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Abstract 

This study explored IgG N-glycosylation pattern differences in maternal and infant serum 

in the context of gestational diabetes mellitus (GDM). Serum samples from 15 mother–

infant pairs were collected at 12 weeks postpartum and categorized according to maternal 

body mass index (BMI) and GDM status. The N-glycosylation patterns of the isolated IgG 

pools were analyzed by capillary electrophoresis with laser-induced fluorescence detec-

tion (CE-LIF). Descriptive comparison of the relative area percentage of IgG N-glycan 

structures revealed differences between the groups. Comparison of the maternal and in-

fant sialo-form/neutral-form ratio (SF/NF) of the N-glycans suggested differences between 

control mothers and their children, as well as between obese mothers and their children. 

The maternal SF/NF ratio of IgG varied between the obese and normal-weight GDM 

mothers. The SF/NF ratios of IgG from the infants showed variation between infants of 

control mothers and infants of obese mothers, between infants of obese and infants of 

obese GDM mothers, and between infants of GDM with normal-weight and GDM with 

obese mothers. The observed differences in maternal and infant IgG N-glycosylation pro-

files suggest potentially selective placental transfer mechanisms. 

Keywords: obesity; gestational diabetes mellitus; IgG; N-glycosylation; capillary  

electrophoresis 

 

1. Introduction 

According to the World Health Organization (WHO), gestational diabetes mellitus 

(GDM) is a multifactorial metabolic disorder that first manifests during pregnancy. It is 

associated with persistently high blood sugar levels and disturbances in the metabolism 

of carbohydrates, fats, and specific proteins due to insufficient insulin action [1]. GDM has 

short- and long-term adverse health consequences for both the mother and the offspring 

[2]. Although the diagnostic criteria and screening procedures for GDM vary from coun-

try to country [3–5], the most common way to diagnose is the oral glucose tolerance test 

(OGTT) conducted between 24 and 28 weeks of pregnancy [6,7]. However, since GDM 

can develop at any time during pregnancy, even after a negative screening test [8,9], its 
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risk factor predictive value is relatively low, resulting in undiagnosed and untreated GDM 

[10]. Consequently, there is a growing need to identify biomarkers specific to GDM. 

An increase in the prevalence of GDM has been attributed to factors such as a family 

history of type 2 diabetes mellitus (T2DM) or GDM, especially among close relatives, ad-

vanced maternal age, and overweight. A significant proportion of women of reproductive 

age are overweight or obese, with this number reaching 44% worldwide in 2022 [11]. 

Therefore, maternal obesity and its impact on the offspring have received increasing at-

tention in recent years [12]. Based on epidemiological data, it is evident that the children 

of obese women are significantly more predisposed to obesity [13], hypertension, type 2 

diabetes, and metabolic syndrome [14]. This intergenerational transmission of obesity and 

associated comorbidities highlight the need to better understand the complex mechanisms 

that link maternal obesity to offspring health. Although GDM can also develop in women 

with normal body weight, maternal obesity remains one of the major risk factors. There-

fore, examining how GDM-related biomarkers differ between obese and normal-weight 

women may provide insights into the mechanisms of GDM development and help to 

identify early indicators of risk for GDM. 

Proteins are essential biomolecules involved in cellular processes, and their func-

tional diversity is largely expanded by post-translational modifications (PTMs) [15]. 

Among these, glycosylation is one of the most prevalent and functionally significant 

PTMs, playing critical roles in numerous biological processes, including cellular recogni-

tion and signaling, immune cell recognition, antigen presentation, morphogenesis, regu-

lation of cell growth, and proper neuronal development and function—all of which are 

essential for maintaining extracellular matrix structure and tissue integrity [16]. Protein 

glycosylation is a process by which specific enzymes attach sugar residues to proteins, 

thereby modifying their structure and function [17]. Glycosylation can occur through dif-

ferent types of linkages—most notably N-glycosylation and O-glycosylation—which are 

highly conserved and closely associated with disease pathogenesis and progression [18]. 

Therefore, the glycosylation patterns of proteins are the result of the joint effects between 

numerous glycosidases and glycosyl-transferases [19], that are highly responsive to cellu-

lar physiological and pathological changes, therefore, can be promising biomarkers for 

various diseases [20,21]. 

Immunoglobulin G (IgG) is the most abundant N-glycosylated protein in human se-

rum. The composition of the oligosaccharides at the conserved glycosylation site of 

Asn297 within the Fc region greatly influences the effector function of the molecule [22–

24]. Two specific glycan modifications, sialylation and fucosylation, are key regulators of 

IgG activity. Increased sialylation is generally associated with anti-inflammatory proper-

ties, as it reduces Fcγ receptor binding and dampens effector responses, whereas de-

creased sialylation has been linked to enhanced pro-inflammatory activity [25]. The anti-

inflammatory effect of IgG Fc sialylation has been linked to its interaction with the lectin 

DC-specific ICAM-3–grabbing non-integrin receptor (DC-SIGN) on myeloid regulatory 

cells, which induces IL-33 production and subsequently drives the expansion of IL-4–pro-

ducing basophils. This cascade promotes increased expression of the inhibitory Fcγ recep-

tor FcγRIIB, thereby raising the activation threshold of innate effector cells in response to 

immune complexes [22]. In addition, Fc sialylation has been shown to attenuate immedi-

ate pro-inflammatory effector functions of IgG by impairing complement-mediated cyto-

toxicity [26]. In contrast, the presence or absence of core fucosylation strongly affects IgG 

affinity for FcγRIIIa: afucosylated IgG binds more efficiently, thereby amplifying anti-

body-dependent cellular cytotoxicity (ADCC) [27]. Through these mechanisms, sialyla-

tion and fucosylation fine-tune the balance between pro- and anti-inflammatory signaling, 

ultimately shaping the outcome of immune responses. Consequently, N-glycosylation 

modification of IgG Fc part can influence both disease progression and remission, even 



Int. J. Mol. Sci. 2025, 26, 10641 3 of 21 
 

 

serving as an effective indicator of inflammatory processes [24]. Therefore, N-glycosyla-

tion alterations of IgG may reflect an already established disease state and play an im-

portant role in the pathophysiology of diabetes [28]. 

