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Abstract A stable hepatoma cell line (L35 cells) showing 
an activation of the cholesterol 7a-hydroxylase gene (CYP7) 
that had been silent in the parental hepatoma cell line (H35 
cells) was used to examine the influence of bile acids on its 
gene expression and activity. L35 cells were found to concen- 
trate taurocholate from the culture medium, without any 
significant effect on the expression of 7a-hydroxylase. At 
physiologic levels (up to 100 PM), CYP7 mRNA expression 
was not repressed by any bile acid. At supra-physiologic levels 
(1 mM), the more hydrophobic dihydroxy bile acids, taurode- 
oxycholate and taurochenodeoxycholate, decreased CYP7 
mRNA without decreasing the relative abundance of beta-ac- 
tin mRNA. Similar results were obtained by culturing cells 
with sodium dodecylsulfate (50 PM). The medium of L35 cells 
treated with either taurochenodeoxycholate ( 1 mM), taurode- 
oxycholate (1 mM), or sodium dodecylsulfate (50 pM) con- 
tained significantly greater activities of two cytosolic enzymes, 
lactate dehydrogenase and phosphoglucose isomerase, indi- 
cating a cytotoxic response. Activation of protein kinase C by 
phorbol esters decreased the expression of 7a-hydroxylase 
mRNA without evidence of cytotoxicity; therefore, the inabil- 
ity of L35 cells to show bile acid repression cannot be as- 
cribed to a lack of an effect by this secondary messenger 
system. In addition, insulin decreased and dexamethasone 
increased ?a-hydroxylase mRNA without increasing the re- 
lease of the cytoplasmic enzyme markers. m h e  combined 
data suggest that L35 cells are resistant to repression of CYP7 
gene expression by bile acids, but display physiologic expres- 
sion to hormones and protein kinase C activation.-Trawick, 
J. D., K. D. Lewis, S. Dueland, G. L. Moore, F. R. Simon, and 
R. A. Davis. Rat hepatoma L35 cells, a liver-differentiated cell 
line, display resistance to bile acid repression of cholesterol 
7a-hydroxylase. J. Lipid Res. 1996.37: 588-598. 
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The first and rate-limiting step in bile acid synthesis 
is the conversion of cholesterol to 7a-hydroxy- 
cholesterol by the cytochrome P450 enzyme, cholesterol 
7a-hydroxylase (EC 1.14.13.17). cDNAs encoding 7a-hy- 

droxylase have been isolated and cloned from rats (1-3), 
mice (4), hamsters (5,6), rabbits (7), and humans (8-10). 
The cholesterol 7a-hydroxylase gene (CYP?) is ex- 
pressed only in the liver (1) and exhibits a complex 
regulation of expression dependent upon diurnal cycle, 
hormones, diet, and the enterohepatic circulation (1 1). 
In vivo, CYP7 expression is induced in response to 
glucocorticoid hormones such as dexamethasone ( 12, 
13), thyroid hormone (14, 15), and dietary cholesterol 
(16, 17). Dexamethasone, either with (15) or without 
(12) thyroid hormone, appears to be essential for main- 
tenance of CYP7 expression in rat hepatocytes and 
hepatoma cells, respectively. In contrast, CYP7 expres- 
sion is reduced by insulin (18-20), and by adding bile 
acids to the diet (14. 21). Repression by feeding bile 
acids is thought to mimic the primary mechanism regu- 
lating bile acid synthesis (i.e., negative feedback). 

In rats, biliary diversion and feeding of bile acid 
sequestering agents leads to a rapid increase in 7a-hy- 
droxylase transcription, mRNA accumulation, and activ- 
ity (22, 23). While bile acids are thought to act directly 
on the liver to initiate the negative feedback, there are 
several reports showing that infusing bile acids directly 
into the circulation of bilediverted rats does not de- 
crease bile acid synthesis (24) nor affect the activity and 
hepatic content of mRNA of 7a-hydroxylase (25). These 

Abbreviations: DEX, dexamethasone; DMEM, Dulbecco's modified 
Eagle's medium; GLC, gas-liquid chromatography; PMA, phorbol 
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taurodeoxycholate; TUDC, tauroursodeoxycholate. 
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results obtained in vivo suggest that bile acids may 
require factors residing outside of the liver in order to 
initiate negative feedback regulation. 

