:' frontiers ‘ Frontiers in Endocrinology

OPEN ACCESS

EDITED BY
Weixia Sun,
The First Hospital of Jilin University, China

REVIEWED BY
Chhanda Charan Danta,

Florida International University, United States
Anish Singh,

Chandigarh University, India

*CORRESPONDENCE

Jieli Huang
jlhuangsh@tongji.edu.cn

Ying Xue
doxy0622@163.com

These authors have contributed equally to
this work

RECEIVED 03 December 2025
REVISED 13 January 2026
ACCEPTED 20 January 2026
PUBLISHED 04 February 2026

CITATION
Huang H, Xu W, Wang Y, Shi Y, Tang S,
Fang P, Pan L, Ye Z, Zhou Y, Huang J and
Xue Y (2026) Retinol saturase promotes
tubulointerstitial brosis in diabetic kidney
disease by inhibiting ChREBP ubiquitination
via Smurf2 suppression.

Front. Endocrinol. 17:1759785.

doi: 10.3389/fendo.2026.1759785

COPYRIGHT
© 2026 Huang, Xu, Wang, Shi, Tang, Fang, Pan,
Ye, Zhou, Huang and Xue. This is an open-
access article distributed under the terms of
the Creative Commons Attribution License

(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Endocrinology

TyPE Original Research
PUBLISHED 04 February 2026
DOI 10.3389/fend0.2026.1759785

Retinol saturase promotes
tubulointerstitial brosis in
diabetic kidney disease by
Inhibiting ChREBP ubiquitination
via Smurf2 suppression
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Background: Renal tubulointerstitial brosis (TIF) is a hallmark pathological
feature of diabetic kidney disease (DKD). This study investigates the role and
molecular mechanisms of retinol saturase (RetSat) in DKD-associated TIF.
Methods: RetSat expression was assessed in renal tissues from DKD patients and
mice and correlated with the severity of TIF. Functional experiments were
conducted in vitro using HK2 cells to evaluate the effects of RetSat
overexpression and knockdown on high-glucose-induced tubular injury and
brosis. Mechanistically, we examined the expression of the E3 ubiquitin ligase
SMAD ubiquitination regulatory factor 2 (Smurf2), carbohydrate-responsive
element-binding protein (ChREBP), and various brosis markers. Furthermore,
the protein-protein interaction and ubiquitination relationship between RetSat
and Smurf2 were explored.
Results: RetSat expression was signi cantly up regulated in the renal tissues of
both DKD patients and mice, correlating with the deterioration of TIF. In vitro,
RetSat overexpression exacerbated high-glucose-induced tubular injury and
brosis in HK2 cells, whereas RetSat knockdown attenuated these pathological
phenotypes. Mechanistically, RetSat interacted with Smurf2 and promoted its
degradation via ubiquitination. This reduction in Smurf2 subsequently prevented
the Smurf2-mediated ubiquitination of ChREBP, leading to ChREBP
accumulation and the up regulation of tubular injury and brosis markers.
Conclusion: These ndings indicate that RetSat promotes TIF in DKD by
disrupting the Smurf2-ChREBP ubiquitination axis, highlighting RetSat as a
promising therapeutic target for DKD.
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Introduction

Diabetic kidney disease (DKD) is the leading cause of chronic
kidney disease (CKD) and end-stage renal disease (ESRD) globally
(1). Approximately 40% of diabetic patients develop DKD (2),
making its clinical management a signi cant challenge (3).
Pathologically, DKD is de ned by glomerulosclerosis, tubular
in ammation, atrophy, and interstitial brosis (4). Among these
features, tubulointerstitial brosis (TIF) is a critical determinant of
the progression to ESRD and is characterized by the irreversible loss
of renal function (5, 6). Early-stage DKD often manifests as
hypertrophy and hyperplasia of renal tubular epithelial cells
alongside tubular basement membrane thickening, changes that
act as key drivers of TIF initiation (7, 8). Furthermore, persistent
hyperglycemia, combined with ischemia and hypoxia, promotes
tubular cell apoptosis, atrophy, and degeneration (9). Despite these
observations, the precise molecular mechanisms underlying the
onset and progression of DKD-associated TIF remain
incompletely understood (5, 6).

