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Abstract. The pathogenesis of acute aortic dissection (AAD) 
complicated acute lung injury (ALI) is not currently well 
defined. At present, no effective animal model has been estab-
lished for AAD complicated ALI, which hinders research 
and development of an appropriate treatment regimen for the 
concurrent conditions. The aim of the present study was to 
evaluate the therapeutic effects of bindarit (Bnd), an indazolic 
derivative, on the production of monocyte chemoattractant 
protein (MCP)‑1 in angiotensin II (AngII)‑induced compli-
cated ALI in rats. An AAD complicated ALI rat model was 
established using aminopropionitrile (BAPN) and AngII. 
The pathological features of AAD complicated ALI were 
assessed via biochemical and histopathological evaluations. 
AngII‑stimulated human pulmonary microvascular endothe-
lial cells (hPMVECs) were used to assess the effects of Bnd 
on MCP‑1 expression. Western blot analysis was performed to 
analyze the expression of proteins that may be associated with 
the process. AAD complicated ALI was established following 
BAPN and AngII interference, and a massive accumulation 
of macrophages was observed in the lung tissues of the study 
rats. Bnd was able to significantly attenuate the incidence of 
AAD complicated ALI (P<0.05), and significantly inhibit the 
accumulation of macrophages (P<0.05). The overexpression 
of MCP‑1 induced by AngII in hPMVECs was significantly 
inhibited by Bnd (P<0.05), which may be associated with 
downregulation of the classical nuclear factor‑κB pathway. 
Bnd was able to attenuate the incidence of AAD complicated 
ALI, and inhibit the accumulation of macrophages in vivo. 
These findings provide a basis for future applications of Bnd 
as part of a therapeutic treatment schedule for aortic dissection 
complicated lung injury.

Introduction

Acute aortic dissection (AAD), which is the most frequent and 
severe manifestation of acute aortic syndrome, is one of the 
primary causes of cardiovascular disease‑related mortality 
worldwide (1‑3). In clinical practice, a large number of AAD 
patients (~35%) are diagnosed with concurrent acute lung 
injury (ALI) presenting with hypoxemia prior to surgery (2). 
Concurrent ALI prior to surgery is a risk factor for postop-
erative acute respiratory distress syndrome, and patients with 
concurrent AAD and ALI have been demonstrated to have a 
poor prognosis (4).

The pathogenesis of AAD complicated ALI is not 
currently well understood. At present, animal models of 
AAD are typically established based on surgical methods or 
the β‑aminopropionitrile (BAPN) treatment (5). Such models 
contribute to the investigation on the pathogenesis of AAD; 
however, no animal model has yet been established for AAD 
complicated ALI, which hinders the research and develop-
ment of an appropriate treatment regimen for the concurrent 
conditions. There is therefore a need to establish an animal 
model of AAD complicated ALI in order to elucidate the exact 
mechanism of and appropriate treatment regimen for these 
concurrent diseases. Bindarit (Bnd) is able to downregulate 
the gene expression of monocyte chemoattractant protein‑1 
(MCP‑1) and the expression of the MCPs cluster members 
such as MCP2/CCL8 and MCP‑3/CCL7 (6). These processes 
promote prolonged and sustained inflammation through 
monocyte‑macrophage recruitment, which serves crucial roles 
in the homeostatic positioning and trafficking of immune 
cells (6). In the present study, Bnd was demonstrated to reduce 
the incidence of AAD complicated ALI. In vitro experiments 
revealed the effects of Bnd on AAD complicated ALI may be 
associated with the inhibition of MCP1 mRNA and protein 
expression, as well as modulating the NF‑κB pathway.

