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macromolecules correlates well with the
tumorigenic effects observed by Maltoni e
al. (1977). Binding of VDC metabolites to
intracellular macromolecules 15 greater in
the mouse than in the rat, Furthermore. the
highest level of macromolecular binding is
observed in the kidneys of male mice. the
site where tumors were observed by Maltoni.
Since it is a currently popular theory that
alkylation of DNA by electrophilic species
15 a critical event in the induction of neoplasia
{Miller and Miller, 1966), one objective of
this study was to characterize the interaction
of |"*C]VDC with nucleic acids in vivo.

However, alkylation of DNA to initiate
the tumorigenic process 1s not the only factor
to be considered. It 1s known that certain
chemicals and surgical procedures, while
apparently not tumorigenic themselves, act
to ““promote’’ the induction of tumors from
other sources (Van Duuren, 1969: Date et al .,
1976). **Promotion™" can be significant even
if the imitial oncogenic stimulus is not known.
For example, Peraino er al. (1973) suggest
that phenobarbital enhances the “"spontane-
ous’” rate of tumor formation in mice. while
Berenblum (1929) found that repeated freez-
g of the skin was carcinogenic in mice
without exposure to any chemical agent.
Berenblum further reported that many types
of repeated cell damage can dramatically
promote an oncogenic stmulus (Berenblum,
1944).

Although the mechanisms of *“promotion’”
are not well understood, a common char-
actenistic of chemical promoters, partial
hepatectomy. and chronic irritation is that
increased cell division 1s present (Marx,
1978). This is reflected by an increase in the
amount of normal DN A synthesis as replica-
tion takes place. Consequently, in addition
1o measuring direct interaction of VDC with
DNA, we have attempted to assess the
“promoter’” or epigenetic activity of VDC
by measunng the rates of incorporation of
[*H]thymidine into the DNA of various
tissues.

The objectives of this work were thus to
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investigate the importance of both geneuc
and epigenetic mechanisms in the induction
of tumors by VDC. This knowledge 1s 1m-
portant for determining whether the observa-
tion of tumors 1n mice exposed to toxic levels
of VDC has any relevance for assessing the
potential hazard for humans exposed to non-
toxic levels of VDC.

METHODS

Anomal

Male mice. CD-1 strain and male rats. Sprague -
Dawley strain were obtained from Charles River
Laboratories, The ammals were 18-20 (mice) or 200~
250 g (rats) when received, and were acchmated for
at least | week before use

Material

[MCIVDC (0.443 mCymmol) was synthesized by
New England Nuclear This matenal was labeled at
both C-1 and C-2 and had greater than 9% radio-
chemical punty by gas chromatographic analysis
[*H]Thymidine (C-6 labehng, TdR) was obtained as a
stock item from New England Nuclear with a specific
acuvity of approximately 20 Ci/mmol. Nonradioactive
VDC (redistslled. 99 95% pure with residual inhibior
content 1-5 ppm monomethylether of hydroquinone)
was obtained from the Saran and Converted Products
Research Laboratory. 1603 Building, Dow Chemcal
Company. Midland, Michigan. Dimethylmtrosamine
{Gold Label Grade) was obtained from Aldnch Chemi-
cal Company. All other chemicals were of reagent
grade from commercial suppliers.

Enzymes used in the purification of DNA (chymo-
rypsin. trypsin. nbonuclease A, and deoxyribonuclease
(DN-100)) were purchased from Sigma Chemcai
Company

Efpll‘\llf'('\

Animals were exposed to VDC vapors under dynamic
conditions with either a single pass system or a re-
circulating system. in a 30-liter glass inhalation chamber.
[n etcher case. the concentration of VDC was measured
by penodically sampling the chamber atmosphere and
determining the VDC concentration by gas chromatog-
raphy. One-milhliter samples of the chamber atmos-
phere were chromatographed on a 3-ft column of Porapak
QS (80,100 mesh) at 150°C. Quantitation was by peak
height with a hydrogen flame ionization detector.

In a single pass sysiem, total flow through the
chamber was - 10 liters/min and the VDC concentra-
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Effects of Vinylidene Chloride on DNA Synthesis and DNA Repair in the
Rat and Mouse' A Comparative Study with Dimethyinitrosamine’

ROH REttz. P G Watanage . M T McKesNaL T F Quant. asn PO Grarisg

Teovicadone Keoscurch Laboratoas Health & Fovoomome ntal Sciemoos 1834
P (v Chioomad Company Sfddbund Vi hiean 48R40

Reconod March 29 Ju70 agceprod Qo v 16Ty

Effects ot Vimyhdene ¢ hfonde on DNA Synthesis and D\ Repainin the Ratand Mouse
A Comparative Study with imethydnitrosanune Riiiz R H O W uias e PG MoK sy
M T QU T b oo GG P Cla%Ohy Jowved Appd Planmacod 82, 387 g
Exposure 1o vinvhidene Chlonde tVDC S vapor has been reported tooanduce lumors in mice
Bul Tals are apparentiy insensitive to this ettect of VIXC This spevies ditference has been
cortelated with the vreater cupacity of mice to acivite VO 10 @ teactive elecirophile whih
can redet with mavromolecules Tooinerease our understanding o the molecutar events
associated with this species difterence we have investigated the potential of V DC 1o v ause
DNA alkylauon. DNA repare and DN A rephication in the Iver and hidievs ot rats and mice
bor comparative purposes the porent carcmnogen dimerthvimrosamime (DMN was alse
studied Male Sprague - Duvley rats and CO-1 mice were caposed to 10 amd S0 ppm VI
tor 6 hr DNA alkslation after S0 ppm " CIVDC was mmimal i iner and hadney of both
Tats and mice tone of two orders of magnitude tess than reported for DMN i rats
Simiarly. DNA repuir in the kidnev of mice exposed to 50 ppm V0 was ondy 38+ tugher
than control vadues while DNA repair i the Diver of aiee imjected with 20 mg kg DM
was elevated 63777 However, tssue damage and increased DN A rephication £ 23 told) were
seen n the kidneys of mice exposed to 50 and 10 ppm VIO Compurable ettects were not
seen m the hiver of mice exposed to VDO 1050 or 10 ppm) oroin the liver o hidness of rats
exposed (o 10 ppm VIO Thus animportant distingtion hetween DMN and vV DC has been
demonstrated Tumorigenmic doses of DMN produced relatnely e tissue damage . but were
assocnated with o hieh degree of DNA abkvlavon and DN A repun svathess 1o contrast
exposure o tumorigenie doses ot VDO resulted i massive tissue damage but induced
miimal DNA alkvlation or DN A repair svnthesis This saggests that the tumors observed
m mice exposed 10 VDO anse pnmanly through effects of the chemical on nongenetic
components of the cells Consequentiy protection uf humans from levels ot VD sutticient 1o
cause tissue damage should also serve 10 preclude any carcinogenic activity of v DC

