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Abstract. Biliverdin (BV), one of the heme oxygenase-1 (HO-1) 
catalytic products, has been demonstrated to have protective 
effects in liver ischemia reperfusion injury (IRI). The present 
study aimed to explore the effects of BV on cerebral IRI, and to 
investigate the potential mechanisms thereof. Adult male SD 
rats, weighing 200-240 g, were randomly divided into sham 
(group S), cerebral ischemia reperfusion control (group C) and 
BV (group BV) groups. Rats in group C underwent transient 
middle cerebral artery occlusion (tMCAO) and received 2 ml 
normal saline; rats in group BV received BV (35 mg/kg) 
intraperitoneally 15 min prior to reperfusion and 4 h after 
reperfusion, then twice a day thereafter for 5 days. Group S 
served as the control. Neurological Severity Scores (NSS) were 
evaluated at days 1-5 following reperfusion. Staining with 2, 3, 
5-triphenyltetrazolium chloride was performed to determine 
the cerebral infarction at 48 h post reperfusion. mRNA expres-
sion levels of tumor necrosis factor (TNF)-α, interleukin 
(IL)-6, IL-1β, inducible nitric oxide synthase (iNOS) and 
HO-1 in the ischemic cerebral cortex were detected via reverse 
transcription-quantitative polymerase chain reaction at 3, 6, 

12 and 24 h after reperfusion. Western blotting was used to 
detect the protein expression levels at 3 h after reperfusion. 
Compared with group S, the NSS, cerebral infarct volume, 
and the mRNA and protein expression levels of TNF-α, 
IL-6, IL-1β, iNOS and HO‑1 of Group C were significantly 
increased (P<0.05). However, BV administration significantly 
improved and reduced these expression levels (P<0.01). The 
present study indicates that BV is able to ameliorate cerebral 
IRI in rats and that the mechanism may be associated with the 
downregulation of proinflammatory factors.

Introduction

Ischemic stroke is a serious disease and threat to the health 
of millions of people. It is also one of the leading causes of 
disability and fatality in various industrial countries and still 
has no effective therapeutic treatments (1). Cerebral ischemia 
results in the disruption of blood, oxygen and glucose supplies 
to the brain and a reduction in energy. The generation and 
accumulation of toxic metabolites, such as glutamate and free 
radicals may ultimately lead to neurodegeneration (2). The 
primary method of alleviating neurologic injury caused by 
brain ischemia is the restoration of the blood flow to the isch-
emic region rapidly (3). However, blood reperfusion increases 
the production of excitatory amino acids, oxygen free radicals 
and intracellular Ca2+, as well as gives rise to damage of the 
microvascular system, all of which may induce additional 
damage to the brain tissue, which is termed ischemia reperfu-
sion injury (IRI) (4,5). Injury caused by reperfusion may be 
more detrimental to health than ischemia itself (6). Previous 
studies have demonstrated that the inflammatory response is 
one of the primary factors that leads to IRI (3,7,8).

Inflammation is associated with the pathophysiological 
process of cerebral IRI. Reperfusion may be promoted by the 
activities of microglial cells, astrocytes and endothelial cells in 
the brain, which interact with each other and generate inflam-
matory mediators, such as cytokines and adhesion molecules, 
which damage nerve cells (5,9,10). Gene expression levels of 
interleukin (IL)-1β, IL-6 and tumor necrosis factor (TNF)-α, 
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which are regulated by the redox-sensitive transcription factor 
nuclear factor (NF)-κB, have been demonstrated to rapidly 
increase the early stage of cerebral IR, to promote an inflam-
matory response (11-13) and further aggravate cerebral IR. 
Accordingly, reducing the inflammatory response may have a 
positive effect on the prognosis of ischemic diseases.

