
Citation: Dou, Y.; Luo, Y.; Xing, Y.;

Liu, H.; Chen, B.; Zhu, L.; Ma, D.;

Zhu, J. Human Milk Oligosaccharides

Variation in Gestational Diabetes

Mellitus Mothers. Nutrients 2023, 15,

1441. https://doi.org/10.3390/

nu15061441

Academic Editor: Didac Mauricio

Received: 11 February 2023

Revised: 8 March 2023

Accepted: 14 March 2023

Published: 16 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nutrients

Article

Human Milk Oligosaccharides Variation in Gestational
Diabetes Mellitus Mothers
Yuqi Dou 1 , Yuanli Luo 2, Yan Xing 3, Hui Liu 3, Botian Chen 1 , Liye Zhu 4, Defu Ma 1,* and Jing Zhu 5,*

1 Department of Social Medicine and Health Education, School of Public Health, Peking University Health
Science Center, Beijing 100191, China; douyuqi@bjmu.edu.cn (Y.D.)

2 School of Public Health, Sichuan University, Chengdu 610041, China
3 Department of Pediatrics, Peking University Third Hospital, Beijing 100191, China
4 Obstetrics Department, Maternal and Child Hospital of Haidian District, Beijing 100080, China
5 Institute of Biotechnology and Health, Beijing Academy of Science and Technology, Beijing 100089, China
* Correspondence: madefu@bjmu.edu.cn (D.M.); jingzhu.nutri@outlook.com (J.Z.)

Abstract: Gestational diabetes mellitus (GDM) is a common disease of pregnancy, but with very
limited knowledge of its impact on human milk oligosaccharides (HMOs) in breast milk. This study
aimed to explore the lactational changes in the concentration of HMOs in exclusively breastfeeding
GDM mothers and the differences between GDM and healthy mothers. A total of 22 mothers
(11 GDM mothers vs. 11 healthy mothers) and their offspring were enrolled in the study and the
levels of 14 HMOs were measured in colostrum, transitional milk, and mature milk. Most of the
HMOs showed a significant temporal trend with decreasing levels over lactation; however, there
were some exceptions for 2′-Fucosyllactose (2′-FL), 3-Fucosyllactose (3-FL), Lacto-N-fucopentaose II
(LNFP-II), and Lacto-N-fucopentaose III (LNFP-III). Lacto-N-neotetraose (LNnT) was significantly
higher in GDM mothers in all time points and its concentrations in colostrum and transitional milk
were correlated positively with the infant’s weight-for-age Z-score at six months postnatal in the
GDM group. Significant group differences were also found in LNFP-II, 3′-Sialyllactose (3′-SL), and
Disialyllacto-N-tetraose (DSLNT) but not in all lactational periods. The role of differently expressed
HMOs in GDM needs to be further explored by follow-up studies.

Keywords: gestational diabetes mellitus; human milk oligosaccharides; phenotype; lactation; infant
growth

1. Introduction

Breast milk contains all the nutrients needed to support infant growth and develop-
ment; therefore, it is the ideal source of nutrition for infants in the first six months of life
and is recognized as the gold standard for feeding babies [1]. There have been many studies
showing both short- and long-term health benefits of human milk for both the mother and
the offspring [2–5].

Human milk oligosaccharides (HMOs) are the third largest solid component of hu-
man milk after lactose and lipid, which are water-soluble oligosaccharides secreted by the
mother’s mammary glands during pregnancy and lactation [6]. HMOs are composed of
3–23 monosaccharide molecules including D-glucose (Glc), D-galactose (Gal), N-acetyl-
glucosamine (GlcNAc), L-fucose (Fuc), and sialic acid (Sia) [7], of which N-acetylneuraminic
acid (Neu5Ac) is the most predominant form of sialic acid [8]. Based on the terminal
monosaccharide, HMOs can be classified into four types: (1) fucosylated sialylated type,
(2) non-fucosylated non-sialylated type, (3) fucosylated non-sialylated type, and (4) non-
fucosylated sialylated type. Approximately 200 oligosaccharide structures have been
identified in human milk [6,9,10]. HMOs have shown the ability to reduce infection, main-
tain intestinal micro-ecological balance, and be involved in immune regulation [2,11–15].
The concentration of HMOs is influenced by a variety of factors, including genetics (e.g.,
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secretor and Lewis genes), geographic location, gestational age, parity, lactation stage,
maternal age, weight, body mass index (BMI), mode of delivery, maternal diet, race, socioe-
conomic status, other environmental factors (e.g., seasonality), infant gestational age, and
infant sex [16–19].

Gestational diabetes mellitus (GDM) is a common disease of pregnancy in which
diabetes mellitus first occurs during pregnancy. The prevalence of GDM in China is about
18–20% [20]. GDM is associated with maternal metabolism and altered intestinal flora [21].
It has been found that GDM can alter the composition of maternal blood [22,23] and pla-
centa [24], and therefore may also affect the composition of human milk. In addition, it
may also alter the activity of glycosyltransferases and glycosidases [25], thereby altering
the glycopolymers in human milk, such as HMOs. HMOs are already present in the
maternal circulation during pregnancy and the increase of some sialylated HMOs under
GDM was found, which may be linked to the higher sialylation status caused by chronic
inflammation [26,27]. In a group of overweight and obese women, serum 3′-Sialyllactose
(3′-SL) levels were found to be higher in early pregnancy in women who would develop
GDM in the future [27]. In addition to changes in maternal blood HMOs, Hirschmugl
et al. [28] demonstrated that the profile of HMOs in neonatal cord blood was similar to
that in maternal blood at delivery, and Hoch et al. [29] also found GDM-related alterations
in maternal HMOs in the neonatal circulation, with higher 3′-SL in GDM cord blood.
Moreover, only two studies examined the differences in the levels of HMOs in human
milk between lactating GDM mothers and healthy mothers, but the findings were not
consistent. In 2013, Smilowitz et al. [30] found no difference in mean abundance of HMOs
in the transitional milk (two weeks postpartum) of women with and without gestational
diabetes. Later in 2022, Wang et al. [31] analyzed 13 HMOs in colostrum and demon-
strated that GDM colostrum had lower levels of sialylated oligosaccharides, especially
3′-SL, compared to healthy secretor mothers. The findings of HMOs in breast milk were
inconsistent. Moreover, how HMOs change over lactational time in GDM mothers’ milk
and the difference from healthy mothers’ milk at the same time remains unclear. Currently,
there are also many studies investigating the association between the composition of HMOs
in breast milk and infant growth and development indicators, but the conclusions are not
yet consistent [32–35].

In this study, 14 HMOs in colostrum, transitional milk, and mature milk from parturi-
ents with and without GDM were quantified by an ion chromatography-based approach
and the lactational changes of HMOs were compared between GDM and healthy mothers.
Moreover, the possible factors influencing the content of HMOs and the correlation with
infants’ health and growth outcomes (disease status, bowel movements, infant length, head
circumference, and weight) were explored.

2. Materials and Methods
2.1. Ethical Review and Project Registration

The study was approved by the Medical Science Research Ethics Committee of Peking
University Third Hospital (Ethics Committee approval number: IRB00006761-M2021062)
and registered (Registration number: ChiCTR2100045411).

2.2. Subjects and Sample Collection
2.2.1. Study Subjects

This study is part of a prospective cohort study. In the cohort study, mother–infant
pairs were enrolled at Peking University Third Hospital and Beijing Haidian Maternal
and Child Health Hospital from June 2021 to April 2022. GDM was screened during
each participant’s routine 24- to 28-week prepartum clinical visit using a 75 g, 2 h oral
glucose tolerance test (OGTT). Participants whose fasting glucose exceeded 5.1 mmol/L
or 1 h OGTT >10.0 mmol/L or 2 h OGTT >8.5 mmol/L were diagnosed as GDM [36].
Additionally, these mothers do not suffer from other pregnancy disorders besides GDM,
such as gestational hypertension, hypothyroidism, and polycystic ovary syndrome. We
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included women with GDM who received only nutritional and exercise therapy to achieve
glycemic control goals, without treatment with insulin and oral hypoglycemic agents. Good
glycemic control was defined according to the recommended glycemic control goal by
the American Diabetes Association (ADA) [37] and the American College of Obstetricians
and Gynecologists (ACOG) [38], which is fasting and pre-meal glucose levels <95 mg/dL
(5.3 mmol/L) and 2 h postprandial glucose level <120 mg/dL (6.7 mmol/L).

Other inclusion criteria hold the same for both GDM and healthy groups. Mothers
were included when aged 18–45 years and giving birth to a healthy term single baby.
Mothers were excluded if they had a history of type 1 or type 2 diabetes or a history of
abnormal glucose tolerance before pregnancy. Both groups were willing to exclusively
breastfeed. We conducted a survey of feeding patterns at 42 days postpartum to find out
the percentage of exclusive breastfeeding.

