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Abstract
Breast milk (BM) hormones have been hypothesised as a nutritional link between maternal and infant metabolic health. This study aimed to
evaluate hormone concentrations in BM of women with and without gestational diabetes mellitus (GDM), and the relationship between
maternal factors, BM hormones and infant growth. We studied ninety-six nulliparous women with (n 48) and without GDM and their
exclusively breastfed term singletons. Women with GDM received dietary therapy or insulin injection for euglycaemia during pregnancy.
Hormone concentrations in BM, maternal BMI and infant growth were longitudinally evaluated on postnatal days 3, 42 and 90. Mothers with
GDM had decreased concentrations of adiponectin (Pcolostrum< 0·001; Pmature-milk= 0·009) and ghrelin (Pcolostrum= 0·011; Pmature-milk< 0·001)
and increased concentration of insulin in BM (Pcolostrum= 0·047; Pmature-milk= 0·021). Maternal BMI was positively associated with adiponectin
(β= 0·06; 95% CI 0·02, 0·1; P= 0·001), leptin (β= 0·16; 95% CI 0·12, 0·2; P< 0·001) and insulin concentrations (β= 0·06; 95% CI 0·02, 0·1;
P< 0·001), and inversely associated with ghrelin concentration in BM (β= –0·08; 95% CI –0·1, –0·06; P< 0·001). Among the four hormones,
adiponectin was inversely associated with infant growth in both the GDM (βweight-for-height= –2·49; 95 % CI –3·83, –1·15; P< 0·001;
βhead-circumference= –0·39; 95 % CI –0·65, –0·13; P= 0·003) and healthy groups (βweight-for-height= –1·42; 95 % CI –2·38, –0·46; P= 0·003;
βhead-circumference= –0·15; 95 % CI –0·27, –0·03; P= 0·007). Maternal BMI and GDM are important determinants of BM hormone
concentrations. Milk-borne adiponectin is determined by maternal metabolic status and plays an independent down-regulating role in
early infant growth.
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In parallel with the increasing trend of gestational diabetes
mellitus (GDM)(1), the prevalence of childhood obesity has
been increasing at an alarming rate of up to 18% worldwide(2).
Mounting evidence indicates that children born to mothers with
diabetes have a higher risk of high birth weight(3), amplified
adiposity in infancy(4), later obesity(5) and type 2 diabetes(6).
The growth of these children could be ‘programed’ during
pregnancy by intra-uterine over-nutrition and follow adverse
trajectories characterised by larger size and accelerated velocity
of weight gain during infancy and childhood. Nutrition during
infancy is an important modulator for energy balance
throughout life(7). Breast milk (BM) as the natural food for infant

has been recommended widely in general population for its
protective effects against obesity(8) and type 2 diabetes(9) in
later life. However, the effect of breast-feeding on the future
obesity of the children born to mothers with GDM remains
uncertain. Studies of mothers with diabetes showed contra-
dictory results, including increasing the risk(10), no effects on the
risk(11), or lowering increased adiposity associated with expo-
sure to diabetes in utero(12).

The favourable energy balance and growth of breastfed
infants have been suggested to be derived in part from the
hormones in BM(13). Hormones are stable in BM and could be
absorbed through the receptors in human gastrointestinal
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tract(14–17). Some bioactive BM hormones are reported to link
maternal metabolic status with metabolic health of offspring.
For instance, adiponectin and leptin concentrations in BM are
associated with maternal BMI(18–21) and could be altered by
GDM(22,23). Breastfed infants exposed to higher concentration
of adiponectin in BM have a lower weight gain during the first
6 months(24). However, the effects of maternal factors on adi-
ponectin and leptin were inconsistent among studies, and the
inconclusive results regarding insulin and ghrelin render further
confirmation(25). The association of BM hormone with infant
growth was also inconclusive in previous studies using different
anthropometric measurements, such as weight gain(18), body
composition(20), BMI(21,26–29) or weight-for-height(24,29,30).
Moreover, few studies examined the links in women with GDM
and their infants.
In this study, we recruited women with GDM(31), healthy

women and their exclusively breastfed infants for longitudinal
follow-ups on days 3, 42 and 90. We aimed to evaluate the
adiponectin, leptin, insulin and ghrelin concentrations in BM of
women with GDM and the relationship between maternal fac-
tors, BM hormones and early infant growth.

