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Background: Endothelial dysfunction and destruction of the pulmonary microcirculation 
are important pathogenic factors in chronic obstructive pulmonary disease (COPD). In 
COPD, bronchial obstruction is associated with endothelial dysfunction. Thus, new pharma-
cological treatment options aimed at restoring the pulmonary endothelium represent 
a clinical need in COPD therapy. Notch1 has been shown to protect cells against apoptosis, 
inflammation, and oxidative stress caused by cigarette smoke extract (CSE). Therefore, drug 
which effect on Notch1 may be a potential therapeutic target for COPD in the future.
Methods: In this study, we assessed the potential of spiperone to mediate regeneration of 
pulmonary endothelium in model of pulmonary emphysema induced by a CSE and lipopo-
lysaccharide (LPS) in female C57BL/6 mice.
Results: Spiperone increased the number of capillaries as well as the expression of the 
CD31 in the alveolar tissue compared to the controls. Moreover, application of spiperone 
prevented alveolar wall destruction (DI), and reduced the area of emphysema. Lastly, we 
demonstrated that spiperone positively influenced mobilization and migration of endothelial 
progenitor cells (EPC, CD45−CD34+CD31+), CD309+-endothelial cells, and angiogenesis 
precursors (CD45−CD117+CD309+) into the lung. Spiperone administration significantly 
reduced the number Notch1 positive CD309+-endothelial cells and Notch1+ EPCs.
Conclusion: Overall, our results suggest that spiperone mediates endothelial regeneration in 
an animal model of COPD. Thus, it could represent a novel therapeutic approach for 
treatment of emphysema associated with COPD.
Keywords: pulmonary emphysema, endothelial progenitor cells, VEGF2 (CD309), 
spiperone, Notch1, endothelial regeneration

Introduction
COPD is a common and incurable disease chronic inflammatory lung disease that 
causes obstructed airflow from the lungs. According to WHO, COPD will become 
the third biggest global killer by 2030.1 Although air pollution and chemical fumes 
can be causative for developing COPD, smoking, and exposure to cigarette smoke 
are the most important risk factors.2,3

COPD is characterized by persistent respiratory symptoms caused by pathophy-
siological changes including chronic inflammation and narrowing of peripheral 
airways to emphysema. Inflammation is the main initiating process in COPD. 
Furthermore, persistent pulmonary inflammatory response is a prominent feature 
of COPD.4 In addition to inducing local inflammation, irritants within the tobacco 
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smoke attract proinflammatory cells to the lungs and 
induce the release of superoxide anions and other mole-
cules that actively destroy the extracellular matrix (eg, 
neutrophil elastase, proteinase – 3, cathepsin G, matrix 
metalloproteinases).5 Another important pathogenic pro-
cess in COPD is the destruction of alveolar structures.6–9 

Simultaneous with apoptosis of the alveolar epithelium, 
systemic endothelial dysfunction develops10 involving 
endothelial cell apoptosis,11 and reduction of alveolar 
vascularization.12 The emerging endothelial dysfunction 
is associated with bronchial obstruction.13 The reduction 
of the microvascular flow is more pronounced in patients 
with severe COPD compared to patients suffering from 
mild COPD.14 It was demonstrated that the number of 
endothelial progenitor cells (EPC) is decreased in patients 
with COPD and correlates with severity of airway obstruc-
tion, hypoxemia, and peak oxygen consumption.15 Some 
studies also suggest a possible link between a decrease in 
circulating EPCs and systemic inflammation.15,16 

According to the vascular hypothesis of cigarette smoke- 
induced emphysema, endothelial cell death initiates the 
disappearance of alveolar cells in emphysema.7 It is well 
known that LPS directly increases the permeability of lung 
endothelial cells17 and enhances the severity of lung injury 
caused by cigarette smoke.18 The negative effects of cigar-
ette smoke on pulmonary endothelial cells are well known. 
There is evidence supporting the injurious roles of 
endothelial cell injury in the development of emphysema, 
pulmonary hypertension, and acute respiratory distress 
syndrome (ARDS). However, the role of EPC in COPD 
is uncleaned.

Pathogenically, COPD is the result of abnormal lung 
injury repair caused by dysregulation of various signaling 
pathways (such as Wnt and Notch) involved in the regen-
eration of lung tissue. This eventually results in aberrant 
pulmonary inflammation, tissue remodeling, and func-
tional impairment of the alveolar parenchyma (i.e. airway 
inflammation, emphysema, and remodeling in COPD).19,20

To date, there are no curative treatment options for 
COPD. Current therapeutical options aimed at symptom 
management are behavioral interventions (smoking cessa-
tion) as well as prescribing short and long-acting bronch-
odilators (beta2 muscarinic antagonists), inhaled 
corticosteroids, or a combination of these options.21 

However, long-term management of COPD requires to 
interfere with the progression of endothelial dysfunction 
and to reduce the large-scale apoptosis of endothelial cells. 
Moreover, compounds capable of regenerating an already 

damaged endothelium are an unmet clinical need in man-
agement of COPD. As the regeneration of terminally dif-
ferentiated endothelium is challenging, targeting EPCs 
may represent a promising therapeutic option.22

It is known Notch signaling is involved in cell fate 
determination affecting the proliferation, differentiation, 
stem cell maintenance, and apoptosis of diverse cell 
types and the development of numerous organ systems.20 

Notch1/4 has been reported to play a defensive role in 
apoptosis of endothelial cell, inhibiting Notch1/4 leading 
to abundant apoptotic cell death,23,24 whereas overexpres-
sion of Notch1/4 protected cells from apoptosis.24,25 It has 
been demonstrated that Notch1 and Notch4 expression 
decreased both in vivo in COPD and in vitro in cigarette 
smoke-treated endothelial cells.20 Moreover, Notch1 sig-
naling is a key regulator of angiogenesis,26 as well as 
apoptosis, inflammation, and oxidative stress in human 
pulmonary microvascular endothelial cells after exposure 
to CSE.27 Based on these studies, it is compelling to 
speculate that Notch1 could qualify as one such molecular 
mediator, and modulation of Notch1 signaling in the 
endothelium may be beneficial for patients with COPD. 
According to data, targeting the Notch1 signaling pathway 
presents as an effective therapeutic strategy for COPD 
treatment. However, the role of Notch1 signaling in cigar-
ette-smoke-induced COPD is still unclear. The regulatory 
mechanism of airway endothelial cell injury-caused by 
cigarette smoke remains unclear too. At the same time, 
there is an urgent need to identify new therapeutic drugs 
for the prevention and treatment of cigarette-related 
emphysema.

