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Untersuchungen zum Metabolismus von Metallothionein und alkalischer Phospha-
tase adulter primirer Rattenhepatocyten: Rolle von foetalem Kilberserum und
Agonisten des Phosphoinositol-Effektorsystems

Summary: Adult rat primary hepatocytes maintained in DMEM/F12 (Ham) media were used as a
model system for studying the role of fetal calf serum (FCS) and agonists of the phosphoinositide cas-
cade in the metabolism of metallothionein (MT) and alkaline phosphatase (ALP). Experiments were
performed both after a 24 h preincubation with FCS and with bovine serum albumin (BSA). Hepato-
cytes were treated with dexamethasone (DEX), zinc (Zn) and with the agonists of the phosphoinositide
cascade A 23187, 1,2-dioctanoyl-sn-glycerol (DiCy), 12-O-tetradecanoylphorbol-13-acetate (TPA), angio-
tensin IT (AT), platelet activating factor (PAF), ArgP-vasopressin (VP) and were analyzed for MT and
ALP activity in cell homogenates. Cell viability was evaluated by lactate dehydrogenase (LDH) libera-
tion into culture medium, induction of tyrosine aminotransferase (TAT) through DEX and by trypan
blue exclusion. Overall, cell viability was improved by the FCS pretreatment and by DEX. Exposure of
hepatocytes to the established direct inducers Zn and DEX of MTresulted in a manifold increase in MT,
independent of whether the cultures were FCS pretreated or not. The FCS preincubation produced a
moderate elevation of ALP activity by stimulating cell viability. However, ALP was unaltered in re-
sponse to Zn and DEX. None of the experiments conducted with agonists of the phosphoinositide cas-
cade led to an elevation of MT and ALP. Only the incubation of hepatocytes with A 23187 resulted in a
concentration dependent significant decrease of MT and ALP. This observation was due to a cytotoxic ef-
fect of A 23187, displayed by LDH leakage and an increase in the number of cells stained with trypan
blue.

Abbreviation index:

ALP alkaline phosphatase MT metallothionein

AT angiotensin IT ns not significant

A 23187 calciumionophore p probability (level of significance)

BSA bovine serum albumin PAF platelet activating factor

DEX dexamethasone PBS phosphate buffered saline

DiCy 1,2-dioctanoyl-sn-glycerol r coefficient of correlation

DMSO dimethyl sulfoxide TAT tyrosine aminotransferase

FCs fetal calf serum TPA 12-O-tetradecanoylphor-

HEPES  N-2-hydroxyethylpiperazine bol-13-acetate
N’-2-ethanesulfonic acid TRIS tris(hydroxymethyl)aminomethane

U international unit U unit

LDH lactate dehydrogenase VP ArgB-vasopressin
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In conclusion, in primary hepatocyte cultures agonists of the phosphoinositide did not
have an effect on the metabolism of MT and ALP. Previous in vivo results indicating al-
terations of Zn metabolism in liver, therefore seem to be caused by indirect systemic re-
sponses.

Zusammenfassung: Am Modell primdrer Rattenhepatocytenkulturen wurde die Beteiligung von
Agonisten des Phosphoinositol-Effektorsystems am Metabolismus von Metallothionein (MT) und alka-
lischer Phosphatase (ALP) untersucht. Alle Experimente wurden in DMEM/F12 (Ham)-Medium so-
wohl nach 24stiindiger Vorinkubation mit foetalem Kilberserum (FCS) als auch nach Vorinkubation mit
Rinderserumalbumin (BSA) durchgefiihrt. Die Versuche an den Hepatocytenkulturen wurden mit Dex-
amethason (DEX), Zink (Zn) und den Agonisten des Phosphoinositol-Effektorsystems, der Calciumio-
nophore A 23187, 1,2-Dioctanoyl-sn-glycerol (DiCg), 12-O-Tetradecanoylphorbol-13-acetat (TPA),
Angiotensin II (AT), Platelet Activating Factor (PAF) und Arg?-Vasopressin (VP), durchgefiihrt. Als Pa-
rameter wurden die Konzentrationen an MT und die Aktivitit der ALP im Zellmaterial bestimmt. Die
Vitalitit der Kulturen wurde iiber die Freisetzung der Aktivitit der Laktatdehydrogenase (LDH) ins
Kulturmedium, der Induzierbarkeit der Tyrosinaminotransferase (TAT) durch DEX und der Anfarbbar-
keit der Zellen mit Trypanblau nachgewiesen. Die Zellvitalitit wurde durch die FCS-Vorinkubation und
DEX-Supplementierung insgesamt verbessert. Unabhingig davon, ob die Zellen mit FCS oder BSA
vorinkubiert wurden, stieg der MT-Gehalt der Zellen durch Zn und DEX, als aus der Literatur be-
kannte direkte Induktoren von MT, um ein Mehrfaches an. Nach FCS-Vorbehandlung war ein moderat-
er Anstieg der ALP-Aktivitit nachzuweisen, der jedoch als Vitalititseffekt interpretiert werden kann.
DEX und Zn fithrten zu keinen Verdnderungen der ALP-Aktivitit. Alle getesteten Agonisten des Phos-
phoinositol-Effektorsystems konnten weder MTnoch ALP induzieren. Lediglich A 23187 fiihrte zu einer
signifikanten konzentrationsabhingigen Reduktion der beiden Parameter. Diese Beobachtung wurde,
durch den Anstieg der LDH-Aktivitdt im Medium und der Zunahme mit Trypanblau anfiarbbaren Zel-
len, auf einen cytotoxischen Effekt von A 23187 zurtickgefiihrt.

