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Abstract 

Introduction. The liquids of electronic nicotine delivery systems (ENDS), which have the multi-component composition, 

represent a major environmental hazard, as they contain extremely toxic substances. Although the popularity of this form 

of smoking grows, the data on the biological effects of long-term exposure of animals and humans to e-cigarette and vape 

components are insufficient. The aim of the present study is to investigate the morphofunctional state of the lungs and 

main organs of detoxification in Djungarian hamsters under long-term exposure to ENDS aerosol. 

Materials and Methods. The research was conducted in 2021 in the colony of laboratory Djungarian hamsters kept at the 

Institute of Systematics and Ecology of Animals SA RAS. Thirty-six hamsters were divided into two groups. During 80 

days, animals in the experimental group (10 females and 10 males) were exposed to vapour from heating the X-3 Yoghurt 

Pear liquid. The procedure was performed twice a day for 10 minutes, with a 2-hour interval. Hamsters in the control 

group (8 males and 8 females) were placed in exposure chambers but were not exposed to vapour. At the end of the 80-

day experiment, the animals were decapitated, and organs were collected for preparing thin histological sections. The 

specimens were stained with Boehmer’s hematoxylin and eosin. Collagen distribution was determined using the Mallory 

method. Histological specimens of organs were examined under transmission light microscope 

Results. In experimental animals exposed to toxic vapour, a homogeneous black substance was detected in bronchial 

epithelial cells and in the alveolar interstitium. In the lung parenchyma, signs of developing interstitial pneumonia, ate-

lectasis, emphysema, and obstructive bronchitis were detected, indicating impaired ventilation-perfusion relationships in 

the lung tissue and gas exchange disorder. In the kidneys, the homogeneous substance was localized in the lumen of renal 

tubules. Light optical microscopy revealed the main signs of lethal damage in renal epithelial cells. Strongly expressed 

dilation of the renal glomerular capillaries, coupled with a nearly 2-fold reduction in the surface area of renal corpuscles 

compared to control samples, indicates impaired hemodynamics and disrupted renal reabsorption-filtration function. Re-

garding the liver, a high level of localization of evolutionarily adapted to detoxification dark hepatocytes dying by apop-

tosis in the centrilobular region of the lobule, indicates the involvement of toxic substances in this process, which enter 

the liver with the blood. 

Discussion and Conclusion. The experiment demonstrated the general pathogenic effects of ENDS aerosol on the lungs 

and organs of detoxification in animals after long-term exposure to it. Such studies are necessary in the context of the 

observed growth of consumption of the nicotine delivery systems at the global market.  

Keywords: electronic nicotine delivery systems, ENDS, e-cigarette aerosol, vapes, Djungarian hamsters, long-term ex-

posure, morphofunctional changes, lungs and organs of detoxification, renal failure, hepatocyte apoptosis 
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Аннотация  

Введение. Многокомпонентный состав жидкостей для электронных систем доставки никотина (ЭСДН) представ-

ляет большую опасность для экологии, так как содержит чрезвычайно токсичные вещества. Несмотря на расту-

щую популярность этого вида курения, данных о биологических эффектах длительного влияния состава элек-

тронных сигарет и вейпов на организм животных и человека недостаточно. Цель настоящей работы — исследо-

вать морфофункциональное состояние легких и центральных органов детоксикации джунгарских хомячков при 

длительном воздействии аэрозоля ЭСДН.  

Материалы и методы. Работа выполнена в 2021 г. на лабораторной колонии джунгарского хомячка, содержа-

щейся на базе ИСиЭЖ СО РАН. 36 хомячков разделили на две группы. Животных опытной группы (10 самок 

и 10 самцов) в течение 80 дней подвергали воздействию пара, полученного при нагревании жидкости X-3 Yoghurt 

Pear. Процедуру проводили каждый день в течение 10 мин, по 2 раза с интервалом в 2 ч. Хомячков контрольной 

группы (8 самцов и 8 самок) помещали в затравочные камеры, но не подвергали воздействию пара. По заверше-

нии 80 дней эксперимента производили декапитацию животных и забор органов для изготовления микросрезов. 

