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ABSTRACT

Previous studies have shown that all-fiwii-retinoic acid fails to inhibit
chemically induced transformation in 1(111/2 cells except at toxic levels,
whereas retino! and many synthetic retinoids are potent inhibitors. In
contrast, in many systems retinoic acid is a more effective modulator of
differentiation and carcinogenesis than is retino!. In an attempt to explain
this anomaly, we have studied the differential metabolism of retinoic acid
and retinol by III 11/2 cells and by their initiated and transformed
derivatives, and have also reexamined these cells for the presence of
retinoid-binding proteins. Whereas retinoic acid was depleted from the
medium bathing 1011/2 and initiated ill 11 2 cells within 48 h of treat
ment, retinol was concentrated 500-fold by these cells, and disappeared
from the culture medium no faster than from cell-free medium. Retinoic
acid metabolism by a number of transformed cell lines varied widely.
There was no apparent correlation between metabolizing ability and
transforming agent (methylcholanthrene, X-rays, fission spectrum neu
trons, and plasmili oncogene transfection). Uptake of retinoic acid was
seen in all cell lines and was not correlated with its metabolism. Retinol
was metabolized minimally by all cell lines tested; metabolism of retinol
was not correlated with retinoic acid metabolizing ability. Retinoic acid-
induced growth inhibition and cytotoxicity were not correlated with
metabolizing ability, suggesting that the rate of metabolism of retinoic
acid is not a major determinant of its acute biological effects. Using
sensitive radioimmunoassays, cellular retinoic acid- (CRABP) and
retinol-binding proteins (CRBP) were both detected in 1(1112 and initi
ated 101 1/2 cells. CRABP levels of about 16 nÂ«10" cells were about 4-

fold higher than CRBP levels. Therefore, lack of CRABP does not explain
the failure of retinoic acid to inhibit carcinogen-induced transformation
in these cells.

These studies suggest that the inability of retinoic acid to inhibit
transformation in the 10T1/2 cell system may be due to its rapid metab
olism and clearance from the medium. On the other hand, the high
cellular uptake and stability of retinol in these cells could be an important
factor in the inhibition of neoplastic transformation by this retinoid.

INTRODUCTION

Retinoids are potent inhibitors of chemical carcinogenesis at
many organ and tissue sites in rodents (1) and appear to offer
real promise as chemopreventive agents in humans (2). They
also suppress carcinogen-induced neoplastic transformation in
cultured 10T1/2 cells (3). This cell line is widely used as an in
vitro model in chemically and physically induced neoplastic
transformation. Its behavior has been found to closely mirror
that of whole animal systems (4). Indeed, the reversibility of
the inhibitory effects of retinyl acetate on the MCA4-induced

transformation of 10T1/2 cells (3), predicted this effect of
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retinoids in vivo (5). This potentially serious drawback to the
clinical use of retinoids is now well recognized. However, one
aspect of the response of 10T1/2 cells to specific retinoids was
inconsistent with other bioassay data (6). In studies of the
structure/activity correlations among various retinoids, all-
trans- and 13-cw-retinoic acids, compounds highly active in

other systems, were found to only inhibit transformation at
highly toxic concentrations, and were without effect, or en
hanced carcinogenesis, at lower concentrations. This was in
contrast to the actions of other natural or synthetic retinoids
which at nontoxic concentrations profoundly inhibited chemical
transformation in 10T1/2 cells (7).

Our initial attempts to understand the reasons for the lack of
chemopreventive activity of retinoic acid in 10T1/2 cells, in
contrast to the potent activity of retinol, focused on whether
this differential sensitivity could be due to the lack of CRABP
and presence of the CRBP. However, using a competitive
protein binding technique, we were unable to detect either
binding protein in 10T1/2 cells (8). Two recent developments
have stimulated us to reopen the question of the anomolous
behavior of retinoic acid in 10T1/2 cells. The production of
antibodies to CRABP and CRBP by Goodman's group, and

their use of radioimmunoassays for the respective proteins (9),
offer the opportunity to measure binding protein levels with a
sensitivity not previously possible. Secondly, Gubler and Sher
man (10) have reported that in some cells retinoic acid can
rapidly induce its own metabolism. Rapid metabolism of reti
noic acid by loi 1 '2 cells could explain its lack of activity at

low doses. Furthermore, the potential production of toxic,
membrane-active metabolites could contribute to the observed
enhancement of carcinogenesis at high doses.

