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Xylene is a common pollutant in the environment that enters the body of animals and humans in various
ways, but most often through the respiratory tract and adversely affects their overall health. However,
xylene effects after oral exposure have not been sufficiently studied. This study aimed to investigate
the effects of xylene exposure on the mouse organism and to identify possible beneficial effects of flax-
seed on such exposure. Eighty mice were divided into four groups: control group C (basal diet + no xylene
exposure), group X (oral exposure by 400 mg/kg/day xylene), group F (10% flaxseed supplementation of
basal diet), and group XF (10% dietary flaxseed + oral exposure by xylene). Experimental trial took 14 days.
Clinical examination, spectroscopic analysis of tissue aminotransferases, total lactate dehydrogenase
(TLDH), and acetylcholinesterase (AchE) activities, electrophoretic analysis of LDH isoenzymes, western
blot and immunohistochemical analysis of apoptosis as well as routine histology of the kidneys and jeju-
num, and transmission electron microscopy of the liver were performed. Marked restlessness in
group X and high weight losses in mice of all groups were recorded during the experiment. Xylene
promoted apoptosis (caspase-3 expression) without causing marked structural changes in the liver and
jejunum, although renal cortex structure was affected adversely. In the brain, liver, and kidney of mice,
xylene increased levels of liver transaminases, LDH, and decreased AchE activities, reflecting cell mem-
brane damage. Flaxseed feeding improved animal behaviour, leakage of enzymes and prevented selected
tissue toxic damage induced by xylene by protecting cell membrane integrity and fluidity and by
suppressing apoptosis. These results point at the protective effect of flaxseed consumption on mice.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Fuels, plastics, acrylates, paints, cleaning agents, textile fibers,
insecticides, and other auxiliaries are derived from oil and its
products. The environmental impacts of oil extraction can lead
to air pollution, ozone depletion, acid rains and various diseases
in humans and animals (Kandyala et al., 2010). Harmful effects
of xylene exposure were well studied, but there is a lack of
information that would precisely define this effect on the level
of cell membrane integrity. Scientists, laboratory technicians,
and other people manipulating with xylenes are most often
exposed by inhalation or dermal exposure (ATSDR, 2007).
Xylene, or dimethyl benzene (C8H10) is an organic aromatic
hydrocarbon. The individual isomers of xylene include o-, m-,
and p-xylene. In addition to air pollution, xylene can enter the
environment by leaking into soil, surface water, or groundwater,
where once it is present can contaminate drinking water for sev-
eral months (ATSDR, 2007). Therefore, it is necessary to improve
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Table 1
Composition of standard diet M3 administred to mice.

Component Unit Component Unit

Crude protein 22% Vitamin A 20 000 IU
Crude fiber 3.14% Ferrous sulphate monohydrate 17 000 mg
Coarse fat 3.31% Potassium iodide 0.65 mg
Ash 6.16% Cobalt (bis) carbonate 0.4 mg
Calcium 1.01% Copper sulphate pentahydrate 15 000 mg
Phosphorus 0.53% Manganese oxide 45 000 mg
Sodium 0.11% Zinc oxide 71 000 mg
Vitamin D3 2000 IU Selenium 0.15 g0
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control measures reffering to the amount of environmental con-
taminants, e.g. in the air, water, or soil and focus on the preven-
tion of their harmful effects. Xylene is rapidly absorbed through
the lungs, digestive tract and skin, and quickly distributed
throughout the body (Langman, 1994). The lipophilic property
of xylene, which dissolve lipid membranes, is responsible for
irritation of mucous membranes, eyes, and skin (Riihimaki,
1979). Animal studies confirmed that xylene has adverse effects
on many organ systems, including the CNS, liver, kidney,
haemopoietic tissues and respiratory tract (ATSDR, 2007; Salimi
et al., 2017). Lungs evaporate unmetabolized xylene, but approx-
imately 95% of the xylene is metabolised in the liver to methyl-
hippuric acid and excreted in the urine. There are differences
between animal species and between animals and humans, in
the metabolism of, sensitivity to, as well as conditions of expo-
sure to, xylene (Salimi et al., 2017).

Current research focuses on the use of biologically active addi-
tives of natural origin, such as flaxseed, whose targeted application
can affect animal health through activation of specific molecular
mechanisms (Bomba et al., 2012; Strojný et al., 2014). The
health-promoting effects of flaxseed have been described in many
studies related to gastrointestinal diseases (Strojný et al., 2014;
Laurino et al., 2017), including functions in hepatoprotection (-
Andrejčáková et al. 2016) and hypocholesterolaemic benefits
(Sopková et al., 2017). Other positive effects of flaxseed include
assistance in the prevention of diabetes (Mohammadi-Sartang
et al., 2018), cancer (Calado et al., 2018), and cardiovascular dis-
eases (Bomba et al., 2012; Prasad and Jadhav, 2016). Flaxseed is a
rich plant source of n-3 polyunsaturated fatty acids (PUFA), mainly
essential a-linolenic acid (ALA). The PUFAs of the n-6 and n-3 ser-
ies are an integral part of cell membranes and are responsible for
their fluidity and physicochemical properties. Fatty acids of the
n-3 PUFA series give rise to eicosanoids, which act as tissue hor-
mones involved in reproduction, immunity, as well as secretory
and growth processes (Bomba et al., 2012). Lignans originated from
flaxseed are absorbed through the intestinal wall into the blood
and tissues (Clavel et al., 2005). These substances have a similar
chemical structure to 17b-oestradiol. They bind to oestrogen
receptors of target cells and promote cell proliferation or apoptosis
(Rietjens et al., 2013; Yanagihara et al., 2014). In vitro (Kádasi et al.,
2015) and in vivo (Vlčková et al., 2018) studies revealed that diet-
ary flaxseed promotes apoptosis of somatic cells of the porcine
ovaries. Some studies confirmed its pro-apoptotic effect due to
high content of antioxidants such as flavonoids (Yanagihara et al.,
2014).

