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OBJECTIVE: To examine the use of streptozotocin (SZ) in rats as a model for gestational diabetes mellitus
(GDM).

METHODS: We studied various doses of SZ, either as a single administration (30, 35, 40, or 50

mg/kg, intraperitoneally) on day 1 of pregnancy or as 2 low doses (30 and 20 or 30 and 30 mg/kg)
administered 2 days before mating and on day 1 of pregnancy. We examined the effect on maternal and fetal
glucose and insulin concentrations and on fetal weight on day 20 of pregnancy. In a second series of
experiments, we studied two groups (SZ 30/20 and SZ 35) with fetal hyperinsulinemia on day 20 of
pregnancy. We performed an intravenous glucose tolerance test (IVGTT) on day 20, and in separate groups
we reassessed fetal weight and insulin concentrations at term (day 22).

REsuLTS:  There was considerable variability in glucose concentrations with most SZ doses. Lower doses
of SZ (30, 30/20, and 35 mg/kg) did not significantly increase maternal and fetal glucose levels, in contrast
to higher doses of SZ (30/30 and 50 mg/kg). Fetuses were smaller on day 20 with all doses except SZ
30 and SZ 30/20; fetal insulin concentrations were elevated with SZ 30, 30/20, and 35. The IVGTT
showed glucose intolerance in SZ 35 and SZ 30/20, but the insulin response was unaffected in either group.
Fetuses were smaller on day 22 in both these SZ groups, whereas fetal insulin levels at term were not
different compared with controls.

CONCLUSION:  Low-dose SZ is not a good model for GDM because of the high variability in glucose
levels, the normal insulin response to a glucose load, the absence of fetal macrosomia, and the inconsistent
effect on fetal insulin concentrations. (] Soc Gynecol Investig 2003;10:216—21)  Copyright © 2003 by
the Society for Gynecologic Investigation.

———eee———

KEY WORDS: Gestational diabetes mellitus, pregnancy, rats, streptozotocin.

estational diabetes mellitus (GDM) is a frequent com-
plication of pregnancy, affecting 3.5% of pregnancies
in the United States in 1988." Because obesity and age
are major risk factors for GDM,? the prevalence of GDM is
increasing.” Although GDM may represent a previously un-
recognized state of continuous hyperglycemia (ie, diabetes),
most women with GDM show glucose intolerance that does
not persist after pregnancy. Women with GDM have been
shown to be more insulin-resistant than normal pregnant
women, and their insulin secretion is defective relative to the
degree of insulin resistance.” Babies of women with poorly
controlled GDM are well known to be macrosomic, hyper-
glycemic, and hyperinsulinemic at birth.?
Research into GDM has been hampered by the lack of
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universally accepted animal models.® The most frequently used
method is to inject a diabetogenic drug, such as alloxan or,
more commonly, streptozotocin (SZ) into rats or rabbits. Be-
cause of the glucose compound in its chemical structure, SZ is
taken up by the pancreatic B cells through low-affinity binding
to the glucose transporter GLUT-2.” Streptozotocin causes
damage to the plasma membrane and the DNA of the 8 cells,
resulting in necrosis.>” Although SZ clearly is toxic for 3 cells,
its half-life is only 30 minutes.'” Interestingly, human B cells
are resistant to SZ.'"' A robust dose of SZ in rats induces
permanent hyperglycemia and hypoinsulinemia within 48
hours,'*'? which has been used by numerous research groups,
including ours, as a model for type 1 diabetes during pregnan-
cy.'*!> We have also studied pregnancies in spontaneously
diabetic biobreeding rats, which develop an autoimmune form
of type 1 diabetes.'® Severe maternal hyperglycemia invariably
is accompanied by growth retardation of the fetuses, probably
because of a reduction in uteroplacental blood flow."” Fetal
insulin levels were found to be normal'® or decreased.'* "¢
The use of lower doses of SZ during pregnancy has pro-
duced inconsistent results. In some studies, fetal growth retar-
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dation was observed irrespective of the SZ dose.'” ™' In other
studies, a proportion of the fetuses in the low-dose SZ groups

22-25 .
> which was

were found to be larger than control fetuses,
considered to be the experimental equivalent of human fetal
macrosomia. In those studies, fetal insulin levels were variably
reported to be normal® or elevated.* >

Given these inconsistencies, we set up a comprehensive
study using six different doses and administration modes of SZ,
which was given intraperitoneally (i.p.). The experimental
questions we sought to answer were (1) which dose of SZ
consistently produces mild hyperglycemia or glucose intoler-
ance during pregnancy? (2) Is fetal macrosomia and hyperin-

sulinemia observed with any dose of SZ?

