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The changes in endothelial progenitor cells and progenitor cells of angiogenesis, pericytes and
smooth muscle cells, were studied in female C57BL/6 mice with a combination of metabolic
impairments induced by injections of sodium glutamate and lung emphysema modeled by the
administration of cigarette smoke extract. It was observed that sodium glutamate significantly
enhances pathological changes in the lungs (inflammation and lung emphysema) induced
by the administration of cigarette smoke extract. Recruiting of endothelial progenitor cells
(CD45 CD31°CD34" and CD31"CD34*CD146 ) and progenitor cells of angiogenesis (CD45
CD117°CD309") was registered in the injured lungs. Angiogenesis impairment induced by
combined exposure is related to altered migration of pericytes (CD31-CD34 CD146") and
smooth muscle cells (CD31 - CD34*CD146") in emphysema-like enlarged lung tissue.
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Metabolic syndrome (MetS) is a complicated clini-
cal state with abdominal visceral obesity as one of
the main mechanisms [10]. About 20-30% of adult
population of the world suffers from obesity and this
number is constantly increasing [5]. Several investiga-
tors indicate that obesity promotes an increase in the
reactivity of the respiratory pathway and development
of various respiratory pathologies, such as chronic
obstructive pulmonary disease (COPD), asthma, and
other lung diseases [8,9]. It is considered that 10% of
patients with obesity have COPD [12]. Moreover, obe-
sity is often registered in patients with COPD and pro-
motes the development of respiratory symptoms [7].
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MetS and obesity are often followed by the devel-
opment of vascular complications. A decrease in the
number of endothelial cells circulating in the blood
and impairment in their functioning are registered in
the patients with MetS and obesity [3]. On another
hand, the impairments in endothelial function of lung
arteries is observed in patients with COPD [2].

The combination of MetS and COPD is often ob-
served in clinical practice, and the number of these cas-
es is constantly increasing [1]. However, little is known
about common pathological mechanisms of these disor-
ders. It is not clear yet how MetS factors contribute to
COPD progression. The lack of this knowledge makes
the development of effective approaches to treatment of
patients with MetS and COPD more difficult.

Here we studied the changes in microvasculature
and endothelial progenitor cells during successive
modelling of metabolic impairments and lung em-
physema.

0007-4888/20/1683-0334 © 2020 Springer Science + Business Media, LLC



A. V. Pakhomova, O. V. Pershina, et al.
MATERIALS AND METHODS

The experiments were performed on female C57BL/6
mice from the Breeding Center of Biomodelling De-
partment, E. D. Goldberg Research Institute of Phar-
macology and Regenerative Medicine (veterinary
certificate was obtained). All the manipulations were
conducted in accordance to the European Convention
on the protection of vertebrate animals used for ex-
periments or other scientific purposes. The investiga-
tion was approved by the Committee for the Control
of Keeping and Usage of Laboratory Animals of the
E. D. Goldberg Research Institute of Pharmacology
and Regenerative Medicine (IACUC protocol No.
114062016). Animal birth was taken as day O of the
experiment.

Metabolic impairments (MD) were induced by
the subcutaneous administration of sodium glutamate
(MSG; Sigma) in a dose of 2.2 mg/g from day 1 to 10
of life [4]. Control animals received the same volume
of saline. Li index was calculated at day 124 [4]. The
index calculated as a cube root from the body weight
(g)*nasoanal distance (mm) (equal or lower than 0.3)
corresponded to the normal level. Females with Li
index of more than 0.3 were considered as obese and
included to the experiment.

On day 126 of the experiment, lung emphyse-
ma was induced by the course administration of LPS
(Sigma) and cigarette smoke extract (SCE). LPS in a
dose of 3 pg/mouse in 50 pl of phosphate buffer and
50 pl SCE were administered intratracheally. LPS was
administered on days 126 and 129 of the experiment.
SCE was administered on days 127, 130, 133, 136,
139, 142, 149, 156, 163, and 170 of the experiment.
SCE was obtained from L&M cigarettes in accordance
to the previously described method [15].

