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ABSTRACT

The mouse embryo fibroblast cell line, C3H nil1- CIS, was studied

as an in vitro experimental model to investigate the mechanism and
specificity behind the modulation of carcinogenesis by dietary lipid. The
cells were grown in medium supplemented with 95 /At stÃ©arate,linoleate,
or palmitate as fatty acid/albumin complexes, during which time they
maintained normal growth and morphology characteristics. After 5 days
of supplementation total cellular lipid fatty acid was enriched in the
supplemented fatty acid. By Day 40, however, fatty acid profiles of all
groups were the same. Cellular uptake and utilization of l4C-radiolabeled

fatty acids were measured. Within 24 h of supplementation, label was
incorporated into cholesterol and diglycerides, cholesterol ester, alkyldi-
acylglycerols, and phospholipids. Approximately half of the radiolabel
was found in phosphatidylcholine. Supplementation significantly in
creased the rate of benzo(a)pyrene metabolism, but did not affect DNA
modification by benzo(a)pyrene. Phorbol dibutyrate binding to C3H
lOT'/j cells at 4Â°Cwas modified by lipid supplementation. At V7"<' and
23Â°C,phorbol dibutyrate binding was characterized by both high- and
low-affinity sites for linoleate- and stearate-supplemented cells. At 4Â°C
high-affinity binding was absent in stÃ©arate-and palmitate-supplemented
cells, but was maintained in linoleate-supplemented cells. These studies
suggest that the unsaturated fatty acid content of the diet may not
significantly affect the initiation stage of benzo(a)pyrene carcinogenesis
but may instead affect promotion. One possible mechanism for this could
involve changes in the lipid microenvironment of membrane receptors
involved in tumor promotion.

INTRODUCTION

For over 2 decades, it has been observed that populations
with diets high in fat have an elevated incidence of breast and
colon cancer over that of populations with diets lower in total
fat (1-8). International comparisons have shown that the
amount of total fat and animal fat available in the diet has
displayed a strong positive correlation with cancer of the colon,
breast, prostate, ovary, and endometrium (1, 7, 9, 10). After
reviewing over two dozen epidemiolÃ³gica! studies, the Com
mittee on Nutrition and Cancer has recommended increasing
the proportion of cereal, fruits, and vegetables (rich in fiber)
eaten, while decreasing the intake of foods rich in fat in order
to decrease the risk of specific cancers (11).

The mechanism of the influence of dietary lipid on cancer
incidence is unclear and may occur either through changes in
initiation of target cells (via modulation of carcinogen metab
olism, for example) or during the phenotypic expression of
initiated cells.

Dietary fatty acid composition has been shown to affect the
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metabolism of a precarcinogen, BP4 (12-15). In theory, changes

in the production of reactive metabolites of BP would be ex
pected to correlate with altered levels of DNA modification by
BP and thus with the number of initiated cells.

The effect of dietary fat on tumorigenesis in experimental
animals appears to occur at the promotional level rather than
at the initiation stages (16-20). High-fat diets, in the presence
of approximately 2.5% PUFA or linoleate, enhanced mammary
tumor formation in rats when fed after carcinogen treatment
but not when it was fed only before treatment (20). Specific
fatty acids may be acting as tumor promoters themselves or
may modulate the binding of other tumor-promoting com
pounds via the effect of fatty acid composition on membranes.

We were interested, therefore, in examining the role of satu
rated and unsaturated fatty acids on BP metabolism and DNA
modification, as well as tumor promoter activity in an in vitro
model. The mouse fibroblast cell line, C3H lOT'/z CIS, has been

shown to metabolize BP into products which bind to DNA, to
be malignantly transformed by BP, and to bind and respond to
phorbol ester tumor promoters (21-25). The present study was
designed to examine fatty acid supplementation in the C3H
10T'/2 cell line in order to clarify the role of lipids in carcino

genesis and to find possible explanations for the apparent
contradiction between studies which have indicated that dietary
fat can modify reactions occurring during initiation (BP metab
olism), and work which has demonstrated a role for dietary fat
only during the promotion stage.

The specific goals were 3-fold: (a) to modify cellular fatty
acid composition in such a way that growth and morphology
were not altered; (/)) to treat the cells with BP and examine
changes in metabolism and DNA modification; and (c) to
determine if cells supplemented with an unsaturated fatty acid
would bind a tumor-promoting compound (PDBu) differently
from cells supplemented with a saturated fatty acid.

MATERIALS AND METHODS

Cell Culture. Mouse fibroblast C3H 101': CIS cells, originally ob

tained from C. Heidelberger and used from passages 8 to 13, were
grown on 35-, 60-, and 90-mm plastic tissue culture plates (Nunclon,
Denmark). Cells were maintained at 37*C in a humidified atmosphere

containing 5% CO2:95% air.
Cells were free of Mycoplasma contaminants as determined by the

method described by Russell et al. (26). DMEM (Gioco, Grand Island,
NY) was supplemented with 10% calf serum (Lot 29131114 or
29131117; Flow Labs., Maclean, VA), penicillin (100 units/ml), and
streptomycin (100 /ig/ml).

