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ARTICLE INFO ABSTRACT

Editor Name: Dr. Thomas Petro Diabetic kidney disease (DKD) is a major microvascular complication of diabetes, yet current therapeutic stra-
tegies remain insufficient to halt its progression. Emerging evidence suggests that macrophage-mediated
inflammaging is a key pathogenic mechanism underlying diabetic renal injury, but effective targeted in-
terventions are still limited. In this study, we identify S-Methylmethionine (SMM) as a candidate therapeutic

compound capable of modulating macrophage inflammaging, and systematically evaluate its protective poten-
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In?l:rxzi::iig tial. In streptozotocin-induced diabetic mice, SMM markedly improved renal function in a dose-dependent
ERK manner, alleviating glomerular hypertrophy, mesangial expansion, and fibrosis, accompanied by reductions in
NF-xB biomarkers of kidney injury. The transcriptomic analysis of kidney tissues from patients with DKD revealed

enrichment of aging- and inflammation-related pathways, which were effectively suppressed by SMM. SMM
attenuated macrophage inflammaging by inhibiting proinflammatory cytokines release, reducing the expression
of senescence-associated proteins, and promoting a shift in macrophage polarization toward a reparative
phenotype. SMM also blocked phosphorylation and nuclear translocation of ERK and NF-kB p65, thereby
repressing downstream inflammatory and senescence gene expression programs. Collectively, these findings
establish SMM as a novel modulator of macrophage inflammaging and highlight its therapeutic potential for the
treatment of DKD.

1. Introduction

Diabetic kidney disease (DKD) is one of the most common micro-
vascular complications of diabetes, and remains the leading cause of
chronic kidney disease (CKD) and end-stage renal disease (ESRD)
worldwide [1-3]. The pathological mechanisms of DKD are complex,
involving intricate interactions among hyperglycemia, oxidative stress,
and hemodynamic dysfunction [4,5]. However, current intervention
strategies targeting glycemic control and renin-angiotensin system

blockade fail to effectively prevent DKD progression [6]. The action to
control cardiovascular risk in diabetes-memory in diabetes (ACCORD-
MIND) trial reported that intensive glycemic control appears to have no
effect on development of ESRD [7]. Therefore, identifying new thera-
peutic targets and agents holds significant importance for the effective
prevention and treatment of DKD.

Inflammaging refers to the chronic low-grade inflammation present
in aging or age-related diseases, characterized by a self-perpetuating
cycle between chronic inflammation and senescence [8].
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Accumulating evidence has revealed the critical role of inflammaging in
diabetes-related dysfunction and the progression of diabetic complica-
tions [9-11]. Metabolic disorders such as hyperglycemia induce a
chronic low-grade inflammatory state in the body, leading to cellular
senescence or premature aging [12]. Senescent cells release a series of
pro-inflammatory mediators known as the senescence-associated
secretory phenotype (SASP), further amplifying inflammatory re-
sponses and tissue damage [13]. Macrophages are central contributors
to inflammaging and represent one of the primary sources of SASP [14].
Macrophages display remarkable plasticity and can adopt proin-
flammatory or reparative phenotypes in response to distinct environ-
mental cues [15]. In diabetes, macrophage populations shift toward a
proinflammatory state that increases cytokine production, matrix
degradation, and cellular stress [16]. At the same time, macrophages
exposed to chronic metabolic stress may develop senescence-related
features that impair phagocytosis, migration, and tissue repair
[17,18]. Recent studies have shown that modulating inflammation and
senescence in macrophages can help prevent and manage diabetic
complications such as retinopathy [19,20]. Restoring macrophage ho-
meostasis and preventing macrophage inflammaging therefore repre-
sents a promising approach to protect renal structure and function in
DKD.

Numerous studies have demonstrated that the extracellular signal-
regulated kinase (ERK) / nuclear factor kappa B (NF-xB) pathway
plays a pivotal role in regulating inflammaging in DKD [21-23]. As a key
member of the mitogen-activated protein kinase (MAPK) family, ERK
participates in integrating multiple critical pathways governing meta-
bolism and inflammation [24]. High glucose mediates the phosphory-
lation and activation of ERK signaling pathways, and the level of
phosphorylated ERK is closely associated with the progression of mul-
tiple diabetic complications [25]. NF-kB, as a major regulator of in-
flammatory and aging gene networks, enhances the release of SASP and
exacerbates tissue damage [26]. The ERK signaling pathway regulates
NF-kB activity through phosphorylation cascades. Under high glucose
conditions, activated ERK directly phosphorylates NF-kB subunits, pro-
moting their nuclear translocation and enhancing the transcription of
downstream target genes. In addition, NF-kB-driven SASP further am-
plifies ERK signaling, establishing a self-reinforcing loop. The sustained
activation of the ERK/NF-xB pathway contributes to inflammaging,
which may represent a key mechanism underlying the progression of
diabetic kidney injury. These findings suggest that modulating inflam-
maging through targeting the ERK/NF-kB axis could offer a potential
strategy for delaying DKD progression.

Recent studies have revealed the potential role of S-methyl-
methionine (SMM, also referred to as Vitamin U) in alleviating inflam-
matory responses and reducing senescence [27,28]. SMM is a naturally-
derived amino acid widely present in vegetables such as cabbage, kale,
and garlic [29]. Pharmacological studies have revealed its multiple
bioactivities, including anti-ulcer, antioxidant stress, and metabolic
regulatory functions, demonstrating promising therapeutic effects
against liver toxicity and brain injury induced by various toxic com-
pounds [27,30]. However, the role of SMM in DKD and its potential
regulatory mechanisms for macrophage inflammaging remain
unexplored.

In this study, we evaluated the pharmacological effects of SMM on
renal injury in diabetic mice and its underlying mechanisms, focusing on
its association with macrophage inflammaging. Results indicate that
SMM suppresses macrophage inflammaging by modulating the ERK/NF-
kB signaling pathway, thereby reversing DKD progression. These find-
ings reveal novel functions of SMM and highlight its potential as a novel
therapeutic strategy for DKD.
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2. Materials and methods
2.1. Chemicals and drugs

Streptozotocin (STZ) was purchased from Sigma-Aldrich (S0130,
USA). S-methylmethionine (SMM) was obtained from Tokyo Chemical
Industry (M0644, Japan). FR 180204 was purchased from Ambeed
(A867944, USA). Ceramide C6 was obtained from Santa Cruz (sc-3527,
USA).

