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Abstract
Background: In�ammation played critical roles in the progression of various kidney diseases and leaded
to irreversible kidney �brosis. Peroxisome proliferator-activated receptor gamma (PPARγ) and its
coactivator PPARγ coactivator-1 alpha (PGC-1α)

negatively regulated mitochondrial biogenesis, cellular energy metabolism, and in�ammation. But the
cooperative molecular mechanism of them in kidney remained unclear. The aim of present study was to
investigate this issue.

Methods: Human proximal tubular HK-2 cell line was stimulated by in�ammatory factors, and the
expression of PPARγ and its coregulators were determined via reverse transcription-quantitative
polymerase chain reaction and western blotting, and DNA binding capacity was measured by EMSA.
Furthermore, db/db mice were used to establish a diabetic nephropathy model and administrated with
PPARγ and PGC-1α activator. Kidney injury was evaluated microscopically, and in�ammatory mechanism
was assessed by western blotting.

Results: Our results revealed that either TNF-α or IL-1b could signi�cantly decreased PPARγ and PGC-1
expression in vitro. Cytokines also obviously inhibited PPARγ DNA binding activities. Meanwhile, we
detected rapid activation of NF-κB pathway under the same experimental conditions. PPARγ and PGC-1α
activators effectively protect against diabetic nephropathy and suppress NF-κB expression in db/db mice.

Conclusions: PPARγ and its coactivator PGC-1α actively participated in the protection against renal
in�ammation through regulating NF-κB pathway, which highlighted a potential therapeutic target for renal
diseases.

Introduction
In�ammation is one of the most important factors in the genesis of various complications in renal
diseases and leads to renal injury and renal insu�ciency. Pro-in�ammatory cytokines like tumor necrosis
factor-α (TNF-α) and interlukin-1β (IL-1β) play a major role in the onset of acute and chronic in�ammatory
response in kidney through activating NF-κB pathway, and further induce a wide array of genes encoding
pro-in�ammatory cytokines, adhesion molecules, chemokines in human and experimental models of
kidney diseases (1, 2). Our previous studies have described the enrichment in in�ammation-related
pathways of differential RNAs between diabetic nephropathy and normal control, which indicated the
importance of pro-in�ammatory mechanisms in diabetic nephropathy (3).

Peroxisome proliferator-activated receptors (PPARs) are a group of nuclear transcription factors and are
proved to play key roles in the regulation of lipid metabolism, in�ammation, cellular growth and
differentiation. Among the various subtypes of PPARs, PPARγ is the best characterized receptor in
humans (4) and is widely expressed in the nuclei of mesangial and epithelial cells in glomeruli,
vasculatures, proximal and distal tubules, the loop of Henle, and medullary collecting ducts (5). PPARγ
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also has been veri�ed to exert reno-protective effects through an anti-in�ammatory mechanism in
glomerulosclerosis, glomerulonephritis, microvasculature nephropathy and interstitial in�ammation (6-8).
PPARγ regulate the expression of genes through a complex set of mechanisms, and corepressors inhibit
and coactivators stimulate PPARγ activity by binding to the PPARγ and changing its conformation
without directly binding to the DNA (9, 10). Previous researches reported PPARs and peroxisome
proliferator-activated receptor gamma coactivator-1 alpha (PGC-1α) regulate mitochondrial biogenesis,
cellular energy production, thermogenesis, and lipid metabolism (11). We also demonstrated the
renoprotective effects against diabetic nephropathy of PPARγ and its coactivator, PGC-1α, through
metabolic and antioxidative mechanisms (12).

Investigations have veri�ed that expression levels of coregulators are crucial for nuclear receptor-
mediated transcription and part of them have been demonstrated to be targeted for diverse intracellular
signaling pathways and post-translational modi�cations (13-16). Moreover, recent studies suggest some
coactivators are regulated together with nuclear receptors (such as liver X receptor, retinoid X receptor )in
the in�ammatory response induced by TNF-α and IL-1β in the heart, liver, brain and adipose tissue (17-
18). But the molecular mechanism in anti-in�ammation of PPARγ and PGC-1α in kidney remain to be fully
understood.

In the present study, we investigated the expression changes of PPARγ as well as it coactivators,
including steroid receptor coactivators (SRCs) and PGC-1α under treatment with TNF-α and IL-1β in vitro,
as well as NF-κB pathway activities to primarily explore the mechanism that underlies these changes.
And we further veri�ed the effects of activating PPARγ and PGC-1α on diabetic nephropathy and the
mechanisms related to NF-κB.

Materials And Methods
Materials

Cytokines (human TNF-α and human IL-1β) and PPARγ activator (rosiglitazone) were purchased from
Sigma-Aldrich (St. Louis, MO); Keratinocyte serum free medias for cell culture were obtained from
Invitrogen Co.Ltd (United States) supplemented with bovine pituitary extract (BPE) and epidermalgrowth
factor (EGF). PGC-1α activators (ZLN005) from Selleck Co.Ltd (China), which was diluted with 0.5%
sodium carboxymethylcellulose Sangon Biotech Co.Ltd (China).

Cell culture

HK-2 (the immortalized human proximaltubular cell line, CRL-2190) were purchased from AmericanType
Culture Collection (Rockville, MD) and maintained in keratinocyte serum-free media mentioned above.
The cells were cultured in a 37°C incubator with 5% CO2 and subcultured at 80% con�uence using 0.05%
trypsin-0.02% EDTA (Invitrogen).