In this paper, we report that retinoic acid is rapidly metabo
lized by 10T1/2 cells and most transformed derivatives, whereas
in contrast, retinol is metabolized only marginally but instead
is extensively concentrated by these cells. Furthermore, the lack
of activity of retinoic acid seems unlikely to be due to the lack
of appropriate binding protein of retinoic acid as CRABP was
detected in 4-fold greater concentrations than CRBP. The
differential activity of these two retinoids may thus be explicable
on pharmacokinetic grounds.

MATERIALS AND METHODS

Cells and Cell Culture

All cell lines used in this investigation were derived from the original
C3H/10T1/2 CL8 line demonstrated by Reznikoff et a/., to be suscep
tible to carcinogen-induced neoplastic transformation (11). The cell
lines and their derivation are listed in Table 1. All cultures were grown
at 37'C in 5% ( O in air in basal medium Eagle's with Earle's salts,

supplemented with 5% fetal calf serum (GIBCO) and 25 Â¿ig/mlgenta-
micin. Cell volumes were determined by use of a Coulter counter.

Retinoic Acid Metabolism

Cultures were seeded at a density of 10* cells/150-mm Petri dish,

allowed to form a monolayer, then treated with 1 uM retinoic acid in
acetone (final acetone concentration, 0.5%). The retinoic acid (Sigma)
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Table 1 Derivation of cell lines used in this study

CelllineC3H/10T1/2CL8(10T1/2)INIT/10T1/2INIT/T10T1/2CL4INIT/T10T1/2CL1T10T1/2MCA58T10TI/2MCA4BT10T1/2

MCA104T10T1/23TOT10Tl/2X-raylTRAL515/XB464

NCB464
NDB464
NFB464
NGB464
TET10T1/2
CC5MTlOTl/2/SplTransforming

agentMCAMCAMCAMCAMCAMCAX-rayX-rayX-rayFission

neutronsFission
neutronsFission
neutronsFission
neutronsFission

neutronsP.EJ*"Spontaneous"

eventDerivation

andsourceC.

A. ReznikofOf a/.(37)10T1/2

Cells. J. S.Bertram(38)INIT/10TI/2

Cells. J. S. Ber
tram(38)INIT/10T1/2

Cells. J. S. Ber
tram(38)10T1/2

Cells. C. A.Reznikoff,et
al.(Il)IOTI/2

Cells.J.S.Bertram(31)10T1/2

Cells. J. S.Bertram(3D10T1/2

Cells. J.S.Bertram(39)10T1/2

Cells. J.S.Bertram(unpublished)10T1/2

Cells. C.Hill010T1/2

Cells. C.Hill1
OT1/2 Cells. C.Hill1
OT1/2 Cells. C.Hill10T

1/2 Cells. C.Hill10T1/2
Cells. C.Hill10T1/2
Cells. S. Yarfitz andJ.S.

Bertram'10T

1/2 Cells.J.S.Bertram(40)

" Dr. Colin Hill, Argonne National Laboratories, Chicago, IL.
* p.EJ, plasmili I J. containing an activated 11ras oncogene.
' S. Yarfitz and J. S. Bertram. Submitted for publication.

was freshly dissolved; all drug additions and sample preparations were
conducted under subdued yellow light and cultures were incubated in
the dark. To serve as a control for nonenzymatic decomposition of
retinoic acid during culture or extraction, drug was also added to Petri
dishes containing culture medium but no cells. After various incubation
times, groups of four dishes/cell line were removed from the incubator,
1 ml aliquots of medium removed, pooled, and immediately frozen
under V in sealed plastic vials. The cell monolayers were rapidly
washed with 2 x 10 ml of PBS (0.8% NaCl, 0.115% Na2HPO4, 0.02%
KHzPO^HzO, 0.02% KC1, w/v), then the cell sheets were detached
with 2 ml 1 HIMEDTA. Cells from each of the four dishes were pooled
and centrifuged, the pellet was rapidly washed with 10 ml PBS, recen-
trifuged and frozen under \ â€¢at â€”20Â°.At these same time points aliquots

of medium incubated in the absence of cells were also removed and
frozen. These samples were packed in dry ice within 2 weeks of
collection and flown to Nutley for analysis. In studies examining the
extended time course of metabolism of both retinoids, samples were
collected as described and analyzed in Honolulu. In general, excellent
agreement for retinoic acid metabolism was noted between laboratories.

