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Abstract. Interstitial fibrosis is a typical feature of all progres‑
sive renal diseases. The process of fibrosis is frequently 
coupled with the presence of pro‑fibrotic factors and inflam‑
mation. Naringin is a dihydroflavone compound that has been 
previously reported to exhibit anti‑fibrotic effects in the liver, 
where it prevents oxidative damage. In the present study, a rat 
model of renal interstitial fibrosis and fibrosis cell model were 
established to evaluate the effects of naringin on inflammatory 
proteins and fibrosis markers in kidney of rats and NRK‑52E 
cells, and to elucidate the role of the TGF‑β/Smad signaling 
pathway in this mechanism. Compared with those in fibrotic 
NRK‑52E cells that were stimulated by transforming growth 
factor‑β (TGF‑β), gene expression levels of α‑smooth muscle 
actin (α‑SMA), collagen 1 (COL1A1), collagen 3 (COL3A1), 
interleukin (IL)‑1β, IL‑6 and tumor necrosis factor‑α (TNF‑α) 
were all found to be significantly decreased in fibrotic 
NRK‑52E cells following treatment with naringin (50, 100 and 
200 ng/ml). Results from the histopathological studies showed 
that naringin treatment preserved the renal tissue structure 
and reduced the degree of fibrosis in the kidney tissues of 
rats that underwent unilateral ureteral obstruction (UUO). 
In addition, naringin administration reduced the expression 
of α‑SMA, COL1A1, COL3A1, IL‑1β, IL‑6 and TNF‑α in 
the kidneys of rats following UUO. The current study, using 
western blot analysis, indicated that naringin also downregu‑
lated the activation of Smad2/3 and the expression of Smad4, 

high‑mobility group protein B1, activator protein‑1, NF‑κB 
and cyclooxygenase‑2 whilst upregulating the expression of 
Smad7 in fibrotic NRK‑52E cells and rats in the UUO group. In 
conclusion, naringin could antagonize renal interstitial fibrosis 
by regulating the TGF‑β/Smad pathway and the expression of 
inflammatory factors.

Introduction

Renal fibrosis is a frequent occurrence during the deterioration 
of chronic kidney diseases into end‑stage renal disease (1). It is 
a chronic clinical disease that is characterized by the formation 
of superfluous fibrous connective tissues, gradual reduction in 
glomerular filtration and the gradual decline in renal tubular 
function  (2). In addition to chronic kidney diseases, other 
factors can also lead to renal fibrosis, including systemic lupus 
erythematosus, genetic factors, diabetes, hypertension, drugs, 
hepatitis B, immune deficiency and kidney transplantation. At 
present, the incidence of chronic kidney disease is between 
6.6 and 13% in China (3). Renal interstitial fibrosis (RIF) 
and glomerulosclerosis are two principal features of renal 
fibrosis  (4). Compared with glomerulosclerosis, RIF holds 
higher research significance since renal interstitial lesions 
can be used as an indicator of the severity of decline in renal 
function (4). The pathological features of renal damage during 
RIF are mainly reflected by the observed accumulation of cells 
and collagen, atrophy and dilation of renal tubules and the loss 
of renal tubules and interstitial capillaries (5). Therefore, it 
remains urgent to investigate the mechanism underlying the 
RIF process.

RIF is a complex biological process that involves a variety 
of cytokines, signaling pathways and processes, including 
inflammation, apoptosis and oxidative stress (6). At present, 
the precise molecular mechanism underlying renal fibrosis 
remains poorly understood. Renal fibrosis has been previ‑
ously reported to involve a multitude of signaling pathways, 
including transforming growth factor (TGF)‑β/Smad  (7), 
apoptosis signal‑regulating kinase  (8), 5'AMP‑activated 
protein kinase/NADPH oxidase 4  (9) and the Janus 
kinase/STAT/glycogen synthase kinase‑3β/β‑catenin  (10) 
pathways. Regardless of the etiology, high levels of TGF‑β 
activation have been frequently associated with fibrosis 
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and disease progression  (11). It has been previously 
reported that the NF‑κB family of transcription factors can 
promote the expression of TGF‑β, leading to the activation of 
the TGF‑β/Smad pathway to mediate downstream physi‑
ological effects (12). Smad proteins are intracellular effectors 
of TGF‑β (13). Smad4 is a key regulator in the Smad protein 
family that can interact with Smad7 and Smad3 to modulate 
their transcriptional activities, upstream of the renal inflam‑
matory and fibrotic processes (14). It has also been previously 
demonstrated that dysregulation of the TGF‑β/Smad pathway 
is an important cause of tissue fibrosis  (11). TGF‑β1 can 
upregulate the expression of Smad2 and Smad3 during tissue 
fibrosis, a process that is negatively regulated by Smad7 as part 
of a negative feedback loop (15). By contrast, previous studies 
have demonstrated that the long‑term persistence of inflam‑
matory factors, such as tumor necrosis factor‑α (TNF‑α) and 
interleukin‑1β (IL‑1β), in renal tissues were closely associated 
with RIF, which sensitizes the kidney cells to TGF‑β to aggra‑
vate fibrosis further (16,17). Of note, macrophages are the 
main type of infiltrating immune cells that have been found to 
mediate this inflammatory process (18). The kidney produces 
a large number of monocytes/macrophages, which constantly 
infiltrates the kidney to produce pro‑inflammatory cytokines, 
including TNF‑α and IL‑1β, to induce kidney inflamma‑
tion (19). It has been previously reported that inhibiting the 
release of inflammatory factors can attenuate the progress of 
RIF. These previous observations aforementioned suggest that 
the TGF‑β/Smad pathway and inflammatory proteins serve 
important roles in the development of RIF.

