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Abstract: In clinical practice, the metabolic syndrome (MetS) is often associated with chronic
obstructive pulmonary disease (COPD). Although gender differences in MetS are well documented,
little is known about sex-specific differences in the pathogenesis of COPD, especially when combined
with MetS. Consequently, it is not clear whether the same treatment regime has comparable efficacy
in men and women diagnosed with MetS and COPD. In the present study, using sodium glutamate,
lipopolysaccharide, and cigarette smoke extract, we simulated lipid metabolism disorders, obesity,
hyperglycemia, and pulmonary emphysema (comorbidity) in male and female C57BL/6 mice. We
assessed the gender-specific impact of lipid metabolism disorders and pulmonary emphysema on
angiogenic precursor cells (endothelial progenitor cells (EPC), pericytes, vascular smooth muscle cells,
cells of the lumen of the nascent vessel), as well as the biological effects of pegylated glucagon-like
peptide 1 (pegGLP-1) in this experimental paradigm. Simulation of MetS/COPD comorbidity caused
an accumulation of EPC (CD45−CD31+CD34+), pericytes, and vascular smooth muscle cells in the
lungs of female mice. In contrast, the number of cells involved in the angiogenesis decreased in
the lungs of male animals. PegGLP-1 had a positive effect on lipids and area under the curve
(AUC), obesity, and prevented the development of pulmonary emphysema. The severity of these
effects was stronger in males than in females. Furthermore, PegGLP-1 stimulated regeneration of
pulmonary endothelium. At the same time, PegGLP-1 administration caused a mobilization of EPC
(CD45−CD31+CD34+) into the bloodstream in females and migration of precursors of angiogenesis
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and vascular smooth muscle cells to the lungs in male animals. Gender differences in stimulatory
action of pegGLP-1 on CD31+ endothelial lung cells in vitro were not observed. Based on these
findings, we postulated that the cellular mechanism of in vivo regeneration of lung epithelium was
at least partly gender-specific. Thus, we concluded that a pegGLP-1-based treatment regime for
metabolic disorder and COPD should be further developed primarily for male patients.

Keywords: gender differences; dyslipidemia; obesity; hyperglycemia; pulmonary emphysema;
endothelial progenitor cells; angiogenic precursor cells; pegylated glucagon-like peptide 1; and
endothelial regeneration

1. Introduction

In clinical practice, metabolic syndrome (MetS) is defined as the presence of at least three of the
following five conditions: abdominal obesity, elevated triglyceride levels, low serum high-density
lipoprotein (HDL), high blood pressure (hypertension), and elevated levels of blood glucose [1].

Gender differences in glucose homeostasis and energy balance are important factors in the
development of MetS in men and women [2]. In general, women are at greater risk of metabolic
disorders due to a higher fat/muscle mass ratio and more subcutaneous fat tissue. Consequently,
females have higher insulin resistance than men. This is associated with hormonal differences and
diet [3–6]. Gender-specific differences in the lipoprotein profile are well described [7]. In addition,
gender-specific mechanisms beyond the scope of this study contribute to a higher accumulation of
adipose tissue in females, whereas mobilization of fat reserves tends to be more effective in men.

In addition to MetS, gender-specific differences in major metabolic pathways have been suggested
to contribute to the pathogenesis of various lung diseases [8,9].

Clinically, MetS has been found to be more frequent in patients with chronic obstructive pulmonary
disease (COPD). This patient cohort has a higher body mass index compared to patients with COPD
alone [10]. The clinical picture and course of COPD often differ in women and men [11]. Importantly,
COPD with MetS is more frequent in female patients with a prevalence of 18.5% in men and 38.5% in
women [12].

Fatty acids are an important source of energy. In this context, catabolism of fatty acids yields more
Adenosine triphosphate (ATP) per mole than in the oxidation of glucose [13–15].

Recent reports indicate that changes in lipid metabolism allow lung tissue to meet the energy
needs of patients with COPD [16]. On the other hand, changes in lipid metabolism (catabolism,
anabolism) contribute to the pathogenesis of COPD. In particular, obesity initiates anabolic pathways
involved in the synthesis of pro-inflammatory molecules [16]. This mechanism reduces lung function
and increases the severity of COPD [17,18].

Understanding the gender-specific mechanisms of a disease is important for finding individual
and personalized treatment strategies in patients with MetS and COPD.

In a recent review, Kim J.H. and colleagues highlighted gender-specific differences in the histology
and functional activity of the lungs in patients with COPD and MetS [12]. Briefly, the authors reported
that in comparison with men, women have fewer alveoli. Furthermore, their airway diameter is
relatively small compared to the size of the lungs. Thus, lung function tends to decline sharply
as obesity increases. Moreover, estrogens can reduce lung function. In 2018, Zore T. et al. drew
attention to adipocyte progenitor cells as a potential factor affecting sex differences in adipose tissue
enlargement [19]. In contrast, they postulated that hematopoietic stem cells are a factor contributing to
gender differences in the inflammatory response.

Previously, we demonstrated that incretin glucagon-like peptide-1 (GLP-1) administration could
stimulate the regeneration of lung endothelium in lung emphysema in obese mice [20]. The regenerative
effects of GLP-1 have been at least partly mediated by effects on endothelial progenitor cells. However,
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in vivo, GLP-1 is rapidly metabolized by dipeptidyl peptidase-4, leading to a relatively low regenerative
activity of the hormone. It is well described that pegylation can be used to preserve pharmacologically
active molecules.

The aim of this research was to study gender differences in the treatment of hyperglycemia,
dyslipidemia and obesity, emphysema, and alveolar endothelial injury with pegylated GLP-1
(pegGLP-1) in a C57BL/6 mice model of obesity and emphysema. We investigated the effect of pegGLP-1
on bone marrow, circulating in the blood, and pulmonary endothelial progenitor cells and other cells
involved in angiogenesis in female and male animals to assess potential gender-specific differences.

2. Results

2.1. The Effect of GLP-1 and pegGLP-1 on Lee Index and Body Mass Index

To confirm obesity in the male and female C57BL/6 mice on p189—mice that received MSG
(monosodium glutamate)—Lee and body mass index (BMI) indexes were assessed. Simulations of
pulmonary emphysema did not affect the Lee index and BMI in animals of f3 and m3 groups (mice
with lung emphysema) compared to intact controls (Figure 1). In the modeling of metabolic disorders
(obesity and hyperglycemia), and in the modeling of metabolic disorders (obesity and hyperglycemia)
and lungs emphysema, we observed an increase in the Lee and BMI indexes in females (groups f2
(mice with metabolic disorders) and f4 (mice with metabolic disorders and lung emphysema)) and
males (groups m2 and m4), while in males, the increase in parameters was more pronounced compared
to females.
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(a) (b) 

 
Figure 1. The effect of glucagon-like peptide-1 (GLP-1) and pegylated GLP-1 (pegGLP-1) on body
mass index (BMI) and Lee index of male and female C57BL/6 mice on p189: (a) The BMI (g/cm2);
(b) The Lee index. Groups: control—a control group from intact mice, obesity—mice with metabolic
disorders (obesity and hyperglycemia), CSE—mice with lungs emphysema, obesity+CSE—mice with
metabolic disorders (obesity and hyperglycemia) and lungs emphysema, obesity+CSE+GLP-1—mice
with metabolic disorders (obesity and hyperglycemia) and lungs emphysema treated with GLP-1,
obesity+CSE+pegGLP-1—mice with metabolic disorders (obesity and hyperglycemia) and lungs
emphysema treated with pegGLP-1. Results are presented as the mean±SEM. *—significance of
difference compared with control (p < 0.05);�—significance of difference compared with the obesity+CSE
group (p < 0.05). CSE, cigarette smoke extract.

GLP-1 or pegGLP-1 treatment had no effect on the Lee index of females and males in metabolic
disorders (obesity and hyperglycemia) and emphysema compared with untreated mice of groups f4
and m4 (Figure 1b). Meanwhile, drugs significantly reduced BMI in females of groups f5 (mice with
metabolic disorders and lung emphysema treated with GLP-1) and f6 (mice with metabolic disorders
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and lung emphysema treated with peg-GLP-1), and males of groups m5 and m6. The therapeutic
effect in males m6 was more pronounced compared to females f6. This section may be divided by
subheadings. It should provide a concise and precise description of the experimental results, their
interpretation, as well as the experimental conclusions that can be drawn.

2.2. Changes in Serum Lipid Parameters in Emphysema, Metabolic Disorders, and the Combination of
Metabolic Disorders and Emphysema

Dyslipidemia is a key component of metabolic disorders (MD) and often occurs with obesity.
We studied levels of cholesterol, triglycerides (TG), high-density lipoprotein (HDL), low-density
lipoprotein (LDL), and very-low-density lipoprotein (VLDL) in the serum of male and female C57BL/6
mice on p189. The m2 group showed a more pronounced increase in cholesterol, TG, HDL, and VLDL
compared with the f2 group. In contrast, in group f2, there was a more marked increase in LDL than in
group m2 (Figure 2c). We also observed gender-dependent differences in serum lipid levels in the
development of emphysema. Thus, the levels of TG and LDL in the m3 group increased, while in the
f3 group, these indicators decreased (Figure 2a,c). It should be noted that the levels of cholesterol, LDL,
and HDL in males and females with emphysema of the lungs changed the same type—they increased.