High Performance Liquid Chromatography

Extraction of retinoids and HPLC were carried out by the method
of McClean et al. (12) with modification. Cell pellets suspended in PBS
or equal volumes of medium (0.5 ml), were extracted with 400 n\ of n-
butanohacetonitrile (1:1) containing 0.5 Mg/ml retinyl acetate as inter
nal standard. The organic component was separated by addition of 0.3
ml saturated k-Ill'<)4 and 40 ^I aliquots were chromatographed. A
reversed-phase Zorbax ODS (Nutley), or Spherisorb ODS-2 (Hono
lulu), column was eluted with acetonitrile:water (80:20) containing 0.01
M ammonium acetate, or with acetonitrile: 1% aqueous ammonium
acetate (85:15), respectively. Concentrations of extracted retinol and
retinoic acid were quantitated by their peak areas relative to the internal
standard peak area and referenced to standard curves of authentic
retinol and retinoic acid. Percentage of recoveries of extracted retinol,
retinoic acid, and retinyl acetate were all above 95% as reported
previously (10).

Biological Effects of Retinoic Acid

Cytotoxicity. To determine if rapid metabolism of retinoic acid could
be correlated with the ability of cells to withstand toxic concentrations

of retinoic acid, replicate cultures were exposed to 1 MMretinoic acid
for 24 h, essentially as described above, to allow induction of any drug
metabolizing enzymes. The medium was then removed from duplicate
dishes and replaced with fresh medium to which was added retinoic
acid at concentrations between 3 and 300 nM for 24 h. After this time,
cultures were trypsinized and reseeded, two dishes per each original
culture, at a density of 200 cells/60-mm Petri dish in the absence of
drug. After 8-day incubation, cultures were fixed, stained, and colonies
containing above 50 cells each were counted.

Growth Rate. Representative cell lines demonstrating marked differ
ences in ability to metabolize retinoic acid were plated at IO4cells/60-

mm Petri dish and were treated with 1 ^M retinoic acid beginning 24 h
after plating, and after every subsequent 24 h period for 9 days. Prior
to each treatment medium was removed and replaced with fresh me
dium. At intervals after seeding, groups of two dishes were trypsinized
and cell counts performed by electronic particle counting.

Radioimmune Assay for Retinol- and Retinoic Acid-Binding Proteins

Frozen cell pellets containing between IO6 and IO7 cells, grown in
150-mm Petri dishes and harvested as described above, were frozen on
dry ice and flown to New York. Upon arrival, these frozen cell pellets
were stored at â€”20Â°Cuntil assay. Cell samples were thawed and

suspended in 0.7-1.0 ml of 1.0% Triton X-100 in 50 mM imidazole-
HC1, pH 7.4, containing 0.03% bovine serum albumin, 0.01% leupep-
tin, 0.1% thimerosal, and 0.15 M sodium chloride. Samples were
homogenized using a Polytron homogenizer for 1 min at setting 6 and
centrifuged at 100,000 x g for 1 h. After the centrifugation, the
supernatants were removed and immediately assayed for CRBP and
CRABP. The radioimmunoassays for CRBP and CRABP employed
identical protocols and were carried out as described elsewhere (9). The
assays were carried out in the homogenization buffer, and I25I levels

were determined in a LKB 1274 RIAGAMMA counter (LK.B Instru
ments, Gaithersburg, MD). No immunological cross-reactivity between
CRBP and CRABP was observed in either radioimmunoassay.

RESULTS

Metabolism of Retinoic Acid

Short-Term Studies. We have demonstrated previously with
cultured embryonal carcinoma cells that some lines metabolize
retinoic acid constitutively; in other cell lines, activity is induced
within several hours of exposure to retinoic acid; in a third
class, there are low basal levels and inducibiiity is inefficient or
absent (10). We have evaluated retinoic acid metabolism after
5 h (at which time there is little metabolism in cells such as
embryonal carcinoma cells which must be induced) and after
24 h (at which point there should be extensive metabolism by
cells from both inducible and constitutive lines).

