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Summary. To demonstrate the myo -inositol depletion hypo- 
thesis in hyperglycaemia-induced embryopathy, rat concep- 
tuses of 9.5 days of gestation in the early head-fold stage were 
grown in vitro during neural tube formation for 48 h with in- 
creasing amounts of glucose. The effects of an aldose reduc- 
tase inhibitor and the myo-inositol supplementation were 
also investigated. Sorbitol and myo-inositol contents were 
measured in separated embryos and extra-embryonic mem- 
branes including yolk sac and amnion at the end of culture. 
After addition of 33.3 mmol/l and 66.7 mmol/1 glucose to the 
culture media, the myo-inositol content of the embryos was 
significantly decreased by 43.1% (p <0.05) and 64.6% 
(p < 0.01) of the control group, while a marked accumulation 
of sorbitol was observed (25 and 41 times that of the control). 
Although the addition of an aldose reductase inhibitor 
(0.7 mmol/1) to the hyperglycaemic culture media containing 
an additional 66.7 mmol/1 glucose significantly reduced the 
sorbitol content of embryos to approximately one-eighth, the 

myo-inositol content of embryos remained decreased and 
the frequency of neural lesions was unchanged (23.1% vs 
23.9%, NS). Supplementation of the myo-inositol 
(0.28 mmol/1) completely restored the myo-inositol content 
of the embryos and resulted in a significant decrease in the 
frequency of neural lesions (7.1% vs 23.9%, p < 0.01) and a 
significant increase in crown-rump length and somite num- 
bers. Much less significantly, sorbitol accumulation was also 
observed in the extra-embryonic membrane in response to 
hyperglycaemia, neither hyperglycaemia nor the myo-inosi- 
tol supplementation modified the myo-inositol contents of 
the extra-embryonic membrane. We conclude that the mech- 
anism of hyperglycaemia-induced teratogenicity was medi- 
ated by the myo-inositol depletion of the embryo at a critical 
stage of organogenesis. 

Key words: Hyperglycaemia, embryogenesis, rat embryo 
culture, malformation, sorbitol, myo-inositol. 

The incidence of congenital malformations in infants of 
diabetic mothers is three to four times greater than that 
found in the general neonatal population [1-3]. These 
malfomations, which may occur before the 7th week of 
gestation include caudal regression syndrome, central 
nervous system deformities such as anencephaly, spina 
bifida and hydrocephalus, and renal and heart anomalies 
[4]. Although the precise aetiology of congenital mal- 
formations remains unclear, several serum factors in 
experimentally induced diabetes including hypergly- 
caemia, hypoglycaemia, hyperketonaemia and soma- 
tomedin inhibitor have been shown to elicit dysmor- 
phogenesis in the rodent embryo culture system [5-21, 
29]. 

Hyperglycaemia, one of the main metabolic abnor- 
malities associated with the diabetic state, has been shown 
to play an important role in the teratogenesis of diabetic 
pregnancy. In vitro studies have demonstrated by the ad- 
dition of glucose to normal serum disturbed embryonic 
development and malformations [6-10]. In recent studies 
of the pathogenesis of diabetic complications, intracellu- 
lar alterations in sorbitol and myo-inositol (MI) metabo- 
lism have been regarded as important contributing factors 
in diabetic complications. The presence of polyol path- 
ways has been implied even in the early stages of em- 
bryonic development, since sorbitol contents were in- 
creased in the embryo during early organogenesis from 
diabetic mothers [22]. However, treatment with aldose re- 
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Table 1, Effects of added glucose, aldose reductase inhibitor (ARI) 
and rnyo-inositol (MI) supplementation on sorbitol and MI contents 
of embryos 

Normal culture No. Protein MI Sorbitol 
medium plus: (gg) (nmol/g (nmol/g 

protein) protein) 
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0 15 213+9 1612+154 307_+54 

