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Abstract

Background. Death by death cap (Amanita phalloides) poisoning is attributable to acute failure of the liver, which
is responsible for the uptake of 57% of circulating amanitins, the main toxins of this mushroom. Amanitin uptake
by hepatocytes is mediated by organic anion-transporting polypeptide. Discovery of the transporter blockers would
probably reduce liver damage and improve treatment efficacy. Many different substances are substrates or
inhibitors of both human and rat organic anion-transporting polypeptide, since both systems show 66% sequence
homology.

Objectives. Determining the efficacy of selected substances in blocking 0-amanitin uptake by rat liver.

Material and Methods. The experiment involved extracorporeal liver perfusion in Wistar rats divided into a con-
trol group and 16 treatment groups (I-XVI). In all groups, the perfusion fluid was supplemented with a-amanitin
at 25 ng/ml; the treatment groups were perfused with fluid also containing potential inhibitors of d-amanitin uptake
at the following concentrations: penicillin G 0.5 mM (group I) and 1.0 mM (II), ceftazidime 0.5 mM (III) and 1.0
mM (IV), rifamycin SV 5.0 uM (V) and 10.0 uM (V]), silibinin 10.0 uM (VII) and 20.0 uM (VIII), acetylcysteine
(ACC) 0.5 mM (IX) and 1.0 mM (X), sulfobromophthalein 5.5 pM (XI) and 11.0 uM (XII), B-estradiol-17-(B-D-
glucuronide) 160 uM (XIII) and 320 uM (XIV), and taurocholate sodium 135 uM (XV) and 270 pM (XVI).
0-Amanitin concentration was assayed in the perfusion fluid using ELISA before the experiment and after 60 and
120 min of perfusion, and its uptake was calculated per gram of liver tissue.

Results. 0-Amanitin uptake was reduced only by rifamycin SV (group VI), silibinin (VII, VIII), acetylcysteine (IX,
X), sulfobromophthalein (XII), B-estradiol-17-(B-D-glucuronide) (XIV), and taurocholate sodium (XV, XVI).
Conclusions. Silibinin, ACC, and taurocholate sodium were found to be the most effective inhibitors of 0-aman-
itin uptake by rat liver. Unlike in human liver, penicillin G does not inhibit 0-amanitin uptake in rats, which indi-
cates significant interspecies differences in xenobiotic transport systems. Therefore, extrapolation of the results in
experimental animals to humans demands caution (Adv Clin Exp Med 2007, 16, 3, 353-360).
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Streszczenie

Whprowadzenie. Smier¢ w zatruciu muchomorem sromotnikowym (Amanita phalloides) jest rezultatem ostrej nie-
wydolnosci watroby, ktéra wychwytuje az 57% krazacych we krwi amanityn — gtéwnych toksyn tego grzyba. Ama-
nityny przedostajg si¢ do hepatocytéw za posrednictwem polipeptydu transportujacego aniony organiczne. Znale-
zienie substancji blokujacych ten system transportowy prawdopodobnie mogtoby zmniejszy¢ uszkodzenie watro-
by i poprawi¢ wyniki leczenia. Wiele réznych substancji jest substratem lub inhibitorem zaréwno dla ludzkiego,
jak i szczurzego polipeptydu transportujacego aniony organiczne, poniewaz oba systemy transportowe az w 66%
maja wspdlng sekwencje aminokwasowa.

Cel pracy. Okreslenie skutecznosci wybranych substancji jako inhibitoréw blokujacych wychwytywanie o-ama-
nityny przez watrobg szczura.

