Kidney International, Vol. 63, Supplement 83 (2003), pp. S13-516
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Intrauterine determinants of diabetic kidney disease in disad-
vantaged populations. Disadvantaged populations worldwide
are experiencing an increasing incidence of kidney disease,
much of which is attributable to diabetes. This report reviews
the evidence that intrauterine exposure to growth retardation,
diabetes, and vitamin A deficiency contribute disproportionately
to the rising incidence of kidney disease in disadvantaged peo-
ple, because they encounter these exposures more frequently
than people from developed countries. These abnormal intra-
uterine exposures reduce nephron mass by impairing nephro-
genesis, thereby increasing the susceptibility to kidney damage
from diseases such as hypertension and diabetes that commonly
affect disadvantaged people.

A growing body of evidence suggests that fetal expo-
sure to an abnormal intrauterine environment has lasting
effects on anthropomorphic and metabolic development
that lead to increased risk of disease later in life. Off-
spring exposed to diabetes in utero, for example, are
prone to obesity and diabetes at a young age, and off-
spring with intrauterine growth retardation, reflected by
a low birth weight, are prone to ischemic heart disease,
chronic obstructive pulmonary disease, diabetes, and hy-
pertension.

This report reviews the evidence that intrauterine ex-
posure to growth retardation, diabetes, and vitamin A
deficiency predispose the offspring to kidney disease.
These exposures were selected because of their dispro-
portionately elevated frequency in many disadvantaged
populations. Since much of the increase in the incidence
of kidney disease in these populations is attributable to
diabetes, this report focuses primarily on the effects of
exposure to an abnormal intrauterine environment in
people with diabetes. Nevertheless, these exposures also
appear to enhance the risk of non-diabetic kidney dis-
ease. Portions of this report were published recently in
a review of the genetic and environmental determinants
of kidney disease in disadvantaged populations [1].
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SCOPE OF THE PROBLEM
Diabetes

About 135 million adults worldwide had diabetes in
1995 and the vast majority of them had type 2 diabetes.
The highest prevalence was found in the developed coun-
tries, but the global distribution of diabetes is changing
[2]. Over the next 30 years, the number of people with
diabetes is expected to increase by 170% in developing
countries and by 42% in developed countries [2]. Unlike
the developed countries, where most cases of diabetes
are found in people =65 years of age, most cases in
developing countries occur in those between 45 and 64
years of age, and a substantial number are found in those
between 20 and 44 years of age, the childbearing years
[2]. The earlier onset of diabetes in developing countries
also is found in some disadvantaged groups in developed
countries. Examples include American Indians, Black
Americans, Mexican Americans, Australian Aborigines,
and migrant Chinese and Asian Indians. The greater
frequency of diabetes during the childbearing years in
these populations means that the offspring are more
likely to be exposed to a diabetic intrauterine environ-
ment and suffer the consequences of that exposure.

Diabetic kidney disease

Substantial ethnic differences in the incidence of end-
stage renal disease (ESRD) attributable to type 2 diabe-
tes are found in several large population-based studies
[3, 4]. Pugh and coworkers reported that even after ad-
justing for differences in the prevalence of diabetes, the
incidence of ESRD in black Americans was nearly four
times as high as in non-Hispanic whites, and the rate in
Mexican Americans was 2.5 times as high [4]. Burden
and coworkers noted that Asians in the United Kingdom
had 14 times the incidence of diabetic end-stage renal
disease as the Caucasians in the same region [5], and we
found that the rate in diabetic Pima Indians was 14 times
as high as the estimated rate in the U.S. diabetic popula-
tion aged 45 to 64 years [6]. Numerous factors account
for these differences, but exposure to an abnormal intra-
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Fig. 1. Prevalence of elevated urinary albumin
excretion (albumin-to-creatinine ratio =30 mg/g)
in diabetic Pima Indians, by birth weight, ad-
justed for age, sex, duration of diabetes, HbA,,,
and mean arterial pressure. Dashed lines repre-
sent twice the point-wise asymptotic standard
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uterine environment may contribute to a greater accel-
eration in the rate of kidney disease in disadvantaged
populations than in the rest of the developed world,
because of the higher frequency of such exposure in
disadvantaged people.

