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Introduction

Immunoglobulin A  (IgA) nephropathy is characterized 
by mesangial IgA deposits and expansion of glomerular 
mesangial matrix with proliferation of mesangial cells. Its 
clinical manifestation is extremely variable, ranging from 
asymptomatic microscopic hematuria to rapidly progressive 
renal failure. It is considered as the most common primary 
glomerulonephritis worldwide[1] and 36% of adult patients 
with IgA nephropathy  (IgAN) progress to end‑stage 
renal failure within 20  years in China.[2] However, the 

pathogenesis of IgAN is obscure and its current therapy 
remains unsatisfactory.
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Activation of inflammatory and immune system is one of the 
important causal factors in the pathogenesis of chronic renal 
disease.[3] It is becoming clear that toll‑like receptors (TLRs) 
are directly involved in the pathogenesis of chronic kidney 
diseases related to inflammatory responses.[4,5] TLRs are 
evolutionarily conserved receptors that bind to pathogens 
and initiate inflammatory responses which might trigger 
renal injuries. In humans, TLRs are expressed on a wide 
range of cell types including renal mesangial cells and 
tubular epithelial cells.[6,7] Among the eleven human TLRs, 
TLR4 has been demonstrated to be related to mesangial cell 
injury[8] and renal fibrosis[9] by induction of proinflammatory 
cytokines, profibrotic molecules, and transforming growth 
factor‑β1 in chronic kidney diseases,[9,10] including IgAN, 
renal ischemia‑reperfusion injury,[11] acute kidney injury,[12] 
and transplantation rejection.[13] In vitro experiments have 
confirmed that TLR4 expression is increased in circulating 
mononuclear cells of patients with IgAN[14‑16] and TLR4 
signaling is implicated in the activation of IgA‑stimulated 
mesangial cells.[8] However, at present, there are few 
in  vivo researches concerning TLR4 and IgAN. Coppo 
et al.[15] revealed that the upregulation of TLR4 in circulating 
mononuclear cells of patients with IgAN was associated with 
heavy microscopic hematuria and proteinuria. He et al.[17] 
observed that the expression of TLR4 message ribonucleic 
acid (mRNA) and protein in renal tissue was significantly 
increased in IgAN rats established by oral and intravenous 
immunization with bovine serum albumin  (BSA) for 
12  weeks. Although these researches mentioned above 
suggested that the expression of TLR4 was increased in the 
serum or kidney of patients or rats with IgAN, they could not 
demonstrate what role TLR4 might play in the progression 
of IgAN.

Peroxisome proliferator‑activated receptor‑γ  (PPAR‑γ) is 
a member of the nuclear hormone receptor family which 
expresses in many tissues including the kidney. In addition 
to regulating the metabolism of glucose and lipid, PPAR‑γ 
also exerts anti‑inflammatory effects on kidney diseases[18] 
including IgAN.[19,20] Our groups and others have noted 
that thiazolidinediones, a PPAR‑γ agonist, could attenuate 
inflammatory responses through the angiotensin II signaling 
pathway by suppressing the activation of angiotensin receptor 
1, extracellular regulated protein kinases ½, and nuclear 
factor‑kappa B  (NF‑κB) in the in  vitro experiments.[19‑21] 
As it has been proved, NF‑κB is the key factor of the 
downstream of TLR4 signaling pathway. It has been reported 
that pioglitazone exerted its anti‑inflammatory effect through 
suppression of the expression and activity of TLR4 in many 
in vitro experiments of other disease models.[22‑25] So far, the 
interaction between PPAR‑γ and TLR4 and the plausible 
mechanism in IgAN have not been fully studied.

The current study was conducted to assess whether TLR4 
signaling pathway was involved in the pathogenesis and 
progression of IgAN in  vivo. We hypothesized that the 
PPAR‑γ agonist exerted its role on alleviating the severity of 
IgAN by interfering with TLR4‑dependent signaling pathway 

and impressed the increase of inflammatory mediators. With 
this aim, we evaluated the renal expression of inflammatory 
cytokine interleukin‑1 beta (IL‑1β), and TLR4 mRNA and 
protein in rats before and after the establishment of IgAN 
and the changes of these factors after treated with TLR4 
inhibitor, toll‑like receptor 4 inhibitor (TAK242). Moreover, 
we tested the alterations of renal TLR4 mRNA and protein 
in rats after gavaged by pioglitazone with a focus on the 
interactive roles between TLR4 and PPAR‑γ and how this 
interaction on the severity of experimental IgAN.