Material i metody. Doswiadczenie przeprowadzono metodg pozaustrojowej perfuzji watroby na szczurach szczepu
Wistar podzielonych na grupe kontrolng K oraz 16 grup doswiadczalnych (I-XVI). We wszystkich grupach do pty-
nu perfuzyjnego dodawano a-amanityng¢ w stezeniu 25 ng/ml, a w grupach doswiadczalnych do ptynu perfuzyjne-
go dodawano takze potencjalne inhibitory wychwytu 0-amanityny w nastg¢pujacych stezeniach: I — penicylina G 0,5
mM; II — penicylina G 1,0 mM; III — ceftazydym 0,5 mM; IV — ceftazydym 1,0 mM; V — ryfamycyna SV 5.0 uM;
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VI - ryfamycyna SV 10.0 uM; VII — silibinina 10.0 uM; VIII — silibinina 20.0 uM; IX — acetylocysteina 0.5 mM;
X — acetylocysteina 1.0 mM; XI — sulfobromoftaleina 5.5 uM; XII — sulfobromoftaleina 11.0 uM; XIII — glukuro-
nian-17-D-B-estradiolu 160 uM; XIV — glukuronian-17-D-f3-estradiolu 320 pM; XV — taurocholan sodu 135 uM;
XVI - taurocholan sodu 270 uM. Przed doswiadczeniem oraz po 60 i 120 min perfuzji w ptynie perfuzyjnym ozna-
czano stezenie O-amanityny metoda ELISA, a nastepnie okreslano wychwyt a-amanityny w przeliczeniu na gram
tkanki watrobowe;j.

Wiyniki. Zmniejszenie wychwytywania 0-amanityny przez watrob¢ zaobserwowano jedynie pod wptywem ryfa-
mycyny SV (grupa VI), silibininy (grupy VII, VIII), acetylocysteiny (grupy IX, X), sulfobromoftaleiny (grupa
XII), glukuronianu-17-D-B-estradiolu (grupa XIV), taurocholanu sodu (grupa XV, XVI).

Whioski. W przeprowadzonym doswiadczeniu silibinina, acetylocysteina i taurocholan sodu najskuteczniej hamo-
waly wychwytywanie 0-amanityny przez watrobg szczura. Inaczej niz w przypadku ludzkiej watroby, penicylina
G nie zmniejszala wychwytu amanityny przez watrobe szczurza, co wskazuje na znaczne réznice miedzygatunko-
we systemow transportujgcych ksenobiotyki do hepatocytéw. Dlatego tez z duzg ostroznoscig nalezy odnosi¢ do

ludzi wyniki badan uzyskanych na zwierzetach (Adv Clin Exp Med 2007, 16, 3, 353-360).

Stowa kluczowe: wychwyt 0-amanityny, inhibitory, pozaustrojowa perfuzja watroby szczura.

Poisoning by the toadstool death cap (Amanita
phalloides) and its subspecies (Amanita vernalis,
Amanita virosa) is still a serious and unresolved
problem of clinical toxicology since we do not
have at our disposal any specific and fully efficient
treatment method [1-5]. Death by death cap poi-
soning is caused principally by acute failure of the
liver, which takes up 57% of the circulating aman-
itins, the main toxins of this mushroom [1-3, 6]. In
humans, amanitin uptake by hepatocytes is medi-
ated by OATP1B3, a subtype of the organic anion-
transporting polypeptide (OATP) located in the
plasma membrane [7]. It then binds to the RPB1
subunit of RNA polymerase II, thereby blocking
the synthesis of cellular enzymes, leading to cell
death [8, 9]. Amanitins remain in the enterohepat-
ic circulation for four days after mushroom inges-
tion [1, 2, 10]; therefore, administration of sub-
stances blocking hepatic uptake of amanitins could
interrupt their enterohepatic circulation and sup-
press their penetration inside the cells, which
could alleviate liver damage and improve treat-
ment efficacy.

In rats, amanitins also enter hepatocytes via
organic anion-transporting polypeptide (Oatp),
whose subtype Oatp4 is the closest to human
OATP1B3. These transport systems show 66% ami-
no-acid sequence homology, so many substances are
substrates or inhibitors of both OATP1B3 and Oatp4
[11]. The aim of this study was to determine the effi-
cacy of selected substances in inhibiting 0-amanitin
uptake by the rat liver. The animal experiments were
carried out after receiving approval from the 1%
Local Ethics Committee’s (certificate no. 19/2006).

Material and Methods

The experiment was performed on 170 Wistar
rats of both sexes weighing 240 + 18.6 g. Before
the experiments the animals were kept under stan-

dard conditions with water and pellet feed (LSM,
Agropol, Motycz) available ad libitum. Rats were
assigned to a control group (K) and 16 treatment
groups (I-XVI). Each group comprised 10 ani-
mals, 5 males and 5 females. In all groups, two-
hour extracorporeal liver perfusion was carried out
using a universal apparatus for extracorporeal
organ perfusion (Universal Perfusion System,
Harvard Apparatus, Uniper UP-100, Type 834).

