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Pe3stome. Ycnexu cOBpeMeHHON MEANLMHBI NO3BONAOT BbiXaXuBaTb rNyObOKO HEJOHOLIEHHbIX AETEN, HO Ha (hoHE
KM3HEHHO BaXHOW NCKYCCTBEHHOM BeHTUNsALMM nerkux (BJ) yacTo HabnogaeTcs pa3sutue «HoBon» GpoHxone-
rouHoit gucnnasum (BN11). Mockonbky BJ1 8o cux nop ocTaeTcs akTyanbHoit npobnemoi B neamatpum, Heobxognma
paspaboTka HOBbIX NOAX0A0B K MOAENMPOBAHNIO JaHHO naTonoruv Ans 6onee TWaTENbHOrO U3yYeHUs naToreHesa
3aboneBaHns 1 noncka HoBbIX AW EKTUBHBIX MeTOA0B Tepanuu. Lienb Hawero nccnefoBaxns — nokasaTb BO3-
MOXHOCTb MogenuposaHus bJ1[ Ha Kpbicax, ucnonb3ys 14-0HEBHYI0 rMNEepPOKCMI0. B TeueHue Toro cpoka onbiTHas
rpynna HOBOPOXAEHHbIX XWBOTHbIX COAEpXanach B repMeETUYHON Kamepe ¢ NocTosiHHOW nogaven 80% kucnopoaa,
KOHTPOIbHAsA rpynna — npu HopMasbHbIX YCIOBUSX. [10 NCTEYEHUM 3TOTO BPEeMEHN NPOBELEHO U3MEPEHNE MACChI
Tena X1BOTHbIX, MOPPOMETPUS NErOYHON TKaHK, OLeHKa akcnpeccuu tnf-a, vegf. MpoTokon uccnepoBaHus 0aobpeH
KOMMCCHEN N0 KOHTPOMH COAEpKaHUs 1 MCnonb3oBaHus nabopaTopHbiX XMBOTHbIX PIBY «HMUL, um. B.A. Anma3osay.
B pesynbrate akcnepuMeHTa onbiTHas rpynna nokasana CyLeCTBEHHOE CHIKeHWe Habopa Macchl Tena XMBOTHBLIMM,
yNpoLieHne anbBeonsapusaLmum, npoBocnanuMTENbHYI0 peakLuio NEroYHON TKaHW U CHUXKEHWE BacKynoreHesa, Yto
COo0TBeTCTBYET theHoTUNy «HoBOW» BJ1[. CnegoBaTensbHO, AaHHbIN NOAXOA K MOLENMPOBAHUIO AUCNNA3NKU MOXET
obecneunTb NOTPEOGHOCTM B 4ACTM M3yYeHUs naToreHesa BPOHXONEroYHON AUCNNA3nN N UCCNEA0BAHMS HOBbIX
TepaneBTUYECKNX areHToB.

KntoueBble cnoBa: 6p0onnerquaﬂ ancnnasug; XnBoTHaa MoAesb; rmnepoKcus.
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Abstract. Advances in modern medicine make it possible to nurse very premature babies, but, due to vital mechanical
ventilation, the development of a “new” bronchopulmonary dysplasia is often observed. BPD is still an urgent problem
in pediatrics, it is necessary to develop approaches to modeling this problem for a more thorough study of the patho-
genesis of diseases and the search for new effective methods of therapy. The aim of our study is to show the possibility
of modeling bronchopulmonary dysplasia in rats using 14-day hyperoxia. During this period, the experimental group
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of newborn animals was kept in a sealed chamber with a constant supply of 80% oxygen, the control group under
normal conditions. After this time, an animal weight measurement, morphometry of the lung tissue, expression of tnf-a,
vegf were carried out. The study protocol was approved by the commission for the control of the maintenance and
use of laboratory animals AlImazov NMRC. As a result of the experiment, the experimental group showed a significant
reduction in animals weight, simplification of alveolarization, pro-inflammatory inflammation of the lung tissue and a
decrease in vasculogenesis, which corresponds to the «new» BLD phenotype. Therefore, the use of this rat model of
hyperoxia-induced BPD may fulfill the need for experimental models used in research of the BPD pathogenesis and

evaluation of potential therapeutic agents.

Key words: bronchopulmonary dysplasia; animal model; hyperoxia.

