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Abstract: T-2 toxin is produced by different Fusarium species, and it can infect crops such as wheat,
barley, and corn. It is known that the T-2 toxin induces various forms of toxicity such as hepatotoxicity,
nephrotoxicity, immunotoxicity, and neurotoxicity. In addition, T-2 toxin possesses a strong dermal
irritation effect and can be absorbed even through intact skin. As a dermal irritant agent, it is
estimated to be 400 times more toxic than sulfur mustard. Toxic effects can include redness, blistering,
and necrosis, but the molecular mechanism of these effects still remains unknown. This in vitro
study focused on the direct toxicity of T-2 toxin on human skin—fibroblast Hs68 cell line. As a
result, the level of toxicity of T-2 toxin and its cytotoxic mechanism of action was determined. In
cytotoxicity assays, the dose and time-dependent cytotoxic effect of T-2 on a cell line was observed.
Bioluminometry results showed that relative levels of ATP in treated cells were decreased. Further
analysis of the toxin’s impact on the induction of apoptosis and necrosis processes showed the
significant predominance of PI-stained cells, lack of caspase 3/7 activity, and increased concentration
of released Human Cytokeratin 18 in treated cells, which indicates the necrosis process. In conclusion,
the results of an in vitro human skin fibroblast model revealed for the first time that the T-2 toxin
induces necrosis as a toxicity effect. These results provide new insight into the toxic T-2 mechanism
on the skin.

Keywords: T-2 toxin; skin; Hs68 cell line; cytotoxicity; necrosis

1. Introduction

T-2 toxin (Figure 1)—((1R,9R,10R,11S,12R)-11-acetyloxy-2-(acetyloxymethyl)-10-
hydroxy-1,5-dimethylspiro(8-oxatricyclo(7.2.1.02,7])dodec-5-ene-12,2’-oxirane)-4-yl)-3-
methylbutanoate (according the IUPAC nomenclature)—is the most toxic member of the
fungal secondary metabolite belonging to the type A trichothecenes [1]. Trichothecenes
are tetracyclic sesquiterpene compounds that consist of a trichothecene core with epoxy
rings at the C-12 and -13 positions. This ring is responsible for toxicological activity. Tri-
chothecenes are classified based on the carbonyl group at the 8-position, macrolide rings at
the 4- and 5-positions, and the number of epoxy rings. Trichothecene-producing genera
include Fusarium, Myrothecium, Spicellum, Stachybotrys, Cephalosporium, Trichoderma, and
Trichothecium [2,3].
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Figure 1. T-2 toxin chemical structure (structure generated from InChI code. Available online: 
https://pubchem.ncbi.nlm.nih.gov/ (accessed on 21 April 2022)). 

The T-2 toxin is produced mainly by Fusarium species (F. poae, F. sporotrichioides, F. 
tricinctum) and is a major crop and fodder pollutant. It can infect corn, barley, and wheat, 
both in the field and in wet storage conditions. Consumption of mycotoxin-contaminated 
cereal-based food and feed is a potential hazard for human and animal health [4]. The 
conditions which are optimal for enhancing toxin production are: substrate humidity (10–
20%), relative humidity (≥70%), temperature (0 to 50 °C, depending on the fungus species), 
and oxygen availability [5]. 

The T-2 toxin has a low molecular weight of about 466.51 Da. It is also nonvolatile, 
insoluble in water, and highly resistant to degradation in different environmental 
conditions such as heat and UV light. It generates problems with toxin deactivation, 
however, the decontamination process is effective in strong acid or alkaline conditions [6]. 
The chemical structure of T-2 is characterized by the hydroxyl (OH) group at the C-3 
position, acetyloxy (-OCOCH3) groups at the C-4 and C-15 positions, an atom of hydrogen 
at the C-7 position, and an ester-linked isovaleryl (OCOCH2CH(CH3)2) group at the C-8 
position. The presence of hydroxyl groups, the structure, and the side-chain position affect 
the T-2 toxin’s biological activity [7,8]. 

The T-2 toxin is readily absorbed by various modes, including topical, oral, and 
inhalational routes. Unlike most typical biotoxins that do not affect the skin, T-2 is a 
potent, strong skin irritant and can be absorbed through intact skin causing systemic 
toxicity. As a blistering and dermal irritant agent, it is supposed to be 400 times more 
intoxicating than sulfur mustard (mustard gas, yperite), which is a chemical warfare agent 
[7]. In addition, the toxicity of the T-2 toxin by inhalation route is similar to that observed 
in mustards or lewisite. Therefore, the T-2 toxin’s properties are more similar to chemical 
agents than biological toxins. Dermal irritating properties of the T-2 toxin have been 
studied in different experimental animal models, e.g., rats [9], rabbits [10], guinea pigs 
[11], and cynomolgus monkeys [12]. In the case of poultry, dermatoxic effects are 
characterized as fatal ulceration or necrohemorrhagic dermatitis. Some animals exhibit 
comb cyanosis and depigmentation of the leg skin [13]. Agrawal et al. showed that in the 
mice model, T-2-mycotoxin-induced skin inflammation and cutaneous injuries occur [14]. 

Figure 1. T-2 toxin chemical structure (structure generated from InChI code. Available online:
https://pubchem.ncbi.nlm.nih.gov/ (accessed on 21 April 2022)).

