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Immunoglobulin G (IgG) N-glycans are associated with aging. In this study, we introduce a novel strategy
for discovering aging-associated IgG glycans and establish a prediction model on the basis of their abso-
lute concentration alterations. We employed glycomic quantification technology to identify alterations in
the amount of IgG glycan in natural aging and antiaging (caloric restriction (CR)) models and discovered
aging-related glycans. The glycomic analysis revealed key features: downregulation of the bisected gly-
can GP3 (F(6)A2B) and upregulation of the digalactosylated glycan GP8 (F(6)A2G2). These glycan changes
showed significant fold changes from an early stage. Using external standards of these two glycans, we
subsequently measured their absolute concentrations, allowing for us to establish a predictive model,
abGlycoAge, for biological aging. The abGlycoAge index suggested a younger state under CR, with an
average age reduction of 3.9-14.0 weeks. Additionally, RNA sequencing of splenic B cells revealed that
Derl3, Smarcb1, Ankrd55, Thkbp1, and Slc38a10 may contribute to alterations in GP3 and GP8 during the
aging process. In a preliminary therapeutic study, we tested IgG modified with young signature N-
glycans (IgG-Ny). High-dose IgG-Ny showed promising results, alleviating aging-related physiological
declines, including reductions in inflammatory markers and improvements in organ senescence, partic-
ularly in the brain, kidney, and lungs. This research provides new insights into glycan changes during
aging and lays the groundwork for potential antiaging therapies. GP3 and GP8 may serve as biomarkers

for aging, offering new perspectives on aging mechanisms and therapeutic approaches.
© 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/).
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1. Introduction have been linked to heightened inflammatory responses and

immune dysfunction [4].

Aging induces complex physiological changes across multiple
systems, making it essential to identify reliable biomarkers that
can quantify these changes, explore the underlying mechanisms,
and support the development of targeted interventions [1]. Among
these changes, immunosenescence is a well-recognized feature
that involves the gradual decline and imbalance of immune func-
tion, increasing the risk of infections, chronic inflammation, and
cancer [2,3]. Recent research has focused on molecular biomarkers
that reflect immunosenescence, including alterations in glycosyla-
tion patterns, especially immunoglobulin G (IgG), as these changes
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Glycosylation is a modification process of proteins and RNA, and
there is also potential for glycosylations in DNA [5-7]. Glycosyla-
tion can significantly influence the biological activity and proper-
ties of these biomolecules. IgG glycans play crucial roles in
modulating immune responses through various mechanisms. The
glycosylation of IgG affects its effector functions, such as
antibody-dependent cellular cytotoxicity (ADCC), complement
activation, and Fc receptor binding [8,9]. These functions are essen-
tial for the clearance of pathogens and the regulation of immune
responses. Studies have shown that IgG accumulates during aging
in both mice and humans [10,11]. Moreover, the quantification of
IgG N-glycans has shown promise in assessing biological age, with
studies suggesting potential causal links between specific glycan
structures and aging [12-16]. These findings demonstrate the
potential of glycosylation as a biomarker for biological age and as
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a tool to explore age-related immune changes and guide therapeu-
tic interventions.

However, while IgG N-glycan analysis has contributed signifi-
cantly to understanding aging processes, current quantification
techniques face limitations in fully defining aging-related glycan
changes. Previous studies have primarily detected IgG N-glycans
via high-performance liquid chromatography (HPLC) coupled with
fluorescence detection, which quantifies each glycan as a propor-
tion of the total glycan pool [14,15,17,18]. The relative quantifica-
tion approach has been effective in identifying major changes
across samples and has led to key discoveries, including aging-
associated glycans, which have shown promise as biomarkers.
However, the use of ratio values for assessment can introduce vari-
ability, complicating consistent interpretation across different
samples and conditions [19]. In practical applications, absolute
concentration measurements are often preferred, as they enable
clear, standardized reference values suitable for diverse applica-
tions [20-23]. Furthermore, relative quantification may not ade-
quately capture lower-abundance glycans that, while minor, may
have biological significance in aging [19]. Therefore, absolute
quantification [24,25] offers a complementary approach that
enhances the applicability of glycan biomarkers by providing pre-
cise, direct measurements that reveal both major and subtle glycan
changes.

Mass spectrometry (MS) is widely used for glycomic analysis
because of its sensitivity, speed, and rich structural information
through tandem MS approaches. However, the absolute quantifica-
tion of glycans, particularly with matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF-MS),
remains challenging because of issues such as nonlinear signal
response and the difficulty of finding suitable internal standards
for diverse glycan structures [26]. Previous studies reported effec-
tive methods involving the use of three N-glycans and Malto-Series
oligosaccharide standards or the chemoenzymatic synthesis of '>C-
labeled N-glycan libraries to improve the accuracy of glycan quan-
tification via MALDI-MS analysis [24]. Our laboratory previously
developed a simple one-step method to obtain internal standards
“Bionic Glycome” with full coverage of the natural N-glycome to
be analyzed [27]. This method provides a unique solution to the
challenges of glycan quantification by producing a structurally
similar internal standard for each glycan, matched in abundance.
This tailored internal standard approach minimizes interference
from more abundant glycans, ensuring accurate detection even
for low-abundance glycans that are often difficult to quantify with
conventional methods. Moreover, this method enables the assess-
ment of the amount alteration of each glycan, rather than the rel-
ative proportion in the total glycan pool, allowing for it to reveal
absolute concentration changes across large sample sets. This
capability is particularly valuable for identifying specific aging-
associated glycans within complex glycan profiles. Once these
specific glycans are identified, a standard curve can be established
with an external standard glycan via the same MALDI-MS method,
leveraging its speed and efficiency. By addressing the limitations of
traditional MALDI-MS quantification, the approach in this study
enables the development of biomarker models with precise, abso-
lute measurements, which are essential for practical and repro-
ducible biomarker applications.

