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Developmental Damage, Increased Lipid
Peroxidation, Diminished Cyclooxygenase-2 Gene
Expression, and Lowered Prostaglandin E2 Levels in
Rat Embryos Exposed to a Diabetic Environment
Parri Wentzel, Nils Welsh, and Ulf J. Eriksson

Previous experimental studies suggest that diabetic
embryopathy is associated with an excess of radical oxy-
gen species (ROS), as well as with a disturbance of
prostaglandin (PG) metabolism. We aimed to investigate
the relationship between these pathways and used hyper-
glycemia in vitro (embryo culture for 24–48 h) and
maternal diabetes in vivo to affect embryonic develop-
ment. Subsequently, we assessed lipid peroxidation and
gene expression of cyclooxygenase (COX)-1 and -2 and
measured the concentration of prostaglandin E2 ( P G E2)
in embryos and membranes. Both hyperglycemia in vitro
and maternal diabetes in vivo caused embryonic dys-
morphogenesis and increased embryonic levels of 8-epi-
P G F2 , an indicator of lipid peroxidation. Addition of 
N-acetylcysteine (NAC) to the culture medium normal-
ized the morphology and 8-epi-PGF2 concentration of
the embryos exposed to high glucose. Neither hypergly-
cemia nor diabetes altered COX-1 expression, but embry-
onic COX-2 expression was diminished on gestational
day 10. The PGE2 concentration of day 10 embryos and
membranes was decreased after exposure to high glu-
cose in vitro or diabetes in vivo. In vitro addition of NAC
to high glucose cultures largely rectified morphology and
restored PGE2 concentration, but without normalizing
the COX-2 expression in embryos and membranes.
Hyperglycemia/diabetes–induced downregulation of
embryonic COX-2 gene expression may be a primary
event in diabetic embryopathy, leading to lowered PGE2

levels and dysmorphogenesis. Antioxidant treatment
does not prevent the decrease in COX-2 mRNA levels
but restores PGE2 concentrations, suggesting that dia-
betes-induced oxidative stress aggravates the loss of
COX-2 activity. This may explain in part the antiterato-
genic effect of antioxidant treatment. D i a b e t e s
48:813–820, 1999

M
aternal diabetes leads to a higher frequency of
congenital malformations in offspring than in
offspring of nondiabetic mothers (1,2). The
teratological processes in diabetic pregnancy

are not completely understood (3). In recent years, however,
a putative excess of radical oxygen species (ROS) has been
observed in studies during which diabetes-induced embry-
opathy was blocked by antioxidants in vitro (4–8) and in
vivo (8–13). The direct demonstration of ROS production
has been controversial, in both short-term incubations of
embryonic cells (14–17) and in vivo measurements (12). In the
present study, we decided to assess possible embryonic
oxidative stress by measuring the concentration of the F2- i s o-
prostane 8-epi-PGF2 , a prostaglandin-like compound gener-
ated by ROS-derived oxidation of arachidonic acid in cellu-
lar membranes (18). The isoprostanes are believed to be
formed in situ in membrane phospholipids by ROS oxidation
and subsequently cleaved off by phospholipase A2 (19). Ele-
vated levels of isoprostanes have been detected in different
states of oxidative stress (20–22), including diabetes (23).
To our knowledge, no studies of isoprostane levels in
embryos of normal or diabetic mothers have been reported
in the literature.

Earlier studies have implicated diabetes-induced alter-
ations of several metabolites as having teratological capacity,
among them arachidonic acid (7,24,25) and prostaglandins,
in particular prostaglandin E2 ( P G E2) (7,26,27). Addition of
these compounds to embryos exposed to a diabetes-like
e n v i r o n m e n t in vitro or in vivo diminishes embryonic dys-
morphogenesis (7,24–27). Embryonic PGE2 may play a par-
ticularly important role in the developmental processes lead-
ing to neural tube closure. In mouse embryos, PGE2 c o n-
centration is high during the gestational period when the
neural groove is formed and immediately before neural tube
closure is initiated (28). PGE2 levels subsequently diminish
during the neurulation process. If embryonic development is
disturbed by maternal diabetes, the PGE2 c o n c e n t r a t i o n
decreases below the normal level, in particular in the early
neurulation embryos, which subsequently show disturbed
neural tube closure (28).

The constitutive cyclooxygenase (COX)-1 has a physiologic
function as a housekeeping enzyme with small alterations in
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activity despite varied exogenous conditions. Changes on the
order of two- to fourfold stimulation of COX-1 have been
recorded in response to hormones and growth factors (29). For
instance, activation of COX-1 leads to production of prosta-
cyclin as an antithrombogenic factor by the endothelium (30)
and to cytoprotection of the gastric mucosa (31). An inducible
cyclooxygenase, COX-2, was discovered some years ago as an
isoform of COX-1 (32,33), showing 60% homology between
the amino acid sequences. A large number of agents induce
COX-2 activity, including cytokines, growth factors, and tran-
scription factors (34–36). In addition, there appears to be a spe-
c i fic link between COX-2 induction (via increased gene expres-
sion) and increased PGE2 concentration in a number of dif-
ferent tissues. For instance, interleukin (IL)-1 treatment of
rheumatoid arthritis synoviocytes increases COX-2 gene
expression and cytoplasmic phospholipase A2 levels (mRNA
and protein) and also enhances the intracellular PGE2 c o n-
centration (35). Furthermore, IL-1 and tumor necrosis factor
( T N F ) - stimulate PGE2 production in lung fibroblasts by
transcriptional stimulation of COX-2 (but not of COX-1) (37).
Mitogenic stimulation of cell lines yields a large increase in
P G E2 release that parallels the induction of COX-2 (38). This
release can be blocked by specific COX-2 inhibitors or by anti-
sense oligonucleotides to COX-2 (but not to COX-1) (39). The
causative relationship between induced COX-2 gene expression
and increased PGE2 concentration also seems to include an
increased activity of the cytoplasmic phospholipase A2, possibly
acting as a mediator of the necessary arachidonic acid to COX-2,
but not to COX-1 (35).

One mechanism for diminished PGE2 production in the
embryo, therefore, may be decreased COX-2 activity (35,39),
constituting a possible link between the functional state of this
enzyme and embryonic dysmorphogenesis.

The association between diabetes-induced developmen-
tal perturbations and the accompanying biochemical
changes in the embryo has not been fully characterized. We
have recently shown that high glucose levels and COX
inhibitors cause severe embryonic damage, and that addition
of arachidonic acid or PGE2, as well as the antioxidative
agents superoxide dismutase (SOD) and N- a c e t y l c y s t e i n e
(NAC), normalize embryonic development (7). These fin d i n g s
suggest that the ROS excess–related and arachidonic acid defi-
ciency–related teratological pathways are linked, a relation-
ship to be investigated in greater detail in the present study.

