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The SGLT2 inhibitor dapagliflozin ameliorates renal
fibrosis in hyperuricemic nephropathy
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function in HN
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Dapagliflozin alleviates tubular injury and TIF by restoring
mitochondrial function

The ERRa-OAT1 axis is vital in HN pathogenesis and is a
potential therapeutic target
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In brief

Hu et al. elucidate that the SGLT2 inhibitor
dapagliflozin significantly attenuates
renal fibrosis and dysfunction in
hyperuricemic nephropathy by targeting
ERRa. This study underscores the
therapeutic potential of the ERRa-OAT1
axis in enhancing uric acid excretion and
ameliorating kidney damage.
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SUMMARY

Hyperuricemic nephropathy (HN) is a global metabolic disorder characterized by uric acid (UA) metabolism
dysfunction, resulting in hyperuricemia (HUA) and tubulointerstitial fibrosis (TIF). Sodium-dependent glucose
transporter 2 inhibitor, dapagliflozin, has shown potential in reducing serum UA levels in patients with chronic
kidney disease (CKD), though its protective effects against HN remain uncertain. This study investigates the
functional, pathological, and molecular changes in HN through histological, biochemical, and transcriptomic
analyses in patients, HN mice, and UA-stimulated HK-2 cells. Findings indicate UA-induced tubular dysfunc-
tion and fibrotic activation, which dapagliflozin significantly mitigates. Transcriptomic analysis identifies es-
trogen-related receptor o« (ERRa), a downregulated transcription factor in HN. ERRa knockin mice and ER-
Ra-overexpressed HK-2 cells demonstrate UA resistance, while ERRa inhibition exacerbates UA effects.
Dapagliflozin targets ERRa, activating the ERRa-organic anion transporter 1 (OAT1) axis to enhance UA
excretion and reduce TIF. Furthermore, dapagliflozin ameliorates renal fibrosis in non-HN CKD models,

underscoring the therapeutic significance of the ERRa-OAT1 axis in HN and CKD.

INTRODUCTION

Uric acid (UA) is primarily synthesized in the liver as a byproduct
of purine and nucleotide metabolism." In the kidney, approxi-
mately two-thirds of the UA produced is filtered in the glomer-
ulus, and about 95% of it is subsequently reabsorbed in the
proximal tubules, with 50% being re-secreted into the tubular
lumen.? The functioning of this process relies on several UA
transporter proteins, including organic anion transporter 1
(OATH1), uric acid transporter 1 (URAT1), glucose transporter 9
(GLUT9), and adenosine triphosphate (ATP)-binding cassette
superfamily G member 2 (ABCG2).° OAT1 has been identified
as a crucial player in UA excretion, and drugs that target OAT1
have demonstrated potential therapeutic value.*

Dysregulated expression of transporter proteins inevitably
leads to elevated levels of UA, exceeding the physiological
range, which in turn triggers apoptosis, inflammation, and oxida-
tive stress in proximal tubular cells, impairing their function.®

Gheck for
Updates

Additionally, damaged proximal tubular cells contribute to the
development of tubulointerstitial fibrosis (TIF) by activating auto-
crine and paracrine pathways.® Several studies have identified
TIF as a key factor in the progression from hyperuricemia
(HUA) to hyperuricemic nephropathy (HN).” The global preva-
lence of both HUA and HN has witnessed a rapid increase in
recent decades,® resulting in a substantial burden on public
health and the economy.® Therefore, it is imperative to develop
effective strategies for preventing the progression of HN and
improving renal function in order to alleviate this burden.
Currently, the treatment of HN primarily involves managing
symptoms, highlighting the need to explore new drug options
for HN improvement.'°

Dapagliflozin, an sodium-glucose co-transporter 2 (SGLT2) in-
hibitor, has demonstrated significant clinical efficacy in patients
with diabetes and diabetic kidney disease, leading to a notable
reduction in the risk of renal deterioration and cardiovascular
complications.”’ Mechanistically, dapaglifiozin reduces glucose
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Figure 1. Effects of dapagliflozin on renal fibrosis of patients with HN
(A and B) Representative images of H&E, Masson staining and quantitation of tubular injury score, and Masson staining-positive area in kidney sections from each
patient group.

(legend continued on next page)
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reabsorption, mitigates inflammation, and attenuates TIF in mice
with diabetic nephropathy by selectively inhibiting SGLT2
expression in proximal tubules.'? Recent studies have also indi-
cated that dapagliflozin may have a role in non-diabetic kidney
diseases, including ischemic or hypertensive nephropathy and
glomerulonephritis such as IgA nephropathy, focal segmental
glomerulosclerosis, and membranous nephropathy.’® More-
over, dapagliflozin has been shown to diminish UA levels in dia-
betic model mice,'* and clinical studies have also corroborated
its ability to lower UA levels in patients with heart failure, exerting
a protective effect.’® Despite these findings, the protective effect
of dapagliflozin against HN and its specific mechanism have not
been elucidated. Therefore, the objective of this study was to
explore the protective effect of dapagliflozin against HN and
investigate its potential mechanisms.

RESULTS

Dapagliflozin attenuated renal dysfunction and fibrosis
in patients with HN

Given that TIF is a common characteristic of HN, we examined
kidney specimens of patients with HN to visualize the renal path-
ological changes. H&E and Masson staining showed severe
tubular lesions (including lumen dilation, epithelial vacuolation/
flatness, nucleus exposure, and brush border loss) and collagen
deposition (Figures 1A and 1B), while immunofluorescence (IF)
staining demonstrated the upregulation of the fibrotic markers
aSMA and FNT1 in the renal tubules of patients with HN (Fig-
ure 1C). Furthermore, the renal tubules of patients with HN ex-
hibited mitochondrial morphology abnormalities, structural
disruption (such as swelling, vacuole formation, and loss of
cristae structure), and depletion, as evidenced by lower aspect
ratio, higher circularity and roundness, and reduced TOM20
(mitochondrial marker) fluorescence intensity (Figures 1D and
1E). The baseline characteristics of experimental and control
groups that selected HN and control (non-diseased regions
adjacent to cancerous tissues) patients, respectively, are pre-
sented in Table S1.

Analysis of bulk RNA sequencing (RNA-seq) data from the kid-
neys of HN mice and cells exposed to UA demonstrated a signif-
icant upregulation of fibrotic and inflammatory markers
(Figures 1F, 1G, and 1l). Subsequently, quantitative reverse-
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transcription PCR (gRT-PCR) analyses were conducted using
mRNA extracted from isolated renal tubules, tubular epithelial
cells (TECs), and HK-2 cells. As anticipated, significantly
elevated «SMA and FN1 levels were observed in HN or UA con-
ditions, confirming the activation of the fibrotic pathway
(Figures 1H, 1J, and 1K).

Currently, the UA-lowering effect of dapagliflozin, a highly se-
lective SGLT2 inhibitor that shows 2D and 3D chemical structure
in Figure 1L, was observed in clinical trials, which may partially
explain its long-term renal protective abilities in HN.'® However,
the specific mechanism by which dapagliflozin benefits patients
with HN was unclear. We thus assessed renal fibrosis and renal
survival percent (a 2-fold increase in serum creatinine [Cr] was
set as the endpoint) to evaluate the therapeutic efficacy of dapa-
gliflozin in patients with HN. As illustrated in Figures 1M-10, da-
pagliflozin in HN demonstrated anti-fibrotic and renal protective
effects. This was evidenced by the attenuation of tubular lesions
and collagen deposition in H&E and Masson staining, as well as
the renal survival percentage (the increase of serum Cr levels to
twice the baseline value). Our findings suggested that investi-
gating the underlying mechanism of dapagliflozin in UA reduc-
tion could lead to potential therapeutic targets for HN.

Dapagliflozin reversed functional indices and
pathological damage in HN mice

We then established a mouse model of HN by administering
adenine (0.16 g/kg) and potassium oxonate (2.4 g/kg) every other
day via oral gavage for 4 weeks (Figure 2A). Consistent with the
observations in patients with HN, HN mice displayed significant
alterations in renal functional parameters and histopathology.
These changes were evidenced by elevated levels of serum
UA, Cr, and blood urea nitrogen (BUN) (Figure 2B), as well as se-
vere tubular injury (Figure 2C), fibrosis (Figure 2F), and extensive
renal interstitial collagen accumulation (Figures 2D and 2E).

