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Abstract

Aims/hypothesis. Maternal Type I (insulin-depen-
dent) diabetes mellitus is associated with an in-
creased risk for fetal malformations and spontaneous
abortions. Although the pathogenic mechanism is not
fully understood, reactive oxygen species have been
shown to contribute to the pathogenesis in experi-
mental studies. By measuring 8-iso-PGF,, and pro-
tein carbonyls, radical oxygen damage to lipids and
proteins can be estimated. The aim of this study was
to investigate the status of lipid peroxidation and pro-
tein carbonylation in mothers and fetuses in experi-
mental diabetic pregnancy.

Methods. Non-pregnant and pregnant rats with and
without streptozotocin-induced diabetes were stud-
ied after 4 weeks of diabetes or at gestational day 19,
respectively. Gross morphology of the offspring was
studied and 24 h urine, plasma, amniotic fluid, mater-
nal and fetal livers were collected. Concentrations of
8-is0-PGF,,, 15-keto-DH-PGF,, and other oxidative
stress variables were measured.

Results. Malformation and resorption rates were in-

creased in diabetic litters, whereas fetal weights
were decreased in the control rats. There were no sta-
tistically significant differences in maternal plasma
concentrations of 8-iso-PGF,,, but plasma protein
carbonyl content was increased in the diabetic
groups. Pregnancy increased 24 h urinary excretion
of 8-iso-PGF,,, in diabetic rats but not in the control
rats. There was no difference in the amniotic fluid
concentration of 8-iso-PGF,, between the normal
and the diabetic group. However, in the diabetic
group there was a correlation between the uterine
horn concentration of 8-iso-PGF,, and the percent-
age of resorptions.

Conclusions/interpretation. In diabetic pregnancy,
both diabetes and pregnancy are promoting oxygen
radical damage. Fetal oxidative stress markers do
not clearly reflect fetal morphology. [Diabetologia
(2001) 44: 766-774]
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Despite better regimens for treatment of Type I (in-
sulin-dependent) diabetes mellitus, maternal diabe-
tes is still associated with an increased risk for mal-
formed and spontaneously aborted offspring [1, 2].
The malformations are induced before the seventh
post-conceptional week in humans [3] and during or-
ganogenesis in rats [4]. High maternal HbA, . concen-
trations during early pregnancy are associated with
an increased risk for malformations [5-7] and the
risk seems to increase even with a slight worsening
of metabolic control [1]. Throughout the last ten
years, increasing evidence has indicated a role for re-
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active oxygen species (ROS) in the development of
diabetes-induced malformations in rodent models [8,
9]. Antioxidants have been shown to protect the off-
spring of diabetic rats against malformations [10-15].

In 1990 biosynthesis and the release of isopros-
tanes in vivo were described [16]. These isomers of
prostaglandins are formed through a direct non-enzy-
matic reaction of arachidonic acid with a free radical.
The isoprostanes have gained increasing interest as
reliable biomarkers for lipid peroxidation, that is,
ROS damage to lipids. One of the more abundant iso-
prostanes formed in vivo is 8-is0-PGF,,, [17], which is
also the most extensively studied isoprostane. Vaso-
constrictor effects of 8-iso-PGF,,, have been observed
at low concentrations, for example, in the glomeruli
[18] and retina of rats [19]. In addition, an increased
concentration of 8-iso-PGF,, in both maternal and
fetal plasma of STZ-diabetic rats has been reported
recently [20]. Carbonyl groups can be introduced
into the side-chains of amino-acid residues by a reac-
tion between oxygen radicals and the proteins [21].
Protein carbonyl content can therefore be used to
measure oxygen radical damage of proteins. Car-
bonylated proteins have been found in the intima of
arteries of diabetic patients with poor diabetic con-
trol [22] and to correlate positively with HbA, . in pa-
tients with Type II (non-insulin-dependent) diabetes
mellitus [23]. These markers yield measures of ROS-
damage to lipids and proteins, respectively.