Обзорные препараты окрашивали гематоксилином Бемера и эозином. Распределение коллагена определяли по 

методу Маллори. Гистологические препараты органов изучали в проходящем свете с помощью микроскопа.  

Результаты исследования. У животных опытной группы в результате экспозиции токсичным паром выявлено 

наличие гомогенного вещества черного цвета среди клеток эпителия бронхов и в интерстиции альвеолярных ме-

шочков. В паренхиме легкого обнаружены признаки развивающейся интерстициальной пневмонии, ателектаза и 

эмфиземы, обструктивного бронхита, что свидетельствует о нарушении вентиляционно-перфузионных отноше-

ний в легочной ткани и газообмена. В почках локализация гомогенного вещества отмечена в просвете канальцев 

нефрона. На светооптическом уровне основные признаки летального повреждения характерны для клеток нефро-

телия. Ярко выраженная дилатация капилляров почечного клубочка в совокупности со снижением площади по-

чечных телец практически в 2 раза, по сравнению с контрольными образцами, указывает на нарушение гемоди-

намики и реабсорбционно-фильтрационной функции почек. В печени высокий уровень локализации гибнущих 

апоптозом темных гепатоцитов центролобулярной зоны дольки, эволюционно приспособленных к детоксикации, 

указывает на причастность к этому процессу токсических веществ, поступающих в печень с кровью.  
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Обсуждение и заключение. В ходе эксперимента доказано общепатогенное воздействие аэрозоля ЭСДН на лег-

кие и органы детоксикации животных при длительном применении. Подобные исследование необходимы в усло-

виях наблюдающегося роста потребления данных средств доставки никотина на мировом рынке. 

Ключевые слова: электронные системы доставки никотина, ЭСДН, аэрозоль электронных сигарет, вейпы, джун-

гарские хомячки, длительное воздействие, морфофункциональные изменения, лёгкие и органы детоксикации, 

почечная недостаточность, апоптоз гепатоцитов 

Декларация о соблюдении принципов Европейской конвенции о защите позвоночных животных, исполь-

зуемых для экспериментов и других научных целей: авторы заявляют, что все проведенные исследования со-

ответствовали принципам конвенции и правилам надлежащей лабораторной практики. 
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Introduction. Electronic nicotine delivery systems 

(ENDS) first became widely available in Europe in 2006 

and turned into the most popular alternative to conven-

tional cigarettes [1–6], especially among young people 

and adolescents of the age of 14 and older [1, 7–10]. The 

most hazardous for the environment are the multi-compo-

nent electronic cigarette (EC) liquids, which contain more 

than 30 toxic chemicals, including carbonyl compounds 

(aldehydes, ketones), metals, propylene glycol, and glyc-

erol [11–16]. Moreover, carbonyl compounds include ex-

tremely toxic substances such as acrolein (maximum per-

missible concentration (MPC) in air 0.03 mg/m3) and for-

maldehyde (MPC 0.05 mg/m3), which irritate the mucous 

membranes of internal organs, as a minimum [17]. Also, 

acrolein causes mutagenesis in bacteria and yeast, exhib-

its mutagenic properties in mammalian cell cultures, and 

reduces activity of some components of the immune de-

fence [18]. 

Studies examining the effects of two essential compo-

nents of ENDS—propylene glycol and glycerin—show 

that propylene glycol, when aerosolized into the alveoli, 

boosts the destruction of surfactant, which ensures lung 

compliance and prevents lung tissue adhesion. This effect 

leads to pulmonary collapse (atelectasis), while adjacent 

areas undergo compensatory overstretching, causing em-

physema. Propylene glycol is also considered a stimulat-

ing factor in the formation of squamous cell metaplasia of 

the larynx. In rats subjected to inhaling glycerin vapour, 

metaplasia of epiglottal epithelium was observed [19]. It 

is also known that glycerin heated in an e-cigarette up to 

500°C transforms into acrolein mentioned above. 

