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Scope: Deoxynivalenol (DON) and fumonisins (FB) are the most frequently encountered

mycotoxins produced by Fusarium species and most commonly co-occur in animal diets.

These mycotoxins were studied for their toxicity in piglets on several parameters including

plasma biochemistry, organ histopathology and immune response.

Methods and results: Twenty-four 5-wk-old animals were randomly assigned to four different

groups, receiving separate diets for 5 wk, a control diet, a diet contaminated with either DON

(3 mg/kg) or FB (6 mg/kg) or both toxins. At days 4 and 16 of the trial, the animals were

subcutaneously immunized with ovalbumin to assess their specific immune response. The

different diets did not affect animal performance and had minimal effect on hematological

and biochemical blood parameters. By contrast, DON and FB induced histopathological

lesions in the liver, the lungs and the kidneys of exposed animals. The liver was significantly

more affected when the two mycotoxins were present simultaneously. The contaminated

diets also altered the specific immune response upon vaccination as measured by reduced

anti-ovalbumin IgG level in the plasma and reduced lymphocyte proliferation upon antigenic

stimulation. Because cytokines play a key role in immunity, the expression levels of IL-8, IL-

1b, IL-6 and macrophage inflammatory protein-1b were measured by RT-PCR at the end of

the experiment. The expression of these four cytokines was significantly decreased in the

spleen of piglets exposed to multi-contaminated diet.

Conclusion: Taken together, our data indicate that ingestion of multi-contaminated diet

induces greater histopathological lesions and higher immune suppression than ingestion of

mono-contaminated diets.
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1 Introduction

Mycotoxins are secondary metabolites of fungi that may

contaminate animal feeds and human foods. They are

frequently detected in grains, but also in fruits, vegetables,

nuts and silages. The Food and Agricultural Organization

estimated that as much as 25% of the world’s agricultural

commodities are contaminated with mycotoxins and the

economic losses due to mycotoxin contamination are esti-

mated in billions of dollars annually worldwide [1]. Clinical

signs caused by mycotoxins range from mortality to slow

growth and reduced reproductive efficiency. Consumption
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of mycotoxins may also result in impaired immunity and

decreased resistance to infectious diseases [2].

Worldwide surveys on the occurrence and contamination

levels of mycotoxins in raw materials indicate that toxins

produced by Fusarium mold species are of concern [3–5].

Among the fusariotoxins, deoxynivalenol (DON) and fumo-

nisins (FB) are frequently detected with concentrations up to

927 mg DON/kg and 300 mg FB/kg [4]. Among cereal

samples collected from European countries, 54% were co-

contaminated with DON and FB [6]. Similarly, in France, 65%

of the maize kernels harvested during 2004–2006 were co-

contaminated with DON and FB (Arvalis-Institut du végétal,

unpublished data). These two mycotoxins are of major

concern not only in terms of their ubiquitous distribution but

also because of their effects on human and animal health.

At high concentrations, FB cause equine leukoencepha-

lomalacia and porcine pulmonary edema, and it is nephro-

and hepatotoxic and carcinogenic in rats and mice. FB1 has

been classified as a potential human carcinogen (class 2B)

by the International Agency for Research on Cancer. In

humans, consumption of FB-contaminated food has been

linked with human esophageal cancer and neural tube

defects [7]. Disruption of sphingolipid biosynthesis appears

to be one mechanism involved in FB toxicity, with inhibition

of ceramide synthase [7] leading to accumulation of sphin-

goid bases (sphinganine and sphingosine). The effects of

ingestioning low doses of FB are less documented but

revealed pathological alterations of the lungs and an

increase in intestinal colonization by opportunistic patho-

genic bacteria in piglets [8–10].

Acute exposure to high doses of DON induces diarrhea,

vomiting, leukocytosis and gastrointestinal hemorrhage.

Anorexia, growth retardation and immunotoxicity occur in

rodents and pigs following chronic DON ingestion [11]. At the

cellular level, DON interferes with the active site of peptidyl

transferase on ribosomes, and inhibits protein synthesis [11].