Fatty acids and fatty acid-free bovine serum albumin were obtained
from Sigma Chemical Company, St. Louis, MO. Fatty acids were
checked for purity by GLC, and the albumin was extracted and deter-

4The abbreviations used are: BP, benzo(a)pyrene; BPDE, benzo(a)pyrene dial
epoxide; PDBu, phorbol dibutyrate; DMEM, Dulbecco's modified Eagle's growth
medium; GLC, gas liquid chromatography; PBS, phosphate-buffered saline; TLC,
thin-layer chromatography; HPLC, high-performance liquid chromatography;
ANOVA, one-way analysis of variance; PUFA, polyunsaturated fatty acids; PKC,
protein kinase C. Fatty acids are designated by their common names (stÃ©arate,
linoleate, and palmitate) and by the shortened chemical formula name; length of
carbon chain: number of double bonds (18:0, 18:2, 16:0).

2385

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/9/2385/2431177/cr0470092385.pdf by guest on 19 M

ay 2023



LIPID EFFECTS ON BP METABOLISM AND PHORBOL ESTER BINDING IN VITRO

mined to have negligible fatty acid contamination by the fatty acid
analysis methodology described below.

Fatty acids were added to the growth medium as albumin complexes
by a modification of the method described by McGee (27). Potassium
salts of the fatty acids were made by adding KOH in ethanol (25 mg/
ml), rather than water, to a 20 HIMsolution of fatty acid in hexane.

Lipid Analysis. After washing 3 times with ice-cold < a'' MK" trÂ«-

PBS, cells were harvested by scraping with a rubber policeman. Cells
were pelleted and resuspended in ice-cold PBS. Total lipids were
extracted by a modification of the method of Folch et al. (28). The cell
suspension was thoroughly mixed with 20 volumes of ( IK I,:( 11,<>l1
(2:1, v/v), filtered, and reextracted with 10 more volumes. To separate
the two phases, 0.2 volumes of 110 IHM KC1 were added, and the
mixture was centrifuged. The chloroform layer was removed, filtered
through prewashed phase-separating filter paper (Whatman), evapo
rated to dryness under a stream of V-. and placed in a vacuum until a
constant weight was obtained.

Lipid classes were separated using a one-dimensional, two-solvent
system TLC on Silica Gel G plates from Merck, Germany (29). Plates
were activated and then washed with both solvent systems before use.
Plates were developed by ascending chromatography up to 8 cm from
the top in Solvent System I (chloroform:methanol:acetic acid:formic
acid:water, 82:35:1.4:4.7:2.3). They were then dried and developed 1
cm from the top in Solvent II. Solvent II was modified to hexane:diethyl
etheracetic acid (70:30:1). Lipid spots were visualized by either expos
ing plates to iodine vapor or spraying with a 3% cupric acetate:8%
orthophosphoric acid solution and charring, and they were identified
by comparison with authentic standards (Supelco, Bellefonte, PA).
Samples were also separated in an additional solvent system of hex-
ane:diethyl ethenacetic acid (90:10:1) in order to differentiate alkyl-
methyl esters from alkyldiacylglycerols. Hexadecyldipalmitoylglycerol
was a generous gift from F. Snyder, Oak Ridge, TN.

Cholesterol was quantitated by the method of Chiamori and Henry
(30). Phospholipid was quantitated by a modification of the method
described by Ames (31) in which samples were washed in 10%
Mg(NO3)2 in ethanol. HCI (0.5 N) was added, and the sample was
heated in a boiling water bath for 15 min. The cooled solution was
incubated with one part 10% ascorbic acid and six parts 0.42% am
monium molybdate in l N H2SO4, and the absorbance at 820 nm was
determined after incubation for l h at 37*C. To obtain an accurate ratio

of phospholipid to cholesterol, triplicate aliquots for both assays were
taken and analyzed in parallel.

To ascertain whether fatty acids were incorporated into cellular lipids
rather than simply hydrophobically bound to the cell exterior, radiola
beled fatty acids were supplemented in some experiments. [MC]Stearate,

linoleate, and palmitate (Amersham, Arlington Heights, IL) were bound
to albumin as described above for unlabeled fatty acids and added to
growth medium. Cells were grown for 24 h in medium containing 95
/IM labeled fatty acids, and then they were extracted and analyzed as
described above. Lipid classes of radiolabeled samples were detected by
autoradiography. Kodak XAR film was exposed to TLC plates in the
presence of an intensifying screen for 24 h at -70Â°C. The relative

amount of label in each spot was determined by scraping the corre
sponding area from the TLC plate into Hydrofluor scintillation count
ing fluid (National Diagnostics, Somerville, NJ) and counting in an
I,KB Model 1215 Rackbeta scintillation counter with an efficiency of
40%.

The weight percentage of cellular fatty acids as their methyl esters
(32) in each sample was determined on a VarÃanGLC with a glass
column packed with 10% SP-2330 on 100/120 Chromosorb W AW
from Supelco. The carrier gas used was helium at 20 ml/min. Injection
port temperature was 215*C, and the initial oven temperature was
maintained at 165"C for 15 min, then programmed to rise 2'C/min to
195*C, and held at the final temperature for 20 min. The area under

the curve was calculated from the GLC traces using a triangulation
program written for the Hewlett-Packard Model 9845 C desktop com
puter/plotter.

