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The spread and accumulation in the environment of tebuconazole, which is a triazole fungicide, causes a variety of environ-
mental problems and endangers human health. Despite numerous advances in studies of its toxicity, cellular mechanisms of
influence have not been systematically studied. Wistar Han rats were administered in vivo a single oral dose of fungicide (600 and
1200 mg/kg), containing the active substance tebuconazole alone or in combination with triadimefon. Gas chromatography —
mass spectrometry (GC-MS) revealed that the accumulation of tebuconazole in the liver prevailed over its accumulation in the
kidneys. The features of the antioxidant protection system response (activity of antioxidant enzymes and sulthydryl groups) of the
liver, kidneys and myocardium were detected on the 14th day after a single exposure to the fungicide in rats. A decrease in the
activity of superoxide dismutase and catalase, as well as a decrease in the content of both protein and non-protein sulthydryl
groups, was found in the liver. In the kidneys, with an increase in the administered dose of the studied fungicides, the activity of
superoxide dismutase and the content of protein SH groups decreased, and the activity of catalase did not differ from the control.
In the myocardium, only superoxide dismutase activity tended to increase, while the values of other indicators remained at the
control level, which can be regarded as a compensatory reaction to the action of fungicides. No distinct differences in the action
of fungicides containing tebuconazole alone or in combination with triadimephone were found, which requires further research.
The changes detected in the antioxidant system of hepatocytes can be explained by oxidative stress mediated by the accumulation
of tebuconazole in the liver. This may reflect metabolic changes and impairment of liver function under the influence of fungi-
cides containing tebuconazole.
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Introduction

The widespread use of pesticides in agriculture creates an increa-
sing threat of environmental pollution with toxic substances. The lar-
gest group of modern fungicides — triazoles belong to systemic com-
pounds that are used to protect plants from a wide range of diseases
(Culleres et al., 2009).

However, triazole fungicides can be toxic to target and non-target
organisms (Cao et al., 2019), and have adverse effects on humans
when migrating through the trophic (food) chain (Ahmad et al., 2024).
Triazole fungicides are widely used both individually and in combi-
nation. Moreover, residual amounts of compounds of this chemical
group are often found in increased concentrations in the environment
(Gomez-Martinez et al., 2024). Thus, tebuconazole, which belongs to
the third generation of triazoles, has a long half-life and its residues
are stored in various environmental objects such as soil (Azhari et al.,
2018) or water (Zubrod et al., 2019), as well as in raw materials and
food products (Sannino et al., 2004). This requires further experimen-
tal studies of its toxic effects.

To assess the toxicity of pesticides used in agriculture and to es-
tablish the mechanisms of their toxic action, studies are conducted on
non-target organisms, including rats. Despite the risks associated with
triazole fungicides, studies of their effect on metabolic processes in
animals are limited. In particular, modifications of the fatty acid com-
position of earthworms (Khyzhnyak et al., 2021) and total lipids in the
liver of rats (Khyzhnyak et al., 2022) have been found after exposure
to fungicides containing tebuconazole alone or in combination with
other azoles. Morphological manifestations of the action of tebucona-
zole on rats are characterized by signs of hepatocyte dystrophy, dama-
ge to the tubular epithelium in the kidneys and microcirculatory disor-
ders in the adrenal glands (Kornuta & Reshavs’ka, 2011). It is noted
that tebuconazole-induced liver dysfunction may be associated with
damage to the antioxidant defense system (Jonsdottir et al., 2016).

Oxidative stress is believed to be the main mechanism that de-
termines the potential toxicity of fungicides and results in disruption
of the structural and functional activity of membranes, lipids and pro-

tein metabolism (Kaur et al., 2019). At the same time, the intensity of
oxidative processes in cells, tissues and organs of the body is control-
led by the antioxidant defense system, which is necessary for the re-
gulation and maintenance of cellular homeostasis at the physiological
level (Baraboi, 2016). Compartmentalization and functional activity
of the components of the antioxidant (AO) system, which includes
enzymatic and non-enzymatic components, has its own specificity for
different organs of the body (Turrens, 2003).

This necessitates the study of the activity of this system in differ-
ent organs under the action of triazole fungicides to establish the me-
chanisms of their toxic action. The key role in the antioxidant defense
system is played by superoxide dismutase (SOD) and its synergist
catalase, which are sensitive to external stimuli, allowing enzymes to
be considered as an indicators of the overall state of the AO system
(Nikolenko et al., 2012). The results of this study will therefore con-
tribute to a better understanding of the potentially toxic effects of
typical triazole fungicides on animal organisms.