Heme oxygenase (HO)-1, an inducible type of heme 
oxygenase, is a rate-limiting enzyme of heme metabolism, 
which catalyzes heme to Fe2+, carbon monoxide and bili-
verdin (BV) (14). BV is rapidly converted to bilirubin by 
BV reductase (15). A number of studies have demonstrated 
that HO-1 has neuroprotective effects including antioxidant, 
anti-inflammatory, and anti-apoptotic effects following 
cerebral IRI (16-18). In addition, BV, which is a catalytic 
product of HO-1, has been demonstrated to exhibit potent 
anti‑inflammatory effects in various studies, in both in vivo 
and in vitro models (19-21). Previous studies have shown 
that exogenous BV is able to downregulate the expression of 
adhesion molecules and inhibit the aggregation of white blood 
cells, thereby reducing the generation of cytokines and chemo-
taxis factors and the expression of pro‑inflammatory proteins, 
such as cyclooxygenase-2 and cytochrome P450, ultimately 
ameliorating inflammation (22). Furthermore, BV has been 
shown to restrain the complement cascade reaction (23) and 
decrease the expression of cytokines, such as TNF-α and IL-6, 
by reducing the reaction activity of NF-κB in a lipopolysac-
charide (LPS)-induced injury model (24). However, the effect 
of BV in cerebral IRI is still unknown, and the application of 
BV to treat brain IRI is limited.

The present study aimed to investigate the effects of 
exogenous BV on cerebral IRI and explored the potential 
neuroprotective mechanism.

Materials and methods

Animals and grouping. A total of 135 male Sprague-Dawley 
rats, age 6-8 weeks, weighing 200-240 g, were provided by 
the Laboratory Zoology Department at Kunming Medical 
University (Kunming, China). All rats were maintained in 
plastic cages with soft bedding in a temperature-controlled 
room at 21‑25˚C, with a humidity of 45‑50% and a 12 h light/dark 
cycle. Rats had ad libitum access to food and water. Study 
protocols followed the guidelines for Laboratory Animal Care 
and Safety as issued by the Unites States National Institutes 
of Health. Animal care and all experimental protocols were 

approved by and performed according to the Guidelines of 
the Animal Care & Welfare Committee of Kunming Medical 
University. Rats were randomly divided into the sham (group S; 
sham operation, n=45); vehicle control (group C; IRI + normal 
saline, n=45); and BV (group BV; IRI + BV treatment, n=45) 
groups, which are indicated in Table I.

Animal transient middle cerebral artery occlusion model 
(tMCAO). According to the Zea-Longa method (25), rats with 
tMCAO model of cerebral IRI were established. Briefly, rats 
were anesthetized with 3.6% chloral hydrate (350 mg/kg; 
Tianjin Guangfu Fine Chemical Research Institute, Tianjin, 
China) intraperitoneally and the right common carotid artery 
was exposed and carefully separated. The middle cerebral 
artery (MCA) was obturated by inserting a nylon thread coated 
with polylysine (diameter, 0.24 mm) into the internal carotid 
artery, which was advanced further until it approached the 
starting point of the MCA. The inserting length was 18±2 mm. 
Group S rats underwent the same procedures without inserting 
the nylon thread. After 2 h of tMCAO, cerebral blood flow was 
recovered by removing the nylon thread. When they recovered 
from anesthesia, rats were scored according to the Zea-Longa 
scoring system, as reported previously (26). The scoring was 
as follows: 0 points, no symptoms of neurologic impairment; 
1 point, side front paw could not stretch completely; 2 points, 
paw rotated inwards when walking; 3 points, paw tilted 
inwards when walking; and 4 points, failed to spontaneously 
walk or loss of consciousness. According to the experimental 
requirements, rats that scored 0 or 4 points were excluded 
from the present study; scores of 1, 2 and 3 points indicated 
the model was successful.

BV treatment. BV hydrochloride (Frontier Scientific, Inc., 
Logan, UT, USA) was dissolved in 0.2 M NaOH solution and 
adjusted to pH 7.4 with HCl. After diluting with saline, BV 
(35 mg/kg in 2 ml) was intraperitoneally administered to rats 
15 min prior to reperfusion, once again 4 h after reperfusion 
and twice a day thereafter for 5 days. In group C, the same 
volume of saline was administered using the same method.

