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ABSTRACT

ARTICLE HISTORY

Introduction: Benzylpenicillin has long been included in treatment protocols for amatoxin
poisoning based on experimental evidence suggesting inhibition of hepatocellular amatoxin
uptake via OATP1B3. However, no human pharmacokinetic data have confirmed whether
therapeutic regimens achieve serum concentrations sufficient to inhibit this transporter in vivo.
Methods: We retrospectively analyzed serum benzylpenicillin concentrations in 16 patients with
confirmed amatoxin poisoning treated at the Florence Poison Control Center between 2020 and
2024. All patients received continuous intravenous benzylpenicillin infusion (500,0001U/kg/day for
48h, followed by 250,0001U/kg/day for 48h) as part of a standardized multimodal protocol. Serum
samples (n=44) were collected during routine care and analyzed using LC-MS/MS. Concentrations
were expressed in micromolar (UM) and compared with the reported OATP1B3 inhibitory
concentration (IC;, = 25uM).

Results: During the first 48h, all serum samples exceeded the ICy, threshold, with mean
concentrations of 265+87uM at 24h and 241+74uM at 48h. Across all samples, the median
concentration was 176 uM (range 45-430 uM), and 93% exceeded 25 pM. Following dose reduction,
mean concentrations declined but remained above the IC;, in 66% of samples. No adverse events
attributable to benzylpenicillin were observed, and all patients survived to discharge without liver
transplantation.

Discussion: Although benzylpenicillin's clinical efficacy has yielded conflicting results across
retrospective series, variability in dosing regimens and timing likely accounts for much of this
inconsistency. The present findings demonstrate that continuous infusion maintains
pharmacologically relevant exposure throughout the critical window of amatoxin hepatocellular
uptake, supporting target engagement in vivo. The reduced-dose regimen sustained inhibitory
concentrations in most samples, suggesting dose optimization is feasible without compromising
pharmacological activity.

Conclusion: Continuous intravenous infusion of benzylpenicillin achieves serum concentrations
exceeding the in vitro OATP1B3 inhibitory threshold in patients with amatoxin poisoning, providing
human pharmacokinetic support for its proposed antidotal mechanism and its continued inclusion
in multimodal treatment protocols.
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Introduction

Amatoxin-containing mushrooms, Amanita phalloides,
Lepiota brunneoincarnata and Galerina marginata, are
responsible for the majority of fatal mushroom poison-
ings worldwide [1,2]. Amatoxin-related cyclopeptides
selectively inhibit RNA polymerase Il, disrupting mRNA
synthesis and causing hepatocellular  necrosis,

apoptosis, and oxidative stress [3,4]. The clinical course
is characterized by a latency period followed by gas-
trointestinal symptoms, hepatic dysfunction,
potentially acute liver failure with high mortality rates
[5,6]. Despite decades of clinical experience, the opti-
mal strategy for

and

therapeutic amatoxin poisoning

remains debated.
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Several antidotal/supportive therapies have been
investigated: silibinin, acetylcysteine (NAC), and ben-
zylpenicillin (penicillin G), which was introduced in the
1950-60s based on experimental evidence suggesting
a protective effect on hepatocytes and interference
with amatoxin uptake [7,8]. The hypothesized mecha-
nism involves competitive inhibition of the organic
anion-transporting polypeptide OATP1B3, that medi-
ates the hepatic uptake of a-amanitin [9]. In vitro data
also suggest antioxidant properties and membrane
stabilization effects [10,11].

However, despite widespread historical use and
reported clinical success [12], the efficacy of benzyl-
penicillin remains debated. Retrospective studies and
case series have yielded conflicting results, some sug-
gesting improved survival while others found no sig-
nificant benefit compared with silibinin or NAC. A
comparative clinical study by Ganzert et al. evaluating
a relatively large cohort of patients with amatoxin poi-
soning found no clear additional benefit of combining
benzylpenicillin with silibinin compared to silibinin
alone, further highlighting the ongoing uncertainty
regarding the clinical role of benzylpenicillin [3,4,13,14].
Systematic reviews and comparative analyses generally
favor silibinin as the most effective antidote, with a
mechanism of action comparable to that of benzyl-
penicillin, largely because of its better tolerability.
Several international guidelines currently recommend
its use as first-line therapy where available [4,15].

