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Abstract

Maternal obesity during pregnancy has a detrimental impact on offspring
renal development and function. This is pertinent to Indigenous Australians
as they are twice as likely as non-Indigenous Australians to develop chronic
kidney disease (CKD). The aim of this study was to examine whether there
was an association between maternal adiposity and fetal kidney growth in late
gestation (>28 weeks) and kidney function in infants, <2.5 years of age, from
the Gomeroi gaaynggal cohort. Pre-pregnancy body mass index (BMI) was
recorded at the first prenatal visit and maternal adiposity indicators (percent
body fat and visceral fat area) measured at >28 weeks gestation by bioelectri-
cal impedance analysis. Fetal kidney structure was assessed by ultrasound.
Renal function indicators (urinary albumin:creatinine and protein:creatinine)
were measured in infants from a spot urine collection from nappies. Multiple
linear regression and multi-level mixed effects linear regression models with
clustering were used to account for repeated measures of urine. 147 mother—
child pairs were examined. Estimated fetal weight (EFW), but not fetal kidney
size, was positively associated with maternal adiposity and pre-pregnancy
BMI. When adjusted for smoking, combined kidney volume relative to EFW
was negatively associated with maternal percentage body fat. Infant kidney
function was not influenced by maternal adiposity and pre-pregnancy BMI
(n = 84 observations). Current findings show that Indigenous babies born to
obese mothers have reduced kidney size relative to EFW. We suggest that
these babies are experiencing a degree of glomerular hyperfiltration in utero,
and therefore are at risk of developing CKD in later life, especially if their
propensity for obesity is maintained. Although no impact on renal function
was observed at <2.5 years of age, long-term follow-up of offspring is required
to evaluate potential later life impacts.
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Maternal Adiposity and Fetal Kidney Development

Introduction

Globally, being overweight or obese is common, based on
a recent analysis of 1698 studies that include 19.2 million
people across 200 countries (NCD Risk Factor Collabora-
tion 2016). Obesity rates are increasing in rural regions
worldwide (NCD Risk Factor Collaboration 2019). The
prevalence of being overweight or obese among women
of childbearing age is increasing. In the United States of
America (USA) and the United Kingdom (UK), more
than 50% of women of reproductive age are overweight
or obese, and 20-40% of women have exceeded the rec-
ommended weight gain during pregnancy (Thangarati-
nam et al. 2012; Ng et al. 2014). From the time periods
1990-1994 to 2010-2014 in Australia, the prevalence of
overweight increased from 12.7% to 16.4% and obesity
from 4.8% to 7.3% among 42, 582 nulliparous women
(Cheney et al. 2018). Indigenous Australian mothers were
1.6 times more likely to be overweight or obese compared
to non-Indigenous Australian mothers (Australian Insti-
tute of Health and Welfare 2016).

It is widely accepted that the prenatal environment
plays a crucial role in determining future offspring
health (Baird et al. 2017). This concept is commonly
referred to as the Developmental Origins of Health and
Disease (DOHaD) hypothesis (Barker 2004; Baird et al.
2017). Evidence from both human and animal studies
suggests that maternal obesity has a major influence on
the risk of chronic disease in offspring, including cardio-
vascular disease (CVD), hypertension, obesity, type 2
diabetes and metabolic syndrome (Forsen et al. 1997;
Laitinen et al. 2001; Barker 2004; Filler et al. 2008;
Schack-Nielsen et al. 2010; Reynolds et al. 2013; Eriksson
et al. 2014; 2015; Wankhade et al. 2016). However, in
humans, limited studies have specifically evaluated the
effect of maternal obesity on offspring renal health and
their risk of chronic kidney disease (CKD) (Lee et al.
2019). CKD is one of the fast rising diseases, affecting
over 10% of the population globally (Hill et al. 2016). It
affects 10% of Australians adults and contributes to one
in nine deaths (Australian Institute of Health and Wel-
fare 2018).

Australia’s Indigenous people are experiencing an epi-
demic of renal disease and chronic renal failure. CKD
contributes significantly to the disparity in life expectancy
between Indigenous and non-Indigenous Australians
(Australian Institute of Health and Welfare 2015). In
2008-2012, 16% of Indigenous deaths were due to CKD
(Australian Institute of Health and Welfare 2015), which
is 3.5 times higher than the rate for non-Indigenous Aus-
tralians. Results from the 2012-2013 National Aboriginal
Strait Islander Health Measures

