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ABSTRACT

Chinese hamstef V79 celis have been exposed fo single metabolités
and mixtures of metabolités of benzo(a)pyrene [B(a)P] and reproductive cell
survival andAcertain aspects~of cellular metabolism were meaéured. B(a)P
4££§E§—7,8—dihydrodiol plus B(a)P 1;6-quinone.resulted in increased cell

survivél compared to what could.be.expecﬁed from treatment with either
metabolite alone, the mixture thus producing a neutralizing effect. If
B(a)P 4,5—0xide is mixed with 3-HOB(a)P, increasing amounts o£ 3-HOB(a)P
do nét cause any additional éell toxicity cbmpared to the toxicity due to
ﬁ(a)P 4,5—oxide alone. |

Repliéate-cultures of V79 cells were exposed to either B(a)P
4,5-oxide or 6-HOB(a)P for 4, ;2'or 48 hours, and effects on cell growth andn
macromolecular sfnthesis were determined compared to control culturesf For
both mefabolifes, there was én exposure—time;dependent delay in C?il
division, and the effect was most pronounced for 48 hour exposufe to.6—HOB(a)P.
After the division delay, cells resumed an apparently normal exponential
growth rate. The. percent of cells'cycliné and cell mﬁl;iblication rate, as
determined from long periods of DNA labelling with thymidine, indicated that
a larger ﬁercentagé of metébolite—treated cells were cycling‘after treatment,
than waé the case with control cells, even though the exponential gfowth réte
was similar in bofh sets.

RNA (prébably mainly ribosomal) synthesis was found fo increase ‘above
controi 1eve1$ after removal of the metabolite, particulariy in the case of
6—ﬁOB(é)P. Pfotein synthesis was inhibited'by 6-HOB(a)P addition, and after

.metabolite remOQal, increased to control levels concomitantly with RNA synthesis.

The results suggest that metabolite treatment causes at least a temporary



[

éell—cycle delay. After the metabolite is removed, protein synthesis

mechanisms rebound to increase protein synthesis.
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INTRODUCTION

Although it is well-~known that many metabolites of B(a)P1 exhibit -
varying'degrees of cytotoxicity when cells are exposed to them ig_vitro,
(3, 6, 13, 14), the mechanisms by which these cytotoxic effects occur

are largely unknown. Many studies have shown that B(a)P metabolites,

particdlarly the diol-epoxides, can covalently bind to intracellular macro-

" molecules, such as DNA, RNA, and protein (1,7). What effect this binding has

on subsequent functioninglof the macromolecules is perhaps less well-
characterized. The‘toxic effeét in vitro of mix;ures of B(a)P metabolites
has not been extensively investigated, although}for human in vivo exposure
situations, a mixture of not only metaboliteé of a single chemical but |
multiple metabolites of several chemicals, is probably the common occurrence.
Because of our task of. assessing human health risks froﬁ coal-combustion
processes, it became imporfant to: (1) study thec composite toxicity of
mixtures of metabolites compared to the toxicity of the individual components
of the mixture, and (2) to investigate cellular macromolecular effects of
toxic metabolites, in an effort to better junderstand molecular mechanisms

involved in toxicity.

1

pyrene 4,5-oxide; 3-HOB(a)P, 3-hydroxybenzo(a)pyrene; 6-HOB(a)P, 6-hydroxy-
benzo(a)pyrene; B(a)P trans - 7,8-dihydrodiol; trans - 7,8-dihydroxy~-7,8-

. dihydrobenzo(a)pyrene; B(a)P 1,6-quinone, benzo(a)pyrene, 1,6-quinone.

The abbreviations used are: B(a)P, benzo(a)pyrene; B(a)P 4,5-oxide, benzo(a)-



MATERIALS AND METHODS

Chinese‘hamster V79 cells, kindly supplied by Dr. E. Huberman
(Biolog? Division, Oak Ridge National Laboratory), were grown and sub-
.‘cultured essentially as described by Hubermaﬁ_gg_gl.(4); although
Dulbeéco's modification of Eagle's minimal essential medium was used as
the culture ﬁedium. One day before an experiment was started, cells were
‘ seeded into a flask at rather low density and allowed to grow o&erﬁight.
These cells were then used for the experiment. Rgproductive cell survival
was assessed by the ability to form‘colonies in 60 mm Petri dishes, and the
experimental procedure'followed that of Huberman et al (4) except different
times of exposure to the B(a)P‘metabolites were used. Percent cloning
efficiency for'metabdlite—treated cells is defined as the number of colonies -
" in a treated dish divided by the number of colonies in an acetone control
dish times 100. Metabolites of B(a)P were supplied by the IIT Research
Inétitute through the National Cancer Institute Carcinogenésis Reseafch
Frogram (Dr. David Longfellow). Metabolites were dissolved in acetone for
addition to the culture. :

