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SUMMARY 
Gestational diabetes mellitus (GDM) is a nonhomoge
nous entity known to affec:t fetal development In differ
ent waya In both rat• and human belnga. 'fhe degree of 
severity of diabetes could affect the maternal-fetal 
transfer of metabolic fuels and consequently Influence 
fetal development. To study this hypothesis, pregnant 
rats were made diabetic by streptozocln (STZ) treat
ment (45 mg/kg) at day 7 of gestation and were treated 
with dlffer"1t dally doses of Insulin until the 20th day 
of gestation, when they were killed and examined. Dif
ferences In plasma glucose levels In the groups stud
led were not accompanied by differences In plasma 
glycerol, f3-hydroxybutyrate (f3•0HB), or total amino 
acid levels In mothers or their fetuses. Fetal/maternal 
ratios of these circulating tuela were not modified by 
maternal dlabetH, whereas the glucoae level was en
hancec:t In diabetic rats not treated with Insulin. Placen
tal glucose transfer was studied directly with a recently 
reported In situ experimental design and was found to 
Increase linearly with maternal glycemla, Independently 
of whether this was modified by Insulin treatment or by 
acute Intravenous (l.v.) Infusion of glucose In normal 
animals. Lactate production by the fetal/placental unit 
decreased In proportion to the glucose level In the ma
ternal circulation. 

The present data Indicate that the diabetic condition 
of the mother rat does not modify the mechanisms of 
placental transfer of metabolic fuels to the fetus, and 
that the actual tranafer la mainly dependent on the con
centrations of these fuels In the maternal circulation. 
The limited capacity of the fetus to handle the great In
flux of glucose through the placenta of a highly hyper
glycemlc mother may aggravate the diabetic condition 
of the fetus, affecting Its subsequent development. 
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G estational_ diabetes mellitus (GDM) affects a non
homogenous group of patients, including off
spring as well as mothers.' Although excessive 
body weight is a striking feature in infants of di

abetic women.'·2 mothers with abnormal glucose tolerance 
may deliver babies of normal body weight.3 The rat, receiving 
injections of alloxan or streptozocin (STZ) before•·6 or during 
pregnancy,7·9 has been widely used as an experimental 
model for the study of GDM, and depending on its severity. 
fetal weignt may be increased,'0 unmodified,• or reduced. 5

•
8 

Changes tn fetal growth in GDM have been attributed to 
parallel changes in fetal circulating insulin levels. which. 
among other factors, are modulated by the metabolic fuels 
crossing the placenta. 

Placental composition and metabolism are reportedly 
modified in diabetic pregnancy in humans"·'3 as well as in 
rats, 10

·' 3·'
4 and these findings may indicate changes in pla

cental metabolite transfer. To investigate this possibility. in 
the present study we determined the circulating levels of 
different metabolic fuels as well as placental gl11cose transfer 
by using an ir• situ· placental preparation'5 in STZ-treated. 
pregnant rats. To !earn how the severity of diabetes affects 
these parameters. STZ-diabetic rats receiving different in
sulin treatments were also studied. 

