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Background: Renal fibrosis is characterized by the accumulation of extracellular matrix and inflammatory cells and kidney dysfunc-
tion, which is a major pathway in the progression of chronic kidney disease (CKD). Accumulating evidence indicates that oxidative 
stress plays a critical role in the initiation and progression of CKD via proinflammatory and profibrotic signaling pathways. Fisetin 
(3,3′,4′,7-tetrahydroxyflavone) has biological activities including antioxidant, anti-inflammatory, and anti-aging effects. Therefore, we 
evaluated the antifibrotic effects of fisetin on unilateral ureteral obstruction (UUO)-induced kidneys. 
Methods: C57BL/6 female mice were subjected to right UUO and intraperitoneally injected every other day with fisetin (25 mg/kg/
day) or vehicle from 1 hour before surgery to 7 days after surgery. Kidney samples were analyzed for renal fibrosis (α-smooth muscle 
actin [α-SMA] expression, collagen deposition, and transforming growth factor [TGF] β1/SMAD3 signaling pathway), oxidative damage 
(4-HNE and 8-OHdG expression), inflammation (proinflammatory cytokine/chemokine, macrophage, and neutrophil infiltration), and 
apoptosis (TUNEL staining). Cultured human proximal tubule cells were treated with fisetin before TGF-β to confirm the TGF-β down-
stream pathway (SMAD2/3 phosphorylation). 
Results: We found that fisetin treatment protected against renal fibrosis by inhibiting the phosphorylation of SMAD3, oxidative dam-
age, inflammation, apoptotic cell death, and accumulation of profibrotic M2 macrophages in the obstructed kidneys. In cultured hu-
man proximal tubular cells, fisetin treatment inhibited TGF-β1–induced phosphorylation of SMAD3 and SMAD2. 
Conclusion: Fisetin alleviates kidney fibrosis to protect against UUO-induced renal fibrosis, and could be a novel therapeutic drug for 
obstructive nephropathy. 
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Introduction 

Renal fibrosis is a prominent feature of chronic kidney dis-

ease (CKD) progression. CKD is a critical kidney disease 

that can lead to end-stage renal disease (ESRD), which is 

defined as the complete loss of kidney function. Patients 

with ESRD are currently treated with therapies such as 

kidney transplants and hemodialysis [1]. Although many 

studies have been conducted on renal fibrosis, an effective 

treatment for renal fibrosis has not yet been established. 

Therefore, there is an urgent need to develop antifibrotic 

strategies to prevent renal fibrosis and treat CKD. 

Fibrosis is characterized by the marked accumulation of 

extracellular matrix (ECM) in the tubulointerstitial space. 

This phenomenon occurs from various events, including fi-

broblast activation, interstitial macrophage infiltration, and 

activation of signaling factors such as transforming growth 

factor β (TGF-β) [1]. As a pathogenic factor, TGF-β1 is a 

major mediator of fibrosis development. TGF-β1/SMAD3 

signaling is a key pathway regulating the initiation and pro-

gression of renal fibrosis. Upon exposure to stimuli such as 

reactive oxygen species (ROS), TGF-β1 phosphorylates in-

tercellular signaling factors such as SMAD2/3; the activat-

ed SMAD complex enters the nucleus to transcribe genes 

involved in myofibroblast activation and matrix deposition. 

Various studies have suggested that myofibroblasts that 

produce ECM in the kidney are derived from several sourc-

es, such as epithelial cells, macrophages, endothelial cells, 

and resident fibroblasts through the TGF-β1/SMAD3 path-

way [2,3]. 

Although there are various etiologies of renal damage in 

obstructive nephropathy, accumulating evidence indicates 

that oxidative stress caused by ROS plays a critical role. 

Increased ROS causes tubular epithelial cell death and 

damage to cellular macromolecules, including DNA, pro-

teins, and lipids. In addition, ROS promotes the infiltration 

of inflammatory cells that release proinflammatory cyto-

kines and chemokines [4]. Infiltrating inflammatory cells 

contribute to the maintenance and enhancement of the 

inflammatory response, as well as the stimulation of fibro-

genic, apoptotic, and gene regulatory signaling pathways 

such as TGF-β, nuclear factor-kappa B (NF-κB), and the 

mitogen-activated protein kinase pathways [5]. 

Flavonoids have received substantial attention as med-

ications and health food supplements because of their 

prospective therapeutic pharmacological and nutritional 

properties. Fisetin (3,3′,4′,7 tetrahydroxyflavone) is a fla-

vonoid that is isolated from various seaweeds, fruits, and 

vegetables, including strawberries, apples, persimmons, 

and onions [6]. Studies reported that fisetin has biological 

activities including antioxidant [7], anti-inflammatory [8], 

and anticancer [9] effects. Sahu et al. [10] demonstrated 

that fisetin exhibited renoprotective effects by alleviating 

oxidative stress and apoptosis in renal tubular cells and 

regulating NF-κB activation in a cisplatin-induced nephro-

toxicity model. Ren et al. [11] also demonstrated that fisetin 

protects against hyperuricemic nephropathy by modulat-

ing the STAT3 and β1/SMAD3 signaling pathway. However, 

the effect of fisetin on the progression of renal fibrosis and 

the underlying pathogenic mechanisms, with potential 

involvement of TGF-β1/SMAD3, ROS, inflammation, and 

renal tubular cell death, remain to be elucidated. 

