Acta Veterinaria Hungarica 64 (4), pp. 449-466 (2016)
DOI: 10.1556/004.2016.042

SHORT-TERM EFFECTS OF T-2 TOXIN
OR DEOXYNIVALENOL ON LIPID PEROXIDATION
AND THE GLUTATHIONE SYSTEM IN COMMON CARP

Csilla PELYHE', Benjamin KOVESI', Erika ZANDOKI’, Balazs KOVACS?,
. . 1, , * . .,
Judit SZABO-FODOR?, Miklos MEzES'” and Krisztidn BALOGH!

'Department of Nutrition and “Department of Aquaculture, Szent Istvan University,
Péter Karoly u. 1, H-2103 G6do116, Hungary; *Hungarian Academy of Sciences—Kaposvar
University, Mycotoxins in the Food Chain Research Group, Kaposvar, Hungary

(Received 28 August 2016; accepted 2 November 2016)

The purpose of this study was to investigate the short-term effects of a sin-
gle oral dose of T-2 and HT-2 toxin at 0.15, 0.33 and 1.82 mg kg ' body weight,
or deoxynivalenol (DON) and 15-acetyl-DON at 0.13, 0.31 and 1.75 mg kg’
body weight in common carp. Conjugated dienes and trienes (the early markers of
lipid peroxidation) were elevated in all DON-treated groups at the 16th hour,
while thiobarbituric acid reactive substances (TBARS; termination marker) were
increased at the highest dose of DON at the 16th and 24th hours. T-2 toxin did not
cause changes in these parameters. Glutathione content and glutathione peroxi-
dase activity showed higher levels at the 16th hour as the effect of both mycotox-
ins. The expression of glutathione peroxidase (GPx4) genes (gpx4a and gpx4b)
revealed a dual response. Downregulation was observed at the 8th hour, followed
by an induction at the 16th hour, at the lowest dose of both mycotoxins. Higher
doses revealed long-drawn emergence and an elevation was observed only at the
24th hour. However, at the lowest and highest doses of DON or T-2 toxin the
changes in gene expression were delayed, which may be related to the low oxida-
tive stress response, as suggested by the expression profiles of the nrf2, keapl,
gpx4a and gpx4b genes.

Key words: Common carp, deoxynivalenol, glutathione peroxidase, gpx
genes, T-2 toxin

Fusarium moulds produce trichothecene mycotoxins, such as deoxyniva-
lenol (DON), a ‘type B’ trichothecene, which is the most frequent mycotoxin in
cereal grains (Binder et al., 2007), and T-2 toxin, a ‘type A’ trichothecene, which
is regarded as the most toxic trichothecene, even in fishes (Anater et al., 2016).

A maximum of 0.25 mg T-2 and HT-2 toxin kg ' feed is allowed for farm
animals according to the EU proposal (2013/165/EU), and for DON the maxi-
mum permitted limit is set at 5 mg kg ' complete feed (2006/576/EC).
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The effects of DON and T-2 are not fully described in fishes, and trials
with different endpoints showed remarkable differences among fish species.
DON and T-2 toxin inhibit the protein, DNA and RNA synthesis in eukaryotic
cells (Holladay, 1995) and adversely affect the performance traits and the im-
mune response. Therefore, one of the main features of both trichothecenes is
their immunodepressive effect depending on the dose and the duration of expo-
sure, as has been observed in common carp as well (Pietsch et al., 2015). In addi-
tion, DON decreases the feed intake depending on its concentration in the diet, as
has been reported in rainbow trout (Hooft et al., 2011). T-2 toxin was also found
to reduce feed intake in rainbow trout (Poston et al., 1982). Hooft et al. (2011)
found DON-induced histopathological changes in the liver and intestine of trout,
while Pietsch et al. (2014) in the liver of carp. T-2 toxin was found to reduce the
growth rate and increase the mortality of common carp (Balogh et al., 2009).