In our previous studies performed on piglets (Andrejčáková
et al., 2016; Sopková et al., 2017; Vlčková et al., 2018) and mice
(Andrejčáková et al., 2020) we identified beneficial and protective
effects of flaxseed consumption on cell membranes and overall
health of animals with bacterial infections. We conducted prelim-
inary study to test the effects of xylene exposure as well as the
effects of dietary flaxseed on the mouse organism (Kuráňová
et al., 2020), but this study lacked a view of the whole organism,
including effect on various tissues cell survival and membrane
integrity.

This study focused on the observation of orally applied
xylene induced toxicity in mice. We also tested wheather the
flaxseed can prevent or even suppress adverse effects of xylene
exposure in mice. Our study highlighted the significance of
measuring clinical status, such as animal behaviour and body
weight, changes in the activity of liver transaminases, lactate
dehydrogenase and cholinesterases, expression of caspase-3
in various tissue types, along with the structure of the liver
and kidneys in mice fed flaxseed, xylene or combination of
both.
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2. Material and methods

2.1. Experimental design

A total 80 female CD-1 ICR mice (VELAZ s.r.o., Czech Republic)
aged 35 days were used in the study (at 28 days of age they were
transported from the breeding facility to the quarantine of the
experimental facility of the Institute of Animal Physiology of the
Slovak Academy of Science). Mice were randomly divided into four
separate groups: the control group (C; n = 20), whose standard M3
diet (BONAGRO a.s. Blazovice, CZ; Table 1) was administered at
dose of 4 g per day (divided into two separate doses); the xylene
group (X; n = 20) diet included M3 and administration of xylene
(mixed xylene p.a.; dilution 1:10 in water; 10 ml/head/day equal
to 400 mg/kg/day) per os by cannula; the flaxseed group (F;
n = 20) diet included M3 supplemented with crushed flaxseed
(10%; var. Libra; 57% content of ALA); and the combined group
(XF; n = 20) who received M3, flaxseed and xylene at the same
doses as group X and F. Animals had ad libitum access to water.
Mice were kept at temperatures maintained between 20 and
24 �C, with a relative humidity of 45 – 65%, under a 12-h light/dark
regimen. Bedding intended for barrier breeding was used (Lignocel
3-4S; VELAZ s.r.o., Prague, Czech Republic). During the experimen-
tal period (total 14 days), animals were observed for normal beha-
viours and were weighed recurrently (Day 1, 7 and 14). Animals
were humanely euthanized by cervical dislocation on day 14 (ex-
periment approval number 598/18–221/3).
2.2. Tissue collection and sample preparation

Livers, hearts, brains, kidneys and jejunums were collected for
selected analyses. Tissue extracts of livers were used for analysis
of total activity of lactate dehydrogenase (TLDH) and its isoen-
zymes LDH-1 – LDH-5, concentration of AST, ALT, and a AST to
ALT ratio (De Rites index). Tissue extracts of mice kidneys were
also used for LDH analysis. The samples of tissues were cut into
small pieces (5 mm � 5 mm) and washed in buffered-saline to
remove the excess blood and connective tissue. Livers and kidneys
were then homogenised in ratio of 1 to 10 volumes of cold buffer
(0.05 M Tris-HCl buffer, pH 7.3) in line with Heinová et al. (1999)
and expressed in international units per gram of protein (U/g).

Tissue extracts from the brains, livers, and kidneys of mice were
used for measuring of cholinesterases activity, prepared according
to manufacturer’s instructions for Acetylcholinestarase Assay Kit
(Abcam), and expressed in international units per gram of protein
(U/g).

Tissue extracts from the brain, liver, and half of the jejunum
was used for western blot analysis of anti-caspase-3 antibody
determination. Tissues were homogenised on ice with a cold buffer
(50 mM Tris-HCl with pH 7.5, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS, 150 mM NaCl, 1 mM PMSF, 1 mM EDTA, protease inhibi-
tor according to manufacturer’s instructions; Thermo Scientific),
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sonicated and centrifuged at 10,000g for 30 min at 4 �C. Prior to the
western blot analysis, the samples were denaturated at 95 �C for
5 min with the addition of Laemmli buffer (Sigma-Aldrich Chemie
GmbH, Germany). The total protein concentration of extracted
samples was measured using spectroscopy.

2.3. Spectroscopic analysis of enzymes

In the tissue extracts, the concentration of TLDH, alanine
aminotranspherase (ALT), aspartate aminotranspherase (AST, all k
340 nm) and total protein concentration (k 540 nm) were deter-
mined using commercial diagnostic kits (Randox, United Kingdom)
with an ALIZÉ automatic biochemical analyzer (Lisabio, France).

For cholinesterase analysis, supernatants of prepared brain,
liver and kidney tissue extracts of individual groups of mice were
used. The Acetylcholinesterase (AChE) Assay Kit (colorimetric;
Abcam, Shanghai, China) was used to determine total choli-
neesterases (ChE) in tissue samples according to manufacturer’s
instructions and adapted for reading on microplates for ELISA
device (k 410 nm; Multiskan�EX Spectrometer, Thermo-Fisher,
Abingdon, UK). The same procedure with the addition of Donepezil
hydrochloride (1 mM, inhibitor of AChE; Abcam) to the tested sam-
ples was used to determine ButyrylChE (BChE) activity. Differences
between ChE and BChE were calculated as the AChE activity.