In this study, we investigated whether fisetin protects 

against renal fibrosis by regulating the TGF-β1/SMAD3 

signaling pathway and by attenuating oxidative stress, in-

flammation, and cell death in mice with unilateral ureteral 

obstruction (UUO), a representative model of CKD. 

Methods 

Animals and establishment of the unilateral ureteral ob-
struction model 

Female C57BL6 mice (8–12 weeks old) weighing 18–21 g 

were used for experiments. The mice were provided free 

access to water and standard chow. All animal surgeries 

were approved by the Institutional Animal Care and Use 

Committee of Pukyong National University (No. PKNUI-

ACUC-2021-49) and were conducted in accordance with 

the Guide for the Care and Use of Laboratory Animals pub-

lished by the US National Institutes of Health (NIH Publi-

cation No. 85–23, revised 2011).  

All mice were anesthetized with pentobarbital sodium 

(50 mg/kg or to effect; Hanlim Pharma Co.) intraperito-

neally before the operation. The mice were subjected to 

right UUO, as previously described [12]. Briefly, to induce 

ureteral obstruction, the right kidney was exposed via flank 

incision, the right ureter was completely tied with a 6-0 silk 

thread, and the incision was sutured. The left kidney was 

used as the control. The body temperature was maintained 
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at 36.5–37 °C during surgery and before and after anesthe-

sia using a surgical heating pad (FHC, Inc.). The animals 

were divided into two groups: one group was intraperito-

neally injected with fisetin (25 mg/kg; Pytolab; n = 5) 1 hour 

before surgery and on days 2, 4, and 6 after surgery and 

the second group received vehicle (n = 5) at the same time 

points. The concentration of fisetin was selected based on 

previous studies [13–15]. All mice were sacrificed 7 days 

after the surgery. Harvested kidneys were frozen in liquid 

nitrogen or fixed in 4% paraformaldehyde for subsequent 

analysis. 

Human proximal tubule cell culture 

HK-2 cells, a human proximal tubular cell line, were pur-

chased from the Korean Cell Line Bank. The cells were cul-

tured in Dulbecco’s modified Eagle’s medium (Corning)–

Ham’s F12 (Welgene, Inc.) supplemented with 10% fetal 

bovine serum (MP Biomedicals) at 37 °C in a humidified 5% 

CO2 incubator. After 16 hours of serum deprivation, cells 

were treated with 10 ng/mL human recombinant TGF-β 

for 30 minutes. In some experiments, cells were pretreated 

with 40 μM fisetin (n = 3) or vehicle (n = 3) 1 hour before 

TGF-β treatment. 

Western blotting 

Kidney tissues were lysed and homogenized using the ra-

dioimmunoprecipitation assay lysis buffer (50 mM Tris-

HCl, pH 8.0, 1% Triton-X 100, 0.5% sodium deoxycholate, 

0.1% sodium dodecyl sulfate [SDS], 1 M NaF plus protease 

inhibitor cocktail [Sigma-Aldrich] and phosphatase in-

hibitor cocktail [Sigma-Aldrich]). Extracted protein sam-

ples were separated by SDS-PAGE and transferred to a 

polyvinylidene difluoride membrane (GVS S.p.A.). After 

blocking with 5% bovine serum albumin or skim milk for 

30 minutes, the membranes were incubated with anti-

bodies against α-smooth muscle actin (α-SMA, 1:20,000; 

Sigma-Aldrich), phosphorylated SMAD3 (p-SMAD3, 

1:2,000; Abcam), p-SMAD2 (1:2,000; Abcam), t-SMAD 2/3 

(1:2,000; Abcam), 4-hydroxynonenal (4-HNE, 1:2,000; Ab-

cam), Ly6G (1:2,000; Fisher Scientific), and glyceraldehyde 

3-phosphate dehydrogenase (GAPDH, 1:10,000; Bioworld 

Technology) overnight at 4 °C. The membranes were then 

treated for 1 hour at room temperature with horseradish 

peroxidase (HRP)-labeled goat anti-mouse immunoglob-

ulin G (IgG, 1:3,000; Bethyl-Laboratories) or HRP-labeled 

goat anti-rabbit IgG (1:3,000; Bethyl-Laboratories). Total 

protein expression levels were normalized to GAPDH. 