and Torres Survey
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(NATSIHMS) indicate that after adjusting for age differ-
ences, Indigenous Australians are twice as likely as non-
Indigenous Australians to develop CKD (Australian Insti-
tute of Health and Welfare 2015). In the Northern Terri-
tory, Hoy et al. reported that Indigenous people have
high rates of microalbuminuria, a biomarker for early
onset of kidney failure (Hoy et al. 1998; 2005; Hoy and
McDonald 2004). Nephron endowment in the Australian
Indigenous population was found to be significantly
reduced compared to non-Indigenous people (Douglas-
Denton et al. 2006) and may be linked to the higher inci-
dence of LBW and/or prematurity (14% vs. 9%) in this
population (Smith et al. 2000; Rousham and Gracey
2002). Renal biopsies of Indigenous Australian babies of
LBW identified lower nephron numbers and larger
glomerular volumes (Hughson et al. 2003; Hoy et al.
2006; 2012). Thus, the higher prevalence of LBW and/or
preterm Indigenous babies may, through the effects of
nephron endowment, be in part responsible for not only
the greater prevalence of CKD and end stage kidney dis-
ease (ESKD), but also for the prevalence of hypertension
and CVD in Indigenous people (Australian Institute of
Health and Welfare 2015).

One population-based, case—control study in 1994
patients with childhood CKD (<21 years of age at diagno-
sis) and 20,032 controls investigated the association
between maternal obesity and risk of CKD in children
(Hsu et al. 2014) and demonstrated that higher maternal
pre-pregnancy Body Mass Index (BMI), independent of
maternal smoking, high blood pressure and gestational
diabetes mellitus (GDM) was associated with a signifi-
cantly greater risk of renal malformations (dysplasia/apla-
sia and obstructive uropathy) and childhood CKD
compared to controls (24% and 26% increased risk
respectively). These data suggest that maternal obesity
may be an important prenatal factor for kidney develop-
ment and predisposition to CKD in adulthood. However,
this is the only human study to date that has investigated
the potential contribution of maternal obesity to CKD,
highlighting that more research is needed (Lee et al
2019).

The developing kidney is particularly vulnerable to
metabolic insults during the critical window of nephroge-
nesis, with alterations in gene and protein expression pro-
posed as mechanisms underlying the developmental
programming of kidney structure and function (Moritz
et al. 2008). These alterations lead to a reduction in kid-
ney weight, kidney volume and/or reduction in nephron
numbers (Moritz et al. 2008). A lower nephron number
and therefore a reduced glomerular filtration surface area
may lead to glomerular hyperfiltration and systemic
hypertension, causing glomerulosclerosis and progressive
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renal damage (Brenner et al. 1988; Brenner and Chertow
1994).

In humans, nephrogenesis begins during the ninth
week of gestation and is completed at about 36 weeks
gestation (Bertram et al. 2011). Therefore, nephron
number at birth is greatly influenced by the intrauterine
environment and gestational age. Numerous studies of
infant kidneys have found that an adverse intrauterine
environment (e.g., poor nutrition) results in low birth
weight (LBW), preterm birth or intrauterine growth
restriction (IUGR). Further, it has been associated with
a reduction in nephron endowment (Hinchliffe et al.
1992; 1993; Manalich et al. 2000; Hughson et al. 2003;
Rodriguez et al. 2004). However, these studies were con-
ducted on autopsy samples as counting nephron number
and/or measuring glomerular size by noninvasive meth-
ods is not feasible in humans. Even though kidney
weight has been shown to correlate with nephron num-
ber (Nyengaard and Bendtsen 1992; Lelievre-Pegorier
and Merlet-Benichou 2000), kidney weight cannot be
measured during intrauterine life. Kidney volume mea-
sured by ultrasound and birth weight have been recog-
nized as a valid surrogate measure of nephron number
in humans (Hughson et al. 2003; Hughson et al. 2006;
Tsuboi et al. 2014). Babies born LBW have fewer
nephrons, with a strong correlation between renal vol-
ume and nephron number shown in neonates (Hinch-
liffe et al. 1992; Spencer et al. 2001; Kandasamy et al.
2014; Roderick et al. 2016).

The number of children exposed to an “obesogenic
intrauterine environment” during fetal development is
increasing in line with the rise in obesity prevalence
among women of reproductive age, and this is particu-
larly so in the Indigenous population. Indigenous mothers
are 1.6 times more likely to be obese with
BMI > 30.0 kg/m” than non-Indigenous mothers (33%
vs. 20%) (Australian Institute of Health and Welfare
2016). Our recent systematic review of human studies
found that the influence of maternal obesity on offspring
kidney development and kidney function in infants has
not been extensively investigated (Lee et al. 2019).

Therefore, the objective of this study was to determine,
in an Indigenous Australian population, the associations
between maternal adiposity and fetal kidney development
in late gestation (>28 weeks) and kidney function in
infants, <2.5 years of age.