To assess the impact of dapagliflozin on HN mice, we devel-
oped a model of dapagliflozin-treated HN mice at a dosage of
1.0 mg/kg (Figure 2G). As anticipated, the HN + dapagliflozin
group exhibited lower serum UA, Cr, and BUN levels than the
HN group (Figures 2H-2J). Dapagliflozin also effectively amelio-
rated the pathological damage in HN mice, as revealed by the
H&E staining-analyzed tubular injury score, as well as the posi-
tive area measured from Masson and Sirius Red staining

(C) Representative images of aSMA (green), FN1 (red), and LTL (white) immunofluorescent staining and quantitation of xSMA and FN1 fluorescence intensity in

kidney sections from each patient group.

(D) Representative TEM images of mitochondria and quantitation of aspect ratio, circularity, and roundness in kidney sections from each patient group. Red

outlines indicate mitochondria.

(E) Representative images of TOM20 (red) and LTL (white) immunofluorescent staining and quantitation of TOM20 fluorescence intensity in kidney sections from

each patient group.

(F) Schematic diagram of the RNA-seq using kidneys from HN-animals, UA-treated cells.
(G and I) Heatmap showing the upregulation of fibrotic pathway and inflammation in kidneys from HN mice (GEO: GSE190205) or UA-treated cells (GEO:

GSE198133) versus the control group.

(H, J, and K) Representative quantitation of «®SMA and FN1 mRNA levels normalized to B-actin in isolated renal tubules, TECs, or HK-2 cells per group.

(L) Chemical structure formula of dapagliflozin in 2D and 3D conformer.

(M and N) Representative images of H&E, Masson staining and quantitation of tubular injury score, and Masson staining-positive area in kidney sections from
each patient group.

(O) Renal survival percent (an increase in serum Cr levels to twice the baseline value) (Kaplan-Meier curve) in each patient group over time. Log-rank test p < 0.001.
A, adenine; P, potassium oxonate; Dapa, dapagliflozin. control patients (N = 6), patients with HN (N = 12), and patients with HN + Dapa (N = 12); n = 3 cultures per
group; ns: not significant (p > 0.05), *p < 0.05, **p < 0.01, **p < 0.001; five visual fields for each section analyzed.
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Figure 2. Effects of dapagliflozin on renal fibrosis of HN mice

(A) Schematic diagram of the HN mice model construction.

(B) Serum UA, Cr, and BUN levels in each mouse group.

(C-E) Representative images of H&E, Masson, and Sirius Red staining, and quantitation of tubular injury score, Masson staining-positive area, and Sirius Red
staining-positive area in kidney sections from each mouse group.

(F) Representative western blots of «SMA, FN1 protein and quantification of protein levels normalized to B-actin in isolated renal tubules from each mouse group.

(legend continued on next page)
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(Figures 2K and 2L). Furthermore, transmission electron micro-
scope (TEM) analysis demonstrated that dapagliflozin substan-
tially mitigated the morphological and structural abnormalities
of mitochondria (Figures 2M and 2N). Fibrotic markers, namely
aSMA and FN1, were also downregulated in the TECs of dapagli-
flozin-treated HN mice (Figures 20-2R).

In order to evaluate the impact of dapagliflozin comprehen-
sively, an additional HN group was included, treated with the
first-line UA-lowering drug, allopurinol, at a dosage of
5.0 mg/kg (Figure S1A). As illustrated in Figures S1B-S1J, the
renal function and histopathology of HN + dapagliflozin mice ex-
hibited a comparable trend to that of HN + allopurinol (ALL) mice,
when compared to HN mice. Consequently, our findings demon-
strated that dapagliflozin effectively alleviated renal dysfunction
and fibrosis in HN mice. Furthermore, they provided a compara-
tive perspective, indicating that the mechanism behind dapagli-
flozin’s therapeutic effects in HN may not be identical to
allopurinol.

Dapagliflozin restored ERR« expression in HN mice and
patients with HN

Genome-wide association studies have revealed a close associ-
ation between the incidence of HUA and genetic polymorphisms
in the genes responsible for urate transporter expression.'’
These transporters, on behalf of GLUT9, URAT1, OAT1, NPT1,
ABCG2, and MRP4, play a crucial role in the absorption or excre-
tion of urate in the renal proximal tubules (Figure S2A). By
analyzing renal RNA-seq data from mice, a volcano plot was
generated to summarize a large number of differentially ex-
pressed genes (DEGs) with |Log2FC| > 2 changes in abundance
(Figure S2B). The heatmap further illustrated the dysregulated
expression of two types of transporters that resulted in urate
accumulation (Figure S2C).

Recent studies have emphasized the importance of transcrip-
tional regulation of urate transporters in maintaining serum UA
homeostasis. '® Consistently, gene ontology enrichment analysis
revealed that genes involved in DNA-binding transcription factor
(TF) binding play crucial roles in the biological process of HN
(Figure S2D). Consequently, we examined the profiles of renal
DNA-binding TFs and observed a significant deficiency of estro-
gen-related receptor o (ERRa) in HN mice, while other TFs were
upregulated, suggesting a role for ERRa. deficiency in HN (Fig-
ure S2E). ERRa has been recognized as a master TF that drives
metabolic changes associated with the severity of kidney dis-
ease.”” The gRT-PCR analysis further confirmed decreased
mRNA levels of ERRea in HN or UA conditions (Figures S2F and
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S2G). Our analysis of single-nucleus RNA-seq data from the Kid-
ney Precision Medicine Project website also confirmed parallel
trends of ERRa-positive TECs in patients with chronic kidney
disease (CKD) to HN mice (Figure S2H; and Table S4). Moreover,
immunohistochemistry (IHC) and IF staining using kidney speci-
mens of patients with HN and HN mouse models showed
reduced ERRa expression, while dapagliflozin markedly
reversed it (Figures S2|1-S2L). These findings highlighted the po-
tential role of the DNA-binding TF, ERRa. ERRa deficiency may
facilitate the progression of HN by regulating the transcription
of urate transporters. More importantly, dapaglifiozin may miti-
gate HN by restoring ERRa expression.

Dapagliflozin activated ERRa« to protect against UA-
induced injury of TECs and HK-2 cells

We conducted a series of in vitro experiments to elucidate the
mechanism through which dapagliflozin exerts its potent thera-
peutic effect in HN. A CCK-8 agent was first utilized to determine
the optimal concentration of dapagliflozin (10 pM) that main-
tained HK-2 cells’ viability with 400 uM UA (Figure S3A). Then,
TECs and HK-2 cells were divided into four subsets: control,
control + dapaglifozin, UA, and UA + dapaglifozin. In accord
with the in vivo observations, western blot (WB) and IF analyses
indicated that dapagliflozin treatment reduced UA-induced
fibrotic changes in TECs and HK-2 cells, which interestingly con-
trasted with the uptrend of ERRa. protein expression (Figures 3A-
3C and S3B-S3D). Furthermore, the mitochondrial morphology
observed post-dapagliflozin treatment was distinct from that
observed in the untreated control group. In the treated group,
elongated, tubular, and intact mitochondria were observed, in
contrast to the round, small, and swollen mitochondria that
were abundant in the untreated control group (Figures 3D and
3E, S3E and S3F). Further investigation revealed that dapagliflo-
zin exerts a beneficial effect on mitochondrial function, as evi-
denced by the observed improvement in oxygen consumption
rate (OCR), ATP levels, and mitochondrial morphology, as well
as a reduction in reactive oxygen species (ROS) production in
TECs stimulated with UA (Figures 3F-3lI).

In view of the potential mediation of dapagliflozin on ERRa,
molecular protein docking analysis was conducted and revealed
a robust binding interaction between dapagliflozin and ERRa
(Figure 3J). To further investigate whether ERRa. is a direct target
of dapagliflozin, cellular thermal shift assay (CETSA) and drug af-
finity responsive target stability (DARTS) assays were employed.
As shown in Figures S3G and S3I, exposure to dapagliflozin re-
sulted in increased thermal stability of ERRa in cell lysate

(G) Schematic diagram of the HN mice with dapagliflozin treatment.
(H-J) Serum UA, Cr, and BUN levels in each mouse group.