Methods

The study protocol was approved by the institutional review
boards at Peking Union Medical College Hospital and Beijing
Obstetrics and Gynecology Hospital. Signed informed consent
was obtained from all the participating families. Trial identifi-
cation number and URL: NCT03145649 https://clinicaltrials.gov/
show/NCT03145649.

Subjects

Nulliparous women with GDM and healthy women who
intended to exclusively breastfeed their singletons were
recruited consecutively from the obstetric wards at Peking
Union Medical College Hospital and Beijing Obstetrics and

Gynecology Hospital during the 37th gestational week. The
exclusion criteria were: pre-pregnancy diabetes, fetal anomaly,
gestational hypertension, pre-eclampsia, fetal growth restric-
tion, ruptured membranes, postpartum glucose abnormalities
(see below) and introduction of formula feeding during the
follow-ups. Women with plasma glucose >7·8mmol/l in the 1 h
50 g glucose load test (GLT) during the 24th to 28th gestational
week underwent a 3 h 100g diagnostic oral glucose tolerance test
(OGTT) following a 12 h overnight fast. GDM was diagnosed if
two or more plasma glucose reads equaled or exceeded the
threshold according to Carpenter/Coustan diagnostic criteria(32).
All subjects diagnosed with GDM initially received dietary
therapies to ensure euglycaemia, adequate nutrition and appro-
priate weight gain. Those who did not achieve glycaemic targets
(3·3–5·6mmol/l at fasting, 3·3–5·8mmol/l pre-prandially, 4·4–
6·7mmol/l 2 h post-prandially and 4·4–6·7mmol/l at night) in
2 weeks were given insulin via injection. As the close link
between BM macronutrients and the maternal glucose metabolic
status could potentially bias our evaluation of the association
between BM hormones and infant growth, we excluded women
with postpartum glucose abnormalities, that is, impaired glucose
tolerance (IGT) with the 2 h plasma glucose between 7·8 and
11·0mmol/l and type 2 diabetes with the 2 h plasma glucose
≥11·1mmol/l in 75g OGTT on day 42 (Fig. 1).

Anthropometric measurements

Obstetric data including glycaemic tests, gestational age and
mode of delivery were collected from medical records. Pre-
pregnancy weight was self-reported. Height was measured
twice to the nearest 0·1 cm with a wall-mounted stadiometer.
Weight was measured twice to the nearest 0·1 kg with a medical
balance scale before delivery, on postpartum days 42 and 90.
Infant weight, length and head circumference were measured at
birth, on days 42 and 90. The infants were weighed twice in
nude using a precision scale (Seca). Body length and head
circumference were measured twice to the nearest 0·1 cm with a
length board and non-stretchable measuring tapes (Seca). We
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Fig. 1. Diagram of participant and follow-up flow. GDM, gestational diabetes mellitus; IGT, impaired glucose tolerance.
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averaged the two readings for data analysis.

Milk sample collection, processing and laboratory tests

Colostrum samples were collected between 08.00 and
09.00 hours before infant feeding on the 3rd day after delivery.
Mature milk, including both foremilk and hindmilk, was deliv-
ered and collected from one breast before infant feeding using
an electric pump (Medela) between 14.00 and 16.00 hours on
days 42 and 90 in outpatient clinics. Milk samples were frozen
immediately in sterilised plastic tubes at –80°C. Before quanti-
fying the hormones in BM, the samples were thawed at 4°C,
sonicated and centrifuged. Sonication was performed at 50W
for three bursts with 10-s intervals, and centrifuged at 100 000g
for 1 h at 4°C (Braun-sonic Sonicator; B. Braun). The super-
natant fat was discarded and the skim milk was used for
quantifying adiponectin, leptin, insulin and ghrelin by ELISA at
the Key Laboratory of Endocrinology, Peking Union Medical
College Hospital. The intra- and inter-assay CV were <5·4 and
<8·5% for adiponectin, and <7·4 and <9·3% for leptin,
respectively. The cross-reactivity to proinsulin of the insulin
assay was not significant (<0·05%). The sensitivity of insulin
assay was 0·5mU/l, and the intra- and inter-assay CV were <4·1
and <9·0%. Total ghrelin was tested using the total human
ghrelin ELISA kit (Millipore). The intra- and inter-assay CV for
the ghrelin assay were <1·9 and <7·7%.

