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ABSTRACT Whole rat conceptuses (10.5 
gestational days) were explanted into a culture me- 
dium containing all-trans-retinol (t-retinol, vitamin 
A,), ethanol, or combinations of the two alcohols at 
various concentrations, and were cultured at 37°C 
for 24 hr. Parameters emphasized in morphological 
analyses were bronchial arch development, closure 
of neural tube, axial rotation, and development of 
otic vesicles and of optic cup. Additions of t-retinol 
alone to the culture medium resulted in significant 
decreases in viability at concentrations of 7.0 KM 
and above. A primary target site affected by 
t-retinol was the second bronchial arch. With initial 
culture medium concentrations of 3.5 pM, 28% of 
embryos exhibited an underdeveloped second 
bronchial arch, and the effect was concentration 
dependent. Incubations with t-retinol alone also 
caused failure of closure of neural tubes, underde- 
velopment/absence of otic and optic vesicles, and 
failure of normal axial rotation, but these effects 
were statistically significant only at the higher con- 
centrations (1 0.5-14.0 FM). Incubations of concep- 
tuses with ethanol alone resulted in statistically sig- 
nificant decreases in viability and increases of 
incidence of embryonic abnormalities at 50 mM but 
not at 10- or 20-mM concentrations. The embryo- 
toxicity of ethanol appeared less site-specific than 
that of t-retinol. However, ethanol-elicited devel- 
opmental abnormalities included underdevelop- 
ment of the first and second bronchial arches, ab- 
normally open neural tubes, abnormally small or 
absent otic and optic vesicles, and incomplete axial 
rotation in common with effects elicited by t-retinol. 
In general, embryos incubated with combinations of 
t-retinol and ethanol showed lower survival rates 
and higher incidences of developmental abnormal- 
ities when compared to the calculated values ex- 
pected for simple additive effects; i.e., interactive 
effects were most frequently greater than additive 
and probably synergistic but not antagonistic. To 
assist in the elucidation of possible mechanism(s) 
for the greater than additive/synergistic dysmor- 
phogenic effects observed, concentrations of all- 
trans-retinoic acid (t-RA) and all-frans-retinal (t-ret- 
inal) in cultured conceptal tissues were determined 

by high-performance liquid chromatography 
(HPLC). HPLC analysis showed increases in con- 
ceptal tissue levels of both t-RA and t-retinal after 
conceptuses were exposed to t-retinol (10.5 pM) 
plus various quantities of ethanol for 24 hr. These 
observations, in combination with those of previous 
studies, suggested that the observed greater-than- 
additive/synergistic dysmorphogenic effects were 
not due to the inhibition by ethanol of conceptal 
biosynthesis of t-RA. Whether the increased levels of 
t-RA and t-retinal caused the observed greater than 
additive/synergistic dysmorphogenic effects re- 
mains to be elucidated. o 1996 WiIey-Liss, Inc. 

Retinoids are highly potent embryotoxins and are 
established human teratogens (Shepard, '95; Schard- 
ein, '93; Juchau, 1993). Studies have suggested that the 
embryotoxic and dysmorphogenic effects of all-trans- 
retinol (t-retinol, vitamin A,) are due, at least in part, 
to conversion of the retinoid alcohol to all-trans-reti- 
noic acid (t-RA), an active metabolite of t-retinol 
(Kachhar and Penner, '87; Eckhoff et al., '89; Creech 
Krafi and Juchau, '92, '93a,b). Retinoic acids are 
known to regulate gene expression by activating nu- 
clear retinoid receptors (RARs and RXRs), with subse- 
quent binding of the retinoid-receptor complex to 
retinoid receptor response elements in the Ei'-upstream 
regulatory regions of genetic DNA (Petkovich et al., 
'87; Levin et al., '92). It is now clear that stringently 
regulated homeostasis of retinoic acids is crucial for 
normal embryonic development. Either excess or defi- 
ciency of retinoic acids, as expected, are each likely to 
produce developmental abnormalities. 