Die vorliegende Untersuchung zeigt, dafl Agonisten des Phosphoinositol-Effektorsystems nicht in der
Lage sind, den Metabolismus von MTund ALP primérer Rattenhepatocyten zu verdndern. Die Ergeb-
nisse friherer in vivo Experimente, in denen Agonisten des Phosphoinositol-Effektorsystems den Zn-
Stoffwechsel der Leber modulierten, kénnen somit als indirekter systemischer Effekt gedeutet werden.

Key words: Rats — hepatocytes — phosphoinositide cascade — zinc — metallothionein — alkaline phos-
phatase

Schliisselworter: Ratten — Hepatocyten — Phosphoinositol-Effektorsystem — Zink — Metallothionein —
alkalische Phosphatase

Introduction

Mammalian metallothioneins (MT) are a group of polypeptides, containing 61 to 62
amino acid residues, among them 20 cysteines bind seven equivalents of bivalent metal
ions in two clusters. It has been suggested that MT'is involved in Zn homeostasis, in Cd
detoxification, in supplying metalloenzymes with Zn, and also functions as a radical
scavenger. Hepatic MT is induced in vivo by metals (Zn, Cu, Cd), glucocorticoids, cate-
cholamines, polypeptide hormones and in response to acute-phases such as chemicals,
cold, infections and starvation. For reviews see Cousins (7, 8) and Bremner and Beattie
(6). The mechanism of MT induction can either be a direct activation of the genome
(metals and glucocorticoids) or an indirect response to acute-phases. Previous whole
animal experiments (4, 5, 16, 25) showed that rat hepatic MT is induced by agonists of
the phosphoinositide cascade. In one of these studies (25) a marked decline in feed in-
take, which is also known to lead to MTinduction (18, 26, 33), was observed in response
to ip-apphcation of synthetic agonists of the phosphoinositide cascade. These findings
demonstrate that MT'synthesis is susceptible to complex systemic effects and that in vivo
approaches can not elaborate whether a hormone or agonist is directly involved in the
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regulation of MT. Primary cultures of adult rat hepatocytes are a useful model for study-
ing mechanistic aspects of MT synthesis. In contrast to immortalized cell lines, primary
hepatocytes are differentiated and have conserved many of the in vivo metabolic and
structural features (2, 38).

In the present investigation, hepatocyte monolayer cultures were utilized as a model
to examine at the cellular level the role of agonists of the phosphoinositide cascade in
the metabolism of MTand ALP. This in vitro system was adopted because whole animal
experiments failed to distinguish between a direct agonist effect and fasting conditions.
In addition to MTsynthesis the activity of the zinc-metallo-enzyme alkaline phosphatase
(EC 3.1.3.1, ALP) was evaluated in hepatocytes. It is well known that ALP under ex-
perimentally defined conditions in animal experiments reacts as a sensitive marker of
Zn status (24).

