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ABSTRACT

Immunoglobulin G (IgG) is recognized as a key regulator of metabolic dysfunction and fibrosis in adipose
tissue, and its functional properties are tightly regulated by its glycosylation profile. However, the role of
IgG glycosylation in adipose aging remains unclear. Here, we performed transcriptomic and glycopro-
teomic analyses of epididymal white adipose tissue (eWAT) from young and aged mice. RNA sequencing
(RNA-seq) analysis revealed a significant downregulation of adipogenic genes in aged eWAT, accompa-
nied by elevated expression levels of inflammatory and fibrotic markers, which were further validated
by quantitative polymerase chain reaction (qPCR). N- and O-glycoproteomic analyses revealed wide-
spread changes in glycosylation. Differentially glycosylated proteins are primarily localized to the extra-
cellular space and participate in innate immune responses, transport and signal transduction,
extracellular matrix (ECM)-receptor interaction pathways, and so on. Notably, IgG glycosylation levels
were significantly increased in aged mice. Specifically, the N-fucosylation of 1gG1, IgG2a, and IgG3 was
elevated by 3.1-, 10.4-, and 3.2-fold, respectively, while only IgG2a showed increased O-fucosylation.
These findings suggest that N-fucosylation is a common age-related modification across IgG subtypes.
Using in vivo models, we further demonstrated that B-cell depletion-induced IgG reduction increased adi-
pogenic and inflammatory gene expression, while the expression of fibrotic markers was suppressed.
These effects were reversed upon repletion with either fucosylated or nonfucosylated IgG. Importantly,
compared with nonfucosylated IgG, fucosylated IgG exacerbated inflammation and fibrosis but inhibited
adipogenesis more strongly. Taken together, our results identify fucosylated IgG as a key mediator of adi-
pose dysfunction during aging and suggest that modulating IgG fucosylation may offer therapeutic poten-

tial for age-related metabolic disorders.
© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

extending the healthspan and reducing the disease burden in older
individuals remain major challenges in biomedical research.

Aging is a dynamic and complex biological phenomenon char-
acterized by progressive functional decline across multiple organ
systems [1]. The aging process and its associated chronic diseases
have emerged as major contributors to human mortality [2]. Aging
is commonly associated with widespread disruptions in metabolic
homeostasis, which can lead to multiorgan dysfunction, threaten
the health of the elderly population, reduce their quality of life,
and impose a significant burden on health care systems. Therefore,
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Adipose tissue is a central metabolic and endocrine organ that is
essential for maintaining systemic energy homeostasis, metabolic
regulation, and immune balance [3,4]. Emerging evidence indicates
that adipose tissue dysfunction is closely related to inflammation,
fibrosis, and metabolic impairments during aging and is now rec-
ognized as a hallmark of the aging process [5-7]. Notably, white
adipose tissue (WAT), the most prevalent adipose depot, is among
the first tissues to undergo significant functional and structural
changes with age [8,9]. Enhanced adipose tissue function is a com-
mon feature of several longevity-promoting interventions, such as
caloric restriction [10], intermittent fasting [11], peroxisome
proliferator-activated receptor y (PPARY) activation [12], and elim-
ination of senescent cells [13]. However, the underlying
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mechanisms linking WAT dysfunction to aging remain incom-
pletely understood.

Protein glycosylation, a critical posttranslational modification,
directly influences immune homeostasis by modulating the func-
tion of proteins [14,15]. Immunoglobulin G (IgG) is a major serum
glycoprotein and the predominant class of circulating antibodies.
IgG glycosylation modulates its binding to Fc receptors (FcRs)
and complement Clq, thereby regulating its biological activity.
Altered IgG glycosylation patterns have been identified as promis-
ing biomarkers for aging and age-related diseases [16]. Moreover,
IgG accumulates in WAT during aging, contributing to impaired
adipose function and metabolic health [5]. However, whether gly-
cosylation regulates the pro-aging effects of IgG in WAT remains to
be elucidated.

In this study, we performed comprehensive N- and O-
glycoproteomic profiling of adipose tissue to explore the effects
of glycosylation on aging. We found that fucosylated IgG was sig-
nificantly elevated in the epididymal WAT (eWAT) of aged mice.
In vivo studies using complementary models revealed that fucosy-
lated IgG plays a pivotal role in driving adipose tissue fibrosis and
metabolic deterioration with aging, supporting its potential as a
novel intervention target to improve metabolic health in older
individuals.

