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Investigation of the effects 
of T‑2 toxin in chicken‑derived 
three‑dimensional hepatic cell 
cultures
Júlia Vörösházi 1*, Máté Mackei 1,2, Csilla Sebők 1, Patrik Tráj 1, Rege Anna Márton 1,2, 
Dávid Géza Horváth 3, Korinna Huber 4, Zsuzsanna Neogrády 1 & Gábor Mátis 1,2

Despite being one of the most common contaminants of poultry feed, the molecular effects of 
T-2 toxin on the liver of the exposed animals are still not fully elucidated. To gain more accurate 
understanding, the effects of T-2 toxin were investigated in the present study in chicken-derived three-
dimensional (3D) primary hepatic cell cultures. 3D spheroids were treated with three concentrations 
(100, 500, 1000 nM) of T-2 toxin for 24 h. Cellular metabolic activity declined in all treated groups as 
reflected by the Cell Counting Kit-8 assay, while extracellular lactate dehydrogenase activity was 
increased after 500 nM T-2 toxin exposure. The levels of oxidative stress markers malondialdehyde 
and protein carbonyl were reduced by the toxin, suggesting effective antioxidant compensatory 
mechanisms of the liver. Concerning the pro-inflammatory cytokines, IL-6 concentration was 
decreased, while IL-8 concentration was increased by 100 nM T-2 toxin exposure, indicating the 
multifaceted immunomodulatory action of the toxin. Further, the metabolic profile of hepatic 
spheroids was also modulated, confirming the altered lipid and amino acid metabolism of toxin-
exposed liver cells. Based on these results, T-2 toxin affected cell viability, hepatocellular metabolism 
and inflammatory response, likely carried out its toxic effects by affecting the oxidative homeostasis 
of the cells.

Mycotoxins are secondary metabolites produced by different species of fungi that can cause agricultural damage 
worldwide by contaminating feed1. Among others, the most prominent mycotoxins are the trichothecenes pro-
duced by various Fusarium, Myrothecium and Stachybotrys species. One important member of the trichothecenes 
is the T-2 toxin originated from different Fusarium species, including F. soprotrichioides, F. poae, and F. acui-
natum, that contaminate a wide range of cereals and are most prevalent in cold climates or under wet storage 
conditions1. The most commonly affected cereals are maize, wheat and oat, which are highly involved in both 
human nutrition and livestock feeding2. The uptake of T-2 toxin happens by food or water intake, by inhalation 
of air or aerosols and by transdermal absorption. Most of the T-2 toxin is absorbed from the gastrointestinal tract 
and subsequently transported to the liver via the v. portae, which is thereby directly exposed to toxic compounds 
of enteric origin1,3,4.

Poultry species as mainly grain consumers may come into regular contact with mycotoxins, including 
T-2 toxin which can be accumulated in their feed due to inadequate plant production, harvesting or storage 
conditions5. They are generally more tolerant to trichothecenes than mammalian species6. The lower susceptibility 
is probably due to the moderate absorption as well as the rapid metabolism and elimination of these mycotoxins. 
On the other hand, exposure to these mycotoxins has serious negative effects in these animals too, and is a major 
problem for the poultry industry worldwide6,7. The major detrimental effects of T-2 toxin in poultry include 
reduced growth and appetite, modified immune response, gastrointestinal impairment, neurological and repro-
ductive disorders, mostly mediated by the inhibition of protein synthesis on the cellular level8,9. Furthermore, T-2 
toxin is known to induce apoptosis, and it may also elevate free radical production causing oxidative stress, which 
is associated with DNA damage and increased lipid peroxidation1,6. Certain signalling pathways that are strongly 
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linked to reactive oxygen species (ROS) responses, such as the nuclear factor (erythroid-derived 2)-like 2/heme 
oxygenase 1 (Nrf2/HO-1) pathway, the endoplasmic reticulum (ER) stress pathway, and the mammalian target 
of rapamycin/protein kinase (mTOR/Akt) system, appear to be involved in the toxicity caused by T-2 toxin10. In 
addition, T-2 toxin stimulated the gene expression of specific proinflammatory cytokines, such as interleukin- 
(IL-)1α, IL-1β, IL-6, IL-11 and tumor necrosis factor-α (TNF-α) both in vitro and in vivo11.

The possible oxidative stress caused by the toxin is often associated with the development of ER stress12,13. 
In physiological conditions, newly synthesized proteins are folded and modified in the ER. These processes are 
controlled by various chaperones and folding enzymes such as glucose-regulated protein 78 (GRP78), a member 
of the heat shock protein 70 (HSP70) family, located in the membrane of the ER. If the folding of the produced 
proteins is not sufficient due to various stress factors, the ER triggers the unfolded-protein response (UPR) 
mechanism to restore the cell homeostasis or, in severe cases, to induce apoptosis14.

Oxidative and ER stress also affect the production of certain small heat shock proteins (sHSPs). These proteins 
have a molecular mass of about 15–30 kDa and are often involved in response to various stress factors. Among 
them, early reversible phosphorylation of heat shock protein 27 (HSP27) upon oxidative and ER stress has been 
reported in several cell types13,15. If the protein homeostasis is not restored after oxidative or ER stress, cell and 
tissue damage occurs. In response, inflammatory processes are triggered, which limit the extent of tissue damage 
and promote tissue regeneration. Several studies have already reported the complex interactions between oxida-
tive stress, ER stress and inflammation, although the exact interplay of these processes are not yet known13,14.

The majority of in vitro and in vivo studies on T-2 toxin have focused mainly on a single metabolic pathway 
or organ in one experiment, using conventional biochemical and molecular biology methods11,16,17. To further 
understand the toxic effects of this molecule, a comprehensive study of the systemic metabolic effects of T-2 
toxin was required18. Metabolomics as a novel and increasingly widely used approach in life sciences can provide 
a coherent overview of the metabolic subsystems of the organism, rather than studying a few components at a 
time19.

Hepatic cell cultures can serve as proper models for studying the cellular effects of T-2 toxin on the liver as a 
major site of mycotoxin exposure. In recent years, three-dimensional (3D) cell cultures have become widely used 
due to their numerous advantages over traditional two-dimensional (2D) cell cultures. In monolayer cultures, 
hepatic cells are prone to dedifferentiation and loss of morphology, probably due to the limited contact between 
cells and between cells and the extracellular matrix (ECM)20. In contrast, 3D cell cultures are able to develop 
a microenvironment and function similar to the physiological conditions21. In these cultures, cells keep their 
phenotype and characteristic functions as well as their ability to grow and interact with their surroundings, 
allowing the formation of diverse cell–cell and cell–ECM interactions22. In this study, magnetic 3D bioprinting 
was used to create 3D hepatic cell cultures. By this method, isolated cells are incubated with magnetic nano-
particles consisting of iron oxide, gold, and poly-l-lysine. These nanoparticles electrostatically bind to the cell 
membranes via the poly-l-lysine at a concentration of approximately 50 pg/cell. At this rate, the nanoparticles 
coat the cells in a scattered manner rather than the entire membrane, giving them a pepped-like appearance23,24. 
However, this amount is enough to magnetize the cells, therefore they are able to aggregate into spheroids when 
placed in magnetic field20. The nanoparticles are biocompatible and have no effect on the cellular viability and 
proliferation25–27. Additionally, Tseng et al. also observed that their effect on inflammatory processes was minimal 
and negligible in 3D multitype bronchiole co-cultures26. Furthermore, it was also demonstrated in aortic valve 
3D co-cultures that they had no significant effect on the cellular oxidative processes27.

