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Summary. Congenital malformations and early fetal losses 
are still the main complications of diabetic pregnancy. 
Whether the diabetic state affects the early embryo develop- 
ment during the preimplantation period is not known. To 
understand better the early steps of embryo growth, we col- 
lected the embryonic structures from the uterine horns of 
pregnant diabetic rats on day 5 of pregnancy. Diabetes was 
induced by streptozotocin (50 mg/kg) injection, 7, 14 or 21 
days before mating. The morphological analysis revealed a 
lower rate of blastocysts (72% of all structures) and an in- 
creased rate of morulae (19.5%) in diabetic rats, compared to 
control animals (86.7 and 7.9% respectively). Hence, 
diabetic rats had fewer blastocysts (5.5 +2.9 per rat) and 
more morulae (1.5 + 1.7) than control animals (7.2 + 2.7 and 
0.66 + 1.2 respectively). Moreover, blastocysts from diabetic 
rats had fewer nuclei (26.9 _+ 7.3 per blastocyst) than blasto- 
cysts from control animals (31 + 6.1). In another set of experi- 
ments, subdiabetogenic doses of streptozotocin were admin- 

istered. In rats injected with 25 mg/kg, neither the glycaemia, 
nor the morphological aspects of the embryos, nor the num- 
ber of blastocyst nuclei differed from the control animals. In 
the animals receiving 35 mg/kg, the glycaemia was increased 
to approximately twice the control group value. However, 
the embryonic morphology and the nuclei counting of the 
blastocysts were similar to those of the fully diabetic group 
injected with 50 mg of streptozotocin. These results show 
that experimentally induced diabetes, even of a rather mild 
degree, affects the embryo development during the preim- 
plantation period. The recovered embryos appear less 
mature and less developed. This observation raises the possi- 
bility that diabetes induced early fetal loss and teratogenesis 
might, to some extent, be anticipated by environmental fac- 
tors deleterious to the preimplanted embryo. 
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Major congenital malformations and early fetal losses are 
still the main risks encountered in diabetic pregnancy [1- 
5]. Early growth retardation has been described in fetuses 
of human diabetic patients, and this observation was 
linked with a higher incidence of congenital malforma- 
tions [6, 7]. 

Experimentally induced diabetes in mice or rats has 
given an opportunity to understand better the multifac- 
torial mechanisms prevailing in the pathogenesis of these 
severe fetal injuries [8, 9]. "In vivo" studies showed the 
teratogenic effect of maternal diabetes, and the protective 
effect of insulin treatment during early organogenesis 
[10]. "In vitro" studies, conducted on early somite em- 
bryos, lead to the provisional conclusion that several fac- 
tors (hyperglycaemia, ketone bodies, somatomedin in- 
hibitors) could interplay to produce the observed 
deleterious effects on organ growth and differentiation 
[11]. Low glucose levels [12,13] or decreased glucose utili- 
sation [14], as well as low insulin levels [15] may also con- 
tribute as teratogenic factors. When most of these "in 
vivo" and "in vitro" studies focussed attention on the early 

period of organogenesis, as the critical time for the highest 
sensitivity to the teratogenic factors, very few works have 
been devoted to the preimplantation period. However, 
considerable morphologic and functional events cause 
differentiation during the early embryo development [16, 
17]. Chemical insults to the developing preimplanted em- 
bryos may result in early loss, late resorption, retarded 
morphogenesis, malformed offspring or shorter survival 
[18, 19]. The influence of a maternal metabolic dysregula- 
tion, like diabetes mellitus, on preimplanted embryo de- 
velopment is so far unknown. In a strain of spontaneously 
diabetic Chinese hamsters, no deleterious effect of mater- 
nal diabetes was reported on preimplanted embryos [20]. 
In "in vitro" studies, Zusman et al. [21, 22] observed a 
deleterious effect of ketone bodies, glucagon, high insulin 
levels or human diabetic serum on the development of 
preimplanted mouse embryos. Recently, Diamond et al. 
[23] reported a delay in oocyte maturation in diabetic 
mice, and an "in vitro" developmental delay of two- 
cell embryos recovered from superovulating diabetic 
mothers. In "in vivo" studies of streptozotocin-induced 
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Table 1. Morphological stages of embryos from day five pregnant 
control and diabetic rats (50 mg streptozotocin/kg) (mean _+ SD) 