Our prior work involved two studies on mouse aging and anti-
aging effects. The aging study established an aging mouse model
and examined changes in serum IgG N-glycans during aging,
obtaining data on glycan abundance changes via HPLC quantifica-
tion. The antiaging study, which used a calorie-restricted model,
explored overall serum N-glycan changes but did not focus on
IgG N-glycans. Building on this foundation, the current study fur-
ther explored the characteristics of IgG N-glycans during aging.
We applied the Bionic Glycome method to analyze the IgG N-
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glycans of C57BL/6 mice across different age groups, aiming to dis-
cover aging-associated glycans. Caloric restriction (CR) was used as
an antiaging intervention to further confirm the associations of
these glycans with aging. We subsequently developed an absolute
quantification method for aging-related glycans by using external
glycan standards, enabling us to measure absolute concentration
changes in these glycans across age and intervention groups. The
predictive value of the model instructed with the absolute concen-
tration in practical applications was also evaluated. To gain further
insight, we integrated our glycan analysis with transcriptome anal-
ysis to examine gene expression patterns associated with aging. By
comparing data from natural aging and antiaging interventions, we
identified several genes correlated with aging-related glycan
changes, providing insights for future mechanistic studies. Addi-
tionally, to explore the therapeutic potential of IgG modified with
young signature N-glycans (IgG-Ny) for reversing aging, we admin-
istered different doses of IgG-Ny or vehicle via tail vein injection to
80-week-old mice and evaluated various aging-associated
biomarkers. This integrative approach not only enhances the utility
of glycan biomarkers but also supports the development of predic-
tive biomarkers and potential intervention strategies.

2. Materials and methods
2.1. Chemicals

Sodium dodecyl sulfate (SDS), 1-hydroxybenzotriazole mono-
hydrate (HOBt), sodium borodeuteride (NaBD,), trifluoroacetic acid
(TFA), sodium hydroxide (NaOH), 2-aminobenzamide (2-AB),
super-2,5-dihydroxybenzoic acid (super-DHB), Sepharose CL-4B,
and ammonium bicarbonate (ABC) were purchased from Sigma-
Aldrich (USA). 1-Ethyl-3(3-(dimethylamino)propyl)-carbodiimide
(EDC) hydrochloride was purchased from Fluorochem (UK). HPLC
SupraGradient acetonitrile (ACN), ethanol (EtOH), and formic acid
(FA) were obtained from Merck (Germany). Protein G Bestarose
4FF beads were purchased from Bestchrom (China). NP-40 and
peptide-N-glycosidase F (PNGase F) were obtained from Adamas
Life (China). The FiltrEX™ 96-well clear filter plate with a 0.2 pm
polyvinylidene fluoride (PVDF) membrane was purchased from
Corning (USA). Protein concentrations were determined via the
Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, USA).

2.2. Serum collection

Serum samples were collected from C57BL/6 mice aged
between 23 and 80 weeks from both the aging (24-80 weeks)
and anti-aging (23-60 weeks) studies [28,29]. These time points
were selected on the basis of the established classification of aging
stages in mice, which divides their lifespan into adulthood (12-
26 weeks), middle age (27-56 weeks), and old age (> 56 weeks).
Our preliminary HPLC studies revealed significant changes in the
proportion of glycans starting at 24 weeks [28], indicating a critical
transition point in the aging process. Therefore, we selected these
time points to comprehensively investigate the alterations in the
amount of IgG N-glycans across different stages of aging.

2.3. Analysis of IgG N-glycans

2.3.1. Analysis method design

We employed a quantitative strategy using the Bionic Glycome
internal standard [22] to achieve absolute quantitation of the gly-
cans. Briefly, glycans were extracted and purified from the ana-
lytes. A Bionic Glycome internal standard was added to each
sample before analysis via MALDI-TOF-MS. The relative abundance
of each glycan was determined by calculating the ratio between
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the glycan analyte and the Bionic Glycome internal standard (Ratio
1 = analyte/internal peak intensity). Ratio 1 was used to identify
characteristic glycans associated with aging. Characteristic glycans
were then subjected to absolute quantitation. A series of known
concentration characteristic glycans were used to quantify the
characteristic glycans in the internal standard, yielding the ratio
between the peak intensity of known concentration characteristic
glycans and the peak intensity of characteristic glycans in the
internal standard (Ratio 2 = known concentration glycans/internal
peak intensity). An equation was established between Ratio 2 and
concentration, and the concentration of the glycan analyte in the
sample was calculated by substituting Ratio 1 into this equation.
This quantitative strategy allows for us to avoid the need for
known concentration internal standards for each individual glycan.
Instead, we need to quantify only the internal standards for char-
acteristic glycans.

2.3.2. Isolation of IgG from murine serum

IgG was isolated in a high-throughput manner via affinity chro-
matography as described previously [28]. In brief, murine IgG was
captured from 30 pL of serum by Protein G Bestarose 4FF beads.
Each serum sample was diluted 3-fold with 1x phosphate-buffered
saline (PBS) and incubated with beads for 30 min. The beads were
subsequently washed with PBS and nanopure water. IgG was
eluted with 100 pL of 100 mmol-L™' FA and neutralized with
1 mol-L™! ABC. Studies have shown that IgG accumulates during
aging in both mice and humans [10,11]. To exclude the influence
of the protein concentration, each sample was adjusted to 25 g
and vacuum dried at room temperature.

2.3.3. Preparation of the released IgG N-glycans

Dried murine IgG samples were dissolved in 5 pL of water and
10 pL of 2% SDS and denatured for 10 min at 60 °C. Then, 10 pL of
glycobuffer (4% Nonidet P-40, 5x PBS, pH 7.5) and 1 pL of 10-fold
diluted PNGase F were added to the mixture, followed by incuba-
tion at 37 °C for 16 h.

2.3.4. Preparation of the N-glycan internal standard

The Bionic Glycome of murine serum IgG was prepared as the
internal standard [27]. The Bionic Glycome is composed of a set
of deuterated hydroxyl forms of N-glycans that are similar in com-
position and abundance to those in the sample. The deuterated
hydroxyl form of the N-glycan is generated through a one-step
reduction process, which results in a mass difference of 3 Da com-
pared with the hemiacetal form of the N-glycan present in the
sample to be tested. Briefly, a mixture of mouse serum was pre-
pared to isolate IgG and then release N-glycans. Once the volumes
of EtOH and 1% FA were added, the mixture was incubated at 37 °C
for 2 h. The N-glycans were subsequently reduced with 2 mol-L™!
NaBD, at 60 °C for 2 h.

