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Summary

Two literature searches and three experimental studies were conducted in this thesis to evaluate
the capacity of different mycotoxin binders (MTB) to adsorb mycotoxins and nutrients. In the
first study, a literature review was conducted to evaluate the capacity of the eight most common
MTB [activated carbon (AC), bentonite, clinoptilolite, hydrated sodium calcium
aluminosilicate (HSCAS), montmorillonite (MMT), sepiolite, yeast cell wall (YCW) and
zeolite] to adsorb 6 major mycotoxins [aflatoxin (AF), deoxynivalenol (DON), fumonisin
(FUM), ochratoxin (OTA), T-2 toxin and zearalenone (ZEA)] from published in vitro studies.
The literature search included 68 papers with 1842 data and was analyzed for the overall
average effect for each MTB and mycotoxin, and their individual combinations with the
inclusion of the effect of incubation media and pH. The mycotoxin adsorption was the highest
for AC (83% £ 1.0) and lower for the other MTB (average of 41% adsorption) with no
difference among them. For mycotoxins, the adsorption of AF was the highest (76% + 0.6) and
that of DON the lowest (23% = 0.5). The pH affected the adsorption capacity of YCW among
MTB, and the adsorption of OTA and ZEA among mycotoxins. Results are useful as a guide
to select the appropriate MTB depending on the predominant mycotoxin in feeds. The second
study consisted on a network meta-analysis to evaluate the efficacy of five MTB [AC,
bentonite, HSCAS, mixed binders (MIX) and YCW] on aflatoxin M1 (AFM1) indexes in milk
after an aflatoxin B1 (AFB1) challenge in dairy cows. Twenty-eight papers with 146 data were
selected. The response variables were: AFM1 milk concentration, AFM1 percentage reduction
in milk, total AFM1 concentration excreted in milk per day and transfer percentage of aflatoxin
from feed to AFML1 in milk; and AF concentration in urine and feces. Results of the network
meta-analysis showed that AFM1 milk concentration (ug/L) decreased for HSCAS and
bentonite, and tended to decrease for YCW and MIX. The AFM1 percentage reduction (%)

decreased with all MTB with no difference among them. The excretion of AFM1 in milk (ug/d)
X1



was lower in YCW, HSCAS and MIX, and not affected by bentonite compared with control.
Feed-to-Milk transfer of AFM1 was decreased for HSCAS, bentonite and MIX, but was not
reduced for YCW. Urine and fecal excretion were only reported for HSCAS and MIX
treatments, and no effect was observed. The network meta-analysis results showed that
bentonite had the highest capacity to reduce AFM1 transfer into milk and YCW the lowest.

Three experiments were conducted to evaluate the capacity of MTB to adsorb nutrients. In the
first experiment, an in vitro study was conducted to assess the capacity of six MTB (AC,
bentonite, clinoptilolite, MMT, sepiolite and YCW) to adsorb three amino acids (AA: lysine,
methionine, and threonine) and four water-soluble vitamins (WSV; B1, B2, B3, and B6). The
in vitro studies consisted of the preparation of an incubation buffer adapted from Lemke et al.
(2001). Amino acids and WSV were incubated individually, and all AA or WSV together.
Threonine was the AA with the highest adsorption (50%), and lysine and methionine the lowest
(average 41%). The average adsorption of AA when incubated separately was 44% with the
highest adsorption for clinoptilolite, and the adsorption was reduced to 20% when incubated
together with the highest adsorption for MMT. This reduction suggests that nutrients compete
for the binding sites of MTB, and that this competition may be extended also to mycotoxins.
Vitamin B1 was the WSV with the highest adsorption (66%) and B3 the lowest (5%). The
adsorption average when incubated separately was 34% with the highest adsorption for MMT,
and the adsorption increased to 46% when the WSV were incubated together with the highest
adsorption for MMT. This increase in adsorption suggests that synergies may occur among
some nutrients. In the second experiment, the same in vitro conditions were used, incubating
the same MTB with fat-soluble vitamins (A, D and E). The recovery rate of vitamins was high
for vitamin D and E (Average of 88%), but low for vitamin A (20%), which limited its use for
the binding test. When incubated separately, vitamin D was only adsorbed by YCW (20%)

with an average for all MTB of 4%. Vitamin E adsorption was highest for bentonite (55%) and
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MMT (46%), and lowest for sepiolite (17%) and AC (19%). When incubated together, vitamin
D was not adsorbed by any MTB (overall average of 0%), and vitamin E adsorption was highest
for bentonite (62%) and MMT (51%), and lowest for sepiolite (17%). Results of in vitro studies
showed that MTB had a high capacity to adsorb some but not all nutrients and that they may
interact by reducing or enhancing the adsorption. In experiment 3, six multiparous cannulated
Holstein cows were used in a crossover design with two periods. Treatments were a control
diet with or without MMT. Vitamins (B1, B6, A, D, and E) were infused individually into the
abomasum through the ruminal cannula and blood samples were collected to study the
dynamics of their plasma concentrations. No differences were observed in the basal
concentration, the time at maximal concentration, the maximal concentration and the area
under the curve of vitamin A and B6 between control vs. MMT-supplemented cows. Plasma
concentrations of vitamins D, E and B1 had no concentration peaks, and were not affected by
MMT supplementation. Results of this study do not show evidence that MMT affected the
bioavailability of vitamins A and B6 in vivo. In contrast to in vitro studies, in vivo studies do
not confirm the capacity of MMT to adsorb nutrients. However, it was not clear if the plasma
vitamin concentrations were adequate markers of bioavailability, and/or the dose of vitamins

or the length of treatments was sufficient to elicit a response.
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Resumen

En esta tesis se realizaron dos busquedas bibliogréaficas y tres estudios experimentales para
evaluar la capacidad de diferentes adsorbentes de micotoxinas (ADM) para adsorber
micotoxinas y nutrientes. En el primer estudio, se realizd una revision bibliografica para
evaluar la capacidad de ocho ADM [carbén activo (CA), bentonita, clinoptilolita,
aluminosilicatos de sodio y calcio hidratados (HSCAS), montmorillonita (MMT), sepiolita,
paredes celulares de levaduras (PCL) y zeolita] para adsorber las 6 principales micotoxinas
[aflatoxina (AF), deoxinivalenona (DON), fumonisina (FUM), ochratoxina (OTA), toxina T-2
y zearalenona (ZEA)] con base a estudios experimentales in vitro publicados en la literatura.
La busqueda bibliogréfica incluyé 68 articulos con 1842 datos y se analiz6 la media de
adsorcion general para cada ADM y micotoxina, y sus combinaciones individuales con la
inclusién del efecto de los medios de incubacion y el pH. En referencia a la adsorcion de
micotoxinas, la mas alta fue para el CA (83% £ 1.0), en comparacién a una media del 41% para
el resto de ADM. Respecto a las micotoxinas, la adsorcion de AF fue la mas alta (76% = 0,6)
y la de DON la mas baja (23% + 0,5). El pH afect6 la capacidad de adsorcion de PCL entre los
ADM, y la adsorcion de OTA y ZEA entre micotoxinas. Los resultados son utiles como guia
para seleccionar el ADM apropiado segun la micotoxina predominante en los alimentos. El
segundo estudio consistié en un metaanalisis para evaluar la eficacia de cinco ADM [CA,
bentonita, HSCAS, mixto de adsorbentes (MIX) y PCL] sobre los indices de aflatoxina M1
(AFM1) en la leche después de una exposicion a la aflatoxina B1 (AFB1) en vacas lecheras.
Se seleccionaron 28 articulos con 146 datos. Las variables de respuesta fueron: concentracion
de AFML1 en leche, porcentaje de reduccion de AFM1 en leche, concentracidn total de AFM1
excretada en leche por dia, porcentaje de transferencia de aflatoxina del alimento a AFM1 en
leche; y concentracion de AF en orina y heces. Los resultados del metaanalisis mostraron que

la concentracion de leche de AFML1 (ug/L) disminuy6 para HSCAS y bentonita, y tendi6 a
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disminuir para PCL y MIX. El porcentaje de reduccién (%) de AFM1 disminuy6 con todos los
ADM sin diferencia entre ellos. La excrecion de AFML1 en la leche (ug/d) fue menor en PCL,
HSCAS y MIX, y no se vio afectada por la bentonita en comparacion con el control. La
transferencia de AFM1 desde el alimento a la leche se redujo para HSCAS, bentonita 'y MIX,
pero no se redujo para PCL. La excrecion de AFM1 en orina'y AFB1 en heces solo se reportd
para los tratamientos HSCAS y MIX, y no se observd ningun efecto. Los resultados del
metaanalisis mostraron que la bentonita tenia la capacidad mas alta para reducir la transferencia

de AFM1 a la leche y PCL la mas baja.

A continuacion, se realizaron tres experimentos para evaluar la capacidad de ADM para
adsorber nutrientes. En el primer experimento, se realiz6 un estudio in vitro para evaluar la
capacidad de seis ADM (AC, bentonita, clinoptilolita, MMT, sepiolita y PCL) para adsorber
tres aminoacidos (AA: lisina, metionina y treonina) y cuatro vitaminas hidrosolubles (VHS:
B1, B2, B3 y B6). Los estudios in vitro consistieron en la preparacion de un buffer de
incubacién adaptado de Lemke et al. (2001). Los AA y VHS se incubaron individualmente, y
todos los AA o VHS juntos. La treonina fue el AA con la adsorcion mas alta (50%), y la lisina
y la metionina las més bajas (41% en promedio). La adsorcion promedio de AA cuando se
incubaron por separado fue del 44% con la adsorcién mas alta para clinoptilolita, y la adsorcién
se redujo al 20% cuando los AA se incubaron juntos, siendo la adsorcion mas alta para MMT.
Esta reduccion sugiere que los nutrientes compiten por los sitios de unién de ADM y que esta
competencia puede extenderse también a las micotoxinas. La vitamina B1 fue la VHS con la
adsorcién mas alta (66%) y la B3 la mas baja (5%). La adsorcion media cuando se incubaron
por separado fue del 34% con la adsorcion mas alta para MMT, y la adsorcion aumento al 46%
cuando las VHS se incubaron juntas con la adsorcion mas alta para MMT. Este aumento en la
adsorcion sugiere que pueden ocurrir sinergias entre algunos nutrientes. En el segundo

experimento se utilizaron las mismas condiciones in vitro, incubando la misma ADM con
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vitaminas liposolubles (A, D y E). La tasa de recuperacion de vitaminas fue alta para la
vitamina D y E (promedio del 88%), pero baja para la vitamina A (20%), lo que limit6 su uso
para la prueba de adsorcion.

Cuando se incubaron por separado, la vitamina D solo fue adsorbida por PCL (20%) con una
media del 4% para todas las ADM. La adsorcion de vitamina E fue mas alta para bentonita
(55%) y MMT (46%), y mas baja para sepiolita (17%) y CA (19%). Cuando se incubaron
juntas, la vitamina D no fue adsorbida por ningin ADM (adsorcion media de 0%), y la
adsorcion de vitamina E fue mas alta para bentonita (62%) y MMT (51%), y mas baja para
sepiolita (17%). Los resultados de los estudios in vitro mostraron que los ADM tenian una gran
capacidad para adsorber algunos, pero no todos los nutrientes y que pueden interactuar
reduciendo o mejorando la adsorcion. En el experimento 3 se utilizaron seis vacas Holstein
multiparas canuladas en un disefio cruzado con dos periodos. Los tratamientos fueron una dieta
control suplementada o no con MMT. Se realizaron infusiones individuales de 5 vitaminas (B1,
B6, A, Dy E) en el abomaso a través de la canula ruminal y se recolectaron muestras de sangre
para estudiar la dinamica de sus concentraciones plasmaticas. No se observaron diferencias en
la concentracion basal, el tiempo en alcanzar la concentracion méxima, la concentracién
méaxima y el area bajo la curva de la vitamina A y B6 entre las vacas control y las vacas
suplementadas con MMT. No se observaron picos en las concentraciones plasmaticas de
vitaminas D, E y B1 ni se vieron afectadas por la suplementacion con MMT. Los resultados de
este estudio no muestran evidencia de que la MMT afectara la biodisponibilidad de las
vitaminas Ay B6 in vivo. A diferencia de los estudios in vitro, los estudios in vivo no confirman
la capacidad de la MMT para adsorber nutrientes. Sin embargo, no queda claro si las
concentraciones plasmaticas de vitaminas son marcadores adecuados para medir la
biodisponibilidad y/o si la dosis de vitaminas, o la duracion de los tratamientos fueron

suficientes para provocar una respuesta.
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Chapter 1 General introduction

The efficacy of mycotoxin binders to control mycotoxins and the

potential risk of interaction with nutrients: a review

Abstract

Mycotoxicosis are a common problem in livestock, where a group of six major mycotoxins
represents a high risk for animal health and production profits. Mycotoxin binders (MTB) can
reduce the mycotoxin burden in the gastrointestinal tract of the animal. Mycotoxin binders are
classified in inorganic, as clays and activated carbon (AC), and organic, as yeast cell wall
(YCW) and micro-ionized fibers. The adsorption of mycotoxins into MTB is due to: 1)
chemical interactions where the cation exchange capacity involves different types of bounds
like ion-dipole, Van der Walls forces, or hydrogen bonds; and 2) to physical characteristics of
MTB like pore size, or mycotoxin structure and shape. The adsorption capacity of MTB is
determined using different in vitro tests that mimic the gastrointestinal tract of the animals. A
literature search was conducted to identify in vitro research where the efficacy of adsorption of
MTB was determined. The search was based on 8 MTB [AC, bentonite, clinoptilolite, hydrated
sodium calcium aluminosilicate (HSCAS), sepiolite, montmorillonite (MMT) YCW and
zeolite] and 6 mycotoxins [aflatoxin (AF), deoxynivalenol (DON), fumonisin (FUM),
ochratoxin (OTA), T-2 toxin and zearalenone (ZEA)]. Sixty-eight papers with 1842 data were
selected and analyzed with the PROC MIXED of SAS. The response variable was the
percentage mycotoxins adsorption by MTB, and the model included the fixed effects of MTB,
mycotoxins, incubation media, pH and their interactions, and the random effect of the study.
Differences were considered significant when P < 0.05 and with tendency when 0.05 <P <0.1.
The mycotoxins adsorption capacity was 62% + 1.0 for bentonite, 52% + 4.3 for clinoptilolite,

55% £ 1.9 for HSCAS, 76% + 3.1 for MMT, 83% + 1.0 for AC, 44% % 0.4 for YCW and 52%
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+ 9.1 for sepiolite. For mycotoxins, the adsorption of AF was 76% + 0.6, for DON was 35% +
1.6, for FUM was 50% = 1.8, for OTA was 42% + 1.0, for ZEA was 48% + 1.1, and for T-2
was 27% + 2.8. The pH affected the adsorption capacity of YCW with higher adsorption at low
pH, and the adsorption of OTA and ZEA, where OTA adsorption tended to be lower at
intermediate pH, and adsorption of ZEA tended to be higher at the two-steps pH. The potential
adsorption of some essential nutrients, including amino acids and vitamins, should also be
considered. Results should be used as a guide in the selection of the appropriate mycotoxin

binder based on the predominant mycotoxin in feeds.

Keywords: Efficacy, interaction, mycotoxin, mycotoxin binder, review.
Abbreviations: AC, activated carbon; AF, aflatoxin; DON, deoxynivalenol; FUM, fumonisin;
Gl, gastrointestinal; MMT, montmorillonite; MTB, mycotoxin binder; OTA, ochratoxin; T-2,

T-2 toxin; YCW, yeast cell wall; ZEA, zearalenone.

Introduction

Mycotoxicoses are the consequence of consuming feeds contaminated with mycotoxins,
causing acute, chronic or subclinical effects. More than 400 mycotoxins have been identified
and 6 are classified as highly toxic and frequent in animal feeds: aflatoxin (AF), ochratoxin A
(OTA), fumonisin (FUM), deoxynivalenol (DON), zearalenone (ZEA) and T-2 toxin (T-2)
(CAST, 2003; Krska et al., 2016). Three major species of molds are responsible for the
production of these mycotoxins: Fusarium, Aspergillus, and Penicillium (Yiannikouris and
Jouany, 2002), each one producing different types of mycotoxins. A recent report indicated
that more than 88% of feed samples analyzed worldwide in 2019 contained more than one
mycotoxin (Gruber-Dorninger et al., 2019). Mold growth is dependent on climate conditions

where temperature, humidity and drought influence the type of mold and, as a consequence,



Chapter 1 General introduction

the type of mycotoxins produced (Schatzmayr and Streit, 2013; Moretti et al., 2019). For
example, Gruber-Dorninger et al. (2019) reported that the first contaminant of corn samples
was FUM (80%), followed by DON (67%) and ZEA (44%). Mycotoxicosis may reduce milk
yield, growth efficiency, average daily gain, and fertility in dairy cows (Jouany et al., 2009).

Mycotoxin binders (MTB) are an effective strategy to sequester mycotoxins into their
matrix and avoid their absorption in the gastrointestinal (Gl) tract of animals (Di Gregorio et
al., 2014; Colovié et al., 2019). Mycotoxin binders are classified as Generally Recognized as
Safe by the U.S. Food and Drug Administration (code of federal regulations, 21 CFR
582.2729). This regulation recognizes that MTB produce no harm to physiological functions
of animals. The mycotoxin-MTB complex passes through the GI tract of animals and is
eliminated in feces (Gimeno and Martins, 2007). The European Food Safety Authority (EFSA,
2011) requires that the efficacy of MTB must be tested by one in vitro and two in vivo tests
where mycotoxins are supplemented at the minimal mycotoxin toxic level for each species
before being authorized (European Commission EC, 2006). These tests must prove the capacity
of the MTB to adsorb mycotoxins through a wide pH range to guarantee the stability of the
mycotoxin-MTB complex throughout the Gl tract. These tests should also prove high affinity
and rapidity to adsorb mycotoxins at a low MTB inclusion rate in diets (1-2 kg/t) to allow a
high degree of adsorption before the mycotoxin is absorbed into the bloodstream. These
properties depend on the physical and chemical properties of MTB and mycotoxins as pH,
polarity, pores dimension, and shape. Furthermore, EFSA (2010) required also that MTB do
not adsorb essential nutrients like AA, vitamins, and minerals as was demonstrated in several
studies (Barrientos-Velazquez et al., 2016; Kihal et al., 2020).

The objectives of this paper are to review the main characteristics, properties mechanisms
of action of MTB, to evaluate the efficacy of MTB to adsorb mycotoxins and to determine to

what extent they can absorb some essential nutrients.
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Classification of mycotoxin binders

Mycotoxin binders are classified by their nature into two major groups: a) inorganic
binders constituted by silicate minerals and activated carbon (AC) binders, and b) organic
binders constituted by yeast cell wall (YCW) or micro-ionized fiber extracted from different
plant materials (Figure 1).

Inorganic binders

There is no consensus on the classification of clay binders that is acceptable to different
disciplines such as agriculture, environment, or construction applications (Bergaya and Lagaly, 2013).
Therefore, we report a classification of inorganic binders based on their properties to bind mycotoxins
as proposed by Grim (1962) and updated by Murray (2007).

Silicate binders

Silicates are the most abundant elements found on earth crust (Kandel, 2018). Silicate is a mineral
combining silicon dioxide (SiO,*) with a tetrahedral structure, where the silicon ion is in the center and
surrounded by four oxygen atoms. The interaction of the positive silicon charges and negative oxygen
charges results in an unbalanced structure. This allows the free oxygen charges to be bound to other
silicon ions forming a chain of tetrahedral structures in different combinations, resulting in chains,
sheets, rings, and three-dimensional structures. The tetrahedral sheet is the basis of silicate binders
where different subgroups of silicate are formed in combination with other mineral ions in bi or three-
dimensional structures. The two main subclasses of silicates are phyllosilicate (sheets of silicate) or
tectosilicate (framework silicate, Figure 2).

Phyllosilicate binders: Phyllosilicates are bidimensional laminar or tubular structures
characterized by the interaction of the oxygen ions of the tetrahedral silicate sheet with the hydroxyl
ions of a second sheet formed by aluminum or magnesium ions located in the center of 6 hydroxyl ions
(Al/MgOH)s to give an octahedral sheet (Figure 2, Di Gregorio et al, 2014). The six coordinating
hydroxy ions have a potential of 6 negative charges. To compensate this charge difference, two AI®*
ions or three Mg?* ions are added to the structure. Then, the octahedral sheets are named trioctahedral
or dioctahedral sheets, respectively (Schoonheydt and Johnston, 2011). The structure of phyllosilicate
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minerals is formed by piling up tetrahedral and octahedral sheets in different combinations (Murray,
2007). There are two main combinations: a) A 1:1 tetrahedral and octahedral sheets, represented by the
clay group kaolinite-serpentite, and b) A 2:1 tetrahedral to octahedral sheet in the middle (sandwich
structure) like smectite (Figure 2). In some cases, silicate Si** and AI** ions on the tetrahedral and
octahedral sheet can be substituted by Mg?*, Fe?* or Li* ions. These substitutions lead to negatively
charged layers that need to be balanced with exchangeable cations (Na*, K*, Ca*?, ...). These cations
can be interchangeable and provide the clay with the swelling and ions exchange capacity responsible
for binding mycotoxins.

Many clays are effective in binding mycotoxins, including smectite, montmorillonite
(MMT), bentonite and sepiolite. The smectite is one of the largest classes of phyllosilicate
groups that contains MMT known for its high adsorption capacity. Bentonite is another clay
composed of 80% MMT and reproduces most of its properties (Grim and Glven, 1978).
Sodium MMT is referred to as sodium bentonite and calcium MMT is referred to as calcium
bentonite. These different types of MMT come from exchangeable cations that substitute the
AI** or Mg?* in the octahedral sheet giving the molecule high cations exchange capacity,
electrical conductivity, and water absorption capacity. For instance, sodium MMT has an
exchange capacity between 80 and 130 meq/100g and a surface area between 150-200 m?/g.
The interlayer space varies with the exchangeable cation and the degree of interlaminar
hydration. A complete dehydration generates a small space between sheets (0.95-1.0 nm). In
contact with water, the clay swallows and expands the interlayer space to tens of nanometers,
allowing to increase the adsorption capacity of bentonites (Sanchez et al., 2012). In contrast,
calcium MMT has a lower exchange capacity (between 40 and 70 meg/100g) and a smaller
interlayer space (Murray, 2007), which would result in lower adsorption capacity.

Tectosilicate binders: The tectosilicates group is a crystalline aluminosilicate mineral with

zeolite as the main constituent. It is formed by assembling multiple tetrahedral structures by the union

of the apical oxygen atom in a three-dimensional way. This arrangement generates different pores of
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the same dimension occupied by exchangeable cations and water molecules, giving a ring or a cage-
like structure. The pores formed by the tridimensional structure are the basis of the adsorbing capacity
where the in-site potassium and calcium cations interact with mycotoxins that can get inside the pores
depending on their size (Nadziakiewicza et al., 2019; Samantray et al., 2022). There are nearly 50
different types of zeolites with different physical and chemical properties. The classification of the
different types of zeolites is based on the crystal structure and chemical composition, cations, pore size,
and strength of the structure. Clinoptilolite is the most commonly used zeolite type due to its strength
properties and high resistance at low pH and high temperatures. Clinoptilolite is known as a molecular
sieve for its pores that represent 50% of the molecular structure with an approximate size of 3 to 8
Angstrom (A). The application of heat treatment or enrichment with different cations (K*, Na*, or Ca?*)
may increase its porosity and adsorption capacity (Eseceli et al., 2017).

Activated carbon

Activated carbon is a non-soluble powder formed by the carbonization of almost any organic
compound that contains carbon (wood, bamboo or coal) by a pyrolysis heating process at temperatures
up to 2000°C (Galvano et al., 1996). The resulting powder requires an activation process necessary to
acquire a higher adsorption capacity. Chemical and physical processes allow the development of a large
number of highly porous structures (Figure 3). The chemical treatment consists on the impregnation of
AC with different chemicals such as potassium hydroxide, phosphoric acid or zinc chloride followed
by temperature exposure of 250-600°C. The chemical treatment results in impure and ineffective AC
with a low number of pores and produces chemical residues harmful to the environment (Danish and
Ahmed, 2018). The physical treatment consists on an oxidation process where carbon passes through a
heating chamber at 600 - 900°C with an oxygen or carbon dioxide thrust with proper conditions of
pressure, temperature and time (Yu Ma et al., 2021). The treatment results in a highly microporous
carbon that increases the surface area of the AC (500 - 3000 m?/g, Ramos and Hernandez, 1996, Galvano
et al., 2001). Therefore, the efficiency of AC is related to the number of microporous available for
adsorption of mycotoxins. Galvano et al. (1997) compared the efficacy of different AC sources (olive

residues, peach stone and almond shells) to adsorb FUM in vitro. Results showed that the adsorption
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capacity ranged from 100% in olive residues to 35% in peach stone, and was correlated to the
availability of pores among AC sources.
Organic binders

Yeast cell wall

The YCW fraction of yeast represents 15 to 30% of the dry weight of yeast cells and is considered
responsible for mycotoxin adsorption. Cell walls are organized in 2 sheets: the inner sheet provides
stiffness and determines the morphology of the yeast and it is composed of B-(1,3)-D-glucans helix
chains organized in a complex 3D structure, and -(1,6)-D-glucans linear side chains, representing 50
to 60% of the dry weight of cell walls. The B-D-glucans are firmly attached to the cytoplasm membrane
by chitins that provide the cell wall with their insolubility and plasticity. When the chitin proportion is
higher in the cell wall it may decrease its flexibility and reduce the affinity to bind mycotoxins (Jouany
et al., 2005). The outer layer of the cell wall is constituted by glucomannans and mannoproteins (40%,
Figure 4, Kogan and Kocher, 2007) that determine the superficial properties of the cell wall. The
adsorption capacity of yeast increases as the proportion of B-D-glucans present in the yeast strain
increases (Yiannikouris et al., 2004).

