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Renal insulin-like growth factor binding-
protein 7 is a critical promoter of progressive
diabetic kidney disease

Received: 15 April 2025

Accepted: 10 November 2025

Published online: 01 December 2025

M Check for updates

Ju-tao Yu®"8, Xiao-wei Hu®?22, Jia-nan Wang"®, Qin Yang®#%, Xiang-yu Li,
Run-run Shan', Tian Pu4, Rui Hou', Xiao-yu Shen', Yu-qin Wang', Fei Zhang"®,
Xiao-wen Yu', Jie Wang', Feng-he Li", Jia-gen Wen', Ying Fan®, Juan Jin” |,
Yi-yang Jiang®*' & Xiao-ming Meng ®"

Renal tubulointerstitial abnormalities predict diabetic kidney disease (DKD)
progression, and targeting them may prevent DKD. Insulin-like growth factor
binding-protein 7 (IGFBP?) is expressed in renal tubular cells and is elevated in
both blood and urine during the early stages of human diabetes, serving as a
predictor of the rate of disease progression. We showed that tubule- and
glomerular-specific IGFBP7 promotes DKD, with tubular-derived IGFBP7 dis-
rupting the renal microenvironment. IGFBP7 impairs mitochondrial bioener-
getics in tubular cells, causing lipid accumulation, cell cycle arrest, interstitial
inflammation, fibrosis, and glomerulosclerosis. These findings were sub-
stantiated by transgenic overexpression and the specific deletion of IGFBP7 in
type 1/2 DKD mice. Mechanistically, IGFBP7 interacts with STAT3, promoting
its acetylation/dimerization and downregulating mitochondrial bioenergetics.
Our study identified levomefolic acid as a novel inhibitor of IGFBP7 and
demonstrated its efficacy in mitigating the progression of DKD. Here we
showed IGFBP7 is a promising therapeutic target for DKD.

Diabetic kidney disease (DKD) is the leading cause of end-stage kidney
disease, affecting approximately 40% of individuals worldwide'. Its
progression involves multifaceted mechanisms, including immune
activation, pro-inflammatory cytokine release, chemokine dysregula-
tion, and renal cell dysfunction in tubular epithelial cells (TECs),
podocytes, and endothelial cells>*. Recent spatial transcriptomic ana-
lyses of human kidneys have delineated distinct cellular micro-
environments (e.g., tubular, glomerular, and immune-associated

regions), highlighting the critical role of cell-specific interactions in
DKD pathogenesis®. These advances emphasize the complexity of the
molecular pathways driving DKD and underscore the need for targeted
therapeutic strategies.

The cellular origins of myofibroblasts in kidney pathology remain
debated, with proposed mechanisms including phenotypic transitions
from epithelial, endothelial, or immune cells, as well as the recruitment
of bone marrow-derived precursors®®. These activated mesenchymal
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cells exhibit characteristic markers such as a-smooth muscle actin and
participate in tissue remodeling processes®’. Emerging evidence
implicates multiple signaling pathways—including TGF-f1, Notch, Wnt,
and Hedgehog cascades—in driving metabolic dysregulation and cel-
lular reprogramming in diabetic kidneys'’™". These molecular altera-
tions promote pathological extracellular matrix alterations through
mechanisms involving cell cycle regulation and metabolic
adaptations'”, Interestingly, insulin-like growth factor-binding pro-
tein 7 (IGFBP7), a ubiquitously expressed 29-kDa secretory protein'®",
functions as a senescence-associated secretory phenotype component
with pleiotropic biological effects, particularly through the regulation
of G1/S cell cycle progression'°, Clinically, urinary IGFBP7 combined
with TIMP-2 has demonstrated predictive value for acute kidney injury
risk stratification®?. Beyond renal pathology, this multifunctional
protein shows diagnostic potential for hepatic disorders, where its
expression correlates with inflammation and fibrosis in non-alcoholic
fatty liver disease”. Emerging evidence suggests that circulating
IGFBP7 is a sensitive indicator of early tubular pathology and prog-
nostic marker of proteinuria-associated renal decline in patients with
diabetes*?*. These collective observations support the hypothesis that
IGFBP7-mediated cellular mechanisms may critically influence DKD
progression, warranting a systematic investigation of its pathophy-
siological role in DKD pathogenesis.

Metabolic reprogramming, a hallmark of cellular adaptation to
kidney injury, manifests through a dynamic shift in energy substrate
utilization across renal cell populations?*~°. While the regulatory net-
works driving these metabolic alterations and their contribution to
mesenchymal cell expansion remain incompletely characterized,
accumulating evidence implicates impaired fatty acid oxidation (FAO)
in injured epithelial cells as a critical mediator of pathological tissue
remodeling®®*°%, This metabolic dysregulation represents a key
mechanistic node in DKD progression, necessitating deeper explora-
tion of its therapeutic implications. Intriguingly, evolutionary studies
in Drosophila have revealed that tumor-derived IGFBP7 reprograms
systemic metabolism by sequestering glucose from adipose tissues to
fuel tumor growth and induce host energy depletion****. In contrast,
contemporary murine models have demonstrated that macrophage-
specific IGFBP7 silencing ameliorates hyperglycemia and lipid accu-
mulation in obesity-associated hepatic injury®, highlighting its
context-dependent metabolic roles. Our work expands this paradigm
to DKD by identifying tubular- and podocyte-derived IGFBP7 as central
orchestrators of renal microenvironment dysregulation. Through
high-throughput screening of 24,400 compounds, we discovered that
levomefolic acid (LA), a clinically utilized nutrient adjuvant, selectively
inhibits IGFBP7-bound STAT3 signaling. This intervention normalized
aberrant FAO and attenuated cellular injury in both in vitro and pre-
clinical models, suggesting a druggable mechanism. Collectively, these
findings suggest that renal /GFBP7 is a master regulator of metabolic
maladaptation in DKD patients. The efficacy of LA in counteracting
IGFBP7-driven pathology underscores the translational potential of
targeting this axis and offers a precise therapeutic strategy for the
management of DKD.

Results

Renal H3K4me3-dependent IGFBP7 expression and secretion is
higher in multiple mouse models of diabetes and in DKD
patients

Western blot analyses demonstrated that IGFBP7 was expressed in
various organs of adult mice, including the kidneys, liver, colon, lungs,
and muscle (Fig. 1A). Clinical investigations revealed substantial
upregulation of IGFBP7 expression in renal biopsies from DKD patients
compared with that in controls (Fig. 1B). To further explore the rela-
tionship of IGFBP7 in the progression of DKD, human serum samples
were collected for detection. The basic characteristics and laboratory
diagnostic data of the 92 participants are summarized in

Supplementary Table 1. Among these participants, there were no sig-
nificant differences in age and gender across groups (p greater than
0.05). In contrast, we detected significant disparities between the case
and control groups in terms of participants’ BMI, fasting plasma glu-
cose, fasting insulin (FI), and homeostasis model assessment of insulin
resistance, as well as renal function parameters including creatinine
(Cr), blood urea nitrogen (BUN), and estimated glomerular filtration
rate (eGFR) (all p <0.05); however, no differences in blood pressure
(systolic blood pressure and diastolic blood pressure) were observed
between the three groups. These findings are consistent with the
typical clinical features distinguishing healthy individuals from those
with DKD. Importantly, correlation analysis showed that serum IGFBP7
levels were significantly positively correlated with DKD progression
and urinary protein excretion (UPE), while significantly negatively
correlated with eGFR (Fig. 1C and Supplementary Fig. 1A). ROC curve
analysis showed that the area under curve values of IGFBP7 related to
eGFR and UPE were both 0.98 (Supplementary Fig. 1B). Taken toge-
ther, the results suggest that IGFBP7 has a strong ability to identify or
correlate these key indicators of DKD (Fig. 1C and Supplementary
Fig. 1A, B). To establish an experimental model of DKD, we used mice
with streptozotocin (STZ)-induced type 1 diabetes mellitus over a 24-
week observation period. Immunofluorescence analysis localized
IGFBP7 expression predominantly in the renal tubular compartments,
including the proximal tubules, distal tubules, and collecting ducts, in
STZ-treated animals (Fig. 1D). Notably, both serum and urinary IGFBP7
concentrations showed strong positive correlations with albuminuria
in this model (Fig. 1E, F). Parallel findings were observed in a high-fat
diet (HFD)/STZ-induced type 2 diabetes model, in which renal IGFBP7
expression (Fig. 1G), serum/urinary IGFBP7 levels, and albuminuria
exhibited significant intercorrelations (Fig. 1H, I). These observations
were further validated in db/db mice, a genetic model of type 2 dia-
betes, confirming the consistent elevation in IGFBP7 levels (Fig. 1)-L
and Supplementary Fig. 1C).

Given the established role of glomerular pathology in DKD
progression>*, we conducted in vitro investigations using mouse renal
TECs (mTECs), podocytes (MPCS5), and mesangial cells (SV40). High-
glucose conditions induced dose- and time-dependent upregulation of
IGFBP7 expression across all cell types, with the maximal induction
observed in mTECs (Fig. IM and Supplementary Fig. 1D). This finding was
corroborated using the human renal TEC line HK2 (Supplementary
Fig. 1E). Interestingly, we also found that IGFBP7 expression in renal TECs
and podocytes was mainly due to glucotoxicity rather than osmotic
stress (Supplementary Fig. 1IF, G). Notably, we also observed alterations
in the secretion levels of IGFBP7, and ELISA results indicated a significant
increase in IGFBP7 levels in the mTEC supernatant following high glucose
(HG) stimulation (Fig. IN). Recent studies have identified palmitic acid as
a significant pathogenic factor in DKD. Consistent with this finding, our
results showed a marked increase in IGFBP7 expression in mTECs after
palmitic acid stimulation (Supplementary Fig. 1H).

To investigate why IGFBP7 expression was elevated in DKD, we
analyzed its promoter using the UCSC Genome Bioinformatics plat-
form (http://genome.ucsc.edu/). The promoter showed high H3K4
methylation, indicating a role of chromatin methylation in regulation
(Supplementary Fig. 2A). The H3K4me3 methyltransferase MLLI,
which requires WDRS for activation, was significantly upregulated in
hyperglycemic HK2 cells (Fig. 10). Pharmacological inhibition of the
MLL1/WDRS interaction using MM-102 and OICR-9429 resulted in
dose- and time-dependent reductions in both IGFBP7 expression and
global H3K4Me3 levels (Fig. 1P and Supplementary Fig. 2B-E). Silen-
cing MLL1 also alleviated the high glucose-induced increase in IGFBP7
expression (Supplementary Fig. 2F). Chromatin immunoprecipitation
(IP) assays demonstrated glucose-dependent enrichment of H3K4Me3
at the /IGFBP7 promoter (Fig. 1Q, R). In addition, we have achieved
targeted epigenetic modification inhibition of the promoter region of
IGFBP7 through single guide RNAs (sgRNAs) associated with dCas9-
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KRAB (Supplementary Fig. 2G). Notably, when the promoter region is
deleted, the expression of IGFBP7 is strongly inhibited, which estab-
lished an epigenetic mechanism for the upregulation of IGFBP7 in DKD
(Supplementary Fig. 2H). Our findings indicate a strong positive cor-
relation between renal IGFBP7 and the DKD process, primarily invol-
ving TEC expression and secretion.

