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Abstract

Background

Gangliosides are a class of sphingolipids that are present in the cell membranes of verte-
brates. Gangliosides influence a broad range of cellular processes through effects on signal
transduction, being found abundantly in the brain, and having a role in neurodevelopment.

Objective

We aimed to assess the effects of maternal daily consumption of ganglioside-enriched milk
vs non-enriched milk and a non-supplemented group of pregnant women on maternal gan-
glioside levels and pregnancy outcomes.

Design

Double-blind parallel randomized controlled trial.

Methods

1,500 women aged 20—40 years were recruited in Chongqing (China) between 11 and 14
weeks of a singleton pregnancy, and randomized into three groups: Control-received stan-
dard powdered milk formulation (>4 mg gangliosides/day); Complex milk lipid-enhanced
(CML-E) group—same formulation enriched with complex milk lipids (>8 mg gangliosides/
day) from milk fat globule membrane; Reference—received no milk. Serum ganglioside lev-
els were measured in a randomly selected subsample of 250 women per group.
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Results

CML-E milk was associated with marginally greater total gangliosides levels in maternal
serum compared to Control (13.02 vs 12.69 pg/ml; p = 0.034) but not to Reference group.
CML-E milk did not affect cord blood ganglioside levels. Among the 1500 women, CML-E
milk consumption was associated with a lower rate of gestational diabetes mellitus than con-
trol milk [relative risk 0.80 (95% CI 0.64, 0.99)], but which was not different to the Reference
group. CML-E milk supplementation had no other effects on maternal or newborn health.

Conclusions

Maternal supplementation with milk fat globule membrane, as a source of gangliosides, was
not associated with any adverse health outcomes, and did not increase serum gangliosides
compared with the non-supplemented reference group.

Trial registration
Chinese Clinical Trial Register (ChiCTR-IOR-16007700).

Clinical trial registration
ChiCTR-IOR-16007700; www.chictr.org.cn/showprojen.aspx?proj=12972.

Introduction

Gangliosides are a class of sialic acid containing glycosphingolipids found in almost all verte-
brate cell membranes [1]. They have an essential role in brain structure and function [2,3], and
are found most abundantly in the central nervous system [4]. Gangliosides influence a broad
range of cellular processes through their effects on signal transduction (including cellular sig-
nalling in immune cells and neurons), and play an important role in neural development [2,3].
Thus, modulating ganglioside levels through dietary intervention could have a range of biolog-
ical effects. Due to their high content in the brain, the effects of gangliosides on brain develop-
ment [5-8] and cognition [9-15] have received most interest.

There is rapid accretion of complex lipids (such as gangliosides and phospholipids) into
neuronal tissues in utero and during neonatal life [16,17]. Dietary ganglioside consumption
increases plasma concentrations [18], although the effects of associated dietary factors such as
micronutrients on absorption are unknown. Limited evidence demonstrates that at least some
ganglioside species are transferred across the placenta. In the rat, a radioisotope study showed
that the ganglioside GM1 crossed the placenta [19]. GM3 also crossed human placenta but for
GD3, the dominant ganglioside found in milk, it was unclear whether it crossed or was metab-
olized by the placenta [20]. A rodent model has shown that increasing maternal intake does
lead to greater levels of gangliosides in the fetal brain [21]. However, evidence in humans is
missing.

Dietary sources of gangliosides are animal-based foods, such as meat, eggs, and full-fat
dairy products [22]. In human and bovine milks, lipids are stabilised within the milk fat glob-
ule membrane (MFGM), which is rich in complex milk lipids (CMLs) including phospholipids
and gangliosides [23-26]. Thus, food products enriched with MFGM could be used as dietary
supplements during pregnancy to enhance the levels of gangliosides both in the mother and
the developing fetus.
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The effects of dietary supplementation using MFGM (as a source of gangliosides and phos-
pholipids) during pregnancy have not been investigated. However, supplementation of for-
mula-fed infants with a MFGM-rich ingredient improved cognitive performance in the first
year of life [14,15], supporting the results of previous animal studies [12,13]. Supplementation
during pregnancy may be efficacious, as the accrual of complex lipids in neuronal tissue starts
early in utero and is rapid in fetal life [16,17]. However, as gangliosides influence a broad range
of cellular processes, it is critical that the effects of prenatal supplementation on pregnancy and
neonatal outcomes are determined.

Therefore, we performed a large three-group, double-blind parallel randomised controlled
trial comparing the effects of daily consumption of a CML-enriched milk product with a con-
trol milk product and a reference group of pregnant women on maternal ganglioside levels
and pregnancy outcomes.

Materials and methods

Ethics approval for this study was provided by The Ethics Committee of ChongQing Medical
University (#2014034). The study was conducted in accordance with the principles in the Dec-
laration of Helsinki [27] and the International Conference on Harmonisation Good Clinical
Practice E6 (ICH-GCP), and in accordance with all applicable regulatory requirements. Writ-
ten informed consent was obtained from all participants.

This trial was prospectively registered with the Chinese Clinical Trial Register (ChiC-
TR-IOR-16007700; 30th December 2015). The detailed protocol for this study has been pub-
lished previously [28].