2.4. Electrophoretic analysis of LDH isoenzyme fractions

For the electrophoretic study, the samples of the liver and kidney
extracts were used for each separation. A HYDRASYS device (Sebia,
Lisses, France) was used to determine LDH isoenzyme activities
according to protocols outlined in our previous study (Andrejčáková
et al., 2016; 2020). The samples were separated using commercial
Hydragel 15 ISO-LDH electrophoretic kits (Ecomed, Žilina, Slovak
Republic). Qualitative evaluations of gels were done directly from
the electrophoretograms. Densitometric curves of the separations
were created by means of Epson Perfection V 700 Photo densitome-
ter scanning at k 570 nm and evaluated using the PHORESIS soft-
ware (Version 9.20, 2015, Sebia, Lisses, France).

2.5. Light microscopy and transmission electron microscopy (TEM)

The tissue excisions of kidneys and livers up to 1 mm3 were
fixed by immersion in 3% glutaraldehyde and postfixed in 1%
osmium tetraoxide (both in 0.15 M phosphate buffer, pH 7.3). After
dehydration in acetone and clearing in propylene oxide, they were
embedded in DurcupanTM ACM (Sigma-Aldrich Chemie GmbH,
Germany). The semithin sections of kidney (0.5–1 lm) and ultra-
thin sections (90–120 nm) of liver samples were cut with ultrami-
crotome (LKB Nova, Sweden). The renal tissue sections were
stained with toluidine blue and examined under a light microscope
Zeiss Axio Lab A1 (Zeiss, Germany) documented with camera Axio
Cam ERc 5 (Zeiss, Germany). The hepatal tissue sections were dou-
ble contrasted with 1% uranyl acetate and 0.3% lead citrate and
examined under an electron microscope Tesla BS 500 (Tesla Brno,
Czech Republic). Every 20th section (n = 6 per sample) were
analysed.

2.6. Immunohistochemistry (IHC)

Part of the jejunum was fixed in 4% paraformaldehyde for 24 h,
dehydrated, embedded in paraffin and cut into 5 mm thick serial
sections by use of Leica RM2255 microtome (Leica Microsystems
Nussloch GmbH, Nussloch, Germany) for routine histology
(haematoxylin-eosin staining, H-E; data not shown) and immuno-
histochemistry (anti-caspase-3 antibody). For immunohistochem-
istry the paraffin sections of the jejunum were deparaffinised and
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rehydrated. For detection, antigen retrieval was performed by boil-
ing the slides in 10-mM citrate buffer (pH 6.0) for 6 min. To block
endogenous peroxidase activity, the slides were incubated in
methanol with 3% H2O2 addition for 30 min. To block non-
specific binding, the sections were incubated for 1 hr with 1%
bovine serum albumin (BSA) in TBS (0.05 M Tris–HCl plus 0.15 M
NaCl, pH 7.6). In addition, monoclonal mouse anti-caspase-3 (dilu-
tion 1:250) antibody (Santa Cruz Biotechnology Inc., Dallas, USA)
were applied and incubated overnight at 4 �C. After rinsing with
TBST (TBS containing 0.1% Tween20), the sections were incubated
with goat anti-mouse secondary antibodies (Dako REALTM EnVi-
sionTM/HRP, Rabbit/Mouse (ENV), ready-to-use, Dako, Denmark)
for 2 hrs. Following the incubation, the specimens were rinsed in
TBST and then in TBS. A colour reaction was conducted with
diaminobenzidine as a chromogen (Dako REALTM DAB + Chromogen,
Dako, Denmark). The stained sections were rinsed with distilled
water, counterstained with haematoxylin to visualise nuclei, dehy-
drated and immersed in DPX (Distyrene Plasticiser and Xylene;
Buchs, Switzerland). Preparing a negative control for each sample,
the primary antibody was omitted. Photographic documentation
was obtained using optical microscope (Olympus BX43, Olympus
Corporation, Tokyo, Japan) coupled to a camera (Olympus UC30,
Olympus Corporation, Tokyo, Japan) and computer.

To evaluate the intensity of the immunohistochemical reaction
quantitatively, approximately 6 images from the sections of each
examined animal (n = 6 for each group) were analysed by using
the public-domain ImageJ software (National Institutes of Health,
Bethesda, MD, USA). The outlines of all cells, which demonstrated
an immunopositive signal in the jejunum, were marked manually
and grey level (GL) of the marked areas was measured. The inten-
sity of the IHC reaction was expressed as the relative optical den-
sity (ROD) of the DAB brown reaction products and was
calculated using the formula described by Smolen (1990) as
follows:

ROD ¼ ODspecimen
ODbackground

¼
logð GLblank

GLspecimen
Þ

log GLblank
GLbackground

� �

where GL is the grey level of the stained area (specimen) and
unstained area (background) and blank is the GL measured after
the slide was removed from the light path.
2.7. Western blot analysis