Benzo(a)pyrene Metabolism and DNA Binding. | 'I I |MI' was obtained

from Amersham (25 Ci/mmol) or New England Nuclear (52.9 Ci/
mmol). Both labeled and unlabeled BP were analyzed by HPLC and

found to be greater than 97% pure. Separation and identification of BP
and its metabolites were achieved using a DuPont Zorbax octadecyl
sitate column (25 cm x 4.6 mm) at 50V with a methanohwater gradient
of 45 to 95% over 100 min. (Exponent 2) and a flow of 1 ml/min.
Column effluent was collected directly into scintillation vials (Sarstedt,
Princeton, NJ) at I -min intervals, mixed with 10 ml Hydrofluor, and
counted. Standards of BP metabolites were provided through the Na
tional Cancer Institute repository, Midwest Research.

BP:DNA adducts were identified by HPLC as described by Brown et
al. (33), with a 35 to 60% methanohwater gradient over 100 min at
50'C.

Cells used to examine BP metabolism and BP modification of DNA
were plated at 10s cells/90-mm tissue culture dish in the appropriate
medium and fed on Day 4. [3H]BP was added to fresh medium (100

Â«(i/plaic. l Â¡Â¡gBP/ml medium) on Day 5, and the medium was then
used to treat the cells. Aliquots of the medium were taken at various
times for comparison of metabolite production between lipid groups.
All manipulations involving BP were carried out under yellow light.
Samples of medium were extracted twice with ethyl acetate:acetone
(2:1), and the ethyl acetate layer was evaporated to dryness under a
stream of iV. The samples were resuspended in 100 ^1 of methanol,
and an aliquot was injected onto the HPLC column in order to separate
the organic soluble metabolites. The aqueous layer was mixed with 10
ml of Hydrofluor and counted.

Samples of medium were taken from five plates of cells for each
supplement group in order to calculate the average and SD values for
both organic and water-soluble metabolites. ANOVA was used to detect
whether differences existed between group means.

Cells were washed with PBS and harvested for DNA analysis 24 h
after [3H]BP treatment. Isolation and identification of BP modified

deoxyribonucleosides were achieved by the method described by Brown
et al. (33).

PDBu Binding Experiments. Cells were plated at II)4 cells/60-mm

plate in specific medium on Day 0. On Day 3, cells were refed, and on
Day 4, when cells were just subconfluent, binding experiments were
performed following the protocol outlined by Horowitz et al. (34, 35).
The specific activity of the PDBu was 12.3 Ci/mmol. Data are expressed
as specific binding, which was obtained by subtracting nonspecific
binding (determined in parallel dishes treated with 20 MMunlabeled
PDBu) from total binding. All data points were obtained from triplicate
sets of dishes.

A Scatchard analysis of appropriate data was performed using the
computer program LIGAND, which provides a curve-fitting algorithm
using least-squares estimates to determine binding parameters (36).
The values input for the concentration of free ligand were those which
were experimentally derived, rather than theoretical values.

RESULTS

To determine an appropriate concentration of fatty acid
supplementation for this cell line, lipid analysis was performed
on cells grown for 5 days in albumin control or fatty acid
supplement concentrations ranging from 35 to 125 nM. On Day
0, cells were harvested by trypsinization from plates grown in
unsupplemented medium and plated in experimental medium
at a density of 160 cells/cm2. Cells were refed with the appro

priate medium on Day 4. Supplementation with 80 /JM fatty
acid resulted in 1.3- to 2-fold increases in the supplemented
fatty acid. Two- to 4-fold increases in the percentage of cellular
18:2,18:0, or 16:0 were found at 125 /Â¿Msupplementation. For
this reason, it was necessary to assess effects on growth and
morphology for supplement concentrations of 80 to 125 MM.

The growth curves shown in Fig. 1 demonstrate that 80 and
95 fiM palmitate, stÃ©arate,or linoleate does not inhibit or
stimulate cell division or affect density at confluence as com
pared to albumin control. The highest level to have no effect
on growth was 95 A/M.since 125 pM linoleate increased con
fluent density and plating efficiency, and 125 UMsaturated fatty
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Fig. 1. Cell growth in the presence of fatty acids. C3H lOT'/j cells were plated
at approximately 160 cells/cm2 in eight media containing either no supplement
(DMEM 10), 95 /IM or 80 /IM albumin, or fatty acid. At various intervals cells
were harvested, and cell number per dish was counted as described in "Materials
and Methods."

acids decreased those values as compared to albumin control.
Lipid Composition. The C3H IO I V: transformation assay is

performed by treating cells with a carcinogen such as BP,
maintaining the cells in the presence or absence of a tumor
promoter, and scoring the plates after 6 wk for foci development
(22, 23, 37). Therefore, the fatty acid profile was determined
for time points up to 6 wk for cells supplemented with fatty
acids or albumin.

Each datum point shown in Table 1 represents data from one
whole cell lipid extract from cells grown in the specified me
dium. Variation in cellular percentages of 16:0, 18:0, 18:1,
18:2, 20:4, and 22:6 was not greater than 5% for triplicate
batches of cells grown, harvested, extracted, methylated, and
analyzed by GLC.

