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REVIEW

Amanitin intoxication: effects of therapies on clinical outcomes – a review of
40 years of reported cases

Jia Lin Tana , Janine Stama,b , Aad P. van den Bergc, Patrick F. van Rheenend , Bart G. J. Dekkersa and
Daan J. Touwa,e

aDepartment of Clinical Pharmacy and Pharmacology, University Medical Center Groningen, University of Groningen, Groningen, The
Netherlands; bDepartment of Analytical Biochemistry, Groningen Research Institute of Pharmacy, University of Groningen, Groningen, The
Netherlands; cDepartment of Gastroenterology and Hepatology, University Medical Center Groningen, University of Groningen, Groningen,
The Netherlands; dDepartment of Paediatric Gastroenterology, Hepatology and Nutrition, University Medical Center Groningen, University of
Groningen, Groningen, The Netherlands; eDepartment of Pharmaceutical Analysis, Groningen Research Institute of Pharmacy, University of
Groningen, Groningen, The Netherlands

ABSTRACT
Background and aims: Amanita phalloides poisoning causes severe liver damage which may be
potentially fatal. Several treatments are available, but their effectiveness has not been systematically
evaluated. We performed a systematic review to investigate the effect of the most commonly used
therapies: N-acetylcysteine (NAC), benzylpenicillin (PEN), and silibinin (SIL) on patient outcomes. In
addition, other factors contributing to patient outcomes are identified.
Methods: We searched MEDLINE and Embase for case series and case reports that described patient
outcomes after poisoning with amanitin-containing Amanita mushrooms. We extracted clinical charac-
teristics, treatment details, and outcomes. We used the liver item from the Poisoning Severity Score
(PSS) to categorize intoxication severity.
Results: We included 131 publications describing a total of 877 unique cases. The overall survival rate
of all patients was 84%. Patients receiving only supportive care had a survival rate of 59%. The use of
SIL or PEN was associated with a 90% (OR 6.40 [3.14–13.04]) and 89% (OR 5.24 [2.87–9.56]) survival
rate, respectively. NAC/SIL combination therapy was associated with 85% survival rate (OR 3.85 [2.04,
7.25]). NAC/PEN/SIL treatment group had a survival rate of 76% (OR 2.11 [1.25, 3.57]). Due to the lim-
ited number of cases, the use of NAC alone could not be evaluated. Additional analyses in ‘proven
cases’ (amanitin detected), ‘probable cases’ (mushroom identified by mycologist), and ‘possible cases’
(neither amanitin detected nor mushroom identified) showed comparable results, but the results did
not reach statistical significance. Transplantation-free survivors had significantly lower peak values of
aspartate aminotransferase (AST), alanine aminotransferase (ALT), total serum bilirubin (TSB), and inter-
national normalized ratio (INR) compared to liver transplantation survivors and patients with fatal out-
comes. Higher peak PSS was associated with increased mortality.
Conclusion: Based on data available, no statistical differences could be observed for the effects of
NAC, PEN or SIL in proven poisonings with amanitin-containing mushrooms. However, monotherapy
with SIL or PEN and combination therapy with NAC/SIL appear to be associated with higher survival
rates compared to supportive care alone. AST, ALT, TSB, and INR values are possible predictors of
potentially fatal outcomes.

Abbreviations: ALT: alanine aminotransferase; AST: aspartate aminotransferase; BUN: blood urea nitro-
gen; Cr: serum creatinine; INR: international normalized ratio; LTx: liver transplantation; NAC: N-acetyl-
cysteine; PEN: benzylpenicillin; PSS: Poisoning Severity Score; SIL: silibinin; TSB: total serum bilirubin

ARTICLE HISTORY
Received 4 June 2021
Revised 1 June 2022
Accepted 30 June 2022

KEYWORDS
Amatoxin; N-acetylcysteine;
benzylpenicillin; silibinin;
systematic review

Introduction

Poisoning with the highly toxic amanitin-containing mush-
room has been a long-standing problem and has a wide
range of reported overall mortality with rates between 1.8%
and 22% in patients receiving either supportive care or treat-
ment [1–5]. Amanita species that contain amanitin are

hepatotoxic, and Amanita phalloides is responsible for most
of the fatal intoxications with Amanita species [6–8].

The first phase of intoxication with an amanitin-containing
mushroom is asymptomatic [7]. Approximately 6 to 8 h post-
ingestion, the second phase starts which is characterized by
gastrointestinal symptoms, such as nausea, vomiting, diar-
rhea, abdominal pain, and dehydration [9]. The third phase,
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which starts 36 to 48 h post-ingestion, is characterized by
progressive deterioration of liver function [8,10].
Hepatocellular injury causes the release of aspartate amino-
transferase (AST) and alanine aminotransferase (ALT) into the
blood circulation. Total serum bilirubin (TSB) increases due to
the disturbed bilirubin conjugation and excretion process
[11]. Concurrently, international normalized ratio (INR) is pro-
longed as the hepatocellular production of clotting factors is
disrupted [11,12]. Nephrotoxicity may occur later in the
course of the intoxication with elevated levels of serum cre-
atinine (Cr) and blood urea nitrogen (BUN) [13–15].
Depending on the severity of the intoxication, liver and renal
function may deteriorate further, leading to death if no treat-
ment is started [13].

Despite the severity and potentially fatal outcome of poi-
soning with amanitin-containing mushrooms, no standardized
treatment regimens are currently available. Devising a standar-
dized treatment is complicated, not only because controlled
studies are difficult to perform for ethical reasons, but also
due to the lack of solid and confirmed data on the mechan-
ism of action (toxicodynamics) of amatoxins [16]. Several
therapeutic regimens have been used over the years, but
none of these has a proven clear advantage over the other,
making it difficult to choose the best treatment [2,8,14]. The
three most commonly used drugs are N-acetylcysteine (NAC),
benzylpenicillin (PEN), and silibinin (SIL). They are administered
either alone or in combination [6,7,14]. In addition to these
therapies, supportive care such as fluid resuscitation and
fresh-frozen plasma are often administered [8,10,17]. Various
detoxification procedures (activated charcoal, hemodialysis,
plasmapheresis, etc.) are used either to prevent intestinal
absorption or to improve amatoxin elimination [6].

