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reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



Cd 3046061 55

COMPARISON OF THE ACCUMULATION OF BENZO[aJPYRENE IN MOUSE

EPITHELIAL CELLS SENSITIVE AND RESISTANT TO THE CYTOTOXICITY
: _ _ :

OF THE HYDROCARBON

Running Title: Uptake of Benzo[a]pyrene in Cultured Epithe]ial Cells

Andrew G. Sa]mon2 and James C. Bartho1omew3

Laboratory of Chemical Biodynamics
" Lawrence Berkeley lLaboratory .
Universfty of California, Berkeley

California 94720 USA



-la-

FOOTNOTES

This study was supported by National Cancer Institute Contract

Y01 CP 50203 and the Energy Research and Development Administration.

Present Address: ‘Imperial Chemical Industries Limited, Central
Toxicology Laboratory, Alderley Park, Nr. Macclesfield,

Cheshire SK10 47J, U. K.
Address ail correspondence to J.C.B.

The abbreviations used are: BaP, Benzo[a]pyrene; FMF, flow

microfluorometry.



0 g

£

@\n

-
(%
ia;e
o

SUMMARY

The accumulation of benzo[a]pyrene by tWo strains of mouse liver
epithelial cells in culture was measured. The ée]] strains studied differ
ih their sensitivity to benzo[a]pyrene cytotoxiéity, and in the inducibility
of aryl hydrocarbon hydroxylase, but are very similar in other respects.
Benzo[a]pyrene uptake was measured by a technique using radioactiveﬂéompound,
and also by f]ow'micrbfhxnnmetry. Taken together these techhiques suggest
that the‘accumu1atioh process is only élight]y different in these stréins,
in spite of the significaﬁt difference in effect of this compound on the growth
of the two cell strains. It is concluded that dﬁfferenceé in sensitivity
to benzola]lpyrene mustvfesu1t from alterations in the induction or activity

of enzymes involved in-benzo[a]pyrene metabolism.
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INTRODUCTION

Benzota]pyrene (BaP4)iis a common environmental carcinogen, which
has been shown to be toxic to mammalian cells grown in culture (4,7,3).

This cytotoxic response is dependent upon the metaboiism of BaP by aryl
hydrocarbon hydroxylase. The hydroxylase enzyme system is induced by the
hydrocarbon, ahd convekts the pafent hydrocarbon into more 6xidised
derivatives (4). BaP has also been observed to-cause the ma]ignant
transformation of cu1turedice11s (3), and the covalent attachment of BaP
metabolites to cellular macromo]ecules has been reported (13). A1l of

these processes are dependent on the generation of reaetive deriQatiVes in the
course of enZymic oxidation of BaP (7,8).

Recently, a mouse liver epithelial cell strain (NMuLi) has been described
which is highly sensitive to the cytotoxic action of BaP (1).. In addition, a
derivative of NMuLi, NMulLi-BaP, was ée]ectéd on. the basis of its resistance
to BaP cytotoxicity. This resistant derivative Has a 10-fold decrease 1n.the»
inducibility of the aryl hydrocarbon hydroxylase relative to the parent NMulLi.
This Toss of sensitivity of NMuli-BaP may be due to the failure of BaP to
induce ‘an active hydroxylase, or the resistant cells may fail to accumulate
BaP te levels necessary fof enzyme induction.

In these experiments we have investigated the accumulation of BaP by
these related sensitive and resistant cells, in the hope of identifyfng causes

of the difference in response to BaP cytotoxicity.
MATERTALS AND METHOUS

Cell Culture

The growth and properties of NMuli and NMulLi-BaP have been described

previously (1,10,12). Both cell strains were maintained and passaged in 100 mm



plastic dishes (Falcon Plastics, Oxnard, California) and incubated at 37°
under an atmosphere of 5% ¢02/95% air. The cells were grown in modified
Eagles's medium (14), containing 10% fetal calf serum (Grand Island Biological
Co., Grand Ié]and, New York) and 10 pg/ml insulin. The cells were transferred
- every seven days by removal from the dishes with 0.05% trypsin (]:250;‘Difco,
Detroit, Michigan) in 25 mM Trisvbuffer, pH 7.4, containing 140 mM NaCl,

5 mM KC1 and 0.7 nM Na2HP04 (isotonic Tris Buffer). The seeding density was

1710 of the saturetion density.

