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Abstract : Amatoxin-induced mushroom poisoning starts with nonspecific symptoms of toxicity but hepatic damage may fol-
low, resulting in the rapid development of liver insufficiency and, ultimately, coma and death. Accurate detection of amatoxins,
such as α-, β-, and γ-amanitin, within the first few hours after presentation is necessary to improve the therapeutic outcomes of
patients. Therefore, analytical methods for the identification and quantification of α-, β-, and γ-amanitin in biological samples
are necessary for clinical and forensic toxicology. This study presents a literature review of the analytical techniques available
for amatoxin detection in biological matrices, and established an inventory of liquid chromatography (LC) techniques with mass
spectrometry (MS), ultraviolet (UV) detection, and electrochemical detection (ECD). LC-MS methods using quadrupole tandem
mass spectrometry, time-of-flight mass spectrometry, and orbitrap MS are powerful analytical techniques for the identification
and determination of amatoxins in plasma, urine, serum, and tissue samples, with high sensitivity, specificity, and reproducibility
compared to LC with UV and ECD, enzyme-linked immunoassay, and capillary electrophoresis methods. 
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Introduction

Mushrooms are consumed worldwide as an ingredient of

many meals, but severe syndromes and even death can be

caused by the misidentification of wild poisonous mushrooms

as edible.1-6 Mushrooms such as Psilocybe species and

Amantia muscaria are intentionally abused because of their

psychoactive activities.7 There is some evidence that

mushroom poisoning may be increasing, and that exotic

species are entering new areas and countries, thereby

expanding the range of mushroom poisoning symptoms

observed in presenting patients.8 White et al.9 classified

mushroom toxins based on the clinical types of mushroom

poisoning, as follows: primary hepatotoxicity (amatoxins),

primary nephrotoxicity (AHDA, orellanine), neurotoxicity

(psilocybins, muscarines, ibotenic acid, muscimol),

mytotoxicity (saponaceolide B), metabolic/endocrine toxicity

(gyromitrins, coprines, trichothecenes, polyporic acid),

gastrointestinal irritants, and miscellaneous (entinan,

acromelic acid).

Although global data are not available, the absolute

number and incidence of mushroom poisoning cases may

be increasing based on local studies.9-12 An emerging

mushroom poisoning risk in Europe may be the result of

the large migrant influx, a subset of whom forage for food

because of poor economic circumstances. This results in the

consumption of mushrooms not known to the migrants and

an increased incidence of amatoxin-type mushroom

poisoning.3,10 Because most toxic syndromes caused by

mushroom toxins start with unspecific symptoms, diagnostic

difficulties are most common during the critical first hours

after presentation.3 Therefore, suspected poisonings should

be confirmed or excluded to ensure that therapy starts as

soon as possible, and to prevent an inappropriate therapy

being implemented. The analytical strategies used to

identify poisonous mushroom toxins include spore analysis

(if mushroom leftovers or gastric content are available) and

the identification of various toxins and their metabolites in

human biological samples.3,14,15 It is therefore necessary to

develop sensitive, selective, and rapid analytical methods for

the identification and quantification of mushroom toxins and

their metabolites in the human biological matrix.

The purpose of this study was to review the bioanalytical

methods used for the diagnosis of amatoxin-induced

mushroom poisoning, which is the main cause of fatal

mushroom poisoning.3,10,13
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Amatoxins 

Amatoxins are highly toxic bicyclic octapeptides (Figure

1). They are the most toxic compounds among mushroom

toxins, and are found in the Amanita, Galerina, and

Lepiota mushroom species.4-6 Among these species,

Amanita phalloides has the most toxin components/weight

and is responsible for most cases of fatal poisoning.15-18 These

toxins are classified as neutral substances (α-amanitin, γ-

amanitin, amaninamide, amanullin, and proamanullin) or

acidic substances (β-amanitin, ε-amanitin, amanine, and

amanullic acid), which differ in terms of the number of

hydroxyl groups and amide carboxyl exchange (Figure

1).19,20 Amatoxins are water-soluble, heat-stable, and

resistant to enzyme and acid degradation. Therefore, these

substances remain unchanged during freezing, drying, and

cooking (including frying, grilling, boiling, steaming, and

other processing operations, such as digestive processing),

and are resistant to gastrointestinal inactivation and

metabolic processes.18,21-23 However, amatoxins can be

degraded slowly when stored in an open and aqueous

solution, or exposed to sun or neon light for periods of

about 7−8 months, which could potentiate the toxicity of

amatoxins upon exposure in vivo.17,20 The content of

amatoxins varies among Amanita species, but α- and β-

amanitin are the most abundant substances. For example,

an amatoxin content of 9.3 mg/g was observed in dried

mushrooms, while α- and β-amanitin accounted for 56% of

the toxins found in dried powder from A. phalloides.24 It

has been reported that α- and β-amanitin account for 82%

of toxins (2.87 mg of amanitin/3.49 mg peptide toxins/g

dried powder) in A. exitialis.25,26 According to Yilmaz et

al.,27 an oral intake of approximately 50 g of fresh A.

phalloides, equivalent to a dose of 0.32 mg/kg of

amatoxins, can be lethal.