Recruitment

O£ 17,699 women screened for eligibility, a total of 1,500 were recruited from maternity clinics
in the Chongqing municipality of China between 11 and 14 weeks of pregnancy in 2015-2017
(Fig 1). Eligible gravidas were aged 20 to 40 years and had a singleton pregnancy. Women with
a history of premature delivery before 32 weeks of gestation, known milk allergy or aversion,
or lactose intolerance were excluded. The maternity clinics were the Ranjiaba Branch and the
Qixinggang branch of the Chongqing Health Centre for Women and Children, which is the
major provider of maternity care in the region. These clinics are accredited as having the high-
est grade of care in Mainland China, and care for both high- and low-risk pregnant women.

Intervention

Following recruitment, participants were randomly allocated to one of three treatment groups
in a 1:1:1 ratio, using a computerised system as previously described [28]:

o Control Milk group-received a standard powdered maternal milk formulation (Fonterra
Co-operative Group Limited, New Zealand) in 37.5g servings to be reconstituted with water
and consumed twice a day, which provided a minimum of 4 mg gangliosides/day [28]. This
milk formula was not enriched with additional complex milk lipids, so that the ganglioside
dose consumed by participants in this group does not indicate supplementation, but instead
the general effects of consuming milk.

o CML-enriched milk group (CML-E)-received a powdered maternal milk formulation with a
minimum of 8 mg of gangliosides/day [28] and consumed as above. The CML-enriched
maternal milk (Anmum™ maternal milk, Fonterra Co-operative Group Limited, New Zea-
land) contains an ingredient rich in MFGM as a source of CML (SureStart™ MFGM Lipid
100, Fonterra Co-operative Group Limited).
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Assessed for eligibility

RECRUITMENT (n=17,699)

-15,882 declined to participate

-121 did not meet inclusion criteria
-143 with milk allergy or aversion

-53 had previously delivered <32 weeks

\ 4

Randomized
RANDOMIZATION (n=1,500)
) 4 A4 v
Control milk CML-E milk Reference group
L] (n=500) (n=500) (n=500)
v v
RECEIVED Control milk CML-E milk
INTERVENTION (n=500) (n=500)

28 personal reasons
4 moved away 21 personal reasons
3 changed hospital 2 changed hospital

29 personal reasons
2 changed hospital
2 lived too far away to continue

LOSS TO FOLLOW-UP

11 terminations
4 miscarriages
17 unknown reasons

l

1 lived too far away to continue
7 terminations

4 miscarriages

20 unknown reasons

l

10 terminations
4 miscarriages
19 unknown reasons

l

Control milk CML-E milk Reference group
DATA ANALYSES (n=435) (n=433) (n=444)
v \ 4 \ 4
GANGLIOSIDE Control milk CML-E milk Reference group
ANALYSES (n=250) (n=250) (n=250)

Fig 1. Flow of participants in the CLIMB trial (Chongqing, China).
https://doi.org/10.1371/journal.pone.0244916.9001

The major ganglioside present in both the control and treatment milk formulations was
GD3 (>90% of total gangliosides). Both formulations were isocaloric, and had identical con-
tent of macronutrients and micronutrients, differing only in the concentration of MFGM (and
therefore CMLs) [28]. Detailed nutritional information regarding both milk products is avail-
able in the published trial protocol [28]. Participants randomized to a milk formula received
identical instructions for reconstitution and consumption. In brief, 37.5 g of powder was mea-
sured using the provided scoop, and added to 200 ml of water. The drink was then to be con-
sumed in its entirety.

o Reference group-did not receive a milk product, but their obstetric care included prenatal
folic acid supplementation of 400 mg/day (the same dose as the two groups that received
milk supplements). They did not receive advice as to how much dairy they should consume.

Note that it was important to include the two treatment groups and a reference group in
order to better tease out the likely cause of potential effects of the supplement. Milk formula is
a complex intervention with many chemical constituents with potential biological effects. To
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determine the effect of consuming a milk supplement vs not consuming a milk supplement, a
comparison could be made between the Control and Reference group. To determine the spe-
cific effects of increasing dietary complex milk lipid intake, a comparison could be made
between the CML-E and Control milk groups.

All participants received standard pregnancy care through the First Affiliated Hospital of
Chongqing Medical University.

Blinding

Following randomised allocation, investigators, research nurses, and the participants them-
selves knew if they had been allocated to the Reference group (no intervention) or to a milk
treatment group. However, where a participant was allocated to a milk product group, partici-
pants, research nurses, and investigators were blinded as to which milk product they received.
This was maintained until after analyses on the primary outcome and pregnancy outcomes
were completed. Milk product containers were labelled with a product number and colour
code that enabled delivery to the correct participants while maintaining blinding.

Assessments

Data were collected prospectively throughout the trial and women were assessed three times
during pregnancy: at 11-14 weeks of gestation (baseline/visit 1), at 22-28 weeks (visit 2), and
at 32-34 weeks (visit 3) at the First Affiliated Hospital of Chongqing Medical University. In
addition, the mother and her baby were assessed at birth, 6 weeks, and 12 months after deliv-
ery. The details of assessments have been previously described [28]. They included maternal
anthropometry, nutritional assessments, and blood sampling at all visits during pregnancy, as
well as an oral glucose tolerance test at 22-28 weeks of gestation. Gestational diabetes was diag-
nosed based on the 75-g oral glucose tolerance test according to the IADPSG [29] and WHO
criteria [30], defined by one of the following: fasting glucose >5.1 mmol/l, 1-hr glucose >10
mmol/l, or 2-hr glucose >8.5 mmol/L.