MATERIALS AND METHODS

All experiments were reviewed and approved by the Local
Ethics Committee for animal procedures (Katholieke Univer-
siteit, Leuven, Belgium).

Wistar rats (Charles River Laboratories, Wilmington, MA)
aged 100—-120 days were used in all experiments. The rats were
kept in controlled conditions of light (12 hour light-dark cycle)
and humidity, were fed standard laboratory chow ad libitum
(Trouw, Gent, Belgium), and had free access to tap water.
Before the start of the experiments, the rats were allowed to
adapt for 1 week. The animals were then weighed, and a blood
sample was taken from the tip of the tail for the determination
of glucose and insulin levels. Vaginal wet smears were made to
determine the estrous cycle of the rats. On the evening before
estrus, female rats were housed overnight with male rats; the
presence of spermatozoa in a vaginal smear the next morning
was defined as day 1 of pregnancy. Streptozotocin (Pharmacia,
North Peapack, NJ) was dissolved immediately before use in a
phosphate buffer acidified to pH 4.2 with citric acid and was
administered 1.p.

Dose-Response Study of SZ (Study 1)
Rats (six rats per group) were injected with a single dose of SZ
(either 30, 35, 40, or 50 mg/kg) on day 1 of pregnancy. Two
additional groups of rats (n = 6) were injected with two low
doses of SZ, the first injection 2 days before mating (30 mg/kg
SZ) and the second on day 1 of pregnancy (30 or 20 mg/kg
SZ). These groups are referred to as SZ 30/30 and SZ 30/20,
respectively. Data from SZ-injected rats were compared with
data from non-SZ-injected control rats (n = 6).

On days 6, 13, and 20, the rats were weighed, and nonfast-
ing blood samples were collected from the tip of the tail into
heparinized tubes; the plasma was stored at —20C for mea-
surement of glucose and insulin concentrations. Glucose was
determined using the glucose-oxidase method with a YSI 2300
Stat Plus Glucose Analyzer (Yellow Springs Instruments, Yel-
low Springs, OH). Insulin was measured by radioimmunoassay
with rat insulin as the standard (Linco Research, St. Charles,
MO) and a guinea pig anti-rat insulin antibody, donated by A.
Kervran (Paris, France).

On day 20 of pregnancy, the rats were anesthetized with
0.24 mmol/kg pentobarbital 1.p. (Sanofi, Brussels, Belgium),
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and fetuses were delivered by cesarean. Fetal blood was col-
lected through axillary incisions and was pooled for all fetuses
in each uterine horn (ie, two collections per litter). The plasma
was stored for measurement of glucose and insulin concentra-
tions. All fetuses and placentas were weighed, and the maternal
rats were euthanized.

Intravenous Glucose Tolerance Test and
Fetal Data at Term in the SZ 35 and SZ
30/20 Groups (Study 2)

On day 19 of pregnancy, rats (six per group) were anesthetized
with ketamine 50 mg/kg i.p. (Parke-Davis, Zaventem, Bel-
gium), xylazine 10 mg/kg i.p. (Bayer, Leverkusen, Germany),
and atropine 0.25 mg/kg i.p. (Sterop, Brussels, Belgium). The
jugular vein was cannulated, and the catheter (Degania Sili-
cone, Degania Bet, Isracl) was tunneled to the back. The
animals recovered overnight, and water was available ad libi-
tum. The following morning, a blood sample (250 L) was
collected from the tip of the tail to determine basal glucose and
insulin levels. A bolus of 1 g/kg glucose 30% was injected
intravenously. Blood glucose levels were determined by tail-
prick blood samples after 5, 10, 15, 30, 60, and 90 minutes
using a glucometer (Glucocard Memory 2 GT-1640, Mena-
rini, Florence, Italy). At 10, 30, and 90 minutes, a larger blood
sample (250 nL) was also collected from the tip of the tail, for

simultaneous measurement of plasma insulin.

