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Background: Primary human hepatocytes offer the best human in vitro model for studies on human liver cell
metabolism. Investigators use a variety of different media supplements and matrix biocoatings and the type of
culture system used may influence the outcome. Objectives: To optimize in vitro conditions for primary human
hepatocytes with regard to bile acid synthesis. Methods: Human hepatocytes were isolated and cultured on
collagen type I or EHS matrigel in cell media with or without dexamethasone. The glucocorticoid receptor (GR)
antagonist RU486 was used to elucidate the involvement of GR. Results: Hepatocytes cultured on EHS matrigel
producedmore bile acids and expressed higher levels of cholesterol 7a-hydroxylase (CYP7A1) than cells cultured
on rat tail collagen. Supplementation with dexamethasone increased the formation of cholic acid (CA) and
decreased chenodeoxycholic acid formation. In line with these results, the mRNA expression of sterol
12a-hydroxylase (CYP8B1) increased following dexamethasone treatment. Surprisingly, the mRNA expression
of CYP7A1 and CYP27A1 was not increased to the same extent. By using the GR antagonist RU486, we concluded
that CYP8B1 induction is mediated via a GR-independent pathway. An altered expression of retinoid-related
orphan receptor (ROR) a and ROR a target gene Glucose-6-phosphatase (G6Pase) suggests that ROR a signaling
may regulate CYP8B1 expression. Conclusion: Primary human hepatocytes have an increased bile acid synthesis
rate when cultured on matrigel as compared to collagen. Exposure to glucocorticoid hormones stimulates the
expression of CYP8B1, leading to an increased formation of CA and alteration of the bile acid composition. The
effect is most likely mediated through a GR-independent pathway, possibly through ROR a. ( J CLIN EXP

HEPATOL 2016;6:87–93)
roduction of bile is one of the many important neutral pathway is a hydroxylation at the 7a-position of
Pfunctions of the liver. Disruption of this process,
called cholestasis, causes considerable morbidity

and need of medical attention. Good research tools to
study bile acid metabolism are therefore important.

In humans, two primary bile acids are synthesized:
cholic acid (CA) and chenodeoxycholic acid (CDCA). These
bile acids are produced by two major pathways, the neutral
pathway and the acidic pathway.1,2 The initial step of the
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cholesterol, a reaction catalyzed by the rate-limiting
enzyme cholesterol 7a-hydroxylase (CYP7A1). The acidic
pathway begins with the oxidation of the cholesterol
side chain, in which the first step is catalyzed by sterol
27-hydroxylase (CYP27A1). The enzyme responsible for
determining the relative amounts of CA and CDCA in both
pathways is sterol 12a-hydroxylase (CYP8B1). The ratio
between the bile acids is important for feedback regulation
of bile acid synthesis.3 It is also important for both choles-
terol absorption and accumulation of cholesterol esters in
the liver, as well as for gallstone formation.4–6

Many in vitro studies on human bile acid synthesis have
been performed in HepG2 cells. However, HepG2 cells have
limitations since these cells leak bile acid precursors and
unconjugated bile acids that are not secreted by the liver
under normal conditions.7–10 The first reports on choles-
terol conversion to bile acids in primary hepatocytes were
from rat studies.11,12 We have found that primary human
and rat hepatocytes in culture exhibit significant species
differences in both types of bile acids formed and, more
importantly, in the regulation of bile acids homeostasis.13

We have also shown that primary human hepatocytes
conjugate all secreted CA and CDCA by amidation to
al and Experimental Hepatology | June 2016 | Vol. 6 | No. 2 | 87–93
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Table 1 List of Livers Used in the Experiments. F = female,
M = male.

Liver Age Gender Diagnosis

HF79 39 M Hepatocellular carcinoma

HF82 47 F Pancreatic cancer

HF83 69 F Donor

HF107 64 F Colon cancer

HF108 45 F Crm

HF109 57 F Colon cancer

HF110 73 M Colon cancer

HF111 65 F Liver cancer

HF113 62 F Colon cancer

HH1436 49 M Colon cancer

HH1437 50 F Adeno cancer

HH1438 38 F Focal nodular hyperplasia

HH1439 68 M Focal nodular hyperplasia

HH1465 76 M Hepatocellular carcinoma

HH1467 52 F Colon cancer

HH1468 38 M Colon cancer

HH1469 46 F Donor

HH1571 62 F Colon cancer

HH1591 12 F Donor
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glycine or taurine13,14 and thus, no unconjugated bile acids
are found in the media.