Micro-ionized fiber

Micro-ionized fibers have emerged as a new MTB that has the ability to bind different
mycotoxins. Many biomaterials have been identified with a mycotoxin binding potential in several in
vitro and in vivo studies as grape pomace, grape stem, olive pomace, alfalfa hay, and wheat straw, with
a binding capacity ranging from 27 to 90 % depending on the binder and the mycotoxin (Avantaggiato
et al., 2014; Colovi¢ et al., 2019; Fernandes et al., 2019). The adsorption mechanism of micro-ionized
fibers is similar to that of silicates or AC binders, where physicochemical interactions with lignin,
cellulose and polyphenol groups with mycotoxins are involved (Greco et al., 2018; Nava-Ramirez et
al., 2021). The main limitation of micro-ionized fibers to be used as MTB is that they should be fed at
a high inclusion rate (20 kg/t) to be effective in vivo, which may not be adequate in monogastric animals
(Colovié et al., 2019). In contrast, the higher fiber content in ruminant diets may help reduce the toxicity

of mycotoxins in these animals.
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Adsorption mechanism of different binders

Mycotoxin binder properties

The adsorption mechanism of silicates is directly related to the physicochemical
properties of the binder and indirectly to mycotoxin properties. Cation exchange capacity and
total net charges of the surface determine the capacity of silicate binders to adsorb mycotoxins.
By definition, the cation exchange capacity is the capacity of the binder to exchange cations
present on the surface with other molecules like mycotoxins. However, this exchange capacity
is highly dependent on the pH of the binder, which varies among mine sources. In fact, each
binder has its own pH, named pH at point zero charges, where the surface of the binder has
equal positive and negative charges. For instance, MMT extracted from a Greece mine had a
pH of 9.4 while another extracted from a Bosnia mine had a pH of 7.7 (Ismadji et al., 2015). If
the pH of the medium is lower than the pH of the binder, hydrogen ions are bound to the binder
that loses its charge. This situation is similar to the gastric environment where the low pH
reduces the ionization capacity of cations and the adsorption of those MTB will be lower (De
Mil et al., 2015). However, if the pH of the medium is higher than the pH of the binder, the
binder will release hydrogen ions and expose negative charges increasing the capacity to attract
cations (Na*, Ca*?, K*, AI?*) within the interlayer space of sheets and in the edges of the clay
responsible for the interaction with the carbonyl oxygen group of many mycotoxins. The
adsorption capacity increases as the cation exchange capacity of the binder increases (Diaz et
al., 2004; Ismadji et al., 2015). The interaction of cations (positive charge) and the carbonyl
group of mycotoxins (negative charge) is due to weak ion-dipole or Van der Walls interactions.
When water is present in the interlayer space of the MTB, hydrogen molecules from H>O
interact with oxygen molecules of the carbonyl groups of mycotoxins and make a complex

hydrogen-carbonyl oxygen-cation bonds.
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In addition to the external cation binding, the capacity of adsorption is also related to the
interlayer space of MTB, which is dependent on the size of the interlayer space and the size of
mycotoxins. The interlayer space is a determining factor and is highly correlated to the
adsorption capacity of MTB (De Mil et al., 2015). The interlayer space varies among MTB.
Mortland and Lawless (1983) reported that differences in the interlayer space between sodium
and calcium bentonites affect the adsorption capacity of AF and suggested that the higher
interlayer space of sodium bentonite allowed higher adsorption compared with calcium
bentonite. For instance, zeolite has a lower adsorption capacity of AF because its interlayer
space (4 - 7 A) is much smaller than the size of AF (10 - 12 A). In contrast, bentonite has a
higher adsorption capacity of AF due to its larger interlayer space (15 - 20 A) that allows the
AF to get inside the interlayer space (Vekiru et al., 2014).

New silicate binders can be developed by the structural modification of the original
silicates. Chemical processes allow the addition of organic molecules in the sheets of silicate
and mineral binders to increase the positive charge of layers. Jaynes and Zartman (2011)
reported that MMT treated with choline and carnitine increased by four the adsorption of AF
compared with the untreated clays and suggested that lysine, methionine, or phenylalanine
treatment may also increase the adsorption capacity of clays. The modification of zeolite
mineral with octadecyl-dimethyl benzyl ammonium can also increase the surface
hydrophobicity and enhanced the adsorption capacity of ZEA (Dacovi¢ et al., 2005).
Tomasevic et al. (2003) also reported that the adsorption capacity of zeolite treated with organic
compounds increased the adsorption capacity of ZEA from 5 to 94%.

The adsorption mechanism of AC depends on different factors as pore size and surface
area (Goto et al., 2015). Differently to clay minerals, AC is not a polar molecule and provides
AC the capacity to bind non-polar mycotoxins rather than polar mycotoxins (Bueno et al.,

2005). The binding mechanism of AC is by hydrophobic interactions and pi-bonds. The
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activation process of AC increases the surface oxygen complexes in the surface of AC like
carboxyl or phenol groups, which increases the polarity and the hydrophilic properties of AC.
Therefore, the AC acquires the capacity to also adsorb polar compounds such as AF and FUM
(Moreno-Castilla et al., 2003). The pore size and their distribution within the AC are also
important to determine the efficacy of adsorption. Pore dimensions are categorized in three
types: micropores (< 2 nm), mesopores (2 - 50 nm) and macropores (> 50 nm). Therefore, the
diffusion of mycotoxins into the AC can be slowed if the pores size is inadequate to the size of
mycotoxins that limit the accessibility to the inner surface of the AC.

The adsorption mechanism of YCW is mainly related to the interaction of p-(1,3)-D-
glucans with mycotoxins. The two bonds involved in this interaction include the Van der Walls
bonds between the aromatic cycle of mycotoxins and B-D-glucopyranose ring of the YCW, and
the hydrogen bonds between hydroxyl, ketone and lactone groups of mycotoxins and the
hydroxyl group of glucose units of B-D-glucans in YCW (Jouany et al., 2005). The geometrical
structure also plays an important role in the binding mechanism of YCW, where the match
between the three-dimensional structure of the mycotoxin and the B-D-glucans helix improves
the strength of the complex (Yiannikouris et al., 2004).

Mycotoxin properties

Physicochemical characteristics of mycotoxins also affect the adsorption capacity of
MTB (Galvano et al., 1997). Mycotoxins can be classified by their polarity, solubility, and
chemical structure (Figure 5). The polarity of mycotoxins reflects the charge arrangement
within the molecule that can be classified as polar or nonpolar molecules. For example, AF and
FUM are the highest polar mycotoxins, ZEA is nonpolar, and DON, T-2 and OTA have an
intermediate polarity. Solubility of mycotoxins in the medium is important for their adsorption.
Most mycotoxins are soluble in different organic solvents such as methanol, acetonitrile or

acetone. However, their solubility in water depends on their polarity, being the more polar
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mycotoxins the more soluble. The chemical structure, size and shape of the molecule are
another important characteristic of mycotoxins that affect their adsorption. For instance, AF is
a flat shape and small molecule that can easily get into the interlayer space of binders and be
adsorbed. In contrast, the large branched structure of FUM makes the entrance of the
mycotoxin into the interlayer space of MTB difficult, which reduces its adsorption (Galvano et

al., 1996).

Methods to determine the adsorption capacity of mycotoxin binders

In vitro tests are commonly used as a screening method to determine the capacity of MTB
to adsorb mycotoxins. However, there are several in vitro methods described in the literature
(Galvano et al., 1996, Lemke et al., 2001, Gallo and Masoero, 2010).

Single in vitro test

The single concentration test consists on the use of in vitro models that mimic the Gl
tract to test the interaction between MTB and mycotoxins in an artificial incubation medium.
The method consists on a single concentration of mycotoxin incubated with a defined
concentration of MTB. Results of this test are expressed as percentage of mycotoxin
adsorption. The simplest model consists of using distilled water as an incubation medium
where substrates are incubated in one step at pH = 7 and ambient temperature for 24 h (Lemke
et al., 2001) or incubated for 2 h at 39°C (Gallo and Maseoro, 2010). To better simulate the
differences of pH in the Gl tract, a two-steps method was proposed by Dawson et al. (2001).
In this model, substrates are incubated first in a citrate buffer at pH 3.0 and then in a phosphate
buffer at pH 6.0 at 39°C for 2 h each. Lemke et al. (2001) modified the method by adding
enzymes to simulate the gastric and intestinal digestion environments. This two-steps method
consists on the preparation of 2 distinct buffers containing pepsin enzyme, citric acid, malic

acid, acetic acid, and lactic acid adjusted to pH 3.0 to simulate the gastric environment and
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incubated for 2 h at 38°C. Then, the pH of the first medium is increased to 7.0 with sodium
bicarbonate and mixed with a second buffer containing pancreatin and bile salts to simulate the
intestinal environment for 2 additional hours. Gallo and Masoero (2010) reported that
deionized water does not simulate properly the adsorption capacity of MTB when they
compared the adsorption of AF by clinoptilolite using water or a buffer that simulates the Gl
digestion model, with an adsorption of 48 vs. 97%, respectively. Authors suggested that the Gl
model was more appropriate because it simulated closer the physiological conditions.
However, no method has been validated. The pH is an important factor for the adsorption of
mycotoxins and the determination of MTB adsorption capacity. Avantaggiato et al. (2005)
reported that the adsorption capacity of zeolite at pH 3 was higher than at pH 8.0 for FUM (59
vs. 6%) and ZEA (54 vs. 17%). Similarly for YCW, Dawson et al. (2001) reported that the
optimal pH of AF adsorption was 4.0. In contrast, the AC adsorption of OTA and ZEA was not
affected by pH (Rotter et al., 1989; Bueno et al., 2004). Gallo and Masoero (2010) later
proposed to use sterilized ruminal contents followed by the two steps method of Lemke et al.
(2001) to simulate cattle conditions.

This in vitro method is subjected to variation due to experimental conditions. One factor
that has not been defined is the effect of the mycotoxin to MTB ratio on the adsorption capacity.
A revision of the methodology of different in vitro studies showed a high variability in the
mycotoxin to MTB ratios among different studies, ranging from 1:0.2 to 1:12 mg MTB/ug
mycotoxin for YCW:DON ratio, and 1:0.00007 to 1:200 mg MTB/ug mycotoxin for
bentonite:AF ratio (Table 1). The adsorption capacity of MTB is dose-dependent because the
adsorption mechanism is limited by the available sites in the binder. A small dose of mycotoxin
with a high concentration of MTB will result in a higher adsorption capacity. In contrast, a high
concentration of mycotoxin will saturate the adsorption sites of the MTB resulting in lower

adsorption. Bueno et al. (2004) and Avantaggiato et al. (2005) confirmed that the adsorption
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of ZEA by bentonite and AC was higher with increasing doses of MTB. Alternatively,
increasing concentrations of ZEA with the same amount of YCW reduced the adsorption rate
of the toxin (Joannis-Cassan et al., 2011). Therefore, there is an urgent need to define the
adequate MTB to mycotoxin ratio for a fair evaluation of the MTB adsorption capacity.
Adsorption isotherm test

The adsorption isotherm test consists on the evaluation of the adsorption capacity of
MTB by the assessment of the amount of mycotoxin adsorbed per unit of weight of MTB. The
model is based on the incubation of increasing doses of a mycotoxin with a constant
concentration of a MTB in a phosphate medium at a fixed temperature and pH for 1 h in a
continuous shaking water-bath (Lau et al., 2016). The free mycotoxin concentration left at each
concentration gradient after the incubation is analyzed to fit the isotherm equations model
(Kinniburgh, 1986). The application of the adsorption isotherm test to the adsorption of
mycotoxins by MTB was described by Grant and Phillips (1998). However, there are also some
shortcomings. The method assumes that the adsorption mechanism is specific for mycotoxins
and no other molecules can be adsorbed or compete with the adsorption sites on MTB, and it
is limited to a fixed pH, which fails to simulate the GI tract environment.
Dynamic gastrointestinal models

The TNO GI model was designed to mimic the conditions of the stomach and small
intestine lumen continuously, and was validated as a good system to simulate the GI tract
(Minekus, 1995). The model simulates the stomach, duodenum, jejunum, and ileum at the same
time, where the different compartments are connected by peristaltic pumps that ensure the
chyme transfer at the required passage rate. The system is adapted to reproduce many
physiological conditions of the Gl tract as meal transit, peristaltic movements, pH, gastric and
intestinal secretions, absorption of digested products and water in each segment, and the

removal of undigested compounds. Avantaggiato et al. (2003, 2004, 2005, 2007) evaluated the
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capacity of MTB to reduce the absorption of mycotoxins using this model. Results showed that
the intestinal absorption of DON (51%) and nivalenol (21%) occurred mainly in the jejunum
and ileum, and the addition of 2% of AC decreased the intestinal absorption of DON by 21%

and that of nivalenol by 45% in comparison to the control (Avantaggiato et al., 2004).

Efficacy of mycotoxin binder to adsorb mycotoxins in in vitro studies

Materials and methods
Inclusion criteria and data extraction

A comprehensive literature search was conducted using PubMed, Google Scholar, and
Science Direct engines to identify experiments reporting the capacity of MTB to adsorb
mycotoxins in vitro. The research used as keywords the six mycotoxins mentioned previously,
eight MTB (bentonite; zeolite; clinoptilolite; sepiolite; MMT, hydrated sodium calcium
aluminosilicate (HSCAS); AC and YCW), adsorption capacity and in vitro. After the initial
search, a total of 97 papers were identified. Papers were retained if, a) the MTB was described,;
b) the MTB was tested individually, and c) the incubation medium of the experiment and the
method used for the determination of the adsorption capacity was described. From the initial
search, 29 papers were excluded for the following reasons: 23 papers did not describe the
incubation medium used; 3 papers did not report data of adsorption, 2 papers did not report the
MTB tested in the study, and 1 paper was not used for animal purposes. The summary of the
procedure used to select papers is shown in supplemental Figure S1. The final analysis included
68 papers with 1843 data for the adsorption capacity of different MTB and mycotoxins. Data
were extracted from text, tables, or figures. Adsorption values in figures were extracted using
an extraction data program (Origin-Lab 2019, OriginLab Corp, Massachusetts, USA). The
collected data included the main predictor variables, the mycotoxin, and the MTB, the doses

used, the MTB:mycotoxin ratio, the pH of the medium, the time and temperature of incubation
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when available, and the type of the incubation medium used. In general, the selected papers
used the simple concentration model for the incubation procedure carried on with one- or two-
step methods with different incubation media. For the one-step method, buffers were water,
water with methanol, or water with hydrochloric acid. For the two-step method, buffers were
used to mimic the Gl tract pH using phosphate buffer at high pH (pH > 7.0), or low (pH < 4),
acetate buffer for intermediate pH (pH 4 to 6), or citrate buffer for low pH (pH < 4), and data
were obtained at each pH point separately. Other media were also identified to simulate the Gl
digestion using digestive enzymes (pepsin, bile salts, and pancreatin), rumen fluid, or gastric
juice.
Statistical analysis

The response variable of percentage adsorption was analyzed using the PROC MIXED
of SAS (version 9.4; SAS Institute Inc., Cary, NC). The mixed model was: Yij = | + Si +
MTB;j + MTxx + M + pHm + MTB;j * MTxx + MTB;j * MTxx * M * pHm+ Sijk + €ijkim, Where
Yijkl: is the dependent variable; u: overall adsorption capacity mean; Si: the random effect of
the i study; MTB;: the fixed effect of the j'" MTB; MTxx: the fixed effect of the k™ mycotoxin;
M:;: the fixed effect of the method; pHm: the fixed effect of the pH; MTB; * MTxx: the MTB by
mycotoxin interaction; MTB; * MTxk * M * pHm: the method by MTB by mycotoxin by pH
interaction; Sij: the random interaction between the i study, the j" level of MTB and the k™"
level of MTX; and ejjuim: the residual error. The adsorption capacity results are presented as least
squares of means. When a significant effect was detected, differences among means were tested
using the Tukey's multiple comparison test. Differences at a level of P < 0.05 were declared

significant, and trends were considered at 0.05 < P <0.10.

17



General introduction Chapter |

Results and discussion
Effect of incubation media on the MTB adsorption capacity

In vitro studies are used to evaluate the adsorption capacity of MTB, but results may be
affected by the incubation conditions that can affect the interaction between MTB and
mycotoxins. The two-step method represented 69% of the overall data. Media of water and
simulated Gl tract represented 10% of the data each, gastric juice media 6%, hydrochloric
acid:water 3%, and methanol:water 2%. Analysis of the effect of the media on the adsorption
capacity showed that gastric juice was the only method that differed from the other two-step
methods (P < 0.05) and, because results were affected by this method and represented only 6%
of data, they were removed from the dataset.

The overall adsorption capacity of different mycotoxin binders

Table 2 shows the MTB binding capacity results for each mycotoxin. Within MTB, YCW
and bentonite had the highest number of observations with 36 and 29% of total data,
respectively, and clinoptilolite and sepiolite had the lowest number of observations with 2 and
1% of data, respectively. The adsorption capacity was the highest for AC (average of 81%) and
was not different among mycotoxins (ranged from 53% with T-2 toxin to 93% with AF). The
other MTB had lower adsorption compared with AC but were similar among them, ranging
from 32% for zeolite to 48% for HSCAS. The average adsorption of HSCAS (48%) was the
highest for AF and ZEA, and the lowest for DON. The average adsorption of MMT (48%) and
bentonite (45%) was the highest for AF and the lowest for the other mycotoxins. The average
adsorption of sepiolite (46%) and YCW (34%) was similar among mycotoxins ranging from
13 and 20% for DON to 95 and 49% for AF. No adsorption data were reported for sepiolite for
FUM, OTA, and T-2. The average adsorption of clinoptilolite (32%) was the highest for AF

and the lowest for ZEA, with no reported data for DON, FUM, and OTA. The adsorption of
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zeolite (32%) was the highest for AF and the lowest for DON. The average adsorption of
bentonite (45%) was the highest for AF and the lowest in the other mycotoxins.

The highest adsorption capacity of AC may be related to its adsorption mechanism
discussed previously. The sizes of the pores in AC are measured in nanometers and are larger
than the interlayer space of clay minerals measured in angstrom. Thus, mycotoxins with
complex chemical structures can get easily into AC pores and not in the interlayer space of
clays. Additionally, the activation of AC improves the binding capacity of polar and non-polar
mycotoxins which makes it less selective and adsorbs different types of mycotoxins. Clay
adsorbents were less effective than AC, with similar adsorption capacity among different types
of clays. The adsorption mechanism of clays is based on their cation exchange capacity that
includes different weak ionic interactions. Variations among mycotoxins may be associated
with the cation exchange capacity and the interlayer space, which varies among and within
clays depending on their sources (Nuryono et al., 2012; De Mil et al., 2015). The average
adsorption capacity of YCW was similar to clay minerals, although the adsorption mechanism
is different and based on the matching of structures of B-glucans and mycotoxins (Jouany,
2007, Yiannikouris et. al, 2013).

When analyzing results from the mycotoxin adsorption point of view, AF, OTA, and
ZEA had the highest number of observations with 38, 24, and 21% of total data, respectively,
and DON, FUM, and T-2 had the lowest observations with 9, 6, and 1% of total data,
respectively. The average adsorption was the highest for AF (77%) among all mycotoxins,
being the highest in AC (93%), bentonite (86%), and MMT (88%), and the lowest in YCW
(49%). Two main characteristics allow a high adsorption of AF: the small and flat structure
that favors its entrance into the interlayer space and pores of clays and AC, and the high polarity
that facilitates the ionic interactions with MTB. In contrast, these properties do not facilitate

the adsorption of AF by YCW. In addition to AF, ZEA (50%) and OTA (47%) had a similar
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average adsorption. For ZEA, adsorption was the highest in AC (93%) and the lowest in the
other MTB (average of 38%), except for sepiolite that was not different (39%) probably due to
the small number of treatments reported (n = 3). Similarly, OTA adsorption was the highest in
AC (88%), and the lowest in YCW (43%) and bentonite (22%). Joannis-Cassan et al. (2011)
reported that the high potential of YCW to adsorb OTA is due to the high correlation of
mannoprotein in YCW that represents the key factor in the adsorption of OTA. In contrast, for
other mycotoxins, B-glucans are the main adsorbing factor. Fumonisin and T-2 were the
mycotoxins with fewer observations, 6 and 1%, respectively. For FUM (average of 45%), the
adsorption capacity was the highest in AC (83%) and the lowest in bentonite (32%), YCW
(30%), and zeolite (26%). For T-2 (average of 31%) the adsorption was not different among
MTB (ranged from 5.3% with zeolite to 53% with AC). There is limited research available on
the T-2 binding capacity. Carson and Smith (1983) and Bratich et al. (1990) reported that T-2
adsorption is MTB dose-dependent and suggested that MTB dose must be 10 times higher than
the usual dose used for the AF binding. Deoxynivalenol had the lowest average adsorption
(23%) with the highest adsorption with AC (69%) and the lowest with YCW (20%), bentonite
(18%), HSCAS (11%), zeolite (10%), and MMT (9%), but the adsorption of sepiolite (13%)
was not different due to the low number of observations (n = 2). The low adsorption of DON
could be due to its hydrophobicity, attributed to aromatic cycles that limit its binding to MTB
with hydrophilic characteristics.

Although AF has been the most prevalent mycotoxin in feeds, AF occurrence has
changed due to drastic control strategies and climate change that affect the type of mold
proliferation in certain regions (Moretti et al., 2019). Several studies reported the prevalence
of different types of mycotoxins worldwide (Streit et al., 2013; Eloska et al., 2019; Gruber-
Dorninger et al., 2019). Results of sample analysis were coherent among studies. Streit et al.

(2013) reported data on mycotoxins prevalence between 2004 and 2011 and showed that DON
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(64%) and FUM (63%) were the first contaminants of feeds. However, AF occurrence was
only important in South East of Asia that increased from 33% in 2004 to 70% in 2011. The
authors attributed the high incidence of AF in this region to the hot climate in southern regions.
Later, Gruber-Dorninger et al. (2019) reported data on mycotoxin occurrence between 2008
and 2017, and results also showed a high incidence of DON (64%) and FUM (60%) and lower
occurrence of AF (23%). Eskola et al. (2019) compared the prevalence of mycotoxins from
datasets of EFSA that were obtained after information access request (EFSA Ref. 17238686;
PAD 2017 017), and of Biomin (Kovalsky et al., 2016), and results showed similar incidences
between the two datasets with the highest incidence for ZEA (80%) and DON (60%).
Surprisingly, the collected data was much lower for T-2 (n = 26) and FUM (n = 105), than for
AF (n = 669). These results report the importance given to AF in detriment to other mycotoxins
that also have high prevalence in crops.
Effect of the pH on the adsorption capacity of mycotoxin binders

The pH values of the incubation media were grouped in 4 ranges: low (pH from 1 to 4,
42% of data); intermediate (from 5 to 6, 17% of data); high (from 7 to 9, 33% of data) and the
two-step methods from low to high pH recording only the final adsorption values of the
incubation procedure.
The analysis of data showed that pH affected the adsorption of OTA and ZEA (Figure 6, P <
0.08). The adsorption of OTA was the highest with the two-steps pH (58%), and the lowest
with the low (53%) and intermediate (32%) pH. Similarly, the adsorption of ZEA was the
highest with the two-steps pH (58%) and the lowest with the low (47%), intermediate (49%),
and high (45%) pH. Results showed that the adsorption of OTA and ZEA was more efficient
when the two-steps pH method was used. Faucet-Marquis et al. (2014) reported that alkaline
pH resulted in the desorption of mycotoxins from adsorption sites of MTB. It is reasonable to

think that pH affects more the adsorption of polar molecules (Thieu and Pettersson, 2008).
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However, FUM and AF are the highest polar mycotoxins and their adsorption was not affected
by pH. In contrast, ZEA is the lowest polar mycotoxins and was affected by pH. In fact, other
factors could influence the adsorption of mycotoxins as molecular size, structural shape, or
solubility.
Data analysis also showed an effect of pH on the adsorption capacity of MTB (Figure 7).
Among different MTB, the adsorption capacity of YCW was affected by pH (P < 0.05) and
was higher with the low pH (43%) and lower with the high pH (35%). Results are consistent
with Faucet-Marquis et al. (2014) that reported that the adsorption capacity of YCW was higher
at low or neutral pH where the stability of B-glucans, responsible of YCW adsorption capacity,
was improved. The pH of the media did not affect the other inorganic MTB.