Ubiquitination is a ubiquitous post-translational modi cation
that regulates protein stability, cellular localization, and biological
activity (10). Within this pathway, E3 ubiquitin ligases are pivotal,
as they dictate the speci ¢ recognition of target essential for cellular
homeostasis. Emerging evidence underscores the critical role of
ubiquitination in DKD pathogenesis. Speci cally, numerous E3
ubiquitin ligases modulate renal epithelial-mesenchymal
transition (EMT), in ammation, and brosis via speci ¢ signaling
cascades (11-13). Consequently, E3 ligases and their substrates are
increasingly recognized as potential therapeutic targets for DKD
(11-13).

Retinol saturase (RetSat) is an evolutionarily conserved
oxidoreductase highly expressed in adipose tissue, liver, and kidney
(14). Localized primarily in the endoplasmic reticulum, RetSat
catalyzes the conversion of retinol to 13,14-dihydroretinol (13,14-
dhretinol) (15). Its transcription is regulated in a tissue-speci ¢
manner by peroxisome proliferator-activated receptor a (PPARa)
in the liver (16), PPARgin adipose tissue (15), and forkhead box O1
(FOXO01) in hepatocytes (17). RetSat has been implicated in insulin
resistance and type 2 diabetes mellitus (T2DM) (18), governing
processes such as adipocyte differentiation, hepatic metabolism, and
macrophage function (15, 19, 20). Notably, RetSat contributes to fatty
liver disease by regulating carbohydrate-responsive element-binding
protein (ChREBP) in a manner independent of its enzymatic
product, dehydroretinol (21). Despite its established role in
metabolic regulation, the speci ¢ functions and regulatory
mechanisms of RetSat in DKD, particularly regarding TIF, remain
largely unexplored.

This study reveals for the rst time that RetSat and its associated
ubiquitination network play a critical role in the pathogenesis of
DKD-related TIF. We show that RetSat promotes TIF by up-
regulating ChREBP expression in renal tubules. Mechanistically,
RetSat does not directly target ChREBP; rather, it promotes the self-
ubiquitination and degradation of the E3 ubiquitin ligase SMAD
ubiquitin regulatory factor 2 (Smurf2). The consequent reduction in
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Smurf2 prevents ChREBP degradation, leading to its accumulation.
This study elucidates the novel RetSat-Smurf2-ChREBP regulatory
axis, providing new insights into DKD pathogenesis and identifying
potential therapeutic targets.

Materials and methods
Human samples

This study was approved by the Ethics Committee of Tongji
Hospital (No. K-W-2024-009). Renal biopsy samples were obtained
from 15 patients, comprising 7 with DKD and 8 with minimal
change disease (MCD) as controls. Details were provided in the
Supplementary Materials.

Animal study

Eight-week-old male C57BL/6 mice were randomly assigned to
either the normal control group (NC, n=6) or DKD (n=6) group.
Kidney tissues were harvested for subsequent analysis. All animal
procedures were ethically approved and conducted under speci ¢
pathogen-free conditions. Detailed procedures were provided in the
Supplementary Materials.

Cell culture and treatment

HK2 and HEK293T cells were cultured under standard
conditions. To establish an in vitro DKD model, HK2 cells were
serum-starved for 24 hours and subsequently treated with high
glucose (HG, 30 mM) or normal glucose (NG, 5.5 mM) for 72
hours. To investigate the regulatory role of RetSat and Smurf2 on
ChREBP, HK2 cells were transfected with speci ¢ overexpression
vectors. Detailed transfection protocols are provided in the
Supplementary Materials.

Small interfering RNA transfection

To investigate the function of RetSat, HK2 cells were transfected
with RetSat-targeting siRNA using Lip08000TM reagent. siRNA
sequences and detailed transfection procedures are provided in
the Supplementary Materials.