DON causes oxidative stress in rainbow trout (Sidperova et al., 2015). In a
long-term feeding trial with common carp, T-2 toxin resulted in an elevated level
of reduced glutathione and affected glutathione peroxidase activity, without in-
creasing the terminal marker of lipid peroxidation, thiobarbituric reactive sub-
stances (Balogh et al., 2009). A recent long-term study on common carp with a
high dietary inclusion of T-2 and HT-2 toxins or DON and 15-acetyl DON also
revealed that the oxidative stress parameters did not differ significantly; how-
ever, the expression of phospholipid hydroperoxide glutathione peroxidase genes
(gpx4a and gpx4b) showed some, but not conclusive, differences attributable to
the effect of T-2 or DON (Pelyhe et al., 2016).

The expression of antioxidant genes including glutathione peroxidase is
regulated through the Nrf2/ARE pathway (Suzuki and Yamamoto, 2015). Under
unstressed conditions, Nrf2 is constantly ubiquitylated by the Keapl—Cullin3
ubiquitin E3 ligase complex and degraded in proteasomes. In mild oxidative
stress Keap1 will be inactivated, therefore the degradation of Nrf2 decreases, and
target genes for cytoprotection are activated through the antioxidant response
element (ARE) pathway (Taguchi et al., 2011). According to the hierarchical
model of oxidative stress (Nel et al., 2006) at low oxygen free radical (ROS)
formation, the Nrf2/ARE regulatory mechanism has primary importance, while
at a higher rate of ROS formation the NFkB response mechanism is activated
and eventually apoptosis will occur.

The purpose of this study was to investigate the short-term effect of T-2
toxin and its major metabolite, HT-2 toxin, or DON and its major metabolite, 15-
acetyl DON, on some oxidative stress parameters in common carp, in connection
with the gene expression of keap! and nrf2 and also gpx4a and gpx4b, in order to
find out whether oxidative stress is a cause (ROS formation) or a consequence
(impairment of antioxidant response) of the effect of trichothecene mycotoxins.
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Materials and methods

Experimental design

A total of 160 one-year-old juvenile common carp specimens were ob-
tained from a commercial fish farm (OKO 2000 Ltd., Akaszt) and after a one-
week acclimatisation period 154 of them were randomly divided into seven
treatment groups (a control group and six experimental groups) in 14 aquaria
(150 L each). The remaining 6 carp specimens were placed in a separate aquar-
ium (methyl orange treated group) to observe the transit time of feed through the
gastrointestinal tract. Each aquarium was used in a semi-static system with de-
chlorinated, continuously aerated tap water. The light regimen was maintained at
a 12:12 h light : dark schedule. Before the start of the experiment one carp was
taken out from each experimental group and six of them served as absolute con-
trol (0 hour); thus, at start of the experiment 21 animals/experimental group were
treated with the control and the experimentally contaminated feed injected by
gavage directly into the stomach once. The six fish in the methyl orange treated
group received dyed (1% w/w) control feed in the same way.

At the start of the experiment the body weight of the fish was 35.92 £2.82 ¢g.
Water temperature was 19 = 1 °C.

An appropriate amount of mycotoxin-containing fungal culture was mixed
with ground and extruded growth feed for carp (GARANT Aqua Classic™, Ga-
rant-Tiernahrung, Péchlarn, Austria) and diluted to 5 ml of water immediately
before use. The nutrient content of the diet (on a dry matter basis) was 30%
crude protein, 7% crude fat, 5% crude fibre, 7.5% crude ash and 50.5% nitrogen-
free extract. The measured mycotoxin concentrations of the control diet (1 kg)
were as follow: T-2 < 0.02 mg, HT-2 < 0.02 mg, DON < 0.02 mg, and 15-acetyl
DON: < 0.02 mg. Six experimental diets were experimentally contaminated, con-
taining (1 kg) T1: 5.82 mg T-2 and 4.97 mg HT-2; T2: 12.72 mg T-2 and
10.95 mg HT-2; T3: 70.72 mg T-2 and 60.31 mg HT-2; D1: 8.56 mg DON and
0.47 mg 15-acetyl DON; D2: 21.02 mg DON and 1.13 mg 15-acetyl DON; and
D3: 120.74 mg DON and 5.18 mg 15-acetyl DON. The mycotoxin exposure of
the experimental groups was calculated according to the individual body weight
and given the amount of experimentally contaminated feed which contained the
intended mycotoxin content of the particular group (Table 1).