2.2. Animals

2.2.1. Animal housing and treatment

All animal experiments were conducted according to the protocol
approved by the Animal Ethics Committee of West China Hospital of
Stomatology, Sichuan University (No. WCHSIRB-D-2024-143). Five-
week-old male C57BL/6J mice were purchased from GemPharmatech
(Nanjing, China). All mice were maintained under specific pathogen-
free (SPF) conditions at the State Key Laboratory of Oral Diseases,
Sichuan University, with free access to food and water.

After acclimatization, control group (Ctrl, n = 6) mice were fed a
standard chow diet, while the other mice received a high-fat diet (HFD).
After 4 weeks, HFD-fed mice were injected intraperitoneally with STZ
(50 mg/kg) for 5 consecutive days, while Ctrl mice received an equal
volume of citrate buffer. Fasting blood glucose (FBG) was measured
three days after the last STZ injection, and mice with FBG levels
exceeding 11.1 mmol/L were considered diabetic mice. Diabetic mice
were then randomly divided into three groups (n = 6): diabetes mellitus
(DM) group, DM + SMM low-dose group (SMM-L), and DM + SMM high-
dose group (SMM-H). The dosages of SMM were determined based on
previous reports and our preliminary experiments. Mice in the low- and
high-dose groups received 50 mg/kg and 100 mg/kg of SMM, respec-
tively, by daily gavage for 10 weeks. The Ctrl and DM groups received an
equal volume of double-distilled water. Body weight and FBG of mice
were monitored weekly. Mice were euthanized by intraperitoneal in-
jection of 1 % pentobarbital sodium followed by cervical dislocation,
and blood and kidney samples were collected for subsequent analyses.

2.2.2. Insulin tolerance and glucose tolerance tests

During the final week of treatment, insulin tolerance and glucose
tolerance tests were performed. After 8 h of fasting, mice were intra-
peritoneally injected with insulin (1 U/kg), and blood glucose levels
were measured from the tail vein at 0, 15, 30, 60, and 120 min post-
injection. For the glucose tolerance test, mice were fasted overnight
and intraperitoneally injected with glucose (1.5 g/kg), and blood
glucose was measured at 0, 15, 30, 60, and 120 min after glucose
administration.

2.2.3. Histological staining

Kidney tissues were fixed in 4 % paraformaldehyde, embedded in
paraffin, and sectioned at 4 pm. Hematoxylin and eosin (H&E), periodic
acid-Schiff (PAS), and Masson’s trichrome staining were performed to
evaluate glomerular morphology, mesangial expansion, and fibrosis,
respectively. Samples were scanned in high definition using VS200
(Olympus, Japan).

2.2.4. Serum collection and measurement

Mice blood samples were centrifuged at 3000 rpm for 15 min at 4 °C
to obtain serum. Levels of blood urea nitrogen, serum creatinine, and
uric acid were determined using commercial biochemical kits (Jianglai,
Shanghai, China) following the manufacturer’s instructions. Serum
concentrations of cystatin C (Cys-C), kidney injury molecule-1 (KIM-1),
interleukin-1§ (IL-1p), IL-6, tumor necrosis factor-a (TNF-a), and IL-10
were quantified using commercial ELISA kits (Elabscience, Wuhan,
China).
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2.3. Cells

2.3.1. Cell culture and treatment

RAW 264.7 macrophages were provided by the State Key Laboratory
of Oral Diseases, Sichuan University. Cells were cultured in DMEM
medium (Gibco, USA) containing 10 % FBS (PAN-Seratech, Germany)
and incubated at 37 °C in a humidified atmosphere with 5 % CO5. The
glucose concentration in the culture medium of the control group was
maintained at 5.5 mM for 24 h. For the high-glucose (HG) group, cells
were exposed to a high-glucose medium at a concentration of 33 mM for
24 h. In the SMM intervention groups, cells were pretreated with either
2 mM or 4 mM SMM for 1 h, and subsequently incubated under high-
glucose conditions (33 mM) for 24 h. For the ERK inhibitor group,
cells were pretreated with 10 pM FR 180204 for 1 h prior to being
subjected to high-glucose (33 mM) exposure for 24 h. Similarly, in the
ERK activator group, cells received a 1-h pretreatment with 10 pM
Ceramide C6, followed by 24-h incubation in high-glucose (33 mM)
medium. In the combination group of SMM and the ERK inhibitor, cells
were co-pretreated with 4 mM SMM and 10 pM FR 180204 for 1 h, and
then incubated under high-glucose conditions (33 mM) for 24 h. Like-
wise, in the combination group of SMM and the ERK activator, cells were
co-pretreated with 4 mM SMM and 10 pM Ceramide C6 for 1 h, followed
by 24-h exposure to high-glucose (33 mM) medium.

2.3.2. Cell viability assay

Cell viability of RAW 264.7 macrophages was assessed using the Cell
Counting Kit-8 (CCK-8, K1018, APExBIO, USA) to determine the optimal
concentration of SMM. Briefly, cells were seeded into 96-well plates and
treated with different concentrations of SMM for 24 h. Subsequently,
CCK-8 solution was added to the culture medium, and cells were incu-
bated for another 2 h at 37 °C. Finally, absorbance at 450 nm was
measured using a microplate reader.

2.3.3. Latex beads phagocytosis assay

Red fluorescent latex beads (L2778, Sigma-Aldrich, USA) were
mixed with 1 % bovine serum albumin at a ratio of 1:100 and incubated
at room temperature in the dark for 30 min, followed by ultrasonication
for 5 min before use. RAW 264.7 cells (1 x 10° per well) were seeded in
confocal dishes (NEST, China) and incubated with 2 mL of latex bead
suspension at 37 °C for 1.5 h. After washing with PBS three times,
samples were fixed with 4 % paraformaldehyde for 15 min, per-
meabilized with PBS containing 0.1 % Triton X-100 for 15 min. The
cytoskeleton was stained with Actin-Tracker Green-488 (C2201S,
Beyotime, China) at 37 °C for 20 min. After additional PBS washes,
nuclei were counterstained with DAPI (P0131, Beyotime, China) for 10
min at 37 °C. Images of red fluorescent latex bead phagocytosis were
captured using a FV3000 laser confocal microscope (Olympus, Japan).

