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Abstract: Objective: The objective of this study was to determine the level of methotrexate (MTX) toxicity in the

intestines of mice and to evaluate the protective effect of probiotics composed of Streptococcus, Bifidobacterium, and

Lactobacillus species on intestinal cells during MTX treatment. Methods: Mice were divided into three groups:

control, MTX group (received MTX injections), and MTX + probiotics group (received MTX injections along with a

diet containing probiotics). Morphological and histological changes, the level of mitochondrial DNA (mtDNA)

damage, the level of lipid peroxidation products, and gene expression in the mice’s small intestine were assessed.

Results: We demonstrated that intraperitoneal MTX injections significantly increased mtDNA damage in the liver (p

< 0.001), small intestine (p < 0.001), and blood of mice (p < 0.01). MTX elevated the quantity of lipid peroxidation

products in the liver and small intestine, indicating its strong prooxidative properties. MTX induced structural

changes in the mice’s intestines, characterized by leukocytic infiltration of tissues. Probiotic therapy in mice partially

mitigated the morphological and histological changes in the small intestine induced by MTX, reduced oxidative stress,

and promoted increased expression of quinone oxidoreductase 1 (Nqo1), which participates in both cell protection

against oxidative stress and drug/xenobiotic detoxification. Probiotics prevented the upregulation of the pro-

inflammatory cytokine IL-1b in the small intestine and induced increased expression of genes associated with the

Nuclear factor erythroid 2-related factor 2/Antioxidant response element (Nrf2/ARE) pathway, an important

mechanism of cell protection. Conclusions: Probiotics can be considered an effective approach to reducing the

toxicity of MTX during psoriasis or cancer treatment.

Abbreviations
MTX Methotrexate
mtDNA Mitochondrial DNA
ROS Reactive oxygen species
GSH Glutathione
TNF-α Tumor necrosis factor alpha
RA Rheumatoid arthritis

CIM Chemotherapy-induced acute small intestinal
mucositis

DC Diene conjugates
MDA Malondialdehyde
DHFR Dihydrofolate reductase
NOS Nitric oxide synthases
Nrf2 Nuclear factor erythroid 2-related factor 2
HO-1 Heme oxygenase 1
NO Nitric oxide
IL-1b Interleukin 1beta
Nrf2/ARE The Nuclear factor erythroid 2-related factor

2/Antioxidant response element
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NQO1 Quinone oxidoreductase 1
BRCA1 breast cancer susceptibility gene 1
OGG1 Oxoguanine glycosylase 1
MTS Mitochondrial targeting signal

Introduction

Currently, cancer is the second leading cause of death
worldwide [1]. One of the main methods of treating
oncological diseases is chemotherapy using cytotoxic drugs
that inhibit cell proliferation, induce oxidative stress, disrupt
DNA structure, and interfere with mechanisms involved in
DNA replication and cell division [2]. An important
limitation of chemotherapy is that the drugs used have
a non-targeted effect and are highly toxic not only to
tumor cells but also to normal proliferating tissues [3].
Many anticancer drugs impair mitochondrial functions,
subsequently affecting healthy tissues in the body. For
instance, acrolein induces mitochondrial stress by increasing
levels of reactive oxygen species (ROS) production and
reducing the expression of catalase or glutathione (GSH) [4].
Adriamycin elevates tumor necrosis factor alpha (TNF-α)
levels specifically in the hippocampal region of animals,
which disrupts mitochondrial complex I substrate and
thereby impairs mitochondrial respiration and exacerbates
oxidative stress [5]. Cisplatin damages mitochondrial DNA
(mtDNA), reduces antioxidant expression, and disrupts gut
microbiome homeostasis [6,7].

One of the most widely used drugs is methotrexate
(MTX), which finds application in the treatment of various
rheumatic conditions, juvenile idiopathic arthritis, psoriasis,
primary biliary cirrhosis of the liver, and asthma [8,9].
Additionally, MTX is used as standard prophylaxis for graft
vs. host reactions [10], and as a therapeutic agent for
dermatological conditions. MTX exhibits efficacy in treating
fungal infections, lichen planus, and sarcoidosis. Moreover,
it proves effective in certain cancers such as lymphoma,
osteosarcoma, various forms of leukemia, breast cancer,
and bladder cancer [11]. Five-year survival rates for
osteosarcoma have increased to 70%–80% with the
introduction of drug combinations of MTX + doxorubicin +
cisplatin in addition to surgical approaches [12]. Patients
with rheumatoid arthritis (RA) who received MTX were
shown to have a 28% reduced risk of overall mortality. The
risk of cardiovascular disease in RA was reduced by 28%
and the risk of rheumatoid lung disease was reduced by 56%
[13]. Studies indicate that discontinuation of MTX within
the first year of RA treatment correlates with higher
mortality rates among patients [14].

Like other antitumor drugs, MTX has a number of side
effects, including hepatotoxicity, bone marrow suppression,
and, less commonly, hypersensitivity pneumonitis and
opportunistic infections [15]. Furthermore, MTX can
increase lipid peroxidation in mitochondrial membranes
and reduce levels of GSH and catalase, resulting in oxidative
stress. It can also impair mitochondrial respiration
independently of GSH [16].

An important side effect of MTX is its gastrointestinal
tract toxicity, which manifests as inhibition of growth and

regenerative activity of intestinal epithelium and mucous
membranes, resulting in intestinal mucositis. MTX is
commonly used to induce acute chemotherapy-induced
acute small intestinal mucositis (CIM) in rats [17,18]. There
are reports suggesting that several drugs can mitigate the
hepatotoxicity caused by MTX. For instance, silybinin has
been demonstrated to reduce liver damage induced by MTX
by enhancing antioxidant activity [19]. Similarly, fasudil has
been found to restore the oxidant-antioxidant balance,
alleviate liver inflammation, and enhance the anti-apoptotic
capacity of the liver following MTX-induced damage [20].
However, comparatively less attention has been paid to
preventing gastrointestinal tract damage during MTX therapy.

