Streptozotocin-Induced Diabetic Pregnant Rats Exhibit Signs
and Symptoms Mimicking Preeclampsia
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The number of patients with hypertension, obesity, diabetes, and hyperlipidemia is increasing. This tendency is observed in
pregnant women, in whom many obstetrical and perinatal complications occur. The prevention of these abnormalities is
important in reducing perinatal mortality and the risk of coronary disease. We established a pregnant rat model with diabetes
and signs and symptoms mimicking preeclampsia. On day 6 of pregnancy, streptozotocin (STZ) or citrate buffer was injected
into the tail vein. After STZ administration, plasma glucose was increased within 48 hours and sustained at a high level until
day 20 of pregnancy, and plasma insulin was decreased. Fetuses from STZ-treated mothers were growth-restricted, and
plasma glucose was 6-fold higher in fetuses of STZ-treated versus control rats. The systolic blood pressure, urinary protein,
and hematocrit were increased significantly in STZ-treated rats. Total cholesterol and triglycerides were also elevated in
STZ-treated rats, but plasma leptin levels were decreased. The STZ-induced diabetic pregnant rat model exhibited
preeclampsia, hemoconcentration, hyperlipidemia, hypoleptinemia, and intrauterine growth restriction. This model closely
mimics the features of human pregnancy complicated by diabetes and is useful for the basic study of the pathophysiology of
pregnancy with diabetes.
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HE NUMBER OF PATIENTS with hypertension, obesity, housed with mature male rats. The vaginal smear was checked the next

diabetes, and hyperlipidemia is increasing rapidly in morning, and the day that a sperm-positive result was obtained was

many countries, including Japan. This tendency is also found irflesignated day 0 of pregnancy. The pregnant rats were transferred to
pregnant women, and if they are obese and/or diabetic, the{rdividual cages during the period of pregnancy.

: . . s On day 6 of pregnancy, STZ (Sigma Chemical, St Louis, MO) 30
may experience many obstetrical and perinatal compllcatlonsmg/kg body weight in 0.1 mol/L citrate buffer, pH 4.5, was injected into

_SUCh as preeclampsia, fetal (_1|stress, macrosomnia, and 4fe tail vein (STZ-treated). Control rats were injected with citrate buffer
increased rate of cesarean _Secﬂlon. o on the same day. Maternal blood glucose was determined in blood
In the nonpregnant patient, the characteristic findings ofsampled from the tail vein. Diabetes was confirmed 48 hours after STZ
hyperinsulinemia, impaired glucose tolerance, hyperlipidemiaadministration, and maternal blood glucose was also determined on
and hypertension are known as syndrom&The combination  days 6, 8, 13, and 20 of pregnancy. The blood glucose level was
of these abnormalities can place patients at high risk for coronaryneasured by the glucose oxidase method using a Medisafe automated
disease, even if each abnormality is clinically mitdhen obesity ~ analyzer (Termo, Tokyo, Japan).
coexists with syndrome X, this condition has been reported as The systolic blood pressure of rats in b_oth groups was ‘measured on
visceral fat accumulation syndrorighe deadly quartet,or days 6, 13?, and 19 of pregnancy by the tail-cuff method using a Softron
insulin resistance syndronidt is thought that these conditions BP9BA tail-cuff hemodynamometer (Softron, Tokyo, Japan) after the

e closelv interrelated and in the same disea ctrum behavior and heart rate of the rat was stabilized. Blood pressure is
are closely interr andin S ISease spectrum. reported as the mean of at least 3 measurements performed during the

Pregnapcy isa p_hysmlogmal state assc_)c_lated with s_|gn|f|can§ame session, which had to vary by less than 5%. Most of the blood
changes in appetite, blood pressure, lipid metabolism, an@essure values were within the required range while the rats were
functions regulated in part by hormones. Pregnant women withstable. The rats were transferred to metabolic cages in the evening on
obesity and/or glucose intolerance tend to develop preeclampday 19 of pregnancy, and 12-hour urine was collected. The urinary
sia87and impaired glucose tolerance is often found in pregnangprotein level was measured by the pyrogallol red me#tfod.
women with preeclampsThe perinatal mortality rate is On day 20 of pregnancy, the rats were anesthetized with ether and the
increased 20-fold for preeclamptic diabetic women compared“at?mal blood was collected by heart 'puncture, after which g cesarean
with those who are normotensi9eHyperlipidemia, a well- section was performed. The fetal weight and placental weight were

established risk factor for coronary heart disease, is common irﬁ"eas.UIrech and the matermf" pancreas was removeq for 'mmunOh'.Sto'
the second half of pregnant chemical study. The paraffin-embedded pancreas tissue was stained