Materials and methods

In vivo experiments.
Development of AAD complicated lung injury model in rats. 
For the animal model, 3‑week‑old male Sprague‑Dawley 
rats provided by the Animal Center of Wuhan University 
(Wuhan, China) were randomly divided into three groups: 
i)  Control group (n=7), provided with a standard labora-
tory diet for 4 weeks; ii) BAPN group (n=7), provided with 
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a standard laboratory diet and administered with 0.25% 
BAPN (M27603; Sigma‑Aldrich; Merck KGaA, Darmstadt, 
Germany) dissolved in drinking water (0.1 g/kg per day) for 
4 weeks; and iii) BAPN+AngII group (n=7), provided with a 
standard laboratory diet and administered with 0.25% BAPN 
dissolved in drinking water (0.1 g/kg per day) for 4 weeks, 
together with subcutaneous implantation of AngII (1 µg/kg 
per minute; Sigma‑Aldrich; Merck KGaA) via osmotic mini 
pumps (ALZET Osmotic Pumps; DURECT Corp, Cupertino, 
CA, USA) as previously described (7). Rats were sacrificed 
24 h post‑treatment following administration of 1% phenobar-
bital as an anesthetic. All animal handling was performed in 
accordance with the Wuhan Directive for Animal Research 
and the current Guidelines for the Care and Use of Laboratory 
Animals published by the National Institutes of Health (NIH 
publication no. 85‑23, revised 1996). The animal study was 
approved by the Ethical Committee of the Renmin Hospital of 
Wuhan University.

Roles of macrophages in the pathogenesis of AAD 
complicated ALI. Following the establishment of the animal 
model, AAD was confirmed by conventional pathological 
examination. Rats exhibiting any of the following were 
deemed to have ALI: PaO2/FiO2 ≤300 mmHg, presence of 
edema in the alveolar septum, or infiltration of inflamma-
tory cells in the alveolar interstitium. To confirm the role of 
macrophages in AAD complicated ALI, Bnd (cat. no. S3032; 
Selleck Chemicals, Houston, TX, USA), which is an inhibitor 
of MCP‑1 reported to be associated with the recruitment of 
macrophages (8), was administered. A total of 5 groups were 
used in the present study: Control group (n=7), BAPN group 
(n=7), BAPN+AngII group (n=7), BAPN+AngII+Bnd group 
(n=7), and Bnd group (n=7). The dose of Bnd was 200 mg/kg 
per day for 2 days prior to AngII administration until sacri-
fice (8). Following sacrifice, the accumulation of macrophages 
in the lung tissues was assessed in triplicate.

Histopathological examination. Lung tissues were 
harvested following sacrifice and samples were fixed and 
embedded. The fixing step was performed at room tempera-
ture as follows: Dehydrated alcohol (Sinopharm Chemical 
Reagent Co., Ltd., Shanghai, China) combined with Xylene 
(Sinopharm Chemical Reagent Co., Ltd.; vol/vol=1:1) for 
10 min, followed by Xylene I (Sinopharm Chemical Reagent 
Co., Ltd.) for 10 min and xylene II (Sinopharm Chemical 
Reagent Co., Ltd.) for 7 min. The samples were embedded in 
paraffin at 60˚C for 30 min using neutral resin (Sinopharm 
Chemical Reagent Co., Ltd.). Hematoxylin and eosin (H&E) 
staining, and immunohistostaining were performed as previ-
ously described (9). Tissues were observed using a CKX41SF 
light microscope (Olympus Corporation, Tokyo, Japan) and 
images were captured to assess the histopathological changes 
in lung tissues and the expression of cluster of differentiation 
(CD) 68.

Determination of methane dicarboxylic aldehyde 
(MDA) and superoxide dismutase (SOD). Lung tissues were 
homogenated and placed in a water bath at 95˚C for 40 min. 
Tissues were cooled to room temperature and the mixture was 
subsequently centrifuged at 4,865 x g for 10 min at 4˚C. The 
supernatant was subsequently collected and the absorbance of 
MDA was determined at 532 nm. The absorbance of SOD was 
determined at 550 nm.

Evaluation of pulmonary wet/dry weight ratio (W/D). 
Immediately following sacrifice, lung tissues were harvested 
and the surface was dried using a sterilized filter paper. 
Tissues were weighed to determine the wet weight and subse-
quently stored in an oven at 100˚C for 24 h until the weight was 
constant. The W/D ratio was calculated.

In vitro experiments. 
To investigate the potential mechanism of in vivo results, 
in vitro experiments were performed based on cultured human 
pulmonary microvascular endothelial cells (hPMVECs).