Naringin is a dihydroflavonoid that can be found in the 
immature or near‑mature dry outer pericarp of pomelo, 
grapefruit and the citrus of Rutaceae  (20,21). A number of 
studies have previously demonstrated that naringin exhibits 
several biologically active effects, including anti‑inflammation, 
hepato‑protection, anti‑apoptosis, antioxidant in addition to 
inhibiting genetic toxicity (22‑25). Naringin can effectively 
inhibit carbon tetrachloride‑induced acute liver and kidney 
injury in mice by serving as an antioxidant and scavenging free 
radicals (26). Additionally, it has been previously shown that 
naringin can alleviate sodium arsenite‑induced liver fibrosis in 
rats by suppressing TGF‑β (27,28). However, the potential effects 
of naringin on RIF remain poorly understand. Therefore, a rat 
model of renal interstitial fibrosis and a fibrosis cell model was 
established to evaluate the effects of naringin on inflammatory 
proteins and fibrosis markers in kidney of rats and NRK‑52E 
cells, and to elucidate the mechanism governing this.

Materials and methods

Materials and reagents. Naringin was purchased from Dalian 
Meilun Biotech Co., Ltd. FBS was purchased from Hyclone, 
Cytiva. TGF‑β was purchased from ProteinTech Group, 
Inc. Cell proliferation Kit I MTT (cat.  no.  11465007001) 
was purchased from Roche Diagnostics. DAPI, DMEM, 
Tween‑20 and 5% skimmed milk powder were purchased 
from Beijing Solarbio Science  &  Technology Co., Ltd. 
Blood urea nitrogen (BUN; cat. no. C013‑2) and creatinine 
(Scr) kits (cat.  no.  C011‑1) were purchased from Nanjing 
Jiancheng Bioengineering Institute. Bicinchoninic acid (BCA) 
protein concentration determination and tissue protein 

extraction kits were purchased from Beyotime Institute 
of Biotechnology. Anti‑α‑smooth muscle actin (α‑SMA; 
cat. no. BM0002) antibody used for immunofluorescence was 
purchased from Wuhan Boster Biological Technology, Ltd. 
Anti‑phosphorylated (p)‑Smad2/3 (cat. no. WL02305), Smad7 
(cat. no. WL02975), α‑SMA (cat. no. WL02510) and NF‑κB 
(cat.  no.  WL01980) were purchased from Wanleibio Co., 
Ltd. Anti‑collagen 1 (COL1A1; cat. no. 14695‑1‑AP), TGF‑β 
(cat. no. 21898‑1‑AP), Smad2 (cat. no. 12570‑1‑AP), Smad3 
(cat. no. 25494‑1‑AP), Smad4 (cat. no. 51144‑1‑AP), cyclo‑
oxygenase (COX)‑2 (cat. no. 12375‑1‑AP), activator protein‑1 
(AP‑1; cat. no. 22114‑1‑AP), high‑mobility group protein B1 
(HMGB1; cat. no. 10829‑1‑AP), GAPDH (cat. no. 10494‑1‑AP), 
HRP‑conjugated Affinipure Goat Anti‑Rabbit IgG  (H+L) 
(secondary antibody, cat. no. SA00001‑2), fluorescent anti body 
and chemiluminescence Western Blot kit (cat. no. B500034) 
were purchased from Wuhan Sanying Biotechnology 
(https://www.ptgcn.com/).

Experimental cells. The rat renal tubular epithelial cell line 
NRK‑52E was purchased from the Institute of Biochemistry 
and Cell Biology, Shanghai Academy of Life Sciences, 
Chinese Academy of Sciences. NRK‑52E cells were incubated 
in DMEM containing 10% FBS under 5% CO2 and 37˚C.

MTT assay. NRK‑52E cells were seeded into 96‑well plates at 
a concentration of 5x104 cells/ml. Different concentrations of 
naringin (0, 50, 100, 200, 400 and 800 ng/ml) were then added to 
the cells. After 24 h incubation at 37˚C 50 µl serum‑free media 
and 50 µl MTT reagent were added into each well (29). After 
incubation at 37˚C, the MTT reagent‑supplemented media was 
removed and 150 µl solubilization solution was added into each 
well. The plates were then shaken on an orbital shaker for 15 min 
at 37˚C before absorbance at 590 nm was read for each well, 
which was used to calculate the cell survival rate. The formula 
used was %viable cells=Absorbancesample‑Absorbanceblank) 
x100/(Absorbancecontrol‑Absorbanceblank).

For TGF‑β treatment, NRK‑52E cells at a concentra‑
tion of 1x105/ml were seeded into 96‑well plates. After 24 h 
of culture at 37˚C, cells in the blank group were incubated 
with DMEM without FBS, whilst those in the model group 
was provided with TGF‑β (10 ng/ml). Cells in the treatment 
group were treated with TGF‑β (10 ng/ml) and naringin at 
different concentrations (50, 100 and 200 ng/ml) for 24 h at 
37˚C, following which MTT assay was used to calculate the 
cell survival rate.