Animal experiments
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A total of 18 male db/db diabetic mice weighing 32-34 g with a C57BL/KsJ (BKS.Cg-
Dock7m+/+Leprdb/Nju) background and 6 male non-diabetic littermate control db/m mice weighing 16-
18g (6 weeks old) were obtained from Nanjing Biomedical Research Institute of Nanjing University
(Nanjing, China). They were bred in the laboratory animal center at

Ruijin Hospital, Shanghai Jiao Tong University School of Medicine (Shanghai, China) as previously
described (12). Mice were separated into three groups (n=6/group) as follows: db/m (C group); db/db (D
group) and db/db mice administered 20 mg/kg/day rosiglitazone (R group) or 15 mg/kg/day ZLN005 (Z
group) by gavage for 8 weeks. Mice were housed in a speci�c pathogen-free room at a constant
temperature of 22±2˚C and a constant humidity of 50±5%, normal air CO2 and a 12-h light/dark cycle and
kept with free access to chow and water. Mice were sacri�ced after the treatment for 8 weeks. Surgeries
were performed under general anesthesia with iso�urane. All procedures were performed in accordance
with the guidelines established by National Research Council Guide for the Care and Use of Laboratory
Animals and approval of our Institute Animal Care and Use Committee (IACUC). Experiments were carried
out in accordance with ARRIVE guidelines (https://arriveguidelines.org), the relevant guidelines and
regulation.

RNA isolation and real-time quantitative reverse transcription-polymerase chain reaction (RT-PCR)

The total RNA from renal cortical tissues was extracted by using TRIzol (Applied Biosystems, Waltham,
MA, USA). The RNA concentration was measured by an ND-1000 spectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA). The �rst strand of cDNA synthesis was carried out by using a
reverse transcription system kit according to the instructions of the manufacturer (Promega, Madison,
WI). Real-time PCR ampli�cation was performedusing the SYBR Green master mix (Toyobo, Japan) and
the Opticon Real-time PCR Detection System (Bio-rad). Primers of GAPDH, PPARγ, SRC-1, SRC-2, and
PGC-1 were designedusing Primer softwareand the sequences were as follows: GAPDH, 5′-CAG-GGC-TGC-
TTT-TAA-CTC-TGG-TAA-3′ (sense) and 5′- GGG-TGG-AAT-CAT-ATT-GGA-ACA-TGT-3′ (antisense); PPARγ, 5′-
GGG-CCC-TGG-CAA-AAC-ATT -3′ (sense) and 5′-AAG-ATC-GCC-CTC-GCC- TTT-3′ (antisense); SRC-1, 5′-
TGG-GTA-CCA-GTC-ACC-AGA-CA-3′ (sense) and 5′-GAA-TGT- TTG-CGT-TTC-CAC-CT-3′ (antisense); SRC-2,
5′-GAC-AGA-TCG-TGC-CAG-TAA-CAC- AA-3′(sense) and 5′-TTC-AGC-TGT-GAG-TTG-CAT-GAG-G-3′
(antisense); PGC-1, 5′-CCA- AGA-CCA-GCA-GCT-CCT-A-3′ (sense) and 5′-CCA-CTG-TCA-AGG-TCT-GCT-CA-3′
(antisense); MCP-1, 5′-CAG-CCA-GAT-GCA-ATC- AAT-GC-3′ (sense) and 5′-GTG-GTC-CAT-GGA-ATC-CTG-AA-
3′(antisense). Relative amounts of mRNA werenormalized by GAPDH and calculated using comparative
Ct (∆∆Ct)method.

Western blot analysis

Nuclear and cytosolic fractions of HK-2 cells were separated using NE-PER™ Nuclear and Cytoplasmic
Extraction reagents (Thermo Fisher Scienti�c, Inc., Waltham, MA, USA) and renal tissues were lysed in
radioimmunoprecipitation assay buffer (Beyotime Institute of Biotechnology, Haimen, China) containing
protease inhibitor cocktail (Bimake, Houston, TX, USA) to extract the total protein. The concentration of
proteins was determined by Bicinchoninic Acid (BCA) method using BCA Protein Assay kit (Shanghai

https://arriveguidelines.org/
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Epizyme Biotechnology, China). Western blotting was performed as previously described (19). The
primary antibodies were obtained from the following sources: anti-PPARγ (Santa Cruz Biotechnology),
anti-NLRP3 (Novus Biologicals) , anti-PGC-1α (EMD Millipore), anti-Nephrin and anti-NF-κB (Abcam) . Anti-
LaminB and anti-β-actin (Abcam) were used as the loading controls for nuclear and total protein
expression, respectively.

MCP-1 assays

Culture supernatants was collected from 6-well plates and concentration of MCP-1 measured by enzyme
linked immunosorbent assay (ELISA)using protocols supplied by the manufacturer (R&D Systems,
Abingdon, UK) and normalized to cell protein concentrations.

Electrophoretic mobility shift assay (EMSA)

Procedures were performed following standard steps (20). Nuclear extracts containing 10μg protein were
added to DNA-binding reaction buffer. Resultant nucleoprotein complexes were analyzed by loading
samples on a 6% native polyacrylamide gel in 0.5×TBE buffer, dried, and visualized by autoradiography.
In each set of experiments, a self-competition was performed by adding excess of the same unlabeled
oligonucleotide probe or a corresponding mutant oligonucleotide probe to the binding reaction at the
preincubation step. The following oligonucleotides were used: peroxisome proliferator responseelement
(PPRE), 5’biotin- GAT-CCT-CCC-GAA-CGT-GAC-CTT-TGT-CCT-GGT-CCA -3’, 3’biotin-CTA-GGA-GGG-CTT-GCA-
CTG-GAA-ACA-GGA-CCA-GGT-5’; mutant-PPRE, 5’biotin- GAT-CCT-CCC-GAA-CGC-AGC-TGT-CAG-CTG-GGT-
CCA-3’, 3’biotin-CTA-GGA-GGG-CTT-GCG-TCG-ACA-GTC-GAC-CCA-GGT-5’; NF-κB response element,
5’biotin-AGT-TGA-GGG-GAC-TTT-CCC-AGG-C-3’,3’biotin-TCA-ACT-CCC-CTG-AAA-GGG-TCC-G-5’;mutant-NF-
κB response element, 5’biotin-AGT-TGA-GGC-GAC-TTT-CCC-AGG-C-3’, 3’biotin-TCA-ACT-CCG-CTG-AAA-
GGG-TCC-G-5’.

