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Abstract: Aflatoxin Bl (AFB1) and Ochratoxin A (OTA) are two of the most potent myco-
toxins, recognized for their severe toxicity. In recent years, the consumption of bioactive
substances has proven to be a valuable ally in combating their harmful effects on human
health. For this purpose, this study evaluates the protective effects of fermented whey
(FW) and pumpkin (P), as functional ingredients in bread, on duodenum tissue against
sub-chronic toxicity induced by AFB1 and OTA. Nine groups of male and female Wistar
rats (n = 5 per sex/group) were exposed to different combinations of AFB1, OTA, FW,
and P for 28 days. The gene expression of apoptotic and antioxidant markers, including
p53, Bax, Hmox1, NF-«B, and occludin, was measured by quantitative real-time PCR
(RT-gPCR). AFB1 + OTA exposure led to an increased expression of p53 and NF-«B, with
the downregulation of Bax and Hmox1. Occludin expression, which supports tight junction
integrity, remained largely unaffected. Supplementation with FW and FW + P modulated
gene expression favorably, offering protection against AFB1 and OTA toxicity. These bioac-
tive components effectively mitigated oxidative stress and apoptosis in duodenal tissue.
Notably, the results indicate that the protective effects of FW and P are not sex-dependent.
These findings highlight the potential of FW and P as functional ingredients in combating
the toxic effects of AFB1 and OTA in vivo.
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1. Introduction

Mycotoxins are one of the most toxic compounds and present a global concern. They
are secondary metabolites produced by various species of filamentous fungi that contami-
nate staple food, whether in their raw state or food products. Due to their high resistance to
food processing approaches, they inevitably enter the food chain either directly by eating
contaminated food or indirectly from animals that are fed contaminated feed. For the past
decades, studies have identified several hundred various mycotoxins. However, aflatoxin
B1 (AFB1) and ochratoxin A (OTA) are some of the most prominent mycotoxins in their
toxin families. They present a serious concern to human and animal health as they have
been proved to cause acute reactions, such as symptoms of severe illness appearing quickly,
or chronic effects linked to long term diseases, such as cancers and immune deficiency [1].

AFB1 is a secondary metabolite produced by certain fungi, particularly Aspergillus
flavus and A. parasiticus [2]. Being the most potent of the five aflatoxins, it constitutes a
serious public health concern due to its high toxicity and widespread occurrence in food.
Classified as a Group 1 carcinogen by the IARC, acute exposure has been associated with
severe clinical manifestations, including gastrointestinal distress, neurological symptoms,
pulmonary and cerebral edema, and in extreme cases, coma or death [3].
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Chronic low-dose exposure to AFB1 is also concerning, as it can lead to liver can-
cer, cirrhosis, and hepatitis, and may affect other organs such as the kidneys, pancreas,
bladder, bones, and viscera. It has also been associated with congenital abnormalities and
immunosuppression [3-5]. AFB1 is primarily metabolized in the liver by CYP450 enzymes
into exo0-8,9-epoxide (AFBO), a highly reactive compound responsible for its genotoxicity.
AFBO binds strongly to DNA, causing mutations—especially at the third base of codon
249 in the p53 tumor suppressor gene involved in apoptosis [6]. Moreover, AFBO interacts
with other cellular macromolecules, including proteins and phospholipids, causing various
metabolic and structural disturbances [7].

OTA is also a mycotoxin produced by the fungi of the Aspergillus and Penicillium
genera [8]. It can contaminate various food items such as cereals, nuts, meat, coffee,
and wine. It is the most toxic ochratoxin and is classified as a Group 2B carcinogen by
IARC. OTA has shown nephrotoxic, hepatotoxic, teratogenic, and immunomodulatory
effects in animals, with studies in rats linking it to nephropathy [9,10]. It has also been
associated with adverse effects on the liver, immune system, and nervous system [11].
OTA is primarily absorbed in the proximal jejunum and distributed to organs such as the
liver and kidneys [12]. Its toxicity involves increased NADPH and P450 activity, caspase
pathway activation, and ROS production leading to apoptosis [13]. Additionally, OTA
inhibits protein synthesis by blocking phenylalanine tRNA synthetase due to its structural
similarity to phenylalanine [14].

Completely eliminating mycotoxins from the diet remains a major challenge [15]. To
counter their harmful effects, the inclusion of bioactive ingredients is increasingly recom-
mended [16]. Among them, fermented whey (FW) and pumpkin have shown promising
protective effects [17]. FW, enhanced through lactic acid bacteria fermentation, contains
peptides, phenolic acids, and bacteriocins, offering antioxidant, antifungal, and antimicro-
bial properties [18]. It has been shown to reduce the intestinal bioaccessibility of AFB1 and
OTA and to modulate their toxicity in both in vitro and in vivo models [19,20].

Pumpkin is also rich in health-promoting compounds such as carotenoids, polyphe-
nols, organic acids, and essential vitamins [21]. A transcriptomic study demonstrated the
anti-inflammatory and protective effects of the FW and pumpkin in combination against
AFB1 and OTA toxicity, highlighting its potential for food industry applications [22].

The main goal of this study is to evaluate the preventive effects of FW and pumpkin
in the duodenum of rats exposed to AFB1 and OTA-contaminated feed over 28 days, indi-
vidually and in combination, through gene expression analysis using real-time quantitative
PCR. The study focuses on the expression of key genes involved in apoptosis, including
the tumor suppressor p53, pro-apoptotic Bax, anti-apoptotic and anti-inflammatory NF-«B,
oxidative stress marker Hmox1, and occludin, a critical gene for maintaining intestinal
barrier integrity.

2. Materials and Methods
2.1. Reagents and Equipment

The reagents used, methanol and isopropanol, were supplied by Fisher Scien-
tific (Madrid, Spain). For RNA extraction, the TRIzol™ reagent was purchased from
Invitrogen™ (Carlsbad, CA, USA), while the ReliaPrep™ RNA Miniprep System kit from
Promega (Madison, WI, USA) was used for purification. Complementary DNA (cDNA)
was obtained using the TagMan Reverse Transcription Reagents kit (Thermo Fisher Scien-
tific, Waltham, MA, USA). PowerUp™ SYBR™ Green for gPCR analysis was purchased
from Applied Biosystems (Carlsbad, CA, USA).
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2.2. In Vivo Study and Experimental Protocol

A total of 90 Wistar rats (45 males and 45 females, weighing between 260 and 340 g)
were acquired from Pharmacy animal facility (Universitat de Valencia, Spain), and the insti-
tution Animal Care and Use Committee of the University of Valencia approved all animal
procedures (protocol no. A13338818442265). The study was conducted in a room with
controlled environmental conditions, with a temperature of 22 °C and relative humidity
between 45% and 65%, which were suitable for the species. To maintain sterile conditions,
nitrile gloves and FFP3 masks were worn during all procedures, including the handling of
animals and contaminated samples.

Subsequently, the rats were randomly divided into 9 groups (10 rats per group; 5 males
and 5 females) based on the feed administered. One control group was fed with wheat flour-
based feed, while another control group was fed with a supplemented diet containing FW
and P (FW + P). The remaining four groups received different combinations of contaminated
flours (AFB1, OTA), FW, and P. Each group, consisting of ten rats (five males and five
females to evaluate sex differences), was fed for 28 days with the specific diet assigned to
each group, with water available ad libitum. The diets were prepared in the laboratory and
the full mycotoxin content was reported by Vila-Donat et al. [23]. Once the exposure time
elapsed, Wistar rats were euthanized with isoflurane by inhalation, and their organs were
stored at —80 °C.