Ethanol is also a recognized human teratogen. Con- 
sumption of ethanol during pregnancy can cause serious 
birth defects, oRen manifested as fetal alcohol syn- 
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drome (FAS). Recently, two retinoid-related mecha- 
nisms have been proposed for ethanol-induced embryo- 
toxicity. Zachman and Grummer ('91) have suggested 
that embryotoxicity of ethanol may be due to an elicited 
elevation of the levels of retinoic acid in fetal tissues, 
since increased levels of t-retinol were observed after 
ingestion of ethanol in vivo. By contrast, Duester ('91, 
'95) and Pullarkat ('91) independently proposed that 
ethanol-induced dysmorphogenic effects may be the re- 
sult of retinoic acid deficiency because ethanol could act 
as a competitive inhibitor of the biosynthesis of retinoic 
acid from retinol. The first-mentioned hypothesis of 
Zachman and Grummer would suggest that, in the case 
of retinol excess, the presence of ethanol would tend to 
exacerbate the retinol-induced dysmorphogenic effects, 
since ethanol would cause an increase in tissue levels of 
retinoic acid. On the other hand, if ethanol inhibits 
biosynthesis of retinoic acid from retinol, as suggested 
by the last-mentioned hypothesis of Duester and Pul- 
larkat, the presence of ethanol should tend to reduce the 
retinol-induced dysmorphogenic effects by inhibiting 
the biosynthesis of RA from retinol, thus reducing tis- 
sue levels of the ultimate embryotoxin. Recently we 
discovered that rat conceptal retinol and retinal dehy- 
drogenases are the primary enzymes in the catalysis of 
conversions of t-retinol and t-retinal to t-RA (Chen et 
al., '95). This observation provides a foundation for the 
possible interaction between ethanol and retinol. 

In addition, because the potential for human expo- 
sure in utero to ethanol remains very high and retin- 
oids also have a widespread usage for treatments of 
various skin disorders and a potentially widespread us- 
age for cancer chemoprevention, it is important to 
study the interactive effects of these two compounds on 
embryonic dysmorphogenesis. In this study, the direct 
interactive effects of ethanol and t-retinol were inves- 
tigated. Whole rat conceptuses (gestational day 10.5) 
were incubated with t-retinol, ethanol, or combinations 
of both chemicals for 24 hr, and effects on growth and 
morphogenesis were examined. t-Retinol and ethanol- 
induced dysmorphogenic embryotoxic effects were used 
as probes to investigate the extent to which interactive 
effects (antagonistic, additive, or synergistic) could be 
observed with respect to the elicitation of such abnor- 
malities. In addition, embryonic tissue levels of all- 
trans-retinal (t-retinal; key intermediate of retinoic 
acid synthesis) and t-RA were determined by high-per- 
formance liquid chromatography (HPLC). 

MATERIALS AND METHODS 
Chemicals 

t-Retinol, t-retinal, t-RA, and 134s-retinoic acid 
(13-cis-RA) were purchased from Sigma Chemical Co. 
(St. Louis, MO). 9-cis-Retinoic acid (9-cis-RA) was a gift 
from Dr. Sorter of Hoffmann-La Roche Inc. (Nutley, 
NJ). All other chemicals and reagents were of the high- 
est purity commercially available. 