Methods

Setting

This study was embedded within the Gomeroi gaaynggal
study, a prospective longitudinal cohort of Indigenous
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Australian mother—child dyads followed from pregnancy,
through the postnatal period and up until the children
are 10 years of age. The primary site of the study is Tam-
worth, a rural town in New South Wales, Australia. Fur-
ther details of the Gomeroi gaaynggal study have been
published elsewhere (Ashman et al. 2016).

Ethics

Ethical approval for the study was obtained from the
following committees: Hunter New England Human
Research Ethics Committee (HNEHREC No. 08/05/21/
4.01); the New South Wales Human Research Ethics
Committee (NSW HREC HREC/08/HNE/129); and the
Aboriginal Health and Medical Research Council
Human Research Ethics Committee (AHMRC HREC
654/08).

Recruitment

Recruitment began in 2010 and is still ongoing at the
time of publication. Eligible pregnant Indigenous women
are recruited by Indigenous research assistants who attend
antenatal clinics at Tamworth Rural Referral Hospital, in
New South Wales, Australia. Pregnant women who iden-
tify as Indigenous Australians, or as pregnant non-Indige-
nous women with Indigenous partners are eligible to
participate and can enrol at any stage in their pregnancy.
The women provided written informed consent to partici-
pate in the study.

Study design

Pregnancy study visits were carried out in early-
(<13 weeks), mid-(13-28 weeks), and late-pregnancy
(>28 weeks). Gestational age was determined by ultra-
sound at the first study visit. At each visit, various assess-
ments were undertaken including questionnaires, dietary
assessments, physical examinations, biological samples
(maternal blood and wurine), and fetal ultrasounds.
Women were asked to complete a self-reported question-
naire at their first antenatal visit, in which information
on Indigenous status, age at recruitment, educational
level, cigarette smoking during pregnancy, pre-pregnancy
weight, their obstetric history, and other preexisting med-
ical conditions, including diabetes, asthma, hypertension,
and kidney disease were collected.

Follow-up visits with infants occurred at 3, 6, 9, and
12 months in the first year of life and annually until the
child reached 10 years. At each follow-up visit, various
assessments were undertaken including questionnaires,
dietary assessments, physical examinations, and biological
samples (maternal blood and urine, offspring urine).
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Maternal anthropometry and body
composition

Maternal pre-pregnancy Body Mass Index (BMI) was cal-
culated from measured height (ht) and self-reported pre-
pregnancy weight (wt) at their first visit during pregnancy
[wt(kg)/ht(mz)] and each participant was subsequently
categorized as being underweight (BMI < 18.5 kg/m?),
normal weight (BMI 18.5-24.9 kg/m?), overweight (BMI
25.0-29.9 kg/m?) or obese (BMI > 30.0 kg/m?) according
to World Health Organization definitions (World Health
Organisation 2016). Maternal height was measured with-
out shoes to the nearest 0.1 cm using a wall-mounted sta-
diometer and a headboard (model 0123; Seca, Germany)
with the head positioned in the Frankfort plane. For par-
ticipants who could not recall their pre-pregnancy weight,
pre-pregnancy BMI was calculated using body weight
measured prior to 12 weeks’ gestation.

Maternal body composition and weight were measured
in a standardized way at each pregnancy study visit using
the InBody 720™ multifrequency bioelectrical impedance
scales (Biospace Co., Seoul, South Korea), which has 4
pairs of electrodes (octapolar technology) embedded into
the handles (thumb and palm electrodes) and floor scale
(ball of foot and heel electrodes). It is an inexpensive,
rapid, non-invasive bioelectrical impedance analysis (BIA)
method for estimating body composition, that is, weight,
BMI, waist:hip ratio (WHR), total body water (TBW),
lean body mass, total percentage body fat (PBF), and vis-
ceral fat mass (VEM). Participants were asked to remove
any jewellery and heavy clothing items and electrodes
were cleaned before each participant. Participants step
onto the foot electrodes barefoot and grasp the hand elec-
trode cables, with arms held approximately 15° away
from the body. Only the maternal body composition
measurements taken at the same visit in which an ultra-
sound was done in the third trimester were used in this
analysis.

Ultrasound measurements

Fetal biometry

Fetal biometrics were measured at the same visit as the
fetal kidney measurements were made. Ultrasound exami-
nations were performed using a Phillips Cx50 Portable
Diagnostic Ultrasound with a 5 MHz convex transducer
and used to determine gestational age and fetal growth.
During each ultrasound examination, fetal biometry
including head circumference, abdominal circumference,
and femur length were measured. Estimated fetal weight
(EFW) was calculated using the formula by Hadlock
using head circumference (HC), abdominal circumference
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(AC) and femur length (FL): EFW (g) = 10 x (1.326 —
0.00326 x AC x FL + 0.0107 x HC + 0.0438 x AC +
0.158 x FL) (Hadlock et al. 1985).