: . using guinea pig anti-insulin (L1859), rabbit anti-porcine glucagon
The. purpose. of this study was twofold. The first Was_ to (L1813), and a Dako System 40 PAP Kit (Dako, Carpinteria, CA). The
establish an animal model of pregnancy complicated by diabep|ood was centrifuged at 3,000 rpm for 10 minutes, and the plasma was

tes and preeclampsia since there are no reports of a model of thigored at-40°C until analysis for insulin, cholesterol, triglyceride, and
type, and to investigate the pathophysiology of diabetic preg-

nancy. We used streptozotocin (STZ), which is useful for inducing
insulin-dependent diabetes and investigating vaaumsplications From the Department of Obstetrics and Gynecology, Okayama
in nonpregnant laboratory roderts2The second purpose was University Medical School, Okayama, Japan.

to investigate the metabolism and the effects on the fetus in this Submitted July 4, 1999; accepted November 4, 1999.
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Female Wistar rats weighing 200 to 230 g and their fetuses were used Copyright© 2000 by W.B. Saunders Company
in this study. They were kept in a temperature- and light-controlled 0026-0495/00/4907-0015%$10.00/0
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leptin. Fetal blood was collected from the jugular vein and the blood 12
glucose level was determined immediately. Plasma insulin and leptin
were determined by a rat insulin and leptin enzyme immunoassay
system (Amersham, Tokyo, Japan). The intraassay coefficient o
variation was 3% and 4%, respectively. Plasma total cholesterol an
triglycerides were determined by the Cholesterol-E kit and Triglycer- &
ide-E kit (Wako Pure Chemical Industries, Osaka, Japan). The intraasé
say coefficient of variation for cholesterol and triglyceride was less § 6
than 4%. £

In this study, we also injected STZ (30 mg/kg body weight) into the E 4
nonpregnant rats and measured the systolic blood pressure on days 0,2,
and 13 after STZ administration, the urinary protein level on day 13, andf
the plasma lipid levels on day 14. The methods used were the same as
for pregnant rats.

84

Statistical Analysis Control STZ

The results are reported as the mearsSD. Statistical analysis was Fig 2. Plasma insulin in control (n = 17) and STZ-treated (n = 14)
performed with the unpaired Studenittest for comparison of 2 groups  rats on day 20 of pregnancy. Results are the mean = SD. P < .01 v
or a multiple-comparison test (Scheffe’s test) for comparison of morecontrol.
than 2 groups. Analyses were performed with the software package
StatView version 5.0 (Abacus Concepts, Berkeley, CA) on a Macintosh
personal computer (Apple Japan, Tokyo, Japan). Statistical significanctfeated mothers were growth-retarded and had a significantly

was set at & level less than .05. reduced body weight compared with control fetuses. However,
the placental weight was significantly higher in STZ-treated rats
RESULTS compared with control rats. Fetal blood glucose was 6-fold