2.3.4. Transwell migration assay

RAW 264.7 cells (1 x 10° per well) were suspended in serum-free
high-glucose DMEM and seeded into the upper chamber of an 8 pm
pore insert (3428, Corning) in a 6-well plate. Each lower chamber
contained 1.5 mL of DMEM medium. After incubation for 24 h at 37 °C
and 5 % COo, cells were fixed with 4 % paraformaldehyde and stained
with 0.1 % crystal violet for 30 min at room temperature. Cells
remaining on the upper surface of the membrane were removed with a
cotton swab. After washing with PBS, migrated cells were observed and
imaged under an IX73 microscope (Olympus, Japan).

2.3.5. Senescence-associated p-galactosidase (SA-f-gal) staining

SA-B-Gal staining was performed using a commercial kit (C0602,
Beyotime, China) following the manufacturer’s protocol. RAW 264.7
cells (1 x 10° per well) were fixed at room temperature for 15 min,
followed by overnight incubation with staining solution at 37 °C. After
washing with PBS, blue-stained senescent cells were observed and
imaged using an IX73 microscope (Olympus, Japan).
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2.3.6. Flow cytometry

RAW 264.7 cells were collected and adjusted to a concentration of 1
x 10° cells per testing tube. After centrifugation at 1000 rpm for 5 min,
cells were resuspended in PBS. To block Fc receptor activity, cells were
incubated on ice with CD16/CD32 antibody (156604, Biolegend, USA)
for 20 min. Subsequently, cells were stained with PE anti-CD206 (25-
2061-80, eBioscience, USA) and PE-Cyanine7 anti-CD86 (25-0862-80,
eBioscience, USA) for 30 min at room temperature in the dark. After two
washes, cells were resuspended in 500 pL PBS containing 2 % FBS and
analyzed using a CytoFLEX S flow cytometer (Beckman, USA).

2.4. Real-time qPCR (RT-qPCR)

Total RNA was isolated from kidney tissues or RAW 264.7 cells using
the Total RNA Isolation Kit (RC113-01, Vazyme, China) according to the
manufacturer’s protocol. Total RNA (1 mg) of each sample was reverse
transcribed into cDNA using the 1st Strand cDNA Synthesis Kit (R211-
01, Vazyme, China). RT-qPCR was performed with qPCR SYBR Green
Master Mix (11201ES03, Yeasen, China) on an Applied Biosystems
QuantStudio 3 Real-Time PCR System (Thermo Fisher, USA). Primer
sequences used were provided in Supplemental material Table S1.
Relative mRNA expression levels were calculated using the 2°-AACT
method, normalized to B-actin.

2.5. Immunofluorescence staining

For kidney tissue, sections were deparaffinized in xylene and rehy-
drated in ethanol. Antigen retrieval was performed using citrate buffer,
followed by permeabilization in PBS containing 0.1 % Triton X-100 for
15 min. After washing with PBS, sections were blocked with 5 % bovine
serum albumin for 30 min. The sections were then incubated overnight
at 4 °C with primary antibodies against F4/80 (1:100, 14-4801-82,
eBioscience, USA), CD86 (1:200, ER1906-01, Huabio, China), CD206
(1:200, HA722892, Huabio, China), and Phospho-ERK1/2 (1:200,
ET1610-13, Huabio, China). After three washes, sections were incubated
for 1 h at room temperature in the dark with FITC-conjugated goat anti-
rabbit IgG (1:500, A0562, Beyotime, China) or Cy3-conjugated goat
anti-rat 1gG (1:500, A0507, Beyotime, China). Nuclei were counter-
stained with DAPI (P0131, Beyotime, China) for 10 min. The stained
sections were scanned in high definition using VS200 (Olympus, Japan).

For cells cultured in confocal dishes, cells were fixed with 4 %
paraformaldehyde for 15 min, permeabilized with PBS containing 0.1 %
Triton X-100 for 15 min, and blocked with immunostaining blocking
buffer (P0260, Beyotime, China) for 30 min. Cells were then incubated
overnight at 4 °C with primary antibodies against IL-1p (1:100,
HA601002, Huabio, China), IL-6 (1:200, 12912S, Cell Signaling Tech-
nology, USA), TNF-a (1:200, 119488, Cell Signaling Technology, USA),
pl6 INK4A (1:200, YM8152, ImmunoWay, USA), p21 (1:200, 28248-1-
AP, Proteintech, USA), Phospho-Histone H2A.X (1:200, YM8195,
ImmunoWay, USA), Phospho-ERK1/2 (1:200, ET1610-13, Huabio,
China), and Phospho-NF-kB p65 (1:200, 82335-1-RR, Proteintech, USA).
After PBS washing, cells were incubated for 1 h in the dark with FITC-
conjugated goat anti-mouse IgG (1:500, A0568, Beyotime, China),
FITC-conjugated goat anti-rabbit IgG (1:500, A0562, Beyotime, China),
or Cy3-conjugated goat anti-rabbit IgG (1:500, A0516, Beyotime,
China). Nuclei were counterstained with DAPI for 10 min. The samples
were imaged in high definition using FV3000 (Olympus, Japan).