The LD50 value of α-amanitin was reported to be 0.3–

0.6 mg/kg in mice and 4.0 mg/kg in rats (intraperitoneal

injection), 0.1 mg/kg in humans (oral administration), and

0.1 mg/kg in dogs (intravenous injection).17,28,29 The LD50

values of β-amanitin, γ-amanitin, ε-amanitin, amanitin, and

amaninamide were reported to be 0.5, 0.2−0.5, 0.3−0.6, 0.5,

and 0.5 mg/kg, respectively, in mice following intraperitoneal

injection.17 The LD50 values for orally administered

amanullin, amanullinic acid, and proamanullin in mice

were > 20 mg/kg, but these levels are not toxic to

humans.17,28

Amanita phalloides poisoning can cause acute hepatitis,

leading to the rapid development of liver insufficiency and,

ultimately, coma and death.5,15,17 However, nephrotoxicity

has been less frequently reported.30 The main toxicity

mechanism of amatoxins is the inhibition of RNA

polymerase II, which leads to the inhibition of messenger

RNA synthesis and protein synthesis.31-33 Other toxic

mechanisms have been suggested, including oxidative

stress-related damage via the increased formation of

reactive oxygen species induced by an increase in

superoxide dismutase activity and inhibition of catalase

activity;18,34,35 and amatoxin-induced apoptosis caused by

the translocation of p53 to the mitochondria, leading to

alteration of mitochondrial membrane permeability

through the formation of a complex with Bcl-xL and Bcl-

2.17,18,36-39 The cytotoxicity of α-amanitin is 10-fold greater

than that of β-amanitin in MCF-7 cells.40 The main

toxicological studies of amatoxins have focused on α- and

β-amanitin; therefore, no conclusions have been drawn

regarding potential toxicity differences between neutral

and acid amatoxins.15,17

Toxicokinetic studies of α- and β-amanitin after the

intravenous, intraperitoneal, and oral administration of

amatoxin in rats and mice have been reported.14,18,20,21,41,42

Low absolute bioavailability of α-amanitin (3.5–4.8%) and

β-amanitin (7.3–9.4%), and substantial transport thereof to

Figure 1. Chemical structures of amatoxins.
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the intestines, kidneys, and liver, were observed after they