Statistical analysis

According to the study on colostrum ghrelin concentration in
women with and without GDM(33), six mother–infant dyads at
each group were needed to achieve the statistical power of 84%
and the two-sided significance level of 0·05(34). According to the
baseline adiponectin level and infant weight-for-height in
another two cohorts examining the association between BM
adiponectin and infant growth(24), a sample size of seventy-two
(using data from Cincinnati group) or seventy-five (using data
from Maxico group) mother–infant dyads was able to achieve a
statistical power of 80%(35). We had ninety-six mother–infant
dyads at the baseline and seventy-eight on day 42, which was
an acceptable sample size for detecting the association between
BM adiponectin concentration and infant weight-for-height. The
differences in the demographic characteristics and hormone
concentrations between GDM and healthy groups were eval-
uated using independent sample t test and Mann–Whitney U
test for continuous variables, and using χ2 test for discrete
variables. The association of maternal and obstetrical factors
(i.e. pre-pregnancy BMI, maternal BMI during lactation, GDM,
plasma glucose during pregnancy, gestational weight gain,
gestational age and delivery mode) with the hormone con-
centrations was tested using generalised estimating equation
(GEE), a semi-parametric analysis using all the longitudinal data
points to estimate the overall average effects of maternal or
obstetrical factors (e.g. BMI) on the hormone levels in BM. The
association of the overall hormone concentrations in BM with
infant weight-for-height gain and head circumference was also
analysed using GEE. The statistical analysis was conducted
using SPSS version 20.0 (SPSS Inc.). α was set to 0·05 for two-

sided tests if otherwise mentioned. To be more conservative
with our exploratory analysis, we used Bonferroni correction to
control for potentially inflated type I error (α) in the regression
analyses.

Results

In all, ninety-six of 121 eligible women agreed to participate
and successfully delivered colostrum. Among them, forty-eight
women were with GDM and forty-eight were healthy (Fig. 1). In
the GDM group, twenty-two dyads dropped out due to the
introduction of formula feeding (n 16), IGT (n 4) and type 2
diabetes (n 2). A total of thirteen healthy mothers dropped out
due to the introduction of formula feeding (Fig. 1).

The plasma glucose of women with GDM at fasting, 1, 2
and 3 h in OGTT were 5·75 (SD 0·98), 10·96 (SD 1·51), 9·78 (SD
1·47) and 7·14 (SD 1·95)mmol/l, respectively (Table 1). As
expected, women with GDM had higher plasma glucose at 1 h
in the 50 g GLT during pregnancy compared with healthy
women (11·49 (SD 2·42) v. 6·82 (SD 1·29), P< 0·001; Table 1). We
tested glycosylated Hb for women with a diagnosis of GDM
during the 24th to 28th gestational weeks. The median glycosy-
lated Hb level was 6·20% (44mmol/mol; ranged from 5·0%
(31mmol/mol) to 10·0% (86mmol/mol); data not shown). In all,
seventeen mothers with GDM received insulin injections. All
mothers with GDM had favourable blood glucose control during
pregnancy.

The two maternal groups were comparable in age, gesta-
tional age and delivery mode (P> 0·05; Table 1). Women with
GDM, particularly those who received insulin injections, had
higher BMI (P≤ 0·012) but less gestational weight gain
(P=0·009) than healthy women (online Supplementary Table S1).
We did not find significant differences between infants born to
GDM and healthy women, regarding their weight, height,
weight-for-height and head circumference at birth, on days 42
and 90 (P> 0·05; Table 1).