As is evident in Table 1, supplementation of C3H lOT'/i cells

with 95 /IM 16:0, 18:0, or 18:2 resulted in dramatic cellular
increases of the supplemental fatty acid. By Day 3 cells grown
in 16:0 medium showed a rapid increase in 16:0 content to
levels twice that of the other groups. The increase in percentage
of 16:0 was also observed on Days 5 and 9, but on Day 40, the
16:0 levels of all groups were the same, despite continued
supplementation.

Supplementation with 18:0 resulted in increases of cellular
18:0 in a manner similar to that described for 16:0 supplemen
tations (Table 1). The greatest changes were again seen during
the first week of supplementation.

During the first week, levels of 18:1 were highest in cells
supplemented with 18:0. On Day 5, for example, the percentage
of total fatty acids as 18:1 in the 18:0-supplementcd group was
approximately twice that seen in the 18:2 and 16:0 groups.

18:2-supplemented cells contained between 2 and 4 times the

percentage of 18:2 found in the other groups during the first 9
days, but the differences decreased by Day 40.

In an additional experiment (data not shown) cells were
grown in albumin or a fatty acid supplement for 5 days and
then switched from supplemented medium to albumin control,
or from albumin to a fatty acid supplement. Comparable fatty
acid profiles on Day 5 were the same as Day 5 values shown
above. Twenty-four h after refeeding cells grown in albumin
with a fatty acid supplement, the cellular fatty acid profiles
were characteristic of the fresh medium. The group switched to
16:0 increased its 16:0 content from 18 to 29%, the group
switched to 18:0 increased its 18:0 content from 17 to 30%,
and the group switched to 18:2 increased its 18:2 from 5.5 to
17%. Cells switched from fatty acid-supplemented medium to
albumin control showed a return to control values within 4
days.

Radiolabled fatty acids were supplemented for 24 h in order

Table 1 Effect of fatty acid supplementation and time on total fatty acid profile in C3H lOTVicells
C3H lOT'/z cells were replated from cells grown in albumin (Day 0) into medium containing 95 /IMlinoleate (18:2), stÃ©arate(18:0), or palmitate (16:0). Cells were

harvested at the indicated times. Lipid was extracted with chloroform:methanol and methylated, and total fatty acids were analyzed by GLC as described in "Materials
and Methods." Values shown represent the percentage by weight of a particular fatty acid found in the total fatty acid profile from the indicated supplementation

group.

Fatty acid supplement

Day3Cellularfattyacid16:016:118:018:118:220:422:6OtherDayO,albumin16.5A14.713.84.618.326.16.0Albumincontrolgroup'

18:214.316.97.512.822.919.46.018:011.626.011.

15.626.912.16.616:022.51.110.78.53.625.921.36.3Albumincontrolgroup152.916.816.46.518.815.38.0DayS18:213.71.017.69.618.516.412.011.018:011.40.827.019.310.814.38.27.916:026.63.811.29.87.514.89.715.8

Fatty acid supplement

Day916:0

16:1
18:0
18:1
18:2
20:4
22:6
OtherAlbumin

control
group17.4

2.1
23.3
15.0
4.7

20.7
12.4
4.318:214.3

0.9
20.7

9.4
6.5

21.1
11.7
5.018:012.426.9

11.2
6.8

24.8
13.2
4.516:024.4

1.7
18.3
8.6
7.0

23.3
9.8
6.7Albumin

control
group16.423.4

10.7
2.8

28.0
10.4
8.3Day

4018:215.124.9

7.0
4.9

30.5
11.8
5.918:013.527.9

6.2
2.5

34.8
9.7
5.416:016.325.0

8.1
2.6

28.6
12.1
7.4

* Sample was lost when vial broke.
* â€”,fatty acid below level of detection.
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to ascertain whether the exogenous free fatty acids were being
incorporated into cellular lipids or were just noncovalently
associated with the plasma membrane.

It was evident (Table 2) that 16:0, 18:0, and 18:2, when
supplemented as fatty acid:albumin complexes, were in the
phospholipids (44 to 57% of incorporated label), cholesterol or
diglycerides (8 to 14% of incorporated label), and triglycÃ©rides
(8 to 24% of incorporated label). Only 1 to 6.2% remained as
free fatty acids. The rate of fatty acid incorporation was not
significantly affected by the identity of the fatty acid. Table 2
also reflects the relative distribution of label incorporation by
each group. All three groups had similar percentages of label
found in phosphatidylcholine and phosphatidylethanolamine.
Label found as lysophosphatidylcholine or cholesterol ester in
18:2-supplemented cells was 50% less than that found in the
saturated groups. The 18:0-supplemented cells had the highest
percentage of label as free fatty acid, while the 18:2 group had
at least twice the percentage of label as triglycÃ©ridesthan did
the other two groups.

There were no significant differences in the ratio of total
cellular concentration of cholesterol to phospholipid in any
sample examined by colorometric methods. The average ratio
of phospholipid to cholesterol was 0.87 Â±0.08 (SD), deter
mined from triplicate measurements at three concentrations of

Table 2 Distribution of'C-fatty acid label incorporation into C3B lOTVicells

at 24 h
C3H lui1- cells were grown in medium supplemented with radiolabeled 14C-

16:0, MC-18:0, or 14C-18:2, for 24 h. The fatty acid concentration was 95 Â»iMwith

a specific activity of 15.8 Ci/mol. Cells were harvested, extracted for total lipids,
and analyzed by TLC Solvent Systems I and II, as described in "Materials and
Methods." Values shown are for the percentage of total radioactivity in the

sample found for the particular lipid class.

