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ABSTRACT

Ethnopharmacological relevance: Petasites (butterbur, Asteraceae) species have been used since Ancient times in
the traditional medicine of Asian and European countries to treat central nervous system (migraine), respiratory
(asthma, allergic rhinitis, bronchitis, spastic cough), cardiovascular (hypertension), gastrointestinal (ulcers) and
genitourinary (dysmenorrhea) disorders.

Aim of the review: This study summarized and discussed the traditional uses, phytochemical, pharmacological and
toxicological aspects of Petasites genus.

Materials and methods: A systematic search of Petasites in online databases (Scopus, PubMed, ScienceDirect,
Google Scholar) was performed, with the aim to find the phytochemical, toxicological and bioactivity studies.
The Global Biodiversity Information Facility, Plants of the World Online, World Flora Online and The Plant List
databases were used to describe the taxonomy and geographical distribution.

Results: The detailed phytochemistry of the potentially active compounds of Petasites genus (e.g. sesquiterpenes,
pyrrolizidine alkaloids, polyphenols and essential oils components) was presented. The bioactivity studies (cell-
free, cell-based, animal, and clinical) including the traditional uses of Petasites (e.g. anti-spasmolytic, hypoten-
sive, anti-asthmatic activities) were addressed and followed by discussion of the main pharmacokinetical and
toxicological issues related to the administration of butterbur-based formulations.

Conclusions: This review provides a complete overview of the Petasites geographical distribution, traditional use,
phytochemistry, bioactivity, and toxicity. More than 200 different sesquiterpenes (eremophilanes, furanoer-
emophilanes, bakkenolides), 50 phenolic compounds (phenolic acids, flavonoids, lignans) and volatile com-
pounds (monoterpenes, sesquiterpenes) have been reported within the genus. Considering the phytochemical
complexity and the polypharmacological potential, there is a growing research interest to extend the current
therapeutical applications of Petasites preparations (anti-migraine, anti-allergic) to other human ailments, such as
central nervous system, cardiovascular, malignant or microbial diseases. This research pathway is extremely
important, especially in the recent context of the pandemic situation, when there is an imperious need for novel
drug candidates.

1. Introduction

marshy ground, damp forests or adjacent to rivers or streams (Johnston,
2001). A detailed geographical distribution of various Petasites species is

Genus Petasites L. (Asteraceae, butterbur or coltsfoot) comprises
herbaceous perennial plants with thick, creeping, underground rhi-
zomes and large hat-like leaves (Toman, 1972). The genus consists of 19
widely accepted species, excluding subspecies and varieties (Table 1)
(Hai et al., 2018). The most common butterbur species (P. hybridus L. “G.
Gaertn., B.Mey. & Scherb”) is distributed all over Europe, Asia and North
America and it can grow up to 1 m tall, being usually found in wet,

* Corresponding author.
** Corresponding author.

presented in Table 1. Figures of the plants growing in their natural
habitat are presented in Supplementary material (Figs. S1-S6).

Over the years, two main drugs were clinically approved, namely
Tesalin® — Ze 339 (Max Zeller Sohne AG), containing a butterbur leaf
extract obtained through a patented sub-critical COy extraction and
recommended for treating the intermittent (seasonal) allergic rhinitis
and related symptoms of the eyes, nose and throat (https://zellerag.co
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Table 1

Taxonomy and geographical distribution of Petasites species.

Species name

Synonyms

Geographical
distribution

P. albus (L.) Gaertn.
P. fominii Bordz.

P. formosanus Kitam.
P. fragrans (Vill.) C.
Presl

P. frigidus (L.) Fr.

P. hybridus (L.) G.
Gaertn., B.Mey. &
Scherb.

P. japonicus (Siebold
& Zucc.) Maxim.

P. kablikianus Tausch
ex Bercht.

P. kamengicus Deb

P. paradoxus (Retz.)
Baumg.

P. pyrenaicus (L.) G.
Lopez

P. radiatus (J.F.Gmel.)
J.Toman

P. rubellus (J.F.Gmel.)
Toman

P. saxatilis (Turcz.)
Kom.

P. sibiricus (J.F.Gmel.)
Dingwall

P. spurius (Retz.)
Rchb.
P. tatewakianus Kitam.

P. tricholobus Franch.

P. sabaudus Gand.,
Tussilago alba L.
Nardosmia fominii (Bordz.)
Kuprian.

Cacalia alliariifolia Poir.