Once the rats were under deep barbiturate
anesthesia (thiopental 100 mg/kg i.p.), their peri-
toneal cavity was opened by the middle section
and cannulae were inserted into the portal vein,
inferior jejunal vein, and the bile duct. Then the
liver was dissected, removed from the rat’s body,
and placed in a perfusion chamber while the can-
nulae were attached to the perfusion system. Per-
fusion fluid was delivered through the cannula in
the portal vein, then it passed through the network
of intrahepatic vessels perfusing the hepatic paren-
chyma and left the liver through a cannula insert-
ed into the inferior caval vein. Perfusion fluid flow
was controlled by a peristaltic pump at a rate
20-25 ml/min, maintaining the pressure in the por-
tal vein between 0.04-0.08 mm Hg (5.32-10.64 Pa).
Perfusion fluid was gassed with carbogen (94.93 O,
+5.07 CO,) and its temperature was kept at 37.8°C.
The liver was perfused with Krebs buffer [12], pH
7.35-7.4, with our modification, consisting of
a higher glucose concentration (3.6 g/l).

In all groups, the perfusion fluid was supple-
mented with d-amanitin (Sigma, Cat. No. A2263)
at 25 ng/ml. The perfusion fluid for the treatment
groups contained different antidotes (potential a-
amanitin uptake inhibitors) at the following concen-
trations: groups I and II penicillin G potassium
(Polfa Tarchomin) 0.5 mM (186.24 mg/l) and 1.0
mM (372.48 mg/l), respectively; groups III and IV
ceftazidime pentahydrate (Bioton) 0.5 mM (318.3
mg/l) and 1.0 mM (636.6 mg/l); groups V and VI
rifamycin SV sodium (Sigma, Cat. No. R86265) 5.0
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UM (3.59 mg/l) and 10.0 pM (7.19 mg/l); groups
VII and VIII silibinin (Sigma, Cat. No. S0417) 10.0
UM (4.82 mg/1) and 20.0 uM (9.64 mg/1); groups IX
and X acetylcysteine sodium (Hexal) 0.5 mM
(92.48 mg/l) and 1.0 mM (184.96 mg/1); groups XI
and XII sulfobromophthalein sodium hydrate
(Sigma, Cat. No. 167207) 5.5 uM (4.60 mg/1) and
11.0 uM (9.22 mg/l); groups XIII and XTIV B-estra-
diol-17-(B-D-glucuronide) sodium (Sigma, Cat. No.
E1127) 160 uM (75.28 mg/l) and 320 pM (150.56
mg/l); and groups XV and XVI taurocholic acid
sodium salt hydrate (Sigma, Cat. No. T4009) 135
UM (72.58 mg/l) and 270 pM (145.16 mg/l).

Samples of perfusion fluid were collected
before the experiment and at 60 and 120 min of per-
fusion and were assayed for amanitin concentration
using a commercial ELISA kit (Biilman, Cat. No.
EK-AMI); the limit of detection was 0.2 ng/ml and
the analytical range was 1.0-100 ng/ml. The volume
of perfusion fluid that flowed through the liver was
measured at 60 and 120 min. Each liver was
weighed after perfusion. O-Amanitin uptake per
gram of liver tissue was calculated from the initial a-
amanitin concentration in the perfusion fluid, the
volume of fluid which flowed through the liver with-
in the first and second hour of perfusion, and the a-
amanitin concentration in that fluid. O-Amanitin
uptake in the treatment groups were compared with
the respective values in the control group.

Statistical Analysis

The results are presented as the means = SD.
Differences between parametric values (amanitin
uptake) were analyzed by individual comparison

Table 1. Effect of penicillin G on hepatic 0-amanitin uptake

with one-way ANOVA. Initially, the normality of
the distributions of all parametric data was tested
by the Shapiro-Wilk’s test [13]. Statistical analysis
was carried out using Statistica software.

