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Abstract: Effects of aflatoxin B1 (AFB1) on lipid peroxidation and glutathione system were investigated
in chicken liver. In a three-week feeding trial, different doses (<1.0 pg/kg (control diet), 17.0 ug (diet
Al),92.0 pg (diet A2), and 182.0 ug (diet A3) AFB1 kg/feed) were used. Markers of lipid peroxidation,
conjugated dienes and trienes showed higher values in A3, while amounts of thiobarbituric acid reactive
substances were increased in the A1 group at day 21. Glutathione content was lower at day 14 in Group
A2. Glutathione peroxidase 4 activity was increased at days 7 and 21 in the A3 group but reduced in
the A2 and A3 groups at day 14. The GPX4 gene was downregulated at day 7 in the A2 group, but
overregulated at days 14 and 21, and at day 14 in the A3 group. GSS was downregulated at day 14 in the
Al group but overregulated at day 21 in Al and A2 groups. GSR was downregulated at days 7 and 21 in
all treatment groups, but on day 14, induction was observed in the A3 group. The results indicated that
AFB1 did not induce dose- or time-dependent effects on the glutathione redox system and its encoding
genes at the dose range used, which means that oxidative stress is not the primary effect of AFB1 toxicity.

Keywords: aflatoxin B1; glutathione redox system; broiler chicken; lipid peroxidation; gene expression

Key Contribution: The results of the present study indicated that AFB1 at the dose range of 17
to 182 ug/kg feed did not induce lipid peroxidation and dose- or time-dependent effects on the
glutathione system and its encoding genes in a three-week long trial in chicken liver. It means that
oxidative stress is not the primary effect of AFB1 toxicity.

1. Introduction

Aflatoxins (AFs) are secondary metabolites of the Aspergillus species of fungi, which are generally
contaminate tropical and subtropical food and feedstuffs [1]. However, due to climate change, their
occurrence in temperate climates should be taken into account not only during storage but also on the
field [2,3]. Climate change usually causes drought stress in fungi, and stress-responding pathways can
stimulate the AF production of Aspergillus flavus [4].

AF contamination of poultry feed causes poor growth rate, liver and kidney damage,
immunosuppression or even mortality [5,6]. AFs cause changes in the expression of genes encoding
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enzymes required for energy production, fatty acid metabolism and antioxidant defense [7-10].
Moreover, AFs, mainly aflatoxin B1 (AFB1) and their metabolites, may accumulate in edible products
such as meat and eggs, which suggests public health concerns [11].

Chickens are found to be comparatively resistant to AFs [12] due to lower AFB1-8,9-exo-epoxide
formation in microsomes, and lower formation of aflatoxicol in the cytosol [13]. Arafa et al. [12]
reported that AFB1 at 0.7 mg kg/feed had negative effects on the growth rate of turkey poults but
did not affect chickens. In addition, it was shown that a diet contaminated with 400 pug/kg AFB1 had
marked effects on the relative weight of liver and bodyweight of turkey, but no alterations were found
in chicken at this concentration [14].

Among the well-known AFs, AFB1 is the most biologically active form and is regarded as the most
toxic one [15]. In fact, the native form of AFB1 is not really toxic, but after absorption, it is metabolized
in the hepatocytes by phase I xenobiotic transforming enzymes into a highly reactive exo-AFB1-8,9
epoxide, which interacts with nucleotides and proteins [16] and is considered to have a primary role
in the carcinogenic and mutagenic effects of AFB1 [17,18]. The International Agency for Research on
Cancer classified AFB1 as a Group 1 human carcinogen [19].

It was described by in vitro [6,20,21] and in vivo [22,23] studies that AFB1 provokes reactive oxygen
substances (ROS) formation and causes oxidative stress as one of the main causes of its toxic effects.
It has also been reported that AFB1 alters intracellular antioxidant mechanisms, namely gene expression
and protein synthesis of Nrf2, a redox sensitive regulator of the antioxidant response element (ARE)
gene cluster, and consequently, it controls the synthesis of superoxide dismutase (SOD), glutathione
peroxidase (GPx), glutathione synthetase (GS), glutathione reductase (GR), and catalase (CAT) [6,9,21].
Low activity of antioxidant enzymes and the decreasing level of glutathione (GSH) [24,25] consequently
provoke oxidative stress due to the imbalance between oxidants and antioxidants [26-28].

Increasing formation of ROS causes activation of the antioxidant defense, as it is defined in the hierarchical
model of oxidative stress [29]. The Keapl-Nrf2-ARE redox-sensitive pathway regulates the expression of
antioxidant genes, and it is responsible for GSH biosynthesis. Under normal conditions, Keap1 negatively
controls the Nrf2 transcription protein. As the effect of oxidation or alkylation, cysteine sites in Keap1 go under
conformational changes, which lead to the accumulation of Nrf2 that is able to reach the nucleus, where it can
bind to ARE and might induce the transcription of numerous of cytoprotective genes [30,31].

In this study, the changes in lipid peroxidation and glutathione redox system and expression
of its regulatory genes were determined in liver. It is well known, that liver has high importance
in xenobiotic transformation, and it is the primary site of GSH synthesis [32]. Within the biological
antioxidant defense system, glutathione redox parameters were selected to be studied due to their
central role in the antioxidant defense [33].

The purpose of the study is to investigate the effects of different doses of AFB1, based on the
EU regulatory limit (20 pg/kg complete feed; Commission Regulation 574/2011) and on the results
of the latest worldwide survey, which showed that the highest AFB1 contamination occurring in
feed commodities in Europe was 176 pg/kg [34]. Thus, the dose-range was selected based on the
contamination levels in poultry practice.

There are numerous studies about the effect of AFB1 on production traits and lipid peroxidation
and antioxidant defense, but in those, mostly a single high dose of the mycotoxin was used, which
has toxicological importance but did not show dose- or time-dependent effects. Our purpose is to
investigate changes in the antioxidant response at gene expression and protein synthesis levels, which
have not been published previously, in particular not in a dose- and time-dependent manner.