Vinviidene chlonde (1.1-dichloroethylene. VDC-reluted tumors have been reported
VD) s an intermediate in the synthests of 10 mice (Maltomt ¢t of . 1977). Multoni
many commercially important plastics. Al- reported that male mice were ture more
though carcinogenicity of this material has  sensitive to VDC than females. that the turget
not been observed in several long-term urgan in miule mice was the kidney. und that
studies with rats (Viola and Caputo. 1977, the wmongenicity of VDC was associated
Rampy ¢t al., 1977, Maltom er al.. 1977).  with significant injury to kidney tissue 1n
. v was funded by the e ot mule mice (Maltoni ¢1 wl.. 1977).
AY W v (A ATHES N A2
the \.:m[:w;ve chlor[x‘d: pr-o;eu\ ::ng jdmuyr‘\i‘:l:-r‘eg Studies hy McKenna er al (1977 have
Ry the Manufacturning Chemints Association. Wash.  Shown that the metabolism of VDC to
mgton D C electrophilic species which bind 1o cellular
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Dolation of Nuclow Acnds

DNA. RNA and proten were guantitated by the
methods of Burton (1956), Brown (1946), and T owry
er al (19511, respectively

DNA was isolated by« modiheation of the method
of Marmur (19611 Fisaues were rupdly exosed and
frozen ondry we The trozen tissues were then homog-
enized 0 08 b DEADOIT v NGCHpH R Ortogive d
final concentration ot 5 1077 (w vy The cells were then
immediately Ivsed by the addition of O 1 vol ot 22
sodium dodeovl sultate and mixed with 0 2 vol ol §
NaCl0O, The musture was heated 1o 60 C tor 10 min.
cooted. and exirdacted with 10 vob of 47 soamy!
alcohol in Chlorotorm (1 he shaking at 20-25 Cv Atrer
extraction, the agueous faver was caretully removed
[N A was spooled on a ehass 1od atter addinon of 2 vol
wold 957 ethanol

If the DNA was trom o |'H|thymidine snjected ani-
mal. 1t was blotted drv and then incubated 1n a minimal
amount of DN Ase 10 1 mg ml enzyme in O 05 s phos-
phate = 001 v MgCl,. pH 7,00 at 37 Cuntil it had dis-
solved  Ahguots ot this solution thvdrolyzed DNA)
were counted directly or anuly zed by the diphenviamine
reaction as descnbed by Burton (1936),

DNA from ammals exposed 10 {V'CIYDC was sub-
jevted o further punhuation After spoohing the DNA
was redissolved i | ml ot distilled water 3 mlof onginat
homogenate tgentle agitation overmight at 20-25 ()
After dissolution 1 vol of crystalline e-amylase ]
mem! dissabved in 01 s PO pH 7) were added and
the solution was incubated tor W) mun at 37 C

Nextoan addinonal 01 vol of 2 solution of trvpsin
(0 5 mg. mby and chymotey paan (0 S mg.mbin 0 1 s PO,
(pH 7) way added and incubation was continued tor
Y min. These enzymatic digestions degrade residual
glveogen and protein in the DNA preparation  After
incubation, 0 2 vol of S v NaClO, was added and the
nucle acids were spooled as before by the addinon
ol 2 vol ot 95 ¢thanol

After redissolving 1n distilled water, DNA and RNA
were separated as follows 01 vol of nbonuclease A
10 Smeg.mlint 1 v PO,O 01 maitrate. pH 71 was added
and mcubated a1 37°C for 2 hr DNA was separated
from the hydrolyzed RNA by precipitation with 0 25
vol of 257 tnchloroacetic acid (TCA) and collected
on a Millipore filter.

For assay. the DNA precipitate was dissolved 1n a
mimmal volume of 0 I mg/mi DNAse i 008 v PO,
(pH 7 0) also contammg 0 01 v MgCl, When the DNA
was completely hydroly zed. ahquots were sampled for
seintiliation counting or colonmetre analysis

Histoparhological Asyvessment

Samples of kidney and liver were removed dt necropsy
and fixed in butfered 17 formahin, The tssues were

Processed by routme histohnoe proveduies Sechons
(5-6 o) were statned with hematosyhine and cosine
and ¢vamined By light mictoscopy

Sornadtare o Connting

Samples ol up to 2 S mbwere vounted m S mEACS
tAmersham ona Suclear Chicago somtiffation counter
(Mark o Mok T with gueneh correction

Statovtiond Aafyaes

PN votdiess Speaiiie tadioactiviies (dpm. mg
DN AT were vadculated Tor cach tsae of each animal
Fach treatment Hissue sroup was then analvred tor o
signifcant merease vver the appropeite control by use
of Student ~ 2 west Results were considered signthcant
af g vlaue 008

0N NC wikvioned DN Y T vrder to obtinn
suthorent matenad tor analvses tessdes trom hive to
seven ammals were pooled tor determination of the
specitic tadioactiv ity of DN A Sent the loganthm of
the specttic tadioactivity tdpm mg DN A was subjected
o lacar regression analvsis versus time the ulter the
termination o the & hr exposure to b O

