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5 “La plus grande gloire
n'est pas de ne jamais

tomber, mais de se
relever a chaque chute.”

Confucius
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CONTEXT AHE STUD s

I.  Context of the study

Plants and cereals are subject to numerous fungal contaminations occurring either in
fields or during storage processes. Many spedfiésngi exist and are able to grow on various
types of <cereals (maize, whe atcogmmbddiesiseeds, s oy
peanuts, fruits, sFSSAR209) foragesé) (Figure 1

Fungi Toxins Food
Aspergillus Alatoxins, Maize, peanuts, cotton
Ochratoxine A seeds, rice, beans, milk,
ensilage, animal tissues,
grappe

. x#anum—Trichothecenes, Wheat, maize, barley,
28l VB Zearalenone, rye, oat, nuts, tomato
Fumonisins
Patulin Fruits, juices, wheat,
Ochratoxine A rice, cheese, nuts,

animal tissues, ensilage,
orange, lemon, bread,
cantal

Byssochlamys

patuline —— Fruits, juices, ensilage

Claviceps

Ergot Alcaloides Rye, wheat and derivatives

Alternaria Alternariol Fruits, vegetables, apple
and tomato derivatives

products, colza, patato

Figure 17 Major mycotoxins produced by fungi and naturally found in several food products

These fungi are able to produce several toxic molecules, called mycoféxinms
Greeke  a(dJy k e s, mukos) Of ungus 6(Ailkomard Méhtat201%) (t 0 X |
Mycotoxins are secondary metabolites; and unlike primary metabolites, they are not essential
to the development and survival of the fungus but could constitute antageaduring the
colonization of ecological niche when in competition with other microorganism. These

molecules also discourage predators from eating the fuKgilier et al. 2005)



CONTEXT OF THE STUDY

Mycotoxins can be divided into polyketoacids, terpenes, cyclopepetidesitangen
metabolites, dependinan their origirs and their structue(AFSSA 2009) They can also be
classified according to their toxic effects. Mycotoxins considered important in terms of food
safety are aflatoxins (AF), ochratoxins (OT) (in particutehratoxin A (OTA)), patulin
(PAT), fumonisins (FB), zearalenone (ZEA) and trichothecenes (TCT), especially
deoxynivalenol (DON) (Figure 2)Bennet and Klich 2003 Several factors control fungal
growth and mycotoxin production, such as weather condjtiagsicultural practices or

storage conditionfHesseltine 1976).

N 0
H

O ~ “
H 0 o cl
Aflatoxin B1 Ochratoxin A
OH O CH; o
COOH

o OH OH

O
HO o OH I‘in
COOH
0O O COOH
Zearalenone Fumonisin B1
H
& H
OH ;-0
@] =
O
Z =0
Patulin Deoxynivalenol

Figure 27 Structural diversity of major mycotoxins

The toxic effects of moulds and fungi were already known in ancient times.
Historically, many ilinesses linked to mycotoxicoses havenweported AFSSA 2009) The
most famous case, which occurred in the Middle Ages, is known under the name of ignis
sacer (sacred fire) or St Anthony's fire. It was caused by toxiaviceps purpureathe
ergot alkaloids of rye (Figure 3). Ergotism read epidemic proportions, mutilating and
killing thousands of people in Europe. Victims of ergotism suffered from delirium,
prostration, acute pain, abscess and gangrene of the extremities, leading to serious and
incurable infirmity. Epidemics occurred frothe &' to the 18' century due to the bad quality
of food and contamination with fungal sclerotia. Similarly, fusariotoxins (toxin T2 and ZEA),
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seem to have been involved in the decline of the Etruscan civilization 5 centw@s B.
(Richard 2003) iorve | Fi ce di s e-kakke dalisease in Japam smas also a
mycotoxicosis caused by unhygienic conditions and practices, which is induced by the
Citreoviridin, a metabolite produced Benicillium citreonigrum This fungus used to grow
readily on rice dring its storage (after harvest), especially in the colder regions of. Ngan
hygiene measures applied, more rigorous than before, made it disgpjplegawa and
Tatsuno 2004)In 1960, the turkey X disease has been an important episode of myco®xicosi
on animals. It killed thousands of turkey, ducklings and other domestic animals in England.
This allowed the discovery of aflatoxins, main mycotoxin produced $yeAgillus flavus,

and present in a high quanti tfpod{Bluntge6bd)undnut

Figure3ifiSai nt Antoi ne t ent atl51®hby Grinewald (oh thedeftbEatsofe e n 1
rye contaminated with ergot (on the right)

Most mycotoxins have an eaxcaptiomal td be expasaedt vy , k
to such high doses in Eurog&uropéenneC. 2003) In this part of the world chronic
contamination is the most threatening, due to the persistence of these mycotoxins in food and
the repeated ingestidoy animals for example. In®4, a worldwide survey showed that 72%
of more than 19000 samples analyzed contained detectable amounts of AF, FB, DON, ZEA or
OTA (Figure 4). Among them, 38% represented @@atamination by 2 or more mycotoxins
(Schatzmayr and Streit 2013). Severalitoeffects can be induced, depending of the
mycotoxin and the organ targeting. At high doses, mycotoxins exposure can leads to general
cytotoxicity, biochemical lesions and impact on early cellular functions in the cascade of

events(Bryden 2012; Maresca and Fantini 2018) low doses, various functions of tissues
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and organs can be impaired. And some mycotoxins are

teratogeni¢Maresca and Fantini 2010)

. ?“?

“on e D D Veew
Paai &

North America

AF 20%; ZEA 34%;
DON79%; FB 65%; OTA 35%
- r 5 &
» .
N . A
.

Central America
AF 20%; ZEA 0%; I
DON 80%; FB 100%; OTA 0%

~

South America
AF 47%; ZEA 51%;
DON 9%; FB 87%; OTA 9%

North Europe
AF 0%; ZEA 3%;
DON 57%; FB 0%; OTA 50%

2.

Central Europe

AF 6%; ZEA 20%;
DON 54%; FB 29%; OTA 41%

. W e =

South Europe
AF 16%; ZEA 17%;
DON74%; FB 81%; OTA 30%

Middle East
AF 16%; ZEA 14%;
DON37%: FB 39%; OTA67%

also genotoxic, carcinogenic and

North Asia
AF 11%; ZEA 59%;
DON 68%; FB 40%; OTA 16%

TYHEE

South-East Asia
AF 55%:; ZEA 44%;
DON 30%; FB 64%; OTA 33%

A 4

Africa
AF 85%; ZEA 44%;
DON 52%; FB 80%; OTA 86%

Ve |

South Asia
AF 79%; ZEA 40%,
DON 18%; FB 66%; OTA 63%

S

Oceania
AF 7%; ZEA 17%,;

DON 19%; FB 6%; OTA 11%

Figure 4 - Global mycotoxin prevalence in surveyed regions (adapted from Schatzmayr and Streit
2013). Aflatoxins (AF), zearatmne (ZEA), deoxynivalenol (DON), fumonisins (FB), ochratoxin A
(OTA).

[I. Problem of DON contamination

A. Occurrence

DON is produced byusariumfungi, one of the most common mycotoxin in the world. It
and can be found in many cereals and raw materials, likatwbarley, oat, rye, maize and
sometimes on ricesorghum and triticale. A wonldide survey to asses$ise contaminatiorby
mycotoxirs in feed and feed raw materialdpneon 19,000 samples, shewhat DON was
present in 56% dhetested samplelSchatzmayr and Streit 2013)

Fungal infection and DON production are difficult to predict eegllate;because largely
dependent on the weather, high humidity and low temperature, and so vary greatly from year
to year and between are@Rotter et al. 1996)In developed countries, where storage
conditions are well managed and controlled, DONtaarination is especially a prearvest
problem. While, in developing countries, DON can also be produced during the storage stage.
So, DON can be commonly detected at low levels (< 1 ppm) and sporadically at higher levels

(5 to 20 ppm) on cereals intendedbe given to animals or humagfsbouzied et al. 1991)t
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can also be present in end products, siuckha cereabased food for adults and infants or
even at low levels in beécombaert et al. 2003; Scott 1996)

Economic losses due to DON contamination are difficult to evaluate. Nevertheless a
computer simulatios evaluated that the annual costs for DON in the USA were $637 million
in crop losses (mainly wheat and corn), $18 million in feed losses and $2 million in livestock
losseEFSA 2013)

B. Toxicity

The toxicity of DON is well known and numerous studies bring information on its toxic
effects at high and chronic dos@daresca 2013; Pestk2010; Wang et al. 2014A high
concentration of DON causes effects and symptoms that are similar to those observed during
an exposure to ionizing radiation, such as abdominal distress, salivation, discomfort, diarrhea,
vomiting, leukocytosis and gastndéstinal bleeding. It also has high emetic and anorexic
effects, that are equal or even higher to those of observed with the most toxic trichothecene B
(Pestka and Smolinski 2005) Act ual | vy, the first name of D
emetic effects seen in piggesonder et al. 1973)

A chronic exposure can impact growth (by anorexia and disregulation of nutrients
efficacy), immunity (increased or decreased) and reproduction in animals. At acute doses it
can induces emesiabdominal distress, malaise, diarrhea and increases the salRestka
2010) At low dose it impairs the growth and the immune function in human and interferes
with nutitional efficiency on piggRotter et al. 1996)At higher doses it causes diarrhea,

emesis]eukocytosis, hemorrage, endotexemia and ultimately slikeklieath(Ueno 1983)

C. Detoxification methodsfor DON
The effectiveness of detoxification methods of mycotoxins depends on several

parameters, the nature of the food/feed, the environmental conditions such as moisture
content, temperatures well as the type of mycotoxin, its concentration and the extent of
binding between mycotoxin and constituef@senier and Oswald 2011)

DON resist to most of the industrial processes; it is stable at high temperature, due to
its high chemical stability and cdre found in numerous final processed prodJdazel and
Patel 2004)Actually DON is completely stable at 120°C, quite stable at 180°C and partially
stable at 210°QOMS 2001) At concentrations belodmg/kg, DON is mainly found on the
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seed surface but at higher concentrations, it can belfouthe entire graifCharmley and
Prelusky 1994)To reduce the occurrence and the impact of mycotoxins and especially DON,
several detofying strategies were establesth in the feed chain, inding the preventon of

fungal growth and the production of mycotoxin, strategies to reduce or eliminate mycotoxins
from contaminated raw or finished materialsegenin diverting contaminated product to low

risk uses including animal fee@@ryden 2012) However, the amount of information related

to mycotoxins detoxifying methods is still limited. From the described detoxifying strategies
there are three principal categs used: the physical, the chemical and the biological

methods.

1. Physical methods

Some processes used to detoxify mycotoxins (such as milling, irradiation, ethanol
fermentation or extrusion) were initially developed for other purposes, and some were
spedfically developed for th detoxification itself(such as sorting, cleaning or washing).
These practices, are linked to the FAO guidelines, namely fulfilled: cheap and simple, no
production of toxic metabolites, and no change in the nutritional valueoperpies of raw
materials. However, all these approaches present some inconvenient. The standard processes,
like milling and baking, do not allow the elimination of DON with efficag@bbas et al.
1985; Hart and Brselton 1983)Dry milling, permit an elimination that is up to 40% of DON
present in the flour; sieving or cleaning can reduce the concentration in DON by over 60%
(Pestka and Smolinski 2005The problem of the milling and grain separation process,
commonly wused for humandés food, brasand Geant, i t
fractions will be used latdor animal feed. However, in th@eving and cleaning procedures,
an important los®f grains is reported. In their study, Trenholm et al. (1991) did observe a
73% reduction of DON, but they have also observati tp to 69% of the total weights of the

corns was removed as well. And after flotation and washing, the cost of drying grains is high.

2.  Chemicalmethods
Several chemical processes, using molecules like ammonia, calcium hydroxide,
chlorine, hydrochloric @d, ozone, sodim bisulphate and sodium hydrdgi are able to
degrade DON. In fact ammoniation has been proved to reduce the aflatoxin levels but this

process is not accepted in all countries and is quite expeidiveed et al. 1991; Park and
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Price 2001)With alkalization, DON can be transformed into different products, with various
toxicity (Bretz et al. 2005; Bretz et al. 2006; Young et al. 1986)

In majority, the chemi c a | met hods can reduce mycot ox
severely damage the nutrient qualitytloé grains and can be health hazards on their own. Not
only that, they can ret in the formation of degradgaroducts that might be constituted of

newand unknown biologically active mycotoxi(fldumpf and Voss 2004)

3.  Biological methods

Two strategies are possible nitanage DON, once present in plants and cereals. The
first strategy consist on preventing the production of DON in infected crop by controlling the
plant pathogensFusarium spp.). Equipping crops with DON detoxification activities can
reduce the concentrah of mycotoxin in grain and also increase the resistance against
infection (Karlovsky 2011) It was shown that DON plays a role in the infection; host plants
inoculated withfungast r ai n not able to produceMaeCT can:
et al. 2006; Proctor et al. 199%nother study showthat a major QTL responsible for the
resistance of wheat to FHB -segregated with thability to detoxify DON by glycosylation
(Lemmens et al. 2005)t has been proved that lselecting a plant naturally resistant to
Fusarium its capacity to glycosylate DON into D3G can be increased by 2.7 tinoes m
(Sasanya et al. 2008)

Some companies also tried to build transgenic plants, by transferring tbe 3
acetyltransferase gene issued frémsporotrichioidesto the plant in order to reduce the
pathogenicity ofFusarium(Karlovsky 2011)