Methods

Antibodies and reagents
Bovine gamma globulin (BGG) was purchased from Sigma 
Chemical Co. (St. Louis, MO, USA). Antibodies were rabbit 
anti‑rat TLR4, rabbit anti‑rat IL‑1β  (all from Santa Cruz 
Biotechnology, Santa Cruz, CA, USA), and goat anti‑rat 
IgA (LifeSpan BioSciences, Seattle, CA, USA). Pioglitazone 
was a gift from Taiyang Pharmaceutical Industry Co., Ltd., 
in Beijing, China. TLR4 inhibitor TAK242 was purchased 
from MedChem Express Co., Ltd. (New Jersey, USA).

Experimental design
All procedures performed in studies involving animals 
were in accordance with the ethical standards of the Ethics 
Committee of Huadong Hospital for Animal Studies and the 
National Institute of Health Guidelines for the care and use 
of laboratory animals. A total of 54 male, 3‑week‑old Lewis 
rats[26] weighing 45 ± 5 g were purchased from Weitonglihua 
Animal Technical Co., Ltd., in Beijing, China, and housed in 
an specific pathogen‑free room at the Animal Experimental 
Center of Fudan University with a room temperature of 25°C 
and a 12‑h light‑dark cycle. The animals were provided 
standard rodent chow and water to drink ad libitum for 1 week 
before the initiation of the study.[27] Because of the different 
treating time of TAK242 and pioglitazone, the animals were 
sacrificed at different time intervals. Hence, 54 Lewis rats 
were randomly divided into six groups with the method of 
simple randomization: ControlTAK242, IgANTAK242, TAK242, 
ControlPio, IgANPio, and Pio groups. Experimental IgAN 
was induced in 4‑week‑old Lewis rats by continuous oral 
immunization with 0.1% BGG in 6 mmol/L HCl as drinking 
water for 9 weeks, followed by intravenous injection of 1 mg 
BGG (dissolved in 0.3 ml 6 mmol/L HCl) into the tail vein 
daily for 3 successive days.[26,28] TAK242, dissolved in 20% 
lipovenoes at 3 mg∙kg−2∙d−1 (7.5 ml/kg), was injected into rats 
with IgAN for 8 days after completing the model‑creation 
(TAK242 group). Experimental IgAN rats receiving 
intravenous injection of the same amount of lipovenoes 
for 8  days by tail veins were named IgANTAK242 group. 
ControlTAK242 group was normal rats who drank 6 mmol/L 
HCl for 9 weeks, and then injected with 1mg 6 mmol/L HCl 
into the tail vein daily for three successive days followed 
by injection with 20% lipovenoes at 7.5  ml∙kg−2∙d−1 for 
8 days. Pioglitazone, dissolved in saline at 1 mg/ml, was 
administered to rats after the model‑creation by intragastric 
injection at 10 mg∙kg−2∙d−1 for 4 weeks until the rats were 
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killed  (Pio group). Rats of experimental IgAN receiving 
intragastric injection of saline at 10 ml∙kg−2∙d−1 for 4 weeks 
were named IgANPio group and Controlpio group referred to 
normal rats who drank 6 mmol/L HCl for 9 weeks, and then 
were given intravenous injection of 1 mg 6 mmol/L HCl 
into the tail vein daily for three successive days followed by 
intragastric injection of saline at 10 ml∙kg−2∙d−1 for 4 weeks.

Biochemical analyses of renal function
Twenty‑four hours urine was collected by metabolic cages 
for urinary analysis. Albumin‑to‑creatinine ratio  (ACR) 
was used to express the degree of albuminuria. The urine 
was centrifuged at 600 revolutions per minute for 5 min 
and the sediment was examined microscopically for 
erythrocytes. A  diagnostic criterion for hematuria was 
more than 10 red cells on average per high‑power field.[17,29] 
Serum creatinine (Scr) and blood urea nitrogen (BUN) were 
measured at the clinical laboratory at Huadong Hospital 
affiliated to Fudan University.