Experimental animals. A total of 36 Male Sprague‑Dawley 
(SD) rats of 7‑weeks old weighing 200‑220 g were purchased 
from the SPF Experimental Animal Center of Dalian Medical 
University (permit no. SCXK 2013‑0003; Dalian, China). Rats 
were housed in an animal room under a 12‑h light/dark cycle, 
at 20˚C and 60% relative humidity, and were provided with 
food and drink ad libitum. Rats were acclimatized for 1 week 
and fasted for 12 h before each experiment (30,31). All rat 
experiments were conducted in accordance with the National 
Institutes of Health guide for the care and use of Laboratory 
animals (NIH Publications no. 85‑23, revised 1985) (32). All 
efforts were made to minimize the number of animals used 
and their suffering.
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A total of 36 SD rats were divided into the following 
groups (n=6): i) Sham group; ii) UUO group; iii) high dose 
naringin administration group (80  mg/kg); iv)  medium 
dose naringin administration group (40 mg/kg); v) low dose 
naringin administration group (20  mg/kg); and vi)  single 
naringin administration group (80 mg/kg).

RIF was induced by unilateral ureteral obstruction (UUO) 
in rats (33,34). The operation procedure was as follows: Rats 
were fasted for 12 h prior to operation but have free access 
to drinking water. Rats were fixed on the operating table 
following anesthesia with pentobarbital (60 mg/kg intraperito‑
neal injection). After sterilization and shaving, a longitudinal 
incision was made on the left side of the abdomen and the left 
kidney and ureter were exposed. Rats in the UUO groups were 
achieved by ligating the left ureter with 3‑0 silk through a left 
lateral incision. The abdomen was finally sutured in layers. The 
left ureter was exposed but not ligated in the sham‑operated 
or the single administration groups. On day 2 after operation, 
rats in the high, middle, low dose administration groups and 
the single administration group were given naringin daily by 
intragastrical administration for 28 consecutive days. The 
sham‑operated and model groups received an equivalent 
volume of 0.5% CMC‑Na. Rats were then fasted overnight 
and fixed in a supine position on the operating table on day 28 
before blood samples were collected from abdominal aorta 
from rats after anesthesia with pentobarbital (60 mg/kg intra‑
peritoneal injection). Blood samples were placed in heparin 
tubes and immediately centrifuged at 4,000 x g for 10 min at 
4˚C. The levels of BUN and Scr were calculated according to 
the manufacturer's protocol. After sacrificing the rats, the left 
kidney was quickly excised, decapsulated and immediately 
placed into oxygenated buffer at 4˚C and then split into two 
halves. One part of the kidney tissue was stored at ‑20˚C 
until further biochemical testing whereas the other part was 
fixed for 1 week in 10% formaldehyde solution at 25˚C for 
histopathological examination.

Histopathological examination. According to the routine 
method of histopathology, kidney samples fixed in 10% form‑
aldehyde solution (pH 7.2) were embedded in paraffin to make 
wax blocks. Using a rotatory microtome, 4‑µm thick kidney 
tissue sections were prepared for histopathological examina‑
tion. Histopathological analysis was conducted under an light 
microscope (magnification, x400) after hematoxylin and eosin 
staining (H&E), Masson's trichrome staining and Sirius red 
staining (all, Wuhan Servicebio Technology Co., Ltd.). The 
protocol for H&E staining is briefly described as follows: 
Slices were stained with hematoxylin for 10 min at 25˚C and 
then dehydrated in 85 and 95% ethanol for 4 min, before being 
stained with eosin for 4‑5 min at 25˚C and dehydrated again 
using three cylinders of 100% anhydrous ethanol. Slices were 
washed with n‑butanol and xylene before sealing with neutral 
gum. The protocol for Masson's trichrome staining is briefly 
described as follows: Slices were immersed in Masson solution 
A overnight at 25˚C before incubation in Masson solution A at 
a 65˚C for 30 min. The slices were then immersed in mixed 
dye solution for 1 min, differentiated with 1% hydrochloric 
acid alcohol for ~1 min and incubated in Masson solution D for 
6 min at 25˚C. Incubation in Masson solution E for 1 min and 
Masson solution F for 8‑15 sec at 25˚C then ensued, before the 

slices were sealed after dehydration with anhydrous ethanol. 
The protocol for Sirius red staining is briefly described as 
follows: Slices were immersed in Sirius red solution for 8 min 
at 25˚C and dehydrated by anhydrous ethanol. Slices were 
washed with xylene and sealed with neutral gum.

Immunofluorescence analysis α‑SMA. NRK‑52E cells were 
collected and seeded into six‑well plates at 1x105 cells/ml. 
After 24 h at 37˚C, the blank group was replaced with DMEM 
without FBS, the model group was treated with TGF‑β 
(10 ng/ml), whilst the other groups were treated with TGF‑β 
(10 ng/ml) and naringin (50, 100 and 200 ng/ml) for 24 h at 
37˚C. Cells were rinsed three times with PBS, fixed at room 
temperature in 10% formaldehyde for 20 min and incubated 
with 0.2% Triton X‑100 for 10 min. The cells were then treated 
with the immunofluorescence blocking solution for 1 h at 25˚C 
and incubated overnight with the anti‑α‑SMA antibody (1:50) 
at 4˚C. Rhodamine‑conjugated fluorescent secondary anti‑
body IgG h + L (1:70) was subsequently added and incubated 
at 37˚C for 1 h. Cells were washed three times with PBS before 
DAPI (10 g/ml) was added and incubated at 37˚C for 10 min. 
Cells were washed and imaged at x400 magnification using an 
inverted fluorescence microscope.