The concentrations of AFB1 and OTA in the experimental feeds were determined based
on the natural fungal contamination of barley and corn, respectively, by Aspergillus flavus
and Aspergillus steynii. For feed preparation, barley and corn were naturally inoculated
with Aspergillus flavus ITEM 8111 (from ISPA, Bari, Italy) and Aspergillus steynii 20510 (from
CECT, Valencia, Spain) and cultured under optimal laboratory conditions to produce
the respective mycotoxins. Mycotoxin concentrations in feed resulted from this natural
contamination, simulating a realistic scenario of daily ingestion according to Mediterranean
dietary patterns and human exposure estimates [24].

The concentrations of mycotoxins in the feed ranged around 4.5-4.9 ug/g for AFB1
and 5.4-8.8 ug/g for OTA, adjusted according to natural fungal growth and consistent
with the targeted exposure doses. FW and P were incorporated as synergistic bioactive
components to emulate functional food strategies typical of Mediterranean nutrition.

The actual exposure levels were calculated by considering the measured mycotoxin
concentrations in the feed, the average daily feed intake, and the body weight of the rats
during the fourth week of the trial. The target exposure levels were selected based on
previously reported doses used in toxicity studies in rats, specifically 250 pg/kg bw/day for
AFBI1 [25] and 300-500 png/kg bw/day for OTA [26]. These doses were chosen to simulate a
realistic, sub-chronic exposure scenario, allowing the investigation of toxic and preventive
effects without inducing acute toxicity. Body weight was measured weekly to monitor
weight progression throughout the study.

2.3. RNA Extraction

To extract the RNA, approximately 50 mg of duodenum tissue was used for each
sample. The samples were subsequently homogenized with Trizol™ (1 mL) and (0.2 mL) of
chloroform using a digital homogenizer T10 Ultra-Turrax (IKA, Staufen, Germany). After
centrifugation for 15 min at 4000 rpm and 4 °C, the extracted RNA was purified using the
commercial ReliaPrep™ RNA Cell Miniprep Systems kit (Promega, Madison, WI, USA).
The RNA was recovered in a final reaction volume of 30 uL with nuclease-free water. It was
then evaluated via spectrophotometry using a NeoDot UV /VIS Nano Spectrophotometer by
NeoBiotech (Nanterre, France Quimigen, Madrid, Spain), where it was quantified at 260 nm,
and its quality was verified by the absorbance ratios at A = 260/280 nm and A = 260/230 nm.
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To ensure a common concentration for all samples, the concentrations were adjusted to
100 ng/uL with nuclease-free water. After evaluating the RNA spectrophotometrically,
the concentrations were found to be between 155.1 and 4899.4 ng/uL, with appropriate
260/280 nm and 260/230 nm ratios both around 2, as shown in Table S1.

2.4. Reverse Transcription and gPCR Parameters

Each RNA sample was used to obtain cDNA following the instructions of the TagMan
Reverse Transcription Reagents kit (Thermo Fisher Scientific, Waltham, MA, USA). The
reaction mixture underwent an initial heating step at 25 °C for 10 min. Reverse transcription
was carried out at 37 °C for 30 min. Finally, enzyme inactivation was performed by heating
at 95 °C for 5 min.

For the qPCR amplification, the reactions were performed using a QuantStudio™
5 real-time PCR instrument (Thermo Fisher Scientific, Waltham, MA, USA) in 96-well plates
with SYBR Green detection chemistry. Each reaction had a final volume of 10 pL, consisting
of 5 uL of 2x Fast SYBR Green (Applied Biosystems, Waltham, MA, USA), 2 uL of primers
(500 uM) (Invitrogen, Carlsbad, CA, USA), and 3 puL of cDNA. The gene S18 was used as
the reference gene. The cycling conditions were set as follows: initial denaturation at 95 °C
for 10 min to activate Tag DNA polymerase, followed by 40 cycles of denaturation at 95 °C
for 15 s, annealing at 60 °C for 1 min for the genes p53, Hmox1, Occludin and NF-«kB, and
58 °C for the gene Bax, with an extension at 72 °C for 15 s.

The standard curve for each gene was generated prior to the qPCR experiment under
the same cycling conditions, using eight serial dilutions of cDNA. Amplifications were
performed in triplicate for each dilution to assess the efficiency and linearity (R?) of the
PCR reactions (Table 1).

Table 1. Optimization parameters of the selected genes plus reference gene 18S rRNA.

Gene  NCBI Accession Number Sequence Annealing (°C)  Efficiency (%) Linearity (R?)
BB e ROECOGIOCIGT o w om
p53 NM_030989.4 I;(,;rgl,;%i% GA g é GG é: ggéé{féﬁg 60 125 0.989
NF-«B NM_017059.2 If : g g}:i%iggﬁggg ggziAAiEGC 60 108 0.981
B Nz TAAGAAGCIGAGCGAGIGICT g 104 0991
Hmox1 NM_012580.2 II: iigggégﬁ%%i%%%g%%%g 60 99 0.990
Occludin NM_031329.3 F: AGTACATGGCTGCTGCTGAG 60 101 0.993

R: CCCACCATCCTCTTGATGTT

2.5. Statyistical Analysis

The statistical analysis was performed by SPSS 24.0 (IBM Corp., Armonk, NY, USA).
The median LogyRQ of all genes was calculated for each group, with control 1 considered
as the reference group, having a LogoRQ value of 0. The normalized Cp was calculated per
sample as ACt (experimental Ct — average housekeeping Ct) using the Ct values obtained
from qPCR. A Student’s t-test was applied to assess the differences between the control
groups and the samples that have been exposed to mycotoxins or mycotoxins associated
with FW and P, considering p < 0.05 as statistically significant.
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3. Results
3.1. Body Weight Gain and Duodenum Variations in Rats

Body weight gain was evaluated from week 1 to week 4 in both sexes across all experi-
mental groups. In the control group, weight gain was higher in females (81.1 g = 15.08) than
in males (44.76 g & 12.54). Exposure to OTA resulted in a moderate increase in weight for
males (50.6 g + 17.59), whereas females exhibited a slight increase in weight (19.6 g £ 5.13).
The combined exposure to AFB1 and OTA (AFB1 + OTA) had the most pronounced toxic
effect, causing a weight loss in males (—24.58 g + 8.88) and a slight weight loss in females
(—4.22 g £ 24.09). In contrast, the co-administration of FW with OTA or with the toxin
mixture (FW + OTA and FW + AFB1 + OTA) notably improved weight outcomes in both
sexes compared to the AFB1 + OTA group. The group receiving FW + P alone showed the
highest gain in males (61.26 g £ 7.60), while females also benefited (47.74 g + 16.78). The
addition of FW + P to AFB1 exposure (FW + P + AFB1) resulted in improved weight gain in
both sexes, indicating a partial protective effect. Interestingly, in the FW + P + OTA group,
males exhibited the highest weight gain among all groups (62.85 g £ 39.47), while females
showed moderate improvement (30.87 g &+ 5.88). Finally, the group exposed to the full
combination of mycotoxins and protective ingredients (FW + P + AFB1 + OTA) showed a
positive effect compared to the AFB1 + OTA group, particularly in females (35 g & 16.29),
although male gain remained limited (15.8 g + 14.85) (Figure 1A).