Whole-embryo culture 
Time-mated primagravida pregnant rats (Sprague- 

Dawley, Wistar-derived, 180-200 g) were obtained lo- 
cally on day 9.5 of gestation from Tyler Laboratories 
(Bellevue, WA). All animals were allowed free access to 
food (Purina Rat Chow) and distilled water and were 
housed in plastic cages with crushed corncob material 
for bedding. The morning after copulation was desig- 
nated as day 0.5 of gestation. Staging and explantation 
of embryos were conducted on the morning of day 10.5 
of gestation, and the procedures used were as described 
previously (Faustman-Watts et al., '85; Harris et al., 
'89). The conceptuses were removed from ether-anes- 
thetized dams and transferred into a culture medium 
previously saturated with gas mixtures of O4O2-N2 
(20:5:75). The culture media consisted of 50% female 
rat serum (heat-inactivated at 56°C for 30 min) and 
50% Waymouth's medium. t-Retinol (1 mg/ml in ace- 
tone) or ethanol were added in varying quantities (sin- 
gly and in combination) to the media immediately prior 
to explantation. The conceptuses were then cultured in 
roller bottles a t  37°C for 20 hr in the dark. At the end 
of the 20-hr period, the roller bottles were regassed in 
the dark with 02-C02 (955) and conceptuses were cul- 
tured for an additional 4 hr. At the end of the culture 
period (day 11.5), conceptuses were removed from the 
culture bottles, examined for viability (embryos with 
heart beat and active vitelline circulation was scored 
as viable) under a light microscope, and evaluated/ 
scored for growth parameters and malformations (Har- 
ris et al., '89) without knowledge of treatment. Nonvi- 
able conceptuses were not further evaluated. Viable 
embryos were examined for maximal embryonic 
length, maximal yolk sac diameter, degree of axial ro- 
tation, branchial arch development, neural tube mor- 
phology, optic cup and otic vesicle development and 
other, grossly observable parameters. Immediately af- 
ter evaluations and scoring, embryos were stored at 
-70°C for later measurements of protein content. 

HPLC analyses of tissue levels of 
conceptal retinoids 

One hundred fifty to three hundred milligrams (wet 
weight) of whole conceptuses (defined as consisting of 
the embryo proper, visceral yolk sac, ectoplacental 
cone, amniotic membrane, and fluid compartments in- 
side the yolk sac and amniotic membranes) were 
treated with 1 ml of isopropanol, vortexed for 1 min, 
and homogenized at 4°C using a Sonic L converter for 
10 sec at a setting of 2 (Branson Sonic Power Co., Plain- 
view, NY). The homogenates were vortexed again and 
centrifuged at 4°C for 30 min at 16,OOOg. Prior to cen- 
trifugation, 50 11.1 of homogenates was removed for pro- 
tein determinations. The mixture of standard retinoids 
or supernatant fraction of the homogenates after cen- 
trifugation (100 p1) were injected into the HPLC sys- 
tem. The HPLC apparatus consisted of two model lOOA 



14 H. CHEN ET AL. 
TABLE 1. Effects of varying concentrations of t-retinol or ethanol on morphological parameters in cultured rat 

whole embryos 

Underdeveloped Abnormal vesicle 
No. of Viab. Total branchial arches Open neural tube development Abnormal 

embryos loss defects' 1st 2nd Ant. Post. Optic Otic rotation 
Treatment (n) (%I (%I (96) (%I (%I (%) (%) (%I (9%) 
Control 20 0 0 0 0 0 0 
Retinol(3.5 pM) 25 4 2g2 0 2g2 0 0 
Retinol (7 p,M) 16 252 332 0 332 0 0 
Retinol (10.5 pM) 25 2g2 7a2 11 3g2 11 6 
Retinol (14 pM) 19 5g2 632 13' 502 252 252 
EtOH, 10 mM 15 0 7 0 7 0 0 
EtOH, 20 mM 22 14 11 0 0 0 0 
EtOH, 30 mM 21 10 26' 0 11 5 0 
EtOH, 50 mM 19 422 a22 9 36' 452 452 
'Embryos exhibiting any observed abnormality. 
q h e  values were significantly different from those of the corresponding controls (P<0.05). 
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dual piston Beckman pumps linked together for acti- 
vation of a binary gradient. The system was interfaced 
with a Shimadzu SPD-1OA W-VIS detector (set at 354 
nm) and a Shimadzu C-R5A Chromatopac data proces- 
sor for quantitation. HPLC was equipped with a Beck- 
man mixing chamber and manual injector. A Zorbax 
octadecylsilane (ODS) column (0.46 x 15 cm) (MacMod 
Anal, Chadds Ford, PA) was employed for retinoid 
analyses and the method was described by Kim et al. 
('92). The eluents consisted of solvent A (acetonitrile 
H20-acetic acid, 49.75:49.75:0.5, v/v/v) and solvent B 
(acetonitrile-H20-acetic acid, 90: 10:0.04, v/v/v), both 
containing 10 mM ammonium acetate. The mobile 
phase was programmed with a gradient from 25% mo- 
bile phase B to 80% mobile phase B in 10 min, and a 
second gradient of 80% mobile phase B to 25% mobile 
phase B in 15 min, at a flow rate of 1.5 ml/min. Dupli- 
cated experiments were performed and the values of 
t-RA or t-retinal were expressed as the means of four to 
six HPLC measurements with standard deviations. 