The changes in plasma glucose for the control and STzhigherin STZ-treated rats versus control rats (Table 1).
treated rats are shown in Fig 1. Blood glucose was rapidly After administration of STZ, systolic blood pressure was
elevated after administration of STZ and showed a significantlymarkedly elevated and the difference persisted till term in
high level after 7 days in STZ-treated rats (contwoSTZ,  STZ-treated rats, but there was no remarkable change in control
76.6+ 13.4v325.2+ 76.4 mg/dLP < .001), and these differ- rats during the experiment (Fig. 3). Systolic blood pressure in
ences persisted till term. In nonpregnant rats, blood glucos@onpregnant STZ-treated rats also showed no change (day 0,
increased similarly after administration of STZ. The maternal1l02+ 7 mm Hg; day 7, 101- 10 mm Hg; day 13, 97 6 mm
plasma insulin level on day 20 of pregnancy was significantlyHg; n=5). The maternal urinary volume on day 20 of
lower in STZ-treated rats versus control rats (conr&@TZ, pregnancy was increased in STZ-treated rats (comi8lZ,
5.25+ 2.32v2.95+ 2.14 ng/mL P < .01; Fig 2). Immunohis- 11.0= 4.8 v 22.8+ 8.3 mL/12 h, P <.001), and urinary
tochemical staining of STZ-treated rat pancreas also showed protein levels were also higher in STZ-treated rats versus
marked decrease b cells, but no changes were observedin control rats (controv STZ, 13.8+ 11.7v 78.7 = 69.9 mg/dL,

cells (data not shown). P < .05) and nonpregnant STZ-treated rats (15.41.2 mg/
There were no differences in maternal body weight (control dL; Fig 4).
STZ, 215+ 23 v 213+ 18 g) and litter size (control STZ, Complete blood cell counts are shown in Table 2. No

12.6+ 1.5v 11.8+ 1.0) between groups. Fetuses from STZ- significant differences were observed among the 3 groups for
any parameter except the hematocrit, which was significantly
higher in STZ-treated rats compared with control and nonpreg-

500 nant STZ-treated rat®(< .05).

450 « * Plasma lipid values are listed in Table 3. Triglyceride levels
= 400 were higher in STZ-treated rats versus control and nonpregnant
% 350 STZ-treated ratsR < .001 andP < .05, respectively). Total
E 300 * cholesterol was higher in STZ-treated rats than in control rats
% 250 (P < .05). Plasma leptin in normal pregnancy increased 2.4-
g fold from a mean of 3.39- 0.81 ng/mL before pregnancy to
3 200 8.00+ 3.77 ng/mL on day 20 of pregnandy K .05; Fig 5), but
g 150 plasma leptin in STZ-treated rats decreased to 73.41
2 100 N o o ng/mL on day 20 of pregnancy.

T X b 4
50 DISCUSSION
- 6 8 13 20 We have confirmed intrauterine growth restriction of fetuses
days of pregnancy in our STZ-treated rat model, which exhibited blood glucose of

fa 1 ch i blood al ) wol (® 15) and about 320 mg/dL. This model showed the characteristic signs
g 1. anges In 00d glucose In control , = an . . . . _
STZ-treated (M; n = 13) rats during pregnancy. Citrate buffer or STZ ar_]d symptoms resemb"”g preeclampsia, _Ie_‘ hyp_ertensmn, pro
(30 mg/kg body weight) was injected on day 6 of pregnancy. Results t?my”a: hemocon(_:gnt_ratlon, and hyperlipidemia, and these
are the mean = SD. %P < .001 v control. findings were specific in STZ-treated pregnant rats. However,
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Table 1. Maternal, Fetal, and Placental Weight and Fetal Blood Glucose in Both Groups

Control STZ
Parameter Mean * SD No. Mean + SD No. P
Maternal weight (g) 215 = 23 14 213 =18 15 NS
Fetal weight (g) 3.52 £0.25 151 32704 161 <.001
Placental weight (g) 0.54 = 0.07 151 0.61 = 0.07 161 <.001
Fetal blood glucose (mg/dL) 348 £7.8 55 213.2 = 102.3 57 <.001

Abbreviation: NS, not significant.