Estimation of a major metabolite of PGF,,, 15-
keto-13,14-dihydro-PGF,, (15-K-DH-PGF,,) in
body fluids provides an indirect measure of cyclooxy-
genase activity. PGF,, is a potent bioactive com-
pound [24] and has been shown to be increased in
the peripheral circulation during luteolysis, parturi-
tion [25] and inflammation [26, 27].

Considering the possible role for ROS in the
pathogenesis of diabetic embryopathy, the isopros-
tanes can serve both as biomarkers for oxidative
stress and as mediators of ROS teratogenicity in dia-
betic pregnancy. The concentrations of 8-iso-PGF,,
have been found to be higher in day 11 embryos of di-
abetic rats compared with embryos of normal rats;
also in-vitro culture in high glucose increased the con-
centrations of 8-iso-PGF,,, in embryonic tissue [28].

We wanted to investigate signs of ROS-damage to
lipids and proteins in both mothers and fetuses in ex-
perimental diabetic pregnancy and thereby attempt
to find late-gestation markers of oxidative stress that
correlate with morphological outcome. The aims of
our study were to evaluate the effect of maternal dia-
betes on the concentration of 8-iso-PGF,, and the
rate of protein carbonylation, as well as to search for
a possible association between estimated oxidative
damage and outcome of pregnancy.
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Materials and methods

Animals. Sixty-four outbred female Sprague Dawley rats with
a weight of about 250 g were housed at the Laboratory Animal
Resources of the Biomedical Centre in Uppsala. The animals
were subjected to a 12 h dark/12 h light cycle. During the en-
tire experiment the rats had free access to food (the commer-
cial pellet R36, Lactamin, Stockholm, Sweden; in powdered
form in the metabolic cages) and water. Rats were given an in-
travenous injection of 40 mg/kg streptozotocin (STZ, a gift
from Pharmacia and Upjohn, Kalamazoo, Mich., USA) to in-
duce diabetes. Serum glucose was measured (Glucose Analyz-
er 2, Beckman Instruments, Fullerton, Calif., USA) in tail vein
blood one week after the STZ injection. Diabetes was defined
as a serum glucose concentration exceeding 20 mmol/l. Non-
diabetic and diabetic rats were mated overnight with normal
male rats of the same strain; day 0 of pregnancy was defined
as the day sperm were observed in vaginal smear. During the
last 24 hours of the experiment, i.e. from gestational day 18,
the rats were housed in metabolic cages to collect 24 h urine
samples. The pregnant and non-pregnant rats were killed by
exsanguination on gestational day 19 and four weeks after the
STZ injection, respectively. Plasma samples were collected
from the abdominal aorta of each rat under ether anesthesia.
All animal experiments were carried out with the approval
from the Animal Ethics Committee of the Medical Faculty of
Uppsala University, and the “Principles of laboratory animal
care” (NIH publication no. 85-23, revised 1985) were fol-
lowed.

Plasma, urine, liver and amniotic fluid samples were col-
lected and snap frozen in liquid nitrogen and thereafter stored
at —135°C until analysis. In a first series amniotic fluid samples
were pooled from all the individual amniotic sacs of each uter-
ine horn. In a second series consisting of 3 normal and 9 diabet-
ic pregnancies, amniotic fluid was collected from individual
amniotic sacs in order to compare the concentration of 8-iso-
PGF,, and 15-K-DH-PGF,, in amniotic fluid of normal and
malformed fetuses. Maternal livers for TBARS measurements
were homogenized in distilled water to a concentration of 0.2
g/ml in a glass homogenizer on ice. All offspring were inspect-
ed for gross malformations and weighed. All dead offspring,
regardless of age, were classified as resorptions. The number
of implantations was the sum of the number of living fetuses
plus the number of resorptions.

