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Abstract

Aim: Inflammation plays a critical role in the progression of diabetic nephropathy.

Peroxisome proliferator-activated receptor gamma (PPARγ) and its coactivator

PPARγ coactivator-1 alpha (PGC-1α) enhance mitochondrial biogenesis and cellular

energy metabolism but inhibit inflammation. However, the molecular mechanism

through which these two proteins cooperate in the kidney remains unclear. The aim

of the present study was to investigate this mechanism.

Methods: HK-2 human proximal tubular cells were stimulated by inflammatory fac-

tors, the expression of PPARγ and PGC-1α were determined via reverse

transcription-quantitative polymerase chain reaction (PCR) and western blotting

(WB), and DNA binding capacity was measured by an EMSA. Furthermore, db/db

mice were used to establish a diabetic nephropathy model and were administered

PPARγ and PGC-1α activators. Kidney injury was evaluated microscopically, and the

inflammatory response was assessed via WB, immunohistochemistry and immunoflu-

orescence staining. Besides, HK-2 cells were stimulated by high glucose and inflam-

matory factors with and without ZLN005 treatment, the expression of PPARγ, PGC-

1α, p-p65 and p65 were determined via qPCR and WB.

Results: Our results revealed that both TNF-α and IL-1β significantly decreased PPARγ

and PGC-1 expression in vitro. Cytokines obviously decreased PPARγ DNA binding

capacity. Moreover, we detected rapid activation of the NF-κB pathway in the presence

of TNF-α or IL-1β. PPARγ and PGC-1α activators effectively protected against diabetic

nephropathy and suppressed NF-κB expression both in db/db mice and HK-2 cells.
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Conclusion: PPARγ and its coactivator PGC-1α actively participate in protecting

against renal inflammation by regulating the NF-κB pathway, which highlights their

potential as therapeutic targets for renal diseases.
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Summary at a glance

PPARγ and its coactivator PGC-1α actively participate in protecting against renal

inflammation by regulating the NF-κB pathway. Their activator Rosiglitazone and

ZLN005 have renoprotective effects on the prevention and treatment of diabetic

nephropathy.

1 | INTRODUCTION

Inflammation is one of the most important factors in the development

of various complications of renal diseases and leads to renal injury and

renal insufficiency. Proinflammatory cytokines such as tumour necro-

sis factor-α (TNF-α) and interleukin-1β (IL-1β) play a major role in the

onset of acute and chronic inflammatory responses in the kidney by

activating the NF-κB pathway.1,2 Our previous studies revealed the

importance of proinflammatory mechanisms in diabetic nephropathy

through differentially expressed RNAs between diabetic nephropathy

patients and normal controls.3

Peroxisome proliferator-activated receptors (PPARs) are a

group of nuclear transcription factors that play key roles in the

regulation of lipid metabolism and inflammation. Among the vari-

ous subtypes of PPARs, peroxisome proliferator-activated receptor

gamma (PPARγ) is the best-characterized receptor in humans and

is widely expressed in the nuclei of mesangial and epithelial cells

in glomeruli, proximal and distal tubules.4 PPARγ has been verified

to exert renoprotective effects through an anti-inflammatory

mechanism in glomerulosclerosis, glomerulonephritis, and intersti-

tial inflammation.5,6 Corepressors inhibit and coactivators stimu-

late PPARγ activity by binding to PPARγ and changing its

conformation without directly binding to DNA.7,8 Previous studies

have also demonstrated that PPARγ and its coactivator, PPARγ

coactivator-1 alpha (PGC-1α), exert renoprotective effects against

diabetic nephropathy through metabolic and antioxidative

mechanisms.9,10

Investigations have verified that the expression of coregulators is

crucial for nuclear receptor-mediated transcription, and some coregu-

lators have been demonstrated to target diverse intracellular signalling

pathways and posttranslational modifications.11–13 Moreover, recent

studies suggested that some coactivators are regulated together with

nuclear receptors during the inflammatory response induced by TNF-

α and IL-1β in the heart, the liver, the brain and adipose tissue.14,15

However, the molecular mechanism underlying the anti-inflammatory

effects of PPARγ and PGC-1α in the kidney has not been fully

elucidated.

In the present study, we investigated the changes in the expres-

sion of PPARγ and its coactivators, including steroid receptor coacti-

vators (SRCs) and PGC-1α, in vitro after treatment with TNF-α and IL-

1β, as well as changes in NF-κB pathway activity to explore the mech-

anism underlying these changes. We further verified the effects of

activating PPARγ and PGC-1α on diabetic nephropathy and the mech-

anisms related to NF-κB.

2 | MATERIALS AND METHODS

2.1 | Materials

Cytokines (human TNF-α and human IL-1β) and PPARγ activator

(Rosiglitazone) were purchased from Sigma–Aldrich (St. Louis, MO).