Enzyme‑linked immunosorbent assay
Blood samples were drawn through the abdominal aorta after 
intraperitoneal anesthesia with 2% pentobarbital sodium to 
detect serum IL‑1β by enzyme‑linked immunosorbent assay 
kits (MultiSciences Biotech Co., Ltd., China) according to 
the manufacturer’s instructions. Each sample was analyzed 
in duplicates.

Histological and immunofluorescence examination
The left kidney was rapidly harvested and bisected 
transversely. The cortex from half of the kidney was fixed in 
4% paraformaldehyde and paraffin‑embedded for histological 
observation. The other half was snap frozen in liquid nitrogen 
and stored at −80°C for total RNA and protein extraction. 
Three‑micrometer thick paraffin‑embedded kidney sections 
were deparaffinized with xylene and then rehydrated 
through a descending gradient of ethanol. The sections were 
stained with H and E. Glomerular damage and mesangial 
hypercellularity were determined by examining 25 glomeruli 
in each sample. The results were expressed as average number 
of sectioned glomerular nucleated cells. All sections were 
evaluated by an investigator who was blinded to the samples.

Immunofluorescence examination of the paraffin‑embedded 
renal sections was performed by staining with fluorescing 
isothiocyanate‑labeled, specific antibodies against rat 
IgA (1:16) at 4°C overnight. The anti‑rat IgA antibody was 
visualized as bright green color using the Dako Envision Plus 
System  (Dako, Carpinteria, CA, USA). The nephrologist 
who examined the specimens was unaware of the group 
assignments of the individual animals.

Quantitative real‑time polymerase chain reaction and 
Western blotting
Total RNA was extracted from renal tissues using the Trizol 
reagent kit (Life Technologies, USA) according to the method 
described in the manufacturer’s protocol. Thereafter, 1 ng of total 
RNA was reverse transcribed using the PrimeScript Reverse 
Transcription Kit and random primers (Takara Biotechnology 

Co., Ltd., Japan) to cDNA. Real‑time polymerase chain 
reaction amplification was carried out in an ABI Prism 7500 
sequence detection system. Primer sequences for rat TLR4 
are forward 5’‑TGACAGACCTCAGGCAGATTGT‑3’, 
reverse 5’‑AATAGTGCAATCGATAGAAGGAACA‑3’; 
IL‑1β forward 5’‑CCGTGGCACATTCTGGTCA‑3’, reverse 
5’‑GCTGTGCACTGGTCCAAATTC‑3’; and β‑actin 
forward 5’‑AGATTACTGCCCTGGCTCCTAG‑3’, reverse 
5’‑CATCGTACTCCTGCTTGCTGA‑3’. β‑actin was used 
as an endogenous control. Data obtained were calculated by 
the comparative cycle threshold method conformed to the 
introduction.[19]

Protein extracted from the renal tissues was analyzed by 
Western blotting for TLR4 and IL‑1β in the following 
manners. Total protein was homogenized in protein lysis 
buffer. After homogenization, the solution was centrifuged 
at 10,800 ×g at 4°C for 5 min. The supernatant was used for 
Western blotting. Protein was separated by sodium dodecyl 
sulfate‑polyacrylamide gel electrophoresis and transferred 
onto a polyvinylidene difluoride membrane. The membrane 
was incubated with BSA, and then with following primary 
antibodies including rabbit antibody to IL‑1β and TLR4. 
Glyceraldehyde‑3‑phosphate dehydrogenase  (GAPDH) 
antibody was used for loading controls on stripped 
membranes. Horseradish peroxidase‑conjugated secondary 
antibodies were applied. Detection was used by enhanced 
chemiluminescence, and the light signals were exposed 
to X‑ray film. The results of protein expression were 
normalized to GAPDH in all figures.

Statistical analysis
Data were analyzed using SPSS software version 20 (IBM, 
New York, USA). Results were presented as mean ± standard 
deviation (SD). Differences between groups were analyzed 
by one‑way analysis of variances (ANOVA). A value of 
P < 0.05 was considered statistically significant.

