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Background: Atherosclerosis is considered a crucial component in the pathogenesis
of decreased cognitive function, as occurs in vascular cognitive impairment (VCI).
Inflammation and the immune response play a significant role in the development of
many chronic diseases. Immunoglobulin G (IgG) N-glycosylation has been implicated
in the development of a variety of diseases by affecting the anti-inflammatory and
proinflammatory responses of IgG. This study aimed to investigate the association
between IgG N-glycosylation and VCI in a sample of patients with atherosclerosis
through a case-control study.

Method: We recruited a total of 330 patients with atherosclerosis to participate in
this case-control study, including 165 VCI patients and 165 sex- and age-matched
participants with normal cognitive function. The plasma IgG N-glycans of participants
were separated by ultrahigh-performance liquid chromatography. An enzyme-linked
immunosorbent assay (ELISA) kit was used to determine the corresponding serum
inflammatory factors. Atherosclerosis was diagnosed by carotid ultrasound, and the
diagnosis of VCI was based on the “Guidelines for the Diagnosis and Treatment of
Vascular Cognitive Impairment in China (2019)”. A multivariate logistic regression model
was used to explore the association between IgG N-glycans and VCI. We also analyzed
the relationship between IgG N-glycans and the inflammatory state of VCI through
canonical correlation analysis (CCA).

Results: Through the multivariate logistic regression analysis, 8 glycans and 13
derived traits reflecting decreased sialylation and galactosylation and increased bisecting
GIcNAc significantly differed between the case and control groups after adjusting for
confounding factors (P < 0.05, g < 0.05). Similarly, the differences in TNF-a, IL-6, and
IL-10 were statistically significant between the case and control groups after adjusting
for the effects of confounding factors (P < 0.05, g < 0.05). The CCA results showed that
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VCl-related initial N-glycans were significantly correlated with VCl-related inflammatory
factors (r = 0.272, P = 0.004). The combined AUC value (AUCcompined = 0.885)
of 7 initial glycans and inflammatory factors was higher than their respective values
(AUCIniﬂa/g/ycans =0.818, AUC/nﬂammatoryfactors = 0-773)-

Conclusion: The findings indicate that decreased sialylation and galactosylation and
increased bisecting GIcNAc reflected by IgG N-glycans might affect the occurrence of
VCI in patients with atherosclerosis though promoting the proinflammatory function of
IgG. IgG N-glycans may serve as potential biomarkers to distinguish VCI in individuals

with atherosclerosis.

Keywords: atherosclerosis, vascular cognitive impairment, IgG N-glycans, inflammation, biomarker

INTRODUCTION

Vascular cognitive impairment (VCI) refers to any degree of
cognitive impairment caused by cerebrovascular disease (van der
Flier et al., 2018). VCI is second only to Alzheimer’s disease
(AD) as the most common cause of dementia (Frances et al.,
2016; Niu et al,, 2019). The incidence of VCI is gradually
increasing among elderly individuals worldwide, conferring an
additional burden to individuals and society (Smith, 2017).
The prevalence of VCI in the 65-year-old Chinese population
is approximately 8.7%. Among the various cerebrovascular
risk factors for VCI, atherosclerosis is an important cause of
VCI (Arvanitakis et al., 2016; Jahrling et al., 2018; Hermkens
et al, 2019). In addition, numerous studies have indicated
that inflammation plays an important role in the progression
of VCI (Aguilar-Navarro et al, 2016; Gregory et al, 2019)
and atherosclerosis (Li et al., 2017). Inflammation is the basis
of the pathological and physiological changes that occur in
the process of atherosclerosis (Zhu et al., 2018); therefore,
atherosclerosis is considered a chronic inflammatory disease
(Ross, 1999). Atherosclerosis patients are prone to carotid
artery narrowing and hemodynamic changes and reduced
cerebral blood flow over time, thus increasing the risk of
VCI (Simonetto et al., 2019). In addition, atherosclerosis is
the main cause of cerebrovascular diseases (Sabeti et al,
2007; Vouillarmet et al., 2016), which undoubtedly increase
the possibility of VCI development. Therefore, the discovery
of biomarkers that might provide new ways to identify and
prevent VCI is urgently needed for the population with
atherosclerosis. Early identification of and timely intervention
for VCI in individuals with atherosclerosis has positive clinical
significance and value.