Table 1

Mycotoxin exposure (mg kg™ body weight) of the experimental groups

Experimental groups T1 T2 T3 D1 D2 D3
T-2 and HT-2 toxin 0.15 0.33 1.82
DON and 15-acetyl DON 0.13 0.31 1.75
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Production of mycotoxins and analyses

DON was produced by Fusarium graminearum (NRRL 5883) and T-2
toxin by Fusarium sporotrichioides (NRRL 3299) strains on corn substrate ac-
cording to Fodor et al. (2006).

DON and 15-acetyl DON content of the feed was determined according to
Pussemier et al. (2006), while T-2 and HT-2 concentration was measured by
HPLC after immunoaffinity cleanup (Trebstein et al., 2008).

Sampling and biochemical determinations

Fish were over-anaesthetised with clove oil and decapitated before sample
collection. Liver samples were taken from 6 carp specimens before the start of
the trial (absolute control: 0 hour) and from 6 carp in each group at every 8th
hour during a 24-h period. All samples were frozen in liquid nitrogen and stored
at —80 °C until analysis.

To investigate lipid peroxidation, the amounts of conjugated dienes (CD)
and trienes (CT) were measured as markers of the initiation phase, according to the
AOAC (1984) method and by measuring the absorption at 232 nm and 268 nm,
respectively. The concentration of thiobarbituric acid reactive substances (TBARS)
as termination phase marker was determined by colour complex formation with
2-thiobarbituric acid (Botsoglou et al., 1994) and expressed as malondialdehyde,
using 1,1,3,3 tetraecthoxypropane as standard (Fluka, Buchs). Reduced glutathione
(GSH) concentration was measured as described by Rahman et al. (2007) and the
activity of glutathione-peroxidase (GPx) according to Lawrence and Burk (1976).
The activity of glutathione S-transferase (GST) was measured by the use of a
commercial kit (Sigma, St. Louis) according to the method of Habig et al. (1974),
and glutathione reductase (GR) activity with a commercial kit (Sigma, St. Louis)
according to the method of Smith et al. (1988).

Determination of TBARS was carried out in a native 1:9 homogenate of
liver in isotonic saline (0.65% w/v NaCl), while the other parameters in the
10,000 g supernatant fraction of the homogenates.

GSH content and the activities of GPx, GST and GR were calculated to
the protein content of the 10,000 g supernatant fraction of liver homogenate,
which was measured using Folin-phenol reagent (Lowry et al., 1951).

RNA isolation, reverse transcription and gPCR

Total RNA was purified with Trizol reagent (Molecular Research Centre,
Cincinnati) in Phase Lock Gel tubes (5Prime GmbH, Hamburg) from 6 mg liver
homogenates, according to the manufacturer’s instructions. RNA was DNase
treated according to the protocol of the supplier (QUIAGEN, Germantown) to
avoid any genomic DNA contamination. The quality and integrity of total RNA
were verified by agarose gel electrophoresis and by NanoPhotometer (Implen
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GmbH, Munich) measurement. All samples were accepted with the ratios of ab-
sorption 260:280 nm higher than 2.0. A standard protocol was used for cDNA
production with RevertAID reverse transcriptase and random nanomer primer
from 1 pg of total RNA. The primers used for the quantification of the mRNA
transcriptional levels of the target and endogenous control gene (B-actin) were
chosen based on the literature (Hermesz and Ferencz, 2009; Jiang et al., 2015)
and are shown in Table 2.
Table 2

Primers of target (gpx4a and gpx4b) and endogenous control (f-actin) genes

Gene Forward (5°-3”) Reverse (5°-3")

B-actin GCAAGAGAGGTATCCTGACC CCCTCGTAGATGGGCACAGT
gpx4a GGAACCAGGAACAAATTCCC AGATCCTTCTCCACCACGCTTG
gpx4b CTACAAGGCAGAGTTTGACCTC CTTGGATCGTCCATTGGTCC
nrf2 TTCCCGCTGGTTTACCTTAC CGTTTCTTCTGCTTGTCTTT
keapl GCTCTTCGGAAACCCCT GCCCCAAGCCCACTACA