Results

Biochemical parameters
As shown in Figure  1a and 1b, urinary ACR and serum 
IL‑1β level were significantly increased in IgANTAK242 rats 
compared to ControlTAK242 rats (4.45 ± 1.33 mg/mmol vs. 
2.89 ± 0.96 mg/mmol, P < 0.05; 48.28 ± 13.49 pg/ml vs. 
35.56 ± 7.41pg/ml, P < 0.05). Furthermore, treatment with 
TAK242 significantly reversed the elevations of ACR and 
serum IL‑1β (1.34 ± 0.33 mg/mmol vs. 4.45 ± 1.33 mg/mmol, 
P < 0.05; 32.43 ± 7.42 pg/ml vs. 48.28 ± 13.49 pg/ml, P < 0.05). 
Similarly, urinary ACR was significantly increased in IgANpio 
rats compared to Controlpio rats (1.72 ± 0.41 mg/mmol vs. 1.27 
± 0.15 mg/mmol, P < 0.05), which was reversed by pioglitazone 
(1.13 ± 0.44 mg/mmol vs. 1.72 ± 0.41 mg/mmol, P < 0.05) 
[Figure 1c]. Compared to IgANPio group, there was a tendency of 
reduction of serum IL‑1β levels in Pio group, but the difference 
did not reach the statistical difference (39.06 ± 17.92 pg/ml vs. 
47.45 ± 12.91 pg/ml, P > 0.05) [Figure 1d]. However, urine from 
normal rats, IgAN rats, rats received treatment with TAK242 or 
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pioglitazone all revealed sporadic hematuria and the difference 
among groups did not reach the statistical significance. There 
was no significant difference in BUN or Scr between various 
groups (data not shown).

Histology examination
The IgA deposits in the glomeruli were observed by 
immunofluorescent staining. Figure  2a indicates that 
there is hardly no clear green fluorescence seen in the 
glomeruli of ControlTAK242 and ControlPio groups. In 
contrast, bright mass‑like green fluorescence was found 
in the glomeruli of IgANTAK242 and IgANPio rats. These 
results indicated that the IgAN animal models were 
established successfully.

The kidney sections were stained with H  and  E. Renal 
pathologic structure of ControlTAK242 and ControlPio groups 
was found without any glomerular or tubular injuries. The 
histological changes of rats in IgANTAK242 and IgANPio groups 
were both characterized by glomerular hypercellularity, 
moderate proliferation of the mesangial cells, and hyperplasia 
of mesangial matrix. Some renal tubular epithelial cells 
were swelling and necrotic. The changes mentioned above 
were apparently ameliorated in rats of TAK242 and Pio 
groups [Figure 2b]. The number of glomerular cells of cross 
section in experimental rats was higher than those in normal 

rats (51.39 ± 3.58 vs. 41.24 ± 2.24, P < 0.01). Compared to 
IgANTAK242 group, the number of glomerular cells of cross 
section was much lower in TAK242 group (35.47 ± 3.38 vs. 
51.39 ± 3.58, P < 0.01). In addition, there was a significant 
decrease of glomerular cells in Pio group compared to 
IgANPio group (45.53 ± 6.37 vs. 50.12 ± 8.43, P < 0.05) 
[Figure 2c].

Renal expression of interleukin‑1 beta and toll‑like 
receptor 4 at the message ribonucleic acid and protein 
levels
We studied the expression of IL‑1β and TLR4 mRNA as well 
as protein of each sample from renal tissues. Our findings 
illustrated that TLR4, IL‑1β mRNA, and protein in IgANTAK242 
group were dramatically higher than those in ControlTAK242 
group (TLR4 mRNA: 1.36 ± 0.54 vs. 1.03 ± 0.24, P < 0.05; 
IL‑1β mRNA: 1.38  ±  0.62  vs. 0.88  ±  0.37, P  <  0.01; 
TLR4 protein: 0.81  ±  0.18  vs. 0.30  ±  0.07, P  <  0.01; 
IL‑1β protein: 1.10 ± 0.33 vs. 0.74 ± 0.19, P < 0.05). In 
contrast, the levels of TLR4, IL‑1β mRNA, and protein in 
TAK242 group were much lower than those in IgANTAK242 
group (TLR4 mRNA: 0.92 ± 0.26 vs. 1.36 ± 0.54, P < 0.01; 
IL‑1β mRNA: 0.95 ± 0.45 vs. 1.38 ± 0.62, P < 0.01; TLR4 
protein: 0.43  ±  0.30  vs. 0.81  ±  0.18, P  <  0.01; IL‑1β 
protein: 0.60 ± 0.33 vs. 1.10 ± 0.33, P < 0.01). Likewise, 