We subjected rat embryos either to a diabetes-like environ-
ment in vitro or to maternal diabetes in vivo. In whole embryo
culture, we exposed day 9 embryos to low (10 mmol/l) and high
(30 mmol/l) glucose concentrations with or without the scav-
enger NAC for 24 and 48 h before morphologic and biochem-
ical evaluation. Embryos of corresponding age—day 10 and 11
of gestation—from normal and diabetic rats were also evalu-
ated with respect to F2-isoprostane concentration, COX-1 and
COX-2 gene expression, and PGE2 l e v e l s .

The aim of the study was to examine whether hyperglycemia
in vitro or diabetes in vivo causes changes in lipid peroxidation,
COX expression, and PGE2 levels in exposed embryos, and
whether treatment with an antioxidant, the reduced glutathione
(GSH) precursor NAC, can alter any of these parameters.

RESEARCH DESIGN AND METHODS

A n i m a l s . Rats from a local Sprague-Dawley–derived outbred strain were used as
embryo donors. This strain has been shown to exhibit increased incidence of skele-

tal malformations in diabetic pregnancy (9,12,13). All rats were fed a commercial
pelleted diet (AB Analysen, Lidköping, Sweden) and had free access to food and
tap water. They were maintained at an ambient temperature of 22°C with a 12-h
light/dark cycle. Manifest diabetes (MD) was induced in some female rats by an
i n t r a v e n o u s injection of streptozotocin (40 mg/kg) in the tail vein, and the MD state
was confirmed by a serum glucose level >20 mmol/l 1 week after the injection. Nor-
mal and MD female rats were caged together with nondiabetic male rats during
the night, and the following morning was designated gestational day 0 if the vagi-
nal smear was positive.
Diabetic pregnancy. The pregnant MD females and some pregnant normal con-
trol females were killed on gestational day 10 or 11. The embryos were dissected
out, morphologically evaluated, and processed for F2-isoprostane measurement,
COX-1 and COX-2 gene expression, or PGE2 measurement, as described below.
Preparation of embryo culture serum. Male retired breeders, weighing
400–450 g, were used for serum preparation. They were anesthetized with ether
and laparotomized, and blood was collected from the abdominal aorta and cen-
trifuged immediately (40). The resulting serum was supplemented with sodium
benzylpenicillinate and streptomycin to give final concentrations of 60 and 100
mg/l, respectively. The serum was stored frozen at –70°C until used. On the day
of culture, the serum was thawed and heat-inactivated at 56°C for 45 min imme-
diately before use.
Whole embryo culture. On gestational day 9, the pregnant rats were killed by
cervical dislocation between 12:00 and 5:00 P.M. The conceptuses (embryo and yolk
sac) were dissected out and subjected to whole embryo culture for 24 or 48 h, as
previously described (4). Briefly, the conceptuses were explanted, and culture of
whole embryos was performed according to New (40). The embryos, within their
intact yolk sacs, were maintained in polypropylene tubes (Falcon 2070; Becton
Dickinson, Lincoln Park, NJ) in a roller incubator at 38°C and 60 revolutions/min.
Each tube contained four to five conceptuses in 5 ml culture medium consisting
of 80% serum from normal rats (see above) and 20% saline. The glucose concen-
tration of culture medium was adjusted to 10 or 30 mmol/l (10G or 30G) by the
addition of a sterile solution of 1.67 mol/l D-glucose, and the medium was
changed after 24 h. To some culture tubes 0.5 mmol/l NAC (Sigma, St. Louis, MO)
and 200 µmol/l indomethacin (Sigma) was added.