Serum-free keratinocytemedium for cell culturewas obtained from Invitro-

gen Co., Ltd. (United States), and supplemented with bovine pituitary

extract (BPE) and epidermal growth factor (EGF). PGC-1α activator

(ZLN005) was obtained from Selleck Co., Ltd. (China) and was diluted with

0.5% sodium carboxymethylcellulose (SangonBiotechCo., Ltd.) (China).

2.2 | Cell culture

HK-2 cells (immortalized human proximal tubular cell line CRL-2190)

were purchased from American Type Culture Collection (Rockville,

MD) and maintained in the serum-free keratinocyte medium men-

tioned above. The cells were cultured in a 37�C incubator in 5% CO2

and subcultured using 0.05% trypsin-0.02% EDTA once they reached

80% confluence (invitrogen).

2.3 | Animal experiments

A total of 18 male db/db diabetic mice on the C57BL/KsJ (BKS.Cg-

Dock7m+/+Leprdb/Nju) background weighing 32–34 g and 6 male

nondiabetic littermate control db/m mice weighing 16–18 g (6 weeks
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old) were obtained from Nanjing Biomedical Research Institute of

Nanjing University (Nanjing, China). The animals were bred in the lab-

oratory animal center at Ruijin Hospital, Shanghai Jiao Tong University

School of Medicine (Shanghai, China) as previously described.12 The

mice were divided into the following four groups (n = 6/group):

the control group (db/m mice); the db/db group (db/db mice), the

db/db + ROSI group (db/db mice administered 20 mg/kg/day Rosigli-

tazone by gavage for 8 weeks) and the db/db + ZLN group (db/db

mice administered 15 mg/kg/day ZLN005 by gavage for 8 weeks).

The mice were housed in a specific pathogen-free room at a constant

temperature of 22 ± 2�C and a constant humidity of 50± 5%, in nor-

mal air (CO2) on a 12-h light/dark cycle and were allowed free access

to chow and water. The mice were sacrificed after treatment for

8 weeks. Surgeries were performed under general anaesthesia with

isoflurane. All procedures were performed in accordance with the

guidelines established by the National Research Council Guide for

the Care and Use of Laboratory Animals and with the approval of our

Institute Animal Care and Use Committee (IACUC). The experiments

are reported in accordance with the ARRIVE guidelines (https://

arriveguidelines.org) and other relevant guidelines and regulations.

2.4 | Cell viability test (CCK-8 assay)

The cell counting Kit-8 (CCK-8) assay was used to evaluate the

viability of HK-2 cells. The cells were seeded into 96-well cell

culture plates and stimulated with 30 mM glucose with or

without the drug according to the group. After 48 h of cultiva-

tion, the medium was discarded and replaced with fresh

DMEM/F12 medium containing 10 μL of CCK-8 solution

(Dojindo, Japan). Afterward, the cells were incubated at 37�C

for 2–4 h, and the absorbance was measured at 450 nm using a

microplate reader.

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

Total RNA was extracted from renal cortex tissues using TRIzol (Applied

Biosystems, Waltham, MA, USA). The RNA concentration was measured

by an ND-1000 spectrophotometer (NanoDrop Technologies, Wilming-

ton, DE, USA). First-strand cDNA synthesis was carried out by using a

reverse transcription kit according to the manufacturer's instructions

(Promega, Madison, WI). Real-time polymerase chain reaction (PCR)

amplification was performed using SYBR Green master mix (Toyobo,

Japan) and an Opticon Real-time PCR Detection System (Bio-Rad).

Primers for GAPDH, PPARγ, SRC-1, SRC-2, and PGC-1 were designed

using Primer software, and the sequences were as follows: GAPDH,

50-CAG-GGC-TGC-TTT-TAA-CTC-TGG-TAA-30 (sense) and 50- GGG-

TGG-AAT-CAT-ATT-GGA-ACA-TGT-30 (antisense); PPARγ, 50-GGG-

CCC-TGG-CAA-AAC-ATT-30 (sense) and 50-AAG-ATC-GCC-CTC-GCC-

TTT-30 (antisense); SRC-1, 50-TGG-GTA-CCA-GTC-ACC-AGA-CA-30

(sense) and 50-GAA-TGT-TTG-CGT-TTC-CAC-CT-30 (antisense); SRC-2,

50-GAC-AGA-TCG-TGC-CAG-TAA-CAC-AA-30(sense) and 50-TTC-

AGC-TGT-GAG-TTG-CAT-GAG-G-30 (antisense); PGC-1, 50-CCA-AGA-

CCA-GCA-GCT-CCT-A-30 (sense) and 50-CCA-CTG-TCA-AGG-TCT-

GCT-CA-30(antisense); monocyte chemoattractant protein-1 (MCP-1),

50-CAG-CCA-GAT-GCA-ATC-AAT-GC-30 (sense) and 50-GTG-GTC-

CAT-GGA-ATC-CTG-AA-30 (antisense). Relative mRNA expression was

normalized to the expression of GAPDH and calculated using the com-

parative Ct (ΔΔCt) method.