Breast milk hormone concentrations and maternal factors

We collected colostrum samples on day 3, and mature milk
samples on days 42 and 90 (Fig. 1). When compared with
healthy women, women with GDM had lower concentrations of
adiponectin and ghrelin in colostrum on day 3 (Padiponectin
<0·001 and Pghrelin= 0·011) and mature milk on day 90
(Padiponectin= 0·009 and Pghrelin< 0·001; Table 2). Women with
GDM had higher concentration of insulin in colostrum
(P= 0·047) and mature milk (P= 0·021; Table 2), especially in
women who received insulin injections (Pcolostrum= 0·049 and
Pmature milk <0·001; online Supplementary Table S2). The leptin
concentration was not statistically different between women
with GDM and healthy women (P> 0·05; Table 2). All the four
hormones were not significantly different between the two
groups on day 42 (P> 0·05; Table 2). Lactation time also played
an important role in adiponectin, leptin and ghrelin levels in
BM. Adiponectin and leptin concentration decreased across
time and ghrelin concentration was highest at day 42 (Table 2).
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We tested the association of maternal factors with overall
hormone concentrations in BM using GEE. We found that adi-
ponectin concentration was inversely associated with GDM
(P= 0·014), plasma glucose concentration at 1 h in the 50 g GLT
during pregnancy (P< 0·001), and caesarean section delivery
(P= 0·029), while it was positively associated with maternal
BMI during lactation (P= 0·001) and gestational age (P= 0·017;
Table 3). Leptin concentration was only positively associated
with maternal body size, including pre-pregnancy BMI
(P= 0·017) and maternal BMI during lactation (P< 0·001;
Table 3). Furthermore, we noticed that pre-pregnancy BMI,

maternal BMI during lactation, GDM and plasma glucose con-
centration at 1 h in 50 g GLT during pregnancy were positively
associated with insulin concentration (P<0·001 for pre-pregnancy
BMI, maternal BMI during lactation and GDM; P=0·035 for plasma
glucose concentration), while inversely associated with ghrelin
concentration in BM (P=0·031 for pre-pregnancy BMI, P<0·001
for maternal BMI during lactation and GDM, and P=0·007 for
plasma glucose concentration; Table 3). However, some of the
associations, such as GDM and gestational age with adiponectin,
were insignificant with Bonferroni correction rendering further
confirmation (Table 3).

Table 1. Characteristics of mothers and infants
(Mean values and standard deviations; numbers and percentages)

GDM group (n 48)* Healthy group (n 48)*

Mean SD Mean SD P†

Mothers
Age (years) 32·15 3·84 32·04 3·58 0·891
1-h 50g GLT (mmol/l) 11·49 2·42 6·82 1·29 <0·001
OGTT‡

Fasting 5·75 0·98 4·40 0·25 <0·001
1h 10·96 1·51 7·76 1·48 <0·001
2h 9·78 1·47 6·54 1·16 <0·001
3h 7·14 1·95 5·61 1·15 0·041

Gestational weight gain (kg) 13·56 6·05 17·06 5·03 0·004
Gestational age at delivery (weeks) 38·56 0·71 38·92 0·99 0·066
Delivery mode

Vaginal delivery 0·245
n 10 15
% 21 31

Caesarean section delivery
n 38 33
% 79 69

BMI (kg/m2)
Pre-pregnancy 22·87 3·20 20·71 3·27 0·002
Pre-delivery 27·97 3·56 27·22 3·31 0·293
Day 42 24·17 3·34 23·42 3·49 0·339
Day 90 23·97 3·30 21·94 2·65 0·009

Infants
Boys 0·679

n 27 29
% 56 60

Weight (g)
Birth 3468·85 425·87 3342·50 440·36 0·156
Day 42 4954·08 468·45 5157·09 549·91 0·076
Day 90 6672·10 577·24 6857·18 692·20 0·232

Height (cm)
Birth 50·13 1·59 49·90 1·60 0·484
Day 42 56·71 1·86 57·07 2·18 0·425
Day 90 62·60 2·18 63·02 2·04 0·397

Weight-for-height (g/cm)
Birth 69·07 6·88 66·85 7·19 0·126
Day 42 87·27 6·51 90·35 8·90 0·071
Day 90 106·52 7·57 108·75 9·81 0·297

Head circumference (cm)
Birth 34·64 1·06 34·30 1·03 0·156
Day 42 38·23 1·20 38·39 1·07 0·542
Day 90 40·46 0·94 40·68 0·97 0·335

GDM, gestational diabetes mellitus; GLT, glucose loading test; OGTT, oral glucose tolerance test.
* The number of subjects at recruitment and first follow-up. The numbers of subjects at the second and third follow-ups

are shown in Fig. 1.
† t Tests for continuous variables and χ2 tests for categorical variables were used to evaluate the difference between

