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DNA damage in proximal tubules triggers
systemic metabolic dysfunction through
epigenetically altered macrophages

Erina Sugita Nishimura1,9, Akihito Hishikawa1,9, Ran Nakamichi1,9, Riki Akashio1,
Shunsuke Chikuma2,3, Akinori Hashiguchi 4, Norifumi Yoshimoto1,
Eriko Yoshida Hama1, Tomomi Maruki1, Wataru Itoh1, Shintaro Yamaguchi 5,
Jun Yoshino6,7, Hiroshi Itoh8 & Kaori Hayashi 1

DNA damage repair is a critical physiological process closely linked to aging.
The accumulation of DNA damage in renal proximal tubular epithelial cells
(PTEC) is related to a decline in kidney function. Here, we report that DNA
double-strand breaks in PTECs lead to systemic metabolic dysfunction,
including weight loss, reduced fat mass, impaired glucose tolerance with
mitochondrial dysfunction, and increased inflammation in adipose tissues and
the liver. Single-cell RNA sequencing analysis reveals expansion of CD11c+
Ccr2+ macrophages in the kidney cortex, liver, and adipose tissues and Ly6Chi

monocytes in peripheral blood. DNA damage in PTECs is associated with
hypomethylation of macrophage activation genes, including Gasdermin D, in
peripheral blood cells, which is linked to reduced DNA methylation at KLF9-
binding motifs. Macrophage depletion ameliorates metabolic abnormalities.
These findings highlight the impact of kidney DNA damage on systemic
metabolic homeostasis, revealing a kidney-blood-metabolism axis mediated
by epigenetic changes in macrophages.

DNA damage repair is an essential physiological process for the
maintenance of an individual’s life. DNA damage can be induced by
various internal and external stresses, and an increase in DNA damage
sites due to an increase inDNAdamage or a decrease inDNA repair has
been observed in aging and certain pathological conditions1. Recent
reports showed that an increase in DNA damage can lead to a loss of
chromatin structural balance, namely, epigenomic changes, which can
trigger aging phenotypes2.

The incidence of chronic kidney disease (CKD) is increasing
worldwide to varying degrees depending on regions as the population
ages. CKD increases the risk for end-stage renal failure as well as

cardiovascular complications, strongly affecting patient prognosis.
The increase in the prevalence of hypertensionanddiabeteswith aging
and the consequent increase in conditions such asnephrosclerosis and
diabetic nephropathy contribute to this trend3. With aging, the glo-
merularfiltration rate (GFR) decreases, andnephrosclerosis increases4.
In contrast, recent reports have suggested that CKD may accelerate
systemic aging. Although previous reports have identified prominent
immune aging in patients on dialysis5,6, recent large-scale data analysis
using artificial intelligence (AI) has revealed that CKD is an important
factor in the progression of systemic aging7,8. However, the underlying
mechanisms remain unclear.

Received: 24 July 2024

Accepted: 15 April 2025

Check for updates

1Division of Nephrology, Endocrinology andMetabolism, Department of Internal Medicine, Keio University School of Medicine, Tokyo, Japan. 2Department of
Immunology, Keio University School of Medicine, Tokyo, Japan. 3College of Life Sciences and Medicine, National Tsing Hua University, Hsinchu City, Taiwan.
4Department of Pathology, Keio University School of Medicine, Tokyo, Japan. 5School of Medicine Medical Education Center, Keio University, Tokyo, Japan.
6Division of Nephrology, Department of InternalMedicine, Faculty ofMedicine, ShimaneUniversity, Izumo, Japan. 7TheCenter for Integrated Kidney Research
and Advance (IKRA), Faculty of Medicine, Shimane University, Izumo, Japan. 8Center for Preventive Medicine, Keio University Hospital, Tokyo, Japan. 9These
authors contributed equally: Erina Sugita Nishimura, Akihito Hishikawa, Ran Nakamichi. e-mail: kaorihayashi@keio.jp

Nature Communications |         (2025) 16:3958 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0002-6455-071X
http://orcid.org/0000-0002-6455-071X
http://orcid.org/0000-0002-6455-071X
http://orcid.org/0000-0002-6455-071X
http://orcid.org/0000-0002-6455-071X
http://orcid.org/0000-0002-4917-033X
http://orcid.org/0000-0002-4917-033X
http://orcid.org/0000-0002-4917-033X
http://orcid.org/0000-0002-4917-033X
http://orcid.org/0000-0002-4917-033X
http://orcid.org/0000-0002-4923-1550
http://orcid.org/0000-0002-4923-1550
http://orcid.org/0000-0002-4923-1550
http://orcid.org/0000-0002-4923-1550
http://orcid.org/0000-0002-4923-1550
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-59297-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-59297-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-59297-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-59297-x&domain=pdf
mailto:kaorihayashi@keio.jp
www.nature.com/naturecommunications


We have previously investigated the important role of DNA
damage and subsequent epigenetic changes in kidney diseases, espe-
cially focusing on glomerular podocytes9–13. Podocytes form a slit
diaphragm and play a crucial role in the urinary protein barrier. These
terminally differentiated cells fundamentally do not divide or replen-
ish, making them a focal point in the study of renal aging14. DNA
double-strand breaks in podocytes not only lead to changes in the
renal immunemicroenvironment centered on the activation of CD8+ T
cells but also induce the proliferation of CD44+ memory cells in per-
ipheral blood, together with blood DNA methylation changes15. Fur-
thermore, changes in DNA methylation in peripheral blood may be
involved in CD8+ T-cell activation and differentiation. Another model
of increased DNA damage in podocytes also suggests an increase in
CD44+ CD8+ T cells16, similar to what has been previously described as
immune aging17. Thisfinding is consistentwith the results of previously
reported epigenome-wide association studies, which indicated that
blood DNA methylation changes are associated with a decrease in
kidney function18–20. Given the high cell type specificity of DNAdamage
repair pathways, investigating the role of DNA damage repair in
proximal tubular epithelial cells (PTEC) compared to that in podocytes
is important. PTECs are metabolically active cells with abundant
mitochondria and retain some degree of proliferative capacity, unlike
podocytes. Damage to PTECs is a key mechanism that triggers tubu-
lointerstitial fibrosis, the final common pathway of renal failure.
Therefore,we focusedonDNAdamage in PTECs to elucidate its unique
roles in renal function and systemic homeostasis.

In this study, we find that repeated DNA damage repair in PTECs
not only leads to changes in the renal immune and metabolic envir-
onment that are different from those associated with podocyte DNA
damage but also increases the number of activated monocytes asso-
ciated with DNA methylation changes in peripheral blood cells, ulti-
mately resulting in systemic metabolic disorders, similar to a
phenotype of metabolic aging.

Results
Continuous nonmutagenic DNA damage in proximal tubular
epithelial cells (PTECs) causes systemic metabolic changes
I-PpoI is a homing endonuclease that cuts the target 15-bp DNA motif,
and the mouse genome contains 19 canonical I-PpoI sites and 112
degenerate sites21. To investigate the effect of continuous DNADSBs in
proximal tubular epithelial cells (PTECs) on renal and systemic
homeostasis, we generated mice with PTEC-specific I-PpoI expression
(γGT-Cre, ROSA26-STOP-IPpoI, referred to as I-PpoI mice). DNA
double-strand breaks (DSBs) were confirmed to occur at known I-PpoI
cleavage sites, including ribosomal DNA (rDNA) in the PTECs isolated
from I-PpoImicecompared to their peripheral bloodcells (Fig. 1A). The
levels of γH2AX, a DNA DSB marker, were greater in PTECs from the
I-PpoI mice than in those from the wild-type (WT) mice (Fig. 1B).
Additionally, DNA DSBs at I-PpoI cleavage sites did not increase in the
liver, peripheral blood, macrophages or adipose tissues of the I-PpoI
mice (Supplementary Figs. 1A–E), and the levels of γH2AX were not
increased in the visceral or subcutaneous adipose tissue from the
I-PpoI mice (Supplementary Fig. 1F). It was also confirmed that the cre
expression was observed in PTECs, not in adipose tissues in the I-PpoI
mice, using gGT-Cre+Td-tomato mice (Supplementary Fig. 2).

Even at 1 year of age, there were no obvious differences in renal
tissue between the I-PpoI mice and theWTmice according to periodic
acid-Schiff (PAS) andMasson trichrome (MT) staining (Supplementary
Fig. 1G); however,KIM-1 andNGALexpression and serumureanitrogen
and creatinine levels were elevated, and mild albuminuria was detec-
ted in the I-PpoI mice at 16 weeks of age (Fig. 1C–E), suggesting some
phenotypic changes in the kidney of the I-PpoI mice as supported by
the results of the immunohistochemical staining of vimentin, which is
a marker for epithelial-mesenchymal transition22 (Supplementary
Fig. 1H). Urine glucose and amino acid levels were not increased in the

I-PpoI mice compared to the WT mice (Supplementary Fig. 1I). RNA
sequence (RNA-seq) analysis of the renal cortex indicated that changes
in pathways related to fatty acid metabolism were prominent in the
I-PpoI mice, and these findings were confirmed by RT‒PCR analysis,
suggesting decreased expression of carnitine palmitoyl-transferase 1 A
(CPT1a), the rate-limiting enzyme in fatty acid β-oxidation, CPT2,
CCAAT/ enhancer-binding protein-alpha (CEBPa), CCAAT/enhancer-
binding protein-alpha (CEBPb), peroxisome proliferator-activated
receptor (PPAR)α and PPARγ (Fig. 1F, G).