Apart from the main components, the ENDS also use a 

variety of flavouring agents. The Generally Recognized as 

Safe (GRAS) list includes flavouring agents for ingestion, 

however, the number of studies on inhaling the aerosols 

containing such substances is few. For example, it has been 

proven that inhalation of diacetyl contained in e-liquid 

causes obliterating bronchiolitis, the so-called “popcorn 

lung” disease (the phenomenon was identified in the early 

2000s due to the mass illnesses of workers of popcorn fac-

tories) [20]. At some factories, diacetyl was replaced by 

acetylpropionyl, but even then, researchers from the US 

National Institute for Occupational Safety and Health 

(NIOSH) had to note significant deviations in the spirom-

etry readings of workers at such factories [21, 22]. In 

ENDS, these substances are used to impart buttery or car-

amel flavour, although pulmonary toxicity of acetylpropi-

onyl to mammals has been proven. For example, rats ex-

posed to it developed fibrosis and necrosis of the respira-

tory tract tissue; in mice exposed to the inhalation test 

(methacholine challenge test) more severe bronchocon-

striction was observed [23]. On the whole, despite more 

than 7000 ENDS flavours resulting from the range of fla-

vouring agents available on the market [24], only three 

studies have been published on the effects of flavouring 

agents on the organism [15, 25, 26]. 

A considerable amount of information can be found in 

the literature on the effects of electronic cigarettes and 

vapes on the organism of mammals. For example, it has 

been proven that exposure to ENDS vapour altered pulmo-

nary function in rats [27]; reduced the conductivity of ion 

channels in sheep bronchial epithelial cells, and also led to 

mucus hyperconcentration [28]. A significant increase in 

pro-inflammatory cytokines was recorded in the lungs of 

rats [29], as well as development of the lipoid pneumonia 

[30]. It was also found that steaming with nicotine-free liq-

uid affected the vital organs, which manifested in interalve-

olar septa thickening in the lungs of rats, filling the bron-

chial tubes with mucus obstructing the lumen, and lym-

phoid infiltration in bronchial tubes. In the kidneys, a three-

fold expansion of the lumens in the Shumlyansky-Bowman 

capsules was recorded, along with the damage of the renal 

corpuscles and the epithelium of the proximal tubules [31]. 

https://doi.org/10.23947/2949-4826-2025-24-4-43-54
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It was noted that numbers of bronchitis, pneumonia, and 

lung cancer have increased in dogs in large cities [32]. Sev-

eral studies revealed the hepatotoxicity of e-cigarette liq-

uids in rats [33]. However, the information on the biologi-

cal effects of long-term use of e-cigarettes and vapes is in-

sufficiently presented in the scientific literature. 

The aim of the present study is to investigate the mor-

phofunctional changes in the lungs and main organs of de-

toxification of Djungarian hamsters (Phodopus sungorus) 

during long-term exposure to e-cigarette and vape aerosols. 

Materials and Methods. The research was conducted 

in 2021 at the Institute of Systematics and Ecology of An-

imals, Siberian Branch of Russian Academy of Sciences 

and the Experimental and Applied Biology Research and 

Educational Centre of Novosibirsk State Pedagogical Uni-

versity. The work was performed with the colony of labor-

atory Djungarian hamsters (Ph. sungorus) kept under 

12L/12D photoperiod at a temperature of +22 ºC in stand-

ard cages (26 × 36 × 20 cm). Experimental animals (n = 

36) were randomly divided into experimental and control 

groups: the experimental group included 10 males and 10 

females; the control group included 8 males and 8 females. 

During 80 days of experiment, hamsters in the experi-

mental group were exposed to vapour from heating X-3 

Yoghurt Pear liquid (PRIDE VAPE, Russia) containing 

glycerin and propylene glycol in a 70/30 ratio, nicotine at 

a dose of 3 mg/ml, and “Yogurt” and “Pear” flavouring 

agents. The vapour exposure consisted of inflowing ciga-

rette vapour by means of a pump and filling with it the en-

tire chamber two times with a 5-minute interval. After 10 

minutes, the animals were removed from the containers. 

The procedure was performed daily, twice a day, with a 2-

hour interval. Hamsters from the control group were deliv-

ered to the experimental room after removing the air with 

aerosol particles from the room, and then placed in the 

challenge chambers without exposure to ENDS vapour. 