For tissue sections, they were first washed in xylenes, 
followed by 2x10 min and then washed in 100% ethanol for 
5 min, washed in 95% ethanol for 5 min, washed in 90% ethanol 
for 5 min, washed in 80% ethanol for 5 min, washed in 70% 
ethanol for 5 min and washed in water for 5 min. Antigens 
were retrieved and the sections were sealed using immuno‑
fluorescent blocking solution at 25˚C. After PBS cleaning, 
the sections were incubated with anti‑α‑SMA antibody (1:70) 
overnight at 4˚C before being washed three times with PBS and 
incubated with fluorescein‑conjugated secondary antibodies 
(1:70) at 37˚C for 1 h. DAPI (10 g/ml) was then added and 
incubated at 37˚C for 10 min. The sections were finally imaged 
at x400 magnification using a fluorescence microscope.

Reverse transcription‑quantitative PCR. Total RNA was 
extracted from renal and NRK‑52E cells using RNAiso Plus® 
Reagent Kit according to manufacturer's protocol (Takara 
Biotechnology Co., Ltd.) and then reverse‑transcribed into 
cDNA using PrimeScript™ RT Reagent kit with DNA Eraser 
(Takara Biotechnology Co., Ltd.). The cDNA was amplified 
using SYBR® Premix Ex Taq™ kit (Takara Biotechnology 
Co., Ltd.). Primer sequences are shown in Table I. The ther‑
mocycling conditions of RT PCR were as follows: Initial 
denaturation at 95˚C for 30 sec, followed by 40 cycles of 95˚C 
for 5 sec and 60˚C for 30 sec, dissociation at 95˚C for 15 sec and 
60˚C for 60 sec and 95˚C for 15 sec. qPCR was subsequently 
performed using SYBR‑Green PCR Master Mix in an ABI 
prism 7500 Sequence Detection System (Applied Biosystems; 
Thermo Fisher Scientific, Inc.). The thermocycling conditions 
of qPCR were as follows: Initial denaturation at 95˚C for 
5 min, followed by 40 cycles of 95˚C for 5 sec and 60˚C for 
30 sec, dissociation at 95˚C for 15 sec and 60˚C for 60 sec and 
95˚C for 15 sec. The 2‑ΔΔCq method was used to calculate the 
fold change for each gene relative to that of GAPDH (35).

Protein isolation and western blotting assay. NRK‑52E 
cells and kidney tissues were utilized to extract proteins by 
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homogenization in RIPA Buffer (cat. no. R0278; Sigma‑Aldrich; 
Merck KGaA) buffer containing PMSF (Beyotime Institute 
of Biotechnology). Protein concentration was determined 
using the BCA kit. Protein samples (30 µg) were separated 
by 10% SDS‑PAGE and transferred onto PVDF membranes 
(Immobilon‑P; EMD Millipore). Anti‑Smad2/3, Smad7, 
α‑SMA, NF‑κB, TGF‑β, Smad2, Smad3, Smad4, COX‑2, AP‑1 
and HMGB1 antibodies (all, 1:2,000) were incubated over‑
night at 4˚C. GAPDH (1:3,000) were incubated for 2 h at 4˚C 
as the secondary antibody. The protein bands were visualized 
using a chemiluminescence Western Blot kit and identified 
using the ChemiDoc™ XRS and Imaging system (Bio‑Rad 
Laboratories, Inc.). Quantification of protein expression was 
performed using the Image Lab™ Software (version 4.0.1 
build 6; Bio‑Rad Laboratories, Inc.).

Statistical analysis. The experimental data were presented 
as the mean ± SD (n=6 for rats; n=6 for cells). To test for 
statistically significant differences among multiple treatments 
for a given parameter, One‑way ANOVA followed by Tukey's 
multiple comparisons test was performed using the GraphPad 
Prism version 5.00 software (GraphPad Software, Inc.).

Results

Naringin reduces NRK‑52E cell viability induced by TGF‑β. 
To investigate the toxicity of naringin on NRK‑52E cells, 
ascending concentrations of naringin (0, 50, 100, 200, 400 
and 800 ng/ml) were incubated with NRK‑52E cells for 24 h. 
Naringin exerted little or no toxicity on NRK‑52E cells at 
concentrations of <200 ng/ml (Fig. 1A). It was also found 

Figure 1. Effect of naringin on the fibrosis of NRK‑52E cells induced by TGF‑β. (A) Toxicity of naringin on NRK‑52E cells. (B) The effect of naringin 
on NRK‑52E cell viability following treatment with TGF‑β. (C) The effect of naringin on α‑SMA expression in NRK‑52E cells following treatment with 
TGF‑β as examined by immunofluorescence. Magnification, x400. Data is presented as the mean ± SD (n=6). *P<0.05, **P<0.01 vs. Control; #P<0.05 and 
##P<0.01 vs. TGF‑β. Nar, naringin; TGF‑β, transforming growth factor‑β.

Table I. Primers used for reverse transcription‑quantitative PCR.