Notably, the I-PpoI mice exhibited weight loss, which was evident
at ~16 weeks of age (Fig. 1H), despite no changes in food intake (Sup-
plementary Fig. 1J). Impedancemethods indicated that weight losswas
attributable to a decrease in fat mass (Supplementary Fig. 1K), and
indeed, visceral and subcutaneous fatweight was reduced in the I-PpoI
mice (Fig. 1I), whereas the amount of muscle was not significantly
altered in these mice (Supplementary Fig. 1L). Biochemical tests
revealed that the serum alanine aminotransferase (ALT), aspartate
aminotransferase (AST), alkaline phosphatase (ALP), fasting triglycer-
ide (TG) and free fatty acid (FFA) levels were elevated, indicating
enhanced lipolysis (Fig. 1J), and impaired glucose tolerance was sug-
gested in the I-PpoI mice due to insulin resistance, as evaluated by an
intraperitoneal glucose tolerance test (ip-GTT) and fasting serum
insulin levels (Fig. 1K). The free cholesterol (FC) as well as FC/total
cholesterol ratio, a marker of fatty liver diseases23, was significantly
increased in the liver of the I-PpoI mice, and the expression of CPT1a,
CPT2, PPARα, and PPARγ was reduced in the livers of these mice,
indicating impaired fatty acid metabolism (Fig. 1L, M). Although no
histological changes were observed at 16 weeks of age, the number of
hepatocytes with a single large fat droplet increased in the livers of 2-
year-old I-PpoI mice compared to those of WT mice (Supplementary
Fig. 1M). Free cholesterol in the kidney tended to be increased in the
I-PpoI mice (Fig. 1L), and partial ectopic myocardium fat was observed
in 6-month-old I-PpoI mice (Supplementary Fig. 1N).

Adipose tissues revealed no significant changes in the I-PpoI mice
at 16weeks of age, but the structures showedmild fibrosis in 1-year-old
I-PpoI mice (Supplementary Fig. 1O, P). The expression of genes
involved in lipolysis and adipose differentiation, including CEBPa and
CEBPb, was significantly decreased in visceral adipose tissue of the
I-PpoI mice, suggesting impaired adipose differentiation (Fig. 1N). The
I-PpoI mice exhibited decreased gene expression of PPARγ, along with
its target genes and key regulators involved in de novo lipogenesis and
lipid droplet formation in visceral adipose tissue (VAT) (Fig. 1N, O).
Energy expenditure was evaluated using indirect calorimetry, which
revealed a reduced diurnal variation in the respiratory exchange ratio
(RER) in the I-PpoI mice. This finding suggests a loss of metabolic
flexibility, characterized by impaired switching from carbohydrates to
lipids as an energy source during the night, which resembles patterns
observed in metabolically unhealthy lean individuals and aging24,25

(Fig. 1P). These results suggest that impaired adipocyte differentiation
and function may lead to an overflow of free fatty acids, which could
result in the seemingly contradictory phenotype of decreased fatmass
and ectopic fat deposition in other organs.

The accumulation of DNA double-strand breaks is known to induce
cell senescence and contribute to the aging process. Then, the expres-
sion of genes associated with cellular senescence, including cyclic GMP-
AMP synthase (cGAS) and stimulator of interferon genes (STING), was
examined, and the results revealed that the expression of these genes
was elevated in the renal cortex of the I-PpoI mice (Fig. 1Q). The
expression of senescence-associated secretory phenotype (SASP)-asso-
ciated genes, such as tumor necrosis factor (TNF)α and interleukin (IL)-
1β, and senescence markers, including p16 and p21, was also increased
not only in the renal cortex but also in the liver and visceral fat of the
I-PpoI mice (Fig. 1R). These findings suggested that DNA damage in
PTECs caused systemic metabolic alterations with elevated inflamma-
tory and senescencemarkers in the kidney, the liver and adipose tissues.
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DNA damage in PTECs causes altered glucose and lipid meta-
bolism in the kidney and liver
Next, to gain insight into the metabolic alterations occurring in the
kidney and liver, we conducted a metabolomic analysis using samples
from the renal cortex and liver of 16-week-old I-PpoI mice and WT
controls. High anaerobic glycolysis and low tricarboxylic acid (TCA)

cycle activity are characteristic features of the I-PpoI mice (Fig. 2A). In
both the renal cortex and the liver, we observed a significant increase
in the levels of lactate and pyruvate, which is consistent with risk fac-
tors for glucose intolerance26. In the kidney of the I-PpoI mice, an
increase in the expression of key rate-limiting enzymes in the glyco-
lytic pathway, such as hexokinase (HK), phosphofructokinase (PFK)
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and pyruvate kinase (PK) were observed (Fig. 2B), suggesting a com-
pensatory upregulation of glycolysis in response to reduced aerobic
respiration due to mitochondrial dysfunction. In contrast, in the liver
of the I-PpoI mice, there was a decrease in the expression of glycolytic
enzymes alongside an increase in the expression of gluconeogenic
enzymes including glucose-6-phosphatase (G6Pase), phosphoe-
nolpyruvate carboxykinase (PEPCK) and pyruvate carboxylase (PCK)
(Fig. 2C). This shift indicates enhanced gluconeogenesis, a process that
typically relies on substrates such as lactic acid, amino acids or fat in
conditions of impaired glucose tolerance. Furthermore, the levels of
many intermediates and products associated with the TCA cycle, such
as citrate and α-ketoglutaric acid, decreased in the I-PpoI mice27.
Branched-chain amino acids (BCAAs) were also found to be increased
in both the renal cortex and the liver (Fig. 2D). According to a recent
report, BCAAs are negatively correlated with insulin sensitivity, inde-
pendent of BMI, and BCAA levels are elevated in the serum of indivi-
duals with type 2 diabetes28,29. Moreover, increased levels of ornithine
and citrulline (Fig. 2A) and elevated expression of branched-chain
amino acid transaminases (BCAT1 and BCAT2) (Fig. 2B, C) indicate an
upregulated urea cycle. These results suggest that amino acids were
utilized as substrates for the TCA cycle and gluconeogenesis, com-
pensating for impaired fatty acid uptake in the kidney and liver.
Importantly, the NADH/NAD ratio increased, while the energy charge,
calculated as ATP + ½ ADP/ATP + ADP +AMP, decreased in the I-PpoI
mice (Fig. 2E). These findings suggested that the I-PpoI mice exhibited
impaired fatty acid metabolism and were unable to meet their energy
requirements, leading to metabolic reprogramming and subsequent
changes in key metabolites in the kidney cortex and liver.

DNA damage in PTECs causes mitochondrial dysfunction in
cultured tubular cells
To quantitatively analyze the metabolic changes caused by DNA
damage in PTECs in vitro, we used a flux analyzer to evaluate the
oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR), which are indicators of glycolysis and mitochondrial respira-
tion, respectively, in cultured PTECs, immortalized cell-line, over-
expressing I-PpoI with increased DNA damage as confirmed by the
long-distance PCR method (Fig. 3A). The I-PpoI-expressing PTECs
exhibited increased NGAL and KIM-1 expression as well as decreased
CPT1a expression, as observed in the I-PpoI mice (Fig. 3B). Cultured
PTECs transfected with I-PpoI had a reduced OCR at baseline and
decreased ATP production, as measured by a Seahorse Extracellular
Flux Analyzer (Fig. 3C). The fluoro carbonyl cyanide phenylhydrazone
(FCCP)-induced maximal respiration and spare respiration capacity
were markedly reduced in the cultured PTECs overexpressing I-PpoI
(Fig. 3D). It was also revealed that the capacity of fatty acid oxidation
(FAO) was reduced in cultured PTECs with increased DNA damage
(Figs. 3E, F, and Supplementary Fig. 3A), although fatty acid was the
main source of energy production in healthy PTECs. Then, the

mitochondrial DNA copy number was evaluated, indicating that sig-
nificant reduction in the kidney and the liver of the I-PpoI mice com-
pared to controls (Fig. 3G). Furthermore, the activities of electron
transport chain complexes were decreased, accompanied by reduced
ATP production and impaired expression of PGC-1α, a key regulator of
mitochondrial biogenesis (Fig. 3H). These results indicate that I-PpoI-
induced DNA damage disrupts mitochondrial respiratory capacity in
the hepatocytes as well as PTECs, leading to metabolic reprogram-
ming, consistent with the previously reported age-related mitochon-
drial dysfunction associated with insulin resistance.

DNA damage in PTECs activates and promotes the proliferation
of CD11c+ and Ccr2+ macrophages in the kidney cortex
As DNA DSBs in PTECs cause elevated expression of inflammatory and
aging factors in the kidney, single-cell RNA sequencing (scRNA-seq)
was performed on the renal cortex of 16-week-old I-PpoI mice to
investigate alterations in cell populations in the kidney after DNADSBs
in PTECs. We visualized the single-cell datasets using UMAP and
identified 10 cell-type clusters, which were classified using established
cell-specific markers of murine kidneys as previously described
(Fig. 4A)30,31. The total numbers of cells were 7803 and 4719 in the WT
mice and the I-PpoI mice, respectively. In the I-PpoI mice, the pro-
portion of PTECs was reduced, and the expression of Egf, a biomarker
of tubular cell health, was reduced. By repeating the UMAP clustering
analysis of macrophages, dendritic cells (DC), monocytes and neu-
trophils, we found marked expansions of Ccr2hi CD11c+ macrophages
and inflammatory Ly6Chi Ccr2+ monocytes in the renal cortex of the
I-PpoI mice. Neutrophils were also increased in the renal cortex of the
I-PpoI mice (Fig. 4B, C). Ccr2hi CD11c+ macrophages were reported to
originate from recruited Ly6Chi Ccr2+ monocytes30, which are asso-
ciated with increased levels of circulating proinflammatory cytokines
such as TNF, IL-1β and Ccr2. CD11c+ macrophages were shown to play
an important role in metabolic disturbances and insulin resistance in
adipocytes32. CD11b expression was also increased in DCs, monocyte
and neutrophil clusters (Fig. 4C). Immunohistochemical staining also
revealed that CD11b+ cells and CD11c+ cells were increased in the kid-
ney, the liver, and visceral adipose tissue and that the expressions of
Ccr2 and Ly6C were elevated in the kidney and visceral adipose tissue
of the I-PpoI mice (Figs. 4D, E, and Supplementary Fig. 4A, B).
Fluorescence-activated cell sorting (FACS) analysis revealed increased
numbers of CD11b+ and CD11c+macrophages in the kidney and visceral
adipose tissue, as well as an increased population of Ly6Chi CD11b+

monocytes in theperipheral blood cells of the I-PpoImice compared to
those in the peripheral blood cells of theWTmice (Fig. 4F). In order to
further elucidate the mechanism responsible for metabolic derange-
ment in the I-PpoI mice, the characteristics of adipose tissue macro-
phages (ATM) defined by F4/80+ and CD11b+ isolated from the I-PpoI
mice, ob/ob mice and wild-type controls at 16 weeks of age were
analyzed. Interestingly, even though the increased proportion of