Band intensities were analyzed using ImageJ software. 

Quantitative real-time polymerase chain reaction 

Quantitative real-time (qRT) polymerase chain reaction 

(PCR) was performed to measure the messenger RNA 

(mRNA) expressions of markers of inflammation (mono-

cyte chemoattractant protein-1 [MCP-1], macrophage in-

flammatory protein-2 [MIP-2], and interleukin-1β [IL-1β]), 

TGF-β1, and inducible nitric oxide synthase (iNOS) in the 

kidney after surgery. Total RNA was extracted from kidney 

tissues using TRIzol (Ambion) and synthesized as com-

plementary DNA (cDNA) with random primers using re-

verse-transcription PCR. cDNA was measured by qRT-PCR 

(Bio-Rad) with the FastStart Universal SYBR Green Master 

Mix (Sigma-Aldrich) and primers (Table 1). mRNA levels 

were normalized to GAPDH mRNA. Relative expression 

was calculated using the cycle threshold method. Specifici-

ty was confirmed using melting curve analysis. 

Periodic acid-Schiff staining 

The kidneys were fixed with 4% paraformaldehyde. Paraf-

fin-embedded kidney tissue sections were stained with the 

periodic acid-Schiff (PAS) staining kit (Abcam) according 

to the manufacturer’s protocol. To evaluate morphological 

damage to tubular cells, damage in a PAS-stained kidney 

section was scored in five fields in cortical areas per kidney 

using the following scoring method: 0, no damage; 1, mild 

damage with dilated tubular lumen; 2, moderate damage 

with flattened epithelial cells, dilated lumen, and congest-

ed lumen; and 3, severe damage with flat epithelial cells 

lacking nuclear staining and congested lumen [12]. 

Masson’s trichrome staining and Sirius red staining 

Paraffin-embedded kidney tissue sections were stained 

using the Picro Sirius Red Stain Kit (Abcam) and Masson’s 

trichrome stain. For picrosirius red staining, deparaffin-

ized sections were covered completely with picrosirius red 

solution for 1 hour. The samples were then rinsed twice 
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with acetic acid solution (Sigma-Aldrich). For Masson’s 

trichrome staining, deparaffinized sections were refixed 

in Bouin’s solution for 1 hour at 56 °C, and sections were 

stained in Weigert’s iron hematoxylin working solution for 

10 minutes. After washing, the sections were stained in 

Biebrich scarlet-acid fuchsin solution for 10 to 15 minutes, 

followed by staining in phosphomolybdic-phosphotungstic 

acid solution for 15 minutes. The picrosirius red or Mas-

son’s trichrome-stained sections were then continuously 

dehydrated in different concentrations of alcohol solutions. 

Finally, the sections were mounted on coverslips with Per-

mount mounting medium (Fisher Scientific). Micrographs 

were taken randomly in 200× microscope image fields in 

cortical areas using a microscope (Leica DM2500; Leica 

Microsystems GmbH). Areas of collagen accumulation in 

the stained kidney tissues were analyzed using the ImageJ 

Fiji program. 

Immunohistochemical staining 

Immunohistochemical (IHC) staining was performed to 

confirm the expression of α-SMA, which is a marker of 

fibrosis, infiltration of macrophages, and generation of 

8-hydroxy-2’-deoxyguanosine (8-OhdG), an oxidized nu-

cleoside of DNA. Paraffin-embedded kidney tissue sections 

were rehydrated, followed by antigen retrieval, peroxide 

quenching, and blocking. Sections were then incubated 

with primary antibodies in a humid chamber overnight 

at 4 °C. Primary antibodies against the following proteins 

were used for staining: mannose receptor (CD206, 1:200; 

Abcam), F4/80 (1:100; Bio-Rad), α-SMA (1:400; Sigma-Al-

drich), and 8-OhdG (1:1,000; Abcam). Sections were 

then stained with HRP-conjugated goat anti-rat IgG or 

HRP-conjugated goat anti-mouse IgG (Bethyl-Laborato-

ries). Hematoxylin was used to stain nuclei. The sections 

were observed using a Leica DM2500 microscope. Micro-

graphs were taken randomly in 200× and 400× microscope 

image fields in the cortical areas. The α-SMA-, F4/80-, and 

8-OhdG–positive cells were counted and recorded using 

the counting tool. 

Terminal deoxynucleotidyl transferase dUTP nick-end la-
beling assay 

We performed terminal deoxynucleotidyl transferase dUTP 

nick-end labeling (TUNEL) staining using the DeadEnd 

Fluorometric TUNEL System Kit (Promega) according to 

the manufacturer’s protocol. Briefly, kidney sections were 

deparaffinized and rehydrated. Next, the sections were in-

cubated with the TUNEL reagent mixture for 1 hour at 37 

°C and then washed with phosphate-buffered saline. Sec-

tions were mounted on coverslips with an antifade mount-

ing medium. Images were obtained randomly at 200× 

microscope image fields in cortical areas under a Leica 

DM2500 microscope. TUNEL-positive cells were counted 

and recorded in five fields per kidney. 