Control rats Diabetic rats 

Number of rats 44 26 
Glycaemia (mmol/1) 5.4 + 1.15 23.1 + 5.72 b 
Number of structures 368 200 
% of blastocysts 86.7 72 a 
% of morulae 7.9 19.5 a 
% of others 5.4 8.5 

p < 0.01 with control rats (Z 2 test); 
b p < 0.001 with control rats (unpaired t-test) 

Table 2. Pattern of embryonic structures in individual day five preg- 
nant control and diabetic rats (50 mg streptozotocin) (mean _+ SD) 

Control rats Diabetic rats 

Structures/rat 8.4 _+ 2.4 7.7 + 2.5 
Blastocysts/rat 7.2 + 2.7 5.5 _+ 2.9 a 
Morulae/rat 0.66 _+ 1.2 1.5 + 1.7 a 
Others/rat 0.45 + 1.1 0.6 _+ 1.3 

a p < 0.05 with control rats (unpaired t-test) 

diabet ic  rats, we observed a 20% lower rate of implan ta -  
t ion sites in diabet ic  rats compared  to control  animals,  
after no rma l  ovula tory  cycles [24]. Oes t rogen  receptor  
levels were lower in the e n d o m e t r i u m  of diabet ic  animals,  
mainly  at the implan ta t ion  sites [24]. In  view of these lat ter  
observat ions,  we studied, " in vivo", the morphologica l  de- 
ve lopmen t  of p r e imp lan t ed  blastocysts recovered  from 
diabetic rats after spon taneous  ovula t ion  and mating.  
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(Flow Laboratories, Rickmansworth Herts, England) were added. 
The embryos were collected and transferred into fresh Ham F 10 in- 
cubation medium. The embryos were first observed by phase-con- 
trast microscopy (Olympus IMT-2, Olympus Optical Co, Tokyo, 
Japan) for their morphological aspects and then prepared for the 
nuclei counting. 

Nuclei counting 

The method of Tarkowski described for the mouse [27] was adapted 
and allowed us to evaluate the number of nuclei in the structures. 
This technique used a hypotonic treatment (trisodium citrate 0.9%, 
15 min) to disrupt the cell membrane, followed by the addition of a 
few drops of freshly prepared fixative mixture (acetic acid/ethanol: 
73 volume/volume). The nuclei were stained with a 4% Giemsa solu- 
tion (Merck) in sodium phosphate buffer (pH 6.8, 0.005 mol/1). 
Stained nuclei were counted under oil immersion (100x) (Olympus 
BH/2, Olympus Optical Co). 

Statistical analysis 

Results are given as mean + SD. Statistical comparisons between 
groups were performed using the two tailed unpaired Student's t-test 
or the chi-squared test (Z2). The level for a statistically significant dif- 
ference was set atp < 0.05. 

Results 

Embryo analysis in day five pregnant diabetic rats 
(50 mg STZ/kg) 

Materials and methods 

Induction of the diabetic state 

Three-month-old female Wistar rats were obtained from the Faculty 
breeding centre (Universit6 Catholique de Louvain, Brussels, Bel- 
gium). Diabetes was induced in these animals, weighing about 200 g, 
by i. v. injection of streptozotocin (STZ) (Upj ohn, Kalamazoo, Mich, 
USA) as previously described [25, 26]. A dose of 50 mg/kg of body 
weight was used to produce a permanent diabetic state. Glucosuria 
was ascertained using Tes-tape strips (Eli Lilly, Indianapolis, Ind., 
USA) on the day of mating which took place one week after STZ in- 
jection. If a vaginal plug was found on the morning of the next day, 
this was considered the first day of pregnancy. Non -pregnant animals 
were mated again after a one week interval. After three negative 
matings, the animals were discarded from the experiments. 