Hyposialylated IgG has been implicated in obesity-induced insulin resistance 

through activation of the IgG receptor FcγRIIB [29]. Specific IgG N-glycan structures, 

namely FA2B and A2G2S2, have also been associated with metabolic parameters linked 

to insulin levels and insulin resistance [30]. In addition, BMI has been shown to correlate 

positively, albeit modestly, with the levels of agalactosylated glycans of IgG [31]. The ob-

served decrease in galactose content, which correlates with increased BMI, may reflect the 

chronic “low-grade inflammation” typically associated with obesity development. The 

“low-grade inflammation” experienced due to visceral obesity causes easily detectable 

glycosylation modification changes in IgG [32]. These glycovariant antibodies transmit-

ting pro-inflammatory signals can also harm the offspring, triggering certain inflamma-

tory mechanisms. 

The objective of this work was to provide an exploratory characterization of maternal 

and infant IgG N-glycosylation patterns in relation to maternal obesity and gestational 

diabetes mellitus (GDM) using capillary electrophoresis analysis with laser-induced fluo-

rescence detection (CE-LIF), considering that postpartum samples may reflect the conse-

quences of pregnancy rather than causal factors. 

2. Results 

2.1. Patient Characteristics 

The maternal BMI during pregnancy was significantly higher in the H-O (31.36 ± 1.43; 

p < 0.0001) and GDM-O (32.49 ± 2.15; p < 0.0001) groups compared to the H-NW (22.75 ± 

1.21) as a control group. Analyzing the gestational age, we detected significant difference 

between the H-O (37.96 ± 1.41 weeks) and GDM-O (39.96 ± 1.66 weeks) groups (p = 0.0034). 

Although maternal age differences between the groups did not reach statistical signifi-

cance (p > 0.05), the observed variation may still be clinically relevant. Given the small 

sample size and limited statistical power, potential effects of maternal age cannot be ex-

cluded. Moreover, due to the pooled nature of the samples, no individual-level statistical 

analysis could be performed, and potential confounders such as maternal age could not 

be adjusted for the regression models. Nevertheless, maternal age differed by approxi-

mately five years between the groups, which may still be clinically meaningful given its 

well-established role as a risk factor for GDM. Therefore, residual confounding by age 

cannot be excluded when interpreting the glycosylation results. We found that the rate of 

normal vaginal delivery decreased to 53.34% and 73.34% in the GDM-NW and GDM-O 

groups, respectively, compared to 80% in the control group. These are both notable de-

creases, but interestingly, there was also a slight increase in the rate of normal delivery in 

GDM-O compared to GDM-NW. In the H-O group, we observed an unexpected increase 

in the proportion of vaginal deliveries (86.7%) compared with the control group (80%). 

The clinical parameters of the patients included in this study are detailed in Table 1. 

Table 1. Demographic and clinical data of the participants involved in the experiments. 

Group 
Age of Mothers 

(Mean Year ± SD) 

Maternal BMI (kg/m2) 

(Mean ± SD) 

Gestational Age 

(Weeks ± SD) 

Delivery Mode in % 

(Natural/Cesarean-Sec-

tion) 

Healthy Normal Weight (H-

NW, n = 15). 
26.47 ± 4.98 ns 22.75 ± 1.21 38.94 ± 1.91 80%/20% 

Healthy Obese 

(H-O, n = 15) 
26.20 ± 5.27 ns 31.36 ± 1.43 a,**** 37.96 ± 1.41 b,** 86.66%/13.34% 

GDM + Normal Weight  27.87 ± 5.19 ns 23.07 ± 1.83 38.59 ± 0.88 53.34%/46.66% 
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(GDM-NW, n = 15) 

GDM + Obese  

(GDM-O, n = 15) 
30.73 ± 7.21 ns 32.49 ± 2.15 a,**** 39.96 ± 1.66 a,** 73.34%/26.66% 

Maternal and child serum IgG antibodies were purified using affinity chromatography columns as 

detailed in the procedure outlined below. Mothers with a BMI ≥ 30 were classified into the obese 

groups and patients with a BMI ≤ 30 into the normal weight groups according to the WHO criteria 

[33]. One-way ANOVA was used to examine the average age of the maternal groups and Mann–

Whitney test was applied for the analysis of maternal BMI. The Kruskal–Wallis test was used for 

the statistical analysis of any other patient characteristics. ns: non-significant, ** p ≤ 0.01, **** p ≤ 

0.0001. a: significant difference between the control (H-NW) and the indicated groups; b: significant 

difference between the H-O and GDM-O groups. 

2.2. Serum IgG N-Glycosylation Analysis of Mother-Child Pairs 

In the first phase of the study, IgG antibodies were partitioned from the serum sam-

ples of both mothers and infants using Protein G affinity chromatography microcolumns. 

The N-glycosylation pattern of these antibodies was subsequently analyzed as explora-

tory group-level observations to assess the impact of obesity and GDM. Please note that 

because the analyses were performed on pooled samples, the data are descriptive in na-

ture, and statistical analyses at the individual level could not be performed. Representa-

tive electropherograms for each group are shown in Figure 1. N-glycan structures were 

included in the analysis only if their relative peak area exceeded 1% of the total glycan 

profile in the control group. Accordingly, a total of 14 peaks and their associated 16 N-

linked sugar structures were identified across all examined maternal groups. In contrast, 

13 peaks representing 15 distinct N-glycan structures were observed in the serum samples 

of the infant groups. The structural data and detailed information of each numbered peak 

are given in Table 2. 
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Figure 1. Comparison of the IgG N-glycosylation profiles of pooled serum samples collected from 

mother-infant pairs. (Panel I.) Healthy normal BMI mothers (A) and infants (a); (Panel II.) Obese 

mothers (B) and their infants (b); (Panel III.) Mothers with normal BMI and GDM (C) and their 

infants (c); (Panel IV.) Obese mothers with GDM (D) and their infants (d). The upper X-axis of the 

subfigures represents the migration time of the peaks in minutes, while the lower X-axis depicts the 

GU values. The relative fluorescence units (RFU) of the peaks are displayed on the Y-axis. Separa-

tion conditions: 50 cm effective length (60 cm total, 50 μm i.d.) BFS capillary with NCHO separation 

gel buffer; 30 kV in reversed polarity mode. Separation temperature: 25 °C; Sample injection: 1 psi 

for 5 s. APTS-labeled maltose injection: 1 psi for 5 s.
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Table 2. Percentage of the relative peak area of N-glycan structures identified in IgG samples partitioned from maternal and infant serum and the calculated 

degree of sialylation (SF/NF ratio: ratio of sialylated structures to non-sialylated ones) and the ratio of core fucosylation to the total N-glycosylation of IgGs 

(CF/TNG). 

