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SCOPE AND CONTENTS: . Recent evidence suggests that phosphorodiamidic acid

L3

18 formed from cyclophosphamide in vivo and in vitro and may be the active
form of this drug. | ‘

We have studied the effect‘of phosphorodiamidit acid and cyclo-
phosphd;ide on the growth of the mouse leukemic cell lines LM4 and LS2 in
culture. On this basis, phosphorodiamidic acid was at iegsc 100 times more
‘potent than cyclophoﬁphamide.in inhibiting growth. 1t also produced

enlargement of célls, an effect not seen with cyclophosphamide.

. Although two metabclites of cyelaphosphamide, phosphoro-
' A

diamidié acld and acrolein were isolated and identified, atfempts to

measure these metabolites aécurately wef; unsuccessful, Consequently

the stolchiometry of the conversion could not be determined.
Phosphorodiamidic acid signiffcantly increased the amount of

cross-1inked DMA after incubation with intact LM4 cells or {solated nuclel -

from these ;clls. Cyclophosphamlide had a gimilaf effect only in the

1;§}ated nuclei, .

These findings strengthen the proposed role of phosphorodfamidic

acid as the active metabolite of cyclophosphamide,
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1. INTRODUCTION

-

o i.l. Chemical properties and biological action of nlkylating-agcﬁcs

Alkylating agents are highly reactive chemical compounds capable
/.‘ > - )

—

of substituting an alk}l group (le. R-CHz-CH;} for hydroge;,atoma of many

organic compounds, ' There are two classes of alkylafing agents, mono-

- functional and polyfunctional, Monofunctional alkylating agents have

only one active alkyl group, while the'polyfun;tionhl nlkylgging agents
have -two or more, In’gencrnl, the Poiyfdnctionnl'agcntﬂ have greater
ant{tumor activity than the‘monofgnctionﬂl ECIIne ana—ﬂaﬂkell} 1975} .

The differences in act;yity among the varipun.alkx}aﬁ}ng agentsa

apparently relate to differences in absorptlon,-rate of metabolism and

-tissue affinify rather than to a basic difference-in their mode of action

(Cline and HasKell, 1975), All undergo strongly electrophilic chemfcal

-

the formation of carbonium ion-intermediatcs or of

transition complexes with the target molecules, Hence there are two

reactions thro

generally accepted basic mechanisms of alkylation, first order nucleo-
philie substitutfon (Snl) and second order nucleophilic substitution (5;2)
(Warwick, 1963), Mény groups such as the phoaphate, amino, sulfhydryl,
hydroxyl, carboxy; and imidazole groups present in bilological molecules
can be alkylatéd and several studies suggest that the reaction of ;
alkylating agents with DNA relates to their cytotoxic effects (Van Durn,

. f
1969; Wheeler, 1273 and Calabresi and Parks, 1976).



1.2, Toxicological‘gygpertiab of cyclophonphnmidc

Hundreds of compounds bearing potential nlkylatins groups have
"been syn:hcsizqd nndlevaluaCad in nn‘effort to ochin greater spccificity
ngainst malignant a8 compared to normal tissuea.-_Alkylntiné agents
such as biﬁ-(Z chloroethyl)~-amine (A) are toxic ;y”bo:h normal and tumor
tissues, Friedman and Seligman (1954) made‘gfsg;ics of phosphamide
derivatives of (A) in an attempt to lower the toxicity of.the cdmpﬁund
while its chemotherapeutic potency was preserved. Arnold and Bourscaux
(1958) synthesized cyc10phospham130, 2-[bLs-(iEEhaorocthyl)-amino}-ZH-°
1,3,2,oxnzaphosphoriﬁe,2-oxide; which has little cytotoxic or alkylating

activity in vitro, and which requires activation by an enzyme of liver

"microsomes (Cohen and Jao, 1970).

CH CH -Cl ' Cl-CH,-CH . NH-CH ;
2 2 72 &
/ \ 2\
\ . /N-p y / 2
CH2~CH2-C1 ) gldCHZ-CHZ . - O= CH2
- (A) bis-(2~chloroethyl)-amine (B} cyclophosphamide

cyclophosphamide is an effective antitumor agent by both oral and
intravenous routes of administration, It is moderately soluble-in water

and can be readily extracted from aqueous solution into lipid solvents.

1,3, Hetabolic conversion of cyclophosphamide ~ ' -

1,3.1. Microsomal activation in vitro: The nature of activation of’

—

cyclophosphamidekwhereby it exerts its cytotoxlc action has been
extensively investigated, Arnold and Bourseaux (1958) desighed cyclo-

phosphamide, hoping that tumor cells may contain a phosphofodiamidase

/
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enzyme to hydrolyze the P-N linkagc,‘thuu_lfbofntlﬁg a ronct&vc nltkylating

a

. ap&cicn. -However, activation has been shown té-Qccur primarily {n the
liver rather than In .the tumor tissucs. \q}

-

Liver homohonn;ea (Poley ct\nl, IOﬁL}f;r [anlated liver micro-
somes (Cohen and Jao, 1970; Conﬁors_ctleg, 19709, when‘nuppliéd with .
reduced nicotinamide adenine dinﬁclcbtldé phosphate and nkyhcn in vitro,
will tranaform cyc%oPHonphumidc to alkylating nnd,c>toto£fc métnboiltcu.
Sladek (1971) studied extensively the enzymatic convérnlnn of cyclophoqphé-
mide to alkylating mctaboiikgn &ﬁd found this énzymﬁtlc activity loenlized
in the liver ﬁicroaomnf fraction. - .
The initial oxidative Atep in cyclophouphdhldc meénbolinm‘ln due
to the microgomnl'migcd-function oxidase aywtem, Sladek 61972).nnd Ohlira
‘at ﬁl, (1975) showed that-pretreatment withaugcntn]which ntimulntcd'or
iphibitéd the rate of production of hepatic mfhroéganl mixed-function
¥ oxidase markedly influenccd.the metabolic conversion of cyclophosphamide

——

‘to active alkylating agents, ‘' The @icroﬂomnl mixed-function oxidase system
cd&vcrted cyclopﬁonphamidc into 4-:¥droxycydiobhohpﬁnmidc. Direct
evidence for generation of z-hydroxycyclophosphnmide lglgiﬁgg has been .
'providcd recently by Connors et al, (1974}, Sladckl(l973) r;ported
eviﬁcnce demonstrating the generation of an alkylating aldehyde from
cyclophosphamide in iixé and in 32552 in biological and chemical systems,
and Struck (1974) has poéitivcly characterized. 1ldophogphamide as Lta
semichrbazone derivative, The compounds, 2-carboxyethy1;N,N,bisé

(2-chloroethyl)~phosphorodiamidate (or carboxycyclophosphamidé) and

4-ketocyclophogphamide have been‘identi?ied as metabolic products of



cyclophosphamide in men éﬁ% dogs (Struck et al, 1971). Alarcon and
Meinhofer (1971) identified acrolein as a prﬁdﬁct of the microsomal
incubaction of cyclophosphamide and N ,N-bis(2-chloroethyl)-phosphoro-

diamidate (or phosphorodiamidic acid) haé also been identified both

ig_vitrO‘(Cclvin‘eﬁ al, 1973; Connors et al, 1974) and in vivo

(Struck et al, 1975; Fenselau et al, 1975). From the evidence available, -

a series of biotransformation reactions was postulated as shown in

Fig. 1. v . .
. ’ ‘ -

1.3.2: Identification of active metabolitgs: The main difgiéulti in
clarifyiﬁg the metabolism of cyclopﬁosphamide was the a;say, isolation -
and identifi;ation of the métabolites as well as their -synthesis. Only
af£er a sufficient quantity of the various metabolites was available in
pure form did-the pharmacologic characterizatioﬁ anfl e&aluation become
possible. o _ -

Because of their instability, special efforts were necessary
for the chemical éynthesis of the primary activated metabolites, the
tautqmeric_coméounds 4—hydroxycyclophosphamidg'and aldophogphamide. -
Takamizawa et al, (1973) succeeded in synthesizing ﬁ—ﬁydrop2r6Xycyc107
phosphamide, the r?ductiop of which ﬁermitted the preparation of 4-hydroxy~
cyclophosphamide. Friedman et al, (1963) synthesized phasphorodiamidic
acid but aldophosphamide has not yet been obtained %p a pure form.

Cyclophosphamide and its metabolites are ch;racterized'by

-
determining their chemical and biological activities in vitro and their

pharmacotherapeutic properties in vivo. Their chemical reactivicty can



Figure 1:

.