At the start of the experiment and after 24 and 40 h of culture, the culture tubes
were gassed with different N2/ O2/ C O2 gas mixtures, as previously described (4).
After 48 h of culture, the embryos were harvested, dissected out of their yolk sacs,
and morphologically evaluated. Under a stereo microscope, the crown-rump
length, somite number, and malformation score (no malformation = 0, minor mal-
formation = 1, less severe malformation = 5, severe malformation = 10) were deter-
mined by one examiner who was not aware of the culture conditions to which the
embryos had been exposed. Subsequently, the embryos were hydrolyzed in 1 ml
Ultraspec RNA (Biotecx Laboratories, Houston, TX) for subsequent reverse tran-
scriptase–polymerase chain reaction (RT-PCR) analysis of COX-1 and COX-2 or
snap-frozen in groups of four to five embryos in liquid nitrogen for subsequent
P G E2 analysis, which was usually performed within 1 week after sampling.
Measurement of 8-epi-PGF2 . The estimations of 8-epi-PGF2 were largely
performed in accordance with the instructions from the manufacturer, Cayman
Chemical (Ann Arbor, MI). Each embryo and yolk sac was separately homogenized
in 500 µl of 0.5 mol/l NaOH on ice, then 2 ml ethanol was added, and the sample
was vortexed, stored on ice for 5 min, and centrifuged at 3,000g for 10 min. The
precipitate was used for protein determination according to Lowry et al. (41). The
supernatant was transferred to a new tube, and 2.5 ml of 15% KOH was added. The
samples were incubated at 40°C for 1 h. Thereafter 5 ml Ultra Pure water (Milli-
Q Plus; Millipore AB, Stockholm, Sweden) was added, and the pH was lowered
below 4.0 with concentrated HCl. The sample was passed through a C-18 Reverse
Phase Cartridge (Supelclean LC-18 SPE Tubes; Supelco, Bellefonta, PA) previously
activated by rinsing with 5 ml methanol followed by 5 ml Ultra Pure water. The
cartridge was rinsed with 5 ml Ultra Pure water followed by 5 ml hexane (high-
performance liquid chromatography [HPLC]-graded, Sigma), and the absorbed 
8 - e p i - P G F2 was subsequently eluted from the column with 5 ml ethyl acetate con-
taining 1% methanol (Sigma). The ethyl acetate was then evaporated from the 
8 - e p i - P G F2 samples in a vacuum centrifuge (SpeedVac SVC 100), and the sam-
ples were analyzed in a spectrophotometric plate reader (iEMS, Helsinki, Finland)
at 412 nm wavelength.
RT-PCR analysis of COX-1 and COX-2. Embryos cultured (24–48 h) in vitro,
as previously described, and in vivo embryos from normal and MD rats on ges-
tational days 10 or 11 were used to determine the levels of COX-mRNA by RT- P C R .
Total cellular RNA in embryos and yolk sacs was isolated with the aid of Ultra-
spec RNA Isolation System (Biotecx Laboratories). One microgram of total RNA
was used for reverse transcription. First-strand cDNA synthesis used fir s t - s t r a n d
beads (Ready To Go; Pharmacia Biotech, Uppsala, Sweden), according to the man-
u f a c t u r e r ’s instructions. After incubation at 37°C for 60 min, the reaction was ter-
minated by heating to 95°C for 5 min. The resulting cDNA was diluted threefold
with diethylenepyrocarbonate (DEPC)-treated water. One microliter of the cDNA
was amplified in a final volume of 50 µl buffer containing 2.5 mmol/l MgCl2, 
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0.2 mmol/l dNTP, 25 U/ml Amp-Taq Gold, and 5 µg/ml of the sense and antisense
primers (Pharmacia Biotech). The sequences of the COX-1 primers were from Lee
et al. (38): sense, 5 - T G C AT G T G G C T G T G G AT G T C AT C A A - 3 , and antisense, 
5 - C A C TA A G A C A G A C C C G T C AT C T C C A - 3 . The COX-2 primers were sense, 
5 - A C T T G C T C A C T T T G T T G A G T C AT T C - 3 , and antisense, 5 - T T T G AT TA G
TA C T G TA G G G T TA AT G - 3 , the latter from Lee et al. (38). We used the following
actin primers: sense, 5 - C T G A C C G A G C G T G G C TA C - 3 , and antisense, 5 - C C T
G C T T G C T G AT C C A G T C T G C T G G - 3 . The mix was subsequently amplified; COX-1
used 33 cycles with annealing temperature 55°C, COX-2 used 38 cycles with
annealing temperature 50°C, and actin used 22 cycles with annealing temperature
55°C in a OmniGene Thermal Cycler (Hybaid, Teddington, Middlesex, U.K.). The
PCR products were run in a 1% agarose gel, stained with ethidium bromide 
(5 µg/ml), photographed under ultraviolet light (UVP, San Gabriel, CA), and den-
sitometrically analyzed in a Kodak Digital Science Electrophoresis, Documenta-
tion, and Analysis System for Macintosh (Kodak AB, Stockholm, Sweden). For
each set of primers, a number of PCR amplifications with different cycle numbers
were tested, and the cycle number yielding a linear signal was subsequently chosen.
Measurement of PGE2. The estimations of PGE2 were largely performed in accor-
dance with the manufacturer’s instructions (Cayman Chemical). Briefly, each
embryo and yolk sac was separately homogenized in 500 µl of 0.5 mol/l NaOH, then
2 ml methanol was added. The sample was vortexed, stored on ice for 5 min, and
centrifuged at 3,000g for 10 min. The supernatant was transferred to a new tube,
whereas the precipitate was used for protein determination according to Lowry et
al. (41). Phosphate buffer (8 ml), pH 4.0, was added to the supernatant, the sample
was vortexed and passed through a C-18 Reverse Phase Cartridge (Supelclean 
LC-18 SPE Tubes; Supelco) previously activated by rinsing with 5 ml methanol fol-
lowed by 5 ml Ultra Pure water (Milli-Q Plus; Millipore AB). The cartridge was rinsed
with 5 ml Ultra Pure water followed by 5 ml hexane (HPLC-graded, Sigma). The
absorbed PGE2 was subsequently eluted from the column with 5 ml ethyl acetate
containing 1% methanol (Sigma). The ethyl acetate was evaporated from the PGE2

samples in a vacuum centrifuge (SpeedVac SVC 100), and the samples were ana-
lyzed in a spectrophotometric plate reader (iEMS) at 412 nm wavelength.
Ethical and statistical evaluation. The research protocol including all experi-
mental procedures involving animals was approved by the Animal Ethical Committee
of the Medical Faculty of University of Uppsala. The comparisons between differ-
ent experimental groups were based on individual embryos. Differences between
means were evaluated by analysis of variance (ANOVA), where the applied test was
F i s h e r ’s protected least significant difference (PLSD) at the 95% significance level
(42), or with 2 statistics, whichever method was applicable (43). A value of P < 0.05
was considered to denote a statistically significant difference between means,
whereas comparisons yielding 0.05 < P < 0.1 are denoted “trend” in the text.

R E S U LT S

Morphologic outcome. The high glucose concentration in
vitro and the diabetic condition in vivo caused severe
changes in embryonic development (Table 1). After 24 h of
culture in high glucose (30G) between days 9 and 10 in vitro,
both somite number and crown-rump length were decreased
in the embryos. These decreases remained during the second
24-h period of culture (Table 1). Addition of NAC to the cul-
ture medium normalized the somite number and crown-
rump length in embryos after both 24 and 48 h of culture. The
MD embryos showed decreased somite number and shorter
crown-rump length compared with the normal embryos on
both gestational days 10 and 11 (Table 1). Comparing the in
v i t r o and in vivo development of the embryos showed that
10G-cultured embryos after 24 h had slightly fewer somites
(P < 0.05) and smaller crown-rump length (P < 0.05) than nor-
mal embryos on gestational day 10. The difference in crown-
rump length between 10G and normal embryos (P < 0.05)
remained 24 h later (Table 1). In contrast, there was no dif-
ference between 30G embryos after 24 h culture and MD
embryos on gestational day 10, whereas the 30G embryos
were markedly smaller 24 h later compared with MD
embryos on gestational day 11, with respect to both somite
number and crown-rump length (P < 0.001).
F2-isoprostane concentration. The 8-epi-PGF2 c o n c e n-
tration was increased in embryos and membranes exposed to
30 mmol/l glucose in vitro, and addition of NAC normalized

the 8-epi-PGF2 levels in both embryos and membranes (Fig. 1).
In vivo, however, diabetes also increased 8-epi-PGF2 l e v e l s
in embryos, but only tended to enhance the 8-epi-PGF2 c o n-
centration in the membranes (0.05 < P < 0.10), presumably
due to large SEMs of the two membrane groups (Fig. 1).
COX-1 and COX-2 gene expression. COX-1 expression did
not differ between the cultured embryos and membranes,
regardless of treatment and duration of culture (Table 2). In
vivo, the COX-1 expression of the normal and MD offspring
did not differ between groups on the same gestational day, but
there was a decrease in COX-1 expression from day 10 to day
11 in all groups (P < 0.05, Table 2).

COX-2 gene expression tended to decrease in embryos and
membranes cultured in 10 mmol/l glucose from day 10 to day
11 (Table 3). This decrease was more pronounced in normal
embryos and membranes between days 10 and 11. The per-
centage of embryos with no RT-PCR–detectable COX-2
expression (denoted “n0”) increased from 30 to 90% in
embryos exposed to 30 mmol/l glucose for 24 h, and a similar
trend was noted for the corresponding membranes (10G vs.
30G, 38 vs. 86%, P = 0.0572, 2 statistics). Addition of NAC to
the high glucose culture medium did not alter the high rate of
zero expression of COX-2, 78 and 100% in the embryos and
membranes, respectively (Table 3). The expression of the
COX-2 gene, given as densitometer units, numerically followed
the zero expression pattern, but the large SEMs of the groups
precluded any statistical differences. After a further 24 h of cul-
ture, there was no difference between the groups with respect
to COX-2 expression in embryos or membranes (Table 3).