Figure 1: Urine and serum biochemical parameters (n=9 in each group). (a) ACR of all groups detected by automatic biochemical analyzer. (b) 
Serum concentration of IL‑1β of all groups detected by ELISA kits. (c) ACR of all groups detected by automatic biochemical analyzer. (d) Serum 
concentration of IL‑1β of all groups detected by ELISA kits. *Compared to ControlTAK242, P < 0.05; †Compared to IgANTAK242, P < 0.05; ‡Compared 
to ControlPio, P < 0.05; §Compared to IgANPio, P < 0.05. ACR: Urinary albumin‑to‑creatinine ratio; IgAN: Immunoglobulin A nephropathy; Pio: 
Pioglitazone; TAK242: Toll‑like receptor 4 inhibitor; IL‑1β: Interleukin‑1 beta; ELISA: Enzyme‑linked immunosorbent assay.
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there was a significant increase of TLR4, IL‑1β mRNA, 
and protein in IgANPio group compared to ControlPio 
group (TLR4 mRNA: 1.72 ± 0.45 vs. 1.58 ± 0.37, P < 0.05; 
IL‑1β mRNA: 1.53  ±  0.19  vs. 1.32  ±  0.37, P  <  0.05; 
TLR4 protein: 0.21  ±  0.05  vs. 0.16  ±  0.06, P  <  0.05; 
IL‑1β protein: 0.66  ±  0.16  vs. 0.46  ±  0.21, P  <  0.05). 
In addition, the increase was reversed in Pio group:  the 
expression of TLR4, IL‑1β mRNA, and protein in Pio 
group was dramatically decreased compared to IgANPio 
group (TLR4 mRNA: 1.22 ± 0.28 vs. 1.72 ± 0.45, P < 0.05; 
IL‑1β mRNA: 1.27 ± 0.41 vs. 1.53 ± 0.19, P < 0.01; TLR4 
protein: 0.12 ± 0.03 vs. 0.21 ± 0.05, P < 0.05; IL‑1β protein: 
0.37 ± 0.20 vs. 0.66 ± 0.16, P < 0.05) [Figure 3a and 3b].

Discussion

The present study provided evidence that inflammatory 
responses and TLR4 signaling pathway are involved 
in the progression of IgAN. Pioglitazone exerted its 
anti‑inflammatory effects by interfering with TLR4 signaling 
pathway and reducing inflammatory cytokines to alleviate 
the progression of IgAN.

Research of IgAN has been handicapped due to the lack of 
a good animal model of IgAN for many years. Since Rifai 
et al.[30] established IgAN model with BALB/c mice for the 
first time in 1979, many scholars have made various IgAN 
models based on the known pathogenesis. However, there 
were wide gaps in pathologic changes between the animal 
models and human IgAN. Recently, the ddY strain of mouse 
was used as a spontaneous animal model for human IgAN. 
However, these mice showed mild proteinuria without 
hematuria at more than 40 weeks of age and the incidence 
of IgAN was highly variable.[31] Some investigators used 
BSA gavage and hypodermic injection of staphylococcal 
enterotoxin B plus lipopolysaccharides (LPS) to establish 
IgAN models.[32,33] However, LPS itself is a high potent 
agonist of TLR4 which is apt to confound the interpretation 
of the subsequent inflammatory pathway.[34,35] In 1983, 
Emancipator et al.[36] for the first time made IgAN models 
with BALB/c mice by orally immunizing BGG. Only 
part of the mice showed proteinuria and hematuria was 
not obvious. In 1992, Gesualdo et al. [26] induced IgAN in 
different rat strains by oral BGG immunization and found 
that mesangial IgA deposition was most severe in Lewis 
rats. Due to the mild histopathology even after prolonged 
observation of this model, Lai et al.[19] improved the model 
with Lewis rats by immunization of BGG and followed by 
unilateral nephrectomy. This model had diffuse glomerular 
IgA deposition, mesangial hypercellularity, high ACR 
and obvious hematuria. Although unilateral nephrectomy 
hastened the development of renal abnormalities, it may lead 
to acute kidney injury and other injuries not characteristic to 
IgAN which could confound the findings. Taken together, 
our establishment of IgAN models with Lewis rats by oral 
immunization of BGG for 9 weeks and then injection of 
BGG through tail vein for 3 successive days[29,36] might 
be able to avoid those disadvantages mentioned above. 
Although our models did not show obvious hematuria 
which was consistent with other studies, immunofluorescent 
assay showed granular and massive IgA depositions and 
pathological observation revealed diffuse proliferation 
of mesangial cells and matrix. Furthermore, our models 
showed obvious proteinuria. Above all, IgAN rat model 
were successfully established and can be used to reflect the 
pathophysiological findings in human IgAN.

