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• Exhaust gases can lead to mitochondrial 
damage and oxidative stress in cells.

• Engine idling promotes cell death and 
inhibits cell proliferation.

• Cells exposed to exhaust gases may be 
capable of anastasis.
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A B S T R A C T

Despite the development of electromobility, diesel engines still constitute a significant share of transportation. 
Given the complex composition of diesel exhaust emissions and their potential cytotoxic effects, it is crucial to 
investigate their impact on cellular structures to better understand their implications for human health. The aim 
of this study was to investigate the impact of a Euro 6 diesel exhaust gas mixture on L929 cells. The research was 
conducted using the BAT-CELL method, which allows for the direct exposure of cells to pollutants under 
controlled laboratory conditions. Flow cytometry was employed to analyze the cell cycle and determine viability 
of cells, while transmission electron microscopy (TEM) was used to assess the ultrastructure of the cells. The 
results revealed significant changes in cell structure and differences in proliferation and viability depending on 
the engine operating conditions. Notably, exposure to exhaust gases during idling and at a speed of 120 km/h led 
to significant mitochondrial damage and the activation of death processes. These findings provide important data 
on the cytotoxicity of diesel exhaust gases and may contribute to a better understanding of the impact of pol-
lutants on human health.
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1. Introduction

Despite the development of electromobility (Koman et al., 2024), 
exhaust emissions from vehicles equipped with compression-ignition 
engines continue to be a subject of extensive research. The primary 
areas of focus include studies on the chemical composition of exhaust 
gases and its variability (Nabi et al., 2024), research on particulate 
matter and its characteristics (Ansari et al., 2024), new emission 
reduction technologies (Andrych-Zalewska et al., 2023), the impact of 
new biofuel blends on emissions (Kale and Krishnasamy, 2024) as well 
as the methods for monitoring emissions (Bortnowski et al., 2024) and 
their effects on human health (Kumar and Behera, 2024). Research on 
the cytotoxicity of exhaust emissions from engines is particularly 
important in the context of their impact on human health and the nat-
ural environment (Kęska et al., 2024). However, this issue is not suffi-
ciently addressed in the literature. Such research involves assessing the 
direct impact of chemical substances contained in exhaust gases on 
living cells, including the cells viability, proliferation, and the exhaust 
gases potential to cause DNA damage. These studies allow for the 
identification of potential cellular-level threats that may lead to serious 
health conditions, such as cancer, respiratory diseases, and cardiovas-
cular disorders.

In the context of environmental toxicology, cytotoxicity studies are 
significant because they allow for the assessment of the complex effects 
of the mixtures of substances present in exhaust gases, which may 
exhibit synergistic or antagonistic effects. Traditional emission tests, 
such as those required by the Euro emission standards, focus on the 
quantitative determination of specific pollutants but do not provide in-
formation on the actual impact of exhaust gases on living organisms 
(Kęska, 2023).

The Euro standards, introduced to limit the emission of harmful 
substances from motor vehicles, undoubtedly have a positive impact on 
air quality. These standards specify the maximum allowable concen-
trations for various compounds, such as hydrocarbons (HC), nitrogen 
oxides (NOx), carbon monoxide (CO), and particulate matter (PM). 
However, while the Euro 6 standards represent a significant step for-
ward in emission reduction, they do not fully account for the complexity 
of exhaust gas interactions with human health. The emission tests upon 
which these standards are based are conducted under controlled labo-
ratory conditions and focus on measuring specific substances under 
ideal conditions. In reality, road conditions, driving style, vehicle age, 
and chemical interactions in the atmosphere can significantly alter the 
toxicity of emitted exhaust gases. Moreover, the Euro standards do not 
consider the presence of numerous substances, interactions of which 
may lead to greater toxicity than the sum of the individual components. 
It has been repeatably scientifically proven that the toxicity of exhaust 
gases is determined by the hydrocarbons present in them. Among these, 
two particularly harmful groups of compounds stand out: polycyclic 
aromatic hydrocarbons (PAHs) and volatile organic compounds (VOCs), 
which can lead to carcinogenic changes and other serious health con-
ditions (Fu et al., 2024; Li et al., 2023).