Measurement of 8-iso-PGF,, and 15-K-DH-PGF,,. Two newly
developed RIA methods [29, 30] were used to measure 8-iso-
PGF,, and 15-K-DH-PGF,,, respectively. Antibodies have
been raised by the immunization of rabbits with either sub-
stance, coupled to bovine serum albumin. The cross-reactivity
of the 8-iso-PGF,, antibody with 8-iso-15-keto-13, 14-dihy-
dro-PGF,,, 8-is0-PGF,;, PGF,,, 15-keto-PGF,,, 15-keto-13,
14-dihydro-PGF,,, TXB,, 115-PGF,,, 96-PGF,, and 8-iso-
PGF;, was 1.7, 9.8, 1.1, 0.01, 0.01, 0.1, 0.03, 1.8 and 0.6 %, re-
spectively. The cross-reactivity of thel5-K-DH-PGF,, anti-
body with PGF,,, 15-keto-PGF,,, PGE,, 15-keto-13,14 dihy-
dro-PGE,, 8-iso-15-keto-13,14-dihydro-PGF,,, 115-PGF,,,
98-PGF,,, TXB, and 8-iso-PGF;, was 0.02, 0.43, < 0.001, 0.5,
1.7, < 0.001, < 0.001, < 0.001 and 0.01 %, respectively. The low-
er limit of detection was 23 pmol/l for the 8-iso-PGF,,-RIA
and 45 pmol/l for the 15-keto-DH-PGF,,-RIA. Unextracted
plasma (500 ul), urine (50 ul) and amniotic fluid (200 ul) were
used in the assays.

Measurement of a-tocopherol. Plasma a-tocopherol was mea-
sured using HPLC with fluorescence detection as in [31]. In
brief, 500 ul plasma was extracted with an equal volume of eth-
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anol (containing 0.05 g/l butylated hydroxytoluene) and 2 ml
hexane. A volume of 20 ul of the supernatant was subsequently
injected into a LiChrospher 100 NH2 250 x 4 column. The flu-
orescence of the effluent was measured at 327 nm using an ex-
citation wavelength of 295 nm. Standard samples were pre-
pared from a-tocopherol (E. Merck, Darmstadt, Germany).

Measurement of cholesterol, triglycerides and creatinine. The
cholesterol concentration in plasma was analysed using the kit
IL Test Cholesterol (Instrumentation Laboratory, Lexington,
Mass., USA) and the manufacturer’s instructions were fol-
lowed. The concentration of triglycerides was measured using
the kit IL Test Triglyceride (Instrumentation Lab.), yielding a
dye that was estimated spectrophotometrically at 550 nm. Cre-
atinine was measured using a commercial IL Test Creatinine
(Instrumentation Lab.). A Monarch 2000 centrifugal analyser
(Monarch Instrument, Amherst, N.H., USA) was used for the
cholesterol, triglyceride and creatinine measurements.

Measurement of ascorbate. Ascorbic acid was analysed as pre-
viously described [32]. Standard samples were prepared from
ascorbic acid dissolved in distilled water (E. Merck). An ali-
quot of 200 ul of plasma was precipitated on ice with 800 ul
trichloroacetic acid (E. Merck) for 5 min and then centrifuged
at 4000 rpm (12000 g) for 5 min. The supernatants were subse-
quently diluted with distilled water to 1 ml and 200 ul of Folin-
Ciocalteaus solution (E. Merck) was added to the samples that
were immediately shaken. After 10 min the absorbance at
760 nm was measured using a Beckman DU-65 spectropho-
tometer (Beckman Instruments, Fullerton, Calif., USA) and
compared with a standard curve.

Measurement of TBARS. The TBARS were measured flu-
orometrically after boiling samples with TBA. A volume of
200 ul of plasma or liver homogenate was heated to 98°C
for 60 min together with 250 ul 42 mmol/l 2-thiobarbituric
acid (Merck) and 750 ul 0.19 mmol/l H;PO,. Standard sam-
ples were prepared from malondialdehyd-bis-(diethylacetal)
(Merck-Schuchart, Schuchart, Germany). The samples were
precipitated with a mixture of methanol and 1 mol/l NaOH
(91:9) and centrifuged at 4000 rpm (12000 g) for 5 min. Flu-
orescence was then measured in the supernatant using a
Perkin-Elmer LS 5B luminescence spectrophotometer (Per-
kin-Elmer/Cetus, Norwalk, Conn., USA), the excitation
wavelength was 532 nm and emission wavelength was 553
nm.