2. Materials and methods
2.1. Animal experiments

The animal research was approved and guided by the Ethics
Committee of North China University of Science and Technology,
China (ethical number: 2024SY3060). All animal experiments were
conducted in accordance with the Animal Research: Reporting of In
Vivo Experiments guidelines.

Male C57BL/6] mice aged 2 and 18 months were obtained from
the Model Organisms Center (China) and housed under specific
pathogen-free (SPF) conditions.

The mice were divided into two age groups: young (2 months
old, n = 5) and aged (18 months old, n = 5). eWAT was collected
for RNA sequencing (RNA-seq), N-glycoproteomic, and O-
glycoproteomic analyses.

For the in vivo IgG intervention study, 18-month-old male
C57BL/6] mice (n = 5 per group) were randomly divided into four
groups: control, B-cell depletion, B-cell depletion + fucosylated
IgG, and B-cell depletion + nonfucosylated IgG. The mice were
intraperitoneally injected with 100 pg of Rat IgG2b, «k Isotype Ctrl
antibody (400644; BioLegend, USA) for control or anti-mouse CD20
antibody (SA271G2 clone; 152104; BioLegend) for B-cell depletion
[17]. One week after B-cell depletion, the mice were intraperi-
toneally injected with 150 pg of fucosylated or nonfucosylated
human IgG1 (JOINN Biologics Co., Ltd., China) twice weekly for four
weeks to replenish circulating IgG levels [18]. Since the production
of glycosylated mouse IgG antibodies is currently not feasible, we
applied human-derived IgG in the intervention because of its
well-characterized glycoforms and its ability to bind to mouse
Fcy receptors (FcyRs), enabling translational relevance and func-
tional comparison with human immunometabolic studies. Fucosy-
lated and nonfucosylated IgGs were expressed in wild-type
Chinese hamster ovary (CHO) cells (CHO-K1) and fucosyltrans-
ferase Fut8 knockout CHO cells (CHO™®-/), respectively. Briefly,
CHO™-I~ cells were established through clustered regularly inter-
spaced short palindromic repeats (CRISPR)/CRISPR-associated pro-
tein 9 (Cas9)-mediated gene editing with life cycle assessment
(LCA)-based selection. Following expansion, stable cell populations
were grown in CD-CHO medium (Gibco, USA) in 1 L shaker flasks
for a five-day period, after which the culture supernatants were
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harvested. Human IgG1 was then isolated from the supernatant
using affinity chromatography with a Protein A column (GE,
USA). The eluted antibody was subsequently dialyzed into
phosphate-buffered saline (PBS; pH 7.2) using a desalting column
(GE) and concentrated using Amicon Ultral5 centrifugal devices
(Millipore, USA). The purified monoclonal antibody was divided
into aliquots and kept at —80 °C until further use [19].

2.2. RNA-seq of eWAT

Total RNA was isolated from the eWAT of young (n = 3) and
aged (n = 5) mice via TRIzol reagent (Invitrogen, USA). RNA quality
was assessed via a NanoDrop 2000 spectrophotometer (Thermo
Scientific, USA), and RNA integrity was further evaluated via an
Agilent 2100 Bioanalyzer (Agilent Technologies, USA). Comple-
mentary DNA (cDNA) libraries were generated via the VAHTS
Universal V6 RNA-seq Library Prep Kit (Vazyme, China), and
sequencing was carried out on an Illumina NovaSeq 6000 platform
(USA) in paired-end 150 bp mode.

The raw reads were filtered via fastp to eliminate low-quality
sequences and adapter contaminants. High-quality reads were
subsequently mapped to the mouse reference genome (GRCm39)
with the aligner HISAT2. Transcript abundance was estimated via
HTSeq-count, and principal component analysis (PCA) was per-
formed in R (v.3.2.0) to assess sample grouping and reproducibility
across biological replicates.

Differential gene expression analysis was conducted via
DESeq2, with significance set at a false discovery rate (FDR)-
adjusted P-value (P,gj) < 0.05 and an absolute fold change
(FC) > 2. The enrichment of biological functions and pathways
among the differentially expressed genes (DEGs) was analyzed
via Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Gen-
omes (KEGG) pathway annotations.

2.3. N- and O-glycoproteomic analysis of eWAT

For the N- and O-glycoproteomic analyses, eWAT samples
(50 mg each) from both young (n = 5) and aged (n = 5) mice were
individually processed. Each sample was homogenized in 500 pL of
ice-cold 8 mol-L™' urea lysis buffer supplemented with
1x ethylenediaminetetraacetic acid (EDTA)-free protease inhibitor
cocktail (Report, China), followed by a 30 min incubation on ice to
ensure complete protein extraction. After centrifugation at 14 100g
for 20 min at 4 °C, the resulting supernatant was carefully col-
lected. The protein concentration was subsequently quantified
using the Bradford protein assay with bovine serum albumin as
the standard.