£t

Scheme of metabolic activation of cyclophosphamide from
Connors. et al (1974b).
~
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be agsessed by means of the [4-(p-nitrobenzylj]pyridine assay, and by
their‘behaviorin aqueocus solution where the rate of liberation of chloride
iqn from the 2-chloroethyﬂpgroup is taken as a measure for chemical
reactivity. Their cytotoxic potency is assessed by comparing the | | K
concentration which kill 50% of cancer cells after incubation in cell
culture (EC 50). Their therapeutic effect in vivo is measured by

determining the LDSb/CDS ratio (50% lethal dose/50% curative dose) -

0
against tumor cells in intact animals. Table 1 contains data of chemical
reactivity and biological activity of cyclophosphamide metabolites and

nitrogen mustards compounds (Brock, 1976}. Preiiminary studies by

Maddock et-al, (1966) and Connors et al, (1974b) indicate that phosphorodiamidic
acid is an active metabolite. Phosphorodiamidic acid has been shown to have
higher toxicity at much lower concentrations than cyclophosphamide. Table 1
.5hows that phosphorodiamidic acid indeed has intense alkylating acﬁivity but
its cytotoxdc activicy in only 2.5 Cﬁ/umole. One cytotoxic unit (CU) is tﬁatl
amount of a c;totoxic compound which produces survival of 502 of animals after
inoculation withltumor‘cells. On the other hagg,J{fgydroxycyciophOSphamide had

highcytotoxic activity, 63 CU/mole, and showed a similar CD index to cyclo-

50
phosphamide, but weak alkylating activity. Voelcker et al, (l974) showed that
only after cleavage of the phosphoric ester bond of 4-hydroxycyclophosphamide to
forp phosphorodiamidic acid and acroleih, that it was strongly alkylating. The

" 4-hydroxy derivative of 5,5 dimeghylcyclopﬂosphamide has been isoclated (Cox \
et al, 1976a) and has low toxicity to both normal and tumor tissue. This
compound cannot release phosphorodiamidic acid by B-elimination due to

the gemdimethyl group at CS’ suggesting the importance of the release of

phosphorodiamidic acid_and acrolein during the activation step.
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enzymes in the liver has been shown by Hi1l et al, (1972) and Sladek
/£197;\\\\In addition Cox et al, (1976a) compared the effect of tissue
soluble enzyme fractions on biochemically prepared aldophosphamide,
. .
aldophosphamide analogs and phosphorodiamidic acid and showed (a) a
range of deactivation ébilitie§ with aldéphbsphgmide (liver >> kidney >>
’intestinal mucosa > tumor > gspleen = bovine serum albumin solution);
"(b) the formation of different amounts of carboxyphosphamide from aldd—
phosphamide; (c) only small reductions in t&xicity of phosphorodiamidic
acid and 4-hydroxycyclophosphamide by liver cytosol. Correlations were
foumd between the NAD -dependent aldehyde dehydrogenaae activity and the
deactivation ability of ‘tissue soluble enzyme fractions. .Inhibition of
secondary oxidation of aldophosbhamide mediated by aldehyde dehydro—‘
%Enase resulted in diminished deactivation abilirty ig_giggg and reduced
selectivity it vivo. These results strongly s;ggesc that enzyﬁic
oxidation of al@ophoéphamide to carboxyphosphamid; contributes to the
selective action of cyclophosphamide.

: / :
b) Reaction of the aldehyde group of aldbphosgham{de or the hydroxy group

of 4-hydroxycyclophosphamide with thiols, as a means of detoxication since
tﬁz‘?aéu&:?ng products have‘only weak alkylating activity and have little
'toxicity‘(Hohorst et al, 1976). |
Another mechanism of inactivation is the very fast reaction of‘_
“4-hydroxycyclophosphamide with thiols to yield 4(S—R)—mércaptocyclophos—
phamide derivatives, Draeger et al, (1976) showed the reaction of
4-hydroxycyclophosphamide with thiols lead to an equilibrium between the
A
reaction product "and the starting materials. FConsgqqently increasing

A
-
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the thiol concentfatioﬁ would increase the amount of the less toxic
4-hydroxycyclophosphamide derivatives: In addition, Voelcker et 3l, (1976)
showed that considerable amounts of radiocactivity are bound to serum

1

proteins after administration.of radioagtive-cyclophosphamide and that
é—hydroxycyclophoséhamide was bound to thiorigroﬁﬁs of bovine serum
albumin yielding a stable pr55uctlwhiéb ;oﬁld be isolated by column
chromatography on Seéhadex( The product of this, thiel reaction can be
reactivated to a more toxic fofﬁf (Voelcker et al, 1976 and Draeger et
~al, 1973). Hohorst et al, (19765 suggested that reattion with thiols
may lead to a binding oEJh—hydroxycycldphosphamide to more sensitive
.(enzyme) sites in the cells, hené; increased cytotoxicity should resualt,
leading to fncreased specificity. -

.Thus, althdugh it is likely thagithSphorOQLamidic acid is
the.active product, the selective action of cyclophosphamide has not yet

been fully explained.

e . - o

1.4. Cellular effects of‘cyclophosphémiﬂe ' . \

l.4.1. Effect of Syclqphosphamide and its metabolite in‘intact cells:

a) Uptake of cyclophosphamide: Up;ake of cyclophosphamide was studied
by Goldenberg et al, (lé?h) who showed that between 0.25 x 10-3H and

1.0 x lO_BM transport of cyclophosphémide was mediated by a facilitated
process. The transport was not inhibited'by cther alkylating agents,
nor by the activated drug or isophdspham;de, the close structural analog

of cyclophosphamide. One can assume that an activated metabolite of an

inactive anticancer agent would bé taken up by tumor cells at different
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rates. The permeation rate of an alkylating agent should be greater
than the alkylation reaction and at the same time the efflux of the
substance Bhould‘be slow encugh that it can react with ta;get molecules of
the cells. Draeger and Hohorst (1976) studied the.uptﬁke of cyclo-
phosphéﬁide metéboliteé by Ehrlich ascités tumor cglls, nurine L}éio
Ileukemia cells and mouse L929 fibroblasts and showed that cyclophos-
phamide and’ 4-hydroxycyclophosphamide reacﬁéd nearly the same‘éaturation
value, which was significantly lower than nor-nit;ogén mustard in all

the cells. Their-results also indicated that éyclophosphamide could be
washed out completely, whereas 4~hydroxycyclophosphamide showed an..
apparent retention in thé 6911.36-37°C.‘ No investigator has studied'

the uptake and permeation of phosphorodiamidic acid, because r;dioactive
labelled phosphorodiamidic acid is not yet évailable. The above findings
suggest that there are some differences in permeation rate of alkylating
compound as well as selective rete#tion of the molecules within the
cells.

b) Cytotoxicity of cyclophosphamide: Recent evidence indicates that

the cytotoxicity of cyclophosphamide ig due te its active mefabolite,
phosphorodiamidiﬁ acié. Connors et al, (1974b) showed that only phos-
phorodiamidic acid possessed cytotoxic éctivi;y with a biological
half-life similar to that of the active antitumor metabolite from
microsomal activated cyclophosphamide. 1In a ;tudy of a series of phos-

\ .
phorodiamidic acid derivatives of the general structure shown, Friedman

0

o R
(1967) found Cl—CH._CH W N-"' 2

- //N~P Ry
\ ‘ C1-CH,—CH \O-R

2 2 1
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:haé esterification of the oxygen (Rl) decreased the alkyiating activity
and cytotoxicit§ of the molecule, wheréas N-sﬁhstitution (R2 or Rj)
did not deCreaéé\chg_é}kylating/activity and cytotoxic activity.
Colvin et al, (1976) suggested that the unesterified hydroxyl groups
ofrphosphorodiamidic acid plays a role in alkylation. . At physiological
pH the OH group bears a negati;e‘charge which could be distrib;ted over
the-molecule, enhancing the Pasicity of the phosphamide llnkaéé, and
the tertiary nitrogeﬁ would be nucleophilic enough to ailow for formation
of an aziridinium ion‘and subsequent alkylation, On this basis, cy;io—
phoéphamide and 4-hydroxycyclophosphamide would be expected to be poor
alkylating agents. |

' : . -
c) (Cell cycle specificity: The effect of alkylating agents on cells in cycle is

not phase specifi«, synchronized cells in late G, and S phase seem

1
particularly sensitive.to the effects of alkylating agents, leading to
their arrest in the Gzphase of the cycle'(Casperson et al, 1965; Layde
and Baserga , 1964; Levis, 1965; Wheeler et al, 1970). The cells
accumulating behind the block in G2 phase have a‘double complement of
DNA while continuing to syn;hesize other cellular components, such as p
protein and RNA. This results in unbalanced growth, with the formation

of enlarged cells that continue to synthésize DNA (Wheeler et al, 1970)

but are not able to divide.

1.4,2. Effects_of cyclophosphamide and its metabolite on DNA: The studies

of Kohn et al, (1965), Lawley {1966) and Walker (1971) showed that the

cytotoxicity of the Eifunctional alkylating agents was due to their
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reaction with DNA, producing breaks in the DﬁA moleculé and cross-linking
of the double stranded DNA, thus interfering with DNA rgplicaﬁion and h
transcfiption of RNA. The base which is alkylated 1s guanine, in which
N-7 is str;ngly nutleophiliﬁ (Ludlum, 1973; Wheeler;_1973). In addition,
less extensivéfalkylation may occur on the N-1 and N-3 of adenine,
the N—3 of cytosine, or the oxygen of guanine. The possible conse~
AUences of the reaction of alkylating agénts with guanine residues"im
DNA chains are illustrated in Fig.2 (Calabresi and Parﬁs, 1376). Cross-
links between tiie strands of a DNA double helix hold the two strands
Jtogether. When DNA is denatured, cross—linked molecules will rapidly
renature 1f returned to févorable condition, while DNA which is not
crosg~linked does not readily reﬁature, so that these properties can

A

be used to detect such cross-iinking {(Kohn et al, 1965) .

1.5. Problems and experimental approaches

4-hydroxycyclophogphamide is more specific in its cytotoxic
effec;s'ig vitro and has a higher therapeutic index in vivo but lower
e
/,/ alkylating activity as compared to phosphorodiamidic acid. Phosphoro-
diamidic acid has been identified in %Ego but not 4-hydroxycyclophos-
. I g e

phamide. Since 4-hydroxycyclophosphamide decomposes spontaneously
to phosphorodiamidic acid, it is difficult to determine whéther one of
these compounds or both is responsible for the specific cytotoxic and

alkylating activity of the parent compoﬁnd.
The first objective of thiqninvestigatioﬁ was to measure

quantitatively phosphorodiamidic acid generated from microsomal incubation



&

- Figure 2: Mechanism of action of alkylating agents from Calabresgi:

and Parks (1976). i ‘
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of cyclophosphamide and determine the effects of the incubation product

: -

on tissue culture im comparison with the effect of pure phosphoro-

diamidic‘acid. . ' ' ) ¢

Both cyélophospﬁamide and phosphorodiamidic q;id yave'the
B-chlorogthyl side chain available for alkylation. The ;;cond-objectivg f
gf thisuinvestigatlon then was to compare the degree OF crgss-linking of DNA

in intact cells and nuclei when incubated with cyclophosphamide and -

phosphorodiamidic acid.



