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Abstract. Renal ischemia-reperfusion (I/R) injury is associated 
with high morbidity and mortality as there is currently no avail-
able effective therapeutic strategy with which to treat this injury. 
Thus, the aim of this study was to investigate the potential protec-
tive effects of brazilin, a major active component of the Chinese 
medicine Caesalpinia sappan L., against renal I/R injury in vitro 
and in vivo. Rats were subjected to removal of the right kidney 
and I/R injury to the left kidney (ischemia for 45 min followed 
by reperfusion for 24 h). Treatment with brazilin (30 mg/kg, 
administered intravenously at 30 min prior to ischemia) led to 
the reversal of I/R-induced changes in serum creatinine (Scr) 
and blood urea nitrogen (BUN) levels, and also attenuated the 
histopathological damage induced by I/R. Furthermore, TUNEL 
assay revealed that brazilin reduced cell necrosis, and signifi-
cantly decreased the expression of tumor necrosis factor (TNF)-α 
and interleukin (IL)-1β in renal tissue. Moreover, HK-2 cells were 
used in order to elucidate the mechanisms responsible for the 
protective effects of brazilin. The levels of phosphorylated IκBα 
and the nuclear translocation of nuclear factor-κB (NF-κB) were 
all evidently decreased by brazilin. These findings suggested that 
pre-treatment with brazilin protects against I/R-induced renal 
damage and suppresses the inflammatory response by inhibiting 
the activation of the NF-κB signaling pathway.

Introduction

Renal ischemia-reperfusion (I/R) injury is a major cause of 
acute kidney injury (AKI), and can occur in a number of clinical 
settings including shock, renal transplantation (1,2), renal artery 
angioplasty and contrast agent-induced nephropathy (3-8). The 
prognosis for patients with I/R  injury is poor and currently 
there is no available effective therapy to counteract this injury. 
Thus, renal I/R injury is associated with high morbidity and 
mortality (9-12). Due to its complex pathogenesis, a vast body of 
evidence has suggested that inflammation plays a critical role in 
renal injury following I/R. Nuclear factor-κB (NF-κB) is a pivotal 
pathway which activates the inflammatory response during renal 
I/R injury (13). Moreover, interleukin (IL)-1β and tumor necrosis 
factor (TNF)-α are the most critical cytokines involved in the 
inflammatory response in I/R injury (14-19). Pro-inflammatory 
cytokines (TNF-α and IL-1β) activate the inflammatory reac-
tion, resulting in inflammatory injury (16-19).

Brazilin, [7,11b-dihydrobenz(b)indeno [1,2‑d]pyran‑3,6a, 
9,10(6H)-tetrol] (chemical structure shown in Fig. 1A), isolated 
from Caesalpinia sappan L., has been shown to have various 
biological activities, such as antioxidant and anti‑inflammatory 
activities, and has been shown to regulate apoptosis and cell 
cycle arrest. Brazilin has been shown to protect rat hepatocytes 
from BrCCl3-induced toxicity (20), and to mediate the action 
of HO-1 (21) and the inducible nitric oxide synthase (iNOS) 
gene (22), inhibiting inflammatory injury. Moreover, brazilin 
has been shown to regulate apoptosis and cell cycle arrest by 
inhibiting the activity of histone deacetylases (HDACs) (23). It 
has also been reported that brazilin prevents various biological 
activities, such as platelet aggregation, inflammation, vasorelax-
ation and apoptosis, and inhibits vascular smooth muscle cell 
proliferation and migration induced through platelet-derived 
growth factor (PDGF)-BB  (24). However, the mechanisms 
responsible for the protective effects of brazilin against renal 
injury remain unexplored.