Attempts to recreate bile acid negative feedback regu- 
lation using cultured hepatocytes have yielded conflict- 
ing data. Earlier work using primary rat hepatocytes 
showed that bile acids had little, if any, inhibitory effect 
on bile acid synthesis or 7a-hydroxylase expression (17, 
24, 26,27). In contrast, using pig hepatocytes, suppres- 
sion of 7a-hydroxylase was observed by adding tauro- 
cholate to the culture medium (28). These differences 
between rat and pig hepatocytes in bile acid repression 
were ascribed to the presence (pig) or absence (rat) of 
processes required for bile acid uptake. More recent 
studies show that when rat hepatocytes are cultured in 
the presence of both dexamethasone and thyroid hor- 
mone, taurocholate represses the expression of the 
CYP7 gene (15, 29). The human hepatoma cell line 
(HepC2 cells) also exhibits bile acid repression of CYP7 
expression (30, 31). Using this model, a "bile acid re- 
pressible element'' has been identified in the CYP7 
promoter (32). The structure of the bile acid appears to 
be an important determinant of its ability to mediate 
regulation through this promoter element: more hydro- 
phobic bile acids such as taurochenodeoxycholic acid 
and taurodeoxycholic acid are inhibitory, whereas the 
more hydrophilic bile acid taurocholate is not (32). 

The rat hepatoma cell line (L35 cells) shows the 
unusual ability to express 7a-hydroxylase at levels simi- 
lar to those of rat liver in vivo (12). When induced by 
dexamethasone, the level of expression of CYP7 is 100- 
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Fig. 1. Response of 7a-hydroxylase mRNA to dexamethasone. L35 
cells were cultured as described in Materials and Methods. Duplicate 
plates were changed to serum-free DMEM and serum-free DMEM plus 
dexamethasone (DEX) at 0.1, 1.0,10, and 100 pM. After 48 h the cells 
were harvested and polyA RNA was purified: a formaldehyde-agarose 
gel was run and northern blotted. Autoradiographs are from hybridi- 
zations successively probed for 7a-hydroxylase (7 alpha) and actin. 

fold greater than that observed in cultured rat hepato- 
cytes and 10-fold greater than that expressed by HepC2 
cells (both treated with dexamethasone) (12). These 
unique, highly differentiated cells provide a cell culture 
model that appears to reflect many of the properties of 
the in vivo liver parenchymal cell. Moreover, L35 cells 
provided us with a culture model to examine the regu- 
lation of CYP7 gene expression. While L35 cells dis- 
played the ability to concentrate taurocholate from the 
culture medium, this bile acid did not repress CYP7. In 
order to observe a decrease in 7a-hydroxylase mRNA, 
hydrophobic bile acids were required at supra-physi- 
ologic levels (1 mM), which also resulted in cytotoxicity 
as demonstrated in the release of cytoplasmic enzyme 
activities to the culture medium. Although bile acids did 
not show physiologic regulation of 7a-hydroxylase in 
these cells, L35 cells responded to hormone regulation 
by dexamethasone (induction) and insulin (repression) 
of CYP7 expression, as well as repression by protein 
kinase C activation. 

MATERIALS AND METHODS 

Materials 

All reagents, culture supplies, bacterial strains and 
supplies were obtained from Sigma, Gibco/BRL, and 
Boehringer Mannheim or from sources stated in the 
text. 

Strains of cells and growth conditions 

The cells used in these studies are L35 cells, a sub- 
clone of the original cell line previously described (12). 
Studies performed over 5 years showed that the original 
stock of L35 cells were heterogenous as defined by 
morphology, expression of 7a-hydroxylase and resis- 
tance to 25-hydroxycholesterol (data not shown). The 
L35 subclone, obtained by limiting dilution cloning and 
rescreening for resistance to 25-hydroxycholesterol cy- 
totoxicity, has been cultured continuously for 2 years 
without a detectable change in phenotype. The cells 
were plated and cultured as described (12). At 50% 
confluence (2 to 3 days after plating), the medium was 
changed to serum-free DMEM and the indicated reagent 
was added, as described in legends. The sodium salts of 
taurocholate, taurodeoxycholate, tauroursodeoxycho- 
late, or taurochenodeoxycholate (Sigma) were dissolved 
in serum-free DMEM with 10 mg fatty acid-free BSA/ml 
as a carrier and added at concentrations ranging be- 
tween 0.01 mM to 1 mM. 