INTRODUCTION

Bronchopulmonary dysplasia (BPD) is a chronic multifacto-
rial condition of morphologically immature lungs that develops
in newborns, mainly in extremely preterm infants. BPD was first
described by Northway et al. in 1967 as a chronic pulmonary dis-
order developing in premature babies on mechanical ventilation.
This pathological process is associated with a high mortality rate
because of intense inflammation, necrotizing bronchiolitis, alveo-
lar metaplasia, active fibroblast proliferation followed by the deve-
lopment of fibrosis and scarring of the lung parenchyma, and sub-
sequent respiratory failure [3, 17, 21]. This condition is known as
“classic” or “old” BPD. Over the past three decades, the care and
treatment of premature infants have changed significantly. Nowa-
days, in the era of wide use of glucocorticosteroids, surfactants,
and less invasive mechanical ventilation modes, the pathomor-
phological patterns of the “classic” BPD are rarely seen, and the
survival rate has significantly increased. A “new” BPD is mainly
associated with delayed alveolar formation: less number of alveoli
and a significant decrease in the alveolar surface area along with
substantial damage to the vascular network, inflammation and
mild fibrosis [4, 7, 11, 20]. Despite the therapeutic success, the
average incidence of BPD in premature infants is still as high as
35% [3], and the patients have a high risk of mortality, long-term
hospitalization, chronic respiratory and cardiovascular diseases,
failure to thrive, and neurodevelopmental delay. Up to 50% of pe-
diatric patients with BPD are repeatedly admitted to hospital with-
in the first two years of their life. School-age children are prone
to more severe and frequent acute respiratory tract infections.
They have a higher risk of asthma-like symptoms, wheezing, in-
creased airway reactivity, exercise-induced dyspnea, and reduced
lung diffusion capacity. Adult patients may subsequently develop
the chronic obstructive pulmonary disease. Approximately 25%
of infants with severe BPD develop pulmonary arterial hyperten-
sion (PAH) manifesting in respiratory failure that results in chronic
hypoxia, hypercapnia, and acidosis [20, 27]. Despite the high
prevalence of BPD, no new medications have been approved for
the treatment of this disease over the past two decades. To date,
vitamin A, caffeine, and corticosteroids in the postnatal period are
the only medications that can decrease the incidence of BPD [21,
25]. Since BPD remains a relevant issue, new approaches and
new methods of treatment should be developed.

Intrauterine lung development is a highly organized process that
ultimately ensures normal gas exchange between the airways and
blood vessels. The limit of fetal viability corresponds to the transition
between the canalicular and the saccular stage of lung development
(22-24 gestation week) since the saccular stage is characterized
by the formation of primitive terminal airspaces, connective tissue
thinning, and the beginning of the surfactant production, which is
a positive factor for future gas exchange [23, 27]. Infants born so
early demonstrate hypoxemic respiratory failure due to insufficient
maturity of lung parenchyma and microvessels, the deficiency of
surfactant production, and often require mechanical ventilation. At
the same time, they are at a higher risk of oxidative stress because
of the immaturity of their antioxidant defense system, deficiency of
antioxidant enzymes and other bioantioxidants. Therefore, the fetus
is adapted to the hypoxic environment (4% O,), and even normal
atmospheric oxygen concentrations of 21% can lead to hyperoxic
lung injury and BPD development [9, 15, 31]. Morphologically im-
mature pulmonary epithelium does not provide effective mucociliary
clearance, thus also contributing to the development of inflamma-
tory reactions and poor prognosis of BPD [29, 30].

Excessive oxygen concentration caused by mechanical ven-
tilation can give rise to the formation of reactive oxygen species
(ROS), free radicals with high oxidizing ability. ROS damage
membranes, structural proteins, and nucleic acids, thus resulting
in cell death and tissue injury, and a subsequent pro-inflammatory
progression. There is an imbalance of pro-inflammatory cytokines
and growth factors. Tracheal aspirates of preterm infants with
BPD on mechanical ventilation demonstrated high concentrations
of IL-1, IL-6, cathepsin D, TNFa, monocyte chemotactic factors,
and macrophage inflammatory proteins [24]. In response to an
increase in the concentration of pro-inflammatory cytokines, ad-
hesion molecules and selectins are activated, contributing to the
infiltration of the lungs by inflammatory cells [22, 26].

Several cell types are involved in the pulmonary inflamma-
tory response. Macrophages are one of the key cells. Hyperoxic
exposure results in the macrophage polarization towards M1
(CD68-positive cells), with M2 (CD163-positive cells) phenotype
suppression [1]. M1 macrophages make a key contribution to
the development of an inflammatory response by synthesizing
a wide range of pro-inflammatory cytokines, while M2 macro-
phages have anti-inflammatory spectrum. Neutrophils attracted
to the site of inflammation by chemokines degranulate with the
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release of proteases. Dysregulation of the extracellular matrix is
one of the key pathways driving BPD pathogenesis. Matrix re-
modeling disrupts the normal development of alveolar structures
and the microcirculatory bed and is involved in major signaling
cascades such as VEGF, HIF, and TGFb. Neutrophil elastase
also activates the expression of IL-8, IL-1, IL-33 in the pulmo-
nary epithelial cells, causes metaplasia of goblet cells as well
as damage to the ciliary structures [29]. There are assumptions
about the involvement of mast cells and T-lymphocytes in the
pathogenesis, but their role is not completely clear [10, 14, 19].

