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Abstract-The increase in serum y-glutamyl transpeptidase (GGT) is a well known marker of chronic 
alcoholism in man. We have oreviouslv shown that ethanol (180 mM) induces GGT activitv 2-3-fold in 
the CZ rat hepatoma cell line. In this study, we have analyzed the interaction of ethanol-with steroid 
hormones and drugs in this well defined cell culture system. Dexamethasone (lOOtiM), a synthetic 
glucocorticoid agonist, completely prevented the induction of GGT by ethanol, but had no effect when 
added alone. This inhibitory effect was also observed with other corticosteroids, but not with sex 
steroids; it was prevented by RU 486, a glucocorticoid antagonist. These observations suggest that 
dexamethasone acts through a high affinity glucocorticoid receptor. Conversely, ethanol did not interfere 
with the glucocorticoid induction of alanine aminotransferase in the same cell. We have analyzed the 
metabolism of ethanol in the CZ cells. These cells lack significant alcohol dehydrogenase activity as well 
as any cytochrome P-450 Ale immunoreactivity. Dexamethasone did not modify the disappearance of 
ethanol in the culture medium of those cells. We conclude that glucocorticoid hormones interact with 
ethanol at the cellular level, and that this interaction does not involve a modification of alcohol 
metabolism. 

Alcohol alters the functions of fetal as well as adult 
hepatocytes through a variety of ways. Most of the 
metabolic consequences of alcohol consumption can 
be attributed to the oxidation of ethanol which per- 
turbs the NADH/NAD+ ratio in the cell [l, 21. The 
toxicity of alcohol is primarily due to its first metab- 
olite, acetaldehyde, which causes lipid peroxidation 
and cell death [l]. Ethanol also perturbs the fluidity 
of the plasma membrane and thus modulates the 
activity of some membrane-bound enzymes [3,4]. 
The increase in other enzyme activities has been 
attributed to protein induction. The actual mech- 
anism by which ethanol increases the number of 
protein molecules of such enzymes as cytochrome P- 
450 [5], glucose-6-phosphate dehydrogenase [6] and 
y-glutamyl transpeptidase (GGT)v [7] remains 
poorly understood. Finally, ethanol alters cell func- 
tions by interacting with drugs, hormones or neuro- 
transmitters [2,8]. Two different types of 
interactions can be distinguished. Ethanol can act 
directly at the receptor site of the drug or at an 
enzyme mediating the drug’s effects as described for 
the Gaba receptor [9] and the adenylate cyclase 
system [lo] in the nervous system. Alternatively 

t To whom correspondence should be addressed. 
7 Abbreviations used: GGT, y-glutamyl transpeptidase; 

ALAT, alanine aminotransferase; PBS, phosphate buf- 
fered saline; NMDA, N-nitrosodimethylamine; Na Dod 
S04, sodium dodecyl sulfate; NADPH, nicotinamide aden- 
ine dinucleotide phosphate; P-450 Ale, P-450 j = P-450 
IIEl. 

ethanol can modify the metabolism of the drug in 
the liver which could possibly enhance its toxicity 
[21. 

In order to investigate the mechanism by which 
ethanol modifies cell functions, animal models [ 1, 111 
as well as cell culture systems [5,12] have been 
developed. We have focused on the study of protein 
induction by ethanol in a number of cell lines derived 
from the Reuber H35 rat hepatoma [7]. The induc- 
tion of GGT was used as a test for sensitivity to 
ethanol. The C2 cell line was thus selected as its 
GGT activity is increased 2-3-fold following ethanol 
exposure [7]. In another study using 2 D gel analysis, 
we have shown that the number of proteins, the 
synthesis of which is modified by ethanol, is very 
limited [13]. This reflects the specificity of ethanol 
effects in this particular cell line. 

We have used this in vitro system to investigate 
the interaction of ethanol with drugs and hormones 
at the cellular level. In the present study we report 
the interaction of alcohol with glucocorticoid 
hormones. These hormones specifically inhibit the 
induction of GGT by ethanol and this effect is prob- 
ably not mediated by a modification of the metab- 
olism of ethanol in the C2 cell line. 