Neural behavioral test. Rats in groups C and BV were scored 
using the previously reported Neurological Severity Scores 
(NSS) scoring system (27) at days 1-5 after reperfusion, 
respectively. Group S were also scored at the same time points. 
The NSS included four aspects: Study of feeling (sensory tests 

Table I. Groups and methods performed (time after reperfusion).

 Rats, n
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Group NSS Score (1-5 days) TTC Stain (48 h) RT-qPCR (3, 6, 12 and 24 h) Western blotting (3 h)

S 15 5 20 5
C 15 5 20 5
BV 15 5 20 5

NSS, Neurological Severity Scores; TTC, 2,3,5-triphenyltetrazolium chloride; RT-qPCR, reverse transcription-quantitative polymerase chain 
reaction; S, sham; C, vehicle control; BV, biliverdin.
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including visual, tactile and proprioceptive test; 2 points were 
awarded), movement (motor tests including raising rat by 
the tail and placing rat on the floor; 6 points were awarded), 
reflection (reflexes absent and abnormal movements; 4 points 
were awarded) and balance (beam balance tests; 6 points were 
awarded). Scoring was defined as follows: 1‑6, mild injury; 
7-12, moderate injury; and 13-18, severe injury.

Mensuration of cerebral infarct volume by 2,3,5‑triphenyl‑
tetrazolium chloride (TTC) staining. To evaluate the infarct 
volume of the ischemic cerebral hemisphere, brains (n=5 for 
each group) were removed 2 days after reperfusion and cut 
into five coronal sections of 2‑mm thickness. Sections were 
incubated in 2% TTC solution (Sigma‑Aldrich; Merk KGaA, 
Darmstadt, Germany) at 37˚C for 20 min. After staining, the 
sections were washed in phosphate-buffered saline three times 
for 1 min each and fixed in 4% paraformaldehyde at room 
temperature for 24 h. Color images of these sections were 
directly obtained with a stereomicroscope and (magnifica-
tion, x5) then the infarct areas of each section was measured 
using Image J software version 1.43 (National Institutes of 
Health, Bethesda, MA, USA). In order to exclude the interfer-
ence of cerebral edema after cerebral IRI, the infarct volume 
percentage in the ischemic cerebral hemisphere was calcu-
lated using the following equation: (contralateral hemisphere 
volume-volume of non-ischemic ipsilateral hemisphere)/the 
contralateral hemisphere, as previously reported (28).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). RT-qPCR was used to detect the relative mRNA 
expression levels of TNF-α, IL-6, IL-1β, iNOS and HO-1 at 3, 
6, 12 and 24 h following reperfusion. Each group contained 

five samples and was repeated three times. β-actin was used 
as internal control. The brain cortex of ischemia region was 
homogenized in TRIzol reagent (Life Technologies; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) and total RNA 
was extracted from the sample according to the manufacturer's 
protocol. The concentration of the total RNA was determined 
with spectrophotometric optical density measurement. 
Reverse transcription reactions were then performed using the 
RevertAid First Strand cDNA Synthesis kit (cat. no. K1622; 
Thermo Fisher Scientific, Inc.). Each reaction tube contained 
3 µg total RNA in a reaction mixture containing 1 µl OLigDT, 
4 µl 5X reaction buffer, 1 µl ribonuclease inhibitor, 2 µl 10 mM 
dNTP mix, 1 µl RevertAid M-MuLV Reverse Transcriptase 
and diethylpyrocarbonate‑treated water to a final volume of 
20 µl. Reverse transcription reactions were performed using 
a DNA thermal cycler (T100; Bio-Rad Laboratories, Inc., 
Hercules, CA, USA) at 42˚C for 60 min and 75˚C for 5 min. 
PCR was performed in a DNA thermal cycler (CFX96; 
Bio-Rad Laboratories, Inc.) according to the following stan-
dard protocol: One cycle of 94˚C for 5 min; 40 cycles of 94˚C 
for 10 sec, annealing for 10 sec (TNF-α, IL-6 and β-actin:, 
52˚C; IL‑1β:, 51˚C; iNOS, 55˚C; HO‑1, 53˚C) and 60˚C for 
20 sec. Each reaction tube contained 0.6 µl forward primer, 
0.6 µl reverse primer, 0.6 µl TaqMan probe (Sangon Biotech 
Co., Ltd., Shanghai, China), 1 µl cDNA, 10 µl PCR Master 
Mix (Life Technologies; Thermo Fisher Scientific, Inc.) and 
7.2 µl water. The primer and probe sequences used are listed in 
Table II. The relative mRNA expression levels were calculated 
with standardization to β-actin by using the 2-ΔΔCq method (29).