HE DN Repgn Sanety ive peleent conhdenge
intervals on the correction bactur were calculated after
i adimg indinodiad treatment vadues by the mean of the
Appropriate contiol group Speciin tadioactivinties of
the DNA ttom mdividual animads i the subgroup re-
cervimg | H thy mading and hydrosyvarea atter treatment
are divided by the correction factor and compared to
indis idoal spegiiic radioacivities i the correspondimg
control subgroup using une-sided 1 test Increases are
considered stiemiticant ot the o 003 Jesel

VDN prelabelcd sk O omdime Data from
control wad VDO -50 ppmexposed groups at 0. 48,
and 120 h1 postexposure were subjected 10 a two-way,
completely random analy sty of vanance withp = 0 08
chosen us the level of significance

RESULTS
Genetic Eftecty

The levels of radioactivity which were
incorporated into DN A purified from the us-
sues of animals exposed to [*CJVDC are
summarized in Table 1. VDC alkylation of
DNA wa~ very low in kidney and liver of
both rats and mice. The highest level of
alkylation was observed in the kidneys of
mice exposed to 50 ppm VDC and cor-
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INVIVOINTERACTIONS OF A DO WIHTH DN A

Bor way mantaned by ometenng vomeentrated VDO
vapor LI - SO00 ppims from o ~epatate supply Bag
The supply Pag w.as prepared by passing 100 Ters of
arcimedsuted witha YT M-113 Singer gas meterr thiough
a U tube Contaming § 4 1o 20 mi ot VDO so that
the VD ¢vaporated and mixed thoroughty with the au

For the recircatating chamber exposures, air was
eirculated through the svaiem a1 20-30 bters min with
a Thomas Model YOTCAIRTEE pump Water and € O,
were removed from the system by Diente and Ascarite
traps ¢ 116 af cacht i seres with the pump O W
metered intothe dlosed sy stem to replace the CO using
A Manow ateh constant pressure valve (VR heitenham
Par OV DO s mected nto thy system by temos
tng 10 mi porhions ot the headspace Irom o sealed
septum viad 15 mib capacity, contaming 2-3% miatb ¥
(MCIVDC mondene Betore removing the headspace,
the septum sl was momentards warmed 1o 6 ( by
immersion e hat water bath Becduse ot the tarpee
differences in the vapor pressure ot vV DC and v lene
the amount ot wiene transterred o the chamber by
this procedure s less than 277 ot the ymount of VDU
added

All inhgbation exposures were 6 hron duration and
were initiated between 9 av and i 2 noon Both cuntrof
and gxposed ammabs were depnved of tood and water
dunng the exposure otherwise these were available
ad lhiem

DN Santhosys ool Diviston,

1Y A sauithesis was measured % hr after exposute
In this procedure o populanion of ammals was divided
nto 4 control and treated group

Each group recenved anipaingecbon of | H thy midine
(500 or 1000 L Cr kg body wiin g solume of 0 01 ml g
of body wt bour hours after the | 'Hithymidine injec-
ton, the amimals were sacnficed and ON A was isolated
from kidnev and or hver as descnbed elsewhere

Increased DN & rephication was calculated by divid-
ing the mean specihe radioactivity of DNA prepurd
fons trom (reated groups by the mean specihe radio
activity ot the DNA preparations from the contral
group It was noted that the degree of labeling of DNA
with [‘H[thvmidine was relanvely constant within o
matched group of amimals ¢ e ammals with a given
birth date. taken from the same shipment and housed
identically until used but could vary to two- of threefold
between different shipments of animals Coasequently.
each expeniment includes a matched control group and
the ration of incomoration n treated and control
groups i~ caleulated as a replcative index A value
of 10 or less indicates that the treatment did not
sumulate DN A replication, while numbers larger than
1 0 show stimulation of DNA repheaton, indicating
regeneration followmg cellular mjury

DNy Repao

DI A repair was measuted evording to the tollowimg
procedure ammuals from one popranon were divided
nto treated CD or control (O groaps B ach group was
turther divided into two sitbgroups (three W0 sy am
s subgroupt (ine wubhgroup received {'*Hithvmidine
O 0 mlyg body wt SO0 o 1000 2Ci kg 20 Commol
ipsand the vther subgroup tevened dn identical imey
ton o [ Hthy midine dissolved i 40 mg mi hyvdroxs
urea Your hours later, the ammuals were sacnficed
by cervical distocauon and the DNA was prepared
trom tissues s deseribed eisewhere

Kepan was waloulated toom these groups as g
gested by Artelhm o0 wf C19TRY 0 this procedure
hydrovvarea was administered simultaneoushy with
| 'H [thy midine This surpresses normal rephicatve DN A
swrthesis but does nor anhibit DN A repair systems
(Cleaver 19691 Thes allow s more sensivity tor the
detection ot the relatively small amount of DNA repair
wvnthesis  In addiion, a treated and control group
igected with | 'H|thymidine but not hydroxyurea were
included in each expenment  Evaluation ot the data
from the tour groups alfows cafculation of the repuarr
catio as follows

{1 The speaific radivactsimies of the DNA wmolated
trom each Ussue were calculated (dpm mg DN A)

(2 Next g eorrection fuctor (CFy for the eftect of
the test chemical on normal rephicative DNA synthews
was uitloutated by dividing the mean specific radioac
nvity ot the DNA in the treated group by that of the
vontro) group

19 inally the repair rano (RR) was calculated as

RR - _.lL
(Cy, + CF
where (T, - the mean specihie radioactivity of the

DNA isalated from the treated subgroup injected with
{'Hithymidine plus hydroxyurea. (C)y,, = the mean
specific radicacuivity of the DNA isolated from the
conteal subgroup njected with ['Hithymudine plus
hydroxyurea and CF s the correction factor calculated
ni

Repair synthesis of DNA 1« maxumal within a few
houry after treatment. when absorpnon. distnbution,
and (n the case of procarcinogens) metabolic activa-
non have taken place Consequently, repalr measure-
ments were carried out 4 hr after ip injection of DMN.
In the vase of VDC exposure, ammals recewve the
matenal throughout the b-hr ¢xposure chosen 1o ap-
proximate ocvcupational exposures  Consequently,
metabolic activaton of matenal inhaled early n the
exposure has proceeded for nearty 6 hr by the termina-
tion of the expusure Therefore repair measurements
were begun immediately after removing the amimals
from the chamber.