placental weight was increased, in contrast to the findingsl3% of the diabetic women, as compared with 10% of the
usually observed in preeclampsia. general pregnant populati8h.Hypertension and/or albumin-
The altered maternal-fetal metabolic fuel relations resultinguria was associated with 71% of stillbirths and 52% of neonatal
from diabetes in pregnancy modulate fetal growth. The in-deaths in diabetic pregnanci&sPedersen’s studyalso sug-
creases in fetal glucose and insulin availability with maternalgested that insulin-dependent diabetic patients who develop
diabetes are strongly associated with the development of fetgiregnancy-induced hypertension have a significantly higher
macrosomnid? but severe diabetes mellitus or diabetes of longperinatal morbidity and mortality rate. In our study, signs and
duration restrict fetal growtk Rat fetal body weight correlates symptoms mimicking preeclampsia were observed in STZ-
positively with maternal plasma glucose in diabetic rats with atreated rats. These findings suggest that it is very important to
glucose level less than 220 mg/dL, but it correlates negatively ircontrol maternal diabetes carefully.
rats with a level above 220 mg/dg. Although the precise mechanisms of preeclampsia are still
The increase in glucose availability to the fetus resultingobscure and require elucidation, it is well established that in
from severe maternal diabetes downregulates glucose trangreeclampsia there is a relative increase in vasoconstricting,
porter-1, thereby limiting glucose availability to cells, and thus platelet-aggregating prostaglandins such as thromboxane A
contributes to fetal growth restrictidii.In most fetal tissue, and prostaglandin £ and similar alterations are observed in
glucose transporters control glucose entry into cells. Glucoseliabete$? Vascular prostacyclin synthesis is decreased in both
transporter-1 appears to be the predominant isoform in mospatients and experimental animals with diabétaale believe
fetal and neonatal rat tissues, including brain and muSaad  that these factors contribute to hypertension in STZ-treated rats.
insulin is an important modulator of glucose transport in both Proteinuria, a sign of preeclampsia, is also found in STZ-treated
the fetus and the adult animal. Changes in the availability ofrats. Hypertension accelerates the development of proteinuria
other fuels such as ketones and fatty a€ids growth factors  and glomerulosclerosis in several types of renal disease. The
such as insulin-like growth factor-I may contribute to fetal proteinuria in diabetic nephropathy may arise primarily from a
growth restriction in diabetic rats. disturbance of the charge barrier of the glomerular basement
The incidence of hypertension is known to be increased inmembrane, and destruction of the size barrier is believed to
diabetic pregnant womehThe classic studies by Whitein a contribute to the development of proteinutfdt has also been
series of 439 diabetic pregnancies showed that insulinteported that diabetic Wistar rats exhibited a thicker glomerular
dependent diabetic women are at higher risk to developbasement membrane than control Fats.
hypertension during pregnancy than nondiabetic women. The Pregnancy is a hypermetabolic state associated with a
overall increase in hypertensive complications in pregnantphysiological increase in maternal body fat and weight. In-
women with diabetes was 24%. Preeclampsia was diagnosed itreased serum triglyceride and total cholesterol levels were
observed during pregnarf&and in nonpregnant STZ-induced
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Fig 3. Changes in systolic blood pressure in control (®; n = 17)
and STZ-treated (M; n = 14) rats during pregnancy. Citrate buffer or Fig4. Urinary protein in nonpregnant STZ-treated (n = 4), control
STZ (30 mg/kg body weight) was injected on day 6 of pregnancy. (n = 11), and STZ-treated (n = 14) rats on day 19-20 of pregnancy.

Results are the mean = SD. xP < .001 v control. Results are the mean = SD. P < .05.
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Table 2. Blood Parameters in the Three Groups 20
Nonpregnant Control STZ 184
Parameter STZ(n=17) (n=12) (n=13) %
16 ]
White blood cell *
count (per pL) 4,943 + 2,020 4,742 = 1,639 5,438 + 1,909 = 141
Red blood cell count % 12
(X10%uL) 568 * 44 549 + 34 548 + 50 £ 10
Hemoglobin (g/dL) 11.9 = 0.8 115+ 0.6 119+ 0.8 k=
=}
Hematocrit (%) 344 +12 341+1.2 37.5 + 2.6* o 8 P
Platelet (X 10%/pL) 119 = 17 114 + 14 101 *+ 16 = 6
NOTE. Results are the mean *+ SD. 44
*P < .05 vnonpregnant STZ-treated and control. 2 |
diabetic rat$7” Our study obtained the same findings for diabetic =~ 01 T

pregnant rats. The hyperphagia of diabetic rats induces hypertro- non-pregnant Control S1Z

phy of the intestinal mucosa, and cholesterol synthesis iS rigs. plasma leptin in nonpregnant (n = 6), control (n = 14), and
strikingly increased in the g@d Cholesterol absorption is STz-treated (n = 14) rats on day 20 of pregnancy. Results are the
increased due to the enhanced activity of acylcoenzyme Amean = SD. %P < .05, x*P < .001.