The second strategy consists in detoxifying DON that has been produced, by physical
and chemical methods as we saw but more innovative by biological mefhioelsbic
detoxification of mycotoxins, by isolating microorganisms and/or enzymes that will degrade
or metabolize the mycotoxins, is currently an innovative and promising strategy aiming to
control mycotoxicoses in animalSchatzmayr et al. 2006)Cheng et al. 201@btained two
Bacillus stains able to detoxify DON in wheat and maize. In another stBdygillus sp.
LS100, which transforms deoxynivalenol (DON) to a less toxic chemicapdry DON
(DOM-1) has been assessed. This intestinal bacteria, Genus novus species novus of family
Coriobacteriaceae BBSH 797, isolated from digestive tracts, is ableapaleg/dize DON to
DOM-1 (Fuchs et al. 2002)There is also the bacterial strain Devosia mutang-E-8,
isolated from an alfalfa soil enriched with graminearurdanfested corn that is able to highly
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reduce DON level, in producing an epimer, thepBDON (He et al. 2015b; Zhou and He
2009, 2010)

Bringing the emymatic kit to animals, by the use of bacteria, will allow them detoxify
mycotoxins, and easily and effectively protect them against the toxic effects of mycotoxins.
Definitely, since decontaminated or detoxified crops are cheajpee(they areonsiderd as
products oflower quality), theyare mainly used for feed production and animal feeding
(Grenier and Oswald 201,1n which explains why animals are very exposed. The need of
feed additives preventing the absorption of mycotoxins and by that occurrence obxteeir
effects in farm animals has increased significantly. Indéseladsorption is not a viable
option regarding trichothecenes, zear al enon
inactivation by biotransformation is a very promising strategy toxdfgtthese mycotoxins.
However, all the additives and bacterial products have to be tested before coming into the
market to assure their efficiency and safétyvitro andin vivo tests are mostly important to
check and follow their scientific developmerid improvement. Sensitive parameters such as
biochemistry, gross pathology, histopathology, immunarpaters and animal performances
have to be measured to evaluate their toxicity. This is why the aim of this thesis was to
evaluate the toxicity of therpducts issued from biological detoxificati@mdto assess the
efficiency of this procesg orderto protect animals or humans from the toxic effects of
DON.
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LITERATURE REVIiEEYS

[1l. Literature review

The literature review consists dhree reviews covering ddfent aspects studied
during thisthesis. The first two reviews deal with the different effects caused by mycotoxins
and the intestine or the immunity of pigéhe third review focuses on new forms of

mycotoxins derived from these mycotoxins, the "masked" and "modified" mycotoxins.

To date, contamination by mycotoxins cannot be avoided. Mycotoxins can be present
in several types of cereals (maize, wheat, bartegts, rice ...) and end up in high
concentrations due to cultural practices or storage. These mycotoxins can be found in co
contamination in pig feed. All these mycotoxins have toxic effects othpigs particularly
sensitive because of its simple dijee system and its high cereal rich di€he first two
reviews have a look on the two most affected parameters after a contamination by one or
more mycotoxin, on the gut and the immune system of the pig. Mycotoxins contaminations,
mainly by ingestion, @use many toxic effects on the digestive system and small intestine.
The first reviewpresentghe differentny c ot o x i ns t h a tfeedaandetheif effecis d i n
and consequences on the intestine and the general health of .tihdypajoxins have been
also describedas responsible of modifyingmportant functions of the intestine (barrier
function, mucus production, nutrient absorpt
The second review reports the effect of mycotoxins on the immune system da@gigsnly,
many mycotoxins have ammunemodulatory effect on the immune response and may affect
the vaccine response as well as induce an increased susceptibility to infections or chronic

infectious diseases.

Finally, the last reviewpresentsadvances in terms of new analytical methdtbwing
theidentification ofnew forms of mycotoxinghe mycotoxinscalledmaskedand modified. It
is important to study these new forms of mycotoxingualuatetheir impact on pig health
and to assess whether they can represent an additional thteatlltiave to be taken into

account in the overall management of the risk of mycotoxins.
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A. Feedmycotoxins:impact on pig intestinal health

Nowadays, many mycotoxins can contaminate cereals and feeding stuffs designated to the
pig consumption. These yootoxins have several toxic effects on pigs, which are greatly

impacted, due to their high sensibility and their cereals rich diet.

Due to the way of exposurdy ingestion, intestine is the major organ targeted by
mycotoxins. This review summarizes thajor effects induced by these mycotoxins on the
intestine, on its integrity, its biological function and on its immune response. It also highlights
the consequences of this contamination, which increases the translocation of bacteria and

enhances the sugtéility to other diseases and thus impairs the global health of pigs.

This review is currently submitted to Porcine Health Management
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Abstract

Mycotoxins are secondary metabolites of fungi that grow on a variety of substrates. Due to their high
consumption of cereals and their sensitivity, pigs are highly impacted by the presence of mycotoxins.
Pigs can be exposed to different mycotoxins such as aflatoxins, ochratoxins, fumonisins, zearalenone,
and trichothecenes especially deoxynivalenol. At tlEropean level, regulations and
recommendations exist for these mycotoxins in pig feed. ifitestine is the first barrier to food
contaminants and can be exposed to high concentrations of mycotoxins upon ingestion of
contaminated feed. fotoxins targethis organ, they alter the intestinal barrier, impair the immune
response, reduce feed intake and weight gain. Among them, deoxynivalenol and fumonisin have been
studied especially for their toxicity in the intestine. Their presence in feed increasemghecation

of bacteria; mycotoxins can also impair the immune response and enhance the susceptibility to
infectious diseases. In conclusion, because of their effect on the intestine, mycotoxins are a major

threat to pig health, welfare and performance.
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Pig, mycotoxins, feed contamination, intestine, barrier function, immune response
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29 Introduction

30 Food safety is a major issue throughout the world. In this respect, much attention
31 needs to be paid to the possible contamination of food and feédhgyand the risk of

32 mycotoxin production. Mycotoxins are secondary metabolites produced by filamentous fungi,
33 mainly by species from the genAspergillus FusariumandPenicillium They are produced

34 on a wide variety osubstratebefore, during and &dr harvestMycotoxins are ery resistant

35 to technological treatments and difficult to eliminaa@d therefore thegan be present in

36 human food and animal feed. The ingestion of mycotorimaminatedeedcan induce acute

37 diseass andthe ingestion oflow dosesof fungal toxins also causes damage in case of
38 repeated exposure

39 Monogastric livestock, pig and poulirare particularlyvulnerableto mycotoxns

40 because of the high percentage of cereals in their dieberalise they lack mmen witha

41 microbiota able tadegrademycotoxins before their intestinal absorption. From a pig health
42  perspective, the mosibtoriousmycotoxins (Fig.1) are aflatoxins (AF), ochratoXdn(OTA),

43  fumonisins B (FB), zearalenone (ZENnd trichothecenes, especially deoxgfenol (DON)

44  (CAST 2003)

45 This reviewwill summarize the effect of mycotoxins dime intestine and analyze the

46  consequences in tesof pig health.

47
48 - Toxicity of the main mycotoxins in pig feed
49 The toxcity of mycotoxins varies according to several parameters such as the dose, the duration of

50 exposure, the age and the sex of the animal, as well as nutritional {Actdrstta et al. 2012; Bryden

51 2007; Wild 2007) For example, the effects of AF, FB or DON on performance are greater in males
52 and young piggdAndretta et al. 2012; Marin et al. 2008n the European Union, only AFs are

53 regulated in animal feed; recommendasi@xist for OTA, DON, T2 and HZ toxins, FB1, FB2 and

54  ZEN (Tab. 1).

55
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Fig. 1. Chemical structure of the main mycotoxins present in pig feed.
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The AFs are rapidly absorbed and metabolized in the (Waschek et al. 2002)hey
are hepatotoxic, and have some impacts on growth and on the immune response of the pig
(Meissonnier et al. 2006DTA is nephrotoxic and hepatotoxic and its oxydative metabolites
are genotoxic (Aish et al. 2004; PfoHLeszkowicz and Manderville 2007)Among
mycotoxins, pigs are very sensitive to DON, the most common mycotoxin of the type B
trichothecene. Short exposure to high doses of DON induces vomiting and loweicdases
feedrefusal (Haschek et al. 2002khronic exposure is associated with weight loss, anorexia,
immunomodulation and alteration of intestinal barrier functigteschek et al. 2002; Pestka
2010; Pinton and Oswald 2014lype A trichothecene T2 and HT2 toxins have similar but
more pronounced effects than DON. They also induce irritation of the intestine and the skin

and increase the sensibility of pitp diseasedryden 2012)
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Tablel. Regulation and recommendations for the main mycotoxins present in pigs feed and feedstuffs.
(EC Directive 2002/32/EC, aB@ Recommendations 2006/576/EC and 2013/165/EU)

Mycotoxins Pig feeds Max. content mg/Kg
(ppm)
AFB1+ B2 | Cereals 60
Complete and complimentary
feeding stuffs for pigs, horse 0.5
rabbit and pets
OTA Complete and complimentary 0.05
feedingstuffs for pigs
DON Cereals 8
(without maize byproducts) (12)
Complete and complimentary
feedstuffs for pigs 09
ZEN Cereals 2
(without maize byproducts) 3
Complete and complimentary
feedingstuffs:
-for piglets and gilts 01
-for sows and fattening pigs 0.25
FB1+FB2 Cereals 60
Complete and complimentary
feedingstuffs for pigs, horse and 5
rabbit
T2+HT2 Complete and complimentary
feedingstuffs for animals
-Oat milling products (husks) 1
-Other cereals products 0.5
-Compound feed, with the 0.25
exception of fed for cats

FB1 is the most prevalent toxin of the fumonisin family. It has a carcinogenic effect in
humans and induces multiple toxic effects in different animal species. In pigs, this toxin
induces pulmonary oeden{alaschek et al. 2002nd alters the immune response with a
dysregulation of the T helper lymphocytes TH1/TH2 balgiMarin et al. 2006; Taranu et al.
2005) Thelast mycotoxin with a recommendation for pig feed is ZEN. This toxin has an
impact on pig fertility and reproduction. ZEN and its principal derivatiksgaralenol (-

ZEL) andb-zearalenol ff-ZEL) (more toxic than the other two), are rsteroidal oestrogens
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inducing an oestrogenic response in aninf@isk-Gremmels and Malekinejad 200T) pigs,
especially young sows, ZEN induces red patchingtamefaction of the vulva, a prolapse of
the vulva and sometimes of the rect(@aumy et al. 2001)

In terms of intestinal toxicity, the effects of DON and FB have been studied in detail in pigs;

by contrast only few papers are concerned with the effedéf or AF on this organ.

Il - Effects of mycotoxins on the pig intestine
The intestinal tract is the first target for mycotoxins following ingestion of

contaminated feed. The intestinal epithelium is a single layer of cells lining the gut lumen that
acts @ a selective filter, allowing the translocation of dietary nutrients, essential electrolytes,
and water from the intestinal lumen into the blood circulation. It also constitutes the largest
and most important barrier to prevent the passage of harmfaluiminal substances from the
external environment into the organism, including foreign antigens, microorganisms, and their
toxins. Following the ingestion of mycotoxaontaminated feed, intestinal epithelial cells
may be exposed to high concentrationstafins, potentially affecting intestinal functions
(AlassaneKpembi and Oswald 2015; Ghareeb et al. 2015; Grenier and Applegate 2013)

A. Effect on intestinal histomorphology
Consumption of mycotoxieontaminated fed induces histological damage on
intestinal tissue. Epithelial lesions in the intestine of pigs fed with a diet naturally
contaminated with DON were observéBracarense et al. 2012; Eriksen and Pettersson
2004) Jejunal lesions, including shortened and coalesced Vvilli, lysis of enterocytes, and
edema, were also observed in@&vivo model of intestinal tissues after exposure to DON
(Lucioli et al. 2013; Pinton and Oswald®4). Exposure to FB also induces changes in
intestinal villi morphology such as reduced villi height and villi fusion and atrophy

(Bracarense et al. 2012)

A study on pigs showed that low doses of ZEN do not imgfge morphology and
ultrastructure of the small intesti®bremski et al. 2005)in contrast to what has been
observed in ratfLiu et al. 2014)

As far as AFBL1 is concerned, no data on the effect of this toxin on the histomorphology of the

pig intestine are available. Nevertheless, exposure of broiler chicken to iABBded a
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decreased jejunal villus height, villus height/crypt ratio, and shedding of epithelial cells on the

tip of jejunal villi (Zhang et al. 2014)

B. Effect on intestinal digestion and nutrient absorption

The regressive intestinal lesions observed upon exposure to mycotoxirexptain,
at least in part, the reduced absorption of nutrients and the impaired digestion observed after
ingestion of mycotoxinsPigs consuming corn culture extracts containing FB showed a
markedly lowered activity of aminopeptidase(ldessard et al. 2009).ikewise, exposure to
1.5mg/kg b.w. FBlhas been shown to induce sphingolipid depletion in pig intestinal
epithelium, which can result in a deficiency of folate upté®eenier and Applegate 2013;
Loiseau et al. 2007)The sodiurrglucose dependent transporter (SGLT activity is
particularly sensitive to DON inhibitiorSGLT-1 is the main apical transporter for active
glucose uptake in the small intestimeghibition of SGLT-1 has nutritional consequences and
could explain diarrhea associated with DON ingestion, since this transporter is responsible for
daily absorption of water in the g(¥aresca 2013)Conversely, sodiurdependent glucose
absorption might be upegulated in pigs after acute or long term exposure to the mycotoxin
FB1(Lessard et al. 2009)

C. Effect on barrier function

Several mycotoxins are able to alter intestinal barrier funcijGisreeb et al. 2015;
Grenier and Applegate 2013They affect the intestal epithelium permeability through
modulation of the tight junction complexes. A defective expression of occludin and E
cadherin has been observed in the ileum of piglets fed low doses ¢t &&dali et al. 2013)
The FBinduced alteration of the sphingolipid biosynthesis pathway and the associated lipid
rafts could also contribute to impairiniget establishment and maintenance of tight junctions.
Likewise, the activation of MAP kinases by DON affects the expression and cellular
localization of proteins forming or being associated with tight junctions such as claudins and
Z0O-1, which results in ioreased intestinal paracellular permeabilBinton and Oswald
2014) Similarly to DON, T2toxin, FB; and ZEN have been shown, in vitro and in vivo, to
impair the pig intestinal barrier function and to promote oral absorpi@ntibiotics such as
doxycycline, chlortetracycline and paromomydi@oossens et al. 2012; Goossens et al.
2013)
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D. Intestinal immune system
Some mycotoxins impact the systemic and/or the local immune response. At the

intestinal level, they decrease the immunity leading to enhanced intestinal infections. They
also have a direct or indirect proinflammatory efféCano et al. 2013; Maresca 2013)
Indeed, the intestine is a major source of cytokines and chemokines, molecules involved in
the regulation of the immune system. Among cytokines3,lwhich is a chemoattractant
cytokine, is of particular interest ebause it is involved in the recruitment of
polymorphonuclear neutrophils at the site of infection, mediating aspeafic acute

inflammatory response.

