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ARTICLE INFO ABSTRACT

Keywords: Introduction: Although inguinal hernia (IH) is prevalent in elderly males, research on its specific
Inguinal hernia diagnostic biomarkers is limited. Protein N-glycosylation is one of the most important and
Biomarker

ubiquitous post-translational modifications and often results in a remarkable heterogeneity of

Is\l-glycanl . protein glycoforms. Protein N-glycosylation often changes in a disease and holds great potential
erum comics . . . . . . . . . . .
Sialylatgio}]"l for discovering non-invasive biomarkers. This study aimed to gain insights into total serum

protein N-glycosylation of IH to identify candidate non-invasive biomarkers for diagnosis and
subtype classification of IH.

Methods: Linkage-specific sialylation derivatization combined with matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry detection was used to analyze serum protein N-
glycosylation patterns in IH patients and healthy controls.

Results: TH patients had abnormal glycan fucosylation and sialylation compared to healthy con-
trols (HC), of which two glycan traits representing linkage-specific sialylation within mono-
antennary glycans showed high potential as diagnostic biomarkers for IH with an area under the
curve (AUC) of 0.75. Additionally, serum N-glycans were different between indirect IH and direct
IH in glycosylation features, namely complexity, fucosylation, galactosylation, sialylation, and
a2,6-linked sialylation. Four distinctive glycans between the two subtypes showed good perfor-
mance with AUC >0.8, suggesting that these glycan traits have potential as biomarkers for
subtype classification.
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Conclusions: We first reported the serum N-glycomic features of IH patients. Furthermore, we
identified several potential biomarkers for the diagnosis and subtype classification of IH. These
findings can deepen the understanding of IH.

1. Introduction

Inguinal hernia (IH) is a malady prevalent in elderly men, and IH repair is among the most routine operations all over the world.
More than one in every four men can expect to require IH repair during their lifetime [1]. IHs have been classified as either indirect IH,
where the bowel herniates into the scrotum through the defective inguinal ring, or direct IH, where the bowel bulges through
weakened abdominal wall muscle [2,3]. The majority of patients usually go to the hospital with symptoms of a palpable mass or pain in
the groin. In the clinic, the diagnosis and subtype classification of IH usually relies on physical and ultrasonography examinations.
Although current diagnostic techniques are relatively mature, the diagnostic performance relies largely on the clinical experience of
the surgeons and radiologists. Additionally, there is no effective screening tool for IH, a small number of patients were diagnosed with
strangulated or incarcerated inguinal hernia on initial presentation, which might cause bowel ischemia, necrosis, and perforation.
Therefore, there is still no good diagnostic method for screening or detecting IH, and limited information is available regarding their
mechanisms [4-6].

N-linked glycosylation is a highly important co- and post-translational modification that involves synergistic actions of a variety of
transporters and enzymes [7-9]. N-glycosylation is not directly template-driven and indicates remarkable heterogeneity [8,10].
N-glycans possess a high degree of diversity and modulate multiple physiological and pathological events [11]. Most human serum
proteins are highly glycosylated which makes them a potential reservoir of glycans released from cells and tissues, suggesting that
serum protein N-linked glycosylation can reflect pathophysiological states [12,13]. Specific protein glycosylation features in serum are
associated with various pathological conditions, including liver fibrosis [14], type 2 diabetes [15], Crohn’s disease [16], and cancers
[17]. The profiling of serum N-glycome can enhance the understanding of IH pathogenesis and discover non-invasive biomarkers for
early screening and diagnosis. When early screening and diagnosis identify high-risk groups, interventions including appropriate
disease management, prophylaxis, and lifestyle modification should be conducted. Nevertheless, little is currently known about serum
protein N-glycosylation in IH.

Therefore, the detailed structural features and quantitative alterations of serum N-glycome between IH patients (including indirect
and direct IH) and healthy controls (HC) were investigated. Since the sialic acid function is dependent on the connectivity types, the
linkage-specific sialylation derivatization methods differentiating o2,3- and a2,6-linked sialylation on the non-reducing end of N-
glycans were adopted [18]. Meanwhile, matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS)
was used to detect N-glycome structures. This study aimed to unveil serum protein N-glycome features that are specific to IH and screen
N-glycan biomarkers for diagnosis and subtype classification of IH. This study provides a new perspective on potential mechanisms
accompanying IH.