For western blot analysis, the supernatants of prepared liver,
brain and jejunum tissues were used. Samples containing 30 mg
of protein were separated on 12% SDS-PAGE (25 mM Tris,
192 mM glycine, 0.1% w/v SDS) under reducing conditions. Sepa-
rated proteins were electroblotted onto a PVDF (polyvinylidene
difluoride; Thermo Scientific) membrane using a wet blotter in
transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol).
Thereafter, membranes were blocked in 5% non-fat milk in Tris-
buffered saline (TBS; 20 mM Tris-HCl, pH 7.5; 137 mM NaCl; pH
7.4) containing 0.1% Tween 20 (TBST) for 1 h at room temperature
and incubated overnight at 4 �C with primary monoclonal Anti-
caspase-3 antibody of dilution 1: 1000 (Santa Cruz Biotechnology
Inc., Dallas, USA) or polyclonal rabbit anti-b-actin antibody
(Thermo Scientific) of dilution 1:10 000 as a control. The 24 h later,
the membranes were washed in TBST buffer and the secondary
anti-mouse IgG antibodies of dilution 1:20 000 (Sigma-Aldrich)
were applied for one hour at room temperature. After incubation,
the membranes were washed four times in TBST (5 min each)
and then in TBS (5 min). Immunoreactive proteins were detected
by chemiluminescence using ClarityTM Western ECL Blotting Sub-
strate (Bio-Rad Laboratories Inc.) and Fusion Fx7 system (Vilber
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Lourmat, Eberhardzell, Germany). The molecular weights of target
proteins were estimated by reference to standard proteins (Blue-
Eye Prestained Protein Ladder; Sigma Aldrich). The relative intensi-
ties of the bands were densitometrically quantified and normalized
to their corresponding b-actin bands using ImageJ software
(National Institutes of Health, Bethesda, MD, USA). To confirm pro-
tective effect of flaxseed on the jejunum of intoxicated mice,
caspase-3 activity in groups X and XF was measured.

2.8. Statistical analysis

The dynamics of weight gain/loss of mice were statistically
assessed using One-way ANOVA with Tukey’s post hoc analysis,
while the differences in other parameters between the groups
were analysed using unpaired t-test (GraphPad Prism 5.0 for Win-
dows, GraphPad Software, San Diego, CA, USA) at the end of exper-
iment. The values listed in the tables and figures are the average
values obtained from 20 animals in each group. All data are means
with standard error of mean (SEM). Differences within the groups
are marked with superscript letters a,b,c,x,y,z and considered signifi-
cant at levels of a, x = p < 0.05, b, y = p < 0.01, and c, z = p < 0.001.
Correlations between the different variables (TLDH and AChE in
the liver and kidneys) of mice at p value � 0.05 were considered
statistically significant.
3. Results

3.1. Clinical status and weight changes in mice

During the observation period, all animals were spry, feed
intake was normal, and faeces were assessed as solid. The group
of xylene mice showed increased hypersensitivity and restlessness.
Body weights of mice exposed or not exposed to xylene and fed or
not fed the diet supplemented with flaxseed during 14-day period
showed weight loss (Table 2). Weight loss was observed in mice of
all groups on Day 7 with the lowest weight loss in XF group com-
pared to mice of X group (p < 0.05). At the end of experiment, mice
of control (p < 0.001), X and F groups (both p < 0.01) gained some
weight compared to Day 7 as well as in XF group, although not
significantly.

3.2. Enzyme activities

Activities of enzymes in tissue extracts of the liver and kidney
are summarised in Table 3. The activities of AST and ALT in X group
was higher in comparison with F group (p < 0.05). The AST to ALT
ratio was significqantly higher in X group compared to other
groups (C and XF, both at p < 0.05, and F at p < 0.01).

In liver tissue extract, the concentration of LDH-5 isoenzyme
was markedly decreased in XF group compared to X group
Table 2
Body weights of the experimental mice.

Group Weighing days

1 7 14

C 27.02 ± 0.35z 24.69 ± 0.23z 26.27 ± 0.25z

X 27.66 ± 0.39y,z 24.52 ± 0.46z,a 25.59 ± 0.57y

F 27.11 ± 0.32y 25.29 ± 0.36y 26.96 ± 0.42y

XF 27.96 ± 0.34y 26.07 ± 0.37y,a 26.73 ± 0.51

C, control group; X, xylene group; F, flaxseed group; XF, combined group with
addition of flaxseed and xylene; Day 1 – 14 = weighing days; Data are means
(g) ± SEM; a,y,z Mean values with same superscript letters differ significantly
(a = p < 0.05, y = p < 0.01, z = p < 0.001). Superscript letter a indicates differences
between the groups on selected day of the experiment and superscript letters y,z

indicate dynamic changes within the single group of mice.
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(p < 0.05). Higher activity of LDH-3 isoenzyme in F group compared
to groups C and X (both p < 0.05), and XF (p < 0.01) was observed.
Neither flaxseed nor xylene influenced the activity of TLDH, LDH-1,
2, and 4 in the liver. In renal tissue extract, higher activities of
TLDH, LDH-1, 2, 3, and 5 (p < 0.01 for all), and LDH-4 (p < 0.05)
in X and XF groups compared to C and F groups were observed.

Activities of cholinesterases in selected organs of mice are
shown in Fig. 1. Total cholinesterase activity was decreased in
the liver of X, F, and XF group mice (p < 0.05 for all) and in the kid-
ney of X (p < 0.01) and XF (p < 0.05) groups, compared to control
animals (C), while it was not affected significantly in F group. Nei-
ther xylene nor flaxseed additives affected activity of any type of
cholinesterase in the brain tissue. BChE in the liver and kidney
was also unaffected. Acetylcholinesterase activity in liver and renal
tissue extracts decreased in X (p < 0.001), XF (p < 0.01), and F
(p < 0.05) group compared to control mice (C). Moreover, we
recorded that BChE is dominant enzyme compared to AChE in
the brain and liver, while not in the kidneys of mice. Testing corre-
lations between the activity of TLDH and AChE of mice of XF group
revealed high negative correlation in the liver (r = �0.98; p < 0.001)
and low negative correlation in the kidneys (r = -0.13; p > 0.05).