16.7 mmol/1 
D-glucose 5 216 • 6 1389 • 105 7000 • 1130 b 

33.3 mmol/1 
D-glucose 10 192 + 9 918 • 183 a 7825 • 1071 u 

66.7 mmol/l 
D-glucose 9 171 • 10" 570 + 94 b 12,584 +_ 1080 b 

66.7 mmol/1 D- 
glucose + ARI 5 173 • 6" 628 • 76 u 1464 • 475 b, d 

66.7 mmol/1 D- 
glucose + MI 4 198 • 4 c 1567 • 245 d 15,714 + 585 b 

Rat conceptuses were explanted on day 9.5 and cultured for 48 h in 
culture media containing: 6.7 mmol/1 glucose (control); additional 
16.7, 33.3, 66.7 mmol/t glucose; additional 66.7 mmol/1 glucose plus 
ARI (0.7 mmol/10NO 2300); additional 66.7 mmol/1 glucose plus 
MI (0.28 mmol/1 myo-inositol). At the end of culture, embryos were 
separated from extra-embryonic membranes. 12-15 embryos were 
pooled and extracted by ethanol as shown in "Materials and meth- 
ods". No. denotes the number of separate cultures performed for 
each condition. Protein denotes its content per embryo. 
a p < 0.05, b p < 0.01, significantly different from value obtained 
from embryos cultured with control media; ~ p < 0.05, ~ p < 0.01, 
significantly different from value obtained from embryos cultured 
with media containing additional 66.7 mmol/1 glucose 

Table 2. Effects of added glucose, aldose reductase inhibitor (ARI) 
and myo-inositol (MI) supplementation on sorbitol and MI contents 
of extra-embryonic membranes 

Normal culture No. Protein MI SorbitoI 
medium plus: (gg) (nmol/g (nmol/g 

protein) protein) 

0 6 122 • 5 475 • 92 394 • 101 

33.3 mmol/1 
D-glucose 4 124 + 13 515 • 255 2628 • 379 a 

66.7 mmol/1 
D-glucose 5 t15 • 16 367 • 109 3351 +_ 474 ~ 

66.7 mmol/1 D- 
glucose + ARI 4 132 • 17 276 • 101 2107 • 388 a 

66.7 mmol/1 D- 
glucose + MI 5 123 • 6 369 • 44 3002 • 534 a 

Rat conceptuses on day 9.5 were explanted and cultured for 48 h as 
listed in Table 1. After the culture, extra-embryonic membranes 
such as yolk sac and amnion were detached from embryos, 20- 
24 membranes were pooled and extracted by ethanol. No. denotes 
number of separate experiments. Protein denotes its content per 
extra-embryonic membrane. 
a p < 0.05, significantly different from values obtained from extra- 
embryonic membranes cultured with control media 

ductase inhibi tor  ( A R I )  did no t  p reven t  mal format ions  in 
the embryos  [22-24]. 

I m p a i r m e n t  of MI  me tabo l i sm has been  proposed as 
be ing responsible  for the malformat ions ,  because  dietary 
admin is t ra t ion  of MI  to diabet ic  rats and addi t ion  of MI 
to cul ture media  protects against  neura l  tube  defects 

induced  by hyperglycaemia  [25]. H od  et al. recent ly 
showed evidence of MI  deple t ion in the whole  conceptus  
consist ing of the embryo  and  ex t ra -embryonic  m e m b r a n e  
when  the conceptus  was cul tured in hyperglycaemic  
media  [24]. 

In  our  study, whole conceptuses  were cul tured dur ing  
the per iod  of neura l  tube  format ion  in the presence of 
hyperglycaemia.  Sorbi tol  and  MI contents  were measu red  
in the embryo  as well as in ex t ra -embryonic  membranes .  
Fur the rmore ,  to clarify the significance of sorbitol  accu- 
mula t ion  and MI  deple t ion  dur ing neura l  tube  format ion,  
the effects of A R I  and  MI supp lemen ta t ion  on em- 
bryogenesis  were invest igated in  the embryo  and  extra- 
embryonic  membranes .  