2. REAGENTS AND METHODS

2.1. Reagents and materials . ! -

éell culture materials were obtained %rom Grand Igland
Biological Company (Grand Island, NY) and the following compounds from
the sources given: nicotinamide adenine dinucleoéide phosphafe B
(oxidized form), glucose-6-phosphate dehydrogenase, ribonuciease,
protease, mitomycin-c, calf thymus DNA, RNA, 8-hydroxyquinoline, dextran
SdO, Sigma Chemical Company, (St. Louis, HO); A-p—ﬁi;robenzyl—pyridine,
m-aminophenol, Aldrich Chemical Company (Milwaukee, Wi); acrolein,
Eastman Kodak Company (Rochester, NY); cyclophosphamide monohydrate {pure)
Koch Light Laboratories Limited {Colnbrook, Bucks., England); phosphorodia-
midic acid (NSC.No. 69945), N,N, bis(2-chloroethyl) with cyclohexylamine,
National Cancer Institutes (Bethesda, MD); hydroxylamine hydrochloride,
Fisher Scientific Company (Fairlawn, NJ); Darvan i, R.T. Vanderbilt
Company Ing., (Norwalk, CT); [methyi~3H]—thymidine, specific activity

5 curies/mmoles, naphthalene, Amersham/Searle (Arlington Heights, IL);
sodium‘phenolﬁarbital injection, Winthorp Laboratqrieé (Aurora, Ont.,
Canada); bovine‘serum albumin, Calbiochem. (San Diego, CA);'dioxane
scintillatiqn grade, Mallinckrodt (St. Louis, MO); perchleric acid, BDH

Chemicals (Toronto, Ont.) and ethoxy ethanol, Matheson, Coleman and Bell

(Norwood, OH); carbowax 6000, Analabs (North Haven, CT). ’

l

18



19
.//

2.2, Cell source

Cell lines LS2 and LM4 are ;he sublines o% L1210 mouse leukemic
cells described by Hillcoat (1971), sensitive and resistant respectively
to .the drug Methotrexate. The cells are maintained in suspension culture
in RPMI 1640 médium containing 107 fetal calf serum by subculturing
2 x 10° cells per ml in 25 ex® (50 ml) Faleon tissue culture flasks.
All cell concentrations were determined using a Model F coulter counter.

The growth curves of LS2 and LM4 cells were determined by counting the

number of cells every 24 hours over a period of 6. days. -

2.3. Determination of the effect of cyclophosphamide and phosphorodiamidic

acid on intact cells

2.3.1. Dose dependent effect of cyclophosphamide and phorphorodiamidic acid:

Cells from LSZ and LM4 lines were counted, centrifuged at 600 x g for 5
minutes, then resuspended at 2 x 105 cells per ml in medium_containing

10Z fetal calf serum and differené concentraEipﬁ/of drugs (cyclophosphamide
or phorphorodiamidic acid) ranging from 1Dh3H to lO_ZH. The drugs were
dissolved in medium immediately before use and were sterilized bé
filtration thro;gh a Millipore (0.22 um) filter. The cells were
continuously exposed to the drugs during growth at 37°C and were counted

on the fourth day. . .

2.3.2. Effect of the drug at various stages of cel] growth: Three day

0ld LSZ and LM4 cells were resuspended in medium containing 10% fetal

calf serum and 0.1 mwl of lO_ZM phosphorodiamidic acid or 0.1 ml or lO-IH
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of cyclophosphamide was added to 9.9 ml of suspension cultures at 0, 24,

48 and 72 hours. Controls were cells grown without the drugs. The cells

were counted in each case on the fourth day.

2.3.3. Effect of the drugs after various times of exposure: LM4 and LS2

cells were allowed to grow for 24 hours after subculturing, Phosphorodiamidic
acid and cyclophosphamide were added to the cultures to give final
concentrations of 10 %M and 10 3y respectively. After 0, 1, 2, 3, and

4 hours incubation of the cells with the drugs,. the ceils were spun

down at 600 x g for S minutes, waehed once with 5 ml of medium, again

spun down at 600 x g for 5 minutes, then resuspended in 10 ml of medium
containing 10 fetal calfzeerﬁm. Controls without the drugs were treated

&
similarly and all cells counted on the fourth day.

2.4. Determination of cell viability

2.4.1. Trypan blue dve exclusion test: The first rest was based on the

ability of living cells to exclude the dye, trypan blue. The method of
Phillips (1973) was followed. One ml of the cell suspensions were spun
down, washed once with medium and resuspended in 1 m} Hank's selution.
Then 0.1 ml of 0.4 trypan blue solution was added and mixed 10 times
with a Pasteur pPipette. After 4 minutes at room temperature, a drop of
the suspension was placed in a cell counting chamber (C.H. Hausser and

Son). The number of stained cells ahd non-stained cells in a given area

. was determined and the number of viable, non-~-stained cells was expressed

as a percentage of the total number of cells cowunted, For each deter-
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mination, the total number of cells counted was 100,

- 2.4.2. Colony forming assay: The plating mixture in 25 cszalcon'culture .

flasks contained 40Z of 2.2% sterile methyl cellulose in medium, 10%
fetal calf serum, 40% cell suspension to give appropriate final cell

concentration between 20 to 4000 cells per ml, 87 of conditioned medium

and 2% killed cell suspension of 1 x 10° ells per ml..

Killed cells were used to promote the formation of colonies

(Macpherson and Bryder, 1971). LM4 cells were grown for 24 hours and

a solution of mitomycin in medium was added to give a final concentration

of 2 ug per ml. The cells were grown for an additional 24 hours, spun -

down at 600 x g for 10 minutes, washed once with medium and resuspended

/&n fresh medium to give a final concentration of 1 x 106

&

cells per ml.

2.5. Metabolism of cycléphosphamide

Male Wistar rats, weighing 200 - 250 g, were used for studies

of metabolism of cyclophosphamide. Microsomal fractions were prepared

from rats livers as described by Connor et al, (1974b). Sodium
' 3
. phenobarbital was qdministereq in their drinking water at a level of

500 mg per litre for at least 10 days prior to each experiment to :

enhance mixed function oxidase 4;tivity in the liver. The rats o :

were decapitated and the livers were removed immediately and chilled

in ice. Rat liver was homogenized in folr volumes of cold 0.15 M KC1

using a tissue press, then the homogenate centrifuged at 12,000 x g fo

T
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35 minutes. The supernataﬁt was coliected and centrifuged at 190,0d0 X g
for 35 minutes at 0°C. The microsomal pellet was resuspended in 0.15 M
cold KC1 and recentrifuged at i90,000 x g for 35 minutes at 0°C, Thé
pellet was then suspended in 0.2 M Tris-HCl buffer, pH 7.4, such that

1 ml of suspensicn was equivalent to 5 g of o;iginal liver. The
microsomes coﬁld be stored at this point at —QQOC, if necessary.
Incubations were carried out at 37°C for 45 minutes in 50 ml Erlenmeyer
flasks, so that a stream of air was directed through the reaction mixture.
The reaction flask was connected with teflon tubing (3 mﬁ inner diameter)
to a trapping flask containing reagent which reacted with acroafin.

Figure 3 shows the reaction and ;rapping flasks. The reaction Plask
lcontained 3 ml of microsomal suspension, 0.52 mM of nicotinamide adeninpe
dinucleotide phosphate (NADP+), 15 mM " of glucose-6-phosphate, 4 mM

of HgClz. 6 HZOX 90 units of glucose-6-phosphate dehydrogenase and

18 mM of cyclophosphamide in a total volume of 30 ml buffered.at pH 7.4
with 0.1 M Tris-HC1l. Glucose-6-phosphate dehydrogénase.;atalyzes the
reactioQ‘glucose—G-phosphate + NADP+;:::3 6 phosphogluconate + NADP_ i + H+
The net result being the production of NADPH for reduction of cyclo-
phosphamide to 4- hydroxy cyclophosphamide. The trapping flask, which
was chilled in an ice bath éuring the incubation contained.Q ml freshly

prepared reagent (250 mg of m-aminophezol plus 300 mg of hvdroxylamine

hydrochloride ‘dissolved in 25 ml of 1 N HC1). At the end of the incubation,

.

the reaction mixture was placed on ice then centrifuged at 100,000 x g for
30 minutes to remove the microsomes. The supernatant was kept for further

analysis. The trapped acrolein was subjected to fluorometric analysis

(e R
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Figure 3: The reaction and trapping flasks used in miérosomal
incubation of cyclophosphamide.
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as 155 adduct with m-aminophenol by the method of Alarcon (1968). A
stock %olution of acrolein was freshly prepared with distilled water.
Standard solut1ons having concentrations of 0. 015, 0. 031 0.077, 0.154,
0.231 and 0.308 umoles per ml were prepared by dilutlng aliquots:of the -
stock solution with distilled wéter. To 2 ml of the acrolein standards

and of the unknown solution in 15 ml tubes, 0.5 ml of the mixed reagent

.was added, mixed well then 0.5 ml of 5 N HC1l added and mixed rapidly.

"Blanks were run without acrolein. The mixtures were heated in a boiling

water bath for 10 minutes and subsequently cooled. Fluorescence readings

at room temperature were made using an Aminco Bowman spectrofluorometer

with excitation wavelength at 400 nm, and emission wavelength at 510 nm.
Time elapsed-after heating was ot critical as” “khe fluorescence was
stable for several hours.