2.3.5. Glycan enrichment and purification

Sepharose hydrophilic interaction chromatography solid-phase
extraction (HILIC SPE) in a 96-well plate format was performed as
described previously [29]. Specifically, N-glycan mixtures with
acetonitrile were added to the activated Sepharose beads, and N-
glycans were adsorbed to the beads. After three washes with 95%
acetonitrile containing 1% TFA and three washes with 95% acetoni-
trile, the retained glycans were eluted with water, vacuum dried
and stored at -20 °C.

2.3.6. Sialic acid derivatization

Prior to MALDI-TOF-MS analysis, the samples were redissolved
in 6.5 pL of water, and the internal standards were redissolved in
10.5 pL of water. Sialic acids are stabilized by ethyl esterification
[30]. Two microliters of mixture from the sample or internal stan-
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dards were added to 20 pL of esterification reagent (250 mmol-L"!
EDC hydrochloride and 250 mmol-L~! HOBt monohydrate in etha-
nol) and incubated at 37 °C for 1 h. Cotton HILIC SPE microtips
were used for microscale glycan purification and enrichment.
Finally, the N-glycans were eluted in 10 pL of water.

2.3.7. Quantification of glycans

The N-glycan standards GP3 (F(6)A2B) and GP8 (F(6)A2G2)
were obtained from the laboratory of Professor Tiehai Li (Shanghai
Institute of Materia Medica, Chinese Academy of Sciences, China).
First, a series of standard solutions with different concentrations
were prepared to ensure coverage of the expected sample concen-
tration range. The ratio of the target glycan to the Bionic Glycome
internal standard in each standard solution was subsequently mea-
sured via MALDI-TOF-MS. These ratios were used to construct a
linear standard curve, and the relationship between the target gly-
can concentration and the ratio was determined via linear regres-
sion analysis. Using these linear standard curves, we calculated the
target N-glycan concentration in the eluate for each sample. Fur-
thermore, we estimated the glycan content per gram of IgG for
each mouse via the following formula:

G= CSample X Vbissove = VEr X VEH elute + M

where G (nmol-g~') is the glycan content per gram of IgG, Csample
(nmol-L™!) is the N-glycan concentration of the sample in the eluate,
Ve is the volume of glycan used for ethyl esterification (2 pL),
VEH_elute 1S the volume of water needed to elute the retained glycans
(10 L), Vpissolve is the volume of water needed to redissolve the dried
glycan (6.5 pL), and m is the amount of IgG used for analysis (25 pg).

2.3.8. MALDI-TOF-MS detection

The Bruker UltrafleXtreme laser (Bruker Daltonics, Germany)
equipped with Smartbeam-II operated with the flexControl pro-
gram (Bruker Daltonics) was used to detect the ethyl esterified
IgG N-glycans. Each sample was mixed with an equal volume of
the internal standard and 1 pL of the internal standard on a MALDI
target (MTP 384 polished steel BC; Bruker Daltonics), with three
duplicate dots per sample. After air drying, one microliter of
5 mg-mL~! super-DHB in 50% ACN and 1 mmol-L! NaOH was
added, and the spots were allowed to dry in air. The samples were
measured in reflected positive ion mode. The mass window of m/z
was set from 1000 to 3000. For each spectrum, 8000 laser shots
were accumulated at a laser frequency of 1000 Hz via a complete
random walk with 100 shots per raster spot.

2.3.9. MALDI-TOF-MS data processing and statistical analysis

The mass spectra were processed with flexAnalysis v3.4 (Bruker
Daltonics). The acquired spectra were internally recalibrated via a
set of calibration masses (1485.5337, 1647.5865, 1809.6393,
1982.7081, 2144.7609, and 2479.8826), and the glycan composi-
tions were known (Table S1 in Appendix A). Masses were selected
from the spectra via a sum algorithm, followed by quadratic cali-
bration. A total of 20 pairs of glycans were identified (signal to
noise threshold (S/N) > 3). The recalibrated spectra were imported
into the BioPharma Compass software (Bruker Daltonics) to extract
the peak intensity of each spectrum in batches. The analysis was
performed as a target data extraction using a determined list of
glycan compositions calculated as [M + Na]".

The relative abundance of each N-glycan (Ratio 1 = analyte/inter-
nal peak intensity) was used for quantification, and the interday and
intraday repeatability of the glycans were examined. The total level
of N-glycans was calculated by summing the relative abundance
results of all the glycans.

The glycan structures were assigned via GlycoWorkbench
(v 2.1). Data analysis and visualization were performed in R
(v 4.3.3) via the following packages: readxl, dplyr, tidyr, rio, stringr,
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tidyverse, ggplot2, and tidymodels. The differences among various
age groups were assessed via one-way analysis of variance
(ANOVA), followed by the Benjamini-Hochberg (BH) test proce-
dure to adjust the p values for multiple comparisons. Unpaired ¢t
tests were used to compare differences in glycans between two
groups at the same time point. A p value of less than 0.05 was con-
sidered statistically significant.

2.3.10. IgG N-glycan labeling, purification, and ultra performance
liquid chromatography with fluorescence detection (UPLC-FLR)
detection

IgG N-glycans were labeled with 2-aminobenzamide (2-AB)
(Sigma-Aldrich, USA), purified via Sepharose HILIC SPE, and then
analyzed via UPLC-FLR on a Nexera UPLC LC-30A system (Shi-
madzu, Japan) with a BEH amide column (Waters, USA). The FLR
detector was set at an excitation wavelength of 330 nm and an
emission wavelength of 420 nm. The 2-AB dextran ladder was used
as an external standard for qualitative calibration.

2.3.11. UPLC-FLR data processing and statistical analysis

The assigned peaks in the UPLC chromatograms were selected
to quantify the IgG N-glycans via LabSolution software. The relative
abundance of each glycan was expressed as a percentage of the
total integrated peak area. For statistical analysis, GraphPad Prism
8 was used. Unpaired t tests were used to compare differences in
glycans between two groups at the same time point. A p value of
less than 0.05 was considered statistically significant.