 

2 

 
  Figure 2. Lipid profile measurements in the blood of female and male C57BL/6 mice on p189:

(a) The level of triglycerides in serum (Mmol/l); (b) High-density lipoprotein level (Mmol/l);
(c) Low-density lipoprotein level (Mmol/l); (d) Very low-density lipoprotein level (Mmol/l); (e) The
ratio of triglycerides to high-density lipoproteins (TG/HDL). Groups: control—a control group from
intact mice, obesity—mice with metabolic disorders (obesity and hyperglycemia), CSE—mice with
lungs emphysema, obesity+CSE—mice with metabolic disorders (obesity and hyperglycemia) and
lungs emphysema, obesity+CSE+GLP-1—mice with metabolic disorders (obesity and hyperglycemia)
and lungs emphysema treated with GLP-1, obesity+CSE+pegGLP-1—mice with metabolic disorders
(obesity and hyperglycemia) and lungs emphysema treated with pegGLP-1. *—significance of difference
compared with control (p < 0.05); �—significance of difference compared with the obesity+CSE group
(p < 0.05).
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The combination of MD and lung emphysema revealed differences in the lipid profile of males and
females. In female mice of group f4 (mice with MD and lung emphysema), serum LDL concentrations
increased compared to f1 (intact control) and f2 (Figure 2c). In the m4 group, this figure did not change
significantly. Decrease in triglycerides (TG) and VLDL and increase in cholesterol, VLDL in the blood
serum was observed in mice m4 and f4, but the degree of severity of changes was more pronounced
in males.

2.3. The Effect of GLP-1 and pegGLP-1 on Lipid Parameters of Blood Serum with a Combination of Metabolic
Disorders and Emphysema

On p189, we studied the effectiveness of GLP-1 and pegGLP-1 on fat metabolism in mice of
different sexes under the conditions of MSG and cigarette smoke extract (CSE) administration (a
combination of MD and lung emphysema).

The introduction of GLP-1 to m5 males (with an MD and lung emphysema) reduced the
concentration of TG (1.7 times) and VLDL (1.7 times) compared to m4 males. In contrast, the
concentration of cholesterol and LDL increased (Figure 2c). At the same time, GLP-1 increased
cholesterol and HDL cholesterol levels in females of the f5 group (with MD and lung emphysema) and
did not affect other parameters.

The introduction of pegGLP-1 to m6 (with MD and lung emphysema) caused an increase in
cholesterol, HDL, and LDL levels compared to the m4 group (Figure 2). On the contrary, the level of
TG decreased (by 1.5 times) in group f6 females—affected by pegGLP-1—compared to group f4. The
level of VLDL was reduced, while the level of LDL increased.

In addition, we studied gender differences in the ratio of triglycerides to high-density lipoproteins
(TG/HDL). As can be seen from Figure 2e, the parameter value in females of the f1 group was
significantly higher compared to males of the m1 group (6.8 times). Modeling of metabolic disorders,
emphysema of the lungs, and a combination of metabolic disorders and emphysema of the lungs
caused an increase in TG/HDL in males of group m2 (3 times), m3 (2.8 times) and m4 (1.6 times),
respectively, compared to intact control. In females of group f2, the parameter increased slightly (by
8%), in groups f3 and f4, on the contrary, we observed its decrease by 69% and 57.4%, respectively,
compared to f1. The GLP-1 treatment helped to reduce the ratio of TG/HDL in males and females in a
combination of MD and lung emphysema, while the effect of the drug was most pronounced in the
m5 group. PegGLP-1 did not affect the studied parameter in males in the m6 group and reduced it in
females in the f6 group by 35%.

2.4. GLP-1 and PegGLP-1 Effect on Area Under the Curve (AUC) During the Glucose Tolerance Test

The day before the removal of animals from the experiment (p188), the glucose tolerance test
(GTT) and the calculation of the area under the curve for blood glucose (AUC) were conducted. After
the introduction of MSG, there was a natural increase in AUC in males of the m2 group (two times),
and it was significantly less in females of the f2 group (19%) compared to the control groups (Figure 3).
Interestingly, the introduction of cigarette smoke extract (CSE) also increased AUC in males of the m3
group (by 21%), while the parameter did not change in the f3 group. Simulations of the combined
pathology did not affect AUC in f4 females, but in m4 males, the parameter increased 1.8 times
compared to the m1 group.

The GLP-1 or pegGLP-1 treatment decreased AUC in male mice of m5 (13%) and m6 (18%),
respectively (Figure 3). PegGLP-1 (11%) was more effective in females with comorbidity, but not
GLP-1 (5%).
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Figure 3. The area under the curve (AUC) of female and male C57BL/6 mice during the glucose tolerance
test (on p188). Groups: control—a control group from intact mice, obesity—mice with metabolic
disorders (obesity and hyperglycemia), CSE-mice with lungs emphysema, obesity+CSE—mice with
metabolic disorders (obesity and hyperglycemia) and lungs emphysema, obesity+CSE+GLP-1—mice
with metabolic disorders (obesity and hyperglycemia) and lungs emphysema treated with GLP-1,
obesity+CSE+pegGLP-1—mice with metabolic disorders (obesity and hyperglycemia) and lungs
emphysema treated with pegGLP-1. *—significance of difference compared with control (p < 0.05).

2.5. Morphological Study of Lung

Lung injuries caused by lipopolysaccharide (LPS) and CSE were similar in group f3 females and
group m3 male mice. Thus, by the p148 (24 h before treatment), the animals developed moderately
diffused lungs emphysema. In addition, histological preparations of the lungs revealed an increase
in the size of the alveoli and alveolar passages and single ruptures of the alveolar septa due to
damage to elastic membranes. In mice of groups (m3 and f3), pulmonary hyperemia and diapedesis of
erythrocytes in the lumen of the alveoli were revealed; the walls of the alveoli were thickened due
to inflammatory infiltration by macrophages (Figure 4b). At the same time, macrophages and single
neutrophils were found in the lumen of the alveoli, and peribronchial lymph-macrophage infiltrates
were observed. On p189, as well as on p148, emphysema of the lungs in group f3 and group m3 mice
was diffused. Meanwhile, on p189, the thinning of the walls of the alveoli, the number of ruptures and
atelectasis of the pulmonary tissue, and the area of emphysema in these mice were more significant
compared to p148 (Figure 4b). The area of emphysema in the males was superior to that of the females.

When modeling metabolic disorders in the lungs of group f2 and group m2 animals, we found
hyperemia of small and large vessels, a large number of macrophages, and single neutrophils on p189
(Figure 4). In males, these parameters were more pronounced than in females.

The appointment of MSG and CSE (a combination of MD and lung emphysema) caused the
development of focal lung emphysema of moderate severity in males (group m4) and females (group
f4) on p189 (Figure 4). The area of emphysema in females (group f4) was smaller than in males (group
m4). In the lungs of mice treated with a combination of metabolic disorders and lung emphysema,
we found groups of enlarged alveoli and alveolar passages, and ruptures of the alveolar walls. In
the alveoli, there have been sporadic neutrophils and a greater number of macrophages compared to
females f3 and males m3. It should be noted that the area of emphysema in group f4 and group m4
was inferior to that in the group f3 and group m3, respectively.

GLP-1 and pegGLP-1 treatment slightly reduced the inflammatory infiltration by macrophages of
the lungs of females and males under the conditions of MSG and CSE administration on p189. In the
lungs of females of groups f5 and f6, the area of emphysema-enlarged tissue significantly decreased
compared to untreated females of group f4 (Figure 4). The pegGLP-1 effect was higher than that
of GLP-1.
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Figure 4. Morphological study of lung obtained from male and female C57BL/6 mice (n = 6):
(a) Photomicrographs of left lung sections (lower pulmonary field) (on p189). Tissues were stained with
hematoxylin-eosin; (b) The area of emphysema-expanded lung tissue (lower pulmonary field) of mice
from all groups (on p148); (c) The area of emphysema-expanded lung tissue (upper pulmonary field) of
mice from all groups (on p); (d) The area of emphysema-expanded lung tissue (middle pulmonary
field) of mice from all groups (on p189); (e) The area of emphysema-expanded lung tissue (lower
middle pulmonary field) of mice from all groups (on the p189). Groups: control—a control group from
intact mice, obesity—mice with metabolic disorders (obesity and hyperglycemia), CSE—mice with
lungs emphysema, obesity+CSE—mice with metabolic disorders (obesity and hyperglycemia) and
lungs emphysema, obesity+CSE+GLP-1–mice with metabolic disorders (obesity and hyperglycemia)
and lungs emphysema treated with GLP-1, obesity+CSE+pegGLP-1—mice with metabolic disorders
(obesity and hyperglycemia) and lungs emphysema treated with pegGLP-1. * p < 0.05 significance of
difference compared with control group, �—significance of difference compared with the obesity+CSE
group (p < 0.05).

2.6. Immunohistochemical Lung Study

The CSE introduction significantly reduced the number of CD31-expressing cells in the pulmonary
tissue of m3 and f3 mice compared to m1 and f1 mice by the p189 (Figure 5). With the MSG and CSE
introduction (a combination of MD and lung emphysema), the reduction of the number of CD31+ cells
in the lungs of mice (group m4 and f4) was more significant than in m3 and f3 mice. When modeling
pathology, the decrease in CD31 expression in the lungs of males was more significant than in females.

GLP-1 and pegGLP-1 treatment caused a significant increase in the number of CD31+ cells in mice
lungs under MSG and CSE administration compared to untreated mice with MD and emphysema of
the lungs (Figure 5). In this case, the therapeutic effect of males was higher than that of females.



Int. J. Mol. Sci. 2019, 20, 5414 8 of 22

Figure 5. The relative content of cells expressing CD31 antigen in the lungs isolated from male
and female C57BL/6 mice at the immunohistochemical staining for specific cellular marker: CD31
(on the p189). Groups: control—a control group from intact mice, obesity—mice with metabolic
disorders (obesity and hyperglycemia), CSE—mice with lungs emphysema, obesity+CSE—mice with
metabolic disorders (obesity and hyperglycemia) and lungs emphysema, obesity+CSE+GLP-1—mice
with metabolic disorders (obesity and hyperglycemia) and lungs emphysema treated with GLP-1,
obesity+CSE+pegGLP-1—mice with metabolic disorders (obesity and hyperglycemia) and lungs
emphysema treated with pegGLP-1. *p < 0.05 significance of difference compared with control group,
�—significance of difference compared with the obesity+CSE group (p < 0.05).