The animals were randomized to 4 groups: group
1, mice receiving physiological saline (intact control,
n=9); group 2, mice receiving LPS and SCE (SCE,
n=10); 3, mice receiving sodium glutamate (MD,
n=10); group 4, mice with MD receiving LPS and
SCE (combined pathology, n=10). All animals were
sacrificed on day 188 of life by CO, overdose.

The development of MD was controlled by the
blood glucose level, glucose tolerance test, and lipid
profile. The impairments in the histology of lung tis-
sue, presence of edema, inflammatory infiltration, ve-
nous stasis, and enlargement of vascular and bronchial
walls were evaluated in the morphological study. The
following primary antibodies were used for the im-
munohistochemical study: polyclonal antibodies to
a membrane protein CD31, polyclonal antibodies to
al-antitrpsine (A1AT), and monoclonal antibodies to
pan-cytokeratin (AE1/AE3) (Abcam). The analysis
of obtained images and count of cells expressing the
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studied antigens were performed using the Imagel
software.

Mononuclear cells were isolated from the blood,
bone marrow, and lungs of mice as described pre-
viously [15]. The expression of the surface markers
CD45, CD31, CD34, CD146, CD309, and CD117 was
measured using a FACSCanto II flow cytofluorimeter
and FACSDiva software (BD Biosciences).

The in vitro analysis of programmed cell death
(apoptosis) of CD31* cells from murine lungs was
performed using the Cytation 3 Cell Imaging multitask
reader (BioTek Instruments, Inc.). For this purpose,
endothelial cells of the lungs were isolated, magneti-
cally sorted, and cultivated in accordance to the pro-
tocol [15]. After the incubation period, endothelial
cells of the lungs were treated with fluorescence dyes
Hoechst 33342, Annexin V-iFluor 350, 7-AAD, and
CFSE. Then, fluorescence was visualized using Cyta-
tion 3 and objectives 4x and 20x with the following
analysis of the cells with the Gen5 software for data
analysis.

Statistical analysis of the data was performed by
the standard methods of variational statistics.

RESULTS

The administration of sodium glutamate to newborn
mice damages the arcuate nucleus of the hypothalamus
and reduces the level of neuropeptide Y regulating the
transmission of signals from leptin and insulin [11].
Severe obesity and diabetes mellitus accompanied by
hyperglycemia and hyperinsulinemia develop in these
animals [14]. The effects of sodium glutamate in ro-
dents are similar to the clinical pattern of MetS in
patients [13,14].

The administration of sodium glutamate was fol-
lowed by an increase in atherogenic index, concentra-
tions of triglycerides and LDL, and a decrease in HDL
level in blood serum of female mice on day 124 of the
experiment (Fig. 1, a-c). Glucose level in the blood
rose under these conditions (Fig. 1, d). Thus, sodium
glutamate induced dyslipidemia, obesity, and hyper-
glycemia in mice, which can be considered as MD.

In accordance to modern theory, COPD is a re-
sult of chronic inflammation and trauma of alveolar
endothelium, which can develop also as a response to
long-term exposure to nicotine and tar. These etiologi-
cal factors of COPD were modelled by SCE adminis-
tration. LPS was additionally administered to enhance
lung inflammation. The histological study allowed to
observe venous stasis and inflammatory infiltration
(besides macrophages and lymphocytes, neutrophils
were found in inflammatory infiltrate), and enlarge-
ment of vascular and bronchial walls in the lungs of
mice with MD receiving LPS and SCE compared to
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Fig. 1. Lipid profile in female C57BL/6 mice. a) Triglyceride level; b) LDL level; c) HDL level; d) glucose level in the blood during
MD; e) glucose level in the blood during glucose tolerance test. *p<0.05 in comparison with intact control.

the intact control (Fig. 2, a). Moreover, emphysema
was observed in the upper, medium, and lower parts
of the lungs on day 188 of the experiment (Fig. 2, b).
The intensity of impairments in the microvasculature,
inflammation, and emphysema area in animals receiv-
ing LPS or SCE was lower than in mice with combined
pathology. No pathological changes were observed in
the lungs of mice receiving sodium glutamate.