In the present study, we aimed to investigate the potential 
therapeutic effects of brazilin on I/R-induced renal injury and to 
elucidate the underlying mechanisms. We aimed to determine 
whether brazilin plays a direct role in the protection against 
inflammatory renal injury induced by I/R, as well as whether 
the activation of the NF-κB pathway plays a pivotal role in the 
inflammatory response during renal I/R injury.
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Materials and methods

Materials. Brazilin (purity >98.0%) was purchased from 
the National Institute for the Control of Pharmaceutical and 
Biological Products (11181-201302; Beijing, China). HK-2 cells 
were obtained from the European Collection of Cell Cultures 
(Salisbury, UK). Dulbecco's modified Eagle's medium (DMEM) 
and other cell culture supplies were purchased from Gibco (Grand 
Island, NY, USA). 3-(4,5-Dimethylthiazol‑2‑yl)‑2,5-
diphenyltetrazolium bromide (MTT) was obtained from 
Sigma Chemical Co. (St. Louis, MO, USA). Rabbit monoclonal 
antibodies to NF-κB  (p65; 9460S), and rabbit polyclonal 
antibodies specific for β-actin (4970L) and proliferating cell 
nuclear antigen (PCNA; 8580S) and IκBα (4088S), were the 
products of Cell Signaling Technology,  Inc.  (Beverly, MA, 
USA). All materials for sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) were obtained from Bio-Rad 
Laboratories, Inc. (Hercules, CA, USA).

Adult Sprague-Dawley rats (purchased from the Department 
of Laboratory Animal Science, Fourth Military Medical 
University, Xi'an, China), weighing 250-300 g, were used in the 
present study. All the animal welfare and experimental proce-
dures were carried out strictly in accordance with the Guide 
for the Care and Use of Laboratory Animals (NIH publication 
no. 85-23, National Academy Press, Washington, DC, USA, 
revised 1996). The experimental procedures involving animals 
in this study were approved by the Animal Ethics Committee 
of Fourth Military Medical University. All experimental rats 
were kept in an environmentally controlled breeding room for 
5 days before being used in the experiments and were fed with 
standard laboratory food and water.

Rat model of renal I/R  injury. Pathogen-free, male 
Sprague‑Dawley rats were fasted overnight. The rat model 
of renal I/R injury and the surgical procedures involved wre 
similar to those previously described (25,26). All rats were 
anesthetized with sodium chloral hydrate (85 mg/kg intraperi-
toneally) (Rhone Merieux Limited, Essex, UK) and placed in 
a prone position on a warming pad at 37˚C in order to perform 
the surgical procedures. The sham-operated rats (group 1) were 
only subjected to the removal of the right kidney, whereas the 
rats in groups 2 to 3 were also subjected to acute I/R injury to 
the left kidney which was induced by clamping the renal artery 
for 45 min using non-traumatic vascular clips. The clamp was 
then removed for reperfusion. Blood was collected from the eye 
socket at 4, 10 and 24 h after reperfusion and the left kidney 
was removed at 24 h. The rats were sacrificed by decapitation 
and exsanguination at 24 h after the I/R procedure. The kidneys 
were harvested for analysis.

The rats were randomly and equally divided into 3 groups 
as follows: group 1 (n=8), the right kidney was extirpated for 
the sham-operated animals, but neither clamping nor infusion 
in the left kidney were performed; group 2 (n=8), the rats 
subjected to renal I/R injury rats were treated with saline as 
the vehicle; group 3 (n=8), the rats subjected to renal I/R injury 
were treated with brazilin (30 mg/kg, intravenous administra-
tion) 0.5 h prior to I/R injury.

Assessment of renal function before and after the I/R procedure. 
Blood was collected using retro-orbital puncture at 4, 10 and 24 h 

following reperfusion. Serum was separated by centrifugation at 
2,700 x g and at 4˚C, and serum creatinine (Scr) and blood urea 
nitrogen (BUN) levels were determined by staff at the Clinical 
Laboratory of Xijng Hospital, who were blinded to the treat-
ments given. Blood samples were stored at -80˚C for analysis.

Histological evaluation. Staff at the pathology department of our 
hospital, who were blinded to the treatments given, performed the 
morphological assessment. Transverse slices of the left kidneys 
were fixed in 10% buffered formalin and embedded in paraffin. 
The kidney sections were stained with hematoxylin and eosin. 
One hundred intersections were examined for each kidney, and 
a score of 0 to 3 was given for each tubular profile. The scoring 
method has been described previously (27) and was as follows: 
0, normal histology; 1, tubular cell swelling, brush border loss, 
nuclear condensation, with up to one third of the tubular profile 
showing nuclear loss; 2, as for score 1 but greater than one third 
and less than two thirds of the tubular profile showing nuclear 
loss; and 3, greater than two thirds of the tubular profile showing 
nuclear loss. The total score for each kidney was calculated by 
the addition of all 100 scores with a maximum score of 300.

