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ANOVA, analysis of variance; BHT, butylated hydroxytoluene; HPLC,
high-pressure liquid chromotography; MD, manifestly diabetic rats fed a
control diet; MDB, manifestly diabetic rats fed a BHT-supplemented diet;
MDE, manifestly diabetic rats fed an ether-treated diet; N, normal rats fed
a control diet; NB, normal rats fed a BHT-supplemented diet; NE, normal
rats fed an ether-treated diet.
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aternal diabetes during early pregnancy is
associated with a considerable risk for malformations in the offspring. Good metabolic control of the maternal disease is considered to diminish the risk of fetal dysmorphogenesis
markedly. However, despite current intensive metabolic
care of the pregnant diabetic mother, the malformation
rate of the offspring of diabetic mothers is still twice that
of the normal population (1-5). The mechanisms for diabetes-induced embryonic maldevelopment remain
largely unknown, although a number of hypotheses have
been suggested during the last decade based on clinical
and experimental findings (6,7).
Several experimental studies have attempted to identify causative teratological mechanisms in diabetic pregnancy. Investigations using the whole embryo culture
system have shown that the addition of the scavenging
enzymes superoxide dismutase, catalase, or glutathione
peroxidase can normalize the development of embryos
exposed to a high glucose milieu (8). These results indicate that free oxygen radicals are involved in the teratogenic process. In subsequent studies, the mitochondria
have been suggested as a possible source of the oxygen
radicals (9,10). Alternatively, a decreased cellular antioxidative status may constitute the basis for a relative
excess of free oxygen radicals in the embryo exposed to
a diabetic environment (11).
The compound butylated hydroxytoluene (BHT) is an
antioxidant that is commonly used as a preservative in
lipid-containing products, such as stains and cosmetics,
and as an additive to various foods. It has been demonstrated to have several positive therapeutic effects. BHT
administration to animals has been shown to prevent
sugar-induced cataracts (12,13), to block cholesterolinduced atherosclerosis (14), and to diminish tumorigenesis in rats that have been exposed to carcinogenic compounds (15-17). Based on these findings, we aimed to
study whether BHT administration to pregnant diabetic
animals could have a protective effect on the development of their offspring. In the present study, BHT was fed
to normal and diabetic rats by adding it to pelleted food
at a concentration of 1%, and the offspring were compared with the offspring from normal and diabetic rats
that were fed a control diet. After the interruption of gestation on day 20 of pregnancy, the effects on the mother
and offspring were analyzed by determining the maternal
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The increased incidence of congenital malformations
in diabetic pregnancy may be associated with an
excess of free oxygen radicals in the embryo. We have
previously blocked the dysmorphogenesis of rat
embryos exposed to high glucose and [J-hydroxybutyrate concentrations in vitro by increasing the
antioxidant capacity of the conceptus. In the present
study, we attempted to diminish the teratogenic
process in vivo in a rat model of diabetic pregnancy.
Thus, pregnant diabetic and normal rats were fed
either a standard diet or a diet enriched with 1% of
the antioxidant butylated hydroxytoluene (BHT).
The fetuses of the diabetic rats were smaller than the
fetuses of the normal rats (body weight 2.70 g vs.
3.68 g) when the mothers were fed a standard diet.
The BHT diet increased the fetal weight in the offspring of diabetic rats (3.17 g), with no change in
fetuses of the normal rats (3.65 g). The placentas of
diabetic rats were heavier than the placentas of normal rats; this difference was not present in the BHTfed rats. The BHT treatment had no effect on the rate
of resorptions, which was increased in the diabetic
rats compared with the normal rats. In contrast, the
increased rate of congenital malformations in the
offspring of diabetic rats (19%), compared with that
in the normal rats (0%), was markedly decreased by
the BHT diet (2.3%). No malformations were found in
the normal rats treated with BHT. These data support
the notion that an excess of free oxygen radicals in
the embryo contributes to the teratogenic process of
diabetic pregnancy and, thus, suggest an area for
future preventive therapeutic treatment. Diabetes
45:1497-1502, 1996
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FIG. 1. Schematic outline of the experimental design. Note that the treatment with a
BHT-supplemented diet began 3 weeks
before inducing diabetes with streptozotocin and that mating took place at least 1
week after the injection of the diabetogenic
drug, thereby ensuring that a manifestly
diabetic state was present at the time of
conception.
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ration Ltd., U.K.). The effluent was monitored with a Shimadzu SPD-10A
spectrophotometer at wavelength of 280 nm. The sample was injected
through a 100-ul loop injector. The column was eluted with a 10-min linear
gradient of acetonitrile-water (80/20 vol/vol) to 100% acetonitrile at a solvent
flow rate of 1 ml/min. After 10 min, the flow rate was held constant for 2 min
followed by acetonitrile-water (80:20 vol/vol) for 12 min. BHT eluted at
approximately 9.4 min.
Analysis of a-tocopherol. To estimate the content of a-tocopherol, 200 ul
of the liver homogenate in methanol was initially diluted with an aliquot of
300 ul methanol. The sample was manually shaken for 3 min with hexane in
a Teflon stopped glass tube. After centrifugation, 100 pi of the hexane phase
was analyzed by normal-phase HPLC by injection into a 5-um Spherisorb
amino column (4.6 X 250 mm) with a flow rate of 1 ml/min. The eluent was
isocratic isooctane/tert-butyl-methyl-ether/methanol (75/25/0.5 vol/vol/vol).
The effluent was monitored with a Shimadzu RF-10A fluorometer at an excitation wavelength of 295 nm and an emission of 327 nm. a-tocopherol eluted
at approximately 4.5 min.
Statistical analysis. Significant differences between and within groups
were estimated by analysis of variance (ANOVA) (21). The applied test was
Fischer protected least square difference (PLSD) ad modum Winer (22) at
the 95% significance level and with nonparametric one-way analysis of variance (ANOVA) for proportions and number of resorptions and malformations. The statistical analyses were made with the program StatView (version 4.02) or SAS (version 6.10) for Macintosh.