were orally administered to mice at doses of 2, 5, or 10 mg/

kg.41,42 α- and β-amanitin show similarities in terms of the

elimination process; they are both eliminated in urine

without significant metabolism.21,41,42 α- and β-amanitin

show OATP1B1- and OATP1B3-mediated hepatic uptake,

but only β-amanitin shows OAT3-mediated kidney

uptake.42 α- and β-amanitin were detected in serum,

plasma, urine, liver, and fecal samples of amatoxin

poisoning patients.15,43–46 Among 43 amatoxin-intoxicated

patients, 11 showed plasma concentrations of 8−190 ng/

mL for α-amanitin and 23.5−162 ng/mL for β-amanitin.46

In total, 35 urine, 12 feces, and 4 liver and kidney samples

were obtained from 43 amatoxin-intoxicated patients, with

ranges of 0.03–3.29 mg for α-amanitin and 0.05–5.21 mg

for β-amanitin in 24 of the urine samples; 8.4–152 μg for

α-amanitin and 4.2-6270 μg for β-amanitin in 10 fecal

samples; and 10–19 ng/g and 122–1719 ng/g for α-

amanitin, and 170.8–3298 ng/g and 1017–1391 ng/g for β-

amanitin, in liver and kidney samples, respectively, for

three of patients.46 Although cellular uptake (mediated by

hepatic or renal transporters) is approximately two-fold

higher for β-amanitin than α-amanitin, as is liver and

kidney accumulation, the contribution of β-amanitin to in

vivo amatoxin toxicity may be lower than that of α-

amanitin because of differences in their cytotoxicity.40 

Benzylpenicillin, silibinin, and N-acetylcysteine have

been used for the treatment of amatoxin-induced

mushroom poisoning.3,17 The therapeutic effects may be

attributed to the hepatoprotective and anti-oxidative

activities of silibinin and N-acetylcysteine, and the reduced

hepatic distribution of α- and β-amanitin resulting from the

inhibition of OATP1B3 by benzylpenicillin, silibinin, and

cyclosporine.17,40,47-49

Analytical methods of amatoxins in biological fluids

Confirmation of the intake of mushrooms containing

amatoxins is needed by detecting amatoxins such as α-, β-,

and γ-amanitin in biological fluids to avoid expensive and

time-consuming treatment for every suspected intoxication

case.15 Sufficient analytical sensitivity is also necessary

because hospitalization often occurs late after intake such

that only trace amounts of toxins can be found.15,44,46

Several methods have been reported for the qualification and

quantification of amatoxins in biological fluids using liquid

chromatography (LC) combined with mass spectrometry

(MS),41-45,50-70 ultraviolet (UV) detection,71,72,75,77,78 or electro-

chemical detection (ECD),71,73,74,76 as well as capillary zone

electrophoresis (CZE),79,80 radioimmunoassay (RIA),81,82

enzyme-linked immunosorbent assay (ELISA),83,84 and

lateral flow immunoassay (LFA).85 However, each method

has drawbacks. The ELISA and LFA methods have been

used for the screening of α-, β-, or γ-amanitin in clinical

toxicology, but compared to LC-MS methods they have the

disadvantages of low sensitivity (3−10 ng/mL), high

workload, false-negative and -positive results, and the

requirement for additional confirmation in forensic cases.

The LC–MS methods have the advantages of high

specificity, sensitivity, resolution, and rapidity relative to

other analytical methods, making them suitable for routine

clinical and forensic toxicological analysis of amatoxins.

The LC-MS methods that have been developed for the

analysis of α-, β-, and γ-amanitin in various biological

fluids are summarized in Table 1. High-performance liquid

chromatography (HPLC) with UV detection and ECD

methods for the quantification of α- and β-amanitin in

plasma, urine, liver, and kidney are summarized in Table 2;

these methods have drawbacks such as low sensitivity and

laborious sample preparation.

Sample preparation

Blood, plasma, serum, urine, bile, and tissue samples

have been used for clinical purposes, forensic toxicology,

and toxicokinetics of amatoxins.41-45,51-80 Because the

amatoxin concentrations in urine are usually higher than

those in serum and plasma,26,45,46 urine is considered as the

biological sample of choice. However, major drawbacks of

urine sampling include reduced output in the case of

decreased renal function and acute renal failure, which can

occur in some amatoxin and other mushroom poisoning

cases, and the greater intra- and interindividual variability

in the urine as a biomatrix. If therapeutic measures like

fluid replacement or forced diuresis are applied, the low

amounts of amatoxins in urine could be further diluted.

Therefore, blood, plasma, and serum samples are more

commonly used in clinics than urine samples for the

determination of amatoxins.

For the determination of α-, β-, and γ-amanitin in human

and animal plasma, serum, urine, and tissue samples using

HPLC, LC-MS, liquid chromatography-tandem mass

spectrometry (LC-MS/MS), matrix-assisted laser desorption

ionization-time of flight mass spectrometry (MALDI-TOF

MS), and CZE, several sample preparation techniques have

been developed, including protein precipitation with

acetonitrile, methanol, or perchloric acid, 41,42,51,52,59,64,71

liquid-liquid extraction (LLE),78 solid-phase extraction

(SPE) with reverse-phase, cation exchange or immunoaffinity

cartridges,43,50,54,56,58,60-62,66-68,70,71,73,74,76 SPE of the aqueous

phase obtained after LLE with dichloromethane or

chloroform,55 SPE of the aqueous phase obtained after

protein precipitation of the biomatrix with acetonitrile and

LLE of the supernatant with chloroform,44,45,65,69,72,77 and

online column switching technique,63,75 and simple dilution in

CZE79,80 (Tables 1 and 2). These methods use different volumes

of biological matrix samples, as follows: serum, 100−5000

μL;54,60,67,69,72,76-78 plasma, 5−3000 μL;41,42,44,50-53,57-60,67,68,74,75

and urine, 50−10000 μL41,42,43,45,50,54-58,60-67,70,73,76-80 (Tables 1

and 2). Two or three sample preparation procedures have
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been combined in an attempt to avoid the matrix effect, but

this has disadvantages such as high labor requirements and

a long turnaround time (~24 h). 