The T-2 toxin is produced mainly by Fusarium species (F. poae, F. sporotrichioides,
F. tricinctum) and is a major crop and fodder pollutant. It can infect corn, barley, and wheat,
both in the field and in wet storage conditions. Consumption of mycotoxin-contaminated
cereal-based food and feed is a potential hazard for human and animal health [4]. The
conditions which are optimal for enhancing toxin production are: substrate humidity
(10–20%), relative humidity (≥70%), temperature (0 to 50 ◦C, depending on the fungus
species), and oxygen availability [5].

The T-2 toxin has a low molecular weight of about 466.51 Da. It is also nonvolatile,
insoluble in water, and highly resistant to degradation in different environmental conditions
such as heat and UV light. It generates problems with toxin deactivation, however, the
decontamination process is effective in strong acid or alkaline conditions [6]. The chemical
structure of T-2 is characterized by the hydroxyl (OH) group at the C-3 position, acetyloxy
(-OCOCH3) groups at the C-4 and C-15 positions, an atom of hydrogen at the C-7 position,
and an ester-linked isovaleryl (OCOCH2CH(CH3)2) group at the C-8 position. The presence
of hydroxyl groups, the structure, and the side-chain position affect the T-2 toxin’s biological
activity [7,8].

The T-2 toxin is readily absorbed by various modes, including topical, oral, and
inhalational routes. Unlike most typical biotoxins that do not affect the skin, T-2 is a potent,
strong skin irritant and can be absorbed through intact skin causing systemic toxicity. As a
blistering and dermal irritant agent, it is supposed to be 400 times more intoxicating than
sulfur mustard (mustard gas, yperite), which is a chemical warfare agent [7]. In addition,
the toxicity of the T-2 toxin by inhalation route is similar to that observed in mustards or
lewisite. Therefore, the T-2 toxin’s properties are more similar to chemical agents than
biological toxins. Dermal irritating properties of the T-2 toxin have been studied in different
experimental animal models, e.g., rats [9], rabbits [10], guinea pigs [11], and cynomolgus
monkeys [12]. In the case of poultry, dermatoxic effects are characterized as fatal ulceration
or necrohemorrhagic dermatitis. Some animals exhibit comb cyanosis and depigmentation
of the leg skin [13]. Agrawal et al. showed that in the mice model, T-2-mycotoxin-induced
skin inflammation and cutaneous injuries occur [14].

https://pubchem.ncbi.nlm.nih.gov/
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In the late 1940s, scientists in the Soviet Union coined the term stachybotryotoxicosis to
characterize an acute syndrome involving pharyngitis, bloody rhinorrhea, dyspnea, tussis,
and fever resulting from mycotoxin inhalation. Alimentary toxic aleukia (ATA), a disease
responsible for the losses of thousands of Soviet Union civilians during World War II, was
caused by consumption of wheat that was unintentionally contaminated with Fusarium
fungi. The victims developed a protracted lethal illness with a disease pattern similar to
ATA [15].

Based on extensive eyewitness and victim accounts, it had been established that the
T-2 toxin was used during the military conflicts in Laos, Cambodia, and Afghanistan
from 1975 to 1981. The aerosolized form of the T-2 toxin was delivered by low-flying
aircraft in the form of yellow oily droplets. Witnesses called the event “yellow rain”
due to sticky, yellow drops of liquid that sounded similar to rain as they fell to the
ground. It is estimated that exposure to “yellow rain” caused more than 6300 death in Laos,
3000 in Afghanistan, and 1000 in Cambodia [16,17]. The first symptoms appeared after a
few minutes to an hour and included skin burning pain, tenderness, redness, and blistering.
In fatal cases, progression of skin necrosis with leathery blackening and sloughing of large
areas of skin occurred. Nasal contact was manifested by sneezing, pain, epistaxis, and
rhinorrhea. Nausea, vomiting, diarrhea, and abdominal pain occurred in gastrointestinal
toxicity. Systemic toxicity was manifested by weakness, ataxia, and loss of coordination.
Additionally, in lethal cases, hypothermia, tachycardia, and hypotension were reported.
Death occurred after a few minutes, hours, or days [18].

For this reason, it was decided to perform a study aimed at the direct toxicity action
of the T-2 toxin on a cellular model of human skin—fibroblast cell line Hs68. The level of
toxicity of the T-2 toxin as well as its cytotoxic mechanism of action were determined.

2. Results
2.1. Cell Viability

The cytotoxic effect of the T-2 toxin was evaluated in a normal human fibroblast
cell line (Hs68) by two independent methods (trypan blue and MTT) which are based
on different biochemical mechanisms. During the cytotoxicity assays for both methods,
the dose-dependent cytotoxic effect of the T-2 toxin in the tested cell line was observed.
Additionally, the cytotoxic effect was higher after 48 h of exposure in comparison to 24 h of
time. The results in the form of cytotoxicity curves are presented in Figure 1.

Using an online tool (https://www.aatbio.com/tools/ec50-calculator (accessed on
21 April 2022))—Quest Graph™ EC50 Calculator—AAT Bioquest (Sunnyvale, CA,
USA)—the T-2 toxin effective concentration 50 (EC50) parameters for the Hs68 cell line
were obtained. The calculated values for the trypan blue method (Figure 2A) were 22.71 µM
for 24 h of treatment and 7.81 µM for 48 h of treatment. The calculated results for the MTT
test (Figure 2B) were 25.98 µM for 24 h of treatment and 10.35 µM for 48 h of treatment.