Plasmid vectors containing cDNAs for hybridization 
probes were propagated in E. coli DH5a. The cDNA 
encoding rat 7a-hydroxylase (1) was a generous gift 
from David Russell. 
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TABLE 1. L35 cells accumulate cholic acid from culture medium 

Cellular Cholic Acid 

N o  taurocholate 164 f 14 

Plus taurocholate 379 f 59 

W5 cells were cultured in DMEM plus dexamethasone either 
with or without a supplement of 100 p i  taurocholate. Triplicate 
samples of cells were harvested and extracts were prepared and 
subjected to GC-MS as described (17). Concentrations are given in 
p i  assuming a cell volume estimated by gravimetric analysis of the 
average cell water mass. This analysis showed that the ratio of 
water:cell protein in L35 cells is 5.7:l. Using this ratio, the cellular 
concentration of bile aciddunit protein was converted into concen- 
tration/unit water volume. 

RNA isolation and polyA RNA purification 

Total RNA from L35 cells was isolated by a modifica- 
tion of the guanidinium isothiocyanate protocol (33). 
Medium from a 150-mm culture dish was removed by 
aspiration and 3 ml of guanidinium isothiocyanate lysis 
solution (33) was immediately added. The RNA was 
extracted with phenol and precipitated with iso- 
propanol, pelleted, and reprecipitated with ethanol. 

PolyA RNA was isolated (34) with 10-40 mg of oligo 
dT cellulose (type 3, Collaborative Biomedical Products) 
in a ‘1.5-ml microfuge tube. Previously, the oligo dT 
cellulose had been activated and washed as described 
(35). Binding was carried out in loading buffer (0.5 M 
LiCI, 0.01 M Tris-HC1, pH 7.5, 0.001 M Na-EDTA, 0.1% 
SDS) (35) for 1 h at room temperature with gentle 
rocking. Then the oligo dT cellulose was washed with 
loading buffer a total of three times and transferred to 
a spin column microtube (Invitrogen). The oligo dT 
cellulose-RNA mix was then washed four times with 
middle wash buffer (0.15 M LiCl, 0.01 M Tris-HC1, pH 
7.5,O.OOl M Na-EDTA, 0.1% SDS) (35). The poly A RNA 
was eluted with H20 and collected in a total of 0.4 ml. 

Gel electrophoresis of RNA was performed as de- 
scribed (36). Capillary transfer in 10 x SSC was carried 
out onto Zetaprobe GT (Bio-Rad) nylon membranes. 
After 12-18 h of transfer, the blots were baked at 8O’C 
under vacuum. Hybridization was performed according 
to the instructions for Zetaprobe GT, in 0.12 M NaHP04, 
0.25 M NaCl, 7% (w/v) SDS, and 50% deionized for- 
mamide for 18 h at 44°C. Probes were labeled using 0.1 
pg of cDNA with a nick translation kit (Boehringer 
Mannheim) and mS2P dCTP (DuPont). After hybridiza- 
tion, northern blots were washed in a final wash of 0.1 
x SSC, 0.1% SDS for 45 min at 44°C. Northern blots 
were autoradiographed using DuPont Reflection 
Autoradiography Film and an intensifying screen for 
between 4 h and 3 days. Alternatively, northern blots 
were exposed overnight using a Molecular Dynamics 
PhosphorImager. 

The CYP7 probe used in hybridization was derived 
from the cloned rat cDNA (1) by digestion with EcoRI 
at the 5‘ end and Ava I1 at 1640 bp to make a cDNA 
probe containing the entire coding region and only 80 
bp of the 3’ noncoding region. This fragment eliminates 
the repetitive sequences found further downstream in 
the 3’ noncoding region. A beta-actin cDNA was used as 
a counterprobe as described previously (12). 

Quantitation of bile acids 

After incubation with taurocholate (described above), 
the culture medium was removed and the cells were 
washed with phosphate-buffered saline on ice. The cells 
were disrupted by sonication and bile acids were ex- 
tracted and quantitated by GLC, as described (17). 