One potential approach to mitigate gastrointestinal tract
damage during chemotherapy involves the utilization of
probiotics, live microorganisms primarily comprising strains
of Lactobacillus and Bifidobacterium species [21]. Probiotic
strains have been shown to exhibit anti-tumor effects within
the intestine. In several studies, it has been reported that
probiotics can induce apoptosis in colorectal cancer cells by
modulating key apoptosis-related signaling pathways.
Additionally, the exopolysaccharides secreted by these
probiotic bacteria have been found to inhibit the
proliferation of cancer cells [22]. Probiotics have been shown
to reduce inflammation in the intestines caused by Celecoxib
therapy. Probiotic mixtures have been shown to alleviate
intestinal inflammation induced by Celecoxib therapy [23],
and reduce the risk of mucositis during platinum-based drug
therapy [24], as well as during treatment with daunorubicin,
vincristine [25], and 5-fluorouracil [26]. Probiotic mixtures
have also been found to reduce diarrhea during irinotecan
therapy [27] and radiation therapy [28]. Indeed, the gut
microbiota can serve as an additional factor that enhances
the anti-tumor therapeutic effect. It has been shown that
administering bacterial preparations to mice reduces the
inflammatory reactions caused by MTX and modulates
macrophage polarization [29].

In this study, we aimed to evaluate the mitochondrial
toxicity of MTX across multiple organs in mice, with a
primary emphasis on the gastrointestinal tract. Furthermore,
we aimed to explore the protective mechanism of probiotic
mixtures comprising bacteria from the Streptococcus,
Bifidobacterium, and Lactobacillus genera on intestinal cells
in the context of MTX-induced damage.

Materials and Methods

Animals
Two-month-old male C57BL/6 mice weighing 18 g obtained
from the “Stolbovaya” breeding facility (Moscow region,
Russia) were used in the experiment. The rearing, housing,
and killing of mice was performed in accordance with the
rules established by the Ethical Committee for Biomedical
Research of Voronezh State University (Section of Animal
Care and Use, Minutes 42-03, 08 October 2020). Animals
were kept 4–6 mice each in a plastic cage (30 cm × 20 cm ×
18 cm). Mice were maintained under standard conditions
(25°C, 12-h light/dark cycle, relative humidity >40%). They
had ad libitum access to standard laboratory diet and
drinking water.
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In vitro experiment design. Isolation of mitochondria from
mouse liver
The buffer used for mitochondria isolation contained the
following components: 225 mM mannitol (Dia-M,
TC1513.100 gm, Moscow, Russia), 75 mM sucrose (Panreac,
141621, Barcelona, Spain), 1 mM ethylene glycol tetraacetic
acid (EGTA) (Applichem, A5097, Darmstadt, Germany),
and 20 mM HEPES (Bioclot GmbH, P5455-KG, Aidenbach,
Germany). All components were dissolved in distilled water.
The pH of the solution was adjusted to 7.4 by adding dry
KOH.

Animals were sacrificed by rapid cervical dislocation
followed by decapitation without the use of anesthetics. The
liver was homogenized using a Bioprep-6 laboratory
homogenizer (Allsheng, Allsheng-AS-13020-00, Hangzhou,
China) in 15 mL of buffer, which additionally contained
bovine serum albumin (BSA) (Dia-M, BSA.0010, Moscow,
Russia) at a concentration of 6 mg/mL. All manipulations
with mitochondria were performed on ice, and
centrifugation was done in a cooled centrifuge at a
temperature of 4°C. The obtained homogenate was
transferred to a chilled centrifuge tube and brought to the
required volume with buffer, then centrifuged for 5 min at
500 g. The supernatant was collected and brought to the
desired volume with a buffer. Then, centrifugation was
performed for 10 min at 10,000 g. The resulting pellet was
carefully resuspended in 1 mL of buffer cooled to 4°C and
subjected to a second centrifugation for 10 min at 10,000 g.
The pellet containing mitochondria was resuspended in
50 µL of buffer. Protein concentration was measured
using the Lowry method [30] on a Hitachi U-2900
spectrophotometer (Hitachi, RS-232C, Tokyo, Japan).

Each sample contained 10 mg of protein. MTX solution
was added to the samples to achieve a final concentration of
12.5 µg/mg, 25 µg/mg, and 37.5 µg/mg of mitochondrial
protein, which was previously dissolved in the buffer for
mitochondrial isolation. Control samples were added to the
buffer for mitochondrial isolation in an equivalent volume.
All samples were incubated in a shaker at 25°С for 30 min.
Following the incubation, DNA was extracted from intact
mitochondria, and the concentration of diene conjugates
(DC) and malondialdehyde (MDA) was evaluated as
markers of lipid peroxidation.

In vivo experiment design
The control group of mice (n = 6) was kept under standard
conditions, received a standard laboratory diet (maintenance
diet for rats and mice, Altromin Spezialfutter GmbH, Lage,
Germany), and was injected with a physiological saline
solution from day 13 to day 18. The MTX group (n = 8)
received a standard diet throughout the entire experiment
and were injected with MTX (commercially available product
“Methotrexate-ebewe” from FAREVA Unterach GmbH,
Unterach am Attersee, Austria) at a concentration of
5 mg/kg/day for 6 days (from day 13 to day 18). The MTX +
probiotics group (n = 8), who also received injections of
MTX at a concentration of 5 mg/kg for 6 days (from day 13
to day 18), were given probiotics mixed with the standard
diet (13 g of probiotics per 56 g of diet) for the entire 18-day
duration of the experiment (Fig. 1). Probiotic weight (grams)

refers to wet weight. The daily consumption of food was
evaluated. The average daily consumption of probiotics was
0.64 g of probiotics per gram of mouse body weight. The
probiotics used contained the following strains: Streptococcus
thermophiles (B-8328), Bifidobacterium bifidum (АС-1579),
B. longum (АС-1257), B. adolescentis (АС-1245),
Lactobacillus rhamnosus (В-8238), L. acidophilus (В-5097), L.
plantarum (В-3962), L. fermentum (В-2875). The cultivated
biomass had a concentration of active cells of not less than
109 CFU/mL, titratable acidity was 80–100°T, pH 4.61–4.65
(produced by Voronezh State University of Engineering
Technologies, Voronezh, Russia). Biomass growth was
carried out on skim milk in the temperature range of 38°C–
40°C, the standard cultivation time was 8–10 h. Each mouse
was weighed daily, and on the 18th day of the experiment,
the mice were sacrificed. Organs and blood were collected,
frozen in liquid nitrogen, and then stored at −80°C for
further DNA and RNA extraction, histological analysis, as
well as evaluation of the level of lipid peroxidation products.