3.3. Transmission electron microscopy of the liver

Ultrastructure of the liver tissue are shown in Fig. 2. In the con-
trol group, the liver had a classic morphological appearance. Hepa-
tocytes of polyhedral shape with centrally located euchromatic
nucleus were arranged in anastomosing cords. Hepatocyte cyto-
plasm contained numerous mitochondria of oval or round shape,
few lysosomes were scattered randomly throughout the cyto-
plasm, with a well-developed rough endoplasmic reticulum. At
the vascular pole of the hepatocytes, the cytoplasmic membrane
formed numerous microvilli that protruded into the space of Disse.
The livers of mice in group X did not reveal any significant morpho-
logical changes in the ultrastructure of hepatocytes. The mitochon-
dria and rough endoplasmic reticulum were intact. The
cytoplasmic membrane at both vascular and bile poles remained
unchanged. However, large electron-lucid areas in the cytoplasm
with often homogeneous appearance were observed. The liver
sinusoids were not dilated or infiltrated with inflammatory cells.
The space of Disse was unchanged with numerous microvilli. In
the group F, lipid droplets of various sizes were observed in the
cytoplasm of some hepatocytes. Ultrastructure of the liver of com-
bined group (XF) was identical to the xylene group (X); the ultra-
structure of hepatocytes was preserved, but the electron-lucid
areas in the cytoplasm were visible.

3.4. Light microscopy of the kidneys

Microstructure of the renal tissue are also shown in Fig. 2. The
renal corpuscles of the C and F mice were round to oval shaped
and consisted of well formed glomeruli, coherent Bowman’s cap-
sules and regular urinary spaces. The uriniferous tubules, collecting
tubules, and interstitial components demonstrated typical struc-
tural organization. The kidney parenchyma of the X group revealed
severe diffuse degenerative changes in all nephron components,
collecting tubules, and interstitium. The renal corpuscule had con-
stantly irregular shape and size. The parietal layer of the Bowman’s
capsule was often discontinuous and urinary spaces were dilated.
Most of the renal corpuscule often contained necrotizing cells with
dark picnotic nucleus. Several renal corpuscule revealed strongly
disintegrated structure and atrophy. Proximal tubules (Pt) had
irregular shapes with necrotizing cells oftenly seen. The Pt lining
epithelial cells had constantly vacuolar cytoplasm and affected
brush borders. Lining epithelium of the distal tubules (Dt) revealed
strong apical vacuolation and scattered necrotizing epithelial cells.



Table 3
Activity of hepatic and renal enzymes in the experimental mice.

Organ Parameter (U/g) Groups

C X F XF

Liver AST 1679 ± 99.7 1852 ± 67.48a 1499 ± 45.1a 1592 ± 11.7
ALT 998.9 ± 26.82 1121 ± 64.2a 958.7 ± 28.5a 1055 ± 38.34
AST/ALT ratio 1.29 ± 0.02a 1.87 ± 0.1a,b 1.25 ± 0.07b 1.38 ± 0.03a

TLDH 2281 ± 192.1 2482 ± 149.9 2459 ± 286.7 2486 ± 173
LDH-1 79.98 ± 26.84 78.08 ± 19.26 47.25 ± 9.7 93.03 ± 59.65
LDH-2 172 ± 30.41 230.2 ± 45.12 175 ± 28.11 165.2 ± 67.07
LDH-3 900 ± 192.7a 906.8 ± 68.29a 1256 ± 195.6a,b 657 ± 354.6b

LDH-4 443.4 ± 106.8 492.9 ± 42.27 350.2 ± 27.77 418.5 ± 181.9
LDH-5 685.9 ± 126.2 773.9 ± 44.85a 631.2 ± 63.53 485.2 ± 154.4a

Kidney TLDH 1462 ± 433b 3866 ± 413.6b 1936 ± 382.4b 3711 ± 562.1
LDH-1 316 ± 82.23b 782.6 ± 112.5b 377.6 ± 23.5b 894.6 ± 138.6b

LDH-2 306.9 ± 95.15b 816.2 ± 90.73b 353.9 ± 16.25b 724.1 ± 97.3b

LDH-3 292 ± 91.61b 793.4 ± 76.93b 376.9 ± 49.3b 752 ± 157.8b

LDH-4 252.1 ± 79.76a 689.5 ± 60.87a 303.8 ± 46.35a 597.6 ± 60.17a

LDH-5 295.4 ± 84.44b 784.2 ± 75.77b 424 ± 76.25b 743.3 ± 115b

C, control group; X, xylene group; F, flaxseed group; XF, combined group with addition of flaxseed and xylene; AST, aspartate aminotransferase; ALT, alanine aminotrans-
ferase; TLDH, total lactate dehydrogenase; LDH-1 – LDH-5, isoenzymes of LDH; Data are means (U/g) ± SEM; a,b Mean values in rows with same superscript letters differ
significantly (a = p < 0.05, b = p < 0.01).

Fig. 1. Activities of cholinesterases in selected organs of the experimental mice. C, control group; X, xylene group; F, flaxseed group; XF, combined group with addition of
flaxseed and xylene; ChE, total cholinesterases activity; BChE, butyrylcholinesterase activity; AChE, acetylcholinesterase activity; Data are means (U/g) ± SEM; a,b,c Mean
values in columns with same superscript letters differ significantly (a = p < 0.05, b = p < 0.01, c = p < 0.001).
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In both the Pt and Dt, the lumens often contained groups of des-
quamed epithelial cells. The epithelial cells of the collecting
tubules contained numerous, small, pale vacuoles in their cyto-
plasm. The interstitium did not show any morphological changes
or signs of inflammation. The kidney parenchyma of XF group
showed moderate diffuse degenerative features. The renal corpus-
cule were mostly regular in shape and size, but their urinary spaces
often contained irregular dilatations in some sections. Atrophic
renal corpuscule did not occur. The Pt and Dt were typical, how-
ever cytoplasm of lining epithelial cells contained vacuoles and
several segments of the Pt revealed uneven brush border. The
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cellular necrotizations were much less frequent compared to X
group. The collecting tubules and interstitium was typical and
unchained.