Ingestion of FB specifically decreases expression of8LmRNA in the ileum of
exposed piglets whileexpression of other inflammatory cytokines is not affected. This
decrease of 8 caused by FBmay lead to reduced recruitment of inflammatory cells in the
intestine during infection, and may contribute to the observed increased susceptibility of FB

treated piglets to intestinal infectiofBouhet and Oswald 200Q7)

DON modulates intestinal innate immunity both directly (through activation of signal
pathways) and indirecthti{rough crossing of luminal bacterial antigens, which was observed
together with bacterial translocation following mucus layer alteration and tight junction
opening)(Maresca et al. 2008DON affects expression gfroteins involved in epithelial
innate immunity, including inflammatory cytokines, C&Xand b-defensins(Cano et al.
2013; Lessard et al. 2015Numerous studies have demonstrated that DON stimulates
expression and secretion of-8 and thus potentially participates indirectly in the central
effects of DN in terms of feed refusal and emesis. As described for immune(Bekska
2010) DON has a biphasic effect on the secretion 68 Ihy intestinal epithelial cells: Low
doses of toxin cause a massive increase in secretion&filhereas higher doses inhibit it.
Such a biphasic effect explains why DON acts: (i) as a proinflammatory toxin leading to
intestinal inflammation at low doses; and (ii) as an inhibitor of imakstmmunity leading to

higher susceptibility of animals to intestinal infections at higher dddasesca 2013)

The ability of ZEN to interact with the pig immune system has been poorly investigated.
However, it is known that exposure to high concentrations of ZERE(BNng/Kg feed or 260
1000 pg/Kg b.w./day) induces chronic inflammatioh the genital tract in females pigs
(EFSA 2011;JECFA 2011)In vitro analyses also show that ZEN and its metabolites have
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differential effects on synthesis of the inflammatory cytokines8 Iand IL-10 in swine

intestinal epithelial cellfMarin et al. 2015)

There is no report of OTAiInduced impairment of local immunity. However, this
mycotoxin decreases the level of inflammatoryokytes (TNFalpha and IE10) in the

plasma of exposed pi{@ernardini et al. 2014)

E. Intestinal microbiota

The gut hosts an important microflora. Surprisingly, the impact of mycotoxins on the
intestinal microflorahas been poorly investigated. As far as pigs are concerned, only two
studies have investigated the impact of mycotoxins on the intestinal micr(Bloral et al.
2013; Wache et al. 2009)he first study indicate that consumption of feed naturally
contaminated with DON (2.8 mg/kg) for four weeks had a moderate effect on cultivable
bacteria in the pig intestine, but changed the microf{f@vache et al. 2009)n the seond
study, pigs received feed contaminated with 12 mg FB/kg feed for 63 days. This diet
transiently affected the balance of the digestive microbiota during the first four weeks of
exposure; a cifection with Salmonellatyphimuriumamplified this phenomem (Burel et
al. 2013)

Two recent studies performed on rats have also demonstrated an effect of OTA and
AF on the intestinal microbiotdGuo et al. 2014; Wang et al. 2016)he effects of
mycotoxins on the intestinal microbiota are not surprising; indeed other secondary metabolites
produced by the same fungi, antibiotics, are well known for their effect on the gut flora.
Recent advances in negéneration sequencing techmgies and metagenomics should give
us a comprehensive analysis of the effect of mycotoxins on the structure and function of gut

microbial ecosystem in the near future.

[l - Consequences of intestinal toxicity of mycotoxins for pig health
A. Impairment of zootechnical performance
All damage induced by mycotoxins on the intestine level and on the different
functions lead to different symptoms expressed by the pig. Such symptoms are either directly
associated with local toxicity in the intestine, or indirectlyhwat systemic effect, and with

visible impact on the overall health of the pig.
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The colloquial name of DON, vomitoxin, refers to its emetic effect observed both in
field reports and in experimental intoxications where high doses of the toxin were givgn oral
or intravenously to pigs. Complete feed refusal was observed at levels of 12 and vomiting at
20 mg DON/kg feed. Pig feeding trials with naturally or artificially contaminated diets have
shown decreased feed consumption and weight gain at doses from3dng DON/kg feed
(Bracarense et al. 2014 metaanalysis showed that deoxynivalenol reduced feed intake and
weight gain by 26%; the same analysis also demonstrated a 16% reduction of feed intake in
response t&\FB1(Andretta et al. 2012)

Consumption of pure FB1 or FBbntaminated feed also induces a slight reduction of
body weight in piglets. Although FB are poorly absorbed and metabolizdgk imtestine,
they induce intestinal disturbances (abdominal pain or diarrhea) and causetestraal
organ pathologies (pulmonary edema in pigs, leukoencephalomalacia in horses, or neural tube

defects in rodents).

l ngestion of ZEN r zootethniCal perfoanang@emardini ed &l.t e
2014; Schoevers et al. 2012However ZEN can induce a decrease in reproductive
performance with a reduction of healthy follicles leadingptemature oocyte depletidn

adulthood and so leading to aborti@choevers et al. 2012)

B. Bacterial translocation
The intestinal disturbance induced by mycotoxins may lead to increased bacterial
translocation eross the intestine and increased susceptibility to enteric infections. The loss of
tight junction integrity and resulting increased paracellular permeability can lead to entry of
bacteria that are normally restricted to the gut lumen. Such an increbhaetémial passage
through intestinal epithelial cells after mycotoxin exposure has major implications for pig

health in terms of sepsis, inflammation and enteric infection.

Porcine ileal loops were used to reprodSegmonella typhimuriurmduced intestial
inflammation. Ceexposure to bacteria and DON dramatically enhances the inflammatory
response t&. typhimuriumn the ileal loops, with a clear potentiation of expression affiL
IL-8 or IL-6 (Vandenbroucke et al. 2011)t has been suggested that this potentiation
coincided with significantly enhanc&hlmonellanvasion in and translocation over intestinal

epithelial cells.
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252 A higher susceptibility of the gastrointestinal tract to other bacteria was reported in
253 pigs exposed to FB1. Two separate studies analyzed the effect of low to moderate doses of
254  FB1 on intestinal colonization and mucosal response to pathogenic str&ssheficha coli

255 (Devriendt et al. 2009; Oswald et al. 200Besides, translocation of bacteria to the

256 mesenteric lymph nodes and dissemination to the lungs, and to a lesser extent to liver and
257 spleen, were observed in F®ated pigs in comparison to untreated aninf@swvald et al.

258 2003)

259 A study on human enterocytes exposed to low doses of DON or OTA showed an
260 increase of translocation of commensal bacteria across the epithelium even without alteration
261 of the intestinal prmeability(Maresca et al. 2008Yhe mechanism involved in this increase

262 is not elucidated, but this phenomenon could be due to an energetic modification of the cell
263  status with a reduction of ATP levelSrenier and Applegate 2013)

264
265 Conclusion

266 The intestine is a target for mycotoxins and as illustrated in this paper this may have

267 some consequences in terms of pig health (fig.2). Regulations and recommendations exist fo

268 six mycotoxins (AF, FB, OTA, ZEN, T2/HT2 and DON) present in pig feed. Among them,

269 DON and FB have been studied especially for their toxicity in the intestine. They are not only

270 locally toxic for this organ, but also dysregulate many intestinal functamlsimpair the

271 immune response. This results in systemic toxicity leading to many symptoms and

272 impairment of zootechnical parameters. Feed contamination with mycotoxins also increases

273 translocation of bacteria across the intestine and thus intestingystedhic infections, and so

274 aggravates pigs6 condition. For AF, ZEN and
275  toxicity on pigs.

276 The increased performance of analytical methods reveals new toxins, especially
277 emerging ones, as well as "masked" or "rhed" forms. Occurrence and toxicity of these
278 new mycotoxins are poorly document@toekaert et al. 2015; Pierron et al. 2Q1&)d thus

279 it still needs to be determined if they represent a new risk in pig product
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Fig.2: Summary of the intestinal toxicity of the main mycotoxins present in feed pig.

Global surveys indicate that animals are generally exposed to more than one
mycotoxin (Streit et al. 2012) Indeed fungi are able to produce severalcobgxins
simultaneously; and it is common practice to use multiple grains in animal diets.
Unfortunately, the toxicity of mycotoxin mixtures cannot be predicted based on their
individual toxicities. Interactions between concomitantly occurring mycotoxens loe
antagonistic, additive, or synergis{idlassaneKpembi et al. 2015)The data on combined
toxicity of mycotoxins are limited and therefore, the health risk from exposure to a
combination of mycotoxins is incompletely understo@dassaneKpembi et al. 2016;

Grenier and Oswald 201&apd deserves further investigation.
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B. Impact of mycotoxin on immune response and conseguences for
pig health

Many mycotoxins, alone or in eexposure, can contaminate cereals and feeding stuffs for
pig consumption. These mycotoxins induce different toxic effects on pigs and especially on

the immune system. Theyeaable to modulate or dysregulate the immune response.

This review summarizes the major effects induced by these mycotoxins on the immune
response. It also highlights the consequences of these contaminations, which increase the
susceptibility to infectios diseases or to chronic infection and can also decrease the vaccine
efficacy. Moreover these mycotoxins can be found ircaatamination, with, as a
consequence, a potential increase of the effects observed and an impairment of the global

health of the [@.

This review was published this year in Animal Nutrition.
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Mycotoxins are fungal secondary metabolites detected in many agricultural commodities, especially
cereals. Due to their high consumption of cereals, pigs are exposed to these toxins. In the European
Union, regulations andfor recommendations exist in pig feed for aflatoxins, ochratoxin A, fumonisins,
zearalenone, and trichothecenes, deoxynivalenol and T-2 taxin. These meycotoxins have different toxic
effects, but they all target the immune system. They have immunostimulatory or immunosuppressive

’;"’3_ wards; effects depending on the toxin, the concentration and the parameter investigated. The immune system is
h;:icl:ltﬂ?r.il‘l.‘i primarily responsible for defense against invading orzanisms. The consequences of the ingestion of

mycotoxin-contaminated feed are an increased susceptibility to infectious diseases, a reactivation of

chronic infection and a decreased vaccine efficacy. In this review we summarized the data available on
the effect of mycotoxins on the immune system and the consequences for pig health.

@ 2016, Chinese Association of Animal Science and Veterinary Medicine. Production and hosting

by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the

CC BY-NC-ND license (http:/fcreativecommons.org licenses/by-nc-nd [4.0/).

Feed contamination
Susaeptibility to disease
Immunity

Vacdne efficacy

1. Introduction The biological reactions following ingestion of mycotoxins vary

from acute, overt diseases with high morbidity and mortality to

Mycotoxins are toxic secondary metabolites produced by
various molds, such as Aspergillus, Penicillium and Fusarium, which
may contaminate food and feed at all stages of the food/feed chain
Despite the improvement of good agricultural and manufacturing
practices, mycotoXin contamination cannot be avoided and con-
taminants are virtually ubiquitous at some concentrations in the
average human and animal diets (Bryden, 2012). A recent study
performed on 1100 samples collected worldwide showed that
about 70% of samples tested was contaminated (Streit et al, 2013).
This result was confirmed on a smaller study realized on 83 feed
ingredients sampled in China (Guan et al, 2011a).
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chronic, insidious disorders with reduced animal productivity.
Different mycotoxins target different organs, inducing various taxic
effects. At high doses, mycotoxins exposure leads to general cyto-
toxidty, often related to macromolecule synthesis inhibition
(Maresca and Fantini, 2010). Mycotoxins induce primary
biochemical lesions and impact on early cellular functions/events
in the cascade of events leading to toxic cell injury or cellular
deregulation (Bryden, 2012). At low doses, mycotoxins affect the
functions of various tissues and organs, such as the gastrointestinal
tract, liver or kidney tissues, as well as the nervous, reproductive
and immune systems. Some mycoloxins also have genotoxic,
carcinogenic and teratogenic effects (Maresca and Fantini, 2010).

Mycotoxins contamination levels in pig feedstuffs are usually
not high enough to cause an overt disease but may result in
economical loss through changes in growth, production and
immunosuppression (Bryden, 2012; Oswald et al., 2005; Wild and
Gong, 2010).

Pigs are very sensitive to mycotoxins. Due to their high con-
sumption of cereals, they are exposed to these toxins and to a
chronical contamination. In Europe, regulation and for recommen-
dations exist for & mycotoxins that may be present in pig feed:

2405-6545/& 2016, Chinese Association of Animal Science and Veterinary Medidne. Production and hasting by Elsevier BV, on be half of KeAi GCommunications Ca., Ltd. This
is an open acoess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd (4.0/).
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aflataxins {AF), ochratoxin A (OTA), fumonisins (FB), zearalenone
(ZEN) and trichothecenes (principally deoxynivalenol |[DON]|, T-2
and HT-2 toxins) (Bennett and Klich, 2003).

This review summarizes the main effects induced by mycotoxins
present in pig feed on immunity and determines the consequences
of this immunomodulation in terms of susceptibility to infectious
diseases, reactivation of chronic infection and vaccine efficacy.