The experimental setup included a container for animal 

exposure to vapour. For this purpose, the plastic food contain-

ers of the dimensions 10 x 17 x 4 cm, and volume of 0.7 l, 

with tight-fitting lids were used. To optimize the process, two 

containers connected with 4 mm hoses (Boutte, Italy) were 

used simultaneously. A pump (Intex, China) with a volume of 

V~1.594 l was used to pump aerosol into the chambers. 

To study the morphofunctional state of the lungs and 

main organs of detoxification, the lungs, kidneys, and liv-

ers of the animals from both groups were collected after 

decapitation and fixed in 10% neutral formalin. Tissue 

samples of these organs were dehydrated and clarified in 

isopropyl alcohol in compliance with the tissue processing 

protocol. The test specimens were embedded in paraffin 

blocks, and afterwards the series of 6-μm-thick slices were 

cut using a Slee Medical CUT 5062 rotary semiautomated 

microtome (SLEE Medical GmbH, Germany). These slices 

were mounted on glass slides using a 1:1 protein-glycerol 

mixture. The slides were stained with Böhmer’s hematox-

ylin and eosin. Collagen distribution was determined using 

the Mallory method [34]. 

Histological preparations of the organs were examined 

under transmission light microscope Axio Imager M2 with 

AxioVision Z2 M2 image analysing module (Carl Zeiss, 

Germany). Images were taken using an AxioCam HR CCD 

camera with Zen Lite software (Carl Zeiss, Germany). All 

images contained a scale bar. 

Statistical data were processed by calculating arithme-

tic means (x) and their errors (Sx). Differences in parame-

ters between the experimental group compared to those in 

the control group were assessed using the Student’s t-test 

and were considered significant at p ≤ 0.05. All calcula-

tions were performed using commonly accepted formulas 

and Microsoft Excel 2010. 

Results. The morphological pattern of the lung paren-

chyma of animals from the control group generally corre-

sponded to the normal structure of this organ (Fig. 1 a, b, 

c). In the preparations stained with Böhmer’s hematoxy-

lin and eosin, bronchi of various calibres were clearly vis-

ible (Fig. 1 a, c). In large bronchi, multilayered and co-

lumnar structure of epithelium was observed (Fig. 1 c). In 

the lumen, mucous secretion and weakly expressed des-

quamation of the epithelium were identified mainly at the 

site of transition of the terminal bronchioles into respira-

tory ones. Intralobular blood vessels were filled with 

blood plasma. The morphological pattern of the alveoli, 

which included capillary endothelial cells, type-1 and –2 

alveolar cells, and macrophages, corresponded to the 

norm (Fig. 1 b, c) [35-36]. 

In the examined lung tissue specimens of animals from 

the experimental group, changes affecting the lung paren-

chyma and interstitium were detected. In the specimens, al-

ternating foci of atelectasis and emphysema were visible 

(Fig. 2a). Complexes of desquamated epithelial cells were 

visible in the lumen of the bronchi and bronchioles (Fig. 2a, 

b). The epithelium of the mucous membrane had lost its mul-

tilayered structure. At high magnification, the columnar ep-

ithelial cells were noticed to lose their cilia. In the lamina 

propria of the mucous membrane, signs of edema and swell-

ing of the fibrous components of connective tissue were vis-

ible. Blood vessels of the lamina propria were excessively 

dilated, filled with plasma and blood cells. Among the latter, 

leukocytes were identified (Fig. 2c). 

The interalveolar septa and the walls of the alveolar 

sacs were thickened due to plasma impregnation and capil-

lary congestion (Fig. 2a). Macrophages, segmented neutro-

phils, and lymphocytes were found in the alveolar lumens 

(Fig. 2c). A typical feature found in the lung specimens of 

animals from the experimental group was an excessive in-

crease in the number of type-2 alveolar cells (Fig. 2c). 

Among type-1 epithelial cells, cells with pyknotic nuclei 

were often found. Capillaries and venules were congested. 

Perivascular connective tissue was loose and edematous. 

Endothelial cells of the alveolar capillaries were swollen. 