To better guide treatment choices, we performed a sys-
tematic review to investigate the effect of the most com-
monly used drugs (NAC, PEN, SIL) on patient outcomes. We
also analyzed patient outcomes separately in proven, prob-
able, and possible amanitin cases. In addition, we identified
factors contributing to the outcome of the intoxication.

Materials and methods

Search strategy

We performed a systematic review of published cases of
amanitin-containing Amanita species poisonings. The cases
were dated from 21 July 1975 to 31 July 2020, focusing on
the treatment of poisoning with an amanitin-containing
Amanita mushroom in humans.

We searched the online databases MEDLINE (through
PubMed), Embase, and Google Scholar with the keywords:
‘Amanita intoxication’, ‘Amanita poisoning’, and ‘amatoxin’ to
identify amanitin poisoning case reports and case series. We
included only amanitin-containing Amanita species were in
this study, other amanitin-containing mushrooms (Lepiota
and Galerina species) and non-hepatotoxic Amanita mush-
rooms were excluded. We checked the primary references of
the collected studies and included these if relevant.

We pooled the studies retrieved from the online data-
bases and removed the duplicates. The preliminary exclusion

encompassed removing papers with any language other
than English, Dutch, or Chinese. We included the papers with
inaccessible full-text versions if the abstracts provided suffi-
cient information that met our inclusion criteria (20 abstracts
were included, which accounts for 154 patients [18% of all
877 patients]). On the second screening, the primary investi-
gators (JLT and JS) checked the papers if inclusion criteria
were met. The secondary investigators (DT and BD) checked
the laboratory data and unit conversions. See Figure 1 for
the flowchart of the selection process.

Inclusion and exclusion criteria

We included patients who consumed amanitin-containing
Amanita mushrooms determined either by clinical evaluation
with presenting symptoms, amatoxin measurement, or iden-
tification by a mycologist. All included patients received sup-
portive care and/or therapies and had known survival
outcomes. We excluded patients with no gastrointestinal
symptoms, patients with normal liver and kidney function by
laboratory analysis, patients who were not hospitalized, and
patients with recorded history of prior liver disease (in total
two asymptomatic cases were excluded). For the analysis of
treatment outcome, patients receiving other treatments than
PEN, SIL, NAC and combinations thereof (thioctic acid, cimeti-
dine, ceftazidime and others) were excluded.

Data extraction

The primary investigators performed data extraction. The sec-
ondary investigators independently checked the extracted
data. We recorded demographic information, including patient
age (years) and gender. The patients were grouped into three
age groups: children (<18 years), adults (18–65years), and eld-
erly (>65 years). If reported, we noted the time from ingestion
to the onset of symptoms (hours), the time from ingestion to
clinical care (hours), and the length of hospital stay (days). In
the event of death, the length of hospital stay indicates the
days from ingestion to the day the patient died. We recorded
the patient outcomes as survived or died with or without
(w/o) liver transplantation (LTx).

We recorded peak clinical laboratory values related to the
liver [AST, ALT, INR, total bilirubin] and kidney [creatinine,
BUN] from reports including any of these. We defined hepato-
toxicity as an elevation in either AST, ALT, or INR values past
the normal ranges; nephrotoxicity as an elevation in either Cr
or BUN values past the normal ranges. See Supplementary
Table 1 for normal ranges and unit conversions if the labora-
tory parameters were provided in other units [18–21].

Data classification

We classified patient outcomes among four different out-
comes: ‘Survived w/o LTx’, ‘Survived with LTx’, ‘Died w/o
LTx’, and ‘Died with LTx’. We rated intoxication severity
using the liver item from the Poisoning Severity Score (PSS)
by Persson et al. using peak ALT and AST values as
described in Supplementary Table 2 [22]. For consistency,
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we only rated PSS if ALT and/or AST values of the patient
were provided, other factors such as biochemical laboratory
values (ammonia, clotting factors) or signs of liver failure
were not considered.

For the purpose of treatment outcome analysis, we classi-
fied the patients into supportive care group and treatment
groups. The patients either received only supportive care
(supportive care group), or were treated with NAC, PEN, SIL
or their combinations (treatment groups). We defined sup-
portive care as standard hospital care that is routinely given
to patients admitted to the hospital, which includes fluid
replacement, electrolyte replacement, symptomatic treatment
(antiemetics, anti-diarrheal), corticosteroids or any treatment
not specific to the treatment of amanitin poisoning, such as
activated charcoal and dialysis. We considered ‘Survived w/o
LTx’ as treatment success, whereas ‘Survived with LTx’, ‘Died

w/o LTx’, and ‘Died with LTx’ were collectively classified as
‘Treatment failure’.

We carried out additional treatment outcome analyses
with only cases that outlined detailed data of individual
patients in the papers by further subdividing the patients
into subgroups with proven, probable, and possible amanitin
poisoning. We defined ‘proven cases’ as cases with labora-
tory amanitin measurement in body fluids; ‘probable cases’
as cases in which mushroom samples were identified by a
mycologist, but without laboratory amanitin determination;
and ‘possible cases’ as cases where there were neither of
these, but the patients showed clinical symptoms that
resemble a typical amanitin poisoning. In addition, if one
person in a group met the criteria for “proven” or “probable”,
they were all classified in the same category as those who
shared the same meal and became ill.