Peak 

No. 
N-Glycan GU-Value Sample 

Groups 
Peak 

No. 
N-Glycan GU-Value Sample 

Groups 

H-NW H-O GDM-NW GDM-O H-NW H-O GDM-NW GDM-O 

Mean Area % ± SD Mean Area % ± SD 

1 A2G2S2 4.62 ± 0.01 

Maternal 1.46 ± 0.05 0.52 ± 0.07 1.27 ± 0.16 0.79 ± 0.22 

8 
FA2; 

A[6]G1 
7.77 ± 0.03 

Maternal 12.02 ± 0.29 
12.45 ± 

0.25 

10.44 ± 

0.27 

10.32 ± 

0.30 

Infants N/A N/A N/A N/A Infants 9.62 ± 0.32 
10.69 ± 

0.47 
7.73 ± 0.09 

11.30 ± 

1.05 

2 FA2G2S2 4.90 ± 0.01 
Maternal 2.43 ± 0.06 1.59 ± 0.17 2.27 ± 0.10 1.91 ± 0.28 

9 
FA2B; 

A2B[6]G1 
8.29 ± 0.03 

Maternal 2.56 ± 0.07 2.22 ± 0.26 1.78 ± 0.18 2.16 ± 0.07 

Infants 1.55 ± 0.31 1.70 ± 0.21 2.09 ± 0.07 1.45 ± 0.17 Infants 1.85 ± 0.20 1.77 ± 0.26 1.70 ± 0.12 2.00 ± 0.28 

3 FA2BG2S2 5.00 ± 0.01 

Maternal 1.61 ± 0.04 1.18 ± 0.24 1.41 ± 0.14 1.19 ± 0.17 

10 FA2[6]G1 8.85 ± 0.03 

Maternal 20.27 ± 0.39 
21.41 ± 

0.57 

20.96 ± 

0.25 

20.41 ± 

0.32 

Infants 1.01 ± 0.31 1.45 ± 0.24 1.11 ± 0.09 1.53 ± 0.73 Infants 22.03 ± 0.28 
20.57 ± 

0.39 

20.02 ± 

0.25 

21.44 ± 

0.41 

4 FA2[3]G1S1 5.98 ± 0.02 
Maternal 1.45 ± 0.12 1.48 ± 0.55 1.27 ± 0.07 1.22 ± 0.01 

11 FA2[3]G1 9.18 ± 0.03 
Maternal 6.86 ± 0.35 6.23 ± 0.19 6.30 ± 0.19 6.36 ± 0.55 

Infants 1.04 ± 0.08 1.50 ± 0.14 1.11 ± 0.03 1.42 ± 0.40 Infants 4.69 ± 0.49 4.71 ± 0.24 5.45 ± 0.20 5.27 ± 0.37 

5 A2G2S1 6.19 ± 0.02 
Maternal 1.12 ± 0.07 1.20 ± 0.49 1.31 ± 0.21 1.03 ± 0.15 

12 
FA2B[6]G; 

A2G2 
9.23 ± 0.03 

Maternal 6.26 ± 0.26 5.89 ± 0.16 5.57 ± 0.29 5.72 ± 0.44 

Infants 1.00 ± 0.18 1.12 ± 0.26 1.35 ± 0.07 1.01 ± 0.11 Infants 6.54 ± 0.22 5.95 ± 0.13 6.52 ± 0.27 6.03 ± 0.40 

6 FA2G2S1 6.71 ± 0.02 

Maternal 14.20 ± 0.16 
14.10 ± 

0.45 

15.14 ± 

0.31 

15.51 ± 

0.21 
13 FA2G2 10.22 ± 0.04 

Maternal 25.30 ± 0.32 
26.99 ± 

0.92 

27.75 ± 

0.34 

28.32 ± 

0.09 

Infants 16.28 ± 0.19 
17.39 ± 

0.58 

17.28 ± 

0.17 

15.94 ± 

2.04 
Infants 30.02 ± 0.37 

28.98 ± 

0.96 

31.45 ± 

0.23 

28.40 ± 

0.91 

7 FA2BG2S1 6.87 ± 0.02 
Maternal 2.30 ± 0.09 2.46 ± 0.36 2.39 ± 0.27 2.59 ± 0.07 

14 FA2BG2 10.57 ± 0.04 
Maternal 2.15 ± 0.03 2.28 ± 0.09 2.15 ± 0.14 2.48 ± 0.09 

Infants 2.08 ± 0.66 1.96 ± 0.60 1.74 ± 0.09 1.91 ± 0.44 Infants 2.32 ± 0.09 2.20 ± 0.11 2.45 ± 0.11 2.31 ± 0.03 

SF/NF ratio 
Maternal 0.33 ± 0.01 0.29 ± 0.02 0.33 ± 0.02 0.32 ± 0.02 

CF/TNG ratio 
Maternal 0.97 ± 0.00 0.98 ± 0.00 0.97 ± 0.00 0.98 ± 0.00 

Infants 0.30 ± 0.03 0.34 ± 0.02 0.33 ± 0.00 0.30 ± 0.01 Infants 0.99 ± 0.00 0.99 ± 0.00 0.99 ± 0.00 0.99 ± 0.00 

The peaks are numbered according to the markings depicted on the electropherograms in Figure 1. The abbreviated glycan structure names follow the nomencla-

ture proposed by Harvey et al., including the linkage isomer annotation in brackets [34]. Maternal groups: H-NW—healthy normal weight, H-O—healthy obese, 

GDM-NW—GDM with normal weight, GDM-O—GDM with obesity; Groups of infants: H-NWi—infants of healthy normal weight, H-Oi—infants of healthy 

obese, GDM-NWi—infants of GDM women with normal weight, GDM-Oi—infants of GDM women with obesity. N/A: the structure was present but did not 

reach the threshold; percentage values are not provided. 
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2.3. Serum IgG N-Glycan Profile in Relation to Maternal BMI and Gestational Diabetes 

Based on the relative area percentages of the detected glycan peaks, clear differences 

could be observed between the maternal groups. Among the 14 peaks analyzed, only three 

(peaks #5, #7, and #13 corresponding to A2G2S1; FA2BG2S1 and FA2G2) showed similar 

values across all groups, while the others displayed group-specific variations. 

