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Mycotoxins are fungal secondary metabolites that elicit a wide spectrum of
toxicological effects, including the alteration of normal immune function. In the
present study we investigated the independent effect of four mycotoxins, aflatoxin
B1 (AFB1), fumonisin B1 (FB1), deoxynivalenol (DON) and nivalenol (NIV), on
lymphocyte proliferation using human and porcine lymphocytes. Human and
porcine peripheral blood mononuclear cells and porcine splenocytes were cultured
with increasing concentrations of mycotoxins for 72 hours and labelled in the last
24 hours with [methyl-3H]-thymidine. The results showed that increased
concentrations of AFB1, DON and NIV affected the [methyl-3H]-thymidine
cellular proliferation following mitogen stimulation in both species and cell types.
Lower concentrations of mycotoxins enhanced cellular proliferation, which was
more pronounced in human than in porcine cells, while higher concentrations
caused a dose-dependent decrease. DON and NIV were the most potent
mycotoxin in both species and both cell types. Based on the results of this
in vitro study, high correlations were found between proliferation of human and
porcine lymphocytes after mycotoxin exposure, especially for DON and NIV.

Keywords: blood; humans; lymphocyte proliferation; mycotoxins; pigs;
splenocytes

1. Introduction

Mycotoxins are secondary toxic metabolites produced by several fungi, and are
natural contaminants of feed and food. Their global occurrence is considered an
important risk factor for human and animal health (Mannon and Johnson 1985;
Finks-Gremmels 1999). The toxicological syndromes caused by ingestion of
moderate to high amounts of mycotoxins have been well characterised. The effects
range from feed refusal and slow growth to hepatoxicity and carcinogenicity
(Council for Agricultural Science and Technology [CAST] 2003). Consumption of
lower amounts of fungal toxins may also result in impaired immunity and decreased
resistance to infectious diseases (Oswald et al. 2005; Luongo et al. 2006, 2008).
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Immunomodulatory effects of mycotoxins such as aflatoxin, ochratoxin,
deoxynivalenol (DON) or fumonisin have been well described, either on primary
cells like phagocytes (monocytes/macrophages, neutrophiles) (Moon et al. 1999;
Dombrink-Kurtzman et al. 2000; Sharma et al. 2003; Richetti et al. 2005; Pestka and
Zhou 2006) and lymphocytes (Islam et al. 2002; Pestka and Smolinski 2005; Severino
et al. 2006; Pestka 2008) or cell lines (Dombrink-Kurtzman et al. 1994; Liu et al. 2002;
Bouhet et al. 2004). It seems that the immunotoxic effect of mycotoxins on
lymphocytes may depend on lymphocyte subsets and tissue sites (Pestka et al. 1994).
Pestka et al. (2004) indicate, for example, that DON could either inhibit or enhance
programmed cell death in a dose-dependent manner, and that this effect is related to
the lymphocyte subset, tissue source and glucocorticoid induction.

Other immunological studies showed that nivalenol (NIV) induced an increase of
IL-2 and a lower production of IL-4 in spleen lymphocytes of transgenic mice (Choi
et al. 2000), while fumonisin B1 (FB1) decreased the IL-2 synthesis in pig blood
lymphocytes and inhibited the proliferation of different lymphocyte subsets through
a blockade of their cell cycle in G0/G1 phase (Marin et al. 2007). Oral exposure of
mice to trichothecenes (DON) in order to evaluate the effects of DON dose on
cytokine mRNA abundance in the spleen and Peyer’s patches revealed a more
pronounced effect in the spleen than in Peyer’s patches (Zhou et al. 1997).

Mycotoxins exhibit toxic effects in humans as well as in all animal species
investigated so far. Pigs have been identified as the most sensitive animal species
regarding the adverse effects of mycotoxins. This species is often regarded as a
suitable model for extrapolation to humans (Miller and Ullrey 1987; Almond 1996;
Rothkötter et al. 2002) due to its similarities to humans at gastrointestinal level.
Experiments on pigs also offer the advantage of sufficient quantities of biological
material (blood, tissues, etc.) for necessary analyses. Using an in vitro approach, the
aim of this study was to evaluate whether pigs could be a good model for humans in
terms of mycotoxin-induced effects on immune function. We evaluated the
independent effect of four mycotoxins (AB1, FB1, DON and NIV) on lymphocyte
proliferation of two compartments, peripheral blood (human and pig) and spleen
(pig). The study highlights the efficiency and validity of in vitro assays on
immunotoxicity, because sometimes in vivo experiments are difficult to perform
and cell studies offer a possibility to characterise the effect of mycotoxins very
rapidly and efficiently, especially at low level (Eriksen et al. 2003; Avantaggiato et al.
2004; Luongo et al. 2008).