Further, binding of DON to the ribosome in eukaryotic cells

triggers a ‘‘ribotoxic stress response’’, which involves phos-

phorylation of the mitogen-activated protein kinases (MAPKs)

[12]. MAPK activation modulates the expression of genes

associated with the immune response, chemotaxis, inflam-

mation and apoptosis. The cellular and molecular mechan-

isms of the immunomodulating action of DON have been

described in numerous studies using mice and murine cell

lines [13]. Depending on the dose and frequency of exposure,

DON can be either immunosuppressive or immunostimula-

tory [11, 14]. Prolonged ingestion of DON produces elevation

of immunoglobulin A in plasma [13–15] while increasing the

susceptibility to infectious diseases [11].

The toxicity of combinations of mycotoxins cannot always

be predicted based upon their individual toxicities [1]. Inter-

actions between concomitantly occurring mycotoxins can be

antagonistic, additive or synergistic. The data on combined

toxic effects of mycotoxins are limited and, therefore, the

actual combined health risk from exposure to mycotoxins is

unknown. Assessment of the interaction of Fusarium myco-

toxins has been investigated in vitro on immune cells and

intestinal epithelial cells [16, 17]. In vivo experiments have also

been done on mice, pigs and poultry using high doses of

toxins in which the authors mainly looked for differences in

animal performance. Among them, few studies were

concerned with the interaction between DON and FB [18, 19].

The purpose of this study was to compare the effects of low

doses of DON and FB in pigs when fed individually and in

combination with particular emphasis on their effects on the

immune response. The experimental design was a factorial

assay including control feed and feed contaminated with 3

and 6 mg/kg DON and FB individually and in combination,

respectively. These contamination levels correspond to levels

that frequently occur naturally in cereals [1]. Results have

been reported in terms of both general toxicological para-

meters including weight gain, hematology, plasma biochem-

istry and organ histology as well as specific parameters

describing immune system responses (total and specific

antibody, lymphocyte proliferation, cytokine expression).

2 Materials and methods

2.1 Animals

All animal experimentation procedures were carried out in

accordance with the European Guidelines for the Care and

Use of Animals for Research Purposes (Directive 86/609/

EEC). Twenty-four 4-wk-old weaned castrated male pigs

(Pietrain/Duroc/Large-white) were obtained locally. Male

pigs were used in this protocol as it was previously

demonstrated that a greater effect of DON and FB occurs in

male pigs compared to female pigs [20]. Animals were

acclimatized for 1 wk in the animal facility of the INRA

Laboratory of Pharmacology and Toxicology (Toulouse,

France), prior to being used in experimental protocols. Six

pigs were allocated to each treatment on the basis of body

weight. During the 35-day experimental period each treat-

ment group was given free access to water and the assigned

diet. The pigs were observed daily and weighed weekly.

2.2 Experimental diets

Diets were manufactured at INRA facilities in Rennes

(France), and formulated according to the energy and amino

acid requirements for piglets. Feed composition is detailed

in Table 1. Four different batches were prepared, one

control batch and three batches artificially contaminated

with the mycotoxins. Two strains of Fusarium, F. grami-
nearum DSM-4528 and F. verticillioides M-3125 were used to

produce DON and FB, respectively. These strains were

grown separately on rice. FB were produced as previously

described [21]. DON was extracted with ethyl acetate, and

the extract dried on silica gel 60 (Merck, Darmstadt,

Germany). The homogenized extracts contained 24 and
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21 g/kg DON and FB, respectively. The extracts containing

the mycotoxins were mixed into the vitamin mineral

supplements and then incorporated into the cereal mixture

before granulation.

The feed was analysed for mycotoxin content by Quantas

Analytik (Tulln, Austria) and by using a multi-mycotoxin

method [22]. DON, zearalenone and enniatin were found to

be naturally present in the cereals used, resulting in

concentrations of 500, 50 and 100mg/kg of feed, respectively.

All other mycotoxins, including aflatoxins, T-2 toxin, HT-2

toxin and ochratoxin A were below the limit of detection.

The mono-contaminated diets contained 2.8 mg of DON/kg

of feed and 5.9 mg of FB/kg of feed (4.1 mg FB1/kg11.8 mg

FB2/kg of feed) while the co-contaminated diet contained

3.1 mg of DON and 6.5 mg of FB/kg of feed (4.5 mg FB1/kg

12.0 mg FB2/kg of feed).

2.3 Experimental design and sample collection

On the 4th and 16th day of the experiment, all piglets were

immunized by subcutaneous inoculation with 1 and 2 mg of

ovalbumin (OVA), respectively (Sigma, St-Quentin Fallavier,

France), dissolved in sterile PBS and mixed with incomplete

Freund’s adjuvant (Sigma). At weekly time intervals, blood

samples were aseptically collected from the left jugular vein.