The aim of this study was to investigate the cellular effects of T-2 toxin on oxidative and ER stress as well 
as inflammatory response in the chicken liver, carried out on a newly characterized chicken derived primary 
3D hepatic cell culture gained by magnetic bioprinting. As 3D cell cultures may reflect in vivo conditions more 
accurately than traditional monolayer cultures, the applied 3D cell culture can serve as a good model to moni-
tor the effects of mycotoxins on the avian liver. The present study can also provide an insight into the complex 
interplay of the ER and oxidative stress with the inflammatory pathways. Moreover, to investigate the cellular 
effects of T-2 toxin, a wide range of metabolites related to amino acid, glucose and lipid metabolism as well as 
to inflammatory processes were assessed by a targeted metabolomics approach.

Results
Haematoxylin and eosin (H&E) staining
Figure 1 shows a formalin fixed paraffin embedded (FFPE) slice after haematoxylin and eosin (H&E) staining. 
Morphologically intact hepatocytes are observable in high abundance in loose connection with each other as 
well as other non-parenchymal (NP) cells with smaller nucleus. Severe degenerative changes are not visible.

Metabolic activity
Metabolic activity of the cultured cells was measured by Cell Counting Kit-8 (CCK-8) test from the cell culture 
media after treatment with 100, 500 and 1000 nM T-2 toxin for 24 h. T-2 toxin significantly decreased (p < 0.001) 
the metabolic activity in every treatment group compared to the control (Fig. 2). The mean ± SEM values obtained 
from the CCK-8 measurement are shown in Supplementary Table 1.

Lactate dehydrogenase (LDH) activity
The extracellular LDH activity of the cell cultures was measured after 24 h of T-2 toxin treatment. The 500 nM 
T-2 toxin concentration significantly increased (p = 0.038) the LDH activity of the cells in comparison with the 
control group (Fig. 3). The mean ± SEM values obtained from the LDH activity measurement are shown in Sup-
plementary Table 1.
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Malondialdehyde (MDA) and protein carbonyl (PC) concentrations
The MDA concentration was measured from the cell culture media and the PC content was determined from 
the cell lysates by chicken specific ELISA test after 24 h of T-2 toxin treatment. The MDA level was significantly 
decreased (p = 0.030) in the 1000 nM treatment group after 24 h (Fig. 4a). The higher levels of T-2 toxin (500 nM 
and 1000 nM) significantly decreased (p = 0.007, p = 0.001, respectively) the intracellular PC concentration of 
the cultured cells compared to the control group (Fig. 4b). The mean ± SEM values obtained from the MDA and 
PC measurements are shown in Supplementary Table 1.

Interleukin (IL) concentrations
After 24 h of T-2 toxin treatment, the concentrations of IL-6 and IL-8 were assessed from the cell culture media 
using chicken-specific ELISA tests. The extracellular concentration of IL-6 was significantly lowered (p = 0.026) 
after 24 h by the 100 nM T-2 toxin treatment when compared to that of the control cells (Fig. 5a). The IL-8 con-
centration was significantly increased (p = 0.025) after 24 h in the 100 nM T-2 toxin treatment group (Fig. 5b). 
The mean ± SEM values obtained from the IL-6 and IL-8 measurements are shown in Supplementary Table 1.

Glucose‑regulated protein 78 (GRP78) and heat shock protein 27 (HSP27) concentrations
The GRP78 and HSP27 contents were assessed after 24 h of T-2 toxin treatment by chicken specific ELISA 
tests. The applied toxin exposures did not influence significantly the concentrations of these two parameters 

Figure 1.   Primary 3D hepatic spheroids from chicken origin. The black arrow shows an NP cell, while red 
arrows show hepatocytes. H&E staining, bar: 20 µm.

Figure 2.   Effects of 24 h T-2 toxin treatment on the metabolic activity of primary hepatic 3D cell co-cultures of 
chicken origin assessed by CCK-8 test. Control: cells without T-2 toxin exposure; T100: 100 nM, T500: 500 nM, 
T1000: 1000 nM T-2 toxin treatment. Relative absorbances were calculated by considering the mean value of the 
Control group as 1. Results are expressed as mean ± SEM. ***p < 0.001.
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(Fig. 6a,b). The mean ± SEM values obtained from the GRP78 and HSP27 measurements are shown in Sup-
plementary Table 1.

Metabolome analysis
Figure 7 and Table 1 show overviews of the 41 metabolites being significantly influenced by T-2 toxin exposure, 
visualised on a heatmap. As reflected by the colour scheme of the heatmap, most of the significantly changed 
metabolites showed T-2 toxin triggered increased abundance (alpha-aminoadipic acid [alpha-AAA], citrul-
line [Cit], proline [Pro], carnosine, spermidine, alanine [Ala], methionine [Met], decanoylcarnitine [C10], free 
carnitine [C0], hydroxyisovalerylcarnitine [C5-OH], phosphatidylcholine with acyl-alkyl residue sum [PC ae] 
C42:4, C38:1 and 42:0, phosphatidylcholine with diacyl residue sum [PC aa] C26:1 and C28:1, lysophosphatidyl-
choline with acyl residue [lysoPC a] C24:0 and 26:1, hexose [H1]), while the concentrations of other metabolites 
(glutamine [Gln], lysine [Lys], serine [Ser], threonine [Thr], aspartate [Asp], glutamate [Glug, putrescine, sar-
cosine, glutaconylcarnitine [C5:1-DC], decadienoylcarnitine [C10:2], glutarylcarnitine [C5-DC], hydroxybu-
tyrylcarnitine [C3-DC], dodecanoylcarnitine [C12-DC], C12, nonanoylcarnitine [C9], hexenoylcarnitine [C6:1], 

Figure 3.   Effects of 24 h T-2 toxin treatment on the LDH activity of primary hepatic 3D cell co-cultures of 
chicken origin. Control: cells without T-2 toxin exposure; T100: 100 nM, T500: 500 nM, T1000: 1000 nM 
T-2 toxin treatment. Relative activity was calculated by considering the mean value of the Control group as 1. 
Results are expressed as mean ± SEM. *p < 0.05.

Figure 4.   Effects of 24 h T-2 toxin treatment on the (a) MDA and (b) PC concentrations of primary hepatic 
3D cell co-cultures of chicken origin assessed by chicken specific ELISA test. Control: cells without T-2 toxin 
exposure; T100: 100 nM, T500: 500 nM, T1000: 1000 nM T-2 toxin treatment. Relative concentrations were 
calculated by considering the mean value of the Control group as 1. Results are expressed as mean ± SEM. 
*p < 0.05, **p < 0.01.
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butyrylcarnitine [C4], PC aa C34:1, PC aa C38:4, PC aa C36:4, PC aa C32:1, PC aa C34:2, lysoPC a C14:0) were 
found to be decreased after the T-2 toxin treatment compared to the control group.