Real-time PCR was carried out in pooled samples from equal amounts of
c¢DNA per 6 individual carp specimens for each sampling point per treatment
with five technical replicates which was found to be a valid method for gene ex-
pression analyses (Kendziorski et al., 2003). The PCR reaction was performed in
low-profile, clear PCR tubes and caps with Step One Plus™ Real Time PCR sys-
tems (Thermo Fisher Scientific, San Jose). For the qPCR, Maxima SYBR Green
qPCR Master Mix (1x final concentration) reaction mixture (Thermo Fisher Sci-
entific, San Jose), 2.31 pM/ul primers, 2.5 mM MgCl, and 5 ng cDNA were used
in 12.5 pL final volume per reaction. In addition, no-template controls were also
performed for each primer pair. The PCR profile for the gpx4a and gpx4b target
genes consisted of 95 °C for 10 min for pre-amplification denaturation (PAD),
and 95 °C 15 sec, 55 °C 30 sec and 70 °C 30 sec for 45 cycles, for nrf2 and
keapl target genes 95 °C for 10 min PAD, and 95 °C 15 sec, 60 °C 30 sec and
70 °C 30 sec for 45 cycles, where SYBR Green signal was detected at the end of
the extension period. The amplified products were verified by melting curve
analysis and gel electrophoresis. The threshold cycle (Ct) of the target genes
(gpx4a, gpx4b, nrf2 and keapl) and the endogenous housekeeping control gene
(P-actin), which has no known interaction with oxidative stress or mycotoxins,
was determined by StepOne™/ StepOnePlus™ Software v2.2 (Thermo Fisher
Scientific, San Jose) and the delta Ct values (ACt) and relative quantification
(RQ = 2"-AACt) values were calculated by the formula described by Livak and
Schmittgen (2001)
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Statistical methods

Statistical analysis of data (two-way analysis of variance, one-way analy-
sis of variance by Student-Newman-Keuls post-hoc test, calculation of means
and standard deviations) was performed by MedCalc for Windows, version 12.3
(MedCalc Software, Ostend, Belgium).

Ethical issues

The experimental protocol was authorised by the Food Chain Safety and
Animal Health Directorate of the Pest County Agricultural Office, under permis-
sion number XIV-1-001/1880-5/2011.

Results

The approximate transit time of the methyl-orange-dyed control feed in
the control group was 16 h, which was monitored by the first appearance of the
coloured faeces after feed intake.

In the 24-h period, between the 8th and 16th hour of mycotoxin exposure
mortality (19%) was observed only in the T3 group, which was treated with the
highest T-2 toxin dose.

Parameters of the initial phase of lipid peroxidation (CD and CT levels)
were elevated in all DON-treated groups at the 16th h (Table 3). In the groups
treated with T-2 toxin this parameter was less affected, only a slight elevation
was observed at the 16th h. However, in the group treated with the highest dose
of T-2 toxin (T3) CD level was significantly higher at the 8th h than in the con-
trol group (Table 3).

The meta-stable end product of lipid peroxidation (TBARS) showed an
elevation only as an effect of the highest applied dose of DON (D3) at the 16th
and 24th h of mycotoxin exposure, while in the groups treated with a lower DON
dose only a slight elevation was found (Table 4).

The parameters of antioxidant defence showed a rapid and marked re-
sponse to ROS formation in all of the mycotoxin challenged groups. GSH con-
tent was significantly higher in all experimental groups as compared to the con-
trol in all groups treated with T-2 toxin and also at the highest dose of DON (D3)
at the 16th h (Table 5). GPx activity also showed elevated levels at the 16th hour,
and the difference was significant as compared to the control in the T1, D1, T3
and D3 groups, and also at the 8th h in the T3 group. However, these parameters
returned to the control level at the 24th h of mycotoxin exposure (Table 5). GST
activity was significantly lower at the 8th h in the T3 group, while it showed a
significant elevation in the T1 and D2 groups at the 16th and 24th h (Table 6).
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GR activity was significantly lower in the T3 group at the 8th h but higher
at the 16th h as compared to the control, and it was higher in the T2 group at the
24th h (Table 7).

