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Abstract  
Fumonisin B1 (FB1) is a well-known inhibitor of de novo sphingolipid biosynthesis, due to its ability to inhibit 
Ceramide Synthases (CerS) activity. In mammals, this toxin triggers broad clinical symptoms with multi-organ 
dysfunction such as hepatotoxicity or pulmonary edema. The molecular mechanism of CerS inhibition by FB1 
remains unknown. Due to the existence of six mammalian CerS isoforms with a tissue specific expression 
pattern, we postulated that the organ specific adverse effects of FB1 might be due to different CerS isoforms. 
The sphingolipid contents of lung and liver were compared in normal and FB1-exposed piglets (gavage with 1.5 
mg FB1/kg body weight daily for 9 days). The effect of the toxin on each CerS was deduced from the analysis of 
its effects on individual ceramide (Cer) and sphingomyelin (SM) species. As expected, the total Cer content 
decreased by half in the lungs of FB1-exposed piglets, while in contrast, total Cer increased 3.5-fold in the livers 
of FB1-exposed animals. Our data also indicated that FB1 is more prone to bind to CerS4 and CerS2 to deplete 
lung and to enrich liver in d18:1/C20:0 and d18:1/C22:0 ceramides and to interact with CerS1 to enrich liver in 
d18:1/C18:0 ceramides. Cer levels were counterbalanced by those of SM. In conclusion, these results 
demonstrated that the specificity of the effects of FB1 on tissues and organs is due to the effects of the toxin on 
CerS4, CerS2 and CerS1.  
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Introduction 

Fumonisin B1 (FB1) is a polyketide mycotoxin consisting of two tricarballylic acids, a twenty carbon chain 
length and an alpha-amino alcohol polar head. FB1 is the most prevalent member of a fusariotoxin family called 
fumonisins. This family of toxins contains approximately 30 members (Wan Norhasima et al. 2009). FB1 is 
mainly produced by Fusarium verticillioides and F. proliferatum. These fungi species are natural corn and 
sorghum pathogens. Thus, FB1 presence in feed and food is mainly restricted to maize-based products. As 
reported by several studies (Dutton 1996; SCOOP 2003), whatever the country, the occurrence and the level of 
FB1 contamination in maize and maize-based products remains high. Indeed, Dutton reported that more than 
three quarters of the world’s maize production contained FB1 levels from 1ppm to dozens of ppm. More 
recently, the European SCOOP task reported that whatever the country in Europe, a third of food analyses show 
an FB1 contamination from 300 ppb to 10 ppm. Thus, in 2007, the European Union regulated to set the strict 
maximum levels of FB1 in human nutrition according to type of food, usage and consumers (Commission 
Regulation (EC) No 1126/2007). Similarly, in 2006, the European Union gave recommendations to its member 
states in order to judge the acceptability of feed compounds cereals and cereal products for animal feed 
according to the susceptibility of the main farm animal species (Commission Recommendation 2006). 

FB1 provokes severe mycotoxicosis in animals through very different clinical symptoms (FAO/WHO Expert 
Committee on Food Additives  2002; Haschek et al. 2001). In most mammalian species, FB1 elicits 
nephrotoxicity, hepatotoxicity (Bolger et al. 2001) and disturbances of the intestinal barrier function (Bouhet and 
Oswald 2007). More specific clinical symptoms have also been reported: leukoencephalomalacia in horses, 
pulmonary edema and cardiac dysfunction in pigs (Haschek et al. 2001), neural tube defects through the effects 
of FB1 on folate transport in rodents and humans (Marasas et al. 2004; Missmer et al. 2006), and carcinogenesis 
in rodents (FAO/WHO Expert Committee on Food Additives 2002). It is also a contributing factor in human 
oesophageal cancers in association with other mycotoxins such as ochratoxine A, deoxynivalenol and/or 
zearalenone (Shephard et al. 2013). Consequently, FB1 has been classified by the International Agency for 
Research on Cancer (IARC) in the Group 2B as a chemical potentially carcinogenic to humans. Hepatotoxicity, 
nephrotoxicity, immunotoxicity and other FB1 clinical symptoms that initially appeared to be species-dependent 
have also been observed in other species. The neurodegeneration observed in Equine LeukoEncephaloMalacia 
(ELEM) induced by fumonisin food intoxication has been reproduced in BALB/c mice after 
intracerebroventricular infusion (Osuchowski et al. 2005) or in pigs after experimental acute fumonisin toxicosis 
(Fazekas et al. 1998). Similarly, lung edema and cardiac dysfunction have been observed in mice after FB1 
exposure (He et al. 2002). FB1 alters sphingolipid metabolism and tumor necrosis factor α expression in mouse 
heart and lung. Therefore, it seems to be more important to focus on FB1 tissue-specificity than on species-
specificity to investigate the large clinical panel of this toxin’s activity. 