2.4. Splenic B-cell transcriptome analysis

Mouse CD19" B cells were isolated from mouse spleen cell sus-
pensions via a B-Cell Isolation LS Column and a MidiMACS™
Separator (Miltenyi, Germany). Total RNA was extracted from
these isolated B cells. The gene expression profiles were compared
among three young mice (20 week), six aged mice (60 week) fed an
ad libitum (AL) diet, and five aged mice (60 week) subjected to calo-
rie restriction. Library construction and sequencing were per-
formed on the Illumina platform provided by Novogene, China.
The DESeq2 package (v1.20.0) [31] was used for identifying differ-
entially expressed genes (DEGs), applying thresholds of |log,(fold
change (FC))| > 1 and false discovery rate (FDR) < 0.05. Gene set
enrichment analysis (GSEA) [32] was conducted with gsea
(v4.3.2) for functional annotation of the gene expression profiles.
The parameters were set as follows: permutation type = “permute
phenotype,” metric for ranking genes = “signal2noise,” set_min =15,
and set_max = 5000; all other variables were set to default values.

IgG N-glycan-related DEGs were screened by integration of the
union of DEGs across all possible combinations of the three groups;
the genes associated with protein N-linked glycosylation (gene
ontology (GO): 0006487) were retrieved from the Mouse Genome
Database (MGD) [33], and the candidate genes were identified
via previous genome-wide association studies (GWAS) [34-38].
The R package “biomaRt” (v2.60.0) was used to convert gene
identities (IDs). Plots were produced via Origin 2021 (OriginLab,
USA) and the R package “pheatmap” (v1.0.12).

2.5. IgG extraction from young mice

Blood was collected from 30-40-week-old anesthetized
C57BL/6] mice and allowed to clot at room temperature for 2 h.
The clotted blood was centrifuged at 3000g for 10 min, and the
supernatant was collected. IgG was purified from the serum via a
commercial IgG purification kit (Thermo Fisher Scientific). The
purified IgG was then dialyzed against a 10 K molecular weight
cut-off (MWCO) dialysis membrane and sterilized with a
0.22 pm sterile filter (Thermo Fisher Scientific).
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2.6. IgG treatment of old mice

Eighty-week-old male wild-type C57BL/6] mice were adminis-
tered self-extracted IgG-Ny or vehicle. IgG was mixed in PBS and
administered to the mice via intravenous (i.v.) injection via the tail
vein. Each group consisted of two mice, and 100 or 200 pg of IgG or
vehicle was given to the mice four times weekly. The selection of
these doses was informed by previous studies [39-41]. The doses
and injection frequencies used were selected on the basis of previ-
ous studies demonstrating the efficacy of similar doses in different
experimental models and considering the physiological character-
istics of aged mice to ensure therapeutic effects while minimizing
stress. At the end of the experiment, serum and tissue samples
were collected for further analysis.

2.7. Cytokine analysis

The cytokines were estimated in the serum, which was sepa-
rated and stored at —80 °C until the execution of the assay. The
assay was conducted according to the manufacturer’s protocol
via a Bio-Plex Pro Mouse Cytokine Grp I Panel 23-plex kit
(#M60009RDPD; Bio-Rad Laboratories, USA) with a Luminex 200
system (Luminex Corporation, USA) at Wayen Biotechnology
(China).

2.8. Senescence-associated p-galactosidase (SA-B-Gal) staining

SA-B-Gal staining was conducted in mouse tissues, including
the brain, lung, liver, and kidney. Staining was performed accord-
ing to the manufacturer’s protocol via a SA-B-Gal staining kit
(Ab65351; Abcam, UK) at Wuhan Pinofly Biotechnology (China).
Frozen sections were prepared via a HM525 NX cryostat (Thermo
Fisher Scientific) and fixed in the kit's fixation solution for
15 min at room temperature. The sections were washed, incubated
with staining solution containing X-gal at 37 °C for 24 h, and coun-
terstained with nuclear fast red for 3 min. After dehydration in
ethanol and clearing in xylene, the sections were mounted with
neutral gum. Images were captured via a digital camera attached
to a microscope (Nikon, Japan) and analyzed via Image-Pro Plus
6.0 software (Media Cybernetics, Inc., USA).

3. Results

3.1. Age-related changes in IgG N-glycosylation patterns in C57BL/6
mice

IgG N-glycans from the aging cohort mouse sample (n = 89, 5
per sex at each time point) were analyzed via MALDI-MS via the
Bionic Glycome method. The study design is illustrated in Fig. 1.
A total of 20 glycans were observed, all of which had been previ-
ously identified via HPLC-fluorescence detection (FLR)-electro-
spray ionization (ESI)-time-of-flight mass spectrometry (TOF-MS)
[28] or MALDI-TOF-MS [42], with a coefficient of variation (CV)
of less than 20% in the reproducibility test (Fig. S1(a) and
Table S1 in Appendix A). Additionally, four glycans (GP10+GP11,
GP13, GP15, and GP16) that contained both o2,3- and o2,6-
linked sialic acids were combined in the subsequent quantitative
calculations to ensure comparability with previous HPLC results
[28]. Therefore, a total of 14 glycans with the same glycan ID as
those in our previous HPLC results [28] were further analyzed
(Fig. S1(b) and Table S1 in Appendix A).

The results revealed a general trend of increased IgG N-
glycosylation early in life, followed by a decrease during aging
(Fig. 2(a), Fig. S2 in Appendix A). In male mice, IgG N-
glycosylation levels initially increased slightly with age before
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Fig. 1. Study design for predicting biological age from aging-associated glycans in IgG by integrating glycomics and transcriptomics. We performed a comprehensive IgG N-
glycome profiling in C57BL/6 mice at seven time points across 80 weeks by MALDI-TOF-MS. Alterations in glycan amount were detected using an internal full-glycome
standard. By referencing exogenous standards, we introduced a novel method for detecting aging biomarkers based on their absolute concentration. Based on the absolute
concentrations of aging-related IgG glycans, we established abGlycoAge index to evaluate the biological age and applied in anti-aging assessment. The potential molecular
basis of these IgG aging-related glycans was explored by splenic B cell transcriptome. RNA-seq: RNA sequencing.

