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ABSTRACT
Background and Aims: Amanita phalloides is the deadliest toxic mushroom in the world and causes death from acute liver 
failure. α-amanitin (α-AMA), the most potent toxin, inhibits RNA polymerase II in hepatocytes, stops protein synthesis, and 
causes hepatotoxicity. However, the information about the mechanisms underlying hepatotoxicity caused by α-AMA is quite 
inadequate. This study aims to reveal the complex necrotic and apoptotic mechanisms occurring in mouse hepatocytes de-
pending on A. phalloides exposure time in vivo. 
Methods: BALB-c male mice were divided into 5 groups (n=7): control, α-AMA-2, α-AMA-12, α-AMA-72, and α-AMA-96 
groups. A poisoning model was created by oral administration of A. phalloides mushroom extract containing 10 mg/kg of 
α-AMA to mice and they were sacrificed after 2, 12, 72, and 96 h. Then, TNF-α, Bax, caspase-3, and Bcl-2 gene expression 
levels in liver tissues were examined by the RT-qPCR method. Time-dependent damage to liver tissues was also evaluated 
histopathologically.
Results: RT-qPCR results showed that proinflammatory cytokine TNF-α mRNA expression levels increased in mouse liver 
tissues at 2 and 12 h after A. phalloides administration compared among the groups. Bax mRNA expression levels increased in 
the 12 and 72 h after A. phalloides ingestion. It was observed that caspase-3 mRNA expression levels increased in the 72 and 
96 h groups compared among the groups, while Bcl-2 mRNA expression levels decreased in the 72 and 96 h groups.
Conclusion: Our findings showed that necrotic mechanisms develop in the early period after A. phalloides mushroom poison-
ing, and then apoptotic mechanisms are effective. In conclusion, understanding the mechanisms of A. phalloides-induced 
hepatotoxicity will provide important information for new treatment strategies to be developed.
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INTRODUCTION

Amanita phalloides (Vaill.) Link species is the deadliest toxic 
mushroom in the world, resulting in acute liver failure, and 
is responsible for more than 90% of deaths from mushroom 
poisoning worldwide  (Vetter, 1998). The clinical properties of 
A. phalloides poisoning are the development of liver necrosis, 
which leads to the development of the hepatorenal phase. 
Patients gradually lose their liver and kidney functions, and hy-
poglycemia, delirium, and confusion may develop (Becker et 
al., 1976). Approximately 20-79% of poisoned patients develop 
chronic liver disease, but it is unknown how many A. phalloides 
consumed are lethal to humans (Serné et al., 1996; Yilmaz, Er-
mis, Akata, & Kaya, 2015).

There is typically a 6-24 h delay between ingestion of the mush-
rooms and the onset of gastrointestinal symptoms (GIS) (latency 
phase). The first symptoms are GIS complaints and the symp-
toms may persist for several days. During the next 24-36 h, acute 
hepatic failure and subsequent multi-organ injury are revealed 
by both clinical and laboratory measurements (hepato-renal 
phase) (Escudié et al., 2007; Karlson-Stiber & Persson, 2003). In 
fatal poisonings, death usually occurs after 5 or 6 days (median 
time is 6.1 days) (Ganzert, Felgenhauer, & Zilker, 2005). The sever-
ity of poisoning seems to be related to the amount of toxin taken 
in proportion to body weight (Enjalbert et al., 2002; Jan, Siddiqui, 
Ahmed, Ul Haq, & Khan, 2008). The severity of liver damage, the 
rate of hepatic regeneration, and an effective treatment of poi-
soning increase the survival rate of patients (Alldredge B, 2012). 
Currently, no radical treatment has been found for A. phalloides 
mushroom poisoning (Garcia et al., 2015).

Amatoxins are known as the toxins responsible for fatal mush-
room poisoning and are mainly responsible for the severe liver 
damage observed after A. phalloides poisoning (Yilmaz et al., 
2015). α-amanitin (α-AMA) is the most toxic substance among 
amatoxins and it is a bicyclic octapeptide compound with 
high molecular weight, heat stability, and water solubility (Kaya 
E, 2012; Wieland & Faulstich, 1978). α-AMA has been the most 
known and causes hepatocellular failure due to hepatotoxicity. 
The main toxic mechanism of α-AMA is non-competitive nucle-
ar inhibition of RNA polymerase II in eukaryotic cells, thereby 
inhibiting protein synthesis. As a transcription inhibitor, α-AMA 
disrupts/stops many mechanisms in cells. Decreased mRNA lev-
els lead to decreased protein synthesis, the development of ne-
crotic mechanisms, and ultimately cell death (Lindell, Weinberg, 
Morris, Roeder, & Rutter, 1970; Wieland, 1983).