2.6. Western blot

Cells or kidney tissues were lysed in RIPA lysis buffer (PC101, Epi-
zyme Biotech, China) supplemented with a protease and phosphatase
inhibitor cocktail (GRF103, Epizyme Biotech, China). Protein concen-
trations were determined using a BCA protein quantification kit
(KTD3001, Abbkine, China). Equal amounts of protein samples were
separated by sodium dodecyl sulfate - polyacrylamide gel
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electrophoresis (SDS-PAGE) and transferred onto 0.45 pm poly-
vinylidene fluoride (PVDF) membranes (IPVH00010, Merck Millipore
Ltd., Germany). The membranes were blocked with a commercial
blocking buffer (PS108P, Epizyme Biotech, China) at room temperature
for 30 min. After blocking, the membranes were incubated overnight at
4 °C with the following primary antibodies: p-actin (1:10000, EM21002,
Huabio, China), IL-1f (1:1000, HA601002, Huabio, China), IL-6
(1:1000, 12912S, Cell Signaling Technology, USA), TNF-a (1:1000,
11948S, Cell Signaling Technology, USA), p16 INK4A (1:3000, YM8152,
ImmunoWay, USA), p21 (1:2000, 28248-1-AP, Proteintech, USA),
Phospho-Histone H2A.X (1:3000, YM8195, ImmunoWay, USA), ERK1/2
(1:5000, ET1601-29, Huabio, China), Phospho-ERK1/2 (1:5000,
ET1610-13, Huabio, China), NF-xB p65 (1:2000, 10745-1-AP, Pro-
teintech, USA), and Phospho-NF-kB p65 (1:2000, 82335-1-RR, Pro-
teintech, USA). After extensive washing, the membranes were incubated
for 1 h at room temperature with HRP-conjugated goat anti-mouse IgG
secondary antibody (1:10000, HA1006, Huabio, China) or HRP-
conjugated goat anti-rabbit IgG secondary antibody (1:10000,
HA1001, Huabio, China). Protein bands were visualized using an
enhanced chemiluminescence (P0018, Beyotime, China). Images were
captured using the ChemiDoc™ MP Imaging System (734BR2136, Bio-
Rad, USA).

2.7. Bioinformatics and network pharmacology analysis

2.7.1. Microarray dataset acquisition and identification of differentially
expressed genes (DEGs)

The Gene Expression Omnibus (GEO) database was searched using
diabetic kidney disease or diabetic nephropathy as keywords. Based on
sample size and relevance, dataset GSE96804 was selected, including 41
diabetic kidney disease samples and 20 normal renal samples from ne-
phrectomy tissues. Differentially expressed genes (DEGs) between DKD
and control samples were identified using the limma package in R 4.2.3,
with thresholds of |logoFC| > 1 and p < 0.05. Volcano plots and heat-
maps were visualized using the ggplot2 package and pHeatmap package.

2.7.2. Gene set enrichment analysis (GSEA) and gene set variation analysis
(GSVA)

GSEA was performed based on identified DEGs to determine poten-
tial pathogenic pathways. GSVA, a non-parametric and unsupervised
method, was applied using the GSVA package in R 4.2.3 to further
evaluate pathway activity variations.

2.7.3. Potential targets of SMM in DKD

Potential targets of SMM were retrieved from CTD (https://ctdbase.
org/), BATMAN-TCM (http://bionet.ncpsb.org.cn/batman-tcm/), and
SwissTargetPrediction (http://www.swisstargetprediction.ch/). Disease
-related targets of DKD were collected from GeneCards (https://www.
genecards.org/), OMIM (https://omim.org/), DisGeNET (https:
//www.disgenet.org/), and Therapeutic Target Database (TTD, http://
db.idrblab.net/ttd/). Additionally, DEGs identified from GSE96804
were included. Common target genes of SMM and DKD were determined
using Venn diagram analysis.

2.7.4. Gene enrichment analysis

Common targets of SMM and DKD were analyzed for GO, KEGG,
Reactome, and WikiPathways enrichment using the clusterProfiler
package and org.Hs.eg.db package in R 4.2.3.

2.7.5. Protein—protein interaction (PPI) network

Common target genes of SMM and DKD were imported into the
STRING database (https://string-db.org) to construct a PPI network for
Homo sapiens, which was visualized using Cytoscape 3.8. The MCODE
plugin in Cytoscape was used to analyze and identify key clusters and
hub targets.
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2.8. Statistical analysis

All quantitative data were obtained from at least three independent
experiments. Statistical analyses were performed using GraphPad Prism
9.3.1 software. Comparisons between two groups were performed using
unpaired Student’s t-test, and comparisons among multiple groups were
conducted using one-way ANOVA followed by Tukey’s post hoc test.
Data are presented as mean =+ standard deviation (SD), and statistical
significance was defined as p < 0.05.

3. Results

3.1. SMM improves glycemic control and preserves renal function in
diabetic mice

To investigate the effects of S-methylmethionine (SMM) on renal
function in diabetic mice, a streptozotocin-induced diabetic mouse
model was established and treated with low or high doses of SMM for ten
weeks (Fig. 1A). Body weight and blood glucose levels were monitored
in all mice throughout the experiment. The diabetes mellitus (DM) group
exhibited progressive weight loss and persistent hyperglycemia relative
to the control (Ctrl) group, whereas SMM treatment mitigated these
alterations in a dose-dependent manner (Fig. 1B, C and Fig. S1A, B).
Furthermore, insulin tolerance tests (ITT) and glucose tolerance tests
(GTT) consistently demonstrated that SMM treatment significantly
improved glucose metabolism and insulin sensitivity in diabetic mice
(Fig. 1D, E).

Histopathological analyses were performed using hematoxylin and
eosin (H&E), periodic acid-Schiff (PAS), and Masson staining. Mice in
the DM group exhibited severe renal pathological alterations, including
glomerular hypertrophy, mesangial matrix expansion, and interstitial
fibrosis. These pathological changes were significantly ameliorated by
SMM treatment (Fig. 1F). Quantitative analysis confirmed that
compared with the DM group, SMM-treated groups demonstrated dose-
dependently reduced glomerular volume, mesangial expansion, and
fibrotic area (Fig. 1G-I). Besides, compared with the Ctrl group, the DM
group exhibited significantly elevated levels of blood urea nitrogen
(BUN), serum creatinine (Scr), and uric acid, indicating renal dysfunc-
tion. SMM treatment notably improved these abnormal indicators, with
the high-dose group showing superior efficacy (Fig. 1J-L). Collectively,
these results demonstrated that SMM effectively improves glycemic
control and preserves renal function in diabetic mice in a dose-
dependent manner.