In addition to the requirement of subject enrollment, for this study, the subjects
were further selected to minimize the differences of possible confounders between GDM
and healthy participants, such as maternal age, pre-pregnancy BMI, gestational age, par-
ity, mode of delivery, and gender of the infant [16–18]. Pre-pregnancy BMI (weight
(kg)/height (m)2) was classified as follows: underweight (<18.5 kg/m2), normal weight
(18.5–24.9 kg/m2), overweight (25.0–29.9 kg/m2), and obese (≥30.0 kg/m2). All mothers
selected in this study had a normal weight according to pre-pregnancy BMI. Therefore,
11 GDM and 11 healthy mothers and their offspring were selected in this study.

2.2.2. Determination of Milk Type

The presence or absence of α1,2-fucosylated and α1,4-fucosylated HMOs could be
utilized to classify the breast milk samples into different milk types. By adapting the
classification method of Wang et al. [17], the level of 2′-FL was used to determine secretor
(Se) type, while LNFP-II for Lewis (Le) type, as they represented the presence of α1,2-
fucosylated and α1,4-fucosylated HMOs, respectively. Lactating mothers containing α1,2-
fucosylated structures were classified as secretor-positive (Se+) and others were classified
as non-secretor (Se−); for lactating mothers containing α1,4-fucosylated HMOs, they were
classified as Lewis-positive (Le+) and others were Lewis-negative (Le−). Therefore, lactating
mothers could be classified into 4 groups, namely Se+Le+, Se+Le−, Se−Le+, and Se−Le−.

2.2.3. Milk Sample Collection and Storage

Milk samples were collected from different stages of postpartum lactation, including
within 7 days (colostrum), 12–14 days (transitional milk), and 42 days (mature milk)
postpartum. Human milk sampling was standardized for all participants. In short, after
cleaning the right breast which was not used to feed the infant at least 4 h before collection,
whole breast milk samples were collected between 9:00 a.m. and 11:00 a.m. using a breast
pump, followed by mixing and transferring into 50 mL sterilized centrifuge tubes. Samples
were immediately frozen at −20 ◦C, transferred in a cold chain to the lab within 6 h,
aliquoted on ice when received, and stored at −80 ◦C until thawed for analysis.

2.2.4. Data Collection and Definition of Variables

For mothers, basic information included sociodemographic characteristics (age, oc-
cupation, and income), obstetric characteristics (pre-pregnancy weight, gestational age,
and mode of delivery), and self-reported allergy history were collected. The information
was obtained from records in the medical record system and questionnaires. Gestational
weight gain (GWG) was calculated by the difference between the weight at the pre-delivery
examination and the pre-pregnancy weight. Based on the history of delivery, the mothers
were divided into primiparous and multiparous.

For infants, general demographic information was recorded using only measurements
provided by community health centers or hospitals, such as gender, weight, length, and
head circumference. We used the World Health Organization Anthro software anthropo-
metric calculator [39] to calculate children’s length-for-age Z-score (LAZ), weight-for-age
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Z-score (WAZ), and BMI-for-age Z-score (BMIZ), respectively. The World Health Organi-
zation 2006 criteria [40] were used to determine the Z-score cut-offs for growth status of
children under 5 years of age: BMIZ at age >3 for obesity, >2 for overweight, <−2 for wast-
ing, and <−3 for severe wasting; WAZ <−2 for low weight and <−3 for severe low weight;
and LAZ <−2 for growth retardation and <−3 for severe growth retardation. In addition
to this, infant health conditions reported by parents were also collected, including infant
eczema, respiratory and digestive disorders, as well as feeding and bowel movements.

2.3. Quantification of HMOs

The 14 HMOs standards were purchased from GLYCOSCI (ZZBIO, Shanghai, China),
which were Lacto-N-tetracose (LNT) (Purity: 95%), lacto-N-neotetraose (LNnT) (Purity:
99%), 2′-Fucosyllactose (2′-FL) (Purity: 91.3%), 3-Fucosyllactose (3-FL) (Purity: 91%), Lacto-
N-fucopentaose I (LNFP-I) (Purity: 95%), Lacto-N-fucopentaose II (LNFP-II) (Purity: 95%),
Lacto-N-fucopentaose III (LNFP-III) (Purity: 95%), Lacto-N-difucosylhexaose I (LNDFH-I)
(Purity: 95%), Sialyllacto-N-tetraose a (LST a) (Purity: 95%), Sialyllacto-N-tetraose b (LST
b) (Purity: 95%), Sialyllacto-N-tetraose c (LST c) (Purity: 95%), Disialyllacto-N-tetraose
(DSLNT) (Purity: 98%), 3′-SL (Purity: 98%), and 6′-Sialyllactose (6′-SL) (Purity: 98.7%). We
prepared the standard reserve solution of 14 HMOs by accurately weighing each HMOs
standard, dissolving them in pure water, and fixing the volume in volumetric flasks. Next,
we diluted the standard reserve solution to obtain a series of standard working solutions
with different concentrations.

Furthermore, we thawed the human milk sample at 4 ◦C and took 0.2 mL of it to
mix with 1.8 mL of warm water (60 ◦C), and then centrifuged the mixture at 8000 r/min
at room temperature for 10 min. Next, we took the supernatant and filtered it through
a 0.45 µm microporous membrane (Tianjin Jinteng Company, Tianjin, China) before ion
chromatography analysis.

The HMOs were separated by an ion chromatograph LC System (ICS-3000 ion chro-
matograph, Thermo Fisher, San Jose, CA, USA) equipped with a DIONEX CarboPacTM PA1
protective column (4 mm × 50 mm, 10 µm, Thermo Fisher Scientific, Waltham, MA, USA)
and a DIONEX CarboPacTM PA1 analytical column (4 mm× 50 mm, 10 µm, Thermo Fisher
Scientific). The column temperature was 30 ◦C and the flow rate was 1.0 mL/min. Mobile-
phase solvents A, B, and C consisted of deionized water, 200 mM sodium hydroxide, and
150 mM sodium hydroxide + 500 mM sodium acetate, respectively. A pulse amperometric
detector (Thermo Fisher Scientific, San Jose, CA, USA) was used for signal detection.

The series of standard working solutions of HMOs were injected into the ion chromato-
graph separately. The standard curve was plotted with the concentration of the standard
working solution as the horizontal coordinate and the peak area as the vertical coordinate.
The milk sample was analyzed by the same parameter as the standard working solution.
The peak of each HMO was determined by retention time and the peak area was measured.
The concentration of HMOs in the human milk sample was calculated by the standard
curve.

2.4. Statistical Analysis Methods

Before analysis, the distribution of continuous variables was assessed by histograms,
skewness and kurtosis measures, and Shapiro–Wilk tests. Means and standard devia-
tions (normal distribution measurement data), median and interquartile range (skewed
distribution measurement data), and composition ratios (enumeration data) were used
to describe maternal and infant sociodemographic, anthropometric characteristics, and
HMOs concentration.

To assess differences between mothers with and without GDM, we used two inde-
pendent samples t-test for group comparisons when the measurement data were normally
distributed, and Mann–Whitney U in non-parametric tests was used when the measure-
ment data were skewed. When the data type was categorical data, Fisher’s exact test was
used to compare the difference between the two groups. Generalized estimating equation
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analysis (GEE) was used to study changes and differences in HMOs between the healthy
and GDM groups at different stages of lactation. p < 0.05 was the level of significance. If
there was no time and group interaction, the interaction term was removed, and the main
effects analysis continued. When the time main effects were statistically different, one-way
generalized estimating equation analysis was performed within each of the two groups.
When the group main effects were statistically significant, grouped univariate analyses
were performed for each time point. If there was an interaction between group and time,
separate effects analysis was performed for time and group. Moreover, we used GEE to
explore whether there were differences in indicators of infant growth and development in
the two groups.

Exploratory analyses were performed using Spearman’s rank correlation analysis
to investigate the correlation between maternal characteristics (age, gestational age, pre-
pregnancy BMI, gestational weight gain, mode of delivery, and allergic diseases) and infant
gender and individual HMO concentrations at different time points. For these analyses,
a significance level of p < 0.05 was used, with correlation levels interpreted as 0 to 0.19—
very weak correlation, 0.20 to 0.39—weak correlation, 0.40~0.69—moderate correlation,
0.70~0.89—strong correlation, and 0.90~1.00—very strong correlation.

A stacked bar chart plot was used to represent the relative concentrations of HMOs.
Histograms were used to graphically demonstrate the variation of HMO concentrations
over time in the two groups.