All the animals were killed on day five of pregnancy. The blood 
sugar was measured with glucose oxidase reagent strips (Glucopat, 
Menarini A, Firenze, Italy) and a reflectance photometer (Glucos- 
cot, Menarini A, range 1-33 mmol/1). Blood samples were taken at 
the killing time by cutting the tip of the animal's tail. Diabetic ani- 
mals with glycaemia below 11 mmol/1 were excluded from the ex- 
periment. 

In another set of experiments, subdiabetogenic doses of STZ 
were tested: 25 mg/kg and 35 mg/kg. The results were compared with 
a new control group. 

Embryo collection 

Uterine horns were flushed with 0.5 ml ofpre-warmed Ham F 10 me- 
dium (Gibco 041-01550) to which 146 mg/1 L-glutamine (Merck 289, 
Darmstadt, FRG), 100,000 IU/1 penicillin and 100 mg/1 streptomycin 

E m b r y o n i c  stages of s tructures collected f rom uter ine  
horns  on day five of p regnancy  are shown in Table 1. The  
blastocyst  stage was def ined as an embryo  with a blasto- 
coele cavity, while the moru la  stage was an embryo  with- 
out  visible blastocoele;  the other  s tructures were frag- 
m e n t e d  or degenera ted .  The two exper imenta l  groups 
were s tudied s imul taneous ly  to avoid any in terference 
from seasonal  variat ions.  The  diabet ic  group presen ted  a 
significantly lower rate of blastocysts, a threefold higher 
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Fig. 1. Distribution of nuclei counting per blastocyst in day five preg- 
nant control (hatched bars) and diabetic rats (black bars) 
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Table 3. Nuclei counting of blastocysts from day five pregnant con- 
trol and diabetic rats (50 mg streptozotocin/kg) (mean _+ SD) 

Control rats Diabetic rats 

Number of rats 22 26 

Number of stained 
blastocysts 69 121 

Number of nuclei/blastocyst 31 + 6.1 26.9 _+ 7.3 a 

a p < 0.001 with control rats (unpaired t-test) 

Table 4. Morphological stages of embryos from day five pregnant 
control and subdiabetic rats 

Controlrats Subdiabeticrats 

25 mg STZ/kg 35 mg STZ/kg 

Number of rats 15 9 10 
Glycaemia (mmol/1) 5.61 _+1.21 5.3 + 1.4 12.65 _+ 7.1 b 
Number of structures i30 69 75 
% of blastocysts 91.5 85.5 77.3 
% of morulae 7.7 10.1 22.7 c 
% of others 0.77 4.35 0 

p < 0.05 with control rats (Z 2 test); b p < 0.01 with control rats and 
with 25 mg STZ/kg subdiabetic rats (unpaired t-test); ~ p < 0.01 
with control rats and p = 0.05 with 25 mg STZ/kg subdiabetic rats 
()r test). STZ = streptozotocin 

Table 5. Nuclei counting of blastocysts from day five pregnant con- 
trol and subdiabetic rats (mean + SD) 

Controlrats Subdiabeticrats 

25 mg STZ/kg 35 mg STZ/kg 

Number of rats 14 8 9 

Number of blastocysts 78 53 50 

Number of nuclei/ 
blastocyst 31.28 + 7.06 30.13 + 6.81 27.98 _+ 6.75 a 

p < 0.01 with control rats (unpaired t-test) STZ = streptozotocin 

rate of morulae and no statistical difference for the other 
structures, compared to the control group. To avoid any 
skewing of these results, due to a possible litter effect, the 
data were further analysed on an individual basis. The 
number of total structures per rat was slightly although 
not significantly lower in the diabetic group. However, 
there was a significant decrease of blastocysts and a sig- 
nificant increase of morulae per rat in this group (Table 2). 
The distribution of nuclei per blastocyst in the diabetic 
group was shifted to the left when compared to the control 
group (Fig. 1). The highest proport ion of embryos from 
the diabetic group had 26 to 30 nuclei while the control 
grou p had 31 to 36. The mean number of nuclei per blasto- 
cyst was significantly lower in the diabetic compared to 
the control g roupp < 0.001 (Table 3). 