Materials and Methods

Isolation and cultivation of hepatocytes

All chemicals exposed to the hepatocytes were, if available, cell culture tested and ster-
ile or at least reagent grade. Sterilization of nonsterile chemicals and materials was per-
formed by dry and wet heat (autoclaving) or for heat sensible collagenase enzyme and
hormones through sterile filtration. Hepatocytes were isolated by a modification of the
two-step collagenase perfusion procedure described by Seglen (35). All buffers used
were equilibrated with a gas mixture composed of 5 % CO, and 95 % O,.

Liver parenchymal cells were isolated from 3~4 month-old rats (250-300 g) from the
Institute’s breeding colony. The animals were housed under environmentally controlled
conditions (12 h light-dark cycle, 22°C, 55 % humidity). Rats were given free access to
a commercial rat chow (ALTROMIN, Lage) and tap water prior to experimentation.
Rats were anesthetized by an intraperitoneal injection of sodium pentobarbital (90 mg/
kg body weight). The abdomen was opened and 0.5 mL (2500 IU) sodium heparin
(ROCHE, Grenzach-Wyhlen) were dropped onto the mesentery to prevent blood clot-
ting. The intestine was displaced to inspect the portal vein and inferior vena cava. Loose
ligatures were tied around the portal vein and vena cava inferior. An incision was made
along the vena porta and a catheter introduced into the vein which was connected via a
peristaltic pump to a reservoir with perfusion buffer 1 [107.9 mM NaCl, 6.7 mM KCl,
8.5 mM NaOH, 25 mM HEPES, 5 mM glucose, 25 mM NaHCO;, 0.01 % phenol red,
pH 7.4] at 37°C. The vena cava inferior was severed for perfusate outflow and the cathe-
ter fixed by tightening the ligature. While the thoracic cavity was opened the liver was
perfused in situ at a flow rate of 20 mL/min. The thoracic vena cava was cut and the flow
rate increased to 30 mL/min. A second catheter was inserted into the thoracic vena cava
and secured by a ligature. After 200 mL of perfusion buffer 1 had passed the liver it was
changed to perfusion buffer 2 [perfusion buffer 1 plus 3 mM CaCl, and 0.1 % collage-
nase H (Bochringer—-Mannheim)]. The intercellular junctions were dissolved by recircu-
lating 100 mL of this enzyme-containing buffer through the liver for 12 min at 30 mL/
min. The liver was cut off with care and the liver cells were liberated into the ice-cold
perfusion buffer 1 by gently raking with scissors.

Parenchymal cells were separated from nonparenchymal cells and vascular debris in
three washing steps. The initial cell suspension was filtered through a nylon gauze (150
um pore size), centrifuged (63 g, 2 min), the supernatant discarded, the pellet sus-
pended in buffer 1, filtered through a 80 wm nylon mesh and pelleted again. The washing
was repeated without filtration in ice-cold DMEM/F12 (Ham) medium with glutamine
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and HEPES (GIBCO, Eggenstein) and resuspended in DMEM/F12 medium supple-
mented with 107 M insulin, 5 mg/L transferrin and 50 mg/L. gentamycin (Boehringer —
Mannheim), subsequently termed as basal medium. Cells were counted and cell viabil-
ity was estimated by trypan blue exclusion in a hemocytometer (Fuchs-Rosental). Rou-
tinely, > 100 X 106 cells/100 g body weight were yielded and the viability was assessed
> 75%. Cells were finally diluted in basal medium containing 10 % (v/v) fetal calf se-
rum (FCS) (Boehringer — Mannheim) to obtain 1.1 x 106 cells/fmL. Collagen-coated, 60-
mm, polystyrene culture dishes were inoculated with 2 mL aliquots of the final cell sus-
pension. Collagen coating of culture dishes was performed according to (37) with rat-tail
collagen (SERVA, Heidelberg). Culture dishes were incubated at 37°C (98 % air/2 %
CO,, 95 % humidity). After a 70-min incubation period, the medium with unattached
cells was aspirated and the cultures were washed with 3 mL of phosphate buffered saline
{PBS) [136.9 mM NaCl, 2.7 mM KCl, 6.5 mM Na,HPO, x 2 H,0, 1.5 mM KH,PO,,
pH 7.4]. Depending on experimental design, cells were cultured in 3 mL fresh basal me-
dium, either supplemented with 10 % (v/v) FCS (Myclone plus, GIBCO, Eggenstein) or
2 g/L. bovine serum albumin (BSA) (Boehringer — Mannheim) for further 24 h. In this
24-h equilibration period the hepatocytes adapted to in vitro conditions, recovered from
the isolation stress, and flattened to a monolayer.