2.2. Cellular ATP Level

Measurement of the level of ATP is the most sensitive, reliable, and convenient method
for monitoring active cell metabolism. Using the bioluminometry method, the relative level
of ATP in Hs68 cell suspension was determined. The treatment of the cell line resulted in a
dose-dependent and time-dependent decrease in the level of luminescence, which directly
corresponded to the ATP level in the sample (Figure 3).

https://www.aatbio.com/tools/ec50-calculator
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Figure 2. The T-2 toxin’s effect (in a concentration range from 0.001 to 100 µM) on Hs68 cell viability.
Cell viability was estimated by using trypan blue (A) and MTT (B) methods. The data represent cell
viability curves obtained from six independent measurements (n = 6).

2.3. Apoptosis and Necrosis
2.3.1. Annexin V and Propidium Iodide Staining

It was observed, using the double-staining flow cytometry method, that incubation of
a normal human fibroblast cell line (Hs68) with T-2 mycotoxin resulted in both a dose-and
time-dependent increase in propidium iodide (PI) fluorescence. It was related to the cells’
necrosis process. In Figure 3, the results obtained during this analysis are presented. In
the highest tested concentration of toxin—100 µM—the % of PI-stained cells was 79% after
24 h of incubation and 93% after 48 h of incubation (Figure 4A). In all samples, any
significant increase of annexin V fluorescence related to the apoptosis process in cells
(Figure 4B) was not observed.
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Figure 3. The T-2 toxin effect on the necrosis of ATP-level Hs68 cells estimated by the bioluminometry
method. Values: means ± SD (n = 6). * p < 0.001. 0: untreated (control) cells; 0.001: concentration of
toxin—0.001 µM; 0.01: concentration of toxin—0.01 µM; 0.1: concentration of toxin—0.1 µM; 1: con-
centration of toxin—1 µM; 10: concentration of toxin—10 µM; 100: concentration of toxin—100 µM.

2.3.2. Caspase-3/7 Pathway

In the next step of the study, the verification of the T-2 toxin’s ability to activate the
caspase-3/7 pathway in human fibroblast cells was performed. During the fluorescence-
based caspase activity estimation, it was observed that T-2 treatment of human fibroblast
cells did not induce any changes in 590 nm fluorescence (Figure 5), which clearly indicated
the absence of caspase 3/7 proteolytic activity in these cells.

2.3.3. Cytokeratin 18 Concentration

To confirm the activation of the necrotic pathway by the T-2 toxin in Hs68 cells, the
analysis focused on examining full-length Human Cytokeratin 18 (CK18) concentration
in cell culture supernatants was performed. The cell line treatment resulted in dose and
time-dependent increased concentration of released Human CK18 (Figure 6). Additionally,
in all tested concentrations of T-2 toxin, statistical significance (p < 0.001) of differences in
comparison to the control sample was observed.
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Figure 4. The T-2 effect on necrosis and apoptosis induction in Hs68 cells. The cell death pathway
was assayed by flow cytometry with annexin V/propidium iodide staining after 24 h (A) and
48 h (B) of incubation with the toxin. Values: means ± SD (n = 6). 0: untreated (control) cells;
0.001: concentration of toxin—0.001 µM; 0.01: concentration of toxin—0.01 µM; 0.1: concentration of
toxin—0.1 µM; 1: concentration of toxin—1 µM; 10: concentration of toxin—10 µM; 100: concentration
of toxin—100 µM.
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Figure 6. The T-2 effect on full-length Human Cytokeratin 18 concentration in Hs68 cells. Con-
centration was measured using ELISA method with absorbance measured at λ = 450 nm. Values:
means ± SD (n = 6). * p < 0.001. 0: untreated (control) cells; 1: concentration of toxin—1 µM; 10:
concentration of toxin—10 µM; 100: concentration of toxin—100 µM.

3. Discussion

Human skin consists of a few tissue layers: epidermis, dermis, and subcutaneous
tissue. The first, the epidermis, is the outermost layer. It is composed of melanocytes
responsible for pigment production, keratinocytes for protein secretion, and lipids forming
the extracellular matrix (ECM), as well as Langerhans cells (LCs) involved the antigen (Ag)
presentation. Below the epidermis is the dermis, consisting of connective tissue, which
provides skin elasticity and tensile strength through the ECM. The skin’s innermost layer is
the subcutaneous tissue composed of macrophages that eliminate pathogens, fibroblasts
producing ECM proteins, and adipocytes [19].

The T-2 mycotoxin, in contrast to most biological toxins, is a strong skin irritant,
and it may cause toxicity through contact with intact skin [20]. Associated symptoms of
transdermal exposure are burning pain, redness, tenderness, and blisters, leading to skin
necrosis. In addition to the above-presented symptoms, the affected skin area is affected by
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leathery blackening and sloughing off of exposed skin areas. The immediate toxic effect
is characterized by the onset of symptoms seconds after exposure; however, lethal effects
are only achieved with a high dose of toxin T-2 [7]. Moreover, T-2 toxic effects expressed
by dystrophia in various organs (kidney, liver, heart, peripheral ganglia of the vegetative
nervous system), digestive system ulceration and necrosis, hemorrhagic inflammation,
diathesis, and injury of blood vessel walls have been observed [21].