RESULTS

Induction and course of pregnancy. All groups gained
weight during pregnancy. The normal groups (N, NB, and
NE) showed greater body weight increase than the manifestly diabetic groups (MD, MDB, and MDE) (Fig. 2). The
NB rats increased less than the N and the NE rats,
whereas all the diabetic rats (MD, MDB, and MDE)
showed a similar growth pattern with only a marginal
weight increase during pregnancy, which gave the result
that all the normal rats had higher body weight than all
the diabetic animals on gestational day 20 (P < 0.05,
determined by ANOVA; Fig. 2). The serum glucose concentrations decreased marginally in the normal rats
between day 0 and day 20 (significantly in the normal
control-diet group, whereas the NB and the NE rats
showed similar trends, bordering on significance), all of
which had lower concentrations than the diabetic rats at
all time points (Fig. 3). In contrast to the normal rats, the
serum glucose levels of the diabetic rats increased (MD)
or remained the same (MDB and MDE) between gestational day 0 and 20 (Fig. 3).
Maternal status at termination of pregnancy. The
livers of the pregnant rats in the diabetic groups tended
to be heavier on gestational day 20 than the livers of the
corresponding pregnant nondiabetic rats (Table 1, first
column). The BHT-supplemented diet yielded increased
liver weight in both the NB and MDB rats, compared with
that of the N and MD rats (Table 1). This increase in liver
weight was also apparent when it was expressed as a percentage of the total body weight (Table 1, second colDIABETES, VOL. 45, NOVEMBER 1996
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Animals. Virgin female Sprague-Dawley rats of a local malformation-prone
strain were used (18). They were subjected to a 12-h light/12-h dark schedule and had free access to tap water and laboratory diet (see below). Half of
the rats were made manifestly diabetic with an intravenous injection of
40 mg/kg streptozotocin 1-2 weeks before mating with nondiabetic males of
the same strain. The remaining female rats served as normal nondiabetic
controls and were not given any injection. The presence of a manifestly diabetic state in a rat was defined as a serum glucose concentration >20 mmol/1
(Glucose Analyzer 2, Beckman Instruments, Fullerton, CA) 1 week after the
streptozotocin injection (Fig. 1).
Animal diets. Three different types of diets were used, all based on a commercial pelleted rat diet (R 36, Lactamin AB, Stockholm, Sweden). The diet
treatment started 4 weeks before mating and continued throughout pregnancy (Fig. 1). Two groups of female rats, one normal group and one manifestly diabetic group, were given regular pellets; these rats were denoted N
and MD, respectively. Two groups of female rats, one normal and one diabetic, were given pelleted food that had been enriched with 1% butylated
hydroxytoluene (BHT; 2,6-di-tert-butyl-4-methylphenol; Merck, Schuchardt,
Munich, Germany); they were denoted NB and MDB, respectively. The 1%
BHT enrichment was performed by dissolving 7 g crystallized BHT in -70 ml
ether (Merck, Darmstadt, Germany) and soaking 700 g R 36 in the ether solution until total evaporation of the ether solution had occurred (about 12 h).
Two additional groups of female normal and diabetic rats were used. These
animals were given R 36 rat diet that had been soaked in ether without BHT,
in accordance with the procedure outlined above; they were denoted NE
and MDE, respectively.
Induction and course of pregnancy. The rats were mated overnight, and