(Kand L) Representative images of H&E, Masson, and Sirius Red staining, and quantitation of tubular injury score, Masson staining-positive area, and Sirius Red

staining-positive area in kidney sections from each mouse group.

(M and N) Representative TEM images of mitochondria and quantitation of aspect ratio, circularity, and roundness in kidney sections from each mouse group.

Red outlines indicate mitochondria.

(O and P) Representative images of «SMA (green), FN1 (red) immunofluorescent staining and quantitation of fluorescence intensity in kidney sections from each

mouse group. White circle represents glomeruli.

(Q and R) Representative western blots of «SMA, FN1 protein and quantification of protein levels normalized to B-actin in isolated renal tubules from each mouse
group. VEH, vehicle; A, adenine; P, potassium oxonate; Dapa, dapagliflozin; n = 6 independent group mice; ns: not significant (p > 0.05), *p < 0.05, **p < 0.01,

***p < 0.001; five visual fields for each section analyzed.
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compared to the control treated with DMSO. The interaction of
dapagliflozin with ERRa resulted in enhanced resistance to pro-
tease digestion (Figures S3H and S3J), indicating that dapagliflo-
zin may target the ERRa protein. Furthermore, surface plasmon
resonance and microscale thermophoresis analysis demon-
strated a robust affinity between dapagliflozin and the ERRa pro-
tein, with an affinity constant of 1.99 x 10®Mand6.99 x 10" M
(Figures 3K and 3L).

Building upon the aforementioned findings regarding the bene-
ficialimpact of upregulating ERRa., we proceeded to transfect ad-
eno-associated virus ERRa (AAV-ERRa), investigating whether it
could protect against UA-induced injury in TECs and HK-2 cells.
In line with dapagliflozin treatment, ERRa overexpression re-
sulted in a significant reduction in the fluorescence and grayscale
of aSMA and FN1 in two types of UA-exposed cells, suggesting a
resultful anti-fibrotic effect (Figures 3M-3Q); TEM analysis also
revealed marked repair in the mitochondria damage in the UA +
AAV-ERRa group (Figures 3R and 3S). Together, these findings
highlighted the regulatory mechanism underlying the damage-
resistant and anti-fibrotic actions of dapagliflozin in UA-exposed
TECs and HK-2 cells through targeting ERRo.

Dapagliflozin had no effect on UA-induced HK-2 cell
injury under ERRa depletion or inhibition

Given that ERRa. in tubules could be closely associated with the
protective effect of dapagliflozin for HN, which traditional atti-
tudes suggest is based on SGLT2 inhibition, the SGLT2-
knockout (KO) cell line was thus established by HK-2 cells using
CRISPR-Cas9 to probe deeper into it (Figure 4A). It was
observed that dapagliflozin significantly protected against UA-
induced fibrosis and mitochondrial dysfunction, despite SGLT2
depletion. This suggests that the protective mechanism of dapa-
gliflozin for HN may be independent of SGLT2 inhibition
(Figures 4B-4G). Moreover, SGLT2 depletion did not affect
ERRa expression (Figures 4B and 4C).

Afterward, additional in vitro experiments were carried out to
test whether ERRa. depletion or inhibition could intensify UA-
induced effects in HK-2 cells. The ERRa-KO cell line was suc-
cessfully established (Figure 4H). As demonstrated by WB, IF,
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and OCR analyses, ERRa depletion resulted in a shift in UA-
induced HK-2 cell injury toward a more severe state
(Figures 41-4M). Notably, in contrast to the SGLT2-KO cell line,
dapagliflozin was ineffective in preventing UA-induced fibrosis
and mitochondrial dysfunction in the ERRa-KO cell line. This
was evidenced by the persistence of fibrotic marker upregula-
tion, ROS overgeneration, mitochondrial fragmentation, and
OCR and ATP reduction (Figures 41-4N). XCT-790 (compound
12) is a potent and selective ERRa reverse agonist.”’ The molec-
ular protein docking technique was applied and displayed the
forceful binding affinity of XCT-790 and ERRa protein (Fig-
ure S4A). Parallel to ERRa depletion, XCT-790 inhibited ERRa
levels and enhanced FN1, aSMA expression, leading to swelling
and shortening of mitochondria, which were exacerbated than
simple UA conditions, even under dapagliflozin treatment
(Figures S4B-S4E). In short, these findings further supported
our supposition, indicating ERRa« is a downstream target of da-
pagliflozin independent of SGLT2. Tubular cells subjected to
ERRo depletion or inhibition were more susceptible to UA
stimulation.

Tubule-specific ERRa overexpression alleviated renal
dysfunction and fibrosis in HN mice

To investigate the direct association between ERRa and the
development of HN, we generated tubule-specific ERRa overex-
pression (ERRaP*!) mice (Figure 5A). PCR analysis confirmed the
genotype of ERRaC°""! mice (Figure 5B, lane 1-4 and 6) and ER-
RaP™! mice (Figure 5B, lane 5). Furthermore, WB analysis verified
the efficient knockin of ERRa. (Figures 5C and 5D). In terms of
renal functional indices, ERRa”™! mice did not exhibit noticeable
changes compared to ERRa"°" mice, but after HN modeling,
ERR«"™! mice showed significant relief compared to ERRa. S
mice (Figures 5E-5H). These findings were consistent with a
visible alleviation of pathological alterations, such as collagen
accumulation, tubular lesions, and mitochondrial damage in
the kidneys of HN-modeled ERRa”™' mice (Figures 5I-5N).
Moreover, the reduced fluorescence and grayscale of aSMA
and FN1 further confirmed the suppressive effects of ERRa’s ge-
netic overexpression on renal fibrosis in HN mice (Figures 50

Figure 3. Effects of dapagliflozin or ERRa overexpression in UA-treated TECs and HK-2 cells

(A and B) Representative western blots of ERRa, SMA, and FN1 protein and quantification of protein levels normalized to B-actin in each TEC group.

(C) Representative images of ERRa (green) and FN1 (red) immunofluorescent staining and quantitation of fluorescence intensity in each TEC group.

(D and E) Representative TEM images of mitochondria and quantitation of inner mitochondrial membrane (IMM)/outer mitochondrial membrane (OMM) ratio, total
cristae length/mitochondrial area, and cristae junction/mitochondrial area in each TEC group. Red outlines indicate the zoom area.

(F) Representative traces show OCR in each TEC group.
(G) Representative quantitation of ATP levels in each TEC group.

(H) Representative images of MitoTracker (red) immunofluorescent staining and quantitation of mitochondrial morphology in each TEC group. White outlines

indicate the zoom area.

(I) Representative images of ROS (green) immunofluorescent staining and quantitation of fluorescence intensity in each TEC group.

J) Diagram of the spatial binding pattern of dapagliflozin and ERRa protein.

(

(K) Dapagliflozin’s bond with ERRa analyzed by surface plasmon resonance (SPR).

(L) Dapagliflozin’s bond with ERRa analyzed by microscale thermophoresis (MST).

(M and O) Representative images of aSMA (green) and FN1 (red) immunofluorescent staining and quantitation of fluorescence intensity in each TEC and HK-2 cell
group.

(N, P, and Q) Representative western blots of ERRa, «SMA, and FN1 protein and quantification of protein levels normalized to B-actin in each TEC and HK-2 cell
group.

(R and S) Representative TEM images of mitochondria and quantitation of IMM/OMM ratio, total cristae length/mitochondrial area, and cristae junction/mito-
chondrial area in each HK-2 cell group. Red outlines indicate the zoom area and mitochondria. Dapa, dapagliflozin; n = 3 cultures per group; MitoTracker,
mitochondrial marker; Hoechst, nucleus marker; ns: not significant (p > 0.05), *p < 0.05, **p < 0.01, **p < 0.001; five visual fields for each section analyzed.
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and 5P). Collectively, these results emphasized the therapeutic
significance of ERRa in the treatment of HN.