Biochemical analysis of serum and urine samples

Protein concentration in urine was detected using BCA Protein Assay kit (Shanghai Epizyme
Biotechnology, China), and glucose concentration in serum was detected by Glucose LiquiColor® test kit
(EFK Diagnostics, Inc., Boerne, TX, USA). After 8 weeks of treatment, urine was collected over 24 h in
metabolic cages to measure and calculate the urinary protein excretion (UAE). Blood from the caudal vein
was collected for monitoring serum glucose.

Kidney histopathology

Kidney histopathology was performed as previously described (12). Kidneys removed from euthanized
mice and were immediately cut in half, �xed in 10% formaldehyde in 0.1mol/L PBS (pH 7.2) at 4˚C for 24
h, then embedded in para�n and sectioned at 4 µm. The 4‐µm‐sections were dewaxed in xylene,
rehydrated through decreasing concentrations of ethanol and washed in PBS. Subsequently, for each
sample, one section was stained with periodic acid-Schiff  (Goodbio Technology CO., LTD, Wuhan, China).
Following staining, sections were dehydrated through increasing concentrations of ethanol and xylene.
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The general histological alterations in glomerular and tubular structures were evaluated under a light
microscope.

Transmission electron microscopy

Renal cortical tissues were �xed in 2% glutaraldehyde in phosphate-buffered solution (pH 7.4). Samples
were further incubated with 2% osmium tetroxide in phosphatebuffered solution (pH 7.4) for 2 h at 4 °C.
Ultrathin sections were stained with lead citrate and uranyl acetate and viewed on a HT770 transmission
electron microscope (Hitachi, Japan) at an accelerating voltage of 80 kV as previously described (21).

Statistical analysis

Data are expressed as mean±SEM. Multiple comparisons were examined for signi�cant differences using
analysis of variance (ANOVA). Statistical signi�cance was set at P<0.05.

Results
TNF-α and IL-1β decrease PPARγ mRNA and protein levels.

As shown in Fig. 1, we �rstly investigatedthe dose-response curves and time course of TNF-α or IL-1β on
PPARγ expression in HK-2 cells. At the 24h time point, TNF-α induced a dose-dependent decrease in
PPARγ mRNA levels, with a nearly 60% decrease at 10ng/ml compared to control group (Paragraph A). IL-
1β also decreased PPARγ mRNA level by nearly 50% at the same concentration (Paragraph C).Thereafter,
we chose 10ng/ml TNF-α and 10ng/ml IL-1β as the working concentration for subsequent experiments in
this study.

Furthermore, at different time points, both TNF-α and IL-1β at 10ng/ml were able to decrease PPARγ
mRNA expression as early as 4 h after treatment (Paragraph B and D). We also examined PPARγ protein
levels. As shown in Fig. 2, TNF-α or IL-1β at 10ng/ml induced a decrease in PPARγ protein levels at 4h or
even earlier at 2h after treatment. Together, these results demonstrated that TNF-α and IL-1β could rapidly
suppress PPARγ expression and the decrease is a much sustained cytokine response.

TNF-α and IL-1β decrease the binding of nuclear extracts to PPARγ response elements.

To determine if the decrease of PPARγ induced by TNF-α and IL-1β in�uenced binding of nuclear extracts
to the peroxisome proliferator response elements(PPRE), we carried out electrophoretic mobility shift
assays (EMSA). As shown in Fig. 3, PPARγ binding activities were signi�cantly reduced by 10ng/ml IL-1β
(Figure C and D)as early as 2h after treatment and sustained to 24 h. TNF-α (Figure A and B) also
decreased PPARγ binding activities at 2 h after treatment, but recovered gradually since 4h. These data
demonstrates that TNF-α and IL-1β could reduce PPARγ binding activity to known cognate response
elements for their target genes, especially at early stage of stimulation.

TNF-α and IL-1β in�uence levels of coactivators SRC-1, SRC-2 and PGC-1.
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Since TNF-α and IL-1β could greatly decrease expression levels of PPARγ, we examined whether
cytokines treatment also have an effect on the expression of coactivators(including SRC-1, SRC-2 and
PGC-1). We found the mRNA levels of SRC-1 and SRC-2, which belonged to the p160 family coactivators,
were decreased by 35% and 41%within 2 hours after TNF-α (10ng/ml) treatment (Fig. 4A).The expression
of PGC-1, another coactivator of PPARγ, was also markedly decreased by 46% as early as 1 hour after
TNF-α stimulation (Fig. 4A). Similarly, treatment with IL-1β (10ng/ml) also reduced mRNA level of SRC-1,
SRC-2 and PGC-1α by 43%, 58% and 48% separately within 2 hours (Fig. 4B).These results proved that the
mRNA levels of the coactivators SRC-1, SRC-2 and PGC-1 could be in�uenced together with PPARγ after
TNF-α and IL-1β treatment, which may contribute to cytokines-inducedrenal interstitial in�ammation.

TNF-α and IL-1β effectively induce NF-κB activation and MCP-1 production.

Finally, we explored the mechanism of the inhibitory effects of TNF-α and IL-1β on PPARγ and its
coactivators. We focused on NF-κB pathway which plays critical regulatory roles in in�ammation and
could be activated by TNF-α and IL-1β directly. Preview investigations have proved that NF-κB pathway
has a great relationship with PPARγ and could directly repress PPAR-γ and related genes expression.