In a separate set of groups, we reassessed the fetal data on day
22 in the SZ 30/20, SZ 35, and control groups (six rats per
group) as described for Study 1.

Data Analysis

Data are expressed as mean * standard error of the mean.
Glucose and insulin levels during the intravenous glucose
tolerance test IVGTT) were analyzed by calculating the area
under the curve (AUC) for each animal (GraphPad Software,
San Diego, CA). Differences between groups were analyzed by
one-way analysis of variance (ANOVA), using a software
program (NCSS, Kaysville, UT). When ANOVA indicated a
significant difference (P < .05), Fisher’s least significant differ-
ence (LSD) post hoc multiple comparison test was used to
detect differences between groups. Fetal glucose and insulin
levels on day 20 (study 1) and day 22 (study 2) were compared
with unpaired ¢ tests.

RESULTS

Dose-Response Study of SZ (Study 1)
Weight gain during pregnancy was lower in the SZ 35 (73 *
2 g) and SZ 50 (72 = 14 g) groups than in the control group
(112 £ 3 g) (ANOVA P < .05), but there was no difference
between any of the other SZ groups and the control group
(data not shown).

Glucose concentrations decreased during pregnancy in con-
trol rats (ANOVA P < .05) and in SZ 30 rats (ANOVA P <
.001) (Figure 1, inset) but not in any of the other SZ groups.
Figure 1 shows that mean glucose levels were elevated in the
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Figure 1. Plasma nonfasting glucose levels on days (d) 6, 13, and 20
of pregnancy in control and SZ-injected rats. Data are mean *
standard error of the mean from six rats per group. One-way
ANOVA indicated a highly significant difference among the groups
(P < .001 on days 6, 13, and 20), and the post hoc test (Fisher’s LSD)
revealed significant differences versus controls (*P < .05, **P < .005,
and ***P < .001). The inset shows the groups in which a significant
effect of pregnancy on glucose levels was detected (ANOVA P <
.001 for SZ 30 and P < .05 for control). Fisher’s LSD test revealed
significant differences versus day 6.

SZ 30/30 and SZ 50 groups on days 6, 13, and 20, whereas the
SZ 40 group was hyperglycemic only on day 6. Figure 2 shows
that SZ produced considerable intragroup variability in glucose
levels, particularly in SZ 35, SZ 40, SZ 30/30, and SZ 50. In
SZ 30 and SZ 30/20 the results were more consistent, but
mean glucose levels on day 20 were not significantly higher
than in controls.

Insulin concentrations on day 20 were lower in the SZ
30/30 (22 = 8 mU/L, P < .05) and SZ 50 26 = 8 mU/L, P
< .05) groups compared with controls (55 £ 9 mU/L), but
there was no diftference between insulin levels of controls and
any of the other SZ groups (32 * 3,49 = 9, 41 £ 6, and 46
* 10 mU/L, in the SZ 30, SZ 30/20, SZ 35, and SZ 40
groups, respectively).

At cesarean on day 20, no differences were detected in litter
size, total live litter weight, and number of resorptions among
the groups (data not shown). Groups that were hyperglycemic
throughout pregnancy (SZ 30/30 and SZ 50) had smaller
fetuses and larger placentas (Table 1); these fetuses were se-
verely hyperglycemic, but no difference in insulin concentra-
tion was detected. Animals with hyperglycemia on day 6 (SZ
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Figure 2. Box-and-whisker plots of plasma nonfasting glucose levels on
day 20 of pregnancy in control and SZ-injected rats. Each group
contained six rats. The lowest and highest values are shown for each
group. Above the graph, we also show the number of rats in each
group that had post-SZ glucose levels below 100 mg/dL (normal),
100-300 mg/dL (moderate hyperglycemia), and over 300 mg/dL
(severe hyperglycemia). One-way ANOVA indicated a highly signif-
icant difference among the groups (P < .001), and the post hoc test
(Fisher’s LSD) revealed significant differences versus controls (*P <
.005 and **P < .001).

40) also had smaller fetuses and larger placentas, but fetal
glucose levels were not significantly elevated. Among the
nonhyperglycemic groups (SZ 30, 30/20, and 35), fetal weight
was lower only in the SZ 35 group, and there was no effect on
placental weight or fetal glucose levels. Fetal insulin concen-
trations were higher in SZ 30, 30/20, and 35 compared with
controls.