Bile acid synthesis is affected by signaling from many
different pathways including those from nuclear hormone
receptors, such as FXR, pregnane X receptor (PXR), and
signals derived from the extracellular matrix. There are
numerous reports on the in vitro regulation of mRNA
levels of enzymes important for bile acids synthesis, such
as CYP7A1 and CYP8B1,15–19 but experimental data are
not always consistent. This may be due to the different
culture conditions used by investigators. Both the cell
substrate and the composition of the culture media may
affect the ability to produce bile acid. Thus there is a need
for further investigation of how different commonly used
culture conditions alter the production of bile acids. Even
though culturing hepatocytes on matrigel or in a matrigel
sandwich results in a more adequate cell morphology, the
effect on P450 expression in human cells has been dis-
puted. It has been reported that the expression of P450
enzymes is not changed and that the expression may be
dependent on plating density rather than on the type of
extracellular matrix used.20,21 Since dexamethasone is a
common additive to culture media, we have previously
investigated their effect on bile acid transporters in pri-
mary hepatocytes and shown that dexamethasone addi-
tion in the cell culture media increased the expression of
BSEP and NTCP.22 In this study, we investigated how
different substrates, collagen and matrigel, and the addi-
tion of dexamethasone to the culture media influence bile
acid synthesis and secretion.
PATIENTS AND METHODS

Isolation of Primary Human Hepatocytes
Normal human liver tissue was obtained from patients
(n = 19) undergoing surgical liver resection due to cancer
or from donor livers that could not be used for transplan-
tation. Approval to use parts of resected human liver speci-
mens for research was given by the local Ethics Committee
in Stockholm alternatively from the Institutional Review
Board at University of Pittsburgh, see Table 1, for infor-
mation on liver tissue donors. Hepatocytes were isolated by
a three-step perfusion technique, utilizing EGTA and col-
lagenase (collagenase XI from Sigma), as previously
described by Strom et al.23 The hepatocytes were plated
onto cell culture dishes precoated either with rat tail
collagen type I or EHSmatrigel. Hepatocytes were cultured
under standard conditions in William’s E medium sup-
plemented with 12 nM insulin, amphotericin (250 mg/ml),
and gentamicin (50 mg/ml). 1.5 million cells were plated
onto 6-well plates and cultured in cellmediawith orwithout
the addition of 100 nM dexamethasone. Untreated cells
from the same liver always served as controls to the treated
cells. In Figures 4 and 5B, cells were also treated with 1 mM
88
RU486. The medium was changed one hour after plating
and then daily until harvesting. On day 5, cells were har-
vested in Trizol for quantification of specific mRNAs, and
cell culture medium was analyzed for bile acids.
Real-Time PCR
RNA was isolated using Trizol reagent (Invitrogen, Stock-
holm, Sweden) and cDNA synthesis was performed using
MultiScribe Reverse Transcriptase (Applied Biosystems,
Stockholm, Sweden). mRNA expression was quantified
with Quantitative real-time PCR using Taqman probes
from ABI, and analysis was performed on an ABI Prism
7000 instrument (Applied Biosystems, Stockholm,
Sweden). As endogenous control cyclophilin was used.

Analysis of Bile Acids
Bile acids in cell culture media were analyzed as described
previously.13 Briefly, 500 ng of deuterium-labeled CA
and CDCA was added to 1 ml of cell culture medium.
The mixture was hydrolyzed in 1 M KOH at 120 8C over-
night. The samples were extracted with ethyl ether, and
following acidification with hydrochloric acid to pH 1, the
samples were extracted again with ethyl ether. The samples
were washed until neutral, evaporated and methylated
with trimethylsilyldiazomethane and derivatized using
hexamethyldisilazane and trimethylchlorosilane in pyri-
dine. Samples were analyzed by gas chromatography/mass
© 2016 INASL.
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spectrometry (Column HP-1, 6890N GC System, 5973
Mass Selective Detector, Agilent Technologies, Stockholm,
Sweden).