9 rl

2.6. Isolation and identification of metabolites

Afte( removal of the microsomes from the ?eaction.mixture, protein
was precipitated by addition of 4 volumes of 100Z ethancl and. removed by
centrifugation ar 1200 x g. The supernatant was evaporated to almost
dryness in a rotary evaporator at BOOC, connected to water suction. The
volume of the concentrated supernatant was adjusted to 4 ml with distilled
water and the pH of the concentrate was. adJusted to pH 4.0 by addition
0f 0.1 M HCl and the solution was extracted with 5 ml chloroform. The
mixture was shaken for 20 minutes using a wrist action shaker {(Burrell
model 75), then centrifuged at 1000 x g for 10 miﬁutes. The chlorofornm

layer was collected. This was repeated twice then all the chloroform
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extracts copbined and evaporagéd to dryness at room temperature under
nitrogen. Then 0.5 ml of metﬁanol was added to the extract which was
subjected to thin layer chromatography on 20 x 10 cm plates of 0.25 mm
(precoated Withfsiiica gel G-25) for identification purpose. Plates

20‘x 20 cm were used for preparative purposes. -rhe solvent was
chloroform-éthanol (9:1). The plates were dried zt room temﬁerathre

and the 20 x 10 cm plates spraygd with 1% of 4-p-nitrobenzylpyridine
{(NBP) in acetone; heated in an éven for 20 minutes at 120°C then sprayed
with 3% KOH in methanol. The alkylating agent appeared as blue spots.
Silica gel on the non-sprayed plate was removed frqm régions correspondiﬁé
in Rf values to those of ﬁhe detectéd substances and eluted with three
lots of methanol. This pooled eluate was evaporated to almost dryness.
under nitrogen at room temperature and the volume adjusted to 1 ml with
MeOH. An aliquot of 100 pl was treated with excess diazomethane until
the solution stayed yellow. The reacted solution was taken to dryness
under nitrogen, diluted in 100 Bl MeOH then an aliquot of, 20 pl was
spotted on thin layer plate. Gas chromatographic analyses were performed
on a Varién ildO gas chromatograph with a six foot column containing |
1.5 0V 17 on Chromosorb W High Performance (HP), 80/100 mesh with
temperature at 220°C. Injeccb} poert and detector were kept at 300°¢
with a setting of 40 on the flow gauge (flow gauge adjusted to give ml/min
flow rate for helium). Gas chromatography/mass spectrometry (GC~MS)
datawere obtained on a Varian CH-7 Spectrometer coupled to a Varign 2700
gas chromatograph by a Watson-Biemann separator. The conditions of ;he

gas chromatograph im the GC-MS were kept the same as the conditions of
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the regular GC, and the flow rate adjusted to give maximum vacuum of

~

10“6 torr. Mass spectral conditions were set at an ionizing voltage of

- _ o
70 eV, emission current of 300 HA and jon source temperature at 290°C,

Mass spectra were recorded on a Varian 620L computer. The rest of the

sample was evaporated to dryness under nitrogen and resuspended in 1 mi

of distilled water, to be used for Epstein's colorimetric determination.

2.6.1. Estimation of the total amount of phosphorodiamidic acid produced:

Quantitative determination of phosphorodiamidic acid extracted from the
liver microsomal incubati;n was determined by Epstein's colorimetric
determination as described by Friedman et al. (1961). Phosphorodiamidic
acid stock solution was prepared by weighing 1 mg and ;iluting to 10 nl
with distilled water. Standard solutions having concentrations of 1, 2.5,
5, 10, 25, 50 and 100 ug per ml were prepared by diluting alidliots of |
the stock solﬁéion with distilled water. One ml aliquots of the standard
and sample were used for determination., A1l tubes were chilled in ice,
and 1 ml of 0.1 M acetate b;ffer, pH 4.6, was added and mixedlwell. The
solution was treated with 0.4 ml of 52 (w/v) NBP reagent in acetone,
‘mixed well and heated in boiling water for 20 minugés, then cooled in
ice. Two ml acetone was added to thg'mixture followed by 5 ml ethyl
acetate and mixed well. Each'tube Wwas wrapped in foil to eliminate as
much light as possible then 1.5 ml of 0.25 N ﬁaOH was added, the mixtére
was shaken ;igorously by hand about 30 times and let stand for 1 minute.
The top layer was taﬁen for absorbance measurement at 540 mp on a

-—

Turner colorimeter. Because of the instability of the colour formed,
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the operation from the introduction of NaOH to the réading in the colori-
meter was carried out rapidly and in a darkened room using only {ndirect
light from a 40 watt Incandescent bulb. A blank was run without phosphoro
diamidic-acid. To improve the sensitivity and specificity of quantitation
of phosphorodiamidic acid an extractive alkylation method was also attempted
(Ervik and Gustavii, 1971), to produce a derivative suitable for gas

chromatographic and mass spectral analysis. , L e

2.6.2. Determination of the stability of cyclophosphamide and phosphoro-

diamidic acid in incubation condition: Stability of cyclophos-

phamide and phosphorodiamidic acid in incubation médium during 4 hours of
incubation was determined by adding 0.2 ml of 107y cyclophosphamide or 1Oq2M
phosphorodiamidic acid to 19.8 ml of medium contalning 10% fetal calf serum
and 4 x 106 LM4 cells had been grown for 24 hours in suspension. Two ml
aliquots were withdrawn from the suspension at 0, 30, 60, 20, 120, 150, 180;
210 and é&O minutes. The jncubation was carried out at 370C, then the tubes
were centrifuged at 600 x g for 5 minutes and the supernatant was collected.
Cyclophosphamide samples of 20 pl were spotted on thin layer plate. Four
volumes of 100% EtOH were a&ded to the phosphorodiamidic acidlsamples,

the mixture was shaken vigorously then centrifuged at 1000 x g for

5 minutes. The supernatant was collected and evaporated to dryness in

a rotary evapdrator at 30°C under water suction. The extract was

dissolved in 1 ml of distilled water and adjusted to pH 4.0 using 0,1 N

HC1. The acidified aéueous solution was extracted with 3 ml chloroform,

shaken for 20 minutes, centrifuged at 1000 x g for 5 minutes, then the
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chloroform layer-collectgd. This procedure was repeated twicé, all the
chloroform layers were combined and evaporated to dryness at room

temperature under nitrogen.' The extract was dlssolved in 200 upl of MeOH,re-
aéted with diazomethane and the éeacted solution was used for spothing on thinl

layer plates.

2.7. Intranuclear reactivity of cyclphosphamide and phosphorodiamidic acid

2.7.1. Prelabelled cells: LM4 cells, at 2-2.5 x lOS/ml, were grown for 24

hours under the usual conditions but with 5 UM unlabelled thymidine plus 0.1
uCi/ml [methyl—jﬂ] thymidine. When larger ﬁuantities of uélabelled cells
were required, they were grown in EDPl mi;e by intraperitoneal injection of
4 x lO6 cells per mouse. Five days after innotulétién\the mice were
sacrificed by e;her inhalat?on anﬂ the cellé krom peritoneal cavity

wasged with saline solution, centrifuged at 600 x g for 10 minutes and the
pellet was collected. |

.

2.7.2. DNA alkylated in intact cells treated with cyclophosphamide and

phosphorodiamidic acid: The cells were grown in flasks for 24

hours with tritiated thymidine to label DNA. Average total amounts of DNA
per flaskwas 39.8 T 0.7 Hg. At that point cyclophosphamide or phosphoro—
diamidig acid was added to give final concentrations of 10”3 or lO_AM
respectively. After four hours incubation at 37°C, the suspenéion
cultures were centrifuged at 600 x g for 10 minutes and washed once with
medium. Control cultures were prepared by adding medium to the culture

in pléce of the drug solution. The cells could be stored in the freezer

if necessary.
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2.7.3. DNA alkylated in nuclei treated with cyclophosphalmide and phos-

phorodiamidic acid: Nuclei from LM4 cells were prepared using

the method of Rickwood et al. (1973). Thelprelabelled cells were suspended

at approximately 1 x,lO8 cells per ml in 0.001 M Tris-HC1 (pH 7.4) containing

3 mM MgCl-2 and 0.05%7 (w/v) Darvan No. 1 (surface active agent) then
homogenized with I15strokes in a Potter Elvehjem homogenizer with a tight
fitting teflon pestle, The cell homogenate was diluted with sucrose
buffer (1.25 M sucrose, 0.2 M Tris-HC1, ﬁH 7.4, 15 mM MgClz) to give a
final sucrose concentration of 0.25 M. The nuclei were then sedimented
at 1000 x g for 10 minutes at 0°C and washed twice in 0.25 M sucrose
containing 3 mM MgClZ. The nuclei were finally sedimented through 2.2 M
sucrose containing 3 mM chiz and. 5 mM Tris-HC1, pﬁ 7.4 by centrifugation
at 44,000 x g for 1 hour. The nuclei were suspended in medium to give
concentration of 200 pg of DNA/ml. ’ Carrier nuclei
were prepared from LM4 cells grown in BDFl mice.

A suspension of 2 ml of nuclei, 1 ml of fetal calf serum and
6.9 ml of medium in a 25 ml Erlenmeyer flask was treated with 0.1 ml of
lO_lM of cycloﬁhosphamide or"0.1 ml of 10—2M phosphorodiamidi:‘acid
Coﬁtrols were set up by adding 0.1 ml of medium instead of the drug
solution. All the flasks were incubated at 37°C for four hours with
constant shaking and at the end of incubation, 5 ml of‘cold'medium and
the carrier nuclei were added. The suspension was centrifuged at 1000

x g for 10 minutes at OOC, washed once with medium and the pellet was

collected for DNA isolation.