Effect of the dose ratio MTB: mycotoxin on the adsorption capacity of mycotoxins

The mechanism of adsorption is a saturable process (Bueno et al., 2004; Avantaggiato
et al., 2005). Therefore, the ratio MTB to mycotoxin may have a relevant effect on absorption
results. Using the data selected for the analysis of the effectiveness of MTB, the
MTB:mycotoxin ratios resulted in a wide range of ratios independently of the type of
mycotoxin or MTB (1:0.00007 to 1:600 mg/ug, Table 1). Table 1 illustrates the different ranges
used for each mycotoxin. The AF is the mycotoxin with the widest range of ratios (from
1:0.00007 to 1:600 mg/ug), while the range was narrower for DON (from 1:0.2 to 1:90 mg/ug)
and for FUM (from 1:0.2 to 1:25 mg/ug). However, in all cases, the range was very wide and,
to the best of our knowledge, there are no established recommendations. This may justify the
large variability in results observed in literature for the adsorption of mycotoxins and MTB.
Therefore, it is important to set up guidelines of adequate MTB to mycotoxin ratios to be used

in in vitro tests that reflect filed conditions correctly.
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The capacity of mycotoxin binders to adsorb nutrients

The non-selective mechanism of adsorption of MTB to adsorb mycotoxins allows a
possible interaction with other essential nutrients. Organic compounds like fatty acids, amines,
AA, vitamins, and aromatic compounds with similar molecular structure, molecular size, or
surface charges to mycotoxins may also be adsorbed by MTB and have negative effect on
animal health (Vekiru et al., 2007; Barrientos-Velazquez et al., 2016; Kihal et al., 2020, 2021).
The EFSA (2010) established guidelines for the assessment of feed additives that reduce
mycotoxin feed contamination, requiring that MTB do not affect the apparent digestibility of
crude protein and the bioavailability of vitamins B1, B6, A, and E when supplemented to
animal diets. In fact, the EFSA (2011) warned against the use of bentonites at doses higher than
0.5% of diets because of its potential to reduce nutrient availability in the Gl tract of animals.
The MTB capacity to adsorb nutrients has been studied using in vitro models. Kihal et al. (2020;
2021) studied the interaction of six different MTB with AA and vitamins in an in vitro
simulated GI model. Authors reported a range of adsorption from 27 to 37% for AA, 25 to 58%
for water-soluble vitamins, and 10 to 29% for fat-soluble vitamins (Table 3). Barrientos-
Velazquez et al. (2016) and Vekiru et al. (2007) also studied the capacity of bentonite and AC
to adsorb vitamins B1, B8 and B12 in an in vitro simulated GI model. Vekiru et al. (2007)
reported that AC adsorbed a large proportion of vitamin B8 (78%) and B12 (99%), while
bentonite had lower adsorption of vitamin B12 (47%). Barrientos-Velazquez et al. (2016)
reported that bentonite adsorbed 34% of vitamin B1 and the adsorption of AF was reduced by
34%, indicating a direct competition of other nutrients for the adsorption sites. Mortland et al.
(1983) reported that smectite has the capacity to adsorb vitamin B2 (50%). Bentonite and MMT
have been also reported to adsorb protein in an in vitro simulated Gl model (Ralla et al., 2010;
Barrientos-Velazquez et al., 2016). The capacity of MTB to adsorb minerals was also

investigated in vitro by Tomasevic-Canovic et al. (2001) that reported a high capacity of
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bentonite to adsorb copper (56%) and cobalt (73%), but the adsorption of zinc (12%) and
manganese (12%) was relatively low. In contrast, vitamins A, D, B3, B5, and B8, and AA
tryptophan and phenylalanine were not adsorbed by bentonite and zeolite (Tomasevic-Canovic
et al., 2001; Vekiru et al., 2007; Kihal et al., 2020). This difference in the adsorption capacity
among nutrients is most likely related to the shape, size, and charges of the different
micronutrients.

Vitamin availability was also studied in vivo. Briggs and Fox (1956) supplemented chick
diets with 2 to 3% of bentonite and reported a vitamin A deficiency. The Zinc content was also
decreased in chick bones after HSCAS was supplemented at 0.5 to 1% of the diet (Chung et
al., 1989). In contrast, Afriyie-Gyawu (2004) and Pimpukdee et al. (2004) reported that the
inclusion of 0.5% bentonite did not affect liver vitamin A concentration. Similarly, HSCAS
did not affect the availability of vitamin A, vitamin B2 and manganese in chicks at 0.5 to 1%
inclusion in the diet (Chung et al., 1989). Sulzberger et al. (2016) and Kihal et al. (2022)
reported that the supplementation of 1.2 and 2% of MMT in the diet of dairy cows, respectively,
did not affect the plasma concentration of vitamins A, D, E, B1 and B6. Maki et al. (2016)
supplemented HSCAS to dairy cows at 1.2% of the diet DM reported no effects on the
bioavailability of vitamins A and B2 in milk. Table 4 summarizes the available literature on

the interaction of MTB with nutrients.

Conclusions

The presence of mycotoxins in feeds is a relevant problem in the animal feed industry.
The presence of mycotoxins in raw materials is affected by many factors and their prevalence
may change in favor of some mycotoxins over others. The adsorption of mycotoxins by MTB
in in vitro tests is variable, with the highest adsorption capacity for AC and the lowest

adsorption for clay adsorbents and YCW. For mycotoxins, the adsorption of AF was the highest
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and that of DON the lowest. The pH of the in vitro media affects the adsorption capacity of
YCW, with the highest adsorption at low pH. For mycotoxins, pH affected the adsorption of
OTA and ZEA. In general, when MTB are used at recommended doses are effective in reducing
the bioavailability of mycotoxins. Yet, it is difficult to select the appropriate adsorbent for each
mycotoxin. The in vitro tests that are widely used to assess the adsorption capacity of MTB
have many limitations that have been demonstrated in this review (incubation medium type,
pH conditions, appropriate MTB to mycotoxin ratio, and nutrient interactions) that result in
high variation among studies. In vitro tests need to be standardized and to have an objective

evaluation of the capacity of MTB to adsorb mycotoxins.
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Chapter 1
Figure 1. A diagram representing the classification of different mycotoxin binders by their

source, nature and structural composition.
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Figure 2. Molecular structure of octahedral and tetrahedral sheets of tectosilicate binders, and

an illustration of the contribution of ions to the adsorption mechanism of mycotoxins.
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Figure 3. Microscopic view of micropores of activated carbon and how mycotoxin and
nutrients can be adsorbed inside the pores depending of their molecular size (Adapted from

Sénchez et al., 2012).
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Figure 4. The composition of different yeast cell wall sheets and their components (Adapted

from Talavera et al., 2013).
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Figure 5. Chemical structure of the major mycotoxins and their molecular weight.
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Figure 6. Effect of pH (low, intermediate, high, and two-steps) on the adsorption percentage

of different mycotoxins. (Bars represent standard error, * P < 0.08).
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Figure 7. Effect of pH (low, intermediate, high and 2-steps) on the adsorption percentage of

different mycotoxin binders. (Bars represent standard error, * P < 0.05).
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Figure S1. Summary of revised studies included or excluded from the analysis.
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Table 1. Ranges of ratios of mycotoxins to mycotoxin binder doses (mycotoxin binder per mycotoxin) used in in vitro tests to determine the

adsorption capacity of different mycotoxins and mycotoxin binders.

Binders! Mycotoxin?

AFB1 mg: ug DON mg:pg FUM mg:pg OTA mg: g T-2 mg:pg ZEA mg: yg
AC 1:0.008 — 1:461 1:0.2-1:90 1:0.92 - 1:25 1:0.025 - 1:125 1:0.1 1:0.05 - 1:20
Bentonite 1:0.00007 — 1:200 1:0.2-1:12 1:2-1:20 1:0.002 - 1:12.5 1:0.1-1:0.2 1:0.1-1:20
Clinoptilolite 1:0.02 - 1:40 1:1.2 . 1:2 . 1:0.05-1:12
HSCAS 1:0.002 — 1:600 1:04-1:12 1:2-1:20 1:0.025-1:10 1:0.1 1:0.001 -1:20
MMT 1:0.0002 — 1:20 1:05-1:12 1:25 1:0.025 1:0.1 1:0.05-1:1
Sepiolite 1:1.6 -1:10 1:2-1:12 1:2 1:10 . 1:0.05
YCW 1:0.001 - 1:461 1:0.2-1:12 1:2-1:20 1:0.001 - 1:10 1:0.1 1:0.001 - 1:20
Zeolite 1:0.002 — 1:20 1:0.2-1:10 1:0.2 - 1:20 1:0.016 — 1:5 1:0.2 1:0.05 - 1:20

LAC = activated carbon; HSCAS = Hydrated sodium calcium aluminosilicate; MMT = montmorillonite, YCW = yeast cell wall.

2AFB1 = aflatoxin B1; DON = Deoxynivalenol; FUM = Fumonisin; OTA = ochratoxin; T-2 = T-2 toxin; ZEA = zearalenone.
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Table 2. The adsorption efficacy of different mycotoxin binders against most common mycotoxins measured with in vitro methods (average

adsorption £ SEM; number of samples in parenthesis).

Binders! - - - _Mycotoxm ; - Average
Aflatoxin B1 Deoxynivalenol Fumonisin Ochratoxin T-2 toxin Zearalenone
AC 932+ 0.8 692+ 0.8 83*+ 1.7 88+ 1.8 53+79 932+ 1.6 812+ 0.4
(n =56) (n=59) (n=35) (n=28) (n=5) (n=23) (n =2 06)
Bentonite 86** £ 0.3 18°Y + 1.4 32°Y +4.2 30°Y + 0.6 229 +£6.9 29°Y +1.1 45°+0.2
(n=295) (n=25) (n=8) (n=136) (n=14) (n=39) (n=507)
Clip 750X+ 15 29¥+ 16.0 14°Y + 2.8 32°+1.2
(n=26) (n=2) (n=13) (n=41)
HSCAS 83**+ 0.8 11°Y + 1.6 52X + 2.8 438X + 51 329 +12.6 520X+ 1.4 48°+ 0.5
(n=50) (n =26) (n=15) (n=5) (n=2) (n=29) (n=127)
MMT 88**+ 1.0 9%y +6.3 42y +12.7 26%Y +11.9 24+ 13.1 47°Y +1.7 48°+0.8
(n=51) (n=14) (n=2) (n=2) (n=2) (n=33) (n=94)
- 95% + 8.3 13 +12.6 39 +11.3 46"+ 3.9
Sepiolite (n=4) (n=2) (n=23) (n=9)
YCW 49"+ 0.4 200+ 1.2 30°+25 43°+ 0.4 28+ 3.8 48"+ 0.4 342+ 0.2
(n = 165) (n = 35) (n=18) (n = 196) (n=9) (n = 213) (n = 636)
Zeolite 612X+ 1.5 10°Y £ 2.9 26°% +2.3 447X + 1.3 5*+13.5 330%+2.1 32°+0.5
(n=22) (n=11) (n=27) (n =45) (n=2) (n=19) (n =126)
77°+£0.1 237+ 0.5 457+ 1.0 47Y+0.3 317+2.3 50¥+0.3
Average (n = 669) (n = 162) (n = 105) (n =412) (n = 26) (n=372) (n=1,746)

LAC = activated carbon; Clip = clinoptilolite; HSCAS = Hydrated sodium calcium aluminosilicate; MMT = montmorillonite; YCW = yeast cell

wall.

a.b.¢ Different superscripts in the same column indicate a significant effect between binders (P < 0.05).

*¥:2 Different superscripts in the same row indicate a significant effect between mycotoxins (P < 0.05).



Chapter 1

Table 3. The capacity of 6 mycotoxin binders to adsorb amino acids and water-soluble

and fat-soluble vitamins in vitro (percentage adsorption) (adapted from Kihal et al., 2020;

2021).

Substrate AAl WSV? FSv3
Bentonite 45% 49> 257
Clinoptilolite 512 27%d  19%
Sepiolite 40 33¢  13P
Montmorillonite 472  56%  25°
Active carbon  36° 18°  14°
Yeast cell wall 483 22%¢ 252
SEM 59 69 59
Average 45 34 20

LAA, amino acids: lysine, methionine, and threonine

WSV, water-soluble vitamins: B1, B2, B3, and BS6.

3FSV, fat-soluble vitamins: D and E.

ab.¢.d e Different superscripts in the same column indicate a significant effect between

binders (P < 0.05).
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Table 4. Summary of studies that determine the capacity of different mycotoxin binders

to adsorb nutrients.

Binders? Nutrient interaction effects Observation Reference
Bentonite High adsorption of vitamins E, In vitro simulation of Kihal et al., 2020;
B1, B2 and B6 and amino gastrointestinal tract 2021
acids: lysine, methionine and
threonine
Low adsorption of vitamins A,
D, and B3
High adsorption of vitamin B1  In vitro gastric fluid Barrientos-
and pepsin simulation Velazquez et al.,
No adsorption of vitamins D, 2016
and E
High adsorption of vitamin B12 In vitro gastric fluid Vekiru et al., 2007
and B8 simulation and real
No adsorption of vitamin B5 gastric fluid
High adsorption of vitamin B6 In vitro in aqueous  Tomasevic-Canovic
Adsorption of Zn and Co solution et al., 2000
No adsorption of Cu and Mn
Adsorption of vitamin B2 In vitro in aqueous ~ Mortland and
solution Lawless, 1983
No adsorption of vitamin A In vivo in chicks Pimpukdee et al.,
2004
No adsorption of vitamin A In vivo in chicks Afriyie-Gyawu.,
2004
MMT! High adsorption of vitamins E,  In vitro simulation of Kihal et al., 2020;
B1, B2, and B6 and amino gastrointestinal tract 2021
acids: lysine, methionine, and
threonine
Low adsorption of vitamins A,
D and B3
Adsorption of vitamin B1 In vitro gastric fluid Ghanshyam et al.,
simulation 2009
Adsorption of protein, urea, and In vitro in agar Pinck, 1941
antibiotics culture
No adsorption of vitamins A, In vivo in dairy cows Kihal et al., 2022
D, E, B1, and B6
ca MMT No adsorption of vitamins A In vivo in dairy cows Maki et al., 2016
and B1
AC? High adsorption of vitamins E,  In vitro simulation of Kihal et al., 2020;

B1, B2 and B6 and amino
acids: lysine, methionine and
threonine

Low adsorption of vitamins A,
D and B3
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Adsorption of vitamins B8 and  In vitro simulation of Vekiru et al., 2007

B12 gastric fluid and real
gastric fluid
Clinoptilolite High adsorption of vitamins E,  In vitro simulation of Kihal et al., 2020;
B1, B2, and B6 and amino gastrointestinal tract 2021
acids: lysine, methionine and
threonine
No adsorption of vitamins A,
D, and B3
No adsorption of amino acids:  In vitro in aqueous  Tomasevic-Canovic
tryptophan; Phenilanaline and  solution etal., 2000

vitamins: A, D, and E

HSCAS?® No adsorption of vitamins A,

B1. and minerals Zn, Mn In vivo in chicks Chung et al., 1998

Sepiolite High adsorption of vitamins E, In vitro simulation of Kihal et al., 2020;
B1, B2, and B6 and amino gastrointestinal tract 2021
acids: lysine, methionine, and
threonine
Low adsorption of vitamins A,
D, and B3

Zeolite High adsorption of vitamins E, In vitro simulation of Kihal et al., 2020;
B1, B2, and B6 and amino gastrointestinal tract 2021
acids: lysine, methionine, and
threonine
Low adsorption of vitamins A,
D, and B3

IMMT = montmorillonite.
2AC = activated carbon.

SHSCAS = Hydrated sodium calcium aluminosilicate.
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Chapter 11 Obijectives

This thesis was carried out to investigate the effectiveness of different mycotoxin

binders as a strategy to control mycotoxin contamination and their possibility to interact

with nutrients present in the same environment with mycotoxins under different

experimental studies.

To achieve the main goal, five studies were carried out, two literature reviews and

three experimental studies.

1-

First literature review study (chapter I):

A literature review of in vitro experiments representing the average percentage of
adsorption capacity of the most common mycotoxin binders to adsorb the group
of six major mycotoxins.

Evaluation and comparison of the in vitro protocols used in the included studies
and evaluate their effect on adsorption capacity results of mycotoxin binders.
Second literature review study (chapter I11):

A literature review of data from in vivo experiments showing the effect of
different mycotoxin binders effect on reducing aflatoxin M1 in milk after
aflatoxin B1 challenge in dairy cows.

Evaluate and compare the results of different mycotoxin binders from in vivo
experiments with results obtained from in vitro experiments.

Experiment 1 (chapter 1V):

Assessment of the capacity of different mycotoxin binders to adsorb different
nutrients (AA and water-soluble vitamins) in vitro.

Experiment 2 (chapter V):

Assessment of the capacity of different mycotoxin binders to adsorb different fat-

soluble vitamins in vitro.
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e Evaluate the possible denaturation of vitamins during the in vitro incubation and
the possible limitation of the in vitro tests.

5- Experiment 3 (chapter VI):

e Determine the effect of montmorillonite, a mycotoxin binder with the highest
capacity to adsorb nutrients in vitro, supplemented in the diet of dairy cows on the
bioavailability of vitamins A, D, E, B1 and B6.

e Evaluate and compare adsorption results between in vitro and in vivo studies.
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A network meta-analysis on the efficacy of different mycotoxin
binders to reduce aflatoxin M1 in milk after aflatoxin Bl

challenge in dairy cows

Abstract

The objective of this network meta-analysis was to determine the efficacy of different
mycotoxin binders (MTB) to reduce aflatoxin M1 (AFM1) in milk. A literature search
was conducted to identify in vivo research papers from different databases. Inclusion
criteria were: in vivo, dairy cows, description of the MTB used, doses of MTB, aflatoxin
inclusion in the diet and concentration of AFM1 in milk. Twenty-eight papers with 143
data were selected. Binders used in the studies were: hydrated sodium calcium
aluminosilicate (HSCAS), yeast cell wall (YCW), bentonite and mixes of several MTB
(MIX). The response variables were: AFM1 concentration (ug/L); AFM1 reduction in
milk (%), total AFM1 excreted in milk (ug/d) and transfer of aflatoxin from feed to AFM1
in milk (%); and AFM1 concentration in urine (ug/L) and AFB1 concentration in feces
(nug/kg). Data were analyzed with CINeMA web application and GLIMMIX procedures
with the WEIGHT statement of SAS (SAS Inst. Inc., Cary, NC). The AFM1 concentration
in milk (ug/L) decreased for HSCAS (0.4 = 0.09) and bentonite (0.4 = 0.08, P < 0.05),
and tended to decrease for YCW and MIX with similar concentration (0.5 + 0.12, P <
0.07), compared with control (0.7 £ 0.12). The percentage reduction of AFM1 in milk
was similar for all MTB and different from control (P < 0.05) with a range of reduction
from 24.5 for YCW to 45.9% for AC. The excretion of AFML1 in milk (ug/d) was lower
in YCW (5.4 + 1.05), HSCAS (14.8 + 3.48) and MIX (15.1 + 3.72, P < 0.05), and not

affected by bentonite (16.8 £ 3.99; P = 0.62) compared with control (19.9 £ 4.69). The
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transfer of AFB1 from feed into AFM1 in milk was lowest in bentonite (0.8% + 0.16),
MIX (0.9% £ 0.22) and HSCAS (1.2% + 0.24; P < 0.05), and not affected in YCW (1.4%
+ 0.24, P = 0.32), compared with control (1.9% + 0.41). Urine and fecal concentration
were only reported for HSCAS and MIX treatments and were not affected by treatments.
The meta-analysis results indicate that all MTB reduced the AFML1 transfer into milk,
where bentonite had the highest capacity and YCW the lowest.

Keywords: mycotoxin binders, aflatoxin M1, adsorption, in vivo.

Abbreviations: AC, activated carbon; AF, aflatoxin; CINeMA, confidence in network
meta-analysis web application; CTR, control; FDA, federal drug administration; MTB,
mycotoxin binder; HSCAS, hydrated sodium calcium aluminosilicate; MIX; mixed

binders; NMA, network meta-analysis; RoB, risk of bias; YCW, yeast cell wall.

Introduction

Aflatoxins (AF) are secondary metabolites produced mainly by Aspergillus flavus
and Aspergillus parasiticus developed during harvest, transport or storage due to
unfavorable environmental conditions. Aflatoxin occurrence is reported to be higher in
hot and humid climate regions (Streit et al., 2013; Gruber-Dorninger et al., 2019).
Aflatoxin represents a high risk for animals and humans. Aflatoxin B1 (AFB1) is
recognized to be the highly toxic type compared to AFB2, G1 and G2, and it is hydrolyzed
in the liver of dairy cows into aflatoxin M1 (AFM1) shortly after AFB1 ingestion (5 min),
with an estimated time of 6 h to be excreted in milk (Battacone et al., 2003; Gallo et al.,
2008). Veldman et al. (1992) reported that AFM1 transfer to milk was highly correlated
to milk production with a range from 1 to 6% of the AFB1 intake. Aflatoxin B1 and
AFM1 are highly toxic and represent the first carcinogenic molecule for humans (IARC,

2002). The Federal Drug Administration (FDA) and the European Commission
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established maximal residual levels of these two molecules in feeds and milk at 20 and
0.5 pg/kg by the FDA, and 5 and 0.05 pg/kg by the European Commission, respectively
(FDA, 2000; EC, 2006). In addition to milk contamination in dairy cows, AF induces
liver inflammation and reduces immunity, DMI, and reproductive and production
performance when diets are contaminated with concentrations above 100 pg/kg of AFB1
(Whitlow and Hagler, 2005; Xiong et al., 2015).

To reduce the negative effect of AF contamination in animals and animal products,
different strategies have been explored. Physical and chemical methods were developed
to be used post-harvest to reduce the mycotoxin burden in crops (Peng et al., 2019).
However, the application of these methods is limited because they are expensive, reduce
the nutritive value of raw materials and may release chemical residues into the
environment. Mycotoxin binders (MTB) have been shown to be effective in binding
mycotoxins from contaminated diets (Galvano et al., 2001). Mycotoxin binders are
classified as Generally Recognized as Safe (code of federal regulations, 21 CFR
582.2729) by the FDA and present no harm when supplied to animals. Mycotoxin binders
have the capacity to adsorb mycotoxins into their matrix by physical and chemical
interactions, and decrease the absorption of mycotoxins in the gastrointestinal tract of
animals (D1 Gregorio et al., 2014; Colovié et al., 2019).

The adsorption capacity of different MTB is reported to be high for AF from in
vitro tests (Kihal et al., 2022). However, in vitro methods have not been validated and,
therefore, it is important to test the efficacy of MTB in vivo (Diaz et al., 2004). For dairy
cows, MTB are supplemented into the diet to reduce the AFM1 content in milk through
the adsorption of AFB1 present in contaminated feeds (Sulzberger et al., 2017; Xiong et
al., 2018). The objective of this study was to use data from published papers to evaluate

the efficacy of MTB to reduce AFML1 in milk.
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Material and methods

Paper selection, exclusion criteria and data extraction

A comprehensive search of the literature was conducted using PubMed, Google
Scholar and Science Direct engines to identify experiments conducted on dairy cows that
report the capacity of MTB to reduce AFM1 from milk after an AF challenge. The
research used a set of keywords: MTB, AFB1, AFM1, and dairy cows. The inclusion
criteria for the study were: a) a description of the MTB type and the supplemental
concentration dose used; b) a description of the AF challenge protocol, and c) the use of
dairy cows. The PRISMA diagram in Figure 1 (Moher et al., 2009) represents the flow of
paper selection procedure for the network meta-analysis (NMA). After the initial search,
a total of 933 papers were identified, from which 81 were assessed for eligibility. From
these papers, 53 were excluded for the following reasons: 32 were not carried out on dairy
cows and 16 did not report the AFM1 results in milk, and 5 where the type of MTB were
reported only once. The final analysis included 28 papers with 143 treatments and 1322
cows. Table 1 reports all studies included in the NMA. The outcome variables of interest
for the NMA were required to be reported as least squares means, and their standard error
of the mean or standard deviation stated. The main outcome variables were: AFM1
concentration (ug/L), percentage reduction (%); excretion (pg/d), and transfer (%) into
milk; and AFM1 concentration in urine (ug/L) and AFB1 concentration in feces (pug/kg).
Data on animal performance (DMI, milk yield and milk composition) were also recorded.
Data were extracted from text, tables, and figures. Adsorption values in figures were
obtained using an extraction data program (Origin-Lab 2019, OriginLab Corp,

Massachusetts, USA).
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Statistical analysis

A classical meta-analysis was not possible because of the identification of more
than one treatment (MTB) were identified for all variables. Therefore, a NMA was
conducted to compare different treatments for each variable from direct and indirect
evidence as a random effect using the confidence in network meta-analysis web
application (CINeMA,; Papakonstantinou et al., 2016; Nikolakopoulou et al., 2020). The
CINeMA tool expresses 6 domains of analysis that affect the level of confidence in NMA:
within-study bias, reporting bias, indirectness, imprecision, heterogeneity and
incoherence, and assigns judgments at 3 levels (no concerns, some concerns, or major
concerns). Statistical analysis was conducted using the GLIMMIX procedure with the
WEIGHT statement of SAS (version 9.4; SAS Institute Inc., Cary, NC) using the inverse
of the square of the variance (1/SEM?), following Madden et al. (2016) procedure that
allows direct (Control vs. treatment) and indirect (treatment vs. treatment) comparisons
of different treatments, with the study as a random effect, using the following model:

Yij = 1 + Si + MTBj+ Sijk + €ijk,

where Yij: is the dependent variable; : the outcome variable; S;: the random effect of the
i"" study; MTB;: the fixed effect of the j'" MTB; Sij: the random interaction between the
i study and the j* level of MTB; eijum: the residual errors. Differences among treatments

were declared at P < 0.05, and tendencies at 0.05 < P < 0.10.