2.7. Study of Stem Antigens, Epithelial and Endothelial Cells, and Other Cells Using Flow Cytometric Analysis

2.7.1. Lung

On p189, we studied the precursors and mature cells content in the lungs of healthy mice
(males and females). In the lungs of the m1 male group, we found a significantly greater
number of endothelial cells (CD45−CD31+CD34+ and CD31+CD34+CD146+) and the precursors
of angiogenesis (CD45−CD309+CD117+), cells in the lumen of the nascent vessel (CD31+CD34−), than
the females of group f1 (Figure 6). At the same time, the number of vascular smooth muscle cells
(CD31−CD34+CD146+) in the m1 group was inferior to that in the f1 group, and no significant gender
differences in the content of pericytes (CD31−CD34−CD146+) were revealed.

MSG introduction caused an increase in the number of EPC and precursors of angiogenesis,
vascular smooth muscle cells, pericytes in females of group f2 (mice with MD) compared to females
of group f1 (Figure 6). In males of the m2 group, we found a decrease in the number of EPC and
angiogenesis precursors, nascent vessel lumen cells, with vascular smooth muscle cells and pericytes
accumulating in the lungs.

The LPS and CSE introduction caused a significant increase in the number of cells of the lumen
of the nascent vessel and precursors of angiogenesis in group f3 compared to group f1 (Figure 6). In
contrast, in the lungs of males of the m3 group, we observed a significant decrease in the number of
EPC (CD45−CD31+CD34+), vascular smooth muscle cells, and angiogenesis precursors compared to
the m1 group. On the contrary, the number of pericytes increased.

Modeling of MD and lung emphysema by MSG and CSE in females of group f4 caused a significant
increase in the number of EPC (CD45−CD31+CD34+), vascular smooth muscle cells, and pericytes
compared to group f1 (Figure 6). In contrast, the combination of MD and emphysema significantly
reduced the number of EPC (CD45−CD31+CD34+), precursors of angiogenesis, and pericytes in the
m4 group compared to healthy males.



Int. J. Mol. Sci. 2019, 20, 5414 9 of 22
 

4 

 

  Figure 6. Characterization of cell population isolated from the lung of male and female C57BL/6 mice on
the p189. (a) The content of endothelial progenitor cells (EPC) (CD45−CD31+CD34+); (b) The content
of EPC (CD31+CD34+CD146+); (c) The content of angiogenesis precursors (CD45−CD309+CD117+);
(d) The content of cells in the lumen of the nascent vessel (CD31+CD34−); (e) The content of vascular
smooth muscle cells (CD31−CD34+CD146+); (f) The content of pericytes (CD31−CD34−CD146+). Cells
were analyzed by flow cytometry using antibodies for CD31, CD34, CD45, CD146, CD117, CD309 mice.
Dot plots are representative of three independent experiments with the mean from three independent
experiments. Groups: control—a control group from intact mice, obesity—mice with metabolic
disorders (MD) (obesity and hyperglycemia), CSE—mice with lungs emphysema, obesity+CSE—mice
with MD (obesity and hyperglycemia) and lungs emphysema, obesity+CSE+GLP-1—mice with MD
(obesity and hyperglycemia) and lungs emphysema treated with GLP-1, obesity+CSE+pegGLP-1—mice
with MD (obesity and hyperglycemia) and lungs emphysema treated with pegGLP-1. *—significance
of difference compared with control (p < 0.05); �—significance of difference compared with the
obesity+CSE group (p < 0.05).

The GLP-1 treatment caused similar changes in mice of f5 and m5 groups, such as a decrease in
the number of pulmonary EPC (CD45−CD31+CD34+), vascular smooth muscle cells, and an increase
in the number of angiogenesis precursors (Figure 6). Inter-gender differences were in the additional
reduction of the population of pulmonary EPC (CD31+CD34+CD146+) in the m5 group. In addition,
GLP-1 increased the number of pericytes in the lungs of m5 mice and reduced their number in f5 mice
compared to untreated animals.
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The pegGLP-1 reduced the population of cells in the lumen of the nascent vessel but increased
the number of vascular smooth muscle cells in group m6 (Figure 6). Changes in the cells of the
lungs of group f6 females to the pegGLP-1 introduction were as follows: the number of precursors
of angiogenesis, the pericytes, and vascular smooth muscle cells decreased in comparison with the
female group f5, on the other hand, the number of EPC (CD45−CD31+CD34+) increased.

2.7.2. Bone Marrow

On p189, we revealed gender differences in the populations of immature endothelial bone marrow
cells of healthy mice. In m1 males, the number of EPC (CD31+CD34+CD146+) (5.5 times) and
angiogenesis precursors (4.58 times) significantly exceeded that of f1 females (Figure 7).

Figure 7. Characterization of cell population isolated from the bone marrow of male and female
C57BL/6 mice on the p189. (a) Phenotype establishment and qualitative analysis of CD45 (PerCP),
CD34 (FITC), and CD31 (APC) expression; (b) Phenotype establishment and qualitative analysis
of CD34 (FITC), CD31 (APC), and CD146 (PerCP-Cy5.5) expression; (c) The content of EPC
(CD45−CD31+CD34+); (d) The content of EPC (CD31+CD34+CD146+); (e) The content of angiogenesis
precursors (CD45−CD309+CD117+). Cells were analyzed by flow cytometry using antibodies for
CD45, CD31, CD34, CD146, CD117, CD309 mice. Dot plots are representative of three independent
experiments with the mean from three independent experiments. Groups: control—a control group
from intact mice, obesity—mice with MD (obesity and hyperglycemia), CSE—mice with lungs
emphysema, obesity+CSE—mice with MD (obesity and hyperglycemia) and lungs emphysema,
obesity+CSE+GLP-1—mice with MD (obesity and hyperglycemia) and lungs emphysema treated with
GLP-1, obesity+CSE+pegGLP-1—mice with MD (obesity and hyperglycemia) and lungs emphysema
treated with pegGLP-1. *—significance of difference compared with control (p < 0.05); �—significance
of difference compared with the obesity+CSE group (p < 0.05).

The MSG introduction caused a decrease in the number of bone marrow EPC
(CD31+CD34+CD146+) and angiogenesis precursors in m2 males. On the contrary, in MSG-treated f2
females, we observed a significant increase in the number of these cells (Figure 7d).
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The LPS and CSE introduction caused a significant increase in the number of all endothelial cells
studied in the bone marrow of females of group f3 compared to group f1 (Figure 7c,d). In turn, in
m3 males, we observed a selective accumulation of EPC (CD45−CD31+CD34+) 11 times compared to
healthy males.

Modeling of MD and lung emphysema caused an increase in the content of bone marrow
EPC (CD31+CD34+CD146+) and angiogenesis precursors in f4 females compared to healthy females
(Figure 7 d,e). In males of the m4 group, a combination of MD and pulmonary emphysema led to the
accumulation of EPC (CD45−CD31+CD34+) and precursors of angiogenesis.

The GLP-1 introduction increased the number of EPC (CD45−CD31+CD34+) and reduced the
number of CD31+CD34+CD146+-endothelial cells in the bone marrow of f5 and m5 mice compared to
f4 and m4 mice, respectively (Figure 7). We found gender differences in the reaction of angiogenesis
precursors to treatment: in females of group f5, the number of CD45−CD309+CD117+-cells was 64%
higher than that in group f4; males of m5 showed a tendency to decrease the number of these cells.

The pegGLP-1 treatment increased the number of bone marrow CD45−CD31+CD34+ EPC and
precursors of angiogenesis in mice of groups f6 and m6 compared to untreated mice in terms of MD and
lung emphysema (Figure 7c). On the other hand, in these groups, we found a decrease in the number
of CD31+CD34+CD146+-EPC, which was more pronounced in the m6 group than in the f5 group.

2.7.3. Blood

We found gender differences in the blood cells of healthy animals. Thus, in the m1 group, the
number of circulating CD45−CD31+CD34+-EPC (by 63%), CD31+CD34+CD146+-EPC (by 94%), and
vascular smooth muscle cells (by 99.5%) was inferior to that in the f1 group (Figure 8). In contrast, the
number of pericytes (21.5 times) and lumen cells of the nascent vessel (1.87 times) in healthy males
was higher than in healthy females.

The MSG introduction caused a decrease in the number of CD45−CD31+CD34+-EPCs,
nascent vessel lumen cells, and pericytes in the blood of females and males compared to the
corresponding healthy mice (Figure 8). Gender differences included an increase in the number
of CD31+CD34+CD146+-EPCs and vascular smooth muscle cells in females (f2) and a reduction in
these cell populations in males (m2).

LPS and CSE introduction caused a significant increase in the number of EPC (CD45−CD31+CD34+

and CD31+CD34+CD146+), vascular smooth muscle cells, and pericytes in the blood of m3 males
compared to healthy m1 males (Figure 8). Meanwhile, in the blood of f3 group, we observed a decrease
in the number of endothelial cells (CD45−CD31+CD34+ and CD31+CD34+CD146+), vascular smooth
muscle cells, and cells of the lumen of the nascent vessels; the only exception was the pericytes, the
number of which sharply increased compared to group f1.

The reaction of circulating blood cells of females of the f4 group in the modeling of MD and lung
emphysema coincided with that which was identified in females with emphysema (Figure 8). In males
of the m4 group, a coincidence of the reaction (increase) of vascular smooth muscle cells and pericytes
with that of males of the m3 group (emphysema of the lungs) was revealed. At the same time, the
number of endothelial cells (CD45−CD31+CD34+ and CD31+CD34+CD146+) and nascent vessel cells
in the blood of m4 males, on the contrary, decreased and was less than in the m1 group.