Materials and methods 

Embryo culture techniques were performed using the methods of 
New [5]. Virgin Wistar rats (Shizuoka Laboratory Animal Center, 
Shizuoka, Japan) were mated and pregnancy was timed from the 
preceding midnight of the morning when sperm were present in the 
vaginal smear. On day 9.5 of gestation when embryos were at the 
early head-fold stage the mothers were killed by cervical dislocation. 
Conceptuses were excised, floated in Petri dishes containing Hanks' 
balanced salt solution and freed of decidua. Reichert's membrane 
was opened and intact embryo units (embryos together with their 
visceral yolk sac, amnion and ectodermal cone) were explanted into 
culture media. Culture media consisted of the immediately cen- 
trifuged, heat-inactivated serum from normal female rats diluted 3:1 
with isotonic (0.85% NaC1) saline to give a final glucose concentra- 
tion of 6.67 mmol/1 (control) or isosmotic solution of test solute. The 
latter was isosmotically replaced by 5% glucose or 5% MI (Sigma 
Chemical Company, St. Louis, Mo., USA) in water plus 0.85% NaC1 
to obtain a hyperglycaemic medium (containing additional 
16.7 mmol/1, 33.3 mmol/l, or 66.7 retool/1 glucose) and control or 
hyperglycaemic media supplemented with MI. ARI (ONO 2235 N- 
methylamine salt, Ono Company, Osaka, Japan) was dissolved in 
0.85% NaC1 or 5% glucose. Each culture tube containing 6 embryo 
units in 6 ml medium was incubated at 37~ with rotation in a tem- 
perature-controlled incubator. Embryo units were transferred to 
new culture vessels after 24 h and resuspended in 6 ml of fresh cul- 
ture medium for the second 24 h period. The embryo units were 
removed from the culture vessels at the end of 48 h on day 11.5 of 
development. Embryos were separated from the yolk sac and am- 
nion (extra-embryonic membrane) under a dissecting microscope. 

Overall growth and differentiation of embryos were quantified 
by direct measurement of crown-rump length and somite number, 
respectively. Specific organs were evaluated for dysmorphogenesis 
by visual inspection according to a detailed check list. Malformations 
were divided into neural and extraneural lesions. Neural lesions in- 
dicated specific lesions involving development of neural plates such 
as open neural tube, open neural pore, brain anomalies and adhesion 
of posterior and anterior neural tube. Extraneural lesions included 
minor lesions such as abnormalities of axial rotation or lesions in- 
volving the optic and otic vesicles, heart size, pericardial cavity or 
somite system. 

After visual inspection, 12-15 embryos and 20-24 pieces of 
extra-embryonic membranes were washed five times in 0.85 % NaC1 
and homogenized in water with microhomogenizers. After the inter- 
nal standard (galactitol) was added to each sample, proteins were 
precipitated with ethanol to give a final concentration of 70%. After 
centrifugation, supernatants were collected and lyophilized. The 
precipitates were dissolved in 0.5 mol/1NaOH for the measurement 
of protein [26]. The lyophilized samples were derivatized with 
phenylisocyanate [27]. 

High-performance liquid chromatography, "M-45 Solvent De- 
livery System" (Waters Associates Inc., Mass., USA) with spectro- 
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photometric detector SPD-2A (Shimazu Seisakusha Ltd., Kyoto, 
Japan) and a Nucleosil 5 C18 liquid chromatography column (Mache- 
rey-Nagel, Dtiren, FRG) were used for the chromatographic sepa- 
ration and detection of the derivatives. +16.7m rnol/I 

Control 

Glucose 

Statistical analysis 

Statistical analysis was done by two-tailed Student's t-test for un- 
paired data and Wilcoxon's rank-sum test for non-parametric data. 
Intergroup differences for comparison of morphologic lesions were 
assessed by Chi-square analysis [28]. Data are expressed as 
mean + SEM. 
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Results  

The effects of  hyperg lycaemia  on sorbitol and MI  con- 
tents of  the embryo  and the ex t ra -embryonic  m e m b r a n e  
are shown in Tables i and 2. The  accumula t ion  of  sorbitol 
in the separated embryos  was marked ly  increased an aver-  
age of  23 times (p < 0.01), 25 times (p < 0.01) and41  times 
(p < 0.01) of  the control  in the presence  of an addit ional  
16.7, 33.3, 66.7 mmol/1 glucose, respectively. In inverse 
p ropor t ion  to the marked  sorbitol  accumulat ion,  MI  con- 
tents of  embryos  progressively decreased by 43.1% 
(/7 <0.05)  and 64.6% (p <0.01)  of  the control  in the 
presence  of  an addit ional  33.3 and 66.7 mmol/1 glucose, 
respectively (Table 1). 