DNA and RNA extraction
DNA extraction from different organs and blood was carried
out using the Proba-GS kit (DNA-Technology, P-003/1,
Moscow, Russia) according to the protocol. The ExtractRNA
commercial kit (Evrogen, BC032, Moscow, Russia) was used
for RNA extraction from the samples according to the
protocol.

Estimation of gene expression level
For reverse transcription, the Reverta-L kit (Ampliense, K3-4-
100, Moscow, Russia) was used according to the provided
protocol. Quantitative PCR analysis was performed using
the Bio-Rad CFX96TM Real-Time System instrument (Bio-
Rad, 1845096, Hercules, CA, USA). The reaction mixture
(20 µL) included: 4 µL 5X qPCRmix-HS SYBR (Evrogen,
PK147L, Moscow, Russia), 1 µL mixture of forward and
reverse primers, 1 µL of the DNA sample, and 14 µL of mQ
water. The PCR cycling conditions were as follows: total
denaturation at 95°C for 3 min, denaturation at the
beginning of the cycle at 95°C for 30 s, primer annealing at
59°C for 30 s, and elongation at 72°C for 30 s; the number
of cycles was 45. The final extension step was performed at
72°C for 5 min. Gapdh was used as a reference. The primer
sequences are presented in Table 1.

Measuring the mtDNA damage level
To assess the level of mtDNA damage, a long-range PCR was
employed using the Encycle polymerase kit (Evrogene,
PK002S, Moscow, Russia) on the CFX96TM Real-Time
System thermocycler (Bio-Rad, 1845096). The principle of
the method is that mtDNA damage hinders the activity of

FIGURE 1. In vivo experiment design.
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DNA polymerase, resulting in a reduced rate of product
accumulation. The primer sequences are presented in Table 2.

Each PCR reaction contained 1 × Encyclo-polymerase,
1 × Encyclo-buffer, 0.2 mM of each dNTP (all from
“Evrogene”, Moscow, Russia), 1 × SYBR GreenMasterMix
(Bio-Rad, 1725270, California, USA), and a mixture of
forward and reverse primers in a total volume of 20 μL. The
PCR cycling conditions were as follows: total denaturation
at 95°C for 3 min; 35 cycles: denaturation at the beginning
of the cycle at 95°C for 30 s, primer annealing at 59°C for
30 s, elongation at 72°C for 4 min and 30 s.

The difference in Cq values (ΔCq) for the control and
experimental long fragments was compared with the ΔCq
for the control and experimental short fragments. The
number of additional damages in mtDNA was calculated
per 10 kb using the following formula:

Lesions ¼ ð1� 2�ðDlong�DshortÞÞ � ð10; 000ðbpÞ
=fragment length ðbpÞÞ

where Δlong = Cq control − Cq experiment for the long
fragment and Δshort = Cq control − Cq experiment for the
short fragment.

Histological studies and measurement of intestinal length
After sacrificing the mice, the length of the mouse intestine
was measured. The length of the small intestine was
considered from the stomach to the cecum. The length of
the colon was evaluated from the cecum to the anus. For
morphological studies of the small intestine, tissue samples
were fixed in a 10%–12% solution of neutral formalin
HistoSafe® (Biovitrum, B06-003/5, Moscow, Russia).
Subsequently, the intestine tissue was dehydrated through
increasing concentrations of ethyl alcohol and embedded in
histological paraffin “Histomix” (Biovitrum, 247, Moscow,
Russia). Sections with a thickness of 3–5 μm were obtained
from paraffin blocks using a rotary microtome MPS-2
(Tochmedpribor, 00460, Kharkov, Ukraine). The sections
were stained using classical histological methods, such as
hematoxylin and eosin.

Deparaffinization of histological sections was performed
in three “batches” of O-xylene (ChDA) (Ekos-1, 1330-20-7,
Moscow, Russia) for three minutes each, followed by
rehydration in four “batches” of alcohol with decreasing
concentrations. This was followed by rinsing in distilled
water for 20 s, after which the histological sections were
stained with Harris hematoxylin (Biovitrum 05-001,

TABLE 1

Primer sequences for assessing gene expression levels

Gene name Forward primer sequence 5′ —> 3′ Reverse primer sequence 3′ —> 5′ Accession number References

Nfe2l2 CTCTCTGAACTCCTGGACGG GGGTCTCCGTAAATGGAAG NM_010902.4 [7]

p62 GCCAGAGGAACAGATGGAGT TCCGATTCTGGCATCTGTAG NM_011018.3 [7]

Pink1 GAGCAGACTCCCAGTTCTCG GTCCCACTCCACAAGGATGT NM_026880.2 [7]

Il1b TTGACGGACCCCAAAAGATG AGAAGGTGCTCATGTCCTCA NM_008361.4 [31]

Il6 CGGAAGAGGAGACTTCACAGAG CATTTCCACGATTTCCCAGA NM_031168.2 [31]

Tnf TATGGCTCAGGGTCCAACTC GGAAAGCCCATTTGAGTCCT NM_013693.3 [31]

Ptgs2 AGTCCGGGTACAGTCACACTT TTCCAATCCATGTCAAAACCGT NM_011198.5 [31]

Brca1 AGGTGATTGCAGTGTGAGAGA GTATCCCGATGCCTCTCTTC NM_009764.3 [7]

Ogg1 GAGACGACAGCCAGGTGTGAG CCGTTCCACCATGCCAGTA NM_010957.5 [7]

Trp53bp1 GAAGGAAAGCACAGATGAGGATT CTAGAGGTTTCTGCACGCTG NM_013735.5 [7]

Nqo1 GGACATGAACGTCATTCTCT TTCTTCTTCTGCTCCTCTTG NM_008706.5 [32]

Gapdh GGCTCCCTAGGCCCCTCCTG TCCCAACTCGGCCCCCAACA NM_001289726.1 [7]