MATERIALS AND METHODS 

Chemicals 

[14CH3]NDMA (8 mCi/mmole) was obtained 
from Amersham (U.K.). NDMA and NADPH were 
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purchased from Boehringer (Mannheim, F.R.G.). 
Electrophoresis products were from Serva (Hei- 
delberg, F.R.G.) and peroxydase conjugated 
immunoglobulins from Dako (Copenhagen, 
Denmark). L-y-Glutamyl-paranitroanilide, glycyl- 
glycine, dexamethasone, and dimedon were from 
Sigma Chemical Co. Dimilume was from Packard 
(Caversham, U.K.). Ethanol was from Merck (ref. 
983). 

Antibodies 

Anti-rat cytochrome P-450 Ale immunoglobulins 
were raised in rabbit as described by Patten et al, 
[14]. Anti rat cytochrome P-450 UTA, PB-B, ISF- 
G, BNF-B, PB-C, PCN-E antisera were obtained in 
rabbit as described by Guenguerich et al. [IS]. They 
were used after a l/ZOO dilution. 

Cell culture and ethanol treatment 

The C2 cells derived from line HJIECa of the 
Reuber H35 hepatoma were grown in a modified 
Ham’s Fi2 medium (GIBCO, Uxbridge, U.K.) sup- 
plemented with 5% fetal calf serum (Flow Lab., 
Irvine, Scotland), 200 units/ml of penicillin, 50 pg/ 
ml of streptomycin (Diamant, Puteaux, France), 
0.5 pg/ml of fungizone (Squibb, Princeton, U.S.A.). 
Cells were routinely cultured as previously 
described, in a 7% COz humidified atmosphere at 
37”, on Falcon plastic petri dishes; 2.5 x lo4 to lo5 
cells and lo5 to lo6 cells were seeded per 6 cm and 
10 cm diameter petri dishes respectively. Experi- 
ments were performed during exponential phase of 
growth. For ethanol and steroid treatment, culture 
medium was removed and fresh medium containing 
any of the various steroids with or without ethanol 
was added for 48 hr. We previously mentioned that 
GGT induction was not modified whether the plates 
were wrapped or not in parafilm to avoid ethanol 
evaporation [7). 

Microsome preparation 

The CZ cells (100 millions) were washed twice with 
PBS, then scraped and centrifuged at 300g. The 
pellet was resuspended in 5 ml of buffer (0.25 M 
sucrose, 10 mM Tris-HCl (pH 7.5), 1 mM EDTA) 
and homogenized in a tight Dounce homogenizer on 
ice (40 strokes). The homogenate was centrifuged 
for 20min at 13,500g at 4” (SS 34 rotor, Sorvall). 
The supematant was collected and centrifuged for 
60min at 105,OOOg at 4” (Ti 50 rotor, Beckman). 
The final pellet was then resuspended in 0.3 ml of 
sodium phosphate buffer 100 mM, pH 7.5 containing 
20% glycerol, 10 mM MgC12, and stored in aliquots 
at -80”. 

Enzyme assays 

Gamma-glutamyl transpeptidase. At each time 
point, control and ethanol treated cells were washed 
with phosphate buffered saline (PBS) at 4”, 
scraped, centrifuged at 300g and resuspended in 
PBS. GGT activity was determined according to the 
method of Orlowski et al. as previously described 
[ 161 using L-y-glutamyl-paranitroanilide and gly- 
cylglycine as substrates. Proteins were estimated by 

the method of Lowry using bovine serum albumin as 
standard [17]. Activity was expressed as mU/mg 
protein. One mU corresponds to 1 nmol para- 
nitroanilide formed per min. 

Alanine aminotransferase. Cell homogenates were 
prepared by incubating the cells in PBS containing 
0.5% Triton X 100 for 15 min at 37”. Alanine 
aminotransferase was assayed using a kit distributed 
by Roche. 

Alcohol dehydrogenase. The enzyme was assayed 
on a cell homogenate as described by Arslanian et 
al. [18]. 