2. Effect of major mycotoxins on the pig immune response
2.1 Aflatoxins

Aflatoxins are hepatotoxic and cardnogenic; they also display
immunotoxic properties. These toxins impair both the innate and
the acquired immune responses (Meissonnier et al, 2006; Weaver
et al., 2013). The dysregulation of the antigen-presenting capacity
of dentritic cells, which is starting from aflatoxin B1 (AFB1) low
dose exposure, is deemed to be the mechanism by which the
mycotoxin impairs cell-mediated immunity {Mehrzad et al., 2014).
An exposition to AF increases the T-cell proliferation-inducing ca-
pacity of porcine monocyte-derived dentritic cells, thus enhances
presenting capadty of cells (Mehrzad et al, 2015).

An alteration of the inflammatory response has been reportedin
pigs exposed to AF (Chaytor et al., 2011). A reduced synthesis of
pro-inflammatory cytokines and an increase of anti-inflammatory
ones was also demonstrated in weanling piglets fed for 4 weeks
with low doses of AF (Marin et al, 2002). In utero exposure of
piglets to this mycotoxin (through exposition of sows), the func-
tional capacities of both macrophages and neutrophils were altered
(Silvotd et al, 1997).

Experimentally, in a pig model vaccinated with a model antigen,
which was ovalbumin (OVA), AFB1 exposure had no majoreffect on
humoral immunity with unchanged plasma concentrations of total
immunoglobulin A (IgA), 12G and 1gM and the specific anti-OVA lgG.
In these animals, the toxin exposure did not impair the mitogenic
response of lymphocytes but delayed and decreased the OWA-
specific proliferation, suggesting an impaired lymphocyte activa-
tion in pigs exposed to AFB1 (Meissonnier et al., 2008b). Similarly,
in pigs vaccinated with Mycoplasma, the exposure to lower levels of
AFB1 did not modulate the antigen-spedfic and total antibody
response {Marin et al., 2002). Developing piglets are very suscep-
tible to this mycotoxin. Indeed, after sows exposure to AF, the global
piglets lympho-proliferative response upon mitogenic stimulation
is reduced (Silvotti et al., 1997).

22, Trichothecenes

Type B trichothecenes, including DON, have the capacity o up-
and down-regulate immune functions by disrupting intracellular
signaling within leukocytes (Pestka, 2010). Depending on the dose,
frequency and duration of exposure, DON will have either an
immunostimulatory or immunosuppressing effect (Pestka et al,
2004). Deaxynivalenol is able to induce an inflammatory
response by acting on the ribosome, inducing a RibotoXic stress
which actives the MAPK pathway, eliciing expression of
inflammation-related genes as pro-inflammatory cytokines (Pestka
et al, 2004; Pestka, 2010).

In mice, this toxin induced a pronounced elevation in serum IgA
(Pestkaet al,, 2004), In pigs, a similar increase of IgAin the serum of
animals receiving DON contaminated feed has been observed
(Drochner et al., 2004 ; Pinton et al, 2008; Swamy et al, 2003). In
animals immunized with OVA, the specific immune response was
investigated during a DON exposure inducing no feed refusal or
reduced body weight gain. Ingestion of DON incareased the plasma
concentration of total and anti-OVA IgA titers. Deoxynivalenol did

not modulate lymphocytes proliferation after mitogenic stimula-
tion, but the toxin had a biphasic effect on the OVA-specific
lymphocyte proliferation: An up-regulation in the days after OVA
immunization but a down-regulation in the weeks following
(Pinton et al, 2008).

Another study on pigs immunized with OVA showed an increase
of anti-OVA lgG titers, after 42 days of exposure to a DON
contaminated diet. Simultaneously, the expressions of chemokines
involved in inflammartory reactions (interleukin-8 (IL-8), chemo-
kine (C-X-C motf) ligand 20 (CXCL20), interferon-y (IFN-v)) were
up-regulated. Deaxynivalenol also up-regulated the gene of major
antioxidant glutathione peroxidase 2 {GPX-2) and down-regulated
expression of genes encoding enzymatic antioxidants including
GPX-3, GPX-4 and superoxide dismutase 3 (50D-3), involved in
oXidative stress (Lessard et al., 2015).

Type A trichothecenes such as T-2 toxin are cytotoxic molecules
and potent protein inhibitors. In pigs immunized with OVA, sub-
clinical doses of T-2 toxin induced an early and transient increase
of total IgA plasma concentration but a decrease in the anti-OVA
IgG titer (Meissonnier et al, 2008a). For higher doses of exposure,
T-2 toxin had been previously shown to decrease both the mito-
genic and the antigen-specific lymphocytes proliferation following
a horse globulin immunization (Rafai et al., 1995).

2.3. Fumonisins

Fumonisins induce various toxic effects depending on the ani-
mal species, and there is evidence for the carcinogenicity of these
taxins (Stockmann-Juvala and Savolainen, 2008). In in vitro and
in vivo experiments, fumonisin B1 (FB1) modifies the Th1Th2 (T-
helper 1/T-helper 2} cytokine balance in pigs similar to an impaired
humoral response (Marin et al., 2006; Taranu et al., 2005). With
pigs vaccinated against Mycoplasma and exposed to FB1 (8 mg/kg
feed for 4 weeks), a sex-related difference in the specific immune
response has also been observed. In male pigs but not for female
ones, exposure to the toxin reduced the vacdne-specific antibody
titer (Marin et al, 2006). However, ingestion of contaminated feed
had no effect on the serum concentrations of total IgG, IgA, and IgM.

Studies have also demonstrated that FB1 influences the in-
flammatory response. For example, incubation of swine alveolar
macrophages with FB1 led to a significant red uction of the number
of viable cells and cell death by apoptosis (Liu et al, 2002). An
invivo experiment on pigs exposed to FB (6 mg/ kg feed for 5 weeks)
showed a decrease of IL-1f and IL-6 genes expression in spleen
tissue (Grenier et al, 2011).

Fumonisin B1 also impairs on the maturation of antigen pre-
senting cells in vivo by reducing the intestinal expression of IL-
12p40 and decreasing the upregulation of major histocompatibili-
ty complex class I molecule (MHC-II) with a reduction of T cell
stimulatory capacity upon stimulation (Devriendt et al., 2009).

2.4. Ochratoxin A

Ochratoxin A is mainly toxic for kidney and liver. Gilts fed OTA-
contaminated had reduced cutaneous basophil hypersensitivity
response to phytohemagglutinin, reduced delayed hypersensitivity
to tuberculin, decreased stimulation index for lymphoblasto-
genesis, decreased interleukin-2 production when lymphocytes
were stimulated with concanavalin A, and decreased number and
phagocytic activity of macrophages. Ochrataxin A was shown to be
taxic on purified lymphocytes of pigs with an half maximal inhib-
itory concentration (IC50), concentration producing 50% inhibition
of cell proliferation, of 1.3 pM {Keblys et al,, 2004),

Ochratoxin A show an impact on the cytokine expression. An
experiment on weaned pigs that ingested an OTA contaminated



A. Perron et al. / Animal Nutrition oo (2005) 1 -6 3

diet (181 ngfg of feed) has shown an increased level of TNF-alpha
and IL-10 in plasma, with a decreased capacity to respond with
cytokine expression to ex vivo challenge with lipopolysaccharides
(LPS)(Bernardiniet al., 2014). By contrast, OTA has no effect on total
and specific immunoglobulin concentrations (Harvey et al, 1992,

2.5. Zearmlenone

Zearalenone is best known for its toxic effect on reproduction
and fertility (Zinedine et al., 2007); it induces an estrogenic activity
on animal (Fink-Gremmels and Malekinejad, 2007). Pigs are
particularly sensitive to ZEN, which can induce edematous swelling
and reddening of vulva, prolapse of the vulva, ovarian follicle
damage and abortions (Schoevers et al., 2012; Zinedine et al., 2007).

Only few papers described the effect of ZEN on immunity
(Eriksen and Alexander, 1998). In pigs, exposure of intestinal
epithelial cells ZEN (25 pM) has a tendency to increase the syn-
thesis of the infllmmatory cytokines IL-8 and IL-10 (Marin et al,
2015). Sows exposed to high concentration of ZEN (5—250 mg/kg
feed or 200-1000 pg/kg BW per day) can develop a chronic
inflammation of the genital tract (EFSA, 2011).

3. Consequence of mycotoxin induced immunomaodulation
for pig health

3.1. Susceptibility to infectious diseases
The broad immunosuppressive effect of mycotoxins may

decrease host resistance to infectious diseases (Antonissen et al,
2014). Table 1 summarizes the data obtained in pigs.

In pigs, the consumption of feed contaminated with AF increases
the severity of infection with Erysipelothrix rhusiopathiae { Cysewski
et al., 1978). Similarly, during an experimental infection with Bra-
chyspira hydysenterioe, the consumption of AF reduced the incu-
bation time and increased the severity of diarrhea (Joens et al,
1981).

In presence of pordne circovirus type 2 (PCW2) virus, DON in-
creases the severity of the viral infection, and in presence of the
porcine reproductive and respiratory syndrome virus (PRRSV) it
also increases the infection with more rissue lesions induced
(Savard et al, 2014, 2015b). During a bacterial infection, DON en-
hances the inflammatory reaction with an increased production of
pro-inflammatory cytokines (Vandenbroucke et al., 2011). The
elevation of circulating IgA in presence of low quantity of DON may,
by contrast, increase the resistance to certain pathogens. Indeed,
lgA initates rapid and transient up-regulation of many immune
related genes (Pestka et al, 2004).

Inpigs, FB1 ingestion can induce intestinal infections, with some
intestinal functions affected (Burel et al, 2013; Devriendt et al.,
2009; Oswald et al, 2003). The ingestion of FB1-contaminated
feed was also associated with an increased susceptibility to pul-
monary infection and an increase of the severity of the pathological
changes with bacterial or viral pathogens (Devriendt et al, 2009;
Halloy et al., 2005; Oswald et al, 2003; Posa et al, 2011, 2013;
Ramos et al., 2010).

Ingestion of OTA contaminated feed also increases susceptibility
to natural infectious disease. Indeed, salmonellosis arose sponta-
neously in all piglets receiving an OTA contaminated diet, and when
the animals were vaccinated against salmonellosis, the consump-
ton of contaminated feed leads to spontaneous Brachyspim

Table 1
Influence of mycotaxins on susceptibility to infectious diseases in pig.
Mycotoxin Exposure dose Exposure Pathogen Effect compared with negative control Referenoes
period
AFB1 0,07 and 32days Brochyspira hyodysentarioe | of incubation period for dysentery, 1 diarrhea and dysentery time, 1 death,  Joens et al, 1981
0.14 mg/kg visible dinical signs and lesions of dysentery at necropsy
AF 1.3 mglkg 25days  Ersypelothrix rhusiopathioe t the severity of bacterial infection Cysewski et al.,
feed 1978
DON 2.5 mglkg 3 weeks PCW2 t wiremia and ung viral load Savard et al.,
feed no dinical effect 2015b
DOMN 3.5 mglkg 3 weeks FRRSV | weight gain, 1 lung lesions and mortality, no effect on viral replication Savard et al.,
feed 2014
DOMN 1 pgimL Gh Samonella typhirmurium SYNergistic 1 gene expression Vandenbroudke
IL-12, TNF-g, IL-18, IL-8, MCP-1 and IL-6 et al, 2011
T-2toxin 15 and 23days Salnonela typhimurium | colonizaton of the cecum Verbrugg he
B3 pefkg et al, 2012
feed
FBI1 10 mg/kg 3 days  Bordetelln bronchiseptico & t extent and severity of the pathological changes Posa et al, 2011
feed Pasteurella multocda (type
)
FB1 0.5 mgl'kg Gdays  Escherichia coli (SEPEC) t intestinal mlonization; 1 translocation to the mesenteric lymph node, Oswald et al.,
BW lung, liver and spleen 2003
FB1 1 mglkg 10days Escherichia coli (ETEC) intestinal infection prolonged; impaired function of intestinal antigen Devriendt et al,
BW presenting cells 2009
FBI1 254 mglkg 42 days Mycoplosma hyopneumoniae 1 severity of the pathological changes Posa et al, 2013
feed
FB1 0.5 mglkg 7 days  Posteurello multocida (type A) | growth rate and 1 coughing; 1 total number of cells, number of macrophages Halloy et zl,
BW and lymphocytes in BALF; 1 gross pathological kesions and histopathological 2005
lesion of lung
FBI1 12 mg/kg 18 days FRRSV t histopathological lesions of lungs Ramos et al.,
BW 2010
FBI1 11.8 mg/kg 9 weeks  Salmonella typhimurium Maodification of the microbiota profiles Burel et al.,
feed 2013
OTA 3 mg/ke 3 woeeks  Brachyspira hyodysenterioe & Salmonellosis arises spontaneously in animals fed the contaminated diet, Stoev et al.,
feed Camphylobacter coli clinical and patho-morphological changes (typical of salmonellosis), 2000
change of hematological and biological parameters
OTA 75 pefkg 42 days POV2 1 POV2 replication in serum and tissues Gan etal, 2015
feed

AFB1 = aflatoxin Bl; AF =aflatoxins; DON = deoxynivalenol; FB1 = fumonisin B1; OTA = ochrataxin A; BW = body weight; PCV2 = pordn droovirus type 2; PRRSY = porcine

reproductive and respiratory syndrome virus,
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hyodysenteriae and Campylobacter coli infections (Stoev et al,
2000). During a PCV2 infection, OTA increases the viremia in sera
and tissues (Gan et al, 2015).

To the best of our knowledge, there are no data available con-
cerning the effect of ZEN on in vivo analysis on mice which were fed
10 mg/kg ZEA (1.5 mg/kg BW per day) during 2 weeks, infected
with Listeria monocytogenes, and showed a decreased resistance to
Listeria with in increasing trend of the splenic bacterial counts,
compared with control animals (Pestka et al., 1987).