Inguinal hernia patients and
healthy volunteers: 71 in total

Cases excluded: 8
—>{ according to the inclusion
and exclusion criteria

‘ Eligible individuals: 63
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Fig. 1. A flow chart showing the inclusion and exclusion of IH patients and HC volunteers in this work.
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2. Methods
2.1. Study population and experimental design

Serum samples obtained from 39 IH patients (25 indirect and 14 direct IHs) and 24 HC volunteers were recruited consecutively
from Peking Union Medical College Hospital (Beijing, China) and Beijing Chaoyang Hospital (Beijing, China) between June 2021 to
November 2021 and stored at —80 °C. Each individual donated 3-5 mL of blood. The age of the three subgroups was matched where
possible. The study design showing the inclusion and exclusion of IH patients and HC volunteers in this work is presented in Fig. 1. The
inclusion criteria for the IH group were: (a) age 18-80 years, male sex; and (b) unilateral or bilateral primary indirect or direct IHs. All
HC volunteers should have normal biochemical parameters, physical examination, and ultrasonography of the inguinal regions. The
exclusion criteria for the IH were: (a) with a history of autoimmune, systemic, blood, or infectious disease; (b) with a previous history
of cancer or hernia surgery; (c) with impaired glucose tolerance or diabetes; and (d) with recurrent, incarcerated irreducible hernia, or
significant comorbidities. The clinical characteristics of the cohort are shown in Table 1. The study was approved by the Ethics
Committee of Peking Union Medical College Hospital and Beijing Chaoyang Hospital (K4094). Informed written consents from all
participants were provided.

2.2. Serum N-glycome detection and MS data processing

N-glycans were released from serum specimens after enzymatic treatment based on the protocol described previously [18]. Simply
put, the first step was to add 10 pL of 2 % sodium dodecyl sulfate into 5 pL of serum and then incubated at 65 °C for 20 min. Next, the
step of glycan release was performed by adding 10 pL of enzyme solution (1 U peptide-N-glycosidase F [New England Biolabs, Inc.,
USA], 2 % Nonidet P-40, and 2.5 x phosphate-buffered salines) and incubation at 37 °C overnight. Sialic acid residues were derivatized
to end products (a-2,3- linked sialic acids were lactonized and «-2,6-linked sialic acids were ethyl-esterified) [18]. Derivatized
N-glycans were subsequently enriched and purified using hydrophilic interaction liquid chromatography solid-phase extraction
(HILIC-SPE) micro-tips according to the previously reported method [17,19]. Thereafter, 1 pL of purified glycans were mixed by matrix
(5 mg/mL super-2,5-dihydroxybenzoic acid in 50 % acetonitrile with 1 mM NaOH) on the Anchor chip target plate (MTP AnchorChip
TM 384 T F, Bruker Daltonics, Bremen, Germany). After the spots on the target plate dried, glycans were measured by Bruker rapi-
fleXtreme MALDI-TOF mass spectrometer (Bruker Daltonics) in positive-ion mode. The instrument was performed using
Smartbeam-3D laser and controlled by flexControl 4.0 software (Bruker Daltonics). Bruker Calibration Peptide Standard II is the
external calibrant of the instrument. The measurement was recorded at the mass range of 1,000-5,000 m/z with a laser frequency of 5,
000 Hz. 5,000 times laser shots per shot in a random-walk model were performed.

MS raw data were baseline-subtracted and smoothed using flexAnalysis (Bruker Daltonics). Raw data were converted to. XY format
and re-calibrated using MassyTools software (version 0.1.8.1.2) [19]. MS peaks were manually assigned into N-glycan structures by
Glycoworkbench [20] as well as previously confirmed glycan structures [18]. The list containing 109 glycan structures was finally
produced for targeted extraction (output the listed glycan and their corresponding abundance). The peak area (background-corrected)
for each glycan and quality control parameters were extracted using the N-glycan structures list and MassyTools. After applying quality
criteria (S/N > 9, QC score <25 %, ppm error <20, minimum percentage >50 %), 83/109 glycan structures passed the quality criteria
and were included for further quantitative analysis (Supplementary Table 1). To combine the exact effect of individual glycan com-
positions and explain the biological functions, 108 derived N-glycan traits which are biochemically possible and detected by the used