2.6 | Western blot analysis

The nuclear and cytosolic fractions of HK-2 cells were isolated using

NE-PER™ Nuclear and Cytoplasmic Extraction reagents (Thermo

Fisher Scientific, 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 total protein. The protein con-

centration was determined by the bicinchoninic acid (BCA) method

using a BCA Protein Assay Kit (Shanghai Epizyme Biotechnology,

China). Western blotting (WB) was performed as previously

described.16 The following primary antibodies were used: anti-PPARγ

(Santa Cruz Biotechnology), anti-NLRP3 (Novus Biologicals), anti-

PGC-1α (EMD Millipore), anti-MCP-1 (Proteintech), anti-NF-κB p65,

anti-phospho-NF-κB p65 (Cell Signalling Technology), anti-nephrin

and anti-NF-κB (Abcam) antibodies. The immunoblot density was

examined by ImageJ and normalized by β-actin, GAPDH or LaminB

(corresponding antibodies obtained from Abcam).

2.7 | MCP-1 assays

Culture supernatants were collected from 6-well plates, and the con-

centration of MCP-1 was measured by enzyme-linked immunosorbent

assay (ELISA) according to the manufacturer's protocol (R&D Systems,

Abingdon, UK) and normalized to the cellular protein concentration.

2.8 | Electrophoretic mobility shift assay

Nuclear protein (10 μg) was added to DNA binding buffer. The result-

ing nucleoprotein complexes were separated on a 6% native poly-

acrylamide gel in 0.5 � TBE buffer, dried, and visualized by

autoradiography. In each set of experiments, self-competition electro-

phoretic mobility shift assay (EMSA) was performed by adding an

excess of the same unlabeled oligonucleotide probe or a correspond-

ing mutant oligonucleotide probe to the binding reaction during the

preincubation step. The sequences of the oligonucleotides were as

follows: peroxisome proliferator response element (PPRE), 50biotin-

GAT-CCT-CCC-GAA-CGT-GAC-CTT-TGT-CCT-GGT-CCA-30 and

30biotin-CTA-GGA-GGG-CTT-GCA-CTG-GAA-ACA-GGA-CCA-GGT-50;

mutant PPRE, 50biotin-GAT-CCT-CCC-GAA-CGC-AGC-TGT-CAG-
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CTG-GGT-CCA-30 and 30biotin-CTA-GGA-GGG-CTT-GCG-TCG-ACA-

GTC-GAC-CCA-GGT-50; NF-κB response element, 50biotin-AGT-TG

A-GGG-GAC-TTT-CCC-AGG-C-30 and 30biotin-TCA-ACT-CCC-CTG-

GGG-TCC-G-50; and mutant NF-κB response element, 50biotin-AGT-

TGA-GGC-GAC-TTT-CCC-AGG-C-30 and 30biotin-TCA-ACT-CCG-

CTG-AAA-GGG-TCC-G-50.

2.9 | Biochemical analysis of serum and urine
samples

The protein concentration in the urine was measured using a BCA

Protein Assay Kit (Shanghai Epizyme Biotechnology, China), and the

glucose concentration in the serum was measured with a 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 urinary protein excretion (UAE). Blood from the

caudal vein was collected to monitor the serum glucose

concentration.

2.10 | Kidney histopathology

Kidney histopathology was performed as previously described.12 Kid-

neys were removed from euthanized mice, immediately cut in half,

fixed in 10% formaldehyde in 0.1 mol/L phosphate buffer (PBS)

(pH 7.2) at 4�C for 24 h, embedded in paraffin and sectioned at 4 μm.

The 4-μm-thick sections were dewaxed in xylene, rehydrated in

decreasing concentrations of ethanol and washed in PBS.

Subsequently, one section from each sample was stained with peri-

odic acid-Schiff (Goodbio Technology Co., Ltd., Wuhan, China). Fol-

lowing staining, the sections were dehydrated in increasing

concentrations of ethanol and xylene. The general histological alter-

ations in glomerular and tubular structures were evaluated under a

light microscope.

2.11 | Immunohistochemistry and
immunofluorescence staining

Kidney tissues were immersion-fixed in 4% paraformaldehyde in

0.1 M sodium PBS. The kidney samples were embedded in paraffin,

sliced into 4 μm thick sections, deparaffinized for 10 min with 3%

hydrogen peroxide and blocked in 3% BSA for half an hour at room

temperature. After antigen retrieval, immunohistochemical staining

was performed by incubation with the following biotinylated primary

antibodies overnight at 4�C: anti-TNF-α (1:100; Abcam, ab307164),

anti-IL-1β (1:400; Servicebio, GB11113), and anti-PPARγ (1:600;

Servicebio, GB112205). Subsequently, an HRP-DAB system was

used to detect immunoreactivity, and the sections were counter-

stained with Harris's haematoxylin. Ten random images per

section were taken under a light microscope (three mice per group).