Glycosylation is an important modification of proteins that
affects the structure and function of proteins. More than half of
proteins have glycosylated structures (Kristic and Lauc, 2017).
Immunoglobulin G (IgG) is the most abundant antibody in
the human body and participates in the process of humoral
immunity (Gudelj et al., 2018). The glycosylation of IgG can
affect its effector functions, such as complement-dependent
cytotoxicity (CDC) (Bohm et al., 2012) and antibody-dependent
cell-mediated cytotoxicity (ADCC) (Masuda et al., 2007). The
N-glycans attached to asparagine 297 in the CH, domains of

the fragment crystallization (Fc) region can change the anti-
or proinflammatory functions of IgG (Alter et al., 2018). IgG
exerts an anti-inflammatory effect when the bound N-glycan
contains galactose, sialic acid or fucose, while the addition of
bisecting N-acetylglucosamine (GIcNAc) has a proinflammatory
effect (Kolarich et al., 2012; Wu et al., 2021). Previous studies have
found that IgG N-glycosylation affects the development of many
diseases (such as Parkinson’s disease (PD), AD, systemic lupus
erythematosus, rheumatoid arthritis, cancer, and hyperuricemia)
through its inflammatory role (Lundstrom et al., 2014; Vuckovic
etal, 2015; Ren S. et al., 2016; Sebastian et al., 2016; Russell et al.,
2017; Hou et al., 2019). At the same time, IgG N-glycosylation
is also associated with risk factors for VCI, such as hypertension,
dyslipidemia, ischemic stroke and type 2 diabetes (Wang et al.,
2016; Lemmers et al., 2017; Liu et al., 2018a,b). We speculated
that the occurrence and development of VCI may be associated
with the inflammatory effect of IgG N-glycosylation.

In this study, we investigated the association between IgG
N-glycans and VCI in patients with atherosclerosis, providing
new and possible biomarkers for the screening of VCI. In
addition, we explored the association between IgG N-glycans
and inflammatory factors, which may further explain the role
of IgG N-glycosylation in the process of VCI in patients with
atherosclerosis.

MATERIALS AND METHODS
Study Sample

In this case-control study, a total of 330 participants with
atherosclerosis were recruited from the Taian Traffic Hospital
and the Jidong Oil-field Hospital of Chinese National Petroleum
in 2019. The 330 participants included 165 VCI patients (case
group) and 165 sex- and age-matched participants with normal
cognitive function (control group). The inclusion criteria of all
participants were as follows: (1) Chinese Han ethnicity, (2) age
60 years or older, and (3) a diagnosis of atherosclerosis. The
exclusion criteria were as follows: (1) a diagnosis of a serious
disease (such as cancer, chronic obstructive pulmonary disease,
etc.); (2) a diagnosis of an autoimmune disease (such as systemic
lupus erythematosus, rheumatoid arthritis, etc.); and (3) a history
of depression or mental illness. This study was approved by
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the Ethics Committee of Shandong First Medical University
and conducted according to the guidelines of the Declaration
of Helsinki. Written informed consent was obtained from all
participants before the study.

Diagnosis of Atherosclerosis and

Vascular Cognitive Impairment

Diagnosis of Atherosclerosis

A color Doppler ultrasound diagnostic apparatus (SSD-1700;
Aloka, Japan) was used to examine participants in a supine
posture for the presence of atherosclerosis. The frequency of
the ultrasound probe was 5-10 MHz. On both sides of the
common carotid arteries, the carotid bifurcation, external carotid
artery and internal carotid artery were examined in turn, and
the intima-media thickness (IMT) value of the tube wall was
recorded. Atherosclerosis was defined as increased IMT or
plaques. An IMT > 1 mm was defined as an increased IMT, and a
plaque was defined as an area with an IMT > 1.5 mm (Wanget al.,
2018). In our study, physicians recorded atherosclerosis directly
from IMT findings based on diagnostic criteria.

Diagnosis of Vascular Cognitive Impairment

The diagnosis of VCI in this study was based on the
“Guidelines for the Diagnosis and Treatment of Vascular
Cognitive Impairment in China (2019)”. The diagnosis of
VCI mainly included three aspects: (1) a Mini-Mental State
Examination (MMSE) score (classified as < 17 (illiterate), < 20
(primary school), < 24 [junior high school or high school),
or < 27 (college/university and above)] confirming the presence
of cognitive impairment (Liu et al., 2017); (2) the presence of one
or more cerebrovascular diseases or vascular injury lesions, which
was confirmed using magnetic resonance imaging (MRI) or
computed tomography (CT) (Niu et al., 2019), and the diagnosis
of imaging findings required at least one of the following: @
a diagnosis of a large-vessel cerebral infarction; @ a diagnosis
of an extensive or critical cerebral infarction; ® a diagnosis of
extensive or fused white matter hyperintensity; @ a diagnosis
of two or more lacunar infarctions other than the brainstem;
® a diagnosis of one to two lacunas in critical parts, or one
to two lacunas in non-critical parts with extensive white matter
hyperintensity; and ® a diagnosis of cerebral hemorrhage in
critical parts, or two or more cerebral hemorrhages; and (3)
the occurrence of cognitive impairment was temporally related
to one or more cerebrovascular events. All diagnoses were
performed independently by two physicians based on imaging
changes and clinical manifestations. Participants with all three
of these aspects were diagnosed with VCI, and were included in
the case group. In order to distinguish between the case group
and the control group, all the participants performed the above
diagnostic procedure.