1207 B Male (A)
[ Female

100
80

Weight gain (g)
N B (o))
T 77

N
T 9

57 Hl Male (B)
Il Female

Duodenum weight (g)

Figure 1. Body weight gain (g) from week 1 to week 4 (A) and duodenum weight (B) in male and
female rats across experimental groups. Data reported as mean values among individuals &= SD. SD,
standard deviation. * p < 0.05, ** p < 0.01, *** p < 0.001 statistically significant from the control.
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On the other hand, duodenal weight (Figure 1B) varied among experimental groups
and between sexes. In the control group, males and females showed similar duodenal
weights (3.54 £ 0.33 g and 3.40 £ 0.44 g, respectively). A clear reduction was observed
in OTA-exposed females (2.99 + 0.04 g), suggesting a higher sensitivity to this mycotoxin
compared to males (3.54 £ 0.08 g). Interestingly, in the AFB1 + OTA group, both males
and females exhibited relatively high duodenal weights (3.68 + 0.18 gand 3.54 + 0.11 g,
respectively), possibly indicating a compensatory or inflammatory tissue response. In the
FW and FW + P treated groups, duodenal weights were generally stable or improved. For
example, in the FW + P + OTA group, females showed higher values (3.54 £ 0.25 g) than
males (3.51 & 0.28 g), and in the FW + P + AFB1 + OTA group, males reached the highest
overall mean (3.73 =+ 0.19 g), with females also showing recovery (3.46 £ 0.15 g). These
findings support the hypothesis of a protective effect of FW and FW + P, particularly in
females. Single values of individuals are reported in the supplementary material.

3.2. Differential Gene Expression of Apoptosis Key Genes Resulting from Exposure to OTA and FW

Exposure to OTA (Table 2) led to a marked upregulation of key regulatory genes in
both males and females. In males, the genes Bax, NFKB, and Hmox-1 were significantly
upregulated, highlighting a potential activation of pathways linked to apoptosis and oxida-
tive stress. Similarly, in females, the genes p53, NFKB, and Hmox-1 showed substantial
overexpression, suggesting comparable stress and damage responses. Interestingly, the
addition of FW (FW + P) demonstrated a protective effect, effectively normalizing the
expression of Bax in males and Hmox-1 in females to levels observed in the control group.

Table 2. Relative expression levels (logoRQFC + SD) of apoptosis- and cell cycle-related genes in the
duodenum of male and female rats after treatment with OTA and OTA combined with fermented
whey (FW + OTA) compared to the control group, as measured by qPCR.

Group p53 Bax NF-«B Hmox-1
Control (—0.81 +£2.07) (—1.18 £2.04) (0.30 £ 0.91) (0.07 £ 0.61)
Male OTA (—0.04 +£1.82) (0.77 £1.52) * (8.72 £0.52) ** (1.69 £ 1.25) **
FW + OTA (128 £2.12)* (—0.95 £+ 2.36) (2.13 £1.49) ** (0.99 £ 0.84)
Control (—=0.15+0.73) (—1.80 £ 1.57) (1.82 £1.55) (—=0.19 £ 0.31)
Female OTA (4.62 £ 0.27) *** (—2.34 £0.24) (392 £0.99) ***  (2.06 £ 0.72) ***
FW + OTA (3.91 £ 0.88) *** (=1.75 £ 0.71) (3.61 £1.89)* (0.80 £1.01)

RQ: relative quantification. * p < 0.05; ** p < 0.01; *** p < 0.001 significantly different from control (Student’s t-test).

3.3. Differential Gene Expression of Apoptosis Key Genes Resulting from Exposure to AFB1 + OTA
and FW

In male rats, the combination of AFB1 and OTA led to a downregulation of Bax,
indicating an impairment of apoptosis pathway. In contrast, in female rats, the same
exposure resulted in an overexpression of p53, suggesting a more pronounced activation of
apoptosis. This highlights that in both males and females, mycotoxin exposure disrupts
normal apoptotic processes when compared to the control group.

Upon the introduction of FW in the FW + AFB1 + OTA group, a reversal of effects
was observed in both sexes. In males, FW led to an overexpression of all studied genes,
including the previously downregulated Bax, alongside a significant overexpression of
NF-«B, indicating a strong protective response. In females, FW caused a downregulation
of p53 and Hmox1, while Bax was upregulated, suggesting a differential, yet protective,
mechanism in mitigating the toxic effects of the mycotoxins (Table 3).
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Table 3. Relative expression levels (logoRQFC + SD) of apoptosis- and cell cycle-related genes in the
duodenum of male and female rats after treatment with AFB1 + OTA and the combined treatment
with fermented whey (FW + AFB1 + OTA) compared to the control group, as measured by qPCR.

Group p53 Bax NF-«B Hmox-1
Control (—1.18 £2.13) (—0.95 £ 2.58) (—0.40 £1.92) (1.68 £ 1.19)
Male AFB1 + OTA (—0.37 £ 1.26) (—2.81+223)* (0.99 £ 1.63) (1.19 £ 2.39)
FW + AFB1 + OTA (0.36 & 2.07) (—2.03£2.63)  (2.19 =+ 1.68) ** (2.01 & 1.42)
Control (1.68 £ 1.30) (—1.36 £ 1.76) (0.70 £ 0.92) (1.39 £ 1.38)
Female AFB1 + OTA (2.75 £ 1.46) (—0.80 £ 0.83) (0.70 £ 0.70) (1.60 £ 1.01)
FW + AFB1 + OTA (1.73 £2.01) (0.15+£2.19) (0.96 £ 1.91) (0.59 £1.44)*
RQ: relative quantification. * p < 0.05; ** p < 0.01, significantly different from control.
3.4. Differential Gene Expression of Apoptosis Key Genes Resulting from Exposure to FW + P
In male rats, the combination of FW + P led to a downregulation of p53 and an
upregulation of NF-«B, suggesting a reduction in apoptosis compared to the control group.
This indicates that these bioactive ingredients may enhance the stress response and reduce
apoptotic activity. In the FW + P + AFB1 group, a further downregulation of p53 was
observed, reinforcing the protective effect of these ingredients against AFB1 toxicity by
limiting apoptosis. Conversely, in female rats, no significant changes were detected in
either the FW + P or FW + P + AFB1 groups, indicating a less pronounced or negligible
protective effect in females. This highlights a sex-specific response to the combination of
FW and P (Table 4).
Table 4. Relative expression levels (logoRQFC + SD) of apoptosis- and cell cycle-related genes in the
duodenum of male and female rats after treatment with FW + P and FW + P + AFB1 compared to the
control group, as measured by qPCR.
Group p53 Bax NF-«B Hmox-1
Control (—0.05 £ 0.37) (—1.09 £1.37) (—2.22£1.92) (1.15 £ 1.26)
Male FW +P (—2.14 £ 2.16) *** (—0.76 £0.64) (—0.53£0.64)*  (1.64 £1.37)
FW + P + AFB1 (—1.28 £ 1.99) *** (—2.95 £ 1.52) (—2.95£1.47) (0.57 £1.52)
Control (147 £1.19) (—0.54 £ 0.47) (1.27 £ 0.98) (2.27 £2.09)
Female FW +P (1.87 £2.48) (—0.23 £ 1.33) (1.48 £2.12) (0.97 £1.48)
FW + P + AFB1 (0.81 = 0.86) (2.31 + 2.30) (231 + 1.37) (3.36 + 1.51)

RQ: relative quantification. ** p < 0.01; *** p < 0.001, significantly different from control.