Gene	 Forward primer (5'‑3')	 Reverse primer (5'‑3')

Rat‑GAPDH	 GAAAGACAACCAGGCCATCAG	 TCATGAATGCATCCTTTTTTGC
Rat‑IL‑1β	 CCCTGAACTCAACTGTGAAATAGCA	 CCCAAGTCAAGGGCTTGGAA
Rat‑IL‑6	 ATTGTATGAACAGCGATGATGCAC	 CCAGGTAGAAACGGAACTCCAGA
Rat‑TNF‑α	 TCAGTTCCATGGCCCAGAC	 GTTGTCTTTGAGATCCATGCCATT
Rat‑α‑SMA	 AGCCAGTCGCCATCAGGAAC	 GGGAGCATCATCACCAGCAA
Rat‑COL1A1	 GACATGTTCAGCTTTGTGGACCC	 AGGGACCCTTAGGCCATTGTGTA
Rat‑COL3A1	 TTTGGCACAGCAGTCCAATGTA	 GACAGATCCCGAGTCGCAGA

IL, interleukin; COL, collagen; TNF‑α, tumor necrosis factor‑α; α‑SMA, α‑smooth muscle actin.
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that naringin (100 and 200 ng/ml) could significantly reduce 
the viability of NRK‑52E cells induced by TGF‑β (Fig. 1B). 
These results suggest that naringin can reverse the potenti‑
ating effects of TGF‑β on NRK‑52E cell viability. Naringin at 
concentrations of 50, 100 and 200 ng/ml was therefore chosen 
for subsequent experiments.

Inhibitory effects of naringin on cell fibrosis induced by 
TGF‑β. To investigate the effect of naringin on cell fibrosis 
induced by TGF‑β, the expression of fibrotic markers α‑SMA 
was detected by immunofluorescence. Compared with cells 
treated with TGF‑β alone, the expression levels of α‑SMA 
protein in NRK‑52E cells treated with naringin (50, 100 and 
200 ng/ml) was found to be markedly reduced (Fig. 1C). These 
results indicated that naringin could effectively inhibit cell 
fibrosis induced by TGF‑β.

Effect of naringin on renal function in rats with RIF induced 
by UUO. To investigate the effect of naringin on renal function 
in rats following UUO, blood samples were collected for BUN 
and Scr analysis. Compared with those in the control group, 
BUN and Scr levels were demonstrated to be significantly 
increased in the UUO group (Fig. 2A and B). Compared with 
those in the UUO group, BUN levels were demonstrated to be 
significantly reduced, specifically by 49.1, 35.4 and 33.9% in 
the high, middle and low dose groups, respectively (Fig. 2A). 
Similarly. Scr levels were also significantly decreased, by 40.1, 
27.2 and 18.5%, respectively, compared with those in the UUO 
groups (Fig. 2B). These findings suggested that the levels of 
BUN and Scr can be significantly reduced after naringin treat‑
ment in UUO rats. There was no significant difference in the 
levels of BUN and Scr between those in the single naringin 
administration and sham groups, suggesting that naringin 

80 mg/kg exerted no adverse effects on the renal function of 
rats.

Effect of naringin on renal pathology in rats following 
UUO‑induced RIF. To further evaluate the histological 
damage in the kidney tissues, the histological sections of the 
kidneys of rats in each group were analyzed by H&E staining. 
Compared with those in the sham group, some renal tubules in 
the UUO group were demonstrated to be dilated, atrophied and 
necrotized, where a large number of monocytes and lympho‑
cytes infiltrated (Fig. 2C). Compared with tissues in the UUO 
group, the expansion or atrophy of the renal tubules treated 
with naringin (20, 40 and 80 mg/kg) were improved, where 
the degree of vacuolar degeneration was reduced (Fig. 2C). 
These results suggest that naringin can effectively improve the 
histopathological changes in the kidney after UUO.

Naringin inhibits RIF induced by UUO. To investigate the 
effects of naringin on RIF following UUO, Masson's trichrome 
and Sirius red staining were used to evaluate the degree of 
RIF in rats in each group. Compared with those in the sham 
group, the proliferation and deposition of collagen fibrous 
connective tissues in the kidney tissues of rats in the UUO 
group were markedly increased. By contrast, compared with 
tissues from the UUO group, the extent of collagen fibrous 
connective tissue deposition and proliferation in the kidneys of 
rats treated with naringin (20, 40 and 80 mg/kg) were visibly 
reduced (Fig. 3). The content of blue and red fibers were all 
shown to be reduced after treatment with naringin, with the 
magnitude of reduction the highest in the high dose group. 
In addition, results of immunofluorescence analysis showed 
that naringin administration could reduce the expression 
of α‑SMA in the kidney tissues of UUO rats (Fig. 4). These 

Figure 2. Effect of naringin on renal interstitial fibrosis induced by UUO in renal cortex of rats. Effect of naringin treatment on (A) BUN and (B) Scr levels. 
(C) Effect of 20, 40 and 80 mg/kg naringin on renal sections as assessed using H&E staining. Magnification, x400. Data is presented as mean ± SD (n=6). 
**P<0.01 vs. Sham; #P<0.05, ##P<0.01 vs. UUO. Nar, naringin; UUO, unilateral ureteral obstruction; BUN, blood urea nitrogen; Scr, serum creatinine.
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results indicated that naringin can notably reduce the degree 
of RIF induced by UUO.

Effect of naringin on the expression of fibrotic markers. To 
examine the effect of naringin on the expression of fibrotic 
markers in NRK‑52E cells and rat kidneys, the expression of 
TGF‑β, α‑SMA and COL1A1 was next measured. The protein 
expression levels of TGF‑β, α‑SMA and COL1A1 in the 
NRK‑52E fibrosis cell model induced by TGF‑β and kidney 
tissues of rats following UUO were found to be significantly 
higher compared with those in the control group (NRK‑52E) 
and sham group (rat models). In addition, the mRNA expres‑
sion levels of α‑SMA, COL1A1 and COL3A1 were revealed 
to be significantly reduced in NRK‑52E cells and rats in the 
UUO group treated with naringin (Fig. 5A and C). Compared 
with those in the control NRK‑52E cell and UUO rat groups, 
naringin treatment significantly reduced the expression of 
TGF‑β, α‑SMA and COL1A1 in both TGF‑β‑treated NRK‑52E 
cell models and kidney tissues of rat models following UUO, 
respectively  (Fig. 6).These results suggest that the degree 
of fibrosis in both the fibrotic cell and UUO rat models was 
improved following treatment with naringin.