2. Results

The measured AFB1 content of the control diet was <1.0 pg/kg. Three experimental diets were
artificially contaminated with AFB1 containing 17.0 pg/kg (Group Al); 92.0 ug/kg (Group A2), and
182.0 pg/kg (Group A3), respectively.
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During the three-week-long experimental period, no mortality was observed in the experimental
groups. Average calculated individual daily feed intake during the entire period did not differ among
the experimental groups (C: 108.9 g/day; Al: 118.5/g day; A2: 114.7 g/day, and A3: 109.9 g/day,
respectively), which means that no feed refusal was observed. The difference of the bodyweight of
the birds was statistically significant only in Group A2 on days 7 and 14 as compared to the control
(Table 1), but the differences were moderate (4.10% and 6.27%), and there was an initial 2.32% difference
on day 0 between the two groups. No statistically significant difference was found in relative liver
weight among the experimental groups during the trial (data not shown).

Table 1. Effect of aflatoxin B1 (AFB1) treatment on body weight (g) of chickens (mean + SD; n = 6).

Group Day 0 Day 7 Day 14 Day 21
Control 614.6 + 84.0 995.3 + 143.72 1462.7 +232.5*  1988.9 +329.0
Al 610.8 + 84.5 961.0 + 134.0° 14358 + 182.9°"  1938.8 + 233.0
A2 600.3 + 67.2 954.4 + 120.8° 1371.0 + 185.6>  1851.3 + 204.7
A3 606.5 +70.8 959.6 + 116.12° 13962 + 170.8°>  1874.2 + 226.1

ab Different superscripts in the same column mean significant difference as compared to the control at p < 0.05 level,
whrere # was the control.

The conjugated diene level, as initiation phase marker of lipid peroxidation, showed significant
difference as compared to control only in Group A2 after 14 days of AFB1 exposure (Table 2). The level
of conjugated trienes also showed a significant difference on day 14 of exposure in Groups A2 and A3
as compared to the control (Table 2).

Table 2. Effect of AFB1 treatment on parameters of lipid peroxidation in crude liver homogenates
(mean = SD; n = 6).

Conjugated dienes (OD 232 nm)

Day 0 Day 7 Day 14 Day 21
Control 0.289 + 0.011 0.269 + 0.0132 0.289 + 0.018
Al 0.312 + 0.012 0.300 + 0.028 0.280 + 0.0212P 0.311 £ 0.039
A2 0.284 + 0.014 0.313 + 0.027° 0.307 + 0.050
A3 0.275 + 0.012 0.304 + 0.0242P 0.282 + 0.028

Conjugated trienes (OD 268 nm)

Day 0 Day 7 Day 14 Day 21
Control 0.162 + 0.009 0.145 + 0.0082 0.157 + 0.009
Al 0.175 + 0.006 0.165 + 0.017 0.151 + 0.0112° 0.163 + 0.011
A2 0.153 + 0.007 0.175 + 0.014¢ 0.157 + 0.010
A3 0.151 + 0.006 0.163 + 0.009b¢ 0.147 £ 0.011

TBARS (malondialdehyde pumol/g wet weight tissue)

Day 0 Day 7 Day 14 Day 21
Control 71.66 +4.34> 6346 +12.21°  30.60 + 4.48°
Al 5819 +11.10  46.39£6.387  50.24 + 1345  51.79 +7.42°
A2 61.27 + 8.33%P 34.28 +10.892 25.07 +10.762
A3 47.71 £ 17.502 42.40 + 7.492 36.88 + 9.80?

ab< Different superscripts in the same column mean significant difference as compared to the control at p < 0.05
level, where @ was the control, and ¢ means significantl difference to all other groups.
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Termination marker of lipid peroxidation, the concentration of thiobarbituric acid reactive substances
(TBARS), expressed as malondialdehyde (MDA), was significantly lower in Groups Al and A3 after 7
days of AFB1 exposure as compared to the control. However, after 14 days of exposure, the MDA level
was significantly lower in Groups A2 and A3 as compared to the control, while after 21 days of AFB1
exposure, higher MDA value was found in Group Al as compared to the control (Table 2).

Reduced glutathione content of the liver homogenate was significantly lower only in Group A2,
as compared to the control at day 14 of exposure (Table 3).

GPx activity was significantly higher on day 7 of AFB1 exposure in Group A3 as compared to
the control. However, significantly lower values were measured in Group A2 and A3 on day 14 as
compared to the control. One week later, on day 21, significantly higher values were found only in
Group A3 as compared to the control (Table 3).

Table 3. Effect AFB1 treatment on the amount/activity of glutathione redox system of 10,000 g
supernatant fraction of liver homogenates (mean + SD; n = 6).

Reduced glutathione (umol/g protein content)

Day 0 Day 7 Day 14 Day 21
Control 4.68 + 091 5.02 + 0.64° 3.92 + 0.64
Al 4.68 +0.60 4.66 + 0.46 5.12 + 0.93° 419 +0.56
A2 5.45 + 0.64 3.76 + 0.80° 4.32 +0.61
A3 527 +1.13 3.98 + 0.28°P 494 +0.85
Glutathione peroxidase (U/g protein content)
Day 0 Day 7 Day 14 Day 21
Control 3.96 + .74 4.99 + 0.54° 3.31+ 0.68°
Al 418+2.13 4.00 + 0.532 5.41 + 0.74P 3.60 + 0.672P
A2 5.10 + 0.512P 3.24 + 0.63 4.39 + 0.63%
A3 5.19 + 1.04P 3.13 + 0.442 4.67 +0.71°

&b Different superscripts in the same column mean significant difference as compared to the control at p < 0.05 level,
where ? was the control.

Relative expression of the GPx4 gene was significantly lower in Group A2 than in the control on
day 7 of AFB1 exposure. Later, on day 14, significantly higher values were observed in Groups A2 and
A3, while in Group A2, significantly higher values were observed even on day 21 as compared to the
control (Table 4).

GSS gene expression was significantly lower in Group Al on day 14 and on day 21, while
significantly higher values were measured in Groups Al and A2 than in the control (Table 4).

Relative gene expression of GSR was significantly lower in all treatment groups than in the control
on day 7 of exposure, while on day 14, significantly higher values were measured only in Group A3.
On day 21, significantly lower values were observed in GSR gene expression as the effect of AFB1
exposure in all treatment groups as compared to the control (Table 4).