The L929 cell line, derived from mouse fibroblasts, is used as a model 
to study the cytotoxicity of various environmental factors, including 
engine exhaust gases (Kęska et al., 2022). Flow cytometry is a key tool in 
cellular toxicity studies, allowing for precise determination of the DNA 
index and analysis of the cell cycle, enabling the assessment of cell 
proliferation and death (Darzynkiewicz et al., 2010). Additionally, 
transmission electron microscopy (TEM) is invaluable for imaging the 
ultrastructure of cells, allowing for the identification of even subtle 
morphological changes at the organelle level (Zawadzka-Knefel et al., 
2023). The use of the proposed methods in the study of the cytotoxicity 
of engine exhaust gases emitted from vehicles allows for a more 
comprehensive understanding of the effects of gas mixtures on living 
cells.

In this study, the impact of a mixture of exhaust gases from a diesel 
engine complying with Euro 6 emission standards on L929 cells was 

analyzed. The results obtained for different engine operating conditions 
were compared, allowing for the identification of harmful operating 
modes. The research was conducted using the advanced BAT-CELL 
method, which allows for direct contact of cells with the tested gas 
mixture under controlled laboratory conditions (Kęska et al., 2023). The 
findings are significant for assessing the health risks associated with 
exposure to pollutants from modern diesel engines, which are still 
widely used worldwide (Li et al., 2024; Rahman Adib et al., 2024).

2. Materials and methods

2.1. Research object

The tests covered exhaust gases emitted from a Volkswagen Passat 
Limousine 2.0 TDI passenger vehicle equipped with a diesel engine. The 
technical parameters of the vehicle are presented in Table 1. The vehicle 
has passed a technical inspection at a vehicle inspection station. An 
additional inspection was carried out at the testing site in order to ensure 
no defects of the vehicle. The inspection included a visual assessment of 
the engine compartment for leaks or irregularities in the operation of 
power unit components and for the tightness of the exhaust system.

The vehicle was approved before 2017 during the period of validity 
of the Euro 6 standard in the version D. The vehicle was powered by 
commercially available Ekodiesel ULTRA diesel oil with a biocomponent 
content not exceeding 7 %.

2.2. Method of exhaust gas sampling

The collection of exhaust gases emitted from the vehicle was carried 
out on the MAHA MSR 1050 chassis dynamometer. The test station, due 
to its ability to generate braking and driving torque, allows for simu-
lating the vehicle's movement resistance. In order to determine the ve-
hicle's movement resistance (rolling and air resistance coefficients), a 
coastdown test was performed. The vehicle's inertial resistance was 
determined by measuring the actual vehicle mass. The inertia compo-
nent in this case was negligible, measurements were carried out for a 
constant vehicle speed. Data from the tests was implemented into the 
test station's software, which, through the appropriate distribution of 
torque, simulated the vehicle's motion resistance during operation in 
real conditions. Before the main measurements have been performed, 
the external characteristics of the vehicle were determined.

The tests were carried out in four vehicle states: while stationary 
(engine idling), while driving at a speed of 50 km/h, and at 120 km/h 
(drive system ratio according to the gearbox control algorithm) and 
during forced DPF (Diesel Particular Filter) regeneration by Bosch KTS 
diagnostic software.

Each time, the engine and drive system were running at a tempera-
ture typical for a given condition. The conditions were met by main-
taining the vehicle at a defined operating point for a period of 15 min 
before the start of the tests until the vehicle's thermal equilibrium was 
achieved.

To collect exhaust gases, a silicone pipe with a metal extension was 
placed in the vehicle's exhaust pipe. The other end was connected to an 

Table 1 
Technical parameters of a vehicle with a diesel engine.

Fuel type Ekodiesel ULTRA

Displacement engine 1968 cm3

Maximum power 110 kW at 3500 rmp
Maximum torque 340 Nm at 1750–3000 rpm
Actual vehicle weight 1475 kg
Drive type 4 × 2
Gearbox type Manual, 6 gears
Year of production 2017
Exhaust emission level EURO 6D
Vehicle mileage 88520 km
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inert sampling bag placed in a special aspiration system.
For each vehicle condition, exhaust gases were collected into two 

prepared bags with a capacity of 10 dm3 in order to examine exhaust gas 
toxicity in in vitro tests. During sampling, the emission level of harmful 
exhaust gas components was monitored using an automatic exhaust gas 
analyzer MAHA MET 6.1, equipped with an NDIR (Non Dispersive Infra 
Red) infrared sensor to monitor the concentration of carbon monoxide, 
carbon dioxide and hydrocarbons, and an electrochemical oxygen 
sensor.