0 50

Collectively, these findings established IGFBP7 as a responsive
biomarker with a strong correlation to albuminuria across multiple
experimental models of DKD. These data further identified TECs as the
primary source of IGFBP7 production and implicated MLL1/WDRS5-
mediated histone modifications in its pathological overexpression
during DKD progression.
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Fig.1| Upregulated IGFBP7 expression is associated with DKD. A Western blot of
IGFBP7 expression in mouse tissues (n =4, one-way ANOVA with Tukey’s multiple
comparisons test). The kidney shows relatively higher IGFBP7 expression com-
pared to other tested tissues (not indicating high basal expression in normal kid-
neys). B Representative IF images and quantification of LTL'IGFBP7" expression in
DKD renal tissues and normal kidney (n = 6, Spearman correlation analysis, two-
tailed). C Correlation analysis of serum IGFBP7 levels and eGFR changes in patients
with diabetic kidney disease (restricted cubic spline plot). D IGFBP7 expression in
renal tubules in STZ-induced type 1 DKD mice kidney; LTL (proximal), PNA (distal),
DBA (collecting ducts). E, F Correlation analysis of serum (E) and urinary (F) IGFBP7
level with urinary albumin/creatinine in STZ-treated type 1 DKD mice (n=12,
Spearman correlation analysis, two-tailed). G IGFBP7 expression in renal tubules in
HFD/STZ-induced type 2 DKD mice kidney (n=9, Spearman correlation analysis,
two-tailed). H, I Correlation analysis of serum (H) and urinary (I) IGFBP7 level with
urinary albumin/creatinine in HFD/STZ-induced type 2 DKD mice (Control: n=7;
HFD/STZ: n=8, Spearman correlation analysis, two-tailed). J Immunofluorescence

of IGFBP7 in db/db type 2 mice kidney. K, L Serum (K) and urinary (L) IGFBP7 levels
in db/db mice and db/m mice (n =8, two-tailed unpaired Student’s ¢ test).

M Relative western blot analysis and quantification of IGFBP7 expression levels in
mTEC, MPCS, and SV40 after stimulation with different concentrations of glucose
(n=3). N ELISA of IGFBP7 secretion levels in mTEC, MPCS5, and SV40 supernatants
with 30 mM glucose (n =3). 0 Western blot analysis of H3K4Mel, H3K4Me3, and
H3K27Ac in HG-treated HK2 cells (n =4, one-way ANOVA with Tukey’s multiple
comparisons test). P Western blot analysis of IGFBP7 and H3K4Me3 in HK2 cells
(n=4, one-way ANOVA with Tukey’s multiple comparisons test). Q ChIP assay for
the binding of H3K4Me3 to IGFBP7 (n =4, one-way ANOVA with Tukey’s multiple
comparisons test). R Schematic diagram of MLL1 and WDR5-mediated H3K4Me3
regulation of IGFBP7 transcription (by FigDraw 2.0). Data represent the mean +
SEM. NC negative control, STZ streptozotocin, HFD high-fat diet, HG high glucose
(30 mmol/L), mTEC mouse tubular epithelial cells, MPC5 mouse podocyte clone-5,
SV40 mouse glomerular mesangial cells. Source data are provided as a Source
Data file.

Renal IGFBP7 promotes DKD progression in mouse models

To investigate the role of IGFBP7 in DKD, we generated IGFBP7
knockout (KO) mice and established a type 1 DKD model through STZ
administration (Supplementary Fig. 3A). Both wild-type (WT) and
IGFBP7 KO mice developed sustained hyperglycemia within 1 week
post-injection (Supplementary Fig. 3B). Although diabetic WT mice
exhibited significant albuminuria, IGFBP7 deficiency markedly atte-
nuated urinary albumin excretion (Supplementary Fig. 3C). The KO
mice also demonstrated attenuation of STZ-induced elevation in
serum creatinine levels, although no significant difference was
observed in BUN levels between the groups (Supplementary Fig. 3D, E).
Histopathological evaluation demonstrated that genetic ablation of
IGFBP7 significantly attenuated diabetic renal pathology, including
renal tubular dilation, interstitial fibrosis, mitochondrial structural
abnormalities, and glomerulosclerosis (Supplementary Fig. 3F-I).
Ultrastructural analysis revealed podocyte foot process integrity in
diabetic IGFBP7 KO mice, in contrast to the characteristic foot process
effacement observed in DKD mice (Supplementary Fig. 3)).

We further established a type 2 DKD model through unilateral
nephrectomy combined with a HFD and low-dose STZ administration
in IGFBP7 KO mice (Supplementary Fig. 3K)*’. Systemic IGFBP7 dele-
tion resulted in a modest reduction in body weight compared with the
WT controls (Supplementary Fig. 3L). Intraperitoneal glucose toler-
ance tests and insulin tolerance tests confirmed the development of
impaired glucose tolerance and insulin resistance following HFD
feeding, validating the successful induction of type 2 diabetes mellitus
(Supplementary Fig. 3M-0). Immunofluorescence analysis revealed
significantly attenuated HFD/STZ-induced IGFBP7 expression in KO
mice compared with diabetic controls (Supplementary Fig. 3P). His-
topathological assessment demonstrated that IGFBP7 deficiency sub-
stantially ameliorated renal pathology, with Masson’s trichrome
staining showing reduced interstitial fibrosis (Supplementary Fig. 3Q)
and electron microscopy revealing a preserved tubular ultrastructure
(Supplementary Fig. 3R). Consistent with these findings, glomerular
histological analysis indicated mitigation of mesangial matrix expan-
sion and basement membrane thickening in KO mice (Supplementary
Fig. 3S, T).

Complementary gain-of-function experiments were conducted
using IGFBP7-overexpressing transgenic mice subjected to STZ-
induced diabetes (Supplementary Fig. 4A-C). These animals exhib-
ited exacerbated renal injury markers, including amplified fibrosis,
mitochondrial structural abnormalities, inflammatory infiltration, and
dysregulated lipid accumulation compared with non-transgenic dia-
betic controls (Supplementary Fig. 4D-G). Our complementary loss-of-
function and gain-of-function approaches collectively demonstrated
the critical role of renal IGFBP7 in promoting DKD progression in both
type 1 and 2 diabetes models.

IGFBP7 deficiency in tubules and podocytes suppresses DKD
progression

Initially, we observed that HG levels increased IGFBP7 expression and
secretion in renal TECs and podocytes, with more pronounced chan-
ges in renal tubular cells. To this end, we injected STZ into flox/flox (FF)
mice and IGFBP7 renal tubular epithelial conditionally KO (cKO) mice
to induce type 1 DKD (Fig. 2A and Supplementary Fig. 5A, B). Successful
model creation was confirmed using blood glucose tests (Supple-
mentary Fig. 5C). ELISA results showed that cKO mice exhibited a
significant reduction in STZ-induced urinary albumin increase and a
slight reduction in serum creatinine levels, with no significant effect on
BUN (Fig. 2B and Supplementary Fig. 5D, E). Notably, cKO mice
exhibited reduced renal tubule dilation and interstitial fibrosis, which
are key features of DKD, compared with FF mice (Fig. 2C and Supple-
mentary Fig. 5F). We found that IGFBP7 cKO mice showed significantly
less severe STZ-induced DKD damage (Supplementary Fig. 5G), with
reduced glomerular damage, inflammation, fibrosis, and lipid accu-
mulation in the renal tubules (Supplementary Fig. 5SH-J). Mitochondrial
damage in DKD mice was also notably decreased in IGFBP7 cKO mice
(Supplementary Fig. 5K). However, there was no significant difference
in glucose tolerance and insulin resistance between FF and cKO mice
(Supplementary Fig. 5L, M).

Similarly, we established an HFD/STZ-induced type 2 DKD model in
IGFBP7 cKO mice (Fig. 2D and Supplementary Fig. 6A). No significant
differences in body weight were observed between HFD-fed FF and cKO
mice (Supplementary Fig. 6B). Biochemical and histopathological ana-
lyses (ELISA, Masson’s trichrome staining, and immunofluorescence)
demonstrated attenuated renal injury, inflammation, and fibrosis in cKO
mice compared with diabetic controls (Fig. 2F and Supplementary
Fig. 6C-E). Ultrastructural and microscopic evaluations further revealed
that IGFBP7 cKO mice showed ameliorated glomerular damage and
mitochondrial dysfunction in the renal tubular cells (Supplementary
Fig. 6F, G). Notably, Oil Red O staining and immunofluorescence ana-
lyses confirmed a significant reduction in lipid accumulation in the renal
tubules of cKO mice (Fig. 2E). Targeted lipidomic profiling identified
substantial reductions in renal lipid metabolites in cKO mice, particu-
larly phosphatidylcholine and phosphatidylethanolamine (Fig. 2G, H
and Supplementary Fig. 6H-J). In addition, we further explored the
function of IGFBP7 in db/db mice. ELISA, glomerular filtration rate
detection, and Masson results further demonstrated that silencing
IGFBP7 could significantly alleviate glomerular injury and tubulointer-
stitial fibrosis in DKD (Supplementary Fig. 7A-D).

To further elucidate the pathogenic role of renal tubular epithelial
IGFBP7 in DKD, we used adeno-associated virus (AAV)-mediated
IGFBP7 overexpression (Supplementary Fig. 8A). Quantification using
ELISA revealed that tubular IGFBP7 overexpression significantly exa-
cerbated STZ-induced urinary albumin excretion (Supplementary
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Fig. 8B). Histopathological evaluation demonstrated concurrent
aggravation of renal interstitial fibrosis and tubular lipid accumulation
in the overexpression models, with transmission electron microscopy
confirming heightened mitochondrial structural damage character-
ized by cristae disorganization and matrix swelling (Supplementary
Fig. 8C-F). Rescue experiments using IGFBP7 reintroduction in cKO

mice recapitulated its disease-promoting effects, exacerbating glo-
merular lesions and renal fibrosis, as validated by ELISA and Masson’s
trichrome staining (Fig. 21 and Supplementary Fig. 8G-J). Immuno-
fluorescence analyses further demonstrated that IGFBP7 over-
expression reinstated the expression of the renal injury marker KIM-1
and the fibrosis marker aSMA in STZ-treated cKO mice (Fig. 2J).
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Fig. 2 | Tubular- and podocyte-specific IGFBP7 deletion protects against dia-
betic kidney disease. A Schematic diagram showing induction of type 1 diabetic
kidney disease in IGFBP7 renal tubular epithelial cell conditional knockout (cKO)
mice. Art was created by FigDraw 2.0. B Urinary albumin/creatinine level of FF and
cKO mice. The results showed that knockout IGFBP7 in tubular significantly
reduced STZ-induced glomerular dysfunction (n = 8 biological replicates, one-way
ANOVA with Tukey’s multiple comparisons test). C PAS and Masson staining of
renal tubules. Scale bars, 20 and 50 um. D Schematic diagram showing induction of
type 2 diabetic kidney disease in cKO mice. Art was created by FigDraw 2.0. E Oil red
0 and immunofluorescence staining of kidney tissues from HFD/STZ-treated FF
and cKO mice. F Urinary albumin/creatinine level of FF and cKO mice. The results
showed that cKO mice significantly reduced HFD/STZ induced type 2 diabetic
kidney disease (n =6 biological replicates, one-way ANOVA with Tukey’s multiple

comparisons test). G PCA plot of the kidney lipidomics analysis of FF + HFD/STZ
and cKO+HFD/STZ mice (n=>5). H Heat map showing DEGs related to Phosphati-
dylcholine (PC) in FF and cKO mouse kidney (n=5). I In vivo imaging analysis of
IGFBP7 cKO mice. IGFBP7 expression in the kidneys was successfully restored by
tubule-targeted AAV in cKO mice. J Immunofluorescence results of KIM-1and aSMA
in IGFBP7 cKO mice. K Schematic diagram showing induction of type 2 diabetic
kidney disease in IGFBP7 renal podocyte conditional knockout (cKO™"™!) mice. Art
was created by FigDraw 2.0. L Transmission electron microscopy of glomerular
basement membrane thickness and foot process width in FF and cKO™"! mice.
Data represent the mean + SEM. FF floxflox, cKO conditional knockout in tubular,
ckO™"! conditional knockout in podocyte, PC phosphatidylcholine, LPC lyso
phosphatidylcholin, EV empty vector, OE overexpression. Source data are provided
as a Source Data file.

