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SHORT COMMUNICATIONS 

Modulation of multidrug resistance gene expression in rat hepatocytes maintained 
under various culture conditions 

(Receiued 26 June 1992; accepted 15 September 1992) 

Abstract-P-glycoprotein (P-gp), the multidrug resistance gene product, is overexpressed in normal 
adult rat hepatocytes under standard culture conditions. We have studied the modulation of P-gp 
expression in this in vitro model in the presence of both epidermal growth factor and pyruvate, which 
favor hepatocyte growth, as well as in the presence of either dimethyl sulfoxide (DMSO) or nicotinamide, 
which favors maintenance of differentiated functions. P-gp overexpression, estimated by northern 
blotting and doxorubicin-mediated drug efflux analyses, was similarly observed during culture in both 
standard and proliferating conditions, while it was delayed, but not inhibited, in the presence of DMSO 
or nicotinamide. These results suggest that the functional P-gp overexpression occurring in rat 
hepatocytes when exposed to an unfamiliar environment is at least partly not related to cell proliferation 
or the degree of cell differentiation in uitro. 

Multidrug resistance in tumor cell lines is usually related 
to the overexpression of a plasma membrane glycoprotein 
termed P-glycoprotein (P-gp*) [l, 21. P-gp, kncoded by 
mdr gene(s), is thought to act as an ATP-dependent efflux 
tran&emb;ane pump and thus reduces intracellular 
antitumor drug accumulation in resistant cells [3]. Elevated 
levels of P-gp have been demonstrated in many human 
cancers [4] and are correlated with chemotherapeutic 
outcome and poor clinical prognosis [5]. P-gp is also 
expressed on the apical membrane of cells facing an 
excretory compartment in several normal tissues, including 
the liver, kidney and gastrointestinal tract. This localization 
suggests that the mdr gene product may have a physiological 
role in transporting cytotoxic compounds or metabolites 
161. 

Various factors, including hormones and environmental 
circumstances, have been shown to regulate P-gp 
expression. The mdr gene product is induced in the 
secretory endometrium of the gravid mouse uterus [7] 
after heat shock, treatment by heavy metals [8] or 
chemotherapeutic agents [9], or in response to carcinogens 
in the liver [lo]. P-gp is also markedly overexpressed and 
associated with increased resistance to antitumor drugs in 
rat hepatocytes when maintained in primary culture under 
standard conditions without prior exposure to xenobiotics 
[ll]. Since P-gp expression has been related to the degree 
of differentiation of human tumors and cell lines [12] and 
to cell division during liver regeneration after partial 
hepatectomy [lo], we decided to investigate the modulation 
of P-gp expression in cultured rat hepatocytes by using 
culture conditions which induce cell growth or favor 
maintenance of differentiated functions. 

Materials and Methods 

Cell isolation and culture. Hepatocytes from adult male 
Sprague-Dawley rats weighing 180-200 g were isolated by 
the two-step collagenase 
seeded at a density of 1 $ 

erfusion method [13]. They were 
cells per cm* on plastic dishes in 

a medium consisting of 75% minimal essential medium and 
25% medium 199, sup lemented with 0.2 mg/mL bovine 
serum albumin, 1Opg mL bovine insulin and 10% fetal P 
calf serum. Four hours after cell seeding the medium was 
discarded and replaced by a serum-free medium without 

* Abbreviations: DMSO, dimethyl sulfoxide; EGF, 
epidermal growth factor; GAPDH, glyceraldehyde phos- 
phate dehydrogenase; GST 7-7, glutathione S-transferase 
7-7; P-gp, P-glycoprotein. 

or with supplement(s). Some cultures were maintained 
either in standard conditions as described elsewhere [ll] 
or in the presence of both epidermal growth factor (EGF) 
(50 ng/mL) and pyruvate (20 mM) which favor hepatocyte 
growth [14]. Another set of cultures were maintained in 
the presence of either 2% dimethyl sulfoxide (DMSO) 
(v/v) or 25 mM nicotinamide; both compounds prevent the 
loss of adult liver-specific functions during culture [15,16]. 

Assay of DNA synthesis. Cultured hepatocytes were 
incubaied -in the presence of 1 $i/mL- [3H]thymidine 
(25 Ci/mmol, Amersham, U.K.) during the 4-24, 24-48, 
48-72 and 72-96 hr culture periods. Measurements of DNA 
s 
In 

thesis were carried out using scintillation counting of 
I Hlthvmidine incomorated into DNA. 

dolkon of RNA- and blot analysk Total RNA was 
extracted from cultured hepatocytes by the guanidium 
thiocyanate/cesium chloride method [17]. For northern 
blotting, 1Opg of total RNAs were subjected to 
electrophoresis in a denaturing formaldehyde/agarose gel 
and transferred onto Hybond N sheets (Amersham). 
Transfer efficiency was verified by staining the gel with 
ethidium bromide. The sheets were prehybridized and 
hybridized with nP-labeled probes. After hybridization, 
the sheets were washed, dried and autoradiographed at 
-80”. P-gp mRNAs were detected with pCHP1, a hamster 
660 br, cDNA probe 1181 (The American Type Culture 
Colle’ction, Rdckville; &fi), U.S.A.). Glitathione S- 
transferase 7-7 (GST 7-71. albumin and alvceraldehvde 
phosphate dehidrogenak (GAPDH) &NAs w&e 
analysed with a rat GST 7-7 (pGSTr7) [19], a rat albumin 
[20] and a GAPDH [21] specific cDNA probe, respectively. 