ERRa bound to OAT1 for transcriptional regulation

OAT1 (SLC22A6/NKT) is a multispecific transporter mainly
located on the basolateral membrane of the kidney proximal tu-
bule. It plays a crucial role in actively secreting a wide range of
endogenous and exogenous substances, including urate.”’
OAT1 dysregulation has been shown to disrupt UA metabolism
and increase the risk of HUA." Recent studies have indicated
that estrogen receptor o. (ERa) indirectly activates OAT1, suggest-
ing that its activity is partially regulated by estrogen-dependent
transcriptional mechanisms.?? The chord diagram (Figure 6A) de-
picted the differential pathways in small interfering (si)-ERRa.--
transfected HK-2 cells versus controls, including tyrosine meta-
bolism, serotonergic synapse, nicotinate and nicotinamide
metabolism, Wnt signaling pathway, transforming growth factor
B (TGF-B) signaling pathway, and tumor necrosis factor signaling
pathway. These pathways have previously been reported to be
closely associated with the pathogenesis of HUA.?*?* Given the
potential connection between ERRa and OAT1 in HN, we em-
ployed various validation methods to determine if ERRa directly
regulates OAT1 activity at the transcriptional level. Our chromatin
immunoprecipitation sequencing (ChlP-seq) analysis in HK-2 cells
(Figure 6B) identified the binding site of the OAT1 gene with ERRa.
protein, which was further supported by the subsequent agarose
gel image, showing ERRa. protein enrichment on OAT1 gene frag-
ments (Figure 6C). To predict the complementary sequence of the
ERRa-targeted motif in the promoter region of the OAT1 gene, the
JASPAR database was searched. The sequence “TCAAGGTCA”
(5'—3', score 9.275842) was predicted as the ERRa-targeted
motif in the OAT1 gene (Figure 6D). Protein-DNA docking simula-
tions revealed the best matching pattern between the ERRa pro-
tein and the OAT1 gene (Figure 6E).

Furthermore, at the mRNA and protein level, overexpression of
ERRo by AAV-ERRa 24 h after si-ERRa transfection in both
TECs and HK-2 cells was observed to rescue OAT1 levels, while
si-ERRa.  was found to downregulate OAT1 expression
(Figures 6F and 6G). Subsequently, a dual-luciferase reporter
assay established pcDNA3.1-NC, pcDNAS3.1-ERRa, OAT1-
wild-type (WT), and OAT1-MUT (double-strand mutation, 5 —
3, “TATGACGTTGGTC” mutated into “CGCAGTACCAACT”)
plasmids, to confirm the interaction between ERRa and the pre-
dicted motif in the promoter region of the OAT1 gene, as evi-
denced by the significant increase in bioluminescence in the
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OE-ERRa + OAT1-WT group, while the overexpression of ERRa
(OE-ERRa) + OAT1-MUT group showed no effect (Figure 6H).
Furthermore, WB analysis provided further support for the regu-
latory role of ERRa.on OAT1 in both TECs and HK-2 cells, demon-
strating the pronounced inhibition of OAT1 bands in the presence
of si-ERRa, even when the OAT1-WT plasmid was transfected.
This inhibition was not observed when the OAT1-MUT plasmid
was utilized (Figures 6l and 6J). Overall, these findings highlighted
the transcriptional regulatory efficacy of ERRa on OAT1.

Dapagliflozin ameliorated fibrotic changes in HN

kidneys and UA-treated tubular cells by activating the
ERRa-OAT1 axis

It was postulated that an enhanced ERR«-OAT1 axis could ac-
count for the favorable effects of dapagliflozin on HN, given
that the expression of OAT1 protein exhibited a negative corre-
lation with functional parameters such as serum UA
(r=—0.5895, p = 0.043) and BUN (r = —0.7067, p = 0.010) in pa-
tients with HN without dapagliflozin treatment, despite no signif-
icant correlation with serum Cr (r = —0.5365, p = 0.072) and uri-
nary albumin to creatinine ratio (UACR) (r = —0.4635, p = 0.1291)
(Figures 7B-7E). Consistent with previous studies, we observed
a distinct decrease in the number of OAT1-positive cells in the
proximal tubules of patients with HN (Figure 7A). IF staining
also confirmed the reduced fluorescence of OAT1 in patients
with HN (Figure 7F). Nevertheless, dapagliflozin treatment was
found to reverse OATI expression (Figures 7A and 7F). Addition-
ally, our evaluation of mice, TECs, and HK-2 cells under HN or
UA conditions revealed a downregulation of OAT1 protein levels,
which was countered by dapagliflozin treatment (Figures 7G-
7K). Behind, OE-OAT1 was transfected into TECs and HK-2 cells
and validated the negative impacts of OAT1 on UA-caused
fibrotic changes, which were characterized by upregulation of
FN1 and aSMA (Figures 7L-70). However, OAT1 overexpression
did not alter ERRa protein levels (Figures S5A and S5B).
Together, our data confirmed the pivotal application of dapagli-
flozin to protect against renal fibrosis in HN by targeting the ER-
Ra-OAT1 axis, supporting the notion of HN as a disease that
could be effectively addressed by dapagliflozin.

Dapagliflozin mitigated fibrotic changes in non-HN CKD
mouse models and high-glucose- or TGF-B-treated TEC
models

The aforementioned results indicate that the activated
ERRo-OAT1 axis may be a mechanism by which dapagliflozin

Figure 4. Effects of dapagliflozin in UA-treated SGLT2- or ERRa-KO HK-2 cells
(A and H) Diagram of the SGLT2 or ERRa gene KO by CRISPR-Cas9 technology and sequencing identification in HK-2 cells.
(B and l) Representative western blots of SGLT2, ERRa, aSMA, and FN1 protein and quantification of ERRa, aSMA, and FN1 protein levels normalized to B-actin in

each HK-2 cell group.

(C and J) Representative images of ERRa (green) and FN1 (red) immunofluorescent staining and quantitation of fluorescence intensity in each HK-2 cell group.

White outlines indicate the zoom area.

(D and K) Representative images of ROS (green) immunofluorescent staining and quantitation of fluorescence intensity in each HK-2 cell group. White outlines

indicate the zoom area.

(E and L) Representative images of MitoTracker (red) immunofluorescent staining and quantitation of mitochondrial morphology in each HK-2 cell group. White

outlines indicate the zoom area.
(F and M) Representative traces show OCR in each HK-2 cell group.

(G and N) Representative quantitation of ATP level in each HK-2 cell group. Dapa, dapagliflozin; n = 3 cultures per group; MitoTracker, mitochondrial marker;
Hoechst, nucleus marker; ns: not significant (p > 0.05), *p < 0.05, **p < 0.01, **p < 0.001; five visual fields for each section analyzed.
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Figure 5. Effects of tubule-specific ERRa overexpression in HN mice

(A) Schematic diagram of the ERRa”™! mice generation and subsequent HN mice model construction.

(B) Genotyping the mice by PCR analysis of genomic DNA; lanes 1-4 and 6 are ERRa.®°""' genotype and lane 5 is ERRa”™' genotype.

(C and D) Representative western blots of ERRa protein and quantification of protein level normalized to B-actin in isolated renal tubules from each mouse group.
(E-H) Serum UA, Cr, BUN, and UACR levels in each mouse group.

(I, J, K, and L) Representative images of H&E, Masson, and Sirius Red staining and quantification of tubular injury score, Masson staining=positive area, and Sirius
Red staining-positive area in kidney sections from each mouse group.

(M and N) Representative TEM images of mitochondria and quantitation of aspect ratio, circularity, and roundness in kidney sections from each mouse group.
Red outlines indicate the zoom area and mitochondria.

(O) Representative images of ®SMA (green), FN1 (red), and LTL (white) immunofluorescent staining and quantitation of xSMA and FN1 fluorescence intensity in
kidney sections from each mouse group.

(P) Representative western blots of ERRa, FN1, and «SMA protein and quantification of protein levels normalized to B-actin in isolated renal tubules from each
mouse group. n = 6 independent group mice; ns: not significant (p > 0.05), *p < 0.05, **p < 0.01, **p < 0.001; five visual fields for each section analyzed.
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Figure 6. ERRa-OAT1 axis in HK-2 cells

(A) Chord plots showing KEGG-enriched items of DEGs from HK-2 cells of the control group versus the si-ERRa group.

(B) ChIP-seq analysis: the binding site of OAT1 with ERRa in HK-2 cells.

(C) ChIP-gPCR analysis: representative agarose gel image showing OAT1 gene fragments enrichment on ERRa protein.