In 1988, Gelderblom characterized the chemical structure of FB1 (Gelderblom et al. 1988). Due to its structural 
similarity with sphinganine (Sa), sphingosine (So), fatty acids and ceramide (Cer), it was natural to postulate that 
FB1 was able to influence sphingolipid metabolism (Wang et al. 1991). Indeed, Merrill et al. (Merrill et al. 1996; 
Merrill et al. 2001) showed that the inhibition of ceramide synthases (CerS) by FB1 induces a major increase in 
free sphinganine levels and a depletion in complex sphingolipids and ceramides. Under these conditions, an 
increase in the ratio of free sphingoid bases (Sa/So) has been observed in several tissues (Grenier et al. 2012), in 
plasma (Riley et al. 1993) and in cultured cell lines (Bouhet et al. 2004; Loiseau et al. 2007). Whereas the 
plasma or urine ratio of Sa to So is considered as the reference biomarker to document an FB1 effect, Sa and/or 
Sphinganine 1-Phosphate (Sa-1P) levels can also be used as efficient markers. 

During the last decade, several groups showed that CerS proteins belong to a family composed of six enzymes 
distributed differentially in tissues, each of them using a preferential subset of fatty acyl-CoAs (e.g. CerS1/C18; 
CerS2/C22-24; CerS3/C26; CerS4/C20; CerS5-6/C16) (Pewzner-Jung et al. 2006; Mullen et al. 2012); Table 1 in 
Online Resource 1. We postulated that the effects of FB1 may be dependent on the tissue specific expression 
profile of ceramide synthase isoforms and thereby explain the tissue-specific effects. To address our hypothesis, 
we analyzed the sphingolipid contents of lung and liver from control piglets and those exposed to FB1 per os 
(1.5mg FB1/kg body weight daily for 9 days). The activity of CerS and sphingomyelin synthases regulate 
respectively Cer and sphingomyelin (SM) levels. This study was focused on the analyses of these latter 
compounds. 
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Materials and methods 

Mycotoxin preparation 

The mycotoxin extract was obtained after in vitro culture of the high-FB1–producing F. verticillioides strain 
NRRL 3428, as previously described (Bailly et al. 2005). Sterilized yellow maize was inoculated with F. 
verticillioides and was incubated for 4 weeks at 21°C. The culture was reduced to  powder that was was rich in 
FB1 (9.26 mg/g). It also contained low levels of fumonisin B2 and fumonisin B3 (2.26 and 1.34 mg/g, 
respectively) but no detectable levels of zearalenone, deoxynivalenol, fusarochromanone, or tricothecenes. 

Animals and experimental design 

Animals were acclimatized for 2 weeks in the animal facility of the INRA ToxAlim Unit (Toulouse, France) 
prior to being used in experimental protocols. They were given free access to water and were fed ad libitum with 
a basal diet formulated according to the energy and amino-acid requirements for piglets, as previously described 
(Grenier et al. 2011). Six castrated male piglets [Pietrain x (Landrace x Large-White)] were weaned at 28 d. of 
age and were randomly allocated to either the control or treated group. The initial body weights were (mean ± 
SD) 10.2 ± 0.6 and 9.4 ± 1.6 kg for the control and extract-treated group respectively. During the 9-day 
experimental period, treated piglets received an oral bolus daily of fumonisin extract (corresponding to 1.5 mg 
FB1/kg body weight) diluted in a 200g/L solution of glucose (used as a sweetener) to reach a volume of 
0.65mL/kg body weight. This dose corresponds to the ingestion of feed containing approximately 25 to 30 mg of 
FB1 per kg of body weight. Such contaminated feed has been shown to influence pig jejunal glycolipid 
distribution and the Sa/So ratio (Loiseau et al. 2007). Control piglets received the glucose solution alone. Pigs 
were killed by electronarcosis followed by exsanguination. All animal experimentation procedures were carried 
out in accordance to the European Guidelines for the Care and Use of Animals for Research Purposes (Directive 
86/609/EEC). Five authors have an official authorization from the French Veterinary Services for animal 
experimentation. 