REITZ ET AL

TABLE 2 ‘ currtt
1o 50
altere
50 pr
Speaific radiwactivity of DNA (dpm/mg DNA, mean = SE) mice

SPECIFIC RADIOACTIVITY Of |'H]THYMIDINE-LABELED DNA 1N MICE WITH aND WITHOUT
Exposure To 50 ppm Untaseren VDC (6 hry?

Time post-VDC exposure (hr)

Tissue

48

Kidney
Control 116 <« 1.8in
VDC (50 ppmy 164 = 099

Liver
Control 138 x46(n
VDC 150 ppms 174 = 34

152
179

17 3 1.9 187 = 7.6
153 =32 .4 =

" Animals were injected with {'H|thymidine 3 days prior to the start of the expeniment sn order to label
therr DNA, Then half the ammals were exposed to 50 ppm VDC vapor (nonradioactive) for 6 hr. while the
remaining amimals were held as a control Then the animals were sacrificed at the indicated times and the
spectfic radioactivity of the DNA 1n various tissues was determined as outhned under Methods. Unless

otherwise indicated. » - 5o all groups.

" Data were analyzed by a two-way analysis of varance. completely randomized design. There were no
significant time effects and no sigmficant interactions between time and treatment. but a significant (p < 0.01)
treatment effect was found in the labeling of kidney DNA

* Significantly different from control, p < 0.01.

dpm/mg DNA immediately following ex-
posure had fallen to 4.3 dpm/mg 96 hr later.)
However, calculation of the kinetic param-
eters following following the 10 ppm exposure

was not possible because of insufficient data.
The loss of "*C from the DNA preparations
of mice exposed to 50 ppm VDC appeared
to be biphasic. An initial rapid phase was
noted during the first 8 hr following exposure.
with a slower, log-linear phase continuing
for at least 192 hr. (Apparent half-lives were
calculated from the second phase.)
Another experiment was carried out to
establish that cell necrosis produced by VDC
had not contributed to the previously ob-
served loss of radioactivity from the DNA
of animals exposed to ["*C]VDC (Fig. 1).
In this additional experiment DNA was
labeled 48 hr prior to treatment by injection
of [*H)thymidine. The specific radioactivity
of DNA isolated from the kidneys of mice
previously labeled with |*H]Jthymidine was
relatively constant, either with or without
exposure to 50 ppm VDC (Table 2). The

specific radioactivity of DNA from the
livers of these animals also appeared fairly
constant (Table 2), but a higher degree of
variation in this tissue made it difficult to
assess this point precisely. A two-way analy-
s1s of variance indicated no significant time
effects or interactions, but a small treatment
effect was noted in the kidney (~20% in-
crease in specific radioactivity, Table 2).
DN A repair was measured directly in ani-
mals exposed to VDC (50 and 10 ppm) or
injected with DMN (20, 10, and 3 mg/kg,
ip). DMN treatment caused a dramatic in-
crease in the level of hydroxyurea-resistant
{H]thymidine incorporation. The relative
increase in repair synthesis caused by DMN,
after correction for the effects of DMN or
nonrepair synthesis as outlined under Meth-
ods, was more than sevenfold, and this in-
crease was dose related (Table 3). In contrast,
a much smaller increase in the repair ratio
(1.00 — 1.38) occurred after exposure of
mice to YVDC. The only statistically signifi-
cant increase caused by VDC was that oc-
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IN VIV INTERACTHONS OF VDO WITH DNA 161

responded to only 30 alkylations per million
nucleotide residues

After exposure to either 50 or 10 ppm
VDC. the DNA from the liver of mice con-
tained 5- to 10-fold less radioactivity than
the DNA from the kidneys (Table 1), In ruts
exposed to 10 ppm VDC, the DNA of kidney
contained about twofold greater acuvity than
the DNA of hiver Compared to mice exposed
to 10 ppm VDC. about sixfold less radioac-
uvity was found in the DNA of rat kidneys.
while similar amounts were found in the DNA
from the hver of both species (Tuble D

TABLE
DNA Dastvct PRODUCED BY VINYLIDENE ( HIO-
RIOE CVDCT s Disie iy e sitrosavise (DMSN) s
Rars ssp Micy!

Atk
tions
Trestment nuclevtide
tinste dpm mg DN A (I
M ppm VD(
tmoused
Kidney KXy - h A
[iver % (n - N 6!
10 ppm VDC
fmouse)
Kidney W 1dn = D) 1
[iver THY - 00 = D (194
10 ppm VDC
trat)
Kidney SY 1Y (=¥ hR{
[iver 2Hh- 19 (n =6 (87

10 mg kg DMN
rat)

Liver — 3000 - SOk

“ Amimals were exposed to ["*CIVDC vapor tor & hr
at the indicated concentrations Then they are m-
medtately sacnficed for analysis Data are expressed
as mean specific radioacuvity = 5D of DNA solated
from the pouled ussues of ive (S0 ppm muce). ~even
(10 ppm micer. or two animals (10 ppm rats) The
results are the average of multiple determinanon,
except for the data of S0 ppm VDC mouse These
animaly were part of a larger expenment 1o determine
the ume course of DWA repair in ammals exposed
to S0 ppm VDO and this particular ume point was
only determined vnce