Fatty acid supplementa
tion group

LipidclassLysophosphatidylcholine

Phosphatidylcholine
Phosphatidylethanolamine
Free cholesterol and diglycerides
Free fatty acid
TriglycÃ©rides
Alkyldiacylglycerol
Cholesterol esters16:04.0

53.6
15.1
13.4

1.5
8.3
2.8
1.218:03.041.5

20.4
14.0
6.2

10.6
2.6
1.818:21.446.7

16.1
8.7
1.0

24.1
0.9
0.6

lipid extract, performed on six experimentally equivalent
batches of cells.

Benzo(a)pyrene Metabolism. In order to examine the effect
of lipid supplementation on BP metabolism, cells grown in
specific media were treated with [3H]BP, and extracellular

metabolite production was analyzed at 6, 17, and 24 h. Only
unmetabolized BP was found for all groups in the organic phase
either at 0 h or in control plates with no cells. At 6 h, 6 to 9%
of the BP had been metabolized, primarily to the 7,8- and 9,10-
dihydrodiol derivatives.

At 17 h approximately 25% of the 3H label was ethyl acetate
extractable. "Early" metabolites in the organic phase were

highly polar derivatives of BP which were not retained by the
HPLC column. By 17 h and again at 24 h (Fig. 2) there were
significant differences between the groups in the rate of BP
metabolism. The statistical significance indicated by the AN-
OVA was analyzed by a Bonferroni t test and was found to be
due to the differences between albumin and the other three
groups, the former having the most unmetabolized BP and the
least early metabolites. Significant differences were also found
between tetraol and 7,8-dihydrodiol production between
groups.

The ratios of metabolites were essentially the same between
groups. No supplement groups, for example, metabolized BP
to higher levels of 7,8-dihydrodiol than 9,10-dihydrodiol, and
no group produced detectable levels of the 3-hydroxy-BP deriv
ative.

By 24 h, approximately 5 to 20% of the added BP had not
been metabolized, and the albumin group continued to show
the slowest rate of conversion of BP to its products.

DNA modification by BP is highly correlated with the sub
sequent malignant transformation of mammalian cells (38, 39).
For that reason, at 24 h the BP-treated C3H lOT'/z cells were

harvested and assayed for differences between the groups in
terms of both amount of modification and type of adduct
formed (Table 3). There were, in general, greater differences in
the level of adduct formation between separate experiments
than between the lipid supplementation groups. Adduct for
mation was in the range of 32 to 43 adducts per 10" base pairs

for all four groups in three of four experiments. In Experiment
D, which differed from Experiments A to C in serum lot, the

Fig. 2. Effect of fatty acid supplementation
on benzo(a)pyrene metabolism. C3H IOT'/2
cells were grown in control medium supple
mented with 95 I'M linoleate, stÃ©arate,or pal-
mitate for 5 days. Cells were treated with [I4C]

BP at l /ig BP/ml medium for 24 h. after
which time samples were taken from five plates
per medium for analysis as described in "Ma
terials and Methods." *, highly significant dif
ference ( /' < 0.01) between group means, as
determined by ANOVA. Columns, mean; bars,
SD.

Early* Tetrools* 9,10-diol 7,8-diol* QuiÃ±ones

Metabolite
2388

Phenols BColP*

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/9/2385/2431177/cr0470092385.pdf by guest on 19 M

ay 2023



LIPID EFFECTS ON BP METABOLISM AND PHORBOL ESTER BINDING IN VITRO

Table 3 Effect of lipid supplementation on BP:DNA adduci formation
C3H 10T'/2 cells were grown in control medium supplemented with 95 MM

linoleate, stÃ©arate,or palmitate for S days. Cells were treated with | '[ I|UI' at 1 >m

BP/ml medium for 24 h. DNA from five plates per data point was extracted and
analyzed as described in "Materials and Methods."

Medium
supplementAlbumin

Linoleate
StÃ©arate
PalmitateNo.

of adducts/ 10* basepairsA"31.4

42.6, 37.0
42.9, 39.0
33.8B43.0

40.0
33.6
37C35.0

34.8
32
32D17.7

15.0
16.5
17.5

" Experiments A, B, and C were performed using Lot 29131114 serum and

Experiment D using Lot 29131117.

. 12

. 1

U_ -OB

\
00 .O6

.04

.02

O

.24

.2

Ã¼_â€¢16

CD . 12

.08

. O4

2.5 7.5 IO

B

2.5 5 7.5 IO 12.5

Bound (pMoles/106 cells)
15

to 4.4 x IO7 M 'for the stÃ©arategroup. Maximum binding to
high-affinity sites ranged from 2.5 pinol/10" cells in the stÃ©arate
group to 3.8 pmol/106 cells in the linoleate group. Binding to
low-affinity sites in both groups was calculated to have an
association constant of 2.8 x IO6with maximum binding of 22
pmol/106 cells.

To maximize any effects of unsaturated versus saturated lipid,
binding assays were performed at 4Â°C.A time course of binding
at 4Â°Cin the presence of 25 nM [3H]PDBu is shown in Fig. 4.