Tissue and blood sampling 

At day 0 and day 9, blood samples were aseptically collected from the left jugular vein. Blood was collected in 
tubes containing sodium heparin for biochemistry, or citrate for fibrinogen measurement (Vacutainer®, Becton-
Dickinson, USA). Plasma samples were obtained after centrifugation of blood and stored at −20°C for later 
analysis. Upon termination of the experiment, corresponding to 9 days of dietary exposure to treatments, 
immediately after electrical stunning, pigs were killed by exsanguination, and liver and lungs were removed, 
perfused with PBS, cut into small pieces, flash-frozen in liquid nitrogen and stored at −80°C until lipid analysis. 

Chemicals and reagents 

Liquid chromatography solvents [methanol (MeOH), chloroform (CHCl3) (HPLC-grade) and ammonium 
acetate] were purchased from Sigma-Aldrich. Synthetic internal lipid standards (Cer d18:1/18:0, Cer d18:1/15:0, 
SM d18:1/18:0 and SM d18:1/6:0) were from Avanti Polar Lipids (Alabaster, USA). 

Preparation of ceramide and sphingomyelin stock and working standard solutions 

A 1 mg/mL stock solution of each of Cer d18:1/18:0, Cer d18:1/15:0, SM d18:1/18:0, and SM d18:1/6:0 was 
prepared in MeOH. All stock solutions were stored at -20°C. Calibration solutions were made from the stock 
solution of analyte and of the internal standard, and prepared in eluent 20%B/80%A (see below). The calibration 
curve consisted of ten calibration points with Cer d18:1/15:0 and SM d18:1/6:0 as internal calibration standards. 
The range was between 0.488 and 250 pg/µL, and 8 pg/µL as fixed concentration internal standard.  

Ceramide and sphingomyelin extraction 

A piece of liver was homogenized in 1mL of MeOH/5mM EGTA (2:1 v/v) with FAST-PREP (MP 
Biochemicals). Lipids corresponding to 1 mg of tissue were extracted according to a procedure adapted from 
Bligh and Dyer (Bligh and Dyer 1959) in dichloromethane/MeOH (2% acetic acid)/water (2.5:2.5:2 v/v/v), in the 
presence of the internal standards Cer d18:1/15:0 (400 pg) and SM d18:1/6:0 (400 pg). The solution was 
centrifuged at 1500 rpm for 3 min. The organic phase was collected and dried under nitrogen and then dissolved 
in 50 µL of eluent 20%B/80%A. The extract was then stored at−20°C prior to analysis. 
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Ceramide and sphingomyelin analysis by liquid chromatography mass spectrometry 

Ceramide/Sphingomyelin extracts and standards were dissolved in 50 µL of solvent 20%B/80%A. Standards and 
sample solutions were analyzed using an Agilent 1290 UPLC system coupled to a G6460 triple quadrupole 
spectrometer (Agilent Technologies) and using MassHunter software for data acquisition and analysis. A UPLC 
Silica Syncronis column 100 x 2.1 mm; 1.7µm (Interchim) was used for LC separation. The column temperature 
was controlled at 40°C. The mobile phase A was CHCl3/MeOH (80:20, v/v), and B was CHCl3/MeOH/water, 
5mM ammonium acetate pH 5.6 (60:34:6, v/v). The gradient used was: between 0 to 10 min, the proportion in B 
increased from 20% to 100%; 10-13 min, 100% B; and then back to 20% B at 13.5 min until 15 min for column 
re-equilibrium prior to the next injection. The flow rate of the mobile phase was adjusted to 0.3 mL/min and the 
injection volume was 5 µL. QqQ MS analysis was performed in the positive ion mode of electrospray ionization 
(ESI), under the following conditions: capillary voltage, 4000 V; nozzle voltage, 1000 V; source temperature, 
325°C; desolvation temperature, 400°C; cone gas flow rate, 10 L/min; desolvation gas flow rate, 12 L/min; 
nebulizer, 20 psi (SM) or 30 psi (Cer); MS collision energy (EC), 25 V. Nitrogen was used as collision gas. 
Precursor ion scan mode was used, with a 25V of energy collision, in order to quantify: ceramides (d18:1) 
following the precursor ion with a m/z of 264.2 using 120V as fragmentor voltage; and sphingomyelins 
following the precursor ion with a m/z of 184 using 160V as fragmentor voltage. The mass range (m/z 450–750 
for Cer; 555-850 for SM) was scanned with a scan time of 500 ms. Data analysis was performed with QqQ 
Quantitative and Qualitative software B.04.00 (Agilent Biosystem). 