LC-MS methods

Reverse-phase chromatography using C18, C8, C4, or

phenyhexyl columns is the most common technique for

chromatographic analysis of α-, β-, and γ-amanitin in

biological fluids. Gradient elution of mobile phase A

(ammonium acetate or formic acid) and mobile phase B

(acetonitrile or methanol) has been used as the mobile

phase for LC-MS methods (Table 1), whereas isocratic

elution is used in HPLC methods (Table 2). Hydrophilic

interaction chromatography has been used for the

simultaneous determination of α-, β-, and γ-amanitin, and

six mushroom toxins in human urine, to increase the

retention and ionization efficiency.55,56

Positive and negative electrospray ionization (ESI)

modes have been used for the ionization of amatoxins

when applying LC-MS methods (Table 1). Negative ESI

mode has higher sensitivity and smaller matrix effects

compared to positive ESI mode.41,42,45,50-53,64 MALDI-TOF

MS has been used for qualitative analysis of α-amanitin, β-

amanitin, and phalloidin in human urine.66 

For the quantification of α-, β-, and γ-amanitin, selective

ion monitoring mode with quadrupole MS,43,68,70 multiple

reaction monitoring (MRM) or selected reaction monitoring

(SRM) mode with triple quadrupole tandem MS (MS/

MS),45,50,51,53,54,56,58-60,65,67 and parallel reaction monitoring

(PRM) mode using orbitrap MS41,42,44,55,62,63 have been

used (Table 1). LC-MS/MS methods using quadrupole MS/

MS and orbitrap MS are powerful techniques with high

sensitivity (lower limit of quantification [LLOQ] = 0.02–50

ng/mL plasma for α-, β-, and γ-amanitin), reproducibility, and

specificity. Recently, LC-MS/MS methods performed in

PRM mode and protein precipitation of plasma samples

(5 mL) for sample clean-up showed good sensitivity

(LLOQ 0.5 ng/mL for α- and β-amanitin), selectivity, and

speed.41,42,52

Conclusions

Because the incidence of amatoxin-induced mushroom

poisoning has increased globally, early detection of

amatoxins in cases of suspected mushroom poisoning is

necessary to improve patient outcomes through aggressive

and immediate supportive care among other potential

therapies. Early diagnosis of amatoxins has been achieved

using LC-MS/MS methods. These methods may be

suitable for routine clinical and forensic toxicological

analysis of amatoxins in plasma, serum, urine, and tissue

samples due to the high specificity, sensitivity, and

reproducibility relative to other analytical methods.

However, protein precipitation, LLE, and SPE have been

combined for sample preparation, to minimize matrix

effects and achieve high sensitivity, but with high labor

requirements and a long turnaround time. There is a need

to improve sample preparation procedures for rapid clinical

and forensic toxicological analyses.

Acknowledgements

This work was supported by the National Research

Foundation of Korea (NRF) grant funded by the Korea

government (MSIT) (NRF-2020R1A2C2008461).

References

1. Govorushko, S.; Rezaee, R.; Dumanov, J.; Tsatsakis, A.
Food Chem. Toxicol. 2019, 128, 267, DOI: 10.1016/
j.fct.2019.04.016.

2. Brandenburg, W. E.; Ward, K. J. Mycologia 2018, 110,
637, DOI: 10.1080/00275514.2018.1479561. 

3. White, J.; Weinstein, S. A.; De Haro, L.; Bédry, R.;
Schaper, A.; Rumack, B. H.; Zilker, T. Toxicon 2019, 157,
53, DOI: 10.1016/j.toxicon.2018.11.007.

4. Clarke, D.; Crews, C. Encyclopedia of Food Safety 2014,
2, 269.

5. Karlson-Stiber, C.; Persson, H. Toxicon 2003, 42, 339,
DOI: 10.1016/s0041-0101(03)00238-1.

6. Diaz, J. H.; James. H. Wilderness Environ. Med. 2018, 29,
111, DOI: 10.1016/j.wem.2017.10.002.

7. Stebelska, K. Ther. Drug Monit. 2013, 35, 420, DOI:
10.1097/FTD.0b013e31828741a5. 

8. Flammer, R.; Schenk-Jäger, K. M. Ther. Umsch. 2009,
66, 357, DOI: 10.1024/0040-5930.66.5.357.

9. Diaz, J. H. Wilderness Environ. Med. 2018, 29, 111, DOI:
10.1016/j.wem.2018.06.008.

10. Latha, S. S.; Naveen, S.; Pradeep, C. K.; Sivaraj, C.;
Dinesh, M. G.; Anilakumar, K. R. Front. Pharmacol.
2018, 9, 90, DOI: 10.3389/fphar.2018.00090.

