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1. INTRODUCTION 

Fungi or molds can be considered beneficial to mankind, animals, and the environment by playing 

essential roles in biotechnological industries such as food, beverages, and pharmaceuticals, as well as 

in the nutrient cycling processes (Read and Perez‐Moreno, 2003; Shankar and Sharma, 2022). 

However, a large number of natural secondary metabolic products are produced through multiple 

pathways by toxigenic fungal species, which may not be essential for their viability. These secondary 

metabolites are undesirable substances with low molecular weights (MW ~700 Da) that cause a wide 

range of deleterious effects on vertebrates and plants, either directly or indirectly (through 

transformation), leading to mycotoxicoses (Bennett and Klich, 2003; Turner et al., 2009). According 

to the available literature, worldwide mycotoxin contamination in foods and livestock feedstuffs is 

reported to be above 60% (Eskola et al., 2020; Gruber-Dorninger et al., 2019; Jalilzadeh-Amin et al., 

2023; Patriarca and Fernández Pinto, 2017; Santos Pereira et al., 2019; Streit et al., 2013). Hence, 

these works in the literature raise uncertainty regarding the earlier cited estimation of the Food and 

Agriculture Organization of the United Nations (FAO) (Boutrif and Canet, 1998), which stated that 

25% of the world’s agricultural products are contaminated.  

Mycotoxins were discovered earlier, in the medieval period, as demonstrated by the recognition of 

ergot, which implicated a toxicological disease referred to as St. Anthony’s fire (Bennett and Klich, 

2003). Upon then, these compounds have received a great deal of attention, with a focus on their 

identification and biological impacts. To date, around 500,000 secondary metabolic products have 

been indexed in databases, among which 15,600 are derived from fungi (Bills and Gloer, 2016). 

Notably, a collection of various genera of fungi have been identified to contribute to these metabolites; 

however, specific genera like Aspergilli, Fusaria, Penicillium, Alternaria, and Claviceps have 

received increased attention, primarily due to their acknowledged mycotoxigenic activities (El-Sayed 

et al., 2022; Pandey et al., 2023). Fusarium species are highly prevalent in soil and food/feed crops, 

where they produce fusariotoxins, a family of secondary toxic metabolites produced by the genus 

Fusarium, notably including trichothecenes (such as deoxynivalenol (DON) and T-2 toxin), 

fumonisins (FUMs), zearalenone (ZEN), emerging mycotoxins (e.g., enniatins, beauvericin, 

fusaproliferin, and fusaric acid), and other mycotoxins. DON, ZEN, FUMs, and T-2 are apparently 

the most prevalent and studied mycotoxins worldwide, demonstrating 70%, 59%, 57%, and 15% 

prevalence risk, respectively, with an overall mycotoxin detection rate of 99% among all samples 

(dsm-firmenich, 2023). The existence of fusariotoxins has been observed to take a few molecular 
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structural appearances, including free, masked (plant material conjugated), and modified/transformed 

forms (modified either chemically or biologically via hydroxylation, hydrolysis, or thermal treatment) 

incorporating derivatives of acetyl, conjugated forms such as sulfate, sulfonate, and glucuronide, 

products that have undergone isomerization, and substances that have been hydrolyzed (Berthiller et 

al., 2013; Ekwomadu et al., 2021; Rychlik et al., 2014). Therefore, these toxins vary in their structures 

and, consequently, their toxic active molecules/groups which define their modes of action and target 

animal species and within those organs/tissues.  

FUMs represent a category of mycotoxins that are non-fluorescent and primarily synthesized by 

specific fungi, predominantly Fusarium species. Considerable concerns have been expressed 

worldwide, emphasizing its high prevalence and toxic effects (evident and potential) in plants, 

animals, and humans (Rheeder et al., 2002). A large number of FUM isomers have been identified to 

date that vary in their degree of toxicity. FUM B1 (FB1) is, in fact, the most toxic structure of FUMs, 

displaying numerous adverse effects on vertebrates (Voss and Riley, 2013). This phenomenon of 

FUM toxicity is academically referred to as the “fumonisin paradox”, a term coined to describe the 

riddle status surrounding the diminished bioavailability of FUM (3-5%) compared to its potent toxic 

effect (Shier, 2000). Among the dynamic ranges of toxicity caused by FUM is the disruption of 

cellular membranes. This perturbation is primarily attributed to its interference with sphingolipid 

metabolism, resulting in competition with ceramide synthase (CerS), a key enzyme involved in the 

metabolism of sphingolipids. This mechanism displays specific features, including the proportional 

increase of sphinganine (Sa) and, to a lesser extent, liberated sphingosine (So) (Riley and Merrill, 

2019). The disruption of sphingolipid metabolism induced by FUMs is crucial, leading to 

modifications in the composition of membrane lipids and, consequently, the disintegration of cell 

membranes (Burger et al., 2018). This disruption may have far-reaching consequences and possibly 

affect most of the major metabolic pathways that determine the sustainability of growth and the death 

of cells. Furthermore, the manipulation of membrane lipids induced by FUMs could also reveal these 

lipids as potential biomarkers of the toxicity of FUMs as well as the potential presence of histological 

lesions in different organs. Thus, this thesis is primarily aimed at assessing the effects of FUM B (FBs) 

on the fatty acids of membrane lipids. The plausible FBs-dose- and time-dependent effects of 

responsive long-chain fatty acids were also assessed, which may contribute to an in-risk assessment 

approach.
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2. LITERATURE REVIEW 

2.1. Biological membranes  

Biological membranes (biomembranes) are essential elements of cells (both prokaryotic and 

eukaryotic cells) (Harayama and Riezman, 2018; Watson, 2015), and are mainly located on the outer 

surface and surrounding cell organelles; thus, their contents are distinguished from those in the 

environments around them. Despite this isolative feature, membranes permit, to some extent, an 

exchange process by which molecules transit in and out of the cell/organelle. This movement appears 

to occur in a selective manner to modulate a wide range of complex operations, such as intercellular 

communication, proliferation, differentiation, secretion, migration, invasion, and phagocytosis. The 

accomplishment of these biological processes demands the necessity of different structures, and thus, 

biomembranes are characterized by heterogeneity, varying from one cell/tissue to another and 

displaying distinct structures across cells and organelles. From a structural perspective, the plasma 

membrane exhibits asymmetrical bilayers (Janmey and Kinnunen, 2006), at which each leaflet 

provides certain functions. In the scientific community, these diverse structures have attracted a 

respected number of researchers to investigate their dynamic roles in cellular homeostasis, response 

to external elements, and modulation of disease progression or inhibition.     

The diversity of membranes is attributed to various molecules situated within membranes (including 

lipids, proteins, and carbohydrates) and their collective interaction to produce conjugated compounds 

that vary in their properties compared to their individual parent structures. Notably, the membrane 

lipid matrix constitutes a major proportion of the membrane matrix and is composed of various 

structures exhibiting amphipathic properties. The fatty acid composition of membranes has been 

implicated in the modulation of various biological processes (Gelderblom et al., 2002); thus, these 

components have received remarkable attention over the past decades. In this regard, investigating 

membrane fatty acids would provide an in-depth understanding of numerous related cellular events, 

alike normal and pathophysiological events.  

2.1.1. Glycerophospholipids 

Glycerophospholipids, also referred to simply as phospholipids, are fundamentally lipids that contain 

phosphorus (see Figure 1). They are primarily located in biomembranes and represent 50–60 mol% of 

the overall membrane lipid matrix (van Meer et al., 2008). Their earliest identification was a landmark 

by Vauquelin (1811), who determined phosphorus from a brain lipid extract, making them intriguing 

compounds to investigate. Structurally, phospholipids resemble a diacylglycerol backbone (DAG), but 
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at the sn-3 position, an additional polar phosphorus group (possibly free or bound to another moiety) is 

attached. This additional group implies different physicochemical properties compared to those of DAG. 

For instance, the head group features hydrophilic properties, thus contributing to the overall amphipathic 

properties of phospholipids, a crucial factor determining the interactivity between membrane 

constituents and phospholipids. Over the past century, an enormous number of various phospholipids 

that can vary in structure within the same cell have been identified (van Meer et al., 2008). This diversity 

emphasizes the profound functionality exhibited by these structures, which immensely contributes 

(directly and indirectly) to the sustainability of various metabolic pathways. Notably, under normal 

conditions, depending on the head group, phospholipids tend to occupy a defined leaflet of the bilayer. 

In this section, a selective discussion including phosphatidylcholine (PC), phosphatidylethanolamine 

(PE), phosphatidylserine (PS), and phosphatidylinositol (PI) has been carried out, aligning with the 

investigations performed in the dissertation. 

 
Figure 1. The molecular structures of different phospholipids have been adapted from the PubChem 

database (an open database for the public, available at https://pubchem.ncbi.nlm.nih.gov, accessed on 

31 May 2024). Abbreviation: Sn, stereospecific numbering in the glycerol;  and , chiral carbon 

centers. 

2.1.1.1. Phosphatidylcholine 

PC, also known as lecithin, was the first isolated phospholipid in 1850, with choline (a source of the 

methyl group) contributing to the formation of its polar head (Zeisel, 2012). Herein, it is very self-

evident that the PC structure is not entirely endogenous, as choline is an essential nutrient for 

mammals. PC is a ubiquitous compound present in all cell membranes, ranging from prokaryotic cells 

(e.g., bacteria) to eukaryotic cells (i.e., cells of plants and animals). Structurally, PC exhibits two 

major linkage types in tissues: diacyl-PC (ester bond; most abundant in eukaryotes) and alkyl-PC 

(featuring an ether bond) (Lassègue et al., 1993). In addition, a rare PC isomer is alkenyl-PC (vinyl 

ether bond), which is otherwise known as choline plasmalogen and plasmanylcholine. This lipid 

typically comprises two fatty acids linked to glycerol through ether and ester bonds at sn-1 and sn-2, 

respectively (Bozelli et al., 2021; Koivuniemi, 2017). 

https://pubchem.ncbi.nlm.nih.gov/
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PC represents the most abundant phospholipid class (making up about 50% of all phospholipids in the 

bilayers), especially in the lung surfactant, where dipalmitoyl-PC predominates (Goss et al., 2013; 

Robertson, 1983). As the main bound phospholipid of the membrane bilayer, PC occupies the outer 

sheet (Li et al., 2016). Notably, about 80 to 90% of the lipids in the outer leaflet of the plasma 

membrane are PCs. The ER is the primary site for PC synthesis and fundamentally involves numerous 

enzymes. However, one of the most important enzymes in this pathway is nuclear/cytosolic cytidine 

5′-triphosphate (CTP):phosphocholine cytidylyl transferase (PCT), which is also commonly known 

as CCT (Sarri et al., 2011; Vance and Choy, 1979). This enzyme is essential for the rate-limiting step 

of the cytidine 5′-diphosphocholine (CDP-choline, citicoline, or Kennedy) pathway (Kennedy, 1956). 

This CDP moiety is involved not only in PC biosynthesis (Cornell and Ridgway, 2015) but also in all 

other phospholipids, apart from phosphatidic acid (PA), depending on which moiety replaces choline. 

A distinctive pathway for PC biosynthesis exclusively takes place in the liver, where PC is generated 

from PE via sequential methylation (Vance, 1996), facilitated by the phosphatidylethanolamine N-

methyltransferase (PEMT) that is found in the mitochondrial-associated membranes (MAMs). 

PCs are believed to have relatively neutral molecular properties (having positive and negative charges 

but lacking a net charge), and their predominance plays an essential role in maintaining biomembrane 

integrity and functionality. Unlike other phospholipids, PC does not exhibit negative charge repulsion. 

PC serves as a precursor for sphingomyelin (SM) due to its choline molecule (Dawson, 2015). In 

addition, it acts as a precursor for other polar lipids, such as PA, lysophosphatidylcholines (LysoPCs), 

PS, and PAF. PC plays a crucial part in cell signaling processes and impacts the concentration of 

circulating lipoproteins (Cui and Houweling, 2002; Kanno et al., 2007). Furthermore, it is integral to 

membrane trafficking and molecular transportation. LysoPC composed of docosahexaenoic acid 

(C22:6 n3, or DHA) at the sn-2 position has been demonstrated to be more effective than liberal DHA 

in crossing the blood-brain barrier (Lagarde et al., 2016). 

2.1.1.2. Phosphatidylethanolamine 

Following PC in discovery and abundancy (15–25%) is PE, formerly known as “cephalin” (Patel and 

Witt, 2017; Thudichum, 1884). In neural tissues, PE can reach even higher levels, up to 45% (Vance 

and Tasseva, 2013), underscoring its essential role in neural tissue. In mammalian cells, PE tends to 

accumulate more in mitochondrial membranes and is exclusively localized in the cytosolic leaflet of 

the plasma membrane, in contrast to PC (Li et al., 2016). This localization proposes a distinction in 

their structure and functions as well. The structure of PE involves the esterification of the phosphatidyl 
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group to the hydroxyl group of an amino group (namely, ethanolamine), resulting in a small reactive 

head group. PE does not form a bilayer independently (on its own) but exhibits an inverted hexagonal 

phase. This class of lipids features various linkages, including diacyl, alkyl, and alkenyl 

configurations. Ethanolamine plasmalogens, also known as plasmenylethanolamines, are more 

abundant than plasmenylcholine in many tissue types, except for the heart and smooth muscle (Bozelli 

et al., 2021). 

In eukaryotes, the biosynthesis of PE is an outcome of multiple pathways, notably the de novo 

synthesis of PE through CDP-ethanolamine (Kennedy, 1956) and the salvage pathway involving the 

decarboxylation of PS by phosphatidylserine decarboxylase (PSD) in the mitochondria (Borkenhagen 

et al., 1961). Additional pathways involved in the remodeling of PE, which are also identified in 

bacteria and plants, include the following: (1) the base-exchange pathway between PE and PS (Sundler 

et al., 1974); (2) the degradation of sphingosine-P via sphingosine-P lyase (Van Veldhoven et al., 

2000); and (3) the reacylation of Lyso-PE at MAMs (Riekhof et al., 2007). Notably, despite the 

structural resemblance of PE and PC, PE exhibits distinct chemical and biological properties. PE 

stands apart from PC due to its smaller head group, which manifests less affinity for water. 

Consequently, PE can undergo compact aggregation and display heightened thermostability (Bouchet 

et al., 2009; McIntosh, 1980). These attributes significantly contribute to membrane rigidity, making 

PE an indispensable component of membrane architecture, permeability, and fluidity. 

In terms of membrane rigidity, PE often mimics the behavior of CHOL, particularly in insects 

(Dawaliby et al., 2016). Considering these findings, the PC/PE ratio is likely to exert a substantial 

influence on the functionality, fluidity, stability (van der Veen et al., 2017), and permeability of the 

membrane. Furthermore, PE plays a vital role in maintaining membrane integrity and participating in 

cellular signaling. Studies have revealed that PE is involved in various processes, including 

membrane-to-membrane fusion (Kreutzberger et al., 2017), DAG generation through the involvement 

of phospholipase C (PLC), and the modification of membrane proteins through the mediation of 

reactive aldehydes (Pohl and Jovanovic, 2019). PE has also been observed to induce negative 

curvature in biomembranes (Strandberg et al., 2012), which is primarily attributed to its diminutive 

conical head group. In addition, PE serves as a precursor for various other lipids, including N-acyl-

phosphatidylethanolamine (NAPE), which serves as a crucial precursor during the biosynthesis of 

certain essential biological compounds in the brain (for example anandamide) (Jin et al., 2007; Tsuboi 

et al., 2018). 
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2.1.1.3. Phosphatidylserine 

Folch and Schneider identified serine in cephalin components in 1941 (Folch and Schneider, 1941), 

marking the beginning of the discovery of PS. PS is a minor class of phospholipids in mammalian 

cells (2–15% of total phospholipids that tends to accumulate within the cerebral cortex. PS is not 

merely a component of the lipid bilayer; its present in various cellular organelles, underscoring its 

biological importance for the activities of these organelles, particularly the mitochondria and ER. The 

role of PS extends beyond this, as it serves as a substrate to sustain the production of PE. This 

highlights the complex interplay between these phospholipids and their mutual contributions. From a 

chemical perspective, PS exhibits strong reactivity to divalent metals, attributable to its unique moiety, 

the negatively charged head group derived from serine. However, serine is not the only distinctive 

feature that sets PS apart from other phospholipids; it also possesses diacyl isomers that are notably 

saturated at the sn-2 position (Vance, 2018). 

In contrast to plants (Gardner and Hampton, 1999), yeasts, and prokaryotes (Kanfer and Kennedy, 

1964), mammalian cells lack the de novo CDP-DAG biosynthetic pathway for PS biosynthesis. The 

production of PS in mammalian cells transpires both in the MAM and in the cytosol of the ER and is 

facilitated by calcium-dependent base exchange. This pathway is catalyzed by PS synthase-1 and -2 

(PSS1 and PSS2, respectively), utilizing PC (catalyzed by PSS2) and PE (catalyzed by PSS2) as the 

primary precursors at both sites (Hübscher et al., 1959). Subsequent to its production, a fraction of 

the PS translocates to the plasma membrane via passive diffusion. This lipid primarily localizes to the 

cytosolic leaflet of the plasma membrane (van Meer, 2011), although its migration to the outer leaflet 

is notable during programmed cell death (Fadok et al., 1992) and cancer progression (Vallabhapurapu 

et al., 2015). 

The externalization of PS on the cell’s outer layer serves as a molecular signal, prompting neighboring 

cells, including macrophages, to engulf and phagocytose the dying cell. Beyond this role, PS plays a 

multifaceted biological role in cellular functions. It contributes to the recognition and communication 

mechanisms between cells. The presence of PS is crucial during PE biosynthesis, as it acts as a source 

pool (Borkenhagen et al., 1961). Furthermore, PS has been observed to interact with SLs, resulting in 

elevated interdigitation under the influence of CHOL (Skotland and Sandvig, 2019). PS is also vital 

for the maintenance of plasma membrane integrity within mammalian cells, as it modulates membrane 

fluidity and permeability, which are essential for the regular function of membrane-bound proteins. 



8 

 

PS has been implicated in the activation of protein kinase, prothrombinase, and neuroinflammation 

signaling pathways, and is an essential element of lipid-calcium-phosphate complexes (Lentz, 2003; 

Ma et al., 2022; Merolli and Santin, 2009; Naeini et al., 2020). Consequently, PS facilitates a range 

of membrane-bound signaling processes, including apoptosis, activation of enzymes, immune 

regulation, coagulation cascades, and mineral deposition during bone regeneration. 

2.1.1.4. Phosphatidylinositol 

Despite the early discovery of phosphatidylinositol (PI) (Anderson, 1930), its structure (1′-myo-

inositol is linked to PA) has remained unelucidated for almost 3 decades (Pizer and Ballou, 1959). PI, 

an anionic phospholipid, features a distinctive inositol head group, characterized by a hexa-hydroxy 

ring consisting of six carbon atoms. This refers to the fact that the PI structure is composed of a ring, 

distinguishing it from other phospholipids such as PC, PE, and PS. However, numerous various 

structures have been identified, majorly depending on the phosphorylation process and its carbon site 

on the inositol. In this regard, PI is the simplest phosphoinositide and typically exists in a high 

proportion compared to other phosphoinositides. Furthermore, this lipid represents an elementary 

structure that can undergo phosphorylation to generate seven different derivates (Dickson and Hille, 

2019). These derivatives vary in their abundance across organisms; for instance, in addition to PI, 

eukaryotes have been regarded as being dominated by PI4P and PI5P. The number of PI derivatives 

indicates the position of the site on the inositol where the addition of phosphorus occurred. In 

eukaryotes, the phosphorylation of positions 2 and 6 of PI is impeded due to steric hindrance. PI can 

constitute up to 10% of total phospholipids and is ubiquitously present in the cytosol of all cellular 

membranes and certain organelles (e.g., the ER and Golgi apparatus) (D’Souza and Epand, 2014; 

Payrastre et al., 2001). The PI of eukaryotic organisms is primarily biosynthesized from PA via a de 

novo pathway and is catalyzed by CDP-DAG synthase (which serves as a rate-limiting enzyme 

(Blunsom and Cockcroft, 2020)) and CDP-DAG myo-inositol 3-phosphatidyltransferase (Daniels and 

Palmer, 1980). The primary role of these enzymes is to facilitate the sequential reactions during the 

production pathway, which involves the formation of intermediates and intermediate attachment to 

myo-inositol, respectively. Notably, PA is not the only available substrate for PI de novo production 

in mammals. For example, glucose-6-phosphate can be utilized during de novo pathways, 

underscoring the intricate potential interactions between various metabolic pathways of distinct 

molecules. There are three other marked biosynthetic routes for PI production, but these are not yet 
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reported in eukaryotes; instead, they exist in plants and prokaryotes. The most recent discovery in 

these noneukaryotic domains was reported a decade ago (Jorge et al., 2015). 

