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STAT6 contributes to renal fibrosis by modulating PPARα-
mediated tubular fatty acid oxidation
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Lipid metabolism, especially fatty acid oxidation (FAO) dysfunction, is a major driver of renal fibrosis; however, the detailed
regulatory mechanisms involved remain unclear. In this study, we showed that there existed an association between the signal
transducer and activator of transcription 6 (STAT6) and tubular lipid metabolism in fibrotic kidneys. Specifically, STAT6 was activated
along with the accumulation of lipids via the downregulation of FAO-related genes when mice were subjected to unilateral ureteral
obstruction (UUO) or high-fat diet challenge. Tubular-specific depletion, or pharmacologic inhibitor of Stat6 in mice, and Stat6
knockdown in cultured tubular cells attenuated lipid accumulation and renal fibrosis by enhancing FAO. Mechanistically, STAT6
transcriptionally inhibited the expression of PPARα and its FAO-related target genes through a sis-inducible element located in the
promoter region of the protein. In conclusion, our study demonstrates the mechanistic details of STAT6-mediated FAO
dysregulation in the progression of renal fibrosis and provides a preclinical rationale for efforts to improve the management of
renal fibrosis brought about by FAO dysregulation.
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INTRODUCTION
Chronic kidney disease (CKD) is an important public health issue
with enormous social and economic consequences [1, 2]. Renal
fibrosis, which is manifested by tubular atrophy and excessive
extracellular matrix (ECM) accumulation, is the most prominent
hallmark of CKD; it is caused by kidney damage and is closely
associated with the progression and prognosis of the disease
[3, 4]. Given the potential prevalence and poor prognosis of renal
fibrosis, understanding the mechanisms leading to this condition
is an urgent priority.
Tubular cells are highly specialized cells with a high demand for

adenosine triphosphate (ATP) and primarily depend on fatty acid
oxidation (FAO). Emerging research suggests that impaired FAO in
tubular cells and the consequent onset of intracellular lipid
accumulation have a profound impact on the fate of tubular cells.
Indeed, impaired FAO elicits epithelial–mesenchymal transition
(EMT), inflammation, and eventually interstitial fibrosis [5–7].
Peroxisome proliferator-activated receptor α (PPARα) is a key
ligand-activated transcription factor widely considered to be a
master regulator of mitochondrial FAO activity and triglyceride
(TG) catabolism [8–10]. Earlier studies indicated that defective
PPARα could reduce mitochondrial FAO and exacerbate kidney
fibrosis [11, 12].
Signal transducer and activator of transcription 6 (STAT6) acts as

a Th2-type cytokine-based transcriptional activator that is
abundantly expressed in multiple tissues and organs. Previous
studies have demonstrated its pleiotropic effects, including its

participation in macrophage polarization, cancer progression [13–
15], human oncogenic herpesvirus activation [16], microglia/
macrophage efferocytosis, and stroke improvement [17]. However,
the role and the detailed mechanisms of tubular STAT6 in renal
fibrosis remain unclear. Our previous study revealed that high
STAT6 expression could be observed in the renal tubular cells of
fibrotic kidneys and that transfection of STAT6 in tubular cells is
critical for TGF-β and fibrotic marker expression [18]. Such results
indicate the possible regulation of tubular STAT6 in renal fibrosis.
Moreover, a previous report showed increases in the expression of
PPARα and its target FAO-related genes in primary hepatocytes
with STAT6 deficiency [19]. These findings indicate the possible
regulation of STAT6 and FAO in renal fibrosis.
In this study, we provide strong in vivo and in vitro evidence

demonstrating that activation of tubular STAT6 contributes to lipid
accumulation and renal fibrosis by inhibiting FAO in the UUO
model. STAT6 transcriptionally inhibited PPARα and its FAO-
related targets through a sis-inducible element located in the
promoter region of the protein.