the morning when sperm were found in the vaginal smear was denoted gestational day 0. Throughout pregnancy (i.e., on gestational days 0, 6, 10, 16,
and 20), the animals were weighed and had their serum glucose levels
determined.
Evaluation of the outcome of pregnancy. At a gestational age of 20 days,
the pregnant rats were killed by cervical dislocation, the fetuses and placentas were quickly dissected out, and the viable fetuses were weighed and
examined for gross malformations, as previously outlined (19). Briefly, the
nonviable fetuses were termed "resorbed," regardless of their size and state
of development. The viable fetuses showing an abnormally short mandible
(the majority of the malformations), the absence of tail, or other gross
defects (e.g., omphalocele and cranial malformation) were denoted "malformed." The maternal livers were also dissected out, weighed, and stored at
-70°C after rapid freezing in liquid nitrogen.
Analysis of BHT. The concentration of BHT in the maternal liver samples
was analyzed with the aid of a high-pressure liquid chromatography (HPLC)
system, essentially as described by Terao et al. (20). Briefly, 1 g of the frozen
liver samples was homogenized in 6 ml methanol with a Sorvall Omnimixer
for 2 min, and 3 ml of this homogenate was incubated with 3 ml chloroform
for 1 h in a preweighed glass tube. The remaining homogenate was saved for
the estimation of a-tocopherol (see below). Thereafter, 2 ml of 1.5 mmol/1
CaCl2 was added, and the sample was centrifuged for 10 min. The chloroform phase was carefully dried with N2, and the total lipid content was
weighed using a Mettler AE 163 balance. The extracted lipids were dissolved
in acetone, incubated for 1 h on ice, and centrifuged for 3 min. The supernatant was transferred to a new tube, dried with N2, and finally dissolved in
0.5 ml acetonitrile, thereby yielding a sample ready for injection in the
HPLC. Reverse-phase HPLC was then performed with a Shimadzu LC-10 AD
liquid chromatography system, using a Spherisorb C18 ODS (4.6 X 250 mm)
5-um column and a 5-um C18 ODS guard column (4.6 X 10 mm; Phase Sepa1498
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Gestational age (day)
FIG. 3. Maternal serum glucose concentrations in the different
groups during pregnancy. The pregnant rats were either normal (N)
or manifestly diabetic (MD), some of which were given BHT- (NB
and MDB) or ether-treated (NE and MDE) pellets. —D—, N; —O-,
NB; —A—, NE; —•—, MD; —•—, MDB; —A—, MDE.

umn). In contrast, the increased liver weight in MDE rats
(MDE compared with MD) did not remain when the liver
weight was expressed as a percentage of the body weight
in the different groups. Measurement of total lipid concentration in the livers showed no difference within the
groups of normal and diabetic rats with the exception of
the MDB rats, which had higher lipid content than the
MD rats (Table 1, column 3).
Measurement of BHT in the livers of the NB and MDB
rats confirmed that the rats had accumulated BHT from
the diet. The livers of the diabetic rats contained three
times more BHT per lipids than the livers of the normal
rats given the same BHT-enriched diet (Table 1, column 4).
The a-tocopherol concentrations in the livers of the
MD and MDE rats showed a tendency to be numerically
higher than those in the N and NE rats, respectively, but
no statistical significances emerged. BHT supplemented
diet, on the other hand, reduced the a-tocopherol concentration in the liver lipid fraction by -70% in both the
NB and MDB group (Table 1, column 5).