The embryos from normal and MD mothers showed a pat-
tern of expression for COX-2 similar to those of the embryos
cultured in vitro. Thus, in the MD embryos and membranes,
the zero expression (nondetectable) percentage increased
compared with the normal tissues on gestational day 10
(from 29 to 78% in embryos and from 38 to 100% in mem-
branes, Table 3), and the densitometric values reflected those
changes. In the day 11 embryos and membranes, we did not
detect any COX-2 expression at all (Table 3).

DIABETES, VOL. 48, APRIL 1999 815

P. WENTZEL, N. WELSH, AND U.J. ERIKSSON

TABLE 1
Morphological outcome in embryos

n S o m i t e s Crown-rump length

In vitro
Day 10 (24-h culture)

1 0 G 1 7 18.8 ± 0.4 2.02 ± 0.04
3 0 G 1 7 12.6 ± 0.7* 1.40 ± 0.05*
30G + NAC 1 3 16.5 ± 0.7† 1.72 ± 0.06†

Day 11 (48-h culture)
1 0 G 1 1 29.3 ± 0.3 3.87 ± 0.07
3 0 G 1 0 16.4 ± 1.3* 2.44 ± 0.19*
30G + NAC 7 26.4 ± 1.2† 3.41 ± 0.20†

In vivo
Day 10

N o r m a l 1 7 21.1 ± 0.9 2.48 ± 0.15
M D 1 6 12.9 ± 1.4* 1.66 ± 0.15*

Day 11
N o r m a l 1 1 31.5 ± 0.3 4.32 ± 0.04
M D 9 25.7 ± 1.7* 3.53 ± 0.29*

Data are means ± SE. *P < 0.05 vs. 10G or normal on same ges-
tational day; †P < 0.05 vs. 30G on same gestational day (ANOVA ) .



P G E2 concentration. The concentration of PGE2 i n
embryos and membranes showed a distribution with clear
resemblance to the COX-2 expression pattern (Table 4).
Thus, the PGE2 concentration decreased from day 10 to day
11 in embryos and membranes exposed to 10 mmol/l glucose
in vitro, as well as in normal embryos. Furthermore, increas-
ing the glucose concentration from 10 to 30 mmol/l
decreased PGE2 concentration in embryos and tended to do
the same in membranes (0.05 < P < 0.1). Addition of NAC had
a pronounced effect: the PGE2 concentration of the embryos
and membranes in the 30G + NAC group reverted back to the
10G levels with an excess in the membranes (from 0.42 to 1.07
pg/µg protein) and a similar trend in the embryos (from 0.42
to 1.02 pg/µg protein; 0.05 < P < 0.1) (Table 4). The PGE2 l e v-
els were generally lower after 48-h culture compared with 24-h
culture, but there were no differences between the groups.

In vivo, we found a similar pattern to the in vitro distribu-
tion of COX-2 and PGE2 values. Thus, maternal diabetes
decreased PGE2 concentration in the embryos and mem-
branes on gestational day 10. Likewise, on day 11, the PGE2
levels were all low, and similar, in all the normal and MD
groups (Table 4).
E ffect of indomethacin and NAC addition. The 10G cul-
tures with 200 µmol/l indomethacin added showed pro-
nounced dysmorphogenesis, after both 24 and 48 h of culture,
a dysmorphogenic effect markedly diminished with the addi-
tion of 0.5 mmol/l NAC (data not shown), which is in line with
our previous studies of the teratogenicity of COX inhibitors (7).
The PGE2 levels in the embryos and membranes showed a
marked decrease after 24-h culture, a decrease rectified by
NAC treatment (Fig. 2). A similar pattern could be discerned
in the PGE2 values after 48-h culture, but the large SEs of the
data precluded detection of any firm statistical differences.

D I S C U S S I O N

Two pivotal findings were made in the present study. High glu-
cose concentration in vitro and diabetes in vivo causes a selec-
tive decrease in COX-2 gene expression and yields an increased

concentration of an F2-isoprostane compound, 8-epi-PGF2 .
Both of these observations may prove to be of importance for
understanding the etiology of diabetic embryopathy.

The gene expression of the constitutive cyclooxygenase
enzyme, COX-1, was not altered in embryonic tissue by expo-
sure to hyperglycemia in vitro or diabetic environment in
vivo, as was expected due to the constitutive nature of this
enzyme (29). In contrast, the expression of the inducible
enzyme, COX-2, was decreased by both conditions during the
time period between gestational days 9 and 10. This decrease
leads to decreased embryonic PGE2 levels during this critical
time of neural tube closure, a fact earlier demonstrated in a
mouse model in vivo (28) and in human yolk sacs from dia-
betic pregnancies (44), but not previously seen as a result of
hyperglycemia in vitro.

The fundamental question, how a diabetes-like environment
s p e c i fically prevents the expression of the COX-2 gene, is not
easily answered. In previous studies, ROS excess has mostly
been associated with increased COX-2 expression, and, as out-
lined below, the F2-isoprostane data indicate the opposite in
hyperglycemia/diabetes-exposed embryos—that is, ROS
excess in conjunction with lowered PGE2 levels. Of the
known endogenous stimulators of COX-2 gene expression—
I L - 1 (35,36), TNF- , and the transcription factors NF- B, NF-
IL-6 (34), and cyclic AMP responsive element binding protein
(CREBP)—none has been found to exhibit lowered concen-
tration in embryos exposed to hyperglycemia/diabetes. Like-
wise, the known inhibitors of COX-2 gene expression—glu-
cocorticoids (36) and IL-4 (45)—have not been shown to dis-
play increased levels in diabetic pregnancy. Speculatively,
h o w e v e r, since the promoter area of the COX-2 gene has
binding sites for NF- B, a lowered NF- B activity in embryos
exposed to hyperglycemia/diabetes (N.W., H. Forsberg,
U.J.E., unpublished observations) may explain the dimin-
ished COX-2 expression in the present investigation, but the
nature of such a decrease has to await further studies.