Though the initial discovery of PI occurred nearly a century ago, our understanding of the biological 

functions of PI has markedly advanced over the past three decades. PI is not merely a component of 

bilayer lipids; it is involved in various metabolic processes (Balla, 2013). Its significance extends to the 

brain, where it serves critical functions. In addition, it serves as the primary pool of the C20:4 n6 (AA) 

fatty acyl chain in animal cells, frequently occupying the sn-2 position (Anderson et al., 2016; Lee et 

al., 2016). This specific acyl chain is of paramount importance for the biosynthesis of eicosanoids, 

including prostaglandins (D’Souza and Epand, 2014; Yui et al., 2015), a group of bioactive lipid 

metabolites involved in signaling related to cellular inflammation and stress. The cleavage mechanism 

by which AA is cleaved from PI involves the enzyme phospholipase A2 (PLA2), which transforms PI 

into LysoPI. Consequently, an accumulation of LysoPI indicates heightened PLA2 activity, implying 

metabolic alterations and, potentially, the progression of cancer (Piñeiro and Falasca, 2012). 

Furthermore, PI contributes to the major signaling pathway, DAG, in mammalian cells, a process 

catalyzed by the enzymes PLA2 and PLC. Therefore, there is a wide range of dynamic functionalities 

of PI, including, for instance, its role in intracellular signaling, inflammation, and the formation of 

glycosyl bridges. The latter role displays remarkable importance concerning the adhesion of proteins, 

specifically those known as glycosyl-phosphatidylinositol (GPI)-anchored proteins, to the surface of the 

cellular membrane (Ferguson and Williams, 1988). It has been reported that PI can engage in regulating 

protein activities at the cellular interface. Various phosphoinositides, including PI3P, PI4P, PI5P, 

PI(4,5)P2 (likely to accumulate highly in membranes), PI(3,4)P2, PI(3,5)P2, and PI(3,4,5)P3, which 

accumulate at incredibly low concentrations (1%), significantly contribute to membrane organization. 

An in-depth discussion has been provided by Posor et al. (2022). In particular, the scheme of 

phospholipase D (PLD) is linked to the companionship of PI(4,5)P2. PLD activity comes across as being 

indirectly affecting cellular signaling via its product, PA. 

2.2. Incorporation of fatty acids into lipids of biomembranes 

Fatty acids are the fundamental building blocks of the biomembrane matrix, which is also composed 

of other complex molecules. Fatty acids typically exist in two forms: saturated and unsaturated 

monocarboxylic acids (SFA and UFA, correspondingly), both of which are characterized by a terminal 

carboxyl (-COOH) group and a terminal methyl (-CH3) group, and are likewise designated as carbon 

1 (Δ) and omega (ω or n), respectively. Over the past century, various nomenclature systems have 



10 

 

been proposed, including trivial, systematic, ∆x, n − x, and lipid numbers (Fahy et al., 2011; Liebisch 

et al., 2020). The trivial nomenclature, though prevalent, lacks systematic patterns. In contrast, 

systematic nomenclature adheres to a more regular and structured approach based on the nomenclature 

of parent hydrocarbons. This process involves adding the suffix “oic” to the hydrocarbon name after 

removing the terminal “e”. This nomenclature also involves the identification of the position of the 

first double bond from (n), with the series of fatty acids being named accordingly (e.g., n3, n6, n7, 

and n9 series). These distinctions among n-fatty acids lead to variations in their properties, 

consequently influencing the structure and function of biomembranes (Shaikh and Edidin, 2006). 

Fatty acids can either be derived from the diet or biosynthesized within the cytosol and ER through 

an indigenous pathway known as de novo fatty acid synthesis, followed by elongation and possibly 

desaturation (see Figure 2). This synthesis is a complex process subjected to several factors, including 

species, transcription genes, dietary composition, age, sex, stored lipids, and both endogenous 

(metabolic and interactive molecules) and exogenous (environmental) factors. Many genes regulate 

the synthesis of fatty acids, which can vary among distinct species. In eukaryotic organisms, nearly 

5% of the overall genes are responsible for most lipid structures (Sud et al., 2007). Noteworthy, 

mammals lack enzymes to catalyze the introduction of an additional double bond (after the ∆9 

position) on oleic acid, referring to their de novo impotence in generating polyunsaturated fatty acids 

(PUFAs). Essential fatty acids (linoleic acid (C18:2 n6, or LA) and α-linolenic acid (C18:3 n3, or 

ALA)) are fatty acids that cannot be generated via the mammalian endogenous pathway; thus, they 

must be obtained from dietary sources (Nakamura and Nara, 2004). This highlights that these dietary 

fatty acids can provide a pool of media that contributes to the generation of elongated PUFAs.  
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Figure 2. Schematic depiction of eukaryotic fatty acid biosynthesis and modification pathways, with 

emphasis on enzyme involvement (in italics). In this scheme, mitochondria are denoted by the red box, 

while proteasome/ribosome components are indicated by the orange box. However, light orange text 

delineates the elongation pathway for diverse saturated fatty acids. Within the diagram, both green and 

blue hues, accompanied by corresponding-colored arrows, elucidating the discrete pathways for n3- and 

n6-fatty acid synthesis, respectively. On the other hand, text with color spectrum transitioning from pink 

to red designates the pathways for the synthesis of various monounsaturated fatty acids. The green “X” 

indicates the unattainability of this pathway in mammals, particularly higher eukaryotes, owing to the 

absence of a specific enzyme. ELOVL8 is a fish-specific elongase. Abbreviations: 1, condensation; 2, 

reduction; 3, dehydrogenation; 4, reduction; 5, aerobic conditions; 6, hypoxia or anaerobic conditions; 

7, aerobic conditions; ACC, acetyl-CoA carboxylase; ACP, acyl carrier protein; ACPT, acyl carrier 

protein transacylase; ACS1, acetyl-CoA synthetases-1; ACS2, acetyl-CoA synthetases-2; ADH, alcohol 

dehydrogenase; ALDH, aldehyde dehydrogenase; ACO2, aconitase; β, beta oxidation; CHOL, 

cholesterol; CIT, citrate synthase; Clyase, citrate lyase; CPT-I, carnitine-palmitoyl transferase-I; CTP, 

citrate transporter protein, EAR, enoyl-ACP reductase; ETC, electron transport chain; GDH, glutamate 

dehydrogenase; GS, glutamine synthetase; HACD, β-hydroxyacyl-ACP dehydrase; IDH, isocitrate 

dehydrogenase; KAD, keto acid dehydrogenase; KAR, β-ketoacyl-ACP reductase; KAS, β-ketoacyl-

ACP synthetase; MACPT, malonyl-CoA:ACP transacylase; MDH, malate dehydrogenase, MI, malic 

enzyme, PCase, pyruvate carboxylase; PCC, propionyl-CoA carboxylase; PDH, pyruvate 

dehydrogenase; ROS, reactive oxygen species; TCA, tricarboxylic acid cycle; TER, trans-enoyl-ACP 

reductase; O, oxaloacetate; *, citric acid). 

All living organisms, in order to adapt and sustain viability, require a mass of biological processes, 

whereby the de novo synthesis and incorporation of fatty acids into biomembranes are part of this 

framework. Apparently, archaea emerge as the only domain that is not restricted by this metabolic 
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framework (López-Lara and Soto, 2019). In this respect, instead of fatty acids, it utilizes isoprenoids. 

This section briefly explains the mechanism by which fatty acids are incorporated into phospholipids.   

The integration of fatty acids into phospholipids appears to occur via two dynamic processes. First, 

fatty acids are acylated to the structures of phosphatides through the glycerol-3-phosphate enzyme 

during biosynthesis. The second is based on a remodeling program for an existing phospholipid (Kent, 

1995; Yamashita et al., 2014), whose emergent configurations vary in their properties from those prior 

to the remodeling process (see Figure 3). In addition to the remodeling, structural diversity can be 

attributed to several factors, including the selection of sn-positions for certain fatty acids, the substrate 

preferences of biosynthetic enzymes, and the dynamics of the lipid remodeling program. Coleman et 

al. (2002) and Shindou et al. (2009) reported the marked affinity of specific enzymes for specific fatty 

acids. By way of illustration, acyl-CoA synthetase long-chain family members 3 and 4 manifest 

predilections for arachidonic acid (C20:4 n6, or AA) and eicosapentaenoic acid (C20:5 n3, or EPA), 

while 1-acylglycerol-3-phosphate O-acyltransferase-α favors myristic acid, palmitic acid (C16:0), and 

LA. Moreover, 1-acylglycerol-3-phosphate O-acyltransferase-β evinces an affinity for AA. 

 
Figure 3. Schematic representation of (A) fatty acids incorporated into various lipids and (B) the 

origins of fatty acid pool formation (the de novo pathway and dietary sources). The depiction employs 

color coding to symbolize distinct metabolic pathways. The yellow box designates the fatty acid pool, 

signifying its integration into diverse membrane lipids. The brown shade denotes processes related to 

non-membrane and non-polar lipid formation. The red color represents the metabolic routes 

responsible for sterol production. Additionally, the green color signifies the integration of fatty acids 

into various phospholipids, while the blue hue corresponds to the incorporation of fatty acids into 

diverse sphingolipids. 
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In the context of lipid remodeling, the replacement of fatty acids within existing phospholipids plays a 

leading role. As an example, the incorporation of C20 fatty acids generally takes place post-de novo 

synthesis, necessitating the use of the remodeling pathway (MacDonald and Sprecher, 1991). Hence, 

this process involves the conversion of one distinct phospholipid into another (Vance, 2018), 

highlighting the importance of the Lands cycle in this operation. The Lands cycle is the cornerstone of 

remodeling (Lands, 2000; Lands and Merkl, 1963), due to its immense contribution to the restructuring 

process. In this pathway, two enzymes play major roles that contrast each other. As an illustration, the 

cleavage (deacylation) of fatty acids is catalyzed via the activity of phospholipase enzymes, while in 

contrast, acyltransferases catalyze the acylation of the desired fatty acids. CoA is needed in this 

operation, facilitating the reallocation of fatty acids from phospholipids to lysophosphatidates. Other 

remodeling pathways, such as the CoA-independent transacylation pathway and the direct 

transacylation pathway, have been recognized to favor PUFAs such as AA, EPA, and docosahexaenoic 

acid (C22:6 n3, or DHA). It is necessary to understand that distinct tissues vary in their modularity across 

these remodeling pathways (MacDonald and Sprecher, 1991), as comprehensively reviewed by 

Yamashita et al. (2014). 

The translocation of phospholipids across bilayers involves numerous lipid-transporting proteins that 

express different activities, such as in the case of flippase, floppase, and scramblase. These proteins 

contribute significantly to the structure of biomembranes. While the flippase regulates the translocation 

from the outer to the inner leaflet, the activity of the floppase operates in the opposite direction. Notably, 

these enzymes (flippase and floppase) require adenosine triphosphate (ATP), which is unlike the case 

of scramblase. The latter enzyme is distinct from both flippase and floppase by its ability to function 

bidirectionally. Comprehensive insights into these membrane fatty acid transporters have been reviewed 

by Glatz et al. (2010) and Samovski et al. (2023).  

2.3. Fatty acid profile of phospholipids 

Commonly, in phospholipids, SFAs (largely palmitic acid or stearic acid (C18:0)) and UFAs tend to 

occupy the first and second glycerol stereospecific positions of phospholipids, respectively. However, 

this is not a constant state, as in some instances, identical fatty acids occupy these sn-positions (Hanahan 

et al., 1960; Tattrie, 1959), although a slight mismatch would occur due to the pending characteristic of 

sn-2, which displays a perpendicular shape on the plane of the membrane (Büldt et al., 1979; Pearson 

and Pascher, 1979). Typically, differences in the fatty acids of phospholipids are not restricted to the 

hydrocarbon chain length but may also include distinctions in the number, position, and adjustment of 
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double bonds. In mammals, it is likely that a relatively low proportion of trans-double bonds will be 

detected compared to bacteria (Gillan et al., 1981), while cis-double bonds are copious in mammalian 

cells.  

Commonly, the fatty acid composition of PCs is typically determined postsynthesis, with various 

events, such as deacylation and reacylation, occurring during their remodeling. These events, which 

are part of the Lands cycle, can also impact the structure of other phospholipids due to homeostatic 

mechanisms or metabolic implications (O’Donnell, 2022). Generally, the fatty acid composition of 

PCs varies across species and cell types (Kuksis et al., 1969; Kuksis and Marai, 1967; Nakanishi et 

al., 2010; O’Brien and Rouser, 1964; Wood and Harlow, 1969; Yabuuchi and O’Brien, 1968). SFAs 

like palmitic or stearic acids are typically abundant at the sn-1 position, while C18 unsaturated chains 

or longer PUFAs such as AA and DHA are more prevalent at the sn-2 position. 

The fatty acid composition of PEs is highly dependent on the particular cell, tissue, and physiological 

conditions. In medias/tissues like chicken eggs, rat liver, and brain, palmitic and stearic acids tend to 

occupy the sn-1 position, while AA, oleic acid (C18:1 n9), and DHA are more common at the sn-2 position 

(Holub and Kuksis, 1969; Nakanishi et al., 2010; Wood and Harlow, 1969). Notably, PEs in the 

erythrocyte membrane exhibit a greater tendency for the accumulation/recruitment of PUFAs compared 

to PC (Doğru Pekiner, 2002). Consequently, PE in this context contains more PUFAs, primarily AA and 

DHA, at the sn-2 position, despite its diacyl structure being similar to that of PCs. 

The composition of fatty acids in PS differs depending on the tissue type. Nonetheless, lipid remodeling 

and selective insertion of fatty acids are common processes that occur along the biosynthetic pathway. 

Therefore, the fatty acid composition of newly synthesized PS differs from that of its precursors, PE and 

PC. When PS was isolated from rat liver and cow brain and analyzed regiospecifically (Wood and 

Harlow, 1969; Yabuuchi and O’Brien, 1968), it was observed that stearic acid was more abundant at the 

sn-1 position, while the proportion of palmitic acid was lower there. These data underscore the distinct 

fatty acid incorporation pattern exhibited by PS in comparison to that exhibited by PC and PE. 

Furthermore, the acylation of PS at the sn-2 position has been shown to be tissue-specific, with high 

proportions of AA and DHA in the livers of rats and bovine brains, respectively. Similar findings regarding 

DHA in the brain regions of mice and rats have been reported by Hamilton et al. (2000) and Kim et al. 

(2014). However, stearic acid was the most abundant fatty acid at the sn-1 position in these cases. 

Remarkably, the incorporation of these UFAs into PS appears to be more extensive than in the case of PC, 
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as revealed by these studies. The fatty acid composition of PS at its sn-positions plays a crucial role in 

determining its functional properties to varying degrees (Clark et al., 2013; Skotland and Sandvig, 2019). 

In mammalian cells, the composition of PI is characterized by the presence of stearic acid and AA at the 

sn-1 and sn-2 positions, respectively, as consistently demonstrated in assorted studies (Holub et al., 1970; 

Nakanishi et al., 2010; Thompson and MacDonald, 1975; Wood and Harlow, 1969). These two fatty 

acids collectively account for a substantial portion of PI-side chains, typically ranging from 50% to 80% 

in the brain and liver. Additionally, oleic acid is frequently recognized as the third most abundant fatty 

acid in the rat brain, while palmitic acid and DHA exhibit lower levels of acylation in this phospholipid 

class. The abundance of oleic acid depends on the tissue, as it is the most quantified fatty acid in the brain 

of a rat, followed by stearic and palmitic acids (Ulmann et al., 2001). It is possible that multiple factors 

contribute to the recorded variability in PI structure, which may include genetic and dietary variations. In 

general, PI exhibits a strong preference for AA in its acyl composition. These remodeling processes can 

lead to the deacylation of preexisting PI, resulting in the formation of lyso-PI via the action of 

phospholipases. The incorporation of AA into lyso-PI is facilitated by lysophosphatidylinositol 

acyltransferase 1 (Gijón et al., 2008).     

2.4. Fumonisins 

FUMs are a group containing numerous mycotoxins that share specific features. These toxins are 

mainly produced by Fusarium species from the Liseola section, and are primarily synthesized by 

Fusarium verticillioides (previously known as Fusarium moniliforme) and Fusarium proliferatum. 

This highlights the widespread status of these species around the globe. However, other non-Fusarium 

species (as an example, Aspergillus niger, Aspergillus welwitschiae, Aspergillus awamori, and 

Tolypocladium species) have also been shown to contribute to the overall production of FUMs. 

Distinctively, compared to Fusarium species, non-Fusarium species displayed the production of 

unique structures. As an illustration, FB2, FB4, and FB6, have been identified in maize, peanuts, grapes, 

and onions (Frisvad et al., 2007; Månsson et al., 2010; Mogensen et al., 2010; Norred, 1993; Perrone 

et al., 2011; Rheeder et al., 2002). FUM was first isolated in 1988 by the Gelderblom Research Group 

(Gelderblom et al., 1988) at PROMEC, in the Republic of South Africa, from the Fusarium 

verticillioides MRC 826 fungal strain. Upon its isolation, its structure was rapidly elucidated 

(Bezuidenhout et al., 1988). From a chemical perspective, FUMs are polyketide-derived mycotoxins 

that are composed of a long hydrocarbon chain with aminopolyols and two tricarballylic acid (TCA) 

side chains. These TCA side chains are typically esterified at the C-14 and C-15 hydroxy groups, 
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resulting in the formation of a relatively stable diester. Due to their polyhydric alcohol component and 

amino group, they structurally resemble a free sphingoid, primarily disrupting the entire process of 

sphingolipid metabolism within cells. Almost one hundred distinct structures of FUM have been 

detected and identified to date (Angeli et al., 2022; Bartók et al., 2006, 2010, 2014). The distinctions 

between these compounds are based on variations in the nitrogen functional group and the extent of 

the carbon backbone, resulting in 7 groups, including A, B, C, D, P, Py, and La. Among these groups, 

fumonisin B (including FB1, FB2, FB3, FB4, FB5, and FB6) is the most renowned group of FUMs (see 

Figure 4), due to its high prevalence and substantial degree of toxicity, especially FB1. This group has 

ten chiral centers, raising the possibility of over a thousand isomers in theory. FB1, a potent mycotoxin 

with the empirical formula C34H59NO15, naturally occurs in a variety of isomeric forms; according to 

Bartók et al. (2010), there are 28 isomers identified in addition to the original structure. The cytotoxic 

potential of FB1 is fundamentally linked to its primary amino group. This is substantiated by evidence 

demonstrating that the acetylation process, which converts FA1 to FB1, results in a reduction in its 

cytotoxic properties (Stockmann-Juvala and Savolainen, 2008).  

 
Figure 4. Type B fumonisin chemical structures, mainly those produced by Fusarium species. 