Cell counts in treated and control cultures were détermined.using
a hemocytometer, using Trypan Blue staining to assess viable cells. -Labeling
of DNA, RNA and protein was accomplished using appropriate radioactive
precursors (thymidine, uridine, and leucine respectively) obtained from radio-
chemical'suppliérs'(New England Nuclear and Amersham/Searle). Usually
5-10 uCi/ml of 3H—labeled compound or 0.05-0.10 uCi/ml of 14C-labeled chemical
was added to the culture medium. The usual period of labéling was for
16-18 hours immediately before the culture was terminatéd, except in the case

of the earliest 4 hour exposure timé—point,.in which case the labeling was



for'4 hours. All labeliné experiments were.carried out usihg replicate

60 mm dishes (duplicate or triplicate). 'Mécromplecules were precipiﬁated 4
by qud 10% trichioroaceﬁic acid and separated and prepared for counting

by standard techniques (10, 11). Amounts offBNA, RNA; and protein in

cell lysates were determined by colorimetric assays (diphenylamine [2],
orcinpl [8) and Lowry procedures [9] respectively). Resuits of the 1abéling
studies were calculatea‘for metabolite-~treated dishes as pefcent of 1abeling 

in controul dishes, which were treataed in exactly the same manner, except no

metabolite was added.



RESULTS AND DISCUSSION

A. B(A)P METABOLITE MIXTURES

Initial experiments were done to study the cytotoxic effect of
varying the time the cells were exposed to a single B(a)P metabolite. The
results for 3-HOB(a)P ére shown in Fig. 1. There is an increasing cytotoxic
effeét with increasing time of expoéure. There is not a direct quantita;ive
agreement between cytotogic effect and "dose" if "dose" is defined as
concentration of . toxic mgtérial-multiplied by time of exposure, but a
general correlation is evident. Other metabolites. including B(a)P trans-7,8-
dihydrodiol and B(a)P 4,5 oxide, showed similar effects, i.é. increasing
- toxicity with increased exposure times. “Although a number of investigators
(4, 13) have chosen quite brief exposure times (1-3 hrs) to measure toxicity,
we selected an. exposure time of 48 hours for the mixture experiments, since this
may be more representative of in vivo situatioms. One to three hour exposure
intervals would be short compared with a cell cycle time of lé hours, and
vsignifiqant proportions- of the total cell population may not be sensitive
if the lethal_damage events occur in only one or two.phases of the cell cycle.

The results of representative experiments in which a rélatively
non—toxic B(a)P metabolite [B(a)P ££§g§77,8-dihydfodioi] is ﬁixed with a rather
- toxic metabolite [B(a)P 1,6-quinone] are shown in Figs. 2 and 3. Fig. 2 |
1llustrates the cytotoxic effect of an equimolar mixture of the two
metabolites. The mixture is not as toxicAas would be expeéted if the
toxic effects of the individual components were the result of independeﬁt events
[see the dotted lines in Fig. 2: e.g. if the toxic effects were 1ndependent,
then net cell survival of mixture—exposed cells at individual component

concentrations of 7.5 ug/ml should be (20%) x (75%) = 15%). In fact, the



toxic effect pfoduced by the mixture seems to be a large reduction in
cytotoxicity compared to B(a)P 1,6;quinone alone and a small increaée in
cytotoxicity compared to-B(a)P ££§3§77,8-diﬁydrodiol'alone. .Fig. 3 shows
the cytotoxic effect of a mixture that contains 2 moles of B(a)P trans-7,8-
dihydrodiol per mole of B(a)P 1,6-quinone. Only in the case of the-highest
mixture-concentratién does the cytotoxicity of the mixture approach that
"predicted froﬁ.the product of the individual cytotoxicities. At otherl
concentratioﬁs the cytotoxicity of tﬁe mixture is less than would be
prédicted.