2. Materials and methods

2.1. Toxins

Fumonisin B1 (FB1) (498% pure by NMR and HPLC), extracted and purified
according to the method of Cawood (1991), was obtained from PROMEC/MRC
(Tygerberg, South Africa). Deoxynivalenol (DON) and nivalenol (NIV) were
purchased from Sigma (St Quentin Fallavier, France) and aflatoxin B1 (AFB1) was
obtained from Alexis (Lausanne, Switzerland). The toxins were dissolved in water
(FB1) or ethanol (AFB1, DON and NIV) to obtain stock solutions of 10 mM FB1,
5 mM AFB1, 5 mM DON and 5 mM NIV. These stock solutions were further
diluted in a complete culture medium to obtain the same final toxin concentration
(1–10,000 ng/ml). In preliminary studies, it was verified that the final concentration
of solvents in the culture medium did not affect the cell proliferation.
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2.2. Biological samples

Porcine blood and spleen were obtained from commercial weaned piglets available in
our laboratory. Animals were kept in accordance with the National Institute of
Health and the French Ministry of Agriculture for the care and use of laboratory
animals guidelines. They were acclimatised for at least one week prior to being used
for the experiment and given ad libitum access to water and feed.

Blood from healthy volunteers was used to obtain human peripheral blood
mononuclear cells (PBMC). Blood samples were collected aseptically by forearm
venipuncture in the laboratory of the Centre National de Transfusion Toulouse,
France.

Porcine and human PBMC were isolated from blood by density gradient
centrifugation on Ficoll-Hypaque (1.077, Eurobio, Les Ulis, France), as already
described (Dozois et al. 1997). Splenocytes were obtained by disruption of
approximately 10 g of pig spleen in RPMI 1640 medium, as previously reported
(Skjolaas et al. 2002). PBMC and splenocytes were resuspended in complete medium:
RPMI-1640 (Eurobio, Les Ulis, France) supplemented with 2 mM L-glutamine
(Eurobio), penicillin (Eurobio, 100 U/ml), streptomycin (Eurobio, 100 mg/ml);
amphotericin B (Eurobio, 2.5 mg/ml) and 5% foetal calf serum FCS (Hyclone,
Perbio, Brebières, France). Cell viability was evaluated by trypan blue exclusion
(Eurobio) before in vitro culture, and was always found to be greater than 95%.

2.3. Cell cultures and measurement of cell proliferation

The experiments were conducted in four independent replicates. Splenocytes and
PBMC were cultured at a density of 1�106 cells/well in 96-well culture plates (Falcon,
Franklin Lakes, NJ, USA). They were stimulated with 50 ng/ml of 12-phorbol-
myristate 13-acetat (PMA, Sigma, St Quentin Fallavier, France), and 1 mg/ml
ionomicine (Iono, Sigma, St Quentin Fallavier, France), and incubated with each
mycotoxin at concentrations ranging from 0.001 to 1000 mg/ml at 378C and 5% CO2

for 72 hours.
Cells cultivated without mycotoxins, stimulated or not with mitogen, were used

as control. Six well replicate cultures containing the four mycotoxins at each
concentration were incubated in the presence or absence of mitogen. During the last
24 h of cultivating, cell cultures were labelled with [methyl-3H]-thymidine (ICN,
Orsay, France) at 0.5 mCi/well. PBMC and splenocytes were then harvested through
glass-fibre filters (Whatman, Maidstone, UK) by means of an automatic harvester
(Titerteck-Skatron, Molecular Devices, St Grégoire, France). Incorporation of
thymidine was measured with a liquid scintillation beta counter (Kontron
Instruments, St Quentin en Yvelines, France) and the results were calculated as
difference in cpm (counts per minute) between mitogen stimulated and unstimulated
cells cultivated with mycotoxin. The stimulation index (SI) was expressed as the
percent of the control cell (stimulated minus unstimulated cell responses without
mycotoxin). The effect of mycotoxin treatment on in vitro proliferation was then
calculated using the following equation:

SI ½%� ¼Mycotoxinstimulatedcells ½cpm��Mycotoxinunstimulatedcells ½cpm�
Stimulatedcells ½cpm��unstimulatedcells ½cpm� �100%
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2.4. Calculation and statistical analysis

Data were analysed with Statview software 5.0 (SAS Institute Inc, Cary, NC) using
Student’s t-test; p values 50.05 were considered significant.