GDM and healthy groups.
‡ All mothers with GDM and eight healthy mothers underwent OGTT during pregnancy.
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Breast milk hormone concentrations and infant growth
The overall adiponectin concentration in BM during the first
3 months was inversely associated with the infant weight-for-height
in both the GDM (β= –2·49; 95% CI –3·83, –1·15; P< 0·001)
and healthy groups (β= –1·42; 95% CI –2·38, –0·46; P= 0·003;
Table 4). Adiponectin and insulin were associated with head
circumference during the follow-up period in both the GDM

(β= –0·39; 95% CI –0·65, –0·13; Padiponectin= 0·003; β= –0·39;
95% CI –0·65, –0·13; Pinsulin= 0·004) and healthy groups
(β= –0·15; 95% CI –2·38, –0·46; Padiponectin= 0·007; β= –0·55;
95% CI –1·11, 0·01; Pinsulin= 0·049; Table 4). However, the
association of insulin with head circumference in healthy sub-
jects was insignificant after Bonferroni correction. We further
plotted the BM hormone concentrations and weight-for-height

Table 2. Breast milk hormone concentrations over lactation
(Medians and interquartile ranges (IQR))

GDM Healthy

Median IQR Median IQR Pgroup* Ptime†

Adiponectin (ng/ml)
Day 3‡ 21·74 14·77–56·10 65·81 29·76–126·91 <0·001 0·001§
Day 42|| 11·89 8·00–18·37 12·22 9·69–14·92 0·889
Day 90¶ 11·75 8·53–13·91 15·31 11·60–19·53 0·009

Leptin (ng/ml)
Day 3‡ 1·28 0·87–2·63 1·49 0·56–3·25 0·774 <0·001**
Day 42|| 0·26 0·09–0·47 0·21 0·09–0·51 0·692
Day 90¶ 0·20 0·12–0·47 0·25 0·16–0·45 0·539

Insulin (μU/ml)
Day 3‡ 22·80 13·51–51·25 20·41 7·68–31·38 0·047 0·101
Day 42|| 32·36 13·06–58·22 28·20 17·97–40·05 0·376
Day 90¶ 40·63 22·48–57·17 24·61 13·40–31·85 0·021

Ghrelin (pg/ml)
Day 3‡ 124·43 89·87–178·76 159·36 122·62–234·33 0·011 0·004††
Day 42|| 338·74 189·98–432·95 337·60 149·82–565·77 0·795
Day 90¶ 104·62 72·72–154·71 210·91 147·25–381·88 <0·001

GDM, gestational diabetes mellitus.
* Mann–Whitney U tests were used to compare the difference between GDM and healthy groups at each lactation time point.
† General linear model for repeated measurements with GDM/without GDM as between-subject factor was used to compare the

hormone concentrations over time. Hormone concentrations were natural log transformed before entering the models.
‡ n 48 for GDM group and n 48 for healthy group at day 3.
§ In subsequent within-subject contrasts, adiponectin concentration was significantly different between day 3 and day 42

(P=0·001).
|| n 35 for GDM group and n 43 for healthy group at day 42.
¶ n 26 for GDM group and n 35 for healthy group at day 90.
** In subsequent within-subject contrasts, leptin concentration was significantly different between days 3 and 42 (P<0·001) and

between days 3 and 90 (P= 0·002).
†† In subsequent within-subject contrasts, ghrelin concentration was significantly different between days 3 and 42 (P<0·001) and

between days 42 and 90 (P= 0·044).

Table 3. Associations between maternal factors and breast milk hormone concentrations†
(β-Coefficients and 95% confidence intervals)

Adiponectin (ng/ml) Leptin (ng/ml) Insulin (μU/ml) Ghrelin (pg/ml)

β 95% CI P* β 95% CI P* β 95% CI P* β 95% CI P*

Maternal factors
Pre-pregnancy BMI –0·03 –0·07, 0·01 0·305 0·06 0·02, 0·1 0·017 0·09 0·05, 0·13 <0·001 –0·05 –0·09, –0·01 0·031
Maternal BMI during lactation 0·06 0·02, 0·1 0·001 0·16 0·12, 0·2 <0·001 0·06 0·02, 0·1 <0·001 –0·08 –0·1, –0·06 <0·001
GDM –0·39 –0·71, –0·07 0·014 0·01 –0·35, 0·37 0·961 0·5 0·22, 0·78 <0·001 –0·53 –0·75, –0·31 <0·001
1-h plasma glucose in 50 g GLT