The proteins were reduced with 10 mmol-L™' tris(2-
carboxyethyl) phosphine (TCEP) and alkylated with 25 mmol-L™!
chloroacetamide (CAA). Trypsin digestion was performed at a
50:1 protein-to-trypsin ratio overnight at 37 °C. The reaction was
terminated with formic acid, and the peptides were desalted via
a C18 column and lyophilized.

Glycopeptides were enriched via hydrophilic interaction liquid
chromatography (HILIC). The HILIC column was equilibrated with
80% acetonitrile/1% trifluoroacetic acid (TFA), and the peptides
were incubated with the packing material at 30 °C for 1 h. After
centrifugation and washing, the glycopeptides were analyzed via
a timsTOF_HT mass spectrometer in data-dependent acquisition
(DDA) mode, with a mass range of 100-3500 m/z.

The mobile phase consisted of phase A (0.1% formic acid in
water) and phase B (80% acetonitrile and 0.1% formic acid). Gradi-
ent elution was performed as follows: 0-4 min, 5%-10% B; 4-
46 min, 10%-24% B; 46-53 min, 24%-36% B; 53-54 min, 36%-
95% B; and 54-60 min, 95% B.
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Fragmented spectra were searched against the Mus musculus
proteome database via Byonic software (v.2.13.17; Protein Metrics,
USA). Separate glycan databases for N- and O-glycans were used for
glycopeptide identification. A target-decoy approach was
employed to control the FDR at 0.01. The raw data were median
normalized to minimize experimental variability. Missing values
were imputed via the Perseus algorithm after proteins with more
than 50% missing values were filtered out. Differentially expressed
glycosylation sites were identified on the basis of an average
FC < 0.67 or > 1.5 and P < 0.05. Functional annotation and pathway
analysis were conducted via the use of the GO and KEGG databases.

2.4. Quantitative real-time reverse transcription polymerase chain
reaction (qRT-PCR) analysis

Total RNA was reverse-transcribed into cDNA via an MF166-
Plus kit (Mei5bio, China), and qRT-PCR was carried out with
2x SYBR quantitative polymerase chain reaction (qPCR) mix
(Mei5bio). The relative expression levels of the target genes were
calculated via the 2722 method, with normalization to the inter-
nal reference gene. The sequences of the primers used in this study
are provided in Table S1 in Appendix A.

2.5. Statistical analysis

We conducted a priori power analysis using G*Power 3.1 soft-
ware to determine sample sizes for in vivo experiments. On the
basis of preliminary data showing an effect size of 1.2 (Cohen’s
d) in metabolic parameters between age groups with type I error
probability («) = 0.05 and type II error probability () = 0.20, the
calculated minimum sample size was n = 5 per group. This calcula-
tion accounted for the anticipated 20% attrition in aged mouse
cohorts. Student’s t test was used for comparisons between two
experimental groups. One-way analysis of variance (ANOVA) fol-
lowed by Tukey'’s post hoc test was used to compare three or more
groups. The data were analyzed via GraphPad Prism 8, and P < 0.05
was considered to indicate statistical significance.

3. Results

3.1. Aged mice exhibit adipose tissue fibrosis, inflammation, and
metabolic decline

Among various tissues, eWAT exhibits the most pronounced
transcriptomic alterations during aging in mice [20]. Therefore,
we performed RNA-seq profiling of eWAT to identify the transcrip-
tomic alterations associated with aging (Fig. 1(a)). PCA score plots
revealed clear separation between the two groups, indicating dis-
tinct transcriptomic profiles (Fig. 1(b)). A volcano plot revealed
that compared with those of young mice, the eWAT of aged mice
presented 1729 upregulated genes and 3128 downregulated genes
(Fig. 1(c)).

GO analysis revealed that the DEGs were enriched in biological
processes related to lipid metabolism, the inflammatory response,
and immune system function (Fig. 1(d)). KEGG pathway analysis
further revealed that the upregulated genes were enriched in
inflammatory pathways (Fig. 1(e)), whereas the downregulated
genes were predominantly associated with lipid metabolism path-
ways (Fig. 1(f)). Further analysis revealed that key adipogenic
genes, including Adipoq, Ppargcia, Cfd, and Fasn, were significantly
downregulated in the eWAT of aged mice (Fig. 1(g)). In contrast,
the expression levels of inflammatory markers such as Ccl2, Tnf,
Il1a, and Argl were significantly elevated (Fig. 1(g)).