The dose response curves were fitted to non-linear regression equations. The
inhibiting concentration of 50% (IC50) was defined by a regression procedure using
Corel QUATTRO ProX3, Mathcad Professional 14. For each mycotoxin, simple or
multiple linear regressions (Corel QUATTRO Pro X3, Mathcad Professional 14)
were used to establish correlations between human cells as dependent and porcine
lymphocytes as independent variables.

3. Results

To determine the effect of mycotoxins on cell proliferation, human and porcine
PBMC and splenic cells from pigs were incubated with increasing concentrations of
toxins in the presence or absence of mitogen. We found that lower doses of the
four mycotoxins (up to 0.1 mg/ml) exerted a stimulating effect on cellular
proliferation, especially on human and porcine PBMC (Figure 1). This stimulation
was above the value of PMA/ionomicine-induced proliferation, considered as
100%. Human lymphocytes were more sensitive to low concentrations of
mycotoxins (0.1–1 mg/ml) than pig lymphocytes, the degree of cells stimulation
being more pronounced in the case of human PBMC than that of pig (p 5 0.05).
For PBMC, the highest stimulating effect for human lymphocytes was noticed for
DON (205%) and for porcine PBMC with NIV (158%), respectively. For porcine
splenocytes, lower concentrations of mycotoxins also provoked an increase of
proliferation, but the stimulation did not exceed 140% (Figure 1) and was not
statistically significant.

Furthermore, we noticed that increasing concentrations of mycotoxins (AFB1,
DON and NIV) caused a decrease of cell proliferation in a dose-dependent
manner for both PBMC and splenocytes, irrespective of species and cell types
(Figure 1). Considerable inhibition of cell proliferation occurred at the highest
concentrations (1–10 mg/ml) for both types of lymphocytes and for both species
(p 5 0.05).

In particular, the IC50 values for NIV were approximately two times lower for
human PBMC and pig (PBMC and splenocytes) (p 5 0.05) than that for DON,
second regarding toxic potential in our study (Table 1).

In contrast, FB1 was the poorest inhibitor of blood and splenocytes proliferation.
Higher concentrations of this toxin did not produce any significant effect on porcine
PBMC. However, in human PBMC the enhanced effect was maintained even though
a slight decrease in proliferation was observed with concentrations greater than 0.1
mg. The calculated IC50 (Table 1) was found at high concentrations of FB1, varying
considerably with species and cell type (163 mg/ml and 650 mg/ml for human and
porcine lymphocytes, respectively); but in contrast, a consistent decrease of IC50 was
registered for porcine splenocytes, which was approximately 80 and 12 times lower
(p 5 0.05) than those obtained for porcine and human PBMC. A similar variation
of IC50 was also obtained for AFB1, but its toxicity was much more pronounced
than that of FB1, being very toxic for porcine splenocytes (IC50¼ 0.054 mg/ml), a
value which was 5 and 31 times lower than for porcine and human PBMC,
respectively (p 5 0.05). In accordance with their IC50 values, we classified the
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toxicity of the four mycotoxins investigated as the following: NIV 4 DON 4
AFB1 4 FB1. This classification is irrespective of the cell type (PBMC or
splenocytes) and cell origin (human, porcine). As mentioned, we noticed only one
exception for AFB1, which was more toxic than DON for porcine splenocytes.

With pig, we had the possibility to investigate the effect of the four mycotoxins
on blood as well as on spleen cells. This advantage allowed us to observe that in
accordance with their IC50 values, porcine splenocytes were much more sensitive
than human and porcine blood cells (Table 1).

In order to compare and understand differences and similarities in the respon-
siveness to mycotoxin toxicity, correlations between cell proliferation according to

Figure 1. Effect of mycotoxins (1–104 ng/ml) on the in vitro lymphocyte proliferation of
PMA/ionomicine-stimulated human (') and porcine (¤) blood lymphocytes and porcine
splenocytes ( ) [% of untreated control] (means + SEM; *, statistically significant difference
between human and porcine cells; p 5 0.05).
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animal species and cell type were established for each mycotoxin (Table 2). The
multiple linear regression analysis for various combinations of results showed a
high correlation between human PBMC and the two types of porcine lymphocytes
for NIV and DON. For these toxins, high correlations were also obtained
between porcine lymphocytes from the two different compartments. Lower
regression coefficients resulted for AFB1 in all analysed combinations and even
lower for FB1.

4. Discussion

The sensitivity of the immune system to mycotoxins arises from the vulnerability of
the continually proliferating and differentiating cells that participate in immune
mediated activities. The present study shows that the in vitro incubation of human
and porcine lymphocytes with increased concentrations of AFB1, DON and NIV

Table 1. Inhibitory effect of mycotoxins on the proliferative responses of human and porcine
lymphocytes, expressed as inhibiting concentration of 50% (IC50).