There is a rich literature on both agonist and antago-
nists of dopamine receptors, but most studies focused on 
modulation of dopamine function in the central nervous 
system in the context of schizophrenia and other brain 
disorders. Dopamine receptor D2 (D2R) is found in 
human pulmonary and lobar arteries,28 and on the surface 
of EPCs29 and alveolar type II epithelial cells.30 In 2015, it 
has been demonstrated that stimulation of D2R increases 
apoptosis of CD31+ endothelial cells.31 Briefly, this study 
revealed that stimulation of D2R with dopamine resulted 
in a decrease of the numbers of circulating EPC in mice 
with S180 sarcoma. Furthermore, it has been shown that 
dopamine can inhibit VEGF-dependent mobilization of 
EPC from the bone marrow and reduce the migration of 
CD45−CD309+ cells in vitro.29 Notably, D2R antagonist 
ethiclopid eliminated the negative effects of dopamine on 
the EPC migration and mobilization.29 It was shown an 
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enhanced activation of serotonergic signaling in pulmon-
ary fibrosis, and the serotonin (5-HT)2 receptors have been 
implicated to have important roles in observed profibrotic 
actions.32 Thus, dopamine receptor antagonists might have 
the potential to stimulate angiogenesis and therefore repre-
sent a novel approach to tackle COPD.

Spiperone is a butyrophenone antipsychotic agent with 
dopamine and serotonin (5-HT) receptor antagonist 
properties.33–35 It is also a high-affinity ligand of sigma 
receptors.36 It has been demonstrated that spiperone is 
a calcium regulator and that it specifically blocks canoni-
cal Wnt signaling prior to the activation of β-catenin by 
enhancing intracellular calcium levels.35

In this study, we assessed the potential regenerative 
effects of spiperone in CSE and LPS-induced experimental 
pulmonary emphysema in female C57BL/6 mice. 
Additionally, effects of spiperone on endothelial progeni-
tor cells were assessed in vitro and in vivo.

Materials and Methods
Animals
Experiments were performed on 80 female C57BL/6 mice 
obtained from the nursery of the Surgical Bio-modelling 
Department of the Goldberg ED Research Institute of 
Pharmacology and Regenerative Medicine (veterinary cer-
tificate available), housed under specific pathogen-free 
conditions with food and water ad libitum. All animal 
experiments were carried out in accordance with the 
European Convention on the protection of vertebrates 
used in experiments for other scientific purposes and was 
approved by the laboratory animal control Committee of 
the Goldberg ED Research Institute of Pharmacology and 
Regenerative Medicine, Tomsk NRMC (IACUC Protocol 
No.131092017). At the beginning of the experimental 
period, the age of all animals was 10 weeks. All experi-
ments were carried out in the autumn-winter period. 
Material sampling was carried out in the morning.

Reagents
Selective, competitive antagonist of dopamine D2- 
receptors spiperone was obtained from Sigma-Aldrich 
(Sigma-Aldrich, St. Louis, MO, USA). In the animal 
experiments, spiperone was administered intraperitoneally 
once a day at a dose of 0.15 mg/kg/100 mL of saline 
solution from d1 to d45. The time points for the experi-
ments and the concentration of spiperone were selected as 
described previously.37

Dopamine hydrochloride (Sigma-Aldrich, St. Louis, 
MO, USA) was used as dopamine receptor agonist 
in vitro at a concentration of 10−7 М. In order to block 
dopamine receptors in vitro, spiperone was used at 10−7 

М. The concentration of spiperone was selected based on 
previous reports.38,39

Pulmonary Emphysema Model
Multiple studies showed that experimental COPD model 
can be established by a combination of exposure to cigar-
ette smoke and intratracheal administration of LPS.4,40–42 

Briefly, the administration of CSE and LPS accelerates the 
airway inflammatory response in mice similar to clinical 
manifestation of COPD in patients.4,41,43 Pulmonary 
emphysema was induced by a course of intratracheal 
CSE administration. CSE was isolated from L&M Red 
Label cigarettes at 2 cigarettes per mL (resin: 10 mg/cig, 
nicotine: 0.8 mg/cig, CO: 10 mg/cig) as described 
earlier.44,45

Inflammation has been recognized as the most important 
mechanism both at the beginning of COPD and the progress 
of COPD.46 Bacterial endotoxins, including LPS, are poten-
tial inducers of inflammation.47 Lipopolysaccharide 
(Escherichia coli O111: B4, Sigma-Aldrich, St. Louis, 
MO, USA) was used as an adjuvant. General anesthesia 
(pentobarbital) was used at the time point of the CSE and 
LPS administration.

CSE was administrated in a volume of 100 μL/mouse. 
LPS was intratracheal administered at a dose 3 μg/mouse 
in 50 μL of phosphate buffer (Figure 1).

Experimental Groups
Initially, we studied the possibility of modeling pulmon-
ary emphysema by administering LPS or CSE. In this 1 
series of experiment, mice were divided into 4 groups: 
mice of the control group (group 1 – control, n = 10), 
mice treated LPS (group 2 – LPS, n = 10), mice treated 
CSE (group 3 – CSE, n = 10), mice treated LPS and CSE 
(group 4 – CSE+LPS, n = 10) (Figure 1). All mice were 
removed from the experiment on the d45 by an overdose 
of CO2.

In the next 2 series of experiments on a model of LPS/ 
CSE-induced pulmonary emphysema, we investigated the 
effects of spiperone in vivo. For the in vivo experiments, 
mice were divided into 3 groups: group 1 – control group 
(control, n = 10), group 2 – mice with emphysema caused 
by CSE and LPS (CSE/LPS, n = 20), and group 3 – mice 
with emphysema caused by CSE and LPS treated with 
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spiperone (CSE/LPS/S, n = 10) (Figure 2). Mice of group 
2 were injected with equivalent volume of saline solution. 
The spiperone treatment was once a day from d1 to d45. 
All mice were removed from the experiment on the d45 by 
an overdose of CO2.