FUMs are globally distributed and commonly contaminate various foods and feeds. However, their 

contamination levels vary across the globe (see Figure 5); however, FUM levels between 925–3052 

μg/kg feed/feed-stuffs have been reported to occur within Europe (Marquardt and Madhyastha, 2015), 

which is below the tolerable limits recommended by the EU for livestock animals (European 

Commission, 2006). These findings are likely similar to those reported for various maize-based food 

products within the Hungarian market (Zentai et al., 2019), revealing a lower daily intake than the 

established tolerable daily intake (TDI) of 1 µg FB1/kg body weight (BW)/day by the European Food 

Safety Authority (EFSA) (Knutsen et al., 2018a). As aforementioned, the FB group is the most 

prevalent, toxic, and studied group within FUMs. In particular, FB1 toxin typically constitutes 70% of 

the overall FBs produced by Fusarium verticillioides, while the presence of FB2 and FB3 is relatively 

low, at 15–25% and 3–8%, respectively (Nelson et al., 1993; Rheeder et al., 2002). Maize and its base 

products are identified as the targeted crop/products for FUMs, emphasizing that contamination can 
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occur alike prior to and post-harvest. However, they have also been detected in other cereals, including 

barley, wheat, sorghum, and rice, as well as in other agricultural products like beans, soybeans, 

asparagus spears, and figs (Gao et al., 2023; Karbancıoglu-Güler and Heperkan, 2009; Wong and 

Jeffries, 2006). Interestingly, the presence of FUMs in various water sources has been detected (Jevtić 

et al., 2023), offering a new perspective for conducting exposure risk assessments.  

The water-soluble nature (polarity), thermal stability (up to 150 °C), and potential transformation of 

these mycotoxins present a consequential challenge regarding their complete eradication during the 

food production processes. Consequently, there is an imperative need for the implementation of 

effective management strategies during the production phase. Within the EU, a variety of strategies 

are employed to reduce and detoxify FUMs in food and feedstuffs. These strategies include the use of 

genetically resistant crops, physicochemical treatments, biological antioxidants, competitive 

microorganisms, binders, and degradation processes (Gao et al., 2023; Qu et al., 2022; Santiago et 

al., 2020). However, the reduction in FUM chemical structure and toxicity is contingent on the 

processing conditions and food matrix composition, which determine structural alterations and 

conjugate formation by interacting with food and feed components such as sugars and proteins 

(Falavigna et al., 2012; Humpf and Voss, 2004; Schaarschmidt and Fauhl-Hassek, 2019). The 

interaction between FUMs and other food/feed components leads to the formation of hidden/masked 

configurations, making the quantification of total FUMs challenging using traditional targeted 

analytical approaches.  

 
Figure 5. Mycotoxin prevalence worldwide from January to September 2023. The presented data 

considers only mycotoxin risks above 50%. The data is adapted from DSM database (available at 

https://www.dsm.com, accessed on 31 May 2024).   

https://www.dsm.com/
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Upon ingestion by animals, the majority of FUMs (> 90%) remain unmetabolized and are excreted 

through faeces, whereas a small portion has been reported to be excreted through urine (< 1%) (Fodor 

et al., 2008; Norred, 1993; Prelusky et al., 1994; Schelstraete et al., 2020; Schertz et al., 2018; 

Shephard et al., 1995). Notably, only FB1 has been detected in human urine (Riley et al., 2012), 

suggesting that the intake, bioavailability, and/or excretion of other FB isomers through urine are 

relatively lower than these of FB1. Within the gastrointestinal tract (GIT), a small portion of ingested 

FUM can undergo bacterial enzymatic biotransformation (Grenier et al., 2017; Gurung et al., 1999; 

Schertz et al., 2018), yielding partially hydrolyzed (lacking a single TCA moiety: pHFB1 and pHFB2) 

and hydrolyzed FUMs (lacking TCA moieties: HFB1). Produced hydrolyzed FUMs have been shown 

to serve as a pool for CerS, resulting in the generation of N-acylated HFB1 metabolites (Merrill et al., 

1993; Seiferlein et al., 2007). N-acylated derivatives of FB1 have been detected and quantified in rat 

liver and kidney upon intraperitoneal exposure to 0.5, 1, or 2 mg FB1/kg BW for five consecutive days 

(Harrer et al., 2015). Biologically, these N-acylated metabolites are potentially more toxic than their 

parents’ FB1 and HFB1, which is attributed to their high adsorption and distribution rates, strong 

affinities to biological compounds, and cytotoxic potencies (Csenki et al., 2023; Harrer et al., 2013). 

In addition, only reported in bovines that further enzymatic biotransformation can occur in hepatic 

tissue (Spotti et al., 2001). On the other hand, a small portion of the absorbed FUMs (3-5%) can 

undergo rapid clearance from plasma within a few hours following exposure. The liver and kidney 

have been observed to retain most of the absorbed FUMs (Prelusky et al., 1996), although non-

possible and/or negligible carry-over process has been reported in meat, milk, and eggs (Fodor et al., 

2008; Knutsen et al., 2018b; Voss et al., 2007).  

2.5. Fumonisin toxicity across species 

As a result of the high prevalence of FUMs, a threat to livestock and humans can be expected through 

accessing their food and feed chains. Despite the fact that FB1 is often considered the most toxic within 

the FUM group, the risk evaluation conducted by EFSA underscores that the toxicological intensity 

and efficacy of FB1 are relatively similar to those of FB2 and FB3 but superior to those of their 

transformed derivatives (Knutsen et al., 2018b). To date, only FB1 and FB2 levels in animal feed have 

been regulated within the EU (European Commission, 2006). In this regard, exposure to FUMs (above 

the recommended levels) may lead to various pathophysiological symptoms and mycotoxicosis, 

depending on the species, exposure dose and period, animal sex and age, physiological status of the 

animals, ratio and purity of the FUM isomers, and body counter-regulation processes.  
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In mankind, the intake of a Fusarium-contaminated diet, or FUMs, has been shown to trigger or 

potentially cause various consequences. These potential consequences can be collectively summarized 

as growth retardation, neurotoxicity, hepatotoxicity, nephrotoxicity, embryotoxicity, GIT 

dysfunction, and potential increases in the risk of neural tube defects and cancer (Hou et al., 2021; 

Marasas et al., 2004; Minervini et al., 2014; Voss and Riley, 2013; Yu et al., 2020), although there is 

no clear evidence regarding some of the toxic impacts listed here. Notably, the direct involvement of 

FUM in cancer has not yet been fully established, resulting in FUM being categorized as a Group 2B 

substance (IARC, 2002), a categorization that is carried out by the International Agency for Research 

on Cancer (IARC). When assessing animals, numerous in vivo and in vitro investigations have 

endorsed the distinctive toxicity of FB1, which varies across species and organs. The genus Equus is 

possibly the most sensitive species compared to other animals. Exposure to FB and FA isomers has 

been shown to cause equine leukoencephalomalacia (ELEM) (Riley et al., 1997), cardiotoxicity, and 

hepatotoxicity (Riley et al., 1997; Smith et al., 2002). Within the framework of this dissertation, this 

section focuses mainly on the toxicological effects of FUMs on animals such as rats, swine, and 

rabbits.  

2.5.1. Toxicity in rats 

Among the various animals studied, rodents, including rats, are often the most extensively researched 

(both in vitro and in vivo), underscoring their reliability and suitability in toxicological investigations 

as well as their valuable contributions to advancements in the biomedical domain. This high 

preference for incorporation can be attributed to their diverse physiological parameters, high 

sensitivity, rapid reproduction rate, and minimal maintenance cost. Historically, toxicological reports 

regarding the exposure of FUMs in rats predated the discovery of FUM (Marasas et al., 1984; Voss 

et al., 1989). These reports underline the association between the intake of contaminated maize and 

the development of hepatotoxicity, nephrotoxicity, and carcinogenic effects and, in certain cases, 

elevated mortality rates. Following the discovery of FUMs, the toxicological impact of FUMs, 

particularly FBs, on rodent tissues was found to be strain- and sex-dependent. As a model, in BDIX 

strain male rats, the primary target of FB1 is the liver, whereas the kidney is the main target in Sprague-

Dawley, Fischer 344N, and RIVM:WU strain rats. The liver, rather than the kidney, is more vulnerable 

to FB1 toxicity in female mice than in male mice (Joint FAO/WHO, 2002). These hepato- and 

nephrotoxic effects have also been underscored in the form of disruption of serum enzymes and 

histomorphological modifications (Domijan et al., 2008; Pozzi et al., 2001; Szabó et al., 2018; 
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Tolleson et al., 1996). Hepatotoxicity and nephrotoxicity in rats can potentially escalate cancer 

development. However, tumor progression within hepatic and renal tissues appears to be contingent 

upon long-term exposure to pure FB1 (Howard et al., 2001). In this regard, the aggressive nature of 

renal carcinomas induced by FB1 in Fischer 344N male rats remains ambiguous, although FB1 is 

recognized as a highly malignant variant of renal tubule tumors. It is important to highlight that FB1 

has not been proven to be directly genotoxic (Bondy et al., 2012), suggesting that secondary toxicity 

routes, such as the modulation of apoptosis and proliferation, are involved in cancer induction. Based 

on toxicity findings in rats, the kidney can be regarded as the most targeted organ for FB exposure, 

followed by the liver. In a study conducted by Voss et al. (1995) and the assessment of the National 

Toxicology Program (NTP, 2001), the no observed adverse effect level (NOAEL) for the liver and 

kidneys was established to be 0.25 and 0.2 mg FB1/kg BW/day, respectively. Noteworthy, these 

NOAEL values may not be valid in cases of different tissues and exposure to other FUM isomers. The 

toxic effects of FB1 on rats appear to be more pronounced compared to its derivatives, especially on 

the ratio between sphingoid bases (Hahn et al., 2015).  

In rats, the toxic effects of FUMs extend beyond the liver and kidneys. A study by Lim et al. (1996) 

suggested that the esophagus of rats is a further targeted tissue, exhibiting a high rate of cell 

proliferation under FUM exposure. Embryotoxicity without fetal deformities post-FB1 exposure has 

also been implicated in Syrian hamsters (Penner et al., 1998) and rats as a result of FB1 exposure, 

underscoring variations in free sphingoid base concentrations and myelination (specialized myelin 

layers that envelop the axons) in multiple cerebral regions of maturing rats (Kwon et al., 1997). Rats 

exposed to FB1 were also shown to develop neurotoxicity (Banczerowski-Pelyhe et al., 2002), a 

consequence of a reduction in conduction velocity and spinal reflexes, as well as a decrease in the 

development of myenteric neurons. The damage that occurs in the spleen due to FB1 exposure has 

been documented by Atroshi et al. (1999), suggesting that FB1 has an immunotoxic effect. In 2002, 

Theumer et al. reported the in vivo and in vitro immunotoxic effects of FB1 on spleen, small intestine, 

and macrophages of rats. Unlike in pigs, the rat lung does not seem to be a major target organ of FBs; 

however, Salam et al. (2012) reported that FB1-induced histopathological lesions, including edema, 

within the lungs of male rats in a dose- and time-dependent manner. In addition to these effects, FUMs, 

specifically FB1 and FB2, have been shown to disrupt mineral metabolism in rats (Rudyk et al., 2019). 

This disruption is a consequence of hepatotoxicity induced by these toxins, which subsequently leads 

to alterations in bone metabolism and homeostasis.   
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2.5.2. Toxicity in swine  

Swine is regarded as the most pertinent and sensitive animal model, possessing a digestive system 

that closely mirrors that of humans (Guilloteau et al., 2010). Swine are among the most vulnerable 

species, with a NOAEL of 1 mg FBs/kg feed (Zomborszky-Kovács et al., 2002) and a minimum 

lowest observed adverse effect level (LOAEL) of 0.148 mg FBs/kg BW/day (Ali et al., 2021; Terciolo 

et al., 2019). This necessitates the re-evaluation of the European maximum limit of FBs (5 mg 

FB1+2/kg) in swine feed and the LOAEL established by Knutsen et al. (2018b) and Schrenk et al. 

(2022) (0.2 mg FB1/kg BW/day). FUM toxicity has been reported to affect various porcine tissues 

(brain, heart, lung, liver, kidney, pancreas, intestines, spleen, reproductive system, and lymphatic 

system, according to Dilkin et al. (2003), Gbore (2009, 2010), Gbore and Egbunike (2008), Marin et 

al. (2006) and Terciolo et al. (2019)), with the lung, liver, heart, and pancreas being the most targeted 

and researched organs. Similar to that in horses, the consumption of Fusarium verticillioides-

contaminated feed and FB1 has been shown to induce cardiotoxic effects and trigger porcine 

pulmonary edema (PPE) and hydrothorax (Haschek et al., 2001), which are associated with high blood 

vessel permeability. Notably, the risk of PPE increases substantially when pigs develop respiratory 

infections (Kovács et al., 2016; Pósa et al., 2013). The literature exhibits variability in findings, 

potentially due to factors such as animal genetics, age, sex, toxin type and purity ratio, presence of 

secondary infection, exposure dose and duration, administration method, housing conditions, 

experimental practices prior to sample collection, and undetermined factors such as masked 

mycotoxins and co-occurrence with other mycotoxins. According to the available literature, PPE was 

observed under 3-6 mg FBs/kg feed exposure for 4 weeks (Souto et al., 2015), while hepatotoxicity 

was noted at doses above 6 mg FBs/kg feed (Grenier et al., 2013). In addition to these effects, FB1 

has been shown to induce toxicity within the GI system both in vivo and in vitro, leading to 

histological, immunological, microbial, and nutrient digestibility alterations (Oswald et al., 2003; 

Pierron et al., 2016; Zeebone et al., 2020). These toxic effects of FBs may subsequently impair pig 

performance, distort blood biochemical data, cause abortion in pregnant sows (plausibly a 

consequence of fetal anoxia), and can result in mortality; however, mortality has only been observed 

at high (> 50 and 100 mg/kg feed) FB exposures (Fodor et al., 2005). Unlike ZEN, FUMs are non-

specific mycotoxins that target the boar reproductive system; however, Gbore (2009) reported 

deteriorations in semen quality upon FB1 exposure. 



22 

 

2.5.3. Toxicity in rabbits 

In addition to rats, the application of rabbits in toxicological studies is pronounced, a preference 

attributed to their valuable reproductive capabilities (rapid cycle), ease of various measurements 

(Kachlek et al., 2016), and modest maintenance cost. Exposure to FUM in rabbits has evidently been 

implicated in the development of various toxicological issues. These toxicological patterns tend to be 

similar to those reported in other animal species. Bucci and Howard (1996) reported the first instance 

of neurotoxicity in rabbits, identifying leukoencephalomalacia and brain hemorrhage in pregnant 

rabbits exposed to FB1. Apparently, rabbits are so far the only animal species to exhibit 

leukoencephalomalacia (RLEM) besides horses (ELEM). However, the majority of the literature on 

rabbits has investigated hematological and reproductive parameters (alike male and female), 

demonstrating the potency of FBs to alter both of these parameters (Ewuola, 2009; Ewuola and 

Egbunike, 2010a, 2010b; Gbore and Akele, 2010; Orsi et al., 2007, 2009; Szabó et al., 2014). In 

relation to blood biochemical components, the available data on serum nitrogenous compounds 

following FB1 exposure reveal inconsistency in outcomes, suggesting contradictory effects (Gbore 

and Akele, 2010; Orsi et al., 2007, 2009). However, the notion of a plausible potential decrease in 

serum proteins by FUMs appears logical since proteins exhibit immense interactions with lipids, a 

typical target fraction disrupted by FUM. Moreover, as in other species, the onset of hepatotoxicity 

and nephrotoxicity has typically been reported in weaned and pregnant rabbits upon exposure to FBs 

(Hafner et al., 2016; Kovács et al., 2003), with the latter study indicating that the fetal liver and 

kidneys are the target organs. Similar findings regarding FB1 toxicity in male rabbit kidneys have also 

been reported by Gumprecht et al. (1995) and Orsi et al. (2007). Dysfunction of hepatic and renal 

tissues implies the modulation of biochemical data, including enzyme activities. Notably, the increase 

in erythrocyte Na+/K+ ATPase activity caused by FBs has been proven to occur in rabbits (Szabó et 

al., 2014), but not in other species. The GI system also projected sensitivity to FB1. Ewuola (2009) 

reported a marked effect on the rabbit GIT, highlighting histomorphological modifications. Based on 

the aforementioned studies (Ewuola, 2009; Ewuola and Egbunike, 2010a; Gbore and Akele, 2010) 

and their findings, the LOAEL for FB1 has been determined to be 5 mg FB1/kg of diet, which 

corresponds to 0.2 mg FB1/kg BW/day. 

2.6. Toxic effects of fumonisins on cells via membrane lipids 

Numerous toxic effects of FUM have been described in the preceding sections. Notably, the toxic 

effects of FUMs are not confined to themselves. They are capable of interacting (additively, 
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synergistically, and antagonistically) with other mycotoxins (such as aflatoxin, DON, ZEN, and T-2) 

to generate distinct toxic effects compared to those of FUMs alone (Alassane-Kpembi et al., 2017; 

Chen et al., 2023; Grenier and Oswald, 2011; Kifer et al., 2020; Kócsó et al., 2021; Szabó et al., 2017; 

Szabó‐Fodor et al., 2019). The toxicological consequences of FUM observed in animals are 

considered to be the result of multiple biochemical pathways. FUMs influence cellular regulatory 

sites, apparently through perturbations of lipid metabolism. For example, the effects of FUM are 

evidently striking in various animal species (such as rats, swine, and rabbits), as manifested by their 

increased serum lipid metabolites, namely, CHOL and/or low-density lipoproteins (Ali et al., 2021; 

Dilkin et al., 2010; Fodor et al., 2015; Gbore and Egbunike, 2009; Gelderblom et al., 1997; Gumprecht 

et al., 1998; Kouadio et al., 2013; Loiseau et al., 2015; Terciolo et al., 2019; Voss et al., 1995; Voss 

et al., 1993). These effects were not related to serum lipids, as proportional increases in liver CHOL 

have also been reported in rats, in alike in vivo (Burger et al., 2007, 2018; Gelderblom et al., 2002; 

Riedel et al., 2015) and in vitro (Riedel et al., 2016). However, serum CHOL does not always respond 

to FUMs, with some findings recording no alteration in its concentrations. This is mostly attributed to 

the variability in study design, including species, strains, toxin purity, dose paradigm, period of 

exposure, and administration methods. FBs have also been reported to increase the concentration of 

serum triglycerides in male and female rats exposed to 150 mg FB1/kg feed for 28 days (Bondy et al., 

1996; Voss et al., 1993). These modifications mostly corresponded to high FB1 doses. When piglets 

were exposed to a relatively low dose of FB1 (below 20 mg/kg diet), the proportion of serum 

triglycerides was unaltered (Ali et al., 2019; Loiseau et al., 2015). Generally, the disruption of 

triglyceride metabolism occurs outside of the serum, as Gelderblom et al. (1996a, 2002) reported the 

effect of FB1 on the disruption of the fatty acid composition of triglycerides in the liver. However, this 

has not been proven regarding their fatty acid composition in the serum, liver, lungs, or kidneys of 

piglets fed a diet contaminated with FBs (Ali et al., 2019), but compositional alterations in membrane 

fatty acids within the liver, lungs, and kidneys were observed. These findings suggest that the 

composition and structure of membrane lipids are more susceptible to FBs than are nonpolar lipids. 

In the following section, the mechanisms of action that interfere with membrane lipids and major 

proportional modifications in membrane lipids are discussed. 

2.6.1. Underlying mechanisms of membrane disruption 

Multiple mechanisms have been identified and proposed to contribute to the toxicity of FUMs. These 

mechanisms operate within the context of sphingolipid metabolism, oxidative stress, enzyme 
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activities, gene expression, deoxyribonucleic acid (DNA) integrity, the role of iron, ER function, and 

the tumor necrosis factor signaling pathway. This thesis focuses only on those mechanisms that 

specifically interfere with membrane lipid metabolism. However, a detailed discussion has been 

published on a recent review paper by Ali and Szabó (2024).  

2.6.1.1. Disruption of sphingolipid metabolism 

Sphingolipids constitute a minor component of membrane lipids, typically ranging from 10%–20% of all 

lipids present in cells (van Meer et al., 2008). These lipids exist in various structures, ranging from simple 

to complex. However, they all share a similar long-chain sphingoid base backbone with a fatty acid linked 

via an amide bond. This backbone and the type of bond make them distinct membrane lipids, although 

some of their structures have been proven to possess phosphorus and choline. A further distinctive feature 

is the non-hydrolysable amide bond, which causes the attached fatty acid to be somewhat fixed and not 

subject to cleavage. This dissertation does not include a detailed discussion on the variant structures of 

sphingolipids and their functions; however, this has been published in a review paper that is part of this 

thesis (Ali and Szabó, 2023).  