Pre-eclampsia was defined as systolic blood pressure >140 mmHg and/or diastolic blood
pressure >90 mmHg on at least two occasions four hours apart after 20 weeks of gestation,
with proteinuria (24-hour urinary protein >300 mg, spot urine protein:creatinine ratio >30
mg/mmol creatinine, or urine dipstick protein >2+). The diagnosis of all other complications
of pregnancy was made by the participant’s health care providers. Babies were classified as
small-for-gestational-age (SGA) and large-for-gestational-age (LGA) based on the 10™ and
90" percentiles of birth weight for gestation, respectively, using recently developed birthweight
references for Chongqing [31]. Compliance with treatment protocol was assessed by reviewing
a log kept by each participant detailing when they consumed the milk products.

At visit 4, participants answered a food frequency questionnaire (FFQ) that reflected their
dietary intake over the previous 3 months. This FFQ was an adaptation of the FFQ used in the
S-PRESTO study in Singapore, to include food relevant to the Chongging context [32]. This
was used to determine the reported daily intake of liquid dairy products, which enabled evalu-
ation of any overall effects of supplementation on dairy intake in comparison to the Reference

group.

Analysis of blood samples

Serum gangliosides and blood markers of nutritional status were analysed in a subset of 750
women (250 were randomly selected from each group). Women were eligible to be selected for
detailed blood sample analyses if they had: 1) a baseline blood sample taken; 2) a second blood
sample at 22-26 weeks of gestation; and 3) a third sample at 30-35 weeks.
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Serum ganglioside concentrations were measured in the total lipid fraction by ultra-perfor-
mance liquid chromatography-mass spectrometry (UPLC-MS). Standards for all gangliosides
measured were purchased from Matreya Lipids and Biochemicals (PA, USA) and were used to
produce 8-point calibration curves (0.78-10 pug/mL). The lipid fraction was extracted from
200 pL of serum by methanol/chloroform (2:1) extraction twice, according to a published pro-
tocol [33]. The gangliosides were isolated in the upper methanol phase, and separated using a
Waters UPLC system (ACQUITY UPLC Class, Waters, Milford, MA) equipped with a
ACQUITY BEH HILIC column (2.1 mm x 100 mm, 1.7 um, Waters, Milford, MA) and BEH
HILIC 1.7 ym Guard column (VanGuardTM, Waters, Milford, MA) operated at 45°C. Mobile
phases A and B consisted of 95% acetonitrile with 0.1% formic acid (A), and 50% acetonitrile
with 0.1% formic acid (B), respectively. The linear gradient was: 0 to 2 min, 1% B; 2 to 12.5
min, 1 to 95% B; 12.5 to 13 min, 95% B; 13 to 13.5, 95 to 1% B; 13.5 to 18 min, 1% B, with a
flow rate of 0.4 ml/min. The autosampler was maintained at 4°C with an injection volume set
to 5 uL. The mass spectrometer QTOF (XEVO G2-S) was operated in negative electrospray
(ESI-) mode with a scan range from 500 to 1700 m/z, and a data scan rate of 0.4 s. The capillary
voltage was set at -3000 V, with the ion source temperature at 120°C, while the cone gas and
desolvation gas were set to 50 L/hr and 800 L/hr, respectively.

Compliance

Participants were issued with a daily log to record when they used the milk powder they were
allocated. These records were collected and used to calculate the percentage of milk drinks
consumed, which was used as a measure of compliance.

Study outcomes

The primary outcome was the total ganglioside concentration in maternal serum. Secondary
outcomes included maternal nutritional status (e.g. micronutrient status and cell count in
blood), clinical indicators of maternal health (e.g. blood pressure and glucose tolerance), gesta-
tional weight gain, pregnancy complications, as well as neonatal outcomes.

Statistical methods

Comparisons of baseline characteristics among the subgroup of participants who had ganglio-
side levels measured were carried out using one-way ANOV A, Fisher’s exact tests, or non-
parametric Kruskal-Wallis tests, as appropriate.

General linear mixed models with repeated measures were used to evaluate the treatment
effects on the primary maternal outcome (i.e. total serum ganglioside levels) across pregnancy,
using data collected at the two clinic visits after randomization as the outcomes. Models
included participant ID as a random factor, randomization group and visit as fixed factors,
also including as a covariate the value of the respective outcome at baseline. Model-adjusted
group differences were estimated at each visit, by including an interaction term between treat-
ment and visit. An unstructured covariance was adopted, chosen based on the best model fit
statistics, although these parameters and the model results were virtually identical when run
with other covariance structures (i.e. compound symmetry and first order autoregressive).

Potential differences in ganglioside levels in cord blood between groups were assessed using
general linear regression models. These included as covariates the number of days elapsed
between birth and the baseline visit (corresponding to the length of supplementation for the
milk groups), as well as the maternal serum level of the respective ganglioside at baseline.

Maternal secondary outcomes with multiple measurements during pregnancy were exam-
ined as described for the primary outcome. Other continuous secondary outcomes were
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analysed using general linear regression models, adjusting for the baseline value if available.
Note that, where appropriate, ganglioside and micronutrient data were log-transformed to
approximate normality.

The associations between ganglioside levels in maternal serum at 32-34 weeks of gestation
(last measurement) and cord blood were assessed using Pearson’s correlation coefficients.