“ Datu from Pegg and Hut (1978)

e

=

Vs i
H) 30 M N is} M)
Mpurs Pogt -«
Fiew | Time course for radiwactivity an the DNA

of CD-1 mice exposed 0 {"CIVDL Animals were
evposed to S0 ppm {PCIVDC tor 6 hr A the indicated
hmes  the ammals were saenhoed and DNA was
isolated trom the pooled Ussues of five mice time pomt
Hydrodvzed DNA (5-20 mg) was counted until at
least 10* disintegrations had been aocumulated In euch
case the counting rate was at least twice hackground
Halt-ives were calculated from linear regression
anuby sis, and were 83 (kidnevi und 91 hr (livery Half-
fives were calculated tfrom the terminal dog-hnear
phase ot the curves, Qne point was clhiminated from
the regression analysis tor hver DN A (24-he paint)
atter at was found that the observed poimt ditfered
signihcantly from the predicted vadue tor that tme (p

0 015, one-sided 7 test)  The coethuients for the cal-
wulated regression line. logtdpm me DNA)Y - A
ime 1 hr) were o = 172 A = 000364 = 0 000345
thudney)anda = 1 160h - 000329 - 0 (00S6E(Dver)
Correlation coefficients for the hinear regressions are
119967 (kidney) and 0.9928 diver

© Point not included in regression analysis

The radioactivity in the DNA from the
hver and kidney of mice exposed to |C}-
VDC is rapidly eliminated (Fig. ). The ap-
parent half-lives were 83 and 91 hrfor kidney
and liver, respectively (50 ppm VDC ex-
posure). Radioactivity in the DNA from the
kidney of mice exposed to 10 ppm VDC
appeared 1o be eliminated more rapidly (30.2

SL 100837
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TABLE 4
DNA SYNTHESIS (N T1SSUES OF ViNYLIDENE CHLO-
RIDE (VDC) AnD DIMETHYLNITROSAMINE (DMN)
ExPOSED RATS AND MicE (TREATED/CONTROL)®

Dose/tissue Mean spec act = SE Rauo
VDC (50 ppm)
(mice)
272 = 152 (n = 4)
Kidne —_— v
y o263 2V
Liver X9=500n=4
1O =30(n =2
vDC (10 ppm)
(mice)

95.0 = 152 (n = 5)
Kidne o et b
Y 133+ 241 (n = 5 E

Liver Mﬁl 1.20

147 = 195 (n = 5
VDC (10 ppm)
(rats)
Kidney 3837 (n=13)
108 =38 (n=13)
163 x087(n =3
Liver —— 8
' ®6=23 m=dh %
DMN (20 mg/kg)
(mice)
Liver (Died before 48 hr)
DMN (10 mg/kg)
(mice)
94.0 = 30.1 (n 3

Liver —_— 1.97
478 x 17.6(n = 4)

1]

DMN (3 mg/kg)
(mice)

545100 =13)

478 = 176 (n = 4)

Laver 1.14

* DNA synthesis was estimated by determining the
spectfic radioactivity of DNA following |*H]thymidine
(|'H]TdR 1njection. [*H)TdR was injected 48 hr after
the treatment suspected of causing cytotoxicity. A
positive response is indicated by an increased rate
of incorporation of ["H|TdR into DNA relative 1o a
control group, resulting in a ratio greater than 1.0,

* Ratio significantly greater than one (p < 0.05,
I-1est).

procedure differs from that employed to
mecasure DNA repair in two important re-
spects:

(1) Hydroxyurea is not used to suppress
normal DNA replication,

(2) PH]Thymidine is injected approxi-
mately 48 hr after the event suspected of
causing tissue damage.

The results of these experiments are sum-
marized in Table 4. In each case, the in-
corporation of *H into DNA in the treated
group is compared to the incorporation of
an untreated control group. Exposure to 50
ppm VDC caused about a 25-fold increase
in incorporation of [*H]thymidine into DNA
of mouse kidneys, while exposure to 10 ppm
VDC produced about an 8-fold increase in
[PH]thymidine incorporation in this tissue
(Table 4). These effects probably reflect in-
creased levels of DNA replication rather
than changes in the DNA precursor pool
sizes, since a large number of mitotic figures
were seenin treated, but not control, tissues
during microscopic examination (Table 5).

Effects on DNA replication in the mouse
liver were much smaller: 2.4 and 1.2 times
control at 50 and 10 ppm VDC, respectively
(Table 4). DMN treatment also produced
only a small increase in replication of DNA
in the livers of treated mice: 1.1 and 2.0
times control at 3 and 10 mg/kg, respectively.

Rats exposed to 10 ppm VDC exhibited.
much smaller effects on DNA replication
than mice exposed to the same concentra-
tion, In the rat kidney DNA replication was
only elevated 2.2-fold while DNA replica-
tion in the liver was slightly decreased.

DISCUSSION

One of the most popular theories of chem-
ical carcinogenesis is that alkylation of DNA
by reactive molecules induces somatic
mutations which permanently transform
target cells into malignant clones. This theory
is supported by the finding that many potent
carcinogens have been shown to cause
covalent alkylation of various sites in the
DNA molecule. For example, Pegg and Hui
(1978) found that guanines in the DNA
isolated from the liver of rats injected with
DMN (10 mg/kg ip) were methylated to the
extent of 0.3-0.4% (3000-4000 mol of
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curring in the kidneys of the mice exposed Eptgenetic Effects
to 50 ppm. DNA repair was not sigmficantly

altered in the hivers of the mice exposed to A second procedure which measures pri-

50 ppm VDC, or in the kidneys or hivers of manly DNA rephcation was used to evaluate

mice exposed to 10 ppm VDC (Table 3). nongenetic effects of VDC exposure. This
TABLE }

DNA REPaIR I~ TissUES OF MICE EXPOSED To DIMETHYL~NITROSaMINE (DMN) OR VISV LIDESE
CnLortpe (VDC), RaTio oF TREATED Amtstars 10 ComTROLS!