Further, the metabolic profile of the control group was also compared to that of the cell-free culture medium. 
The list of metabolites significantly changed between the cell-free medium and the control group and the cor-
responding p-values are given in Supplementary Table 2. Overall, 72 metabolites changed significantly, of which 
40 decreased and 32 increased in the control samples compared to the cell-free medium.

Moderate (0.50 > R2 > 0.70) and high (0.70 > R2 > 0.90) positive as well as moderate (− 0.50 > R2 > − 0.70) and 
high (− 0.70 > R2 > − 0.90) negative correlations were found between the concentrations of many metabolites and 
the parameters (MDA, PC, IL-6, IL-8, GRP78 and HSP27) determined by chicken-specific ELISA tests. These 
correlations are depicted in Fig. 8a–f.

Three amino acids (ornithine [Orn], Ser, Asp), two biogenic amines (putrescine, symmetric dimethylarginine 
[SDMA]) and a phosphatidylcholine (PC aa C36:1) were correlated positively (R2 = 0.628, R2 = 0.682, R2 = 0.560, 
R2 = 0.643, R2 = 0.501, R2 = 0.545 respectively) with the MDA concentration of the culture media. An amino 
acid (Ala) and an acylcarnitine (tetradecadienoylcarnitine [C14:2]) had a negative correlation (R2 = − 0.565, 
R2 = − 0.603 respectively) with the MDA concentration (Fig. 8a).

Figure 5.   Effects of 24 h T-2 toxin treatment on the (a) IL-6 and (b) IL-8 concentrations of primary hepatic 
3D cell co-cultures of chicken origin assessed by chicken specific ELISA test. Control: cells without T-2 toxin 
exposure; T100: 100 nM, T500: 500 nM, T1000: 1000 nM T-2 toxin treatment. Relative concentrations were 
calculated by considering the mean value of the Control group as 1. Results are expressed as mean ± SEM. 
*p < 0.05.

Figure 6.   Effects of 24 h T-2 toxin treatment on the (a) GRP78 and (b) HSP27 concentrations of primary 
hepatic 3D cell co-cultures of chicken origin assessed by chicken specific ELISA test. Control: cells without T-2 
toxin exposure; T100: 100 nM, T500: 500 nM, T1000: 1000 nM T-2 toxin treatment. Relative concentrations 
were calculated by considering the mean value of the Control group as 1. Results are expressed as mean ± SEM.
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An amino acid (Ala), an acylcarnitine (C3-DC) and two phosphatidylcholines (PC aa C42:6, PC ae C44:4) 
had a positive correlation (R2 = 0.763, R2 = 0.524, R2 = 0.534, R2 = 0.508 respectively) with the intracellular PC 
concentration. A biogenic amine (spermidine), an acylcarnitine (C4), a sphingomyelin (SM-OH C22:2) and a 
phosphatidylcholine (PC aa C32:3) were negatively correlated (R2 = − 0.857, R2 = − 0.610, R2 = − 0.530, R2 = − 0.501 
respectively) with the PC concentration (Fig. 8b).

Only one metabolite, a lysophospatidylcholine (lysoPC a C24:0) was correlated positively (R2 = 0.502) with 
the IL-6 concentration (Fig. 8c). Also, only a phoshatidylcholine (PC ae C32:1) had a negative correlation 
(R2 = − 0.546) with the IL-8 content (Fig. 8d).

Three phosphatidylcholines (PC ae C38:5, PC aa C32:0, PC aa C42:1) had a positive correlation (R2 = − 0.622, 
R2 = − 0.571, R2 = − 0.521 respectively) with the GRP78 concentration (Fig. 8e).

Several metabolites showed positive correlation with the HSP27, including three amino acids (Orn, Asp, Ser) 
(R2 = 0.779, R2 = 0.731, R2 = 0.622 respectively), five biogenic amines (histamine, taurine, putrescine, spermi-
dine, carnosine) (R2 = 0.752, R2 = 0.738, R2 = 0.607, R2 = 0.566, R2 = 0.561 respectively), an acylcarnitine (C3-DC) 
(R2 = 0.521) and four phosphatidylcholines (PC aa C36:1, PC aa C36:3, PC aa C40:6, PC ae C38:5) (R2 = 0.701, 
R2 = 0.578, R2 = 0.531, R2 = 0.522 respectively). Only two metabolites, an amino acid (asparagine [Asn]) and a 
phosphatidylcholine (PC ae C40:5) had a negative correlation (R2 = − 0.763, R2 = − 0.520 respectively) with the 
HSP27 level (Fig. 8f).

Discussion
In the present study, chicken derived 3D hepatic cell cultures were used to demonstrate the effects of T-2 toxin to 
understand the molecular pathways which are affected by T-2 toxin. 3D cell cultures can provide a more proper 
model of the microenvironment and cellular function under in vivo conditions; in these cultures, cells keep 

Figure 7.   Heatmap visualising the concentrations of 41 metabolites in spheroid media with significantly 
changed abundance in response to 24 h T-2 toxin treatment. Control: cells without T-2 toxin exposure; T100: 
100 nM, T500: 500 nM, T1000: 1000 nM T-2 toxin treatment.
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their in vivo phenotype and characteristics as well as their ability to grow and interact with other cells and the 
ECM. In addition, 3D hepatic cell cultures can be maintained for longer than traditional 2D cell cultures21,22. In 
this study, we used hepatocyte—NP cell co-culture to mimic a near-physiological state. These models allow a 
better understanding of how cells respond to stress and inflammation, including cytokine production and the 
regulation of redox homeostasis28.

In order to investigate the adverse effects of T-2 toxin, 3D hepatocyte—NP cell co-cultures were treated with 
different concentrations of the toxin for 24 h. Metabolic activity of the cells was measured since T-2 toxin binds 
to various proteins and inhibits the function of several key enzymes involved in cellular catabolic processes, 
such as succinate dehydrogenase and mitochondrial NADH dehydrogenase, thereby causing cellular energy 
deficiency6,18,29. The metabolic activity of all treatment groups showed a steady yet significant decrease, which 
was inversely correlated with the increasing T-2 toxin concentration in the cell culture media. Our results indi-
cate a mild decline (on average 19%) of hepatocellular metabolic activity triggered by T-2 toxin, which is in 

Table 1.   Metabolites significantly different from the control group. Statistics were calculated by ANOVA, 
pairwise comparisons by Tukey’s HSD. ND: not detected under detection level. Control: cells without T-2 toxin 
exposure; T100: 100 nM, T500: 500 nM, T1000: 1000 nM T-2 toxin treatment. *p < 0.05, **p < 0.01, ***< 0.001.