Experimental design. hPMVECs of passages 2‑8 were 
purchased from Wuhan Biofavor Biotech Services Co., Ltd. 
(Wuhan, China; cat. no. CP‑H001). Cells were cultured in 
RPMI-1640 medium (Invitrogen; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) supplemented with 10% fetal bovine 
serum (FBS; Selleck Chemicals) 1% penicillin/streptomycin 
and 0.5% fungizone (Invitrogen; Thermo Fisher Scientific, Inc.) 
and maintained at 37˚C in a humidified atmosphere containing 
5% CO2 for 2 days. Cell growth was arrested by replacing 
the medium with FBS‑free RPMI-1640 for 24 h. Cells were 
subsequently incubated at 25˚C in low‑serum RPMI-1640 
supplemented with 2% FBS, AngII (1 µM; Sigma‑Aldrich; 
Merck KGaA) (10), and Bnd with or without AngII for 12 h. 
The MCP‑1 inhibitor Bnd (7 mg/ml, dissolved in 0.5% CMC) 
was added for 30 min prior to the addition of AngII (11).

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). Total RNA was isolated from hPMVECs using 
TRIzol reagent (Sigma‑Aldrich; Merck KGaA) according to the 
manufacturer's protocol. cDNA synthesis was performed using 
the SuperScript commercial kit (Thermo Fisher Scientific, Inc.) 
according to the manufacturer's protocol. PCR was performed 
using an ABI 7500 system (Applied Biosystems; Thermo 
Fisher Scientific, Inc. The specific primers were designed 
from the coding regions of human MCP‑1 as follows: Forward, 
5'‑AAC​TGA​AGC​TCG​CAC​TCT​CG‑3' and reverse, 5'‑TCA​
GCA​CAG​ATC​TCC​TTG​GC‑3'. GAPDH was used as a control, 
and the primer sequences were as follows: Forward, 5'‑ACC​
ACA​GTC​CAT​GCC​ATC​AC‑3' and reverse, 5'‑TCC​HCC​ACC​
CTG​TTG​CTG​TA‑3'. A total reaction volume of 25 µl was 
used for PCR, containing 10x buffer, 2 µl DNA temperate, 
20 pmol/l GADPH, 50 pmol/l each primer, 0.5 µl Taq DNA 
polymerase (5 u/µl). The PCR conditions were 94˚C for 5 min 
followed by 34 cycles at 94˚C for 30 sec, 55˚C for 30 sec and 
72˚C for 60 sec. The PCR product was sequenced and the 
amplified productions of human MCP‑1 and GAPDH were 
258 and 452 bp, respectively. The experiment was performed 
at least in triplicate. Quantification was performed using the 
2‑∆∆Cq method (12).

Western blotting. Cells were harvested using Commercial 
Cell Lysis buffer (Beijing BioDev‑Tech, Beijing, China) at 72 h 
and centrifuged at 16,000 x g for 5 min at 4˚C to extract the 
protein according to the manufacturer's protocol. The cells 
were washed using PBS buffer at 4˚C three times for 5 min. 
Protein concentrations were determined via bicinchoninic acid 
assay using a commercial kit (BCAP‑1‑W; Suzhou Coming 
Chengye Medical Technology Co., Ltd., Suzhou, China) for a 
minimum of three times (13). Proteins (40 µg per lane) were 
separated by 10% SDS‑PAGE. The expressions of MCP‑1, 
IkBα, phosphorylated (P)‑IkBα, transcription factor p65 (p65) 
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and P‑p65 were detected using a standard western blotting 
protocol. The transferred polyvinylidene fluoride membrane 
was blocked with 10% skimmed milk for 1  h at room 
temperature. The membrane was subsequently incubated with 
primary antibodies for MCP‑1 (1:1,000; BA1843‑2; Wuhan 
Boster Biotechnology, Ltd., Wuhan, China), IκBα (1:2,000; 
4812, Cell Signaling Technology, Inc., Danvers, MA, USA), 
P‑IκBα (Ser32/36; 1:1,000; 5209, Cell Signaling Technology, 
Inc.), p65/Rel‑A (1:1,000; 4764; Cell Signaling Technology, 
Inc.), P‑p65/Rel‑A (Ser 536; 1:1,000; 4025; Cell Signaling 
Technology, Inc.), and β‑actin (1:700; sc‑81178, Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA) overnight at 4˚C, 
respectively. Membranes were subsequently incubated with 
the horseradish peroxidase‑conjugated secondary antibody 
(1:5,000; ZB‑2301, OriGene Technologies, Inc., Beijing, China) 
for 1 h at room temperature and the immunoblotting signals 
were visualized using a Western Luminescent Detection kit 
(Vigorous Biotechnology, Beijing, China).