Effect of naringin on the expression of components of the 
TGF‑β/Smad pathway. To investigate the mechanism of the 
inhibitory effects of naringin on TGF‑β‑induced RIF, the effect 
of naringin on the expression of Smad, downstream regulators 
of TGF‑β was subsequently investigated (Fig. 7). Compared 
with those in the control cell group and the sham group, the 
degree of Smad2/3 phosphorylation and Smad4 expression in 

the TGF‑β‑treated cell group and kidney tissues of rats in the 
UUO group were found to be significantly increased (Fig 7). 
Compared with those in the TGF‑β‑treated cell group or 
rats in the UUO group, the phosphorylation of Smad2/3 and 
Smad4 expression in TGF‑β‑treated NRK‑52E cells and rats 
in the UUO group were significantly reduced following treat‑
ment with naringin in both models (Fig. 7). By contrast, the 
expression of Smad7 exhibited opposite trends in both in vitro 
and in vivo models. These observations suggest that naringin 
treatment can alleviate fibrosis by regulating the expression of 
Smad proteins.

Effect of naringin on the expression of inflammatory 
proteins. Since renal fibrosis is frequently accompanied with 
inflammation (36), the effect of naringin on the expression of 
inflammatory proteins was next investigated. Naringin treat‑
ment significantly reduced the expression of inflammatory 
factors TNF‑α, IL‑1β and IL‑6 in the kidney tissues of UUO 
rats and TGF‑β‑treated NRK‑52E cells (Fig. 5B and D). In 
addition, the expression levels of HMGB1, AP‑1, NF‑κB and 
COX‑2 proteins in TGF‑β‑treated NRK‑52E cells and kidney 
tissues of UUO rats were found to be significantly higher 
compared with those in the control cell group and sham 
group, respectively (Fig. 8). Naringin treatment significantly 
reversed the increased expression of HMGB1, AP‑1, NF‑κB 
and COX‑2 in both the TGF‑β‑treated NRK‑52E cell model 
and kidney tissues of UUO rats (Fig. 8). In summary, these 
results suggested that naringin may also reduce the degree 
of fibrosis by suppressing the expression of inflammatory 
proteins.

Figure 4. Effect of naringin on α‑SMA expression in renal tissues following UUO in rats as examined using immunofluorescence. Magnification, x400. 
Nar, naringin; UUO, unilateral ureteral obstruction.

Figure 3. Effect of naringin on renal interstitial fibrosis induced by UUO in rats. Collagen and amyloid deposition in renal tissues following naringin admin‑
istration was assessed using Masson’s trichrome and Sirius Red staining. Magnification, x400. The length of the scale bars is 50 μm. Nar, naringin; UUO, 
unilateral ureteral obstruction.
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Discussion

Renal fibrosis is a frequent pathological outcome during the 
latter stages chronic kidney disease (37). RIF is a pathological 
manifestation of renal fibrosis that is regularly observed and is 
closely associated with reductions in renal function in patients 
with chronic kidney disease (38). Therefore, prevention and 
intervention strategies of RIF would be of great benefit for 
patients with chronic kidney diseases. Although consider‑
able amount of information has been obtained regarding the 
underlying mechanism of renal fibrosis over the past decade, 
effective therapeutic methods for the prevention and treatment 
of RIF remain elusive. Naringin is a type of dihydroflavonoids 
with previously reported pharmacological effects, including 
antioxidant, hypolipidemic, antimicrobial, anti‑inflammatory 
and anti‑fibrotic effects in the liver (39). The present study 
found that naringin also exhibited anti‑fibrotic effects in the 
rat kidney, possibly by regulating the TGF‑β/Smad signaling 
pathway to inhibit the expression of inflammatory factors.

In the present study, the rat model of RIF was used to inves‑
tigate the potential effects of naringin. There are currently 
three main methods used for establishing renal fibrosis in 
animals: i) Surgical methods, including UUO (40), 5/6 nephrec‑
tomy (41) and ischemia‑reperfusion injury model (42); ii) drug 
or toxic induction methods, including treatment with adenine, 
aristolochic acid and cyclosporine, which induce renal fibrosis 
after long‑term administration (43); and iii) compound models, 
including folate‑Phd14 gene knockout‑induced fibrosis (44) 
and transgenic‑KIM‑1REC‑tg mouse models  (45). Due to 
potential drug interactions, drug or toxic induction methods 

