

MMC Microsomal Metabolism

Initial experiments with MMC plus the S-9 NADPH system
demonstrated a rapid loss of HPLC detectable drug under aerobic
conditions. Table 36 outlines this rapid loss of drug which appeared to
be dependent on NADPH and not necessarily the complete metabolic system
with S-9 enzymes. From Table 36 it is apparent that MMC is quite
unstable in the presence of NADPH and oxygen. This is similar to the

findings of Patrick et al. (1964) that reduced MMC, in the presence of
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Table 36. Mitomycin C (10 ug) aerobic incubation with NADPH and S-9.

HPLC RESULTS (SD)*

PARENT MMC POLAR
TIME OF REMAINING ELUTING COMP.
METABOLIC SYSTEM INCUBATION (min) (ug/ml) K'=4.485 (peak

height in mm)

Tris Buffer 5 9.7 (--) 3.0 x 7 (30.7)
(No S-9, NADPH)
15 8.9 (0.7) 92.2 (46.1)
30 8.9 (1.1) 153.6 (2.9)
NADPH Only 5 1.7  (2.6) 184.3 (95.2)
10 0.9 (2.2) 153.6 (95.2)
15 0.7 (2.1) 184.3 (92.2)
30 0.7 (2.1) 184.3 (138.2)
Heat-inactivated 5 1.9 (2.2) 184.3 (82.9)
S-9, plus NADPH
15 1.45 (0.79) 184.3 (101.4)
30 0.2 (0.25) 184.3 (150.5)
S-9 Plus NADPH 5 4.2 (1.9) 181.2 (153.6)
10 1.7 (2.5) 242.7 (119.8)
15 0.6 (0.6) 242.7 (153.6)
30 0.0 (0.0) 181.2 (215.0)

*  Mean of triplicate experiments (standard deviation)

++ Polar eluting compound quantitated using extinction coefficient of MMC
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oxygen, rapidly formed i11-defined mixtures of biologically-inactive
autoxidized quinones. Table 36 demonstrates a sequential albeit rapid
loss of MMC in the complete metabolic system (S-9, NADPH, and oxygen).
There was, however, no significant accumulation of polar eluting
compounds. Heat inactivated S-9 enzymes also did not produce substantial
polar eluting compounds, and MMC loss was more rapid than with the
functional S-9 preparation. Thus, in the presence of a reducing system
and an avid oxygen supply, parent MMC is rapidly altered to substances
with dramatically different elution properties on an HPLC reverse phase
system. There was only a minimal and non-time dependent increase in
production of polar eluting compounds with the complete metabolic systeﬁ
in an aerobic milieu. |

Because of these findings a second series of experiments repeated
the above methods using an anaerobic (N2 gas) environment maintained as
described in the methods section. Figure 33 demonstrates the results of
these anaerobic MMC metabolic studies. The term anaerobic must be
considered relative here since fhe N2 equilibration procedure would not
be expected to remove oxygen bound to the S-9 microsomes nor all of the
oxygen dissolved in the Tris buffer. (In Patrtick's study, 1964,
dimethylformamide was used as a solvent to prevent chemical autoxidation
from dissolved 0,.)

In contrast to the instability of MMC with NADPH in oxygen, in an
anaerobic system MMC plus NADPH were stable for over thirty minutes of
co-incubation in Tris buffer at 37°C. Also, the controls were negative

for MMC loss. These included heat inactivated S-9 with or without
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NADPH. More importantly there was a time-dependent decrease in parent
MMC concentration which occurred commensurate with an increase in a polar
eluting compound with a capacity factor (K') of 4.485 when the complete
metabolic system was used. Thus, after thirty minutes of incubation the
parent MMC level was reduced from 10 ug/ml to less than 1.0 ug/ml while
the putative metabolite concentration had increased to a peak height of
383.8 mm. This same pattern was seen using ten times more MMC (100 ug)
although the concentration of the polar eluting compound peaked at 460.8
mm (peak height) (Figure 33). This suggests that production of the polar
eluting compound was saturable since the amount of S-9 (4.2 mg protein)
and NADPH mixture (0.2 m1) were not increased from the earlier trial
evafuating 10 ug MMC. This is supported by the findings of a third
anaerobic trial which used 1.0 ug MMC in the same system. Table 37 shows
the results of this study wherein the amount of apparent metabolite
formed exceeded the parent MMC concentration added at time zero up to 2.7
fold after 30 minutes of incubation. In this series MMC was stable in
the presence of NADPH (without 02) and proportionately little polar
eluting compound was produced compared to the complete system with S-9.
The production of proportionately more polar eluting compound than parent
MMC probably indicates that use of the MMC extinction coefficient does
not yield precise quantitation of the putative metabolite. Thus, the
lambda maximum and molar absorptivity for the polar species is probably
different from that of the parent MMC structure.

Because of the apparent inappropriate lambda maximum finding a

third in vitro metabolite production run was completed. Following
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Table 37. Mitomycin C (1.0 ug) anaerobic metabolism by S-9 and NADPH in

vitro*,

TIME AFTER MMC
METABOLIC SYSTEM ADDITION  (min)

PARENT MMC POLAR ELUTING
REMAINING COMPOUND
(ug/ml) K'=4,485 (peak

height, mm)++

Tris buffer 30
NADPH only 30
S-9 (heat inactivated) 30
S-9, NADPH 0
5
10
15
30

.92 (0.2) 98.3 (58.4)
.97 (0.08) 24,6 (6.1)
.291 (0.10) 190.5 (129.0)
.240 (0.14) 178.2 (113.7)
.194 (0.13) 193.5 (125.9)
.145  (0.11) 46.1 (301.0)
.145 (0.09) 125.9 (276.5)

o O O O O o o o

.145 (0.09) 835.6 (291.8)

* Mean of duplicate experiments analyses (standard deviation)
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production of the putative polar metabolites by the in vitro microsomal
system, the supernatant was filtered through 0.22 micron and subjected to
HPLC analysis. Only two predominant peaks were observed on HPLC with a
very large response at a K' of about 4.105 for NADPH (lambda max = 340
nm). The polar e]utihg compound(s) had apparent k' values in the range
of 4.485. A separate spectrophotometric analysis was performed on the
supernatant using a Beckman DU-8 microprocessor-controlled scanning
spectrophotometer (Beckman Instruments Inc., Berkeley, CA). Using a 1:10
dilution in water of the supernatant and a blank consisting of filtered
NADPH and S-9 mixture, an ultraviolet scan was performed for wavelengths
from 900 to 200. Two main peaks were observed at 292 nm (0.282
absorbance units) and at 310.5 nm. No peaks were observed at 365 nm the
Tambda maximum for MMC, although one peak was seen at 385 nm (0.157
absorbance units). This data suggests that the polar eluting compounds
have maximal absorptivity at about 300 nm. Thus, a repeat HPLC procedure
was performed with simultaneous monitoring at 313 nm and 365 nm (Waters
440 UV detector, Waters Associates, Millford, MA). This analysis
confirmed that the maximal UV response for the polar species occurred at
the lower wavelength. Subsequently, simultaneous integration at 365 nm
was performed using Hewlett Packard 3390 A Integrators (Hewlett Packard,
Palo Alto, CA). This allowed for better .quantitation of the
concentration of the polar compound which was then used in clonogenic
cell survival and DNA alkaline elution experiments.