Gene expression studies 

Total RNA was extracted with Ribozol™ reagent (Amresco, Solon, USA). For real-time quantitative polymerase 
chain reaction (qPCR), total RNA samples (2 μg) were reverse-transcribed using the High Capacity cDNA 
Reverse Transcription Kit (Applied Biosystems, Foster City, USA). Primers for SYBR® Green assays are 
presented in Table 2 (in Online Resource 1). Amplifications were carried out on a Stratagene Mx3005p™ Real 
Time PCR System (Agilent Technologies, Santa Clara, USA), using SYBR® Premix Ex Taq™-Tli RNase H 
Plus reagent (Takara Bio Inc., Shiga, Japan).  qPCR data were normalized to Ribosomal protein L32 (Rpl32) 
messenger RNA (mRNA) levels and analyzed with LinRegPCR 

Statistics 

The results are shown as mean ± SD. All statistical analyses were performed using R (www.r-project.org). For 
comparison between two independent groups, the Student’s t-test was used. For time-course dependent data, 
differential effects were analyzed by analysis of variance (ANOVA) followed by Student’s t-tests with a pooled 
variance estimate. A P-value < 0.05 was considered significant and a P-value < 0.01, very significant.  

RESULTS 

Influence of FB1 on the ceramide and sphingomyelin content  

The influence of FB1 on dihydroceramide synthesis has been evaluated in vitro using regular fatty acyl chains 
length containing 16 or 18 carbons. We showed that whatever the fatty acyl-CoA or the tissue, 200nM of FB1 
was able to significantly reduce the dihydroceramide synthesis (Online Resources 1 and 2). In the presence of 
only 20nM FB1, dihydroceramide synthesis activity was inhibited in liver using either palmitoyl-CoA or 
stearoyl-CoA, while this activity was enhanced in lung in the presence of stearoyl-CoA suggesting that FB1 
could have dual and opposite effects on CerS. In cells, the chain length of fatty acids present in 
dihydroceramides and ceramides varies from 16 to 26 carbons; moreover, specific CerS isoforms are involved in 
the synthesis of these various molecular species. As fatty acyl chains longer than 18 carbons are difficult to 
manipulate, the effect of FB1 on all CerS isoforms was analyzed directly in vivo on the ceramide and the 
sphingomyelin contents of liver and lungs from control and FB1-exposed animals. 

After 9 days of treatment, the tissues showed no pathological signs. In order to evaluate the effect of the FB1, the 
animals were weighed along with whole liver and lungs.  For each animal, the ratio of tissue/body weights was 
calculated and is plotted in Fig. 1a. These results show a significant increase in both liver and lung weight for 
animals in the exposed group as compared to the control group. The C18 sphingoid bases (Sa/So) ratio that is 
considered as a good biomarker of FB1 exposure, was determined (Fig. 1b.). As expected, animals from the 
exposed group showed a significant increase in the ratio in both liver and lung. Some plasma biochemical 
markers were also quantified: total cholesterol (TC), triglycerides (TG), total proteins (TP), albumin (ALB), 
aspartate aminotransferase (AST), gamma-glutamyltransferase (GGT), bilirubin (BIL), fibrinogen (FIB) and 
haptoglobin (HAP). Among these plasma biomarkers, only TC and AST showed a significant elevation in FB1-
exposed pigs (Fig. 1c. and 1d.). 
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Influence of FB1 on sphingolipid alteration in liver 

We next investigated the effect of FB1 exposure on the quantity of liver ceramides and sphingomyelins using 
liquid chromatography mass spectrometry analysis. Surprisingly, the total quantity of ceramides increased 
significantly by about 3.5 fold (Fig. 2a). Analysis of the gene expression of the six CerS isoforms showed that 
CerS6 gene expression significantly decreased by half in the presence of FB1 (Fig. 2h). This significant decrease 
in CerS6 was confirmed by investigating the relative proportion of CerS genes in the liver in the presence of FB1 
(Fig. 2g). We also observed a trend in FB1 exposure to increase the relative proportion of CerS4 and to decrease 
CerS2. However, the increase in total ceramides might be due to the extensive hydrolysis of sphingomyelin 
(even if a significant decrease is not shown, due to the different scale of the range between ceramides and 
sphingomyelins) in order to compensate for the lack of de novo ceramide synthesis.  