3. Results
3.1. Basic Information on Maternity and Infancy of Both Groups

A total of 22 mother–infant pairs (11 pairs each in the GDM and healthy groups)
enrolled in the study, with mothers aged between 28 and 40 years and delivery gestational
weeks between 38+2 and 41+3 weeks. In each group, 9 out of 11 (81.8%) were primi-
parous, and 8 (72.7%) had a vaginal delivery. The mothers with or without GDM showed
no difference in their basic information (Supplementary Table S1). For GDM mothers,
they were diagnosed as GDM at 25.26 ± 0.68 weeks, and the OGTT test results were
5.14 ± 0.28 mmol/L on fasting, 9.83 ± 1.67 mmol/L at 1 h, and 8.23 ± 1.24 mmol/L at 2 h.
According to the recommended values of glycemic control goals, three women with GDM
had good glycemic control and seven had poor glycemic control in this study. Moreover,
one woman lacked prenatal visit data. The blood glucose level of the GDM group at the
follow-up is shown in Supplementary Table S2.

For infants, no difference was noticed in the two groups when they were born, with
birth weight ranging from 2790 g to 4060 g, birth length ranging from 48 cm to 52 cm,
and birth head circumference ranging from 32 cm to 35 cm and five males in each group
(Supplementary Table S1). For infants of GDM mothers, the neonatal blood glucose at birth
was 3.81 ± 1.52 mmol/L (Supplementary Table S2).

3.2. Milk Type

Based on the level of 2′-FL and LNFP-II, the mothers involved in this study were
categorized into four phenotypes, namely Se+Le+, Se+Le−, Se−Le+, and Se−Le−. The
distribution of the four milk types is shown in Supplementary Table S3. In our study, most
of the mothers belonged to Se+Le+ phenotype, which accounted for 68.2% of 22 mothers,
and the rest were Se-Le+ phenotype. None of the mothers were Se+Le− or Se−Le−. In
GDM mothers, seven (63.6%) were Se+Le+ and four (36.4%) were Se−Le+, while in healthy
mothers, the numbers were eight (72.7%) and three (27.3%), respectively.

Since the milk type has an unignorable effect on the concentration of HMOs, the
comparison of GDM with healthy mothers should be within the same milk type. As Se+Le+

is the major phenotype of subjects in this study, the following analysis mainly focused on it.
The basic information of the phenotype Se+Le+ of GDM and healthy subjects showed no
significant differences. Detailed information is shown in Table 1.
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Table 1. Baseline characteristics of subjects in Se+Le+ group.

Healthy Group (n = 8) GDM Group (n = 7) p Value

Mother’s basic information

Reproductive age (years,
−
x±s) 31.13 ± 1.89 31.71 ± 2.43 0.606

Gestation (weeks,
−
x±s) 39.71 ± 0.87 39.71 ± 0.41 0.996

Production (%)
Primiparous 6 (75.0) 6 (85.7)

1
Multiparous 2 (25.0) 1 (14.3)

Occupation (%)
Professionals 1 (12.5) 0

1
Office clerk 7 (87.5) 7 (100)

Region (%)
Beijing area 1 (12.5) 0

1
Non-Beijing area 7 (87.5) 7 (100)

Education level (Maternity) (%)
Undergraduate and below 2 (25.0) 4 (66.7)

0.277
Postgraduate and above 6 (75.0) 2 (33.3)

Education level (Spouse) (%)
Undergraduate and below 1 (12.5) 3 (50.0)

0.245
Postgraduate and above 7 (87.5) 3 (50.0)

Monthly income per family
member (%)

≤15,000 3 (37.5) 4 (66.7)
0.592

>15,000 5 (62.5) 2 (33.3)

Premature rupture of
membranes (%)

Yes 0 1 (14.3)
0.467

No 8 (100) 6 (85.7)

Delivery (%)
Vaginal delivery 6 (75.0) 5 (71.4)

1
Cesarean delivery 2 (25.0) 2 (28.6)

Body temperature (◦C, median(Q1–Q3)) 36.5 (36.3, 36.6) 36.5 (36.2, 36.5) 0.292

Pulse (bpm, median(Q1–Q3)) 90 (72, 100) 80 (80, 90) 0.314

Systolic pressure (mmHg,
−
x±s) 120.00 ± 7.69 119.71 ± 7.54 0.943

Diastolic pressure (mmHg,
−
x±s) 75.25 ± 7.55 75.14 ± 5.55 0.976

Height (cm,
−
x±s) 165.63 ± 4.50 161.14 ± 6.12 0.127

Pre-pregnancy weight (kg,
−
x±s) 55.50 ± 3.96 58.57 ± 5.65 0.240

Current weight (kg,
−
x±s) 68.75 ± 6.48 68.21 ± 5.16 0.864

Gestational weight gain (kg,
−
x±s) 13.25 ± 5.18 9.64 ± 4.77 0.186

Allergic diseases (Maternity)
Yes 4 (50.0) 3 (42.9)

1
No 4 (50.0) 4 (57.1)

Allergic diseases (Spouse)
Yes 3 (37.5) 3 (42.9)

1
No 5 (62.5) 4 (57.1)

Infant’s basic information

Gender (%)
Male 2 (25.0) 4 (57.1)

0.315
Female 6 (75.0) 3 (42.9)

Birth weight (g,
−
x±s) 3336.25 ± 267.53 3420.00 ± 320.73 0.590

Birth length (cm,
−
x±s) 49.50 ± 1.07 50.29 ± 1.25 0.212

Birth head circumference (cm, median(Q1–Q3)) 34 (33, 35) 34 (34, 34.5) 0.598
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3.3. Changes of Total HMOs in GDM and Healthy Se+Le+ Mothers during Lactation

The total level of HMOs was represented by the sum of 14 HMOs. In Se+Le+ mothers,
the total level of HMOs in colostrum, transitional milk, and mature milk were 8.90± 2.87 g/L,
7.78 ± 2.69 g/L, and 5.98 ± 1.55 g/L, respectively. There was a significant downward trend
in total HMOs over lactation in all groups (Figure 1A). In colostrum, the total of HMOs
was significantly higher in GDM than healthy mothers (p = 0.030); however, no significant
difference was observed for transitional milk and mature milk (Figure 1A).
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individual HMOs (only Se+Le+ mothers). The 14 individual HMOs were color-coded.

3.4. Changes of Individual HMOs in GDM and Healthy Se+Le+ Mothers during Lactation

Stacked histograms were used to represent the relative abundances of HMOs (Figure 1B).
The level of 2′-FL was the most abundant HMO in colostrum (33.75% in healthy group
and 24.45% in GDM group), transitional milk (33.09% in healthy group and 30.62% in
GDM group), and mature milk (43.54% in healthy group and 38.11% in GDM group). In
the healthy group, 3′-SL was the lowest HMO in colostrum (1.00%) and transitional milk
(1.16%) and LST a (0.34%) was the lowest in mature milk; in the GDM group, LNFP-II was
the lowest HMO in colostrum (0.46%) and LST a was the lowest in transitional milk (0.45%)
and mature milk (0.29%).

Time trend analysis within each group showed that non-fucosylated non-sialylated
HMOs such as LNT and LNnT decreased with milk maturation in both groups; for fu-
cosylated non-sialylated HMOs, LNFP-I in the GDM group and LNDFH-I in the healthy
group decreased significantly from colostrum to mature milk. LNFP-III in both groups
and LNFP-I in the healthy group underwent a fluctuation that had the lowest value in the
transitional milk. LNDFH-I in GDM group reached the peak in the transitional milk. For
non-fucosylated sialylated HMOs, 6′-SL, LST a, LST b, and LST c in both groups and 3′-SL
and DSLNT in the GDM group decreased significantly from colostrum to mature milk.
DSLNT in the healthy group reached the peak in the transitional milk (Table 2).

For the same lactational period, LNnT continued to show a higher concentration in
GDM mothers’ milk than in healthy mothers over lactation (p = 0.002, 0.005, and 0.007 in
colostrum, transitional, and mature milk, respectively). LNFP-II in colostrum (p = 0.010)
and transitional milk (p = 0.038) also differed significantly between the two groups, with
higher concentrations in the healthy group than in the GDM group. There were significant
differences of 3′-SL in colostrum (p = 0.040) and mature milk (p = 0.040) between the two
groups, with higher levels in the GDM group than in the healthy group. Between-group
differences were observed in DSLNT only in colostrum (p = 0.014), with the GDM group
being higher than the healthy group (Table 2).
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Table 2. Changes in various types of human milk oligosaccharides (HMOs) over time in Se+Le+

group.