Table 1
Clinical and pathological characteristics of all participants.
Characteristics H HC
Indirect TH Direct IH
Sample size 25 14 24
Age [y, X £ 8] 59.00 + 14.24 60.14 + 10.61 58.00 + 10.06
BMI [kg/meX + S] 23.13 + 3.56 23.94 + 2.47 22.47 + 3.03
Family history of inguinal hernia [n (%)]
No 24 (96.0) 14 (100.0) 24 (100.0)
Yes 1(4.0) 0 (0.0) 0 (0.0)
Smoking history [n (%)]
No 21 (84.0) 12 (85.7) 19 (79.2)
Yes 4 (16.0) 2(12.3) 5(20.8)
ASA score [n (%)]
I-I1 25 (100.0) 14 (100.0) \
111 0 (0.0) 0 (0.0) \
EHS classification [n (%)]
Grade I (<1.5 cm) 5(20.0) 2(14.3)
Grade II (1.5-3.0 cm) 17 (68.0) 7 (50.0) \
Grade III (>3.0 cm) 3(12.0) 5(35.7)

Abbreviations: IH, inguinal hernia; HC, healthy controls; BMI, body mass index; ASA, American Society of Anesthesiology; EHS, European Hernia
Society. Data are presented as mean + standard deviation or n (%).
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technology were calculated from the 83 directly measured glycan based on their common characteristic using RStudio. These derived
traits were then used in further studies (Supplementary Table 2).

2.3. Statistical analysis

Since the data were not normally distributed, comparisons were conducted for derived N-glycan traits among subgroups (HC vs. IH,
HC vs. indirect IH, HC vs. direct IH, and indirect IH vs. direct IH) using nonparametric Mann-Whitney-Wilcoxon test. P values were
adjusted by the Benjamini-Hochberg correction. A P value or an adjusted P value threshold of 0.05 was used to indicate a significant
difference. The clustered heatmap diagram was constructed using MetaboAnalyst (version 5.0) [21]. GraphPad Prism Software
(version 8.4.3) was used to show the data distribution in the scatter dot plot. The diagnostic or predictive (subtype classification)
potential of the significantly differed individual glycan traits was further evaluated through the receiver operating characteristic (ROC)

curve analyses by calculating the area under the curve (AUC) of ROC. Statistical analyses were performed by SPSS statistics (version
25.0).

3. Results

Serum N-glycomic features of IH patients (indirect and direct IH) and matched HC volunteers were profiled by MALDI-TOF-MS. The
typical annotated mass spectra of N-glycomic profiles from serum samples of indirect IH and indirect IH were presented in Fig. 2,
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Fig. 2. The typical matrix-assisted laser desorption/ionization time-of-flight mass spectrometry spectra of serum N-glycans derived from patients
with (A) indirect inguinal hernia, and (B) direct inguinal hernia. Spectra were registered in positive-ion reflectron mode on the Bruker rapifleXtreme
mass spectrometer. The major N-glycan peaks were labeled and assigned to compositions. The presence of structural isomers cannot be excluded.
Asterisk (*) displayed by-products.
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indicating differences in peak patterns between the two subtypes. Eighty-three directly detected N-glycan structures passed quality
criteria, which were grouped into 108 derived N-glycan traits based on the common structural characteristics of directly detected N-
glycans. Features of derived glycan traits included the number of antennae (A), bisection (B), fucosylation (F), galactosylation (G),
sialylation (S), «2,3-linked (L), and a2,6-linked sialylation (E) (Supplementary Table 2). The standard deviation (SD) and relative SD
(CV) from 10 technical replications of a serum standard sample which were detected together with the cohort samples indicated
overall method repeatability. The average CV of the top-20 directly detected glycan traits and all the 108 derived glycan traits were
10.24 % and 8.76 %, respectively (Supplementary Table 3). As derived glycan traits can better interpret the biological significance of
glycosylation than directly detected glycans, subsequently we mainly focused on the derived glycan traits [22]. Raw data of directly
detected and derived glycan traits for each serum sample were provided in Supplementary Table 4.