were not used in the present study. UUO, 5/6 nephrectomy 
and ischemia‑reperfusion models are widely applied for renal 
fibrosis surgery. The establishment of 5/6 nephrectomy models 
requires two separate operations followed by obligatory 
regular monitoring for ≥5 weeks (41). This procedure is highly 
complex, where the time of model establishment is substan‑
tially longer compared with UUO. Ischemia‑reperfusion 
model mainly simulates the changes in renal function and 
renal fibrosis after renal transplantation that can be used to 
reflect glomerulosclerosis and RIF (42). UUO model is used to 
mimic RIF in a manner that is characterized by rapid patho‑
logical changes in 1‑2 weeks, reduced animal mortality rates, 
involves operation procedures that are less complex and good 
reproducibility (40,46). Following successful model establish‑
ment, pathological manifestations include collagen deposition 
in the renal interstitium, infiltration of inflammatory cells 
and dilatation or atrophy of renal tubules (47). In addition, 
serological indicators BUN were increased 1.5‑fold whilst Scr 
increased by 2‑fold (48‑50). Therefore, for the present study the 
UUO rat model was chosen as the animal model. According to 
H&E staining, compared with those in the sham group, kidney 
tissues of rats in the UUO group exhibited a large number of 
infiltrating inflammatory cells, nuclear deformation and renal 
tubule dilatation or atrophy. Masson's trichrome and Sirius 
red staining revealed large quantities of collagen deposition in 
the kidneys of the UUO group of rats. The serum BUN levels 
of rats in the UUO group was found to be three times higher 
compared with those in the sham group, whilst serum Scr 
levels was found to be 1.6 times higher compared with those 
in the sham group.

Figure 5. Effect of naringin on the mRNA expression of fibrotic markers and inflammatory factors. (A) Effect of naringin on the gene expression of α‑SMA, 
COL1A1 and COL3A1 in NRK‑52E cells. (B) Effect of naringin on the gene expression of TNF‑α, IL‑1 and IL‑6 in NRK‑52E cells. (C) Effect of naringin on 
gene expression of α‑SMA, COL1A1 and COL3A1 in rat kidney tissues. (D) Effect of naringin on the gene expression of TNF‑α, IL‑1 and IL‑6 in rat kidney 
tissues. Data is presented as the mean ± SD (n=6). ***P<0.001 vs. Control; #P<0.05, ##P<0.01 and ###P<0.001 vs. UUO or TGF‑β. Nar, naringin; UUO, unilateral 
ureteral obstruction; COL, collagen; TNF‑α, tumor necrosis factor‑α; α‑SMA, α‑smooth muscle actin; IL, interleukin.
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Figure 7. Effect of naringin on the expression of key components of the TGF‑β/Smad pathway. (A) Effect of naringin on the protein levels of Smad2, Smad3, 
p‑Smad2/3, Smad7 and Smad4 in NRK‑52E cells. (B) Quantitative analysis of the protein levels of Smad2, Smad3, p‑Smad2/3, Smad7 and Smad4 in NRK‑52E 
cells. (C) Effect of naringin on the protein levels of Smad2, Smad3, p‑Smad2/3, Smad7 and Smad4 in rat kidneys. (D) Quantitative analysis of the protein 
levels of Smad2, Smad3, p‑Smad2/3, Smad7 and Smad4 in rat kidneys. Data is presented as mean ± SD (n=6). ***P<0.001 vs. Control; #P<0.05, ##P<0.01 and 
###P<0.001 vs. UUO or TGF‑β. Nar, naringin; UUO, unilateral ureteral obstruction; COL, collagen; TNF‑α, tumor necrosis factor‑α; α‑SMA, α‑smooth muscle 
actin; IL, interleukin; TGF‑β, transforming growth factor‑β.

Figure 6. Effect of naringin on the protein expression of fibrotic markers in NRK‑52E cells and rat kidneys. (A) Effect of naringin on TGF‑β, α‑SMA 
and COL1A1 protein expression in NRK‑52E cells. (B) Quantitative analysis of the protein expression of TGF‑β, α‑SMA and COL1A1 in NRK‑52E cells. 
(C) Effect of naringin on TGF‑β, α‑SMA and COL1A1 in rat kidneys. (D) Quantitative analysis of the protein expression of TGF‑β, α‑SMA and COL1A1 in 
rat kidneys. Data is presented as mean ± SD (n=6). ***P<0.001 vs. Control; #P<0.05, ##P<0.01, ###P<0.001 vs. UUO or TGF‑β. Nar, naringin; UUO, unilateral 
ureteral obstruction; COL, collagen; TNF‑α, tumor necrosis factor‑α; α‑SMA, α‑smooth muscle actin; IL, interleukin; TGF‑β, transforming growth factor‑β.
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The effects of naringin treatment on RIF in rats were 
subsequently investigated. In vivo results showed that naringin 
administration (20, 40 and 80 mg/kg) reduced the levels of 
BUN and Scr in the serum samples of UUO rats, improved 
the dilation or atrophy of renal tubules and reduced the extent 
of vacuolar degeneration and inflammatory cell infiltration 
in the kidneys of UUO rats. These observations suggest that 
naringin can improve renal function and pathological changes 
in UUO rats. Additionally, naringin reduced collagen fibrous 
connective tissue proliferation and the deposition of collagen 
fibers in the kidneys of UUO rats. To evaluate the effect of 
naringin on RIF in rats further, the expression of fibrosis indi‑
cators α‑SMA, COL1A1 and COL3A1 was measured. α‑SMA 
expression is an important marker of fibroblasts that also 
serve a key role in the migratory behavior of fibroblasts (51), 
whilst COL1A1 and COL3A1 are key components of the skin 
connective tissue (52). Aberrant expression of COL1A1 and 
COL3A1 are primary causes of pathological changes in the 
dermal connective tissue and fibroplasia (53). In the present 
study, naringin significantly reduced the expression of these 
three fibrotic markers aforementioned in the kidneys of UUO 

rats, suggesting that naringin can preserve renal function and 
inhibit RIF in rats.