Measurement of intracellular doxorubicin concentration. 
The intracellular concentration of doxorubicin was 
estimated as described previously [22]. Cultured rat 
hepatocytes were exposed to 25pM doxorubicin (Roger 
Bellon laboratories, Neuilly, France) for 2 hr, in the 
presence or absence of 25 PM verapamil (Sigma Chemical 
Co., St Louis, MO, U.S.A.). Then, the cells were washed 
rapidly with phosphate-buffered saline, harvested and 
ultrasonicated. Proteins were then precipitated with 20% 
trichloroacetic acid. The acid soluble fraction was used to 
measure the intracellular concentration of doxorubicin by 
fluorimetry using excitation and emission wavelengths of 
485 and 590 nm, respectively. No toxicity of verapamil or 
doxorubicin was apparent at the concentrations used 
over the incubation period. Doxorubicin intracellular 
accumulation values were analysed by the Student’s t-test. 
The criterion of significance of the differences between the 
means (+z standard deviation) was P < 0.05. 
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Fig. 1. DNA synthesis in cultured rat hepatocytes. 
Hepatocytes, maintained under standard conditions (ST) 
or in the presence of both EGF and pyruvate (E/P), DMSO 
or nicotinamide (NIC) were incubated with 1 yCi/mL 
[3H]thymidine. Incorporation of [‘Hlthymidine into DNA 
during the 4-24,24-48,48-72 and 72-96 hr culture periods 
was determined using scintillation counting. The values are 
expressed as dpm/yg protein and are means 2 SD of three 

experiments in triplicate. 

ST 

4hr 2d 4d 2d 4d 2d 4d 2d 4d 
---- 

ST E/P DMSO NIC 

Fig. 3. Intracellular doxorubicin accumulation in cultured 
rat hepatocytes. Cultured hepatocytes maintained under 
standard conditions (ST) or in the presence of both EGF 
and pyruvate (E/P), DMSO or nicotinamide (NIC) were 
incubated with 25 PM doxorubicin alone (DOX) or 25 PM 
verapamil (DOX + VR) for 2 hr at 4 hr, 2 days and 4 days 
after cell seeding. Intracellular doxorubicin concentration 
was then determined by a fluorimetric method as described 
in Materials and Methods. The values are expressed as 
nM/mg protein and are means f SD of three experiments 

in triplicate; *P < 0.05. 

Alb 

GST 7-7 / 

GAPOH 

Fig. 2. Expression of P-gp mRNAs in cultured rat hepatocytes. Each well was loaded with 10 pg total 
RNAs isolated from freshly isolated hepatocytes (FIH), cultured hepatocytes harvested 4 hr, 2 days 
and 4 days after seeding. Hepatocytes were maintained under standard conditions (ST) or in the 
presence of both EGF and pyruvate (E/P), DMSO or nicotinamide (NIC). RNAs were transferred 
onto nitrocellulose sheets after electrophoresis and hybridized with a mdr (pCHPl), a GST 7-7 

(pGSTr7), a rat albumin (Alb) or a GAPDH specific cDNA probe. 
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Results 
Expression 

Cell nrowth 
of P-gp in cultured proliferating hepatocytes. 

was measured following [3H]thymidine 
incorporation performed over the culture period (Fig. 1). 
Results showed a strong induction of DNA synthesis in the 
presence of EGF and pyruvate during the 48-72 and 72- 
% hr culture periods, thus indicating that hepatocytes 
proliferated actively in response to supplementation in 
growth factors. [)H]Thymidine incorporation into DNA 
was very low whatever the culture period for the 
heoatocvtes. maintained under standard conditions or in 
the pm&& of DMSO or nicotinamide (Fig. 1). 

As shown in Fie. 2. levels of P-sn mRNAs were stronglv 
augmented in gr;wing hepatocyt& compared with fresuy 
isolated or 4 hr cultured hepatocytes. The increase in P-gp 
expression also occurred as soon as day 2 of culture, as 
shown in non-proliferating hepatocytes maintained under 
standard culture conditions. 

To determine whether P-gp was functional, cellular 
accumulation of doxorubicin, an antitumor drug known to 
be transported by P-gp [l], was measured (Fig. 3). 
Decreased cellular retention of doxorubicin was found on 
both days 2 and 4 of culture in hepatocytes maintained 
under either standard or proliferating conditions. The 
relationship with P-gp-mediated drug efflux was proved by 
investigating the effect of verapamil, a compound known 
to reverse muhidrug resistance [23]. At a concentration of 
25 PM verapamil increased significantly doxorubicin 
retention in hepatocytes maintained under either standard 
or proliferating conditions on both days 2 and 4 of culture 
(Fig. 3). 