Western blotting. Western blotting was used to detect the rela-
tive protein expression levels of TNF-α, IL-6, IL-1β, iNOS and 

Table II. Sequences of primers and probes.

Gene Primer direction/probe Sequence (5'-3')

TNF-α Forward GCCCACGTCGTAGCAA
 Reverse GTCTTTGAGATCCATGCCAT
 Probe CTCACGCCACTCCAGCTGCTC
IL-6 Forward AGAAGACCAGAGCAGATTTT
 Reverse GAGAAAGAGTTGTGCAATG
 Probe CCAGTTTGGAAGCATCCATC
IL-1β Forward GAGCTGAAAGCTCTCCACCT
 Reverse TTCCATCTTCTTCTTTGGGT
 Probe CCTGTGGCCTTGGGCCTC
iNOS Forward ATCGCTGGCTACCAGATGC
 Reverse ATGGTCACCTCCAGCACAAG
 Probe GCCACCTTGGAGTTCACCCAGTTG
HO-1 Forward CCCCACCAAGTTCAAACAGC
 Reverse CAATGTTGAGCAGGAAGGCG
 Probe CGCATGAACACTCTGGAGATGACCC
β-actin Forward GAAGATCAAGATCATTGCTCCT
 Reverse TACTCCTGCTTGCTGATCCA
 Probe CTGTCCACCTTCCAGCAGA

TNF, tumor necrosis factor; IL, interleukin; iNOS, inducible nitric oxide synthase; HO, heme oxygenase.
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HO-1. Cortex samples of the ischemic region were harvested 
3 h after reperfusion and homogenized in ice-cold radioim-
munoprecipitation assay lysis buffer (Biosharp, Hefei, China) 
for 30 min. One cocktail pill (Roche Diagnostics GmbH, 
Mannheim, Germany), which consisted of protease inhibi-
tors, was added to 50 ml buffer. After cell lysis, samples were 
centrifuged at 20,392 x g at 4˚C for 15 min and the supernatant 
was collected. The protein concentration of the supernatant 
was measured using a bicinchoninic acid protein assay reagent 
kit (Beyotime Institute of Biotechnology, Haimen, China). 
Subsequently, protein was mixed with sample buffer and 
boiled for 5 min. A total of 80 µg protein was loaded per lane 
and separated using 10‑15% SDS‑PAGE at 90 V for 40 min 
and then 140 V for 1 h. The separated proteins were transferred 
from the gel to cellulose nitrate membranes (GE Healthcare 
Life Sciences, Chalfont, UK) and blocked in 5% non‑fat milk 
dissolved in 1X TBS at 37˚C for 1 h. Subsequently, membranes 
were incubated with primary antibody overnight at 4˚C. The 
following primary antibodies were used: Rabbit anti-TNF-α 
(1:200; ab6671; Abcam, Cambridge, UK); rabbit anti‑IL‑6 
(1:1,000; ab9324; Abcam); rabbit anti-IL-1β (1:500; ab9722; 
Abcam); rabbit anti-iNOS (1:1,000; AB5382; EMD Millipore, 
Inc., Billerica, MA, USA); rabbit anti-HO-1 (1:1,000; AB1284; 
EMD Millipore, Inc.); and mouse anti-β-actin (1:1,000; 
ab3280; Abcam). Membranes were washed with 1X TBST 
three times (10 min each). Horseradish peroxidase-conjugated 
goat anti-rabbit secondary antibody and goat anti-mouse for 
β-actin (1:5,000; Zhongshan Golden Bridge Biotechnology 
Co., Ltd. China) were incubated in 1X TBST for 1 h at room 
temperature. Membranes were rinsed in TBST three times and 
were visualized using enhanced chemiluminescence detection 
reagents (Beyotime Institute of Biotechnology). The mean 
gray value was measured using Image J 1.43 software and the 
relative protein expression was calculated against the ratio of 
β-actin.