At all time points cells grown in linoleate bound more PDBu
than cells grown in stÃ©arate.Equilibrium was reached by ap
proximately 60 to 90 min. In replicate experiments, binding for
linoleate and stÃ©arateequilibrated at 90 min, at 1.4 pmol and
0.9 pmol PDBu/106 cells, respectively.

Concentration curves for binding performed at 4Â°Care shown
in Fig. 5. A Scatchard analysis plotted for data at 4Â°Cfrom two

separate experiments is shown in Fig. 6. Binding parameters
obtained using the LIGAND program are shown in Table 4. It
was found that a two-site model best fit the data obtained from
linoleate-supplemented cells, and a linear one-site model best
fit the values obtained from the cells grown in saturated fatty
acid. The dissociation constants (Ad) for the two saturated
groups were identical and higher than the A,, for the linoleatelow-affinity site. The A"dfor the high-affinity site was approxi

mately one order of magnitude smaller than the low-affinity
sites.

DISCUSSION

EpidemiolÃ³gica! evidence has suggested a strong link between
high dietary fat, animal-derived saturated fat, and cancer of the

16

Ã• 14

12

IO
Fig. 3. Scatchard analysis of specific [3H]PDBu binding at 37'C. C3H lOT'/z

cells were grown for 5 days in medium supplemented with 95 MMlinoleate (A) or
stÃ©arate(B). Specific PDBu binding at 37'C was determined for PDBu concen
trations of 2 nM to 600 nM, as described in "Materials and Methods." Data were
then analyzed by means of a Scatchard plot, lÃ¬I-, bound/free.

adduct level was approximately half, between 15 and 18 adducts
per 106 base pairs.

In addition, there was no difference in the predominant
adducts found in all four groups, as over 85% of the eluted
radioactivity comigrated with the deoxyguanosine-BPDE
standard in all samples (compare Reference 33).

PDBu Binding. PDBu binding was studied in C3H 10T'/2
cells which had been grown in lipid-supplemented medium, in
order to determine if the fatty acids affected either the number
of receptors or their affinity for the ligand. Binding was ana
lyzed at three temperatures, 37Â°,23Â°,and 4Â°C.

The time course of binding for cells supplemented with
linoleate, stÃ©arate,or palmitate at 37Â°and 23Â°Cwas determined
at 25 nM PDBu (data not shown). PDBu bound per IO6cells at
equilibrium (60 min) at 37Â°and 23Â°Cwas not significantly
different between the groups (0.5 pmol Â±0.05/106 cells).

Binding of [3H]PDBu at 37Â°Cto C3H lOTVi cells was deter

mined for concentrations of ligand from 2 to 600 nM, and it
was analyzed by means of a Scatchard plot, as shown in Fig. 3.
Each point represents triplicate determinations which did not
vary more than 10%. At 37Â°Cbinding curves were biphasic for

both linoleate- and stearate-supplemented groups. The associ
ation constants for high-affinity sites obtained from the Scat
chard analysis ranged from 3.9 x IO7M~' for the linoleate group
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Fig. 4. Time course of specific [3H]PDBu binding at 4'C. C3H lOT'/j cells

were grown for 5 days in medium supplemented with 95 nM linoleate (O) or
stÃ©arate(G). Specific binding at 4'C was then determined for each group at 25
nM PDBu as described in "Materials and Methods." Points, mean of data from
triplicate determinants; hur-.. SD.

20 40 60 8O

PDBu Concentration (nM)

10O

Fig. 5. [3H]PDBu binding to C3H lOT'A cells at 4'C. C3H 10T'/Â¡cells were
grown for 5 days in medium supplemented with 95 Â«\ilinoleate ( ), stÃ©arate
( ), or palmitate ( ). Specific binding was then determined from triplicate
cultures, and SD calculated as described in "Materials and Methods."
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Fig. 6. Scatchard analysis of [3H]PDBu binding at 4*C to cells supplemented
with fatty acids. C3H lOT'/i cells were grown for S days in medium supplemented
with 5 nM linoleate, stÃ©arate,or palmitate. Specific binding at 4*C was then

determined for each group at 2 to 120 UMPDBu. A Scatchard analysis was then
performed as described in "Materials and Methods."

Table 4 PDBu binding parametersfrom C3H lOTVicells grown in linoleate,
stÃ©arate,or palmitate

C3H lOTVicells were grown for 5 days in medium supplemented with 95 UM
18:2, 18:0, or 16:0. Specific binding of PDBu at 4 ( was determined, and the
appropriate calculations were performed as described in "Materials and Meth
ods."

18:2Dissociation

con
stantspmol

bound/ 10*

cells (Bmax)High

affinity2.26
xIO-*1.2Low

affinityI.I
XIO"'2.918:04.3 x10-Â«2.916:04.65xIO'*4.88

breast, colon, prostate, ovary, and endometrium. Data obtained
from rodent experiments have correlated high dietary fat in the
presence of a minimum level of unsaturated fatty acids with an
increased risk of mammary tumors. Studies in vivo have indi
cated that dietary fat influences the promotional stage of neo-
plastic transformation or is a promoter itself.