The aim of the study is to compare the response of the antioxidant
system in the liver, kidneys and myocardium of rats after a single
exposure to fungicides containing tebuconazole alone or in combina-
tion with triadimefon.

Materials and methods

Experiments were conducted on sexually mature male Wistar rats
weighing 210-240 g, which were kept in standard vivarium condi-
tions (heat, humidity and light) of the Institute of Occupational Medi-
cine of the National Academy of Medical Sciences of Ukraine. Ani-
mal manipulations were carried out in compliance with the European
Convention for the Protection of Vertebrate Animals Used for Expe-
rimental and Other Scientific Purposes (Strasbourg, 1986), in accor-
dance with the general ethical principles of animal experiments adop-
ted by the Law of Ukraine “On Protection of Animals From Cruel
Treatment” from 21.02.2006, No. 3447-1V as amended on 04.08.2017.
All necessary animal interventions were carried out in compliance
with the ARRIVE recommendations, without violating the guidelines
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of Council Directive 2010/63/EU of 22 September 2010 regarding the
protection of animals used for scientific purposes. The research pro-
gram was approved by the Bioethics Committee of the National Uni-
versity of Life and Environmental Sciences of Ukraine.

This study used the systemic fungicides Azimuth Classic (con-
taining the active ingredient, a.i. tebuconazole, 250 g/L) and Azimuth
(containing two active ingredients, a.i.: tebuconazole, 125 g/ and
triadimefon, 100 g/L) registered in Ukraine in the formulation of an
emulsifiable concentrate (EC). They are widely used to protect agri-
cultural crops. The active ingredients of the fungicides belong to the
chemical class of triazoles.

The animals were kept in cages where they had unlimited access
to food and water, and they were randomly selected for research. Rats
were divided into five groups of 6 animals each: one control and
4 experimental. The animals were administered orally an aqueous
emulsion of fungicide Azimuth (AZ) and Azimuth Classic (AC) at a
single dose of 600 mg/kg (AZ 600 and AC 600) and 1200 mg/kg (AZ
1200 and AC 1200). The dose selection was based on the LDs, ex-
ceeding 2500 mg/kg calculated according to (Backhaus & Faust,
2012) for tested fungicides.

Toxicological studies were conducted according to the principles
and criteria outlined in (OECD (2001) Guideline for testing of chemi-
cals. Acute oral toxicity — acute toxic class method. 2001. No. 423.
www.oecd.org/en/publications/test-no-423-acute-oral-toxicity-acute-
toxic-class-method 9789264071001-en.html). The state of the ani-
mals was assessed daily during the experimental period, and their
body weight was recorded at the beginning of the experiment and
once a week. After 14 days of acute exposure to the drugs, the ani-
mals were decapitated under light ether anesthesia. Internal organs
(liver, kidneys, and myocardium) were removed and perfused with
chilled physiological saline. The tissue was minced, homogenized
and centrifuged at 2500 rpm for 15 min, the resulting supernatant was
filtered and used in the studies.

The activity of superoxide dismutase (SOD) (Partyka et al., 2012)
and catalase (Aebi, 1984) was determined. To assess the content of
SH-groups, a colorimetric method based on the reaction of 5,5’-di-
thio-bis-2-nitrobenzoic acid (DTNB) with sulthydryl groups was used
(Rahman et al., 2007). To determine the total content of SH-groups in
the samples, the samples were incubated for 30 min. in the dark in the
presence of 1 mM DTNB and 17.3 mM (0.5%) sodium dodecyl sul-
fate (SDS). The optical density was measured at 412 nm. To deter-
mine the content of non-protein SH-groups, chilled 10% trichloroa-
cetic acid (TCA) was added to the sample and denatured proteins
were separated. The supernatant was incubated with 0.1 mM DTNB
in phosphate buffer (pH 7.7) in the dark for 30 min. The optical densi-
ty was measured at 412 nm, the SH-groups content was calculated per
mg of protein.