N-nitrosodimethylamine (NDMA) demethylase 
activity. NDMA demethylase activity was deter- 
mined by the radioactive method of Hutton et al. 
[19] modified by Hawke et al. [20]. The assay mixture 
contained 0.1-0.2 mg of microsomal protein, 
100 mM potassium phosphate buffer, 6 mM MgCl,, 
1 mM NADPH and 1 mM [14C]NDMA (8 mCi/ 
mmol) in a final volume of 0.5 ml. Controls contained 
no NADPH. The mixture was incubated for 10 min 
at 37” in a shaking water bath in capped tubes and 
the reaction was stopped by the addition of 0.3 ml 
of 1 M sodium acetate, pH 4.5, on ice. Twenty micro- 
liters of 0.1 M HCHO and 1 ml of 10 mM dimedon 
were added. The tubes were then placed in a boiling 
water bath for 5 min. After cooling the samples, 
0.8 ml water and 4 ml hexane were added. The tubes 
were mixed and centrifugated for 10min. Three 
milliliters of the hexane layer were removed, placed 
in scintillation counting glass vials and evaporated 
under a flow of nitrogen. The samples were counted 
in dimilume to avoid chemioluminescence. Activity 
was expressed as mU/mg protein. One mU cor- 
responds to 1 nmol HCHO formed/min. 

“Western blots” analysis 

Microsomes from isoniazid treated rats, or from 
CZ cells treated as indicated, were electrophoresed 
on Na Dod S04/polyacrylamide gels (9%) according 
to Laemmli [21]. The separated proteins were elec- 
trotransferred to nitrocellulose sheets as described 
by Guenguerich et al. [22]. Nitrocellulose sheets were 
blocked for 60 min at 37” by 3% serum albumin 
and 10% fetal calf serum in a phosphate buffer 
(135 mM NaCl, 15 mM KH2P04, 81 mM Na2HP04, 
27 mM KCL) and then incubated with antirat cyto- 
chrome P-450 antibodies overnight at 4” (anti-P- 
450 Ale immunoglobulins were diluted to about 5 pg 
IgG/ml). The nitrocellulose sheets were washed six 
times with phosphate buffer containing 0.2% Tween 
20 and then incubated at room temperature for 
30 min in phosphate buffer containing a l/250 dilu- 
tion of peroxidase conjugated swine immuno- 
globulins raised against rabbit immunoglobulins. 
Finally, the sheets were washed six times with phos- 
phate buffer and the peroxidase activity was detected 
with 4-chloro-1-naphtol and H202 as previously 
described [23]. 

Ethanol assay 

Ethanol was assayed in aliquots of the culture 
medium by gas chromatography [24]. The aliquots 
were previously centrifuged 10 min at 10,000 g to 
eliminate lysed cells. 
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RESULTS 

Dexamethasone abolishes ethanol induction of GGT 

Gamma-glutamyl transpeptidase activity in the C2 
cell line increased 2-3-fold following a 48 hr exposure 
to ethanol [7]. As shown in Fig. 1, dexamethasone 
prevented the induction of GGT by ethanol in a dose- 
dependent manner, when both drugs were added 
together. Half maximal inhibition was observed at 
2nM and essentially complete inhibition was 
achieved at 100 nM. Dexamethasone alone had no 
significant and reproducible effect on basal GGT 
activity, although a very slight increase was some- 
times observed at the highest concentrations. 

Dexamethasone acts through a specific glucocorticoid 
receptor 

Various steroids (0.5 t_1M except for dexameth- 
asone, 0.1 PM) were added alone or with 180 mM 
ethanol to the Cz cells. Gamma-glutamyl trans- 
peptidase activity was measured after a 48 hr 
incubation. The results shown in Fig. 2 indicate that 
only dexamethasone and corticosterone had an 
inhibitory effect. Progesterone inhibited very slightly 
the induction of GGT by alcohol whereas tes- 
tosterone and estradiol had no effect. The drug RU 
486, a well known glucocorticoid antagonist [25], had 
no effect by itself, but prevented the inhibitory action 
of dexamethasone. The relative potency of these 
various steroids as well as the antagonistic action of 
RU 486 point to a glucocorticoid receptor mediated 
effect. 