GLP-1 reduced the number of all studied cells in f5 females compared to untreated f4 females:
endothelial cell populations (CD45−CD31+CD34+ and CD31+CD34+CD146+) and vascular smooth
muscle cells were most significantly reduced (Figure 8). In contrast, GLP-1 increased the number of
CD31+CD34+CD146+-endothelial cells, vascular smooth muscle cells, and blood pericytes in m5 males
compared to m4 males.

PegGLP-1 treatment caused an increase in the number of endothelial cells and vascular smooth
muscle cells in the blood of females and males f6 and m6 compared to untreated animals in conditions
of MD and lung emphysema (Figure 8). Gender differences were expressed in the accumulation of
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nascent vessel lumen cells in f6 females, and the opposite reaction of pericytes: the number of these
cells in f6 females decreased, and it increased in m6 males.

 

5 

 

  Figure 8. Characterization of cell population isolated from the blood of male and female C57BL/6 mice on
the p189. (a) The content of EPC (CD45−CD31+CD34+); (b) The content of EPC (CD31+CD34+CD146+);
(c) The content of cells in the lumen of the nascent vessel (CD31+CD34−); (d) The content of pericytes
(CD31−CD34−CD146+); (e) The content of vascular smooth muscle cells (CD31−CD34+CD146+). Cells
were analyzed by flow cytometry using antibodies for CD45, CD31, CD34, CD146 mice. Dot plots are
representative of three independent experiments with the mean from three independent experiments.
Groups: control—a control group from intact mice, obesity—mice with MD (obesity and hyperglycemia),
CSE—mice with lungs emphysema, obesity+CSE—mice with MD (obesity and hyperglycemia) and
lungs emphysema, obesity+CSE+GLP-1—mice with MD (obesity and hyperglycemia) and lungs
emphysema treated with GLP-1, obesity+CSE+pegGLP-1—mice with MD (obesity and hyperglycemia)
and lungs emphysema treated with pegGLP-1. *—significance of difference compared with control
(p < 0.05); �—significance of difference compared with the obesity+CSE group (p < 0.05).

2.8. Study of GLP-1 and PegGLP-1 Effect on CD31+ Lung Cells In Vitro

The effects of GLP-1 and pegGLP-1 on some parameters of CD31+ cells obtained from the lungs of
females of f1 and f4 groups and males of m1 and m4 groups were studied in vitro. GLP-1 or pegGLP-1
were introduced into the cell culture enriched with CD31+ cells, and the final concentration of these
drugs in the culture was 10−7 M.

Figure 9d shows that affected by GLP-1 and pegGLP-1, the number of apoptotic CD31+ cells in
the f1 and m1 groups did not change. Meanwhile, in the f4 and m4 groups, GLP-1 and pegGLP-1
significantly reduced the number of apoptotic CD31+ cells compared to the solvent culture, while we
did not observe gender differences in the severity of the drug effects (Figure 9g).
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GLP-1 and pegGLP-1 significantly increased the expression of CD34 marker in CD31+ culture of
lung cells in all the studied f1 and m1 and f4 and m4 groups (Figure 9a,c,f). We did not observe gender
differences in the severity of the drug effects.

GLP-1 and pegGLP-1 increased the number of CD31+ lung cells with active esterases. This effect
was more pronounced in the f1 and m1 groups than in the f4 and m4 groups (Figure 9b,e).

Figure 9. GLP-1 and pegGLP-1 treatment effects on CD31+ endothelial cells isolated from the lungs of
male and female C57BL/6 mice in vitro: (a) Images of CD31+ cells stained with: Hoechst (blue) to identify
cell nuclei; CD34 FITC (green) (Hoechst + CD34) composite image using all two colors. All scale bars are
100 µm; (b–g) CD31+ endothelial cells from lung were precultured for 5 days, incubated with or without
GLP-1 (10−7 M) or pegGLP-1 (10−7 M) for 24 h and then labeled with Hoechst, Carboxyfluorescein
succinimidyl ester (CFSE) (b,e) CD34 FITC (c,f), Annexin V and 7-Aminoactinomycin D (7-AAD)
(d,g) prior to fluorescence microscopic analysis. (b) CFSE activity after culture of cells isolated from the
lung of intact mice; (c) the level of CD34+ cells after culture of cells isolated from the lung of intact mice;
(d) the count of cells with apoptosis after culture of cells isolated from the lung of intact mice; (e) CFSE
activity after culture of cells isolated from the lung of mice with MD and lung emphysema; (f) the level
of CD34+ cells after culture of cells isolated from the lung of mice with MD and lung emphysema;
(g) the count of cells with apoptosis after culture of cells isolated from the lung of mice with MD and
lung emphysema. All data are expressed as mean ± SD, *—significance of difference compared with
control (p < 0.05).

3. Discussion

MetS is a complex clinical condition, and abdominal visceral obesity is considered to be one
of its major components [21]. Gender differences in the development and progression of obesity
and MetS, as well as their treatment, represent a current challenge in clinical practice. Traditionally,
gender differences in metabolism (mechanisms of accumulation of adipose tissue and mobilization
of fat reserves, homeostasis of glucose, secretion, and effects of insulin) and related diseases (MetS
and type 1 and type 2 diabetes) are explained by the effects of sex hormones [2,7]. In our study, we
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focused on the combination of obesity (or MD) and COPD. Obesity contributes to increased respiratory
reactivity and can lead to various respiratory pathologies, including COPD, asthma, and other lung
diseases [17,22]. Moreover, obesity is common in patients diagnosed with COPD and contributes
to respiratory symptoms [23]. Importantly, endothelial dysfunction and endothelial disorders are
important risk factors for many complications of COPD.

While studying healthy C57BL/6 mice, we found fewer EPC (CD45−CD31+CD34+;
CD31+CD34+CD146+) and angiogenesis precursors (CD45−CD309+CD117+) in the lungs and bone
marrow of females compared to males (Figures 6 and 7). In vitro, no differences between male and
female mice were found regarding the numbers of apoptotic cells, expression of CD34, and the number
of cells with active esterase (Figure 9).

Administration of MSG induced dyslipidemia and obesity in both male and female animals
(Figure 2). The changes in lipid metabolism in females of group f2 were less pronounced compared to
males in group m2. Our data is in general accordance with previously published results [24]. As in our
earlier study [20], this work revealed infiltration of the parenchyma of lungs by inflammatory cells
(predominantly macrophages and single neutrophils) in mice of both sexes treated with MSG (Figure 4).
At the same time, hemodynamic disturbances and a decrease in the expression of CD31 in the lungs
were observed. In female animals in group f2, recruitment of bone marrow EPC, angiogenic precursor
cells, circulating pericytes, and vascular smooth muscle cells into the lungs was found (Figure 8). It
has been reported that pericytes and vascular smooth muscle cells are involved in the restoration of
the normal structure and function of the damaged endothelium through intercellular contacts [25]. In
accordance with this report, the recruitment of these cell types into the lungs could be explained by
ongoing regeneration of the damaged endothelium in the lungs of MSG-treated females.

We also found more pronounced hemodynamic disturbances and low CD31 expression in the
lungs of male animals within the m2 group compared to females in the f2 group (Figure 5). Surprisingly,
this damage to the pulmonary endothelium in male animals did not lead to the recruitment of bone
marrow EPC and angiogenic precursor cells into the lung tissue. Additionally, animals in group m2
showed signs of hyperglycemia and had an increased ratio of TG/HDL (Figure 2e). High values of the
TG/HDL ratio and glucose tolerance are thought to indicate a high risk of vascular complications [26].
This suggests that TG/HDL and hyperglycemia could have a prognostic significance in the simulation
of emphysema in mice with obesity. LPS and CSE introduction increased the inflammatory response
and caused the formation of emphysema in mice of both sexes with obesity. Meanwhile, damage
to the microvascular bed in the lungs was more profound in males in the m4 group (high values of
TG/HDL and hyperglycemia before emphysema modeling) than in females of the f4 group (low values
of TG/HDL and the normal level of glucose before emphysema modeling) (Figures 2e and 4).

As evidenced by the findings above, the differences in the reaction of lung endothelium of females
and males to external factors correlate with gender differences in fat metabolism and glucose metabolism.

LPS and CSE led to a decrease in the numbers of EPC (CD45−CD31+CD34+; CD31+CD34+CD146+),
angiogenic precursor cells, vascular smooth muscle cells, cells of the lumen of the nascent vessels, and
pericytes in the lungs of male mice in the group m4. These flow cytometric data can be explained
by an impaired mobilization and migration of the cells. In f4 females, we observed recruitment of
CD45−CD31+CD34+ EPC, vascular smooth muscle cells, and pericytes to the lungs (Figure 6). At the
same time, mobilization and migration of angiogenic precursor cells in females in the f4 group, as well
as in males in group m4, were disturbed. An analysis of CD31+ cells isolated from females in group
f4 and males in group m4 in vitro revealed that there were no sex-specific differences in the rate of
apoptosis, expression of CD34, and activity of esterase (Figure 9).

The main role of adult stem cells (SC) is the formation of new cells after injury [27]. In tissues
of an adult organism, SCs are contained in the bone marrow and tissue-specific niches [28]. Markers
of immature endothelial cells have been detected in bone marrow [28]. SC activity is regulated
by internal mechanisms and external signals; the latter can come from a niche. It is believed that
inflammation changes many homeostatic parameters and, thus, has a strong effect on various cells,
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including SC [29]. A negative impact of inflammation on the stem cell niche has been reported for
intestinal stem cells, satellite cells or myogenic precursors cells, hepatic progenitor cells, epidermal
stem cells, and neural stem cells [29]. Additionally, the mobilization of mesenchymal stromal/stem
cells (MSC) by inflammatory factors has been demonstrated [30–32]. In our study, we found high
levels of inflammatory cytokines in the lungs and disruption of EPC mobilization into the bloodstream
in male mice in the m4 group and females in the group f4. In light of these findings, it is likely that
mobilization of bone marrow EPC and MSC into the bloodstream and their migration to the damaged
tissue is regulated by different mechanisms.