In male rats, the presence of OTA (FW + P + OTA) led to a marked downregulation
of Bax, with no significant changes observed in p53, NF-«B, or Hmox-1 with the presence
of AFB1 and OTA. This suggests that FW + P effectively mitigates the toxic effects of
these mycotoxins, particularly in regulating apoptosis. Conversely, in female rats, the
introduction of mycotoxins (FW + P + OTA) resulted in a significant downregulation of p53,
indicating a disruption in the apoptotic pathway. Both Bax and Hmox-1 showed notable
upregulation in the FW + P + OTA and FW + P + AFB1 + OTA groups compared to the
control (FW + P), suggesting an enhanced stress response in females (Table 5).
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Table 5. Relative expression (LogoRQFC £ SD) of apoptosis and cell cycle-related genes in the
duodenum of male and female rats following exposure to OTA (FW + P + OTA) and to the mixture of
AFB1 + OTA (FW + P + AFB1 + OTA) compared to the FW + P group, as assessed by qPCR.

Group p53 Bax NF-«B Hmox-1
FW +P (—2.24 £1.89) (—0.80 £ 0.84) (—2.95 £ 2.86) (—2.21 £1.53)
Male FW + P+ OTA (—2.86 £2.19)  (—2.69+0.62)*  (=3.24 £1.15) (—2.90 £ 1.31)
FW +P+AFB1+OTA  (—1.76 +2.17) (—1.21 + 0.65) (—2.55 + 1.26) (—2.29 + 1.47)
FW +P (0.35 £ 0.79) (1.56 £ 1.64) (0.34 £ 0.90) (0.64 £ 2.23)
Female FW +P + OTA (—0.52£0.84)* (276 £1.57)*** (4.47 £ 1.46) (5.15 £ 1.63) ***
FW + P + AFB1 + OTA (0.57 £ 0.94) (4.16 £ 2.53) *** (4.16 £ 2.53) (3.92 £ 2.62) ***
RQ: relative quantification. * p < 0.05; ** p < 0.01; *** p < 0.001, significantly different from control.
3.5. Differential Gene Expression of Occludin Gene Resulting from Exposure to Mycotoxins and
Bioactive Ingredients
Exposure to OTA did not lead to any significant changes in occludin gene expression
compared to the control group in both males and females. However, in males, a reduction
in the biological variability of occludin expression was observed when compared to both
the control and FW + OTA groups (Figure 2).
O Female [ Male
6
4
2
g = =
b 0 . X X
= X
k M -2 »
-2
P T
-6
Control OTA FW+OTA
Occludin

Figure 2. Box plot showing relative expression of Occludin in duodenum (male and female) when
compared to control, to exposure with OTA, and OTA associated with FW (FW + OTA) by quantitative
PCR (qPCR). RQ, relative quantification. Horizontal line inside each box represents the median value,
while the X indicates the mean value of the data.

In the AFB1 + OTA group, occludin expression is significantly downregulated in
females, with no significant changes observed in males. The addition of FW in the female
group reduces variability, suggesting a stabilizing effect, but does not restore expression
levels. No significant effects are observed in the male group across treatments (Figure 3).

In the FW + P group, there is no significant change in occludin expression compared
to the control group for both sexes. Similarly, in the FW + P + AFB1 group, AFB1 exposure
does not induce any notable effect, as occludin expression remains comparable to the
control levels in both males and females. This suggests a potential mitigation of AFB1’s
effects by the two bioactive ingredients (Figure 4).
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6
5
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i x _ =
g 0 == = X o
(=) —
-1 X X ==
- —
-2
-3
-4
-5
Control AFB1+OTA FW+AFB1+OTA
Occludin
Figure 3. Box plot showing relative expression of Occludin in duodenum (male and female) when
compared to control, to exposure with the mixture (AFB1 + OTA), and the mixture associated with FW
(FW + AFB1 + OTA) by quantitative PCR (qPCR). RQ, relative quantification. Horizontal line inside
each box represents the median value, while the X indicates the mean value of the data. * p < 0.05
significantly different from the control.
Duodenum Rats
[ Female [ Male
6
4 ~
o 2 X == o
z 5
0 - x =
-2 L J_
-4
-6
Control FW+P FW +P+AFB1

Occludin

Figure 4. Box plot showing relative expression of Occludin gene in duodenum (male and female)
when compared to control, to exposure with the mixture (FW + P), and the mixture associated with
AFB1 (FW + P + AFB1) by quantitative PCR (qPCR). RQ, relative quantification. Horizontal line
inside each box represents the median value, while the X indicates the mean value of the data.

As observed in the FW + P + AFB1 group, no significant changes in occludin expression
were detected in the FW + P + OTA group for both males and females (p > 0.05) (Figure 5).
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Log2RQ

Duodenum Rats
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1
Control FW+P FW+P+OTA
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Figure 5. Box plot showing relative expression of Occludin gene in duodenum (male and female)
when compared to control, to exposure with the mixture (FW + P), and the mixture associated with
OTA (FW + P + OTA) by quantitative PCR (qPCR). RQ), relative quantification. Horizontal line inside
each box represents the median value, while the X indicates the mean value of the data.

In the FW + P + AFB1 + OTA group, there are no significant changes in occludin
expression compared to the control for either males or females. This indicates that the
combined exposure to FW + P and mycotoxins (AFB1 + OTA) does not significantly alter
occludin expression in the duodenum for either sex (Figure 6).

Duodenum Rats

O Female [ Male

X - X
— > x
X
aE
Control FW+P FW+P+AFB1+OTA
Occludin

Figure 6. Box plot showing relative expression of occludin gene in duodenum (male and female)
when compared to control, to exposure with the mixture (FW + P), and the mixture associated with
AFB1 + OTA (FW + P + AFB1 + OTA) by quantitative PCR (qPCR). RQ, relative quantification.
Horizontal line inside each box represents the median value, while the X indicates the mean value of
the data.

4. Discussion

Research into the effects of AFB1 and OTA has revealed a complex array of genotoxic
consequences, implicating multiple organs in their pathogenic mechanisms [27,28]. These
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mycotoxins have been extensively studied for their adverse effects on liver and kidney func-
tion, as well as the gastrointestinal tract [29]. Investigations have delved into the intricate
molecular pathways underlying these effects [14,30,31]. These studies have highlighted the
multifaceted nature of the gene response to mycotoxins, encompassing apoptosis, inflamma-
tion, and oxidative stress pathways. Moreover, contemporary researchers are also focusing
on studying the preventive effects of bioactive compounds at a transcriptomic level [32].

The p53 gene is a crucial tumor suppressor gene that plays a central role in DNA repair
and cellular apoptosis. Upon stimuli such as DNA damage, p53 induces the expression
of genes that halt the cell cycle to allow repair or, in more severe cases, activate metabolic
pathways leading to apoptosis [33]. One of these downstream targets is the Bax gene, a pro-
apoptotic member of the Bcl-2 family. Bax promotes the release of pro-apoptotic molecules
from the mitochondrial membrane, initiating the apoptotic cascade and ultimately causing
cell death [34]. In the current study, OTA exposure resulted in the overexpression of p53
in females and Bax in males, demonstrating that OTA triggers apoptosis as a protective
mechanism. This overexpression suggests that the body is activating a defense response to
mitigate the cellular damage caused by OTA. Interestingly, simultaneous exposure to AFB1
and OTA led to a significant overexpression of p53 in females, further supporting the role
of these toxins in inducing apoptosis.

