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INTRODUCTION 

It is reported by the Food and Agriculture Organization (FAO) that approximately 

25% of the world’s agricultural commodities are contaminated with mycotoxins, 

leading to significant economic losses (Kabak et al. 2006). When ingested at high 

doses, they might cause a toxic response in animals and humans, a so-called 

mycotoxicosis. The toxicological effects of mycotoxin ingestion depend on several 

factors like intake levels, duration of exposure, toxin type, mechanism of action 

metabolism and defense mechanisms (Kabak et al. 2006, Dilkin et al. 2010). 

Fusarium mycotoxins are secondary metabolites which are produced by several 

species of the mold genus Fusarium. Fumonisin B1 (FB1) is a frequent contaminant 

particularly of maize grains and is produced by Fusarium verticillioides and F. 

proliferatum (Kabak et al. 2006). Numerous other fumonisin analogues have been 

identified so far. Consumption of Fusarium contaminated food or feed may lead to 

teratogenic, cancerogenic, neurotoxic and immune suppressive effects both in 

humans and animals.  

FB1 is poorly bioavailable, however adverse health effects and death were reported 

in many species. Researchers refer to this phenomenon as the “fumonisin paradox” 

(Shier 2000). It is known that fumonisin toxicity is based on a competitive inhibition 

of the enzyme ceramide synthase which is a key enzyme in sphingolipid metabolism. 

The blockage of this enzyme results in alterations of levels of the free sphingoid 

bases sphinganine (Sa) and sphingosine (So, Figure 2). An elevated sphinganine-

to-sphingosine ratio (Sa/So ratio) serves as a specific biomarker for FB1 exposure 

in experimental animal models when measured in urine, feces, blood and other 

tissues or fluids (Masching et al. 2016). Acute FB1 intoxication causes lethal 

diseases such as porcine pulmonary edema (PPE) or equine 

leukoencephalomalacia (ELEM) and might increase the susceptibility to other 

pathogens such as Bordetella bronchiseptica or Pasteurella multocida (Masching et 

al. 2016). Due to these adverse health effects in animals, guidance levels for 

fumonisins in animal feedstuffs have been implemented by the European Food 

Safety Authority (EFSA 2006) with recommended maximum FB1 + FB2 

concentrations in swine and horse feed of 5 mg/kg feed and 60 mg/kg in maize and 
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maize products. The Scientific Committee on Food had even postulated a NOAEL 

level of <4.5 mg/kg body weight (BW) of acute intoxication as trigger for PPE in pigs 

(EFSA 2005).  

Besides the regulatory aspects of fumonisin management in animal nutrition, several 

strategies have been proposed aiming at preventing the fungus infection of crops 

and thereby the toxin production, and at decontaminating and detoxifying mycotoxin 

contaminated food and feed when prevention measures have failed. Effective 

inactivation strategies are needed to avoid the negative impact of fumonisins on 

livestock as prevention measures are not always effective mainly due to the large 

impact of weather conditions. One possible inactivation strategy includes 

degradation of fumonisins using a fumonisin carboxylesterase (FumD) which is 

supposed to detoxify these mycotoxins by hydrolysis of both tricarballylic (TCA) side 

chains (Hartinger et al. 2011, Masching et al. 2016). The detoxification product, 

hydrolyzed fumonisin B1 (HFB1) has a strongly reduced toxicity compared to FB1 in 

pigs. Nonetheless, the toxicity of the intermediate, partially hydrolyzed forms (pHFBa 

and pHFBb) has not been comprehensively resolved so far. FumD, a fumonisin 

esterase, was isolated from soil bacteria Sphingopyxis sp. MTA 144 and is the first 

ever purified enzyme proven to degrade fumonisin into HFB1 in the gastrointestinal 

tract of pigs (Masching et al. 2016). 

 

For that reason, control and decontamination strategies are necessary to reduce 

losses and diseases due to fumonisins and they must be verified in established 

animal models. Therefore, we conducted our study in an established pig model to 

better understand FB1 toxicity and metabolism in the animals themselves and to 

evaluate the impact of a feed additive with carboxylesterase activity (FumD) on 

toxicokinetics, Sa/So ratio and toxicological endpoints of the toxin.  
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BACKGROUND 

1 Fumonisins 

1.1 Source and occurrence 

 

Figure 1: BIOMIN World Mycotoxin Survey 2016. World map and highlights 

with heat map approach to mycotoxin risk. Recommended risk threshold of 

fumonisin: 500 ppb. Highest risks for fumonisin according to that map are in 

Middle East, Southern Europe, Africa and America. 

Fumonisins are produced by several Fusarium species, e.g. F. verticillioides and F. 

proliferatum contaminating especially maize grains, and therefore food and feed 

products. In naturally contaminated corn, 70% of the fumonisin corresponds to FB1, 

whereby fumonisin B2 (FB2) and fumonisin B3 (FB3) are present in lower 

concentrations (Dilkin et al. 2010). A mycotoxin contamination survey conducted by 

BIOMIN Research Center in the first quarter of 2017 showed that the mycotoxin 
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contamination has risen in most regions of the world over the mentioned period 

[Intemet URL: http://www.biomin.net/en/articles/biomin-world-mycotoxin-survey-q1-

2017/ (Biomin homepage) accessed on 8.1.2018].  For this survey, 14,000 samples 

were analyzed in 54 countries. Fumonisin is the second most prevalent mycotoxin 

worldwide and was found in 71% of the samples). In 2016 BIOMIN had accomplished 

another mycotoxin survey with the following results: 46% of the 1,378 tested samples 

were positive for FB1 (average 934 µg/kg) and 41% for FB2 (average 317 µg/kg, 

Figure 1). Higher risks for fumonisin contamination were found in Southern Europe 

with 74% in animal feed, in the Middle East with 61%, in South-East Asia with 79%, 

in Africa with 79%, in South America with 77% and in Central America with even 

89%. In this study the assumed risk threshold of fumonisin was 500 µg/kg. In 2016, 

mycotoxin contamination increased in Europe (45% to 64%), South-East Asia (70% 

to 76%), East Asia (84% to 88%), Oceania (8% to 24%), South America (doubling 

from 37% to 74%) and South Africa (45% to 73%).  
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1.2 Structure and physico-chemical properties 

 

Figure 2: Structural formula of FB1, HFB1 and pHFB1. TCA=tricarballylic acid 

side chain. 

Fumonisin B1 (FB1; 2S-amino-12S, 16R-dimethyl-3S, 5R, 10R, 14S, 15R-

pentahydroxyeicosane) is structurally a polyhydroxy alkyl amine that is esterified on 

C14 and C15 with 2 tricarballylic acid side chains (TCA, Figure 2) and the molecular 

formula is expressed by C34H59NO15. Fumonisin is a white to off-white hygroscopic 

powder whose melting point is at 126°C and it is soluble in common organic solvents. 

In general, fumonisins are very robust compounds.  

The structural formula and molar masses of FB1, FB2, FB3, FB4 and their respective 

metabolites are recorded in Table 1 and depicted in Figure 2.   
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Table 1: Physico-chemical properties of fumonisins and metabolites. 

  Structural formula Molar mass (g/mol) 

FB1 Fumonisin B1 C34H59NO15 721.83 

FB2 Fumonisin B1 C34H59NO14 705.83 

FB3 Fumonisin B1 C34H59NO14 705.83 

FB4 Fumonisin B1 C34H59NO13 689.84 

HFB hydrolyzed FB C22H47NO5 405.60 

pHFB partially hydrolyzed FB C28H53NO10 563.00 

 

The biological activity of especially FB1 seems to be closely related to its primary 

amine group as substituted fumonisins failed to elicit effects in vitro and in vivo. FB2, 

FB3 and FB4 are less prevalent and differ structurally from FB1 merely in number 

and place of their hydroxyl groups on the hydrocarbon backbone (Voss et al. 2007). 

 

1.3 Metabolism and toxicokinetics of FB1 in pigs 

Fumonisins are poorly absorbed (oral bioavailability of <5%), rapidly eliminated and 

almost not metabolized in animals. Absorbed fractions are rapidly distributed and 

eliminated by the organism in a way described two- or three-compartment models 

(EFSA 2005, Stockmann-Juvala 2008). Tissue fumonisin deposition occurs only to 

a small extent and the toxins are excreted largely unmetabolized with feces. The 

biliary excretion appears to be a main excretion route although only low amounts of 

the toxin were detected in bile which - together with the poor systemic bioavailability 

- hints at an effective hepatic first-pass effect. The toxin is mainly excreted through 

feces after oral intake (91%) and only very small amounts (0.6%) are excreted in 

urine (Prelusky et al. 1994).  

In pigs a rapid initial distribution phase was observed after iv FB1 application 

followed by a slower distribution and a longer terminal elimination phase (Prelusky 

et al. 1996). It is assumed that the prolonged elimination phase is caused by 

enterohepatic circulation. This was demonstrated in animals where a much more 

rapid elimination phase was observed after their biles had been removed. Orally 

administered FB1 was detectable in the blood after 30 - 45 min and reached peak 
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concentrations after 60 - 90 min whereby no toxin was detectable in the blood of 

animals after 3 h past administration (Prelusky et al. 1994, 1996). In orally dosed 

pigs, highest 14C-labelled toxin concentrations were found in liver and kidney, 

whereby the toxin was distributed in all tissues as well as in liver and kidneys in 

higher concentrations (Norred et al. 1996, Prelusky et al. 1996). After oral treatment, 

animals showed 10 to 20-fold lower tissue concentrations than those who received 

iv toxin application which is further supporting the poor oral bioavailability. 

Measurable radioactivity in brain, lungs and adrenal glands was only detected in iv 

dosed animals.  

Fodor et al. (2008) revealed that the ester moiety of fumonisin is hydrolyzed in the 

intestine of pigs forming aminopentol and a partially hydrolyzed compound (Souto et 

al. 2017). Furthermore, Prelusky et al. (1994) and Dilkin et al. (2010) observed 

extensive enterohepatic circulation as had been discussed above. Nonetheless, liver 

and kidney are primarily responsible for excretion of fumonisin and hereby the 

enterohepatic recirculation extends the residence time within the organism (Haschek 

et al. 1992, 2001). 

 

1.4 Mode of action and Sa/So ratio as biomarker  

Fumonisins are known to be an effective competitive inhibitor of ceramide synthase 

(sphingosin- and sphinganine-N-acytransferase) and to therefore disrupt de novo 

synthesis of sphingolipids and sphingomyelin in the endoplasmic reticulum. As 

sphingolipids are part of any bio-membrane, the effect of this toxin is very 

widespread. Sphingolipids serve as important structural molecules and act as 

regulators of cell functions in all eukaryotic cells of mammals (Stockmann-Juvala et 

al. 2008). Sphingomyelin is also required for membrane stability and destruction of 

sphingomyelin in membranes leads to cell lysis and delayed necrosis, which occurs 

both in PPE and ELEM. Disruption of the sphingolipid metabolism also results in 

extensively elevated levels of sphinganine (Sa) and, to a lesser extend of 

sphingosine (So), which is then calculated as sphinganine to sphingosine (Sa/So) 

ratio serving as a biomarker. This occurs in a late stage of fumonisin exposure 
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accompanied with extensive cell death and grossly disrupted sphingolipid turnover 

(Figure 3, Voss et al. 2007, Stockmann-Juvala et al. 2008)). The sphingoid bases 

Sa and So can easily be measured in blood, urine, feces, liquor, bile and many organ 

tissues so that Sa/So ratio can be calculated which is therefore a valuable biomarker 

under practical conditions with today’s analysis methods.  

 

Figure 3: Disruption of sphingolipid metabolism by fumonisins.  

 

1.5 Toxicity of fumonisins 

Concerning fumonisins different potential mechanisms of toxicity are discussed: 

1) Oxidative stress might be a factor of toxicity whereby FB1 produces reactive 

oxygen species (ROS) and induces lipid peroxidation both in vitro and in vivo 

(Stockmann-Juvala et al. 2004, Wang et al. 2016).  

2) Cytotoxic effects of FB1 were found in different mammalian in vitro cell lines as 

well as in rat hepatocytes and rat liver cells in vivo whereby, however, no cytotoxic 

effect was detected in cerebral cell aggregate culture, rat astrocytes or human 

fibroblasts (Stockmann-Juvala et al. 2008).  

Serine + palmitoyl-CoA

Ceramide Complex sphingolipids
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Serine palmitoyltransferase
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Cell membranes 
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3) Apoptosis was induced in human, mouse and rat cell lines whereby the induction 

of apoptosis was mediated by the accumulation of free sphingoid bases 

(Stockmann-Juvala et al. 2008).  

4) After fumonisin exposure immunotoxic effects on the cytokine profile were 

detected, e.g. an increased expression of TNF-α and interleukin-1β (IL-1β) in 

mouse liver and kidney and in primary cultures of hepatic cells (Stockmann-Juvala 

et al. 2008). Moreover, FB1 induced an increase of interferon-γ (IFN-γ) expression 

in mouse liver and human dendritic cells. However, in swine alveolar 

macrophages, FB1 exposure resulted in decreased mRNA levels of TNF-α and 

IL-1β (Stockmann-Juvala et al. 2008). 

 

1.6 Species-specific toxicity of fumonisins 

Different species respond differently to fumonisin exposure, whereby horses and 

swine are considered most sensitive and are therefore discussed more detailed 

below. Intoxication is species-specific related to different organs and is additionally 

dose-dependent. For example, poultry species seem to be able to tolerate higher 

doses of FB1 up to 75 - 100 mg FB1/kg feed with no effect on growth (Ledoux et al. 

1992, Henry et al. 2000, Broomhead et al. 2002). This can either be explained by 

the low sensibility of the avian species to the mechanism of toxicity of fusariotoxins 

in general or by differences in toxicokinetic properties (Guerre 2015, Grenier et al. 

2017). 

 

1.6.1 Pigs (PPE) 

Fumonisin intoxication in pigs is characterized by pulmonary, cardiovascular and 

hepatic symptoms. In 1989, when thousands of pigs had died after consumption of 

F. verticillioides contaminated corn this disease was named pulmonary edema after 

it had first been detected in pigs in 1981 (Stockmann-Juvala et al. 2008). After that, 

PPE was reproduced experimentally and in various studies FB-induced toxicity was 

examined after iv (Prelusky et al. 1994) and po (Haschek et al. 1992, Riley et al. 
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1993, Motelin et al. 1994, Fodor et al. 2006, Dilkin et al. 2010, Grenier et al. 2012) 

dosage. 

PPE is mostly linked to a hydrothorax and alterations in the heart and circulatory 

system (Dilkin et al. 2010) whereby it is characterized by fluid accumulation in lungs 

perhaps due to left-side heart failure which is usually lethal (Dilkin et al. 2010). It has 

been hypothesized that fumonisin exposure-associated increases of Sa and/or So 

levels might be responsible for a reduced mechanical efficiency of the left ventricle 

and blocked L-type calcium channels (Haschek et al. 2001). 

A possible explanatory approach to the species-specific effect of fumonisins in pigs 

might be an inter-species difference in ceramide synthase (CerS) enzyme activity. 

According to Loiseau et al. (2015), there are six mammalian CerS isoforms with a 

tissue specific expression pattern and they discovered in a study that FB1 had 

stimulatory or inhibitory effects on CerS isoforms in the respective tissue (Loiseau et 

al. 2015). Contrarily, Mullen et al. (2012) detected no specificity of FB1 for a 

particular CerS. Nonetheless, CerS distribution in tissues might vary between 

different species determining the species-related tissue specific toxicity of 

fumonisins. Another explanation for lung-specific toxicity is given by Gumprecht et 

al. (1998) who observed fragmented material and pulmonary intravascular 

macrophages (PIMs; Haschek et al. 2001)) in orally FB1 dosed pigs that 

phagocytized cellular debris. Pigs have more PIMs than other species, perhaps 

driving species-specific lung affection. On the other hand, Gumprecht et al. (2001) 

suspected the membranes to be abnormal and newly synthesized from disturbed 

sphingolipid biosynthesis. 

Additional to the lungs, main targeted organs in pigs are liver, heart and pancreas 

whereby first clinical signs can be observed after day 2 to 7 of fumonisin intake: 

Dyspnea, weakness, cyanosis, skin erythema, icterus and sudden death are 

common symptoms of a fumonisin toxicosis (Colvin et al. 1993). Pathologically, 

pulmonary edema and hypertrophy of the heart, hyperplastic esophagitis, 

hyperkeratosis, gastric lesions and ulcerations might occur (Colvin et al. 1993, 

Gumprecht et al. 1998, Haschek et al. 2001). Pancreas and liver cell necrosis, 
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nodular hyperplasia in liver, esophagus hyperplasia and gastric ulcers can also be 

detected in pigs (Haschek et al. 2001).  

A dose-dependency was observed only for lung pathologies after acute intoxication 

whereas liver damage was detected after chronic FB exposure. Increases in bile 

acid, total bilirubin concentration, AST, ALT, GGT and GOT activity in blood are also 

dose and time dependent (Colvin et al. 1993, Gumprecht et al. 2001, Haschek et al. 

2001, Voss et al. 2007). Hereby, increases of some enzyme activities in serum (AP, 

AST, GGT) are considered indicators for liver lesions and also serum cholesterol 

increases can be detected due to fumonisin exposure which might be associated to 

liver metabolism (Dilkin et al. 2010).  

 

1.6.2 Horses (ELEM) 

Horses are the species that is most sensitive to fumonisins whereby the target 

organs are central nervous system, liver and heart (Voss et al. 2007, Caloni et al.  

2010). The equine leukoenzephalomalazia (ELEM) triggered by FB1 is a fatal 

neurotoxic disease only discovered in horses, which is characterized by necrotic 

white matter lesions of the cerebellum, but also the grey matter can be affected 

(Stockmann-Juvala et al. 2008). In the 1980s it had already been shown that this 

disease was caused by FB1 and in 1902 ELEM was reproduced experimentally 

feeding moldy corn and was therefore called “moldy maize disease” (Stockmann-

Juvala et al. 2008). ELEM can be produced in horses by po or iv administration of 

FB1 and by feeding naturally contaminated corn. First clinical symptoms are 

lethargy, apathy, inappetence, ataxia, nystagmus and convulsion followed by death 

within days (Marasas et al. 1988). Moreover, a decline in cardiovascular function 

was detected which was suggested to be one of the main factors contributing to 

ELEM. Also elevated Sa/So ratios in serum and myocardium as well as elevated 

serum enzyme levels indicating a liver damage were detected (Stockmann-Juvala et 

al. 2008).  

Impairment of sphingolipid metabolism, oxidative stress induction and mitochondrial 

dysfunction are discussed as mechanism of FB1 neurotoxicity (Domijan 2012). 



BACKGROUND 

 
 

 

 
12 

 

Latter was reported in a recent study suspecting fumonisins to mimick sphingolipid-

type membrane-binding agents in order to cross cell membranes and therefore 

causing cell death (Domijan 2012). 

 

2 Prevention of mycotoxin contamination of food and animal feed 

2.1.1 Pre-harvest control strategies 

The pre-harvest control strategies for crop used for animal feed are necessary 

especially for Fusarium spp. which produce mycotoxins mainly before or immediately 

post harvesting (Kabak et al. 2006). One pre-harvest control measure is the use of 

varieties resistant to Fusarium infection. Maize hybrids have already been 

genetically engineered by insertion of a gene encoding for a fumonisin esterase 

enzyme These transgenic maize plants can degrade fumonisin B1 to its hydrolysis 

product (aminopentol, AP = hydrolyzed FB1, HFB1) characterized by a low toxicity 

(Kabak et al. 2006). Moreover, especially maize and other crops should be ploughed 

into the soil, close crop rotations must be avoided, on-schedule fungicide application 

ought to be practiced, Fusarium-resistant varieties are supposed to be planted if 

available, over- and underdosing of nutrients should and delay in harvesting must 

be avoided (Oldenburg, 2000). 

 

2.1.2 Harvest management 

During harvesting, moisture management is essential for prevention of mycotoxin 

development. Moreover, an efficient strategy for separation of diseased material 

from healthy grain, minimizing the mechanical damage of the grain and avoiding 

contact with soil are important at this stage (Kabak et al. 2006). 

 

2.1.3 Post-harvest control strategies 

During the storage period, moisture variability in the grain itself or as a result of 

moisture migration within the silo must be monitored and considered. Moreover, an 
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adequate aeration and periodical monitoring of the moisture content of silos or 

containers plays an important role in restriction of mycotoxin contamination during 

this period (Kabak et al. 2006).  

 

3 Detoxification of mycotoxin contaminated food and animal feed 

A prevention of mycotoxin contamination as previously described is not always 

possible, because weather conditions are a major risk factor. Therefore, 

detoxification options are necessary. This is achieved by removal or elimination of 

the contaminated cereals by physical, chemical or biological methods. As described 

earlier, fumonisins inhibit ceramide synthase competitively and therefore the 

detoxification method must modify the molecular structure of the toxin. However, it 

is not allowed to market, feed or dilute a feedstuff that exceeds appointed maximum 

quantities of undesirable substances (2002/32/EG 2002). Nonetheless, it is 

permitted to clean or detoxify the described feedstuff in order to reduce, remove or 

inactivate the undesirable substance if the feedstuff content does not exceed fixed 

maximum content after treatment (FuttMV 1981), §8(1)+(2).  

According to the FAO any decontamination method needs the following 

requirements:  

1) It must destroy, inactivate or remove mycotoxins,  

2) It must not produce or leave toxic and/or carcinogenic/mutagenic residues in 

the final products or in food products obtained from animals fed 

decontaminated feed,  

3) It should not adversely affect desirable physical and sensory properties of the 

product,  

4) It must be capable of destroying fungal spores and mycelium in order to avoid 

mycotoxin formation under favorable conditions,  

5) It has to be technically and economically feasible.  

6) A detoxification of fumonisins is needed particularly for maize which is the 

most frequently contaminated feedstuff leading to relevant toxin 

concentrations in total rations of livestock.  
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The EFSA determined two groups of feed additives that comprise “substances for 

reduction of the contamination of feed by mycotoxins” (EFSA 2010): 

1) Substances that can suppress or reduce the absorption and/or promote the 

excretion of mycotoxins. 

2) Substances that modify their mode of action by modifying the chemical 

structure of the mycotoxin.  

These additives have little or no effect on the feed itself until they are ingested. If the 

used substances for mycotoxin reduction are enzymes, the resulting metabolites and 

degradation products must be examined in order to prove that they are safe for the 

target animals (EFSA 2010). Moreover, it is required that major metabolites and 

degradation products should be examined regarding oral toxicity compared to parent 

toxin.  

Furthermore, in vivo studies examining efficacy of the additive are required whereby 

the mode of action should be clarified and demonstrated in the respective target 

species and on the respective mycotoxin (EFSA 2010). Hereby, it is recommended 

to take end points for demonstration of decontamination of the mycotoxin. According 

to the EFSA, these are concentrations of the mycotoxin or metabolites in 

blood/plasma/serum, tissues or products (milk or eggs), excretion in urine or feces 

and other relevant biomarkers. That is, for the case of FB1 and FB2, 

spinganine/sphingosine ratio in blood, plasma or tissues (EFSA 2010). Generally, 

for the different technological feed additives, suppression or reduction of the 

absorption of the mycotoxin and increased excretion of the mycotoxin or reduced 

concentrations in plasma, tissue or products are common end-points to illustrate 

efficacy of detoxification.  

Strategies of preventing mycotoxin contamination of food and feed and detoxifying 

of fumonisin-contaminated feedstuff are depicted in Figure 4 to give an overview on 

common approaches and techniques. 
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Figure 4: Classification of prevention and detoxification methods for fumonisin 

contaminated feed. NaNO2=sodium nitrite. FUM=fumonisin 

 

3.1.1 Detoxification methods prior to feeding (feedstuff processing) 

3.1.1.1 Separation methods 

Generally, physical segregation is one option of mycotoxin decontamination and 

several studies indicate that sorting for quality removes large parts of mycotoxins 

present at harvest time (Kabak et al. 2006). By cleaning maize from broken kernels 

and material <3 mm, a reduction of fumonisin contamination of 26-69% was 

achieved (Sydenham et al. 1994, Humpf et al. 2004). Another method is the use of 

flotation and density segregation, which is supposed to decrease the mycotoxin 

content of crops, especially in maize kernels (Kabak et al. 2006). Also washing is a 
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simple method to reduce Fusarium mycotoxins in grains using water or water and 

sodium carbonate solution (Kabak et al. 2006). Moreover, it is possible that milling 

results in decreased mycotoxin levels. In wet milling of maize during the production 

of maize starch which is used in food industry, fumonisins were found in soaking 

water as well as in gluten, fiber and germ by-products. No fumonisins were detected 

in maize starch itself (Humpf et al. 2004) and when maize was soaked with water or 

NaCl solution, 74-86% of FB1 could be found in the upper fraction. This shows that 

FB1 contaminated grains have a lower density and can thereby be removed on this 

basis (Humpf et al. 2004). 

Physical separation methods like sorting, density segregation, washing and milling 

were shown to be useful to decrease crop contamination especially with aflatoxins, 

deoxynivalenol (DON) and zerealenon (ZEN). It also provides insight into quality and 

mold status of the harvested material, but for fumonisin contamination, these 

methods are discussed controversially.  

 

3.1.1.2 Physical methods 

Fumonisins are heat-resistant up to 126°C (Internet: URL 

http://www.chemspider.com/ [chemspider homepage], accessed on 8.5.2018). 

Heating dry and wet cornmeal up to 190°C for 60 min resulted in a decreased 

fumonisin contamination of 60-80% whereas after baking cornmeal at 220°C for 25 

min, FB1 and FB2 almost completely disappeared (Humpf et al. 2004). An extrusion 

of polenta resulted in a FB1 decrease of 46-76% (Humpf et al. 2004). Another 

physical decontamination method is gamma-radiation which when used on maize 

led to a reduction of FB1 and FB2 concentrations of ~20% (Humpf et al. 2004).  

Nevertheless, physical decontamination methods are cost-intensive and may result 

in derivatives with unknown toxicity (Masching et al. 2016).  
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3.1.1.3 Chemical methods 

Like in the production of Tortilla chips, a nixtamalization reduced fumonisin 

concentrations by 50% (HFB1 + FB1; Humpf et al. 2004), which was also 

investigated for corn culture in rats where FB1 was hydrolyzed to HFB1 and was still 

nephrotoxic and hepatotoxic (Voss et al. 1996, Soriano et al. 2004).  

Reactions of fumonisin with fructose and glucose were examined in aqueous 

solution. Fructose reduced hepatotoxicity in rats (Lu 1997) and glucose lowered 

FB1-toxicity in pigs (Fernandez-Surumay et al. 2004, Fernandez-Surumay et al. 

2005). A low pressure/high temperature (LP/HT) ammonia treatment of naturally 

contaminated corn decreased FB1 concentration by 79%. In corn and corn culture 

which was evaluated in rats, ammonia treatment resulted in a FB1 toxicity reduction 

of 30 and 45% whereby no reduced toxicity was detected in rats (Soriano et al. 

2004). Treatment with ozone in aqueous solution led to formation of other products 

and in two bioassays toxicity was still present after treatment (McKenzie et al. 1997). 

A deamination with sodium nitrite (NaNO2) in aqueous solution reduced toxicity in 

another bioassay (Lemke et al. 2001). 

Nevertheless, as explained above a chemical treatment for detoxification is 

prohibited in the EU and therefore not practicable.  