(D) Motif analysis: the complementary sequence of the ERRa-targeted motif.

(E) Diagram of the spatial binding pattern of ERRa protein and OAT1 gene.

(F and G) Representative quantitation of OAT1 mRNA and protein levels normalized to B-actin, representative western blots of ERRa. and OAT1 protein, and
quantification of protein levels normalized to B-actin in each TEC and HK-2 cell group.

(H) Schematic diagram showing the location of the ERRa-targeted motif (in the OAT1 gene’s promoter region) when inserted upstream of the luciferase gene.
Dual-luciferase reporter assay: relative luciferase activity in each group of HK-2 cells.

(land J) Representative western blots of ERRa. and OAT1 protein and quantification of protein levels normalized to p-actin in each TEC and HK-2 cell group.n=3
cultures per group; ns: not significant (o > 0.05), *p < 0.05, *p < 0.01, **p < 0.001.

benefits patients with HN. HUA is a common phenomenoninpa-  course of dapagliflozin treatment was administered to assess its
tients with CKD.?® At present, dapagliflozin has been approved  impact on renal functional indices and pathological damage
for clinical treatment of CKD.?®*” Nevertheless, the relationship  (Figures S6A, S6F, and S7A). In the three non-HN CKD mouse
between dapagliflozin’s therapeutic effect on CKD and the ER- models, we demonstrated that dapagliflozin could lower serum
Ra-OAT1 axis remains a topic worthy of further investigation. UA, Cr, and BUN, as well as attenuate tubular lesions and
In order to construct non-HN CKD mouse models, we employed  collagen deposition (Figures S6B-S6E, S6G-S6J, and S7B-
three different approaches: high-fat diet (HFD)-induced obesity ~ S7E). It is evident that the enhanced ERRa-OAT1 axis was iden-
mice, db/db type 2 diabetic kidney disease (DKD) mice, and uni- tified by WB analysis (Figures S6E, S6J, and S7E). Furthermore,
lateral ureteral obstruction (UUO) mice. Subsequently, a 4-week in vitro simulation of type 2 DKD and UUO mice was conducted
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Figure 7. Effects of dapagliflozin on OAT1 expression in tubular cells under HN or UA conditions

(A) Representative IHC images of OAT1 and quantitation of OAT1 integrated option density (IOD) in kidney sections from each patient group.

(B-E) Correlation between tubular OAT1 expression and serum UA, Cr, BUN, and UACR levels in patients with HN without dapagliflozin treatment.

(F) Representative images of OAT1 (red) and LTL (white) immunofluorescent staining and quantification of OAT1 fluorescence intensity in kidney sections from
each patient group.

(G) Representative western blots of OAT1 protein and quantification of OAT1 protein level normalized to B-actin in isolated renal tubules from each mouse group.
(H) Representative IHC images of OAT1 and quantitation of OAT1 10D in kidney sections from each mouse group.

(legend continued on next page)
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using HK-2 cells treated with high glucose and TGF-f. The re-
sults demonstrated a similar trend in ERRa, OAT1, FN1, and
aSMA protein expression compared to the in vivo results
(Figures S7F-S7I). These data expand our findings that dapagli-
flozin, a reported regulator of the ERRa-OAT1 axis, could also
mitigate fibrotic changes in models of non-HN CKD mice and
corresponding tubular cells. In conclusion, this study has pro-
vided a more comprehensive theoretical basis for the clinical
application of dapagliflozin in non-diabetic kidney diseases,
offering an insight.

DISCUSSION

In this study, we made the observation that dapagliflozin
improved TIF in both patients with HN and HN mouse models
through the activation of the ERRa-OAT1 axis. Mechanistically,
we discovered that the TF ERRa. played a crucial role in the regu-
lation of UA excretion by controlling the expression of the UA
transporter protein OAT1 in the proximal renal tubules. Notably,
ERRoa expression was downregulated in HN, whereas dapagliflo-
zin treatment led to an upregulation of ERRa expression and an
increased OAT1, thereby enhancing UA excretion and attenu-
ating TIF. Overall, our study provides an insight into the
potential mechanism underlying dapagliflozin’s therapeutic ef-
fects in HN. Additionally, it offers compelling evidence for the po-
tential use of dapagliflozin in the treatment of non-diabetic kid-
ney diseases.

Elevated levels of UA over a prolonged period can detrimen-
tally impact the function of renal tubular cells, leading to cell
shrinkage and promoting apoptosis or transdifferentiation.”®
These impaired renal tubular cells subsequently contribute to
renal fibrosis through autocrine or paracrine secretion, thus
exacerbating the progression from HUA to HN.29 Ultimately,
the hallmark pathological manifestation of HN is renal fibrosis,
characterized by the upregulation of mesenchymal cell prod-
ucts, such as «SMA and FN1.°° In our study, HN mouse
models induced by adenine and potassium oxonate were
examined, which exhibited elevated serum UA levels, impaired
renal function, pronounced renal inflammation, and fibrosis,
thus confirming the reliability of this modeling approach.
Furthermore, we observed a significant improvement in TIF in
HN mice treated with dapagliflozin, further substantiating the
protective effect of dapaglifiozin against the development
of HN.

The proximal renal tubules are widely recognized for their
crucial involvement in ion reabsorption,®’ with transporter pro-
teins on the cell membrane of these tubules being primarily
responsible for UA transport within the kidney.*> Any changes
in these transporter proteins can significantly impact UA reab-
sorption and secretion, consequently resulting in increased UA
levels.®® OAT1, classified as an organic anion transporter pro-
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tein, primarily facilitates the secretion of UA into the renal tubule
lumen during UA metabolism.** Schneider’s study has demon-
strated that upregulation of OAT1 can protect against renal injury
following ischemic acute kidney injury.*® Furthermore, OAT1 has
been acknowledged as a vital target for renal drug transport,*®
lipid transport,®” and the regulation of gut microbes.*> Given
its substantial role in UA metabolism and renal diseases, we
investigated the alterations in OAT1 expression in both patients
with HN and HN mouse models. Our findings revealed a down-
regulation of OAT1 expression in both patients with HN and
HN mouse models. Notably, the expression of OAT1 exhibited
a correlation with clinical indicators of patients with HN, thus
emphasizing OAT1 as an important potential therapeutic target
for HN.

OAT1, also known as SLC22A6, belongs to the solute carrier
family of transporter proteins,*® a group regulated by TFs, such
as Sirt6,>° HIF-1¢,° and Nrf2,*' under physiological condi-
tions.*? Earlier studies have highlighted the transcriptional regu-
lation of OAT1 by various nuclear TFs. Sequencing analysis of
the OAT1 promoter region identified binding sites for TFs such
as PAX1, PBX, WT1, and HNF1.*® Ligand-activated ERo, has
been demonstrated to activate CCAAT-box binding TF and het-
erogeneous nuclear ribonucleoprotein K, both capable of bind-
ing to the OAT1 promoter and enhancing its transcription.?® In
our study, utilizing ChlP-seq and dual-luciferase assays, we
made the discovery that nuclear TFs, specifically ERRa, could
bind to OAT1 and stimulate its transcription. ERRa, classified
as a nuclear TF, plays vital roles in maintaining mitochondrial
function and fatty acid oxidation and is significantly downregu-
lated in metabolic disorders.** Within the kidney, ERRa. is pre-
dominantly expressed in the proximal renal tubules and has
been shown to be downregulated in various conditions,
including renal fibrosis,”® aging,’® acute kidney injury,*” and
high-salt diet mouse models.*® The dysregulation of UA meta-
bolism is widely recognized as a significant factor in the develop-
ment and progression of HN, positioning HN as the fourth most
prevalent metabolic disorder following hypertension, hyperlipid-
emia, and hyperglycemia.*® Additionally, our study discovered
downregulation of ERRa expression in both patients with
HN and HN mouse models, indicating inhibition of the transcrip-
tional pathway involved in OAT1 regulation. This disruption
influenced UA metabolism and contributed to the progression
of HN, further underscoring the importance of ERRa in maintain-
ing UA metabolism within the context of HN as a metabolic
disorder.