3.1. Identification of serum N-glycome alteration in IH compared to HC

To identify the aberrant serum glycan traits in IH, 108 derived N-glycan traits were compared among groups (HC vs. IH, HC vs.
indirect IH, HC vs. direct IH). A series of N-glycan traits were found altered in IH, indirect IH, and direct IH compared to HC (Sup-
plementary Table 5). By taking the intersection of significant differences of serum N-glycans between groups (HC vs. IH, HC vs. indirect
IH, HC vs. direct IH), 8 serum N-glycan traits that were IH-specific were obtained (Fig. 3). Fucosylation within monoantennary glycans
(A1LF) and sialylation per galactose within non-fucosylated tetra-antennary sialylation (A4F0GS) were increased in IH than in HC
(Table 2). For the linkage-specific sialylation, o2,3-linked sialylation within monoantennary (A1GL and A1FGL), diantennary
(A2F0GL), and triantennary (A3GL) species were higher in IH compared to HC (Table 2, Fig. 4A). After multiple testing corrections, we
found that the change in A2FOL in direct inguinal hernia compared to the healthy control was not statistically significant. In contrast,
a2,6-linked sialylation within (fucosylated) monoantennary species (A1GE and A1FGE) showed significant decreases in IH compared
to HC (Table 2, Fig. 4B).

3.2. Performance of serum N-glycan traits for diagnosis of IH

The diagnostic potential of the aberrant N-glycan traits in IH mentioned above was further evaluated by the ROC curve (Sup-
plementary Fig. 1). Among all the aberrant N-glycan traits, two N-glycan traits (A1FGL and A1FGE) showed good performance with the
AUGCs of 0.791 and 0.791, respectively, in differentiating IH from HC, which showed that two glycan traits have a potential as bio-
markers for IH diagnosis (Fig. 4C-D).

3.3. Serum N-glycome patterns among indirect IH and direct IH
Due to certain differences in pathogenesis between indirect IH and direct IH, we also explored the differences in glycosylation

between the two groups to improve our understanding of the underlying pathogenesis (Supplementary Table 5). We found that the
average number of mannoses on high mannose type glycans (MM) was downregulated in indirect IH compared to that in direct [H
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Fig. 3. Venn diagram showing inguinal hernia specific and overlapping serum N-glycans identified as candidate biomarkers. Abbreviations: IH,
inguinal hernia, HC health control, Mannose: green circle; galactose: yellow circle; fucose: red triangle; GlcNAc residues: blue square.



Table 2

The differentially expressed derived N-glycan traits which were inguinal hernia specific.
Glycan Traits ~ Descriptions Median P value Adj P value

HC I-IH D-IH H HC vs. IH HC vs. I-IH HC vs. D-IH HC vs. IH HC vs. I-IH HC vs. D-IH

Fucosylation (F)rowhead
A1LF in monoantennary (A1) with «2,3- sialylation 0.5045 0.6211 0.6218 0.6211 0.0006 0.0024 0.0054 0.0006 0.0024 0.0056
Sialylation (S)rowhead
A4F0GS per galactose in non-fucosylated tetra-antennary glycans (A4)  0.8490  0.8577  0.8563  0.8576 0.0100 0.0238 0.0368 0.0107 0.0263 0.0418
a2,3-linked sialylation (L)rowhead
A2FOL in non-fucosylated diantennary (A2) 0.0371 0.0397 0.0410 0.0400 0.0155 0.0340 0.0492 0.0169 0.0404 0.0584
A1GL per galactose in monoantennary (A1) 0.1305 0.1567 0.1679 0.1632 0.0005 0.0058 0.0011 0.0005 0.0060 0.0011
A3GL per galactose in triantennary (A3) 0.1887 0.2016 0.2062 0.2026 0.0051 0.0251 0.0093 0.0053 0.0282 0.0097
A2FOGL per galactose in non-fucosylated diantennary (A2) 0.0385  0.0411 0.0424  0.0419 0.0088 0.0238 0.0293 0.0094 0.0260 0.0327
A1FGL per galactose in fucosylated monoantennary (A1) 0.2262  0.3067 0.3316  0.3113 0.0001 0.0017 0.0005 0.0017 0.0005 0.0001
a2,6-linked sialylation (E)rowhead
A1GE per galactose in monoantennary (A1) 0.8694 0.8432 0.8320 0.8368 0.0005 0.0058 0.0011 0.0005 0.0059 0.0011
A1FGE per galactose within fucosylated monoantennary (A1) 0.7737  0.6931 0.6682  0.6885  0.0001 0.0017  0.0005 0.0001 0.0017 0.0005

Abbreviations: HC, healthy controls; IH, inguinal hernia; I-IH, indirect inguinal hernia; D-IH, direct inguinal hernia.
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Fig. 4. The expression and ROC curve analysis of two different expressed derived N-glycan traits between inguinal hernia patients and healthy
control groups. The dot plot expression levels of (A) A1FGL, (B) A1FGE; The ROC curve analysis of (C) A1FGL, (D) A1FGE. The whiskers represent
the “median with IQR”. **** represents p-value <0.0001. Abbreviations: IH, inguinal hernia; HC, health control; AUC, the area under the curve; CI,
confidence interval; TPR: true-positive rate; FPR: false-positive rate.