Consistent with these findings, the overexpression of pro-apoptotic genes following
mycotoxin exposure has been reported in numerous in vivo and in vitro studies. For
instance, ref. [35] observed simultaneous exposure to AFB1 and deoxynivalenol (DON)
upregulating pro-apoptotic genes, including p53 and Bax, in Caco-2 cells. Similarly, a study
on rats revealed that exposure to Enniatins (ENs) led to an increased expression of p53 and
Bax in the lower intestine [36]. These results reinforce the hypothesis that apoptosis serves
as a cellular defense mechanism to eliminate damaged or potentially harmful cells [37].

Also, a significant downregulation of Bax was observed in males exposed to
AFB1 + OTA. As Bax is pivotal for maintaining the balance between cell survival and
cell death, this decrease suggests a harmful effect of the toxins, potentially disrupting the
apoptotic process and favoring cell survival, which could lead to adverse outcomes.

NF-«B, beyond its anti-apoptotic role [38], is a pro-inflammatory transcription factor
that plays a pivotal role in regulating cellular stress responses and inflammation [39]. Its
overexpression in the duodenum of both male and female rats exposed to OTA suggests
an activation of inflammatory pathways as part of the tissue’s response to the toxin-
induced stress. This activation likely reflects the duodenum’s attempt to counteract OTA’s
deleterious effects, including oxidative stress and damage to cellular components. A similar
study conducted on porcine intestinal epithelial cells demonstrated that exposure to 4 uM
OTA for 48 h significantly upregulated NF-«B expression, further reinforcing the link
between OTA exposure and the activation of inflammatory signaling pathways [40].

Similarly to NF-kB, the Hmox-1 gene was significantly overexpressed in both male
and female rats exposed to OTA. Hmox1 encodes heme oxygenase-1, a critical enzyme
involved in antioxidant and anti-apoptotic activities that is upregulated in response to
cellular stress. Its overexpression in this context can be attributed to the elevated production
of reactive oxygen species (ROS) following OTA exposure, which is a hallmark of OTA-
induced oxidative stress. This response aligns with its established role as a cellular defense
mechanism aimed at counteracting oxidative damage and restoring redox balance [41].

In the current study, a slight but significant downregulation of the occludin gene
was observed exclusively in female rats exposed to the combined toxins OTA + AFBI1.
Occludin, a critical gene of tight junctions that maintains the integrity and permeability
of the intestinal epithelium [42], showed no significant changes in expression in males
or in response to OTA alone in either sex. Despite the well-documented cytotoxic and
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pro-apoptotic effects of OTA and AFB1 on various cellular and molecular pathways, this
finding indicates that the duodenal tissue shows resilience to these toxins with regard to
occludin expression, except in the specific scenario of combined exposure in females.

The addition of FW alone to the groups exposed to mycotoxins demonstrated signifi-
cant protective effects. In males, FW supplementation in the FW + OTA group restored Bax
gene expression to levels comparable to the control group. Additionally, a marked overex-
pression of p53 was observed, indicating enhanced apoptotic activity, which is critical for
controlling the proliferation of damaged or abnormal cells induced by OTA. Similarly, in
males exposed to FW combined with AFB1 + OTA, Bax, initially downregulated by the com-
bined mycotoxins, returned to control-like levels (no significant difference), accompanied
by an overexpression of NF-«B.

In females, Hmox-1 expression was reduced in the FW + OTA group compared to OTA
alone. The addition of FW restored its expression to normal levels (no significant difference
compared to the control group). These findings highlight the importance of bioactive
ingredients in mitigating the toxic effects of mycotoxins. Comparing gene expression
between control and FW + P groups revealed slight sex-specific variations. In females, no
significant differences were observed between the control group and FW + P. However, in
males, p53 was significantly downregulated, while NF-«B was upregulated, suggesting
reduced apoptosis in the duodenal cells of the exposed groups.

The preventive effects of these bioactive ingredients were particularly evident when
combined with mycotoxins. In males exposed to AFB1 + OTA and FW + P (FW + P + AFB1
+ OTA group), no significant differences in gene expression were observed compared to FW
+ P alone, underscoring the protective effects of the FW + P combination. Conversely, in
females, a significant overexpression of Bax and Hmox-1 was observed in the FW + P + OTA
and FW + P + AFB1 + OTA groups compared to FW + P, suggesting sex-specific differences
in response. These results indicate that the FW + P combination was more effective in males
than in females.

The two bioactive ingredients exhibited protective effects across all studied genes,
except occludin, which was unaffected by the toxicity of AFB1 and OTA. These results are
consistent with previous findings highlighting the potential of pumpkin and whey as func-
tional ingredients. For instance, in a recent study evaluating bread matrices, both pumpkin
and whey significantly reduced the intestinal bioaccessibility of AFB1 and OTA during
in vitro digestion, with pumpkin achieving reductions up to 74% and 34%, respectively,
and fermented whey showing reductions up to 68% for AFB1 and 20% for OTA. These
reductions suggest that the bioactive compounds present in both ingredients may play a
key role in mitigating the harmful effects of mycotoxins at the intestinal level, supporting
the protective gene expression profiles observed in our in vivo model [43].

FW, known for its bioactive substances, including phenolic acids, peptides, and bac-
teriocins, has demonstrated antifungal, antimicrobial, and antioxidant properties [18].
Similarly, pumpkin contains antioxidants like carotenoids and vitamin E, which mitigate
mycotoxin toxicity by scavenging free radicals and reducing oxidative stress. Additional
components such as polysaccharides and sterols have also been implicated in reducing
mycotoxin toxicity [44]. These bioactive properties have been validated in previous in vivo
and in vitro studies, which demonstrated beneficial transcriptomic and molecular effects
against AFB1 and OTA [45,46]. This study reinforces the potential of FW and pumpkin as
preventive agents against mycotoxin-induced cellular and molecular damage.

Limitations of the current study include the lack of histopathological analysis and
protein-level validation. These aspects will be addressed in future research to further
strengthen the findings and provide a more complete picture of the protective effects
of functional ingredients against mycotoxin-induced toxicity. This study represents a
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preliminary transcriptomic approach aimed at identifying early molecular changes in
response to mycotoxin exposure and dietary supplementation. While mRNA expression
data provide valuable insights into the activation of key pathways, we acknowledge the
need for future studies to include histopathological and proteomic analyses for a more
comprehensive assessment.

5. Conclusions

This study highlighted the significant preventive effects of the bioactive ingredients FW
and Pumpkin on the expression of genes involved in apoptosis (p53 and Bax), inflammation
(NF-«B), oxidative stress (Hmox-1), and tight junction integrity (occludin) in the duodenum
in response to the mycotoxins AFB1 and OTA. FW and P supplementation restored the
expression of genes disrupted by mycotoxins to levels close to those of the control groups,
underscoring their protective role in mitigating the toxic effects of these compounds.

The results indicate that the preventive effects of FW and P are not sex-dependent, as
the observed responses were generally comparable between males and females. However,
two notable exceptions were identified. First, when comparing FW + P-exposed groups
to controls, significant differences were observed in males for p53 and NF-«B expression,
whereas no significant changes were noted in females. Second, while occludin expression
was generally unaffected by AFB1 and OTA, a specific reduction was observed in females
exposed to the combination of the two mycotoxins.