RESULTS
STAT6 signaling is activated in mice fibrotic kidneys
To investigate the possible association between STAT6 signaling
and renal fibrosis, UUO and high-fat diet (HFD) mice models were
employed (Fig. S1A). The obvious physiological and metabolic
parameters changes were presented in HFD mice, but no change
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in UUO mice (Fig. S1B-K). In the kidney of the above models,
STAT6 activation was first detected. Both the levels of STAT6
phosphorylation and its targets (Arg-1, TGF-β) expression were
increased relative to the corresponding control along with the
induction of α-SMA and FN (Fig. 1A–C). IHC staining showed that
p-STAT6 positive staining mainly focused on tubular cells (Fig. 1A).
Consistently, the immunoblot analysis of nuclear protein extracted
from kidney tissue showed that the location of STAT6 was mostly
in the nucleus (Fig. 1G). Furthermore, Sirius staining showed that
obvious collagen deposition existed in the kidneys (Fig. 1D).
Besides that, lipid accumulation was induced by these models as
demonstrated by Oil Red O staining; kidney TG content was higher
in model groups compared with the control group (Fig. 1E, F). To
further confirm the association of STAT6 activation, lipid
accumulation, and kidney fibrosis. Ischemia-reperfusion (I/R) and
Aristolochic acid nephropathy (AAN) models were also employed
(S2). Consistently, in the above models, the activation of
STAT6 signaling pathway in renal tubular cells was accompanied
by increased protein expression of p-STAT6, Arg-1, and TGF-β,
along with the upregulation of α-SMA and FN (Fig. S2A, B). Sirius
staining indicated obvious collagen deposition in the kidneys, and
Oil Red O staining showed the accumulation of lipid in both IR and
ANN kidney tissue (Fig. S2C, D); besides, kidney TG content was
higher in these two model groups compared with the control
group (Fig. S2E). Taken together, these simultaneous upregulation
of STAT6 activation were observed in the mice with multiple renal
fibrotic models, indicating the potential involvement of STAT6 in
lipid metabolism and renal fibrosis.
Next, the RNA-sequencing dataset (GSE145053) retrieved from

the Gene Expression Omnibus (GEO) database was analyzed to
further investigate the involvement of STAT6 in an unbiased
manner. Volcano plots identified 1682 RNA species that
exhibited significant changes between control and UUO groups.
Hierarchical clustering and ingenuity biological function analysis
for 50 most highly upregulated and downregulated genes
revealed that gene ontology terms associated with “fibrosis-
related processes” and “metabolic processes” were notably
changed (Fig. S1M–O). Then the differential expressed genes
were clustered by MCODE (Cytoscape). The PPI network
including these two clusters was assessed and STAT6 was
identified as potentially relevant with tissue fibrosis and PPARα-
associated fatty acid metabolism (Fig. S1P–Q). All the evidence
above suggested STAT6 signaling, especially that in the tubular
cells, was implicated in the process of lipid metabolism and
kidney fibrosis.

Ablation of STAT6 in tubular cells attenuates renal fibrosis
To further explore the potential role of tubular STAT6 signaling in
regulating kidney fibrosis and lipid metabolism, renal tubular-
specific-Stat6 KO mice were generated by crossbreeding
Stat6flox/flox and γGTCre mice (Figs. 2A, S3A). No significant
differences existed in body weight (BW), kidney weight (KW),
and the ratio of KW to BW (KW/BW) between WT and Stat6 cKO
mice (Fig. S3B–D). Blockage of STAT6 signaling was observed in
the renal tubular cells of cKO mice compared to the WT mice
through detecting the mRNA and protein abundance of STAT6, p-
STAT6, and its target Arg-1 with or without UUO performance
(Figs. 2A–C, S3A). Additionally, H&E and Sirius red staining
indicated that collagen deposition and tubular atrophy caused
by UUO were largely alleviated in Stat6 cKO mice, which was
consistent with the protein and mRNA abundance of α-SMA, FN,
and TGF-β (Fig. 2A–C). Taken together, STAT6 deficiency in tubular
cells alleviates tubulointerstitial fibrosis.

Ablation of STAT6 in tubular cells blocks renal lipid
accumulation with increased FAO
We further examined changes in lipid metabolism between the
WT and Stat6 cKO mice. lipid accumulation and TG content in

fibrotic kidneys from cKO UUO-treated mice were also blunted
when compared to kidneys from WT UUO-treated mice, no
significant difference of physiological parameters was observed
between the contralateral groups (Fig. 3A, B). Additionally, Stat6
cKO mice exhibited higher expression of FAO-related genes, such
as PPARα, ACOX-1 (acetyl-CoA oxidase 1), CPT-1α (carnitine
palmitoyltransferase-1α) rather than genes related to lipogenesis,
fatty acid uptake, and lipid transport with or without UUO
performance (Fig. 3C). The results were consistent with the IHC
staining for PPARα of kidney tissue, especially in tubular cells
(Fig. 3A). Thus, in addition to less renal fibrosis, mice with renal
tubular-specific-Stat6 KO showed reduction in lipid accumulation
with increased FAO.