Identification and determination of tebuconazole content in the
liver and kidney tissues was carried out by gas chromatography-mass
spectrometry (GC—MS) using a single quadrupole detector. Chroma-
togram peak separation was performed on a HP-5 MS 15 m x 0.25
mm ID x 0.25 pm column. The analysis was conducted on a gas
chromatograph Agilent 7890-MSD 5975C (Agilent Technologies,
USA). Carrier gas pressure (helium) — 60.7 kPa.
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For this purpose, tissue samples were homogenized to a homoge-
neous mass, acetonitrile was added and placed on an ultrasonic bath
on ice for 20 minutes. After centrifugation, the supernatant was col-
lected and acetonitrile was added to the tissue homogenate for subse-
quent extraction. Supernatants were pooled, acetone and anhydrous
sodium sulfate were added, followed by centrifugation. The com-
bined supernatant was concentrated and a dispersion purification was
carried out on cartridges (clean-up kits 150 mg PSA/150 mg
C18/900 mg MgSO,). The purified sample extract was filtered
through a 0.22 pum organic filter membrane into chromatographic
vials for GC-MS analysis.

The obtained mass spectra were compared with the NIST data-
base integrated with the DRS-AMDIS instrument software. Quantifi-
cation was carried out using the analytics-Chrom program by the
correlation method with the standard peak height (EVS-EN
15662:2008. Foods of plant origin — Determination of pesticide resi-
dues using GC-MS and/or LC-MS/MS following acetonitrile extrac-
tion / partitioning and cleanup by dispersive SPE-QuEChERS-
method. www.evs.ee/products/evs-en-15662-2008).

Statistical processing of the obtained results was performed using
one-factor analysis of variance (ANOVA), the data in the tables are
presented in the form of x = SD (mean =+ standard deviation). Mean
values in the groups were compared pairwise using the Tukey test,
and the differences were considered significant at P < 0.05. When
comparing enzymatic activities, Bonferroni correction was applied
(P <0.005).

Results

Single exposure of rats to the studied triazole fungicides caused
toxic effects within the first hours after administration, most pronoun-
ced in the first four hours at a dose of 1200 mg/kg (AZ 1200 and AC
1200). It should be noted that toxic signs in the animals were mani-
fested in their decreased activity, depression, ruffled fur, hunched pos-
ture, unkempt appearance, narrowing of the palpebral fissure, droo-
ling, respiratory disorders, etc. The weight of animals in the experi-
mental groups did not differ from the control. Toxic manifestations
partially persisted until the second day and disappeared by the end of
the studies (14 days).

At the end of the experiment, residual levels of tebuconazole in
the liver and kidneys of rats were measured 14 days after the adminis-
tration of fungicides. The results (Fig.1.) indicate that when the fungi-
cide AZ was administered at a dose of 600 and 1200 mg/kg, the con-
tent of tebuconazole (mg/kg) in the liver was 0.42 + 0.02 and 0.61 +
0.01; when fungicide AC was administered in these doses, the content
of tebuconazole (mg/kg) in the liver was 0.63 + 0.01 and 0.88 & 0.02,
respectively. Accordingly, the accumulation of tebuconazole (mg/kg)
in the kidneys for the fungicide AZ at doses of 600 and 1200 mg/kg
was 0.20 + 0.01 and 0.28 + 0.01; and for the fungicide AC in the
same doses, the content of tebuconazole (mg/kg) reached 0.33 + 0.01
and 0.47 £ 0.03, respectively. That is, increasing the dose of tebuco-
nazole increases its content in the kidneys and liver. Comparing the
examined tissues, the accumulation of tebuconazole in the liver was
approximately twice as high as the kidney level when rats were admi-
nistered AZ or AC fungicides (Fig.1).
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Fig. 1. The accumulation of tebuconazole in different tissues: determination of the tebuconazole content (mg/kg) in rat liver and kidneys
by gas chromatography — mass spectrometry (GC-MS); data are expressed as the x + SD (n = 6 rat/group); the values of tebuconazole (mg/kg)
in the groups AZ 600, AZ 1200, AC 600, AC 1200 for the liver are compared for the corresponding groups in the kidney
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The toxic effect of fungicides due to absorption and accumulation
is associated with metabolic, in particular, oxidative processes in tis-
sues. Therefore, indicators that are associated with the reaction to oxi-
dative stress in response to the action of tebuconazole were determi-
ned. The effect of fungicides on the activities of the key scavengers of
reactive oxygen species — SOD and catalase are presented in Table 1.