The expression of gpx4a and gpx4b genes showed a dual response during
the experimental period. At 8th h a downregulation was observed in all my-
cotoxin-treated groups, which was significant as compared to the control in the
D1 and D3 groups in case of gpx4a, and in all the three DON-treated and the T1
and T2 groups in case of gpx4b. This downregulation was followed by induction,
which occurred at the 16th h in the T1 and D1 groups. However, these values re-
turned to the control level with the exception of the D1 group, in which the ele-
vation was still significant even at the 24th h. In the T2 and D2 groups, an elevat-
ing trend was found, which was significant at the 24th h in the case of T-2 toxin
exposure. The highest applied doses of both mycotoxins (Groups T3 and D3)
caused continuous induction, which was significant as compared to the control at
the 24th h in the case of gpx4a, and in case of gpx4b in the T3 group (Table 8).

The gene expression of keapl decreased at the 8th h in the D1 group and
increased at the 16th h but returned to the control level thereafter. In the D2
group, it was elevated at the 16th and 24th h, while in the D3 group it was lower
at the 16th hour as compared to the control. There was no significant difference
from the control in the other treatment groups and at other sampling points (Ta-
ble 9).

The gene expression of nrf2 was significantly lower in the D1 group at the
8th and 16th h, followed by a significant elevation at the 24th hour, while in
Groups D2 and D3 significant elevation was found at the 8th h, followed by a
significant downregulation at the 16th h and an increase back to the control level
at the 24th h. T-2 caused a significant elevation in the T1 group at the 24th h, but
in the T3 group a significant decrease was observed at the 16th h. However, there
was no significant difference from the control at the other sampling points (Table 9).

Discussion

The approximate transit time of feed, which depends on the actual water
temperature in fishes as poikilothermic animals (Farkas et al., 1980), was 16 h in
the control group.

The high rate of mortality (19% was observed only in the T3 group treated
with the highest dose of T-2 toxin) confirms that T-2 toxin has the highest toxic-
ity among trichothecene mycotoxins even in fishes (Anater et al., 2016).

Most of the parameters investigated revealed significant changes not only
in the mycotoxin-treated groups but also in the control group as a function of
time, which might be explained by a novel theory about circadian rhythms in the
generation and scavenging of ROS in a variety of species as reviewed by Wulund
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and Reddy (2015). Another possible cause of these changes, even in the control
group, would be the effect of the presence or lack of nutrients in the gastrointes-
tinal tract during the experimental period, because a single oral addition of feed
was used.

The level of CD and CT showed marked elevation due to the effect of
DON and a similar trend due to the effect of T-2 toxin at the 16th h but not later,
which suggests an initiation of ROS formation after the mycotoxins are absorbed
and reach the liver. The final phase of the process, as was shown by the changes
of TBARS, was affected by the highest dose of DON (Group D3) at the 16th and
24th h. These results suggest that ROS formation occurred in the liver as an early
effect of the single oral dose of mycotoxins, but it was controlled later by the an-
tioxidant system. According to the results, TBARS content increased signifi-
cantly only due to the effect of the highest dose of DON (D3), which implies that
ROS formation was lower in the other treatment groups. This was probably
linked to the transit time of feed particles, which was almost the same period as
that available for the absorption of mycotoxins, because of the short large intes-
tine of carp (Kapoor et al., 1976). On the other hand, the glutathione redox sys-
tem responded rapidly and firmly, where also the 16th-h sampling point seemed
to be a key time period at all applied doses of DON or T-2 toxin. The parameters
of lipid peroxidation returned to the control level at the 24th hour, which sug-
gested an effective defence against oxidative stress, and this was maintained
within the transit time of feed particles. This result supports our previous find-
ings with feeding lower levels of T-2 (0.52 or 2.45 mg kg ' feed) in common
carp, when elevated levels of GSH and GPx were found after 7 and 28 days of
mycotoxin exposure (Balogh et al., 2009). Another long-term trial with T-2 toxin
(4.11 mg T-2 and 0.45 mg HT-2 toxin kg ' feed) and DON (5.96 and 0.33 mg
15-acetyl DON kg ' feed) also supports the findings of the present trial. In that
trial, the parameters of lipid peroxidation did not differ, therefore they did not
show oxidative stress; however, GPx activity decreased in the group challenged
with T-2 toxin. The expression of GPx genes was continuously overregulated by
DON exposure in that long-term trial, while T-2 toxin had no such effect (Pelyhe
et al., 2016). The differences between gene expression and activity at the same
time can be explained by the post-translational modification of GPx, which en-
hanced activity (Fritz et al., 2012).