STAT6 regulates PPARα signaling-mediated lipid metabolism
in tubular cells
To explore whether STAT6 regulates kidney fibrosis through
modulating lipid metabolism, the effects of STAT6 on lipid
metabolism were determined in vitro. Mitochondrial oxygen
consumption rates (OCR) were first assessed by a seahorse
analyzer. HK2 cells were transfected with control or STAT6 siRNA
followed by TGF-β treatment. The results showed that OCR was
markedly blocked after TGF-β treatment, and this effect was
reserved by STAT6 downregulation, along with higher intracellular
ATP produced by FAO compared with the control group (Fig. 4A).
TG contents and lipid accumulation were attenuated by
STAT6 siRNA, while enhanced by STAT6 overexpression with
TGF-β treatment for 24 h (Figs. 4B, C, S4A), but not under the
physiological condition (Fig. S4B), which was consistent with our
in vivo data above. Additionally, STAT6 primarily regulated the
expression of FAO-related genes, such as PPARα, ACOX-1, CPT-1α,
rather than genes related to lipogenesis, fatty acid uptake, and
lipid transport with or without TGF-β treatment in HK2 cells
(Figs. 4D–F, S4C, D). The role of STAT6 in regulating lipid
metabolism pathway was confirmed in primary renal tubular cells
isolated from Stat6 WT and cKO mice. qPCR analysis showed that
with deletion of STAT6, genes related to fibrotic related proteins
were downregulated while genes related to FAO were upregu-
lated (Figs. 4F, S4E, F). The role of STAT6 in regulating FAO was
further confirmed by western blot in HK2 cells transfected with
STAT6 siRNA or expression vector (Fig. 4G). All the data suggested
that STAT6 in tubular cells was involved in kidney tubulointerstitial
fibrosis partly by regulating FAO.

STAT6 regulates FAO and fibrotic related protein expression
by targeting PPARα in tubular cells
PPI graph in Fig. S1Q has shown that PPARα, one of the major
regulators in lipid metabolism, may serve as the linker between
STAT6 and lipid metabolism. The potential involvement of PPARα
was next explored. HK2 cells were transfected with siRNA or
plasmids as indicated. As shown in Fig. 5A, B, downregulating
STAT6 consistently activated PPARα and its target FAO genes with
reduced lipid accumulation, accompanying reduction in fibrotic
related genes expression, and the effects were inhibited by PPARα
siRNA cotransfection. While overexpressed STAT6 and PPARα
yielded the opposite results. These results indicated that STAT6
mediated the fibrotic genes expression partly through inhibiting
PPARα regulated lipid metabolism. To unveil the detailed
regulation of STAT6 on PPARα, we obtained the binding motif
of STAT6 from JASPAR and screened four potential binding
sequences for a ChIP experiment, as shown in Fig. 5C, Binding site-
2 (BS-2) fragment (from −1612bp to −1598) was responsible for
the STAT6-mediated PPARα promoter activity. Furthermore, the
luciferase reporter gene assay data showed that HK2 cells
transfected with the vectors containing the indicated fragments
of PPARα promoter region along with Renilla luciferase reporter
driven the reduction of luciferase activity (Fig. 5D). Consistently,
cells with PPARα and/or STAT6 siRNA or plasmid transfection
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Fig. 1 STAT6 is activated in the kidneys of UUO and HFD mice. A Representative micrographs for IHC staining of p-STAT6 in kidney section
and quantification are performed. B The mRNA and C protein expression of STAT6, p-STAT6, Arg-1, TGF-β, α-SMA, FN in the indicated groups
were determined by qRT-PCR or immunoblot analyses with the quantification on the right panel. D Representative micrographs for Sirius red
and relative collagen proportion was quantified. E Representative micrographs for H&E and Oil Red O staining in kidney sections from
indicated group. F Kidney TG content were measured in the indicated groups. Results are expressed as the mean ± SD (n= 8, *p < 0.05, Ctrl vs.
Treatments). G Nuclear proteins were extracted from kidneys from different individuals as indicated, STAT6 and H3 were assayed by western
blot analysis.
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showed that STAT6-regulated FAO and fibrotic related genes
through PPARα (Figs. 5E, F, S5).

AS1517499 improves aberrant lipid metabolism and renal
fibrosis after UUO
Then, we sought to explore whether pharmacological inhibition of
STAT6 could alleviate the aberrant lipid metabolism and renal
fibrosis caused by UUO. Mice with UUO received the STAT6
inhibitor AS1517499, a STAT6 selective inhibitor. Immunohisto-
chemical staining revealed UUO-caused STAT6 activation was
remarkably suppressed with AS1517499 treatment (Fig. 6A); H&E
staining showed that the histological injury caused by UUO was
attenuated by AS1517499, Sirius red staining exhibited the
alleviated collagen deposition by AS1517499 (Fig. 6B). Besides,
lipid accumulation was diminished after AS1517499 treatment as
shown by Oil Red O staining and TG content in the kidney (Fig. 6C,
D). Next, consistent with the staining results, immunoblot analyses
indicated the expression of p-STAT6 was decreased in the kidney
of mice with AS1517499 treatment, and the deactivation of STAT6
pathway further suppresses the expression of fibrosis-related
protein and induce the expression of FAO-related protein in UUO
kidney (Fig. 6E). Real-time-PCR assay showed that AS1517499
mainly induced the FAO in the kidney with or without UUO
performance, and further alleviate renal fibrosis after UUO
(Fig. 6F). These data suggested that AS1517499 attenuates