Apoptosis is the orderly programming of cell death during 
normal development and is controlled by different intrinsic 
regulatory pathways. Mechanisms that inhibit DNA transcrip-
tion, such as α-AMA, induce cell cycle arrest or apoptosis in 
response to certain cellular stresses. α-AMA is a potent induc-
er of apoptosis, and apoptotic mechanisms are thought to 
play an important role in the pathogenesis of hepatic injury 
during A. phalloides poisoning (Y. Arima et al., 2005). In vitro 
studies have shown that apoptosis may play an important 
role in severe α-AMA-induced liver injury, as observed in ca-
nine primary hepatocytes (Magdalan, Ostrowska, Piotrows-
ka, Izykowska, et al., 2010) and human hepatocyte cultures 

(Magdalan, Ostrowska, Piotrowska, Gomułkiewicz, et al., 2010; 
Magdalan et al., 2011). It has been reported that α-AMA in-
duces apoptosis by acting synergistically with tumor necro-
sis factor-α (TNF-α), but the underlying mechanisms are not 
yet known. Also, α-AMA initiates apoptotic mechanisms by 
inducing p53 protein, which triggers apoptosis (Y. Arima et 
al., 2005). It has also been suggested that destroying the mi-
tochondrial membrane potential is important in the develop-
ment of severe hepatotoxicity by α-AMA (Wang et al., 2018). It 
has been reported that after high-dose α-AMA in vivo admin-
istration, it increases hepatic pro-inflammatory TNF-α mRNA 
levels, apoptosis develops in hepatocytes, and liver damage 
is prevented in mice treated with anti-TNF-α antibodies (Leist 
et al., 1997). However, the dependence of α-AMA toxicity on 
the presence of TNF-α has not been confirmed in another 
study using hepatocyte cultures (Magdalan, Ostrowska, Pi-
otrowska, Izykowska, et al., 2010). TNF-α induces hepatocel-
lular apoptosis but it has also been reported to induce ne-
crosis in in vivo models of inflammatory liver injury (Tiegs & 
Horst, 2022). Induction of necrosis and apoptosis by α-AMA is 
a complex process and understanding the cellular processes 
that cause liver injury is clinically crucial.

Today, there is still an increase in cases of poisoning caused by 
deadly mushrooms and, a radical treatment has not yet been 
found for A. phalloides intoxication (Ertugrul Kaya et al., 2016). 
Commonly used treatments are carried out only with pallia-
tive treatment. The development of effective new therapeutic 
alternatives is extremely important to improve the survival of 
patients poisoned with A. phalloides. Thus, this study aimed 
to investigate the complex apoptotic [Bax (Bcl-2-associated 
X protein), caspase-3 (cysteine-aspartic acid protease-3) and 
Bcl-2 (B-cell lymphoma-2)] and necrotic [TNF-α (tumor necrosis 
factor-α)] mechanisms at the gene expression levels that occur 
in mouse hepatocyte cells based on exposure time to α-AMA 
cytotoxicity. In this way, the molecular mechanisms underlying 
hepatic damage caused by α-AMA have been attempted to be 
clarified. Thus, our findings may contribute to developing new 
treatment strategies for patients poisoned by A. phalloides.

MATERIAL AND METHODS

A. phalloides mushroom collection
A. phalloides mushrooms were collected from the forest ar-
eas of Gümüşova (Düzce, Türkiye). The collected mushrooms 
were systematically identified by examining their macroscopic 
properties (Figure 1).

A. phalloides mushroom extraction
Mushrooms were dried under 50-60°C airflow for 24 h and 
ground into powder. Ten grams of A. phalloides was placed in 
150 mL solvent (methanol, water, 0.01 M HCI (5:4:1, v/v/v), ho-
mogenized with a sonicator, and incubated for 24 h. Then, the 
solution was centrifuged for 5 min at 5000 rpm and the super-
natant was filtered by syringe filters (0.22 μL) and extracted in 
150 mL of 50% methanol for 4 h in a Soxhlet apparatus. The 
obtained extracts were evaporated in a vacuum evaporator at 
50°C until completely dry (E. Kaya et al., 2015). 