Increased F2-isoprostane (8-epi-PGF2 ) concentration in
embryonic tissue exposed to hyperglycemia in vitro and dia-
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FIG. 1. Concentration (pg/g) of 8-epi-PGF2 in day 9 rat embryos ( )

and membranes ( ) exposed to 10 or 30 mmol/l glucose for 48 h in vitro

(10G or 30G), with the possible addition of 0.5 mmol/l NAC (30G +

NAC), or in embryos of normal (N) or manifestly diabetes (MD) rats in

vivo on gestational day 11; 3 = n = 8. Tissue 8-epi-PGF2 concentration

is displayed as mean + SE. *P < 0.05 vs. 10G or N on same gestational

day; +P < 0.05 vs. 30G on same gestational day (ANOVA).

TABLE 2
COX-1 expression in embryos and membranes

E m b r y o M e m b r a n e s

n C O X - 1 n C O X - 1

In vitro
Day 10 (24-h culture)

1 0 G 1 0 0.76 ± 0.09 8 0.56 ± 0.16
3 0 G 1 0 0.62 ± 0.11 7 0.73 ± 0.12
30G + NAC 9 0.52 ± 0.15 5 0.58 ± 0.23

Day 11 (48-h culture)
1 0 G 4 0.73 ± 0.16 4 1.42 ± 0.42
3 0 G 4 0.96 ± 0.27 4 0.72 ± 0.09
30G + NAC 2 0.57 ± 0.28 2 0.48 ± 0.08

In vivo
Day 10

N o r m a l 1 4 0.83 ± 0.15 8 1.18 ± 0.36
M D 9 1.29 ± 0.42 7 1.40 ± 0.45

Day 11
N o r m a l 1 4 0.33 ± 0.04 1 1 0.21 ± 0.05
M D 1 5 0.58 ± 0.11 1 2 0.48 ± 0.18

Data are means ± SE.



betes in vivo was also seen. This finding indicates an embry-
onic increase in lipid peroxidation rate (19), an increase that
can be blocked by antioxidative treatment with NAC. These
results are in line with recent reports of increased serum 
F2-isoprostane levels (46) and increased electron spin clear-
ance rate (47) in diabetic rats, indicative of oxidative stress,
and normalized by vitamin E treatment. The present result
contributes to the ongoing discussion regarding the oxidative
status of dispersed embryonic cells. After exposure to high
glucose in vitro and diabetes in vivo, dispersed embryonic
cells showed no (15,17) and some (14) evidence of ROS
excess, whereas other studies have yielded indirect evidence
of embryonic ROS production and ROS excess in a diabetes-

like environment, at least in neuroepithelial cells (8,16,48). We
found previously that day-11 embryos of diabetic rats
showed no clear increase of the thiobarbituric acid–reactive
species (TBARS) levels, although their -tocopherol tissue
concentration was decreased, indicative of oxidative stress
(12). Against this background of ambiguous results, we
elected to make use of the sensitive and specific assay of the
F2-isoprostanes as an indicator of oxygen-radical–generated
lipid peroxidation (18). Our present finding demonstrates an
increased accumulation of embryonic lipid peroxidation
products in intact embryos after 48 h of high glucose expo-
sure or 11 days of diabetic intrauterine development. This
increase suggests that long-term exposure to high glucose cre-
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TABLE 3
COX-2 expression in embryos and membranes

E m b r y o M e m b r a n e s

n n0 ( % ) C O X - 2 n n0 ( % ) C O X - 2

In vitro
Day 10 (24-h culture)

1 0 G 1 0 3 (30) 0.23 ± 0.07 8 3 (38) 0.33 ± 0.13
3 0 G 1 0 9 (90)* 0.02 ± 0.02 7 6 (86) 0.04 ± 0.04
30G + NAC 9 7 (78)* 0.13 ± 0.09 5 5 (100)* 0.00 ± 0.00

Day 11 (48-h culture)
1 0 G 4 1 (25) 0.13 ± 0.04 4 2 (50) 0.15 ± 0.09
3 0 G 4 2 (50) 0.28 ± 0.19 4 3 (75) 0.18 ± 0.18
30G + NAC 2 1 (50) 0.05 ± 0.05 2 0 (0) 0.26 ± 0.09

In vivo
Day 10

N o r m a l 1 4 4 (29) 0.33 ± 0.12 8 3 (38) 0.65 ± 0.37
M D 9 7 (78)* 0.06 ± 0.05 7 7 (100)* 0.00 ± 0.00

Day 11
N o r m a l 1 4 14 (100) 0.00 ± 0.00 1 1 11 (100) 0.00 ± 0.00
M D 1 5 15 (100) 0.00 ± 0.00 1 2 12 (100) 0.00 ± 0.00

Data are means ± SE. “n0 (%)” denotes the number and percentage of observations with zero COX-2 expression. *P < 0.05 vs. 10G
or normal on same gestational day ( 2 statistics). 

TABLE 4
P G E2 concentration in embryos and membranes

E m b r y o M e m b r a n e s

n P G E2 (pg/µg protein) n P G E2 (pg/µg protein)

In vitro
Day 10 (24-h culture)

1 0 G 6 0.85 ± 0.08 6 0.63 ± 0.16
3 0 G 6 0.42 ± 0.06* 6 0.42 ± 0.06
3 0 G + N A C 8 1.02 ± 0.11† 8 1.17 ± 0.10*†

Day 11 (48-h culture)
1 0 G 4 0.13 ± 0.05 3 0.33 ± 0.20
3 0 G 5 0.11 ± 0.02 5 0.29 ± 0.08
3 0 G + N A C 5 0.10 ± 0.02 5 0.23 ± 0.04

In vivo
Day 10

N o r m a l 5 0.97 ± 0.13 6 0.88 ± 0.13
M D 8 0.44 ± 0.07* 8 0.37 ± 0.03*

Day 11
N o r m a l 7 0.07 ± 0.01 7 0.35 ± 0.09
M D 7 0.08 ± 0.01 7 0.29 ± 0.06

Data are means ± SE. *P < 0.05 vs. 10G or normal on same gestational day; †P < 0.05 vs. 30G on same gestational day (ANOVA ) .



ates an embryonic ROS excess either from increased ROS pro-
duction (16) or from diminished antioxidant defense capac-
ity (14). Such an excess of ROS may be rather small and
restricted to particular cell populations, and may vary with
gestational time and nutritional status. For all of these rea-
sons, direct ROS estimations are difficult; nevertheless, a
relative ROS excess should subsequently yield an accumu-
lation of lipid peroxides in the embryonic cells, as detected
by the F2-isoprostane assay.

The beneficial effect of NAC addition to the high glucose
culture was clearly not dependent on a change in COX-2
expression but may rather be due to an enhancement of the
fraction of PGH2 transformed into PGE2, since GSH is a
cofactor for this particular prostaglandin pathway (Fig. 3).
This is supported by the present results and those of previ-
ous studies of antioxidant-mediated diminution of COX-
inhibitor–induced teratogenicity and lowered PGE2 c o n-
centration (Fig. 2). This notion is also supported by previ-
ous findings of lowered PGE2 levels in endothelial cells (49)

and fibroblasts (50) exposed to glutathione depletion and
oxidative stress, respectively, thereby suggesting a specific
sensitivity of the PGE2 concentration to the oxidative status
of the cell.