Nardosmia angulosa Kuprian.,
Nardosmia frigida (L.) Hook.,
Nardosmia nivalis (B.D.
Greene) Jurtzev,

P. alaskanus Rydb.,

P. corymbosus (R.Br.) Rydb.,
P. gracilis Britton,

P. hyperboreus Rydb.,

P. nivalis Greene,

P. palmatus (Aiton) A.Gray,
Tussilago frigida L.

Cineraria hybrida Bernh.,

P. georgicus Manden.,

P. officinalis Moench,

P. ovatus Hill,

P. pratensis Jord.,

P. vulgaris Desf.,

Tussilago hybrida L.,
Tussilago petasites L.
Nardosmia japonica Siebold &
Zucc.,

P. albus A.Gray,

P. liukiuensis Kitam.,

P. spurius Miq.,

Tussilago petasites Thunb.

P. glabratus (Maly) Borbas

P. niveus (Vill.) Baumg.,
Tussilago nivea Vill.,
Tussilago paradoxa Retz.
Nardosmia fragrans (Vill.)
Rchb.,

Tussilago fragrans Vill.,
Tussilago pyrenaica L.
Nardosmia laevigata (Willd.)
DC., Nardosmia radiata (J.F.
Gmel.) Holub,

Nardosmia straminea Cass.,
P. laevigatus (Willd.) Rchb.,
Tussilago laevigata Willd.,
Tussilago radiata J.F.Gmel.
Nardosmia laevigata var.
subfaeminea DC.,

Nardosmia saxatilis Turcz.,
Tussilago rubella J.F.Gmel.,
Tussilago saxatilis Turcz. ex
DC.

Endocellion boreale Turcz. ex
Herder, Endocellion gmelinii
(Turcz. ex DC.) Panigrahi,
Nardosmia gmelinii Turcz. ex
DC.,

P. gmelinii (Turcz. ex DC.)
Polunin,

Tussilago sibirica J.F.Gmel.
Tussilago spuria Retz.

P. himalaicus Kitam.,
P. mairei H.Lév.,

Central Europe, Caucasus
Caucasus

Taiwan

Western Europe,
Northern Africa, New
Zealand, Tasmania
Arctic, Northern Europe,
Northern Asia, Northern
North America

Europe, Northern Asia,
North America

China, Japan, Korea,
Sakhalin, Europe, North
America

Balkans, Sudetes,
Carpathians
Himalaya, China
Alps

Western Europe, North
Africa

Eastern Russia,
Kazakhstan, Mongolia,
Western Siberia

Central Asia, Eastern
Russia, Korea

Central Asia, Eastern
Russia
Eastern Russia, Mongolia

Eastern Europe, Western
Siberia

Manchuria, Primorye,
Sakhalin

Himalaya, China,
Pakistan, Vietnam
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Table 1 (continued)

Species name Synonyms Geographical
distribution
P. petelotii (Merr.) Kitam.,
P. vaniotii H.Lév.
P. versipilus Hand.- - China

Mazz.

Data in the table are listed according to the Global Biodiversity Information
Facility (GBIF, https://www.gbif.org/), Plants of the World Online (http://www
.plantsoftheworldonline.org/), World Flora Online (http://www.worldfloraon
line.org/) and The Plant List (TPL, http://www.theplantlist.org/).

m/en/products/tesalin-ze-339/), and Petadolex® (Weber & Weber
GmbH & Co.), formulating a butterbur root extract indicated in the
treatment of migraine (https://weber-weber.de/presse/presse-pe
tadolex-kapseln/). Nevertheless, the commercialization of the latter
was discontinued in 2009, as the German Federal Institute for Drugs and
Medical Devices (Bundesinstitut fiir Arzneimittel und Medizinprodukte,
BfArM) refused its reauthorization after the adaptation of the extraction
method from the classical dichloromethane extraction to supercritical
CO4 extraction (SFE-CO»). Both extracts are standardized in petasins, a
group of eremophilane-type sesquiterpenes considered the main active
ingredients of P. hybridus (Danesch and Rittinghausen, 2003). In addi-
tion, a special emphasis is given to the presence of pyrrolizidine alka-
loids (PAs), a class of naturally occurring constituents from
Boraginaceae, Fabaceae and Asteraceae families, including Petasites
species, and incriminated for serious hepato-, pneumo- geno- and
cyto-toxicity. Nonetheless, Petadolex® and Tesalin® — Ze 339 contain
PAs-free materials, obtained through an efficient removal during the
patented extraction steps.

