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Abstract: Due to the climatic change, an increase in aflatoxin B1 (AFB1) maize contamination has
been reported in Europe. As an alternative to mineral binders, natural phytogenic compounds are
increasingly used to counteract the negative effects of AFB1 in farm animals. In cows, even low
dietary AFB1 concentrations may result in the milk excretion of the genotoxic carcinogen metabolite
aflatoxin M1 (AFM1). In this study, we tested the ability of dietary turmeric powder (TP), an extract
from Curcuma longa (CL) rich in curcumin and curcuminoids, in reducing AFM1 mammary excretion
in Holstein-Friesian cows. Both active principles are reported to inhibit AFM1 hepatic synthesis
and interact with drug transporters involved in AFB1 absorption and excretion. A crossover design
was applied to two groups of cows (n = 4 each) with a 4-day washout. Animals received a diet
contaminated with low AFB1 levels (5 £ 1 nug/kg) for 10 days & TP supplementation (20 g/head/day).
TP treatment had no impact on milk yield, milk composition or somatic cell count. Despite a tendency
toward a lower average AFM1 milk content in the last four days of the treatment (below EU limits),
no statistically significant differences with the AFB1 group occurred. Since the bioavailability of
TP active principles may be a major issue, further investigations with different CL preparations
are warranted.

Keywords: turmeric powder; curcumin; curcuminoids; aflatoxin B1; aflatoxin M1; aflatoxicol; milk;
dairy cows

Key Contribution: The dietary exposure of lactating dairy cows to AFB1 around the upper limit of
EU legislation in feed caused AFM1 average milk levels to slightly exceed, at some time points, the
maximum tolerance of 0.05 ug/L established by the EU. These effects were not significantly reversed
by TP, probably due to a low bioavailability.

1. Introduction

Aflatoxins (AFs) are widespread dangerous mycotoxins synthesized by Aspergillus
flavus and A. parasiticus that contaminate several food and feed commodities [1]. While
the optimal conditions for toxinogenesis occur in tropical and subtropical regions, in the
last decades, AFs have become a concern in southern EU countries. Among the several
factors responsible for the significant increase of maize contamination, a number of studies
report the major role played by climate change [2,3]. AFs display a large array of toxic
effects upon the bioactivation by drug-metabolizing enzymes, particularly cytochrome
P450 (CYP)3A and 1A, which are involved in the generation of both AFM1 and the most
toxic AFB epoxide (AFBO), a reactive genotoxic hepatocarcinogen responsible also for
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cytotoxic effects and oxidative stress [4,5]. In its latest evaluation, IARC classified AFs
(AFB1, AFB2, AFG1, AFG2A and AFM]1) as carcinogenic to humans [6].

Among AFs, AFB1 is the most important compound in terms of prevalence and toxicity
for both humans and farm animals; in addition, AFM1 is the main toxic metabolite of AFBI1,
found in milk and dairy products from AF-exposed dairy cows, posing a further health
risk for the consumer [7]. An additional metabolic pathway entails the NADPH-dependent
generation of aflatoxicol (AFL), a reduced metabolite which is considered less toxic than
AFB1 but may be easily re-converted to the parent compound by liver dehydrogenases, thus
prolonging the persistence of the mycotoxin in the body [8]. Variable amounts of AFL may
be also found in milk and cheese [9]. Interestingly, in vivo and in vitro studies indicate that
efflux transporters like ABCG2 (also referred to as BCRP1) are involved both in the enteric
absorption of AFB1 and in the mammary excretion of AFB1 and its metabolites [10,11].

To protect animal and human health, a maximum residue limit of 20 ug AFB1/kg
in feed materials and of 5 ug AFB1/kg in compound feed for dairy cattle have been set
in the EU (EU Regulation 574/2011), along with a limit of 0.05 pg AFM1/kg for dairy
milk (EU Regulation 165/2010). A widely applied method to reduce AFB1 bioavailability
in contaminated feed is the use of binders (e.g., clays, aluminosilicates, yeast cell walls
and many others) able to form complexes with the toxins, thereby mainly decreasing their
enteric absorption [12]. However, the use of binders is not free from potential side effects
due to their capacity to adsorb amino acids, vitamins and possibly other nutrients or feed
additives [13]. There is, therefore, an increasing interest toward natural compounds with
the potential to mitigate AFB1-mediated adverse effects through different mechanisms,
reducing the accumulation of its metabolites in the tissues of different food-producing
species as well as AFM1 milk contamination in ruminants [12,14-17]. Among phytogenic
products, curcumin (CUR) and curcuminoids (CURS, i.e., desmethoxycurcumin and bis-
desmethoxycurcumin) from turmeric (Curcuma longa) are receiving growing attention,
based on their numerous beneficial properties including anti-inflammatory, antineoplastic
and antioxidant effects in humans and in various animal species [18,19]. Such properties,
particularly the ability displayed by turmeric derivatives of acting as free radical scavengers,
are well recognized [7]. Despite that, turmeric extract (containing at least 90% active
substances as the sum of CUR and CURS) has been authorized in all animal species in the
EU for use as a sensory (i.e., flavoring) agent; in dairy cows, a maximum content of 15 mg
turmeric extract/kg complete feed is recommended (EU Regulation 2021 /551).

Interestingly, CUR has the potential to both lower the generation and enhance the
in-activation of toxic AF metabolites through the modulation of phase I and phase II
bio-transformation enzymes participating in AF metabolism [20,21]. CUR has also been
reported to interact with drug transporters like ABCB1, ABCC1 and especially ABCG2
in human cell lines [22], as well as with ABCBL in chick intestine [23], thus potentially
affecting absorption and /or mammary excretion of AFB1 and its metabolites (see above).

The in vivo CUR- and CURS-mediated amelioration of AFB1 toxicity has been docu-
mented in rats and broiler chicks (for a review see [21]), but little is known on the ability of
either compound in reducing AFM1 synthesis and/or milk excretion in the bovine species.
In a fetal bovine hepatocyte cell line, CUR and CURS were recently reported to significantly
depress both the AFB1-mediated cytotoxicity and AFM1 synthesis along with a decrease in
CYP3A28 activity [24].