Blood was collected in tubes containing sodium heparin or

EDTA (Vacutainers, Becton-Dickinson, USA) for blood culture

or blood formula, respectively. Plasma samples were obtained

after centrifugation of heparinized blood and stored at �201C

for later analysis. After 35 days of dietary exposure to myco-

toxins, immediately after electrical stunning, pigs were killed

by exsanguination. Samples of lungs, liver and kidneys were

collected from all groups and fixed in 10% buffered formalin

for histopathological analysis. In addition, a portion of the

spleen was collected from euthanatized animals, flash-frozen

in liquid nitrogen and stored at �801C until processed for

measurements of cytokine mRNA.

2.4 Hematology and biochemistry

Hematological analysis was carried out using the impedance

coulter LH500 (Beckman Coulter, Villepinte, France). Sub-

populations of white blood cells (lymphocytes, monocytes,

neutrophils, eosinophils and basophils) were also studied

and made manually on 100 leukocytes on May-Gr .unwald

Giemsa stained smears.

Plasma concentrations of total proteins, albumin, urea,

creatinin, cholesterol, triglycerides and activity of g-glutamyl

transferase were determined by a Vitros 250 analyzer (Ortho

Clinical Diagnostics, Issy les Moulineaux, France) at the

Veterinary School of Toulouse (France).

2.5 Histology

The tissue pieces were dehydrated through graded alcohols

and embedded in paraffin wax. Sections of 3 mm were

stained with hematoxylin–eosin (HE) for histopathological

evaluation. For each organ, three slides per animal were

prepared for analysis, and an area of 2000–2500 mm2 per
slide was observed. As displayed in Table 2, microscopic

observations led to the identification of different lesions in

the different organs, and allowed for establishing a lesion

score per animal. Based on a recent method published [23],

we calculated the lesion score by taking into account the

degree of severity (severity factor) and the extent of each

lesion (according to intensity or observed frequency, scored

from 0 to 3). For each lesion, the score of the extent was

multiplied by the severity factor. For each tissue, the mini-

mal scores were 0 and the maximal scores were 21, 33 and

15 for liver, lung and kidney, respectively (Table 2).

2.6 Measurement of hepatocyte proliferation

The cellular proliferation activity was assessed by counting

Ki-67-positive nuclei on formalin-fixed embedded liver

sections as already described [24]. Briefly, the sections were

incubated with the primary antibody (Zymed (South San

Francisco, CA, USA) Ki-67 Clone 7B11 – diluted 1:50) at 41C

overnight in a humidity chamber; then the secondary

Table 1. Composition of the experimental diet

Ingredient (%)

Wheat 47.50
Soybean meal 24.30
Barley 22.90
Calcium phosphate 1.12
Calcium carbonate 1.00
Vitamin and mineral premixa) 0.50
Vegetable oil 1.40
Sodium chloride 0.40
Phytase 0.01
Lysine 0.465
Methionine 0.165
Threonine 0.195
Tryptophan 0.045

Compositionb)

Starch (g) 476.8
Crude protein (g) 218.3
Crude fiber (g) 37.5
Ca (g) 10.5
P (g) 6.5
K (g) 8.7
Net energy (MJ) 15.6

a) Vitamin A, 2 000 000 IU/kg; vitamin D3, 400 000 IU/kg; vitamin
E, 4000 mg/kg; vitamin C, 8000 mg/kg; vitamin B1, 400 mg/kg;
vitamin K3, 400 mg/kg; iron, 20 000 mg/kg; copper, 4000 mg/
kg; zinc, 20 000 mg/kg; manganese, 8000 mg/kg.

b) Corresponding to 1000 g dry matter/kg.
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antibody (Kit Super PictureTM Zymed) was applied and

followed by the addition of a chromogen (3,30-diamino-

benzidine). Finally, the tissue sections were counterstained

with hematoxylin and mounted under coverslips using a

permanent mounting medium.

The number of Ki-67-positive nuclei among the total of

100 nuclei was counted on the sections under light micro-

scopy at 40� magnification. The proliferative index was

calculated by Ki-67-positive cells/total cells� 100.