HMO Types
Healthy Group (n = 8) GDM Group (n = 7)

T1 T2 T3 T1 T2 T3

NN
LNT 50.25 (42.54, 98.76) b 48.85 (30.33,

82.38) c 29.69 (26.53, 39.70) bc 130.69 (87.26,
147.64) b

106.91 (62.44,
119.97) c 59.62 (21.26, 67.26) bc

LNnT 34.17 (29.75, 42.69 b 17.38 (11.65, 37.01) 15.90 (9.55, 22.49) b 174.68 (34.05,
240.20) ab*

126.62 (27.55,
176.77) ac* 74.15 (17.48, 82.12) bc*

FN

2′-FL 230.65 (173.45, 336.75) 220.44 (175.24,
326.92) 261.97 (202.52, 328.61) 264.78 (250.50,

300.70)
254.42 (233.85,

296.42) 239.60 (218.65, 298.89)

3-FL 21.89 (5.59, 85.70) 31.76 (7.32, 71.57) 46.48 (11.43, 74.96) 73.91 (55.36, 136.45) 70.08 (56.30, 102.10) 70.23 (61.08, 106.02)

LNFP-I 117.46 (53.84,
169.65) b 65.25 (45.60, 144.66) 87.79 (16.29, 108.42) b 156.63 (125.22,

176.69) ab
103.76 (83.93,

123.60) ac 47.95 (39.87, 56.68) bc

LNFP-II 31.97 (10.44, 46.02) 37.33 (17.08, 40.75) 21.59 (14.35, 28.25) 4.93 (4.22, 5.46) * 4.30 (3.30, 20.51) * 6.44 (4.11, 7.03)

LNFP-III 21.72 (15.79, 29.27) a 17.28 (11.60,
24.36) a 19.66 (11.91, 26.00) 17.09 (7.31, 22.74) a 12.23 (7.28, 20.03) ac 19.19 (14.20, 21.92) c

LNDFH-I 66.16 (15.20, 87.10) b 55.85 (49.31,
88.98) c 36.76 (22.99, 68.73) bc 34.50 (25.52,

43.83) b
40.68 (28.39,

53.96) c 26.01 (18.08, 31.78) bc

NS

3′-SL 8.63 (4.42, 11.14) 8.09 (3.76, 9.28) 6.50 (3.38, 9.41) 19.48 (8.02,
23.01) b* 19.26 (7.19, 22.43) c 12.99 (7.58, 19.23) bc*

6′-SL 30.95 (8.23, 38.37) b 21.90 (7.53, 35.54) c 11.19 (1.84, 16.77) bc 33.81 (23.51,
48.74) b

28.08 (15.66,
41.50) c 11.64 (11.34, 21.42) bc

LST a 8.42 (2.68, 10.76) ab 4.19 (1.34, 5.51) ac 1.77 (0.65, 2.44) bc 7.88 (5.84, 9.77) ab 4.32 (2.90, 6.12) ac 1.60 (1.56, 3.01) bc

LST b 8.96 (4.75, 11.65) b 7.83 (3.45, 9.95) c 5.63 (2.95, 7.75) bc 12.71 (9.06, 15.94) b 10.44 (6.24, 16.23) c 5.86 (3.83, 7.90) b

LST c 27.38 (9.05, 3340) ab 10.24 (8.73, 18.64) ac 4.97 (2.60, 7.21) bc 35.01 (29.49,
41.84) ab 15.78 (8.51, 25.13) ac 4.66 (3.11, 8.78) bc

DSLNT 45.46 (35.14, 57.83) b 48.88 (28.63,
63.46) c 25.96 (16.25, 37.37) bc 89.20 (41.76,

101.94) ab*
85.00 (27.50,

93.61) ac 34.03 (8.84, 56.26) bc

NN, FN, NS represent non-fucosylated non-sialylated HMOs, fucosylated non-sialylated HMOs, and non-
fucosylated sialylated HMOs. T1, T2, and T3 represent colostrum (within 7 days), transitional milk (12–14 days),
and mature milk (42 days), respectively. a indicates significantly different HMO concentrations in colostrum and
transitional milk (p < 0.05); b indicates significantly different HMO concentrations in colostrum and mature milk
(p < 0.05); c indicates significantly different HMO concentrations in transitional milk and mature milk (p < 0.05),
according to Bonferroni adjustment test for multiple comparisons. * indicates a statistically significant difference
compared with the healthy group.

3.5. Relations between Basic Maternal and Infant Information and HMO Concentrations

The basic conditions of mother and infant were analyzed to discover other factors
related to the concentration of HMOs. Spearman correlation analysis showed that maternal
age was negatively correlated with LNFP-II in colostrum in the healthy and GDM groups;
pre-pregnancy BMI showed a significant negative correlation with LNnT in colostrum in
the healthy group and a significant positive correlation with LNFP-II in mature milk in the
GDM group; and delivery mode showed a positive correlation with DSLNT in colostrum
in the healthy group. No association was found between parity, GWG, maternal presence
of allergic diseases, and infant gender with HMOs levels (Figure 2).

3.6. Infant Growth and Development in Relation to HMO Concentration

Data on infant growth at 42 days, 3 months, and 6 months after birth showed that
no significant group differences were observed, either in the GDM versus healthy group
(Table 3). Spearman correlation analysis showed that the total concentration of HMOs in
colostrum in the GDM group had a positive correlation with WAZ at 6 months. Moreover,
the concentration of LNnT in colostrum and transitional milk was significantly and pos-
itively correlated with WAZ at 6 months; LNFP-II had a significant negative correlation
on the length and weight for age of infants in all periods. In the healthy group, the con-
centration of 3′-SL in colostrum was significantly and negatively correlated with WAZ at
3 months. DSLNT in transitional milk showed a negative correlation with WAZ at 3 months
(Figure 3).
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Figure 2. Spearman rank correlations between basic maternal and infant information and individual
HMO concentrations in the two groups of the Se+Le+ phenotype. T1, T2, and T3 represent colostrum
(within 7 days), transitional milk (12–14 days), and mature milk (42 days), respectively. ** represents
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the 0.05 level (two-tailed).

Table 3. Effects of different levels of HMOs on infant growth and development in Se+Le+ group.

42 Days after Birth 3 Months after Birth 6 Months after Birth

Healthy Group GDM Group Healthy Group GDM Group Healthy Group GDM Group

Length 56.00 ± 1.47 57.62 ± 1.26 63.90 ± 1.44 64.75 ± 3.10 68.73 ± 1.42 68.50 ± 0.58
Weight 4942.86 ± 479.09 5460.00 ± 1238.65 7587.50 ± 909.50 6962.50 ± 982.66 8536.25 ± 617.32 8530.00 ± 565.33
Head 37.57 ± 0.73 37.75 ± 1.54 41.23 ± 1.24 40.00 ± 0.50 42.89 ± 1.49 43.33 ± 1.04
LAZ 0.99 ± 0.87 0.81 ± 0.89 1.36 ± 0.33 2.03 ± 2.41 1.05 ± 0.63 1.42 ± 0.42
WAZ 1.02 ± 0.81 0.80 ± 1.62 1.65 ± 1.11 1.12 ± 1.64 1.11 ± 0.63 1.32 ± 0.69
BMIZ 0.70 ± 0.71 0.55 ± 2.64 1.23 ± 1.54 0.06 ± 0.73 0.71 ± 0.71 0.75 ± 1.21

No differences were observed in the number of bowel movements and stool properties
of the infants at 42 days after delivery in the two groups. Regarding disease status, an
infant in the healthy group had disease (respiratory disease) within the first 42 days after
delivery and was hospitalized; regarding feeding status, two mothers in each group fed
their infants by mixed feeding at 42 days postpartum, with a ratio of breast milk to formula
feeding ranging from 6:1 to 1:1. Neither disease status nor feeding status was observed to
differ between the two groups (Supplementary Table S4).
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4. Discussion

Breast milk contains a variety of HMO structures, of which so far over 200 were
identified. However, the majority of the total HMO concentration was only contributed by
the top 10~15 structures [9]. Specifically, 2′-FL, LNDFH-I, LNFP-I, LNFP-II, LNT, 3-FL, 6′-
SL, DSLNT, LNnT, Difucosyllactose (DFL), Fucosyldisialyllacto-N-hexaose I (FDS-LNH-I),
LNFP-III, 3′-SL, LST c, and Trifucosyllacto-N-hexaose (TF-LNH) appear to constitute the
majority of the total HMO components (>75%) of mature milk [9]. A total of 12 of these 15
individual HMOs were measured in this study, as well as 2 individual HMOs of interest to
us. The 14 HMOs in this study could represent somewhat the majority of the total level of
HMOs.

HMOs fucosylation patterns were determined by secretor and Lewis status. The pro-
portion of different phenotypes varies by race. Many studies have assessed the quantitative
variation in HMO between secretor and non-secretor individuals. Surveys in Europe, Asia,
and Africa [13] showed that Se+Le+ mothers were the most predominant group (45–77% of
those surveyed); the second predominant group was Se−Le+ (7–34%), followed by Se+Le−

(4–28%) and Se−Le− (1–26%). Another study reported typical distributions of Se+Le+,
Se−Le+, Se+Le−, and Se−Le− in the global population as 70%, 20%, 9%, and 1% [9]. In our
study, the number of Se+Le+ phenotype (68.2%) was comparable to the global average.