We examined the activity of NF-κB after TNF-α and IL-1β stimulation. By EMSA, we found TNF-α or IL-1β
could signi�cantly promote NF-κB DNA binding activities even after 2 hours treatment, which increased
2.5-fold (Fig. 5A and 5B)or 2.3-fold over baseline (Fig. 5C and 5D), respectively. Furthermore, we
examined monocyte chemoattractant protein-1 (MCP-1) production after NF-κB pathway activation,
which is a downstream target gene of NF-κB pathway and plays important roles in transmigration of
in�ammatory cells. MCP-1 protein secretion was determined by ELISAas stated in Materials and
Methods. We found TNF-α signi�cantly increased MCP-1 protein secretion from 15.52 ± 1.05 pg/ml at
baseline to 40.47 ± 0.97pg/ml after 24 hours treatment (Fig. 6 and Table 1). Meanwhile, IL-1β also greatly
induced MCP-1 secretion from 19.33 ± 2.33pg/ml at baseline to 160.56 ± 2.8pg/ml even after 8 hours
treatment (Fig. 6 and Table 2).These data veri�ed TNF-α and IL-1β effectively induced the activation of
NF-κB signaling pathway under same experimental conditions, which mediated down-regulation of
PPARγ and coactivators expression.

Table 1
In�uence of TNF-α on MCP-1 secretion in HK-2 cells

Time points (TNF-α 10ng/ml) MCP-1 Concentration (pg/ml)

1 Control 15.52 ± 1.05

2 1h 26.69 ± 0.53

3 2h 25.95 ± 0.21

4 4h 29.17 ± 0.56

5 8h 32.72 ± 2.14

6 24h 40.47 ± 0.97
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Table 2
In�uence of IL-1β on MCP-1 secretion in HK-2 cells

Time points (IL-1β 10ng/ml) MCP-1 Concentration (pg/ml)

1 Control 19.33 ± 2.23

2 1h 32.89 ± 0.3

3 2h 33.76 ± 1.47

4 4h 57.46 ± 1.86

5 8h 160.56 ± 2.8

6 24h 50.82 ± 1.25

 

PPARγ and PGC-1α activators protect against diabetic nephropathy and suppress NF-κB expression in
db/db mice

The body weight and serum glucose levels of the 14 week old db/db mice were signi�cantly higher
compared with the db/m control group (Fig. 7A and 7B). The rosiglitazone administration but not ZLN005
reduced serum glucose levels to control levels, and both aginists showed no effects on the body weight
of db/db mice after 8 week of administration (Fig. 7A and 7B). For 14 week old mice, the 24-hour urinary
protein levels of the D group was signi�cantly increased compared with the C group, while 8 weeks of
either rosiglitazone or ZLN005 treatment reduced the 24-hour urinary protein of db/db mice signi�cantly
(Fig. 7C).

PAS staining revealed obvious mesangical cell proliferation and mesangial matrix expansion in the D
group compared with the C group, while either rosiglitazone or ZLN005 treatment aliminated the
pathological characteritics markedly and showed only minor differernces compared with the C group
(Fig. 7D). Transmission electron microscopy (TEM) micrographs revealed that podocyte foot process
effaced and glomerular basement membrane (GBM) thickened in glomeruli and the density and quantity
of mitochondials in tubule cells decreased in db/db mice compared with that in the control mice, and
morphological injuries were aliminated after the treatment of rosignitazone or ZLN005(Fig. 7E and 7F).

The total protein of kidney tissues were extracted and the western blotting results showed a signi�cantly
reduced expression of nephrin and PGC-1α (Fig. 8A, 8B, 8C, 8D) but signi�cantly increased levels of NF-κB
and NLRP3 in db/db mice compared with the control mice (Fig. 8E, 8F), and rosignitazone or ZLN005
treatment recovered these changes. These results indicated the renoprotective role of both PPARγ and
PGC-1α in diabetic nephropathy with inducing PGC-1α and reducing NF-κB.

Discussion
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Extensive studies have con�rmed that protective roles of nuclear receptor PPARγ and coactivators in
heart, liver, brain and adipose tissue, with the well-de�ned mechanism of reguation of in�ammatory
response, energy metabolism and mitochondrial biogenesis. Our present work revealed that TNF-α or IL-
1β administration could induce a rapid and marked decrease in the expression of negative in�ammatory
protein PPARγ and its coactivators (including SRC-1, SRC-2 and PGC-1) expression in human proximal
tubular cells. Activation of NF-κB pathway may be the potential mechanism. Activators of PPARγ and
PGC-1α contributed to attenuated the damage in both glomeruli and tubules of diabetic nephropathy in
vivo through downregulating the expression of NF-κB and repressing in�ammation.

Our data are consistent with previous studies which showed PPARs and coregulators were actively
involved in in�ammation courses in different human organs. In acute renal failure, Portilla D et al found
cisplatin deactivated PPARα by reducing its DNA binding activity and expression of its speci�c
coactivator PGC-1 (20). Feingold K and colleagues veri�ed either administration of LPS in vivo or TNF-α
in vitro could obviously decrease the expression of PPARα, -γ and –δ as well as the coactivators
(including SRC-1,SRC-2, SRC-3 and PGC-1) in the heart and adipose tissue (22, 23). Kim MS group and
Rita S group demonstrated similar in�ammatory stimulation(including LPS, TNF-α and IL-1β) also
decreased the expression of PPARγ, SRC-1, SRC-2 and PGC-1 in the liver cells and uterine smooth muscle
cells, but do not in�uence expression of SRC-3 and corepressors NCoR and SMRT (24, 25).Moreover,
Rame JE etal found conditions that induced myocardial steatosis, such as pressure overload, resulted in
the decrease of PPARα and PGC-1 levels, which leading to disorders of glycerolipid/free fatty acid cycling
(26). In�ammation has also been identi�ed as a risk factor for cancer and is associated with poor clinical
outcome. Investigators found levels of PPARγ, SRC-1 and PGC-1 were obviously lower in breast and colon
tumor tissues (27, 28), and treatment with anti-tumor drugs could up-regulate SRC-1 and PGC-1
expressions (29, 30).All these studies strongly suggested that down-regulation of type II nuclear hormone
receptors PPARγ, together with its coactivators, contributed to the progression of in�ammatory injuries.