The results of the study of SOD and catalase activity in the liver
and kidney indicate its decrease relative to the control with an increa-
se in the administered dose of fungicides (Table 1). SOD activity in
the liver was reduced by 19% for fungicide AZ 1200 and by 24% for
fungicide AC 1200 relative to control. Liver catalase activity decrea-
sed more significantly by 34% and 37% for the fungicide AZ 600 and
AZ 1200, and by 40% and 45% for the fungicide AC 600 and
AC 1200, respectively, compared to the control.

Table 1

Superoxide dismutase (conditional units) and catalase (nmol/mg
protein) activities in rats after administration (600 and 1200 mg/kg)
of fungicides AZ (a.i.: tebuconazole 125 g/L and triadimefon

100 g/L) and AC (a.i.: tebuconazole 250 g/L)), x + SD,n=6

Organ Experimental Superoxide dismutase Catalase activity,
conditions activity, conditional units nmol/mg protein
Control 3.61£0.11° 112.8+10.6"
5 AZ600 3.24+0.14% 74.1+7.6°
= AZ 1200 2.93+0.10° 70.9+9.2°
= AC600 3.12+£025® 68.1+£7.1°
AC 1200 275+0.16" 624+4.6°
Control 1.75+0.1° 95.6+7.0°
£ AZ600 1.63+£0.08® 944 +4.6"
£ AZ1200 1.40+0.06™ 934457
& AC600 1.51+£0.09* 93.]1+53"
AC 1200 135+0.07° 90.6+ 12.5°
£ Control 2.54+0.13" 1217+ 12.1°
2 AZ600 2,52+ 0.20° 108.9 +4.6*
g  AZ1200 2.88+0.11° 1104+8.1°
S AC600 2,78 +0.10° 109.5 +6.0°
= AC1200 3.08+0.21° 1174+58

Note: in this and the following table: fungicide with a concentration of tebuco-
nazole 125 g/L + triadimefon 100 g/L with a single administration at doses of
600 mg/kg (AZ 600) and 1200 mg/kg (AZ 1200); fungicide with a concentra-
tion of tebuconazole 250 g/L with a single administration at doses of
600 mg/kg (AC 600) and 1200 mg/kg (AC 1200). Different superscript letters
indicate values which differ significantly one from another by comparison
using the Tukey test and was considered significant at P < 0.005 (taking into
account the Bonferroni correction).

For enzyme activities in the kidneys (Table 1) a significant decre-
ase in SOD activity by 20% was found for the fungicide AZ 1200 and
by 23% for the fungicide AC 1200 relative to the control. Under ex-
perimental conditions, catalase activity in the kidneys did not change
relative to the control.

For the myocardium, a tendency to increase in SOD activity by
21% relative to the control was found after single exposure to the fun-
gicide AC 1200. Catalase activity in the myocardium did not change
compared to the control under experimental conditions (Table 1).

Important components of maintaining redox homeostasis in cells
and tissues are thiol compounds, which are primarily subjected to oxida-
tion. Studies of the content of non-protein and protein SH-groups in
the liver (Table 2) indicate their decrease with increasing doses of fun-
gicides. Thus, the content of non-protein SH-groups decreased by 25%
compared to the control at administration of the fungicide AZ 1200.
The content of protein SH-groups decreased significantly after admin-
istration of the fungicide AZ by 19% and 24% for AZ 600 and AZ
1200, respectively, relative to the control. For the fungicide AC the
content of non-protein SH-groups decreased by 26% and 31% and
protein SH-groups by 28% and 36% for AC 600 and AC 1200, respe-
ctively, in comparison with control levels. In the experimental condi-
tions, a decrease in the content protein SH-groups was also observed in
the kidneys. Thus, the content of protein SH-groups significantly de-
creased with the administration of the fungicide AZ 1200 by 17% and
fungicide AC 1200 by 22% compared to the control. An insignificant
decrease in the content of sulthydryl groups relative to the control is
noted in the myocardium (Table 2).