declining at 68 weeks, although this change did not reach statisti-
cal significance. In female mice, IgG N-glycosylation levels also
increased modestly with age before a highly significant decrease
occurred at 80 weeks (Fig. S2). Correlation analysis revealed sex-
specific differences in age-related glycan changes: in males, six gly-
cans (GP1, GP4+GP5, GP7, GP8, GP9, and GP14) were positively cor-
related with age, whereas GP3 was negatively correlated. In
females, three glycans (GP4+GP5, GP8, and GP14) were positively
correlated with age, whereas four (GP2, GP3, GP6, and GP10
+GP11) were negatively correlated (Figs. 2(b) and (c)). Compared
with 24-week-old mice, both male and female mice presented sig-
nificant FCs in the expression of GP3 and GP8 at multiple time
points (Fig. 2(d)). On the basis of these findings, we identified the
key aging-associated glycans in C57BL/6 mice as downregulated
GP3 (F(6)A2B) and upregulated GP8 (F(6)A2G2) (Fig. 2(e)).

3.2. CR reverses key age-related IgG N-glycan changes in C57BL/6 mice

We then performed quantitative analysis of individual IgG N-
glycans in CR and AL mice. The results revealed a general trend
of increased IgG N-glycosylation in CR mice (Fig. 3(a)). Although
GP3 expression still gradually decreased with age after CR, its
expression level remained higher in CR mice than in age-
matched AL mice. Notably, the changes in GP3 diminished after
long-term CR, likely due to its low relative abundance (Figs. 3(b)
and (c)). Additionally, glycans containing LacNAc structures, such
as GP4+GP5 and GP8, displayed opposite trends after CR. Despite
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the gradual increase in GP8 with age after CR, its expression level
remained lower in CR mice than in age-matched AL-fed mice
(Figs. 3(b) and (c), Fig. S3 in Appendix A). In summary, CR effec-
tively reversed the age-related downregulation of GP3 (F(6)A2B)
and the upregulation of GP8 (F(6)A2G2) in C57BL/6 mice.

We also detected changes in IgG N-glycans via UPLC-FLR after
2-AB labeling for comparison with previous studies [28]. The rela-
tive abundance of each glycan is expressed as a percentage of the
total integrated peak area. We observed significant changes in
the composition of 14 IgG glycans during the early stages of CR
(15-35 weeks). Specifically, four N-glycans—GP2, GP3, GP6, and
GP10+GP11—showed steady increases across all age groups,
whereas GP4+GP5, GP8, and GP13 steadily decreased. Further anal-
ysis of IgG glycan expression in the serum of 60-week-old CR and
AL mice revealed that the changes in GP2, GP3, and GP13 disap-
peared, with the CR group showing similar levels to those of the
AL group. However, glycans containing LacNAc structures, such
as GP4+GP5, GP8, and GP10+GP11, maintained their early-stage
trends, continuing to either decrease or increase (Fig. S4 in Appen-
dix A).

3.3. Development of a glycan-based biological age prediction model

In both male and female mice, GP3 and GP8 were significantly
correlated with age, whereas the correlation between these two
glycans was relatively weak (Pearson correlation coefficient
(Jr]) < 0.5). On this basis, we aimed to develop a glycan-based
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Fig. 2. Age-related changes in IgG N-glycosylation patterns in C57BL/6 mice at seven time points (24, 32, 40, 48, 56, 68, and 80 weeks). (a) Stacked bar chart illustrating the
age-related changes in IgG total N-glycomes (each color representing a distinct glycan). (b) Schematic comparison of glycan alteration in aging. Circles show the percentage of
glycans that are positively correlated with age (orange), negatively correlated with age (green), and no correlation (gray). (c) Dot plots show the correlation of each glycan
with age. (d) Vocano plot show the FCs (log; sFC) of glycans expression compared to 24-week-old mice. The differences among various age groups were assessed using the
one-way ANOVA, followed by BH test procedure to adjust the p-values for multiple comparisons. Adjusted p values < 0.05 was considered to be statistically significant. F:
female; M: male. (e) Schematic diagram highlights the crucial roles of the GP3 and GP8 as potential biomarkers for aging and health.

biological age prediction model using GP3 and GP8. First, we
performed absolute quantification of the GP3 and GP8 ratio via
standard glycans. Both glycans exhibited linear standard curves
across the sample concentration range, with correlation coeffi-
cients (R?) exceeding 0.999. The absolute concentration ranges
were 1-25 nmol-L™! for GP3 and 100-500 nmol-L™! for GP8 (Figs.
4(a) and (b)). Using these linear standard curves, we calculated the
glycan content per gram of IgG for each mouse (Fig. 4(b)) and fitted
a model for predicting biological age on the basis of the absolute
glycan content in mice of different ages (Fig. 4(c)).
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Both GP3 and GP8 were strongly correlated with age in male
and female mice, and their correlations with each other were weak
(Jr] < 0.5). On the basis of these glycan profiles, we developed a bio-
logical age prediction model, abGlycoAge, via absolute quantifica-
tion of GP3 and GP8. The model explained 67% of the actual age
variance in male mice and 57% in female mice, with correlations
of 0.79 in males and 0.73 in females. When applied to predict bio-
logical age in CR cohorts, the model estimated that CR reduced bio-
logical age by an average of 14.0 weeks in males and 3.9 weeks in
females, a reduction maintained throughout the lifespan (Fig. 4(d)).
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Fig. 3. CR reverses key age-related IgG glycan changes in C57BL/6 mice. (a) Stacked bar chart illustrate the age-related changes in IgG total N-glycomes both in AL and CR
group (each color representing a distinct glycan). (b, ¢) Schematic comparison of glycan alteration in (b) female (F) and (c) male (M) in AL and CR groups (mean * standard

error (SE)). The differences between AL and CR were assessed using the *.
highlights the crucial roles of the GP3 and GP8 as potential biomarkers for aging.

3.4. Mechanistic exploration: transcriptomic analysis of splenic B cells

A total of 7440 DEGs were observed in the comparisons among
the three groups. Compared with those in young mice, 3114 DEGs
were observed in aged mice, with 1782 upregulated and 1332
downregulated. GSEA revealed significant enrichment of the “pro-
tein N-linked glycosylation via asparagine” pathway (GO:
0018279) in aged mice, suggesting that protein N-glycosylation is
upregulated during aging and that this effect is mitigated by CR
(Fig. 5(a)).