Tseng et al. (1982) have preliminarily described a putative

mitomycin C metabolite with a 1ambda maximum of 257 nm, a molecular ion
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of 279 M/E on mass spectral analysis and ultraviolet spectrum compatible
with a 7-aminomitosene derivative. Based on thevprior studies of Pan et
al. (1983), either 2-7-diaminomitosene or a cis-trans (2d) 1-hydroxyl or
1-phosphate 2-7, diaminomitosene .are highly probable candidates for the
polar eluting compound detected in the current HPLC assay. Confirmation
will await detailed ultraviolet spectroscopy and mass spectral analysis
of sufficient, purified compound.

Overall, the in vitro metabolic system appeared to produce time
and concentration-dependent reproducible disappearance of MMC and
appearance of the polar eluting compound. The next series of experiments
sought to charactérize the effects of other drugs on this system: sodium
azide to inactivate respiratory metabolism, ascorbic acid as a water
soluble antioxidant and SKF-525A to block microsomal metabolism. Table
38 describes the results of these studies. Both sodium azide and SKF-25A
blocked the formation of the polar eluting compound of MMC. The results
are striking compared to the avid production of this putative metabolite
in the absence of these inhibitors (Table 37). In the presence of
ascorbic acid there was reduced metabolite formation and more parent MMC
remained after 30 minutes. These studies confirm the requirement for
functional S-9 proteins since both general (azide) and specific
(SKF-525A) blockers inhibited MMC metabolism in vitro. The results with
ascorbic acid are difficult to reconcile but they suggest that an
oxidative step may be required‘in the in vitro production of the polar
eluting compound.

With the system now more fully characterized, the influence of

exogenous sulfur nucleophiles on MMC in vitro metabolism was next
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Table 38. Mitomycin C (1.0 ug) anaerobic metabolism by S-9 and NADPH with

potentially inhibiting drugs.*

METABOLIC TIME AFTER PARENT MMC POLAR ELUTING
SYSTEM MMC ADDITION REMAINING COMPOUND
(CNADPH + S-97 PLUS:) (mintues) (ug/ml) K'=4.485 (peak
height, mm)
Sodium azide (3mM)(N2) 30 - 0.81 (.05) 18.1 (9.2)
(02) 30 0.73 (.045) 13.8 (8.9)
(-S-9) 30 0.99 (.02) 0 (no peak)
Sodium ascorbate (N2) 30 0.45 (.11) 181.2 (107.5)
(s m9) (02) 30 0.49 (.09) 205.8 (95.2)-
(-S-9) 30 0.94 (.08) 0 (no peak)
SKF-525A (100 ug) (Np) 0 .98 (.01) 14.1 (5.2)
(N2) 5 .83 (.01) 17.2 (8.9)
(N2) 10 0.73 (.15) 15.1 (6.5)
(N2) 15 0.66 (.11) 15.7 (27.9)
(N2) 30 0.69 (.12) . 15.4 (9.5)

* Mean of duplicate experiments (standard deviation)
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pursued. For these studies MMC was admixed with the sulfur nucleophiles
at the concentration ratios described in the equilibrium dialysis
section. These ratios were calculated to approximate the maximal
concentrations of each agent achieved in vivo using published reports and
MMC pharmacokinetic data generated therein. Table 39 describes the
results of the addition of NAC 4 mg/ml and Na25203 1.6 mg/ml to a
reaction mixture with 1.0 ug MMC added at time zero.

The results do not show any inhibition or enhancement of MMC in
vitro metabolism when either Na25203 or NAC is added to the
system. It should be noted that the concurrent controls did not
demonstrate as much formation of ihe polar eluting compound as was
observed in earlier experiments (Table 37). The reason for this
difference in magnitude is not clear but could relate to different lots
of the S-9 preparation. It does highlight the need for concurrent
controls for all drug-drug interaction studies. Additional studies were
performed using 10 ug MMC and two concentrations of both NAC and
Na25203 . Table 40 shows the result of the studies with sodium
thiosulfate. There were no significant differences between the 15 minute
control and the comparable thiosulfate treatments using a two tailed
T-test analysis (p = 0.57). Thus, sodium thiosulfate does not appear to
alter MMC metabolism in vitro using either disappearance of MMC or the
appearance of the polar eluting compound as indirect criteria for drug
metabolism.

A similar series of experiments was completed using two doses of

NAC and the same amount (10 ug) of MMC. The results are shown in Table

41.
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Table 39. Mitomycin C (1.0 ug) anaerobic in vitro metabolism with sulfur

nucleophiles.*

TIME OF PARENT MMC POLAR ELUTING
METABOLIC SYSTEM  INCUBATION REMAINING COMPQUND
(S-9, NADPH, N ) (min) (ng/ml) K'=4.485 (peak
height, mm at 365 nm)
NapSp03 0 0.176  (.09) 49.2  (21.5)
(1.6 mg/m1)
5 0.064 (.025) 78.6  (30.7)
10 0.056 (.021) 122.9 (18.4)
15 0.048 (0.15) 147.5 (15.4)
30 0.032 (0.17) 313.3 (21.5)
NAC (4 mg/ml) 0 0.129 (.09) 49,2 (15.4)
5 0.064 (.039) 98.3 (24.6)
10 0.048 (.021) 117.9 (21.5)
15 0.032 (.017) 147.4 (27.5)
30 0 260.5 (46.1)
Concurrent Controls+ 0 0.064 260.5 (46.1)
5 0.048 64.5
10 0.048 113.0
15 0.048 142.5
30 0.08 275.3

*

+

Mean of duplicate experiments (standard deviation)

Single set of experiments



224

Table 40. Mitomycin C (10 ug) in vitro anaerobic metabolism with sodium
thiosulfate (NapS203).*

‘ TIME OF PARENT MMC POLAR ELUTING
METABOLIC SYSTEM  INCUBATION REMAINING COMPOUND
(S-9, NADPH, N ) (min) (ng/m1) K'=4.485 (peak

height, mm at 365 nm)

CONTROLS
(No Na$203) 15 1.49  (0.23) 205.8 (64.5)
(No S-9) 15 9.87 (0.19) 76.8 (58.4)
(No NADPH) 15 7.59 (0.49) 98.3 (52.2)
Nap$203 0 6.24  (0.51) 73.7  (33.8)
(0.16 mg/m1) ,
5 1.44 (0.16) 156.7 (9.2)
10 1.32 (0.12) 162.8 (27.7)
15 1.24 (0.12) 221.2 (49.2)
NapS$203 0 6.47  (0.63) 73.7  (36.9)
(1.6 mg/ml
5 1.47 (0.17) 194.5 (33.8)
10 1.03 (0.19) 125.9 (27.7)
15 1.03 (0.29) 156.7 (21.5)

* Mean of duplicate experiments (standard deviation)
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Table 41. Mitomycin C (10 ug) in vitro anaerobic metabolism with
n-acetylcysteine (NAC).*

TIME OF PARENT MMC POLAR ELUTING
METABOLIC SYSTEM  INCUBATION REMAINING COMPOUND
(S-9, NADPH, N ) (min) (ug/ml) K'=4.485 (peak

height, rm at 365 nm)