The relative expression of genes related to the synthesis and the hydrolysis of sphingomyelins (Sgms1, Sgms2, 
Smpd1, Smpd2, Smpd3, Smpd4) and to the hydrolysis of ceramides (Acer1, Acer2, Acer3) was also 
investigated, but no significant modulation of expression of these genes in presence of FB1 was observed. 

The modulation of the acyl chain distribution of the ceramides was analyzed in detail. The global amount of 
ceramides increased (Fig. 2c) significantly due to the increase in the quantity of ceramides containing C18:0 to 
C24:1 fatty acids with the most significant increase (p<0.01) for Cer (d18:1/C22:0). In terms of the proportion of 
different molecular species (Fig. 2d), FB1 exposure significantly depleted the liver in Cer (d18:1/16:0) and 
elevated Cer (d18:1/C20:0). Whereas the ceramide content of liver increased in pigs exposed to FB1, the total 
amount of liver sphingomyelins was halved (Fig. 2b). However this change in total sphingomyelin was not 
significant, but the quantity of some species decreased significantly (Fig. 2e) such as SM (d18:1) with acyl 
chains of C16:0, C18:0, C22:1, C24:1, C24:2 and SM (d18:0) with acyl chains of C18:0 or C20:0. In the 
presence of FB1, the sphingomyelin distribution (Fig. 2f) shows both a significant decrease in SM 
(d18:0/C18:0), SM (d18:1/C22:1), SM (d18:1/C24:2) and a significant increase in SM (d18:0/C20:0), SM 
(d18:1/C22:0), SM (d18:0/C24:0). These results could be attributed to an enhancement of CerS4 activity, to an 
increase in its protein expression or to an inhibition of CerS5 and/or CerS6 activities or to a reduction of their 
protein expression. 

Influence of FB1 on sphingolipids in lung 

Mass spectrometry analysis of the contents of lung ceramides and sphingomyelins showed that in the presence of 
FB1, the total amount of ceramides decreased by half (Fig. 3a), whereas the total amount of SM almost doubled 
(Fig. 3b). These changes, however, were not significant. Analysis of the gene expression of the six CerS 
isoforms, showed that CerS6 and CerS5 gene expression was significantly decreased (respectively 3- and 5-fold) 
in the presence of FB1 (Fig. 3h). The significant decrease in CerS6 was confirmed by the relative proportion of 
CerS genes in lung in the presence of FB1 whereas the decrease in the relative proportion of CerS5 was a trend. 
However, the relative proportion of CerS1 and CerS4 was significantly increased in lung after FB1 exposure 
(Fig. 3g). The FB1 exposure also significantly increased Smpd1 in lung (Fig. 3h). Given that this protein is 
involved in the hydrolysis of sphingomyelins, the increase might compensate for the inhibition of the de novo 
synthesis of ceramides. 

A detailed analysis of the molecular species of ceramides and sphingomyelins revealed significant alterations. In 
terms of quantity (Fig. 3c), d18:1-Ceramides containing C18:0 and C20:0 acyl chains decreased significantly in 
lung under FB1 exposure with the most significant change being a decrease in Cer (d18:1/C22:0) and Cer 
(d18:1/C24:0). In terms of relative abundance (Fig. 3d), only Cer (d18:1/C20:0) and Cer (d18:1/C22:0) showed a 
significant decrease. For sphingomyelins, a significant increase in quantity (Fig. 3e) was observed for some SM 
(d18:1) species like those with C16:0, C22:1, C24:1, C24:2, and SM (d18:0) with acyl chains of C16:0 or C18:0. 
In the presence of FB1, the SM distribution (Fig. 3f) showed both a significant increase in SM (d18:0/C16:0) and 
SM (d18:0/C18:0) with the same trend for all sphingomyelins,, and a significant decrease in SM (d18:0/C20:0), 
SM (d18:1/C22:0), SM (d18:0/C24:0),  opposite to the global trend. These results thus show a ceramide 
depletion in lung after FB1 treatment that could be attributed to an inhibition of CerS4, CerS2 and to a lesser 
extent, CerS1 activities, or to a decrease of their protein expression. Moreover, FB1 exposure induced mainly 
C16:0 and C24:1-sphingomyelins. Altogether, these results indicate that the depletion in C24-Ceramide is 
counterbalanced by an increase in C24-Sphingomyelin, minimizing the role of CerS2, but also, that the C16-
Sphingomyelin increase could be attributed to an enhancement of CerS5 and/or CerS6 activities or of their 
protein expression. 
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DISCUSSION 