Another mixture combination Was tried, in which.increasiqg amounts
of 3-HOB(a)P were added to two diffefent concentrations of B(a)P 4,5-oxide
(Fig. 4). In each case, the mixture produced the same degree of cyto-
tokiéity as the B(a)P 4,5-oxide alone, [either 65% or 457% cell survival,
depending on the concentration of B(a)P 4,5-oxlde] no matter what |
concentration of 3-HOB(a)P was added fo the mixture [up to 3 ug/ml of
3-HOB(a)P in the mixture]. These results seem to suggest that B(a)P
4,5-oxide is.able to block effectively the toxic activity of 3-HOB(a)P,
possibly by acting at intracellular sites that are the sensitive sites for
3-HOB(a)P, although we have no experimental proof for this conjecture.

The reéﬁlts with B(a)P ££§g§f7,8¥dihydrodiol and B(a)P 1,6-~quinone
mixtures suggest a neutralizing effect of the less cytotoxic componént of the
mi#ture ameliorating the toxicity of the more cytotoxic componenf. A
protective effect of benzo(e)pyrene 6n 7,12-dimethylbenz(a)anthracene skin
tumor-initiation in mice has been noted by Slaga et al (12) and these workers
suggested this .effect could be due to modification of metabolism of the potent

carcinogen by the very weak carcinogen, benzo(e)pyrene. In the case of our



'in vitro studies, these cells are not capable of further metabolizing the

metabolites administered (5), so that the effects seen must occur at sub-
cellular sites directly involved in cytotoxic mechanisms. The nature of these

sites is not known to us.

B. - MACROMOLECULAR' EFFECTS OF TOXIC METABOLITES

Two different metabolites, B(a)P 4,5-oxide and 6-HOB(a)P were used
in these studieé. These metabolites differ considerably in their toxicity,

with B(a)P 4,5-oxide being much more cytotoxic and also much more mutagenic

(6). V79 cells were seeded at a rather low density (8 x 104) in 60 mm dishes,

and the cells were exposed to the 2 aforementioned metabolites for varying

" periods of time. TheAceli number and uptake of radioactive precursors

into ce;tain mac;omolecules was determined over sequential intervalsAduring
and after the period in which the metabolite was in the culture medium.

The effect of varying times of exposure to 6-HOB(a)P on subsequent
cell growth is shown in Fig. 5. The effect of B(a)P 4,5-oxide is very similar
to‘6—HOB(a)P except in the case of 48 hour exposure, in which case the

N

subsequent cell growth very closely parallels the growth of cells exposed for

24 hours to 6-HOB(a)P. The fact that the growth curves for metabolite-

treated cells, after an initial delay whose duration depends upon length of

exposure, all become more or less pérallel to the growth curve for untreated
cells, suggests that exponential phase growth rates for metabolite—treaﬁed
cells are not groésly different from control values. One pdssible explanation
for the shape of the cell-growth éurvesris that the B(a)P metabolite induces

a delay in the cell cyecle and that after the metabolite is removed, the cells

- eventually recover the normal cycle kinetics. The difference in hours between

the exponential growth phases of control and treated cultures might provide an



estimate of such a delay. For B(a)P 4,5-oxide, tentative delays of 6, 12,
and 18 hours can be estimated for exposure times of 4, 12 and 48 hours,
fespectively. For 6-HOB(a)P, delays of 4; 6, 18, and 36 hours can be
eétimated ﬁor exposure times of 4, 12, 24 and 48 hoﬁrs.