Binary outcomes related to maternal health and pregnancy outcomes were analysed using
generalized linear regression models, with pairwise relative risks obtained. As the number of
doses prescribed and missed were recorded for the vast majority of participants, additional
per-protocol analyses were carried out excluding participants who have taken less than 75% of
prescribed milk doses.

Statistical analyses were conducted using SAS v9.4 (SAS Institute, Cary, North Carolina,
USA) and SPSS v24 (IBM Corp, Armonk, NY, USA). All statistical tests were two-tailed and
maintained at a 5% significance level, without adjustment for multiple comparisons. Where
appropriate, outcome data are presented as model-adjusted means (estimated marginal
means, back-transformed if necessary), with associated 95% confidence intervals.

Power calculation

Our power calculation was based on the observed standard deviations of 0.07, 2.19, and

2.22 pg/mL for GD3, GM3, and total gangliosides, respectively. Our sample size of 250 women
per group would be powered to detect statistically significant pairwise differences of 0.02 pg/
mL (1.9%), 0.64 ug/mL (5.4%), and 0.64 pg/mL (5.0%), respectively, using a two-tailed t-test
with 90% power and o = 0.05.

Results

A total of 1,500 women were recruited into the study (Fig 1), with a mean age of 28.4 years
(range 19-40 years). The vast majority of participants were of Han Chinese ethnicity (97.8%),
nulliparous (78%), non-smokers at baseline assessment (99.9%), married or in a de facto rela-
tionship (99.8%), and had conceived without fertility treatment (98.7%). The baseline charac-
teristics of participants in the three study groups are provided in Table 1.

Progression and compliance

0Of£ 1,500 women who were randomized, 1,312 (87.5%) remained in the study so that their
pregnancy outcomes were included in the analyses. Amongst those lost to follow-up, 12 mis-
carried, 28 had a termination of pregnancy, and 148 withdrew (with the majority of withdraw-
als before the second visit). Compliance with treatment was high, with 95% of participants
consuming 75% or more of their prescribed milk product doses, and there were no differences
in compliance between milk treatment groups [CML-E median = 88.8% (IQR = 9.2) vs Con-
trol milk 88.5% (IQR = 9.1); p = 0.40].

Maternal serum and cord blood ganglioside levels

Across all groups, 860 participants were eligible for ganglioside analysis, and 250 women per
group had serum ganglioside levels measured. There were no differences in baseline character-
istics between those women who were randomly selected for blood analysis and those who
were not (S1 Table). There were also no differences in baseline characteristics among the 3
subgroups with gangliosides measured (Table 2).

Mothers supplemented with CML-E milk had greater levels of GM3 (+2.8%; p = 0.034) and
total gangliosides (+2.6%; p = 0.034) in serum compared with those who received Control
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Table 1. Baseline characteristics of the study population randomized into the CLIMB trial (Chongging, China).

Control milk CML-E milk Reference
n 500 500 500
Age (years) 284+3.6 28.6+3.5 283+34
Weight (kg) 545+7.7 54.5+ 8.0 54.8 £ 8.5
Height (cm) 159.5 + 4.5 159.6 + 4.4 159.6 + 4.6
BMI (kg/m?) 214429 214+29 21.5+3.1
Underweight/normal weight (BMI <25 kg/m?) 451 (90.2%) 444 (88.8%) 443 (88.6%)
Overweight (BMI >25 and <30 kg/mz) 43 (8.6%) 49 (9.8%) 49 (9.8%)
Obesity (BMI >30 kg/m?) 6 (1.2%) 7 (1.4%) 8 (1.6%)
Gravidity 1 232 (46.4%) 229 (45.8%) 235 (47%)
2 141 (28.2%) 147 (29.4%) 138 (27.6%)
>3 127 (25.4%) 124 (24.8%) 127 (25.4%)
Parity 0 389 (77.8%) 398 (79.6%) 383 (76.6%)
109 (21.8%) 101 (20.2%) 114 (22.8%)
2 2(0.4%) 1(0.2%) 3 (0.6%)
Fertility treatment 11 (2.2%) 2 (0.4%) 6 (1.2%)
Marital status (married or de facto) 499 (99.8%) 499 (99.8%) 499 (99.8%)
Years of schooling 157+ 1.8 156+ 1.8 156+ 1.9
Tertiary education 311 (62.2%) 322 (64.4%) 319 (63.8%)
Ethnicity (Han Chinese) 492 (98.4%) 482 (96.4%) 493 (98.6%)
Tobacco smoking during pregnancy 1(0.2%) nil nil
Alcohol consumption during pregnancy 1(0.2%) nil nil

Data are means + standard deviations or n (%). BMI, body mass index.

CML-E represents the group of mothers who received milk enriched with complex milk lipids.

https://doi.org/10.1371/journal.pone.0244916.t001

milk, but were not different from the Reference group of unsupplemented women (Table 3).
In contrast, the Control milk group had lower levels of GM3 (-2.9%; p = 0.023) and total gan-
gliosides (-2.7%; p = 0.024) than the Reference group (Table 3).

There was no evidence that treatment effects between groups changed across pregnancy (S2
Table). Nonetheless, examination of the data for GM3 and total gangliosides per visit shows
that the differences between groups were primarily observed in the third trimester of preg-
nancy (S3 Table).