Measurement of Inflammatory Factors
and IgG N-glycans
Previous studies have showed that high-sensitivity C-reactive

protein (hs-CRP), tumor necrosis factor-alpha (TNF-a) and
interleukin-6 (IL-6) are related to VCI, interleukin-4 (IL-4)

is important to brain repairing, and interleukin-10 (IL-10) is
essential for maintaining normal neuroimmune communication
and related to the severity of atherosclerosis (Mallat et al., 1999;
Richwine et al., 2009; Miralbell et al., 2013; Guoping et al., 2015;
Liu et al., 2016; Chua et al., 2020). Therefore, CRP, TNF-a, IL-
6, IL-10, and IL-4 were selected to the index of inflammatory
factors. The levels of TNF-a, hs-CRP, IL-4, IL-6, and IL-10 were
determined using the relevant enzyme-linked immunosorbent
assay (ELISA) kit (Chang et al., 2016).

The measurement method of IgG N-glycans was as previously
reported (Liu et al., 2020). Briefly, the method mainly consisted
of four steps: (1) IgG was isolated from a plasma sample
using a protein G monolithic plate (CIM®r-Protein G 0.2ml
Monolithic 96-well Plate, BIA Separations, Slovenia) (Pucic
et al, 2011); (2) the isolated IgG sample released IgG N-glycans
following the addition of PNGase F enzyme; (3) the released
IgG N-glycans were labeled with 2-aminobenzamide (2-AB)
mixed solution reagent, and then the labeled IgG N-glycans
were purified using filter plates (AcroPrep Advance 96-well Filter
Plates -1 mL, 0.2 wm wwPTFE membrane, Pall Corporation,
San Diego, CA, United States); and (4) IgG N-glycans were
detected by hydrophilic interaction chromatography (HILIC)-
ultra-performance liquid chromatography (UPLC) (Walters
Corporation, Milford, MA, United States). In the end, IgG
N-glycans were identified as 24 glycan peaks (GPs 1-24 or
24 initial glycans), a chromatogram showing the individual
differences between the case group and the control group is
shown in Supplementary Figure 1, and the glycan structures
in each peak are shown in Supplementary Figure 2. GP3 was
excluded from all calculations because it did not pass the quality
control standards (Novokmet et al., 2014), because GP3 was
coeluted with contaminants in some samples, which significantly
affected its value (Yu et al., 2016). In addition, 17 derived traits
were calculated using initial glycans to represent the relative
abundances of core fucosylation, sialylation, bisecting GlcNAc,
and galactosylation (Ren S. et al., 2016; Qin et al., 2019; Table 1).

Assessment of Covariates
The uniformly trained investigators used questionnaires to collect
demographic characteristics such as the age, sex, education
level, and income of participants. Body mass index (BMI) was
calculated by measuring height and weight, and the calculation
formula was weight (kg)/height2 (m?).

A blood sample was collected from each participants
large antecubital vein through venipuncture in the morning
after overnight fasting. The sample was collected into two
tubes: the sample collected in a vacuum tube containing
ethylenediaminetetraacetic acid (EDTA) underwent plasma
separation to detect IgG N-glycans, while the sample collected in
a tube without EDTA underwent serum separation to determine
inflammatory factors and blood biochemical indexes.

Hypertension was defined as a systolic blood pressure
(SBP) >140 mmHg and/or diastolic blood pressure
(DBP) >90 mmHg. Diabetes mellitus was defined as a
fasting blood glucose level >7.0 mmol/L (126 mg/dL)
(Cruickshank, 2009). According to the guidelines for the
prevention and control of dyslipidemia in adults in China,
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TABLE 1 | The calculation formula of derived glycans.