CONTROLS
(No NAC) 15 0.85 (0.29) 445.4 (156.7)
(No S-9) 15 8.41 (0.92) 89.1  (95.2)
(No NADPH) 15 10.05  (0.25) 92.2 (52.2)
NAC (0.4 mg/m1) 0 6.29  (0.71) 89.1 (27.6)
5 6.29  (0.69) 141.3 (15.4)
10 0.79  (0.11) 334.9 (104.5)
15 0.76  (0.13) 334.9 (125.9)
NAC (4.0 mg/m1) 0 8.47  (1.08) 156.7 (46.1)
5 1.15  (0.40) 482.3 (310.3)
10 0.78  (0.09) 559.1 (270.4)
15 0.76  (0.13) 562.2+ (218.1)

* Mean of duplicate experiments (standard deviation)

+ Indicates statistically significant difference from control by two
tailed T-test (p <.03)
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These results show that in contrast to Na25203, N-acetyl-
cysteine appears to significantly increase the formation of the MMC polar
’e1uting compound in vitro. The result was only obtained at the higher
concentration of NAC (4.0 mg/m1) and was not seen with the 1.0 ug/m1 MMC
concentration (although the concurrent controls were quite low in that
series). Because of this lTow MMC dose discrepancy a third experiment was
performed using 100 ug/ml MMC in the same system. Table 42 details the
confirmatory results of this experiment. Sodium thiosulfate again did
not alter putative metabolite production nor MMC disappearance, N-acetyl-
cysteine at 40 mg/ml (to maintain the MMC:NAC ratio) again enhanced
apparent production of the polar eluting compound in vitro.

A final series of studies addresséd the effects of in vitro
metabolism on MMC activity against clonogenic human tumor cells. Three
cell lines were studied: HEC-1A human endometrial carcinoma cells, 8226
human myeloma cells, and MCF-7 breast adenocarcinoma cells. With HEC-1A
cells four MMC regimens were evaluated over four logs of MMC
concentrations. Cells were exposed to MMC plus 1 ml 0.45 unfiltered S-9
(21.2 mg protein), sterile NADPH-generating sysfem (0.25 m1) or both S-9
and NADPH. The results are detailed in Table 43. Mitomycin alone
reduced clonogenic cell survival to approximately 10 percent of controls
at 10 pug/ml and the combination concentration with S-9 improved MMC
cytotoxicity at a single lower concentration of MMC. The reason for the
enhanced cytotoxicity is unclear. It is‘apparent in this case that 0.45
micron filtration of S-9 did eliminate the inherent cytotoxicity of S-9

preparations as was observed by Metelmann and Von Hoff (1983).
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Table 42. Mitomycin C (100 ug) in vitro anaerobic metabolism with two
sulfur nucleophiles.*

TIME OF PARENT MMC POLAR ELUTING
.METABOLIC SYSTEM  INCUBATION REMAINING COMPOUND
(S-9, NADPH, N ) (min) (ug/m1) K'=4.485 (peak height

in mm at 365 nm)

CONTROLS
(No sulfur 30 8.5 (1.91) 175.1 (119.8)
nucleophiles)
(No $-9) ' 30 99.1 (0.52) 264.2 (86.0)
Nap$S03 30 9.1  (1.55) 187.4 (67.6)
(16 mg/m1)
NAC (40 mg/ml1) 30 8.4 (1.27) 5406.7 (669.7)+

* Mean of duplicate experiments (standard deviation)

+ Indicates a statistically significant difference from control by two
.tailed T-test analysis
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Table 43. Survival of clonogenic HEC-1A cells exposed to MMC, NADPH, and
S-9 in vitro.

.

PERCENT SURVIVAL (SEM)*

MMC-1 HOUR
CONCENTRATION MMC MMC MMC MMC PLUS S-9
(ug/ml) ALONE PLUS S-9 PLUS NADPH AND NADPH
none 100 95.8 (12.5) 89.7 (22.9) 118.2 (33.2)
0.01 98.4 {35.0) 126.0 (22.1) 91.0 (21.7) 103.1 (27.0)
0.10 89.3 (31.4) 74.4 (15.7) 92.9 (23.0) 97.8 (13.6)
1.00 78.4 (21.2) 16.3 (12.1) 21.5 (20.6) 95.7 (19.9)
10.0 7.9 (1.5) 8.9 (9.7) 10.6 (2.0) 11.2 (1.5)

* iean of duplicate experiments (standard error of the mean)
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A second experiment utilized 8226 human myeloma cells in a
similar 1 ‘hour co-incubation design. Table 44 describes the results of
these studies which were conducted under anaerobic conditions as
described in the methods section. The results of this experiment are
comparable to those using HEC-1A cells in that the 1 hour admixture of
MMC, NADPH, and S-9 did not produce enhanced cytotoxicity in vitro. In
contrast to the earlier study, the S-9 preparation produced substantial
toxicity against 8226 cells possibly due to inadequate filtration or use
of a different commercial S-9 lot. The important observations in both
experiments is that the in vitro activity of MMC is not consistently
enhanced nor inhibited by exposure to NADPH, S-9, or the combination of
the two.

A final study using MCF-7 clonogenic cells investigated the in
vitro cytotoxic activity of the polar eluting compound. MCF-7 was chosen
for this experiment since it was the most sensitive human tumor line to
Tow doses of MMC. The polar eluting compound was produced under
anaerobic conditions using 1 mg MMC, 2.7 ml1 of the NADPH-generating
system and 3.0 m1 of rat liver S-9. The putative metabolite was isolated
by high speed centrifugation and by subsequent HPLC analysis with
fractionated collection. The product was filtered through 0.22 micron
aqueous Millipore filters prior to a one hour exposure to 2.4 x 105
cells at 37°C. The results are detailed in Table 45 and show that the
addition of S-9 did not increase the activity of MMC or PEC in human
breast cancer cells.

In summary, the results of the in vitro metabolic studies with

MMC have provided an insight into the subcellular disposition of the
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0 (1.2)

Table 44, Survival of clonogenic 8226 myeloma cells exposed to MMC,
NADPH, and S-9, in vitro.
, PERCENT SURVIVAL (SEM)*
MMC-1 HOUR
CONCENTRATION MMC MMC MMC MMC PLUS S-9
(ng/m1) ALONE PLUS S-9 PLUS NADPH AND NADPH

none 100 44.0 (17.2) 104.7 (25.7) 98.9 (29.3)
0.1 109.0 (25.9) contaminated 117.1 (31.1) 104.7 (36.0)
1.0 119.0 (8.7) 19.7 (4.9)+ 90.9 (21.7) 97.9 (25.1)
10.0 0.52 (1.2) 15.2 (5.7)+ 1.5 (2.9) 66.3 (22.3)
20.0 0.79 (2.4) 7.5 (4.4)+

1.5 (4.1)

* Mean of a single experiment (standard error of the mean for triplicate
platings)

+ Survival adjusted to the S-9 only control



Table 45. Survival of clonogenic MCF-7 breast cancer cells exposed to

mitomycin C
in vitro.

and the polar eluting compound (PEC), K'=4.485,
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MMC, PEC 1 HOUR