Our previous studies have revealed upregulated IGFBP7 expres-
sion and enhanced secretory activity in podocytes exposed to chronic
hyperglycemic conditions. To elucidate its pathogenic role in DKD, we
generated podocyte-specific IGFBP7 cKO (cKO™"™!) mice. PCR con-
firmed the successful KO construction (Supplementary Fig. 9A), and a
type 2 DKD model was developed using HFD/STZ in cKOM"™! mice
(Fig. 2K). Multi-parameter assessment showed that IGFBP7 cKOPhs!
mice attenuated glomerular damage and renal interstitial fibrosis in
DKD compared with diabetic controls (Supplementary Fig. 9B, C).
However, the renoprotective effects were less pronounced than those
observed in tubular epithelial-specific IGFBP7 KO mice. Transmission
electron microscopy revealed decreased foot process fusion and
basement membrane thickening in cKO™"™! mice (Fig. 2L and Supple-
mentary Fig. 9D). Mechanistic exploration via RNA sequencing iden-
tified IGFBP7-overexpressing podocytes as key mediators of
pathogenic pathways, particularly through the activation of inflam-
matory cascades and dysregulation of signaling pathways, such as
ferroptosis (Supplementary Fig. 9E, F).

Our in vivo findings demonstrated that IGFBP7 exerts
compartment-specific pathogenic effects in DKD, with synergistic
contributions from both renal TECs and glomerular podocytes. Nota-
bly, tubule-derived IGFBP7 is the predominant driver of disease pro-
gression, highlighting the importance of cell type-specific mechanisms
in DKD pathogenesis

IGFBP7 inhibits fatty acid metabolism in renal TECs
To elucidate the regulatory role of IGFBP7 in renal TECs, we performed
RNA sequencing across four experimental groups: normal control +
empty vector (NG +EV), HG+EV, NG +HG, and HG +I/GFBP7 over-
expression (Supplementary Fig. 10A). KEGG pathway analysis demon-
strated that IGFBP7 overexpression significantly suppressed key
energy metabolism pathways, particularly the FA metabolism pathway,
and concurrently activated inflammation-associated pathways (Fig. 3A
and Supplementary Fig. 10B). This finding is particularly relevant given
the kidney’s unique metabolic architecture—as an organ enriched with
mitochondria-it exhibits compartment-specific substrate preferences:
glomeruli primarily utilize glucose for energy production, whereas
renal tubules predominantly rely on FAO, a critical energy-generating
process for TEC function®®*, Importantly, our data revealed that
IGFBP7 overexpression specifically downregulated FAO-related path-
ways in renal tubular cells (Fig. 3B, C and Supplementary Fig. 10C).
Renal fibrosis is closely linked to metabolic dysfunction in TECs, a
process mediated by mitochondrial energy deficits*’. FAO serves as the
primary driver of mitochondrial energy production, fueling sub-
sequent ATP generation via the tricarboxylic acid (TCA) cycle and
oxidative phosphorylation—-processes critical for tubular cell home-
ostasis. RNA sequencing revealed that IGFBP7 overexpression mark-
edly impaired the oxidative phosphorylation, as evidenced by the
downregulation of key metabolic genes (Fig. 3D and Supplementary
Fig. 10D). Real-time PCR confirmed that IGFBP7 overexpression sup-
pressed oxidative phosphorylation-related gene expression under HG

conditions, whereas IGFBP7 silencing restored these effects (Fig. 3E
and Supplementary Fig. 10E, F). Collectively, these findings demon-
strate that IGFBP7 disrupts mitochondrial bioenergetics by targeting
early-stage FAO.

The AMPK signaling pathway, a central energy sensor regulating
cellular metabolic balance, promotes mitochondrial biogenesis through
PGC-1a activation*®~**, RNA sequencing indicated significant suppression
of AMPK signaling under HG and IGFBP7 overexpression conditions,
with PGC-1a expression particularly sensitive to IGFBP7-mediated reg-
ulation (Fig. 3F and Supplementary Fig. 10G). In DKD mice, PGC-1x
downregulation was observed but was attenuated in IGFBP7 conditional
KO models (Fig. 3F and Supplementary Fig. 10H). Importantly, silencing
IGFBP?7 also reversed the high glucose-mediated inhibition of the AMPK
signaling pathway and the reduced expression of PGC-1a in primary renal
TECs isolated from human donors (Supplementary Fig. 10l). Mechan-
istically, IGFBP7 inhibited AMPK activation and PGC-la expression in
renal tubular cells under HG stress, thereby compromising mitochon-
drial energy metabolism (Fig. 3G, H and Supplementary Fig. 10J).

Pharmacological inhibition of mitochondrial FAO using etomoxir
demonstrated that IGFBP7 overexpression substantially reduced basal
oxygen consumption rates in renal tubular cells, confirming its func-
tional impact on mitochondrial energetics (Fig. 31, J). This metabolic
disruption was corroborated by Oil Red O staining, which showed that
IGFBP7 overexpression promoted lipid droplet accumulation in HG-
treated TECs; this effect was reversed by IGFBP7 silencing (Supple-
mentary Fig. 10K, L). Collectively, these data established that IGFBP7
drives lipid deposition in glucotoxic environments, primarily by
impairing mitochondrial FAO, thereby blocking FA catabolism in renal
tubular cells (Fig. 3K).

TEC-derived IGFBP7 promotes the disorder of renal micro-
environment induced by HG levels

Notably, both IGFBP7 expression and secretion were significantly
upregulated in renal TECs under HG conditions (Fig. 1M, N), indicating
its paracrine/autocrine roles in DKD progression. IGFBP7 over-
expression exacerbated HG-induced expression of injury/fibrosis
markers in tubular cells, while genetic silencing attenuated these
pathological changes (Supplementary Fig. 11A-D). In addition, dCAS9-
sgRNA-mediated transcriptional repression effectively mitigated the
HG-induced fibrosis-like response in renal TECs (Supplementary
Fig. 11E). More importantly, we further validated this regulatory effect
in human primary renal TECs, which strengthens the translational
relevance of our findings (Supplementary Fig. 11F). Furthermore, GSEA
revealed a positive correlation between IGFBP7 expression and the
activation of NF-kappa B as well as p53 signaling pathways (Supple-
mentary Fig. 11G). We also provided compelling evidence that HG-
induced renal tubular epithelial cell injury is mediated by IGFBP7
rather than osmotic pressure, thus clarifying the key mediator
underlying HG-associated renal tubular damage (Supplementary
Fig. 11H). Furthermore, IGFBP7 potentiated palmitic acid-induced
tubular cell injury (Supplementary Fig. 111), indicating that endogenous

Nature Communications | (2026)17:30


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66490-5

A

NOD-like receptor signaling pathway
Ferroptosis
TNF signaling pathway
IL-17 signaling pathway
Cellular senescence
Apoptosis
[ Fatty acid degradation
[ PPAR signaling pathway
[ Cell cycle
[ Oxidative phosphorylation

gulated DEGs

N

Fatty acid metabolism

Enichment ot 01212

g

1

I

SignalzNoise

Malonate semialdehyde pathway,
Fatty acid biosynthesis in mitochondria
[ beta-Oxidation, peroxisome, VLCFA
Fatty acid elongation in mitochondria
Fatty acid biosynthesis in mitochondria, animals
[ beta-Oxidation, acyl-CoA synthesis

Fatty acid elongation in endoplasmic reticulum

g HG+OE HG+EV "
: I Citrate cycle (TCA cycle) beta-Oxidation
= | I Fatty acid metabolism 20 0 o 10 20
1|0 5 1|0 KEGG module of Fatty acid metabolism [-log;o(P,;, value)]
- | . HG+OE v HG+EV
KEGG Pathway Enrichment [-log; o(P,;, value)] FRankinOrdered ateset OBV HEE
HG+OE v HG+EV
D E - «
E BP7-Tg
=
Oxidative phosphorylation Citrate cycle (TCA cycle) <
s N
‘}' L * £ o ° o ° ° o o
1 '8 [ e o % ° 00 ° 00 o ° ° S
{ y P { P nt BT RS- S IS - S SN 05 R JR FOR AR I, SR S o
N = bbb b bie b b
’ 1 7 s S
00 L LT SR k8 E g EPEE & 4 E
“HG+0E HG+EV . |HG+OE HG+EV
) 2 o = = = = a = 3 ]
i & 2 ¢ z sz =z £ £ € € F 2 ¢ %
Com I Com II Com I Com IV Com V
F Control STZ G H
FF cKO FF cKO
150 BP7-EV  -6- BP7-OE 150 - HG+EV ~ -©- HG+KD
PGC-l1a ‘- = .-y ™ ™ . -‘ Oligo FCCP  Rot/AA Oligo FCCP  Rot/AA
3 g E
B-actin |qem qum S AN Sun A ams -‘ £ 100 E 100 ééié
3 3 .
£ £ 8 -0-3
Control HFD/STZ ) Q $-3-3 s BB §\§, E
FF KO FF KO g sf-oo, 1 &gy g R = +3
3 5-5-3 ¥ 3
PGC-la‘ﬁ—.-——. ,—.——.‘
. 0 50 100
B-actin | e . - . ~ “ Time (minutes)
I K L
15 P=0.0025 15 P<0.0001 Conditioned Media
N 5
= QR
: TR =3
g3 £% mTEC mPC5
C: L Conditioned Media
= =
H =S
0. T T 0.0 T T q T T
BPT-EV BP7-OE BP7-EV BP7-OE
mTEC NIH-3T3
M Conditioned Medi
oge . onditione edia
Conditioned Media 20 ) . COL-1 «SMA
_— WT-1 Nephrin P<0.0001 P
HG - -+ + _ repoonn oy HG - -+ o+
p- = P 6 p- 9
BPTOE -+ -+  Zuwpges o oge BPTOE - + - +  F l ﬁl
3 r 1 3 r<0.0001  Olo P0000t Ol
W |y s s ‘m kS g8 rame Oi"gt‘a;g'w COL-1[# & &% & é‘ I P R 3
‘S (] -
. = O os &8 R L @
Nephrma~s~§a B USMA | e o w— (o S| o) &
=
[X Z
B-actin | S— — a— -‘ BPIOE - 4+ - + b - 4+ - 1 B-actin |e— a— — -‘ BPIOE - + + + ' 1 4+ ' 1
2 HG - - + + - -+ 4+ = HG - 4+ + - - 4+ +
Conditioned Media Conditioned Media Conditioned Media ‘Conditioned Media
P Kidney organoids
. . 6 COL-1 oSMA
Kidney organoids HG HG HG »-00001 p-0006
FF _FF ¢KO FF FF ¢KO FF FF ¢KO — o
BP7-FF BP7-cKO COL-1 P oy - 2, 3 P<0.0001 p-0.0002
= 70 aSMA [© #es e o e - £ S
{ f g 82 -3
\ *} g o & L4
b L B-actin |de—s en SN SWE SN) Sy Sng SeD Sme i e
— T — T
Kidney organoids FF FF_cKO ' FF FF_cKO
HG HG

IGFBP7 drives tubuloepithelial damage and fibrotic transformation

under glucotoxic stress.