TABLE 2

Primer sequences for measuring mtDNA damage

Fragment name Forward primer sequence 5′ —> 3′ Reverse primer sequence 3′ —> 5′ Fragment length (bp) References

1 long TAAATTTCGTGCCAGCCACC ATGCTACCTTTGCACGGTCA 1739 [7]

2 long ACGAGGGTCCAACTGTCTCTTA CCGGCTGCGTATTCTACGTT 1326 [7]

3 long CTAGCAGAAACAAACCGGGC TTAGGGCTTTGAAGGCTCGC 1675 [7]

4 long TCATTCTTCTACTATCCCCAATCC TGGTTTGGGAGATTGGTTGATG 1942 [7]

5 long CCCCAATCCCTCCTTCCAAC GGTGGGGAGTAGCTCCTTCTT 1732 [7]

6 long AAGAAGGAGCTACTCCCCACC GTTGACACGTTTTACGCCGA 1308 [7]

Short ACGAGGGTCCAACTGTCTCTTA AGCTCCATAGGGTCTTCTCGT 97 [7]
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Moscow, Russia) for 5 min. The stained sections were then
washed under running water for 30 min. To stain
eosinophilic structures, the histological sections were rinsed
in three batches of distilled water and immersed in a wide-
mouth flask with water-alcohol eosin (Labiko, LLC Labiko,
E-013/1000, Saint Petersburg, Russia) for 20 s. After staining
the eosinophilic structures, they were rinsed in distilled
water for 30 s, quickly “dried” on filter paper, and then
differentiated in increasing concentrations of alcohol: 70°,
80°, and 96° for 3 s each, with a “delay” of the histological
sections in 100° alcohol for 2 min. After treatment with
100° alcohol, the histological sections were placed in a
“batch” of carbol xylene for 2 min, followed by transfer to
two “batches” of O-xylene for 5 min each. The “mounting”
of the stained histological sections was performed using
Canada balsam (Panreac, 251179.1611, Barcelona, Spain).
Evaluation of tissue architecture was conducted using light
microscopy with a Biomed 4 microscope (Biomed,
00000023514, Moscow, Russia) [33].

Assessment of the level of lipid peroxidation products
To quantify the levels of MDA and DC, tissue samples were
homogenized in 2 mL of phosphate buffer solution. The
resulting homogenates underwent centrifugation at 500 g for
5 min at 4°C, and the supernatants were collected for
subsequent analysis.

MDA concentration was determined as follows: 400 μL of
the supernatant was aliquoted into test tubes, followed by the
addition of 600 μL of 20% trichloroacetic acid (Lenreactiv,
180324, St. Petersburg, Russia). The mixture was then
incubated at cold temperatures for 30 min with intermittent
agitation every 10 min. Subsequently, the samples were
centrifuged at 10,000 g for 10 min at 4°C. Next, 300 μL of
the resulting supernatant was transferred to fresh test tubes,
to which 3 mL of trichloroacetic acid and 1 mL of 0.8%
thiobarbituric acid (Lenreactiv, 180160, St. Petersburg,
Russia) were added. The contents were thoroughly mixed
and incubated in a water bath for 40 min, followed
by cooling. The MDA levels were measured
spectrophotometrically at wavelengths of 530 and 580 nm [34].

The calculations were performed using the following
formula: СMDA = (Е530–Е580)/(ε*L*m), where СMDA—
concentration of MDA (mmol/mg), Е530—the optical
density at a wavelength of 530 nm, Е580—the optical density
at a wavelength of 580 nm, ε—the molar extinction
coefficient (mМ−1*cm−1), L—the optical path length (сm),
m—mass of the sample (mg).

The determination of conjugated dienes (CD)
concentration was carried out as follows: 125 μL of the
prepared supernatant was combined with 125 μL of
physiological solution (MOSPHARM, 005263/07, Moscow,
Russia). To this mixture, 1.5 mL each of heptane
(Lenreactiv, 443043, St. Petersburg, Russia) and isopropyl
alcohol (Dia-M, 3827.1000, Moscow, Russia) were added in
test tubes. The resulting solution was then centrifuged for
10 min at 3000 g at 4°C. Subsequently, the supernatant was
carefully transferred to fresh test tubes, followed by the
addition of distilled water and vigorous mixing. After phase
separation, the upper phase was collected, and 500 μL of
96% ethanol was added. The determination of conjugated

dienes level was conducted spectrophotometrically at a
wavelength of 233 nm. The calculation was conducted using
the formula:

СCD = (Vtotal*D*10
6)/(L* ε*m*Vadd), where CCD—the

concentration of DC (mmol/mg), Vtotal—the total volume of
the sample (μL), D—optical density, ε—the molar extinction
coefficient (mМ−1*cm−1), Vadd—the volume of supernatant
taken for analysis (μL), L—the optical path length (сm),
m—a mass of the sample (mg) [7].

The statistical analysis
The results obtained during the experiment are presented as
mean values ± standard error. The statistical analysis was
performed using the Statistica 12.0 software package
(StatSoft, Inc., USA). The normality of the data distribution
was determined using the Shapiro-Wilk test. The Kruskal-
Wallis analysis of variance was used to determine the level
of significance. A statistically significant difference was
considered to be an adjusted p-value of ≤0.05.

Results

The effect of MTX on liver mitochondria in vitro
We investigated the toxicity of MTX on isolated liver
mitochondria in vitro. Our findings reveal that MTX
significantly amplifies oxidative damage to mtDNA,
particularly notable at a concentration of 37.5 μg/mg protein
(a fivefold increase, p < 0.001), while no statistically
significant elevation in damage was noted at lower
concentrations (Fig. 2A). Additionally, MTX notably
stimulates lipid peroxidation within the mitochondria. A
more than threefold increase in DC concentration
was observed upon MTX addition at a concentration of
25 μg/mg protein (p < 0.01) (Fig. 2B). Consistent outcomes

FIGURE 2. The effect of methotrexate (MTX) on (A) mitochondrial
DNA (mtDNA) damage, (B) concentration of diene conjugates, (C)
levels of malondialdehyde upon the addition of different
concentrations of MTX to isolated liver mitochondria (n = 3).
Differences between groups are statistically significant: *p < 0.05,
**p < 0.01, ***p < 0.001 (Kruskal-Wallis test).
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were obtained in the assessment of MDA concentration,
revealing a threefold rise in lipid peroxidation products
subsequent to the addition of MTX at a concentration of 25
μg/mg protein (p < 0.05) (Fig. 2C).

