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Abstract

Prior studies have reported a significant, inverse association between adiponectin in human milk and offspring
growth velocity. Less is known about this association in populations characterised by a loss of weight for age
z-scores (WAZs) in early life. We investigated the association between maternal body composition and milk
adiponectin in a sample of Filipino mothers. We then tested for an association between milk adiponectin and size
for age in their infants. A total of 117 Filipino mothers nursing infants from 0 to 24 months were recruited from
Cebu, Philippines. Anthropometrics, interviews and milk samples were collected and analysed using standard
protocols. Mean milk adiponectin in this sample was 7.47 £ 5.75 ng mL~!. Mean infant WAZ and weight for
length (WLZ) decreased with age. Maternal body composition was not associated with milk adiponectin content.
Milk adiponectin had a significant, positive association with infant WAZ and WLZ. Prior reports have found an
inverse association between milk adiponectin and infant WAZ. Here, we report that in lean populations with
lower milk adiponectin, there is a positive association with infant WAZ, possibly reflecting pleiotropic biological
functions of adiponectin for post-natal growth. This study increases the understanding of normal biological
variation in milk adiponectin and the consequences of low levels of milk adiponectin for offspring growth.
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Introduction

Human milk is the ideal first food for the majority of
infants. In addition to balanced nutrition capable of
exclusively meeting nutritional needs for the first 4-6
months of life, it has been well established that
breastfeeding is associated with reduced risks of
infant morbidity and mortality (Yoon efal. 1996;
Bartick & Reinhold 2010; Liu & Newburg 2013).
Recently, there has been increasing evidence for the
long-term benefits of breastfeeding (Kramer 2010),
with studies suggesting that breastfeeding is associ-
ated with reduced risk of certain childhood cancers,

paediatric overweight and type 2 diabetes when com-
pared with infants who never received human
milk (Dewey 2003; de Moura & Passos 2005;
Guardamagna et al. 2012). This reduction in risk may
persist into adulthood, although the evidence is some-
what mixed (Gillman & Mantzoros 2007; Robinson &
Fall 2012).

This reduction in the risk of metabolic dysfunction
and overweight may come from either long-term
appetite control or metabolic programming, possibly
through human milk (Dewey 2003; Guilloteau et al.
2009; Koletzko eral. 2009). Human milk contains
numerous metabolic hormones and cytokines, such as
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leptin, epidermal growth factor, tumour necrosis
factor-cr, transforming growth factor-f and adipo-
nectin (Savino eral. 2009, 2013). Adiponectin, in
particular, is thought to be important in the establish-
ment of metabolism, appetite regulation and systemic
insulin sensitivity (Robinson et al. 2011). Although
its functions are best understood in adults, there is
growing evidence that breast milk-borne adiponectin
survives digestion and may be bioactive in neonates
(Weyermann et al. 2007). Breastfed infants have
higher serum adiponectin than formula-fed infants
(de Zegher et al. 2012); it is hypothesised that higher
circulating adiponectin in breastfed infants may
reflect exogenous adiponectin of maternal origin.

In general, adiponectin is produced primarily by
adipocytes in inverse proportion to the concentra-
tions of fat stored in the cell; people with more body
fat have decreased serum adiponectin relative to
weight (Harwood 2012). In adult circulation,
adiponectin promotes fatty acid oxidation and insulin
sensitivity, while also down-regulating hepatic glucose
production and increasing skeletal muscle glucose
uptake (Knights et al. 2014). Higher circulating levels
of adiponectin are thought to be protective against
the risk of overweight, obesity and type 2 diabetes.
During lactation, maternal adiponectin levels are sup-
pressed compared with levels during pregnancy or
those of non-pregnant, non-lactating women under
normal reproductive cycles (Asai-Sato et al. 2006;
Fuglsang etal. 2010). In vitro evidence suggests
a functional role for prolactin in suppressing
adiponectin during lactation (Asai-Sato et al. 20006).
Although suppressed compared with levels during
pregnancy or reproductive cycling, maternal circulat-
ing adiponectin is typically correlated with milk
adiponectin (Savino eral. 2012); however, not all

Key messages

studies report a significant association (Ozarda et al.
2012), and the associations between maternal body fat
and milk adiponectin are less clear. It has been
hypothesised that some of the variation may be
explained by mammary synthesis of adiponectin,
either in the mammary epithelial cells themselves or
in adjacent adipocytes (Newburg et al. 2010).