Experimental design

After 24 h the medium was changed and experiments initiated by adding agonists of the
phosphoinositide cascade (0.5 % of volume). The Zn concentrations of the media were
approximately 1-2 uM for the BSA and 5 uM for the FCS medium. Control dishes were
supplemented with the solvents. Experiments were performed both with FCS and BSA
incorporation into the medium during the 24 h equilibration period. All incubations usu-
ally lasting 24 h were done in triplicate from two independent cell preparations.
Agonists and their concentrations tested are listed below:

Dexamethasone (DEX) (SIGMA, Deisenhofen} in 5% (v/v) DMSO/PBS 1 uM
ZaSO, X 7H,0 (SIGMA, Deisenhofen) in H,O 80 uM
Calciumionophore (A 23187) (SIGMA, Deisenhofen) in DMSO 0.1,1,5uM
1,2-Dioctanoyl-sn-glycerol (DiCg) (SIGMA, Deisenhofen) in DMSO 0.1,1,10 uM
12-O-Tetradecanoylphorbol-13-acetate (TPA) (SERVA, Heidelberg) in DMSO 0.1,1,10 uM
Angiotensin IT (AT) (BACHEM, Heidelberg) in PBS 0.1, 1, 10 uM
Platelet activating factor (PAF) (BACHEM, Heidelberg) in 5 % (v/v) DMSO/PBS 01,1, 10 uM
(Arg®)-Vasopressin (VP) (BACHEM, Heidelberg) in PBS 0.1,1, 10 uM

Sample preparation and analytical methods

At the end of the experiments, the supernatant media were transferred into plastic
tubes. The monolayers were rinsed with 3 mL PBS and harvested into 2 mL of TRIS-
HCI buffer [10 mM, pH 74] with a rubber policeman. All samples were stored until
analysis at -25°C. Homogenization was performed after the addition of a protease in-
hibitor mixture [in final concentrations 0.3 mM phenylmethylsulfonyl fluoride (SERVA,
Heidelberg) and 1 mM benzamidine hydrochloride (SIGMA, Deisenhofen)] by sonic-
ation (Labsonic U, BRAUN, Melsungen) for 1 min at 60 Wand 0.5 s duty cycle.
Metallothionein in hepatocyte homogenates was quantified by the WCd-hemoglobin-
binding assay (13) using a high specific activity Cd solution [1.15 uCi *Cd (carrier free,
Amersham, Braunschweig) and 1.5 ug Cd/mL in 10 mMTRIS-HCI, pH 7.4] and 20000 g
for centrifugation of samples. Activity of ALP in cell homogenates was estimated with
p-nitrophenylphosphate as a substrate (12). Cell viability was assessed by the activity of
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the cytosolic enzyme lactate dehydrogenase (EC 1.1.1.27, LDH) liberated into the cul-
ture medium (11). In addition to membrane leakage of LDH, a further criterion for cell
viability, the induction of tyrosine aminotransferase (EC 2.6.1.5, TAT) by 1 uM DEX
was determined (15). Protein concentration was evaluated according to the Lowry-Folin
method (10). Media zinc was analyzed by atomic absorption spectrophotometry in an
air-acetylene-flame (Philips PU 945, Kassel).

Statistical analysis

In the experiments with DEX and Zn, data obtained either with or without FCS
pretreatment were compared by analysis of variance. When the analysis indicated a sig-
nificant difference, treatment effects were determined by comparison to appropriate
controls by Bonferroni’s test for multiple comparisons. Results from agonists of the
phosphoinositide cascade were processed by a linear regression model (Y = aX + b),
evaluating a dependence on agonist concentration. Differences were considered signifi-
cant if p < 0.05.

Results and Discussion

Fetal calf serum stabilizes and stimulates the growth of cell cultures through intrinsic
hormones, attachment factors and growth factors. It can also function as a pH buffer
and by inactivating liberated proteases from damaged cells (1, 29). But these character-
istics were also open to criticism because FCS-containing medium lacks defined cultur-
ing conditions (1). Under defined conditions in serum-free media FCS is replaced by in-
sulin as a growth-stimulating hormone and by transferrin and BSA to maintain essential
transport functions (1, 30). The experiments in the present investigation were carried
out both with (FCS) and without FCS (BSA) preincubation, (1) to operate FCS-free
during the exposition of the agonist, avoiding a masking effect of serum on agonists and
(2) to take advantage of a long-term cell culture stabilizing effect of FCS, which can also
modulate the effect of supplemented hormones (36).