Abnormal intrauterine exposures are important in the
pathogenesis of kidney disease because they occur dur-
ing nephrogenesis. Nephron development begins during
the fifth week of gestation and continues into the third
trimester. Induction of about 60% of the normal comple-
ment occurs during the third trimester. Under normal
circumstances, new nephron formation ceases between
28 and 36 weeks of gestation. Since additional nephrons
do not form after birth, damage that occurs as a result
of exposure to an abnormal intrauterine environment
may have long-lasting effects that are more likely to
become clinically apparent when the individual is ex-
posed to diseases, such as hypertension and diabetes,
that further damage the kidney. Several such exposures
are considered in the next section.

ABNORMAL INTRAUTERINE EXPOSURES
Intrauterine growth retardation

Brenner and Chertow proposed that nephron develop-
ment is impaired in people of low birth weight because
of a critical shortage of the fuels necessary for fetal devel-
opment [7]. The low nephron mass, in turn, heightens
the risk of kidney disease later in life. Consistent with
this hypothesis are two autopsy studies, which found that
infants of low birth weight had fewer glomeruli than
those of normal birth weight [8, 9]. Furthermore, low
birth weight was associated with reduced kidney volume
by ultrasound in Australian Aboriginal children exam-
ined at ages 5 to 18 years [10], and the prevalence of
elevated urinary albumin excretion (urinary albumin-to-
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creatinine ratio =300 mg/g) was twice as high in Aborigi-
nal adults of low birth weight than in those with normal
birth weight, regardless of whether or not they had diabe-
tes [11]. Low birth weight is common in Aborigines, since
over one fourth of them weigh less than 2500 g at birth,
presumably as a consequence of poverty and malnutri-
tion [12]. Lackland and coworkers extended these obser-
vations by reporting that low birth weight contributes to
the early onset of kidney failure from multiple causes in
blacks and whites of both sexes in South Carolina [13].

Birth weight may affect the development of kidney
disease in both major types of diabetes. In type 1 diabe-
tes, Rossing and coworkers reported that 75% of women
below the 10" percentile of birth weight (=2700 g) had
persistent albuminuria (=300 mg/24 h) compared with
35% of those above the 90" percentile [14]. No relation-
ship was found, however, between urinary albumin ex-
cretion and birth weight in the diabetic men. In Pima
Indians with type 2 diabetes, the prevalence of elevated
urinary albumin excretion (urinary albumin-to-creati-
nine ratio =30 mg/g) was twice as high in men and
women of low birth weight than in those of normal birth
weight (Fig. 1) [15].

Whereas these studies suggest that low birth weight
increases the frequency of kidney disease, Zidar and co-
workers suggested that impaired nephron development
also might increase the severity of kidney disease [16, 17].
They reported more relapses and a higher incidence of
steroid dependency among low birth weight children
with minimal change nephrotic syndrome than among
children of normal birth weight [16], and an increased
risk of hypertension and glomerulosclerosis among low
birth weight children with IgA glomerulonephritis than
among those of normal birth weight [17]. The higher risk
of low birth weight in many disadvantaged populations,
in comparison with the populations of developed coun-
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Fig. 2. Predicted prevalence (95% CI) of elevated urinary albumin
excretion (albumin-to-creatinine ratio =30 mg/g) in diabetic Pima Indi-
ans, by maternal diabetes status, adjusted for age, sex, duration of
diabetes, HbA ., and mean arterial pressure. Values of the covariates
were set to their sample means (Reprinted with permission from Nelson
et al [20]).

tries, may be responsible, in part, for the higher rates
and more rapid progression of diabetic and non-diabetic
kidney disease reported in many parts of the world.

Intrauterine diabetes exposure

A shortage of maternal fuels is not the only mechanism
of injury to developing nephrons. Freinkel proposed that
fetal exposure to fuel-mediated alterations in maternal
metabolism in pregnancies complicated by diabetes may
preferentially harm poorly replicating, terminally differ-
entiated cells—such as those found in the nephron—
perhaps by reducing the number of such cells or by alter-
ing their functional capacity [18]. The adverse effect of
hyperglycemia on nephrogenesis was demonstrated ex-
perimentally by exposing pregnant rats to hyperglyce-
mia, either by inducing diabetes on day zero of gestation
with a single injection of streptozotocin or by infusing
glucose from gestational days 12 to 16, and counting the
nephrons in the offspring [19]. The number of nephrons
was reduced by up to 35% in the offspring of the strepto-
zotocin treated rats. In vitro experiments from the same
study, which examined metanephroi from 14-day-old fe-
tuses exposed to various glucose concentrations, indicated
that even minor elevations of glucose concentration were
associated with impaired metanephros development [19].