Fig. 1 | Continuous nonmutagenic DNA damage in PTECs causes systemic
metabolic changes. A I‒PpoI cutting efficacy of rDNA in isolated PTECs from the
I-PpoI and WT mice. B Representative photomicrographs of immunofluorescence
(IF) staining of γH2AX (green)/AQP1 (red) in the kidney cortex. The experiment was
repeated with similar results three times. C Real-time RT‒PCR analysis of bio-
markers of renal proximal tubule injury in the renal cortex. D Serum BUN and Cr
levels at 16 weeks of age. E The amount of albuminuria at 16 weeks of age. F Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis (upper)
and Gene Ontology enrichment analysis (lower) for upregulated differentially
expressed genes. The graph shows the log p-value calculated using the Benjamini‒
Hochberg-corrected two-tailed t test for the enrichment of a specific pathway.
G Real-time RT‒PCR analysis of genes related to fatty acid metabolism in the renal
cortex.HTime course of bodyweight. ITheweights of VAT (left), SAT (middle) and
BAT (right) at 16 weeks of age. J Serum ALT, ALP, TG and FFA levels at 16 weeks of
age. K (left) Ip-GTT and area under the curve (AUC) for glucose values 0–120min

after glucose load at 16weeks of age. (right) Fasting serum insulin levels at 16weeks
of age. LHepatic FC and the ratio of FC to TCat 16weeks of age.M,NReal-time RT‒
PCR analysis of genes related to fatty acid metabolism in the liver (M) and genes
involved in lipolysis and adipose differentiation in VAT (N). O (a) Western blot
analysis of PPARγ protein. b Band intensity of PPARγ relative to GAPDH. P The RQ
(VCO2/VO2) values determined by indirect metabolic calorimetry (CLAMS).
Q, R Real-time RT‒PCR analysis of genes associated with cellular senescence in the
kidney cortex (Q) and SASP-associated genes and senescencemarkers in the kidney
(Ra), the liver (Rb) and VAT (Rc). Tg (the I-PpoI), 16-week-old γGT-Cre+ ROSA26-
STOP-I-PpoI; WT, 16-week-old wild type. In A, C–E, G–I, L–N, (Q), and
R, n = 6 samples in each group. In K and P, n = 4 in each group. In (J), n = 8 in each
group. The data are presented as the means ± SEMs. *p <0.05, **p <0.01 vs. the
control; N.S., not significant. Scale bars, 20 µm in (B). Source data are provided as a
Source Data file.
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CD11c+ cells was observed in the ATMs of both the I-PpoI mice and ob/
ob mice (Supplementary Fig. 3B), ATMs in the I-PpoI mice exhibited
different gene expression profiles compared to those seen in ob/ob
mice. In ATMs isolated from obese adipose tissue, trends toward the
up-regulation ofmost ofM1-associated genes and the down-regulation
of M2-associated genes were observed. On the other hand, in those

isolated from the I-PpoI mice, M1- associated genes were mildly
upregulated and M2- associated genes were randomly regulated in a
different way from that in ob/ob mice (Supplementary Fig. 3C).
Moreover, similarly to lipodystrophic mice, which exhibit insulin
resistance and glucose intolerance in lean phenotypes, the proportion
of CD40+ cells in F4/80+ CD11b+ ATMs was not increased in the I-PpoI
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mice, in contrast to the marked increase observed in ob/ob mice
(Supplementary Fig. 3D). These findings suggest that PTEC DNA
damage causes the activation ofmacrophages andmonocytes not only
in the kidney but also in the peripheral circulation, leading to the
change in systemic immune environment in a different way from that
of obesity. Furthermore, F4/80+ CD11b+ ATMs of 16-week-old I-PpoI
mice, the increased expression of Trem2 was observed (Supplemen-
tary Fig. 3E), which are reported to be observed in aged humans and
are hallmarks of lipid-associated macrophages involved in inflamma-
tion and fibrotic remodeling33. The results are consistent with the
promoted fibrosis observed in visceral adipose tissue of 1-year-old
I-PpoI mice compared to control mice of the same age (Supplemen-
tary Fig. 1H).

DNA methylation of the KLF9-binding motif is decreased in the
I-PpoI mice
We next examined the effects of I-PpoI-induced DSBs on changes in
DNA methylation in peripheral blood cells of the I-PpoI mice.
According to reduced representation of bisulfite sequencing (RRBS)
analysis, a total of 5,488 significant differentially methylated regions
(DMR)were identified in the peripheral blood of the I-PpoImice. DMRs
were detected in pathways related to amino acid metabolism, insulin
resistance and secretion (Fig. 5A, B). Notably, using motif analysis, we
identified a Krüppel-like factor 9 (KLF9)-binding motif in hypomethy-
lated DMRs in the peripheral blood of the I-PpoI mice (Fig. 5C). Gas-
dermin D (GSDMD), a target gene of the transcription factor KLF9,
which is reportedly involved in macrophage activation, was confirmed
to be hypomethylated (Fig. 5D). These results suggest that DNA
damage in PTECs causes altered DNA methylation in peripheral blood
cells related to macrophage activation.

DNA damage in cultured PTECs changes adipocyte phenotypes
through activated macrophages
To confirm the potential role of activated macrophages in the altered
phenotypes of adipocytes, we conducted an in vitro analysis using
cultured murine RAW 264.7 macrophages that had been transferred
into the medium of murine PTECs following transfection with I-PpoI
and murine adipocytes cultured in conditioned medium from the
activated macrophages (Fig. 6A). RAW 264.7 macrophages cultured in
the medium of PTECs overexpressing I-PpoI for 48 h exhibited
increased expression of inflammatory cytokines such as IL-1β, TNFα
and Ccr2. As shown in the I-PpoI mice, GSDMD and KLF9 expression
was increased in activated macrophages (Fig. 6B), which was asso-
ciated with decreased DNA methylation of the GSDMD promoter
region (Fig. 6C). To further elucidate the precise mechanism under-
lying DNA damage-induced macrophage activation, we investigated
the release of damage-associated molecular patterns (DAMPs) from
DNA-damaged PTECs, as these molecules have strong potential to
activate macrophages. Our results showed that the concentration of
highmobility group box protein-1 (HMGB1), a well-knownDAMP34, was
significantly elevated in the culture supernatant of I-PpoI-transfected
PTECs compared to that of controls (Fig. 6D). Next, the promoter
activity of the GSDMD gene with or without DNA methylation was
examined using a CpG-free plasmid vector system, which suggested
that promoter methylation of the investigated region plays a

functional role in the control of GSDMD promoter activity (Fig. 6E).
Regarding the factors mediating changes in DNA methylation, we
focused on exosomes released by injured PTECs. Interestingly, we
observed decreased mRNA expression of DNA methyltransferase
(DNMT)1 and DNMT3A not only in exosomes released by cultured
DNA-damaged PTECs but also in RAW 264.7 macrophages cultured
with the exosomes (Fig. 6F).

Moreover, GSDMD is one of the important factors in pyroptosis
by facilitating its cleavage and pore formation in the cell membrane of
macrophages, which enables the release of IL-1β35. In vitro analysis
showed that the N-terminal cleavage product (GSDMD-NT) was loca-
lized to the plasma membrane of murine macrophages that had been
transferred into the culture medium of murine PTECs with DNA
damage (Fig. 6G). Also, IL-1β levels were elevated in the supernatant of
macrophages to which the supernatant of PTECs with DNA damage
was added (Fig. 6H). Subsequently, we cultured mouse adipocytes
derived from OP9 cells, a line of bone marrow-derived mouse stromal
cells, in conditioned medium from the activated macrophages. This
procedure led to increased expression of inflammatory cytokines such
as IL-1β and TNFα, while the expression of PPARγ and CEBPa
decreased, indicating inflammation and impaired differentiation of
adipocytes (Fig. 6I). The alterations in the phenotype of cultured
mouse adipocytes were not observed when adipocytes were directly
cultured in the medium of murine PTECs with increased DNA damage
(Supplementary Fig. 3F). Collectively, these findings suggest that
DAMPs such as HMGB1 released from DNA-damaged PTECs activates
macrophages and induces pyroptosis through DNA methylation
changes and that inflammatory cytokines, such as TNFα and IL-1β,
secreted by activated macrophages may impair adipocyte differ-
entiation and function.

Macrophage depletion restored metabolic alterations in the
I-PpoI mice
To investigate the pathogenic effects of inflammatory macrophages
onmetabolic alterations in the I-PpoImice, we performedmacrophage
depletion using clodronate liposomes in 12-week-old I-PpoI mice
(Fig. 7A). Administration of clodronate reduced the number of
inflammatory CD11c+ macrophages and Ly6Chi Ccr2+ monocytes in
both the I-PpoI mice and the WT mice, as confirmed by FACS analysis
(Fig. 7B). Body weight decreased in both the I-PpoI mice and the WT
controls (Fig. 7C). Macrophage deletion caused no significant differ-
ences in the serum BUN or Cr levels between the I-PpoI mice and the
controls, while the serum triglyceride levels were markedly decreased
in the I-PpoI mice (Fig. 7D). Furthermore, impaired glucose tolerance
was restoredoneweek aftermacrophagedepletion (Fig. 7E). Depletion
of macrophages also markedly reduced TNF-α and IL-1β expression in
the liver and visceral adipose tissue of the I-PpoI mice (Fig. 7F, G).
Thesefindings suggested an important role for activatedmacrophages
in metabolic alterations in the I-PpoI mice.

