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In-vitro teratogenicity of retinoids
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Summary. Mid-gestation rat conceptuses were cultured for 48 h in serum containing the
retinoids all-trans-retinoic acid (TRA), 1 3-cis-retinoic acid (1 3-CRA), etretinate (ETR), etretin
or one of six retinamides at concentrations ranging from 0.5 to 400 pg/ml. TRA was toxic at a
concentration of 0.5 pg/ml. 13-CRA and etretin caused abnormal development at 1.0 Mg/ml.
However, the six retinamides were less toxic and adverse developmental effects were only
evident at concentrations of 50 or 100 Mg/ml. ETR was without effect at 100 pg/ml, the
highest dose level of this compound tested. In vivo, TRA, 13-CRA and ETR are highly
teratogenic. In this culture system, TRA and 13-CRA caused abnormal development at very

low concentrations but in contrast, ETR was non-toxic at 100 pg/ml. Therefore these findings
indicate that in vivo, maternal pharmacokinetics, and bioactivation in particular, play a major
role in inducing abnormal development. Cis/trans isomerization was not a major determinant
of toxicity. However, there appeared to be a relationship between abnormal development and
the actual or estimated pKa values of the 10 retinoids tested.
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Retinoids (structural analogues of vitamin
A) are used for the treatment of a variety of
dermatological disorders including skin
cancer, and have chemo-preventive activity
in several experimental carcinogenesis
models (Peck 1981; 1984; Hicks et al. 1982;
1985; Bollag 1983; Sporn & Roberts 1983;
Berretti & Grupper 1984; Moon & Itri 1984).
They are teratogenic in animals (Elias &
Williams 1981; Cunningham & Ehmann
1983; Kamm & Ashenfelter 1984) and drugs
such as 1 3-cis-retinoic acid (1 3-CRA) (Accu-
tane, Roaccutan, Roaccutane) and etreti-
nate (Tigason) are contra-indicated in preg-
nancy (Chen 1985). Despite warnings that
women of childbearing potential should
practice effective contraception during and

after treatment with 1 3-CRA and etretinate
(ETR), there have been reports of sponta-
neous abortion and infants with birth defects
following exposure to these two retinoids
during pregnancy (Rosa 1984; Chen 1985;
Lammer et al. 1985; Rosa et al. 1986). These
defects were ofa distinctive pattern involving
the central nervous system (hydrocephalus,
microcephaly etc), cranio-facial malforma-
tions, the heart (septal defects, transposition
of the great vessels etc) and the thymus.

Analysis of the teratogenicity of retinoids
in experimental animals has shown that
structural modification of the retinoid mole-
cule at C15 can produce compounds that
retain cancer chemo-preventive activity, but
are less teratogenic (Willhite & Shealy 1984;
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Willhite et al. 1984). However, such experi-
ments are complicated by differing species-
related and compound-related rates of reti-
noid absorption, binding and excretion and
their relevance to the clinical situation is
difficult to assess. This study was designed to
investigate the in-vitro teratogenicity to the
rat embryo of a number of retinoids by
adding them directly to the embryo culture
medium.
The effects of retinol and retinoic acid

(natural forms of vitamin A) on rat whole
embryo cultures have already been reported
(Morriss & Steele 1974; 1977). Embryos
cultured during the organogenetic phase in
medium containing as little as 0.1-0.5 jMg/
ml retinol or retinoic acid exhibited typical
defects involving the central nervous system,
a pattern of malformations later shown to be
similar to that observed in vivo (Steele et al.
1983). Such experiments not only demon-
strated that retinol and retinoic acid have a

