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Abstract--Amnion cells were isolated from placenta at term of healthy women and 
grown in monolayer cultures. The amnion cells formed dense sheets of cells of epithelial 
appearance after several days of growth. To evaluate these cells as targets for 
xenobiotics which have to be metabolically activated we have investigated their level and 
inducibility of the primary drug-metabolizing enzyme, ary l  hydrocarbon 
(benzo[a]pyrene) mono-oxygenase (AHM). Amnion cells were found to contain very low 
levels of AHM which were highly inducible by addition of benz[a]anthracence to the 
growth medium. The inducibility of the enzyme was greatest during the first days of 
culture and declined ~ about two-thirds during the 5th and 8th day. After addition of 
the inducer, AHM activity increased several fold within 3 hr and reached a maximum 
at 16-24 hr. The c~lture age had no significant effect on the time course of induction. 
Constitutive and benz[a]anthracene-induced AHM were strongly inhibited by 7,8- 
benzoflavone suggesti:~g that amnion cells ~in culture contain predominantly a cytochrome 
P-448-dependent mono-oxygenase form. Induced AHM activities in cultured amnion 
cells from 13 healthy donors ranged from 0.6 to 8.0 pmole of phenolic 
benzo[ a]pyrene products/rain~rag protein. 

The results indicate that primary amnion monolayer cultures offer a valuable model 
to study in human epithelial cells the activation and inactivation of cytotoxic and 
mutagenic substances which are metabolized by cytochrome P-448-dependent mono- 
oxygenase ( s ). 

I ~ Y R O D U C T I O N  

THE EXPOSURE t o  industrial and environmen- 
tal chemicals poses an ever increasing threat 
to human health. The great number of chemi- 
cals in use or under development precludes an 
adequate exploration of their potential tox- 
icity in experimental animals. Alternative 
test systems are presently under study which 
employ a variety of lower organisms ranging 
from bacteria to insects [1]. Mammalian cells 
in culture may offer another possibility for 
detecting toxic, mutagenic or carcinogenic 
compounds. In particular, the use of human 
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Abbreviadons: AHM, aryl  hydrocarbon mono- 
oxygenase: BA. benz[a]anthracene: BP. benzo[a]- 
pyrene: DMSO. dimethylsulfoxide: 3-OH-BP. 3-hydroxy- 
benzo[a]pyrene: 9 -OH-BP.  9-hydroxybenzo[a]- 
pyrene: PBS. Ca z+ and Mg 2+ free phosphate buffered 
saline (Dulbecco). 
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cells appears to be advantageous since they 
might reflect more closely the susceptibility of 
man to the noxious action of chemicals, and 
may serve as an indicator for the risks of 
human exposure. 

Progress in the development of such a rapid 
test system has been hampered by the diffic- 
ulty of obtaining and maintaining suitable 
human cells in culture. Recently the growth 
of human placental cells in monolayer cultures 
has been described [2, 3] suggesting that 
placenta might be a ready source of human 
cells for toxicological studies. 

A major determinant in the biological effect 
of chemicals is their metabolic activation and 
inactivation by a number of enzymes, pri- 
marily the microsomal mono-oxygenases. 
These enzymes are known to convert inert 
chemicals to reactive intermediates which 
bind to macromolecules, and may be highly 
cytotoxic and mutagenic [4-6]. 
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A number of studies have shown that plac- 
enta at term contains microsomal mono- 
oxygenases which are inducible by smoking 
during late pregnancy [7-10], mediate the 
binding of benzo[a]pyrene (BP) to DNA [11] 
and are capable of converting environmental 
promutagens to their ultimate mutagenic form 
[12]. Obviously, placental cells in culture will 
only be as useful in the assessment of acti- 
vation of chemicals and their biological effects 
as they retain the mono-oxygenase activity. 
To our knowledge, cultured placental cells 
have not been investigated in this respect. 