Table 4. Effect of AFBI treatment on the relative expression of GPX4, GSR and GSS genes in liver of
broiler chicken (mean + SD; n = 6 in a pool, equal amounts of cDNA per individual).

Glutathione peroxidase 4 (GPX4)

Day 0 Day 7 Day 14 Day 21
Control 0.93 + 0.05b¢ 0.78 + 0.05 1.80 + 0.09
Al 1.00 + 0.03 0.85 + 0.032P 0.79 + 0.082 1.82 + 0.06°
A2 0.79 + 0.04 1.10 £ 0.02b 2.26 + 0.08°

A3 0.99 + 0.06° 1.06 + 0.07° 1.89 +0.19%
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Table 4. Cont.

Glutathione synthetase (GSS)

Day 0 Day 7 Day 14 Day 21
Control 1.22 +0.06 1.42 + 0.08P 1.35 + 0.122
Al 1.04 + 0.07 1.10 + 0.09 1.13 £ 0.152 1.54 +0.19b
A2 1.20 + 0.14 1.28 +0.112b 1.57 +0.11P
A3 1.07 + 0.12 1.41 + 0.10° 1.39 + 0.212b

Glutathione reductase (GSR)

Day 0 Day 7 Day 14 Day 21
Control 1.19 + 0.14° 1.05 + 0.082b 2.23 + 0.09P
Al 1.00 + 0.04 0.96 + 0.10 0.91 + 0.07 1.87 +0.132
A2 0.92 + 0.072 1.16 + 0.14b¢ 1.88 + 0.102
A3 1.00 + 0.072 1.27 + 0.06° 1.76 + 0.122

abe Different superscripts in the same column mean significant difference as compared to control at p < 0.05 level,
where 2 was the control, 2> means not significant difference to control, ¢ means significantl difference to other groups,
and P means not signficiant difference to groups marked with ¢, only to control

3. Discussion

The purpose of this study was to investigate the dose- and time-dependent effects of AFB1 on
lipid peroxidation and antioxidant defense, at both gene expression and protein synthesis levels. The
selected dose range was based on the regulatory limit in the EU (20 pg/kg complete feed; Commission
Regulation 574/2011), and on the highest AFB1 contamination level of feed commodities recently found
in Europe, which was 176 pg/kg [34].

The results revealed that AFB1 contaminated diets did not cause feed refusal, which was
controversial with the results of a previous experiment [10], where marked feed refusal was found
using 250 pg/kg feed. The reason might be the lower dose used in the present trial.

Body weight was lower in the group exposed to the medium dose (five-times higher than the EU
limit value), but at the highest (10x) dose, no significant difference was found. The same phenomenon,
namely, a more pronounced effect of a low dose than a higher one, is known in poultry in case of
aflatoxicosis [35]. There was no significant difference in relative liver weight, even at the highest dose
(182 ug AFB1/kg feed) applied, which can be supported by other studies where significant differences
in relative liver weight were found only at dose of AFB1 higher than 500 ug/kg feed [36,37].

Initiation phase markers of lipid peroxidation, conjugated dienes and trienes, showed minor
differences among the groups during the trial. Statistically significant differences were observed only
on day 14 of exposure in Group A2 for conjugated dienes, and in Groups A2 and A3, in which the
levels of conjugated trienes were significantly higher than in the control. These results mean that AFB1
in the dose range applied caused measurable oxygen free radical formation only after a longer period
(two weeks) of exposure, but even then, the initiation phase of lipid peroxidation was moderate and
without biological relevance.

The termination marker of lipid peroxidation, TBARS, showed dual responses—lower values
were found up to 14™ days of exposure and a slight increase thereafter, but only in the highest dose
group. This result supports our previous explanation that AFB1 in the dose range applied caused
only a moderate level of oxygen free radical formation in the liver of chicken. TBARS is widely used
as a marker of lipid peroxidation and its high level reflects oxidative stress [38]. However, in the
present study, only minor changes were observed, which suggests that the applied doses did not
cause oxidative stress. This finding is contradictory with some previous studies with broiler chickens
exposed to AFB1 where marked induction of lipid peroxidation was found, but in those studies, higher
doses and longer periods of exposure, such as 1000 pg/kg, 4 weeks [39] or 2000 ng/kg, 6 weeks [40],
were applied.
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It is well known that the glutathione redox system has an important role in antioxidant defense
against the effects of oxygen-free radicals as they neutralize hydrogen peroxide and lipid peroxides [41].
GSH content has been decreased significantly in the liver, which is the main site of its biosynthesis [32],
as was found in Group A2 after 14 days of AFB1 exposure. However, the same effect was found
in a previous study at a higher dose (3000 ug/kg feed for 21 days) of exposure [42]. GSH depletion
was found after 14 days of AFB1 exposure, which suggests a lower rate of reduction of glutathione
disulphide to GSH or de novo GSH synthesis. GPx4 activity showed similar changes as GSH. The
enzyme activity in the liver homogenates was higher after 7 days of exposure as the effect of the
highest dose (Group A3), which suggests an early antioxidant response to AFBl-induced oxidative
stress, possibly by post-translational modification of GPx protein. Later, on day 14, lower values were
measured in Groups A2 and A3, and on day 21 in Group A3. These results suggested that the lower
the AFB1 dose applied, the later the response, but the response to the higher dose was not adequate for
a long period. In a previous study, marked reduction of GPx activity was reported as an early response,
however, at a different dose (2000 ng/kg) of exposure [40], which suggested that the dose applied in
present study did not cause the level of oxygen free radical formation that is required for the induction
of gene expression and/or post-translational modification of the enzyme protein.

Changes in the expression of the investigated genes suggest that AFB1 exposure activates the
synthesis and recycling of the components of the glutathione redox system [43]. Muhammad et al. [44]
reported that AFB1 exposure caused downregulation in Nrf2 at mRNA and protein levels and in
expression of xenobiotic transformation phase II genes, such as GST, in broiler chicken. Low Nrf2
expression, as the effect of AFB1 exposure, may cause downregulation of the expression of antioxidant
gene clusters such as SOD, GPX or GST, as it was found in chicken liver [7,8,23,45]. Among the
GPx isoenzymes, glutathione peroxidase 4 (GPX4) gene expression has primary importance in the
antioxidant defense of the avian species [46], while in mammals, GPX1 plays the major role [47].