Toxin

IC50 for porcine cells
[mg/ml]

IC50 for human cells
[mg/ml]

Splenocytes r2* PBMC$ r2 PBMC r2

FB1
# 13.50a + 0.95 0.954 650.0b + 32.5 0.968 163.0c + 8.15 0.952

AFB1 0.054a + 0.04 0.989 0.292b + 0.03 0.998 1.671c + 0.05 0.972
DON 0.079a + 0.04 0.926 0.161b + 0.01 0.998 0.120b + 0.05 0.987
NIV 0.049a + 0.05 0.999 0.091b + 0.00 0.932 0.079b + 0.01 0.999

Notes: *r2, Coefficient of determination; $PBMC, Peripheral blood mononuclear cells; #FB1, Fumonisin
B1;

{AFB1, Aflatoxin B1;
{DON, Deoxynivalenol; xNIV, Nivalenol. The results are expressed as

means + SEM of four independent experiments. Means with different superscripts are significantly
different within a row (p 5 0.05).

Table 2. Correlation of proliferation of human and porcine lymphocytes [% of control] after
exposure to mycotoxins.

Toxins

Correlation between
Aflatoxin

B1

Fumonisin
B1 Deoxynivalenol Nivalenol

Human PBMC (y) and
porcine PBMC (x)
(y ¼ ax þ b)

a 1.25 1.44 1.48 1.09
b 15.37 712.40 76.98 74.60
r2* 0.824 0.374 0.937 0.995

Human PBMC (y) and
porcine splenocytes (x)
(y ¼ ax þ b)

a 0.94 1.01 1.62 1.24
b 46.42 46.88 70.02 73.88
r2 0.549 0.747 0.886 0.977

Porcine PBMC (y) and
porcine splenocytes (x)
(y ¼ ax þ b)

a 0.99 1.27 0.87 0.74
b 710.41 744.02 72.17 3.88
r2 0.823 0.397 0.976 0.911

Human PBMC (z), porcine
PBMC (x) and porcine
splenocytes (y)
(z ¼ ax þ by þ c)

a 1.85 0.28 2.33 1.17
b 70.60 0.92 70.98 0.11
c 9.17 27.0 78.98 74.17
r2 0.862 0.755 0.943 0.995

Note: *r2, Coefficient of determination.

388 I. Taranu et al.

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
T
a
r
a
n
u
,
 
I
o
n
e
l
i
a
]
 
A
t
:
 
1
2
:
3
8
 
2
1
 
A
u
g
u
s
t
 
2
0
1
0



affected the [methyl-3H]-thymidine proliferation assay in a dose-dependent manner
following mitogen stimulation in both species and cell types (Figure 1). Such a
modulation of cell proliferation on porcine blood lymphocytes exposed to DON
was also reported by Goyarts et al. (2006). Comparable effects were also reported
by Meky et al. (2001) on human lymphocyte treated with DON and combinations
of DON, T2-toxin, AFB1 and FB1. According to Hagymasi and Tulassay (2008)
this could lead to an increased carcinogenic and hepatotoxic potential of
mycotoxins. Major causes (80%) of hepatocellular carcinoma are hepatitis B and
C virus infection, and aflatoxin exposition, which result in autonomous cell
proliferation.

The treatment of porcine and human PBMC with FB1 was demonstrated to be
less toxic; the 50% inhibition of PBMC proliferation being obtained at higher
concentrations of toxin. Only porcine splenocytes registered an IC50 at lower
concentrations. Analogue observations were shown by Martinova and Merrill
(1995), who observed that this toxin exerted an inhibitory effect in murine stimulated
lymphocytes only at higher doses (0.1 mg/ml), and Luongo et al. (2008), who noticed
that increasing concentrations of FB1 did not produce any consequence on porcine
blood lymphocytes proliferation.

Among the four mycotoxins tested in our study, NIV and DON exerted the
most immunosuppressive effect on PBMC and splenocytes proliferation (Figure 1,
Table 1). The respective IC50 was lower than in other in vitro studies using
proliferation assays, where 50% inhibition of lymphocytes proliferation occurred at
approximately 0.5 mM NIV (Minervini et al. 2004), and 200–400 ng DON per ml
(Thuvander et al. 1999; Meky et al. 2001; Goyarts et al. 2006). The differences may
be due to the use of different assays or different solvents of toxins (NaCl vs. ethanol)
or cell lines vs. primary cells. The strong decrease in the cell proliferative response in
case of AFB1, DON and NIV may be attributed to the capacity of these toxins to
inhibit translation (AFB1) and protein synthesis (DON and NIV), while
immunostimulation can be related to interference with normal regulatory mechan-
isms that induce direct and indirect consequences on proliferation and differentiation
of the lymphoid cells system (Rotter et al. 1996).