Derived traits Description Computational method

GPN Proportion of neutral glycans in total IgG glycans GP1 + GP2 + GP4 + GP5 + GP6 + GP7 + GP8 + GP9 + GP10
+ GP11 + GP12 + GP13 + GP14 + GP15

Siotal Proportion of sialylated glycans in total IgG glycans GP16 + GP17 + GP18 + GP19 + GP21 + GP22 + GP23 + GP24

S1 Proportion of monosialylated glycans in total IgG glycans GP16 + GP17 + GP18 + GP19

S2 Proportion of disialylated glycans in total IgG glycans GP21 + GP22 + GP23 + GP24

GO Proportion of agalactosylated glycans in total IgG glycans GP1 + GP2 + GP4 + GP6

G1 Proportion of monogalactosylated glycans in total IgG glycans GP7 + GP8 + GP9 + GP10 + GP11

G2 Proportion of galactosylated glycans in total IgG glycans GP12 + GP13 + GP14 + GP15

F Proportion of fucosylated glycans in total IgG glycans GP1 + GP4 + GP6 + GP8 + GP9 + GP10 + GP11 + GP14
+ GP15 + GP16 + GP18 + GP19 + GP23 + GP24

FN Proportion of fucosylated glycans in total neutral IgG glycans (GP1 + GP4 + GP6 + GP8 + GP9 + GP10 + GP11 + GP14 +
GP15)/GPN*100

FS Proportion of fucosylated glycans in total sialylated IgG glycans (GP16 + GP18 + GP19 + GP23 + GP24)/S;yt4 *100

B Proportion of bisecting glycans in total IgG glycans GP6 + GP10 + GP11 + GP13 + GP15 + GP19 + GP22 + GP24

BN Proportion of bisecting glycans in neutral IgG glycans (GP6 + GP10 + GP11 + GP13)/GPN*100

BS Proportion of bisecting glycans in sialylated IgG glycans (GP19 + GP22 + GP24)/S;pt4 100

FGO Proportion of fucosylated agalactosylated glycans in total IgG glycans GP4

FG1 Proportion of fucosylated monogalactosylated glycans in total IgG glycans GP8 + GP9

FG2 Proportion of fucosylated galactosylated glycans in total IgG glycans GP14

aGal/Gal ratio
digalactosyl (G2) N-glycans

the relative intensities of agalactosylated (GO) vs monogalactosyl (G1) and

GO/G1 + G2"2)*100

B, bisecting GIcNAc; F, core fucose; G, galactose; N, neutral glycans; S, sialic acid.

dyslipidemia was defined as high-density lipoprotein cholesterol
(HDL-C) <1.0 mmol/L, low-density lipoprotein cholesterol
(LDL-C) >4.1 mmol/L, triglycerides (TGs) >2.3 mmol/L, or
total cholesterol (TC) >6.2 mmol/L (Wang et al., 2011).

Statistical Analyses

The Kolmogorov-Smirnov test was used to check the normal
distribution of variables. Continuous variables with a normal
distribution are represented as the mean + standard deviation
(SD) and were compared with an independent-sample ¢ test.
Continuous variables with a non-normal distribution were
represented as the median (P;5-Py5) and were compared with the
Wilcoxon rank-sum test. Categorical data are represented as n
(%) and were compared with the chi-square test.

Multivariate logistic regression analyses were used to
determine the association between VCI and each of 23 initial
glycans, 17 derived traits and inflammatory factors after adjusting
for the effects of age, BMI, education, income, smoking, drinking,
salt intake habit, hypertension, hyperlipidemia, and diabetes
mellitus. For the multiple corrections, the false discovery
rate (FDR) was used based on the Benjamini-Hochberg
procedure (q). Spearman correlation analysis was used to
calculate the correlation coeflicient (r;) between initial glycans.
Canonical correlation analysis (CCA) was used to explore
the relationship between VCl-related initial glycans and
VCl-related inflammatory factors and to obtain the overall
correlation between the two sets. The initial glycans (or
inflammatory factors) associated with VCI were included in
stepwise multivariate logistic regression analyses to screen glycan
biomarkers (or inflammation biomarkers) for VCI diagnosis
after adjusting for the above confounding factors. Then, receiver

operating characteristic (ROC) curve analysis was applied
to calculate the area under the curve (AUC) to evaluate the
classification performance of glycan biomarkers, inflammation
biomarkers and the combination of the two to distinguish VCI.
The statistical analyses were performed using SPSS 25.0 (IBM,
Armonk, NY, United States), SAS software, version 9.4 (SAS
Institute Inc., Cary, NC, United States) and R version 3.4.3 (R
Core Team). All statistical tests were two-sided. The g value
represented the P value after correction for multiple testing,
statistical significance was defined as P < 0.05 and g < 0.05.

RESULTS

Baseline Characteristics of the Study
Participants

A total of 330 patients with atherosclerosis were recruited
to participate in this case-control study. The 330 participants
included 165 VCI patients (case group, 79 men/86 women,
mean age 66.46 + 3.83 years) and 165 sex- and age-matched
participants with normal cognitive function (control group). The
basic characteristics of the participants in the two groups are
summarized and compared in Table 2. Significant differences
in education (P = 0.001), income (P = 0.005), hypertension
(P = 0.012), SBP (P = 0.014), and TG (P = 0.029) were found
between the groups.