Measurement of lactate dehydrogenase and 
phosphoglucose isomerase release into the culture 
medium 

Lactate dehydrogenase activity was determined by 
measurement of change in absorbance at 340 nm in the 
presence of pyruvate and NADH, as described (37). 
Plates (100 mm) of L35 cells were cultured exactly as 

I ” i: 

Fig. 2. Insulin represses expression of 7a-hydroxylase mRNA in W5 
cells. L35 cells were cultured and 7a-hydroxylase mRNA was induced 
with 100 pM dexamethasone as described for Fig. 1. After 48 h, the 
medium was removed and replaced with fresh serum-free DMEM 
supplemented either with or without 0.1 pg porcine insulin/ml and 
incubated for 24 h. Shown are the positive control with no added 
insulin and duplicate lanes with insulin added. 
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Fig. 3. Taurocholate neither blocks nor inhibits 7a-hydroxylase expression in L35 cells. A L35 cells were cultured in serum-free DMEM plus 
dexamethasone (100 pM) for 48 h (+DEX) or with dexamethasone and 1.0 mM taurocholate for 48 h (+TC) or 1.0 mM tauroursodeoxycholate 
for 48 h (+TUDC). As above, poly A containing RNA was isolated, northern blotted onto nylon, and hybridized with probes for the coding region 
of CYP7 and for beta-actin. B: L35 cells were placed in serum-free DMEM plus dexamethasone for 48 h, then the medium was switched to 
serum-free DMEM without dexamethasone (DEX), or to serum-free DMEM without dexamethasone but with 1.0 mM taurocholate (TC). incubated 
an additional 24 h, then polyA RNA was harvested, northern blotted, and probed as described above. 

described for the RNA experiments. In serum-free 
DMEM, the cells were incubated with dexamethasone 
(100 PM) and the indicated concentrations of bile acids 
for 48 h. Then the culture medium was harvested, any 
floating cells were removed by centrifugation, and the 
cells on the plate were harvested for protein determina- 
tion using the Bio-Rad protein reagent. Preliminary 
studies showed that freezing the culture medium re- 
sulted in a marked loss of lactate dehydrogenase activity. 
As a result of these findings, lactate dehydrogenase 
activity was assayed using 0.1 ml of freshly harvested 
culture medium. The rate (zero order) of the reaction 
was calculated from the linear portions of the curves and 
corrected to the protein concentration. 

The measurement of phosphoglucose isomerase was 
performed by assaying the change in absorbance by the 
reduction of NADP in the presence of fructose-6-phos- 
phate and glucose dehydrogenase at 340 nm, as de- 
scribed (38). conditions for cell culture, harvesting of 
culture medium, and assaying were as described above 
for the lactate dehydrogenase assay. 

Statistical analysis 

All values are reported as the mean k SD. Student's t 
test was used to calculate statistical differences among 
groups; values of P < 0.05 (double-tailed) were consid- 
ered to be significant. 

RESULTS 

Expression of 7a-hydroxylase is increased by 
dexamethasone and decreased by insulin: evidence 
for physiologic regulation 

Expression of 7a-hydroxylase similar to the maximal 
level obtained in vivo in intact normal rats can be 
obtained by treating L35 cells with dexamethasone (12). 
We determined the concentration of dexamethasone 
necessary to maximally induce 7a-hydroxylase mRNA. 
Dexamethasone, at physiologic levels (0.1 p), maxi- 
mally induced the expression of 7a-hydroxylase mRNA 
(Fig. 1). Additionally, maximal induction of 7a-hydroxy- 
lase was displayed by levels of dexamethasone as low as 
10 nM (data not shown). The multiple molecular weight 
forms of 7a-hydroxylase mRNA (i.e.. 3.6, 2.9, 2.4, and 
1.7 kilobases), characteristic of the rat ( l) ,  were all 
induced by dexamethasone. Interestingly, removing 
dexamethasone from the culture medium did not de- 
crease the relative abundance of 7a-hydroxylase mRNA 
for up to 24 h (the longest period examined, Fig. 2). In 
contrast, changing the culture medium to serum-free 
DMEM containing insulin (0.1 pg/ml) decreased 7a-hy- 
droxylase mRNA to undetectable levels (Fig. 2). The 
repression by insulin was dominant as shown by no 
expression of 7a-hydroxylase mRNA in cells incubated 
with dexamethasone and insulin together (data not 
shown). Thus, expression of 'la-hydroxylase by L35 cells 
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Fig. 4. In I35 cells. 7a-hydroxylase expression is inhibited by supra- 
physiologic concentrations of the hydrophobic bile acids, taurodeoxy- 
cholate and taurochenodeoxycholate. L35 cells were cultured as 
described above and shifted to serum-free DMEM with DEX and 
taurodeoxycholate (TDC) in the indicated concentrations from 10 to 
1000 phl or taurochenodeoxycholate (TCDC) from 10 to 1000 pM. 
Duplicate samples of polyA RNA were isolated, northern blotted, and 
hybridized in succession with probes specific for CYP7 and beta-actin. 

is responsive to these hormones at physiologic levels in 
a manner similar to rat livers in vivo (13, 20,39). 