The nucleus was large, with a high content of heterochro-

matin, as a rule, and was bulged into the lumen of the ca-

pillaries (Fig. 2d). 
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b) 

 

а) c) 

Fig. 1. Lung specimen of a Djungarian hamster from the control group. Stained with Böhmer’s hematoxylin and eosin. Black arrow 

indicates bronchi; asterisk — columnar epithelium; black arrowhead — alveolar epithelium; light arrowhead — macrophages; oval 

— alveoli; square — epithelial desquamation  

  

а) b) 
  

c) d) 

Fig. 2. Lung specimen of a Djungarian hamster from the experimental group. Stained with Böhmer’s hematoxylin and eosin. The 

oval indicates an area of emphysema; the rectangle —atelectasis; the circle — epithelial desquamation; the black arrow — bronchial 

epithelium; the dotted arrow —leukocyte infiltration; the black arrowhead — plasma impregnation of the alveolar walls; the asterisk 

— edema of the lamina propria; the curly bracket — edema of the perivascular connective tissue. 2c: the black arrowhead indicates a 

type-2 alveolar cell; the asterisk — a type-1 alveolar cell  



Sakharov AV, et al. A Study on Morphofunctional State of Djungarian Hamster (Phodopus Sungorus) Lungs… 

 

 

h
tt

p
s:

//
w

w
w

.v
et

p
at

.r
u
 

48 

A typical feature of lung tissue in animals from the 

experimental group was localization of homogeneous 

black substance among bronchial epithelial cells and in 

the interstitium of the alveolar sacs (Fig. 3a). A histo-

chemical reaction for collagen according to Mallory 

method revealed intense staining of slices for this protein 

in the stroma at the periphery of segmental, intrasegmen-

tal, and intralobular bronchi, arteries, and veins of the 

lung. In the interstitium of the lung tissue, the reaction  

for collagen was moderate (Fig. 3b, c). 

When studying kidney specimens of hamsters from 

the experimental group, a statistically significant de-

crease in all studied parameters of the renal glomeruli was 

found compared to the control group, which indicates a 

decrease in the functional activity of the kidneys in ani-

mals exposed to vapour (Table 1). 

 

 

b) 

 

а) c) 

Fig. 3. Lung specimen of a Djungarian hamster from the experimental group: a — staining with Böhmer’s hematoxylin and eosin; b, 

c — reaction for collagen according to Mallory method. The oval indicates the area of epithelial desquamation; the asterisk — 

positive reaction for collagen at the periphery of the segmental and intrasegmental bronchi; the black arrow — localization of 

homogeneous black substance  

Table 1 

Morphological features of the renal corpuscle structures 

Renal corpuscle parameters  Control group Experimental group 

Renal corpuscle surface area, µm2 160.45 ± 1.24 117.95 ± 2.87* 

Glomerulus size, μm2 131.97 ± 0.12 95.34 ± 0.17* 

Urinary space, μm2 45.2 ± 0.21 34.58 ± 0.28* 

Note: * — differences between the parameters of the control and experimental groups were significant (p ≤ 0.05)  

The glomerular vessels were excessively dilated, 

filled with plasma and blood cells. Endothelial and 

mesangial cells were swollen, erythrocytes had signs of 

sludge phenomenon (Fig. 4b, d). A typical pathomorpho-

logical feature of kidney specimens of animals from the 

experimental group was a high content of nephrothelial 

cells with signs of lethal damage in all parts of the neph-

ron. As a rule, the cytoplasm in dying nephrocytes does 

not stain with hematoxylin and eosin, the nucleus is hy-

perchromatic, the nuclear membrane is not identifiable 

(Fig. 4a, с). In the lumen of the distal and proximal con-

voluted tubules, as well as in the cytoplasm of nephro-

cytes, a fine granular black substance was noticeable  

(Fig. 4c). This sign was especially pronounced in the lu-

men of the collecting ducts and among the epithelial cells 

of this part of the nephron (Fig. 4c). 
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а) b) 

  

c) d) 