The finding of a hampered COX-2 expression in embryos
and membranes subjected to high glucose in vitro and dia-
betes in vivo clarifies several earlier findings in the diabetic
embryopathy research field. Previous studies in vitro have
shown that addition of arachidonic acid to the culture
medium diminishes the dysmorphogenesis elicited by high
glucose concentration (7,24,25). Furthermore, intraperi-
toneal injections of arachidonic acid to pregnant diabetic
rats lower the rate of neural tube damage (24), thereby indi-
cating a disturbance of the arachidonic cascade as a terato-
logic consequence of a diabetic environment. Addition of
P G E2 to the culture medium also blocks glucose-induced ter-
a t o g e n i c i t y in vitro (7,26), as well as maldevelopment of
embryos cultured in diabetic serum (27). A disturbed arachi-
donic acid–prostaglandin metabolism in embryos exposed to
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FIG. 2. PGE2 concentration (pg/µg protein) in

day 9 rat embryos ( ) and membranes ( )

exposed to 10 mmol/l glucose (10G) for 24 h

or 48 h in vitro, with the possible addition of

10 µmol/l indomethacin (10G + I) and 

0.5 mmol/l NAC (10G + I + NAC); 4 = n = 6.

P G E2 concentration is displayed as mean + SE.

*P < 0.05 vs. 10G on same culture day; +P <

0.05 vs. 10G+I on same gestational day

( A N O VA ) .

FIG. 3. Schematic and speculative outline of

the relationships between arachidonic acid,

COX-2 activity, the COX-2 inhibitor

indomethacin (IND), and the effect of addition

of the GSH precursor NAC in embryos on ges-

tational days 9–10. To the left is the

prostaglandin biosynthesis depicted, from

arachidonic acid, via PGG2, PGH2 to PGE2.

Note the GSH-dependence of the PGE syn-

thase enzyme, diverting the PGH2 precursor to

the resulting PGE2. The main results of this

s t u d y, the decreased expression (and pre-

sumably decreased activity) of the COX-2

enzyme (Table 3) caused by either high glu-

cose concentration in vitro or (maternal) dia-

betes in vivo, and the beneficial effect on the

P G E2 production of adding the GSH-precursor

NAC, as well as the increased rate of lipid

peroxidation in the embryos (Fig. 1), are

depicted here. GSSG, oxidized glutathione.



a diabetes-like environment was also inferred from studies
failing to demonstrate a deficient embryonic uptake of
arachidonic acid (51) or a decreased cellular concentration
of arachidonic acid (52) under diabetes-like conditions.

We have chosen to regard both the COX-2 downregula-
tion and the oxidative stress to be contributing to the ter-
atogenic effect of hyperglycemia in vitro and diabetes in vivo.
This choice is supported by results from a recent study dur-
ing which we exposed rat embryos to the combined terato-
genic effect of 30 mmol/l glucose and a COX inhibitor
(indomethacin or acetylsalicylic acid) and attempted to nor-
malize embryonic development by adding arachidonic acid or
P G E2 to the culture medium at concentrations that diminish
dysmorphogenesis caused by either agent alone (7). Arachi-
donic acid was mainly ineffective, but PGE2 had a clear antit-
eratogenic effect, which would support the notion that high
glucose concentration disturbs both the COX enzyme and
some other aspect of prostaglandin (in particular PGE2) pro-
duction, different from COX action (7).

We propose that the previously postulated disturbance of the
arachidonic acid–PGE2 pathway (24) in embryos exposed to
high glucose in vitro or diabetes in vivo is decreased COX-2
expression on gestational days 9–10, leading to diminished
P G E2 concentration during a developmentally sensitive
embryonic period (7,26–28), corresponding to postconception
weeks 3–4 of human pregnancy. We also suggest that hyper-
glycemia/diabetes–induced oxidative stress aggravates the
effect of decreased COX-2 activity by diminishing the GSH-
dependent conversion of PGH2 to PGE2 in the embryo and, fur-
thermore, decreases the available precursor pool through
extensive arachidonic acid peroxidation (Fig. 3 shows a ten-
tative outline of the etiologic mechanisms). We face the chal-
lenging task of investigating the possible associations between
the present findings and a presumed inositol defic i e n c y
(53,54), a recently demonstrated 3-deoxyglucosone excess
(55), an increased DNA mutation rate (56), and a reduced Pax-3
gene expression (57) in embryos exposed to hyperglycemia in
vitro and diabetes in vivo.

A C K N O W L E D G M E N T S

This study was supported by the Ernfors Family Fund, the
Swedish Diabetes Association, the Juvenile Diabetes Founda-
tion International, the Novo Nordisk Foundation, and the
Swedish Medical Research Council (grants 12X-7475, 12X-
11564, 12X-109).

The authors wish to express their gratitude to Lisbeth Sag-
ulin for serum collection. 

R E F E R E N C E S

1 . Mølsted-Pedersen L, Tygstrups I, Pedersen J: Congenital malformations in new-
born infants of diabetic women: correlation with maternal diabetic vascular
complications. L a n c e t i:1124–1126, 1964

2 . Casson IF, Clarke CA, Howard CV, McKendrick O, Pennycook S, Pharoah PO,
Platt MJ, Stanisstreet M, van Velszen D, Walkinshaw S: Outcomes of pregnancy
in insulin dependent diabetic women: results of a five year population cohort
s t u d y. B M J 315:275–278, 1997

3 . Eriksson UJ, Borg LAH, Forsberg H, Simán CM, Suzuki N, Yang X: Can fetal
loss be prevented? The biochemical basis of diabetic embryopathy. D i a b e t e s

R e v 4:49–69, 1996
4 . Eriksson UJ, Borg LAH: Protection by free oxygen radical scavenging

enzymes against glucose-induced embryonic malformations in vitro. D i a -

b e t o l o g i a 34:325–331, 1991
5 . Eriksson UJ, Borg LAH: Diabetes and embryonic malformations. Role of sub-

strate-induced free-oxygen radical production for dysmorphogenesis in cul-
tured rat embryos. D i a b e t e s 42:411–419, 1993

6 . Wentzel P, Thunberg L, Eriksson UJ: Teratogenic effect of diabetic serum is
prevented by supplementation of superoxide dismutase and N- a c e t y l c y s t e i n e
in rat embryo culture. D i a b e t o l o g i a 40:7–14, 1997