UUO-induced renal fibrosis through STAT6 inhibition and FAO
activation.

DISCUSSION
Several studies have indicated that alterations in metabolic
function play an important role in the initiation and progression
of renal fibrosis [6, 7, 20]. The results of the present study revealed
that STAT6 inhibition promotes a shift to FAO for energy
utilization by inducing PPARα activation in tubular cells and
attenuates kidney interstitial fibrosis following UUO.
The role of STAT6 in kidney disease has not been clearly

investigated. Previous reports indicated that STAT6-regulated cell
differentiation participates in obstructive nephropathy, cystic
disease, and ischemia–reperfusion injury [21–23]. In our previous
study, we showed that STAT6 modulates TGF-β expression in
tubular cells and causes subsequent increases in partial EMT and
ECM protein expression after UUO [18]. However, the Stat6 KO
mice used in this work were not tubular cell-specific KOs, which
may affect the reliability of the results; in addition, the detailed
mechanisms were not explored. Herein, we completely investi-
gated the role of STAT6 in tubular cells in regulating kidney
fibrosis. First, we generated tubular-specific-Stat6 gene KO mice.
The proximal tubule is the primary target of various injury factors
induced by kidney injury and the most important site of energy

Fig. 2 STAT6 deficiency in tubular cells attenuates UUO-caused renal fibrosis. The tubular-specific-Stat6 KO and control littermates were
sacrificed 1w after UUO operation. A Representative IHC staining of p-STAT6, α-SMA, and micrographs for H&E, Sirius red staining in the
control and fibrotic kidneys from the indicated group and quantification was performed. BThe mRNA and C protein expression of p-STAT6,
STAT6, Arg-1, TGF-β, α-SMA, FN in the indicated treatments were determined by qRT-PCR or immunoblot analyses with the quantification on
the right panel. Results are expressed as the mean ± SD (n= 8, *p < 0.05, Stat6 WT vs. Stat6 cKO).
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metabolism [5, 24, 25]. The γGTCre transgenic strain was
consequently selected for further experiments. The tubular-
specific-Stat6 KO mice displayed no obvious phenotypic and lipid
metabolic changes compared with the wild-type (WT) controls
within 2 months of birth, thus suggesting that STAT6 is
dispensable for cell metabolic functions under normal physiolo-
gical conditions. We then demonstrated that STAT6 inhibition in
tubular cells could suppress kidney fibrosis. First, p-STAT6 was
activated in tubular cells in multiple mouse models. Second, ECM
deposition and histological changes revealed that ablation of
tubular epithelium STAT6 alleviates kidney fibrosis. Third, ablation
of STAT6 in primary STAT6 WT and KO tubular cells inhibited ECM
protein expression in vitro; the same results were obtained in vivo
by STAT6 deficiency. In addition to ablation of STAT6 signaling by
genetic method, we treated mice with AS1517499, a potent and

selective STAT6 inhibitor to pharmacologically block
STAT6 signaling [26, 27]. p-STAT6 expression was significantly
downregulated in tubular cells with AS1517499 treatment after
UUO. We also observed the protective effects of AS1517499
against renal fibrosis by using H&E, Sirius red staining, western
blot, and qPCR for α-SMA, FN. Thus, STAT6 could potentially serve
as a therapeutic target for fibrotic renal disease.
The mechanism by which STAT6 inhibition in tubular cells

protects against kidney fibrosis was explored. RNA sequencing of
the UUO model and subsequent PPI network analysis showed
close interactions among STAT6, PPARα, and the latter’s FAO-
related genes. Proximal tubular epithelial cells contain rich
mitochondria and rely mostly on mitochondrial oxidative phos-
phorylation during ATP synthesis [7, 28]. The predominant source
of energy for tubular cells is FAO. Impaired FAO has been reported