2.7.4. Isolation of DNA: DNA was isolated from intact cells as well as

P N
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from the nuclei using the method of Walker (1971) Ten ml of cold 5/
(w/v) aqueous 4-amino sodium salicylate was added to 2 x 108 cells or
nuclej isolated from 4 x 108 original cells, The cells were dispersed
and '1/10 volume of 10% aqueous sodium dodecyl sulfate was added, the
mixture was kept in Joom temperature for approximately 20 minutes to
allow for complete lysis of the cells., A solution of ribonuclease at

a concentration of l mg/ml in 0.1 M NaCl —- 0.01 M acetate, pH 5.0 was

prepared. Three ml of this solution was added per 100 ml of lysate, The

lysate was incubated at 37°C for 20 minutes then protease (in 0.1 M NaCl
- 0.61 M acetate, pH 5. 0) was added to give a final concentration o;

0.5 mg/ml. The resulting mixture was incubated for two hours at 37°C.
Ten ml of phenol reagent (500 g phenocl, 55 ml of distilled water and.

0.6 g 8~hydroxyquinoline) were added and the mixture was snaken by a
wrist action shaker for 20 minutes, then centrifuged at 1250 x g for

20 minutes. The upper phase was carefully removed and an equal amount of
phenol reagent was added and the extraction procedures were repeated. The
resultant solution was further deproteinized by shaking with an equal
volume of CHC13—isoamyl alcohol (24:1), centrifuging at 1250 x g for

20 minutes, collecting the upper phase and repeating the CHC13—isoaqyl
alcohol procedure. The upper phase was dialyzed against three changes

of 0.1 M Na-acetate. Tg the dialyzate equal amounts of ethoxy ethanol
were added and DNA was obtained on a glass rod by stirring. The isolaced
DNA was washed with 50% aqueous—ethox§ ethanol and dissolved in 0.01 M
phosphate buffer,‘nH 6.8 such.that 1 ml of suspension was equivalent to

1.5 x lO8 of original cells. If the DNA aqueocus—ethoxy ethanol mixture
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was too dilute to precipitate the DNA, it was concentrated on a rotary
o. . . : .
evaporator at 20°C with water suction. DNA concentration was estimated
»

by the method of Burton (1956), protein by the method of Lowry (1951) and

RiA by the orcinol procedure.

.

2.7.5.# Estimation of inter-strand cross—-linking of DNA: Denaturation of DNA

results in strand separation excépt when é;oss linking between strands is
present. On rapid cooling, the separated single strands do not renature.
However, those strands held in prokimity by cross linking do renatwure under
these condiﬁions, reforming double—strandediDNA. “Thus the amount of double-
stranded DNA preseat is a measure of the amount of inter-strand cross~linking
present. To measure the amount of AOUble—stranded DNA present, the poly-
ethylenEgLycoi sSystem ofAlBerts(1967) has been used. Double-stranded DNA
partitions into the polyetgylene glycol rich upper phase and single-stranded
DNA partitions in the lower phése- The isclarted DNA was diluted in 10 mM
phosphate buffer, pH 6.8 to give an approximate concentration of 4095500 Hg
peiﬂgl. The DNA was denatured by carefully mixing with an equal vdf;me of
O.i N NaOH, incubating at 37% For- 10 minutes, cooling and adding an equal
volume of ice cold 0.1 M NaHzPOA. The cold solution was dialyzed at 4°C
aga%nst 10 mM sodium ﬁhosphate, pH 6.8 with three changes of the buffer. The
DNA samples were sonicated for one minute (3'x 20 second intervals) at
OOC, 30 KHz and partitioned in the two phase system of Alberts (1967).

The two pha.ses system was prepared by t@ng a tared begker
plus a stirring bar and dissolving 18.5 g of dextran 500 in 8.15 ml of
distilled hot water near boiling, cooling and adjusting the weight of the

flask to 100 g with distilied water. Of this solution, 7.2 .g were

4
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removed and replaced with 9.2 g of polyethylene glycoi (ca?bowax 6000) .
The mixture was stirred wntil all the carbowax dissolved and the phases
were then sepa;atiﬁ by’caltrifugation for 20 minutes at 1250 x g. When
kept at AOC, the preparatipn'was stable.

Partition of single and double-stranded DNA was carried out By-
mixing 3 ml of the DNA solution, 1.20lml of lower phase and 1l28 ml of
ugger phase in 15 ml stQppered ice chilled tube§: Bg#ause the lower
pfase;was very viscous, it was measured and transferred with a-graduafed
dispos;ble syringe. The mixture was shaken vigorously and left‘over-
night in the cold with_oqcasiOnal gtirring on a Vortex mixer. Effjciency
of partition was checked by using‘natiwe double-stranded DNA. The
amount of DNA extracted into the upper phase was measuredlby ggdiné
250 ul of the sample to 10 ml of Bray's scintillation solution and

counting the sample in a Beckmann scintillator, while the.unfractionated
-DNA solutién was also counted in the same way. The perééntage of DNA

extracted was calculated from these values. Quench corrections were

determined from a calibration curve,

R R SN S
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3. RESULTS

3.1. Effect of cyclophosphamide and phosphorodiamidic acid in intact

cells

The growth rates of LM4 and LS2 cells in 5uspensién cultures are
" shown in Figure 4. The two'cel%llines have similar growth characteristics.
Both cell lines reached resting phase after three days, henci the cells
were subcultured on the 3rd day and co;nted on ﬁhe 4th day of each
subsequent experiment, unless otherwise stéted.

Figure 5 and 6 show the‘inhibition of cell growth as a function
of drug concentration, when the drugs were added at Ehe time the célls
were subcultured so that the cells were continugusly exposed to the
drugs. The sensitivity of LM4 or LS2 to cyclophosphamide and phosphoro-
diamidic acid is the same, fhosphorodiamidic acid concentrations of 1 x
10_4M or greater produced 90; inhibition of growth while 50X inhibition
was found at 1 x lO-SM. Cyclophosphamide at 1 x iD_AH showved no effect
on LH&'or LS2 cell growth and only 15X growth inhibition in.LSZ cells
and 8% in LM4 cells (at I x 10—3M cyclophosphamide). These results
suggeéted that phosphorodiamidic acid is at least 100 times more potent
than cyclophﬁsphamide in inhibicing\cell growth,
| The effect of 1 x lO—AM phosphorodiamidic acid and 1 x 10u3M

cyclophosphamide at various stages of cell growth were ionvestigated in LS2

and LM4 cells. Figures 7 and 8 show that the effect of cyclophosphamide
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Figure 4: Growth curve ‘of LS2 and LM4 cells
LS2 and LM4 cells, 2.x 10b were grown in 10 ml of 1640 medium

containing 10X fetal calf serum. The cells were counted every
« 24 hours up to 144 hours and the flasks set up in triplicate,
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CONCENTRATION OF DRUG

Effect of varying concentration of cyclophosphamide and
phosphorodiamidic acid on LM&4 cells.

Cells were grown in the presence of varying concentrations
of cyclophosphamide or phosphorodiamidic acid, added at

the time the cells were subcultured. Cells were allowed to

grow until the control cells reached resting phase and
were then counted. Each point is the average of three

experiments and is expressed as a percentage of the control
cells,
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CONCENTRATION OF DRUG

Effect of varying concentrations of cyclophosphamide and
phosphorodiamidic acid on LS2 cells.

Cells were grown in the presence of varying concentrations
of cyclophosphamide or phosphorodiamidic acid, added at
the time the cells were subcultured. Cells were allowed
Lo grow until the control cells reached resting phase and
were then counted. Each point is the average of three
experiments and is expressed as a percentage of the
control cells.
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Effect of cyclophosphamide at various stages of LM4 cell
growth.

0.1 ml of 10~y cyclophosphamide was added to 9.9 ml of
LM4 cells at 0, 24, 48 and 72 hours from the time the cells
were subcultured. Control cells were grown without the
drug. The total number of cells were counted before the
drug was added (EZ), at 0, 24, 48 and 72 hours. The cells
were allowed to grow until the control cells reached the
resting phase (4 days). Total number of cells were counted
(C33) and the results were expressed as the percentage of
the control cells. Each point represents the average of
three experiments. o i
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Effect of phosphcrodiamidic acid at various stages of LM4
cell growth. -

- 0.1 ml of 10°2 of phosphorodiamidine was added to 9.9 ml

of LM4 cells at 0, 24, 48 and 72 hours from the time the
cells were subcultured. Control cells were grown without
the drug. The total number of cells were counted before
the drug was added (22), at 0, 24, 48 and 72 hours. The
cells were allowed to grow until the control cells reached
the resting phase (4 days). Total number of cells were
counted ([ZJ) and the results were expressed as the
percentage of the control cells. Each point represents the
average of three experiments.
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Effect of cyclophosphamide at various stages of LS2 cell
growth.

0.1 ml of lOﬂlH cyclophosphamide was added to 9.9 ml of LS2
cells at 0, 24, 24 and 72 hours from the time the cells were
subcultured. Control cells were grown without the drug. The
total number of cells were counted before the drug was added
(B224), at 0, 24, 48 and 72 hours. The cells were allowed to
grow until the control cells reached the resting phase (4
days). Total number of celis were counted ({—J) and the results
vere expressed as the percentage of the control cells. Each
flask was set in triplicate.
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Effect of phosphorodiamidic acid at various stages of LS2
cell grouth.__2 o 7

0.1 ml of 10 ™M of phosphorodiamidic acid was added to 9.9
ml of LS2 cells at O, 24, 24 and 72 hours from the time the
cells were subcultured. Control cells were grown without
the drug. The total number of cells were counted before

‘the drug was added (E23), at 0, 24, 48 and 72 hours. The

cells were allowed to grow until the control cells reached
the resting phase (4 days). Total number of cells were
counted (I”J) and the results were expressed as the
percentage of the control cells. Each flask was set in
triplicate,

41



42

did not depend on the age of the cells, since no inhibition of growth

was seen. Almost 100Z inhibition was observed when the cells growing
-

for 24 and 48 hours were treated with phosphorodiamidic acid (Figure 8
and 10). However, when phosphorodiamidic acid was added to cultures
at 0 time or those grown for 72 hours, the effect was greater than 100%,
suggesting that resting qells were actu#lly killed by the drug, whereag
the growth of log phase cells was inhibited. For subsequent experiments
cells growing for 24 hours were used, to ensure that‘moag of the cells
were in log phase.
Phosphorodiamidic acid is unstable in water, 30% decomposing in sevep
hours (data supplied along with the drug from National Cancer Institute).
Hence the effect of varying the time of exposure to the drugs was investigated.