2.3. Cell culture

The research used the adherent fibroblast-like cell line L929 (ECACC 
85011425) obtained from the subcutaneous adipose tissue of mice, 
which can be used for toxicity testing. This line is a reference model used 
in the assessment of the cytotoxicity of biomaterials in accordance with 
the ISO-10993:5 standard (ISO-10993:5, Biologiczna ocena wyrobów 
medycznych – Część 5: Badania cytotoksyczności in vitro, n.d.).

2.3.1. Carrying out a cell culture
Cell culture was carried out using standard operating procedures 

(Paduch, 2019). The culture was carried out in MEM (Minimum 
Essential Medium) with Earle's Salts (Capricorn Scientific, Ebsdorfer-
grund, German) enriched with 10 % fetal bovine serum (FBS, Sigma- 
Aldrich, St. Louis, MO, USA) and 1 % L-glutamines, penicillin, strepto-
mycin, and an acidity regulator HEPES (Sigma-Aldrich). The culture was 
carried out in a humid atmosphere under standard conditions: 37 ◦C, 5 
% CO2 in a CELL 50 Comfort S CO2 incubator. Cells were passaged using 
0.25 % trypsin-EDTA solutions (Sigma-Aldrich) at 70 % confluence. The 
cells used for the analysis were at passages 12–14. Control imaging of 
cells during culture was performed using an AE31E trino inverted mi-
croscope with a maximum magnification of 400 times, equipped with a 
Moticam Pro S5 Lite camera.

2.3.2. Exposure of cells to exhaust gases
Twenty four hours before exposure to exhaust gases, cells were 

seeded into bottles with adherent medium with an area of 25 cm2 at a 
density of 28,000 cells/cm2. Cells were quantified using an Eve™ 
NanoEn Tek Inc. automatic cell counter.

The BAT-CELL Bio-Ambient-Tests method (patent, PL, No. 220670) 
was used to expose cells to a mixture of exhaust gases. The method 
enables the assessment of the toxic effect of gas mixtures on the health of 
living organisms. The prepared cell line, devoid of culture fluid, is 
placed in a sterile sampler. Then, the aspiration system draws exhaust 
gases into the sampler through an inlet pipe equipped with an anti-
bacterial filter that acts as a barrier to particulate matter. After exposure, 
the cells are flooded with culture fluid and the direct effect of toxic gases 

on living cells is examined using toxicological tests, for instance a 
viability test. The exposure time is selected individually depending on 
the type of gas mixture being tested. For exhaust gases, the exposure 
time was set to 7.5 min (Kęska et al., 2022). The flow parameters were 
adjusted to the shape of the sampler in such a way as to enable uniform 
contact of the gas particles with the cell surface and not to damage them 
mechanically. The flow rate of tested gases through the aspiration sys-
tem was set at 150 cm3/min (Kęska et al., 2023).

The conditioning chamber (Fig. 1) in which the samplers were placed 
was equipped with pressure and temperature sensors to ensure that the 
vital functions of the cell culture had been maintained. Elimination of 
the culture fluid was possible due to maintaining physical parameters, 
adjusted to the requirements of a given cell line, safe for the cells outside 
the incubator atmosphere for a specified period, and without the supply 
of nutrients. The cell line sampler was additionally protected at the inlet 
with an antibacterial filter. Three samples were exposed to each of the 
prepared simulated vehicle conditions and three control tests were 
carried out: a sampler with cells left in the laboratory, a sampler with 
cells exposed to vehicle ambient air (background) and a sampler without 
gas flow left in the BAT-CELL chamber.

The repeatability of the BAT-CELL Bio-Ambient-Tests method was 
estimated at the level of 5 %, which is a relatively low value compared to 
other biological methods (Janicka, 2013). The method error is related to 
the average reading error value from the tested samples and was 
determined during previous experiments.

2.4. Flow cytometry

Forty eight hours after exposure to the exhaust gas mixture (Kęska 
et al., 2022), the cells were subjected to cytotoxicity tests conducted 
with flow cytometry. DNA content index (DI) in cells at different phases 
of the cell cycle was measured using the Muse Cell Cycle kit and the 
Guava Muse cell analyzer (Cytek Biosciences). The measurement results 
are presented in the form of histograms and the percentage of cells in the 
main phases of the cell cycle. The percentage values of the coefficient of 
variation for individual samples (CV%) were determined. Muse 1.9.1 
Analysis software was used to process the data. In addition, cells were 
counted using the Muse Count & Viability kit. The total number of cells 
and the number of living cells were counted. Cell survival was presented 
as the percentage of viable cells relative to percentage of viable cells in 
the laboratory control. Both analyses were performed according to the 
manufacturer's recommended protocols (Luminex Corporation).