These findings highlight the preventive potential of FW and P in reducing the toxic
impact of mycotoxins on key genes related to duodenal health, with generally similar
protective effects across sexes. These results support the integration of FW and P into
nutritional strategies to prevent mycotoxin-induced damage.

However, this study remains preliminary and is limited to transcriptomic analyses.
To provide a more comprehensive understanding of the protective mechanisms activated
by FW and P, further studies will be needed to include histopathological evaluations and
protein expression analyses, such as Western blotting. These additional approaches will
validate the gene expression results at the protein level and offer deeper insights into the
molecular responses to mycotoxin exposure and bioactive ingredient supplementation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods14101793/s1, Table S1: RNA concentration and purity ratios
for each sample. The table includes RNA concentration (ng/ul), and absorbance ratios 260/280 and
260/230, indicating protein and organic compound contamination, respectively. Samples are grouped
by sex (male + female).

Author Contributions: Conceptualization, S.R. and L.M.; methodology, S.R. and A.C.; software, S.R.
and A.C,; validation, S.R., A.C., and L.M.; formal analysis, S.R. and A.C.; investigation, S.R. and
A.C.; resources, L.M.; data curation, S.R.; writing—original draft preparation, S.R.; writing—review
and editing, A.C. and L.M,; visualization, S.R. and L.M.; supervision, L.M.; project administration,
L.M.,; funding acquisition, L.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Spanish Ministry of Science and Innovation (MCIU),
the State Research Agency (AEI) under the project P1D2022-1407220B-100, and co-funded by the
European Regional Development Fund (FEDER), European Union (EU). The identification number is
10.13039,/501100011033.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the institution Animal Care and Use Committee of the
University of Valencia (protocol code 2021/VSC/PEA /0112—17 June 2021).

Informed Consent Statement: Not applicable.


https://www.mdpi.com/article/10.3390/foods14101793/s1
https://www.mdpi.com/article/10.3390/foods14101793/s1

Foods 2025, 14,1793 14 of 16

Data Availability Statement: Not appliable.

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

Abbreviations

The following abbreviations are used in this manuscript:

AFB1 Aflatoxin B1;

AFBO Aflatoxin B1 exo-8,9-epoxide;

Bax BCL2-Associated X, Apoptosis Regulator;
Bcl-2 B-cell leukemia/lymphoma 2;

cDNA Complementary DNA;

DNA Deoxyribonucleic acid;

DON Deoxynivalenol;

ENs Enniatins;

FW Fermented whey;

Hmox1 Heme oxygenase 1;

IARC International Agency for Research on Cancer;
NF-«B Nuclear factor kappa-light-chain-enhancer of activated B cells;
OTA Ochratoxin A;

P Pumpkin;

p53 Tumor protein p53;

RNA Ribonucleic acid;

ROS Reactive oxygen species;

RQ Relative quantification;

RT-gPCR  Quantitative real-time PCR

References

1.  Manyes, L.; Font, G. Mycotoxins: Toxicity, Occurrence, Risk Assessment and Prevention. In Encyclopedia of Human Nutrition;
Elsevier: Amsterdam, The Netherlands, 2023; pp. 492-500. ISBN 978-0-323-90816-0.

2. Marchese, S.; Polo, A.; Ariano, A.; Velotto, S.; Costantini, S.; Severino, L. Aflatoxin B1 and M1: Biological Properties and Their
Involvement in Cancer Development. Toxins 2018, 10, 214. [CrossRef] [PubMed]

3. Prandini, A.; Tansini, G.; Sigolo, S.; Filippi, L.; Laporta, M.; Piva, G. On the Occurrence of Aflatoxin M1 in Milk and Dairy
Products. Food Chem. Toxicol. 2009, 47, 984-991. [CrossRef]

4. Fouad, A.M,; Ruan, D.; El-Senousey, H.K.; Chen, W,; Jiang, S.; Zheng, C. Harmful Effects and Control Strategies of Aflatoxin
B1 Produced by Aspergillus Flavus and Aspergillus Parasiticus Strains on Poultry: Review. Toxins 2019, 11, 176. [CrossRef]
[PubMed]

5. Ali, R.A; Khalil, F; Hassan, H.A.; Amer, .M.; Kamal, Z. Mycotoxicity and Embryonic Development: I- Aflatoxin B1 Reduces
Quality and Birth Rate during Mice Embryonic Development. SVU-Int. |. Vet. Sci. 2023, 6, 1-20. [CrossRef]

6.  Ferreira, R.G.; Cardoso, M.V,; De Souza Furtado, K.M.; Espindola, KM.M.; Amorim, R.P.; Monteiro, M.C. Epigenetic Alterations
Caused by Aflatoxin B1: A Public Health Risk in the Induction of Hepatocellular Carcinoma. Transl. Res. 2019, 204, 51-71.
[CrossRef] [PubMed]

7. Yang, X.; Li, X.; Gao, Y.; Wang, J.; Zheng, N. Integrated Metabolomics and Lipidomics Analysis Reveals Lipid Metabolic Disorder
in NCM460 Cells Caused by Aflatoxin Bl and Aflatoxin M1 Alone and in Combination. Toxins 2023, 15, 255. [CrossRef]

8. ElKhoury, A.; Atoui, A. Ochratoxin A: General Overview and Actual Molecular Status. Toxins 2010, 2, 461-493. [CrossRef]

9.  Klingelhofer, D.; Braun, M.; Schoffel, N.; Oremek, G.M.; Briiggmann, D.; Groneberg, D.A. Ochratoxin—Characteristics, Influences
and Challenges of Global Research. Food Control 2020, 114, 107230. [CrossRef]

10. Longobardi, C.; Damiano, S.; Andretta, E.; Prisco, E; Russo, V.; Pagnini, E; Florio, S.; Ciarcia, R. Curcumin Modulates Nitrosative
Stress, Inflammation, and DNA Damage and Protects against Ochratoxin A-Induced Hepatotoxicity and Nephrotoxicity in Rats.
Antioxidants 2021, 10, 1239. [CrossRef]

11.  Gan, E; Zhou, X.; Zhou, Y.; Hou, L.; Chen, X,; Pan, C.; Huang, K. Nephrotoxicity Instead of Immunotoxicity of OTA Is Induced
through DNMT1-Dependent Activation of JAK2/STAT3 Signaling Pathway by Targeting SOCS3. Arch. Toxicol. 2019, 93, 1067-1082.
[CrossRef]

12.  Wang, H.; Zhai, N.; Chen, Y.; Fu, C.; Huang, K. OTA Induces Intestinal Epithelial Barrier Dysfunction and Tight Junction

Disruption in IPEC-]J2 Cells through ROS/ CaZ*-Mediated MLCK Activation. Environ. Pollut. 2018, 242, 106-112. [CrossRef]


https://doi.org/10.3390/toxins10060214
https://www.ncbi.nlm.nih.gov/pubmed/29794965
https://doi.org/10.1016/j.fct.2007.10.005
https://doi.org/10.3390/toxins11030176
https://www.ncbi.nlm.nih.gov/pubmed/30909549
https://doi.org/10.21608/svu.2023.183342.1248
https://doi.org/10.1016/j.trsl.2018.09.001
https://www.ncbi.nlm.nih.gov/pubmed/30304666
https://doi.org/10.3390/toxins15040255
https://doi.org/10.3390/toxins2040461
https://doi.org/10.1016/j.foodcont.2020.107230
https://doi.org/10.3390/antiox10081239
https://doi.org/10.1007/s00204-019-02434-5
https://doi.org/10.1016/j.envpol.2018.06.062