(Table 3). The differences in antennarity (A) of complexity glycans were also found: tetra-antennary complex glycans (CA4) were
decreased in indirect IH than in direct IH, with a concomitant increase in diantennary species in indirect IH compared to that in direct
IH (CA2; Table 3). Additionally, indirect IH patients showed higher levels of fucosylation than direct IH (CF), which was mainly due to
the increase of fucosylation within diantennary species (A2F and A2LOF; Table 3). Consistently, Afucosylated diantennary glycans
(A2F0) decreased in indirect IH. In addition to the different fucosylation, indirect IH patients displayed a lower level of galactosylation
(CG), which was mainly caused by the decrease of galactosylation within diantennary species (A2G and A2FG; Table 3). As for sia-
lylation linkages, indirect IH patients displayed lower levels of sialylation (CS) than direct IH, primarily because of decreased o2,6-
linked sialylation within diantennary species (A2E, A2FE, A2GE, and A2FGE; Table 3). We also found that the changes in A2EQF in
indirect inguinal hernia compared to direct inguinal hernia were not statistically significant after applying multiple testing corrections.

3.4. The value of serum N-glycan traits in subtype classification of IH

The value of serum N-glycan traits in the subtype classification of IH was further assessed by the ROC curve analyses (Supple-
mentary Fig. 2). Among the differentially expressed N-glycan traits between indirect IH and direct IH, four N-glycan traits (A2S, A2FS,
A2F, and A2FE) displayed accurate performance in distinguishing between the two subtypes with AUCs of 0.803, 0.809, 0.803, and
0.811, respectively, which showed that these glycan traits may be useful for subtype classification of IH.
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Table 3

Dysregulated derived N-glycan traits in indirect inguinal hernia patients compared to direct inguinal hernia patients.
Glycan Traits ~ Descriptions Median (I-IH vs. D-IH)

I-IH D-IH Pvalue AdjP value

General
MM Average number of mannoses on high mannose 7.0554 7.0990 0.0242  0.0290
CA2 diantennary species (A2) in complex type glycans 0.8795 0.8663 0.0404 0.0491
CA4 tetra-antennary species (A4) in complex type glycans 0.0149 0.0166 0.0071 0.0076
Fucosylation (F)
CF in complex type 0.4204 0.3739 0.0065 0.0069
A2F0 Afucosylated diantennary(A2) 0.5712 0.6169 0.0128 0.0149
A2F in diantennary (A2) 0.4288 0.3831 0.0128  0.0147
A2L0F in diantennary species (A2) without a2,3-sialysation 0.4293 0.3832 0.0109 0.0121
Galactosylaiton (G)
CG in all complex 0.9262 0.9428 0.0109  0.0123
A2G in diantennary (A2) 0.8457 0.8741 0.0077  0.0084
A2FG in fucosylated diantennary (A2) 0.6762 0.7105 0.0177 0.0210
Sialylation (S)
CS in all complex 0.7548 0.7986 0.0049  0.0052
A2S in diantennary (A2) 0.6223 0.6730 0.0019 0.0019
A2FS In fucosylated diantennary (A2) 0.2994 0.3433 0.0016 0.0016
A2GS per galactose in diantennary (A2) 0.7330 0.7641 0.0128 0.0151
A2FGS per galactose in fucosylated diantennary (A2) 0.4466 0.4828 0.0054 0.0057
a2,6-linked sialylation (E)
A2E in diantennary (A2) 0.5801 0.6247 0.0019  0.0020
A2FE in fucosylated diantennary (A2) 0.2525 0.2860 0.0014  0.0014
A2GE per galactose in diantennary (A2) 0.6855 0.7124 0.0109 0.0122
A2FGE per galactose in fucosylated diantennary (A2) 0.3749 0.4019 0.0100 0.0110
1gG-specific
TA2FSO Fucosylated, non-sialylated diantennary species within total glycans. Mostly derived from IgG ~ 20.5273  16.1902  0.0031 0.0032

Abbreviations: I-IH, indirect inguinal hernia; D-IH, direct inguinal hernia.