The data in Table 2 illustrate that there are low basal levels
of retinoic acid-metabolizing enzymes in 10T1/2 cells. After 24
h, almost half of the added retinoic acid remained in the
medium. Initiated 10T1/2 cells (INIT/10T1/2) took up retinoic
acid somewhat more rapidly than did parental 10T1/2 cells, as
reflected by their intracellular levels, although medium levels
at both time points were very similar. Cells from two trans
formed lines (INIT/T10T1/2 CL4 and CL1) derived from
INIT/10T1/2 cells also showed little evidence of activity, judg
ing by 5-h medium profiles, but metabolized virtually all of the
retinoic acid in the medium within 24 h. Retinoic acid was not
detected in the 24 h pellets of INIT/T10T1/2 CL1 or CL4
cells, whereas some retinoic acid was present in equivalent
extracts from 10T1/2 and INIT/10T1/2 cells. In no instance
did the retinoic acid metabolites absorb sufficiently to be de
tected, consistent with our observations with embryonal carci
noma cells.5

5 Manuscript in preparation.
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Table 2 Retinole acid levels in cells and media after incubation for S or 24 h with I pin retinole acid
Range of values, where two experiments were done, were within 25% of the mean value, except as noted below (footnotes c-g).

Retinoid levels in cells (pmol/106 cells) Retinoid levels in medium (% of
cell-free medium)

Number of
Cell line experiments ShIOTI/2

4 46.8 Â±18.8"

INIT/10T1/2 297.0INIT/T10TI/2CL4
272.2INIT/T10T1/2

CL1 165.9T10T1/2MCA58
240.1CT10T1/2MCA4B
2121.9*T10T1/2MCA

10Â«T10T1/23TOT10Tl/2X-raylTRAL515/XB464

NCB464
NDB464
NFB464
NGB464TE71.999.369.250.539.542.0113.1115.465.1T10T1/2CC5M

286.1TlOTl/2/SpI
1 200.024

h16.1

Â±9.9
11.3ND*ND19.4ND29.9ND55.23.461.621.413.34.5ND129.2*ND(Ratio)

24 h/5h0.34

0.12000.4800.4100.800.071.560.510.120.0401.5005h93.0
Â±11.6

91.286.410097.089.910010010081.881.788.789.473.082.910010024

h42.4

Â±20.4
37.9NDND56.8"15./12.2ND56.6ND80.341.613.811.55.892.1ND

"SD.
* ND, not detected; limits of detection, <1 pmol/106 cells, or 5 MMin medium.
' Range, 11.1-69.0 pmol/106 cells.
d Range, 32.1-81.4%.
' Range, 21.0-222.8 pmol/106 cells.
f Range, 6.2-25.2%.
' Range, 93.2-165.2 pmol/106 cells.

In view of the extensive metabolism of retinoic acid by
transformed cells, we studied a panel of transformed lines to
determine whether this might be a consistent property of such
cells. The data in Table 2 indicate that this is not the case. The
variation in metabolism we observed could not be clearly related
to the nature of the transforming agent: for example, of five
MCA-transformed lines, two (INIT/T10T1/2 CL1 and CL4),
completely metabolized retinoic acid within 24 h; two other
lines (T10T1/2 MCA 4B and 104), metabolized all but 15% of
the retinoid in this time period; whereas metabolism in a fifth
line (T10T1/2 MCA 58) was comparable to parental 10T1/2
cells. Similar variation was observed when cells from three X-
ray-transformed lines and five fission neutron-transformed lines
were analyzed. A single "spontaneously" transformed 10T1/2

line had a high level of metabolic activity. None of the cell lines
examined showed clear evidence of activity to metabolize reti
noic acid within the initial 5-h incubation period.