Expression of P-gp in cultured differentiated hepatocytes. 
The cellular differentiation state of cultured hepatocytes 
maintained in the presence of DMSO or nicotinamide was 
investigated by estimating the levels of albumin, a specific 
marker of adult liver parenchymal cells, and of GST 7-7, 
the GST form expressed in fetal liver and in hepatoma 
[24]. Albumin mRNA levels remained constant and GST 
7-7 mRNAs were undetectable or very low over the culture 
period (Fig. 2). By contrast, albumin mRNA amounts 
markedly decreased during primary culture under both 
standard and oroliferatine conditions while GST 7-7 
mRNAs were &ongly induced, particularly in hepatocytes 
maintained in the presence of EGF and pyruvate (Fig. 2). 
That equal amounts of RNA were loaded on the gel was 
demonstrated by hybridization with a GAPDH probe (Fig. 
2). 

Northern blotting showed that P-gp mRNAs were slightly 
increased at day 2 of culture and reached high levels only 
at day 4 of culture in hepatocytes maintained in the 
presence of DMSO and nicotinamide (Fig. 2). Cellular 
doxorubicin retention analyses showed that alteration in 
doxorubicin accumulation and significant action of 
verapamil were also observed only on day 4 of culture (Fig. 
3). 

Discussion 
Previous studies have demonstrated that culture 

conditions can greatly affect the phenotype of normal adult 
rat hepatocytes in vitro [25]. Thus, total cytochrome P450 
content and the drug metabolic capacity are largely 
dependent on the culture conditions [25], and the prolile 
of GST is directly related to the composition of the medium 
(241. The results reported here show that P-gp expression 
and P-gp-mediated doxorubicin et&ix can also be modulated 
in liver parenchymal cells by culture conditions. Media 
which favored maintenance of differentiated functions 

* Corresponding author: 0. Fardel, INSERM U 49, 
Hbpital Pontchaillou, 35033 Rennes, Cedex, France. Tel. 
(33) 99 54 37 37; FAX (33) 99 54 01 37. 

delayed the increase in functional P-gp occurring during 
culture. 

High levels of functional P-gp expression were found 
in hepatocytes maintained under both standard and 
proliferating conditions. In addition, delayed P-gp 
overexpression in hepatocytes cultured in the presence of 
DMSO or nicotinamide was observed in the absence of 
cell growth. Taken together, these data suggest that factors 
involved in mdr gene activation in vitro are not directly 
related to cell proliferation and thus the P-gp overexpression 
in normal cultured hepatocytes does not reflect that 
occurring during regeneration after partial hepatectomy 
IW. 

Cellular mechanisms leading to P-gp overexpresion in 
cultured hepatocytes remain unclear. It is noteworthy that 
the use of culture media which prevent loss of adult liver- 
specific functions during culture can delay but not inhibit 
functional mdr gene activation in vitro. This favors the 
idea that the cellular stress resulting from the isolation 
process and exposure to an unfamiliar environment lead 
more or less rapidly to a timctional P-gp overexpression 
whatever the culture conditions used and that factors 
involved in P-gp expression in vitro are at least in part not 
linked to the degree of differentiation of cultured 
hepatocytes. Comparable levels of P-gp mRNAs were also 
found in both adult liver and 17 day and 19 day fetal liver 
(data not shown), suggesting that in the in vivo situation 
P-gp expression in normal hepatocytes is similarly not 
related to the differentiation status. Activation of mdr 
genes without induction of GST 7-7 in hepatocytes 
maintained in media which promote maintenance of 
differentiated functions also favors the idea that these two 
detoxifying systems are not coordinately regulated in 
cultured hepatocytes. The same conclusion can be drawn 
from the data obtained under proliferating conditions. 
Indeed, GST 7-7 induction was stronger and occurred 
earlier in the presence of EGF and pyruvate compared 
to under standard conditions, while P-gp increased 
concomitantly under both standard and proliferating 
conditions. 

Interestingly, the differentiating agent DMSO which 
delayed increase in P-gp expression in rat hepatocytes has 
been demonstrated to enhance mdr gene expression in 
human tumor cell lines [12]. These opposite effects indicate 
that mechanisms of P-gp regulation are probably q&e 
different in normal versus tumoral cells and/or according 
to the species and tissue origin. 

In summary, P-gp overexpression in cultured rat 
hepatocytes was similarly observed whether the cells were 
maintained under standard or proliferating conditions, 
while it was delayed but not inhibited, in the presence of 
DMSO or nicotinamide. These results therefore suxnest 
that this P-gp overexpression is not directly related e]Fher 
to the cell growth or to the differentiated state but rather 
results from exposure of the cells to an unfamiliar 
environment. Primary rat hepatocyte cultures appear to 
represent a unique model for analysing P-gp regulation 
and function in non-tumoral cells. 
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