 

3.1.1.4 Biological Methods  

Microorganisms have a well-known microbial potential to metabolize and detoxify 

mycotoxins (Karlovsky 1999, Styriak et al. 2002). In yeast fermentation of maize for 

ethanol production, only low proportions of fumonisins were degraded (Bothast, et 

al. 1992). During fermentation in the beer producing process FB1 and FB2 

concentrations decreased by 3-28%. Exophilia spinifera cultures transformed FB1 to 

hydrolyzed fumonisin that can be degraded to a non-toxic metabolite without free 

amino group which is expected to be the reason for FB1 toxicity (Karlovsky 1999).  

Other biological methods prevent the actual mycotoxin impact and are therefore 

protective treatments, e.g. the following substances: 
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A saponin that was extracted from the roots of a Vietnamese Ginseng turned out to 

be protective against the tumor-promoting activity of FB1 on mouse skin (Konoshima 

et al. 1998, Soriano et al. 2004). A soy-isoflavone extract had protective effects 

against hepatotoxicity of FB1 in rats suppressing FB1-stimulated prostaglandin 

production (Galvano et al. 2001). Neural tube and developmental defects in mice 

associated with in utero fumonisin exposure can be prevented administering folate 

(Marasas et al. 2004). It is assumed that fumonisins can inhibit embryonic 

sphingolipid metabolism which in turn interferes with folate utilization producing 

neural tube defects and embroytoxicity. 

 

3.1.2 Detoxification methods during feeding 

Since physical and chemical decontamination techniques are cost-intensive and 

may result in metabolites with unknown toxicity, detoxification methods during 

feeding are often more practicable (Masching et al. 2016). These procedures are 

based on feed additives which are supposed to inactivate or detoxify the mycotoxin 

in the gastrointestinal tract by adsorption or degradation.  

 

3.1.2.1 Adsorption during feeding 

Addition of non-nutritive feed additives, e.g. activated charcoal and bentonite, is 

known to bind and remove mycotoxins from the gastrointestinal tract and thereby 

reducing their bioavailability. The toxin is eliminated via feces and the binder-toxin 

complex must be stable throughout the digestion process and must not adsorb 

nutrients and minerals from the feed. An effect on fumonisins could not be shown in 

previous studies but high adsorption rates were reported for aflatoxins, zearalenone 

and trichothecene (Benoit et al. 2016, Masching et al. 2016). 
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3.1.2.2 Enzymatic detoxification 

 

Figure 5: Detoxification of FB1 by FumD (fumonisin carboxylesterase). FumD 

is supposed to cleave fumonisin B1 (FB1) into the less toxic metabolite 

hydrolyzed fumonisin B1 (HFB1) by splitting off two tricarballylic side chains 

(TCA). Hereby, two other derivatives, partially hydrolyzed fumonisin B1 a and 

b (pHFB1a, pHFB1b) emerge. 

Using enzymes is an alternative approach for the elimination of mycotoxins. Thereby 

biotransformation and/or degradation of the mycotoxin into non-toxic metabolites is 

aspired. For this purpose, microorganisms or purified enzymes can be used. BIOMIN 

research center isolated a fumonisin esterase from soil bacteria Sphygopyxis sp. 

MTA 144 which in 2014 was the first-ever purified enzyme authorized by the EU 

proven to transform fumonisin into non-toxic metabolites. The researchers 

elucidated the catabolic pathway and identified the gene cluster encoding enzymes 

for FB1 degradation. FumD is a carboxylesterase that catalyzes the degradation of 
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FB1 (Figure 5) to hydrolyzed FB1 (HFB1) by hydrolysis of both tricarballylic side 

chains (TCA). The resulting compound HFB1 has been shown to have a greatly 

reduced toxicity in rodents and pigs (Masching et al. 2016). FUMzyme® is an 

established foodstuff admixture that has been licensed by EFSA for pigs and 

chickens since 2013.  
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SCOPE OF THE THESIS 

The background gives a compact overview about the Fusarium mycotoxins 

fumonisin B and their control strategies in food and feed. However, data on 

toxicokinetic behavior and the biomarker Sa/So ratio are largely varying depending 

on animal species, application route, and dose and time of the administration. Pigs 

are known to be a very sensitive species to fumonisins whereby the lungs are the 

species-specific target organ in this case. For that reason, the aim of the present 

study was to prove a detoxification method using a feed additive with fumonisin 

esterase activity after acute single-dose treatment in pigs. For this, we evaluated 

toxicokinetic parameters like bioavailability and the biomarker Sa/So ratio which is 

elevated in blood and tissues after fumonisin ingestion. Moreover, we investigated 

the alterations in bioavailability after feed additive application resulting in a 

decreased expression of toxicological endpoints. Hence, we considered animal 

health status, histopathological lung examinations, blood cell counts and 

biochemical parameters.  

 

In this thesis, the following hypotheses were tested:  

1. Absorption, distribution, metabolism and excretion of fumonisins depend on 

the route of administration.  

2. Toxicokinetic parameters and Sa/So ratio are suitable indicators to evaluate 

the efficacy of an enzymatic detoxification method (FumD) after acute oral 

single dose application of fumonisins in pigs.  

3. Supplementation of FumD reduces bioavailability after oral application of 

fumonisins to pigs and therefore decreases or prevents toxicological effects.  

4. Hydrolyzed fumonisin B1 (HFB1) which is the final hydrolysis product of FB1 

degradation by FumD is less toxic and does not adversely affect pig health. 
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Figure 6: Experimental timeline showing a three weeks adaption period 

followed by habituation metabolism crates and one day of surgery and 

recovery, respectively. On day 27, animals were divided into treatment groups 

and then a 120h sampling period followed. At the end of the experiment, pigs 

were slaughtered and tissue and fluid samples were taken.  

In order to examine the hypotheses, we conducted a study with 31 ten weeks old 

barrows (German Landrace, Mariensee) with an initial body weight of 34.4 ± 2.7 kg. 

Animals were housed in metabolism crates and surgically equipped with permanent 

indwelling jugular catheters facilitating frequent blood sampling (experimental 

timeline is depicted in Figure 6). They were fed restrictively the same diet (2 x 700 

g/d) and allocated to one of five single-dose treatments: CON (control), FB1 iv bolus 

(100 μg/kg BW), hydrolysed FB1 iv bolus (HFB1, 56.2 μg/kg BW), FUM po (120 mg 

FB1+FB2/kg diet), FUM po+FumD (120 mg FB1+FB2/kg diet and 240U fumonisin 

esterase/kg diet). After single dosing, a five-day sampling period started during 

which frequent blood samples were taken and feces and urine collected 

quantitatively until pigs were sacrificed after 120h and liquor and tissue samples 

were taken.  

 

Results of the experiments have been published in two peer-reviewed papers and 

form the nucleus of this thesis (Figure 7). 
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Figure 7: Published scientific articles. The first publication (Paper I) observed 

toxicokinetic data, metabolism and excretion routes after single dose iv or po 

fumonisin treatment. For this, serum, urine and feces samples were analyzed 

with HPLC-MS/MS for FB1 and metabolites. The second publication (Paper II) 

focused on Sa/So ratio as biomarker in blood and liquor, animal health status, 

white and red blood cell counts, biochemical parameters and lung 

histopathology.  
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Abstract: We examined the toxicokinetics of fumonisin B1 (FB1) and its main 

metabolites after single dose application intravenously (iv) of 139 nmol FB1 or 

hydrolyzed FB1 (HFB1)/kg bodyweight (BW) in barrows (BW: 34.4 kg ± 2.7 kg), as 

well as the toxicokinetics of FB1, FB2, FB3 and FB1 bioavailability from oral 

exposure (3425 nmol FB1/kg BW, on top of ration). Additionally, detoxification 

efficacy of FumD (240 U/kg feed; 3321 nmol FB1/kg BW), a fumonisin esterase, 

was examined for oral fumonisin application. Urine and feces were collected 

quantitatively and serum samples were taken over a period of 120 h. Serum 

toxicokinetics of FB1iv showed a short distribution half-life of 6 min followed by a 

longer elimination half-life of 36 min. After HFB1iv administration, serum clearance 

was three times higher compared to FB1iv group (5.6 and 1.8 L/kg/h respectively) 

which together with a 5-times higher volume of distribution indicates that HFB1 is 

more rapidly cleared from systemic circulation but distributed more extensively into 

the extravasal space than FB1. The bioavailability of FB1 in orally exposed pigs 

was 5.2% (incl. metabolites). Moreover, we found a significant reduction of FB1 

bioavailability by 90% caused by the action of fumonisin esterase in the 

gastrointestinal tract, clearly demonstrating the efficacy of FumD. 

Keywords: fumonisin; pigs; toxicokinetic; single-dose; fumonisin esterase; 

degradation; mycotoxin 

Key Contribution: Bioavailability of FB1 was confirmed at 3.1% after a single-dose 

treatment and application of a fumonisin esterase as feed additive decreased this 

to 0.3%. After oral application, fumonisins were mainly excreted via feces (peak at 

48 h) and were already extensively metabolized into their partially hydrolyzed forms 

pHFB1 (~20% of initial intake), pHFB2 and pHFB3. 

 

1. Introduction 

The Food and Agricultural Organization (FAO) reported that approximately 25% 

of the world’s agricultural commodities are contaminated with mycotoxins which 

leads to significant economic losses (Kabak, Dobson et al. 2006). Fumonisins, an 
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important group of mycotoxins, were first isolated in 1988 from a culture of Fusarium 

verticillioides strain (Gelderblom, Jaskiewicz et al. 1988). Animal and human health 

problems related to these mycotoxins are almost exclusively associated with the 

consumption of contaminated maize and feed made from maize (Marasas 2001). 

More than 28 fumonisin homologues were discovered in the last decades but 

fumonisin B1 (FB1) is one of the main contaminants of animal feed worldwide 

(Marasas 2001). Therefore, most toxicological studies focus on FB1. FB2, FB3 and 

FB4 differ structurally from FB1 and are less prevalent (Voss, Smith et al. 2007). 

However, co-occurrence of FB1 with several other mycotoxins- fumonisins (main 

categories are A, B, C and P) as well as other classes of mycotoxins, are not only 

possible but rather likely (Smith, Madec et al. 2016). FB1 predominantly causes 

leukoencephalomalacia in horses (ELEM, (Marasas, Kellerman et al. 1988)), 

hepatotoxicity in rats (Gelderblom, Kriek et al. 1991), pulmonary edema in swine 

(PPE, (Harrison, Colvin et al. 1990)) and alterations of the immune response in pigs 

(Taranu, Marin et al. 2005). Moreover, FB1 is known to be carcinogenic and is 

associated with esophageal cancer and neural tube disorder in humans (Marasas 

1996). On account of these adverse health effects both in animals and humans, 

guidance levels for fumonisins were established by the European Commission 

whereby the recommended maximum FB1+FB2 concentration in swine and horse 

feed must not exceed 5 mg/kg feed and 60 mg/kg in maize and maize products 

(EFSA 2006). An acute trigger dose of <4.5 mg/kg bodyweight (BW) was 

implemented by Scientific Committee on Food for the onset of PPE (EFSA 2005), 

which is linked to hydrothorax, alterations in heart and circulatory system and death 

in pigs within days (Dilkin, Direito et al. 2010). Despite of its poor bioavailability in all 

investigated species, FB1 is well known to cause various toxicological effects, which 

are referred to as the “fumonisin paradox” (Shier 2000). Certainly, the toxin 

concentration in blood, organs, urine and feces is influenced by the metabolism of 

the toxin to a large extent and only limited data is reported in literature about the 

metabolism of FB1 so far (Voss, Smith et al. 2007). It is known that the liver and 

kidneys are primarily responsible for the metabolism and excretion of fumonisin and 

that enterohepatic recycling extends the residence time within the organism 
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(Haschek, Motelin et al. 1992). Toxicological effects are associated with an 

interference of fumonisin with sphingolipid metabolism by inhibiting the ceramide 

synthase (CerS), a central enzyme of de novo ceramide synthesis (Wang, Norred et 

al. 1991, Voss, Smith et al. 2007). An alteration in sphingoid base proportion is 

responsible for the toxic and carcinogenic effects of fumonisins (Merrill, Sullards et 

al. 2001, Riley, Enongene et al. 2001, Riley, Torres et al. 2015).  

Among others, a suitable post-harvest decontamination method for FB1 in feed 

is detoxification by an enzyme with esterase activity (Hartinger, Schwartz et al. 

2011). FumD, a type-B carboxylesterase, was reported to detoxify FB1 by hydrolysis 

of both tricarballylic acid (TCA) side chains. The resulting hydrolyzed form, HFB1, 

was proven to have a strongly reduced toxicity compared to FB1 in pigs (Grenier, 

Bracarense et al. 2012, Masching, Naehrer et al. 2016). The toxicity of the 

intermediate, partially hydrolyzed FB1 (pHFB1), has not been comprehensively 

investigated so far. In the only published in vivo study pHFB1 has been shown to be 

non-toxic in rats (Hahn, Nagl et al. 2015). In a recent study, it was shown that after 

oral (per os = po) exposure of pigs to 2 mg FB1+FB2/kg feed and application of 60 

U FumD/kg feed (FUMzyme®, BIOMIN GmbH, Tulln, Austria), the feed additive was 

effective in preventing the fumonisin-associated disruption of sphingolipid 

metabolism (Masching, Naehrer et al. 2016). FumD is a fumonisin esterase that was 

isolated from soil bacteria Sphygopyxis sp. MTA 144. After elucidating the catabolic 

pathway and identifying the gene cluster encoding enzymes for FB1 degradation, 

FumD is the first-ever purified enzyme proven to transform fumonisin into a 

hydrolysis product (HFB1) (Masching, Naehrer et al. 2016). 

In previous studies, the biological fate and the toxicokinetics of fumonisins has 

not yet been fully elucidated in pigs (Prelusky, Trenholm et al. 1994, Prelusky, 

Trenholm et al. 1996, Fodor, Balogh et al. 2008, Dilkin, Direito et al. 2010), either 

providing the toxin chronically or lacking frequent blood sampling necessary for 

toxicokinetic evaluation. Therefore, in the present study a single-dose experiment 

was conducted evaluating the toxicokinetics and bioavailability of FB1 and HFB1 as 

well as the biological fate and excretion of FB1, FB2 and FB3. Furthermore, the latter 



PAPER I 

 
 

 

 
28 

 

was also investigated in absence and presence of a fumonisin esterase (FumD) in 

order to study the efficacy of the enzymatic detoxification of fumonisin in vivo.  

2. Results 

2.1. Toxicokinetic Study 

2.1.1. Serum Toxicokinetics of the FB1 Group Dosed Intravenously (FB1iv) 

The results for FB1 alone (FB1-m) or FB1 plus metabolites (FB1+m; m = HFB1, 

pHFB1a and pHFB1b) are shown in Figure 1 panel (a), depicting the typical time 

course after iv substance application: In FB1iv group, initial distribution was rapid 

with a mean half-life (t1/2α) of 0.08 ± 0.03 h, followed by a slower elimination phase 

(t1/2β) of 0.57 ± 0.4 h (Table 1) for FB1-m. The apparent volume of distribution of FB1 

was higher than the total body water (Vd = 1.8 ± 2.1 L/kg) for FB1-m (Table 1). The 

serum clearance (Cl) of FB1-m was 1.8 ± 1.1 L/kg BW/h.  

Toxicokinetic parameters of FB1+m did not or just marginally differ from FB1-m 

for t1/2α, t1/2β, Vd and Cl. In FB1iv group, AUC for FB1-m in serum compared to 

FB1+m was 93% ± 3%, whereby AUC for FB1+m and FB1-m were 118 ± 86 and 

129 ± 96 nmol·L−1·h, respectively (Table 1).  

2.1.2. Serum Toxicokinetics of the Hydrolyzed FB1 Group Dosed Intravenously 

(HFB1iv) 

The iv toxicokinetics of completely hydrolyzed fumonisin B1 (HFB1) which is the 

main product of enzymatic hydrolysis of FB1 were also determined. The results for 

HFB1 alone (HFB1-m) or HFB1 plus metabolites (HFB1+m; m = pHFB1a and 

pHFB1b) are shown in Figure 1 panel (a). The kinetic profile was similar to that 

observed for FB1 (Table 2). The mean half-life of distribution in HFB1iv group was 

even shorter than for FB1iv group with t1/2α = 0.05 ± 0.02 h for HFB1-m. The 

elimination phase t1/2β was 1.01 ± 0.8 h for HFB1-m. The apparent volume of 

distribution of hydrolyzed fumonisin in the HFB1iv group was higher than that for FB1 

in FB1iv group with Vd = 11.0 ± 10.3 L/kg for HFB1 alone. The serum clearance (Cl) 

was 6.7 ± 3.2 L/kg BW/h for HFB1-m.  
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Parameters of HFB1+m were slightly different with t1/2α = 0.06 ± 0.02 h, t1/2β= 

1.20 ± 0.85 h, Vd = 12.4 ± 10.7 L/kg, Cl = 6.4 ± 3.2 L/kg BW/h. The AUC for HFB1-

m in serum compared to HFB1+m was 96.1% ± 3.9%, whereby AUC for HFB1+m 

and HFB1-m were 30 ± 27 and 32 ± 28 nmol·L−1·h, respectively (Table 2). 

 

FB1iv (+m)   HFB1iv (+m)   FUMpo (+m)  

FB1iv (-m)   HFB1iv (-m)    FUMpo (-m)  

Figure 1. Plots of serum kinetics (derived from regression analysis) of 

fumonisin B1 (FB1-m) (FB1 alone) or FB1+m (sum of FB1 and metabolites: 
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hydrolyzed FB1 (HFB1), pHFB1a and pHFB1b) in group FB1iv and 

Fumonisin Group Dosed Orally (FUMpo) or HFB1-m (HFB1 alone) or 

HFB1+m (HFB1 and the sum of metabolites: pHFB1a and pHFB1b) in group 

HFB1iv as a function of time (semi-logarithmic plot) after bolus treatment. 

Panel (a) FB1iv and HFB1iv and Panel (b) FUMpo treated pigs. Pigs were 

randomly allocated to the different groups and treated with: FB1iv: 139 

nmol·kg·BW−1; HFB1iv: 139 nmol·kg·BW−1 and FUMpo: 3377 nmol 

FB1·kg·BW−1 + 1367 nmol FB2·kg·BW−1 + 584 nmol FB3·kg·BW−1. 

Frequent serum samples were taken over a period of 120 h post toxin 

application (n = 6/group). 

2.1.3. Serum Toxicokinetics of the Fumonisin Group Dosed Orally (FUMpo) 

The po kinetics are characterized by an initial increase, preceding a peak, which 

is followed by a decrease (Figure 1 panel (b)). Moreover, concentrations are differing 

between FB1-m and FB1+m, the latter reaching considerably higher concentrations. 

As described in Table 3, FB1 was very slowly absorbed with a mean invasion half-

life of t1/2ka = 4.2 ± 3.7 h for FB1-m and 6.1 ± 2.8 h for the FB1+m. Peak 

concentrations (Cmax) of 2.0 ± 0.5 nmol FB1-m or 3.3 ± 1.7 nmol FB1+m per L serum 

were reached (tmax) after 9.5 ± 5.4 h and 13.6 ± 2.5 h, respectively. The mean 

elimination half-life t1/2ke was 22.8 ± 125.5 h for FB1-m and 20.7 ± 10.2 h for FB1+m 

which was significantly slower for FB1-m (p = 0.001). For FB1-m, the apparent 

volume of distribution was Vd = 8.7 ± 2.1 L/kg BW while Cl = 0.4 ± 0.1 L/kg BW*h. 

For FB1+m, Vd was 7.7 ± 1.8 L/kg BW however Cl was the same as for FB1-m, 0.4 

± 0.3 L/kg BW*h. Vd for FB1 (p = 0.014) and metabolites (p = 0.043) was significantly 

higher than in iv groups and Cl was lower (FB1-m: p = 0.042; FB1+m: p = 0.049). 

The mean residence time of toxin in the invaded compartment (MRT) was 25.4 ± 6.9 

h for FB1-m but not significantly higher for FB1+m (28.6 ± 5.4 h). The AUC for FB1-

m in serum compared to FB1+m was 62.6% ± 20.3% in FUMpo group (Table 3). 

AUC% was significantly lower for FB1+m in FUMpo group than in FB1iv group (p = 

0.006). 

FB2, FB3 and their respective metabolites’ concentrations in serum were <LOQ 

(Table 7) and therefore could not be evaluated.  
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2.1.4. Bioavailability 

The mean bioavailability of FB1 after po exposure was low: for FB1-m it 

amounted to FAUC = 3.1% ± 0.4 with which it was somewhat higher for FB1+m with 

FAUC = 5.2% ± 1.3 (Table 3). 

Table 1. Summary of the serum toxicokinetics of FB1 administered iv (FB1iv) 

as a single bolus of 139 nmol·kg·BW−1 in barrows (n = 6). 

FB1-m 

Animal 4 5 15 18 23 29 Mean SD 

BW (kg) 31.0 33.0 35.0 35.4 32.3 35.0 33.6 1.8 

FB1 

(nmol·kg·BW−1) 
139 139 139 139 139 139 139 0 

A (nmol·L−1) 410.0 200.3 238.7 766.9 1022.9 573.7 535.4 319.0 

α (h−1) 14.9 5.6 7.4 16.4 12.2 8.1 10.8 4.4 

B (nmol·L−1) 94.8 7.4 10.3 194.0 440.7 119.9 144.5 161.3 

β (h−1) 2.8 0.6 0.8 2.2 2.4 1.5 1.7 0.9 

t1/2 α (h) 0.05 0.12 0.09 0.04 0.06 0.09 0.08 0.03 

t1/2 β (h) 0.25 1.26 0.83 0.32 0.29 0.47 0.57 0.40 

Vd (L·kg·BW−1) 0.8 5.1 3.7 0.5 0.2 0.6 1.8 2.1 

Cl (L·kg·BW−1·h−1) 2.3 2.8 3.1 1.0 0.5 0.9 1.8 1.1 

AUC (nmol·L−1·h) 61 49 45 135 266 152 118 86 

RSD (nmol·L−1) 1.9 1.4 1.7 3.1 3.6 5.8 2.9 1.7 

r2 0.998 0.999 0.997 0.998 0.999 0.998 0.998 0.001 

FB1+m 

A (nmol·L−1) 483.1 214.9 260.4 843.1 1122.1 636.0 593 349 

α (h−1) 16.0 6.0 7.8 15.9 12.1 8.1 11.0 4.3 

B (nmol·L−1) 98.1 8.7 10.6 205.9 481.1 135.7 156.7 175.9 

β (h−1) 2.9 0.6 0.7 2.1 2.4 1.5 1.7 0.9 

t1/2α (h) 0.04 0.12 0.09 0.04 0.06 0.09 0.07 0.03 

t1/2β (h) 0.24 1.22 0.94 0.33 0.29 0.46 0.58 0.40 

Vd (L·kg·BW−1) 0.8 4.8 3.9 0.4 0.2 0.6 1.8 2.0 

Cl (L·kg·BW−1·h−1) 2.2 2.7 2.9 0.9 0.5 0.8 1.7 1.1 

AUC (nmol·L−1·h) 64 51 48 150 293 169 129 96 

AUCFB1-m% (%) 95 96 93 90 91 90 93 3 

RSD (nMol·L−1) 2.0 1.4 1.8 3.6 4.3 6.0 3.2 1.8 

r2 0.998 0.998 0.997 0.999 0.999 0.997 0.998 0.001 

BW = body weight; -m = FB1 alone; +m = FB1 plus metabolites: HFB1, pHFB1a, 

pHFB1b; A, B = initial concentrations for distribution and elimination, respectively, 

at t = 0; α and β = rate constants of distribution or elimination phase; t1/2α and t1/2β = 

half-lives of distribution and elimination, respectively; Vd = apparent volume of 

distribution, Cl = serum clearance, AUC = area under the time vs. concentration 

curve; AUCFB1-m% = AUC of FB1 alone without metabolites compared to FB1 plus 
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sum of metabolites in %; RSD = residual standard deviation of the regression; r2 = 

coefficient of determination; SD = standard deviation. Data were evaluated with 

Students t-test for independent data sorted in groups (for parametric data). 

Table 2. Summary of the serum toxicokinetics of HFB1 administered iv 

(HFB1iv) in a single bolus of 139 nmol·kg·BW−1 in barrows (n = 5). 

HFB1-m 

Animal 1 8 13 21 28 Mean SD 

BW (kg) 34.9 35.6 33.5 34.0 32.0 34.0 1.4 

HFB1 

(nmol·kg·BW−1) 
139 139 139 139 139 139 0 

A (nmol·L−1) 69.5 297.3 205.2 122.8 724.1 283.8 260.8 

α (h−1) 10.8 20.5 14.6 10.7 15.9 14.5 4.1 

B (nmol·L−1) 8.8 1.0 1.2 42.2 48.6 20 23 

β (h−1) 1.2 0.4 0.4 2.9 1.5 1.3 1.0 

t1/2α (h) 0.06 0.03 0.05 0.07 0.04 0.05 0.02 

t1/2β (h) 0.58 1.82 1.92 0.24 0.47 1.01 0.80 

Vd (L·kg·BW−1) 8.5 21.3 22.4 1.8 1.2 11.0 10.3 

Cl (L·kg·BW−1·h−1) 10.1 8.1 8.1 5.4 1.8 6.7 3.2 

AUC (nmol·L−1·h) 14 17 17 26 78 30 27 

RSD (nmol·L−1) 0.1 0.7 1.6 2.8 1.7 1.4 1.0 

r2 0.999 0.998 0.987 0.983 0.999 0.993 0.008 

HFB1+m 

A (nmol·L−1) 69.8 299.1 205.8 138.8 724.5 287.6 258.5 

α (h−1) 11.2 20.6 14.7 7.4 15.6 13.9 4.9 

B (nmol·L−1) 9.6 1.1 1.2 8.9 51.3 14.4 21.0 

β (h−1) 1.2 0.4 0.3 0.9 1.5 0.9 0.5 

t1/2α (h) 0.06 0.03 0.05 0.09 0.05 0.06 0.02 

t1/2β (h) 0.56 1.81 2.37 0.80 0.45 1.20 0.85 

Vd (L·kg·BW−1) 8.0 21.0 26.2 5.5 1.1 12.4 10.7 

Cl (L·kg·BW−1·h−1) 9.9 8.0 7.7 4.8 1.7 6.4 3.2 

AUC (nmol·L−1·h) 14 17 18 29 80 32 28 

AUCHFB1-m% (%) 98.6 98.9 95.3 89.6 98.1 96.1 3.9 

RSD (nmol·L−1) 0.1 0.8 1.6 3.0 2.0 1.5 1.1 

r2 0.999 0.995 0.987 0.981 0.998 0.992 0.008 

BW = body weight; -m = HFB1 alone; +m = HFB1 plus metabolites: pHFB1a, 

pHFB1b; A, B = initial concentrations for distribution and elimination, respectively, 

at t = 0; α and β = rate constants of distribution or elimination phase; t1/2α and t1/2β = 

half-lives of distribution and elimination, respectively; Vd = apparent volume of 

distribution, Cl = serum clearance, AUC = area under the time vs. concentration 

curve; AUCHFB1-m% = AUC of HFB1 alone without metabolites compared to HFB1 

plus sum of metabolites in %; RSD = residual standard deviation of the regression; 

r2 = coefficient of determination; SD = standard deviation. Data were evaluated with 

Students t-test for independent data sorted in groups (for parametric data). 
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Table 3. Summary of the serum toxicokinetics of FB1 administered orally 

(FUMpo) at 3377 nmol·kg·BW−1 (FB1) + 1367 nmol·kg·BW−1 (FB2) + 584 

nmol·kg·BW−1 (FB3) in barrows (n = 4). 