Most of the HMOs showed a significant temporal trend with decreasing levels with
lactation time; however, there were some exceptions, where 2′-FL, 3-FL, and LNFP-II
remained stable during lactational period in the GDM and healthy groups, and LNFP-III
peaked in mature milk in the GDM group. Studies had shown that 2′-FL was associated
with stimulation of brain development, improved cognitive outcomes, and rapid increases
in infant weight gain [41]. A significant increase in 3-FL after colostrum was also reported
by Wang et al. [17], Plows et al. [41], Gu et al. [42], and Soyyilmaz et al. [9]. However,
we did not observe this trend, and 3-FL remained constant in our study. 3-FL and 2′-FL
have both been found to bind to norovirus and naturally act as a decoy against norovirus
infection. Thus, adequate concentrations of 3-FL and 2′-FL may provide ongoing immune
support for growing infants [41]. Moreover an animal experiment by Bhargava et al. [43]
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showed that LNFP-III could affect glucose homeostasis in a mouse model. The application
of immunomodulatory HMO LNFP-III has been shown to improve glucose tolerance and
insulin sensitivity by stimulating IL-10 production in macrophages and dendritic cells,
reducing white adipose tissue inflammation and sensitizing adipocytes to insulin responses.
This may explain the increase in LNFP-III content with lactation time in the GDM group.

After controlling for most of the factors reported in the literature that may affect
HMOs, we found that HMOs were significantly different in the healthy and GDM groups in
terms of the content of LNnT, LNFP-II, 3′-SL, and DSLNT in the Se+Le+ group. Compared
with studies of the same type, the study by Smilowitz et al. [30] did not find a difference
in HMOs in breast milk between the GDM group (n = 8) and the healthy group (n = 16)
two weeks after delivery, which may be due to the imbalance in the number of participants
between the two groups and the small sample size of participants in the GDM group.
Moreover, the authors did not classify the secretory phenotypes. Another research that
explored the difference between GDM and healthy donors showed that the concentration
of 3′-SL in colostrum of mothers in the secretor GDM group (n = 18) was significantly
lower than that of mothers in the healthy group (n = 43) (GDM: 144 ± 161 mg/L versus
healthy: 252 ± 181 mg/L, p < 0.05), which was the only individual HMO that differed
between the two groups [31]. Moreover, not only was the 3′-SL content significantly lower
in the GDM group than in the healthy group, but also the total sialylated HMOs content
was lower than in the healthy group. This is different from our results, which showed
higher 3′-SL and sialylated HMOs in the secretor GDM group than in the healthy group.
In order to compare with this study, we screened only Se+ phenotype mothers without
considering Lewis gene and reached the same conclusion as the Se+Le+ mothers. The 3′-SL
and sialic HMOs in the breast milk of GDM mothers with Se+ phenotype were higher than
those in the healthy group. Since the authors did not control for other disease conditions
(pregnancy-induced hypertension and hypothyroidism), weight, and other factors when
analyzing the relationship between GDM and HMO, this may have contributed to the
difference in our study results.

The increase in sialylation may occur in patients with diabetes. A recent study found
increased sialylation of plasma N-glycans in patients with type 2 diabetes [44]. The authors
proposed inflammatory processes as a possible underlying mechanism. Inflammation
is associated with altered glycosylation caused by external sialylation of extracellular
sialyltransferases [45]. Whether increased sialylation is a general response to inflammation
in pregnancy and whether these changes in sialylation have an ameliorating or worsening
effect remains to be elucidated. Additionally, increased sialylation may alter the interactions
between carbohydrates on N-glycans and lectins, such as selectins or galactose lectins,
with potentially profound effects on immune regulation and metabolism [46]. HMOs have
been circulating in the bloodstream of pregnant women since at least week 10, through the
amniotic fluid and possibly into the placenta via the umbilical cord [47]. 3′-SL is one of the
most abundant HMOs in maternal serum, especially in early gestation, when alpha 1–2
focusing has not yet begun [26]. It has been shown that 3′-SL is closely associated with
fasting blood glucose concentrations (changes) in early pregnancy, and the higher the 3′-SL
concentration, the greater the increase in fasting blood glucose [27]. This may explain the
higher total sialylated HMOs and 3′-SL in the GDM group compared to the healthy group.
In GDM cases, if treatment allows the normalization of glucose and insulin parameters, it
may similarly restore 3′-SL concentrations [46]. However, the sample size of this study was
too small to investigate whether good or poor glycemic control might also affect 3′-SL. In a
larger cohort of GDM patients receiving insulin or dietary advice, it would be interesting to
investigate the potential impact of the respective type of treatment and its effectiveness on
maternal 3′-SL.

Gestational diabetes mellitus is a risk factor for the development of serious diseases
such as necrotizing enterocolitis (NEC) in newborns. A large retrospective cohort study
showed that maternal gestational diabetes mellitus was associated with the incidence of
severe neonatal disease compared to mothers without diabetes (OR = 1.16, 95% confidence
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interval (CI) = 1.04–1.30) [48]. Sialylated HMO is associated with the protective effect of
breast milk against pathogenic infections and NEC, especially DSLNT, which is known
for its prevention of NEC [46,49] and antibacterial and anti-biofilm activity against group
B Streptococcus [50]. The higher DSLNT content in the colostrum of the GDM group may
help to give more protection under higher risk. In addition to this, one study found a
lower abundance of Bifidobacteria and Bacteriodes in infants delivered by cesarean section,
with Clostridium difficile predominance [51]. Since DSLNT can reduce pathogenic infections,
this may explain the higher levels of DSLNT in maternal HMOs in the healthy group of
cesarean section compared to vaginal deliveries in colostrum.

Comparisons between groups revealed that LNFP-II levels were significantly higher
in both colostrum and transitional milk of healthy mothers than in the GDM group, and
that LNFP-II levels in the GDM group showed a significant negative correlation with
infant WAZ and LAZ at each period, and that this effect lasted until 6 months postpartum.
Although it is difficult to give a plausible explanation, this unique finding may reveal
key HMOs affecting infant growth and development in the GDM group and needs to be
further validated in non-secretor lactating mothers and in larger samples. Moreover, for
Se+Le+, maternal age was negatively associated with LNFP-II. This result may be related to
age-induced changes in the body. However, the extent of the effect remains uncertain. This
is different from the influence factors derived from other studies [17,52].

HMOs are intrinsic components that influence the intestinal microbiota by providing a
source of energy for beneficial intestinal bacteria. LNnT has been shown to alter the human
intestinal flora [53]. Another study reported that infants fed formula containing 2′-FL and
LNnT developed a gut microbiota by an increase in the abundance of beneficial bifidobac-
teria and a decrease in the abundance of taxa with potentially pathogenic members [54].
The microbiota of GDM offspring showed an abundance of pro-inflammatory taxa. In a
comparison of breastfed infants in the GDM and healthy groups, the offspring of GDM
mothers showed increased abundance of pro-inflammatory taxa [55]. LNnT was higher in
the GDM group than in the healthy group at all three time points, possibly indicating a role
for LNnT in maintaining the intestinal flora of the GDM group.

Comparing our study with Alderete et al. [32] and Larsson et al. [34], the similarity
is that LNnT is associated with growth; however, unlike our study, Alderete et al. found
a negative association with fat mass (FM)%, with each 1 µg/mL increase in LNnT being
associated with a 0.03% decrease in body fat (β = −0.03, p < 0.01), and Larsson et al. found
that the high weight-gain (HW) group LNnT values were lower and FM% was significantly
higher in the HW group compared to the healthy weight-gain (NW) group. In addition,
a negative correlation between LNnT and FM index at 5 months was also found. Our
study showed that LNnT in colostrum and transitional milk showed a significant positive
correlation with WAZ at six months in the GDM group. The levels of HMOs in the GDM
and healthy groups also showed that LNnT was significantly different between the two
groups, and both were higher in the GDM group than in the healthy group. The role of
LNnT in regulating intestinal flora in the offspring of GDM may make its effect on infant
growth different from that of the offspring of healthy mothers.

In the study conducted by Davis et al. [33], they observed that a higher proportion of
LST c in breast milk was associated with lower WAZ of infants and that a higher proportion
of 3′-SL contributed positively to WAZ and LAZ; however, our study showed that 3′-SL
as well as DSLNT showed a negative association with WAZ at 3 months of age in the
healthy group of infants. We also found that the total HMOs content in colostrum showed a
positive correlation with the infant’s WAZ at six months postnatal. The observed correlation
between HMO concentrations and infant weight/length suggests a potential role of HMO
on infant growth and metabolism, which deserves future study.