MATERIALS AND METHODS 
Animals. At day 7 of gestation (estimated by the appearance 
of spermatozoids in vaginal smears), Wistar rats (196-215 
g body wt) were made diabetic by a single i.v. injection of 
streptozocin (STZ) (45 mg/kg body wt) dissolved in 50 mM 
citrate buffer, pH 4.5. Other rats were injected with only the 
buffer at the sa 1ne gestation time and served as normal con
trols. Groups of STZ-treated rats received a daily s.c. injection 
of 0.5, 1.5, or 3 IU of porcine insulin (Insulin Novo Ultralente. 
Novo lndustri A!S. Copenhagen. Denmark) per 100 g body 
wt from the 8th day of gestation. All rats were killed and 
examined at day 20 of gestation. 
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Steady-state concentration of metabolites and RIA of In
sulin. Animals were killed by decapitation without anesthesia 
and blood was collecied from the neck wound into chilled, 
heparinized receptacles. After being weighed, the conceptus 
was dissected and fetuses were decapitated for blood col
lection. Aliquots of plasma were deproteinized'6 for the anal
ysis of glucose, 17 ~-hydroxybutyrate (~-OHB), 18 and glyc
erol. 19 Other plasma aliquots ware deproteinized with 10% 
sulfosalicylic acid in 0.1 N HCI for the analysis of amino 
acids20 using a Beckman 121 MB autoanalyzer. Insulin was 
assayed21 in other plasma aliquots by using a radioimmu
noassay kit specific for the rat that was generously provided 
by Novo. 
Placental glucose transfer. Rats were studied under nem
butal anesthesia (33 mg/kg body wt) with our previously 
described surgical procedure15 and 10 µ,Ci of either (U-"C)
o-glucose or (U-"C)-L-glucose (The Radiochemical Center, 
Amersham, United Kingdom, sp. act. 257 and 58 mCi/nmol, 
respectively) dissolved in 250 µ,I of 0.9% NaCl (infusion rate 
of 12.5 µ.I/min) were infused for 20 min through the left uterine 
artery. After collection of maternal blood from the aorta into 
heparinized syringes, fetuses from the left and right uterine 
horns were immediately excised and decapitated for blood 
collection into heparinized receptacle~. The fetal bloM from 
all left and right uterine horns were pooled. separately. Ma
ternal and fetal plasma aliquots were used for counting total 
radioactivity and deproteinization. 16 Aliquots of protein-free 
supernatants were used for glucose assay' 7 and for "C
glucose and "C-lactate purification by ion-exchange 
chromatography22 using microcolumns made with AG 1-X8 
200-400 chloride and AG 50W-X8 200-400 H • (Bio-Rad 
Laboratories, Richmond, California), rinsed with distilled 
water and with 0.5 N formic acid for 1•C-glucose and "C-

TABLE 1 

lactate elutions. respectively. Recovery experiments showed 
that 96.6% of "C-glucose and 0.2% of "C-lactate initially 
added to plasma were eluted in the "glucose fraction," 
whereas 04% of the "C-glucose and 88.2% of "C-lactate 
were recovered in the "lactate fraction." 
Expreaalon of results. Radioactive values were corrected 
by considering 1 x 106 dpm as the total radioactivity infused 
per rat. Results were expressed as means :t SEM and sta
tistical comparison between the groups was performed with 
the Student's I-test. 

RESULTS 
At the 20th day of gestation, the maternal body free of con
ceptus structures, conceptus, fetus, and placenta weights 
as well as maternal and fetal plasma insulin levels were sig
nificantly reduced in STZ-diabetic rats as compared with nor
mal controls (Table 1 ). All of these differences disappeared 
in diabetic ariimals treated daily with either 0.5 or 1.5 JU 
insulin/ 100 g body wt (Table 1 ). Litter size was not modified 
in diabetic mothers with; or without insulin treatment as com
pared with normals (Tae>le 1). Maternal plasma glucose con
centration was approximately 6.5 times higher in diabetics 
than in normals, and although 0.5 JU of insulin produced a 
striking reduclion in this parameter, values were still signifi
cantly higher than in normals (Table 1 ). In diabetic rats treated 
with 1.5 IU of insulin, maternal plasma glucose values de
creased to levels significantly lower than in normals. Plasma 
levels of glucose in fetuses were below values in their re
spective mothers. Glycemia in fetus·es from diabetic mothers 
was about 15 times greater than in those of normals, whereas 
plasma glucoi;e levels were quite normalized in fetuses from 
diabetic mothers treated with 0.5 or 1.5 IU insulin, and did 
not differ from control values (Table 1 ). Consequently. the 

Effect of STZ diabetes and daily treatment with different doses of porcine insulin on maternal fetal and placental weights 
and circulating metabolic fuels in the 20-day pregnant rat 

Diabetic+ Diabetic + 
Normal Diabetic 0.5 IU insulin 1.5 IU InsuIIn 

Maternal free-of-conceptus 256 ::t 7 223 ::t 10' 243 ::t 8 241 : 8 
body wt (g) 