3.2. SMM attenuates inflammaging signatures in DKD

To investigate the potential mechanisms by which SMM participates
in the regulation of DKD, we analyzed the Gene Expression Omnibus
(GEO) dataset GSE96804 to identify differentially expressed genes
(DEGs) associated with the disease. Differential expression analysis
revealed a total of 650 DEGs (|logoFC| > 1, p < 0.05), including 312
downregulated and 338 upregulated genes (Fig. 2A). To visualize the
expression patterns of key genes, the top 100 DEGs were presented in a
heat map (Fig. 2B). Gene set enrichment analysis (GSEA) showed sig-
nificant enrichment of aging- and inflammation-related pathways in
DKD, particularly the “RODWELL AGING KIDNEY UP” and “WP IN-
FLAMMATORY RESPONSE PATHWAY” gene sets (Fig. 2C, D). Consis-
tently, gene set variation analysis (GSVA) confirmed that both pathways
were markedly upregulated in DKD samples compared with controls
(Fig. 2E). Moreover, correlation analysis demonstrated that the activ-
ities of these pathways were strongly associated with well-established
markers of kidney injury and fibrosis, including collagen type I alpha
2 (COL1A2), fibronectin 1 (FN1), and serpin family E member 1 (SER-
PINE]), supporting a close relationship between inflammaging processes
and DKD progression (Fig. 2F).

We subsequently validated these findings in the diabetic mouse
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model. Enzyme-linked immunosorbent assay (ELISA) demonstrated that
levels of kidney injury molecule 1 (KIM-1) and cystatin C (Cys-C) were
markedly elevated in the DM group, indicating worsening renal injury,
while SMM treatment significantly reduced their concentrations in a
dose-dependent manner (Fig. 2G, H). In parallel, proinflammatory cy-
tokines including interleukin (IL)-1, IL-6, and tumor necrosis factor-o
(TNF-a) were substantially increased in the DM group, reflecting a
heightened inflammatory state. SMM supplementation effectively sup-
pressed these cytokines, with the higher dose exerting a more pro-
nounced effect (Fig. 2I-K). Conversely, the anti-inflammatory cytokine
IL-10 was decreased in diabetic mice but restored by SMM, indicating an
immunoregulatory shift (Fig. 2L). To further assess cellular senescence,
we examined the expression of senescence-associated proteins in renal
tissue. To comprehensively evaluate hyperglycemia-induced senes-
cence, we selected y-H2A.X, pl16, and p21 as representative markers.
Western blot analysis revealed significant upregulation of y-H2A.X, p16,
and p21 in the DM group. Strikingly, SMM treatment reduced the
accumulation of these proteins, suggesting a protective role against
diabetes-induced renal senescence (Fig. 2M and Fig. S2A-C).

Taken together, these results indicate that DKD is characterized by
activation of inflammaging pathways, and that SMM attenuates renal
injury by suppressing inflammatory cytokines production and reducing
senescence-associated proteins levels.

3.3. SMM reprograms macrophage polarization to reduce renal
inflammation in diabetic mice

To further explore the potential molecular targets of SMM in DKD,
we integrated predicted pharmacological targets of SMM, known DKD-
associated genes, and DEGs identified from patient transcriptomic
data. Intersection analysis yielded 116 common targets (Fig. 3A). GO
and WikiPathways enrichment analysis of these genes revealed strong
associations with innate immune regulation, inflammatory signaling,
and macrophage activation pathways, implicating macrophages as po-
tential mediators of SMM’s effects (Fig. 3B, C).

To validate these predictions in vivo, renal sections were subjected to
immunofluorescence staining for assessing the localization and expres-
sion of macrophage markers. Results indicate that compared to the Ctrl
group, the DM group exhibited increased infiltration of F4/80" CD86™"
cells (representing M1-type macrophages) alongside reduced F4/80"
CD206" cells (representing M2-type macrophages), suggesting a shift in
macrophage polarization toward a proinflammatory phenotype. SMM
treatment significantly reversed these changes, promoting a reduction in
M1-type macrophages while enhancing M2-type macrophage infiltra-
tion (Fig. 3D, E). In addition, the M1/M2 ratio was significantly elevated
in the DM group compared to the Ctrl group, while SMM treatment
effectively reduced this ratio, indicating that SMM can restore the bal-
ance between M1 and M2 macrophages in diabetic kidney disease
(Fig. 3F). Consistently, qPCR analysis revealed that the expression of the
M1 marker nitric oxide synthase 2 (Nos2) was significantly upregulated
in kidney tissues of DM group compared to the Ctrl group, but was
suppressed after SMM treatment. Conversely, expression of the hallmark
M2 gene arginase-1 (Argl) decreased in DM group kidneys, and was
recovered by SMM treatment, with greater recovery in the high-dose
group (Fig. S3A, B). These findings suggest that macrophages appear
to be the critical regulatory target through which SMM alleviates dia-
betic kidney injury. SMM may mitigate renal inflammation and promote
a more reparative immune microenvironment by reprogramming
macrophage polarization.

3.4. SMM suppresses ERK/NF-kB signaling activation in diabetic kidneys

To further elucidate the signaling pathways involved in the regula-
tion of DKD by SMM, Reactome enrichment analysis was performed on
the 116 common targets. Results revealed that these targets were closely
associated with inflammation and immune regulation-related pathways,

International Immunopharmacology 170 (2026) 116038

such as the MAPK signaling pathway and the AP-1 family signaling
pathway, consistent with the findings of previous WikiPathways
enrichment analysis (Fig. 4A, B). Further analysis using the STRING
database and Cytoscape software identified 27 hub genes, such as
MAPK1, MAPK3, and IL-1B (Fig. 4C). These genes play a pivotal role in
mediating the therapeutic effects of SMM on DKD. Additionally, KEGG
enrichment analysis confirmed the significant enrichment of these hub
genes in the MAPK signaling pathway (Fig. S4A, B). Collectively, these
data highlight the potential role of MAPK and downstream NF-kB/AP-1
signaling pathway in SMM-mediated regulation of DKD.