For infants, the association between feeding,
growth and milk-borne adiponectin is only beginning
to emerge. Several studies have found an inverse asso-
ciation between milk adiponectin and infant weight
gain over the first few months of life (Woo et al. 2009;
Cesur et al. 2012). Infant weight for age, but not length
for age, shows a general pattern of significant, inverse
association with milk adiponectin collected during the
prior interval. Greater exposure to milk adiponectin
during the first 6 months of life predicts slower growth
to 6 months, but faster growth from 6 months to 2
years (Woo et al. 2012).

However, little is known about the potential func-
tion of adiponectin in lean populations, especially
those characterised by reduced post-natal growth
velocity. Almost all prior work has focused on chil-
dren in primarily Western, well-fed populations with
minimal post-natal growth failure (Martin et al. 2006;
Weyermann et al. 2006; Savino et al. 2008), with no
consideration for how milk-borne adiponectin may
function in populations with regular post-natal
growth faltering. Here, we examine these associations
in a population of lean Filipino mothers and infants.
Infants in this sample have declining weight for age
(WAZ) and weight for length z-scores (WLZ) over
the first 2 years of life, with the majority of loss after
the first 6 months of life. In this sample, we investi-
gated two primary questions: (i) what is the associa-
tion between maternal body composition, measured

Prior studies on milk adiponectin and infant growth have been conducted in well nourished populations.

* Less is known about how such associations may persist in populations with declining postnatal growth status

but high breastfeeding rates.

In lean Filipino mothers, there is no association between maternal body composition and milk adiponectin.

* Milk adiponectin is positively associated with weight for age in this sample.

In populations with declining postnatal growth status, human milk adiponectin may be protective for growth,

possibly illustrating the pleiotrophic effects of adiponectin on infant physiology.
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using body mass index (BMI) and total body fat, and
milk adiponectin; and (ii) is there an association
between milk adiponectin and infant weight or BMI
after adjustment for age?

Methodology
Subjects and study design

This study was part of a larger follow-up study of
female participants in the Cebu Longitudinal Health
and Nutrition Survey (Cebu Study). The Cebu Study
is a longitudinal birth cohort study of more than 3000
mothers and their offspring from 33 communities in
the greater Cebu metropolitan area. The mothers in
the present study were delivered from 1 May 1983 to
30 April 1984 (Adair efal. 2011). These now adult
offspring have continued participation in the study,
with approximately 55% of the original singleton par-
ticipants participating in the 2009 survey (more recent
data not available). Participants from the original
birth cohort, now young adults, have been visited 20
times from birth to 2014, with separate surveys con-
ducted on males and females after 2007.

In 2007-2008, during a follow-up survey, currently
lactating female participants were recruited into a
study of human milk composition and early growth
(Quinn et al. 2012). One hundred and thirty-two
women were eligible; all agreed to participate.
Women were nursing infants from 10 days to 4 years
of age; only those women nursing infants less than 2
years of age were included in analyses.

Each mother was interviewed in her home by two
of the study authors (EAQ, FL). Interviews included
24-h dietary recalls and collected information, health
care behaviours, infant care practices, household
assets, maternal work histories and health histories
for both mothers and infants. Supplemental
health data collected on all household members.
Anthropometrics of weight, height, mid-upper arm
circumference and four skinfolds (triceps, biceps,
subscapular, suprailiac) were collected on mothers.
Recumbent length, weight, head circumference,
mid-upper arm circumference and seven skinfolds
(triceps, biceps, subscapular, suprailiac, thigh, calf,
abdominal) were collected on all infants. From these

skinfold measurements, maternal percent body
fat was calculated using the formula of Durnin
Womersley, previously used on this population
(Kuzawa etal. 2013). Intra-observer error was
reduced by having the same two researchers conduct
all field measurements; intra-observer error was <4%.