Most of the information about T-2 blistering potential is based on observation, and
there is no research data concerning in vitro studies aiming to establish the toxic effect of
the T-2 toxin on human fibroblast cell line—Hs68.

The mechanism of the toxic effect of T-2 is based on the inhibition of protein synthesis,
reduction of lymphocyte proliferation, immunosuppression by inhibiting the production of
antibodies (Abs), and impaired development of dendritic cells (DCs) [22,23]. In vitro and
animal models studies have suggested a pro-apoptotic effect of the toxin through oxidative
damage of cellular components, mainly mitochondria and the rough endoplasmic reticulum.
The T-2 toxin inhibited cellular energy by blocking the activity of metabolically important
enzymes, leading to a reduction in protein synthesis in the mitochondria, and inhibiting
the oxidation of malate, pyruvate, and succinate. It has been noted that certain antioxidants
such as lycopene, vitamin E, and rutin counteracted the T-2 toxic effects by inhibiting
lipid peroxidation, regulating glutathione metabolism, and enhancing antioxidant enzyme
activity [7,24–26]. Thus, the cytotoxic activity of T-2 is associated with oxidative stress
induction leading to damage of DNA and lipids, as well as protein synthesis inhibition [27].

For these reasons, this study focused on the evaluation of T-2 toxicity in in vitro
conditions on human skin using an Hs68 human dermal fibroblast cell line. The evaluation
of the cytotoxic effect demonstrated the high toxic properties of the T-2 toxin in two
independent assays. The EC50 parameter is very often used as a compound toxicity
indicator as well as in pharmacology, because it serves as an indication of drug potency.
The calculated values of this parameter clearly demonstrate that T-2 as a dermal agent can
be very effective.

ATP is an intracellular energy transfer molecule which has been found in all known
forms of all living things. The properties of ATP are related to phosphate groups that link
through phosphodiester bonds, which are associated with electronegative charges exerting
a repelling force. The process of ATP hydrolysis to ADP is energetically favorable, yielding
Gibbs-free energy of −7.3 cal/mol. In eukaryotic cells, the main place of ATP synthesis
is the mitochondrial matrix, generating approximately thirty-two ATP molecules per one
glucose molecule that is oxidized [28]. ATP is involved in a variety of enzymatic reactions
to maintain normal life activities. When normal cells undergo apoptosis and necrosis, the
content of ATP will be characteristically changed. Thus, ATP has been widely accepted as a
valid marker of metabolically active cells [29]. One of the best measurement methods of
intracellular ATP is using firefly luciferase, which takes part in the oxidation of D-luciferin
to oxyluciferin [30]. In these experiments, it was confirmed that the T-2 decreases the level
of intracellular ATP in a dose-dependent manner. In the probes with the maximum tested
toxin concentration (100 µM), after 48 h, an almost total reduction in the ATP level was
observed. These results confirmed cytotoxic analysis of the T-2 toxin’s potential to damage
the human skin fibroblast cell line—Hs68.

Necrosis is uncontrolled cell death induced by external injury, such as inflammation,
ischemia, hypoxia, hypoglycemia, toxin exposure, extreme temperature changes, nutrient
deprivation, or ROS-induced injury [31]. The other cell death form, apoptosis, takes place as
the physiological state of the organism during development and ageing and is a homeostatic
mechanism to maintain cell populations in different tissues. During the apoptotic process,
there is no inflammatory reaction. This is related to three main characteristics of apoptosis:
(i) apoptotic cells do not release their cellular ingredients into the extracellular matrix; (ii) the
cell fragments are rapidly phagocytosed by neighboring cells and, (iii) the engulfing cells do
not produce anti-inflammatory cytokines [32]. In contrast to apoptosis, necrosis is a passive
process requiring only minimal energy. It does not require new protein synthesis and is not
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regulated by any homeostatic mechanism [33]. This form of cell death is accompanied by
extensive swelling of the cell (as it does not maintain homoeostasis with its environment),
distension of different cellular organelles, clumping and random degradation of nuclear
DNA, and extensive loss of the intracellular contents [34,35]. Necrosis is a consequence of
extensive crosstalk among several biochemical and molecular events at different cellular
levels. It often involves the upregulation of numerous pro-inflammatory proteins and
compounds, such as nuclear factor-κB (NF-κB), resulting in a cascade of inflammation
and tissue damage [36]. In addition, necrosis can be accompanied by ATP depletion [35].
Necrosis may be the result of the toxicity of other mycotoxins, as shown by the following
studies. Dolensek et al. showed the effects of a diet contaminated with zearalenone (ZEN),
deoxynivalenol (DON), and fusaric acid (FA) on gilts’ liver and their suckling piglets. The
experimental diet contained 0.09 mg ZEN, 5.08 mg DON, and 21.6 mg FA per kg of feed. The
gilts were fed the experimental diet for 54 ± 1 day. The results showed histopathological
liver changes and a significant increase in hepatocellular necrosis [37]. In a different study,
piglets receiving a diet multi-contaminated with DON (3 mg per kg of feed), ZEN (1.5 mg
per kg of feed), and nivalenol (NIV) (1.3 mg per kg of feed) for 28 days exhibited focal liver
necrosis [38]. Antonissen and colleagues conducted a study aimed at examining the effect
of DON on necrotic enteritis development in broiler chickens. Results demonstrated that
the intake of DON-contaminated feed at concentrations below the EU maximum guidance
level of 5.000 µg/kg feed significantly increased the number of broiler chickens affected
with necrotic enteritis. It lead to an altered intestinal barrier function and resulted in an
increased permeability of the intestinal wall [39]. A study with male rats as an animal
model demonstrated the neurodegenerative properties of aflatoxin B1 (AFB1). AFB1 was
orally administered to male rats at a dose of 0.025 mg/kg of body weight for 90 days. The
oral intake of AFB1 caused a time-dependent severity of histopathological impairments in
the brain tissue, including spongiform necrosis [40]. A different study concerned the effects
of fumonisin B1 (FB1) on the BV-2 cell line and primary murine astrocytes. Cells were
exposed to various concentrations of FB1 for 4 to 8 days. Results showed that FB1 induces
necrotic cell death in both BV-2 and primary astrocytes [41]. Kupski et al. studied the toxic
effects of ochratoxin A (OTA) in human neutrophils in vitro. The study showed that OTA
activates neutrophils culminating in cell death by necrosis. According to the results, OTA
induces the release of Ca2+ from internal stores, leading to an increase in intracellular Ca2+