Within this framework, benzylpenicillin has persisted
mainly on pharmacological plausibility rather than
proven clinical superiority. It remains a mechanistically
justified and potentially complementary component of
combination therapy, whose role may have been lim-
ited more by the lack of in vivo pharmacokinetic data
than by evidence of inefficacy. Letschert et al. [9]
demonstrated that a-amanitin uptake into hepatocytes
is mediated by the OATP1B3 transporter, using trans-
fected cell models expressing human OATP isoforms.
Importantly, this study showed that several com-
pounds, including benzylpenicillin, can inhibit this
transporter and reduce intracellular toxin uptake, pro-
viding a mechanistic basis for their potential antidotal
effect. Authors reported an in vitro IC,, of ~25uM for
benzylpenicillin  on  OATP1B3-mediated amatoxin
uptake, but whether standard dosing achieves compa-
rable systemic exposure remains unclear. However, this
estimate is derived from a single in vitro model and
should be interpreted cautiously, as comparable IC;,
data for benzylpenicillin in this context are limited.
Given its extensive tissue penetration and close serum-
extravascular correlation, circulating levels can reason-
ably be considered a surrogate of tissue exposure [9].

On this basis, it can be inferred that sustained serum
concentrations above the in vitro inhibitory threshold
are likely to translate into effective hepatic exposure
during continuous infusion. Yet no human studies to
date have confirmed that therapeutic regimens of
benzylpenicillin achieve serum concentrations within
or above this inhibitory range. This absence of in vivo
pharmacokinetic evidence represents a critical gap,
especially considering the high doses (up to
1,000,0001U/kg/day i.v. continuous infusion) adminis-
tered in clinical protocols [3,11,12,16-18].

The Florence poison control center (PCC) has exten-
sive experience in the management of amatoxin poi-
soning. Over a 15-year period, the authors’ research
group analyzed 105 confirmed cases and identified
key prognostic and therapeutic patterns [12]. On this
basis, the current protocol includes continuous intrave-
nous benzylpenicillin at a reduced dosage (500,0001U/
kg/day for 48h, followed by 250,0001U/kg/day).
However, it remains unclear whether this regimen
achieves plasma concentrations sufficient for OATP1B3
inhibition. Data from veterinary models indicate rapid
equilibration between serum and tissue concentra-
tions, suggesting that circulating levels may serve as a
surrogate for hepatic exposure [19]. Accordingly,
assessing in vivo serum concentrations in humans is
essential to determine the pharmacological plausibility
of penicillin's proposed antidotal mechanism.

The present study aimed to evaluate the pharmaco-
kinetics of intravenous benzylpenicillin in patients
treated for amatoxin poisoning, and to determine
whether achieved serum concentrations exceed the in
vitro inhibitory threshold for OATP1B3, validating the
pharmacological basis for penicillin use in clinical prac-
tice and supporting evidence-based revision of the
current treatment protocols for amanitin poisoning.

Methods
Study design and treatment protocol

This retrospective, non-interventional study did not
involve prospective recruitment; analyses were per-
formed on biological samples collected during routine
clinical care. It was conducted at the Florence PCC,
in collaboration with the Clinical Toxicology and
Anti-Doping Laboratory of the Local Health Authority.
Inclusion criteria were: (1) clinical presentation consis-
tent with amatoxin poisoning (gastrointestinal symp-
toms after >6h latency) and (2) laboratory confirmation
of urinary amatoxins (>10ug/L). Urinary a-amanitin
was measured using the Amanitin ELISA kit (Blihlmann
Laboratories AG, Switzerland) on the Personal Lab



system (Adaltis S.rl, Italy) at the Careggi University
Hospital General Laboratory. All cases had positive
amanitinuria, with mycological confirmation when
available. All patients were managed according to the
Florence PCC therapeutic protocol for amatoxin poi-
soning, which includes:

+  Multiple-dose activated charcoal (MDAC)

«  Aggressive intravenous rehydration: administra-
tion of Ringer’s lactate solution at 20mL/kg/h
for the first two hours, followed by mainte-
nance hydration titrated to a urinary output of
at least 1.5-3mL/kg/h;

+  Methylprednisolone: 40mg/day orally;