Milk collection

Milk samples were collected following standard milk
nutrition collection protocols (Ruel et al. 1997; Miller
etal. 2013). Between 6 and 10 am, mothers were
visited in their homes. The night before, text messages
were sent to mothers to schedule the visit and remind
them not to breastfeed for 2 h prior to the study
visit. When the infant was hungry, mothers began
breastfeeding as they usually would. After 2 min, the
infant was removed from the breast and a 10-mL
sample was collected by hand expression into a sterile
polypropylene tube. The infant was returned to the
breast. Samples were immediately transported on
freezer packs to the laboratory facilities at the Uni-
versity of San Carlos, where they were frozen at
—20°C for 1-3 months. Samples were then shipped on
dry ice to the United States, where they were analysed
at Washington University in St. Louis.

Milk analysis

Milk adiponectin was measured using a modified
enzyme-linked immunosorbent assay (R & D
Systems, Minneapolis, MN, USA) modified for use
with human milk (Bernstein & Dominy 2013).
Samples were skimmed prior to analysis. Briefly,
samples were diluted 1:5 in reagent diluent and
run in duplicate using a sandwich enzyme linked
immunoabsorbant assay (EIA) protocol. Any sample
with a coefficient of variation (CV) greater than 10%
was rerun. Inter-assay variation was 14%, well within
normal ranges for EIA protocols.

Statistical analysis

Data were analysed with Stata 12.1 (College Station,
TX, USA). Descriptive characteristics (mean, stand-
ard deviation) were calculated on untransformed
data. Multivariate linear regression was used to test
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for linear relationships between maternal body
composition (BMI, percent body fat) and milk
adiponectin, and between milk adiponectin content
and infant WAZ. However, as there was considerable
skew in the data, both adiponectin and maternal body
composition data were log-transformed prior to
analyses. All models were adjusted for infant age.
Regression diagnostics were performed on all regres-
sion models, with the largest change in AIC score
used to determine the best fit model.

Of the 132 women who provided samples, 117 are
included in the analysis. Four mothers were excluded
because of non-nutritive suckling/insufficient milk
volume, one mother was excluded for concurrent
pregnancy and the rest (10) were nursing infants
greater than 2 years of age.

To assess hypothesis 1, that maternal body
composition was significantly associated with milk
adiponectin, we used multivariate linear regression to
test for associations between maternal BMI, percent
body fat, sum of skinfolds and milk adiponectin,
before and after adjustment for infant age.

To investigate hypothesis 2, that the association
between infant weight and milk adiponectin, infant
weight was converted to WAZ and WLZ using the
zanthro function in Stata 12.1, with the World Health
Organization standards set as the reference category.
Both WAZ and WLZ were normally distributed in
this population. Multivariate linear regression was
used to test for an association between WAZ, WLZ
and milk adiponectin before and after adjustment for
infant age and infant mid-upper arm circumference.
Infant age was included in the WAZ and WLZ models
as both WAZ and WLZ declined with age, as did milk
adiponectin, and the inclusion of age was used to
statistically adjust for the age-associated declines.

Results

Descriptive characteristics of the sample are shown
in Tablel. Mean milk adiponectin was 7.47+
5.75ngmL™ (range 1.38-19.1 ng mL™"). Mean infant
age was 9.3+6.2 months. Using regression to test
hypothesis 1, we found that milk adiponectin was
inversely associated with infant age, but was not
significantly correlated with any measure of maternal

Table 1. Descriptive characteristics for the sample of |17 mothers
and their infants

Variable Mean  SD Min Max
Mother age (years) 24.1 0.3 24 25
Mother BMI 19.9 3.1 13.8 31
Mother percent body fat 249 3.6 15.9 34.8
Mother dietary energy (kcal) 1390 659 257.7 3478.1
Mother education (years) 9.7 2.8 2 15
Adiponectin (ng mL™") 747 574 137 19.11
Infant age (months) 9.3 6.2 0.3 24
% Female 47.6
Infant weight (g) 7150 1840 3170 10215
Infant length (cm) 66.6 8.9 39.5 80.5
Weight for age z-score -1 1.05 =35 1.7
Breastfeeding frequency 12.1 3.6 5 24
(#/24 h)