Flow microfluorometry

The amount of.BaP per individual cell was quantified'by measufing the
amount of fluorescence per cell using flow microfluorometry (FMF). The
FMF technique was also used to determine the amount of DNA per cell after
mithryamycin staining. This technique has been described previously (2,6).
Briéf]y, the cells were passed individua]1y through fhe beam of an argon-ion
-1aser (Spectra-Physics, Mountain View,‘Ca1ifornia) tuned to an appropriate
wavelength for excitafion of the fluorophore of interest (363 nm for BaP,
457 nm for mithramycin). The pulse of fluorescence emitted was filtered to.
reduce scattered light, and detectéd by a photomultiplier tube positioned at
right angles to the laser beam.” The resulting signal is amplified electronically,
and recorded in the memory of a pulse height ana]yéer (Northern Scientific,
Middletown, Wisconsin). The data in the form of a histogram was stored on
magnetic tépe and processed by a_program written for a Sigma 2 computer (Xerox,

Rochester, New York).

Epithelial cell strains grow with a patchy morphology making precise
reproduction of cell counts per dish difficult. In order to make the deter-

_ minatidn of the amount of BaP accumulated per cell as accurate as possible,
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we divised a technique toAdetermine the cell count and Tevels of BaP

simul taneously.

3

- The cells to be used ﬁn'the experiment were prelabeled with “H--

thymidine by plating 3 x 105 cells in 100 mm dishes with medium containing

- 0.05 pCi/ml 3H-thymidine, After:six days, the cells were rep]ated at

5

1 x 107 cells in 35 mm dishes with medium containing 0.05 uCi/m] 3He

thymidine. Each dish contained two sterile coverslips. After 24 hrs,
14

y-1%cBap was added to a final concentration of 0.1 uCi/ml (1 pg/ml), as a

solution in 10 u].of DMSO (final concentration equals 0.50%. After exposure
~ to the BaP, the coverslips with cells attached were washed twice with
isdtbnic Tris buffer and fixed for 24 hrs in 3.7% formaldehyde solution

containing 0.1 M NaCl and 0.1 M Na SO4. In addition to killing the cells,

2
this treatment allows thymidine which has not been incorporated into macro-

molecules, but merely entered the metabolic pool, to diffuse out of the cell.
The amount of 3 detected is therefore a measure of the amount of DNA in

the sample, and thus the number of cells. This procedure does not signifi-

14

cant]y alter the amount of ''C-BaP per cell, as estimated by comparison of

fixed and unfixed cell samples.

The amount of ]4C-BaP'pér cell was measured as the ratio between counts

14 3

per minute of ~'C and “H detected, converting the 3H values to cell number

by an independent determination of the amount of 3H-thymidine per cell.

14 3

The change in the ratio of ''C to “H with time reflects the uptake of Tabel

by the cells. By assuming that this curve represents a single exponential,

the asymptote(r_) may be estimated as:

2 .
r., - rarc

r_o= b oec
2ry = (ry +r.)
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where Fas Tps and re represent equally spaced.points taken from the curve.
Having.obtained this value, the rate constant of the exponential uptake
curve may be obtained by plotting In(r_/r_ - rt)) versus time. The ry in
this equation is the value of r at any time, t. The slope of‘this line
represents the firstQQrder rate constant;’ It should be noted that this
ana]ysig may only be applied over the first.70% of the curve, since after
this point the error in the logarithmic rafio becomes very large for a small

error in the r,orr The success of this analysis does not prove that the

£
curve representé a true first-order kinetic process. It may be possible to-
fit the curve equally well by certain other equations, and also there may be

other factors which are not important under pseudo-first order conditions.