Fusarium verticillioides is a common cereal pathogen and FB1 is highly produced on maize. We postulated that 
this toxin may interact with specific CerS. Thus, we first focused on the effect of FB1 on dihydroceramide 
synthase in the tissues of interest (liver and lung) using as donors the four major fatty acids contained in maize 
(i.e., palmitoyl-CoA [C16:0], stearoyl-CoA [C18:0],  oleoyl-CoA [C18:1] and linoleoyl-CoA [C18:2]). Using 
these four fatty acyl-CoA, FB1 interaction with dihydroceramide synthase was studied through Lineweaver-Burk 
analysis, as shown in Online Resources 1 and 2. Whereas no effect of FB1 was observed on the dihydroceramide 
synthesis using linoleoyl-CoA and oleoyl-CoA (data not shown), a competitive inhibition of FB1 with 
sphinganine was observed for dihydroceramide synthesis using palmitoyl-CoA or stearoyl-CoA. This effect of 
FB1 on dihydroceramide synthases occured as low as 20µM. Moreover, these results show that FB1 can inhibit 
or activate dihydroceramides synthesis depending on the tissue (liver or lung) and the mycotoxin concentration. 
Indeed, palmitoyl-dihydroceramide synthesis was consistently inhibited by FB1 using either liver or lung 
microsomal extracts while only stearoyl-dihydroceramide synthesis was inhibited by FB1 using liver microsomal 
extracts. Using lung extracts, stearoyl-dihydroceramides synthesis was activated by the toxin at 20nM and 
inhibited at 200nM. Our in vitro results show for the first time that according to the tissue and dose, FB1 can 
have opposite effects. Despite the fact that maize contains the four fatty acids indicated above, in mammals 
dietary fatty acids can be further elongated (Guillou et al. 2010). Thus, an in vivo study exploration was 
considered essential and more relevant to investigate the effects of FB1. 

In order to validate under field conditions our observation of the dual effect of FB1 when low doses and/or short 
time exposure apply, piglets were exposed to a low dose (1.5 mg of toxin /kg b.w.) for only 9 days. Our results 
show that after that period, the sphingoid base ratio Sa/So was significantly increased, which confirms the 
sensitivity of this biomarker of exposure (Loiseau et al. 2007). Liver toxicity is usually associated with a 
decrease in liver weight relative to the whole body weight and an increase of the AST serum level. The liver 
dysfunction was confirmed by increased plasma AST and TC, but the tissue weight relative to the body weight 
increased significantly in animals exposed to FB1 (Fig. 1) as previously described by Gumprecht et al. in 1998. 
The increase in the relative weight of the liver might be related to a potent steatotic and/or inflammatory state in 
the tissue of exposed animals (Grenier et al. 2012; Halloy et al. 2005; Siloto et al. 2013). 