BMI, body mass index; SD, standard deviation.

body composition (BMI, weight, percent body fat
from skinfold thicknesses) (Table 2). For each 1-month
increase in infant age, the amount of adiponectin in
milk decreased by 0.4 + 0.09 ng mL~! of milk (P = 0.000;
r?=0.165). There was no significant association
between daily breastfeeding frequency or sampled
milk volume (full volume measurements were not
available) and the adiponectin content of milk.
Daily breastfeeding frequency showed only a modest
age-associated decline, from 13.3 + 3.2 daily feedings at
6 months to 11.7 + 4.0 feedings at 18 months.

For hypothesis 2, multivariate linear regression was
also used to test for a linear relationship between milk
adiponectin and infant size for age as z-score, before
and after adjustment for infant age, maternal BMI
and nursing frequency. Milk adiponectin was a signifi-
cant but positive predictor of WAZ and WLZ score in
this sample both before and after adjustment for
infant age (Table 3). As this is a cross-sectional study,
these are general trends within the sample, not asso-
ciations within individuals over time. In this sample,
weight and length for age z-scores decline with age
(Fig. 1), but higher milk adiponectin predicts higher
WAZs in children over the age of 1.

In a smaller subset of the sample (n =29) with at
least two longitudinal milk samples, data show modest
age-associated declines over the short study period;
however, this subset was all less than 6 months old,
which may have confounded the model.
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Table 2. Regression models testing for a linear association between maternal body composition using three different measures (BMI, percent body

fat, sum of skinfolds) and milk adiponectin

B (SE) P-value B (SE) P-value B (SE) P-value B (SE) P-value
Maternal BMI 0.004 (0.023) 0.869
Maternal body fat 0.006 (0.020) 0.760
Maternal skinfolds 0.002 (0.006) 0.707
Infant age -0.057 (0.012) 0.0005 -0.057 (0.012) 0.0005 -0.057 (0.012) 0.0005 -0.057 (0.012) 0.0005
Constant 9.059 (0.482) 0.0005 8.976 (0.536) 0.0005 9.025 (0.321) 0.0005 9.136 (0.129) 0.0005
R? 0.173 0.174 0.175 0.181

BMI, body mass index; SE, standard error. There was no significant association between any measure of maternal body composition and milk

adiponectin in this sample. Infant age was a significant predictor of milk adiponectin, with infant age inversely associated with milk adiponectin

as has been reported elsewhere.

Table 3. Regression models testing for an association between milk adiponectin and infant weight for age and BMI for age z-scores

Infant WAZ Infant BMI z-score

B (SE) P B (SE) P
Milk adiponectin 0.255 (0.110) 0.022 0.464 (0.208) 0.028
Infant age —0.218 (0.029) 0.0005 0.039 (0.055) 0.477
Infant length 0.119 (0.021) 0.0005 0.116 (0.039) 0.004
Constant -9.075 (1.652) 0.0005 —22.410 (3.137) 0.0005
R? 0.398 0.335

BMI, body mass index; SE, standard error; WAZ, weight for age z-scores. All models were adjusted for infant age and infant length.

Fig. . Association between infant weight
for age z-score and milk adiponectin by off-
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Discussion

Predictors of milk adiponectin

As discussed previously, mean milk adiponectin in
this sample was low compared with prior published
studies but within the ranges reported by previous
studies (Martin et al. 2006; Weyermann et al. 2006;

N Low

i

Savino et al. 2008; Newburg et al. 2010; Ozarda et al.
2012). In this sample of 117 Filipino mothers nursing

Medium

offspring up to 24 months of age, milk adiponectin
content was not associated with any available
measure of maternal body composition (BMI,
percent body fat, sum of skinfolds). Additional evi-
dence also supports an association between plasma
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and milk adiponectin in breastfeeding women. Circu-
lating adiponectin levels have been reported with
possible correlation to milk adiponectin (Ozarda et al.
2012; Savino et al. 2012). Similarly, the associations
between maternal BMI and milk adiponectin have
been reported in some, but not all, populations
(Martin et al. 2006).