Kidney measurements

Fetal kidney size and volume were measured by ultra-
sound by determining the length, the anterior—posterior
diameter (thickness) and the transverse diameter (width).
Renal length was the maximum longitudinal length mea-
sured. Anterior—posterior diameter was measured as the
maximum distance between the anterior and posterior
wall of the kidney. The transverse diameter was the maxi-
mum transverse diameter on a transverse
Anterior—posterior and transverse kidney diameter were
measured perpendicular to each other, outer to outer,
above the hilum (Dinkel et al. 1985). Kidney volume was
calculated using the formula for an ellipsoid: volume
(em?’) = length (mm) x transverse (mm) X anterior—
posterior (mm) x 0.523) (Jeanty et al. 1982). Combined
kidney volume (cm®) was calculated as the sum of the left

and right kidney volume. Relative combined kidney vol-

scan.

ume was calculated as the ratio of combined kidney vol-
ume/EFW (cm3/kg). Relative kidney measurements better
represent kidney size than absolute kidney measurements
as it eliminates sex and length differences (Konje et al.
1997; Gloor et al. 1997). For this study, only the kidney
measurements taken in the third trimester were used in
the analysis.

Pregnancy and delivery outcomes

Maternal pregnancy and birth outcomes including date of
birth, birth weight, gestational age, newborn body mea-
surements, and child gender were obtained from patient
records.

Offspring kidney function

Kidney function was determined by urinary albumin:crea-
tinine and protein:creatinine measured in infants after
spot urine collection from nappies. For the purpose of
this analysis, we have only included data from follow-up
visits with infants up until the age of 2.5 years.

Population for analysis

Twin pregnancies (n = 7) were excluded from the analy-
sis. Those with implausible maternal body composition
measurements attributed to equipment issues when mea-
suring were also excluded (n = 4).

Only those with third trimester kidney ultrasound and
third trimester maternal body composition measurements
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available were included in the initial analysis. This analysis
was performed in a total of 147 mother—child dyads. In the
follow-up analysis, only those with a kidney function mea-
surement in infancy and a third trimester maternal body
composition measurements were included (n = 57). There
were multiple follow-up time-points (at 3, 6, 9, 12 months
and 2 years) and individuals with repeated urinary mea-
sures were included (n = 84 observations).

Statistical analysis

Continuous data were summarized using descriptive
statistics including the number of observations used in
the calculation (#) and were tested for normality, with
normally distributed data reported as mean (95% CI) and
non-normal data reported as median [IQR]. Categorical
data were summarized as counts and percentages of each
category.

Multiple linear regression models were used to assess
how much the maternal adiposity during pregnancy (per-
centage body fat and visceral fat) and pre-pregnancy BMI
explain the variation in fetal kidney structural develop-
ment (length, anterior—posterior, transverse and volume)
in the third trimester of pregnancy. Multi-level mixed
effects linear regression models with clustering were used
to account for repeated urinary measures in infants. To
assess the robustness of the current results, several sensi-
tivity analyses were carried out. Content knowledge was
utilized to select covariates.

Covariates tested were fetal sex, gestational age in days,
smoking, diabetes mellitus (type 1, type 2 or GDM), and
hypertensive disorders (chronic hypertension, gestational
hypertension or preeclampsia). We adjusted for covariates
that changed the effect estimate of maternal percentage
body fat, maternal visceral fat, and pre-pregnancy BMI on
fetal kidney structure by more than 15% when added to
the baseline model. The model focusing on the fetal kid-
ney structural parameters was adjusted for fetal sex, gesta-
tional age in days, and smoking. The model focusing on
the relative fetal kidney structural parameters was
adjusted for smoking only. Pregnancy complications (dia-
betes mellitus and hypertensive disorders during preg-
nancy) did not change the effect estimate by more than
15%, thus were not including in the final model.

Further analyses were done by grouping the mothers
according to their pre-pregnancy BMI: non-obese group
(underweight + normal pre-pregnancy BMI) and obese
group (overweight + obese pre-pregnancy BMI). The rela-
tive combined fetal kidney volume between the two
groups were then compared and represented graphically
as side-by-side box plots. T-tests were used to evaluate
relative combined fetal kidney volume between nonobese
and obese groups.
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The Physiological Society and the American Physiological Society

Maternal Adiposity and Fetal Kidney Development

All data manipulation and statistical analyses were per-
formed using the statistical software package Intercooled
Stata, version 14 (Stata Corp LP, College Station, TX). All
measures of association are presented with their 95% con-
fidence intervals (95% CI). A 2-sided P value of <0.05
was considered statistically significant. Adjusted R* values
and coefficients (95% CI) are reported, with R? =0.26
considered large, >0.13 to <0.26 medium and <0.02
small.