Therefore, we examined extracellular signal-regulated kinase (ERK)
and nuclear factor kappa B (NF-«B) activation in vivo to validate whether
SMM regulates DKD by targeting the MAPK/NF-kB axis. Western blot
results revealed that diabetes markedly activated the ERK/NF-xB
pathway, with increased phosphorylation of ERK and NF-kB p65 in the
DM group. SMM treatment significantly reduced the levels of phospho-
ERK (p-ERK) and phospho-NF-kB p65 (p-p65) proteins (Fig. 4D and
Fig. S4C, D). Immunofluorescence staining confirmed significant nu-
clear translocation and accumulation of p-ERK in F4/80" macrophages
in the DM group. SMM treatment substantially reduced nuclear p-ERK
intensity, with greater efficacy observed in the high-dose group
(Fig. 4E). To assess downstream consequences of these pathways, we
measured mRNA levels of genes classically regulated by ERK/NF-kB.
Diabetic mice exhibited robust induction of inflammation- and aging-
associated transcripts, including FBJ osteosarcoma oncogene (Fos), jun
proto-oncogene (Jun), matrix metallopeptidase 9 (Mmp9), and
prostaglandin-endoperoxide synthase 2 (Ptgs2). SMM treatment effec-
tively suppressed these elevations, with the high-dose group showing
the more notable inhibitory effect (Fig. 4F-I). These findings suggest that
SMM attenuates diabetic kidney injury by suppressing the activation of
the ERK/NF-xB signaling pathway in renal macrophages, thereby
reducing the expression of inflammaging and tissue injury mediators.

3.5. SMM restores macrophage function under high glucose

To determine the exact effects and mechanisms of SMM on macro-
phages, we conducted further in vitro experiments on RAW264.7 cells.
Concentrations of 0, 0.25, 0.5, 1, 2, 4, 8, 16, and 32 mmol/L SMM were
applied to RAW264.7 cells (Fig. 5A). Results indicate that SMM signif-
icantly affects cell viability when the concentration reaches 8 mM, with
no apparent cytotoxicity at lower doses (Fig. 5B). Accordingly, 2 mM
and 4 mM were selected as low and high concentration doses for sub-
sequent experiments (Fig. 5B).

To systematically evaluate the effects of high glucose levels and the
protective role of SMM on macrophages, we assessed a series of key
functional and phenotypic indicators. Fluorescent bead phagocytosis
assays confirmed that high glucose stimulation suppressed macrophage
phagocytic activity, while SMM significantly restored phagocytic func-
tion (Fig. 5C, D). Furthermore, transwell migration assays revealed that
high glucose exposure suppressed macrophage chemotaxis capacity,
which was effectively rescued by SMM supplementation (Fig. 5E, F). We
next examined cellular senescence using senescence-associated
B-galactosidase (p-gal) staining. High glucose markedly increased the
proportion of B-gal-positive cells, indicating accelerated macrophage
senescence. SMM treatment reduced senescent cell accumulation, with
the higher concentration conferring stronger protection (Fig. 5G, H).
Flow cytometry analysis of macrophage polarization further revealed
that high glucose induced a shift toward a proinflammatory phenotype,
characterized by increased CD86™ cells and reduced CD206™ cells. SMM
treatment reversed this polarity imbalance (Fig. 51, J). Further analysis
revealed that the M1/M2 ratio was significantly increased in the HG
group and markedly decreased following SMM treatment. This result
aligns with the trends observed in macrophage function and inflam-
maging, suggesting that SMM can have a therapeutic effect by amelio-
rating the imbalance between M1 and M2 macrophages in diabetes
(Fig. 5K). Collectively, these findings demonstrate that SMM effectively
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(A) Schematic illustration of the experimental group design. (B) CCK8 assay to determine the effect of different SMM concentrations on RAW264.7 cell viability. (C,
D) Phagocytic function assessed by immunofluorescence. Scale bars, 10 pm. (E, F) Chemotaxis capability assessed by transwell migration assay. Scale bars, 50 pm. (G,
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alleviates high glucose-induced macrophage dysfunction and pheno-
typic alterations by restoring phagocytic activity, enhancing chemotaxis
capacity, suppressing cellular senescence, and rebalancing macrophage
polarization.

3.6. SMM reduces inflammatory cytokines and senescence markers in
macrophages under high glucose

To investigate the effects of SMM on high glucose-mediated inflam-
maging in macrophages, we evaluated inflammatory and senescence
markers in RAW264.7 cells under high glucose treatment. Immunoflu-
orescence analysis revealed robust induction of proinflammatory me-
diators, including IL-1f, IL-6, and TNF-a. SMM effectively reduced the
expression of these cytokines (Fig. 6A, B). Furthermore, high glucose
exposure led to prominent increases in nuclear p16, p21, and y-H2A.X
signals, which were attenuated by SMM (Fig. 6C, D). These findings
were further supported by Western blot analysis, which demonstrated
that SMM supplementation significantly reduced the expression of high
glucose-induced inflammaging-related proteins (Fig. 6E, F and Fig. S5A-
F). Given our prior analyses highlighting ERK/NF-xB signaling as a
potentially key pathway, we next examined changes in ERK and p65
activation. High glucose stimulation markedly increased the levels of
phosphorylated ERK (p-ERK) and phosphorylated p65 (p-p65), whereas
treatment with SMM effectively suppressed this activation (Fig. 6G and
Fig. S5G, H).

3.7. SMM exerts protective effects through modulation of the ERK/NF-kB
signaling pathway

To establish whether ERK/NF-kB signaling mediates the protective
effects of SMM, we employed the ERK inhibitor FR 180204 and the ERK
activator Ceramide C6 in following studies. Immunofluorescence stain-
ing revealed that high glucose stimulation significantly increased the
nuclear accumulation of p-ERK and p-p65, indicating pathway activa-
tion. Treatment with SMM reproduced suppression of these signals
similar to that achieved by FR 180204. Moreover, combined treatment
with SMM and ERK inhibitor did not provide additional suppression,
suggesting convergent targeting of the same pathway. In contrast,
treatment with the ERK activator further increased the levels of phos-
phorylated ERK (p-ERK) and phosphorylated p65 (p-p65), whereas co-
treatment with SMM partially attenuated these effects (Fig. 7A-C).
These observations were further confirmed by Western blot analysis
(Fig. 7D and Fig. S6A, B).