Statistical analysis. All data are expressed as the mean ± stan-
dard error of the mean. All experiments were performed 
with at least 6 independent hPMVEC cultures. Statistical 
analyses were performed using one‑way analysis of variance 
using SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Establishment of AAD complicated lung injury model. A 
significantly higher incidence of lung injury was observed 
in the BAPN+AngII group compared with the BAPN group 
(P<0.05, Fig. 1). H&E staining revealed massive infiltration 
of inflammatory cells in the lung tissues and injury to the 
pulmonary alveoli in the BAPN+AngII group. Red blood 
cells, inflammatory cells and exudate were also observed in 
the alveolar space (Fig. 2). The lung MDA content and W/D 
ratio in the BAPN+AngII group were significantly elevated 
compared with the control (both P<0.01) and there was a 
significant decrease in SOD activity (P<0.01; Table I). These 
findings suggest that lung injury was successfully induced in 
the BAPN+AngII group.

Bnd induces a decrease of AAD complicated ALI. Following 
infusion of AngII, a marked accumulation of macrophages 
was observed in the lung tissues of rats with lung injury, 
which confirmed the recruitment of macrophages in the 
pathogenesis of AAD complicated ALI. However, the 
accumulation of monocytes and macrophages was markedly 
inhibited following the administration of Bnd. To investigate 
the roles of MCP‑1 in the pathogenesis of AAD complicated 
ALI, Bnd was administered to the BAPN+AngII group. There 
was no marked decrease in the incidence of AAD following 
the administration of Bnd; however, CD68 staining revealed 
that the accumulation of macrophages was markedly attenu-
ated (Fig. 3). Furthermore, the incidence of lung injury was 
significantly decreased by 42.8% (85.7% vs. 42.9%, P<0.05; 
Fig. 4). This suggests that Bnd was able to attenuate AAD 
complicated ALI in rats via modulating the recruitment of 
macrophages.

Bnd induces a decrease of MDA and increase of SOD in 
lung tissues. The MDA and W/D ratio were significantly 
decreased in the BAPN+AngII+Bnd group compared with the 
BAPN+AngII group (P<0.01; Table II). Furthermore, there was 
a significant increase in SOD levels in the BAPN+AngII+Bnd 
group compared with the BAPN+AngII group (P<0.01; 
Table II). These results suggest that massive endogenous SOD 

Table I. MDA, SOD and W/D in each group. 

	 MDA 	 SOD 
Group	 (nmol/mgprot)	 (U/mgprot)	 W/D

Normal control	 1.34±0.31	 48.19±4.24	 3.25±0.37
BAPN	 1.77±0.26	 41.74±2.83	 3.48±0.54
BAPN+AngII	 4.84±0.49a	 20.70±3.17a	 4.57±0.66a

aP<0.01 vs. control. MDA, methane dicarboxylic aldehyde; SOD, 
superoxide dismutase; W/D, wet/dry ratio; BAPN, aminopropion-
itrile; AngII, angiotension II.

Table II. MDA, SOD and W/D in each group.

	 MDA	 SOD
Group	 (nmol/mgprot)	 (U/mgprot)	 W/D

Normal control	 1.34±0.31	 48.19±4.24	 3.25±0.37
BAPN+AngII	 4.84±0.49a	 20.70±3.17a	 4.57±0.66a

BAPN+AngII+	 3.12±0.40b	 38.77±5.93b	 4.16±0.69b

Bnd
Bnd	 1.31±0.39	 49.53±5.88	 3.18±0.34

aP<0.01 vs. control; bP<0.01 vs. BAPN+AngII. MDA, methane dicar-
boxylic aldehyde; SOD, superoxide dismutase; W/D, wet/dry ratio; 
BAPN, aminopropionitrile; AngII, angiotension II, Bnd, bindarit.