2.5. TEM imaging

Four samples were selected for preparation and imaging, including a 
laboratory control sample, samples after exposure to exhaust gases 

Fig. 1. A measurement system of gas toxicity evaluation by BAT-CELL (1 – cell sampler, 2 – cells without culture fluid, 3 – BAT-CELL chamber, 4 – aspirator, 5 – 
antibacterial filters, 6 and 7 – temperature and pressure sensors).

A. Kęska et al.                                                                                                                                                                                                                                   Science of the Total Environment 984 (2025) 179726 

3 



emitted: at idle speed, while driving at 120 km/h, and during forced DPF 
regeneration. Cells were processed as described before (Solarska-Ściuk 
et al., 2022). After 48 h exposure to the exhaust gas, the cells were 
treated with trypsin, washed in phosphate-buffered saline (PBS), and 
centrifuged (800 rpm, 5 min) to obtain pellets. Subsequently, the pellets 
were fixed in glutaraldehyde at room temperature (3.6 %, 25 min, 
SERVA Electrophoresis, Heidelberg, Germany). Subsequently, the fixa-
tive was removed by washing with 0.1 M cacodylate buffer (SERVA 
Electrophoresis) and distilled water during centrifugation (1800 rpm, 8 
min). Later, the cell pellets were entrapped into the fibrin clot, which 
had been prepared by combining 0.05 mL of bovine plasma thrombin 
(500 units of lyophilized powder solubilized in PBS; Sigma-Aldrich, 
Merck KGaA, Darmstadt, Germany) with 0.1 mL of fibrinogen (1 mg/ 
mL; Merck KGaA, Darmstadt, Germany).

The post-fixation of the samples was conducted for one hour using 
osmium tetroxide (1 %, v/v) dissolved in cacodylate buffer (Agar Sci-
entific, Stansted, Essex, UK). Subsequently, the samples were rinsed with 
0.1 M cacodylate buffer for a period of three minutes, three times. They 
were then dehydrated in increasing concentrations of ethanol, from 30 
% to 100 %, then in a mixture consisting of 90 % ethanol and 90 % 
acetone. Finally, they were dehydrated in graded acetone concentra-
tions, 90 %, 95 %, and 100 %. Subsequently, the samples were infiltrated 
with a mixture of epoxy resin (Epon 812, SERVA Electrophoresis) and 
acetone. The samples were embedded in capsules (embedding molds; 
Pelco, Ted Pella, Redding, CA, USA) using an epoxy resin consisting of 
glycid ether, methylicanhydric, and dodecenyl succinic anhydride in a 
3:1 ratio for 20 min, then in a 1:1 ratio for 60 min, and finally in a 1:3 
ratio for a further 60 min.

The cutting procedure entailed the preparation of semi-thin sections 
(600 nm) and ultrathin sections (70 nm) on the RMC ultramicrotome 
(Power Tome XL; Tucson, AZ, USA) with a diamond knife (Diatome, 
Nidau, Switzerland) derived from the epoxy blocks. The semi-thin sec-
tions were stained at 100 ◦C with 1 % toluidine blue (SERVA Electro-
phoresis). Rhodium‑copper grids (200 mesh, Maxta form, Ted Pella, 

Redding, CA, USA) with the ultrathin sections were counterstained with 
the lantanides solution (Uranyless, Mauressac, France) and 3 % Rey-
nold's lead citrate (Electron Microscopy Sciences, Hatfield, PA, USA) and 
then rinsed five times in ultrapure water (Millipore, Milli-Q® Reference 
system, Merck KGaA, Darmstadt, Germany).

The counterstained sections were observed with a transmission 
electron microscope (JEM-1011, JEOL, Tokyo, Japan) and imaged with 
a Morada camera (Olympus, Münster, Germany).