The main purpose of this study was to assess whether, based on the reported effects on
AFB1 metabolism, absorption and excretion, CUR and CURS from turmeric powder (TP)
were able to decrease AFM1 and AFL milk content in lactating dairy cows exposed to dietary
AFB1 concentrations approaching the maximum limits set by the EU (5 pg kg/compound
feed). Effects on milk yield and milk characteristics were also investigated.
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2. Results and Discussion
2.1. Effects on Milk Yield, Milk Composition and Somatic Cell Count

No statistically significant treatment-related differences in all the examined milk
parameters were found at any time points (Tables 1 and S1).

Table 1. Milk parameters from dairy cows of groups AFB1 and AFB1 + TP at T0, T4 and T10.

TO T4 T10
Parameter

AFB1 AFB1 + TP AFB1 AFB1 + TP AFB1 AFB1 + TP
Milk yield (L) 19.1 £45 19.7 £4.8 17.7 £ 4.6 20.16 +£ 4.7 169 £ 3.9 17.8 £4.1
Lipids (g/100 g) 3.37 £ 0.76 3.64 4+ 0.52 3.46 + 0.61 415+ 1.52 4.08 +0.76 3.52 +0.75
Proteins (g/100 g) 3.44 +0.32 3.55 + 0.37 3.52 +0.39 3.48 +0.34 3.58 +0.39 3.53 +0.38
Lactose (g/100 g) 4.54 + 0.60 4.70 +0.23 4.55 + 0.56 4.57 +0.16 4.57 +0.29 4.78 +0.42

Somatic cells
(cell/mL x 1000) 258 + 160 203 + 97 187 £+ 106 316 + 246 323 + 211 193 + 117
Urea (mg/dL) 23.4 + 6.8 244 +5.6 25.0 = 6.2 271+79 259 +4.0 23.6 4.8

Data are expressed as mean =+ SD (1 = 8).

Under the adopted experimental conditions (5 + 1 ug AFB1/kg for 10 days corre-
sponding to approximately 0.13 ug AFB1/kg bw/day), milk yield, milk composition and
somatic cell count (SCC) were not affected by the AFB1-contaminated diet. This was not
unexpected since, in other experiments, all the above milk parameters remained unal-
tered by the exposure of dairy cows to even higher dietary AFB1 levels and, in certain
instances, for a longer period of time. For example, this was the case for animals offered
a diet containing 20 or 40 ng AFB1/kg for 7 weeks [25,26] or 100 ng AFB1/kg (DM) for
14 days [27]. Likewise, no changes in milk yield and SCC (the only tested milk parameters)
were reported in dairy cows’ dietary exposed to 0.16 ug AFB1/kg bw/day for 10 days [28],
i.e., an experimental protocol very similar to that adopted in the present study. A significant
decrease in milk yield and increase in SCC should be expected only at very high daily AFB1
exposure (>~20 pg/kg bw) [29]. Little is known about the effects of phytonutrients in dairy
ruminants (reviewed by [30]), and scant data are available concerning the effects of CUR
and CURS on milk parameters in dairy cows. There was a slight but statistically significant
decrease in milk yield and in SCC (N.S.) in Holstein cows intra-abomasally administered
with 2000 mg turmeric oleoresin (1900 mg CURC) /head for 9 days [31].

2.2. Effects on Milk Concentration of AFM1

Very low AFM1 levels averaging 8 + 3 ug/L were detected in milk samples collected
in cows from both groups at TO (i.e., 3 days before starting AFB1 administration). By
contrast, as early as 24 h after feeding the AFB1-contaminated diet (T4), AFM1 levels raised
up to mean concentrations around 36-37 ng/L (Figure 1).

These results are consistent with a rapid absorption and biotransformation of the
mycotoxin followed by the prompt milk excretion of AFM1, as documented in previous
studies performed in dairy cows [28,32]. In our study, in both AFB1 and TP animals, the
exposure to AFB1 concentrations around the upper limit of EU legislation in compound
feed for dairy cattle (5 ug/kg) resulted in AFM1 average milk levels which, at some time
points, slightly exceeded the maximum tolerance of 0.05 pug/L established by the EU. Based
on recent surveys in EU countries [7,33], the likelihood of bulk milk AFM1 contamination at
levels higher than the statutory limits should be considered very low under field conditions.
However, as was the case in our study, violative residues of AFM1 (>0.05 pg/L) may be
detected under certain circumstances in milk samples from dairy cows fed with rations
approaching the EU limits of 5 ug/kg [34,35]. It is worth noting that the amount of AFM1
excreted into milk is affected by several factors including, among others, milk yield, stage
of lactation and individual variation [28] (and many references therein).
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Figure 1. Time course of AFM1 excretion in milk from cows administered AFB1 or AFB1 + TP. Data
are expressed as mean + SEM (1 = 8). M = morning; E = evening.

In our study, no statistically significant differences in AFM1 milk concentrations
occurred between cows supplemented with TP (group AFB1 + TP) and cows receiving
AFBI1 alone (group AFB1). Of note, in the second part of the study (from T6 to T10), average
AFM1 milk values (ng/L) were slightly lower in cows supplemented with TP (46 =+ 6)
than in cows receiving AFB1 alone (53 + 8), being thus, on average, below the maximum
EU permitted levels of 0.05 ug/L (Figure 1). In the first part of the trial and until T6, TP
cows had instead average AFM1 milk levels slightly higher than AFB1 cows. This seeming
dual effect of TP on milk AFM]1, if confirmed by future experiments, might reflect CUR
and CURS interactions with drug transporters [22,23] or with CYPs involved in AFB1
biotransformation. Previous in vitro investigations using a bovine hepatocyte cell line
reported that either CUR or CURS (at 10 pM) proved effective in decreasing CYP3A28
expression and activity [36] and AFM1 synthesis up to more than 50% [24]; a similar trend
was observed in a bovine mammary epithelium cell line [37].