The toxicity induced by FUMs in animals fundamentally stems from the disruption of sphingolipid 

metabolism (Wang et al., 1991), primarily suggesting the inhibition of CerS (also known as 

sphinganine/sphingosine N-acyltransferase), an essential enzyme for the acylation of fatty acids into 

Sa and So, which is the route for the biosynthesis of ceramide. This effect of FUM on CerS can be 

described as the “initial/direct effect”, whereas compositional distortion in other sphingolipids can be 

depicted as “secondary/indirect effects”. The inhibition of CerS has been attributed to structural 

resemblance with the substrates (Sa and So) of CerS, thus resulting in the classification of FUMs as 

sphinganine-analog mycotoxins (Chen et al., 2020). In the presence of CerS, the aminopentol 

backbone (AP) within FUM is known to suppress the enzyme’s activity and compete with sphingoid 

bases for enzyme binding, leading to the production of N-acylated AP analogs. Merrill et al. (2001) 

reported that N-acylated-APs exhibit a toxicity level that is 10 times greater than that of FUM or APs 

in HT-29 cells in an in vitro model. Furthermore, the TCA moiety of FUM acts competitively with 

fatty acyl-CoA. Hence, the inhibition of CerS has been shown to elevate the tissue concentrations of 

sphingoid bases (majorly Sa and, to a lesser extent, So) and their phosphate metabolites, leading to 

shifts in the ratios of Sa:So and Sa:Sa-1-phosphate (to understand the mechanism of disruption, please 

see Figure 6). These proposed alterations were subsequently confirmed by earlier studies by Desai et 

al. (2002), Enongene et al. (2000), Riley et al. (1993, 1994), Riley and Voss (2006), Wang et al. (1999) 
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and Yoo et al. (1992), and reported to consequently disrupt membrane lipid constituents (Riley et al., 

2001). When sphingolipid metabolites are altered, a specific signal is produced in cells. For instance, 

sphingoid bases and ceramide tend to express apoptotic signals, whereas sphingoid-1-phosphate 

analogs express survival signals (Riley and Merrill, 2019; Stockmann-Juvala and Savolainen, 2008; 

Voss et al., 2007). Nonetheless, identifying the precise signaling roles of sphingoid bases is potentially 

complex, given their diverse signals and extensive interactions with a multitude of cellular molecules, 

including CHOL, phospholipids, and proteins (Katoh, 2004; Merrill, 2011; Natarajan et al., 1994; 

Riley et al., 1996; Zupancic et al., 2014).  

 
Figure 6. Schematic representation of the de novo biosynthesis pathway of major complex 
sphingolipids, and the interference of FUMs with their metabolism. The metabolic pathway of deoxy-
sphingolipids is denoted by blue arrows, whereas the metabolic pathway of non-deoxy-sphingolipids 
is represented by black arrows. Orange arrows indicate proportional elevation (the tip towards up) or 
depletion (the tip towards down). Abbreviations: 3-KR, 3-ketosphinanine reductase; Case, 
ceramidase; CerK, ceramide kinase; CerS, ceramide synthase; CPES, ceramide phosphoethanolamine 
synthase; DCD, dihydroceramide desaturase; FUMs, fumonisins; GalCase, galactosylceramidase; 
GalCerS, galactosylceramide synthase; GBA1, acid β-glucosidase; GluCerS, Glucosylceramide 
synthase; LacCerS, lactosylceramide synthase; LPP, lipid phosphate phosphatase; Sak, sphinganine 
kinase; SaL, sphinganine lyase; SMaseD; sphingomyelinaseD; SMD, sphingomyelin deacylase; SMS, 
sphingomyelin synthase; SMS1/2, sphingomyelin-1 or -2; SMSr, sphingomyelin synthase related 
proteins; Sok, sphingosine kinase; SoL, sphingosine lyase; SoPP, sphingosine phosphate phosphatase; 
SPT, serine palmitoyltransferase. 
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It appears that sphingolipid distortion by FUMs modify the overall membrane lipid composition via 

multiple distinct mechanisms: 1) by acting as precursors for long-chain aldehydes and various 

phospholipids; 2) by modifying the fatty acyl side chain of complex sphingolipids; 3) by modifying 

the complex interaction between sphingolipids and membrane lipids (for example, CHOL and 

phospholipids), thereby affecting membrane integrity and cellular signaling; and 4) by inducing 

toxicity in specific species associated with specific changes in membrane lipids (biomarkers), 

implicating the intricate interaction between multiple pathways. Additional pathways, which may be 

triggered by an imbalance in sphingolipid metabolism and lead indirectly to alterations in membrane 

lipids, are discussed in the following sections. 

The ER is the primary site for Sa production; however, it is crucial to emphasize that free So does not 

originate from the de novo pathway. Instead, it is produced through the salvage pathway, which 

consists of the hydrolysis of ceramide (facilitated by ceramidase) driven by the in vivo turnover of 

complex sphingolipids. Although this process is natural, a high turnover rate is likely associated with 

the loss of epithelial integrity as well as the inhibition of cell growth and adhesion (Desai et al., 2002). 

In cases of high accumulation of sphingoid bases, a metabolic shift to phosphorylation of these bases 

may occur, an event that is likely coupled with the proportional elevation of 1-deoxy-SA in the livers 

and kidneys of rats and mice (Voss et al., 2009; Zitomer et al., 2009). These authors proposed the 

involvement of these deoxy analogs in FUM toxicity, although further investigations are needed to 

comprehend the biological roles of these analogs. Kinases specific to Sa and So have the ability to 

phosphorylate these compounds, leading to the creation of their corresponding 1-phosphate 

derivatives (Hannun and Obeid, 2008; Merrill, 2002). This event is a highly resistant step against the 

apoptotic mode of action of FUMs (Sharma et al., 2004). The phosphorylation process is reversible, 

with sphingoid-1-phosphate being capable of dephosphorylation via sphingoid-1-phosphate 

phosphatases. In situations of high accumulation, these sphingoid-1-phosphate derivatives act as 

substrates for the synthesis of phospholipids. For example, the production of fatty acid aldehydes and 

ethanolamine phosphate has been reported to potentially be driven by the cleavage activity of 

sphingoid phosphate lyase on sphingoid-1-phosphate. These generated products are later integrated 

into PEs (Merrill, 2002; Riley et al., 1996; Stoffel et al., 1974). These findings pertain to the direct 

disruption of sphingolipid metabolism, particularly through FUMs, which affect the proportions and 

composition of membrane phospholipids. 
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Though ceramides are not directly incorporated into membranes, they serve as precursors for the 

construction of vital membrane pieces known as complex sphingolipids like SMs and glycosphingolipids. 

Therefore, the typical mode of action of FUMs, which typically involves the suppression of CerS, could 

result in reduced production of ceramides (Tolleson et al., 1999; Yoo et al., 1996) and their complex 

sphingolipids. A proportional depletion in these lipids due to FUMs may lead to profound modifications 

in cell membrane integrity and cell signaling (Riley et al., 2001; Riley and Merrill, 2019). Complex 

sphingolipids are characterized by long and very long SFA chains (16–24 carbon chains in most 

mammalian cells and 34 carbon chains in mammalian germ cells) (O’Brien and Rouser, 1964; Robinson 

et al., 1992; Skotland and Sandvig, 2022). Consequently, any decrease in the production of complex 

sphingolipids, such as in the case of FUMs, could directly alter the overall composition of biomembranes. 

For instance, a remarkable reduction in SM, particularly SM-d18:1/16:0, SM-d18:0/18:0, SM-d18:1/18:0, 

and SM-d18:1/24:1, in porcine liver due to FB1 exposure was reported by Loiseau et al. (2015). The same 

authors reported alterations in ceramide fatty species in the livers and lungs of piglets. Szabó et al. (2017), 

and Szabó et al. (2016a) suggested that the decrease in arachidic acid (C20:0) and behenic acid (C22:0) in 

rat hepatocellular membranes could be attributed to the FB1 mode of action on ceramide. In support of this 

proposal, Zitomer et al. (2009) reported modifications in the proportions of behenic, lignoceric (C24:0), 

and nervonic (C24:1 n9) acids in ceramide and 1-deoxydihydroceramide 13C bases of LY-B-LCB1 cells 

exposed to FB1.   

The interaction of complex sphingolipids, particularly SM, with membrane cholesterol (CHOL) and 

phospholipids plays a crucial role in determining the final composition of membrane lipids. According to 

Skotland and Sandvig (2019), PS interacts with sphingolipids, leading to increased interdigitation, a 

process that is enhanced by the presence of CHOL. SM significantly contributes to lipid raft formation by 

interacting with CHOL to create membrane microdomains, where approximately 70% of total cellular SM 

is found (Prinetti et al., 2001). The interaction between SM and CHOL is facilitated by the unique 

characteristics of SM molecules, such as their extended saturated chains and their ability to donate and 

accept hydrogen. Modifications in these lipid fractions could have a profound impact on membrane leaflet 

interdigitation and cell membrane integrity. Such as CHOL facilitates lipid raft creation by interacting with 

various phospholipids, particularly demonstrating a preferential interaction with those highly 

incorporating SFAs (Niu and Litman, 2002). In this context, changes in the interaction between 

sphingolipids and CHOL could imply changes in CHOL’s interaction with phospholipids, thereby altering 

the integrity and physicochemical properties of the membrane. 
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Despite the relatively lower abundance of sphingolipids, they have been shown to possess vital biological 

functions, such as sustaining the physical properties of biomembranes, functioning as secondary 

messengers, acting as ligands for cell membrane receptors, and playing a pivotal role in facilitating 

communication between cells and their external environment (Breslow, 2013). Therefore, modifications 

in the proportion of sphingolipids could strongly affect cell functions and overall survival. For 

example, toxicological reports have indicated their potential/involvement in altering gene expression, 

oxidative stress, intercellular communication, cell adhesion, proliferation, and the apoptosis rate. 

These induced biological events have been implicated in the development of pathophysiology and 

diseases, including cancer (Hannun and Obeid, 2018; Lee et al., 2023). Considering that the proposed 

biochemical mechanisms of action involve alterations in de novo biosynthetic pathways, nutritional 

factors (sphingolipid composition) may substantially contribute to the potency of FUM and its 

observed toxic effects in animals. The interaction between dietary sphingolipids and blood-circulating 

lipids has been established (reviewed by Calzada et al. (2023) and Norris et al. (2019)). Furthermore, 

numerous investigations have aimed to establish associations between diseases and lipid biomarkers 

(Afshinnia et al., 2018; McGranaghan et al., 2021; Teixeira et al., 2023; Tian et al., 2022; Wei et al., 

2024; Zhao et al., 2014). In the case of FUMs, certain organ toxicities and diseases have been observed 

to be species-specific. This might suggest a potential biomarker linked with these diseases, such as 

oleic acid and respiratory diseases (Lopez et al., 2014). These lipid biomarkers often express a survival 

or apoptotic signal, depending on the tissue/organ where lipids accumulate.      

2.6.1.2. Oxidative stress and lipid peroxidation  

It is likely that liberated mitochondrial electrons interact with molecular oxygen to produce reactive 

oxygen species (ROS). ROS are typically composed of multiple compounds, the most recognized and 

prevalent of which are hydrogen peroxide (H2O2), hydroxyl radical (HO•), and superoxide radical 

(O2
·−) (Averill-Bates, 2023; Ma, 2013). Under normal metabolic conditions, ROS manifest valuable 

roles, mainly by providing systematic protection to cells. The redox system has been demonstrated to 

control the level of ROS within cells, a mechanism that ends by neutralizing ROS. This neutralization 

process is known to exhibit complexity, as indicated by the multiple enzymes and genes involved. 

The enzymes engaged in this operation are superoxide dismutase (SOD), catalase (CAT), and 

glutathione peroxidase (GPx), along with the antioxidant compound glutathione (GSH) (Wang et al., 

2016). However, an increase in ROS under metabolic dysfunction and disorders might not be 

compromised by the redox system, leading to an adverse condition referred to as oxidative stress. The 
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consequences of this process may include damage to cellular macromolecules, including lipids (Ma, 

2013; Trachootham et al., 2008).            

The augmentation of oxidative stress by FUMs appears to not yet be fully understood, probably 

involving numerous factors. Remarkably, FUM does not induce direct oxidative stress; rather, it is a 

consequence of disruption of sphingolipid metabolism (second messengers involved in survival and 

apoptotic signals), deregulation of Ca2+ uptake, disruption of mitochondrial-associated membranes, 

dysfunction of mitochondria (inhibition of Complex 1), induction of cytotoxicity on DNA and protein 

synthesis, and disintegration of membranes such as lipid rafts (Arumugam et al., 2019; Bratic and 

Larsson, 2013; Domijan and Abramov, 2011; Hammerschmidt and Brüning, 2022; Zigdon et al., 

2013). Elevated levels of ROS due to FB1 exposure have been reported in in vitro and in vivo models 

(reviewed by da Silva et al. (2018) and Wang et al. (2016)), as well as to modify the Keap system-

nuclear factor erythroid-2 (keap-Nrf2) pathway to trigger antioxidant transcriptions (Arumugam et 

al., 2019), as demonstrated in Figure 7. The transformation of Keap-Nrf2 usually entails the 

adjustment of the cysteine thiols in both Keap1 and Nrf2, which is believed to modify the structure of 

Keap1–Nrf2–Cul3 complex, thereby obstructing the ubiquitination of Nrf2 (Lee and Hu, 2020; Yu 

and Xiao, 2021).  

 
Figure 7. A diagrammatic depiction of the relationship between ROS production and biomembranes, 

as well as the role of redox system in neutralization of lipid hydroperoxides. Abbreviations: ARE, 

antioxidant response element; CAT, catalase; GPx, glutathione peroxidase; GSH, glutathione; Nrf2, 

Nuclear factor E2-related factor 2; SOD, superoxide dismutase.  
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A consequence of ROS elevation is the induction of H+ removal reactions from membrane lipids 

(primarily lipids consisting of a high number of double bonds), an event known as “lipid peroxidation” 

(Hassan et al., 2015; Stockmann-Juvala and Savolainen, 2008). The domain of lipid peroxidation 

research has been growing rapidly during the last decade (Ayala et al., 2014), which is attributed to 

its serious adverse effects that can lead to the generation of lipid-peroxyl radicals and lipid 

hydroperoxides, which aggravate the destruction of membrane structures as well as macromolecules 

(including proteins and DNA). These events can possibly be biologically assessed through 

investigating the reduced activity of GSH, alterations in the expression of SOD, CAT, and GPx, and 

proportional elevation of the generated malonaldehyde (MDA) (Abbès et al., 2016; Abel and 

Gelderblom, 1998; Ali et al., 2019; Domijan et al., 2007; Fodor et al., 2015; Kócsó et al., 2021; 

Poersch et al., 2014; Szabó et al., 2018). To align with the thesis’s perspective, this section primarily 

focuses on in vivo model reports.   

Primarily focusing on the effects of FUMs on the liver, most of the available in vivo data on lipid 

peroxidation and membrane lipids were obtained from rat models, followed by rabbits, with a single 

report on swine. Abel and Gelderblom (1998) reported the ability of FB1 to induce oxidative stress in 

an in vivo model. These authors reported increased levels of thiobarbituric acid reactive substance 

(TBARS) as a result of exposure to 250 and 500 mg/kg FB1 in the feed for 21 days. This was perhaps 

the first hint suggesting that FB1 sensitizes hepatocytes towards oxidative stress. Similar findings were 

reported three years later in the rat liver by Gelderblom et al. (2001), who proposed that the 

hepatotoxic effects and augmented lipid peroxidation play a crucial role in initiating cancer. The 

consequence of these events is damage to cellular and microsomal membranes. Although these studies 

employed high doses and prolonged exposure designs, the augmentation of lipid peroxidation in rat 

liver was noticed in a study (Szabó et al., 2016a) characterized by a lower toxin level and a shorter 

exposure period (50 mg FB1/kg dose for 5 days). These authors reported an increase in the level of 

MDA and a decrease in the activity of GSH. High hepatic ROS generation by FB1 has also been 

reported in rabbits fed 10 mg/kg diet for 4 weeks (Szabó et al., 2016b), although the authors reported 

a minimal rate of lipid peroxidation. In piglets, 20 mg FBs/kg feed for 10 days resulted in the elevation 

of the lipid peroxidation end product (MDA) and antioxidant biomarkers in the liver (Ali et al., 2019). 

Those studies by Ali et al. (2019), Szabó et al. (2016a, 2016b) proposed the potential involvement of 

lipid peroxidation in shaping the overall fatty acid profile of liver plasma and mitochondrial 

membranes, remarkably through decreasing proportions of UFAs. It is well known that PUFAs are 
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more prone to ROS than other types of fatty acids. According to Holman (1954), DHA is 8- and 320-

fold more sensitive to ROS than are LA and oleic acid, respectively.  

The kidney has not been intensively investigated within the area of potential oxidative stress induced 

by FUMs in relation to modifications in membrane lipids. When the kidney was inspected, FB1 was 

shown not to exert lipid peroxidation in rats and piglets, despite alterations in membrane polar lipids 

being observed (Ali et al., 2021; Szabó et al., 2017). These studies were based on the EU-permitted 

level (5 mg/kg diet) as well as a shorter exposure period. However, Ali et al. (2019) found no indicator 

of oxidative stress within the renal tissue of piglets fed 20 mg FBs/kg feed for 10 days. On the other 

hand, after the GIT, the blood is the second body medium exposed to FUMs. Regrettably, no data are 

yet available concerning the association between oxidative stress induced by FUM and alterations in 

the membrane lipids of erythrocytes or in reproductive system organs. Nevertheless, 5 mg FBs/kg 

feed failed to augment oxidative stress in plasma and hemolyzed erythrocytes in piglets and rabbits 

(Ali et al., 2021; Szabó et al., 2016b), but the membrane lipid composition was not determined. In 

this regard, future studies should focus on filling this gap in the data.  

2.6.1.3. Alterations in enzyme activities associated with lipid metabolism 

The impact of FUM on lipid metabolism is very clear in the case of the inhibition of N-acyl transferase 

(ceramide synthase, or CerS), which has six isoforms in mammalian cells (Loiseau et al., 2015; Wang 

et al., 2016). Notably, each isoform exhibits affinity for a specific length of fatty acyl-CoA; therefore, 

they are crucial determinants of the ceramide fatty acid composition (Laviad et al., 2008) and its 

overall concentration. Although FUM is theoretically capable of inhibiting all isoforms of CerS, 

selective interactions with specific isoforms have been reported to be tissue-specific. In piglets 

gavaged with 1.5 mg FB1/kg BW/day for 9 days (Loiseau et al., 2015), FB1 upregulated the expression 

of genes encoding activities of 2- and 4-isoforms of CerS in the lungs. On the other hand, CerS-1 in 

the liver was more susceptible to FB1. The observed modulation in acylated ceramide fatty acids 

suggests a plausible interaction between this toxin and the isoforms of CerS, as well as the distribution 

ratio of their activities. For instance, the 6-isoform of CerS regulates the acylation of fatty acids with 

C18 to C20 carbon chains, and the acylation of C14 to C16 fatty acids is linked with alike CerS-5 and 

-6 (Mullen et al., 2012). These findings underscore the natural role of the selectivity of each enzyme 

for fatty acids. Among CerS enzymes, CerS-2 is predominant, and its activity appears to be marked 

in FUM-targeted tissues such as the lungs, liver, and kidneys. Therefore, its inhibition by FBs is 

particularly interesting due to its relationship with the low accumulation rate of ceramide in cells, 



32 

 

notably those with 20 to 26 fatty acids (Riley and Merrill, 2019; Mullen et al., 2012; Laviad et al., 

2008), indicating the role of this enzyme in their acylation. In addition, the inhibition of this CerS 

isoform would project an aggregation of ceramides with short-chain fatty acids, which is suggested to 

be a compensatory mechanism in mice (Pewzner-Jung et al., 2010). Upon incorporation into complex 

sphingolipids, these short-chain fatty acids can impact the physicochemical properties of membranes 

as well as the interactions between membrane lipids. Remaining with the sphingolipids, FUM has 

been proven to elevate the concentrations of sphingoid bases and their 1-phosphate derivatives. This 

indicates the ongoing activity of palmitoyltransferase after exposure to FUMs, an event promoted by 

Orm/ORMDL proteins (Davis et al., 2019; He et al., 2006), and a shift in the activity of sphingoid 

kinase. As mentioned in the previous section, an imbalance in sphingolipid accumulation can trigger 

their hydrolysis via sphingoid-lyase to produce fatty aldehydes and ethanolamine phosphate, which 

can possibly be incorporated into membrane lipids, particularly into PE. This refers to an imbalance 

in the proportion of membrane lipids.  