The data in Table 2 indicate that we were always able to
detect cell-associated retinoic acid after 5-h incubation. Fur
thermore, in those instances in which most or all of the retinoic
acid in the medium had disappeared, cell-associated levels were
also low, indicating that disappearance of the retinoic acid from
the medium is not due to accumulation of exceptionally high
levels in the cells. In fact, cell-associated levels of retinoic acid
after 24 h were highest in those cell lines (T10T1/2 CC5M,
T10T1/2 X-rayl, B464 NC) which metabolized retinoic acid
relatively poorly. This reduces the possibility that these lines
are not efficiently metabolizing retinoic acid because of limited
uptake.

Long-Term Studies. The slow metabolism of retinoic acid by
some transformed cell lines led us to consider that perhaps the
parental and initiated lines might also possess the capacity for
retinoic acid metabolism, but with delayed kinetics. To test
this, we extended our time course of observation to 96 h. As
shown in Fig. If, both the parental and initiated cell lines
virtually completely removed retinoic acid from culture medium
by 48 h. This was paralleled by a dramatic fall in intracellular
levels over this time period (Fig. 2A). Thus, 10T1/2 cells and
initiated cells retained only about 4 and 2 pmol retinoic acid/

HOURS
Fig. 1. Rates of loss of all-rra/u-retinoic acid (A) and all-irans-retinol (B) from

culture medium, l /IM retinoid in acetone was added at zero time to complete cell
culture media in Petri dishes containing no cells (â€¢);or confluent cultures of
10T1/2 cells (â€¢);INIT/10T1/2 (X); T10T1/2 MCA 58 (O); T10T1/2 MCA 4B
(A); T10T1/2 CC5M (A); or INIT/T10T1/2 CL4 (D). Values, means of duplicate
determinations performed on at least five experiments for cell-free medium, three
experiments for the 10T1/2 and INIT/10T1/2 cells, and single experiments for
the transformed cells. Standard deviations averaged Â±15%or less.

IO6 cells after 96 h, respectively. In contrast, the T10T1/2

CC5M line transformed by pEJ transfection of 10T1/2 cells,
only slowly metabolized retinoic acid, as evidenced by the high
concentrations in medium after 72-h incubation (Fig. \A). This
slow metabolism is not due to lack of uptake of the drug, since
cellular levels were, in general, much higher at all time points
than those found in other cell lines. It will be noted that retinoic
acid concentrations in culture medium incubated without cells
progressively declined with time with a half-life of 49 h. It is
apparent that initial rates of metabolism over the first 5 h of
incubation were considerably slower than later rates.

Metabolism of Retinol

The comparative metabolism of equimolar amounts of retinol
is shown in Figs. IB and 2B. It is obvious that the two drugs
are treated very differently by the cells. Whereas retinoic acid
is essentially completely removed from the medium by all but
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U i 111

Fig. 2. Rate of uptake and loss of retinole acid (. l) and retinol (Â«)in cells.
Experimental details and symbols as in Fig. 1. Untreated cells contained unde-
tectable levels of retinoic acid and less than 1 ptnol retinol/10' cells.

one of the cell lines within 48 h, levels of retinol in medium
were maintained at or above control levels for the entire 96-h
duration of the experiment. Paradoxically, the medium bathing
many cell lines, especially that of parental and initiated cells,
contained significantly higher retinol concentrations than did
medium incubated in the absence of cells. Examination of
HPLC printouts revealed the probable reason for this anomaly;
in medium incubated without cells a significant fraction of the
UV-absorbing material Ã©lÃ»tesjust prior to all-fraÂ«s-retinol and
is probably a c/'s-isomer (10), whereas in medium bathing cells,

this peak is much decreased while the all-frans peak is propor
tionally increased (Fig. 3). This suggests that cells can either
retard trans- to ci's-isomerization or catalyze the back reaction.

No peak corresponding in retention time to all-irans-retinoic
acid was detected in extracts from retinol-treated cells or me
dium. The limits of detection were about 1 pmol/106 cells and

5 iiM retinoic acid in medium.
Of potentially great significance to the role of retinol in

modulating cell behavior is the observation of persistently high
cellular levels of this drug (Fig. 2B). These high levels seem to
rule out the possibility that lack of uptake is responsible for the
failure to metabolize retinol. In both parental and initiated
10T1/2 cells, cellular levels were about 400 pmol/106 cells at

48-h posttreatment, which, given a cell volume of about 2900
/*m3, converts to a concentration of about 100 fiM, which is
500-fold higher than the concentration found in medium at that
time. In contrast, while it appears that retinoic acid is initially
concentrated by the cells, rapid metabolism by all but CC5M2
cells, caused a dramatic reduction in cellular concentrations
within 24-48 h.