Subsequently, alterations in downstream pathways of the ERK/NF-
kB signaling axis were examined. In RAW264.7 cells, high glucose-
induced increases in Fos, Jun, Mmp9, and Ptgs2 expression were effec-
tively suppressed by SMM treatment. Co-treatment with Ceramide C6
abrogated the suppression (Fig. 7E-H). Ceramide C6 also eliminated the
SMM-mediated reduction in inflammaing-related protein levels (Fig. 71,
J and Fig. S6C-H). Furthermore, we investigated the effects of inhibiting
the ERK/NF-B signaling axis on macrophage senescence. Immunoflu-
orescence and SA-B-gal staining revealed that treatment with the ERK
inhibitor FR 180204 significantly alleviated senescence in high-glucose-
exposed RAW264.7 cells, with similar results obtained in the SMM-
treated group (Fig. S7A-D). The altered levels of aging-related markers
such as p16, p21, and y-H2A.X correlated with the activation levels of
the ERK/NF-xB signaling, suggesting that SMM could effectively
improve macrophage senescence by suppressing ERK/NF-kB pathway.
Collectively, these results indicate that SMM alleviates macrophage
inflammaing under diabetic conditions by inhibiting the ERK/NF-xB
signaling axis.

4. Discussion

DKD is one of the most common and severe complications of dia-
betes, posing a heavy burden on global health [4]. With the increasing
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prevalence of DKD, growing attention has been directed toward un-
derstanding its molecular mechanisms and identifying potential thera-
peutic targets [31]. S-methylmethionine (SMM), also known as Vitamin
U, is a naturally-derived amino acid derivative commonly found in
vegetables such as cabbage, kale, spinach and garlic [29]. SMM displays
a wide range of biological activities, including anti-inflammatory, anti-
ulcer, antihyperlipidemic, and cytoprotective effects. In various disease
models, SMM has been shown to possess potent free radical scavenging
and antioxidant properties [28,30]. In this study, we discovered a novel
therapeutic role of SMM in ameliorating diabetic renal injury. Diabetic
mice treated with SMM showed improved metabolic disturbances, less
weight loss, and lower hyperglycemic levels. Furthermore, pathological
alterations of the kidney, such as glomerular hypertrophy, mesangial
expansion, thickened basement membranes, and interstitial fibrosis, are
characteristic features of DKD [32]. Our findings demonstrated that
SMM significantly reversed these pathological changes and mitigated
renal functional impairment.

Inflammaging has recently received wide attention as an important
driver of persistent complications in metabolic disease [9]. Hypergly-
cemia triggers systemic chronic inflammation and promotes premature
senescence in local cells via excessive inflammatory cytokines [12].
Senescent cells secrete the SASP in turn, which sustains inflammation
and drives disease progression. Transcriptomic analysis of DKD patient
dataset revealed significant enrichment of inflammation and senescence
related pathways, which correlated strongly with renal injury. Targeting
inflammaging may therefore represent a promising therapeutic strategy
to intervene in DKD. In our experiments, SMM treatment markedly
reduced serum levels of proinflammatory cytokines including IL-1, IL-6
and TNF-a. SMM also lowered the expression of senescence associated
proteins such as p16 and p21. These data indicate that SMM can effec-
tively suppress inflammation and attenuate cellular senescence in the
diabetic setting.

Macrophages are central innate immune cells in the diabetic kidney
[16,33]. Two major macrophage phenotypes, M1 and M2, exert opposite
effects in DKD. M1 macrophages accumulate in diabetic kidneys and
release proinflammatory mediators that promote tissue injury [34]. M2
macrophages are associated with anti-inflammatory responses and tis-
sue repair. Regulation of macrophage polarization has been shown to
improve DKD outcomes [35,36]. In our study, diabetic mice displayed
marked renal macrophage infiltration and a shift toward the proin-
flammatory M1 phenotype, exhibiting a significantly elevated M1/M2
ratio. SMM treatment restored macrophage polarization balance , pro-
moted phenotype conversion from M1 toward M2 and reduced the M1/
M2 ratio. Moreover, previous studies have indicated that diabetic
macrophages exhibit functional impairments, including reduced
phagocytic and migratory capacities, which can perpetuate excessive
inflammation [37,38]. In vitro, SMM reversed these dysfunctions in
RAW264.7 macrophages in a dose dependent manner. These results
support the idea that the protective effects of SMM are closely linked to
its capacity to modulate macrophage phenotype and function.

To further elucidate the underlying molecular mechanisms, we in-
tegrated network pharmacology and bioinformatics analyses. The re-
sults suggested that the ERK/NF-xB signaling pathway may play a
critical role in SMM-mediated protection against DKD. ERK, a key
member of the MAPK family, participates in signaling processes related
to metabolism and inflammation [39]. Our data showed that ERK
phosphorylation was significantly increased in diabetic kidneys and
high glucose-stimulated macrophages, whereas SMM treatment effec-
tively reduced phosphorylated ERK expression. NF-kB is a master tran-
scription factor that regulates inflammatory and senescence networks,
which has been reported to driving DKD progression [40,41]. SMM
reversed high glucose induced NF-kB phosphorylation and nuclear
translocation. These findings suggest that SMM exerts its protective ef-
fect by suppressing ERK/NF-kB signaling. To validate this mechanism,
we further employed the ERK inhibitor FR180204 and the ERK activator
Ceramide C6 [42,43]. Consistent with SMM treatment, FR180204
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p16, p21, and y-H2A.X bands by Western blot. (G) Representative ERK, p-ERK, p65 and p-p65 bands by Western blot. Data are presented as mean + SD (n = 3). *p <
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Fig. 7. SMM exerts protective effects through modulation of the ERK/NF-kB signaling pathway.

(A-C) Representative immunofluorescence staining and quantitative analysis of p-ERK and p-p65 in RAW264.7 cells. (D) Representative ERK, p-ERK, p65 and p-p65
bands by Western blot. (E-H) Relative mRNA levels of Fos, Jun, Mmp9, and Ptgs2. (I) Representative IL-1p, IL-6, and TNF-a bands by Western blot. (J) Representative
pl6, p21, and y-H2A.X bands by Western blot. Data are presented as mean + SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

effectively inhibited ERK and NF-kB activation and downregulated the
expression of downstream inflammatory and senescence-associated
markers. Co-administration of SMM and FR180204 did not yield addi-
tional effects, whereas the ERK activator Ceramide C6 partially abol-
ished the protective actions of SMM. Collectively, these results highlight
the central role of ERK/NF-xB signaling in mediating the anti-
inflammaging effects of SMM.
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Current findings reveal that SMM acts as a negative regulator of the
ERK/NF-kB pathway in macrophages, with ERK/NF-kB serving as the
core signaling module targeted by SMM in diabetic kidney disease-
associated macrophage inflammaging. Future studies should further
investigate the upstream mechanisms underlying SMM-mediated ERK/
NF-kB pathway alterations to elucidate potential targets of SMM regu-
lation. It was shown that SMM functions as a methyl donor utilized by
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Fig. 8. SMM ameliorates renal injury in diabetic mice by modulating macrophage inflammaging via inhibiting the ERK/NF-kB signaling pathway (created with