In the following, we describe our studies on 
the growth of human amnion cells in primary 
culture and on the presence and inducibility 
of a representative mono-oxygenase activity, 
aryl hydrocarbon (benzo[a]pyrene) mono- 
oxygenase (AHM),* its kinetics of induction, 
dependency of time in culture and the va- 
riability of the induction in cells from 13 
individuals. 

MATERIALS AND M E T H O D S  

Materials 

Ham's F10 medium, fetal calf serum, penic- 
illin and streptomycin were purchased from 
Seromed, Munich, horse serum from Gibco 
and BP from Roth, Karlsruhe, glucose-6- 
phosphate, glucose-6-phosphate dehydro- 
genase and benz[a]anthracene (BA) from 
Serva, Heidelberg, NADPH from Boehringer, 
Mannheim, trypsin from Difco and Clophen 
C from Bayer A.G., Leverkusen. 3- 
Hydroxybenzo[a]pyrene (3-OH-BP) and 9- 
hydroxybenzo[a]pyrene (9-OH-BP) were ob- 
tained from the Carcinogenesis Standard 
Reference Compound Bank, NCI, Bethesda, 
Maryland, U.S.A. 

Preparation of cell cultures 

Amnion membranes were separated from 
human placentas within 10hr after normal 
childbirth and washed thoroughly with sterile 
phosphate buffered saline (PBS) without 
Mg 2+ and Ca 2+ to remove blood cells and 
mucous substances. The membranes were pre- 
treated with 0.25% trypsin in PBS at 37°C for 
30 min, transfered into 300ml of a fresh 
0.25% trypsin solution and incubated at 37°C 

*The mono-oxygenase activity measured by this assay is 
also known as aryl hydrocarbon hydroxylase, BP- 
hydroxylase or BP-mono-oxygenase. 

under shaking for 3 hr. The membranes were 
then removed, the cell suspension was filtered 
through 3-layered gauze, centrifuged at 
1900 rev/min for 20 min, and the supernatant 
was discarded. The membranes were rinsed 
with 300 ml PBS, and the cells were harvested 
as described above. The cell sediments were 
combined and washed twice by centrifugation 
with complete medium consisting of 2.5% 
fetal calf serum, 15% horse serum, and 82.5% 
Ham's F10 medium containing 100 units of 
penicillin and 100#g of streptomycin per ml 
[3]. The pellet was resuspended in 20 ml of 
complete medium. The yield was about 2-5 
x l0 s cells per membrane from a single do- 

nor. The cells were plated in 10 ml or 30 ml 
medium at a density of 4 x 105 to 1.2 x 106/ml 
in 55 cm 2 plastic dishes (Falcon) or 150 cm 2 
glass Petri-dishes, respectively, and incubated 
at 37°C in a 5% CO 2:95% air atmosphere. 

Preparation for enzyme assay 

All experiments were performed with pri- 
mary cultures. The medium was changed 4 
days after plating of cells. BA dissolved in 
dimethylsulfoxide (DMSO) was added to the 
culture medium to a final DMSO concen- 
tration of 0.06-0.07%. The cells were harves- 
ted by scraping with a rubber blade after 
rinsing the cell layer 3 times with cold PBS. 
They were pelleted by centrifugation at 0°C 
and stored in liquid nitrogen for later assay. 

Assay of aryl hydrocarbon mono-oxygenase activity 

Cells were homogenized in cold 0.05 M 
Tris-HC1 buffer, pH 7.5, using a glas-glas 
homogenizer. AHM activity was determined 
by the method of Nebert and Gelboin [13] 
with some modifications. The reaction mix- 
ture contained in a final volume of 1 ml: 
50/~mole of Tris-HC1, pH 7.5, 5#mole of 
MgC12, 0.86#mole of glucose-6-phosphate, 
0.4 units of glucose-6-phosphate dehydro- 
genase, 0.58#mole of NADPH, 0.1 #mole of 
BP in 0.05ml acetone and cell homogenate 
(0.1-1.5 mg protein). 