IgG N-glycan-related DEGs related to the aging process were
screened to elucidate the potential mechanisms underlying the
changes in the expression levels of the aging biomarkers GP3
(F(6)A2B) and GP8 (F(6)A2G2). Candidate genes were pinpointed
by synthesizing data from RNA sequencing (RNA-seq) analyses,
the GO term for protein N-linked glycosylation (GO: 0006487)
(Table S2 in Appendix A), and prior GWAS (Table S3 in Appendix
A). Although these genes are known to be associated with N-
glycosylation and IgG glycans, their expression level changes dur-
ing aging have not been fully studied. As depicted in Fig. 5(b),
among the 51 candidate genes, two genes were common across
all three datasets, 24 were found in both the GO and DEG sets,
and 25 were shared between the GWAS and DEG sets. The two
common genes were Derl3 and Fut8. Most of the N-glycans were
core fucosylated in mouse IgG, with the exceptions of GP7
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p values < 0.05 was considered to be statistically significant. *p < 0.05. (d) Schematic diagram

(H6N2) and GP15 (H5N4Gl1Gel and H5N4Ge2). Therefore, the
change in Fut8 during aging appears to influence the level of total
fucosylated N-glycans (Fig. S5 in Appendix A). The Smarcb1-Derl3
locus was previously implicated at the level of fucosylated struc-
tures with bisecting N-acetylglucosamine (GIcNAc) N-glycans of
human IgG [34]. Our research has extended these findings by
demonstrating that the expression of these two genes changes
with age and can be reversed by antiaging interventions, thereby
providing additional evidence for the mechanisms underlying the
alterations observed in GP3 (F(6)A2B). Fut8 is an essential o-1,6-
fucosyltrasferase gene that promotes core fucosylation. Runx3,
which has been reported to regulate IgG glycosylation in vitro,
was also upregulated in aged mice in our study but was restored
in antiaging mice. Another group of genes included Ankrd55,
Tbkbp1, and SIc38a10, which influence the percentage of agalacto-
sylated and digalactosylated structures in total neutral IgG glycans
(Table S2) [34,35]. This may be the basis for the alterations
observed in GP8 (F(6)A2G2) (Fig. 5(c)).

3.5. Rejuvenation effect of IgG-Ny treatment

IgG is an aging factor that accumulates in various tissues during
the aging process, leading to adipose tissue fibrosis, metabolic
decline, and a significant enhancement of the senescence pheno-
type [10,11,43]. To verify the role of glycans, we hypothesized that
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Fig. 4. Development the glycan-based biological age prediction model and assessment biomarker sensitivity in anti-aging study. (a) Absolute quantification of GP3 and GP8
was performed using standard glycans. The linear standard curves for both glycans exhibited correlation coefficients (R?) greater than 0.999 across the sample concentration
ranges of 1-25 nmol-L~! for GP3 and 100-500 nmol-L™! for GP8. (b) Glycan content per gram of IgG was calculated for mice in each age group based on the standard curves.
(c) A model was fitted to predict biological age (abGlycoAge) using the absolute glycan content in mice of different ages. (d) The model predicted a sustained reduction in
biological age in CR cohorts. r: Pearson correlation coefficient; Cl: confidence interval; F: female; M: male.

supplementing a certain amount of IgG-Ny could counteract the
pro-aging effects of IgG. We administered different doses of IgG-
Ny or vehicle via tail vein injection to 80-week-old mice and then
evaluated various aging-associated biomarkers (Fig. 6(a)).

We observed that all the mice in the control group survived
throughout the entire experiment, whereas one mouse in the
low-dose IgG-Ny group died after the last treatment. Interestingly,
no mice died in the high-dose IgG-Ny group (Fig. 6(b)). Some phe-
notypic changes were observed: the low-dose IgG-Ny group mice
presented relatively sparse black fur with some exposed skin, a
slender body, and a reduced body weight, whereas the high-dose
IgG-Ny group mice presented dense black fur and a body weight
similar to that of the control group (Figs. 6(c) and (d)). The levels
of the inflammatory cytokines interleukin-6 (IL-6) and tumor
necrosis factor-ot (TNF-at) were consistent with the observed phe-
notypic changes. After treatment with high-dose IgG-Ny, the levels
of IL-6 and TNF-o in aged mice decreased, approaching or even
dropping below those of the control group (Figs. 6(e) and (f)). This
finding indicates that the dosage may has an effect on the rejuve-
nation effect.
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We next investigated the impacts of IgG-Ny treatment on vital
organs, such as the brain, lung, liver, and kidney. We measured the
levels of SA-B-Gal in these vital organs (Figs. 6(g) and (h)). The data
showed that in the low-dose IgG-Ny group, the mean density of
SA-B-Gal in the lungs and kidneys increased, whereas it decreased
in the high-dose IgG-Ny group. Notably, even in the low-dose IgG-
Ny group, the mean density of SA-B-Gal in the brain decreased sig-
nificantly, indicating a high sensitivity of the brain to IgG-Ny treat-
ment. In contrast, the impact of the IgG-Ny treatment on the liver
was relatively minor. These findings indicate that different organs
may exhibit heterogeneity in their responses to I[gG-Ny treatment.