Figure'll shows that incréasing the time of exposure of the cells to the drug
lgave increasing inhibition. For subsequent experiment the LM4 cells
alone were exposed to the drugs for four hours, since the effect of
cyclophosphamide or éhosphorodiamidic acid on LS2 and LM& cells was
very similar. This time of exposure to phosphorodiamidic acid inhibited
cell growth by 80%. Figure 11 suggests that LM4 cells were sensitive
to phosphorodiamidic acid, so the viability of the cells treated with
phosphorodiamidic acid and cyclophosphamide was measured by' two methods,
trypan blue exclusion and colony forming assays. The trypan blue test
indicated that the ratio of the dead cells to live cells and the total
number of cells remained constant when the cells were stained and counted

at 0, 4, 24, 48 and 72 hours after treatment with phosphorodiamidic acid. The

tive cells in the population treated with phosphorodiamidic acid appeared to be

BT S



T g e Ll

Lt e
. ST ¢ meman ot am e ———— e eyt e s

-Figure 11: Effect of cyclophosphamide and phosphorodiamidic acid at various
time exposures. '
Cells were grown in the absence of drug for 24 hours prior
to addition of 0.1 ml of 10-1M cyclophosphamide and 0.1 ml
of 1072y phosphorodiamidic acid. Afcter O, 1, 2, 3 and 4 hours
incubation of LM4 and LSZ cells, the cultures were centtifuged
at 600 x g for 5 minuces, washed with 5 ml of 1640 medium,
the rasuspended in 10 ml of 1640 medium containing 10%
fetal calf serum. Controls were set up without the drug. The
cells were counted on the fourth day. Each experiment was
performed in triplicate. The results were expressed as the
percentage of the control cells.

A—A, LM4 treated with phosphorodiamidic acid
0——0, LS2 treated with phosphorodiamidic acid
A——4,'LM4 treated with cyclophosphamide
¢—9, L52 treated with cyclophosphamide
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twice éhe size of normal cells. When compared to control cells, those
treated with cyclophosphamide showed a similar increase in number and
normal size. Attempts toléetermine'the viability of the drug-treated
cells by colony forming asséy wefe carried as described in the Reagents
and Methods section. Flasks con‘tainir:tg 50, 100, 250, 500, 1000, 5000
and 10,000 cells were prep;fed. An aliquot of 1 x 105 cells killed by
mitomycin were addea to the‘suspension'to assist colony formation.

Flasks containing 2 x 106 mitomycin-killed cel%s were sef up as a control.
The colonies began to appear aé;er 10 days, and were counted after 15
days. No colonies were formed in fiasks containing killed cells alone,
or in flésks with 50, 100, 250 and 500 live cells. ‘An average of 4, 12
and 32 colonies were found in flasks containing 1000, 5000 and 16,000,.
live cells respectively. The low cloning efficiencies of LM4 cells, only
approximately 0.2-0.4% under-the experimental conditions used, restricted
the usefulness of this techﬁique, bec#usesin the drug-treated cultures -

the number of viable cells would be even lower. s

3.2. Metabolism of cyclophosphamide

When cyclopheosphamide was incubated with washed liver microsomes
and appropriate cofactdrs, the reaction product cog%ﬁ'be extracted with
chlorofsrm at pH 4.0. A control experiment was pe;fdrmed by inc&%ating
the microsomes with the cofactors for 45 minutes, then cyclophosphamide
was added to the.mixture. Immediately after addition of cyclophosphamide
the mixture was extracted with chloroform. Thin layer chromatography

comparison of the control incubation showed that cyclophosphamide was
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the only substance extracted with chloroform. Qualitative analysis by

thin layer chromatography of the acidic extract from the incubation mixture

suggested that phosphorodiamidic acid was the product formed. Authentic

phosphorodiamidic actd was used as a marker.
A second product of the incubation (acrolein) which was trapped
in a trapping.flask was also measured. Table 2 shows that the amount. of

phosphorodiamidic acid formed from liver microsomes of phenobarbital
‘J:’; 1

L

treated rats was abQ?t 6.5 times greater than that of normal rat and
the amount of acrolein trapped about 5.5 times greater. Hence, for

subsequent ekperiments phenobarbital treated rats were used.

3.2.1. 1solation and identification of mwetabolites : Acrolein produced

E%

dﬁring the incubation was trapped in a trapping flask. Quantitatdive

ﬁetermination of acrolein by fluorometric techniques showéd that
standard curve of acrolein concentration between 0.077 Hmoles and
0.616 pmoles was linearf Thin layer chromatography of the chloroform
extract containing the metabolites was performed using chloroform-
ethanol (9:1). The products were detected by sprayi;g with Epétein's
reégent (NBP}, alkylating cowpounds giving blue spots. This method 
depends upon the ability of aikylating agents to'alkylate“NBP to the
quaternary pyridinium ion which i$xhigh1y coloured in alkaline medium.
The reaction is not specific and the Cﬂléﬁf formed in unstable. The
spot with an Rf value of 0.50 waiziéentified as upreacted cyclophosphamide.
There was also material which was immobile in the solvent system, "

chloroform-ethanol (9:1). The silica gel at the origin of the preparative
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Taﬂle 2. Microsomal incubation ofcycloéhosphamidh

Type of rat Amount of acrolein Amount of Phosphorodiamidic
trapped acld extracted

normal 0.062 ¥ 0.010 ygoles 0.012 * 0.002 ymoles

phenobarbital treated 0.388 £ 0.059 umoles . 0.079 * 0,008 pmoles

Sodium phenobarbital was introduced into the rats‘drinking water
at a level of 500 mg/li:re; 10 days. prior to the experiments. The
experiments were done in duplicate and the values are the average of

two experiments,

».
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plate was scraped and eluted with methanol, evaporated to dryness and

48

the'residﬁe dissolvedfin 1 ml MeOH. 100 ul of .the methanolic solution
was mechylated_with ethereal diazbmethane (Struck et al., 1970). On
TLC the reaction mixture showed three blue gpots which gave mass spectra ;
as in Figure 12, 13, and 14 identical uith that reported as the mono,

di and trimethyl ester of phosphorodiamidic acid (Fenselap et al, 1975} as
weil as the pure phosphorodiamidic acid derivatives. The rest of the
-methanolic solutioﬁ'was evaporated to dryness and diluted in 1 ml of
distilled water. This solution was used for quantitative determination
using Epstein's coldrimetric determination, described in the Reagénts

and Methods. The colour formed is rather unstable, decreasing by 9%

of the absorbance reading in 5 minutes, However, if the operation

T e T et i adm g e e A S

from the introduction of NaOH to the reading in tKE colorimeter was
carried out rapidly and in the absence of direct light, the standard
deviation of fivelsamples used in different experiments, varied from
0.7 - 2.8X.

' Table'3 sﬁows the amount of acrolein and phosphorodiamidic acid
proddced durihg incubation of éyclophosphamide with liver microsomes
and appropriate co-factors. The amount of acrolein pronCed was greater
than the amount of phosphorodiamiéic acid. The differencé could be
explained by the difference in their efficiencies of extraction. The
low extraction efficlency of phosphorodiamidic acid as well as the low
trapping efficiency of'acrolein.under éhe experimental conditions J;;S\
restricted the accuracy of the results. The results confirmed that

incubation of cyclophosphamide with liver microsomes produced acrolein
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Mass spectral data of monomethyl derivative phosphorodiamidic

acid. :

An extract of phosphorodiamidic acid was reacted with
diazomethane to produce derivatives suitable for gas
chromatographic purification and mass spectral‘analysis.
The reaction leads to a mixture of three products.

A. monomethyl derivative of phosphorodiamidic acid
B. dimethyl derivative of phosphorodiamidic acid
C. trimethyl derivative of phosphorodiamidic acid
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Amount of materials produced during microsomal incubation of

Table 3,
cyclophosphamide
p Y
Sample Amount of Amount of X of X of
acrolein  phosphorodiamidic acrolein phosphorodiamidic
formed: “ formed © trapped acid extrafked
(umoles) (umoles)

54 umoles of  0.55 ¥ 0.02  0.127 t 0.013 - ) - ;
cyclophosphamide L
added '
30.8 umoles 2.40 T p.22 - 7.79 ¥ 0.68 - |
acrolein added )
1.88 umoles -. 0.024 ¥ 0,012 * - 1.27 ¥ 0.64 :
phosphorodiamidice '
acid added

All the flasks contained the same amounts of microsomes and cofactors iﬁ‘

In a total volume of 30 ml buffered at pH 7.4 with 0.1 M Tris-HCl, incubated

at 37°C for 45 minutes. All flasks were in duplicate. Five experiments were

done for the fir

Total amount of acrolein produced o= 7

Total am

[t )

st sample and two experiments for the second and third samples.

Rt iR KPR T TR S

I+

0.87 umoles

o

i+

oumnt of phosphorodiamidic acid produced = 10 T 6 ymoles
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and phosphorodiamiﬂic acid, but did not prove that the amount of acrolein

produced was equal to the amount of phosphorodiamidic acid. Attempts
to improve the sensitivity and specificity of quantitation of phosphoro-
diamidic acid extract were not successful. When phosphorodiamidic acid
extraéts were treated with diazométhane to'produce derivatives suitable
for gas chromatographic and mass spectral analysis, the reaction lead to
formation of mixture of three products, carrying one, two and three
methyl groups. These methylated derivatives can be analyzed by gas

chromatography-mass spectrometer but the presence of three different

products limited the usefulness of this method for quantitation purposes.