Fetal outcome. The fetal and placental weights were
similar in all the normal fetuses (N, NB, and NE). The
body weight was generally decreased in the fetuses of
diabetic rats compared with fetuses of normal animals.
The weight of the offspring of diabetic animals on BHTsupplemented diet was increased compared with the
weight of the fetuses of untreated diabetic rats, although
not completely normalized (Table 2). The MD placentas
were heavier than the N placentas, whereas both the
MDB and MDE placenta did not differ from the corresponding normal placentas (Table 2).
The implantation rate varied between the groups. A
trend toward increased number of implantations was
found in the ether-treated groups (NE and MDE, Table 3).
The rate of resorptions was increased in the offspring of
the diabetic rats, compared with the offspring of the normal rats, and BHT had no effect within the two groups
(Table 3). (The N, NB, and NE rats showed similar rates
of resorptions, as did the MD, MDB, and MDE rats.) The
rate of malformations was significantly increased in the

TABLE 1
Weight and lipid concentrations of maternal liver on gestational day 20 in normal and manifestly diabetic rats with a control diet
(N and MD), a BHT-supplemented diet (NB and MDB), or an ether-treated diet (NE and MDE)
Group

n

Liver weight (g)

N
NB
NE

7
10
4

MD
MDB
MDE

9
13
4

11.8 ± 0.4
17.0 ± 0.7*t
13.4 ± 0.6
14.4 ± 0.5*
18.5 ± 0.5*t
16.5 ± 0.6*t

Liver/body ratio (%) Total lipid (mg/g)
3.1 ±0.1
4.6 ± 0.2*
3.3 ± 0.2tt
5.1 ± 0.3*
6.4 ± 0.3*tt
5.4 ± 0.4*

41 ± 3
41 ±2
44 ± 3
39 ±2
46 ± 2*t$
38 ±2

BHT (ug/g lipid)
21 ±7
—

61 ±11$
—

a-tocopherol (mg/g lipid)
1.07 ± 0.08
0.32 ± 0.03*t
0.83 ± 0.02f
1.29 ± 0.13
0.36 ± 0.05*f
1.38 ± 0.09*

Data are means ± SE. The concentrations of BHT in the NB and MDB rats and a-tocopherol concentrations in all groups are given.
Differences between means were assessed by ANOVA. *P < 0.05 vs. the N group; tP < 0.05 vs. the MD group; %P < 0.05 vs. the NB
group.
DIABETES, VOL. 45, NOVEMBER 1996
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Gestational age (day)
FIG. 2. Maternal body weights in the different groups during pregnancy. The pregnant rats were either normal (N) or manifestly diabetic (MD), some of which were given BHT- (NB and MDB) or
ether-treated (NE and MDE) pellets. —D—, N; —O—, NB; —A—,
NE; —•—, MD; —•—, MDB; —A—, MDE.
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TABLE 2
Weight of fetuses and placentas at gestational day 20 in normal
and manifestly diabetic rats with a control diet (N and MD), a
BHT-supplemented diet (NB and MDB), or an ether-treated diet
(NE and MDE)

TABLE 3
Fetal outcome on gestational day 20 in normal and manifestly diabetic rats with a control diet (N and MD), a BHT-supplemented diet (NB
and MDB), or an ether-treated diet (NE and MDE)
Resorptions of
Number
Number of
Number of
Number of
implantations
of litters implantations resorptions malformations per litter (%)

n

NB
NE
MD
MDB
MDE

13
17
6
14
19
4

149
181
76

9
16
11

0
0
2

6±3
10 ± 3t
14 ± 8

136
199
53

30
57
17

22
4
9

23 ± 5*
28 ± 5*
32 ± 13*

Malformations
of viable
fetuses per Implantations Resorptions Malformations
litter (%)
per litter
per litter
per litter
0

