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Congenital malformations occur more frequently in the
offspring of diabetic mothers. These in vivo and in vitro
studies investigate the potential adverse effects of
hyperglycemia on kidney development in the rat.
Female rats were made hyperglycemic throughout ges-
tation with a single injection of streptozotocin (STZ) on
day O of gestation, or for a short period encompassing
the early stage of renal organogenesis by infusing glu-
cose from gestational days 12-16. Kidney development
in the pups was assessed by determining the total num-
ber of nephrons formed in the kidney. The number of
nephrons was significantly reduced (10-35%) in the
pups from STZ-treated dams, as a function of hyper-
glycemia. There were also fewer nephrons in pups from
dams given glucose infusion whose hyperglycemia was
transiently higher on day 13 of gestation. The in vitro
experiments were done on metanephroi removed from
14-day-old fetuses and grown for 6 days in medium con-
taining 0, 6.9, 13.8, or 27.5 mmol/l glucose. The devel-
opment of explants grown in 0, 13.8, and 27.5 mmol/l
glucose was impaired compared with that of explants
grown in the 6.9 mmol/l control medium, showing that
the glucose concentration must be closely controlled to
ensure optimum in vitro metanephros development.
Thus, exposure to hyperglycemia in utero can cause a
nephron deficit, which in turn may have renal conse-
quences later in life. Diabetes 48:2240-2245, 1999

ongenital malformations are more frequent in the
children of mothers with diabetes (1-3). Simi-
larly, increased incidence of developmental
defects is more frequent in the offspring of ani-
mals with experimentally induced diabetes (4-9), as well as
in whole embryos cultured under diabeteslike conditions
(5,10-14). These malformations result from developmental
defects occurring in early organogenesis (2,15). They include
failure of neural tube closure, caudal regression syndrome,
and urogenital abnormalities, which can be as severe as renal
agenesis (2,16-18), and are the main causes of perinatal mor-
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tality in the offspring of diabetic mothers (16,19). Although in
vitro studies have shown that high concentrations of glu-
cose can induce dysmorphogenesis of the embryonic kid-
ney (20), the possible adverse effects of exposure to hyper-
glycemia in utero on kidney development, especially with
regard to nephrogenesis, has not been evaluated. The num-
ber of nephrons per kidney is characteristic of a given
species and, in humans, is definitively established during
fetal life. Nephrogenesis results from inductive interactions
between the ureteric bud, an epithelial outgrowth of the
wolffian duct, and the metanephrogenic mesenchyme.
Dichotomous divisions of the ureteric bud form the collect-
ing tubules, and the induced mesenchyme condenses and is
converted into epithelium to form the nephrons (21). Various
factors can reduce the number of nephrons formed in utero
(22-25), and defects in nephrogenesis leading to a permanent
nephron deficit influence the rate of progression of acquired
renal disease (26,27) and may favor the development of
hypertension (28). It is, therefore, important to determine
whether exposure to the diabetic environment in utero influ-
ences nephrogenesis and the final number of nephrons. We
have examined this question through in vivo and in vitro
studies in rats.

We first investigated the consequences of exposure to
hyperglycemia throughout gestation using experimental dia-
betes induced by streptozotocin (STZ). We then determined
whether a short period of hyperglycemia covering the onset
of nephrogenesis was sufficient to cause irreversible defects,
since early stages of nephrogenesis may be critical for the gen-
esis of a nephron deficit (29). Pregnant rats were given con-
tinuous glucose infusion for 4 days only, starting on gesta-
tional day 12, which is when renal organogenesis starts in this
species. The final number of nephrons was determined in the
kidney of 14-day-old pups in both studies because nephron
formation continues until a few days after birth (30). Lastly,
we investigated the ability of the metanephros to grow and
differentiate in vitro in media containing various concentra-
tions of glucose.

RESEARCH DESIGN AND METHODS

Animals. Female Sprague-Dawley rats, weighing 200-300 g were given free
access to water and standard laboratory pellets (UAR Laboratory, Villemoison sur
Orge, France). They were caged overnight with a male, and vaginal smears were
taken the following morning. The day a positive smear was obtained was desig-
nated as day 0 of gestation.