Metabolite Control mean ± SEM T100 mean ± SEM T500 mean ± SEM T1000 mean ± SEM Significance

Alpha-AAA​ ND ND 0.323 ± 0.083 0.593 ± 0.022 ***

Cit ND 0.002 ± 0.002 0.664 ± 0.393 0.972 ± 0.140 ***

Pro 281.750 ± 6.075 289.917 ± 5.032 302.750 ± 8.567 340.750 ± 8.816 ***

Carnosine 0.196 ± 0.019 0.193 ± 0.012 0.321 ± 0.039 0.432 ± 0.008 ***

Spermidine 0.094 ± 0.014 0.122 ± 0.009 0.199 ± 0.011 0.200 ± 0.009 ***

Ala 937.583 ± 18.555 1034.750 ± 13.268 993.667 ± 16.078 1024.500 ± 9.882 ***

Met 95.842 ± 2.056 101.833 ± 1.872 104.000 ± 2.086 111.117 ± 2.564 ***

C10 0.634 ± 0.014 0.666 ± 0.014 0.726 ± 0.025 0.764 ± 0.025 ***

PC ae C42:4 ND ND 0.003 ± 0.002 0.007 ± 0.003 ***

C0 1.095 ± 0.021 1.047 ± 0.041 1.173 ± 0.033 1.265 ± 0.052 ***

PC ae C38:1 ND 0.004 ± 0.002 0.007 ± 0.002 0.018 ± 0.009 **

lysoPC a C24:0 0.040 ± 0.011 0.043 ± 0.009 0.079 ± 0.012 0.111 ± 0.006 **

PC ae C42:0 0.170 ± 0.003 0.176 ± 0.003 0.183 ± 0.005 0.191 ± 0.003 **

lysoPC a C26:1 0.013 ± 0.006 0.008 ± 0.005 0.023 ± 0.009 0.046 ± 0.007 **

H1 12,322.083 ± 240.933 13,085 ± 252.481 12,549.420 ± 323.376 12,753.250 ± 289.951 **

PC aa C26:0 0.288 ± 0.006 0.286 ± 0.005 0.313 ± 0.007 0.305 ± 0.006 **

C5-OH 0.073 ± 0.002 0.066 ± 0.003 0.086 ± 0.006 0.068 ± 0.003 **

PC aa C28:1 0.001 ± 0.001 ND 0.002 ± 0.002 0.010 ± 0.004 **

C5:1-DC 0.211 ± 0.006 0.142 ± 0.010 0.148 ± 0.011 0.101 ± 0.005 ***

Putrescine 0.144 ± 0.012 0.128 ± 0.005 0.082 ± 0.005 0.076 ± 0.005 ***

C10:2 0.200 ± 0.006 0.219 ± 0.006 0.166 ± 0.013 0.155 ± 0.006 ***

C5-DC 0.133 ± 0.005 0.099 ± 0.005 0.115 ± 0.009 0.088 ± 0.004 ***

PC aa C38:4 0.068 ± 0.006 0.028 ± 0.004 0.021 ± 0.008 0.074 ± 0.032 ***

PC aa C34:1 0.219 ± 0.020 0.083 ± 0.008 0.089 ± 0.018 0.148 ± 0.043 ***

Sarcosine 0.781 ± 0.069 0.316 ± 0.015 0.373 ± 0.069 0.685 ± 0.035 ***

PC aa C36:4 0.068 ± 0.007 0.023 ± 0.004 0.017 ± 0.005 0.091 ± 0.052 ***

Lys 535.250 ± 15.572 466.833 ± 9.482 473.833 ± 12.696 469.000 ± 10.462 ***

C3-DC 0.152 ± 0.011 0.189 ± 0.008 0.122 ± 0.005 0.125 ± 0.019 **

Ser 136.633 ± 4.786 122.833 ± 2.522 115.333 ± 2.986 118.833 ± 3.353 **

Gln 2324.167 ± 35.918 2397.500 ± 33.803 2206.667 ± 62.284 2147.5000 ± 43.920 **

PC aa C32:1 0.035 ± 0.004 0.010 ± 0.003 0.013 ± 0.003 0.020 ± 0.003 **

C12-DC 0.465 ± 0.010 0.442 ± 0.009 0.430 ± 0.008 0.412 ± 0.010 **

C9 0.085 ± 0.003 0.074 ± 0.002 0.072 ± 0.003 0.069 ± 0.003 **

C12 0.075 ± 0.002 0.051 ± 0.005 0.058 ± 0.004 0.047 ± 0.003 **

PC aa C34:2 0.073 ± 0.006 0.040 ± 0.013 0.036 ± 0.005 0.177 ± 0.108 **

lysoPC a C14:0 0.253 ± 0.009 0.226 ± 0.006 0.255 ± 0.007 0.261 ± 0.008 **

C6:1 0.108 ± 0.006 0.087 ± 0.003 0.093 ± 0.004 0.094 ± 0.003 **

Thr 375.750 ± 5.015 372.917 ± 4.864 344.667 ± 11.981 377.250 ± 5.021 **

Asp 497.833 ± 28.112 489.333 ± 15.234 434.500 ± 17.047 409.083 ± 5.864 **

C4 0.068 ± 0.003 0.053 ± 0.004 0.053 ± 0.003 0.044 ± 0.005 **

Glu 360.750 ± 4.910 366.250 ± 6.426 341.500 ± 6.161 348.333 ± 4.552 **
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Figure 8.   Correlation between the parameters measured by chicken-specific ELISA tests and metabolites 
measured by the AbsoluteIDQ p180 kit. Correlation between (a) MDA and metabolites, (b) PC and metabolites, 
(c) IL-6 and metabolites, (d) IL-8 and metabolites, (e) GRP78 and metabolites, (f) HSP27 and metabolites. 
Correlation was assessed using the Pattern Hunter function of the MetaboAnalyst 5.0 program.
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line with previous findings, such as the decreased viability of the liver cells in vitro both in the previous study 
of our research group on chicken 2D hepatocyte mono-cultures and hepatocyte—NP cell co-cultures as well as 
in porcine brain capillary endothelial cells (PBCEC) after T-2 toxin treatment described by Weidner et al.6,30.

To evaluate the toxin-associated necrosis of the cells, LDH activity was measured. LDH is rapidly released 
into the medium in case of membrane damage which could indicate necrosis. The LDH leakage of the hepatic 
cells was significantly increased by the 500 nM T-2 toxin treatment, suggesting impaired membrane integrity 
following the toxin exposure28,31. Measuring the metabolic activity of viable cells and the LDH activity of dam-
aged cells can give a comprehensive picture about the cell viability and the toxicity of the toxin in both untreated 
and treated cell cultures.

Since T-2 toxin might induce oxidative stress, the amount of MDA, a lipid peroxidation product, and PC, a 
protein damage marker were measured in the cell culture media or in the cell lysates, respectively. Significant 
toxin-evoked decline was observed for both tested markers in certain groups. The highest T-2 toxin treatment 
effectively reduced the MDA level, whereas the PC concentration was significantly decreased after both the 
500 nM and 1000 nM toxin exposure. These findings suggest that T-2 toxin induced protective mechanisms in the 
cells, resulting in the alleviation of oxidative stress as reflected by the assayed markers6. T-2 toxin has multiplex 
effects on the regulation of the stress response, it can either up- or downregulate the Nrf2 transcription factor 
in a dose- and time-dependent manner. If Nrf2 expression is elevated, it promotes the expression and produc-
tion of antioxidant enzymes in response to oxidative stress, which could lead to the decrease of oxidative stress 
markers, such as MDA and PC16,32.