32. Reactivation of chronic infection

The effect of mycotoxin intoxication on the reactivation of
chronic infection was also investigated. However, the experiment
was not performed with pigs but with rodents, In the immuno-
competent host, Toxoplasma gondii infection progresses to achronic
phase characterized by the presence of encysted parasites. Cyst
rupture may occur, but infection remains latent and reactivation is
prevented. In immunosuppressed animal and human subjects, such
as patients infected with the human immunodeficiency wvirus,
rupture is associated with the formation of new cysts and disease.
Low and repeated doses of either AFB1 or T-2 toxin are able to
accelerate Toxoplasma cyst rupture in previously infected mice
(Venturini et al, 1996).

33. Vaccination efficacy

Immunity acquired through vaccination can also be impaired
by mycotoxin ingestion (Table 2). For example, AFB1 interferes
with the development of acquired immunity in swine following
erysipelas vaccination with bacterin preparation (a suspension of
killed bacteria) of E rhusiopathice (Cysewski et al., 1978). As
already mentioned, ingestion of feed contaminated with AFB1 or
T-2 Toxin reduced the vaccine response to the model antigen,
ovalbumin, acting on the cellular and the humoral response
respectively (Meissonnier et al., 2008a, 2008b). Ingestion of low

Table 2
Influence of mycotoxins on vaccination efficcy in pigs.

doses of another mycotoxin, FB1, decreases the specific antibody
response mounted during Mycoplasma vacdnation in pigs
(Taranu et al., 2005). In pigs exposed to OTA or FB1 and vacci-
nated against Aujesky disease (Suid Herpesvirus 1 [SuHV1]), the
humoral immune response was greatly disturbed, with a strong
decrease in antibody observed (Stoev et al, 2012). In diet
contaminated with DON or FB1, pigs showed an alteration of the
specific immune response upon vaccination with OVA (Grenier
et al., 2011).

Likewise, feeding pigs a DON-contaminated diet was shown to
inhibit the vaccination efficiency of PRRSV modified live vaccine by
severely impairing viral replication (Savard et al., 2015a).

It should also been mentioned that the vacdne immune
response is altered at mycotoxin doses that do not alter the global
immune response ( Meissonnier et al, 2008a, 2008b; Taranu et al,
2005). The breakdown in vaccine immunity and may lead to the
occurrence of disease even in properly vaccinated flocks. These
reactions are of considerable consequence in animals for which we
rely on an effective vaccination program for disease prevention.

4. The problem of mycotoxins co-contamination

In the above paragraphs, the effects of single mycotoxin on
immunity were described. However, mycotoxins often co-occur
and animals are exposed to several mycotoxins at the same time,
Indeed, raw materials can be contaminated by several fungi, which
are able to simultaneously produce several mycotoxins, and in
addition the diet of animal is composed of several commodities
(Alassane-Kpembi et al, 2015, 2016). A worldwide survey on 7049
samples reported that 48% of feed and feedstuff samples are
contaminated by 2 or more mycotoxins {Rodrigues and MNaehrer,
2012). Other studies showed that 75%—100% of animal feed sam-
ples are contaminated with more than one mycotoXin (Guan et al,
2011a; Streit et al,, 2012).

The toxicity of mycotoxins mixtures cannot always be predicted
based upon their individual toxicities. It can be antagonistic,

Mycotoxin Exposure dose Antigen

Effect compared with negative control Refere noes

AF 1.3 mg/kg feed Erysipelothrix rhusiopathioe Interfered on the development of acquired immunity, Cysewski
et al, 1978
AFB1 3851807 pg/ke feed OWVA Decreased and delayed cell-mediated immunity Meissonnier
et al, 20080
DON 3.5 mg DON kg feed OWVA Increased OVA-primary lgG antibody response Lessard et al.,
2015
DON 25-35 mglkg BW FRRSV Decreased PRRSY post-vaccinal viremia and reduced Savard et al,
vacanal efficacy 2015b
DON 2225 mg DON kg feed OVA Increased concentration of OVA specific lgA and IgG  Pinton et al,
2008
DON 0.6-4.7 mg DON kg Human serum albumin, sheep red blood cells, Significant dose-de pendent reduction in secondary  Overneset al.,
paratuberculosis vacane, tetanus toxoid and antibody response to tetanus toxoid 1997
diphtheria toxoid
DON + ZEN 2.1-3.2 mg DON (kg dict and  Parvovirus Mo effect Gutzwiller
0.06-025 mg ZEN/kg diet et al, 2007
DON or FB1 3 mg DON kg feed or 6 mg OVA Reduced anti-OVA antibody production with a Grenier et al.,
FB1 (kg feed decease of lymphooytes proliferaton 2011
T-2 toxin  1324-2102 pglkg feed ovn Reduced anti-OVA antibody production without Mieiss onnier
significant alteration to specific lymphocyte et al, 2008a
proliferation
FB1 8 mg/kg BW Mycoplasma agalactioe Decreased spedlic antibody titer Taranu et al.,
2005
OTA 1 mglkg feed Salmonella choleraesuis Immunosuppression and delayed response to Stoev et al.,
immunizatdon 2000
OTA or FB1 0.5 mg OTA/kg feed or 10 mg  Suid Herpesvirus 1 {Augesky disease ) Decreased anti-SuHV1 antibody produdion afler Stoev et al.,
FB1 (kg feed vacdnation 2012

AF = aflataxins; AFB1 = aflataxin B1; DON = deoxynivalenol; ZEN = zearalenone; OTA= ochratoxin A; BW = body weight ; OVA = ovalbumin; PRRSV = porcine reproductive

and respiratory syndrome virus; OVA = ovalbumin,
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additive or synergistic and increase the impact of each mycotoxin.
The studies concerning the toxicity of mycotoxins mixture on pig
immune response are scarce. Reduction of lymphocyte prolifera-
tion has been investigated in several pig in vivo studies, and
different type of interaction were observed: additivity (co-expo-
sure to AF and FB [0.05 and 30 mg/kg feed| for one month; co-
exposure to OTA and T-2 toxin [2.5 and 8 mg/kg feed]| for 30
days) or synergy (co-exposure to FB and DON [50 and 4 mg/kg
feed) for 28 days) (Grenier and Oswald, 2011). In animals co-
exposed to DON and FB (6 and 3 mg/kg of feed) for 35 days, syn-
ergistic interaction was observed on lymphocytes proliferation
upon mitogenic stiimulation, additive interaction on cytokines
expression (IL-8; IL-1f, IL-6 and macrophage inflammatory protein
1f) and antagonistic interaction on levels of specific 1gA and
cytokine expression (Grenier et al, 2011).

In animals co-exposed to DON and FB (6 and 3 mg/kg of feed) for
35 days, additive interaction on specific IgG, on lymphocytes pro-
liferation upon mitogenic stimulation and on cytokines expression
(IL-8, IL-1f, IL-6 and macrophage inflammatory protein 1) was
observed, and antagonistic interaction on levels of specific IgA was
observed (Grenier et al., 2011).

5. Conclusion

MycotoXins can contaminate many raw materials and cause
significant health risk to animals. Numerous strategies are used to
minimize mycotaxins contamination throughout the feed chain. In
the fields, resistant crops assodated as well as agronomic control
measures can be used. Similarly, during feed storage and process-
ing, physical, chemical and biological methods can reduce myco-
taxin contaminaton. However once mycotoxins are present in feed,
it's difficult to reduce their concentrations and their toxidty due to
the stability of these compounds (Bryden, 2009). The simultaneous
presence of several mycotoxins, not sensitive to the same detoxi-
fication procedure, also increases the difficulty to control animals'
exposure to mycotoxins (Bryden, 2012). Recently, new detoxifica-
tion biological methods showed that the use of bacteria (Grenier
et al, 2012, 2013; Guan et al, 2011b), feed additives such as argi-
nine or glutamate were effective to decrease the toxic effects of
mycotoxins in young pigs (Duanetal, 2014; Wu et al, 2013, 2015),
even for exposition to mycotoxins mixtures (Yin et al, 2014;
Grenier et al., 2013).

Pig,a species very sensitive to mycotoxins, is really exposed due
to a cereal rich diet. At the European level, regulation or recom-
mendations exist for 6 mycotoxins that are often present in pig
feed. They are FB, AF, OTA, DON, T-2/HT-2 toxins and ZEN. Exposure
to these toxins induces several toxic effects on pig, including a
modulation of the immune response. This later effect inaeases the
susceptibility and severity of infectious diseases, and reduces the
efficacy of vaccines. This is of particular note for animal husbandry
because during infection, nutrients are used for the immune system
instead of growth and development (Klasing, 2007). Consequently,
mycotaxin contamination also has an indirect effect on animal
productivity ( Klasing, 2007; Oswald et al, 2005).

The presence of new mycotoxins (emerging, masked, modified
toxins, etc) revealed by new analytical methods can also increase
the risk for pig health. Currently, very few studies document the
occurrence and toxidty of these toxins, thus there is a need to
determine the risk they represent in pig production (Broekaert
et al., 2015; Pierron et al., 2016).
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C. Masked mycotoxins: a risk in pigproduction?

Currently, many mycotoxins induce toxic effects on pigs and are regulated in pig feed.
New analytical methods of detection allovwghilighting new types of molecules that derivate
from these mycotoxins. There are also present in cereals and feed and their toxicity is not very

well-known.

This review summarizes the knowledge on mycotoxins, their occurrence, their effects on
pigs and tkir regulation in pig feedat the European level. It presents new forms of
mycot oxins, the Aimaskedo and the fAmodifiedo
mycotoxins and which are recovered inaxrurrence with them in pig feed. It makes a
statemehon the way of production, the occurrence, the toxicity and the metabolization of
these molecules in the pig. 't summari zes t|
mycotoxins, and talks about the necessity to take into account these molecules in th

regulation of mycotoxins in pig feed.
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Les mycotoxines "masquées” : un nouveau risque en production porcine ?

Les mycotoxines sont des métabolites secondaires de moisissures qui peuvent contaminer différentes céréales et par conséquent
I'alimentation du porc. Au niveau européen, des réglementations et des recommandations pour |'alimentation animale ont été
édictées pour six mycotoxines dont la toxicité est documentée. Les avancées dans les techniques de détection ont permis de
mettre en évidence des dérivés de ces mycotoxines "natives", appelés mycotoxines "modifiées" ou plus spécifiqguement
mycotoxines "masquées” lorsqu'elles sont issues d'une métabolisation par la plante.

Du fait de leur caractérisation récente, peu d’informations sont disponibles sur leur occurrence dans I'alimentation du porc et leur
toxicité pour cette espéce. Les données préliminaires indiguent que ces toxines peuvent étre présentes a de fortes concentrations
dans les aliments. Le porc pourrait étre une espéce cible également pour ces "nouvelles" mycotoxines, du fait de sa grande
sensibilité a la présence de mycotoxines conventionnelles, et a son régime alimentaire composé en grande partie de céréales. Ces
mycotoxines "modifiées" peuvent augmenter la somme de mycotoxines auquel le porc est exposé, si elles sont hydrolysées dans
I’organisme de I'animal.

Cette revue recense les connaissances actuelles sur la toxicité des formes "modifiées" du déoxynivalénol, des toxines T2 et HT2, de
la zéaralenone, de la fumonisine et de I'ochratoxine A pouvant se retrouver dans I'alimentation du porc. Nous nous attacherons a
comparer le métabolisme et la toxicité des formes "modifiées" & celle de leurs précurseurs et a analyser la possible reconversion
de ces formes "modifiées" par la flore intestinale ou les voies de métabolisation du porc.

Masked mycotoxins: a new risk in pig production?

Mycotoxins are secondary metabolites originating from mold, which contaminate many cereals and their by-products and so can
be found in the pig’s diet. Some recommendations and regulations for animal feed have been decreed in the EU for six mycotoxins
for which the toxicity is well known. Recent detection methods have revealed new mycotoxins and new molecules that are
derivates of these mycotoxins. They were originally called “Masked” mycotoxins because they are not detected by conventional
analytical methods. Then, they are more generally called “Modified”, and “masked” when they are metaholized by the plant.

So because of the difficulty in detecting them, there is little information about the toxicity of these molecules and they are not
included in the current regulation on mycotoxin contamination in pig feed. Moreover, a high proportion of these modified
mycotoxins can be found in co-contamination with the mycotoxins. Pigs are really sensitive to mycotoxins, and their high cereal-
rich diet means that they are highly susceptible to mycotoxins and to these modified mycotoxins. These modified mycotoxins can
potentially increase the amount of mycotoxins to which pigs are exposed if they are hydrolyzed in the animal.

This review summarizes recent knowledge about the toxicity of the modified mycotoxins of deoxynivalenol, T2 and HT2 toxins,
zearalenone, fumonisin and ochratoxin A, and presents recent studies about the metabolization and toxic effects on the animals of
these modified mycotoxins, and their potential impact on their health.
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INTRODUCTION

A I'heure actuelle, la contamination des denrées par les
moisissures reste inévitable. Les conditions écologiques
favorables aux moisissures (mauvaises conditions climatiques,
humidité, forte chaleur, sensibilité de la plante...) rendent la
gestion de la contamination des matieres premieres
difficilement maitrisable. Lors d’une contamination par des
moisissures au champ ou plus tard pendant le stockage, des
métabolites secondaires toxiques, les mycotoxines, sont
produits et se retrouvent dans les grains. Ces toxines sont

présentes sur de nombreuses céréales et dans leurs
co-produits. Une enquéte récente réalisée sur 1100
échantillons d’aliments destinés aux animaux a indiqué

gu'environ 70% des échantillons sont contaminés (Streit et al.,
2013). La présence de ces mycotoxines constitue une menace
sérieuse en matiere de santé (Bryden, 2007 ; Wild et Gong,
2010). Les syndromes dus a l'ingestion de doses fortes ou
moyennes de mycotoxines sont bien caractérisés et vont de la
mortalité aigué a une croissance réduite ou a des problémes
de reproduction (Bryden, 2012). La consommation de
quantités moindres de toxines peut conduire a une altération
de la réponse immunitaire et diminuer la résistance aux
maladies infectieuses (Oswald, 2007). Certaines mycotoxines
ont une toxicité aigué (exposition unique a une forte dose) tres
marquée, mais il est exceptionnel en Europe d’étre exposé a
des doses toxiques en une seule ingestion d’aliments
contaminés. Les effets chroniques (exposition répétée a de
faibles, voire trés faibles doses) sont les plus redoutés en
raison du régime alimentaire répétitif des animaux et de la
rémanence de ces toxines souvent résistantes aux
températures et aux procédés technologiques mis en ceuvre
dans l'industrie de I'alimentation animale.