11. Schenk-Jager, K. M.; Egli, S.; Hanimann, D.; Senn-Iriet,
B.; Kupferschmidt, H.; Buntgen, U. PLoS One 2016, 11,
e0162314, DOI: 10.1371/journal.pone.0162314.

12. Vo, K.T.; Montgomery, M. E.; Mitchell, S. T.;
Scheerlinck, P. H.; Colby, D. K.; Meier, K. H.; Kim-Katz,
S.; Anderson, I. B.; Offerman, S. R.; Olson, K. R.;
Smollin, C. G. Morb. Mortal. Wkly. Rep. 2017, 66, 549,
DOI: 10.15585/mmwr.mm6621a1.

13. Carlvik, B.; Lindeman, E. Clin. Toxicol. 2017, 55, 374,
DOI: 10.1080/15563650.2017.1309792

14. Beuhler, M. C. Overview of mushroom poisoning, in:
Brent, J.; Burkhart, K.; Dargan, P.; Hatten, B.;
Megarbane, B.; Palmer, R.; White, J. (Eds.), Critical Care
Toxicology: Diagnosis and Management of the Critically
Poisoned Patient, 2017, 2103–2128.

15. Flament, E.; Guitton, J.; Gaulier, J. M.; Gaillard, Y.
Pharmaceuticals 2020, 13, 454, DOI: 10.3390/ph13120454.

16. Poucheret, P.; Fons, F.; Dore, J. C.; Michelot, D.; Rapior,
S. Toxicon 2010, 55, 1338, DOI: 10.1016/j.toxicon.2010.02.005.



Jin-Sung Choi and Hye Suk Lee

104 Mass Spectrom. Lett. 2022 Vol. 13, No. 4, 95–105 ©Korean Society for Mass Spectrometry

17. Garcia, J.; Costa, V. M.; Carvalho, A.; Baptista, P.; de Pinho,
P. G., de Lourdes Bastos, M.; Carvalho. F. Food Chem.

Toxicol, 2015, 86, 41, DOI: 10.1016/j.fct.2015.09.008.
18. Le Dare, B.; Ferron, P.-J.; Gicuel, T. Toxins 2021, 13, 417,

DOI: 10.3390/toxins1306417. 
19. Hallen, H. E.; Luo, H.; Scott-Craig, J. S.; Walton, J. D.

Proc. Natl. Acad. Sci. USA 2007, 104, 19097, DOI:
10.1073/pnas.0707340104.

20. Escoda, O.; Reverter, E.; To-Figueras, J.; Casals, G.;
Fernández, J.; Nogué, S. Liver Int. 2019, 39, 1128, DOI:
10.1111/liv.14028.

21. Le Daré, B.; Ferron, P.-J.; Couette, A.; Ribault, C.; Morel,
I.; Gicquel, T. Toxicol. Lett. 2021, 346, 1, DOI: 10.1016/
j.toxlet.2021.04.006.

22. Brandenburg, W. E.; Ward, K. J. Mycologia 2018, 110,
637, DOI: 10.1080/00275514.2018.1479561.

23. Nicholson, F. B.; Korman, M. G. Aust. N. Z. J. Med. 1997,
27, 448, DOI: 10.1111/j.1445-5994.1997.tb02212.x.

24. Kaya, E.; Karahan, S.; Bayram, R.; Yaykasli, K.O.;
Colakoglu, S.; Saritas, A. Toxicol. Ind. Health 2015, 31,
1172, DOI: 10.1177/0748233713491809.

25. Sun, J.; Niu, Y.-M.; Zhang, Y.-T.; Li, H.-J.; Yin, Y.;
Zhang, Y.-Z.; Ma, P.-B.; Zhou, J.; Huang, L.; Zhang, H.-S.
Toxicon 2018, 143, 59, DOI: 10.1016/j.toxicon.2018.01.008.

26. Sun, J.; Zhang, Y.-T.; Niu, Y.-M.; Li, H.-J.; Yin, Y.;
Zhang, Y.-Z.; Ma, P.-B.; Zhou, J.; Lu, J.-J.; Zhang, H.-S.
Toxins 2018, 10, 215. DOI: 10.3390/toxins10060215.

27. Yilmaz, I.; Ermis, F.; Akata, I.; Kaya, E. Wilderness Environ.

Med. 2015, 26, 491, DOI: 10.1016/j.wem.2015.08.002.
28. Wieland. T.; Faulstich. H.; Fiume. L. CRC Crit. Rev.