Conceptus wt (g) 614±30 49.8 .± 3 4' 57.1 ::t 1 0 49.3±53 
Litter size (no. fetuses.1mother) 104 ± 0.6 11.3 ± 0.9 11 6 :t 0.5 9.8:: 1.0 
Fetus body wt (g) 3.89 ± 0.16 3.07 ± 0 13"' 365±010 3.63 :t 0.07 
Placenta wt (g) 0 51 ::t 002 0.45 ± 0.01' 047 ± 0.01 0.46: 0.03 
Maternal RIA-insulin (µU/ml) 100 ± 4 35 ± 5··· 134 ± 27 172 ± 36 
Fetal RIA-insulin (µU/ml) 135 ± 24 67±9tt· 94 ± 10 117 ± 13 
Maternal plasma glucose (mM) 53 ± 0.1 345 ± 1 9··· 5.9 :t 0.3" 3.5 ± 0.6'"" 
Fetal plasma glucose (mM) 1.6±01ttt 23.7 ± 22tt"' 1.7 ± 0 3ttt 1.2 :t O 2tt 
Feta!/maternal plasma glucose ratio 0.30 ± 0.02 0.69 ± 0 06" .. 0.28 ± 0.04 040 :t 0.08 
Maternal plasma glycerol (µM) 193 ± 29 220 ± 32 189 ± 29 234 :: 36 
Fetal plasma glycerol (µM) 101 ± 34 158 ± 37 88 ± 12 63 = 7t 
Fetal/maternal plasma glycerol ratio 0.48 ± 009 0.59 ± 0 09 0.49::!:015 0 34 :!: 0.09 
Maternal plasma 13-OHB (µM) 398 ::t 69 518 ± v, 304 ± 65 272 :t 53 
Fetal plasma 13-OHB {µ,M) 426 ± 51 425 = 60 279 ± 48 272 = 35· 
Fetal/maternal plasma (3-OHB ratio 102±012 0 97 ± 0 12 0.92±010 1.35 ± 0.28 
Maternal plasma total amino acids 404 ± 0.18 3 56 ± 0 35 3.84 ± 0.21 3 79 :!: 0.23 

(mM) 
Fetal plasma total amino acids (mM) 8.16 ± 089ttt 7 36 ± 0 80tti 677 :!: 0 42ttt 6 62 = 0 55ttt 
Fetal/maternal plasma total amino acid 2.1 :!: 0 1 21:!:04 1.9 :t 0.2 1.8 =: 0 2 

ratio 

Means± SEM of 5-12 ratsigroup. Statistical comparisons versus normals are shown i)y • and those between fetuses and their respective 
mothers by t • or t. P < 0 05. "or tt. P < 0.01, and ••• or ttt. P < 0.001 

DIABETES, VOL 34, SUPPL 2. JUNE 1985 43 



,MATERNAL AND FrlAL FULLS V\-HSUS P\ Al P,1Al t,l lJCOSE TRANSi£ H IN ,DIABl TIC RATS:, 

fetal 1maternal plasma glucose ratio was significantly en
hanced In d1abet1c rats. whereas it did not differ in the insulin
treated diabetic groups as compared with controls. Circu
lating levels of other metabolic fuels such as 13-0HB, glycerol, 
and total amino acids were similar in untreated diabetic, in
sulin-treated diabetic. and normal mothers and their fetuses. 
Fetal/maternal ratios of these parameters were as expected, 
being below 1 for glycerol, around 1 for 13-0HB, and above 
1 for total amino acids, and none of these ratios differed in 
diabetic and normal animals (Table 1). 

The enhanced fetal/maternal plasma glucose ratio in di
abetic rats may be a consequence of augmented placental 
glucose transfer and/or reduced fetal glucose utilization. To 
study these points, our first efforts were focused on deter
mining wheiher the nonspecific passage of glucose through 
the placenta differed in diabetic and normal rats. Since L· 