Direct effects of dopamine and spiperone on 
endothelial cells were investigated in cultured cells 
isolated from mice with emphysema caused by CSE 
and LPS (Figure 3). Cell separation was performed to 
enrich + endothelial cells. For the in vitro experiments 
involving CD31+ cells 5 groups were assessed: group 
1 – control group (CD31+cells before culture), group 
2 – CD31+ cells after d5 culture, group 3 – CD31+ 

cells after culture with spiperone (10−7 M), group 4 – 
CD31+ cells after culture with dopamine (10−7 M), and 
group 5 – CD31+ cells after culture with spiperone 
(10−7 M) and dopamine (10−7 M).

Histological Examination of Lung Tissue
Histological examination of left lung lobes was carried in 
three areas of lung tissue (upper, middle, and lower) out on 
d45 as described previously.45,48 Sections of the lung were 
stained with hematoxylin and eosin. Lung structure, pre-
sence of edema, infiltration by pro-inflammatory cells as 
well as venous hyperemia, and vascular and bronchial wall 
thickening were assessed. Moreover, the degree of alveolar 
septa destruction49–53 and pulmonary parenchyma destruc-
tion degree (DI)53,54 were determined. Additionally, we 
calculated the number of capillaries on micro preparations 
from each experimental animal as described.53,55

Immunohistochemistry
Immunohistochemical analysis of the lung tissue was 
performed on d45. Lungs were manually inflated with 

Figure 1 Graphical scheme of the protocol for cigarette smoke extract (CSE) or/and lipopolysaccharide (LPS) inducing pulmonary emphysema.

Figure 2 Graphical scheme of the protocol for studying the spiperone effects in vivo.
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paraformaldehyde (4%) until they reached maximal 
volume, then left lung was placed in paraformaldehyde 
(4%) solution and embedded in paraffin blocks for immu-
nohistochemical staining. Manual lung inflation was per-
formed according to the method described earlier.56,61 To 
detect specific cell markers, the following primary anti-
bodies were used: rabbit polyclonal anti CD16 
(ab203883, 1/100, species reactivity: Mouse, Rat, 
Human, Abcam, USA) and rabbit polyclonal anti CD31 
(ab28364, 1/50, species reactivity: Mouse, Human, Pig, 
Abcam, USA). The sections were contrasted with hema-
toxylin. Visualization system was used in accordance with 
the manufacturer’s instructions for antibody detection 
(Spring bioscience, USA). The immunostaining proce-
dure followed has been described previously.45 An Axio 
Lab.A1 microscope (Carl Zeiss, Germany) with an 
AxioCam ERc5s camera (Carl Zeiss, Germany) was 
used to obtain micrographs. Image analysis and calcula-
tion of cells expressing detectable antigens were per-
formed with FIJI.

Enzyme-Linked Immunosorbent Assay
Serum concentration of α1-antitrypsin was determined by 
ELISA using appropriate kits for mice laboratory diagno-
sis in accordance with manufacturer’s instructions 
(Cusabio Biotech CO., LTD, China). The sensitivity for 
determining α1-antitrypsin is 0.195 μg/mL.

Concentrations of MMP9, MMP12, and α1-antitrypsin 
in lung homogenates of right lung lobes were determined 
by ELISA according to manufacturer’s instructions 
(Cusabio Biotech CO., Ltd., Wuhan, China). Sensitivities 
were >0.552 ng/mL for MMP9 and >1.95 pg/mL for 
MMP12.

Flow Cytometry
Mononuclear cells from blood and lungs were isolated as 
described earlier37,45,48 and the surface marker expres-
sion on mononuclear cells derived from blood and lungs 
was analyzed using flow cytometry. Surface Mouse Fc 
receptors were blocked by incubating the cells with 
unconjugated anti-CD16/CD32 antibodies for 10 minutes 
(eBioscience, San Diego, CA, Clone: 93, Cat# 14-0161- 
85, 1/50 dilution) in 50 μL of 0.1% saponin (Sigma- 
Aldrich, St. Louis, MO, Cat# S4521) and 1% bovine 
serum albumin (BSA, Sigma-Aldrich, St. Louis, MO, 
Cat# A3059-100G) in phosphate buffered saline (PBS) 
per tube. Then, cell suspensions were stained with fluor-
ophore-conjugated monoclonal antibodies: CD45 PerCP 
(QC Testing: Mouse, Clone: 30-F11, Cat# 557235, 1/100 
dilution) CD31 APC (QC Testing: Mouse, Clone: MEC 
13.3, Cat# 551262, 1/50 dilution), CD34 FITC (QC 
Testing: Mouse, Clone: RAM34, Cat# 560238, 1/50 dilu-
tion), CD309 (Flk-1) APC (QC Testing: Mouse, Clone: 
Avas 12alpha1, Cat# 560070, 1/50 dilution), CD117 
PeCy7 (QC Testing: Mouse, Clone: 2B8, Cat# 558163, 
1/50 dilution), CD146 PerCP-Cy5.5 (QC Testing: 
Mouse, Clone: ME-9F1, Cat# 562231, 1/50 dilution), 
and Notch1 PE (QC Testing: Mouse, Clone: mN1A, 
Cat# 552768, 1/50 dilution) (all Becton Dickinson, San 
Jose, CA, USA). All antibodies were titrated to deter-
mine their optimal staining concentration and appropriate 
isotype controls were used. Labeled cells were washed 
thoroughly with 500 μL of FACSFlow (Becton 
Dickinson, Franklin Lakes, NJ, Cat# 342003).

For the intracellular staining of the Notch1, a Fixation/ 
Permeabilization Solution Kit (Becton Dickinson, San 
Jose, CA, USA, Cat# 554714) was used in accordance 
with the manufacturer’s instructions.

Figure 3 Graphical scheme of the protocol for CD31+ lung endothelial cells cultivation with dopamine and spiperone.