To analyse the phenotype of macrophages in the kidney tissues, kid-

ney sections were stained with antibodies against CD86 (1:400; Cell

Signalling Technology, Danvers, MA, USA) and CD206 (1:200; Cell

Signaling Technology, Danvers, MA, USA). Cell nuclei were counter-

stained with DAPI (Beyotime, Nantong, China). Ten random images

of each section were captured in a blinded manner (three mice per

group).

2.12 | Transmission electron microscopy

Renal cortical tissues were fixed in 2% glutaraldehyde in phosphate-

buffered saline (pH 7.4). The samples were further incubated with 2%

osmium tetroxide in phosphate-buffered saline (pH 7.4) for 2 h at

4�C. Ultrathin sections were stained with lead citrate and uranyl ace-

tate and viewed under an HT770 transmission electron microscope

(Hitachi, Japan) at an accelerating voltage of 80 kV as previously

described.17

2.13 | Statistical analysis

The data are expressed as the mean ± SEM. Multiple compari-

sons were examined for significant differences using analysis of

variance (ANOVA) followed by Bonferroni correction. All experi-

ments were repeated at least three times, and representative

experiments were shown. Statistical significance was set

at p < .05.

3 | RESULTS

3.1 | TNF-α and IL-1β decrease PPARγ mRNA and
protein levels

As shown in Figure 1, we first investigated the dose-dependent effect and

of TNF-α and IL-1β on PPARγ expression inHK-2 cells and the time course

of this effect. At the 24-h time point, TNF-α induced a dose-dependent

decrease in PPARγmRNA levels, with a nearly 60% decrease in the 10 ng/

mL TNF-α treatment group compared with the control group (Figure 1A).

IL-1β also decreased PPARγmRNA levels by nearly 50% at the same con-

centration (Figure 1C). Thereafter, we selected 10 ng/mL TNF-α and

10 ng/mL IL-1β for subsequent experiments in this study.

Furthermore, at different time points, 10 ng/mL TNF-α and IL-1β

decreased PPARγ mRNA expression as early as 4 h after treatment

(Figure 1B,D). We also examined PPARγ protein levels, 10 ng/mL

TNF-α or IL-1β induced a decrease in PPARγ protein levels at 4 h after

treatment or even (2 h after treatment) (Figure 1E–H). Taken

together, these results demonstrate that TNF-α and IL-1β could rap-

idly suppress PPARγ expression and that this decrease was sustained.
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3.2 | TNF-α and IL-1β decrease the binding of
nuclear proteins to PPARγ response elements

To determine whether the decrease in PPARγ expression induced by

TNF-α and IL-1β influenced the binding of nuclear proteins to PPREs,

we carried out EMSAs. PPARγ binding activity was significantly

reduced by 10 ng/mL IL-1β (Figure 1J,L) as early as 2 h after treat-

ment, and this effect was sustained for 24 h. PPARγ binding activity

was also decreased by TNF-α (Figure 1I,K) at 2 h after treatment but

gradually recovered beginning at 4 h after treatment. These data

demonstrate that TNF-α and IL-1β could reduce the binding of PPARγ

to known cognate response elements of their target genes, especially

at the early stage after stimulation.

3.3 | TNF-α and IL-1β influence the levels of the
coactivators SRC-1, SRC-2 and PGC-1

Since TNF-α and IL-1β could strongly decrease the expression levels

of PPARγ, we examined whether cytokine treatment also affects

F IGURE 1 Effects of tumour necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) on the expression of peroxisome proliferator-activated
receptor gamma (PPARγ), SRC-1, SRC-2, PGC-1 and the binding of nuclear proteins to PPARγ in HK-2 cells. Total mRNA levels of PPARγ when
HK-2 cells were cultured for 24 h with various concentrations of TNF-α (A) and IL-1β (B) as indicated. Additionally, total mRNA levels of PPARγ
when HK-2 cells were cultured with 10 ng/mL TNF-α (C) or IL-1β (D) for various durations as indicated. (E, F) Nuclear protein of HK-2 cells
treated for various durations with 10 ng/mL TNF-α or IL-1β was extracted, and Western blot analysis was performed using antibodies recognizing
PPARγ as described in the Methods section. (G, H) Relative protein levels (% of the control group) normalized to Lamin B levels are reported.
10 μg of the nuclear protein was used for the electrophoretic mobility shift assay (EMSA) with oligonucleotides corresponding to PPARγ-specific
response elements as described in the Materials and Methods. (I, J) Representative EMSA results for the nuclear receptors studied. (K, L)
Quantification of the EMSA data from individual experiments. Total mRNA levels of SRC-1, SRC-2 and PGC-1 when HK-2 cells were treated for
various durations with 10 ng/mL TNF-α (M) or IL-1β (N). The data (means±SEMs, n = 3) are expressed as percentages of the control values.
*p < .05 versus the contro groupl, △p < .01 versus the control group.
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the expression of coactivators (including SRC-1, SRC-2 and PGC-1).