Figure 1. The incidence of AAD complicated ALI in each group. *P<0.05 
vs. the BAPN+AngII group. AAD, acute aortic dissection; ALI, acute lung 
injury; BAPN, β‑aminopropionitrile; AngII, angiotensin II.
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was consumed during the oxidative stress, which resulted in 
a decrease in the antioxidant capacity and formation of lipid 
peroxides (e.g. MDA).

Bnd inhibits AngII‑induced MCP‑1 overexpression in 
hPMVECs. To investigate the potential mechanism of Bnd 

in the attenuation of AAD complicated ALI, the expression 
of MCP‑1 mRNA and protein in hPMVECs was determined 
following stimulation of AngII. The results indicated AngII 
was able to induce MCP‑1 mRNA and protein overexpres-
sion; however, administration of Bnd was able to significantly 
inhibit this effect (P<0.01; Fig. 5A and B).

Nuclear factor (NF)‑κB pathway is associated with the 
MCP‑1 expression mediated by Bnd. To investigate how Bnd 
is associated with the downregulation of MCP‑1 expression 
in hPMVECs subject to AngII interference, the expressions 
of P‑IkBα, IkBα, P‑p65 and p65 were determined. Western 
blot analysis revealed that the expression of P‑IkBα was 
significantly increased in the AngII group compared with 
the control group (P<0.05, Fig.  6). P‑IkBα expression 
was significantly downregulated in the AngII+Bnd group 
compared with the AngII group (P<0.05; Fig. 6). Furthermore, 
the expression of P‑p65 was significantly decreased in 
the AngII+Bnd group compared with the AngII group 
(P<0.05; Fig. 6). These results suggest that Bnd is able to inhibit 
the synthesis of MCP‑1 via modulating the NF‑κB pathway.

Discussion

In the present study, a rat model of AAD complicated ALI 
was established based on a combination of AngII and BAPN 
treatment. In lung tissues harvested from the AAD compli-
cated ALI rat model, a large number of macrophages were 
accumulated in the pulmonary mesenchymal tissues. This 
observation suggests that the AngII‑induced macrophage infil-
tration may be associated with the onset of AAD complicated 

Figure 2. Pathological features of lung tissue from rats in the (A) control group, (B) BAPN+AngII group and (C) BAPN group. Massive edema, inflammation 
and cell infiltration were observed in the BAPN+AngII group. Magnification, x200. BAPN, β‑aminopropionitrile; AngII, angiotension II.

Figure 3. Immunohistochemical analysis of cluster of differentiation 68 in the control, BAPN+AngII, BAPN+AngII+Bnd and Bnd groups. Magnification, x400. 
BAPN, β‑aminopropionitrile; AngII, angiotension II; Bnd, bindarit; H&E, hematoxylin and eosin.

Figure 4. Incidence of AAD complicated ALI in different groups. The inci-
dence of AAD complicated ALI was significantly reduced by Bnd. *P<0.05 
vs. the BAPN+AngII group. AAD, acute aortic dissection; ALI, acute lung 
injury; Bnd, bindarit; BAPN, β‑aminopropionitrile; AngII, angiotension II. 
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ALI. Furthermore, the results of the present study revealed a 
marked elevation in MDA and decrease in SOD in the lung 
tissues, which may reflect the extent of lung injury. It was 
speculated that changes in MDA and SOD may be associated 
with a higher consumption of SOD, which in turn results in 
the accumulation of MDA due to a decrease in the in vivo 
antioxidant capacity.

The number of macrophages was markedly lower in the 
BAPN+AngII+Bnd group compared with the BAPN+AngII 
group and the incidence of lung injury was also decreased. 
This suggests that Bnd was not able to attenuate the incidence 
of AAD, whereas it was able to attenuate the incidence of 
ALI via inhibiting the accumulation of macrophages in lung 
tissues. The anti‑inflammatory activity of Bnd has previously 
been ascribed to its ability to impair monocyte/macrophage 
recruitment in inflamed tissues (14). In the present study, the 
effect of Bnd on the regulation of MCP‑1 in AngII‑induced 
hPMVECs was investigated to better define the molecular 
mechanisms involved. The results of the present study demon-
strated that AngII was able to upregulate MCP‑1 expression 
in hPMVECs, and that this was completely reversed by the 
administration of Bnd.