Measurement of protein carbonyls. Protein carbonyls were
measured using a commercial ELISA kit (Zentech PC Test,
Zenith Technology, Dunedin, New Zealand) following the
manufacturer’s instructions. In brief, 5 ul plasma was incubat-
ed for 45 min with a 2,4-dinitrophenylhydrazine solution yield-
ing 2,4-dinitrophenylhydrazone groups on protein carbonyls.
The carbonylated proteins were then bound to a 96-well plate
and antibodies towards hydrazone groups were used in the
ELISA. Serum albumin was used as standard with five differ-
ent concentrations of hypochlorous acid-oxidized protein. Af-
ter the reactions, the absorbance was measured at 490 nm in a
spectrophotometer.

Statistics. Analysis of variance (ANOVA) with the Bonferroni/
Dunn post-hoc test was used for test of difference between
means. Test for significance of correlations was calculated us-
ing the Spearman rank method. Biochemical comparisons be-
tween groups in the amniotic fluid and in fetal livers were
made using the Mann-Whitney U-test. Chi-square tests were
done for the malformation data. Statistical calculations were
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Table 1. Outcome of pregnancy

Normal pregnancy Diabetic pregnancy

Fetal weight (g) 22+04 1.7 £ 0.042
Implantations per litter 13 +1 1012

% malformations 0 23°

% resorptions 2619 20 + 6°

Values are given as means + SEM. denotes a difference from
the normal group with Students ¢ test (p < 0.05). ®denotes a dif-
ference (p <0.05) using a chi-square test. n =8 for normal
pregnancy, n = 20 for diabetic pregnancy

made using the software Statview for Macintosh computers.
A p value of less than 0.05 was considered to be statistically sig-
nificant.

Results

Outcome of pregnancy. The animals in the experi-
mental groups were normal non-pregnant (N), nor-
mal pregnant (NP), diabetic non-pregnant (D) and
diabetic pregnant (DP). The mean fetal weights
were approximately 25% higher in fetuses from NP
mothers than in fetuses from DP mothers (Table 1).
The total number of implantations per litter was de-
creased in the DP group compared to the NP animals
(Table 1). In the offspring of the pregnant rats no
malformations in the NP group were observed where-
as nearly one fourth of the fetuses in each uterine
horn in the DP group showed gross malformations,
mainly in the form of micrognathia (Table 1). A nor-
mal, day 19 fetus from a NP mother (Fig.1A) and a
micrognatic fetus from a DP mother (Fig. 1B) stained
with Alizarin Red are shown. Also, the resorption
rate was higher in the DP than in the NP group (Ta-
ble 1).

At the end of the experiment, the rats in the N
group weighed more than those in the D group (Ta-
ble 2). Both pregnant groups weighed more than
their non-pregnant counterparts and the NP rats
weighed approximately 20 % more than the DP rats
(Table 2). In the DP group, the maternal weight at
day 19 of gestation showed a negative correlation to
the percentage of resorptions (p =0.0004,
Rho =-0.806) and the percentage of malformations
(p =0.0112, Rho =-0.567, Spearman rank correla-
tion).

Maternal plasma. The concentration of 8-iso-PGF,,,
was not significantly different (over-all p-val-
ue = 0.11, ANOVA) between any of the experimen-
tal groups in maternal plasma but the mean values of
diabetic rats tended to be higher than their respective
control group (Fig.2A). In fact, the combined N and
NP groups displayed lower mean plasma 8-iso-
PGF,, concentration (663 + 126, n = 24) than did the
combined D and DP group (1184 + 140, n =40,
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A

Fig.1. Alizarin Red stained rat fetuses from gestational day
19. To the left (A) a normal fetus of a non-diabetic rat. To the
right (B) a fetus of a diabetic rat displaying micrognathia

p <0.01, Students ¢ test). In maternal plasma, the con-
centration of 15-K-DH-PGF,, was higher in both
pregnant (NP and DP) groups compared to their
non-pregnant counterparts (N and D) (Fig.2B). Dia-
betes induced no difference in plasma 15-K-DH-
PGF,, concentration (Fig.2B).