Results and discussion

Data description
Results of the literature search resulted in the detection of nine different treatments:
control (CTR), hydrated sodium calcium aluminosilicate (HSCAS), yeast cell wall

(YCW), bentonite; a mix of different MTB (MIX), activated carbon (AC),
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montmorillonite, bacteria and chlorophyll. However, the last three treatments were not
retained for the NMA, and AC was only retained for the outcome variable AFM1
percentage reduction, because of the low number of observations.

Risk of bias, heterogeneity and inconsistency assessment

Before conducting the analysis with CINeMA, the risk of bias (RoB) of each study
was assessed and resulted in: 13 papers with low RoB, 9 with unclear RoB, and 5 with
high RoB. The main reason of unclear RoB was related to insufficient detail to reproduce
the experiment, and the main reason for high RoB was unrandomized treatments, risk of
attrition and missing data. The RoB was assessed for each study and treatment
comparison by CINeMA and illustrated in Figure 2 for each direct and indirect
comparison. The RoB by comparisons showed that the high percentage of low RoB was
reported for CTR:HSCAS, bentonite:HSCAS and YCW:HSCAS comparisons. However,
the CTR:bentonite comparison had a high percentage of unclear RoB.

For the heterogeneity test, the 12 and 1 statistics describe the percentage of variation
across studies and between-study variance, respectively, that is due to heterogeneity
rather than chance (Higgins et al., 2003). In CINeMA, heterogeneity refers to
disagreement between estimates within the same comparison (Salanti et al., 2014). The
assessment of heterogeneity by CINeMA resulted in different ranges of judgments
depending on the comparison and the outcome variable (Table 2). The judgment can be
no concern, some concern or major concern. This judgment is assessed after an
examination between the confidence interval and the prediction interval of each
comparison, and whether they result in the same conclusions or not.

For AFM1 concentration, the heterogeneity test resulted in high number of major
concerns judgment for treatment comparison. The comparisons for AFM1 concentration

CTR:bentonite; HSCAS:YCW:; bentonite:HSCAS and bentonite: YCW were evaluated as
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no concern. The AFML1 percentage reduction index included AC as a fifth treatment.
However, the low number of observations led to major concern of heterogeneity for all
comparisons of AC with the other treatments. In addition, the comparison of CTR with
HSCAS and YCW also were reported as major concern. For AFM1 excretion, the
heterogeneity assessment revealed no concern in the majority of comparisons except for
CTR:bentonite and CTR:MIX that had a major concerns. For AFM1 transfer, the
heterogeneity assessment showed that half of the comparisons had no concern. Urine
AFM1 outcome had no concern for all comparison, and fecal AFB1 concentration had
only the comparison of CTR:MIX with major concern. When heterogeneity is high, as it
was in the current paper the use of a random model, is strongly recommended.

The inconsistency in NMA is due to a disagreement between direct and indirect
evidence which results in a biased treatment effect estimate (Freeman et al., 2019).
Similarly to heterogeneity, the inconsistency approach is evaluated by assigning
judgments at three levels (no concern, some concern, or major concern). Inconsistency
can only be estimated when direct and indirect evidence of comparisons are available to
the analysis and then is calculated by a confidence interval by differences between them.
The inconsistency results were also assessed by treatment comparison and outcome. The
inconsistency is an important domain to evaluate the data of the NMA: it reports the
relationship between the direct and indirect evidence of the NMA. For AFM1
concentration outcome, all comparisons that included bentonite were considered a major
concern. However, for AFM1 reduction percentage, all the comparisons had major
concerns except for the comparison of bentonite with YCW and AC, that had no concern.
For AFM1 excretion, the HSCAS:MIX was the only comparison with major concern. For
AFM1 transfer, the HSCAS:MIX and HSCAS:YCW comparisons were considered a

major concern. For urine AFM1 and fecal AFB1 concentrations outcomes, all
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comparisons were considered a major concern. Data that reported AFM1 concentration
in urine and feces were few and only 4 papers studied these effects. However, despite the
lack of data on urine and feces, it was still useful to analyze them to understand the overall
effect of different MTB in milk, urine and feces, although results should be interpreted
with caution.
Mycotoxin binders effect on AFML1 indexes

The objective of this NMA was to assess the efficacy of the supplementation of
different MTB types into the diet of dairy cows to reduce AF contamination. The
effectiveness of MTB is based on binding AF in the gastrointestinal tract of the animal
and decreasing its absorption in the gut. The main effect of aflatoxin contamination in
dairy cows is the production of AFM1 (Kuilman et al., 2000). The metabolized AFM1
can be excreted in milk or urine. Four AFM1 indexes were evaluated in milk: AFM1
concentration (png/L), AFM1 percentage reduction (%); AFM1 excretion (pg/d), and
AFM1 transfer into milk (%). The AFM1 concentration is obtained by the direct
laboratory analysis of the AFM1. The AFML1 excretion represents the total amount of
AFML1 excreted by the cow and is calculated by multiplying the AFM1 concentration in
milk by the daily milk yield. These two indexes are highly dependent on the AF dosed in
the experiment. The AFML1 transfer represents the percentage amount of ingested AFB1
by the cow that is transferred into milk. This index is calculated as the amount of AFM1
excreted in milk divided by the AFB1 intake and multiplied by 100. The effectiveness of
MTB supplied in the diet is related to the reduction of these indexes.

Results of AFML1 concentration in milk among MTB showed that HSCAS and
bentonite were different from control (P < 0.05) and YCW and MIX tended to be different

(P =0.06 and 0.07, respectively, Figure 2). The comparison of the AFM1 concentration
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reduction among binders showed no differences among them, suggesting that all the MTB
had a similar ability on reducing AFM1 concentration in milk (Table 3).

Data of AFM1 percentage reduction were calculated from AFM1 milk
concentration for each study. Additional data were included in the dataset from 2 studies
that only reported data of the percentage reduction of AFM1. These data included AC as
an additional binder. Results showed that all binders reduced (P < 0.05) the AFM1 in milk
compared with CTR, with a range of reduction between 24.6% for YCW to 45.9% for
AC, but with no significant difference when compared to each other.

All MTB decreased the excretion of AFM1 ranging from 5.4 to 15.1 pg/d compared
with CTR (19.9 pg/d * 4.69, Figure 2), except for bentonite, that was not different (16.8
pg/d, P = 0.60). The comparison of AFM1 excretion among MTB showed that YCW had
the lowest AFM1 excretion, and the excretion among the other MTB was not different.
The AFML excretion values are calculated in basis of milk production of cows. For the
same values of AFM1 concentration per liter of milk, if average milk production among
treatments group is different, the AFM1 milk excretion will be different also. Therefore,
this index values are relative and may not reflect the real effect of the MTB on AFM1
reduction in milk. In addition, the AFM1 excretion for YCW was reported only from three
studies that had a low excretion in comparison to other studies that had higher excretion,
but data were excluded because the standard deviation was not provided.

Milk AFM1 transfer decreased for HSCAS (1.2% + 0.24), bentonite (0.8% * 0.16),
and MIX (0.9% + 0.22), but not for YCW (1.4% % 0.05) compared with control (1.9% +
0.41, Figure 2). The comparison of AFM1 transfer among MTB showed that bentonite
had the lowest transfer of AFB1 from feed to milk, and the transfer from the other MTB
tended to be higher for M1X when compared with HSCAS and YCW (P = 0.09 and 0.06,

respectively).
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The AFM1 concentration in urine (ug/L) and AFB1 concentration in feces (pg/kg)
were only reported for HSCAS and MIX MTB. Results showed that urine and fecal
concentrations were not affected by HSCAS and MIX supplementation to dairy cows.
Rodrigues et al. (2018) reported that the lack of effect can be explained by the higher
amount of AFM1 and AFB1 excreted via urine and feces, respectively, making small
differences less significant, in comparison to concentrations of AFM1 in milk. Overall,
results indicate that the range of AFM1 concentration in milk from AFB1 challenged
dairy cows ranged from 0.01 to 2.78 pg/kg and that in urine ranged from 1.78 to 14.2
Mg/L. The higher concentration in urine may be explained by a physiological response of
the body to eliminate the aflatoxin as a defense mechanism rather than being excreted via
milk.

The efficacy of MTB to decrease aflatoxin might be subject to different factors that
can affect the results. Among the 28 studies included in the NMA, the experimental
protocols used were different. The use of more exclusion criteria in the NMA would
reduce the number of studies and will not give a sufficient number of observations to
summarize the effect of each MTB. The inclusion rate of MTB in the diet is of high
importance as an increase in MTB concentration results in a higher reduction of
mycotoxins (Maki et al., 2016; Sulzberger et al., 2017). The adsorption mechanism of
MTB is saturable, and the presence of more binder molecules in the gastrointestinal tract
of cows with the same amount of AF will lead to higher adsorption. The ratio of
MTB:mycotoxin concentration used in the included studies in the NMA ranged from
0.003 to 2.64. Therefore, comparison among treatments may be biased by this ratio, and
standardization of the methodology is required for a fair comparison among MTB. In fact,
EFSA (2017) considers that clay minerals (bentonite) are not toxic and the safety limit is

high (20kg/t of complete feed) for their use. Besides, the practical concentration of AFB1
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in field conditions could be variable depending on the contamination level of feeds.
Therefore, the experimental protocols should use the maximal limits of mycotoxins in
feeds established by the FDA (2000) or the European Union (EC, 2006). Whitlow and
Hagler (2005) reported that feeding AFB1 at doses above 100 pg/kg can affect production
performance of cows and is sufficient to reach the minimal toxic level in milk (0.5 pg/L,
FDA, 2000) if it is assumed an AF transfer of 1%. The analysis of the adsorption capacity
of MTB based on the MTB:Micotoxin ratio may be a good tool to evaluate their true
effectiveness. For this purpose, a regression analysis was conducted on the reduction
percentage and transfer outcome classified by the ratio MTB to AFB1 doses factor. We
selected papers (n = 9) where the AFB1 concentration was around 100 pg/kg DMI (range
from 100 to 168 pg/kg) to evaluate the impact of the MTB dose (g/d) on AFM1
percentage reduction and AFML transfer in milk. This selection resulted in the utilization
of a wide range of MTB doses from 6 to 227 g/d used for similar mycotoxin
concentrations. This ratio was regressed on the percent reduction of AFM1 in milk and
the transfer ratio of feed AFB1 to milk AFM1. However, there was no clear relationship
(data not shown) between the increase of MTB dose and the reduction percentage or
transfer of AFM1 into milk. The AF challenge procedure can also contribute to different
results even if the dose is the same. The utilization of naturally contaminated diets may
result in other types of AF rather than B1 as B2, G1 or G2. The presence of different types
of AF together may result in additional toxic effects on the cows because of their synergy,
in comparison with cows receiving AF challenge with pure AFB1 (Applebaum et al.,
1982; Queiroz et al., 2012). Furthermore, in vivo there is the potential for interaction with
other mycotoxins and(or) nutrients that compete with binding sites, where vitamins and

amino acids may interfere with AF adsorption (Kihal et al. 2020; 2021).
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A comparison of the adsorption capacity of MTB between in vitro and in vivo
studies may show some differences. Kihal et al. (2022) summarized the efficacy of
different MTB to adsorb different mycotoxins from 68 papers and reported that the
adsorption of AF among binders in vitro was the highest with clay minerals and AC (range
of 61 to 93%) and was the lowest with YCW (49%). The herein results of percentage
reduction did not show any difference among MTB, although the AC reduction was
numerically higher (45%) and YCW was lower (24%). Another effect that was observed
by Kihal et al. (2022) is that the adsorption of YCW is pH dependent and the adsorption
is the highest at low pH values (2 to 4) than at higher pH. This finding is important for
the in vivo application of the binder because even if the adsorption of YCW may be high
in the abomasum at low pH a desorption may occur at the higher pH of the small intestine,
decreasing the overall adsorption of the toxin.

The performance indexes were also evaluated during the AF challenge. Results of
the application of AF challenge and MTB treatment did not show any effect on production
performance, in contrast to what was reported in other reviews (Veldman et al., 1992;
Fink-Gremmels, 2008). This result may be attributed to the dose of AFB1 that may have
not been enough to trigger a toxic effect in dairy cows and/or to the short experimental
periods that, in most cases, the AF challenge lasted for no more than one week.

Some of the studies also evaluated the liver functionality indicator of inflammation
with the objective to evaluate the effect of MTB on reducing the inflammation caused by
the AF challenge. Only 3 studies reported this effect and, therefore, it was not possible to
proceed with a statistical analysis. Sulzberger et al. (2017) and Xiong et al. (2015)
reported that plasma Glutamate dehydrogenase and alanine aminotransferase were not
affected by the AF challenge in contrast of what was observed by Pate et al. (2018). These

contradictory results are attributed to the differences in the experimental protocol among
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studies, where the AF challenge period and dose may have not been sufficiently high to

trigger the inflammatory process in the liver.

Conclusions

Aflatoxins represent a big concern for dairy cows production because of their high
toxicity and the transfer risk into milk in the form of AFM1. The MTB evaluated are
effective in reducing the AFM1 indexes in milk. Bentonite was the binder with the most
important effect on reducing AFML1 transfer, and YCW was the binder with the lowest
effect. However, the interpretation of in vivo studies is highly dependent on the AF/MTB
ratio and suggests the need to develop a standard method to evaluate the efficacy of MTB

in vivo.
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Figure 1. Prisma diagram representing the inclusion summary of papers for the network

meta-analysis.
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Figure 2. Risk of bias reported for the network meta-analysis for all the possible direct
and indirect comparisons (Green: low risk of bias; yellow: moderate risk of bias; red: high

risk of bias)
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Figure 3. Forest plot of the six outcomes reporting the AFM1 parameters in milk, urine

and feces. Data are reported as mean + 95% CI (LCI: low confidence interval and UCI:

upper confidence interval) of each treatment compared with control (vertical line for each

outcome variable). Treatments are: HSCAS: hydrated sodium calcium aluminosilicate;

YCW: yeast cell wall; bentonite; M1X: mixed binders and AC: activated carbon.
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Table 1. The included studies for the NMA indicating the nature of each binder type with the respective commercial name and the dose inclusion

of the binder and aflatoxin.

N° Reference Breed Design?! MTB type? MTB®® Cow(n) MTBg/d AFB1 pg/kg
1 Rodrigues et al., 2018 Holstein CRBD Clay + YCW Toxy-Nil 8 100 107.6
1 Rodrigues et al., 2018 Holstein CRBD Clay + YCW Unike + 8 100 102.5
2 Weatherly etal., 2018 Holstein CRBD Bentonite + YCW 16 30 100
2 Weatherly etal., 2018 Holstein CRBD Bentonite + YCW 16 60 100
2 Weatherly etal., 2018 Holstein CRBD Prototype 16 60 100
3 Moschini et al., 2008 Holstein CRBD Be”ton'te;(fep'o"te * Atox 6 50 134
3 Moschini et al., 2008 Holstein CRBD YCW Mycosorb 6 50 108
3 Moschini et al., 2008 Holstein CRBD HSCAS Novasil+ 6 150 138.1
4 Kutzetal., 2009 LSD HSCAS Solis 12 140 112.2
4 Kutz et al., 2009 LSD HSCAS Novasil+ 12 140 112.2
4 Kutzetal., 2009 LSD YCW + HSCAS MTB-100 12 140 112.2
5 Makietal., 2016 LSD HSCAS Novasil+ 15 12.1 121
5 Makietal., 2016 . LSD HSCAS Novasil+ 15 6 121
6 Jiangetal., 2018 Holstein LSD Na Bent Astr-Ben20 24 200 63.4
6 Jiangetal., 2018 Holstein LSD Na Bentonite + YCW 19gnutriTek 24 235 63.4
7 Pateetal., 2018 Holstein LSD HSCAS FloMatrix 16 113 100
7 Pateetal., 2018 Holstein LSD HSCAS FloMatrix 16 227 100
8 Queiroz et al., 2012 Holstein LSD MMT Calibrin 8 46 75
8 Queiroz et al., 2012 Holstein LSD MMT Calibrin 8 230 75
9 Xiongetal., 2018 Holstein FD Na MMT + YCW Solis Mos 10 6.0 20
10 Chaetal., 2021 Holstein CRBD MMT + Dialomite 10 15 168
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10 Chaetal., 2021 Holstein CRBD MMT =+ Dielomite + 10 15 168
11 Gongalves et al., 2016 Holstein CRBD Cell wall ICC Brazil 2 20 480
11 Gongcalves et al., 2016 Holstein CRBD Autolyzed yeast ICC Brazil 2 20 480
11 Gongalves et al., 2016 Holstein CRBD Dried yeast ICC Brazil 2 20 480
11 Gongalves et al., 2016 Holstein CRBD Brewery yeast ICC Brazil 2 20 480
12 Mojtahedi et al., 2013 Holstein CRBD Ester.Glucomanan 12 18 4.6
12 Mojtahedi et al., 2013 Holstein CRBD Ester.Glucomanan 12 27 4.6
12 Mojtahedi et al., 2013 Holstein CRBD Ester.Glucomanan . 12 36 4.6
13 Diazetal., 2004 Holstein CRBD Bentonite Astr-Ben20 32 1.20% 55
13 Diazetal., 2004 Holstein CRBD Bentonite Flow Guard 32 1.20% 55
13 Diazetal., 2004 Holstein CRBD Bentonite Mycosorb 32 1.20% 55
13 Diazetal., 2004 Holstein CRBD AC AC-A 4 0.25% 55
13 Diazetal., 2004 Holstein CRBD Bentonite AB-20 4 1.20% 55
13 Diazetal., 2004 Holstein CRBD YCW MTB-100 4 0.05% 55
13 Diazetal., 2004 Holstein CRBD Bentonite Red Crown 4 1.20% 55

Bentonite
14 Masoero et al., 2009 . CRBD Mg-Smectite Atox 4 22.2 7.47
15 Sulzberger et al., 2017 Holstein CRBD Mixed clay 10 10.91 100
15 Sulzberger et al.,2017 Holstein CRBD Mixed clay 10 22.34 100
15 Sulzberger et al., 2017 Holstein CRBD Mixed clay 10 42.86 100
16 Guoetal., 2019 Holstein CRBD Bacillus.subtilis 8 38 63
17 Ogunade et al., 2016 Holstein I-Crossover Chlorophyli 12 20 75
17 Ogunade et al., 2016 Holstein I-Crossover Chlorophyli 12 20 75
17 Ogunade et al., 2016 Holstein I-Crossover ~ Combined Na- Bentonite . 12 20 75
18 Intanoo et al.,2020 Holstein CRBD Yeast CPY1 4 2 22.28
18 Intanoo et al.,2020 Holstein CRBD Yeast RSY5 4 2 22.29
18 Intanoo et al.,2020 Holstein CRBD Yeast YSY2 4 2 22.29
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19 Allenetal.,2019 Holstein CRBD Bentonite . 6 50 300
20 Maki et al.,2017 Holstein CRBD HSCAS Novasil+ 15 4,185 50
20 Maki et al.,2017 Holstein CRBD HSCAS Novasil+ 15 8.615 50
21 Sumantri et al.,2012 Crossbred CRBD Bentonite 4 2.84 30.81
21 Sumantri et al.,2012 Crossbred CRBD Bentonite 4 22.84 30.65
22 Rojoetal., 2014 Holstein CRBD HSCAS 12 44 40
22 Rojoetal., 2014 Holstein CRBD HSCAS 12 44 40
22 Rojoetal., 2014 Holstein CRBD YCW 12 16.5 40
22 Rojoetal., 2014 Holstein CRBD HSCAS 4 44 40
22 Rojoetal., 2014 Holstein CRBD HSCAS 4 44 40
22 Rojoetal., 2014 Holstein CRBD YCW . 4 16.5 40
23 Kissell et al., 2012 Holstein CRBD Glucomanan + HSCAS Lallemand 12 100 3.70

Kissell et al., 2012 . MTB-
23 Holstein CRBD Glucomanan 100_2004 12 10 3.97
Kissell et al., 2012 . MTB-
23 Holstein CRBD Glucomanan 100_2006 12 10 3.93
23 Kissell et al., 2012 Holstein CRBD Glucomanan Prototype 12 10 3.97
Kissell et al., 2012 . MTB-
23 Holstein CRBD Glucomanan 100_2006 5 50 3.72
23 Kissell et al., 2012 Holstein CRBD Ca Bentonite Astr-Ben20 5 227 3.44
24 Harvey et al., 1991 Holstein Reversal.D HSCAS 3 60 200
24 Harvey et al., 1991 Holstein Reversal.D HSCAS 3 120 100
25 Hajmohammadi et al., 2021 Holstein CRBD Bent 4 129.5 41
25 Hajmohammadi etal. 2021 Holstein CRBD Clay + chg\gve* AC+ B0 Tox 4 119.5 M
26 Moran et al., 2013 Ayrshire Crossover YCW Mycosorb 4 10 5
26 Moranetal., 2013 Ayrshire Crossover YCW Mycosorb 4 50 5
27 Stroud, 2007 Holstein CRBD YCW MTB-100 6 100 171
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27
27
27
27
27
27
27
28
28
28

Stroud, 2007
Stroud, 2007
Stroud, 2007
Stroud, 2007
Stroud, 2007
Stroud, 2007
Stroud, 2007
Galvano et al., 1996
Galvano et al., 1996
Galvano et al., 1996

Holstein
Holstein
Holstein
Holstein
Holstein
Holstein
Holstein
Holstein
Holstein
Holstein

CRBD
CRBD
CRBD
CRBD
CRBD
CRBD
CRBD
Reversal.D
Reversal.D
Reversal.D

YCW
HSCAS
HSCAS

YCW

Smectite
Bentonite
HSCAS
HSCAS
AC
AC

UltraSorb
Mexil
Novasil+
Toxynil+
Condition Ade
Astra Ben
Milbond-TX

A PO OO OO OO

4

100
100
100
100
100
100
100
500
500
500

171
171
171
171
171
171
171
56.4
56.4
56.4

!CRBD: complete randomized block design; LSD: Latin square design; FD: factorial design; I-crossover: inverse crossover design; Reversal.D:

reversal design.

2MTB: mycotoxin binder; AC: Activated carbon; MMT: montmorillonite; YCW: yeast cell wall; HSCAS: hydrated sodium calcium silicate.

3Commercial name of each MTB type

85



Network meta-analysis Chapter 111

Table 2. Heterogeneity values and the respective judgment for each treatment comparison sorted by AFM1 indexes.