Another effect must also be taken ingo account in interpreting
these growth curves. Treatment with metabolite results in some cytotoxicity,
the degree increasing with increasing exposure times. ReproductiVelcell
survival measuremecnte were made as a part éf this experiment and the percent
cell survival associated with varying exposure times is given in Fig. 5
A(Corpesponaing cell survival values for 4, 12 and 48 hoqr exposure to B(a)P
4,5¥oxide were 737, 58%, and 287 respectively). If the time required for the
metabolite to kill and lyze cells is short relative to the doubling time of the
cells (approximately 12 hours) then the viable cells remaining might be in
exponential growth a short time after (or even dqring) ﬁhe cytotoxic period. _
The apparent cell growth plateau from the start of thé metabolite addition
‘to the next .cell count might not be a genuine platéau but could consist of a
rapid decrease in cell number, followed Ly exponential growth of the
surviving cells. We have not determined such intermediate .cell counts on
the longer exposure times, and so cannot confirm or disprove this interpretatioﬁ.
.In any case, this latter explanation cannot fully acéount for the results with
respecﬁ to the 6-HOB(a)P-treated growth curves as the cell growth plateau at
the 48 hour exposﬁre is so long in duration that some dela& in cell cycle time
muét be invoked to explain the data. |

In order to further iﬂvestigate the cell-cycle kinetics of the
metabélite—treated cells, and.to stﬁdy the effects of metabolite treatment on

certain macromolecular synthesis processes, radioactive precursors for DNA,



RNA, and protein were used. The results of these experiments for DNA are showﬁ .
in Fig. 6. The long labeling fimes were chosen to give incorporation of

label that is p;oportiqnal to the percent cells cycling and the cell
multiplication rate and will not provide information about the rate of

DNA synthesis. It can be seen from Fig. 6 that several_different effects are
produced, depending on both length of exposure and the metabolite uséd.

B(a)P 4,5-oxide shows no initial effect (4 hour exposure), an incpeased

uptake compafed to controls (12lhour exposure) and an inhibition (48 hour
exposure). The results for the shorter exposure times suggest that metabolite
treatment causes an increase in percent of cells cycling at some time after
the removal of the metabolite (see data points at 72 hours). Siﬂce.both

4 and 12 hour-exposed cultures are in apparently normal exponential growth

at this timé, the increase in DNA labeling compared to controls is difficult
to explaiu otherwise.. Forty-eight hour exposures, on the other hand, result
in an inhibition of DNA lébeiihg initially (see 72 hour déta-point), followed
by an increase to well above control levels. Thesé data are consistent

with a slo&ing or delay of the cell cycle'during. the long metabolite e#posure..
| The data for 6-HOB(a)P (Fig. 6)‘show that this metabolite has |
différent effects on the cell-cycle kinetics than does B(a)P 4,5-oxide.

The most dramatic difference is in the-uptake of precursor into DNA by the:

4 hour—exﬁoéed cultures. In the case of 6-HOB(a)P,}thefe is an initial -

'ihhibition, followed by a greatly increased uptaké. These results again
suggest a delay or élowing of the cell cycle, followed by -a rebbund which

. ‘causes an increase in percent~cells cycling compared to controls. |

Surprisingly, 48 hour-exposed éultures‘show iﬁcreases of uptake

into DNA at & time (see 72 hour data point) when the cell count seems to be



stétic, as compargd to thg cpntrol cultures, which are in exponential
growth. Such an efféét might occur if the metabolite induced a mitotic
blo;k° It may be that some of the uptake into DNA which we have measured:
is occurring as a resuit of DNA repair, but ?; is difficult to distinguish
this.repair‘incorporation from incorxrporation into newly-synthesized DNA
in growing cultures.. |

The results of labeliﬁg RNA are shown in Fig. 7. Thellong
labeling time used will moot lilkely rcoult in the bullk of the 1abc1vbcing
incorporafed infp ribosoﬁal RNA, rather than the rapidly synthesizgd and
degrgdg&Amessénger RNA. Of cpurse,‘transfer RNA will also bg labeled,
but fhis.is only 10—12% bf the Quéntity of ribosomallRNA; Rather drématic
:differences are evident whén the results from the two métabolites‘are
compared (see the 4 hour and 48 hour exposure curves, particularly). The
inc?eases in incorporatioﬁ into RNA, compared to control cultures, suggest
increaseé in synthesis of ribosomal RNA, and the most logical feason for
tﬁis response to be elicited is in preparation fér increased érotein synthesis.