The reaction mixture was incubated at 
37°C with shaking for 1 hr unless otherwise 
specified. AHM specific activity is defined as 
fluorescence equivalent to pmole of 3-OH-BP 
produced at 37°C/min/mg protein. Protein 
concentrations were determined by the me- 
thod of Lowry et al. [14] using bovine serum 
albumin as standard. The amount of DNA 
was measured by the diphenylamine method 
with calf thymus DNA as standard [15]. 
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Figs. 1 (a) and (b), caption on p. 754. 
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Fig. 1. Amnion cells in primary culture. Amnion cells were isolated and cultured as 
described in Materials and Methods. Time in culture." (a) 1 day, (b) 3 days, (c) 5 

days. Magn~cation x 125. 
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RESULTS 

Growth of human amnion cells in culture 

On the first day after seeding, cells attached 
loosely to the surl~ace of the culture dishes and 
retained a spherical shape (Fig. la). One or 
two days later small colonies of cells of epi- 
thelial appearance began to grow out (Fig. 
lb). Sheets of cells spread over the surface of 
the dishes within 7-10 days provided the size 
of the inoculum 'was at least 106 cells/ml (Fig. 
l c). An epithelial-like cell population pre- 
dominated while spindle- or fibroblast-like 
cells were rarely observed. The initial plating 
efficiency of the amnion cells differed signi- 
ficantly between different donors. The disper- 
sion of cells from the amnion membrane 
required an exposure to trypsin exceeding 
3 hr. Possibly, the poor growth of cells from 
certain donors has to be attributed to an 
individually greater sensitivity of the cells to 
the action of trypsin. 

Aryl hydrocarbon mono-oxygenase activity in homo- 
genates of human amnion cells: requirements and 
assay conditions 

The in vitro activity of AHM by amnion cell 
preparations was linear with respect to the 
amount of cellular protein in the range of 
0.1-1.0mg/ml (Fig. 2a), and linear with re- 
spect to the incubation time up to 1-2 hr (Fig. 
2b). Formation of phenolic metabolites in- 
creased for at least another hour. AHM ac- 
tivity was dependent on the presence of 
NADPH, i.e., in the absence of NADPH, 
enzyme activity was reduced by more than 
95% (Fig. 2B). Omission of MgC12 from the 
incubation mixture caused a decrease of en- 
zyme activity of less than 20%. A second 
addition of NADPH (0.58#mole/ml) after a 
90 min incubation period had no stimulatory 
effect on the enzyme activity. Also, inclusion 
of a NADPH-generating system had no ap- 
preciable influence on either the initial rate of 
hydroxylation or on the decline of enzyme 
activity at later incubation times. 

Phenolic products of BP-oxygenation in amnion cell 
cultures 

As shown in Fig. 3, the fluorescence spect- 
rum of the phenolic BP-metabolites formed in 
human primary amnion cells differs from that 
formed by rat fiver microsomes. The second 
major fluorescence peak has a maximum at 
about 430nm, i.e., about 20nm lower than 
that of 3-OH-BP, but in the same region as 9- 
OH-BP, suggesting a larger portion of 9-OH- 

BP in the total fluorescent products. The 
stability of the fluorescence in alkali argues 
against the presence of larger amounts of the 
more labile 1-OH-BP, a moderately fluores- 
cent phenolic product [16], which has been 
shown to be formed in rodent liver micro- 
somes [17]. There were no apparent differ- 
ences in the fluorescence spectra of the pheno- 
lic products from amnion cells at various 
times of incubation in vitro, with various 
amounts of protein, at different states of in- 
duction, or in cells from different donors (data 
not shown). 