To explore the paracrine effects of tubule-derived IGFBP7, we
treated podocytes and fibroblasts with conditioned media from
IGFBP7-overexpressing tubular cells (Fig. 3L). HG conditions alone
reduced podocyte marker expression, which was aggravated by

IGFBP7-enriched medium (Fig. 3M). Similarly, HG-conditioned media
increased fibrosis markers (COL-1 and aSMA) in NIH-3T3 fibroblasts,
with combined HG/IGFBP7 media producing synergistic activation
(Fig. 3N). Interestingly, the levels of transforming growth factor-beta 1
(TGF-B1) and connective tissue growth factor (CTGF) were also ele-
vated in the culture supernatant of renal TECs with IGFBP7
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Fig. 3 | Tubule-derived IGFBP7 induces impaired FA degradation, glomerular
dysfunction, and fibrosis. A KEGG enrichment analysis of upregulated (above) and
downregulated (down) genes following IGFBP7 overexpression (P,g;. Value, false
discovery rate). B GSEA plots of fatty acid metabolism gene sets. C KEGG module
analysis of fatty acid metabolism. The results showed a significant enrichment in
the fatty acid -oxidation pathway (P,g;, Value, false discovery rate). D GSEA plots
for oxidative phosphorylation and TCA cycle genes. E Real-time PCR analysis of the
mRNA expression of electron transport chain (ETC, Complex I-V) complex genes in
BP7-Tg and WT kidney at 8 months of age (n = 6, two-tailed unpaired Student’s ¢
test). F Western blot of PGC-1x in FF versus cKO mice (n = 6, one-way ANOVA with
Tukey’s multiple comparisons test). G Real-time monitoring the oxygen con-
sumption rate (OCR) in HK2 with or without IGFBP7 overexpression (BP7-EV (n=3),
BP7-OE (n =4); biological replicates). H Real-time monitoring the OCR in HG-
treated HK2 with or without IGFBP7 knockdown (n =3). I Relative OCR of HG-
treated HK2 with or without IGFBP7 overexpression (n =12, two-tailed unpaired
Student’s ¢ test). ) Etomoxir-induced decreases in OCR from HG-treated HK2 (n =12,

two-tailed unpaired Student’s ¢ test). K Schematic of the mechanism by which
IGFBP7 induces impaired fatty acid degradation and lipid accumulation in renal
tubular epithelial cells; key components and inhibitors involved are shown (by
FigDraw 2.0). L Schematic of in vitro co-culture experiments. M Western blot
analysis of Wilms’ Tumer 1 (WT-1) and Nephrin protein levels in MPC5 cells under
mTEC conditioned media (n =4, one-way ANOVA with Tukey’s multiple compar-
isons test). N Western blot analysis of COL-1 and aSMA protein levels in NIH-3T3
cells under mTEC conditioned media (n = 4, one-way ANOVA with Tukey’s multiple
comparisons test). O Kidney spheroids from FF and IGFBP7-cKO mice. P Western
blotting and quantification of COL-1 and aSMA in FF and cKO mouse kidney
spheroids treated with high glucose (n =3, one-way ANOVA with Tukey’s multiple
comparisons test). Data represent the mean + SEM. n.s. not significant, FF floxflox,
cKO conditional knockout in tubular, WT wild type, BP7-Tg IGFBP7 overexpression
transgenic, HG high glucose, EV empty vector, OE overexpression. Source data are
provided as a Source Data file.

overexpression (Supplementary Fig. 11J). More notably, this IGFBP7-
overexpressing renal tubular epithelial cell-derived supernatant fur-
ther enhanced TGF-f1 expression in fibroblasts and podocytes (Sup-
plementary Fig. 11K, L). Direct treatment with recombinant IGFBP7
independently induced fibroblast-to-myofibroblast transition (Sup-
plementary Fig. 11M), confirming its fibrogenic potential.

To establish in vivo relevance, we generated kidney organoids from
IGFBP7 tubular cKO mice (Fig. 30). HG exposure markedly increased
the fibrotic indices in FF organoids, whereas cKO-derived organoids
exhibited attenuated fibrotic responses (Fig. 3P). These multimodal
findings suggest that tubular-derived IGFBP7 is a central mediator of
renal microenvironment dysregulation in DKD pathogenesis.

IGFBP7 impedes ubiquitination and subsequent degradation of
STAT3 mediated by the E3 ubiquitin ligase MDM2

Gene Ontology enrichment analysis identified protein binding as the
predominant molecular function of IGFBP7 (Supplementary Fig. 12A).
To delineate the interactome, IP-mass spectrometry of renal TECs from
the HG and IGFBP7 overexpression group was performed and 69
overlapping proteins were identified, of which 15 had identified roles in
renal pathophysiology (Fig. 4A). STAT3 emerged as the top-ranked
IGFBP7-binding partner under glucotoxic stress based on combined
bioinformatics and experimental validation (Fig. 4B and Supplemen-
tary Fig. 12B, C). Direct interactions were confirmed by co-IP (Co-IP) in
HEK-293T cells, supported by surface plasmon resonance, immuno-
fluorescence colocalization, and molecular docking simulations
(Fig. 4C-F and Supplementary Fig. 12D). Domain mapping using
IGFBP7 truncation constructs (Flag-IGFBP7, -Nter, -Nter-Ka, -Ka-Ig, and
-Ig) and STAT3 domain fragments (Flag-STAT3, - CCD, -DBD, and -SH2-
TAD) localized the interaction interface to the CCD of STAT3 and the
Kazal/lg C2 domain of IGFBP7 (Fig. 4G, H).

Functional studies demonstrated that IGFBP7 stabilized STAT3
protein levels in renal cells under HG conditions, a phenotype recapi-
tulated in diabetic mice (Fig. 41 and Supplementary Fig. 12E-H). Cyclo-
heximide chase assays revealed that IGFBP7 overexpression extended
STAT3 half-life by impairing proteasomal degradation (Supplementary
Fig. 12I). Mechanistically, IGFBP7 enhanced the polyubiquitination of
STAT3 while reducing its interaction with MDM2, the primary E3 ligase
identified by Ubibrowser analysis (Fig. 4] and Supplementary Fig. 12, K).
Co-IP validated MDM2-mediated STAT3 ubiquitination (Fig. 4K) and
showed that IGFBP7 competitively disrupted STAT3-MDM2 binding
(Fig. 4L, M). This established IGFBP7 as a novel post-translational reg-
ulator of STAT3 stability by shielding it from MDM2-dependent ubi-
quitin-proteasome degradation under diabetic conditions.

Conditional STAT3 KO or knockdown in renal TECs eased DKD
To elucidate the pathogenic role of STAT3 in DKD, we established renal
tubule-specific STAT3 KO mice (S3cKO; Supplementary Fig. 13A). In

STZ-induced type 1 diabetes-associated DKD, S3cKO mice exhibited
significantly attenuated albuminuria compared with their WT litter-
mates (Fig. 5SA, B), accompanied by reduced renal interstitial fibrosis
(Fig. 5C and Supplementary Fig. 13A).

Complementary AAV-mediated STAT3 knockdown in TECs fur-
ther confirmed these findings. Mice subjected to STZ- or combined
HFD/STZ-induced DKD showed blunted disease progression upon
STAT3 silencing, as evidenced by improved renal function and histo-
pathology (Supplementary Fig. 13B-E). Consistently, silencing renal
TECs STAT3 in db/db mice also alleviated renal tubulointerstitial
fibrosis and glomerular injury (Supplementary Fig. 13F-I). In vitro
validation using STAT3-silenced HK2 cells demonstrated mitigation of
HG-induced cellular injury and lipotoxicity (Supplementary Fig. 14A).
In addition, STAT3 silencing in vitro further attenuated the activation
of HIF-1a. and NF-kappa B signaling pathways (Supplementary Fig. 14B).

IGFBP7 targets STAT3 to promote DKD progression

To delineate the IGFBP7-STAT3 regulatory axis in DKD progression, we
performed AAV-mediated STAT3 overexpression in renal tubule-
specific IGFBP7 cKO mice, followed by induction of DKD via STZ or
combined HFD/STZ (Fig. 5D). Immunofluorescence confirmed robust
STAT3 overexpression in tubular epithelia (Fig. SE), which effectively
rescued STZ-induced renal dysfunction, impaired oxidative phos-
phorylation, and lipid accumulation in cKO mice while augmenting
STAT3 phosphorylation (Fig. 5F, G and Supplementary Fig. 15A-C). A
comparable phenotypic was observed in the HFD/STZ-induced type 2
DKD model (Fig. SH-J and Supplementary Fig. 15D, E).

Conversely, AAV-driven STAT3 silencing in /IGFBP7 transgenic mice
markedly attenuated diabetic renal injury, decreased glomerular fil-
tration rate, and interstitial fibrosis (Fig. 5K-M). Mechanistic con-
sistency was demonstrated in vitro, where STAT3 knockdown
suppressed HG-induced inflammatory responses and fibrotic trans-
formation in IGFBP7-overexpressing renal tubular cells (Supplemen-
tary Fig. 15F)

IGFBP7 facilitates dimerization of acetylated STAT3, subse-
quently hindering PGC-1a-driven mitochondrial bioenergetics
STAT3 primarily functions via dimerization in cellular processes*'. To
assess the potential influence of IGFBP7 on STAT3 dimerization, we
performed Co-IP assays. The results demonstrated that Flag-tagged
STAT3 and Myc-tagged STAT3 formed dimers in cells, with IGFBP7
overexpression significantly enhancing this interaction (Fig. 6A). A
similar enhancement in STAT3 dimerization by IGFBP7 was observed
under HG conditions (Supplementary Fig. 16A). While STAT3 can form
homodimers and heterodimers with STAT1I or STATS,
IGFBP7 specifically interacted with endogenous STAT3 and STAT], but
not with STATS5, in HK2 cells (Supplementary Fig. 16B). Notably, no
direct STAT3-STATI or STAT3-STATS interactions were detected in
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HK?2 cells, and IGFBP7 did not alter these associations (Supplementary
Fig. 16C), suggesting its selective promotion of STAT3
autodimerization.

Given the critical roles of phosphorylation (Y705) and acetylation
in stabilizing STAT3 dimers during cytokine/growth factor
signaling**¢, we evaluated the effects of IGFBP7 on these post-

translational modifications in renal TECs under HG conditions. IGFBP7
overexpression increased global STAT3 phosphorylation and acetyla-
tion. However, the phosphorylated (Y705)/total STAT3 ratio remained
unchanged, implying that elevated phosphorylation stemmed from
increased total STAT3 levels (Supplementary Fig. 16D). In contrast,
IGFBP7 markedly enhanced STAT3 acetylation under HG conditions

Nature Communications | (2026)17:30


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66490-5

Fig. 4 | IGFBP7 impedes ubiquitination and subsequent degradation of STAT3
mediated by the E3 ubiquitin ligase MDM2. A Venn diagram of the high glucose
(HG) model group and IGFBP7 overexpression (OE) group. Filtering the binding
strength with differentially expressed protein in high glucose-stimulated mTEC
cells with or without IGFBP7, identified STAT3 as a direct target protein of IGFBP7.
B Co-IP results of IGFBP7 binding to STAT3 in control and high glucose model
groups in renal tubular epithelial cells. C Co-IP results of HA-IGFBP7 binding to Flag-
STAT3 in HEK-293T cells. D Surface plasmon resonance (SPR) analysis of the
interactions between recombinant STAT3 protein and recombinant IGFBP7 pro-
tein. Recombinant IGFBP7 protein concentration: 25, 12.5, 6.25, 3.125, and 1.56 uM.
E Immunofluorescence staining of IGFBP7 and STAT3 in HG-treated mTEC and HK2
cells. F Molecular docking of IGFBP7 with STAT3. G Co-IP was performed to
determine the interaction between endogenous STAT3 and the functional domains
of IGFBP7, including Flag-IGFBP7, Flag-Nter, Flag-Nter-Ka, Flag-Ka-lg, and Flag-Ig in
HG-treated HK2 cells. H Co-IP was performed to determine the interaction between
endogenous IGFBP7 and the functional domains of STAT3, including Flag-STAT3,

Flag-CCD, Flag-DBD, and Flag-SH2-TAD in HG-treated HK2 cells. I Western blotting
analysis of STAT3 levels in HG-treated mTEC and HK2 cells with or without IGFBP7
overexpression (n=4). J The UbiBrowser assay results indicate that MDM2 is the
key E3 ubiquitin ligase for STAT3. K Co-IP assay detects the effect of MDM2 over-
expressing on STAT3 ubiquitination level in HK2 cells. L Flag-STAT3, Myc-MDM2,
and IGFBP7 OE were co-expressed and applied with MG-132 in HK2 cells. Flag was
isolated by IP, and levels were assessed with anti-Myc antibody. M Myc-MDM2, Flag-
STAT3, and IGFBP7 OE were co-expressed and applied with MG-132 in HK2 cells.
Myc was isolated by IP, and levels were assessed with anti-Flag antibody. Data
represent the mean + SEM. mTEC mouse renal tubular epithelial cells, HK2 human
renal tubular epithelial cells, LC-MS/MS liquid chromatography-tandem mass
spectrometry, EV empty vector, OE overexpression, Nter IGFBP N-terminal, KA
Kazal-like, Ig Ig-like C2-type, CCD Coiled-coil domain, DBD DNA-binding domain,
SH2-TAD Src homology 2-transactivation domain. Source data are provided as a
Source Data file.