Remarkably, the available literature lacks sufficient empirical data to support the notion that FUM 

directly disrupts the activities of enzymes related to phospholipid fatty acid metabolism. Therefore, at 

the present time, the plausible route is an indirect mechanism, although this is not yet fully 

comprehended. Basically, the major enzymes involved in de novo lipid metabolism are elongases 

(extending the chain of fatty acids, which is encoded by ELOVL genes), stearoyl-CoA desaturase 

(SCD: introduces a double bond on an SFA), and fatty acid desaturase enzymes (FAD: adds a double 

bond on a monounsaturated fatty acid (MUFA)) (Jump, 2009; Nakamura and Nara, 2004; Paton and 

Ntambi, 2009). Although the potential of FB1 interference with phospholipase D (PLD) has been 

reported earlier in yeasts by Wu et al. (1995), the alteration of FAD by FUMs is the first reported 

alteration in this area. In an in vivo rat model exploring the liver microsomal fraction, a dose-

dependent decrease in the activity of Δ6-desaturase (D6D) was observed upon FB1 exposure 

(Gelderblom et al., 2002). It is important to understand that this enzyme activity was determined 

analytically, whereas the following proposed enzymes were determined mathematically by calculating 

the ratio between the fatty acids related to the enzymatic activity precursor/product. In this context, 

subsequent research has built upon the observation of a decrease in Δ5-desaturase (D5D) activity, 

which was initially identified through the measurement of lipid biomarkers, specifically the 

20∶3n6/20∶4n6 ratio. This finding has been corroborated in various studies using in vivo and in vitro 

models of FUM exposure in swine and rats, including those conducted by Ali et al. (2019, 2021) and 
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Burger et al. (2007, 2018). Desaturase enzymes, especially D6D, are known to be influenced by ER 

stress (Teng et al., 2015), a typical toxic condition of FUM exposure expressed by an imbalance in 

sphingolipid metabolism. Thus, Riley and Merrill (2019) proposed that dysfunction of the ER is a 

factor resulting in the changing activities of D6D. The same mechanism can potentially be involved 

in altering the activity of SCD since it is anchored to the ER membrane (Paton and Ntambi, 2009). 

Nevertheless, this domain of research requires further studies to comprehend other events leading to 

desaturase alterations.   

Although there are considerable data supporting the notion that FUMs interfere with the activity of 

delta-desaturase enzymes, the impact of FUMs on elongases is not explicitly delineated in the 

literature. However, the compositional disruption of medium- and long-SFAs within the membranes 

of rats’ livers and piglets’ livers and kidneys has been reported to be a consequence of FUM exposure 

(Ali et al., 2019, 2021; Burger et al., 2007, 2018). Apparently, it is incredibly challenging to specify 

the modification of elongase activities in these studies due to the complexity of events occurring 

simultaneously. Given the integral roles of SCD, delta-desaturase, and elongase enzymes in fatty acid 

metabolism, it is likely that FUMs influence the activity of elongase enzymes. However, this 

hypothesis necessitates further empirical investigation for validation.     

2.6.1.4. Modulation of gene signaling involved in lipid metabolism 

While the potential of fumonisins to cause genetic harm remains a contentious topic, it is widely 

accepted that they do not directly interact with DNA to cause genotoxicity. This recognition is based 

on empirical data from both in vivo and in vitro studies (Bondy et al., 2012; Gelderblom and Marasas, 

2012; IARC, 2002). However, genotoxic alterations were observed upon FUM exposure in rat liver, 

according to both in vivo and in vitro studies (Domijan et al., 2008; Knasmüller et al., 1997), revealing 

indirect reactivity between DNA and FUMs. Indeed, DNA damage caused by FB1 has been observed 

to be dose- and time-dependent (Domijan et al., 2008). Notably, the genotoxic effect of FUM is not 

yet fully understood, with many proposals suggesting that oxidative stress is a likely factor. For 

example, Sahu et al. (1998) studied whether FB1 affects nuclear membranes and DNA in rats’ livers 

and confirmed the induction of nucleolemmal lipid peroxidation and DNA damage. Thus, the authors 

hypothesized that peroxyl radicals and hydroxyl radicals are responsible for direct DNA damage. 

Though this appears to be a possible factor, Domijan et al. (2007) reported that DNA lesions 

developed earlier than the activation of the redox antioxidant system, suggesting that an imbalance in 

sphingolipid metabolism plays role in DNA damage. 
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Focusing on the effect of FUMs on sphingolipids leads to a compositional imbalance in their 

respective structures. Consequently, it is plausible that the comprehensive impact of fumonisins 

encompasses a multitude of biochemical processes. The metabolism of sphingolipids involves the 

inhibition of their enzymes, notably CerS, by FUMs. The six CerS isoforms are regulated by six genes 

found on different chromosomes (Pewzner-Jung et al., 2006) that are susceptible to FUM, as 

demonstrated earlier in the lungs and livers of piglets exposed to FB1 (Loiseau et al., 2015), leading 

to alterations in fatty acid chains in ceramide and consequently SM. A similar approach can be 

established for desaturase enzymes, in which fatty acid desaturase gene 2 (FADS-2, which regulates 

the activity of D6D) has been reported to be altered due to FB1 exposure (Gelderblom et al., 2002) 

and its toxic effect on the ER (Teng et al., 2015). However, the impact of FUMs on other FADSs, 

such as FADS1, FADS-3, and FADS-6, remains unexplored, underscoring the need for further 

research in these areas. The focus of these investigations should be to examine both direct and indirect 

influences, such as the consequences of specific sphingolipid accumulation or removal on lipid-gene 

signals and the interplay between sphingolipid genes and other lipid genes, which modify gene signals 

associated with lipid metabolism.  

Remarkably, the lipogenesis process within mammalian cells is regulated by alike endogenous gene 

matrix and exogenous factors. For instance, the transcription of liver lipid genes is susceptible to 

alterations caused by PUFA accumulation (Blake and Clarke, 1990; Jump et al., 1996). It is known 

that FUMs exert modifications on fatty acid compositions, suggesting that they consequently affect 

lipogenesis and membrane lipid structures. The Liver-X-Receptor (LXR), a member of the nuclear 

receptor superfamily, is predominantly found in the livers of humans and rodents (Gronemeyer et al., 

2004). It has been identified as a key player in CHOL and lipid metabolism, influencing the function 

of sterol regulatory element-binding protein-1 (SREBP-1c), FAS, and SCD-1 (Son and Paton, 2020). 

The transcription of LXR has been shown to play an important role in the livers of mice exposed to 

10 mg FB1/kg BW/day for 28 days (Régnier et al., 2019). These authors proposed that LXR plays a 

crucial protective role against FB1 toxicity, whereby its knockout may exacerbate alterations in 

lipogenesis homeostasis and FUM toxicoses.  

2.6.2. Fumonisins-induced modification to the membrane lipid profile  

Historically, membrane fatty acids have been shown to provide a general image of cell metabolism 

and disease progression, thus establishing them as reliable biomarkers. In this respect, lipidic 

biomarkers vary across pathophysiological conditions, depending on the animal, investigated tissue, 
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and severity of the condition. In the case of FUMs, the fatty acid composition of membrane lipids 

provides data that can potentially be incorporated into understanding the toxicity mechanism and 

cancer induction by FUMs. This section highlights major studies correlating FUMs with the disruption 

of membrane lipids. 

2.6.2.1. Liver  

The toxicity of FUM to membranes is well documented in the available literature on various species 

models, both in vivo and in vitro. Indeed, the liver appears to be the most investigated tissue 

concerning the modulation of membrane lipids by FUMs, with the most data obtained from rats 

compared to swine and rabbits. These data primarily focused on the fatty acids of the phospholipidome 

and specific phospholipid subclasses like PC, PE, PS, and PI. Remarkably, FBs exhibited potency in 

modulating the fatty acids of these membrane fractions (Ali et al., 2019, 2021; Burger et al., 2007, 

2018; Gelderblom et al., 1996a, 1997, 2001, 2002; Riedel et al., 2015, 2016; Szabó et al., 2016a, 

2016b, 2017), whereas the destabilization of membrane fatty acids was related to the magnitude of 

the toxicity induced by this toxin. Thus, numerous underlying events have been proposed to aggravate 

the observed outcomes, primarily underscoring the involvement of sphingolipid metabolism, D6D, 

and lipid peroxidation (Gelderblom et al., 2002; Riedel et al., 2016; Szabó et al., 2016a). Furthermore, 

the majority of these studies aimed to elucidate the role of lipid metabolism in cancer progression.    

Gelderblom et al. (1996a) were the first to study the toxic effect of FB1 on PC and PE in primary rat 

hepatocytes, revealing an elevation in total n6 fatty acids (Σn6) in PC and some of its respective fatty 

acids, with PE showing resistance in its fatty acid composition. Following these findings, the authors 

used a similar approach but in an in vivo model of rat liver (Gelderblom et al., 1997), including drastic 

acute short-term exposure and prolonged chronic exposure. It is important to mention here that the 

findings of this study revealed results distinct from those of the former report, indicating potential 

contradictions in findings between in vitro and in vivo models. In the in vivo model, an FB1 dose (500 

mg/kg feed) resulted in a drastic proportional decrease in SM. Furthermore, in both settings of the in 

vivo model, PE was markedly increased, revealing compositional fatty acid modifications, primarily 

marked by the elevated proportions of LA, although acute exposure was more pronounced due to 

decreased EPA and Σn6 in PCs. Acute exposure also increased the proportion of EPA, whereas 

chronic exposure increased the overall n3 fatty acid (Σn3) content of PE, which subsequently 

decreased the Σn6: Σn3 ratio. These modifications in n6 and n3 fatty acids allowed the authors to 

conduct a further experiment to examine the potential alteration of enzymes involved in lipid 
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metabolism, particularly D6D and D5D (Gelderblom et al., 2002). The outcomes of this investigation 

were promising, revealing that FB1 can modify (decrease) the activities of D6D (determined 

analytically) and D5D (determined by the elevated specific lipid biomarker: 20∶3n6/20∶4n6 ratio). 

Notably, the activity of D6D decreased in a dose-dependent manner in response to FB1. Furthermore, 

liver membrane CHOL and phospholipid fractions (PC, PE, PS, and PI) responded to FB1 > 50 mg/kg 

diet, although the extent of the response varied among the fractions: PC and PE > PS and PI. In this 

study, the most pronounced proportional modifications of fatty acids were the elevation in total 

saturation (ΣSFA), monounsaturation (ΣMUFA), and Σn6 (including some of their respective fatty 

acids), while n3 fatty acids exhibited decreases due to the inhibition of D6D. These alterations were 

again confirmed by Burger et al. (2007), who supported the role of desaturase inhibition in FB1 

toxicity and reported an increase in CHOL and PE levels, an elevation in the CHOL/phospholipid 

ratio, a reduction in the PC/PE ratio, an elevation in ΣMUFA, and an increase in the LA proportion. 

The authors reported that PE varies in its extent of accumulation among liver cellular and subcellular 

membranes, with a high tendency observed in the microsomal, mitochondrial, and plasma membranes. 

SM exhibited, to some extent, a similar pattern: a strong decreasing tendency in the mitochondrial and 

nuclear fractions. However, this study also indicated different patterns regarding the Σn6: Σn3 ratio 

and total polyunsaturation (ΣPUFA), both of which decreased. Thus, the ratio between ΣPUFAs and 

SFAs exhibited a decrease in the PE fraction. The authors also observed a greater accumulation of 

AA in PE than in PC across various subcellular membranes, which led to a decrease in the AA-PC/PE 

ratio. The authors emphasized this decrease to shift into the prostanoid synthesis of the E2 series. AA 

has been shown to be involved in the regulation of mitochondria (interacting with the mitochondrial 

electron transport chain to induce a strong signal toward reactive oxygen species generation), and its 

metabolites influence cellular proliferation and apoptosis (Cocco et al., 1999; Wang et al., 2021).           

Based on these findings, further investigations were carried out to confirm these modifications and 

their biological consequences in cancer, focusing merely on the modulation of PE and PC. For 

example, in an in vivo rat liver model, Riedel et al. (2015) reported findings similar to those of Burger 

et al. (2007) in the rat liver (in vivo study), which were combined with the modulation of membrane 

structure and fluidity. These authors proposed that these alterations are a consequence of carcinogenic 

stimulation. However, these modifications are contingent on the tissue/cell type. In an in vitro design, 

Chang liver cells were more resistant to FB1 exposure than were primary rat hepatocytes. This 

observation was based on several lipid indicators, including a decrease in the PE/PC ratio and an 
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increase in CHOL and SM. Furthermore, Chang cells exhibited a high SFA composition within the 

PC and PE fractions, demonstrating more rigid membranes. The authors indicated that these changes 

modulate cell growth arrest, a mechanism to inhibit the potential carcinogenic effect of FB1. Burger 

et al. (2018) reported distinct proportional alterations in the membrane lipids of primary rat 

hepatocytes compared to those reported in Chang cells. The originally asymmetrical hepatic 

subcellular membrane structures lost their integrity as a key result of FB1, as the membrane 

microdomains were compositionally modified and consequently affected the lipid raft situation. In 

this study, the fatty acid composition of PE was more susceptible to FB1 than to PC, resulting in an 

increase in the concentrations of n6 fatty acids and their respective sums while decreasing Σn3 due to 

a proportional reduction in EPA and DHA. This overall structural modification of membrane rafts is 

coupled with the alteration of signaling mechanisms, ultimately modulating cell regulation towards 

survival and/or cancer progression. Notably, those reported changes corresponded to a drastic cancer-

promoting effect of FB1 (250 mg/kg feed in in vivo models and 250 µM in in vitro models) 

(Gelderblom et al., 1996b). Similar findings, including a decrease in n3 fatty acids, in the rat liver 

have also been reported to be induced under exposure to a low dose of FB1 (Szabó et al., 2016a), 50 

mg FB1/kg feed for 5 days. The authors implicated the role of lipid peroxidation (increased MDA in 

intoxicated rat liver) in compromising these n3 PUFAs. These authors also assessed the effect of lower 

doses of FB1, DON, and ZEN (individually and combined) on rat liver membrane lipids (Szabó et al., 

2017), in which FB1 alone could not modulate the disruption of membrane lipids, although hepato-

histopathological findings were observed (Szabó‐Fodor et al., 2019). However, the effect of FB1 was 

pronounced under the co-occurrence of DON, indicating the potential additive interaction between 

these fusariotoxins. It is important to understand that a relatively lower FB1 dose than the established 

NOAEL for rat liver (1.25 mg/kg BW/day, according to EFSA (2005)) was applied in this study, 

which would likely explain the non-observed effect of FB1 on the fatty acid profile of membrane 

lipids.      

According to the aforementioned information, all these findings primarily corresponded to FB1 

exposure alone, while the co-occurrence effect of other FUMs was not determined. In addition, the 

above investigations were specific to the rat liver. Few data are available on the livers of other species, 

including three reports on swine and only one report on rabbit. However, neither the above-mentioned 

nor the following reports have investigated the dose- and time-dependent response of membrane fatty 

acids to FBs. In swine, hepatic membrane lipids exhibit a decrease in Σn3, whereas a high dose of FBs 



38 

 

can also compromise n6 fatty acids (Ali et al., 2019, 2021). In the study by Ali et al. (2019), 

compositional modifications in membrane fatty acids were more pronounced than those in 

triglycerides and were attributed to histomorphological changes. Interestingly, a dose in line with the 

EU-permitted FB level (5 mg FB1+2/kg feed) for 21 days was able to induce compositional alterations 

in porcine hepatic cell membranes, even before the induction of lipid peroxidation (Ali et al., 2021). 

This pattern of findings appears to be similar to that of Domijan et al. (2007), where DNA 

fragmentation was observed before the induction of oxidative stress. Ali et al. (2021) also observed 

aggravated modifications in membrane lipids due to the co-occurrence of other Fusarium mycotoxins, 

namely DON and ZEN, which reflects the same pattern observed in rats (Szabó et al., 2017). A further 

study on piglets investigated the effects of FB1 on the proportion of SM and its fatty acids in porcine 

liver (Loiseau et al., 2015). This study confirmed that long and very long MUFAs in SM are more 

susceptible to FB1, revealing a reduction in their levels. The authors also reported modifications in the 

fatty acids of ceramides stemming from the selective affinity of FB1 for specific isoforms of CerS. 

When examining the liver of rabbits, the plasma membrane of this tissue exhibited resistance to FB1 

(minimal modulation of membrane lipids (Szabó et al., 2016b)) compared to its effect in swine. 

However, the hepatic subcellular lipids (mitochondria) revealed organelle stress, as indicated by 

elevated oleic acid and ΣMUFA, and decreased arachidonic, EPA, and ΣPUFA. This study also 

assessed the multi-toxic effects of FB1 and T-2, which apparently exhibited antagonistic-like 

interactions. Overall, modifications in the membrane lipids of livers from swine and rabbits appear 

similar to those reported in rats, with some minimal discrepancies. These differences can be attributed 

to multiple factors, including genotype, applied dose of FBs, administration method, period of 

exposure, and the potential co-occurrence of other mycotoxins.  

2.6.2.2. Kidneys  

Nephrotoxicity has been reported to develop after exposure to FBs in male and female rats (Bucci et 

al., 1998; Szabó et al., 2018; Voss et al., 1995), swine (Terciolo et al., 2019), and rabbits (Gumprecht 

et al., 1995; Kovács et al., 2003; Orsi et al., 2007). Despite the fact that the rat has been the most 

investigated animal model related to fatty acid modulation by FUMs, and its kidneys have been 

identified as the target organ (Voss et al., 1995) for FB1 toxicity, the available data are likely minimal 

in rats and swine (only based on in vivo models), while no data are available on rabbits and other 

animal species.  
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In a study by Szabó et al. (2018), rats were gavaged with 150 µg FB1/animal/day (a dose lower than 

the established NOAEL of 0.2 mg FB1/kg BW/day for rat kidneys) for 14 days. There were no marked 

modifications in the fatty acid proportions of renal total phospholipids. This observation is logical 

since no marked nephro-histomorphological alterations were proven (Szabó‐Fodor et al., 2019). 

However, unlike in the case of the rat liver, FB1 had an antagonistic effect on renal membrane lipids 

in the presence of ZEN. 

Focusing on swine, piglets were the subject of two studies. Remarkably, the outcomes of these studies 

reflect discrepancies between low and high doses of FBs. While 20 mg of FB1 did not alter the 

composition of triglycerides or membrane lipids in piglet kidneys (Ali et al., 2019), 5 mg of FBs 

showed modulation of renal membrane lipids (Ali et al., 2021). According to the latter report, 

modifications in the fatty acid composition of renal total phospholipids included an elevation in 

ΣMUFA and its ratio to ΣPUFA, which was accompanied by a decrease in Σn3 and ΣSFA. Therefore, 

alterations in the fatty acid composition of kidney total phospholipids mirror those observed in the 

hepatocellular membranes of rats and swine. Notably, the outcomes of both studies on piglets were 

somewhat dependent on the development of histological lesions within the kidney, in which Ali et al. 

(2019) found no marked lesions in the kidney.  