and human neutrophils’ oxidative burst followed by depletion of ATP levels and changes
in mitochondrial potential, leading to cell death through necrosis [42].

The double-staining cytometry method was used to estimate which potential mecha-
nism of cell death is induced by the T-2 toxin. An annexin V and PI staining kit has been
specifically designed for the identification of apoptotic and necrotic cells. Annexin V is a
member of the annexin family of intracellular proteins that binds to phosphatidylserine
(PS) in a calcium-dependent manner. The surface expression of phosphatidylserine on the
cellular membrane lipid is a characteristic event of the apoptotic process, which leads to
the recognition of apoptotic cells for phagocytosis [43]. PI is a fluorescent dye that binds
to DNA. Early apoptotic cells will exclude PI, while late-stage apoptotic cells and necrotic
cells will stain positively due to the passage of these dyes into the nucleus, where they
bind to DNA. The flow cytometry analysis clearly demonstrated the lack of presence of
PS on cells treated by the T-2 toxin, simultaneously showing the binding of PI to the cells’
genetic material (Figure 4), which suggests induction of necrosis by this compound. To
verify the absence of induction of the apoptosis, another method—evaluation of activa-
tion caspases 3 and 7—was used. These protease enzymes cleave proteins at positions
containing aspartic acid residues. The specificity of different caspases is dependent on the
recognition of neighboring amino acids. Furthermore, activation of caspases appears to
lead to an irreversible induction of programmed cell death [32]. This analysis confirmed
the purposes concerning no signs of an apoptotic pathway in T-2-induced Hs-68 cell death
(Figure 5). The increased cell permeability without significant increases in caspase 3/7
activation indicated that apoptosis is not involved in the death of these cells.
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For final verification of observations, the quantitative analysis of the presence of full-
length human cytokeratin was performed. CK18 is a cytoskeletal protein and the main
intermediate filament family member expressed in the liver. The full-length form is liber-
ated from necrotic cells, whereas a caspase-cleaved fragment is a product of the structural
changes that occur during apoptosis [44]. It was observed that supernatant concentration of
CK18 in cell samples increased in a dose-dependent and time-dependent manner (Figure 5).
This observation confirmed hypotheses based on other analyses presented in the current
study that the T-2 toxin has very strong toxic potential against human skin fibroblast cells
and is also a necrosis-induced factor. Other studies have shown that the T-2 toxin activated
p38MAPK (SAPK2) and/or Jun N-terminal kinase 1 (JNK1), which induced MAP kinases,
including ERK 1/2 [24]. Moreover, it has also been shown that the T-2 toxin stimulates
the caspase-3-dependent apoptotic pathway through the upregulation of Fas and p53,
which leads to an enhancement of the Bax/Bcl-xL and Bax/Bcl2 ratios [45]. In turn, in this
work, it was noted that the effect of T-2 on Hs68 cells was independent of the activation of
caspase 3/7.

4. Materials and Methods
4.1. Reagents

Dimethyl sulfoxide (DMSO) and T-2 Toxin from Fusarium sp. (cat. No T4887) were
obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Penicillin–streptomycin
mixture, Dulbecco’s Modified Eagle Medium (DMEM) with 4.5 g/L Glucose and with
L-Glutamine, heat-inactivated fetal bovine serum (FBS), and PBS (1X) without calcium or
magnesium were purchased from Lonza (Basel, Switzerland). A cell viability kit with trypan
blue dye and cell counter slides was obtained from BIO-RAD (Hercules, CA, USA). A FITC
Annexin V Apoptosis Detection Kit I was obtained from Becton Dickinson (Franklin Lakes,
NJ, USA). The MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) and
CellEvent™ Caspase-3/7 Green Flow Cytometry Assay Kit were obtained from Thermo
Fisher Scientific (Waltham, MA, USA). All other chemicals were reagent-grade or the
highest-quality available.

4.2. Cellular Material and Culturing Procedure

In this study, the human foreskin fibroblast line Hs68 (ATCC® CRL-1635™) obtained
from the American Type Culture Collection (ATCC™, Manassas, VA, USA) was used.
Hs68 cells were cultured in DMEM medium supplemented with 100 units of potassium
penicillin and 100 µg of streptomycin sulphate per 1 mL of culture media and 10% (v/v)
FBS. The cell growing process was performed in a humidified incubator at 37 ◦C and 5%
CO2. To perform the analysis, cells were seeded at 3 × 106 cells per well and were left in
the incubator for 12 h before treatment procedures. Next, the cell samples were incubated
with T-2 toxin with a concentration range of 0.001 to 100 µM for 24 h and 48 h.