The effect of MTX on body weight changes in mice
The use of probiotics for 10 days had no effect on the body
weight of the mice, and no statistically significant differences
were found compared to the control group. Starting from
the 11th day of the experiment, two groups of mice received
daily injections of MTX at a concentration of 5 mg/kg/day.
On the 2nd day after the start of the injection course, the
body weight of mice receiving only food and MTX
injections was 15% lower than that of the control mice (p <
0.05). Furthermore, mice receiving MTX injections
continued to experience a decrease in body weight. By the
6th day of injections, the body weight of mice receiving only
MTX was 32% lower than that of the control group (p <
0.01). It is worth noting that the MTX-induced reduction in
body weight was also observed in mice receiving probiotics,
but the differences compared to the control group were not
statistically significant (Fig. 3).

The impact of MTX on the amount of mtDNA damage in
different organs
We analyzed the influence of MTX on the amount of damage
in different sections of the gastrointestinal tract. There was no
increase in mtDNA damage observed in the stomach and colon
after the course of MTX injections (Fig. 4A,B). However, MTX
injections resulted in an 82% increase in mtDNA damage in
the small intestine compared to the control group (p <
0.001). Additionally, mice that received pre-treatment with
probiotics had 26% less damage compared to mice that only
received MTX injections (Fig. 4C). However, probiotics did
not have any effect on mtDNA damage in the cerebral
cortex, heart, and lung (Fig. 4D–F).

Among all the internal organs studied, the liver was most
susceptible to MTX-induced mtDNA damage (+98%
compared to control, p < 0.001). Probiotics did not have an
impact on the amount of mtDNA damage in the liver
(Fig. 4G). However, in the kidneys of mice that received
simultaneous treatment with MTX and probiotics, the

amount of mtDNA damage was 27% lower than in the
control group (p < 0.001) (Fig. 4H). It is worth noting that
MTX caused an increase in the level of mtDNA damage in
the blood (+86%, p < 0.01). Treatment with probiotics did
not affect the amount of mtDNA damage in the blood
(Fig. 4I). Probiotics partially reduced the level of damage in
the small intestine (−26%, p < 0.05).

The effect of MTX and probiotics on the levels of lipid
peroxidation products
Since the small intestine and liver exhibited the highest levels
of mtDNA damage, we further assessed the levels of lipid
peroxidation products in these organs. The level of MDA in
the livers of mice receiving MTX injections was twofold
higher than that of control mice, but the differences were
not statistically significant (p = 0.053) (Fig. 5A). However,
the level of DC in the livers of mice receiving MTX
injections was 67% higher than that of control mice (p <
0.05) (Fig. 5B). In mice receiving simultaneous treatment
with MTX and probiotics, there was no statistically
significant increase in the levels of both MDA and DC
compared to the control group.

In the small intestine, there was also a tendency towards
increased levels of MDA and DC after MTX injections (+50%
and +107%, respectively). However, probiotics in the small
intestine stimulated a reduction in DC levels (−45%) and
MDA levels (−47%), which were approximately similar to
the values observed in control mice (Fig. 5C,D).

Effect of MTX and probiotics on the level of gene expression
In the small intestine of mice receiving MTX injections, the
expression of Il1b was increased by 10-fold compared to
control mice (p < 0.05). Although the expression of Il1b was
also increased 5-fold in the mice receiving MTX and
probiotics, the differences with control were not statistically
significant. No differences were found in the expression
levels of other pro-inflammatory cytokines (Il6, Tnf) and the
inflammation marker Ptgs2. MTX stimulated an increase in
the expression of the Nfe2l2 gene in the small intestine of
mice, but a statistically significant 5-fold increase in Nfe2l2
expression was only observed in mice receiving probiotics
treatment in addition to MTX (p < 0.05).

FIGURE 3. The effect of methotrexate (MTX) and probiotics on the dynamics of body weight throughout the entire duration of the
experiment. The control group of mice (n = 6), the MTX group (n = 8), and the MTX + probiotics group (n = 8). The differences between
the control group and the group of mice receiving MTX injections were statistically significant: *p < 0.05, **p < 0.01 (Kruskal-Wallis test).
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In mice receiving simultaneous treatment with MTX and
probiotics, the expression of genes involved in DNA repair,
including partially mtDNA repair, was increased. This
includes the genes Ogg1 (increased 3-fold) and Brca1
(increased 6-fold) (both p < 0.05 compared to control). Mice
receiving probiotics and MTX showed a three-fold increase
in Trp53bp1 expression compared to mice receiving only
MTX injections (p < 0.05). In the small intestine of mice in
the MTX + probiotics group, the expression of Nqo1 was
increased 12-fold compared to control (p < 0.01) and 5-fold
compared to the group receiving MTX injections only (p <
0.05). There were no changes observed in the expression of
genes involved in mitophagy (p62 and Pink1) (Fig. 6).

Histological analysis and differences in intestinal length
Measurement of the small intestine and colon length was
conducted to assess the severity of inflammatory processes
induced by MTX. We found that the mean length of the
small intestine in the control group of mice was 35.56 ±
1.22 cm (Fig. 7A,C). In the group of mice receiving MTX

injections, the mean length of the small intestine was
26.37 ± 1.1 cm, which was significantly shorter than in the
control group (p < 0.001) (Fig. 7A,D). In the group of mice
receiving MTX and probiotics, the length of the intestine
was 30.72 ± 1.2 cm (Fig. 7A,E). The mean length of the
colon did not differ between the experimental groups of
mice (Fig. 7B).

In the control group, the architecture of the intestine is
uniform, with the mucosa showing uneven swelling. The
surface epithelium remains intact for the most part,
although the apical portion of the villi is partially
desquamated. The rest of the surface is composed of tall
columnar enterocytes, with well-defined brush borders. The
epithelial lining of the colon is preserved, with cells tightly
packed together. The submucosa is composed of connective
tissue with blood vessels. The intestinal villi correspond to
the normal development of the organ (Fig. 8A), and the
crypts are shallow and of regular shape (Fig. 8B).