The H-NW and H-O groups could be distinguished by four peaks corresponding to 

A2G2S2, FA2G2S2, FA2BG2S2, FA2[6]G1. On the other hand, the H-NW and GDM-NW 

groups could be distinguished from each other based on two peaks representing four Asn-

linked glycan structures (peak #9—FA2B + A2B[6]G1, and peak #12—FA2B[6]G1 + A2G2). 

The H-NW and GDM-O groups showed the most pronounced differences, with seven 

peaks exhibiting distinct relative abundances (peak #1—A2G2S2, peak #2—FA2G2S2, 

peak #3—FA2BG2S2, peak #4 FA2[3]G1S1, peak #6—FA2G2S1, peak #13—FA2G2 and 

peak #14—FA2BG2). The peak distributions in all examined groups are summarized in 

Table 2 with the corresponding structures. Representative comparisons are depicted in 

Figure 2. 

 

Figure 2. N-glycan structures detected in the H-NW (healthy normal weight), H-O (healthy obese), 

GDM-NW (GDM with normal weight), and GDM-O maternal groups (GDM with obesity). Each 
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group consisted of pooled samples of 15 individual specimens. The columns represent mean relative 

area percentage values ± SD. The mean and SD were calculated from three independently prepared 

replicates of the pooled sample, with each replicate measured three times (technical replicates), to 

assess measurement reproducibility. Differences between groups are presented descriptively. 

2.4. IgG N-Glycosylation of Infants Born to Normal Weight and Obese Mothers with or  

Without GDM 

Among the 13 N-linked oligosaccharide structures with the average relative peak 

area greater than 1% in infant serum samples, nine exhibited notable differences in relative 

peak areas between the groups. Area percentages of three peaks (peak #4—FA2[3]G1S1, 

peak #10—FA2[6]G1, peak #12—FA2B[6]G1 + A2G2) differed in the H-NW and H-O 

groups, while the GDM-NW group showed distinct relative abundances compared to the 

H-NW group in four structures (peak #2—FA2G2S2, peak #5—A2G2S1, peak #10—

FA2[6]G1 and peak #11—FA2[3]G1). The relative distribution of the detected and identi-

fied glycan structures across the groups are shown in Figure 3. 

 

Figure 3. Variation in IgG N-glycan structures across the infant groups. The samples were pooled 

before the IgG specific N-glycans were prepared and analyzed by CE-LIF. The columns represent 
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mean values, and the error bars indicate standard deviations (SD), both calculated as described 

above for the pooled infant samples, in the same way as for the maternal pooled samples and as 

indicated in the legend of Figure 2. H-NWi: infants of H-NW mothers, H-Oi: infants of H-O mothers, 

GDM-NWi: infants of GDM-NW mothers, GDM-Oi: infants of GDM–O mothers. 

2.5. Sialo-Form to Neutral Form Ratios (SF/NF) in the IgG N-Glycosylation Patterns 

Sialylation of IgG modulates its inflammatory response properties by affecting its 

binding to FcγR receptors, C1q and DC-SIGN [35,36]. The SF/NF ratio in maternal and 

infant IgG was calculated as described in the Statistical Analysis Section 4.7 

The ratio of sialylated structures to neutral ones (SF/NF) was similar in the GDM-

NW mothers (0.33 ± 0.02) and the H-NW group (0.33 ± 0.01), while the H-O (0.29 ± 0.02) 

and GDM-O (0.32 ± 0.02) groups showed slightly decreasing tendency compared to the 

H-NW group. 

In infants, SF/NF ratios were higher in those born to H-O mothers (0.34 ± 0.02) com-

pared to infants of H-NW (0.30 ± 0.03) and GDM-O mothers (0.30 ± 0.01). On the other 

hand, infants of GDM-O mothers showed a slight decreasing tendency compared to in-

fants of GDM-NW mothers (0.33 ± 0.00). 

Comparisons between the SF/NF ratios of maternal and offspring IgG N-linked gly-

cosylation revealed observable difference in H-NW as well as H-O groups, suggesting that 

the maternal metabolic status may influence infant IgG sialylation. The SF/NF data corre-

sponding to each maternal and infant group are presented in Table 2 and Figure 4. 

 

Figure 4. Analysis of SF/NF ratios in the maternal and infant cohorts. (A) Maternal groups (B) Infant 

groups, (C) Comparative analysis of maternal versus infant SF/NF ratios. Maternal groups: H-NW—

healthy normal weight, H-O—healthy obese, GDM-NW—GDM with normal weight, GDM-O—

GDM with obesity; Infant groups: H-NWi—infants of healthy normal weight mothers, H-Oi—in-

fants of healthy obese mothers, GDM-NWi—infants of GDM mothers with normal weight, GDM-

Oi—infants of GDM mothers with obesity. 
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2.6. Ratio of Core Fucosylation to the Total N-Glycosylation (CF/TNG) Calculated for Maternal 

and Fetal Serum IgG 

It is broadly reported that core fucosylation at Asn297 in the IgG Fc region modulates 

binding to FcγRIIIa and affects ADCC activity [37]. 

Maternal IgG CF/TNG value showed a slightly increasing tendency in H-O (0.98 ± 

0.00) and GDM-O (0.98 ± 0.00) groups compared to the H-NW (0.97 ± 0.00) and GDM-NW 

(0.97 ± 0.00). 

The CF/TNG values were consistent across all infant groups (0.99 ± 0.01), independ-

ent of maternal BMI and GDM status. 

These observations suggest that maternal obesity may be associated with subtle al-

terations in IgG core fucosylation, while infant IgG CF/TNG ratios appear largely unaf-

fected. Maternal and infant IgG core fucosylation levels relative to total N-glycosylation 

(CF/TNG) are presented in Table 2 and Figure 5. 

 

Figure 5. CF/TNG ratios in the maternal and infant groups. (A) Maternal groups. (B) Infant group. 

Maternal groups: H-NW—healthy normal weight, H-O—healthy obese, GDM-NW—GDM with 

normal weight, GDM-O—GDM with obesity; Infant groups: H-NWi—infants of healthy normal 

weight mothers, H-Oi—infants of healthy obese mothers, GDM-NWi—infants of GDM mothers 

with normal weight, GDM-Oi—infants of GDM mothers with obesity. 