Results

Statistically significant inhibition of d-aman-
itin uptake was observed only by rifamycin SV
group VI (Tab. 3), silibinin groups VII and VIII
(Tab. 4), acetylcysteine groups IX and X (Tab. 5),
sulfobromophthalein group XII (Tab. 6), B-estra-
diol-17-(B-D-glucuronide) group XIV (Tab. 7),
and taurocholate sodium groups XV and XVI
(Tab. 8). There were no differences in hepatic a-
amanitin uptake between males and females in
any group.

Discussion

Penicillin G is the most commonly used anti-
dote in death cap mushroom poisoning [5], but its
mechanism of action has not been fully elucidated.
Studies by Letscher et al. have indicated that
OATP1B3 blockade, leading to suppression of
amanitin influx into human hepatocytes, is the most
probable main mechanism of penicillin G action as
an antidote in death cap poisoning [7]. Interestingly,
in rats, penicillin G at 0.6 mM and 1.0 mM did not
lower amanitin uptake by hepatocytes, which was
demonstrated by earlier studies with plasma mem-
brane vesicles [14] and by the present experiment
using extracorporeal liver perfusion (Tab. 1). The

Tabela 1. Wptyw penicyliny G na watrobowy wychwyt 0-amanityny

Group Perfusion time
(Grupa) (Czas perfuzji)
0-60 min 60—120 min 0-120 min
K X 1187.4 1053.8 2241.2
SD 136.88 114.14 184.62
I X 1163.3 1023.2 2186.5
(Penicillin G 0.5 mM) | SD 177.94 144.35 119.04
% 97.97 97.56 97.09
p NS NS NS
I X 1181.7 1062.7 22444
(Penicillin G 1.0 mM) | SD 167.33 107.07 192.17
% 99.52 100.84 100.14
p NS NS NS

Explanations for tables 1-8: X — mean value of 0-amanitin uptake [ng/g of liver], SD — standard deviation, p — in compari-

son with control group K.

Objasnienia tabel 1-8: X — Srednia warto$¢ wychwytu a-amanityny [ng/g watroby], SD — odchylenie standardowe,

p — W poréwnaniu z grupg kontrolng.
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Table 2. Effect of ceftazidime on hepatic 0-amanitin uptake

Tabela 2. Wptyw ceftazydymu na watrobowy wychwyt 0-amanityny

Group Perfusion time
(Grupa) (Czas perfuzji)
0-60 min 60-120 min 0-120 min
K X 1187.4 1053.8 2241.2
SD 136.88 114.14 184.62
111 X 1174.3 1062.2 2236.5
(Ceftazidime 0.5 mM) | SD 131.12 117.23 144.43
% 98.89 100.79 99.79
p NS NS NS
v X 1158.2 1041.8 2200.0
(Ceftazidime 1.0 mM) | SD 149.14 126.84 173.94
% 97.54 98.86 98.16
p NS NS NS

Table 3. Effect of rifamycin on hepatic 0-amanitin uptake

Tabela 3. Wplyw ryfamycyny na watrobowy wychwyt o-amanityny

Group Perfusion time
(Grupa) (Czas perfuzji)
0-60 min 60—120 min 0-120 min

K X 1187.4 1053.8 2241.2

SD 136.88 114.14 184.62
A% X 1141.0 1024.6 2165.8
(Rifamycin SV SD 115.35 76.30 175.8
5.0 uM) % 96.09 97.23 96.64

p NS NS NS
VI X 1006.8 956.9 1963.7
(Rifamycin SV SD 50.88 61.93 80.05
10.0 uM) % 84.79 90.8 87.62

p < 0.005%%* <0.05* < 0.001%*

* Statistically significant difference.
** Highly statistically significant difference.

* Réznica znamienna statystycznie.
** Roznica bardzo znamienna statystycznie.

Table 4. Effect of silibinin on hepatic 0-amanitin uptake

Tabela 4. Wplyw silibininy na watrobowy wychwyt 0-amanityny

Group Perfusion time
(Grupa) (Czas perfuzji)
0-60 min 60—120 min 0-120 min

K X 1187.4 1053.8 2241.2

SD 136.88 114.14 184.62
VII X 820.8 856.7 1677.5
(Silibinin 10.0 uM) SD 89.63 71.18 152.59

% 69.13 81.29 74.85

p < 0.001°%%* < 0.001%* < 0.001%*
VIII X 824.0 821.9 1645.9
(Silibinin 20.0 uM) SD 88.17 123.25 206.05