We found that the mRNA levels of SRC-1 and SRC-2, which are

p160 family coactivators, decreased by 35% and 41%, respectively,

within 2 h after TNF-α (10 ng/mL) treatment (Figure 1M). The

expression of PGC-1, another coactivator of PPARγ, was also mark-

edly decreased by 46% as early as 1 h after TNF-α stimulation

(Figure 1M). Similarly, treatment with IL-1β (10 ng/mL) also reduced

the mRNA levels of SRC-1, SRC-2 and PGC-1 by 43%, 58% and

48%, respectively, within 2 h (Figure 1N). These results proved that

the mRNA levels of the coactivators SRC-1, SRC-2 and PGC-1 in

addition to that of PPARγ could be influenced by TNF-α and IL-1β,

and this change may contribute to cytokine-induced renal interstitial

inflammation.

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

To explore the mechanism underlying the inhibitory effects of TNF-

α and IL-1β on PPARγ and its coactivators, we focused on the NF-

F IGURE 2 Tumour necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) increase the binding of nuclear proteins to NF-κB and monocyte
chemoattractant protein-1 (MCP-1) expression. HK-2 cells were treated with TNF-α or IL-1β at 10 ng/mL as indicated. Nuclear protein was used
for the electrophoretic mobility shift assay (EMSA) with oligonucleotides corresponding to PPARγ-specific response elements as described in the
Materials and Methods. (A, B) Representative EMSA results for the nuclear receptors studied. (C, D) Quantification of the EMSA data from
individual experiments. (E) MCP-1 protein levels in the cell culture supernatant were determined by enzyme-linked immunosorbent assay (ELISA)
as described in the Materials and Methods. The data (means±SEMs, n = 3) are from duplicate experiments and expressed as percentages of the
control values. *p < .05 versus the control group, △p < .01 versus the control group. PPARγ, peroxisome proliferator-activated receptor.
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κB pathway, which plays a critical regulatory role in inflammation

and can be directly activated by TNF-α and IL-1β. Previous investi-

gations have proven that the NF-κB pathway is strongly related to

PPARγ and can directly repress the expression of PPARγ and

related genes.

By the EMSA, we found that TNF-α or IL-1β could significantly

promote NF-κB DNA binding activity at 2 h after treatment, at

which point NF-κB DNA binding activity was increased 2.5-fold

(Figure 2A,B) or 2.3-fold relative to baseline (Figure 2C,D), respec-

tively. MCP-1 is a target of the NF-κB pathway and plays impor-

tant roles in the transmigration of inflammatory cells. Through

ELISA we found that TNF-α significantly increased the MCP-1 pro-

tein concentration from 15.52 ± 1.05 pg/mL at baseline to 40.47

± 0.97 pg/mL at 24 h after treatment (Figure 2E). Moreover, IL-1β

strongly increased the MCP-1 concentration from 19.33 ± 2.33 pg/

mL at baseline to 160.56 ± 2.8 pg/mL at 8 h after treatment

(Figure 2E). These data verify that TNF-α and IL-1β effectively

induced the activation of the NF-κB signalling pathway under the

same experimental conditions, mediating the downregulation of

PPARγ and coactivator expression.

3.5 | 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 14-week-old db/db

mice were significantly higher than those of db/m control mice

(Figure 3A,B). Rosiglitazone administration but not ZLN005 admin-

istration reduced serum glucose levels to control levels, and nei-

ther agonist had any effect on the body weight of the db/db mice

after 8 weeks of administration (Figure 3A,B). The 24-h urinary

protein level in 14-week-old mice in the db/db group was signifi-

cantly increased compared with of in 14-week-old mice in the con-

trol group, and 8 weeks of treatment with either Rosiglitazone or

ZLN005 significantly reduced the 24-h urinary protein level in

db/db mice (Figure 3C).

PAS staining revealed obvious mesangial cell proliferation and

mesangial matrix expansion in the db/db group compared with the

control group, and treatment with either Rosiglitazone or ZLN005

markedly attenuated the pathological characteristics, resulting in

only minor differences between the drug treatment groups and the

control group (Figure 3D). Transmission electron microscopy (TEM)

micrographs revealed that podocyte foot processes effaced, the

glomerular basement membrane (GBM) was thickened, and the

density and quantity of mitochondria in tubule cells were

decreased in the db/db mice compared with control mice, and

morphological damage was alleviated after treatment with Rosigli-

tazone or ZLN005 (Figure 3E,F).

Total protein was extracted from kidney tissues, and the west-

ern blotting results showed significantly reduced expression of

nephrin and PGC-1α (Figure 3G–J) but significantly increased levels

of NF-κB and NLRP3 in db/db mice compared with control mice

(Figure 3K–M); additionally, Rosiglitazone or ZLN005 treatment

reversed these changes. These results indicate both PPARγ and

PGC-1α played a renoprotective role in diabetic nephropathy and

that PGC-1α expression was increased while NF-κB levels were

reduced.