The  effects of  A R I  and M I  supplementa t ion  on the 
culture media  containing an addit ional  66.7 mmol/1 glu- 
cose were examined  to evaluate the significance of  sorbi- 
tol accumulat ion and MI  deplet ion in embryos  cul tured 
under  hyperglycaemic  conditions.  By adding A R I  to 
hyperglycaemic  culture media,  sorbitol contents  of  the 
embryo  dramatical ly  decreased to approximate ly  one-  
eighth (p < 0.01) but  levels remained  significantly higher 
than those of  the control  (p < 0.01). The  significant re- 
duct ion of  sorbitol by  A R I  was not  accompanied  by 
an increase in M I  content  of  the embryo  (628 + 7 6  vs 
570 + 94 nmol /g  protein,  NS). By M I  supplementa t ion  

Frequency of lesions (%) 

Fig. 1. Effect of added glucose, aidose reductase inhibitor and the 
rnyo -inositol supplementation on frequency of malformations. Rat 
conceptuses were explanted on day 9.5 and cultured for 48 h in the 
presence of increasing amounts of glucose. ARI (0.7 mmol/l ONO 
2300) or MI (0.28 mmol/1 myo-inositol) was added to hypergly- 
caemic media containing additional 66.7 mmol/1 glucose as listed in 
Table 1. Length of bar indicates neural and extraneural lesions. 
Dotted bar indicates neural lesions and open bar, extraneural le- 
sions. The control group consisted of 132 embryos and the effects of 
additional 16.7mmol/1, 33.3mmol/1, 66.7mmol/1 glucose and 
66.7 mmol/1 glucose plus ARI or MI were tested in 65, 141, 71,121 
and 113 embryos, respectively 

(0.28 mmol/1) to the hyperglycaemic  culture media,  the 
MI  contents  of  the embryo  were significantly increased 
(1567 +_245 vs 570_+ 94 nmol/g  protein,  p < 0.01) and 
were  comparab le  to those of  control  embryos,  with a per-  
sistent elevation of  sorbitoI  (Table 1). A l though  sorbitol 
contents  in the ex t ra-embryonic  m e m b r a n e  increased 
sevenfold (p < 0.05) and ninefold (p < 0.05) with the ad- 
dit ion of  33.3 and 66.7 mmol/1 glucose, the degree of  in- 
crease was much  less than those of  the embryos.  The  M I  
contents  of  the ext ra-embryonic  m e m b r a n e  were signifi- 
cantly lower  (p < 0.01) than those of  the embryos  and al- 
mos t  half that  of  controls. In  response to increasing 
amounts  of  glucose, the MI  contents  of  the extra- 

Table 3. Effects of added glucose, aldose reductase inhibitor (ARI) and myo-inositol (MI) supplementation on growth and development of 
embryo 

Normal cutture No. Crown-rump Somite Neural lesions (%) 
medium plus: (ram) (n) Total (Neural tube Brain "squirrel") 

0 132 3.48 + 0.03 27.8 + 0.1 3.0 ( 3.0 0 0 ) 

16.7 mmol/1 D-glucose 65 3.31 _+ 0.03 a 27.8 _+ 0.2 4.6 ( 4.6 0 0 ) 

33.3 mmol/1 D-glucose 141 3.21 + 0.03" 27.4 + 0.2 5.0 ( 5.0 0 0 ) 

66.7 mmol/l D-glucose 71 3.01 + 0.06 a 26.3 + 0.32 23.9 a (15.5 7.0 7.0) 

66.7 mmol/1 D-glucose + ARI 121 3.04 + 0.04" 26.1 + 0.2 a 23.P (19.0 8.3 1.7) 

66.7 mmol/ID-glucose + MI 113 3.16+0.02 a'b 27.3+0.2 c 7.1 ~ ( 7.1 0 0 ) 

0 + ARI 42 3.43 • 0.03 28.0 _+ 0.2 4.7 ( 4.7 0 0 ) 

0 + MI 18 3.45 • 0.06 28.3 • 0.2 0 ( 0 0 0 ) 

No. denote the number of embryos examined. "Total" denotes the percentage of total neural lesions consisting of defects of neural tube clo- 
sure, brain anomaly and "squirrel" like lesion which is the adhesion of posterior and anterior neural tube. These lesions include multiple listings 
for embryos with multiple abnormalities. 
~ p < 0.01, significantly different from values obtained from embryos cultured with control media; 
b p < 0.05, c p < 0.01, significantly different from values obtained from embryos cultured with media containing additional 66.7 mmol/I glu- 
cose 
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embryonic membrane tended to decrease with the addi- 
tion of 66.7 mmol/1 glucose but no statistical significance 
was observed (Table 2). 