2.6.2.3. Erythrocytes  

While the GIT is the first system exposed to FUMs, the blood represents the second medium. Elevated 

blood vessel permeability has been correlated with the progression of PPE, an atypical case of FB1 

toxicity in swine (Haschek et al., 2001). The blood is characterized by a rapid elevation in the Sa-to-

So ratio, a biomarker for assessing FUM exposure (Riley et al., 2015). This elevation in free sphingoid 

bases plays a crucial role in hematotoxicity. As an illustration, the accumulation of Sa has been 

implicated in modulating intracellular ions (e.g., Ca2+, Na+, and K+) and inducing apoptosis in 

leukocytes. It is well known that Na+/K+ ATPase regulates the concentrations of these ions via the 

sodium-potassium pump within cells. The operation of Na+/K+ ATPase is regulated by modulators 

such as those outside and inside the cell (Kazennov et al., 1998). Furthermore, it has functional 

associations with several components of the membrane, especially systems that transport ions, 

proteins in the membrane, and the fatty acid composition of membrane phospholipids (Cohen et al., 

2005; Wu et al., 2004). Thus, investigating membrane lipid composition would provide insight into 

the potential fatty acids involved in the regulation of the Na+/K+ ATPase, which has been 

demonstrated to be just an enzyme activity increase by FB1 in rabbit erythrocytes (Szabó et al., 2014). 
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Although the authors proposed that the decrease in ceramide content caused by FB1 (10 mg/kg feed 

for 28 days) increased the activity of Na+/K+ ATPase, alterations in fatty acid levels in erythrocyte 

membranes were also proven. Multiple proportional decreases in long PUFAs were observed after 14 

days of FB1 exposure. Remarkably, these findings reflect similarities to those reported in the liver and 

kidney. Furthermore, the interaction between FB1 and T-2 in erythrocyte lipids was also antagonistic, 

similar to the observation in rat liver by Szabó et al. (2016a).       

2.6.2.4. Reproductive system  

FUMs are not typically considered mycotoxins that target the reproductive system; however, 

numerous studies have reported their toxic effects on both males and females. Many academic studies 

have linked FB1 to decreased fertility and induced fetal toxicity in rodents (Gbore et al., 2012; 

Lumsangkul et al., 2019). This toxin was not only toxic to females, as it has also been reported to 

trigger reproductive toxicity in boars (Gbore, 2009; Gbore and Egbunike, 2008). In male rabbits, long-

term exposure to low doses of FB1 (0.13, 5, and 7.5 mg/kg feed for 196 days) has been associated 

with mild to moderate histopathological lesions in the testes, including degeneration of Sertoli cells 

(Ewuola, 2009). This toxicity is likely to alter the process of spermatogenesis, which is mainly marked 

by a striking decrease in sperm reserves in the testis, caput, corpus, and caudal epididymis (Ewuola 

and Egbunike, 2010b). Moreover, growing rabbits exposed to FB1 above 7.5 mg/kg diet exhibited late 

puberty (Ewuola and Egbunike, 2010a), along with a decline in sperm quality characterized by severe 

abnormalities and reduced motility and viability. Similar findings were underscored due to FB1 

exposure in an in vitro model of equine spermatozoa (Minervini et al., 2010). Interestingly, a low dose 

of 5 mg FB1/kg feed was found to alter spermatogenesis in male rabbits, whereby this effect was 

exacerbated when DON and ZEN were also present (Fodor et al., 2015), indicating an additive or less 

than additive effect. Given the previously mentioned evidence of the toxic effects of FB1 on the male 

reproductive system, it is plausible that FB1 could affect the membrane lipids of the testis and spermia. 

Regrettably, none of the studies that investigated the effects of FUMs on the genital system, for males 

and females, have included lipid data. Therefore, conducting experiments in this direction could 

provide further insight into the toxicological effects of FUMs.  

2.7. Aims of the studies  

Lipid compositional alterations, elevated/augmented oxidative stress, and sodium-potassium pump 

activity modifications (via an altered membrane lipid composition) have been proposed as outcomes 

of FB1 exposure, as previously elucidated. Such modifications typically have far-reaching, profound 
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consequences, such as the disintegration of membrane integrity, leading cells to lose their 

functionality. To date, a few in vitro studies have investigated the disruption of membrane lipids by 

FB1; however, these studies reported relatively drastic effects of toxin doses known to trigger cancer. 

These studies unutilized rat hepatocytes and cancer cells in their design. Further in vivo studies 

employing the same toxin doses are also available, reporting, to some extent, discrepancies between 

in vitro and in vivo models in rat liver. It is obvious that the rat model was the most utilized, whereas 

scarce investigations have been carried out on swine (liver, kidney, and lung) and rabbits 

(erythrocytes). Therefore, the existing literature might be considered somewhat inadequate, especially 

concerning swine and rabbits. Thus, further studies are necessary to confirm the reported alterations. 

In addition, there is a noticeable gap in the approach to dose- and time-dependent effects. Even though 

various dose paradigms were employed in the previously mentioned studies, no dose-response 

relationship was reported in relation to membrane fatty acids. Moreover, multiple studies have 

reported the effect of FB1 on the male genital system, but no report has yet determined the magnitude 

of its toxicity on the fatty acid composition of the membranes of male reproductive tissues. Thus, it 

would be intriguing to investigate the following points in a sequential experimental plan, which are 

directly related to the dissertation of the doctorate: 

1. Evaluation of the potential disruption caused by FBs to cellular membranes across different 

tissues and species (in vivo models), with a primary focus on cellular integrity.   

2. Examination of the consequences of FBs on rats, swine, and rabbits, primarily focusing on the 

dose- and time-dependent response of fatty acids. 

3. Investigation of the influence of FBs on the cation flux enzymatic regulation of erythrocytes 

in swine. 

4. Determination of the potential induction of lipid peroxidation by FBs and its contribution to 

the final composition of membrane fatty acids.  
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3. MATERIALS AND METHODS 

The comprehensive details of the materials and methodologies utilized in each study are included in 

the corresponding articles in Chapter 4. To avoid redundancy, this chapter does not repeat the 

descriptions of the materials and methods. Instead, it features a table (Table 1) that elucidates the core 

concept of each study along with the measurements and assessments employed.  

Table 1. Overview of investigations into fatty acid composition alterations in various animal tissues: 

Present conditions and parameters assessed 

Animal/tissue/Parameter Study 1 Study 2 Study 3 Study 4 

Rat  ✓ - - - 

Pig - ✓ ✓ - 

Rabbit  - - - ✓ 

Liver  ✓ - ✓ - 

Kidney ✓ - - - 

Lung  - - ✓ - 

Erythrocytes  ✓ - - 

Testis  - - - ✓ 

Sperm cells - - - ✓ 

Pure FB1 ✓ - - - 

FB1+FB2+FB3 - ✓ ✓ ✓ 

Interpretationally administration   ✓ - - - 

Oral administration  - ✓ ✓ ✓ 

Total phospholipid  - ✓ - ✓ 

Phosphatidylcholine ✓ - ✓ - 

Phosphatidylethanolamine  ✓ - ✓ - 

Phosphatidylserine  ✓ - ✓ - 

Phosphatidylinositol  ✓ - ✓ - 

Dose-dependence ✓ ✓ ✓ ✓ 

Time-dependent  ✓ - - - 

Oxidative capacity  ✓ ✓ ✓ ✓ 

Na+/K+ ATPase - ✓ - - 

Sperm quality  - - - ✓ 

Correlation  ✓ ✓ ✓ ✓ 

Histological assessment  ✓ - ✓ ✓ 

Biochemical assessment ✓ - ✓ - 



43 

 

4. PUBLICATIONS INCLUDED IN THE THESIS 

 

4.1. Fumonisin B1 induced compositional modifications of the renal and hepatic membrane 

lipids in rats – Dose and exposure time dependence 

 

Title  Fumonisin B1 induced compositional modifications of the renal and hepatic 

membrane lipids in rats – dose and exposure time dependence 

Authors  András Szabó, Hedvig Fébel, Omeralfaroug Ali, and Melinda Kovács 

Journal  Food Additives and Contaminants: Part A 

Year  

Volume  

Issue  

2019 

36 

11 

Pages 1-18 

Quartile  Q2 

Impact factor  3. 350 

DOI 10.1080/19440049.2019.1652772  

 

 

 

 

https://doi.org/10.1080/19440049.2019.1652772


44 

 

 



45 

 

 



46 

 

 



47 

 

 



48 

 

 



49 

 

 



50 

 

 



51 

 

 



52 

 

 



53 

 

 



54 

 

 



55 

 

 



56 

 

 



57 

 

 



58 

 

 



59 

 

 



60 

 

 



61 

 

 



62 

 

4.2. Orally administered fumonisins affect porcine red cell membrane sodium pump activity 

and lipid profile without apparent oxidative damage 

 

Title  Orally administered fumonisins affect porcine red cell membrane sodium pump 

activity and lipid profile without apparent oxidative damage 

Authors  András Szabó, Omeralfaroug Ali, Katalin Lóki, Krisztián Balogh, Miklós 

Mézes, Tibor Bartók, Levente Horváth, and Melinda Kovács 

Journal  Toxins 

Year  

Volume  

Issue  

2020 

12 

5 

Pages 1-14 

Quartile  Q1 

Impact factor  4.796 

DOI 10.3390/toxins12050318  

 

 

 

https://doi.org/10.3390/toxins12050318


63 

 
 



64 

 

 



65 

 

 



66 

 

 



67 

 

 



68 

 

 



69 

 
  



70 

 

 



71 

 

 



72 

 

 



73 

 
 



74 

 

 



75 

 

 



76 

 

 



77 

 

4.3. Fumonisin B series mycotoxins’ dose dependent effects on the porcine hepatic and 

pulmonary phospholipidome 

 

Title  Fumonisin B series mycotoxins’ dose dependent effects on the porcine hepatic 

and pulmonary phospholipidome 

Authors  Omeralfaroug Ali, Miklós Mézes, Krisztián Balogh, Melinda Kovács, Janka 

Turbók, and András Szabó 

Journal  Toxins 

Year  

Volume  

Issue  

2022 

14 

11 

Pages 1-26 

Quartile  Q1 

Impact factor  4.796 

DOI 10.3390/toxins14110803  

 

 

 

 

https://doi.org/10.3390/toxins14110803


78 

 
 



79 

 

 



80 

 

 



81 

 

 



82 

 

 



83 

 

 



84 

 

 



85 

 

 



86 

 
 



87 

 
 



88 

 

 



89 

 
 



90 

 

 



91 

 

 



92 

 
 



93 

 

 



94 

 
 



95 

 
 



96 

 
 



97 

 
 



98 

 

 



99 

 
 



100 

 
 



101 

 

 



102 

 

  



103 

 

 



104 

 

4.4. A 65-day fumonisin B exposure at high dietary levels has negligible effects on the testicular 

and spermatological parameters of adult rabbit bucks 

 

Title  A 65-day fumonisin B exposure at high dietary levels has negligible effects on 

the testicular and spermatological parameters of adult rabbit bucks 

Authors  András Szabó, Szabolcs Nagy, Omeralfaroug Ali, Zsolt Gerencsér, Miklós 

Mézes, Krisztián Milán Balogh, Tibor Bartók, Levente Horváth, Aziz 

Mouhanna, and Melinda Kovács 

Journal  Toxins 

Year  

Volume  

Issue  

2021 

13 

4 

Pages 1-17 

Quartile  Q1 

Impact factor  4.796 

DOI 10.3390/toxins13040237  

 

 

 

 

 

https://doi.org/10.3390/toxins13040237


105 

 

 



106 

 

 



107 

 

 



108 

 

 



109 

 
 



110 

 
 



111 

 

 



112 

 

 



113 

 

 



114 

 

 



115 

 

 



116 

 

 



117 

 
 



118 

 

 



119 

 
 



120 

 
 



121 

 
 



122 

 

5. GENERAL DISCUSSION 

In the first study, the fatty acid compositions of PC, PE, and PI in the renal and hepatic tissues of rats 

were investigated after intraperitoneal exposure to FB1 at dietary doses equivalent to 0, 20, 50, and 

100 mg/kg−1 for durations of 5 and 10 days. It is important to highlight that a part of this study was 

published in an earlier paper, where FB1 doses above 20 mg/kg−1 were capable of compromising rat 

performance and feed intake, as well as inducing lipid peroxidation and histological lesions in the 

liver and kidneys (Szabó et al., 2018).  It is established that the kidney and liver are the primary target 

organs for FB1 toxicosis in rodents, in a species-specific manner. The current study revealed that FB1 

causes more alterations in the kidney, particularly in a dose- and time-dependent manner, suggesting 

the roles of sphingolipid disruption and oxidative stress. These findings align with those of Voss et 

al. (2001), who observed more pronounced nephrotoxicity than hepatotoxicity in rats exposed to FB1. 

Concerning the kidney, there is a lack of data on the fatty acid composition of various phospholipid 

fractions in response to FB1, and no study has reported dose- and time-dependent fatty acid responses 

to FB1. Among the inspected fractions, renal PC exhibited the most dose- and time-dependent fatty 

acid responses (characterized by a negative dose-response between FB1 and PUFAs (both n6 and n3) 

and a positive dose-response with MUFAs), followed by renal PI (negative dose-response in ΣPUFA). 

Notably, liver PE was the only investigated fraction providing an R2 value above 0.6, revealing a 

positive dose-response in Σn3 fatty acids.  

The observed fatty acid changes (C20:2 n6 (DGLA), AA, EPA, docosapentaenoic acid (C22:5 n3, 

DPA-n3), and DHA) in renal PC were consistent with Zhao et al. (2015), confirming their potential 

role in nephropathy. DHA, notable for its reductive capacity, is sensitive to oxidative stress. Zhao et 

al. (2015) reported that renal PCs containing DHA and palmitic acid were targeted by the carcinogen 

aristolochic acid, a finding corroborated by the present study. A further marked reduction in the PC 

fraction was the proportion of AA, a common eicosanoid precursor. Its cleavage from phospholipids, 

catalyzed by PLA2, results in free AA and LysoPC. Although PLA2 activity was not analytically 

determined in this study, the decrease in AA and other n3 fatty acids suggested PLAS2 increased 

activity. 

In the case of renal PI, there are limited toxicological reports, specifically regarding alterations in AA 

levels (Hiraide et al., 2016). AA levels remained unchanged under all experimental settings (dose and 

time), but a decrease in DHA and an increase in both palmitic and stearic acid were observed. DHA, 

a precursor of D-resolvins, may undergo selective cleavage (Weylandt et al., 2012). The findings also 
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highlight the role of lipid peroxidation (increased MDA), as decreases in ΣPUFA and its respective 

fatty acids were observed.  

Renal PE displayed marked modifications in Σn6 and its respective LA, indicating proportional 

decreases. LA, an essential fatty acid, has been proposed as a biomarker of chronic renal failure in 

rats (Zhao et al., 2013). The decrease in LA and its metabolites could be attributed to reduced feed 

intake due to FB1 intoxication, which would also indicate a decrease in fatty acids derived from LA 

metabolism. Notably, C20:3 n6, AA, and Σn6 were decreased in renal PI. LA metabolites 

(PE18:4/22:4, PE20:3/18:1, PE20:0/18:0, PE22:5/20:3, PE16:0/20:4, PE18:2/20:4, and PE16:0/18:2) 

have been implicated in aristolochic acid-induced nephropathy and ochratoxin A exposure (Yang et 

al., 2019; Zhao et al., 2015). These authors also observed elevated levels of ΣSFA during nephropathy, 

a finding corroborated by this study. The decrease in ΣPUFA and its respective fatty acids might be a 

result of oxidation associated with previously published histological modifications, including tubular 

degeneration, necrosis, the detachment of tubular epithelial cells, atrophic or fully absent internal 

epithelium, and undeveloped hyalin cones at 50 and 100 mg kg−1 dietary dose equivalents (Szabó et 

al., 2018). Renal failure, reported during nephrotoxicity (Yang et al., 2019; Zhao et al., 2015), has 

been proposed to emerge from renal mitochondrial dysfunction and the oxidation of fatty acids (Yang 

et al., 2019). 

Alterations in the fatty acid compositions of rat liver phospholipid fractions were observed, albeit not 

as pronounced (neither dose- nor time-dependent) as they were in the kidney. In the liver PCs, fatty 

acid modifications (ΣMUFA, oleic acid, DGLA, and AA), to some extent, were somewhat similar to 

those in the kidney PCs. Burger et al. (2007) reported similar findings in microsomal membranes at a 

relatively drastic FB1 dose (250 mg/kg feed), suggesting a shift towards more rigid membranes. An 

increase in the oleic acid proportion is thought to counteract the impact of other PUFAs on membrane 

homeostasis and fluidity (Gelderblom et al., 2002). Thus, the increase in MUFAs possibly 

compensates for the decrease in PUFAs; however, it still indicates potential changes in hepatocellular 

membrane rigidity, although membrane rigidity was not determined. Though PUFAs are prone to 

oxidation, this scenario seems plausible in the 5-day setting but not in the 10-day setting. Oxidative 

stress (elevated MDA) was observed only in the 5-day setting, confirming that PUFAs are susceptible 

to oxidation. However, by day 10, the liver mitigated ROS and increased Σn3 in the PC since no 

marked difference was detected between the control and intoxicated animals. This finding suggests 

that the marked depletion of DGLA and AA was caused by the production of their bioactive lipid 
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mediators, which are involved in inflammation. (Abel et al., 2001) proposed a role for the decrease in 

AA in primary hepatocyte nodule formation, while Gelderblom et al. (1999) endorsed the inhibitory 

role of DGLA bioactive lipid mediators. 

Gelderblom et al. (2002) previously reported fatty acid alterations in rat liver PI fractions due to FB1 

exposure. Proportional increases in ΣMUFA, oleic acid, and n6 and n3 fatty acids were observed after 

exposure to 250 mg FB1/kg feed for 3 weeks. Similar findings were noted on day 10 of this study, but 

not on day 5. Depletions in ΣPUFA were observed after 5 days, suggesting a possible role of oxidation 

in these findings. The results from days 5 and 10 suggest that the potential effects may vary with 

exposure duration. It is plausible that during longer exposure (10 or 21 days), enzymatic antioxidant 

adaptation compensates for lipid peroxidation progression, as indicated by glutathione peroxidase 

(Szabó et al., 2018). 

Investigations into the rat PE fraction revealed minimal and largely nonsystematic fatty acid 

modifications. Notable alterations included DGLA depletion in intoxicated rats and elevations in the 

proportion of DHA and Σn3 in rats exposed to 100 mg FB1. In addition, Σn3 was the only parameter 

showing a dose-response on day 10. Earlier studies by Burger et al. (2007) and Gelderblom et al. 

(2002) reported increased MUFAs and PUFAs in the rat microsomal membrane PE fraction following 

exposure to 100 or 250 FB1/kg diet for 3 weeks, suggesting potential changes in D6D and D5D 

enzyme activities. However, the current study revealed a decrease in Σn6, which corresponded to an 

increase in Σn3. This finding suggests that fatty acid modulation did not affect ΣPUFA. Moreover, 

Burger et al. (2007) reported similar findings, but a comprehensive explanation for the increased Σn3 

proportion in the PE fraction is still lacking. According to Gelderblom et al. (2002), this may 

necessitate a targeted study on phospholipid-metabolizing enzymes. The fatty acid indices used to 

estimate D6D and D5D activity decreased in the FB1-treated groups, specifically the ratio of 

C18:2n6/C18:3n6 (LA/GLA), indicating D5D inhibition. This suggests an increase in GLA 

proportions. However, the data illustrate no effect of FB1 on GLA but a decrease in LA, possibly due 

to lower dietary intake in intoxicated rats compared to controls. 

The second study investigated the effects of oral FBs (FB1+2+3 at 15 and 30 mg/kg feed for 3 weeks) 

on the enzymatic regulation of cation flux in porcine erythrocytes by measuring the Na+/K+ ATPase 

activity and fatty acid composition of erythrocytes. This study also examined the potential relationship 

(correlation) between erythrocyte fatty acids and Na+/K+ ATPase activity. In regard to cation active 

transport, the observed increases in Na+/K+ ATPase activities were consistent with earlier findings in 
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rabbits exposed to FB1 (Szabó et al., 2014); however, this study additionally revealed a positive dose-

response with an R2 value of 0.58. These data suggest that ceramide, a typical FB target of action (via 

CerS inhibition), plays a role in altering intracellular ceramide accumulation rates. Ceramides are 

known to directly modulate Na+/K+ ATPase activity in basolateral membrane of renal cells (Cabral et 

al., 2010), a finding also reported in an in vitro HepG2 cell model (Kreydiyyeh and Dakroub, 2014). 