Co-immunoprecipitation

To assess protein-protein interactions, HEK293T cells were
transfected with the indicated vectors. Lysates were subjected to
co-immunoprecipitation using speci ¢ antibody-conjugated beads,
followed by Western blot analysis. Detailed procedures were
provided in the Supplementary Materials.
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Ubiquitination assay

HEK?293T cells were co-transfected with Myc-Ub, Flag-RetSat,
Ha-Smurf2, and Myc-ChREBP plasmids, followed by treatment
with MG132 or Heclin to assess ubiquitination status. Protein
interactions and ubiquitination levels were analyzed by Co-IP and
SDS-PAGE, as detailed in the Supplementary Materials.

Western blotting analysis

Total protein was extracted from kidney tissues or HK2 cells
using RIPA buffer and quanti ed via BCA assay. Lysates were
resolved by SDS-PAGE and immunblotted with speci ¢ primary
antibodies followed by HRP-conjugated secondary antibodies.
Antibody details and protocols are listed in the
Supplementary Materials.

Quantitative real-time PCR

Total RNA was extracted from tissues or cells and reverse-
transcribed into cDNA. gPCR was performed using SYBR Green
with b-actin serving as the internal control. Primer sequences and
protocols are available in the Supplementary Materials and
Supplementary Table S1.

AlphaFold2 prediction

Protein sequences for RetSat, ChREBP, and Smurf2 were retrieved
from UniProtkB and PDB. Full-length structures were predicted using
AlphaFold via Google Colab. The highest-con dence models were
selected and visualized using UCSF ChimeraX (22—24). Futher details
are provided in the Supplementary Materials.

Histological analysis

Kidney tissues were paraf n-embedded and stained with H&E,
PAS, PASM, and Sirius Red. Morphological changes, including
mesangial expansion, tubular injury, and brosis, were quanti ed
using ImageJ. Additionally, ultrastructural analysis of human
kidney tissues was performed using transmission electron
microscopy (TEM) at 8000 x and 30000x magni cation. Detailed
scoring methods and procedures were provided in the
Supplementary Materials.

Immuno uorescence

Immuno uorescence staining was performed as previously
described (25). Kidney sections were incubated with anti-RetSat
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antibody and followed by Alexa Fluor 594-conjugated secondary
antibody. Nuclei were stained with DAPI. IgG deposition was
detected using an Alexa Fluor 488-conjugated anti-1gG antibody.
Images were captured using an inverted uorescence microscope, as
detailed in the Supplementary Materials.

Biochemical measurements

Serum creatinine (Scr) and blood urea nitrogen (BUN) were
measured using an automated biochemical analyzer. Urinary
kidney injury molecule-1 (KIM-1) levels were quanti ed via
ELISA. Protocols are described in the Supplementary Materials.

Label-freequanti cation-based proteomics
analysis

Renal proteins (n=3 mice/group) were extracted and digested
using the Iter-aided sample preparation (FASP) method. Peptides
were analyzed by LC-MS/MS for label-free quanti cation. Detailed
mass spectrometry parameters are provided in the
Supplementary Materials.

GEO dataset analysis

Gene expression data from DKD and control kidney samples
(GSE228960) were analyzed using R. Differential expression
analysis and Gene Set Enrichment Analysis (GSEA) were
performed to identify enriched pathways. Data processing details
are in the Supplementary Materials.

Single-nucleus RNA-seq data processing
and analysis

Publicly available snRNA-seq datasets (GSE195460,
GSE131882, GSE151302) were re-analyzed using the Seurat R
package (26) to characterize the cellular landscape, quantify cell
type proportions, and evaluate RETSAT expression patterns.
Analysis parameters are detailed in the Supplementary Materials.

Immunoprecipitation mass spectrometry
analysis

HEK293T cells were transfected with Flag or Flag-RetSat
plasmids. Interacting proteins were isolated via Flag-
immunoprecipitation, identi ed by LC-MS/MS, and analyzed
using MaxQuant. The interactome was compared with TGF-b
signaling pathway genes, and overlaps were visualized using Venn
diagrams. Full details were in the Supplementary Materials.
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Statistical analysis

Statistical analyses were conducted using SPSS software
(Version 27.0; IBM, USA), R software (Version 4.2.1, The R
Foundation; http://www.R-project.org), and GraphPad Prism 9.0
(GraphPad Software, Inc., La Jolla, CA, USA). Data were expressed
as means * standard deviations (SD). Differences between two
groups were evaluated using the unpaired, two-tailed Student’s t-
test, assuming a normal distribution of the data. p-values < 0.05
were considered statistically signi cant, and all tests were two-sided.