4.3. Cell Viability Determination

The viability of T-2-treated cell samples was evaluated via two different methods. The
first method was the trypan blue dye exclusion test. Analysis of viability via this method
was performed using the BIO-RAD TC20 automated cell counter (Hercules, CA, USA),
according to the manufacturer’s protocol. Cell viability was expressed as a percentage
relative to the untreated (control) cells, defined as 100%. The second test was based on
measuring cell metabolic activity, which reduces the tetrazolium dye MTT to its insoluble
formazan. During this assay, the MTT (0.5 mg/mL) was added to all cell samples and
incubated for 4 h at 37 ◦C. Next, the MTT solution was discarded carefully, and the formed
formazan crystals were dissolved in DMSO. The amount of formed formazan crystals
was measured calorimetrically at a wavelength of 570 nm with background subtraction
at 630 nm on Microplate Reader—BioTek Synergy HT (BioTek Instruments, Winooski,
VT, USA). Cell viability was expressed as a percentage relative to the untreated (control)
cells, defined as 100%. Half maximal effective concentration (EC50) parameters were
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calculated using “Quest Graph™ EC500 Calculator” (Bioquest Inc., San Francisco, CA,
USA, https://www.aatbio.com/tools/ec50-calculator (accessed on 19 March 2022)).

4.4. Analysis of Cellular ATP Level Using the Bioluminometry Method

The ATP level in Hs68 cells was evaluated using the bioluminometry method. This
method is based on the measurement of light emission that arises during enzymatic degra-
dation of ATP. Luciferase (via oxidation of luciferin) decomposes ATP molecules into AMP.
This reaction is accompanied by the emission of light photons with an electromagnetic
wavelength of 562 nm. Analysis of cells’ metabolic activity via this method was performed
using the Hygiena SystemSURE Plus™ (Camarillo, CA, USA). The 100 µL of cell suspension
(3 × 106 cells/mL) in sterile DMEM was inserted in the Hygiena AquaSnap™ Total tubes
(Camarillo, CA, USA). After that, the tubes were activated by breaking a Hygiena Snap
Valve™ (Camarillo, CA, USA) and bending the bulb forward and backward to expel all
liquid reagent into the tube. The tube nest was shaken for 5 s to mix the sample. The
measurements were performed according to the manufacturer’s guidelines. The results
were expressed as relative light units (RLU). The baseline was calibrated using the pure
DMEM solution.

4.5. Apoptosis/Necrosis Assay—Annexin V Binding and Propidium Iodide Staining

The presence of apoptotic cells was evaluated based on the exposition of phos-
phatidylserine residues by flow cytometry method using FITC Annexin V Apoptosis
Detection Kit I. After the culturing procedure, the cells were washed twice in cold PBS, then
suspended in 100 µL 1× annexin-binding buffer (cell density: 1 × 105) and transferred to a
standard cytometric tube. Next to the cell suspension, the mixture of 5 µL of FITC Annexin
V and 5 µL of propidium iodide (PI) was added, and probes were incubated at 37 ◦C in
an atmosphere of 5% CO2. After 15 min of incubation, 400 µL of the 1× annexin-binding
buffer was added, and samples were analyzed by flow cytometry with the PARTEC CUBE 6
(Görlitz, Germany) flow cytometer using 488 nm excitation. Gates for PI (630 nm Longpass
filter) and FITC (536/40 nm filter) fluorescence were estimated based on the fluorescence of
unstained probes. The apoptotic index was calculated as the mean percentage of apoptotic
cells in 5 × 104 cells measured in each experiment. All data analysis was performed in
CyFlow version 1.5.1.2—PARTEC (Görlitz, Germany).

4.6. Determination of Activity of Caspase-3/Caspase-7

Flow cytometric detection of activated caspase-3 and caspase-7 in apoptotic cells was
performed using the CellEvent™ Caspase-3/-7 Green Flow Cytometry Assay Kit. For this
analysis, cells treated with the T-2 toxin were washed twice in cold PBS and suspended
(cell density: 1 × 105) in 1 mL PBS in an Eppendorf tube. In the next step, to each tube, 1 µL
of CellEvent™ Caspase-3/-7 Green Detection Reagent was added and mixed gently and
left at 37 ◦C in an atmosphere of 5% CO2. After the incubation procedure (30 min), 1 µL of
the 1 mM SYTOX™ AADvanced™ (prepared in DMSO) was added and left in the dark, RT
for 5 min. The final step of the analysis was performed using 96-well black plates (Greiner
Bio-One, Kremsmünster, Austria), where 50 µL of samples was transferred to each well.
Fluorescence was measured using the Bio-Tek Synergy HT Microplate Reader (Bio-Tek
Instruments, Winooski, VT, USA), with filter pairs of 530 nm/590 nm and 485 nm/538 nm.