Association of Inflammatory Factors

With Vascular Cognitive Impairment
As shown in Table 2, the levels of TNF-a (P < 0.001) and IL-6
(P =0.025) in the case group were significantly higher than those
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TABLE 2 | Characteristics of the study participants.

Characteristics Cases (n = 165) Controls (n = 165) t/x? P
Gender (male/female) 79/86 79/86 — -
Age (years) 66.46 + 3.83 66.26 + 3.74 0.480 0.632
BMI (kg/m?) 2491 £ 3.10 24.59 + 3.12 0.941 0.348
Education (n, %) 14.709 0.001*
llliteracy/primary school 46 (27.88) 19 (11.51)

Middle school 101 (61.21) 118 (71.52)

College/university 18 (10.91) 28 (16.97)

Income, ¥/month (n, %) 10.692 0.005*
< ¥3000 63 (38.18) 41 (24.85)

¥3001-4999 95 (57.58) 105 (63.64)

> ¥5000 7 (4.24) 19 (11.51)

High salt intake (n, %) 43 (26.06) 29 (17.58) 3.377 0.066
Smoking (n, %) 25 (15.15) 24 (14.55) 0.024 0.877
Drinking (n, %) 25 (15.15) 29 (17.58) 0.416 0.519
Hypertension (n, %) 73 (44.24) 51 (30.91) 6.253 0.012*
Dyslipidemia (n, %) 91 (65.15) 82 (49.70) 0.984 0.321
Diabetes (n, %) 28 (16.97) 26 (15.76) 0.089 0.766
SBP (mmHg) 136.67 + 17.96 132.01 £ 16.23 2.473 0.014*
DBP (mmHg) 81.70 + 11.06 80.42 + 10.71 1.072 0.284
GLU (mmol/L) 5.66 &+ 0.84 5.63 + 1.04 0.328 0.743
TG (mmol/L) 1.86 + 1.43 1.58 +£ 0.80 2.196 0.029*
TC (mmol/L) 525+1.05 518 +£1.04 0.607 0.544
HDL-C (mmol/L) 1.21+£0.22 1.22+0.24 0.319 0.750
LDL-C (mmol/L) 2.39 £ 0.68 2.32 £0.70 0.897 0.370
hs-CRP (mg/L) 3.31£1.12 3.19+1.08 0.982 0.327
TNF-a (pg/mL) 23.39+5.78 19.29 +£5.88 6.386 <0.001*
IL-4 (pg/mL) 10.76 + 2.87 10.45 + 2.86 1.000 0.318
IL-6 (pg/mL) 6.64 +£2.34 6.02 £ 2.65 2.248 0.025*
IL-10 (pg/mL) 133.73 £ 23.75 159.43 + 46.29 6.343 <0.001*

*Statistically significant, P<0.05. P values were calculated by the independent-sample t-test or chi-square test, as appropriate. BMI, body mass index; DBR, diastolic blood
pressure; GLU, glucose; HDL-C, high density lipoprotein cholesterol; hs-CRR, high-sensitivity C-reactive protein; IL-4, interleukin-4; IL-6, interfeukin-6; IL-10, interleukin-10;
LDL-C, low density lipoprotein cholesterol; SBR, systolic blood pressure; TC, total cholesterol; TG, total triglycerides; TNF-a, tumor necrosis factor-alpha.

Inflammation factors OR (95% CI) = q

hs-CRP ————— 1.134(0.920-1.399) 2.39E-01  2.39E-01
TNF-o o 1.127 (1.080-1.176) 3.60E-08  9.00E-08
IL-4 H— 1.054 (0.973-1.142) 2.00E-01  2.39E-01
IL-6 —— 1.113 (1.016-1.221) 2.22E-02  3.69E-02
IL-10 | * | . 0.980 (0.974-0.987) 1.60E-08  8.00E-08

08 10 12 14

FIGURE 1 | Associations of inflammatory factors and VCI as determined by multivariate logistic regression analyses. P < 0.05 was considered statistically significant
using logistic regression analysis; g < 0.05: significant after correction using FDR. The multivariate logistic regression analyses were performed after adjusting for
age, BMI, education, income, smoking, drinking, salt intake habit, hypertension, hyperlipidemia, and diabetes mellitus. BMI, body mass index; Cl, confidence
interval; FDR, false discovery rate; hs-CRP, high-sensitivity C-reactive protein; IL-4, interleukin-4; IL-6, interleukin-6; IL-10, interleukin-10; OR, odds ratio; TNF-a,
tumor necrosis factor-alpha; VCI, vascular cognitive impairment.