The reasons underlying the in vivo negligible efficacy of active principles from TP
in reducing the AFM1 content in dairy milk from AFBl-exposed cows are not known,
and to the best of our knowledge, no similar studies are available in the open literature.
Bioavailability of CUR and CURS may be an issue. While there is data on phytochemicals
such as flavonoids [38] or other polyphenols [39], no specific studies on the kinetics of
turmeric derivatives have been published in ruminant species [7,40]. The only available
information is limited to laboratory species and humans [41]. The kinetics of CUR in
animal models and humans has been recently reviewed [7,42]. In short, both CUR and
CURS undergo an extensive and complex degradation at enteric and hepatic levels, mainly
involving the generation of several reduced metabolites; both the parent compounds and
the generated metabolites are then subjected to sulphonation and glucuronidation and
excreted mostly in the feces and, to a very small extent (1-2%), in the urine. The extensive
first pass metabolism entails a very low oral bioavailability, which has been estimated
around 1%.

In our study, the administration of 20 g TP (approximately corresponding to an intake
of 500 mg CUR and CURS/head/day for 10 days and 0.66 mg/kg bw/day) did not
substantially affect the AFM1 content in dairy milk in cows exposed to low dietary AFB1
concentrations. While no similar studies performed in dairy ruminants have been published
so far, it should be noted that CUR-related beneficial effects have been documented in
other food-producing species, including ruminants. For example, an improvement in both
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serum antioxidant status and in the immune response was detected in rams orally receiving
450 mg/head/day CUR for 4 weeks, corresponding to approximately 17 mg curcumin/kg
bw/day [43]. Likewise, the inclusion of 150 mg CUR/kg diet for 14 days, corresponding to
about 300 mg/kg bw/day, proved effective in preventing liver toxicity and AFBO-DNA
adducts formation in AFB1-treated broiler chicks [44]. As mentioned above, an average
intake of 0.66 mg CUR and CURS/kg bw/day could be calculated in cows from the present
study. Therefore, in addition to possible differences due to the use of the pure substance
(CUR) in the cited reports instead of a turmeric derivative, the observed lack of significant
treatment effects on AFM1 milk content might be attributable to the much lower dosages
used in our experiment. In this respect, however, it should be stressed that the CUR and
CURS selected dosages were below the estimated maximum safe feed concentration of
approximately 720 mg/day calculated by EFSA [7].

2.3. Effects on Milk Concentration of AFL

AFL concentrations in dairy milk are depicted in Table 2. Five out of eight cows
exposed to AFB1 only showed the presence of trace concentrations (<12 ng/L) of AFL in
milk at one time point at least, but measurable levels (>12 ng/L) were found in only two
cows. In cows supplemented with TP, AFL trace concentrations at one time point at least
occurred in three individuals only, and AFL levels higher than the LOQ (12 ng/L) were
detected in none of them.

Table 2. AFL concentration in milk (ng/L) from cows administered AFB1 or AFB1 + TP.

Time Points

Cow 1 Cow 2 Cow 3 Cow 4 Cow 5 Cow 6 Cow 7 Cow 8

T4M n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
T4E n.d. n.d. <LOQ n.d. n.d. n.d. n.d. n.d.
T5M n.d. n.d. <LOQ n.d. n.d. n.d. <LOQ n.d.
T5E n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
TeM <LOQ n.d. n.d. n.d. n.d. n.d. <LOQ n.d.
AFB1 +TP T6E <LOQ nd. nd. nd. nd. nd. nd. nd.
T7M n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
T8M n.d. n.d. n.d. n.d. n.d. n.d. <LOQ n.d.
TOM n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
T10M n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

T4M n.d. n.d. n.d. n.d. n.d. n.d. n.d. <LOQ

T4E n.d. n.d. n.d. n.d. n.d. n.d. n.d. <LOQ
T5M n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
T5E n.d. <LOQ n.d. n.d. n.d. n.d. 19 n.d.
T6M n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
AFB1 T6E n.d. n.d. <LOQ n.d. n.d. n.d. n.d. n.d.
7M <LOQ 14 n.d. n.d. n.d. n.d. n.d. n.d.
T8M n.d. n.d. n.d. n.d. n.d. n.d. 26 n.d.
TOM n.d. n.d. n.d. n.d. n.d. n.d. 21 n.d.
T10M n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

LOQ: Limit of Quantification (12 ng/L); n.d. = not detectable (under the Limit of Detection, LOD).

Scant information is available on the formation of AFL in cattle as well as on its
excretion in milk. Contrasting data have been reported on the in vitro formation of AFL as
an AFB1 metabolite in cattle liver. Using an HPLC technique, Kuilman et al. [45] detected
AFM1 but not AFL in a bovine primary hepatocyte culture. Conversely, Pauletto et al. [24]
were able to detect AFL formation by a more sensitive technique (LC-MS/MS) in a fetal
bovine hepatocyte cell line (BFH12) even at a two-fold higher concentration with respect to
AFM1. In AFB1-dosed goats, milk excretion of AFM1 largely prevailed, with AFL being
present in trace amounts only [46]. Likewise, the administration of a single oral dose of
AFB1 (300 mg) to lactating cows led to the milk excretion of both AFM1 and AFL with a
concentration ratio of approximately 10:1 [47]. Considering a daily intake of 20 kg feed
with an average AFB1 content of 5 ug/kg, cows from the present study were subjected
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to an estimated daily exposure of about 100 ug AFB1 for 10 days. Although under these
conditions AFL excretion showed a spotted pattern, in the few cases in which the metabolite
could be quantitated, we found AFL milk concentrations in the range 14-26 ng/L, lower
than but of the same order of magnitude of those pertaining to AFM1 (range 36-66 ng/L).
The different administration protocol (i.e., single vs. repeated doses) might explain the
partial discrepancy with the results of the previous in vivo experiments mentioned above.

Overall, the repeated exposure of dairy cows to AFB1 dietary levels at the upper EU
regulatory limits was reflected by limited AFL milk excretion not affecting all exposed
animals and reaching measurable concentrations (ng/L) in just a few of them. Such results
are in sharp contrast with a survey on pasteurized retail dairy milk conducted in Mexico
where 13% of the samples were found to contain AFL levels > LOQ (50 ng/L) and 8% with
AFL levels >500 ng/L, with a peak of 12,400 ng/L [48].