TGF‑β is a well‑studied fibroblast‑promoting factor 
and a powerful anti‑inflammatory cytokine that regulates 
renal inflammation (54‑56). It has been previously reported 
to modulate cell growth, differentiation and proliferation. 
Overexpression of TGF‑β can cause renal fibrosis  (57). 
Results from the present study demonstrated that TGF‑β 
expression in the rat kidney was significantly increased by 
UUO induction, which was reversed by naringin treatment. 
This observation suggest that naringin may downregulate 
the expression of TGF‑β in kidney tissues, thus inhibiting 
RIF. There are ≥9  different isoforms of proteins in the 
Smad superfamily, which serve as the main intracellular 
signal transducers of TGF‑β  (58). Smad2 and Smad3 are 
receptor‑activated Smads that can be activated by TGF‑β (59). 
Following activation, they form complexes with other Smad 
proteins such as Smad4 to regulate cell cycle progression, 
cell proliferation, differentiation, adhesion, metastasis, apop‑
tosis and collagen expression (15). By contrast, Smad7 is an 
inhibitory Smad, which can block receptor‑activated Smad 

Figure 8. Effects of naringin on the expression of HMGB1, AP‑1, NF‑κB and COX‑2 in NRK‑52E cells and rat kidneys. (A) Effect of naringin on HMGB1, AP‑1, 
NF‑κB and COX‑2 in NRK‑52E cells. (B) Quantitative analysis of the protein expression of HMGB1, AP‑1, NF‑κB and COX‑2 in NRK‑52E cells. (C) Effect 
of naringin on HMGB1, AP‑1, NF‑κB and COX‑2 in rat kidneys. (D) Quantitative analysis of the protein expression of HMGB1, AP‑1, NF‑κB and COX‑2 in 
rat kidneys. Data is presented as mean ± SD (n=6). ***P<0.001 vs. Control; #P<0.05, ##P<0.01, ###P<0.001 vs. UUO or TGF‑β. Nar, naringin; UUO, unilateral 
ureteral obstruction; HMGB‑1, high‑mobility group protein B1; COX‑2, cyclooxygenase‑2; AP‑1, activator protein‑1; TGF‑β, transforming growth factor‑β.
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phosphorylation. Smad7 can inhibit the expression of Smad2, 
Smad3 and Smad4, thereby suppressing and the formation 
of fibrosis  (60). Therefore, the effect of naringin on the 
TGF‑β/Smad signaling pathway was assessed in the present 
study. Application of TGF‑β for inducing cell proliferation 
in vitro is a well‑reported method of inducing fibrosis (61,62). 
Therefore, the present study evaluated the effect of naringin 
on cell fibrosis following treatment with TGF‑β. Naringin 
could reduce the phosphorylation of Smad2/3 and Smad4 
expression whilst increasing the expression of Smad7 in 
TGF‑β‑treated NRK‑52E cells and kidneys of UUO rats. 
These findings suggest that naringin can inhibit RIF by regu‑
lating the expression of Smad proteins.

In addition to the TGF‑β/Smad signaling pathway, Wnt, 
MAPK and connective tissue growth factor (CTGF) signaling 
pathways have also been documented to be involved in 
mediating renal fibrosis and inflammation (63‑65). The Wnt 
signaling pathway is a highly conserved signaling pathway 
in cells that has been reported to crosstalk with the TGF‑β 
pathway (66). The MAPK pathway consists of a large family 
of protein kinases, including ERK, JNK/ SAPK, p38 and 
ERK5/MAPK, and phosphorylated NF‑κB after activation of 
MAPK protein (67). TGF‑β forms a positive feedback loop with 
the MAPK pathway via mitogen‑activated protein kinase 7, 
which is an upstream p38/JNK activator. JNK signaling can 
enhance the tubular production of thrombospondin‑1 which, 
in turn, activates the latent form of TGF‑β (68,69). In addition, 
it has been revealed that TGF‑β can induce the expression of 
extracellular matrix (ECM) proteins in mesenchymal cells to 
stimulate the production of protease inhibitors and prevent the 
enzymatic decomposition of ECM (18). CTGF is induced by 
TGF‑β, which triggers the synthesis of ECM proteins (70). 
Of note, Smad has been previously demonstrated to lie at the 
center of an intracellular signaling crosstalk network of Wnt, 
MAPK and CTGF pathways, to serve an important regulatory 
role in a number of biological processes (71). Therefore, it 
could be hypothesized that the anti‑fibrotic effects of naringin 
could be attributed to these three pathways aforementioned.

The occurrence and development of renal fibrosis are not 
separate processes and involves inflammation. Following the 
inhibition of AP‑1 and NF‑κB, the expression of inflamma‑
tory cytokines can be inhibited. Inflammatory factors can lead 
to the increase of stromal cells and intercellular stroma, thus 
increasing the accumulation of extracellular matrix such as 
COL1A1 and COL3A1. This is consistent with findings in the 
present study that the expression of COL1A1 and COL3A1 is 
increased in fibrotic model cells and kidneys of UUO rats, which 
was confirmed by the results of Masson and Sirius red staining. 
These observations showed that naringin can antagonize fibrosis 
by inhibiting the expression of inflammatory factors.

In conclusion, results from the present study demonstrated 
that naringin exerted anti‑fibrotic effects in the kidney both 
in vivo and in vitro, possibly through the TGF‑β/Smads signaling 
pathway whilst suppressing the expression of inflammatory 
factors. This provides further evidence for the application of 
naringin as a therapeutic agent for RIF.
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