Promotion of DNA DSBs in PTECs was associated with increased
numbers of CD11b+ and CD11c+ cells, accompanied by reduced
DNA methylation of GSDMD in peripheral blood in humans
Next, the association between DNA DSBs in PTECs and macrophage
activation was investigated using human samples. DNA DSBs in PTECs

Fig. 2 | Metabolomic analyzes revealed that DNA damage in PTECs causes
alterations in glucose and lipid metabolism in the kidney and liver. A The
metabolic steps of glycolysis, the TCA cycle (upper left) and the urea cycle (upper
right). Red and light red squares show that the levels of each metabolite increased
in the I-PpoI mice (Tg) (p <0.01 or < 0.05, respectively); blue and light blue squares
show that the levels of each metabolite decreased in the I-PpoI mice (p <0.01 or
< 0.05, respectively). (lower) The apparent contents per tissue weight of repre-
sentative metabolites involved in glycolysis and the TCA cycle [nmol/g tissue
weight]. B, C Real-time RT‒PCR analysis of key rate-limiting enzymes in the

glycolytic pathway, such as HK, PFK, PK, BCAT1 and BCAT2 and gluconeogenic
enzymes includingG6Pase, PEPCK andPCK in the kidney (B) and the liver (C).DThe
apparent contents per tissue weight of essential amino acids in the kidney and the
liver [nmol/g tissue weight]. E The apparent ratio of NADH/NAD in the kidney and
liver (left). The apparent energy charge was calculated by the following equation:
apparent energy charge = (ATP + [0.5 × ADP])/(ATP +ADP +AMP) (right). All values
are presented as the means ± SEMs. *p <0.05, **p <0.01 vs. the control; N.S., not
significant. n = 6 samples in each group. Source data are provided as a Source
Data file.
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were detected by double immunostaining with anti-gH2AX, and
immunohistochemical staining with anti-CD11b or anti-CD11c anti-
bodies was performed on kidney biopsy samples from patients diag-
nosed with diabetic nephropathy or minor glomerular abnormalities
(Fig. 8A, B). The patient profiles included in the study are listed in
Supplementary Table 1. PTEC DNA DSB levels were positively

correlated with CD11b+ and CD11c+ areas (Fig. 8B). In addition, the
association between PTEC DNA DSBs and peripheral blood DNA
methylation was examined. The profiles of the CKD patients included
in this study are listed in Supplementary Table 2. DNA methylation of
peripheral blood cells was assessed using the Infinium Methylation
EPIC array, and DNA DSBs in the SGLT2 gene, which were used to
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indicate PTECDNAdamage,were evaluatedusing long-distancePCRof
shed urinary cells. When evaluating DNA methylation in the promoter
region of GSDMD, we observed that DNA methylation at the CpG site
cg22012530 in the TSS1500 region was inversely associated with the
extent of PTEC DNA damage (Fig. 8C), which is consistent with the
results of the in vitro study. Furthermore, in the analysis of nine
patients except ESKD listed in Supplementary Table 2, DNA methyla-
tion at theGSDMDpromoter region tended tobenegatively correlated
with the hepatic steatosis index (HSI) (Fig. 8C).

Discussion
The present study elucidates the systemic metabolic consequences of
continuous nonmutagenic DNA damage in PTECs, underscoring a
aspect of kidney-cell DNA damage affecting overall body metabolism.
Our findings revealed that PTEC-specific expression of I-PpoI, which
induces DNA DSBs, not only disrupts local renal metabolic home-
ostasis but also precipitates broader metabolic disturbances through
macrophage activation associated with altered DNA methylation
(Fig. 8D). This systemic impact highlights the integral role of the kid-
ney in maintaining metabolic equilibrium.

The importance of PTEC DNA damage in various kidney diseases,
including cisplatinnephropathy, ischemia‒reperfusion injury (IRI), and
diabetic nephropathy, has been reported, and the repair pathways of
PTECs have been suggested to be possible therapeutic targets36–39.
PTEC DNA damage is significantly associated with a decrease in the
eGFR39. However, using these pathological models, it was difficult to
clarify the systemic effects of PTEC DNA damage itself.

In our study, along with DNA DSBs, PTECs exhibited down-
regulated expression of key enzymes related to fatty acidmetabolism.
Previous studies have indicated that PTEC injury induces impaired
fatty acid metabolism in PTECs. CPT1, the key rate-limiting enzyme in
fatty acid oxidation, is reportedly decreased in amurine IRImodel, and
the increase in CPT1 alleviated renal damage40. In humans, decreased
CPT1a expression has been reported via transcriptome analysis of
tubulointerstitial microdissection samples from diabetic and hyper-
tensive CKD patients41 and is associated with the progression of
decreased eGFR and renal fibrosis42. Additionally, inhibition of CPT2
has been reported to induce lipid toxicity and sustained cellular
stress43, and lipid toxicity-induced PTEC injury could be a major event
in diabetic nephropathy44. Thus,metabolically active proximal tubules,
which are dependent on fatty acid oxidation, are interconnected with
cell damage and lipid metabolic abnormalities. Our metabolomic
analysis further revealed mitochondrial dysfunction resulting from
DNA damage in PTECs. DNA damage activates numerous proteins,
leading to extensive downstreamchanges in various cellular pathways.
Among these pathways, nuclear-to-mitochondria signaling (NM sig-
naling) involves factors such as PARP1, ataxia telangiectasia mutated
(ATM), and the transcription factor p53, which contribute to the
development of age-related diseases such as aging, neurodegenera-
tion, and cancer45. When the electron transport chain (ETC) activity of
damaged mitochondria decreases, the amount of nicotinamide ade-
nine dinucleotide (NAD) necessary for glycolysis decreases, impairing

the continuous production of ATP from the oxidation of fatty acids or
glucose. Nicotinamide mononucleotide (NMN), a precursor of NAD,
has shown therapeutic potential for AKI in mouse models46,47. There-
fore, DNA damage in PTECs could trigger lipid metabolic abnormal-
ities, consistent with previous findings.

In the I-PpoI mouse model, PTEC DNA damage changes not only
renal metabolism but also systemic metabolism, including weight loss,
reduced fat mass, increased liver fat, and impaired glucose tolerance,
resembling changes associated with aging48. These changes are remi-
niscent of those observed in aging cells, where mitochondrial dys-
function and altered energy metabolism are prevalent. In vitro
experiments with cultured PTECs overexpressing I-PpoI showed that
the impairment in mitochondrial function, as evidenced by reduced
OCR and ECAR, aligns with the metabolic shifts observed in vivo. This
mitochondrial dysfunction, potentially linked to aging-associated
insulin resistance, reinforces the idea that PTEC DNA damage may
strongly contribute to systemic metabolic aging. In general, aging is
associated with increased fat mass or obesity until advanced old age49,
whereas extremely aged individuals have decreased fat mass and may
display a metabolically-unhealthy phenotype50, suggesting a complex
relationship between adiposity and metabolic health during aging.
Recent reports indicate that deactivation of PPARγ function could drive
ametabolically-unhealthy lean phenotype51–53. Therefore, themetabolic
phenotype of continuous PTEC DNA damage may be caused through a
decrease in fat PPARγ expression due to adipose inflammation, leading
to impaired adipocyte differentiation and ectopic fat accumulation.
The accumulation of ectopic fat in the liver is thought to be a cause of
metabolic disorders, including hepatic insulin resistance54–56.

Single-cell analysis of the renal cortex in the I-PpoI mice revealed
the infiltration of Ccr2hi CD11c+ macrophages. Macrophages are tradi-
tionally classified into two functionally opposing phenotypes: the clas-
sically activated proinflammatory (M1) phenotype and the alternatively
activated anti-inflammatory (M2) phenotype. Although there is no
established classification for kidney macrophages, recent single-cell
analysis results suggest that in kidney injury and disease, such as acute
kidney injury and diabetic nephropathy, M1 macrophages are deleter-
ious and that M2macrophages facilitate recovery57–59. In contrast, CD11c
+ macrophages have been identified in the renal cortex after ischemia‒
reperfusion, and their contribution to tissue repair has been reported60.
Interestingly, exposure to tumor cell-derived DNA through CD11c-
mediated endocytosis has been shown in mature human THP-1 cells61.
Repetitive DNA damage in PTECs suggests the potential contribution of
endocytosis of PTEC-derived DNA fragments via CD11c to the activation
ofmonocytes andmacrophages. Furthermore, our findings indicate that
DAMPs released from DNA-damaged PTECs contribute to macrophage
activation. In contrast, DNA-damaged podocytes exhibit increased
accumulation of cytoplasmic dsDNA and preferentially activate T cells15,
highlighting cell type-specific differences in immune responses. Ccr2+

macrophages are infiltrating macrophages derived from monocytes
mobilized from the peripheral circulation in response to C-C motif
chemokine ligand 2 (CCL2)62. An increase in inflammatory monocytes in
the peripheral circulation was also observed in the I-PpoI mice,

Fig. 3 | PTECDNAdamage causesmitochondrial dysfunction inculturedPTECs.
A Schematic diagram outlining the experimental design for cultured PTECs. Cre-
ated in BioRender. https://BioRender.com/egn26ya (B) Real-time RT‒PCR analysis
of biomarkersof renalproximal tubule injuryand the rate-limiting enzyme involved
in fatty acid β-oxidation in cultured PTECs overexpressing I-PpoI and controls.
C OCR of cultured PTECs overexpressing I-PpoI and controls measured in a Sea-
horse XF24 system. Oligomycin, an inhibitor of ATP synthesis (1.5 μM), carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), a mitochondrial oxidative
phosphorylation uncoupler (1.0 µM)and rotenone/antimycinA (0.5μM), a complex
I/III inhibitor, were injected sequentially at the indicated time points. D Basal and
maximal OCRs, ATP production and storage respiration capacity in cultured PTECs

overexpressing I-PpoI and controls. EOCRof cultured PTECs overexpressing I-PpoI
and controls measured in a Seahorse XF24 system. Etomoxir, an irreversible inhi-
bitor of CPT1 (4 µM),Oligomycin (1.5μM), FCCP (1.0 µM) and rotenone/antimycin A
(0.5μM) were injected sequentially at the indicated time points. F Fatty acid oxi-
dation (FAO) dependency in cultured PTECs overexpressing I-PpoI and controls.
GMitochondrial DNAcopy number in the kidney and the liver.HReal-time RT‒PCR
analysis of PGC-1α, a key regulator of mitochondrial biogenesis in the kidney and
the liver. In A, G and H, n = 6 samples in each group. In B, E and F, n = 4 samples in
each group. InC andD, n = 8 samples in each group. Each data point represents the
mean ± SEMs. *p <0.05, **p <0.01 vs. the control. Source data are provided as a
Source Data file.
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suggesting that the Ccr2+ macrophages in the kidneys are derived from
monocytes. Interestingly, in the heart and liver, during aging,
embryonic-derived resident macrophages are replaced by monocyte-
derived macrophages63. The increase in Ccr2+ macrophages in response
to DNA damage in PTECs may parallel the macrophage transition
observed in aging tissues. This observation is particularly intriguing

because it offers a cellularmechanism for inflammageing—a chronic low-
grade inflammation state associated with aging—in the kidney and sys-
temic organs.