«  Proton pump inhibitors: intravenous pantopra-

zole 40 mg/day;
NAC (300 mg/kg/day): diluted in 500mL of 5%
dextrose solution, administered as a continuous
24-hour intravenous infusion, maintained for at
least 4 days or until clinical and biochemical
resolution;

«  Continuous
benzylpenicillin.

intravenous infusion of

Benzylpenicillin was administered at a dosage of
500,0001U/kg/day for the first 48h, followed by
250,0001U/kg/day for the following 48h This dosage
protocol, lower than that described by Giannini et al.
[12] was introduced in 2020 to minimize drug load
while maintaining pharmacological efficacy.

Serum sample collection

Serum for benzylpenicillin quantification was obtained
from residual blood after routine liver function testing.
To prevent contamination, samples were drawn from
the arm contralateral to the infusion line. The first
sample was collected 6-12h after starting continuous
infusion, with subsequent samples every ~24h for up
to 4days (44 total). All samples were analysed at the
Clinical Toxicology and Anti-Doping Laboratory of the
Local Health Authority.

Analytical quantification of serum benzylpenicillin

Serum benzylpenicillin concentrations were deter-
mined using a liquid chromatography-tandem mass
spectrometry (LC-MS/MS) method. Analyses were per-
formed using a Dionex Ultimate 3000 UHPLC system
(Thermo Fisher Scientific, USA) coupled via an electro-
spray ionization (ESI) interface to an AB Sciex APl 4000
Q-Trap triple quadrupole mass spectrometer (AB Sciex,
Canada).
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Chromatographic separation was achieved using a
Poroshell 120SB-C18 column (2.1x150mm, 2.7 um).
The mobile phases consisted of:

Phase A: 0.2% formic acid in water
Phase B: 0.2% formic acid in acetonitrile

Column temperature was maintained at 45°C. The
flow rate and gradient program were as follows: 0 min,
0.3mL/min, 5% B — 2min, 0.5mL/min, 50% B —
6.5min, 0.5mL/min, 95% B — 10min, 0.5mL/min, 95%
B — 11min, 0.3mL/min, 5% B — 16min, 0.3mL/
min, 5% B.

Transitions monitored were m/z 335.2 — 160.2 and
3352 —» 176.2 (DP 98V, EP 8V, CE 17). Injection vol-
ume was 5 L. Calibration curves were prepared using
penicillin standards (0, 100, 250, and 500ng/mL) in
normal saline. Samples were processed by protein pre-
cipitation: 200puL of serum were mixed with 600 puL
acetonitrile, vortexed for 20s, centrifuged for 10min,
and 100uL of the supernatant were injected for
analysis.

Data analysis

All concentration data were expressed as micromolar
(uM) values for direct comparison with the reported
OATP1B3 IC,, of 25uM [9]. Results were summarized as
means, standard deviations, and proportions of sam-
ples exceeding the inhibitory threshold. Temporal
trends in concentration were evaluated descriptively
by treatment day. To assess whether serum benzylpen-
icillin concentrations exceeded the minimum IC,,
required for OATP1B3 inhibition (25uM), a one-sample
Wilcoxon signed-rank test was performed against the
predefined threshold.

Ethical considerations

All analyses were conducted in accordance with the
principles of the Declaration of Helsinki and the insti-
tutional standards for handling anonymized patient
data. The study protocol was approved by the local
Ethics Committee of AOU-Careggi (Florence, Italy; pro-
tocol code AMAMIR1, registered number 21967_bio,
date of approval April 26, 2022).

Results
Patients’ characteristics

Between 2020 and 2024, sixteen patients (7 males and
9 females; age range 35-84years) with confirmed
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amatoxin poisoning were treated at the Florence PCC
according to the institutional protocol. All patients pre-
sented with delayed-onset gastrointestinal symptoms
(>6h after ingestion) followed by positive urine ama-
nitin testing, with initial concentrations exceeding
10pg/L. Mycological confirmation of Amanita phalloi-
des or related amatoxin-containing species was avail-
able in 14 of 16 cases; 13 patients presented laboratory
evidence of hepatocellular injury. The median time
from ingestion to hospital admission was 12h (IQR
9-15h), and from ingestion to initiation of antidotal
therapy was 14h (IQR 11-18h). All patients were
treated according to the Florence PCC protocol. No
patient required liver transplantation, and all survived
to discharge. Table 1 summarizes the main characteris-
tics of the included patients, including demographic
data (age and sex), clinical presentation (symptoms),
and relevant laboratory findings.