IgAN is a complex multifactorial disease which relates to 
chronic inflammatory process. Inflammation is increasingly 
recognized as a key driving force of IgAN.[37] IL‑1 is one of 
the most powerful moderators of inflammation and is closely 
involved in the development of mesangial cell proliferation 
and extracellular matrix production.[38] In IgAN patients, IL‑1β 

Figure 2: Morphological changes observed by immunofluorescence 
and H and E staining (n=9 in each group). (a) Contrastive 
immunofluorescence of IgA deposition in the glomeruli of 
k idney  sec t ions  f rom nor ma l  ra ts  and  ra ts  w i th  IgA 
nephropathy (×450). (b) Representative H and E staining of glomeruli 
in kidney sections from rat of each group (×400). (c) Glomerular cell 
number expressed as cells per glomerular cross‑section of all groups 
stained by HE. *Compared to ControlTAK242, P < 0.05; †Compared to 
IgANTAK242, P < 0.05; ‡Compared to ControlPio, P < 0.05; §Compared 
to IgANPio, P  <  0.05. IgAN: Immunoglobulin A nephropathy; Pio: 
Pioglitazone; TAK242: Toll‑like receptor 4 inhibitor.
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has been shown to be produced locally in the glomeruli and 
interstitial.[39] In our study, induction of IgAN is associated 
with increased renal expression of IL‑1β mRNA and protein 
as well as serum IL‑1β which suggests that inflammatory 
responses participate in the pathogenesis of IgAN.

TLR4 expressed within the kidney is a potential mediator 
of innate activation and inflammation.[40] There has been 
circumstantial evidence for the involvement of TLRs, notably 
TLR4, in the pathogenesis of renal diseases. However, 
the reports about the effects of TLR4 on IgAN in vivo are 
incompletely elucidated. In our study, there was increased renal 
expression of TLR4 mRNA and protein in rats with IgAN. 
TAK242, a selective inhibitor of TLR4 intracellular signaling 
pathway, had been used in the current study to unravel whether 
the mechanisms of inflammatory response in IgAN were 
TLR4 dependent and, in such a case, to ascertain the specific 
role of TLR4. We found that the expression of TLR4 mRNA 
and protein significantly was decreased in rats treated with 
TAK242. This finding further supported the role of activated 
TLR4 signaling pathway in the pathophysiology of IgAN. 
In keeping with our findings, the study conducted by Kwon 
et al.[41] proved that in IgAN patients, the expression of renal 

TLR4 mRNA was significantly elevated. The transcriptional 
level of TLR4 mRNA in circulating mononuclear cells was 
significantly higher in patients with IgAN than those in healthy 
controls .[15] What’s more, the increased expression of TLR4 
in circulating mononuclear cells was significantly correlated 
with proteinuria or phases of clinical activity in patients 
with IgAN.[16,15] Binding with their ligands, TLRs initiate 
an intracellular signaling cascade, activate protein kinases, 
release cytokines, and enhance the expression of transcription 
factors[16] which results in the generation of mediators 
including adhesion molecules, chemokines, cytokines, and 
inflammatory responses.[42] The nuclear translocation of 
the NF‑κB favored the hyperplasia of B‑cell and therefore 
increased IgA synthesis.[43] TLRs have been conformed to be 
involved in the switch from IgM to IgA production in B‑cells 
in experimental animals.[43] In addition, TLR4 was involved in 
the injuries of mesangial cells by induction of proinflammatory 
cytokines in IgAN[8] and was constitutively expressed in 
podocytes to mediate glomerular injuries by modulating the 
expression of chemokines.[44] All of the results mentioned 
above suggested that renal TLR4 signaling pathway may be 
a therapeutic target for the alleviation of IgAN.