PERCENT SURVIVAL (SEM)*

CONCENTRATIONS
(ug/m1) CONTROLS MMC PEC

None (control) 100 (10.1) -- --

None (S-9 control) 86 (9.7) -- --

None (NADPH, S-9 control) 89 (9.1) - --
0.01 -- 100 (9.8) 91 (12.1)
0.10 -- 50.7 (12.7) 86 (14.?)
0.50 -- 20.1 (7.9) 89 (5.0)
1.00 -- 12.5 (8.9) 84 (9.9)
10.0 -- 5.0 (7.5) 85 (11.4)

* Mean of duplicate experiments (standard error of the mean)
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drug. Initial studies deﬁonstrated a time and concentration-dependent
disappearance of MMC with a commensurate increase in the appearance of an
HPLC-identifiable polar eluting compound. This putative MMC metabolite
has a K' or 4.485 compared to 7.91 for mitomycin. This process required
both NADPH and a viable S-9 preparation. There was maximal metabolite
production under relatively anaerobic conditions and MMC was highly
unstable in the presence of NADPH and an avid oxygen supply. The
apparent metabolism of MMC was rapid and apparently saturable at
substrate (MMC) concentrations greater than 10 ug/ml with a static S-9,
NADPH composition. At low MMC concentrations (1.0 ug/ml) there was a
disproportionate amount of the polar eluting compound produced suggesting
an extinction coefficient different from MMC. Both sodium azide and
SKF-525A inhibited MMC metabolism in vitro, confirming the requirement
for an intact microsomal system for the expression of MMC metabolism,
Sodium thiosulfate, at pharmacologic levels, did not alter the in vitro
metabolic profile of MMC. 1In contrast N-acetylcysteine significantly
enhanced production of the polar eluting compound in vitro.

In two clonogenic human tumor cell lines MMC exposure to S-9 and
NADPH neither enhanced nor inhibited MMC cytotoxicity. In addition, the
polar eluting compound exhibited no activity against the MMC-sensitivie

MCF-7 breast cancer.

DNA Alkaline Elution Assays

Previous studies with the DNA alkaline elution technique have
demonstrated that the treatment of lysed mammalian cells with a variety

of agents increases the retention of DNA on PVC filters perfused by an
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alkaline solution. Only one prior study by Fornace and Little (1977)
repbrted the results of mitomycin C (1-5uM) on total DNA crosslinking.
Thus, important aspects of the interaction of mitomyéin with DNA remained
_unanswered: 1) the time course of crosslink fofmation and repair, 2) the
type of DNA lesion (DNA-DNA or DNA protein crosslink DNA single strand
scission), and 3) the influence of sulfur nucleophiles on these DNA
interactions. The following studies were performed to answer these
questions.

Initial alkaline elution studies were aimed at addressing the
dose-dependency and time course of mitomycin C effects on total DNA
crosslinking (DNA-DNA and DNA protein effects). In this assay
prelabelled L-1210 cells were exposed to MMC (5 ug/m1) for 1 hour at
37% in complete media. They were washed twice under refrigeration
x600g. Cells were added to fresh media and placed at 37°C, 10 percent
002 for further incubation. At serial times thereafter (1, 3.5, 12, 17
hours), one million cells were removed, washed and placed in an ice bath
for post-irradiation at 6.0 Gray (3.0 Gy/minute) using either a LinacR
IV or III linear accelerator, 4 or 18 mEv, respectively (Varian
Instrument Group, Walnut Creek, CA). Following irradiation, cells were
loaded onto the PVC filter stacks and lysed in the dark with a Sarcosy]R
solution. Elution was performed with .02M Na2 EDTA, with tetrapropyl-
ammonium hydroxide pH 12.1 solution. Fractions were collected at 90
minute intervals and counts elaborated by scintillation as described in
Methods. Figure 34 demonstrates the results of this procedure. Only two

time points are displayed due to the very close results of exposure times
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Table 46. Reproducibility for mitomycin C-induced total DNA crosslinking.

PERCENT 14C-DNA COEFFICIENT
RETAINED ON THE RELATIVE CROSSLINK  QF VARIATION
TREATMENT NO. FILTER AT 12 HRS  ELUTION FACTOR (PERCENT)
6.0 Gy x-ray 1 26.3 .559 -- 7.34
controls
2 21.4 .648 --
3 18.9 .703 --
4 20.5 .667 --
Mean 21.8 (3.2) .644 (.061) --
MMC 5 ug/ml hr 1 59.1 - .208 3.096
+ 6.0 Gy x-ray
2 65.4 .164 3.926 6.62
3 57.9 .216 2.980
4 63.6 176 3.661
Mean (SD) 61.5 (.038) 3.416 (0.452)
No X-ray 1 93.5 -- -~
Control
2 97.1 -- -- 1.5
3 - 95,5 -- —
4 94.8 - --

Mean (SD) 95.3 (.15)
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between 1 and 24 hours. It should be recalled that this dose of MMC
reduced cell survival to 20-30 percent of control values following a 1
hour exposure.

Table 46 demonstrates the results of an initial total DNA
crosslinking assay in which three treatment were repeated 4 times each to
generate statistical reproducability data for the basic procedure. The
results show relatively good intra-assay reproducability for total
crosslinking.

Table 47 shows the relative elution and crosslink factor
determinations for this assay. These results were calculated by the
method of Fornace and Kohn (1977) as described in methods using the same
arbitrary time point of 12 hours which is within the slower late elution
phase (Kohn, Erickson and Ewig 1976). This time point represents a point
at which 15-20 percent of control (radiation-only) DNA is retained on the
filters. From Table 46 it is apparent that MMC rapidly crosslinks DNA.
In addition these lesions are apparently stable and are not substantially
repaired over a 24 hour period. Figure 35 shows the time course for
total DNA crosslinking. This Tevel of crosslinking is in the range of
the maximal MMC crosslink value of 4.5 previously reported by Fornace and
Kohn (1977).

A second group of experiments were aimed at determining whether
there was dose-response relationship for MMC and total DNA crosslinking.
For these procedures L-1210 cells were exposed to 6 different 1 hour MMC
concentrations: 0.1, 0.5, 1.0, 5.0, 10.0, and 20.0 ng/ml (0.15-60um).

Table 48 shows the summary results for the six MMC doses. An apparent
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Figure 34. A semi-logarithmic plot of total DNA crosslinking as a
function of the time after MMC exposure. Cells were exposed
to MMC (5 ug/ml) for 1 hour at 37 C then washed and replated
in fresh media for variable times up to 24 hours. Cells were
then irradiated on ice, with 6.0 Grays and immediately lysed
with Sarkosyl on the PVC filters.
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Table 47. Total DNA crosslinking over time following mitomycin C
(5.0 ug/ml hr-1),

TIME AFTER MMC  X-RAYS  PERCENT REMAINING RELATIVE CROSSLINK
EXPOSURE (HRS) (6.0 Gy) T4C_DNA AT 12 HOURS ELUTION FACTOR
Control -- 97.7 -- --
Control + 17.5 0.745 --
1.0 - 66.7 0.166 5.18
3.5 + 67.1 0.163 5.28
12.0 + 4 66.8 0.165 5.22
17.0 + 64.5 0.180 4.78
24.0 + 60.4 0.209 4,12
32.0 , + 35.1 0.445 1.93
Control - 92.5 0.023 -
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Figure 35. A plot of the total DNA crosslinking factor versus time
following mitomycin C exposure.
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Table 48. Dose-response of mitomycin C-induced total DNA crosslinking.