International Journal of Chronic Obstructive Pulmonary Disease 2021:16                                                https://doi.org/10.2147/COPD.S336410                                                                                                                                                                                                                       

DovePress                                                                                                                       
3579

Dovepress                                                                                                                                                       Skurikhin et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


For the in vitro experiments, the antibodies mentioned 
above were supplemented with an unconjugated Nectin2 
(CD112) antibody (Clone; 829038, MAB3869, 1/100 dilu-
tion, R&D Systems, Minneapolis, MN). After incubating 
for 30 minutes at RT, cells were washed with 500 μL of 
0.1% saponin and 1% BSA buffer, centrifuged at 500g for 
5 minutes, and aspirated. 50 μL of PE conjugated donkey 
anti-rabbit (DαR) secondary antibody (Jackson 
ImmunoResearch Laboratories, West Grove, PA, 1/100 
dilution) was added and cells were incubated for 30 min-
utes. A final wash and centrifugation were performed, and 
cells were resuspended in 500 μL of FACSFlow (Becton 
Dickinson, Franklin Lakes, NJ, Cat# 342003). Appropriate 
isotype controls were used.

All samples were run on a Becton Dickinson 
FACSCanto II flow cytometer. FACS analysis was per-
formed as described above.45,53

Dissociation of Lung Tissue and Magnetic 
Separation of CD31+ Cells
The effects of dopamine and spiperone on CD31+ lung 
endothelial cells isolated from mice in group 2 were 
investigated on d45. Lung endothelial cells were isolated 
using a standard protocol.45,53,57,58 Briefly, lungs were 
isolated from the surrounding tissue, rinsed with PBS, 
mechanically dispersed, and minced with scissors. 
2.5 mL digestion buffer containing 100 mg/mL Dispase 
II (Roche Diagnostics, Indianapolis, IN), 10 mg/mL 
Collagenase A (Roche Diagnostics, Indianapolis, IN), 
1500 kU/mL DNase I (Sigma-Aldrich, St. Louis, MO), 
and 0.025M CaCl2 was used per lung on an orbital 
shaker at 37°C for 1 hour. The suspension was gently 
mixed using a pipette and further incubated for 30 min-
utes before being filtered through a 40μm filter followed 
by a centrifugation at 300g for 5 minutes. The cell 
suspension isolated from the lung was subjected to mag-
netic sorting to enrich CD31+ cells.

Magnetic sorting was performed using EasySep™ 
Mouse Biotin Positive Selection Kit (Catalog #18556, 
StemCell Technologies, Canada) and Biotin Rat Anti- 
Mouse CD31 antibodies (QC Testing: Mouse, Clone: MEC 
13.3, Cat# 553371, 1/50 dilution, Becton Dickinson, San 
Jose, CA, USA). The fraction of CD31+ cells was isolated 
using EasySep™ Magnet (StemCell Technologies, Canada).

Assessment of the EasySep ™ cell separation effi-
ciency was carried out using flow cytometry as described 
above.

Cultivation of CD31+ Cells
The fraction of CD31+ cells (106 cells/1 mL of medium) 
obtained after magnetic sorting was cultured on gelatin- 
coated plastic tablets for T-25 cell cultures in the medium 
consisted of 50% DMEM (Sigma-Aldrich, St. Louis, 
MO), 10% fetal bovine serum (FBS, Sigma-Aldrich, 
USA), 2 mM L-glutamine (Sigma-Aldrich, St. Louis, 
MO), 100 U/mL penicillin and 100 μg/mL streptomycin 
(Sigma-Aldrich, St. Louis, MO). The next day, we have 
replaced medium on medium with M199 (Sigma-Aldrich, 
St. Louis, MO) with 15% FBS (Sigma-Aldrich, St. Louis, 
MO), 1 mM l-glutamine (Sigma-Aldrich, St. Louis, MO), 
100 μg/mL heparin (Sigma-Aldrich, St. Louis, MO) and 
endothelial growth factor 50 μg/mL (Sigma-Aldrich, 
St. Louis, MO). Cells were cultured for 5 days in standard 
gas (3.5% CO2) and temperature conditions (37°C). The 
medium was changed every 1–2 days. Evaluation of the 
effectiveness of the cultivation carried out to increase the 
mass of CD31+ cells was performed using flow 
cytometry.

Cultivation of CD31+ Lung Endothelial 
Cells with Dopamine and Spiperone
After 5 days of cultivation, CD31+ cells were detached by 
trypsinization followed by reseeding on T-25 gelatin- 
coated plastic plates at 3×105 cells/1 mL. Prior to further 
cultivation, cells we pre-incubated with dopamine (10−7 

M) or spiperone (10−7 M) for 1 hour. The effects of 
pretreatment with dopamine and spiperone (10−7 M) 
were assessed separately. Following the pre-incubation, 
all CD31+ cells were cultivated for 24h at 3.5% СО2 

and 37°C.
At the end of the cultivation period, the effects of 

dopamine, spiperone, and dopamine against background 
of spiperone administration on CD31+ cells and 
CD31+CD34+CD146+ Nectin2+ cells isolated from group 
of mice exposed CSE and LPS were assessed using flow 
cytometry (Figure 3).

Statistical Analysis
Statistical analysis was performed using the SPSS soft-
ware package (version 15.0, SPSS Inc., Chicago, IL, 
USA). Data were analyzed and presented as means ± 
standard error of the mean. Statistical significance was 
evaluated by Mann–Whitney test (for nonparametric 
data). A p-value of less than 0.05 (by two-tailed testing) 
was considered statistically significant.
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Results
Histomorphological Changes in Lung 
Tissues of Mice with Pulmonary 
Emphysema Induced by CSE or/and LPS
Initially, we studied the possibility of modeling pulmonary 
emphysema by administering LPS or CSE (Figure 1). The 
mice in the control group were active and had stable 
respiration. The mice in groups 2 (treated with LPS), 3 
(treated with CSE) and 4 (treated with LPS and CSE) 
usually stayed still with gathered fur. Their respiration 
was not stable. In order to assess the morphology of the 
lung tissue, sections were prepared on d45 followed by 
H&E staining. In the first series of experiments, LPS 
administration caused hyperemia and plethora of blood 
vessels in the microvasculature of the lungs, lymph- 
macrophage infiltration into the lung parenchyma of 
group 2 mice compared to group 1 mice. In addition, 
inflammatory cells were detected perivascular and peri-
bronchial (d45) (Figure 4B). We observed a decrease in 
the number of capillaries in all parts of the lungs from 
mice treated with LPS (P < 0.05) compared to the control 
group. Additionally, we evaluated the linear interception 
(Lm) and destructive index (DI). LPS administration did 
not affect Lm, but caused destruction of the alveoli.