Maternal supplementation with CML-E milk had no effect on ganglioside levels in cord
blood when compared to the Reference group or Control milk group (Table 3). However,
compared to the Reference group, control milk intake led to an increase in GD1b (+13.5%;

p =0.007) and a decrease in GT1b (-4.8%; p = 0.048) (which are minor gangliosides, recorded
at low concentrations), but had no effect on any other gangliosides (Table 3). Of note, maternal
ganglioside levels were not correlated with cord blood ganglioside levels (S4 Table).

Pregnancy outcomes

CML-E milk supplementation had no effect on the risk of pregnancy loss (i.e. stillbirths or mis-
carriages), congenital abnormalities, delivery by caesarean section, or preterm delivery (Tables
4 and S5). In addition, the rate of gestational hypertension did not differ between groups
(Table 4). However, both milk supplementation groups had marginally lower (<1 mmHg) sys-
tolic blood pressure than the Reference group (Table 5), which is unlikely to be of any clinical
significance.
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Table 2. Baseline characteristics of the study population randomized into the CLIMB trial (Chongqing, China), who were randomly selected to have ganglioside
concentrations measured in maternal and cord blood.

Control milk CML-E milk Reference P-value
n 250 250 250
Age (years) 28.5+3.5 28.6+3.3 28.1+3.3 0.17
Weight (kg) 54.6 + 8.0 54.4+7.8 55.0+ 8.0 0.65
Height (cm) 159.8 £4.9 159.7 + 4.7 159.6 £ 4.6 0.88
BMI (kg/m?) 214 £3.1 213+29 21.6+28 0.61
BMI status 0.64
Underweight/normal weight (BMI <25 kg/mz) 228 (91.2%) 224 (89.6%) 220 (88.0%)
Overweight (BMI >25 and <30 kg/mz) 18 (7.2%) 22 (8.8%) 28 (11.2%)
Obesity (BMI >30 kg/m?) 4 (1.6%) 3 (1.2%) 3 (1.2%)
Gravidity 1 127 (50.8%) 115 (46.0%) 114 (45.6%) 0.32
2 72 (28.8%) 77 (30.8%) 67 (26.8%)
>3 51 (20.4%) 57 (22.8%) 70 (28.0%)
Parity 0 200 (80.0%) 198 (79.2%) 194 (77.6%) 0.84
1 49 (19.6%) 51 (20.4%) 56 (22.4%)
2 1(0.4%) nil 1(0.4%)
Fertility treatment 2 (0.8%) nil 5 (2.0%) 0.08
Marital status (married or de facto) 250 (100%) 250 (100%) 250 (100%) >0.99
Years of schooling 158 +1.7 157+ 1.8 15.6 £2.0 0.48
Tertiary education 82 (32.8%) 85 (34.0%) 91 (36.4%) 0.72
Ethnicity (Han Chinese) 246 (98.4%) 241 (96.4%) 247 (98.8%) 0.36
Tobacco smoking during pregnancy nil nil nil -
Alcohol consumption during pregnancy nil nil nil -

Data are means * standard deviations or n (%), as appropriate.

P-values for continuous outcomes were derived from one-way ANOVA and those for categorical outcomes from Fisher’s exact tests.
BMI, body mass index.

CML-E represents the group of mothers who received milk enriched with complex milk lipids.

https://doi.org/10.1371/journal.pone.0244916.t002

The overall risk of developing gestational diabetes with CML-E milk supplementation was
similar to the Reference group, but lower than the risk with Control milk [relative risk (RR)
0.80; p = 0.039] (Table 4). Nonetheless, the risk of having an elevated fasting glucose that
meets the diabetes threshold (>5.1 mmol/l) was lower with CML-E milk compared to the Ref-
erence group (RR 0.65; p = 0.009) (Table 4). Conversely, control milk supplementation was
associated with a 63% increase (i.e. RR 1.63; p = 0.005) in the risk of having an elevated
120-min glucose level meeting the diabetes threshold (>8.5 mmol/l) compared to the Refer-
ence group (Table 4).

CML-E milk supplementation had no effect on gestational weight gain, gestational length,
mean birth weight, birth length, or rates of SGA, LGA, or macrosomia in the offspring (Tables
4 & 5). There were no differences in the rate of NICU admission or any other neonatal compli-
cations (Table 4). Note that the rate of preeclampsia has not been reported as there was incon-
sistent measurement of urinary protein in those participants who developed elevated blood
pressure, so that there were several cases where the diagnosis was not confirmed.

Liquid dairy consumption

At visit 4, liquid dairy consumption (not including the trial supplement) was lower in the Con-
trol (176 + 139 ml/day p<0.0001) and the CML-E (151 + 126 ml/day; p<0.0001) groups in
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Table 3. Concentrations of gangliosides in maternal serum and cord blood (ug/mL) according to treatment group in the CLIMB trial (Chongqing, China).