Determination of quantity of α-AMA
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In the analytical HPLC system, an α-AMA standard (1 mg/mL, 
Sigma Aldrich, St. Louis, MO, USA) was diluted in dH2O at 10, 20, 
100, 200, 1000, and 2000 ng/mL concentrations, and a 6-point 
calibration curve (repeated 3 times ) was created. The calibration 
curve was linear over the desired concentrations (R2 > 0.99). The 
chromatographic method was performed as reported by Kaya 
et al (E. Kaya et al., 2015; E. Kaya et al., 2013). Analysis of the mush-
room extract was performed on a Reversed-Phase High-Perfor-
mance Liquid Chromatography system (RP-HPLC, Shimadzu, 
Japan) and RP-HPLC conditions were as follows: 150 x 4.6 mm, 
5 μm particles, C18 column (Agilent Technologies, Palo Alto, CA) 
with 302 nm at the DAD detector. The mobile phase [0.05 M 
ammonium acetate (pH 5.5)/acetonitrile (90:10 v/v)] was used 
with 1 mL/min flow rate. The detection limit was determined as 
2 ng/g and the amount of α-AMA was calculated as the mean ± 
SEM in 1 g of dry mushroom. 

Briefly, 1 mL of the A. phalloides water extract was applied to 
the semi-preparative RP-HPLC. From the beginning to the end 
of the peak at the same retention time as the α-AMA standard, 
the fraction was collected by the collector (4.6 x 250 mm C18 
ODS column with 5 µm particles was used). The obtained frac-
tion was dried in a vacuum evaporator at 50°C, dissolved in 1 
mL of 40% methanol, and reapplied to the preparative HPLC 
system for the second purification. Then, 20 µL of α-AMA was 
applied to the analytical HPLC system to measure the purity 
and amount of toxin in that fraction. 

The amount of substance was measured by applying the peak 
areas obtained in the analysis to the equation of the calibration 
curve. The obtained pure α-AMA was dissolved in 1 mL distilled 

water after the solvent was evaporated, and quantitative analy-
sis was performed. Based on analysis of the results obtained, 
A. phalloides extracts dissolved in distilled water containing 20 
mg of α-AMA were prepared. 

Animals and treatments
Male BALB-c mice (weighing 20-30 g) were obtained from Di-
cle University Health Sciences Application and Research Cen-
ter (DÜSAM). The permission of Dicle University Experimental 
Animals Local Ethics Committee (DUHADEK-2021/45) was 
obtained and all animal experiments were performed accord-
ing to the instructions of the Local Ethics Committee. The ani-
mals were housed under conditions of constant temperature 
(22±3°C) and humidity (50-55%), a 12 h light/dark cycle, and 
free access to food and water. After a 1-week adaptation peri-
od, the animals were randomly divided into five groups (n = 7). 

The animal model of intoxication has been used as a reliable 
model for α-AMA poisoning, since it shows similar hepatotoxic 
effects after amatoxin administration in humans (Tong et al., 
2007; Zhao et al., 2006). In addition, toxin concentrations and 
experimental design in the in vivo study were designed from a 
clinical perspective, based on available information on clinical 
toxicity practices and α-AMA pharmacokinetics. The experi-
mental design is shown in Figure 2. A. phalloides mushroom 
water extract was given orally through stomach gavage at a 
concentration of 10 mg/kg α-AMA (Garcia et al., 2015; Park et 
al., 2021; Wieland & Faulstich, 1978). Mice were starved for 24 h 
before the start of the experiments. In the control group, a sin-
gle dose of 1 mL of 0.9% physiological saline was administered 
to the mice via orogastric gavage at 0 min. In the α-AMA-2, 
α-AMA-12, α-AMA-72, α-AMA-96 groups, A. phalloides mush-
room water extract, which included 10 mg/kg α-AMA, was 

Table 1. Primer sequences

Gene Forward primer (5′–3′) Reverse primer (5′–3′)