86

Comparison Estimate 2 2 95%_Confidence 95% Prediction Hqterogeneity
interval interval judgment

AFML1 concentration, pg/L
CTR:HSCAS 0.24 91.1 0.006 (0.160,0.316) (-0.033,0.508) Major concern
CTR:YCW 0.26 94.5 0.008 (0.188,0.335) (-0.001,0.530) Major concern
CTR:Bentonite -0.36 99.6 0.051 (-0.447,-0.262) (-0.630,-0.080) No concern
CTR: MIX 0.11 87.2 0.003 (0.038,0.173) (-0.162,0.373) Major concern
HSCAS:YCW 0.02 75.0 0.018 (-0.078,0.125) (-0.255,0.302) No concern
HSCAS:Bentonite -0.12 NA NA (-0.238,0.004) (-0.403,0.169) No concern
HSCAS: MIX -0.13 96.3 0.357 (-0.233,-0.032) (-0.410,0.146) Major concern
YCW:MIX 0.16 NA NA (0.058,0.253) (-0.121,0.433) Major concern
YCW:Bentonite -0.09 NA NA (-0.211,0.024) (-0.379,0.192) No concern
Bentonite:MIX -0.25 0.0 0.000 (-0.357,-0.142) (-0.530,-0.032) Major concern

AFM percentage reduction, %
CTR:HSCAS -35.54 975 256.073 (-44.175,-26.904) (-70.295,-0.784) No concern
CTR:YCW -27.80 94.2 82.477 (-35.626,-19.974) (-62.357,6.756) Major concern
CTR:Bentonite 37.14 99.3  313.652 (27.156,47.133) (2.015,72.274) No concern
CTR: MIX -26.82 98.8  321.105 (-35.296,-18.340) (-61.533,7.898) Major concern
CTR:AC 6.05 100  272.839 (-9.819,21.930) (-31.251,43.362) No concern
HSCAS:YCW 7.74 82,5 535.937 (-2.866,18.345) (27.577,43.056) No concern
HSCAS: MIX 8.72 769 612.193 (-3.034,20.478) (-26.970,44.413) No concern
HSCAS:Bentonite 1.61 NA NA (-11.192,14.401) (-34.456,37.665) No concern
HSCAS:AC -29.48 NA NA (-47.290,-11.678) (-67.683,8.715) Major concern
YCW:Bentonite 9.34 98.9 2855.676 (-2.372,21.061) (26.334,45.022) No concern
YCW:MIX -0.98 NA NA (-12.267,10.302) (-36.516,34.551) No concern
YCW:AC -21.745 0 0.000 (-38.253,-5.236) (-59.335,15.846) Major concern
Bentonite:MIX 10.33 0.0 0.000 (-2.086,22.739) (-25.595,46.247) No concern
Bentonite:AC -31.01 99.2  546.567 (-48.044,-14.133) (-68.885,6.707) Major concern
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MIX:AC -20.76 NA NA (-38.572,-2.952) (-58.963,17.439) Major concern
AFM1 Excretion, pg/d
CTR:HSCAS 1.21 70.0 0.46 (0.592,1.837) (-0.696,3.125) No concern
CTR:YCW 0.42 55.5 0.528 (-0.214,1.048) (-1.496,2.330) No concern
CTR:Bentonite -0.95 66.8 0.965 (-1.855,-0.530) (-2.978,1.070) Major concern
CTR:MIX 0.88 81.9 1.065 (0.396,1.364) (-0.988,2.747) Major concern
HSCAS:YCW -0.80 NA NA (-1.661,0.067) (-2.804,1.210) No concern
HSCAS:Bentonite 0.26 NA NA (-0.829,1.350) (-1.859,2.380) No concern
HSCAS: MIX -0.34 0.0 0.000 (-1.094,0.425) (-2.296,1.627) No concern
YCW:MIX -0.46 NA NA (-1.244,0.319) (-2.434,1.508) No concern
Bentonite:YCW -0.54 NA NA (-1.634,0.561) (-2.661,1.587) No concern
Bentonite:MIX -0.07 18.7 0.084 (-1.034,0.886) (-2.127,1.979) No concern
AFM1 Transfer, %
CTR:HSCAS 0.71 95.7 0.163 (0.271,1.143) (-0.795,2.209) Major concern
CTR:YCW 1.48 99.9 6.956 (1.137,1.829) (0.005,2.961) No concern
CTR:Bentonite -0.67 99.8 0.128 (-1.124,-0.212) (-2.176,0.841) Major concern
CTR:MIX 0.45 98.3 0.132 (0.112,0.790) (-1.025,1.927) Major concern
HSCAS:YCW 0.78 NA NA (0.230,1.322) (-0.763,2.316) Major concern
HSCAS:Bentonite 0.04 NA NA (-0.589,0.667) (-1.533,1.611) No concern
HSCAS: MIX -0.26 77.6 0.091 (-0.785,0.273) (-1.789,1.278) No concern
YCW:Bentonite 0.82 NA NA (0.244,1.387) (-0.734,2.365) Major concern
YCW:MIX 1.03 NA NA (0.555,1.508) (-0.483,2.547) Major concern
Bentonite: MIX -0.22 0.0 0.000 (-0.757,0.323) (-1.754,1.321) No concern
AFM1 Urine concentration, pg/L
CTR:HSCAS 0.36 0.0 0.000 (-0.385,1.102) (-0.946,1.663) No concern
CTR: MIX 0.27 54.1 0.217 (-0.146,0.678) (-0.803,1.335) No concern
HSCAS:MIX -0.09 NA NA (-0.943,0.757) (-1.488,1.303) No concern
AFB1 Fecal concentration, pg/kg
CTR:HSCAS 1.38 0.0 0.000 (-0.170,2.920) (-1.670,4.420) No concern
CTR: MIX 1.72 73.1 1.501 (0.771,2.668) (-0.947,4.386) Major concern
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HSCAS:MIX 0.35 NA NA (-1.468,2.158) (-2.909,3.598) No concern

ICTR: control; MIX: mixed binders; HSCAS: hydrated sodium calcium aluminosilicate; YCW: yeast cell wall.

88



Chapter 111 Network meta-analysis

Table 3. Indirect comparison analysis for each AFM1 outcome for milk, urine, and feces.

Indirect comparison! Estimate SD LCL UCL P value  Inconsistency
AFML1 concentration, pg/L
HSCAS vs. YCW -0.05 0.104 -0.270 0.151 0.57 No concerns
HSCAS vs. Bentonite  0.03 0.084 -0.138 0.200 0.71  Major concern
HSCAS vs. MIX -0.08 0.110 -0.305 0.139 0.45 No concerns
YCW vs. Bentonite 0.09 0.106 -0.123 0.304 0.39 Major concern
YCW vs. MIX -0.02 0.123 -0.271 0.224 0.84 No concerns
Bentonite vs. MIX -0.11 0.101 -0.319 0.090 0.26  Major concern
AFM1 % reduction, %
HSCAS vs. YCW 1.76 11.592 -21.521 25.047 0.87 Major concern
HSCAS vs. Bentonite  -9.56 15945  -41.589  22.464 0.55  Major concern
HSCAS vs. MIX -9.79 10.236 -30.355 10.764 0.34 Major concern
HSCAS vs. AC -19.23 19.748 -58.904 20.427 0.33 Major concern
YCW vs. Bentonite -11.32 15.381  -42.220 19.570 0.46 No concerns
YCW vs. MIX -11.55 8.241 -28.112 4.995 0.17 Major concern
YCW vs. AC -21.00 19.354  -59.876 17.873 0.28 Major concern
Bentonite vs. MIX -0.23 14281  -28.917  28.451 0.98  Major concern
Bentonite vs. AC -9.67 22.999 -55.872 36.519 0.67 No concerns
MIX vs. AC -9.44 17.793  -45.182 26.295 0.59 Major concern
AFM1 excretion, pg/d
HSCAS vs. YCW 9.37 2.443 4.383 14.366 >0.05 No concerns
HSCAS vs. Bentonite  -1.98 5.150 -12.510 8.541 0.70  No concerns
HSCAS vs. MIX -0.33 0.487 -1.330 0.662 0.49  Major concern
YCW vs. Bentonite -11.35 4.74 -19.679 -3.038 >0.05 No concerns
YCW vs. MIX -9.70 2.69 -15.203 -4.213 >0.05 No concerns
Bentonite vs. MIX 1.65 5.308 -9.190 12.491 0.31 No concerns
AFML1 transfer, %
HSCAS vs. YCW -0.24 0.250 -0.751 0.267 0.34  Major concern
HSCAS vs. Bentonite  0.38 0.126 0.130 0.647 >0.05  No concerns
HSCAS vs. MIX 0.21 0.121 -0.035 0.459 0.09  Major concern
YCW vs. Bentonite 0.63 0.175 0.272 0.988 >0.05  No concerns
YCW vs. MIX 0.45 0.234 -0.023 0.931 0.06  No concerns
Bentonite vs. MIX -0.17 0.065 -0.310 -0.042 >0.05 No concerns
Urine AFM1 concentration, pg/L
HSCAS vs. MIX -4.21 1.787 -8.811 0.377 0.06  Major concern
Fecal AFB1 concentration, pg/kg
HSCAS vs. MIX -0.82 1.625 -5.002 3.355 0.63  Major concern

MIX: mixed binders; HSCAS: hydrated sodium calcium aluminosilicate; YCW: yeast cell wall.
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ABSTRACT

The objective of this study was to evaluate the capac-
ity of 6 mycotoxin binders (MTB) to adsorb 3 AA and 4
water-soluble vitamins (WSV). Two experiments were
conducted in in vitro conditions to simulate postrumi-
nal digestion with pepsin, malic acid, citric acid, acetic
acid, and lactic acid at pH 3.0 and intestinal digestion
with bile salts and pancreatin extract at pH 6.5. Experi-
ment 1 was conducted with AA, and experiment 2 was
conducted with WSV. Within experiment, main factors
were the MTB (bentonite, clinoptiolite, sepiolite, mont-
morillonite, activated carbon, and yeast cell walls), the
substrate (AA: Lys, Met, and Thr; WSV: By, B,, By,
and Bg), and the incubation strategy (substrates alone
or mixed). Data were analyzed for the effects of main
factors and their interactions. In experiment 1, the
adsorption average for AA when incubated separately
was 44.3%, ranging from 62.4% for Thr by clinoptiolite
to 20.0% for Thr by activated carbon. When incubated
together, the average adsorption was reduced to 19.9%,
suggesting competition among substrates for adsorp-
tion. Adsorption ranged from 29.8% for Thr by yeast
cell walls to 5.6% for Met by clinoptiolite, but there
were significant interactions among MTB and AA. In
experiment 2, the average adsorption of WSV when
incubated separately or together was 34.1 and 45.1%,
respectively, suggesting possible synergies among sub-
strates. When vitamins were incubated separately, ad-
sorption ranged from 90.5% for vitamin B, to 4.0% for
vitamin B; by montmorillonite. Vitamins B, (except by
yeast cell walls) and By (except by bentonite, sepiolite,
and montmorillonite) were absorbed the most, and vi-
tamin By was absorbed the least (except by activated
carbon and yeast cell walls, which were least together
with vitamin By). When vitamins were incubated to-
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Accepted November 23, 2019.
*Corresponding author: Sergio.CalsamigliaGuab.cat

gether, adsorption ranged from 97.0% for vitamin B,
by montmorillonite to 0% for vitamin B, by activated
carbon and vitamin By by bentonite. Vitamins B, by all
MTB and By by clinoptiolite, sepiolite, and yeast cell
walls were the most adsorbed, and vitamin By (except
by activated carbon and yeast cell wall) was the least
absorbed. There were significant interactions among
MTB and WSV. Mycotoxin binders have a high degree
of adsorption of the AA and WSV tested in in vitro
conditions, which may limit their bioavailability. Re-
sults also suggest that when substrates were incubated
together some interactions for adsorption occurred,
which were competitive among AA and synergic among
vitamins.

Key words: mycotoxin binder, adsorption, amino
acid, vitamin

INTRODUCTION

Mycotoxins are secondary metabolites of molds
produced under unfavorable climate conditions and
during handling, transportation, or storage of feeds
and represent a potential risk for animal and human
health (Yiannikouris and Jouany, 2002; Jouany et al.,
2005). Currently, more than 65% of the food produced
worldwide is contaminated with mycotoxins (Biomin,
2019). Mycotoxins may affect feed intake, production
performance, reproduction, and the immune system
(Lubulwa and Davis, 1994; Akande et al., 2006), result-
ing in high economic losses for the livestock industry
(Yiannikouris and Jouany, 2002; CAST, 2003).

Mycotoxin binders (MTB) are among the primary
strategies to control the negative effects of mycotoxins
when they are already present in the gastrointestinal
tract of animals. The binding capacity depends on the
molecular size, structure, and weak ionic interactions
between organic molecules and MTB (Phillips et al.,
1990; Jouany et al., 2005). Thus, this interaction may
be selective depending on the MTB and the mycotoxin.
For example, Huff et al. (1992) reported that hydrated
sodium calcium aluminosilicates reduced the toxicity
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of aflatoxins but not that of ochratoxin in chicks. Diaz
et al. (2004) reported that the adsorption capacity of
bentonite for aflatoxins varies among different mine
sources. Yeast cell walls have high adsorption affinity
for zearalenone (Jouany et al., 2005), and the addition
of yeast cell walls to diets reduced aflatoxin residues in
milk (Diaz et al., 2004).

The specificity and the affinity of MTB depend on
the molecular size, structure, and charge interactions
between MTB and ligands. Certain organic compounds
such as fatty acids, amines, AA, vitamins, and aromatic
compounds have similar molecular weight, structure, or
charges as mycotoxins. This may make it possible for
MTB to adsorb these dietary compounds (Lagaly et al.,
2013). Vekiru et al. (2007) reported that the presence
of nutrients (proteins, enzymes, and vitamins) in the
gastric juice reduced the adsorption of mycotoxins by
15%. Barrientos-Veldzquez et al. (2016) also observed
an interaction between bentonite and the adsorption of
vitamin B, and aflatoxins. Similar results were reported
by Joshi et al. (2009) where montmorillonite adsorbed
vitamin B,. As the adsorption mechanism of clays is
through a cation exchange of small molecules, other
clay-based binders may also interfere with nutrients
in the gastrointestinal tract. However, no studies have
tested different AA and vitamins for adsorption by dif-
ferent types of MTB.

We hypothesized that MTB may adsorb nutrients of
relatively small molecular weight such as AA and vita-
mins with different affinities depending on the type of
MTB. The aim of this work was to assess the capacity
of different MTB to adsorb AA and vitamins using an
in vitro postruminal digestion model.

MATERIALS AND METHODS
Incubations and Treatments

In vitro experiments were carried out using an ad-
aptation of the technique described by Lemke et al.
(2001) and Gallo and Masoero (2010). Incubations were
conducted in triplicate and in 2 consecutive periods.
Samples were incubated in 100-mL tubes containing 50
mL of the gastric digestion solution; prepared with 1.25
g/L pepsin (77160, Sigma-Aldrich, St. Louis, MO), 0.5
mL of malic acid, 42 pL/L lactic acid, 0.5 g/L citric
acid, and 50 pL/L acetic acid; and adjusted at pH 3.0.
Tubes were incubated in a water bath at 37°C for 2 h
and shaken with a vortex at the start of the incubation
and at 1-h intervals until the end of the incubation.
After 2 h, the pH was neutralized to 6.5 with 2 mL of
sodium bicarbonate solution (8.8 g/100 mL) and 2 mL
of a second solution containing 3.5 g/100 mL bile salts
(48305, Sigma-Aldrich) and 1 g/100 mL pancreatin

Joumal of Dairy Science Vol. 103 No. 4, 2020

94

3126

(P7545, Sigma-Aldrich) to simulate intestinal digestion.
The incubation continued under the same conditions
for an additional 2 h.

Two experiments were conducted according to the
type of substrate: experiment 1 with AA and experi-
ment 2 with water-soluble vitamins (WSV). Within
each experiment, main factors were the MTB (benton-
ite, clinoptiolite, sepiolite, montmorillonite, activated
carbon, and yeast cell walls), the substrate (experiment
1: Lys, Met, and Thr; experiment 2: vitamins By, By, Bs,
and Bg), and the incubation strategy (substrates alone
or together). The substrates evaluated in experiment 1
(AA) were Lys (98.5% purity; Meihua Group, Kowloon,
Hong Kong), Thr (98.5% purity; Meihua Group), and
Met (99% purity; Evonik, Isernhagen, Germany). Ly-
sine and Met were selected because they are the main
limiting AA, and Thr was selected because, being an
essential AA, it contains a side chain with a hydroxyl
group. Lysine also contains positive charges in its 2
amino groups. The substrates evaluated in experiment 2
(WSV) were vitamins B, (thiamine mononitrate, 99.8%
purity; DSM Nutritional Products, Ruma, Serbia), B,
(riboflavin, 82% purity; Kaesler Nutrition, Cuxhaven,
Germany), B; (niacinamide, 99% purity; Shandong
Kunda Biotechnology, Shandong, China), and Bg (pyri-
doxine hydrochloride, 99.9% purity; Kaesler Nutrition).
The WSV were selected because they have a similar
molecular weight compared with many mycotoxins (B,
and B,) or have similar molecular weight compared
with AA but contain a different number of hydroxyl
groups (1 and 3 for vitamins By and By, respectively).
The dose of MTB was calculated according to its use
in field conditions (2 kg/t). The MTB to AA or WSV
ratio was calculated to be similar to that found in
physiological conditions (NRC, 2001; Calsamiglia and
Rodriguez-Prado, 2012). Doses of MTB were 100 mg of
each MTB. The doses of substrates were as follows: 100
mg of Lys, Thr, and Met; 0.15 mg of vitamin By; 0.50
mg of vitamin B,; 4.0 mg of vitamin Bs; and 0.25 mg
of vitamin By. All incubations included a blank consist-
ing of the buffer without MTB or substrates and a
positive control with buffer and each substrate but not
MTB. Within each assay, substrates were incubated
separately or together within type of substrate.

Sampling, Processing, and Analyses

At the end of the incubation process, subsamples
of each individual tube were taken and centrifuged at
7,000 x ¢ for 15 min at 5°C, and the resulting super-
natant was frozen at —20°C until analysis of the AA
and vitamin concentrations. For the analysis of AA,
200 pL of each subsample was diluted with 800 pL of
deionized water. Then, 5 pL of each diluted sample
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was placed in glass vials for the AA derivatization
with fluorenylmethoxycarbonyl at pH 8.5 for 20 min
at room temperature. The derivatization reaction was
stopped with 200 pL of glycine solution (7.5 mg/mL
of water). The concentrations of AA in samples were
analyzed using HPLC with fluorometric detection of
the fluorenylmethoxycarbonyl derivatives of each AA.
Amino acid samples were separated using a 5-pm re-
versed-phase chromatography ultrabase column (200 x
4.6 mm i.d., AKADY, Barcelona, Spain). The column
was maintained at 50°C, and the flow rate was set to
1.5 mL/min. The HPLC mobile phase was acetonitrile
0.1% phosphoric acid in water in a solvent gradient
as follows. The initial conditions were 28% acetonitrile
and 72% phosphoric acid; after injection, the conditions
linearly changed to 72:28 for 15 min and returned to the
initial conditions in 0.1 min. The total sample running
time was 18.5 min. An Agilent (Darmstadt, Germany)
1100 system equipped with an autosampler (Agilent
G1330A), a quaternary pump (Agilent G13114), and
a fluorometric detector (Agilent G1321A) was used for
AA quantification. Data were processed using an IBM
(Armonk, NY) computer with ChemStation software
(Agilent). Substrates were detected at 254- and 313-nm
excitation and wavelength emission, respectively. Under
these conditions, the retention times of the derivatives
of Thr, Met, and Lys were 8.35, 11.6, and 16.16 min,
respectively.

For the quantification of WSV, 1 mL of each sample
was placed in an Eppendorf tube and centrifuged at
20,000 x g for 10 min at 4°C. A 200-pL aliquot of each
sample was diluted with 200 pL of methanol and 400
pL of Milli-Q water (MilliQ) Water Purification System,
Molsheim, France). Then, the samples were shaken in
a multivortex for 5 min and centrifuged at 7,000 x
g for 10 min at 4°C. A 100-pL aliquot was placed in
HPLC vials for analysis. The quantification of WSV
was performed with a reversed-phase HPLC technique
with tandem MS detection of triple quadrupole. Water-
soluble vitamin samples were separated using a 1.8-pm
Zorbax SB-C18 column (150 x 4.6 mm i.d., Agilent)
and a 1260 series HPLC (Agilent). The column was
maintained at 30°C, and the flow rate was set to 0.3
mL/min. The HPLC mobile phase was methanol 0.1%
formic acid and water 0.1% formic acid in a solvent gra-
dient condition as follows. The initial conditions were
20:80 MetOH:water; for 3 min the conditions changed
to 80:20 and were maintained for 1 min at 80:20 and
then returned to initial conditions. The total run time
was 12 min. Substrates were detected with an MS-QQQ
detector (Agilent G6420) with electrospray ionization
source in positive mode. The quantified transitions were
265.1 to 144 for vitamin By, 377.1 to 243.1 for vitamin
By, 123.1 to 80.1 for vitamin By, and 170.1 to 152.1 for
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vitamin B;. Under these conditions, the retention times
were 4.1, 5.1, 6.3, and 9.1 min for vitamins By, B;, By,
and Bg, respectively.

For the sample quantification (AA or WSV), a cali-
bration sample set (5 levels) was prepared and analyzed
each day of analysis. Calibration samples were prepared
with a blank matrix spiked with increasing known
concentrations of each substrate. A linear regression
calibration curve was calculated between the peak area
and the calibration sample concentration. Sample sub-
strate concentration was calculated after interpolation
of the peak area into the calibration curve. In addition,
each day of analysis, a quality control sample set (trip-
licate) was prepared at 3 levels of the calibration curve
to accept the results of the analytical series.

The adsorption index was calculated as the differ-
ence between the concentration of each substrate of the
positive control without MTB and the corresponding
treatment concentration of the substrate incubated
with the MTB as

adsorption index = (Ci — Ct) x 100/Ci,

where Ci is the initial concentration of the positive con-
trol (mg/mL) and Ct is the treatment concentration of
the unbound substrate with MTB (mg/mL) from the
corresponding positive control of the substrate studied.
The adsorption index was expressed as a percent of the
substrate bound to the MTB.

Statistical Analyses

Within each experiment, AA and WSV adsorption
results were analyzed using PROC MIXED of SAS
(version 9.4; SAS Institute Inc., Cary, NC). Within
each experiment (AA or WSV), the model included
as fixed effects the MTB, the substrates (each AA or
WSV), the incubation strategy (individual vs. mixed
substrates), and their interactions. The experimental
period was the random effect. Results are presented
as least squares means. When the difference between
means was significant (P < 0.05), the comparison of
means was made using the Tukey test and separated
using the SLICEBY option of PROC PLM of SAS.

RESULTS

Main effects, the interaction between MTB and sub-
strates, and the 3-way MTB X substrates X incubation
strategy interactions were significant. The 3-way inter-
action is difficult to present in a 6 X 3 x 2 and 6 x 4
x 2 factorial design. Therefore, results of the MTB x
substrate interaction are shown in separate tables when
incubated alone or together.
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Table 1. Adsorption index of the 6 mycotoxin binders with the 3 AA when incubated separately

Mycotoxin binder'

AA Bentonite Clinoptiolite Sepiolite MMT AC YCW
Lysine 28.3" 36,1 31.90% 470N 38,470 38,7
Methionine 51.9" 50.7" 41.4™ 40.0% 50.4" 47.8™
Threonine 536" 624" 481 531" 200 584
SEM 4.08

““Different superscripts in the same row indicate a significant effect between binders (P < 0.05).
" 'Different superscripts in the same column indicate a significant effect between AA (P < 0.05).
'MMT = montmorillonite; AC = activated carbon; YCW = veast cell wall.

AA Adsorption

The average adsorption index of AA when incubated
separately was 44.3%. Within MTB, average adsorp-
tion ranged from 49.7% in clinoptiolite to 36.3% in ac-
tivated carbon. Within AA, average adsorption ranged
from 49.3% in Thr and 36.6% in Lys. There was an
MTB x AA interaction in adsorption index (Table
1). Differences were significant between Thr and Met
versus Lys in bentonite and clinoptiolite, between Thr
versus Lys in sepiolite and yeast cell walls, between Thr
versus Met in montmorillonite, and between Thr versus
Met versus Lys in activated carbon. Threonine was less
adsorbed by activated carbon compared with the other
binders. Lysine was less adsorbed by bentonite and
sepiolite compared with montmorillonite. No difference
was observed in the adsorption of Met among binders.

The average adsorption index of AA when incubated
together (19.9%) was lower than when incubated sepa-
rately (44.3%) and ranged from 27.6% in montmoril-
lonite to 12.6% in clinoptiolite. Within AA, average
adsorption ranged from 22.4% in Thr to 16.0% in Met.
There was an MTB x AA interaction in adsorption
index (Table 2). Within MTB, differences were sig-
nificant between Lys and Met in clinoptiolite. Threo-
nine was less adsorbed in clinoptiolite compared with
montmorillonite, activated carbon, and yeast cell walls.
Lysine was less adsorbed by clinoptiolite and bentonite
compared with montmorillonite. Methionine was less

adsorbed by bentonite, clinoptiolite, and sepiolite com-
pared with montmorillonite and yeast cell walls.

WSV Adsorption

The average adsorption index for WSV when incu-
bated separately was 34.1% and ranged from an aver-
age of 56.4% in montmorillonite to 18.0% in activated
carbon. Among WSV, average adsorption ranged from
52.8% for vitamin B, to 5.4% for vitamin B;. The MTB
X WSV interaction for adsorption index was signifi-
cant (Table 3). Vitamin B, was adsorbed the highest
by bentonite and montmorillonite and the lowest by
activated carbon and yeast cell walls. Vitamin B, was
absorbed the highest by montmorillonite and the lowest
by clinoptiolite, activated carbon, and yeast cell wall.
Vitamin By adsorption was very low (average of 5.4%)
and not different among MTB. Vitamin By was ab-
sorbed the highest by montmorillonite. Bentonite had
the highest affinity for vitamin B, and lowest affinity
for vitamin Bj. Clinoptiolite, sepiolite, and activated
carbon had the highest affinity for vitamins B, and B.
Clinoptiolite and sepiolite had the lowest affinity for
vitamin Bj, and activated carbon had the lowest af-
finity for vitamins B, and B;. Montmorillonite had the
highest affinity for vitamin B,. Yeast cell walls had the
highest affinity for vitamin B and the lowest affinity
for vitamin Bs.

Table 2. Adsorption index of the 6 mycotoxin binders with the 3 AA when incubated together

Mycotoxin binder'

AA Bentonite Clinoptiolite Sepiolite MMT AC YCW
Lysine 15.7 186%™ 14.7 28.8" 244 25.7%
Methionine 9.9° 5.6 11.9" 24.9° 20.0" 23.5%
Threonine 17.1% 136" 19.0™ 29.2" 25.6" 29.8"
SEM 3.32

“Different superscripts in the same row indicate a significant effect between binders (P < 0.05).
"*Different superscripts in the same column indicate a significant effect between AA (P < 0.05).
'MMT = montmorillonite; AC = activated carbon; YCW = yeast cell wall.
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Table 3. Adsorption index of the 6 mycotoxin binders with 4 water-soluble vitamins when incubated separately

Mycotoxin binder"

Water-soluble

vitamin Bentonite Clinoptiolite Sepiolite MMT AC YCW
Bl 83.6M" 50‘2]).\\- 49.01).\\' 90.5™" 9355 19.9°%
B, 52.7° 18.0% 329% 67.7° 8.0 7.5
B, 8.0° 49 5.4 40° 5.5 5.0°
B; 9.9 35.8"" 4345 634" 349" 5.7
SEM 5.03

*“Different superscripts in the same row indicate a significant effect hetween binders (P < 0.05).
"'Different superscripts in the same column indicate a significant effect between vitamins (P < 0.05).
'MMT = montmorillonite; AC = activated carbon; YCW = yeast cell wall.