Results

RetSat is up-regulated in the kidneys of
DKD mice

A DKD mouse model was established via STZ injection
combined with a high-fat diet (HFD). Compared to the NC
group, DKD mice exhibited a signi cantly higher kidney weight-
to-body weight ratio and elevated blood glucose levels (Figure 1a).
Additionally, urinary KIM-1, BUN, and Scr levels were markedly
increased in the DKD group (Figure 1b). Histological analysis using
H&E, PAS, and PASM staining revealed signi cant glomerular and
tubular damage in DKD mice. Speci cally, glomerular mesangial
expansion, tubular epithelial disorganization, capillary basement
membrane thickening, and vacuolar degeneration were more
pronounced in the DKD mice than in the NC group (Figure 1c,
columns 1-3, 1d). Furthermore, Sirius Red staining demonstrated
renal tubular atrophy and interstitial brosis in the DKD group
(Figure 1c, column 4, 1e). Consistent with these histological

ndings, qPCR analysis showed that mRNA levels of the renal
tubular injury markers fatty acid binding protein 1 (Fabpl), Kim-1,
and neutrophil gelatinase-associated lipocalin (Ngal) were
signi cantly elevated in kidney tissues of DKD mice (Figure 1f).
Similarly, the expression of brosis markers collagen type | alpha 1
chain (Collal), bronectin 1 (Fnl), and transforming growth factor
beta 1 (Tgfbl) was signi cantly up-regulated in DKD kidneys
(Figure 1g). Collectively, these results con rm the successful
establishment of the DKD mouse model.

To explore the underlying pathogenesis and identify potential
therapeutic targets, we performed label-free quantitative (LFQ)
proteomics analysis to screen for differentially expressed proteins
(DEPs) in kidney tissues. Heatmap analysis identi ed 30 signi cant
DEPs (P < 0.05), comprising 19 up-regulated and 11 down-
regulated proteins in the DKD group compared to controls
(Figure 1h). Notably, RetSat was signi cantly up-regulated in the
DKD group and exhibited the most profound difference in
expression between the two groups. Subsequent in vivo validation
con rmed that both RetSat mRNA (Figure 1i) and protein levels
(Figures 1j, k) were markedly increased in DKD kidneys compared
to controls. These ndings suggest that RetSat may play a critical
role in DKD pathogenesis. To validate this in an independent
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model, we analyzed the GSE228960 dataset (db/db mice) from
the GEO database. Heatmap analysis con rmed that RetSat was
signi cantly up-regulated in the kidneys of the DKD group
(Supplementary Figure S1A). Furthermore, GSEA of this dataset
revealed signi cant enrichment of the collagen ber pathway in
DKD kidney tissues (Supplementary Figure S1B). These results
underscore the importance of brosis in DKD progression and
suggest the potential involvement of RetSat in this process.

RetSat is highly expressed in renal tubules
of DKD patients

Comparative analysis of clinical characteristics revealed no
signi cant differences in age, sex distribution, or body mass index
(BMI) between the DKD and MCD groups (Supplementary Table
S2). Notably, glycated hemoglobin Alc (HbAlc) levels were
signi cantly elevated in the DKD group compared to the MCD
group (7.1 £ 1.2% vs. 6.0 £ 0.4%, p=0.026). Although serum
creatinine and blood urea nitrogen (BUN) levels were numerically
higher in DKD patients, the differences between the two groups
were not statistically signi cant. Similarly, no signi cant differences
were observed between the two groups in estimated glomerular

Itration rate (eGFR) and urine albumin-to-creatinine ratio
(UACR), indicating comparable degrees of renal functional
impairment and proteinuria in both groups.