4. Discussion

IH is one of the common conditions that usually occur in the groin area in elderly men. The primary risk factors for IH include male
gender, age, family history, previous contra-lateral hernia, abnormal collagen metabolism, and low body mass index [23-26]. At
present, the IH diagnosis is confirmed by physical and ultrasonography examination. Surgery remains the only curative treatment.
Although IHs possess good diagnostic and therapeutic systems, limited information is available on mechanisms and specific diagnostic
or subtype classification biomarkers. Continued research and better understanding will improve the stratification and timing of
preventive and therapeutic measures by using biological information and biomarkers. Apart from genomics, deciphering changes in
protein glycosylation has been of paramount importance not only to know the underlying mechanisms of IH progression but also to
discover useful biomarkers. Currently, serum protein N-glycans have been determined as biologically significant, and have emerged as
the showcase of novel biomarkers for diverse diseases [13,17,27,28]. Hence, the present study explored the application of MALDI-TOF
MS technology for quantitative assessment of serum protein N-glycans from IH patients and matched controls including
linkage-specific sialylation alterations to reveal the characteristics of glycosylation in IH and screen novel biomarkers for the diagnosis
and subtype classification of IH.

The comprehensive analysis of serum protein N-glycosylation in IH (indirect IH and direct IH) and HC was represented for the first
time. To reveal the disease-specific N-glycome phenotype of IH, explore underlying mechanisms of IH, and discover potential bio-
markers, 108 derived N-glycan traits were compared between groups (HC vs. IH, HC vs. indirect IH, HC vs. direct [H). After careful data
processing and analysis steps, 8 derived N-glycan traits were found to specifically distinguish IH patients from HC, involving fuco-
sylated and sialylated glycan traits. Fucosylation is an important modification of the N-glycans and is regulated by various fucosyl-
transferases. The secreted protein acidic and rich in cysteine (SPARC) can modulate interactions between extracellular matrix (ECM)
and cells in many physiological processes. A previous study demonstrated that the core fucosylation of N-glycan in SPARC could
regulate protein-binding affinity with extracellular matrix collagen [29]. This indicated that alterations in protein fucosylation might
play an important role in regulating ECM collagen in IH patients. Regarding sialylation, we found sialylation per galactose within
non-fucosylated tetra-antennary glycans was higher in IH compared to HC. Our MS-based approach included the discrimination of
different types of terminal sialic acid («2,3-linked and o2,6-linked) and enabled the identification of the aberrant linkage-specific
sialylation in IH. Terminal sialic acids involve many cellular functions, and changes in their biosynthesis or degradation can be
involved in degenerative disorders, such as inflammatory disorders, diabetes, or osteoarthritis disease, by regulating immunological
and inflammatory functions, affecting ligands, and masking antigenic sites [30-32]. The inflammatory conditions caused by
non-infectious etiologies were confirmed by the high values of inflammatory markers (ferritin, D-dimer, procalcitonin, C-reactive
protein), normal neutrophil-to-leukocyte ratio, and specific symptoms. The specific symptoms included pain, mobility limitation, and
so on. Additionally, high-sensitivity C-reactive protein is a well-established nonspecific marker of systemic inflammation that has been
correlated with pain and joint disease. Therefore, inflammatory conditions could be readily identified by surgeons based on the specific
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symptoms, signs, and findings on ancillary investigations. Previous studies indicate that the onset of osteoarthritic cartilage degra-
dation is caused by factors that shift the expression of «2,6-linked to a2,3-linked sialylated glycoproteins in chondrocytes. The cartilage
is formed by the ECM of collagen II. Cevik et al. also reported that joint hypermobility syndrome which had collagen tissue damage and
turnover characteristics was related to IH in children [33]. Intriguingly, IH was strongly related to the type of sialic acid linkage in our
study. The expression of a2,3-linked sialylation types was higher and o2,6-linked sialylation was lower in IH samples relative to HC
samples and indicate the same trend as osteoarthritis. Therefore, we speculate that the onset of IH may be promoted by factors that
shift the expression of a2,6-linked to a2,3-linked sialylated glycoproteins and affect local collagen, thus warrants further investigation.
Combining the above information, we found that serum IH-specific N-glycan traits were associated with ECM alteration, which might
be an important factor in the process of IH formation. Furthermore, ROC analyses independently confirmed that two altered
linkage-specific sialylation glycans (A1FGL and A1FGE) had potential as diagnostic biomarkers for IH. We found that A1FGL and
A1FGE indeed resulted in completely the same AUC values. This might be due to the model or sample number limitation. However, this
needs further validation studies in large cohorts.