direct effect on the rat conceptus but also
raised the possibility that various forms ofthe
vitamin may be teratogenic for the human
fetus (Morriss & Thomson 1974). The large
difference between in vivo and in vitro terato-
genic doses (60 000 tg/rat and 0.1 to 0.5
jug/ml, respectively) suggest that in vivo only
a very low proportion of the administered
retinoid reaches the embryo in an active
form, but that a relatively small increase in
plasma concentration may adversely affect
embryonic development without causing
deleterious effects on the mother. Subse-
quent experiments using human serum,
prepared from volunteers who had ingested a
single dose of 100 000 USP units of 'vitamin
A' (fish liver oil), as the culture medium for
rat embryos suggested that vitamin A would
be teratogenic (Steele et al. 1982). However,
control human sera also produced a high
level of neural tube defects in rat embryos
(Steele 1985a).
For this study, whole rat embryo cultures

at a particular phase of embryonic develop-
ment were used such that the development of
the control embryo in vitro is equivalent to
that observed in vivo (New et al. 1976).

Retinoids were added directly to the culture
medium and their effects on the developing
embryo assessed. Preliminary results with
13-CRA and ETR have recently been pub-
lished in summary form (Steele et al. 1986).

Materials and methods

Whole embryo culture has been described in
detail elsewhere (New 1978; Steele 1985b)
and only an outline is given here. Headfold
stage rat embryos ofthe Wistar stock (Horlan
Olac Ltd, Bicester, Oxon) were explanted in
cold Hanks saline during the afternoon of the
10th day ofpregnancy and cultured for 48 h
in immediately-centrifuged serum (Steele &
New 1974).
The structures of the retinoids tested are

shown in Fig. 1. Etretin, ETR and 13-CRA
were provided by Roche Products Ltd (Wel-
wyn Garden City, Herts) and the retinamides
N-(4-hydroxyphenyl)retinamide (4HPR), N-
ethylretinamide (NER), 1 3-cis-N-ethylreti-
namide (1 3cisNER), N-butylretinamide
(NBR), and N-(2-hydroxyethyl)retinamide
(OHNER) by the National Cancer Institute
(courtesy of Dr C. Smith and Dr M. Sporn)
and the Southern Research Institute (Dr Y.
Fulmer Shealy). N-tetrazol-5-ylretinamide
(TZR) was supplied by courtesy of Dr F.
Frickel (BASF, Aktiengesellschaft, Ludwig-
shafen, FRG). Retinoids, dissolved in absolute
ethanol, were added to the serum (<4 jul
alcohol/ml serum) to give final concentra-
tions of 0.5, 1, 50, 100 or 400 ,ug/ml. All-
trans-retinoic acid (TRA), (Sigma Chemical
Co., Poole, Dorset) was used in some cultures
to compare the effects of synthetic retinoids
with that of a natural retinoid; the results
were also compared with previously pub-
lished data (Morriss & Steele 1977).
At the end of culture, the presence or

absence of a heartbeat and yolk sac circula-
tion was recorded and the embryo was
dissected from the yolk sac and amnion. The
morphological parameters listed in Tables 1
and 2 were assessed and the embryos then
dissolved in 0. 5 M NaOH for protein estima-
tion (growth). Protein was determined by the
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Fig. 1. Structures of the retinoids tested.



Table 1. Effect on rat embryo development of 48 h culture in medium containing TRA

TRA Anterior Complete Protrusion of Protein
concentration neuropore or partial embryonic Somites (ug)
(,ug/ml medium) closeda turninga axisa x ± s.e. x± s.e.

ob 19/19 19/19 0/14 23c 164±8
0.5b PF 2/19 10/14 1OC 67± 3

0 5/5 5/5 0/5 26±1 212 ± 5
0.5 3/5 4/5 2/5 18±2 132±29

0 5/5 4/5 0/5 24±2 181 ±29
1.0 4/5 0/5 5/5 12d±1 37± 7

0 4/4 4/4 0/4 26±1 nd
10.0 PF 0/4 4/4 PF nd

a No. of embryos with feature/no. of embryos assessed.
bData from Morriss and Steele (1977) included for comparison.
c Standard error not given.
d Mean of three embryos.
PF Structures too poorly formed to allow assessment.
nd No data available.

method of Lowry et al. (1951) and the final
value for each embryo was the mean of three
estimations.