Serum benzylpenicillin concentrations

A total of 44 serum samples were collected and anal-
ysed for benzylpenicillin concentrations. The mean
number of samples per patient was 2.8 (range 2-4
samples). The first sample was collected 6-12h after
the start of the continuous infusion, followed by sam-
ples approximately every 24 h.

Figure 1 illustrates the time-course of benzylpenicil-
lin serum concentrations (median and quartiles) during
therapy, and Table 2 summarizes descriptive statistics
(mean and SD) for each treatment day in relation to
the OATP1B3 inhibitory threshold.

During the first two days of treatment, when ben-
zylpenicillin was administered at 500,0001U/kg/day, all
collected serum samples (100%) displayed concentra-
tions exceeding the OATP1B3 inhibitory threshold of
25 uM. Measured values ranged from 120 uM to 430 uM,
with mean concentrations of 265+87 uM at 24h and
241+£74uM at 48h Across all analyzed samples (n=44),
the median serum benzylpenicillin concentration was
176 UM (range 45-430uM), corresponding to a median
excess of +151uM above the IC,, threshold. Overall,
93% of samples exceeded 25uM, and no patient at
any time point exhibited concentrations below 10puM,
indicating stable pharmacokinetic exposure through-
out treatment.

Following dose reduction to 250,0001U/kg/day on
days 3 and 4, serum benzylpenicillin concentrations
showed a progressive decline, with mean values of
118+55uM on day 3 and 92+47uM on day 4. Despite
this reduction, 66% of samples collected during the
maintenance phase remained above the 25pM inhibi-
tory concentration, confirming that pharmacologically

relevant levels were preserved in the majority of
patients. In the subset of five patients with complete
four-day sampling, serum benzylpenicillin concentra-
tions decreased proportionally to the reduction in
infusion dose but remained consistently above the
IC5, threshold throughout the observation period. No
values below 45uM were recorded, and this value
represents the lowest measured concentration in
our cohort.

A linear mixed-effects model with patient as a ran-
dom effect demonstrated a significant effect of treat-
ment day on serum benzylpenicillin concentrations
(x3(3) = 25.83, P<0.001), indicating a time-dependent
decrease consistent with the modified dosing regimen.
Importantly, a one-sample Wilcoxon signed-rank test
confirmed that serum concentrations were significantly
higher than the IC;, threshold of 25uM (z=5.80,
P<0.001), providing formal statistical evidence that
inhibitory concentrations were systematically achieved
in vivo at both tested dose levels.

No statistically significant differences in serum ben-
zylpenicillin concentrations were observed between
male and female patients or across age groups. Mild
interindividual variability was noted in relation to
hydration intensity, with patients receiving more
aggressive intravenous rehydration displaying slightly
lower serum levels, likely reflecting increased renal
clearance. However, this variability did not result in
subtherapeutic concentrations in any case.