Protein determinations 
The method of Lowry et al. (1951) was used to deter- 

mine quantitatively the concentration of protein in 
whole cultured conceptuses. Bovine serum albumin 
(BSA) was used as a standard protein for the quanti- 
tation. 

Statistical analyses 
Analyses of variances (ANOVA) with Dunnett's test 

were conducted with a Microexcell statistics package 
(Microsoft, Redmond, WA) to test for the statistical sig- 
nificance of differences between mean values measured 
on a continuous or graded scale (embryonic length, 
yolk sac diameter, protein concentration). Contingency 
tables with the chi-square criterion were utilized to 
statistically analyze differences in quantally assessed 
parameters such as viability/survival, abnormally 
open neuropores, abnormally formed otic and optic ves- 

icles, and abnormal rotation of embryos. The level of 
significance chosen was Ik0 .05 .  All methods for sta- 
tistical evaluations have are described in the literature 
(Zar, '84). 

RESULTS 

In Table 1, data are presented for the individual ef- 
fects of t-retinol or ethanol on viability and morpho- 
genesis of cultured rat embryos in vitro. Additions of 
the higher concentrations of t-retinol(z-7.0 pM) to the 
culture medium resulted in statistically significant 
decreases in viability and statistically significant 
increases in the incidence of abnormal development. 
Additions of ethanol alone (50 mM) produced a statis- 
tically significant decrease in viability as well as sta- 
tistically significant increases in morphologic defects. 
Dysmorphogenic effects produced by t-retinol alone 
and ethanol alone each exhibited concentration-depen- 
dent patterns. 

The individual effects of t-retinol or of ethanol on 
growth parameters in cultured whole rat embryos 
grown in vitro are presented in Table 2. Additions of 
t-retinol or of ethanol alone to the culture medium re- 
sulted generally in decreases in maximal yolk sac di- 
ameter and maximal embryonic length as well as in 
embryonic protein, although the effects were somewhat 
variable, possibly due to preferential survival of the 
largest embryos (analyses were performed only on vi- 
able embryos). In general, however, the changes in 
growth parameters appeared to be concentration-de- 
pendent for both t-retinol and ethanol. 

Table 3 shows the effects of combinations of t-retinol 
plus ethanol on viability, total defects, and specific 
morphogenic abnormalities observed in cultured rat 
embryos in vitro. Explantation of embryos with combi- 
nations of ethanol plus t-retinol appeared to result gen- 
erally in greater than additive effects. For instance, 
additions of ethanol alone (10.0 mM) did not cause a 
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Fig. 1. Effects of ethanol on tissue levels of t-RA after embryos 
were cultured with t-retinol (10.5 p,M) plus various concentrations of 
ethanol. The values (means kSD) with asterisks indicate that the 

statistically significant increase in incidence of mor- 
phologic defects of any type when compared to that of 
the corresponding controls for any of the parameters 
investigated (Table 1). Additions of t-retinol alone (3.5 
FM) caused statistically significant increase in inci- 
dence of defects for only two of the parameters inves- 
tigated (Table 1). However, a combination (Table 3) of 
ethanol (10.0 mM) plus t-retinol (3.5 FM) caused sta- 
tistically significant increases in incidence of defects in 
all but three parameters. The combination effects at 
these concentrations were generally greater than ad- 
ditive and were statistically greater than the predicted 
(simple additive) effects (see Table 5) in three cases. 
Similar observations were applicable to other combina- 
tions; the greater than additive effects were particu- 
larly prominent with combinations of ethanol (30 mM) 
plus t-retinol(7.0 pM) and with ethanol (30 mM) plus 
t-retinol (10.5 pM). 