CSE administration caused much less inflammation in 
the lungs of group 3 mice compared to group 1 mice (d45) 
(Figure 4C). Meanwhile, in group 3, greater destruction of 
the microvasculature was observed (P < 0.05), compared 
to group 2. On the other hand, CSE caused more signifi-
cant alveolar destruction compared to LPS, as indicated by 
the Lm and DI values (P < 0.05) and diffuse emphysema 
(Figure 4E and F).

On the d45 after the CSE and LPS administration in the 
lungs of mice from group 4, we found hyperemia and 
plethora of the vessels of the microvasculature as well as 
thinning of the alveolar capillaries and their desolation 
(Figure 4). In the parenchyma and the lumen of the alveoli, 
macrophages and lymphocytes were found; the walls of 
the alveoli were thickened due to inflammatory infiltration. 
Diffuse pulmonary emphysema developed (Figure 4). In 
addition, there were ruptures of the alveolar septa and 
atelectasis of a part of the lungs and the number of capil-
laries decreased compared to group 1. On lung prepara-
tions, we observed the expansion of the alveoli. 
Additionally, we evaluated the increase in airspace (Lm) 
and the destruction of the alveolar walls (DI). In all parts 
of the lung in group 2 mice, there was a significant (p < 

0.05) increase in Lm and DI compared to group 1 mice 
(Figure 4E and F). We compared the parameters of the 
lungs of mice in groups 2, 3 and 4 (Figure 4). It turned out 
that in group 4, the infiltration of the lungs with inflam-
matory cells exceeded that in group 3, while the area of 
emphysema, destruction of the capillary network of the 
lungs and alveoli were more significant than in groups 2 
and 3. Thus, the effects of spiperone should be studied in 
a model of LPS and CSE induced pulmonary emphysema.

Spiperone Has Positive Effects on 
Histomorphological Changes in Lung 
Tissues of Mice with LPS/CSE-Induced 
Pulmonary Emphysema
In the next 2 series of experiments on a model of LPS/ 
CSE-induced pulmonary emphysema, we investigated the 
effects of spiperone in vivo. Compared with the normal 
alveolar architecture (intact control group), the staining of 
lung tissue sections from group of mice treated with LPS 
and CSE (Figure 5B) showed histologically advanced 
emphysema in 2nd series of experiment. The lungs from 
the experimental group (LPS/CSE) revealed signs of 
hyperemia, microvasculature vascular congestion, thinning 
and desolation of alveolar capillaries, and a decreased 
number of capillaries (Figures 5 and 6). In contrast to the 
lungs of group 1, we found macrophages and lymphocytes 
in alveoli parenchyma and lumen as well as thickened 
alveoli walls in mice of group 2. Further analysis revealed 
the development of diffuse pulmonary emphysema 
(Figure 5), ruptures of alveolar septa, and atelectasis of 
the lungs. In addition, alveoli expansion has been detected 
as well as an increase in alveolar wall destruction (DI). 
Notably, a considerable increase (p < 0.05) of DI has been 
observed in all lung compartments of animals in group 2 
compared to the control animals (Figure 5D–I). 
Application of spiperone decreased formation of alveolar 
septa ruptures in the middle and lower sections of the 
lungs in mice of group 3 (LPS/CSE/S) compared to 
group 2 (Figure 5D–I). Moreover, the administration of 
spiperone prevented the development of emphysema and 
increased the number of capillaries in group 3 compared to 
group 2 (Figure 6C).

Immunohistochemical Examination of the 
Lung Tissue
Immunohistochemical analysis of tissue slices prepared on 
d45 revealed an increase of CD16 expression in group 2 
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compared to group 1 (Figure 7A–D). In contrast, 
a decrease in CD31 expression was observed 
(Figure 7E–H).

Administration of spiperone significantly increased the 
number of CD31+ cells in alveoli of group 3 mice com-
pared to group 2. Moreover, CD16 expression was signifi-
cantly reduced (Figure 7D).

ELISA of Serum α1-Antitrypsin and 
α1-Antitrypsin, MMP9, and MMP12 in 
Lung Homogenate
Alpha1-antitrypsin is believed to be secreted by alveolo-
cytes, expressed on leukocytes and plasma cells, and found 
in the blood. It is believed that MMP9 is secreted by 

Figure 4 Micrographs of lung sections (middle pulmonary field) obtained from female C57BL/6 (A) mice of intact control; (B) mice treated with LPS; (C) mice treated with 
CSE; (D) mice treated with LPS and CSE (d) on d45. Tissues were stained with hematoxylin-eosin. × 100. Scale bar 50 μm. Morphometry of the lungs of females C57BL/6 
mice on d45: (E) Mean linear intercept (Lm); (F) destructive index (DI); (G) the number of capillaries in 5 consecutive fields of lungs sections (upper, middle and lower 
pulmonary field). Groups: intact control – group from intact mice (Intact control), mice treated with LPS (LPS), mice treated CSE (CSE), mice treated with LPS and CSE (LPS 
+ CSE). * – for comparison with the intact control group by Mann–Whitney test; + – for comparison with the LPS control group by Mann–Whitney test; ● – for comparison 
with the CSE group by Mann–Whitney test.
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alveolar macrophages and granulocytes, while MMP12 is 
secreted by alveolar macrophages. ELISA revealed that 
the experimental emphysema reduced the concentrations 
of α1-antitrypsin in the serum and lung homogenate in the 
group with pulmonary emphysema compared to the con-
trol group (Figure 7I and J). Modeling of LPS/CSE-related 
emphysema caused a significant increase in the levels of 
MMP9 in the lungs of group 2 mice compared to intact 

controls (d45). However, the level of MMP12 was not 
changed (Figure 7K and L). Spiperone administration 
resulted in a higher a level of lung homogenate 
α1-antitrypsin in group compared to group with pulmonary 
emphysema (Figure 7J). Treatment with Spiperone caused 
a significant decrease of the levels MMP9 and MMP12 in 
the lungs of mice after LPS/CSE administration compared 
to untreated mice in group 2 (Figure 7K and L).