In the presence of inflammation and matrix remodeling, inter-
cellular communications are disrupted, and since complex para-
crine interactions form the basis of the normal formation of the
pulmonary parenchyma and microcirculatory bed, the impairment
of further alveolarization and the development of the vascular bed
occurs resulting in BPD [24]. Since infant lung tissue samples with
lung dysplasia are virtually unavailable, we owe the progress in
understanding of the molecular and histological patterns of the
BPD pathogenesis to the use of animal models [23].

So far, there is no unique standardized animal model of BPD
that fully ensures the translational relevance. The histological lung
specimens obtained from infants who had died from BPD showed
impairment of alveolarization, the vascular bed development, as
well as inflammation [8], therefore, an animal model should also
demonstrate similar alterations. Different approaches are used to
simulate the BPD-like changes in model animal. The most com-
mon model that is based on the effects of oxygen, is the hyperoxia
model [2, 4, 12, 28].

The aim of our study is to identify key and, most importantly,
easy-to-detect morphological and molecular markers to confirm
the formation of bronchopulmonary dysplasia in an animal model
for the potential search for new therapeutic agents.

MATERIALS AND METHODS

Based on our objectives and needs, we selected a rat as our
model animal. Rodents have an advantage over other animals
in terms of modeling BPD since mice and rats are born during
the saccular stage of lung development, just like premature in-
fants. This stage in rodents starts during the intrauterine period
and ends by the fifth day of postnatal development. It should be
noted that birth during the saccular stage is typical for rodents,
therefore, newborn animals are already capable of normal gas
exchange with a sufficient amount of surfactant and active anti-
oxidant systems, which is not the case in premature humans [6,
13, 16]. Other significant advantages of the rodent model are a
short-term gestational period and numerous offspring, allowing to
perform experiments within a short amount of time and receive
statistically significant results [5, 18].

To induce bronchopulmonary dysplasia, newborn Wistar rats
were placed in a hermetically sealed controlled environment
chamber. A chamber with a built-in oxygen concentration con-
troller produced by Vetfactory (Russia) was used. Animals were
kept at a relative humidity 30-60% (measuring step 1%), tem-

perature 22-24 °C (measuring step 1 °C). The oxygen delivery
system was set to maintain 80% oxygen concentration. Nursing
females were changed daily in order to reduce the negative
effect of hyperoxia on adult animals, and rats were given ad
libitum access to food and water. Control animals were kept in
normoxia. Each group comprised of eight newborn rats from the
same litter. Animals were randomly assigned to the experimental
groups. After 14 days, the animals were euthanized, and histo-
logical examination and molecular genetic analysis of their lungs
were performed. Hematoxylin-eosin staining and CDG68 + light
immunohistochemistry (reaction with DAB — diaminobenzidine)
were used for histological examination of the lung tissue. Lung
samples for molecular genetic analysis were snap frozen im-
mediately upon receipt and stored at -80 °C. Frozen samples
were homogenized with a TissueLyzer (QIAGEN) for 10 minutes
at 45 Hz in Extract RNA reagent (Evrogen). The quality and
quantity of obtained RNA was estimated using the NanoDrop
3300 SpectroPhotometer (Thermo Fisher Scientific) and aga-
rose gel electrophoresis. cDNA was transcribed from RNA using
Random (dN) 10-primer (Evrogen) and MMLV RT kit (Evrogen)
primers according to the recommendations of the manufacturer.
The resulting cDNA was subjected to qPCR using a 7500 Re-
al-Time PCR System (7500 Software v2.3, Life Technologies
Ltd, Paisley, UK). The primer sequences used for gPCR to study
expression were as follows TNFa (F: ATGGGCTCCCTCTCAT-
CAGT, R: GCTTGGTGGTTTGCTACGAC), VEGFa (F: GCAG-
CGACAAGGCAGACTAT, R: TGGCACGATTTAAGAGGGGA)
Gapdh (F: CCAGTATGACTCTACCCACG, R: CATTTGATGT-
TAGCGGGATCTC). QPCR was performed for 40 cycles. Data
analysis was conducted using the 2-AACT method; relative
gene expression was normalized on the GAPDH gene expres-
sion level. Statistical analysis was carried out using GraphPad
Prism Software (version 9.3.1), the results were considered sig-
nificant if the p-value was less than 0.05 (p <0.05).