The C3H lOT'/i fibroblast cell line is an established model

with which to identify possible carcinogens and promoters, and
it has been used extensively to examine benzo(a)pyrene metab
olism and carcinogenicity, phorbol ester binding, and other
parameters of tumor promotion. For these reasons, it was of
interest to determine the effects of C3H lOTVi cell growth in
the presence of specific fatty acids on parameters of carcinogen-
esis.

This study demonstrates that it is possible to modify the
cellular lipid composition of C3H 1OT1'.-fibroblast cells without

perturbing cellular integrity and morphology or normal growth
and confluency parameters. The success of the fatty acid mod
ification method used may be due to the fact that it supplies
serum nutrients at a normal level and adds the individual fatty
acids in a physiological manner. Others have reported that
proliferation in at least two other fibroblast cell lines was
inhibited by the level of fatty acid supplement used in the
present study (40, 41).

Linoleate supplementation-induced changes included in
creases in cellular linoleate, decreases in 18:1, increases in total
PUFA, and decreases in total monounsaturates. StÃ©aratesup
plementation induced increases in 18:0 and decreases in 16:1.
Stearate-supplemented cells contained higher 18:1 than other
supplemented cells and showed an increase in total saturates
with a decrease in total PUFA. Palmitate supplementation
resulted in an increase in saturated fatty acid via an increase in
16:0, and 16:1 increased, but monounsaturates were generally
lower than with stÃ©aratesupplementation. In agreement with

previous studies of other cell types, supplemented (or dietary)
fatty acid had no effect on the cholesterohphospholipid ratio
(42, 43).

The levels of two long chain polyunsaturated fatty acids, 20:4
and 22:6, were high in the C3H 101 V:cells compared to cell
lines studied elsewhere (40, 44-46). Mouse LM cell phospho-
lipids have been reported to contain only 6% 20:2 to 20:4 when
grown in fetal calf serum (40), and human fibroblast phospho-
lipids in culture contained 12% 20:4 and 5% 22:6. The mouse
fibroblast cell line BALB/c 3T3 has been shown to have one of
the highest 20:4 levels: 23% of phosphatidylethanolamine fatty
acids (40). Lipid extracts of Harvey sarcoma virus-transformed
3T3 cells and X-ray-transformed C3H lOT'/z cells were ana
lyzed in parallel with the C3H lOT'/z cells studied here and
were found to contain 15% 20:4 and 2 to 4% 22:6.

It was interesting to note that cells were enriched with the
exogenous fatty acid primarily in the first week of supplemen
tation. Similar results have been obtained for human fibroblast
cultures supplemented with sodium salts of fatty acids, in which
cellular lipid modifications occurred within 16 to 24 h of
supplementation and were retained for 2 to 3 days after cessa
tion of supplementation (44).

C3H 10T'/2 cultures supplemented over a longer time period
did not appear to retain a response to the exogenous fatty acid.
This may be due to a decrease in fatty acid or phospholipid
turnover as cells mature or due to an induction of fatty acid
desaturases, transferases, and elongases. Cells may maintain an
optimal level of unsaturation via these mechanisms.

Rodent liver perfusion studies have indicated that dietary
lipid can change the rate at which BP is metabolized (13, 14,
47). Although not investigated in those studies, that change
would imply that BP modification of cellular DNA might also
be affected by dietary lipid. In addition, high dietary fat has
been implicated in elevated tumor incidence. For these reasons,
experiments were designed to determine if exogenously added
lipid would affect BP metabolism and DNA modification in
C3H lOT'/z mouse fibroblasts. Differences in the formation of

BP:DNA adducts would be expected to affect the initiation
stage of BP-induced carcinogenesis and could be examined by
the C3H lOT'/z transformation assay (22,48, 49).

C3H lOT'/z cells, grown in the presence of 95 tiM linoleate,

stÃ©arate,or palmitate, metabolized BP at a significantly differ
ent rate from cells grown in albumin alone (control cells). The
organic soluble metabolite percentages indicated that the lipid
supplemented cells converted BP to its products at a faster rate
than did control cells. At both 17 and 24 h there were statisti
cally significant (P < 0.01) higher percentages of "early" me
tabolites, tetraols, and 7,8-dihydrodiol produced by lipid-sup-
plemented cells and concomitantly lower percentages of BP
than in control cells.

However, it was evident (Table 3) that these differences in
metabolism were insufficient to affect the level of BP adduct
formation. By comparison, a 10- to 12-fold induction of metab
olism has been seen with benzanthracene (24). In addition,
benzanthracene pretreatment has been shown to increase the
production of 3-hydroxy-BP by C3H lOT'/z microsomes 12-

fold (50). In this regard, it was interesting to note that the lot
of serum used affected BP modification of DNA more than
fatty acid supplementation.

Similar to the change seen in the present study, the effect of
dietary lipid typically increases BP metabolism by about 2-fold
(14, 15). This suggests that the C3H lOT'/z cell culture system
is an appropriate model in which to assay biologically signifi-
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cant interactions between extracellular fatty acid supply, BP
metabolism, and BP modification of DNA.

The most intriguing results which have been obtained in the
present series of experiments came from investigations of the
interaction between changes in cellular fatty acid composition
and binding of phorbol ester tumor promoters. At 4Â°Clinoleate-
supplemented cells bound [3H]PDBu in a manner characteristic

of two classes of binding sites. At this temperature, however,
stÃ©arateand palmitate demonstrated binding in a manner con
sistent with the presence of only one, low-affinity, class of sites.