It is worth noting that AFL has not yet been subjected to any risk assessment by EU
or non-EU regulatory bodies, and it is not included in the routine chemical analyses for
AF contamination of milk and milk products. Although AFL is generally considered less
toxic than its precursor, it may act as a reservoir of AFB1, and in species like trout, the
carcinogenic potency displayed by AFL is almost the same as that of AFB1 [49]. As regards
the lack of measurable AFL levels in milk from TP-supplemented cows, further studies
with a larger number of animals are needed to confirm this putative positive effect.

3. Conclusions

The increase in AFB1 maize contamination due to climatic change has prompted
several research groups to look for natural phytogenic compounds as an alternative to
mineral binders in the attempt to counteract the negative effects of the mycotoxin. Positive
results from in vitro experiments pointed to the ability of TP (i.e., CUR and CURS) to inhibit
the synthesis of AFM1 in AFB1-treated bovine cell lines.

Dairy cows offered a diet containing AFB1 concentrations at the EU maximum limits
in compound feed for 10 days showed AFM1 milk levels approaching or exceeding the
EU statutory limits and some spotted presence of AFL. Milk characteristics and milk yield
were not affected by the treatment. The dietary supplementation of TP at a concentration
within the levels considered safe by EFSA, however, was not able to significantly lower the
AFM1 milk content. Since bioavailability could be an issue, further studies are warranted
with a more bioavailable TP formulation.

4. Materials and Methods
4.1. Experimental Design and Sample Collection

The experimental design was evaluated by the Animal Welfare Body of the University
of Bologna and found as not falling within the Directive 63/2010 of the European Parliament
and of the Council on the protection of animals used for scientific purposes (transposed into
Italian law by Legislative Decree 26/2014), thus not requiring any authorization from the
national competent Authorities. The study was approved by the Animal Ethics Committee
of the University of Bologna and conducted at the dairy cattle farm of the same university.
Animals were 8 lactating Holstein—Friesian cows (average weight 752 &= 52 kg) in their late
lactation period (262 £ 49 days in milk), with an average milk yield of 19.6 & 6.6 kg/day.
Cows were housed in a naturally ventilated free stall barn and had free access to feed
and water. Rations were formulated to mimic total mixed rations used in the Parmigiano
Reggiano cheese production area, in Italy, which consisted of all dry and nonfermented
components, as detailed in previous studies [50,51].

Animals were divided into two groups, consisting of 4 cows each, and two different
treatments of 10 days” duration were performed. Group AFB1 received, from day 0 to
day 2 only, the basal diet (AFB1 content less than 2 ng/g, see Section 4.3), while group
TP was offered the basal diet supplemented with 20 g turmeric powder dissolved in
linseed oil/head/day for 10 consecutive days. At day 3, all cows received the basal diet
containing naturally contaminated maize with a final AFB1 concentration of 5 + 1 pug/kg
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Group AFB1

Y

for 8 consecutive days. A crossover experimental design was applied: each cow received
both treatments sequentially after of a 4-day washout period, during which all animals
were offered the basal diet. The used TP contained 2.5% curcumin, desmethoxycurcumin
and bis-desmethoxycurcumin (85/10/5). With an average feed intake of 20 kg/cow/day,
the cows approximately received 0.5 g active substances/head/day; this dosage is higher
than the recommended inclusion level for flavoring purposes but below the maximum safe
concentration of 0.72 g/day calculated by the EFSA [7].

Animals were milked twice a day, namely at 08:00 h (referred to as M) and 19:30 h
(referred to as E) in a double-5 herringbone milking parlour. Individual milk samples
(around 100 mL) collected at TO, T2, T4, T6, T8 and T10 were used for the determination of
somatic cell count (SCC) (Fossomatic 7, Foss Electric A /S, Hillerad, Denmark) and milk
composition (fat, lactose, protein, urea) by means of infrared spectroscopy (MilkoScan
FT+, Foss Electric A/S, Hillerad, Denmark). The determination of AFB1 metabolites was
performed on further milk samples (around 100 mL) collected at TO (M), T4, T5 and T6
(M and E), and T7, T8, T9 and T10 (M only), which were stored frozen (—20 °C) pending
analysis. The experimental design is outlined in Figure 2.

AFB1

TO T3 T10

\Lg\ Q L 1 ] | ] ] 1 ] ] ] J

Group AFB1 + TP

TURMERIC POWDER

AFB1

J
y' ¥ 7o T3 T10
ig\ﬁ I 1 1 I 1 1 1 1 1 1 I

(@)

Milk sampling (milk parameters)

TO T2 T4 T6 T8 T10

Milk sampling (chemical analyses)

T4 T5 T6
TO (ME) (M/E)  (MIE) T7 T8 T9 T10

| 1 1 1 | I I l l I J
) 0 ) i) 0 0 0 0

(b)

Figure 2. (a) Experimental design and (b) milk sampling time-table. M = morning; E = evening.
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4.2. Chemicals

High purity analytical standards of AFM; and AFL were purchased from Toronto
Research Chemicals (Toronto, ON, Canada), while 3C;,-AFM; was purchased from OrSell
(Modena, Italy). All solvents employed for analysis were of LC-MS grade: acetonitrile,
ammonium formate and formic acid were purchased from Sigma Aldrich (Milano, Italy),
while ultrapure water was produced in-house each day of analysis (Millipore, Milano,
Italy). Turmeric powder was purchased by BBORAMA (Rogeno, Italy).

4.3. Analytical Determinations

To measure AFM1 and AFL content in milk, an extraction on immunoaffinity columns
(IAC) was performed, followed by analysis in ultra-performance liquid chromatogra-
phy coupled with tandem mass spectrometry (UPLC-MS/MS). From each milk sample,
a 100 mL aliquot was agitated on a vortex shaker for 15-20 s and transferred to two
50 mL polypropylene tubes, which were then centrifuged at 3000x g for 15 min at 4 °C.
The obtained skimmed milk was filtered on a Whatman GF/A 150 mm filter (Fisher
Scientific Italia, Milan, Italy), and 20 pL of the internal standard solution (13C17—AFM1
50 ng/mL in acetonitrile) was added to 50 mL of filtrate. The sample was placed into a
50 mL polypropylene syringe attached to a previously equilibrated (at least 1 h at room
temperature) AflaClean M1 Select IAC column (LCTech, Obertaufkirchen, Germany) and
left flowing by gravity or helped by applying a slight vacuum in case of excessive slow-
down due to obstruction. To wash the column, 3 mL of water was loaded three times, and
high vacuum was applied for 5 min. The analytes were recovered with 3 mL of methanol
and centrifuged for 10 min at 1500x g, then 2.5 mL of the supernatant was evaporated
to dryness with a UniVapo vacuum concentrator (UniEquip, Planegg, Germany). The
dried residue was finally reconstituted in 200 uL of a water:methanol 90:10 (v/v) solution
containing 5 mM ammonium formate and 0.1% formic acid, transferred into a vial for
chromatography and analyzed.