Induction of aryl hydrocarbon mono-oxygenase in 
amnion cell cultures 

After addition of BA, enzyme activity in- 
creased nearly linearly for about 16-24hr to 
reach a plateau level which was maintained 
for another 24hr (Fig. 4). Addition of the 
solvent DMSO did not change the enzyme 
level over the 48 hr observation period. The 
kinetics of induction were similar on the 2nd 
and 5th day in culture (Fig. 4). However, the 
degree of induction varied considerably with 
the age of cells in culture. Inducibility was 
highest from the 2nd to the 5th day and 
declined thereafter to about 1/3 of the initial 
level by the 8th day (Fig. 5). The "con- 
stitutive" level of enzyme activity also de- 
creased during the first week of culture. The 
proliferation of cells during this period is 
indicated by the increase in the amount of 
DNA (Fig. 5). 

The degree of induction was somewhat 
dependent on the size of the initial inoculum 
of cells (Fig. 6). Cells plated at greater den- 
sity, e.g., more than 106 per ml, showed 
higher induced enzyme levels. The depen- 
dency of the mono-oxygenase induction on 
the concentration of the inducer BA is shown 
in Fig. 7. Induction occured at concentrations 
as low as 0.26 #M and reached a maximum 
above 10/~M. 

In a preliminary experiment we tested the 
effect of BA on the enzyme level in minced  
placental tissue submerged in growth medium 
and kept at 37°C for 16hr. Under  these 
conditions enzyme activity was not detectable 
either in the absence or in the presence of the 
inducer (data not shown). 

Inhibition of cyclic nucleotide phosphodies- 
terase has been shown to elevate the mono- 
oxygenase activity in various cells in culture 
[18, 19]. 

Aminophylline at concentrations which 
stimulated hydroxylase activity in established 
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Fig. 2. Aryl hydrocarbon mono-oygenase activity in human amnion cells as a function 
of the amount of protein and time of incubation. Cells were cultured 1-4 days and 
treated with BA (13 #M) for 24hr (cf. Fig. 4). Several cultures were pooled for the 
determination of enzyme activity. Values represent the mean of duplicate determinations. 
(a) Dependency on the amount of cellular protein. Incubation time was 60 min. (b) 
Dependency on the time of incubation. Protein concentration was 0.36 mg/ml. C)--C) 
reaction mixture as described i~ Materials and Methods; A . . . .  /~ without the 
NADPH-generating system; + - - +  additional NADPH (0.58 #mole) to the reaction 
mixture containing the NADPH-generating system after 90 min; x . . . .  × additional 
NADPH (0.58 #mole) to the reaction mixture lacking the NADPH-generating system 

after 90 min; D - - [ 3  reaction mixture without NADPH. 
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Fig. 3. Fluorescence spectra of phenolic BP metabolites formed 
in cultured human amnion cells. Excitation spectra of phenolic 
metabolites or standard BP-phenols were determined in 1 N 
NaOH at 522 nm emission. ( - - )  Alkali soluble products 

formed in amnion cells; ( . . . . . .  ) in hepatic microsomes q[ rats 
pretreated with chlorinated biphenyl mixture, Clophen C: ( . . . .  ) 
of 3-OH-BP and ( . . . . .  ) of 9-OH-BP. The two phenols were 
extracted from acetone : hexane (1:3, v/v) into 1N NaOH. Other 

conditions as described in Materials and Methods. 
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Fig. 4. Kinetics of a~yl hydrocarbon mono-oxygenase induction• 
Cells were exposed to 13 k~M BA on the 2nd (Q) ) and 5th (/X ) 
day in culture. Control plates received DMSO ([]) on the 2nd 
day. Cells were harvested at times indicated and assayed for 
enzyme activity. Values represent the mean of duplicate 

determinations. 
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Fig. 6. Dependency of aryl hydrocarbon mono-oxygenase ac- 
tivity on plating densi O, of amnion cells. The cells were seeded at 
the population density indicated. They were cultured for 24 hr, 
exposed to 13 pM BA or DMSO for another 24 hr, and then 
assayed for enzyme activity. Values give the mean and range of 
duplicate determinatior~; from one (DMSO-treated) or two (BA- 

treated) cultures. 
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Fig. 7. Dependency of the induction of a(yl hydrocarbon mono- 
oxygenase on the inducer concentration. BA at concentrations 
indicated was added to l-day-old cultures for 24 hr. Values 

give the mean and range of enzyme activity of two cultures. 

rodent and human lung cells [i9] did not 
enhance enzyme activity in the amnion cells 
(Table 1). To the contrary, enzyme activity 
decreased with increasing concentration of 
aminophylline to about 50% of the control 
level at 0.7 mM of the inhibitor. 