Les avancées récentes dans le domaine des techniques
analytiques ont mis en évidence de nouvelles mycotoxines
ainsi que des formes de mycotoxines dites "masquées", non
détectées par les méthodes conventionnelles. Actuellement,
seules les mycotoxines "natives" sont réglementées et prises
en compte dans le calcul de I'exposition totale dans les
aliments bruts ou transformés. En effet, peu de données sont
disponibles sur ces nouvelles molécules d’ol le risque de sous-
estimer la toxicité induite par ces composés non pris en
compte dans la réglementation. Il devient donc important de
mieux connaitre ces mycotoxines "masquées”, pour permettre
de mieux évaluer le risque qu'elles représentent pour 'homme
et l'animal.

Aprés un rappel sur les mycotoxines conventionnelles
habituellement détectées, cette revue propose une synthése
des connaissances actuelles sur les mycotoxines "masquées”,
leur identité, leur occurrence, leur métabolisme et leur
toxicité. Elle pose un constat sur le danger éventuel que
peuvent représenter ces toxines « masguées » sur la santé du
porc.

1. LES MYCOTOXINES REGLEMENTEES
DANS L'ALIMENTATION DU PORC

En alimentation animale, seules les aflatoxines (AF) font I'objet
d'une réglementation au sens strict en Europe. Des
recommandations (Tableau 1) ont été édictées pour cing
autres toxines, qui sont réguliérement présentes et qui sont
cohnues pour leur toxicité sur le porc.

Il s’agit de I'ochratoxine A (OTA), du deoxynivalenol (DON), des
toxines T2 et HT2, des fumonisines (FB,, FB,) et de Ia
zéaralénone (ZEN) (Bennett et Klich, 2003) (Tableau 1).

Tableau 1 — Mycotoxines pour lesquelles une réglementation
ou des recommandations ont été édictées pour I'alimentation
du porc : type d'aliments et teneur maximales retenues
(EC Directive 2002/32/EC, et EC Recommandations
2006/576/EC et 2013/165/EU) (adapté de Stoev, 2014).

Teneurs
. - maximales,
Mycotoxines Type d’aliment me/ke
d’aliment
AFB,+ B3 Tout type de céréales pour €0
animaux
Aliment complet pour porc,
cheval, lapin et animaux de 0,5
compagnie
OTA Aliment complet et compléments
alimentaires pour porc 0,05
DON Tout type de céréales pour 8
animaux
(sauf co-produits de mais) (12)
Aliment complet et compléments
alimentaires pour porc 0.9
ZEN Tout type de céréales pour 2
animaux
(sauf co-produits de mais) (3)
Aliment complet et compléments
alimentaires :
-pour porcelet et cochette 0,1
-pour truie et porc charcutier 0,25
FB1+FB; Tout type de céréales pour 60
animaux
Aliment complet et compléments
alimentaires pour porc, cheval et 5
lapin
T2+HT2 Produits céréaliers et aliments
COmMpOosés pour animaux :
-produits de mouture d’avoine 1
-autres produits céréaliers 0,5
-aliments composés exceptés 0,25
pour chat
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Abréviations : Aflatoxine By (AFB.), Aflatoxine B; (AFB:), Ochratoxine A
(OTA), Deoxynivalenol (DON), Zéaralénone (ZEN), Fumonisine B; (FB,),
Fumonisine B, (FB,), Toxine T2 (T2) et toxine HT2 (HT2).

Ces composés appartiennent a différentes familles de
mycotoxines, avec des structures chimiques trés différentes, et
donc des effets trés divers sur le porc. Leur degré de toxicité
dépend de nombreux paramétres, notamment la dose, la
durée d’exposition, 'espéce concernée, I'age, le statut de
'animal (sain ou malade) et son statut hormonal et
nutritionnel (Bryden, 2007 ; Wild, 2007).

Le tableau 2 recense les principaux effets connus de ces
mycotoxines sur la santé du porc.

Les AF sont rapidement absorbées et métabolisées au niveau
du foie par le systéme microsomal qui active ou modifie les
métabolites (Riley, 1998; Haschek et al., 2002). Les AF altérent
la réponse immunitaire globale (innée et cellulaire) chez le
porc (Meissonnier et al., 2006).
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L'OTA est principalement toxique pour le foie et les reins et
induit des néphropathies chez le porc. L'OTA affecte le tubule
proximal rénal (Krogh, 1987 ; Marquardt et Frohlich, 1992). De
plus I'OTA acquiert un caractéere génotoxique aprés sa
métabolisation oxydative dans I'organisme (Aish et al., 2004 ;
Pfohl-Leszkowicz et Manderville, 2007 ; Steyn et al., 2009).
Le DON est le plus courant des trichothécénes B. Le porc est
trés sensible a cette mycotoxine, qui peut induire a faible
concentration un refus de s’alimenter, et a plus forte
concentration des vomissements (Haschek et al., 2002). A des
doses chroniques (faibles concentrations sur du long terme), il
induit chez le porc une perte de poids, une anorexie, une
immunomodulation et une modification de la fonction de
barriere de l'intestin (Trenholm et al., 1984 ; Rotter et al., 1996
; Haschek et al., 2002 ; Pinton, Oswald, 2014).

Les toxines T2 et HT2 qui appartiennent a la famille des
trichothécénes A présentent des effets de méme nature mais plus
prononceés que les trichothécénes B. Elles induisent des irritations
au niveau du tube digestif et de la peau, et elles augmentent la
sensibilité de I'animal aux maladies (Bryden, 2012).

Les fumonisines constituent un groupe de 12 composés parmi
lesquels la fumonisine B, (FB;) est la plus toxique et la plus
étudiée. Les fumonisines induisent de multiples effets toxiques
chez I'animal, avec un effet carcinogéne reconnu. Chez le porg,
la FB, affecte la réponse spécifique et la réponse humorale en
modifiant la balance des lymphocytes T auxiliaires TH1/TH2
(Taranu et al., 2005 ; Marin et al., 2006). La FB, induit des
cedémes pulmonaires chez le porc (Haschek et al, 2002).
La zéaralénone (ZEN) a un effet important sur la reproduction et
en particulier la fertilité dans I'espece porcine. La a-zearalenol
(a-ZEL) et la B-zearalenol (B-ZEL), issus de la réduction de la ZEN
par les ketones-reductases de I'hote, sont des cestrogénes non
stéroidiens qui induisent 'activité ostrogénique chez I'animal
(Fink-Gremmels et Malekinejad, 2007). La ZEN et ses dérivés
provogquent une rougeur et une tuméfaction de la vulve, un
prolapsus vaginal et parfois un prolapsus rectal chez la truie.
Chez les porcelets femelles, elles peuvent induire un gonflement
important de la vulve (Gaumy et al., 2001).

Mycotoxines * natives ”*

{DON, 3ADON, 15ADON)

Mycotoxines associées a
une matrice

Tableau 2 — Effets associés a la présence de mycotoxines®
dans I'aliment du porc

Mycotoxines
Effets? AFB: | OTA | DON T2 FB1 ZEN
AFB; HT2 FB,

Anorexie + + +++ +++ +
Croissance +++ + +++ ++ +
Hépatotoxicité 4+ + ++
Néphrotoxicité 4 +
Avortement + ++
Infertilité S+
Vulvovaginite .
Edéme 4t
pulmonaire
Immuno- +++ ++ ++ +++ +
modulation

*Abréviations : Aflatoxine B, [AFB,), Aflatoxine B, (AFB,), Ochratoxine A
(OTA), Deoxynivalenol (DON), Zéaralénone (ZEN), Fumonisine B; (FBy),
Fumonisine B (FB,), Toxine T2 (T2) et toxine HT2 (HT2).

2y, ++, +++ : effet faible, moyen, et fort de la (les) mycotoxine(s) sur le
parameétre étudié

2. LES MYCOTOXINES "MODIFIEES"
DANS L’ALIMENTATION DU PORC

2.1. Présentation

Les avancées dans le domaine analytique ont permis
I'identification de nouveaux métabolites secondaires
fongiques, mais également des produits de transformation
des mycotoxines.

Le terme de mycotoxines "masquées” a été introduit dés 1990
par Gareis pour décrire un glucoside de zéaralénone non
détecté lors des analyses de routine, mais hydrolysé pendant
la digestion (Gareis et al., 1990).

Mycotoxines
“ madifiées "’

| T

Complexées, physiquement “ Biologiguement

” Chimiguement

dissoutes ou piégées, Linisons madifiées” modifiées
e m /\
Fonctionnalisées Conjuguees " Modifiees Thermo-formées Non
(phase | - métabolites) (phase Il — métabolites) autrement | thermo-formées
Conjuguées par les Conjuguées Conjuguées | I l
plantes par les parles | | l
(mycotoxines animaux champignons | | |
"masquées”’ sensus | | | |
stricto) | I | [
v v ¥ v v
(DON-3-B-D-glucopyranoside (D3G),  (DON-3/8/15-glucuronide {Deepoxy-DON{DOM-1), norDONA-C  norDON A-C, DON-sulfonates,
DON-3/15-sulfates (DON3/155), (DON3/8/15GIcA)) 3-epi-DON) (sous des conditions alealines)

DON-glutathione)

Figure 1 — Nomenclature des différentes formes de modification des mycotoxines: exemple du Déoxynivalénol (DON)
(adapté de Rychlik et al., 2014)
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Les mycotoxines peuvent en effet subir différentes
modifications de leur structure qui les rendent indétectables
par les techniques d’analyse classiques (Tableau 3). Il s’agit de
modifications d’origine biologique (mises en ceuvre par une
plante, le champignon ou un organisme animal) ou d’origine
chimique comme par exemple lors de la mise en ceuvre de
procédés thermiques de transformation alimentaire.

La dénomination de "mycotoxines masquées" a souvent fait
I'objet d’une utilisation ambiglie, et récemment des auteurs
ont proposé une terminologie plus précise pour les différentes
formes de mycotoxines (Berthiller et al., 2013 ; Rychlik et al.,
2014). Ces auteurs ont reprécisé la terminologie de
"mycotoxines masquées” au sens strict et introduit la notion
de "mycotoxines modifiées". La figure 1 illustre pour I'exemple
du DON, I'ensemble des formes décrites de cette mycotoxine.

Les mycotoxines dites "natives" correspondent aux structures
de base des mycotoxines formées par les moisissures. Les plus
susceptibles d’étre retrouvées dans I'alimentation du porc
sont le DON, la ZEN, les fumonisines, les aflatoxines, ainsi que
I'OTA.

Les mycotoxines associées a une matrice correspondent aux
mycotoxines "natives" liées a une matrice c’'est a dire
physiquement dissoutes, et/ou piégées et/ou formant une
liaison covalente avec cette matrice. Ainsi, les fumonisines
sont capables de se lier aux polysaccharides ou aux protéines
par leurs deux chaines acides tricarballyliques, formant ainsi
les fumonisines dites cachées (F cachées) ou liées a I'amidon
(F liges a I'amidon) (Seefelder et al., 2003).

En dehors de ces phénomeénes de liaison a une matrice, les
mycotoxines "natives" peuvent subir des transformations
d’origine biologique ou purement chimique. Le terme de
"mycotoxine modifiée" a été proposé pour désigner toute
modification biologique ou chimique de la structure chimique
d’une mycotoxine "native" (Rychlik et al., 2014).

Les mycotoxines "modifiées biologiquement" désignent des
composés issus d'une biotransformation par un organisme
animal, végétal ou une moisissure. Les biotransformations sont
divisées en deux types principaux : les réactions de phase |
(oxydation, réduction ou hydrolyse) et les réactions de phase Il
(conjugaison). Généralement, la biotransformation permet
une détoxification des toxiques, notamment en facilitant leur
excrétion. Cependant dans certains cas, elle peut conduire a
un composé plus toxique que la molécule mére. C'est par
exemple le cas de l'aflatoxine B.-époxyde qui est issue de
I'oxydation de I’AFB; par les cytochromes P450 pendant les
réactions de biotransformation de la phase | chez I'animal.

Les formes glucuronides (DON3-GlcA, ZEN14-GlcA, T2-GlcA,
HT2-3/4-GlcA) sont issues de la phase Il de biotransformation
des mycotoxines "natives” correspondantes par l'animal, et
représentent des exemples de mycotoxines dites
"biologiquement  modifiées - conjuguées". Elles
correspondent a des formes d’excrétion des mycotoxines
natives de I'organisme animal.