The immunomodulatory effects of T-2 toxin were investigated by measuring the IL-6 and IL-8 concentrations. 
The 100 nM T-2 toxin concentration significantly decreased the level of IL-6 in the culture media. The detected 
decrease in the IL-6 concentration triggered by low toxin concentration might be explained by the activation of 
autophagy. Autophagy has a major role in cytoprotection as it is a key regulator of the removal of irregular, non-
functioning cellular components33. Previous studies indicate the activation of autophagy by T-2 toxin through 
autophagy-related gene 5 (ATG5) and mTOR regulation34. Furthermore, autophagy has been shown to prevent 
the release of inflammatory cytokines from macrophages during fibrogenesis in the liver, which may result in 
decreased levels of IL-6 in the cell culture media35. In addition, it is likely that IL-6 expression is regulated at 
the translational and post-translational level, given that IL-6 expression was unaffected at the mRNA level in a 
previous study in mice36.

The IL-8 release of the spheroids was significantly increased by the lowest toxin concentration. Previous 
studies have already shown that trichothecene mycotoxins, including T-2 toxin are able to activate the mitogen-
activated protein kinase (MAPK) signaling pathway, through which they can stimulate the production of various 
pro-inflammatory cytokines that trigger functional disorders and apoptosis in order to protect the cells from 
harmful external stimuli6,17,37.

In order to investigate the effect of T-2 toxin and the potential oxidative stress on the ER stress, the levels of 
HSP27 and GRP78 were measured. In response to cytotoxic conditions, several changes happen in the ER lead-
ing to unfolded protein accumulation and aggregation. These changes are collectively called ER stress. Upon 
ER stress, certain signaling pathways are activated, such as the UPR and the ER overloaded response (EOR) 
pathways. Furthermore, some studies indicate that the ER cooperates with other organelles and plays a role in 
autophagy38. GRP78 is member of the HSP70 family, located in the membrane of the ER. It has a crucial role in 
the protein quality control of the ER and the regulation of the UPR14,39. The proteins responsible for the UPR 
are negatively regulated by the GRP78 in unstressed or healthy cells, but the elevated levels of unfolded proteins 
cause the dissociation of GRP78 from the URP transducer proteins, thereby releasing them from the inhibition14.

HSP27 is a molecular chaperone that belongs to the sHSPs and has a role in the early response upon oxidative 
and ER stress13,15. No significant changes were observed related to these parameters, indicating that the used T-2 
toxin concentrations and incubation time did not induce ER stress in the cells. Hence, it can be suggested that 
ER stress is not primarily involved in the cellular effects of T-2 toxin on the avian liver.

Concerning the metabolome analysis, the abundance of 41 metabolites was significantly influenced by the 
toxin exposure. Among them, several significantly varied metabolites were phosphatidylcholines or their deriva-
tives. This is consistent with the fact that T-2 toxin also affects lipid metabolism. On the one hand, due to its 
lipophilicity, T-2 toxin can damage the integrity and function of cell membranes, allowing it to rapidly reach 
various cellular components, leading to cytotoxicity18,40. Furthermore, T-2 toxin also stimulates ROS production, 
which induces the peroxidation of membrane lipids41. This may explain the decrease in the levels of certain phos-
phatidylcholines, as they are the main membrane-forming glycerophospholipid42. However, our results suggest 
that the rate of lipid peroxidation is reduced, probably due to the activation of the cytoprotective mechanisms 
described above in response to the highest toxin concentration.

One lysophosphatidylcholine—a phosphatidylcholine derivate—had a moderate positive correlation with the 
IL-6 content. Increased abundance of lysophosphatidylcholines has a lytic effect on the membrane and is often 
associated with inflammatory processes42. In addition, changes in their levels may also be indicative of processes 
caused by oxidative stress in cells as mentioned above41,43.

T-2 toxin also affects amino acid metabolism. In our experiments, the concentrations of four amino acids 
(proline, methionine, alanine, citrulline) and two biogenic amines (carnosine, spermidine) were significantly 
increased in the media by the treatments. A significant decrease in the levels of proline and methionine was 
observed in the control group compared to the cell-free medium. This suggests that the cells have taken up these 
two amino acids from their environment. For methionine, the increase in response to treatment did not surpass 
that measured in the cell-free medium, which may indicate that the uptake of the amino acid decreased after the 
treatment. However, in the case of proline, the increase in response to the highest toxin treatment exceeded the 
amount measured in the cell-free medium, suggesting an elevated secretion as a result of the treatment. Proline, 
alanine and citrulline play an important role in maintaining oxidative homeostasis. Several experiments have 
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demonstrated that alanine was cytoprotective against oxidative stress44. It stimulated the expression of certain 
proteins involved in the antioxidant defense system in human endothelial cells and reduced LDH leakage in rat 
hepatocytes45,46. The hydroxyl radical scavenger property of citrulline and its DNA protective role during oxida-
tive stress have also been described47,48. Proline can also effectively protect against oxidative stress in a variety of 
cell types44. Proline synthesis is enhanced during H2O2-induced oxidative stress and plays a role in the mainte-
nance and protection of the intracellular glutathione redox system, possibly through its direct ROS scavenging 
property. In addition, elevated proline levels may activate glutathione synthesis, stabilize antioxidant enzymes 
or trigger signalling pathways that up-regulate certain cellular antioxidant processes49.

The levels of carnosine and spermidine were already increased in the control group compared to the cell-free 
medium, and this increase was further enhanced by the toxin treatments. Carnosine is a dipeptide composed 
of β-alanine and l-histidine50. It acts as a natural cellular antioxidant, neutralizing free radicals, cooperating 
with other antioxidants, regulating the function of antioxidant enzymes, and inhibiting lipid peroxidation and 
protein oxidation51,52. In addition, an in vivo study revealed that it was able to alleviate epithelial damage caused 
by another trichothecene mycotoxin, deoxynivalenol (DON), by reducing oxidative stress50.

Spermidine is an evolutionarily conserved polyamine with protective and lifespan-extending effects in mam-
mals due to its anti-inflammatory and antioxidant properties. In addition, it improves mitochondrial metabolic 
function, proteostasis and chaperone activity53,54. In mice liver, spermidine improved the defense against oxidative 
stress both in vivo and in vitro53. Moreover, it reduced the production of pro-inflammatory cytokines through 
inhibition of nuclear translocation of nuclear factor κ-light-chain-enhancer of activated B cells (NFκB)55.

All these suggest that the elevated amino acid and biogenic amine levels are likely to be associated with oxi-
dative stress caused by T-2 toxin, possibly mediating the activation of cellular protective mechanisms leading to 
maintained or even decreased MDA and PC levels.