Fig. 1 presents the MT content (A) and activity of ALP (B) of hepatocyte cultures
after a 24-h treatment with 80 uM Zn and 1 uM DEX. The experiments were both per-
formed after a 24-h preincubation period with BSA and FCS. Both pretreatments re-
sulted in a significant increase of MTin response to the primary inducers Zn and DEX.
However, the effect of the supplements was more pronounced under serum-free condi-
tions. Similar results in hepatocyte cultures were previously reported by others (3, 9).
The FCS pretreatment produced a moderate increase in cellular ALP activity. This obser-
vation can be attributed to a more vital monolayer in response to FCS documented by a
decrease in LDH activity of media (Fig. 1C). Cell viability stimulated by FCS supports
celi-cell contact of hepatocytes and the reconstruction of bile canaliculi, where liver
ALP is mainly localized (23, 40). This also explains the higher specific ALP activity in
hepatocyte culture as compared to fresh liver. In contrast to the zinc-metallo-enzyme
d-aminolevulinic acid dehydratase (34), ALP activity of cultured hepatocytes did not re-
act to the media zinc content (Fig. 1B). Differing from results obtained with cultured
cancer cells, where ALP increased manifold in response to glucocorticoids (17), in the
present investigation ALP activity remained unaltered under the influence of DEX.

Fig. 1C shows the LDH activity in culture medium as a parameter of membrane in-
tegrity for the Zn and DEX treatments. The FCS pretreatment produced a 10-fold de-
crease of control LDH activities. The increase of medium zinc concentration from basal
to 80 uM had no effect on membrane leakage after BSA pretreatment, but reduced it
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Fig. 1. Metallothionein content (A), activity of alkaline phosphatase (B) and tyrosine aminotransferase
(D} in rat hepatocytes and activity of lactate dehydrogenase (C) in culture media following a 24-h treat-
ment with zinc (Zn) and dexamethasone (DEX). Hepatocytes were cultured in DMEM/F12 (Ham) me-
dium and preincubated for 24 h either with bovine serum albumin (BSA) or fetal calf serum (FCS). Re-
sults are presented as mean =+ standard deviation. Asterisks indicate a significant difference of treatment
(*p < 0.05, **p < 0.01, ***p < 0.001) from the representative control by Bonferroni’s test

moderately after FCS preincubation. This result confirms a previous observation, that
supraphysiological Zn concentrations had no detrimental effects on hepatocyte viability
(34). A significant decline of LDH liberation into the medium was observed in response
to the supplementation of 1 uM DEX, independent of whether the cultures were pre-
treated with BSA or FCS, and sustains the hepatocyte stabilizing effect of DEX de-
scribed earlier (27).
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Fig. 2. Metallothionein content (A and C) and activity of alkaline phosphatase (B and D) in rat hepato-
cytes following a 24-h treatment with A 23187, 1,2-dioctanoyl-sn-glycerol (DiCg), 12-O-tetradecanoyl-
phorbol-13-acetate (TPA), angiotensin II (AT), platelet activating factor (PAF) and Arg®-vasopressin
(VP). Hepatocytes were cultured in DMEM/F12 (Ham) medium and preincubated for 24 h with bovine
serum albumin (BSA). Points represent mean :* standard deviation. Significant effects of agonist con-
centration on parameters are indicated by the significance level P and coefficient of correlation r, esti-
mated by linear regression

A well documented parameter of liver function, the induction of TAT activity by DEX
(20, 38), is shown in Fig. 1D. Similar to the elevation of MT(Fig. 1A) the degree of TAT
induction was more marked {2-fold vs. 1.3-fold) in the case of serum-free preincubation.
It appears that the FCS pretreatment, although it has a beneficial effect on cell viability,
impairs the response to an inducer. In the case of serum pretreatment of TAT samples, it
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can also be argued that TAT'is induced by intrinsic factors of FCS that mask the DEX ef-
fect.