Le DON-3-B-D-glucopyranoside (D3G), et la zéaralénone-14-3-
D-glucopyranoside (ZEN14G) issus de la phase Il de
biotransformation par les végétaux respectivement du DON ou
de la ZEN, en sont d'autres exemples. Par convention, la
terminologie de "mycotoxines masquées" a été retenue pour
les seules mycotoxines "biologiquement modifiées" issues
d’une réaction de conjugaison dans une plante (Berthiller et
al., 2013). A [I'heure actuelle, les quatre principales
mycotoxines "masquées” au sens strict sont la ZEN14G, le

D3G, la toxine T2-glucoside (T2-Glc) et la toxine HT2-glucoside
(HT2-Glc) (Lattanzio et al., 2012). Il est intéressant de souligner
le cas du dérivé acétylé du 3ADON, un dérivé acétylé du DON.
Ce composé peut étre produit a la fois par le champignon,
dans ce cas c'est une mycotoxine "native", et par les variétés
transgéniques de riz, de blé et d’orge exprimant le géne de la
3-O-acetyltransférase, et donc considéré comme une
mycotoxine "masquée". Le transfert du gene de ['3-O-
acetyltransférase a des plantes est envisagé comme une
stratégie d’avenir pour la réduction du pouvoir pathogéne des
fusarioses qui affectent certaines espéces végétales. Il est en
effet établi que la conversion en 3ADON par la plante du DON
produit par la moisissure, permet de limiter I'agressivité de la
fusariose (Karlovsky, 2011).

Tableau 3 — Principales mycotoxines "modifiées" recensées
(adapté de Broekaert et al., 2015)

Mycotoxine Mycotoxine "modifiée"

"native"

15-acétyl-DON (15ADON)

3-acétyl-DON (3ADON)
DON-3-0-glucoside (DON30-Glc)
DON-3/8/15-glucuronide (DON3/8/15-GlcA)
3-acetyl-DON-glucuronide (3ADON-GIcA)
DON-3-B-D-glucopyranoside (D3G)
DON-oligosaccharides

Deepoxy-DON (DOM-1)

3-epi-DON

9-hydroxylmethyl DON lactone

Nor-DON A-F

DON-sulfonate (DON-S)

Déoxynivalénol

ZEN-14-glucuronide (ZEN14-GlIcA)
ZEN-14-B-D-glucopyranoside (ZEN14G)
ZEN-14-sulfate (ZEN14S)

a-zearalenol (a-ZEL)

B-zearalenol (B-ZEL)
a-zearalenol-14-a-D-glucopyranoside (a-
ZEL14G)
B-zearalenol-14-B-D-glucopyranoside (B-
ZEL14G)

Zéaralénone

T2 T2-glucuronide (T2-GlcA)

T2-glucoside (T2-Glc)

HT2 HT2-3/4-glucuronide (HT2-3/4-GlcA)

HT2-glucoside (HT2-Glc)

F N-(carboxymethyl)

FB1 N-(1-deoxy-D-fructos-1-pl)
HFBx

F-N-acetyl

F-O-acetyl

F cachées

F liees a 'amidon

Fumonisine

Aflatoxine AFB4-epoxide

OTA-oligossacharides
14-(R)-OTA
14-decarboxy-OTA

Ochratoxine
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En gras : les mycotoxines masquées au sens strict.

D'autres mycotoxines peuvent é&tre "biologiguement
modifiées" par l'action d'un micro-organisme, et sont
regroupées sous le vocable de "mycotoxines modifiées
différemment"”. Le Deepoxy-DON (DOM-1) et le 3-epi-DON,
issus de la transformation du DON par des bactéries extraites
du microbiote humain ou animal, appartiennent a ce groupe
(Eriksen et al., 2002 ; Karlovsky, 2011 ; Gratz et al., 2013).
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Les mycotoxines "chimiquement modifiées" constituent le
dernier groupe. Les modifications chimiques peuvent
dépendre ou non de la chaleur.

Les mycotoxines "chimiquement modifiées thermoformées"
apparaissent lors de la mise en ceuvre des procédés de
transformation alimentaire tels que la cuisson, le grillage, la
congélation ou I'extrusion. Ces modifications thermo-
dépendantes sont connues pour de nombreuses mycotoxines,
notamment les fumonisines capables d’entrer dans une réaction
de Maillard, du fait de la réduction des sucres, avec I'obtention
par exemple de la fumonisine B; N-(1-deoxy-D-fructos-1-yl) et
de la fumonisine N-(carboxymethyl) (Humpf et Voss, 2004). On
peut citer également comme produits de dégradation
thermique des dérivés du DON (norDON A-F et 8-hydroxymethyl
DON lactone) dont certains peuvent étre retrouvés dans des
échantillons d’aliment du commerce (Bretz et al., 2005).

Les mycotoxines "chimiquement modifiées non thermo-
formées" proviennent quant a elles d’une variété de procédés,
dont I'hydrolyse mise en ceuvre avec les fumonisines (HFBx), la
sulfatation du DON aboutissant au DON-sulfonate ou les
produits de dégradation des ochratoxines par les rayons UV
(Beyer et al., 2010 ; Schmidt-Heydt et al., 2012).

2.2. Occurrence des mycotoxines "natives" et "modifiées"

Certaines mycotoxines "modifiées", en particulier les formes
"masquées”" mais également les formes associées a la matrice
et certaines formes chimiquement modifiées peuvent se
retrouver dans les aliments destinés au porc. Le tableau 4
représente des données d’occurrence des principales
mycotoxines et de leurs formes "modifiées" dans des
échantillons de céréales (blé, orge, mais, avoine et riz) sur la
période de 2010 a 2014.

Les mycotoxines "natives" représentent la part majoritaire
dans la contamination des aliments. Cependant, les autres
formes sont également retrouvées de facon concomitante
dans les aliments. Il est actuellement possible de détecter de
nombreuses mycotoxines "modifiées"”, mais peu de données
quantitatives sont disponibles, notamment en raison d’un
mangue de standards analytiques et de matériel de référence.

Le tableau 5 apporte de plus amples informations sur la
proportion de certaines mycotoxines "modifiées", pour
lesquelles quelques données sont disponibles, par rapport a
leur forme "native". Pour certaines mycotoxines, comme la T2-
Glc et la HT2-Glc, les données d’occurrence du tableau 4 ne
proviennent que d’une seule étude. Leur présence a été
rapportée pour la premiére fois en 2012 dans du blé et de
I'avoine naturellement contaminés (Lattanzio et al., 2012).

Pour le D3G, plus anciennement découvert, plus de données
sont disponibles sur son occurrence et sur sa proportion par
rapport au DON. La proportion de cette mycotoxine
"masquée" est assez stable dans les aliments et correspond en
moyenne a 20% du DON présent (Berthiller et al., 2009).
Cependant les ratios sont trés variables selon la céréale, le
génotype concerné, le pays et I'année de récolte et peuvent
augmenter jusqu’a 46%. (Berthiller et al., 2009 ; De Boevre et
al., 2012). De plus l'utilisation croissante de plantes résistantes
a Fusarium, capables de glucosyler de facon importante le
DON en D3G, pourrait encore augmenter le ratio D3G/DON.
Certaines études sur ces plantes résistantes ont méme trouvé
jusqu’a 2,7 fois plus de D3G présent dans la plante que de DON
(Sasanya et al., 2008).

Les ZEN14S et ZEN14G sont aussi retrouvés en proportion
assez stables, jusqu’a 30% de la ZEN présente (Scheneweis et
al., 2002 ; Streit et al., 2013b).

Tableau 4 — Occurrence des trichothécénes et de la
zéaralénone et de leurs formes "modifiées" dans des céréales
(échantillons de blé, orge, mais, avoine et riz issus de
différents pays)

(adapté de Broekaert et al., 2015)

Mycotoxines! Nombre Incidence, Moyenne,
d’échantillons? % ug/kg d’aliment

DON 5743 84 458
3ADON 2227 22 14,7
15ADON 686 31 366
D3G 529 55 85
NIV 3062 32 17,8
ZEN 2158 12 39,6
ZEN14G 36 25 37
ZEN14S 12 25 6

T2 321 45 16,7
HT2 321 54 61
T2G 15 73 2,4
HT2G 15 20 5,1
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LAbréviations: Nivalénol (NIV), voir également tableaux 1 et 3. les
mycotoxines "natives" sont indiquées en italique et les mycotoxines
"modifiées" en gras.

’Pays d’origine des différentes céréales analysées : Allemagne, Autriche,
Belgique, Chine, Danemark, Finlande, italie, Nigeria, Norvége, République
Tchéque et Suéde.

Pour ce qui est des fumonisines associées a la matrice (piégées
physiqguement), leurs proportions par rapport aux fumonisines
libres sont plus variables. Leur présence a été montré apres
une étape d’hydrolyse des matiéres premiéres (Dall’Asta et al,,
2009). La proportion de ces formes physiquement piégées
changent selon le génotype du mais et selon les conditions de
culture (Dall’'Asta et al., 2012).

En conclusion, plus de données d’occurrence, sur différentes
céréales et dans différents pays, sont nécessaires pour évaluer
correctement le risque associé a la présence de ces nouvelles
mycotoxines.

2.3. Métabolisation et toxicité des mycotoxines "modifiées"
chez le porc

L'occurrence des mycotoxines "modifiées" dans les denrées
alimentaires et I'exposition des animaux a ces nouvelles
toxines suscitent un certain nombre d’interrogations et le
besoin d’investiguer la métabolisation et la toxicité de ces
composés (EFSA, 2014). |l est en effet important d'étudier la
toxicité intrinseque de ces toxines, mais également de
connaitre leur métabolisme et en particulier de déterminer si
les mycotoxines "modifiées" sont reconverties en formes
"natives" correspondantes.

Quelques récentes études se sont intéressées aux effets de ces
mycotoxines "modifiées" sur le porc, sur des modéles in vitro
ou in vivo. La majorité de ces études portent sur le
métabolisme de ces molécules et peu sur leur toxicité.
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Tableau 5 - Proportion des mycotoxines "modifiées" présentes par rapport a leur mycotoxine "native"
dans des matiéres premiéres naturellement contaminées

Matiére Mycotoxines "modifiées" Nombre Proportion de mycotoxine Références
premiére d’échantillons "modifiée"/ "native", %
Blé, Mais D3G 77 20% Berthiller et al. (2003)
jusqu’a 46%
Céréales D3G 21 6-29% Desmarchelier et Seefelder (2011)
Mais, Ble, D3G 11 jusqu’a 30% De Boevre et al. (2012)
Avoine
Mais ZEN14S 41 jusqu'a 30% Streit et al. (2013)
Blé ZEN14G 10 jusqu'a 30% Scheneweis et al. (2002)
Blé T2-Glc, HT2-Glc 9 jusqu'a 12% Lattanzio et al. (2012)
Avoine T2-Glc, HT2-Glc 9 2% Lattanzio et al. (2012)
Mais Fumonisines associées a la matrice 31 jusqu'a 100% Dall'Asta et al. (2010)
Fumonisines associées a la matrice 97 jusqu'a 60% Dall'Asta et al. (2010)
Fumonisines associées a la matrice 120 jusqu'a 60% Dall'Asta et al. (2012)

Abréviations: voir tableaux 1 et 3.

2.3.1. Toxicité intrinséque des mycotoxines "modifiées" pour le
porc

Les études consacrées a la toxicité des mycotoxines
"modifiées" concernent en grande partie les formes
"modifiées" du DON et de la ZEN. La majorité de ces études
ont été réalisées in vitro sur des cellules humaines et
seulement quelques-unes s’intéressent a la toxicité in vivo
chez I’animal, notamment la souris et le porc.

La toxicité du DON a été comparée a celle de ses dérivés
acétylés (3ADON et 15ADON) en prenant en compte la
prolifération cellulaire, I'activation des MAPKs (Mitogen-
activated protein kinases) et de I'expression des protéines de
jonctions serrées, ainsi que I'expression des cytokines chez le
porc (Pinton et al., 2012). Les pourcentages de réduction de la
viahilité cellulaire des cellules intestinales de porc (IPEC-1)
incubées 24 heures en présence de DON, 3ADON et 15ADON
sont respectivement de 60%, 13% et 69%. L'expression des
protéines de jonction par ces cellules intestinales porcines est
diminuée de 40% en présence du 15ADON, et est équivalente
pour le DON et le 3ADON. Le 15ADON a également montré
plus de toxicité que le DON et le 3ADON au niveau de
I'activation des MAPKSs, in vitro sur les cellules IPEC-1, ex vivo
sur des cultures d’explants de jéjunum de porc ou in vivo dans
le tissu jéjunal de porcelets (Pinton et al., 2012).

Un des dérivés connu du DON est le DOM-1 issu d’'une
transformation bactérienne réduisant le groupement 12,13-
epoxy qui est essentiel dans la toxicité du DON et des
trichothécénes en général (Schatzmayr et al., 2006 ; Zhou et
al., 2008). De ce fait le DOM-1 est considéré comme un
métabolite non toxique du DON. Une étude in vitro a montré
que le DOM-1 était 54 fois moins toxique que le DON au
niveau de la synthése d’ADN sur des fibroblastes de souris
(Eriksen et Pettersson, 2004). La toxicité du DOM-1 sur les
parametres zootechniques a été évaluée in vivo sur des porcs.
Les animaux recevant I'aliment contaminé avec du DON a
S5mg/kg d’aliment et la souche bactérienne, capable de
deépoxyder le DON, ne présentaient pas de diminution de la
prise alimentaire ou de prise de poids (He et al., 1993 ; Lietal,,
2011). Cependant I'évaluation de la toxicité de DOM-1 pur sur
I'intestin et 'organisme du porc n’a pas été évaluée.
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Comparé au DON, le D3G s’est avéré non toxique ex vivo sur
des jéjunums de porcs, avec une incapacité du D3G a induire
un stress ribotoxique et a activer la voie des MAPKs centrale
dans la mise en ceuvre de la réponse pro-inflammatoire
observée avec le DON (Pierron et al., 2016). Cette inaptitude
du D3G contrairement au DON a induire une réponse pro-
inflammatoire se confirme chez le rat avec une absence de sur-
expression des cytokines et chemokines (Wu et al., 2014a). Par
ailleurs, le pouvoir émétique du D3G semble beaucoup plus
faible que celui du DON (Wu et al., 2014b).