MCP‑1, which is associated with the accumulation and 
migration of monocytes and macrophages, serves an impor-
tant role in the pathogenesis and development of ALI. Several 
factors have been reported to be responsible for the expression 
of MCP‑1 in endothelial cells, including the NF‑κB signaling 
pathway, the tyrosine kinase‑activator protein (AP)‑1 pathway 
and the PKC signaling pathway (15,16). It is well known that 
several factors are able to contribute to the upregulation of 
MCP‑1 by modulating different signal pathways (17,18). For 
example, AngII may stimulate the expression of MCP‑1 by 
activating NF‑κB and AP‑1 and also the expression of c‑fos 
and c‑jun (18). Such a process is mediated by tyrosine protein 
kinase and mitogen activated protein kinase (18). Additionally, 
several factors including hydrogen peroxidase, apocynin 
(NADH/NADPH blocker), diphenylene iodonium and ectoge-
neous nitric oxide may inhibit the AngII‑induced expression 
of MCP‑1induced by AngII (19). As an inner κB sequence was 
identified in the promoter of MCP‑1, the expression of MCP‑1 
is largely dependent on the NF‑κB signaling pathway (20). 
Therefore, the AngII‑induced MCP‑1 expression in hPMVECs 
may be associated with the NF‑κB signaling pathway.

Nuclear factor‑kappa B (NF‑κB), a ubiquitous transcription 
factor, typically presents as a heterodimer of 50 kDa (p50) and 
65 kDa (p65) subunits (21). It is typically present in the cyto-
plasm in an inactive form through its association with IkBα, the 
prototype of a family of NF‑κB inhibitory proteins (IκB) (21). 
Under in vitro stimulations, IκB was phosphorylated by the 
IκB kinase (IKK), which is recognized by ubiquitin (22). The 
complex was subsequently degraded by the 26S proteasome, 
based on which the nucleic localization sequences of the NF‑κB 
were exposed (23). Upon entering the nucleus, NF‑κB was able 
to bind with the κB sequence of the corresponding promoters, 
which triggered the transcription of certain genes  (24‑26). 
Extensive previous studies have revealed that activated NF‑κB 
is a complex of p65 and p50 (27,28). This process is mediated 
by IKKβ and IκBα, particularly the phosphorylation of Ser32 
and Ser36 in IκBα (27,28). In the present study, it was demon-
strated that the expression of P‑IκBα and P‑p65 were elevated 
in hPMVECs following AngII interference. This indicates that 
AngII may be able to activate the NF‑κB signaling pathway. 
However, this effect was completely reversed by administration 
of Bnd. On this basis, it is reasonable to conclude that Bnd may 
inhibit the expression of MCP‑1 via inhibiting NF‑κB activity.

Figure 5. The effect of Bnd on the AngII‑induced expression of MCP‑1 (A) mRNA and (B) protein. *P<0.01 vs. AngII; **P<0.001 vs. AngII. Bnd, bindarit; 
AngII, angiotensin II; MCP‑1, monocyte chemotactic protein 1. 

Figure 6. The effect of Bnd on the AngII‑induced activation of the NF‑κB 
pathway. Western blot analysis of IkBa and p65, and their respective 
phosphorylated isoforms was performed with β‑actin as a loading control. 
#P<0.05 vs. control; *P<0.05 vs. AngII. Bnd, bindarit; AngII, angiotensin II; 
NF, nuclear factor; P, phosphorylated; p65, transcription factor p65.
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In conclusion, AngII‑mediated recruitment of macrophages 
serves an important role in the development of AAD compli-
cated ALI. This process is associated with the expression of 
MCP‑1, which was confirmed by the inhibition of macrophage 
recruitment following Bnd treatment. An in vitro study demon-
strated that AngII was able to induce overexpression of MCP‑1 
in hPMVECs via activating the NF‑κB signaling pathway. 
Furthermore, Bnd may inhibit the expression of MCP‑1 in 
hPMVECs via inhibiting the activity of NF‑κB.
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