2.7 Measurement of total and specific

immunoglobulin subsets

The total concentration of the immunoglobulin subsets was

measured by ELISA as already described [25]. Briefly, the

different isotypes were detected with the appropriate

peroxidase anti-pig IgA or IgG (Bethyl, Interchim, Montluc-

on, France) and were quantified by reference to standard

curves constructed with known amounts of pig immu-

noglobulin classes. Titers of specific antibody anti-OVA were

also measured by ELISA [14]. Briefly, the anti-OVA anti-

bodies were detected with peroxidase-labeled anti-pig IgG or

IgA (Bethyl). Absorbance was read at 450 nm using an

ELISA plate reader (Spectra thermo, Tecan, NC, USA) and

the Biolise 2.0 data management software.

2.8 Determination of lymphocyte proliferative index

Lymphocyte proliferation was measured on blood samples

collected at different times of the experimental period. The

quantification was performed in 96-well plates as already

described [15, 26]. The results were expressed as stimulating

index of lymphocyte proliferation calculated as counts per
minute in stimulated culture/cpm in control non-stimulated

culture.

2.9 Determination of the expression of mRNA

encoding for cytokines by real-time PCR

Tissue RNA was processed in lysing matrix D tubes (MP

Biomedicals, Illkirch, France) containing guanidine-thiocyanate

acid phenol (Extract-Alls, Eurobio, les Ulis, France) for use with

the FastPrep-24 (MP Biomedicals). Concentrations, integrity

and quality of RNA were determined spectrophotometrically

(OD260) using Nanodrop ND1000 (Labtech International, Paris,

Table 3. Nucleotide sequences of primers for real-time PCRa)

Gene Primer sequence Genbank no. References

RPL32 F (300 nM) TGCTCTCAGACCCCTTGTGAAG NM_001001636 [46]
R (300 nM) TTTCCGCCAGTTCCGCTTA

b2-microglobulin F (900 nM) TTCTACCTTCTGGTCCACACTGA NM_213978 [27]
R (300 nM) TCATCCAACCCAGATGCA

IL-12p40 F (300 nM) GGTTTCAGACCCGACGAACTCT NM_214013 [27]
R (900 nM) CATATGGCCACAATGGGAGATG

IL-8 F (300 nM) GCTCTCTGTGAGGCTGCAGTTC NM_213867 Present study
R (900 nM) AAGGTGTGGAATGCGTATTTATGC

IL-1b F (300 nM) GAGCTGAAGGCTCTCCACCTC NM_001005149 [27]
R (300 nM) ATCGCTGTCATCTCCTTGCAC

MIP-1b F (300 nM) AGCGCTCTCAGCACCAATG AJ311717 Present study
R (300 nM) AGCTTCCGCACGGTGTATG

IL-6 F (300 nM) GGCAAAAGGGAAAGAATCCAG NM_214399 Present study
R (300 nM) CGTTCTGTGACTGCAGCTTATCC

a) RPL32, ribosomal protein L32.

Table 2. Establishment of a lesion score – endpoints used to
assess histological lesionsa)

Tissue Type of lesions (severity factor) Maximal score

Liver Disorganization of hepatic cords (1)
Hepatic cell vacuolization (1)
Apoptosis (2) 21
Megalocytosis (2)
Nuclear vacuolation (1)

Lung Alveolar edema (2)
Interstitial pneumonia (2)
BALT depletion (2) 33
Hypertrophy muscle cell (2)
Hemorrhage (2)
Vascular congestion (1)

Kidney Nuclear change (1)
Mitosis (1)
Cytoplasmic vacuolization (1) 15
Tubular casts (1)
Congestion (1)

a) The score for each lesion was obtained by multiplying the
severity factor with the extent of the lesion. The organ score
was then obtained by the sum of each lesion score. Severity
factor (or degree of severity), 1 5 mild lesions, 2 5 moderate
lesions; the extent of each lesion (intensity or observed
frequency) was evaluated and scored as 0 5 no lesion, 1 5 low
extent, 2 5 intermediate extent, 3 5 large extent.
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France). Besides this inspection, a 200 ng sample of RNA was

analyzed by electrophoresis. The reverse transcription and real-

time PCR steps were performed as already described [26]. RNA

non-reverse transcripted was used as the non-template control

for verification of a no genomic DNA amplification signal.