The program of differentiation and activation frommonocytes to
macrophages involves crucial epigenetic remodeling associated with
DNA methylation64. In blood cells from the I-PpoI mice, a decrease in
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methylation at the binding site of KLF9, including the GSDMD gene,
was observed, which is implicated in macrophage activation34,65.
Interestingly, a GWAS identified a correlation between GSDMD gene
mutation and diabetes, indicating a potentially important role for
GSDMD in impaired glucose intolerance66,67. Our results indicate that
the macrophages activated by DNA-damaged PTECs, may upregulate
GSDMD expression through alterations in DNA methylation, and pro-
mote pyroptosis and inflammation.

In the I-PpoImice, an increase in CD11c-positivemacrophages was
observed not only in the kidneys but also in metabolic tissues such as

adipose tissue and the liver. This finding implies that changes in sys-
temic inflammatory macrophages, mediated by the methylation of
blood cells originating from DNA-damaged PTECs, may be involved in
metabolic alterations. Insulin resistance is associated with adipose
tissue macrophages (ATMs), and inflammatory CD11c-positive macro-
phages are considered a marker of insulin resistance68. TNFα secreted
by ATM induces PPARγ downregulation, leading to adipogenic dys-
function, promoting lipolysis, and increasing circulating TG and FFA
levels, thereby contributing to insulin resistance. Notably, the surface
markers and gene expression profiles of ATMs in the I-PpoI mice

Fig. 4 | Single-cell RNA-seq analysis revealed infiltration of activated macro-
phages in the kidney cortex following DNA damage in PTECs. A UMAP plots of
the single-cell data classified by cell clusters (left), relative proportions of cells in
the I-PpoI (Tg) and WT mice (middle left) and sample information (middle right).
Expression of selectedmarker genes for each cell classification (right). The color of
the dot is proportional to the average expression value, and the size is expressed as
a percentage. B UMAP plots of subclusters of macrophages (left) and proportions
of the subgroups in the I-PpoI and WT mice (middle left). C UMAP plots of sub-
clustersofDCs,monocytes andneutrophils (left) andproportions of the subgroups
in the I-PpoI and WT mice (middle left). Expression of selected marker genes for
each classification (middle right). The color of the dot is proportional to the
average expression value, and the size is expressed as a percentage. Violin plots

showing the expression levels of selected genes characterized in the clusters
(right). The y-axis shows the log-scale normalized read count. D, E Representative
immunohistochemical staining images with an anti-CD11b antibody (D) an anti-
CD11c antibody (E) and in the kidney cortex (a), the liver b and VAT c at 16 weeks of
age. F Representative FACS plots of the kidney cortex a, VAT b, and peripheral
blood mononuclear cells (PBMCs) (c) of I-PpoI and WT mice at 16 weeks of age
(left). Proportions of CD11b+ or CD11c+ macro`phages in the kidney and VAT and
those of CD11b+ Ly6chi monocytes in PBMCs, as assessed by flow cytometry (right).
In a–c n = 4 samples in each group. The data are presented as the means ± SEMs.
*p <0.05, **p <0.01 vs. the control. Scale bars, 20 µm (left) and 100 µm (middle and
right) inD and E. The same results were obtained by four different samples in each
group. Source data are provided as a Source Data file.
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differed from those in obese mice but were similar to those observed
in lipodystrophicmice, showing decreased fatmass, insulin resistance,
dyslipidemia, hepatic steatosis, and an increased risk of diabetes and
atherosclerosis69. There had been few reports on the detailed profile of
macrophages infiltrating adipocytes in lean elderly individuals, but a
very recent paper has shown the expression of ATMs of non-obese
aged humans33. Interestingly, in the ATMs of 16-week-old I-PpoI mice,
the increased expression of Trem2 was observed, which are reported

to be observed in aged humans and are hallmarks of lipid-associated
macrophages involved in inflammation and fibrotic remodeling. The
pivotal role of activated macrophages in mediating these systemic
changes is underscored by the reversal of metabolic alterations upon
macrophage depletion in the I-PpoI mice. This intervention suggests
that targeting macrophage activation and the subsequent inflamma-
tory cascade could be promising therapeutic strategies for managing
systemic metabolic disturbances caused by DNA damage in PTECs.
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Moreover, this study has implications for human pathology. To
date, it has been reported that in CKD mouse models and patients,
chronic inflammation is triggered in visceral fat, which may lead to a
reduction in the visceral fat mass and potentially increase the risk of
cardiovascular disease70–72. In this study, we elucidated that increased
insulin resistance may be significantly influenced by macrophage
activation subsequent to tubular DNA damage, with DNA methyla-
tion changes playing a role. The correlation between DNA DSBs in
PTECs and increased CD11b+ and CD11c+ cells in human kidney biopsy
samples, along with changes in DNA methylation patterns in per-
ipheral blood cells, mirrors our findings in the mouse model. More-
over, DNA methylation of the GSDMD gene was associated with
hepatic steatosis index (HSI), suggesting that CKD with PTEC DNA
damage may predispose individuals to insulin resistance and hepatic
steatosis through activated macrophages with altered DNA methy-
lation, providing valuable insights into the prediction of future
metabolic disorders and cardiovascular complications. The associa-
tion between DNA methylation changes in blood cells and renal
function has already been reported in many human EWASs73. In
particular, DNA methylation changes in blood cells associated with
renal prognosis in diabetic nephropathy patients and diabetic com-
plications have been reported74,75. In addition, a recent study sug-
gested that PTEC DNA damage was associated with age acceleration,
as evaluated by epigenetic clocks using blood cell DNA methylation
profiles76. Although DNA methylation changes in peripheral blood
cannot be conclusively established as either the primary cause or a
consequence of macrophage activation, the DNA methylation chan-
ges observed following PTEC DNA damage may be implicated in
enduring metabolic alterations, peripheral blood DNA methylation
changes are considered valuable predictivemarkers for assessing the
extent of DNA damage in PTECs and the systemic metabolic dis-
orders they may induce. Further studies are necessary to evaluate its
potential as a therapeutic target for other organ complications of
CKD with PTEC DNA damage.

In conclusion, our study provides compelling evidence that DNA
damage in PTECs can initiate a cascade of events leading to systemic
metabolic alterations. These findings underscore the potential impact
of DNA damage in PTECs on metabolic aging. Future studies should
explore the therapeutic potential of modulating macrophage activa-
tion and inflammation in managing metabolic disorders linked to
kidney disease with PTEC DNA damage.

Methods
Generation of PTEC-specific I-PpoI-expressing mice
R26R-I-PpoI knock-in mice (accession no. CDB0059E; https://large.
riken.jp/distribution/mutant-list.html) were generated via CRISPR/
Cas9-mediated knock-in in zygotes as previously described77. First, we
generated loxP-STOP-loxP I-PpoI mice. In order to insert loxP-STOP-
loxP I-PpoI into the Rosa26 locus of C57BL/6 zygotes, the CRISPR‒
Cas9-assisted knock-in system was used (Supplementary Fig. 5). For
homologous recombination-mediated knock-in, a donor vector

consisting of homology arms and the SA/loxP/PGK-Neo-tpA (STOP)/
loxP/I-PpoI cDNA-bpA was generated to insert the cassette 6 bases
upstream of the PAM sequence. STOP represents a transcription ter-
minator sequence that is removed by Cre/loxP recombination. For
microinjection, a mixture of CRISPR RNA (crRNA) (50 ng/µl), trans-
activating crRNA (tracrRNA) (100ng/µl), donor vector (10 ng/µl) and
Cas9protein (100 ng/µl)was injected into thepronucleusof a zygote at
the one-cell stage. From 228 zygotes, 65 F0 mice were obtained, 15 of
which were knock-in mice, as confirmed by PCR. PCR was performed
by using the following primers: 5’-FW: 5’- TCAGAGAGCCTCGGCTAG-
3’ and 5’-RV: 5’-CTACTGCGCCCTACAGATC-3’ (1.2 kbp), and3’-FW: 5’-
GGG GGA TTG GGA AGA CAA TAG C-3’ and 3’-RV: 5’- AGA ACT GCA
GTG TTG AGG-3’ (714 bp) (Supplementary Fig. 5). crRNA (5’- CGC CCA
UCU UCU AGA AAG ACg uuu uag agc uau gcu guu uug -3’) and
tracrRNA (5’-AAA CAG CAU AGC AAG UUA AAA UAA GGC UAG UCC
GUU AUC AAC UUG AAA AAG UGG CAC CGA GUC GGU GCU-3’) were
purchased from FASMAC. The germline transmission of 3 knock-in F0
mice was confirmed by genotyping F1mice. For expression of I-PpoI in
specific tissues via the Cre/loxP system, R26R-I-PpoI mice were bred
with C57BL/6-background γGT-Cre mice expressing Cre recombinase
under the control of the γGTpromoter (Jackson Laboratory, #: 012841)
(γGT-Cre mice), which were obtained from the Jackson Laboratory.
Mice were group-housed under standard housing conditions (12 h
light/dark cycle, temperature 20–22 °C, humidity 40–60%, and free
access to water and food (CLEA, Rodent Diet #:CE-2)). Mice were
euthanized using non-narcotic anesthetic combination (Me/Mi/Bu) of
medetomidine (Me), midazolam (Mi), and butorphanol (Bu).