Figure 1. Flowchart of the selection process for the case reports and case series included in this study (n indicates the number of publications). A total of
20 abstracts and 112 published manuscripts were included. The whole dataset was used for the analysis of patient characteristics and clinical laboratory
values. Subgroup analyses were performed on patients treated with NAC, PEN, SIL, or combinations in proven, probable, and possible cases.
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Statistical analysis

We performed statistical analyses using SPSS Statistics soft-
ware (version 26.0.0.1). We used descriptive statistics for the
patient characteristics, expressed as median and range. We
carried out independent samples t-tests to determine the
potential confounders for patient outcomes. We used the
Kolmogorov-Smirnov test for normality for the continuous
variables, and p> 0.05 indicates the data followed a normal
distribution. We used the Kruskal-Wallis H test and the Dunn-
Bonferroni post-hoc test to test the correlations between
patient outcomes and PSS groups, as the majority of the data
were not normally distributed. We compared the survival rates
of patients treated with different therapeutic regimens using
Logistic Regression to calculate the adjusted odds ratio (OR)
at 95% confidence interval (CI) against the supportive care
group. Using a similar method, we compared treatment
groups against each other. The differences between groups
were considered statistically significant if p< 0.05.

Results

Descriptive analysis

We included a total of 131 publications, identifying 877
unique patients (Figure 1). Table 1 summarizes the patient
characteristics and the clinical laboratory values of the
patients in this study [9,10,15,16,23–150]. An overview of the
individual cases can be found in Supplementary Table 3 and
case series in Supplementary Table 4.

The overall survival of the patients included in this ana-
lysis was 84% (739 out of 877 patients). The survival rate in
patients who underwent LTx (with or without therapy) was
75% (57 out of 76 patients), whereas patients who only
received supportive care had a treatment success rate of
59% (79 out of 133 patients). The difference in survival rate
between LTx patients and supportive care was not significant
(OR ¼ 1.28, p¼ 0.47, 95% CI [0.66, 2.46]).

The treatment analysis consisted of 752 patients that
received either supportive care only, or in addition with NAC,
PEN, SIL, or combinations of NAC, PEN and SIL. Patients
receiving supportive care consist of patients receiving only
standard hospital care (n¼ 343), activated charcoal (n¼ 203),
dialysis (n¼ 41), gastric lavage (n¼ 21), charcoal and dialysis
(n¼ 98), charcoal and gastric lavage (n¼ 14), dialysis and
gastric lavage (n¼ 11), combination of charcoal, dialysis, and
gastric lavage (n¼ 74), or other combinations of nonspecific
measures such as induced emesis and forced diuresis
(n¼ 72). Patients receiving other treatments (thioctic acid,
cimetidine, ceftazidime and others) were excluded. The clin-
ical characteristics and blood test results of included patients
can be found in Supplementary Table 5 and were compar-
able to the characteristics of the group with all patients.
Among these patients, 82% of the patients (619 out of 752
patients) received treatment in addition to supportive care.
The remaining 18% (n¼ 133) of the patients received only
supportive care. The frequencies of therapeutic regimen use
were as follows: NAC 1% (n¼ 7), PEN 21% (n¼ 156), SIL 15%

(n¼ 114), NAC/PEN 6% (n¼ 42), NAC/SIL 14% (n¼ 106), PEN/
SIL 8% (n¼ 59), and NAC/PEN/SIL 18% (n¼ 135).

The survival rate in the supportive care group was 59%
(Figure 2). The survival rate in the SIL, PEN, NAC/SIL, and
NAC/PEN/SIL treatment groups in our study was significantly

Table 1. Patient characteristics and clinical laboratory values for the complete
data set.

Patient characteristics n (%)
Median
(range)

Gender
Male 173 (20)
Female 184 (21)
Not reported 520

Age (years) 349 (40) 35 (1–89)
Not reported 528

Age group
Child 102 (12)
Adult 371 (42)
Elderly 33 (4)
Not reported 371

Time from ingestion to gastrointestinal
symptoms (hours)

359 (41) 12 (0–72)

Not reported 518
Time from ingestion to clinical care (hours) 226 (26) 26 (1–144)

Not reported 651
Length of Hospital Stay (days) 292 (33) 7 (1–93)

Not reported 585
Hepatotoxicity

Present 634 (72)
Absent 122 (14)
Not reported 121

Nephrotoxicity
Present 131 (15)
Absent 199 (23)
Not reported 547

Patient Outcome
Survived w/o LTx 682 (78)
Survived with LTx 57 (7)
Died w/o LTx 119 (14)
Died with LTx 19 (2)

Therapeutic regimen use
NAC 7 (1)
PEN 156 (18)
SIL 114 (13)
NAC/PEN 42 (5)
NAC/SIL 106 (12)
PEN/SIL 59 (7)
NAC/PEN/SIL 135 (15)
Others 125 (14)
No treatment given 133 (15)

Poisoning Severity Score
PSS0 25 (3)
PSS1 44 (5)
PSS2 71 (8)
PSS3 185 (21)
Not rated 552

Liver blood test peak values
AST (U/L) 262 (30) 2340 (12–19614)
Not reported 615
ALT (U/L) 302 (34) 2984 (40–18456)
Not reported 575
INR 264 (30) 2.50 (0.77–46.15)
Not reported 613
TSB (mg/dL) 169 (19) 5.3 (0.9–396.5)
Not reported 708

Kidney function test peak values
Cr (mmol/L) 101 (12) 232.0 (8.0–1077.0)
Not reported 776
BUN (mg/dL) 39 (4) 36.0 (5.0–274.4)
Not reported 838