In Pima Indians, the odds of having elevated urinary
albumin excretion was nearly four times as high in sub-
jects exposed to diabetes in utero than in those exposed
to a normal intrauterine environment [20]. Figure 2
shows the predicted prevalence of elevated urinary albu-
min excretion (urinary albumin-to-creatinine ratio =30
mg/g) by maternal diabetes status, after adjusting for
age, sex, duration of diabetes, HbA ., and mean arterial
pressure.

Maternal diabetes during pregnancy is believed to lead
to a vicious cycle in which each successive generation
has a higher risk of having diabetes by the time it reaches
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Table 1. Frequency of exposure to diabetes in utero and
attributable risk of diabetes, in three time periods

Years of examination 1967-76 1977-86 1987-96
Exposure to diabetes in utero % 2.1 4.0 7.5
Odds ratio for diabetes 13.5 10.3 10.4
Attributable risk* % 18.1 23.7 35.4

Adapted with permission from Dabelea et al [21].
* Attributable risk = (OR-1)P/OR, where OR is the odds ratio and P is the
proportion of cases exposed

the childbearing years than the preceding generation.
Given the heightened risk of elevated urinary albumin
excretion associated with exposure to maternal diabetes
during pregnancy, this vicious cycle could lead also to a
corresponding increase in the incidence of diabetic kid-
ney disease in subsequent generations [20]. Evidence for
a vicious cycle is provided by Dabelea and coworkers,
who reported that the proportion of Pima children ex-
posed to diabetes in utero increased nearly fourfold over
the past 30 years, rising from 2% of births in 1967 to
1976 to nearly 8% of births in 1987 to 1996 (Table 1)
[21]. The increased frequency of exposure to maternal
diabetes was associated with a doubling of the cases of
diabetes attributable to that exposure [21]. Coincident
with the rise in diabetes prevalence was a doubling of
the incidence of proteinuria that occurred despite im-
provements in plasma glucose and blood pressure con-
trol (Fig. 3) [22]. This finding is in sharp contrast with a 30
to 50% decline in the risk of proteinuria among patients
diagnosed with type 1 diabetes since the 1930s. Although
the increasing incidence of proteinuria cannot be attrib-
uted with certainty to the increasing frequency of intra-
uterine exposure to diabetes, the temporal relationship
between these two phenomena is compelling.

Vitamin A deficiency

Vitamin A (retinol) and its main derivative, retinoic
acid, are involved in nephrogenesis, and rats exhibit a
dose-dependent effect of vitamin A on nephron number
[23]. Both retinol and retinoic acid are potent stimulators
of nephrogenesis, with a single injection of retinoic acid
given to a pregnant rat at mid-gestation inducing super-
numerary nephrons. Although human data on the rela-
tionship between vitamin A and nephron mass are not
available, the existing animal data suggest that a mild vi-
tamin A deficiency during pregnancy could lead to a
nephron deficit in the offspring that enhances the risk
of kidney disease. Although vitamin A deficiency is not
a major health problem in developed countries, it is
frequently encountered in developing countries, particu-
larly in pregnant women, in whom intake of vitamin A
may be inadequate to meet the increased demands en-
countered during pregnancy. Accordingly, fetal vitamin
A deficiency may disproportionately affect minority and
disadvantaged populations and contribute to their in-
creasing incidence of kidney disease.
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Fig. 3. Function plot for the effect of year of onset of diabetes on the
incidence rate of proteinuria in the additive proportional hazards model.
The curve is centered to have an average of zero over the range of
the data. The dashed lines represent the approximate point-wise 95%
confidence intervals (Reprinted with permission from Nelson et al [22]).

CONCLUSIONS

The incidence of kidney disease, particularly diabetic
kidney disease, is increasing rapidly in many disadvan-
taged populations throughout the world. Exposure to an
abnormal intrauterine environment may be a contribut-
ing factor to this rise, since each of the exposures re-
viewed in this report occur more frequently in the devel-
oping world and in the disadvantaged populations of the
developed world. The reduction in nephron mass that
follows each of these exposures reduces the reserve ca-
pacity of the kidneys, thereby increasing the susceptibil-
ity to kidney damage from diseases such as hypertension
and diabetes that commonly affect disadvantaged peo-
ple. The rapidly increasing frequency of intrauterine dia-
betes exposure in successive generations of Pima Indians
suggests that the worldwide epidemic of kidney disease,
particularly diabetic kidney disease, may actually accel-
erate in the future as diabetes becomes more prevalent
during the childbearing years. To counter this epidemic
of kidney disease will require inexpensive and effective
ways to address the numerous public health needs of dis-
advantaged people.
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