Statistics
Data are presented as means � SEM. The significance
of differences between treatments was tested by T-test
(Figures 1–3 and 5A) and by ANOVA followed by Tukey’s
HSD (Figures 4 and 5B) (IBM SPSS Statistics).
RESULTS

Matrix Regulation of Bile Acid Synthesis
Primary hepatocyte cultures are usually maintained on
some form of extracellular matrix in order to maintain
Figure 1 Primary hepatocytes cultured on matrigel and collagen type I.
(a) Bile acid levels in cell culture medium. (b) CYP7A1 mRNA expression.
(c) CYP8B1 mRNA expression. Data represent means � SEM, A. U.,
arbitrary unit, * P � 0.05, *** P � 0.01, n = 4 livers.

Figure 2 Primary hepatocytes cultured on matrigel and treated with
100 nMdexamethasone for 96 h. (a) Bile acid levels in cell culturemedium.
(b) CYP7A1 mRNA expression. (c) CYP8B1 mRNA expression. Data
represent means � SEM, A. U., arbitrary unit, * P � 0.05, ** P � 0.01,
*** P � 0.01, n = 9 livers.
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the hepatocyte phenotype. We tested the two commonly
used matrixes collagen type I and EHS matrigel. As
described earlier, hepatocytes cultured on matrigel dis-
played morphology completely different from that on
collagen type I. Cells cultured on matrigel migrate and
moved together and formed large cell aggregate, whereas
cells cultured on collagen spread out and achieved a flat-
tened polygonal shape.

Cells produced more bile acids, both CA (P � 0.001)
and CDCA (P � 0.05), when cultured on matrigel com-
pared to cells cultured on collagen, Figure 1A. The mRNA
expression of the key enzymes involved in bile acid pro-
duction, CYP7A1 (P � 0.001), CYP8B1 (P � 0.001), and
CYP27A1, (P � 0.001), was 3-fold higher in cells cultured
2 | 87–93 89



Figure 3 (a) Bile acid levels in cell culture medium from primary hepa-
tocytes cultured on collagen and treated with 100 nM dexamethasone
for 96 h. mRNA expression of (b) CYP7A1 and (c) CYP8B1 in primary
hepatocytes cultured on collagen and treated with 100 nM dexametha-
sone for 24 h (n = 6) or 96 h (n = 4). Data represent means � SEM, A. U.,
arbitrary unit, * P � 0.05, ** P � 0.01, *** P � 0.01.

Figure 4 mRNA expression of (a) CYP7A1 and (b) CYP8B1 in primary
hepatocytes cultured on collagen and treated with 100 nM dexametha-
sone, 1 mM RU486, or the combination of dexamethasone and RU486
for 24 h. Data represent means � SEM, A. U., arbitrary unit, ** P � 0.01,
*** P � 0.001, n = 4 livers.
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on matrigel compared to cells cultured on collagen,
Figure 1B and C.

Influence of Dexamethasone on Bile Acid
Synthesis
Using matrigel only, we studied the effect of supplemen-
tation of the cell media with dexamethasone (n = 9). Addi-
tion of dexamethasone increased the levels of CA
(P � 0.001) and decreased the levels of CDCA (P � 0.01)
simultaneously, Figure 2A. This altered bile acid synthesis
caused the ratio between CA and CDCA to change from
2.0 to 9.3 (P � 0.01).

Following dexamethasone treatment, there was a slight
increase in CYP7A1 expression (P � 0.05), Figure 2B, and
90
a three-fold increase in CYP8B1 expression (P � 0.001),
Figure 2C. The expression of CYP27A1 was not changed;
data not shown.

In the above experiments (Figure 2), the cells were
cultured with dexamethasone from plating on day one
until harvest on day 5, thus for 96 hours. We also investi-
gated the short-term effects of dexamethasone. Cells were
plated in media without dexamethasone (n = 6), and on
day 4, dexamethasone was added to the media and the cells
were harvested after 24 h. We also studied the effect of
dexamethasone in cells cultured on collagen.

Dexamethasone caused an increased CA synthesis
(P � 0.001) and a decreased CDCA synthesis (P � 0.05)
also when cells were cultured on collagen, Figure 3A. The
CA/CDCA ratio changed from 1.6 in controls to 14.5 in
dexamethasone-treated cells (P � 0.01).

Short-term treatment of dexamethasone caused induc-
tion of CYP7A1 (P � 0.01) that were in the same range as
the induction observed following 96 h of treatment. How-
ever, short-term treatment caused a higher induction of
© 2016 INASL.