MMC DOSE X-RAYS  PERCENT REMAINING RELATIVE  CROSSLINK
(ug/m1 hr-1) (6.0 Gy) T14C- DNA AT 12 HOURS ELUTION  FACTOR -
None -- 95.2 -- --
None -- 17.9 0.726 --
20.0 + 89.9 0.025 --
0.1 + 16.8 0.753 0.96
0.5 * 19.3 0.693 1.05
1.0 + 34.4 0.442 1.64
5.0 + 64.6 0.168 4.32
10.0 + 71.0 0.127 5.7
20.0 + 79.1 0.081 8.96
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dose-response was obtained over a 3-log range of MMC doses used. At MMC

1 there was no evidence of DNA

exposures less than 1.0 ug/ml.hr”
crosslinking. The amount of crosslinking increased with increased MMC
exposure above this level,

Because it is hypothesized that MMC may cause DNA strand breaks
(Lown 1979) a series of DNA elutions were performed using L-1210 cells
exposed to four different MMC doses but not post-irradiated. In this
procedure DNA single strand breaks SSB's are detected by increased
elution rates (increased elution rate constants) over non-treated
controls. An increase in late elution with this procedure denotes the
production of alkali-labile sites in the DNA. MMC exposures of 0.5 to 20
ug/m].hr'] produced no evidence of increased ]4C-DNA elution rates in

]4C-DNA was retained 87-95 percent

two experimental runs. In both runs
over the 15 hour elutions. This suggests that MMC does not cause SSB's
at the pharmacologic concentrations evaluated. However, since MMC
clearly causes DNA cross]inkfng, this could obscure any enhanced elution
due to drug-induced SSB's. Thus, the data suggests that crossiinking is
" the primary DNA lesion but it does not conclusively discount SSB's in the
overall mechanism of cytotoxic activity for the compound.

In order to determine the type of DNA lesion causing the apparent
crosslinking, a group of elutions were performed using a 1 hour
proteinase K digestion step. This removes the majority of DNA-associated
proteins and any remaining 14C-DNA retention on the filter is assumed

to represent DNA-DNA crosslinking (Zwelling, Anderson and Kohn 1979).

Table 49 and Figure 36 show the summary data for these assays. It is
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Table 49. Mitomycin C-induced DNA-DNA crosslinking (assays with
proteinase K treatment).

MMC EXPOSURE X-RAYS  PERCENT REMAINING RELATIVE  CROSSLINK
(ug/m1 hr-1) (6.0 Gy) T14C-DNA AT 12 HOURS ELUTION  FACTOR
None - 95.1 - -
20.0 - 92.7 0.011 -
None + 15.8 0.823 -
1.0 + 72.3 0.729 1.14
5.0 + - 30.9 0.500 1.65
10.0 + 40.1 0.376 2.19
20.0 + 51.9 0.279 2.95
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Figure 36. A semi-logarithmic plot of mitomycin C-induced DNA-DNA cross-
linking versus hours of alkaline elution. For these assays
cells were post-irradiated on ice with 6.0 Gy x-rays. The
cells were then lysed and treated with proteinase K (.5
mg/m1) for 1 hour prior to elution at pHEZ <l
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apparent that a dose-response relationship is again present. However, at
equal MMC exposures, lower crosslink factors are obtained for DNA-DNA
crosslinks over those obtained in the total crosslink assays (Table 47).
This suggests that DNA-DNA crosslinks explain only about half of the DNA
damage produced by MMC.

In order to further test this hypothesis a different methodologic
approach was used to detect DNA-protein crosslinks. This method uses
large post-irradiation exposures of 20-1000 Gy to produce very short,
non-retained DNA strands (Kohn and Ewig 1979). Thus, DNA strands not
linked to proteins are assumed to be rapidly eluted through the filters.
Conversely, DNA Tinked to protein is retained due to the adsorption of
protein to the filter under alkaline conditions. Previous studies with
this assay have shown that the majority of DNA elutes very rapidly with a
remaining protein bound component which is highly retained. This latter
phase is dependent upon the concentration of the protein-DNA crosslinking
agent and is reduced substantially by a proteinase treatment. Thus, the
quantitation of crosslinking in this assay involves extrapolating
linearly from the slow, late phase regression 1line to the ordinate to
determine individual retention values. Table 50 shows the result of
experiments using 30 Gy and five different MMC exposure levels. Similar
to the DNA-DNA experiments crosslinking is only observed once MMC
exposures of greater than 1.0 ug/m].hr'] are used. It should be
remembered, however, that DNA-protein crosslinks may be formed by high
dose radiation alone (Cress and Bowden 1983; Olinski et al. 1981; Coombs

and Pearson 1978). In the present experiment there was a late slow
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Table 50. DNA-protein crosslinks induced by mitomycin C.

MMC EXPOSURE ~ X-RAYS  PERCENT REMAINING RELATIVE  CROSSLINK
(ug/ml hr-1) (6.0 Gy) V4C-DNA AT 12 HOURS ELUTION  FACTOR
None - 94.0 -- --
5.0 - 87.5 0.031 --
None + 11.0 0.932 --
1.0 + 13.0 0.859 1.084
5.0 s 21.0 0.651 1.432
10.0 + 23.0 0.611 1.525

20.0 + 34.5 0.435 2,143
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elution phase seen in the radiation-only treatment group (Figure 37).
However, there was a clear separation between the radiation-only controls
and the treatments including MMC (Figure 37). This suggests that the MMC
treatments increased DNA-protein crosslinks in a dpse-dependent fashion.
The sum of these experiments with MMC in the alkaline elution
assay demonstrate several important characteristics of the drug's
interactions with mammalian DNA. First MMC-induced crosslinks form
rapidly following exposure to the drug. In addition, there is only
partial (approximately 50 percent) repair for up to 32 hours following
drug exposure. Dose-dependent crosslinking was observed for total
crosslinks, DNA-DNA, and DNA-protein crosslinks using MMC exposures of

1.0 to 20 um/ml*hr-'.

A comparison of results from the different

assays shows that DNA-DNA crosslinks comprise about half of the total DNA
lesions. A roughly equivalent amount of DNA-protein crosslinks were also
observed by two methods. Assays performed without the post-irradiation
step demonstrated no apparent MMC-induced single strand breaks (SSB's).
This suggests that MMC is primarily an alkylating agent if doses are used
within the pharmacologic range. In this regard there was a good
correlation between DNA crosslinking and the earlier results of
cytotoxicity assays using L-1210 cells in a soft-agar cloning system.