Results

Cohort characteristics of this population of Indigenous
Australian pregnant women with singleton pregnancies
are summarized in Table 1. The median maternal age was
23.6 years (IQR: 20.5, 29.0) at time of consent to partici-
pate (n = 147). Of those who self-reported their prepreg-
nancy weight, 5.5% (n = 6/108) of mothers were
underweight (BMI < 18.5 kg/m?), 31.5% (n = 34/108)
were within the normal weight range (BMI 18.5—
24.99 kg/mz) and 63% (n = 68/108) were overweight/
obese (BMI>25.0 kg/m?). The proportion who self-re-
ported smoking during pregnancy was 38.4% (n = 56/
146). 2.7% of women in the cohort (n = 3/112) had

Table 1. Maternal characteristics.

Variables n (%)

Indigenous status (n = 147)

Indigenous 120 (81.6)
Carrying an Indigenous child 27 (18.4)
Educational level (school attainment) (n = 100)
<Year 10 13 (13)
Year 10 or equivalent 38 (38)
Year 12 or equivalent 21 (21)
Trade/apprenticeship 17 (17)
Undergraduate degree 4 (4)
Post-graduate degree 2(2)
Currently studying 5 (5)
Pre-pregnancy BMI status (kg/m?) (n = 108)
Underweight (<18.5 kg/mz) 6 (5.5)
Normal weight (18.5-24.99 kg/m?) 34 (31.5)
Overweight/obese (>25.0 kg/m?) 68 (63.0)
Number with diabetes mellitus
Type 1 (n=112) 3(2.68)

Type 2 (n = 112) 0

Gestational diabetes (n = 110) 15 (13.6)
Number with hypertensive disorders

Chronic hypertension (n = 112) 1(0.9)

Gestational hypertension (n = 111) 7 (6.3)

Preeclampsia (n = 110) 11 (10)
Smoked during pregnancy (n = 146)

Yes (at any point during pregnancy) 56 (38.4)

BMI, body mass index.
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preexisting type 1 diabetes, none had diagnosed preexist-
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e T ° 9 (P = 0.03). Fetal kidney volume/EFW (left and right) and
g -~ combined fetal kidney volume/EFW were not associated
=0 3 3 & with pre-pregnancy BMIL
> & s g 9 In the unadjusted model (Table S2: https://figshare.c
s 79 9 9 om/s/9e4cfc826362074ffb6c), fetal kidney volume/EFW
g » (left and right) and combined fetal kidney volume/EFW
c . . .
g |2 ’g = were negatively associated with maternal percentage body
o = 2 .
Tl T 9 fat (P =0.04, P =0.04 and P = 0.02 respectively). Left
© fetal kidney volume/EFW remained negatively associated
clg g g with maternal visceral fat area (P = 0.03). Fetal kidney
- T = volume/EFW (left and right) and combined fetal kidney
- |8 & g volume/EFW were not associated with prepregnancy BML
e 2 ° In late pregnancy, fetuses from mothers in the obese
« s o 3 group (overweight + obese prepregnancy BMI) had smal-
x| S - . . .
T ® ©& @ ler combined fetal kidney volume/EFW ratio (cm’/kg)
o N - 3 than fetuses from mothers in the nonobese group (under-
% = S 3 8 ,?_ weight + normal prepregnancy BMI) (P = 0.035, Fig. 1).
O|c & o .2 . . .
ElB|e|T o o © There were near significant differences in the associa-
sls|4 S 38 8 G tion between combined kidney volume and EFW in late
213 o . .
f g S = pregnancy when comparing mothers in the non-obese
(<]
s |5 2 and obese groups (P = 0.065). For the non-obese group,
= g g N 5 0@ ® spearman’s rho = 0.67, and for the obese group, spear-
E = % s 2 2 B man’s tho = 0.66. Figure 2 illustrates the linear regression
~ S . . . .
= s ! : i model of the relationship between fetal combined kidney
(%
§ o~ S volume (¢cm’) and EFW (kg) in the non-obese and obese
5 ¥ ¥ = E groups.
g - @ @ £ Infant kidney function, assessed by measuring urinary
= “1s 3 3 g albumin:creatinine and protein:creatinine, was not associ-
% ~ ™ S ated with any alterations in maternal percent body fat
° E & o = and visceral fat area in the third trimester and pre-preg-
£El= 2 - .
518 =z nancy BMI (Table 4, n =84 observations from 57
5 — < o K
z g S § § § & infants).
3 _ =
c | = ° | o | Nel
o |le| = - o o
2181818 & 5 2 . :
2l . o o a Discussion
c | & o o o 2
S \ [ [ =
= ©
7|5 = Z To our knowledge, this is the first study that examines
=|Z|€lyg & & 2 the possible association between maternal adiposity in
G= S [} . . .
= i T 9 9 € pregnancy and human fetal kidney growth, and with kid-
= . . .
i = g ney function in infancy. It is also unique because it has
£ I 9 9 ﬁ been carried out with an Indigenous Australian popula-
g T S tion residing in a rural region of New South Wales, Aus-
% . = g o tralia. The analysis was performed using fetal kidney
= = % 2 X ultrasound measurements after 26 weeks of gestation as
o ) . . .
& = 5 g, 2 the period of maximum kidney growth occurs between 26
S _§ S 5 S é and 34 weeks of gestation. The current study shows that
< T2 5 “E > EFW, but not fetal kidney size in late fetal life, is posi-
' C OO T O . . . . .
o SxX=X35 \; 8 tively associated with maternal adiposity and pre-preg-
E £ 5 é\ = § = % nancy BMI. Consequently, fetal kidney volume relative to
—
EFW is negatively associated with maternal adiposity.
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Figure 1. Comparison of third trimester combined fetal kidney volume/estimated fetal weight between infants of non-obese