Fig. 3 STAT6 deficiency in tubular cells attenuates UUO-caused lipid accumulation. The tubular-specific-Stat6 KO and control littermates
were sacrificed 1w after UUO operation. A Representative IHC staining of PPARα and Oil Red O staining from Stat6 WT and cKO kidneys with or
without UUO, and quantification for PPARα was performed. B TG content were determined in the kidneys from Stat6 WT and cKO mice with or
without UUO. C mRNA levels of genes related to lipid metabolism in Stat6 WT and cKO mice with or without UUO operation. Results are
expressed as the mean ± SD (n= 8, *p < 0.05, Stat6 WT vs. Stat6 cKO).
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Fig. 4 STAT6 in tubular cells suppresses PPARα-mediated fatty acid oxidation. HK2 cells were transfected with siRNA or plasmid for STAT6
inhibition or overexpression. Followed by 24 h serum-free medium culture, the cells were treated with TGF-β (5 ng/ml) for another 24 h.
A Representative traces of three independent experiments for the measurement of oxygen consumption rate (OCR) were shown. Oligomycin,
FCCP, and antimycin/rotenone were administrated at the indicated time point. ATP production was determined according to the OCR values.
Data are presented as mean ± SD (n= 3, *P < 0.05). B Representative micrographs for Oil Red O staining of HK2 cells treated as indicated (C) TG
content was determined enzymatically. D, E mRNA levels of genes related to lipid metabolism in STAT6 inhibited or overexpressed HK2 cells
were determined by qRT-PCR. Results are expressed as the mean ± SD (n= 4 *p < 0.05, SiCtrl/Vector vs. SiSTAT6/STAT6 transfection) F mRNA
levels of genes related to FAO and fibrotic proteins expression in primary renal tubular epithelial cells isolated from the above Stat6 WT and
cKO mice. Results are expressed as the mean ± SD (n= 4, *p < 0.05, Stat6 WT vs. Stat6 cKO). G HK2 cells were transfected with indicated siRNA
or plasmid for 24 h in serum-free medium and followed by TGF-β (5 ng/ml) treatment for another 24 h. Cell lysates were harvested and
subjected to immunoblot analyses with the indicated antibodies. Quantification of relative protein expression was determined. Results are
expressed as the mean ± SD (n= 4, *p < 0.05, Ctrl vs. TGF-β; #p < 0.05, SiCtrl/Vector vs.SiSTAT6/STAT6 transfection).
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Fig. 5 STAT6 regulates FAO and fibrotic related protein expression by targeting PPARα in tubular cells. HK2 cells were transfected with
siRNA or plasmid for STAT6 or PPARα. After 24 h incubation, cells were treated with TGF-β (5 ng/ml) for another 24 h. A Cell lysates were
harvested and subjected to immunoblot analyses with the indicated antibodies. Quantification of relative protein expression was determined.
Results are expressed as the mean ± SD (n= 4 *p < 0.05, SiCtrl/Vector vs. siSTAT6/STAT6 transfection; #p < 0.05, SiCtrl/Vector vs. SiPPARα/PPARα
transfection). B Representative micrographs showing the Oil Red O staining of indicated treatments in HK2 cells. C Identification of four SIEs in
the promoter of PPARα. The potential site of STAT6 binding to PPARα promoter with detected by ChIP assay in HK2 cells with or without TGF-β
(5 ng/ml) 24 h treatment. Results are expressed as the mean ± SD (n= 4 *p < 0.05, IgG vs. STAT6 immunoprecipitation). D The different human
PPARα promoter constructs were cloned upstream of a luciferase reporter gene. HK2 cells were either transfected with empty vector or these
constructs along with Renilla luciferase reporter for 24 h and followed by another 24 h TGF-β treatment, dual-luciferase activities were
measured. The experiment was repeated three times, each with triplicate samples. Data are expressed as mean ± SD (n= 3, *p < 0.05, Vector vs.
PPARα promoter constructs). E, F HK2 cells were transfected with indicated siRNA and plasmid for 24 h in serum-free medium, followed by
TGF-β (5 ng/ml) 24 h and harvested for qRT-PCR analysis of the indicated genes. Results are expressed as the mean ± SD (n= 4 *p < 0.05, SiCtrl/
Vector vs. siSTAT6/STAT6 transfection; #p < 0.05, SiCtrl/Vector vs. SiPPARα/PPARα transfection).