in the control group, while the level of IL-10 (P < 0.001) was  95% confidence interval (CI): 1.080-1.176, P < 0.001, g < 0.001),
significantly lower in the case group than in the control group IL-6 (OR = 1.113, 95% CI: 1.016-1.221, P = 0.022, g = 0.037),
(P < 0.05). At the same time, TNF-a (odds ratio (OR) = 1.127, and IL-10 (OR = 0.980, 95% CI: 0.974-0.987, P < 0.001,
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Glycans OR (95% CI) P q

GP1 ! > 2712 (1.420-5.179) 2.51E-03 9.63E-03

GP2 = 1.036 (0.829-1.2953) 7.55E-01 9.14E-01

GP4 o 1.047 (1.004-1.092) 3.27E-02 8.36E-02

GP3 . 0.473 (0.100-2.233) 344E-01 5.28E-01

GP6 . 1.505 (1.275-1.777) 1.00E-06 2.30E-05

GP7 ’_ﬁﬁ 0.985 (0.742-1.308) 9.16E-01 9.18E-01

GPS§ At 1.096 (1.033-1.163) 2.28E-03 9.63E-03

GP% "+“ 0.996 (0.922-1.076) 9.18E-01 9.18E-01

GP10 s 1.020 (0.937-1.111) 6.41E-01 8.19E-01

GP11 T 0.725 (0.429-1.225) 2.30E-01 3.77E-01

GP12 S 0.787 (0.439-1.413) 4.23E-01 6.05E-01

GP13 —— 0.601 (0.427-0.846) 3.50E-03 1.15E-02

GP14 e 0.838 (0.776-0.905) 7.00E-06 5.37E-05

GP15 —e— 0.857 (0.668-1.100) 2.25E-01 3.77E-01

GP16 = 0.828 (0.638-1.076) 1.58E-01 3.03E-01

GP17 '—‘{ 0.851 (0.705-1.029) 9.53E-02 1.99E-01

GP18§ - 0.845 (0.774-0.922 1.57E-04 9.03E-04

GP19 '—ﬁ—' 0.987 (0.814-1.195) 8.90E-01 9.18E-01

GP20 L a— 0.666 (0.446-0.993) 4.63E-02 1.07E-01

GP21 —— 0.915 (0.729-1.149) 4 47E-01 6.05E-01

GP22 f ¢ > 2.259(1.588-3.215) 6.00E-06 5.37E-05

GP23 —— 0.581 (0.400-0.842) 4.12E-03 1.18E-02
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FIGURE 2 | Associations of the normalized initial glycans and VCI as determined by multivariate logistic regression analyses. P < 0.05 was considered statistically
significant using logistic regression analysis; g < 0.05: significant after correction using FDR. The multivariate logistic regression analyses were performed after
adjusting for age, BMI, education, income, smoking, drinking, salt intake habit, hypertension, hyperlipidemia, and diabetes mellitus. BMI, body mass index; Cl,
confidence interval; FDR, false discovery rate; GP, glycan peak; OR, odds ratio; VCI, vascular cognitive impairment.

q < 0.001) were significantly associated with VCI after adjusting
for confounding factors (Figure 1).

Association of IgG N-glycans With

Vascular Cognitive Impairment

Comparisons of the levels of 23 initial glycans between the
case group and the control group are shown in Supplementary
Table 1, while comparisons of the 17 derived traits are shown
in Supplementary Table 2. There were significant differences in
8 initial glycans and 14 derived traits between the two groups
(all P < 0.05, all g < 0.05). Furthermore, we identified whether
each IgG N-glycan was associated with VCI by multivariate
logistic regression analyses. As shown in Figure 2, 8 initial
glycans (reduced relative abundance of GP13, GP14, GP18, and
GP23 as well as increased relative abundance of GP1, GP6,
GP8, and GP22) were significantly associated with VCI after
adjusting for the effects of confounding factors (all P < 0.05,
all g < 0.05).

For the derived traits, 13 derived traits in the IgG N-glycans
were significantly associated with VCI after adjusting for
confounding factors (all P < 0.05, all ¢ < 0.05) (Figure 3), which
mainly reflected the decrease in sialylation (S, OR = 0.904,
95% CI: 0.851-0.960, P = 0.001, g = 0.003; S1, OR = 0.847, 95%
CI: 0.786-0.913, P < 0.001, g < 0.001) and galactosylation (G2,
OR = 0.818, 95% CI: 0.759-0.881, P < 0.001, g < 0.001; aGal/Gal
ratio, OR = 1.028, 95% CI: 1.009-1.047, P = 0.004, g = 0.007), as
well as the increase in neutral N-glycans (GPN, OR = 1.105, 95%
CI: 1.043-1.171, P = 0.001, g = 0.002) and bisected GlcNAc (B,
OR = 1.062, 95% CI: 1.003-1.125, P = 0.038, g = 0.049).