Ceramides can also inhibit the ouabain-sensitive sodium pump in renal cells, through protein kinase 

A and C modulation (Cabral et al., 2010). However, the ouabain-sensitive sodium pump is ubiquitous 

and influenced by multiple factors, including hormonal changes, substrate concentration, and the 

physicochemical properties of the embedding membranes (Wu et al., 2004; Zhang et al., 2008). 

Disturbances in K+ homeostasis may be attributed to FB1's modulation of the apoptotic process, which 

typically involves changes in cellular ion exchange dynamics, with K+ as a triggering factor (Hughes 

et al., 1997; Kreydiyyeh and Dakroub, 2014). It is important to highlight that apoptosis and 

proliferation were not analytically assessed in this study; therefore, further investigations are 

necessary to support this proposal.   

In an earlier study by Szabó et al. (2014), minimal modifications in the fatty acid composition of 

rabbit erythrocytes were observed after 14 and 28-days of exposure to a 10 mg FB1/kg diet. In the 

current study, both lower and higher FBs’ doses resulted in divergent effects, which are difficult to 

interpret. Focusing specifically on the divergent alterations provoked by the two doses (lower vs. 

higher), increased oleic acid and AA, decreased ΣSFA (decreased palmitic acid), and elevated 

ΣMUFA were observed. These modifications, associated with the higher dose of FBs, unequivocally 

indicate a more rigid physicochemical property of the cell membrane. Furthermore, these alterations 

were unrelated to the peroxidative effect, as neither the antioxidant enzymatic activity nor the end 

product of lipid peroxidation in erythrocytes was altered. Despite the high proportion of PUFAs in 

erythrocytes, they lack a nucleus and, notably, mitochondria. Thus, an increase in lipid peroxidation 

was not anticipated in this study.  

A Pearson correlation analysis between altered enzyme activities and fatty acid composition revealed 

a negative correlation with PUFAs, particularly n6 fatty acids. Free fatty acids (FFAs), or those 

released from the membrane by PLA2, typically inhibit the Na+/K+ ATPase (Therien and Blostein, 

2000), but this study revealed only minor modifications, with no marked depletion of these fatty acids 

within erythrocyte membranes. Else et al. (2003) reported similar associations between sodium-

potassium pump activity and n6 fatty acids, as well as additional positive correlations with long-chain 
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and Σn3 fatty acids. Despite the high incorporation of palmitic acid, oleic acid, and LA into 

erythrocytes, where they largely remain as FFAs, they did not alter the molecular activities of ion 

pump enzymes. It is important to understand that the dataset presented is based on fatty acid methyl 

esters released from ester bonds with base catalyzed methyl ester formation (Christie, 1982), thus 

excluding all FFAs. Despite ongoing debates about the roles of fatty acids in the sodium-potassium 

pump, these results highlight its sensitivity to the fatty acid composition of membranes. 

In the third study, the performance of piglets and their fatty acid compositions in liver and lung 

membrane lipid fractions (SM, PC, PE, PS, and PI) were investigated. Notably, animal efficiency 

(growth and feed intake) remained unaltered with either a 15 or 30 mg FBs/kg diet for 28 days, 

contradicting reports by Fodor et al. (2005) and Gbore (2009). This discrepancy may be due to 

variations in experimental settings such as dose, exposure period, genotype, age, and mycotoxin 

source form and purity. Notably, the lung weight (absolute or relative) was unaffected, and PPE was 

detected only in a single intoxicated piglet, suggesting the absence of severe toxicity. 

Upon assessing the fatty acid composition of SM in both the liver and lung, ΣSFA exceeded 70%, 

which is consistent with prior reports (Dobrzyń and Górski, 2002). In the liver SM, the highest dose 

of FBs increased lauric (C12:0) and behenic acids (two-fold and 1.5-fold, accordingly), while 

decreasing arachidic acid without altering ΣSFA. This finding supports Loiseau et al.’s (2015) 

findings in piglet liver, where 1.5 mg FB1/kg BW for 9 days increased the level of SM-d18:1/22:0. 

These patterns suggest high ketoacyl-CoA synthase activity (markedly increased SM-C22:0/C20:0, 

data not shown) and/or inhibition of CerS due to FBs exposure. In the lung SM, the effects of FBs 

were more pronounced, with decreased ΣSFA, and increased erucic acid (C22:1 n9) and ΣMUFA. 

The depletion in ΣSFA, possibly indicating decreased CerS-3 activity, was due to myristic acid 

(C14:0) depletion. Erucic acid and MUFA generally have a protective effect against cytotoxicity, 

especially in cancer cell lines, but oleic acid is associated with metabolic and inflammatory lung 

diseases (Lopez et al., 2014). Hence, the high proportions of erucic and oleic acids in the lungs may 

be the result of diverse stimuli, a protective mechanism and an injury trigger, respectively. 

In both tissue types, the PC fractions showed increased levels of myristic and oleic acids, while stearic 

acid levels decreased markedly. These findings agree with previous in vivo and in vitro studies (Ali et 

al., 2021; Burger et al., 2007; Riedel et al., 2015), including the first study on rats (Szabó et al., 2019). 

The depletion of stearic acid is likely due to elevated SCD activity, as indicated by the low PC-

C18:0/C18:1n9 and PC-C16:0/C16:1n7 ratios in the tissues studied. Alterations in MUFAs (notably, 
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dose-dependent increases in oleic and erucic acids) could substantially affect the health of the lungs. 

These findings are likely similar to those reported by Ali et al. (2021) for total phospholipids in piglet 

lungs. The elevation in ΣMUFA may compensate for the depletion in ΣSFA level, which is crucial for 

membrane rigidity. This is supported by the decreased ΣSFA-to-ΣMUFA ratio (data not shown). 

Rather than merely ensuring membrane rigidity maintenance, the increase in ΣMUFA levels may alter 

transmembrane signaling and the cell cycle (Cao et al., 2008). There were also notable decreases in 

n6 (LA and AA) and n3 (DPA and DHA) fatty acids in PCs, partially corroborating the findings of 

Burger et al. (2007) and Szabó et al. (2019). However, the findings for AA, Σn6, and its ratio to Σn3 

were inconsistent with those of Ali et al. (2019), likely due to differences in the fractions analyzed 

and exposure duration. Notably, the depletion of AA in PC suggests increased PLA2 activity, which 

preferentially cleaves AA and DHA from phospholipids (Ghosh et al., 2006; Strokin et al., 2003). The 

concurrent depletion of AA, DPA, and DHA in the intoxicated groups may also indicate inhibited 

D5D and D6D activities. This is further supported by the findings in the porcine lung-PC fraction, 

which showed remarkable modifications in PC-C20:4n6/C20:3n6 (ΔD5, low in the highest FBs 

setting, data not shown), PC-C18:3n6/C18:2n6 (Δ6D, low in all FBs treated animals, data not shown), 

and PC-DPA and DHA (both depleted in lungs). 

Among all animal species, only the rat liver PE fraction has been reported to be susceptible to FB 

exposure, shown in the first study in this dissertation (Burger et al., 2007; Riedel et al., 2015; Szabó 

et al., 2019). In the present study, the liver PE showed resistance to modifications of its SFAs, unlike 

the lung PE, which exhibited a decrease in behenic acid. Indeed, a diet of 20 mg FB1/kg for 9 days 

did not significantly alter total phospholipids in the piglet liver (Ali et al., 2019). This negligible 

change could be due to the species-specific effects of FBs and the lower doses used compared to those 

used for the rats. Notably, in both tissues, the levels of MUFAs (oleic and erucic acids) tended to 

increase in response to FBs, consistent with data from PC (Szabó et al., 2019) and PE fractions (Riedel 

et al., 2016). In rat models, these fatty acid elevations have been attributed to high SCD enzyme 

activity (Burger et al., 2007; Riedel et al., 2015). However, Ali et al. (2019) reported no modification 

in the MUFAs of intoxicated piglets, suggesting that these alterations are likely period-dependent 

rather than dose-dependent (Ali et al., 2021). MUFAs appeared to compromise the depletion of n3 

fatty acids, resulting in an elevated Σn6: Σn3 ratio. Similar findings for n3 fatty acids have been 

reported in piglets (Ali et al., 2021) and rats (Burger et al., 2007; Riedel et al., 2015). Notably, in this 

study, these modifications were independent of oxidative stress, as neither the enzymatic antioxidant 
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system nor MDA levels were affected by the dose applied. This finding implies that these fatty acid 

alterations are likely caused by changes in enzymatic activities involved in membrane lipid fraction 

remodulation. When comparing Σn3 levels between PC and PE (Σn3-PC/PE), tissues showed organ-

specific responses; liver levels increased while lung levels decreased. 

A single study on rats explored the potential modulation of the PS fatty acid composition in the liver 

by FBs (Gelderblom et al., 2002). To some extent, the undertaken study revealed patterns of 

nonresponsive ΣSFA, but not ΣMUFA. Meanwhile, rat liver showed proportional increases in oleic 

and ΣMUFA levels; the piglet liver showed no modification in oleic acid. However, nervonic acid 

increased threefold in the hepatocellular PS from piglets, and a 1.5-fold increase in erucic acid was 

observed in the lung PS. The protective properties of these fatty acids have been greatly acknowledged 

(Li et al., 2019; Liang et al., 2020). Despite marked decreases in SFAs in lung PS, modifications in 

behenic and lignoceric acids were more pronounced, indicating that FB1 decreases in dose-dependent. 

These reductions remarkably contributed to the decrease in ΣSFA, which was compromised by 

ΣPUFA, particularly through elevated levels of n6 fatty acids (LA, DGLA, and AA). In mammals, the 

de novo production of n6 fatty acids is independent of SFAs. Furthermore, the study indicated identical 

feed intake, suggesting a possible role for membrane fatty acid remodeling in these alterations. These 

n6 fatty acids play a crucial role in signaling and inflammation; thus, their modifications may have a 

profound impact on PS-signaling. The lung also showed a reduction in PS-DHA, which is likely to 

decrease in the PC, PE, and PI fractions. The PS concentration has been found to be influenced by 

intracellular DHA levels (Hamilton et al., 2000), which may underpin the potential change in the PS 

accumulation rate in pulmonary total phospholipids. However, our data are not quantitative; thus, 

further studies are needed to support this proposal. 

Neither liver nor lung PI fractions showed a significant dose-dependent response to FBs in terms of 

fatty acid composition. However, a marked decrease in stearic acid was observed in the lung PI, 

differing from findings in the rat liver PI (Szabó et al., 2019). This depletion likely resulted from 

increased SCD and/or elongase activities, as indicated by decreased ratios of PI-C18:0/C20:1n9 and 

PI-C18:0/C20:0 (data not shown). Notably, the high concentrations of oleic acid and ΣMUFA, found 

in trials by Gelderblom et al. (2002) and Szabó et al. (2019) were mostly attributed to higher doses of 

FBs used in comparison to this study. When comparing PS and PI from the lungs of highly FBs-

intoxicated animals, similar fatty acid patterns were observed; increases in erucic acid and ΣMUFA 

levels compensated for the decrease in ΣSFA. Erucic acid, which is increased in lung PI, has been 
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reported to exhibit protective properties by suppressing ligands activated by Toll-like receptors 

(TORs), thereby protecting against respiratory infections (Voelker and Numata, 2019). Moreover, the 

nervonic acid proportion decreased in the liver PI. This depletion could be attributed to membrane 

fatty acid remodeling events that modify membrane trafficking, although this phenomenon was not 

investigated in this study. The most marked PI-lipid disintegration event was the proportional 

depletion of DHA in PIs from both tissues, which decreased Σn3 and increased the Σn6: Σn3 ratio. 

This finding, also reported in the rat PI fraction by Szabó et al. (2019), does not implicate the role of 

lipid peroxidation (as MDA was not altered), but instead suggests possible inhibition of D5D and D6D 

due to intoxication by FBs, as demonstrated in the rat liver (Gelderblom et al., 2002). 

Intoxicated piglets had notably more histological lesions in the liver, corroborating the dose-

dependent toxic effects of FBs on the liver (Ali et al., 2019; Terciolo et al., 2019). This hepato-

histopathology was confirmed by serum biochemical alterations; a 21-day diet of 30 mg FBs/kg 

resulted in elevated aspartate transaminase, alkaline phosphatase, and cholesterol concentrations (six, 

five-, and two-folds, respectively; data not shown). Notably, no substantial lipid peroxidation was 

detected, suggesting that the perpetuation of sphingolipids and hepatocellular lipids primarily 

determines the observed hepatotoxicity. When the lung was assessed, only one animal exposed to the 

highest dose of FBs developed PPE, a typical toxicological feature of FBs in swine. It was not 

anticipated that PPE would be absent in most of the intoxicated animals. When weanling piglets were 

fed FBs-contaminated diets in a dose-dependent manner (175, 101, 39, 23, 5, and <1 mg FB1+2/kg 

feed) for 14 days, only 175 mg FBs/kg feed induced PPE (Motelin et al., 1994). This study aimed to 

highlight potential inconsistencies in the results rather than establish that PPE development requires 

extremely high FBs’ doses. The detrimental impacts of fumonisins on animals usually result from a 

multifaceted sequence of events that are influenced by a variety of factors. Under the presented design, 

the observed variability in PPE can be attributed to animal counter-regulation processes and individual 

variability since other influencing factors were under control. Indeed, the animal's response to high 

and low doses of mycotoxin can vary depending on the threshold and its ability to neutralize and/or 

eliminate toxins and their derivatives. In addition, despite the animal homogeneity was highly 

considered during experimental planning and execution, individual genetic variability could also be 

present and not fully controlled. However, identifying the exact factors/events is likely challenging in 

in vivo models due to the immense number of biological events and their potential interactions at the 

same time. 
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The fourth study investigated the potential effects of FBs (10 and 20 mg/kg diet for 65 days) on the 

male reproductive system, including the fatty acid composition of total phospholipids from the testis 

and sperm, antioxidant defense enzymes, lipid peroxidation, potential histological lesions, and sperm 

viability, morphology, and integrity in rabbits. Animal performance was also assessed in this study. 

The rabbits exhibited resistance to FBs exposure, with no fallback in body weight gain or feed intake, 

consistent with the findings of Ewuola (2009) and Szabó et al. (2016b). Notably, the testicle weight 

remained unchanged, contradicting findings of Ewuola (2009) and Ewuola and Egbunike (2010a). 

This discrepancy may be due to the use of adult male bucks in this study as opposed to growing rabbits 

in other studies. 

Regardless of the dose, the phospholipid fatty acid composition of spermia revealed no marked 

modifications. This was accompanied by no substantial alterations in spermium viability, morphology, 

chromatin integrity, or livability, indicating a negligible effect of FBs on the spermium. In contrast, 

Ewuola (2009) reported a decrease in sperm mass activity, motility, and live proportion in rabbit 

spermatozoa with an increase in dietary FB1 concentration. Notably, their study involved a longer 

exposure period (196 days), suggesting that the absence of FBs toxicity to sperm might be time-

dependent. Another possible factor could be the age of the animals, as this study involved adult rabbit 

bucks, not growing rabbits like in other studies. 

The testicular tissue also provided a more likely negligible response, as demonstrated by the activation 

of the antioxidant defense system (GSH and GPx increased in a dose-dependent manner) and a 

proportional increase in margaric acid (C17:0) in total phospholipids. There are no reports yet 

available on testicular membrane fatty acids, except for Morin (1967), who reported the fatty 

composition of testicular phospholipids. This tissue is characterized by an elevated level of ΣPUFA, 

with PUFAs primarily incorporated in Sertoli cells (Retterstøl et al., 2001). This study examined 

whole testicular tissue, which is novel, especially at the highest doses compared to other studies. 

Notably, the fatty acid that responded (increased) was margaric acid, which is not produced via the 

mammalian de novo pathway but is likely absorbed after caecotrophy. This proposal seems plausible, 

as feed intake was identical across all animal groups. 

The testis, a relatively hypoxic microenvironment with a high proportion of UFAs (Zhang et al., 

2016), is sensitive to oxidative damage. FBs intoxication increased testicular GSH and GPx levels 

compared to those in the control group, with these increases showing a linear dose dependency. 

Moreover, a direct oxidative effect of FBs has not been reported; similar effects have been observed 
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with heat stress in rabbits (Hosny et al., 2020). It remains unclear whether FBs are direct oxidative 

stress inducers or whether this effect contributes to carcinogenesis (Sheik Abdul and Marnewick, 

2020). The molecular mechanisms underlying fumonisin toxicity in the liver and kidney are thought 

to be linked to early oxidative stress events (Wang et al., 2016), but their role in male reproductive 

organs has been less studied. If fumonisin is not a direct inducer of the detected slight oxidative stress, 

other factors, such as mitochondrial disruption, could plausibly be involved. However, the adaptation 

(exposure: 65 days) was effective, as PUFAs remained unaltered, and MDA was also unaffected. 

Thus, FBs appear to have a negligible effect after 65 days of intoxication, as confirmed by the absence 

of marked histological lesions across the groups.



132 

 

6. CONCLUSIONS AND RECOMMENDATIONS 

The initial study revealed that the rat kidney was highly reactive, showing modifications in the 

membrane fatty acid compositions of different phospholipid fractions due to low dosage and short-

term exposure to FB1. The most responsive phospholipid fraction in the rat renal cortex was PC, which 

displayed fatty acid proportional shifts in Σn6, Σn3, and consequently, ΣPUFA (dose-dependent 

decreases), while ΣMUFA showed a dose-response increase. This dose-dependent pattern was 

somewhat partial and present in PIs, particularly in ΣPUFA. The rat liver demonstrated less sensitivity 

to FB1, with the PE fraction revealing a dose-response relationship. These results align with previously 

published histopathological and peroxidation endpoint findings (Szabó et al., 2018). In respect to this, 

alterations in membrane fatty acids could potentially be used to determine the extent of histological 

sensitivity. Although the role of lipid peroxidation in depleting PUFAs has been acknowledged, 

indices relating to enzymes involved in lipid metabolism suggest possible alterations in enzyme 

activity. Therefore, further investigation of phospholipid-metabolizing enzymes is important for 

understanding the potential impact of enzyme perturbation on cellular membrane remodeling. 

In species other than rabbits, specifically swine (weaned piglets), the activity of the sodium-potassium 

pump was assessed during the second study. The diet contained FBs at levels of 15 and 30 mg/kg, 

which notably altered the Na+/K+ ATPase activity of erythrocytes after a period of three weeks, 

showing a dose-dependent increase. This observation suggests that erythrocyte damage or functional 

changes are a feature of FBs and are not limited to rabbits. The substantial increase in sodium pump 

activity is most likely triggered by FB1’s inhibitory effect on CerS. This particular mycotoxin induces 

a state associated with nonoxidative stress, characterized by a marked increase in sodium pump 

activity and a complex fatty acid profile of membrane lipids, offering pertinent correlations for all n-

6 fatty acids. It is postulated that additional research is required to elucidate the role of cellular lipids 

in the proven regulatory function of Na+/K+ ATPase. It is highly likely that these studies will need to 

segregate lipid classes into more relevant subclasses prior to conducting fatty acid analysis. 

In a relatively partially similar approach to the first study, the third investigation assessed the impact 

of FBs on the fatty acid profiles of membrane lipids in piglets’ livers and lungs, with the effects 

observed to be dose-dependent. This is the first study to document modifications in the fatty acid 

profiles of phospholipid classes in the livers and lungs of piglets following exposure to FBs. The 

relatively high dosage of FBs did not have a marked effect on piglet production traits or oxidative 

stress markers. Only subtle, characteristic effects were identified in the fatty acid profiles of membrane 
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lipid fractions. Dose-dependent linear alterations were noted in liver PC as well as in lung PC and PS 

fractions. The data collected revealed variations in tissue-specific responses in membrane lipids. 