Specificity of PCR products was checked out at the end of the

reaction by analyzing the curve of dissociation. In addition, the

size of amplicons was verified by electrophoresis. The sequences

of the primers used are detailed in Table 3. Primers for macro-

phage inflammatory protein-1b (MIP-1b), IL-8 and IL-6 detec-

tion were designed using Primer Expresss software (Applied

Biosystems, Courtaboeuf, France). Primers were purchased

from Invitrogen (Cergy Pontoise, France). Amplification effi-

ciency and initial fluorescence were determined by Data

Analysis for Real Time-PCR method; then values obtained were

normalized by both house-keeping genes, b2-microglobulin and

ribosomal protein L32, and finally, gene expression was

expressed relative to the control group as already described [27].

2.10 Statistics

Following the Fisher test on equality of variances, one-way

ANOVA was used to analyze the differences between the

different groups of animals at each time point. p-Values of

0.05 were considered significant.

3 Results

3.1 Individual or combined effects of DON and FB on

weight gain, hematological and biochemical

parameters

During the experiment, piglets were weighed weekly and as

reported in Table 4, ingestion of individual or combined

DON- and FB-contaminated diets did not significantly

impair animal growth.

At the end of the experiment, blood samples were taken

from all piglets to investigate the effects of mycotoxins on

hematological and biochemical variables (Tables 5 and 6).

Piglets fed either FB- or FB1DON-contaminated diets

displayed a significant decrease in neutrophil number

(Table 5). An increase in creatinin concentration (p 5 0.047)

and a decrease in albumin concentration (p 5 0.015) was

also observed in the animal groups fed with FB- or DON-

contaminated diets, respectively. These alterations were not

observed in animals fed the diet contaminated with both

toxins (Table 6).

3.2 Individual or combined effects of DON and FB on

organ histopathology

Liver, lungs and kidneys were collected at the end of the

trial for histopathological analysis. The lesions observed

in these three organs were mild to moderate for animal fed

any of the three contaminated diets (DON, FB, DON1FB)

(Fig. 1).

The main histological lesions observed in the livers were

a disorganization of hepatic cords, cytoplasmatic and

nuclear vacuolization of hepatocytes and megalocytosis

(Figs. 1A and B). Piglets fed either DON- or FB-contami-

nated diets displayed significant liver lesions when

compared to animals fed the control diet. The lesion score

was further increased for animals fed diet contaminated

with both toxins. The proliferation of hepatocytes was

assessed by counting Ki-67-positive cells in liver sections.

Table 4. Individual or combined effects of DON and FB on weight
gaina)

Body
weight

Animal diets

gain/day
(kg)

Control DON FB DON1FB

Days
1–14

0.3670.05a 0.3570.03a 0.4370.05a 0.3270.07a

Days
14–35

0.7670.05a 0.6570.03a 0.7470.06a 0.6870.03a

a) Results are expressed as mean7SEM for five animals.

Table 5. Individual or combined effects of DON and FB on hematological parametersa)

Hematological parameters Animal diets (wk 6)

Control DON FB DON7FB

White blood cells (thousands/mL) 21.271.9a 19.672.3a 20.372.8a 18.271.6a

Lymphocytes (thousands/mL) 12.471.9a 11.471.4a 14.772.1a 12.671.0a

Neutrophils (thousands/mL) 7.371.1a 7.071.1a,b 4.570.9b 4.670.6b

Red blood cells (thousands/mL) 6.270.3a 5.770.2a 6.170.4a 5.970.4a

Mean corpuscular volume (fL) 47.670.8a 47.170.7a 46.270.5a 50.471.9a

Hematocrit (%) 29.871.6a 27.070.5a 28.071.9a 29.571.6a

Hemoglobin (g/dL) 9.670.5a 9.070.2a 9.470.5a 9.770.5a

Mean corpuscular hemoglobin (pg) 15.470.2a 15.670.2a 15.670.2a 16.570.8a

Mean corpuscular hemoglobin concentration (%) 32.470.4a 33.270.3a 33.870.6a 32.870.4a

a) Results are expressed as mean7SEM for six animals. Values in rows with different letters are significantly different.
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The mean proliferation indexes were 16.471.5 in the

control group, 18.873.3 in the DON-treated group,

22.871.7 in the FB-treated group and 39.4712.8 in the

DON1FB-treated group (po0.001, po0.01 and po0.05, for

comparison between DON1FB and control, DON or FB

groups, respectively).