In mice receiving MTX injections, there was uneven
infiltration of lymphocytes and plasma cells, with a

FIGURE 4. The effect of methotrexate (MTX) and probiotics on the amount of mtDNA damage in the stomach (A), colon (B), small intestine
(C), cerebral cortex (D), heart (E), lung (F), liver (G), kidney (H), blood (I) of mice. The control group of mice (n = 6), the MTX group (n = 8),
and the MTX + probiotics group (n = 8). Differences between groups are statistically significant: *p < 0.05, **p < 0.01, ***p < 0.001 (Kruskal-
Wallis test).
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moderate presence of neutrophils, scattered mostly in the
villi. Desquamation of the epithelial layer was observed in
the apical portion. The epithelial lining of the villi was
disrupted with signs of infiltration (Fig. 9A). The submucosa
consisted of connective tissue. The crypts in the small
intestine are shallow, poorly branched, and exhibit low
mitotic activity (Fig. 9B). This may indicate a compensatory
reaction in the intestine following the administration of
the drug.

Histological examination of the small intestine of the
MTX + probiotics group revealed focal edema of the villi
stroma, and congestion of blood vessels with a small

number of lymphocytes scattered within the stroma. The
crypts were short, and moderately curved, with a large
number of Paneth cells in the depths and intact epithelial
lining throughout, along with rare mitotic figures within
their epithelial layer (Fig. 10A). The intestinal epithelial
lining remained intact, with tightly packed cells. The
submucosa consisted of connective tissue, and focal
infiltration was observed. The visualization of intestinal villi
was also observed (Fig. 10B).

FIGURE 5. Effect of methotrexate (MTX) and probiotics on (A) malondialdehyde (MDA) concentration in the liver, (B) diene conjugates
(DC) concentration in the liver, (C) MDA concentration in the small intestine, and (D) DC concentration in the small intestine. The control
group of mice (n = 6), the MTX group (n = 8), and the MTX + probiotics group (n = 8). Differences between groups are statistically significant:
*p < 0.05 (Kruskal-Wallis test).

FIGURE 6. Effect of methotrexate (MTX) and probiotics on the level
of gene expression in the small intestine of mice. The control group of
mice (n = 6), the MTX group (n = 8), and the MTX + probiotics
group (n = 8). Differences between groups are statistically
significant: *p < 0.05, **p < 0.01 (Kruskal-Wallis test).

FIGURE 7. Effect of methotrexate (MTX) and probiotics on the
length of the small intestine (A) and large intestine (B) in mice.
Representative photos of the intestine in the control group of mice
(C), mice receiving MTX injections (D), and mice receiving
probiotics and MTX injections (E). The control group of mice
(n = 6), the MTX group (n = 8), the MTX + probiotics group
(n = 8). Differences between groups are statistically significant:
***p < 0.001 (Kruskal-Wallis test).
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Discussion

Many cytotoxic drugs used in the therapy of oncological
diseases are highly toxic to various components of
mitochondria. Previously, our research group demonstrated
that 50 μg of cisplatin in isolated kidney mitochondria
doubled the amount of lipid peroxidation products and
tripled the amount of mtDNA damage [7]. In this study, on
the contrary, MTX caused a 3-fold increase in the intensity
of lipid peroxidation in liver mitochondria at a
concentration of 25 μg/mg protein (Fig. 2), while a
statistically significant increase in the number of mtDNA
damage was observed only at a concentration of 37.5 μg/mg
protein (Fig. 2). This process may be related to the
peculiarities of metabolism or the lipid profile of liver and
kidney mitochondria. The differences in the toxicological
effects of cisplatin and MTX could also be an important
factor contributing to the distinct results. Cisplatin can exert
an anticancer effect due to its ability to form coordination
bonds in DNA between two purine bases and a platinum
atom through alkylation. This leads to the formation of
interstrand and intrastrand cross-links, which results in
structural distortions in the DNA double helix and
disruption of the DNA replication and transcription
mechanisms [35]. However, it was shown by our research

group that cisplatin cannot directly increase the rate of
production of ROS in mitochondria [7]. MTX can enhance
oxidative stress, thereby participating in DNA structure
damage. MTX is capable of inhibiting dihydrofolate
reductase (DHFR). DHFR serves as a catalyst for the
reduction of dihydrobiopterin to tetrahydrobiopterin, which
in turn is necessary as a cofactor for the synthesis of nitric
oxide (NO) by nitric oxide synthases (NOS). ROS increases
when NOS are uncoupled due to the depletion of
tetrahydrobiopterin reserves [8]. MTX contributes to the
depletion of antioxidants, particularly GSH, which also
significantly contributes to the increased intensity of
oxidative damage [36]. Thus, it is likely that the increase in
levels of mtDNA damage is also a consequence of oxidative
stress rather than direct interaction of MTX with the
mitochondrial genome.

The highest levels of mtDNA damage induced by
intraperitoneal injections of MTX were observed in the liver
(+98%, p < 0.001), blood (+86%, p < 0.01), and small
intestine (+82%, p < 0.001) (Fig. 4C,G,I). The higher
number of mtDNA damage in the liver can be explained by
its role as the primary detoxifying organ, making it more
susceptible to significant damage from various toxins and
drugs. Additionally, the liver contains a substantial amount
of lipids, and many drugs, including MTX, can increase the
intensity of lipid peroxidation through induction of
oxidative stress [37]. This is supported by our studies, where
we found a twofold increase in the concentration of primary
lipid peroxidation products (DC) (Fig. 5) and secondary
lipid peroxidation products (MDA) (Fig. 5). We observed a
significant increase in the levels of oxidative damage to
mtDNA in the blood of mice receiving MTX injections
(Fig. 4). This is consistent with data showing that patients
undergoing uterine myoma therapy with MTX experienced
a significant increase in genomic instability, manifested by
an increase in the number of micronuclei in peripheral
blood lymphocytes [38]. It is worth noting that in mice
receiving probiotics along with MTX, the level of mtDNA
damage did not differ from those mice receiving only MTX
(Fig. 4I). Additionally, the level of lipid peroxidation
products in the liver did not differ from control values, but
there were also no significant differences compared to the
group of mice receiving only MTX injections (Fig. 5). This
suggests that the protective effect of probiotics against
MTX-induced toxicity in the liver and blood is quite limited.