Previous studies have shown that fibrosis of adipose tissue in
aged mice is an important driving force for inflammation activation
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and metabolic abnormalities [21]. Therefore, we also measured the
expression of genes related to fibrosis. The RNA-seq data revealed
that Fn1, Pcolce2, Tgfb1, and Timp1 were significantly upregulated
in the eWAT of aged mice (Fig. 1(g)). These findings were con-
firmed by qPCR analysis, which revealed consistent expression
trends (Fig. 1(h)). Together, these results indicate that adipose tis-
sue fibrosis, inflammation, and metabolic dysfunction are tightly
linked to the aging process.

3.2. N-glycoproteomic profile of eWAT from aged mice

Emerging evidence has revealed that IgG is an age-associated
molecule capable of promoting adipose tissue fibrosis and meta-
bolic dysfunction [5]. The functional properties of IgG are highly
regulated by glycosylation. Furthermore, epidemiological studies
have suggested that plasma IgG glycosylation patterns may serve
as biomarkers of aging [16]. However, the glycosylation status of
IgG in adipose tissue remains largely unexplored. To address this,
we performed comprehensive N- and O-glycoproteomic profiling
of eWAT from aged and young mice.

The N-glycoproteomic results are summarized in Fig. 2. PCA
plots revealed clear separation between the two age groups
(Fig. 2(a)), and volcano plots revealed significant differences in gly-
copeptide abundance (Fig. 2(b)). Compared with young mice, aged
mice presented 640 upregulated and 570 downregulated glycopep-
tides. At the protein level, 148 proteins presented increased N-
glycosylation, whereas 153 proteins presented decreased glycosy-
lation in aged mice (Fig. 2(c)). Sequence motif analysis revealed
NXS (N: asparagine, X: any amino acid except proline, S: serine;
42.56%) and NXT (T: threonine; 57.44%) as the predominant N-
glycosylation sequons (Fig. 2(d)). Approximately 58.5% of the iden-
tified glycosylation sites (535 out of 914) were annotated in the
UniProt database (Fig. 2(e)). Compared with young mice, aged mice
presented elevated levels of sialylation and fucosylation, along
with reduced oligomannose and complex/hybrid N-glycan types
(Fig. 2(f)).

More than half of the identified glycoproteins (428 out of 598)
contained only a single glycosylation site, whereas 64% of the gly-
cosylation sites exhibited multiple glycans, indicating a high
degree of glycan microheterogeneity (Fig. 2(g)). Glycans composed
of 10-15 monosaccharide units were the most abundant in the
dataset (Fig. 2(h)). A heatmap of glycan co-occurrences at the same
glycosylation site revealed that sialylation frequently co-occurred
with fucosylation and complex/hybrid glycans (Fig. 2(i)), suggest-
ing site-specific glycan heterogeneity. GO and KEGG pathway anal-
yses revealed that the differentially glycosylated proteins were
primarily localized to the extracellular space (Fig. S1(a) in Appen-
dix A), participated in innate immune responses (Fig. S1(b) in
Appendix A), were involved in metal ion binding (Fig. S1(c) in
Appendix A), and were enriched in the phagosome and extracellu-
lar matrix (ECM)-receptor interaction pathways (Fig. S1(d) in
Appendix A), highlighting the functional relevance of glycosylation
in age-related adipose dysfunction.

3.3. O-glycoproteomic profile of eWAT from aged mice

The O-glycoproteomic results are presented in Fig. 3. PCA plots
revealed clear separation between young and aged mice (Fig. 3(a)),
and volcano plots revealed differential glycopeptide abundances
(Fig. 3(b)). Compared with young mice, aged mice presented 85
upregulated and 163 downregulated glycopeptides. At the protein
level, 39 proteins presented increased O-glycosylation, and 70 pro-
teins presented decreased O-glycosylation in aged mice (Fig. 3(c)).
Notably, none of the 687 quantified O-glycosylation sites were
annotated in the UniProt database (Fig. 3(d)).
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Fig. 1. Transcriptomic profiling of eWAT from young and aged mice. (a) Schematic diagram of the animal model. (b) PCA of eWAT samples from young (n = 3) and aged (n=5)
mice. (c) Volcano plot showing DEGs between the two groups (P < 0.05, FC > 2 or < 0.5). (d) GO enrichment analysis of DEGs. (e, f) KEGG pathway analysis of (e) upregulated
and (f) downregulated genes. (g) Expression levels of key adipogenic, inflammatory, and fibrotic genes in eWAT. (h) Validation of the expression of selected genes via qPCR
(n = 4 per group). The data are presented as the means + standard deviations (SDs). *P < 0.05, Student’s ¢ test. PC: principal component; EnvIP: environmental information

processing; OrgaS: organismal systems; Metab: metabolism.