L35 cells take up taurocholate from the culture 
medium and concentrate it intracellularly 

To examine whether L35 cells could take up and 
concentrate taurocholate from the culture medium, L35 
cells were incubated with taurocholate (100 pM) for 24 
h, after which the cells were harvested and the intracel- 
lular concentration of cholic acid was quantitated by 
GLC. The intracellular concentration of cholic acid 
relative to the medium was increased by nearly 4-fold to 
379 pM (Table 1). Based on these results, L35 cells 
phenotypically resemble hepatic parenchymal cells in 
their ability to concentrate bile acids from the medium. 

At physiologic levels (up to 100 pM) 
taurine-conjugated bile acids do not repress 
7a-hydroxylase mRNA 

We examined the ability of bile acids to repress 7a-hy- 
droxylase. L35 cells were incubated with either dex- 
amethasone alone or with dexamethasone and tauro- 
cholate (1 mM) for 48 h. Taurocholate had no effect on 
the induction of 7a-hydroxylase mRNA levels by dex- 
amethasone (Fig. 3A). When quantitated relative to 
actin message levels, no significant differences in 7a-hy- 
droxylase message levels between the three treatments 
were observed. The more hydrophilic bile acid, taurour- 

sodeoxycholate, also showed no effect on levels of 712- 
hydroxylase mRNA. 

We also performed a second type of an experiment 
in which L35 cells were incubated with dexamethasone, 
then it was removed and taurocholate was added (Fig. 
3B). Removal of dexamethasone for 24 h had no affect 
on 7a-hydroxylase mRNA levels. Moreover, addition of 
taurocholate for 24 h also did not affect 7a-hydroxylase 
levels, relative to the actin control. 

At supra-physiologic concentrations, hydrophobic 
dihydroxy bile acids both decrease 7a-hydroxylase 
mRNA and cause cytotoxicity 

At higher concentrations (1 mM), the more hydropho- 
bic bile acids taurochenodeoxycholate and taurodeoxy- 
cholate decreased 7a-hydroxylase mRNA levels (Fig. 4). 
The suppression caused by taurodeoxycholate ranged 
from 8- to 20-fold while the suppression due to tauro- 
chenodeoxycholate was 7-fold when corrected to actin 
mRNA levels. In contrast, even at this higher than 
physiologic level of bile acids, neither taurocholate nor 
tauroursodeoxcholate, caused any detectable change in 
7a-hydroxylase mRNA (Fig. 3). Because beta-actin 
mRNA levels were unchanged by any of the incubation 
conditions, there was an apparent specific decrease in 
the relative level of 7a-hydroxylase mRNA levels in the 
presence of taurodeoxycholate and taurochenodeoxy- 
cholate. 

In the presence of 1 mM concentrations of hydropho- 
bic bile acids, cells appeared to have an abnormal mor- 
phology; they appeared rounded as opposed to a flat- 
tened appearance, normally observed under growth 
conditions (Fig. 5). This altered morphology was dis- 
played by > 85% of the cells cultured in the presence of 
1 mM of either taurochenodeoxycholate and taurode- 
oxy cholate. 

To examine whether this change in morphology was 
due to cytotoxic effects of the dihydroxy bile acids, the 
release of two cytosolic enzymes, lactate dehydrogenase 
and glucose-isomerase, into the culture medium was 
measured. At the (1 mM) concentration of hydrophobic 
dihydroxy bile acids (required to observe a decrease in 
7a-hydroxylase mRNA) significantly increased activities 
of both lactate dehydrogenase and phosphoglucose 
isomerase in the culture media were observed (Fig. 6). 
In contrast, in d l  other culture conditions described 
above (the lower concentrations of bile acids, or no bile 
acids), there was no detectable release of lactate dehy- 
drogenase or phosphoglucose isomerase activity into 
the medium (data not shown). The combined data 
suggest that both taurochenodeoxycholate and taurode- 
oxycholate at the supra-physiologic concentration of 1 
mM caused cytotoxicity in L35 cells. 
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To further examine the relationship between de- 
creases in 7a-hydroxylase mRNA and cytotoxicity, L35 
cells were incubated with the detergent sodium dodecyl- 
sulfate (SDS) at a concentration of 50 pM. Cells re- 
sponded to SDS in a manner similar to the effect of 
supra-physiologic concentrations of hydrophobic dihy- 
droxy bile acids. SDS decreased the relative abundance 
of 7a-hydroxylase mRNA (with no detectable change in 
beta-actin mRNA) and increased the activity of both 
lactate dehydrogenase and phosphoglucose isomerase 
into the culture medium (Fig. 7). The combined data 
show that in L35 cells, bile acids and SDS repress 7a-hy- 
droxylase mRNA in a manner associated with cytotoxic- 
ity. 