Results

The effects of TRA on embryonic develop-
ment were in accord with previously pub-
lished observations (Morriss & Steele 1977).
Abnormal development, e.g. lack of closure
of the neural tube and protrusion of the
embryo from the yolk sac, occurred in
medium containing as little as 0.5 jug/ml
TRA (Table 1).
Low concentrations of 13-CRA (1 Mg/ml)

were directly harmful to the developing
embryo (Table 2). So also was etretin (1 pg/
ml), the main metabolite of ETR. At this
concentration both 1 3-CRA and etretin
retarded growth (protein) and differentiation
(somites), and adversely affected the pharyn-
geal arches (Table 2). Approximately similar
effects, but with some variation in intensity,
were seen with five retinamides (4HPR, TZR,
OHNER, NER and 13cisNER) at a higher
concentration (50 ug/ml), but in comparison

the retinamide NBR was less toxic and only
affected development at 100 ig/ml (Table 2).
ETR itself was without effect at 100 jug/ml
and was not sufficiently soluble in ethanol to
achieve a concentration in the medium of
400 Mg/ml.

Statistical analyses of the results are set
out in Table 3.

Discussion

The main metabolite of ETR, etretin, when
added to the culture medium was teratogenic
for rat embryos at low dose (1 jug/ml).
Unmetabolised ETR by contrast was without
effect at 100 ug/ml (Table 2) despite the fact
that it is teratogenic in vivo in rodents
(Hummler & Schuipbach 1981) and in
humans (Chen 198 5). This suggests that the
parent compound requires bio-activation for
its teratogenicity to be expressed, as proposed
by Kochhar et al. (1985). They indicated that
ETR required metabolic conversion to etretin
for the suppression of chondrogenesis in a
limb bud mesenchymal cell culture system.
1 3-CRA was also teratogenic at low dose

C.E. Steele et a].2I8
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Table 2. Effect on rat embryo development of 48 h culture in media containing retinoidsa

Complete Two or moreNeuropore Allantois Protein
or partial pharyngeal closed fused with Limb Somites (ug)

Treatment Nb HBcYSCd turning arches ant. post. chorion buds k±s.e. k±s.e.

Control
13cisNER
NER
4HPR
Control
13-CRA
Etretin
TZR

5 5 5
5 4 4
5 5 5
5 5 5

16 16 16
16 16 1
16 16 9
16 16 13

Control 14 14 14
13cisNER 14 14 12
NER 14 14 13
4HPR 14 12 4
Control 13 13 13
ETR 13 13 13
NBR 13 13 11
OHNER 13 11 11
Control
13-CRA
Etretin
Control
TZR

10 10 10
10 10 0
10 10 0
15 15 15
15 12 1

Control 11 11 11
13cisNER 11 11 7
NER 1111 6
4HPR 11 6 0
Control 12 12 12
ETR 13 13 13
NBR 13 13 13
OHNER 13 13 7
TZRk 15 7 0

Control 5 5 5
NER 5 5 0
13cisNER° 5 5 0
NBR 5 5 0

5
5
5
5

15

2
15
16

14
14
14
9

13
13
13
13
10
0

0

15
49

11
9
5
1

12
13
13
10
3'

1

0

0

5
5
5
5

16
3
8

16

14
14
14
8

13
13
13
12
10
0

0

15
1h

11
11
11
1

12
13
13
11
Om

5
3
0

1

1pg/ml
5 1
5 1
5 3
5 3

13 5
16 15
10 8e

16 5
50pg/ml
14 7
14 2
14 1
13 6
13 3
11 1
11 3
11 1
10 3
4 10
8 10

15 9
7h gh

100pg/ml
9 5
7 8
5 2

10 10
12 2
13 4
13 3
12 10
4m vm

400pg/ml
5 0
3 3
2 2
1 0

4
4
5
5

16
8

11
13

13
11
14
12
12
13
11
12
10
2
1

13
Joh

11
9

11
11
11
13
13
13
6m

4
5
3
2

4
5
5

16
6

10
15

14
14
14
6

13
13
13
13
10
0

0

15
3h

23±1
23±1
25 ±0
24±1
24±0
17± 1
19±0
24±0

25 ±0
23 ±0
23 ±0
19±1
25 ±0
24±1
24±0
22±1
25 ±0
11±Of
12 ±0f
25 ±0
17± 3'