Sequence motif analysis revealed that O-glycosylation sites
predominantly followed NXT (80.09%) or TT (19.91%) muotifs, or,
alternatively, NXS (57.41%), SN (24.78%), or NS (17.81%) motifs
(Fig. 3(e)). Among the identified glycoproteins, 41% (100 out of
244) contained only a single glycosylation site, and 56.9% of all
the sites presented multiple glycans, indicating significant glycan
microheterogeneity (Fig. 3(f)). O-glycoproteomic data revealed
that compared with young mice, aged mice presented increased
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levels of sialylation, fucosylation, and high-mannose glycans but
reduced levels of complex-type O-glycans (Fig. 3(g)). Glycans
containing 8-12 monosaccharide units were most prevalent in
the dataset (Fig. 3(h)).

However, owing to the structural complexity and irregularity of
O-glycans, many could not be matched to entries in our O-glycan
databases, limiting further classification. As a result, a glycan
co-occurrence heatmap could not be generated. GO and KEGG
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Fig. 2. N-glycoproteomic profiling of eWAT from young and aged mice. (a) PCA of N-glycoproteomic data from young (n = 5) and aged (n = 5) mice. (b) Volcano plot of
differentially expressed glycopeptides (P < 0.05, FC < 0.67 or > 1.5). (c) Numbers of differentially expressed proteins and glycopeptides identified via N-glycoproteomics.
(d) Sequence motif analysis of N-glycosylation sites. (e) Annotation status of the quantified glycosylation sites in the UniProt database. (f) Distribution of N-glycan types
between the two groups. The data are presented as the means + SDs (n = 5 biological replicates; *P < 0.05; Student’s t test). (g) Distribution of N-glycosylation sites per protein
and glycan microheterogeneity per site. (h) Glycan size distribution in eWAT-derived glycopeptides. (i) Glycan co-occurrence heatmap illustrating the frequency of glycan

pairs at the same glycosylation site, indicating site-specific microheterogeneity.

analyses revealed that differentially glycosylated O-glycoproteins
were enriched in the extracellular region (Fig. S2(a) in
Appendix A), involved in transport and signal transduction
(Fig. S2(b) in Appendix A), associated with metal ion binding
(Fig. S2(c) in Appendix A), and linked to ECM receptor interaction
pathways (Fig. S2(d) in Appendix A), suggesting a functional role
for O-glycosylation in aging-related adipose tissue dysfunction.
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3.4. Fucosylated IgG contributes to adipose tissue dysfunction and
aging

We next examined whether IgG glycosylation levels were
altered in aged mice. Our results revealed age-related changes in
the glycosylation of the IgG1, IgG2a, and IgG3 subtypes (Table 1,
Fig. S3 in Appendix A). Specifically, compared with that in young
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(d) Annotation status of quantified O-glycosylation sites in the UniProt database. (e) Sequence motif analysis of O-glycosylation sites. (f) Distribution of O-glycosylation sites
per protein and glycan microheterogeneity per site. (g) Distribution of O-glycan types between the two groups. The data are presented as the means + SDs (n = 5 biological
replicates; *P < 0.05; Student’s t test). (h) Glycan size distribution in eWAT-derived O-glycopeptides.

controls, the N174 site of IgG1 in aged mice was modified with two
fucosylations and one sialylation, with corresponding FCs of 3.097,
3.148, and 1.836, respectively. The N180 site of [gG2a was modified
with three fucosylations, two sialylations, and one complex-type
glycan. The most significantly altered glycan at this site was
Hex(4)HexNAc(4)Fuc(1), whose expression changed 10.411-fold
in aged mice compared to young mice. The N179 site of IgG3
was modified with three fucosylations, with FCs of 3.169, 3.052,
and 1.847, indicating a pattern similar to that of IgG1. In terms
of O-glycosylation, only IgG2a exhibited fucosylation at residues
T182 and S181, with FCs of 9.453 and 10.789, respectively. These
findings indicate that fucosylation is a commonly upregulated
N-glycosylation feature across all three IgG subtypes during aging,
suggesting a potential role for IgG fucosylation in age-related
metabolic decline.