Table 1. Primer sequences for the quantitative polymerase chain reaction analysis in this study
Primer Sequence (sense/antisense) Annealing temperature (°C)
Mouse TGF-β1 5’-TTGTACGGCAGTGGCTGAAC-3’ 56

5’-GGGCTGATCCCGTTGATTTC-3’
Mouse MCP-1 5’-ACCTGCTGCTACTCATTCAC-3’ 60

5’-TTGAGGTGGTTGTGGAAAAG-3’
Mouse MIP-2 5’-CCAAGGGTTGACTTCAAGAAC-3’ 60

5’-AGCGAGGCACATCAGGTACG-3’
Mouse IL-1β 5’-CTGAAAGCTCTCCACCTC-3’ 56

5’-TGCTGATGTACCAGTTGGGG-3’
Mouse iNOS 5’-GCCTGTGAGACCTTTGATGTCC-3’ 66

5’-CGGCTGGACTTTTCACTCTGC-3’
Mouse GAPDH 5’-ACCACAGTCCATGCCATCAC-3’ 65

5’-CACCACCCTGTTGCTGTAGCC-3’

Annealing temperatures used for each primer are also provided.
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IL, interleukin; iNOS, inducible nitric oxide synthase; MCP-1, monocyte chemoattractant protein-1; 
MIP-2, macrophage inflammatory protein-2; TGF, transforming growth factor.
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Statistical analysis 

Data were analyzed using the Student t test, one-way anal-

ysis of variance, and Tukey post hoc multiple comparison 

test. Results are expressed as the mean ± standard error of 

the mean. Statistical significance was set at p < 0.05.  

Results  

Fisetin alleviates unilateral ureteral obstruction-induced 
fibrosis in the kidney 

First, we assessed the effect of fisetin on kidney fibrosis 

in obstructed kidneys in mice. Compared with controls, 

UUO-induced myofibroblast accumulation, which was 

characterized by increased expression of α-SMA (an acti-

vated fibrotic cell marker); western blotting also showed 

that treatment with fisetin significantly reduced the eleva-

tion of α-SMA (p = 0.02) (Fig. 1A, B). Moreover, the number 

of α-SMA–positive cells, as assessed by IHC staining, was 

upregulated in obstructed kidneys. Fisetin suppressed 

the upregulation of α-SMA–positive cells in renal tissues 

of UUO mice compared with that of vehicle-treated UUO 

mice (Fig. 1E, F). These results demonstrate that fisetin in-

hibits myofibroblast expansion in the fibrous kidney. 

To further investigate the underlying mechanism, we ex-

amined whether fisetin affected activation of the TGF-β1/

SMAD3 signaling pathways in UUO mice. A previous study 

shows that TGF-β1 served as a key mediator of fibrosis 

development and progression in CKD through SMAD3 

phosphorylation [16]. Western blot analysis showed that 

p-SMAD3 expression was increased in the kidneys of 

mice subjected to UUO compared with that of mice in the 

control group and that fisetin notably blocked SMAD3 

phosphorylation (Fig. 1A, C). However, there was no sig-

nificant difference in TGF-β1 mRNA expression between 

vehicle-treated mice and fisetin-treated mice after UUO 

(Fig. 1D). Together, these results indicate that fisetin treat-

ment may alleviate kidney fibrosis by inhibiting SMAD3 

phosphorylation after UUO. To further examine the effect 

of fisetin on the TGF-β1/SMAD pathway, HK-2 cells, a hu-

man kidney epithelial cell line, were pretreated with 40 μM 

fisetin or vehicle 1 hour before treatment with 10 ng/mL 

TGF-β1. Western blot analysis showed that fisetin pretreat-

ment significantly reduced the TGF-β1-induced phosphor-

ylation of SMAD2 (p = 0.03) and SMAD3 (p = 0.02) in HK-2 

cells compare with vehicle-treated cells (Fig. 1G–K). 

Fisetin reduces unilateral ureteral obstruction-induced 
collagen deposition in renal interstitial area 

To examine the effects of fisetin on UUO-induced ECM ac-

cumulation, we analyzed collagen deposition using Sirius 

red staining and Masson’s trichrome staining. Collagen 

deposition was increased in the interstitium after UUO, 

and this increase was significantly lower in the kidneys of 

fisetin-treated mice than in the kidneys of vehicle-treated 

mice (p = 0.005) (Fig. 2A). The quantified results indicated 

that the deposition of collagen in the interstitial area was 

notably elevated in mice subjected to UUO, while it was 

partially restored in mice treated with fisetin (Fig. 2B, C). 