Radioactivity Measurements
A1l samples for radioactivity measurements were burnt in a Packard

14 ith

Model 306 sample oxidiser, providing separate sampling of 3H‘and
less than 1% cross contamination between samples or channels. The samples

were counted in a Packard Model 2450 scintillation counter. Sample recovery
and counting efficiency were measured by ca]ibfatioh with toluene standards,

using an external standardization ratio to assess sample quenching individually.

Radioisotopes

The u-14

C-BaP (21 mCi/mM) was obtained from Amersham/Searle (Arlington
Heights, I11.). The purity was estimated by thin layer chromatography on
silica plates with benzene-ethanol (19:1) as solvent. In the autoradiogram
of the plate the main aréa-of activity corresponded to the only visible
fluorescent spot. This spot had the same r.f. as an authentic BaP standard.

When the spot, the origin and the area of track other than the spot were |

scraped off the p]ate‘and radioactivity neasured by scintillation counting,



at least 99% of the total counts were in the area of the spot. The 3H-

thymidine (20.1 Ci/mM) was obtained from New England Nuclear (Boston, Mass.).

RESULTS

14¢_Bap/3H-thymidine ratio with time for

Chart‘] shows the variation in
NMuLi and NMulLi-BaP cells exposed to labeled BaP. The uptake in NMuli is
fair]) rapid, the asymptote of 0.4 being effectively reached within 100 min.
The thaké by NMul.i-BaP was veryvsjmi]ar although thé particular va]ueé of
thevexpdnentia] paraméters vary with cell type (Table 1); In each case a
semi-logarithmic p]of of the ratios measured during the first 10 min of uptake
give a étraight line, as illustrated for NMuli and NMulLi-BaP in Chart 2. The
positive intercept on the "Y" axis of the plot probably represents an error in
the timing of the initial point, since the manipulation of each sample takes
‘a small but finite time during which the cells are exposed to labeled BaP.
Table 1 shows the values of the asymptote and the pseudo-first order rate

constant for the two cell strains studied.

Flow Microfluorometric Analysis of BaP per Cell

BaP shows a fluorescence excitation spectrum with maxima near 390, 370,

and 350 nm, and fluorescence emissfbn maxima néér 410; 430, and 433 nm (9).
These wavelengths vary only slightly depending on the environment of the
fluorophore. This fluorescent property enables thé amognt of -BaP per cell fo‘
be measured using the technique of flow microfluorometry (6). The machine used
in these experiments was able to measure BaP f]uorescence when the laser was
tuned to the 363 nm line, and the emitted light filtered througﬁ Corning 1-64
filter. | |

| Charts 3 and 4 show flow mfcrof]uorometry measurements with NMuli and

CMMuli-BaP cells which weré exposed to Ba? (5 pg/ml) for 1 hr. The hydrocarbon
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was added in acetone and control measurements were made on cells exposed to
the same concentration (0.5%) of aceteone only. Results are presented as
h{stograhs of ccll number for varying DNA or BaP content. In the experiment
shown in Chart 3, DNA content was determined by mithramycin staining. BaP

nad no effect during‘the coursé of these experiments on DNA content or the
prbportfon of cells in any particular part of the cell cycle. However, there
was a difference between NMuli and NMulLi-BaP in the latter respect, NMulLi-BaP
hévingla sfightly higher proportion of cells in Ggﬂ& i.e. cells having twice the
norma] minimum co.plement of DNA.  This difference reflects tﬁe slight]y
diffefent growfh properties of the two strains. Chart 4 shows measurements of
fluorescence from the BaP -contained in the ce]fs. Cell fluorescence in the
ébsence of added taP was weak, and could bnly be measured at very high gain;
it was similar for both cé]] lines. BaP accumulation was very similar for
both cell lines, the NMuLi-BaP cells having a s]ightly higher prOportion of
cells with a highef BaP content, as measuféd by fluorescence. The‘position

of the mode channel of the NMulLi-BaP population was sTightly higher than that

of NMuli.
DISCUSSION

Both NMuli and NMuli-BaP abcumu]ated BaP wnen exposed to this material
in the medium, at rates which are the comparable w%thin the accuracy of the
measurement. However, the saturation level ofABaP per cell is higher in
NMuLi-BaP. The avefage value of this parameter measured by the radioactivity
method is 2.75 timez greater for NMuLi-BaP, although the exact degree of
difference may be uncertain due to inaccuracies of the various measurements,
particularly the cell number calibration with tritium labeling. The FMF

measurements also show an increase in the amount of BaP per cell in the



population of NMuLi-BaP. The mode of the BaP content distribution as well as
the proportion of cells having é BaP content greater tﬁan the mode is higher
for NMuLi-BaP. |