The average adsorption index for WSV when incu-
bated together (46.1%) was higher than when incubated
separately (34.1%). Average adsorption was highest in
montmorillonite (60.5%) and lowest in activated carbon
(33.5%). Among WSV, average adsorption was high-
est for vitamin B, (78.4%) and lowest for By (4.1%).
There was a significant MTB x WSV interaction in the
adsorption index when WSV were incubated together
(Table 4). Bentonite had the highest affinity for vita-
min B, and the lowest affinity for B;. Clinoptiolite and
sepiolite had the highest affinity for vitamins B, and
B; and the lowest affinity for B;. Montmorillonite and
activated carbon had the highest affinity for vitamin B,
and the lowest affinity for By and B, respectively. Yeast
cell walls had the highest affinity for vitamin B, and By
and the lowest affinity for B, and B;. Vitamin B, ad-
sorption was highest in bentonite and montmorillonite
and lowest in yeast cell walls. Adsorption of vitamin B,
was highest in montmorillonite and lowest in activated
carbon. The average adsorption of vitamin By was low
(4.1%), with small differences among MTB. Adsorption
of vitamin B was high (65.7%), but with small differ-
ences among MTB (ranged from 59.2 to 72.1%).

DISCUSSION

Mycotoxin binders are used in animal industry to re-
duce the negative effects of mycotoxins in contaminated

feeds. A wide diversity of mechanisms of action explain
the variable adsorption capacity of MTB in front of
different mycotoxins. Current understanding relates
the adsorption capacity to a combination of factors
including molecular size, structure, and the capacity to
establish weak chemical bonds between the mycotoxin
and the binder (Deng et al., 2010; Deng and Szczerba,
2011). These mechanisms of action are often unspe-
cific and thus may adsorb other nutrients (McLaren et
al., 1958; Pinck, 1962; Lagaly et al., 2013; Barrientos-
Veldzquez et al., 2016). For example, the molecular
weight of aflatoxin, vomitoxin, zearalenone, and niva-
lenol is around 300 g/mol (312, 296, 318, and 312 g/
mol, respectively) and is greater for ochratoxin, ergot,
and fumonisin (403, 581, and 721 g/mol, respectively).
The molecular weights of Lys, Met, Thr, vitamin By,
and vitamin Bg (147, 149, 119, 127, and 169 g/mol,
respectively) are smaller than mycotoxins, and the mo-
lecular weights of vitamins B, and B, (265 and 376 g/
mol, respectively) are closer to most mycotoxins. In the
present experiment, average adsorption of AA (44.3%,
ranging from 20.0 to 62.4%) and WSV (34.1%, ranging
from 4.0 to 91.5%) was within the range and variability
observed for the adsorption capacity for mycotoxins
(Calsamiglia and Kihal, 2019). This occurred for AA
even considering that their molecular weight was much
lower than that of mycotoxins. Kollar et al. (2003) also
observed that adsorption of protonated AA, including

Table 4. Adsorption index of the 6 mycotoxin binders with 4 water-soluble vitamins when incubated together

Mycotoxin binder'

Water-soluble

vitamin Bentonite Clinoptiolite Sepiolite MMT AC YCW
B, 942" 746" 7340w 97.0" 70.3% 60.7"
B, 55.3'0% 35,3 50.9" 66.0" 0.0° 9.9%%
Bis 0.0[)"‘. LO:\I).y 8.3 7.0:\1)._\' 4'3:\|)A.\' 4.2“!).2(
B; 62.2°0% 66.6" 67.0°" 72.1%* 59.2" 66.9°"*
SEM 441

““Different superscripts in the same row indicate a significant effect between binders (P < 0.05).
"“Different superscripts in the same column indicate a significant effect between vitamins (P < 0.05).
'MMT = montmorillonite; AC = activated carbon; YCW = yeast cell wall.

Joumal of Dairy Science Vol. 103 No. 4, 2020

97



First experiment

Chapter 1V

Kihal et al.: MYCOTOXIN BINDERS AND NUTRIENT INTERACTION

Lys and Met, by montmorillonite was high. The adsorp-
tion of AA into clays is associated with their zwitterion
state, where they have a positive and a negative charge
(dipole). When incubated separately, there were large
differences in adsorption among AA and MTB, ranging
from 20.0% in activated carbon to 62.4% in clinoptio-
lite for Thr. Threonine has the lowest molecular weight
among the AA tested, but the hydroxyl group may
have contributed to establishing additional binding
sites, resulting in higher adsorption. Methionine has a
larger molecular weight but no hydroxyl groups to help
increase binding, yet adsorption was similar to that of
Thr, except by montmorillonite and activated carbon.
In contrast, Lys had the lowest adsorption in benton-
ite, clinoptiolite, and sepiolite despite similar molecular
weight compared with Met. Because the size of AA
was much smaller than that of mycotoxins and were
different among AA, differences in adsorption cannot
be justified by differences in molecular weight. In most
cases, the binding sites of MTB contain cations, which
are effective binders for anions. Then, hydroxyl groups,
present in Thr, may have enhanced adsorption, whereas
the 2 positive charges in the form of amino groups in
Lys may have reduced its adsorption. Although the
changes in molecular weight and differences in charges
among the AA tested were small, they may justify the
differences in adsorption by different MTB. Mortland
and Lawless (1983) reported that small changes in the
interlayer space in Na™ bentonite (~20 A) compared
with Ca** bentonite (~15.0 A) were sufficient to change
the physical space or the distance for a stable ionic
interaction and modify the adsorption capacity of clays.
Adsorption of the 3 AA by yeast cell walls and Lys and
Met by activated carbon was not much different from
that of clays. The adsorption of mycotoxins by yeast cell
walls depends on the (3-D-glucans inner layer that binds
mycotoxins based on their geometrical form, electron
bonds between aromatic cycle and glucose units, and
H-bonding with hydroxyl groups (Jouany et al., 2005).
Threonine has low molecular weight, but the hydroxyl
group may have contributed to the high adsorption hy
yeast cell walls. In contrast, adsorption of Thr by acti-
vated carbon was lower than that of other MTB. The
mechanism of adsorption of activated carbon is attrib-
uted to the weak interactions between aromatic groups
of mycotoxins and the hydrophobic environment of ac-
tivated carbon (Sénchez et al., 2012). Activated carbon
bounds mycotoxins into pores whose size is much larger
than the interlayer space of clays: the interlayer space
of clays is measured in angstroms, whereas the pores in
the activated carbon are measured in nanometers (Gal-
vano et al., 2001; Sethia and Sayari, 2016). It is possible
that Thr is too small to establish bonds within these
large pores of activated carbon; however, Met and Lys
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are only slightly larger but adsorption was relatively
high (50 and 38%, respectively) despite the 2 cations in
the form of amino groups in Lys.

When AA were incubated together, the average ad-
sorption of the 3 AA decreased from 44.3 to 19.9%, sug-
gesting that the interaction was competitive in the con-
ditions of the test. The average adsorption was reduced
by 69, 74, and 62% for bentonite, clinoptiolite, and
sepiolite, respectively, compared with montmorillonite,
activated carbon, and yeast cell walls, where adsorption
was reduced by 41, 36, and 46%, respectively. Amino
acids adsorption decreased 58, 34, and 16% for Lys,
Met, and Thr, respectively. Methionine went from the
highest adsorption when incubated alone to the lowest
when incubated together with the other AA. Results
suggest that Met was bound to MTB through weak links
and was displaced easier when there was competition
with other AA. The MTB x substrate x incubation
strategy was significant (statistical output not shown).
However, the interpretation of the 3-way interaction is
difficult and complex. Tables for the MTB X substrate
interaction for incubation of substrates alone or mixed
are provided (Tables 1 and 2) for consideration of such
interactions, but they are not discussed in detail herein.
Overall, results suggest that the incubation of the 3 AA
together may result in a competition among them and
saturate the adsorption sites of MTB, excluding the
ones with weaker affinity.

One mechanism of action of the adsorption of nutri-
ents into MTB is the presence of hydroxyl or carbonyl
groups to allow ionic interactions. Except vitamin By,
the WSV tested do not contain any of these groups.
However, vitamins have aromatic rings that allow bind-
ing with B3-D-glucans of yeast cell walls. We initially
hypothesized that higher molecular weight of vitamins
B, and B, and the structure with 3 aromatic rings
cycles would result in higher adsorption by yeast cell
walls and activated carbon and less by clays compared
with AA. Therefore, we also hypothesized that because
vitamins B, and B, had similar molecular weight com-
pared with most mycotoxins, their adsorption would
be higher compared with AA or vitamins B; and Bg.
However, this was not true, and therefore molecular
weight could not explain differences in the adsorption of
vitamins among MTB. Vitamins B3 and B; have similar
molecular weight, yet vitamin Bg has more hydroxyl
groups for binding compared with vitamin By (3 vs.
1 hydroxyl group, respectively). We hypothesized that
the hydroxyl groups would increase the binding affinity.
In fact, vitamin By had a higher adsorption index than
vitamin Bs, likely due to the differences in the number
of hydroxyl groups. In our study, vitamins B, (except
in yeast cell walls) and By (except in bentonite and
montmorillonite) had higher adsorption than the other
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vitamins, and vitamin Bj always had the lowest. It may
be hypothesized that because of the small size, WSV
can get into the interlayer space of clays and form stable
bonds. Joshi et al. (2009) and Barrientos-Veldzquez et
al. (2016) observed similar result in the adsorption of
vitamin B, in bentonite and montmorillonite. Mortland
and Lawless (1983) studied the adsorption of vitamin
B, in the presence of 2 types of bentonite (Ca** and
Na"). Results showed that Na* bentonite adsorbs more
B, than Ca”" bentonite. Authors associated this differ-
ence with the higher interlayer space in Na® bentonite
(~20 A) compared with Ca*t (~15.0 A), which allows
the adsorption of B, based on its molecular size. Similar
results were observed for vitamin B), which has a simi-
lar structure. Vitamin B; had very low adsorption by
all MTB. Although it is tempting to attribute this low
adsorption to its small molecular weight, it is similar
to Thr in molecular weight and structure, so there is
no clear explanation for these differences. However, it
adds evidence to the fact that molecular weight and
structure are only contributors to the binding affinity,
and other factors should also be involved. As observed
in AA, the average adsorption of WSV in activated
carbon was low, likely due to the fact that pores are too
large to allow for sufficiently strong ionic interactions.
The binding mechanism of action of yeast cell walls
has been attributed to the interaction with aromatic
organic compounds. Vitamins B, and B, contain 3
aromatic rings suitable for such interactions, but ad-
sorption was only intermediate for By (23.5%) and low
for By (8%) compared with the other vitamins. The
adsorption of vitamin B; was also very low in yeast
cell walls. The molecular structure of vitamin By is
similar to that of vitamin B; and smaller than that of
vitamins B, and B,. It includes a carbonyl group and
only 1 aromatic ring, so we cannot explain the lower
adsorption of vitamin Bj compared with vitamins B,
and B; based on its molecular structure. Also, it is not
clear why some MTB adsorb some vitamins more than
others even when they have similar molecular structure
(for example, vitamins B vs. By).

When WSV were incubated together, adsorption
increased from 34.1 to 45.6%, increasing mainly in
clinoptiolite, sepiolite, activated carbon, and yeast
cell walls (160, 153, 184, and 164%, respectively). The
adsorption of vitamins By (147%) and B (145%) also
increased compared with their adsorption when incu-
bated separately. The MTB x substrate x incubation
strategy was significant (statistical output not shown).
However, the interpretation of the 3-way interaction is
difficult and complex. Tables for the MTB x substrate
interaction for incubation of substrates alone or mixed
are provided (Tables 3 and 4) for consideration of such
interactions, but they are not discussed in detail herein.
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The increase in adsorption when WSV were incubated
together has no clear explanation but was consistent
across vitamins and MTB except for vitamin Bj. It
can be only speculated that the combination of WSV
results in synergies among WSV and possibly other nu-
trients that increase their adsorption when incubated
together. Further studies are warranted to explore the
extent and the implications of these possible synergies.
The high adsorption and interactions for the adsorp-
tion sites of MTB observed in our experiment are intrigu-
ing. A possible competition for binding sites may also
occur among mycotoxins and other nutrients, which in
turn may also reduce the adsorption of mycotoxins. In
contrast, results also suggested synergies among WSV
that may also occur among other nutrients. Because
of all these interactions, it is difficult to explain their
effect on nutrient utilization and mycotoxin binding
in physiological conditions, but it raises some relevant
questions on the use of MTB. Lysine and Met are rec-
ognized first-limiting AA in dairy cattle, and there are
major efforts in developing rumen-protected sources
to increase its supply to the small intestine (Schwab
and Broderick, 2017). Therefore, any potential inter-
ference with absorption may compromise these efforts.
The effect of the availability of WSV is more difficult
to assess. Although supplementation with vitamin By
(niacin) to dairy cows in the peripartum period may
improve performance (Schwab et al., 2005), vitamin
B; is among the least affected hy MTB adsorption.
The other B-vitamins used in the present study are
not supplemented to dairy diets, and production by
rumen microbes is thought to be sufficient to supply re-
quirements (Calsamiglia and Rodriguez-Prado, 2012).
However, if MTB adsorption is high it may compromise
their bioavailability; this deserves further research. The
current study has, on one hand, the merit of highlight-
ing some potentially relevant interactions but, on the
other hand, has some major limitations. The in vitro
test was conducted in a clean buffer solution and, be-
cause of evidence of interactions, the behavior of MTB
in a complex matrix such as the small intestinal fluid
may be different. This may affect the bioavailability of
some nutrients but may also limit the ability of MTB to
adsorb mycotoxins. More research should be carried out
to evaluate the implications of the relevant interaction
of MTB with nutrients using gastric juice or in vivo
conditions, where more nutrients are implicated.

CONCLUSIONS

The in vitro test was used to assess the capacity of 6
MTB to adsorb AA and vitamins. Amino acids had the
highest adsorption rate among substrates tested, fol-
lowed by WSV. When AA were incubated together, the
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adsorption capacity of MTB was reduced by half due
to competition among AA for binding sites. However,
the adsorption of WSV increased when they were incu-
bated together, suggesting synergies among vitamins.
The significant 3-way interaction needs to be consid-
ered in the interpretation of results. Further research
is necessary to evaluate these interactions among AA
and vitamins for the adsorption sites of MTB and the
implications on the adsorption capacity of mycotoxins.
This research should also consider the interaction with
other nutrients found in physiological conditions of the
digestive tract.
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Simple Summary: Mycotoxins are frequently found in animal feeds. Mycotoxicosis are often subclinical
and difficult to diagnose, but result in important production losses. Mycotoxin binders are used to
reduce their impact on health and performance. However, the unspecific mechanism of adsorption may
also bind other essential nutrients, including vitamins. The aim of this study was to evaluate the effect
of six mycotoxin binders on the bioavailability of fat-soluble vitamins by simulating the gastro intestinal
digestion in vitro. The adsorption tests indicate that many mycotoxin binders adsorb a considerable
proportion of vitamin E but not vitamin D, whereas the low recovery rate of vitamin A did not allow
the quantification of its adsorption.

Abstract: The aim of this study was to determine the capacity of six mycotoxin binders (MTBs) to
adsorb vitamins A, D and E in an in vitro system that simulates gastric and intestinal digestion.
Experiment 1 evaluated the recovery rate of vitamins A, D and E in the incubation conditions. In
Experiment 2, the main factors were the MTB (bentonite, clinoptilolite, sepiolite, montmorillonite,
active carbon and yeast cell walls), vitamins (A, D and E) and incubation type (vitamins incubated
separately or together). The recovery was high for vitamin D (83%) and E (93%), but low for vitamin
A (23%), for which no further analyses were conducted. When incubated separately, vitamin D was
only adsorbed by yeast cell wall (20.2%). Vitamin E adsorption was highest with bentonite (54.5%)
and montmorillonite (46.3%) and lowest with sepiolite (16.6%) and active carbon (18.5%). When
incubated together, vitamin D was not adsorbed by any MTB. Vitamin E adsorption was highest in
bentonite (61.8%) and montmorillonite (50.7%) and lowest in sepiolite (15.4%). Results indicate that
the bioavailability of vitamin E, but not that of vitamin D, may be reduced in the presence of MTBs.

Keywords: mycotoxin binder; adsorption; fat-soluble vitamins

1. Introduction

Mycotoxin occurrence in feeds is increasing and influenced by the effect of climate
change. Recent reports indicate that up to 65% of food samples analyzed worldwide
are contaminated with at least one mycotoxin [1,2]. Mycotoxicoses cause considerable
production and economic losses [3]. Mycotoxin binders (MTBs) are designed to sequester
different mycotoxins, although their adsorption effectiveness varies depending on the
binder and the mycotoxin [4-6]. Mycotoxin binding is based on weak anionic—cationic
interactions between the MTB and the toxin and differences in size, structure and charge
of the binding sites determine the capacity of binders to adsorb different molecules. This
unspecific mechanism of action allows other molecules to be bound similarly. The European
Food Safety Authority (EFSA) [7] requires in vitro tests to be conducted to evaluate the
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potential sequestration of essential nutrients by MTBs, including vitamins A (VA) and E
(VE). Previous studies reported that some MTBs adsorb relevant proportions of vitamins B1
and B6 [8,9]. In contrast, the few experiments conducted in vitro to evaluate the capacity
of MTBs to adsorb vitamins D (VD) and VE reported that the binding capacity is low [10].
Surprisingly, and in spite of the requirements of the EFSA [7], we found no reports on
the interactions between MTBs and VA. Overall, there is very limited information on the
potential interaction between MTBs and fat-soluble vitamins (FSVs).

We hypothesized that the adsorption of FSVs by MTBs is high. The aim of this study
was to determine the capacity of six mycotoxin binders to adsorb FSVs in vitro.

2. Materials and Methods
2.1. Experimental Design and Incubations

Thein vitro incubation was an adaptation of the technique described by Lemke et al. [11]
and Gallo and Masoero [12]. The gastric digestion model was prepared with 1.25 g/L of
pepsin (CAS: 9001-75-6, 77160, Sigma, St. Louis, MO, USA), 0.5 mL of malic acid (CAS:
6915-15-7, M0875, Sigma), 42 uL./L of lactic acid (CAS: 50-21-5, 252476, Sigma), 0.5 g/L of
citric acid (CAS: 5949-29-1, 141018, Panreac AppliChem GmbH, Darmstadt, Germany) and
50 uL/L of acetic acid (CAS: 64-19-7, 131008, Panreac AppliChem GmbH), and adjusted to
pH 3.0 with hydrochloric acid. Tubes were incubated in a water bath at 37 °C for 2 h and
shaken with a vortex at the start of the incubation and at 1-h intervals until the end of the
incubation. After 2 h, the pH was neutralized at 6.5 with a sodium bicarbonate solution
(8.8 /100 mL) and a second buffer solution containing 3.5 g/100 mL of bile salts (CAS:
110-86-1, 48305, Sigma) and 1 g/100 mL of pancreatin (CAS: 8049-47-6, P7545, Sigma) to
simulate the intestinal digestion. The incubation continued under the same conditions
for two additional hours. Vitamins used were: vitamin A (retinol palmitate, CAS: 79-81-2,
PHR1235, Sigma); vitamin D, (cholecalciferol, CAS: 67-97-0, C9756, Sigma) and vitamin
E (DL-x-Tocopherol, CAS: 7695-91-2, T3376, Sigma). The mycotoxin binders used were:
bentonite, clinoptilolite, sepiolite, montmorillonite (MMT), active carbon (AC) and yeast
cell wall (YCW).

A preliminary test was conducted to evaluate the stability of FSVs in the in vitro
gastrointestinal model before assessing their adsorption by MTBs. Incubations were
conducted in triplicate and in two consecutive periods. Vitamins (5 1g/mL) were incubated
in 15 mL glass tubes containing 2 mL of the gastric digestion solution and after 2 h, the pH
was neutralized at 6.5 with bicarbonate solution (8.8 g/100 mL) and 80 uL of the intestinal
digestion solution were added. Each vitamin was prepared in an ethanol solution just
before the test with minimal exposure to air and light. Samples were taken for analysis at 0,
1,2,3 and 4 h of incubation. For each incubation time, samples were incubated separately
in triplicate to avoid sub-sampling for each time and to preserve the whole amount of the
incubated vitamins for analysis.

The adsorption study was designed as a 6 x 3 x 2 factorial being MTBs, FSVs and the
type of incubation (incubations of each MTB with each vitamin separately or each MTB
with the three FSVs together) the main factors. Mycotoxin binders were dosed at 2 mg/mL.
Vitamin doses were calculated to maintain the MTB:vitamin ratio within physiological
conditions [9,13], and included 5 ug/mL of VA, 0.15 ug/mL VD and 149 ug/mL of VE. All
incubations included a blank consisting of the buffer with neither MTBs nor vitamins, and
a positive control with buffer and each vitamin but not MTBs. Incubations were conducted
in triplicate within a period and in two independent periods. Samples were incubated in
100 mL tubes containing 50 mL of the gastric digestion solution and 2 mL of the intestinal
digestion solution.

At the end of the incubation period, 0.5 mL sub-samples of each individual tube
were placed in 1.5 mL Eppendorf tubes with 0.5 mL of ethanol. Samples were shaken in
a multi-vortex for 3 min followed by centrifugation at 23,000 g, at 4 °C for 10 min. A
volume of 500 pL of the supernatant was placed in a 2 mL HPLC glass vial for analysis.
Exposure to air or light were carefully limited throughout the process.

105



Second experiment

Chapter V

Animals 2021, 11, 2251

3of6

The quantification of the FSVs was performed with an HPLC-UV technique. An
Agilent 1100 system (Darmstadt, Germany) equipped with an autosampler (G1330A, Darm-
stadt, Germany), a quaternary pump (G1311A, Darmstadt, Germany), and a UV detector
(G1315A, Darmstadt, Germany) were used for the FSV quantification. The obtained data
analysis was performed using an IBM computer with ChemStation software (Agilent Tech-
nologies, Santa Clara, CA, USA). To separate the FSVs, an Infinity Lab Poroshell 120 SB-18
(2.1 x 100, 2.7 um) column (Agilent Technologies, Santa Clara, CA, USA) was used. The
flow rate was 0.5 mL/min and the mobile phase was composed by acetonitrile (A) and a
0.1% phosphoric acid water solution (B) in a gradient of solvents as follows: The initial
conditions were 50% A and 50% B; for 2 min, the conditions changed to 100% of A and this
proportion was maintained for 7 min. Finally, it returned to initial conditions in 0.1 min.
The total runtime of the analysis was 14 min. The FSVs were detected at 285 nm. The
injection volume was 2 uL and the column was maintained at 50 “C. With these conditions,
the retention times of VD, VE and VA were, 6.3, 7.3 and 10.7 min, respectively. The range of
the calibration curves were 0.05 to 20 pug/mL and the limit of quantification was considered
as the lower level of the calibration curve.

2.2. Calculations and Statistical Analysis

The adsorption index (Al) was calculated as the ratio between the difference of the
concentration of each substrate in the positive control without MTB and the corresponding
treatment concentration of the substrate incubated with the MTB, vs. the concentration
in the positive control as: Al = (Ci — Ct) x 100/Ci, where Ci = initial concentration of the
positive control (mg/mL), and Ct = treatment concentration of the unbound substrate with
MTB (mg/mL) from the corresponding positive control of the substrate studied. The Al
was expressed as a percent of the substrate bound to the mycotoxin binder.

Vitamin adsorption results were analyzed using the PROC MIXED procedure of SAS
(v.9.4; SAS Institute, Inc., Cary, NC, USA). The model included the MTBs, the FSVs, the
type of incubation and their interactions as fixed effects, and the experimental period as
arandom effect. Results are presented as least squares means. When differences among
means were significant (p < 0.05), means were separated with the Tukey test using the
SLICEBY option of the PROC PLM of SAS.

3. Results

In the preliminary test, the recovery of FSVs as a percentage of the original concentra-
tion is depicted in Figure 1. Concentrations of VD and VE were constant in the first 3 h
with 100 and 95% recovery rate, respectively, and at the end of the incubation, this slightly
decreased to 83 and 93%, respectively. In contrast, VA recovery progressively decreased
over time to 50% at 2 h and decreased to only 23% after 4 h. Therefore, the adsorption
capacity of MTBs on VA could not be evaluated.

For the adsorption study, when vitamins were incubated separately, overall, VD had
lower adsorption than VE (average of 6.6 vs. 33.3%, respectively; p <0.01). The Al of each
vitamin with each MTB when incubated separately is shown in Table 1. The adsorption of
VD was only small but significant with YCW (20.2%; p < 0.01), tended to be different from
0in sepiolite and AC (8.6 and 8.5%, respectively; p < 0.07) and was not different from zero
in all other MTBs (p > 0.18). In contrast, VE adsorption was highest with bentonite and
MMT (average of 50.4%), intermediate with clinoptilolite and YCW (average of 32.0%) and
lowest with sepiolite and AC (average of 17.6%). The Al of each vitamin in each adsorbent
when incubated together is shown in Table 1.
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Figure 1. Recovery rate of vitamin A (#), vitamin D (A) and vitamin E (x) in in vitro gastro intestinal
digestion method.