Considering the ceramide and sphingomyelin contents and their distribution in piglet liver and lung, our results 
(Fig. 2 and 3) confirm the in vitro data suggesting a dual and opposite actions of FB1 on the synthesis of these 
sphingolipid species. Both stimulatory and inhibitory effects of FB1 have been reported. Indeed several studies 
show that FB1 treatment decrease the level of ceramides in cell culture (Merrill et al. 1993; Mullen et al. 2011) 
and in animals (Loiseau et al. 2007; Kim et al. 2007; Pewzner-Jung et al. 2010b). However, an increase in 
ceramide levels by FB1 has been reported in other studies using HEK cells over-expressing Uog1 (also called 
CerS1) or transfected with Trh1 (also called CerS4) or Trh4 (also called CerS5) (Venkataraman et al. 2002, 
Riebeling et al. 2003). The present study reports increased ceramides in liver and decreased in lungs in animals 
exposed to FB1. According to our results, FB1 most likely impairs ceramide synthesis through CerS4 and to a 
lesser extent through CerS2 and CerS1. Indeed, based on the levels of ceramides containing a fatty acyl chain 
length from 18 to 24 carbons, whereas the “regular effect” of the inhibition of ceramides synthesis by FB1 was 
observed in lung, an increased synthesis of ceramides was measured in liver for the same animals. Regarding the 
relative abundance, Cer (d18:1/C20:0) is the only species for which a significant increase was found in the liver 
whereas a decrease was seen in lung. These results confirm how important CerS4 activity is in the tissue 
specificity of FB1 toxicity. In addition to this common feature, in the liver, the Cer (d18:1/C16:0) proportion 
decreased significantly in the presence of FB1, which is the opposite trend to the rest of the ceramide species but 
it is in good agreement with the significant decrease in CerS6  expression. As shown in vitro, this result suggests 
that FB1 is not able to enhance CerS5/6 activity. In lung, the proportion of Cer (d18:1/C16:0) was not 
significantly modulated even if the gene expression of the two isoforms decrease significantly in the presence of 
FB1. At least, the proportion of Cer (d18:1/C22:0) decreased significantly, possibly implicating CerS2 in lung. It 
should be noted that dimer formation or other post-translational events may explain the lack of correlation 
between CerS activity and CerS mRNA (Laviad et al. 2012; Mesicek et al. 2010)  

All these results generally fit with the literature. Indeed, even if it has not been reported in liver, CerS4 has been 
identified as a potent target responding to modulators of the endogenous lipid metabolism like leptin (Bonzon-
Kulichenko et al. 2009), insulin or changes in phospholipid transfer protein activity (PLTPa) (Rosenthal et al. 
2011). The critical role of CerS2 has also been reported in liver growth and lipid metabolism (Pewzner-Jung et 
al. 2010a; Pewzner-Jung et al. 2010b). Moreover, this CerS isoform is also involved in the formation of an N-
C24-FB1 acylated derivative in HEK cells over-expressing CerS 1-6 in the presence of 20µM of FB1 (Harrer et 
al. 2013). Probably due to the low dose of FB1 oral exposure, none of the FB1 acylated derivatives were 
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detected in our samples. Furthermore, deficiency of this ceramide synthase isoform predisposes inflammatory 
airway and airspace diseases (Petrache et al. 2013). 

Based on these in vivo results, on the low distribution of this mycotoxin, on the specific tissue-species targeting 
and on the broad pharmacological spectrum of FB1, we assume that mycotoxin toxicity not only depends on its 
cellular level but also on the level of individual ceramide synthase isoforms (more particulary CerS4, CerS2 and 
CerS1) in the tissue of interest. 

As shown in Figures 2 and 3, and because of the known effects of FB1 on sphingolipids (Loiseau et al. 2007), 
ceramides, dihydroceramides, sphinganine and sphingosine are not the only sphingolipid species modulated by 
this mycotoxin. Indeed sphingomyelins are also modulated by FB1 in the opposite way to ceramides. 
Sphingolipid metabolism is closely interconnected with fatty acid metabolism. Recently, it was shown that 
ELOVL fatty acid elongase 1 (ELOVL1), which is particularly involved in saturated and monosaturated C20- 
and C22-CoAs synthesis, is essential for the production of C24 sphingolipids (Ohno et al. 2010). Indeed, these 
authors established that ELOVL1 activity is regulated by ceramide synthase CerS2, also implicated in C24-
sphingolipid synthesis. This knowledge fits perfectly with gas chromatography analysis of the lipid extracts from 
liver or lung showing a general increase in esterified fatty acids in animals receiving a diet contaminated with 
FB1 (data not shown). In the liver, this increase affected all fatty acid species leaving their relative proportions 
almost constant. On the contrary, in lung, saturated fatty acids increased two-fold whereas the mono- and 
polyunsaturated ones did not change. A detailed analysis showed that in the presence of FB1, new species of 
C20:0; C22:0 and C24:0 appeared in the liver whereas these same species disappeared in lung. According to 
these results, increased C16 and C18 saturated fatty acids in lung can explain pulmonary oedema by Toll-like 
receptor 4 (TLR4) activation and inflammation response signalling (Zanotti et al. 2009). Moreover, 
sphingomyelins have been implicated in the modulation of sterol regulatory element-binding protein (SREBP) 
through inhibition of SREBP cleavage-activating protein (SCAP) (Scheek et al. 1997). Indeed, SCAP is able to 
activate SREBP by cleavage or to scavenge it under its native form in the endoplasmic reticulum. Therefore, 
given the results of the effects of FB1 on ceramides and sphingomyelins containing a long chain fatty acyl 
moiety (>C20), and considering that FB1 contributes to steatosis (Grenier et al. 2012), we suggest that this toxin 
is not only able to modulate the content of sphingolipids but also able to modulate that of the neutral lipids and 
fatty acids (Data not shown). 