Fisetin protects against renal damage and tubule cell 
apoptosis after unilateral ureteral obstruction 

We analyzed the effect of fisetin on renal tubular injury 

after UUO using PAS staining. The obstructed kidneys of 

UUO mice exhibited severe structural disorders charac-

terized by tubular dilation and atrophy, as well as luminal 

congestion. In contrast, obstructed kidneys of mice treated 

with fisetin showed significantly less luminal congestion 

and tubular dilation and atrophy compared with the ob-

structed kidneys of vehicle-treated mice, indicating that 

fisetin treatment ameliorated the UUO-induced renal 

morphological damage (Fig. 3A). The renal damage score 

(scale, 0–3) for histological grading was used to measure 

the extent of renal tubular damage after UUO. Fisetin-treat-

ed mice subjected to UUO had significantly lower renal 

damage scores than vehicle-treated mice after UUO (p 

< 0.001) (Fig. 3B). We then investigated whether fisetin 

treatment showed an effect on renal tubular apoptosis af-

ter UUO. UUO increased the number of TUNEL-positive 

tubule cells, and this increase was lower in fisetin-treated 

mice than in vehicle-treated mice (Fig. 3A, C). These re-

sults demonstrate that fisetin treatment protects against 

UUO-induced renal tubular damage and apoptosis of tu-

bule cells.  
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Figure 1. Effect of fisetin on myofibroblast expansion and the TGF-β/SMAD3 signaling pathway in ureteral obstructed kidneys 
and TGF-β1-treated HK-2 cells. Mice were subjected to right UUO and treated with fisetin or vehicle. Seven days after surgery, kidney 
samples were harvested for western blotting using α-SMA and p-SMAD3 antibodies (A), which are markers of fibrosis. GAPDH was 
used as a loading control. (B, C) Band densities of α-SMA and p-SMAD3 were measured using ImageJ software. (D) TGF-β1 mRNA ex-
pression was measured using quantitative real-time polymerase chain reaction. (E) Representative images of kidney sections subject-
ed to immunohistochemical staining using an α-SMA antibody. Hematoxylin was used to visualize the nuclei of cells. (F) The number of 
α-SMA in the interstitial area is shown. HK-2 cells were pretreated with 40-μM fisetin or vehicle for 1 hour, followed by TGF-β treatment 
for 30 minutes. (G) HK-2 cells (n = 3) were subjected to western blotting using p-SMAD3, p-SMAD2, and t-SMAD2/3 antibodies. GAP-
DH was used as a loading control. (H, I) Band densities of p-SMAD3 and p-SMAD2 were measured using ImageJ software. (J, K) The ra-
tio of p-SMAD3 and p-SMAD2 to t-SMAD2/3 was calculated. Results were expressed as the mean ± standard error of the mean (vehicle 
or fisetin control, n = 4; vehicle or fisetin UUO, n = 5). One-way analysis of variance plus Tukey post hoc multiple comparison test was 
used to detect significant changes.
α-SMA, α-smooth muscle actin; Con, control; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IHC, immunohistochemical; mRNA, 
messenger RNA; p-SMAD, phosphorylated SMAD; TGF, transforming growth factor; t-SMAD, total-SMAD; UUO, unilateral ureteral ob-
struction.
*p < 0.05 vs. vehicle control kidneys or vehicle-treated HK-2 cells, #p < 0.05 vs. vehicle UUO kidneys or TGF-β–treated HK-2 cells.
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Fisetin attenuates inflammation in obstructed kidneys 
after unilateral ureteral obstruction 

Fig. 4A shows representative images of IHC staining for 

macrophages (dark brown) in the kidneys of each group of 

mice. Macrophage infiltration was significantly increased 

in the renal cortex of mice subjected to UUO. Fisetin-treat-

ed mice showed decreased macrophage infiltration in 

obstructed kidneys compared with that in vehicle-treated 

mice (Fig. 4A, B). Western blotting also showed that neu-

trophil expression was increased in vehicle-treated mice 

subjected to UUO. In addition, fisetin treatment signifi-

cantly attenuated the levels of neutrophils in obstructed 

kidneys compared with vehicle treatment (p = 0.03) (Fig. 

4C, D). Next, we examined the mRNA expression of proin-

flammatory cytokine and chemokines (MCP-1, MIP-2, and 

IL-1β) in the kidneys 7 days after UUO by qRT-PCR. MCP-1, 

MIP-2, and IL-1β mRNA expressions were remarkably in-

creased in vehicle-treated mice subjected to UUO, and this 

induction was attenuated by fisetin treatment (Fig. 4E–G). 