FB1-m 

Animal 2 14 17 25 Mean SD 

BW (kg) 31.6 37.5 35.5 32.0 34.2 2.8 

FB1 

(nmol·kg·BW−1) 
3683 3103 3278 3637 3425 281 

ka (h−1) 0.15 2.22 0.25 0.08 0.68 1.03 

ke (h−1) 0.03 0.02 0.04 0.08 0.04 0.03 

C0 (nmol·L−1) 3.6 1.3 3.3 5.5 3.4 1.7 

cmax (nmol·L−1) 2.5 1.3 2.4 2.0 2.1 0.5 

tmax (h) 13.9 2.2 8.7 13.1 9.5 5.4 

t1/2ka (h) 4.6 0.3 2.7 9.1 4.2 3.7 

t1/2ke (h) 26.0 38.5 17.7 9.1 22.8 12.5 

Vd (L·kg·BW−1) 7.3 10.1 6.5 10.7 8.7 2.1 

Cl (L·kg·BW−1·h−1) 0.2 0.2 0.3 0.8 0.4 0.3 

AUC (nmol·L−1·h) 135 73 85 71 91 30 

FAUC (%) 4.3 2.8 3.1 2.3 3.1 0.8 

F (%) 0.007 0.004 0.007 0.016 0.009 0.005 

MRT (h) 33.6 28.4 21.2 18.5 25.4 6.9 

RSD (nmol·L−1) 0.5 0.3 0.4 0.4 0.4 0.1 

r2 0.684 0.655 0.764 0.672 0.694 0.048 

FB1+m 

ka (h−1) 0.11 0.26 0.11 0.07 0.14 0.08 

ke (h−1) 0.03 0.02 0.04 0.07 0.04 0.02 

c0 (nmol·L−1) 9.0 2.8 5.9 5.8 5.9 2.5 

cmax (nmol·L−1) 5.7 2.3 3.2 2.1 3.3 1.7 

tmax (h) 16.6 10.6 13.6 13.7 13.6 2.5 

t1/2ka (h) 6.2 2.7 6.1 9.5 6.1 2.8 

t1/2ke (h) 25.3 32.4 15.5 9.5 20.7 10.2 

Vd (L·kg·BW−1) 1.7 7.4 10.3 11.3 7.7 4.3 

Cl (L·kg·BW−1·h−1) 0.05 0.16 0.46 0.83 0.4 0.3 

AUC (nmol·L−1·h) 328 132 132 80 168 109 

AUCFUM-m% (%) 41.3 55.0 64.4 89.5 62.6 20.3 

FAUC (%) 9.6 4.6 4.3 2.4 5.2 3.1 

F 0.004 0.007 0.019 0.018 0.012 0.008 

MRT (h) 34.7 31.5 25.0 23.2 28.6 5.4 

RSD (nmol·L−1) 1.2 0.5 0.5 0.5 0.7 0.4 

r2 0.464 0.604 0.783 0.655 0.627 0.132 

BW = body weight; -m = FB1 alone; +m = FB1 plus metabolites: HFB1, pHFB1a, 

pHFB1b; ka and ke = rate constants of absorption or elimination phase; c0 = initial 

concentration corresponding to elimination; cmax = maximum serum concentration, 

tmax = time corresponding to Cmax; t1/2ka and t1/2ke = half-lives of absorption and 



PAPER I 

 
 

 

 
34 

 

elimination, respectively; Vd = apparent volume of distribution, Cl = serum 

clearance, AUC = area under the time vs. concentration curve; F = fraction of the 

toxin appearing in the systemic circulation (%); FAUC = AUC after po administration 

of the toxin divided by the mean AUC after iv administration; dose-corrected for the 

respective doses (see Table 4) and multiplied by 100; MRT = mean residence time 

of toxin in the invaded compartment; RSD = residual standard deviation; r2 = 

coefficient of determination; AUCFUM-m% = AUC of FB1 alone without m compared 

to FB1 plus sum of metabolites in %; SD = standard deviation. Data were evaluated 

with Students t-test for independent data sorted in groups (for parametric data). 

2.2. Comparative Fumonisin Kinetics after Oral Administration in the Absence 

(FUMpo) and Presence of Dietary Fumonisin Esterase (FumDpo) 

As blood levels of FB1 and metabolites did not follow the typical course of 

absorption up to a peak level followed by a decrease characterizing the elimination 

phase when the fumonisin-containing diet was supplemented with the esterase, a 

kinetic evaluation of the data could not be performed. Instead, blood toxin residue 

levels were compared between FUMpo and FumDpo for each sampling time (Figure 

2). First significant differences in FB1 and metabolite concentrations occurred 45 min 

after toxin application (p = 0.008). Further significant differences were detected at 1 

h, 2.5 h, 6 h, 8 h, 12 h, 24 h and 48 h after dosage. From 72 to 120 h after toxin 

administration, no significant differences between groups could be detected any 

more. 
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FUMpo  FumDpo  

Figure 2. FB1 and metabolites toxicokinetics in po treated pigs with or 

without fumonisin esterase (+/-FumD). Plot of serum mean concentrations 

(nmol/L; y-axis) of FB1 and metabolites (HFB1, pHFB1a and pHFB1b) and 

time (x-axis; semi-logarithmic plot) as means of the particular groups (n = 

6/group). Pigs were randomly allocated to the different groups and treated 

as follows: FUMpo: 120 mg FB1 + 48 mg FB2 + 14 mg FB3/kg feed or 

FumDpo: 120 mg FB1 + 48 mg FB2 + 14 mg FB3/kg feed + 240 U FumD/kg 

feed. Frequent serum samples were taken over a period of 120 h post toxin 

application. 

Due to the absence of a serum kinetic data suitable for regressive evaluation of 

AUC for group FumDpo, it was quantified by the trapezoidal method and used for 

further calculation of bioavailability. Significant differences were found both in AUC 

(p = 0.01) and bioavailability FAUC (p = 0.01, Table 4) whereby AUC and FAUC were 

both significantly lower in FumDpo group compared to FUMpo group both for FB1+m 

and FB1-m. Decreases in AUC of 97.6% and in bioavailability of 96.8% after enzyme 

application for FB1-m and a reduction in AUC of 83.5% and in bioavailability of 84.6% 

for FB1+m, respectively were determined.  
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Table 4. Summary of the area under the curve (AUC) and bioavailability (F) 

of FB1 alone (FB1-m) and the sum of FB1 and metabolites (FB1+m) in 

serum of pigs administered a single bolus of 120 mg FB1 + 48 mg FB2 + 14 

mg FB3/kg diet po with fumonisin esterase (FumDpo, 240 U/kg diet, n = 6) 

or without (FUMpo, n = 4). 

 FB1-m FB1+m 

 FUMpo FumDpo p-Value FUMpo FumDpo p-Value 

AUC (nMol·L−1·h) 91.0 (12) 
9.0 

(15.8) 
<0.01 168.0 (45) 

27.7 

(20.0) 
0.01 

FAUC (%); absolute 3.1 (0.4) 0.3 (0.6) <0.01 5.2 (1.3) 0.8 (0.6) 0.01 

AUC = area under the time vs. concentration curve, calculated using the trapezoid 

method (nmol·L−1·h); FAUC, absolute = AUC after po administration of the toxin 

divided by the mean AUC after iv administration; dose-corrected (see Table 1). 

Data are presented as means (±SD) and comparison between treatments was 

performed with a Student’s t-test. 

2.3. Urinary and Fecal Excretion and Metabolite Profiles  

Urinary excretion patterns (% of application) of FB1, FB2 and FB3, including their 

metabolites, are depicted in Figure 3 for groups FB1iv, HFB1iv and FUMpo.  

The peak of fractional toxin excretion in urine in group FB1iv was detected 

already after 6 h (~8%), mainly consisting of paternal FB1 (Figure 3) and decreased 

markedly afterwards. The same pattern was detectable for group HFB1iv, where 

peak excretion of the paternal HFB1 was also reached after 6 h (~2%) and again 

only negligent levels of metabolites were observed. Neither FB2 and FB3 nor their 

respective metabolites were detected in urine after iv administration of FB1 and 

HFB1.  

Excretion pattern in group FUMpo with oral toxin exposure stood in stark contrast 

to iv administration, reaching peak excretion only after 96 h (<1%) and more than 

50% comprising of metabolites, mainly the partially hydrolyzed fumonisins. 

Furthermore, FB2, FB3 and their metabolites showed similar excretion 

characteristics in group FUMpo, albeit to a lesser extent than FB1, amounting to less 

than 50% of FB1 excretion levels (Figure 3).  

The cumulative urine excretion 120 h after toxin bolus administration is detailed 

in Table 5. Group FB1iv showed significantly higher cumulative excretion of FB1-m 

and FB1+m, compared to HFB1iv and both oral groups, FUMpo and FumDpo. The 
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main excretory route for iv administered FB1 was the urinary route with ~12% of 

application, whereas group HFB1iv only showed ~ 4% excretion via urine (HFB1 and 

metabolites) and expectedly no FB1 excretion at all (FB1 –m). Both oral groups, with 

(FumDpo) or without (FUMpo) esterase supplementation, excreted less than 1% via 

urine. Albeit excreted at very low levels, FB1 alone was eliminated significantly less 

in group FumDpo compared to FUMpo (0.012 vs. 0.24%), although this could not be 

verified statistically for FB1+m. Even lower cumulative urinary excretions were 

calculated for FB2 and FB3 (-/+m), amounting to less than 0.1% of exposure and 

displaying no differences between FUMpo and FumDpo (S2). 

The second excretory route measured was those via feces, also provided in 

Table 5. Proportions were basically reversed to urinary elimination: highest fecal 

excretion of FB1 was determined for oral group FUMpo with ~25% excretion and 

less than 2% for FumDpo and iv-groups. Interestingly, the drastic reduction in FB1-

excretion for group FumDpo was not reflected in FB1+m, indicating a shift to 

fumonisin metabolites due to esterase inclusion into the animal ration. Also, in group 

FB1iv there was still substantial metabolism of FB1 in feces, as FB1+m was 

determined at 9% of application in contrast to only ~2% FB1-m. Fecal excretion was 

also the main route for FB2, FB3 and their respective metabolites and here statistical 

analyses revealed that excretion was always significantly lower in group FumDpo as 

compared to FUMpo (S2). Metabolite production was not as extensive as for FB1 

and here as well there was significantly less excreted in FumDpo. 

With regard to the fractional excretion pattern (Figure 3), ~1.4% (48 h) and 

~0.6% (72 h) FB1, ~2.7% (48 h) and ~1.3% (72 h) pHFB1a and ~1.5% (48 h) and 

~0.7% (72 h) pHFB1b were detected in feces in the FB1iv group but no HFB1 could 

be found. In HFB1iv group, FB1 was recovered once after 48 h. In contrast to urinary 

excretion, FB1 and HFB1 in HFB1iv group were detected in feces after 48 h and 48 

and 72 h, respectively. In addition, no partially hydrolyzed fumonisin could be 

detected in feces.  

In FUMpo group, all degradation products were found in feces as early as 12 h 

after the bolus with a peak after 48 h. Compared to urinary excretion (~1%) and iv 

dosed pigs, much higher amounts were excreted via the fecal route in FUMpo group 
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(~45%, peak) with FB1 being the predominant toxin. Partially hydrolyzed forms 

(pHFBa, pHFBb) were found in similar proportions and only small amounts of 

completely hydrolyzed FB1 were recovered. For FB2 and FB3 excretion a kinetic 

pattern similar to that of FB1 was found. However, more parent toxin and less 

metabolites were excreted. Neither FB2, FB3 nor their metabolites were detected in 

feces after iv administration of FB1 and HFB1. The highest excretion was revealed 

in FUMpo group also with peak excretions at 48 h and varying metabolite proportions 

(Figure 4).  
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Figure 3. Metabolite profile of fractional urinary excretion of fumonisins and their respective metabolites in percentage of 

toxin application at different time points for groups FB1iv (139 nmol·kg·BW−1), HFB1iv (139 nmol·kg·BW−1) and FUMpo 

(3377 nmol·kg·BW−1 FB1 + 1367 nmol·kg·BW−1 FB2 + 584 nmol FB3·kg·BW−1) over a sampling period of 120 h (means of 

n = 6/group). Quantitative collection was performed 12 h before and 6, 12, 24, 48, 72, 96 and 120 h post toxin application. 

(a) FB1, HFB1, pHFB1a, pHFB1b main effects (F-test): pgroup < 0.001, ptime < 0.001; pgroup*time < 0.001 for all substances. (b) 

FB2, HFB2, pHFB2a, pHFB2b main effects (F-test): pgroup < 0.001, ptime < 0.001; pgroup*time < 0.001 for all substances. (c) 

FB3, HFB3, pHFB3a, pHFB3b main effects (F-test): pgroup<0.001, ptime<0.001; pgroup*time<0.001 for all substances. 
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Figure 4. Metabolite profile of fractional fecal excretion of fumonisins and their respective metabolites in percentage of toxin 

application at different time points for groups FB1iv (139 nmol·kg·BW−1), HFB1iv (139 nmol·kg·BW−1) and FUMpo (3377 

nmol·kg·BW−1 FB1 + 1367 nmol·kg·BW−1 FB2 + 584 nmol FB3·kg·BW−1) over a sampling period of 120 h (means of n = 

6/group). Quantitative collection was performed 12 h before and 6, 12, 24, 48, 72, 96 and 120 h post toxin application. (a) 

FB1, HFB1, pHFB1a, pHFB1b main effects (F-test): pgroup < 0.001, ptime < 0.001; pgroup*time < 0.001 for all substances. (b) 

FB2, HFB2, pHFB2a, pHFB2b main effects (F-test): pgroup < 0.001, ptime < 0.001; pgroup*time < 0.001 for all substances. (c) 

FB3, HFB3, pHFB3a, pHFB3b main effects (F-test): pgroup < 0.001, ptime < 0.001; pgroup*time < 0.001 for all substances. 
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Table 5. Cumulative urinary and fecal excretion of FB1 alone (FB1-m) and 

the sum of FB1 and its metabolites (FB1+m) after 120 h as percentage of 

exposure (median, n = 6/group). 

 Urinary Excretion % Fecal Excretion % 

 FB1-m FB1+m FB1-m FB1+m 

FB1iv 
10.56 a 

(8.33–13.44) 

11.80 a 

(10.33–14.35) 

1.88 a 

(0.00–3.76) 

8.57 a 

(0.00–13.53) 

HFB1iv <LOD 
3.95 b 

(0.67–6.48) 

0.00 a 

(0.00–1.71) 

0.40 b 

(0.00–4.04) 

FUMpo 
0.24 c 

(0.12–0.56) 

0.56 c 

(0.26–1.56) 

25.05 b 

(8.51–55.51) 

72.92 c 

(52.49–93.66) 

FumDpo 
0.012 b 

(0.001–0.061) 

0.234 c 

(0.045–1.256) 

1.34 ac 

(0.22–2.26) 

58.81 c 

(51.34–80.05) 

-m = FB1 alone; +m = FB1 plus metabolites: HFB1, pHFB1a, pHFB1b; Data 

(median, min-max) with unlike superscripts in one column are significantly different 

from each other (Mann-Whitney-U-test, p < 0.05). 

In the previous section, cumulative urinary and fecal excretion of FB1-m and 

FB1+m was already provided in Table 5. A significantly lower excretion of FB1-m via 

urine and feces was detected after esterase administration (FumDpo group) 

compared to FUMpo but not for FB1+m, reflecting the amount of metabolism 

achieved for FumDpo. For further illustration, metabolite profiles of fractional fecal 

excretion are depicted in Figure 5, representing 48 h post toxin application as the 

peak excretory time. In group FUMpo there was already a fair degree of metabolism 

from parent toxin to the partially (and even fully) hydrolyzed forms, most pronounced 

for FB1 (61.4% FB1), followed by FB3 (43.4% FB3) and only minor metabolism was 

evident for FB2 (21.7% FB2). After esterase application (group FumDpo), there was 

a general shift from parent toxin and the partially hydrolyzed forms for all three 

fumonisins FB1, FB2 and FB3 towards the fully hydrolyzed metabolites HFB. 

However, the extent of this metabolism differed somewhat between the three 

fumonisins: for FB1 (Figure 5a) there was a clear shift towards HFB1 in group 

FumDpo compared to FUMpo, comprising about 79.8% of the metabolite profile. 

This was also observed for FB3, albeit to a lesser degree, with about 64.5% HFB3 

for FumDpo (Figure 5c). Again, FB2 appeared to be the least hydrolysable toxin after 

esterase application (Figure 5b). Significant differences after 48 h in feces (Mann-
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Whitney-U-test) between the two oral groups with or without FumD application were 

found as follows (Figure 5): Significantly more FB1 was found in FUMpo than in 

FumDpo group (p = 0.013), whereas after FumD application significantly more HFB1 

was detected (p = 0.005). Both pHFB1a and pHFB1b were significantly reduced in 

FumDpo group (p = 0.030 for both). FB2 was also reduced significantly in FumDpo 

group (p = 0.020) and HFB1 significantly increased (p = 0.003), whereas pHFB2a, 

pHFB2b showed no statistical difference. A significant reduction was also revealed 

in FumDpo group for FB3 (p = 0.020) and pHFB3a (p = 0.045) but not for pHFB3b 

and HFB3. 

 

Figure 5. Metabolite profiles of fractional fecal excretion of fumonisins and 

their metabolites expressed as percentage of the sum of all toxins (means 

of n = 6/group) at 48 h post toxin application for group FUMpo (120 mg FB1 

+ 48 mg FB2 + 14 mg FB3/kg diet) and FumDpo (120 mg FB1 + 48 mg FB2 
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+ 14 mg FB3/kg diet and 240 U fumonisin esterase per kg diet). (a) FB1 and 

metabolites (HFB1, pHFB1a, pHFB1b) with following main effects (F-test): 

pFB1 = 0.009, pHFB1 = 0.002; ppHFB1a = 0.0260; ppHFB1b = 0.026. (b) FB2 and 

metabolites (HFB2, pHFB2a, pHFB2b) with following main effects (F-test): 

pFB2 = 0.015, pHFB2 = 0.002; ppHFB2a = 0.240; ppHFB2b = 0.937. (c) FB3 and 

metabolites (HFB3, pHFB3a, pHFB3b) with following main effects (F-test): 

pFB3 = 0.015, pHFB3 = 0.065; ppHFB3a = 0.041; ppHFB3b = 0.093. 

3. Discussion 

The aim of the present study was to investigate the toxicokinetics and 

bioavailability of fumonisins and its metabolites as well as the possible impact of an 

additive with fumonisin esterase activity. The study design was based on examining 

kinetics in blood, urine and feces after administering a fumonisins orally and 

intravenously as a single bolus, whereby the iv route served as a reference for the 

estimation of oral bioavailability.  

Serum concentrations of FB1 after iv-bolus suggested a 2-compartment model, 

resulting in a short distribution half-life t1/2α of 0.08 h (6 min) followed by a longer 

elimination half-life t1/2β of 0.57 h (±0.4 h; =36 ± 20 min, Table 3). In contrast, 

following iv-dosing of growing pigs with radioactively labeled FB1 (0.25 µCi [0.4 

mg]/kg BW), Prelusky, Trenholm et al. (1994) showed that the level of radioactivity 

declined both in a tri-exponential and bi-exponential manner, depending on the 

individual pig, suggesting 3 or 2 compartments, respectively. Among others, the 

identification of additional compartments also depends on the blood sampling 

frequency which was different between this study and our own experiment. They 

detected an average half-life of the initial α-phase of less than 3 min (range 0.9–3.6 

min) and a slower distribution β-phase t1/2 of 10.5 min (range 6.0–19.0 min). The 

following elimination γ-phase t1/2 of 182.6 min (range 142.6–224.3 min) was much 

longer than the 34 min observed in our experiment. Moreover, the mentioned authors 

used 14C-labelled FB1 and so measuring radioactivity as such and not the toxin itself 

(Prelusky, Trenholm et al. 1994). Thus, total recovery might be higher since all 

breakdown compounds should be recovered but it is not possible to distinguish 

between the parent toxin and its break-down products. In our present experiment, 

we used the currently available analytical methods for parent toxin and its 
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metabolites but we might be omitting metabolites yet unknown with no available 

analytical method at this time. In addition, compared to Prelusky, Trenholm et al. 

(1994), we also used a much lower dose of 100 µg FB1/kg BW whereas they utilized 

400 µg/kg BW. For FB1 plus metabolites, we determined the same half-lives of 

distribution and elimination as for FB1 alone. This shows that there is no distinct 

difference in kinetics between FB1 and its metabolites (Table 1).  

For the total serum clearance Cl in the present study, we found 36 mL/kg BW/min 

(=6.7 L/kg/h), while Prelusky, Trenholm et al. (1994) reported a total plasma 

clearance of 9.14 ± 1.07 mL/min/kg BW. This could be partly due to using either 

plasma or serum, or more likely, due to the differing half-lives of distribution and 

elimination. In the present study, half-lives of elimination are shorter than in the study 

mentioned above (Prelusky, Trenholm et al. 1994) corresponding to a higher 

clearance in the present experiment (Table 1). In another study from Martinez-

Larranaga, Anadon et al. (1999), administering 2 mg FB/kg BW iv to male Wistar 

rats and using a 2-compartment model for kinetic evaluation, the distribution half-life 

t1/2α was comparable to the results of our study (0.15 h vs. 0.08 h) while elimination 

half-life t1/2β was much longer (1.03 h vs 0.57 h). Thus, the longer elimination half-

life in rats might indicate a species-related difference in fumonisin toxicokinetics.  

The urinary total FB1 excretion amounted to ~8% of the provided iv bolus 6 h 

after exposure, representing peak excretion. FB1 alone represented 91% of the sum 

of FB1 plus metabolites in urine, whereas in serum the corresponding AUC ratio 

revealed a FB1 proportion of 93% suggesting a poor systemic FB1 metabolism. 

Prelusky, Trenholm et al. (1994) also found a high rate of urinary recovery of 

fumonisin-related radioactivity within the first 3 h after the bolus. While the maximum 

fractional FB1 excretion was reached after 6 h in urine, the respective maximum in 

feces was demonstrated after 48 h for all metabolites, suggesting biliary excretion 

and transit time of toxin residues distal of the Ductus choledochus. The assumption 

of substantial biliary FB1 excretion is also supported by the results of the study 

mentioned above (Prelusky, Trenholm et al. 1994) where the authors found that 71% 

of iv administered fumonisin could be recovered with bile, while 58% reached the 

feces suggesting reabsorption and urinary excretion and/or large intestinal 
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fermentation. In the present experiment, the cumulative fecal excretion of FB1+m 

amounted to ~72% of that in urine, supporting the view of bile as a main excretory 

route for elimination. Moreover, the proportion of FB1 of the sum of FB1 and 

metabolites in feces amounted to 29% which is equivalent to a substantial intestinal 

metabolism of 71%.  

The distribution half-life t1/2α of iv administered HFB1 was even shorter than for 

FB1iv but the elimination half-life was longer. Vd was 6 times higher than for FB1iv 

but varied considerably (1.2–22.4 L/kg BW). Cl was also four times higher in the 

HFB1iv compared to FB1iv group (6.7 and 1.8 L/kg/h respectively) which together 

with the differences in the volumes of distribution indicates that HFB1 is more rapidly 

cleared from the systemic circulation but also distributed more extensively into the 

extravasal space than FB1. HFB1 accounts for more than 96% of HFB1 plus 

metabolites after iv HFB1 administration in systemic circulation while only 93% of 

administered FB1 was recovered as parent toxin, which shows that FB1 is more 

intensively metabolized.  

Only a few studies on toxicokinetics of orally administered fumonisins in pigs 

were reported so far. In our trial FB1-m peaked at 9.5 h (tmax), whereas FB1+m 

showed its peak somewhat later (tmax = 13.6 h). In contrast, other studies employing 

single bolus applications, showed much earlier peak concentrations in the blood 

stream, between 60–90 min (Prelusky, Trenholm et al. 1994) and 180 min (Dilkin, 

Direito et al. 2010). This difference applied also for toxin recovery in other matrices, 

for example, 76.5% of initial FB1 was recovered after 84 h in feces, with peak 

excretion already in the first 24 h after gavage (Dilkin, Direito et al. 2010), contrasting 

to the 48 h in our trial. In both referred experiments fumonisins were applied on 

fasted pigs using a gavage technique, whereas pigs in our experiment consumed 

the FB1-dressed diet voluntarily within ~10 min. This distinction between fasted and 

fed status during oral toxin exposure appears to play a crucial role as in the fasted 

piglets absorption and fecal excretion of the parental FB1 was reported as much 

faster compared to our animals being exposed via feed. Moreover, the percentage 

of excreted parental FB1 in feces (Dilkin, Direito et al. 2010) was nearly tripled 

compared to our data (25% after 120 h) and rather equaled that of the sum of FB1 
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and its metabolites (73% FB1+m). Thus, the question is whether only little FB1 

metabolism takes place in the intestinal tract of fasted piglets, which is perhaps due 

to an altered peristalsis compared to fed animals. In two studies, Fodor and 

colleagues investigated the excretory behavior of fumonisins in pigs fed continuously 

with fumonisin-dressed diets. In the first trial (Fodor, Meyer et al. 2006), they 

provided about half of our own FB1-dosis (50 mg/pig*d) continuously for 22 days and 

determined its fecal excretion at 13% of intake for a 5d-collection period during days 

13 to 17 of exposure, albeit without determination of the metabolites. The second 

trial (Fodor, Balogh et al. 2008) determined the excretion during the first ten days of 

exposure and revealing higher daily fecal recoveries (72%). Additionally, the partially 

hydrolyzed fumonisins were also reported at 59% of the total fecal recovery. These 

data agree with our own findings, even taking the differences in mode of application 

(bolus via continuous exposure) into consideration. Thus, the absorption from and 

hydrolytic break-down in the intestinal lumen appears to be strongly influenced by 

the feeding status of the exposed animal. 

The substantial higher Vd of FB1 alone (FB1-m) after po FB1 administration (8.7 

L·kg·BW−1) compared to the iv route (1.8 L·kg·BW−1) might be explained by the 

marked FB1 metabolism putatively occurring in the digestive tract of po dosed pigs. 

This resulted in lower blood levels of FB1 compared to the iv route of administration. 

On the other hand, when metabolites were included in the kinetic evaluation after po 

FB1 administration, the Vd was slightly lower compared to FB1 data alone (7.7 

L·kg·BW−1). This hints at differences in the distribution pattern between FB1 and its 

metabolites consisting of pHFB1a, pHFB1b and HFB1. Interestingly, the Vd of HFB1 

was substantially higher (11.0 L·kg·BW−1) than for FB1 when the toxins were 

administered via the iv (1.8 L·kg·BW−1) route. As iv kinetics of both toxins was only 

slightly influenced by metabolites, the higher Vd of HFB1 might point a more 

pronounced extravasal distribution. Based on the findings by Prelusky (1994) that 

suggest intensive biliary excretion and entero-hepatic cycling of FB1 it seems 

reasonable to assume that HFB1 is even more efficiently biliary excreted and/or 

entero-hepatically recycled than FB1. The predicted octanol-water partitioning 

coefficients from structures (kow, expressed as logarithmic ratio logP) of FB1 and 
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HFB1 amount to 2.20 and 1.25 (ChemSpider, Royal Society of Chemistry 2015), 

respectively, suggesting FB1 to be more lipophilic than HFB1. Thus, a more 

pronounced distribution of HFB1 into adipose tissues seems less probable than the 

biliary recycling. The more pronounced entero-hepatic cycling of HFB1 is further 

supported by the delayed absorption half-life (t1/2α) and peak concentration of the 

sum of FB1 and metabolites (including HFB1) which, in turn, could be related to the 

less pronounced lipophilicity of HFB1 hampering simple diffusion of the double-lipid 

layer of the enterocytes. 