We further investigated the effect of mycotoxins in accordance with animal
species and cell type, and to our knowledge this is the first study which examines
concomitantly the effect of mycotoxins on the cell response in two species. These
results showed statistically significant differences in the sensitivity to toxins between
lymphocytes from humans and pigs. Human lymphocytes reacted more sensitively to
the less concentrated doses of AFB1, DON and NIV than porcine cells (PBMC and
splenocytes). In contrast, the IC50 values showed a higher sensitivity of the pig to
mycotoxins action, being lower in pigs than in humans. However, in spite of the
differences in the observed intensity, the curve response had a similar pattern.
Immunological studies investigating the effect of mycotoxins reported differences in
proliferative response according to animal species. Thus, FB1 or DON could inhibit,
stimulate or manifest no effect on in vitro cell proliferation as described for human
lymphocytes (Wang et al. 2000; Berek et al. 2001; Meky et al. 2001; Tiemann et al.
2006), swine lymphocytes (Bouhet et al. 2004; Goyarts et al. 2006; Luongo et al.
2008), and rodent cells (Mekhancha-Dahel et al. 1990; Gopee and Sharma 2004);
suggesting that interspecies differences in toxin sensitivity exist. In our study, porcine
splenocyte reacted more sensitively than blood lymphocyte to all four mycotoxins
analysed, indicating that the toxicity of these molecules varies also with the cell type.
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A possible explanation of the difference in the splenocyte reactivity could be the
difference in proportion, functions and phenotypic properties of the lymphocytes
into the two immune compartments, where the proportion of lymphocyte T
subpopulations CD4þ and CD8þ is higher in the blood, and B lymphocytes are
higher in the spleen (Lee et al. 1994; Young et al. 1997).

In vivo feeding trials using diets contaminated with mycotoxins such as those
investigated in this study confirmed the results obtained here in vitro, and that the
effect depends upon the dose and duration of exposure. Pinton et al. (2008) proved
that DON had an in vivo biphasic effect on lymphocyte proliferation in pigs fed 2.2–
2.5 mg DON/kg feed after antigenic stimulation (up-regulation at day 21 and down-
regulation during days 35–49). It was also demonstrated that AFB1 impaired the in
vivo lymphocyte activation, decreasing the proliferation index in rabbits (Dimitri and
Gabal 1996), broilers (Ghosh et al. 1991), rats (Theumer et al. 2003) and pigs
(Harvey et al. 1995; Mocchegiani et al. 1998; Meissonier et al. 2008).

In spite of many studies which report the effect of mycotoxins on immune
response in different species and cells, no general data exist in the literature regarding
correlations between the immune response to mycotoxins in human and in other
species. The regression coefficients determined here revealed a high level of
correlation, especially for DON and NIV, when we assess the relationship between
the lymphoproliferative response according to animal species, cell type and toxin
concentration. This is an important fact if we take into consideration that food
commodities are most susceptible to trichothecene contamination. Within European
countries, the daily intake is ranging between 6 and 78 ng/kg BW to 368 and
11387 ng/kg BW for NIV andDON, respectively. The tolerable daily intake of 1.0 mg/
kg BW for DON and 0.7 mg/kg BW for NIV is exceeded especially by young children
(Scientific Cooperation [SCOOP] 2003). Studies on pigs may contribute to a better
understanding of how these mycotoxins influence immunity in the human system.

In conclusion, we found that DON, NIV, AFB1 and FB1 altered the in vitro
mitogen-induced proliferative response in human and porcine cells, irrespective of
the cell type, and this alteration was dose-dependent. DON and NIV were the most
potent mycotoxins in both species and both types of investigated cells. Based on the
results of this in vitro study, high correlation coefficients were found for NIV and
DON between human and pig immunoproliferative responses. This justifies the
assumption that pigs could be used as suitable models for comparison and for
extrapolation of the effects of DON and NIV mycotoxins to human conditions. The
response could be analysed concomitantly at different levels of the immune system,
in blood cells and cells from lymphoid organs, where the immune response is
expressed. However, a much more sophisticated dose-response model needs to be
designed for risk assessment of DON and NIV in humans. Future directions should
include an analysis of the cell cycle events leading to cytostasis and cell
differentiation/de-differentiation, together with the expression levels of such factors
as cell-cycle regulatory proteins following exposure to mycotoxins.
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