The UPLC-MS/MS system consisted of a Waters Acquity UPLC binary pump coupled
to a Waters Quattro Premier XE triple quadrupole mass spectrometer (Waters, Milford,
MA, USA). Chromatographic separation was achieved with a Waters Acquity BEH C18
column (50 x 2.1 mm, 1.7 uM), kept at 40 °C. Mobile phase consisted of a variable mixture
of water and methanol with 5 mM ammonium formate and 0.1% formic acid, flowing at
0.4 mL/min under programmed conditions during a 5 min chromatographic run. The
spectrometer operated in positive electrospray mode (ESI+) with a capillary voltage of
3.75 kV and source and desolvation gas temperatures of 120 and 350 °C, respectively.
The quantification and confirmation transitions (and related cone voltage and collision
energy values) monitored for each analyte were: 329.1 > 272.8 m/z (42 V; 26 eV) and
329.1 >228.9 m/z (42 V; 45 eV) for AFM;, 331.1 > 2729 m/z (40 V; 25 eV) and 331.1 > 2589 m/z
(40 V; 26 V) for AFM;, and 297.2>268.5 m/z (48 V; 20 eV) and 297.2 > 114.9 m/z (48 V; 63 V)
for AFL. For the internal standard 3C;7-AFM;, the 346.2 > 288.4 m/z (44 V; 25 eV) transition
was monitored. The limit of quantification was 12 ng/mL for AFL and 5 ng/L for AFM;. A
matrix-matched calibration curve and quality control (QC) samples were freshly prepared
for each day of analysis to assess method performances. The linearity was proved by the
correlation coefficient (R2), always >0.99, and all the calibration standards within +£15%
of the nominal value for all target analytes. Intraday accuracy and precision were in the
range 4.1-6.7% and 8.4-9.6% for AFM;, 3.7-7.5% and 7.2-9.0% for AFM,;, and 5.4-9.4% and
8.8-10.6% for AFL.

The AFB1 concentration in feed was determined by an external laboratory using an
accredited LC-MS/MS method [52] with a LOQ of 2 ng/g.

4.4. Statistics

Data are expressed as mean + SD or SEM. Normal distribution of data was assessed
according to the D’Agostino and Pearson normality omnibus test. Significant differences
were evaluated by two-way analysis of variance (ANOVA) for repeated measures, followed
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by Sidak’s multiple comparison test. Differences were considered statistically significant
when the two-sided p value was <0.05. Analyses were performed with the GraphPad Prism
7.03 software (Graph Pad Software, San Diego, CA, USA).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/toxins14070430/s1, Table S1: Milk parameters from dairy cows
of groups AFB1 and AFB1 + TP at T2, T6 and T8.

Author Contributions: Conceptualization, C.N., FG., P.B. and A.Z.; methodology, A.B., S.G. and
D.C,; investigation, A.B., S.G., D.C. and F.G,; data curation, EG. and A.B.; writing—original draft
preparation, S.G. and C.N.; writing—review and editing, F.G., P.B., A.B. and A.Z.; supervision, FG.
and P.B.; funding acquisition, C.N. and A.Z. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by two grants of the Ministry of Education, Universities and
Research: Research Project of National Interest (PRIN, n° 2015NL8JWS) and Dipartimenti di Eccel-
lenza ex L 232/20016 to the Department of Veterinary Sciences, University of Torino (n® ECCEL-
LENZA1822_D224_F).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All the data analyzed during this study are included in this published
article and in its Supplementary Materials.

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

References

1. Nazhand, A.; Durazzo, A.; Lucarini, M.; Souto, E.B.; Santini, A. Characteristics, occurrence, detection and detoxification of
aflatoxins in foods and feeds. Foods 2020, 9, 644. [CrossRef] [PubMed]

2. Battilani, P.; Toscano, P; van der Fels-Klerx, H.J.; Moretti, A.; Camardo Leggieri, M.; Brera, C.; Rortais, A.; Goumperis, T.;
Robinson, T. Aflatoxin B1 contamination in maize in Europe increases due to climate change. Sci. Rep. 2016, 6, 24328-24334.
[CrossRef]

3. Valencia-Quintana, R.; Mili¢, M.; Jaksi¢, D.; Klarié, M.S.; Tenorio-Arvide, M.G.; Pérez-Flores, G.A.; Bonassi, S.; Sanchez-Alarcén,
J. Environment changes, aflatoxins, and health issues, a review. Int. J. Environ. Res. Public Health 2020, 17, 7850. [CrossRef]
[PubMed]

4. Dohnal, V.; Wu, Q.; Ku¢a, K. Metabolism of aflatoxins: Key enzymes and interindividual as well as interspecies differences. Arch.
Toxicol. 2014, 88, 1635-1644. [CrossRef] [PubMed]

5. Benkerroum, N. Chronic and acute toxicities of aflatoxins: Mechanisms of action. Int. . Environ. Res. Public Health 2020, 17, 423.
[CrossRef]

6.  WHO; IARC Working Group on the Evaluation of Carcinogenic Risks to Humans. Aflatoxins. In Chemical Agents and Related
Occupations, IARC Monographs on the Evaluation of Carcinogenic Risks to Humans; International Agency for Research on Cancer:
Lyon, France, 2012; Volume 100F, pp. 225-248.