167± 10
150± 17
188± 9
174±11
137± 7
77± 8
117± 6
149± 9

198± 8
158± 7

172± 8
119± 10
219± 8
227± 12
203 ± 7
202± 9
195 ± 10
55± 4
51± 4

204± 4
58± 12

11 25±0
11 21±1
11 20±l1
2 14±1

12 26±0
13 24±0
13 23 ±0
10 20±1
Om 14±1"

2
0

1

185± 9
130± 8
118 ± 11
87± 7
194± 12
182± 8
159 ± 15
128 ± 11
41± 6

163± 9
62± 3
20± 2
37± 1

26±0
16±2
p
p

a With the exceptions of somite number and protein content, the figures in each column represent the
number of embryos with the feature at the head of the column. b Number of embryos. c Presence of
heartbeat. d Presence of yolk sac circulation. e 15/16 embryos in medium containing etretin had stumpy
tails. f n = 9, 1/10 too poorly formed to count. "n = 12 h n = 1 0. i n = 6, remainder too poorly formed to
count. i n =7. k Control embryos for this group are those for the 5Ogg/ml TZR group. ' n = 13. m n = 10. n

n = 3. ° One embryo in the 4OQug 1 3cisNER/ml group was too poorly formed to allow assessment of
pharyngeal arches, neuropore closure, limb buds and somites. n = 4 for these parameters. p Embryos too
poorly formed to count somites.
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Table 3. Statistical analysis (Student's t-test) of results (Tables 1 and 2)

Somites Protein

Control vs 0.5pg/ml TRAa
Control vs lg/ml TRA
Control vs lO0g/ml TRA
Control vs lug/ml 13-CRA
Control vs 50pg/ml 13-CRA
Control vs 50pg/ml ETR
Control vs 100ug/ml ETR
Control vs ljg/ml etretin
Control vs 50pg/ml etretin
Control vs lIug/ml NER
Control vs 50pg/ml NER
Control vs lOOpg/ml NER
Control vs 400pg/ml NER
Control vs lpg/ml 13cisNER
Control vs 5Opg/ml 1 3cisNER
Control vs lOOug/ml 13cisNER
Control vs 400pg/ml 13cisNER
Control vs 50pg/ml OHNER
Control vs lOOpg/ml OHNER
Control vs lpg/ml 4HPR
Control vs 50pg/ml 4HPR
Control vs lOOQg/ml 4HPR
Control vs 50pg/ml NBR
Control vs lOOg/ml NBR
Control vs 400jg/ml NBR
Control vs lg/ml TZR
Control vs 50pg/ml TZR
Control vs lOO1g/ml TZR

P<0.05
P<0.01
P<0.001
P<0.001
P<0.001
ns
P<0.05
P<0.001
P<0.001
ns
P<0.01
P<0.01
P<0.001
ns
P<0.001
P<0.001

P<0.01
P<0.001
ns
P<0.001
P<0.001
ns
P<0.001

ns
P<0.05
P<0.001

ns
P<0.01
P<0.001
P<0.001
P<0.001
ns
ns
P<0.05
P<0.001
ns
P<0.05
P<0.001
P<0.001
ns
P<0.001
P<0.001
P<0.001
ns
P<0.001
ns
P<0.001
P<0.001
ns
ns
P<0.001
ns
P<0.001
P<0.001

aData from present experiment (see Table 1).
ns P>0.05.