Table 1. Adsorption index of the six mycotoxin binders with vitamins D and E when incubated
separately or together.

Mycotoxin Binders

Vitamins
Bentonite  Clinoptilolite Sepiolite MMT ! AC? YCcw
Incubated separately
D —4472F 29zb 86b 52%b 85b 20.22
E 545ya 34.1YP 16.6 ¢ 46.3 Y2 185¢ 30.0P
SEM 41 588
Incubated together
D —252b —25zb —03%b 7424 —-29zb —10%b
E 61.8 Y4 38.3 b 16.6 ¥4 50.7 ya 28.5 ybe 23.7 yed
SEM 2 354

=< Different letters in the same row indicate a significant effect between binders (p < 0.05). ¥* Different letters
in the same column and type of incubation indicate significant effect between vitamins (p < 0.05). ' MMT:
montmorillonite. 2 AC: active carbon. > YCW: yeast cell wall. * SEM: standard error of the mean.

When vitamins were incubated together, VD was not adsorbed by any of the MTBs
(p <0.05). In contrast, VE was adsorbed in similar amounts when incubated separately or
together (average of 36.3 vs. 33.4%, respectively; p <0.18), ranging from 61.8 to 16.6% for
bentonite and sepiolite, respectively.

4. Discussion

Fat soluble vitamins are very sensitive to light, oxygen, temperature and pH exposure.
Because the Al was calculated based on the remaining vitamin in the incubation medium
compared with the positive control, it was important to confirm the stability of vitamins
during the four hours of incubation. Vitamins D and E were relatively stable. However, the
degradation of VA was very high and progressive with time to the point that only 25% of
the initial VA was recovered after the 4 h incubation, in spite of all precaution measures
taken to minimize exposure to air and light throughout the experiment. The temperature
(37 °C) and pH (3.0 and 6.5) were intrinsic to the method and could not be modified.
Surprisingly, and in spite of the EFSA [7] requiring testing of the interaction between
MTB and VA for approval, we found no reports in literature describing this interaction.
Although it appears that adsorption of vitamins by MTBs occurs within the first 5 min of
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incubation (data not shown), the high VA degradation with time using this in vitro method
makes the evaluation of the impact of MTBs on VA adsorption unfeasible. Therefore, no
further tests were conducted with VA.

Negative values of VD were not different from zero and reflected lack of adsorption.
When VD was incubated alone, adsorption was relatively small and only significant in
YCW, whereas adsorption by other MTBs was either quantitatively small for sepiolite and
AC, or negligeable for the rest of MTB. These results are consistent with previous research
that reported that bentonite did not adsorb VD in an in vitro simulated gastrointestinal
digestion test [10]. The interaction of substrates with MTB is due to weak ionic bonds
between charged groups of the vitamin and the cations presents in the interlayer space
of clays. The large molecular weight (384.6 g/mol) and the structure of VD that includes
27 carbons with two aromatic cycles may compromise the capacity of the vitamin to
physically get into the interlayer space of clays or the pores of AC, resulting in a low
adsorption. In contrast, the adsorption mechanism of YCW is different from that of clays.
The B-D-glucans of YCW play the main role in the adsorption mechanism and are located
in its external surface. There, the interaction of the carboxyl group and the aromatic rings
of VD with B-D-glucans structure are more dependent on the three-dimensional match of
the molecules and less on its size or molecular weight itself [14]. However, a good match is
more difficult in complex molecular structures like VD, with several aromatic rings, which
may explain the relatively low adsorption (20.2%). When VD was incubated with the other
vitamins, there was no adsorption by any of the MTB. The presence of the three vitamins
together may create competition among them for the adsorption site of MTB. Therefore, it
is likely that the high affinity of VE for YCW when incubated with other vitamins (23.7%)
displaced VD from the binding site, reducing its adsorption from 20.2% when incubated
alone to —1.0% when incubated together with VE.

When vitamin E was incubated alone, the adsorption capacity ranged from 16.6 to
54.5%, with the highest adsorption observed in bentonite and MMT. This result is similar to
previous studies with water-soluble vitamins, where bentonite and MMT had the highest
affinity to adsorb vitamins B1, B2 and B6 [9]. Although VE has a molecular weight higher
than that of VD (430 vs. 384 g/mols, respectively), the straight flat molecular structure
with one carboxyl group and a single aromatic cycle may favor the interaction with the
interlayer space of MTBs. The molecular structure of MTBs plays an important role in
determining the adsorption capacity of each binder. For instance, the interlayer space of
clay binders depends on the clay type and source. Mortland and Lawless [15] reported that
Na* smectite has a higher capacity to adsorb vitamin B2 than Ca* smectite and attributed
this difference to the larger interlayer space for Na* (~20 A) compared with Ca?* (~15.0 A)
smectite. It is suggested that bentonite and MMT have a larger interlayer space than
the other MTBs tested and allows the VE to get into it. In contrast, adsorption of VE by
sepiolite and AC was the lowest when incubated alone. Vitamins B1 and B6 were highly
adsorbed by sepiolite, but their molecular weight (about half that of VE) and structure was
more adequate for adsorption. The interaction of vitamins with AC is different because the
pore size is measured in nanometers, which is much larger than the size of the interlayers
of clays, measured in amstrongs. Therefore, the possibility of stabilizing bonds is more
difficult in the AC pores, which may explain the lower affinity.

The absorption of VE by MTBs was not affected by the presence of other vitamins in
the mix (average of 36.3 vs. 33.4% when incubated alone or together with other vitamins,
respectively; p < 0.18). Vitamin E adsorption ranged from 16.6% in sepiolite to 61.8% in
bentonite. Results indicate that the affinity of VE for MTBs is higher than that of VD,
and the higher affinity of VE for YCW (30.0 and 23.7% when incubated alone or mixed,
respectively) displaced VD (20.2 and —1.0% when incubated alone or together, respectively).
The interpretation of our results is that there is competition among vitamins for binding
sites, and that this competition may also occur with mycotoxins, which, in turn, may reduce
the adsorption of mycotoxins or the bioavailability of some essential nutrients.
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5. Conclusions

Results indicate that the bioavailability of vitamin E, and to a much lesser extent
vitamin D, may be reduced significantly by mycotoxin binders. The results also suggest
that when mixed together, vitamin E may displace vitamin D from the binding sites of
mycotoxin binders, suggesting possible competition among molecules for the binding sites.
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Abstract: The objective of this study was to determine the effect of the mycotoxin binder montmoril-
lonite (MMT) supplemented in the diet of dairy cows on the bioavailability of vitamins A, D, E, Bl
and B6. Six multiparous Holstein-Friesian cows were used in a crossover design with two periods.
Treatments were a control diet with or without MMT. Vitamins were infused individually into the
abomasum through the ruminal cannula. Blood samples were collected from the jugular vein at
0,1,2,3,4,6,9,12, 24 and 48 h after the administration of each vitamin. Results showed that vitamin
A reached maximal concentration (Tmax) at 5.3 h after dosing, the maximal concentration (Cmax)
was 1.2 times higher than the basal concentration (Cbasal), and the area under the curve (AUC) was
739 arbitrary units. Vitamin B6 reached the Tmax at 13 h after dosing, the Cmax was 1.4 times higher
than the Cbasal, and the AUC was 222 arbitrary units. No differences were observed in Cbasal,
Tmax, Cmax and AUC of vitamin A and B6 between control vs. MMT-supplemented cows. Plasma
concentrations of vitamins D, E and B1 had no concentration peaks, and were not affected by MMT
addition. The lack of a response suggests that their plasma concentration may be tightly regulated.
Results of this study do not show evidence that MMT affects the bioavailability of vitamins A and B6
in vivo.

Keywords: mycotoxin binder; adsorption; bioavailability; vitamins; binding capacity

Key Contribution: In vitro tests show that MMT adsorbs vitamins. However, this in vivo study
shows no evidence of a reduction in the bioavailability of vitamins A and Bé6.

1. Introduction

Mycotoxin contamination of feeds is common, and a recent survey revealed that 88%
of feed samples analyzed from 100 countries contained at least one mycotoxin [1]. Forages
grown on dairy farms are also often contaminated and contribute to the mycotoxin load in
dairy cattle. Mycotoxin binders (MTB) have been effective in reducing mycotoxin toxic-
ity [2,3], and a recent study reported that 24% of dairy farms in the US use MTB [4]. Ina
preliminary in vitro study six different MTB were tested for their capacity to bind vitamins
and amino acids [5,6], and montmorillonite (MMT) had the highest adsorption capacity.
Montmorillonite is a clay-based MTB that binds mycotoxins through weak and unspe-
cific ion-dipole forces with up to 70 to 90% effectiveness [7,8]. However, this unspecific
mechanism of action may also sequester other nutrients like some proteins, amino acid
(AA) and vitamins [5,6,9]. Therefore, the European Authority for Food Safety [10] requires
for approval that all MTB prove that they do not adsorb these essential nutrients. These
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tests are normally conducted in in vitro conditions that simulate the gastric and intestinal
digestion [8]. However, in vitro methods have not been validated in vivo. Therefore, we
hypothesized that MMT will adsorb vitamins A, D, E, Bl and B6 in dairy cattle in vivo.

The aim of this trial was to determine the effect of MMT supplemented in the diet of
dairy cows on the bioavailability of vitamins A, D, E, B1 and Bé.

2. Results

In the current study, the area under the curve (AUC) technique was used to evaluate the
effect of MMT on the bioavailability of vitamins A, D, E, B1 and B6 after the administration
of a single dose. Plasma concentration of blood samples collected during the 48 h after
dosing were fitted to a curve to determine the vitamin kinetics with and without MMT.

The parameters that describe the plasma kinetics of vitamins A and B6 are presented
in Figure 1 and Table 1. The basal concentration (Cbasal) of vitamin A was similar between
treatments (221 vs. 272 ng/mL for CTR and MMT, respectively) and peaked at 5.3 vs. 5.4 h
with a 1.23 vs. 1.19-fold increase in maximal concentration (Cmax) compared with Cbasal
for CTR and MMT, respectively. Although the curves for CTR and MMT were parallel and
separated by about 50 ng/mL, differences were not significant. The AUC that reflects the
relative bioavailability of vitamin A (794 vs. 683 arbitrary units, AU, for CTR and MMT,
respectively) was not affected by MMT.
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Figure 1. Plasma kinetics of vitamin A (A) and vitamin B6 (B) in control (M) or after montmorillonite
supplementation () (1 = 6).

Table 1. Plasma kinetic characteristics of vitamins A and B6 after a single dose infusion to dairy cows
fed a control (CTR) or montmorillonite (MMT) supplementation (1 = 6).

i Vitamin A Vitamin B6
tem

CIR MMT SEM!? P CIR MMT SEM! P
Chasal 2, ng/mL 221 272 334 0.20 29.0 327 43 0.6
Crmax 2, ng/mL 273 325 36.8 032 438 434 59 09
Tt h 53 5.4 0.75 0.89 116 15.0 3.1 05
AUC?’, AU 794 683 228 0.67 218 224 64.5 0.95

! SEM: Standard error of the mean. 2 Cbasal: basal concentration at t = 0 h. > Cmax: maximal concentration.
4 Tmax: time at Cmax. > AUC: area under the curve; AU, arbitrary units.

Plasma vitamin B6 concentration increased in response to the abomasal infusion in
CTR and MMT cows (Figure 1B). The Cbasal of vitamin B6 was similar between treatments
(29.0 vs. 32.7 ng/mL, for CTR and MMT, respectively) and peaked at 11.6 vs. 15.0 h, being
Cmax 1.51 vs. 1.32-fold higher than the Cbasal in CTR and MMT, respectively. The AUC
was 218 vs. 224 AU for CTR and MMT, respectively, however none of these differences
were significant.

The Cbasal for vitamins D (64.5 vs. 68.5 ng/mL for CTR and MMT, respectively) and
E (5.4 vs. 49 pg/mL for CTR and MMT, respectively) were similar between treatments. As
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the curves were flat, the determination of Cmax, time at maximal concentration (Tmax)
and the AUC was not possible and, therefore, the effect of MMT on their bioavailability
could not be determined. Plasma vitamin Bl concentrations were not affected by the
abomasal infusion of the vitamin, with a Cbasal of 26.3 vs. 32.0 ng/mL for CTR and MMT,
respectively, resulting in a flat curve where the Cmax, Tmax and the AUC could not be
determined. The MMT had no effects on vitamin B1 plasma concentrations.

3. Discussion

The potential interaction between MTB and vitamins is associated with the physico-
chemical characteristics of the different molecules including molecular structure, size, and
the capacity to establish weak chemical bonds [9,11]. The molecular weight of vitamins
A, D, E and B1 (286, 384, 430 and 265 g/mol, respectively) is similar to most mycotoxins
(312,296, 318 and 312 g/mol for aflatoxin, vomitoxin, zearalenone and nivalenol, respec-
tively). The molecular weight of vitamin B6 (169 g/mol) is smaller, yet contains three
hydroxyl groups that may also establish weak bonds. Therefore, it is reasonable to hypoth-
esize that these vitamins may be adsorbed by MTB. Previous in vitro studies demonstrated
that many MTB sequestered some vitamins [5,6,9]. Montmorillonite was reported to have
the highest adsorption of vitamins B1 (95%) and B6 (63%), and was among the highest for
vitamin E (46%) compared with other inorganic and organic MTB evaluated in vitro [5].
However, few studies have shown the impact of the interactions between MTB and vita-
mins in vivo. The purpose of the current study was to determine the short-term adsorption
interactions of MMT with vitamins A, D, E, B1 and B6 on dairy cows by studying their
effect on plasma vitamin kinetic curves. The AUC and plasma kinetics methods are a
good approach to determine the relative bioavailability of nutrients and have been used
previously to study AA bioavailability [12,13]. However, the AUC technique requires over-
dosing of substrates to generate a well-defined peak on the fitted curves. Kihal et al. [13]
used the AUC method to report that supplementing eight times the required dose of AA
resulted in a 1.80-fold increase in plasma peak concentrations. In the current study, we
used the MMT dose recommended for MTB [2] to effectively bind mycotoxins, but this
dose was, on average, eight times the field recommendation to prevent mycotoxin toxicity.
As the mechanism of binding is based on ion exchange, maintaining the ratio MTB:vitamin
was important as the binding capacity may be saturated and affect results. Therefore, the
doses selected for each vitamin were also eight times the recommended levels [14,15], and
we expected that such a dose in CTR would allow us to observe a peak concentration
after absorption.

Plasma concentration of vitamin A had a clear curve where the Cbasal (average of
250 ng/mL) was consistent with the Cbasal reported for dairy cows, ranging from
184 to 336 ng/mL [16]. Results allowed us to calculate the Tmax, Cmax and the AUC
after a single dose, however the kinetic parameters and the AUC were not affected by the
supplementation of MMT. There are no similar studies where plasma vitamin A concen-
tration kinetics or the possible adsorption by MTB have been studied in dairy cattle after
a single-dose administration. However, the lack of effect of MMT on vitamin A bioavail-
ability agrees with [17] who reported no effects of clinoptilolite, another clay-based MTB,
on vitamin A bioavailability during the entire lactation in dairy cows. Other studies in
chicks also reported no effects of bentonite, another clay-based mycotoxin binder, on liver
concentration of vitamin A as an indicator of its bioavailability [18,19]. Therefore, there
seems to be no evidence that MTB in general, and MMT in particular, interfere with the
bioavailability of vitamin A in vivo.

The concentration of vitamin B6, like vitamin A, showed a clear curve. Results allowed
us to calculate the Cbasal, Tmax, the Cmax and the AUC after a single dose, however the
kinetic parameters and the AUC were not affected by the inclusion of MMT. The absorption
of vitamin B6 in the intestine occurs by passive diffusion. For this reason, it is surprising
that the Tmax (average of 13.3 h) was so late compared with vitamin A or some AA [8].
Plasma vitamin B6 concentrations returned to the Cbasal after 24 h and the AUC of the

115



Third experiment

Chapter VI

Toxins 2022, 14,26

40f8

2 curves (average of 221 AU) was similar between treatments, suggesting that MMT did not
interact with vitamin B6 bioavailability. We are not aware of other in vivo studies on the
interaction between MTB and vitamin B6 in cattle. However, in vitro studies reported that
vitamin B6 adsorption was high and up to 72 and 98% in MMT [8,20]. The inconsistencies
between the high binding capacity in vitro compared with the lack of evidence for binding
in vivo requires further research, and in vitro methods currently in use need to be validated.

The Cbasal of 25-OH-vitamin D (average of 66.6 ng/mL), E (average of 5.1 ug/mL)
and Bl (average of 29.2 ng/mL) were similar between treatments, and consistent with
the Cbasal in dairy cows that ranged from 40 to 100 ng/mL for 25-OH-vitamin D [21],
from 4.01 to 6.41 pg/mL for vitamin E [22] and from 14.7 to 34.9 ng/mL for vitamin
B1 [23]. However, plasma kinetics response to the infused dose was different from that
of vitamin A and B6, where no changes were observed after supplementing a dose eight
times higher than physiological conditions. This lack of effect may be attributed to either
a tight metabolic regulation of its plasma concentration, or the use of a dose too low to
elicita change in plasma concentration. Poindexter et al. [24] suggested that the increase in
plasma 25(OH)Dj3 concentration has a negative feedback on the 25-hydroxylase in the liver
to maintain the basal levels of 25-OH-vitamin D constant, which demonstrate a homeostatic
regulation that may explain the lack of changes in plasma 25-OH-vitamin D concentration.
Hymeoller et al. [22] suggested that the absorption of vitamin E in the intestine is the major
limiting step and is dependent on dietary fat content. Vitamin B1 is absorbed through an
active-saturable and Na* dependent mechanism, which may control its absorption [25].
If the plasma concentration is tightly regulated, then other markers may be required to
evaluate the impact of MTB on the biocavailability of these vitamins.

In contrast, Hymeller et al. [22] reported that a single dose of 250 mg of vitamin D
resulted in a twofold increase in peak concentration 30 h after dosing, however the dose
was 60 times higher than in our study. Hymeller et al. [22] also reported only a small
increase in plasma vitamin E (+0.5 ug/mL) after the administration of all-rac-a-Tocopherol
acetate at 4.4 g/d, a dose 27 times higher than the amount infused in the current exper-
iment. In contrast, Hidiroglou et al. [26] reported that the oral supply of 12.5 g/cow
of all-rac-a-Tocopherol reached a Cmax of 10.8 ug/mL at a Tmax of 35 h and AUC of
1995 AU. Again, this curve was achieved ata dose 78 times higher than the one used in this
experiment. Unfortunately, we are not aware of other in vivo studies testing the effects of
infusing a high dose of vitamin Bl on changes in plasma vitamin B1 concentrations in dairy
cattle. These previous data suggest that the dose of vitamin D and E used in the current
experiment may have been too small to create a peak concentration. However, as discussed
previously, the mode of action of MMT to adsorb mycotoxins or other essential nutrients is
based on an ion-dipole interaction in binding sites. As the reaction may be saturated, it was
important for the objective of this experiment to maintain an MMT:vitamin ratio close to
physiological conditions. Therefore, using doses high enough to elicit a curve would most
likely have saturated the binding capacity of the MMT, confounding results. Alternatively,
we could also have fed doses of MMT above 60-75 times higher than recommended levels
although it would be unfeasible in vivo. Regardless of the justification for the lack of
response in plasma vitamin concentrations, the kinetic parameters of vitamins D, E and B1,
and the AUC, could not be calculated. Therefore, the hypothesis that MMT binds vitamins
D, E and Bl in dairy cattle under normal feeding conditions could not be confirmed.

Previous in vitro studies reported that MTB had a small binding capacity towards vita-
min D [6,7], and no in vivo data are available to support these findings. The impact of MTB
on vitamin E availability is controversial. In vivo, Katsoulos et al. [17] reported no effect
of clinoptilolite, a clay-based MTB, on vitamin E bioavailability along the entire lactation
period. Other studies in chicks also reported no effect of clinoptilolite and bentonite on
vitamin E absorption and its content in the liver [27,28]. In contrast, in vitro studies have
shown some variability, with 30% adsorption of vitamin E by MMT [6] or no absorption
by bentonite [7]. Data on vitamin Bl is even more limited. In vitro studies demonstrated
that MTB, in general, and MMT in particular, adsorbed up to 90% of vitamin B1 [8,29]. An
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in vivo study on chicks demonstrated that dietary supplementation with MTB reduced
vitamin B1 content in the liver [27]. Unfortunately, no other in vivo data is available in
cattle and results from this in vivo research do not allow us to provide additional data on
the interaction between MMT and vitamin B1.

4. Conclusions

Results indicate that MMT does not compromise the bioavailability of vitamins A and
B6 in vivo. Results for vitamins D, E and B1 do not allow us to confirm the hypothesis
that MMT binds these vitamins. These results are in contrast with previous in vitro studies
using the same substrates and, therefore, the use of in vitro tests that simulate the gastro-
intestinal tract of animals may not reflect the true values of the capacity of MTB to adsorb
vitamins in vivo.

5. Materials and Methods
5.1. Animals and Diet

The study was conducted at the Farm and Field Experimental Service of the Universitat
Autonoma de Barcelona following the protocol approved by the Human and Animal
Research Ethics Committee of the University (CEEAH, Barcelona, Spain, protocol # 4652).

Six multiparous, non-pregnant Holstein—Friesian cows (640 + 40 kg, 32 kg/d of milk
and 175 days postpartum) were housed individually in a tie-stall barn with a rubber
mat floor. Cows were surgically equipped with a 10-cm rumen cannula (Bar Diamond
Inc., Parma, ID, USA), and an infusion line inserted through the rumen cannula into the
abomasum [30]. Cows were fed a total mixed diet ad libitum, offered twice a day at 09:00
and 17:00, and with free access to water. Cows were milked twice a day at 07:30 and 17:30,
and had 2 h/d of exercise in an open outdoor lot with free access to water, although not to
feed. The diet was formulated to meet the requirements of a Holstein cow producing 32 kg
of milk/d using the CNCPS program (v6.5, Cornell University, Ithaca, NY, USA). The diet
consisted (in dry matter basis) of 44% alfalfa hay, 28% corn grain ground fine, 7% solvent
soybean meal, 6% dry beet pulp, 4% cottonseed, 4% beet molasses, 4% of a vitamin /mineral
mix, 1.5% fat (Magnapac®, Norel, Barcelona, Spain), 1% sodium bicarbonate and 0.5% urea.
Diet contained (in dry matter basis) 2.42 Mcal ME/kg, 16.8% crude protein, 29.0% neutral
detergent fiber, 18.2% acid detergent fiber, 38.4% non-fibrous carbohydrates, 23.0% starch,
4.6% ether extract and 11.2% ash.

5.2. Experimental Design and Sample Collection

The experiment was designed as a crossover with two periods. In period one, cows
were randomly assigned into two groups, CTR and MMT. Control cows were fed the total
mixed diet, and the MMT cows were fed the same total mixed diet plus 1.2% dry matter
basis of MMT following the recommendations of Diaz et al. [2]. The MMT (Smectagri®,
Adiel, Loudeac, France) was mixed with the total mixed diet each morning during the
adaptation and treatment periods. Montmorillonite was selected based on a previous
in vitro study where it had the highest capacity to adsorb vitamins compared with other
organic and inorganic binders [5,6]. Vitamin treatments were: 160 mg/cow of vitamin A
(retinyl palmitate, PHR1235, Sigma-Aldrich, St. Louis, MO, USA), 4 mg/cow of vitamin D
(cholecalciferol, C9756, Sigma-Aldrich), 160 mg/cow of vitamin E (DL-all-rac-a-Tocopherol,
T3376, Sigma-Aldrich), 240 mg/cow of vitamin B1 (thiamine, T4625, Sigma-Aldrich) and
240 mg/cow of vitamin B6 (pyridoxine, P5669, Sigma-Aldrich). The doses of each vitamin
were based on the National Research Council Recommendations for dairy cattle [14] and
updated by Barroeta et al. [15]. Each period consisted of a 7-d adaptation to the MMT,
after which vitamins were dosed individually every other day at 08:00. Vitamin solutions
were prepared, dissolved in ethanol for fat-soluble vitamins A, D and E; and in water for
water-soluble vitamins B1 and B6. From each solution, 10 mL containing the appropriate
dose of each vitamin were infused into the abomasum. Vitamins were prepared daily into
opaque flasks to minimize exposure to air and light in the morning of the infusion day and
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prevent any possible degradation over time. After all vitamins were infused, there was
a 2-d washout period to minimize carryover effects within a period, and cows switched
treatments for period two, which followed the same protocol.