L35 cells retain protein kinase C regulation of 
7a-hydroxylase expression 

In primary rat hepatocytes, 7a-hydroxylase gene ex- 
pression is negatively regulated by inducers of the pro- 
tein kinase C and this has been proposed to be the 
mechanism by which bile acids regulate 7a-hydroxylase 
(40). We examined the relationship between protein 
kinase C and CYP7 expression in L35 cells using PMA 
activation of this second messenger system. L35 cells 
were treated with dexamethasone for 48 h and then 
were incubated with PMA (250 nM) for 3 h. PMA mark- 
edly decreased 7a-hydroxylase mRNA about 2.6-fold 
(Fig. 8). At the same time, levels of beta-actin mRNA 
were increased 2.6-fold relative to the control. PMA 
induction of beta-actin mRNA has been reported in 
other types of hepatoma cells (41). The combined data 
show that L35 cells display a phenotype associated with 
resistance to bile acid repression of CYP7 expression. 
This resistance may be caused by an inability of bile acids 
to activate protein kinase C. 

DISCUSSION 

The liver consists of several different cell types, many 
having specific functions and patterns of gene expres- 
sion. Within the lobules of the liver are localized regions 
where parenchymal cells exhibit differential gene ex- 
pression (42, 43). Parenchymal cells localized to the 
periportal regions display a high expression of HMG- 
CoA reductase (44), whereas parenchymal cells in the 
pericentral regions display a high expression of 7a-hy- 
droxylase (45). As parenchymal cells located in the 
periportal regions are mainly responsible for returning 
bile acids from the portal blood to the biliary system (46, 
47) the decreased expression of 7a-hydroxylase in this 
region has been explained by negative feedback on 
7a-hydroxylase. This differential localization of liver- 
specific functions may, in part, explain the difficulty in 
devising model cell systems that accurately reflect, in 

toto, the functional integrity of parenchymal cells of the 
liver in vivo. 

In this report we further characterized L35 cells, a line 
of rat hepatoma cells that express 7a-hydroxylase in a 
regulated manner. To our knowledge these cells are the 
only cells that display in combination the following gene 
products typical of the adult differentiated liver: 7a-hy- 
droxylase at in vivo levels, liver-specific glucokinase, the 
transcription factors DBP and CEBP, the beta subunit 
of Na+,K+-ATPase, the microsomal cytochrome 
P4502E1, the liver-specific form of phosphatidylethano- 
lamine N-methyl transferase 2, LCAT, and plasma 
apolipoproteins. They form cell/cell contacts reminis- 
cent of bile canaliculi (R. A. Davis, J. D. Trawick, and F. 
R. Simon, unpublished data). The combined data indi- 
cate that the L35 cell line displays a phenotype that more 

No Bile Acids 
Added 

+ 1.0 mM TDC 

+ 1.0 mM TCDC 

Fig. 5. Effect of the hyt , >Iwbic bile acids, taurodeoxycholate and 
taurochenodeoxycholate, on L35 cell morphology. After culturing 
W5 cells in serum-free DMEM supplemented with dexamethasone or 
in serum-free DMEM, dexamethasone, and 1.0 mM of the indicated 
bile acid for 48 h, photomicrographs of the culture dishes were made. 
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closely approximates that of the parenchymal cell in vivo 
than primary rat hepatocytes and HepG2 cells. This 
unique cell line allowed us to examine how this pheno- 
type might affect bile acid repression of CYp7 expres- 
sion, a response common to hormonally induced pri- 
mary rat hepatocytes and HepGP cells (29-31). 