(mmol/l)
–0·08 –0·12, –0·04 <0·001 0·01 –0·07, 0·09 0·823 0·06 0·01, 0·12 0·035 –0·06 –0·1, –0·02 0·007

Gestational weight gain (kg) 0·01 –0·01, 0·03 0·746 –0·02 –0·06, 0·02 0·375 –0·02 –0·04, 0·01 0·211 –0·01 –0·03, 0·01 0·501
Obstetrical factors

Gestational age (weeks) 0·2 0·04, 0·36 0·017 0·09 –0·11, 0·29 0·381 –0·02 –0·2, 0·16 0·788 0·1 –0·02, 0·22 0·082
Delivery mode (Caesarean

section)
–0·38 –0·74, –0·02 0·029 –0·27 –0·71, 0·17 0·227 –0·34 –0·7, 0·02 0·064 0·03 –0·25, 0·31 0·852

GDM, gestational diabetes mellitus; GLT, glucose load test.
* A P value ≤0·007 was considered significant with Bonferroni correction.
† Generalised estimating equation was used to test the association between maternal factors and milk hormones with adjustment for maternal age.
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at each time point to show the trend of the associations (online
Supplementary Figure). The correlations shifted over time,
which could be due to the differences in the concentrations
between colostrum and mature milk.

Discussion

This study provides evidence supporting milk-borne adipo-
nectin as an important nutritional mediator that links maternal
metabolic status and early infant growth. Although women with
GDM received dietary intervention or insulin therapy, adipo-
nectin and ghrelin concentrations were decreased and insulin
concentration was increased in their BM. Women with higher
BMI had more adiponectin, leptin, insulin, but less ghrelin in
BM. Among all the four hormones, adiponectin was inversely
associated with early infant growth (i.e. weight-for-height and
head circumference) in both women with GDM and healthy
women, suggesting an independent modulatory role of milk-
borne adiponectin in infant growth.
The concentrations of adiponectin(26,36–38), leptin(18,37–39) and

insulin(23) in BM were in the same range comparing to prior
studies. The total ghrelin concentration was comparable to that
reported by Aydin who also used ELISA to quantify the hor-
mones(22). However, our read was ten times lower than
the concentration measured using RIA, which could be due to
the non-specific competition of proteins in BM(40). To minimise
the confounding effect of variation in the duration between milk
delivery and collection(23), we stored the BM samples imme-
diately after collection. Other potential differences between
GDM and healthy groups, including nulliparous mothers,
maternal age, gestational age and delivery mode, were
balanced between the GDM and healthy groups.
Women with controlled diabetes mellitus had normal milk

lactose, glucose, protein, cholesterol, TAG and total fatty acid
composition(31). However, their hormone concentrations varied
and were associated with maternal BMI, glucose metabolism
and the stage of lactation. Our results were consistent with prior
studies that women with GDM or gravid hyperglycaemia had
higher insulin(23) and lower ghrelin concentration in their
BM(33). Higher BMI was associated with more leptin(18,41,42),
insulin(23,43) and less ghrelin in BM, which was due to the

corresponding maternal hormone levels in serum(25). Maternal
BMI seemed to be a more important factor modulating hormone
levels in BM. When maternal BMI were comparable in GDM
and healthy groups on day 42, all the four hormones were
similar between groups. For adiponectin, prior studies and our
study did not find a significant correlation between pre-
pregnancy BMI and milk adiponectin(19,25). Only two previous
studies examined the association between post-pregnant BMI
and adiponectin in BM(19,24). Both prior and our study found
positive association between maternal BMI and milk adipo-
nectin. Maternal BMI fluctuated during lactation and lactation
month was associated with both maternal BMI and milk com-
ponents(24). In our study, BMI during lactation was associated
with BM adiponectin after accounting for time effect. It is
noticeable that higher BMI was associated with a lower serum
adiponectin concentration(44) and a higher BM adiponectin
concentration. This inconsistency between serum and BM can
be due to the modulatory function of prolactin, a major deter-
minant of mammary gland secretion and a negative modulator
for adiponectin secretion. Excess maternal adipose tissue can
down-regulate the secretion of prolactin, and consequently
increase the adiponectin concentration in BM(19). Although
GDM was associated with higher BMI, GDM seemed to
decrease the adiponectin concentration in BM independently
and more robustly than the effect of adipose tissue possibly by
decreasing the circulating adiponectin.