In recent years, the SGLT2 inhibitor dapagliflozin has demon-
strated substantial clinical benefits in the prevention and treat-
ment of diabetes mellitus and DKD. This is achieved by targeting
and inhibiting the expression of proximal tubular SGLT2, whichin
turn reduces sodium and glucose reabsorption. As a result, this
ameliorates a wide range of cellular injuries and mitigates the

(I and J) Representative western blots of OAT1 protein and quantification of OAT1 protein level normalized to B-actin in each TEC and HK-2 cell group.

(K) Representative images of OAT1 (green) and quantitation of fluorescence intensity in each TEC and HK-2 cell group.

(L and N) Representative western blots of x*SMA and FN1 protein and quantification of protein levels normalized to B-actin in each TEC and HK-2 cell group.
(M and O) Representative images of aSMA (green) and FN1 (red) immunofluorescent staining and quantitation of «SMA and FN1 fluorescence intensity in each
TEC and HK-2 cell group. Dapa, dapagliflozin; control patients (N = 6), patients with HN (N = 12), and patients with HN + Dapa (N = 12); n = 6 independent group
mice; n = 3 cultures per group; ns: not significant (p > 0.05), *p < 0.05, **p < 0.01, ***p < 0.001; five visual fields for each section analyzed.
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symptoms of diabetes mellitus and DKD.""'? Furthermore, da-
pagliflozin’s potential role in treating non-diabetic diseases is
gaining attention. Notably, studies have indicated its positive
impact on renal diseases such as hypertensive nephropathy
and glomerulonephritis, including IgA nephropathy, focal
segmental glomerulosclerosis, and membranous nephropathy.
It has been shown to delay the increase in blood creatinine levels
in patients and improve prognosis.® Although recent clinical
studies have suggested dapagliflozin’s protective effect against
HUA, the exact mechanism and its protective benefits have not
been extensively explored.®® Our research investigated the ef-
fect of dapagliflozin on HN in both human patients and mouse
models. In this study, we discovered that dapagliflozin signifi-
cantly ameliorated TIF in patients with HN and HN mice. Through
molecular docking, CETSA, and DARTS experiments, we identi-
fied that dapagliflozin targets and activates the ERRa to exert its
protective effects. Notably, the expression of ERRa was restored
after dapagliflozin treatment in both patients with HN and HN
mouse models, providing evidence for its potential
therapeutic application in non-diabetic renal diseases. More-
over, dapagliflozin effectively restored the downregulated
OAT1 in HN, promoting the secretion of UA into the renal tubules.
Consequently, this led to a reduction in blood UA levels, further
contributing to the protective effects of dapagliflozin. Further-
more, given that renal fibrosis is a common feature of CKD, we
also found that dapagliflozin ameliorated TIF through the activa-
tion of the ERRa-OAT1 axis in three animal models of non-HN
CKD (HFD, UUO, and db/db mice). In conclusion, our findings
support the hypothesis that dapagliflozin exerts its protective ef-
fects in both HN and non-HN CKD through the upregulation of
the ERRa-OAT1 axis.

Limitations of the study

Several limitations of the present study should be considered.
Firstly, the overexpression of OAT1 was conducted in an
in vitro experiment, which promoted uric acid excretion and
attenuated renal fibrosis. Future studies that overexpress
OAT1 in vivo will help to further elucidate the role of OAT1 in
HN. Secondly, given the role of ERRa in attenuating renal
fibrosis, the targeted agonists of ERRa could be further identified
in the future, thereby attenuating the side effects of dapagliflozin.
In addition, dapagliflozin may still alleviate renal fibrosis through
other mechanisms, such as inhibition of uric acid synthesis or
anti-inflammatory mechanisms, and further studies will provide
a deeper understanding of the mechanism of action of
dapagliflozin.

Conclusion

In conclusion, this study has identified a mechanism through
which dapagliflozin facilitates the excretion of UA into the
tubular lumen of the renal tubules. This effect is achieved by
targeting the ERRa-OAT1 axis, which subsequently results in
a reduction in serum UA levels. Notably, this reduction in UA
levels plays a pivotal role in the alleviation of TIF in HN and
non-HN CKD. The findings of this study contribute insights
into the potential treatment of non-diabetic renal diseases us-
ing dapagliflozin.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Yun Cao (yuncao1223@

hainmc.edu.cn).

Materials availability

This study did not generate unique reagents.

Data and code availability

All data associated with this study are present in the paper or the supplementary materials. RNA-seq data generated for this study are
deposited at the Sequence Read Archive (SRA) in the NCBI database under the accession number PRIUNA1137843. ChIP-seq data
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generated for this study are deposited at the SRA in the NCBI database under the accession number PRUNA1137848. This paper
does not report original code. Any additional information required to reanalyze the data reported in this paper is available from
the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human kidney biopsy specimens and clinical index collection

Control kidney samples were derived from non-diseased regions adjacent to cancerous tissues. HN kidney biopsy samples were
harvested from patients pathologically diagnosed with HN. The patients included in the study had proteinuria (24-h urinary albumin
excretion >150 mg for 3 months) and received either ARB or ARB plus dapagliflozin treatment. Therefore, they were divided into two
groups: 1. HN: received basal ARB treatment (Irbesartan, 150 mg/day for a least 24 months), 2. HN + Dapa: received basal ARB treat-
ment and dapagliflozin treatment (10 mg/day for a least 24 months). A comprehensive clinical index was compiled for all patients.
Informed consent was obtained from all patients prior to inclusion in the study. Detailed clinical characteristics of the patients are
summarized in Tables S1 and S2. The study received approval from the ethics committee of Renmin Hospital of Wuhan University
to access the digital records of participants who provided informed consent to share their records with local institutions (WDRY2021-
KS251).

Mouse studies

The mice were housed under specific pathogen-free conditions, with a controlled environment of 40-70% humidity and a temper-
ature range of 20°C-25°C, following a 12-h light/12-h dark cycle. They were provided with free access to food and water. At the
conclusion of the dosing cycle, humane euthanasia of all mice was conducted via intraperitoneal injection of pentobarbital sodium
(200 mg/kg). Kidney samples were harvested for subsequent testing. The entire experimental procedure was conducted in a blinded
fashion. All animal experiments adhered to the Guidelines for the Care and Use of Laboratory Animals (NIH publication, revised 2011)
and obtained approval from the Ethical Committee for the Experimental Use of Animals at Renmin Hospital, Wuhan University, China
(WDRM-20221941).

HN mice model construction and treatment

Male C57BL/6N mice (age: 6-8 weeks, weight: 20-25 g) were procured from Cyagen Biosciences Co., Ltd (China). To establish the
HN mouse model, adenine (0.16 g/kg; MCE, USA) and potassium oxonate (2.4 g/kg; MCE, USA) mixture (dissolved in a 0.5% CMC-
Na solution) were orally administered every other day for four weeks.®' The control mice were given an equivalent volume of 0.5%
CMC-Na solution via oral gavage, while HN mice were orally administered daily with dapagliflozin (MCE, USA) of 1.0 mg/kg or allo-
purinol (MCE, China) of 5.0 mg/kg for four weeks after the HN model was established.*?

ERRu«"™' mice generation and treatment

Tubule-specific ERRa (erythroblastosis virus E26 oncogene homolog 1) overexpression (ERRa”™!) mice were generated through
the crossbreeding of ERRa."™ mice (C57BL/6N; Cyagen, China) and Ggt1-Cre mice (C57BL/6N; Cyagen, China). Additionally, lit-
termates with homozygous floxed mice without Cre expression were categorized as ERRa“°""™!. Male ERRa.°°""' and ERRaPH!
mice (aged 6-8 weeks and weighing 20-25 g) were randomly assigned for HN modeling. Subsequently, they were divided into 4
groups: ERRa“°™! ERRaP™!, ERRaC""'+HN and ERRaP™'+HN.