A glucocorticoid receptor was shown to be present 
in the Cz cells [26]. We have checked that this recep- 
tor was functional under our experimental conditions 
by looking for the induction of alanine amino- 
transferase (ALAT) by glucoco~icoids 1271. Figure 
3 shows a dose-response curve of the transaminase 
activity as a function of dexamethasone 
concentrations. Dexamethasone induced the trans- 
aminase activity 5-6fold with a half-maximal 
increase at around 2 nM. In fact, the extent of ALAT 
induction parallels the extent of inhibition of the 
alcohol effect on GGT (compare Figs 1 and 3). 
Interestingly, the addition of 1% ethanol to the 
various concentrations of dexamethasone did not 
modify the action of the glucocorticoid on ALAT 
activity. All the above results indicate that 
glucocorticoids specifically inhibit the induction of 
GGT by alcohol whereas alcohol does not modify 
other glucocorticoid effects. 

In Fig. 4, we show that a 48 hr preincubation of 
the cells with 10 nM dexamethasone does not prevent 
the induction of GGT by 1% ethanol. Only when 
dexamethasone was added together with ethanol did 
it prevent the alcohol effect. 

Does dexameth~one act by modi~in~ the metabol~m 
of ethanol? 

We have looked for the presence of the two most 
important in uivo metabolic pathways of alcohol, 
namely alcohol dehydrogenase and cytochrome P- 
450 dependent oxidase [28]. Confirming previous 
characterization of liver specific enzymes in the Cz 

Fig. 1. Dexamethasone dose-response curve on controt and ethanol treated cells. Dexamethasone was 
dissofved in ethanol at a concentration of 2 mM and was further diluted in culture medium. Celi culture 
was carried out as described in Materials and Methods. Various concentrations of dexamethasone were 
added to the cells with (0) or without (X) 180 mM ethanol. Ethanol and dexamethasone were added 
concomitantly. After a 48 hr incubation, the cells were washed, scraped and assayed for GGT activity. 
The assay was run in duplicate. The experiment was repeated three times with similar results. One 

hundred per cent activity corresponded to 1.6 mU/mg protein. 



680 R. BAROUKI et al. 

T R R+D 

Fig. 2. Effect of various steroids on induction of GGT activity by ethanol. All steroids were used at a 
concentration of 0.5 PM except dexamethasone which was at a concentration of 0.1 PM. Ethanol 
(180mM) and the various steroids were added at the same time and the GGT activity was measured 
after an incubation of 48 hr. Each point is the average 2 SEM of four independent determinations. For 
statistical significance the Mann-Whitney U test was used: xx P < 0.01 when compared to ethanol 
treated cells; ’ P < 0.05 when compared to ethanol treated cells; ** P < 0.01 when compared to 
ethanol + dexamethasone treated cells. Dark bars represent activities in cells treated with ethanol. D, 
dexamethasone; P, progesterone; E, estradiol; T, testosterone; C, corticosterone; R, RU 486; 100% 

activity corresponded to 3.17 mU/mg protein. 

I 6 i 1 1 

0 10 9 a 1 6 
-log [DEXAMETHASONEI (M) 

Fig. 3. Effect of dexamethasone on alanine aminotransferase in Cz cells. Various concentrations of 
dexamethasone were added in the absence (0) or the presence (x) of 180 mM ethanol to the C, cells 
under the same conditions as those described in the legend of Fig. 1. One hundred per cent activity 

corresponded to 0.13 U/mg protein. 
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Fig. 4. Effect of preincubation with dexamethasone. Cells 
were either preincubated (dark bars) or not (empty bars) 
with 10nM dexamethasone for 48 hr. They were then 
washed and fresh medium was added alone (control: C), 
with 180 mM ethanol (E), 10 nM dexamethasone (D), or 
both 180mM ethanol and 10nM dexamethasone (DE). 
After an incubation of 48 hr, cellular GGT activity was 
assayed. Each point is the average ? SEM of four inde- 
pendent determinations. One hundred per cent activity 

correspond to 1.4 mU/mg proteins. 

cells [27], we have not been able to detect alcohol 
dehydrogenase activity in this cell line under con- 
ditions where such an activity was found in isolated 
hepatocytes (8.2 mU/mg protein in rat hepatocytes 
and less than 0.4 mU/mg protein in C2 cells). Alcohol 
dehydrogenase activity was still undetectable when 
cells were incubated with 1 PM dexamethasone or 
180 mM of ethanol. 