Biological Significance of Retinoic Acid Metabolism

Since transformed cell lines differed extensively in their abil
ity to metabolize retinoic acid, we wished to learn if rapid
metabolism was associated with detoxification of retinoic acid
or alternatively with the production of biologically active inter
mediates. Two types of experiments were set up to test this
hypothesis: in one set of experiments, we examined the effects
of daily retinoic acid treatment on the growth rate of "good"
versus "poor" metabolizers; in a second set of experiments, we

measured the reduction in plating efficiency in cell lines exposed

B

Fig. 3. Representative HPLC chromatograms of extracts of medium 5 h (A
and B) and 96 h (C and /') after addition of all-rra/ii-retinol 1 n\i. A and C,
medium incubated without cells; B and /'. medium with 10T1/2 cells. Arrows,
elution times of all -fran.v-rciinoic acid, all-fraru-retinol, and all-nvuu-retinyl ace
tate (internal standard), respectively, left to right.

first to an inducing concentration, then to higher concentrations
of retinoic acid.

Effects on Growth Rate. The growth rates of two transformed
lines differing in their potential to metabolize retinoic acid were
measured. Both lines were seeded identically and treated daily,
after medium change, with 1 MM retinoic acid. The overall
percentage of reduction in growth rate between days 5 and 10
was 55 Â±12% for T10T1/2 CC5M, a slow metabolizer of
retinoic acid, and 61 Â±5% for B464 TE, a rapid metabolizer
(Fig. 4). Thus both lines were equally growth inhibited, dem
onstrating that the rate of metabolism of retinoic acid by these
cells is not a major determinant of activity in this assay.

Cytotoxicity. As shown in Fig. 5, cell lines showed markedly
different sensitivities to the cytotoxic effects of retinoic acid.
However, there was no obvious relationship between the ability
of a line to rapidly metabolize this drug, and the cytotoxic
response. Thus cell line T10T1/2 CC5M, which metabolized
retinoic acid poorly (Figs. IA and 2A), was the most sensitive,
while the T10T1/2 MCA 58 line, also a poor metabolizer, was
the least sensitive to the cytotoxic action of retinoic acid.
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106 -

5x105 -

10 10

Days Postseeding

Fig. 4. Influence of retinole acid on growth rates of transformed cells differing
in metabolic ability. Cells were treated at daily intervals with medium change
with l Â»IMall-fru/ts-retinoic acid in acetone (O) or 0.5% acetone alone (X) and
growth rates determined by counting of replicate cultures. Left, T10T1/2 CC5M,
a slow metabolizer of ret inoie acid; right, B464 TE, a rapid metabolizer of retinole
acid (Table 2). Consistent results were obtained in a second such experiment.

3x10"* 10"* 3x10"5 10~4 3x10~4

[RETINOIC ACID]

Fig. 5. Retinoic acid-induced cytotoxicity in transformed cell lines differing
in their ability to metabolize retinoic acid. Cells were treated as described in the
"Materials and Methods' section; T10T1/2 MCA 58 (T); T10T1/2 X-rayl (â€¢);
TRAL 515/X (A); T10T1/2 CC5M (*); INIT/T10T1/2 CL4 (D); and B464 TE

(O). Data, mean of four dishes each; bars, standard deviations.

Similarly, the rapid metabolizing lines INIT/T10T1/2 CL4 and
B464 TE were not markedly different from the slowly metab
olizing line T10T1/2 X-rayl, in their responses to the cytotoxic
effects of retinoic acid.

Retinoid Binding Proteins

As seen in Table 3, CRABP was detected in all cell lines
examined and was present in equivalent amounts of about 16
ng/106 cells. CRBP was present in much smaller amounts.

Initial studies of CRBP demonstrated levels of immunoreactive
protein below the level of accurate quantitation. Later studies,
with increased numbers of 10T1/2 and INIT/10T1/2 cells,
allowed CRBP to be quantitated at about 4 ng/106 cells (i.e., a
4-fold lower concentration than CRABP). Although CRBP was
not accurately quantitated in the transformed lines, it appears
likely from the preliminary data that they contain concentra
tions equivalent to nontransformed cells.