Biochem, 1978, 5, 185, DOI: 10.3109/10409237809149870.
29. Vetter, J. Toxicon 1998, 36, 13, DOI: 10.1016/s0041-

0101(97)00074-3.
30. Mydlík, M.; Derzsiová, K.; Frank, K. Przegl. Lek. 2013,

70, 381.
31. Wieland, T. Int. J. Pept. Protein Res. 1983, 22, 257, DOI:

10.1111/j.1399-3011.1983.tb02093.x.
32. Rodrigues, D. F.; Pires das Neves, R.; Carvalho, A. T. P.;

Lourdes Bastos, M.; Costa, V. M.; Carvalho, F. Arch.

Toxicol. 2020, 94, 2079, DOI: 10.1007/s00204-020-
02735-0.

33. Steurer, B.; Janssens, R. C.; Geverts, B.; Geijer, M. E.;
Wienholz, F.; Theil, A. F.; Chang, J.; Dealy, S,; Pothof, J.;
van Cappellen, W. A.; Houtsmuller, A. B.; Marteijn, J. A.
Proc. Natl. Acad. Sci. USA 2018, 115, E4368, DOI:
10.1073/pnas.1717920115.

34. Zheleva, A.; Tolekova, A.; Zhelev, M.; Uzunova, V.;
Platikanova, M.; Gadzheva, V. Med. Hypotheses 2007,
69, 361, DOI: 10.1016/j.mehy.2006.10.066.

35. Dündar, Z. D.; Ergin, M.; Kilinç, İ.; Çolak, T.; Oltulu, P.;
Cander, B. Turk. J. Med. Sci. 2017, 47, 318, DOI:
10.3906/sag-1503-163.

36. Arima, Y.; Nitta, M.; Kuninaka, S.; Zhang, D.; Fujiwara,
T.; Taya, Y.; Nakao, M.; Saya, H. J. Biol. Chem. 2005,
280, 19166, DOI: 10.1074/jbc.M410691200.

37. Wang, M.; Chen, Y.; Guo, Z.; Yang, C.; Qi, J.; Fu, Y.;

Chen, Z.; Chen, P.; Wang, Y. Toxicon 2018, 156, 34, DOI:
10.1016/j.toxicon.2018.11.002.

38. Kim, D.; Kim, S.; Na, A. Y.; Sohn, C. H.; Lee, S.; Lee, H.
S. Toxins 2021, 13, 197, DOI: 10.3390/toxins13030197.

39. Kim, D.; Lee, M.S.; Sung, E.; Lee, S.; Lee, H. S. Int. J.

Mol. Sci. 2022, 23, 12294, DOI: 10.3390/ijms232012294.
40. Kaya, E.; Bayram, R.; Yaykaşli, K. O.; Yilmaz, I.;

Bayram, S.; Yaykaşli, E.; Yavuz, M. Z.; Gepdiremen, A.
A. Turk. J. Med. Sci. 2014, 44, 728.

41. Park, R.; Choi, W.-G.; Lee, M. S.; Cho, Y.-Y.; Lee, J.Y.;
Kang, H.C.; Sohn, C. H.; Song, I.-S.; Lee, H. S. J.

Toxicol. Environ. Health A 2021, 84, 821, DOI: 10.1080/
15287394.2021.1944942.

42. Bang, Y. Y.; Song, I.-S.; Lee, M. S.; Lim, C. H.; Cho, Y.-
Y.; Lee, J. Y.; Kang, H. C.; Lee, H. S. Pharmaceutics

2022, 14, 774, DOI: 10.3390/pharmaceutics14040774.
43. Maurer, H. H.; Schmitt, C. J.; Weber, A. A.; Kraemer,

T. J. Chromatogr. B 2000, 748, 125, DOI: 10.1016/s0378-
4347(00)00270-x.

44. Bambauer, T. P.; Wagmann, L.; Weber, A. A.; Meyer, M.
R. Toxins 2020, 12, 671, DOI: 10.3390/toxins12110671.

45. Xu, X. M.; Meng, Z.; Zhang, J. S.; Chen, Q.; Han, J. L. J.

Pharm. Biomed. Anal. 2020, 190, 113523, DOI: 10.1016/
j.jpba.2020.113523.

46. Jaeger, A.; Jehl, F.; Flesch, F.; Sauder, P.; Kopferschmitt,
J. J. Toxicol. Clin. Toxicol. 1993, 31, 63, DOI: 10.3109/
15563659309000374.