Six amino acids (glutamine, glutamate, aspartate, lysine, serine, threonine) and two biogenic amines (putres-
cine, sarcosine) were significantly decreased in the media by the treatments. The levels of glutamine, glutamate 
and aspartate increased in the medium of control cells compared to the cell-free medium, indicating that the 
cells secrete these amino acids. The treatment-induced decrease did not exceed the amount of these amino acids 
in the cell-free medium, suggesting that the treatment caused a decrease in the release of these amino acids. In 
case of the glutamine, one possible reason for this decrease can be that glutamine is one of the precursors for 
the biosynthesis of proline in the mitochondria56. Accordingly, proline levels increased significantly during our 
experiment. Glutamine also plays a role in maintaining the oxidative homeostasis in the cells because of its ROS 
scavenging properties57. Glutamine concentration has also been shown to decrease during catabolic stress. This 
may be due to a decrease in the activity of the enzyme glutamine synthetase in response to ROS58. Glutamine may 
also serve as a precursor for the synthesis of glutathione59. This suggests that its abundance may be substantially 
reduced due to the activation of the glutathione system against the oxidative stress caused by T-2 toxin treatment.

Levels of glutamate, an intermediate of the glutamine metabolism, and aspartate were also reduced by the 
toxin treatment. Both glutamate and aspartate are key substrates for other biologically active molecules such 
as glutamine, glutathione, proline, ornithine and arginine, which may also explain why their release into the 
medium was reduced in the samples60–62.

Interestingly, the level of another amino acid, lysine, was also significantly decreased by the T-2 toxin 
treatments, but the amount of α-aminoadipic acid, the end product of the lysine oxidation, was significantly 
increased63. α-aminoadipic acid is an appropriate indicator of in vivo protein oxidation during oxidative stress, 
which has long been recognized and used in the study of various human diseases and aging64. Therefore, the 
increase in α-aminoadipic acid level may confirm the development of oxidative stress in the hepatic cells.

Serine concentration was also decreased by the T-2 toxin treatment. Serine plays an important role in glyco-
lysis as well as purine synthesis, the one-carbon metabolic cycle and glutathione synthesis. It is a non-essential 
amino acid, as it can be produced in sufficient quantities by the organism under physiological conditions. How-
ever, several studies have described that a serine deficiency can occur under oxidative stress65. The consequence 
of this is a stronger response to oxidative stress and higher ROS concentrations65,66. During oxidative stress, the 
one-carbon cycle switches from methylation to transsulfuration in order to synthesize more glutathione, where 
serine may also serve as a precursor65.

In addition to a decrease in serine, a decrease in threonine content has also been described under oxidative 
stress66,67. Threonine is an essential amino acid for chickens67. Adequate levels of threonine are important for 
proper growth and threonine also plays an important role as a precursor in the synthesis of several amino acids67. 
Furthermore, serine/threonine kinases are often associated with the response during oxidative stress. These ser-
ine/threonine kinases can phosphorylate either serine or threonine and play a key role in the induction of cell 
growth, proliferation and apoptosis68. Such serine/threonine kinase is the Akt, which phosphorylates mTOR69. 
This pathway can be inhibited by several mycotoxins, including T-2 toxin, thereby regulating autophagy68,69.

The amount of putrescine and sarcosine increased in the medium of control cells compared to the cell-free 
medium, indicating their release by the cells. This secretion was reduced by T-2 toxin treatment. Putrescine 
(1,4-diaminobutane) is a naturally occurring polyamine, along with spermidine and spermine70. Putrescine plays 
an important role in proliferation and cell growth as well as in the regulation of transcription and translation71,72. 
Furthermore, it serves as a precursor for the synthesis of other polyamines such as spermidine72. Accordingly, the 
level of putrescine in media samples decreased, while the concentration of spermidine increased significantly, 
which may indicate a putrescine-spermidine conversion.

The concentration of sarcosine was significantly decreased by the toxin treatment. The methylation of sar-
cosine (N-methylglycine) leads to the formation of trimethylglycine, a metabolite that typically accumulates 
during oxidative stress and has a protective role against it73. Moreover, sarcosine typically forms complexes with 
metals, which can also prevent nucleic acid oxidation73,74. Both of these processes could lead to a decline in the 
sarcosine content.
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It was found that the concentration of eight acylcarnitines decreased, while three increased significantly 
after the T-2 toxin treatment. Different acylcarnitines also showed both moderate positive correlations with PC 
and HSP27, while another had a moderate negative correlation with MDA. L-carnitine is found in free form or 
as acylcarnitine, an esterified form in the cytoplasm of cells75. l-Carnitine and acylcarnitines play a key role in 
lipid metabolism, as the carnitine shuttle system transports fatty acids into the mitochondria where β-oxidation 
occurs. In this process, acylcarnitine crosses the mitochondrial membrane, where the fatty acids are detached, 
and the free carnitine is returned to the cytoplasm76. l-Carnitine also has a role in stimulating the production 
of antioxidant enzymes and reducing oxidative stress and inflammatory cytokine release77. In addition, acyl-
carnitines are known to have antioxidant activity, but the underlying mechanism is not yet fully understood78.

Histamine and taurine had a strong positive correlation with the HSP27 levels. Histamine is a key mediator 
of inflammation and has an important role in a number of other cellular processes, including the regulation of 
the stress response79. Previous studies have already described its role in the phosphorylation and activation of 
HSP27, which may support why their levels were so closely correlated in the examined samples after the toxin 
treatment79,80.

Taurine is a biogenic amine with a long-established cytoprotective effect. It has been shown to play a role in 
ER stress defence through downregulation of UPR-related proteins such as GRP7881,82. Moreover, in chickens 
exposed to taurine, it was observed that the expression of certain heat shock proteins was reduced in vivo83. In 
addition, it can reduce inflammation by decreasing the levels of several pro-inflammatory cytokines, and has 
an antioxidant effect by stimulating the expression of the transcription factor Nrf2 as well as reducing lipid 
peroxidation81,84.

Asparagine concentration was negatively correlated with that of HSP27. This could be explained by the fact 
that transcription of the asparagine synthetase enzyme is enhanced by ER stress via the UPR85,86. Asparagine 
synthetase catalyses the synthesis of asparagine and glutamate, and therefore enhances asparagine formation in 
the presence of ER stress85.

Ornithine level was positively correlated with the concentration of MDA and HSP27. Ornithine decarboxylase 
is an important enzyme in polyamine biosynthesis, converting ornithine to putrescine, which, as mentioned 
above, then serves as a precursor for the synthesis of spermidine72,87. The function of the enzymes catalysing 
polyamine synthesis is usually affected by various stress situations, such as exposure to T-2 toxin87,88. Among 
them, the transcription of the ornithine decarboxylase gene was significantly upregulated by chemically induced 
oxidative stress in vitro87.

Symmetric dimethylarginine (SDMA) and asymmetric dimethylarginine (ADMA) are methylated deriva-
tives of l-Arginine89. Both are toxic, non-proteinogenic amino acids capable of inhibiting nitric oxide (NO) 
production90,91. In addition, SDMA has a possible proinflammatory effect and may also induce ROS formation90. 
This may be related to our finding that the amount of SDMA was positively correlated with the concentration 
of an oxidative stress marker, MDA.