STZ-induced diabetic pregnant rats. Pregnant females were made diabetic on
day 0 of gestation by a single intraperitoneal injection of STZ (Sigma, Saint
Quentin, Fallavier, France) in 0.4 mol/l citrate buffer, pH 4.5. Control animals were
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given an equivalent amount of citrate buffer. The diabetic state was checked by
measuring the plasma glucose concentration 3 days after STZ injection. STZ
pregnant females were allocated to one of two groups: the STZ35 group, in which
females were given 35 mg/kg body wt, and the STZ45 group, in which females were
given 45 mg/kg body wt. Only pregnant females whose plasma glucose was 15-19
mmol/l in the STZ35 group and >20 mmol/l in the STZ45 group (31,32) were
included. Plasma glucose concentrations were then determined every 2 days.
Glucose-infused pregnant rats. The flexible technique for infusion of unre-
strained pregnant rats developed by Nicolaidis et al. (33) was used (34,35). The
rats were fitted with an intracardiac catheter on day 8 of gestation (n = 11). Infu-
sion was started on day 12 and continued until day 16 of gestation, i.e., during the
early stages of fetal nephrogenesis. Sterile 30% hypertonic glucose was infused
at 40 pl/min to maintain the maternal plasma glucose at ~11 mmol/l. The control
rats were infused with glucose-free solution (n = 6).

All the rats were allowed to deliver their litters spontaneously. At 4 h after deliv-

ery, the pups were weighed, and the litters were reduced to eight animals. Pups
born to the glucose-infused rats were kept with their mothers. Pups born to rats
with STZ-induced diabetes were placed with control foster mothers to avoid
postnatal malnutrition due to the poor breast feeding of the mother. The pups were
weighed and anesthetized by an intraperitoneal injection of sodium pentobarbi-
tal (5 mg/100g body wt) when they were 14 days old. The left kidney was
removed, weighed, and prepared for nephron counting.
Blood samples. Maternal blood samples were taken from the cut tip of the tail
during pregnancy. Plasma glucose and insulin concentrations were measured every
2 days in the morning in the three pregnant rats of the STZ35, STZA45, and control
groups. In the infused glucose experiments, plasma glucose and insulin were meas-
ured three times a day during the infusion period in the 11 glucose-infused preg-
nant rats and in the 6 control animals.

Plasma glucose concentrations were determined immediately after sampling
by the glucose-oxidase method using a glucose analyzer (Beckman Instruments,
Fullerton, CA). Plasma insulin concentrations were measured using a radioim-
munoassay kit (Sorin, Rome, Italy). The lower limit of the assay was 19.5 pmol/l,
with a coefficient of variation within and between assays of 6%.

Nephron count. The nephrons in the left kidneys of the 14-day-old rats were
counted as previously described (36). Briefly, whole kidneys were incubated in
50% hydrochloric acid (6 mol/1 HCI) for 45 min at 37°C, rinsed with tap water, and
stored overnight at 4°C in a volumetric flask. The kidneys were mechanically dis-
sociated, and the tubules and glomeruli were suspended in water. Three 0.5-ml
aliquots were taken, and the glomeruli were counted by three different investi-
gators who were unaware of the origin of the specimens.

Metanephric organ culture. Metanephroi were cultured as previously
described (37). Briefly, the metanephroi explanted from 14-day-old fetuses were
placed on a 0.8-pm polycarbonate filter (Millipore, Saint-Quentin-en-Yvelines,
France) floating on a defined serum-free medium and incubated for 6 days in
35-mm Petri dishes at 37 + 0.5°C in a humidified incubator with 5% CO,. The defined
glucose-free medium consisted of L15 Leibovitz medium plus HEPES (15
mmol/), sodium bicarbonate (45 mmol/l, pH 7.45), transferrin (6.2 X 10~ mol/l),
selenium (6.8 X 10" mol/l), triiodothyronine (2 X 10~ mol/l), and prostaglandin
E1 (7 X 107 mol/l). All reagents were purchased from Sigma.

A stock solution of D-glucose (2.77 mol/l) was prepared in culture medium and
stored at —20°C. One metanephros from each fetus was grown in the control
medium containing 6.9 mmol/l glucose, a concentration we routinely use for
organ culture. The other metanephros was grown in glucose-free medium or in
glucose-supplemented medium (concentration: 13.8 or 27.5 mmol/l). The media
were changed daily.