In the lungs, depletion of bronchiole-associated lymphoid

tissue (BALT) and vascular disorders (peribronchiolar, alveo-

lar hemorrhage and congestion) were the most frequent

observed lesions (Fig. 1C). Of note, BALT structures were

checked and were present in all individual pigs, evaluated in a

comparable size and area between experimental groups.

Alveolar edema showed a focal presentation (Fig. 1D). As

demonstrated by the lesion scores, lung lesions were only

observed in animals receiving FB- or FB1DON-contaminated

diets. In this latter group, a medial hypertrophy of pulmonary

arterioles was observed in half of the animals.

Lesions in the kidneys were mild as indicated by low

lesion scores. The main observed lesions were degenerative

changes in tubular epithelial cells (vacuolization of the

cytoplasm and nucleus, Figs. 1E and F) and interstitial

infiltration of lymphocytes with a focal or multifocal pattern.

These lesions were observed in animals receiving diets

contaminated with DON, FB and both toxins.

3.3 Individual or combined effects of DON and FB on

the immune response

The main objective of this study was to assess the individual

and combined effects of DON and FB on the immune

response in piglets. Ingestion of diets contaminated with

individual or combined mycotoxins neither altered the total

plasmatic concentration of IgG and IgA nor modulated the

lymphocyte proliferation upon concanavalin A stimulation

(data not shown).

The immunization protocol with OVA allowed us to

investigate the effects of mycotoxins on antigen-specific

immunity [14, 26]. The ingestion of diets contaminated with

DON or FB individually or in combination significantly

altered the production of immunoglobulins after OVA

vaccination (Fig. 2). Animals fed mycotoxin-contaminated

diets displayed a reduced anti-OVA IgG concentration in

their plasma. However, because of high individual varia-

bility, the decrease was only significant for animals receiving

FB-contaminated feed. This decrease was further

pronounced for animals fed the diet containing both toxins.

Concerning the effect of mycotoxins on the specific IgA

concentration, as expected, we observed a significant

increase of this immunoglobulin isotype in piglets fed the

DON-contaminated diet. However, when DON was fed in

combination with FB, the increase of plasmatic-specific IgA

concentration was not observed (Fig. 2).

As already observed [14, 26], piglets receiving the control

diet displayed a significant increase in the lymphocyte

proliferation upon OVA stimulation after the second

immunization (1.4-fold increase, p 5 0.191; 3.3-fold

increase, p 5 0.012 and 2.8-fold increase, p 5 0.020 at days

21, 28 and 35 of the experiment, respectively). By contrast,

the lymphocyte proliferation upon OVA stimulation in the

animals receiving any of the three contaminated diets

(DON, FB and DON1FB) remained as low as in control

unstimulated lymphocytes (Fig. 3).

3.4 Individual or combined effects of DON and FB on

the expression of cytokines

Cytokines play a key role in regulating both humoral

and cell-mediated immunity. The mRNA expression of five

cytokines (IL-12p40, IL-8, IL-1b, IL-6 and MIP-1b) was

measured by real-time RT-PCR in spleen samples collected

at the end of the experiment (Fig. 4). Animals fed the

diet containing both DON and FB demonstrated a signifi-

cant decrease in mRNA for all tested cytokines when

compared to the control pigs (p 5 0.009 for IL-8; p 5 0.035

for IL-1b; p 5 0.004 for IL-6; p 5 0.031 for IL-12p40;

p 5 0.006 for MIP-1b). Animals fed the diet contaminated

with DON demonstrated a significant decrease in mRNA

encoding for IL-8, whereas animals fed the diet contami-

nated with FB demonstrated a significant decrease in

mRNA encoding for IL-1b and IL-6.

Table 6. Individual or combined effects of DON and FB on biochemical parametersa)

Biochemical parameters Animal diets (wk 6)

Control DON FB DON1FB

Urea (mmol/L) 3.870.4a 3.370.4a 4.270.3a 4.070.4a

Creatinin (mmol/L) 102.575.3a 98.074.1a 120.575.6b 101.675.5a

Cholesterol (mmol/L) 2.670.2a 2.470.2a 2.370.1a 2.370.1a

Triglycerides (mmol/L) 0.5170.07a 0.3470.04a 0.3970.06a 0.4170.06a

Total proteins (g/L) 59.871.0a 57.172.1a 59.972.5a 57.672.5a

Albumin (g/L) 34.370.7a 29.271.5b 35.172.1a 32.872.1a,b

GGT (IU/L) 65.478.6a 88.6714.4a 79.4715.0a 77.0711.5a

a) GGT, g-glutamyl transferase. Results are expressed as mean7SEM for five animals. Values in rows with different letters are
significantly different.
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4 Discussion