Determination of apoptosis. Renal cell apoptosis was detected 
by a terminal deoxynucleotidyltransferase-mediated dUTP nick-
end labelling (TUNEL) assay with tissue paraffin blocks. The 
renal slides were incubated with TUNEL reaction mixture in a 
humidified chamber for 60 min at 37˚C in the dark. The renal 
sections were then rinsed in phosphate-buffered saline (PBS) 
3  times, and the nuclei were mounted with 4',6-diamidino-
2-phenylindole (DAPI) at a concentration of 300 nM. Apoptosis 
was quantified by calculating the percentage of TUNEL-positive 
nuclei out of the total nuclei in an average of 20 high-power 
fields for each section in a blinded manner.

Immunofluorescence staining. Immunostaining of the frozen 
kidney sections from the rats was performed using rabbit 
polyclonal anti‑IL-1β (ab9722) and anti-TNF-α (ab9755) 
antibodies (Abcam, Cambridge, UK). The primary antibody 
was detected using Alexa Fluor® 594 donkey and anti-rabbit 
lgG (H+L) labeled secondary antibodies (Cat. no. 1256153; 
Life Technologies, Grand Island, NY, USA), and incubated 
for 120 min at room temperature in the dark. DAPI (Sigma-
Aldrich) was used for nuclear staining. Images were captured 
using Nikon DS-Qi1Mc camera attached to Nikon Eclipse 90i 
fluorescence microscope using an oil immersion objec-
tive 60/1.4 NA by Nikon NIS elements AR version 3.2 software.

Oxygen-glucose deprivation (OGD) and determination of 
cell viability. The cells were cultured in DMEM/F12(1:1), and 
passaged every 2-3 days in 100‑mm dishes supplemented with 
10% fetal bovine serum, 2 mM glutamine, 100 U/ml penicillin 
and 100 µg/ml streptomycin (Life Technologies). The cells 
were grown at 37˚C in a humidified 5% CO2 atmosphere. In 
order to mimic ischemia-like conditions in vitro, the HK-2 
cells were exposed to ischemia by replacing the medium 
with an ‘ischemic buffer’ (5 mM HEPES, 137 mM NaCl, 
4 mM KCl, 1 mM MgCl2 and 1.5 mM CaCl2, pH 7.0). The 
cells were then incubated in the hypoxic/ischemic chamber 
(Billups‑Rothenberg,  Inc., Del Mar, CA, USA) at 37˚C for 
60 min in a humidified atmosphere of 5% CO2 and 95% N2. 
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Finally, the cells were incubated again in the culture medium 
in an incubator with 95% air and 5% CO2 for an additional 
24 h as previously described (32‑35). Prior to exposure to 
OGD, the HK‑2 cells were incubated with brazilin (0.5 mM) 
of the vehicle for 2 h. OGD-induced cell death was quantified 
by MTT assay (Sigma-Aldrich).

Cell viability assay. Cell viability was measured using the 
EZ-Cytox Cell Viability Assay kit (MTT) assay (Itsbio, Seoul, 
Korea). MTT assay is based on the cleavage of the tetrazolium 
salt, MTT, to the water-insoluble formazan. The formazan dye 
produced by viable cells can be quantified by measuring the 
absorbance of the dye solution at 460 nm. The HK‑2 cells were 
seeded in 96‑well plates (5x103 cells/well) at 37˚C in a 5% CO2 
incubator in DMEM/F12. Following overnight incubation, the 
cells were incubated for 24 h in the presence or absence of 
brazilin (0.2, 0.5 and 1.0 mM) for 2 h prior to exposure to OGD. 
The final incubation of the cells with 10 µl of kit reagent was 
performed for 45 min at 37˚C. The absorbance was measured at 
460 nm using a microplate reader (Bio-Rad Laboratories, Inc.). 
Cell viability was calculated and averaged. The cells from the 
control group were treated in the same manner without expo-
sure to OGD, and cell viability was expressed as a percentage 
of the untreated controls.