J. Li et al.

7

Cell Death and Disease           (2022) 13:66 



Fig. 6 AS1517499 attenuates aberrant lipid metabolism and tubulointerstitial fibrosis in UUO mice. A Representative micrographs for
p-STAT6 staining in the kidney from the indicated groups, and quantification of relative protein expression in the kidneys from the indicated
groups. B Representative Sirius red staining and H&E staining in the kidney from the indicated groups, and quantification of relative collagen
proportion in the kidneys from the indicated groups. C Representative Oil O Red staining in the kidney from the indicated groups. D TG
content was determined in the kidneys from the indicated groups. E Kidney tissue lysates from each group were subjected to immunoblot
analyses with the indicated antibodies. Representative blots of three independent samples in each group were shown and quantification of
relative protein expression was determined. F The mRNA levels of genes related to lipid metabolism and renal fibrosis in the kidneys from the
indicated groups. Results are expressed as the mean ± SD (n= 6-8, *p < 0.05, UUO vs. Ctrl, #p < 0.05, UUO vs. UUO+ AS1517499).
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in experimental and clinical CKD specimens [6, 7, 29–31]. By
utilizing primary culture of STAT6 WT and KO tubular cells or the
STAT6 vector and siRNA-transfected HK2 cells, suggesting that
PPARα, FAO-related genes, ATP synthesis, and TG content could
be reversely regulated by STAT6. We verified these findings
through in vivo experiments by either genetic ablation or
pharmacologic blockade of STAT6. Thus far, the role of STAT6 in
facilitating lipid metabolism has focused primarily on PPARγ and
its targeted lipid synthesis [32, 33], Roberto R et.al. showed that
blockade of STAT6 enhances PPARα signals [19]. In our study, we
further identified the STAT6 binding site in the PPARα promoter in
HK2 cells. Lipid synthesis related genes were not regulated by
STAT6 in tubular cells, suggesting that STAT6 may play different
roles in lipid metabolism in various cells and experimental
conditions. Lipotoxicity has been proposed to be a trigger for
renal fibrosis. Overexpression of CD36 in tubular epithelial cells in
mice facilitates lipid accumulation, but this process, in itself, is
insufficient to achieve spontaneous renal fibrogenesis [34]. Thus,
besides lipid accumulation, defects in mitochondrial β-oxidation
may play a major role in regulating kidney fibrosis. The deficiency
of metabolic transcription factors in tubular cells has been
associated with the progression of renal fibrosis [7, 12]. Taking
these results together, novel therapeutic treatment strategies
aiming to improve metabolic alterations in tubular cells appear to
be promising.
In summary, our findings uncovered the crucial role of STAT6 in

regulating PPARα-mediated FAO in tubular cells and kidney
interstitial fibrosis. Thus, inhibition of STAT6 in tubular cells may be
a therapeutic target for preventing CKD progression.

MATERIALS AND METHODS
Animals and treatments
Six to eight weeks old male C57BL/6 mice were purchased from SLAC
Laboratory Animal Co. Ltd. Stat6flox/flox mice were from Cyagen
Biosciences. All mice were housed with a standard 12 h light/dark cycle,
climate-controlled and pathogen-free facility. Mice handling procedures in
this work followed the Guide for the Care and Use of Laboratory Animals
and the study protocols were approved by Soochow University Institu-
tional Animal Care and Use Committee. To generate tubular-specific-Stat6,
Stat6flox/flox mice was crossed with γGTCre mice (Cyagen Biosciences). 8-
week-old gender-matched wildtype and knockout mice from the same
litter were selected randomly to indicated groups based on genotypes.
Genotyping analyses were performed by PCR with genomic DNA isolated
from mouse tails. Primers for genotyping were in the supplementary
primer list. UUO performance was conducted as previously described [35].
HFD models were established by feeding a high-fat diet (60Kcal% High-fat
Diets, D12492, Research Diets) continuously for 25w. I/R operation was
performed using a previously established procedure [36], in brief, body
temperature was maintained at 37 °C for the duration of ischemia, renal
ischemia was induced using a microvascular clamp on the left renal
pedicle for 30min, and then the clamp was removed for reperfusion. Mice
were euthanized at day 21 post-operation. Aristolochic acid I sodium salt
(A9451, Sigma-Aldrich) was single administered intraperitoneally at a dose
of 20mg/kg, the same volume of saline was administered in the vehicle
control group, and the mice were sacrificed after 14 days. Mice were
divided into ten groups: (i) Ctrl (corresponds to UUO) with sham operation;
(ii) Ctrl (corresponds to HFD) fed with normal standard permitted food
(D12450J); (iii) Ctrl (corresponds to I/R) with sham operation; (iv) Ctrl
(corresponds to AAN) with an injection of saline only; (v) UUO (sacrificed
7 days after the performance); (vi) HFD; (vii) AS1517499 (Selleck S8685;
administered intraperitoneally every another day till the mice harvested,
10mg/kg dissolved in 20% DMSO and 80% normal saline); (viii) I/R (ix)
AAN; (x) AS1517499+ UUO. All the animals were sacrificed. Tissues and
Serum were harvested and stored at −80 °C.