Clinical course and safety

All patients experienced a favourable clinical course,
with progressive biochemical improvement and nor-
malization of liver function tests within 10-14days
after mushroom ingestion. No patient developed acute
liver failure or required liver transplantation during
hospitalization. No adverse events attributable to ben-
zylpenicillin therapy were observed. In particular, no
nervous system side effects (especially seizures, neuro-
toxicity) occurred, and no cases of hypersensitivity
reactions, electrolyte disturbances, or renal impairment
were recorded. Mild transient nausea was reported in
three patients and was considered related to concom-
itant acetylcysteine administration rather than to ben-
zylpenicillin infusion. No cases of secondary infection
or antibiotic-associated diarrhea were documented.
Exploratory analyses did not reveal any association
between peak serum benzylpenicillin concentrations
and markers of hepatic injury (ALT, AST, or bilirubin).
These findings suggest that the serum concentrations
achieved in this cohort were pharmacologically rele-
vant but not hepatotoxically significant.
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Latency of
symptoms Amanitin in  Creatinine in  ALT max PT %
N patient Age Sex Symptoms (hours) Monitoring urine mcg/L  urine mg/dl u/L (quick) INR max
1 35 M Diarrhoea 24 1% day 5,000 50
2" day 373 332 7,000 39
3 day 5,900 45
2 60 M Vomiting and 14 15t day 18.6 463 <50 86
diarrhoea 2" day 1.5 31 <50 74
3 day 2.2 67 <50
4 day 3.2 101
3 68 M Vomiting 9 1%t day >100 572 <50 1
2" day 56.6 724 190 1.1
39 day <1.5 15
4% day <15 65 120 1
5t day 39 67 1.97
4 56 H Vomiting 7 15t day >100 504 <50
2" day 274 281 <50
3 day 1.9 22 <50
4™ day <1.5 34 <50
5 65 F Vomiting and 12 1% day >100 406 70 1
diarrhoea 2" day 1,083 1
3 day <15 41 1,163 63 13
4t day 862 1.26
5% day 450 1.17
6" day 247 1.1
6 66 F Vomiting and 12 15t day <50 3
diarrhoea 2" day 946 2.7
3 day >100 348 5,224 2.7
4t day 4,300 2.7
5t day 2,900 1.9
6t day 1,274 1.8
7" day 1,289 1.7
8th day 800 14
7 65 M Vomiting and 9 1% day >100 300 54
diarrhoea 2" day 5.4 129 900 1.1
3 day 2,652 1.65
4t day 1,682 1.44
5% day 903 13
8 84 M Vomiting and NA 15t day >100
diarrhoea 2" day 5,027 3.09
3 day 3,880 23
4% day 2,550 1.97
5t day 1,257 1.69
9 51 F Vomiting and NA 1% day 81 90 1.48
diarrhoea 2" day 81 13
10 57 M Vomiting and NA 3 day >100
diarrhoea 4 day 4,500 3
5t day 1,052 1.81
1 74 F Vomiting and NA 1%t day >100 432 14
diarrhoea 2" day 364 14
34 day 193 1.5
12 70 F Vomiting and NA 1%t day >100 378 14
diarrhoea 2" day 1,066 1.2
31 day 703
13 75 M Vomiting 8 1%t day 12
14 72 F Vomiting 8 15t day 20
5t day 180 127
15 26 F Vomiting NA 1% day 45.7
16 52 F Vomiting NA 15t day 41.7

ALT: alanine aminotransferase (reference values <40U/L, 0.67 pkat/L); INR: international normalized ratio (reference values 0.8-1.2; normal range approxi-
mately 11-13sec); NA: not available; PT: prothrombin time (reference values 70-120%).

To convert to Sl units: creatinine in urine mg/dL x 0.084=mmol/L.

Discussion

The present study provides the first in vivo pharmaco-
kinetic evidence that benzylpenicillin, administered
according to current treatment protocols for amatoxin
poisoning, achieves systemic exposure consistent with
concentrations required for OATP1B3 inhibition,
addressing a longstanding gap in the mechanistic

interpretation of its proposed antidotal action.
Although competitive inhibition of a-amanitin uptake
via OATP1B3 has been demonstrated in vitro, with an
IC;, of approximately 25uM [9], it has remained unclear
whether clinically used regimens achieve pharmaco-
logically relevant exposure in humans. While our find-

ings demonstrate that serum concentrations frequently
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Figure 1. Serum concentrations of benzylpenicillin in the first four days of treatment. Boxplot of median (continuous red line)
and quartile values (grey boxes). Dotted red line: OATP183 IC50 (25 pM).

Table 2. Mean serum benzylpenicillin concentrations during
therapy in relation to the OATP1B3 inhibitory threshold.

Penicillin Mean

Treatment dose concentration Range % samples
day (IU/kg/day) (uM£SD) (uM) >25 uM
Day 1 500,000 265+87 120-430 100%
Day 2 500,000 241+74 110-385 100%
Day 3 250,000 118+55 48-240 68%
Day 4 250,000 92+47 45-180 64%
Overall — 176 +89 45-430 93%

Note: Concentrations were obtained from routine clinical samples col-
lected at non-standardized time points; no predefined sampling protocol
was applied.

exceed this threshold, actual transporter inhibition in
vivo cannot be directly confirmed and remains inferred
from pharmacokinetic considerations.