3.5. Immunohistochemical determination of caspase-3 in the jejunum
of mice

Routine histological observation of the jejunum did not
reveal any significant structural changes in all groups of mice
(data not shown). The mucous layer of intestinal villi consisted
of a single layer of columnar epithelial enterocytes and goblet



Fig. 2. Histological observation of the liver, kidney, and jejunum of the experimental mice. C, control group; X, xylene group; F, flaxseed group; XF, combined group with
addition of flaxseed and xylene; Liver, magnification C � 4800�, X � 3600�; F � 2400�, XF � 5600�; S, sinusoid; N, nucleus of hepatocyte; Ec, erythrocyte; thin arrows,
lysosomes; thick arrows, space of Disse; L, electron-lucid areas; l, lipid droplets; R, rough endoplasmic reticulum; Kidney, magnification 500�; scale bar 20 mm; Rc, renal
corpuscule with regular shape; Pt, proximal tubule; Dt, distal tubule; Rci, renal corpuscule with irregular shape and enlarged urinary space; aRc, atrophic renal corpuscule; v,
vacuoles in the cytoplasm; n, necrotizing cells; a, affected brush border; Rce, renal corpuscule with enlarged urinary space; Jejunum, magnification 400 �; scale bar 50 mm; *,
positive reaction in crypts and lamina propria; incorporated image is an example of negative reaction (without primary antibody).
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cells. In the apical part of intestinal villi, small groups of dying
enterocytes of irregular shape and with dark cytoplasm were
present. Goblet cells did not show significant morphological
changes.

To determine the extent to which dietary flaxseed modulates
xylene-induced mucosal injury, the level of epithelial apoptosis
(caspase-3) was quantified within the sections of jejunum by
immunohistochemistry. As shown in Fig. 2, apoptotic cells were
detected along the luminal surface of the crypts and lamina propria
in the jejunum of group X. Increased intensity (relative optical den-
sity, ROD, Fig. 3) of caspase-3 was observed in group X compared to
C and XF (p < 0.001 for both), and in group F compared to C and XF
(p < 0.05 for both).
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3.6. Western blot analysis of caspse-3

Expression of caspase-3 as a marker of apoptosis was measured
by using western blot analysis in the brain, liver, and jejunum (only
X and XF) of mice (Fig. 4). In the brain, increased expression of
caspase-3 was observed in X group compared to F and XF
(p < 0.05 for both), and C (p < 0.01) groups. The livers of X group
mice revealed increased expression of caspase-3 compared to
groups C and XF (p < 0.01 for both). Significantly higher expression
of caspase-3 was also observed in F group when compared to C
group (p < 0.05). Flaxseed feeding decreased the expression of
caspase-3 in the jejunum of mice exposed to xylene when com-
pared to X group mice (p < 0.01).



Fig. 3. Intensity of immunohistochemical staining of caspase-3 in the jejunum of
the experimental mice. C, control group; X, xylene group; F, flaxseed group; XF,
combined group with addition of flaxseed and xylene; ROD, relative optical density;
Data are means ± SEM; a,c Mean values in columns with same superscript letters
differ significantly (a = p < 0.05, c = p < 0.001).
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4. Discussion

Helping the public living and working near hazardous waste
sites or oil wells, including scientists and hospital lab workers, peo-
ple need to be familiar with variety of health effects of xylene and
potential possibilities of the prevention and/or moderation of its
adverse effects. Currently, experimental research is still needed
in regions with high exposure to xylene including histopathology
laboratories, leather and rubber industries, petrochemicals and
steel manufacturing in order to collect more information related
to the health hazards of xylene. New experimental studies were
carried out to help in understanding of molecular mechanism
and toxicity of xylene (Niaz et al., 2015; Salimi et al., 2017). Based
on some studies (Bhatia et al., 2007; Zhang et al., 2017; Lee et al.,
Fig. 4. Western blot analysis of caspase-3 expression in selected organs of the experime
with addition of flaxseed and xylene; Protein level was determined by Western blot; the
actin; Data are means ± SEM; a,b Mean values in columns with same superscript letters
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2018), the application of flaxseed to the feed of animals could pre-
vent harmful effects of some toxic substances.

According to US Environmental Protection Agency (US EPA,
2003), 10 ppm (10 mg/l) is a legally enforceable maximum level
of xylene in a public water system. Minimal risk level of 10 mg/kg/-
day has been derived for acute-duration (�14 days) oral exposure
to mixed xylene. In experimental studies, oral exposure to xylene
at levels in a range of 1000 to 2000 mg/kg/day mixed xylenes
resulted in reduced body weight and impaired respiration, and
level of �4000 mg/kg caused serious neurological impairment in
rats (ATSDR, 2007). We found increased hypersensitivity and rest-
lessness of mice exposed to oral mixed xylenes in a dose of
400 mg/kg/day. Xylene in high concentrations acts as a narcotic,
inducing neuropsychological and neural dysfunction (Salimi
et al., 2017). Overally, there is lack of studies available concerning
real exposure doses of xylene in humans and animals.