It therefore appears that, under conditions of increased satu
rated fatty acid content and lowered temperatures, high-affinity
sites can be masked or in some way become inaccessible to the
ligand. Other studies have examined the effects of lipid modi
fication on either phorbol ester binding or on phorbol ester-
induced differentiation. It has been demonstrated, for example,
that phorbol ester binding could be altered by the extent of
phospholipid polar head group methylation (51).

Insulin and glucagon receptors have also been shown to be
sensitive to the fatty acyl composition of the plasma membrane.
It has been suggested that there may be a requirement for a
certain degree of lipid order, either for optimal catalytic func
tion or adequate exposure of the active site at the lipid-water
interface (52).

The phorbol ester receptor is believed to be the Ca2+ and

phospholipid-dependent PKC (53). The mechanism for differ
ent binding characteristics in linoleate-supplemented versus
stÃ©arate-supplemented cells can be further investigated in terms
of this specific receptor. The role of specific fatty acids on PKC
activity has been explored in cell-free systems, and direct effects
of fatty acids on PKC activation and [3H]PDBu binding to

partially purified PKC have been demonstrated (54). In partic
ular, unsaturated fatty acids enhanced PKC activity to a greater
extent that saturated fatty acids. By supplementing intact cells
it may be found that a biologically relevant effect of changes in
membrane fatty acid composition is to alter the subcellular
distribution of PKC by disturbing the interaction of PKC with
its membrane lipid environment. Quantitation of PKC and an
analysis of its distribution between membrane and cytosol may
yield important information regarding the effect of the lipid
environment on phorbol ester binding. Previous work with
partially purified PKC suggests that fatty acids, characterized
by their ability or inability to promote mouse skin tumors, can
also be separated by their ability to stimulate PKC activity or
inhibit [3H]PDBu binding (54). The evidence indicated that the

modulation of PKC by fatty acids occurred at an additional site
to the phorbol ester binding site. The information to be gained
from the ability to separate the two types of sites and to perform
experiments in the presence of only one type of binding is
potentially very great. The effects of the phorbol ester tumor
promoters are highly pleiotropic, but it is not known which
responses are related to high- or low-affinity binding, or which
are necessary for the tumor-promoting activity itself.

The apparent transient effect of fatty acid supplementation
on lipid composition might suggest that this could have no
effect upon promotion, which appears to be a process occurring
over relatively long periods of time. However, as the inverse of
the effects of continuous suppression of globin gene expression
and differentiation of Friend erythroleukemia cells by phorbol
esters despite loss of their binding sites by down regulation
(55), the restoration of lipid composition despite continuous
exposure to various supplementations requires metabolic
changes to be maintained by the cells as a result of the lipid
stress which could affect promotion in a number of ways.

From the results of the present study, it appears that the
C3H 10T'/2 cell line may be successfully used to examine the

relationship of membrane lipid composition and phorbol ester
tumor promoter binding characteristics. This will be highly
advantageous, because the same cell line has previously been
used to study the numerous effects of tumor promoters such as
choline release, enhancement of transformation, and changes
in membrane fluidity, as well as properties of the putative
receptor protein and the structure-activity relationship of var
ious classes of tumor promoters (22, 25, 34, 56-58).

These results support in vivo studies which demonstrate that
dietary fatty acids can alter BP metabolism (13,14,47) but also
indirectly complement work indicating that dietary lipid is more
important at the promotional stage of carcinogenesis rather
than at initiation (10, 12, 42, 45, 59). Since BP:DNA adduct
formation has been correlated to tumor initiation (38), one
would predict that, if exogenous fatty acid affects the C3H
10T'/2 cell transformation assay, it would do so during the

promotional stage. The C3H 101 Vj transformation assay was
performed using BP (dimethyl sulfoxide control) as the initiat
ing agent, and lipid supplementation during the initiation stage
only, during the promotion stage only, or during the entire
experiment (data not shown). Lipid supplementation alone did
not increase foci formation. Studies in which supplementation
during promotion was examined using Lot 29131114 serum
indicated that the saturated fatty acids increased the number of
foci. These results could not be reproduced using Lot 29131117
serum, however. This implies that a serum factor which varies
between batches has a stronger influence on foci formation than
individual fatty acids in this assay system. This serum phenom
enon has been reported previously (60) and is further supported
by our finding that BP:DNA adducts are affected by serum
variation but not fatty acids.

It may also be of interest to perform PDBu displacement
studies with compounds such as teleocidin, aplysiatoxin, and
inactive analogues of 12-O-tetradecanoylphorbol-13-acetate in
order to obtain information about which binding sites are
involved in competition.

Finally, it should also be possible to modify the fatty acid
composition of other cell lines used as models for human
carcinogenesis, such as the human epidermal cell line used in
previous studies for PDBu binding, and human keratinocytes.
However, care must be taken in the interpretation of data
obtained in experiments such as these. The response of modified
cells to 12-O-tetradecanoylphorbol-13-acetate may correlate
with changes in receptor binding, but may actually be influenced
by other cellular changes induced by fatty acid supplementation.
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