Therapy of obesity and its complications is currently limited by the lack of consideration of
gender differences. Decreasing hyperglycemia and obesity could facilitate reducing the risk of
vascular complications and related diseases [33]. It is well known that GLP-1 stimulates insulin
production by islet β-cells, counteracts insulin resistance, improves peripheral glucose tolerance, and
has anti-inflammatory properties [34,35]. In addition to the endocrine activity of GLP-1, it may also
play a role in the homeostasis of the lungs. GLP-1 receptors are abundant in the alveoli, septum, airway,
and smooth muscle of pulmonary vessels [36–38]. Moreover, their levels are relatively higher in the
lungs than in the intestines and brain [39].

Known pegylated hormone analogs are characterized by improved pharmacokinetic characteristics
without reducing the effectiveness of treatment and safety compared with native GLP-1 [40]. In our
previous study, we assessed gender differences in the effects of pegGLP-1 in a streptozotocin-induced
model of diabetes. Briefly, pegGLP-1 showed an anti-diabetic effect [41,42]. In the present study,
pegGLP-1 showed more pronounced positive effects on the AUC, the ratio of TG/HDL, and emphysema
square-extended alveolar tissue in females in group f6 compared to the f5 females treated with
unpegylated GLP-1 (Figure 2). In addition, in female mice in f5 and f6 groups, both treatment regimes
(pegGLP-1 and GLP-1) increased expression of CD31 in alveolar tissue. We attributed to additional
recruitment of EPC (CD45−CD31+CD34+) and angiogenic precursors to the lungs. These cellular
effects were more pronounced in the case of pegGLP-1 than GLP-1. We found no differences in the
effect of both agents on cultivated CD31+ lung cells. Administration of pegGLP-1 or GLP-1 in cell
culture resulted in a decrease of CD31+ endothelial cell apoptosis and an increase in the number of
CD34+ cells with active esterases (Figure 9). Thus, it is possible that similar to native GLP-1 [20], CD31
and CD34 positive endothelial progenitor cells are the target for pegGLP-1.

In the present study, we also assessed potential gender differences in the effects of GLP-1 and
pegGLP-1. GLP-1 and pegGLP-1 administration in the m5 and m6 groups significantly reduced serum
triglyceride levels, BMI, and AUC compared to groups f5 and f6, whereas increased serum HDL
cholesterol concentration in male animals (Figure 1, Figure 2, Figure 3). Both GLP-1 and pegGLP1
administration did not affect the area of emphysema in groups m5 and m6, while the expression of
CD31 in the lungs increased. However, this increase in CD31 expression was not as strong as in female
groups (Figure 5). Unlike in female animals in f5 and f6 groups, angiogenic precursor cells, vascular
smooth muscle cells (by pegGLP-1), and pericytes (by GLP-1) were recruited into the damaged alveolar
tissue of males of groups m5 and m6 (Figure 6).

In sum, we presented evidence of gender-specific differences in lung injury, mobilization and
migration of EPC, and angiogenic precursor cells in mice with MD and lung emphysema. From our
point of view, genetic factors controlling fat metabolism and glucose metabolism might be involved
in the gender-specific differences, and these will be a subject of future studies. In addition, our data
indicated differences in the effectiveness of pegGLP-1 in COPD/MetS comorbidity. These results also
suggested potentially higher therapeutic effects of pegGLP-1 for COPD treatment in obese women (or
women with MD), including older women. Finally, we proposed that CD31 and CD34 positive EPCs
were the cellular targets of pegGLP-1.
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4. Materials and Methods

4.1. Animals

Experiments were carried out on female and male C57BL/6 mice (certified animals from the
nursery of E.D. Goldberg Research Institute of Pharmacology and Regenerative Medicine) in strict
adherence to the principles of European Convention for the Protection of Vertebrate Animals used
for Experimental and other Scientific Purposes (Strasbourg, 1986). The study was approved by the
Institutional Animal Care and Use Committee (IACUC) of the E.D. Goldberg Research Institute of
Pharmacology and Regenerative Medicine (license number IACUC No. 114062016, 22.06.2016). The
day of birth was considered as experimental day 0 (p0).

4.2. Induction of Obesity

Female and male C57BL/6 mice received a daily subcutaneous (sc) injection of monosodium
glutamate (MSG; Sigma, St. Louis, MO, USA) diluted in buffer solution (physiological saline) at a
dose of 2.2 mg/g from p0 to p10 [42]. Physiological saline was injected into control mice in equivalent
volume. Obesity parameters were estimated according to the Lee index on p124th [42–44]. Briefly, Lee
index was calculated as a cubic root of body weight (g) × 10/nasoanal length (mm), where an index
equal to or lower than 0.300 was classified as normal. Female and male mice with Lee index values
higher than 0.300 were classified as obese and included in the study [45].

4.3. Exposure to Cigarette Smoke Extract

Cigarette smoke extract (CSE) was generated from L&M RED LABEL cigarettes (2 cigarettes/mL).
The composition of the cigarettes was as follows: resin 10 mg/Cigarette, nicotine 0.8 mg/ Cigarette, CO
10 mg/CIG. Before obtaining the extract, the cigarette filter was removed; the length of a cigarette with
the filter was 80 mm, 55 mm with the removed filter. The extraction was carried out by stretching the
smoke of a lit cigarette through the phosphate buffer at a constant speed with the help of a vacuum
pump; the cigarette was burned to a length of 5 mm. The burning time of one cigarette was 180 s. To
remove the particles, the extract was filtered through a bacterial filter with a pore size of 45 nm. To
standardize the obtained extract, pH (pH~7) and optical density were measured at wavelengths of 405
and 540 nm (D405~237, D540~123) before and after filtration.

On p126, lung emphysema was induced by intratracheal administration of lipopolysaccharide
(LPS, Sigma, St. Louis, MO, USA) and CSE [46,47]. LPS at a dose of 3 µg/mouse in 50 µL phosphate
buffer and 50 µL CSE were administered intratracheally. For the introduction of LPS and CSE, general
anesthesia (pentobarbital) was used. LPS was administered on p126 and p129. CSE was introduced on
p127, p130, 133, p136, p139, p142, p149, p156, p163, and p170 (Figure 10).

4.4. Pharmacological Compounds

Glucagon-like peptide-1 (GLP-1) was obtained from Sigma (St. Louis, MO, USA). Pegylation
on free amino groups of the peptide was carried out using succinimide pegylating agent Sunbright
ME-120 TS (NOF America Corporation, San Mateo, CA, USA), for which 1 mg of lyophilizate was
dissolved in 2 mL of 20 mm Na-phosphate buffer, pH 7, containing 0.01% TWEEN 20 (Sigma, St. Louis,
MO, USA), then 20 mg of pegylating agent (NOF America Corporation, San Mateo, CA, USA) was
added to the solution. The reaction was stopped by the application of 200 µL of 0.1 M glycine solution.
The molecular weight of GLP-1 was assessed by electrophoresis in polyacrylamide gel with SDS
(Sodium dodecyl sulfate, Sigma, St. Louis, MO, USA) using a standard technique. Prior to pegylation,
the samples contained 100% GLP-1. After pegylation, the samples contained 7% GLP- 1, 78% of
monopeg-GLP-1, and 15% double peg-GLP-1.

GLP-1 and pegGLP-1 were daily administered intraperitoneally in the region of the pancreas at a
dose of 3 mmol/kg on p149, 156, 157, 173, 184, 186, and 188 (Figure 10).
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4.5. Experimental Groups

Healthy mice treated with a saline solution formed the control groups: female control group
(f1), and male control group (m1) (Table 1). Mice with metabolic disorders (MD) were divided into
two groups: metabolic disorders group, females (f2), metabolic disorders group, males (m2). Mice
with lung emphysema were divided into two groups: lung emphysema group, females (f3), lung
emphysema group, males (m3). Mice with metabolic disorders and pulmonary emphysema were
divided into two groups: metabolic disorders and pulmonary emphysema group, females (f4), and
metabolic disorders and pulmonary emphysema, males (m4). GLP-1-treated mice with metabolic
disorders and emphysema of the lungs were divided into two groups: GLP-1 treatment of metabolic
disorders and emphysema, females (f5), and GLP-1 treatment of metabolic disorders and emphysema,
males (m5). PegGLP-1-treated mice with metabolic disorders and emphysema of the lungs were
divided into two groups: pegGLP-1 treatment of metabolic disorders and emphysema group, females
(f6), and pegGLP-1 treatment of metabolic disorders and lung emphysema group, males (m6). All
mice were culled on p189 by CO2 asphyxia.

Table 1. Experimental groups in vivo.

Control
Groups

Metabolic
Disorders

Lung
Emphysema

Metabolic
Disorders + Lung

Emphysema

Metabolic Disorders
+ Lung Emphysema

+ GLP-1

Metabolic Disorders
+ Lung Emphysema

+ pegGLP-1

Females f1 1

(n = 10)
f2

(n = 10)
f3

(n = 10)
f4

(n = 10)
f5

(n = 10)
f6

(n = 10)

Males m1 2

(n = 10)
m2

(n = 10)
m3

(n = 10)
m4

(n = 10)
m5

(n = 10)
m6

(n = 10)
1 f—Females, 2 m—males.