Statistical analysis. Statistical analysis was performed using 
SPSS 19.0 software (IBM SPSS, Armonk, NY, USA). Values 
were expressed as mean ± standard deviation. For multiple 
group comparison, analysis of variance with Tukey's post hoc 
test was applied and differences of P<0.05 were considered to 
indicate a statistically significant difference.

Results

Effect of BV on the neurologic deficit after reperfusion in 
rats. Neurological deficit was examined and scored with NSS 
at days 1-5 after reperfusion. The scores were 1.20±0.24, 
0.93±0.30, 0.60±0.56, 0.33±0.20 and 0 in group S from day 1 
to 5, respectively. Group C rats exhibited scores of 5.47±1.57, 
5.07±0.74, 4.20±0.82, 4.20±0.83 and 3.23±0.82 from day 1 to 
5, respectively. Fig. 1 indicates that group C exhibited signifi-
cantly increased NSS compared with group S at all time points 
(P<0.05). Compared with group C, BV treatment markedly 
reduced the NSS of rats in group BV (5.17±0.67, 4.87±0.40, 
3.93±0.38, 3.50±0.69 and 3.10±0.55 from day 1 to 5, respec-
tively; Fig. 1).

Reduction of cerebral infarction volume in rats treated with BV. 
TTC staining was used to detect the infarct volume 48 h after 

Figure 2. Alternations of brain infarction following BV administration. 
(A) 2,3,5-triphenyltetrazolium chloride-stained coronal slices at 48 h 
after reperfusion from group S, C and BV. (B) Representative bar graph 
for the infarct volume percentage of cerebral hemisphere. The volume in 
group C was significantly greater than that in group S. A significant reduction 
of infarct volume was detected at the cerebral hemisphere in group BV. Data 
were presented as mean ± standard deviation (n=5). **P<0.01; #P<0.05 BV, 
biliverdin; S, sham; C, vehicle control.

Figure 1. NSS in group S, C and BV rats. Compared with group S, the scores 
were significantly higher at days 1‑5 in group C, and BV administration 
markedly reduced the scores compared with group C. Data were presented 
as mean ± standard deviation (n=15 in each group). *P<0.05 vs. group S. NSS, 
Neurological Severity Scores; BV, biliverdin; S, sham; C, vehicle control; dpr, 
days post reperfusion.
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reperfusion. As observed directly, no infarction was detected 
in group S, whereas extensive infarction was developed in the 
lateral cortex in group C compared with group S; BV treat-
ment markedly reduced the infarction compared with group C 
(Fig. 2A). Through quantitative analysis, in group C, the infarct 
volume percentage of the ischemic cerebral hemisphere was 
significantly higher than that of Group S (42.28±4.59 vs. 
0.00±0.00, respectively; P<0.01; Fig. 2B). However, BV treat-
ment significantly reduced the infarct volume from 42.28±4.59 
to 31.95±4.88 compared with group C (P<0.05; Fig 2B).