47. Letschert, K.; Faulstich, H.; Keller, D.; Keppler, D.
Toxicol. Sci. 2006, 91, 140, DOI: 10.1093/toxsci/kfj141.

48. Wlcek, K.; Koller, F.; Ferenci, P.; Stieger, B. Drug Metab.

Dispos. 2013, 41, 1522, DOI: 10.1124/dmd.113.051037.
49. Garcia, J.; Carvalho, A.; das Neves, R. P.; Malheiro, R.;

Rodrigues, D. F.; Figueiredo, P. R.; Bovolini, A.; Duarte,
J. A.; Costa, V. M.; Carvalho, F. Food Chem. Toxicol.

2022, 166, 113198, DOI: 10.1016/j.fct.2022.113198.
50. Zhang, X.; Cai, X.; Zhang, X.; Li, R.; Zhao, Y. Se Pu

2022, 40, 443, DOI: 10.3724/SP.J.1123.2021.08018.
51. Mao, Z.; Yu, Y.; Sun, H.; Cao, Y.; Jiang, Q.; Chu, C.; Sun,

Y.; Huang, S.; Zhang, J.; Chen, F. Rapid Commun. Mass

Spectrom. 2021, 35, e9184, DOI: 10.1002/rcm.9184. 
52. Bang, Y. Y.; Lee, M. S.; Lim, C. H.; Lee, H. S. Mass Spectro.

Lett. 2021, 12, 112, DOI: 10.5478/MSL.2021.12.3.112.
53. Xu, X.; Zhang, J.; Cai, Z.; Meng, Z.; Huang, B.; Chen, Q. Se

Pu 2020, 38, 1281, DOI: 10.3724/SP.J.1123.2020.03010.
54. Tan, L.; Li, Y.; Deng, F.; Pan, X.; Yu, H.; Marina, M. L.;

Jiang, Z. J. Chromatogr. A 2020, 1630, 461514, DOI:
10.1016/j.chroma.2020.461514. 

55. Bambauer, T. P.; Wagmann, L.; Maurer, H. H.; Weber, A.
A.; Meyer, M. R. Talanta 2020, 213, 120847, DOI:
10.1016/j.talanta.2020.120847. 

56. Abbott, N. L.; Hill, K. L.; Garrett, A.; Carter, M. D.;
Hamelin, E. I.; Johnson, R. C. Toxicon 2018, 152, 71,
DOI: 10.1016/j.toxicon.2018.07.025. 

57. Li, C.; Qian, H.; Bao, T.; Yang, G.; Wang, S.; Liu, X. Toxicol.

Lett. 2018, 296, 95, DOI: 10.1016/j.toxlet.2018.08.005.
58. Sun, J.; Niu, Y. M.; Zhang, Y. T.; Li, H. J.; Yin, Y. Zhang,



Mass Spectrometry-Based Analytical Methods of Amatoxins in Biological Fluids to Monitor Amatoxin-Induced Mushroom Poisoning

©Korean Society for Mass Spectrometry Mass Spectrom. Lett. 2022 Vol. 13, No. 4, 95–105 105

Y. Z.; Ma, P. B.; Zhou, J.; Huang, L.; Zhang, H. S.; Sun, C. Y.
Toxicon 2018, 143, 59, DOI: 10.1016/j/toxicon.2018.01.008.

59. Li, C.; Wei, F.; Muhammad, S.; Yang, G.; Wang, S.; Liu,
X. J. Chromatogr. B 2017, 1064, 36, DOI: 10.1016/
j.jchromb.2017.08.042. 

60. Zhang, S.; Zhao, Y.; Li, H.; Zhou, S.; Chen, D.; Zhang,
Y.; Yao, Q.; Sun, C. Toxins 2016, 8, 128, DOI: 10.3390/
toxins8050128. 

61. Tomková, J.; Ondra, P.; Válka, I. Forensic Sci. Int. 2015,
251, 209, DOI: 10.1016/j.forsciint.2015.04.007. 

62. Gicquel, T.; Lepage, S.; Fradin, M.; Tribut, O.; Duretz,
B.; Morel, I. J. Anal. Toxicol. 2014, 38, 335, DOI:
10.1093/jat/bku035.

63. Helfer, A. G.; Meyer, M. R.; Michely, J. A.; Maurer, H. H.
J. Chromatogr. A 2014, 1325, 92, DOI: 10.1016/
j.chroma.2013.11.054. 