154

To investigate whether fucosylated IgG contributes causally to
adipose tissue dysfunction, we employed an in vivo model (Fig. 4
(a)). As B cells are the primary source of IgG, we first depleted B
cells and circulating IgG in aged mice with an anti-CD20 antibody.
One week later, we administered either fucosylated or nonfucosy-
lated human IgG1 to B-cell-depleted aged mice for four weeks to
restore IgG levels.

Reduced adipogenic capacity is a characteristic feature of aging
adipose tissue [22]. As expected, IgG elimination induced by B-cell
depletion significantly upregulated the expression of adipogenic
genes, including Adipoq, Ppargcla, Cfd, and Fasn, in eWAT (Fig. 4
(b)). Consistently, the expression levels of inflammatory markers
(Ccl2, Tnf, Il1a, and Argl) and fibrotic genes (Fnl, Pcolce2, Tgfbl1,
and Timp1) were reduced (Figs. 4(c) and (d)). These effects caused
by IgG depletion were reversed after four weeks of fucosylated and
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Table 1
Differential N- and O-glycans of the IgG subtypes.

Engineering 57 (2026) 149-158

Protein name Glycan type Glycan component Position FC P value Glycan group Proposed structure
IgG1 N-glycans Hex(4)HexNAc(4)Fuc(1) N174 3.096682547 2.56 x 1073 Fucosylation o_:}._x
IgG1 N-glycans Hex(5)HexNAc(4)Fuc(1) N174 3.147924188 2.82 x 1073 Fucosylation :}.l
IgG1 N-glycans Hex(5)HexNAc(4)NeuAc(1) N174 1.836049682 4.48 x 1073 Sialylation ‘D—H
IgG2a N-glycans Hex(3)HexNAc(4)Fuc(1) N180 7.273291822 323 x107° Fucosylation :}-—‘
1gG2a N-glycans Hex(4)HexNAc(4)Fuc(1) N180 10.410833710 1.94 x 1077 Fucosylation 0::\/’._‘
IgG2a N-glycans Hex(5)HexNAc(4)Fuc(1) N180 6.034445183 2.02 x 1073 Fucosylation :}_"
IgG2a N-glycans Hex(5)HexNAc(4)NeuAc(1) N180 6.047812172 8.20 x 1074 Sialylation D..
IgG2a N-glycans Hex(6)HexNAc(4)NeuAc(1) N180 5.828319753 142 x 107 Sialylation -

IgG2a N-glycans Hex(6)HexNAc(4)NeuAc(1)NeuGe(1) N180 9.652621292 1.54 x 107 Complex —

1gG3 N-glycans Hex(3)HexNAc(4)Fuc(1) N179 3.168719370 9.20 x 107 Fucosylation :}-—;
1gG3 N-glycans Hex(4)HexNAc(4)Fuc(1) N179 3.051891315 211 x 1073 Fucosylation o_::)-—-—‘
1gG3 N-glycans Hex(5)HexNAc(4)Fuc(1) N179 1.847491204 712 %1073 Fucosylation :}—-—‘
IgG2a 0O-glycans HexNAc(4)Hex(4)Fuc(1) T182 9.453128698 472 x 1076 Fucosylation —

IgG2a O-glycans HexNAc(4)Hex(4)Fuc(1) S181 10.789263810 1.23 x 1072 Fucosylation —

Green circle: mannose; yellow circle: galactose; blue square: HexNAc; purple diamond: sialic acid; red triangle: fucose.

nonfucosylated IgG treatment (Figs. 4(b)-(d)). Notably, compared
with the B-cell depletion group (tagged as * if P < 0.05; Figs.
4(b)-(d)) and the B-cell depletion + nonfucosylated IgG group
(tagged as & if P < 0.05; Figs. 4(b)-(d)), the B-cell depletion + fuco
sylated IgG group exhibited the most pronounced phenotypic
effects. In particular, compared with nonfucosylated IgG, fucosy-
lated IgG supplementation significantly suppressed adipogenesis
while exacerbating inflammatory and fibrotic responses (Figs.
4(b)-(d)). These findings indicate that fucosylated IgG is a
key driver of adipose tissue fibrosis and metabolic dysfunction
during aging.