Maternal plasma glucose concentrations at the end
of the experiment did not differ between N and NP
rats. The D rats displayed somewhat lower plasma
glucose concentration than the DP rats, and both dia-
betic groups showed a glucose concentration of about
four times higher than their non-diabetic counter-

Table 2. Maternal data at gestational day 19
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parts (Table 2). The concentrations of cholesterol
were higher in the plasma of DP rats than in NP rats,
whereas no difference was detected between N and
D rats (Table 2). The triglyceride concentrations
were lower in the non-pregnant than in the pregnant
groups; the NP rats had lower concentrations than
the DP rats. No difference was seen between the
non-pregnant groups. The concentration of a-toco-
pherol was lower in the non-pregnant than in the
pregnant rats. However, the lipid (cholesterol + tri-
glycerides) corrected concentration of a-tocopherol
was decreased by pregnancy (Table 2). Furthermore,
the lipid corrected a-tocopherol concentration was
lower in the D rats than in the N rats and tended
(p = 0.06) to be lower in the DP than in the NP group
(Table 2). The ascorbate concentration was not af-
fected by pregnancy, however D rats showed lower
concentrations compared with N rats and a similar

N NP D DP

Maternal weight end of experiment (g) 280 + 7 380 + 6% 240 + 4° 312 + 1120
Plasma-glucose (mmol/1) 72+0.3 57+02 27.9 + 1.4° 33.9+0.9%°
Cholesterol (mmol/l) 1.8 +0.05 1.8+0.1 22+02 2.5+0.13°
Triglycerides (mmol/l) 0.6 +0.08 4.6 +0.8 22+06 7.4 +0.7%°
a-tocopherol (mmol/l) 7.0+£0.2 10.3 +0.4* 75+08 10.8 +0.7*
a-tocopherol/lipid 29+0.1 1.6 +0.22 2.2+0.3° 1.1 £ 0.06*
Ascorbate (mg/l) 104 +1.0 8.8+2.0 5.6 +0.6° 48+0.8
Plasma TBARS (mmol/l) 20+0.5 33+0.7 33+08 53+0.7
Liver TBARS (nmol/g) 345+14 273+2.7 29.8 +4.6 254 +1.7

N =normal non-pregnant rats, NP = normal pregnant rats,
D = diabetic non-pregnant rats and DP = diabetic pregnant
rats. Values are given as means = SEM. Statistical analysis
with ANOVA and Bonferroni/Dunns post-hoc test. *denotes

a significant difference towards respective non-pregnant
group, “towards respective non-diabetic control. n = 16 (N), 8
(NP), 20 (D), 20 (DP)
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Fig.2 (A-B) Plasma 8-is0-PGF,, concentrations (pmol/l) in fe-
male non-pregnant and pregnant normal (N and NP) and dia-
betic (D and DP) rats. Bars represent means + SEM. n =16
(N),8(NP),20(D),20 (DP) B Plasma 15-K-DH-PGF,, concen-
trations (pmol/l) in female non-pregnant and pregnant normal
(N and NP) and diabetic (D and DP) rats. Bars represent means
+ SEM, * denotes a difference (p < 0.05, ANOVA) between the
indicated groups. n = 16 (N), 8 (NP), 20 (D), 20 (DP)

tendency was apparent in DP and NP rats (p = 0.06)
(Table 2). No statistically significant effects were not-
ed in the effect of diabetes and pregnancy on plasma
TBARS-concentrations. However, pregnancy tended
to increase the plasma TBARS concentration in the
diabetic groups compared to their respective con-
trols, in particular the DP group concentration tend-
ed to exceed the NP group concentration (Table 2).