The low oral bioavailability of 3.1% for FB1 agrees with those of 4.1% as reported 

by Prelusky, Trenholm et al. (1996) for pigs and for rats of 3.5% (Martinez-Larranaga, 

Anadon et al. 1999). Bouhet and Oswald (2007) discussed whether the poor 

absorption and consequently the low bioavailability of fumonisins are due to a poor 

transport across the epithelium of the intestine or due to strong association of 

fumonisin with the intestinal content. Furthermore, the so called “fumonisin paradox” 

has been proposed by Shier (2000) which describes the apparent contradiction 

between the potent toxicity of fumonisins in various species and the poor absorption. 

Besides single bolus experiments, the absorption can also be determined 

experimentally in animals exposed to the toxin for a certain period of time to reach a 

steady state where a balance between intake and excretion is enabled. Using this 

technique (Szabo-Fodor, Kametler et al. 2008), an apparent absorption rate of 

approximately 4% up to the end of the ileum was determined in 8-weeks old T-

cannulated pigs fed a fumonisin-contaminated diet for 10 days (45 mg FB1, 8.6 mg 

FB2, 4.6 mg FB3/kg feed). In a similar experimental setting, the absorption rate of 

3.9% was reported by Fodor, Balogh et al. (2008) in T-cannulated pigs, confirming 

the low fumonisin bioavailability. The detection of fumonisin residues in intestinal 

cells of a non-human primate after po fumonisin administration (25% of the dose) 

suggests that the toxin enters this cell type (Shephard, Thiel et al. 1995) but the 

mechanism of fumonisin absorption by enterocytes are still largely unknown. 

Although we cannot exclude that a certain percentage of the administered po dose 

is stored in the body, the low cumulative urinary recovery of fumonisin residues 

supports the low systemic bioavailability of fumonisins after po administration as 
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well. Only 0.24% (FB1-m) and 0.56% (FB1+m) of the dose were recovered with 

urine. These results agree with other findings reporting urine recovery at 0.93% and 

0.59% of the FB1 bolus administered po (Prelusky, Trenholm et al. 1994, Dilkin, 

Direito et al. 2010). The high fecal recoveries of FB1-m and of FB1+m of 25% and 

72%, respectively, are an additional indication both for the poor toxin absorption and 

the low systemic bioavailability. The large difference between fecal excretion of FB1 

alone and FB1 plus metabolites hints at extensive FB1 metabolism in the digestive 

tract. The porcine intestinal microbiota appears to form the partially hydrolyzed forms 

of fumonisin B1 preferentially and this applies also for fumonisin B2 and B3 in a 

similar manner, albeit to a lesser extent dependent on the fumonisin type. Our data 

also indicate that there seems to be no preferred degradation into form a or b of 

pHFB as both types were verified in fecal material to a comparable extent. In vitro 

data indicate the ability of the porcine cecal microbiota to effectively hydrolyze 

fumonisin (Fodor, Meyer et al. 2007) to its partially hydrolyzed form. Even in vivo 

conversion of FB1 into pHFB1 at ~4% was reported in piglets fed with fumonisin-

dressed feed (Fodor, Balogh et al. 2008). However, so far there is no indication of 

which part of the microbiota could possess such esterase activities and exercise 

them upon fumonisin exposure. 

The metabolism of fumonisin into the respective break-down products was 

distinctly different from the degradation discussed above when fumonisin esterase 

(FumD) was applied as a feed additive concomitantly with fumonisin via the morning 

feed. Excretion of parent toxin was dramatically reduced by more than 90% in urine 

and feces and a marked shift from the partially to the fully hydrolyzed products was 

determined. This was particularly apparent at fecal level for all three fumonisin types, 

albeit to a slightly lesser extent for FB2 and FB3. This impact was also reflected in a 

significant reduction of bioavailability upon use of fumonisin esterase, for FB1 alone 

by 90% and FB1 including metabolites by 85%. Our results support former studies 

with pigs where the efficacy of the enzyme was proven indirectly by influencing the 

well-established biomarker for fumonisin exposure, that is, the 

sphinganine/sphingosine ratio (Masching, Naehrer et al. 2016).  
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In conclusion, iv serum toxicokinetics of FB1 suggested a 2-compartment model 

and showed a 6 min distribution half-life followed by a 36 min elimination half-life. A 

four-times higher Cl together with a six-times higher Vd compared to FB1iv group 

indicates that after iv application, HFB1 is more rapidly cleared from systemic 

circulation but distributed more extensively into the extravasal space than FB1. 

Furthermore, our toxicokinetic measurements confirmed the low bioavailability of 

fumonisin in vivo (3% FB1) and feces as main excretory route after oral exposure. 

We could also report substantial fumonisin degradation into their partially hydrolyzed 

forms in the gastro-intestinal tract, most likely executed by the resident microbiota. 

The actual mechanism behind this degradation remains to be elucidated. 

Moreover, the efficacy of a fumonisin esterase as feed additive could clearly be 

demonstrated by a 90% reduction in FB1-bioavailability (0.3%) and more than 90% 

reduced excretion of FB1, FB2 and FB3 via urine and feces. At a fecal level, the 

esterase application resulted in a dramatic shift in metabolite pattern from the 

detrimental FB1 to the reportedly less toxic, fully hydrolyzed HFB1. This change was 

also observed for FB2 and FB3, albeit for FB2 the degradation into the fully 

hydrolyzed form was detected to a lower extent. 

4. Materials and Methods  

The experiment was conducted according to the European Community 

regulations concerning the protection of experimental animals and the guidelines of 

the German Animal Welfare Act and was approved by the Lower Saxony State Office 

for Consumer Protection and Food Safety (file number 33.92-42502-04-13/1153, 

date of approval: 11.07.2013). 

4.1. Animals, Housing and Diet 

The study was performed with a total of 31 barrows (German Landrace, 

Mariensee, Germany), housed individually and fed restrictively a barley-based basal 

diet (2 × 700 g/d), formulated to meet or exceed requirements according to GfE 

recommendations (Table S1 (GfE 2006)), for the total experimental period. Diet was 

analyzed by HPLC-MS/MS (Romer Labs Diagnostic GmbH, Tulln, Austria) and 
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values were all below level of detection (LOD) for FB1, FB2, FB3 (LOD = 20 μg/kg) 

and aflatoxin B1, B2, G1, G2 (LOD = 0.2 μg/kg). Pigs (aged 10 weeks at the start of 

experiment) were housed in floor pens for 21 days and thereafter moved to 

metabolism crates enabling quantitative collection of feces and urine in the 

subsequent experimental period. After a four-day adaption period in metabolism 

crates and fasting overnight, body weight (BW) of pigs was measured (34.4 kg ± 2.7 

kg BW) and surgical implantation of indwelling venous catheters (Silastic®, Medical 

Grade Tubing. 1.57 mm ID × 3.18 mm OD, Dow Corning, Midland, MI, USA) in both 

Venae jugulares externae was performed under sterile conditions on day 25 as 

described by Tesch, Bannert et al. (2015). After surgery, the animals recovered for 

one day before the actual toxicokinetic study was started on day 27. Catheters were 

flushed regularly with heparinized saline solution (2 mL heparin/ 500 mL 

physiological saline) to ensure patency. 

4.2. Toxicokinetic Study 

For the kinetic study, pigs received one of five treatments on day 27 (Table 6): 

[1] CON (basal diet, 0.9% NaCl iv), [2] FB1iv (basal diet, 100 µg FB1/kg BW as single 

bolus), [3] HFB1iv (basal diet, 56.2 µg HFB1/kg BW; single bolus), [4] FUMpo (3377 

nmol FB1 + 1367 nmol FB2 + 584 nmol FB3/kg BW, 0.9% NaCl iv), [5] FumDpo 

(3321 nmol FB1 + 1344 nmol FB2 + 575 nmol FB3/kg BW and 240 U FumD/kg feed, 

0.9% NaCl iv). 

FB1 and HFB1 standards for both iv treatments were diluted with physiological 

saline adjusting necessary concentrations whereby FB1 was obtained from Romer 

Labs GmbH (Tulln, Austria; 97.6% pure). HFB1 was produced from the same FB1 

standard by stoichiometric transformation with KOH as previously described (>98% 

pure (Hahn, Nagl et al. 2015)). From lyophilized standards, stock solution was 

prepared with sterile 0.9% NaCl whereby concentration of stock solution was 

supposed to be 600 µg FB1/mL and 331.7 µg HFB1/mL, respectively. The stock 

solution was then used as basis to calculate injection volume (FB1: 100 µg FB1/kg 

BW; HFB1: 56.2 µg HFB1/kg BW), which was 5.6 ± 0.3 mL per pig for iv treated 

animals. After application, catheters were flushed with physiological saline to attain 
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a total injection volume of 25 mL and the other groups (FUMpo, FumDpo and CON 

group) received 25 mL of physiological saline. For both oral treatments, FUMpo and 

FumDpo, fumonisin culture material, derived from Fusarium verticillioides (10.47 mg 

FB1/g, 4.18 mg FB2/g and 1.24 mg FB3/g culture material, Romer Labs GmbH, 

Tulln, Austria) as previously described by Grenier, Schwartz-Zimmermann et al. 

(2017), was used on top of the morning ration (basal diet) and a fumonisin esterase 

preparation (FUMzyme®, BIOMIN, Tulln, Austria) for FumDpo treatment. These 

ingredients were blended with the morning basal feed using a 1 kg ploughshare 

mixer (Gebr. Lödige, Paderborn, Germany) for 4 min on day 26 and a sample of 

each ration was taken and analyzed by HPLC-MS for fumonisin concentration 

(Romer Labs GmbH, Tulln, Austria) and revealed 80.9 ± 6.9 mg FB1, 33.2 ± 3 mg 

FB2 and 6.1 ± 1.9 mg FB3/kg feed in both contaminated rations of group FUMpo 

and FumDpo. 

Blood samples were collected directly before treatment and then 5, 10, 15, 20, 

30, 45 min, 1, 1.5, 2, 2.5, 3, 3.5, 4, 6, 12, 24, 48, 72, 96 and 120 h after treatment 

(Serum Monovette, Sarstedt AG & Co., Sarstedt, Germany). Moreover, urine and 

feces were collected quantitatively for 12 h prior to toxin application and then at 6, 

12, 24, 48, 72, 96 and 120 h post treatment in containers placed under the 

metabolism crates. After urine volume and feces weight were recorded for balance 

calculations, a representative sample was taken from each gross sample and stored 

at −20 °C until analysis. Feces samples were blended, freeze-dried and ground (La 

Moulinette, Moulinex) before being stored at -20 °C for further analysis. 

Clinical examination (respiratory parameters, cardiovascular system and heart 

rate, consciousness, behavior, skin and bristles, central nervous system, 

gastrointestinal tract and body temperature) of pigs was performed once before the 

experiment started and subsequently prior to morning feeding once every day to 

monitor animal health. However, detailed clinical data are not part of this paper and 

are therefore not presented here. 

Animals were sacrificed by exsanguination following electrical stunning 120 h 

post treatment (day 31) and tissue (muscle, fat, kidney, liver, lungs, spleen; data not 

shown) and fluid samples (bile, liquor cerebrospinalis) were collected for analysis. 
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Table 6. Experimental design. 

Group Fumonisin Application 
Dose 

(nmol·kg·BW−1) 

Fumonisin 

Esterase 

(U/kg feed) 

n 

CON - - - 6 (+1 ‡) 

FB1iv 100 µg FB1/kg BW iv bolus 139 FB1 - 6 

HFB1iv 56.2 µg HFB1/kg BW iv bolus 139 HFB1 - 6 

FUMpo culture material on top of 

morning ration, po bolus 

(calculated: 120 mg FB1 + 48 

mg FB2 + 14 mg FB3/kg diet) 

3377 FB1 † 

1367 FB2 † 

584 FB3 † 

- 6 

FumDpo culture material on top of 

morning ration, po bolus 

(calculated: 120 mg FB1 + 48 

mg FB2 + 14 mg FB3/kg diet) 

3321 FB1 † 

1344 FB2 † 

575 FB3 † 

240 6 

† Calculation: based on analysis of culture material (Romer Labs GmbH, Tulln, 

Austria) and animals’ body weight (BW) at time of application, ‡ One pig in CON 

removed its venous catheter and thus only urine and feces sampling was obtained 

for this individual. 

4.3. Mycotoxin Analysis 

Mycotoxin standards of FB1, FB2 and FB3 were purchased from Romer Labs 

GmbH (Tulln, Austria). Partially and fully hydrolyzed forms of all three toxins were 

produced from these standards by enzymatic hydrolysis, using fumonisin esterase, 

as described for FB1 by Schwartz-Zimmermann et al. (submitted). Similarly, fully 

13C-labelled FB1 (Romer Labs GmbH, Tulln, Austria) was subjected to enzymatic 

hydrolysis. The resulting mixture of FB1 and its partial and full hydrolysis products 

was added to serum and urine samples as internal standard. 

Blood samples were kept upright at room temperature for at least 30 min for 

clotting, subsequently centrifuged at 2123 g for 15 min and serum aliquots were 

stored at −20 °C until analysis. After thawing, a volume of 300 µL serum was mixed 

with 13C-labelled internal standard (a mixture of FB1 and its partial and full hydrolysis 

products) and 900 µL of methanol/acetonitrile (50/50, v/v) were added. Samples 

were shaken at room temperature for 30 min and centrifuged (2800 g). The pellets 

were re-extracted twice with 200 µL of acetonitrile/water/formic acid (50/49/1, v/v/v). 

The combined supernatants were dried under vacuum, re-dissolved in 300 µL of 
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acetonitrile/water/formic acid (50/49/1, v/v/v) and cleared by centrifugation prior to 

analysis. 

Creatinine content of urine was determined by HPLC-MS/MS (Warth, Sulyok et 

al. 2012) in order to account for varying water content of urine samples. For 

mycotoxin analysis, 150 µL aliquots of urine (diluted with water to 4 mM creatinine 

content) were mixed with 10 µL of 13C-labelled internal standard. After addition of 

290 µL methanol/formic acid (99/1, v/v) the samples were vortexed, stored for 15 

min at −20 °C, shaken for 10 min at room temperature and cleared by centrifugation 

before analysis as described for serum.  

FB1, 2 and 3, their partially and completely hydrolyzed metabolites were 

analyzed in lyophilized feces as previously described (Masching, Naehrer et al. 

2016). 

Details to mean recoveries, limit of detection and quantification are provided in 

Table 7 for each analyzed matrix.  
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Table 7. Mean recovery (%), limit of detection (LOD) and limit of quantification (LOQ) of fumonisins and their metabolites 

in different matrices. 

  FB1 HFB1 pHFB1a pHFB1b FB2 HFB2 pHFB2a pHFB2b FB3 HFB3 pHFB3a pHFB3b 

 Recovery (%) 58 - - - 58 - - - 58 - - - 

Feed 1 LOD (ng/g) 20 - - - 20 - - - 20 - - - 

 LOQ (ng/g) - - - -  - - -  - - - 

 Recovery (%) 99 105 94 93 91 - - - 95 - - - 

serum LOD (ng/mL) 0.10 0.10 0.05 0.09 0.27 - - - 0.22 - - - 

 LOQ (ng/mL) 0.30 0.30 0.15 0.27 0.80 - - - 0.66 - - - 

 Recovery (%) 103 104 101 94 106 101 101 95 105 93 109 103 

urine LOD (ng/mL) 0.90 1.4 0.27 0.36 0.90 0.27 0.18 0.27 0.18 0.36 0.18 0.18 

 LOQ (ng/mL) 3.0 4.5 0.90 1.2 3.0 0.90 0.60 0.90 0.60 1.2 0.60 0.60 

feces Recovery (%) 105 104 101 101 105 103 98 99 110 102 97 106 

 LOD (ng/g) 35 131 25 33 185 217 16 10 121 82 10 10 

 LOQ (ng/g) 116 437 83 108 618 725 52 21 405 274 23 32 

1 analyzed by Romer Labs, Austria. 
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4.4. Calculations and Statistics 

All statistical analyses were carried out using Dell Statistica version 13 software 

for the Windows™ operating system (Dell Inc., Tulsa, OK, USA) and SAS 9.4 (SAS 

Institute Inc., Cary, NC, USA) for post-hoc test significances. Values < LOD were 

determined as 0. 

4.4.1. Serum Kinetics of the iv Groups 

FB1 and metabolite serum concentrations (HFB1, pHFB1a, pHFB1b) of the iv 

dosed pigs were characterized by a two-compartment model and could be described 

by a common pharmacokinetic bi-exponential regression of the form (Riviere 1999):  

c(t) = A ∗ e−α∗t + B ∗ e−β∗t, (1) 

where c is the fumonisin concentration at time t (h), A and B the initial concentration at 

t = 0 and α and β are the rate constants of the distribution and elimination phase, 

respectively. The non-linear curve fitting module of the Statistica version 13 was used 

to fit data to Equation (1). The half-life was calculated as 𝐭𝟏
𝟐⁄
α =

𝐥𝐧(𝟐)

α
 for distribution 

phase and 𝐭𝟏
𝟐⁄
β =

𝐥𝐧(𝟐)

β
 for elimination. The area under the serum-time curve AUC for 

FB1 was defined by𝐀𝐔𝐂 =
𝐀

𝛂
+

𝐁

𝛃
, whereas the plasma clearance Cl of FB1 was 

determined by𝐂𝐥 =
𝐃

𝐀𝐔𝐂
, where D is the dosage. The apparent volume of distribution 

was estimated by𝑉𝑑 = 𝐂𝐥 ∗
𝐭𝟏

𝟐⁄
β

𝐥𝐧(𝟐)
.  

4.4.2. Serum Kinetics of the Oral Groups  

Serum concentrations of FB1 and its metabolites after po FUM exposure were 

fitted according to the Bateman function (Garrett 1994): 

𝐜(𝐭) =
𝐅∗𝐃

𝑉𝑑
∗

𝐤𝐚

𝐤𝐞−𝐤𝐚
∗ (𝐞−𝐤𝐞∗𝐭 − 𝐞−𝐤𝐚∗𝐭), (2) 

where c(t) = fumonisin and metabolite concentration (ng/mL) at time t (h), F is the 

fraction of the substance appearing in the systemic circulation of the FB1, D = dose of 

FB1 (nmol·kg·BW−1) administered po, Vd = apparent volume of distribution (L/kg), ka is 

the first order rate constant of invasion (1/h), ke is the first order rate constant of 
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elimination (1/h) and t = time (h). Only four out of six pigs followed the typical shape of 

the Bateman function and were used for data evaluation (n = 4). In contrast to group 

FUMpo, the serum concentrations of group FumDpo were much lower and did 

generally not follow the Bateman function. Therefore, a kinetic evaluation for this group 

was not feasible.  

Based on the fitted regression coefficients following further kinetic parameters 

were derived: half-lives of absorption and elimination as 𝐭𝟏
𝟐⁄
a =

𝐥𝐧(𝟐)

𝑘𝑎
 (h) and 𝐭𝟏

𝟐⁄
e =

𝐥𝐧(𝟐)

𝑘𝑒
 (h), respectively; whole body clearance as 𝐂𝐥 =

𝐥𝐧(𝟐)∗𝐕

𝒕𝟏
𝟐⁄
𝒆

 (L∙kg−1∙h−1); the area under 

the plasma substance concentration x time curve as 𝐀𝐔𝐂 =
𝐅∗𝐃

𝐕

𝐤𝐞
 (µg∙L−1∙h) and the 

mean residence time MRT (h) of the substance in the invaded compartment as the 

quotient between the first moment AUC (AUMC, µg∙L−1∙h∙h) and the zero moment AUC 

(AUC, µg∙L−1∙h); the time at maximum substance plasma concentration was estimated 

as 𝐭𝐦𝐚𝐱 =
𝟏

(𝐤𝐚−𝐤𝐞)∗𝐥𝐧(𝐤𝐚−𝐤𝐞)
 (h) and the corresponding maximum plasma concentration 

Cmax by solving of Equation (2) for t = tmax (µg∙L−1). 

4.4.3. Bioavailability  

The systemic bioavailability (FAUC) of FB1 alone or with consideration of the 

metabolites was estimated for groups FUMpo and FumDpo as follows (Equation 3): 

𝐅# =
𝐀𝐔𝐂𝑝𝑜#∗𝐃𝒊𝒗

𝐃𝑝𝑜#∗𝐀𝐔𝐂𝒊𝒗𝐌𝐞𝐚𝐧
∗ 100, (3) 

where “#” represents values of individual animals. Since kinetics after iv and po toxin 

application was not determined with the same animals the mean value for the AUCiv 

(Section 2.1.4, Tables 1 and 2) needed to be used for bioavailability determination 

(AUCivMean). AUCpo were either estimated as described in Section 2.1.4 or simply 

determined geometrically by using the trapezoidal rule. The latter was applied 

particularly for group FumDpo which could not be evaluated kinetically (see Section 

2.3.). 

The relative bioavailability (Frel) after FumDpo administration was estimated by 

(Equation 4): 
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𝐅𝐫𝐞𝐥 =
𝐀𝐔𝐂𝐅𝐮𝐦𝐃𝒑𝒐∗𝐃𝐅𝐔𝐌𝐬𝒑𝒐

𝐃𝐅𝐮𝐦𝐃𝒑𝒐∗𝐀𝐔𝐂𝐅𝐔𝐌𝐬𝒑𝒐
∗ 𝟏𝟎𝟎, (4) 

where AUCFumDpo and AUCFUMpo are the means calculated from the individual AUCs 

for FumDpo and FUMpo group (n = 6), respectively. DFumDpo and DFUMpo are the 

corresponding average oral doses. 

AUC and F for FB1 alone were statistically evaluated via Mann-Whitney-U-test for 

non-parametric data, whereas AUC and F for FB1 plus metabolites were evaluated via 

Students t-test for independent data sorted in groups.  

4.4.4. Urine and Feces Balance Calculations 

The recovery of fumonisin B1, B2 and B3 and their metabolites in urine and feces 

was calculated as percentage of the administered parent toxins, based on the 

quantitative collection of the two matrices (12 h prior to toxin application and then at 6, 

12, 24, 48, 72, 96 and 120 h post treatment). 

The cumulative excretion of urine and feces was estimated by (Equation 5): 

cum. excretion(%ofintake) = ∑
toxin𝑒𝑥𝑐𝑟𝑒𝑡𝑒𝑑[𝑛𝑔]

toxin𝑎𝑑𝑚𝑖𝑛𝑖𝑠𝑡𝑒𝑟𝑒𝑑[ng]

𝑡𝑖
𝑡=0 ∗ 𝟏𝟎𝟎, (5) 

whereby this refers to the totally administered toxin (iv or po) per subject and its total 

excretions measured in the respective matrices (feces: g; urine: mL) up to the sampling 

point ti (h). 

Statistics were evaluated with PROC MIXED in SAS 9.4 (SAS Institute Inc., Cary, 

NC, USA) with group and time as main factors and time as repeated measure. Post 

hoc significances were determined via Student’s-t-test for normally distributed data 

(LSmeans ± SD) and Mann-Whitney-U test for non-Gaussian distributed parameters 

(Median/Min-Max).  

Supplementary Materials: The following are available online at www.mdpi.com/link, 

Table S1: Composition of basal diet.  
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Table S1: Composition of basal diet. 

Ingredients (g/kg) 

Barley 745 

Soybean meal 190 

Soybean Oil 25 

HCl-lysine 5 

DL-methionine 3 

L-threonine 2 

L-tryptophan 1 

Mineral and vitamin premix2 30 

Analysed composition1 

Dry matter (DM, %) 90.1 

Crude protein (g/kg DM) 182.7 

Crude fat (g/kg DM) 42.3 

Crude fibre (g/kg DM) 43.5 

Crude ash (g/kg DM) 65.9 

Aflatoxin B1, B2, G1, G2 (LOD = 0.2 μg/kg) <LOD 

Fumonisin B1 and B2 (LOD = 20 μg/kg) <LOD 

1analysed by Romer Labs GmbH 2provided per kg premix: crude ash 90 %, Ca 24.5 %, P 6 %, 

Na 5.5 %, Mg 1 %, Fe 4,000 mg, Cu 1,000 mg, Mn 2,000 mg, Zn 4,000 mg, I 50 mg, Se 15 

mg, Co 20 mg, vitamin A 400,000 I.U., vitamin D3 40,000 I.U., vitamin E 1,200 mg, vitamin B1 

37.5 mg, vitamin B2 100 mg, vitamin B6 100 mg, vitamin B12 750 mg, vitamin K3 52.5 mg, 

nicotinic acid 500 mg, pantothenic acid 337.5 mg, choline chloride 5,000 mg 
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Abstract: The mycotoxin fumonisin B1 (FB1) is a frequent contaminant of feed. It 

causes a disruption of sphingolipid metabolism and pulmonary, hepatic, and 

immunological lesions in pigs depending on the exposure scenario. One sensitive 

biomarker for FB1 exposure is the sphinganine (Sa) to sphingosine (So) ratio in blood. 

The fumonisin esterase FumD, which can be used as a feed additive, converts FB1 

into the much less toxic metabolite hydrolyzed FB1 (HFB1). We conducted a single-

dose study with barrows allocated to one of five treatments: (1) control (feed, 0.9% 

NaCl intravenously iv), (2) 139 nmol FB1 or (3) HFB1/kg BW iv, (4) 3425 nmol FB1/kg 

BW orally (po), or (5) 3321 nmol FB1/kg BW and 240 U FumD/kg feed po. The Sa/So 

ratio of iv and po FB1 administered groups was significantly elevated in blood and 

Liquor cerebrospinalis, but no fumonisin-associated differences were reflected in 

other endpoints. Neither clinical lung affections nor histopathological pulmonary 

lesions were detected in either group, while some parameters of hematology and 

clinical biochemistry showed a treatment–time interaction. FumD application resulted 

in Sa/So ratios comparable to the control, indicating that the enzymatic treatment was 

effectively preventing the fumonisin-induced disruption of sphingolipid metabolism. 

Keywords: fumonisin; pigs; Sa/So ratio; single-dose; clinical examination; blood 

count; clinical biochemistry; fumonisin esterase 

Key Contribution: Following a single-dose exposure to fumonisin (iv and po); serum 

sphinganine and thus Sa/So ratio were significantly elevated in serum after 24 h and 

remained unabated after 120 h; chiefly pointing towards the inhibition of de novo 

ceramide synthesis. This rise in biomarker was also reflected in cerebrospinal fluid 

after 120 h; but the underlying mechanism still requires further research. Oral 

administration of fumonisin esterase FumD prevented those changes in sphingolipid 

metabolism.  

 

1. Introduction 

It was reported by the Food and Agriculture Organization (FAO) that approximately 

25% of the world’s agricultural commodities are contaminated with mycotoxins, leading 

to significant economic losses [1]. Fusarium verticillioides (=F. moniliforme) is one of 
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the main contaminants of animal feed worldwide [2]. In 1988, after years of studying 

the fungus, the compound responsible for its toxic effects was finally isolated and 

named fumonisin [2]. Different fumonisins have been reported so far and were grouped 

into main categories A, B, C, and P. The most abundant among them is fumonisin B1 

(FB1), but co-occurrence with other fumonisins (FB2, FB3) as well as other mycotoxins 

such as aflatoxin or zearalenone is possible [3].  