In the present study, gene expression of GPX4 showed dual responses. After 7 days of exposure,
significantly lower values were observed in Group A2, while as the effect of the lowest and highest
doses (Groups Al and A3), nearly control expression levels were measured. Later, on day 14 of AFB1
exposure, an induction was observed in Groups A2 and A3. Furthermore, in Group A2, this induction
was also observed after 3 weeks of AFB1 exposure. However, the changes in gene expression were
not followed by the same tendencies in GPx activity, which means that changes in gene expression
were not reflected in protein synthesis and enzyme activity. In the case of the GR gene expression, a
dual response was also revealed. After 7 days of AFB1 exposure, downregulation was observed in all
treatment groups, which then turned to upregulation after 14 days in case of the medium (A2) and
high (A3) dose groups, and on day 21 of exposure, downregulation was observed in all treatment
groups again. Expression of the GS gene showed only minor changes. Downregulation was observed
after 14 days of AFB1 exposure in Groups Al and A2, which turned into induction after 21 days of
exposure. The alterations in the expression of GR and GS genes may explain the changes in GSH level,
but the dose-dependent differences at different samplings suggest that the antioxidant gene cluster is
controlled by transcription factors such as Nrf2.

According to the results during the three-week-long experiment, none or only mild oxidative
stress occurred, which can be explained by the hierarchical model of oxidative stress [28]. The possible
cause of lack or mild oxidative stress would be that chickens are considered relatively resistant to
AFs [12,13]. This is probably due to the lower level of reactive AFB1-8,9-exo-epoxide formation, which
is required for further steps to oxidative stress. According to the above-mentioned model, the mild
oxidative stress is associated with induced expression of antioxidant enzymes via the regulation by
transcription factors, Keapl and Nrf2. As the AFB1 dose range applied did not cause real activation of
the antioxidant system and induction of gene expression, longer exposure and/or higher ROS levels
are thought to be required for such changes. Therefore, we hypothesize that a critical level of ROS
is required for the activation of Nrf2, after redox-sensitive conformational changes of its inhibitory
protein, Keapl. Consequently, the newly synthesized Nrf2 can accumulate and translocate to the
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nucleus only after those changes [29]. The results of the present study has revealed that AFB1 at the
dose range used and during the period of the trial did not cause such dose- or time-dependent ROS
formation, which is required to reach the critical level for induction of mild oxidative stress. This
hypothesis is supported by the results of our study, in which lipid peroxidation and activation of the
Nrf2-ARE pathway showed only tendencies of slight changes, but the differences were statistically
significant only in certain cases, and at different doses of exposure.

In conclusion, the results suggest that AFB1 induces mild oxidative stress, but this response is
not dose- or time-dependent and the antioxidant system is not activated. It means that oxidative
stress is not the main cause, but possibly only a consequence of its toxicity in the dose-range applied.
Antioxidant response at either gene expression or protein synthesis levels to AFB1-induced oxidative
stress suggests that a low level of oxidative stress was induced, but high doses might impaired the
antioxidant response, which explains the dose- and time-independent changes.

4. Materials and Methods

4.1. Animals and Experimental Design

A total of 78 Cobb 540 broiler chickens obtained from a commercial hatchery (Babadi Hatchery
Ltd., Fels6babad, Hungary) were reared according to the standard Cobb technology up to 21 days
of age. At 21 days of age, the animals in the same room were divided into four groups (n = 18, two
replicates (1 = 9) each) and additional 6 birds served as absolute control. Housing conditions were
deep litter and natural light regimen (12 L/12 D). Before starting the feeding of AFB1-contaminated
diets, 12 h of feed deprivation was applied. Nutrient content of the basal diet (chicken grower complete
feed; Vitafort Ltd., Dabas, Hungary) met the requirements for broiler chickens [48] without containing
mycotoxin binder and coccidiostat.

Before allocating the animals to the treatment groups, six randomly selected animals were
euthanized at day 0 as absolute control. Six birds from each group (3 per replicate: control and Groups
Al, A2 and A3) were sampled on days 7, 14 and 21 of the experiment. Post mortem, liver samples
were taken and stored at —70 °C until biochemical analysis, while for gene expression analyses, small
portions were taken into liquid nitrogen and stored at —70 °C until analyses.

AF was produced in corn artificially infected with an Aspergillus flavus strain isolated by Dobolyi
et al. [2]. The strain was identified and deposited in the Microbiological Collection of the University of
Szeged (SZMC) with the accession number SZMC 20750. The measured AFB1 concentration of the
infected corn substrate was 4.694 mg/kg dry matter.

Basal diet was contaminated with mixing an appropriate amount of AFs containing corn substrate.
The measured AF content of the diets is given in Table 5.

AF content of the experimentally contaminated feeds was analyzed from three replicate samples
(20 g each), which were taken from five different points of batch (10 g each) and thoroughly homogenized
before preparing the analytical samples. Feed samples were analyzed after extraction with acetonitrile:
water (9:1, y/v) immune-affinity clean-up was made with Aflaprep® column (R-Biopharm, Darmstadt)
and after reversed phase isocratic (acetonitrile:methanol:water; 8:27:65, v/v/v) HPLC method with
fluorescence detection [49]. LOQ of the determination was 0.1 ug/kg for AFB1, 0.2 ug/kg for AFB2,
0.5 pg/kg for AFGI, and 0.5 ug/kg for AFG2, respectively.

Table 5. Aflatoxin content of experimental diets (ug/kg).

Diet AFB1 AFB2 AFG1 AFG2
Control <1.0 <1.0 <0.5 <0.5
Al 17.0 <1.0 <0.5 <0.5
A2 92.0 6.0 <0.5 <0.5

A3 182.0 12.0 <0.5 <0.5
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4.2. Ethical Issues

The experiment was carried out according to the Hungarian Animal Protection Act, in compliance
with the relevant EU rules. The experimental protocol was authorized by the Department of Food
Chain Safety, Land Register, Plant and Soil Protection and Forestry of the Pest County Government
Office (Hungary) with a permission number PE/EA/1964-7/2017.