4.7. Concentration of Cytokeratin 18 Analysis in Cell Culture Supernatants

Human Cytokeratin 18 (CK18) concentration in cell culture supernatants obtained
from the Hs68 cell line during the culturing process (with T-2 toxin) was analyzed using a
sandwich ELISA kit—Human Cytokeratin 18/KRT18 ELISA (RayBiotech, Peachtree Cor-
ners, GA, USA). The whole procedure was performed according to the manufacturer’s
protocol. Detection of absorbance measured at λ = 450 nm was performed using the SPEC-
TROStar Nano Microplate Reader (BMG Labtech, Ortenberg, Germany). The concentration
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of CK18 concentration in cell culture supernatants was determined based on a standard
curve expressed as ng/mL.

4.8. Data Analysis

All obtained experimental values were elaborated using Microsoft Excel (Redmond,
WA, USA) and expressed as means ± standard deviations (SDs). The statistical analysis
was performed using StatsDirect statistical software V. 2.7.2.—StatsDirect Ltd (Cheshire,
UK). In the first step, all results were analyzed according to the normality of the distribution
by the Shapiro–Wilk test. Next, the results were analyzed according to equality of variance
via Levene’s test. The significance of the differences among the values was analyzed using
ANOVA: Tukey’s range test (for data with a normal distribution and equality of variance)
or the Kruskal–Wallis test; p < 0.05 was accepted as statistically significant [46,47].

5. Conclusions

We have demonstrated for the first time using an in vitro human skin fibroblast model
that the T-2 toxin is able to induce the necrosis process. This is a very important step for
research concerning the prevention of damages induced by this toxin. Further analysis at
the molecular level has been planned for the next research project, which will also focus on
T-2 toxin toxicity.
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Zielonka, Ł.; et al. The effect of T-2 toxin on percentages of CD4+, CD8+, CD4+ CD8+ and CD21+ lymphocytes, and mRNA
expression levels of selected cytokines in porcine ileal Peyer’s patches. Pol. J. Vet. Sci. 2013, 16, 341–349. [CrossRef]

24. Li, M.; Pestka, J.J. Comparative induction of 28S ribosomal RNA cleavage by ricin and the trichothecenes deoxynivalenol and T-2
toxin in the macrophage. Toxicol. Sci. 2008, 105, 67–78. [CrossRef] [PubMed]

25. Hoehler, D.; Marquardt, R.R. Influence of vitamins E and C on the toxic effects of ochratoxin A and T-2 toxin in chicks. Poult. Sci.
1996, 75, 1508–1515. [CrossRef] [PubMed]

26. Leal, M.; Shimada, A.; Ruíz, F.; de Mejía, E.G. Effect of lycopene on lipid peroxidation and glutathione-dependent enzymes
induced by T-2 toxin in vivo. Toxicol. Lett. 1999, 109, 1–10. [CrossRef]

27. Yang, L.; Yu, Z.; Hou, J.; Deng, Y.; Zhou, Z.; Zhao, Z.; Cui, J. Toxicity and oxidative stress induced by T-2 toxin and HT-2 toxin in
broilers and broiler hepatocytes. Food Chem. Toxicol. 2016, 87, 128–137. [CrossRef] [PubMed]

28. Meurer, F.; Do, H.T.; Sadowski, G.; Held, C. Standard Gibbs energy of metabolic reactions: II. Glucose-6-phosphatase reaction and
ATP hydrolysis. Biophys. Chem. 2017, 223, 30–38. [CrossRef]

29. Méry, B.; Guy, J.B.; Vallard, A.; Espenel, S.; Ardail, D.; Rodriguez-Lafrasse, C.; Rancoule, C.; Magné, N. In Vitro Cell Death
Determination for Drug Discovery: A Landscape Review of Real Issues. J. Cell Death 2017, 10, 1179670717691251. [CrossRef]
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37. Dolenšek, T.; Švara, T.; Knific, T.; Gombač, M.; Luzar, B.; Jakovac-Strajn, B. The Influence of Fusarium Mycotoxins on the Liver of

Gilts and Their Suckling Piglets. Animals 2021, 11, 2534. [CrossRef] [PubMed]
38. Gerez, J.; Pinton, P.; Callu, P.; Grosjean, F.; Oswald, I.; Bracarensem, A. Deoxynivalenol alone or in combination with nivalenol

and zearalenone induce systemic histological changes in pigs. Exp. Toxicol. Pathol. 2015, 67, 89–98. [CrossRef]
39. Antonissen, G.; Van Immerseel, F.; Pasmans, F.; Ducatelle, R.; Haesebrouck, F.; Timbermont, L.; Verlinden, M.; Janssens, G.;

Eeckhaut, V.; Eeckhout, M.; et al. The mycotoxin deoxynivalenol predisposes for the development of Clostridium perfringens-
induced necrotic enteritis in broiler chickens. PLoS ONE 2014, 9, e108775. [CrossRef]

40. Alsayyah, A.; ElMazoudy, R.; Al-Namshan, M.; Al-Jafary, M.; Alaqeel, N. Chronic neurodegeneration by aflatoxin B1 depends on
alterations of brain enzyme activity and immunoexpression of astrocyte in male rats. Ecotoxicol. Environ. Saf. 2019, 182, 109407.
[CrossRef]

41. Osuchowski, M.; Sharma, R. Fumonisin B1 Induces Necrotic Cell Death in BV-2 Cells and Murine Cultured Astrocytes and is
Antiproliferative in BV-2 Cells While N2A Cells and Primary Cortical Neurons are Resistant. NeuroToxicology 2005, 26, 981–992.
[CrossRef]