Obesity, type 2 DKD, UUO mice model construction and treatment

Male C57BL/6N mice (age: 6-8 weeks, weight: 20-25 g) were purchased from Cyagen Biosciences Co., Ltd. (China) and fed an HFD
(60 kcal% from fat, Research Diets, USA) for eight weeks to establish an obesity mouse model. Male db/db mice and matched db/m
mice (age: 6-8 weeks, weight: 20-25 g) were purchased from Cyagen Biosciences Co., Ltd (China) and fed until they reached
16 weeks of age to establish a type 2 DKD mice model. Male C57BL/6N mice (age: 6-8 weeks, weight: 20-25 g) were purchased
from Cyagen Biosciences Co., Ltd (China) and anesthetized with 30% isoflurane. A mid-abdominal incision was made to expose
the left ureter. The left ureter was ligated with a silk suture to induce the ureteral obstruction (UUO) model. The UUO mice were main-
tained in a breeding facility for 14 days following the closure of the incision. Following the successful construction of the obesity, type
2 DKD, UUO mice model, a 4-week treatment with dapagliflozin (1.0 mg/kg) was initiated.

HK-2 cell culture and treatment

The human proximal tubule cell line (HK-2), acquired from Procell (China), was cultured in DMEM/F12 medium (Hyclone, USA) sup-
plemented with 10% fetal bovine serum (Corning, USA) and 1% penicillin-streptomycin (Biosharp, China) at 37°C in a 5% CO, incu-
bator. UA (MCE, China) stimulation in HK-2 cells: 400 uM, 48 h. dapagliflozin treatment in in HK-2 cells: 10 uM, 48 h. HG treatment in
HK-2 cells: 30 mM, 48 h. TGF-B (MCE, China) treatment in HK-2 cells: 10 ng/mL, 48 h. XCT-790 (MCE, China) treatment in HK-2 cells:
10 uM, 24 h.
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SGLT2-or ERRa-KO HK-2 cell line construction and treatment

In brief, SGLT2-and ERRa-KO HK-2 cell lines were constructed by Cyagen Biosciences Co., Ltd. (China) using CRISPR/Cas9
technology. This involved gene information analysis, sgRNA design and synthesis, cell transfection, monoclonal screening
and sequencing identification. The UA stimulation was applied to SGLT2-or ERRa-KO HK-2 cells at a concentration of
400 uM for a period of 48 h. Dapagliflozin was administered to SGLT2-or ERRa-KO HK-2 cells at a concentration of 10 uM
for a period of 48 h

METHOD DETAILS

Isolation of renal tubules

The isolation of renal tubules was performed using a modified sieving method as described previously.>* Before removing the kidney,
it was perfused with a sterile Hanks balanced salt solution (HBSS). Renal cortex was separated from medulla and cut into 1mm3
pieces with a scalpel and then digested in a solution containing collagenase Il (Roche, Swit), proteinase E (Sigma-Aldrich, USA),
and deoxyribonuclease | (Sigma-Aldrich, USA) at 37°C for 30 min. After digestion, the samples were sequentially pressed through
100-, 70-, 40-um cell strainer (BD, USA; Greiner bio-one, German) to get renal tubules. Finally, the cell suspension was centrifuged
at 1500 rpm for 5 min at 4°C, and the pellets were re-suspended in a 5 mL culture medium.

Renal functional parameters measurement

Prior to sacrifice, blood samples were harvested from the orbital sinus of the mice. The collected samples were then analyzed utilizing
an automated biochemical analyzer (Beckman, USA) to assess serum UA, Cr, and BUN levels. In addition, the mice were individually
housed in metabolic cages for 24 h to collect urine samples. These urine samples were centrifuged at 1000 g and 4°C for 10 min to
isolate the supernatant. An ELISA kit (Abcam, USA) was utilized to quantify urinary albumin levels. Finally, UACR was calculated
based on urinary albumin level and Scr.

Cell viability assay

The effect of dapagliflozin on cell viability under UA exposure was evaluated utilizing the cell counting kit-8 (CCK-8; Beyotime, China).
HK-2 cells were seeded in 96-well plates and treated with varying concentrations of UA (0 or 400 pM) and dapagliflozin (0, 5, 10, or
20 uM) for 48 h. Following this, 10 uL of CCK-8 solution was added to each well and incubated for 1 h at 37°C in a 5% CO, incubator.
The absorbance was measured at 450 nm utilizing a microplate reader (PerkinElmer, USA).

Cell transfection

The ERRa small interfering RNA (si-ERRa) and OAT1 full-length expression plasmid (OE-OAT1), obtained from Sangon (China), were
transfected into TECS or HK-2 cells utilizing HiPerFect Transfection Reagent (Qiagen, Germany) and X-tremeGENE HP DNA Trans-
fection Reagent (Roche, Swit). The adeno-associated virus carrying the ERRa gene (AAV-ERRa) or control (AAV-Control) was gener-
ated by Hanbio (China) and transfected into TECS or HK-2 cells. 48 h UA stimulation was added after 24 h of transfection. TECS or
HK-2 cells were collected for subsequent experiments.

Histological and IHC analysis

Fixed renal tissues obtained from patients or mice were processed by dehydration and paraffin embedding. Subsequently, the kidney
sections were deparaffinized, hydrated, and antigen-repaired. For histological analysis, kidney sections were subjected to staining
with Hematoxylin-Eosin (HE), Masson, and Sirius red reagents to visualize renal histopathological changes. The average values of
tubular injury score®” and the area of positive staining for Masson/Sirius red were evaluated in each group using 30 randomly selected
non-overlapping fields (Five visual fields for each section analyzed).

Regarding IHC, kidney sections were blocked with 5% bovine serum albumin (BSA) for 1 h at room temperature, followed by
incubation overnight at 4°C with primary antibodies such as ERRa (Genetex, USA) and OAT1 (Proteintech, China). Then, kidney
sections were incubated with HRP-conjugated secondary antibodies for 1 h at room temperature. Immunoreactivity was de-
tected using diaminobenzidine as the substrate. All microscopic images were captured utilizing an upright microscope
(Olympus, Japan).

If assay

The kidney sections from patients or mice underwent the same pretreatment as described for IHC. In addition, cell-climbing films of
TECs or HK-2 cells were fixed and blocked with 5% BSA at room temperature for 1 h. Following this, the kidney sections and cell-
climbing films were incubated overnight at 4°C with primary antibodies, including Fibronectin1 (FN1; Abcam, UK), a-smooth muscle
actin (#®SMA; Abcam, UK), ERRa, and OAT1. Subsequently, kidney sections and cell-climbing films were incubated with HRP-con-
jugated secondary antibodies for 1 h. Mitochondria were marked using TOM20 antibody (abcam, UK) or MitoTracker dye (Thermo,
USA). Proximal renal tubules were marked using LTL dye (Lifespan, China). Nuclei were stained using an antifade mounting medium
with DAPI (Antgene, China) or Hoechst (Beyotime, China). All microscopic images were captured employing a confocal microscope
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(Olympus, Japan). The average fluorescence intensity, mitochondrial morphology values were assessed by analyzing 15 randomly
selected, non-overlapping fields in each group (Five visual fields for each section analyzed).

ROS and ATP analysis

According to the manufacturer’s instructions, ROS level was measured by a DCFH-DA fluorescent probe (Beyotime, China), visual-
ized by an inverted microscopy (Olympus, Japan). ATP level was measured by an ATP Assay Kit (Beyotime, China), and quantified by
a microplate reader (Bio-rad, USA).>®

OCR detection

Mitochondrial oxygen consumption was evaluated utilizing a Mitochondrial Stress Test Kit (Agilent, USA). To measure the OCR, a
Seahorse Bioscience XFe96 Extracellular Flux Analyzer (Seahorse Bioscience, USA) was employed, following a previously estab-
lished procedure.®®

TEM

Renal cortex samples from patients and mice, as well as TECs and HK-2 cells, were collected and processed by fixation,
dehydration, and embedding in epoxy resin. The mitochondrial morphology and structure in renal TECs and HK-2 cells were exam-
ined using a TEM (Hitachi, Japan). In vivo, mitochondrial aspect ratio, circularity, and roundness were calculated for 64 (control pa-
tient) or 130 (HN patient, mice) mitochondria. In vitro, the mitochondrial inner mitochondrial membrane (IMM)/outer mitochondrial
membrane (OMM) ratio, total cristae length/mitochondrial area, and cristae junction/mitochondrial area were calculated by 130
mitochondria.