In the present 5-wk study, piglets were exposed to low doses

of two major Fusarium mycotoxins, DON and FB, at levels

commonly found in crops. Most of the current data

concerning the effects of DON or FB on animals, including

rodents, have been obtained using highly mono-contami-

nated feeds [9, 12, 13, 28]. It was thus of interest to deter-

mine the effect of ingestion of feeds contaminated with low

level of these toxins, present alone or in combination, on

zootechnical, hematological, biochemical, histopathological

and immune parameters of piglets.

We did not observe any effect of mycotoxin-contaminated

diets (DON, FB, DON1FB) on the body weight gain of

the animals. Considering the low contamination levels

we used, these results are not surprising. Indeed, no

effect on body weight gain has been reported in pigs

and in poultry fed with up to 70 mg FB/kg feed [18, 29]. The

effects of DON on body weight gain are more controversial,

especially in pigs. Some studies indicate that dietary

concentrations of DON above 1–2 mg/kg have an effect on

weight gain, whereas in other studies no effect is observed

for up to 4.5 mg DON/kg feed [30]. A weight gain reduction

has also been described when DON and FB were given

together to growing barrows [18]. However, in this study, the

dose of FB was ten-fold higher than the one used in the

present experiment.

Exposure of piglets to low doses of either DON or FB did

not have a major impact on the hematological and

biochemical parameters investigated. For blood hematology,

only a reduction in neutrophil numbers was noticed in FB-

exposed piglets. This observation is in relation with the
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reduced viability measured in human neutrophils exposed

in vitro to this toxin [31]. For blood biochemistry, there was a

decrease in albumin concentration in DON-exposed animals

and an increase in creatinin concentration in FB-exposed

piglets in accordance with previously published studies

[18, 20, 32, 33]. Ingestion of diets co-contaminated with

DON and FB had less effect on hematology and biochem-

istry parameters than did mono-contaminated diets. Some

studies have already reported a weaker effect on plasma

biochemical parameters for piglets fed multi-contaminated

diets than for piglets receiving mono-contaminated feeds

[18, 19], which suggests an opposite effect of the two

mycotoxins.

Despite the absence of effects on zootechnical, hemato-

logical and biochemical parameters, ingestion of feeds

contaminated with low concentrations of either DON or FB

induced histopathological lesions in liver, lungs and

kidneys. Toxic effects of FB on liver have been reported in

several papers using highly contaminated materials [9, 28].

The effects included a disorganization of hepatic cords,

hepatocellular vacuolation, megalocytosis, apoptosis,

necrosis and cell proliferation. In the present study, it was

observed that even when present at a lower dose, FB

induced similar liver histopathological lesions. Liver

lesions, such as hepatic cell vacuolation, were also

observed in piglets fed the DON-contaminated diet [34].

These lesions were not associated with major biochemical

alterations. The biological meaning of the hepatic lesions

remains to be determined. Histopathological analysis of

lung confirmed that this is a target organ for FB. At high

doses (Z92 mg/kg of feed for 4–7 days), FB induce lethal

pulmonary edema in swine [9]. In the present study, the low

dose of FB also induced pulmonary damages, mainly BALT

depletion and vascular disorders. By contrast, when present

at a low dose in the diet, DON did not induce any lesion in

the lung.

For the three organs investigated, the damages elicited

from the ingestion of the diet co-contaminated with DON

and FB were equal to or higher than the ones elicited by the

ingestion of a single mycotoxin. Very few publications

analyzed the effects of mixed mycotoxins on histopatholo-

gical parameters, especially at low doses [35, 36]. The

histopathological lesions observed in the lungs of

co-exposed piglets were slightly more pronounced than the

ones observed in the lungs of FB-exposed animals. In the

liver, ingestion of the co-contaminated diet induced signifi-

cantly higher lesions than ingestion of either of the mono-

contaminated feeds as demonstrated by the lesion score and

the hepatocyte proliferation. One explanation for the high

liver toxicity of DON and FB when present simultaneously

could be the higher absorption of FB in the presence of

DON. Indeed, DON has recently been shown to decrease the

barrier function of the intestine [37]. Thus, ingestion of
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DON may increase the absorption of FB, mycotoxins already

known to be poorly absorbed [7, 9].