Figure 2. Effect of fisetin on collagen deposition in ureteral obstructed kidneys. Mice were subjected to right UUO and treated 
with fisetin or vehicle. Seven days after surgery, kidney sections were subjected to Sirius red staining and Masson trichrome staining. 
Representative images of kidney sections subjected to Sirius red (A, upper panel) and Masson trichrome staining (A, lower panel) are 
presented. (B, C) Collagen deposition was measured as described in the Methods section. Results were expressed as the mean ± 
standard error of the mean (vehicle or fisetin control, n = 3; vehicle or fisetin UUO, n = 5). One-way analysis of variance plus Tukey post 
hoc multiple comparison test was used to detect significant changes.
Con, control; UUO, unilateral ureteral obstruction.
*p < 0.05 vs. vehicle control, #p < 0.05 vs. vehicle UUO.
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Figure 3. Effects of fisetin on UUO-induced tubular damages and apoptotic tubular cell death. Mice were subjected to right UUO 
and treated with fisetin or vehicle. Seven days after surgery, kidney sections were subjected to PAS staining and TUNEL staining. Im-
ages were obtained from the cortex. Representative images of kidney sections subjected to PAS staining (A: top panel, magnification 
×200; middle panel, magnification ×400) are presented. (B) Kidney damage was scored as described in the Methods section. Repre-
sentative images of kidney sections subjected to TUNEL assay (A, bottom panel) are presented. Images were obtained from the cortex. 
(C) TUNEL-positive cells were counted. Results were expressed as the mean ± standard error of the mean (vehicle or fisetin control, n = 
3; vehicle or fisetin UUO, n = 5). The Mann-Whitney nonparametric test was used to detect significant changes in histological damage 
score and the one-way analysis of variance plus Tukey post hoc multiple comparison test was used to detect significant changes in 
TUNEL-positive cells.
ND, not detected; PAS, periodic acid-Schiff; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling; UUO, unilateral uret-
eral obstruction.
*p < 0.05 vs. vehicle control, #p < 0.05 vs. vehicle UUO.
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Figure 4. Effect of fisetin on inflammatory cell infiltration and proinflammatory cytokines and chemokines synthesis in ureteral 
obstructed kidneys. Mice were subjected to right UUO and treated with fisetin or vehicle. Seven days after surgery, kidney sections 
were subjected to immunohistochemistry staining using F4/80 antibody, which is a macrophage marker. Hematoxylin was used to vi-
sualize the nuclei of cells. (A) The representative images of F4/80 IHC staining and number of macrophages (B) are shown. (C) Kidney 
samples were subjected to western blotting using the Ly6G (a marker of neutrophil) antibody. GAPDH was used as a loading control. 
(D) Band densities were measured using the ImageJ software. The mRNA expressions of MIP-2 (E), MCP-1 (F), and IL-1β (G) were mea-
sured with quantitative real-time polymerase chain reaction. Each mRNA expression was normalized to GAPDH expression. Results 
were expressed as the mean ± standard error of the mean (vehicle or fisetin control, n = 3; vehicle or fisetin UUO, n = 5). One-way anal-
ysis of variance plus Tukey post hoc multiple comparison test was used to detect significant changes.
Con, control; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IHC, immunohistochemical; IL, interleukin; MCP-1, monocyte che-
moattractant protein-1; MIP-2, macrophage inflammatory protein-2; mRNA, messenger RNA; UUO, unilateral ureteral obstruction.
*p < 0.05 vs. vehicle control, #p < 0.05 vs. vehicle UUO.
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Figure 5. Effect of fisetin on M1 and M2 macrophage expressions in ureteral obstructed kidneys. Mice were subjected to right 
UUO and treated with fisetin or vehicle. Seven days after surgery, kidney sections were subjected to iimmunohistochemical staining us-
ing anti-CD206 antibody, which is an M2 macrophage marker. Hematoxylin was used to visualize the nuclei of cells. (A) The represen-
tative images of CD206 immunohistochemical; staining and number of CD206-positive cells (B) are shown. (C) The mRNA expressions 
of iNOS, an M1 macrophage marker, were analyzed by quantitative real-time polymerase chain reaction. Each mRNA expression was 
normalized to GAPDH expression. Results were expressed as the mean ± standard error of the mean (vehicle or fisetin control, n = 3; 
vehicle or fisetin UUO, n = 5). One-way analysis of variance plus Tukey post hoc multiple comparison test was used to detect significant 
changes.
Con, control; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; iNOS, inducible nitric oxide synthase; mRNA, messenger RNA; UUO, 
unilateral ureteral obstruction.
*p < 0.05 vs. vehicle control, #p < 0.05 vs. vehicle UUO.

of M2, and the mRNA expression of iNOS, a marker of M1. 

Fig. 5A shows representative images of IHC for M2 macro-

phages (dark brown) in the kidneys of each group of mice. 