The time course results with MMC-induced total DNA crosslinking
are similar to results with the classical bis 2-chloroethylamine
alkylating agents mechlorethamine (HNZ) and melphalan (L-PAM) (Ross,

Ewig and Kohn 1978). MMC appears to form crosslinks very rapidly (like

HNZ)’ however, the crosslinks are removed or repaired slowly (1like
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L-PAM). This latter point is significant in that cell survival-DNA
crosslinking correlations appear to depend on the persistence of
crosslinks with time (Ross, Ewig and Kohn 1978). The level of DNA
crosslinking observed with MMC in the present study was similar to the
earlier limited observation of Fornace and Little (1977). The current
finding that MMC produces DNA-DNA crosslinks confirms the earlier
observation of Iyer and Szybalski (1964) while the observation of DNA
protein adducts is new for MMC. However, DNA protein crosslinks have
been described in cells treated with other bifunctional alkylating agents
including HNZ-(Golder et al. 1964), cyclophosphamide (Grunicke et al.
1973), cisplatin (Zwelling, Anderson and Kohn 1979), and the nitrosoureas
(Ewig and Kohn 1977). From the present results it is not possible to
definitively ascertain which DNA Tesion contributes the most to MMC
cytotoxicity.

The next phase of the alkaline elution experiments was aimed at
the effects of the sulfur nucleophiles NAC and Na25203 on MMC-DNA
interactions. In the total crosslinking assay two series of experiments
were performed: 1) a 1 hour co-incubation of MMC with the sulfur
nucleophile or 2) a 24 hour sulfur nucleophile pretreatment followed by a
1 hour MMC exposure at the same maximal molar concentration ratios
(nucleophile:MMC) as those used in the metabolic experiments. Table 51
displays the mean results of these experiments. Statistical comparisons
were performed using the Student's T-test. In the one hour co-incubation
study both sulfur nucleophiles produced significant increases in

]4C-DNA retention compared to the irradiated controls. This gave rise



Table 51.

DNA crosslinking.

Effects of sulfur nucleophiles on mitomycin C-induced total

COMPARATIVE
MMC EXPOSURE X-RAYS ~ PERCENT REMAINING 14C-  RELATIVE CROSSLINK (p-VALUE BY
(ug/mlehr-1) (6.0 Gy) DNA at 12 HR (SD) ELUTION FACTOR T-TEST)
Cd-Incubation
1 None - 95.9 (1.9) -- -- --
2 None + 18.9 (2.5) 0.705 -- --
3 5.0 - 64.6 (2.7) 0.173 5.48 --
4 NapSp03 + 75.7 (3.7) 0.103 9.31 . 2vs 4 (.011)*
5 MMC 5.0 plus + 86.6 (4.1) 0.044 21.70 4 vs 5 (.047)*
NapS203
6 NAC + 53.9 (2.9) 0.250 3.86 2 vs 6 (.027)*
7 MMC 5.0 plus NAC + 67.1 (2.7) 0.155 6.18 6 vs 7 (.18)*
24 Hour Sulfur Nucleophile Pretreatment
8 None - 97.9 (0.4) -- -- --
9 None + 21.9 (2.7) 0.650 -- --
10 MMC 5.0 + 77.0 (1.2) 0.104 6.25 --

8¢



Table 51. Effects of sulfur nucleophiles on mitomycin C-induced total

DNA crosslinking (continued).

COMPARATIVE
MMC EXPOSURE X-RAYS  PERCENT REMAINING 14C-  RELATIVE CROSSLINK (p-VALUE BY
(ug/ml1 hr-1) (6.0 Gy) DNA at 12 HR (SD) ELUTION FACTOR T-TEST)
11 NapS$203 + 16.5 (2.9) 0.776 0.84 9 vs 11 (0.31)*
10 vs 11 (0.009)*
12 MMC + + 53.7 (1.7) 2.61 2.49 11 vs 12 (.005)*
NapS203 10 vs 12 (0.01)*
13 NAC + 17.5 (3.1) .0748 0.87 9 vs 13 (0.27)*
10 vs 13 (.009)*
14 MMC 5.0 + NAC + 56.9 (3.7) 0.236 2.75 13 vs 14 (.001)*
‘ 10 vs 14 (.04)*

p <.05 indicating s statistically significant different

6v¢
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to large apparent crosslink factors in the absence of any MMC. However,
since sulfur nucleophiles are known to be efficient radiation free
radical scavengers (Hall 1978), the enhanced retention seen with the
sulfur nucleophiles alone may be an artifact of the general
radioprotectant effect. For that reason the statistical comparisons were
made to the sulfur nucleophile controls. The purpose of these
comparisons was to ascertain whether the nucleophiles significantly
reduced MMC-induced éross]inking. However, because of the profoundly
altered retention with the sulfur nucleophile controls in the
co-incubation studies it was not possible to demonstrate any reduced MMC
crosslinking and indeed significantly greater retention was seen with
each combination. |

With the 24 hour pretreatment regimen the sulfur nucleophile
controls did not demonstrate the enhanced DNA retention seen in the
co-incubation studies. In tﬁis case the amount of DNA retention was at
control levels. The purpose of this group of studies was to see if
prolonged pretreatment could augment intracellular nucleophile stores
sufficiently that an effect would be seen in the absence of a direct in
vitro admixture of mitomycin and the sulfur nucleophile. In this case
there was evidence for statistically significant reductions of
MMC-induced DNA retention mediated by the sulfur nucleophile (Table 51).
These reductions in retention averaged 11-14 percent. Sodium thiosulfate
pretreatment reduced the MMC crosslinking factor from a control value of
6.25 to 2.49 (p <.005). Similarly, NAC reduced thg’MMC crosslinking

factor to 2.75 (p <.004). These results suggest that a 24 hour sulfur
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nucleophile pretreatment significantly reduces MMC-induced total DNA
crosslinking. A similar effect of this pretreatment regimen on
cytotoxicity was not seen in the clonogenic assays and it may be that the
reduction was too small to overcome MMC lethal effects.

A final total DNA crosslinking assay was‘performed using the
putative MMC polar metabolite produced by the anaerobic microsomal
system. In this study the metabolite was quantitated by HPLC separation
with UV monitoring at 313 nm. Polar eluting compound amounts of 307 mm
to 6,140 mm peak height were used and some samples were not post-
irradiated with 6.0 Gy to also detect any DNA SSB's induced by the
metabolite. Neither experiment demonstrated any evidence of total DNA
crosslinking or DNA SSB's for the polar metabolite. Thess data are
consistent with the lack of in vitro cytotoxic activity seen with the
metabolite using MMC-sensitive MCF-7 cells in vitro. From these limited
data it would appear that the polar metabolite is inactive. However,
more DNA studies and exposure to different cell lines using higher drug
concentrations will be required to conclusively rule out any activity for
this compound.

In summary, MMC appears to crosslink mammalian DNA in a dose-

dependent fashion. Only MMC exposures greater than 1.0 ug/m].hr"]

d 14c-pNA

produce significant crosslinking evidenced by increase
retention of 2 cm pore size PVC filters. The intra-assay precision
ranged from 1.5 percent co-efficient of variation (C.V.) with
non-irradiated controls to 6-7 percent C.V.'s for irradiated and

drug-treated groups. MMC-induced crosslinks form rapidly and are not

fully repaired 32 hours following exposure. Assays performed with



252

proteinase K demonstrate dose-dependent DNA-DNA crosslinking following

MMC exposures of 1-20 ug/ml.hr'l.