Figure 5 (a) mRNA expression of ROR a in primary hepatocytes cul-
tured onmatrigel and treated with 100 nM dexamethasone for 96 h. Data
represent means � SEM, A. U., arbitrary unit, *** P � 0.01, n = 8 livers.
(b) mRNA expression of ROR a in primary hepatocytes cultured on
collagen and treated with 100 nM dexamethasone, 1 mM RU486, or
the combination of dexamethasone and RU486 for 24 h. Data
represent means � SEM, A. U., arbitrary unit, * P � 0.05, ** P � 0.01,
*** P � 0.001, n = 4 livers. (c) mRNA expression of glucose-6-phospha-
tase in primary hepatocytes cultured onmatrigel and treated with 100 nM
dexamethasone for 96 h. Data represent means � SEM, A. U., arbitrary
unit, ** P � 0.01, n = 8 livers.
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CYP8B1 (11-fold) (P � 0.001) compared to a 6-fold induc-
tion observed after 96 h treatment (P � 0.001), Figure 3C.
The expression of CYP27A1 was increased after 24 h
(P � 0.001) but not after 96 h; data not shown.
Journal of Clinical and Experimental Hepatology | June 2016 | Vol. 6 | No.
Stimulation of CYP8B1 mRNA Expression is
not Mediated by glucocorticoid Receptor (GR)
Signaling
The effects of dexamethasone in hepatocytes can be medi-
ated by either GR or PXR.24 To determine if the effect was
mediated through GR, primary hepatocytes from 4 donor
cases were treated with dexamethasone in combination
with RU486, a GR antagonist.25

When cells were treated with dexamethasone only, the
expression of CYP7A1 increased, but addition of RU486
inhibited the dexamethasoneCYP7A1 induction, Figure 4A.
The difference between dexamethasone and dexametha-
sone + RU486 (P � 0.01) observed suggests that CYP7A1
is regulated by GR.

In contrary, CYP8B1 expression was not altered by the
addition of RU486 indicating that GR does not mediate
induction of CYP8B1 by dexamethasone, Figure 4B.

The expressionof retinoid-relatedorphan receptor (ROR)
was investigated. Dexamethasone treatment increased the
expression of ROR a 2-fold (P � 0.001), Figure 5A. Com-
bining dexamethasone with RU486, ROR a expression was
increased compared tonon-treated cells (P � 0.01) but lower
compared to cells treated with dexamethasone alone
(P � 0.05), Figure 5B. Expression of the ROR a target gene
Glucose-6-phosphatase (G6Pase) was also investigated.
Dexamethasone caused adoublingofG6PasemRNAexpres-
sion (P � 0.01), Figure 5C.
DISCUSSION

De novo bile acid synthesis is a liver-specific function that is
difficult to maintain in cultured cells. Moreover, there are
significant species differences in the types of bile acids
formed and in the regulation of bile acid homeostasis.
Thus, animal experimental models do not necessarily
reflect the human situation. Isolated primary human hep-
atocytes have the ability to synthesize, conjugate, and
secrete bile acids and thus provide a good human in vitro
model. In this study, we illustrate the importance of dif-
ferent culture conditions, such as choice of culture sub-
strate and media supplements on the total bile acid
production, as well as the bile acid composition. Our
experiments show that primary human hepatocytes
synthesize more bile acids when cultured on matrigel
compared to collagen. This finding can be explained by
increased mRNA expression of the main enzymes in bile
acid production, CYP7A1, CYP8B1, and CYP27A1.

Dexamethasone is a synthetic glucocorticoid frequently
included as a supportive or protective factor in hepatocyte
culture media and even in flushing and transport solutions
used to cold preserve livers for transplantation. Supplemen-
tation of culture media with dexamethasone is reported to
improve attachment, survival, morphology, and expression
ofCYP enzymes in primary hepatocytes,26,27 and is therefore
2 | 87–93 91
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a very common media additive. In this study, we demon-
strate that dexamethasone increased the formation of CA
and decreased the CDCA formation; similar results have
been reported in dogs where CA concentration in bile
increased 9 times following hydrocortisone treatment,
whereas CDCA only increased 3 times.28 In our study,
the changed bile acid ratio was achieved by an increased
expression of CYP8B1. The shift in bile composition
toward more CA and less CDCA can be of clinical impor-
tance as different bile acids exert different feedback sig-
nals. CDCA is the most potent regulator in humans
followed by DCA and CA,3 and thus the regulation of bile
acid production would be affected by a changed composi-
tion. This is in line with previous data, where transplanted
patients that undergo rejection treatment, with methyl-
prednisolone, have a decrease in total bile acids.29 Fur-
thermore, previous studies have shown that CA facilitates
intestinal absorption of lipids, especially cholesterol, and
may have a role in gallstone formation.5,6 Bile composi-
tion may also be of importance for development of ath-
erosclerosis as studies on double knockout animals of
Cyp8b1 and ApoE have a 50% reduction of atherosclerotic
lesions compared to ApoE knockout mice.4