In addition to this, it has been shown that the concentration of HMOs is also associated
with infant disease status [17]. This may be related to the effect of HMOs on the health of
the developing immune system and the establishment of the gut microbiota [17]. However,
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our study did not find this benefit as the majority of infants from both GDM and healthy
mothers remained healthy during investigation.

This study has several limitations. First, the small sample size did not allow us to
explore the changes of non-secretor mothers. Second, HMOs have been shown to affect
intestinal flora, which have not been explored in our study. Third, the literature has shown
that the content of HMOs is also affected by diet [31]. Considering the special situation
of the GDM group (all the women with GDM controlled their blood sugar through diet
and exercise according to the dietary recommendation), our study did not investigate the
relationship between diet and HMOs. It is hoped that subsequent studies can take these
into account and carry out relevant design and exploration. Despite these limitations,
the current study has important advantages. To our knowledge, this is the first study to
comprehensively describe and compare the differences in HMOs between healthy and
GDM mothers during lactation at three different stages (colostrum, transitional milk, and
mature milk). The longitudinal cohort design makes it feasible to assess prospective
changes in HMO concentrations throughout the postpartum period in Se+Le+ mothers.

5. Conclusions

This study explored changes in human milk oligosaccharides over time in GDM and
healthy lactating mothers and showed that in Se+Le+ mothers, the total concentration of
HMOs was higher in colostrum of GDM mothers. For individual HMOs, the concentration
of LNnT, LNFP-II, 3′-SL, and DSLNT were statistically different between the two groups.
Those HMOs may be key factors affecting the growth of infants and may be protective
under GDM conditions, which needs further investigation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu15061441/s1, Table S1: Baseline characteristics of subjects;
Table S2: Blood glucose for mothers and infants with GDM; Table S3: Distribution of the four milk
types; Table S4: Other information about the infants in each group within 42 days of discharge from
the hospital.

Author Contributions: Each author is expected to have made substantial contributions to the work.
Conceptualization, J.Z. and Y.D.; methodology, D.M., J.Z. and Y.D.; software, Y.D.; validation, D.M.
and J.Z.; formal analysis, Y.D.; investigation, Y.X., L.Z., H.L., Y.D., Y.L. and B.C.; resources, J.Z., D.M.,
Y.X., L.Z. and H.L.; data curation, J.Z.; writing–original draft preparation, Y.D.; writing-review and
editing, J.Z. and D.M.; visualization, Y.D. and B.C.; supervision, J.Z. and D.M.; project administration,
J.Z.; funding acquisition, J.Z. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by Ausnutria-kabrita Research Fund grant number [RS2020-07].

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of Peking University Third Hospital (protocol
code IRB00006761-M2021062 and date of approval: 11 February 2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: We can’t release the data due to the restrictions of the informed consent.

Acknowledgments: The authors thank Jiajia Xu for her support in analysis techniques and all the
mothers and babies who participated in the study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sundekilde, U.K.; Downey, E.; O’Mahony, J.A.; O’Shea, C.A.; Ryan, C.A.; Kelly, A.L.; Bertram, H.C. The Effect of Gestational and

Lactational Age on the Human Milk Metabolome. Nutrients 2016, 8, 304. [CrossRef] [PubMed]
2. Donovan, S.M. The Role of Lactoferrin in Gastrointestinal and Immune Development and Function: A Preclinical Perspective. J.

Pediatr. 2016, 173, S16–S28. [CrossRef]

https://www.mdpi.com/article/10.3390/nu15061441/s1
https://www.mdpi.com/article/10.3390/nu15061441/s1
http://doi.org/10.3390/nu8050304
http://www.ncbi.nlm.nih.gov/pubmed/27213440
http://doi.org/10.1016/j.jpeds.2016.02.072


Nutrients 2023, 15, 1441 14 of 16

3. Eidelman, A.I. Breastfeeding and the Use of Human Milk: An Analysis of the American Academy of Pediatrics 2012 Breastfeeding
Policy Statement. Breastfeed Med. 2012, 7, 323–324. [CrossRef] [PubMed]

4. Lonnerdal, B. Bioactive Proteins in Human Milk: Health, Nutrition, and Implications for Infant Formulas. J. Pediatr. 2016, 173,
S4–S9. [CrossRef] [PubMed]

5. Wu, T.C.; Chen, P.H. Health consequences of nutrition in childhood and early infancy. Pediatr. Neonatol. 2009, 50, 135–142.
[CrossRef] [PubMed]

6. Chen, X. Human Milk Oligosaccharides (HMOS): Structure, Function, and Enzyme-Catalyzed Synthesis. Adv. Carbohydr. Chem.
Biochem. 2015, 72, 113–190. [CrossRef]

7. Triantis, V.; Bode, L.; van Neerven, R.J.J. Immunological Effects of Human Milk Oligosaccharides. Front. Pediatr. 2018, 6, 190.
[CrossRef]

8. Kunz, C.; Rudloff, S.; Baier, W.; Klein, N.; Strobel, S. Oligosaccharides in human milk: Structural, functional, and metabolic
aspects. Annu. Rev. Nutr. 2000, 20, 699–722. [CrossRef]

9. Soyyilmaz, B.; Miks, M.H.; Rohrig, C.H.; Matwiejuk, M.; Meszaros-Matwiejuk, A.; Vigsnaes, L.K. The Mean of Milk: A Review of
Human Milk Oligosaccharide Concentrations throughout Lactation. Nutrients 2021, 13, 2737. [CrossRef]

10. Totten, S.M.; Wu, L.D.; Parker, E.A.; Davis, J.C.; Hua, S.; Stroble, C.; Ruhaak, L.R.; Smilowitz, J.T.; German, J.B.; Lebrilla, C.B.
Rapid-throughput glycomics applied to human milk oligosaccharide profiling for large human studies. Anal. Bioanal. Chem. 2014,
406, 7925–7935. [CrossRef]

11. Doherty, A.M.; Lodge, C.J.; Dharmage, S.C.; Dai, X.; Bode, L.; Lowe, A.J. Human Milk Oligosaccharides and Associations with
Immune-Mediated Disease and Infection in Childhood: A Systematic Review. Front. Pediatr. 2018, 6, 91. [CrossRef] [PubMed]

12. Mezoff, E.A.; Hawkins, J.A.; Ollberding, N.J.; Karns, R.; Morrow, A.L.; Helmrath, M.A. The human milk oligosaccharide
2′-fucosyllactose augments the adaptive response to extensive intestinal. Am. J. Physiol. Liver Physiol. 2016, 310, G427–G438.
[CrossRef] [PubMed]

13. Bode, L. Human milk oligosaccharides: Every baby needs a sugar mama. Glycobiology 2012, 22, 1147–1162. [CrossRef] [PubMed]
14. Chichlowski, M.; German, J.B.; Lebrilla, C.B.; Mills, D.A. The influence of milk oligosaccharides on microbiota of infants:

Opportunities for formulas. Annu. Rev. Food Sci. Technol. 2011, 2, 331–351. [CrossRef]
15. Yu, Z.T.; Chen, C.; Kling, D.E.; Liu, B.; McCoy, J.M.; Merighi, M.; Heidtman, M.; Newburg, D.S. The principal fucosylated

oligosaccharides of human milk exhibit prebiotic properties on cultured infant microbiota. Glycobiology 2013, 23, 169–177.
[CrossRef]

16. Ferreira, A.L.; Alves, R.; Figueiredo, A.; Alves-Santos, N.; Freitas-Costa, N.; Batalha, M.; Yonemitsu, C.; Manivong, N.; Furst, A.;
Bode, L.; et al. Human Milk Oligosaccharide Profile Variation Throughout Postpartum in Healthy Women in a Brazilian Cohort.
Nutrients 2020, 12, 790. [CrossRef]

17. Wang, M.C.; Zhao, Z.W.; Zhao, A.; Zhang, J.; Wu, W.; Ren, Z.X.; Wang, P.Y.; Zhang, Y.M. Neutral Human Milk Oligosaccharides
Are Associated with Multiple Fixed and Modifiable Maternal and Infant Characteristics. Nutrients 2020, 12, 826. [CrossRef]

18. Eussen, S.R.B.M.; Mank, M.; Kottler, R.; Hoffmann, X.K.; Behne, A.; Rapp, E.; Stahl, B.; Mearin, M.L.; Koletzko, B. Presence and
Levels of Galactosyllactoses and Other Oligosaccharides in Human Milk and Their Variation during Lactation and According to
Maternal Phenotype. Nutrients 2021, 13, 2324. [CrossRef]

19. Han, S.M.; Derraik, J.G.B.; Binia, A.; Sprenger, N.; Vickers, M.H.; Cutfield, W.S. Maternal and Infant Factors Influencing Human
Milk Oligosaccharide Composition: Beyond Maternal Genetics. J. Nutr. 2021, 151, 1383–1393. [CrossRef]