4. Discussion

Glycans are valuable biomarkers because of their stability and
ability to integrate genetic, epigenetic, and environmental factors
into quantifiable chemical structures, making them ideal for per-
sonalized medicine [44]. Recent research has highlighted the sig-
nificant role of a2,6-sialylation in the occurrence of Alzheimer's
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arrows indicate positive area. *p < 0.05; **p < 0.01; ****p < 0.0001; ns: no significance.

disease (AD), suggesting that o2,6-sialyltransferase-I1 (ST6Gal-I) is a gets into clinical applications, a deeper understanding of the speci-
novel glycan therapeutic target for AD diagnosis and treatment fic glycan compositions and their quantitative alterations would be

[45]. To facilitate the translation of such glycosylation-related tar- highly beneficial.
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Aberrant N-glycosylation modulates IgG effector functions flex-
ibly and dynamically, with aging driving a shift in the IgG N-
glycome from an anti-inflammatory to a proinflammatory compo-
sition [46]. These changes in glycan composition are often reflected
in specific glycan levels. Previous studies have demonstrated that
relative quantification is an effective approach for assessing glyco-
sylation changes [14,28]. However, examining glycan changes from
an absolute quantification perspective is more suitable for the
practical application of glycans as biomarkers [19,47]. In clinical
applications, widely used biomarkers such as cancer antigen 125
(CA-125) and prostate-specific antigen (PSA) in tumor screening
[21], metabolites in newborn screening [23], and cyclosporin A
(CsA) levels in blood for managing immunosuppression after organ
transplantation [20] all depend on absolute quantification. This
study offers valuable insights into specific glycan shifts associated
with aging by focusing on their absolute concentrations. The
capacity to measure biological aging through glycans holds signif-
icant potential for practical applications, including the evaluation
of aging processes and the effectiveness of anti-aging
interventions.

To our knowledge, this is the first longitudinal study to provide
detailed information on the absolute concentration changes in IgG
glycan levels in mice. In recent years, the continuous development
of new technologies has been remarkable, with significant
advancements in  high-throughput sample  processing,
multiglycosylation-omics analysis, and the identification of low-
abundance glycopeptides. For example, the emergence of the
GlycoPro platform has provided a high-throughput sample-
processing solution for multiglycosylation-omics analysis [48]. In
terms of low-abundance glycopeptide identification, the innova-
tive N-glycoproteomic workflow developed by Zuniga-Banuelos
et al. [49] has significantly enhanced the detection of low-
abundance glycoproteins in human blood plasma by integrating
protein depletion, fractionation strategies, and high-resolution
MS. This workflow not only enables the detection of glycoproteins
with reported concentrations at the nanogram per milliliter level
but also significantly improves the description of N-glycan micro-
heterogeneity through a newly developed decision tree procedure.
This advancement allows for researchers to reliably differentiate
ambiguous N-glycan structures such as antenna versus core fuco-
sylation, as well as identify rare and modified N-glycans such as
sulfated and glucuronidated ones. The development of absolute
quantification methods still requires further acceleration to
improve the analytical speed and efficiency. In this study, we
employed a simple, rapid and reliable method based on MALDI-
TOF-MS to assess alterations in the amount of IgG glycan, which
significantly improved both the experimental efficiency and the
data accuracy. In addition to natural aging, we included CR as an
antiaging intervention, enabling a comprehensive analysis of IgG
N-glycosylation patterns and offering new perspectives on the
antiaging mechanism. With over 100 samples and multiple time
points, our study provides a robust and comprehensive dataset.
The large sample size and detailed temporal profiling enhance
the reliability of our results, offering valuable insights into glycan
changes over time.

Previous studies have reported that total IgG concentrations
may vary with age [10,11]. Aging and age-related diseases, such
as cardiovascular diseases and hypertension, have also been shown
to affect the serum and plasma IgG glycan profiles [14,15,50]. For
example, GlycanAge and GlycanBioAge are biomarkers based on
the analysis of glycans, which can more accurately predict chrono-
logical and biological ages and provide potential tools for the
assessment of individual health status and the aging process
[14]. GlyCage is a novel biomarker based on two bisecting N-
glycans of IgG, which can more accurately predict cardiovascular
risk and provides a potential tool for the early screening of cardio-
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vascular diseases (CVDs) [50]. However, most existing studies have
focused on relative quantification, assessing glycans in terms of
their proportions within the total glycan pool. While this approach
has provided important insights into age-related glycan changes, it
does not capture absolute abundance shifts that may carry addi-
tional biological significance. Our method enables absolute quan-
tification of specific glycans, offering complementary information
to relative profiling and demonstrating improved applicability in
aging-related research. Characteristic age-related glycan changes
were observed in IgG, and the concentrations of these characteris-
tic glycans were expressed as nanomoles per gram of IgG. In this
study, we identified two main N-glycans in C57BL/6 mouse serum
IgG from 24 to 80 weeks. The downregulation of GP3 (F(6)A2B) and
the upregulation of GP8 (F(6)A2G2) are significant characteristics
of aging in these mice. To our knowledge, galactosylation levels
in human plasma IgG have shown the strongest association with
age [12-14]. Despite species-specific differences leading to diver-
gent trends, in our study, we observed age-related changes in the
serum IgG levels of GP8 (F(6)A2G2), a glycan with two galactoses,
in C57BL/6 mice, both in terms of relative [28] and absolute quan-
tification. These findings highlight GP8 as an important hallmark of
aging. Since GP8 is a glycan with a digalactosylated structure, this
structural characteristic makes it more susceptible to regulation by
estrogen [51]. Our research also revealed that, compared with that
in male mice, the expression level of GP8 in female mice was more
strongly correlated with age. These findings suggest that the sex-
specific differences in IgG glycans during aging may be related to
the regulation of IgG N-glycosylation by sex hormones.

In previous studies, bisecting N-acetylglucosamine (GlcNAc)
glycans were detected in both mouse and human IgG
[14,15,17,18,42]. However, findings regarding the association
between bisecting GIcNAc glycans and aging in mice have been
inconsistent, likely due to the limitations of relative quantification
methods. These studies primarily employed HPLC with fluores-
cence detection, which quantifies glycans on the basis of their rel-
ative proportions in the total glycan pool. This relative
quantification approach is particularly limited when characterizing
low-abundance glycans, such as GP3 (F(6)A2B), as their measure-
ment can be significantly influenced by the presence of high-
abundance glycans. In contrast, the use of absolute quantification
allows for a more comprehensive understanding of bisecting
GIcNAc changes during mouse aging, providing clearer insights
into the age-related significance of this glycan. Notably, both the
GP3 and GP8 levels were modulated by calorie restriction. These
findings suggest that calorie restriction may delay the aging pro-
cess by stabilizing GP3 expression and suppressing GP8. However,
further mechanistic studies are needed to determine whether
these glycosylation changes in IgG are a cause or a consequence
of reduced inflammation following CR.