The interactive effects of t-retinol and ethanol on 
growth parameters in cultured rat whole embryos are 
shown in Table 4. In general, incubations with both 
t-retinol and ethanol tended to cause greater than ad- 
ditive effects on the growth of the embryos. For exam- 
ple, explantations with t-retinol(10.5 p,M) or with eth- 
anol (30.0 mM) alone did not result in statistically 
significant decreases in embryonic protein content, but 
a combination of the two at the same concentrations 
caused a statistically significant greater-than-additive 
decrease in protein content. 

Analyses of interactive effects on quantally assessed 

tissue levels of t-RA in treated embryos were significantly higher 
than those of the corresponding controls (at the 95% codidence level). 
For experimental details, see Methods. 

TABLE 2. Effects of f-mtinol or ethanol on growth 
parameters in cultured rat whole embryos' 

Maximal Maximal 
yolk sac embryonic Protein 

diameter (mm) length (mm) (pdernbryo) Treatment 
Control 
Retinol (3.5 pM) 
Retinol (7 FM) 
Retinol (10.5 pM) 
Retinol (14 pM) 
Ethanol (10 mM) 
Ethanol (20 mM) 
Ethanol (30 mM) 
Ethanol (50 mM) 

3.7 f 0.2 
3.4 f 0.3 
3.4 f 0.3 

3.5 & 0.6 
3.2 f 0.4' 
3.3 f 0.1' 
3.1 f 0.1' 
3.0 f 0.2' 

3.3 f 0.3 
3.4 f 0.3 
3.5 f 0.3 

3.0 f 0.4 
3.2 ? 0.3 
3.5 f 0.3 
3.2 f 0.4 
2.9 f 0.4' 

3.3 0.4 3.0 0.3 

354 f 52 
297 f 15 
222 f 3Q2 
192 f 212 
200 f 5' 
337 f 22 
344 f 35 
303 f 132 
183 f 9' 

'The values presented were obtained from the same set of 
animals listed in Table 1. 
'The values (means fSD) were significantly smaller than 
those of the corresponding controls at the 95% confidence 
level (P<0.05). 

parameters such as viability/survival, open neuro- 
pores, open otic vesicles, and abnormal rotation of em- 
bryos were performed with contingency tables using 
the chi-square criterion and are given in Table 5. Em- 
bryos incubated with t-retinol or ethanol alone usually 
had higher viability rates and lower incidences of ab- 
normal development than those expected on the basis 
of results obtained with embryos incubated with com- 
binations of two chemicals at the same concentrations. 
For example, embryos incubated with a combination of 
t-retinol(10.5 pM) plus ethanol (30.0 mM) exhibited a 
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TABLE 3. Interactive effects of t-retinol and ethanol on morphogenesis of cultured rat whole embryos 

Underdeveloped Abnormal vesicle 
No. of Viab. Total branchial arihes Open neural tube 
treated loss defect' 1st 2nd Ant. Post ODtic Otic rotation 

development Abnormal 

Treatment (n) (%I (%I (%I (%I (%I (%) (%I (%) (%I 

Retinol(3.5 pM) + EtOH (10 mM) 24 21' 372 0 212 21' 21' 7 7 212 
Retinol(3.5 pM) + EtOH (20 mM) 18 23' 57' 7 4 4 2  7 7 0 7 7 
Retinol(7 pM) + EtOH (10 mM) 20 15 65' 0 6Ei2 6 6 0 242 12 
Retinol(7 pM) + EtOH (30 mM) 18 502 100' 222 8g2 332 33' 11 222 0 

Control 23 0 8 0 4 4 0 0 0 4 

Retinol(lO.5 pM) + EtOH (10 mM) 18 34' 75' 17 672 8 8 8 332 252 
Retinol(lO.5 pM) + EtOH (30mM) 19 742 loo2 60' 80' loo2 802 80' 802 602 
Retinol(10.5 pM) + EtOH (50mM) 20 80' 100' 602 100' 60' 602 60' 602 602 

'Embryos exhibiting any observed abnormality. 
'The values were significantly different from those of the corresponding controls (P<0.05). 