Fig. 4. Kidney specimen of a Djungarian hamster from the experimental group. Stained with Böhmer’s hematoxylin and eosin. The 

black arrowhead indicates nephrocytes with signs of lethal damage; the black arrow — fine granular black substance; the asterisk —  

erythrocytes with signs of sludge phenomenon  

At the light optical microscopy, hepatocytes of the cen-

trilobular and periportal zones of the liver lobule of animals 

from the experimental group differed by tinctorial proper-

ties [37]. The cytoplasm of light hepatocytes was intensely 

basophilic and filled with oxyphilic material (Fig. 5a, c). In 

liver specimens of hamsters from the experimental group, 

stained with hematoxylin and eosin, compared to the con-

trol group, the predominance of hepatocytes with pycnotic 

nuclei in the organ parenchyma was clearly visible (Fig. 

5a, b). Upon detailed examination of the specimens, it be-

came obvious that such cells were hepatocytes dying by 

apoptosis. Their distinctive features were pycnosis of the 

cells and margination of chromatin in the nucleus (Fig. 5c). 

The predominance of such cells in the centrilobular zone, 

responsible for detoxification, suggested that the liver of 

animals in the experimental group experienced a functional 

load that was beyond the physiological optimum, and its 

adaptive resources were not capable of providing an ade-

quate response to the effect of toxic substances (Fig. 5c). 

Discussion and Conclusion. The results of the study 

provide every reason to consider that the chosen design of 

hamster exposure to the vape aerosol results in structural 

and functional changes in the lungs, liver, and kidneys. 

Damage to the bronchial epithelium, alveolar epithelium, 

and microcirculatory endothelium was detected in the 

lungs. Light microscopy data do not allow us to identify 

damage to the structures of the air-blood barrier; however, 

the gross morphological changes detected in this compart-

ment indicate a disruption in the structural and functional 

organization of the basal membranes of capillaries and ep-

ithelial cells. This is known to lead to impaired microcir-

culation in the lungs, increased permeability of pulmonary 

capillaries, and the development of pulmonary edema. This 

may explain the presence of interstitial and alveolar edema 

and distelectasis (alveolar collapse alternating with expan-

sion) in the lung parenchyma, which develop with the par-

ticipation of leukocytes and macrophages [38–39]. 

In accordance with complementarity principle, which 

postulates the unity of structure and function, the detected 

hemodynamic changes lead to the disruption of ventilation-

perfusion relationships in lung tissue and to gas exchange 

disorder. The high level of type-2 alveolar cells in the tis-

sue can be explained by an increase in their proliferative 

activity in response to damage to the alveolar epithelium 

by substances contained in the vape aerosol. In addition to 

their role in surfactant synthesis, type-2 alveolar cells are 

deemed to be ensuring the detoxification. The combination 

of the detected lung changes suggests the pathological fea-

tures very similar to acute respiratory distress syndrome. 
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 а) 

 

b) c) 

Fig. 5. Liver specimen of a Djungarian hamster from the experimental group. Stained with Böhmer’s hematoxylin and eosin. The 

oval indicates the centrilobular zone of the liver lobule; the black arrow — hepatocytes with signs of apoptosis; the black arrowhead 

— hepatocytes with pyknotic nuclei  

Excessive dilation of glomerular capillaries in the ab-

sence of hypercellularity and mesangial edema may be 

due to the direct impact of biologically active molecules 

on the capillary walls, leading to capillary damage and 

disruption of blood circulation. The presence of an uni-

dentified homogeneous substance in the lumen of the 

proximal and distal sections of the nephron tubules and 

collecting ducts, suggests that this substance is trans-

ported through the glomerular basal membrane and enters 

the renal glomerulus from the general bloodstream. A de-

crease in the morphometric parameters of the structural 

components of the renal corpuscle in the kidney speci-

mens of animals from the experimental group, compared 

to the control group, provides every reason to suspect a 

disruption of the renal filtration-reabsorption mechanism 

and the development of renal failure. 

Despite the absence of the obvious signs of liver dam-

age, the abundance of evolutionarily adapted to detoxifi-

cation dark hepatocytes dying by apoptosis in the centri-

lobular zone of the liver lobule, indicates the involvement 

of toxic substances in this process, which enter the liver 

with the blood. 
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