A possible cytochrome P-450 mediated oxidation 
of alcohol was assessed using two independent 
techniques. Microsomes were prepared from 
control, glucocorticoid and alcohol treated cells. 
Samples containing total microsomes were run on 
polyacrylamide gels, blotted on nitrocellulose filters 
and incubated with anticytochrome P-450 Ale anti- 
body. Cytochrome P-450 Ale is responsible for the 
microsomal metabolism of ethanol. The results of 
such Western blots are shown in Fig. 5. While a 
cytochrome P-450 Ale band was clearly detected in 
rat liver, it was not found in microsomes from treated 
or control CZ. Moreover, P-450 Ale was not induced 
by other drugs such as phenobarbital and 3-methyl- 
cholanthrene (Fig. 5). In addition, control and 
treated C2 cell microsomes were also tested using 
other antibodies with different specificities (UT-A, 
PB-B, PB-C, BNF-B, PCN-E) and no band cor- 
responding to any of these cytochromes P-450 was 
found (data not shown). In the same experiments, a 
specific band was observed in microsomes isolated 
from isoniazid treated rats (isoniazid is a selective 

Table 1. Disappearance of ethanol from the cell medium 
of C2 cells 

Time (hr) 
0 6 24 48 

Ethanol 8.8 g/l (191 mM) 
Medium alone 8.8 6.8 3.4 2.3 
Medium + cells 1.2 3.7 1.9 
Medium + cells + dexamethasone 6.3 3.9 2 

Ethanol 1.4 g/l (30 mM) 
Medium alone 1.4 1.5 0.8 0.6 
Medium + cells 1.0 0.7 0.7 
Medium + cells + dexamethasone 1.3 0.9 0.6 

Ethanol concentrations are expressed in g/l; dex- 
amethasone was used at a concentration of 0.1 PM. Each 
value is the average of two independent determinations. 

inducer of P-450 Ale [29]). Finally, a band cor- 
responding to epoxide hydrolase, a marker of micro- 
somes was detected in C2 cell microsomes (data not 
shown). A functional assay for cytochrome P-450 
Ale based on the measurement of NDMA oxidation 
by microsomes confirmed the previous result. 
Indeed, NDMA metabolism was recently shown to 
be mediated by cytochrome P-450 Ale [30]. An 
activity of 0.6mU/mg of proteins was detected in 
normal liver and essentially no activity (less than 
0.05 mU/mg of protein) was found in the C2 cells 
under any of the conditions tested. 

Finally we have measured the disappearance of 
ethanol (191 mM or 30 mM initially) in the culture 
medium of cells treated or not with dexamethasone. 
The rate of decrease in ethanol concentration in the 
medium was essentially similar with or without cells 
(Table 1) which indicates that the metabolism of 
ethanol by the cells, if present, is extremely poor. In 
the presence of dexamethasone the rate of decrease 
in ethanol concentration was not significantly modi- 
fied (Table 1). 

DISCUSSION 

The present study has allowed us to demonstrate 
a direct interaction between ethanol and 
glucocorticoids at the cellular level. In rat liver, 
independent studies have shown that both alcohol 
and glucocorticoids induce GGT activity [31, 321. In 
the Fao cell line, GGT activity is induced only by 
glucocorticoids [16], whereas, in the C2 cells, ethanol 
but not glucocorticoids induce GGT activity [7]. In 
fact, glucocorticoids prevent the induction of GGT 
by ethanol in the C2 cells. Such an interaction has 
not been studied in vivo. Such in vivo studies would 
be difficult to interpret since both drugs modify basal 
GGT activity. In contrast, the absence of 
glucocorticoid hormones effect on basal GGT 
activity in the C2 cells has probably allowed us to 
uncover their action on the induction of the enzyme 
by ethanol. The inhibitory effect of glucocorticoids is 
specific and is mediated by a classical glucocorticoid 
receptor. This is in contrast to the induction by 
dexamethasone of other drug metabolizing enzymes 
such as cytochrome P-450 PCN [33,34] and digi- 
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Fig. 5. “Western blots” of microsomes from Cz cells or rat liver. After electrophoresis and transfer the 
nitrocellulose was incubated with anticytochrome P-450 Ale immunoglobulins which were stained as 
described in Materials and Methods. 1, 10, Microsomes from isoniazid treated rats (1 pg, 5 fig protein); 
2, rnicrosomes from control C2 cells (20 pg protein); 3, microsomes from ethanol treated cells (20 pg 
protein); 4, microsomes from dexamethasone treated cells (2Opg protein); 5, microsomes 
ethanol + dexamethasone treated cells (20 pg protein); 6, microsomes from control Cz cells (20 pg 
protein); 7, microsomes from phenobarbital treated cells (20 pg protein); 8, microsomes from 
phenobarbital + ethanol cells (20 ,ug protein); 9, microsomes from 3-methylcholanthrene cells (20 pg 
protein); 2-5 and 6-9 were from two different preparations. Similar results were obtained with 50 pg 
protein. The sensitivity of the technique allows us to conclude that Cr cells microsomes contained less 