(underweight + normal pre-pregnancy BMI) and obese (overweight + obese pre-pregnancy BMI) mothers. The combined kidney volume to
estimated fetal weight ratio of infants born to obese mothers (n = 65) was smaller than that of infants born to non-obese mothers (n = 40,
P = 0.035). Data are presented as medians and interquartile ranges. * denotes P < 0.05. BMI, body mass index.

Furthermore, kidney function in infants <2.5 years old is
not associated with maternal adiposity during pregnancy
and pre-pregnancy BMI.

Much of our understanding of the association between
maternal obesity and offspring kidney development and
subsequent risk of CKD has come from animal models.
In a high fat diet-induced rodent model of obesity, mice
were exposed to high-fat diet six weeks prior to mating,

o ]

<
o
§ o
bl
Q
£
32
S
X3
ke
4
o
17
c
5 ©
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S
(6]

o 4

T T T T T
1 2 3 4 5
Estimated fetal weight (kg)
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Fitted values Fitted values

Figure 2. Combined kidney volume of fetuses from non-obese
(underweight + normal pre-pregnancy BMI) and obese
(overweight + obese pre-pregnancy BMI) mothers. Simple linear
regression (non-adjusted) was used in this model.
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during gestation and lactation, and male offspring of
these obese rodent mothers have increased albuminuria,
increased serum creatinine levels, increased fibrotic,
inflammatory, and oxidative stress changes in the kidneys,
reflecting adverse renal pathology (Glastras et al. 2016;
2017). Jackson et al. reported glomerulosclerosis and
reduced kidney function, including increased urinary
albumin excretion, in male rat offspring exposed to a
maternal diet high in fructose and fat compared to con-
trols (Jackson et al. 2012). Furthermore, female mice
exposed to a maternal high fat/fructose diet had lower
glomerular filtration rates (Flynn et al. 2013). Taken
together, these studies suggest that a maternal obesogenic
diet can have a detrimental impact on the programming
of offspring renal development and later renal function.

Only one epidemiological study to date has investigated
the impact of maternal obesity on offspring kidney out-
comes in humans (Hsu et al. 2014; Lee et al. 2019). As
such, there is a gap in our knowledge on the potential
contribution of maternal obesity to the current CKD epi-
demic (Hill et al. 2016), especially in the Indigenous pop-
ulation where the risk of ESKD is higher. The kidney
remains a largely unexplored area within the DOHaD
field in relation to exposure to an obesogenic intrauterine
environment.

The proportion of women of reproductive age who are
overweight or obese is rapidly increasing globally and this
is becoming an issue, not only in developed countries,

© 2019 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society



Y. Q. Lee et al.

Maternal Adiposity and Fetal Kidney Development

Table 4. Associations between maternal adiposity in the third trimester, pre-pregnancy BMI and infant kidney function.

Maternal Percent Body Fat

Maternal Visceral Fat Area (cm?)