4.3. Measurement of Feed Intake, Mortality, Body Weight, Liver Weight, and Relative Liver Weight

Feed intake was measured in each group daily. Mortality was checked daily in each experimental
group. Bodyweight (grams) was measured at each sampling. After cervical dislocation and bleeding,
liver weight (grams) was measured at necropsy after removal of the gall bladder, and relative liver
weight was calculated as liver weight/100 g body weight.

4.4. Biochemical Analyses

Conjugated dienes (CD) and conjugated trienes (CT), biomarkers of the initial phase of lipid
peroxidation, were determined with the absorbance of samples at 232 and 268 nm after extraction in
2,2,4-trimethylpentane [50]. TBARS, as a marker of the termination phase of lipid peroxidation, was
determined based on complex formation with 2-thiobarbituric acid at high temperature (100 °C) and
acidic pH [51] and expressed as malondialdehyde (MDA), using 1,1,3,3-tetrathoxypropane as standard.

Determination of reduced glutathione (GSH) concentration was performed with the method
of Rahman et al. [52] based on the color complex formation of non-protein sulfhydryl groups with
5,5’-dithiobis (2-nitrobensoic acid). The activity of glutathione peroxidase (GPx) was analyzed as
described by Lawrence and Burk [53] using cumene hydroperoxide as substrate for GPx4, and GSH as
co-substrate, and expressed as units, which means 1 nmol GSH oxidation per minute at 25 °C. TBARS
were determined in native 1:9 liver homogenate in isotonic saline (0.65% w/v NaCl), while GSH content
and GPx activity were measured in its 10,000 g supernatant fraction. GSH content and GPx activity
were calculated to protein content of the supernatant fraction of homogenate, which was determined
according to Lowry et al. [54].

4.5. RNA Isolation, Reverse Transcription and qPCR

Total RNA was extracted by Trizol reagent (Molecular Research Centre, Cincinnati, OH, USA)
from 10 mg liver tissue homogenate based on the instructions of the manufacturer. RNA samples
were treated with DNase I (Thermo Fisher Scientific, San Jose, CA, USA) to avoid genomic DNA
contamination. Agarose gel electrophoresis was performed to check the quality and integrity of
RNA, and an absorption ratio 260:280 nm higher than 2.0 was accepted. cDNA production was
implemented with RevertAID Reverse transcriptase (Thermo Fisher Scientific, San Jose, CA, USA)
based on a standard protocol. The primers used for the quantification of relative mRNA transcription
of GPX4, GSS, and GSR and the control gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
were as described previously [5]. GAPDH can be used as a control because some previous studies
with mycotoxins in broiler chickens [7,10] did not found interaction with its relative expression in
oxidative stress.

4.6. Statistical Analyses

Normality of distribution and homogeneity of variance were tested with the Shapiro-Wilk test
and the Bartlett and Browne-Forsythe test, respectively. Data with these conditions were analyzed by
one-way ANOVA. Significance of differences between groups was evaluated using post-hoc Tukey test
(p < 0.05). Analyses were performed with GraphPad Prism 7.0 (GraphPad Software, San Diego, CA,
USA). All data are presented as mean + standard deviation (SD).



Toxins 2020, 12, 84 9of 11

Author Contributions: M.M. conceived and coordinated the study, B.K., M.M., K.B. involved in experimental
design, B.K., M.C., M.E,, E.Z. and K.B. performed the study, involved in all aspects of analysis. B.K., M.M., K.B.
editing the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: The present study was supported by the EFOP-3.6.3-VEKOP-16-2017-00008 project, co-financed by the
European Union and the European Social Fund, and NVKP_16-1-2016-0009 project.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

Yunus, A.W.; Razzazi-Fazeli, E.; Bohm, ]J. Aflatoxin B1 in affecting broiler’s performance, immunity and
gastrointestinal tract: A review of History and Contemporary Issues. Toxins 2011, 3, 566-590. [CrossRef]
Dobolyi, Cs.; Sebok, F.; Varga, ].; Kocsubé, S.; Szigeti, G.; Baranyi, N.; Szécsi, A.; Toth, B.; Varga, B.; Kriszt, B.;
et al. Occurrence of aflatoxin producing Aspergillus flavus isolates in maize kernel in Hungary. Acta. Aliment.
2013, 42, 451-459. [CrossRef]

Battilani, P.; Toscano, P.; Fels-Klerx, H.J.; Moretti, A.; Leggieri, M.C.; Brera, C.; Rortais, A.; Goumperis, T.;
Robinson, T. Aflatoxin B1 contamination in maize in Europe increases due to climate change. Sci. Rep. 2016,
6,24328. [CrossRef]

Fountain, ].C.; Bajaj, P; Nayak, S.N.; Yang, L.; Pandey, M.K,; Kumar, V; Jayale, A.S.; Chitikineni, A.; Lee, R.D;
Kemerait, R.C.; et al. Responses of Aspergillus flavus to oxidative stress are related to fungal development
regulator, antioxidant enzyme, and secondary metabolite biosynthetic gene expression. Front. Microbiol.
2016, 7, 2048. [CrossRef]

Ledoux, D.R.; Rottinghaus, G.E.; Bermudez, A.J.; Alonso-Debolt, M. Efficacy of hydrated sodium calcium
aluminosilicate to ameliorate the toxic effects of aflatoxin in broiler chicks. Poult. Sci. 1999, 78, 204-210.
[CrossRef] [PubMed]

Liu, Y.; Wang, W. Aflatoxin Bl impairs mitochondrial functions, activates ROS generation, induces apoptosis
and involves Nrf2 signal pathway in primary broiler hepatocytes. Anim. Sci. ]. 2016, 87, 1490-1500.
[CrossRef] [PubMed]

Yarru, L.P; Settivari, R.S.; Antoniou, E.; Ledoux, D.R.; Rottinghaus, G. Toxicological and gene expression
analysis of the impact of aflatoxin B1 on hepatic function of male broiler chicks. Poult. Sci. 2009, 88, 360-371.
[CrossRef] [PubMed]