Correlation Between Vascular Cognitive
Impairment-Related Inflammatory
Factors and Vascular Cognitive

Impairment-Related IgG N-glycans
The CCA results showed that VCI-related IgG N-glycans were
significantly correlated with VClI-related inflammatory factors in
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FIGURE 3 | Associations of the derived traits and VCl as determined by multivariate logistic regression analyses. P < 0.05 was considered statistically significant
using logistic regression analysis; g < 0.05: significant after correction using FDR. The multivariate logistic regression analyses were performed after adjusting for
age, BMI, education, income, smoking, drinking, salt intake habit, hypertension, hyperlipidemia, and diabetes mellitus. B, bisecting GIcNAc; BMI, body mass index;
Cl, confidence interval; F, core fucose; FDR, false discovery rate; G, galactose; N, neutral glycans; OR, odds ratio; S, sialic acid; VCI, vascular cognitive impairment.
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FIGURE 4 | Canonical structures of initial glycans and inflammation markers in
the first canonical set of canonical correlation analysis. The absolute value of
canonical loadings greater than 0.300 was a significant loading. The positive
relationships are shown in red boxes, while negative relationships are shown
in blue boxes. GP, glycan peak; hs-CRP, high-sensitivity C-reactive protein;
IL-4, interleukin-4; IL-6, interleukin-6; IL-10, interleukin-10; TNF-a, tumor
necrosis factor-alpha.

0.233

the first canonical set, and the canonical correlation coeflicient
was 0.272 (P = 0.004, Supplementary Table 3). As shown in
Figure 4, 4 initial traits (GP1, GP6, GP8, and GP22) tended
to be significantly associated with TNF-a, IL-6, and IL-10

levels. In addition, a strong association was observed between
GP22 and canonical variables, with a loading of —0.454, and
the response variable with the highest canonical loading was
—0.706 (TNF-a ).

Classification of Vascular Cognitive
Impairment Using IgG N-glycans and
Inflammation Markers

As shown in Supplementary Figure 3, there were significant
correlations among the 8 VCl-related initial glycans. Therefore,
we performed a stepwise multivariate logistic regression analysis
on the above 8 initial glycans to avoid the influence of collinearity
and to select biomarkers for the diagnosis of VCI. Finally,
7 initial glycans were selected to establish a classification
model to distinguish the case group from the control group
(Supplementary Table 4), and the AUC value of the model
including these 7 initial glycans (GP1, GP6, GP8, GP13, GP14,
GP22, and GP23) was determined to be 0.818 (95% CI: 0.772-
0.864). Similarly, TNF-a, IL-6, and IL-10 were selected as
inflammation markers for the diagnosis of VCI through a
stepwise multivariate logistic regression analysis (Supplementary
Table 5), and the AUC value of the model consisting of TNF-a,
IL-6, and IL-10 was determined to be 0.773 (95% CI: 0.723-
0.824). In addition, we found that the combined AUC value of
the 7 initial glycans and inflammation biomarkers was higher
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FIGURE 5 | ROC curve analysis in regard to the binary logistic regression model for the prediction of VCI. Model 1 consists of GP1, GP6, GP8, GP13, GP14, GP22,
and GP23. Model 2 consists of TNF-a, IL-6, and IL-10. Model 3 consists of Model 1 and Model 2. GP, glycan peak; IL-6, interleukin-6; IL-10, interleukin-10; ROC,
receiver operator characteristic; TNF-a, tumor necrosis factor-alpha; VCI, vascular cognitive impairment.

than their respective values, with an AUC of 0.885 (95% CI:
0.849-0.921) (Figure 5).

DISCUSSION

In our study, we found that low levels of galactosylation and
sialylation and increased levels of bisecting GlcNAc reflected by
IgG N-glycans in individuals with atherosclerosis may increase
the risk of VCI. At the same time, IgG N-glycans were associated
with the changes in inflammatory factors observed in the study.
Our research found that abnormal IgG N-glycosylation
(decreased galactosylation and sialylation and increased bisecting
GIcNAc) in individuals with atherosclerosis might increase
the risk of VCI, which is consistent with previous studies

in AD. A study on AD and IgG N-glycosylation found that
the levels of galactosylation and sialylation in the plasma of
patients with AD were lower than those in the healthy control
group (Lundstrom et al., 2014). In cerebrospinal fluid samples
from patients with AD, abnormal N-glycosylation was found,
including decreased sialylation and increased bisecting GIcNAc
compared with samples from individuals with mild cognitive
impairment (MCI) (Palmigiano et al., 2016). A reduction in
sialylation in IgG N-glycans was reported to be associated with
PD, and PD patients had higher GP8 levels, which was consistent
with our conclusions (Russell et al., 2017). This evidence fully
demonstrated that abnormal IgG N-glycosylation was closely
related to neurodegenerative diseases. A possible explanation
for this relationship is that abnormal IgG N-glycosylation could
alter the inflammatory effect of IgG, causing it to switch from
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anti-inflammatory to proinflammatory functions to participate in
the inflammatory response (Novokmet et al., 2014; de Jong et al.,
2016), and inflammation is also an important factor affecting
neurodegenerative diseases such as VCI, AD, and PD (Heppner
etal., 2015; Pajares et al., 2020; Wang et al., 2020).