At physiologic concentrations (< 100 bM), none of the 
bile acids examined showed an effect (Fig. 4) on expres- 
sion of 7a-hydroxylase mRNA. As L35 cells take up and 
concentrate taurocholate (Table I), the absence of re- 
pression of 7a-hydroxylase cannot be attributed to the 
inability of the bile acids to enter L35 cells. Moreover, 
at concentrations higher than observed in rat portal 
blood (48), both taurochenodeoxycholate and taurode- 
oxycholate decreased 7a-hydroxylase mKNA, without 
affecting beta-actin mRNA (Fig. 4). An identical effect 
was observed using SDS (Fig. 7). While one might con- 
clude from these data that taurochenodeoxycholate, 
taurodeoxycholate, and SDS may have elicited a specific 
decrease of 7a-hydroxylase, the additional finding show- 
ing a release of two cytoplasmic enzyme activities, lactate 
dehydrogenase and phosphoglucose isomerase (Figs. 6 
and 7), suggests that this effect was caused by the 

detergent properties of these amphipaths. The addi- 
tional finding showing an altered morphology of cells 
incubated with these detergents at concentrations nec- 
essary to decrease 7a-hydroxylase mRNA, but not actin 
mRNA, indicates that cellular integrity was impaired, 
Le., cytotoxicity. Our finding that L35 cells cultured 
under these conditions display clear evidence of cyto- 
toxicity without a decrease in actin mRNA suggests that 
a selective decrease in one mRNA compared to another 
may not necessarily be a valid indication of a "specific 
regulatory" response. 

To establish that bioactive molecules (i.e., effectors) 
initiate physiologically relevant regulation of gene ex- 
pression, they must conform to at least the following 
three criteria: 1) changes in the concentration of the 
effector in the target tissue should correlate with physi- 
ologic changes in gene expression; 2) they should show 
a structural specificity that correlates with potency of 
response; and 3) in an appropriate experimental system 
that reflects the in vivo situation, they should, at physi- 
ologic concentrations, change the expression of the 
gene in a manner that accurately reflects what occurs in 
vivo. 

T T 

0.02 

0.01 

0.0 0.00 

TDC TDC TCDC TCDC n: 0 SDS 
(0.1 IOM) (1.oIOM) (0.1 IOM) (1.0mM) (1.0mM (0.05 IOM) 

Fig. 6. Treatment of L35 cells with taurodeoxycholate and taurochenodeoxycholate at concentrations sufficient to 
inhibit CYP7 mRNA accumulation also lead to the release of the cytosolic enzymes lactate dehydrogenase and 
phosphoglucose isomerase into the culture medium. L35 cells were cultured, induced with dexamethasone, and treated 
with either taurodeoxycholate (TDC) or taurochenodeoxycholate (TCDC) at 0.1 mM to 1.0 mM, taurocholate (TC) at 
1.0 mM, no added bile acids (0). or SDS at 0.05 mM as described for Fig. 4. Then the culture medium was sampled and 
assayed for activities corresponding to lactate dehydrogenase or phosphoglucose isomerase. Solid boxes, release of 
lactate dehydrogenase activity into the culture medium. Striped boxes, release of phosphoglucose isomerase into the 
culture medium. Both activities are expressed as relative rate of substrate conversion per mg of cell protein. 
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Fig. 7. The ionic detergent SDS can block 7a-hydroxylase expres- 
sion in W5 cells. W5 cells were cultured and treated as in Figs. 4 and 
5 except that sodium dodecylsulfate at a final concentration of 50 pM 
was added instead of a bile acid. The northern blot was probed with 
7a-hydroxylase, stripped, and reprobed with actin. 