We also explored the molecular mechanism of these effects. NF-κB is a critical transcription factor for
maximal expression of many cytokines that are involved in the pathogenesis of in�ammatory diseases
(31). Moreover, the NF-κB signaling pathway has been represented to be a major avenue for TNF-α or IL-
1β inhibition of PPARγ function (32).Under normal conditions, NF-κB is present in the cytoplasm in an
inactive state by binding to an inhibitory protein, IκB. In response to activating signals such as TNF-α and
IL-1β, IκB is phosphorylated and degraded, which leads to the activation and nuclear translocation of NF-
κB (33). Previous studies have certi�ed NF-κB activation could inhibit PPARγ function through several
approaches. First, NF-κB could cause a direct phosphorylation of serine residues in PPARγ protein, such
as Ser112 or Ser82, results in a reduction of its transcriptional activity (34). Second, in acute manner, IκB
degradation could cause PPARγ corepressor HDAC3 (Sin3 deacetylase and histone deacetylase) nuclear
translocation, and up-regulated binding activities between corepressor complex SMRT/NCoR/HDAC3 with
PPARγ, which not only in�uences interaction between PPARγ and coactivators, but leads to suppression
of the transcriptional activity of PPARγ in the nucleus (34). Moreover, recent studies veri�ed NF-κB has
direct interaction with PPARγ and its coactivators and resulted in deprivation of the transcriptional
coactivators from PPARγ (35, 36).In the present study, we also found NF-κB activity was greatly up-
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regulated along with reduced expression of PPARγ as well as its coactivators and provided new
evidences for these inhibitory roles of NF-κB. But the precise mechanism and other possible contributors
still need to be explored further.

Since Zhang et al (37) reported ZLN005 as a small molecule inducing PGC-1α expression in mRNA levels
in 2013, it has been studied in nerve and cardiovascular tissues and cells on anti-oxidation and
mitochondrial damage (38–41). But to out knowledge, there is no report about ZLN005 in kidney disease
or anti-in�ammatory effects. For the �rst time, we employed ZLN005 as the PGC-1α activator in diabetic
nephropathy and investigated its mechanism related to in�ammatory regulation. These data strongly
supported that ZLN005 induced the PGC-1α expression in kidney tissue, which protected against renal
in�ammatary injury and improved diabetic nephropathy.

TNF-α and IL-1β are systemic and renal local in�ammatory mediators. The downregulation by TNF-α and
IL-1β of PPARγ and PGC-1α in this work is accompanied by the increase in expression and DNA binding
activity of the proin�ammatory transcriptional factor NF-κB, which may suggest the molecular
mechanism that systemic and renal local in�ammation aggravating kidney disease. The renoprotective
role of PPARγ and PGC-1α activators through the mechanism involving NF-κB expression and
in�ammation reduction was veri�ed in db/db diabetic nephropathy model mice. In summary, these
results highlight that PPARγ together with its coactivator PGC-1α actively participates in the renal
in�ammation through NF-κB related mechanism. Further exploration of detailed mechanisms may
provide novel potential therapeutic targets for renal in�ammatory diseases.

Declarations
Acknowledgments

Not Applicable.

Authors’ contributions

Weiming WANG and Nan CHEN designed and supervised the study. Yuanmeng JIN, Liwen ZHANG and
Ying ZHOU performed the experiments and data analysis. Liwen ZHANG and Yuanmeng JIN wrote the
manuscript. Weiming WANG and Nan CHEN critically edited and revised the manuscript. All authors
contributed to the preparation and approved the �nal draft of manuscript.

Funding

This study was supported by the National Key Research and Development Program of China
(No.2016YFC1305402), the National Natural Science Foundation of China (No.81870492, 82070740,
81900699 and 81200526), the Translational Medicine National Science and Technology Infrastructure
(Shanghai) Open Project (No.TMSK-2020-114), Shanghai Municipal Key Clinical Specialty
(No.shslczdzk02502).



Page 11/22

Availability of data and materials

The datasets used for this work can be requested from the corresponding author on reasonable request.

Ethics approval and consent to participate

All procedures used in animal experiments were conducted following the ARRIVE guidelines. This study
was approved by the Animal Ethics Committee of Ruijin Hospital  according to the provisions in the 1975
Declaration of Helsinki and its later amendments.

Consent for publication

Not applicable.

Competing interests

All the authors declared no competing interests.

Author details

1 Department of Nephrology, Ruijin Hospital, Shanghai Jiao Tong University School of Medicine,
Shanghai 20025, China. 2 Institute of Nephrology, Shanghai Jiao Tong University School of Medicine,
Shanghai 200025, China.

References
1. Araújo LS, Torquato BGS, da Silva CA, Dos Reis Monteiro MLG, Dos Santos Martins ALM, da Silva

MV, Dos Reis MA, Machado JR: Renal expression of cytokines and chemokines in diabetic
nephropathy. BMC Nephrol 21: 308, 2020.