Table 2

Content (nmol/mg protein) of non-protein and protein SH-groups
in the organs of rats after administration (600 and 1200 mg/kg)
of fungicides AZ (a.i.: tebuconazole 125 g/L and triadimefon

100 g/L) and AC (a.i.: tebuconazole 250 g/L), x £ SD,n=6

Experimental Non-protein SH-groups, ~ Protein SH-groups,
Organs .. . .
conditions nmol/mg protein nmol/mg protein
Control 9.92+0.64° 107.5+63°
5 AZ600 845+0.51% 86.8+6.9°
Z  AZ1200 7.48+0.48° 81.6+8.1°
AC 600 7.39+049° 77.0+3.5°
AC 1200 6.82+1.05° 69.1+9.1°
Control 11.81+0.87 118.8+4.5
2 AZ600 10.80+0.78" 106.0+7.9%
£ AZ1200 10.03 £0.85° 98.1+£7.7°
2 AC600 10.11+ 1.06* 105.9+7.7%°
AC 1200 9.60 +0.56° 93.1+£52"
£ Control 11.18 + 1.08 1124495
2 AZ600 10.09+0.92° 1063 £4.4°
g  AZ1200 9.94+0.68" 96.4+7.0°
S, AC600 11.10+ 0.90° 109.5+6.0°
= ACI1200 9.56 +0.59° 96.4+9.1°

Note: letters indicate values that were significantly different according to the
Tukey test (P <0.05).

Discussion

The risks of triazole fungicides, especially those containing tebu-
conazole, are of global concern due to their widespread use, increased
exposure through environmental accumulation, and toxicological ef-
fects (Boskovic et al., 2020; Ahmad et al., 2024; Gomez-Martinez
et al., 2024). Therefore, research on the cellular mechanisms of their
effects on non-target organisms continues.

The toxicological effect of a single exposure to fungicides, which
are widely used to protect agricultural plants and contain tebucona-
zole individually AC (a.i.: tebuconazole 250 g/L) or in combination
AZ (a.i.: tebuconazole 125 g/L and triadimefon 100 g/L) was investi-
gated. Acute toxic manifestations were observed from the first hours
after the administration of fungicides at doses of 600 and 1200 mg/kg
and not detected in 14 days.

Considering the possible accumulation of triazole fungicides in
the liver and kidneys, the level of tebuconazole accumulation in these
organs under experimental conditions was determined. After 14 days,
accumulation of the active substance tebuconazole in the liver of rats
was detected when using both the fungicide AC and AZ. Moreover,
the content of tebuconazole in the liver of rats was about 2 times
higher than the kidneys. This confirms the fact that the liver is the
main organ of accumulation of tebuconazole, as noted previously (Li
et al., 2020; Marx-Stoelting et al., 2020).

The prerequisite for the study of the functional activity of the AO
system, which controls the intensity of prooxidant processes, was
consideration that the entry of fungicides in the body of animals can
lead to the development of oxidative stress (Ku et al., 2021). The spe-
cific features of the response of the key AO defense enzymes, in
particular SOD and catalase, were observed in the liver, kidneys, and
myocardium of rats under the action of fungicides in our studies.
Decreased SOD activity found in the liver and kidneys may be due to
depletion of the enzyme pool or structural modification of the enzyme
(Baraboi, 2016). Along with SOD, catalase activity was reduced
mainly in the liver, which may indicate an increase in oxidative pro-
cesses in the organ. Atthe same time, the tendency to increase in
SOD activity in the myocardium upon the administration of the fun-
gicide AC 1200 can be considered as an enhancement of the anti-
radical protection system of cells. The course of free radical processes
is associated with redox transformations of sulthydryl and disulfide
groups of proteins and low molecular weight compounds, in particu-
lar, glutathione, which constitutes the majority of low molecular
weight thiols in cells. In addition to antioxidant protection functions,
glutathione affects physiological and biochemical processes, for ex-
ample, mediating cell proliferation and apoptosis (Davis et al., 2001).

3
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The obtained results indicate that under the action of fungicides
AC (AC 600 and AC 1200) and AZ (AZ 600 and AZ 1200), a dose-
dependent decrease in the content of non-protein SH-groups was
observed in the liver, which confirms the intensification of oxidative
processes. For the kidneys, this decrease was unreliable. The results
of the studies indicate a decrease in the level of protein SH-groups in
the rat liver with increasing doses of fungicides AC and AZ, and in
the kidneys only at a higher dose (1200 mg/kg) of the fungicides AZ
and AC. It is known that the oxidation of protein sulthydryl groups is
facilitated by the activation of oxidative processes. During the oxida-
tion of SH-groups of cysteine residues, disulfide bridges are formed,
which leads to structural modifications of proteins and disruption of
their functional properties (Bhopatkar et al., 2020). In addition, SH-
groups located on the surface of protein molecules can inactivate
ROS by oxidation to disulfides, thus protecting the internal part of
protein molecules from damage (Gebicki, 2016). Besides, the decree-
se in the content of SH-groups can be due to both an increase in the
intensification of the free radical process and an increase in the invol-
vement of these compounds in intracellular interactions, which can be
an additional element of the regulation of biological processes. It is
also known that oxidative modification of SH-groups, which leads to
an increase in the number of disulfide groups, is a non-specific res-
ponse of the body to extreme influences (Baraboi, 2016).