Indeed,. measurements of ﬁrotein‘synthesis (Table 1) indicated that
protein synthesis was increasing during the same time iﬁtervals-as increased
RNA synthesis.wasAseen. For both 12 and 48 hour.6—HOE(a)P exposufes,
protein synthesis was initially inhibited following metabolite removal and
gradually increased toward control levels as the cells continued to grow.
The observed inhibition of protein- synthesis could possibly be due.to slowed
protein synthésis assqciaged with the slowing of the cell cycle, or it |
could bg a consequence of fewer cells in the treated cultures (although for
the i2 hour exposure, the cell killing is only 25%), or multiple factors

may be involved.



‘These studies haﬁe indicated tha; the effects of B(a)P metabqlite‘
addition to éells in culture are Complex, affecting many intracellular proéesses
in different ways. Interpretation of how complex mixtures of chemicals

react with cells will remain obscure until the most Significant intracellular

sites and processes for chemical interaction are identified.
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Table 1

Protein, RNA and DNA Synthesis in V79ACells Exposed to
6-HOB(a)P for 12 or 48 Hours

"% Precursor Incorporation Compared to

Control Culturesl

12 hour Exposure E 48 hour Exposure

¥ B c TR S
Protein = 60 70 80 50 55 100
RNA 140 170 210 190 150 315

DNA ' 150 200 130 : 150 230 235

1. Data dérived from duplicate dishes. The coefficient of variation was -
5-15%.

‘ 2. A, Band C refer to time intervals after removal of 6—HOB(a)P from the
culture medium of 12, 36, and 60 hours and 0, 24, and 48 hours for the 12
hour exposed and 48 hour exposed cultures, respectively. '



FIGURE LEGENDS

Fig. 1. The Effect of Increasing Exposure Time on the Cytotoxicitylof
"B(a)P Metabolites. Reproduction Survival is defined in Materials and

Methods. Error bars indicate one.coefficient of variation.

Fig. 2. Cellular Cytotoxicity Caused by a Mixture of B(a)P Metabolites.

Dotted lines show the cytotoxicity of ﬁhe.individual components of the

mixture. Symbols (-, A,® ) indicate the overall concentrétion of the combined‘
metabolites in the mixture, and the concentration of each individual metabolite
that went into making up the sum total:.e;g} for the'ﬁ symbol, the cell survivalb
producéd by 15 ug/ml of the mixture was 45%, while the cell survival caused

by 7.5 ug/ml of each of the two components contributing tb the mixture was

73% and .20%, respectively.

Fig. 3. Cellular Cytotoxicity Caused by a Mixture of B(a)P Metabolites.

See -Legend for Fig. 2.

Fig. 4. Cellular Cytotoxicity Caused by a Mixture of B(a)P Metabolites.

Cellé were exposed to either 0.6 or 0.8 pg/ml of B(é)P 4,5-oxide (aséociated
cell survivals were 60 or 45%, respectively) and increasing concentrationsA

1, 2 or 3 pg/ml) of 3-HOB(§)P.‘ Dotted lines indicate the cytotoxic effect
that might be anticipated if these increésing amounts of 3-HOB(a)P were added
to cells which had already been subjecfed to the level of cytotoxicity produéed

by the two concentrations of B(a)P 4,5-oxide.

. Fig. 5. Cell Growth Following Treatment with a B(a)P Metabolite. Duplicate
plates were exposed for the times indicated. Control plates received acetone.
All cell counts indicate viable cells as counted by Trypan Blue Staining.

Reproductive cell‘survivals.associa;éd‘with exposure.times of 4, 12, 24, and



48 hours were 87%, 75%, 51%, and 31% respectively.

Fig. 6.‘ Incorporafion of llfC—Thymidine into DNA of Cells Exposéd'for
Varying Timés to B(a)P Metabolites. The labeling time, in all cases, was.
for 16-18 hours except in thg case of tﬁe first time point of 4‘ﬁour
exposufe, in which.case the labeling time was 4 hours. . A1l data points
were calculated.as cpm per pg of DNA, and normalized by dividing by the

' éorresponding incorporation in control cultures. The * indicates the
point at which metabolite-treated.and control cultures‘were separated to

start the experiment.

Fig. 7. Incorporation of 3H—Uridine into RNA of Cells Exposed for Varying
Times to B(a)P Metabolites.',See,Legend to Fig. 6 for details. Ail data
points were calculated as cpm per ug of RNA; and normalized by dividing -

by the corresponding incorporation in control cultures.
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