MTX adverse effects on the gastrointestinal tract,
especially the small intestine, are notably severe. Our
observations revealed a marked rise in MTX-induced
mtDNA damage (Fig. 4) and a trend towards elevated levels
of lipid peroxidation products in the small intestine (Fig. 5).
These findings underscore MTX role in inducing substantial
oxidative stress within small intestinal cells. It has been
previously noted that MTX increases oxidative stress in
various organs, including the brain. Oxidative stress under
the influence of MTX can arise due to the induction of
apoptosis caused by excessive production of ROS [39]. The
administration of MTX caused a significant decrease in the
levels of Nuclear factor erythroid 2-related factor 2 (Nrf2)
and Heme oxygenase 1 (HO-1), which are protective factors
against oxidative damage and inflammation. The

FIGURE 8. Morphological structure of the intestine in mice of the
control group. (A) Intestinal villi, (B) crypts. Magnification A, B ×40
hematoxylin-eosin staining.

FIGURE 9. Morphological structure of the intestine in mice of the
MTX group. (A) Tissue infiltration in villi, (B): crypts. Magnification
A, B ×40. Hematoxylin-eosin staining.

FIGURE 10. Morphological structure of the intestine of mice from
the MTX + probiotics group. (A) Crypts, (B) intestine villi.
Magnification: �40. Staining: Hematoxylin-eosin.
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attenuation of the Nrf2/HO-1 pathway is a direct consequence
of sustained generation of ROS induced by MTX [40].
Additionally, there is evidence that MTX induces renal
oxidative stress, increasing the levels of MDA and NO,
while decreasing the level of renal GSH [41]. The ability of
MTX to increase the levels of ROS also induces a pro-
inflammatory response, involving the activation of iNOS
and TNF-α [42].

The oxidative disturbances were accompanied by
histological changes. Firstly, it is worth noting that in mice
receiving MTX, the length of the small intestine decreased
by 19% (p < 0.01) compared to control mice (Fig. 7). The
reduction in intestinal length may indicate certain
pathologies of the gastrointestinal tract, particularly
enteritis-inflammation in the small intestine, leading to
changes in the mucous membrane [43]. It should also be
noted that morphological examination of the intestine
revealed structural changes in mice treated with MTX,
characterized by leukocytic infiltration of the tissues in the
intestine (Figs. 9,10).

Based on the data obtained, we can compare the
conducted experiment with analogous studies Abdul-Wahab
et al. [44] and Asoskova et al. [45], in which MTX exhibits
strong anti-inflammatory activity, which, in our opinion,
may account for the pathological changes in the small
intestine. However, in the MTX + probiotics group (Fig. 10)
of experimental mice, where a probiotic supplement was
used, the dystrophic processes in the small intestine were
less pronounced. In the study of Katturajan et al. [46], the
quantitative composition of the intestinal microbiota was
examined when using MTX, and it was found that the
quantitative composition of the microbiota decreased when
the drug was administered. Therefore, in our opinion, the
probiotic supplement allowed for the stabilization of the
microbiota and the mitigation of the toxic effects of the drug.

Previous studies have shown that MTX can induce
villous atrophy and disrupt the epithelial architecture of the
small intestine [47]. We also observed a significant decrease
in body weight of mice immediately after the start of the
intraperitoneal MTX injections (Fig. 3). This can be
explained by the fact that MTX leads to the disruption of
the intestinal barrier and digestive disturbances, thereby
causing a range of gastrointestinal complications and poor
nutrient absorption.

However, recent studies have shown that MTX treatment
can be used for the therapy of intestinal diseases. It has been
demonstrated that monotherapy with MTX at low doses
(7.5–25.0 mg/week) administered orally and parenterally is
sufficiently effective in patients with Crohn’s disease. The
rates of clinical remission were 76.3%, 74.6%, and 80.0% at
6, 12, and 24 months, respectively [48]. Currently, research
has shown that MTX is effective in maintaining remission
for up to one year in 25%–69% of children with Crohn’s
disease [49].

With intraperitoneal injections of MTX at a
concentration of 5 mg/kg/day, on the contrary, we observed
an increase in the expression level of Il1b in the small
intestine (Fig. 6), which may indicate the activation of
inflammatory processes. There is evidence that damage to
the small intestine caused by MTX is accompanied by

increased expression of Tnf-α and Interleukin 1beta (Il-1b)
genes, which play a role in inflammation processes [50].

Probiotics have been shown to have a protective effect
against MTX-induced toxicity in the small intestine. It is
known that certain strains of Bifidobacterium bacteria can
produce mycosporine-like amino acids, which can impact
the regulation of proliferation and differentiation of
intestinal epithelial cells. Additionally, it has been shown
that the consumption of a probiotics consisting of a mixture
of Lactobacillus and Bifidobacterium strains increased the
expression of tight junction proteins in the intestinal
mucosa, improved its integrity, and reduced the number of
enteropathogenic bacteria during the treatment of
oncological diseases [51]. It has been shown that the use of
Bacteroides fragilis reduces inflammation caused by MTX
[29]. In our study, the level of the pro-inflammatory marker
Il1b in the group of mice that received probiotics along with
MTX did not statistically significantly increase compared to
the control group (Fig. 6), which may indicate an anti-
inflammatory effect of probiotics.