Conclusion
T-2 toxin decreased the metabolic activity of cells and increased the extent of cell membrane damage, therefore 
had a negative effect on the viability of liver cells. Our results suggest that T-2 toxin may also alter the cellular 
oxidative homeostasis through the promotion of ROS production as well as the regulation of the Nrf2 transcrip-
tion factor and may influence immune function including the release of pro-inflammatory cytokines such as IL-6 
and IL-8. According to our results, lipid and amino acid metabolism were also affected by the toxin leading to 
remarkable alterations in the metabolome of cell cultures. In conclusion, several cellular processes, such as the 
inflammatory and oxidative stress response or the metabolic profile of hepatic spheroids were modulated by T-2 
toxin exposure, and investigating the complex interactions of these processes is a good basis for future studies 
on the mechanism of action of T-2 toxin. Furthermore, our applied cell culture model can serve as a promising 
tool for the investigation of various further mycotoxins as well as other toxic agents in the future.

Materials and methods
All reagents used in the present study were purchased from Merck KGaA (Darmstadt, Germany) except when 
otherwise specified. Animal procedures were performed according to the international and national law as well 
as the institutional guidelines and were confirmed by the Government Office of Zala County, Food Chain Safety, 
Plant Protection and Soil Conservation Directorate, Budapest, Hungary (permission number: ZAI/040/00522-
7/2020). The study was conducted following the ARRIVE guidelines 2.0 (https://​arriv​eguid​elines.​org/). The 
animals were fed and reared in accordance with the requirements of the Ross Technology92.

Cell isolation and culturing conditions
The cells were isolated from a 3-week-old Ross 308 male broiler chicken (obtained from Gallus Poultry Farm-
ing and Hatching Ltd, Devecser, Hungary) as described by Mackei et al.28. Under CO2 narcosis, the animal was 
decapitated, and the liver was perfused through the gastropancreaticoduodenal vein by three-step perfusion. 
During the procedure, all buffers were heated to 40 °C and freshly oxygenated with Carbogen (95% O2, 5% CO2), 
the velocity of the perfusion was set to 30 ml/min.

In the first step, the liver was washed with 150 ml of 0.5 nM ethylene glycol tetraacetic acid (EGTA) contain-
ing Hanks’ Balanced Salt Solution (HBSS), followed by 150 ml of EGTA-free HBSS. As a final step, 130 ml of 
MgCl2 and CaCl2 (both 7 mM) containing HBSS supplemented with 1 mg/ml type IV collagenase (Nordmark, 
Uetersen, Germany) was rinsed to ensure that the extracellular matrix was degraded and the organ was disrupted.

After excision of the liver, the Glisson’s capsule was opened and the freshly gained cells were suspended in 
50 ml of ice-cold bovine serum albumin (BSA, 2.5%) containing HBSS. The suspension was filtered through 3 

https://arriveguidelines.org/
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layers of sterile gauze to remove any cell aggregate leftovers and undigested interstitial tissue. The resulting cell 
suspension was incubated on ice for 50 min.

Afterward, the fractions containing hepatocytes and NP cells were separated by multistep differential centrifu-
gation. The suspension was centrifuged three times for 3 min at 100×g. Between the steps, the NP cell contain-
ing supernatant was collected separately and the hepatocyte enriched sediment was resuspended in Williams’ 
Medium E supplemented with 0.22% NaHCO3, 50 mg/ml gentamycin, 2 mM glutamine, 4 µg/l dexamethasone, 
20 IU/l insulin and 5% foetal bovine serum (FBS). At the end of centrifugation, a purified hepatocyte fraction 
free of NP cells was obtained.

To separate the NP cell containing fraction, the previously collected supernatants were centrifuged first at 
350×g for 10 min in order to remove residual hepatocytes and red blood cells, and then the supernatant was 
centrifuged at 800×g for 10 min, gaining the final sediment containing the NP cells.

Cell viability and total cell number were determined in Bürker chambers by trypan blue exclusion test. The 
number of viable cells exceeded 90% for both cell types. The appropriate cell concentrations were adjusted to 
5 × 105 cells/ml and the hepatocyte:NP cell ratio was set to 6:1.

All the needed equipment and chemicals for the preparation of magnetic 3D cell cultures were purchased 
from Greiner Bio-One Hungary Ltd (Mosonmagyaróvár, Hungary). In order to magnetize the cells, 800 µl of 
magnetic nanoparticles (NanoShuttle™-PL) were added to 8 ml of hepatocyte—NP cell co-culture suspension. 
These nanoparticles are biocompatible and have no effect on the viability and proliferation of the cells25–27. The 
cells were then seeded onto a 96-well cell repellent plate and were incubated at 37 °C for 1 h. During this time, 
the magnetic nanoparticles bound to the cell membrane. Afterwards, the plate was placed on top of a magnetic 
drive with small magnets under each well of the plate (Spheroid Drive) and was incubated for 48 h at 37 °C in 
100% relative humidity with 5% CO2. The culture medium was changed to serum-free medium after 24 h with 
the use of a Holding Drive.

Treatment of the cell cultures
After 48 h incubation, the 3D cell cultures were exposed to culture media supplemented with 0 (control), 100, 
500 or 1000 nM T-2 toxin for 24 h. Samples were collected at the end of the incubation from the cell culture 
media, and the cells were lysed by intermittent sonication (1/s) in 40 µl of M-PER buffer for 5 s using a Bandelin 
Sonopuls HD 2200 homogenizer (Bandelin Electronic GmbH & Co. KG, Berlin, Germany). The samples were 
stored at − 80 °C until further analysis. The control, untreated spheroids have been fixed in 10% buffered for-
malin solution and after embedding and sectioning the slides they were stained with haematoxylin and eosin to 
examine the spheroid morphology.

Measurements
Metabolic activity of the cells
The metabolic activity of the cells was evaluated by CCK-8 assay (Dojindo Molecular Technologies, Rockville, 
MD, USA) according to the manufacturer’s protocol, detecting the amount of NADH + H+ produced in the 
catabolic processes of the cells. 10 µl CCK-8 reagent and 100 µl of the cell culture media were added to each well 
of a 96-well plate, and after 4 h of incubation, the absorbance was measured at 450 nm with a Multiskan GO 3.2 
reader (Thermo Fisher Scientific, Waltham, MA, USA).

Lactate dehydrogenase activity of the cells
To investigate the damage of the cell membranes, the extracellular activity of LDH was determined by LDH 
Activity Assay Kit. Measurements were performed following the manufacturer’s instructions on 96-well plates. 
First, 50 µl of Master Reaction Mix (48 µl LDH Assay Buffer, 2 µl LDH Substrate Mix) was added to 50 µl of 
sample and absorbances were measured at 450 nm using a Multiskan GO 3.2 reader (Thermo Fisher Scientific, 
Waltham, MA, USA). To determine the LDH activity, absorbances were read at 5 min intervals until the most 
active sample exceeded the highest standard concentration. LDH activity was then calculated according to the 
manufacturer’s protocol.