7. EFSA. Risk assessment of aflatoxins in food. EFSA |. 2020, 18, e06040. [CrossRef]

8.  Theumer, M.G.; Henneb, Y.; Khoury, L.; Snini, S.P,; Tadrist, S.; Canlet, C.; Puel, O.; Oswald, I.P.; Audebert, M. Genotoxicity of
aflatoxins and their precursors in human cells. Toxicol. Lett. 2018, 287, 100-107. [CrossRef]

9.  Carvajal-Moreno, M.; Vargas-Ortiz, M.; Hernandez-Camarillo, E.; Ruiz-Velasco, S.; Rojo-Callejas, F. Presence of unreported
carcinogens, aflatoxins and their hydroxylated metabolites, in industrialized Oaxaca cheese from Mexico City. Food Chem. Toxicol.
2019, 124, 128-138. [CrossRef]

10. Van Herwaarden, A.E.; Wagenaar, E.; Karnekamp, B.; Merino, G.; Jonker, ].W.; Schinkel, A.H. Breast cancer resistance protein
(Berp1/Abcg?2) reduces systemic exposure of the dietary carcinogens aflatoxin B1, IQ and Trp-P-1 but also mediates their secretion
into breast milk. Carcinogenesis 2006, 27, 123-130. [CrossRef]

11. Manzini, L.; Halwachs, S.; Girolami, F.; Badino, P.; Honscha, W.; Nebbia, C. Interaction of mammary bovine ABCG2 with AFB1
and its metabolites and regulation by PCB 126 in a MDCKII in vitro model. J. Vet. Pharmacol. Ther. 2017, 40, 591-598. [CrossRef]

12.  Colovié, R.; Puvaca, N.; Cheli, F; Avantaggiato, G.; Greco, D.; Duragi¢, O.; Kos, J.; Pinotti, L. Decontamination of mycotoxin-
contaminated feedstuffs and compound feed. Toxins 2019, 11, 617. [CrossRef]

13. Kihal, A.; Rodriguez-Prado, M.; Godoy, C.; Cristofol, C.; Calsamiglia, S. In vitro assessment of the capacity of certain mycotoxin
binders to adsorb some amino acids and water-soluble vitamins. J. Dairy Sci. 2020, 103, 3125-3132. [CrossRef]

14. Solcan, C.; Gogu, M.; Floristean, V.; Oprisan, B.; Solcan, G. The hepatoprotective effect of sea buckthorn (Hippophae rhamnoides)

berries on induced aflatoxin B1 poisoning in chickens. Poultry Sci. 2013, 92, 966-974. [CrossRef]


https://www.mdpi.com/article/10.3390/toxins14070430/s1
https://www.mdpi.com/article/10.3390/toxins14070430/s1
http://doi.org/10.3390/foods9050644
http://www.ncbi.nlm.nih.gov/pubmed/32443392
http://doi.org/10.1038/srep24328
http://doi.org/10.3390/ijerph17217850
http://www.ncbi.nlm.nih.gov/pubmed/33120863
http://doi.org/10.1007/s00204-014-1312-9
http://www.ncbi.nlm.nih.gov/pubmed/25027283
http://doi.org/10.3390/ijerph17020423
http://doi.org/10.2903/j.efsa.2020.6040
http://doi.org/10.1016/j.toxlet.2018.02.007
http://doi.org/10.1016/j.fct.2018.11.046
http://doi.org/10.1093/carcin/bgi176
http://doi.org/10.1111/jvp.12397
http://doi.org/10.3390/toxins11110617
http://doi.org/10.3168/jds.2019-17561
http://doi.org/10.3382/ps.2012-02572

Toxins 2022, 14, 430 10 of 11

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Carter, A.C.; King, ].B.; Mattes, A.O,; Cai, S.; Singh, N.; Cichewicz, R.H. Natural-product-inspired compounds as countermeasures
against the liver carcinogen Aflatoxin B1. J. Nat. Prod. 2019, 82, 1694-1703. [CrossRef]

Umaya, S.R.; Vijayalakshmi, Y.C.; Sejian, V. Exploration of plant products and phytochemicals against aflatoxin toxicity in broiler
chicken production: Present status. Toxicon 2021, 200, 55-68. [CrossRef]

Holanda, D.M.; Kim, Y.I; Parnsen, W.; Kim, S.W. Phytobiotics with adsorbent to mitigate toxicity of multiple mycotoxins on
health and growth of pigs. Toxins 2021, 13, 442. [CrossRef]

Lam, P; Cheung, F,; Tan, H.Y.; Wang, N.; Yuen, M.E; Feng, Y. Hepatoprotective Effects of Chinese medicinal herbs: A focus on
anti-inflammatory and anti-oxidative activities. Int. . Mol. Sci. 2016, 17, 465. [CrossRef]

Dai, C.; Ciccotosto, G.D.; Cappai, R.; Tang, S.; Li, D.; Xie, S.; Xiao, X.; Velkov, T. Curcumin attenuates colistin-induced neurotoxicity
in N2a cells via anti-inflammatory activity, suppression of oxidative stress, and apoptosis. Mol. Neurobiol. 2018, 55, 421-434.
[CrossRef]

Lee, S.E.; Campbell, B.C.; Molyneux, R.J.; Hasegawa, S.; Lee, H.S. Inhibitory effects of naturally occurring compounds on aflatoxin
B1 biotransformation. J. Agric. Food Chem. 2001, 49, 5171-5177. [CrossRef]

Limaye, A.; Yu, R.C.; Chou, C.C,; Liu, J.R.; Cheng, K.C. Protective and detoxifying effects conferred by dietary selenium and
curcumin against AFB1-mediated toxicity in livestock: A review. Toxins 2018, 10, 25. [CrossRef]

Murakami, M.; Ohnuma, S.; Fukuda, M.; Chufan, E.E.; Kudoh, K,; Kanehara, K.; Sugisawa, N.; Ishida, M.; Naitoh, T.; Shibata,
H.; et al. Synthetic analogs of curcumin modulate the function of multidrug resistance-linked ATP-binding cassette transporter
ABCG2. Drug Metab. Dispos. 2017, 45, 1166-1177. [CrossRef] [PubMed]

Cheng, P,; Ishfaq, M.; Yu, H.; Yang, Y.; Li, S.; Li, X.; Fazlani, S.A.; Guo, W.; Zhang, X. Curcumin ameliorates duodenal toxicity of
AFBI in chicken through inducing P-glycoprotein and downregulating cytochrome P450 enzymes. Poult. Sci. 2020, 99, 7035-7045.
[CrossRef] [PubMed]