Figure 5 Photomicrographs of lungs sections (lower pulmonary field) obtained from female C57BL/6 mice on d45 (A–C). Tissues were stained with hematoxylin-eosin. 
Scale bar 10 μm. The arrows indicate the rupture of the alveoli. (A) Section from control group; (B) section from mice with CSE/LPS-induced emphysema; (C) section from 
mice with emphysema treated with Spiperone between d1-d45. At least 10 photomicrographs of the lung tissue at × 100 magnification were taken for each experimental 
animal from all experimental groups. (D–I) Quantification of pulmonary emphysema and morphometry of the lungs of females C57BL/6 mice on d45: (D–F) Lm and (G–I) DI 
values of mice; (D and G) Upper; (E and H) Middle; (F and I) Lower pulmonary field. Results are expressed as means ± SEM. n =10 animals/group; * - for comparison with 
the Intact control group by Mann–Whitney test; ● - for comparison with the CSE+LPS group by Mann–Whitney test.
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Cytometric Examination of Endothelial 
Progenitor Cells, VEGF2+ Endothelial 
Cells, and Angiogenesis Precursors in 
Lung and Blood
Spiperone Positive Effects on Endothelial Cells 
Populations in the Lung of Mice with LPS/ 
CSE-Induced Pulmonary Emphysema
To assess potential changes in the numbers of endothelial 
cells, endothelial precursor cells and angiogenesis precur-
sors, flow cytometric analysis was applied. In the lungs of 
mice in group with pulmonary emphysema, a decrease in 
the numbers of EPCs (CD45−CD34+CD31+) and VEGF2+ 

endothelial cells (CD45−CD309+) was observed compared 
with group 1 (Figure 8A, C and E). Moreover, the number 
of angiogenesis precursors (CD45−CD117+CD309+) was 
reduced by 30% (p < 0.05). Spiperone significantly 
increased number of all these immature endothelial cells 
in the lungs of mice compared to group with pulmonary 
emphysema (Figure 8A, C and E).

Spiperone Positive Effects on Endothelial Cells 
Populations in the Blood of Mice with LPS/ 
CSE-Induced Pulmonary Emphysema
In blood of animals with pulmonary emphysema (group 2), 
we observed a significant decrease in the number of angio-
genesis precursors, EPCs, and VEGF2+ endothelial cells 
compared with group 1 (Figure 8B, D and F). Spiperone 
increased the number of circulating angiogenesis precursors 
in the blood of group 3 mice by 170% (p < 0.05) compared 
with group 2, while VEGF2+ endothelial cell number 
decreased by 76% (p < 0.05) (Figure 8B, D and F).

Cytometric Study of Notch1+ Endothelial 
Cells in Lungs
Pulmonary emphysema induced by CSE and LPS in group 
2 mice was accompanied by a significant decrease in the 
number of angiogenesis precursors and EPCs expressing 
Notch1 (Figure 9A–C). Administration of spiperone 
(group 3) significantly reduced the number Notch1 posi-
tive VEGF2+ endothelial cells by 65% (p < 0.05) and 
Notch1+ EPCs by 59% (p < 0.05) compared to group 2. 
In contrast, no significant changes were observed in the 
numbers of Notch1+ angiogenesis precursors (Figure 9).

Spiperone and Dopamine Effects on 
Pulmonary CD31+ Cells Culture in vitro
We assessed the effects of dopamine and spiperone on the 
population of CD31+ cells isolated from mice with emphy-
sema by CSE and LPS. Additionally, we evaluated the 
number of CD31+CD34+CD146+Nectin2+ cells before 
and after cultivation. Cultivation for 5 days increased the 
proportion of CD31+CD34+CD146+Nectin2+ cells in 
CD31+ endothelial cell culture of group 2 by more than 
100% (p < 0.05) compared to group 1 (Figure 10E). 
Notably, spiperone (group 3) had no effects on the num-
bers of CD31+CD34+CD146+Nectin2+ cells in vitro 
(Figure 10E). In contrast, dopamine application resulted 
in a 6-fold increase of the CD31+CD34+CD146+Nectin2+ 

cell population in group 4 (p < 0.05) compared to group 2.
Pretreatment of CD31+ cells with spiperone reversed 

the dopamine-induced increase of the numbers of 
CD31+CD34+CD146+Nectin2+ cells in group 5 compared 

Figure 6 The number of capillaries in 5 consecutive fields of lungs sections (upper, middle and lower pulmonary field) obtained from female C57BL/6 mice on d45. (A) 
Upper lung field; (B) middle lung field; (C) lower lung field. Groups: intact control – control group from intact mice, CSE+LPS – mice with CSE/LPS-induced emphysema, 
CSE+LPS+S – mice with emphysema treated with Spiperone. Results are presented as the mean±SEM. *- for comparison with the Intact control group by Mann–Whitney 
test; ● - for comparison with the CSE+LPS group by Mann–Whitney test.
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to group 4 (Figure 10E). We assessed the effects of dopa-
mine and spiperone effect on CD31+ cells isolated from 
mice with CSE/LPS-induced emphysema.

Discussion
Development and progression of COPD are associated 
with many factors including genetic disposition, gender, 
inhalation or exposure to toxic substances, bacterial and 
viral infections, and last but not least the socio-economic 
status.59 Chronic cigarette smoke stimulation causes lung 
inflammation and emphysema. Airway remodeling and 

emphysema are the main characteristics of COPD, and 
exposure to cigarette smoke is the most important risk 
factor for airway restriction and emphysema.60 It is 
known that COPD is accompanied by systemic endothelial 
dysfunction10 which worsens during the disease and, 
apparently, is an important factor in its progression. 
Thus, achieving a restoration of the endothelium may 
lead to alveolar tissue regeneration representing an attrac-
tive target in COPD. Moreover, growing data provide 
evidence that endothelial repair is impaired in COPD and 
suggest that this pathological process is associated with 

Figure 7 Immunohistochemical expression of specific cellular markers: (A–C) CD16 and (E–G) CD31 in the lungs (lower pulmonary field) from female C57BL/6 mice on 
d45. All sections were counterstained with hematoxylin. Scale bar 10 μm. The arrows indicate positive cells. (A and E) section from control group; (B and F) section from 
mice with CSE/LPS-induced emphysema; (C and G) Section from mice with emphysema treated with Spiperone between d1-d45; (D) immunohistochemical staining for 
CD16 in the lungs from female C57BL/6 mice on d45; (H) immunohistochemical staining for CD31 in the lungs from female C57BL/6 mice on d45. The α1-antitrypsin 
concentration in the serum (I) and the levels of α1-antitrypsin (J), MMP 9 (K), and MMP 12 (L) in lung homogenate of female C57BL/6 mice with lung damage caused by 
intratracheal administration of CSE and LPS on d45. Groups: intact control – control group from intact mice, CSE+LPS – mice with CSE/LPS –induced emphysema, CSE+LPS 
+S – mice with emphysema treated with Spiperone. Results are presented as the mean±SEM. * - for comparison with the Intact control group by Mann–Whitney test (p < 
0.05); • - for comparison with the CSE+LPS group by Mann–Whitney test p < 0.05.
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EPC.45,61 Taken together, we hypothesized that EPCs play 
an important role in the pathogenesis of COPD, and the 
possible protective role of increasing EPCs in a smoking- 
induced COPD model can provide more insight into the 
treatment of COPD.