cholesterol acyltransferase, the enzyme that catalyzes choles-

oo i .
terol esterl_flcapor?. In addition, a_II of t.h ese metaboll_c changes cultured rat adipocyte¥. Several studies have found that ob
observed in diabetes and physiological changes in pregnanc

S R ) I_é;'ene expression is increased after administration of insulin or
may be present also in lipid metabolism in diabetic pregnan ; . o . . . .
rats glucosé” and is decreased in insulin-dependent diabetic ani-

Finally, we investigated the plasma leptin level, which is mals?gThe findings of these studies closely agree with our own.
closely related to obesity. Leptin, a hormone secreted b)}n addition, other factors such as progesterone_, estrogen, and
adipocytes, has a central role in the regulation of appetite anguman placental Iactqgen, which |ncrease_dur|ng pregnancy,
energy and energy expenditfdt has also been implicated in may affect the expression 9f the ob gene O!””“g pregnancy.
the regulation of reproductive function, promoting maturation In our study, the cwgulatmg plasma leptin concentration was
of the reproductive system and signaling the presence 0{;narkedly decreqsed in STZ-trgated rats. It has begn reported
adequate maternal fat stores to initiate reproduction. that a decrease in plasma leptin after 2 weeks of diabetes was

Serum leptin on day 20 of pregnancy was significantly higherrelated to reduced adlposn.y and |nvgrsgly correlated with the
in control rats versus nonpregnant and STZ-treated rats. Ra&t@SMa glucose concentrati#tThese findings suggest that the
serum leptin levels were modulated during normal pregnancyShort-term effect of STZ-induced diabetes to decrease plasma
with a 1.8-fold increase at 20 day of pregnancy followed by aleptin is mainly the result of insulin deficiency and a decrease in
decrease just prior to parturitidThese changes paralleled the 9lucose uptake and metabolism, whereas in diabetes of longer
increase in body weight and leptin receptor mRNA in the duration, both reduced adiposity and insulin deficiency contrib-
uterus?! In human pregnancy, serum leptin at 36 weeks ofute to hypoleptinemia.
pregnancy is significantly higher than the postpartum level and STZ-induced diabetes is associated with insulin resistdnce
correlates with the weight, body mass index, fat mass, andn addition to insulin deficiency, and our model has many
serum insulin leve}? Others have also reported that plasma features found in human diabetic disease. The STZ-induced
leptin is correlated with plasma insulin in humans and ani-diabetic pregnant rat model outlined in this study exhibited
mals33:34 signs and symptoms mimicking preeclampsia such as hyperten-

The close association between hyperinsulinemia and hypersion, proteinuria, hemoconcentration, hyperlipidemia, and intra-
leptinemia suggests that ob gene expression may be mediatederine growth restriction. The mechanism for the control of
by insulin3s Given the relationship between circulating insulin fetal growth in patients with diabetes is difficult to determine
and leptin concentrations, insulin is considered a candidatédecause it depends on the glucose level and the diabetes
hormonal regulator of leptin synthesis and/or secretion. It wagduration. However, our pregnant animal model closely mimics
recently reported that glucose uptake and metabolism ar¢éhe features of human pregnancy complicated by diabetes and is
involved in the regulation of leptin expression and secretion inuseful for the basic study of pregnancy with diabetes.

Table 3. Triglyceride and Total Cholesterol in the Three Groups

Nonpregnant STZ Control STZ
Mean + SD No. Mean + SD No. Mean + SD No.
Triglyceride (mg/dL) 533.4 = 140.9 7 380.4 = 125.8 15 804.5 + 188.8*t 12
Total cholesterol (mg/dL) 94.2 + 44.6 7 67.1 +21.7 15 107.1 = 25.5% 14

*P < .05 vnonpregnant STZ-treated.
tP < .001 vcontrol.
$P < .05 vcontrol.
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