3.6 | Rosiglitazone or ZLN005 treatment alleviates
the renal inflammatory response and renal fibrosis
induced by diabetic nephropathy

The protein expression levels of TNF-α and IL-1β were upregulated

and the protein expression of PPARγ was downregulated in renal

sections from the db/db group compared with those from the con-

trol group. After treatment with either Rosiglitazone or ZLN005, the

increase in TNF-α and IL-1β levels was inhibited, concomitant with

the restoration of PPARγ expression (Figure 4A–D). Sirius Red stain-

ing and immunohistochemical staining for α-SMA revealed obvious

alleviation of collagen deposition and myofibroblasts in db/db mice

under the treatment with either Rosiglitazone or ZLN005

(Figure 4E–G). To further substantiate the anti-inflammatory and

antifibrotic effects of Rosiglitazone or ZLN005, immunofluorescence

was performed to evaluate macrophage phenotypes. As shown in

Figure 5, the number of CD86+ and CD206+ macrophages was

greater in the db/db group than in the control group. Following

F IGURE 3 Treatment with Rosiglitazone or ZLN005 exerts protective effects against diabetic nephropathy and inhibits inflammation in the
renal tissues of db/db mice. After 8 weeks of treatment, (A) body weight in the control, db/db, db/db + ROSI, db/db + ZLN groups was
measured. (B) Blood glucose levels in the four mentioned groups were measured. (C) Twenty-four-hour urinary albumin excretion in mice from
the four mentioned groups was measured. The data are presented as the mean ± SEM (n = 6 per group). Representative photomicrographs
depicting (D) PAS staining in the four groups after the 8-week experimental period. Original magnification, �400. Representative transmission
electron microscopy (TEM) micrographs of foot processes, the glomerular basement membrane (GBM) (E) and tubular cells (F) in the control,
db/db, db/db + ROSI, db/db + ZLN groups. Original magnification, �10 000. (G) Western blot (WB) analysis of nephrin and β-Actin expression in

the control, db/db, db/db + ROSI, db/db + ZLN groups. (H) Densitometric analysis of the WB results. The relative band intensity was normalized
to the intensity of the corresponding β-actin band. (I) WB analysis of PPARγ coactivator-1 alpha (PGC-1α) and β-actin expression in the control,
db/db, db/db + ROSI, db/db + ZLN groups. (J) Densitometric analysis of the WB results. The relative band intensity was normalized to the
intensity of the corresponding β-actin band. (K) WB analysis of NF-κB, NLRP3 and β-Actin expression in the control, db/db, db/db + ROSI,
db/db + ZLN groups. (L, M) Densitometric analysis of the WB results. The relative band intensity was normalized to the intensity of the
corresponding β-actin band. The data are presented as the mean ± standard deviation (n = 6 per group). NSp ≥ .05, *p < .05, **p < .01, ***p < .001,
****p < .0001.
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treatment with either Rosiglitazone or ZLN005, there was a reduc-

tion in the number of CD86+ macrophages coupled with a decrease

in the number of CD206+ macrophages; CD86+ macrophages are

proinflammatory macrophages, while CD206+ macrophages highly

express fibrosis-promoting genes and can be converted into fibro-

cytes. Notably, these findings suggest the potential renoprotective

effects of Rosiglitazone or ZLN005 against inflammation and

fibrosis.

F IGURE 4 Rosiglitazone or ZLN005 alleviates renal inflammatory response and fibrosis in diabetic nephropathy mice. (A) Representative
images of immunohistochemical staining for peroxisome proliferator-activated receptor (PPARγ), tumour necrosis factor-α (TNF-α) and
interleukin-1β (IL-1β) at �200 magnification. (B–D) the PPARγ-positive, TNF-α-positive and IL-1β-positive areas in db/db mice, ZLN005 or
Rosiglitazone treatment mice are shown as the fold change relative to the control group. (E) Representative photomicrographs depicting Sirius
Red staining and immunohistochemical staining for α-SMA in the control, db/db, db/db + ROSI, db/db + ZLN groups after the 8-week
experimental period. Original magnification, �200. (F and G) the Sirius Red-positive and α-SMA-positive areas in db/db mice, ZLN005 or
Rosiglitazone treatment mice are shown as the fold change relative to the control group. (n = 10, NSp ≥ .05, *p < .05, ***p < .001, ****p < .0001).
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3.7 | The PGC-1α activator ZLN005 protects
against diabetic nephropathy-induced activation of
NF-κB by increasing PGC-1α and PPARγ levels in
HK2 cells

A safety analysis was conducted by administering different doses of

ZLN005 to HK2 cells cultured in 5 mM glucose medium. The results

presented in Figure 6 demonstrate a concentration-dependent reduc-

tion in cell viability upon ZLN005 treatment, which was particularly

noteworthy when ZLN005 concentrations in the cell culture medium

exceeded 20 μM. Conversely, treatment with 2.5–10 μM ZLN005

significantly increased the viability of HK2 cells subjected to high-

glucose stimulation. HK2 cells were treated with ZLN005 at a concen-

tration of 10 μM or lower in vitro. Both the protein and mRNA levels

of PGC-1α and PPARγ exhibited a marked increase in response to

10 μM ZLN005 treatment. Therefore, 10 μM ZLN005 was chosen for

subsequent cell experiments.