It is described in the literature that fumonisin toxicity is based on a competitive 

inhibition of sphinganine (sphingosine) N-acyltransferase (ceramide synthase, CerS), 

a key enzyme in sphingolipid metabolism [4]. Sphingolipids represent a large class of 

lipids, characterized by a backbone of sphingoid bases (e.g., sphingosine) and are 

integral parts of biological membranes involved, e.g., in cell communication and signal 

transduction. In principal, all fumonisins consist of a long hydroxylated hydrocarbon 

chain linked to tricarballylic acid, methyl, and amino groups [5] and show thus structural 

similarity to the original substrates of CerS, sphinganine (Sa), and sphingosine (So). 

This structural similarity mediates the competitive inhibition of CerS by fumonisins, 

resulting in a disruption of the sphingolipid metabolism [6,7]. The inhibition of CerS 

causes an elevation of the sphinganine-to-sphingosine ratio (Sa/So ratio) in tissues 

and fluids, which can be used as a biomarker for FB1 exposure [8,9]. Moreover, 

differences in CerS expression patterns seem to play a role in inter-species differences 

of target organs in fumonisin toxicosis [4,7,10]. 

Consumption of Fusarium-contaminated food or feed may lead to teratogenic, 

cancerogenic, neurotoxic, and immune suppressive effects particularly in animals 

targeting various organs depending on the exposure scenario. In humans, fumonisins 

are alleged risk factors for esophageal and liver cancers, neural tube defects, and 

cardiovascular problems as indicated from mainly rodent models [5,11]. However, so 

far none of the epidemiological studies on human cohorts could conclusively prove a 

causal relationship between dietary fumonisin exposure and those diseases [12], 

although recent studies report good correlations between fumonisin content in 

complementary, maize-based food and growth stunting in young children [13–15]. In 

pigs, FB1 has been shown to be cardio- and hepatotoxic [16] and to cause pulmonary 

edema (porcine pulmonary edema, PPE) whereby the effects of FB1 are time and dose 

dependent [17]. In horses, fumonisins are neurotoxic, causing equine 
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leukoencephalomalacia (ELEM, [18]). Cattle and poultry are reportedly less sensitive 

to fumonisins than other species [19]. Due to these adverse health effects, the EFSA 

panel on contaminants in the food chain reviewed available data on fumonisins in 

various species and published the following conclusions: in pigs and horses, the lowest 

observed adverse effect level (LOAEL) of FB1 was identified as 0.2 mg/kg body weight 

(BW)*d, defined as the lowest trigger of fumonisin-related changes in Sa/So ratio of 

pigs or neuronal aberrations in horses [20]. Lung lesions typical for PPE and their 

clinical representation are reported to be mainly linked to a hydrothorax and alterations 

in the heart and circulatory system [17]. In contrast, LOAEL in adult ruminants and 

poultry chicks are much higher, set at 2.4 mg/kg BW*d and 2.0 mg/kg BW, respectively. 

In the last decade, many studies were conducted examining chronic fumonisin 

exposure [6,8,21,22], but still only little is known about acute fumonisin intoxication in 

pigs [17,23], in particular with respect to its impact on animal health and biomarker 

development.  

Due to the detrimental effects of mycotoxins, several strategies have been 

developed for the prevention of fungal growth and the detoxification of mycotoxins in 

food and feed [1]. One decontamination strategy employs the use of a 

carboxylesterase (FumD) as feed additive for the transformation of FB1 to its 

biologically inactive metabolite, hydrolyzed FB1 (HFB1), in the gastrointestinal tract as 

proven under chronic exposure conditions [24]. However, acute exposure scenarios 

might occur with abrupt changes between different feed batches. Thus, the aim of the 

present experiment was to examine the effects of an acute oral fumonisin exposure, 

either in the absence or presence of FumD, on indicators of fumonisin toxicity such as 

respiratory impairment, hematology, clinical biochemistry, as well as fumonisin 

biomarkers. Besides the commonly used biomarker Sa/So-ratio we also intended to 

investigate their phosphates as they’ve been also recently proposed as potential 

biomarkers [25]. This study was conducted in the frame of an investigation on 

toxicokinetics and metabolism of fumonisins and thus included also intravenous 

application of FB1 and its fully-hydrolyzed form, HFB1. The two latter substances 

functioned as references for a complete (100%) systemic bioavailability in the 

experimental setup along the oral fumonisin administration, considering the generally 

poor bioavailability of fumonisins in pigs [23,26].  
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2. Results 

2.1. Sphingoid Bases and Their Ratio in Blood and Cerebrospinal Fluid  

Serum levels of sphinganine (Sa) and sphingosine (So) were measured in a time 

dependent manner and their ratio was calculated, serving as a biomarker for fumonisin 

exposure in pigs (Figure 1). Groups CON and HFB1iv showed consistently low and 

unaltered Sa/So ratios throughout the entire experimental period, whereas for FB1iv 

and FUMpo an increase in their ratios was observed, which proved to be significantly 

higher after 24 h. For both FB1-exposed groups the Sa/So ratio was still elevated and 

did not decline until the end of the experiment. The rise in Sa/So ratio was primarily 

caused by a time-dependent increase in sphinganine concentration upon FB1-

exposure, whereas sphingosine changes were only of minor importance.  

Levels of sphingoid bases and their ratio detected in the enzyme-treated pigs of 

group FumDpo, were comparable to those of CON and HFB1iv groups, with no 

alteration during the course of experiment. The contrasting time kinetics of sphinganine 

and Sa/So ratio between fumonisin groups FB1iv and FUMpo on one hand and groups 

CON, HFB1iv, and FumDpo on the other hand were the reason for the highly significant 

interaction between group and time.  

Levels of sphinganine-1-phosphate (Sa-1-P) and sphingosine-1-phosphate (So-1-

P) in whole blood were also measured in a time dependent manner and their ratio was 

calculated (Figure 2). The response to FB1-exposure, either iv or po, was comparable 

to that of the precursors sphinganine and sphingosin: a significant increase in Sa-1-P 

and therefore in the Sa-1-P/So-1-P ratio with no alteration of So-1-P except for a time 

effect. However, it is noteworthy that actual phosphate levels were multiple times 

higher than Sa (Sa-1-P ~180 fold) and So (So-1-P ~30 fold) and thus the resulting 

biomarker Sa-1-P/So-1-P ratio was also approximately 4-fold higher. Again, treatment 

with FumDpo was capable of preventing any alterations in sphingoid base phosphate 

levels. 

Additionally, Sa and So were measured in Liquor cerebrospinalis at the end of the 

experiment at 120 h and their respective ratio was calculated (Figure 3). Similar ratios 

to those in blood were determined for each of the treatments, with significantly elevated 

ratios in groups FB1iv and FUMpo compared to CON, HFB1iv, and FumDpo.  
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Figure 1. Serum concentration of sphinganine (Sa, figure a), sphingosine (So, 

figure b), and the respective calculated Sa/So ratio (figure c) during the course 

of the experimental period until 120 h post-toxin application. Data represent 

LSmeans (±SEM; n = 6/group) and statistical main effects were distributed as 

follows: (a) Sa: pgroup < 0.001, ptime < 0.001, pgroup × time < 0.001; (b) So: pgroup = 

0.018, ptime < 0.001, pgroup × time = 0.166; (c) Sa/So ratio: pgroup < 0.001, ptime < 

0.001, pgroup × time < 0.001. CON: control; FB1iv: 139 nmol FB1/kg·BW−1; 

HFB1iv: 139 nmol HFB1/kg·BW−1; FUMpo: 120 mg FB1 + 48 mg FB2 + 14 mg 

FB3/kg diet; FumDpo: 120 mg FB1 + 48 mg FB2 + 14 mg FB3/kg diet and 240 

U fumonisin esterase/kg diet). 
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Figure 2. Concentration of sphinganine-1-phosphate (Sa-1-P, figure a), 

sphingosine-1-phosphate (So-1-P, figure b), and the respective calculated Sa-

1-P/So-1-P ratio (figure c) in whole blood during the course of the experimental 

period until 120 h post-toxin application. Data represent LSmeans (±SEM; n = 

6/group) and statistical main effects were distributed as follows: (a) Sa-1-P: 

pgroup < 0.01, ptime < 0.001, pgroup × time = 0.043; (b) So-1-P: pgroup = 0.542, ptime 

< 0.01, pgroup × time = 0.833; (c) Sa/So ratio: pgroup < 0.001, ptime < 0.001, pgroup × 

time < 0.001. CON: control; FB1iv: 139 nmol FB1/kg·BW−1; HFB1iv: 139 nmol 

HFB1/kg·BW−1; FUMpo: 120 mg FB1 + 48 mg FB2 + 14 mg FB3/kg diet; 

FumDpo: 120 mg FB1 + 48 mg FB2 + 14 mg FB3/kg diet and 240 U fumonisin 

esterase/kg diet). 
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Figure 3. Calculated Sa/So ratio in cerebrospinal fluid at the end of the 

experimental period (120 h). Data represent LSmeans (±SEM) and statistical 

main effect was pgroup = 0.031. Columns with unlike superscripts are 

significantly different from each other (post hoc Student’s t-test, p < 0.05). 

CON: control; FB1iv: 139 nmol FB1/kg·BW−1; HFB1iv: 139 nmol 

HFB1/kg·BW−1; FUMpo: 120 mg FB1 + 48 mg FB2 + 14 mg FB3/kg diet; 

FumDpo: 120 mg FB1 + 48 mg FB2 + 14 mg FB3/kg diet and 240 U fumonisin 

esterase/kg diet). Columns with unlike superscripts (a, b) are significantly 

different from each other. 

2.2. Clinical Examination and Physiology 

2.2.1. Respiratory System 

At slaughter, neither macroscopic alterations in the lungs nor differences in the 

relative lung weight (LSmeans: CON = 9.78 g/kg BW, FB1iv = 9.66 g/kg BW, HFB1iv 

= 10.03 g/kg BW, FUMpo = 10.61 g/kg BW, FumDpo = 10.87 g/kg BW) were detected 

due to treatment (pgroup = 0.909). Lung tissue from both lungs was sampled after 

slaughter at 120 h post toxin application, formalin-fixed, and HE-stained for further 

analysis (Figure 4). Specialized software (HaloTM image analysis system) was used to 

determine the proportion of tissue and airways in each histological specimen (Figure 

5): lung tissue comprised ~68% and airway ~32% of the total lung area measured. 

Statistical evaluation showed no significant differences between treatments for either 

tissue or airway proportion. There was no indication of edema fluid present in airways 

in fumonisin-treated animals. 
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Figure 4. Example of HE-stained, FFPE lung tissue used for quantification of 

tissue and airway percentage (pig 22, FUMpo). No marked histological lesions 

are present. 

 

Figure 5. Analysis of lung tissue using HaloTM image analysis software (Indica 

Labs, Inc., Corrales, NM, USA, 2015), determining tissue and airway 

proportion of the histological specimen. Data represent LSmeans (n = 6/group) 

and statistical main effects were distributed as pAirway = 0.926 and pTissue = 

0.926. CON: control; FB1iv: 139 nmol FB1/kg·BW−1; HFB1iv: 139 nmol 

HFB1/kg·BW−1; FUMpo: 120 mg FB1 + 48 mg FB2 + 14 mg FB3/kg diet; 

FumDpo: 120 mg FB1 + 48 mg FB2 + 14 mg FB3/kg diet and 240 U fumonisin 

esterase/kg diet). 
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2.2.2. Clinical Examination  

All animals appeared clinically inconspicuous during the entire experimental 

period. Respiratory rate, heart rate, and body temperature were evaluated in time and 

results are shown in Table 1. Respiratory rate was influenced by time, whereby the 

rate increased significantly in pigs of all groups from base levels (t = 0) until 96 h after 

treatment and then decreased again at 120 h. However, respiratory rate at 120h was 

still significantly higher than base levels (post hoc Student’s t-test: base level at t = 0 

vs. 24, 48, 72, 96, and 120 h, p < 0.01). Moreover, respiratory rate tended to be also 

affected by treatment (p = 0.053) due to the slightly higher respiratory rate in group 

FB1iv. Heart rate displayed no significant main effects or interactions. Body 

temperature displayed only a significant time effect, slightly increasing from the 

beginning to the end of the experiment. All clinical parameters were within their 

respective physiological ranges. 

The cumulative clinical score (CCS) represented the entity of nine scored 

symptoms such as consciousness, respiratory (besides respiratory rate) and 

cardiovascular system likely to be induced by the administered experimental 

treatments. There was no statistical difference between treatments (p = 0.903) and the 

very low mean CCS of 6 also indicated no alteration of animal health as such. In 

comparison, a maximum CCS of 130 would have been potentially achieved in animals 

with most pronounced clinical symptoms in each category.  
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Table 1. Respiratory rate, heart rate, and rectal temperature presented as 

pooled LSmeans of times (h relative to toxin application) or groups (n = 

6/group). 

Time after Toxin 

Application (h) 
Group 

Respiratory 

Rate 

(Breaths∙min−1) 

Heart Rate 

(Beats∙min−1) 

Rectal 

Temperature 

(°C) 

…. CON 33  82  39.3  

…. FB1iv 39  78  39.2  

…. HFB1iv 35  75  39.3  

…. FUMpo 32  76  39.2  

…. FumDpo 34  68  39.2  

0 …. 27  78  38.7 

24 …. 32  73  39.2  

48 …. 35  76  39.4  

72 …. 38  82  39.3  

96 …. 41  77  39.5 

120 …. 35  69  39.3  

Main effects, p-values (F-test) 

Group  0.053 0.093 0.349 

Time  <0.001 0.187 <0.001 

Group×Time  0.903 0.979 0.923 

PSEM §  ±2 ±4 ±0.1 

§ pooled standard error of LSmeans. 

2.2.3. Red Blood Cell Count (RBCC) 

In RBCC, significant time effects (ptime < 0.05) were detected in all parameters with 

the exception of PDW, but fluctuations within groups were all within their respective 

physiological range (Table S1). No effect of treatment alone was apparent between 

the groups, but a significant group–time interaction was detected for MCH, MCHC, and 

PCT (pgroup*time < 0.05). However, this was also in the respective physiological range. 

2.2.4. White Blood Cell Count (WBCC) 

Total leukocyte counts (Table S2) varied also significantly over time (ptime < 0.001), 

increasing 6 h after treatment in all groups, then decreasing and elevating again at the 

end of the experiment. Furthermore, statistical analysis revealed a significant time–

group interaction for all leukocyte subtypes such as lymphocytes, neutrophils (Figure 
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S2), monocytes, eosinophils, and basophils (Table S2). Although RBCC parameters 

were statistically significant, changes were within the physiological ranges. 

2.2.5. Clinical Biochemistry 

Albumin, alkaline phosphatase, γ-glutamyl-transferase, urea, and triglycerides 

revealed only a significant time effect, whereas for bilirubin and aspartate-amino-

transferase, no significant differences were observed (Table 2). Treatment did not 

influence these parameters, but for albumin there was a tendency for a group–time 

interaction. This might be attributed to lower albumin values at 24 h in group FB1iv 

(LSmeans: 31.9 vs. 36.8 g/L) and at 96 h for FUMpo (LSmeans: 33.3 vs. 37.7 g/L), 

whereas for all other times and treatments no changes were detectable. 

Table 2. Clinical biochemistry. 

Time after 

Toxin 

Application 

(h) 

ALB 

(g/L) 

19–39 † 

ALP 

(U/L) 

<170 † 

BILI 

(mg/dL) 

<0.25 † 

γGT 

(U/L) 

<45 † 

AST 

(U/L) 

<35 † 

UREA 

(mg/dL) 

20–50 † 

TRI 

(mg/dL) 

<44 † 

0 36.54 127.00 0.16 33.73 n.m. ‡ 15.47 19.55 

6 37.34 113.52 0.15 32.30 24.63 16.94 29.24 

12 36.81 108.76 0.17 30.77 21.80 16.95 24.86 

24 35.84 105.32 0.16 32.04 22.59 15.18 26.71 

48 36.64 102.65 0.16 34.09 22.28 16.91 27.27 

72 37.58 109.15 0.16 33.32 22.14 16.90 31.14 

96 36.85 108.72 0.16 34.46 25.61 17.14 30.43 

120 39.04 107.25 0.16 37.03 26.99 17.51 28.49 

Main effects (F-test p-value) 

Group 0.206 0.890 0.740 0.390 0.943 0.355 0.657 

Time <0.001 <0.001 0.399 <0.001 0.600 0.034 <0.001 

Group×Time 0.055 0.271 0.631 0.263 0.130 0.919 0.901 

PSEM § ±0.50 ±4.11 ±0.01 ±0.92 ±2.82 ±0.62 ±1.58 

Data are presented as pooled LSmeans for all groups over time. ALB = albumin; ALP 

= alkaline phosphatase; BILI = bilirubin; γGT = gamma-glutamyl-transferase; AST = 

aspartate-amino-transferase; TRI = triglycerides. † Reference values according to 

Kraft and Dürr [27]; ‡ omitted from statistical evaluation due to technically caused 

missing values; § PSEM pooled standard error of means. 

Significant differences for group and time were obtained for total cholesterol 

(Figure 6a) and a marked trend for an interaction of group–time was also observed. 
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The impact of group was primarily reflected in elevated values for FUMpo compared 

to the other groups (CON: 67.94a, FB1iv: 70.48abc, HFB1iv: 70.68ab, FUMpo: 73.40b, 

FumDpo: 65.50c mg/dL; post hoc Student’s t-test p < 0.05), whereby the most 

pronounced difference was apparent to the enzyme-treated group FumDpo (post hoc 

Student’s t-test, p < 0.001). The tendency for an interaction could be mainly attributed 

to the divergent time kinetics of FUMpo and FumDpo: the former indicated a slight 

increase in cholesterol from 12 to 72 h, whereas the latter evinced an early drop at 12 

h and a slow return to near base levels until 120 h. Group FB1iv numerically displayed 

a similar pattern to FUMpo, but less pronounced.  

In total protein (Figure 6b), similar significant effects were found for group and time, 

whereas no significant interaction was detectable. The impact of group was mainly due 

to a lower protein level in group FumDpo (CON: 49.72ab, FB1iv: 51.79a, HFB1iv: 

50.95a, FUMpo: 50.45a, FumDpo: 46.93b g/L; post hoc Student’s t-test p < 0.05). Over 

the total experimental time there was an increase in serum protein in all groups (pooled 

LSmeans 0 vs. 120 h: 46.63 vs. 56.24 g/L). 

 

Figure 6. Development of serum (a) total cholesterol and (b) total protein in 

pigs allocated to one of five treatments. Data represent LSmeans (±SEM, n = 

6/group) and statistical main effects were distributed as follows: (a) pgroup = 

0.039, ptime < 0.001, pgroup×time = 0.060 (b) pgroup = 0.027, ptime < 0.001, pgroup×time 

= 0.345. Reference values for total cholesterol: 77–128 mg/dL (Kraft and Dürr 

[27]) and total protein: 49.6–72.4 g/L (Kixmöller [28]) for German Landrace 

pigs. CON: control; FB1iv: 139 nmol FB1/kg·BW−1; HFB1iv: 139 nmol 

HFB1/kg·BW−1; FUMpo: 120 mg FB1 + 48 mg FB2 + 14 mg FB3/kg diet; 

CON HFB1ivFB1iv FUMpo FumDpo
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FumDpo: 120 mg FB1 + 48 mg FB2 + 14 mg FB3/kg diet and 240 U fumonisin 

esterase/kg diet). 

3. Discussion 

The objective of our trial was to investigate the effect of an oral single-dose 

fumonisin exposure on animal health with special emphasis on the respiratory tract 

and the biomarker Sa/So ratio, in the absence or presence of the fumonisin esterase 

FumD. This study was conducted in the frame of an investigation on toxicokinetics and 

metabolism of fumonisins and thus [26] intravenous applications of FB1 and HFB1 were 

also employed. 

As shown in previous studies [29], FB1 disrupts sphingolipid metabolism and 

causes an increase in the Sa/So ratio. In our study, the Sa/So ratio in serum was 

significantly elevated 24 h post dosing in both FB1 administered groups—po and iv 

application—and this elevation continued to the end of the experimental period at 120 

h. We detected no statistical differences in the temporal sequence of the biomarker 

after po or iv fumonisin application. Dilkin et al. [17] reported the first significant 

increase in blood Sa/So ratio after 6 h and the peak Sa/So ratio at 12 h post treatment 

after a single-dose administration of FB1. This ratio was still elevated 96 h after FB1 

administration and a decline was not observed. Similarly, in our study, we also detected 

an increased Sa/So ratio until the end of the experiment (120 h) without an indication 

for a decline. The earlier increase in the Sa/So ratio reported by Dilkin et al. [17] 

compared to our study might be explained by the 2-fold higher FB1 dosage 

administered by Dilkin and co-workers (5 mg vs. 2.4 mg FB1/kg BW in our study), 

supporting the reported dose-dependency of the biomarker described by others [29]. 

Another contributing factor in the earlier rise of the biomarker was likely the toxin 

application in fasted pigs via oral gavage in contrast to our study where fumonisin was 

administered on top of the morning feed. It can be assumed that toxin absorption in 

fasted animals is much faster accomplished compared to fed animals, resulting in an 

earlier response of the sphingoid bases. Riley and colleagues [29] reported a good 

relationship between animal’s exposure to dietary fumonisins (FB1 + FB2) and Sa/So 

ratio in blood as higher fumonisin concentrations and longer exposure both resulted in 

a near-linear increase of the biomarker. The authors reported a significant increase in 

serum Sa/So ratio for 5 mg FB1 + FB2/kg diet (ranging approximately from ~0.29 to 



 PAPER II  

 
 

 

 
77 

 

0.49 mg/kg BW) after 14 days and for 39 mg/kg diet (ranging approximately from ~2.7 

to 5.2 mg/kg BW) after 5 days of exposure [29]. In this assumption, we estimated a 

daily weight gain of 300 g per animal, whereby the latter dosage corresponded 

approximately to the toxin exposure in our own study and also elicited a comparable 

serum Sa/So ratio. Although there were no earlier times analyzed in the cited study 

one could assume an earlier rise of the ratio than 5 days. In a study with weaning 

piglets chronically fed 2 mg FB1 + FB2/ kg diet with or without 60 U FumD/kg diet for 

42 days it was shown that FumD degraded FB1 to HFB1 in the gastrointestinal tract [8]. 

Accordingly, in our study, the Sa/So ratio in serum of the FumDpo group was not 

significantly different from the control indicating detoxification of FB1 by FumD. This 

detoxification was evident in a reduced bioavailability of FB1 and a shift in urine and 

feces towards HFB1, confirming the predictability of the Sa/So ratio as a valid 

biomarker [26].  

In cerebrospinal fluid we detected significantly higher Sa/So ratios 120 h post 

dosage in FB1iv and FUMpo groups compared to CON, HFB1iv, and FumDpo groups, 

comparable to the ratio calculated in blood samples. Such an increase in Sa/So ratio 

was reported in the forebrain of 2-day old rat pups [30] injected subcutaneously a single 

dose of either 0.8 or 8 mg FB1/kg BW. This dose-dependent elevation was already 

detected after 3 h, continued rising until 24 h, and was primarily caused by an increase 

in sphinganine levels. FB1 concentrations showed an inverse development to the 

Sa/So ratio in brain and plasma, decreasing continuously already from 3 h post-

injection. The detection of FB1 in brain tissues, albeit in very low concentration, was 

also reported in growing pigs fed 45 mg FB1/kg diet for 10 days [31] or treated with a 

single-dose application of 14C-labelled FB1 intravenously or intragastrically [23]. 

However, in growing mice, this increase of sphinganine in the brain after fumonisin 

exposure was less evident [32]: mice were injected either 10 or 100 µg FB1/animal 

subcutaneously for 7d and only in cortex of high-dose mice a significant sphinganine 

rise was shown, whereas the variation in the low-dose group was too high for any 

statistical effect. All other regions (midbrain, cerebellum, medulla oblongata) showed 

no change in sphinganine at all. Only FB1 infusion directly into the lateral ventricle of 

the brain showed for both dosages significant increases in sphinganine levels in most 
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brain regions analyzed. This illustrates that on one hand age or developmental stage 

of the animal and on the other hand exposure scenario of FB1 are crucial in this context.  

We suggest the following possible explanations for an elevated Sa/So ratio in 

cerebrospinal fluid in our study: (1) FB1 could cross the blood brain barrier (BBB), 

interfering with or depleting the myelin sheath and thereby elevating the Sa/So ratio in 

liquor. The studies cited above support this notion, but the FB1 level in Liquor 

cerebrospinalis was below the limit of detection (LOD < 1 ng/mL) in our study after 120 

h. However, this might indicate that already trace amounts of fumonisin crossing the 

BBB can yield a reaction, i.e., a rise in Sa/So ratio in the central nervous system or that 

there’s a considerable time lag between relevant levels of FB1 crossing the BBB and 

the reaction in sphingoid bases. As we could not obtain any cerebrospinal fluid before 

120 h, we cannot answer this question conclusively. (2) FB1 might elicit a second 

messenger response in attaching to BBB-structures on the blood side, mediating a 

biomarker increase in Liquor cerebrospinalis. (3) Both sphingoid bases present in the 

circulatory system might simply cross the BBB and thus increase the Sa/So ratio in 

Liquor cerebrospinalis, because neutral, lipophilic substances with low molecular 

weight such as sphingoid bases diffuse easily over cell membranes [33]. In our study, 

a significant positive correlation (r = 0.4, p = 0.032) between Sa/So ratio in blood and 

cerebrospinal fluid 120 h after toxin application was calculated and might support this 

assumption.  

The inhibition of ceramide synthase (CerS) as proposed mode-of-action of FB1 in 

animals [10] would affect two pathways of sphingolipid metabolism: the ceramide de 

novo synthesis with the enzymatic conversion of sphinganine (=dihydrosphingosine) 

to dihydroceramide and the salvage pathway, in which sphingosine, available from 

sphingolipid degradation, is re-acylated to ceramide [34]. The blockage of the de novo 

synthesis would result in higher levels of sphinganine, which would not be further 

converted into ceramide. This is supported by our data on blood sphingoid bases with 

a rise in sphinganine and hardly any change in sphingosine. Furthermore, the 

downstream conversion of both bases into their phosphates Sa-1-P and So-1-P via 

sphingosine kinases corresponds to the development of their precursors, i.e., 

increased Sa-1-P and no changes in So-1-P in blood. An inhibition of CerS in the 
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salvage pathway should result in an increase of sphingosine as it would not be acylated 

into ceramide. 

The second option (attachment FB1 on BBB, eliciting second messenger 

responses) can be neither proven nor rejected based on data generated in our 

experiment. However, instead of FB1 itself, it is conceivable that 

sphingosine/sphinganine-1-P (S-1-P) might act on the BBB (among other tissues). S-

1-P was already reported to elicit a G-protein coupled second messenger response in 

various tissues such as the vascular, nervous, or immune system [35,36]. 