Yarru, L.P; Settivari, R.S.; Gowda, N.K.; Antoniou, E.; Ledoux, D.R.; Rottinghaus, G.E. Effects of turmeric
(Curcuma longa) on the expression of hepatic genes associated with biotransformation, antioxidant, and
immune systems in broiler chicks fed aflatoxin. Poult. Sci. 2009, 88, 2620-2627. [CrossRef] [PubMed]
Erdélyi, M.; Balogh, K.; Pelyhe, C.; Kévesi, B.; Nakade, M.; Zandoki, E.; Mézes, M.; Kovacs, B. Changes in the
regulation and activity of glutathione redox system, and lipid peroxidation processes in short-term aflatoxin
B1 exposure in liver of laying hens. J. Anim. Physiol. Anim. Nutr. 2018, 102, 947-952. [CrossRef]

Salem, R.; El-Habashi, N.; Fadl, S.E.; Sakr, O.A.; Elbialy, Z.I. Effect of probiotic supplement on aflatoxicosis
and gene expression in the liver of broiler chicken. Environ. Toxicol. Pharmacol. 2018, 60, 118-127. [CrossRef]
Igbal, S.Z.; Nisar, S.; Asi, M.R.; Jinap, S. Natural incidence of aflatoxins, ochratoxin A and zearalenone in
chicken meat and eggs. Food Control 2014, 43, 98-103. [CrossRef]

Arafa, A.S.; Bloomer, R.J.; Wilson, H.R.; Simpson, C.F.; Harms, R.H. Susceptibility of various poultry species
to dietary aflatoxin. Br. Poult. Sci. 1981, 22, 431-436. [CrossRef] [PubMed]

Lozano, M.C.; Diaz, G.J. Microsomal and cytosolic biotransformation of aflatoxin B1 in four poultry species.
Br. Poult. Sci. 2006, 47, 734-741. [CrossRef] [PubMed]

Leeson, S.; Diaz, G.J.; Summers, ].D. Poultry Metabolic Disorders and Mycotoxins; University Books: Guelph,
ON, Canada, 1995; pp. 249-280.

Rawal, S.; Kim, J.E.; Coulombe, R.A. Aflatoxin Bl in poultry: toxicology, metabolism and prevention. Res.
Vet. Sci. 2010, 89, 325-331. [CrossRef]

Bbosa, G.S.; Kity, D.; Lubega, A.; Ogwal-Okeng, J.; Anokbonggo, W.W.; Kyegomba, D.B. Review of the
biological and health effects of aflatoxins on bodyorgans and body systems. In Aflatoxins—Recent Advances
and Future Prospects; Razzaghi-Abyaneh, M., Ed.; InTech: Rijeka, Croatia, 2013; Volume 12, pp. 239-265.
[CrossRef]


http://dx.doi.org/10.3390/toxins3060566
http://dx.doi.org/10.1556/AAlim.42.2013.3.18
http://dx.doi.org/10.1038/srep24328
http://dx.doi.org/10.3389/fmicb.2016.02048
http://dx.doi.org/10.1093/ps/78.2.204
http://www.ncbi.nlm.nih.gov/pubmed/10051032
http://dx.doi.org/10.1111/asj.12550
http://www.ncbi.nlm.nih.gov/pubmed/26997555
http://dx.doi.org/10.3382/ps.2008-00258
http://www.ncbi.nlm.nih.gov/pubmed/19151351
http://dx.doi.org/10.3382/ps.2009-00204
http://www.ncbi.nlm.nih.gov/pubmed/19903961
http://dx.doi.org/10.1111/jpn.12896
http://dx.doi.org/10.1016/j.etap.2018.04.015
http://dx.doi.org/10.1016/j.foodcont.2014.02.046
http://dx.doi.org/10.1080/00071688108447906
http://www.ncbi.nlm.nih.gov/pubmed/7317810
http://dx.doi.org/10.1080/00071660601084390
http://www.ncbi.nlm.nih.gov/pubmed/17190682
http://dx.doi.org/10.1016/j.rvsc.2010.04.011
http://dx.doi.org/10.5772/51201

Toxins 2020, 12, 84 10 of 11

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Guengerich, EP; Jonhson, WW.; Shimada, T.; Ueng, Y.F; Yamazaki, H.; Langouet, S. Activation and
detoxication of aflatoxin B1. Mutat. Res. 1998, 402, 121-128. [CrossRef]

Diaz, G.J.; Murcia, H.W. Biotransformation of aflatoxin B1 and its relationship with the differential toxicological
response to aflatoxin in commercial poultry species. In Aflatoxins—Biochemistry and Molecular Biology;
Guevara-Gonzalez, R.D., Ed.; InTech: Rijeka, Croatia, 2011; Volume 1, pp. 3-20. [CrossRef]

IARC. Available online: http://monographs.iarc.fr/ENG/Classification/index.php (accessed on 16 September
2019).

Mary, V.S.; Theumer, M.G.; Arias, S.L.; Rubinstein, H.R. Reactive oxygen species sources and biomolecular
oxidative damage induced by aflatoxin B1 and fumonisin B1 in rat spleen mononuclear cells. Toxicology 2012,
302, 299-307. [CrossRef]

Wang, WJ.; Xu, Z.L.; Yu, C.; Xu, X.H. Effects of aflatoxin Bl on mitochondrial respiration, ROS generation
and apoptosis in broiler cardiomyocytes. Anim. Sci. J. 2017, 1561-1567. [CrossRef]

Abdel-Wahhab, M.A.; Abdel-Galil, M.M.; El-Lithey, M. Melatonin counteracts oxidative stress in rats fed an
ochratoxin A contaminated diet. J. Pineal. Res. 2005, 38, 130-135. [CrossRef]

Shi, D.Y;; Liao, 5.Q.; Guo, S.N,; Li, H.; Yang, M.M.; Tang, Z.X. Protective effects of selenium on aflatoxin
Bl-induced mitochondrial permeability transition, DNA damage, and histological alterations in duckling
liver. Biol. Trace Elem. Res. 2015, 163, 162-168. [CrossRef]

Ma, Q.; Li, Y,; Fan, Y.; Zhao, L.; Wei, H.; Ji, C.; Zhang, J. Molecular mechanisms of lipoic acid protection
against aflatoxin Bj-induced liver oxidative damage and inflammatory responses in broilers. Toxins 2015, 7,
5435-5447. [CrossRef]