3. Results

3.1. Cytotoxicity tests

3.1.1. Cell cycle analysis of DNA
Measurement of DNA content using flow cytometry was performed 

to estimate the frequency of cells in different phases (G0/G1 versus S 
versus G2/M) of the cell cycle. Fig. 2 shows the population profile for the 
control and representative experimental samples. The entire population 
profile was analyzed. The profiles for the control samples: laboratory 
control and without flow, as well as for the speed of 50 km/h and with 
DPF, appear comparable. The background profile is similar to the profile 
for the speed of 120 km/h. A significant number of damaged cells with 
DI < 1 values are observed. The profile for idling, compared to the other 
profiles, is characterized by a lower cell count.

Fig. 3 shows the DNA content profile histograms. The gates on the 
histograms were set in a specific manner (Darzynkiewicz et al., 2010). 
The blue gate for the G0/G1 phase includes the first peak. The second 
purple gate defines the S phase. The third green gate for the G2/M phase 
includes the second peak. The percentage of cells in each phase of the 
cycle is noted in the upper right corner of the histograms.

Table 2 summarizes the calculated values for damaged cells, 
apoptotic sub-G1 cells, proliferating G0/G1 cells, cells in the S phase of 
the increase in the amount of DNA, G2/M cells with double genetic 
material, and polyploid cells. The table also includes the coefficients of 

Fig. 2. Cell cycle analysis of DNA - population profile.

A. Kęska et al.                                                                                                                                                                                                                                   Science of the Total Environment 984 (2025) 179726 

4 



Fig. 3. Cell cycle analysis of DNA – DNA content profile.
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variation (%CV) values for main phases. There is no formal arrangement 
for an acceptable maximum %CV of the average DNA content of cell 
population, i.e., an acceptable error in estimating the DNA content of 
cells (Darzynkiewicz et al., 2010). The highest percentage for sub-G1 
and the lowest for G0/G1 were recorded in the following samples: 
idling, background, and 120 km/h. Reduced percentage values for the 
G2/M phase were noted for the samples: idling (only 5.7 %), background 
(22.1 %) and 120 km/h (22.4 %). The lowest percentage value in the S 
phase was recorded in the control laboratory sample and for idling. The 
percentage of polyploid cells was also calculated. For the 50 km/h 
sample, the percentage of polyploid cells (8.2 %) was half of the control 
laboratory sample (16.0 %). The %CV values for the G0/G1 phase 
ranged between 10.6 % and 13.9 %, for the S phase ranged between 3.4 
% and 6.7 %, for the G2/M phase ranged between 8.1 % and 13.2 %.

3.1.2. Viability of cells
The cell cycle study results revealed a low cell count for the idling 

sample. This was confirmed by the cell viability test conducted using 
flow cytometry. Research data are presented in Table 3. Three repeti-
tions were performed for the samples exposed to engine exhaust gases.

Fig. 4 shows the average percentage of total cells after exposure to 

engine exhaust compared to the laboratory control. The lowest total cell 
count was recorded for idle running, which was 22 % lower than in the 
laboratory control. Additionally, the percentage of living cells is marked 
with green and the percentage of dead cells with red.

3.2. Imaging of cells

The ultrastructure of cells was evaluated using transmission electron 
microscopy. Cells general morphology is compared in Fig. 5 and detailed 
ultrastructure – in Fig. 6. Control cells (Fig. 5A, B) exhibit a normal 
morphology that is typical for cultured mouse fibroblast cells. The nu-
cleus (Nu) displays clear, mostly euchromatic nucleoplasm, with one or 
two nucleoli. The cytoplasm contains numerous normal organelles, 
including proper mitochondria. General morphology of cells exposed to 
idle exhaust gases (Fig. 5C, D) is similar to control cells, however some of 
them contain large vacuoles (V) (Yu et al., 2024). Some cells show 
increased amount of multivesicular bodies (mvb). The morphology of 
cells exposed to exhaust fumes emitted during driving at 120 km/h 
(Fig. 5E, F) shows similar morphology to cells exposed to exhaust fumes 
from idling. However, cellular debris (Necr) is more often observed. 
Some nuclei have irregular shape. The morphology of cells exposed to 
exhaust gases emitted during DPF filter combustion (Fig. 5G, H) is 
similar to that of the control sample.