WB analysis

Initially, the renal cortices from mice or TECs or HK-2 cells were subjected to protein extraction, and their concentrations were deter-
mined utilizing the BCA assay kit (Beyotime, Shanghai). Subsequently, an equal amount of protein was separated by 8-12% SDS-
PAGE gels and transferred onto PVDF membranes (Millipore, USA). The membranes were then blocked with 5% skim milk at room
temperature for 1 h, followed by overnight incubation at 4°C with primary antibodies, including FN1, aSMA, ERRa, SGLT2 (Protein-
tech, China), OAT1, and B-actin (Abcam, UK). Afterward, the membranes were incubated with HRP-conjugated secondary anti-
bodies for 1 h at room temperature. Following this, the membranes were treated with ECL buffer (Abbkine, China), and the bands
were visualized using a chemiluminescence imaging system (Monad, China). ImageJ software was employed for quantifying the
grayscale of the bands.

RNA extraction and qRT-PCR analysis

In accordance with the manufacturer’s instructions, TRIzol reagent (Invitrogen, USA) was employed to isolate total RNA. A
total of 1 pg of RNA was reverse transcribed using a cDNA synthesis kit (Servicebio, China). Quantitative reverse
transcription polymerase chain reaction (QRT-PCR) analysis was then performed to detect mRNA expression levels using
SYBR Green PCR Master Mix (Vazyme, Nanjing, China) in a real-time PCR system (Bio-Rad, USA).°® The primers utilized are
detailed in Table S3.

Bulk RNA-seq analysis

The HK-2 cells from both the control and si-ERRa. groups were collected and immersed in TRIZOL buffer, then rapidly frozen and
stored in liquid nitrogen. RNA-seq analysis was performed by Novogene Co., Ltd. Differentially expressed genes (DEGs) were imple-
mented utilizing DESeq2 with a significance threshold set at adjusted p < 0.05. The chord diagram was generated on an online plat-
form for data analysis and visualization (bioinformatics.com.cn).

ChiIP-seq analysis

HK-2 cells were collected and treated with 1% paraformaldehyde for 15 min to facilitate crosslinking. Subsequently, 125 mM glycine
was added to halt the crosslinking process. ChlP-seq analysis was performed by igenebook Co., Ltd. The ChIP-seq reads were
aligned to the genome of HK-2 cells using Bowtie version 1.1.2. To generate ChIP-seq coverage plots, the locations of the mapped
ChIP-seq reads were extended to 150 bp, representing the sequenced fragments. Big-Wig files were generated using the genomic
Ranges R package. Peaks were called using MACS v2.10 with a significance cut-off value of <0.01. The score assigned to each peak
represents the normalized coverage of DNA fragments at a specific genomic coordinate. Narrow Peak files were generated using
MACS v2 with default settings.

Dual-luciferase reporter assay

Dual-luciferase reporter assay was conducted by Genecreate Biosciences Co., Ltd. (China). In short, a target sequence of approx-
imately 200 base pairs (WT or MUT) in the promoter region of the OAT1 gene was inserted into the pGL3-basic plasmid. The coding
sequence of the ERRa. protein gene was inserted into the pcDNA3.1 plasmid. 293T cells were transfected randomly with the plasmids
and divided into four groups: pcDNA3.1-NC+OAT1-WT, pcDNA3.1-NC+OAT1-MUT, pcDNAS3.1-ERRa+OAT1-WT, and pcDNAS3.1-
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ERRa+OAT1-MUT. After transfection, the 293T cells were subjected to a dual-luciferase reporter gene assay kit (Yeasen, China).
Luciferase activity was measured utilizing a luminometer (Promega, USA).

GEO dataset and single-nucleus RNA-seq dataset analyses

The GSE190205 dataset were obtained from the Gene Expression Omnibus (GEO) database (ncbi.nim.nih.gov/geo/) and analyzed on
an online platform for data analysis and visualization: bioinformatics.com.cn. DEGs were identified using DESeq2 (adjusted p < 0.05).
Heatmaps were generated to display altered gene expression. A Volcano plot was employed to identify up-regulated or down-regu-
lated genes, which exhibited a p-value < 0.05 and [fold change| >1.0, and these genes were highlighted in red or blue. Gene ontology
(GO) enrichment analysis was conducted to explore critical pathways involved in HN progression. The String website: string-db.org/
was utilized to map the molecular function network.

The single-nucleus RNA-seq data was analyzed using the Kidney Precision Medicine Project: interstitial.org. The
application of the Uniform Manifold Approximation and Projection (UMAP) technique allowed for the visualization of
distinct clusters of renal cells, enabling the identification of ERRa-positive cell localization in both healthy individuals and patients
with CKD.

Motif prediction

In this study, the promoter sequence of the OAT1 gene was retrieved from the NCBI website: ncbi.nlm.nih.gov. The JASPAR data-
base, jaspar.genereg.net/, was then utilized to search for the ERRa. motif (homo sapiens) and retrieve its TF flexible model logo. Next,
the obtained promoter sequence of the OAT1 gene was uploaded to the JASPAR database to identify the binding site between the
ERRa protein and the OAT1 gene.

Molecular docking method

XCT-790/Dapagliflozin-ERRa protein docking was completed utilizing AutoDock Vina (version 1.1.2). The structure of XCT-790 and
Dapaglifiozin (as the ligand) was retrieved from PubChem, while the ERRa protein (as the receptor) was obtained from the RCSB
database. For the analysis and visualization of the resulting forces in both 3D and 2D perspectives, PyMOL (version 4.3.0) software
(pymol.org/) and Discovery Studio software were employed.

The ERRa protein-OAT1 gene docking was implemented utilizing the HDOCK website: hdock.phys.hust.edu.cn/. The ERRa pro-
tein was obtained from the RCSB database, while the tertiary structure of the OAT1 gene was modeled using the 3dRNA web server.
The analysis and visualization of the interaction between the amino acid residues and bases in the ERRa. protein-OAT1 gene complex
were completed employing PyMOL software.

SPR analysis

SPR analysis was conducted by Yangene Biosciences Co., Ltd. (China). In accordance with the manufacturer’s instructions, three
steps were undertaken to calculate the affinity of dapagliflozin to the ERRa. protein (ligand). These were: chip preparation, ligand im-
mobilisation and running the analyte using the multi-cycle method.°”

MST analysis

The MST analysis was conducted by Yangene Biosciences Co., Ltd. (China). In accordance with the manufacturer’s instructions,
three steps were undertaken to calculate the affinity of dapagliflozin (ligand) to ERRa protein (ligand). These comprised protein label-
ing, a binding assay and analysis.*®

DARTS

DARTS assays were completed following the instructions provided by the manufacturer.® In brief, TECS or HK-2 cells were incu-
bated with M-PER lysis buffer (Thermo, USA) at 4°C for 10 min. The cell lysates were collected and centrifuged, followed by protein
concentration determination. Subsequently, the cell lysates were incubated with either DMSO or dapagliflozin (10 uM) at room tem-
perature for 2 h. Each sample was then exposed to streptavidin (Roche, Swit) at concentrations of 0, 25, 50, and 125 ng, and sub-
jected to proteolytic hydrolysis at room temperature for 10 min. The proteolysis was terminated by adding a pre-cooled protease
inhibitor mixture, followed by further termination through boiling at 95°C for 10 min. Finally, each sample was loaded onto an
SDS-PAGE gel for WB analysis.

CETSA

CETSA was performed in accordance with the manufacturer’s guidelines.®® The total protein from TECS or HK-2 cells was extracted,
and then divided into two equal portions. Each portion was separately incubated, one with DMSO and the other with dapagliflozin
(10 uM), at room temperature for 2 h. Subsequently, each set of lysates was divided into seven equal fractions and heated at tem-
peratures of 37, 42, 47, 52, 57, 62, 67°C and 72°C for 3 min. Finally, all the samples were loaded onto an SDS-PAGE gel for subse-
quent WB analysis.
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QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were conducted a minimum of three times. Data analysis was performed using GraphPad Prism 8. The data were
presented as means + standard error of mean and were derived from the indicated number of independent experiments. Statistical
comparisons between groups were carried out using a one-way analysis of variance followed by a Tukey’s post-test. Kaplan-Meier
survival analysis and log rank tests were employed to assess the incidence of a 2-fold increase in Scr onset with regular two-month
follow-up visits for 24 months in subjects belonging to different groups. Pearson correlation analysis was used to evaluate the cor-
relations between numerical variables. A p-value of less than 0.05 was deemed statistically significant.
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