(D
Repair rauo
() divided by
(A) (B) (By]
I'HITdR only Correction (C) (observed/
(Mean spec factor (95% ['H|TdR + HU expected, 95%
act = SE confidence (Mean spec act = SE) confidence
Dove/tissue (treated/control) limit) (treated/control) limit)
vDC-50
S =115(0n = 4 174 = 0.0488 (n = 4)
Kid _— 0561 = 0.285" _— 138 = 0 090"
1aney 545 <228 (1 = 1 T =007 (= A
Liver 969 £ 150¢n = 4 0751 = 0,275 16.0 = 213 (n = 4) 116 = 0363
129 = 1.63 (n = &) 184 = 0434 (n = 4)
vDC-10
147 = t.20(n = 6) 267 = 0197 (n = 3)
—_—— 101 = _— 116 = 0255
Kidney 146 = 1.86 (n = &) 0184 TG A
Liver 17222360 =6 1102 0305 16 =0198(n=3 0764 = 027
(56 = 128(n =6} 287 =038(n =4
DMN (20 mg/kg)
Liver L B T A B Gl LI D I 7 SR T
805 =192(n =1 142 =264 (n = 3)
DMN (10 mg/kg)
Liver 0=2940 =8, §eig.greer Lo =!1BW=A , 3.04 = 0.896%
i 416 =145(n =4 785 = 1.28(n = 3)
DMN (3 mg/kg) ,
19.0 = .41 (n = 6), 9572232(n=3)
— e 0.760 = 0 114" 1.60 = 1 14
Laver 350 =493 (n = 6) 785 = 18 (n =3

* Animals were injected with (*Hjthymidine ((*H]TdR) or {"H|TdR plus hydroxyurea (HU). HU is given
at the same time as [*H]TdR in order to block most of the replicative DNA synthesis. The umes of [*H|TdR
or PH|TdR + HU njection were (a) immediately following a 6-hr tnhalation exposure to VDC, or (b) 4 hr after
ip admimstration of DMN The amount of DNA repair 1s reflected 1n column (D) where the “reparr ratio,”
calculated as outlined under Methods. is presented. A value of 1 0 1n this column indicates little or no repair
15 present, while any increase in this value above 1.0 is taken as indication that prior DN A damage has occurred.

The repatr ratio is the ratio of the observed hydroxyurea-resistant TdR incorporation to that which would
be expected from consideration of corrected control values. 1t 15 calculated as (C) divided by (B) as outlined
under Methods

* Ratio is significantly different than 1.0. 1 test with p < 0 05.

« Amimals received 1000 1Cuvkg |'Hthymidine instead of the 500 nCi/kg used in the rest of the experiment,
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that the mutagenic effects of this chemical
will be much less than those produced by a
potent in vivo alkylator such as DMN.

Since the determination of radioactivity in
the DNA preparations of these animals was
used to indicate the degree of genetic
damage, it is important to eliminate the
possibility that this radioactivity could arise
from sources other than DNA alkylation.
Two such sources might be: (1) contamina-
tion of the DNA preparation with other
macromolecules which are radioactive (e.g.,
protein), and (2) breakdown of [“C]VDC
by metabolism with subsequent incorpora-
tion of radioactivity into DNA from the C-1
pool (Gillette and Pohl, 1977).

Conramination of DNA

To eliminate contamination as a source of
radioactivity, the DNA preparation was
extensively purified. In addition to the basic
procedure of Marmur (1961), the DNA was
treated with purified enzymes which specifi-
cally degraded protein (trypsin and chymo-
trypsin treatment), glycogen (a-amylase
treatment), and ribonucleic acid (ribonuclease
A treatment). Analysis of the final prepa-
ration of DNA indicated that it contained
less than 0.6% protein and less than 2%
RNA by weight. The high purity of the DNA
preparations makes it unlikely that contami-
nation is responsible for the radioactivity
observed.

Incorporation of C-1 Fragments

If the majority of the radioactivity in the
DNA prepared from animals exposed to
[*C1VDC had arisen from incorporation of
radioactive C-1 fragments, then it should
appear in normal (i.c., nonalkylated) DNA
bases. Consequently, this radioactivity
should be very persistent. (Gross et al.
(1969) report a 12 of =30 days for liver
DNA). However, if the radioactivity in the
DNA has arisen by alkylation, DNA repair

systems should cause it to be lost much more
rapidly. In order to investigate this point,
DNA was 1solated from ["*C)VDC exposed
animals at various times after exposure.
As shown in Fig. 1, this radioactivity was
rapidly eliminated, with half-lives of less
than 100 hr. Cell necrosis couild not be
responsible for this loss since it was shown
in another experiment that exposure to the
same concentration of VDC (50 ppm) did
not cause the turnover of normal DNA pre-
viously labeled with |*H]thymidine (Table
2). Since 70-80% of the radioactivity was
lost in the time period studied (192 hr), it
appears that most of the radioactivity found
in DNA after exposure to [“C]VDC is
recognized as ‘‘damage’’ by the DNA repair
systems, and consequently represents direct
alkylation rather than incorporation of C-1
fragments. The functioning of DNA repair
mechanisms in response to this small amount
of damage is a significant observation,
because these repair mechanisms are thought
to play an important role in protecting or-
ganisms from small amounts of genetic
damage.

In order to carry out a direct comparison
of the genetic effects of DMN and VDC
in the mouse, a second experimental pro-
cedure for assessing DNA repairin vivo (as
an indicator of preceding DNA damage in
vivo) was developed. [*H]thymidine was
used to measure in vivo DNA synthesis in
the presence of hydroxyurea (400 mg/kg)
(see Methods).