Foods 2025, 14,1793 15 of 16

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

Tao, Y.; Xie, S.; Xu, F; Liu, A.; Wang, Y.; Chen, D.; Pan, Y,; Huang, L.; Peng, D.; Wang, X.; et al. Ochratoxin A: Toxicity, Oxidative
Stress and Metabolism. Food Chem. Toxicol. 2018, 112, 320-331. [CrossRef] [PubMed]

Ulger, T.G.; Ugar, A.; Cakiroglu, F.P; Yilmaz, S. Genotoxic Effects of Mycotoxins. Toxicon 2020, 185, 104-113. [CrossRef]
Barajas-Ramirez, J.A.; Moncada-Abaunza, D.A.; Gémez-Espinoza, M.G. Mycotoxins in Foods, from the Field to the Plate: A
Review. Int. Food Res. J. 2021, 28, 230-247. [CrossRef]

Sharma, V.; Patial, V. Food Mycotoxins: Dietary Interventions Implicated in the Prevention of Mycotoxicosis. ACS Food Sci.
Technol. 2021, 1, 1717-1739. [CrossRef]

Escrivd, L.; Manyes, L.; Vila-Donat, P; Font, G.; Meca, G.; Lozano, M. Bioaccessibility and Bioavailability of Bioactive Compounds
from Yellow Mustard Flour and Milk Whey Fermented with Lactic Acid Bacteria. Food Funct. 2021, 12, 11250-11261. [CrossRef]
Luz, C.; Rodriguez, L.; Romano, R.; Mafies, ].; Meca, G. A Natural Strategy to Improve the Shelf Life of the Loaf Bread against
Toxigenic Fungi: The Employment of Fermented Whey Powder. Int. J. Dairy. Tech. 2020, 73, 88-97. [CrossRef]

Fiorbelli, E.; Lapris, M.; Errico, M.; Della Badia, A.; Riahi, I.; Rocchetti, G.; Gallo, A. Mycotoxin Challenge in Dairy Cows:
Assessment of the Efficacy of an Anti-Mycotoxin Agent by Adopting an In Vitro Rumen Simulation Method. Toxins 2024, 16, 490.
[CrossRef] [PubMed]

Zavistanaviciute, P.; Ruzauskas, M.; Antanaitis, R.; Televicius, M.; Lele, V.; Santini, A.; Bartkiene, E. Antimicrobial and Mycotoxin
Reducing Properties of Lactic Acid Bacteria and Their Influence on Blood and Feces Parameters of Newborn Calves. Animals
2023, 13, 3345. [CrossRef]

Bergantin, C.; Maietti, A.; Tedeschi, P; Font, G.; Manyes, L.; Marchetti, N. HPLC-UV /Vis-APCI-MS/MS Determination of Major
Carotenoids and Their Bioaccessibility from “Delica” (Cucurbita Maxima) and “Violina” (Cucurbita Moschata) Pumpkins as
Food Traceability Markers. Molecules 2018, 23, 2791. [CrossRef]

Frangiamone, M.; Lozano, M.; Cimbalo, A.; Lazaro, A.; Font, G.; Manyes, L. The Protective Effect of Pumpkin and Fermented
Whey Mixture against AFB1 and OTA Immune Toxicity In Vitro. A Transcriptomic Approach. Mol. Nutr. Food Res. 2023,
67,2200902. [CrossRef] [PubMed]

Vila-Donat, P; Sdnchez, D.; Cimbalo, A.; Maries, J.; Manyes, L. Effect of Bioactive Ingredients on Urinary Excretion of Aflatoxin B1
and Ochratoxin A in Rats, as Measured by Liquid Chromatography with Fluorescence Detection. Toxins 2024, 16, 363. [CrossRef]
World Health Organization; Food and Agriculture Organization of the United Nations and Joint FAO/WHO Expert Committee
on Food Additives. Evaluation of Certain Food Additives and Contaminants: Ninety-First Report of the Joint FAO/WHO Expert Committee
on Food Additives, 1st ed.; Technical Report Series—World Health Organization Series; World Health Organization: Geneva,
Switzerland, 2022; ISBN 978-92-4-005458-5.

Rotimi, O.A.; Rotimi, S.O.; Goodrich, ].M.; Adelani, I.B.; Agbonihale, E.; Talabi, G. Time-Course Effects of Acute Aflatoxin Bl
Exposure on Hepatic Mitochondrial Lipids and Oxidative Stress in Rats. Front. Pharmacol. 2019, 10, 467. [CrossRef] [PubMed]
Pastor, L.; Vettorazzi, A.; Enciso, ].M.; Gonzalez-Pefias, E.; Garcia-Jalén, J.A.; Monreal, ].I.; Lépez De Cerain, A. Sex Differences
in Ochratoxin a Toxicity in F344 Rats after 7 and 21 Days of Daily Oral Administration. Food Chem. Toxicol. 2018, 111, 363-373.
[CrossRef] [PubMed]

Dlamini, N.Z.; Somboro, A.M.; Amoako, D.G.; Arhin, I.; Khumalo, H.M.; Khan, R.B. Toxicogenicity and Mechanistic Pathways of
Aflatoxin B1 Induced Renal Injury. Environ. Toxicol. 2021, 36, 1857-1872. [CrossRef]

Kortei, N.K.; Oman Ayiku, P.; Nsor-Atindana, J.; Owusu Ansah, L.; Wiafe-Kwagyan, M.; Kyei-Baffour, V.; Kottoh, I.D.; Odamtten,
G.T. Toxicogenic Fungal Profile, Ochratoxin A Exposure and Cancer Risk Characterization through Maize (Zea Mays) Consumed
by Different Age Populations in the Volta Region of Ghana. Toxicon 2023, 226, 107085. [CrossRef]

Sobral, M.M.C.; Gongalves, T.; Martins, Z.E.; Bauerl, C.; Cortés-Macias, E.; Collado, M.C.; Ferreira, LM.P.L.V.O. Mycotoxin
Interactions along the Gastrointestinal Tract: In Vitro Semi-Dynamic Digestion and Static Colonic Fermentation of a Contaminated
Meal. Toxins 2022, 14, 28. [CrossRef]

Park, S.; Lee, J.-Y; You, S.; Song, G.; Lim, W. Neurotoxic Effects of Aflatoxin B1 on Human Astrocytes in Vitro and on Glial Cell
Development in Zebrafish in Vivo. J. Hazard. Mater. 2020, 386, 121639. [CrossRef]

Xiao, S.; Wu, Y.; Gao, S.; Zhou, M,; Liu, Z; Xiong, Q.; Jiang, L.; Yuan, G,; Li, L.; Yang, L. Deciphering the Hazardous Effects
of AFB1 and T-2 Toxins: Unveiling Toxicity and Oxidative Stress Mechanisms in PK15 Cells and Mouse Kidneys. Toxins 2023,
15, 503. [CrossRef]

Frangiamone, M.; Lazaro, A.; Cimbalo, A.; Font, G.; Manyes, L. In Vitro and in Vivo Assessment of AFB1 and OTA Toxic Effects
and the Beneficial Role of Bioactive Compounds. A Systematic Review. Food Chem. 2024, 447, 138909. [CrossRef]