Figure 3: Expression of IL‑1β and TLR4 in renal tissues of all groups of rats (n=9 in each group). (a) The levels of IL‑1β and TLR4 in the kidney 
tissues determined by reverse transcription polymerase chain reaction. (b) The levels of IL‑1β and TLR4 in the kidney tissues determined by 
Western blots. Representative results are shown at the top. Values are expressed as the mean ± standard deviation. *Compared to ControlTAK242, 
P < 0.05; †Compared to IgANTAK242, P < 0.05; ‡Compared to ControlPio, P < 0.05; §Compared to IgANPio, P < 0.05. IgAN: Immunoglobulin A 
nephropathy; Pio: Pioglitazone; TAK242: Toll‑like receptor 4 inhibitor; IL‑1β: Interleukin‑1 beta; mRNA: Message ribonucleic acid; TLR4: Toll‑like 
receptor 4; GAPDH: Glyceraldehyde‑3‑phosphate dehydrogenase.
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Recently, increasing attention has been paid to the role 
of PPAR‑γ agonists in regulating inflammatory responses 
in kidney diseases.[45,46] However, there were few reports 
on whether PPAR‑γ agonists exerted anti‑inflammatory 
effects by interfering with TLR4 signaling pathway to 
improve IgAN in vivo. In the present study, activation of 
PPAR‑γ pathway with pioglitazone significantly repressed 
the expression of TLR4 and its downstream inflammatory 
factors. This confirmed that TLR4 pathway was involved 
in the renal protective effects of PPAR‑γ in  vivo. Our 
findings are consistent with that of Dasu et al,[47] who 
demonstrated that pioglitazone decreased the expression 
of TLR4 mRNA and protein in a concentration‑dependent 
manner and lowered the activity of NF‑κB, IL‑1β, 
TNF‑alpha, and other inflammatory factors in human 
monocytes. In addition, in peritoneal macrophages 
of db/db mice, pioglitazone markedly suppressed the 
expression of  MyD88 (myeloid differentiation factor 88) and 
TRIF (TIR‑domain‑containing adaptor inducing interferon‑β) 
protein in the cytoplasm and reduced the phosphorylation 
of interleukin receptor‑associated kinase and p38, which 
subsequently inhibited the activation of TLR4 signaling 
pathway and NF‑κB.[47] Ji et al.[48] revealed that PPAR‑γ 
agonist, rosiglitazone, could concentration dependently 
downregulate the expression of TLR4 mRNA and protein 
in vascular smooth muscle cells of Sprague–Dawley rats. 
The beneficial effects of rosiglitazone on inflammation 
were mediated through interference with TLR4 and its 
downstream signaling components such as TRIF, interferon 
regulatory factor 3 (IRF3), and inducible protein‑10.[49] A 
recent study confirmed that PPAR‑γ negatively regulated 
the downstream of TLR4 pathway – IFN‑β production and 
IRF3 transcriptional activation in a PPAR‑γ‑dependent 
manner in macrophages.[49]

There are some possible limitations in our study. First, we 
do not provide additional evidence that the alterations of 
TLR4 mRNA and protein as well as inflammatory factors 
after using TLR4 agonist. Second, our research is lack of data 
using specific PPAR‑γ antagonists for IgAN rats. It is unclear 
whether pioglitazone‑induced anti‑inflammatory effects are 
direct or indirect in in vivo experiment. One possible scenario 
is that pioglitazone as a ligand binds to the PPAR‑γ receptor 
and directly binds to the PPRE of IL‑1β gene itself or genes 
which codes for its upstream mediators and inactivates 
them such as TLR4. Another possible scenario is whether 
pioglitazone itself or its metabolites are the active compound 
responsible for anti‑inflammatory effects. In vitro researches 
with renal cells are recommended to dissect the precise 
mechanism of pioglitazone‑induced anti‑inflammatory 
effects in TLR4 signaling pathway in IgAN.

In summary, our study indicated that TLR4 and inflammatory 
responses played a key role in the progression of IgAN. 
Pioglitazone improved biochemical parameters, ameliorated 
renal histological damage, and alleviated IgA deposits 
in glomeruli, at least in part, by negatively regulating 
the expression of TLR4 and blunted the activation of its 

downstream signal pathways involved in the expression 
of inflammatory factors. It suggested that either drug 
antagonizing TLR4 or PPAR‑γ agonists could have potently 
beneficial effects in the treatment of IgAN.
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