%o 69.39 77.99 73.44

p < 0.001%* < 0.001%** < 0.001%*

** Highly statistically significant difference.
** Réznica bardzo znamienna statystycznie.
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Table 5. Effect of acetylcysteine on hepatic 0-amanitin uptake

Tabela 5. Wplyw acetylocysteiny na watrobowy wychwyt a-amanityny

Group Perfusion time
(Grupa) (Czas perfuzji)
0-60 min 60—120 min 0-120 min
K X 1187.4 1053.8 22412
SD 136.88 114.14 184.62
IX X 928.6 898.4 1827.0
(Acetylcysteine SD 50.48 65.13 110.20
0.5 mM) Yo 78.2 85.25 81.52
p < 0.001%%* < 0.005%* < 0.001%*
X X 852.9 832.5 1685.4
(Acetylcysteine SD 42.38 44.75 85.74
1.0 mM) % 71.83 79.0 752
p < 0.001%%* < 0.001%* < 0.001%*
** Highly statistically significant difference.
** Réznica bardzo znamienna statystycznie.
Table 6. Effect of sulfobromophthalein on hepatic 0-amanitin uptake
Tabela 6. Wptyw sulfobromoftaleiny na watrobowy wychwyt 0-amanityny
Group Perfusion time
(Grupa) (Czas perfuzji)
0-60 min 60—120 min 0-120 min
K X 1187.4 1053.8 22412
SD 136.88 114.14 184.62
XI X 1111.9 1031.0 21429
(Sulfobromo- SD 116.17 78.30 140.85
phthalein 5.5 uM) % 93.64 97.84 95.61
p NS NS NS
XII X 1038.9 988.1 2027.2
(Sulfobromo- SD 82.48 34.76 90.45
phthalein 11.0 uM) % 87.49 93.76 90.45
p < 0.01%* NS < 0.01%*
** Highly statistically significant difference.
** Roznica bardzo znamienna statystycznie.
Table 7. Effect of B-estradiol-17-(3-D-glucuronide) on hepatic 0-amanitin uptake
Tabela 7. Wplyw glukuronianu-17-f3-D-estradiolu na watrobowy wychwyt a-amanityny
Group Perfusion time
(Grupa) (Czas perfuzji)
0-60 min 60-120 min 0-120 min
K X 1187.4 1053.8 22412
SD 136.88 114.14 184.62
XIII X 1159.1 1058.0 2217.1
B-Estradiol-17-(B-D- | SD 232.05 90.61 284.18
-glucuronide) 160 uM | % 97.62 100.4 89.93
p NS NS NS
X1V X 1026.3 967.6 1993.9
B-Estradiol-17-(3-D- | SD 63.44 60.85 108.70
-glucuronide) 320 uM | % 86.43 91.82 88.96
p < 0.005%* <0.01* < 0.005%*

* Statistically significant difference.

** Highly statistically significant difference.

* Roznica znamienna statystycznie.

** Réznica bardzo znamienna statystycznie.
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Table 8. Effect of sodium taurocholate on hepatic 0-amanitin uptake

Tabela 8. Wptyw taurocholanu sodu na watrobowy wychwyt 0-amanityny

Group Perfusion time
(Grupa) (Czas perfuzji)
0-60 min 60-120 min 0-120 min

K X 1187.4 1053.8 2241.2

SD 136.88 114.14 184.62
XV X 904.4 884.4 1788.8
(Taurocholate 135 uM) | SD 94.29 98.22 184.27

% 76.16 83.92 79.81

p < 0.001%#%* < 0.005%%* < 0.001%#%*
XVI X 896.9 876.1 1773.0
(Taurocholate 270 uM) | SD 89.39 81.25 159.72

% 75.53 83.14 79.10

p < 0.001%#%* < 0.001%%* < 0.001%%*

** Highly statistically significant difference.

** Réznica bardzo znamienna statystycznie.

different effects of penicillin G on amanitin uptake
by human and rat hepatocytes most likely result
from species differences, since it should be remem-
bered that human OATP and rat Oatp have similar
but not identical substrate specificity.