Both the flaxseed and xylene additives lowered body weights in
all groups mice, with the highest weight loss in the group X, those
exposed to xylene. This is in line with the study of US EPA (2003),
in which mice exposed to xylene lost their weights by 15%. In our
study, flaxseed added to the diet suppressed the negative effect of
xylene on the weight of mice. Dietary flaxseed improved body con-
dition score in pigs receiving 5, 10, or 15% concentration (Juárez
et al., 2010), piglets (Andrejčáková et al., 2016; Sopková et al.,
2017; Vlčková et al., 2018) and mice (Andrejčáková et al., 2020)
with gut infections receiving 10% flaxseed in the diet. On the other
hand, high portion of flaxseed in the diet fed for a long time period
(more then 6 weeks) could cause lose weight in mice (-
Andrejčáková et al., 2020; Pourjafari et al., 2019) and humans
(Mohammadi-Sartang et al., 2018) or had no effect on body condi-
tion score (Rodriguez-Leyva et al., 2013).

Harmful effect of xylene exposure depends on the route, the
dose, and the length of exposure. Results of animal studies indicate
that large amounts of xylene can cause changes in the liver, and
ntal mice. C, control group; X, xylene group; F, flaxseed group; XF, combined group
diagrams represent the results of densitometry; the bands were normalized by b-
differ significantly (a = p < 0.05, b = p < 0.01).
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harm the nervous system and kidneys at long-term oral exposure
(ATSDR, 2007). To monitor harmfull effects of pollutants, which
dissolve lipid membranes (Riihimaki, 1979), testing the integrity
and fluidity of cell membrane may be used. One way to obtain cell
membrane integrity is to determine the activity of enzymes in var-
ious tissues with tissue-specific or non-specific indication. Liver
transaminases, including AST and ALT that catalyse the transfer
of amino groups to produce products in gluconeogenesis and
amino acid metabolism. Elevated serum levels of these amino-
transferases indicate acute or chronic liver damage. Increasing evi-
dence suggest that baseline serum levels of these enzymes may be
associated with the development of a wide range of diseases
(García Ferrera, 2013). Aspartate aminotransferase is found in a
variety of tissues including the liver, brain, pancreas, heart, kidney,
lung, and skeletal muscle. If any of these tissues was damaged,
increased serum level of AST indicates non-specific tissue damage.
Conversely, any increase in ALT is a direct indication of the liver
damage. The higher the AST/ALT ratio (De Rites coefficient), the
greater the damage to the liver parenchyma. We found the highest
activities of both AST and ALT enzymes, and AST/ALT ratio in the
liver tissue extracts of mice exposed to xylene, and the lowest such
values in mice fed flaxseed. Moreover, administration of flaxseed
stabilised the levels of liver enzymes in mice exposed to xylene,
which indicates protective effect of flaxseed consumption. This
result is in agreement with the study of Zhang et al. (2017), in
which flaxseed oil rich in ALA and other PUFAs in diet reduced
abnormally elevated AST and ALT levels in mice with artificially
induced chronic ethanol consumption. Positive effects of flax-
enriched diet (10%) applied for 8 weeks on AST and ALT activities
were also observed in hypertensive rats (Al-Bishri, 2013) and pig-
lets (Andrejčáková et al., 2016). Flaxseed also revaeled radioprotec-
tive and antioxidant potential, which was seen in alleviated levels
of hepatal transaminases and glutathion peroxidase (Bhatia et al.,
2007). The De Rites coefficient indicates the rate of necrotic or
another liver cell damage. This coefficient shall not exceed value
1.0 in humans (Martín and Molina, 2020) and should be kept at
1.5 in mice (Envigo, 2015). In our study, adverse effect of xylene
exposure was observed at the level of AST/ALT ratio of approxi-
mately 1.87, while in flaxseed group at the level of approximately
1.25 and in combined group 1.38. These results point at the protec-
tive effect of flaxseed consumption on mice.

Another valuable marker of the cell integrity and cell survival
(Legrand et al., 1992) is LDH present in all organs and tissues
(Kending and Tarloff, 2007; Andrejčáková et al., 2016; 2020). We
found that xylene increased the release of isoenzyme LDH-5 speci-
fic for the liver, TLDH and all isoenzymes in the kidney, while diet-
ary flaxseed suppressed these levels in mice exposed to xylene (X).
These results indicate that dietary flaxseed downregulates LDH
release from hepatocytes and renal cells. High release of LDH indi-
cates nephron damage by action of xylene. The evidence that flax-
seed application to the diet had lowering effect on LDH release
from the cells was previously determined in our (Andrejčáková
et al., 2016; 2020) and others (Nussinovitch et al., 2009; Crémet
et al., 2015) studies. This effect could be associated with ALA of
n-3 PUFAs series originated from flaxseed, whose incorporation
in the cell membrane modulates its fluidity (Hussein et al., 2016;
Lee et al., 2018).

Another possibility of observing cell membrane integrity is to
measure the activity of acetylcholine in affected organs usually
decreasing markedly after toxic damage (Liao et al., 2019). Xylene
exposure for 14 days on tested mice was considered to have acute
adverse effects on the organism (ATSDR, 2007). There are insuffi-
cient studies to address the effect of xylene application and no
studies dealing with its application combined with flaxseed as a
protector, on modulation of cholinesterase activity. We found
reduced concentrations of cholinesterases in intoxicated groups
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as well as in flaxseed group in the liver and kidneys, while not in
the brain. However, flaxseed mildly prevented the negative effect
of xylene. Our findings are in line with ATSDR (2007) and study
by Savoleinen and Pfaffli (1980). Although, these studies claimed
that toxic effect of xylene on the brain might not be caused by
xylene itself, but also by benzaldehyde, a product of xylene oxida-
tion. Inhibited AChE activity results in accumulation of acetyl-
choline at nerve endings attacking the brain and other parts of
the nervous system (Tallat et al., 2020). A decrease in cholinester-
ase concentration was also observed after exposure to anticholin-
ergic drugs, organophosphate insecticides, and nerve gases,
which can contain xylenes (Wallig et al., 2018). Our results, for
the first time, suggest that toxic effect of xylenes downregulating
activities of cholinesterases, mainly AChE, could be partially miti-
gated by dietary flaxseed.