3. Discussion 

This study aimed to provide an exploratory characterization of maternal serum IgG 

N-glycosylation patterns associated with gestational diabetes mellitus (GDM) and obesity, 

using CE-LIF analysis. Since IgG crosses the placenta and is detected in infant serum [38], 

we also examined infant serum IgG N-glycans to explore potential associations of mater-

nal metabolic conditions with placental transport. 

We identified 16 and 15 IgG-associated N-glycan structures with mean relative area 

percentages exceeding 1% across the maternal and infant groups, respectively. Differences 

were observed in glycosylation traits—including sialylation (SF/NF ratio), core fucosyla-

tion (CF/TNG ratio), and individual glycan peaks—between groups of mothers and their 

infants. Notably, normal and obese mother-infant pairs exhibited differences in the si-

alylation degree of IgG antibodies, which likely reflects a selective placental transport pat-

tern, whereas such a pattern was not observed in GDM cases. 

3.1. Maternal IgG N-Glycosylation 

Our results indicate that both obesity and GDM are associated with specific maternal 

IgG N-glycosylation patterns. In particular, GDM-NW mothers could be distinguished 

from controls by the relative area percentage of four glycans (peak #9—FA2B + A2B[6]G1 
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and peak # 12—FA2B[6]G1 + A2G2, while healthy obese (H-O) and GDM mothers with 

obesity (GDM-O) differed in four peaks corresponding to structures of peak #6—

FA2G2S1, peak #8—FA2 + A[6]G1, peak #10—FA2[6]G1 and peak #11—FA2[3]G1. These 

exploratory observations are broadly consistent with our work although the current post-

partum sampling design makes direct comparison more complex. In our previous study, 

conducted at delivery, we were unable to identify structures differentiating the obese 

from GDM obese mothers [39]. Differences between the studies likely reflect the timing of 

sample collection: whereas our earlier analysis captured acute effects of GDM and obesity 

at delivery, the present postpartum (three months) samples may reflect a reversion toward 

pre-pregnancy glycan profiles. This interpretation is in line with the findings of Bondt et 

al. [40], who reported trimester-dependent IgG N-glycosylation modifications using 

MALDI-TOF-MS technique. They found that the extent of sialylation gradually increased 

during pregnancy and then significantly decreased after delivery. The glycan profiles of 

IgG isolated from samples collected at 12 and 26 weeks postpartum were substantially 

different from those detected in the first, second, and third trimesters highlighting the 

dynamic nature of glycosylation in relation to maternal physiological state [40]. Consid-

ering their results, our postpartum samples may therefore represent characteristic IgG N-

glycan profile closer to the pre-pregnancy or early gestational state, rather than disease-

specific signatures. 

Obesity had a stronger association with maternal IgG glycosylation than GDM. 

While multiple glycans differed between obese and normal-weight mothers, only one gly-

can (peak #14—FA2BG2) differed between the GDM and non-GDM groups, suggesting 

that obesity has a more pronounced effect than GDM, and that GDM does not further 

exacerbate obesity-associated changes. 

Consistent with other previously reported data [31], we observed notable differences 

in the distribution of several N-glycan structures between the H-NW and H-O maternal 

groups. Among the four structures that exhibited differences (peak #1—A2G2S2, peak 

#2—FA2G2S2, peak #3—FA2BG2S2 and peak #10—FA2[6]G1), the sialylated glycans were 

A2G2S2, FA2G2S2, FA2BG2S2 (Figure 2). The reduction in their relative abundance in the 

obese group may reflect obesity-related modulation of IgG glycosylation. Notably, the 

relative area percentage value of the FABG2S2 structure (peak #3) showed pronounced 

variations between control and H-O groups, as well as between the control H-NW and 

GDM-O groups. These observations should be considered descriptive, requiring confir-

mation in larger, individual-level studies before any functional relevance can be deter-

mined. 

3.2. Infant IgG N-Glycosylation 

The exploratory analysis of infant-derived IgG antibodies revealed that both mater-

nal obesity and gestational diabetes mellitus (GDM) may be associated with differences 

in infant N-glycosylation profile. We were able to differentiate infants born to mothers 

with normal BMI (H-NWi) from those born to obese mothers (H-Oi) based on the relative 

abundance of four N-glycan structures: peak #9—FA2[3]G1S1, peak #10—FA2[6]G1 and 

peak #12—FA2B[6]G + A2G2. Additionally, differences were also apparent between the 

H-NWi and GDM-NWi groups in the relative abundance of four structures (peak #2—

FA2G2S2, peak #5—A2G2S1, peak #10—FA2[6]G1 and peak #11—FA2[3]G1. However, 

infants of obese mothers with (GDM-Oi) and without GDM (H-Oi) displayed broadly sim-

ilar glycosylation profiles. This suggests that maternal obesity may exert a stronger influ-

ence on infant IgG N-glycan profile than GDM alone. Unfortunately, to the best of our 

knowledge, no similar studies have been conducted to date, which limits our ability to 

compare our observations with other research. The trends observed when comparing H-
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Oi and GDM-Oi infants appear consistent with our previous maternal findings, as no no-

table differences were apparent between obese mothers and those with obesity plus GDM 

[39]. Differences observed between H-Oi and GDM-NWi (peak #8—FA2 + A[6]G1, peak 

#11—FA2[3]G1, peak #12—FA2B[6]G + A2G2, peak #13—FA2G2, and peak #14—

FA2BG2), as well as among the two GDM groups (peak #2—FA2G2S2, peak #5—A2G2S1, 

peak #8—FA2 + A[6]G1, peak #10—FA2[6]G1 and peak #13—FA2G2), may suggest that 

maternal metabolic status could influence the post translational modifications of IgG an-

tibodies transferred to infants. The mechanisms and functional significance of this obser-

vations remain unclear, and the patterns may reflect, at least in part, selective placental 

transfer, although Fc and Fab glycans were not separated, and no direct transport meas-

urements were performed. Given the pooled nature of the samples and the limited cohort 

size, these findings should be interpreted as descriptive and exploratory rather than de-

finitive. Future studies with individual-level data and more detailed clinical characteriza-

tion will be required to further investigate these preliminary observations and clarify their 

biological relevance. 