Thus, the accumulation of tebuconazole in the liver, detected in
the experimental conditions, probably determines the most pronoun-
ced modification of the AO system in hepatocytes under the action of
fungicides containing tebuconazole individually or in combination
with triadimefon. A dose-dependent decrease in SOD activity and ca-
talase activity, as well as a decrease in the content of protein and non-
protein SH groups (especially under the individual effect of tebucona-
zole) was noted. Since the oxidation of sulthydryl groups of proteins
is facilitated by the activation of oxidative processes, this may affect
biochemical processes and the intensity of metabolism. In addition, a
decrease in the content of non-protein SH groups, mainly glutathione,
which plays the role of a cysteine reserve and is an inhibitor of ROS,
in turn indicates the activation of oxidative processes. Considering
that the ability of the cellular AO system to provide ROS neutraliza-
tion is complemented by the role of its individual components in the
implementation of a number of signaling cascades, modification of
the antioxidant defense system in hepatocytes can lead to liver dys-
function.

The liver is an important homeostatic organ of the body, and dis-
ruption of its functioning leads to an imbalance in protein and lipid
metabolism, a decrease in the biotransformation of xenobiotics, resul-
ting in intoxication of the body (Michalopoulos & Bhushan, 2021).
The hepatotoxic properties of individual triazoles have been analyzed
in toxicity tests (Tully et al., 2006). These studies indicate that high
doses of triazoles cause an increase in liver mass, and in long-term
studies, triazoles such as cyproconazole or epoxiconazole cause hepa-
tocellular tumors (Hester et al., 2021). Despite the information about
the hepatotoxic effect caused by individual triazole fungicides, there
is a lack of in vivo studies of effects on the liver. Our previous studies
have shown (Khyzhnyak et al., 2022) that the effect of fungicides
containing tebuconazole individually or in combination with triadi-
mefon leads to a redistribution of the fatty acid profile of total lipids in
liver tissues. This is characterized, in particular, by an increase in the
content of polyenoic fatty acids of the w6 family, which, being endo-
genous bioregulators, may be involved in destructive and inflammato-
ry processes in liver tissues (Khyzhnyak et al., 2022). Thus, the obtai-
ned results suggest the possibility of liver dysfunction due to the accu-
mulation of tebuconazole containing fungicides, that may be associa-
ted with a modification of the antioxidant defense system.

At the same time, the data shows that it is impossible to unequi-
vocally assert the existence of differences in the individual and com-
bined effects of fungicides on the AO system. The interaction bet-
ween pesticides in the mixture may vary depending on the percentage
content (dose levels) of the individual components, the duration of ex-
posure to the mixture and the biological target (Hernandez et al.,
2017). This may also be due to a methodological problem: when ana-
lyzing the combined effects, there is a limited number of dose levels
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that cause effects. However, it is generally necessary to analyze seve-
ral (at least five) effective doses for individual substances. Therefore,
further research is needed to understand the nature of the effects of
fungicide combinations.

Conclusion

The intake by rats of fungicides containing tebuconazole alone or
in combination with triadimefon, belonging to the chemical class of
triazoles, is characterized by the peculiarities of the reaction of the AO
defense system of the liver, kidneys and myocardium. The accumula-
tion of tebuconazole in the liver is accompanied by changes in the ac-
tivity of the antioxidant protection system, which indicate the intensi-
fication of oxidative processes and may be the basis of metabolic mo-
difications, as well as the cause of dysregulation processes, changes in
the efficiency of the implementation of intracellular regulatory me-
chanisms. The findings provide new insights into the molecular me-
chanisms of metabolic changes caused by triazole fungicides contain-
ing tebuconazole and contribute to a better understanding of the envi-
ronmental hazards of these fungicides.

This research did not receive any specific grant from funding agencies in the
public, commercial, or not-for-profit sectors.

The authors declare that they have no potential conflict of interest.
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