2. Sun X, Liu Y, Li C, Wang X, Zhu R, Liu C, Liu H, Wang L, Ma R, Fu M, et al: Recent Advances of
Curcumin in the Prevention and Treatment of Renal Fibrosis. Biomed Res Int 2017:2418671, 2017.

3. Zhang L, Zhou Y, Zhou F, Yu X, Liu J, Liu Y, Zhu Y, Wang W, Chen N: Altered Expression of Long
Noncoding and Messenger RNAs in Diabetic Nephropathy following Treatment with Rosiglitazone.
Biomed Res Int 2020:1360843, 2020.

4. Janani C, Ranjitha Kumari BD: PPAR gamma gene--a review. Diabetes Metab Syndr 9: 46-50, 2015.

5. Wu H, Malone AF, Donnelly EL, Kirita Y, Uchimura K, Ramakrishnan SM, Gaut JP, Humphreys BD:
Single-Cell Transcriptomics of a Human Kidney Allograft Biopsy Specimen De�nes a Diverse
In�ammatory Response. J Am Soc Nephrol 29:2069-2080, 2018.

�. Borsting E, Cheng VP, Glass CK, Vallon V, Cunard R: Peroxisome proliferator-activated receptor-γ
agonists repress epithelial sodium channel expression in the kidney. Am J Physiol Renal Physiol
302:F540-F551, 2012.



Page 12/22

7. Henique C, Bollee G, Lenoir O, Dhaun N, Camus M, Chipont A, Flosseau K, Mandet C, Yamamoto M,
Karras A, et al: Nuclear Factor Erythroid 2-Related Factor 2 Drives Podocyte-Speci�c Expression of
Peroxisome Proliferator-Activated Receptor γ Essential for Resistance to Crescentic GN. J Am Soc
Nephrol 27:172-88, 2016.

�. Xiao J, Leung JC, Chan LY, Tang SC, Lai KN: Crosstalk between peroxisome proliferator-activated
receptor-gamma and angiotensin II in renal tubular epithelial cells in IgA nephropathy. Clin Immunol
132 :266-276, 2009.

9. Koppen A, Kalkhoven E: Brown vs white adipocytes: the PPARgamma coregulator story. FEBS Lett
584 :3250-3259, 2010.

10. Annese V, Rogai F, Settesoldi A, Bagnoli S: PPARγ in In�ammatory Bowel Disease. PPAR Res
2012:620839, 2012.

11. Nierenberg AA, Ghaznavi SA, Sande Mathias I, Ellard KK, Janos JA, Sylvia LG: Peroxisome
Proliferator-Activated Receptor Gamma Coactivator-1 Alpha as a Novel Target for Bipolar Disorder
and Other Neuropsychiatric Disorders. Biol Psychiatry 83:761-769, 2018.

12. Zhang L, Liu J, Zhou F, Wang W, Chen N: PGC-1α ameliorates kidney �brosis in mice with diabetic
kidney disease through an antioxidative mechanism. Mol Med Rep 17:4490-4498, 2018.

13. Wolf IM, Heitzer MD, Grubisha M, DeFranco DB: Coactivators and nuclear receptor transactivation. J
Cell Biochem 104:1580-1586, 2008.

14. de Vera IMS, Zheng J, Novick S, Shang J, Hughes TS, Brust R, Munoz-Tello P, Gardner WJ Jr,
Marciano DP, Kong X, et al: Synergistic Regulation of Coregulator/Nuclear Receptor Interaction by
Ligand and DNA. Structure 25:1506-1518, 2017.

15. Zhang XK, Su Y, Chen L, Chen F, Liu J, Zhou H: Regulation of the nongenomic actions of retinoid X
receptor-α by targeting the coregulator-binding sites. Acta Pharmacol Sin 36: 102-112, 2015.

1�. Jehle K, Cato L, Neeb A, Muhle-Goll C, Jung N, Smith EW, Buzon V, Carbó LR, Estébanez-Perpiñá E,
Schmitz K, et al. Coregulator control of androgen receptor action by a novel nuclear receptor-binding
motif. J Biol Chem 289:8839-8851, 2014.

17. Shavva VS, Mogilenko DA, Nekrasova EV, Trulioff AS, Kudriavtsev IV, Larionova EE, Babina AV, Dizhe
EB, Missyul BV, Orlov SV: Tumor necrosis factor α stimulates endogenous apolipoprotein A-I
expression and secretion by human monocytes and macrophages: role of MAP-kinases, NF-κB, and
nuclear receptors PPARα and LXRs. Mol Cell Biochem 448: 211-223, 2018.

1�. He K, Dai ZY, Li PZ, Zhu XW, Gong JP: Association between liver X receptor-α and neuron-derived
orphan nuclear receptor-1 in Kupffer cells of C57BL/6 mice during in�ammation. Mol Med Rep
12:6098-6104, 2015.

19. Donizetti-Oliveira C, Semedo P, Burgos-Silva M, Cenedeze MA, Malheiros DM, Reis MA, Pacheco-Silva
A, Câmara NO: Adipose tissuederived stem cell treatment prevents renal disease progression. Cell
Transplant 2012;21:1727–1741.

20. Lance M Hellman, Michael G Fried: Electrophoretic mobility shift assay (EMSA) for detecting protein-
nucleic acid interactions. Nat Protoc. 2007;2(8):1849-61.

https://pubmed.ncbi.nlm.nih.gov/?term=Hellman+LM&cauthor_id=17703195
https://pubmed.ncbi.nlm.nih.gov/?term=Fried+MG&cauthor_id=17703195


Page 13/22

21. Zhang L, Zhou F, Yu X, Zhu Y, Zhou Y, Liu J, Liu Y, Ma Q, Zhang Y, Wang W, et al. C/EBPα de�ciency in
podocytes aggravates podocyte senescence and kidney injury in aging mice. Cell death & disease.
2019;10(10), 684.