3.3. Serum IgG N-Glycosylation Properties 

3.3.1. Maternal IgG 

The reduction in IgG sialylation, which may be linked to an increase in IgG pro-in-

flammatory activity due to enhanced binding to the FcγR receptor and C1q, was also re-

ported in prior studies [35,36]. In line with our previous report [39], no significant differ-

ences in SF/NF ratios were observed between the control H-NW and H-O groups; how-

ever, in the present study, the H-O group consistently showed a non-significant trend to-

ward reduced sialylation compared with other groups. Interestingly, this trend was most 

pronounced relative to the GDM-NW group, which displayed the highest SF/NF ratio. 

These results emphasize the need for further research involving a larger sample size, es-

pecially given that recent findings indicated that hyposialylated IgG, associated with obe-

sity, acted as a ligand for FcγRIIB in endothelial cells, thereby playing a crucial role in 

obesity-induced insulin resistance [29]. 

Analysis of the maternal groups revealed a modest increase in core fucosylation in 

the H-O and GDM-O groups relative to the H-NW group. The findings indicate that the 

core fucosylation of IgG may be influenced primarily by maternal obesity in this cohort. 

This aligns with previous reports, which demonstrated that higher levels of core fucosyl-

ation in IgG are linked to elevated risk of central adiposity in individuals with normal 

BMI [32]. In contrast to prior work documenting a cardiovascular-protective role of the 

FA2[3]G1 structure—including reports of an increased prevalence of this structure among 

formerly sedentary obese individuals after starting regular exercise [41]—we observed a 

decreasing trend in the relative area percentage of FA2[3]G1 structure (peak #11) in H-O, 

GDM-NW, and GDM-O mothers compared with H-NW. This apparent discrepancy may 

reflect differences in study populations, sampling time points (postpartum versus dur-

ing/after interventions), or methodological factors (including pooling). Given the descrip-

tive nature of our data, the functional and clinical significance of the observed FA2[3]G1 

variation remains uncertain and could warrant further investigation in larger cohorts with 

individual-level analyses. 

3.3.2. Maternal and Infant IgG N-Glycosylation Properties 

As the production of IgG antibodies in human infants typically begins later than the 

studied period [42], the infant IgG N-glycan profiles in our dataset likely reflect the gly-

cosylation pattern of maternal antibodies transferred through the placenta. These pooled 

samples provide preliminary insights into how maternal metabolic status might be asso-
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ciated with IgG transfer characteristics. In particular, trends in sialylation appeared to dif-

fer between the normal-weight and obese groups. While previous reports on maternal-

infant IgG glycosylation relationships are inconsistent [43,44,45,46], we observed possible 

reduction in the sialylation level in H-NWi compared to the H-NW, although its biological 

significance remains unclear. It is essential to highlight that the data reported in this study 

represented the N-glycome of intact IgG molecules, without Fc and Fab partitioning. Since 

only 15–25% of the Fab region carries N-glycan modifications [47], whereas the Fc region 

is consistently glycosylated, the observed patterns mostly reflect the Fc glycans. Given the 

lack of Fc/Fab specification and direct transport data, the extent to which glycosylation 

modulates placental IgG transfer remains uncertain. Within the limitations of our pooled 

dataset, core fucosylation (CF/TNG ratio) did not show notable differences across mother–

infant pairs. 

3.4. Study Limitations 

Due to the young age of the children (3-month-old infants), only a small amount of 

serum samples could be collected, so the infant samples were pooled before analysis. Ma-

ternal samples were also pooled due to logistical and resource constraints, including the 

limited time and materials available for a comprehensive study in addition to the small 

sample groups (n = 15). Since the samples were pooled statistical analyses of IgG glyco-

sylation patterns could not be performed, so individual variability within the groups 

could not be assessed. 

Another limitation of the study was that, unfortunately, the Ukrainian healthcare 

system did not allow determination of CRP levels of the subjects included in the study. 

Therefore, we cannot support the presence of inflammation in these subjects using the 

parameters currently commonly used in clinical practice. 

Additionally, maternal age may act as a potential confounder. Although no statisti-

cally significant differences were observed between the groups, the approximately five-

year age gap may still be clinically relevant. Given the small sample size and the pooled 

nature of the glycosylation analysis, age-related effects on IgG N-glycosylation and preg-

nancy outcomes cannot be excluded. Future studies with larger cohorts and individual-

level data should consider maternal age to better evaluate its potential impact. 

4. Materials and Methods 

4.1. Samples 

Screening for GDM among pregnant women in the high-risk group (e.g., BMI ≥ 25, 

age ≥ 30) was performed between 12 and 16 weeks of pregnancy using the oral glucose 

tolerance test (OGTT). High-risk status was defined by the presence of one or more estab-

lished criteria: previous hyperglycemia in pregnancy; previously elevated blood glucose 

levels; maternal age ≥ 40 years; high-risk ethnicity; first-degree family history of diabetes; 

pre-pregnancy BMI > 30 kg/m2; previous macrosomia; polycystic ovarian syndrome; or 

use of corticosteroids/antipsychotics. Pregnant women in the low-risk group for GDM 

(normal pre-pregnancy BMI, age < 40 years, no previous hyperglycemia in pregnancy, no 

family history of diabetes, and no other established risk factors) were screened for GDM 

between 24 and 28 weeks using OGTT. When early screening in high-risk women was 

negative, routine OGTT at 24–28 weeks was also performed. The reference values recom-

mended by the World Health Organization (WHO) were used for the diagnosis of GDM. 

Patients who met at least one of the following criteria were classified into the GDM group: 

(1) fasting plasma glucose = 5.1–6.9 mmol/L (92–125 mg/dL); (2) 1-h post 75 g oral glucose 

load ≥ 10.0 mmol/L (180 mg/dL), (3) 2-h post 75 g oral glucose load 8.5–11.0 mmol/L (153–
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199 mg/dL) [48]. The WHO classification of overweight and obesity was used to further 

categorize the samples (Table 3). 

Table 3. WHO classification of obesity based on BMI [49]. 