4. Discussion

In this study, a transcriptomic analysis of eWAT from aged mice
revealed that fibrosis, inflammation, and metabolic dysfunction of
adipose tissue are closely associated with the aging process. WAT
serves as a central metabolic and endocrine organ that plays a
critical role in maintaining metabolic homeostasis during aging.
Accumulating evidence has revealed that adipose tissue is a key
driver of organismal aging and age-related pathologies [23]. Aging
is associated with regional fat redistribution, the accumulation of
senescent cells, fibrosis, and a diminished capacity for adipocyte
differentiation, all of which impair adipose tissue function and con-
tribute to systemic metabolic deterioration [24]. A recent prospec-
tive cohort study using full-length single-nucleus RNA sequencing
(snRNA-seq) of human abdominal subcutaneous WAT revealed
that older individuals exhibit dysregulated lipid metabolism,
inflammatory phenotypes in insulin-responsive adipocytes, and
increased immune responses linked to fibrosis across multiple cell
populations, including preadipocytes, adipocytes, and vascular
cells [25]. Compared with other major metabolic organs, adipose
tissue shows earlier and more pronounced age-related transcrip-
tomic changes, indicating its central role in aging-associated meta-
bolic decline [20]. Moreover, immune cell infiltration in adipose
tissue is a hallmark of aging [8], highlighting the complex interplay
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between immune dynamics and adipose function. Significant fibro-
tic deposition is also observed in the adipose tissue of aging mice
[5]. In our study, we also observed significant alterations in the
expression of genes related to adipogenesis, inflammation, and
fibrosis in eWAT from aged mice, which is consistent with these
findings.

As one of the most abundant and structurally heterogeneous
posttranslational modifications [26], glycosylation is involved in
a wide range of biological and pathological mechanisms, including
immune regulation, infectious diseases, neurodegeneration, and
cancer [27]. Notably, changes in glycosylation patterns have been
observed during aging. For example, altered fucosylation and sialy-
lation in aged ovaries have been linked to immune activation [28],
and widespread glycoproteomic changes in the aging heart, partic-
ularly in ECM-related and endoplasmic reticulum Ca?*-binding
proteins, have been associated with age-related cardiovascular
dysfunction [29]. To investigate the functional relevance of glyco-
sylation during aging, we conducted comprehensive N- and O-
glycoproteomic profiling. The results revealed widespread changes
in glycosylation in aged adipose tissue. Extracellular glycoproteins
play essential roles in processes such as protein folding and stabil-
ity, cell adhesion, and signaling [30]. Notably, in our study, the
majority of glycosylation-modified proteins were also enriched in
extracellular compartments and pathways related to inflammation
(e.g., the innate immune response, proteolysis, integrin binding,
and phagosome) and fibrosis (e.g., the ECM receptor interaction),
further supporting a functional role for glycosylation in age-
related adipose dysfunction.

Emerging evidence has highlighted IgG as a key mediator of adi-
pose tissue metabolic reduction and degeneration during aging,
and it is a potential therapeutic target for extending healthspan
[5]. As one of the most extensively studied glycoproteins, the func-
tion of IgG is largely modulated by its glycosylation profile. Our
previous observational studies have shown that IgG N-
glycosylation is consistently associated with metabolic traits [31]
and age-related diseases such as hypertension [32], hyperlipidemia
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[33], and type 2 diabetes [34]. An IgG N-glycosylation cardiovascu-
lar age has also been developed to track cardiovascular risk beyond
calendar age [35]. In this study, we found that fucosylated IgG was
significantly upregulated in the adipose tissue of aged mice. Multi-
ple population studies have shown that IgG fucosylation is associ-
ated with aging, inflammation, obesity, and other diseases.
Increased fucosylation of total IgG in serum was found to be asso-
ciated with Down syndrome-induced premature aging [36] and
autoimmune diseases such as systemic lupus erythematosus [37]
and thyroid autoimmune disease [38]. Moreover, in obese patients,
weight loss surgery induced a substantial decrease in core fucosy-
lated IgG N-glycans in the serum, which is known to be associated
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with a younger biological age and reflects an increased anti-
inflammatory IgG potential [39]. Although our current study is
based on a mouse model, these findings suggest that similar mech-
anisms occur in humans. We also propose that future studies
should examine IgG glycosylation patterns in human adipose tis-
sue or serum samples from aged or obese individuals.