Immunohistochemical study showed a decrease in
the expression of markers of endothelial cells (CD31)
and epithelial cells (pan-cytokeratin — AE1/AE3) in
mice with the combined pathology. These data indicat-
ed the injury of alveolar epithelium and endothelium.
It is known that A1AT prevents enzymatic damage of
the epithelial cells. A significant decrease in A1AT
expression in the alveolar tissue by 50% was observed
in mice with MD receiving LPS and SCE compared to
the intact control (Fig. 2, ¢).

Finally, programmed cell death (apoptosis) of
CD31" cells from the lungs of intact mice and mice

with the combined pathology was evaluated in vitro
on day 188 of the experiment (Fig. 3, a, b). Modelling
of the combined pathology significantly increased (by
more than 3 times, p<0.01) the number of apoptotic
CD31" endothelial cells compared to the intact control
(Fig. 3). Esterase activity of CD31" cells reduced in
mice with the combined pathology compared to the
intact control (by 88%, p<0.01).

Therefore, the administration of sodium gluta-
mate, LPS, and SCE was followed by the inflamma-
tion and emphysema in the lungs, and damages in the
alveolar endothelium and epithelium. These changes
were typical for mice receiving LPS and SCE. Howev-
er, the intensity of inflammation and lungs emphysema
in this group animals was significantly lower than in
mice with the combined pathology. No pathological
changes were observed in the lungs of mice with MD
(Fig. 2).

Previous investigations [6] showed an increase
in the number of endothelial progenitor cells (EPC;
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Fig. 2. Morphological pattern of the left lung (a), area of emphysema (b), and relative number of cells expressing specific antigens
(c) in female C57BL/6 mice. Staining with hematoxylin and eosin, x100. The samples were prepared on day 188 of the experiment.
*p<0.05 in comparison with intact control.
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CD34'CD309*, CD34'CD309*CD133") circulating in
the blood of patients with COPD. Our early studies
revealed a decrease in the number of CD45—CD31—
CD34" EPC cells and progenitors of angiogenesis
(CD45-CD309*CD117") in the blood of mice with
SCE-induced lung emphysema. However, no increase
in the number of immature endothelial cells was ob-
served in the lung tissue [15]. These data indicate the
impairment of regeneration of lung endothelium dur-
ing COPD related to the changes in mobilization and
migration of progenitors of endothelial cells to the
damaged lungs.

In our study, COPD was associated with dyslip-
idemia, obesity, and altered glucose metabolism. It
might be suggested that the impairments in regenera-
tion of the alveolar tissue during the exposure to SCE
differs from it during the combined pathology. Our
hypothesis is in line with the data on the distribu-
tion of phenotypically different EPC in tissues. Sub-
sequent modelling of MD and lung emphysema was
followed by recruiting of EPC (CD45—CD31°CD34",
CD31°CD34*CD1467) and progenitor cells of angio-
genesis (CD45—CD117-CD309%) from the bone mar-
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Fig. 3. Endothelial CD31* cells isolated from the lungs (a), and the
number of CD31* cells in the lungs (b) of C57BL/6 mice on day 188
of the experiment.

row to the injured lungs of mice at the day 188 of the
experiment (Table 1). Previous studies [2] showed the
direct connection between EPC recruiting and inflam-
matory cytokines. It cannot be excluded that the mobili-
zation and following migration of EPC to murine lungs
damaged by cigarette smoke directly correlates with
the secretory ability of inflammatory cells. These cells
might be also mobilized from the depot, such as fatty
tissue. It is known that fatty tissue is involved in the
processes of cell distribution during MD and obesity.