Western blot analysis. The cells were washed with ice-cold 
PBS and lysed in ice-cold modified RIPA lysis buffer (50 mM 
Tris-HCl, pH 7.5, 150 mM NaCl, 50 mM NaF, 0.5% deoxycholic 
acid, 1% NP-40, 1 mM sodium orthovanadate and 0.1% SDS). 
The insoluble material was then removed by centrifugation 
at 12,000 x g for 15 min at 4˚C. The protein concentration of 
each sample was measured using a Bio-Rad Protein Assay kit 
(Bio‑Rad Laboratories, Inc.). Following quantification of thye 
protein concentration, the denatured protein was separated 
by SDS-PAGE and then transferred to polyvinylidene difluo-
ride (PVDF) membranes. After being blocked with 5% (w/v) 

non-fat milk at 37˚C for 30 min, the membranes were incubated 
overnight at 4˚C with primary antibodies to NF-κB (p65), IκBα, 
β-actin and PCNA. Following 3 washes in TBS-T, the membranes 
were incubated for 30  min with a horseradish peroxidase-
conjugated secondary antibody diluted in TBS-T. The blots were 
visualized using the enhanced chemiluminescence method, and 
the bands were scanned and quantified by densitometric analysis.

Statistical analyses. Data are expressed as the means ± SD and 
using SPSS 14.0 for Windows (SPSS, Inc., Chicago, IL, USA). 
Histopathological scores were analyzed by Kruskal-Wallis non-
parametric analysis of variance followed by Dunn's multiple 
comparison test. The remaining data were analyzed by one-way 
analysis of variance (ANOVA), followed by a least square 
difference (LSD) multiple comparison test. A P-value <0.05 
was considered to indicate a statistically significant difference. 
All statistical analyses were performed using GraphPad Prism 
software version 5.02 (GraphPad Software, Inc., San Diego, 
CA, USA).

Results

Brazilin protects against renal I/R  injury. As shown in 
Fig. 1B and C, renal I/R injury led to a significant increase in the 
levels of Scr and BUN in a time-dependent manner following 
reperfusion. Twenty-four hours after renal reperfusion, the rats 
subjected to I/R and treated with the vehicle (I/R + vehicle 
group) developed significant renal dysfunction indicated by 
an increase in Scr  (359.25±60.69) and BUN  (57.47±3.26) 
levels. The rats pre-treated with brazilin rats did not exhibit 
such a significant increase in Scr  (216.50±17.68) and 
BUN  (42.91±3.96) levels. The administration of brazilin 
resulted in a significant decrease in the Scr and BUN levels 
compared to the rats administered the vehicle (Fig. 1B and C).

Renal tubular damage in the rats in the I/R + vehicle group 
was observed in the outer medulla, as evidenced by widespread 

Figure 1. (A) Chemical structure of brazilin. (B and C) Pre-treatment with brazilin improves renal function after ischemia-reperfusion (I/R) injury.  (B) The 
increase in the serum creatinine (Scr) levels at 4, 10 and 24 h after I/R was abrogated by brazilin (30 mg/kg, administered intraperitoneally) (n=8 rats/group). 
(C) The increase in blood urea nitrogen (BUN) levels at 4, 10 and 24 h after reperfusion after I/R was abrogated by brazilin (30 mg/kg, administered intraperi-
toneally) (n=8 rats/group). *P<0.05 vs. sham-operated (Sham) group; #P<0.05 vs. I/R + Vehicle group.
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tubular necrosis, luminal congestion and the significant infil-
tration of neutrophils at 24 h following reperfusion. However, 
pre-treatment with brazilin substantially reduced tubular 
damage (Fig. 2A). The rats pre-treated with brazilin exhibited a 
markedly lower renal tubular injury score and neutrophil infiltra-
tion (Fig. 2B and C). TUNEL staining of the renal sections was 

then performed to visualize DNA fragmentation in situ. In the 
I/R + vehicle group, TUNEL-positive cells were densely distrib-
uted. Pre-treatment with brazilin significantly reduced amount 
of TUNEL-positive cells (Fig. 3A). In the rats pre-treated with 
brazilin, the percentage of TUNEL-positive cells in the renal 
sections decreased from 69.40±11.74 to 8.25±0.52% (Fig. 3B).