TABLE 4. Interactive effects of t-retinol and ethanol on growth parameters in cultured rat 
whole embryos' 

Maximal yolk sac Maximal embryonic Protein 
Treatment diameter (mm) length (mm) (pdembryo) 
Control 3.7 f 0.2 3.3 f 0.3 342 f 52 
Retinol (3.5 pM) + ethanol (10 mM) 3.6 f 0.4 328 f 21 
Retinol (3.5 pM) + ethanol (20 mM) 3.4 f 0.3 266 f 522 
Retinol (7 pM) + ethanol (10 mM) 3.5 * 0.3 358 f 21 
Retinol (7 pM) + ethanol (30 mM) 3.1 f 0.2' 207 f 40' 
Retinol (10.5 pM) + ethanol (10 mM) 3.4 f 0.1 312 f 6 
Retinol (10.5 pM) + ethanol (30 mM) 3.0 f 0.l2 2.5 f 0.42 206 f 
Retinol (10.5 pM) + ethanol (50 mM) 2.6 f 0.42 258 f 72 

'The values presented were obtained from the same set of animals listed in Table 3. 
q h e  values (means kSD) were significantly different from those of the corresponding controls at  the 
95% confidence level (P<0.05). 

3.4 f 0.3 
3.2 f 0.2 
3.4 & 0.3 
3.3 f 0.3 
3.0 f 0.4 

2.4 f 0.5' 

significantly decreased rate of viability as well as an 
increased incidence of developmental abnormalities 
when compared with the calculated, combined effects 
obtained in experiments with embryos incubated with 
t-retinol or ethanol alone at the same concentrations. 
Greater than additive effects were observed in the ma- 
jority of cases and were particularly noted in experi- 
ments in which ethanol concentrations were at  30 mM 
(Table 5). 

Figure 1 presents the effects of added ethanol a t  ini- 
tial culture medium concentrations ranging from 30 to 
70 mM on t-RA levels in conceptal tissues after the 
whole conceptuses were incubated with t-retinol (10.5 
pM) and ethanol for 24 hr. As concentrations of ethanol 
increased, increases in conceptal tissue levels of t-RA 
were observed. Statistically significant increases in 
conceptal tissue levels of t-RA were observed when the 
concentrations of ethanol were increased to 50.0 and 
70.0 mM. 

Figure 2 exhibits the effects of varying concentra- 
tions of ethanol on conceptal tissue levels of t-retinal 
after whole conceptuses were incubated with combina- 
tions of t-retinol (10.5 pM) plus ethanol for 24 hr. The 
tissue levels of t-retinal increased as the concentra- 
tions of ethanol in culture medium were raised. Incu- 
bations of conceptuses with ethanol at the higher con- 

centrations (50-70 mM) resulted in a threefold 
increases in conceptal tissue levels of t-retinal after a 
24-hr culture period. 

DISCUSSION 
Both retinoids and ethanol are recognized as highly 

important human teratogens and are also known to 
adversely affect embryonic development in several spe- 
cies. In these studies with cultured whole rat embryos 
in vitro, additions of either t-retinol or ethanol alone to 
the culture medium resulted in severe craniofacial ab- 
normalities and abnormal neuropore development. 
These observations are consistent with results from 
other studies (Campbell and Fantel, '83; Shepard, '95; 
Giavini et al., '92; Schardein, '93). In the system used, 
the dysmorphogenic effects produced by t-retinol were 
observed at concentrations approximately three orders 
of magnitude lower than the concentrations of ethanol 
required to produce similar abnormalities. For exam- 
ple, additions of t-retinol (14.0 pM) significantly af- 
fected the normal development of branchial arches and 
neural tubes as well as of otic vesicles and optic cups, 
while more than a 3,000-fold higher concentration of 
ethanol (50.0 mM) was required to produce a similar 
incidence of dysmorphogenic effects on the cultured 
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TABLE 5. DiFect comparisons of individual versus combined actual and observed versus predicted' interactive 
effects of f-retinol and ethanol on morphogenesis of cultured rat whole embryos 

Underdeveloped Abnormal vesicle 
No. of Via,,. Total branchial arches Open neural tube development Abnormal 
treated loss defects' 1st 2nd Ant. Post. Optic Otic rotation 