In addition, separate assays
performed with 30 Gy of x-rays confirmed DNA-protein crosslinking which
was also dose-dependent.

The sulfur nucleophiles Nazszo3 and NAC appeared to block
radiation effects when added to cells 1 hour prior to radiation. In
contrast, a 24 hour pretreatment did not alter control DNA elution
patterns. This facilitated statistical comparisons of MMC-induced
crosslinking in the presence or absence of sulfur nucleophiles. These
results show that the pretreatment regimen significantly reduced
MMC-1induced crosslinking.

The alkaline DNA elution results are compatible with the earlier
findings of Fornace and Kohn (1976) for MMC and with others who have
described similar DNA protein crosslinks for classical alkylating
agents. The lack of any evidence for SSB's induced by MMC is significant
and complements the earlier clonogenic assays in which the free radical
scavengers DMSO and mannitol did not effect MMC cytotoxicity. Overall,
the alkaline elution results suggest that MMC is primarily a DNA cross-
linking agent. These effects of MMC on DNA may be reduced by sulfur
nucleophile pretreatments. Further studies will be required to determine
the optimal timing and dosing for pretreatment and whether other sulfur
nucleophiles may be more efficacious. Also, the relationship of the
particular type of DNA crosslink to MMC cytotoxicity will need to be
confirmed in future studies. The polar MMC metabolite does not appear to

crosslink DNA nor to induce any DNA SSB's in vitro.



CHAPTER 5
CONCLUSIONS

The main question of this study, whether the sulfur nucleophiles
NAC and Na23203 can reduce MMC toxicity appears to be conclusively
answered. There was no evidence that the nucleophiles reduced the
antitumor activity of MMC in vivo or in vitro. In the murine
antileukemic models, both nucleophiles significantly enhanced the
survival of mice given moderate doses of MMC. There was also an
intriguing suggestion that in L-1210 leukemic mice the sulfur
nucleophiles may have some intrinsic anticancer and granulocytopenic
activity. This unanticipated finding will require confirmation in larger
studies. The high dose toxicity studies clearly showed that neither
nucleophile reduced MMC lethality and there was also no evidence for
nucleophile-mediated reductions in MMC hematopathology. The main
toxicity of MMC remained hematopoietic depression; primarily early loss
of white blood cells latter RBC loss. There was no evidence of MMC renal
or hepatic toxicity. These results are compatible with the 1imited, but
negative, Japanese clinical experience with sodium thiosulfate (Crooke
and Bradner 1976). The finding of no NAC-MMC antidotal activity is
similar to the negative preliminary clinical trials of NAC used to block
cyclophosphamide myelotoxicity (Myers et al. 1983). It can be concluded
that neither NAC nor Na23203 offer any antagonism of MMC toxicities
in vivo.
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The murine spleen colony studies confirmed the highly myelotoxic
nature of MMC in vivo. This is consistent with the earlier finding of
Trainor et al. (1979) that MMC was the most toxic anticancer agent among
a series of alkylating agents evaluated in this system. In addition,
both sulfur nucleophiles significantly enhanced MMC toxicity towards
normal bone marrow stem cells in vivo. The fact that the dose-response
of MMC was not altered suggests that the nucleophiles enhance MMC
toxicity by a constant amount regardless of the dose of MMC. Thus, the
salient conclusion from these studies is that sulfur nucleophiles can
augment the hematopoietic stem cell damage from MMC in vivo.

Three of four established human tumor cell lines were relatively
resistant to MMC; only MCF-7 breast cancer cells responded at a
pharmacologically-relevant exposure (0.1 ug/m].hr'1 or about 1/10 the
peak plasma level achievable in man, Van Hazel and Kovach 1982). The
other cell lines generally required MMC exposures >5-10 ug/ml.hr'1.
Only the MCF-7 cell line showed evidence of MMC antagonism by a sulfur
nucleophile (glutathione or NAC). There was no blockade of MMC
cytotoxicity using large concentrations of the free radical scavengers
DMSO and mannitol. It can be concluded from these studies that the
nucleophiles NAC and Na,S,05 are well tolerated in large in vitro
concentrations with human tumor cells. In MMC-resistant cell lines, they
are not effective high-dose MMC antagonists. Furthermore, the Tack of
antidotal efficacy for the free radical scavengers suggests that free
radicals are not involved in the cytotoxic mechanism of MMC in vitro.

Thus, alkylation of DNA is the most probable mechanism for MMC

cytotoxicity.
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The novel HPLC procedure appeared to offer several improvements
over existing assays. Ffrst the use of a simple, buffered isocratic
mobile phase gave rapid and precise separation of MMC and of more and
less polar compounds. Secondly, the sensitivity (1.0 ng) was -sufficient
for quantitation of MMC levels from diverse biological samples. Also,
studies comparing ultraviolet and electrochemical MMC-detection have
confirmed the superiority of UV detection. This is consistent with the
earlier report of Tjaden et al. (1982).

The pharmacokinetic studies have provided an opportunity to study
the effect of two sulfur nucleophiles on MMC disposition in the plasma
and bone marrow of normal mice. The results validate the HPLC procedure
which allowed for sampling up to 5 hours after intraperitoneal MMC “
administratibn. Peak plasma levels were rapidly obtained and the
terminal elimination half-life of about 30 minutes is similar to the
earlier study by Van Hazel and Kovach (1982). Their report described
half-1ives of 9.3 minutes in rabbits ahd 47 minutes in patients.
Schwartz and Philips (1961) also observed a single, short terminal MMC
half-1ife in dogs (about 20 minutes) using the microbiologic assay.
These peak plasma levels are similar to those of the current study.
Unique findings in the present study include the detection of MMC in the
target organ of toxicity, the bone marrow, as well as the observation of
a pharmacokinetic interaction between NAC and MMC. The interaction
appears to involve enhanced distribution of MMC to plasma and bone
marrow. In the plasma NAC appeared to slightly retard MMC elimination

while in bone marrow the MMC elimination rate was slightly enhanced.



256

These slight changes in half-1ifes may be of minimal biologic importance.
Nonetheless, the AUC for MMC in both the plasma and bone marrow was
greatly increased by the oral NAC regimen. This may explain the enhanced
toxicity in normal mice given high-dose MMC and NAC, as well as the
increased survival seen in leukemia-bearing mice given the combination of
MMC plus NAC. These results clearly discount an antidotal role for

either NAC or Na23203 to block MMC toxicity.

The mechanism by which NAC enhances MMC 1evels'in plasma and bone
marrow will require further investigation. However, the current results
suggest that it may be possible to pharmacologically alter drug
distribution to normal bone marrow. Thfs would have important
significance for almost all the anticancer agents which damage normal
bone marrow as a side effect of their antitumor action. Thus, it may be
possible that other compounds could reduce drug distribution to normal
bone marrow and spare host toxicity. In addition to this theoretical
advantage, these results demonstrate the advantage of comprehensive drug
| studies using pharmacokinetic techniques in intact animals to detect
significant drug interactions which would be over]ooked with purely in
vitro analyses.