BV treatment inhibited the mRNA and protein expression levels 
of HO‑1. Compared with group S, the mRNA expression levels 
of HO‑1 were significantly upregulated at 3, 6, 12 and 24 h 
following ischemia reperfusion (P<0.01; Fig. 3A). However, 
BV treatment significantly downregulated the mRNA expres-
sion levels of HO-1 at these time points compared with group C 

(P<0.01; Fig 3A). Additionally, the protein expression levels of 
HO‑1 were significantly increased 3 h following reperfusion 
compared with group S (P<0.01); however, these expression 
levels were significantly decreased by BV treatment compared 
with group C (P<0.01; Fig 3B).

mRNA expression levels of TNF‑α, IL‑6, IL‑1β and iNOS 
were downregulated by BV after cerebral IRI. The results of 
RT-qPCR showed that low expression levels of TNF-α, IL-6, 
IL-1β and iNOS mRNA were detected in group S. However, 
in group C, the mRNA expression levels of TNF-α, IL-6, 
IL-1β and iNOS were significantly increased compared with 
group S (P<0.01). Furthermore, TNF-α and iNOS mRNA 
expression levels in group C peaked at 3 h then gradually 
reduced to lower levels. However, IL-6 and IL-1β mRNA 
expression levels peaked at 6 h and gradually decreased to 
lower levels (Fig. 4A‑D). BV treatment significantly decreased 

Figure 3. Effect of BV administration on the expression levels of HO-1 mRNA and protein in the ischemia cortex. (A) Relative expression levels of HO-1 
mRNA at 3, 6, 12 and 24 h after reperfusion. (B) Relative expression levels of HO-1 protein 3 h after reperfusion. Data were presented as mean ± standard 
deviation (n=5 in each group). **P<0.01; ##P<0.01. BV, biliverdin; HO-1, heme oxygenase-1; S, sham; C, vehicle control.

Figure 4. Effect of BV administration on the mRNA expression levels of TNF-α, IL-6, IL-1β and iNOS in the ischemia cortex. (A-D) mRNA expressional 
changes in TNF-α, IL-6, IL-1β and iNOS, respectively at 3, 6, 12 and 24 h after reperfusion. Brain ischemia reperfusion injury significantly increased the 
mRNA expression levels of TNF-α, IL-6, IL-1β, and iNOS. BV administration reversed these changes. Data were presented as mean ± standard deviation (n=5 
in each group). **P<0.01; ##P<0.01. BV, biliverdin; TNF, tumor necrosis factor; IL, interleukin; iNOS, inducible nitric oxide synthase; S, sham; C, control; BV, 
biliverdin.
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TNF-α and IL-6 mRNA expression at 3, 6, and 12 h following 
reperfusion (P<0.01); however, no significant difference was 
indicated at 24 h compared with group C (Fig. 4A and B); 
IL-1β mRNA expression levels were significantly decreased 
after BV treatment at 3, 6, 12 and 24 h compared with group 
C (P<0.01; Fig. 4C). Furthermore, compared with group C, the 
expression levels of iNOS mRNA were significantly reduced 
following BV treatment at 3 and 6 h (P<0.01); however, no 
significant difference at 12 and 24 h was indicated (P>0.05; 
Fig. 4D).

BV administration downregulated the protein expression 
levels of TNF‑α, IL‑6, IL‑1β and iNOS after cerebral IRI. 
Western blotting was used to investigate the effects of BV 
on the protein expression levels of TNF-α, IL-6, IL-1β and 
iNOS after cerebral IRI (Fig. 5A). Western blotting analysis 
revealed that the protein expression levels of TNF-α, IL-6, 
IL-1β and iNOS were significantly increased at 3 h following 
IRI compared with group S (P<0.01); whereas, compared with 
group C, BV treatment significantly decreased the expression 
levels of these proteins (P<0.01; Fig. 5B-E).

Discussion

The present study investigated whether intraperitoneal admin-
istration of 35 mg/kg BV was able to ameliorate brain IRI. 
Furthermore, the feasible mechanism involved in the down-
regulation of proinflammatory factors TNF‑α, IL-6, IL-1β, 
and iNOS was explored.