Aubrey, B.J.; Kelly, G.L.; Janic, A.; Herold, M.J.; Strasser, A. How Does P53 Induce Apoptosis and How Does This Relate to
P53-Mediated Tumour Suppression? Cell Death Differ. 2018, 25, 104-113. [CrossRef]

Kalkavan, H.; Green, D.R. MOMP, Cell Suicide as a BCL-2 Family Business. Cell Death Differ. 2018, 25, 46-55. [CrossRef] [PubMed]
Murtaza, B.; Li, X.; Nawaz, M.Y,; Saleemi, M.K,; Li, G,; Jin, B.; Wang, L.; Xu, Y. Toxicodynamic of Combined Mycotoxins:
MicroRNAs and Acute-phase Proteins as Diagnostic Biomarkers. Comp. Rev. Food Sci. Food Safe 2024, 23, e13338. [CrossRef]


https://doi.org/10.1016/j.fct.2018.01.002
https://www.ncbi.nlm.nih.gov/pubmed/29309824
https://doi.org/10.1016/j.toxicon.2020.07.004
https://doi.org/10.47836/ifrj.28.2.02
https://doi.org/10.1021/acsfoodscitech.1c00220
https://doi.org/10.1039/D1FO02059E
https://doi.org/10.1111/1471-0307.12660
https://doi.org/10.3390/toxins16110490
https://www.ncbi.nlm.nih.gov/pubmed/39591245
https://doi.org/10.3390/ani13213345
https://doi.org/10.3390/molecules23112791
https://doi.org/10.1002/mnfr.202200902
https://www.ncbi.nlm.nih.gov/pubmed/37544930
https://doi.org/10.3390/toxins16080363
https://doi.org/10.3389/fphar.2019.00467
https://www.ncbi.nlm.nih.gov/pubmed/31133854
https://doi.org/10.1016/j.fct.2017.11.003
https://www.ncbi.nlm.nih.gov/pubmed/29126803
https://doi.org/10.1002/tox.23306
https://doi.org/10.1016/j.toxicon.2023.107085
https://doi.org/10.3390/toxins14010028
https://doi.org/10.1016/j.jhazmat.2019.121639
https://doi.org/10.3390/toxins15080503
https://doi.org/10.1016/j.foodchem.2024.138909
https://doi.org/10.1038/cdd.2017.169
https://doi.org/10.1038/cdd.2017.179
https://www.ncbi.nlm.nih.gov/pubmed/29053143
https://doi.org/10.1111/1541-4337.13338

Foods 2025, 14,1793 16 of 16

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

Cimbalo, A.; Alonso-Garrido, M.; Font, G.; Frangiamone, M.; Manyes, L. Transcriptional Changes after Enniatins A, Al, B and B1
Ingestion in Rat Stomach, Liver, Kidney and Lower Intestine. Foods 2021, 10, 1630. [CrossRef] [PubMed]

Pfeffer, C.; Singh, A. Apoptosis: A Target for Anticancer Therapy. Int. J. Mol. Sci. 2018, 19, 448. [CrossRef] [PubMed]
Serasanambati, M.; Chilakapati, S.R. Function of Nuclear Factor Kappa B (NF-kB) in Human Diseases-A Review. S. Indian |. Biol.
Sci. 2016, 2, 368. [CrossRef]

Zhang, T.; Ma, C.; Zhang, Z.; Zhang, H.; Hu, H. NF-«B Signaling in Inflammation and Cancer. MedComm 2021, 2, 618-653.
[CrossRef]

Yoon, J.W.; Lee, S.I. Gene Expression Profiling after Ochratoxin A Treatment in Small Intestinal Epithelial Cells from Pigs. J. Anim.
Sci. Technol. 2022, 64, 842-853. [CrossRef]

Sheu, M.-L.; Shen, C.-C.; Chen, Y.-S.; Chiang, C.-K. Ochratoxin A Induces ER Stress and Apoptosis in Mesangial Cells via a
NADPH Oxidase-Derived Reactive Oxygen Species-Mediated Calpain Activation Pathway. Oncotarget 2017, 8, 19376-19388.
[CrossRef]

Wu, J.; He, C,; Bu, J.; Luo, Y;; Yang, S.; Ye, C.; Yu, S.; He, B.; Yin, Y.; Yang, X. Betaine Attenuates LPS-Induced Downregulation of
Occludin and Claudin-1 and Restores Intestinal Barrier Function. BMC Vet. Res. 2020, 16, 75. [CrossRef]

Escriva, L.; Agahi, F.; Vila-Donat, P.; Mafies, J.; Meca, G.; Manyes, L. Bioaccessibility Study of Aflatoxin Bl and Ochratoxin A in
Bread Enriched with Fermented Milk Whey and/or Pumpkin. Toxins 2021, 14, 6. [CrossRef] [PubMed]

Alonso-Garrido, M.; Pallarés, N.; Font, G.; Tedeschi, P.; Manyes, L.; Lozano, M. The Role of Pumpkin Pulp Extract Carotenoids
against Mycotoxin Damage in the Blood Brain Barrier In Vitro. Arch. Ind. Hyg. Toxicol. 2021, 72, 173-181. [CrossRef] [PubMed]
Yadavalli, R.; Valluru, P; Raj, R.; Reddy, C.N.; Mishra, B. Biological Detoxification of Mycotoxins: Emphasizing the Role of Algae.
Algal Res. 2023, 71, 103039. [CrossRef]

Pauletto, M.; Giantin, M.; Tolosi, R.; Bassan, I.; Barbarossa, A.; Zaghini, A.; Dacasto, M. Discovering the Protective Effects of
Resveratrol on Aflatoxin Bl-Induced Toxicity: A Whole Transcriptomic Study in a Bovine Hepatocyte Cell Line. Antioxidants
2021, 10, 1225. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/foods10071630
https://www.ncbi.nlm.nih.gov/pubmed/34359500
https://doi.org/10.3390/ijms19020448
https://www.ncbi.nlm.nih.gov/pubmed/29393886
https://doi.org/10.22205/sijbs/2016/v2/i4/103443
https://doi.org/10.1002/mco2.104
https://doi.org/10.5187/jast.2022.e49
https://doi.org/10.18632/oncotarget.14270
https://doi.org/10.1186/s12917-020-02298-3
https://doi.org/10.3390/toxins14010006
https://www.ncbi.nlm.nih.gov/pubmed/35050983
https://doi.org/10.2478/aiht-2021-72-3541
https://www.ncbi.nlm.nih.gov/pubmed/34587668
https://doi.org/10.1016/j.algal.2023.103039
https://doi.org/10.3390/antiox10081225

	Introduction 
	Materials and Methods 
	Reagents and Equipment 
	In Vivo Study and Experimental Protocol 
	RNA Extraction 
	Reverse Transcription and qPCR Parameters 
	Statyistical Analysis 

	Results 
	Body Weight Gain and Duodenum Variations in Rats 
	Differential Gene Expression of Apoptosis Key Genes Resulting from Exposure to OTA and FW 
	Differential Gene Expression of Apoptosis Key Genes Resulting from Exposure to AFB1 + OTA and FW 
	Differential Gene Expression of Apoptosis Key Genes Resulting from Exposure to FW + P 
	Differential Gene Expression of Occludin Gene Resulting from Exposure to Mycotoxins and Bioactive Ingredients 

	Discussion 
	Conclusions 
	References