Maurya, B.K.; Trigun, S.K. Fisetin modulates antioxidant enzymes and inflammatory factors to inhibit
aflatoxin B1 induced hepatocellular carcinoma in rats. Oxid. Med. Cell. Longev. 2016, 2016, 9. [CrossRef]
[PubMed]

Pal, L.; Dublecz, K.; Weber, M.; Balogh, K.; Erdélyi, M.; Szigeti, G.; Mézes, M. Effect of combined treatment
with aflatoxin B1 and T-2 toxin and metabolites on some production traits and lipid peroxide status parameters
of broiled chickens. Acta. Vet. Hung. 2009, 57, 75-84. [CrossRef] [PubMed]

Shen, H.M.; Shi, C.Y.; Shen, Y.; Ong, C.N. Detection of elevated reactive oxygen species level in cultured rat
hepatocytes treated with aflatoxin B1. Free Radic. Biol. Med. 1996, 21, 139-146. [CrossRef]
Woijtowicz-Chomicz, K.; Stadnik, A.; Kowal, M.; Sztanke, K.; Sztanke, M.; Borzecki, A. Disturbances of
anti-oxidative balance in rats caused by aflatoxin B1. Bull. Vet. Inst. Pulawy 2011, 55, 145-148.

Gloire, G.; Legrand-Poels, S.; Piette, ]. NF-kappa B activation by reactive oxygen species: Fifteen years later.
Biochem. Pharmacol. 2006, 72, 1493-1505. [CrossRef] [PubMed]

Suzuki, M.; Otsuki, A.; Lukwete, N.K.; Yamamoto, M. Overview of redox regulation by Keap1-Nrf2 system
in toxicology and cancer. Curr. Opin. Toxicol. 2016, 1, 29-36. [CrossRef]

Jobbagy, S.; Vitturi, D.A.; Salvatore, S.R.; Turell, L.; Pires, M.F.,; Kansanen, E.; Batthyany, C.; Lancaster, ].R,;
Freeman, B.A.; Schopfer, E]J. Electrophiles modulate glutathione reductase activity via alkylation and
upregulation of glutathione biosynthesis. Redox. Biol. 2018, 21, 101050. [CrossRef]

Shelly, C.; Lu, M.D. Glutathione synthesis. Biochim. Biophys. Acta. 2013, 1830, 3143-3153. [CrossRef]

Imlay, J.A. Cellular defenses against superoxide and hydrogen peroxide. Annu. Rev. Biochem. 2008, 77,
755-776. [CrossRef]

Biomin World Mycotoxin Survey. Annual Report No. 15. Available online:  https:
//www.biomin.net/en/articles/biomin-world-mycotoxin-survey-report-2018/?utmsource=AAF&utm_
medium=Advertorial&utm_campaign=MTXSurvey (accessed on 24 October 2019).

Diaz, G.J.; Calabrese, E.; Blain, R. Aflatoxicosis in chickens (Gallus gallus): An example of hormesis? Poult.
Sci. 2008, 87, 727-732. [CrossRef]

Patterson, D.S.P. Aflatoxin and related compounds: Introduction. In Mycotoxic Fungi, Mycotoxins,
Moycotoxicoses, An Encyclopaedic Handbook, 1st ed.; Wyllie, T.D., Morehouse, L.G., Eds.; Marcel Dekker:
New York, NY, USA, 1977; Volume 1, pp. 131-135.

Verma, J.; Johri, T.S.; Swain, B.K.; Ameena, S. Effect of graded levels of aflatoxin, ochratoxin and their
combinations on the performance and immune response of broilers. Br. Poult. Sci. 2004, 45, 512-518.
[CrossRef] [PubMed]

Gaschler, M.M.; Stockwell, B.R. Lipid peroxidation in cell death. Biochem. Biophys. Res. Commun. 2017, 482,
419-425. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/S0027-5107(97)00289-3
http://dx.doi.org/10.5772/22109
http://monographs.iarc.fr/ENG/Classification/index.php
http://dx.doi.org/10.1016/j.tox.2012.08.012
http://dx.doi.org/10.1111/asj.12796
http://dx.doi.org/10.1111/j.1600-079X.2004.00184.x
http://dx.doi.org/10.1007/s12011-014-0189-z
http://dx.doi.org/10.3390/toxins7124879
http://dx.doi.org/10.1155/2016/1972793
http://www.ncbi.nlm.nih.gov/pubmed/26682000
http://dx.doi.org/10.1556/AVet.57.2009.1.8
http://www.ncbi.nlm.nih.gov/pubmed/19457776
http://dx.doi.org/10.1016/0891-5849(96)00019-6
http://dx.doi.org/10.1016/j.bcp.2006.04.011
http://www.ncbi.nlm.nih.gov/pubmed/16723122
http://dx.doi.org/10.1016/j.cotox.2016.10.001
http://dx.doi.org/10.1016/j.redox.2018.11.008
http://dx.doi.org/10.1016/j.bbagen.2012.09.008
http://dx.doi.org/10.1146/annurev.biochem.77.061606.161055
https://www.biomin.net/en/articles/biomin-world-mycotoxin-survey-report-2018/?utmsource=AAF&utm_medium=Advertorial&utm_campaign=MTXSurvey
https://www.biomin.net/en/articles/biomin-world-mycotoxin-survey-report-2018/?utmsource=AAF&utm_medium=Advertorial&utm_campaign=MTXSurvey
https://www.biomin.net/en/articles/biomin-world-mycotoxin-survey-report-2018/?utmsource=AAF&utm_medium=Advertorial&utm_campaign=MTXSurvey
http://dx.doi.org/10.3382/ps.2007-00403
http://dx.doi.org/10.1080/00071660412331286226
http://www.ncbi.nlm.nih.gov/pubmed/15484726
http://dx.doi.org/10.1016/j.bbrc.2016.10.086
http://www.ncbi.nlm.nih.gov/pubmed/28212725