Table 3 Cellular retinol- and cellular retinoic acid-binding protein levels in
various cell types

Cell pellets were homogenized, centrifugea, and the supernatants assayed for
CRABP and CRBP by radioimmunoassay as described in "Materials and Meth
ods."

Celltype10T1/2

INIT/10T1/2
INIT/TIOT1/2 CL4
T10T1/2 MCA58CRABP"

(ng/
IO6cells)15.9Â±

1.3(3)*

16.6 Â±0.7 (3)
19.3 (2)
14.1 (2)CRBP"

(ng/
IO6cells)3.4(1)

4.0(1)
<6.3 (2)
<6.3 (2)

* For n â€”3, values are given as the mean Â±SD; for n = 2, the mean level is

given.
b Values in parentheses, give the number of independent measurements of

CRBPofCRABP.

DISCUSSION

As part of our continuing studies to explain the mode of
action of retinoids as inhibitors of neoplastic transformation,
we have examined reasons for the previously reported failure
of retinole acid to inhibit chemically induced neoplastic trans
formation in 10T1/2 cells, except at toxic concentrations (7),
or to produce changes in growth control in these cells (13).
This lack of activity contrasts with the potent activity of retinol,
and many synthetic retinoids, as inhibitors of transformation,
and conflicts with many in vitro systems measuring differentia
tion as an end-point, where retinole acid, in the case of em
bryonal carcinoma cells for example, is considerably more
potent than retinol (14, IS). Retinoic acid is also a potent
inhibitor of tumorigenesis in vivo (I). The results presented
here may explain this discrepancy by demonstrating a major
pharmacokinetic difference between the retention of retinol in
comparison to retinoic acid in 10T1/2 cells. As shown in Figs.
1 and 2 for 10T1/2 and INIT/10T1/2 cells, both compounds
are rapidly taken up by cells; however, retinoic acid is rapidly
degraded while retinol remains intact and maintains high cel
lular concentrations over the 96-h duration of the experiment.
Our original in vitro transformation studies of retinoids all
involved weekly refeeding and retreatment with drugs; these
new data predict that similar treatment with the two retinoids
would give rise to very dissimilar total exposures.

We hypothesize that, whereas the induction of differentiation
may require only transient, nanomolar exposure to retinoic
acid, inhibition of transformation requires the continuous, sus
tained presence of retinoid; with current protocols, retinoic acid
would not be maintained at levels sufficient to prevent trans
formation. This view is reinforced by the irreversible nature of
differentiation versus the reversibility of the inhibition of trans
formation of 10T1/2 cells by retinyl acetate (3). Experiments
are currently underway to test whether addition of retinoic acid
to the medium every 48 h is able to maintain levels sufficient
for inhibition of transformation. The extreme potency of the
benzoidal derivatives of retinoic acid may also be related to
their stability in culture. Thus Rol3-7410 is active at 10 pM in
the hamster trachea (6) and 100 pM in 10T1/2 cells.6 In these

cells, as in embryonal carcinoma cells (16), this drug is stable
and not subject to rapid metabolism.7

Retinoic acid has been shown to induce its own metabolism,
in vitro (14, 17) and in vivo (18), while retinol does not. The
kinetic studies described above suggest, but do not prove, that
metabolic induction also occurs in most of the cell lines studied
here. The rate of this metabolism differs substantially among
the closely related lines tested. From 0 to 5 h after addition of
retinoic acid to the medium, there is little evidence of its

6 Unpublished.
7J. S. Bertram and J. Rundhaug, unpublished.
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metabolism by any of the cell lines examined (Fig. 1). However,
between 5 and 24 h after treatment, retinoic acid metabolism
by some lines (T10T1/2 MCA 4B; INIT/T10T1/2 CL4) was
maximal, whereas in other lines (IOTI/2; INIT/10T1/2;
T10T1/2 MCA 58), retinoic metabolism was not maximal until
24-48 h posttreatment. The poorly metabolizing T10T1/2
CC5M cells appear to require at least 24 h before any significant
metabolism occurs. In contrast, retino! metabolism by all six
cell lines tested was minimal. There thus appears to be no
linkage between the metabolism of retinoic acid and retinol by
these cells. The metabolic activity of the most rapidly metabo
lizing line (INIT/T10T1/2 CL4) is similar to that previously
reported for preinduced F9 cells which metabolized retinoic
acid in the medium with a half-life of 2.3 h (17).