The plasma content of carbonylated proteins in
the non-diabetic rats was about half of that of the car-
bonyl content in the diabetic counterparts (Fig 3).
Pregnancy did not affect the carbonyl content in ei-
ther normal or diabetic rats (Fig.3).
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Fig.3. Maternal plasma protein carbonyl concentrations
(nmol/mg protein) in female non-pregnant and pregnant nor-
mal (N and NP) and diabetic (D and DP) rats. Bars represent
means + SEM. n =16 (N), 8 (NP), 20 (D), 20 (DP)

Maternal liver. There were no differences in the con-
centration of TBARS in maternal livers between the
groups (Table 2). Maternal liver to body weight ratio
was lower in the normal rats compared to their dia-
betic counterparts (data not shown).

Maternal urine. The creatinine-corrected concentra-
tions of 8-iso-PGF,,, in urine did not show any differ-
ence between the N and D rats (Fig.4A). However,
pregnancy caused higher concentrations in the mater-
nal diabetic group (DP vs D) but not in the normal
(NP vs N) group (Fig.4A). The values for accumulat-
ed 24 h urinary excretion of 8-iso-PGF,, showed
largely the same pattern as the creatinine corrected
concentrations with the exception that the N group
showed a lower 8-iso-PGF,, content than the D
group (Fig.4B).

Fetal liver. The fetal liver concentration of TBARS
was markedly higher in offspring of diabetic rats
than in offspring of normal rats (Fig.5). The mean
content of carbonylated proteins in fetal livers was
higher in offspring of diabetic rats than in normal off-
spring (Fig.5). The morphology of the offspring did
not affect the TBARS or protein carbonyl content of
the fetal livers (data not shown).

Ampniotic Fluid. No difference was found between the
normal and diabetic groups in the concentration of ei-
ther 8-iso-PGF,, or 15-K-DH-PGF,,, in amniotic flu-
id of fetuses with normal morphology (‘NPO’ com-
pared with ‘DPO normal’ Fig.6A and B). In the dia-
betic group the amniotic fluid concentration of 8-iso-
PGF,,, tended to be higher in fluid of resorbed fetus-
es (Fig.6A) but failed to reach statistical significance
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Fig.4. (A-B) A Urinary concentration of 8-iso-PGF,, (nmol/
mmol creatinine) in female non-pregnant and pregnant normal
(N and NP) and diabetic (D and DP) rats. Bars represent
means + SEM. * denotes a difference between indicated
groups (p <0.05, ANOVA). n=16 (N), 8 (NP), 20 (D), 20
(DP) B Total 24 h urinary excretion of 8-iso-PGF,, (pmol) in
female non-pregnant and pregnant normal (N and NP) and di-
abetic (D and DP) rats. Bars represent means + SEM. * de-
notes a difference between indicated groups (p < 0.05, ANO-
VA).n =16 (N), 8 (NP), 20 (D), 20 (DP)

(p =0.096, Kruskall-Wallis test). The concentration
of 8-iso-PGF,, in amniotic fluid from malformed
fetuses was equal to that in normal fetuses
(Fig.6A). The concentration of 15-K-DH-PGF,,
was lower in amniotic fluid from malformed fetuses
than in fluid from normal fetuses (“DPO mal-
formed” compared with “DPO normal”, Fig.6B).
The concentration of 15-K-DH-PGF,, in amniotic
fluid of resorbed fetuses (DPO resorbed) was not
different (p =0.15) from that of normal fetuses
(DPO normal) although the mean was numerically
higher (Fig.6B).
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Fig.5. Concentration in fetal livers of TBARS (nmol/g) and
protein carbonyls (pmol/mg protein). NPO and DPO denote
livers from offspring of normal mothers and diabetic mothers,
respectively. Values are given as means + SEM. * denotes
p <0.05 between the indicated groups (Mann-Whitney U-
test). n = 8 (NPO), 27 (DPO)