Importantly, prior pharmacokinetic studies indicate
that serum concentrations represent a conservative esti-
mate of tissue exposure for benzylpenicillin. Experimental
data from animal models have shown that, following
intravenous administration, tissue concentrations rapidly
exceed plasma levels within the first few hours and
remain higher for at least 20h thereafter. Luthman and
Jacobsson [19] demonstrated close equilibration between
serum and extravascular fluid concentrations, with

sustained tissue penetration after systemic administra-
tion, and subsequent work by Bergtsson, Bredberg, and
Luthman further confirmed this distribution pattern
under steady-state conditions [20].

In this study, benzylpenicillin was administered by
continuous intravenous infusion rather than bolus,
likely achieving hepatic concentrations comparable to
or higher than serum levels. Thus, even on days 3-4,
when serum concentrations fell below the in vitro 1Cg,,
hepatic exposure was plausibly maintained within the
inhibitory range, making serum levels a conservative
surrogate of tissue exposure. However, this pharmaco-
kinetic consideration does not necessarily translate
into clinical efficacy, which remains influenced by mul-
tiple factors and has shown inconsistent results across
studies. These findings support the mechanistic plausi-
bility of earlier clinical observations, showing that sus-
tained systemic concentrations above the inhibitory
threshold are achievable in vivo and provide a pharma-
cological rationale for including penicillin in combina-
tion therapy protocols.

Benzylpenicillin was historically introduced in ama-
toxin poisoning after early clinical observations sug-
gested improved survival with supportive care [7,8,13].



Although later studies supported inhibition of hepatic
amatoxin uptake as a pharmacological rationale [9,10],
protective effects in animal models have been incon-
sistent, possibly due to suboptimal dosing, as bolus or
intermittent regimens may not sustain plasma levels
required for transporter inhibition [11,21]. The present
findings address this discrepancy, showing that contin-
uous infusion, as used clinically, maintains concentra-
tions sufficient for sustained transporter inhibition,
unlike most experimental models.

Clinically, penicillin’s efficacy remains controversial.
Retrospective studies show conflicting results: Enjalbert
et al. [3] (>2000 cases) found no specific benefit,
whereas Tan et al. [4] (877 cases) reported higher sur-
vival with penicillin, not significant after severity
adjustment; similar conclusions were reached by Choi
et al. and Ganzert et al. [13,14]. Overall, silibinin
appears the most effective single agent, but combina-
tion therapy may provide additive effects, as both
drugs inhibit OATP1B3 at distinct sites and exert hepa-
toprotection [10,22], potentially enhancing inhibition
of amatoxin uptake despite pharmacokinetic variabil-
ity. Although retrospective series report favorable out-
comes with penicillin-silibinin co-administration, the
absence of randomized controlled trials prevents defin-
itive conclusions. In fact, early clinical reports, such as
the study by Floersheim et al. described mortality rates
exceeding 20%, largely in patients treated with
penicillin-based regimens, highlighting the limitations
of penicillin as a standalone therapy [4,7,13,14].

In this context, present results provide pharmacoki-
netic validation for the continued use of penicillin as
part of combination regimens. The concentrations
measured in all patients during the first two days of
full regimen treatment consistently exceeded the in
vitro inhibitory threshold for OATP1B3, indicating sys-
temic exposure compatible with transporter inhibition.
Even after dose reduction, concentrations remained
above this threshold in the majority of samples, sug-
gesting that pharmacologically relevant exposure may
be maintained during the early critical phase of toxic-
ity. The effectiveness of this mechanism is inherently
time-dependent, as amatoxins persist in the systemic
circulation and undergo enterohepatic recirculation for
up to 48-72h after ingestion [23]. Clinically, prognosis
is strongly influenced by the type and amount of
mushrooms ingested and, critically, by the time to ini-
tiation of care; when treatment is started promptly,
mortality is uncommon and remains below 5% [24].
Consequently, delayed initiation of benzylpenicillin
therapy may substantially reduce its ability to limit
hepatocellular uptake, providing a plausible explana-
tion for the inconsistent efficacy reported in
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retrospective studies. In our protocol, early initiation
and continuous infusion over 48h were adopted to
align with this pharmacokinetic window. Importantly,
the lower dose regimen introduced in 2020 appears
sufficient to maintain inhibitory exposure while reduc-
ing the overall drug load, supporting the rationale for
dose optimization without loss of efficacy.