Moreover, it was found that in mice receiving probiotics
along with MTX, the level of lipid peroxidation products in
the small intestine did not increase relative to the control
group (Fig. 5). Studies have shown that lactobacteria and
bifidobacteria, as well as their cellular components, possess
strong antioxidant properties [52]. For example,
Lactobacillus rhamnosus has the ability to directly scavenge
free radicals and inhibit the peroxidation of linoleic acid
[53]. Probiotics have been found to exert an antioxidant
effect at the level of gene transcription regulation. We
discovered that in the small intestine of mice receiving
probiotics along with MTX, the expression of the Nfe2l2
gene (Fig. 6), which encodes the transcription factor Nrf2,
was increased. The Nuclear factor erythroid 2-related factor
2/Antioxidant response element (Nrf2/ARE) signaling
pathway is one of the main mechanisms by which cells
adapt to oxidative stress, as it regulates the expression of
many key antioxidant genes. Recent studies have shown that
inflammatory bowel diseases can be alleviated through
probiotics that act via the Nrf2 signaling pathway. In vitro
studies have demonstrated that Lactobacillus fermentum Lf1
can enhance the expression of Nrf2 [54]. Deeper research
has also shown that Lactobacillus plantarum P101 and
Lactobacillus rhamnosus GG activated the Nrf2/ARE
pathway in vivo to reduce hepatotoxicity induced by
cyclophosphamide [55]. In another study, it was confirmed
that Lactobacillus plantarum KSFY01 stimulates the
activation of the Nrf2 pathway, and the expression level of
Nrf2 increased proportionally with the dosage of the
probiotic [56].

The Nrf2/ARE pathway is an activator of the Nqo1 gene
expression as it contains specific ARE sequences in its
promoter region [57]. Indeed, Quinone oxidoreductase 1
(NQO1) plays a crucial role in protecting the intestine from
damage. Studies have shown that mice with a knockout of
the Nqo1 gene have reduced levels of claudin and occludin,
which are key molecules of the tight junctions of intestinal
epithelial cells. Additionally, high levels of oxidative stress,
as indicated by increased levels of ROS, were observed in
these mice [58]. Downregulation of NQO1 impaired
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mitochondrial function and mitochondrial antioxidant
protection [59]. The antioxidant activity of NQO1 lies in its
ability to catalyze the two-electron mediated reduction of
quinones to hydroquinones. Normal one-electron reduction
of quinones leads to the formation of an unstable
semiquinone, which can donate an electron to oxygen,
generating O2

−. NQO1 generates a relatively stable
hydroquinone while utilizing NAD(P)H during this process
[60]. It is known that NQO1 reduces xenobiotics to less-
reactive compounds via 2-electron reduction [61].

There is evidence that the consumption of apple puree
containing the probiotic L. plantarum increased the level of
Nrf2 in ischemic myocardium and induced Nrf2-regulated
antioxidant enzymes such as HO-1 and NQO-1 [62]. Thus,
we can assume that significant upregulation of NQO1 in the
intestine (likely through an Nrf2-dependent manner),
induced by probiotic therapy, may contribute significantly
to the protection of the small intestine against MTX-
induced damage.

Some lactobacilli have the ability to inhibit DNA breaks
induced by peroxyl radicals [63]. In our study, we found that
the amount of mtDNA damage in the small intestine of mice
receiving MTX in combination with probiotics was 26% lower
(p < 0.05) compared to mice receiving only MTX. This could
be attributed to the antioxidant properties of the probiotics as
well as their ability to activate DNA repair pathways. We
observed a significant expression of the Ogg1, Trp53bp1, and
Brca1 genes in the group of mice receiving MTX in
combination with probiotics (Fig. 6). Oxoguanine
glycosylase 1 (OGG1) is the primary glycosylase that
removes 8-oxoG, the most common type of mtDNA
damage that occurs as a result of oxidative stress or
exposure to drugs and xenobiotics [64], including MTX.
Specific inhibition of OGG1 in combination with the
administration of MTX increased the extent of DNA
damage [65]. However, in our study, probiotics, on the
contrary, stimulated the expression of OGG1 (Fig. 6), which
subsequently reduced the extent of mitochondrial genome
damage.

OGG-1 contains an N-terminal mitochondrial targeting
signal (MTS), which enables its transport into mitochondria.
Therefore, OGG-1 can contribute to the protection of
mtDNA from damage [66]. The OGG1 gene contains ARE,
and a positive correlation between Nrf2 expression and
OGG1 has been demonstrated [67]. There is evidence that
breast cancer susceptibility gene 1 (BRCA1) contributes to
maintaining the integrity of mtDNA. It is well-established
that BRCA1 is involved in the regulation of glycosylases,
including OGG1 [68]. There is a complex bidirectional
regulatory system between Nrf2 and BRCA1. It has been
shown that over-expression of Nrf2 stimulates BRCA1
expression [69]. In turn, BRCA1 can physically interact with
Nrf2 and facilitate its nuclear translocation [70]. We also
found that probiotics promote an increase in the expression
of the Trp53bp1 gene, which encodes the protein p53
binding protein 1 (53BP1) (Fig. 6). This enzyme has an
important function in the repair of DNA double-strand
breaks [71]. The presence of ARE-sequences in the
promoter region of the Trp53bp1 gene was previously
detected in human colon epithelial cells [72]. Therefore, all

three genes studied (Ogg1, Trp53bp1, Brca1) have ARE
sequences and can potentially be regulated by Nrf2. Thus,
the protection of mtDNA in the small intestine from MTX-
induced damage may be associated with the activation of
repair systems through the Nrf2-dependent pathway, which
is activated in small intestinal cells upon probiotic intake.

The main limitation of this study is that we can only
speculate that the protective effect of probiotics is based on
the activation of the Nrf2/ARE pathway. We do not provide
irrefutable evidence for this assumption. Additional
experiments are needed to assess the binding of transcription
factors to the promoter regions of target genes, for example,
using the chromatin immunoprecipitation (ChIP) method
combined with high-throughput DNA sequencing (Seq)
(СhIP-Seq method). Experiments on knockout mouse
models (Nrf2-/-) could also clarify our research.

Conclusion

Thus, we have demonstrated that MTX is highly toxic to liver
mitochondria, leading to an increase in mtDNA damage and
lipid peroxidation of membranes both in vitro and in vivo.
Similar toxic effects were observed in the small intestine,
accompanied by morphological changes in the intestine. The
probiotic mixture partially mitigated the destructive
processes induced by the course of MTX injections. We
hypothesize that this may be due to the anti-inflammatory
and antioxidant effects of probiotics, as well as their ability
to modulate the activity of the Nrf2/ARE pathway. This
signaling cascade regulates the expression of antioxidant
genes, genes associated with drug and xenobiotic
detoxification, as well as DNA repair systems. The
comprehensive positive effect of the probiotic mixture opens
up possibilities for their use in conjunction with MTX
therapy to protect the intestine.
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