M2 macrophage accumulation was significantly increased 

in the renal cortex of mice subjected to UUO. However, 

fisetin treatment decreased M2 macrophage accumulation 

in interstitial area of kidney compared with vehicle treat-

ment in UUO group (Fig. 5A, B). In contrast, there was no 

difference in iNOS mRNA expression levels between the 

vehicle-treated groups and the fisetin-treated groups after 

UUO (Fig. 5C). 
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Fisetin attenuates oxidative damage caused by oxidative 
stress after unilateral ureteral obstruction 

We next assessed the effect of fisetin on oxidative damage 

in UUO mice. Fig. 6A shows representative images of IHC 

for 8-OHdG (dark brown) in the kidneys of each group of 

mice. The results showed that 8-OHdG expression was sig-

nificantly increased in the renal cortex of mice subjected to 

UUO. In addition, fisetin treatment reduced the expression 

of 8-OHdG in obstructed kidneys compared to that in vehi-

cle-treated mice (Fig. 6A–C). Western blotting also showed 

that the expression of 4-HNE, an indicator of lipid perox-

idation, was significantly increased in kidneys after UUO, 

and this increase was lower in mice treated with fisetin 

compared to mice treated with vehicle (Fig. 6D, E). 

Discussion 

In this study, we demonstrated, for the first time, that fise-

tin treatment effectively protects against UUO-induced 

renal fibrosis by decreasing ECM accumulation, oxidative 

damage, inflammation, and cell apoptosis. Obstructed 

kidneys show typical features of obstructive nephropathy, 

such as increased collagen deposition, tubular damage, 

infiltration of inflammatory cells, and tubular cell death 

[18]. In addition, the expression of α-SMA, a marker for 

activated myofibroblasts, was increased, which was also 

accompanied by an increase in SMAD3 phosphorylation 

after UUO. 

TGF-β1/SMAD3 signaling is a major signaling pathway 

in the pathogenesis of tubulointerstitial fibrosis. TGF-β1 

binds to TβRII, which activates TβRI, resulting in the acti-

vation of TGF-β1 downstream effectors [19]. The activated 

forms, p-SMAD2 and SMAD3 complexes with SMAD4, 

translocate into the nucleus and regulate the transcription 

of target fibrogenesis genes [20]. p-SMAD3 is a key factor 

in the transcription of fibrogenesis genes mediated by 

TGF-β1, leading to UUO-induced renal fibrosis [21]. As a 

result of confirming the expression level of p-SMAD3 and 

TGF-β1, we demonstrated that fisetin alleviates fibrosis by 

regulating the downstream effectors of TGF-β1 signaling 

based on the result that there was no significant difference 

in TGF-β1 mRNA expression between vehicle-treated mice 

and fisetin-treated mice after UUO. Fisetin treatment also 

dramatically suppressed SMAD3 phosphorylation in the 

UUO model. Furthermore, we also confirmed that fisetin 

significantly suppressed TGF-β–induced SMAD2/3 phos-

phorylation in cultured human kidney tubular cells. Based 

on these results, we speculate that fisetin treatment inhib-

ited the phosphorylation of SMAD3, resulting in suppres-

sion of nuclear translocation of the SMAD complex and the 

expression of SMAD-mediated genes, resulting in reduc-

tions in α-SMA and collagen production rather than direct 

regulation of TGF-β1 expression. Another study reported 

that GQ5, a small molecular phenolic compound, attenuat-

ed renal fibrosis by selectively inhibiting TGF-β1 mediated 

SMAD3 phosphorylation [22]. MAF, a renin-angiotensin 

system inhibitor, attenuates epithelial-to-mesenchymal 

transition and interstitial fibrosis by selectively suppress-

ing the TGF-β1–induced SMAD3 phosphorylation [23]. 

Moreover, fisetin has been reported to significantly inhibit 

SMAD3 phosphorylation in myocardial infarction-induced 

adverse atrial fibrosis [24] and bleomycin-induced pulmo-

nary fibrosis [15] animal models. However, the underlying 

molecular mechanism of fisetin-regulated SMAD3 phos-

phorylation in a UUO model has not yet been defined. 

Oxidative stress may be exacerbated by increased ROS 

production after UUO, and this oxidative stress contributes 

significantly to the pathogenesis of UUO [25]. In addition, 

ROS act as central molecules of inflammatory and apop-

totic signaling, ultimately leading to cell death [26]. Mod-

ification of DNA, proteins, and lipids by oxidative stress 

has been shown to play important roles in many biological 

pathways, such as cell apoptosis and ECM expansion [27]. 

8-OhdG is a product of oxidative damage to 2’-deoxygua-

nosine and is a ubiquitous marker for measuring oxidative 

DNA damage [28]. Meanwhile, reactive aldehyde 4-HNE 

is a major bioactive product of polyunsaturated fatty acids 

under oxidative stress and is used as an indicator of lipid 

oxidation [29]. We confirmed that fisetin significantly re-

duced HNE and 8-OhdG expression as well as tubular cell 

apoptosis in UUO mice. This indicates that fisetin treat-

ment has a protective effect against renal damage by allevi-

ating oxidative stress produced during UUO. 