64. Ishii, A.; Tada, M.; Kusano, M.; Ogawa, T.; Hattori, H.;
Seno, H.; Zaitsu, K. Forensic Toxicol. 2014, 32, 342,
DOI: 10.1007/s11419-014-0241-x

65. Leite, M.; Freitas, A.; Azul, A. M.; Barbosa, J.; Costa, S.;
Ramos, F. Anal. Chim. Acta 2013, 799, 77, DOI: 10.1016/
j.aca.2013.08.044

66. Gonmori, K.; Minakata, K.; Suzuki, M.; Yamagishi, I.;
Nozawa, H.; Hasegawa, K.; Wurita, A.; Watanabe, K.;
Suzuki, O. Forensic Toxicol. 2012, 30, 179, DOI:
10.1007/s11419-012-0145-6. 

67. Nomura, M.; Suzuki, Y.; Kaneko, R.; Ogawa, T.; Hattori,
H.; Seno, H.; Ishii. A. Forensic Toxicol. 2012, 30, 185,
DOI: 10.1007/s11419-012-0146-5 -92.

68. Tanahashi, M.; Kaneko, R.; Hirata, Y.; Hamajima, M.;
Arinobu, T.; Ogawa, T.; Ishii, A. Forensic Toxicol. 2010,
28, 110, DOI: 10.1007/s11419-010-0098-6.

69. Filigenzi, M. S.; Poppenga, R. H.; Tiwary, A. K.;
Puschner, B. J. Agric. Food Chem. 2007, 55, 2784, DOI:
10.1021/jf063194w.

70. Maurer, H. H.; Kraemer, T.; Ledvinka, O.; Schmitt, C. J.;
Weber, A. A. J. Chromatogr. B 1997, 689, 81, DOI:
10.1016/s0378-4347(96)00348-9.

71. Garcia, J.; Costa, V. M.; Baptista, P.; Bastos Mde, L.;
Carvalho, F. J. Chromatogr. B 2015, 997, 85, DOI:
10.1016/j.jchromb.2015.06.001. 

72. Tang, Y.; Zhou, L.; Zhou, Z.; Zuo, X.; Cao, M. LCGC

North America, 2011, 29, 672.
73. Defendenti, C.; Bonacina, E.; Mauroni, M.; Gelosa, L.

Forensic Sci. Int. 1998, 92, 59, DOI: 10.1016/s0379-
0738(98)00006-1.

74. Tagliaro, F.; Schiavon, G.; Bontempelli, G.; Carli, G.;
Marigo, M. J. Chromatogr. 1991, 563, 299, DOI:
10.1016/0378-4347(91)80036-c.

75. Rieck, W.; Platt, D. J. Chromatogr. 1988, 425, 121, DOI:
10.1016/0378-4347(88)80012-4. 

76. Tagliaro, F.; Chiminazzo, S.; Maschio, S. Chromatographia

1987, 24, 482, DOI: 10.1007/BF02688530.
77. Jehl, F.; Gallion, C.; Birckel, P.; Jaeger, A.; Flesch, F.;

Minck, R. Anal. Biochem. 1985, 149, 35, DOI: 10.1016/
0003-2697(85)90474-9

78. Caccialanza, G.; Gandini, C.; Ponci, R. J. Pharm. Biomed.

Anal. 1985, 3, 179, DOI: 10.1016/0731-7085(85)80021-2.
79. Robinson-Fuentes, V. A.; Jaime-Sánchez, J. L.; García-

Aguilar, L.; Gómez-Peralta, M.; Vázquez-Garcidueñas,
M. S.; Vázquez-Marrufo, G. J. Pharm. Biomed. Anal.
2008, 47, 913, DOI: 10.1016/j.jpba.2008.03.032.

80. Brüggemann, O.; Meder, M.; Freitag, R. J. Chromatogr.

A 1996, 744, 167, DOI: 10.1016/0021-9673(96)00173-2.
81. Faulstich, H;; Zobeley, S.; Trischmann, H. Toxicon. 1982,

20, 913, DOI: 10.1016/0041-0101(82)90079-4. 
82. Andres, R. Y.; Frei, W.; Gautschi, K.; Vonderschmitt, D.

J. Clin. Chem. 1986, 32, 1751.
83. Parant, F.; Peltier, L.; Lardet, G.; Pulce, C.; Descotes, J.;

Moulsma, M. Acta Clin. Belg. 2006, 61 Suppl. 1, 11,
DOI: 10.1179/acb.2006.063.

84. Abuknesha, R. A.; Maragkou, A. Anal. Bioanal. Chem.
2004, 379, 853, DOI: 10.1007/s00216-004-2663-5.

85. Bever, C. S.; Swanson, K. D.; Hamelin, E. I.; Filigenzi,
M.; Poppenga, R. H.; Kaae, J.; Cheng, L. W.; Stanker, L.
H. Toxins 2020, 12, 123, DOI: 10.3390/toxins12020123.