The activities of GST or GR also increased in the 24-h period but did not
show a clear elevating trend. These results are supported by the previous data of
Kravchenko et al. (1989) who found slightly elevated GST activity, but in a longer
period (3 days) of T-2 toxin exposure.

The gene expression of gpx4a and gpx4b showed a dual response during
the trial. A downregulation occurred after 8 h which then changed into upregula-
tion in the case of the lowest dose of DON (D1) or T-2 toxin (T1) at 16 h, and at
24 h when using higher doses (T2, T3, D2 and D3). Trichothecene mycotoxins,
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such as T-2 toxin or DON, possibly induce ROS formation and cause oxidative
stress which mediates the genes involved in the antioxidant system, through the
redox-sensitive Nrf2/ARE pathway (Suzuki and Yamamoto, 2015). This path-
way was possibly blocked by a feedback mechanism after 8 h, which may be
caused by the inhibitory effect of trichothecenes on RNA synthesis (Holladay et
al., 1995). However, this downregulation was followed by an upregulation de-
pending on time and dose, which can be linked to the classic regulatory pathway
of the Keap1-Nrf2-ARE mechanism induced by oxidative stress (Taguchi et al.,
2011).

The findings of the present study support our hypothesis about the impor-
tance of the presence of mycotoxin in the gastrointestinal tract, which was linked
to the measured approximate transit time. In 16 h all the applied doses of DON
or T-2 toxin had an effect on the parameters of lipid peroxidation and the anti-
oxidant system. The results suggested that the lower doses could be absorbed and
metabolised rapidly, thus their effect lasted only within the period of the present
experiment, while the higher doses had delayed effects on gene expression,
which may be related to the effect of the higher absorbed amounts of mycotoxins
and/or the delayed over-reaction of the Nrf2—ARE pathway.

The results also suggested that DON and T-2 toxin have different mecha-
nisms of action on the chosen endpoints. On the one hand, they initiate ROS
formation and lipid peroxidation, and consequently activate the enzymatic anti-
oxidant system; on the other hand, they influence the expression of the gpx4a
and gpx4b genes which encode one of the most important antioxidant enzymes in
fish, phospholipid hydroperoxide glutathione peroxidase, GPx4 (Wang et al.,
2012). In addition, nrf2 and keapl genes, which encode the regulators of antioxi-
dant response elements, also revealed changes as an effect of the mycotoxin ex-
posure. The gene expression of Keapl, which plays a role in the ubiquinilation
and degradation of Nrf2, the master regulator of numerous antioxidant genes, de-
creased in a dose- and time-dependent manner, while nrf2 gene expression
showed opposite changes and resulted in activation of the antioxidant gene cluster.

In conclusion, it can be stated that the parameters of oxidative stress
changed according to the dose and duration of mycotoxin exposure, in particular
due to the effect of DON and 15-acetyl DON but to a less extent due to T-2 and
HT-2 toxin. GSH content and GPx activity showed higher levels than in the con-
trol at the 16th h, when mycotoxin absorption was possibly finished, according to
the approximate transit time. These changes are coincide with the gene expres-
sion profile of GPx, and also with the changes of its regulator, namely the Nrf2—
ARE pathway. This means that, according to the hierarchical model of oxidative
stress, high doses of trichothecene mycotoxins, namely T-2 or DON, induce mild
oxidative stress in the liver of common carp.
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