In the present study, tMCAO was employed to establish a 
rat model of cerebral IRI. The NSS, which is a standard for 
evaluation of neurological deficit in rats (27), was signifi-
cantly higher in group C than that of group S at days 1-5 after 
reperfusion. In addition, TTC staining indicated significant 
brain infarction following IRI. It is understood that the brain 
weight accounts for only 2% of body weight; however, the 
oxygen consumption of the brain accounts for 20% of the total 
body oxygen consumption (30). The brain is intensely sensi-
tive to ischemia and hypoxia; therefore, ischemia following 
a prolonged period of time may lead to brain infarction (31). 
Previous animal studies have demonstrated that brain tissue 
may incur more extensive infarction when blood flow is 
restored after a period of ischemia than permanent cerebral 

Figure 5. Effect of BV administration on the protein expression levels of TNF-α, IL-6, IL-1β and iNOS in the ischemia cortex 3 h after reperfusion. (A) Western 
blotting of TNF-α, IL-6, IL-1β and iNOS 3 h after reperfusion; (B) Relative protein expression levels of TNF-α, (C) IL-6, (D) IL-1β and (E) iNOS. Data were 
presented as mean ± standard deviation (n=5 in each group). **P<0.01; ##P<0.01. BV, biliverdin; TNF, tumor necrosis factor; IL, interleukin; iNOS, inducible 
nitric oxide synthase; S, sham; C, vehicle control.
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ischemia (32,33). The present study indicated that ischemic 
cerebral hemisphere infarction volume increased significantly 
48 h after reperfusion, which revealed that cerebral infarction 
occurred in the injured rats. Together, this demonstrates that 
the present models of tMCAO were successful and that cere-
bral ischemia reperfusion damaged the nervous function.

Results from the present study detected increased mRNA 
and protein expression levels of TNF-α, IL-6, IL-1β and iNOS 
were accompanied with the neurological deficit. Previous 
reports have suggested that the inflammatory response has 
a vital role in the process of cerebral ischemia reperfusion 
and aggravates IRI (5,11,34). Therefore, anti‑inflammatory 
treatment may alleviate cerebral IRI and is also expected to 
improve the prognosis of ischemic stroke.

In the present study, 35 mg/kg BV was administered 
intraperitoneally 15 min prior to reperfusion, once again 4 h 
after reperfusion and twice a day thereafter. BV was able to 
ameliorate neurological behavior and significantly reduced 
brain infarction after brain ischemia/reperfusion. There are 
two reasons behind choosing the 35 mg/ kg dose of BV: i) The 
generated bilirubin after this dose would be raised but not 

beyond the highest acceptable normal range of <1 mg/dl (19); 
and ii) BV has been shown to exert anti‑inflammatory effects 
at this dose in a liver graft IRI model (35).

HO-1 is a protective enzyme, which has a protective effect 
on cerebral ischemia and traumatic brain injury (33,36,37). 
Cerebral ischemia stress may significantly increase the 
generation of HO-1, resulting in the effect of anti-ischemic 
injury (38,39). BV, as one of the metabolites of HO-1 catalytic 
oxidation, has been shown to influence the change in HO‑1 
expression in a study on an inflammatory injury model of the 
cornea, which demonstrated that BV treatment downregulated 
the expression of HO-1 mRNA (22). In addition, BV has also 
been indicated to inhibit the expression levels of both HO-1 
mRNA and protein in a study of IRI of liver (40) transplanta-
tion as well as in the lungs of rats (41), The present results 
showed that HO-1 mRNA and protein expression levels were 
significantly upregulated after ischemia reperfusion; however, 
treatment with BV significantly downregulated the expression 
levels of HO-1 protein and mRNA, which suggests that BV is 
able to successfully initiate a reaction in the body, and reveals 
that BV is able to regulate the expression of HO-1 by negative 