In order to confirm the expression of I-PpoI is PTEC-specific, γGT-
Cre mice were bred with Rosa-CAG-LSL-tdTomato mice (Jackson
Laboratory, #: 007914). Rosa-CAG-LSL-tdTomato is a Cre reporter tool
strain designed to have a loxP-flanked STOP cassette preventing
transcription of aCAGpromoter-driven redfluorescent protein variant
(tdTomato) - all inserted into the Gt (ROSA) 26Sor locus. Rosa-CAG-
LSL-tdTomato mice express robust tdTomato fluorescence following
Cre-mediated recombination. This strain is congenic on the C57BL/6 J
genetic background. All γGT-Cre (+) Rosa-CAG-LSL-tdTomato mice
were heterozygous. Kidneys, livers, spleens, gastrocnemius muscles
and adipose tissues were removed from the littermates and frozen
sections were prepared and stained with DAPI. Then they were pho-
tographedusing a laser confocalmicroscope (LSM980; Zeiss), and ×20
field images were acquired (Supplementary Fig. 4). 16-week-old male
obese (ob/ob) C57BL/6 J mice were purchased from Jackson Labora-
tory. (B6.Cg-Lepob/J, #:000632)

PTEC isolation
PTECs were isolated by means of a previously described protocol with
some modifications78. Briefly, following endothelial cell depletion
using anti-CD31 antibodies (BL102503; BioLegend), PTECs were iso-
lated from minced murine kidney tissue with magnet-activated cell
sorting using an anti-prominin-1 antibody (130-123-793; Miltenyi
Biotec).

Fig. 6 | In vitro experiments of cultured murine adipocytes in conditioned
medium from activated macrophages. A Schematic diagram outlining the
experimental design for cultured adipocytes in conditioned medium from acti-
vated murine macrophage RAW 264.7 cells that had been transferred into the
medium ofmurine PTECs following transfection with I-PpoI. Created in BioRender.
https://BioRender.com/7yyff15 (B) Real-time RT‒PCR analysis of inflammatory
cytokines such as IL-1β, TNFα, Ccr2, GSDMD and KLF9 in the RAW 264.7 cells.
C Real-time RT‒PCR analysis of DNA methylation levels of the GSDMD promoter
region in the RAW 264.7 cells. D The concentration of high mobility group box
protein-1 (HMGB1) in the culture supernatant of cultured murine PTECs. E Relative
promoter activity of pCpG-free promoter plasmid containing GSDMD promoter
without or with methylase SssI (−/+). (F) a Real-time RT‒PCR analysis of DNA
methyltransferases (DNMTs) in exosomes released by cultured murine PTECs

following transfection with I-PpoI. b Real-time RT‒PCR analysis of DNMTs in the
murine RAW 264.7 macrophages cultured with the exosomes. G Representative
photomicrographs of IF staining of NT-GSDMD (green) in the RAW 264.7 cells.
Scale bar, 10 µm. The experiment was repeated with similar results three times.
H IL-1β levels in the supernatant of the RAW 264.7 cells to which the supernatant
of cultured murine PTECs with or without DNA damage was added. I Real-time
RT‒PCR analysis of inflammatory cytokines such as IL-1β and TNFα and genes
involved in lipolysis and adipose differentiation in the cultured murine adipo-
cytes in conditioned medium with the supernatant of macrophages activated by
PTECs transfected with I-PpoI. The data are presented as the means ± SEMs. In
B, (D–H) and I, n = 6 samples in each group. In C, n = 4 samples in each group.
*p < 0.05, **p < 0.01 vs. the control; N.S., not significant. Source data are provided
as a Source Data file.
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Histological studies
The kidneys were removed, fixed in 4% paraformaldehyde, and then
embedded in paraffin blocks. The paraffin sections were stained with
periodic acid-Schiff (PAS), Masson trichrome (MT) or the indicated
antibodies listed in SupplementaryData, followedby incubationwith a

secondary antibody for immunostaining. Stained paraffin sections
were photographed using a laser confocal microscope (LSM980;
Zeiss), and five ×20 field images were acquired and, for measuring
positive areas, quantified using color channel analysis and pixel
counting using Photoshop CC 2024 software (Adobe)79.
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Biochemical studies
Mice were housed in a pathogen-free environment under controlled
conditions (temperature, 20–26 °C; humidity, 40–70%; light/dark
cycle, 12 h/12 h). For urine collection, the mice were individually
housed in metabolic cages for 24 h. Urinary albumin was measured
with a murine albumin ELIZA kit (Albuwell; Exocell). Urinary Cr levels
and serum urea nitrogen (BUN), creatinine, alanine aminotransferase
(ALT), alkalinephosphatase (ALP), triglyceride and free fatty acid levels
were measured enzymatically.

Impedance methods
The in vivo body composition, including inguinal fat mass, epididymal
fatmass, total fatmass and free fatmass, of the I-PpoI andWTmicewas
determined by bioelectrical impedance analysis (BIA) (ImpediVET,
ImprdiMed, Ltd., Brisbane, Australia).

An intraperitoneal glucose tolerance test (ip-GTT) and assessment
of insulin resistance. An ip-GTT was performed in the I-PpoI and WT
mice at 16 weeks of age. Mice were fasted for 16 h to achieve baseline
blood glucose levels. After fasting, the blood glucose levels were
measured in blood collected from the tail vein by a glucometer; sub-
sequently, the mice were intraperitoneally injected with 1 g/kg body
weight glucose (Sobel et al. 2006). Blood glucose levels were deter-
mined after 30, 60, 90, and 120min.

Real-time quantitative PCR, RNA-seq analysis, and long-
distance PCR
RNAwas isolated using ISOGEN (NipponGene, Japan) according to the
manufacturer’s instructions. RNA was reverse-transcribed using Taq-
Man Reverse Transcription Reagents (Invitrogen). Real-time RT‒PCR
was performed using StepOne instruments from Applied Biosystems
(Thermo Fisher Scientific). The PCR data were normalized to GAPDH
gene expression, and the comparative Ct quantitation method was
used. The primers and probes used are listed in Supplementary Data.

For determination of the changes in PTECgene expression caused
by DNA DSBs, RNA-seq analysis was performed. Total RNA isolated
from the kidney cortex was used to prepare an RNA-seq library using
the TruSeq Stranded mRNA LT Sample Prep Kit according to the
TruSeq Stranded mRNA Sample Preparation Guide, part #15031047
Rev. E (Illumina, San Diego, CA, USA). The libraries were sequenced for
100 cycles (paired ends) using a NovaSeq 6000 instrument (Illumina).
The sequence reads from each RNA-seq library were mapped onto the
mouse genome (mm9) using HISAT2 version 2.2.11, and the number of
sequence reads for each gene was calculated using featureCounts
version 1.5.2 of the Subreadpackage2. DEGs, heatmaps, and PCAswere
analyzed using the DESeq2 package version 1.28.13. The enrichment of
GO biological processes and the correlation network of enriched GO
terms were analyzed with the clusterProfiler package, version 3.16.14,
with p values of 0.01 and 0.05 and q-values of 0.05 (BH methods).

DNA was extracted with a NucleoSpin Tissue Kit (TaKaRa, Japan).
The quantitative long-distance PCR method used to detect DNA
damage is based on the assumption that DNA with fewer lesions will
amplify to a greater extent thanmore damaged DNA if equal amounts
of DNA from different samples are amplified under identical condi-
tions, asdescribedpreviously80. For evaluationof the cutting efficiency
of I-PpoI, DNA from PTECs isolated from I-PpoI mice was analyzed by

qPCR using primers spanning the I-PpoI site on the rDNA (Supple-
mentary Data). The data were normalized to the relative DNA level
based on the average Ct value of three non-I-PpoI-associated genomic
DNA segments (Chr2-Ppp1r1c, Chr6-Hoxa9, and Chr7-H19-ICR; Sup-
plementary Data), and subsequently normalized to the relative DNA
level of peripheral blood cells of I-PpoI mice, as described previously21.

Capillary electrophoresis-based western blotting using the
WES system
Capillary Western analyzes were performed using the Protein Simple
WES System. Samples were diluted with 0.1× Sample Buffer and mixed
with 5× Fluorescent Master Mix (containing 5× sample buffer, 5× fluor-
escent standard and 200mMDTT) at a ratio of 4:1. Mixed samples were
heated at 95 °C for 5min. Primary antibodies were diluted at a 1:25
dilution for PPARγ (#2435; mouse monoclonal; Cell Signaling Technol-
ogy) and a 1:50 GAPDH (#2118; mouse monoclonal; Cell Signaling
Technology). The size-based assay was then performed in a WES
instrument as described in the manufacturer’s instruction. The capil-
larieswerefilledwith separationmatrix for 200 s, stackingmatrix for 15 s
and sample for 9 s. Separation was then performed at 375V for 25min in
each capillary. After separation, the capillaries were exposed to ultra-
violet light for 200 s. Subsequently, thematrixwas removed andwashed
with washing buffer three times. The capillaries were then blocked with
antibody dilution buffer for 5min. Finally, the capillaries were incubated
with primary and secondary antibodies for 30min, respectively. The
signal was captured at 15 s and calculated by Compass software.

Indirect calorimetry (comprehensive lab animal monitoring
system)
The rates of oxygen consumption (VO2) and carbon dioxide produc-
tion (VCO2) and food intake were determined by using a Compre-
hensive Lab Animal Monitoring System (CLAMS, Columbus
Instruments). Mice were individually placed into the sealed metabolic
chamberswith free access to food andwater. The studywas carriedout
in an experimental room with 12-hour-dark (18:00–6:00) and 12-hour-
light (6:00-18:00) cycles. Respiratory quotient (RQ) was calculated as
the ratio of VCO2 to VO2 (VCO2/VO2).