Treatment (n) (%) (96) (%I (%I (%I (%) (%) (%) (%I 
Retinol (3.5 pM) 25 4 28 0 28 0 0 0 0 0 
EtOH (10 mM) 15 0 7 0 7 0 0 0 0 0 
Combination 24 21 37 0 21 213 213 7 7 213 
Predicted3 4 35 0 35 0 0 0 0 0 
Retinol (3.5 pM) 25 4 28 0 28 0 0 0 0 0 
EtOH (20 mM) 22 14 11 0 0 0 0 0 0 11 
Combination 18 25 57 7 44 7 7 0 7 7 
Predicted 18 39 0 28 0 0 0 0 11 
Retinol (7 pM) 16 25 33 0 33 0 0 0 0 0 
EtOH (10 mM) 15 0 7 0 7 0 0 0 0 0 
Combination 20 15 65 0 65 6 6 0 243 12 
Predicted 25 40 0 40 0 0 0 0 0 
Retinol(7 p,M) 16 25 33 0 33 0 0 0 0 0 
EtOH (30 mM) 21 10 26 0 11 5 0 16 0 11 
Combination 18 50 1003 223 8g3 333 333 11 223 0 
Predicted 35 59 0 44 5 0 16 0 11 
Retinol (10.5 pM) 25 28 78 11 38 11 6 0 12 17 
EtOH (10 mM) 15 0 7 0 7 0 0 0 0 0 
Combination 18 34 75 17 67 8 8 8 33 25 
Predicted 28 85 11 45 11 6 0 12 17 
Retinol (10.5 wM) 25 28 78 11 38 11 6 0 12 17 
EtOH (30 mM) 21 10 26 0 11 5 0 16 0 11 
Combination 19 743 100 60' 803 loo3 803 803 803 603 
Predicted 38 100 11 49 16 6 16 12 28 
Retinol (10.5 pM) 25 28 78 11 38 11 6 0 12 17 
EtOH (50 mM) 19 42 82 9 36 45 45 45 73 36 
Combination 20 80 100 603 loo3 60 60 60 60 60 
Predicted 70 100 20 74 56 51 45 85 53 

'Effects predicted for combinations with the assumption of simple additivity. 
Qmbryos exhibiting any observed abnormality. 
30bserved combination effects differed statistically from the predicted combination effects (P<0.05). 

embryos. In addition, the dysmorphogenic effects of 
t-retinol were more target site-specific than those pro- 
duced by ethanol. For example, as the concentrations of 
t-retinol were raised to as high as 10.5 pM, the only 
significant abnormality consistently observable was 
underdevelopment of the second branchial arch. On the 
other hand, at higher concentrations (30-50 mM), eth- 
anol affected virtually all the evaluated target param- 
eters in the embryos. The mechanism(s) behind the 
specificity of retinol toxicity and the generality of eth- 
anol toxicity is not clear at this time but is probably 
related to interactions of t-retinol oxidation products 
(retinoic acids) to specific cellular retinoid receptors. 

Recently, the developmental effects of combined ex- 
posures in vivo to ethanol and vitamin A, on fetuses of 
pregnant rats have been reported (Whitby et al., '94; 
Sundaresan et al., '94). In those studies, ethanol ap- 
peared to potentiate the deleterious developmental ef- 
fects of vitamin A, excess. For example, treatments of 
pregnant dams with ethanol combined with vitamin Al 
at 80,000 IUkg resulted in a greater than additive 
incidence of cleft palate relative to either treatment 
alone. In addition, the incidences of misshapen zygo- 

matic arches and enlarged renal pelvises also were re- 
portedly increased in a greater than additive fashion in 
the groups treated with combinations of vitamin A, 
and ethanol. The statistical analyses suggested a syn- 
ergismlpotentiation in the interactive effects of vitamin 
A, and ethanol in vivo. As shown in our studies, direct 
exposures of embryos to combinations of t-retinol and 
ethanol resulted generally in greater-than-additive in- 
cidences of abnormal development. The interactive ef- 
fects of bretinol and ethanol appeared to be greater 
than additive and possibly synergistic, but not antago- 
nistic. These observations suggested that inhibition by 
ethanol of biotransformation of t-retinol to t-RA in con- 
ceptal tissues, if there is any, is probably not the cause 
for the ethanol-elicited embryonic dysmorphogenesis 
since the inhibition by ethanol of biosynthesis of t-RA 
would counteract the dysmorphogenic effects produced 
by excess of t-retinol shown in this study. 