glucose is not recognized by the placental glucose carrier,23 

the nonspecific leak was estimated by the different per
centage of radioactivity found in plasma of fetuses from the 
left versus right uterine horns after infusion through the left 
uterine artery of (U-"C)-L-glucose or (U-'"C)-o-glucose. This 
value was 5. 73 :t 1.48 in untreated diabetic rats and 5.14 
:±: 1.06% in normals (N = 5/group, difference not signifi
cant), indicating that nonspecific glucose leak through the 
placenta was similar and almost negligible in diabetic and 
normal animals. The transfer of (U-"C)-o-glucose was stud
ied as previously described'5 and, as shown in Figure 1, this 
parameter increased greatly in diabetic rats compared with 
normals. This difference was smaller but still significant 
(P < 0.05) in diabetic rats treated with 0.5 IU insulin, and ii 
ciisappeared completely in those treated with 1.5 IU insulin. 
The dependence of this parameter on the level of circulating 
maternal glucose concentration was studied in diabetic rats 
treated with 3 IU insulin, which had much lower plasma glu-

I 

CLUCO!:lt TA.ANSrtJI • ---,.-.-, .---• ~1~.c--,-1.-.-0.-. -.-.• -. -, .-· -,,-
( N110 l 1 /1U n/•d il uterjne artery ph1M11 

(DPJ'I L,F.)-(DPM R,F,) 

** ... 
* ' I 

l 
I 
e 
' .s 
E 
' 
l 
I 
C 

FIGURE 1. Placental transfer of glucose In diabetic rats (D) trtated with 
different dally doaes of porcine lnaulln or of normal anlmala acut■ly In• 
fuMd or not with glucoaa (1.2 g/rat) through the Jugular vein. Means 
:t SEM of 4-8 rats. Statistical comparlaona versus untreated normal 
animal~: •p < 0.05 end .. P < 0.01. Placental transfer wBB estimated 
as the difference in total pl■ama radioactivity betwNn the left (L,F.) and 
right fetuses (R.F.) divided by the tlm11 of Infusion with (U•'4C)-o-glu
cose through the maternal left uterine artery (20 min) and by the 14C• 
glucose specific activity (S.A.) in the maternal artery. The data are ex
pressed as a function of the uterine olood flux (,;:), which Is unknown. 
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FIGURE 2. Linear relationship between placental glucose transfer and 
plasma maternal glucose concentretlon In rats with diabetes of varying 
Mverlty. Placental transfer estimated as indicated for Figure 1. 

cose levels (0.56 :t 0 16 mM) than the other groups (Table 
1 ), and also in normal rats infused with glucose (15 mg/min 
rat) through the 1ugula 1 vein for 60 min before and then during 
tt]e 20 min of the experiment, which attained plasma glucose 
levels of 15.9 :t: 3.1 niM. • As is also shown in Figure 1, pla
cental (U- '4C)-o-glucose transfer was significantly reduced 
in the diabetic rats trC'ated with 3 IU insulin and enhanced 
in normals infused wilh glucose as compared with normal 
untreated animals (Fig Jre 1 ). A positive and highly significant 
(P < 0.001) correlation was found when individual values of 
(U-' 4C)-o-glucose transfer to the fetuses from all the groups 
studied were plotteo against their respective materna' 
plasma glucose levels (Figure 2), indicating the direct relation 
between these two parameters. 

After 20-rriin infusion of (U- 1•C)-o-glucose through the ma
ternal left uterine artery, a certain proportion of the total fetal 
plasma radioactivity appeared as "C-lactate. Since infused 
(U-"C)-o-glucofe is isotopically diluted with maternal glu
cose, the percentual amount of lactate formed from infused 
(U- 14C)-o-gluco!'le by the fetal/placental unit was estimated 

·In fetuses from molhers us01d in placental transfer studies. plasma ins~·· 
levels were 61 : 9 µU 1m1 in those from untreaIea diabetic molhe 1s a";:; 
102 : 7. 108 = 11 . or % = 15 µUiml in those trom diabetic mo!ntn 
treated with 0.5. 1 5 or 3 IU ir.sulin.'100 g, respectively. tne difference bet" ee· 
the insu1in-treaIed and the L''llreated diabetics being staI,stica11y sign,f,ca·· 
(P < O 05 or less) In feIuse1 from normal mothers. plasma insulin levels we·E 
120 = 13, whereas !hose fr•,m normal mothers Inluseo wilh glucose tn•ocJ;;· 
the Jugular vein were 150 : 11 µU/1nl. the difference between these !": 
groups being not s,gnifican• ,P > O 05) 
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FIGURE 3. Reletlonehlp between the percentage of lactate production 
by the fetal/placental unit from tnfu1ed (U· 1•C)-1>-9lucoN through the 
maternal left uterine artery and actual maternal circulating glucose con• 
centratlon In rata of varying diabetic severity. The percentage of lactate 
production was estimated as the ratio between the difference between 
plasma "C•l■ctete values (L.llcr) In the left (LF) and the right fetuses 
(RF) and the difference In pl■ama total redloactlvltiea (Total'), llmea 
100. 