An attempt to develop a more uniform reaction was made using the alkylative

extraction method (Ervxk and Gustavii 1974) . Identiflcation of the

product by gas chromatography with flame ionization detector showed the
apparent formation of a monomethyl derivative of phosphorodiamidiec acid

but gas chromatography Mass spectrometer analysis was not able to confirm

this. Reagents used and by-products of the reaction seemed to interfere
/
with the analysis pf the product by gas chromatography-mass spectrometer

during transmission across the Watson-Biemann separator. Since rigorous

identification was difficult, the attempt was abandoned.

3.2.2. Determination of the stability of pﬁosphorodiamidic acid and

clg;ophosphamide.iﬁ incubation medium:

The stability of
phosphorodiamidic acid and cyclophosphamide when incubated with LM4 cells

in medium containing 10X fetal calf serum was determined by thin layer

chromatography. Phosphorodiamidic acid was extracted from the incubation

R o e i Bt e Rt - e ] o e e
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medium before being spotted on é thin layer plate. The results indicated
that for four hours the alkylating.acti#ff} of cyclophosphamide and
phosphorodiamidic acid was unchanged qualitatively, since identical blue
spots were observed for all the sampleg taken at half-hourly intervals.
However, this method by no means indiéated the quantity of the alkylating
agents present at the different time intervals. Quantitation of the

L]

alkylating agents was not attempted because of the difficulties discussed

earlier.

G

3.3. Intranuclear reactivity of cyclophosphamide and phosphorodiamidic

acid in L% cells

The datga in Table 4 showed that the biphasic partltlon method is
suitable for separating double~-stranded DNA from single~-stranded DNA.
Thus on average, 79X of native DNA migrated to the upper layer of the
biphasic system during the first:gxtraction. -When DNA solution was made
alkaline and then neutralizéd, an average of 12,3% of the DNA was preseﬁt
in the upper layer at the first extraction. Most of this DNA is regarded
as spontaneously renaturable for whatgver reasen, and each subsequent

extraction removed 1.2X of the input DNA into the upper layer.

When LM4 cells grown for 24 hours were treated with 1 x 10_5
phosphorodiamidic acid for 4 hours and the DNA isolated made alkaline
and incubated at 37%¢ for 10 minutes,
of DNA that migrated into the upper layer increased (Table 5). Student t
test analysis indicated that the difference between amount of DNA extracted

into the upper phase of phosphorodiamidic acid treated cells as compared

neutralized and extracted, the amount -

e L R ¥ P )
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Table 4. Percentage of DNA extracted to the upper phase by biphasic

partition ;;;Eem

y /

Extraction - Denatured by alkaliﬁe Not denatured
number and reneutralized
1 | 12,257 ¥ 1122 ' - 79.85% T 1.52%
2 1.25% ¥ 0,052
3 i.202 * 0.061

Each sample was done in
L

for all the samplés.

duplicate two experiments were done

P s =
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Table 5. Estimation of cross—linking of DNA from intact cells incubated

. with 1 x lO-AM phosphorodiamidic acid and 1 x 10_3H cyclo-

phosphamide
.\
Control Cyclophosphamide Phosphorodiamidic

treated aclid treated
Concentration 564 t 26 556 T 16 s21 £ 13
of DNA, g/ml
protein conc. 20% 1. 13 Yo 16 T o9
in pg/ml
concentration negligible negligible negligible
of RNA, ug/ml . e

% of DNA in *14.66% ¥ 0.47% 15.64% ¥ 1 907 30.85%2 ¥ 3.0%
upper phase !

Each sample was done in duplicate, three experiments being
carried out for all the samples. Efficiency of extraction of the
double-stranded DNA into the upper phase was determined for each sample,
The X of DNA extracted inte upper phase was corrected to 100X of |
extraction efficiency. The extraction effigiency range from 70.5% ¥

o

1.7% to 88.56% T 2.042.

* . Mean b standard deviation.

IR 3N Lo
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to contrel was highly significan;ﬂ. Cyclophosphamide, however, which had
no effect on the growth of LM4 cells, showed no significant increase in
ﬁhe amount of DNA which was extracted into the upper laver, confirmed
by the student t test analysis. Thus, DNA from cells treated with
phosphorodiamidic acid but not cyclophosphamide showed a significant
degree of cross-linking of the DNA.

| Nuclei .were isolated from LM4 cells pre-labelled with 3H—TdR
and grown for 24 hours. The nuclei (400 ug DNA) were treated with 1 x 10-3M
cyclophosphamide or 1 x 10_4M phosphorodiamidic acid for 4 hours, no
drugs being added to the control flask. At the endlof the incubation,
unlabelled nﬁclei were added and DNA wag-isolated from each sample. The
isolated DNA was treated as above and extracted in the phase system., Table
6 shows that the amount of cross—lipked DNA after treatment with
cvclophosphamide.éncreased almost two-fold, but treatment with phosphoro-

-

diamidic acid remained relatively thé same, as compared to incubation\
of the-intact cells with Ehe drugs. Tﬁé student t test indicated that
the amount of DNA extracted into the upper phase of éyclophosphamide or
phosphorodiamidic acid treated was significant as compared to that from
untreated nuclei, whereas there was no significant difference between

amounts of DNA extracted into the upper phase of phosphorodiamidic acid

and cyclophosphamide treated nuclei.
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Figure 6. Estimation of cross-linking of DNA from nuclei incubation with

. ~ . -
1l x 10 aM phosphorodiamidic acid and 1 x 10 3M cyclophosphamide

Control . CP treated PD treated

Concentration 468 ¥ 16 402 ¥ 20 460 ¥ 14
of DNA ug/ml : )
protein cong. negligible negligible negligible
Hg/ml
RNA conc. negligible negligible negligible
Hg/ml '
Z of DNA in 16.31 T 3.25  29.91% * 3.50%" 32.17% * 4.20%
upper phase f)’
%

Each sample was done in duplicate, three experiments were “done for all

the samples, Efficiency of extraction of the double-stranded DNA into
the upper phase was determined for each sample. The X of DNA extracted
into upper phase was corrected to 100% of extraction efficiency. The

extraction ranged from 80.92 * 1.9% to 94.957 % 3.23%.
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DISCUSSION

4.1. Effects of cyclophosphamide and phosphorodiaﬁidic acid in intact cells

In agreement with previous reports by other workers (Maddock
et al, 1966 and C8finors et al, 1974b) our data demonstrate that phos-
phorodiamidic acid is at least 100 times more potent than cyclophas—
phamide as shown by the concentration reqhired to inhibit the growth'ofg
LM4 and LS2 cells. Nevertheless cyclophosphamide is the more useful
drug cliniéally since the more active phosphorodiémidic acid has greater
toxicity and is léss specific towards malignant tissue.

The growth inhibition we observed with LM4 and LS2 cg}ls did not
depend on the stage of growth of the cultures, since inhibition was
obtained when phosphorodiamidic aclid was added at different stages of
cell growth, when the ratio of proliferating to non-proliferating cells

varied. Cyclophosphamide, however, had no effect, as expected., The”

slightly greater killing effect observedAwhEn resting cells were treated

with phosphorodiamidic acid may have resulted from the drug enhancing the

cell death which occurs in depleted medium. This effect was not further
investigated and cells in logarithmic-phase were used fgr‘all sub;equent
egperiments. | .
We found that exposure of cells to phosphorodiamidic acid caused

enlargement of cells, in agreemantwith the general effect of alkylating

agents. To confirm that the growth inhibition observed was ‘a measure of

59
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the dﬁlls-killed, thé trypan blue exclusion test was used to determine
cell viability.' Staining cells with vital dyes ﬁgg Seip classically
used as a ériterion oé_cell death and aé an indication ﬁf cell membrane
damageh(Hoskin et al, 1956; Phillipé et Al, 1957 and'§hrek, 1936) . .Our
results using this ﬁethod were similar to those obtained in the
experiments on inhibition of cell growth. However, a recent report by
Ropen and Drewinko (1976) indicated that dye can be excluded from cells
unable to r;produce as well as from living éells. Consequently, the
reéults from the trypan blue experiments ‘do not diétinguish actual cell
kill from a temporary lag in the multiplication rate.J The study of
Ropen and Drewinko (1976) also showed no correlation batweeﬁ,the trypan
biup tesat - and the éolony-forming ability of the cells. In our experiments,
however, phbaphorodiamidic acid'inhibited growth completely and the live
cells doubled in size, while cyclophosphamide showed no abparent effect

on cell growth or size. . It is therefore reasonable to conclude that

phosphbrodiamidlc acid caused biochemical changes which led to lethally

" damaged cell, wh%ch can continue aynthesizing protein and nucleic acid

though they could not divide. In an attampt_to confirm that this effact
represented lethal damage to the cells, a colony=-forming assay was
attempted. The cloning efficiency of LM4 cells was very low. 1t has

beer reported (MacPherson and Bryden, 1971) that ‘cloning efficiency could

" be impfoVed 1f wmitomycin=C killed cells are added to the preparation,

However, addition of killed cella to LM& cells did not increase their

cloning efficlency, consequently no conélusion could be drawn from these

data.
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The cytotoxic effect of cyclophosphamide or phosphorodiamidic acid
in vitro is directly proportionql to the alkylating actiﬁity of the
compoundst;nder physiological conditions of pR and temperature, which in
turn depends on the stabilit& of the com#ounds. Phosphorodiamidic g;id
is rather unstable in aqueous wedium, consequently itas decomposition
into non-alkylating agents during the 1ncub€tion will decrease its -
cytotoxic edfect. Studies on.the cytotoxricity of cyclophospﬁamide and
phosphorodiamidic acid as a function of timé indicated that 4 hours of
incubation with phosphorodiamidic acid fesulted In 80X growth inhibition, L
while no effect was observed with cyclophosphamide (Figure 11)}. Alkylating

activity of phosphorodiamidic acid and cyclophosphamide during the 4

gy - aam &
K

hours incubation was determined qualitatively, and our results indicated
that after 4 hours of incubation éome alkylating activity of pﬁOSphoro- !
diamidic‘acid was retained. Hohors; et al, (1976) reported that the

alkylation reaétion of phosphorodiamidic acid and water reached a maximum ;
of 70X at & houra. Although some phosphorodiamidic acid may have ‘

decomposed into non-alkylating material, neverthelass;‘BQX i 1Ahibition

of cell growth was r;achéd nfter_A hours of 1ncubation.a Cyclophosphamide

on the other hand,-ahowad no effect on the cell growcﬁ although ita potential

alkylating activity was atill retained.