Hematoxylin and eosin (H&E), immunohistochemical (IHC), Oil
Red O, and Sirius red staining
Tissue sections were baked and deparaffinized. H&E staining was
performed for pathological analysis. IHC staining was performed with
EnVision+System—HRP kit (Dako) based on the manufacturer’s

instruction. Oil Red O staining of cells and frozen tissue sections were
performed using the kit from Solarbio according to the manufacture’s
instructions. Sirius red staining was performed using Sirius red/Fast Green
Collagen Staining Kit (Chondrex) according to the manufacture’s instruc-
tions. Images were collected and analyzed with a fluorescence microscope
(Leica DM 2500).

Cell culture and treatment
Human proximal renal tubular cell line HK2 was purchased from the Cell
Bank of the Chinese Academy of Sciences. Cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, Corning) containing 10% FBS (Hyclone) in
a 5% CO2 incubator at 37 °C. The identities were confirmed and cultured as
recommended by the suppliers. Renal primary tubular epithelial cells were
obtained from wild‐type and tubular-specific-STAT6 knockout mice. As
described previously [37], kidneys were surgically removed from anesthe-
tized mice (2 weeks old), and the renal cortices were sliced and digested
with collagenase II (0.5 mg/ml) in Krebs–Henseleit–HEPES(KHS) buffer. The
purified cells were grown in DMEM/F12 supplemented with 10% FBS, 2ul/
ml insulin-transferrin‑selenium, 36 ng/ml Hydrocortisone, 100IU/ml penicil-
lin, and 100 μg/ml streptomycin. To induce the fibrotic proteins expression
and lipid accumulation, TGF-β (5 ng/ml) was added to the medium for 24 h
after free serum culture.

Metabolic and kidney function assays
Levels of TG, total cholesterol (TC), low-density lipoprotein cholesterol
(LDL), and high-density lipoprotein cholesterol (HDL) were measured using
corresponding commercial determination kits (all from Nanjing Jiancheng;
TG: A110-1-1; TC: A111-1-1; LDL: A113-1-1; HDL: A112-1-1) with kidney
tissue or serum samples. Cellular TG levels were measured using a
commercial TG Quantification Colorimetric Kit (Biovision; K622) according
to the manufacturer’s protocol.

Protein analyses
For immunoblot analyses, cells and tissues were lysed in sample buffer
(62.5 mM Tris-HCl [pH 6.9], 3% SDS, 10% glycerol, 5% Beta-mercaptoetha-
nol, and 0.1% bromophenol blue). The lysates were sonicated and boiled
for 10min, then denatured lysates were electrophoresed through an SDS-
polyacrylamide gel and subjected to immunoblot analysis. The following
antibodies were used: STAT6 (sc-374021), p-STAT6 (sc-136019), Arg-1 (sc-
166920), TGF-β (sc-146), α-SMA (sc-53142), FN (sc-18827), H3 (sc-517576),
GAPDH (sc-32233) from Santa Cruz Biotechnology. For immunoprecipita-
tion and ubiquitination analysis, cells were harvested with RIPA buffer
(Thermo) and incubated with indicated antibodies (1 μg) together and
protein A agarose beads (Invitrogen) at 4 °C overnight. Immunoprecipi-
tated complexes were subjected to immunoblot with the indicated
antibodies. Relative immunoblot bands were compared using the
prestained protein marker (Vazyme Biotech Co.,Ltd, MP102) and Thermo
Scientific PageRuler Prestained Protein Ladder.

Nuclear protein extraction
The nuclear protein was isolated from indicated tissue using the Nuclear/
Cytosolic Extraction Kit (CWBiotech, China, CW0199S) in accordance with
the manufacturer’s instruction. Briefly, tissues were treated with Nc-Buffer
A plus B (with 1% protease inhibitor). Followed by homogenization and
centrifugation, the cytoplasmic protein was collected. And nuclear protein
was extracted by Nc-Buffer C (with 1% protease inhibitor). Nuclear protein
was subjected to western blot analysis as indicated with the prestained
protein marker.

Measurements of OCR
Oxygen consumption rates (OCR) were measured using the Seahorse
XF24 Extracellular Flux analyzer (Agilent Technologies, Inc). HK2 cells
were plated at 1 × 105 cells/well onto an XF24 cell culture microplate
(Agilent Technologies, Inc). Cells were sequentially exposed to oligomy-
cin (1 μM), carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone
(FCCP; 150 μM), and Antimycin (1 µM)/ antimycin A(1 µM) combination.
The data were plotted and analyzed automatically by Seahorse
XF24 software.