ALT: alanine aminotransferase, AST: aspartate aminotransferase, BUN: blood
urea nitrogen, Cr: serum creatinine, INR: international normalized ratio, LTx:
liver transplantation, NAC: N-acetylcysteine, PEN: benzylpenicillin, PSS:
Poisoning Severity Score, SIL: silibinin, TSB: total serum bilirubin.
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higher compared to the group that received only supportive
care. The patients treated with SIL had the highest survival
rate of 90% (OR 6.40, p< 0.001, 95% CI [3.14, 13.04]). In the
patient group treated with PEN, survival was 89% (OR 5.24,
p< 0.001, 95% CI [2.87, 9.56]), while NAC/SIL treatment had
led to survival in 85% of the patients (OR 3.85, p< 0.001,
95% CI [2.04, 7.25]). When treated with the NAC/PEN/SIL
combination, 76% of the patients survived (OR 2.11, p< 0.01,
95% CI [1.25, 3.57]). Although the survival rate for the com-
bination of PEN/SIL was 68% (OR 1.44, p¼ 0.27, 95% CI [0.75,
2.75]), slightly higher than the control group, this did not
reach statistical significance. The NAC and NAC/PEN treat-
ment groups had a survival rate of 43% (OR 0.513, p¼ 0.39,
95% CI [0.11, 2.38]) and 45% (OR 0.57, p¼ 0.11, 95% CI [0.28,
1.14]), respectively, which was not significantly different from
the supportive care group. Table 2 (Part 1) shows the statis-
tical comparison of survival rates between the different treat-
ment groups in all patients. We observed no significant
differences between SIL, PEN, and NAC/SIL treatment groups.
The survival rates of SIL monotherapy and PEN monotherapy
were significantly higher than the remaining treatment
groups. NAC/PEN combination therapy in particular, had a
significantly lower survival rate compared to all treatment
groups except the control group and NAC monotherapy.

Figure 2. Survival outcomes of different therapeutic regimens in 752 patients
treated with selected therapeutic regimens. The percentage of patients for the
patient group that survived without liver transplantation (white) and patients
with treatment failure (grey). Supportive care (Control, n¼ 133), silibinin (SIL,
n¼ 114), benzylpenicillin (PEN, n¼ 156), N-acetylcysteine/silibinin (NAC/SIL,
n¼ 106), N-acetylcysteine/benzylpenicillin/silibinin (NAC/PEN/SIL, n¼ 135), ben-
zylpenicillin/silibinin (PEN/SIL, n¼ 59), N-acetylcysteine/benzylpenicillin (NAC/
PEN, n¼ 42), N-acetylcysteine (NAC, n¼ 7). �p< 0.05, ��p< 0.01 and���p< 0.001 compared to the supportive care group.

Table 2. Logistic regression of survival rates in rows (in Odds Ratio, bolded cell indicates significant comparison) relative to the different treatment groups in
columns for all cases (n¼ 752), proven cases (n¼ 67), probable cases (n¼ 48), and possible cases (n¼ 189). No adjustments were made for multiple
comparisons.

Supportive care NAC PEN SIL NAC/PEN NAC/SIL PEN/SIL

PART 1: ALL CASES (n5 752)
Supportive care
NAC OR ¼ 0.51
PEN OR5 5.24*** OR5 10.22**

SIL OR5 6.40*** OR5 12.49** OR ¼ 1.22
NAC/PEN OR ¼ 0.57 OR ¼ 1.10 OR5 0.11*** OR5 0.09***

NAC/SIL OR5 3.85*** OR5 7.50* OR ¼ 0.73 OR ¼ 0.60 OR5 6.81***

PEN/SIL OR ¼ 1.44 OR ¼ 2.81 OR5 0.28** OR5 0.23*** OR5 2.55* OR5 0.37*

NAC/PEN/SIL OR5 2.11** OR ¼ 4.12 OR5 0.40** OR5 0.33** OR5 3.74*** OR ¼ 0.55 OR ¼ 1.47
PART 2: PROVEN CASES (n5 67)

Supportive care
NAC N/A
PEN OR ¼ 6.12 N/A
SIL N/A N/A N/A
NAC/PEN OR ¼ 0.77 N/A OR ¼ 0.13 N/A
NAC/SIL N/A OR5 5.13*** N/A N/A N/A
PEN/SIL OR ¼ 5.35 N/A OR ¼ 0.88 N/A N/A N/A
NAC/PEN/SIL OR ¼ 2.29 N/A OR ¼ 0.38 N/A OR ¼ 3.00 N/A OR ¼ 0.43

PART 3: PROBABLE CASES (n5 48)
Supportive care
NAC N/A
PEN N/A N/A
SIL OR ¼ 3.06 N/A N/A
NAC/PEN OR ¼ 0.61 N/A N/A OR ¼ 0.20
NAC/SIL OR ¼ 0.61 N/A N/A OR ¼ 0.20 OR ¼ 1.00
PEN/SIL N/A N/A N/A N/A N/A N/A
NAC/PEN/SIL OR ¼ 1.83 N/A N/A OR ¼ 0.60 OR ¼ 3.00 OR ¼ 3.00 N/A

PART 4: POSSIBLE CASES (n5 189)
Supportive care
NAC OR ¼ 0.53
PEN OR ¼ 1.81 OR ¼ 3.43
SIL OR ¼ 0.89 OR ¼ 1.69 OR ¼ 0.49
NAC/PEN OR ¼ 0.72 OR ¼ 1.36 OR ¼ 0.40 OR ¼ 0.81
NAC/SIL OR5 3.17* OR ¼ 6.00 OR ¼ 1.75 OR5 3.56* OR5 4.40**

PEN/SIL OR ¼ 2.26 OR ¼ 4.29 OR ¼ 1.25 OR ¼ 2.54 OR ¼ 3.14 OR ¼ 0.71
NAC/PEN/SIL OR ¼ 1.58 OR ¼ 3.00 OR ¼ 0.88 OR ¼ 1.78 OR ¼ 2.20 OR ¼ 0.50 OR ¼ 0.70

NAC: N-acetylcysteine, OR: Odds Ratio, PEN: benzylpenicillin, SIL: silibinin, �p< 0.05, ��p< 0.01, and ���p< 0.001.
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Subgroup analysis: treatment outcomes in patients
treated with selected therapeutic regimens

For this subgroup analysis of treatment outcome, only cases
that outlined detailed data of individual patients in the
papers were included. In total 304 cases were identified.
These cases were further divided into three case subgroups:
‘Proven cases’ (laboratory proof of amanitin), ‘Probable cases’
(mushroom visually identified by a mycologist), and ‘Possible
cases’ (clinical symptoms after eating suspected meal). The
patient characteristics and clinical laboratory values of these
case groups can be found in Supplementary Table 6
for comparison.