ot

5.5 ±5t
19 ±6*
2.3 ± l t
21 ±9*

11.5 ±
10.6 ±
12.7 ±
9.7 ±
10.5 ±
13.2 ±

0.4
0.6
1.4
0.7*
0.4

1.3t

0.7 ±
0.9 ±
1.8 ±
2.1 ±
2.6 ±
4.2 ±

0.4

0

0.3t

ot

1.1
0.5
0.6*
1.7*

0.3 ±0.3t
1.6 ±0.5*
0.2 ±0.1t
2.2 ± 1.0*

Data are means ± SE. Number of implantations, resorptions, and malformations are given as an absolute number, mean proportion per litter, and mean number per litter. Statistical evaluation was performed with a nonparametric one-way ANOVA (SAS). *P < 0.05 vs. the N
group; t P < 0.05 vs. the MD group.
1500
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The in vivo finding that treatment with BHT normalizes fetal development and morphogenesis in the offspring of diabetic rats is in agreement with the results of
previous in vitro studies with cultured embryos showing
that exogenously administered antioxidants can protect
from glucose- and ketone-induced malformations
Number of
Mean fetal
Mean placenta!
(9,10,11,28). Also, transgenic mice with an increased
litters
weight (g)
weight (g)
Group
activity of the radical-scavenging enzyme superoxide
dismutase are partly protected against the teratogenic
3.68 ± 0.05
0.57 ± 0.03
N
13
effects of a diabetic environment both in vitro (29) and
3.65
±
0.06
0.61
±
0.03
NB
17
in vivo (30). Altogether, these results indicate that there
3.52 ± 0.11
0.61 ± 0.04
NE
6
14
MD
2.70 ± 0.06*1:
0.69 ± 0.03*1: is a basic component in the teratogenic process that can
be altered by free oxygen scavengers and that this
0.63 ± 0.02
MDB
19
3.17 ± 0.10*tt
process is present in in vitro and in vivo models of dia0.59 ± 0.03
MDE
4
2.49 ± o.n*n
betic pregnancy.
Data are means ± SE. Differences between means were
Treatment with a BHT-enriched diet did not alter the
assessed by ANOVA. *P < 0.05 vs. the N group; tP < 0.05 vs. the rate of resorptions in the offspring of the diabetic aniMD group; $P < 0.05 vs. the NB group.
mals, although it did decrease the rate of congenital malformations. This suggests that the diabetes-induced cellular processes behind the resorptions and the skeletal
offspring of the diabetic rats compared with the offspring malformations are distinctly different. In addition, the
of the normal animals (Table 3). The addition of BHT to exact antiteratogenic mechanism of the BHT treatment is
the diet decreased the malformation rate to normal levels not known. The possibility that the administration of the
in the MDB group. No malformations were found in the compound normalized the maternal diabetic state does
not gain support, because the diabetic rats showed siminormal rats treated with BHT (Table 3).
lar serum glucose concentrations and similar weight gain
DISCUSSION
during pregnancy, regardless of whether they were on the
Supplementing the diet of pregnant diabetic rats with BHT diet. Thus, it appears likely that the major effect of
the antioxidant BHT markedly diminished the occur- BHT was exerted in the conceptus.
rence of skeletal malformations in the offspring and, in
The susceptible period for the induction of congenital
addition, restored fetal body weight toward normal lev- malformation due to diabetes has been suggested to be
els. The administration of an antiteratogenic agent to present early in pregnancy. In humans, the induction
diabetic pregnant animals has been performed previ- probably occurs before the 7th week (31), and in rats the
ously in a few studies. The most prominent such agent, susceptible period has been identified from gestational
insulin, has been given to diabetic pregnant animals and day 6 to day 10 (32,33). During this period of early organoimproved fetal outcome (19,23,24). Among other (nonin- genesis, the mandible is formed in the rat embryo. In the
sulin) agents previously tested, the addition of arachi- rat strain used in the present study, the underdevelopdonic acid distinguishes itself as the treatment with the ment of the mandible, micrognathia, has been shown to
most pronounced alleviation of embryonic dysmorpho- be a diabetes-specific malformation, because it only
genesis in experimental diabetic pregnancy (25). Recent occurs in the offspring of diabetic mothers (18). In the forreports have also suggested that vitamin E treatment mation of the mandible, the migration of a specific cell
may be beneficial to the embryonic development in dia- population, the neural crest cells, from the cranial aspects
betic pregnancy (26,27).
of the neural tube to the first visceral arch is of paramount
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importance (34). In vitro studies have shown that the involved in the dysmorphogenesis of diabetic pregnancy.
migratory capacity of neural crest cells from the rat strain The results also suggest that maternal antioxidant therused in this study are decreased by high glucose in the apy may protect the development of the offspring,
medium. This effect can be reversed by addition of antiox- although the large doses needed for the protective effect
idants to the culture medium (28). In this context, it is of defines new areas for future research.
interest to note that neural crest cells may have a low free
oxygen radical scavenging capacity (35). In addition, the ACKNOWLEDGMENTS
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