Interstitial myofibroblast accumulation and macrophage 

recruitment are associated with progression of renal injury 

in mice with obstructive nephropathy [30]. Macrophages 

secrete proinflammatory cytokines and chemokines, as 

well as growth factors such as TGF-β and fibroblast growth 

factor, leading to tissue injury and development of renal 



336 www.krcp-ksn.org

Kidney Res Clin Pract 2023;42(3):325-339

Figure 6. Effect of fisetin on oxidative damage in ureteral obstructed kidneys. Mice were subjected to right UUO and treated with 
fisetin or vehicle. Seven days after surgery, kidney sections were subjected to IHC staining using 8-OHdG (marker of damaged DNA) 
antibody. Hematoxylin was used to visualize the nuclei of cells. (A) Representative images of 8-OhdG IHC staining and number (B) and 
intensity (C) of 8-OhdG are shown. (D) Kidney samples were subjected to western blotting using an antibody against 4-HNE, which is an α, 
β-unsaturated hydroxyalkenal produced by lipid peroxidation. GAPDH was used as a loading control. (E) Band densities were measured 
using the ImageJ software. Results were expressed as the mean ± standard error of the mean (vehicle or fisetin control, n = 3; vehicle or 
fisetin UUO, n = 5). One-way analysis of variance plus Tukey post hoc multiple comparison test was used to detect significant changes.
Con, control; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IHC, immunohistochemical; UUO, unilateral ureteral obstruction. 
4-HNE, 4-hydroxynonenal; 8-OhdG, 8-hydroxy-2’-deoxyguanosine.
*p < 0.05 vs. vehicle control, #p < 0.05 vs. vehicle UUO.
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cell types such as macrophages, monocytes, and epithelial 

cells to recruit and activate neutrophils, thereby playing a 

key role in the inflammatory response [32–34]. In the pres-

ent study, decreased expression of macrophage-recruit-

ing cytokines (MCP-1, MIP-2, and IL-1β) and neutrophil 

expression in fisetin-treated mice are consistent with our 

finding that fisetin treatment significantly attenuated mac-

rophage infiltration including profibrotic M2 macrophages 

after UUO compared to vehicle-treated mice. Furthermore, 

SMAD3 is a critical factor in macrophage/monocyte che-

motaxis [21,35]. Inazaki et al. [21] also demonstrated that 

accumulation of renal interstitial inflammatory cells, such 

as macrophages, were remarkably suppressed by SMAD3 

deficiency. M1 macrophages initiate an inflammatory re-

sponse at the initial stage of injury and differentiate into 

M2 macrophages as injury progresses in obstructed kid-

neys [36]; in addition, M1 macrophage-producing or -re-

cruiting chemokine/cytokine mRNA levels were higher in 

the vehicle-treated group than in fisetin-treated group after 

UUO. Consequently, we speculate that M1 macrophages 

showed more infiltration in the initial stage of injury in ve-

hicle-treated UUO kidneys than in fisetin-treated UUO kid-

neys and that more M1 macrophages were differentiated 

into M2 macrophages in the vehicle-treated group than in 

the fisetin-treated group, so the amount of undifferentiated 

M1 macrophages in obstructed kidneys as evaluated by 

iNOS mRNA expression was similar the two groups at the 

end point of our experiments at the 7th day after UUO (the 

end point of our experiments).  

In summary, we demonstrated that fisetin protects 

against obstructive nephropathy. We found that fisetin 

exhibits powerful antifibrotic effects in obstructed kidneys 

by inhibiting SMAD3 phosphorylation. However, previous 

studies showed that SMAD3 as well as other SMADs such 

as SMAD2 and SMAD4 are activated in the TGFβ1-medi-

ated signaling pathway and regulate the transcription of fi-

brosis genes by interacting with each other. To confirm that 

fisetin alleviates fibrosis through SMAD3 phosphorylation, 

it is necessary to demonstrate that fisetin selectively and 

specifically inhibits SMAD3 by investigating the expres-

sion levels of other factors in the TGF-β1/SMAD3 signaling 

pathway. In addition, SMAD3 and SMAD2 are recruited to 

and phosphorylated by TβRI by adapter proteins such as 

SMAD anchor for receptor activation (SARA) upon TGF-β1 

stimulation [37]. To elucidate the mechanism by which 

fisetin inhibits SMAD3 phosphorylation, further studies 

on these factors will be needed. Nonetheless, we clearly 

showed that fisetin treatment remarkably attenuated renal 

fibrosis, tubular damage, oxidative damage, inflammation, 

and apoptosis induced by UUO, suggesting that fisetin may 

be a potent inhibitor of TGF-β1/SMAD3 signaling, a major 

pathway in fibrosis, and may be a novel therapeutic drug 

for obstructive nephropathy. 
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