Pre-pregnancy BMI (kg/m?)

n  Coefficient 95% Cl P n  Coefficient 95% ClI P n  Coefficient 95% Cl P
Protein: 84 0.006 —0.001, 0.01 0.1 84 0.0005 —0.0003, 0.001 0.19 64 0.004 —0.002, 0.01 0.21
Creatinine
(mg/mmol)
Albumin: 84 0.08 —0.06, 0.21 0.26 84 0.005 —0.008, 0.02 0.48 64 0.03 -0.11, 0.16 0.7
Creatinine
(mg/mmol)
BMI, body mass index; Cl, confidence intervals. Adjusted for smoking.
but in developing nations as well. Maternal pre-pregnancy =~ overweight/obese  pre-pregnancy BMI category. In

BMI and gestational weight gain (GWG) are strongly
associated with an increased risk of most pregnancy com-
plications, such as GDM and preeclampsia (Norman and
Reynolds 2011; Santos et al. 2019). Epidemiological stud-
ies have shown that exposure to an obesogenic intrauter-
ine environment has potential lasting ramifications for
the long-term health and disease risk in offspring (Cata-
lano and Ehrenberg 2006; Glastras et al. 2018). Yet, lim-
ited human studies have investigated whether or not
maternal obesity can affect the developing kidney and
subsequent renal health (Catalano and Ehrenberg 2006;
Richter et al. 2016), which warrants further investigation.

In this study, we did not detect any significant associa-
tions between maternal adiposity or pre-pregnancy BMI
with fetal kidney size in late pregnancy when smoking,
gestational age and fetal sex were taken into account. This
is in line with previous findings from the Generation R
study (Verburg et al. 2007) that found that maternal obe-
sity was not associated with combined fetal kidney vol-
ume in late pregnancy, even though maternal obesity
during pregnancy is known to influence overall fetal body
size in humans (Catalano and Ehrenberg 2006).

Exposure to an obesogenic intrauterine environment
could lead to an increase in fetal size and fat mass, as well
as altered metabolic programming in offspring (Oestreich
and Moley 2017). In the current cohort, we found that
EFW is positively associated with maternal percentage
body fat, visceral fat area in the third trimester and pre-
pregnancy BMI when taking into account smoking, gesta-
tional age and fetal sex. Other evidence shows that off-
spring born to obese mothers have higher birth weights,
increased BMI and fat deposition, and an increase in ado-
lescent and adult obesity (Surkan et al. 2004; Catalano
and Ehrenberg 2006; Catalano et al. 2009; Pringle et al.
2019).

Additionally, we have shown that a smaller fetal kidney
volume relative to EFW is associated with a higher mater-
nal adiposity in late pregnancy and being in the

© 2019 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society

humans, an accurate nephron count can only be done
post mortem, however it has been demonstrated that
neonatal renal volume is a valid surrogate measure for
nephron number (Spencer et al. 2001; Luyckx and Bren-
ner 2010; Kandasamy et al. 2013; 2014). The current find-
ings therefore suggest that in these bigger-sized fetuses,
with smaller kidney volume relative to EFW, there are
possibly fewer nephrons relative to body weight. This
mismatch between an increased body size and a reduced
kidney volume (and presumably nephron mass) relative
to body size may result in an increase in the single
nephron glomerular filtration rate (D’Agati et al. 2016).
Thus, we suggest that Indigenous babies born to obese
mothers may already be experiencing compensatory
glomerular hyperfiltration in wutero, which leads to
glomerular hypertrophy of existing nephrons (Bagby
2009).

In adults, obesity-induced hyperfiltration is an etiologi-
cal factor in obesity-related glomerulonephropathy (Chag-
nac et al. 2003; Wuerzner et al. 2010; Tsuboi et al. 2017).
In the long term, glomerular hypertrophy and sclerosis,
which lead to hypertension and progressive kidney dam-
age, may result in further reduction of nephron mass and
a vicious cycle of glomerular injury (Magee et al. 2009;
Mascali et al. 2016). This would predispose these Indige-
nous children to a higher risk of CKD in later life. Since
babies whose mothers were obese are born bigger and
maintain this difference throughout childhood, the cur-
rent findings suggest that obesity driven glomerular
hyperfiltration begins in utero and continues throughout
life. Thus, exposure to an obesogenic intrauterine envi-
ronment is an additional risk factor in the predisposition
to CKD in adult life.

In a study of kidney autopsies from an adult popula-
tion without any form of renal disease, it was found that
a high BMI and a low total glomerular number were
associated with increased glomerular volume (Hoy et al.
2010). In an analysis of renal biopsies from a cohort of
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patients with CKD, it was demonstrated that a high BMI
and a low glomerular density are independently associated
with an increased mean glomerular volume (Tsuboi et al.
2013). In addition, the analyses using the glomerular den-
sity/BMI ratio demonstrated a close association with the
mean glomerular volume (Tsuboi et al. 2013). These
results support our mismatch hypothesis, in which an
increased body size and a relative reduction in nephron
mass result in glomerular enlargement and subsequent
renal failure.