Representation of bisulfite sequencing (RRBS) analysis
RRBS analysis was performed according to the manufacturer’s
instructions (Rhelixa). In brief, DNA was extracted and adjusted to a
concentration of ≥ 30 ng/µL, OD 260/280 ≥ 1.8 and OD260/230 ≥ 1.0.
Then, for methylation analysis of CpG regions, library preparation was
performed according to the Zymo Research Zymo-Seq RRBS Library
Kit (Cat No. D5460/5461) manual (Ver. 1.0.0), i.e., enrichment of CpG-
rich regions by fragmentation of genomic DNA using the restriction
enzyme Mspl, addition of the TruSeq adapter, bisulfite treatment and
addition of index sequences. The enriched DNA samples were ampli-
fied, and next-generation sequencing was performed. The methylated
regions were identified using the MACS peak finding algorithm with a
cutoff of p = 1e-7. Regions of DNAmethylation thatweredifferent from
one anotherwere identified using a peak signal fold change. The cutoff
criteria for was fold change ≥ 2 for hypermethylation and ≤ 0.5 for
hypomethylation, as described previously81.

De novo motif analysis was performed using 15 hypermethylated
DMRs, including CpG islands and promoter regions. The sequences of

Fig. 7 | Macrophage depletion restored metabolic alterations in the
I-PpoI mice. A Schematic diagram outlining the experimental design for macro-
phage depletion. Created in BioRender. https://BioRender.com/442s6k4 (B)
Representative FACS plots of the kidney cortex a, VAT b, and PBMCs c of the I-PpoI
(Tg) andWTmice at 16 weeks of age with or without clodronate (left). Proportions
of CD11b+ and CD11c+ macrophages in kidney and visceral adipose tissue and of
CD11b+ Ly6chi monocytes in PBMCs, as assessed by flow cytometry (n = 3, 3).C Time
course of bodyweight.D SerumBUN, Cr and TG levels of the I-PpoI andWTmice at

16 weeks of age with or without clodronate. E (left) ip-GTT and AUC for glucose
values 0–120min post glucose load of the I-PpoI and WT mice at 16 weeks of age
with or without clodronate. (right) Fasting serum insulin levels of the I-PpoI andWT
mice at 16 weeks of age with or without clodronate. F Real-time RT‒PCR analysis of
proinflammatory markers in the liver. G Real-time RT‒PCR analysis of proin-
flammatorymarkers in visceral adipose tissue. In C–G, n = 4 samples in each group.
The data are presented as the means ± SEMs. *p <0.05, **p <0.01 vs. the control;
N.S., not significant. Source data are provided as a Source Data file.
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the resulting genomic regions were used as input in Motif Analysis of
Large Nucleotide Datasets (MEME, https://meme-suite.org/meme/
tools/meme-chip) to determine enriched motifs using default set-
tings. The statistical significance of a motif identified by MEME was
indicated by an E value < 0.05.

Single-cell RNA sequencing analysis
The digestion buffer was amixture of Dulbecco’s PBSwith collagenase
type II (3mg/ml, Worthington), ProNase E (1.5mg/ml, Millipore),
DNase (62.5U/mL, TaKaRa), and 5mM calcium chloride. Kidneys were
harvested, minced into 1 mm3 cubes, and digested using digestion
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buffer with shaking at 37 °C for 20min. Then, the digestion mixture
was incubated in a thermomixer for 5min at 37 °Cwith shaking at 1200
RPM. The solutionwas successively passed through 70- and 30-μmcell
strainers. The solution was then centrifuged at 300 × g for 5min, and
the resulting cell pellet was diluted with DMEM–high-glucose media
(Gibco) supplementedwith 10% FBS (Sigma‒Aldrich). The solutionwas
passed through 30-μm cell strainers three times, and a single-cell
suspensionwasobtained. The single-cell suspensionwas loadedonto a
chip on a 10× Chromium Single Cell instrument (10× Genomics). Bar
coding and cDNA amplification were performed using Chromium
Single Cell 3’Reagent Kits v3.1 (10× Genomics) according to the man-
ufacturer’s instructions. Sequencing was performed on an MGI tech
DNBSEQ-G400 at Azenta Japan Corp. Cell Ranger v3.1 (10× Genomics)
software with a mouse mm10 reference sequence in prebuilt Cell
Ranger reference packages was used for initial data processing. After
initial data processing, all the processing steps were performed using
Seurat v3. We analyzed each sample separately and retained only cells
that had more than 200 genes and fewer than 2500 genes. We next
normalized the data and identified 2000 highly variable features per
dataset for principal component analysis (PCA). We assigned an
identifier for the I-PpoI or WT mice to distinguish them. We then
merged the samples with the standard workflow using “Merge”. Sub-
sequently, we performed PCAon the integrated data and identified the
true dimensionality of the data on the basis of jackstraw. We clustered
the cells using “FindNeighbors” and “FindClusters”with a resolution of
0.5. We next visualized cell clustering with uniform manifold approx-
imation and projection (UMAP). To assign cluster identities, we
assessed the expression of known canonical markers using “FindAll-
Markers”. Macrophage, dendritic cell (DC), monocyte and neutrophil
clusters were extracted, and subclustering was performed in the
same way.

Macrophage depletion
We performed macrophage depletion in the I-PpoI or WT mice by
intraperitoneal injection of clodronate liposomes (Hygieia Bioscience,
Osaka, Japan), which are bisphosphonates encapsulated by liposomes
that are known to induce macrophage depletion in vivo, or control
liposomes once weekly from 12 to 15 weeks of age82,83.

Sample preparation and CE-MS analysis
Snap-frozen tissue was immediately homogenized with methanol
(1ml) containing internal standards (300 µM each of methionine sul-
fone andMES) to inactivate enzymes.After additionof deionizedwater
(500 µl) and chloroform (1ml), the suspensions were centrifuged at
12,000×g for 15minat4 °C. Theupper aqueous layerwas centrifugally
filtered through a 5-kDa cutoff filter (Human Metabolome Technolo-
gies, Tsuruoka, Japan) to remove proteins. The filtrate was lyophilized
and dissolved in 50 µl of Milli-Q water containing reference com-
pounds (200 µMeach of 3-aminopyrrolidine and trimesate) before CE-
MS analysis.

Metabolites were analyzed by using an Agilent CE time-of-flight
MS (CE-TOFMS) system equipped with an Agilent G7100A CE

instrument and an Agilent 6530 Q-TOF LC/MS system (Agilent Tech-
nologies, Waldbronn, Germany) described in a previous report84.

Cell culture
Cultured murine proximal tubular endothelial cells (mPTEC), immor-
talized cell-line, were kindly provided by Dr. Nobuya Sasaki from
Kitasato University85. mPTECs were cultured at 37 °C in renal epithelial
cell growth medium (REGM supplemented with 0.5% fetal bovine
serum, recombinant human epidermal growth factor, insulin, hydro-
cortisone, epinephrine, triiodothyronine, transferrin, 30 µg/mL gen-
tamicin and 15 ng/mL amphotericin) purchased from Lonza (Basel,
Switzerland). pCNPpo6 was purchased from the RIKEN Center for Life
Science Technologies (Hyogo, Japan), and transient transfection was
performed using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. I-PpoI-transfected or control PTECs were
cultured in 6-well plates, and gene expression was evaluated via real-
time RT‒PCR after 24h, as described above.

Mouse macrophage RAW 264.7 cell lines were purchased from
American Type Culture Collection (ATCC, #TIB-71) and cultured in
high-glucose Dulbecco’s modified Eagle’s medium (DMEM) at 37 °C.
Then, culture medium from I-PpoI-transfected or control PTECs was
added to the RAW 264.7 cells. After incubation for 48 h, the
expression of proinflammatory cytokines was evaluated via real-time
RT‒PCR. Culture medium from RAW 264.7 cells was added to mouse
adipocytes differentiated from OP9 cell line, a line of mouse bone
marrow-derived stromal cells, which was obtained from ATCC(#CRL-
2749). After incubation for 48 h, the expressions of proinflammatory
cytokines and lipogenesis and fatty acid oxidation markers were
evaluated.

Cell lines purchased from ATCC were authenticated by Short
Tandem Repeat (STR) prior to purchase, and mPTECs were authenti-
cated prior to receiving them as a gift.

Measurement of the oxygen consumption rate
mPTECs were seeded at a confluency of 70–90%; 5 × 104/well onto an
XF24 cell culture microplate (Seahorse Bioscience) and incubated in
REBM™ Renal Epithelial Cell Growth Basal Medium at 37 °C over-
night. The cultured medium was changed to Seahorse XF DMEM
medium supplemented with glucose, pyruvate and glutamine. The
cells were analyzed using an XF24 Extracellular Flux Analyzer (Sea-
horse Bioscience), and the OCR and ECAR were measured using a
Mito Stress Kit (Seahorse Bioscience) according to the manu-
facturer’s protocol. In the Palmitate Oxidation Stress Test (Seahorse
Bioscience), mPTECs cultured in Seahorse XF DMEM medium are
added with L-carnitine and palmitate conjugated BSA or BSA control
of a final concentration of 0.5mM and 0.2mM prior to assay,
respectively, according to the manufacturer’s instructions. The dif-
ference between the basal OCR and the OCR after added with 4 µM
etomoxir, an irreversible inhibitor of carnitine palmitoyltransferase-1
(CPT1) (shown by the arrows in the Fig. 3E), means the dependency of
the mPTECs on fatty acid oxidation. The OCR and ECAR were nor-
malized by counted cell numbers.