Aside from the petasins and PAs, other sesquiterpenes (such as
bakkenolides), flavonoids, phenolic acids and volatile constituents are
also documented in various Petasites species, including P. japonicus
(Siebold & Zucc.) Maxim., P. formosanus Kitam. and P. tatewakianus
Kitam (Aydin and Letzel, 2013; Mihajilov-Krstev et al., 2020; Park et al.,
2018b; Sun et al., 2011; Toropkina and Minina, 1976; Zhang et al.,
2011). Furthermore, various biological activities of these species are
currently investigated in different cell-free, cell-based or animal studies,
with respect to their putative anti-inflammatory, anti-oxidant,
anti-obesity and neuroprotective properties (Ahn et al., 2020; K.-P. Lee
et al., 2015; Park et al., 2020; Sun et al., 2011; Wang et al., 2014).

Up to date, the previous reviews focused around different aspects of
the Petasites genus; for instance, Aydin et al. (2013) summarized the
analytical and physiological effects of PAs in butterbur, whereas Tys
et al. (2015) shortly presented the botanical and pharmacological
description of the genus. Ozarowski et al. (2013) briefly addressed the
phytochemical, pharmacological and clinical studies of P. hybridus,
whilst its clinical effectiveness in the prophylaxis of migraine was
reviewed by Agosti et al. (2006). Lastly, Hiemori-Kondo (2020)
compiled the studies presenting the chemical composition and biolog-
ical activities of P. japonicus. Nevertheless, a comprehensive review to
cover up also the recent aspects related to the chemical profile and the
(ethno)pharmacological relevance was missing. A quick search in the
SCOPUS database (with “Petasites” as the key word) retrieved around
270 published papers within the period 2012-2021. Therefore, the
current review addresses not only the well-established chemico-bio-
logical facets of the genus, but also the latest advances in Petasites
research. A systematic search of Petasites in online databases (Scopus,
PubMed, ScienceDirect, Google Scholar) was performed. Databases were
searched from inception to January 2022, with the aim to find the
phytochemical, toxicological and bioactivity studies on Petasites genus.
The study includes all known Petasites species. The Global Biodiversity
Information Facility, Plants of the World Online, World Flora Online and
The Plant List databases were used to describe the taxonomy and
geographical distribution.
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2. Traditional uses

Petasites species have an outstanding recognition since Ancient
times; in the first century AD, the Greek physician Dioscorides referred
to butterbur as “a shoot, taller than a cubit and thick as a thumb, bearing
large, hat-shaped leaves, as if they were mushrooms, and [...] good for
malignant and cancerous ulcers” (Beck, 2017). The Greek name of the
genus petasos which translates as the ‘rain hat’, comes from the fact that
the giant leaves were sometimes used for protection against the rain. The
German name Hutpflanze translates as the ‘hat plant’, whereas the other
German names, such as Pestwurz (‘plague root’) or Pestilenzkraut
(‘pestilence herb’), originate from the Middle Ages, when the odour and
smoke obtained by burning the butterbur roots was thought to fight the
bubonic plague. Nevertheless, the most common name of the genus
(butterbur) comes from the times when its big leaves were used to be
wrapped around butter to protect it against the hot weather (Johnston,
2001; Sutherland and Sweet, 2010); on the other hand, the ‘plague--
flower’ name was mentioned by the English botanist Nicholas Culpeper
in his book “The English Physician” from 1652 (Culpeper and Flannery,
2014).

The rhizomes with roots (rootstocks, Petasiti rhizoma cum radicibus)
and leaves (Petasiti folium) have been used empirically in the traditional
medicine of numerous countries (Table 2) to treat migraine, hyperten-
sion, respiratory (asthma, allergic rhinitis, bronchitis, spastic cough),
gastrointestinal (ulcers) and genitourinary (dysmenorrhea) disorders
(Sadler et al., 2007). The edible parts of P. japonicus (fukinoto) together
with its rootstocks and leaves are used in the traditional Korean, Japa-
nese and Chinese medicine (Choi et al., 2016). Nowadays, the most
researched therapeutic effects of butterbur concern its anti-migraine and
anti-allergic properties (Lipton et al., 2004; Oelkers-Ax et al., 2008;
Pothmann and Danesch, 2005).