The MMC uptake studies showed that both normal bone marrow and
Teukemic mouse cells can accumulate and metabolize MMC to more polar
species. There was no evidence that the sulfur nucleophiles consistently
blocked or increased MMC uptake. In human tumor cells a consistent polar
eluting compound (k' = 4,485 on HPLC analysis) was indeed observed

following MMC exposures above 10 ug/m].hr'1. Again, neither
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nucleophile consistantly blocked MMC uptake, although NAC appeared to
broduce two polar metabolite species in 8226 myeloma cells. In contrast,
no polar eluting compounds were observed in HEC-1A cells, wherein a more
non-po1af was observed (K' = 10.9). These results show that MMC uptake
is consistently altered by non-polar solvents, but not by the sulfur
nucleophiles NAC and Na25203 in high concentrations in vitro. Of
greater interest is the observation of significant differences in
metabolite production with different tumor cell lines. Since most cell
lines were relatively resistant to MMC, the different metabolic handling
of the drug may explain this resistance and should be studied further.
The collection and identification of the individual metabolic species is
also possible with the methodology developed herein.

The equilibrium dialysis studies conclusively discounted a major
role for MMC-protein binding using physiologic plasma protein sources.
There was also low binding to heat-inactivated S-9 proteins. This
indicates that parent drug losses on in vitro microsomal (S-9)
incubations, cannot be ascribed to simple non-specific binding to the
proteins. It is of interest that the sulfur nucleophiles increased MMC
binding to the S-9 preparation. This may relate to partial renaturation
of active sulfhydryl sites in the S-9 proteins in the presence of the
large exogenous sulfur nucleophile concentrations. The result does
suggest that S-9 sulfhydryl status is an important variable in
determining substrate binding. A similar enhanced MMC binding effect was
not apparent for sulfur nucleophiles added to mammalian DNA in vitro.
This binding probably reflects covalent attack by MMC at guanosine

residues in the double stranded DNA.
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The microsomal metabolism studies demonstrated the marked
instability of MMC in the presence of oxygen, microsomal enzymes, and a
NADPH-generating system. This is consistent with the earlier findings of
Patrick et al. (1964) wherein reduced MMC rapidly formed autoxidized
quinones in the presence of oxygen. With an anaerobic system, sequential
MMC metabolism was observed. The loss of MMC and the increase in thé
polar metabolite (k' = 4.485) was both time and MMC concentration
dependent. The appropriate 1ambda maximum for this polar species was
established to be in the range of 300 nm versus 365 nm for MMC. This
metabolite was not cytotoxic towards MMC-sensitive MCF-7 cells in vitro.
The sulfur nucleophile Na,S,0; did not alter the overall metabolic
pattern for MMC in this system; however, NAC did increase producfion of
the polar species when added at the highest concentration. There was
also no evidence for enhancement of MMC cytotoxicity following drug
exposure to S-9 and/or NADPH in vitro. These results show that MMC is
definitely a substrate for mammalian microsomal enzymes and that the
production of stable intermediates is enhanced in an anaerobic
environment. Furthgrmore, NAC appears to augment metabolism to the polar
species. This metabolite was not active against a single MMC-sensitive
human tumor line. The nucleophile-augmented S-9 binding seen earlier
does not appear to consistently result in increased drug metabolism. In
addition, MMC does not appear to require metabolic pre-activation to
express cytotoxicity against clonogenic human tumor cells in vitro.

The DNA alkaline elution experiments demonstrated that MHC

rapidly crosslinks mammalian DNA in a dose-dependent fashion. There was
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also a good correlation between the doses of MMC required for
cytotoxicity and those producing significant DNA crosslinking. The
threshold for both appeared to be in the range of 1.0 ug/m].hr'] and
increased proportionately with increasing exposures up to 20

ug/m].hr'].

The total DNA crosslinks were not repaired for up to 24
hours after exposure and only about 50 percent repair had occurred after
32 hours. This indicates that MMC-DNA lesions are highly stable and this
may explain some of the profound toxicity of this drug towards high DNA
turnover normal tissues such as the bone marrow. Ross, Ewig, and Kohn
(1978) have suggested that the persistence of DNA lesion after exposure
to alkylators may be a prime determinant of ultimate cytotoxicity. In
this regard, the delayed repair of MMC crosslinks was similar to that
after melphalan, another alkylating agent which has a profound and
delayed myelotoxic pattern in vivo. This suggests that the alkaline
elution assay may be useful as an in vitro preclinical tool to detect
compounds which will produce delayed hematologic toxicities in clinical
trials.

There was no evidence of MMC-induced DNA single strand breaks.
Combined with the lack of effect of the free radical scavengers DMSO and
mannitol, these results suggest that MMC does not produce cause DNA
strand scission when used in pharmaco]ogic considerations.

Further studies using proteinase K treatments demonstrated that
approximately half of the total DNA crosslinking was due to DNA-DNA
crosslinks. This confirms in a mammalian system the earlier findings of
Iyer and Szybalski (1963) and Lown (1979) who primarily used bacterial-

derived DNA with heat-denaturation or sucrose sedimentation techniques.
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In this area it would be of interest to use nucleoid sedimentation
techniques to determine if MMC also intercalates DNA as suggested by
Tomasz et al. (1974).

In addition to the DNA-DNA crosslinking assays, a series of
experiments with large x-ray exposures (30.0 Gy) were performed in order
to detect DNA-protein crosslinks. The results demonstrated dose-dependent
crosslinking with this procedure. This is the first observation of
DNA-protein crosslinking for MMC, although it has been well described for
a number of other alkylating agents. It would be of interest to pursue
crosslinking studies with cytotoxic and non-cytotoxic MMC analogs to
determine whether the DNA-protein lesions contribute to the drugs'
ecytostatic activity.

The addition of sulfur nucleophiles to cells 24 hours prior to
MMC resulted in significantly reduced total DNA crosslinking. Howver, co-
incubation of the nucleophiles plus MMC 1 hour before assaying gave
spurious evidence of increased crosslinking. This was probably an
artifact of the general radioprotectant activity of sulfur nucleophiles.

Several general conclusions and recommendations can be made from
the results of this study. First, the sulfur nucleophiles do not reduce
MMC cytotoxicity in vitro and may augment antitumor drug effects in
vivo. Second, bone marrow stem cells appear to comprise the prime target
for MMC toxicity and sulfur nucleophiles increased MMC stem cell
toxicity. Third, MMC is a substrate for microsomal enzymes and requires
a reducing equivalent source in the absence of an avid oxygen supply to

form polar metabolites. The primary in vitro and in vivo polar



261
metabolite (K' = 4.485) was not cytotoxic in vitro and demonstrated no
DNA crosslinking activity. It, thus, appears to be inactive. Fourth,
MMC was shown to alkylate DNA in the same range of doses which cause
significant cytotoxicity. There was no evidence of MMC-induced DNA
strand scission.

Further work is needed to identify the mechanism of the enhanced
survival of mice given MMC plus either nucleophile. The exact structure
of the polar metabolite also requires elucidation. The pharmacokinetic
studies demonstrated that a significant increase in MMC distribution was
mediated by NAC. This indicates the potential for other drug-induced
alterations in MMC distribution to bone marrow. However, the general
inactivation of MMC by a sulfur nucleophile was not achieved. This wii]
await the identification and testing of other clinically-compatible
nucleophiles using the type of comprehensive methodology established

herein.,
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