Data processing
The high throughout RNA sequence series matrix of GSE145053 [38] was
obtained from Gene Expression Omnibus (ncbi.nlm.nih.gov/geo/). The
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protein-coding genes of GSE145053 were processed by DESeq2 [39] R
package to identify the log fold change, p-value and adjusted p-value of
each gene expression, in which genes that meet |log2FC | >1.5 and
adjusted p < 0.05 are considered to be differentially expressed. A volcano
plot and a heatmap created by R were graphed to show the overall
condition of the data. Similarly, the normalized microarray series matrix
was processed by limma [40] R package to calculate the log fold change, p-
value and adjusted p-value of gene expression for further analysis, and
genes that meet | log2FC | >1 and p < 0.05 are considered differentially
expressed. A heatmap created by R is graphed to show the overall
condition of the data.

Functional enrichment analysis
The upregulated and downregulated genes in GSE118337 were respec-
tively used for biological process functional enrichment on Metascape [41],
the result of which was used to create bar plots showing functions related
to the present investigation by R.

Protein–protein interaction (PPI) analysis
Differentially expressed protein-coding genes from GSE145053 were used
to create a PPI network on String (string-db.org/) [42], then visualized by
Cytoscape 3.8.2 [43]. MCODE [44] was employed to identify highly
interconnected regions in the whole network, each of which was examined
on Metascape to identify its function. Regions related to the present
investigation were highlighted, the genes in which, together with STAT6,
were used to create a new network on String and visualized by Cytoscape
to show the connection between them.

RNA extraction and real-time RT-PCR
RNA isolated from cells and kidney tissues were obtained using TRIzol
reagent purchased from CWBIO. cDNA was acquired with equal amounts
of RNA using a HiFiScript cDNA synthesis kit according to the
manufacturer’s instructions (CWBIO). ABI 7500 (Applied Biosystems) was
used to evaluate RNA expression using an UltraSYBR Mixture qPCR kit
(CWBIO) with 96-well PCR plates (Nest, 402601) as previously described
[18]. Primer sequences are listed in the supplementary.

Construction of recombinant DNA molecules
Deletion fragments of the human PPARα promoter sequence were
amplified by PCR from genomic DNA extracted from HK2 cells and cloned
into pGL4.22 (Promega) with the primers list in the supplementary. All the
sequences were confirmed by direct nucleotide sequencing

Transfection of siRNA and cDNA
Cells were transfected with the indicated small interfering RNA(siRNA) by
HiperFect Transfection Reagent(Qiagen) according to the manufacturer’s
instructions. Non-target siRNA, STAT6 siRNA, and PPARα siRNA were
purchased from GenePharma and the target sequences are as follows:
STAT6-gcaggaagaactcaagtttaa; PPARα-gcccgttatctgaagagtttt. Briefly, 20 pmol
of siRNA and 12 μl transfection reagent were mixed in 100 μl Optimedium
(Invitrogen). After 10min room temperature incubation, mixtures were
added into the cells. Cells were performed for the following indicated studies
after 24 h incubation (37 °C; 5% CO2).

Luciferase reporter gene assay
HK2 cells were co-transfected with the indicated deletion fragments of
PPARα promoter luciferase constructs along with thymidine kinase(TK)-
Renilla luciferase (internal control, Promega). After 24 h incubation, cells
were left untreated or treated with TGF-β (5 ng/ml) for another 24 h.
Luciferase activities were measured with the dual-luciferase reporter assay
system (Beyotime).

Chromatin immunoprecipitation (ChIP) assays
HK2 cells were stimulated with TGF-β (5 ng/ml) for 24 h prior to
crosslinking for 10min with 1% formaldehyde. Antibody recognizing
STAT6 (sc-374021) and normal mouse IgG (negative control; sc-2025) were
purchased from Santa Cruz. Magna Chip protein A Magnetic Beads (16-
661) was purchased from Millipore. PPARα promoter PCR was performed
with the specific primers flanking the STAT6 potential binding sites, and
the sequences were showed in the supplementary primer list.

Statistical analysis
The investigators were blinded to group allocation. Data were present as
mean ± SD; Statistical analyses were performed using Prism 7 software.
Unpaired Student’s t-tests were applied for comparison between two
groups. For multiple comparison analyses, one-way ANOVA with Bonferro-
ni’s correction were performed, variance was similar between groups. The
differences with *p < 0.05 were considered statistically significant.

DATA AVAILABILITY
All data generated or analyzed during this study are included in this published article
and its supplementary information files. The datasets used and analyzed during the
current study are available from the corresponding author on reasonable request.
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