Table 2
Traditional medicinal uses of Petasites species.
Species Common Parts Traditional uses References
names
P. hybridus Butterbur Leaves Bubonic plague, Johnston
Bog Rootstocks pestilential fever (2001)
rhubarb Cough, mucus Tys et al.
Bogshorn cough, asthma, (2015)
Devil’s hat bronchitis Sutherland
Blatterdock Skin wounds and Sweet
Butter-dock (topical (2010)
Pestwurz application) Brune et al.
Lagwort Gastrointestinal (1993)
Pestilence disorders (colic,
wort cramps,
Plague obstruction of bile
flower flow)
Urogenital
disorders
(urogenital tracts
spasms)
Dysmenorrhea
Migraine, aches
and pains
P. japonicus Fuki Vegetables Asthma, allergic Choi et al.
Fukinoto (bulb-like diseases (2016)
Great shoots) Tonsilitis Yaoita and
butterbur Leaves Contusion Kikuchi
Giant Rootstocks Poisonous snake (1994)
butterbur bite
Sweet
coltsfoot
P. tricholobus - Flower buds Cough, bronchitis, Hai et al.
asthma (2018)
P. formosanus - Leaves Mucus cough Lin et al.
Rootstocks Aches and pains (2003)
Poisonous snake
bite
Hypertension
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3. Phytochemistry
3.1. Sesquiterpenes

Over 200 different sesquiterpene structures have been reported in
Petasites genus (Table 3; Fig. 1); they can be formally grouped into three
main classes: eremophilane-type, furanoeremophilane-type and
bakkenolide-type. Most eremophilane-type sesquiterpenes from Petasites
(collectively referred to as ‘petasins’) are esters of petasol, isopetasol or
neopetasol with 2-methylbut-2-enoic acid (angelic acid) or 3-methylsul-
fanylprop-2-enoic acid. Furanoeremophilane-type sesquiterpenes are
formally obtained by oxidation and cyclization from the previous type of
sesquiterpenes, whereas bakkenolides have cis-hydrindane skeleton
with a p-methylene-y-butyrolactone moiety.

P. hybridus is reported to contain both eremophilanes (e.g. petasin,
isopetasin, neopetasin, S-petasin, iso-S-petasin, neo-S-petasin, 8p-H-
eremophilanolide) and furanoeremophilanes (e.g. furanoeremophilane,
9-hydroxyfuranoeremophilane, furanopetasin, 2-senecioylfuranopeta-
sol, 2-tigloylfuranopetasol and 2-methylthioacryloylfuranopetasol)
(Debrunner et al., 1995; Debrunner and Neuenschwander, 1995; Sie-
genthaler and Neuenschwander, 1997). Actually, Novotny et al. (1966)
proposed the existence of two chemovares of P. hybridus, namely petasin
and furanopetasin chemotypes. It is assumed that the petasin chemovar
lacks the enzymes necessary for the oxidation of eremophilane de-
rivatives to furanoeremophilanes that are characteristic for the fur-
anopetasin chemovar. Nevertheless, the two chemotypes cannot be
distinguished morphologically; furthermore, it was noticed that not only
populations housing plants of the petasin chemotype or of the fur-
anopetasin chemotype can be encountered in the spontaneous flora, but
also populations displaying plants of both chemotypes. Chizzola et al.
(2006) performed experimental crossings within and between plants of
both chemotypes to study the genetic basis of the sesquiterpene occur-
rence. The differentiation between the two chemotypes was proposed to
be governed by the combined action of two dominant genes; for the
formation of petasin, at least two dominant alleles must be present,
whereas the furanopetasin chemotype is under recessive genetic control.

Nonetheless, furanoeremophilanes are more often reported in
P. albus, with albopetasin, petasalbin, 6-angeloyl-albopetasol, 6-sen-
ecioyl-albopetasol, petalbusin, petalbin and petalbone as a few examples
(Bagirova et al., 2011; Bagirova and Serkerov, 2012; Siegenthaler and
Neuenschwander, 1996). On the other hand, bakkenolides (e.g. bakke-
nolides A-V) are the predominant group from P. japonicus (Abe et al.,
1968; Shirahata et al., 1968; Wang et al., 2013). Nevertheless, three
chemotypes of P. japonicus, namely isopetasin-type, fukinone-type (both
eremophilanes) or bakkenolide A-type have been proposed (Shibata and
Shimizu, 1978). Furthermore, sesquiterpene lactones possessing un-
usual seco-eremophilane norsesquiterpenoid skeleton have been also
reported in the Japanese butterbur (Yaoita et al., 2012).

The occurrence of sesquiterpenes was often used in different
chemotaxonomic studies; for instance, P. hybridus, P. japonicus and
P. albus were proposed as three independent sections of the Petasites
genus, whereas other species, such as P. kablikianus and P. paradoxus,
represent the same section of the genus as P. albus (Novotny et al., 1972).
However, other studies (Novotny et al., 1966) showed that P. kablikianus
should be considered as an independent species of hybrid origin. In
addition, the same group noticed the resemblance between P. albus and
P. japonicus, suggesting that the European species P. albus is substituted
in East Asia by the vicarious species P. japonicus. Both taxa possess a
striking morphological similarity of their vegetative organs, contain
eremophilane-type sesquiterpenes in rootstocks (rhizomes, roots and
runners) and show an identical occurrence of bakkenolide A in their
stems (Novotny et al., 1972).