Our findings are consistent with previous clinical
observations from the Florence PCC, where multimodal
therapy including benzylpenicillin has been standard
for decades. In a 15-year retrospective analysis of 105
confirmed cases, Giannini et al. [12], reported improved
survival and reduced hepatic failure with early com-
bined therapy including penicillin and NAC. Although
the individual contribution of each drug could not be
determined, that study established the clinical founda-
tion of the current protocol. The present pharmacoki-
netic analysis builds directly on this experience by
demonstrating that penicillin achieves pharmacologi-
cally relevant systemic concentrations in humans.
Together, these studies provide complementary clinical
and mechanistic evidence, reinforcing the biological
plausibility of the observed outcomes.

The evidence also helps explain why comparative
studies have yielded divergent conclusions. When used
in appropriate doses and via continuous infusion, pen-
icillin achieves plasma levels adequate for transporter
inhibition; when administered intermittently or at
lower doses, as in some earlier reports, these concen-
trations are likely not achieved, leading to apparent
inefficacy. This interpretation reconciles the modest
results from older multicenter reviews [3,15] with the
improved outcomes seen in single-center experiences
with aggressive dosing regimens [12,25]. It also empha-
sizes the importance of pharmacokinetic adequacy
rather than drug selection alone in determining thera-
peutic success.

From a clinical standpoint, these findings have sev-
eral implications. They support the continued inclusion
of benzylpenicillin in multimodal therapy for amatoxin
poisoning, providing pharmacokinetic evidence of sys-
temic exposure exceeding the OATP1B3 IC;,. They also
justify the use of continuous infusion at low dosages
over bolus dosing to ensure stable plasma concentra-
tions, with potential benefits in terms of safety and
tolerability. Consistently, no penicillin-related adverse
events were observed in our series.

Limitations

This study has some limitations. The sample size was
modest, mainly given the rarity of confirmed amatoxin
intoxications, and all patients received combination
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therapy, precluding evaluation of penicillin monother-
apy. An additional limitation relates to the
non-standardized timing of serum sampling, as sam-
ples were collected during routine clinical care rather
than according to a predefined pharmacokinetic
schedule. This limits detailed characterization of inter-
individual pharmacokinetic variability and direct kinetic
comparisons between patients. However, this aspect
does not preclude the primary objective of the study,
namely the assessment of whether clinically used dos-
ing regimens achieve serum concentrations exceeding
the OATP1B3 inhibitory threshold. An additional limita-
tion relates to the known limited stability of benzyl-
penicillin in blood samples [26]. Although samples
were processed as rapidly as possible in routine clini-
cal practice, the observational design and emergency
setting did not allow strict control of pre-analytical
timing. Consequently, some degree of analyte degra-
dation before analysis cannot be excluded, potentially
leading to underestimation of true serum concentra-
tions. However, if present, this effect would suggest
that the measured concentrations represent a conser-
vative estimate of systemic benzylpenicillin exposure.
Furthermore, while the pharmacological plausibility is
now confirmed, definitive demonstration of clinical
benefit would require prospective comparative studies,
which remain ethically and logistically challenging in
this context.

Conclusion

This study provides in vivo pharmacokinetic evidence
that therapeutic intravenous benzylpenicillin achieves
plasma concentrations exceeding the in vitro 1Cs, for
OATP1B3. Thus, these findings support the pharmaco-
logical plausibility of penicillin therapy and its pro-
posed mechanistic rationale, although direct
demonstration of transporter inhibition in vivo was
beyond the scope of this study. The results also sug-
gest that the reduced continuous-infusion regimen
adopted at our centre maintains concentrations within
a pharmacologically relevant range while limiting over-
all drug exposure.

Although silibinin remains the preferred antidote,
benzylpenicillin may represent a justified and accessible
component of combination therapy, particularly in set-
tings where alternatives are unavailable or more expen-
sive. In this context, our findings contribute to addressing
a longstanding lack of in vivo pharmacokinetic data and
may help inform further optimization of treatment pro-
tocols in amatoxin-induced hepatotoxicity.
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