Bax GGATGCGTCCACCAAGAAG GGAGGAAGTCCAGTGTCCAGCC

Bcl-2 TGAGTACCTGAACCGGCATCT GCATCCCAGCCTCCGTTAT

caspase-3 TGCAGAACAAAACCTCAGT TGTCTCTCTGAGGTTGGCTG

TNF-α AAATGGGCTCCCTCTCATCAGTTC TCTGCTTGGTGGTTTGCTACGAC

GAPDH ACTCCACTCACGGCAAATTC TCTCCATGGTGGTGAAGACA

Figure 1. Amanita phalloides. Figure 2. Experimental Design.
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administered to the mice via orogastric gavage at 0 min. The 
animals were sacrificed and their livers were taken at 2, 12, 
72, and 96 h, respectively. At the end of the experiments, the 
mice were sacrificed under anesthesia [Ketamine (90mg/kg) + 
Xylazine (10mg/kg)]. The liver tissues were stored at -80°C for 
RT-qPCR analysis. A part of the liver was also fixed in 10% zinc-
formalin solution for 24 h and then embedded in paraffin for 
routine histopathologic analysis.

Quantitative real-time polymerase chain reaction (RT-
qPCR) assay
To investigate the molecular mechanisms of apoptotic and ne-
crotic pathways caused by A. phalloides, TNF-α, Bax, caspase-3 
and Bcl-2 gene expression levels were measured by Real Time-
Polymerase Chain Reaction (RT-qPCR, Applied Bioscience Ste-
pOnePlus™, Foster City, CA). RNA purification was performed 
from liver tissues stored at -80°C. Total RNA was isolated from 
tissues using RiboZol™ (VWR-Amresco, USA) according to the 
manufacturer’s instructions. The quantity and quality of RNA 
samples were measured using a microvolume spectropho-
tometer (Nano-Drop 2000C, Thermo Scientific, USA). Genomic 
DNA contamination was removed with the DNAse-I digestion 
enzyme (Thermo Fisher, USA). cDNA synthesis was performed 
using the cDNA Synthesis Kit (Thermo Fisher, USA) according 
to the manufacturer’s instructions. The sequences of primer 
pairs used for qPCR analysis were designed using Primer3 soft-
ware and based on the sequences in the NCBI database (Table 
1). For RT-qPCR amplification, a 20 µL volume of reaction mix 
was prepared with 10 µL of 2X SYBR Green Master Mix, 0.2 µm 
primer, and 1 µL of cDNA. Real-time PCR thermal cycling condi-
tions were performed by initial denaturation at 95°C for 10 min, 
followed by 40 cycles of denaturation at 95°C for 30 sec, 1 min 
reassembly at 60°C, and an extension period for 30 sec at 72°C. 
Melting curve analysis was performed by increasing the tem-
perature by 1°C at each step from 55°C to 95°C. Samples with-
out cDNA were used as a negative control. The housekeeping 
gene (GAPDH) expression was used as an internal control for 
normalization. For each cDNA sample, PCR amplifications were 
performed in triplicate and relative mRNA expressions were 
evaluated by the comparative Ct method (2−ΔΔCT) described by 
Schmittgen & Livak (Schmittgen & Livak, 2008). 

Histopathological assessment
For light microscopic evaluation, liver tissue samples were fixed 
in 10% formaldehyde and embedded in paraffin. Then, 5‐μm‐
thick sections were cut from the paraffin‐embedded samples, 
mounted on slides, and stained with hematoxylin and eosin 
(H-E). The tissue samples were examined using a light micro-
scope. The sections were evaluated for liver damage such as 
inflammation, sinusoidal dilatation, necrosis, congestion, and 
pyknotic nucleus.

Statistical analysis
The One-way ANOVA was performed with the IBM SPSS Sta-
tistics 24.0 (IBM Inc, Chicago, IL, USA) statistical software. Post 
hoc Tukey test was used for between-group comparison of 
Bax, Bcl-2, caspase-3, and TNF-α gene expressions. The data of 
this study are given as the mean ± SEM. A value of p<0.05 was 
accepted as statistically significant among groups.

RESULTS

The retention times for β-AMA, α-AMA, and γ-AMA in the RP-
HPLC chromatogram were 4.818, 6.219 and 12.577 min respec-
tively. The RP-HPLC chromatogram of α-AMA analysis is given 
in Figure 3.  