22. Feingold K, Kim MS, Shigenaga J, Moser A, Grunfeld C: Altered expression of nuclear hormone
receptors and coactivators in mouse heart during the acute-phase response. Am J Physiol Endocrinol
Metab 286: E201-E207, 2004.

23. Lu B, Lu Y, Moser AH, Shigenaga JK, Grunfeld C, Feingold KR: LPS and proin�ammatory cytokines
decrease lipin-1 in mouse adipose tissue and 3T3-L1 adipocytes. Am J Physiol Endocrinol Metab
295: E1502-E1509, 2008.

24. Kim MS, Sweeney TR, Shigenaga JK, Chui LG, Moser A, Grunfeld C, Feingold KR: Tumor necrosis
factor and interleukin 1 decrease RXRalpha, PPARalpha, PPARgamma, LXRalpha, and the
coactivators SRC-1, PGC-1alpha, and PGC-1beta in liver cells. Metabolism 56: 267-279, 2007.

25. Leite RS, Brown AG, Strauss JF 3rd: Tumor necrosis factor-alpha suppresses the expression of
steroid receptor coactivator-1 and -2: a possible mechanism contributing to changes in steroid
hormone responsiveness. FASEB J 18:1418-1420, 2004.

2�. Rame JE, Barouch LA, Sack MN, Lynn EG, Abu-Asab M, Tsokos M, Kern SJ, Barb JJ, Munson PJ,
Halushka MK, et al: Caloric restriction in leptin de�ciency does not correct myocardial steatosis:
failure to normalize PPAR{alpha}/PGC1{alpha} and thermogenic glycerolipid/fatty acid cycling.
Physiol Genomics 43: 726-738, 2011.

27. Luo C, Widlund HR, Puigserver P: PGC-1 Coactivators: Shepherding the Mitochondrial Biogenesis of
Tumors. Trends Cancer 2: 619-631, 2016.

2�. Goyal G, Wong K, Nirschl CJ, Souders N, Neuberg D, Anandasabapathy N, Dranoff G: PPARγ
Contributes to Immunity Induced by Cancer Cell Vaccines That Secrete GM-CSF. Cancer Immunol Res
6:723-732, 2018.

29. Mastropasqua F, Girolimetti G, Shoshan M: PGC1α: Friend or Foe in Cancer?. Genes (Basel) 9:48,
2018.

30. S Scharping NE, Menk AV, Moreci RS, Whetstone RD, Dadey RE, Watkins SC, Ferris RL, Delgoffe GM:
The Tumor Microenvironment Represses T Cell Mitochondrial Biogenesis to Drive Intratumoral T Cell
Metabolic Insu�ciency and Dysfunction. Immunity 45: 701-703, 2016.

31. Liu T, Zhang L, Joo D, Sun SC: NF-κB signaling in in�ammation. Signal Transduct Target Ther
2:17023, 2017.

32. Su M, Cao J, Huang J, Liu S, Im DS, Yoo JW, Jung JH: The In Vitro and In Vivo Anti-In�ammatory
Effects of a Phthalimide PPAR-γ Agonist. Mar Drugs15:7, 2017.

33. Hayden MS, Ghosh S: Shared principles in NF-kappaB signaling. Cell 132: 344-362, 2008.

34. Wright MB, Bortolini M, Tadayyon M, Bopst M: Minireview: Challenges and opportunities in
development of PPAR agonists. Mol Endocrinol 28:1756-1768, 2014.

35. Gao Z, He Q, Peng B, Chiao PJ, Ye J: Regulation of nuclear translocation of HDAC3 by IkappaBalpha
is required for tumor necrosis factor inhibition of peroxisome proliferator-activated receptor gamma

http://www.ncbi.nlm.nih.gov/pubmed?term=Leite%20RS%5BAuthor%5D&cauthor=true&cauthor_uid=15231721
http://www.ncbi.nlm.nih.gov/pubmed?term=Brown%20AG%5BAuthor%5D&cauthor=true&cauthor_uid=15231721
http://www.ncbi.nlm.nih.gov/pubmed?term=Strauss%20JF%203rd%5BAuthor%5D&cauthor=true&cauthor_uid=15231721
http://www.ncbi.nlm.nih.gov/pubmed?term=FASEB%20J%2C2004%2C18(12)%3A1418-1420.
http://www.ncbi.nlm.nih.gov/pubmed?term=Hayden%20MS%5BAuthor%5D&cauthor=true&cauthor_uid=18267068
http://www.ncbi.nlm.nih.gov/pubmed?term=Ghosh%20S%5BAuthor%5D&cauthor=true&cauthor_uid=18267068
http://www.ncbi.nlm.nih.gov/pubmed/18267068


Page 14/22

function. J Biol Chem 281:4540-4547, 2006.

3�. Gao Z, Chiao P, Zhang X, Zhang X, Lazar MA, Seto E, Young HA, Ye J: Coactivators and corepressors
of NF-kappaB in IkappaB alpha gene promoter. J Biol Chem 280: 21091-21098, 2005.

37. Zhang LN, Zhou HY, Fu YY, Li YY, Wu F, Gu M, Wu LY, Xia CM, Dong TC, Li JY, et al: Novel small-
molecule PGC-1α transcriptional regulator with bene�cial effects on diabetic db/db mice. Diabetes
62:1297-307, 2013.

3�. Xu Y, Kabba JA, Ruan W, Wang Y, Zhao S, Song X, Zhang L, Li J, Pang T: The PGC-1α Activator
ZLN005 Ameliorates Ischemia-Induced Neuronal Injury In Vitro and In Vivo. Cell Mol Neurobiol 38:
929-939, 2018.