Flaxseed revealed chemoprotective effect on many body organs,
including the intestine, liver, and kidney (Salim et al., 2011; Al-
Bishri, 2013; Shaikh Omar, 2018). We found that exposure of
xylene did not reveal any adverse effect on the ultrastructure of
the hepatal tissue in mice, although in mice fed flaxseed, the cyto-
plasm of some hepatocytes contained lipid droplets of various
sizes. Only few studies dealed with the effects of xylene on changes
in the liver revealing only increased activity of liver enzymes with
no histopathological changes in the liver tissue (Condie et al., 1988;
Ungváry, 1990). Our result is in line with the studies in mice (Wang
et al., 2016) and hens (Aziza et al., 2019), in which mild accummu-
lation of lipids in hepatocytes is common after flaxseed feeding due
to high content of ALA. Nevertheless, we found that acute xylene
exposure to mice at high dose had adverse effect on the kidneys
showing atrophic and necrotic changes in the cortex. Dietary flax-
seed did not markedly affect the structure of the kidneys, although
when applied to xylene-exposed mice, flaxseed protected cortical
structures against or mitigated adverse effects of, xylenes. Most
of the studies used mixed xylene for intermediate or chronic dura-
tions showing no adverse effects on the kidneys (ATSDR, 2007),
although Condie et al. (1988) observed increased early nephropa-
thy in females exposed to 1500 mg/kg/day xylenes for 90 days.
Even though, there is lack of studies aimed at the protective effects
of flaxseed against xylene exposure, Shaikh Omar (2018) observed
similar histopathological changes showing severe alterations in the
structure of renal corpuscles after thioacetamide exposure of rats,
which were protected by the application of flaxseed oil.

Apoptosis, or programmed cell death, follows either extrinsic
pathways associated with one of the members of the tumour
necrosis factor receptor family, or intrinsic pathways, associated
with cytochrome C release from mitochondria (Elmore, 2016). Cas-
pases take part in both the extrinsic and intrinsic apoptosis path-
ways. Caspase-3, also known as the executioner caspase, is
responsible for the morphological changes such as chromatin con-
densation, DNA breakdown laddering, and breakdown of mem-
brane protein (D’Amelio et al., 2010). Therefore, caspase-3 is
considered a universal indicator of an apoptotic cell death
(Ostapchenko et al., 2019).

Similarly to study of Seydi et al. (2015), our results showed that
xylene induced caspase-3 activation, the final mediator of apopto-
sis signaling. These findings contribute to a better understanding
underlying mechanisms involved in xylene toxicity originating
from the oxidative stress and ending in mitochondrial/lysosomal
damage and cell death signaling pathways.

Many organic solvents increase activity of hepatal caspase-3
(Srilaxmi et al., 2010; Seydi et al., 2015), which could be used as
prognostic marker of the liver damage after organophosphate poi-
soning in humans (Tallat et al., 2020). In our study, dietary flaxseed
elevated caspase-3 expression in the brains, livers, and jejunums of
mice, although down regulated its activity in xylene-exposed mice.
Apoptosis-inducing effect of xylene via activation of oxidative
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stress in isolated human lymphocytes (Salimi et al., 2017) and por-
cine proximal tubular cells (Al –Ghamdi et al., 2004) is evident.
There are a few studies concerning the protective effect of natural
additives to organic solvents. Shaffie and Shabana (2019) revealed
that citicoline treatment could decrease caspase-3 in rats with
toluene-induced toxicity, which is comparable with xylene. Flax-
seed was proven to have pro-apoptotic effect in various tissues,
including ovarian tissue (Kádasi et al., 2015; Vlčková et al.,
2018), and colon cancer cells (Bommareddy et al., 2010;
Hernández-Salazar et al., 2013). In terms of the gut physiology,
apoptosis can be defined as a mechanism where excess or redun-
dant cells are degenerated and removed during development and
restricted tissue size is maintained as a normal and controlled pro-
cess of an organism growth or development (Otles and Ozgoz,
2014). The increase in the apoptosis could have been a compen-
satory mechanism to open the way for replenishing mucosal cells
following the damage. This mechanism may be affected by viscous
properties of the non-starch polysaccharides mucilage (Stanogias
and Pearce, 1985) and high content of ALA, eicosapentaenoic,
docosahexaenoic acid, enterolactone, and enterodiol (Ndou et al.,
2018) originated from flaxseed.

5. Conclusion

As the mechanism of action and the functional relationship
between environmental pollutants, medicinal plants, and metabo-
lism are still unknown, further research in this area is required for
elucidation. Nevertheless, our observations represent the first
demonstration that acute highly-dosed xylene oral exposure had
an adverse effect on animal behaviour, led to weight loss, damaged
renal cortex and cell membranes of the brain, liver, and kidney of
mice reflecting in increased LDH, transaminases and decreased
AChE activities, and it had a pro-apoptotic effect on the cells of
the brain, liver, and jejunum. On the other hand, dietary flaxseed
helped to improve animal behaviour, weight gains, maintained cell
membrane integrity of selected organs alleviating the symptoms of
xylene intoxication by reducing the release of liver transaminases
and LDH, increasing activity of AChE, as well as suppressing apop-
tosis. These results point at the protective effect of flaxseed con-
sumption on mice.
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