DMN treatment caused a dramatic in-
crease in the level of HU.resistant [*H)-
thymidine incorporation (Table 3). The ratio
of observed/expected incorporation (Repair
Ratio, Column D in Table 3) was elevated
more than sevenfold at the highest dose of
DMN (20 mg/kg) and declined in a dose-
related fashion. In contrast, VDC exposure
caused only a slight increase in this ratio
(1.00 — 1.38) in the kidneys of mice exposed
to 50 ppm. The ‘‘repair’ ratio in the livers
of these animals, or the livers or kidneys of
mice ¢xposed to 10 ppm of VDC, was not
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TABLE 5

SLMMaRryY OF His1oPaTHOLOGY Fispinas iv Tisstis troM MICE TREATED WITH VInY(1DFNE
CHLORIDE (VDC) of DIMETHYLNITROSAMINE (DMN)

Histologic findingy

Postexposure
Exposure (hr) Kidneys Liver
VDC (30 ppm). 6 hr 0 Toxic nephrosis Shight centniobular swelling
8 Progressing nephrosis
24 Progressing nephrosts
48 fncreased mitotic figures No effect
9% Regeneration apparent
192 Regenerastion continuing
VDC (10 ppm} 6 hr 0 Shight dilauon. swelling
96 Nephrosis-vanable 0-207% affected
DMN (10 mg:hg 1p) 4 Centrilobular swelling
Hyaline degeneration
52 Accentuated lobular pattern.
necrosts minimal or absent
OMN (3 mg'kg 1) 4 Centnlobular swelling
52 No effect

“ Three 10 s1X ammals were given the indicated treatment and then sacrificed ar the appropriate time.
Tissue shees were prepared by standard histochemucal procedures

methylated base/10° mol of guanine). In
order to see whether VDC inhalation pro-
duced similar effects, groups of rats and
mice were exposed to [HC]VDC vapor. and
the DNA from vanous tissues of these
animals was isolated and purified.

The most striking observation in these
studies was the extremely low degree of
alkylauon detected following |“*C)}VDC
exposure. For direct comparison with the
data of Pegg and Hui (1978), the degree of
alkylation of DNA is calculated from the
disintegrations per minute observed per
milligram DNA and the specific radioactivity
of the VDC. Assuming the average molecular
weight of a nucleotide residue in DNA is
330. the maximum level of DNA alkylation
by VDC was 0.003% or 30 alkylanons/10
nucleotides (Table 1). This occurred in the
DNA isolated from the kidneys of mice ex-
posed to 50 ppm of [“C]VDC. When mice
were exposed to 10 ppm VDC, about one-
third as many alkylations occurred i1n the

DNA of the kidney. At a site where VDC-
related tumors were not observed (mouse
liver) or in the kKidney or liver of an insensi-
tive species (the rat), alkylation of DNA by
VDC was even less. Assuming that the
degree of alkylation of guanine is typical of
other DNA bases, we see that DMN pro-
duced about two orders of magnitude more
DNA binding than VDC. The doses of DMN
and VDC (10 mg/kg ip, and 50 ppm inhala-
tion, 6 hr) are about the highest levels that
can be administered to CD-1 male mice
without causing some delayed mortality,
and are at least roughly equivalent in terms
of their acute toxicity.

There are many potential sites for alkyla-
tion of DNA by VDC, and it is almost cer-
tain that some of these sites will differ from
others in terms of their susceptibility to re-
pair and/or ability to cause mispairing of
bases during replication. Nevertheless, the
observation that overall /n vivo alkylation
of DNA by VDC is very low is suggestive
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results are particularly significant in view
of the fact that the mice in Maltoni's study
(Maltoni et al., 1977) developed treatment-
related tumors in the kidney, but not in the
liver. It is also noteworthy that in the male
rat, a species which is apparently resistant
to the tumorigenic effects of VDC, effects
on DNA synthesis were minimal. DNA
replication in the kidney of VDC-treated
rats ({0 ppm. 6 hr) was elevated twofold
(Table 4), while VDC treatment had no de-
tectable effect on DNA synthesis in the
liver of rats.

DMN was very different than VDC in its
effects on DNA replication in mice. After
10 mg/kg DMN, the DNA replication in the
livers of treated mice was elevated less
than twofold over controls, while in mice
recerving 3 mg/kg DMN this parameter was
clevated only 14% (Table 4). Since the liver
is a target organ for tumor induction after
chronic administration of DMN in mice
(IARC, 1972). it is appropriate to compare
changes induced in this tissue by DMN to
changes induced in the kidneys by VDC.
When this is done, it is clear that exposure
of mice to levels of VDC found by Maltoni
to cause kidney tumors causes a dramatic
increase in DNA synthesis, while treatment
of mice with the known mutagen DMN at a
carcinogenic dose failed to elicit a com-
parable response.

To verify the contention that comparable
degrees of tissue damage were not pro-
duced by DMN and VDC, tissue samples
from treated mice were taken for histo-
pathological assessment. The results are
summarized in Table 5. As reported by
Maltoni et al. (1977), the kidney tissue was
severely affected. VDC exposure (50 ppm)
produced severe necrosis, and some necrosis
was also seen after 10 ppm VDC. Liver
tissue was much less sensitive to the effects
of VDC. DMN (10 mg/kg) produced some
histopathology in the liver, but it is note-
worthy that this was not a necrotic type of
reaction. The kidney damage produced by
50 ppm of VDC showed progressive necrosis

for the first 24 hr with regeneration and
recovery beginning at 48 hours, and con-
tinuing throughout the 192-hr period. Treat-
ment related effects were still apparent in
the kidney at 192 hr postexposure, but a
significant recovery had occurred at this time.

The data presented indicate that DMN has
a strong effect on genetic material. DNA
alkylation and DNA repair induced by alkyla-
tion with DMN can be detected at doses
where there is little or no cytotoxicity. In
contrast, VDC has very little potential to
damage genetic material, but can cause
extensive cytotoxicity with concomitent
cell regeneration and DNA replication.
Thus, although VDC may have littie propen-
sity to ‘‘initiate” a tumor, it could easily
serve (o “"promote’’ tumors when exposure
is sufficient to cause significant tissue
damage. In this respect it may resemble
agents such as chloroform. These materials
induce tumors in animals even though they
apparently have little or no genotoxic ac-
tivity, provided that they are administered
atlevels which cause chronic tissue damage.