The distribution of patient survival in these subgroups is
illustrated in Figure 3. The survival rate of proven cases was
78%, slightly higher than probable cases (71%), but compar-
able to possible cases (78%). The differences in patient out-
comes between these case groups were not statistically
significant. The results of the outcome analysis can be found
in Figure 4(A–D). The results of Logistic Regression (in Odds
Ratio) that compares different therapeutic regimens can be
found in Table 2 (Part 2–4).

Figure 4 shows treatment outcomes of proven cases
(Figure 4(A)), probable cases (Figure 4(B)), and possible cases
(Figure 4(C)). Due to a low number of cases, only a limited
number of comparisons were statistically significant, but a
similar trend was observed for the overall group (Figure 2).
Only for the combination of NAC/SIL a significant increase in
survival rate was observed (of 80%, OR 3.17, p< 0.05, 95% CI
[1.14, 8.82]) for the possible cases subgroup. Surprisingly, no
effects were observed for combination therapies in the prob-
able subgroup analysis, whereas in the possible subgroup
both the effect of SIL and PEN appear to be less effective as
observed in the overall group.

In a subgroup analysis of patients with the most severe
intoxications, patients with a PSS score of 3 appeared to
have a worse outcome in general, as expected (Figure 4(D)).

Although the data were not significant due to the low num-
ber of samples, PEN, NAC/SIL, and PEN/SIL appeared to
improve outcomes in PSS3 patients. Also, in this analysis
NAC and NAC/PEN appeared to not improve outcomes.

Correlating patient characteristics and clinical
laboratory values with patient outcomes

Patient characteristics and their blood test results in different
outcome groups were analyzed and compared. The data can
be found in Supplementary Table 7.

Hepatotoxicity was reported in 72% (n¼ 634) of the
patients. Figure 5 shows the liver clinical laboratory values of
the outcome groups. Kruskal-Wallis test showed significant
differences in AST [v2(3)¼ 34.88, p< 0.001], ALT
[v2(3)¼ 46.68, p< 0.001], INR [v2(3)¼95.52, p< 0.001], and
TSB [v2(3)¼ 20.02, p< 0.001] values among different patient
outcomes. Pairwise comparisons using Dunn-Bonferroni post-
hoc test indicated that peak AST and ALT values of the
group ‘Survived without LTx’ were significantly lower com-
pared to group ‘Survived with LTx’ (p< 0.001) and group
‘Died w/o LTx’ (p< 0.001). The INR value of the group
‘Survived w/o LTx’ was significantly lower compared to all
other groups (p< 0.001 compared to ‘Survived with LTx’;
p< 0.001 compared to ‘Died w/o LTx’; P0.05 compared to
‘Died with LTx’). The patients who died without LTx had a
higher peak TSB than other outcome groups, with a signifi-
cant difference compared to the group ‘Survived w/o
LTx’ (p< 0.001).

Nephrotoxicity was reported in a relatively low percentage
of the patients (15%, n¼ 131). In the rest of cases, either no
nephrotoxicity was observed (23%, n¼ 199) or no kidney
function test results were reported (62%, n¼ 547).
Nephrotoxicity was reported in 41% (n¼ 54) of the patients
with fatal outcomes, about five times more prevalent than
the patients who survived [8%, p< 0.001, 95% CI (0.365,
0.605)]. The peak Cr values were significantly different
among outcome groups [v2(3)¼8.74, p< 0.05], with a signifi-
cant pairwise comparison between group ‘Survived with LTx’
and group ‘Died w/o LTx’ (p< 0.05). There were no signifi-
cant differences in the peak BUN values between all out-
come groups [v2(2)¼1.71, p¼ 0.43].

The age of patients among the outcome groups were sig-
nificantly different [v2(3)¼12.54, p< 0.01]. The 32 patients
that survived with LTx were the youngest group (median
age of 21). These differences were significant compared to
the groups ‘Survived w/o LTx’ (median ¼ 36, p< 0.05) and
‘Died w/o LTx’ (median ¼ 37, p< 0.01).

Patient characteristics and clinical laboratory values in
PSS groups

Intoxication severity was grouped based on liver PSS score
as well. Based on hepatic enzyme values reported the PSS
score could be calculated for 325 patients, for the remaining
552 patients, hepatic enzyme values were not reported. The
patient characteristics and clinical laboratory values of the
patients for which the PSS score could be calculated are

Figure 3. The distribution of survival outcomes in the subgroup treated with
selected therapeutic regimens in all cases (n¼ 752), proven (n¼ 67), probable
(n¼ 48), and possible cases (n¼ 189). White: patients that survived without
liver transplantation (LTx), light grey: patients that survived with LTx, dark grey:
patients that died without LTx, black: patients that died with LTx.
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summarized in Supplementary Table 8. Between the PSS
groups, there were no significant differences in age, onset of
gastrointestinal symptoms, and length of hospital
stay (p> 0.05).

In terms of patient outcome, survival rates were 100% in
the PSS0 (25 patients) and PSS1 groups (44 patients), 90%
(64 out of 71 patients) in the PSS2 group, and 70% (130 out
of 185 patients) in the PSS3 group (Figure 6). In line with the
expectations from the PSS score, peak AST, ALT, and INR val-
ues simultaneously increase with the PSS score
(Supplementary Figures 1(A–C)). Peak AST, ALT, and INR

values of patients with a PSS score of 3 were significantly
higher than all other PSS groups (p< 0.001). The pairwise
comparisons between PSS0 and PSS2 were also significant in
AST (p< 0.01), ALT (p< 0.05), and INR (p< 0.05). TSB values
were significantly different between PSS2 and PSS3 (p< 0.05,
Supplementary Figure 1(D)).

The occurrence of nephrotoxicity increased with PSS scor-
ing, but there was no correlation between the degree of
nephrotoxicity and PSS rating. The Cr and BUN values were
not significantly different across PSS groups [v2(3)¼ 3.05,
p¼ 0.39 and v2(3)¼ 3.21, p¼ 0.36].