Similar to high-glucose stimulation, exposure to TNF-α and IL-1β at

10 ng/mL suppressed PGC-1α and PPARγ protein expression while acti-

vating theNF-κB pathway. All of these deleterious effectsweremitigated

to varying extents following ZLN005 treatment, as illustrated in Figure 7

and Figure S1. These results reveal the significance of a decrease in

F IGURE 5 Effects of ZLN005 on macrophage phenotypes. (A and B) Representative images of immunofluorescence staining for the M1
macrophage marker CD86 and the M2 macrophage marker CD206 at �40 magnification. Scale bar = 50 μm. (C and D) Quantification of CD86+

macrophages and CD206+ macrophages in db/db mice and db/m mice is shown as the fold change relative to the ZLN005 treatment group
(n = 10, NSp ≥ .05, *p < .05, **p < .01, ***p < .001, ****p < .0001).
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NF-κB pathway activation as one of the mechanisms by which ZLN005

exerts renoprotective effects against diabetic nephropathy.

3.8 | Rosiglitazone or ZLN005 alleviates MCP-1
production in diabetic nephropathy

The results presented in Figure 8A–F show that the protein levels

of PGC-1α and PPARγ exhibited a marked decrease in HK2 cells

under exposure to high-glucose and IL-1β, while followed by dif-

ferent extent of increase in response to 50 μM Rosiglitazone treat-

ment. The protein expression of MCP-1 was upregulated in renal

tissues from the db/db group compared with those from the con-

trol group, which was significantly alleviated after treatment with

either Rosiglitazone or ZLN005 (Figure 8G,I). Similarly, the

increased protein expression of MCP-1 under high-glucose

stimulation was inhibited in vitro following the treatment with

either Rosiglitazone or ZLN005 (Figure 8H,J). These results suggest

that treatment with Rosiglitazone or ZLN005 suppressed MCP-1

production in diabetic nephropathy, which may contributed to the

reduced macrophage influx.

4 | DISCUSSION

Numerous studies have confirmed the protective roles of the

nuclear receptor PPARγ and its coactivators in the heart, the liver,

the brain and adipose tissue. These roles involve a well-established

mechanism by which PPARγ and its coactivators govern the regula-

tion of inflammatory responses, energy metabolism, and mitochon-

drial biogenesis. In acute renal failure, cisplatin deactivates PPARα

by reducing its DNA-binding activity and the expression of its

F IGURE 6 Effects of ZLN005
treatment on high glucose-
induced HK2 cell injury.
(A) Summary data showing the
viability of HK2 cells treated with
0, 2.5, 5, 10 or 20 μM ZLN005
under low-glucose conditions to
determine safe treatment
concentrations. (B) Summary data

showing the viability of HK2 cells
cultured under low-glucose
conditions or treated with 0, 5,
10 or 20 μM ZLN005 under high-
glucose stimulation for 48 h.
(C) Representative Western blot
images and (D, E) summary data
showing the dose-dependent
effect of ZLN005 on the high
glucose-induced decrease in
PPARγ coactivator-1 alpha (PGC-
1α) and peroxisome proliferator-
activated receptor gamma protein
expression. (F) Summary data
showing relative PGC-1α mRNA
levels in HK2 cells cultured under
low-glucose conditions or treated
with 0, 5, or 10 μM ZLN005
under high-glucose stimulation for
48 h. n = 8–9. NSp ≥ .05, *p < .05,
**p < .01, ***p < .001.
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specific coactivator PGC-1. The administration of either LPS in vivo

or TNF-α in vitro decreases the expression of PPARs as well as its

coactivators in the heart and adipose tissue. Moreover, inflamma-

tory stimuli decrease the expression of PPARγ, SRC-1, SRC-2 and

PGC-1 in liver cells and uterine smooth muscle cells. Our results are

consistent with those of previous work showing that PPARs and its

coregulators actively contribute to the progression of inflammatory

injuries.

We also explored the molecular mechanism underlying these

effects. NF-κB is a critical transcription factor whose signalling

pathway represents a major avenue by which TNF-α and IL-1β

inhibit PPARγ function.18–23 Previous studies have confirmed that

NF-κB activation can inhibit PPARγ function in several ways. First,

NF-κB can cause direct phosphorylation of serine residues of the

PPARγ protein, such as Ser112 and Ser82, resulting in a reduction

in its transcriptional activity.24 Second, in an acute manner, IκB

degradation can cause the nuclear translocation of the PPARγ

corepressor HDAC3 and increase the binding of the corepressor

complex to PPARγ.24 Moreover, recent studies have verified that

NF-κB directly interacts with PPARγ and its coactivators and

downregulates the expression of transcriptional coactivators of

PPARγ. In the present study, we also found that NF-κB activity

was greatly upregulated along with reduced expression of PPARγ

as well as its coactivators, providing new evidence for the inhibi-

tory effects of NF-κB. However, the exact mechanism underlying

this phenomenon and other possible contributors still need to be

explored further.