Most long-term carcinogenesis bioassays
do not distinguish between agents which
induce tumors through direct effects on
DNA and agents which enhance or '‘pro-
mote”” a low level of spontaneous tumor
formation. Although the endpoint of each
process is the same (tumor formation),
there are fundamental differences in the
safety precautions appropriate 0 each case.
Agents which damage DNA (genotoxic)
often produce a hidden effect which is not
apparent until tumors appear: In contrast,
agents which produce their effects through
epigenetic mechanisms (cytotoxic) should
not produce tumors at levels where tissue
damage is absent. Furthermore, although it
is theoretically possible that a single hit"’
on genetic material might be sufficient to
initiate a tumor (if one ignores the role of
DNA repair mechanisms), it is clear that
multiple **hits™" in the cytoplasm would be
required to kill a cell. Consequently there is
ample precedent for suggesting that the rela-
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significantly elevated. Although the levels of
repair observed after VDC exposure were
100 low to permut the evaluation of their dose
dependency, they were clearly of a different
order of magnitude than the DNA repair
induced in the livers of DMN-injected mice,

Since the observation of DNA repair
implies that some sort of previous altera-
tion to DNA has taken place, the low po-
tency of VDC in this system again suggests
that its in vivo potential for producing muta-
genic effects 1s much less than that of DMN.
The failure 10 demonstrate significant genetic
effects with tumongenic doses of VDC
suggested that epigenetic mechanisms might
be operating.

The first suggestion that epigenetic (¢yto-
toxic) factors may be important in the
tumorigenicity of VDC came from Maltoni
et al. (1977) who reported: “‘There is a
clear-cut direct relationship between the
degree of toxic (tissue damage) and car-
cinogenic effects in the different animal
species and sexes considered.”

There are several ways in which the re-
peated induction of tissue damage sufficient
10 cause regeneration could influence the
rate of tumor expression. First, there will
obviously be a much greater number of
replications of DNA in a tissue where a
significant number of cells are replaced by
regeneration during each day of a two year
study than in undamaged tissue. Even if
such replication occurred with very high
fidelity, there would be an increased chance
for spontaneous errors and hence mutation.
Furthermore, sites of damage in the DNA
arising from background sources (e.g.,
cosmic radiation) may not be recognizable
as “‘errors’’ after replication. This suggests
that the DNA repair systems might lose
some of their effectiveness in protecting
the organism from the consequences of low
levels of genetic damage when cells are
regenerating rapidly. Berman er al. (1978)
found that increased division of cells en-
hanced their susceptibility to mutagenic
events. McCormick (1979) also reported

WITH DNA 367

that momentarily arresung cell division to
give added time for DNA repair greatly
diminished the mutational activity of uv
light. In this context it 1s noteworthy that
most of the chemical and physical treat-

ments which act as promoters of carcl- |

nogenesis also stimulate DNA synthesis
(Berenblum, 1944; Marx. 1978). Although it
1s not clear which of these mechanisms may
be significant biologically, it 1s clear that
when the doses of chemical employed in a
carcinogenesis bioassay are toxic enough to
stimulate cell regeneration, epigenetic
factors cannot be excluded.

In order to determine whether cell division
might be important in the oncogenicity of
VDC, an experimental procedure for meas-
uring DNA synthesis was developed. This
procedure differs from that employed to
measure DNA repair in two important
respects:

(1) Hydroxyurea is not used to suppress
DNA replication.

(2) I*H]|TdR is injected approximately
48 hr after the event suspected of causing
tissue damage.

Since normal replicative synthesis is much
more extensive than the HU-resistant re-
pair synthesis of DNA, and since repair
synthesis declines rapidly in the first few
hours following carcinogen exposure (R. H.
Reitz, unpublished data), this procedure
measures primarily DNA replication.

In contrast to its weak genetic effects,
VDC produced a dramatic change in DNA
synthesis in mice (Table 4). After exposure
to 50 ppm VDC for 6 hr, the DNA replica-
tion in the kidneys of male mice was elevated
25-fold. This effect was also seen after
exposure to 10 ppm of VDC (6 hr), where
DNA synthesis was elevated eightfold over
controls. However, the effect of VDC on
replication of the DNA in the liver of male
mice was much less: at 50 ppm VDC the
liver DNA synthesis was 2.4 times control,
while after 10 ppm VDC the liver DNA
synthesis was only 1.2 times control. These
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tive tumorigenicity of cytotoxic agents
should show an abrupt decrease below 4
critical dose.

It has been reported (McKenna er af.
1977) that the capacity to metabolcally
activate VDC to an electrophilic species
appears 10 be directly correlated with
sensitivity to toxic effects of VDC. Thus,
mice metabolize VDC more readily than
rats, and are more sensitive to VDC in
terms of tissue damage and attendant tu-
mornigenicity, This association between
metabolic activation and toxicity is also
apparent at the molecular level. Mice con-
sistently showed more DNA damage. and
more significantly, greater elevations in the
amount of DNA replication than rats exposed
to equivalent doses of VDC.

For many xenobiotics, including the
halogenated hydrocarbons, the rate of
oxidative metabolism appears to be roughly
related to the body surface area rather than
the body mass (Weiss et al., 1977). This
implies that the metabolic activation of
these maternials would occur more slowly in
man than in the small laboratory rodents,
and indeed this appears to be true for chlo-
roform (Renzeral., 1978), and vinyl chloride
{Butcher er al., 1978).

Consequently the data presented in this
study support the hypothesis that the toxic
effects of VDC in man, including those oc-
curring at the molecular level and though to
be associated with carcinogenicity. should
be far less than those observed at equivalent
dose levels in laboratory animals. Further-
more, since VDC appears to induce tumors
primarily through epigenetic mechansisms,
it does not appear that exposure to levels
of VDC which do not cause tissue damage
will pose any significant cancer risk.
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