BioGDP.com).

betaine-homocysteine S-methyltransferase 2 (BHMT2) in one-carbon
metabolism and the methionine cycle [44]. Through this pathway, SMM
mediates the conversion of homocysteine (Hcy) to methionine (Met) and
elevates the ratio of S-adenosylmethionine (SAM) to S-adenosylhomo-
cysteine (SAH) [45,46]. Elevated Hcy levels are known to enable
cascade activation of ERK signaling through multiple routes. Hcy can
enhance the activity of Ras, a key upstream regulator in the Raf/MEK/
ERK pathway, thereby initiating the cascade reaction [47]. Robert K
et al. showed that cyclic AMP-dependent protein kinase (PKA) and
phospholipid-dependent protein kinase (PKC) participate in Hcy-
mediated ERK activation in mouse hippocampus [48]. In macro-
phages, excessive Hey has also been reported to activate ERK/NF-kB-
associated inflammatory responses through P2X7 receptor-dependent
signaling, while Ca?*-responsive pathways involving kinases such as
Pyk2 and Src-family members represent additional mechanisms by
which Hcy can potentiate ERK activation [49,50]. Meanwhile, SMM also
exhibits the potential to regulate methylation levels through one-carbon
metabolism, thereby altering the expression or activation state of related
upstream regulatory proteins. Our future research will integrate
metabolomics to investigate alterations in BHMT2-related one-carbon
metabolism under hyperglycemia, while assessing the activity and
epigenetic modification status of key target proteins such as Ras, PKA,
PKC, as well as Ca2+—responsive kinases, to explore their potential
linkages with SMM.

Despite these advances, our study has several limitations. Findings
are primarily derived from mouse models and RAW264.7 macrophages,
so it remains to be clarified whether these observations can be extrap-
olated to human diabetic nephropathy. Furthermore, while our data
suggest SMM exhibits protective effects under hyperglycemic and in-
flammatory conditions, its optimal dosing regimen, pharmacokinetic
profile, tissue distribution, and metabolic outcomes in chronic metabolic
diseases remain insufficiently characterized. Long-term and systematic
evaluations are required to validate its therapeutic potential.

In summary, our results demonstrate that SMM ameliorates diabetic
kidney injury by modulating macrophage inflammaging through sup-
pression of the ERK/NF-kB signaling pathway (Fig. 8). To our knowl-
edge, this is the first report identifying SMM as a novel regulator of
macrophage inflammaging in DKD, providing new insights for the
development of dietary or pharmacological interventions against dia-
betic complications.
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S-methylmethionine Ameliorates Renal Injury in Diabetic Mice by Modulating

Macrophage Inflammaging via ERK/NF-kb Signaling Pathway

Hao Dong, Linjie Shen, Pawuziya Abulizi, Yuezhang Sun, Lulingxiao Nie, Aimin Cui, Qian

Fu, Ning Ji, Yuwen Luo, Chienshan Chen, Aimin Xu, Wai Keung Leung”, Qi Wang"

Table S1. Primer sequence of target genes used for gPCR.

Gene Name | Species | Forward 5'-3' Reverse 5'-3'

Nos2 Mouse | GGTGAAGGGACTGAGCTGTT | ACGTTCTCCGTTCTCTTGCAG
Argl Mouse | GTACATTGGCTTGCGAGACG | ATCGGCCTTTTCTTCCTTCCC

Fos Mouse | CGGGCTTTCCCCAAACTTCG | GTGTTGACAGGAGAGCCCAT
Jun Mouse | GGGAGCATTTGGAGAGTCCC | TTTGCAAAAGTTCGCTCCCG

Mmp9 Mouse | AAACCTCCAACCTCACGGAC | TTGGAATCGACCCACGTCTG

Ptgs2 Mouse | TCCATTGACCAGAGCAGAGA | TCTGGACGAGGTTTTTCCAC

Actb Mouse | AAATCGTGCGTGACATCAAAA | TCTCCAGGGAGGAAGAGGAT
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Fig. S1. Body weight and blood glucose levels of mice at week 10.
Analyses of (A) Body weight, and (B) Blood glucose of each group at week 10. Data are

presented as mean + SD (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. S2. Quantitative analysis of Western blot bands for senescence-related proteins in
kidney tissues.

Relative protein levels of (A) y-H2A. X, (B) p16, and (C) p21. Data are presented as mean *
SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. S3. Quantitative analysis of Macrophage Polarization-Related Marker Genes by
RT-qPCR.

Relative mMRNA levels of (A) nitric oxide synthase 2 (Nos2), and (B) arginase-1 (Argl). Data
are presented as mean £ SD (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. S5. Quantitative analysis of Western blot bands in RAW264.7 cells.

Relative protein levels of (A) y-H2A. X, (B) p16, (C) p21, (D) IL-1B, (E) IL-6, (F) TNF-a, (G)

p-ERK/ERK, and (H) p-p65/p65. Data are presented as mean = SD (n = 3). *p < 0.05, **p <

0.01, ***p < 0.001, ****p < 0.0001.
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Fig. S6. Quantitative analysis of Western blot bands in RAW264.7 cells using ERK

inhibitor or activator.

Relative protein levels of (A) p-ERK/ERK, (B) p-p65/p65, (C) IL-1B, (D) IL-6, (E) TNF-a, (F)

v-H2A.X, (G) p16, and (H) p21. Data are presented as mean + SD (n = 3). *p < 0.05, **p <

0.01, ***p < 0.001, ****p < 0.0001.
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Fig. S7. Inhibiting the ERK/NF-kB signaling pathway reduces macrophage aging.

(A-B) Representative immunofluorescence staining and quantitative analysis of p16, p21, and
v-H2A.X in RAW264.7 cells. (C-D) Cellular senescence assessed by SA-B-gal staining and
guantitative analysis. Data are presented as mean = SD (n = 3). *p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001.
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