To our knowledge, there is only one similar report
of a population with as low a sample mean for milk
adiponectin (Bernstein & Dominy 2013). This study
was also conducted with two Filipino populations: the
Ilocanos and Aeta, two populations living in Luzon
(northern Philippines). The Ilocanos are primarily
small-scale farmers and the Aeta are foragers exhib-
iting a pygmy phenotype (average adult male stature
<150 cm). Bernstein & Dominy (2013) reported mean
milk adiponectin levels of 4.2 and 4.4 ng mL"!, respec-
tively. Presently, the milk adiponectin content of the
Ilocanos and Aeta are the lowest reported in a human
population. However, this study did not include com-
parisons with measures of maternal body composition
or infant age. It is therefore impossible to know if the
lack of association between maternal body composi-
tion and milk adiponectin reported in this study was
also present among the Ilocanos and Aeta. Likely,
as has been consistently reported elsewhere, milk
adiponectin among the Ilocanos and Aeta was signifi-
cantly, inversely associated with infant age, as we also
demonstrate here (Martin e al. 2006; Weyermann
et al. 2006; Savino et al. 2008; Newburg et al. 2010;
Ozarda et al. 2012).

Associations between milk adiponectin and
infant size

The positive association between human milk
adiponectin and infant weight, as measured here
using WAZ, is somewhat contradictory to those
reported in prior populations. Most prior studies have
reported that higher milk adiponectin is associated
with lower early post-natal weight gain (Woo et al.
2009; Newburg et al. 2010; Cesur et al. 2012; Brunner
et al. 2015), frequently followed by rebound growth
up to 2 years (Woo et al. 2012).

The mean milk adiponectin concentration for this
sample was 7.47+5.75ngmL"!, well below the

sample means reported for most prior studies. This
sample may be situated on the low end of the global
distribution for adiponectin in milk, but illustrates
the considerable potential for both individual- and
population-level variation in milk hormones. In this
sample, adiponectin content of milk was positively
associated with WAZ, before and after adjustment for
infant age (Fig. 1). Prior studies from Mexico and the
United States have reported that milk adiponectin is
inversely associated with infant weight gain during
the first 4 months of life, but then positively associated
with weight gain at 2 years of age (Woo et al. 2009).
However, in some populations as illustrated in Woo
et al. (2009), there is visible evidence that the associa-
tion is considerably flattened at the lower end of the
distribution of milk adiponectin, and even shows a
modest positive association in samples from both the
United States and Mexico (Fig. 2). At approximately
15 ng mL!, the inverse association between milk
adiponectin and infant size for age becomes visible in
these graphs. However, the distribution of milk
adiponectin in the Cebu sample is much lower — the
mean for the Cebu sample is almost two standard
deviations below the mean reported for Mexico or the
United States in the aforementioned study. Ninety
per cent of milk samples from Cebu are below this
15 ng mL~! point of inflection.

Tests of the association between milk adiponectin
and infant growth have also been limited to well-
nourished, primarily Western populations. These
populations are characterised by generally good post-
natal weight gain — and minimal to zero loss of WAZs
over the first year of life. However, in Cebu, as with
many other populations, especially those in low-
resource, high-stress environments, there is instead
age-related post-natal decline in WAZ and WLZ
scores. In the Cebu Study, mean WAZ for infants <6
months was —0.41, for infants 6-12 months —1.11, for
toddlers 12-18 months —1.28 and —1.98 for toddlers
18-24 months, with no differences in WAZ or WLZ by
infant sex (P =0.566). Across all age categories, the
incidence of underweight (WAZ < —2) was approxi-
mately 20% (16/104; with three additional infants
having WAZ < -1.98); incidence of underweight
increased with age. The age-associated decline in
WAZ and WLZ has been previously reported in the
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Fig. 2. Comparison of predicted weight for age z-scores (WAZ) for the Cebu sample (mean plus 95th percentiles) compared with published data
reproduced from Woo etal. (2009) using combined data from Mexico and US mothers. Woo etal. (2009) had previously shown that in the lower
end of the distribution in their sample, there was not an inverse association between milk adiponectin and infant WAZ. The data from this study

provide additional information on normal biological variation in human milk, and suggest that the association between milk adiponectin and infant
WAZ may be parabolic, with low levels of milk adiponectin positively associated with infant WAZ and high levels of milk adiponectin inversely

associated with infant WAZ.