Figure 4. The effects of different therapeutic regimens on patient outcomes. The percentage of patients for the patient group that survived without liver trans-
plantation (white) and patients with treatment failure (grey). (A) Survival outcomes in proven cases (determined amanitin concentration) treated with different
therapeutic regimens (total n¼ 67). Supportive care (control, n¼ 19), SIL (n¼ 1), PEN (n¼ 126), NAC/SIL (n¼ 49), NAC/PEN/SIL (n¼ 8), PEN/SIL (n¼ 13), NAC/PEN
(n¼ 1), and NAC (n¼ 0). (B) Survival outcomes in probable cases (identified by mycologist, but no amanitin determination) treated with different therapeutic regi-
mens (total n¼ 48). Supportive care (n¼ 67), SIL (n¼ 6), PEN (n¼ 7), NAC/SIL (n¼ 3), NAC/PEN/SIL (n¼ 4), PEN/SIL (n¼ 8), NAC/PEN (n¼ 4), and NAC (n¼ 3). (C)
Survival outcomes in possible cases (clinical symptoms presentation without mycologist identification or amanitin determination) treated with different therapeutic
regimens (total n¼ 189). Supportive care (n¼ 47), SIL (n¼ 107), PEN (n¼ 23), NAC/SIL (n¼ 54), NAC/PEN/SIL (n¼ 123), PEN/SIL (n¼ 38), NAC/PEN (n¼ 37), and
NAC (n¼ 4). (D) Survival outcomes of the different therapeutic regimens in the patients with severe intoxication (total n¼ 160). Supportive care (n¼ 53), SIL
(n¼ 17), PEN (n¼ 22), NAC/SIL (n¼ 19), NAC/PEN/SIL (n¼ 14), PEN/SIL (n¼ 14), NAC/PEN (n¼ 17), and NAC (n¼ 4). �p< 0.05, ��p< 0.01 and ���p< 0.001 com-
pared to the supportive care group.
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Potential confounders

Various potential confounders (age, gastrointestinal onset,
and time to clinical care) were tested for their impact on sur-
vival rate (Supplementary Table 9) and treatment success
rate of the therapies (Supplementary Table 10).

The time from ingestion to receiving hospital care was
tested to be a potential confounder for survival rate without
LTx (p< 0.05, 95% CI [-18.80, �0.63]). This variable was fur-
ther tested in treatment groups, and the differences were
significant in NAC/SIL (t¼ 23.8 h, p< 0.01, 95% CI [8.32,
30.90]) compared to the supportive care group (t¼ 43.4 h).

The survival rates in different age groups were examined,
children (<18 years) and elderly (>65 years) were comparable
(76% and 70% respectively), and 84% in adults. Additionally,
to rule out the possibility of improved hospital care over the
years as a potential confounder, we compared the survival
rates for every decade (1981–1990 [87%], 1991–2000 [73%],

2001–2010 [88%], and 2011–2020 [83%]). There was no cor-
relation found between outcome and average survival rate
per decade.

None of the other tested variables were potential con-
founders for survival rate and treatment survival rate of the
therapies in this study (p> 0.05).

Discussion

No statistically significant differences were observed between
the different treatment groups when only cases with a pro-
ven amanitin ingestion were analyzed. Based on the analysis
of all Amanita cases, however, we found that SIL or PEN
monotherapy and NAC/SIL combination therapy appear to
be associated with the best outcomes for patients. Hepatic
enzymes appear to be essential predictors for patient out-
comes. Supportive care alone was not sufficient, and the use

Figure 5. The peak values of liver clinical laboratory values in 877 patients that survived without liver transplantation (LTx), patients that survived with LTx,
patients that died without LTx and that died with LTx. (A) aspartate aminotransferase (AST), (B) alanine aminotransferase (ALT), (C) total serum bilirubin (TSB), and
(D) international normalized ratio (INR). �p< 0.05, ��p< 0.01, and ���p< 0.001 compared to patients that survived without LTx.
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of most therapies (except NAC and NAC/PEN) improved
patient outcomes. The regular use of the combination of
NAC/PEN/SIL in patients may need to be reevaluated, as
combination regimens in our analysis did not provide add-
itional benefits compared to monotherapy.

The overall survival rate of intoxications with amanitin-
containing mushrooms in our study is 84%, similar as
reported by Schenk-Jaeger et al. (84.4%) [3], but lower com-
pared to Ganzert et al. (88.4%) [151], De Olano et al. (91.2%)
[5], and Giannini et al. (98.2%) [23]. This could be due to the
inclusion of only amanitin-containing Amanita mushrooms in
our study, whereas the other papers included all amanitin-
containing mushrooms (Amanita, Galerina, and Lepiota spe-
cies). The review paper from Escudi�e et al. may be the clos-
est comparison, with a slightly lower survival rate of 78%
since only cases with the highly toxic Amanita phalloides
were included [2]. The supportive care group in our study,
receiving only supportive care, had a low survival rate of
59%, which is comparable to Enjalbert et al. (52.7%) [14].
While there are possibilities of the lack of therapy usage in
older publications, our data showed that the papers that
used only supportive care ranged from 1982 to 2018, with
no noticeable difference in the trend of survival rates per
decade. In our study, time from ingestion to receiving hos-
pital care was tested as a potential confounder for survival
rate without LTx, since a longer waiting time to receive clin-
ical care may result in a lower survival rate. Time from inges-
tion to receiving hospital care was significantly longer in the
supportive care groups compared to the NAC/SIL group. This
might have contributed to the lower survival rate in the sup-
portive care group.

Several molecular mechanisms may be involved in ama-
toxin toxicity. One of the well-known mechanisms is the
interaction of amatoxins with the RNA polymerase II enzyme.
After gastrointestinal absorption, amatoxin is taken up by
hepatocytes via organic anion-transporting octapeptide
transporters [152]. Intracellularly, amatoxins bind to the RNA

polymerase II enzyme, inhibiting messenger RNA production,
eventually causing cell death [8,152,153]. Other possible
mechanisms include the induction of apoptosis via p53- and
caspase-3-dependent pathways, tumor necrosis factor-a
upregulation in liver cells, and induction of oxidative stress
[8,154]. In theory, the commonly used therapies PEN, SIL,
and NAC treat intoxications with amanitin-containing mush-
rooms by tackling one of the aforementioned mechanisms
[8,14,17,152,153,155–157].