In regard to bile acid negative feedback regulation of 
7a-hydroxylase, there are many contradictory studies. 
With respect to the first criterion, removal of bile acids 
from the enterohepatic circulation by either biliary di- 
version or feeding bile acid sequestrants resulted in 
increased activity and mRNA for 7a-hydroxylase (22,23, 
49). While these two findings are consistent with the 
hepatic levels of bile acids being the effectors of 7a-hy- 
droxylase negative feedback repression, there are a 
number of notable exceptions. These exceptions in- 
clude the following: 1)  the intrahepatic concentrations 
of bile acids (50) do not vary inversely with the diurnal 
increase in activity caused by increased gene expression 
(51); 2) it is well known that the activity (49) and mRNA 
(4) for 7a-hydroxylase show a diurnal maximum soon 
after food consumption, yet this is the same time when 
bile acids are no longer sequestered in the gallbladder 
but are actively being absorbed and delivered back to 
the liver via the enterohepatic circulation (51,52); 3) in 
bile duct-ligated rats, the concentration of bile acids in 
the liver is increased, as is the activity of 7a-hydroxylase 
(53, 54). With respect to the second criterion, the po- 
tency of bile acids in regard to repressing CYP7 expres- 
sion correlates most strongly with hydrophobicity, 
rather than stereochemistry (55, 56). While a recent 
report argued that structure was important in bile acid 
action, hydrophobicity index correlated with 7a-hy- 
droxylase repression at a highly significant level (P < 
0.0001) (56). Therefore, one is faced with the dilemma 
of how bile acids having such extraordinary differences 
in structure might directly interact with a common 
receptor or regulatory subunit of an enzyme and initiate 
repression (2). 

Recent studies may provide an explanation of this 
dilemma. Studies in primary rat hepatocytes (40) and 
HepC2 cells (57) show that bile acids repress 7a-hy- 

droxylase and induce MHC class I antigens, respectively, 
by activation of protein kinase C. Both effects were 
greater with more hydrophobic bile acids. In non-he- 
patic cells, bile acid stimulation of protein kinase C is 
associated with the procoagulant activity of monocytes 
(58). Activation of protein kinase C by bile acids has 
been proposed to be caused by their effects on mem- 
brane lipids due to their detergent nature (57). The 
recent finding that taurocholate at a physiological con- 
centration of 25 pM causes repression of cYP7 gene 
transcription by a protein kinase Cmediated event (40) 
may indicate that bile acids act indirectly on gene ex- 
pression, rather than through a "classical" ligand-recep 
tor model. As indicated by the similar response of both 
hepatic and extrahepatic cells toward bile acid activation 
of protein kinase C, this response neither requires the 
enterohepatic circulation nor the expression of the 
liver-specific sodium-dependent bile acid transporter 

Our findings showing that bile acids do not repress 
CYP7 expression in L35 cells without an associated 
cytotoxicity, even though these cells show expected 
responses to physiologic regulators of CYP7, further 
suggest that the simple model of bile acids acting directly 
on the liver transcription of CYP7 is unlikely to be valid. 
The inability of physiologic concentrations of taurocho- 
late to repress CYP7 expression by L35 cells suggests 
that these cells, in contrast to rat hepatocytes (40), either 
have factors that prevent or  lack factors necessary to 
activate protein kinase C by bile acids. These factors are 
not involved in dexamethasone induction and insulin 
repression of CYP7. Differences in the ability of bile 
acids to repress 7a-hydroxylase in vivo exists between 
species and strains. For example, feeding diets contain- 

(59)- 

DEX DEX+PMA 

Fig. 8. Phorbol lSmyristate, 13-acetate (I'MA), an inducer of PKC, 
negatively regulates 7a-hydroxylase mRNA in W5 cells. W5 cells were 
cultured and 7a-hydroxylase was induced with 100 pM dexamethasone 
as in Fig. 4. After 48 h, PMA was added to 250 nM and RNA was 
harvested after 3 h of PMA induction of PKC. Control cells induced 
with dexamethasone but not treated with PMA were harvested at the 
same time. The northern blot with duplicate samples probed in 
succession with 7a-hydroxylase and beta-actin is shown. 
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ing cholesterol and cholic acid to rats led to increased 
7a-hydroxylase levels (60), whereas when fed to 
C57BL/6 mice there was a decrease (21). These data 
show that in vivo some animals are resistant to bile acid 
repression of 7a-hydroxylase, whereas some are suscep- 
tible. Our findings.showing that L35 cells are resistant 
to taurocholate repression of 7a-hydroxylase whereas 
primary rat hepatocytes and HepG2 cells are susceptible 
may be reflectingsthese in vivo differences. Moreover, 
as activation of protein kinase C by PMA clearly de- 
creases 7a-hydroxylase mRNA in L35 cells, it is likely 
that the differences in the ability of bile acids to activate 
protein kinase C may be responsible for the differences 
between cultured cell models and individual species and 
strains of mice in their response to bile acids. Species 
(61), individual (7), and strain-specific (21) differences 
in the mechanisms regulating CW7 expression may 
contribute to the processes determining plasma lipopro- 
tein levels and susceptibility to atherosclerosis. I 
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