(Supplementary Fig. 16E). To determine the dependency of IGFBP7 on
these modifications, we introduced a non-phosphorylatable STAT3
mutant (Y705A) into 293 T cells. Co-IP assays revealed comparable
dimerization between the WT and Y705A STAT3 (Supplementary
Fig. 16F), indicating phosphorylation-independent dimerization. Intri-
guingly, while IGFBP7 bound to Y705A STATS3, it failed to promote its
dimerization (Supplementary Fig. 16G).

To investigate acetylation dependency, p300 acetyltransferase
knockdown via siRNA was used to reduce STAT3 acetylation, which
concurrently impaired STAT3 dimerization and IGFBP7-STAT3 binding
(Supplementary Fig. 16H). This confirmed the necessity of acetylation
in both processes. STAT3 acetylation (K4Q: K601/615/631/685Q) and
phosphorylation (Y705D) mimetics were generated. IGFBP7 bound to
both mutants and promoted their dimerization (Fig. 6B). However, a
dual mutant (Y705D-K4R) abolished IGFBP7-mediated dimerization
(Supplementary Fig. 161), and K4Q enhanced IGFBP7 binding, while
K4R abrogated this effect (Fig. 6C). These data establish the specificity
of IGFBP7 for acetylated STAT3 in dimerization.

Focusing on K685 acetylation, a key functional site regulated by
SIRT deacetylases*’*®, we found that SIRT2 interacted with STAT3
under HG conditions (Supplementary Fig. 16J). The STAT3 K685R
mutant was resistant to SIRT2-mediated deacetylation (Fig. 6D), con-
firming that K685 was a SIRT2 target. Importantly, IGFBP7 diminished
the SIRT2-STAT3 interaction (Fig. 6E), suggesting that its promotion of
STAT3 dimerization involved the inhibition of SIRT2-mediated dea-
cetylation at K685.

To investigate whether IGFBP7 inhibits mitochondrial bioener-
getics via STAT3 targeting, we first observed that STAT3 over-
expression significantly suppressed mitochondrial bioenergetics, as
evidenced by reduced oxygen consumption rates (Fig. 6F). In IGFBP7
cKO mice, impaired AMPK pathway and downregulated PGC-1c.in DKD
mice were markedly rescued, whereas STAT3 overexpression reversed
these effects (Fig. 6G and Supplementary Fig. 16K). Hippocampal
metabolic profiling further revealed that STAT3 silencing alleviated
IGFBP7 overexpression-induced mitochondrial bioenergetic deficits
(Fig. 6H). Notably, STAT3 overexpression robustly inhibited PGC-1a
transcriptional activity in renal TECs, as demonstrated by dual luci-
ferase reporter assays (Fig. 61). To determine the specificity of this
regulation, a mutant PGC-1a plasmid (Mut) was generated (Fig. 6)).
Silencing /IGFBP7 in renal TECs enhanced the transcriptional activity of
WT PGC-1a but not of the mutant under HG conditions (Fig. 6K). Fur-
thermore, overexpression of IGFBP7 in cells expressing the STAT3
K685R mutant (a non-acetylatable form) revealed that the K685R
mutation itself elevated PGC-Ia transcriptional activity. However,
IGFBP7 overexpression significantly attenuated this increase (Fig. 6L).

Collectively, these findings demonstrate that IGFBP7 suppresses
PGC-la-mediated mitochondrial bioenergetics in renal TECs under HG
conditions by specifically targeting acetylated STAT3 dimerization.

LA acts as an IGFBP7 antagonist to alleviate the

progression of DKD

Based on these findings, we explored therapeutic agents targeting
IGFBP7 for the treatment of DKD. Using computer-aided drug
screening, we identified novel IGFBP7 inhibitors and evaluated their
anti-fibrotic effects (Fig. 7A). From a library of 24,327 bioactive com-
pounds (MCE, HY-LOO1), five candidates-HY-18600A, HY-16659, HY-
N0002, HY-14302, and HY-14781 (LA)-showed significant anti-fibrotic
activity (Supplementary Fig. 17A, B). Further validation in HG-treated
HK2 cells revealed that LA was the most potent compound in reducing
fibrosis markers (Supplementary Fig. 18A). Molecular docking based
on the IGFBP7 crystal structure highlighted that LA interacted with key
residues (MET85, ARG134, SER137, and GLN138) (Fig. 7B). CETSA and
SPR assays confirmed LA-IGFBP7 binding (Fig. 7C, D), while Co-IP
demonstrated that LA disrupted the IGFBP7-STAT3 interaction (Sup-
plementary Fig. 18B). Additionally, LA suppressed COL-1 and aSMA
expression in renal TECs under HG conditions (Fig. 7E) and restored
energy metabolism by counteracting acetylated STAT3 upregulation
and PGC-la downregulation, as well as reducing lipid droplet accu-
mulation (Supplementary Fig. 18C, D). Furthermore, we have further
clarified that the combined administration of LA with either BAY 11-
7082 (a specific inhibitor of the NF-kB pathway) or rapamycin (a well-
characterized inhibitor of the mTOR signaling pathway) fails to confer
a superior renal protective effect compared with their individual use
(Supplementary Fig. 18E, F). Next, we assessed LA functions in two
murine DKD models. In STZ-induced type 1 DKD (Fig. 7F), LA (2.5 mg/
kg, weekly) administration for 10 weeks attenuated urinary albumin
levels (Fig. 7G). Histopathological and western blot analyses confirmed
renal fibrosis reduction and marker expression by LA (Fig. 7H and
Supplementary Fig. 18G), supported by diminished lipid deposition via
Oil Red O staining (Fig. 7). Similar efficacy was observed in HFD/STZ-
induced type 2 DKD mice (Fig. 7)), with LA alleviating glomerular injury
and fibrosis (Fig. 7K, L and Supplementary Fig. 18J). More importantly,
we further evaluated the effect of LA on glomerular function using
transmission electron microscopy. As illustrated in the results, LA
significantly attenuated the thickening of the glomerular basement
membrane (GBM), the increase in foot process width, and the decrease
in foot process number that occur during DKD progression (Supple-
mentary Fig. 18H, I). Of note, LA did not alter the symptoms of STZ-
induced hyperglycemia (Supplementary Fig. 18K). To further investi-
gate the functional role and therapeutic efficacy of LA in advanced
DKD, we administered LA to 6-month-old db/db mice, followed by a
4-week drug withdrawal period. Results showed that LA effectively
mitigated glomerular injury and interstitial fibrosis in mice with
advanced DKD. Notably, a slight rebound in pathological manifesta-
tions was observed after drug discontinuation, which further under-
scores the critical therapeutic importance of LA in advanced DKD
(Supplementary Fig. 18L-0). Notably, LA administration did not affect
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In conclusion, our study identified LA as a therapeutic candidate
that attenuated DKD progression by targeting IGFBP7.

liver function, as evidenced by unaltered ALT and AST levels (Sup-
plementary Fig. 19A, B). Furthermore, histological analysis of major
vital organs, including the heart, liver, spleen, and lungs, revealed no
discernible pathological damage. These observations collectively
confirm that LA does not induce significant toxic side effects within the
tested dosage range (Supplementary Fig. 19C).

Discussion
IGFBP7 in renal tubules and podocytes plays a pivotal role in DKD. Our
findings demonstrated that cell-specific IGFBP7 acts as a key mediator

Nature Communications |(2026)17:30 n


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66490-5

Fig. 5| IGFBP7-STAT3 axis promotes the progression of diabetic kidney disease.
A Schematic diagram showing induction of type 1 diabetic kidney disease in STAT3
renal tubular epithelial cell conditional knockout (S3cKO) mice. Art was created by
FigDraw 2.0. B Urinary albumin/creatinine level of S3FF and S3cKO mice. The results
showed that knockout STAT3 in tubular significantly reduced STZ-induced glomerular
dysfunction (n = 6 biological replicates, one-way ANOVA with Tukey’s multiple com-
parisons test). C Masson and immunohistochemical staining results of STZ-treated
S3cKO mice. Scale bars, 50 um. D Schematic illustration of overexpression of STAT3 in
IGFBP?7 renal tubule conditional knockout (cKO) mice. E Immunofluorescence results
of mouse kidney STAT3 expression levels. The results showed that STAT3 was suc-
cessfully overexpressed in cKO mice. F PAS, Masson, and immunohistochemistry
staining in cKO mice with STAT3 overexpression. Scale bars, 50 pm. G Urinary

albumin/creatinine level in STZ-treated IGFBP7 cKO mice with STAT3 overexpression
(n = 6 biological replicates, one-way ANOVA with Tukey’s multiple comparisons test).
H Western blot analysis of NLRP3, COL-1, aSMA, KIM-1, and STAT3. I PAS and Masson
staining of IGFBP7 cKO mice kidney. Scale bars, 50 pm. J Urinary albumin/creatinine
level in HFD/STZ-treated IGFBP7 cKO mice with STAT3 overexpression (n = 6 biolo-
gical replicates, one-way ANOVA with Tukey’s multiple comparisons test). K Schematic
representation of STAT3 silencing in IGFBP7 overexpression transgenic (Tg) mice.

L PAS and Masson staining of IGFBP7 Tg mice kidney (n = 6 biological replicates, two-
tailed unpaired Student's ¢ test). Scale bars, 50 pm. M Urinary albumin/creatinine level
in STZ-treated IGFBP7 Tg mice with STAT3 knockdown (n = 6 biological replicates,
two-tailed unpaired Student’s t test). Data represent the mean + SEM. Source data are
provided as a Source Data file.

in DKD by promoting acetylated STAT3 dimerization, which sup-
presses AMPK signaling-driven mitochondrial bioenergetics. These
processes correlate with the activation of mesenchymal transdiffer-
entiation in diabetic kidneys, establishing a mechanistic link between
renal interstitial fibrosis and glomerular dysfunction, which are the two
hallmark features of DKD. While IGFBP7 is predominantly expressed in
the kidney, its functional role in DKD pathogenesis and renal micro-
environment regulation remains underexplored (Supplementary
Fig. 20, by FigDraw 2.0).