Recent studies with cultured embryos have demon- 
strated that retinoic acids, such as t-RA and g-cis-RA, 
are direct acting and more powerful teratogens than 
their respective precursors or metabolites (Creech Kraft 
and Juchau, '93a,b). For example, approximately 16- 
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Fig. 2. Effects of ethanol on tissue levels of t-retinal after embryos 

were cultured with t-retinol(10.5 FM) plus various concentrations of 
ethanol. The values (means *SD) with asterisks indicate that the 

fold higher concentrations of t-retinol were required to 
produce the same incidencelseverity of dysmorphogen- 
esis as that produced by t-RA in cultured whole rat 
embryos (Creech Kraft and Juchau, '93b). Interestingly, 
the dysmorphogenic effects of retinoid excess are some- 
what similar to those produced by ethanol, especially in 
the craniofacial region and on neural crest cell de- 
rivatives (Zachman and Grummer, '91), while retinoid 
deficiencies tend to produce more extensive ocular, 
urogenital, diaphragmatic and cardiac anomalies 
(Shepard, '95). Those studies and observations, there- 
fore, tended to suggest that the interactive dysmorpho- 
genic effects of ethanollretinol may be due, at least in 
part, to increases in conceptal tissue levels of retinoic 
acid. Indeed, Zachman and Grummer ('91) have sug- 
gested that a possible increase of retinoic acid levels in 
fetal tissues produced by ethanol may be one of the 
causes for the fetal alcohol syndrome. This hypothesis 
was supported by their observations that maternal eth- 
anol ingestion resulted in an increase of retinol levels 
in fetal tissues (Grummer and Zachman, '90; Grummer 
et al., '93; Sundaresen et al., '94). Even though the 
increased retinol levels observed are likely to increase 
the receptor ligand (retinoic acid) levels, the possibility 
that the elevated levels of retinol may be due to an 
inhibition by ethanol on conversion of retinol to retinoic 
acid also exists because the levels of retinoic acid were 
not examined in those studies. Thus, to test the hypoth- 
esis of Grummer and Zachman, the determination of 
conceptal tissue levels of t-RA under the influence of 

tissue levels of t-retinal in treated embryos were significantly higher 
than those of the corresponding controls (at the 95% confidence level). 
For experimental details, see Methods. 

ethanol becomes crucial. In this study, the conceptal 
tissue levels of t-RA and t-retinal (the latter is an ob- 
ligate intermediate in the conversion of t-retinol to 
t-RA) were determined by HPLC after rat embryos were 
cultured with t-retinol alone or with combinations of 
t-retinol plus ethanol. After 24-hr incubation with 
t-retinol and various concentrations of ethanol, embry- 
onic tissues exhibited no decreases in either t-RA or 
t-retinal produced by simultaneous incubations with 
ethanol. Instead, there were increases of both t-RA and 
t-retinal. The positive correlation between the in- 
creased levels of t-RA and exacerbation of the dysmor- 
phogenic effects due to the combination of ethanol and 
t-retinol suggested that ethanol-elicited increases in 
conceptal t-RA levels could play an important role in the 
embryotoxicity produced by ethanol. 

In summary,  we have studied the interactive effects 
of t-retinol and ethanol on embryonic development dur- 
ing organogenesis. Combinations of t-retinol plus eth- 
anol resulted in a higher than expected incidence of 
abnormal development than that hypothetically ex- 
pected from antagonistic or from simple additive ef- 
feds. The analyses of tissue levels of t-RA and t-retinal 
also suggested that ethanol did not inhibit the 
biotransformation of t-retinol to t-RA. Based on these 
observations, we tentatively conclude that inhibition 
by ethanol of the conceptal biotransformation of 
t-retinol to t-RA appears not to play a significant role 
in the interactive dysmorphogenesis elicited by ethanol 
and t-retinol in rat embryonic development. 
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