IgG glycosylation can be modulated locally by the surrounding
cellular microenvironment. A study based on an IgG N-
glycosylation GWAS of 8090 individuals revealed that most tissues
were enriched with specific IgG N-glycan traits [40]. Another study
showed that adipose tissue from obese humans and mice contains
T-bet® B cells that can locally secrete IgG to exacerbate metabolic
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disorders during obesity [41]. Notably, core fucosylation was sig-
nificantly increased during in vivo adipogenesis [42], suggesting
the potential for local glycosylation. Moreover, weight loss in obese
patients also induced a decrease in core fucosylated IgG N-glycans,
which further indicates that fucosylated IgG may be derived from
adipose tissue [39]. However, other tissues may also contribute
to the production of fucosylated IgG during obesity or aging pro-
cesses. For example, T-bet* B cells also accumulate in the spleens
of obese mice [41]. In the livers of aging mice, the expression
and activity of the fucosyltransferase Fut8 increase and are
strongly linked to age-related changes in glycosylation [43]. In
summary, regarding the local production or systemic derivation
of fucosylated IgG, we acknowledge that this remains an open
question and propose future experiments involving tissue-
specific B-cell depletion or glycosylation profiling in multiple com-
partments to address this issue.

IgG fucosylation is associated with fibrosis development. Previ-
ous studies have shown that an increased degree of fucosylation of
the IgG1 and IgG3 glycoforms is detected in patients with liver dis-
eases [44], which are characterized by liver fibrosis. Core fucosyla-
tion leads to reduced binding to FcyRIIl and decreased antibody-
dependent cellular cytotoxicity (ADCC) [45-47]. Natural killer
(NK) cells are key mediators of the ADCC and target damaged cells,
including aging cells [48]. The ADCC effect of NK cells may be
impacted by fucosylated IgG, resulting in impaired clearance of
aging cells. Excessive aggregation of aging cells can lead to fibrosis
and tissue remodeling [49]. Therefore, the intervention of fucosy-
lated IgG in this study promoted fibrosis, possibly because the
fucose on the IgG Fc-glycan decreased Fc binding to FcyRIIl and
thereby inhibited ADCC and the clearance of aging cells, ultimately
promoting adipose tissue fibrosis. Among the mouse IgG sub-
classes, IgG2a/c is the most potent at mediating ADCC, followed
by IgG2b and IgG1, whereas IgG3 has minimal ADCC activity
because of its low affinity for FcyRs [50]. In our study, IgG2a exhib-
ited the highest level of fucosylation, which may be linked to its
dominant ADCC activity in mice. Our previous population studies
also reported elevated IgG fucosylation in age-related conditions
such as suboptimal health status [51] and central adiposity [52],
reinforcing the role of fucosylated IgG in aging and age-
associated pathologies.

Multiple advances have been made in therapeutic approaches
targeting fucosylated IgG. For example, antibody glycoengineering
by deletion of the Fut8 gene could increase FcyRIlla binding affinity
and lead to increased ADCC activity [53] and is widely applied in
the clinic for the treatment of a wide range of diseases, especially
cancer [54]. Moreover, the Fut8 inhibitor 2-fluorofucose (2FF)
modulates the epidermal growth factor receptor (EGFR)-Janus
kinase 1 (JAK1)-signal transducer and activator of transcription 3
(STAT3) signaling pathway by blocking core fucosylation, thereby
enhancing antiviral interferon responses and suppressing RNA
virus replication [55]. In summary, targeted fucosylated IgG has
potential application value for aging and various diseases, such
as immune diseases and cancer.

5. Limitations

This study has several limitations. First, the production of glyco-
sylated mouse IgG antibodies is currently not feasible, limiting the
use of endogenous IgG in our in vivo models. Notably, the human
IgG1 subtype strongly binds to FcyRs and the complement system,
a property comparable to that of murine IgG2a, making it a preferred
isotype for both therapeutic applications and experimental studies
[56]. Therefore, we utilized customized fucosylated and nonfucosy-
lated human IgG1 antibodies in our complementary in vivo models.
Second, the group size (n = 5) was determined through rigorous
power analysis and adheres to established guidelines in the field.
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While this sample size is supported by previous studies and was suf-
ficient to validate our key findings within the scope of this study
[57,58], it may still limit our ability to detect subtler metabolic inter-
actions or smaller effect sizes. Third, the upstream and downstream
regulatory mechanisms of IgG fucosylation in aging adipose tissue
remain unclear. Future in vitro studies are warranted to explore
these molecular pathways in greater detail.

6. Conclusions

Our study revealed widespread alterations in both N- and O-
glycosylation in aged adipose tissue. These changes are associated
with metabolic dysfunction, chronic inflammation, and fibrosis in
adipose tissue during aging. Notably, the N-fucosylation levels of
IgG were markedly elevated in aged mice. Our in vivo experiments
further suggest that the use of fucosylated IgG as a key mediator of
adipose dysfunction during aging and nonfucosylated IgG may
serve as a potential therapeutic strategy to mitigate age-related
metabolic decline and extend healthspan.
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