(1 Mug/ml). This is in agreement with similar
experiments using 1 /ug/ml 13-CRA in rat
embryo culture (Webster 1985) and 0.6 to
6.0 Mg/ml 1 3-CRA in mouse embryo culture
(Goulding & Pratt 1986). 4HPR and TZR
were embryotoxic at 50 Mg/ml. By contrast,
higher concentrations of the retinamides
NER, 13cisNER, NBR and OHNER were
required to produce embryotoxicity.
The teratogenicity of retinoids in vitro to

some extent reflects their activities in vivo.
For example, in vivo the trans isomers ofsome
retinoids are more teratogenic than those

with the cis configuration (Willhite & Shealy
1984), although the stereoconformation
was not considered to be the major determi-
nant of teratogenicity. In the present in vitro
experiments (Tables 1 and 2) the cis isomer
of retinoic acid (1 3-CRA) was slightly less
toxic than the trans isomer although both
were toxic at 1 ug/ml. In contrast, both the
13-cis and all-trans isomer of NER were
equally toxic at 100 ug/ml (Table 2).

Willhite et al. (1984) showed that struc-
tural modifications of the terminal group at
C1 5 did not necessarily prevent teratogeni-

C.E. Steele et a].220
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Table 4. Acidic pKa values of the retinoids tested

Lowest toxic concentration in
PKa embryo culture (pg/ml)

TRA 4 )
13-CRA 3.8a 1
Etretin 5.3a J
4HPR 10
TZR 15
OHNER 15 50
NER 22 l
13cisNER 22 J
NBR 22 } >1OO

aValues supplied by Roche Products Ltd; all
other figures are estimated values based on
model compounds or the Taft equation (Perrin et
al. 1981).

city. Our experiments confirm this (see Fig. 1)
as compounds with a carboxyl (TRA), hyd-
roxyethyl (OHNER), hydroxyphenyl (4HPR)
or a tetrazol (TZR) terminal group were all
teratogenic.

It is known that the pKa value is a major
determinant of retinoid teratogenicity in vivo
(Willhite et al. 1984); a low pKa value is
necessary for the attachment of the retinoid
to a binding protein which is a possible
prerequisite for teratogenicity. The actual or
estimated pKa values of the retinoids tested
are given in Table 4. The three most toxic
compounds (TRA, 13-CRA and etretin) had
low pKa values ranging from approximately
3 to 6. Those retinoids of intermediate
toxicity (4HPR, TZR, OHNER, NER and
1 3cisNER) had higher pKa values which
ranged from 10 to 22. The two least toxic
compounds were NBR and ETR; NBR had a
PKa value of 22 and ETR was estimated to
have a pKa value of this order of magnitude
although a precise figure could not be
obtained.

Metabolism, excretion and placental
transfer of retinoids are clearly major factors
influencing their teratogenicity in the whole
animal, and account for any lack of correla-

tion between the toxicologically active con-
centrations of individual retinoids reported
here and their highest 'no-effect' doses in
vivo. For example, TRA and 13-CRA ad-
versely affected embryonic development in
vitro at concentrations of 0.5 and 1.0 jug/ml,
respectively (Tables 1 and 2), whereas the
highest 'no-effect' doses in vivo in the rat
using the oral route of administration are 6
and 50 mg/kg/day, respectively (Kamm
1982). The complete lack ofteratogenicity of
ETR in vitro at 100 ,ug/ml (Table 2), by
contrast with the highest 'no effect' dose of 4
mg/kg/day in vivo (Kamm 1982), was the
most striking discrepancy noted between the
response of the rat embryo to a retinoid in
culture and in utero. Embryo culture there-
fore provides a sensitive and controllable
model in which to compare the toxicity and
teratogenicity of active retinoids and their
metabolites. In order to take account of the
effects of maternal metabolism, further
studies with embryos cultured in serum from
retinoid-fed rats are in progress.
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