7 . Wentzel P, Eriksson UJ: Antioxidants diminish developmental damage
induced by high glucose and cyclooxygenase inhibitors in rat embryos in vitro.
D i a b e t e s 47:677–684, 1998

8 . Yang X, Borg LAH, Simán CM, Eriksson UJ: Maternal antioxidant treatments
prevent diabetes-induced alterations of mitochondrial morphology in rat
embryos. Anat Rec 251:303–315, 1998

9 . Eriksson UJ, Simán CM: Pregnant diabetic rats fed the antioxidant butylated
hydroxytoluene show decreased occurrence of malformations in the off-
spring. D i a b e t e s 45:1497–1502, 1996

1 0 . Viana M, Herrera E, Bonet B: Teratogenic effects of diabetes mellitus in the
rat. Prevention with vitamin E. D i a b e t o l o g i a 39:1041–1046, 1996

1 1 . Sivan E, Reece EA, Wu YK, Homko CJ, Polansky M, Borenstein M: Dietary vit-
amin E prophylaxis and diabetic embryopathy: morphologic and biochemical
analysis. Am J Obstet Gynecol 175:793–799, 1996

1 2 . Simán CM, Eriksson UJ: Vitamin E decreases the occurrence of malformations
in the offspring of diabetic rats. D i a b e t e s 46:1054–1061, 1997

1 3 . Simán CM, Eriksson UJ: Vitamin C supplementation of the maternal diet
reduces the rate of malformation in the offspring of diabetic rats. D i a b e t o l o -

g i a 40:1416–1424, 1997
1 4 . Trocino RA, Akazawa S, Ishibashi M, Matsumoto K, Matsuo H, Yamamoto H,

Goto S, Urata Y, Kondo T, Nagataki S: Significance of glutathione depletion and
oxidative stress in early embryogenesis in glucose-induced rat embryo culture.
D i a b e t e s 44:992–998, 1995

1 5 . Forsberg H, Eriksson UJ, Melefors Ö, Welsh N: Beta-hydroxybutyrate
increases reactive oxygen species in late but not in early postimplantation
embryonic cells in vitro. D i a b e t e s 47:255–262, 1997

1 6 . Yang X, Borg LAH, Eriksson UJ: Altered metabolism and superoxide genera-
tion in neural tissue of rat embryos exposed to high glucose. Am J Physiol

272:E173–E180, 1997
1 7 . Forsberg H, Eriksson UJ, Welsh N: Apoptosis in embryos of diabetic rats. P h a r -

macol To x i c o l 83:104–111, 1998
1 8 . Morrow JD, Hill KE, Burk RF, Nammour TM, Badr KF, Roberts LJ II: A series

of prostaglandin F2-like compounds are produced in vivo in humans by a non-
cyclooxygenase, free radical-catalyzed mechanism. Proc Natl Acad Sci U S

A 87:9383–9387, 1990
1 9 . Morrow JD, Awad JA, Boss HJ, Blair IA, Roberts LJ II: Non-cyclooxygenase-

derived prostanoids (F2-isoprostanes) are formed in situ on phospholipids.
Proc Natl Acad Sci U S A 89:10721–10725, 1992

2 0 . Morrow JD, Awad JA, Kato T, Takahahi K, Badr KF, Roberts LJ II: Formation
of novel non-cyclooxygenase-derived prostanoids (F2-isoprostanes) in carbon
tetrachloride hepatotoxicity: an animal model of lipid peroxidation. J Clin

I n v e s t 90:2502–2507, 1992
2 1 . Nanji AA, Samsuddin K, Tahan SR, Sadrzadeh SMJ: Plasma levels of a novel

non-cyclooxygenase-derived prostanoid (8-isoprostane) correlate with sever-
ity of liver injury in experimental alcoholic disease. J Pharmacol Exp Ther

269:1280–1285, 1994
2 2 . Morrow JD, Frei B, Longmire AW, Gaziano JM, Lynch SM, Shyr Y, Strauss WE,

Oates JA, Roberts II LJ: Increase in circulating products of lipid peroxidation
( F2 isoprostanes) in smokers. N Engl J Med 332:1198–1203, 1995

2 3 . Gopaul NK, Änggård EE, Mallet AI, Betteridge DJ, Wolff SP, Nourooz-Zadeh
J: Plasma 8-iso-PGF2 a l f a levels are elevated in individuals with non-insulin
dependent diabetes mellitus. FEBS Lett 368:225–229, 1995

2 4 . Goldman AS, Baker L, Piddington R, Marx B, Herold R, Egler J: Hyperglycemia-
induced teratogenesis is mediated by a functional deficiency of arachidonic
acid. Proc Natl Acad Sci U S A 82:8227–8231, 1985

2 5 . Pinter E, Reece EA, Leranth CZ, Garcia-Segura M, Hobbins JC, Mahoney MJ:
Arachidonic acid prevents hyperglycemia-associated yolk sac damage and
e m b r y o p a t h y. Am J Obstet Gynecol 155:691–702, 1986

2 6 . Baker L, Piddington R, Goldman A, Egler J, Moehring J: Myo-inositol and
prostaglandins reverse the glucose inhibition of neural tube fusion in cultured
mouse embryos. D i a b e t o l o g i a 33:593–596, 1990

2 7 . Goto MP, Goldman AS, Uhing MR: PGE2 prevents anomalies induced by
hyperglycemia or diabetic serum in mouse embryos. D i a b e t e s 4 1 : 1 6 4 4 – 1 6 5 0 ,
1 9 9 2

2 8 . Piddington R, Joyce J, Dhanasekaran P, Baker L: Diabetes mellitus affects
prostaglandin E2 levels in mouse embryos during neurulation. D i a b e t o l o g i a

39:915–920, 1996
2 9 . De Witt D: Prostaglandin endoperoxidase synthase. Regulation of enzyme

expression. Biochim Biophys Acta 1083:121–134, 1991
3 0 . Moncada S, Gryglewski R, Bunting S, Vane JR: An enzyme isolated from

arteries transforms prostaglandin endoperoxides to an unstable substance that
inhibits platelet aggregation. N a t u r e 263:663–668, 1976

3 1 . Whittle BJR, Higgs GA, Eakins KE, Moncada S, Vane JR: Selective inhibition

DIABETES, VOL. 48, APRIL 1999 819

P. WENTZEL, N. WELSH, AND U.J. ERIKSSON



of prostaglandin production in inflammatory exudates and gastric mucosa.
N a t u r e 284:271–273, 1980

3 2 . O’Banion MK, Sadowski HB, Winn V, Young DA: A serum- and glucocorticoid-
regulated 4-kilobase mRNA from Swiss 3T3 cells, encodes a cyclooxygenase-
related protein. J Biol Chem 266:23261–23267, 1991