The protocol of the present study was approved at a meeting
of the commission for the control of the maintenance and use of
laboratory animals (IACUC Almazov NMRC) on March 29, 2019.

RESULTS

The average weight of the study group animals at the
time of euthanasia was 9% less than the average weight of
the control animals (Figure 1). Histological examination of the
lung specimens was performed to assess the average area of
the lung tissue per field of view. In the study group, this area
was 54.2+3.2 vs 68.4 +2.2 in the control group (Figure 2). The
lungs of the study group animals demonstrated a less complex
alveolar structure. CD68-positive cells occupied 25+6 and
3+ 2 of the field of view in the study group and control group
specimens, respectively (Figure 3). Molecular genetic analysis
demonstrated increased expression of tumor necrosis factor-al-
pha (TNFa; a proinflammatory factor), as well as reduced ex-
pression of the vascular endothelial growth factor (VEGF) in
the study group, indicating limited vascularization (Figure 4).
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These data allowed making a conclusion that following 14-day Weight, g
exposure to hyperoxia, the study group animals developed the 35
phenotype of BLD. 30
CONCLUSION 2
20

Despite the fact that BPD is a multifactorial disorder, the 15
key element of its pathogenesis is hyperoxia-induced lung tis- 10
sue damage during mechanical ventilation of immature lungs.
Therefore, hyperoxia-induced BPD may be considered an
optimal animal model. Our study has demonstrated that 14- 0
day exposure to hyperoxia (80% oxygen concentration) as- Il Control / Normoxia [ Experiment / Hyperoxia
sociated with: 1. Less complex alveolar structure; 2. Increase
CD68-positive cells; 3. Increase expression of TNFa; 4. De-
crease expression VEGF. So, these criteria can be used as indi-
cators of developed BPD in an animal model and this approach

(8]

Fig.1.  Mean body weight of animals on the 14" day of their post-
natal life. The mean weight was 32.1 g and 29.4 g in the
study group and the control group, respectively, indicating
9% weight reduction

Control/Normoxiay Experiment/Hyperoxia

Fig.2.  Histological examination, hematoxylin-eosin, x 10 magnification. The sections obtained from the study group animals demonstrated less
complex alveolar structure and a significant decrease in the mean area occupied by the lung tissue (by 14% compared with the speci-
mens obtained from the control group animals). Scale bars indicate 200 pm

Control/Normoxia Experiment/Hyperoxia

Fig. 3. Histological examination of the lung tissue. Staining: CD68 +light immunohistochemistry (reaction with DAB — diaminobenzi-
dine), x 10. The quantity of CD68-positive cells was 88% higher in the experimental group compared with the control group. Scale
bars indicate 200 ym
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Fig.4. Changes in TNFa and VEGF expression levels. The exper-

imental group has a significant increase in TNF-o. and a
decrease in VEGF expression levels, indicating an active
inflammatory reaction and reduced vascularization

to modeling dysplasia may open the need for a study of the
pathogenesis of bronchopulmonary dysplasia and the seach of
new therapeutic agents.

AONONHUTENbHAA UHOOPMALINA

Bknap aBTopoB. Bce aBTOPbI BHECN CYLYECTBEHHbBIN BKNag
B pa3paboTky KOHLENLWKM, NpoBeaeHne UCCNeAoBaHUs 1 NOAro-
TOBKY CTaTb, MPOYnM 1 ofobpunn duHanbHy0 BEpCUIO nepea
ny6nmkaumen.

KoHtnukT uHTepecoB. ABTOpbI AEKMapUpYOT OTCYTCTBUE
SIBHbIX M NOTEHUMaNbHbIX KOH(IMKTOB MHTEPECOB, CBSA3aHHbIX C
nybnukauuen HacTosLLen cTaTbi.

WUcTouHuk uHaHcMpoBaHms. ABTOpbI 3asBNstOT 06 OTCYTCT-
BMM BHELLHETO (PUHAHCUPOBAHMUS MY NPOBEAEHNN UCCIIELOBaHNS.

OKCNEepUMEHTBI C XUBOTHLIMM NPOBOAMIN B COOTBETCTBUM C
MexayHapoaHbiMu npasunamu (Qupektuson 2010/63/EU Esponeit-
ckoro napnameHTa 1 Coeeta EBponeiickoro cotosa oT 22 ceHTsI0ps
2010 roga Mo OXpaHe XWBOTHbIX, UCTOMb3YEMbIX B HAy4HbIX LieMsix/)
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