Table 3. Amniotic fluid values in normal and diabetic preg-
nancy

Normal Diabetic
pregnancy pregnancy

Amniotic concentration of 8-iso-PGF,,

correlation to % malformations - N.S.
Amniotic concentration of 15-K-DH-

PGF,, correlation to % malformations — N.S.
Amniotic concentration of 8-iso-PGF,,,

correlation to % resorptions N.S. p =0.043
Amniotic concentration of 15-K-DH-

PGF,, correlation to % resorptions p=0.049 p=0.0065

Values are given as means + SEM. Statistical analyses with
Spearmans rank correlation. Individual p-values denote signif-
icant (p < 0.05) rank correlations

The uterine horn-mean amniotic fluid concentra-
tion of 8-iso-PGF,,, correlated with the rate of resorp-
tions in that horn in the diabetic group (Table 3). The
mean amniotic fluid concentration of 15-K-DH-
PGF,,, correlated with the rate of resorptions in both
control and diabetic pregnancies (Table 3).

Discussion

Diabetic pregnancy yielded increased rates of lipid
peroxidation and protein carbonylation both in the
mother and in the fetus. Measurement of isoprostane
content in 24 h urine samples could provide a useful
estimate of lipid peroxidation rate, an estimate supe-
rior to plasma determination of isoprostanes or
TBARS.

Fetal weights were decreased and rates of resorp-
tions and malformations increased in diabetic rat
pregnancy; this correlates with previous studies in ro-
dent models of diabetic pregnancy [33, 34]. These
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Fig.6. (A, B) Concentration of (A) 8-iso-PGF,, (pmol/l) and
(B) 15-K-DH-PGF,, (pmol/l). NPO denotes amniotic fluid of
offspring from normal mothers, and DPO denotes amniotic
fluid of offspring from diabetic mothers. The latter group is
subdivided with respect to the morphology of the fetus. Values
are given + SEM. * denotes a difference versus the DPO, nor-
mal group. Kruskall-Wallis test was performed for over-all
test of significance and Mann-Whitneys U-test for pairwise
comparisons

negative outcomes are most likely to be caused by ox-
idative stress since the general morphological out-
come is ameliorated by antioxidant therapy [10, 12,
35, 36]. In the diabetic group, the rate of resorbed
and malformed fetuses per litter correlated negative-
ly with maternal weight. Since a hampered weight
gain could signify a state of severe diabetes-induced
effects on maternal metabolism, this finding might in-
dicate that pregnant animals with severe diabetes are
prone to have affected offspring. This could be due to
common genetic factors in the mother and offspring
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or to a metabolically more severe environment af-
fecting the fetus. The fewer implantations per litter
in the diabetic group could be due to a very early,
negative effect of maternal diabetes impairing the
process of implantation or to very early resorptions
no longer visible on gestational day 19.

The plasma concentrations of 8-iso PGF,, did not
show any statistically significant differences between
the groups in this study. However, the isoprostane
concentrations tended to be higher in both diabetic
groups compared with controls. The mean concentra-
tion was higher in the combined diabetic group com-
pared with the combined control group. In addition,
we found increased urinary amounts of 8-iso PGF,,,
in the diabetic pregnant group compared to the non-
diabetic pregnant group, both measured as concen-
tration/creatinine and as total 24 h urinary excretion.

The isoprostanes are formed in place on phospho-
lipids from which they are released into the circula-
tion, most likely by phospholipases [37]. The isopros-
tanes are then rapidly excreted into the urine; the
plasma t,,, of 8-iso PGF,,, in the rabbit has been esti-
mated to be a few minutes [38]. Urinary measure-
ments of isoprostanes are more likely to give an inte-
grated view of isoprostane production just before
and during the time the sample is collected, in this
case 24 hours. Urinary measurements might there-
fore compensate for the variations in isoprostane
concentration over a certain period of time, varia-
tions which possibly contribute to the large spread in
the plasma measurements. Therefore, frequent sam-
ples need to be collected to assess the integrated 8-
iso PGF,,, concentration in plasma [26, 27]. We there-
fore assume that the urinary isoprostane values can
disclose more about the lipid peroxidation process
over a period of time than do the plasma values.