Pauletto, M.; Giantin, M.; Tolosi, R.; Bassan, I.; Barbarossa, A.; Zaghini, A.; Dacasto, M. Curcumin mitigates afbl-induced hepatic
toxicity by triggering cattle antioxidant and anti-inflammatory pathways: A whole transcriptomic in vitro study. Antioxidants
2020, 9, 1059. [CrossRef] [PubMed]

Xiong, J.L.; Wang, YM.; Nennich, T.D.; Li, Y.; Liu, ] X. Transfer of dietary aflatoxin B1 to milk aflatoxin M1 and effect of inclusion
of adsorbent in the diet of dairy cows. J. Dairy Sci. 2015, 98, 2545-2554. [CrossRef]

Xiong, J.L.; Wang, YM.; Zhou, H.L.; Liu, J.X. Effects of dietary adsorbent on milk aflatoxin M1 content and the health of lactating
dairy cows exposed to long-term aflatoxin Bl challenge. J. Dairy Sci. 2018, 101, 8944-8953. [CrossRef]

Maki, C.R.; Monteiro, A.P.A.; Elmore, S.E.; Tao, S.; Bernard, ] K.; Harvey, R.B.; Romoser, A.A_; Phillips, T.D. Calcium montmoril-
lonite clay in dairy feed reduces aflatoxin concentrations in milk without interfering with milk quality, composition or yield.
Anim. Feed Sci. Technol. 2016, 214, 130-135. [CrossRef]

Masoero, F.; Gallo, A.; Moschini, M.; Piva, G.; Diaz, D. Carryover of aflatoxin from feed to milk in dairy cows with low or high
somatic cell counts. Animal 2007, 1, 1344-1350. [CrossRef]

Applebaum, R.S.; Brackett, R.E.; Wiseman, D.W.; Marth, E.H. Aflatoxin: Toxicity to dairy cattle and occurrence in milk and milk
products—A review. J. Food Prot. 1982, 45, 752-777. [CrossRef]

Oh, J.; Wall, E.H.; Bravo, D.M.; Hristov, A.N. Host-mediated effects of phytonutrients in ruminants: A review. J. Dairy Sci. 2017,
100, 5974-5983. [CrossRef]

Oh, ].; Hristov, AN,; Lee, C.; Cassidy, T.; Heyler, K.; Varga, G.A ; Pate, J.; Walusimbi, S.; Brzezicka, E.; Toyokawa, K.; et al. Immune
and production responses of dairy cows to postruminal supplementation with phytonutrients. J. Dairy Sci. 2013, 96, 7830-7843.
[CrossRef]

Diaz, D.E.; Hagler, W.M.; Blackwelder, ].T.; Eve, J.A.; Hopkins, B.A.; Anderson, K.L.; Jones, ET.; Whitlow, L.W. Aflatoxin binders
II: Reduction of aflatoxin M1 in milk by sequestering agents of cows consuming aflatoxin in feed. Mycopathologia 2004, 157,
233-241. [CrossRef] [PubMed]

Flores-Flores, M.E.; Lizarraga, E.; Lopez de Cerain, A.; Gonzalez-Pefas, E. Presence of mycotoxins in animal milk: A review. Food
Control 2015, 53, 163-176. [CrossRef]

EFSA. Opinion of the Scientific Panel on Contaminants in the Food Chain on a request from the Commission related to Aflatoxin
B1 as undesirable substance in animal feed. EFSA J. 2004, 39, 1-27. [CrossRef]

Frazzoli, C.; Gherardi, P.; Saxena, N.; Belluzzi, G.; Mantovani, A. The hotspot for (global) One Health in primary food production:
Aflatoxin M1 in dairy products. Front. Public Health 2017, 4, 294. [CrossRef]

Pauletto, M.; Tolosi, R.; Giantin, M.; Guerra, G.; Barbarossa, A.; Zaghini, A.; Dacasto, M. Insights into aflatoxin B1 toxicity in cattle
An in vitro whole-transcriptomic approach. Toxins 2020, 12, 429. [CrossRef]

Ghadiri, S.; Spalenza, V.; Dellafiora, L.; Badino, P.; Barbarossa, A.; Dall’Asta, C.; Nebbia, C.; Girolami, F. Modulation of aflatoxin
B1 cytotoxicity and aflatoxin M1 synthesis by natural antioxidants in a bovine mammary epithelial cell line. Toxicol. In Vitro 2019,
57,174-183. [CrossRef]

Olagaray, K.E.; Bradford, B.J. Plant flavonoids to improve productivity of ruminants—A review. Anim. Feed Sci. Technol. 2019, 251,
21-36. [CrossRef]

Gessner, D.K,; Ringseis, R.; Eder, K. Potential of plant polyphenols to combat oxidative stress and inflammatory processes in farm
animals. J. Anim. Physiol. Anim. Nutr. 2017, 101, 605-628. [CrossRef]


http://doi.org/10.1021/acs.jnatprod.9b00290
http://doi.org/10.1016/j.toxicon.2021.06.017
http://doi.org/10.3390/toxins13070442
http://doi.org/10.3390/ijms17040465
http://doi.org/10.1007/s12035-016-0276-6
http://doi.org/10.1021/jf010454v
http://doi.org/10.3390/toxins10010025
http://doi.org/10.1124/dmd.117.076000
http://www.ncbi.nlm.nih.gov/pubmed/28904007
http://doi.org/10.1016/j.psj.2020.09.055
http://www.ncbi.nlm.nih.gov/pubmed/33248620
http://doi.org/10.3390/antiox9111059
http://www.ncbi.nlm.nih.gov/pubmed/33137966
http://doi.org/10.3168/jds.2013-7842
http://doi.org/10.3168/jds.2018-14645
http://doi.org/10.1016/j.anifeedsci.2016.02.014
http://doi.org/10.1017/S1751731107000663
http://doi.org/10.4315/0362-028X-45.8.752
http://doi.org/10.3168/jds.2016-12341
http://doi.org/10.3168/jds.2013-7089
http://doi.org/10.1023/B:MYCO.0000020587.93872.59
http://www.ncbi.nlm.nih.gov/pubmed/15119861
http://doi.org/10.1016/j.foodcont.2015.01.020
http://doi.org/10.2903/j.efsa.2004.39
http://doi.org/10.3389/fpubh.2016.00294
http://doi.org/10.3390/toxins12070429
http://doi.org/10.1016/j.tiv.2019.03.002
http://doi.org/10.1016/j.anifeedsci.2019.02.004
http://doi.org/10.1111/jpn.12579