N

4.2._ Motabolism of cyclophosphamide

4.2.1. Microsomal activation in vitro: When cyclophosphamide waa

s it S s 4 - R

incubated with washed microsomes and the appropriate cofactors, phosPHoro—

diamidic acld and acrolein were generated, 4=hydroxycylophosphamnide and

few.arey 3

|
i




62

s

aldophosphamide are too unstable to allow their identification by the
method employed. Phosphorodiamidic acid was identified by thin layer

chromatography and gas chromatography-mass spectrometry after resction

D e et A T

with diazomethane. We obtained spots of identical Rf values and the same
. LY

= N

mass spectral data as given.by the pure material and that reported by
Fenselau et al, (1975). The present resuits are thus consistent (see
Figure 1) with meitabolic activation of cyclophosphanide. It is well
established that activation of cyclophosphamide involves the mixed
funceion oxidas® enzyme in the liver microsomes, hence pretreatment of
the liver with phencbarbital will potentiate the activation.. Our results

confirm that pretreatment of the rats with phenobarbital §rior to the

e —— e v = -

. experiment increased the production of metabolites. Sladek (i972a)
'
found a three-fold increase of the alkylating activity in the blood of
rat treated with phenobarbital for 3 days. In our studies, five-to ' ' i

six-fold increases were observed, peihaps because of longer periods of y

treatment with phenobarbital,

. *
4.2.2, Quantitative determination of cyclophosphamide metabolitea: If

phosphorodiamidic acid ia the final active matabolite which alkylates as
an ingact molecule, the alkylating effect of phoaphofodiamidic acid

generated from in vitro microsomal activation of cyclophosphamide should ﬁ.
ba‘Fhe same as the affeét-of equal amounts of pure phospﬂorodiamidic acid,

‘The scheme in Figure 1 (aee Intrdduction) lmplies that the amount of

acrolein and phosphorodiamidic acid formed ahoﬁld be equal. Taking into
account the percent of recovery of each, the total amount of acrolein {
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produced was not equal to the amount of phosphorodiamidic acid produced.
It is difficult to draw any conclusion from these results,‘mainl}
because the present experimental procedure lacks r;prodhéibility and
sensitivity, especially in the recovery of phosphorodiamidic acid in
experiments performed on separate occasions. HRowever, the reproducibility
of isolation and quantitation of phosphorodiamidic acid produced during
activation of cyclophosphamide was better. Colvin et al, (1973)'reported
that 462 of alkylating activity in the supérnatant was generated from
microsomal incubation of cyclophosphamide in 30 minutes (measured by
the NBP assay with nor-nitrogen mustard as standard). Our data, however,
demonstrate a much lower amount of phosphorodiamidic acld generated.

In their report, these workers determined total alkylating activity in
the supernatant, which contained unreacted cyclophosphamidé as well as
other metabolites which have alkylating activity. Cyclophosphamide reacts
with 4-p-n£troban:y1pyridine, although t;‘a lesser extent, gladek (1972a)
indicatéd that cyclophosphamide has about2,5X the alkylating activity
of nor-nitrogen mustard on a molar basis. This may be the reason for
the diacreéancy between these resulta,

Given the difficultiea with available methods, a quantitative’
assay for phosphorodiamidic acid with high gpecificity and sehsitivity
by gas chromatography-apectromatry was aé:amﬁted. Fénaelau et al, (1975)
have identified phosphorodiamidic acid by selected ion moniéoring on gas
chromatography-masa spectrometry after dérivati:ation of phosphorodiamidic
acid with diazomethane., Gas chromatography-mass spectrometry is a

higly specific and senaitive analytical technique (Fenselau, 1974).

* I

SRR )
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Unfortunately reaction of phosphorodiamidic acid with dlazomethane
produced three products in varying rafios, and s¢ was unsuitable.for
quantitatiﬁe determination. During the preparation of this manuscript
Jardine et al, (1976) have synthesized tetr&deu:erated phosphorodiamidice
acid which could be used :s an internal standard, and quantitation of
phosphorodiamidic acid by the method of Fenselau et ai, (1975) 1is now
. possible using this internal standard and so monitoring one of the
derivatives. The extractive alkylation nethod used for derivatization
of phosphorodiamidic ;cid results in the apparent production of the mono-
methyl derivative, jdentified by gas chromatogfaphy.?ositive idenzifiéétion_
of this product by gas chromatography-mass spectrometry was not succeséful
due to Interference caused by other products of the reactions, Attempts
" to separate the product from tﬁe contaminants Qere not successful,rdud
to the polar nature of the d;rivative‘and contaminants, Tse formation of
a single derivative by extractive alkylation cogld be useful in quantitation
of phoaphorodiamidic acid if purification of the product is possible.
The assay for acrolein was sensitive but the trapping system was not
adequate, Hodification‘of the trapping flask was attempted but without

guccess.,

4.3. Reactivity of cyclophosphamide and phosphorodiamidic acid with DNA

.on _intact cells and nuclei

In agreementwith previous reports by other workers (Albert, 1967
‘and Walker, 1971), our data demonstrate Ehnt the biphasic partitidn

method is suitable for separating double-stranded DNA from single-atranded
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DNA, based on the rapid renaturation of the cross-linked molecule. When
phosphorodiamidic actd was incubated with intact cells, and their DNA

denatured, rapidly rgnaﬁured and extracted, significantly. higher amounts

-
of double-stranded DNA were extracted into the upper phase as compared

to contrbl, while cyclophosphamide treated cells showed no difference
from controls. Based on these observations we conclude that phosphofo-
diamidic¢ acid can cross-link DNA but cyclophosphamide cannot. The
fifteen percent of double-stranded DNA extracted into the upper phase‘
in control andhéwblophoaphamide treated éells may re?resent some
spontaneous renakuration of DNA or perhaps intrastrand double helifoormed
from the single-stranded DNA. This is the first report that phosphoro-
diamidic acid is able to cross-link the strands of DNA. This further
strengthens its role as the active matabolite of cyclophosphamide.

The incubation of nyélei with cyclophoépha;igi:iifh ten times as much
- DA as was present in the intact cells under the same conditions
rasulgad in two fold increase in the amount of cross-linked DNA, while
the high degree of cross-linking in DNA was unchanged when nuclel wefe
under the same conditions with phosphorodiamidic acid. The nuclei were
exposed to hi%ﬁ}t concentration of drugs compared to the total amount of
drug taken hp by the intact cell, but this effect was partially comggpanted
by increasing the concentration of nuclel to give ten times the amount of
DNA. 1f increasing the amount of DNA avallablefor alkylation caused an
increase in the amount of DNA alkylated , the amount of DNA alkylated by

phosphorodiamidic acid should have increased proportionately. Perhapsa

the degree of cross-linking of DNA has a maximum value, beyond which
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breakage of DNA molecule may occuf 63.3. a depurin#tion effect of the
alkylating agent). No experiment was done to check this. Walker (1971)
found that the amount of DNA that migrated into the upper iaver increased
in a linear fashion at lo; concentrations of mustard gas, but his data
(Table 7) indicate saturation at higher concentrations.’ Unpublished
results of Harrmpet al, showed about 33X of DNA was present in the upper
phase after treatment with chloroambucil of animals bearing Yoshida
sarcoma cells resistant to the drug and rapidly declining to 6X. The
sensitive cells reached maximum of ZOZ'a; a slower rate but this remained
“constant. Ouf-maximum was 32X 1s in the range of these reports,
If the unesterified hydroxyl gréup of‘phosphorddinmidic_acid
is important in alkylation, as suggested by Colvin et al, (1976), the
intact molecule of cyclophosphamidé would not be able ;o alkylate bNA,
unless it was first activated. No evidence has been shown that nuciei
are capable of activating cyclophosphamide. If cyclophosphamide itself
is capable bf alkylating DNA, this 1s the first report of such an effect.
The cross-linking cbserved was based on ig_giggg experiments using

high concentrations of cyclophosphamide and phoaphorodiamidié acid, much
in excess of those which produce phaﬁ!&cological effects in ;ﬁolo animal.
Thus, it is difficult to draw conclusions of direct pharmacological
significance from our results. Further studies are required to determine
whether cyclophosphamide as an intact molecule can alkylated DNA or only
after activation in the nucleus. Cyclophoiphamide labelled in the ring
and the side chain would be useful in such a study so that the fate of

the label could be followed.

.



In conclusion, our studics have demonstrated that (a)rin intact:
cells; phogphorodiamidic acid but not cyclophosphamide_influences the
growth and volume of the cells, which may lead to lethal damage to the
cells; (b) phosphorodiamidic acid and acrolein are produced during

microsomal activation of cyclophosphamide and the reaction could be

67

potentiated by pretreatment of the rat with phencbarbitali (c) phosphoro-

diamidic acid and acrolein could not be measured accurately, hence, the
stolchiometry of the conversion could not be determined; (d) phosphose-
.aia;idic acidjis capable of alkyinting DNA in {ntact cells and of
pFoducing detectable crbss—%ipking of DNA, but cyclophosphamide is

not; both'cyélophosphamide and phogphorodiamidic acid are capable of

alkylating DNA when incubated with nuclei.
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