Time-dependent expression of TNF-α, Bax, caspase-3, 
and Bcl-2 genes after A. phalloides administration

The results of RT-qPCR clearly showed that pro-inflammatory 
cytokine TNF-α mRNA expression was increased in α-AMA-2 
(p < 0.01) and α-AMA-12 (p < 0.05) groups after A. phalloides 
administration (Figure 4), suggesting that exposure to A. phal-
loides induces inflammation in hepatocytes. TNF-α expression 
at the mRNA levels decreased gradually at α-AMA-72 and 
α-AMA-96 groups after A. phalloides administration compared 
to the α-AMA-2 group. 

While Bax mRNA expression level was upregulated in the 
α-AMA-12 and α-AMA-72 groups compared to the control 
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Figure 3. Analytical HPLC chromatograms of α-AMA.

Figure 4. Time-dependent expression of TNF-α gene after A. phalloides 
administration. Mice were treated with A. phalloides extract including 
10 mg/kg α-AMA.  TNF-α gene expression was analyzed by RT-qPCR. 
Different letters mean significant differences between groups. bp < 0.01 
compared to control, α-AMA-72 and α-AMA-96 groups; cp < 0.05 com-
pared to control, α-AMA-2 and α-AMA-96 groups.
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group and α-AMA-2 (p  < 0.01), expression of the Bax gene 
was downregulated in the α-AMA-96 group compared to the 
α-AMA-12 and α-AMA-72 groups (p < 0.01) (Figure 5). These re-
sults indicate that apoptosis is induced 12 h after A. phalloides 
administration compared to that in healthy untreated mice. 
However, Bax mRNA expression level decreased at 96 h after A. 
phalloides administration.

Additionally, it was observed that the pro-apoptotic marker cas-

pase-3 mRNA expression level decreased in the α-AMA-2 group 
compared to the control group, but it was not statistically signifi-
cant. Administration of A. phalloides significantly enhanced the 
mRNA expression of the caspase-3 in the α-AMA-72 (p < 0.05) 
and α-AMA-96 groups (p < 0.01) (Figure 6).

There were only decreased expression profiles for the anti-
apoptotic marker Bcl-2 in the α-AMA-72 and α-AMA-96 groups, 
compared among the groups (p < 0.05 and p < 0.01) (Figure 7). 

Time-dependent histopathological examinations after 
A. phalloides administration
No pathological observations were seen for liver tissue in the 
control group. Hepatic cells and the central vein exhibited 
normal histological appearances as shown in Figure 8-a. In the 
α-AMA-2 group, sinusoidal dilatation and hepatocytes with 
the pyknotic nucleus were observed (Figure 8-b).  The liver 
tissues of the α-AMA-96 group showed prominent portal and 
lobular changes including vascular congestion, inflammation, 
necrosis, sinusoidal dilatation, and hepatocytes with pyknotic 
nucleus (Figure 8-c). Histopathological changes observed in 
the α-AMA-2 group were milder than in the α-AMA-96 group 
(Figure 8: a, b, c: H&E staining; x20 magnification).

DISCUSSION

Figure 5. Time-dependent expression of Bax gene after A. phalloides 
administration.  Mice were treated with A. phalloides extract including 
10 mg/kg α-AMA. Bax gene expression was analyzed by RT-qPCR. Dif-
ferent letters mean significant differences between groups. bp < 0.01 
compared to control, α-AMA-2 and α-AMA-96 groups; cp < 0.05 com-
pared to α-AMA-2 groups.

Figure 6. Time-dependent expression of caspase-3 gene after A. phal-
loides administration. Mice were treated with A. phalloides extract in-
cluding 10 mg/kg α-AMA.  caspase-3  gene expression was analyzed 
by RT-qPCR. Different letters mean significant differences between 
groups. bp < 0.05 compared to control, α-AMA-2 and α-AMA-12 groups; 
cp < 0.01 compared to control, α-AMA-2 and α-AMA-12 groups.

Figure 7. Time-dependent expression of Bcl-2 gene after A. phalloides 
administration. Mice were treated with A. phalloides extract including 
10 mg/kg α-AMA. Bcl-2 gene expression was analyzed by RT-qPCR. Dif-
ferent letters mean significant differences between groups. ap < 0.01 
compared to α-AMA-72 and α-AMA-96 groups; bp < 0.05 compared to 
α-AMA-72 and α-AMA-96 groups.