To probe for the nature of the mono- 
oxygenase in amnion cells we studied the 
effect of 7,8-benzoflavone, a specific inhibitor 
of polycyclic hydrocarbon inducible mono- 
oxygenase [20]. As shown in Table 2, 7,8- 
benzoflavone inhibited the constitutive and 
induced mono-oxygenase activity by more 
than 60% at a concentration of 0.6 raM. 

Variability of a(yl hydrocarbon mono-oxygenase ac- 
tivity in amnion cells from different donors 

Figure 8 shows the levels of AHM activity 
in cultured amnion cells obtained from 13 
donors. Basal activities were generally too low 
to be determined with accuracy. Induced 
enzyme activities varied widely ranging from 
0.6 to 8.0 pmole/min/mg protein. Of  the 13 
women, only one, donor M, smoked more 
than 10 cigarettes per day during the last days 
before childbirth. Although it might be for- 
tuitous, it is striking that the induced enzyme 
level in amnion cells from this donor is the 
highest o[" all donors. AHM activity in re- 
plicate cultures from a given donor varied by 
less than 20%. 

DISCUSSION 

The present observations indicate that am- 
nion ceils in culture from human term plac- 
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Table 1. Effect of aminophylline on AHM activity in amnion 
cells in culture and on the induction by benz(a)anthracene 

AHM activity 
Additions (pmole/min/mg protein) 

None - -  0.17 
Aminophylline 0.10 mM 0.21 
Aminophylline 0.70 mM 0.19 
BA - -  2.13 
BA + aminophylline 0.10 mM 1.96 
BA + aminophylline 0.35 mM 1.52 
BA + aminophylline 0.70 mM 1.27 

After 24hr of culture, the medium was replaced by medium 
containing variable amounts of aminophylline, BA (13#M) or 
both and cultures were incubated for another 48hr. Values 
represent the mean of duplicate determinations from 3 culture 
dishes. 

Table 2. In vitro effect of 7,8-benzoflavone on AHM activity of human amnion 
cells 

Treatment of AHM activity 
cultures 7,8-Benzoflavone (pmole/min/mg protein) 

DMSO None 0.22 (100) 
DMSO 0.60mM 0.08 (36) 

Benz(a)anthracene None 6.11 (100) 

Benz(a)anthracene 0.06MM 3.39 (55) 
Benz(a)anthracene 0.20mM 1.84 (27) 
Benz(a)anthracene 0,60mM 0.81 (13) 

Cells were cultured for 72hr and exposed to BA for another 24hr. Control 
cultures received DMSO. 7,8-Benzoflavone was added in acetone (50 pl) together 
with the substrate, BP. Numbers in parenthesis give the percentage of the 
controls, i.e. enzyme activity in the absence of 7,8-benzoflavone. Values represent 
the mean of duplicate determinations. 

enta  contain mono-oxygenase activity which is 
inducible by a polycyclic hydrocarbon .  Th e  
induct ion of  the enzyme in amnion  cells was 
s imi l~  to that  in other  rodent  and h u m an  
cells in culture with respect to the t ime course 
of  induction,  the dependency  of  the inducer  
concentra t ion and the cul ture age [21-23].  