In this study, intratracheal administration of CSE and LPS 
caused inflammatory infiltration into the lungs, enlargement 
of alveolar air spaces, destruction of the lung parenchyma, 
confirming the efficiency and efficacy of intratracheal CSE 
injection for establishing a smoking-related rodent 

Figure 8 Characterization of endothelial progenitor cells, VEGF2+ endothelial cells and angiogenesis precursors in lungs and blood of female C57BL/6 mice on d45. Cells 
were analyzed by flow cytometry using antibodies against CD45, CD31, CD34, CD117, and CD309. Dot plots are representative for three independent experiments with 
the mean from three independent experiments. (A) The number of angiogenesis precursors (CD45−СD117+CD309+) in lungs of female C57BL/6 mice; (B) the number of 
angiogenesis precursors (CD45−СD117+CD309+) in blood of female C57BL/6 mice; (C) the number of VEGF2+ endothelial cells (CD45−СD309+) in lungs of female C57BL/ 
6 mice; (D) the number of VEGF2+ endothelial cells (CD45-СD309+) in blood of female C57BL/6 mice; (E) the number of endothelial progenitor cells 
(CD45−СD34+CD31+) in lungs of female C57BL/6 mice; (F) the number of endothelial progenitor cells (CD45−СD34+CD31+) in blood of female C57BL/6 mice. 
Groups: intact control – control group from intact mice, CSE+LPS – mice with CSE/LPS –induced emphysema, CSE+LPS+S – mice with emphysema treated with 
Spiperone. Results are presented as the mean±SEM. * - for comparison with the Intact control group by Mann–Whitney test (p <0.05); ● - for comparison with the CSE 
+LPS group by Mann–Whitney test (p < 0.05). (G) Histogram of isotype control for IgG2b (PerCP); (H) Dot plot of isotype control for IgG2b (PE-Cy7), and IgG2b (APC); (I) 
Histogram of CD45 (PerCP) expression; (J) Phenotype establishment and qualitative analysis of CD117 (PE-Cy7) and CD309 (APC) expression; (K) Isotype control for 
IgG2b (APC); (L) Histogram of CD309 APC expression.
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emphysema model (Figures 4 and 5). Interestingly, CSE and 
LPS reduced the numbers of angiogenesis precursors 
(CD45−CD117+CD309+), VEGF2+ endothelial cells, and 
EPCs (CD45−CD34+CD31+) in blood and lungs (Figure 8). 
Notably, this correlated with the decreased number of capil-
laries in the alveolar tissue. Thus, the partial, CSE/LPS- 
induced destruction of the microvasculature could inhibit 
cell migration through the bloodstream and trans- 
endothelial transition of the cells following the migration.

It is likely that inflammation exerted additional inhibi-
tory effects on these processes. Combined, this could lead 
to a disturbance of endothelial regeneration as indicated by 
a decrease of CD31 expression in the lungs.

We observed a mortality of 20% in mice with CSE/ 
LPS-induced emphysema and an absence of mortality 
after spiperone treatment. We did not observe the mor-
tality of mice with CSE/LPS-induced pulmonary emphy-
sema treated with spiperone. In addition, the treatment 

reduced the levels of inflammation, prevented the 
destruction of interalveolar septa and reduced the area 
of emphysema (Figure 5). In addition, we observed an 
increase in the number of capillaries in the lungs, CD31 
expression in the alveolar tissue (Figure 7) as well as an 
increase in the concentration of lung α1-antitrypsin in 
group 3 mice compared with group of mice with pul-
monary emphysema (Figure 7I). It was shown that 
cigarette smoking to induce the functional inactivation 
of α1-antitrypsin, a neutrophil elastase inhibitor, which 
leaves smokers vulnerable to lung tissue destruction.62,63

Based on these data, we concluded that spiperone 
stimulated regeneration of alveolar tissue after CSE and 
LPS administration. This vascular response to spiperone 
improved stem cell migration and their trans-endothelial 
transition. This was confirmed by an increase of the 
numbers of EPСs, VEGF2+ endothelial cells, and angio-
genesis precursors in the lungs of mice in group 3 mice 

Figure 9 Characterization of Notch1+ endothelial cells in lungs female C57BL/6 mice on d45. Cells were analyzed by flow cytometry using antibodies against CD45, CD31, 
CD34, CD117, CD309 and Notch1. Dot plots are representative for three independent experiments with the mean from three independent experiments. (A) The number 
of angiogenesis precursors (CD45−СD117+CD309+Notch1+) in lungs of female C57BL/6 mice; (B) the number of VEGF2+ endothelial cells (CD45−СD309+Notch1+) in 
lungs of female C57BL/6 mice; (C) the number of endothelial progenitor cells (CD45−СD34+CD31+Notch1+) in lungs of female C57BL/6 mice. Groups: intact control – 
control group from intact mice, CSE+LPS – mice with CSE/LPS-induced emphysema, CSE+LPS+S – mice with emphysema treated with Spiperone. Results are presented as 
the mean±SEM. * - for comparison with the Intact control group by Mann–Whitney test (p < 0.05); ● - for comparison with the CSE+LPS group by Mann–Whitney test (p < 
0.05). (D) Histogram of CD45 (PerCP) expression; (E) Phenotype establishment and qualitative analysis of CD117 (PE-Cy7), and CD309 (APC) expression; (F) Histogram of 
Notch1 PE expression.
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compared to untreated mice in group with pulmonary 
emphysema (Figure 8A, C and E). We also observed an 
increase of the numbers of angiogenesis precursors in the 
blood of mice treated with spiperone. Here, we do not 
exclude potential positive effects of spiperone on mobi-
lization of cells from the bone marrow (Figure 8B, 
D and F).