Despite the increase in the number of phenotypi-
cally different progenitors of endothelial cells in the
lung tissue, the damages in lung endothelium in mice
with the combined pathology remained. It might be
related to the impairments in the differentiation of
EPC and intracellular contacts playing the pivotal role
in angiogenesis. Lately, it is considered that pericytes
and vascular smooth muscle cells together with EPC
contribute to the restoration of normal structure and
functioning of damaged lungs. We observed a decrease
in the number of pericytes (CD31—CD34-CD146")
and smooth muscle cells (CD31—CD34*CD146") in
the lungs of mice with the combined pathology. How-
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TABLE 1. Number of Stem and Progenitor Cells (% of All Stained Mononuclear Cells) in the Blood, Bone Marrow, and Lung
Tissue of Female C57BL/6 Mice with MD and Lung Emphysema on Day 188 of the Experiment (M+m)

Endothelial cells Progenitor cells of Pericytes Vascular smooth
Group CD45~ CD31 (CD4gEgB§1](1ag+egi|§309+) (CDC?’I;L?GD*? - (CDg;lngIIDeCinlgi 46%)
CD31*CD34* | CD34*CD146*

Lung tissue

Intact control 3.82+0.25 4.08+0.27 1.05+£0.07 1.93+0.13 1.09+0.06

Ml+lung emphysema 8.01+0.53* 6.15+0.41* 4.92+0.33* 0.89+0.06* 0.82+0.05
Bone marrow

Intact control 0.27+0.02 12.96+0.86 0.47+0.03 7.11£0.47 5.34+0.36

MI+lung emphysema 0.69+0.05* 8.39+0.56* 0.40+0.03 5.92+0.39 4.90+0.33
Blood

Intact control 0.93+0.06 22.79+1.52 — 2.57+0.17 0.74+0.05

MI+lung emphysema 0.10+0.01* 11.76+0.78* — 29.66+1.98* 1.80+0.12*

Note. The results of three independent experimental series are presented. *p<0.05 in comparison with intact control.

ever, the number of the cells circulating in the blood
significantly increased (Table 1). Insufficiency of re-
generation mechanisms in the microvasculature dur-
ing the combined pathology can be explained by the
deficiency of pericytes and smooth muscle cells in the
damaged lungs.

Therefore, hyperglycemia and dyslipidemia associ-
ated with combined MD and lung emphysema affect the
cells contributing to angiogenesis. The recruiting of pro-
genitors of endothelial cells in the alveolar tissue is ac-
companied by the impairment of migration of pericytes
and smooth muscle cells. Thus, pericytes and smooth
muscle cells can be markers of impaired regeneration of
the alveolar endothelium in patients with combined MD
and COPD. Some chemokines can restore the migration
of pericytes and smooth muscle cells.

REFERENCES

1. Chuchalin AG, Tseimakh IYa, Momot AP, Mamaev AN, Kar-
byshev 1A, Kostyuchenko GI. Changes in systemic inflamma-
tory and hemostatic reactions in patients with exacerbation
of chronic obstructive pulmonary disease with concomitant
chronic heart failure and obesity. Pul’monologiya. 2014;(6):25-
32. Russian.

2. Agusti A, Barbera JA, Wouters EF, Peinado VI, Jeffery PK.
Lungs, bone marrow, and adipose tissue. A network approach
to the pathobiology of chronic obstructive pulmonary disease.
Am. J. Respir. Crit. Care Med. 2013;188(12):1396-1406.

3. Ambasta RK, Kohli H, Kumar P. Multiple therapeutic effect of
endothelial progenitor cell regulated by drugs in diabetes and
diabetes related disorder. J. Transl. Med. 2017;15(1):185. doi:
10.1186/812967-017-1280-y

4. Cameron DP, Poon TK, Smith GC. Effects of monosodium
glutamate administration in the neonatal period on the diabetic
syndrome in KK mice. Diabetologia. 1976;12(6):621-626.