Transcriptomic analysis of splenic B cells was integrated to
enhance our understanding of the relationship between the
observed aberrant specific glycan levels and aging. To our knowl-
edge, we have, for the first time, unveiled the RNA-seq landscape
of splenic B cells within the context of aging, which includes both
the natural aging process and the state following antiaging inter-
ventional measures. Previously, GWAS [34-38] identified genetic
variants linked to specific glycan traits; however, their impact on
gene expression has rarely been investigated. In addition, the com-
position ratios of specific glycans obtained via traditional methods
are technically difficult to directly correlate with the expression
profiles of genes. Our method revealed changes in the amount of
glycan, which can theoretically correlate better with gene expres-
sion alterations, providing insight into the underlying mechanism
of glycan alterations.

We focused on genes related to N-glycan synthesis, as well as
the 63 genes associated with IgG glycosylation reported in



H. Zhao, J. Fan, J. Han et al.

previous GWASs [34-38]. We observed the activation of key path-
ways regulating the synthesis of IgG N-glycans through “protein N-
linked glycosylation via asparagine” pathway. Given that we used
60-week-old mice for transcriptome analysis, these findings are
in line with the observed increase in total N-glycan levels in aged
mice younger than 68 weeks (Fig. 2(a), Figs. S2(a) and (b)). Addi-
tionally, we identified changes in the expression levels of 27 out
of the 63 genes associated with IgG glycosylation as reported by
the GWAS, with three of these genes (Hivep2, Sppl3, and Runx3)
also previously validated through in vitro experiments for their
correlation with IgG glycan expression levels, which indicates the
reliability of our findings. Furthermore, we provide evidence that
the expression levels of the other 24 genes may also regulate IgG
glycosylation in vivo. We further validated the associations of these
genes with aging by investigating whether alterations in gene
expression during natural aging can be reversed in an antiaging
model.

Among them, five genes were previously found to be associated
with bisected glycans and galactosylated glycans [34,35]. Bisecting
and galactosylation are also the main traits of GP3 and GP8, respec-
tively. These findings suggest that Derl3 and Smarcb1 might be the
main contributors to the alteration of GP3. Similarly, Ankrd55,
Tbkbp1, and Slc38a10 might be the main contributors to the alter-
ation of GP8. Among them, Derl3 is a promising functional candi-
date gene because it encodes a functional component of the
endoplasmic reticulum (ER)-associated degradation pathway,
which specifically targets misfolded glycoproteins [34]. These find-
ings suggest that Derl3 may indirectly influence the glycosylation
of IgG by affecting the folding and degradation processes of glyco-
proteins within the ER. Our research reveals their expression char-
acteristics in vivo and, through aging and antiaging studies,
suggests that these genes may constitute the main molecular basis
for the IgG glycans GP3 and GP8 during the aging process.

Finally, we investigated the effects of supplementation with a
certain amount of IgG-Ny on aging-related biomarkers and organ
functions. The results revealed the potential role of IgG-Ny treat-
ment in reversing aging, as well as its dosage dependence and
organ heterogeneity. In our results, high-dose IgG-Ny failed to pro-
mote aging. Conversely, the high-dose IgG-Ny-treatment effec-
tively improved the accumulation of pro-aging IgG, thereby
alleviating aging-related physiological decline, reducing the pro-
duction of aging-related inflammatory factors, and more effec-
tively clearing senescent cells or inhibiting their accumulation to
improve organ functions, particularly in the brain, kidney, and
lungs. The results showed that the brain is highly sensitive to
IgG-Ny treatment, suggesting a new perspective for understanding
the treatment of aging-related diseases such as cognitive impair-
ment and AD. These results indicate that IgG-Ny treatment has
the potential to reverse aging, but its effects are dosage-
dependent and organ-specific.

The current study has several limitations that should be
acknowledged. We did not include body weight or fat mass as
covariates in our primary aging analysis, as all the mice were main-
tained under consistent dietary and housing conditions, and differ-
ences in these parameters were largely age-driven rather than
reflecting independent sources of variation. Moreover, changes in
body composition are recognized features of the aging process.
Adjusting for these factors may obscure biologically relevant
trends directly linked to age. Notably, in the IgG-Ny intervention
experiment, we incorporated body weight as a phenotypic indica-
tor and observed trends consistent with improvements in inflam-
matory status and organ senescence. In future work, we plan to
systematically monitor body weight and fat mass to further inves-
tigate their relationships with changes in IgG glycosylation. As an
exploratory attempt, we conducted a preliminary intervention
experiment using age-related IgG glycan signatures to evaluate
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their potential effects on aging-related phenotypes (Fig. 6).
Although the sample size was limited, we observed consistent
trends across several key indicators, including body weight,
inflammatory cytokines, and tissue senescence, which aligned with
glycan profile shifts. These results suggest possible biological rele-
vance but must be interpreted with caution due to the small num-
ber of animals involved.

In summary, this study highlights the downregulation of GP3
(F(6)A2B) and the upregulation of GP8 (F(6)A2G2) during the aging
process in C57BL/6 mice and elucidates the role of CR in modulat-
ing these glycan changes as part of its antiaging effects. We also
demonstrated the potential of bisected glycan and digalactosylated
glycan as biomarkers of aging and health. By establishing a glycan
age prediction model, abGlycoAge, this study quantified the biolog-
ical relevance of glycosylation in the aging process. Furthermore,
the application of absolute quantification techniques facilitated
the precise detection of alterations in low-abundance glycans
and improved the feasibility of using discovered, specifically chan-
ged glycans as practical biomarkers. In addition, our findings indi-
cate a potential novel antiaging strategy: precise modulation of
GP3 and GP8 on IgG through glycoengineering. Moreover, our
investigation of IgG-Ny treatment revealed its potential for revers-
ing aging, with high-dose IgG-Ny not only failing to promote aging
but also effectively alleviating aging-related physiological decline,
reducing aging-related inflammatory factors, and improving the
state of organ senescence, particularly in the brain, kidney, and
lung. These results underscore the dose-dependent and organ-
specific effects of IgG-Ny treatment, suggesting its potential as a
targeted antiaging intervention. Together, these findings not only
deepen our understanding of glycan changes during aging but also
support the development of new antiaging intervention strategies
and predictive biomarkers.
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