42. Kupski, L.; Freitas, M.; Ribeiro, D.; Furlong, E.; Fernandes, E. Ochratoxin A activates neutrophils and kills these cells through
necrosis, an effect eliminated through its conversion into ochratoxin α. Toxicology 2016, 368–369, 91–102. [CrossRef]

http://doi.org/10.1016/j.tox.2012.08.007
http://www.ncbi.nlm.nih.gov/pubmed/22960706
http://doi.org/10.1111/1541-4337.12029
http://doi.org/10.3390/ijms20092126
http://doi.org/10.3109/10408448509089851
http://doi.org/10.3390/toxins10060244
http://doi.org/10.3390/toxins6020608
http://doi.org/10.2478/pjvs-2013-0046
http://doi.org/10.1093/toxsci/kfn111
http://www.ncbi.nlm.nih.gov/pubmed/18535001
http://doi.org/10.3382/ps.0751508
http://www.ncbi.nlm.nih.gov/pubmed/9000276
http://doi.org/10.1016/S0378-4274(99)00062-4
http://doi.org/10.1016/j.fct.2015.12.003
http://www.ncbi.nlm.nih.gov/pubmed/26683309
http://doi.org/10.1016/j.bpc.2017.02.005
http://doi.org/10.1177/1179670717691251
http://doi.org/10.1186/s13567-021-00980-4
http://doi.org/10.1016/j.cytogfr.2013.12.013
http://doi.org/10.1080/01926230701320337
http://doi.org/10.1016/j.tibs.2006.11.001
http://doi.org/10.1093/embo-reports/kvf138
http://www.ncbi.nlm.nih.gov/pubmed/12101090
http://doi.org/10.1002/cbin.11137
http://www.ncbi.nlm.nih.gov/pubmed/30958602
http://doi.org/10.3390/ani11092534
http://www.ncbi.nlm.nih.gov/pubmed/34573499
http://doi.org/10.1016/j.etp.2014.10.001
http://doi.org/10.1371/journal.pone.0108775
http://doi.org/10.1016/j.ecoenv.2019.109407
http://doi.org/10.1016/j.neuro.2005.05.001
http://doi.org/10.1016/j.tox.2016.09.001


Int. J. Mol. Sci. 2022, 23, 4929 14 of 14

43. Bratton, D.L.; Fadok, V.A.; Richter, D.A.; Kailey, J.M.; Guthrie, L.A.; Henson, P.M. Appearance of phosphatidylserine on apoptotic
cells requires calcium-mediated nonspecific flip-flop and is enhanced by loss of the aminophospholipid translocase. J. Biol. Chem.
1997, 272, 26159–26165. [CrossRef]

44. Dive, C.; Smith, R.A.; Garner, E.; Ward, T.; George-Smith, S.S.; Campbell, F.; Greenhalf, W.; Ghaneh, P.; Neoptolemos, J.P.
Considerations for the use of plasma cytokeratin 18 as a biomarker in pancreatic cancer. Br. J. Cancer 2010, 102, 577–582.
[CrossRef]

45. Bouaziz, C.; El Dein, O.S.; El Golli, E.; Abid-Essefi, S.; Brenner, C.; Lemaire, C.; Bacha, H. Different apoptotic pathways induced
by zearalenone, T-2 toxin and ochratoxin A in human hepatoma cells. Toxicology 2008, 254, 19–28. [CrossRef] [PubMed]

46. Zbikowska, H.M.; Antosik, A.; Szejk, M.; Bijak, M.; Olejnik, A.K.; Saluk, J.; Nowak, P. Does quercetin protect human red blood
cell membranes against γ-irradiation? Redox Rep. 2014, 19, 65–71. [CrossRef] [PubMed]

47. Bijak, M.; Saluk, J.; Antosik, A.; Ponczek, M.B.; Zbikowska, H.M.; Borowiecka, M.; Nowak, P. Aronia melanocarpa as a protector
against nitration of fibrinogen. Int. J. Biol. Macromol. 2013, 55, 264–268. [CrossRef] [PubMed]

http://doi.org/10.1074/jbc.272.42.26159
http://doi.org/10.1038/sj.bjc.6605494
http://doi.org/10.1016/j.tox.2008.08.020
http://www.ncbi.nlm.nih.gov/pubmed/18834919
http://doi.org/10.1179/1351000213Y.0000000074
http://www.ncbi.nlm.nih.gov/pubmed/24257622
http://doi.org/10.1016/j.ijbiomac.2013.01.019
http://www.ncbi.nlm.nih.gov/pubmed/23357800

	Introduction 
	Results 
	Cell Viability 
	Cellular ATP Level 
	Apoptosis and Necrosis 
	Annexin V and Propidium Iodide Staining 
	Caspase-3/7 Pathway 
	Cytokeratin 18 Concentration 


	Discussion 
	Materials and Methods 
	Reagents 
	Cellular Material and Culturing Procedure 
	Cell Viability Determination 
	Analysis of Cellular ATP Level Using the Bioluminometry Method 
	Apoptosis/Necrosis Assay—Annexin V Binding and Propidium Iodide Staining 
	Determination of Activity of Caspase-3/Caspase-7 
	Concentration of Cytokeratin 18 Analysis in Cell Culture Supernatants 
	Data Analysis 

	Conclusions 
	References