Figure 6. Summaries for the protective role and related mechanisms of BV on the disease models. As previously reported, BV administration may have a 
protective role in diverse disease models, such as vascular injury, organ transplantation, ischemia reperfusion injury of liver, heart and kidney and other 
inflammatory diseases. The underlying mechanisms were associated with cytoprotection, anti‑inflammation and antioxidant production. In addition, the 
present study concluded that BV has a protective role in the cerebral ischemia reperfusion injury by promoting downregulation of TNF-α, IL-6, IL-1β and 
iNOS, indicating BV may be applied in the treatment of cerebral ischemia reperfusion injury and reduce inflammation. BV, biliverdin; TNF, tumor necrosis 
factor; IL, interleukin; iNOS, inducible nitric oxide synthase; ICAM-1, intercellular adhesion molecule 1; tMCAO, transient middle cerebral artery occlusion; 
WB, western blotting; qPCR, quantitative polymerase chain reaction; TTC, 2,3,5-triphenyltetrazolium chloride.
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feedback. Previous studies have demonstrated that BV has 
potent protective roles in diverse disease models (35,41-43), 
such as a syngeneic small bowel (40,44), liver transplan-
tation (40), cardiac and renal transplantation (45), liver 
reperfusion injury (46) and lung reperfusion injury (19) models. 
These studies were indicative of the therapeutic potential of 
BV in treating clinical diseases. However, whether BV admin-
istration may protect the brain and improve the neurological 
function after cerebral IRI is still unknown, and few reports 
have focused on this. This mechanism also requires further 
investigating.

In the present study, RT-qPCR and western blotting 
indicated that the expression levels of TNF-α, IL-6, IL-1β 
and iNOS mRNA and protein were significantly upregulated 
after cerebral IRI. However, BV treatment significantly down-
regulated the expression levels of these factors. This finding 
indicated that the inflammatory mediators TNF‑α, IL-6, IL-1β 
and iNOS were largely generated in brain tissue and promoted 
the inflammatory response after cerebral IRI; however, BV 
effectively reduced the expression of these factors and inhib-
ited the inflammatory response, thus, ultimately contributing 
to the improvement of neurological function after cerebral IRI.

In the early stage of cerebral ischemia/reperfusion, proin-
flammatory cytokines TNF‑α and IL-1β are key factors that 
promote the inflammatory response and initiate the process of 
inflammatory reaction, promote the expression of cell adhe-
sion molecules and the infiltration of peripheral leukocytes, 
thus aggravating brain tissue damage caused by ischemia 
reperfusion (34,47-49). As reported previously (13), TNF-α, 
IL-6 and IL-1β mRNA were significantly upregulated in the 
ischemic cortex from 3-72 h and peaked at 6 h after ischemia. 
Therefore, TNF-α, IL-6 and IL-1β are considered three of the 
most important cytokines implicated in cerebral IRI (13,50). 
iNOS is an important proinflammatory mediator during the 
inflammatory response and expression of iNOS has been 
indicated to be significantly increased by ischemia reperfu-
sion of the intestine (44), heart and kidneys (45). Similarly, 
the present findings revealed that the expression levels of 
iNOS were significantly upregulated after focal cerebral 
ischemia reperfusion and that BV administration significantly 
decreased iNOS expression. BV, one of the three products of 
heme catabolism, has been demonstrated to have a protective 
role in various models of inflammation, liver and lung IRI 
and organ transplantation (43,44,46), and it has been reported 
to have cytoprotective, anti‑inflammatory, and anti‑oxidant 
effects (42). However, the possible molecular mechanism of 
the protective role of BV in cerebral IRI remains unknown. 
On probing the mechanism underlying the protective effects 
of BV administration on brain tissue after IRI, we discov-
ered that BV administration repressed cerebral IRI-induced 
gene and protein expression of the inflammatory mediators 
TNF-α, IL-6, IL-1β and iNOS. To the best of our knowledge, 
the present study is the first to suggest that the protective 
effects of BV administration on cerebral IRI may occur 
by targeting some elements within the anti-inflammatory 
pathway. The present study has provided novel insights into 
the anti‑inflammatory effects of BV on a defined model of 
cerebral IRI (tMCAO) (Fig. 6).

In conclusion, the present study indicated that cerebral IRI 
induced inflammation, as indicated by the increase in gene and 

protein expression levels of inflammatory mediators TNF‑α, 
IL-6, IL-1β and iNOS. BV treatment appeared to promote the 
downregulation of these inflammatory mediators and reduced 
the extent of cerebral infarction. Together, these findings 
suggested that BV suppressed IRI-induced brain injury, at 
least in part, through anti‑inflammatory mechanisms.
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