Our results revealed that dexamethasone treatment
increased the expression of CYP8B1 more than the expres-
sion of CYP7A1. Previous studies in primary rat hepato-
cytes and HepG2 cells have shown that CYP7A1 is
stimulated by dexamethasone treatment.30–32

However, in our experiments, only a small increase in
CYP7A1 mRNA expression was detected, whereas we
observed a much more pronounced increase in CYP8B1
expression. The amount of bile acid produced varies sub-
stantially between different individuals and thus also
between different cultures of hepatocytes. In this study,
we saw a trend toward higher induction of CYP7A1 levels
followingdexamethasone treatment in liverswitha lowbasal
bile acidproduction,which is the casewhen cells are cultured
on collagen. It is also reported that CYP27A1 is induced by
dexamethasone in HepG2 cells.33 We could only detect a
difference in CYP27A1 expression with short-term stimula-
tion with dexamethasone when cells were cultured on colla-
gen. Thus, it is conceivable that increased CYP27A1 and
CYP7A1 expression in response to dexamethasone inHepG2
cells is due to the very low basal levels of the enzymes in these
cells as compared to primary hepatocytes cultured in con-
ditions that maintain the adult liver phenotype. Another
possibility is that the insulin present in the cell media
prevents the induction of CYP7A1; this is shown to be the
case in rat hepatocytes.31,32,34 However, when we cultured
hepatocytes in two different insulin concentrations (12 nM
and 120 nM), no difference was detected (data not shown).

Furthermore, in a previous study using human hepa-
tocytes, CYP7A1 and bile acid synthesis was not inhibited
by higher insulin concentrations (3 nM and 30 nM) com-
pared to a lower concentration (0.3 nM).35
92
By using the GR antagonist RU486, we concluded that
CYP8B1 induction is mediated via a GR-independent path-
way. We found no evidence that this would be via PXR
signaling in that the PXR agonist rifampicin did not
change the expression of neither CYP7A1 nor CYP8B1;
data not shown.

One possible regulation pathway is that CDCA regu-
lates its own synthesis through a negative feedback sys-
tem.3 However, the concentration of bile acids produced by
the hepatocytes and released into the cell media ranges
between 0.2 and 1.5 mmol/L, which is too low to affect the
bile acid synthesis.

Another nuclear receptor family suggested to have a role
in bile acid regulation is the ROR family.36 This receptor
family consists of three members: ROR a, ROR b, and
ROR g, where ROR a and ROR g are expressed in the
liver.37 ROR a and ROR g double knockout mice have
reduced hepatic levels of CYP8B1, whereas CYP7A1 expres-
sion is not affected.36 ROR a has previously been described
to induce the expression of CYP8B1 during fasting; in a
study by Pathak et al. a functional ROR a response ele-
ment was found in the CYP8B1 promotor.38 With this
knowledge, we decided to investigate ROR a expression
following dexamethasone treatment and indeed the
expression of ROR a was increased. Blocking GR signaling
with RU486 resulted in a reduced but not blocked expres-
sion of ROR a. This indicates that dexamethasone stimu-
lation of ROR a is not only partly regulated via the GR but
also that another mechanism is involved, possibly through
competition of ROR responsive elements with REV-ERBs,
as described by Solt et al.39 One target gene of ROR a is
glucose 6-phosphatase (G6Pase).40 Thus, the increased
expression of G6Pase following dexamethasone treatment
further strengthens the hypothesis that ROR a is a likely
candidate for the observed effects. Furthermore, it has
previously been shown in mouse hepatocytes that RNAi
depletion of ROR a diminishes the effect of dexametha-
sone on G6Pase.40

In conclusion, out of all different conditions tested,
primary human hepatocytes cultured on matrigel produce
the highest amounts of bile acids. Addition of dexametha-
sone increased the mRNA expression and activity of
CYP8B1, altering the ratio of CA to CDCA. ROR a signal-
ing provides one possible pathway for CYP8B1 regulation.
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