IVGTT and Fetal Data in the SZ 35 and SZ
30/20 Groups (Study 2)

No differences were detected in fasting glucose levels of the SZ
35 and SZ 30/20 groups compared with controls (Figure 3).
Glucose levels tended to be higher at 10 minutes (ANOVA P
= .06) and 15 minutes (ANOVA P = .09) after the glucose
load in the SZ 35 and SZ 30/20 groups. At the 30-minute time
point (ANOVA P = .036), glucose levels were significantly
higher in both groups than in controls, whereas at the 60-
minute time point (ANOVA P = .045), glucose levels were
higher in the SZ 35 group only. The AUC was significantly
elevated in the SZ 35 but not the SZ 30/20 group compared
with controls. No significant differences were detected in
insulin concentrations, either fasting or at any time point
during the IVGTT, and in the AUC.

Cesarean delivery on day 22 showed that fetuses in both SZ
35 and 30/20 groups were smaller than those of controls
(Table 1). Placental weight, fetal plasma glucose, and insulin
concentrations was not significantly different among the
groups (ANOVA P = .054, P = .058, and P = .76, respec-
tively). Glucose concentrations were higher on day 22 than on
day 20 in fetuses of control and SZ 30/20 rats, but not in
fetuses of SZ 35 rats (P = .19). Fetal insulin concentrations



Table 1. Fetal and Placental Weight, and Fetal Plasma Glucose and Insulin Concentrations on Days 20 and 22 of Intrauterine Life

Fetal weight (g)

Placental weight (g)

Fetal glucose (mg/dL)

Fetal insulin (mU/L)

Group Day 20 Day 22 Day 20 Day 22 Day 20 Day 22 Day 20 Day 22
Control 221 £0.02 (75) 5.15 = 0.04™ (72) 0.52 % 0.01 (75) 0.60 = 0.01** (73) 45 + 4 (12) 106 * 7** (12) 98 + 7 (12) 235 * 17 (12)
SZ 30 217 % 0.02 (74) 0.51 = 0.01 (74) 46 * 3 (12) 149 *+ 16* (12)

SZ 30/20 2.26 = 0.02 (78) 4.83 = 0.04%* (83) 0.53 = 0.01 (78) 0.56 = 0.01* (74) 52 =5 (12) 114 = 5 (12) 156 = 197 (12) 265 * 47* (12)
SZ 35 2.11 £ 0.02* (70) 4.64 = 0.05%* (69) 0.50 = 0.01 (72) 0.59 = 0.01* (71) 111 = 34 (12) 184 * 45 (12) 151 = 12* (12) 259 * 19* (12)
SZ 40 2.11 = 0.02% (73) 0.61 = 0.01% (73) 134 = 41 (12) 101 = 13 (12)
SZ 30/30 1.93 + 0.02% (89) 0.61 = 0.01% (89) 308 * 42% (12) 65 = 11 (12)
SZ 50 1.95 = 0.03* (67) 0.61 * 0.02% (67) 410 = 61%F (11) 113 + 20 (11)

Data are mean * standard deviation of the mean from six rats per group. The number of fetal measurements is given in parentheses (fetal blood was pooled per uterine horn). For most variables (all variables on day 20 and fetal weight on
day 22), one-way ANOVA indicated a highly significant difference between groups (P < .001), and the post hoc test (Fisher’s LSD) revealed significant differences versus controls (* P < .05, T P < .01, and ¥ P < .001). One-way ANOVA
was not significant for placental weight (P = .054), fetal glucose (P = .06), and insulin (P = .76) on day 22. In the control, SZ 30/20, and SZ 35 groups, the data from day 22 were compared with those of day 20 by unpaired ¢ tests (**P

< .001).
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acknowledged previously. Some groups have therefore used