The effect of hyperglycaemia, and ARI and MI sup- 
plementation on the frequency of malformations and 
growth of embryos are shown in Figure 1 and Table 3. 
The control serum contained 132 cultured embryos 
which had completely closed neural tubes, clearly deli- 
neated brains, well formed optic and otic vesicles, normal 
heart development and complete ventral axial rotation, 
except four with neural lesions (3.0%) involving one neu- 
ral tube defect and three with an open posterior neural 
pore, and nine with extraneural lesions (6.8%) consisting 
of microencephaly and abnormalities of irregular and 
small somites (Fig. 1 and Table 3). Embryos did not show 
significant neural lesions (4.6%, NS and 5.0%, NS) but 
showed extranenral lesions (15.4%, NS and 29.1%, 
p < 0.01) when 16.7 or 33.3 mmol/1 glucose was added to 
the culture media (Fig. 1). The addition of 66.7 mmol/l 
glucose precipitated both neural and extraneural lesions 
in 23.9% (p < 0.01) and 47.9% (p < 0.01) of 71 embryos 
(Fig. 1); the neural lesions consisted of defects of the neu- 
ral tube in eight (11.3%), open posterior neuropore in 
three (4.2%), anomalous brain development in five 
(7.0%) and "squirrel"-like lesion which is the adhesion of 
the anterior and posterior neural tube in five (7.0%) 
(Table 3). In addition to these abnormalities, the em- 
bryos showed significantly lower crown-rump length 
(p < 0.01) and somite number (p <0.01) than controls 
(Table 3). 

Supplementation of ARI to the media containing the 
additional 66.7 mmol/1 glucose did not modify the em- 
bryonic growth (Table 3) or incidence of neural (23.1% vs 
23.9%, NS) and extraneural lesions (37.2% vs 47.9%, NS) 
compared with those of embryos cultured with the addi- 
tional 66.7 mmol/1 glucose alone (Fig. 1), in spite of a signi- 
ficant reduction of sorbitol contents. 

In contrast, MI supplementation to the media con- 
taining the additional 66.7 mmol/1 glucose resulted in a 
significant decrease in the incidence of neural lesions 
(7.1% vs 23.9%, p <0.01), which was comparable to 
those of control embryos (7.1% vs 3.0%, NS) (Fig. 1) and 
a significant increase in crown-rump length (p < 0.05) 
and somite number (p < 0.01), compared with those of 
embryos cultured with the additional 66.7 mmol/1 glu- 
cose. 

Discussion 

Sorbitol and MI contents of separated embryo and extra- 
embryonic membranes were measured in the present 
study in hyperglycaemic culture media. The addition of 
glucose to culture media caused the MI content of em- 
bryos to decrease and sorbitol to accumulate in a dose-de- 
pendent fashion, while these phenomena were much less 
obvious in the extra-embryonic membranes. Although 
treatment with ARI did not modify the incidence of mal- 
formations, MI supplementation to the hyperglycaemic 
culture media resulted in a significantly decreased in- 
cidence of congenital malformations, with complete res- 

toration of MI contents of the embryos. We demonstrated 
that hyperglycaemia-induced teratogenesis was mediated 
by MI depletion of embryos at a critical stage of orga- 
nogenesis. 