than 10 pmoles of each P-450 tested per mg protein. 

toxigenin monodigitoxoside UDP-glucurono- 
syltransferase [35], which is observed at high con- 
centrations of the steroid and is mimicked by 
steroids with antiglucocorticoids activity such as 
pregnenolone 16 a-carbonitrile. Moreover, gluco- 
corticoids do not act by modifying the metab- 
olism of ethanol in the Cz cell and, particularly, they 
do not induce alcohol dehydrogenase or cytochrome 
P-450 mediated alcohol oxidation. This metabolism- 
independent interaction appears to be quite different 
from other drug interactions particularly those 
involving ethanol [2]. Indeed, acute ethanol inges- 
tion results in competition with other drugs for micro- 
somal metabolism. In addition, chronic exposure 
to a variety of drugs including ethanol induce the 

microsomal metabolism responsible for the oxidation 
of alcohols and other xenobiotics [36]. 

Two possibilities for glucocorticoid action can be 
distinguished. First, glucocorticoids could act by 
modifying the availability of ethanol to the cell. We 
have already mentioned that glucocorticoids do not 
modify the metabolism of ethanol. We cannot elim- 
inate the possibility that these hormones could mod- 
ify the entry of ethanol in the cells. However, it 
should be noted that the induction of GGT in the Cz 
cell by another drug, phenobarbital, is also inhibited 
by glucocorticoids (unpublished data). Thus, for this 
hypothesis to be true, glucocorticoids should be able 
to alter the availability of both alcohol and 
barbiturates. 
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The second possibility is that glucocorticoids could 
specifically interfere with the process of GGT induc- 
tion by ethanol. In fact, as mentioned above, 
glucocorticoids induce GGT activity in rat liver and 
in a highly differentiated hepatoma cell line, Fao 
[ 161. Their inability to induce GGT in C2 cells is due 
neither to the absence of a functional glucocorticoid 
receptor, nor to the presence of a high constitutive 
expression of GGT in this cell line. Indeed, GGT 
activity in C2 cells is similar to that of Fao cells and 
of adult rat liver [7], but much smaller than that 
found in undifferentiated liver cells. Despite their 
inability to modify basal GGT activity in CZ cells, 
glucocorticoids still influence GGT expression since 
they prevent its induction by ethanol and 
phenobarbital. A hypothetical model accounting for 
these observations is that the glucocorticoid recep- 
tors would be able to bind to the GGT gene in Cz 
cells without inducing the transcription of the gene 
but preventing its induction by other factors. In Fao 
cells, the binding of the receptor to the GGT gene 
would be efficient and would increase transcription 
as has been described for other glucocorticoid regu- 
lated genes [37]. 

In the course of the study of the interaction 
between ethanol and glucocorticoids, we have been 
able to shed some light on the mechanism of GGT 
induction by ethanol. Indeed, not only have we 
shown that dexamethasone does not modify ethanol 
metabolism, but it also appears that CZ cells do not 
metabolize ethanol to a significant degree. Therefore 
the induction of GGT by ethanol is not dependent 
on the metabolism (or on the metabolites) of this 
drug in the cell. 
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