prior generation (the mothers generation) of the
Cebu Study (Adair & Guilkey 1997).

In lean populations such as this, with lower milk
adiponectin and general declines in WAZ and WLZ
scores during infancy, the positive association
between milk adiponectin and infant growth may
speak instead to the pleiotropic effects of adiponectin
throughout the body, including increasing fatty acid
oxidation, insulin sensitivity promotion and immune
function.

Evolutionary context

Although some studies have reported significant posi-
tive associations between maternal BMI and milk
adiponectin (Martin et al. 2006) other studies, includ-
ing this one, have reported no association between
maternal BMI and milk adiponectin (Weyermann
et al. 2006; Ozarda et al. 2012). Martin et al. (2006)
have suggested that the lack of a consistent associa-
tion across samples may reflect reduced inhibition of
adiponectin synthesis by prolactin in heavier women.
Changes to prolactin regulation and downstream

effects on local and systemic adiponectin production
may contribute to population variation in milk
adiponectin (Ozarda et al. 2012). Increased nursing
frequency, resulting in increased circulating prolactin,
may act to down-regulate mammary synthesis of
adiponectin. In Cebu, infants were nursed an average
of 12.1 £3.6 times per 24 h (range 5-24); however,
there was no significant association between nursing
frequency and milk adiponectin, nor an interaction
between nursing frequency and maternal BMI. This
high frequency of nursing may maintain elevated
prolactin levels in mothers which, in turn, suppress
adiponectin synthesis (Nilsson et al. 2005) and lead to
the reduction in milk adiponectin observed here.
The findings reported here for this sample do not
detract from prior discussions of the long-term effects
of adiponectin on infant programming and growth.
Rather, we suggest that these data provide important
insights into the full range of normal human variation
in milk adiponectin and its potential function in nurs-
lings. Although the overall mean and individual
values reported for this sample are within the ranges
reported in prior studies, the overall distribution is
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shifted much lower. Given the available evidence, it
seems feasible, rather than unusual, that the positive
association we report here between milk adiponectin
and infant growth is part of normal biological vari-
ation. For example, Woo eral. (2009) graphically
represented the association between WAZs and
adiponectin as an inverted parabola; however, the left
side of the graph was truncated at 10 ng mL™! (Fig. 1).
Most of the Cebu sample falls within this lower range
(0.5-10 ng mL™), and further illustrates these associa-
tions between milk adiponectin and WAZ at the
lower end of the milk adiponectin distribution. For
comparison between the Cebu sample and the previ-
ously described sample from the United States, we
calculated median, fifth and 95th confidence intervals
for WAZs by milk adiponectin for the Cebu sample
and plotted them with the US data from Woo et al.
(2009). The comparison is shown in Fig. 2. The confi-
dence intervals for WAZ shown in this interval are
specific to the samples, with 95% of children in the
Cebu growing at or below the fifth centile for the US
sample.

It has previously been hypothesised that milk
adiponectin may play an important role in maternal
regulation of infant growth (Weyermann et al. 2007,
Woo et al. 2009; Cesur et al. 2012; Brunner et al. 2015).
One leading hypothesis is that increased milk
adiponectin may be a maternal mechanism for
decreasing infant weight gain during the early post-
natal period when infant growth is entirely dependent
on maternal metabolism (Hinde 2012). By reducing
growth during this time period, the energetic costs of
infant growth are displaced to later infancy, when
others, such as fathers, grandmothers or older siblings,
can contribute to the energy costs of reproduction,
freeing the mother up earlier for a subsequent preg-
nancy. In milk with low levels of adiponectin, such as
milk found in the Cebu Study, low milk adiponectin is
growth promoting, with maternal physiology bearing
an increased share of the energetic burden of fuelling
offspring growth. This, too, may be an adaptive
mechanism for maximising child survivorship: if milk
adiponectin is associated with either maternal BMI or
circulating adiponectin, then low milk adiponectin
may signal a limited nutritional environment with
reduced capacity for supporting offspring growth.