In this study, high levels of proinflammatory factors (TNEF-
o, IL-6) and low levels of an anti-inflammatory factor (IL-
10) were found in the case group, which indicates that
inflammation might be one of the characteristics of VCI.
This possibility is supported by the fact that inflammation is
a known risk factor for VCI (Aguilar-Navarro et al., 2016;
Wang et al.,, 2020). The decreased level of IL-10 in the study
might be caused by the high expression of TNF-a (Ren Z. Q.
et al., 2016). The inflammatory response and oxidative stress
regulated by inflammatory factors are considered to be the
key factors in cerebrovascular diseases (Iadecola, 2013; Kiss
et al.,, 2019). Under the action of inflammation and oxidative
stress, continuous vascular damage destroys neurovascular units,
leading to the destruction of blood-brain barrier permeability,
aggravating tissue hypoxia, and damaging neurons and white
matter, thereby resulting in VCI (Carrano et al, 2011;
Gorelick et al, 2016). Atherosclerosis is also regulated by
inflammation, and intensified inflammation activation promotes
the progression of atherosclerosis, which may lead to thrombus
formation and plaque rupture and ultimately increase the
risk of VCI (Hansson et al., 2006; Seneviratne and Monaco,
2015).

We found that there was an overall correlation between VCI-
related initial glycans and VCI-related inflammatory factors.
The structure of these initial glycans corresponds to sialylation,
galactosylation, and bisecting GlcNAc of IgG N-glycans. Due
to the low level of galactosylation and sialylation and the
high level of bisecting GIcNAc in IgG N-glycans, IgG has
a proinflammatory effect (Kolarich et al, 2012; Wu et al,
2021). The reduction of the sialylation level of IgG increases
the affinity of IgG to the Fcy-receptor Illa (Fcy-RlIlla), up-
regulates the ADCC pathway, and promotes inflammatory
activity (Bohm et al, 2012). The high level of bisecting
GlcNAc in IgG N-glycans can also enhance the ADCC
effect of IgG. The reduction of galactosylation inhibits the
binding affinity of IgG to complement component 1q (Clq)
and inhibits the CDC effect, thereby enhancing the pro-
inflammatory function (Zou et al., 2011; Peschke et al., 2017).
Therefore, the inflammatory state of IgG affected by IgG
N-glycosylation might partially explain the inflammation that
accompanies the development of VCI in individuals with
atherosclerosis.

This study has several strengths. To the best of our knowledge,
this is the first study to explore the association between IgG
N-glycans and VCI in a sample of patients with atherosclerosis.
We also analyzed the relationship between IgG N-glycans and
inflammatory factors, and the findings helped to explain the
effect of IgG N-glycosylation on VCI. However, there are some
limitations in our study. First, this study was a case-control
study, and it was difficult to infer the chronological and causal
relationship between IgG N-glycosylation and VCI. Second,
in terms of identifying MCI, Montreal Cognitive Assessment

(MoCA) might be a better screening tool than MMSE, but both
tests were found to be accurate in the detection of AD. MMSE
is still one of the most widely used cognitive screening tests
in the world (Pinto et al., 2019). It was difficult to classify the
degree of VCI, such as subjective cognitive impairment, MCI, and
dementia, according to the existing data in this study. At the same
time, this study did not further group discussions on the degree
of atherosclerosis based on the IMT value due to data limitations.
In addition, the sample included in this study was small, and
only one ethnic group (Chinese Han) was included. Therefore,
it is necessary to verify this hypothesis in studies with large
sample sizes and multiethnic samples and to use cohort studies
or Mendelian randomization studies to accurately explore the
relationship between IgG N-glycosylation and VCI in individuals
with atherosclerosis.

CONCLUSION

In summary, the results from our study indicated that IgG
N-glycans might be related to the inflammation that accompanies
the development of VCI in individuals with atherosclerosis.
The decreased sialylation and galactosylation and the increased
bisecting GlcNAc reflected by the IgG N-glycans of VCI patients
might affect the occurrence of VCI by changing the inflammatory
effect of IgG. Moreover, IgG N-glycans may serve as potential
biomarkers to distinguish VCI in individuals with atherosclerosis
and, when combined with inflammatory factors, improve the
ability to diagnose VCI.
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