At higher magnifications, more pronounced differences become 
evident (Fig. 6). The cytoplasm of control cells (Fig. 6A, B) is normal, lot 
of vesicles (ves) and some Golgi Apparatuses (GA) are visible. Rough 
endoplasmic reticulum (RER) is regular, slightly dilated in some cells. 
Mitochondria (mt) tend to be properly formed, some of them showing 
slightly damaged cristae. Cells exposed to idle exhaust fumes (Fig. 6C, D) 
show more damaged mitochondria. RER shows similar morphology as in 
control cells. Autophagic vacuoles (af) with visible lamellar bodies in-
side suggest ongoing mitophagy (Chakraborty et al., 2020). There are 
large vacuoles (V/mvb), which may be a result of merging large amount 
of multivesicular bodies. The size of the particles accumulated in the 
vacuoles ranges approximately from 75 to 150 nm. In cells exposed to 
exhaust fumes emitted while driving at 120 km/h (Fig. 6E, F), mito-
chondrial damage is extensive and widespread. RER tend to be more 
dilated than in previous cell lines. Vacuoles tend to be large and 

Table 2 
Percentage of cells in selected phases of the cell cycle.

Samples %sub-G1 %G0/G1 %CV %S %CV %G2/M %CV %Poliploidy

Laboratory control 0.4 43.6 13.9 5.9 3.4 34.1 11.6 16.0
Control without flow 1.7 43.6 12.4 9.9 5.1 34.5 12.6 10.3
Background 26.6 23.6 12.7 8.0 6.5 22.1 11.1 19.7
Idling 65.8 23.7 10.7 4.2 6.7 5.7 8.1 0.6
50 km/h 1.2 48.2 12.9 8.1 3.8 34.3 13.2 8.2
120 km/h 25.1 30.0 11.6 8.7 5.9 22.4 10.2 13.8
DPF 1.2 41.2 13.5 9.5 4.8 33.6 12.1 14.5

Table 3 
Flow cytometer data and calculated.

Samples Total 
cells/ml 
[×106]

Live 
cells/ml 
[×106]

Viability Viability vs 
laboratory 
control 
viability

Total cells vs 
total cells in 
laboratory 
control

Laboratory 
control

3.10 3.03 98 % 100 
%

100 
%

Control 
without 
flow

3.00 2.86 95 % 98 
%

97 
%

Background 3.12 3.05 98 % 100 
%

101 
%

Idling 2.21 2.08 94 % 96 
%

97 
%

71 
%

2.45 2.35 96 % 98 
%

79 
%

78 
%

2.56 2.41 94 % 96 
%

83 
%

50 km/h 3.13 3.02 96 % 99 
%

100 
%

101 
%

3.50 3.42 98 % 100 
%

113 
%

110 
%

3.58 3.51 98 % 100 
%

115 
%

120 km/h 2.95 2.83 96 % 98 
%

98 
%

95 
%

3.60 3.51 98 % 100 
%

116 
%

107 
%

3.37 3.13 93 % 95 
%

109 
%

DPF 3.52 3.42 97 % 99 
%

100 
%

114 
%

3.43 3.35 98 % 100 
%

111 
%

113 
%

3.52 3.44 98 % 100 
%

114 
%

Fig. 4. Average percentage of total cells 48 h after exhaust gases exposure.
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Fig. 5. A comparison of the general morphology of cells cultured under disparate conditions; A, B: The morphology of the untreated cells is unremarkable. The cell 
nuclei (Nu) are clear and round, and predominantly euchromatic. The mitochondria (mt) are clustered and appear normal. There is no evidence of significant 
damage. C, D: Cells exposed to fumes from idling tend to exhibit slight alterations, with the presence of large vacuoles (V) in some instances. In other cases, a 
considerable number of multivesicular bodies (mvb) can be observed. E,F: Cells exhibit a notable distortion in shape of their nuclei. The presence of vacuoles is more 
prevalent, and necrotic debris (Necr) is frequently observed. G, H: The introduction of DPF enables the cells to retain a morphology that closely resembles that of the 
untreated cell lines; Nu – nucleus, mt – mitochondria, mvb – multivesicular bodies, Necr – necrotic, cellular debris, V – vacuoles.
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Fig. 6. Comparison of ultrastructural detail of cells cultured in different conditions; A, B: The majority of organelles in the untreated cells are intact. However, a 
minor proportion of mitochondria exhibit evidence of damage. C, D: The damage to the mitochondria is more prevalent and pronounced. Some autophagic vacuoles 
(af) with lamellar mitochondrial debris can be observed, as well as dilated rough endoplasmic reticulum (RER) E, F: The majority of mitochondria are severely 
damaged, and ruptured vacuoles or multivesicular bodies (MV/MVB) are commonly observed. The size of the particles accumulated in the vacuoles ranges 
approximately from 75 to 150 nm. Dilated rough endoplasmic reticulum (RER) is clearly visible. G, H: The ultrastructure of the organellae is comparable to that 
observed in specimens exposed to fumes from idling; Nu – nucleus, mt – mitochondria, mvb – multivesicular bodies, Necr – necrotic, cellular debris, V/mvb – 
vacuoles, possibly multivesicular bodies, af – autophagosomes, ves – vesicles, GA – Golgi Apparatus.
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damaged. Dilated RERs are visible in cells exposed to exhaust gases 
emitted during DPF filter combustion (Fig. 6G, H). Mitochondrial 
damage is similar as in cells exposed to idle exhaust fumes.