1
Maternal serum

Cord blood *

n
GD1la
GD1b
GD3
GM1
GM2
GM3
GT1b
Total
n
GDla
GD1b
GD3
GM1
GM2
GM3
GT1b
Total

Control milk
250
0.0207 (0.0204, 0.0210)
0.0192 (0.0188, 0.0195)
1.039 (1.032, 1.045)
0.0101 (0.0099, 0.0103)
0.0401 (0.0396, 0.0406)
11.55(11.34, 11.76)
0.0099 (0.0098, 0.0101)
12.69 (12.48,12.91)
76
0.141 (0.137, 0.145)
0.042 (0.039, 0.044)
0.600 (0.573, 0.627)
0.611 (0.577, 0.646)
0.100 (0.097, 0.103)
8.55 (7.85, 9.26)
0.079 (0.076, 0.082)
10.13 (9.40, 10.86)

CML-E milk
250
0.0210 (0.0207, 0.0213)
0.0194 (0.0191, 0.0198)
1.041 (1.034, 1.048)
0.0101 (0.0099, 0.0103)
0.0401 (0.0396, 0.0406)
11.87 (11.66, 12.10)*
0.0101 (0.0099, 0.0102)
13.02 (12.80, 13.23)*
61
0.145 (0.140, 0.151)
0.040 (0.036, 0.043)
0.604 (0.569, 0.639)
0.609 (0.564, 0.653)
0.102 (0.098, 0.105)
8.55 (7.63, 9.47)
0.081 (0.078, 0.085)
10.12 (9.17, 11.08)

Reference
250
0.0210 (0.0207, 0.0213)
0.0196 (0.0193, 0.0200)
1.041 (1.034, 1.048)
0.0101 (0.0099, 0.0103)
0.0401 (0.0395, 0.0406)
11.90 (11.69, 12.10)*
0.0102 (0.0100, 0.0103)
13.04 (12.83, 13.25)*
80
0.142 (0.138, 0.147)
0.037 (0.034, 0.039)**
0.594 (0.568, 0.639)
0.623 (0.590, 0.656)
0.102 (0.100, 0.105)
8.32 (7.65, 8.99)
0.083 (0.080, 0.086)*
9.90 (9.205, 10.60)

Data are estimated marginal means and respective 95% confidence intervals.

*p<0.05and

**p<0.01 vs Control milk.

! Data were analysed using repeated measures adjusting for clinic visit, visit number vs group interaction, and the value of the respective outcome at baseline.

% Data were adjusted for the number of days elapsed between birth and the baseline visit, as well as the maternal serum level of the respective ganglioside at baseline.

CML-E represents the group of mothers who received milk enriched with complex milk lipids.

https://doi.org/10.1371/journal.pone.0244916.t1003

comparison to the Reference group (222 + 131 ml/day). This indicates that the trial supple-
ments of 400 ml/day milk formula led to a reduction in the consumption of other sources of
dairy, but that when the supplement was accounted for, the treatment groups consumed sub-
stantially more dairy than the Reference group.

Per protocol analyses

Per-protocol analyses were performed excluding the 5% of participants who consumed less
than 75% of prescribed milk doses. However, results were unchanged and identical to those of
the main analyses.

Discussion

This large, three-group double-blind, randomized controlled trial aimed to determine the
effects of consuming a CML-enriched milk supplement during pregnancy on maternal serum
and fetal cord ganglioside levels, and to tease out the effects of the CML enrichment from the
effects of consuming milk.

The CML-enriched milk supplement had no effects on maternal serum or fetal cord blood
ganglioside levels when compared with women who did not receive a supplement, and also
had no effects on the majority of pregnancy and neonatal outcomes. When the two milk
groups were compared, the CML-E group had a lower rate of gestational diabetes, and higher
levels of the ganglioside GM3, but whether these are true effects of ganglioside
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Table 4. Rates of categorical pregnancy outcomes in the CLIMB trial (Chongging, China) and the respective relative risks.

Rates

Control milk | CML-E milk | Reference

Relative risks

Pregnancy loss 4(0.9%) 7 (1.6%) 6 (1.4%) 1.81 (0.53, 6.14) 1.20 (0.41, 3.53) 0.66 (0.19, 2.33)
Congenital abnormality 9 (2.0%) 4(0.9%) 8 (1.8%) 0.47 (0.15, 2.84) 0.52 (0.16, 1.71) 1.11 (0.43, 2.84)
Induced labour 15 (3.5%) 15 (3.5%) 16 (3.7%) 1.02 (0.51, 2.07) 0.96 (0.48, 1.92) 0.94 (0.47, 1.87)
Caesarean delivery 211 (47.5%) 193 (45.1%) | 216 (49.4%) 0.95 (0.82, 1.09) 1.09 (0.79, 1.05) 0.96 (0.84, 1.10)
Preterm delivery1 22 (5.0%) 21 (4.9%) 27 (6.1%) 0.99 (0.55, 1.77) 0.80 (0.46, 1.40) 0.81 (0.47, 1.40)
Stillbirth nil 3(0.7%) 2 (0.5%) - - -

Congenital abnormality 9 (2.0%) 4(0.9%) 8(1.8%) 0.47 (0.15, 1.51) 0.52 (0.16, 1.71) 1.11 (0.43, 2.84)
APGAR score <7 at 5 minutes nil nil nil - - -