4.6. Body Mass Index (BMI)

On the day before culling (p188), BMI and Lee indexes were calculated. Briefly, BMI was calculated
using the formula:

BMI = body weight (g)/body length2 (cm)

where body length was measured from the tip of the nose to the anus [43]. The Lee index was calculated
as described above.

4.7. Glucose Tolerance Test (GTT)

Blood glucose levels were measured using a glucometer (Accu-Chek Performa Nano (Roche
Diagnostics GmbH, Mannheim, Germany). A glucose tolerance test was performed on p188.
Measurements of the initial level of glucose in the blood of animals were performed after 12 h
of food deprivation. Subsequently, glucose was administered intragastrically (D-glucose, Sigma,
St. Louis, MO, USA) at a dose of 2 g/kg. Blood samples to study glucose levels were taken 0, 15, 30, 60,
90 min after glucose administration [48].
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4.8. Lipid Profile Determination

The lipid profile was determined on p189. Blood samples were taken from each animal in tubes
without additives, kept at room temperature for 30 min, and then centrifuged at 300× g for 30 min.
The serum was separated and used to study lipid profile parameters. The concentration of cholesterol
and TG was determined by direct enzymatic methods using BioSystems reagents (Barcelona, Spain) in
accordance with the manufacturer’s instructions. Fractions of cholesterol, TG, high-density lipoproteins
(HDL), low-density lipoproteins (LDL), and very-low-density lipoproteins (VLDL) were precipitated
with phosphor-wolframate and polyvinyl sulfate, respectively, and their concentration was determined
by the level of residual cholesterol. All the results were expressed as mmol/l. On p189, TG/HDL was
assessed, as previously described in [49,50].

4.9. Lung Tissue Histology

The morphological examination of lungs was performed on p189. Briefly, the left lobe of the
lung was fixed in a 10% solution of neutral formalin, carried out through alcohols of ascending
concentrations to xylene, and poured into paraffin according to a standard procedure. Five micrometer
thick dewaxed cuts were stained with hematoxylin and eosin [51]. Micro-preparations from each
experimental animal were examined an Axio Lab.A1 light microscope (Carl Zeiss, MicroImaging
GmbH, Göttingen, Germany) at 100× and 400×magnifications. Histoarchitecture of lung tissue and
pathophysiological features of the tissue, including the presence of edema and inflammatory infiltration,
venous congestion, as well as thickening of vessel walls and bronchi, were assessed [48,52,53].

4.10. Flow Cytometry

Mononuclear cells from the blood, bone marrow, and lung tissue were obtained, as previously
described on p189 [20,54], followed by flow cytometric analysis of the expression of surface
markers of mouse mononuclear cells. Briefly, cell suspensions were stained with the following
fluorophore-conjugated monoclonal antibodies: CD45 PerCP, CD31 APC, CD34 FITC, CD146
PerCP-Cy5.5, CD309 (Flk-1) APC, and CD117 (c-kit) PeCy7 (all Becton Dickinson, San Jose, CA,
USA). Appropriate isotype controls were used. Labeled cells were thoroughly washed with PBS and
analyzed on a FACSCanto II flow cytometer (Becton Dickinson, San Jose, CA, USA) using FACS Diva
software. At least 100,000 events were recorded for each sample.

4.11. Lung Tissue Dissociation and Magnetic Separation of CD31+ Cells

The effects of GLP-1 and pegGLP-1 on CD31+ lung cells in vitro were studied on p189 in cells
isolated from an animal in the groups f1, m1, f4, and m4. Lungs were isolated, and the lung tissue was
mechanically and enzymatically dissociated, followed by magnetic sorting for CD31+, as previously
described [20].

4.12. Cultivation of CD31+ Cells

After 5-days of cultivation, CD31+ cells from f1, m1, f4, and m4 mice were harvested using tryptic
digestion, and the cells were plated in a concentration of 3 × 105 cells/1 mL medium in gelatin-coated
flasks. M199 standard cultivation medium was supplemented with GLP-1 (10−7 M) or pegGLP-1
(10−7 M) (Table 2) followed by cultivation under standard conditions (3.5% CO2, 37 ◦C) for 24 h. In the
following, the effects of GLP-1 and pegGLP-1 on CD31+ cells were evaluated by flow cytometry and
imaging using the Cytation™ 3 imaging system [20].



Int. J. Mol. Sci. 2019, 20, 5414 19 of 22

Table 2. Experimental groups in vitro.

Drugs Introduced
into the Culture

CD31+ Cells

CD31+ Cell Culture

Group f1
(Control Groups)

Group m1
(Control Groups)

Group f4
(MD + Lung Emphysema)

Group m4
(MD + Lung Emphysema)

PBS + + + +
GLP-1 + + + +

pegGLP-1 + + + +

4.13. Cellular Imaging

Images of CD31+ cells were obtained using a Cytation 3 Cell Imaging multimode reader (BioTek
Instruments, Inc., Winooski, VT, USA) equipped with DAPI, GFP, and Texas Red light cubes. Cells
were stained with Hoechst 33342, Annexin V-iFluor™ 350 CFSE, and 7-AAD. Images were analyzed
using Gen5™ data analysis software (Bad Friedrichshall, Germany), as described before [20].

4.14. Statistical Analysis

Statistical analysis was performed using SPSS statistical software (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 Student’s t-test (for parametric data), or Mann–Whitney test (for
nonparametric data) was used according to distribution. A p-value of less than 0.05 (by two-tailed
testing) was considered an indicator of statistical significance.
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L.A.S., and I.V.K.; resources, O.E.V. and A.A.E.; data curation, E.G.S.; writing—original draft preparation, E.G.S.;
writing—review and editing, E.G.S., D.W., and O.V.P.; visualization, A.V.P., N.N.E., and V.A.K.; supervision, E.G.S.;
project administration, S.G.M., A.M.D., and A.A.K.; funding acquisition, O.E.V.
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Abbreviations

COPD Chronic obstructive pulmonary disease
EPC Endothelial progenitor cells
GLP-1 Glucagon-like peptide 1
pegGLP-1 Pegylated Glucagon-like peptide 1
MetS Metabolic syndrome
MD Metabolic disorder
BMI Body mass index
MSG Monosodium glutamate
LPS Lipopolysaccharide
CSE Cigarette smoke extract
AUC Area under the Curve
GTT Glucose tolerance test
TG Triglycerides
HDL High-density lipoproteins
LDL Low-density lipoproteins
VLDL Very low-density lipoproteins
MSC Mesenchymal stromal/stem cells

References

1. Lusis, A.J.; Attie, A.D.; Reue, K. Metabolic syndrome: From epidemiology to systems biology. Nat. Rev.
Genet. 2008, 9, 819–830. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nrg2468
http://www.ncbi.nlm.nih.gov/pubmed/18852695


Int. J. Mol. Sci. 2019, 20, 5414 20 of 22

2. Mauvais-Jarvis, F. Epidemiology of Gender Differences in Diabetes and Obesity. Adv. Exp. Med. Biol. 2017,
1043, 3–8. [CrossRef] [PubMed]

3. Karastergiou, K.; Smith, S.R.; Greenberg, A.S.; Fried, S.K. Sex differences in human adipose tissues e the
biology of pear shape. Biol. Sex Differ. 2012, 3, 13. [CrossRef] [PubMed]

4. Mundi, M.S.; Koutsari, C.; Jensen, M.D. Effects of increased free fatty acid availability on adipose tissue fatty
acid storage in men. J. Clin. Endocrinol. Metab. 2014, 99, E2635–E2642. [CrossRef]

5. Karpe, F.; Pinnick, K.E. Biology of upper-body and lower-body adipose tissue link to whole-body phenotypes.
Nat. Rev. Endocrinol. 2015, 11, 90–100. [CrossRef]

6. Karastergiou, K.; Fried, S.K. Cellular mechanisms driving sex differences in adipose tissue biology and body
shape in humans and mouse models. Adv. Exp. Med. Biol. 2017, 1043, 29–51. [CrossRef]

7. Link, J.C.; Reue, K. Genetic Basis for Sex Differences in Obesity and Lipid Metabolism. Annu. Rev. Nutr.
2017, 37, 225–245. [CrossRef]

8. Agarwal, A.R.; Yin, F.; Cadenas, E. Short-term cigarette smoke exposure leads to metabolic alterations in
lung alveolar cells. Am. J. Respir. Cell Mol. Biol. 2014, 51, 284–293. [CrossRef]

9. Titz, B.; Boue, S.; Phillips, B.; Elamin, A.; Schneider, T.; Talikka, M.; Nury, C.; Vihervaara, T.; Guedj, E.;
Peck, M.; et al. Effects of cigarette smoke, cessation, and switching to two heat-not-burn tobacco products on
lung lipid metabolism in C57BL/6 and Apoe-/-mice—An integrative systems toxicology analysis. Toxicol. Sci.
2016, 149, 441–457. [CrossRef]

10. Cebron Lipovec, N.; Beijers, R.J.; van den Borst, B.; Doehner, W.; Lainscak, M.; Schols, A.M. The Prevalence
of Metabolic Syndrome in Chronic Obstructive Pulmonary Disease: A Systematic Review. COPD J. Chron.
Obstr. Pulm. Dis. 2016, 13, 399–406. [CrossRef]

11. Åberg, J.; Hasselgren, M.; Montgomery, S.; Lisspers, K.; Ställberg, B.; Janson, C.; Sundh, J. Sex-related
differences in management of Swedish patients with a clinical diagnosis of chronic obstructive pulmonary
disease. Int. J. Chron. Obstr. Pulm. Dis. 2019, 14, 961–969. [CrossRef] [PubMed]

12. Kim, J.H.; Yoo, J.Y.; Kim, H.S. Metabolic Syndrome in South Korean Patients with Chronic Obstructive
Pulmonary Disease: A Focus on Gender Differences. Asian Nurs. Res. 2019, 13, 137–146. [CrossRef] [PubMed]