According to Naftel et al., the efficacy of
cephalosporins in death cap mushroom poisoning
can be greater than that of penicillin G. These
authors recommend intravenous ceftazidime admi-
nistration at 4.5 g every second hour in death cap
poisoning. These doses exceed those used in the
treatment of bacterial infections, and higher blood
levels of the drug are achieved [15]. In the present
experiment, ceftazidime added to the perfusion
fluid at high concentrations (0.5 and 1.0 mM) did
not inhibit amanitin uptake by the rat liver (Tab.
2). The beneficial effect of ceftazidime in humans
poisoned by death cap mushroom apparently is not
caused by the blockade of hepatic amanitin uptake,
but by the effect on DNA a-polymerase [16].

In contrast to penicillin G and ceftazidime,
rifamycin SV is a non-f-lactam antibiotic. It does
not affect the activity of RNA polymerase in
mammals [17, 18], but at a concentration of 10
MM it inhibits Oatpl and Oatp2 [19]. In the pre-
sent experiment, rifamycin at 5 UM did not influ-
ence amanitin uptake by rat liver, but a concentra-
tion of 10 UM significantly reduced amanitin
uptake from the perfusion fluid (Table 3). The
mechanism of this inhibition is not known.
Rifamycin SV at 10 UM possibly blocks not only
Oatpl and Oatp2, but also Oatp4. Moreover, it
should be borne in mind that amanitins can enter
rat hepatocytes via different routes, including
Oatpl and/or Oatp?2. Clarification of this problem
requires further studies. It is known that in humans
a structurally similar antibiotic, rifampicin, strong-

ly blocks OATP1B3, thereby suppressing hepatic
amanitin uptake [7].

Silibinin is the main component of silymarin,
a flavoglycan obtained from milk thistle. This sub-
stance has proven to be hepatoprotective, but its
role in the treatment of death cap poisoning
remains controversial, since clinical observations
yielded contradictory results [4, 5]. Pure silibinin
is practically not used, but silymarin, composed of
three isomers: silibinin, silicristin, and silidianin,
has been applied. Silymarin is characterized by
poor solubility and bioavailability. For this reason,
blood sylimarin concentrations after ingestion of
the usual silymarin forms (capsules, tablets) are
low, ranging between 0.18-1.33 mg/l. Only the
administration of special Liverman’s capsules
allows achieving a level of 6.04 mg/l, while blood
silymarin concentrations after parenteral adminis-
tration reach 20 mg/l [20]. Experimental studies
showed that silibinin at 5 mM (about 266 mg/l)
significantly decreased amanitin uptake by rat
hepatocytes [14, 21]. Recently it was also shown
that silibinin could block OATP1B3, thereby sup-
pressing amanitin influx to human hepatocytes [7].
In the present experiment, silibinin at 10.0
uM (4.82 mg/l) and 20.0 uM (9.64 mg/l) signifi-
cantly lowered amanitin uptake by rat liver (Table
4), although these concentrations were much
lower than those used earlier in experiments with
rat livers [14, 21].

The scarcity of clinical observations and near
absence of experimental studies do not allow an
unequivocal assessment of the efficacy of acetyl-
cysteine (ACC) as an antidote in the treatment of
death cap mushroom poisoning. Some reports
have indicated that the efficacy of acetylcysteine
can be greater than that of penicillin G [5]. Con-
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firmation of a protective effect of ACC on hepato-
cytes poisoned by amanitin would be crucial to
clinical practice since ACC is a low-toxic, easily
available compound. This substance has been used
in clinical toxicology as an antidote in paracetamol
poisoning [2, 22]. The present experiment demon-
strated that ACC at 0.5 and 1.0 mM significantly
inhibited amanitin uptake from perfusion fluid.
These concentrations were equivalent to those
achieved in human blood after ACC administra-
tion in treatment regimens used in paracetamol
poisoning therapy [2].

Sulfobromophthalein, 3-estradiol-17-(3-D-glu-
curonide), and taurocholate are Oatp4 substrates
and their Michaeli-Menten constant (Km) values
are 1.1 pM, 32 uM, and 27 UM, respectively [11].
In the present experiment, these substances were
applied at concentrations exceeding their Km val-
ues 5 times in groups XI, XIII, and XV and 10
times in groups XII, XIV, and XVI. The use of
such high concentrations of Oatp substrates was
justified because the aim was to significantly
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