Clinical studies have shown that elevated IGFBP7 levels correlate
with DKD progression®. In vitro, IGFBP7 silencing attenuates HG-
induced TGF-B1/Smad pathway activation in podocytes®. Previous
studies have identified IGFBP7 as an early responder in the proximal
tubules during acute kidney injury®. Notably, IGFBP7 mRNA is mark-
edly upregulated in STZ-induced diabetic rat kidneys*, and elevated
circulating IGFBP7 levels predict the progression from DKD to end-
stage kidney disease”. Our data provide mechanistic insights into the
role of IGFBP7 in DKD pathophysiology, showing that its tubular
expression is significantly increased in DKD patients and diabetic
mouse models, with its levels positively correlated with renal fibrosis
and inflammation. During the progression of DKD, distinct types of
epigenetic memory—specifically metabolic memory and hypoxia
memory—exhibit tight associations with altered expression of disease-
relevant genes®. Our study uniquely demonstrates that histone H3
lysine 4 trimethylation (H3K4Me3)—a canonical activating epigenetic
modification—mediates the upregulation of IGFBP7: we observed
enhanced H3K4Me3 enrichment at the IGFBP7 promoter region in
diabetic renal tissues, which directly promotes IGFBP7 transcriptional
activation. These findings support the hypothesis that
IGFBP7 secretion by proximal renal tubules initiates a cascade of
events that play a critical role in the pathophysiology of DKD.

To the best of our knowledge, this is the pioneering study to
delineate how IGFBP7 modulates the renal microenvironment to drive
DKD progression. We identified IGFBP7 as a stressor in proximal tub-
ular cells, inducing pro-inflammatory and profibrotic responses in
both type 1 and 2 diabetic kidneys. Although hyperglycemia is the
primary driver of DKD*'%3, previous research has focused on its effects
on apoptosis and inflammation. In contrast, our work highlights HG-
induced dysregulation of FA metabolism in renal tubular cells as a key
contributor to interstitial fibrosis. Strikingly, IGFBP7 deletion in TECs
restored mitochondrial FA metabolism and protected against protei-
nuria in diabetic DKD mice, despite persistent hyperglycemia. To our
knowledge, this is the notable report linking FA regulatory effects of
IGFBP7 to DKD pathogenesis.

Renal lipid imbalance is an early and persistent feature of DKD,
with disrupted FA uptake/degradation directly contributing to tubular
injury*>**, Elevated lipid accumulation and de novo lipogenesis genes
are correlated with fibrosis in human kidneys®. For instance, acyl-CoA
synthetase short-chain family 2 drives lipogenesis, NADPH depletion,
and ROS-mediated NLRP3 pyroptosis in renal tubules®. Mitochondrial
FAO deficiency exacerbates lipid overload, triggering myofibroblast
activation and fibrogenesis®***. In this study, we demonstrated that

IGFBP7 upregulation in diabetic kidneys exacerbated FAO inhibition,
lipid accumulation, and fibrosis. Conversely, IGFBP7 deficiency
enhanced FAO and attenuated mesenchymal activation and fibrosis.

RNA sequencing identified IGFBP7 as a “protein-binding” modulator
of signaling pathways. STAT3, a key signal transducer activated by
pathological stress™, undergoes dimerization as the final activation
step, which can occur independent of Tyr705 phosphorylation. Unpho-
sphorylated STAT3 regulates specific gene targets*S, Critically, STAT3
acetylation at K685 (the SH2 domain) and other residues (K49, K87, and
K631) governs nuclear localization, transcriptional activity, and dimer
stability*’*%. Acetylation, particularly at K685, may supersede phos-
phorylation and regulate STAT3 function®*°. Our study demonstrated
that IGFBP7 promoted acetylated STAT3 dimerization by antagonizing
SIRT2-mediated deacetylation. Acetylation-driven STAT3 activation dis-
rupts FAO and amplifies fibrotic signaling. Persistent STAT3 activation
correlates with poor DKD outcomes®, which is consistent with our
observation that IGFBP7 deficiency restored FAO and mitigated fibrosis
despite hyperglycemia. Our work suggests that IGFBP7-STAT3 is a pivotal
regulator that links defects in FA degradation to DKD pathology. By
impairing FAO and amplifying lipid-driven fibrogenesis, IGFBP7 estab-
lishes a metabolic-cytokine crosstalk that accelerates DKD progression.

This study further elucidated that PGC-la acts as a pivotal
downstream effector in the IGFBP7-STAT3 pathway, driving renal
dysfunction and mitochondrial bioenergetic deficits. Notably, in the
progression of chronic kidney disease (CKD), AMPK plays a key role in
maintaining energy metabolism homeostasis and autophagy in renal
tubular cells®>—and as a core regulator of the AMPK signaling pathway,
PGC-1a is activated by signals such as cAMP and cytokines to tran-
siently regulate mitochondrial oxidative phosphorylation genes®,
Dysregulated PGC-1a levels impair mitochondrial electron transport
chain complexes and bioenergetics, exacerbating renal fibrosis®®’. In
diabetic kidneys, we observed an inverse correlation between PGC-1a
expression and IGFBP7 upregulation. IGFBP7 overexpression sup-
pressed PGC-la mRNA/protein levels in vivo and in vitro, whereas
IGFBP7 knockdown restored PGC-1a expression. STAT3 is a negative
regulator of PGC-1a’°"2 For instance, hepatic STAT3 deletion increa-
ses PGC-la expression, inducing insulin resistance”, and
STAT3 suppresses PGC-1a via miR-23a upregulation”. Our findings
align with these mechanisms, showing that IGFBP7 inhibits PGC-1a via
STATS3. Critically, STAT3 silencing reversed mitochondrial dysfunction
and renal injury caused by IGFBP7 overexpression, highlighting that
the IGFBP7-STAT3-PGC-1a axis is central to DKD progression.

LA, the bioactive form of folic acid’*¢, is directly utilized without
metabolic conversion”. It also supports nucleic acid synthesis, cardi-
ovascular health, and neural development’®’. Although high-dose
folic acid induces kidney injury (>200 mg/kg)**®, dietary folate is
associated with reduced mortality and end-stage kidney disease risk in
CKD patients®*®, In this study, we identified LA as a novel small-
molecule IGFBP7 inhibitor after screening >24,000 compounds. LA
mitigated IGFBP7-mediated lipotoxicity in vitro and attenuated renal
fibrosis and glomerular dysfunction in vivo. Mechanistically, LA dis-
rupted IGFBP7-STAT3 binding and restoreed mitochondrial energy
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metabolism. Systemic LA administration did not cause major organ
toxicity, indicating its therapeutic potential. These findings elucidate
the specific mechanisms by which LA ameliorates DKD and paves the
way for its future clinical applications.

In conclusion, IGFBP7 expression is upregulated in the early
stages of DKD?®. This elevated expression in proximal tubules

demonstrates persistent upregulation in both human and rodent
models. IGFBP7-mediated suppression of FA metabolism in proximal
tubular cells induces intracellular lipid deposition, subsequently trig-
gering the activation and secretion of pro-inflammatory and profi-
brotic cytokines. Severe renal interstitial fibrosis resulting from these
cytokine-mediated processes progresses to glomerular sclerosis,

Nature Communications | (2026)17:30

13


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66490-5

Fig. 6 | IGFBP7 facilitates dimerization of acetylated STAT3, subsequently
hindering PGC-1a-driven mitochondrial bioenergetics. A Co-IP assay indicating
that IGFBP7 promotes the dimerization of STAT3. HK2 cells were transfected with
the indicated vectors followed by IP using Flag antibody. The GFP vector worked as
an unrelated control protein. B Co-IP assay indicating the promotion of IGFBP7 on
the dimerization of phosphorylated (Y705D) or acetylated (K4Q) STAT3 in HK2
cells. The relative quantification of STAT3 dimerization was listed. C Co-IP assay for
the interaction of IGFBP7 with the different indicated STAT3 construct (Flag-K4R,
Flag-STAT3, and Flag-K4Q) (n = 3 biological replicates, one-way ANOVA with
Tukey’s multiple comparisons test). D Co-IP assay of the interaction of SIRT2 with
different STAT3 constructs (Flag-STAT3 WT and Flag-STAT3 K685R) in high
glucose-treated HK2 cells. E Co-IP assay indicating the inhibition of IGFBP7 on the
interaction of SIRT2 with STAT3 in HG-treated HK2 cells. F Real-time monitoring the
oxygen consumption rate (OCR) in HG-treated HK2 with or without STAT3 over-
expression (HG + S3EV (n=3), HG + S30E (n = 4); biological replicates). G Western
blot analysis of PGC-1a and pAMPK after STAT3 overexpression in STZ-induced

IGFBP7 cKO mice (n = 6 biological replicates, one-way ANOVA with Tukey’s multiple
comparisons test). H Real-time monitoring the OCR in IGFBP7 overexpressed HK2
cells with or without STAT3 knockdown (n = 3 biological replicates). I Luciferase
reporter assay measured the luciferase activities of the HK2 cells transfected with
PGC-1a luciferase plasmids and STAT3 plasmids (n =4 biological replicates, one-
way ANOVA with Tukey’s multiple comparisons test). J Wild-type (WT) and mutant
(Mut) PGC-1a were inserted into pmirGLO reporter vectors. K Luciferase reporter
assay measured the luciferase activities of PGC-1a-CDS WT or PGC-1a-CDS Mut in
HG-treated HK2 cells with or without IGFBP7 knockdown (n =4 biological repli-
cates, one-way ANOVA with Tukey’s multiple comparisons test). L Luciferase
reporter assay measured the luciferase activities of the HG-treated HK2 cells
transfected with PGC-1a-Luc, IGFBP7, STAT3, STAT3 K685R (inactivated of STAT3
mutants with lysine 685 reduced acetylation) (n =4 biological replicates, one-way
ANOVA with Tukey’s multiple comparisons test). Data represent the mean + SEM.
n.s. not significant. Source data are provided as a Source Data file.

ultimately culminating in elevated glomerular albumin filtration
rates®. Renal TEC-derived IGFBP7 directly induces glomerular podo-
cyte injury and fibroblast activation. The absence of secondary glo-
merular pathology in diabetic mice with conditional IGFBP7 KO in
renal tubular cells provides additional evidence of a mechanistic
connection between tubule-derived IGFBP7 and the development of
interstitial inflammation, fibrosis, and glomerulosclerosis. Therefore,
the therapeutic targeting of IGFBP7-mediated dysregulation of the
renal microenvironment could potentially attenuate DKD progression,
particularly in renal fibrotic processes and glomerular injury. Inter-
estingly, LA, a newly recognized IGFBP7 inhibitor, showed promising
efficacy in ameliorating diabetic nephropathy in both animal and cel-
lular experiments. Collectively, these findings advance our under-
standing of the role of IGFBP7 in shaping the pathological renal
microenvironment in DKD and highlight a novel therapeutic strategy
targeting IGFBP7 to slow disease progression.