Increasing growth during the periods of total or
partial breastfeeding, when maternal metabolism can
support growth, may be a mechanism for promoting
increased child survival, especially if adiponectin is
important in the regulation of lean mass vs. fat mass.
Murine models have shown that low-energy diets
increase circulating adiponectin (Berg et al. 2001),
and it is hypothesised, but not demonstrated, that this
may result in lower milk adiponectin (Savino et al.
2008). However, Savino et al. (2008) also speculate
that ‘dynamic changes in adiponectin levels may be an
adaptive response of adipose [cells] to environmental
energy supply’ (p. 704).

Although the exact maternal- or population-
specific characteristics that predispose populations to
low milk adiponectin (perhaps low maternal BMI,
low-energy intakes or high physical activity levels)
are uncertain, there is a general trend towards asso-
ciations between milk adiponectin and maternal BMI
among populations with higher BMIs. One possible
interpretation of these findings may be that the major-
ity of milk adiponectin is synthesised in the mammary
gland under local control. Additional adiponectin,
should circulating adiponectin levels be high or in
cases of higher maternal BMI, may be recruited from
extra-mammary sources. This may explain why in
well-nourished populations with a combination of
both high body fat and high dietary fat intake, milk
adiponectin is significantly associated with maternal
BMI, but is not associated with maternal BMI in lean
populations with relatively low-fat diets. In such high-
resource environments, high milk adiponectin signals
to infants that they are likely in environments highly
capable of supporting growth outside of maternal
metabolism (Newburg et al. 2010); subsequently, the
inverse association between milk adiponectin and
infant growth makes sense as alternative environmen-
tal resources are available to support such growth.

However, in more marginal or highly seasonal envi-
ronments, such resources may be unavailable. Here,
accelerating growth when maternal metabolism can
fully or partially support it may be a strategy for
maximising child growth and survival under more
limited conditions. This maintenance of infant growth
through maternal metabolism may increase maternal
costs associated with lactation and may have long-
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term effects on maternal reproductive trade-offs as a
faster growing infant will require more milk with sub-
sequent additional maternal metabolic costs com-
pared with a slow growing infant.

However, the infant, given a larger body size as well
as potentially improved insulin sensitivity and other
aspects of short- and long-term developmental pro-
gramming, may have improved survival in marginal
environments — either because of increased biological
sensitivity to the present context, changes to meta-
bolic function or increased fat reserves to ameliorate
short-term, possibly seasonal fluctuations in nutrition.
Further, very little is known about the functions of
low levels of milk adiponectin on the long-term devel-
opment of infant metabolism, fatty acid oxidation and
immune function. Even the potential improvement in
maintenance of gut barrier function, as the result of
localised binding of milk-borne adiponectin to
adiponectin receptor-1 in the small intestines (Zhou
et al. 2005), may be growth promoting under condi-
tions of marginal nutrition and increased pathogenic-
ity. These factors may explain the parabolic
relationship between milk adiponectin and infant
growth, with low levels targeted primarily at the gut
and higher levels allowing for more systemic expo-
sure to milk-borne adiponectin.

Current understandings of the normal range of
variation and physiological function of milk
adiponectin may be incomplete and biased towards
well-nourished, well-growing populations. Similarly,
prior studies have also been limited to comparatively
young infants, and have not been able to fully inves-
tigate the association between milk adiponectin and
offspring growth over the first 2 years of life in popu-
lations where extended breastfeeding is common.
Continued research in more diverse populations with
differing nutritional status, infant feeding patterns
and child growth patterns will be necessary to
more fully understand the function of milk-borne
adiponectin and promote optimal infant health.
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