T h e  inhibit ion of basal as well as induced 
hydroxylase activity by 7,8-benzoflavone sug- 
gests that  the mono-oxygenase in amnion  cells 
belongs to the group of  cy tochrome P-448- 
dependen t  enzymes which are found in cul- 
tured ma m mal i an  cells and in most extrahe- 
patic tissues [24]. In agreement  with our  
findings in cul tured placental  cells. 7 , 8 - b e n -  
zoflavone also inhibited BP hydroxyla t ion  in 
homogenates  of  term placenta  obta ined from 
women  who smoke [25]. Fur the r  p roof  for the 

p redominance  of  cytochrone  P-448-dependent  
mono-oxygenase(s)  in h u m a n  amnion  cells 
comes from the fluorescence spectra of  pheno-  
lic BP metaboli tes which indicate the for- 
mat ion  of  large amounts  of  9 -O H -BP  and of  
only minor  quantit ies of  3-OH-BP.  Studies 
using rodent  microsomes have shown that  
mono-oxygenase  forms induced by polycyclic 
hydrocarbons  preferably oxygenate  the benzo 
ring (positions 7-9)  of  BP in contrast  to the 
constitutive and phenobarb i ta l - induced  cyt- 
ochrome P-450 forms which more  strongly 
at tack the pyrene  ring of  the molecule (posi- 
titons 1-5) [26, 27]. T h e  p redominan t  oxyg- 
enat ion of  BP in the benzo ring by amnion  
ceils and by other  cells in culture [19] is of  
major  significance since the oxidative at tack 
on this region of  the molecule leads to the 
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formation of diol epoxides which are highly 
mutagenic [28] and possibly the ultimate car- 
cinogenic forms of BP [29, 30]. 

Generally, cytochrome P-448-dependent 
mono-oxygenases are known to possess a spe- 
cific range of substrate/inducers which are 
typified by planar and highly hydrophobic 
compounds such as the aromatic polycyclic 
hydrocarbons. This substrate specificity might 
limit the usefulness of the human amnion cell 
cultures as universal target cells for chemical 
mutagens or carcinogens which have to be 
activated by microsomal mono-oxygenases. 
Presently, the cultured amnion cells appear to 
share this limitation with all established cell 
lines and primary cells in cultures except short 
term cultures of hepatocytes [19]. 

The different levels of mono-oxygenase ac- 
tivity in placental cells from the 13 donors 
tested may be an expression of the interindi- 
vidual variability of inducible enzyme activity 
in vivo. Similar differences in hydroxylase ac- 
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tivity have been observed in cultured human 
monocytes [31], lymphocytes [32], pulmonary 
macrophages [33], skin fibroblasts [34, 35], 
tracheal organ explants [36], and in liver 
biopsies [37], and have, to various degrees, 
been attributed to genetic factors. It is in- 
teresting to note that high induced enzyme 
levels occured in amnion cells from a woman 
who was a heavy smoker. Relatively high BA- 
induced enzyme levels were also observed in 
cultured peripheral lymphocytes of smokers 
[33]. Presently, we do not know how huch of 
the variability observed in the amnion cells is 
due to experimental variation, e.g., in cell 
isolation, culture conditions and growth rate, 
or to genetic constitution. 

Human fibroblasts which can easily be ob- 
tained from skin exhibited considerably lower 
mono-oxygenase activity than epithelial cells 
[38, 39] and proved unsuitable for testing 
premutagens or precarcinogens [40] without 
an external activation system such as micro- 
somal preparations [41, 42] or "feeder" cells 
[38]. Although amnion cells in primary cul- 
ture which consist mainly of epithelial cells by 
morphological criteria have low constitutive 
mono-oxygenase level, the induced enzyme 
attains appreciable levels comparable to these 
found in fetal liver cells [37] and exceeding 
those in other human cells in culture [19] 
except for the choriocarcinoma derived cell 
line, JEG-3 [22]. 

Taking into consideration the specificity of 
mono-oxygenase activity, the amnion cell cul- 
tures may represent a useful model to study 
the effect and the fate of xenobiotics in hu- 
man epithelial cells, and to follow up their 
metabolism, binding to macromolecules and 
removal by repair processes. 
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