The species-specific clinical symptoms, in particular the affinity to the respiratory 

tract in pigs in contrast to the central nervous system in horses, is still in need of 

clarification. In our experiment, pigs were mainly clinically inapparent throughout the 

entire trial period and the histology of lung tissues showed no differences in airway to 

tissue proportion, a first indicator for potential lung edema, in response to fumonisin 

exposure, either. However, besides significant time effects in respiratory rate and body 

temperature of the animals, irrespective of treatment and most likely due to the 

excitement initiated by the experimental handling, the respiratory rate tended to be 

higher in the FB1iv group compared to the FUMpo group. Whether this finding is indeed 

a reflection of the low oral bioavailability of 3.1% [26] and of an acute toxic effect due 

to a 100% fumonisin bioavailability after iv administration cannot conclusively be 

answered. Fodor and co-workers [37], who administered similar fumonisin dosages to 

those we used, detected no clinical alterations, either. In contrast, Dilkin and 

colleagues [17] reported clinical alterations such as lethargy, ruffled coat, increased 

heart and respiratory rate, reduced water and feed intake, and preferred lateral 

recumbency from day two onwards after a single-dose exposure. One explanation for 

this difference in results could be the administration of double the dose in the Dilkin 

trial compared to our experiment. This dose-response issue is also highlighted in 

chronic exposure studies: Colvin et al. [38] dosed male pigs (n = 3) with 32 mg FB1/kg 

BW*day via oral gavage and pigs developed severe clinical signs such as feed refusal 

and pulmonary edema within 3 days. Riley et al. [29] reported also a clear dose-

response of fumonisin toxicity with hepatic injury characterized by significantly elevated 

biochemical parameters (AST, ALT, γ-GT, ALP) and histological damage (hepatocyte 

cord disorganization, single cell necrosis, inflammation) starting from 101 mg to 175 
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mg FB1 + FB2/kg feed*d (corresponding to ~6.7 and 11.7 mg FB1 + FB2/kg BW*d), 

although liver histopathology already showed tissue damage in some pigs at 39 mg 

FB1 + FB2/kg feed*d. Respiratory distress appeared only at the highest fumonisin 

exposure with 175 mg FB1 + FB2/kg feed*d starting at day 4 to 7 after onset of exposure 

and was confirmed histologically as severe pulmonary interstitial edema. As in our 

study, we estimated similar doses it can be assumed that time of exposure makes a 

difference in damage just as dosage level makes a difference in target organs. This 

was also confirmed by Motelin et al. [39] who applied fumonisin to male castrated 

cross-bred pigs (6–13 kg BW) for 14 days. In that study, only pigs fed the highest dose 

(175 mg/kg feed ~17.5 mg FB1 + FB2/kg BW*d) showed respiratory distress with 

pulmonary edema and pleural effusion after mycotoxin intake of 4 to 6 days and 

changes in clinical biochemistry. In the other groups, only histopathological evidence 

of hepatic injury was present in pigs fed diets ≥23 mg FB1 + FB2/kg BW*d.  

The impact of FB1 on clinical-biochemical parameters, indicative for potential 

damage to organs such as liver and kidneys, was also observed in our study. We 

detected statistical differences in cholesterol levels between FUMpo and FumDpo 

group with an increased level in the orally treated fumonisin group. An elevation of total 

blood cholesterol in FUMpo pigs could be caused by FB1-induced liver tissue damage, 

which was already described in the literature [17,37]. However, in our study, the 

observed alterations were well within the physiological range, thus the biological 

relevance in terms of an impaired animal health might be debatable. The effect of 

fumonisins on cholesterol has been described previously: Dilkin et al. [17] reported a 

significant increase in cholesterol 96 h after oral dosage of 5 mg FB1/kg BW, albeit also 

in the physiological range. However, in contrast to their observations, in our experiment 

we did not detect any fumonisin-related increases in ALP and AST. Gelderblom and 

co-workers also described a significant increase of cholesterol after 21 days of feeding 

250 mg FB1/kg to rats [40] and Rotter and colleagues detected an increase of 

cholesterol after administering low fumonisin doses (1 mg FB1/kg) to swine in the 

fattening phase until reaching market weight [41]. A recent study on the organ-specific 

impact of fumonisin [42] demonstrated among others the contrasting effect of 

fumonisin on ceramide and sphingomyelin levels in liver and lungs, accompanied by 

an increase in blood cholesterol after 9 days of oral treatment with 1.5 mg FB1/kg BW: 
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in liver tissue, d18:1 ceramide levels increased and conversely most sphingomyelin 

species decreased, whereas the situation was opposite in lungs. Both compounds are 

usually transported in high-density lipoproteins (HDL) in blood [43] and should 

therefore be a part of the total cholesterol measurement. Thus, it is conceivable that 

the commonly detected increase in blood cholesterol in fumonisin-exposed pigs, such 

as in group FUMpo in our trial, is due to the change in ceramides and sphingomyelins 

in liver and lungs being exported from the cells into the blood circulation.  

As discussed above, fumonisins are known to affect the sphingolipid metabolism 

whereby cell membranes and cellular function might be affected which might also be 

relevant for blood cells. Although for both red (RBCC) and white blood cell counts 

(WBCC), significant time effects as well as interactions were observed in our study, 

these were all in their respective physiological range and without a directed impact of 

actual treatment. Literature findings also suggest no relevant effect of single-dose 

fumonisin administration on white blood counts. Dilkin et al. [17] reported no red and 

white blood cell count alterations after single oral dose of 5 mg FB1/kg BW (culture 

material) in pigs. Likewise, Prelusky et al. who conducted a study administering single 

doses of 0.5 mg 14C-labelled FB1/kg BW per oral and 0.4 mg 14C-labelled FB1/kg BW 

iv to pigs also failed to detect alterations in red or white blood cells counts. 

In summary, in our experimental setup with a single-dose fumonisin exposure, the 

biomarker Sa/So ratio was significantly elevated from 24 h onwards, irrespective of 

route of administration (po or iv), and remained elevated in serum until the end of the 

experiment at 120 h. This rise in ratio was solely due to a marked elevation of 

sphinganine. Also, their phosphates (Sa-1-P, So-1-P, ratio) showed the same 

development, pointing towards the inhibition of de novo ceramide synthesis. Although 

the Sa/So ratio in cerebrospinal fluid at 120 h was also raised in fumonisin-treated pigs, 

the underlying mechanisms still require further elucidation. With the applied dose, no 

clinical symptoms and no histological alterations in lung tissue were detected. The 

administration of fumonisin esterase FumD as feed additive prevented an elevation of 

the biomarker, supporting our data on the fumonisin conversion into its fully-hydrolyzed 

metabolite.  
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4. Materials and Methods  

The experiment was conducted according to the European Community regulations 

concerning the protection of experimental animals and the guidelines of the German 

Animal Welfare Act and was approved by the Lower Saxony State Office for Consumer 

Protection and Food Safety (33.92-42502-04-13/1153, date of approval: 11.07.2013).  

4.1. Animals, Housing, and Diets 

The study was accomplished using 31 barrows (10 weeks old at the start of 

experiment; German Landrace, Mariensee, Germany), housed individually and fed 700 

g of a barley-based diet two times daily for the entire duration of this experiment, 

formulated to meet or exceed requirements according to GfE recommendations (Table 

3). Pigs were kept individually in floor pens for 21 days and thereafter moved to 

metabolism crates facilitating blood sampling in the subsequent experimental period. 

After four days of adaption in metabolism crates (body weight [BW]: 34.4 kg ± 2.7 kg), 

pigs were fasted overnight and surgically equipped with indwelling venous catheters 

(Silastic®, Medical Grade Tubing. 1.57 mm ID × 3.18 mm OD, Dow Corning, Midland, 

MI, USA) in both Venae jugulares externae as previously described [44]. Then, animals 

had one day for recovery until treatments and sampling period started (Figure 7). 

Catheters were flushed regularly with heparinized saline solution (2 mL heparin/500 

mL physiological saline) to ensure patency. 
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Table 3. Composition of basal diet. 

Ingredients (g/kg) 

Barley 745 

Soybean meal 190 

Soybean oil 25 

HCl-lysine 5 

DL-methionine 3 

L-threonine 2 

L-tryptophan 1 

Mineral and vitamin premix 1 30 

Analyzed composition 

Dry matter (DM, %) 90.1 

Crude protein (g/kg DM) 182.7 

Crude fat (g/kg DM) 42.3 

Crude fibre (g/kg DM) 43.5 

Crude ash (g/kg DM) 65.9 

Aflatoxin B1, B2, G1, G2 (LOQ < 0.2 μg/g) 2 <LOD 

Fumonisin B1 and B2 (LOQ < 20 μg/g) 2 <LOD 

1 provided per kg premix: crude ash 90%, Ca 24.5%, P 6%, Na 5.5%, Mg 1%, Fe 4000 

mg, Cu 1000 mg, Mn 2000 mg, Zn 4000 mg, I 50 mg, Se 15 mg, Co 20 mg, vitamin A 

400,000 I.U., vitamin D3 40,000 I.U., vitamin E 1200 mg, vitamin B1 37.5 mg, vitamin 

B2 100 mg, vitamin B6 100 mg, vitamin B12 750 mg, vitamin K3 52.5 mg, nicotinic acid 

500 mg, pantothenic acid 337.5 mg, choline chloride 5000 mg. 2 analyzed by Romer 

Labs GmbH. 

4.2. Experimental Setup 

The experimental setup (Figure 7) was described earlier [20]. Briefly, animals were 

allocated to one of five single-dose treatments (Table 4) with a subsequent sampling 

period of 120 h. For both oral treatments (FUMpo, FumDpo), culture material of 

Fusarium verticillioides (Romer Labs GmbH, Tulln, Austria) and for FumDpo a 

fumonisin esterase preparation (FUMzyme®, BIOMIN, Tulln, Austria) were applied on 

top of the basal diet. Samples of FUMpo and FumDpo morning rations were analyzed 

by HPLC-MS/MS and contained 80.9 ± 6.9 mg FB1, 33.2 ± 3 mg FB2, 6.1 ± 1.9 mg 

FB3/kg feed in both contaminated rations (Romer Labs GmbH, Tulln, Austria). 
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Table 4. Experimental setup. 

Group Fumonisin Application Dose 

(nmol·kg·BW−1) 

Fumonisin 

Esterase 

(U/kg Feed) 

n 

CON 0.9% NaCl iv - - 6 (+1 ‡) 

FB1iv 100 µg FB1/kg BW iv ◊ 139 FB1 - 6 

HFB1iv 56.2 µg HFB1/kg BW iv ◊ 139 HFB1 - 6 

FUMpo culture material 3377 FB1 
† 

1367 FB2 
† 

584 FB3 
† 

- 6 

on top of morning ration, po 

(calculated: 120 mg FB1 + 

48 mg FB2 + 14 mg FB3/kg 

diet), 0.9% NaCl iv 

FumDpo culture material 3321 FB1 
† 

1344 FB2 
† 

575 FB3 
† 

240 6 

on top of morning ration, po 

(calculated: 120 mg FB1 + 

48 mg FB2 + 14 mg FB3/kg 

diet), 0.9% NaCl iv 

◊ FB1 standard provided by Romer Labs GmbH, Tulln, Austria; HFB1 standard 

prepared as described in Hahn, et al. [45] † Calculation: based on analysis of culture 

material (Romer Labs GmbH, Tulln, Austria) and animals’ body weight (BW) at time 

of application. ‡ One pig in CON removed its venous catheter and thus blood sampling 

was obtained for this individual. 

Serial blood samples were collected until 120 h after treatments (Figure 7). Clinical 

examination of each pig was performed once before implementation of treatments 

(base level, day 27, Figure 7) and then subsequently every day prior to morning 

feeding. At 120 h post treatment (day 31), pigs were weighed and then sacrificed by 

exsanguination following electrical stunning. Organ weights were recorded and fluid 

(bile, Liquor cerebrospinalis) and lung tissue samples collected for analysis.  



 PAPER II  

 
 

 

 
85 

 

 

Figure 7. Experimental Design. The trial lasted for 31 days in total. On day 25, 

pigs were surgically equipped with indwelling venous catheters (left and right 

jugular vein), followed by a recovery day. During morning feeding on day 27, 

animals were exposed to oral or intravenous single-dose treatment. Blood 

samples, indicated by red arrows in panel 3, were taken over a period of 120 

h for analyses of biochemical parameters, red and white blood cell count and 

Sa/So analysis. Moreover, clinical examinations (indicated by stethoscope) 

were performed on day 27 before toxin application and then every 24 h (6 

times in total). 

4.3. Measurements and Analyses 

4.3.1. Clinical Examination 

Twelve clinical symptoms characterized as possibly associated with fumonisin 

exposure were examined in a time kinetic manner and nine of them were scored as 

detailed in Table 5. Clinical scored symptoms were summarized as a cumulative 

clinical score (CCS) whereby a maximum of 26 points, denoting the worst clinical 

presentation, were possible at each time. The remaining three symptoms, respiratory 

rate, heart rate, and body temperature, were evaluated separately as they were 

measured rather than scored. 
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Table 5. Cumulative clinical score (CCS) was calculated from all scores of 

each clinical examination performed over the whole observation period.  

Clinical Symptom Manifestation Score 

Consciousness 

unaltered 0 

slightly limited: listless 1 

medium limited: somnolent 2 

highly limited: stupor 3 

comatose 4 

Behavior 

unaltered 0 

smacking 1 

retching/vomiting 2 

gnashing of teeth 3 

Central nervous system 

unaltered 0 

nystagmus 1 

shivering 2 

spasms 3 

Grand Mal seizure 4 

Coat 
unruffled, smooth 0 

ruffled 1 

Skin 

unmodified 0 

skin alterations 1 

skin surface injured 2 

Respiratory difficulties 

none 0 

mild labored breathing 1 

medium labored breathing 2 

severe labored breathing 3 

open-mouth breathing 4 

Conjunctivae 

physiological (pink) 0 

(rose) red 1 

red 2 

cyanosis 3 

anemic 4 

Episcleral vessels 

physiological 0 

slightly injected 1 

medium injected 2 

highly injected 3 

Intestinal symptoms 
none 0 

present 1 

Maximum CCS per time 26 

Maximum CCS (5 times x CCS) 130 
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4.3.2. Red and White Blood Cell Counts (RBCC, WBCC) and Differential Leukocyte 

Count 

Blood samples (taken immediately before and 6, 12, 24, 48, 72, 96, and 120 h after 

treatment; EDTA Monovette®, Sarstedt AG & Co., Sarstedt, Germany) were analyzed 

by an automated hematology system (Celltac MEK 6400, Nihon Kohden Europe 

GmbH, Rosbach, Germany) for RBCC and total leukocyte counts immediately after 

sampling. Additionally, blood smears were prepared (in duplicate), air-dried, stained 

according to PAPPENHEIM as described earlier [44], and analyzed using bright field 

microscopy (1000× magnification; Nikon Eclipse E200, Nikon GmbH, Tokyo, Japan) 

for morphological differentiation of 100 leukocytes per field of vision of each blood 

smear.  

4.3.3. Clinical Biochemistry 

Blood samples (taken immediately before and 6, 12, 24, 48, 72, 96, and 120 h after 

dosage; Serum Monovette®, Sarstedt AG & Co., Sarstedt, Germany; Figure 5) were 

kept upright at room temperature for at least 30 min for clotting, subsequently 

centrifuged at 2123× g for 15 min, and serum aliquots were stored at −20 °C until 

analysis. After thawing, following blood biochemical parameters were analyzed using 

a photometer (Eurolyser CCA 180, Eurolyser Diagnostica GmbH, Salzburg, Austria): 

total blood cholesterol (CHOL, mg/dL), protein (PROT, g/L), albumine (ALB, g/L), 

alkaline phosphatase (AP, U/L), total bilirubin (BILI, mg/dL), gamma-glutamyl-

transferase (γGT, U/L), aspartate-amino transferase (AST, U/L), urea (UREA, mg/dL), 

and triacylglycerides (TRI, mg/dL). Reagents used for photometric analysis were 

obtained from Greiner Diagnostic GmbH (Greiner Diagnostic GmbH, Bahlingen, 

Germany).  

4.3.4. Sphinganine and Sphingosine Analysis in Serum and Liquor cerebrospinalis 

Blood samples (taken immediately before and 1, 2, 3, 3.5, 4, 6, 8, 12, 24, 48, 72, 

96, and 120 h after dosage; Serum Monovette®, Sarstedt AG & Co., Sarstedt, 

Germany) were kept upright at room temperature for at least 30 min, then centrifuged 

at 2123× g for 15 min. Serum aliquots and liquor were stored at −20 °C. Sample 

preparation for determination of sphinganine (Sa) and sphingosine (So) in serum was 
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done according to Grenier, et al. [46] and LC-MS/MS analysis was carried out 

according to Masching and co-workers [8] on a 1290 Infinity series HPLC system 

(Agilent Technologies, Waldbronn, Germany) coupled to a Triple Quad 5500 mass 

spectrometer (SCIEX, Foster City, CA, USA) equipped with a Turbo V electrospray 

ionization (ESI) source. Chromatographic separation was achieved at 30 °C on a 

Kinetex C18 column (150 × 2.1 mm i.d., 2.6 μm, Phenomenex, Aschaffenburg, 

Germany) in gradient elution mode using methanol/water/formic acid (39.85/60/0.15 

v/v/v) and methanol/formic acid (99.85/0.15 v/v) as eluent A and B, respectively. After 

an initial time of 0.2 min at 35% of B, the proportion of B was increased linearly to 

100% within 6.5 min, followed by a hold time of 3.5 min at 100% B. Then, the column 

was re-equilibrated at 65% A and 35% B for 2.4 min, giving a total run time of 12.5 min. 

The flow rate was 250 μL/min, the injection volume was 1 μL. MS/MS analysis was 

performed in the selected reaction monitoring (SRM) mode in positive polarity. The 

following settings were applied to the ESI source: temperature 550 °C, spray voltage 

+5500 V, curtain gas 40 psi, ion source gas 1 and ion source gas 2 50 psi. Two 

transitions were monitored to detect and quantify each compound.  

Sample preparation of Liquor cerebrospinalis was similar to serum preparation. 

Briefly, 200 µL of liquor were precipitated with 0.6 mL of methanol/acetonitrile (50/50, 

v/v) and pellets were re-extracted after centrifugation with 0.3 mL of methanol/water 

(80/20, v/v). The combined supernatants were dried and the residues were taken up 

in 600 µL of methanol/water (80/20, v/v). HPLC-MS/MS analysis was performed as 

described above for serum. Method validation for pig liquor samples was performed by 

spiking a pooled liquor sample with appropriate amounts of Sa and So standards prior 

to extraction in triplicate at six different concentration levels (corresponding to a 

working range of 0.3–100 ng/mL in measurement solutions for both analytes). The 

overall recovery of spiked samples was 91 ± 3% RSD (relative standard deviation) for 

Sa and 94 ± 3% RSD for So. LODs were calculated according to the equation LOD = 

3s + m, where s corresponds to the standard deviation and m corresponds to the 

average of the calculated concentrations of 15 blank runs. Similarly, LOQs were 

calculated using LOQ = 10s + m. LOD was 0.06 ng/mL liquor and LOQ was 0.2 ng/mL 

for Sa and So. Repeatability, calculated as RSD of samples spiked in triplicate, was 

on average 3.7% and 7.5% for Sa and So, respectively. 
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For the analysis of the sphingoid base-1-phosphates in blood, 50 µL of whole blood 

was pipetted onto Whatman® protein saver cards (Sigma Aldrich, Vienna, Austria), and 

the cards were allowed to dry and stored at −20 °C until analysis. For extraction of 

sphingolipids, the entire blood spots were cut and transferred into 2 mL Eppendorf 

reaction vials. Subsequently, 2 mL of methanol was added and the analytes were 

extracted by sonication for 1 h. After removal of the protein saver card discs all samples 

were centrifuged (14,000× g for 10 min). The supernatants were evaporated to 

dryness, the residues were taken up in 500 μL of methanol, and the solutions were 

transferred to HPLC vials.  

Detection and quantification of So-1-P and Sa-1-P was performed with an Agilent 

1290 UHPLC system (Agilent Technology, Waldbronn, Germany) coupled to a 4000 

QTrap mass spectrometer (SCIEX, Foster City, US) equipped with a Turbo V 

electrospray ionization (ESI) source. Chromatographic separation was achieved at 30 

°C on a Gemini C18 column (150 × 4.6 mm i.d., 5 µm, Phenomenex, Aschaffenburg, 

Germany) in gradient elution mode using the same eluents as used for serum analysis. 

After an initial hold time of 0.2 min at 35% B, the proportion of B was increased linearly 

to 100% within 6.8 min, followed by a hold time of 5.5 min at 100% B. Then the column 

was re-equilibrated at 65% A and 35% B for 2.4 min. The total run time was 15 min. 

The flow rate was 900 µL/min, the injection volume 2 µL. The LC stream was directed 

to MS between 4 and 9.5 min. MS/MS analysis was performed in the selected reaction 

monitoring (SRM) in positive polarity. The following settings were applied to the ESI 

source: temperature 550 °C, spray voltage +4200 V, curtain gas 30 psi, ion source gas 

1 and ion source gas 2 50 psi. Two transitions were monitored to detect and quantify 

each compound. For Sa-1-P, the following transitions were chosen: quantifier (quant): 

m/z 382.3→284.4 (declustering potential (DP) +86 V, collision energy (CE) +21 eV); 

qualifier (qual): m/z 382.3→266.3 (DP +86 V, CE +27 eV). The transitions for So-1-P 

were: quant: m/z 380.3→264.4 (DP +81 V, CE +24 eV); qual: m/z 380.3→362.4 (DP 

+81 V, CE +15 eV). Sa-1-P and So-1-P for calibration were purchased from Avanti 

Polar Lipids (Alabaster, AL, USA). Sphingoid base-1-phosphats were quantified based 

on pure standard calibration curves (6 levels, working range 10–300 ng/mL). 
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4.3.5. Lung Histopathology 

Pieces of lung tissue (1 × 1 cm wide and 2 cm into the depth) from left and right 

lung were taken from Facies parietalis of the cranial part of Lobus caudalis and placed 

directly into 4% formaldehyde (Roti® HistoFix, Carl Roth GmbH + Co KG, Karlsruhe, 

Germany) until histological analysis, whereby the fixative was changed once 24 h post 

sampling. Tissue samples were processed, paraffin-embedded (FFPE-samples) and 

stained with hematoxylin and eosin (HE). Stained lung tissue sections were digitized 

at 200× absolute resolution using an Aperio AT2 scanner (Leica Biosystems, Wetzlar, 

Germany) and analysis of potential atelectasia and interstitial fibrosis on digitized 

images was performed using an image analysis platform (HALOTM, Indica Labs; 

Corrales, NM, USA). Quantitative analyses of the total lung tissue area (%) vs. air 

containing areas (%) were obtained with the HaloTM Tissue Classifier module under 

the supervision of a pathologist. Figure 8 provides an overview of the workflow. 

 

Figure 8. Overview of histopathological analysis of HE-stained, FFPE lung 

specimen collected at slaughter (120 h after toxin application) in order to 

evaluate airway and tissue proportion. (a) Screenshot of digitized HE-stained 

lung specimen using image analysis software (HALOTM, Indica Labs; Corrales, 

NM) (b) Selected area of quantification within one histological section (c) 

Example from HaloTM Tissue Classifier module (HALOTM, Indica Labs; 

Corrales, NM) with lung tissue marked in red and air-containing areas marked 

in green. 

a)

b)

Tissue

Airway

c)
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4.4. Statistics 

All statistics were carried out using SAS software (SAS, version 6.1 for Windows, 

SAS Institute, Cary, NC, USA). Generally, the procedure “MIXED” was used with group 

(five experimental groups), time (except for lung histology and liquor analyses), and 

their interaction as fixed factors with a compound symmetry covariance structure for 

all analyses as justified by the corrected Akaike information criterion (AICC). For 

statistical analyses with several time points, base levels at time t = 0 were included as 

co-variable. LSmeans differences (Student’s t-test) were regarded to be significant at 

a likelihood lower or equal to 0.05 while a tendency or trend was assumed for 

probabilities lower than 0.1 and higher than 0.5. Values < LOD were estimated as 0. 

Due to the non-parametric nature of the clinical score, data were evaluated with a 

Kruskal–Wallis-procedure (Dell Statistica 13, Dell Inc., Tulsa, OK, USA). Respiratory 

rate, heart rate, and body temperature were evaluated separately including time as 

repeated measurements factor, whereby the examination directly before toxin 

application was set as a co-variable.  

Correlation coefficients between different parameters were estimated using Dell 

Statistica version 13 software for the Windows™ operating system (Dell Inc., Tulsa, 

USA). 

Supplementary Materials: The following are available online: Table S1: Red blood 

cell count (RBCC) for all groups over 120 h sampling period (LSmeans, n = 6/group), 

Figure S1: Inhibition of ceramide synthase (CerS) by fumonisins. Adapted and 

adjusted from Voss, Smith and Haschek [11],Table S2: Total (G/L) and differential 

leukocytes count (% of total leukocyte count) for all groups over a 120 h sampling 

period (LSmeans, n = 6/group), Figure S2: (a) Lymphocyte and (b) neutrophil 

granulocytes proportion over the entire experimental period. 
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Table S1. Red blood cell count (RBCC) for all groups over 120 h sampling period (LSmeans, n = 6/group). 