The main objective of this study was to investigate the

effect of low doses of DON or FB ingested separately or in

combination on the immune response of piglets. As in

previous experiments, it was observed that at low doses,

mycotoxins have little or no effect on the total non-specific

immune responses as measured by lymphocyte proliferation

upon mitogenic stimulation and the plasmatic concentra-

tion of immunoglobulin classes. Immunization protocols,

as already described, were needed to observe an effect of low

doses of mycotoxins, fed either alone or in combination on

the immune responses [14, 26, 38].

A very low proliferative index, close to the one observed

in unstimulated cells, was obtained in cells isolated from

animals fed either DON-, FB- or DON1FB-contaminated

diets. This alteration of lymphocyte proliferation might be

due to an effect of these toxins on antigen-presenting cells

(APC) as suggested by recent in vitro studies on monocyte-

derived APC treated with DON [39, 40] or in vivo studies

with piglets acutely exposed to FB [27].

Interestingly, the diet co-contaminated with DON and FB

appeared to be able to counteract the increased level of

specific IgA observed in the animal receiving only the DON-

contaminated diet. Indeed, consumption of the

DON-contaminated diet increased the level of specific IgA in

the plasma [11, 14] whereas ingestion of diet contaminated

with both DON and FB did not alter the plasma level of this

immunoglobulin isotype. We can hypothesize that FB

interfere with the DON-induced IgA elevation at the

intestinal level through its action on sphingolipids. Indeed,

FB are known to disrupt the sphingolipid metabolism

leading to depletion of ceramide and all ceramide-derived

complex sphingolipids, such as sphingomyelin [41, 42]. This

latter compound has been recently reported to control the

amount of IgA in the large intestine [43].

Depending on the mycotoxin, DON or FB significantly

impaired the specific IgG concentration and the level of

cytokine expression. Nonetheless, the diet co-contaminated

with DON and FB led to a strong decrease of specific IgG

concentration, greater than the one observed in animals

receiving only one toxin. Similar effects were observed for

the five cytokines investigated, where the impact of the co-

contaminated diet was higher than either of the mono-

contaminated diets. Several studies investigated cytokine

expression during chronic exposure to mycotoxins [14, 15,

25, 27], but none of them concern the co-contamination.

Cytokines are important mediators in the immune

response. Expressions of IL-8 and MIP-1b, which are

involved in cell chemotaxis, were significantly inhibited in

animals fed the co-contaminated diet, and it can be antici-

pated that in these animals, recruitment and migration of

APC to peripheral lymphoid tissue were reduced. Similarly,

the decreased mRNA levels of IL-1b and IL-6 mRNA in

piglets receiving the co-contaminated diet may lead to a

defective antigen presentation and an impaired activation of

lymphocytes and may explain the decreased IgG response

observed in this study.

Find a mechanism that explains the observed effects after

the combination of both toxins is not easy, but at the cellular

level, it might be hypothesized that MAPK activation could

be involved. Indeed, both DON and FB have been shown to

activate MAPKs [12, 44], and these kinases are well known to

modulate numerous physiological processes, such as cell

growth, apoptosis or immune response [45].

In conclusion, chronic exposure to low doses of DON or

FB, either alone or in combination did not elicit important

clinical signs (body weight gain, hematology, biochemistry),

but induced microscopic lesions and altered the immune

response, especially when the mycotoxins were fed in

combination. The modulation of the immune response was

only observed when the immune system was activated.

Considering (i) that vaccination or infection by pathogens is

a common situation encountered in animal husbandry and

(ii) the natural occurrence of these mycotoxins in feedstuffs,

the present experiment suggests a significant disruption in
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the establishment of an appropriate specific response in

animals receiving mycotoxin-contaminated diets. This study

also highlights the complexity of mycotoxin interactions;

some effects are not enhanced by the combination of toxins

(biochemistry, lung and kidney lesions, specific IgA

content), while others are (specific IgG content, cytokines

expression, liver lesions). These results may have some

impact on the current regulation/recommendation that only

takes into account individual mycotoxins and not multi-

mycotoxin contamination.
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