Due to certain differences in the pathogenesis of indirect IH and direct IH, we compared the N-glycomes of the two subtypes to
discover glycan biomarkers for subtype classification and explore the underlying mechanisms. Structurally, the majority of the
discriminative glycans between the two types are attributed to complexity, fucosylation, galactosylation, sialylation, and «2,6-linked
sialylation glycan types. Our investigation of the distinction of N-glycan profiles in indirect and direct IH might point at pathophys-
iological processes involving many proteins, as we discuss below. As we have mentioned earlier, protein fucosylation changes may play
important roles in regulating ECM collagen. What’s more, the fucosylation level is substantially higher in indirect IH patients
compared to direct IH, suggesting that indirect IH patients may have significant changes in the ECM. Galactosylation occurs through a
series of beta-1,4-galactosyltransferases. Galactosylation in serum has been associated with age and inflammatory diseases [34,35].
Furthermore, decreased IgG-derived galactosylation has been linked with immune disorders, inflammation, and aging [35,36]. The
decreased galactosylation within diantennary glycans (A2G, A2FG) in indirect IH compared to direct IH may be due to the aberrant
IgG-derived glycans, which indicated that indirect IH has a more pronounced proinflammatory phenotype than direct IH. Amato et al.
have biopsied and examined tissue specimens from the edge of the internal inguinal ring in eight patients with indirect IH. The results
showed that the internal inguinal ring had remarkable degenerative changes, including vascular congestion, fibrohyaline degeneration
of muscle fibers, phlogistic infiltration, and so on [37]. Sialylation is directly involved in the activation of the immune system.
Abnormal sialylation has been previously found in inflammatory, autoimmune diseases, and cancer [38]. Though most glycan traits
containing sialylation were altered in IH, our findings suggest that these alterations in sialylation were partially driven by «2,6-sia-
lyltransferases. ST6Gall is the key enzyme responsible for the biosynthesis of a2,6-linked sialylation in N-glycans. The insufficiency of
circulatory ST6Gall is associated with overly robust inflammatory and exaggerated inflammatory cell production [39,40]. Therefore,
we hypothesize that obvious abnormal sialylation including «2,6-linked sialic acids in indirect IH patients was associated with in-
flammatory changes. The phlogistic elements could represent a reason for the contractile incompetence of the internal inguinal ring
which leads to the IH. Notably, four distinctive glycans (A2S, A2FS, A2E, and A2FE) between the two subtypes showed good per-
formance with AUC values greater than 0.8, suggesting that these glycan traits have potential as biomarkers for subtype classification.
Observed differences in the serum protein N-glycosylation between indirect IH and direct IH indicate differences in the pathogenesis of
these two subtypes. The in-depth mechanisms still need further investigation.

The current study has several limitations. First, as IHs are more common in male than female patients, only male participants were
included in this study. Second, the sample sizes of IH (indirect IH and direct IH) patients were relatively small. The potential loss of
statistical significance of the glycan traits is likely due to the small sample size and many glycosylation traits being explored, bringing
the significance down and warranting larger future studies. If the sample size increases, differentially expressed glycan traits between
the subgroups may have better performance in diagnosis or prediction. Third, the results we obtained in this study still need inde-
pendent validation in large cohorts. Last, further work exploring the molecular mechanisms underlying this result will be needed.

5. Conclusions

To our knowledge, this study reported the total serum N-glycomic features in IH patients for the first time. Furthermore, we
identified serum N-glycomic changes specific to IH or IH subtypes, of which eight glycans traits were screened out as candidate
biomarkers for diagnosis and subtype classification of IH. Differences in serum protein N-glycosylation reflect differences in patho-
genesis between indirect IH and direct IH. These findings can deepen the comprehension of IH.
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