Figure 8. Histopathologic assessments. Mice were treated with A. phal-
loides extract including 10 mg/kg α-AMA. a) Liver tissue showed normal 
histological appearance with hepatic cells and central vein in the con-
trol group. b) Sinusoidal dilatation (black asterisks) and hepatocytes with 
pyknotic nucleus (black arrows) were observed in the α-AMA-2 group. c) 
In the α-AMA-96 group severe necrosis with the disappearance of nuclei 
(black asterisks), sinusoidal dilatation (white asterisks), and hepatocytes 
with pyknotic nucleus (black arrows) were observed.  a, b, c: H&E; x20.
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There is no clinical antidote for A. phalloides poisoning and 
symptomatic treatment is the only option (Garcia et al., 2015). 
α-AMA, the most potent toxin in A. phalloides, irreversibly in-
hibits RNA polymerase II in hepatocytes and inhibits protein 
synthesis. The liver is the most affected by α-AMA because of 
the high protein synthesis and regeneration. Hepatic damage 
is exacerbated by the accumulation of α-AMA in liver tissues 
and undergoing enterohepatic circulation (Faulstich, Talas, & 
Wellhöner, 1985; Smith & Davis, 2016). In a study by Arima et al., 
it was shown that administration of α-AMA (2 μg/mL) for 24 h 
significantly induced p53 in fibroblast and HCT116 human co-
lon carcinoma cells (Yoshimi Arima et al., 2004). In addition, it 
has been reported that α-AMA induces P53 protein to bind to 
anti-apoptotic Bcl-2 and Bcl-XL proteins independent of RNA 
polymerase inhibition and triggers apoptosis by causing cyto-
chrome c to migrate from mitochondria to the cytosol (Y. Arima 
et al., 2005). Magdalan et al. reported that apoptosis induced 
by α-AMA in canine primary hepatocyte cells may contribute 
to the pathogenesis of severe liver damage, particularly in the 
early stages of poisoning (Magdalan, Ostrowska, Piotrowska, 
Izykowska, et al., 2010). Likewise, it has been reported that p53 
and caspase-3-dependent apoptosis develops in hepatocyte 
cells exposed to α-AMA (2 µM) (Magdalan et al., 2011). On the 
other hand, in another in vitro study, L-amino-acid oxidase 
isolated from A. phalloides increased the Bax/Bcl-2 ratio by in-
ducing caspase-dependent apoptosis in Jurkat cells, and then 
increased caspase-3 and caspase-9 protein expression (Pišlar, 
Sabotič, Šlenc, Brzin, & Kos, 2016).  It has been revealed that the 
L-amino-acid oxidase enzyme also plays a role in the apoptotic 
mechanisms developing in A. phalloides poisoning.

Recent studies have shown that inflammatory cytokines such 
as TNF-α may induce local inflammatory mechanisms and ul-
timately lead to liver damage (Li et al., 2020). Fatal acute liver 
failure after A. phalloides ingestion can cause hepatocyte ne-
crosis by inhibiting the synthesis of structural proteins (Angioi 
et al., 2021). Patient symptoms and clinical analyses show that 
acute tubular necrosis occurs with renal failure. In animals, 
48 h after intravenous administration of α-AMA (0.327 mg/
kg), tubular necrosis was observed in BALB/c mice (Zhao et 
al., 2006). Besides its role in inflammatory mechanisms, TNF-α 
has an important role in directly activating the extrinsic apop-
totic pathway (Zhang et al., 2013). TNF-α mRNA levels were 
shown to increase concomitantly with hepatocyte apoptosis 
after administration of α-AMA (3 mg/kg i.p.) to mice (Leist et 
al., 1997). These studies show that TNF-α plays a role in both 
necrotic and apoptotic mechanisms after A. phalloides poison-
ing. The current study found that pro-inflammatory cytokine 
TNF-α mRNA levels increased in the early stage after A. phal-
loides administration (Figure 4), and increasing TNF-α mRNA 
levels tended to decrease at 72 and 96 h. These results indicate 
that caspase-independent necrotic mechanisms may play a 
role through the pro-inflammatory cytokine TNF-α in the 
early stages of poisoning. Activation of caspase-independent 
necrotic pathways may also trigger necroptotic mechanisms. 
Further studies on genes related to necroptosis will contribute 
to the emergence of necrotic mechanisms caused by α-AMA 
in liver tissues. Therefore, hepatic inflammation developing in 
the acute phase may be effective in the pathogenesis induced 

by A. phalloides, but the effect of TNF-α on the apoptotic and 
necrotic mechanisms remain unclear. More studies are need-
ed  to define the crosstalk between  inflammation, apoptosis 
and necrosis mechanisms in A. phalloides poisoning.