Uptake of retinol or retinoic acid does not appear to be a
limiting factor in the metabolism of retinoids by these cells. On
the contrary, both drugs were concentrated in cells presumably
because of their lipophilic properties. Whereas retinoic acid
was rapidly metabolized after uptake, retinol concentrations
were substantial and sustained (Fig. 2B). For example, after 48
h, 10T1/2 cellular levels of retinol were about 400 pmol/106
cells which converts to a concentration of about 100 pM, 500-
fold higher than the concentration found in medium at that
time. Most of this retinol cannot be associated with CRBP,
since the level of CRBP (Table 3) translates to less than 1
pmol/106 cells, and is presumed to be associated with mem

branes and other lipophilic components. Conversion of retinol
to retinoic acid could not be detected in any of the six cell lines
examined although conversion has been demonstrated in other
in vitro (14, 17, 19) and in vivo (20, 21) systems. As discussed
later, concentration of retinol by cells may have major impli
cations for its mechanism of action.

Experiments presented here indicate that metabolism of
retinoic acid is not necessary for its cytotoxic properties. Inhi
bition of growth rate by retinoic acid was essentially similar in
two cell lines exhibiting diverse rates of retinoic acid metabo
lism (Fig. 4). Furthermore, in the panel of cell lines tested,
slowly metabolizing cell lines were the most and the least
sensitive to toxic concentrations of retinoic acid. These data
confirm the conclusions of others who have failed to detect
metabolites of retinoic acid with greater activity than the parent
molecule (22, 23).

The cellular retinoid-binding proteins have been proposed to
mediate the activity of retinoids as modulators of biological
function (24). Using the sensitive radioimmunoassays devel
oped by Goodman's group (9), we have now been able to detect

both CRABP and CRBP in 10T1/2 cells and in lines derived
from them (Table 3). Even though retinoic acid does not inhibit
transformation in the IOTI/2 or INIT/10T1/2 cells, CRABP
was found in about 4-fold excess over CRBP in both cell lines.
Our data therefore support the observations by others that
presence of CRABP does not guarantee responsiveness to reti
noic acid in all systems (25-27).

The unexpected finding of such high uptake of retinol by
10T1/2 and INIT/10T1/2 cells suggests several additional
mechanisms by which retinol may inhibit transformation. Cur
rent hypotheses include the following: (a) that retinoids by
association with cellular binding proteins alter the transcrip-
tional levels of specific genes (24, 28); (b) that retinoids act as
cofactors in membrane glycosylation reactions (29); and (c) that
by affecting protein kinases or phosphatases they influence the
activities of structural proteins or enzymes (30). Our new data
suggest that retinol, or retinoic acid if it were not metabolized,
could directly influence lipophilic domains of the cell. This

change could have multiple biochemical and biophysical effects.
For instance, gap-junctional permeability, which has been im
plicated in cellular growth control (31, 32) and as a target of
tumor promoters (33), could be altered. Alterations of the lipid
environment of the plasma membrane could also be expected
to influence protein kinase C and its interactions with phospho-
lipid (34), which would also interfere with mechanisms of tumor
promotion. Indeed, retinal has been reported to inhibit protein
kinase C (35).

It should be noted that the above discussion may only apply
to the pharmacological exposure of cells to retinoids; under
physiological conditions cells are exposed to only low levels of
free retinoids, since retinol is circulated complexed with a
plasma binding protein (36). Only after massive ingestion of
retinol or its esters, or in the process of therapeutic administra
tion of retinoids, do cells become exposed to high levels of free
retinoid. The consequences of pharmacological exposure may
thus be qualitatively different to the consequences of physiolog
ical exposure to retinoids. Furthermore, if cells in vivo also
exhibit major variations in their ability to metabolize retinoids,
this could in part explain the different structure/activity rela
tionships noted for retinoids among different organs, tissues,
and species (1,2).
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