Methods

Reagent and materials

Antibodies specific for IGFBP7 (ab171085, ab214262: Abcam; and
19961-1-AP: Proteintech), COL-1 (66761-1-Ig; Proteintech), aSMA
(14395-1-AP; Proteintech), STAT3 (10253-2-AP; Proteintech), pSTAT3
(R381552; Zen-Bio), ACSTAT3 (#2523; CST), STAT1 (R25799; Zen-Bio),
STATS (R381427; Zen-Bio), PGC-la (R381615; Zen-Bio), pAMPK
(AP1441; Abclonal), AMPK (A1229; Abclonal), H3K4Mel (A22079;
Abclonal), H3K4Me3 (A22146; Abclonal), H3K27Ac (A22264; Abclonal),
Histone3 (A2348; Abclonal), Plin2 (15294-1-AP; Proteintech), KIM-1
(30948-1-AP; Proteintech), NLRP3 (WL02635; Wanlei), TNFa (60291-1-
Ig; Proteintech), yH2AX (R381558; Zen-Bio), WT-1 (ab267377; Abcam),
Nephrin (ab216341; Abcam), NFkB1 (10745-1-AP; Proteintech), HSPAS
(R24618; Zen-Bio), SIRT2 (ET1611-72; HuaBio), Flag (20543-1-AP; Pro-
teintech), HA (51064-2-AP; Proteintech), Myc (60003-2-lg; Pro-
teintech), GFP (M20004; Abmart), MDM2 (66511-1-Ig; Proteintech) and
B-actin (bs-10966R; Bioss). Fluorescein-labelled LTL (FL-1321), PNA (FL-
1071), and DBA (FL-1031) were obtained from Vector Laboratories
(Newark, CA, USA). The IRDye 800-conjugated secondary antibody
was obtained from Rockland Immunochemicals (Gilbertsville, PA,
USA). PAS, Creatinine Assay, and BUN Assay Kits were obtained from
the Nanjing Jiancheng Bioengineering Institute (Nanjing, China). An
IGFBP7 ELISA Kit was purchased from Shanghai MLBIO Biotechnology
(Shanghai, China). Recombinant mouse IGFBP7 protein was purchased
from Novoprotein (CU51; Shanghai, China). STZ and glucose were
purchased from Sigma Chemical Company (MO, United States). MM-
102, etomoxir, and LA were purchased from MCE (Shanghai, China).

Human renal biopsy samples
Samples of kidney tissue and peripheral blood were collected from
both healthy individuals and DKD patients at the First Affiliated

Hospital of Anhui Medical University. Patients diagnosed with DKD via
renal biopsy participated in the study. Normal controls were obtained
from non-tumor kidney tissue of patients who underwent nephrect-
omy for renal cell carcinoma. Serum levels of proteinuria, creatinine,
and blood glucose were used to diagnose DKD patients. The clinical
details for all donors are thoroughly outlined in Table S1. This study
was approved by Biomedical Ethics Committee of Anhui Medical
University (82240036). The studies were conducted with each parti-
cipant’s informed and written consent, following the guidelines of the
Declaration of Helsinki.

Mouse models of diabetic kidney disease

All animal experiments were approved by the Institutional Animal Care
and Use Committee of Anhui Medical University (Ethics No.
LLSC20221109) and strictly adhered to NIH guidelines for laboratory
animal welfare. Male littermate mice (age and group sizes specified in
figure legends) were randomly assigned to experimental groups using
a blinded protocol for surgical interventions and outcome assess-
ments. Animals were maintained in specific pathogen-free facilities
under 12-h light/dark cycles at 24 °C, with ad libitum access to auto-
claved water and either standard chow or high-fat diet (HFD). Housing
conditions included corncob-bedded cages (3—-5 mice/cage) replaced
thrice weekly following steam sterilization. Sex selection was based on
established metabolic phenotypes, with male C57BL/6 mice chosen
due to their heightened susceptibility to diet-induced obesity and
glucose intolerance compared to females. Veterinary staff routinely
monitored animals, with no clinical signs of distress or pathology
requiring intervention observed throughout the study.

For the unilateral nephrectomy and STZ-induced type 2 diabetic
mouse studies, 8-10-week old male C57BL/6 mice (IGFBP7 KO, cKO**,
and cKO™"! mice) were used. Ksp-Cre mice (Strain NO. T012960) and
Nphs1-Cre mice (Strain NO. T016576) purchased from GemPharma-
tech Co., Ltd. (Jiangsu, China). Eight-week-old male Cre'/IGFBP7"f
mice and their littermate Cre'/IGFBP7"* mice were fed either a HFD
(60 kcal% from fat, Research Diets) or control diet for 4 weeks and
then uninephrectomized. After one week recovery period from
uninephrectomy, mice were injected low-dose STZ dissolved in
50 mmol/L sodium citrate buffer (pH 4.5) (50 mg per kg body weight
intraperitoneally daily for 3 days) after starving for 4 h to induce
partial insulin deficiency or injected vehicle for control. Mice con-
tinued to be maintained on a HFD or control diets for another
20 weeks (as shown in Fig. 2). Mice received ad libitum HFD feeding
for 24 weeks prior to terminal procedures. Systemic biochemical
profiling was performed using serum and 24-h urine samples. Fol-
lowing euthanasia, renal tissues were harvested with cortical regions
isolated for histopathological evaluation and molecular analyses
(protein/RNA extraction).
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For the STZ induced type 1 diabetic mouse studies, 8-10-week old
male C57BL/6 mice (IGFBP7 KO, cKO, and Tg mice; STAT3 cKO mice)
were used. Type 1 Diabetes was induced in 10-week-old male mice on a
C57BL/6 background by five consecutive intraperitoneal injections of
STZ (50 mg/kg) with 10 mM citrate buffer (pH 4.5), and were main-
tained for totally 24 weeks.
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GFR was measured by determining elimination of fluorescein iso-
thiocyanate (FITC)-sinistrin transcutaneously as described®. A fluor-
escence detector (NICKidney; Mannheim Pharma & Diagnostics
GmbH, Germany) was placed on a depilated region of the back and
FITC-sinistrin (50 mg/kg body weight) injected intravenously via the
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Fig. 7 | Novel use of levomefolic acid, targeting IGFBP7 for diabetic kidney
disease in vitro and in vivo. A Workflow of the hybrid virtual screening strategy.
B Molecular docking demonstrated that Levomefolic acid (LA) physically bound to
the catalytic domain of IGFBP7. C Cellular thermal shift assay (CETSA) analysis
showing the stabilisation of IGFBP7 in vitro, with or without LA treatment. D Surface
plasmon resonance (SPR) analysis of the interactions between IGFBP7 and LA.
Concentration of salmeterol (umol/L): 16, 8, 4, 2, 1, 0.5. E Immunofluorescence (IF)
analysis of COL-1 and aSMA in LA-treated HK2 cells in response to high glucose
(HG). F Schematic illustration of treatment of levomefolic acid after STZ-induced
type 1 diabetic kidney disease. G Urinary albumin/creatinine level in STZ-induced

DKD with LA treatment (n = 6 biological replicates, one-way ANOVA with Tukey’s
multiple comparisons test). H PAS and Masson staining in STZ-induced DKD with
LA treatment. Scale bars, 50 pm. I Oil red O staining of STZ-induced DKD with LA
treatment. Scale bars, 100 pm. J Schematic illustration of treatment of LA after
HFD/STZ-induced type 2 diabetic kidney disease. K Urinary albumin/creatinine
level in HFD/STZ-induced DKD with LA treatment (n = 6 biological replicates, one-
way ANOVA with Tukey’s multiple comparisons test). L PAS and Masson staining in
HFD/STZ-induced DKD with LA treatment (n = 6 biological replicates, one-way
ANOVA with Tukey’s multiple comparisons test). Scale bars, 50 um. Data represent
the mean + SEM. Source data are provided as a Source Data file.

tail vein. Data were acquired in conscious mice and GFR calculated
using the half-life (t;/).

Cell culture and treatment

The human tubular epithelial cells (HK2) and mouse tubular epithelial
cells (mTEC) lines were provided by Prof. Hui Yao Lan (The Chinese
University of Hong Kong, Hong Kong, China), and prepared as pre-
viously reported”. Conditionally immortalized mouse podocytes
(MPCS5) were acquired from the Institute of Basic Medical Sciences,
Chinese Academy of Medical Sciences. The cells were maintained in
RPMI 1640 supplemented with 10% fetal bovine serum and 20 U/mL
murine recombinant interferon-y (IFN-y) at 33°C under permissive
conditions. For differentiation induction, MPC5 were transferred to
IFN-y-free medium and cultured at 37°C for 7 days under non-
permissive conditions prior to experimentation. Mouse mesangial
cells (SV40) were obtained from the Cell Bank of Chinese Academy of
Sciences and propagated in DMEM with 5% serum supplementation.
Genetic manipulation of TECs was performed using Lipofectamine
3000 transfection reagent (Invitrogen) according to standardized
protocols. siRNA constructs and overexpression plasmids (HanBio,
China) were introduced following manufacturer specifications, with
scrambled siRNA/plasmid (HanBio, China) serving as negative con-
trols. Briefly, nucleic acid-lipid complexes were prepared by incubating
diluted siRNA/plasmid with transfection reagent for 20 min at room
temperature, followed by administration to cells cultured in OPTI-
MEM medium. Following an incubation period of 6 to 12 h, the medium
was replaced with complete culture medium. The selected sequences
are listed in Table S2. In this study, the cells were subjected to different
treatment conditions: High glucose (HG) (p-glucose at a final con-
centration of 30 mmol/L in culture medium), medium contained
5.6 mmol/i-glucose as normal glucose (NG), mannitol was added in the
medium as the osmotic pressure control for HG.

Mouse kidney organoids

The newly isolated FF and IGFBP7-cKO mouse kidney primary cells
were cultured in 24-well ultra-low attachment plates (Corning, NY,
USA) using an appropriate medium. Each well was supplemented with
3-4 Matrigel pellets, each measuring 10 pL. Fixed matrix glue pellets
were introduced into each well alongside organoid culture medium,
and 1 mL of phosphate-buffered saline (PBS) was added to the per-
ipheral wells. The cells were subsequently incubated in a 5% CO,
atmosphere at 37 °C. The development of the kidney organoids was
systematically monitored. The procedures related to organoid culture
were primarily executed by Anhui Luohua Biotechnology Co., Ltd
(Anhui, China). Proteins from the kidney organoids were harvested for
subsequent analysis via western blotting. Renal organoids of FF in cKO
mice were subjected to high glucose stimulation, and proteins were
subsequently extracted from renal organoids for subsequent western
blot analysis.

Renal histology and immunohistochemistry

Renal specimens from mice were processed through standard histo-
logical protocols involving fixation, graded ethanol dehydration, par-
affin infiltration, and embedding to generate 4 pm-thick sections.

Tissue sections underwent histomorphological analysis using Periodic
Acid-Schiff (PAS) and Masson’s trichrome staining protocols, with
microscopic evaluation performed under brightfield illumination.
Renal fibrosis quantification followed established methodologies, with
immunohistochemical analyses performed according to manufacturer
protocols. For detection of the target protein, sections were incubated
with primary antibodies overnight at 4 °C, after which they were
exposed to secondary antibodies for 60 min at room temperature.
Subsequent, the sections were examined using an Olympus IX83
microscope (Olympus, Japan).

Immunofluorescent staining and high-content fluorescence
imaging

To ascertain the primary localization of IGFBP7 expression within renal
tissues, kidney sections were subjected to staining with LTL, PNA, and
DBA. The deparaffinized sections were incubated overnight at 4 °C
with primary antibodies, including anti-IGFBP7, anti-COL-1, anti-aSMA,
anti-KIM1, anti-Plin2, and anti-STAT3, followed by a 2-h incubation with
a secondary antibody. Imaging was conducted using an Olympus 1X83
microscope. Additionally, HK2 cells were uniformly seeded into 96-
well plates and exposed to high glucose conditions, as well as to
19 screened drug candidates at concentrations of 0.625, 1.25, and
2.5 uM. Fluorescence staining was performed according to previously
established protocols. High-throughput fluorescence imaging was
carried out utilizing the ImageXpress Micro 4 system (Molecular
Devices, San Jose, CA, USA).