Notch signaling plays a significant role in the develop-
ment and homeostasis of lung tissue.64,65 Briefly, activa-
tion of Notch signaling pathway inhibits cell 
differentiation and maturation and its expression is down-
regulated during cell differentiation.20,66–68 In this context, 
it is noteworthy that the levels of Notch1 expression in 
mature endothelial cells decrease in COPD patients.20 

However, little is known about the impact of emphysema 
on immature Notch1+ endothelial cells.

As shown in Figure 9A–C, CSE/LPS -induced pulmon-
ary emphysema was accompanied by a decrease in the 
numbers of EPCs and angiogenesis precursors expressing 
Notch1. This could be explained by an induction of differ-
entiation of these unspecialised cells.

A multitude of studies suggested a crosstalk between 
Notch and VEGF signaling.69–71 Moreover, a dopamine- 
induced direct interaction between VEGFR2 and D2R 
disrupts VEGF-mediated angiogenesis.72 Thus, the regen-
erative effect of spiperone may be mediated by dopamine- 
induced direct interaction between Notch and VEGF. In 
our study, we performed flow cytometric assessment of the 
numbers of pulmonary VEGF2+ endothelial cells co- 
expressing Notch1. According to our data, spiperone 
reduced the number of VEGF2+/Notch1+ endothelial 
cells more than two-fold in the lungs of mice within 

Figure 10 Characterization of Nectin2+endothelial cells in lungs from female C57BL/6 mice on d45. Cells were analyzed by flow cytometry using antibodies against CD45, 
CD31, CD34, CD146, and CD112 (Nectin2). (A) Phenotype establishment and qualitative analysis of CD31 (APC) and CD34 (FITC) expression; (B) Dot plot of isotype 
control for IgG2b (APC) and IgG2a (FITC); (C) Histogram of isotype control for IgG2b (PE); (D) Histogram of CD112 (Nectin 2) (PE) expression; (E) the effect of dopamine 
and spiperone on the content of mature endothelial cells and their precursors (% of the total number of mononuclear cells) in a culture of mononuclear cells isolated from 
lungs of female C57BL/6 mice with emphysema by CSE and LPS on d45 (M±m). Results of 3 independent experimental series are presented. Groups: group 1 - control group 
(CD31+cells before culture), group 2 – CD31+ cells after d5 culture, group 3 – CD31+ cells after culture with spiperone (10−7 M), group 4 – CD31+ cells after culture with 
dopamine (10−7 M), and group 5 – CD31+ cells after culture with spiperone (10−7 M) and dopamine (10−7 M). * - p < 0.05 significance of difference compared with group 1. ● 
- p < 0.05 significance of difference compared with group 2.
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group 3 compared to group 2 (Figure 9). This could be 
explained by a potential dissociation of the D2 receptor 
and VEGFR2 by blocking dopamine receptors on cell 
membrane. Thus, spiperone presumably eliminates dopa-
mine inhibitory effect on angiogenesis.

Helms and colleagues reported that D2Rs are 
expressed by EPCs.30 The presence of these receptors 
suggests a direct regulatory effect of dopamine on lung 
EPCs in emphysema and COPD. Our in vitro results 
showed that dopamine exerted a stimulating effect on 
EPCs with CD31+CD34+CD146+Nectin2+ phenotype in 
endothelial cell culture obtained from emphysema dilated 
lungs (Figure 10E). Notably, Nectin2 is a marker of 
actively proliferating cells. Pretreatment of endothelial 
cells with spiperone reduced dopamine-induced prolifera-
tion of EPCs. In addition, in the in vivo experiments, 
spiperone reduced the amount of Notch1+ EPCs in the 
group 3 mice lungs compared with group 2 mice 
(Figure 9). From our point of view, a blockade of D2Rs 
inhibits dopamine-mediated proliferation of EPCs expres-
sing CD31 and CD34. Moreover, their differentiation 
could be promoted by neglecting the effects of dopamine 
on the Notch.

Taken together, we demonstrated multiple positive effects 
of spiperone in a model of COPD. We showed that spiperone 
induces its positive vascular effects by facilitating mobiliza-
tion and migration of EPCs (CD45−CD34+CD31+), VEGF2+ 

(CD309+) endothelial cells and angiogenesis precursors 
(CD45−CD117+CD309+) to injured lungs. Endothelial 
regeneration caused by spiperone administration can be 
explained by the fact that a blockade of D2Rs eliminates 
negative effects of dopamine on Notch signaling-mediated 
differentiation of EPCs and on VEGF-mediated angiogen-
esis. Future research will assess the details of these complex 
cross-couplings and could lead to novel strategies in COPD 
therapy based on dopamine receptor inhibition.

Moreover, spiperone can affect canonical Wnt 
signaling.35 The Wnt inhibitory function of spiperone is 
not associated with its dopamine- and serotonin-receptor 
antagonist properties. Instead, spiperone increases intracel-
lular calcium levels.35 This could be another mechanism of 
spiperone action at the COPD. Previously, it was shown 
that spiperone can reverse key changes in gene expression 
associated with regulation of hydrolase activity pathway in 
epithelial cells and monocytes subjected to cigarette 
smoke stimulation.73 Therefore, further studies are 
required to understand the mechanisms underlying the 

action of spiperone in pulmonary injury repair and patho-
genesis of COPD.

Despite the positive effects of spiperone, we under-
stand that our COPD model (LPS/CSE-induced pulmon-
ary emphysema) does not fully reproduce the clinical 
picture of the disease. It must be noted that the pro-
cesses involved in the pathogenesis of COPD that we 
mentioned earlier are complicatedly connected, inter-
acted, and networked in the development of COPD, 
and the cause-effect relationships are still unknown. In 
addition, when evaluating the therapeutic implications of 
spiperone administration, we were able to show only 
a protective and not a curative effect of spiperone treat-
ment because of the experimental murine model with 
CSE/LPS-induced COPD. Nevertheless, the therapeutic 
strategies aimed at protecting the lung from COPD may 
prove useful for slowing the presently unstoppable pro-
gression of COPD.

Conclusion
Our research has identified that treatment of spiperone 
could represent a novel therapeutic approach for the treat-
ment of patients with COPD.
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