Hormones in BM were suggested to protect infants from the
short-term acceleration of adipose deposit and the long-term
obesity and diabetes(45). Prior studies in healthy infants and
toddlers have shown that breastfed infants exposed to higher
concentration of adiponectin in BM had a lower weight gain
during the first year and a greater weight gain during the second
year(24,30,42). In Brunner’s study, milk adiponectin concentration
at week 6 tended to be inversely associated with infant
anthropometry in the first 4 months, but was positively asso-
ciated with infant weight gain and fat mass till 2 years of age. In
the study by Woo et al., a higher median level of adiponectin
across baseline (week 1), months 1, 3, 5 and 6 was associated
with accelerated weight trajectory during the second year. We
also found such an inverse association during the early infancy
in children born to mothers with GDM. Our results partially
support the hypothesis that BM adiponectin could mitigate early

Table 4. Associations of breast milk hormone concentrations with infant weight-for-height and head circumference†
(β-Coefficients and 95% confidence intervals)

Weight-for-height Head circumference

Exposed to GDM Unexposed to GDM Exposed to GDM Unexposed to GDM

Milk hormones β 95% CI P* β 95% CI P* β 95% CI P* β 95% CI P*

Adiponectin (μg/ml) –2·49 –3·83, –1·15 <0·001 –1·42 –2·38, –0·46 0·003 –0·39 –0·65, –0·13 0·003 –0·15 –0·27, –0·03 0·007
Leptin (ng/ml) –0·01 –0·05, 0·03 0·687 0·01 –0·03, 0·05 0·572 –0·001 –0·009, 0·007 0·797 –0·01 –0·018, –0·002 0·004
Insulin (U/ml) –0·37 –1·73, 0·99 0·59 –1·36 –4·46, 1·74 0·383 –0·39 –0·65, –0·13 0·004 –0·55 –1·11, 0·01 0·049
Ghrelin (ng/ml) –0·27 –0·85, 0·31 0·341 0·04 –0·1, 0·18 0·588 0·03 –0·09, 0·15 0·586 –0·003 –0·017, 0·011 0·618

GDM, gestational diabetes mellitus.
* A P value ≤0·0125 was considered significant with Bonferroni correction.
† In each generalised estimation equation model, we included weight-for-height as the dependent variable, and the hormone concentrations (i.e. ghrelin, adiponectin, leptin or

insulin), gestational age and infant’s sex as the independent variables.
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weight gain in infancy when fat mass gain is dominant, and it
may promote weight gain in the second year of life when lean
body mass is dominant(30). BM adiponectin, thus, protects
children against obesity in later life. With favourable controlled
blood glucose, breast-feeding could help the infants of women
with GDM gain growth trajectory comparable to that of infants
born to healthy women(46).
The strengths of this study include recruiting exclusively

breastfed infants until 90 d before introduction of solid food,
recruiting women with GDM under proper control to minimise
the bias due to the effects of macronutrients in BM, and drawing
both foremilk and hindmilk. However, limitations should be
noted when interpreting the results. First, based on prior studies
demonstrating the association of hormones in maternal serum,
BM and infant serum(47,48), maternal and infant serum hormone
concentration was not analysed in this study. Second, twenty-
two dyads with GDM dropped out due to IGT, type 2 diabetes
and introduction of formula feeding during the follow-ups,
which may make the samples on 42 and 90 d less representative
of the population with GDM. Finally, infant growth was eval-
uated using anthropometric measurements. More accurate
measurements of body composition, such as MRI, will help
accurately evaluate the mediation effect of hormones in BM
between maternal metabolic status and infant growth and their
protective effects on infants’ metabolic health.
In conclusion, breastfed infants of women with controlled

GDM gained normal growth trajectory. Milk-borne adiponectin
could be an important nutritional mediator that links maternal
metabolic status and early infant growth. It was decreased in
BM of women with GDM and was associated with lower infant
early weight gain. Further studies in infants fed by BM of
women with diabetes, donor BM of healthy women, and for-
mula are warranted to elucidate the role of milk-borne hor-
mones as bioactive nutrients to attenuate the risk of childhood
obesity associated with maternal diabetes.
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