4. Discussion

In the current study, cell number, viability, cell cycle stage and ul-
trastructure were compared when cultured in exposure to different 
exhaust gases. Cell number and viability were lowest in the idling group 
and slightly increased in all other groups. Cell cycle analysis and mea-
surement of DNA content with cytometry revealed differences in cell 
numbers at different stages of the cycle, particularly in the idling sam-
ple, where the lowest cell number was observed. A high percentage of 
sub-G1 cells indicated a high prevalence of cell death in this group. 
However, ultrastructural analysis revealed the most damaged mito-
chondria in the 120 hm/h group, whereas mitochondrial damage was 
less pronounced in the idling and DPF groups.

Differences in cell viability and ultrastructure are most likely caused 
by the different composition of the exhaust gases under different driving 
conditions. Idling tends to exhibit high levels of aromatics and non- 
methane hydrocarbons. As the engine speed increases, the proportion 
of aromatics decreases, the proportion of alkanes increases, and the 
proportion of non-methane hydrocarbons decreases (Zhang et al., 2020).

Increased cell count in the 50 km/h, 120 km/h, and DPF group is 
somewhat surprising, but consistent with previous results. In study by 
Landwehr et al., exhaust from some fuels similarly resulted in increased 
cell count (Landwehr et al., 2021), other studies show no differences in 
cell viability when exposed to gas exhaust (Bisig et al., 2015). In vivo 
studies on wound regeneration shows that carbohydrates and their de-
rivatives may be actually used to amplify cell proliferation rate (de 
Albuquerque et al., 2023).

However, despite slightly increased cell proliferation, ultrastructural 
analysis revealed damage, which could be indicative to occurrence of 
oxidative stress (Cole et al., 2010; Jendrach et al., 2008; Wu et al., 2024) 
in the cells exposed to gas exhaust, more pronounced in 120 km/h group 
than in the idling group. General cells morphology was not significantly 
affected. Cell shape remained unchanged regardless of the degree of 
exposure to exhaust gases. However, some cells exposed to exhaust gases 
showed the presence of large vacuoles, which may be the result of fusion 
of several multivesicular bodies or fusion or dilation of other vesicles 
(Wan et al., 2020). In the group most exposed to exhaust gases (120 km/ 
h), some cellular debris is visible, suggesting apoptotic and/or necrotic 
cell death.

The organelles of the cells are more affected and show some features 
of oxidative stress (Collins et al., 2021). However, it must be acknowl-
edged that oxidative stress cannot be definitively confirmed without 
additional methods. In particular, cells exposed to exhaust gases tend to 
have more damaged mitochondria (Fig. 6C–H). In some cells, autopha-
gic vacuoles appear, with lamellar remains inside, indicating mitophagy 
(Wu et al., 2024). In the group most exposed to exhaust gases (120 km/ 
h), the integrity of some vacuoles is broken and mitochondria are often 
swollen, as is the rough endoplasmic reticulum. Cells exposed to exhaust 
gases emitted during DPF regeneration show similar ultrastructure to 
the cells exposed to exhaust gases emitted engine idling. Occurrence of 
oxidative stress as a result of exposition to engine exhaust was confirmed 
also in previous studies (Bisig et al., 2015; Scholten et al., 2021). Study 
by Cattani-Cavalieri et al. (2024) demonstrated that diesel exhaust 
particles alter mitochondrial bioenergetics, leading to disruption of 
mitochondrial network and function, ultimately triggering mitophagy. 
In the current study, visible distortion of cell nuclei shape was observed, 
which may correspond with increased polyploidy rate (Mosieniak et al., 
2015), evidenced by flow cytometry (Fig. 3).