13. Walther, T.C.; Farese, R.V., Jr. Lipid droplets and cellular lipid metabolism. Annu. Rev. Biochem. 2012, 81,
687–714. [CrossRef] [PubMed]

14. Shimano, H.; Sato, R. SREBP-regulated lipid metabolism: Convergent physiology—Divergent
pathophysiology. Nat. Rev. Endocrinol. 2017, 13, 710–730. [CrossRef]

15. Martinez-Outschoorn, U.E.; Peiris-Pages, M.; Pestell, R.G.; Sotgia, F.; Lisanti, M.P. Cancer metabolism: A
therapeutic perspective. Nat. Rev. Clin. Oncol. 2017, 14, 11–31. [CrossRef]

16. Chen, H.; Li, Z.; Dong, L.; Wu, Y.; Shen, H.; Chen, Z. Lipid metabolism in chronic obstructive pulmonary
disease. Int. J. Chron. Obstr. Pulm. Dis. 2019, 14, 1009–1018. [CrossRef]

17. Hanson, C.; Rutten, E.P.; Wouters, E.F.; Rennard, S. Influence of diet and obesity on COPD development and
outcomes. Int. J. Chron. Obstr. Pulm. Dis. 2014, 9, 723–733. [CrossRef]

18. Lambert, A.A.; Putcha, N.; Drummond, M.B.; Boriek, A.M.; Hanania, N.A.; Kim, V.; Kinney, G.L.;
McDonald, M.N.; Brigham, E.P.; Wise, R.A.; et al. Obesity is associated with increased morbidity in
moderate to severe COPD. Chest 2017, 151, 68–77. [CrossRef]

19. Zore, T.; Palafox, M.; Reue, K. Sex differences in obesity, lipid metabolism, and inflammation-A role for the
sex chromosomes? Mol. Metab. 2018, 15, 35–44. [CrossRef]

20. Skurikhin, E.G.; Pershina, O.V.; Pakhomova, A.V.; Pan, E.S.; Krupin, V.A.; Ermakova, N.N.; Vaizova, O.E.;
Pozdeeva, A.S.; Zhukova, M.A.; Skurikhina, V.E.; et al. Endothelial Progenitor Cells as Pathogenetic and
Diagnostic Factors, and Potential Targets for GLP-1 in Combination with Metabolic Syndrome and Chronic
Obstructive Pulmonary Disease. Int. J. Mol. Sci. 2019, 20, 1105. [CrossRef]

21. Matsushita, K.; Dzau, V.J. Mesenchymal stem cells in obesity: Insights for translational applications. Lab.
Investig. 2017, 97, 1158–1166. [CrossRef] [PubMed]

22. Lamonaca, P.; Prinzi, G.; Kisialiou, A.; Cardaci, V.; Fini, M.; Russo, P. Metabolic Disorder in Chronic
Obstructive Pulmonary Disease (COPD) Patients: Towards a Personalized Approach Using Marine Drug
Derivatives. Mar. Drugs 2017, 15, 81. [CrossRef] [PubMed]

23. García-Rio, F.; Soriano, J.B.; Miravitlles, M.; Muñoz, L.; Duran-Tauleria, E.; Sánchez, G.; Sobradillo, V.;
Ancochea, J. Impact of obesity on the clinical profile of a population-based sample with chronic obstructive
pulmonary disease. PLoS ONE 2014, 9, e105220. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/978-3-319-70178-3_1
http://www.ncbi.nlm.nih.gov/pubmed/29224087
http://dx.doi.org/10.1186/2042-6410-3-13
http://www.ncbi.nlm.nih.gov/pubmed/22651247
http://dx.doi.org/10.1210/jc.2014-2690
http://dx.doi.org/10.1038/nrendo.2014.185
http://dx.doi.org/10.1007/978-3-319-70178-3_3
http://dx.doi.org/10.1146/annurev-nutr-071816-064827
http://dx.doi.org/10.1165/rcmb.2013-0523OC
http://dx.doi.org/10.1093/toxsci/kfv244
http://dx.doi.org/10.3109/15412555.2016.1140732
http://dx.doi.org/10.2147/COPD.S193311
http://www.ncbi.nlm.nih.gov/pubmed/31123398
http://dx.doi.org/10.1016/j.anr.2019.03.002
http://www.ncbi.nlm.nih.gov/pubmed/30910730
http://dx.doi.org/10.1146/annurev-biochem-061009-102430
http://www.ncbi.nlm.nih.gov/pubmed/22524315
http://dx.doi.org/10.1038/nrendo.2017.91
http://dx.doi.org/10.1038/nrclinonc.2016.60
http://dx.doi.org/10.2147/COPD.S196210
http://dx.doi.org/10.2147/COPD.S50111
http://dx.doi.org/10.1016/j.chest.2016.08.1432
http://dx.doi.org/10.1016/j.molmet.2018.04.003
http://dx.doi.org/10.3390/ijms20051105
http://dx.doi.org/10.1038/labinvest.2017.42
http://www.ncbi.nlm.nih.gov/pubmed/28414326
http://dx.doi.org/10.3390/md15030081
http://www.ncbi.nlm.nih.gov/pubmed/28335527
http://dx.doi.org/10.1371/journal.pone.0105220
http://www.ncbi.nlm.nih.gov/pubmed/25153331


Int. J. Mol. Sci. 2019, 20, 5414 21 of 22

24. Sasaki, Y.; Suzuki, W.; Shimada, T.; Iizuka, S.; Nakamura, S.; Nagata, M.; Fujimoto, M.; Tsuneyama, K.;
Hokao, R.; Miyamoto, K.; et al. Dose dependent development of diabetes mellitus and non-alcoholic
steatohepatitis in monosodium glutamate-induced obese mice. Life Sci. 2009, 85, 490–498. [CrossRef]
[PubMed]

25. Birbrair, A.; Zhang, T.; Wang, Z.M.; Messi, M.L.; Mintz, A.; Delbono, O. Pericytes at the intersection between
tissue regeneration and pathology. Clin. Sci. 2015, 128, 81–93. [CrossRef] [PubMed]

26. Borrayo, G.; Basurto, L.; González-Escudero, E.; Diaz, A.; Vázquez, A.; Sánchez, L.; Hernández-González, G.O.;
Barrera, S.; Degollado, J.A.; Córdova, N.; et al. TG/HDL-C Ratio as Cardio-Metabolic Biomarker Even in
Normal Weight Women. Acta Endocrinol. 2018, 14, 261–267. [CrossRef]

27. He, S.; Nakada, D.; Morrison, S.J. Mechanisms of stem cell selfrenewal. Annu. Rev. Cell Dev. Biol. 2009, 25,
377–406. [CrossRef]

28. Pinho, S.; Frenette, P.S. Haematopoietic stem cell activity and interactions with the niche. Nat. Rev. Mol. Cell
Biol. 2019, 20, 303–320. [CrossRef]

29. Kizil, C.; Kyritsis, N.; Brand, M. Effects of inflammation on stem cells: Together they strive? EMBO Rep.
2015, 16, 416–426. [CrossRef]

30. Keshav, S. Paneth cells: Leukocyte-like mediators of innate immunity in the intestine. J. Leukoc. Biol. 2006,
80, 500–508. [CrossRef]

31. Koning, J.J.; Kooij, G.; de Vries, H.E.; Nolte, M.A.; Mebius, R.E. Mesenchymal stem cells are mobilized from
the bone marrow during inflammation. Front. Immunol. 2013, 4, 49. [CrossRef] [PubMed]

32. Mourkioti, F.; Rosenthal, N. IGF-1, inflammation and stem cells: Interactions during muscle regeneration.
Trends Immunol. 2005, 26, 535–542. [CrossRef] [PubMed]

33. International Diabetes Federation. IDF Diabetes Atlas, 6th ed.; International Diabetes Federation: Brussels,
Belgium, 2015; Available online: www.idf.org/e-library/epidemiology-research/diabetes-atlas/13-diabetes-
atlas-seventh-edition.html (accessed on 10 September 2019).

34. Lee, Y.S.; Jun, H.S. Anti-Inflammatory Effects of GLP-1-Based Therapies beyond Glucose Control. Mediat.
Inflamm. 2016, 2016, 3094642. [CrossRef]

35. Huang, J.; Yi, H.; Zhao, C.; Zhang, Y.; Zhu, L.; Liu, B.; He, P.; Zhou, M. Glucagon-like peptide-1 receptor
(GLP-1R) signaling ameliorates dysfunctional immunity in COPD patients. Int. J. Chron. Obstr. Pulm. Dis.
2018, 13, 3191–3202. [CrossRef] [PubMed]

36. Korner, J.; Bessler, M.; Inabnet, W.; Taveras, C.; Holst, J.J. Exaggerated glucagon-like peptide-1 and blunted
glucose-dependent insulinotropic peptide secretion are associated with Roux-en-Y gastric bypass but not
adjustable gastric banding. Surg. Obes. Relat. Dis. 2007, 3, 597–601. [CrossRef]

37. Rogliani, P.; Ora, J.; Puxeddu, E.; Cazzola, M. Airflow obstruction: Is it asthma or is it COPD? Int. J. Chron.
Obstr. Pulm. Dis. 2016, 11, 3007–3013. [CrossRef] [PubMed]

38. Nguyen, D.V.; Linderholm, A.; Haczku, A.; Kenyon, N. Glucagon-like peptide 1: A potential
anti-inflammatory pathway in obesity-related asthma. Pharmacol. Ther. 2017, 180, 139–143. [CrossRef]
[PubMed]

39. Viby, N.E.; Isidor, M.S.; Buggeskov, K.B.; Poulsen, S.S.; Hansen, J.B.; Kissow, H. Glucagon-like peptide-1
(GLP-1) reduces mortality and improves lung function in a model of experimental obstructive lung disease
in female mice. Endocrinology 2013, 154, 4503–4511. [CrossRef]