Classification BMI (kg/m2) Obesity Class 

Underweight <18.5  

Normal 18.5–24.9  

Overweight 25.0–29.9  

Obesity 
30.0–34.9 I 

35.0–39.9 II 

Extreme Obesity ≥40 III 

Subjects were excluded from the study if: (1) the mother had type 1 diabetes mellitus; 

(2) the mother was on a special diet; (3) a genetic disorder had been identified in the 

mother and/or unborn child; and (4) twin pregnancy. Blood samples were collected from 

mothers and their infants who met the study criteria at 12 weeks postpartum, in accord-

ance with ethical permit No. 6 dated 16 November 2018, at the Lviv City Children’s Clin-

ical Hospital, Lviv, Ukraine. All participants were of Ukrainian ethnicity (white Cauca-

sian), with no inter-ethnic variation within the study groups. Written informed consent to 

participate the study was obtained from all participants. The consent form was approved 

by the institutional ethics board and includes consent for the medical procedures de-

scribed in the study. No identifiable information is included in the publication. The col-

lected samples were classified into four groups according to maternal BMI and the pres-

ence or absence of gestational diabetes mellitus (GDM), and the corresponding infant 

groups were defined accordingly: 

(1) Healthy normal weight (H-NW): women with normal BMI (18.5–24.9 kg/m2) and 

uncomplicated pregnancy, without GDM or other complications; infants of H-NW 

mothers (H-NWi) 

(2) Healthy obese (H-O): women with obesity (BMI ≥ 30 kg/m2) and uncomplicated 

pregnancy, without GDM; infants of H-O mothers (H-Oi): 

(3) GDM with normal weight (GDM-NW): women with normal BMI and gestational 

diabetes mellitus; infants of GDM-NW (GDM-NWi) 

(4) GDM with obesity (GDM-O): women with obesity and gestational diabetes melli-

tus; infants of GDM-O (GDM-Oi) 

Each group contained 15 mother-child pairs. Whole blood samples were collected 

into glass tubes with graduations (PrAT “Skloprilad”, Poltava, Ukraine), and the clots 

were removed by centrifuging the tubes at 1500× g for 10 min at room temperature (22–23 

°C). The separated serum samples were transferred into 1.5 mL microvials and stored at 

−80 °C until analysis. 

Prior to analysis, serum samples from each maternal and infant group were pooled 

to obtain sufficient volume for CE-LIF measurement. Each pool was then analyzed in tech-

nical triplicates. This pooling strategy was applied consistently across all groups. 

4.2. Chemicals 

The following chemicals and reagents were used in all experimental procedures: so-

dium dodecyl sulfate (SDS) and acetonitrile (ACN) were from VWR (Radnor, PA, USA). 

The endoglycosidase PNGase F was from Asparia Glycomics (San Sebastián, Spain). The 

Fast Glycan Labeling and Analysis Kit, including the 8-aminopyrene-1,3,6-trisulfonic acid 

(APTS) labeling dye, the magnetic beads for purification, the maltooligosaccharide ladder, 

and the maltose internal standard, as well as the N-linked carbohydrate separation gel 
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buffer (NCHO), was purchased from Bio-Science Kft. (Budapest, Hungary). Sodium cya-

noborohydride (1 M in tetrahydrofuran), glycerol, dithiothreitol (DTT), sodium bicar-

bonate (NaHCO3) were obtained from Sigma Aldrich (St. Louis, MO, USA). Protein G mi-

croaffinity columns and buffers used for IgG purification were ordered from PhyNexus 

Inc. (San Jose, CA, USA). 

4.3. IgG Partitioning 

The Protein G PhyTip® columns (1 mL volume) containing 40 μL affinity media per 

column were conditioned with 200 μL of Capture/Wash 1 Buffer containing 10 mM 

NaH2PO4, 140 mM NaCl (pH 7.4) before applying 400 μL per column of a 1:1 mixture of 

sample and Capture/Wash 1 Buffer. After the IgG binding step, the resin was washed 

twice with 200 μL of Capture/Wash 1 Buffer, then once with 200 μL of Wash 2 Buffer (140 

mM NaCl) followed by elution of the bound antibodies using 200 μL of freshly prepared 

10% acetic acid. The partitioning steps of IgG from serum samples are briefly illustrated 

in Figure 6. 

 

Figure 6. The main purification steps of serum immunoglobulin G. Serum IgG was partitioned using 

Protein G tips followed by transfer to the top of 10 kDa spinfilters, where the elution buffer was 

removed by centrifugation. Protein denaturation and reduction, as well as the N-glycan-release 

steps were performed on the filters. The liberated N-glycans were separated from the polypeptide 

backbone by centrifugation, then dried and labeled with APTS fluorescence dye. Excess dye was 

removed by using magnetic beads and washing the samples with ACN. Finally, the purified APTS-

labeled N-glycan contents of the IgGs were analyzed with a CE-LIF as described below. This work-

flow enabled the detailed profiling of IgG N-glycosylation in maternal and infant serum samples, 

allowing us to explore potential alterations associated with maternal metabolic status and gesta-

tional diabetes. 

4.4. N-Glycan Release, Fluorophore Labeling and Preparation for CE-LIF Analysis 

After the partitioning step, the elution buffer was removed by using 10 kDa centrif-

ugal filters and centrifuging the samples at 11,384× g for 10 min. Then, the filters were 

washed twice with 50 μL of HPLC-grade water (11,384× g; 10 min). Protein denaturation 

and reduction were performed (80 °C; 10 min) on the filter by adding a mixture of 10 μL 

of HPLC-grade water and 4 μL of denaturation solution (400 mM DTT and 5% SDS). After 

removing the denaturing solution by centrifugation, the filter was rewashed with 30 μL 

of water. The N-glycan contents of the proteins were released by the addition of a mixture 
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of 49 μL of 20 mM NaHCO3 (pH 7.0) and 1 μL of PNGase F (200 mU) incubated at 37 °C 

overnight. The released glycans were washed away from the filter with 30 μL of HPLC-

grade water and dried in a vacuum centrifuge (Thermo Scientific, Schaumburg, IL, USA). 

The sugars to be analyzed were labeled with a reaction mixture of 6 μL of 20 mM 8-ami-

nopyrene-1,3,6-trisulfonic acid (APTS) (dissolved in 15% acetic acid) and 2 μL of 1 M so-

dium cyanoborohydride (NaBH3CN) solution (1 M in tetrahydrofuran) by incubation at 

37 °C overnight. The excess dye was removed from the labeled samples by magnetic beads 

[50], and the samples were washed three times with 87.5% ACN. 