SGA 2 29 (6.6%) 31 (7.4%) 27 (6.3%) 1.12 (0.69, 1.82) 1.17 (0.71, 1.93) 1.05 (0.63, 1.74)
LGA? 39(8.9%) | 47(11.2%) | 37 (8.6%) 1.26 (0.84, 1.88) 1.30 (0.86, 1.95) 1.03 (0.67, 1.58)
Macrosomia * 18 (4.1%) 29 (6.9%) | 19 (4.5%) 1.68 (0.95, 2.99) 1.54 (0.88, 2.71) 0.92 (0.49, 1.72)
NICU admission ® 7 (1.6%) 10(2.3%) | 11(2.5%) 1.49 (0.57, 3.87) 0.93 (0.40, 2.18) 0.63 (0.25, 1.61)
Gestational hypertension ® 9 (2.0%) 7 (1.6%) 4(0.9%) 0.80 (0.31, 2.09) 2.04 (0.61, 6.82) 2.55 (0.80, 8.09)
Gestational diabetes ” 135 (30.8%) | 106 (24.5%) | 123 (27.6%) 0.80 (0.64, 0.99)* 0.89 (0.71, 1.11) 1.12 (0.91, 1.37)

Fasting glucose >5.1 mmol/l

60-min glucose >10 mmol/l

72 (16.4%)
56 (12.8%)

51 (11.8%)
49 (11.3%)

81 (18.2%)
49 (11.0%)

0.72 (0.51, 1.00)
0.89 (0.62, 1.27)

0.65 (0.47, 0.90)"*
1.03 (0.71, 1.49)

0.90 (0.68, 1.21)
1.16 (0.81, 1.66)

CML-E milk vs Control milk | CML-E milk vs Reference | Control milk vs Reference

120-min glucose >8.5 mmol/l 74 (16.9%) 55 (12.7%) | 46 (10.3%) 0.75 (0.55, 1.04) 1.23 (0.85, 1.78) 1.63 (1.16, 2.30)"*

Data are n (%) or relative risks and their 95% confidence intervals.

*p<0.05and

**p<0.01 for the comparison between the two respective groups.

! Birth at less than 37 weeks of gestation.

2 SGA = small-for-gestational-age (birth weight <10th percentile).

® LGA = large-for-gestational-age (birth weight >90th percentile).

* Macrosomia = birth weight >4.0 kg.

® Neonatal intensive care unit.

¢ Systolic blood pressure >140 mmHg and/or diastolic blood pressure >90 mmHg.
7 Measured during a 75-g oral glucose tolerance test at 22-28 weeks of gestation. Gestational diabetes defined by one of the following: fasting glucose >5.1mmol/l,
60-min glucose >10mmol/l, or 120-min glucose >8.5mmol/l.

CML-E represents the group of mothers who received milk enriched with complex milk lipids.

https://doi.org/10.1371/journal.pone.0244916.t1004

supplementation are unclear, as these parameters in the CML-E group were not different from
the unsupplemented Reference group.

The effects of the supplemental milk products on ganglioside levels were subtle. While the
CML-E group did have slightly greater levels of GM3 and total gangliosides than the Control
milk group, they were not different from the Reference group who were not provided with a
maternal milk supplement. In fact, the Control milk group had slightly lower levels of GM3
and total gangliosides than the Reference group. One possible interpretation could be that con-
suming the control milk formula led to a small reduction in serum gangliosides, and that this
was prevented by consumption of a CML-E milk containing a higher concentration of ganglio-
sides. However, there is no rationale or prior evidence to suggest that control milk would have
a ganglioside-lowering effect or that such a small reduction may be of clinical significance. It is
noteworthy that in a small previous study where non-pregnant adults were given a greater
dose of CML than that used in our trial, there was an associated increase in the ganglioside
GD3 [18]. This strongly suggests that gangliosides are indeed absorbed and incorporated into
circulating lipid pools in human subjects. However, the absorption and metabolism of dietary
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Table 5. Continuous pregnancy outcomes in the CLIMB trial (Chongqing, China).

Control milk CML-E milk Reference

Gestational weight gain (kg) 1 8.96 (8.59, 9.33) 9.08 (8.71, 9.46) 8.69 (8.32, 9.06)
Gestational age at delivery (days) 276 (275, 277) 275 (274, 276) 275 (274, 276)
Placental weight (g) 562 (555, 570) 561 (553, 568) 553 (545, 560)
Birth weight (g) 3,322 (3,282, 3,363) 3,311 (3,270, 3,353) 3,292 (3,251, 3,333)
Birth length (cm) 49.8 (49.6, 49.9) 49.8 (49.6, 49.9) 49.7 (49.6, 49.9)
Maternal SBP (mmHg) > 114.9 (114.3,115.4)F 115.1 (114.5, 115.6) 1 1159 (115.3, 116.4)
Maternal DBP (mmHg) 2 70.6 (70.2, 71.0) 70.6 (70.2, 71.0) 70.7 (70.3, 71.1)

Data are estimated marginal means and respective 95% confidence intervals.

p<0.05 for a comparison with the Reference group.

SBP, systolic blood pressure; DBP, diastolic blood pressure.

! Measured between the baseline visit and the last visit during pregnancy at 32-34 weeks of gestation; means are
adjusted for the respective number of days.

2 Values are derived from repeated measures analyses adjusting for clinic visit, visit number vs group interaction, and
the value of the respective outcome at baseline.

CML-E represents the group of mothers who received milk enriched with complex milk lipids.

https://doi.org/10.1371/journal.pone.0244916.t1005

gangliosides is not well understood, and the relationship between ganglioside consumption
and serum levels may be complex. It is possible that the dose given in the present study might
have been insufficient to increase serum levels above the non-supplemented Reference group.
While women in the Reference group could have increased their intake of ganglioside-contain-
ing foods such as meat and dairy products as a result of knowing they were not consuming a
supplement, and there was slightly greater consumption of liquid dairy products in the Refer-
ence group (+50-70 ml, when the trial supplement was not accounted for), it was of much
lower volume than the 400 ml/day provided by the supplements.