RNA sequencing

mTEC cells were collected and divided into four groups: normal glo-
cose +empty vector (NG+EV), high glucose +empty vector group
(HG +EV), high glucose + IGFBP7 overexpression (NG + OE), high glu-
cose + overexpression group (HG + OE). MPCS5 cells were collected and
divided into two groups: high glucose + IGFBP7 empty plasmid vector
group (HG+EV) and high glucose +IGFBP7 overexpression group
(HG + OE). The two cell types were subjected to RNA-seq sequencing
analysis. RNA sequencing was executed by BGI (Huada Genomics). Then
used the DESeq2 R package to differential expression analysis, followed
by identification of DEGs based on |LogFC|>1 and p value < 0.05.

Absolute quantitative lipidomics

Renal specimens were cryopreserved at —80 °C for subsequent abso-
lute lipid quantification. Lipidomic profiling was conducted through a
commercial analytical platform (Shanghai Luming Bio) employing
chromatographic separation with a UHPLC eNexera LC-30A system
(Shimadzu) coupled to a Q Exactive Hybrid Quadrupole-Orbitrap mass
spectrometer (Thermo Scientific™). Quantitative lipid characterization
was achieved through LipidSearch software (v4.2, Thermo Scientific™)
using a 13-component isotope-labeled internal standard panel for
normalization, enabling precise determination of lipid molecular
species concentrations.

Oil red O stain
Oil Red O staining was conducted utilizing an Oil Red O staining kit
(Beyotime). Briefly, frozen kidney tissue sections (8 to 10 um) or
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cultured cells fixed with 4% paraformaldehyde were air-dried and
subsequently washed under running tap water for 5 min. The samples
were then rinsed with 60% isopropanol and stained with freshly pre-
pared Oil Red O solution for 15 min. Following this, the samples were
washed with 60% isopropanol, and the nuclei were lightly counter-
stained with hematoxylin, followed by a wash with distilled water.

Glucose tolerance test

The mice underwent a fasting period of 6 h, followed by an intraper-
itoneal injection of glucose dissolved in PBS. The administered dosage
was 2 g/kg body weight for mice on a control diet and 1.2 g/kg body
weight for those on a high-fat diet. Blood glucose levels were assessed
prior to the injection and subsequently at 15, 30-, 60-, 90-, and 120-min
post-injection, utilizing the Roche glucose monitoring system.

Insulin tolerance test

Mice were subjected to a 4-h fasting period prior to receiving an
intraperitoneal injection of human insulin (Sigma) dissolved in saline,
administered at a dosage of 0.35U kg™ body weight for mice on a
control diet and 0.6 U kg™ body weight for those on a high-fat diet.
Blood glucose levels were subsequently measured according to the
previously outlined methodology.

Measurement of oxygen consumption rate (OCR)

Mitochondrial respiratory function was assessed using an XF24
extracellular flux analyzer (Seahorse Bioscience). Renal TECs (1 x10*
cells/well) were seeded in specialized microplates and subjected to
sequential mitochondrial stress testing: basal OCR measurement fol-
lowed by serial injections of 1uM oligomycin (ATP synthase inhibi-
tion), 0.75puM FCCP (uncoupling agent), and a 1puM oligomycin/
rotenone cocktail (electron transport chain termination). Acquired
data were normalized to total cellular protein content.

Transmission electronic microscopy

The renal cortex was isolated from the medulla and sectioned into
cubes measuring 1 mm?3. Kidneys from all experimental groups were
preserved using Karnovsky’s fixative. The samples were subsequently
examined with a Jeol 1010 Transmission Electron Microscope. A total
of 60 to 80 micrographs were captured from each sample at varying
maghnifications (10,000x to 25,000x). These micrographs were asses-
sed for indicators such as mitochondrial swelling, fragmentation, the
presence of disorganized cristae, basement membrane thickness, and
podocyte foot effacement.

Luciferase reporter assays

The luciferase reporter assays were conducted following established
methodologies. STAT3 overexpression plasmids, blank vector plas-
mids, PGC-1a. promoter (PGC-1a-WT), and PGC-1ac mutant (PGC-la-
Mut) vector plasmids were procured from HanBio. Luciferase activity
was measured using a dual-luciferase assay kit (HanBio) in accordance
with the manufacturer’s instructions. Renilla luciferase served as the
normalization control.

Cytotoxicity assay

Cellular viability assessments for HK-2 cells exposed to test com-
pounds were conducted with a CCK-8 assay kit (Sigma). Following
experimental treatments, 10 pL CCK-8 reagent was added to each well
containing 100 pL culture medium, followed by 2-h incubation at
37 °C. Absorbance measurements were performed at 450 nm wave-
length using a SpectraMax i3x plate reader (Molecular Devices).

Cellular thermal shift assay

Cellular thermal shift assays were conducted following established
methodology®. Briefly, HK-2 cells with or without LA pretreatment
were lysed in RIPA buffer and mechanically homogenized (4 °C) with

3mm zirconium beads. Lysates were normalized for protein con-
centration using a commercial assay kit (Beyotime) and distributed
into six equal aliquots. Thermal denaturation was performed across
graded temperatures (8 min/cycle) in a Bio-Rad thermal cycler, fol-
lowed by three liquid nitrogen snap-freeze/thaw cycles. Post-
centrifugation supernatants were subjected to immunoblot analysis.

Chromatin immuno-precipitation (ChIP) assay

Chromatin immunoprecipitation assays were performed with anti-
H3K4Me3 antibody and IgG control (4 °C overnight incubation) using
the SimpleChIP® Enzymatic Chromatin IP Kit (Cell Signaling Technol-
ogy #9003). Quantitative analysis of the IGFBP7 promoter region was
conducted via SYBR Green-based real-time PCR (7500 Fast System,
Applied Biosystems) with Premix Ex Taq reagents (Takara Bio). The
following primer pairs specific to the human IGFBP7 gene were used:
forward primer, 5-GAAGAGCCGCTCGCACTG-3’, and reverse primer,
5-GTCCGAAGAGGAGGAAGAGG-3'.

Western blotting

Protein extracts from renal and cellular specimens were processed
following standard extraction protocols for immunoblot analysis®.
The samples were incubated with primary antibodies for 12 h at 4 °C,
subsequently treated with IRDye 800-conjugated secondary antibody
(1:10,000 dilution) for 1.5h at room temperature. Imaging was con-
ducted using a Li-Cor/Odyssey infrared imaging system (LI-COR Bios-
ciences, Lincoln, NE, USA), and the resulting images were quantified
utilizing ImageJ software (NIH, Bethesda, MD, USA).

RNA extraction and real-time PCR

RNA extraction was performed with RNeasy kits (Qiagen) followed by
cDNA synthesis using reverse transcriptase reagents (Bio-Rad). Quan-
titative PCR analysis was carried out on an Opticon2 thermal cycler
(Bio-Rad) with SYBR Green detection chemistry, adhering to standar-
dized amplification protocols. Gene expression quantification imple-
mented established RT-qPCR methodologies referenced in previous
investigations®. The sequences of the primers utilized are provided in
Supplemental Table 2.

Co-immunoprecipitation

Immunoprecipitation analyses were conducted in accordance with
previously established protocols®. Cellular/nuclear preparations
underwent triple PBS rinses (4°C) and lysis in NP-40 buffer (1%).
Lysates were immunocomplexed with Flag/HA/Myc antibodies (1 g/
antibody) coupled to protein A/G magnetic beads (Bio-linkedin)
through 16 h incubation at 4 °C. Thermally eluted proteins (SDS buffer,
95 °C) were separated on 4-20% gradient gels. Western blotting ana-
lyses were performed using antibodies specific for Flag, HA, Myc, GFP,
STATI, STAT3, STATS, and SIRT2.

Identification of IGFBP7-interacting proteins via LC-MS/MS
analysis

HK2 cells were subjected to treatment and subsequently categorized
into two distinct groups: the high glucose model group (HG) and the
IGFBP7 overexpression group (OE). Cell lysates underwent immuno-
precipitation utilizing anti-IGFBP7 antibodies in conjunction with
protein A/G magnetic beads (Bio-linkedin). Orbitrap-Fusion mass
spectrometer (Thermo Scientific) accompanied by Easy-nLC 1000
(Thermo Scientific) was used to identify Co-IP proteins. The online
capillary column (150 pm ID x 12 cm bed length, 1.9 pm) was coupled
to mass spectrometry. Samples were eluted from the column by a
0-69-min 5-31% step linear gradient of the buffer B (100% ACN, 0.1%
FA) to a 5-min isocratic elution at 95% of the buffer B, supplemented
with buffer A (100% water, 0.1% FA). The electrospray voltage was
2.1kV, capillary temperature was 320 °C, and normalized collision
energy was 32 eV. HCD energy of 32% was used. The mass range for MS
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scans was 300-1400 m/z. The mass spectrometer was conducted in
standard MS/MS data-dependent acquisition mode. The false positive
rate was set to 1 and 5% on peptide level as restrict and relax cutoff,
respectively. The LC-MS/MS detection and analysis were performed by
Shanghai Luming Biological Technology Co., Ltd. (Shanghai, China).

Virtual screening and molecular docking

The Discovery Studio 2017 R2 software (BIOVIA Software Inc.), devel-
oped by Beijing Chuangteng Technology Co., Ltd. (Beijing, China), was
utilized for this study. The analysis incorporated commercial data-
bases, including the MCE database, which comprises over 24,000
compounds. The crystal structure of IGFBP7 was obtained from the
predicted AlphaFold model (UniProt code: Q16270). The Protein Pre-
paration module was employed to refine the free protein structure by
eliminating all co-crystallized water molecules. Additionally, the pro-
tein structure underwent energy optimization through the incor-
poration of missing polar hydrogens and the application of CHARMM
force fields. Compounds sourced from TargetMol were filtered based
on Lipinski’s rule of five and evaluated for Absorption, Distribution,
Metabolism, Excretion, and Toxicityf properties to identify active
compounds. Ultimately, a total of 17,681 molecules were identified as
active compounds from the database. These molecules were subjected
to molecular docking studies using LibDock and CDOCKER, with the
docking protocol being validated against the Kazal domain of IGFBP7.
The top 89 candidate compounds, exhibiting docking scores ranging
from 139.5 to 167.3, were selected for subsequent cytotoxicity and
activity testing, leading to the identification of the most active
compound.

Surface plasmon resonance assay

The interactions between IGFBP7 and either STAT3 or LA were quan-
titatively assessed utilizing a Biacore T200 system (Cytiva, Marlbor-
ough, MA, USA). Purified recombinant STAT3 or IGFBP7 was
immobilized onto a carboxymethylated CM5 sensor chip. Gradient
concentrations of IGFBP7 (1.56, 3.12, 6.25, 12.5, and 25 pmol/L) or LA
(05, 1, 2, 4, 8, and 16 nmol/L) were introduced as analytes. The
resulting data were analyzed using Biacore Evaluation Software (T200
Version 2.0).

Statistical analyses

Data analysis was performed with SPSS 23.0 (IBM) and visualization
with GraphPad Prism 9.0. Normality assessment employed the
Shapiro-Wilk test, with normally distributed data expressed as
mean + SEM. Intergroup comparisons utilized independent t-tests and
one-way ANOVA with Tukey’s post hoc correction. A statistical sig-
nificance threshold was set at P<0.05.

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

Data availability

All data associated with this study are present in the paper or the
Supplementary Materials. The RNA-seq data are available in the
National Center for Biotechnology Information (NCBI) Sequence Read
Archive (SRA) under BioProject accession PRJNA1220270 and
PRJNA1219984. Source Data are provided with this paper.
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