39. Satish S, Philipose H, Rosales MAB, Saint-Geniez M: Pharmaceutical Induction of PGC-1α Promotes
Retinal Pigment Epithelial Cell Metabolism and Protects against Oxidative Damage. Oxid Med Cell
Longev 2018:9248640, 2018.

40. Satish S, Philipose H, Rosales MAB, Saint-Geniez M: Pharmaceutical Induction of PGC-1α Promotes
Retinal Pigment Epithelial Cell Metabolism and Protects against Oxidative Damage. Oxid Med Cell
Longev 2018:9248640, 2018.

41. Zhang T, Liu CF, Zhang TN, Wen R, Song WL: Overexpression of Peroxisome Proliferator-Activated
Receptor γ Coactivator 1-α Protects Cardiomyocytes from Lipopolysaccharide-Induced Mitochondrial
Damage and Apoptosis. In�ammation 43: 1806-1820, 2020.

Figures



Page 15/22

Figure 1

Time- and Dose-dependent changes in PPARγ mRNA levels. HK-2 cells were cultured for 24 h with various
concentrations of TNF-α (A) and IL-1β (C) as indicated. Also, HK-2 cells were cultured with 10ng/ml TNF-
α(B) orIL-1β (D) at various time points as indicated. Total RNA was isolated and real-time PCR analysis
was performed as described in Materials and Methods. Data (means±SEM,n=3) are expressed as
percentages of control values.* P<0.05versus control, △P<0.01versus control.
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Figure 2

Effects of TNF-α and IL-1β on protein expression of PPARγ in HK-2 cells. HK-2 cells were treated for
various times in the presence of 10ng/ml TNF-α or IL-1β. (A and C) Nuclear extracts were prepared and
Western blot analysis was done using antibodies recognizing PPARγ as described in the Methods section.
(B and D) Relative protein levels (% of controls) were reported after normalization with Lamin B,
respectively.* P<0.05versus control, △P<0.01versus control.



Page 17/22

Figure 3

TNF-α and IL-1βdecrease the binding of nuclear extracts to PPARγ. HK-2 cellswere treated with TNF-α or
IL-1β at 10ng/ml at various time points as indicated. Nuclear extracts were isolated and 10 μg of the
nuclear proteins were used for electrophoretic mobility shift assay (EMSA) with oligonucleotides for
PPARγ-speci�c response elements as described under “Materials and Methods”. (A and C) Representative
EMSA for nuclear receptors studied. (B and D) Quanti�cation of EMSA from individual experiments. Data
(means±SEM,n=3) are expressed as percentages of control values.* P<0.05versus control,
△P<0.01versus control.
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Figure 4

TNF-α and IL-1β decrease the expression of SRC-1, SRC-2 and PGC-1in HK-2 cells. HK-2 cells were treated
for various times in the presence of 10ng/ml TNF-α(A) or IL-1β (B). Total RNA was preparedand
expression levels for SRC-1, SRC-2 and PGC-1 were determined by real-time PCR. Data (means±SEM, n=3)
are expressed as percentages of control values.* P<0.05versus control, △P<0.01versus control.
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Figure 5

TNF-α and IL-1β increase the binding of nuclear extracts to NF-κB. HK-2 cells were treated with TNF-α or
IL-1βat 10ng/ml as indicated. Nuclear extracts were used for electrophoretic mobility shift assay (EMSA)
with oligonucleotides for PPARγ-speci�c response elements as described under “Materials and Methods”.
(A and C) Representative EMSA for nuclear receptors studied. (B and D) Quanti�cation of EMSA from
individual experiments. Data (means±SEM, n=3) are expressed as percentages of control values.*
P<0.05versus control, △P<0.01versus control.
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Figure 6

MCP-1 expression was up-regulated in 10ng/ml TNF-α and IL-1β-treated HK-2 cells. MCP-1 protein levels
in cell culture supernatant were determined by enzyme linked immunosorbent assay (ELISA) as described
in Materials and Methods. Data (means±SEM) are from duplicate experiments. *P<0.05versus control,
△P<0.01versus control.
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Figure 7

Treatment with rosiglitazone or ZLN005 exhibited protective effects against DN in mice. After 8 weeks of
treatment, (A) body weight levels were detected in the C, D, R and Z groups. (B) Blood glucose levels were
detected in the four mentioned groups. (C) 24 h urinary albumin excretion in mice in the four mentioned
groups. Data are presented as the mean ± sem (n=6 per group). *P<0.05 between the indicated groups.
Representative photomicrographs depicting (D) PAS staining in the C, D, R and Z groups after the 8 week
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experimental period. Original magni�cation, x400. Representative TEM micrographs of foot processes
and GBM (E) and tubular cells (F) in the the C, D, R and Z groups. Original magni�cation, x10,000.

Figure 8

Rosiglitazone or ZLN005 treatment upregulated PGC-1α and inhibite in�ammation in db/db renal tissues.
(A) Western blot analysis of nephrin and β-actin expression in the C, D, R and Z groups. (B) Densitometric
analysis of western blot results. Relative band intensity was normalized to the intensity of the respective
β-actin signal. (C) Western blot analysis of PGC-1α and β-actin expression in the C, D, R and Z groups. (D)
Densitometric analysis of western blot results. Relative band intensity was normalized to the intensity of
the respective β-actin signal. (E) Western blot analysis of NF-κB, NLRP3 and β-actin expression in the C, D,
R and Z groups. (F) Densitometric analysis of western blot results. Relative band intensity was
normalized to the intensity of the respective β-actin signal. Data are presented as the mean ± standard
deviation (n=6 per group).*P<0.05 as indicated.