20. American Diabetes Association Professional Practice Committee. 2. Classification and Diagnosis of Diabetes: Standards of
Medical Care in Diabetes-2022. Diabetes Care 2022, 45, S17–S38. [CrossRef]

21. Hou, W.; Meng, X.; Zhao, A.; Zhao, W.; Pan, J.; Tang, J.; Huang, Y.; Li, H.; Jia, W.; Liu, F.; et al. Development of Multimarker
Diagnostic Models from Metabolomics Analysis for Gestational Diabetes Mellitus (GDM). Mol. Cell. Proteom. 2018, 17, 431–441.
[CrossRef]

22. Ravnsborg, T.; Svaneklink, S.; Andersen, L.L.T.; Larsen, M.R.; Jensen, D.M.; Overgaard, M. First-trimester proteomic profiling
identifies novel predictors of gestational diabetes mellitus. PLoS ONE 2019, 14, e0214457. [CrossRef] [PubMed]

23. Shen, L.; Zhao, D.; Chen, Y.; Zhang, K.; Chen, X.; Lin, J.; Li, C.; Iqbal, J.; Zhao, Y.; Liang, Y.; et al. Comparative Proteomics Analysis
of Serum Proteins in Gestational Diabetes during Early and Middle Stages of Pregnancy. Proteom. Clin. Appl. 2019, 13, e1800060.
[CrossRef] [PubMed]

24. Burlina, S.; Banfi, C.; Brioschi, M.; Visentin, S.; Dalfra, M.G.; Traldi, P.; Lapolla, A. Is the placental proteome impaired in
well-controlled gestational diabetes? J. Mass. Spectrom. 2019, 54, 359–365. [CrossRef]

25. Lee, C.L.; Chiu, P.C.; Pang, P.C.; Chu, I.K.; Lee, K.F.; Koistinen, R.; Koistinen, H.; Seppala, M.; Morris, H.R.; Tissot, B.; et al.
Glycosylation failure extends to glycoproteins in gestational diabetes mellitus: Evidence from reduced alpha2-6 sialylation and
impaired immunomodulatory activities of pregnancy-related glycodelin-A. Diabetes 2011, 60, 909–917. [CrossRef]

26. Jantscher-Krenn, E.; Aigner, J.; Reiter, B.; Kofeler, H.; Csapo, B.; Desoye, G.; Bode, L.; van Poppel, M.N.M. Evidence of human
milk oligosaccharides in maternal circulation already during pregnancy: A pilot study. Am. J. Physiol. Endocrinol. Metab. 2019,
316, E347–E357. [CrossRef]

27. Jantscher-Krenn, E.; Treichler, C.; Brandl, W.; Schonbacher, L.; Kofeler, H.; van Poppel, M.N.M. The association of human milk
oligosaccharides with glucose metabolism in overweight and obese pregnant women. Am. J. Clin. Nutr. 2019, 110, 1335–1343.
[CrossRef] [PubMed]

http://doi.org/10.1089/bfm.2012.0067
http://www.ncbi.nlm.nih.gov/pubmed/22946888
http://doi.org/10.1016/j.jpeds.2016.02.070
http://www.ncbi.nlm.nih.gov/pubmed/27234410
http://doi.org/10.1016/S1875-9572(09)60051-6
http://www.ncbi.nlm.nih.gov/pubmed/19750886
http://doi.org/10.1016/bs.accb.2015.08.002
http://doi.org/10.3389/fped.2018.00190
http://doi.org/10.1146/annurev.nutr.20.1.699
http://doi.org/10.3390/nu13082737
http://doi.org/10.1007/s00216-014-8261-2
http://doi.org/10.3389/fped.2018.00091
http://www.ncbi.nlm.nih.gov/pubmed/29732363
http://doi.org/10.1152/ajpgi.00305.2015
http://www.ncbi.nlm.nih.gov/pubmed/26702137
http://doi.org/10.1093/glycob/cws074
http://www.ncbi.nlm.nih.gov/pubmed/22513036
http://doi.org/10.1146/annurev-food-022510-133743
http://doi.org/10.1093/glycob/cws138
http://doi.org/10.3390/nu12030790
http://doi.org/10.3390/nu12030826
http://doi.org/10.3390/nu13072324
http://doi.org/10.1093/jn/nxab028
http://doi.org/10.2337/dc22-S002
http://doi.org/10.1074/mcp.RA117.000121
http://doi.org/10.1371/journal.pone.0214457
http://www.ncbi.nlm.nih.gov/pubmed/30917176
http://doi.org/10.1002/prca.201800060
http://www.ncbi.nlm.nih.gov/pubmed/31162828
http://doi.org/10.1002/jms.4336
http://doi.org/10.2337/db10-1186
http://doi.org/10.1152/ajpendo.00320.2018
http://doi.org/10.1093/ajcn/nqz202
http://www.ncbi.nlm.nih.gov/pubmed/31504099


Nutrients 2023, 15, 1441 15 of 16

28. Hirschmugl, B.; Brandl, W.; Csapo, B.; van Poppel, M.; Kofeler, H.; Desoye, G.; Wadsack, C.; Jantscher-Krenn, E. Evidence of
Human Milk Oligosaccharides in Cord Blood and Maternal-to-Fetal Transport across the Placenta. Nutrients 2019, 11, 2640.
[CrossRef]

29. Hoch, D.; Brandl, W.; Strutz, J.; Kofeler, H.C.; van Poppel, M.N.M.; Bode, L.; Hiden, U.; Desoye, G.; Jantscher-Krenn, E. Human
Milk Oligosaccharides in Cord Blood Are Altered in Gestational Diabetes and Stimulate Feto-Placental Angiogenesis In Vitro.
Nutrients 2021, 13, 4257. [CrossRef]

30. Smilowitz, J.T.; Totten, S.M.; Huang, J.; Grapov, D.; Durham, H.A.; Lammi-Keefe, C.J.; Lebrilla, C.; German, J.B. Human milk
secretory immunoglobulin a and lactoferrin N-glycans are altered in women with gestational diabetes mellitus. J. Nutr. 2013, 143,
1906–1912. [CrossRef]

31. Wang, X.; Liu, J.; Li, C.; Xu, Y.; Wang, X.; Lu, Y.; Zhang, T.; Cao, H.; Huang, L.; Wang, Z. Pregnancy-Related Diseases and Delivery
Mode can Affect the Content of Human Milk Oligosaccharides: A Preliminary Study. J. Agric. Food Chem. 2022, 70, 5207–5217.
[CrossRef] [PubMed]

32. Alderete, T.L.; Autran, C.; Brekke, B.E.; Knight, R.; Bode, L.; Goran, M.I.; Fields, D.A. Associations between human milk
oligosaccharides and infant body composition in the first 6 mo of life. Am. J. Clin. Nutr. 2015, 102, 1381–1388. [CrossRef]
[PubMed]

33. Davis, J.C.; Lewis, Z.T.; Krishnan, S.; Bernstein, R.M.; Moore, S.E.; Prentice, A.M.; Mills, D.A.; Lebrilla, C.B.; Zivkovic, A.M.
Growth and Morbidity of Gambian Infants are Influenced by Maternal Milk Oligosaccharides and Infant Gut Microbiota. Sci. Rep.
2017, 7, 40466. [CrossRef] [PubMed]

34. Larsson, M.W.; Lind, M.V.; Laursen, R.P.; Yonemitsu, C.; Larnkjaer, A.; Molgaard, C.; Michaelsen, K.F.; Bode, L. Human Milk
Oligosaccharide Composition Is Associated with Excessive Weight Gain During Exclusive Breastfeeding-An Explorative Study.
Front. Pediatr. 2019, 7, 297. [CrossRef] [PubMed]

35. Lagstrom, H.; Rautava, S.; Ollila, H.; Kaljonen, A.; Turta, O.; Makela, J.; Yonemitsu, C.; Gupta, J.; Bode, L. Associations between
human milk oligosaccharides and growth in infancy and early childhood. Am. J. Clin. Nutr. 2020, 111, 769–778. [CrossRef]

36. Tran, T.S.; Hirst, J.E.; Do, M.A.; Morris, J.M.; Jeffery, H.E. Early prediction of gestational diabetes mellitus in Vietnam: Clinical
impact of currently recommended diagnostic criteria. Diabetes Care 2013, 36, 618–624. [CrossRef]

37. American Diabetes Association Professional Practice Committee. 15. Management of Diabetes in Pregnancy: Standards of
Medical Care in Diabetes-2022. Diabetes Care 2022, 45, S232–S243. [CrossRef]

38. ACOG Practice Bulletin No. 190: Gestational Diabetes Mellitus. Obstet. Gynecol. 2018, 131, e49–e64. [CrossRef]
39. World Health Organization. Child Growth Standards. Available online: https://www.who.int/tools/child-growth-standards/

software (accessed on 13 March 2023).
40. World Health Organization. WHO Child Growth Standards: Head Circumference-For-Age, Arm Circumference-For-Age, Triceps

Skinfold-For-Age and Subscapular Skinfold-For-Age: Methods and Development. Available online: https://www.who.int/
publications/i/item/9789241547185 (accessed on 13 March 2023).