Embryo analysis in day five pregnant subdiabetic rats 
(25 mg and 35 mg STZ/kg) 

Table 4 shows the morphological study of embryos col- 
lected from the two subdiabetic groups and a new control 
group. Mean glycaemia was similar in the control group 
and the group treated with 25 mg STZ/kg, whereas there 
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was a significant increase in the group injected with 35 mg 
STZ/kg when compared to the two other groups. The pro- 
portions of the embryonic stages were similar in the con- 
trol group and the group injected with 25 mg STZ/kg. In 
contrast, the group treated with 35 mg STZ/kg presented 
a significantly p < 0.05 lower rate of blastocysts, and a 
threefold higher rate of morulae than the control group. 
The increased rate of morulae in the group treated with 
35 mg STZ/kg was at the limit of significance when com- 
pared to the group treated with 25 mg STZ/kg. 

The control group and the group injected with 25 mg 
STZ/kg had similar mean numbers of nuclei per blasto- 
cyst, while there was a significant decrease in the group 
treated with 35 mg STZ/kg when compared to the control 
groupp < 0.01 (Table 5). 

Discuss ion  

Experimental  diabetes in rodents has been shown to im- 
pair fetal development [8-10]. "In vivo" [10] and "in 
vitro" [8, 11] studies have drawn attention onto the early 
postimplantation period, when incipient organogenesis 
appeared to be highly sensitive to the teratogenic agents. 
The present work, however, clearly shows that preimplan- 
ration development is also impaired in embryos of preges- 
tational diabetic rats. Hence, embryos recovered from day 
five pregnant diabetic rats were less mature (higher pro- 
portion of morula stages at the expenses of blastocyst 
stages), and less developed (fewer nuclei in blastocysts) 
than embryos from day five pregnant normal rats. Al- 
though this observation is at variance with data reported 
in a strain of spontaneously diabetic Chinese hamsters in 
which no effect of maternal diabetes could be found be- 
fore implantation [20], recent "in vitro" [21, 22] and "in 
vivo" [23, 24] experiments in rats and mice did suggest that 
the preimplanted embryo could be affected by the 
diabetic state of the mother. Hence Diamond et al. [23] 
showed that two-cell embryos from superovulating 
diabetic mice demonstrated an impaired development in 
vitro. Although normal development was restored by in- 
sulin treatment initiated before ovulation and mating 
took place, the potential teratogenic role of gonadotropin 
treatment for superovulation induction [28] remains a 
subject for concern in interpreting the reported data [23]. 