Toxins 2022, 14, 430 11 of 11

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Winkler, A.; Gessner, D.K.; Koch, C.; Romberg, EJ.; Dusel, G.; Herzog, E.; Most, E.; Eder, K. Effects of a plant product consisting of
green tea and curcuma extract on milk production and the expression of hepatic genes involved in endoplasmic stress response
and inflammation in dairy cows. Arch. Anim. Nutr. 2015, 69, 425-441. [CrossRef]

Schneider, C.; Gordon, O.N.; Edwards, R.L.; Luis, P.B. Degradation of curcumin: From mechanism to biological implications.
J. Agric. Food Chem. 2015, 63, 7606-7614. [CrossRef]

Mirzaei, H.; Shakeri, A.; Rashidi, B.; Jalili, A.; Banikazemi, Z.; Sahebkar, A. Phytosomal curcumin: A review of pharmacokinetic,
experimental and clinical studies. Biomed. Pharmacother. 2017, 85, 102-112. [CrossRef] [PubMed]

Jiang, Z.; Wan, Y,; Li, P; Xue, Y.; Cui, W.; Chen, Q.; Chen, J.; Wang, F.; Mao, D. Effect of curcumin supplement in summer diet
on blood metabolites, antioxidant status, immune response, and testicular gene expression in hu sheep. Animals 2019, 9, 720.
[CrossRef] [PubMed]

Zhang, N.Y.; Qi, M.; Zhao, L.; Zhu, M.K; Guo, J.; Liu, J.; Gu, C.Q.; Rajput, S.A.; Krumm, C.S.; Qi, D.S; et al. Curcumin prevents
aflatoxin B1 hepatoxicity by inhibition of cytochrome P450 isozymes in chick liver. Toxins 2016, 8, 327. [CrossRef] [PubMed]
Kuilman, M.E.M.; Maas, R EM.; Judah, D.J.; Fink-Gremmels, ]. Bovine hepatic metabolism of aflatoxin B1. ]. Agric. Food Chem.
1998, 46, 2707-2713. [CrossRef]

Helferich, W.G.; Baldwin, R.L.; Hsieh, D.P.H. [14C]-Aflatoxin B1 metabolism in lactating goats and rats. . Anim. Sci. 1986, 62,
697-705. [CrossRef] [PubMed]

Trucksess, M.W.; Richard, ].L.; Stoloff, L.; McDonald, ].S.; Brumley, W.C. Absorption and distribution patterns of aflatoxicol and
aflatoxins B1 and M1 in blood and milk of cows given aflatoxin B1. Am. J. Vet. Res. 1983, 44, 1753-1756. [PubMed]

Carvajal, M.; Rojo, E; Méndez, I.; Bolafios, A. Aflatoxin B1 and its interconverting metabolite aflatoxicol in milk: The situation in
Mexico. Food Addit. Contam. 2003, 20, 1077-1086. [CrossRef]

Bailey, G.S.; Dashwood, R.; Loveland, PM.; Pereira, C.; Hendricks, ].D. Molecular dosimetry in fish: Quantitative target organ
DNA adduction and hepatocarcinogenicity for four aflatoxins by two exposure routes in rainbow trout. Mutat. Res. Fundam. Mol.
Mech. Mutagen. 1998, 399, 233-244. [CrossRef]

Cavallini, D.; Mammi, L.M.E.; Fustini, M.; Palmonari, A.; Heinrichs, A.].; Formigoni, A. Effects of ad libitum or restricted access
to total mixed ration with supplemental long hay on production, intake, and rumination. J. Dairy Sci. 2018, 101, 10922-10928.
[CrossRef]

Cavallini, D.; Mammi, L.M.E.; Biagi, G.; Fusaro, I.; Giammarco, M.; Formigoni, A.; Palmonari, A. Effects of 00-rapeseed meal
inclusion in Parmigiano Reggiano hay-based ration on dairy cows’ production, reticular pH and fibre digestibility. It. |. Anim. Sci.
2021, 20, 295-303. [CrossRef]

Amirahmadi, M.; Shoeibi, S.; Rastegar, H.; Elmi, M.; Mousavi Khaneghah, A. Simultaneous analysis of mycotoxins in corn flour
using LC/MS-MS combined with a modified QUEChERS procedure. Toxin Rev. 2018, 37, 187-195. [CrossRef]


http://doi.org/10.1080/1745039X.2015.1093873
http://doi.org/10.1021/acs.jafc.5b00244
http://doi.org/10.1016/j.biopha.2016.11.098
http://www.ncbi.nlm.nih.gov/pubmed/27930973
http://doi.org/10.3390/ani9100720
http://www.ncbi.nlm.nih.gov/pubmed/31554289
http://doi.org/10.3390/toxins8110327
http://www.ncbi.nlm.nih.gov/pubmed/27834912
http://doi.org/10.1021/jf980062x
http://doi.org/10.2527/jas1986.623697x
http://www.ncbi.nlm.nih.gov/pubmed/3084435
http://www.ncbi.nlm.nih.gov/pubmed/6414350
http://doi.org/10.1080/02652030310001594478
http://doi.org/10.1016/S0027-5107(97)00258-3
http://doi.org/10.3168/jds.2018-14770
http://doi.org/10.1080/1828051X.2021.1884005
http://doi.org/10.1080/15569543.2017.1354306

	Introduction 
	Results and Discussion 
	Effects on Milk Yield, Milk Composition and Somatic Cell Count 
	Effects on Milk Concentration of AFM1 
	Effects on Milk Concentration of AFL 

	Conclusions 
	Materials and Methods 
	Experimental Design and Sample Collection 
	Chemicals 
	Analytical Determinations 
	Statistics 

	References