Changes in the way gangliosides are distributed during pregnancy (between the mother
and fetus, and among different tissues) could also account for the lack of difference in serum
levels between groups and the minimal effects on cord blood levels. We observed no correla-
tions between maternal serum and cord ganglioside levels. If gangliosides were preferentially
transported across the placenta and deposited in the tissues known to have rapid uptake (such
as the fetal brain), this could account for the lack of any correlations, and consequently could
have prevented an increase in maternal serum levels with supplementation, even though tissue
levels might have changed. In this case, such a potentially important outcome would be unde-
tectable without tissue sample analysis.

There were inconsistent findings with regard to the effects of the CML-E and control
maternal milk supplements on indices of glucose metabolism. While there was a lower rate of
gestational diabetes in the CML-E group compared with Control, a protective effect of CML-E
milk is unlikely, as the overall risk of gestational diabetes was not different between the CML-E
and the Reference groups. In contrast, supplementation with the control maternal milk was
associated with a greater overall risk of gestational diabetes than supplementation with CML-E
milk. This was primarily due to a greater risk of an elevated 120-minute glucose in the Control
milk group. Given that the control and enriched milks differed only in their enrichment with
MFGM, two possible explanations for this could be advanced. First, consumption of a mater-
nal milk during pregnancy could increase the risk of glucose intolerance, and the addition of
complex milk lipids from MFGM to the milk formulation may ameliorate that effect. In sup-
port of this, the group receiving the CML-E milk did have a lower rate of elevated fasting glu-
cose than the Reference group, suggesting the additional CMLs could have had a beneficial
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effect on glucose metabolism. Conversely, the elevated risk of gestational diabetes in the Con-
trol milk group could be a type 1 error. While the difference in 120-minute glucose was statisti-
cally significant with a relatively low p-value, this was a non-predicted finding in one of many
secondary outcomes, and milk is not known to cause glucose intolerance. Gangliosides have
not been demonstrated to have beneficial effects on glucose metabolism, and, in fact, higher
cellular levels may interfere with insulin signaling [34-36]. Further, the increased gestational
diabetes risk with the control milk was not accompanied by increased risks of any other com-
plications known to be associated with diabetes, such as caesarean delivery, macrosomia, birth
asphyxia, or neonatal hypoglycaemia. In this context, it seems more likely that the observed
differences were spurious. However, future studies of ganglioside supplementation during
pregnancy should assess the effects on glucose tolerance, insulin sensitivity, and gestational
diabetes risk.

Women in the CML-E and Control milk groups received two servings of milk per day, but
this did not lead to any difference in weight gain during pregnancy compared with the Refer-
ence group. This shows the treatments did not promote weight gain despite providing 1268 kJ/
day. It is likely that this is because consuming the milk supplements led to minor reductions in
the consumption of other foods and drinks. For example, we observed that both treatment
groups reported lower liquid dairy consumption compared to the Reference group (when the
supplement was excluded).

This study had important strengths, including the large size and highly homogenous popu-
lation coming from a single large city in China. In addition, the 3-group design controlled for
the potential effects of consuming maternal milk formula, so that the specific effects of the
CML enrichment could be assessed. Lastly, a careful log of compliance was recorded. However,
there were also limitations. First, for logistical reasons it was not possible to collect the used
formula containers to further corroborate the compliance data. Second, as it was not possible
to measure ganglioside levels in all participants, a potential bias could have been introduced,
as, in principle, those participants with insufficient data could have been different to the
remainder of the group. However, we contend that this is unlikely, as there were no differences
in baseline characteristics between those who were and were not tested for gangliosides. Fur-
ther, despite the reduced sample size for ganglioside analysis, the study was adequately pow-
ered to detect small differences in ganglioside concentrations between groups (90% power to
detect a 5% difference). Lastly, because differences in the rate of gestational diabetes were not
expected, specific tests of insulin secretion and insulin sensitivity were not conducted. Such
tests might have helped to determine whether the observed differences reflected underlying
changes in glucose metabolism. It is also important to consider that the rate of gestational dia-
betes seen in our participants (Reference group: 27.6%) was high, substantially greater than the
recently estimated pooled prevalence in mainland China (14.8%) [37], and well above that
reported in the United States (9.2%) [38]. While this was advantageous as it increased the
power to detect potential differences between groups, it is possible that, if real, the effects of
the milk supplements on glucose metabolism may not be as marked in populations who are at
lower risk.

Conclusions

Our study showed that maternal ganglioside supplementation during pregnancy using com-
plex milk lipid enriched milk formula was not associated with any adverse health outcomes.
This is important as emerging data suggest that there may be neurodevelopmental benefits of
ganglioside supplementation in early life. While the MFGM supplementation did not increase
serum ganglioside concentrations, the effects on tissue levels were not assessed, so direct effects
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on the fetus remain possible. There is a need for further research addressing the bioavailability
and distribution of dietary gangliosides during pregnancy and across the life span. A follow-up
study is underway to determine the effects of this treatment on infant neurodevelopment and
growth.
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