The oxidative stress, measured as 24 h urinary ex-
cretion of 8-iso PGF,,, is more marked in the diabetic
rat than in the normal rat and this difference is fur-
ther increased in pregnancy, indicating that pregnan-
cy during diabetes causes a propensity to lipid perox-
idation. The pattern of plasma TBARS concentra-
tions further strengthens this notion. A similar phe-
nomenon has been reported of an increase in lipid
peroxidation in plasma of pregnant rats fed a diet
high in saturated fat but no such increase was de-
scribed in non-pregnant rats regardless of diet [39].
The pregnant state in itself, can therefore potentiate
diabetes-induced lipid peroxidation.

Protein carbonyl content in plasma was increased
by experimental diabetes but not changed by preg-
nancy. Biochemically modified proteins have been
suggested to be a sign of tissue damage caused by ox-
idative stress, carbohydrate overload or both [40].
The concentrations per mg protein in our study were
in the same range as those found in human plasma
by other investigators [41]. Isoprostane concentra-
tions vary rapidly due to their short half-life whereas
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proteins, and protein carbonyls, are more stable. The
protein carbonyl content therefore possibly reflects
the amount of oxidative stress the animal has been
exposed to during a longer time period, whereas lipid
peroxidation measured as isoprostane concentration
gives a measure of the acute oxidative status.

The decreased plasma o-tocopherol concentra-
tions (lipid-corrected) in pregnant rats compared
with those in non-pregnant rats indicate that the lip-
id-phase antioxidant defense is impaired during preg-
nancy. Furthermore, the maternal plasma ascorbate
concentrations were changed by pregnancy, but de-
creased by diabetes. The resulting effect is decreased
maternal antioxidative capacity in diabetic pregnancy
compared to non-diabetic pregnancy.

The amniotic concentrations of 8-iso-PGF,, and of
15-K-DH-PGF,, were similar in fetuses with normal
morphology from non-diabetic and diabetic rats.
Both the isoprostane and the prostaglandin metabo-
lite concentration tended to be higher in amniotic flu-
id from resorbed fetuses. The concentration of 15-K-
DH-PGF,, was lower in amniotic fluid of malformed
fetuses. This could be due to an underproduction of
prostaglandins, as it has been associated with embry-
os of diabetic rats [28]. Furthermore, amniotic con-
centration of 8-iso-PGF,, and 15-K-DH-PGF,, in a
given uterine horn correlated positively with the per-
centage of resorptions in that horn. These findings in-
dicate increased lipid peroxidation and enhanced in-
flammatory processes in resorbed fetuses. Because
these are late-gestational measurements it could be
assumed that these processes are induced by the re-
sorption process rather than causing it.

In the fetal livers, the concentration of TBARS
and of carbonylated proteins were higher in offspring
of diabetic rats than in offspring of non-diabetic rats.
This indicates that the fetuses, as well as their moth-
ers, are subjected to oxidative stress affecting both
lipid and protein compartments. In the diabetic
group, there was no difference in TBARS or carbony-
lated protein concentrations between offspring with
normal morphology and offspring displaying microg-
nathia. This indicates that livers of malformed fetuses
are not, in late gestation, subjected to more oxidative
protein or lipid damage than the livers of non-mal-
formed fetuses. Thus, increase in lipid and protein ox-
idative damage in a fetal liver does not seem to be a
sign of malformed fetus. Causative relations, if they
exist, would more likely be found earlier in pregnan-
cy.

In conclusion, we have shown that experimental
diabetic pregnancy is a condition with increased lipid
peroxidation, not only compared to normal pregnant
rats but also to non-pregnant diabetic rats. Maternal
diabetes increases protein carbonylation and lipid
peroxidation rates both in maternal and fetal tissues.
No clear-cut correlation between fetal morphology
and fetal or amniotic fluid oxidative stress markers
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were found. However, isoprostane concentrations in
amniotic sacs of resorbed offspring tend to be in-
creased compared to normal offspring, suggesting a
potential use in predicting embryo maldevelopment.
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