by the difference in 14C-lactate present in plasma of fetuses 
from the left and right uterine horns. 0ata shown in Figure 3 
express this lactate production as the percentage of mater
nal/fetal transfer plotted against maternal plasma glucose 
concentration in indiv;dual animals from all experimental 
groups studied. There is evidently an inverse, although not 
linear, relation between lactate production by the fetal/pla
cental unit and maternal glycemia. This relation seems to 
depend more on the level of maternal plasma glucose than 
on pancreatic damage, because in normal rats (not treated 
witt1 STZ but infused with glucose) it is maintained in the 
same range as in the actual diabetic animals (Figure 3). 

DISCUSSION 
The present results showing that STZ diabetes in pregnant 
rats reduces fetal body weight are in agreement with previous 
findings.57• 9-24 This effect coincides with a reduction. in fetal 
plasma insulin levels, and the overall picture contrasts with 
the macrosom1a and hyperinsulinemia normally found in in
fants of diabetic women.?!, We have recently discussed the 
differences in diabetogenic tendencies during pregnancy in 
rats and human beings,2ti and the present 1indings clearly 
show the dissimilarities between gestational diabetes m man 
and STZ diabetes in the pregnant rat. These differences may 
result from the fact that a milder form of maternal diabetes 
1s more usual in humans, since some ccntrol of glucose ho
meostasis is always attempted. In our diabetic rats treated with 
insulin doses of 0.5 IU/100 g, a mild hyperglycemia per
sisted, presenting a condition more comparable to the human 
one because fetal body weight and circulating insulin were 
normalized Prevention of fetal macrosomia and hyperinsu
linism 1n diabetic rats may be a consequence of the inca
pacit,- of rat ietuses to store fat before blfth even after insulin 
treatrnent.2' as well a:.i of the shorter period of gestatio~ as 
compared with humans. 

With the exception of glucose the fetal/maternal ratios of 
metabolites normally crossing the placenta were not modified 
1n our experimentai groups. suggesting that transfer of me-
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tabolites to thr! fetus is independent of the severity of maternal 
diabetes, being modulated by their respective concentra
tions in the mother. To our knowledge, this is the first re[)ort 
of the deternc1nation of placental glucose transfer in the di
abetic rat anc: it was found to be directly related to maternal 
gluc:'ose conc.entration, indicating that its quantitative value 
also varies according to the severity of diabetes. Previous 
studies in normal sheep have also revealed a direct corre
lation between maternal fetal glucose transfer and maternal 
glycemia.28 The present results demonstrate that nonspecific 
placental lea~ is unmodified in the diabetic rat, indicating that 
the specific placental glucose transfer is not saturated at 
maternal pla! ma glucose levels as high as 30 mM. Fetal 
accumulation of glucose during severe maternal glycemia 
coincides with its reduced conversion to lactate. suggesting 
that, unlike the case of placental glucose transfer, the fetus 
has a limited capacity to handle the glucose ld'ad coming 
from a highly 11yperglycemic mother. This limitation seems to 
be independent of fetal 13-cell function, because it occurred 
in fetuses fro·n diabetic mothers with low insulin levels and 
also in those from nor~al mothers infused acutely with glu
cose, which ltave muc'h higher insulin levels. While extrap
olation of these findings to human beings shou:d be made 
with caution, they do suggest that in the diabetic mother. 
placental tra11sfer of different fuels is unaffected and de
pends on thrir concentrations in maternal circulation The 
fetus of the diabetic mother is unable to handle the great 
influx of glucose at the rate received, increasing its diabetic 
condition, wh,ch together with its relative insulin deficiency. 
affects its development 
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