3 3 . Sirois J, Richards JS: Purification and characterisation of a novel, distinct iso-
form of prostaglandin endoperoxidase synthase induced by human chorionic
gonadotropin in granulosa cells of rat preovulatory follicles. J Biol Chem

267:6382–6388, 1992
3 4 . Sirois J, Richards JS: Transcription regulation of the rat prostaglandin

endoperoxidase synthase 2 gene in granulosa cells: evidence for the role of
a cis-acting C/EBPbeta promoter element. J Biol Chem 2 6 8 : 2 1 9 3 1 – 2 1 9 3 8 ,
1 9 9 3

3 5 . Hulkower KI, Wertheimer SJ, Levin W: Interleukin 1-beta induces cytosolic
phospholipase A2 and prostaglandin H synthase in rheumatoid synovial fib r o-
blasts. Evidence for their roles in the production of the prostaglandin E2.
Arthritis Rheumatoid 37:653–661, 1994

3 6 . Crofford LJ, Wilder RL, Ristimaki AP, Remmers EF, Epps HR, Hla T: Cyclooxy-
genase 1 and 2 expression in rheumatoid synovial tissue: effects of interleukin
1-beta, phorbol ester, and corticosteroids. J Clin Invest 93:1095–1101, 1994

3 7 . Diaz A, Chepenik KP, Korn JH, Reginato AM, Jimenez SA: Differential regu-
lation of cyclooxygenases 1 and 2 by interleukin-1 beta, tumor necrosis fac-
t o r-alpha, and transforming growth factor-beta 1 in human lung fibroblasts. E x p

Cell Res 241:222–229, 1998
3 8 . Lee HS, Soyoola E, Chanmugam P, Hart S, Sun W, Zhong H, Liou S, Simmons

D, Hwang D: Selective expression of mitogen-inducible cyclooxygenase in
macrophages stimulated with lipopolysaccharide. J Biol Chem

267:25934–25938, 1992
3 9 . Reddy ST, Herschman HR: Ligand-induced prostaglandin synthesis requires

expression of the TIS 10-PGS-2 prostaglandin synthase gene in murine fib r o-
blasts and macrophages. J Biol Chem 269:15473–15480, 1994

4 0 . New DAT: Whole embryo culture and the study of mammalian embryos dur-
ing embryogenesis. Biol Rev 53:81–122, 1978

4 1 . Lowry OH, Rosebrough NJ, Farr AL, Randall RJ: Protein measurement with
the Folin phenol reagent. J Biol Chem 193:265–275, 1951

4 2 . Winer BJ: Statistical Principles in Experimental Design. New Yo r k ,
McGraw-Hill, 1971

4 3 . Ostle B: Statistics in Research. 2nd ed. Ames, IA, Iowa State University, 1963
4 4 . Schoenfeld A, Erman A, Warchaizer S, Ovadia J, Bonner J, Hod M: Yolk sac

concentration of prostaglandin E2 in diabetic pregnancy: further clues to the

etiology of diabetic embryopathy. P r o s t a g l a n d i n s 50:121–126, 1995
4 5 . Onoe Y, Miyaura C, Kaminakayashiki T, Nagai Y, Noguchi K, Chen QR, Seo H,

Ohta H, Nozawa S, Kudo I, Suda T: IL-13 and IL-4 inhibit bone resorption by
suppressing cyclooxygenase-2-dependent prostaglandin synthesis in
osteoblasts. J Immunol 156:758–764, 1996

4 6 . Palmer AM, Thomas CR, Gopaul N, Dhir S, Änggård EE, Poston L, Tribe RM:
Dietary antioxidant supplementation reduces lipid peroxidation but impairs
vascular function in small mesenteric arteries of the streptozotocin-diabetic
rat. D i a b e t o l o g i a 41:148–156, 1998

4 7 . Sano T, Umeda F, Hashimoto T, Nawata H, Utsumi H: Oxidative stress meas-
urements by in vivo electron spin resonance spectroscopy in rats with strep-
tozotocin-induced diabetes. D i a b e t o l o g i a 41:1355–1360, 1998

4 8 . Yang X, Borg LAH, Eriksson UJ: Altered mitochondrial morphology of rat
embryos in diabetic pregnancy. Anat Rec 241:255–267, 1995

4 9 . Buckley BJ, Kent RS, Whorton AR: Regulation of endothelial cell
prostaglandin synthesis by glutathione. J Biol Chem 266:16659–16666, 1991

5 0 . Hempel SL, Wessels DA: Prostaglandin E2 synthesis after oxidant stress is
dependent on cell glutathione content. Am J Physiol 266:C1392–C1399, 1994

5 1 . Engström E, Haglund A, Eriksson UJ: Effects of maternal diabetes or in vitro
hyperglycemia on uptake of palmitic and arachidonic acid by rat embryos.
Pediatr Res 30:150–153, 1991

5 2 . Pinter E, Reece EA, Ogburn PJ, Turner S, Hobbins JC, Mahoney MJ, Naftolin
F: Fatty acid content of yolk sac and embryo in hyperglycemia-induced
embryopathy and effect of arachidonic acid supplementation. Am J Obstet

G y n e c o l 159:1484–1490, 1988
5 3 . Hod M, Star S, Passonneau JV, Unterman TG, Freinkel N: Effect of hypergly-

cemia on sorbitol and myo-inositol content of cultured rat conceptus: failure
of aldose reductase inhibitors to modify myo-inositol depletion and dysmor-
phogenesis. Biochem Biophys Res Comm 140:974–980, 1986

5 4 . Akashi M, Akazawa S, Akazawa M, Trocino R, Hashimoto M, Maeda Y,
Yamamoto H, Kawasaki E, Takino H, Yokota A, Nagataki S: Effects of insulin
and myo-inositol on embryo growth and development during early organo-
genesis in streptozocin-induced diabetic rats. D i a b e t e s 40:1574–1579, 1991

5 5 . Eriksson UJ, Wentzel P, Minhas HS, Thornalley PJ: Teratogenicity of 3-
deoxyglucosone and diabetic embryopathy. D i a b e t e s 47:1960–1966, 1998

5 6 . Lee AT, Reis D, Eriksson UJ: Hyperglycemia induced embryonic dysmor-
phogenesis correlates with genomic DNA mutation frequency in vitro and in
vivo. D i a b e t e s 48:371–376, 1999

5 7 . Phelan SA, Ito M, Loeken MR: Neural tube defects in embryos of diabetic mice:
role of the Pax-3 gene and apoptosis. D i a b e t e s 46:1189–1197, 1997

820 DIABETES, VOL. 48, APRIL 1999

DIABETES DIMINISHES COX-2 GENE EXPRESSION