The influence of a 24-h treatment of synthetic and natural agonists of the phosphoino-
sitide cascade on MT content and activity of ALP of hepatocyte cultures is shown in
Figs. 2A-2D. All results presented herein were obtained after a serum-free pretreat-
ment of the cells. The effects of agonists on MT and ALP after the FCS preincubation
{(not shown) were fairly identical. In the phosphoinositide cascade the synthetic agonists
DiC; and TPA function as activators of proteinkinase C, the calciumionophore A 23187
by increasing cytosolic free Ca?*-concentration. AT, PAF and VP as natural hormones of
the phosphoinositide cascade act via a phospholipase C by activation of both pathways
of this signal transduction mechanism. (For details see ref. (31).) In all experiments no
increase of either MT or ALP by the agonists tested could be detected. Only A 23187 re-
sulted in a concentration-dependent significant decrease in MT content and ALP activity
of the hepatocytes (Figs. 2A and 2B). Thus, A 23187 also increased the number of cells
stained with trypan blue and elevated LDH activity of media up to 10-fold (contro} 95
U/L, 5 uM A 23187 1026 U/L), the decline in MTand AP can be interpreted as a toxic ef-
fect of this chemical. The FCS preincubation mitigated the harmful effect of A 23187 on
cell viability. In contrast to the present results, 7 uM A 23187 caused a moderate increase
in MTmRNA in HepG2 cells (human hepatocyte carcinoma) and no detrimental effects
on cell viability were reported by the authors (21). In the present study medium LDH
activity and viability were unaltered in response to all other agonists examined. The
LDHe-activities in experiments with BSA-preincubation averaged (highest agonist con-
centration) 88 U/L for DiCq (control 95 U/L), 89 U/L for TPA (control 76 U/L), 131 U/L
for AT (control 156 U/L), 98 U/L for PAF and 105 U/L for VP with 113 U/L. in the control
group. However, the inefficacy of agonists to alter MT and ALP cannot be due to a de-
fect in the expression of membrane receptors. This was proved in a separate investiga-
tion with similar concentrations of the agonists tested in the present study through hor-
mone-stimulated elevation of cytosolic free Ca’*-concentration, determined by Fura
2AM fiuorescence quench (28). The concentrations of agonists tested in the present in-
vestigation also increased cytosolic free Ca?*-concentration in experiments with hepato-
cytes in suspension culture (14).

To our knowledge, up to now all experiments on the influence of agonists of the phos-
phoinositide cascade on MTand ALP have been performed with whole animals and with
cell lines. Previous in vivo studies with rats demonstrated a manifold induction of hepa-
tic MT in response to AT and norepinephrine as well as TPA and A 23187 (4, 5, 16, 25).
Howeves, serum ALP activity was significantly reduced in response to TPA and A 23187
(25), but this alteration was later attributed to a simultaneously observed anorexia re-
ducing serum ALP of intestinal origin (26).

In previous studies with liver cell lines of human and rat origin as well as Hel.a cells
(human cervix carcinoma) MT-mRNA content was increased by TPA, DiCs and A 23187
(21, 22). Palmiter (32) pointed out that translational regulation of MT synthesis plays a
minor role, suggesting that MT protein synthesis is proportional to MT-mRNA forma-
tion. Thus, the discrepancies between our own experiments and those obtained with cell
lines show evidence that MT gene expression is differently controlled in primary hepato-
cyte cultures and cell lines.

Few data exist on the modification of ALP activity in cell culture by agonists of the
phosphoinositide cascade. OnlyTPA has been examined and it had no effect in a normal
rat liver epithelial and in a neoplastic transformed human endometrial cell line (19, 39).
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The results in literature and those in the present study indicate that agonists of the phos-
phoinositide cascade are not involved in the regulation of ALP activity.

When the findings in this investigation and those in literature are taken together, it
can be concluded that the culturing conditions were suitable for studying hormonal
effects, proved by established responses of MT and TAT to DEX. Agonists of the
phosphoinositide cascade did not modulate metabolism of MTand ALP of hepatocytes.
Earlier in vivo results indicating an increase of liver MT and a decrease of serum ALP
activity caused by agonists of the phosphoinositide cascade can now be explained by an
indirect physiological response similar to the MT synthesis in acute-phases. In general,
primary hepatocyte cultures are a suitable tool for studying mechanistic aspects of liver
function, particularly if complex systemic metabolic regulation can be expected.
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