 Time after toxin application (h)  Main effects, p-values (F-test) 

 Group 0 6 12 24 48 72 96 120 ±PSEM§ Group Time Group*Time 

RBC  

T/L 

(5.8-8.1)* 

CON 6.44 6.23 5.67 5.79 5.80 5.13 5.18 5.74 0.24 0.800 0.004 0.717 

FB1iv 6.15 5.67 6.89 5.43 6.78 5.63 5.30 5.74 0.24    

HFB1iv 6.57 5.51 6.37 5.03 5.14 6.04 5.06 5.53 0.24    

FUMpo 6.42 5.85 5.41 5.72 6.16 5.87 5.31 5.90 0.24    

FumDpo 6.44 5.50 5.20 5.71 5.47 5.30 5.18 5.64 0.24    

HGB  

mmol/L  

(6.7-9.2)* 

CON 7.12 6.76 6.14 5.64 6.44 5.66 5.79 6.44 0.21 0.613 0.001 0.636 

FB1iv 6.88 6.26 7.44 6.01 7.48 6.33 5.98 6.51 0.21    

HFB1iv 7.45 6.29 7.12 5.69 5.74 6.69 5.81 6.32 0.21    

FUMpo 7.11 6.79 6.20 6.23 7.23 6.75 6.16 6.93 0.21    

FumDpo 7.60 6.39 6.06 6.67 5.99 6.20 6.05 6.73 0.21    

HCT  

L/L  

(0.30-0.42)** 

CON 0.36 0.34 0.31 0.32 0.32 0.29 0.29 0.33 0.01 0.778 0.010 0.739 

FB1iv 0.34 0.31 0.37 0.30 0.37 0.31 0.30 0.33 0.01    

HFB1iv 0.36 0.31 0.35 0.28 0.29 0.34 0.29 0.32 0.01    

FUMpo 0.36 0.33 0.31 0.32 0.36 0.33 0.31 0.35 0.01    

FumDpo 0.36 0.31 0.29 0.32 0.31 0.30 0.30 0.33 0.01    

MCV  

fL  

(50-65)* 

CON 56.02 55.69 55.61 56.11 56.37 56.66 57.06 57.69 0.14 0.762 <0.001 0.903 

FB1iv 56.02 55.87 55.72 56.14 56.37 56.91 57.52 58.16 0.14    

HFB1iv 56.02 55.96 55.72 56.31 56.42 56.79 57.49 58.19 0.14    

FUMpo 56.01 56.05 56.16 56.28 56.53 56.75 57.06 58.21 0.14    

FumDpo 56.01 55.65 55.91 56.03 56.36 56.86 57.03 58.13 0.14    

MCH  

fmol  

(1.0-1.3)* 

CON 1.14 1.13 1.13 1.04 1.15 1.14 1.15 1.16 0.01 0.394 <0.001 <0.001 

FB1iv 1.14 1.13 1.12 1.13 1.13 1.14 1.15 1.15 0.01    

HFB1iv 1.14 1.15 1.13 1.14 1.13 1.14 1.15 1.15 0.01    

FUMpo 1.14 1.18 1.16 1.13 1.16 1.17 1.17 1.19 0.01    

FumDpo 1.15 1.13 1.14 1.15 1.09 1.15 1.14 1.16 0.01    

MCHC  

mmol/L  

(19-22)* 

CON 20.25 20.15 20.16 18.39 20.21 19.91 20.02 19.88 0.21 0.503 0.004 0.020 

FB1iv 20.35 20.23 20.12 20.12 20.11 20.00 19.94 19.78 0.21    

HFB1iv 20.35 20.52 20.16 20.22 20.02 20.05 19.99 19.74 0.21    

FUMpo 20.26 20.88 20.59 19.91 20.41 20.49 20.47 20.32 0.21    

 FumDpo 20.45 20.34 20.42 20.41 19.24 20.13 19.89 19.97 0.21    
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RDW  

% CV  

(0-50)* 

CON 16.31 16.32 16.22 16.46 16.31 16.76 16.67 17.07 0.10 0.919 <0.001 0.549 

FB1iv 16.40 16.35 16.57 16.30 16.63 16.43 16.62 17.08 0.10    

HFB1iv 16.36 16.51 16.32 16.21 16.32 16.62 16.69 17.19 0.10    

FUMpo 16.34 16.17 16.27 16.39 16.22 16.57 16.42 17.09 0.10    

FumDpo 16.35 16.47 16.37 16.27 16.52 16.65 16.58 17.18 0.10    

PLT  

G/L  

(220-620)* 

CON 417.26 369.76 327.43 374.76 347.76 438.10 476.26 459.93 18.64 0.215 <0.001 0.051 

FB1iv 438.98 361.48 295.15 358.31 306.31 435.15 404.98 389.15 19.37    

HFB1iv 406.00 395.66 328.83 392.50 465.16 479.66 547.66 512.50 19.32    

FUMpo 438.12 382.95 340.78 348.45 364.28 412.45 411.28 396.28 19.29    

FumDpo 410.81 352.98 356.48 340.31 418.31 421.81 440.98 430.15 18.94    

PCT  

% 

CON 0.21 0.18 0.16 0.20 0.18 0.22 0.25 0.24 0.01 0.677 <0.001 0.037 

FB1iv 0.25 0.20 0.14 0.20 0.16 0.25 0.23 0.23 0.01    

HFB1iv 0.27  0.21 0.16 0.15 0.20 0.25 0.25 0.31 0.01    

FUMpo 0.21 0.21 0.19 0.17 0.19 0.21 0.22 0.22 0.01    

FumDpo 0.22 0.16 0.18 0.17 0.22 0.23 0.23 0.23 0.01    

MPV  

fL  

CON 5.37 5.13 5.07 5.72 5.45 5.35 5.60 5.47 0.11 0.889 <0.001 0.153 

FB1iv 5.36 5.28 4.96 5.40 5.43 5.45 5.41 5.63 0.11    

HFB1iv 5.60 5.35 4.98 5.17 5.47 5.63 5.62 5.75 0.11    

FUMpo 5.65 5.37 5.14 5.15 5.47 5.80 5.65 5.49 0.11    

FumDpo 5.37 4.65 5.03 5.33 5.61 5.55 5.38 5.60 0.11    

PDW  

% 

CON 14.71 15.38 15.81 15.28 14.93 14.96 15.08 15.75 0.17 0.528 0.672 0.063 

FB1iv 14.77 14.66 15.29 15.19 14.97 15.47 14.89 15.11 0.17    

HFB1iv 14.90 14.95 15.10 14.83 15.67 15.18 14.77 15.03 0.17    

FUMpo 14.82 15.37 15.70 15.32 14.94 15.70 15.04 14.94 0.17    

FumDpo 16.29 14.92 14.92 14.48 14.58 14.42 14.85 14.45 0.18    

*Reference values according to *Kraft and Dürr [25] or **Kixmöller [26]; RBC = red blood cells, HGB = hemoglobin, HCT = hematocrit, MCV = mean cell volume, MCH = 

mean corpuscular hemoglobin, MCHC = mean corpuscular hemoglobin concentration, RDW = red cell distribution width, PLT = platelets/thrombocytes, PCT = 

plateletcrit/thrombocrit, MPV = mean platelet volume , PDW = platelet distribution width. Results were evaluated with SAS using t = 0 as co-variable for each parameter. 
§ PSEM pooled standard error of means. 
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Table S2. Total (G/L) and differential leukocytes count (% of total leukocyte count) for all groups over a 120 h sampling period (LSmeans, n = 6/group). 

 

Group 

Time after toxin application (h) 

±PSEM 

Main effects (F-test p-value) 

 0 6 12 24 48 72 96 120 Group Time Group*Time 

Leukocytes  

G/L 

(10-22)* 

CON 15.5 18.9 17.1 16.0 16.6 16.2 17.4 20.5 0.8 0.234 <0.001 0.172 

FB1iv 17.4 19.0 19.9 16.1 16.0 17.2 15.5 17.9 0.8    

HFB1iv 16.2 18.8 15.8 17.6 16.0 19.3 18.4 19.1 0.8    

FUMpo 16.6 19.1 17.6 14.5 15.8 13.9 14.2 16.8 0.8    

FumDpo 15.6 16.4 16.9 14.3 14.9 14.3 15.5 16.7 0.8    

Monocytes 

%  

(0-5)* 

CON 3.1 5.1 7.8 9.6 6.3 2.8 2.6 3.5 0.3 0.003 0.059 <0.001 

FB1iv 2.8 4.0 3.3 2.9 3.1 3.9 4.7 3.9 0.3    

HFB1iv 3.7 2.4 3.1 4.5 4.3 3.6 5.5 5.8 0.3    

FUMpo 3.5 3.5 1.8 3.0 5.8 4.8 5.3 1.7 0.3    

FumDpo 4.6 1.6 2.9 1.9 3.4 2.3 5.1 4.9 0.3    

Eosinophils  

%  

CON 1.4 1.4 5.1 1.9 2.6 1.8 0.1 0.5 0.2 0.696 <0.001 <0.001 

FB1iv 1.7 4.7 3.8 2.9 1.4 1.1 0.7 1.2 0.2    

(0-6)* HFB1iv 1.5 2.6 3.5 2.3 1.5 0.7 0.6 1.3 0.2    

FUMpo 1.2 3.2 5.0 1.0 1.2 1.0 0.7 1.9 0.2    

 FumDpo 2.1 4.1 4.8 2.3 0.8 1.0 1.5 0.2 0.3    

Basophils 

% 

(0-2)* 

CON 0.1 0.6 0.1 0.1 0.4 0.5 0.3 0.1 0.1 0.014 0.304 <0.001 

FB1iv 0.4 0.2 0.4 0.7 0.2 0.5 0.9 0.6 0.1    

HFB1iv 0.2 0.2 0.0 0.8 0.1 0.4 0.6 0.0 0.1    

FUMpo 0.3 0.0 0.3 0.3 1.0 0.5 0.0 0.2 0.1    

FumDpo 0.6 0.4 0.6 0.4 0.6 0.4 0.7 1.2 0.1    

*Reference values according to Kraft and Dürr [25]. Results were evaluated with SAS using t = 0 as co-variable for each parameter. 
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Figure S1. Inhibition of ceramide synthase (CerS) by fumonisins. Adapted 
and adjusted from Voss, Smith and Haschek [11]. 

 

Figure S2. (a) Lymphocyte and (b) neutrophil granulocytes proportion over 
the entire experimental period. Data represent LSmeans (± SEM, n = 
6/group) and statistical main effects were distributed as follows: (a) Pgroup < 
0.001, Ptime < 0.001, Pgroup×time < 0.001; (b) Pgroup < 0.001, Ptime < 0.001, 
Pgroup×time < 0.001. Reference values lymphocytes: 49–85% and neutrophil 
granulocytes: 10–46% (Kraft and Dürr [25]). CON: control; FB1iv: 139 nmol 
FB1/kg·BW−1; HFB1iv: 139 nmol HFB1/kg·BW−1; FUMpo: 120 mg FB1 + 
48 mg FB2 + 14 mg FB3/kg diet; FumDpo: 120 mg FB1 + 48 mg FB2 + 14 
mg FB3/kg diet and 240 U fumonisin esterase/kg diet). 



 PAPER II  

 
 

 

 
96 

 

Author Contributions: Sven Dänicke and Jeannette Kluess conceived and 

designed the experiments; Hanna Schertz and Jeannette Kluess performed the 

experiments; Jana Frahm, Ilse Dohnal, Gerlinde Bichl, Heidi E. Schwartz-

Zimmermann, Sonia Colicchia and Jens P. Teifke analyzed the data; BIOMIN 

contributed reagents, materials and analysis tools; Hanna Schertz wrote  the paper 

and Jeannette Kluess, Jana Frahm, Ilse Dohnal, Gerlinde Bichl, Heidi E. Schwartz-

Zimmermann, Dian Schatzmayr, Jens P. Teifke, Gerhard Breves and Sven Dänicke 

carefully revised it.  

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Kabak, B.; Dobson, A.D.; Var, I. Strategies to prevent mycotoxin contamination 

of food and animal feed: A review. Crit. Rev. Food Sci. Nutr. 2006, 46, 593–619. 

2. Marasas, W.F. Discovery and occurrence of the fumonisins: A historical 

perspective. Environ. Health Perspect. 2001, 109 (Suppl. 2), 239–243. 

3. Smith, M.C.; Madec, S.; Coton, E.; Hymery, N. Natural Co-Occurrence of 

Mycotoxins in Foods and Feeds and Their in vitro Combined Toxicological 

Effects. Toxins 2016, 8, 94. 

4. Merrill, A.H., Jr.; Sullards, M.C.; Wang, E.; Voss, K.A.; Riley, R.T. Sphingolipid 

metabolism: Roles in signal transduction and disruption by fumonisins. Environ. 

Health Perspect. 2001, 109 (Suppl. 2), 283–289. 

5. Scott, P.M. Recent research on fumonisins: A review. Food Addit. Contam. Part 

A Chem. Anal. Control Expo. Risk Assess. 2012, 29, 242–248. 

6. Stockmann-Juvala, H.; Savolainen, K. A review of the toxic effects and 

mechanisms of action of fumonisin B1. Hum. Exp. Toxicol. 2008, 27, 799–809. 

7. Merrill, A.H., Jr.; Wang, E.; Vales, T.R.; Smith, E.R.; Schroeder, J.J.; Menaldino, 

D.S.; Alexander, C.; Crane, H.M.; Xia, J.; Liotta, D.C.; et al. Fumonisin toxicity 

and sphingolipid biosynthesis. Adv. Exp. Med. Biol. 1996, 392, 297–306. 

8. Masching, S.; Naehrer, K.; Schwartz-Zimmermann, H.E.; Sarandan, M.; 

Schaumberger, S.; Dohnal, I.; Nagl, V.; Schatzmayr, D. Gastrointestinal 

Degradation of Fumonisin B1 by Carboxylesterase FumD Prevents Fumonisin 

Induced Alteration of Sphingolipid Metabolism in Turkey and Swine. Toxins 

2016, 8, 84. 

9. Riley, R.T.; Wang, E.; Merrill, A.H. Liquid-Chromatographic Determination of 

Sphinganine and Sphingosine—Use of the Free Sphinganine-to-Sphingosine 

Ratio as a Biomarker for Consumption of Fumonisins. J. AOAC Int. 1994, 77, 

533–540. 



 PAPER II  

 
 

 

 
97 

 

10. Soriano, J.M.; Gonzalez, L.; Catala, A.I. Mechanism of action of sphingolipids 

and their metabolites in the toxicity of fumonisin B1. Prog. Lipid Res. 2005, 44, 

345–356. 

11. Voss, K.A.; Smith, G.W.; Haschek, W.M. Fumonisins: Toxicokinetics, 

mechanism of action and toxicity. Anim. Feed Sci. Technol. 2007, 137, 299–325. 

12. Gelderblom, W.C.A.; Marasas, W.F.O. Controversies in fumonisin 

mycotoxicology and risk assessment. Hum. Exp. Toxicol. 2011, 31, 215–235. 

13. Chen, C.; Mitchell, N.J.; Gratz, J.; Houpt, E.R.; Gong, Y.; Egner, P.A.; 

Groopman, J.D.; Riley, R.T.; Showker, J.L.; Svensen, E.; et al. Exposure to 

aflatoxin and fumonisin in children at risk for growth impairment in rural 

Tanzania. Environ. Int. 2018, 115, 29–37. 

14. Kimanya, M.E.; De Meulenaer, B.; Roberfroid, D.; Lachat, C.; Kolsteren, P. 

Fumonisin exposure through maize in complementary foods is inversely 

associated with linear growth of infants in Tanzania. Mol. Nutr. Food Res. 2010, 

54, 1659–1667. 

15. Kimanya, M.E.; De Meulenaer, B.; Van Camp, J.; Baert, K.; Kolsteren, P. 

Strategies to reduce exposure of fumonisins from complementary foods in rural 

Tanzania. Matern. Child Nutr. 2012, 8, 503–511. 

16. Guzman, R.E.; Casteel, S.W.; Rottinghaus, G.E.; Turk, J.R. Chronic 

Consumption of Fumonisins Derived from Fusarium Moniliforme Culture 

Material: Clinical and Pathologic Effects in Swine. J. Vet. Diagn. Investig. 1997, 

9, 216–218. 

17. Dilkin, P.; Direito, G.; Simas, M.M.; Mallmann, C.A.; Correa, B. Toxicokinetics 

and toxicological effects of single oral dose of fumonisin B1 containing Fusarium 

verticillioides culture material in weaned piglets. Chem. Biol. Interact. 2010, 185, 

157–162. 

18. Caloni, F.; Cortinovis, C. Effects of fusariotoxins in the equine species. Vet. J. 

2010, 186, 157–161. 

19. Escriva, L.; Font, G.; Manyes, L. In vivo toxicity studies of fusarium mycotoxins 

in the last decade: A review. Food. Chem. Toxicol. 2015, 78, 185–206. 

20. EFSA. Opinion of the Scientific Panel on Contaminants in Food Chain on a 

request from the Commission related to fumonisins as undesirable substances 

in animal feed. EFSA J. 2005, 235, 1–32. 

21. Haschek, W.M.; Gumprecht, L.A.; Smith, G.; Tumbleson, M.E.; Constable, P.D. 

Fumonisin toxicosis in swine: An overview of porcine pulmonary edema and 

current perspectives. Environ. Health Perspect. 2001, 109 (Suppl. 2), 251–257. 

22. Gumprecht, L.A.; Smith, G.W.; Constable, P.C.; Haschek, W.M. Species and 

organ specificity of fumonisin-induced endothelial alterations: Potential role in 

porcine pulmonary edema. Toxicology 2001, 160, 71–79. 

23. Prelusky, D.B.; Trenholm, H.L.; Savard, M.E. Pharmacokinetic fate of 14C-

labelled fumonisin B1 in swine. Nat. Toxins 1994, 2, 73–80. 



 PAPER II  

 
 

 

 
98 

 

24. Schwartz-Zimmermann, H.E.; Hartinger, D.; Doupovec, B.; Gruber-Dorninger, 

C.; Aleschko, M.; Schaumberger, S.; Nagl, V.; Hahn, I.; Berthiller, F.; 

Schatzmayr, D.; et al. Application of biomarker methods to investigate FUMzyme 

mediated gastrointestinal hydrolysis of fumonisins in pigs. World Mycotox. J. 

2018, 11, 201–214. 

25. Riley, R.T.; Torres, O.; Matute, J.; Gregory, S.G.; Ashley-Koch, A.E.; Showker, 

J.L.; Mitchell, T.; Voss, K.A.; Maddox, J.R.; Gelineau-van Waes, J.B. Evidence 

for fumonisin inhibition of ceramide synthase in humans consuming maize-

based foods and living in high exposure communities in Guatemala. Mol. Nutr. 

Food Res. 2015, 59, 2209–2224. 

26. Schertz, H.; Kluess, J.; Frahm, J.; Schatzmayr, D.; Dohnal, I.; Bichl, G.; 

Schwartz-Zimmermann, H.; Breves, G.; Dänicke, S. Oral and Intravenous 

Fumonisin Exposure in Pigs-A Single-Dose Treatment Experiment Evaluating 

Toxicokinetics and Detoxification. Toxins 2018, 10, 150, 

doi:10.3390/toxins10040150. 

27. Kraft, W., Dürr, U. Klinische Labordiagnostik in der Tiermedizin, 7th ed.; 

Schattauer GmbH: Stuttgart, Germany, 2013. 

28. Kixmöller, M. Labordiagnostische Referenzbereiche bei Unterschiedlichen 

Schweinerassen Sowie Histopathologische und Immunhistochemische 

Untersuchung von Gehirnen Älterer Sauen und Eber auf Transmissible 

Spongiforme Enzephalopathie im Rahmen der TSE-Studie. Ph.D. Thesis, 

Ludwig-Maximilians-Universität München, München, Germany, 2004. 

29. Riley, R.T.; An, N.H.; Showker, J.L.; Yoo, H.S.; Norred, W.P.; Chamberlain, W.J.; 

Wang, E.; Merrill, A.H., Jr.; Motelin, G.; Beasley, V.R.; et al. Alteration of tissue 

and serum sphinganine to sphingosine ratio: An early biomarker of exposure to 

fumonisin-containing feeds in pigs. Toxicol. Appl. Pharmacol. 1993, 118, 105–

112. 

30. Kwon, O.S.; Sandberg, J.A.; Slikker, W., Jr. Effects of fumonisin B1 treatment 

on blood-brain barrier transfer in developing rats. Neurotoxicol. Teratol. 1997, 

19, 151–155. 

31. Fodor, J.; Balogh, K.; Weber, M.; Miklos, M.; Kametler, L.; Posa, R.; Mamet, R.; 

Bauer, J.; Horn, P.; Kovacs, F.; et al. Absorption, distribution and elimination of 

fumonisin B1 metabolites in weaned piglets. Food Addit. Contam. 2008, 25, 88–

96. 

32. Osuchowski, M.F.; Edwards, G.L.; Sharma, R.P. Fumonisin B1-Induced 

Neurodegeneration in Mice after Intracerebroventricular Infusion is Concurrent 

with Disruption of Sphingolipid Metabolism and Activation of Proinflammatory 

Signaling. NeuroToxicology 2005, 26, 211–221. 

33. Wang, E.; Ross, P.F.; Wilson, T.M.; Riley, R.T.; Merrill, A.H., Jr. Increases in 

serum sphingosine and sphinganine and decreases in complex sphingolipids in 

ponies given feed containing fumonisins, mycotoxins produced by Fusarium 

moniliforme. J. Nutr. 1992, 122, 1706–1716. 



 PAPER II  

 
 

 

 
99 

 

34. Hernandez-Corbacho, M.J.; Salama, M.F.; Canals, D.; Senkal, C.E.; Obeid, L.M. 

Sphingolipids in mitochondria. Biochim. Biophys. Acta 2017, 1862, 56–68. 

35. Blaho, V.A.; Hla, T. Regulation of Mammalian Physiology, Development, and 

Disease by the Sphingosine 1-Phosphate and Lysophosphatidic Acid Receptors. 

Chem. Rev. 2011, 111, 6299–6320. 

36. Blaho, V.A.; Hla, T. An update on the biology of sphingosine 1-phosphate 

receptors. J. Lipid Res. 2014, 55, 1596–1608. 

37. Fodor, J.; Meyer, K.; Riedlberger, M.; Bauer, J.; Horn, P.; Kovacs, F.; Kovacs, 

M. Distribution and elimination of fumonisin analogues in weaned piglets after 

oral administration of Fusarium verticillioides fungal culture. Food Addit. Contam. 

2006, 23, 492–501. 

38. Colvin, B.M.; Cooley, A.J.; Beaver, R.W. Fumonisin toxicosis in swine: Clinical 

and pathologic findings. J. Vet. Diagn. Investig. 1993, 5, 232–241. 

39. Motelin, G.K.; Haschek, W.M.; Ness, D.K.; Hall, W.F.; Harlin, K.S.; Schaeffer, 

D.J.; Beasley, V.R. Temporal and dose-response features in swine fed corn 

screenings contaminated with fumonisin mycotoxins. Mycopathologia 1994, 126, 

27–40. 

40. Gelderblom, W.C.; Smuts, C.M.; Abel, S.; Snyman, S.D.; Van der Westhuizen, 

L.; Huber, W.W.; Swanevelder, S. Effect of fumonisin B1 on the levels and fatty 

acid composition of selected lipids in rat liver in vivo. Food Chem. Toxicol. 1997, 

35, 647–656. 

41. Rotter, B.A.; Prelusky, D.B.; Fortin, A.; Miller, J.D.; Savard, M.E. Impact of pure 

fumonisin B-1 on various metabolic parameters and carcass quality of growing-

finishing swine - Preliminary findings. Can. J. Anim. Sci. 1997, 77, 465–470. 

42. Loiseau, N.; Polizzi, A.; Dupuy, A.; Therville, N.; Rakotonirainy, M.; Loy, J.; 

Viadere, J.L.; Cossalter, A.M.; Bailly, J.D.; Puel, O.; et al. New insights into the 

organ-specific adverse effects of fumonisin B1: Comparison between lung and 

liver. Arch. Toxicol. 2015, 89, 1619–1629. 

43. Alberts, B.J.A.; Lewis, J.; Raff, M.; Roberts, K.; Walter, P. Molekularbiologie der 

Zelle, 5th ed.; Wiley-VCH Verlag & Co. KGaA: Weinheim, Germany, 2011. 

44. Tesch, T.; Bannert, E.; Kluess, J.; Frahm, J.; Kersten, S.; Breves, G.; Renner, 

L.; Kahlert, S.; Rothkötter, H.J.; Dänicke, S. Does Dietary Deoxynivalenol 

Modulate the Acute Phase Reaction in Endotoxaemic Pigs?—Lessons from 

Clinical Signs, White Blood Cell Counts, and TNF-Alpha. Toxins 2015, 8, 3, 

doi:10.3390/toxins8010003. 

45. Hahn, I.; Nagl, V.; Schwartz-Zimmermann, H.E.; Varga, E.; Schwarz, C.; Slavik, 

V.; Reisinger, N.; Malachova, A.; Cirlini, M.; Generotti, S.; et al. Effects of orally 

administered fumonisin B1 (FB1), partially hydrolysed FB1, hydrolysed FB1 and 

N-(1-deoxy-D-fructos-1-yl) FB1 on the sphingolipid metabolism in rats. Food 

Chem. Toxicol. 2015, 76, 11–18. 

46. Grenier, B.; Schwartz-Zimmermann, H.E.; Caha, S.; Moll, W.D.; Schatzmayr, G.; 

Applegate, T.J. Dose-dependent effects on sphingoid bases and cytokines in 



 PAPER II  

 
 

 

 
100 

 

chickens fed diets prepared with fusarium verticillioides culture material 

containing fumonisins. Toxins 2015, 7, 1253–1272. 

 

 

 



 GENERAL DISCUSSION  

 
 

 

 
101 

 

GENERAL DISCUSSION 

Infections of maize with Fusarium species and subsequent mycotoxin production 

occurring in the pre-harvest stage cannot be completely prevented. Therefore, 

fumonisin exposure of humans and livestock is a critical issue in human and animal 

health. In swine production, exposure of pigs to diets contaminated with fumonisins 

B1, B2 and B3 is not unusual and causes economic losses (Kabak et al. 2006, Scott 

2012, Smith 2012). In this context, prevention and control of fumonisin contamination 

of feed and food is crucial for animal and human health. For a better understanding 

of adverse effects of ingested fumonisins on health and on tissue distribution with 

possible consequences for contamination of edible tissues (Carry over) the 

knowledge of toxicokinetic features of the toxin is important. However, only little is 

known about fumonisin toxicokinetics especially in porcine organism. Besides the 

animal experiment itself the examination of toxicokinetics requires sophisticated 

analytical methods which could also be useful in diagnosis of fumonisin exposure. 

From literature it is known that fumonisins are characterized by a poor bioavailability 

(Prelusky et al. 1994, Voss et al. 2017) although toxic effects are observed (Marasas 

et al. 1988, Harrison et al. 1990, Gelderblom et al. 1991, Marasas 1996, Taranu, 

Marin et al. 2005, Dilkin et al. 2010). Therefore, a biomarker of fumonisin exposure 

which is based on the disruptive effects of fumonisins on sphingolipid metabolism 

was established (Merrill et al. 2001, Riley et al. 2001, Hartinger et al. 2011, Riley et 

al. 2015). This biomarker includes the ratio between sphinganine and sphingosine 

(Sa/So ratio) as key intermediates in sphingolipid metabolism. However, the kinetics 

of the biomarker might differ from that of the causative toxin and comparative studies 

in pigs are missing. Moreover, the response of the biomarker and of toxin residues 

in physiological specimens to a fumonisin inactivating feed enzyme has not yet been 

examined in pigs. For these reasons we investigated the toxicokinetics of fumonisins 

and the kinetics of the biomarker in the absence and presence of a fumonisin 

inactivating feed enzyme.  

In particular, we conducted a study with ten weeks old barrows equipped with jugular 

indwelling catheters where we examined the toxicokinetics after po and iv acute 

single dose fumonisin treatment, the kinetics of the Sa/So ratio as biomarker for 

fumonisin exposure after po and iv application and evaluated the enzymatic 
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inactivation method. Hereby we focused on absorption, distribution and metabolism 

in blood and excretion through urine and feces (Paper I). Moreover, we evaluated 

animal health, biochemical blood parameters, lung affections and Sa/So ratio as 

biomarker which all provides insight into toxicological endpoints of fumonisin 

exposure (Paper II).  

 

Mode of action of fumonisins: Disruption of sphingolipid metabolism   

The competitive inhibition of ceramide synthase resulting in disruption of sphingolipid 

metabolism and depletion of complex sphingolipids is discussed as the mechanism 

of fumonisin toxicosis. Fumonisins in pigs cause a time- and dose-dependent 

increase in free sphinganine and to a lesser extent sphingosine (Merrill et al. 1996). 

Therefore, Sa/So ratio is increased both in serum and tissue (Figure 3), and in our 

case even in liquor 120h after dosing (Paper II). In a study by Riley et al. (1993) 

Sa/So ratio increase was measurable at ≥23 ppm (~2.3 mg FB1/kg BW/d) in lung, 

liver and kidney tissue after 14 days and at ≥5 ppm (~0.5 mg FB1/kg BW/d) in serum 

after 5 days of exposure. That long-time but low-dosage experiment revealed a dose-

response onset of Sa/So ratio elevation. No other toxicant class is known to affect 

sphingolipid metabolism, and therefore the biomarker is considered being fumonisin 

sensitive (Haschek et al. 2001). Although there is a known low bioavailability of 

fumonisins as also shown in our own experiment (Paper I) and others (Voss et al. 

2007), this disruptive and competitive alteration of sphingolipid metabolism happens. 