Nephron counting and growth assessment in metanephric organ culture.
Nephrons formed in vitro were counted after labeling the glomerular structures
in the explanted metanephroi using specific lectin-binding sites located on
podocyte membranes (38). Briefly, the explanted metanephroi were fixed in 2%

TABLE 1
Blood glucose and insulin in control and STZ-induced diabetic
pregnant rats and the birth weight of the offspring in each group

paraformaldehyde in phosphate-buffered saline, detached from the filter, perme-
abilized with saponin, and labeled with fluorescein-coupled helix pomatia agglu-
tinin (HPA), which stains tubules and glomeruli, and rhodamine-coupled peanut
agglutinin (PNA), which stains only glomeruli. Nephrons were counted indepen-
dently by two investigators using an Optiphot microscope (Nikon, Champigny-sur-
Marne, France). The growth of the explanted metanephroi was then determined
by measuring their protein content. The labeled metanephroi were placed in indi-
vidual tubes containing 0.5 ml distilled water, rinsed, and sonicated for 15 s. The
protein content was measured in duplicate by the procedure of Lowry et al. (39)
as modified by Larson et al. (40), using bovine serum albumin as standard.
Statistics. All values are expressed as means + SE. Control and hyperglycemic
groups were compared by Student’s unpaired ¢ test. In the STZ experiments, the
intergroup significance was determined by analysis of variance. Wilcoxon’s test
was used to compare paired in vitro data. P < 0.05 was considered significant.

RESULTS

In vivo experiments

STZ-induced diabetic pregnant rats. The mean mater-
nal plasma glucose remained almost constant in the two
groups throughout gestation (Table 1). It was about three
times higher in the STZ35 group and four times higher in the
STZA45 group than in control animals. Differences between
the three groups were highly significant. Both groups of STZ
rats had lower plasma insulin than did control animals. The
maternal insulinemia in the STZ45 group was significantly
lower than that in the STZ35 group (P < 0.05).

The duration of gestation, the number of newborns per lit-
ter, and the birth weight of the STZ35 rats did not differ from
those of control animals, but the final number of nephrons per
kidney was 15% lower than in controls (Table 2). The STZ45
females delivered their litters 12 h earlier than did the controls,
and the birth weight of the pups was 13% lower. The nephron
count was 22% lower in the pups of the STZ45 group, signifi-
cantly lower than that of the STZ35 pups.

Glucose-infused pregnant rats. The duration of gestation,
the number of newborns per litter, and the birth weight of the
hyperglycemic and control groups did not differ. The mean
plasma glucose for the 4-day infusion was about double in the
11 glucose-infused rats than in the 6 control animals, and their
mean plasma insulin was five times higher than that of con-
trols (Table 3). The plasma glucose profile for the 4-day infu-
sion period revealed that hyperglycemia remained practi-
cally unchanged (11.3 + 0.49 mmol/l) in 5 of 11 hypergly-
cemic females: these five females were referred to as
hyperglycemic group 1 (HG1). In contrast, plasma glucose
increased more (16.8 = 1.49 mmol/l) on day 13 of gestation,
at the beginning of the infusion period, and decreased on day
14 to ~11 mmol/l in the six others: these females were
referred to as hyperglycemic group 2 (HG2) (Fig. 1). Postnatal
growth was the same for all pups in each group. The final

TABLE 2
Body weight, kidney weight, and number of nephrons in 14-day-
old pups of control and STZ mothers

Blood glucose  Blood insulin Birth weight Body Kidney Number of

(mmol/1) (pmol/1) (€3] n weight (g) weight (mg) nephrons

Control  5.38 £ 0.28 (3) 171 £ 11 (3) 6.06 £ 0.04 (12) Control 12 352 +0.8 210 +4 36,100 + 860
STZ35 18.2 £ 0.4 (3)* 99 £ 4 (3)* 6.10 £ 0.07 (12) STZ35 12 33405 201 £5 30,839 + 667*
STZA45 24.6 + 0.5 (3)*t 80 +3(3)* 528 +0.12 (12)*F  STZ45 12 26.1 + 1.47% 155 + 5*§ 28,453 + 8407||

Data are means + SE (n). *P < 0.001 compared with control; TP
< 0.05, £P < 0.001 compared with STZ35.
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Data are means + SE. *P < (.01 and P < 0.001 compared with con-
trol; £P < 0.001, §P < 0.05, and ||P < 0.01 compared with STZ35.
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TABLE 3
Blood glucose and insulin in control and hyperglycemic pregnant
rats (HG) and the birth weight of the offspring in each group

Blood glucose Blood insulin Birth weight
(mmol/l) (pmol/l) €))
Control 5.0 £ 0.17 (6) 126 + 6 (6) 5.86 + 0.09 (24)
HG 11.6 £ 0.8* (11) 564 + 36* (11)  5.85 £ 0.09 (44)

Data are means + SE (n). *P < 0.001 compared with control.

number of nephrons, determined 2 weeks after birth in four
pups from each litter, was the same in control and HG1 pups,
but HG2 pups had 20% fewer (Table 4, Fig. 2).