Cells exposed to exhaust tend to show increased intracellular 
vacuolization. As previously demonstrated (Steiner et al., 2016), parti-
cles from diesel exhaust are often accumulated in cytoplasmic vacuoles. 
In the current study, electron-dense particles ranging from 75 to 150 nm 

were found inside vacuoles. It is plausible – although not certain – that 
these were exhaust particles, and particles within this size range are the 
most likely to be incorporated by cells.

This study highlights the importance of relying not only on cell 
viability, but also on cells quality in similar studies. Although the pro-
liferation rate is slightly increased in cells exposed to fumes from the 
120 km/h test drive, the oxidative stress is also increased. Both phe-
nomena may result in increased carcinogenesis risk (Mandal, 2017).

Research shows that reduced cell viability after exposure to engine 
exhaust gases emitted at idle speed may be caused by the polycyclic 
aromatic hydrocarbons present in them. The more diverse the qualita-
tive and quantitative composition of hydrocarbons, the more cells 
degenerate (Kęska et al., 2022). It is also possible that the decrease in 
cell viability may be caused by exposure to particulate matter contained 
in exhaust gases (Zerboni et al., 2022). It activates pro-inflammatory 
and carcinogenic pathways in the body (Botero et al., 2020; Niu et al., 
2020).

Methods used in the current study could not indicate molecular 
pathways affected by diesel exhaust, but our observations correspond 
with biochemical changes reported in different studies. According to 
metabolomic studies, diesel exhaust change alanine and glutamine 
metabolism, mitochondrial carnitine shuttling, glutathione biosynthesis 
as well as sirtuin, and TP53 pathway (Chen et al., 2025), which could be 
one of the factors responsible for the changes in cell proliferation 
observed in the current study. Changes in mitochondria correspond with 
finding of Sivakumar and Kurian (2022), where diesel exhaust decreased 
the activity of electron transport chain proteins in mitochondria, as well 
as activity of catalase and superoxide dismutase, which could eventually 
lead to oxidative stress and cellular damage. Transcriptomics indicate on 
increase in expression of hypoxia-related genes and cell cycle and 
MAPK/ERK-related pathways (MAP3K2, MBIP, MAPK8, RRM2B, TBK1, 
ETS2, DUSP11, CAD) after exposure to diesel exhaust (Drizik et al., 
2020). These biochemical changes lead to disruption of cell proliferation 
and mitochondrial structure and function – which corresponds with the 
results obtained in the current study.

In turn, the better proliferation capacity of cells exposed to exhaust 
gases from an engine operating under load may result from the cells' 
capacity of anastasis. This means the recovery of cells from the brink of 
apoptotic death. Such cells, although they may be genetically unstable 
and mutationally burdened, may have the capacity to proliferate 
(McDonald et al., 2021). This would explain the significant changes that 
occurred in the internal morphology of cells exposed to exhaust gases 
emitted while driving at a speed of 120 km/h and the simultaneous 
ability of these cells to proliferate better.

5. Conclusions

The following research indicates the harmful impact of exhaust 
emissions from the tested vehicle, equipped with a compression ignition 
engine, on living cells by disrupting their homeostasis. Exposure of L929 
cell lines to exhaust gases can lead to: 

• disruption of cellular organelle integrity, including mitochondrial 
damage, activation of mitophagy and oxidative stress.

• cell death through apoptosis and/or necrosis, particularly during 
engine idling.

• inhibition of cell proliferation during engine idling.

The cytotoxicity studies of engine exhaust gases using the BAT-CELL 
method take into account the actual impact of exhaust gases on living 
organisms. In these studies, the gas mixture is treated as a whole, and the 
phenomenon of additive synergism of compounds is also considered, 
where their mutual interaction can, for example, amplify the toxic effect 
of the entire gas mixture. Such studies can complement the currently 
performed emission tests for vehicles approved for road use. In addition 
to knowing the concentration values of individual compounds, as 
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specified in commonly applicable emission standards, such as Euro 
standards, it is crucial to understand the actual impact of exhaust gases 
on the human body.
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of toxic compounds emissions in exhaust gases based on engine vibration and 
Bayesian optimized decision trees. Measurement 235, 115018. https://doi.org/ 
10.1016/j.measurement.2024.115018.

Botero, M.L., Mendoza, C., Arias, S., Hincapié, O.D., Agudelo, J.R., Ortiz, I.C., 2020. In 
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