Blood samples were collected through an indwelling catheter (Angiocath'r“ 14 Gauge
5.25 Inch, 2.1 x 133 mm, Becton Dickinson, Ciudad de México, Mexico) implanted in the
jugular vein using an aseptic technique and secured by skin suture under local anesthesia
one day before the sampling period. Samples were collected immediately before infusion
(Oh)and at1,2,3,4,6,9,12, 24 and 48 h after abomasal infusion. Blood was collected
directly into 6 mL EDTA-coated vacutainer® tubes (K2E, BD-Plymouth, UK) for vitamins
B1 and B6, and into 6 mL serum vacutainers® tubes (clot activator tube, BD-Plymouth,
PL6 7BP, UK) for vitamins A, D and E. After each sampling, 5 mL of heparinized isotonic
saline (0.9% NaCl, 10 IU of heparin/mL) were flushed into the indwelling catheters to
prevent blood clotting. Samples were immediately centrifuged at 1000x g for 10 min
at room temperature in darkness to extract serum for vitamins A, D and E, or plasma
for vitamin B6 to minimize light degradation. Blood samples from vitamin B1 treatment
were processed without centrifugation. Samples were divided in 2 mL aliquots, preserved
in amber vials for maximum protection from light, and frozen at —80 °C for further
analysis. Vitamins A, E, B1 and B6 were analyzed using an Ultra-HPLC standard method
(Laboratorio Echevarne, Barcelona, Spain), and plasma 25-OH-Vitamin D was analyzed
by HPLC-UV standard method (Laboratory of Pharmacology, Universitat Autonoma de
Barcelona, Barcelona, Spain).

5.3. Curve Fitting and Statistical Analysis

The kinetic values of the vitamin concentration of all vitamins after their infusion were
modeled using regression curve fitting software (OriginLab 2000, OriginLab Corporation,
Northampton, MA, USA, SPSS Inc., Chicago, IL, USA). Plasma vitamin A and B6 kinetics
were adjusted to nonlinear regression models that resulted in the lower Akaike information
criterion value and the Cbasal, Tmax, Cmax and the AUC were calculated. Data from
vitamin kinetics were analyzed according to a crossover design using the PROC MIXED
procedure of SAS (v 9.4, SAS Inst. Inc., Cary, NC, USA). The assumptions of normality and
homogeneity of variance were checked graphically using histograms, normal quantile plots
and plots of residuals versus fitted predicted values. The linear mixed model used was
Yijk = u + Ti + Sj + Ck + ¢ijk, where: Yijk = variable responses (basal concentration, Cmax,
Tmax and AUC); u = overall mean, Ti = fixed effect of treatment (I = CTR or MMT),
Sj = fixed effect of sequence, Ck = random effect of cow, and ¢ijk = residual errors. The
results are reported as the least square means and associated standard errors. Statistical
differences were declared at p < 0.05.
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General discussion

The utilization of mycotoxin binders (MTB) is recognized as an effective strategy to
control mycotoxins in contaminated animals (Galvano et al., 2001). Mycotoxin binders are
active in the gastrointestinal tract of animals where mycotoxins are fixed to the matrix of MTB
by different physicochemical interactions. There are different types of MTB, with the most
common being clay minerals, activated carbon (AC) and yeast cell wall (YCW) which
interlayer space, pores, and B-glucans represent their key binding factors, respectively (Jouany,
2007). The efficacy of MTB to adsorb mycotoxins is assessed mainly by in vitro tests that allow
screening of a wide number of MTB with the advantage of being rapid and cheap tests
compared to in vivo tests. A review of adsorption data from in vitro tests published in the
literature showed a high interest in many types of MTB [AC, bentonite, clinoptilolite, hydrated
sodium calcium aluminosilicate (HSCAS), montmorillonite (MMT), sepiolite, YCW, and
zeolite] on adsorbing the most common mycotoxins [aflatoxin (AF), deoxynivalenol (DON),
fumonisin, ochratoxin, T-2 toxin and zearalenone]. Data illustrated that AF had the greatest
number of data (38%) among all mycotoxins in contrast to fumonisin (6%) and T-2 toxin (1%)
that had the lowest number of data. These results do not reflect the actual situation of mycotoxin
prevalence worldwide. Gruber-Dorninger et al. (2019) reported that the first contaminant of
corn samples was fumonisin (80%), followed by DON (67%) and zearalenone (44%). In
contrast, AF is not among the mycotoxins with the highest prevalence. In addition, many
emerging mycotoxins are more prevalent in animal feeds but with fewer studies on the
adsorption efficacy of MTB (Gruber-Dorninger et al., 2017). From MTB side, YCW (36%)
and bentonite (29%) had the greatest number of adsorption data among the eight studied MTB.
These data reflect the importance given to these two molecules in reducing mycotoxins.
Overall, AC was the best MTB to adsorb different mycotoxins (average of 81%), and clay

minerals and YCW had lower adsorption capacity but no differences among them were
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detected (ranging from 32% for zeolite to 48% for MMT). Lack of differences is likely
associated with the high variability due to differences in methodology, that will be discussed
later. Moreover, the numerical differences among mycotoxins and MTB suggest that future
recommendations will have to assign different MTB and doses depending on the mycotoxin

profile of the contaminated feed.

One of the major problems of in vitro protocols to assess the efficacy of MTB is their diversity
and the lack of a validated standard. These protocols were developed over time with the
increased expansion of the use of MTB, starting from a simple test with distilled water and
incubation at room temperature (Lemke et al., 2001) to more complex methods that simulate
the gastrointestinal tract content of animals using different pH and including gastrointestinal
enzymes, or with the utilization of gastric juice as an incubation medium (Avantaggiato et al.,
2004; Gallo and Masoero, 2010). Unfortunately, this variation in the experimental protocol has
resulted in a high variability in MTB adsorption capacity results. For instance, our first review
study on the efficacy of different MTB to adsorb mycotoxins in vitro (Kihal et a., 2022; Chapter
I1) demonstrated a difference (P < 0.05) between in vitro tests based on artificial buffer media
and in vitro tests based on real gastrointestinal juice media. This difference was illustrated by
the reduction of MTB adsorption capacity, probably related to the interaction of MTB with the
gastrointestinal content. Furthermore, MTB adsorption capacity within in vitro tests using
artificial buffers at different ranges of pH also showed a significant difference in pH depending
on the types of MTB and mycotoxin. Faucet-Marquis et al. (2014) also reported a high
adsorption capacity of YCW at low pH, and suggested that -glucans are more stable at low
pH which results in higher binding capacity. The interpretation of the review results showed a
high discrepancy in the adsorption capacity of MTB mainly related to the MTB and mycotoxins
properties that change from one type to another. The adsorption capacity results showed that

the highest adsorption was observed in AF (77% = 0.1) and the lowest was observed in DON
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(23% £ 0.5). These results can easily be understood when analyzing the mycotoxin properties.
For instance, AF has a small and flat chemical structure which allows the mycotoxin to enter
the interlayer space of clays and AC, and due to its high polarity, the mycotoxin molecule is
fixed inside the interlayer space by ionic interactions. However, these properties are different
from other types of mycotoxins such as fumonisin [molecular weight (MW) = 721 g/mol] and
T-2 toxin (MW = 466 g/mol), where the chemical structure is bigger than that of AF (MW =
312 g/mol) and with many ramifications. This structure precludes the entrance of the
mycotoxin to the interlayer space of MTB and consequently, decreases its adsorption capacity.
In contrast, however, the MW of DON (296 g/mol) is smaller than that of AF, the adsorption
of DON was smaller than AF (77 vs. 23%). It may be suggested that the low adsorption capacity
of DON is not related to the high MW or structural size, but to the chemical properties like the
low polarity or the high number of stereocenters atoms (2 vs. 7, for AF and DON, respectively)
that represent the double bonds included into the chemical structure of the mycotoxin and may
affect bond interactions with MTB cations. Likewise, the interlayer space of clay binders or
pores of AC dimensions are a determinant factor to increase the adsorption capacity of
mycotoxins. Clay minerals with low interlayer space like calcium bentonite (Diaz et al., 2004)
were demonstrated to have a lower adsorption capacity of AF, in contrast to sodium bentonite
which has a higher adsorption capacity due to the swelling property provided by sodium cations
that lead to a higher interlayer space. In addition, cation exchange capacity, swelling capacity
and the interlayer space diameter were demonstrated to be positively correlated to increase the
adsorption capacity of AF by bentonite (D’Ascanio et al., 2019). Activated carbon is
recognized as a highly unselective binder, and the adsorption of different mycotoxins is often
high. These results are related to the presence of different pore dimensions on the AC matrix
(mega pores, mesopores, and micropores). Subsequently, AC has the ability to adsorb

mycotoxins with different chemical structures, sizes and shapes with a range of adsorption from
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53 to 93%. Yeast cell wall exhibit another type of binding mechanism that is not based on the
interlayer space or pores, but rather on the structural combination of B-glucan and the shape of
mycotoxins, and the stability of the interactions of aromatic cycles of B-glucan and carboxyl

groups of mycotoxins (Jouany et al., 2005).

As a continuation of the first study, a second review study was conducted as a network
meta-analysis on papers studying the efficacy of MTB to reduce AFM1 concentration and
transfer from feed to milk after challenging dairy cows with AFB1. The key finding in this
study was the effectiveness of different sources of MTB [AC, bentonite, HSCAS, MMT, YCW
and mixed binders (MIX)] significantly reduced the percentage of AFM1 in milk in comparison
to control. These results confirm the efficacy of MTB to adsorb AF from in vitro tests, although,
the adsorption percentage in vivo was smaller. Moreover, the reduction percentage among
different MTB in vivo was not different, which demonstrates a similar effect among MTB. It
IS important to state that the in vivo studies included in the network meta-analysis were fewer
than those included in the in vitro review (28 vs. 68 papers). This difference may affect the
variability of the results leading to high inconsistency among treatment comparisons. In vivo
studies, in contrast to in vitro tests, are complicated, expensive and difficult to apply, because
of the required biosecurity protocols to manipulate mycotoxins at farm level and the required
facilities are not available in most research centers. Similar to in vitro tests, the application of
in vivo studies should follow some experimental conditions to avoid misleading results. For
instance, the ratio MTB:mycotoxin issue is a common problem in in vitro and in vivo studies
where inadequate ratios may favor or disfavor the adsorption of mycotoxin in the
gastrointestinal tract of dairy cows. The AFB1 challenge application is also a key factor in
reproducing the challenge for the cows. The supplementation of naturally contaminated feeds
may affect results in comparison to the supplementation of pure AFBL1 directly to the rumen of

the cow. This is because the naturally contaminated feed may contain different types of AF
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(B2, G1, or G2) or other mycotoxins which result in synergic or competition effects for binding
among them. In addition, the raw material used for mold development is very important as
molds use nutrients from the contaminated grain for their growth and the utilization of different
types of grain may also affect mold development and mycotoxin production. Still, in vivo
experiments are the best method to test the efficacy of MTB and allow to have a deeper
understanding of the functioning of the products in the living animals. The comparison between
the in vitro and in vivo review may allow confirming that the results of MTB adsorption
capacity on AF in vitro were similar to in vivo experiments, where different MTB (AC,
bentonite and hydrated sodium calcium silicate) successfully decreased AFM1 concentration
in milk in a range from 26 to 45%. Furthermore, YCW had the lowest adsorption capacity in
in vitro tests, which agrees with the in vivo test where YCW was the least effective binder to
reduce AFML1 transfer into milk. Yet, the use of MTB in vivo had a lower adsorption capacity
compared to in vitro results, with more than 50% decrease for AC, bentonite and YCW, and a
67% decrease for HSCAS. It is suggested that in the in vivo conditions, the content of the
gastrointestinal tract (enzymes, nutrients, bacteria) interfere and compete with mycotoxins for
the adsorption sites of MTB, leading to a decrease in the overall capacity, in contrast to in vitro

conditions where the incubation media contain less organic molecules.

We demonstrated that the adsorption capacity of MTB is affected by the type of MTB
and mycotoxin, and the incubation media characteristics. Furthermore, the adsorption capacity
of MTB could be altered by the interaction with nutrients presented in the same environment
with mycotoxins in vivo and in vitro. The adsorption mechanism of MTB is not selective to
adsorb only mycotoxins, but other molecules present in the gastrointestinal tract of the animal
as nutrients could also be adsorbed. This capacity of MTB to adsorb nutrients is attributed to
the similarities of physicochemical properties of the molecules with mycotoxin that allow their

interaction. The in vitro studies carried out in this thesis evaluated the capacity of different
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MTB types (clays, AC, and YCW) to adsorb different nutrients like AA and vitamins. The
protocol was adapted from the in vitro test of Lemcke et al. (2001) used for mycotoxin
adsorption tests and consisted of incubation in an artificial buffer with pepsin, bile salts and
pancreatin to simulate the gastric and intestinal digestion at pH 2 and 7, and for 2 hours each
at 37°C. Results of the 2 experiments showed that the adsorption capacity changed depending
on the type of MTB and the nutrient. For instance, the adsorption capacity of AA was the
highest with clinoptilolite (51%), YCW (48%), and MMT (47%). However, the adsorption of
water-soluble vitamins was the highest with MMT (56%). Moreover, the highest adsorption
capacity among nutrients was observed with vitamin Bl (65%), B6 (55%), and vitamin E
(34%). However, the adsorption of vitamin B3 (5%) and D (3%) was the lowest among the
other nutrients for all MTB. This variation in the adsorption capacity from one nutrient to
another was the same observed within different types of mycotoxins in the review of in vitro
tests. Similarly, these results were mainly attributed to the physicochemical properties of each
nutrient. The adsorption capacity of water-soluble vitamins was greater due to their small
molecular weight and the presence of more than one hydroxyl or carbonyl group that ensures
a stable binding with the MTB. The adsorption of vitamin D was the lowest with different types
of MTB as well as fumonisin or T-2 toxin did, because of the larger molecular weight and the
presence of different ramifications that precludes its entrance into the adsorption sites on MTB.
Despite of these results, the in vitro test showed some analytical issues due to the sensibility of
nutrients to environmental factors that affected the interpretation of results. Initially, it was
observed that vitamin A disappeared from the incubation medium after 4 hours of incubation.
Our first thought was that its adsorption was 100% by different MTB, but the fact was that
vitamin A was highly sensitive to light and temperature which denatures the vitamin. This
suggestion was proved by the degradation kinetic test performed on vitamins A, D, and E under

the same in vitro conditions within four hours. Results showed a high degradation of vitamin
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A after five min of the start of the incubation, and at four hours only 20% of the initial amount
was left. In contrast, vitamins D and E were more stable during the degradation kinetics and

showed more than 90% stability.

Diaz et al. (2004) suggested that in vitro test results should not be considered as final
results and suggested that in vivo studies must be carried out to have more reliable results. As
a continuation of the first two in vitro studies, a third experiment was conducted in vivo with
the objective of comparing the in vitro results on binding nutrients. The experiment was carried
out on cannulated dairy cows to observe the plasma kinetic of water and fat-soluble vitamins
after MMT supplementation in the diet. The hypothesis of the experiment was that an infusion
of vitamins directly into the abomasum through the cannula would allow us to observe the
effect of MMT on plasma vitamin concentrations. In this experiment, MMT was chosen to be
supplied to dairy cows due to its high adsorption capacity of vitamins from the previous in vitro
tests. The expected results from this experiment were to have a high adsorption capacity as
observed in the in vitro test. However, the results were against the expectations and we
concluded that there was no evidence that MMT decreases the adsorption of different water
and fat-soluble vitamins. These results may suggest that the in vitro test results are not reliable
and we should be very conservative when we refer to such results. However, the in vivo
experiment may also have some limiting factors. The in vivo experiment was based on the
detection of vitamins in blood after a direct infusion into the abomasum to avoid any interaction
of the vitamins with rumen bacteria that would decrease their bioavailability in blood. It is true
that the experimental design was not common for MTB studies and was adapted from AA
studies to evaluate their bioavailability in blood (Kihal et al., 2021). To guarantee a sufficient
vitamin response in blood with defined peaks, it was estimated that the infusion of 8 times the
required levels of vitamins (NRC, 2001) may be enough to trigger vitamins level in blood.

These levels of concentration were also considered to maintain a practical ratio of
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MTB:vitamins. Other similar studies infused much higher doses of vitamins (above 60-75
times the required doses, Hymgller and Jensen, 2010; Ghaffari et al., 2019) which may lead to
an unbalanced MTB:vitamins ratio and affect the adsorption capacity of MTB. Furthermore,
the infusion of vitamins in the abomasum was conducted after one week of adaptation to MMT
to ensure a steady-state concentration throughout the gastrointestinal tract at the moment of
vitamins infusion. However, another form of MTB supplementation could be implemented,
where MTB can be infused directly into the abomasum together with the vitamins. This method
may guarantee the presence of MTB at the moment of vitamins infusion because it considers
the abomasum as an incubation medium for MTB and vitamins in real conditions similar to the

protocol carried out in in vitro tests.

Because of such conflict in results, the potential misleading interpretation and the very
limited data available, it is important to standardize an in vitro method to test MTB to adsorb
either mycotoxins or nutrients in vitro, and validate results against in vivo tests. The actual in
vitro protocols used to test MTB are designed as a screening method for MTB used mostly
during product development because it gives rapid and inexpensive information about the
efficacy of the products. However, this information is limited, unreliable, and does not allow
further interpretation due to the high variability among methods and laboratories. The present
challenge of MTB testing is to come out with a new validated method that provides reliable
results for different MTB and mycotoxins. A validated method can also be used as a refinement
procedure to replace in vivo studies known to be expensive and complicated to apply due to

biosecurity reasons that must be applied.

In addition to the factors that limit the specific interaction between MTB and mycotoxins,
the MTB adsorption mechanism is saturable and dependent on the number of binding sites
available for mycotoxins on the matrix. For this reason, a ratio of MTB:mycotoxin is a limiting

factor of in vitro tests where the adsorption capacity is highly related and can be easily
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manipulated. To clarify, the incubation of a high concentration of MTB with a low
concentration of mycotoxins will definitely lead to a higher adsorption capacity of the tested
binders because there are more available adsorption sites than mycotoxins present in the media.
In contrast, the incubation of a low dose of MTB with a high dose of mycotoxins will lead to a
lower adsorption capacity because of the saturation of the available adsorption sites on the
binders (Sulzberger et al., 2017). Using the data selected for the analysis of MTB effectiveness
from the first review, the MTB:mycotoxin ratios resulted in a wide range of ratios
independently of the type of mycotoxin or MTB (1:0.00007 to 1:600 mg/ug). Therefore, it will
be relevant to establish a standardized ratio of MTB:mycotoxin to be used for in vitro tests in
order to make fair comparisons. The EFSA (2017) considers that MTB are safe and established
high safety limit doses (20 kg/t of feed). Currently recommended doses of MTB are generally
established by MTB selling companies that carry out in vitro tests using different inclusion
doses of binders to evaluate the best dose to adsorb mycotoxins. This required dose differs by
the MTB type where the chemical properties change with the chemical composition and the
nature of the MTB. However, it should be possible to recommend a range of ratios that should
be followed during in vitro experiments. To standardize an in vitro protocol, we propose to use
a MTB:mycotoxin ratio close to that found in field conditions. With this objective, the daily
intake of MTB and mycotoxin should be determined. The practical dose of MTB should be
considered on that demonstrated to be effective to bind mycotoxins. Diaz et al. (2004) reported
that a concentration of 1.2% of DMI of MTB was effective in binding mycotoxins in vivo
which is equivalent to 300 g/day/cow. On the other hand, the daily intake of mycotoxins is
highly variable and dependent on the type of mycotoxin. It is reasonable to propose an adequate
dose related to the minimal toxic levels of each mycotoxin assessed by the European
Commission (EC, 2006 on raw materials, Table 1). Because mycotoxicosis occurs in animals

at high levels of mycotoxins concentration, we propose to use the minimal toxic concentration
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for each mycotoxin multiplied by 10 for the in vitro test. Then, the daily intake will be 10 times
the minimal toxic limits considering an average consumption of 22 kg DM. This
MTB:mycotoxin (mg/ug) ratio may provide the possibility to assess the capacity of MTB to
adsorb toxic levels of mycotoxins in an adequate ratio (Table 1). A standardized procedure
should also consider other issues, like incubation media characteristics and volume, duration
and pH, among others. Finally, as any in vitro test, a validation would be necessary. However,
it is very difficult to conduct in vivo test to provide sufficient data of each MTB and each
mycotoxin for the validation process, which increases the difficulty of developing a reliable

test.

Table 1: Mycotoxin dose limits for the major six mycotoxins and the corresponding ratio

mycotoxin binder:mycotoxin (mg/ug) for a concentration of mycotoxin binders at 1.2% DMI.

Mycotoxin LEU limits pg/kg 2Daily intake Ratio mg/ug
Aflatoxin B1 20 4,400 1:0.015
Deoxynivalenol 1000 220,000 1:0.733
Fumonisin B1 2500 550,000 1:1.833
Ochratoxin 50 11,000 1:0.037
T-2 toxin 100 22,000 1:0.073
Zearalenone 250 55,000 1:0.183

'EU: European Union.
2Daily intake: the EU mycotoxin limits were multiplied by 10 times and by 22 kg DMI for each mycotoxin to calculate
the MTB:mycotoxin ratio.
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General conclusions

The results of this thesis allowed us to conclude several important key points on the
capacity of mycotoxin binders to adsorb mycotoxins and nutrients. The adsorption mechanism
of mycotoxin binders is non-selective and many factors can interfere with their adsorption
efficacy as outlined in this thesis. From the studies carried out during the thesis, we concluded

the following:

- The adsorption capacity of activated carbon is higher for the six major mycotoxins
among different mycotoxin binders in vitro.

- Aflatoxin is the mycotoxin with the highest adsorption index and deoxynivalenol the
lowest.

- The adsorption capacity of mycotoxins is affected by the nature of the incubation media
when tested in vitro.

- The media pH affects the adsorption capacity of yeast cell wall, and the adsorption of
ochratoxin and zearalenone.

- Bentonite, hydrated sodium calcium aluminosilicate and mixed binders were the most
effective binders to reduce aflatoxin M1 in milk, and yeast cell wall was the least
effective.

- Results from in vivo studies agreed with in vitro tests on the adsorption capacity of
aflatoxin.

- In vitro tests demonstrated that mycotoxin binders adsorb amino acids (methionine,
lysine and threonine), and vitamins (B1, B2, B6 and E), but showed low adsorption of
vitamins B3 and D3.

- Vitamin A is not recommended to be tested in vitro due to the low recovery rate because

of its low stability in the in vitro media.
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- Montmorillonite showed no evidence of adsorption of vitamins B1, B6, A, E and D in

Vivo.

- There is an urgent need to develop a standardized and validated method to test the

efficacy of MTB under both in vitro and in vivo conditions.
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he aim of this thesis was to evaluate the capacity of different mycotoxin binders to adsorb

mycotoxins and nutrients among different methodologies. Two literature reviews were conducted

during the thesis to evaluate the adsorption efficacy of different mycotoxin binders (MTB) to
adsorb mycotoxins. In the first review, 68 papers of in vitro experiments were included from the literature
to evaluate the capacity of eight MTB to adsorb the 6 major mycotoxins. Results showed that the mycotoxin
adsorption capacity was the highest for activated carbon and lowest for the other binders. For mycotoxins,
the adsorption of aflatoxin was the highest and that of deoxynivalenol the lowest. Results also showed that
pH affected the adsorption capacity of yeast cell wall among MTB, and the adsorption of ochratoxin and
zearalenone among mycotoxins. The second review, consisted on a network meta-analysis that included 28
papers evaluating the efficacy of MTB to reduce aflatoxin M1 (AFM1) indexes in milk after an aflatoxin
B1 (AFBL1) challenge in dairy cows. Results showed that bentonite had the highest capacity to reduce AFM1
milk indexes and yeast cell wall the lowest.

In continuation, three experiments were conducted to evaluate the capacity of MTB to adsorb
nutrients. In experiment 1 and 2, in vitro tests were conducted to assess the capacity of 6 MTB to adsorb 3
amino acids, 4 water-soluble and 3 fat-soluble vitamins. The in vitro studies consisted of the preparation of
an incubation buffer adapted from Lemke et al. (2001) where substrates were incubated separately and
together. The average adsorption of AA when incubated separately was 44% with the highest adsorption
for clinoptilolite, and the adsorption was reduced to 20% when incubated together with the highest
adsorption for montmorillonite. The adsorption average of vitamins when incubated separately was the
highest adsorption for montmorillonite (35%), and the adsorption increased to 46% when vitamins were
incubated together with the highest adsorption for montmorillonite. The recovery rate of fat-soluble
vitamins was high for vitamin D and E, but low for vitamin A which limited its use for the binding test.
When fat-soluble vitamins were incubated separately, vitamin D was only adsorbed by YCW. Vitamin E
adsorption was highest for bentonite and montmorillonite, and lowest for sepiolite and activated carbon.
When incubated together, vitamin D was not adsorbed by any MTB, and vitamin E adsorption was highest
for bentonite and montmorillonite, and lowest for sepiolite. In experiment 3, six cannulated Holstein cows
were used in a crossover design with two treatments, a control diet with or without montmorillonite. Water-
soluble vitamins were infused individually into the abomasum through the ruminal cannula and blood
samples were collected to study the dynamics of their plasma concentrations. No differences were observed
in the basal concentration, the time at maximal concentration, the maximal concentration and the area
under the curve of vitamin A and B6. Plasma concentrations of vitamins D, E and B1 had no concentration
peaks, and were not affected by montmorillonite supplementation. Results of this study do not show
evidence that montmorillonite affected the bioavailability of vitamins A and B6 in vivo.

In contrast to in vitro studies, in vivo studies do not confirm the capacity of montmorillonite to adsorb
nutrients. However, it was not clear if the plasma vitamin concentrations were an adequate marker of
bioavailability, and/or the dose of vitamins or the length of treatments was sufficient to elicit a response.
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