41. Plows, J.F.; Berger, P.K.; Jones, R.B.; Alderete, T.L.; Yonemitsu, C.; Najera, J.A.; Khwajazada, S.; Bode, L.; Goran, M.I. Longitudinal
Changes in Human Milk Oligosaccharides (HMOs) Over the Course of 24 Months of Lactation. J. Nutr. 2021, 151, 876–882.
[CrossRef]

42. Gu, F.; Wang, S.; Beijers, R.; de Weerth, C.; Schols, H.A. Structure-Specific and Individual-Dependent Metabolization of Human
Milk Oligosaccharides in Infants: A Longitudinal Birth Cohort Study. J. Agric. Food Chem. 2021, 69, 6186–6199. [CrossRef]

43. Bhargava, P.; Li, C.; Stanya, K.J.; Jacobi, D.; Dai, L.; Liu, S.; Gangl, M.R.; Harn, D.A.; Lee, C.H. Immunomodulatory glycan LNFPIII
alleviates hepatosteatosis and insulin resistance through direct and indirect control of metabolic pathways. Nat. Med. 2012, 18,
1665–1672. [CrossRef] [PubMed]

44. Dotz, V.; Lemmers, R.F.H.; Reiding, K.R.; Hipgrave Ederveen, A.L.; Lieverse, A.G.; Mulder, M.T.; Sijbrands, E.J.G.; Wuhrer, M.;
van Hoek, M. Plasma protein N-glycan signatures of type 2 diabetes. Biochim. Biophys. Acta Gen. Subj. 2018, 1862, 2613–2622.
[CrossRef] [PubMed]

45. Manhardt, C.T.; Punch, P.R.; Dougher, C.W.L.; Lau, J.T.Y. Extrinsic sialylation is dynamically regulated by systemic triggers
in vivo. J. Biol. Chem. 2017, 292, 13514–13520. [CrossRef]

46. Jantscher-Krenn, E.; Zherebtsov, M.; Nissan, C.; Goth, K.; Guner, Y.S.; Naidu, N.; Choudhury, B.; Grishin, A.V.; Ford, H.R.; Bode,
L. The human milk oligosaccharide disialyllacto-N-tetraose prevents necrotising enterocolitis in neonatal rats. Gut 2012, 61,
1417–1425. [CrossRef]

47. Hundshammer, C.; Minge, O. In Love with Shaping You-Influential Factors on the Breast Milk Content of Human Milk
Oligosaccharides and Their Decisive Roles for Neonatal Development. Nutrients 2020, 12, 3568. [CrossRef]

48. Battarbee, A.N.; Venkatesh, K.K.; Aliaga, S.; Boggess, K.A. The association of pregestational and gestational diabetes with severe
neonatal morbidity and mortality. J. Perinatol. 2020, 40, 232–239. [CrossRef] [PubMed]

49. Autran, C.A.; Kellman, B.P.; Kim, J.H.; Asztalos, E.; Blood, A.B.; Spence, E.C.H.; Patel, A.L.; Hou, J.; Lewis, N.E.; Bode, L. Human
milk oligosaccharide composition predicts risk of necrotising enterocolitis in preterm infants. Gut 2018, 67, 1064–1070. [CrossRef]

50. Craft, K.M.; Thomas, H.C.; Townsend, S.D. Sialylated variants of lacto-N-tetraose exhibit antimicrobial activity against Group B
Streptococcus. Org. Biomol. Chem. 2019, 17, 1893–1900. [CrossRef]

51. Penders, J.; Thijs, C.; Vink, C.; Stelma, F.F.; Snijders, B.; Kummeling, I.; van den Brandt, P.A.; Stobberingh, E.E. Factors influencing
the composition of the intestinal microbiota in early infancy. Pediatrics 2006, 118, 511–521. [CrossRef]

http://doi.org/10.3390/nu11112640
http://doi.org/10.3390/nu13124257
http://doi.org/10.3945/jn.113.180695
http://doi.org/10.1021/acs.jafc.2c00147
http://www.ncbi.nlm.nih.gov/pubmed/35434993
http://doi.org/10.3945/ajcn.115.115451
http://www.ncbi.nlm.nih.gov/pubmed/26511224
http://doi.org/10.1038/srep40466
http://www.ncbi.nlm.nih.gov/pubmed/28079170
http://doi.org/10.3389/fped.2019.00297
http://www.ncbi.nlm.nih.gov/pubmed/31380329
http://doi.org/10.1093/ajcn/nqaa010
http://doi.org/10.2337/dc12-1418
http://doi.org/10.2337/dc22-S015
http://doi.org/10.1097/AOG.0000000000002501
https://www.who.int/tools/child-growth-standards/software
https://www.who.int/tools/child-growth-standards/software
https://www.who.int/publications/i/item/9789241547185
https://www.who.int/publications/i/item/9789241547185
http://doi.org/10.1093/jn/nxaa427
http://doi.org/10.1021/acs.jafc.0c07484
http://doi.org/10.1038/nm.2962
http://www.ncbi.nlm.nih.gov/pubmed/23104131
http://doi.org/10.1016/j.bbagen.2018.08.005
http://www.ncbi.nlm.nih.gov/pubmed/30251656
http://doi.org/10.1074/jbc.C117.795138
http://doi.org/10.1136/gutjnl-2011-301404
http://doi.org/10.3390/nu12113568
http://doi.org/10.1038/s41372-019-0516-5
http://www.ncbi.nlm.nih.gov/pubmed/31591489
http://doi.org/10.1136/gutjnl-2016-312819
http://doi.org/10.1039/C8OB02080A
http://doi.org/10.1542/peds.2005-2824


Nutrients 2023, 15, 1441 16 of 16

52. McGuire, M.K.; Meehan, C.L.; McGuire, M.A.; Williams, J.E.; Foster, J.; Sellen, D.W.; Kamau-Mbuthia, E.W.; Kamundia, E.W.;
Mbugua, S.; Moore, S.E.; et al. What’s normal? Oligosaccharide concentrations and profiles in milk produced by healthy women
vary geographically. Am. J. Clin. Nutr. 2017, 105, 1086–1100. [CrossRef]

53. Elison, E.; Vigsnaes, L.K.; Rindom Krogsgaard, L.; Rasmussen, J.; Sorensen, N.; McConnell, B.; Hennet, T.; Sommer, M.O.; Bytzer, P.
Oral supplementation of healthy adults with 2′-O-fucosyllactose and lacto-N-neotetraose is well tolerated and shifts the intestinal
microbiota. Br. J. Nutr. 2016, 116, 1356–1368. [CrossRef] [PubMed]

54. Puccio, G.; Alliet, P.; Cajozzo, C.; Janssens, E.; Corsello, G.; Sprenger, N.; Wernimont, S.; Egli, D.; Gosoniu, L.; Steenhout, P. Effects
of Infant Formula with Human Milk Oligosaccharides on Growth and Morbidity: A Randomized Multicenter Trial. J. Pediatr.
Gastroenterol. Nutr. 2017, 64, 624–631. [CrossRef] [PubMed]

55. Ponzo, V.; Ferrocino, I.; Zarovska, A.; Amenta, M.B.; Leone, F.; Monzeglio, C.; Rosato, R.; Pellegrini, M.; Gambino, R.; Cassader,
M.; et al. The microbiota composition of the offspring of patients with gestational diabetes mellitus (GDM). PLoS ONE 2019, 14,
e0226545. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3945/ajcn.116.139980
http://doi.org/10.1017/S0007114516003354
http://www.ncbi.nlm.nih.gov/pubmed/27719686
http://doi.org/10.1097/MPG.0000000000001520
http://www.ncbi.nlm.nih.gov/pubmed/28107288
http://doi.org/10.1371/journal.pone.0226545
http://www.ncbi.nlm.nih.gov/pubmed/31841548

	Introduction 
	Materials and Methods 
	Ethical Review and Project Registration 
	Subjects and Sample Collection 
	Study Subjects 
	Determination of Milk Type 
	Milk Sample Collection and Storage 
	Data Collection and Definition of Variables 

	Quantification of HMOs 
	Statistical Analysis Methods 

	Results 
	Basic Information on Maternity and Infancy of Both Groups 
	Milk Type 
	Changes of Total HMOs in GDM and Healthy Se+Le+ Mothers during Lactation 
	Changes of Individual HMOs in GDM and Healthy Se+Le+ Mothers during Lactation 
	Relations between Basic Maternal and Infant Information and HMO Concentrations 
	Infant Growth and Development in Relation to HMO Concentration 

	Discussion 
	Conclusions 
	References