Additionally, the findings indicate a distortion in the activities of enzymes related to fatty acid 

metabolism, such as elongase, D5D, D6D, and Δ9D. These enzyme alterations were characterized by 

a proportional decrease in PUFAs and an increase in ΣMUFA. The changes observed in membrane 

lipids are not primarily considered to be responsible for liver and lung toxicity but rather are 

consequences or mediators of other events that may have led to tissue damage. This study did not 

include the quantitative determination of ceramide and polar lipids, which could offer further insight 

into the findings. Therefore, additional studies investigating the quantitative effects of FBs on the 

lipidomes of the liver and lungs are highly important. 

Since the toxicity potential of FBs to the reproductive systems of animals, such as rabbits and swine, 

has been reported, the third study assessed the effects of FBs on adult male rabbit bucks. Exposure to 

FBs over an entire testicular cycle did not result in substantial modifications at five sampling points 

in the spermatozoa endpoints (proportion of live cells, morphological distribution, membrane lipid 

profile). However, a slight increase in antioxidant defense was observed in the testes without any 

striking alterations in the lipid profile or histological modifications. However, a minimal pro-oxidant 

effect of FBs on the male genital system was observed, with no marked detrimental impact on the 

examined spermatological traits. Thus, the reproductive system of adult male bucks appears to be 

resistant to the applied mycotoxins over a period of 65 days. Apparently, additional studies involving 

a longer exposure period and the inclusion of growing rabbits would provide further understanding of 

potential response variations. 
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7. NEW SCIENTIFIC RESULTS 

The scientific outcomes presented herein are derived from four distinct studies conducted during the 

course of this doctoral research. 

1. Observations from the rat study indicate that alterations in the fatty acid composition of 

hepatocellular membranes may likely occur at lower fumonisin B1 (FB1) exposure levels (< 

50 mg FB1/kg−1 dietary dose equivalent for 5 days) compared to the high doses (150 and 250 

mg/kg diet for a period over 21 days) reported in earlier studies. 

2. Fatty acid alterations induced by FB1 in rat kidneys were the most prevalent (especially at 100 

mg FB1/kg−1 dietary dose equivalent for 10 days), providing a negative dose-response for 

polyunsaturated fatty acids, and a positive dose-response for saturated fatty acids and 

monounsaturated fatty acids (MUFAs) of phosphatidylcholines (PC) and 

phosphatidylinositols (PI). In contrast, liver phosphatidylethanolamine was the only 

phospholipid fraction that exhibited a positive dose-response for the sum of omega-3 fatty 

acids (Σn3). 

3. The modulation of ion exchange pump, Na+/K+ ATPase activity, by FB1+2+3 (FBs) in porcine 

erythrocytes was proven, a phenomenon previously not deliberately investigated in any species 

other than rabbits. 

4. An increase in erythrocyte Na+/K+ ATPase activity was observed in a dose-dependent manner 

following the administration of FBs (15 and 30 mg/kg feed for 21 days) for the first time, at 

least in the studied animal model (pig) and its age. Furthermore, the findings indicated a 

negative correlation (r > -0.6) between the activities of Na+/K+ ATPase and omega-6 (n6) fatty 

acids, including linoleic, eicosadienoic, dihomo-γ-linolenic and arachidonic acids. 

5. Similar to rats, piglets exposed to FBs (15 and 30 mg/kg diet for 21 days) exhibited altered 

fatty acid compositions of various phospholipid fractions, especially PC, 

phosphatidylethanolamine, and phosphatidylserine (PS), in the lungs and livers.   

6. In piglets, dose-dependent responses were observed between the administered doses of FBs 

(15 and 30 mg/kg feed) and fatty acids (C16:1 n7, C18:1 n9, and sum of MUFAs (ΣMUFA)) 

in liver PCs, as well as in pulmonary PCs (C22:6 n3, Σn3, and Σn6:Σn3) and  PSs (C20:0, and 

C24:0). 

7. Based on the findings in piglets, oxidative stress (as assessed by malondialdehyde) does not 

appear to be directly involved in FBs toxicity, suggesting that fatty acid modifications and 
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histological lesions may occur independently of oxidative stress and involve other events, such 

as disruption of lipid metabolism and membrane remodeling enzymes.      

8. Adult male rabbits appear to be resistant to doses (10 and 20 mg/kg diet) of FBs above the 

EU-permitted levels for over 65 days, as these mycotoxins did not compromise body weight 

or feed efficiency, or alter the membrane lipids of their reproductive system.
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8. SUMMARY 

First study 

Graded exposure to fumonisin B1 (FB1) in rats has been demonstrated to modify hepatic membrane 

lipids, a fact corroborated both in vivo and in vitro. Within this study, male Wistar rats (n = 4 × 6) 

were intraperitoneally administered pure FB1 (0, 20, 50, or 100 mg kg−1 dietary dose equivalent) for 

5 or 10 days to evaluate the dose- and time-dependent impacts on the fatty acid profiles of renal and 

hepatic phosphatidylcholine (PC), phosphatidylinositol (PI), and phosphatidylethanolamine (PE). In 

the kidney, the PC fatty acid profile displayed an increase in saturation (ΣSFA) within 5 days, and 

after 10 days, a marked decrease in polyunsaturation (ΣPUFA) was observed (total n3 (Σn3), total n6 

(Σ n6), unsaturation index (UI), and average FA chain length (ACL)), majorly with a linear dose-

response. A further marked dose-dependent increase in overall monounsaturation (ΣMUFA) was 

observed in renal PC. Similar patterns, to a lesser extent, were observed in the renal PI fatty acids, 

displaying a decrease in PUFA (provided a dose-response), UI, and ACL over both 5 and 10 days, 

while the renal PE fraction revealed a decrease in Σn6 and an increase in ΣSFA, but this was observed 

only after 5 days. In the liver, PC displayed an increase in saturation (C16:0) and a decrease in 

polyunsaturation (C20:3 n6, and C20:3 n3). Similar findings were observed in the PI fatty acid profile 

after 5 days. However, the fatty acid compositions of PC and PI did not respond to FB1 in a dose-

dependent manner. In the PE fatty acid profile, there was a decrease in C20:3 n6 and Σn6, but a dose-

dependent increase in Σn3. The results revealed pronounced renal sensitivity (providing the most 

dose-dependent responses), corroborating our earlier published findings regarding oxidative stress and 

histopathological modifications. Notably, membrane fatty acid modifications in rat tissues occurred 

at a relatively low exposure to FB1 (less than 50 mg/kg diet), in contrast to the higher doses used in 

other studies.   

Second study 

The impact of fumonisins on cellular membrane compositional modification and Na+/K+ ATPase 

activity in rabbit erythrocytes is established, however, such effects have not been investigated in other 

animal species. Within the undertaken study, weaned piglets (n = 6 animals/group) aged 35 days were 

fed a diet containing FBs (FB1, FB2, and FB3) at concentrations of 0, 15, and 30 mg/kg for 21 days to 

assess the potential dose-dependent modifications in erythrocyte membranes induced by the 

mycotoxins. The activity of Na+/K+ ATPase, which is ouabain-sensitive, was measured in the 

membranes of lysed erythrocytes. The fatty acid profile of the membrane was analyzed, along with 



137 

 

antioxidant and lipid peroxidation endpoints. After 3 weeks of exposure, a significant difference (p-

value = 0.036; R2 = 0.58) in the activity of the sodium pump in the erythrocyte membrane was 

observed between the control group and the 30 mg/kg group, which was dose-dependent. The fatty 

acid profile of the membrane was highly saturated, with nonsystematic differences between groups. 

Upon pooling the data, a negative association was observed between the activity of the sodium pump 

and all individual membrane n6 fatty acids. Regardless of the applied dose of FBs, intracellular 

antioxidants (such as reduced glutathione (GSH) and glutathione peroxidase (GPx)) and lipid 

peroxidation indicators (conjugated dienes, trienes, and malondialdehyde (MDA)) showed no 

response. It is hypothesized that the effect of a CerS inhibitor (FBs) is exerted on the cell membrane. 

This effect was dose-dependent, resulting in an increase in sodium pump activity that was negatively 

associated with n6 fatty acids, and no lipid peroxidation was observed. 

Third study 

The rat model is predominantly investigated in terms of FB1-induced lipid membrane alterations, 

while investigations involving other species are infrequent. In the case of swine, the liver and lungs 

are the organs most affected by FBs. In this study, male piglets that had been weaned were divided 

into groups of six and fed a diet containing FBs at 0, 15, or 30 mg/kg, and the feeding period lasted 

for three weeks. The purpose of this study was to assess the fatty acid composition of various classes 

of membrane lipids, the level of lipid peroxidation, and any histomorphological changes in the liver 

and lungs. The growth performance of the piglets and the level of lipid peroxidation remained 

unaltered; however, there was an increase in the overall liver lesion score. A linear dose-response 

relationship was observed in the liver PC for C16:1 n7, C18:1 n9, and ΣMUFA, and in the lung PC 

for C22:6 n3, Σn3, and the ratio of Σn6 to Σn3. C20:0 and C24:0 had similar patterns in the pulmonary 

PS. Modifications associated with the highest dosage of FBs were observed in various lipid classes. 

In the lung SM, there was a decrease in ΣSFA and an increase in ΣMUFA. In PCs, Σn6 decreased and 

Σn6:Σn3 increased in the liver, whereas in the lungs, ΣMUFA and ΣPUFA increased. In PSs, the 

decrease in Σn3 detected in the liver, while increases in ΣMUFA and Σn6:Σn3 were observed in the 

lungs. The hepatic PS showed an increase in Σn6:Σn3, whereas the lung PS exhibited a decrease in 

ΣSFA, an increase in ΣPUFA, and an increase in Σn6 and its ratio to Σn3. In the PI, Σn6:Σn3 decreased 

in the liver, and in the lungs, there was an increase in C22:1 n9, a decrease in C22:6 n3, a decrease in 

ΣSFA, and an increase in ΣMUFA. In summary, exposure to FBs did not impair growth or induce 

marked lipid peroxidation. However, hepatotoxicity was evident from the histopathological lesions 
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observed over the exposure period and at the administered doses. Fatty acid modifications were 

independent of lipid peroxidation, suggesting a disruption in fatty acid metabolism, which 

corroborated previous findings in rats. This perturbation in membrane lipids was most observed in 

PCs.  

Fourth study 

Rabbits are proposed as suitable model organisms for studies in reproductive toxicology. In this trial, 

the effects of FBs on the reproductive system of male rabbits (n = 10 animals/group) were assessed 

after 65 days of oral administration of two doses (10 and 20 mg/kg diet). Neither intoxication affected 

the weights of the body and testicles, nor did intoxication markedly affect the fatty acid composition 

of the total phospholipids in the testes. These findings were consistent with the absence of a marked 

effect on histological traits. However, in the testicles, the FBs increased the concentration and activity 

of GSH and GPx, respectively, and decreased the initial phase of lipid peroxidation (conjugated dienes 

and trienes) in a dose-dependent manner. Using Feulgen-stained smears, the sperm morphology and 

chromatin condensation were monitored. No substantial differences were detected between the 

treatment groups or between the sampling time points. The ratio of live cells in the sperm, as assessed 

with flow cytometry, was not distinct among the groups at any of the five sampling time points and 

was also identical within the groups. Similarly, the lipid profile of the spermatozoa membrane was 

identical in all three groups after the total intoxication period. In summary, even at unrealistically and 

unjustifiably high doses, FBs do not exert any severe harmful effects on the leporine, the male 

reproductive system of rabbits. However, FBs slightly induced antioxidant responses in rabbit testes. 
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9. ÖSSZEFOGLALÁS 

Első tanulmány 

Ebben a tanulmányban hím Wistar patkányokat (n = 6 állat/csoport) kezeltünk tiszta fumonizin B1-

gyel (FB1: 0, 20, 50 és 100 mg kg−1 takarmány dózis ekvivalens) intraperitoneálisan, 5, illetve 10 

napig, a dózis- és expozíciós időfüggő hatások vizsgálata céljából, a vese és a máj foszfatidilkolin 

(PC), foszfatidilinozitol (PI) és foszfatidiletanolamin (PE) frakciók esetében. A vesében a PC frakció 

zsírsavai közül növekedést igazoltunk a telített zsírsavakban (ΣSFA) 5 napot követően, majd pedig 10 

nap után jelentős csökkenést figyeltünk meg a többszörösen telítetlen zsírsavak arányában (ΣPUFA) 

(összes n3 (Σn3), összes n6 (Σ n6), telítetlenségi index (UI) és átlagos szénlánchossz (ACL)), a legtöbb 

esetben lineáris dózisválasz formájában. A vese PC frakcióban további jelentős dózisfüggő 

növekedést mutatott az összes egyszeresen telítetlen zsírsav (ΣMUFA) részaránya. Hasonló 

mintázatokat, de enyhébb formában figyeltünk meg a vese PI zsírsavakban, amelyek csökkenést 

mutattak a PUFA, (dózisfüggő formában), UI és ACL esetében, mind 5, mind pedig 10 nap alatt, míg 

a vese PE frakció csökkenést mutatott a Σn6 és növekedést a ΣSFA esetekben, de ez csak 5 nap után 

volt megfigyelhető. A májban a PC frakció zsírsavprofilja növekedést mutatott a telítettségben 

(C16:0) és csökkenést a többszörösen telítetlen C20 zsírsavak arányában (C20:3 n6 és C20:3 n3). 

Hasonló eredményeket figyeltünk meg a PI zsírsavprofilban 5 nap után, azonban a PC és PI zsírsavai 

nem reagáltak dózisfüggő módon az FB1-re. A PE zsírsavprofilban aránycsökkenést mutatott a C20:3 

n6, és a Σn6, míg a dózisfüggő növekedést mutatott a Σn3 zsírsavcsoport. Az eredmények kifejezett 

érzékenységet jeleznek a vese esetében, megerősítve korábban publikált eredményeinket az oxidatív 

stresszel és a kórszövettani változásokkal kapcsolatosan. 

Második tanulmány  

Ebben a tanulmányban 35 napos korú választott malacokat (n = 6 állat/csoport), 0, 15 és 30 mg/kg FB 

sorozatú mikotoxinokat (FB1, FB2 és FB3) tartalmazó kísérleti takarmánnyal kezeltünk 21 napig, 

elsősorban toxindózis-függő módosulások jellemzésére vörösvértest membránokban. A ouabain-

szenzitív Na+/K+ ATPáz aktivitását mértük lizált sejtek membránjaiban, valamint elemeztük a 

membrán zsírsavprofilt, illetve az antioxidáns és a lipid-peroxidációs paramétereket. 3 hét expozíció 

után szignifikáns különbség (p = 0,036; R2 = 0,58) volt megfigyelhető a nátrium pumpa aktivitásában 

az eritrocita membránban a kontroll csoport és a 30 mg/kg takarmány-dózist kapott csoport között, a 

változás pedig dózisfüggő volt. A sejtmembrán zsírsavprofilja határozottan telített volt, a csoportok 

közötti eltérések nem voltak szisztematikusak, de az enzimaktivitás és zsírsavprofil adatok együttes 
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értékelésekor negatív összefüggést figyeltünk meg a nátrium pumpa aktivitása és az összes egyedi 

membrán n6 zsírsav aránya között. Függetlenül az alkalmazott FB toxinok dózisától, az intracelluláris 

antioxidánsok (például a redukált glutation (GSH) és a glutation-peroxidáz (GPx)) és a lipid-

peroxidációs mutatók (konjugált diének, triének és malondialdehid (MDA)) nem mutattak értékelhető 

választ. Feltételezhető, hogy a FB mikotoxinok ceramid szintézis gátló hatása a sejtmembrán 

összetételére hatott. Ez a hatás dózisfüggő volt, ami növekedést eredményezett a nátrium pumpa 

aktivitásában, amely negatívan korrelált az n6 zsírsavakkal, viszont nem járt együtt lipid-

peroxidációval. 

Harmadik tanulmány  

Ebben a tanulmányban választott hímivarú malacokat hatos csoportokra osztottunk, és 0, 15 vagy 30 

mg/kg FB-t tartalmazó kísérleti takarmányt kaptak, háromhetes expozíció keretében. A cél az volt, 

hogy megvizsgáljuk a különböző membránlipid osztályok/frakciók zsírsavösszetételét, a lipid 

peroxidáció mértékét és a májban és a tüdőben esetlegesen bekövetkező szövettani változásokat. A 

malacok termelési tulajdonságai és a lipid peroxidáció szintje nem változott, azonban fokozott 

mértékű szövettani elváltozásokat igazoltuk a májban. Lineáris mikotoxin dózis-választ igazoltunk a 

máj PC frakciójában a C16:1 n7, C18:1 n9 és ΣMUFA arányok esetében, valamint a tüdő PC 

frakcióban a C22:6 n3, Σn3 és a Σn6 és Σn3 zsírsavak arányában. Hasonló megfigyeléseket tettünk a 

tüdő PS frakciójában a C20:0 és C24:0 esetében. A tüdő SM frakcióban csökkenést tapasztaltunk a 

ΣSFA esetében és növekedést a ΣMUFA arányban. A PC frakcióban a Σn6 csökkent, és a Σn6:Σn3 

arány növekedett a máj esetében, míg a tüdőben a ΣMUFA és a ΣPUFA arányok emelkedtek. A PS 

frakcióban a Σn3 csökkenését igazoltuk a májban, míg a tüdőben a ΣMUFA és a Σn6:Σn3 arány 

emelkedését figyeltük meg. A máj PS növekedést mutatott a Σn6:Σn3 arány vonatkozásban, míg a 

tüdő PS csökkenést mutatott a ΣSFA-ban, növekedést a ΣPUFA-ban, és növekedést a Σn6-ban és 

annak arányában a Σn3-hoz képest. A PI frakcióban a Σn6:Σn3 csökkent a májban, és a tüdőben 

növekedést tapasztaltunk a C22:1 n9-ben, csökkenést a C22:6 n3-ban, csökkenést a ΣSFA-ban, és 

növekedést a ΣMUFA-ban. Összefoglalva, az FB expozíció nem hátráltatta növekedést és nem 

indukált jelentős lipid-peroxidációt. Azonban a hepatotoxicitás nyilvánvaló volt az alkalmazott 

expozíciós időszak és alkalmazott dózisok esetében, elsősorban az igazolt megfigyelt szövettani 

elváltozások alapján. A zsírsav aránymódosulások függetlenek voltak a lipid peroxidációtól, ami a 

zsírsav metabolizmus zavarát sugallta, megerősítve a patkányokban korábban publikált 

eredményeket. 
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Negyedik tanulmány  

Ebben a vizsgálatban takarmányeredetű FB mikotoxinok baknyulak szaporodási szervrendszerére (n 

= 10 állat/csoport) gyakorolt hatásait elemeztük 65 napos per os adagolás és két dózis esetében (10 és 

20 mg/kg takarmány dózis). Az intoxikáció nem befolyásolta a test és a here súlyát, sem a herék teljes 

foszfolipidjeinek zsírsavösszetételét és szövettani képet igazolható szinten, azonban a herékben az FB 

mikotoxinok növelték a GSH és a GPx koncentrációját és aktivitását, illetve csökkentették a lipid 

peroxidáció kezdeti fázisát jelző konjugált diének és triének szintjeit, dózisfüggő módon. Feulgen-

festett kenetek segítségével követtük nyomon a spermiumok morfológiáját és a kromatin 

kondenzációját. Nem találtunk jelentős különbségeket a kezelt csoportok és az egyes a mintavételi 

időpontok adatai között. A sperma élő sejtjeinek aránya, melyet áramlási citometriával értékeltünk, 

nem volt különböző a csoportok között az öt mintavételi időpont egyikén sem, és azonos volt a 

csoportokon belül is. Hasonlóképpen, a spermatozoa membránjának lipidprofilja azonos volt 

mindhárom csoportban a teljes expozíció után. Összefoglalva, azt tapasztaltuk, hogy még viszonylag 

magas (nem realisztikus) dózisokban sem gyakorolnak az FB-k súlyos káros hatást a hímivarú nyulak 

szaporodási szervrendszerére, de kis mértékben fokozzák az antioxidáns védelem mértékét a 

herékben. 
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