In the present study, pro-apoptotic caspase-3 mRNA expres-
sion level was significantly increased at 72 and 96 h after A. 
phalloides administration, however, no significant change was 
observed in caspase-3 mRNA levels after 2 and 12 h (Figure 6). 
Deregulation of caspases triggers cell death (McIlwain, Berger, 
& Mak, 2013). Increased caspase-3 mRNA levels result in the 
rapid induction of apoptosis, and our results show that apop-
tosis is elevated 72 h after A. phalloides administration. These 
results may indicate the late onset of apoptosis (Zhou et al., 
2017). Thereby, our findings suggest a critical role of caspase-3 
in A. phalloides-induced hepatotoxicity. In addition, it was ob-
served that pro-apoptotic Bax mRNA levels increased 12 and 
72 h after A. phalloides administration, while anti-apoptotic Bcl-
2 mRNA levels decreased after 12 and 72 h (Figure 5, Figure 
7). As the Bax/Bcl-2 ratio indicates the balance between the 
pro-and anti-apoptotic mRNA levels (Barbosa, Machado, Skil-
dum, Scott, & Oliveira, 2012), our results suggest that apoptotic 
mechanisms play an effective role approximately 12 h after A. 
phalloides ingestion.

The severity of liver injury and the rate of hepatic regeneration 
are important factors that determine the survival of individuals. 
In the early study on hepatotoxicity in A. phalloides poisoning, 
massive hepatic central lobular cell necrosis was reported (Fin-
eschi, Di Paolo, & Centini, 1996). Likewise, it was observed that 
mice poisoned with α-AMA (0.6 mg/kg i.p.) developed higher 
percentages of hepatonecrosis compared to the control group 
(Tong et al., 2007). In a study by Kaya et al., vacuolar degen-
eration was observed at 1 and 6 h in mouse liver tissues after 
α-AMA (1 mg/kg i.p.) administration, while Councilman-like 
structures and pycnotic cells were observed after 24 h (E. Kaya 
et al., 2014). Similarly, in a study by Garcia et al., it was reported 
that α-AMA (0.33 mg/kg i.p.) caused significant hepatic cellular 
edema, cytoplasmic vacuolization and interstitial inflamma-
tory cell infiltration in mouse liver tissues 24 h after administra-
tion (Garcia et al., 2015). In our study, the results were similar to 
the literature. Sinusoidal dilatation and pyknotic nucleus were 
observed 2 h after A. phalloides ingestion (Figure 8-b). After 96 
h, it showed prominent portal and lobular changes, including 
vascular occlusion, inflammation, necrosis, sinusoidal dilata-
tion, and hepatocytes with pycnotic nuclei (Fig. 8-c).

CONCLUSION

In the current study, the mRNA expression of Bax, caspase 3, 
Bcl-2, and TNF-α were examined to investigate time-depen-
dent apoptotic and necrotic mechanisms occurring in mouse 
liver tissues after A. phalloides administration. Pro-apoptotic, 
anti-apoptotic, and pro-inflammatory mRNA expression pro-
files evaluated by RT-qPCR show that A. phalloides induces 
necrotic mechanisms in the early phase of intoxication and 
then causes cell death through apoptotic mechanisms. Con-
sequently, we have proven that apoptotic mechanisms play an 
essential role in the pathogenesis of A. phalloides-induced hep-
atotoxicity, and necrosis is also essential in the pathogenesis 
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of A. phalloides-induced hepatotoxicity during the early stage 
after ingestion. Our results have demonstrated for the first time 
that investigation of time-dependent apoptotic and necrotic 
mechanisms in mice will provide critical knowledge for further 
studies on the signaling pathways underlying hepatotoxicity 
from A. phalloides.
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