Apparently, low systemic doses suffice for provoking the described disruption. Both 

sphinganine accumulation and the loss of complex sphingolipids are discussed to 

cause cytotoxic effects (Merrill et al. 1996) affecting barrier function of endothelial 

cells (Ramsamy et al. 1995) or changing cell to cell interaction in porcine pulmonary 

cells (Casteel et al. 1994) resulting in porcine pulmonary edema. As there is a 

correlation between tissue distribution of FB1 and sphingolipid alterations in tissues, 

Haschek et al. (2001) identified these alterations being greatest in liver and kidney 

and consequently Sa/So ratio was increased in organ tissue after fumonisin 

exposure. Sphingoid base proportion is known wo be altered in hepatic tissue in a 

time- and dose-dependent manner (Haschek et al. 2001).  
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Contrarily to sphingolipid metabolism disturbance, Sa/So was most elevated in lung 

tissue, starting after 5 days of 2.3 mg/kg BW oral dosage of FB1 (Riley et al. 1993) 

and after one day of 20 mg/kg BW (Gumprecht et al. 1998). The organ-specificity 

might among other possible explanations be due to cell-specific functions of 

sphingolipids in the same organ in different species (Haschek et al. 2001). Sa/So 

ratio responded to fumonisin exposure at lower doses of 0.5 mg FB1/kg BW/d which 

makes this a sensitive biomarker for fumonisin exposure in pigs (Riley et al. 1993, 

Haschek et al. 2001).  

 

Comparative kinetics of fumonisins and of the sphingolipid metabolism-based 

biomarker Sa/So-ratio  

Only Prelusky et al. (1994) conducted an iv experiment where they dosed growing 

pigs with radioactively labelled FB1 (0.25 µCi [0.4 mg]/kg BW). In contrast to our own 

study, they detected a tri- and a bi-exponential decline of radioactivity levels which 

depended on the individual pig and suggested 2 or 3 compartments. We found two 

compartments (Paper I), which among other reasons, might be due a different 

sampling frequency than in other studies. Although we did not find different half-lifes 

of distribution (t1/2α) and elimination (t1/2β) after iv FB1 application for FB1 alone 

(FB1-m) or with metabolites (FB1+m), distribution was faster and elimination was 

slower after HFB1 iv administration. Also volume of distribution (Vd) and serum 

clearance (Cl) were higher than those of the parental toxin FB1. Therefore, we 

assumed that HFB1, the end product of fumonisin esterase hydrolysis of FB1, was 

more rapidly cleared from systemic circulation and distributed more extensively into 

the extravasal space. Prelusky et al. (1994) also suggested an intensive biliary 

excretion and entero-hepatic cycling of FB1, which regarding Vd of HFB1, might also 

be possible for this metabolite. Nonetheless, analyzing the Sa/So ratio, we did not 

detect any increases in HFB1iv group at all (Paper II). This indicates that HFB1 does 

not affect the sphingolipid metabolism which can also be deduced from the chemical 

structure (Figure 8). For disruption of sphingolipid metabolism not only the backbone 

but also the side-chains of the FB1 molecule  are necessary (Merrill et al. 1996). In 

agreement with our findings,  HFB1 at an ip dosage of 2.5 to 20 mg HFB1/kg BW 

only slightly disrupted sphingolipid metabolism in pregnant LM/Bc mice but 
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administration of 10 mg FB1/kg BW ip altered maternal sphingolipid metabolism 

(Voss et al. 2009). Compared to our study, Voss et al. used 100 times higher 

concentrations for FB1 dosing and 44 to 355 times higher doses for HFB1 dosing. 

The exceptional higher doses as well as the other species as well as the different 

administration route might cause different effects than those after iv HFB1 

application to pigs in our own experiment. Contrarily, in a study with pigs that were 

gavaged with 2.8 µmol FB1 or HFB1/kg BW/d for 2 weeks, Sa/So ratio was only 

slightly elevated in plasma but not significantly different from control on day 7 and 

14 after exposure of FB1 (Grenier et al. 2012). As previously described, it might be 

possible that both in pigs or in mice, Sa/So was elevated reversibly, and could be 

decreased again after 7 days. But in our study we could show that there was no 

increase in Sa/So ratio in HFB1 group after iv treatment (Paper II) even with 100% 

bioavailability that is assumed after iv application (Paper I).  

HFB1 is the hydrolysis product that is formed in the gastrointestinal tract if fumonisin 

esterase FumD is added to FB1 contaminated diets. Therefore, we hypothesized 

that HFB1 does not increase Sa/So ratio if administered po, which we confirmed with 

our FumDpo group (Paper II). This gastro-intestinal detoxification could be shown 

clearly both on toxicokinetic and biomarker data. Consequently we assumed that an 

early degradation reduced the total amount of the absorbed intact toxin which we 

substantiated with the following findings:  

1) After enzyme supplementation area under the time-concentration curve (AUC) 

was reduced by 90% for FB1-m and 84% for FB1+m respectively compared to 

unsupplemented oral toxin application. Moreover, bioavailability was reduced 

by 90% and 85%, respectively (Paper I).  

2) We observed a clear metabolite shift in fractional fecal excretion at 48h after 

toxin bolus as the time of maximum excretion: In FUMpo group we detected 

primarily a shift from parent toxin to partially hydrolyzed forms which was most 

pronounced for FB1 (~60%) followed by FB3 (~40%). After enzyme application, 

there was a notable shift towards fully hydrolyzed metabolites for all the three 

fumonisins (FB1, FB2, FB3) whereby FB2 seemed to be the least degradable 

toxin after esterase application. Therefore, also the cumulative excretion 

decreased in presence of the enzyme whereby urinary excretion was reduced 
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by 95% both for FB1-m and FB1+m and fecal excretion was reduced by 58% 

for FB1-m and only 20% for FB1+m respectively (Paper I). 

3) Sa/So ratio significantly increased in serum 24h after bolus application in 

FUMpo group, but did not differ from control in FumDpo group throughout the 

experiment. This was the same in liquor cerebrospinalis after slaughter (Paper 

II). 

 

Figure 8: Stuctural formula of HFB1, FB1, Sphinganine and Sphingosine. All of 
these molecules consist of a long hydroxylated hydrocarbon chain with the addition 
of tricarballylic acid, methyl and amino groups.  

 

Following po application route without esterase supplementation, fumonisins 

reached peak concentrations in blood after 9.5h (tmax, FB1-m) and 13.6h (tmax, 

FB1+m), respectively (Paper I). Furthermore, serum Sa/So ratio was also 

significantly elevated 24h after toxin application (Paper II) which is 2.5 and 1.8 longer 
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than the peak concentrations of fumonisins. The later peak of Sa/So ratio might be 

due to the fact that the sphingoid bases are accumulated within cells and then 

released into the extracellular space under the influence of fumonisins (Merrill et al. 

1996). Although FB1 has a low oral bioavailability of only 3.1% for FB-m and 5.2% 

for FB1+m, respectively (Paper I), we did not see a statistical difference concerning 

the elevation of Sa/So ratio after iv or po fumonisin application (Paper II). In our 

experiment, the oral dosage was 24.3 times higher than the iv, which leads to the 

conclusion that there must be a threshold value for every administration route from 

which onwards sphingolipid metabolism is disturbed and all key enzymes CerS are 

competitively inhibited by fumonisins.  

What was apparent comparing our own experiment to others was a difference in oral 

kinetics depending on feed status of the animals. In most experiments, gavage 

technique is used in fasted animals, which resulted in faster absorption and excretion 

of the parental toxin. Therefore, also a different peristalsis compared to our animals 

can be assumed and must be considered if we compare metabolism (Paper I), 

biomarker behavior and toxicological endpoints such as clinical and liver alterations 

(Paper II).  

 

Toxic effects of fumonisins depend on the dosing regimen 

Lung affections 

Lungs are the main target organ for fumonisin toxicity and regarding the origin of 

PPE, which is only detectable in pigs, first the altered sphingolipid metabolism must 

be taken into account as described above (Haschek et al. 2001). Concerning clinical 

manifestation it is described that after exposure to a chronic pulmonotoxic dose, 

which is depending on literature ~16 to 20 mg/kg BW/d, pigs develop pulmonary 

edema within 3 and 7 days after onset of exposure (Motelin et al. 1994, Gumprecht 

et al. 1998, Haschek et al. 1998). Typical clinical signs are inactivity, increased 

respiratory and decreased heart rate which is followed by death ~12 h after onset of 

respiratory distress symptoms. After a gavaged single oral dose of 5 mg FB1/kg BW, 

Dilkin et al. (2010) found clinical signs of disease from day two onwards. In contrast 

to that, in a 22 days exposure of pigs to fumonisin with low doses (3.7 mg/kg BW/d), 
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Fodor et al. (2006) found neither clinical signs of disease nor feed refusal of the 

experimental animals. In the conducted experiment, we used an oral single dose of 

2.45 mg FB1/kg BW culture material mixed into the morning ration. With a very low 

median cumulative clinical score in all groups, we had none of the typical clinical 

signs of fumonisin mycotoxicosis and statistically verified the absence of a treatment 

impact (Paper II). A time effect in respiratory rate and body temperature was 

attributed to excitement triggered by experimental handling. Dilkin et al. (2010) 

induced lung affections using double of our dosage orally and Gumprecht et al. 

(1998) conducted a chronic oral intoxication study that also revealed lung disease. 

In another chronic high dose study conducted by Posa et al. (2009) feeding 9 mg 

FB1/kg BW/d to 19 day old female piglets, they detected no clinical signs over a 

period of 42 days. Even CT examinations of the lungs conducted 14, 28 and 42 days 

after onset of exposure revealed no changes in fumonisin exposed groups. 

Nevertheless, after slaughter on day 42, all treated pigs had mild interstitial edema 

in lungs and other lesions in brain, cerebellum, liver and kidneys. Therefore, we can 

assume that even though no clinical alterations can be found in the animals, pigs 

can develop pulmonary edema triggered by fumonisin application. The threshold 

dose to cause (mild) pulmonary edema seems to be at chronic oral exposure of ≥16 

mg FB1/kg BW/d (Haschek et al. 2001) where clinical signs develop after four to 

seven days. This again indicates that PPE evolves after high doses or longtime 

exposure to fumonisin, which was both not intended in our study. To induce lethal 

pulmonary edema after iv FB1 application, same daily doses are needed over a 

period of seven days (Harrison et al. 1990, Haschek et al. 2001). The pathogenesis 

of PPE includes left ventricular heart failure that increases pulmonary capillary 

hydrostatic pressure. Therefore, after injury to alveolar capillary endothelium or 

alveolar endothelium, vascular permeability is increased and pulmonary edema 

develops (Haschek et al. 2001).  

In the present study we did not detect any differences between treated and control 

groups regarding histopathological evaluation of lung tissue to airway proportion 

after slaughter (Paper II). Nonetheless, respiratory rate which was taken daily and 

provides information about lung health being non-invasive tended to be higher in iv 

compared to po fumonisin treated group (Paper II). Whether this is initiated by a 
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100% bioavailability after iv application compared to only 3.1% bioavailability after 

oral treatment (Paper I) remains uncertain. In contrast to the above mentioned study 

by Posa et al. (2009) we detected a tending difference in respiratory but neither gross 

pathological findings and altered relative organ weights of the lungs nor 

morphometric analysis alteration between the groups (Paper II). Consistent with 

findings in literature, there seems to be an accumulative effect increasing toxicity 

after four to seven days of exposure leading to severe toxicosis and death in pigs 

(Harrison et al. 1990, Haschek et al. 2001). The time of exposure makes a difference 

in damage just like the dosage level makes the difference in targeted organs (Colvin 

et al. 1993, Riley et al. 1993, Motelin et al. 1994). 

Fumonisins are also discussed to cause heart failure in pigs which in turn causes 

lung affections. Nonetheless, lung is the primary target organ in pigs after fumonisin 

intake which might be explained by species-specific CerS distribution in different 

tissues whereby lung and liver play a primary role in fumonisin toxicity of pigs: CerS 

being the most important enzyme in sphingolipid biosynthesis includes six 

mammalian isoforms with tissue specific expression patterns (Loiseau et al. 2015). 

In a recent study, Loiseau et al. (2015) reported that CerS4 plays a significant role 

in fumonisin toxicity decreasing ceramide synthesis in the lungs of pigs gavaged with 

1.5 mg toxin/kg BW for 9 days. This might elucidate species-specific toxicity of 

fumonisins as they detected high expression of CerS4 in pig lung tissue. Another 

explanation for the lungs being the main target organ of fumonisin toxicity is given 

by Gumprecht et al. (1998) who administered 20 mg FB1/kg BW/d po to pigs: They 

detected fragmented membranous material and pulmonary intravascular 

macrophages (PIMS) in the lungs which phagocytized cellular debris. Pigs are 

known to have more PIMS than other species giving rise to assume their pulmonary 

sensitivity. On the other hand, Gumprecht et al. (1998) suspected the accumulated 

membrane debris to be abnormal membranes synthesized from disturbed 

sphingolipid synthesis. However, in the present experiment we did neither see any 

gross-morphological changes on the lungs nor any histopathological lesions or histo-

morphometric alterations (Paper II).  

Nonetheless, summarizing the results from our own study and comparing them to 

the outcomes in literature, we can assume that the biomarker Sa/So ratio is elevated 
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long time before damage on liver and pulmonary cells becomes evident in clinical, 

morphological or biochemical measurable ways. This is also described in literature 

where HFB1 was gavaged to pregnant mice and although the ratio was slightly 

elevated, no neuronal tube defects were detected in experimental animals (Voss et 

al. 2009).  

Extrapulmonary effects  

A sphingolipid metabolism disruption caused by fumonisins might also lead to 

alterations of blood cell membranes and liver tissue deletion. Both blood cell 

membranes and liver bio-membranes are known to consist of lots of ceramides 

whose de novo synthesis is modified by fumonisins (Figure 3).  

Although in our study we assumed the time-dependent fluctuations in WBCC to be 

due to excitement of the animals, leukocyte and monocyte proportion profile 

especially of control group indicates an acute inflammatory response caused by 

catheter insertion (Paper II). Nevertheless, in an in vitro study with pig lymphocytes, 

Mwanza et al. (2009) showed that cell viability decreased by 8.8 and 11.0% after 

24h due to 5 and 20µg FB1/ml exposure, respectively. After 96h of incubation, 

viability had even decreased to 20.3% and 29.1%. This can be explained by the 

cytotoxic mechanism of FB1 affecting control cascades (Mwanza et al. 2009). As 

previously discussed fumonisin itself, is a polar compound that cannot penetrate cell 

membranes itself like other toxins and therefore other mechanisms of toxicity must 

be taken into consideration (Mwanza et al. 2009). Also apoptosis of lymphocytes is 

a known effect of FB1, but was not reported yet at concentrations that we used in 

our experiment. The accumulation of free sphinganine and its metabolites is likewise 

known to be growth inhibitory and cytotoxic for cells (Merrill et al. 1996) leading to 

cell death. Moreover, the loss of complex sphingolipids might alter cell behavior 

leading to cell death, too. In addition, sphingosine is also known to induce apoptosis 

in human neutrophils (Ohta et al. 1994, Merrill et al. 1996). However, the low 

bioavailability in our experiment of 3.1% (Paper I) might be a possible explanation 

for absent effects on blood cell counts. Also Dilkin et al. (2010) who administered a 

single oral dose of 5mg FB1/kg BW to pigs and Prelusky et al. (1994) single-dosing 

pigs with 0.5 mg 14C-labelled FB1/kg po or 0.4 mg 14C-labelled FB1/kg iv detected 

no white and blood cell counts alterations, haemotoxicity, cytotoxicity or cell death.  
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Besides pulmonary, cardiovascular and immune system injuries, also hepatic 

damage was reported in pigs (Haschek et al. 2001). In pregnant LM/Bc mice, HFB1 

at an ip dosage of 2.5 to 20 mg HFB1/kg BW did not cause liver lesions while 

administration of 10 mg FB1/kg BW ip caused hepatic apoptosis and increased fetal 

death rate. Furthermore, in all litters of FB1-treated dams, Voss and al. (2009) 

detected neural tube defects. 

In a study performed by Riley et al. (1993), γGT, ALP, AST and cholesterol reacted 

at dosages of ≥ 10.1 mg/kg BW/d over 5 days indicating liver damage. In our 

experiment with much lower doses and single treatment, only cholesterol was 

increased in FUMpo group after 48 h to 72 h post dosage indicating a time dependent 

liver damage after oral dosage (Paper II) which had also been shown by Rotter et 

al. (1997) who fed 1mg FB1/kg BW to growing pigs and Gelderblom et al. (1997) 

who orally administered 250mg FB1/kg BW to rats over a period of 21 d. Increased 

serum cholesterol concentration is a typical effect after fumonisin exposure that 

already occurs at ≥0.2 mg FB1/kg BW/d after 5 days (Motelin et al. 1994, Haschek 

et al. 2001). The late cholesterol increase 48 h after oral fumonisins application in 

the present experiment could be explained by the mean residence time (MRT) of the 

toxin in the invaded compartment, which was 23 to 35 h in the individual pigs (Paper 

I). Cholesterol was measured every 24 h at this time point and therefore an increase 

was quantifiable at 48 and 72 h post dosage possibly giving a hint on liver damage. 

In contrast, in our experiment there was no cholesterol increase in the serum of 

enzyme treated animals (Paper II) which together with a decreased bioavailability 

by 93% (Paper I) demonstrates a sufficient detoxification. 

 

Conclusions 

In conclusion, we showed that absorption, distribution, metabolism and excretion of 

fumonisins depend on the route of administration: Following iv application, the main 

excretory route was urine whereas after po application FB1, FB2 and FB3 were 

rather excreted via feces. There was also a substantial degradation into the partially 

hydrolyzed forms, mainly executed by gastro-intestinal microbiota, but the 

mechanism remains uncertain. Additionally, we confirmed the low bioavailability of 
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only 3.1% for fumonisin B1 without metabolites and 5.2% for FB1 plus metabolites, 

respectively.  

Furthermore, we demonstrated that toxicokinetic parameters and Sa/So ratio are 

suitable indicators to evaluate the efficacy of an enzymatic detoxification method 

(FumD) after acute oral single dose application of fumonisins in pigs. Hereby we 

could show a clear inactivation of fumonisins B1, B2 and B3 after oral ingestion using 

fumonisin esterase FumD. This was demonstrated on the one hand by the biomarker 

not responding in enzyme treated animals and on the other hand by decreasing 

bioavailability by 93% and 85% for FB1 with or without metabolites, respectively. 

Supplementation of FumD not only reduced bioavailability after oral application of 

fumonisins to pigs but also substantially degraded FB1, FB2 and FB3 in their fully 

hydrolyzed forms in feces and overall reduced urinary and fecal excretion of 

fumonisins by 90%. Therefore, the feed additive with fumonisin esterase activity 

decreases or prevents toxicological effects, e.g. PPE or liver damage.  

Hydrolyzed fumonisin B1 (HFB1) which is the final hydrolysis product of FB1 

degradation by FumD was shown to be less toxic and did not adversely affect pig 

health: HFB1 did not influence Sa/So ratio in our study, which reliably demonstrates 

that it is a less toxic metabolite. FB1 itself, in contrast, altered Sa/So ratio both after 

po and iv treatment of the pigs. Moreover, HFB1 is more rapidly cleared from 

systemic circulation and distributed more extensively into extravasal space than the 

parent toxin.  
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SUMMARY  

Hanna Schertz 

Investigations on the toxicokinetics, bioavailability and Sa/So ratio as a 
biomarker of Fumonisin B1 (FB1) after iv and po exposure in pigs and 

the impact of a feed additive with fumonisin esterase activity  

 

In swine production fumonisin B1 is a major contaminant of maize-based diets. This 

mycotoxin leads to economic losses by infection and dead of farm animals whereby 

pigs are the most sensitive species. Therefore, decontamination and detoxification 

procedures are necessary to reduce pulmonary, hepatic and immunological lesions 

in pigs.  

Thus, the aim of the present thesis was to investigate suitable indicators evaluating 

the efficacy of an enzymatic detoxification method after acute oral single dose 

application of FB1 in pigs. Moreover, we wanted to elucidate absorption, distribution 

and metabolism of FB1 in pigs, also monitoring clinical specifications after acute iv 

and po intoxication. Therefore, blood, urine and feces data were analyzed and 

interpreted. 

The experiment of the present thesis was conducted with a total of 31 ten-weeks old 

German Landrace barrows which were equipped with jugular indwelling catheters 

and allocated to one of five treatment groups receiving single doses of: 1) control 

feed and 0.9% NaCl iv, 2) 139 nmol FB1 /kg BW or 3) HFB1/kg BW iv, 4) 3425 nmol 

FB1/kg BW po or 5) 3321 nmol FB1/kg BW and 240 U FumD/kg feed po. Blood, urine 

and feces samples were taken periodically and after a sampling period of 120 h, 

animals were sacrificed by exsanguination following electrical stunning.  

In this trial, we confirmed the bioavailability of FB1 at 3.1% after single dose 

treatment. Application of a feed additive with fumonisin esterase activity decreased 

this by 90% (to merely 0.3%). Following oral application, fumonisins were mainly 

excreted via feces with a climax at 48 h and up to 20% of initial intake are 

metabolized into partially hydrolyzed forms. Fumonisin esterase reduced FB1, FB2 

and FB3 excretion via urine and feces by 90% and at a fecal level this resulted in a 

substantial shift in metabolite pattern towards the presumably less toxic fully 

hydrolyzed form (FB1 > FB3 > FB2).  
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Due to the inhibition of de novo ceramide synthesis by FB1, the Sa/So ratio is 

commonly used as a biomarker in fluid and tissues after FB1 exposure. In this 

experiment, after iv and po administration of FB1, Sa/So ratio was significantly 

elevated in serum after 24 h and remained unabated after 120 h. This rise was also 

reflected in Liquor cerebrospinalis after 120 h whereby the meachanism requires 

further research. The rise in ratio was primarily due to a marked elevation of 

sphinganine. Oral administration of fumonisin esterase FumD prevented those 

changes in sphingolipid metabolism supporting our data on the fumonisin conversion 

into its fully-hydrolyzed metabolite. However, neither clinical lung affections nor 

histopathological pulmonary lesions were detected in either group, but some 

parameters of hematology and clinical biochemistry showed a treatment*time 

interaction.  

In this thesis, we verified the detoxification method using a feed additive with 

fumonisin esterase activity after single-dose fumonisin administration in pigs 

employing toxicokinetic and bioavailability data as well as biomarker evaluation in 

different matrices such as blood, urine, feces and cerebrospinal fluid. 
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ZUSAMMENFASSUNG 

Hanna Schertz 

Untersuchungen zur Toxikokinetik, Bioverfügbarkeit und zum Sa/So 
Verhältnis als Biomarker für Fumonisin B1 (FB1) nach intravenöser und 

peroraler Exposition von Schweinen sowie dem Einfluss eines 
Futtermittelzusatzstoffes mit Fumonisinesterase-Aktivität. 

 

In der Schweinehaltung gilt Fumonisin B1 als einer der wichtigsten Kontaminanten 

von Mais-basierten Fütterungsformen. Dieses Mykotoxin verursacht durch 

Infektionen und plötzliche Todesfälle von landwirtschaftlichen Nutztieren große 

ökonomische Verluste wobei Schweine als sensitivste Spezies gelten. Deshalb ist 

es von großem Interesse, Dekontaminierungs- und Detoxifizerungsstrategien zu 

entwickeln, um pulmonale, hepatische und immunologische Veränderungen bei 

Schweinen zu vermeiden. 

Deshalb war das Ziel dieser Arbeit, mit einem geeigneten Indikator die Wirksamkeit 

einer enzymatischen Detoxifizierungsmethode nach einer akuten oralen Aufnahme 

von FB1 bei Schweinen zu untersuchen. Außerdem wollten wir die Mechanismen 

der Absorption, der Verteilung und des Metabolismus von FB1 bei Schweinen 

aufklären, wobei wir auch klinische Manifestationen nach akuter iv und po 

Intoxikation überwacht haben. Hierbei wurden Daten aus Blut, Urin und Kot 

analysiert und ausgewertet. 

Der zugrunde liegende Versuch dieser Arbeit wurde mit 31 zehn Wochen alten 

Börgen der Deutsche Landrasse durchgeführt. Diese wurden mit Verweilkathetern 

in den Vv. jugulares versehen und in eine der fünf Versuchsgruppen eingeteilt, in 

welchen sie eine der folgenden Einmaldosen erhielten: 1) Kontrollfutter und 0.9 % 

NaCl iv, 2) 139 nmol FB1 oder 3) 139 HFB1/kg Körpergewicht iv, 4) 3425 nmol FB1/kg 

Körpergewicht po oder 5) 3321 nmol FB1/kg Körpergewicht und 240 U FumD/kg 

Futter po. Blut, Urin und Kotproben wurden regelmäßig erfasst und nach einer 

Sammelperiode von 120 h wurden die Tiere durch Ausbluten nach Elektroschock 

getötet.  

In diesem Versuch haben wir die Bioverfügbarkeit des Fumonisins von 3.1 % nach 

einer einmaligen Applikation von FB1 bestätigt. Das Ergänzen eines 
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Futtermittelzusatzstoffes mit Fumonisinesterase Aktivität verminderte diese um 90 

% (auf nur noch 0.3 %). Nach oraler Aufnahme wurden Fumonine vornehmlich fäkal 

ausgeschieden und erreichten ihren Höhepunkt 48 h nach Aufnahme. 20 % der 

initialen Dosis waren hierbei zu partiell hydrolysierten Spaltprodukten metabolisiert. 

Das Enzym verminderte die Ausscheidung von FB1, FB2 und FB3 über Kot und Urin 

um 90 % und veränderte insbesondere im Kot die Anteile der 

Ausscheidungsfraktionen hin zur vermutlich weniger toxischen, vollständig 

hydrolysierten Form (FB1 > FB3 > FB2). 

Aufgrund der Hemmung der de novo Ceramid-Synthese durch FB1 wird das Sa/So 

Verhältnis gemeinhin als Biomarker in Flüssigkeiten und Geweben nach Fumonisin 

Exposition verwendet. In dieser Studie war das Sa/So Verhältnis sowohl nach iv als 

auch nach po Gabe von FB1 nach 24 h im Serum signifikant erhöht und flachte selbst 

nach 120 h nicht ab. Diese Zunahme war ebenfalls im Liquor cerebrospinalis der 

betreffenden Tiere nach 120 h zu erkennen, wobei der Mechanismus hinter diesem 

Anstieg noch geklärt werden muss. Der Anstieg des Biomarkers wird vornehmlich 

durch eine deutliche Erhöhung des Sphinganins ausgelöst. Die orale Verabreichung 

der Fumonisinesterase FumD verhinderte diese Veränderungen im Sphingolipid 

Metabolismus, was unsere durch Daten untermauerte Vermutung unterstützt, dass 

Fumonisin zur vollständig hydrolysierten Form umgewandelt wird. Dennoch konnten 

wir in keiner der Gruppen klinische Lungenerkrankungen oder histologisch 

pulmonale Läsionen feststellen, nur einige hämatologische und klinisch-

biochemische Parameter zeigten eine statistische Interaktion zwischen Behandlung 

und Zeit.  

In dieser Arbeit war es uns möglich, die Detoxifizierungsmethode mit einem 

Futtermittelzusatzstoff mit Fumonisinesterase Aktivität nach einmaliger 

Fumonisingabe an Schweinen zu verifizieren, wobei wir toxikokinetische Daten, 

Bioverfügbarkeit und die Evaluierung eines Biomarkers in verschiedenen Matrizes 

wie Blut, Kot und Urin herangezogen haben. 
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