Figure 2. Pre-treatment with brazilin attenuates renal damage induced by ischemia-reperfusion (I/R). Representative photomicrographs (hematoxylin and eosin 
staining; magnification, x200) of renal sections from rats under various experimental conditions. (A) Renal histopathology. Hematoxylin and eosin‑stained sec-
tions are from the outer medulla (representative images of at least 3 experiments). (B) Quantitative scores of tubular injury. The analysis was performed under the 
same magnification for the respective groups. (C) Neutrophil accumulation within the interstitium of the renal was significantly less in the I/R + Brazilin group 
versus the I/R + Vehicle group at 24 h after reperfusion. *P<0.05 vs. sham-operated (Sham) group; #P<0.05 vs. I/R + Vehicle group.

Figure 3. Brazilin preconditioning ameliorates tubular apoptosis induced by renal ischemia-reperfusion (I/R). (A) Representative images (magnification, x400) 
of renal TUNEL assay from rats subjected to sham-operation, renal I/R and brazilin + I/R. (B) The percentage of TUNEL-positive cells in the kidney sections 
increased following I/R and decreased following treatment with brazilin (*P<0.05 vs. sham-operated (sham) group and #P<0.05 vs. I/R + Vehicle group; n=8 rats 
per group). (C) Protective effects of brazilin (0.25, 0.5 and 1.0 mM) against the renal I/R-induced loss of cell viability. Cells in the control group (0 mM group or 
Control group) were considered 100% viable. Data are presented as the means ± SD (n=6). #P<0.01 vs. Control group, *P<0.01 vs. I/R group.
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HK-2 cells were also pre-treated with brazilin for 2 h, 
and were then exposed to OGD for 60 min in order to mimic 
ischemic-like conditions in vitro. The cells were then incubated 
again in an incubator with 95% air and 5% CO2 with the vehicle 
or brazilin for an additional 24 h. Exposure to OGD resulted 
in 49.07±2.61 cell death. However, cell viability was signifi-
cantly increased to 90.31±1.64% in the cells pre-treated with 
brazilin (1 mM) (Fig. 3C).

Brazilin supression the inflammatory response by inhibiting 
the activation of NF-κB. Immunofluorescence staining was 
performed on histological sections in order to examine the 
expression of inflammatory cytokines. The results revealed 
that the expression of TNF-α and IL-1β was enhanced in the 

I/R + vehicle group. However, in the renal sections from the rats 
pre-treated with brazilin (I/R + Brazilin group), we observed a 
marked inhibition of TNF-α and IL-1β expression (Fig. 4).

In order to confirm the NF-κB inhibitory activity of brazilin, 
we examined the nuclear translocation of the NF-κB  p65 
subunit in the HK‑2 cells. Pre-treatment with brazilin 
effectively inhibited the OGD-mediated nuclear translocation 
of p65 (Fig. 5A). We then examined the phosphorylation of 
IκBα. Upon exposure to OGD, the phosphorylation of IκBα 
was increased (Fig. 5B). Pre-treatment of the cells with brazilin 
significantly inhibited the phosphorylation of IκBα. Taken 
together, the present data demonstrate that brazilin suppresses 
inflammation by inhibiting the activation of NF-κB following 
exposure to OGD.

Figure 5. Effects of brazilin on the activation of the NF-κB pathway in HK-2 cells subjected to renal ischemia-reperfusion (I/R). (A) Effects of brazilin on 
the renal I/R-induced nuclear translocation of NF-κB. The changes in the expression of NF-κB in cytosolic and nuclear extracts were examined by western 
blot analysis. The levels of NF-κB in nuclear fractions and IκBα in cytosolic fractions were examined by western blot analysis and corrected by PCNA and 
β-actin respectively. (B) Effects of brazilin on I/R-induced IκBα phosphorylation. p-IκBα levels were also measured by western blot analysis and normalized 
to β-actin and presented as a fold of the control. Data are presented as the means ± SD of 3 independent experiments. #P<0.01 vs. Control group, *P<0.01 vs. I/R 
group [exposed to oxygen-glucose deprivation (OGD)].