In vitro experiments. The morphology of the metanephroi
grown in organ culture at various concentrations of glucose
is shown in Fig. 3. In vitro development was optimal in the
standard medium glucose concentration (6.9 mmol/1) (Fig.
3B). Rat metanephroi did develop in glucose-free medium, but
less well than in control cultures (Fig. 34). Metanephroi
grown in 13.8 mmol/l glucose were significantly smaller and
contained fewer nephrons (Fig. 3C). Ureteric bud branching
morphogenesis was inhibited by 27.5 mmol/l glucose, and no
nephrons at all were formed (Fig. 3D).

Figure 4 shows the quantification of growth and differen-
tiation of explants. Those grown in glucose-free medium and
in medium containing 13.8 mmol/l glucose underwent 75% less
in vitro nephrogenesis and 55% less metanephric growth (P <
0.01 for both) than explants grown in 6.9 mmol/l glucose
control medium. In vitro metanephros development and dif-
ferentiation failed completely in medium containing 27.5
mmol/l glucose.

DISCUSSION

This study demonstrates that exposure to hyperglycemia in
utero impairs nephron formation in the rat. The STZ used to
cause maternal hyperglycemia during gestation crosses the
placenta, but has a half-life of only ~15 min (41). STZ given
to the maternal rat on day 0 of gestation is, therefore, unlikely
to have adverse effects on the renal organogenesis that
began on day 13. STZ given later in gestation may directly
affect fetal organogenesis. The diabetic status induced by
STZ is permanent. Therefore, STZ cannot be used to induce
transient hyperglycemia during the period of early nephro-
genesis. We used the glucose infusion method for that pur-
pose. Because previous studies have shown that intrauterine
growth retardation is associated with a permanent nephron
deficit in humans and animals (23,42,43), fetal growth was
carefully checked in our models. There was no fetal growth
retardation in either the glucose infusion group or in the
STZ35 group. The 13% reduction in birth body weight in the
STZA5 group may be due to their early delivery. We cannot
exclude, however, that in addition to the effect of hypergly-
cemia, other alterations resulting from sustained metabolic
decompensation of diabetes (44) contributed to the impaired
development of nephrons and sustained growth retardation
in this particular model of severely diabetic mothers.

All of the STZ pups had fewer-than-normal nephrons,
which correlated with the degree of hyperglycemia. Hyper-
glycemia induced by glucose infusion was less severe than
that induced by STZ. In this model of glucose infusion, how-
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FIG. 1. Evolution of maternal glycemia (A) and insulinemia (B) dur-
ing the glucose infusion period. O, HG1 group; ®, HG2 group. Values
are means = SE. *P < 0.05 compared with the HG1 group.

ever, pups whose mothers had a transiently elevated hyper-
glycemia on day 13 of gestation had a nephron deficit. This
hyperglycemia may have been critical for inducing nephron
deficit. Garnham et al. (45) have reported abnormal devel-
opment in cultured whole embryos exposed to high concen-
trations of glucose for brief periods during early organogen-
esis. Despite efforts to control diabetes during pregnancy,
such transient elevation of glycemia is known to occur in the
absence of symptoms and may, therefore, have similar con-
sequences for nephrogenesis in humans.

The in vitro experiments demonstrate that optimum
metanephros growth and differentiation is obtained only
within a narrow range of glucose concentration. The 14-day
fetal kidney contained no glomeruli at the time of explanta-
tion, and very few nephron anlagen had been induced. The
fact that metanephroi were able to grow and form some
nephrons in the absence of glucose in culture medium sug-
gests that they drew glucose from the intracellular stores of
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TABLE 4
Body weight, kidney weight, and number of nephrons in 14-day-
old pups of control and hyperglycemic (HG) mothers

Body Kidney Number of
n weight (g)  weight (mg) nephrons
Control 24 28.7+0.8 174+ 6 37,047 £ 410
HG1 20 29.9 1.0 170+ 5 37,887 + 319
HG2 24 28.3+0.8 167 + 4 29,546 + 688*