5. Diez-Manglano J, Barquero-Romero J, Almagro P, Cabrera FJ,
Loépez Garcia F, Montero L, Soriano JB; Working Group on
COPD; Spanish Society of Internal Medicine. COPD patients
with and without metabolic syndrome: clinical and functional
differences. Intern. Emerg. Med. 2014;9(4):419-425.

6. Doyle MF, Tracy RP, Parikh MA, Hoffman EA, Shimbo D,
Austin JH, Smith BM, Hueper K, Vogel-Claussen J, Lima
J, Gomes A, Watson K, Kawut S, Barr RG. Endothelial pro-
genitor cells in chronic obstructive pulmonary disease and em-
physema. PLoS One. 2017;12(3. ID e0173446. doi: 10.1371/
journal.pone.0173446

7. Garcia-Rio F, Soriano JB, Miravitlles M, Mufloz L, Duran-
Tauleria E, Sanchez 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(8). ID e105220. doi: 10.1371/journal.pone.0105220

8. Hanson C, LeVan T. Obesity and chronic obstructive pulmo-
nary disease: recent knowledge and future directions. Curr.
Opin. Pulm. Med. 2017;23(2):149-153.

9. Lamonaca P, Prinzi G, Kisialiou A, Cardaci V, Fini M, Rus-
so P. Metabolic disorder in Chronic Obstructive Pulmonary
Disease (COPD) patients: towards a personalized approach
using marine drug derivatives. Mar. Drugs. 2017;15(3). pii:
E81. doi: 10.3390/md15030081

10. Matsushita K, Dzau VJ. Mesenchymal stem cells in obe-
sity: insights for translational applications. Lab. Invest.
2017;97(10):1158-1166.

11. Matyskova R, Maletinska L, Maixnerova J, Pirnik Z, Kiss A,
Zelezna B. Comparison of the obesity phenotypes related to
monosodium glutamate effect on arcuate nucleus and/or the
high fat diet feeding in C57BL/6 and NMRI mice. Physiol.
Res. 2008;57(5):727-734.

12. Miller J, Edwards LD, Agusti A, Bakke P, Calverley PM,
Celli B, Coxson HO, Crim C, Lomas DA, Miller BE, Ren-
nard S, Silverman EK, Tal-Singer R, Vestbo J, Wouters E,
Yates JC, Macnee W; Evaluation of COPD Longitudinally to
Identify Predictive Surrogate Endpoints (ECLIPSE) Investiga-
tors. Comorbidity, systemic inflammation and outcomes in the
ECLIPSE cohort. Respir. Med. 2013;107(9):1376-1384.



340

13.

14.

Nusaiba S, Fatima SA, Hussaini G, Mikail HG. Anaemogenic,
obesogenic and thermogenic potentials of graded doses of
monosodium glutamate sub-acutely fed to experimental Wistar
rats. Curr. Clin. Pharmacol. 2018;13(4):273-278.

Sasaki Y, Suzuki W, Shimada T, lizuka S, Nakamura S, Na-
gata M, Fujimoto M, Tsuneyama K, Hokao R, Miyamoto K,
Aburada M. Dose dependent development of diabetes mellitus
and non-alcoholic steatohepatitis in monosodium glutamate-
induced obese mice. Life Sci. 2009;85(13-14):490-498.

Bulletin of Experimental Biology and Medicine, Vol. 168, No. 3, January, 2020 PHARMACOLOGY AND TOXICOLOGY

15. Skurikhin EG, Pershina OV, Pakhomova AV, Pan ES, Krupin

VA, Ermakova NN, Vaizova OE, Pozdeeva AS, Zhukova MA,
Skurikhina VE, Grimm WD, Dygai AM. Endothelial progeni-
tor 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(5). pii: E1105. doi: 10.3390/ijms20051105




	ABSTRACT

	MATERIALS AND METHODS
	RESULTS
	REFERENCES