40. Skurikhin, E.G.; Stronin, O.V.; Epanchintsev., A.A.; Pershina, O.V.; Ermakova, N.N.; Krupin, V.A.;
Pakhomova, A.V.; Vaizova, O.E.; Dygai, A.M. Effects of Pegylated Glucagon-Like Peptide-1 Analogue
in C57Bl/6 Mice under Optimal Conditions and During Streptozotocin-Induced Diabetes. Bull. Exp. Biol.
Med. 2017, 163, 635–638. [CrossRef]

41. Skurikhin, E.G.; Pakhomova, A.V.; Epanchintsev, A.A.; Stronin, O.V.; Ermakova, N.N.; Pershina, O.V.;
Ermolaeva, L.A.; Krupin, V.A.; Kudryashova, A.I.; Zhdanov, V.V.; et al. Role of Cell Precursors in the
Regeneration of Insulin-Producing Pancreatic Cells under the Influence of Glucagon-Like Peptide 1. Bull.
Exp. Biol. Med. 2018, 165, 644–648. [CrossRef]

42. Cameron, D.P.; Poon, T.K.-Y.; Smith, G.C. Effects of Monosodium Glutamate Administration in the Neonatal
Period on the Diabetic Syndrome in KK Mice. Diabetologia 1976, 12, 621–626. [CrossRef] [PubMed]

43. Nawa, A.; Fujita-Hamabe, W.; Tokuyama, S. Altered intestinal P-glycoprotein expression levels in a
monosodium glutamate-induced obese mouse model. Life Sci. 2011, 89, 834–838. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.lfs.2009.07.017
http://www.ncbi.nlm.nih.gov/pubmed/19683013
http://dx.doi.org/10.1042/CS20140278
http://www.ncbi.nlm.nih.gov/pubmed/25236972
http://dx.doi.org/10.4183/aeb.2018.261
http://dx.doi.org/10.1146/annurev.cellbio.042308.113248
http://dx.doi.org/10.1038/s41580-019-0103-9
http://dx.doi.org/10.15252/embr.201439702
http://dx.doi.org/10.1189/jlb.1005556
http://dx.doi.org/10.3389/fimmu.2013.00049
http://www.ncbi.nlm.nih.gov/pubmed/23459632
http://dx.doi.org/10.1016/j.it.2005.08.002
http://www.ncbi.nlm.nih.gov/pubmed/16109502
www.idf.org/e-library/epidemiology-research/diabetes-atlas/13-diabetes-atlas-seventh-edition.html
www.idf.org/e-library/epidemiology-research/diabetes-atlas/13-diabetes-atlas-seventh-edition.html
http://dx.doi.org/10.1155/2016/3094642
http://dx.doi.org/10.2147/COPD.S175145
http://www.ncbi.nlm.nih.gov/pubmed/30349227
http://dx.doi.org/10.1016/j.soard.2007.08.004
http://dx.doi.org/10.2147/COPD.S54927
http://www.ncbi.nlm.nih.gov/pubmed/27942210
http://dx.doi.org/10.1016/j.pharmthera.2017.06.012
http://www.ncbi.nlm.nih.gov/pubmed/28648831
http://dx.doi.org/10.1210/en.2013-1666
http://dx.doi.org/10.1007/s10517-017-3867-y
http://dx.doi.org/10.1007/s10517-018-4232-5
http://dx.doi.org/10.1007/BF01220641
http://www.ncbi.nlm.nih.gov/pubmed/1001851
http://dx.doi.org/10.1016/j.lfs.2011.08.019
http://www.ncbi.nlm.nih.gov/pubmed/21983297


Int. J. Mol. Sci. 2019, 20, 5414 22 of 22

44. Damasceno, D.C.; Sinzato, Y.K.; Bueno, A.; Dallaqua, B.; Lima, P.H.; Calderon, I.M.P.; Rudge, M.V.C.;
Campos, K.E. Metabolic Profile and Genotoxicity in Obese Rats Exposed to Cigarette Smoke. Obesity 2013,
21, 1569–1601. [CrossRef] [PubMed]

45. Campos, K.E.; Sinzato, Y.K.; de Paula Pimenta, W.; Rudge, M.V.; Damasceno, D.C. Effect of maternal obesity
on the diabetes developmental in adult rat offspring. Life Sci. 2007, 81, 1473–1478. [CrossRef] [PubMed]

46. Chen, Y.; Hanaoka, M.; Chen, P.; Droma, Y.; Voelkel, N.F.; Kubo, K. Protective effect of beraprost sodium, a
stable prostacyclin analog, in the development of cigarette smoke extract-induced. Am. J. Physiol. Lung Cell.
Mol. Physiol. 2009, 296, L648–L656. [CrossRef]

47. Hanaoka, M.; Hanaoka, P.; Chen, Y.; Agatsuma, T.; Kitaguchi, Y.; Voelkel, N.F.; Kubo, K. Carbocisteine protects
against emphysema induced by cigarette smoke extract in rats. Chest 2011, 139, 1101–1108. [CrossRef]

48. Pacini, G.; Ahrén, M.; Ahrén, B. Reappraisal of the intravenous glucose tolerance index for a simple
assessment of insulin sensitivity in mice. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2009, 296, R1316–R1324.
[CrossRef]

49. Fernández-Miranda, G.; Romero-Garcia, T.; Barrera-Lechuga, T.P.; Mercado-Morales, M.; Rueda, A. Impaired
Activity of Ryanodine Receptors Contributes to Calcium Mishandling in Cardiomyocytes of Metabolic
Syndrome Rats. Front. Physiol. 2019, 10, 520. [CrossRef]

50. Salazar, M.R.; Carbajal, H.A.; Espeche, W.G.; Aizpurúa, M.; Leiva Sisnieguez, C.E.; Leiva Sisnieguez, B.C.
Use of the plasma triglyceride/high-density lipoprotein cholesterol ratio to identify cardiovascular disease in
hypertensive subjects. J. Am. Soc. Hypertens. 2014, 8, 724–731. [CrossRef]

51. Skurikhin, E.G.; Pakhomova, A.V.; Krupin, V.A.; Pershina, O.V.; Pan, E.S.; Ermolaeva, L.A.; Vaizova, O.E.;
Rybalkina, O.Y.; Dygai, A.M. Response of Inflammatory Mediators, Extracellular Matrix Proteins and Stem
and Progenitor Cells to Emphysema. Bull. Exp. Biol. Med. 2016, 161, 566–570. [CrossRef]

52. Parameswaran, H.; Majumdar, A.; Ito, S.; Alencar, A.M.; Suki, B. Quantitative characterization of airspace
enlargement in emphysema. J. Appl. Physiol. 2006, 100, 186–193. [CrossRef] [PubMed]

53. He, Z.H.; Chen, P.; Chen, Y.; He, S.D.; Ye, J.R.; Zhang, H.L.; Cao, J. Comparison between cigarette
smoke-induced emphysema and cigarette smoke extract-induced emphysema. Tob. Induc. Dis. 2015, 13, 6.
[CrossRef] [PubMed]

54. Munoz-Barrutia, A.; Ceresa, M.; Artaechevarria, X.; Montuenga, L.M.; Ortiz-de-Solorzano, C. Quantification
of lung damage in an elastase-induced mouse model of emphysema. Int. J. Biomed. Imaging 2012, 2012,
734734. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/oby.20152
http://www.ncbi.nlm.nih.gov/pubmed/23666719
http://dx.doi.org/10.1016/j.lfs.2007.09.016
http://www.ncbi.nlm.nih.gov/pubmed/17961602
http://dx.doi.org/10.1152/ajplung.90270.2008
http://dx.doi.org/10.1378/chest.10-0920
http://dx.doi.org/10.1152/ajpregu.90575.2008
http://dx.doi.org/10.3389/fphys.2019.00520
http://dx.doi.org/10.1016/j.jash.2014.08.002
http://dx.doi.org/10.1007/s10517-016-3462-7
http://dx.doi.org/10.1152/japplphysiol.00424.2005
http://www.ncbi.nlm.nih.gov/pubmed/16166240
http://dx.doi.org/10.1186/s12971-015-0033-z
http://www.ncbi.nlm.nih.gov/pubmed/25814921
http://dx.doi.org/10.1155/2012/734734
http://www.ncbi.nlm.nih.gov/pubmed/23197972
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	The Effect of GLP-1 and pegGLP-1 on Lee Index and Body Mass Index 
	Changes in Serum Lipid Parameters in Emphysema, Metabolic Disorders, and the Combination of Metabolic Disorders and Emphysema 
	The Effect of GLP-1 and pegGLP-1 on Lipid Parameters of Blood Serum with a Combination of Metabolic Disorders and Emphysema 
	GLP-1 and PegGLP-1 Effect on Area Under the Curve (AUC) During the Glucose Tolerance Test 
	Morphological Study of Lung 
	Immunohistochemical Lung Study 
	Study of Stem Antigens, Epithelial and Endothelial Cells, and Other Cells Using Flow Cytometric Analysis 
	Lung 
	Bone Marrow 
	Blood 

	Study of GLP-1 and PegGLP-1 Effect on CD31+ Lung Cells In Vitro 

	Discussion 
	Materials and Methods 
	Animals 
	Induction of Obesity 
	Exposure to Cigarette Smoke Extract 
	Pharmacological Compounds 
	Experimental Groups 
	Body Mass Index (BMI) 
	Glucose Tolerance Test (GTT) 
	Lipid Profile Determination 
	Lung Tissue Histology 
	Flow Cytometry 
	Lung Tissue Dissociation and Magnetic Separation of CD31+ Cells 
	Cultivation of CD31+ Cells 
	Cellular Imaging 
	Statistical Analysis 

	References