Fig. 8 | Association of DNA double-strand breaks (DSB) in PTECs with macro-
phage activation in human kidney biopsy samples from patients diagnosed
with diabetic nephropathy (DN) or minor glomerular abnormalities (MGA).
A (Left) Representative photomicrographs of IF double staining of γH2AX (green)/
AQP1 (red) in the kidney cortex of patientswithDN (a) orMGA (b). Scale bar, 50 µm.
(right) Quantification of the immunolabeled double-positive area. B (left) Repre-
sentative photomicrographs of immunohistochemical staining with anti-CD11b or
anti-CD11c antibodies in the kidney cortex of patients diagnosed with DN (a) or
MGA (b). Scale bar, 50 µm. (right) Correlation between the γH2AX-positive area and
the CD11b- or CD11c-positive area. γH2AX-, CD11b- and CD11c-positive areas were
counted per field of view. Scale bar, 50 µm. C (a) Correlation between the extent of
DNA damage in PTECs using the DNA damage in the SGLT2 gene and DNA

methylation at the CpG site cg22012530 in the TSS1500 region. b Correlation
between DNA methylation at the CpG site cg22012530 in the TSS1500 region and
the hepatic steatosis index (HSI). D Graphical abstract of the study. DNA DSBs in
PTECs cause not onlymetabolic alterations in the kidney but also DNAmethylation
in blood cells, including reduced DNAmethylation at KLF9-binding motifs, such as
GSDMD, which triggers the expansion of activated Ly6Chi Ccr2+ monocytes in
blood. The activated monocytes subsequently trigger systemic metabolic dis-
turbances associated with macrophage activation. Created in BioRender. https://
BioRender.com/rrfwed6. In A and B, n = 5 samples in each group. In C,
n = 12 samples in each group. The clinical data are presented in Supplementary
Table 1 and 2, respectively. The data are presented as the means ± SEMs. **p <0.01
vs. the control. Source data are provided as a Source Data file.
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Mitochondrial copy number determination
Mitochondrial copy number was determined using Mouse Mitochon-
drialDNACopyNumber Kit (Detroit R&D, Cat No.MCN3) following the
manufacturer’s instructions using genomic DNA extracted from the
kidney and the liver of the I-PpoI mice or controls.

Fluorescence detection of the FAO activity in PTECs
The FAO activity in murine PTECs with DNA damage was examined
using the fatty acid oxidation detection reagent, FAO blue™ (Funa-
koshi Cat No. FDV-0033) according to the manufacturer’s
instructions86. Briefly, the PTECs following transfection with or
without I-PpoI were incubated in palmitate -conjugated-BSA-sup-
plemented REBM™ Renal Epithelial Cell Growth Basal Medium at
37 °C for 8 h. The culture medium was removed and the PTECs were
washed with the HBS buffer, added with 20 µM FAO blue™ -con-
taining HBS and incubated at 37 °C for 30min. Then, the PTECs were
washed with the HBS buffer and observed with blue fluorescence
using a laser confocal microscope (LSM980; Zeiss), and ×40 field
images were acquired. All confocal images are representative of
three independent experiments.

Infinium methylation EPIC array
Genomic DNAwas extracted fromwhole blood cells using the QIAamp
DNA Blood Mini 139 Kit (Qiagen, USA). DNA methylation profiling was
performed using the Infinium Methylation EPIC BeadChip array (Illu-
mina, San Diego, CA, USA) according to the manufacturer’s instruc-
tions. The EPIC array is a comprehensive methylation platform that
interrogates over 850,000 CpG sites across the human genome, cov-
ering 99% of RefSeq genes and 95% of CpG islands.

Genomic DNA (500ng) was bisulfite-converted using the EZ DNA
Methylation Kit (Zymo Research, Irvine, CA, USA). The bisulfite-
converted DNAwas then amplified, fragmented, and hybridized to the
EPIC BeadChip. The arrays were scanned using the Illumina iScan
system, and the raw intensity data (IDAT files) were imported into R for
further processing and analysis.

The raw data were processed and normalized using the minfi
package in R. Probes with p values > 0.01 in more than 5% of the
samples, cross-reactive probes, and probes targeting SNPs were
excluded from the analysis. Normalization was performed using the
functional normalizationmethod, which adjusts for technical variation
while preserving biological variation. Beta values, representing the
ratio of the methylated probe intensity to the overall intensity (sum of
the methylated and unmethylated probe intensities), were calculated
for each CpG site.

Differential methylation analysis was conducted using the limma
package in R, with adjustments for multiple testing using the Benja-
mini‒Hochberg method to control the false discovery rate (FDR). CpG
sites with an adjusted p value < 0.05 and an absolute beta value dif-
ference >0.1 between groups were considered differentially
methylated.

HMGB1 immunoassay
Highmobility group boxprotein-1 (HMGB1) levels were analyzed in the
culture supernatant of mPTEC were collected 48 h after transfection
with or without I-PpoI using the mouse HMGB1 enzyme-linked immu-
nosorbent assay (ELIZA) kit (Invitrogen, #EEL102) according to the
manufacturer’s instructions.

Exosome purification and characterization
Urinary specimens were collected from 20-week-old WT mice and
I-PpoI mice for exosome extraction. Murine podocytes were cultured
in serum-free RPMI after the medium was collected to purify the
exosomes. Exosomes were extracted from supernatant fractions from
cell cultures 24–48 h after transient transfection. For exosome pur-
ification and mRNA extraction, we used a SeraMir Exosome RNA

Amplification Kit (System Biosciences) according to the manu-
facturer’s protocol.

IL-1β immunoassay
IL-1β levels were analyzed in the culture supernatant of murine RAW
264.7macrophages culturedwith the supernatant of themurine PTECs
following transfection with or without I-PpoI for 48h using the mouse
IL-1β enzyme-linked immunosorbent assay (ELIZA) kit (Proteintech
Group, inc. #KE10003) according to the manufacturer’s instructions.

Immunostaining of macrophages
Themurine RAW264.7macrophages seeded on chambered coverslips
and supplementedwith the supernatant of themurine PTECs following
transfection with or without I-PpoI were fixed for 40min with 4%
paraformaldehyde in PBS, permeabilized for 5min in0.1%TritonX-100
in PBS and blocked using 5% BSA for 1 h. Then, the cells were stained
with Cleaved Gasdermin D (Asp 276) primary antibody diluted at a
1:2500 (#10137 Rabbit monoclonal; Cell Signaling Technology), fol-
lowed by incubation with fluorescent-conjugated goat anti-mouse IgG
(Invitrogen). Then, themacrophages were washed with the HBS buffer
andobservedwithbluefluorescenceusing a laser confocalmicroscope
(LSM980; Zeiss), and ×40 field images were acquired. All confocal
images are representative of three independent experiments.

Flow cytometry
Cell suspensions were prepared using phosphate-buffered saline (PBS)
containing 1% bovine serum albumin and 0.05% sodium azide and
stained for fluorescence-activated cell sorting (FACS) analysis of cell
surface markers with the following fluorochrome-conjugated Abs
(purchased from BioLegend): anti-F4/80, anti-CD11b, anti-CD11c, anti-
Ly6C and anti-CD40. Flow cytometry samples were analyzed using
CytoFLEX S.

Human studies
Human diabetic nephropathy samples were obtained from patients
who were definitively diagnosed with diabetic nephropathy via kidney
biopsy. As controls, kidney samples were obtained from patients
without diabetes mellitus who were diagnosed with minimal change
disease with normal light microscopy findings on renal biopsy. The
clinical data are presented in Supplementary Table 1. Paraffin sections
were stained with γH2AX and AQP1 and photographed using a laser
confocal microscope (LSM980; Zeiss), and five ×20 field images were
acquired and quantified via color channel analysis and pixel counting
using Photoshop 2024 software (Adobe) as previously described79.

Urine sample collection and processing
Urine samples were prospectively collected from the outpatients who
signed a consent form at the clinic visit, with the clinical data presented
in Supplementary Table 2. All samples were assigned a study number
that connected them to clinical information from the chart to deidentify
them. The samples are processed immediately without freezing to
maintain the integrity of the cellular components and prevent crystal
formation and left over from routine urine collections, which were
midstream samples. The samples are processed as described before76.

Hepatic steatosis index (HSI)
HSI was calculated by the following formula: 8×(ALT/AST) + BMI + 2 (if
diabetes) + 2 (if female) using the clinical data of the outpatients listed
in Supplementary Table 2. The high HSI indicate that a positive diag-
nosis of hepatic steatosis is highly likely87.

Study approval
All animal studies were approved by the Animal Research Committee,
School of Medicine, Keio University (Approval No. A2022-198), and
were conducted in accordance with the Guide for the Care and Use of
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Laboratory Animals (National Academies Press, 2011). Human studies
were approved by the Ethics Committee of Keio University School of
Medicine (approval number:2020-0147). Written informed consent
was obtained from participants prior to inclusion in the study. Parti-
cipants were identified using a number rather than their name. This
study was conducted in adherencewith the Declaration of Helsinki. All
methods were carried out in accordance with the institutional guide-
lines of the ethics committee at Keio University (Tokyo, Japan).

Quantification and statistical analysis
The results are expressed as the mean± SEM. Statistical comparisons
were made by ANOVA followed by Scheffe’s post hoc test to compare
more than 2 groups and by a 2-tailed Student’s t test to compare 2
groups. Statistical significance was defined as p <0.05.

All the statistical details of the experiments can be found in the
Figure legends. Statview 5.0 software (SAS Institute) was used.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The research data supporting this study can be accessed within the
manuscript and associated Supplementary Materials. Source data are
provided as a Source Data file. All datasets generated and analyzed in
this investigation are available from the corresponding author on
reasonable request. The authors declare that all the data supporting
the findings of this study are available within the paper and its sup-
plementary information files. All raw sequencing dataset in this study
have been deposited in the Gene Expression Omnibus (GEO). Single-
cell RNA sequencing (scRNA-seq) data have been deposited in GEO
under accession code [GSE275550], Reduced representation of bisul-
fite sequencing (RRBS) analysis have been deposited in GEO under
accession code [GSE284752], RNA-seq analysis data have been
deposited in GEO under accession code [GSE285052] and Infinium
DNAmethylation analysis data using EPIC arrayhave been deposited in
GEOunder accession code [GSE285416]. Sourcedata are providedwith
this paper.
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