In this cohort of Indigenous infants (n = 57), it was
found that maternal adiposity in the third trimester and
pre-pregnancy BMI had no influence on kidney function
in infants < 2.5 years old. In a high-fat diet-induced
rodent model of obesity, male offspring exhibited elevated
albuminuria and serum creatinine levels in adulthood
(Glastras et al. 20165 2017). Therefore, as reflected in ani-
mal studies, the detrimental consequences to offspring
kidney function in humans when exposed to an obeso-
genic intrauterine environment may not surface until later
in life. It is therefore imperative to investigate whether
there are signs of renal damage or detrimental impact on
renal function later in life in these babies.

BMI is a surrogate indicator of obesity, does not
measure fat distribution and is a poor indicator of
variations in maternal fat mass in late pregnancy that
potentially influence fetal growth (Sewell et al. 2007).
BIA can accurately measure percent body fat composi-
tion and fat distribution and is considered a better pre-
dictor of maternal nutritional status than BMI (Sanin
Aguirre et al. 2004; Widen and Gallagher 2014). In this
study, in addition to pre-pregnancy BMI, we used BIA
to further investigate the relationship between maternal
fat distribution (percentage body fat and visceral fat
area) and fetal kidney development. Although assess-
ment of adipose tissue is less clinically accessible, it is
of primary interest, as maternal visceral adipose tissue
influences maternal inflammatory responses and the
development of metabolic syndrome associated with
adiposity (Diamant et al. 2005, Han and Lean 2016).
Additionally, the amount of maternal visceral adipose
tissue has an adverse effect on metabolic risk, inflam-
matory responses and insulin resistance in offspring
(Long et al. 2012; Alfaradhi et al. 2016).

While the data presented may contribute to a greater
understanding of the relationship between maternal adi-
posity and fetal kidney growth, questions remain about
the validity of BIA measurements in pregnancy. However,
BIA has been previously shown to accurately predict
TBW during pregnancy and validated against other tech-
niques of body composition analysis such as deuterium
water and hydrodensitometry (Raaij et al. 1988; Van et al.
1995; McCarthy et al. 2004). There is an increasing
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number of body composition studies utilizing BIA to esti-
mate fat-free mass and fat mass of pregnant women
(Farah et al. 2011; Kugananthan et al. 2017; Piuri et al.
2017), supporting the applicability of this method in
research studies. The use of BIA in pregnancy is a safe
and simple technique and may therefore be appropriate
for large epidemiological studies.

The strengths of this study include: (1) the detailed
analysis of renal ultrasound examinations, (2) accurate
measurement of maternal height during the first antenatal
visit to enhance accuracy of BIA estimates of body com-
position, (3) minimization of confounding variables by
excluding multiple pregnancies and adjusting for them in
our statistical model, (4) direct measurement of maternal
body composition, using BIA rather than depending on
surrogate measurements such as BMI, and (5) collection
of data and clinical information from patient hospital
records. One limitation is the relatively small sample size,
however, recruitment is still ongoing. There are several
reasons for lack of full retention of all women postpar-
tum. While every effort is made to retain all participants,
challenges to retention include cohort participants mov-
ing away from the study location, time constraints on
mothers and the lack of incentives for continued partici-
pation.

Conclusion

This study is the first study to investigate the association
between maternal adiposity and human fetal kidney
growth, and kidney function in infancy in an Indigenous
Australian population. The current findings suggest that
in late pregnancy, fetal kidney volume relative to EFW is
negatively associated with maternal adiposity. Thus,
Indigenous babies born to obese mothers have smaller
kidney volumes relative to EFW. Since kidney volume is a
surrogate for nephron number, these infants are likely to
have fewer nephrons relative to body weight, and these
nephrons are likely to be hyperfiltering. However, we are
unable to directly measure hyperfiltration and nephron
number in these babies in the late pregnancy period.
Future studies that focus on maternal body composition,
particularly maternal fat mass, and its influence on off-
spring kidney development and function in a larger
Indigenous cohort are warranted to guide the develop-
ment of future interventions and public health policies to
optimize maternal and fetal health. In addition, future
studies that include long-term follow-up of the children
in the current cohort to assess renal damage and blood
pressure in offspring are imperative to determine whether
and to what extent, exposure to an intrauterine obeso-
genic environment influences renal function in postnatal
life.
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