The-ana]yéis of DNA content by FMF enables thesé observations to be
explained. In.both NMuLi and NMuLi-BaP the majority of cells are {h G].
However, NMuLi—BaP is seen to have a gfeater proportion of cells with a
doubie comp]emeht of DNA; i.e., in the 62 phase of fhe cell cycle, or in the
process of mitosis. Since G2 and mitotic cells nave a larger volume than
cells in other pairts of the cell éyc]e, the amount of BaP accumulated by
these cells shouid be greater. Therefore, the increased amount of BaP‘taken
up by popu]afionsbof NMulLi-BaP is due at 1east.in part fo a redistribution
of cells in the cell cycle. However, as seen in Fig. 4, the mode of the BaP
content distribution of NMuLi-BaP is slightly greater than for NMuLi. Th{s
increase in BaP per cell in the resistant population may be due to the inability
of the cell to metabolize and get rid of the hydrocarbon, or may be due to a
difference in volume of cells. ;

It is clear from these studies that the observed 10-fold reduction in
~enzyme inducibility (1) is not due to the inability of BaP to accumulate in
NMuLi-BaP. In fact, the level of BaP in NMulLi-BaP is higher than for NHuL 3 .
Acéumu]ation of BaP by these cells is a passive process; the rate is constant,
and probably limited by diffusion, while the saturation ]évg] probably depends
on cell size rather than cell type. Furthermdre,'the rate of accumu}atipn is
not dependent on the availability of ATP (AGS, unpublished observations). This
leads us to suggest that,at least in these popﬁ]ations,ce]]s showing resistance
to BaP do so generally as.a result of alterations in strdctura] or regulatory
genes of enzymes involved jn BaP metabq]ism (11), rather than changes in

transport of the hydrocarbon.
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TABLE 1

Accumulation of ]4C—Bemzo[a]pyrene* by NMuLi and NMuli-BaP

K r

1 w
Cell Line o - moles BaP/cell/min moles BaP/cell
NMuL 1 | 0.35 x 10°1° 1.70 x 10°1°
NMuLi-BaP - ' 0.24 x 1071° 3.87 X 1071°

* ]4C—benzo[a]pyrene was at a concentration of 1 ng/ml.
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Chart 3
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* LEGENDS TO CHARTS

Accumulation of 140-Bap by mouse liver epithelial cells. e,
NMuLi; o, NMuli-BaP. Cells were exposed to 1 ug/ml ]4C~BaP, after
prelabeling with 3H—thymidine. The ratio ]40/3H is a measure .

3

of the BaP level per cell. The extent of °H 1abe1ing of the

two ce]l.labe]ihg of the two cell lines was similar but not identical.

ACCUmu1ation'of‘]4C—BaP by mouse liver epithelial cells, ana]yzed
as pseudo-first order rate process. o, NMuLi; o, NMuLi-BaP. The

lines drawn are. linear regression calculated from the date points.

Histogram of ce]llnumber for varying DNA content for populations
of mouse 1iver'¢pjthelia1 cells. Thé measurements were made

by FMF, using mithramycin staining. Cell popuJatfons are MMuli
and NMulLi-BaP, exposed to 5 ug/ml BaP for 1 houf, and control

(acetone).

Histogram of cell number for varying BaP fliorescence. Cells
were NMuLi and NMuli-BaP, eXposed to 5 ug/ml BaP for 1 hour,

éfter which f]dorescence was measured by FMF. Control populations

~were exposed to acetone only: the fluorescence was measured

at a gain of 100 in these cases. BaP fluorescence was neasured

at a gain of 50.
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