CONCLUSION 

This study shows that FB1 exposure induces a tissue-specific effect most likely modulated by CerS4, CerS2 and 
CerS1, through either inhibition or activation of their activities. These three ceramide synthase isoforms seem to 
drive the fumonisin toxicity and its selectivity for the tissues most enriched in them. Furthermore, the 
pharmacokinetics of FB1 show a volume of distribution corresponding to a similar concentration of this toxin in 
each tissue. Thus, we can assume that the toxicity of FB1 is not simply due to a specific accumulation of this 
toxin in any given tissue. The differences lie in the ratio between the level of protein expression of the CerS 
isoforms, in particular CerS4, CerS2 and CerS1 in each tissue, and in the affinity of FB1 for these enzymes. 
These differences may explain partially the dual and opposite effect of this mycotoxin on the liver and lungs. 
Nevertheless, further experiments are necessary to confirm these results. 

As shown in this study, the changes in ceramides and sphingomyelins are associated with changes in the content 
of long-chain fatty acids (≥C20). This seems to be due to an effect of FB1 on CerS4 and CerS2. Indeed, CerS2 
has been shown to modulate ELOVL1 activities involved in the elongation of C16 and C18- saturated fatty acyl 
CoAs to C20 to C24-fatty acyl CoAs. 
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FIGURES  

 

Fig. 1. Effect of FB1 in vivo on physiological parameters after 9 days of exposure at 1.5mg/kg b.w./day: (a) ratio 
of tissue over whole body weights; (b) C18-sphingoid base ratio (Sa/So); (c) plasma level of total cholesterol; (d) 
plasma level of AST. These parameters were measured in FB1-exposed animals (solid bars) and in control 
animals (open bars). In panels a and b, data are plotted according the tissue (means ± SD of three independent 
experiments): significant differences were seen using a Student t-test by comparing the FB1-exposed group to 
the control group. In panels c and d, data are time-dependent (means ± SD of three independent experiments) by 
comparing data just before the beginning of the FB1 exposure (D0) and after 9 days of exposure (D9); 
significance was evaluated using an ANOVA test on paired samples (in each group between D0 and D9). *, **, 
*** indicate significant differences with a P-value < 0.05, < 0.01 and < 0.005 respectively. 
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Fig. 2. Modulation of porcine liver ceramide and sphingomyelin content and distribution in control piglets or 
animals exposed to 1.5 mg of FB1/kg bw/day for 9 days. (a)(b) Total ceramides and sphingomyelins. (c)(d) 
Changes in the content and abundance of individual ceramides. (e)(f) Changes in the content and abundance of 
individual sphingomyelins. (g) The distribution of CerS isoforms expressed in the liver. (h) Significant levels of 
gene expression of CerS, Smpd, Sgms and Acer. These parameters were measured in FB1-exposed piglets (solid 
bars) and in the reference unexposed group (open bars). Data are means ± SD from three different experiments in 
each group. Significance was determined using a Student t-test by comparing of FB1-exposed and reference 
groups. *, ** indicate significant differences with a P-value < 0.05 and < 0.01 respectively, ns indicates that 
there was no significant change. 
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Fig. 3. Modulation of porcine lung ceramide and sphingomyelin contents and distribution in control piglets or 
animal exposed to 1.5 mg of FB1/kg b.w./day for 9 days. (a)(b) Total ceramides and sphingomyelins. (c)(d) 
Changes in the content and abundance of individual ceramides. (e)(f) Changes in the content and abundance of 
individual sphingomyelins. (g) The distribution of CerS isoforms expressed in lung. (h) Significant levels of 
gene expression of CerS, Smpd, Sgms and Acer. These parameters were measured in FB1-exposed animals 
(solid bars) and in the reference unexposed group (open bars). Data are means ± SD from three different 
experiments in each group. Significance was assessed using a Student t-test by comparing FB1-exposed and 
reference groups. *, ** indicate significant differences with a P-value < 0.05 and < 0.01 respectively, ns 
indicates that there was no significant change. 

 