In this study, we have also confirmed a previous re- 
port [6] of the dose-dependent teratogenic effects of 
hyperglycaemia in rat embryo culture. The glucose con- 
centration of embryonic tissues approximately equals 
that of maternal serum [30], glucose seems to be freely 
permeable into embryonic tissues, probably by an in- 
sulin-independent process. Thus, hyperglycaemia caused 
higher concentrations of intracellular glucose with acti- 
vation of the polyol pathway and lead to increased sorbi- 
tol accumulation. This phenomenon has been observed 
in many other tissues such as the peripheral nerves [31], 
lens [32], retina [33, 34] and mesangial cells [35]. The ex- 
cessive accumulation of this polyol predominantly in em- 
bryonic tissues suggests that aldose reductase (AR) is al- 
ready present in embryos during early organogenesis and 
readily inducible by a diabetic environment. Sorbitol ac- 
cumulation has been reported in embryos from ex- 
perimental diabetes in vivo [22] and in the whole concep- 
tus which was cultured with high glucose in vitro [24]. We 
observed a much greater sorbitol accumulation in the 
separated embryos than in whole conceptuses cultured 
under similar conditions, indicating that the rise in sorbi- 
tol in the whole conceptus was obtunded by the mixture 
of structurally different tissues which consisted of em- 
bryo and extra-embryonic membranes. This accumula- 
tion does not appear to be a major factor in the early de- 
velopmental disturbance of embryos cultured under 
hyperglycaemic conditions. Treatment with ARI did not 
modify the incidence of malformations and abnormalities 
of embryonic development, in spite of a significant reduc- 
tion of sorbitol in the embryo. Our findings confirmed 
previous reports that the administration of ARI (Statil) 
to pregnant diabetic rats in vivo [22] and the addition of 
ARI (50 gmol/1 Sorbinil or Statil) to hyperglycaemic cul- 
ture media in vitro [24] did not modify the overall in- 
cidence of malformations. An increase of sorbitol is con- 
sistently associated with a fall in MI content in most 
tissues including the retina [34], nerve [36] and kidney 
[37] and both phenomena are usually reversed by ARI 
[34, 36, 37]. 

In the present study, graded hyperglycaemia was at- 
tended by dose-dependent sorbitol accumulation and 
stepwise MI depression in embryonic tissue. However, a 
significant reduction of sorbitol accumulation in the em- 
bryo by ARI administration was not accompanied by an 
elevation of MI. Since administration of MI or arachi- 
donic acid can protect against neural tube defects, it has 
been hypothesized that impaired MI homeostasis has an 
important role in diabetic embryopathy [25, 38, 39]. We 
have measured MI contents in separated embryo and 
membranes, and have shown they are progressively dim- 
inished by increasing hyperglycaemia in the separated 
embryo. They are not affected, however, in the extra-em- 
bryonic membrane by the presence of hyperglycaemia or 
MI supplementation. Therefore, MI depression appears 
to be a specific phenomenon in embryonic tissues, leading 
to defects of neural tube closure. 
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In order  to complete ly  restore MI  depression of  em- 
bryos in this study, 0.28 mmol/1 M I  at a concent ra t ion  ap- 
proximate ly  tenfold higher  than in normal  rat serum, was 
required to be added  to the hyperglycaemic  culture 
media,  which con ta ined  a tenfold higher  concent ra t ion  of  
glucose. Since labelled M I  up take  [40] or  MI  utilization in 
the embryo  was diminished in a dose -dependen t  manner  
in the presence  of  added  glucose (data not  shown),  MI  de- 
pression of  embryon ic  tissue may  occur  f rom compet i t ion  
with ambient  glucose for  up take  ra ther  than  diminished 
genera t ion  f rom intracellular precursors.  The  impor tance  
of MI  deplet ion in the pathogenesis  of  hyperglycaemia- in-  
duced malformat ions  has been  described. We also ob- 
served that  MI  contents  were  significantly decreased in 
embryos  during early organogenesis  f rom st reptozotocin-  
induced diabetic mothers .  A l though  MI  deple t ion was 17. 
complete ly  res tored both  by t r ea tment  with insulin and by 
oral adminis t rat ion of  MI,  the latter only partially pro-  
tected against mal format ions  induced by diabetes, while 18. 
the fo rmer  did so complete ly  (unpublished data). These  
results indicate tha t  M I  deficiency of  embryos  at a critical 
stage of  organogenes is  also contr ibutes to the pa tho-  19. 
genesis of  d iabetes- induced malformat ions .  However ,  
whe ther  or  not  deplet ion of  MI  leads to diminished gener-  
at ion of  the key phosphoinosi t ide  which plays a critical 20. 
role in signal t ransduction,  remains  to be resolved. 
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