PEN is a b-lactam antibiotic widely used in intoxications
with amanitin-containing mushrooms [8]. In vitro, it is an
inhibitor of the human hepatocyte organic anion-transport-
ing octapeptide transporter, thus preventing the uptake of
amatoxins by hepatocytes [152]. It also exhibits weak antioxi-
dant properties in vitro and reduces the expression of apop-
totic markers [17,157]. Among the investigated therapeutic
regimens, PEN monotherapy was associated with a survival
rate of 89% in both overall and proven cases, and 100% in
probable amanitin cases, although the subgroup analyses
did not reach statistical significance. Previous studies have
reported positive results with PEN treatment. In a retrospect-
ive analysis of 2108 intoxication cases with various amanitin-
containing mushrooms, Enjalbert et al. found that PEN
monotherapy yielded a mortality rate of approximately
11.4% in reported cases [14]. Another clinical study showed
a complete recovery of all 109 patients after receiving PEN
treatment, except for two patients who died after late admis-
sion to the hospital [23]. While there are concerns on the
possible high sodium exposure and increased risk of adverse
effects due to the required high dose to achieve its thera-
peutic effects, there are no studies reporting hypernatremia
in patients treated with PEN [6].

SIL is a flavonolignan isolated from the milk thistle
(Silybum marianum) extract used to treat various liver dis-
eases [158]. Like PEN, SIL inhibits organic anion-transporting
octapeptide transporters in human hepatocytes
[152,153,155]. In vitro data have suggested that SIL is a more
potent and non-competitive inhibitor of the organic anion-
transporting octapeptide transporter (IC50¼ 0.4mM) com-
pared to PEN (IC50¼ 25 mM), which could explain the higher
dose requirement of PEN [152]. In addition, SIL is proposed
to be able to scavenge free radicals, inhibit lipid peroxida-
tion, and protect glutathione from oxidation by amatoxins
[153,156]. Also, SIL significantly attenuates apoptotic activity
in vivo [155]. SIL stimulates RNA polymerase I activity to
increase ribosomal protein synthesis, which may compensate
for the loss in RNA polymerase II activity [155,156]. In the
overall analysis, SIL monotherapy appears to be associated
with a survival rate of 90% in reported cases. Unfortunately,
the number of proven cases using SIL in our study was too
low to be analyzed statistically. However, it showed positive
results in this group and the probable subgroup. In the pos-
sible subgroup, however, no statistical effect of SIL was
observed. The positive effect in the overall groups is in
agreement with studies that reported positive effects of this
therapy compared to supportive treatment [14,159,160].
Conversely, a recent study by De Olano et al. on suspected
cyclopeptide mushroom poisoning reported no improvement

Figure 6. The relationship between patient outcome and PSS scores. White:
patients that survived without liver transplantation (LTx), light grey: patients
that survived with LTx, dark grey: patients that died without LTx, black: patients
that died with LTx.
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in SIL-treated patients (90.5% survival rate) compared to sup-
portive care patients (91.5%) [5]. The survival rate of the sup-
portive care group from this study is vastly different from
ours, which could be due to the regional difference in hos-
pital care and treatment protocols. In addition to that, SIL is
less easily available in the US which may directly or indirectly
impact treatment outcome compared to Europe, where SIL is
readily available as the drug of choice for mushroom poison-
ing. All things considered, SIL could be a potential amanitin
treatment choice, but more evidence is required.

NAC is a hepatoprotective agent used as an antidote for
acetaminophen poisoning [161]. It acts as a precursor to
replenish the intracellular glutathione content in the
liver, while it also scavenges free radicals generated due to
oxidative stress [8,14]. NAC may improve liver blood flow by
vasodilation in vivo and decreases inflammation via indirect
NF-jB inhibition [153,162,163]. We identified seven cases
using NAC monotherapy, and four of these cases resulted in
treatment failure. Unfortunately, it is not possible to evaluate
NAC monotherapy as a treatment choice. Similarly,
Trakulsrichai et al. reported seven cases of NAC treatment
that resulted in four deaths [24]. On the other hand, two
papers that studied both Amanita and non-Amanita amanitin
poisoning reported a reduction in mortality rate compared
to control when NAC was used (from 10.7% to 6.7%)
[14,164]. Recently, a systematic review by Liu et al. showed
that NAC is beneficial for poisoning with amanitin-containing
mushrooms. However, this study was not limited to only
NAC monotherapy and several combination therapies were
included as well [1]. Nevertheless, the evidence of NAC
monotherapy in treating poisoning with amanitin-containing
mushrooms remains limited [165].

Some combined therapeutic regimens generally showed
additional beneficial effects in our study. NAC/SIL combin-
ation therapy achieved significant results in the overall group
and possible cases. Although NAC/PEN/SIL combination ther-
apy resulted in a significant benefit in the overall cases, this
combination was not significantly different from the support-
ive care group in the other subgroups. Additionally, no bene-
ficial effects were found when patients were treated with
NAC/PEN and PEN/SIL combination therapies. When combin-
ing all three drugs (NAC/PEN/SIL), the survival rate was 76%
of overall cases, which is significantly less favorable than SIL
or PEN monotherapies in the overall group. A similar trend
was observed for the subgroup with proven cases. These dif-
ferences cannot be explained by the severity of the intoxica-
tions as the numbers of severely intoxicated patients (PSS3)
were comparable between these groups.

Contradictory to our results, other studies have reported
favorable results for the use of combination therapy in ama-
nitin poisoning, including NAC/PEN and PEN/SIL combination
therapies. A retrospective study showed that the combin-
ation of NAC/PEN performed better than supportive care
with an 8.2% mortality rate [14]. According to their results,
PEN/SIL had a 6.0% mortality rate, statistically significant
compared to PEN (11.0%) [14]. Another retrospective cohort
study also reported a beneficial effect of NAC/PEN combin-
ation therapy, although their study only had a small sample

size of 55 [24]. However, it is important to point out that
these studies with positive results included both Amanita
and non-Amanita amanitin-containing mushrooms, which
may have vastly different amatoxin compositions. In general,
combination therapy appeared not to provide a clear add-
itional benefit compared to monotherapy in our study.