Data are means + SE. *P < 0.001 compared with control; P <
0.001 compared with HG1.

glycogen known to be present in the developing fetal kidney
(46). However, the poorer development in control medium
than in metanephroi may reflect exhaustion of glycogen
stores. The poor development of the metanephros in the
glucose-free medium suggests that sustained maternal hypo-
glycemia may adversely affect renal development. Others
have reported that maternal hypoglycemia leads to develop-
mental abnormalities in the rat embryo (47-49). Metanephroi
grown in medium containing high glucose concentration
showed reduced nephrogenesis. Nephron formation in the
metanephric mesenchyme depends on the branching
capacity of the ureteric bud (29). Since direct exposure of
metanephric explants to elevated concentrations of glucose
resulted in branching dysmorphogenesis of the ureteric bud,
this is likely to have been the cause of the nephron deficit. Dys-
morphogenesis was most marked after exposure to 27.5
mmol/l glucose, which led to complete failure of both growth
and nephrogenesis. Similar impairment of nephrogenesis in
vitro was recently reported for the mouse (20). However,
the kidney was exposed to glucose concentrations higher
than those used in the present study. Thus, glucose concen-
tration must be closely controlled to ensure optimum renal
differentiation in vitro. High environmental glucose may alter
extracellular matrix components and so lead to dysmorpho-
genesis. Epithelial:mesenchymal interactions, which are
essential for the formation of the nephrons, are modulated by
numerous factors, including the extracellular matrix (50,51).
Recent studies have reported that exposure of metanephroi
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FIG. 2. Number of nephrons in the litters from control and hypergly-
cemic (HG) groups. The dotted line represents the mean value
observed in the control group. Data are means = SE.
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FIG. 3. In vitro metanephros development in either glucose-free
(A) or glucose-supplemented medium (concentrations: 6.9 [B], 13.8
[C], or 27.5 [D] mmol/1). Metanephroi were grown for 6 days and sub-
sequently processed for lectin labeling. Glomerular and tubular
structures were visualized with HPA and PNA. The bar represents
250 pm.
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FIG. 4. Quantitative analysis of the effect of glucose on in vitro devel-
opment of metanephroi. The metanephroi explanted from 14-day-old
fetuses were grown for 6 days in the absence or presence of different
concentrations of glucose. Differentiation was analyzed by counting the
total number of glomeruli present within the metanephroi (4). Growth
was assayed by protein content determination (B). Values are means
+ SE. P < 0.01 compared with 6.9 mmol/l glucose concentration.

to high glucose caused alterations in extracellular matrix
components, including proteoglycan and laminin, which may
explain the dysmorphogenesis of the embryonic kidney
(52,63). In addition, Cagliero et al. (64) have shown that
maternal diabetes also increases the synthesis of extracellu-
lar matrix components in developing embryos. Impaired
nephrogenesis in the offspring of hyperglycemic mothers
may thus be due to alterations in the composition of extra-
cellular matrix.

The clinical relevance of the present findings is high-
lighted by recent observations that even a moderate con-
genital nephron deficit is a potential risk factor for progres-
sion in patients with chronic renal disease (25-28). Some
have also suggested that a reduced number of nephrons
favors the development of hypertension (28). Diabetic Pima
Indians exposed in utero to a diabetic environment are at
increased risk of elevated urinary excretion of albumin than
are diabetic Pima Indians exposed to a normal intrauterine
environment (55). This is consistent with the hypothesis of
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long-term renal consequences in individuals born to dia-
betic mothers. The latter study shows an effect of the
intrauterine environment itself, independent of the effects of
other currently recognized susceptibility factors for renal dis-
ease that cluster in Pima Indians. Our data suggest that these
patients may have acquired a nephron deficit in utero, due to
ahigh glucose environment. This is supported by the fact that
a large glomerular size, possibly reflecting an adaptation to
fewer nephrons, was found in Pima Indians (56).

This study thus identifies maternal diabetes as a novel risk
factor for inborn nephron deficit, in addition to other factors,
such as fetal growth retardation, vitamin A deficiency, and
drug exposure, already reported to alter nephrogenesis. It
points out the particular risk of high blood glucose during the
critical period of nephron formation, and particularly in early
stages of this process. This calls for a strict control of blood
glucose in diabetic pregnancy.
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