Plusieurs études ont comparé les pouvoirs oestrogéniques de
la ZEN et de ses deux dérivés a-ZEL et B-ZEL. L'oestrogénicité
de ces molécules se classe ainsi comme suit : B-ZEL < ZEN < a-
ZEL (Mukherjee et al.,, 2014). Au niveau cellulaire, de plus
fortes cytotoxicité et génotoxicité de la B-ZEN comparée a la a-
ZEN ont été montrées sur des cellules endométriales de porc
(Tiemann et al., 2003 ; Othmen et al., 2008) tandis que, I'a-ZEL
s’est révélée plus toxique que la B-ZEL sur les oocytes de porc
(Alm et al., 2002). En résumé, la hiérarchie dans la toxicité des
deux mycotoxines "modifiées", a-ZEL et B-ZEL, n’est pas
clairement établie et elle dépend du type cellulaire considéré.
Dans I'ensemble, leur toxicité est moindre que celle de la ZEN.

Les formes glucosylée et sulfatée de la ZEN, les ZEN14G et
ZEN14S, semblent incapables de se lier aux récepteurs
oestrogéniques et d’induire une toxicité in vitro (Poppenberger
et al., 2006; Berthiller et al., 2009).

De fagon globale, les composés issus des voies de
détoxification des plantes, les formes "masquées" sensu stricto
sont moins toxigues ou inactivés par rapport a la molécule
"native". Les voies de hiotransformation de la plante, qui sont
similaires a celles des animaux (par exemple les réactions de
conjugaison aux différentes molécules sulfate, glutathione ou
acide glucuronique), augmentent la polarité de ces molécules,
facilitant ainsi leur excrétion et diminuant leur toxicité
(Yiannikouris et Jouany, 2002 ; Homolya et al., 2003).

2.3.2. Métabolisation des mycotoxines "modifiées" chez le porc

Les interrogations sur une reconversion des mycotoxines
"modifiées" en mycotoxines "natives" sont aussi vieilles que la
découverte des premiéres mycotoxines "modifiées"”.
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Tres tot en effet, il a été montré qu’en exposant oralement
pendant 2 semaines un porcelet a du ZEN14G, il était possible
de retrouver dans ses urines et ses feces des quantités
variables de ZEN et de son métabolite oestrogénique a-ZEL
(Gareis et al., 1990). Cette étude souligne le fait qu’une partie
non négligeable de I'exposition du porc a@ une mycotoxine
pourrait provenir de la conversion des mycotoxines
"modifiées". Une telle reconversion peut étre due a I'activité
des enzymes digestives et du métabolisme de I'animal. Elle
peut également résulter de I'activité enzymatique de la flore
digestive suivie de la réabsorption de la mycotoxine "native"
et/ou de ses métabolites. Le tableau 6 récapitule le devenir de
certaines mycotoxines "modifiées" le long du tractus digestif
et leur hydrolyse en leur forme "native".

Le porc est un animal physiologiquement trés proche de
'homme, notamment pour ce qui est de la digestion.
Dans un systéme in vitro humain mimant en étapes
successives 'action du suc salivaire, du suc gastrique, du suc
intestinal et de la bile, le D3G, la ZEN14G et la ZEN14S sont
conservés respectivement a 99,5%, 97,3% et 98,6% (De Nijs et
al., 2012 ; Dall'Erta et al., 2013).

Toutefois, le D3G qui n’est pas transformé par les enzymes
présentes dans la salive et I'estomac des mammiféres, pourrait
étre hydrolysé par |'acide lactique produit par certaines
espéces bactériennes telles que Enterococcus mundtii et
Lactobacillus plantarum présentes dans le tube digestif
(Berthiller et al., 2011).

Tableau 6 —Devenir de certaines mycotoxines "modifiées” le long du tractus digestif (adapté de Boevre et al., 2015)*?

Mycotoxines

Compartiment D3G* 3 ADON & ZEA14G3 ZEA145* Fumonisines Fumonisines

15ADON? cachées* liges?
Salive Stable Stable Stable Stable Stable Stable
Estomac Stable 11%DON (3ADON) Max.19% ZEN Stable Stable Stable

13% DON (15ADON)
Intestin gréle Moax. 5% D3G déetecté 0% 3ADON Traces de Stable Stable Stable
0% 15ADON ZEN14G détectées
Colon Max. 2% D3G détecté Déacétylation + Féces : 40% ZEN Féces : 40% ZEN Max.99% Stable
Féces : DON+DOM-1 glucuronidation Feces : 60% Feces : 60% fumonisines
catabolites catabolites

YVoir les tableaux 1 et 3 pour les abréviations.

2En italique: % de la mycotoxine "modifiée" retrouvée telle quelle aprés ingestion orale dans les différents compartiments du tractus digestif. En caractéres

normaux: % de la mycotoxine "modifiée" hydrolysée et retrouvée sous sa forme "native” dans les différents compartiments du tractus digestif. “Traces” si elle

est trés légérement retransformée et “stable” si elle n‘est pas retransformée dans ce compartiment.

*Données basées sur des expérimentations in vitro et in vivo.

“Données basées surdes experimentations in vivo.

Tout comme pour le DON, les formes "modifiées" de la ZEN
peuvent étre déconjuguées aprés une fermentation fécale par
le microbiote humain, et la forme "native" de la mycotoxine
relarguée dans la lumiére intestinale (Dall'Erta et al., 2013).
Une augmentation de 30-50% de fumonisines détectables
aprés digestion de la matrice alimentaire est également
observée (Dall'Asta et al., 2010). Ce constat suggére que les
enzymes gastro-intestinales sont capables de détruire les
interactions entre la matrice et les fumonisines, relarguant les
formes "natives" des mycotoxines. Pour le DOM-1, issu d’'une
transformation bactérienne, il n’y a pas d’études in vivo ol les
animaux auraient regu du DOM-1 pur.

La réaction d’épimérisation a l'origine de la formation du
3-epi-DON est une réaction irréversible (Karlovsky, 2011). Mais
actuellement aucune donnée n’est disponible sur sa toxicité.
Pour ce qui est des formes acétylés du DON, elles sont trés vite
déacétylés au sein de I'organisme en DON (Wu et al., 2010).

Ces résultats obtenus in vitro montrent donc que certaines des
mycotoxines "modifiées" peuvent étre retransformées en leur
mycotoxines "natives" dans des proportions variables, et
suggérent que cette transformation serait principalement due
au microbiote intestinal.

Une étude s’est intéressée au devenir du DON ou du D3G
administré oralement et aussi au D3G administré par voie
intraveineuse a des porcelets (Nagl et al., 2014). Le DON est
excrété en trés grande partie par voie urinaire, principalement
dans les huit premiéres heures post-exposition, majoritairement
sous forme "native" et minoritairement sous forme de DON-3-
glucuronide (DON3-GIcA) et de DON-15-glucuronide (DON15-
GlcA). Quant au D3G administré oralement, son excrétion
urinaire, bien que majoritaire, est plus tardive, apparaissant
entre la 8= et |a 24%m heure post-exposition. Seule une infime
partie du D3G a été retrouvée non transformée dans I'urine, la
majeure partie étant convertie en DON, et accessoirement en
DONS3-GIcA et en DON15-GIcA. Dans le cas du D3G administré
par voie parentérale, presque toute la dose administrée était
retrouvée sous forme inchangée dans les urines dans les huit
premiéres heures. Cette étude démontre (i) que le D3G
contaminant les aliments de porc peut étre converti en DON
dans le tube digestif, (ii) en raison de I'élimination urinaire
tardive, que cette conversion a probablement lieu dans la
portion basse du tube digestif, et (iii) que le DON provenant de
'hydrolyse microbienne du D3G pourrait trés bien étre
réabsorbé et contribuer de fagon significative a I'exposition
totale en DON du porc.
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3. EVALUATION DE L’EXPOSITION ET
CARACTERISATION DU RISQUE POUR
LES MYCOTOXINES "MODIFIEES" CHEZ LE PORC

Un travail d’évaluation de I'exposition du porc a certaines
mycotoxines "modifiées" et de caractérisation du risque
associé a été effectué par I'EFSA en 2014 (EFSA, 2014).
Les mycotoxines concernées sont la ZEN, le nivalénol (NIV)
(une mycotoxine de la famille des trichothécénes comme le
DON), les toxines T2 et 'HT2 et les fumonisines.

Les calculs d’exposition ont été faits en traduisant en
exposition cumulée, I'accroissement de I'exposition en une
mycotoxine donnée qui résulterait de la conversion de la
mycotoxine modifiée en mycotoxine "native".

Comme chez 'homme, cet accroissement a été estimé a 100%
pour la ZEN, 30% pour le NIV, 10% pour T2 et HT2, et 60% pour
les fumonisines.

Le tableau 7 présente les estimations d’exposition cumulée a
ces mycotoxines "modifiées" et a leur forme "native".

Sur la base de la NOEL (No Observed Effect Level; dose
maximale sans effet nocif observé) de la ZEN fixée a 10 pg/kg
poids vif/jour par rapport a ses effets oestrogéniques, 'EFSA a
estimé que |'accroissement d’exposition liée & la prise en
compte des formes "modifiées" n’était pas suffisant pour
remettre en cause les recommandations en vigueur pour les
valeurs limites de ZEN en alimentation porcine.

La LOAEL (Lowest Observed Adverse Effect Level ; dose
minimale avec effet nocif observé) établie pour le NIV chez le
porc est de 100 pg/kg poids vif/jour (EFSA, 2013). L'estimation
de I'exposition cumulée en NIV natif et en NIV converti a partir
des formes "modifiées" représenterait 2-3% de cette valeur
(Tableau 7). Sur cette base, I'EFSA a estimé que la prise en
compte des formes "modifiées" de NIV n’était pas de nature a
remettre en cause la sécurité des aliments pour porc.

Tableau 7 - Estimations d’exposition des porcs a certaines mycotoxines (cumul des formes "natives” et "modifiées")
selon deux hypothéses (h) haute et basse (adapté de EFSA, 2014)

Niveau d’'exposition, pug/kg poids vif/jour

Catégories d'a Poids i Ingetre‘ ZEN NIV Toxines T2 + HT2 Fumonisines

ategories dage vif, kg a |merl1 aire, "natif" &"modifié" "natif" &"modifié" "natif" &"modifié" "natif" &"modifié"

kg/jour
h basse h haute h basse h haute h basse h haute h basse h haute

Porcelet 20 1 0,7 1 0,53 2,07 0,3 1,43 3,7 10,3
Porca 100 3 0,6 0,8 0,31 1,21 0,31 0,96 7,4 11,1
I'engraissement
Truie 200 6 2,2 2,5 0,32 1,26 0,33 0,92 4,6 11,9

Abréviations: voir tableaux 1, 3 et 4.

En partant des hypothéses les plus pessimistes, I'exposition
cumulée en T2 et HT2, et en leur formes "modifiées"
correspondrait a 9% de la LOAEL de groupe établie a 29 pg/kg
poids vif/j pour ces trichothécénes du groupe A (EFSA, 2011).
Sur cette base, 'EFSA a estimé que la prise en compte des
formes "modifiées" de T2 et HT2 également, n’était pas de
nature a remettre en cause le niveau de sécurité des aliments
pour porc pour ces mycotoxines.

Dans les hypothéses hautes, I'exposition cumulée aux
fumonisines "natives" et a leurs formes "modifiées"
représenterait 25% de la LOAEL établie par I'EFSA en 2005 a
200 pg/kg poids vif/j. Pour ces mycotoxines également, la
sécurité des aliments pour porc ne semble donc pas remise en
cause.

En résumé, I'EFSA a rendu un avis concernant quatre
mycotoxines ou groupes de mycotoxines (ZEN, NIV, T2- HT2 et
fumonisines) pour lesquelles aucune préoccupation nouvelle
ne semble émerger suite 3 la prise en compte de I'exposition
aux formes "modifiées". Un avis sur le DON et ses formes
"modifiées" est en cours de rédaction. De tels travaux de
référence n’existent pas encore pour les aflatoxines et les
ochratoxines qui sont deux familles des mycotoxines faisant
respectivement I'objet d'une réglementation et d'une
recommandation en alimentation du porc.

CONCLUSION

Les avancées en techniques analytiqgues et en toxicologie
contribuent a augmenter les connaissances sur les dangers
chimiques dans l'aliment. Elles ont mis en évidence de

nouvelles formes de mycotoxines. Cependant, I'impact de ces
mycotoxines "modifiées" et "masquées" sur la santé est
encore peu connu. A I'heure actuelle, seulement quelques
données in vitro et in vivo sont disponibles sur la
métabolisation de ces formes "modifiées" au sein de I'animal.
De plus amples études in vivo sur la biodisponibilité et sur la
toxicité de ces mycotoxines "modifiées" chez I'animal seront
nécessaires pour mieux comprendre leur impact sur la santé
du porc et sur la santé des consommateurs.

La proportion de mycotoxines "modifiées" dans l'aliment et
leur toxicité sont généralement inférieures a celles de leur
forme "native". Ce qui veut dire que les effets toxiques
observés suite a une contamination sont principalement dus
aux mycotoxines "natives". Cependant, la possible hydrolyse
des mycotoxines "modifiées" au niveau de l'intestin pose le
probléme d'une exposition totale augmentée, avec, si ces
formes "modifiées" ne sont pas prise en compte, un risque
sous-estimé pour I'animal.

Plusieurs mycotoxines "modifiées" sont retransformées en la
mycotoxine "native". Pour cette raison il est important de
prendre en considération les mycotoxines "modifiées" lors du
calcul de [I'exposition, alors qu’actuellement seules les
mycotoxines "natives" sont prises en compte dans la
réglementation. Les mycotoxines "modifiées" peuvent étre en
proportion importante dans les céréales par rapport a leur
forme "native". Par exemple, les formes glucosylées comme le
D3G peuvent aller jusgu’a 30% de la proportion de la
mycotoxine "native". Les travaux récents de I'EFSA tendent a
considérer la somme des mycotoxines "natives” et "modifiées"
pour calculer les risques liés a 'exposition aux mycotoxines.