Liver PSS rating increases with the mortality rate of the
patients, meaning the peak ALT and AST values could predict
patient outcome. On a related note, peak INR values of the
patients that survived without LTx were significantly lower
than other outcome groups, which is in agreement with the
Model for End-Stage Liver Disease (MELD) criteria used to
estimate mortality and allocate donor livers [166]. Indeed,
several other studies have also reported ALT, AST, TSB, and
INR as potential prognostic markers for outcome in poison-
ings with amanitin-containing mushrooms [23,24,167,168].
Our results also showed significantly higher TSB value in the
patients with fatal outcomes, but only when the LTx cases
were excluded.

The survival rates of patients receiving LTx were not sig-
nificantly different from the patients that received supportive
care. The comparison could be biased as the LTx patients
were most likely in life-threatening situations, whereas the
patients in the supportive care group likely had milder condi-
tions. If we looked at PSS3 patients, the differences were
also not significant (p¼ 0.09, OR ¼ 2.24, 95% CI [0.88, 5.74]).
Alas, the number of LTx cases were not enough and the
results generated from these data were limited in our study.

Nephrotoxicity was reported in about 15% of the patients,
about eight times more prevalent than reported by Vesconi
et al., where one out of 53 patients developed renal failure
[16]. Amatoxins were reported to cause either direct injury in
renal tubules during renal excretion or indirect effects of
hepatorenal syndrome in cases of late-onset renal toxicity
[25,169]. In our study, nephrotoxicity was five times more
likely to be reported in patients with fatal outcomes. Despite
a study reporting significantly higher Cr values in patients
with fatal outcomes, no significant differences were found in
our study, possibly due to the lack of reported kidney func-
tion test results [24,151].

Limitations

The main limitation of this study is that only published case
reports and detailed case series were included, probably
leading to bias. There may be publication bias where papers
that presented statistically significant results are more likely
to be accepted for publication. Case reports often focus on
notable or severe cases depending on the direction or goal
of the report. Cases with supportive care may favor more ser-
ious or fatal cases, whereas cases with treatment may have a
bias towards reporting cases with positive outcomes. This is
a common problem in medical research that could lead to
overestimation of treatment effects or exaggeration of the
negative effects of supportive care [170].

Secondly, data inaccuracy is highly possible, especially on
missing or unreported data. It is impossible to confirm
whether the unreported values were within the normal range
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or not [171]. This is especially true for the papers reported in
the 1970–1980s, where data are likely no longer available for
request. In addition, a total of 304 papers in foreign lan-
guages and all amanitin-containing non-Amanita mushrooms
(Lepiota and Galerina) were excluded, further limiting the
available cases for our analysis.

Furthermore, our study does not account for the detoxifi-
cation procedures such as activated charcoal and dialysis as
a potential confounder [6]. These procedures may have con-
tributed to the patient outcome and produced false-positive
results as positive outcomes are reported in patients treated
by detoxification procedures [14,26,27].

In addition, clinical laboratory values were recorded in
peak values observed during hospital admission, hence
the true peak values may have been missed in cases of
late admissions. In the context of kidney function test, the
peak values were likely inclusive of BUN and Cr elevation
early in the course due to gastrointestinal fluid loss from
vomiting and diarrhea, instead of only amanitin-induced
nephrotoxicity.

In a clinical setting, treatment is often initiated before a
positive confirmation of amanitin ingestion by laboratory
analysis is made, which could be one of the limitations of
our study. This is evident in our study where possible cases
are the majority. There was only 29% of cases with labora-
tory proof of amanitin and 14% with mushroom samples
visually identified by mycologists. On a related note, labora-
tory data of the patients were limited, adding to the chal-
lenge of rating PSS, where the scarce amount of data could
skew the relationship between PSS score and patient out-
come. Additionally, the quantities of mushrooms consumed
were underreported (only in 13% or 116 out of 877 cases,
data not shown). The number of mushrooms ingested could
be an important prognostic indicator and a potential con-
founder that influences treatment outcomes [28–30].

Another limitation and also a common challenge of this
study is that the mechanisms of actions of the therapies are
not entirely clear, as well as the interactions between treat-
ment regimens. An example of this knowledge gap is the
significant difference in survival rate between combining
NAC/PEN and NAC/SIL as is found in our study. Further
understanding of the mechanisms will aid greatly in the
selection of treatment choices for amanitin poisoning.

Lastly, while it will be interesting to determine the effect-
iveness of the therapies based on the time delay from mush-
room ingestion to treatment administration, this information
is unfortunately not readily available in most case reports.
Although not a focus of this study, the changes in the clin-
ical laboratory values before and after treatment may also
give more insights into the clinical effectiveness of
the therapies.

Conclusions

In this systematic review, no statistical differences between
different treatment regimens were observed when only those
cases with proven ingestion of amanitin-containing mush-
rooms were analyzed. However, SIL or PEN monotherapy,

and NAC/SIL combination therapy showed positive results in
improving patient outcome compared to the supportive care
group in treatment of all Amanita cases. When taken in
aggregate these treatments had statistically significant better
survival rates compared with supportive care alone.

Although NAC was widely used in various therapeutic reg-
imens, there were not enough NAC monotherapy cases to
evaluate its effectiveness in treating poisoning with amani-
tin-containing mushrooms. In line, NAC/PEN and PEN/SIL
combination therapies did not show significant improvement
in survival compared to the supportive care group.

Liver markers blood tests in patients intoxicated with
amanitin-containing mushrooms are essential to monitor and
predict patient outcomes. Peak ALT, AST, INR, and TSB values
are more elevated in patients with fatal outcomes, making
them possible prognostic markers for survival outcomes after
poisoning with an amanitin-containing mushroom.
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