PGC-1α interacts with transcription factors of PPARs, nuclear

respiratory factors (NRFs) family, oestrogen related receptors (ERRs)

family, and other nuclear receptors to regulate their expression and

function by binding to target genes, thereby widely regulating biologi-

cal processes. PGC-1α can participate in inducing the effective

expression of glucose transporter GLUT4, thereby increasing the abil-

ity of cells to transport glucose to hypoglycemia and affecting pro-

cesses such as glucose utilization and fatty acid oxidation in peripheral

tissues,25 also regulates insulin resistance and sensitivity in several

pathological processes.26 PPARγ has a strong interaction with PGC-

1α, inactivation of PPARγ will lead to insulin resistance as well.

F IGURE 7 The peroxisome proliferator-activated receptor (PPARγ) coactivator-1 alpha (PGC-1α) activator ZLN005 protects against
diabetic nephropathy-induced activation of NF-κB by increasing PGC-1α and PPARγ levels in HK2 cells. (A) Representative Western blot
images and (B–D) summary data showing PGC-1α, PPARγ and p65/p-p65 protein levels in HK2 cells treated with ZLN005 or without
ZLN005 and exposed to high glucose, interleukin-1β and tumour necrosis factor-α (TNF-α). n = 8–9. NSp ≥ .05, *p < .05,
**p < .01, ***p < .001.
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Besides, the direct regulatory effect of PPARγ on lipid metabolism

and its critical role in insulin intercellular signalling further influence

glucose levels, which may become the reason why we found that the

activators of PPARγ and PGC-1α differentially modulate glucose

levels in this study.

Since Zhang et al.27 reported that ZLN005 is a small molecule that

induces PGC-1α expression at the mRNA level in 2013, its antioxida-

tive effects and ability to repair mitochondrial damage have been

studied in nerve and cardiovascular tissues and cells.28–30 However,

to our knowledge, there are no reports on the effect of ZLN005 in

kidney disease or its anti-inflammatory effects. For the first time, we

investigated the mechanism by which ZLN005, as a PGC-1α activator,

regulates inflammation in diabetic nephropathy. The data strongly

suggested that ZLN005 induced PGC-1α expression in kidney tissue,

which protected against renal inflammatory injury and ameliorated

diabetic nephropathy.

The downregulation of PPARγ and PGC-1α by TNF-α and IL-

1β was accompanied by an increase in the expression and DNA-

binding activity of the proinflammatory transcription factor NF-κB

in this study, which provides strong evidence for the molecular

mechanism by which systemic and renal inflammation exacerbates

kidney disease. The renoprotective effect of PPARγ and PGC-1α

activators through a mechanism involving NF-κB expression and

reduced inflammation was verified in both db/db diabetic nephrop-

athy model mice and HK-2 cells. In summary, these results high-

light that PPARγ, together with its coactivator PGC-1α, actively

participates in renal inflammation through an NF-κB-related mech-

anism. Further exploration of the detailed underlying mechanisms

may reveal novel potential therapeutic targets for renal inflamma-

tory diseases.

There are several limitations of the current study as well. First,

the mouse model we used in this study moduled diabetic nephropathy

F IGURE 8 Rosiglitazone or ZLN005 alleviates diabetic nephropathy-induced monocyte chemoattractant protein-1 (MCP-1) production.
(A) Representative western blot (WB) images and (B and C) summary data showing the peroxisome proliferator-activated receptor (PPARγ)
coactivator-1 alpha (PGC-1α) and PPARγ protein expression levels in HK2 cells cultured under low-glucose conditions or treated with 0, 50 μM
Rosiglitazone under high-glucose stimulation for 48 h. (D) Representative WB images and (E and F) summary data showing the PGC-1α and
PPARγ protein expression levels in HK2 cells treated with 0, 50 μM Rosiglitazone under interleukin-1β stimulation for 48 h. (G) Representative
WB images and (H) summary data showing MCP-1 protein levels in kidney lysates of the control, db/db, db/db + ROSI, db/db + ZLN groups
mice. (I) Representative WB images and (J) summary data showing MCP-1 protein levels in HK2 cells treated with either Rosiglitazone or ZLN005
or without treatment under exposure to high glucose. n = 8–9. NSp ≥ .05, *p < .05, **p < .01, ***p < .001, ****p < .0001.
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caused by T2DM, these findings need to be verified in diabetic

nephropathy caused by T1DM. Second, more detailed experiments

are needed to explore the exact mechanism of the effect of PPARγ

and PGC-1α mediates on macrophages in diabetic nephropathy. Third,

the doses of Rosiglitazone used in the mouse model were much

higher than those employed in clinical settings, the preventive and

therapeutic effects, as well as the safety of Rosiglitazone and ZLN005

for clinical practice need further confirmation by well-designed clinical

research.
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