Toxins 2020, 12, 84 11 of 11

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Yang, J.; Bai, F; Zhang, K ; Bai, S.; Peng, X.; Ding, X;; Li, Y.; Zhang, J.; Zhao, L. Effects of feeding corn naturally
contaminated with aflatoxin B1 and B2 on hepatic functions of broilers. Poult. Sci. 2012, 91, 2792-2801.
[CrossRef] [PubMed]

Ali Rajput, S.; Sun, L.; Zhang, N.; Mohamed Khalil, M.; Gao, X.; Ling, Z.; Zhu, L.; Khan, FA.; Zhang, J.; Qi, D.
Ameliorative effects of grape seed proanthocyanidin extract on growth performance, immune function,
antioxidant capacity, biochemical constituents, liver histopathology and aflatoxin residues in broilers exposed
to aflatoxin By. Toxins 2017, 9, 371. [CrossRef] [PubMed]

Khanian, M.; Karimi-Torshizi, M.A.; Allameh, A. Alleviation of aflatoxin-related oxidative damage to liver
and improvement of growth performance in broiler chickens consumed Lactobacillus plantarum 299v for
entire growth period. Toxicon 2019, 158, 57-62. [CrossRef] [PubMed]

Surai, P.F,; Dvorska, J.E. Effects of mycotoxins on antioxidant status and immunity. In The Mycotoxin Blue
Book; Diaz, D.E., Ed.; Nottingham University Press: Nottingham, UK, 2005; pp. 93-137.

Valdivia, A.G.; Martinez, A.; Damian, EJ.; Quezada, T.; Ortiz, R.; Martinez, C.; Llamas, J.; Rodriguez, M.L.;
Yamamoto, L.; Jaramillo, F,; et al. Efficacy of N-acetylcysteine to reduce the effects of aflatoxin B1 intoxication
in broiler chickens. Poult. Sci. 2001, 80, 727-734. [CrossRef]

Muhammad, I.; Wang, H.; Sun, X.; Wang, X.; Han, M.; Lu, Z.; Cheng, P; Hussain, M.A.; Zhang, X. Dual role
of dietary curcumin through attenuating AFB1-induced oxidative stress and liver injury via modulating
liver phase-I and phase-II enzymes involved in AFB1 bioactivation and detoxification. Front. Pharmacol.
2018, 9, 554. [CrossRef]

Gowda, N.K.S,; Ledoux, D.R; Rottinghaus, G.E.; Bermudez, A J.; Chen, Y.C. Efficacy of turmeric, containing
a known level of curcumin, and a hydrated sodium calcium aluminosilicate to ameliorate the adverse effects
of aflatoxin in broiler chicks. Poult. Sci. 2008, 87, 1125-1130. [CrossRef]

Huang, J.Q.; Li, D.L.; Zhao, H.; Sun, L.H.; Xia, X.].; Wang, K.N.; Luo, X.; Lei, X.G. The selenium deficiency
disease exudative diathesis in chicks is associated with down-regulation of seven common selenoprotein
genes in liver and muscle. J. Nutr. 2011, 141, 1605-1610. [CrossRef]

Labunskyy, V.M.; Hatfield, D.L.; Gladyshev, V.N. Selenoproteins: molecular pathways and physiological
roles. Physiol. Rev. 2014, 94, 739-777. [CrossRef]

Hungarian Feed Code. Nutrient Requirements of Farm Animals; OMMI: Budapest, Hungary, 2004; Vol. II/II,
pp. 258-263. (In Hungarian)

Khayoon, W.S.; Saad, B.; Yan, C.B.; Hashim, N.H.; Ali, A.S.M.; Salleh, M.L; Salleh, B. Determination of
aflatoxins in animal feeds by HPLC with multifunctional column clean-up. Food Chem. 2010, 118, 882-886.
[CrossRef]

Association of the Official Analytical Chemists (AOAC). Official Methods of Analysis 28054 B, 14th ed.; AOAC:
Arlington, VA, USA, 1984; Vol. I, pp. 1013-1015.

Botsoglou, N.A; Fletouris, D.J.; Papageorgiou, G.E.; Vassilopoulos, V.N.; Mantis, A.J.; Trakatellis, A.G. Rapid,
sensitive and specific thiobarbituric acid method for measuring lipid peroxidation in animal tissue, food and
feedstuff samples. |. Agric. Food Chem. 1994, 42, 1931-1937. [CrossRef]

Rahman, I.; Kode, A.; Biswas, S.K. Assay for quantitative determination of glutathione and glutathione
disulphide levels using enzymatic recycling method. Nat. Protoc. 2007, 1, 3159-3165. [CrossRef] [PubMed]
Lawrence, R.A.; Burk, R.F. Glutathione peroxidase activity in selenium deficient rat liver. Biochem. Biophys.
Res. Commun. 1976, 71, 952-956. [CrossRef]

Lowry, O.H.; Rosenbrough, N.J.; Farr, A.L.; Randall, R.J. Protein measurement with the Folin phenol reagent.
J. Biol. Chem. 1951, 193, 265-275.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3382/ps.2012-02544
http://www.ncbi.nlm.nih.gov/pubmed/23091134
http://dx.doi.org/10.3390/toxins9110371
http://www.ncbi.nlm.nih.gov/pubmed/29140290
http://dx.doi.org/10.1016/j.toxicon.2018.11.431
http://www.ncbi.nlm.nih.gov/pubmed/30529382
http://dx.doi.org/10.1093/ps/80.6.727
http://dx.doi.org/10.3389/fphar.2018.00554
http://dx.doi.org/10.3382/ps.2007-00313
http://dx.doi.org/10.3945/jn.111.145722
http://dx.doi.org/10.1152/physrev.00039.2013
http://dx.doi.org/10.1016/j.foodchem.2009.05.082
http://dx.doi.org/10.1021/jf00045a019
http://dx.doi.org/10.1038/nprot.2006.378
http://www.ncbi.nlm.nih.gov/pubmed/17406579
http://dx.doi.org/10.1016/0006-291X(76)90747-6
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Animals and Experimental Design 
	Ethical Issues 
	Measurement of Feed Intake, Mortality, Body Weight, Liver Weight, and Relative Liver Weight 
	Biochemical Analyses 
	RNA Isolation, Reverse Transcription and qPCR 
	Statistical Analyses 

	References