4.5. Analysis of the Labeled N-Glycans Using Capillary Electrophoresis with Laser-Induced 

Fluorescence Detection (CE-LIF) 

Capillary electrophoresis analyses were performed using a PA800 ProteomeLab Pro-

tein Characterization System (Beckman Coulter Inc., Brea, CA, USA) equipped with a la-

ser-induced fluorescence detector. To detect the N-glycan content of the samples, the 

APTS tagging dye was excited with a 488 nm laser beam, and the emitted light was col-

lected using a 520 nm emission filter, built into the stock Photomultiplier Tube (PMT) unit 

of the CE instrument. A bare fused silica (BFS) (Optronis GmbH, Kehl, Germany) capillary 

with an effective length of 50 cm (60 cm full length) and an internal diameter of 50 μm 

was used for the separations. The capillary was filled with N-linked carbohydrate separa-

tion gel buffer (NCHO, pH 4.75) before sample injection. During the separation process, 

the cathode was placed at the injection side, while the anode at the detection side. The 

temperature of the capillary cassette was set at 25 °C and a voltage of 30 kV was applied 

during the analyses. The samples were pressure-injected at 1 psi (6.89 kPa) for 5 s. APTS-

labeled maltose was used as an internal standard and was injected at 1 psi for 5 s before 

the samples. 

4.6. Data Analysis 

32Karat (version 7.0) software package from Beckman Coulter was utilized for data 

acquisition and processing. The GU values of the peaks, crucial for identifying N-glycan 

structures, were determined by using the GUcal Software (version 1.1b) (University of 

Pannonia, Veszprem, Hungary, https://hlbs.org/index.php/gucal (accessed on 15 Septem-

ber 2024)). N-glycan structures were assigned to the peaks based on literature data and by 

using the built-in database of the GUcal software. Peaks in the electropherograms with an 

average relative area reaching a minimum value of 1% (i.e., an area percentage ≥ 1%) were 

considered essential for identifying the N-glycan content of the examined samples. A rel-

ative peak area threshold of 1% was applied to focus the analysis on N-glycan structures 

that are consistently detectable and quantitatively meaningful across the samples. Peaks 

below this level may represent minor components or background signals, which are more 

susceptible to analytical noise and less likely to contribute to biologically relevant differ-

ences. The 1% cutoff ensured that only robust and reproducible signals were considered 

for downstream analysis and biological interpretation, thereby improving data reliability 

while minimizing the influence of low-abundance, potentially spurious peaks. The nor-

malized peak area percent values of the separated components were calculated using 

PeakFit v4.12 software (SeaSolve Software Inc., San Jose, CA, USA). All experiments were 

done in triplicates, and the obtained data are presented as mean ± standard deviation (SD) 

in the text, tables, and figures. 

4.7. Statistical Analysis 

For statistical analysis, the GraphPad Prism version 8.0.1 (GraphPad Software, San 

Diego, CA, USA) was used. Data distribution was examined using the Shapiro–Wilk nor-

mality test. If the data showed a normal distribution, one-way ANOVA test was employed 
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for multiple comparisons. In case of non-normal distribution, the Kruskal–Wallis test was 

applied. 

The average maternal age and the gestational age were analyzed with one-way 

ANOVA test, and no differences were found between the groups. Kruskal–Wallis and 

Dunn’s test were used for the comparison of the maternal BMI. Differences between the 

groups were considered significant at p ≤ 0.05, and denoted by asterisks as follows: * p ≤ 

0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001. 

The N-glycosylation analysis was performed on technical replicates of pooled sam-

ples. Each maternal and infant group represented a single pooled sample (n = 1), and the 

replicates reflected repeated sample processing (three times) and measurement (three 

times), rather than independent biological samples. Infant samples were pooled due to 

the limited volume of serum available from 3-month-old subjects. Maternal samples were 

pooled to accommodate constraints related to sample availability and project resources. 

Therefore, the N-glycan data are presented descriptively in this paper, without formal 

statistical comparison between groups. 

The Sialo-form to Neutral form ratios (SF/NF) were calculated by dividing the total 

abundance of sialylated glycans by the total abundance of neutral glycans for each sample. 

The ratio of core fucosylated glycans to total N-glycans (CF/TNG) was calculated for each 

maternal and infant sample by dividing the total abundance of core-fucosylated glycans 

by the total abundance of all N-glycans. This calculation was performed following the 

previously established method in [51]. 

Please note, that in this study, we did not include a separate NW (normal weight) 

group. Instead, we defined an H-NW (healthy normal weight) group, which refers to 

women with a normal BMI (18.5–24.9 kg/m2) and uncomplicated pregnancy (i.e., without 

gestational diabetes mellitus or other pregnancy complications). The H-NW group served 

as healthy reference group for all comparisons 

5. Conclusions 

Our findings suggest that maternal obesity and GDM are associated with postpartum 

differences in IgG N-glycosylation patterns in both mothers and their infants. Observed 

glycosylation alterations may represent patterns of interest for further investigation, high-

lighting the need for studies with larger cohorts and detailed clinical characterization. 

These exploratory observations may provide a basis for follow-up research into maternal 

and infant immune profiles and their potential functional or clinical implications. Future 

studies could investigate the relationships between maternal and infant IgG N-glycosyla-

tion patterns and maternal metabolic status, as well as explore the potential functional 

consequences of the observed alterations. Additionally, the development of optimized 

sampling protocols and longitudinal analyses could help better capture these dynamics 

over time. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

ACN acetonitrile 

ADCC antibody-dependent cellular cytotoxicity 

APTS 8-aminopyrene-1,3,6-trisulfonic acid 

BMI body mass index 

CE-LIF Capillary electrophoresis with laser-induced fluorescent detection 

CF/TNG ratio ratio of core-fucosylated structures to the total N-glycosylation 

DC-SIGN dendritic cell-specific ICAM-3 grabbing non-integrin 

DTT dithiothreitol 

Fc fragment crystallizable 

GDM gestational diabetes mellitus 

GDM-O GDM with obesity 

H-NW Healthy Normal Weight 

H-NWi infant of healthy normal weight mothers 

H-O Healthy Obese 

H-Oi infant of healthy obese mothers 

IgG immunoglobulin G 

NCHO N-linked carbohydrate separation gel buffer 

GDM-NW GDM with normal weight 

GDM-NWi Infant of GDM with normal weight mothers 

GDM-Oi Infant of GDM with obesity mothers 

OGTT Oral glucose tolerance test 

PNGase F Peptide N-Glycosidase F 

RFU relative fluorescence unit 

SDS sodium dodecyl sulfate 

SF/NF ratio ratio of the sialo form to neutral structures 

WHO World Health Organization 
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