In a previous study, we showed in unstimulated, spon- 
taneously ovulating diabetic rats, a 20% lower rate of im- 
plantation sites, compared to control animals [24]. The 
link between this observation and the data reported in the 
present work cannot be ascertained at the present time. 
One hypothesis could be an overall developmental delay, 
leading to delayed implantation, occurring normally on 
day six, in diabetic rats. However, in our previous work 
[24), we observed no increased rate of implantation on 
day seven, suggesting that the decreased number of im- 
plantation sites on day 6 was not due to a simple delay, but 
was indeed the consequence of a decreased number  of im- 
plantable structures. Although damaged blastocysts are 
still able to implant, and may eventually enter a restora- 
tive phase of growth and morphogenesis, the potentiality 
of implantation and embryogenesis of such blastocysts is, 
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however, decreased, depending on the relative loss of 
embryonic cells inside the inner cell mass [29]. Hence, de- 
layed development, as observed here, could mask im- 
paired development in specific subclasses of embryonic 
cells. Further work is underway to analyse this possibility 
[30]. The underlying mechanisms leading to impaired 
embryonic development during the preimplantation peri- 
od also need further studies. Metabolic factors like ketone 
bodies impaired the development of preimplanted mouse 
embryos "in vitro", mainly in the presence of high levels of 
glucose [21]. Serum from diabetic subjects also impaired 
preimplanted mouse embryo development [22]. In the 
hamster, glucose can inhibit the "in vitro" development of 
8-cell embryos [31]. The link between these observations 
and the present data is only speculative. Disturbed fuel 
availability has been implicated as a potentially tera- 
togenic factor in postimplantation studies [8-14]. Similar- 
ly, one might speculate that lack or excess of specific fuels 
like glucose, might depress the energy supply to the de- 
veloping preimplanted embryo, depending on its actual 
requirements [32]. The embryo indeed shifts from pyru- 
vate and lactate to glucose during the preimplantation 
period, around the time of blastulation, depending on the 
animal species [32-34]. 

Another  line of speculation could be the deleterious 
effect of glucose on DNA function and cell-cycle tra- 
versal, which was described recently in cultured human 
endothelial cells [35, 36], which, like preimplanted em- 
bryos [33], are insulin independent for glucose entry. No 
data are, however, available at present to sustain such a 
mechanism in embryonic cells. 

Whatever the underlying mechanisms could be, we 
should not overlook that the disturbing factor(s) appear to 
be almost fully operative in subdiabetic rats, whose gly- 
caemia has risen only twice above the control levels. In- 
deed, both morphological retardation and lower blasto- 
cyst cell number  were encountered in the group of rats 
injected with only 35 mg/kg of STZ. A dose effect of STZ 
was observed for diabetes induction from 25 mg/kg (no ef- 
fect on glycaemia) to 50 mg/kg (highest blood glucose lev- 
els). No such dose effect was observed for embryo impair- 
ment: no effect at 25 mg/kg; near maximal effect at 
35 mg/kg. STZ is rapidly eliminated after its administra- 
tion to the living animal [37], and should not influence em- 
bryo development one to three weeks later. It has indeed 
been shown that congenital malformations observed in 
STZ induced diabetic rats could be largely prevented by 
correct insulin treatment [10], making a direct effect of 
STZ itself unlikely. Although such an effect on the 
preovulatory follicle cannot formally be excluded, the ab- 
sence of a dose-response effect of STZ on preimplanted 
embryos, as well as the absence of a time relationship be- 
tween STZ injection and the fertilization process leading 
to impaired embryo development (from one to three 
weeks later) (unpublished observation), make this even- 
tuality very unlikely. Impaired embryo development is 
coincidental with diabetes induction, and near maximal 
effect occurs at mildly elevated glucose levels. 

In conclusion, our present data clearly show that 
maternal diabetes even of relatively mild degree, is able to 
impair embryo development during the preimplantation 
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period. Caution should be taken at the present time to link 
these early effects with the potential teratogenicity of the 
diabetic state. The data, however, draw attention to the 
deleterious events which might to some extent precipitate 
the disturbed organogenesis. 

The clinical implication of this finding might be two- 
fold. Firstly, the diabetes linked embryotoxicity might be 
present without profound metabolic disturbances. Sec- 
ondly, embryotoxicity could be anticipated in the preim- 
plantation period i.e., even before the missed menses. 
Under  such a hypothesis, the recently described lack of re- 
lation of increased malformation rates to glycaemic con- 
trol during organogenesis [2] could be explained by inap- 
propriate diabetic control, being either too late or not 
strictly adhered to, in view of the time and the diabetic 
stage at which deleterious effects on the developing em- 
bryo may occur. 
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