In contrast, histopathological analysis revealed signi cant
disparities. MCD patients predominantly presented with an
interstitial brosis and tubular atrophy (IFTA) score of 1, whereas
DKD patients exhibited signi cantly higher scores (42.9% scored 2,
57.1% scored 3; p<0.001). Tubular injury scores also differed
signi cantly: 50.0% of MCD patients showed no injury (score 0),
while 57.1% of DKD patients presented with severe injury (score 3;
p=0.047). H&E, PAS, and PASM staining demonstrated pronounced
mesangial expansion in the DKD group compared to the MCD
group, indicative of severe structural injury (Figure 2a). Furthermore,
Sirius Red staining revealed a signi cant increase in the brotic area
in DKD kidneys, con rming the presence of TIF (Figure 2b).

TEM revealed distinct ultrastructural features: the MCD group
showed extensive foot process effacement and micro lament
aggregation, whereas the DKD group exhibited characteristic
glomerular basement membrane (GBM) thickening and mild
mesangial matrix expansion (Figure 2c). Immuno uorescence
analysis showed minimal IgG deposition in the MCD group,
limited to occasional reabsorption droplets within podocytes. In
contrast, the DKD group exhibited positive linear 1gG staining
along the glomerular capillary walls (Figure 2d). Moreover,
immuno uorescence staining revealed that RetSat protein
expression was signi cantly elevated in the tubular region of
DKD patients compared to the MCD group (Figure 2e),
suggesting a potential role for RetSat in DKD pathogenesis.

To further explore the cellular landscape and cell-speci ¢ RETSAT
expression, we re-analyzed publicly available snRNA-seq datasets
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FIGURE 1

RetSat is up-regulated in the kidneys of DKD mice. (a) Kidney weight-to-body weight ratio and blood glucose of mice in NC and DKD groups (n=6).
(b) Levels of urinary KIM-1, BUN and Scr in the NC and DKD groups (n=6). (c) Representative images of HE, PAS, PASM and Sirius Red staining of
kidney sections (200x magni cation). (d) Relative quantitative analysis of mesangial expansion (n=6). (e) Quantitative analysis of the Sirius Red-
positive area (n=6). (f) Relative mMRNA expression of the tubular injury markers Fabpl, Kim-1, and Ngal in kidney tissues (n=6). (g) Relative mRNA
expression of the brosis markers Tgfbl, Collal, and Fnl in kidney tissues (n=6). (h) Heatmap visualization of differentially expressed proteins
between the NC and DKD groups (n=3). (i) Relative mRNA expression of RetSat in kidney tissues (n=6). (j) Representative Western blot of RetSat
protein expression in kidney tissues. (k) Semi-quantitative analysis of RetSat protein levels. Data are presented as mean + SD. *p< 0.05, **p< 0.01,
***p < 0.001 vs. NC group.
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FIGURE 2

RetSat is highly expressed in renal tubules of DKD patients. (a) Representative HE, PAS, and PASM staining of kidney sections from the MCD and DKD
groups, alongside relative quantitative analysis of mesangial expansion. Magni cation: 200x. (b) Sirius Red staining and quantitative analysis of the
positive staining area in kidney sections. (c) Representative transmission electron microscopy (TEM) images of kidney ultrastructure in the MCD and
DKD groups. Magni cation: 8,000x and 30,000x. (d) Immuno uorescence staining of IgG deposition in kidney sections. Magni cation: 400x.

(e) Immuno uorescence staining of RetSat (red) and nuclei (DAPI, blue) in kidney sections; semi-quantitative analysis of RetSat staining intensity was
performed using ImageJ. Data are expressed as mean =+ SD. *p < 0.05, **p < 0.01 vs. MCD group.

(GSE195460, GSE131882, GSE151302) comprising kidney samples
from 6 normal controls (NC) and 5 DKD patients. Clustering
analysis of 39,176 cells identi ed 16 major renal cell types, visualized
via uniform manifold approximation and projection (UMAP)
(Supplementary Figure S2A). Subsequent analysis revealed that
RETSAT was signi cantly up-regulated speci cally in proximal
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tubule (PT) cells in the DKD group, exhibiting both a higher
proportion of RETSAT-positive cells and elevated average expression
levels compared to controls (Supplementary Figure S2B). Analysis of
cellular composition across the 11 samples further detailed the relative
abundance of these 16 cell types in the NC and DKD groups
(Supplementary Figure S2C).
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