Figure 4. Pre-treatment with brazilin attenuates renal inflammatory injury induced by ischemia-reperfusion (I/R). Representative images (magnification, x400) 
of renal immunofluorescence staining of renal sections from rats subjected to sham-operation, renal I/R or brazilin + I/R. n=8 rats/group.
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Discussion

Previous studies have demonstrated that brazilin protects 
against hepatic and brain injury (20,28,30) as an antioxidant. 
However, the mechanisms responsible for the protective 
effects of brazilin against renal injury remain unexplored. 
In the present study, we firstly demonstrated that brazilin 
protected the rats against renal I/R  injury by improving 
morphology, reducing the levels of inflammatory markers 
and preventing apoptosis. It also prevented the activation 
of NF-κB. Thus, brazilin exerted anti-inflammatory effects 
both in vitro and in vivo.

As already mentioned, renal I/R injury is associated with 
high morbidity and mortality, due to the fact that patients with 
I/R injury have a poor poor prognosis and there is currently 
no effective available therapy to counteract this injury (9-12). 
Thus, prevention may be strategy with which to improve the 
survival following I/R injury and AKI. In this study, pre-treat-
ment with brazilin ameliorated renal function by decreasing 
the levels of Scr and BUN, and reducing the apoptosis of renal 
cells. Indeed, the pathogenesis of I/R injury involves a complex 
interplay between biochemical, cellular, vascular endothelial 
and tissue-specific factors.

Inflammation is one of the major factors contributing to 
renal damage following I/R (29). A number of inflammatory 
mediators are involved in renal I/R damage. Of these mediators, 
TNF-α and IL-1β are the essential ones, and interact with each 
other. TNF-α is invovled in the initial phase of the inflammatory 
response induced by I/R (14). It is capable of inducing the 
expression of different types of pro‑inflammatory mediators, 
such as IL-1β  (14-19). In this study, we demonstrated that 
pre-treatment with brazilin represents a feasable method with 
which to reduce inflammation-related injury, as it decreased 
the levels IL-1β and TNF-α in renal tissue.

In this study, the protective and anti-inflammatory effects of 
brazilin on renal were examined. Furthermore, we performed 
experiments in order to elucidate the possible mechanisms 
involved. NF-κB is an ubiquitously expressed transcription 
factor (13) and plays a significant role in the inflammatory 
response  (15). Our study focused on the NF-κB signaling 
pathway. As is known, in its inhibited form, the NF-κB dimer 
is segregated in the cytoplasm bound to an inhibitory protein 
known as IκB. The inhibition of NF-κB is inactivated by various 
stimuli including I/R, which firstly results in the phosphoryla-
tion of IκB and its subsequent degradation via proteosomes. 
Subsequently, NF-κB is released and translocates to the nucleus 
and binds to the promoter or enhancer of specific genes, leading 
to the activation of those encoding cytokines, and intercellular 
adhesion molecules (31). Thus, it can be perceived that a curb 
on the NF-κB signaling pathway is bound to be implicated in 
the regulation of I/R-induced inflammatory reactions. In the 
present study, we demonstrated that the transcription factor 
NF-κB was closely involved in inflammation-related injury. 
This was manifested by the increased nuclear translocation of 
NF-κB, and the enhanced phosphorylation or degradation of 
IκBα. Taken together, our data suggest that brazilin exerts a 
protective effect against renal I/R injury, and that these effects 
are mediated by the inactivation of inflammatory factors. 
Brazilin inhibited both the nuclear translocation of NF-κB, 
and the phosphorylation or degradation of IκBα. These results 

indicate that the protective and anti-inflammatory effects of 
brazilin against renal I/R injury are dependent on the inhibition 
of the NF-κB signaling pathway.

In conclusion, we have demonstrated that pre-treatment 
with brazilin at a clinically relevant concentration (30 mg/kg) 
reduces the degree of renal I/R injury, preventing further renal 
damage. The protective effects of brazilin may be mediated 
by its anti-inflammatory activities. The protective and anti-
inflammatory effects of brazilin against renal I/R injury are 
dependent on the inhibition of the NF-κB signaling pathway. 
The results of this study indicate that brazilin has potential 
for use as a drug for the prevention of renal I/R injury and to 
improve the outcome of patients with delayed graft function 
following kidney transplantation, acute renal failure after major 
surgery and trauma, or septic shock.
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