1>* obtained modest

predefined post-SZ glucose levels. Oh et a
hyperglycemia (ie, glucose between 100 and 300 mg/dL) in
48% using SZ 35, and Merzouk et al™ succeeded in 60% of rats
using SZ 40. In this study, SZ 30/20 appeared to be the best
mode of administration to achieve this goal, but in the IVGTT
experiment, glucose intolerance was not readily apparent. A
significant deterioration in glucose tolerance was observed
with SZ 35, but only one of six animals had modest hyper-
glycemia in this group. Although the data were obtained in
separate experiments, it is nonetheless clear that modest non-
fasting hyperglycemia does not adequately reflect the blood
glucose response to a glucose load in fasting rats. Neither SZ
30/20 nor SZ 35 produced any change in insulin concentra-
tions during the IVGTT. This finding contrasts with data in
human GDM, which is characterized by a deficient early
insulin response during an IVGTT.* SZ 30/30 and 50 were
most likely to result in severe hyperglycemia (> 300 mg/dL),
although there was considerable variability within these SZ
doses as well. Because SZ 30/30 did not result in extreme
hyperglycemia (> 600 mg/dL) in any of the animals, it may be
preferred to SZ 50 to produce severe diabetes. Both high-dose
SZ groups were predictably accompanied by relative
hypoinsulinemia.

We found that fetal insulin concentrations on day 20 were
elevated in the SZ 30, 30/20, and 35 groups, which suggests
that fetal glucose levels were sufficiently elevated to stimulate
insulin secretion. This finding confirms reports of elevated fetal
insulin concentrations in rats treated with low doses of SZ.>*>
However, on day 22 (ie, at term), fetal insulin concentrations
in the SZ 30/20 and 35 groups were not significantly different
from controls, although the fetal blood samples had been
obtained by identical methods. Fetal insulin concentrations
increased between day 20 and 22 by 70-140%, which confirms
the findings of previous studies.”>*” Higher doses of SZ (SZ
30/30 and 50) were accompanied by unequivocal fetal hyper-
glycemia but did not affect fetal insulin concentrations. In

16,22,28 . .
»22% we found fetal insulin

several of our previous studies,
levels to be lower in severely diabetic rats, and we produced
histologic and ultrastructural evidence that this is the result of
degranulation of the fetal B cells.'®**

Some researchers have reported fetal macrosomia in rats
injected with low doses of SZ, but, again, they used predefined
selection methods. Kim et al*> injected rats with SZ 32, and
they were subsequently mated if glucose levels were between
130 and 200 mg/dL. Macrosomia, defined as the mean fetal
weight of controls + 2.5 standard deviations, was observed in
14% of fetuses on day 20.5. Other investigators used compa-
rable criteria to define macrosomia (eg, the mean birth weight
of control pups + 1.7 standard deviations).*** In the lower-
dose groups (SZ 30, 30/20, and 35), we found that the average
fetal weight was lower in SZ 35 rats on days 20 and 22, and in
SZ 30/20 rats on day 22; SZ 30 rats had a normal fetal weight,
but they were examined only on day 20. Applying the above
criteria for macrosomia (fetal weight of controls + 1.7 standard
deviations), 4.1% (three of 74), 5.1% (four of 78), and 0% of

Caluwaerts et al

the fetuses were macrosomic on day 20 in the SZ 30, 30/20,
and 35 groups, respectively, which is statistically at or below
the expected percentage. Our findings are in line with previous
data 20

SZ-diabetic pregnant rats. This finding is not surprising be-

showing that fetal macrosomia is not a feature of

cause rat fetuses are chemically immature. At birth, only 2% of
body weight is fat tissue in rats, compared with 16% in
humans.***

In conclusion, the injection of lower doses of SZ in rats is
not an adequate model for human GDM because of the high
variability in nonfasting glucose levels, the absence of a defi-
cient early insulin response to glucose load, the lack of con-
sistent fetal hyperinsulinemia, and the absence of fetal
macrosomia. Other models for GDM need to be explored. Fu
et al’' injected pregnant rats with SZ 55 and transplanted
pancreatic islets from donor rats, thus obtaining rats with mild
glucose intolerance; newborn body weight was elevated by
14%. Another interesting model of GDM was recently de-
scribed in mice.”*”? Mice heterozygous for the leptin receptor
(Lepr®™ )
showed glucose intolerance with higher insulin concentra-

had increased weight gain during pregnancy and

tions. The weight of heterozygous fetuses was increased by 7%
on day 18 of pregnancy, and fetal insulin levels were higher
compared with wild-type fetuses. The relation between obe-
sity, insulin resistance, and glucose intolerance during preg-
nancy in animal models is a promising avenue for future
research on GDM.
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