Cellular inflammation and oxidative stress
All measurements concerning stress and inflammatory markers were performed using chicken specific ELISA 
kits (MyBioSource, San Diego, CA, USA) according to the manufacturer’s instructions. To investigate the oxida-
tive stress, the concentration of a lipid peroxidation marker, MDA was measured from the cell culture media. 
The protein damage caused by oxidative stress was detected by the determination of PC content from the cell 
lysates. In order to determine the effects of T-2 toxin on cellular inflammation, the concentrations of two pro-
inflammatory cytokines, IL-6 and IL-8 were assayed from cell-free supernatants. ER stress was evaluated by 
measuring the concentration of GRP78 and HSP27 from the media.

Metabolome analysis
Metabolome analysis of the media samples was carried out using the AbsoluteIDQ p180 Kit (Biocrates Life Sci-
ences AG, Innsbruck, Austria) in accordance with the manufacturer’s instructions. This kit detects and quantifies 
up to 188 metabolites belonging to 5 separate compound classes: acylcarnitines (40), proteinogenic and modified 
amino acids (19), glycerophospho- and sphingolipids (76 phosphatidylcholines, 14 lysophosphatidylcholines, 15 
sphingomyelins), biogenic amines (19) and hexoses (1) (Supplementary Table 3). The amino acids and biogenic 
amines were analyzed by liquid chromatography–mass spectrometry (LC–MS/MS) and the acylcarnitines, phos-
phatidylcholines (including lysophosphatidylcholines), sphingomyelines and hexoses were assesed by flow injec-
tion analysis–mass spectrometry (FIA–MS/MS) at the Core Facility of the University of Hohenheim (Stuttgart, 
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Germany)93. 10 µl of culture medium with internal standard, PBS and calibration standards in a multititer plate 
and dried under nitrogen (nitrogen evaporator 96 well plate, VLM GmbH, Bielefeld, Germany) for 30 min. After-
wards, the metabolites were derivatized with 5% phenylisothiocyanate (PITC) for 25 min at room temperature 
and dried under nitrogen flow for 60 min. For extraction, first 300 µl of extraction solvent (5 mM ammonium 
acetate in methanol) was added and then incubated with shaking at 450 rpm (Thermomixer comfort Eppendorf, 
Hamburg, Germany) for 30 min at room temperature. The extraction solvent was then eluted using a nitrogen 
pressure unit. Thereafter, 50 µl of filtrate was removed and transferred to a fresh multititer deepwell plate where 
it was diluted with 450 µl of 40% HPLC grade methanol for LC–MS analysis. For FIA-MS/MS analysis, 10 µl of 
filtrate and 490 µl of mobile phase solvent were added to a new 96-well microplate. Both measurements were per-
formed with a QTRAP mass spectrometer applying electrospray ionization (ESI) (AB Sciex API 5500Q-TRAP). 
MS was coupled to an ultra-performance liquid chromatography (UPLC) (Agilent 1290, Agilent Technologies 
Deutschland GmbH, Waldbronn, Germany). For LC–MS, the metabolites were separated by a hyphenated reverse 
phase column (Waters, ACQUITY BEH C18, 2.1 × 75 mm, 1.7 µm; Waters, Milford, United States) preceded with 
a precolumn (Security Guard, Phenomenex, C18, 4 × 3 mm; Phenomenex, Aschaffenburg, Germany) applying a 
gradient of solvent A (formic acid 0. 2% in water) and solvent B (formic acid 0.2% in acetonitrile) over 7.3 min 
(0.45 min 0% B, 3.3 min 15% B, 5.9 min 70% B, 0.15 min 70% B, 0.5 min 0% B) at a flow rate of 800 µl/min. 
Oven temperature was 50 °C. For LC–MS analysis 5 µl, for FIA analysis 2 × 20 µl were subjected for measure-
ments in both positive and negative mode. Identification and quantification were achieved by multiple reaction 
monitoring (MRM), which was standardized by applying spiked-in isotopically labelled standards in positive and 
negative mode, respectively. A calibrator mix consisting of seven different concentrations was used for calibra-
tion. Quality controls were derived from lyophilized human plasma samples at 3 different concentrations. For 
FIA, an isocratic method was used (100/% organic running solvent) with varying flow conditions (0 min, 30 µl/
min; 1.6 min, 30 µl/min; 2.4 min, 200 µl/min; 2.8 min, 200 µl/min; 3 min, 30 µl/min) and the MS settings were 
as follows: scan time 0.5 s, IS voltage for positive mode 5500 V, for negative mode − 4500 V, source temperature 
200 °C, nitrogen as collision gas medium. During LC–MS the corresponding parameters were: scan time 0.5 s, 
source temperature 500 °C, nitrogen as collision gas medium.

All reagents used for processing and analysis were LC–MS grade unless otherwise specified. Milli-Q Water 
ultrapure was used fresh after preparation with a high-purity water system (Merck KGaA, Darmstadt, Germany). 
LC–MS grade acetonitrile, methanol, pyridine and formic acid were purchased from Merck KGaA, and PITC as 
well as ammonium acetate from Sigma Aldrich Chemie GmbH (Steinheim, Germany).

Raw data obtained with Analyst software (AB Sciex, Framingham, MA, USA) were processed with MetIDQ 
software, an integrated member of the AbsoluteIDQ p180 Kit. This streamlines data analysis by automated 
calculation of metabolite concentrations providing quality measures and quantification. For fully quantitative 
measurements, the lower limit of quantification (LLOQ) was determined in plasma experimentally by Biocrates 
Life Sciences AG.

Statistical analysis
The statistical analysis was performed using the R Statistical Software (v4.1.1; R Core Team 2021). Each treatment 
group contained 15 replicates (n = 15/group). During the analysis, treatment groups were compared to the control 
group. Shapiro–Wilk test and Levene’s test were used to verify normal distribution and homogeneity of variance, 
respectively. Differences between various groups were assessed using one-way analysis of variance (ANOVA) and 
Dunett’s post hoc tests for pairwise comparisons. Results were expressed as mean ± standard error of the mean 
(SEM). Differences were considered significant at p < 0.05. Results were visualized using Graphad Prism version 
9.1.2 for Windows (GraphPad Software, San Diego, CA, USA). Results were visualised with relative values and 
Supplementary Table 1 shows the corresponding group means.

The data from the metabolome analysis were processed with MetaboAnalyst 5.0 after log transformation and 
Pareto scaling normalization. Metabolites with significantly altered abundance in different treatment groups 
(toxin-exposed cells compared to the control group) were determined using the ANOVA function with Tukey’s 
HSD (honestly significant difference) for pairwise comparisons. Further, the metabolome of the control group 
was also compared to that of cell-free culture media to monitor the spheroid-associated metabolic changes 
independently from the toxin exposure. In order to determine the significantly changed metabolites between 
the cell-free medium and control group, unpaired t-test was used. The correlation between the parameters meas-
ured by chicken specific ELISA tests (MDA, PC, IL-6, IL-8, GRP78, HSP27) and metabolites derived from the 
metabolomics approach was also investigated using the Pattern Hunter function of the program. The correlation 
coefficients (R2) were interpreted according to a guide for medical research94.

Data availability
All data generated or analyzed during this study are included in this published article (and its Supplementary 
Information files).
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