The distribution of sesquiterpenes between different organs as well
between different seasons and collection sites was also investigated in
numerous phytochemical studies. For instance, Novotny et al. (1972)
observed no differences in the components isolated from P. hybridus
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Table 3
Sesquiterpenes reported in Petasites genus.
No. Compound name Formula Species References
1 [1S-[1a(R*), 3ap, 7a, 7aa] ]-octahydro-1- (1-hydroxyethyl)-4-methylene-7-  Cy5H2402 P. tatewakianus M. Wang et al. (2014)
(1-methylethyl)-2H-inden-2-one
2 (15R)-6p-Angeloyloxy-3p, 15-epoxy-9p,15-dihydroxyeremophil-7(11)-en- Ca4H607 P. japonicus Yaoita and Kikuchi (1996a)
12,8a-olide
3 (8R)-2-[(2-Methylpropanoyl)oxy]eremophil-7(11)-en-12,8-olid C19H2504 P. hybridus Bodensieck et al. (2007)
4 (8R)-2-[(Angeloyl)oxy]eremophil-7(11)-en-12,8-olide CaoH2g04 P. hybridus Bodensieck et al. (2007)
5 (8R)-2-[(Methacroyl)oxy]ere-mophil-7(11)-en-12,8-olid C19H2604 P. hybridus Bodensieck et al. (2007)
6 (8R)-2-[(Senecioyl)oxy]eremophil-7(11)-en-12,8-olide CaoHog04 P. hybridus Bodensieck et al. (2007)
7 (8R)-2-[(Tigloyl)oxy]l-eremophil-7(11)-en-12,8-olide CooHog04 P. hybridus Bodensieck et al. (2007)
8 (8R,9p)-2-[(Angeloyl)oxy]-8,9-dihydroxyeremophil-7(11)-en-12,8-olide CooH2g06 P. hybridus Bodensieck et al. (2007)
9 (8R,9 B)-2-[(Angeloyl)oxy]-9-hydroxyeremophil-7(11)-en-12,8-olide CaoH2g05 P. hybridus Bodensieck et al. (2007)
10 (85)-2-[(Angeloyl)oxy]leremophil-7(11)-en-12,8-olide CooHpg04 P. hybridus Bodensieck et al. (2007)
11 (85)-2-[(Senecioyl)oxyleremophil-7(11)-en-12,8-olide CooH2g04 P. hybridus Bodensieck et al. (2007)
12 (85)-2-[(Methacroyl)oxy]ere-mophil-7(11)-en-12,8-olide C19H2604 P. hybridus Bodensieck et al. (2007)
13 (89)-2-[(Tigloyl)oxy]eremophil-7(11)-en-12,8-olide CaoHog04 P. hybridus Bodensieck et al. (2007)
14 (85)-2-{[(Z)-3-(Methylsulfanyl)prop-2-enoyl]oxy}eremophil-7(11)-en- C19H2604S P. hybridus Bodensieck et al. (2007)
12,8-olide P. japonicus Matsumoto et al. (2020)
15 1-Oxobakkenolide S C15H2004 P. tricholobus Hai et al. (2018)
16 2-Angelylfuroeremophilane Cq5H2203 P. kablikianus Novotny et al. (1966)
17 2-Methylthioacryloyl-furanopetasol C19H2604S P. hybridus Siegenthaler and Neuenschwander (1997)
18 2-Senecioyl-furanopetasol C19H2504 P. hybridus Siegenthaler and Neuenschwander (1997)
19 2-Tigloyl-furanopetasol C19H2504 P. hybridus Siegenthaler and Neuenschwander (1997)
20 2a-Hydroxy-9-oxo-10a-H-furoeremophilane C15H2003 P. hybridus Novotny et al. (1972)
21 3pB,6p-Diangeloyloxyeremophil-7(11)-en-12,8p-olide Ca5H3406 P. japonicus Yaoita et al. (1992)
22 3p,6p-Dihydroxy-3-oxoeremophil-7(11)-en-12,8a-olide Cy5H1805 P. japonicus Yaoita et al. (2012)
23 3p,6p-Dihydroxyeremophil-7(11)-en-12,8a-olide C15H2004 P. japonicus Yaoita and Kikuchi (1996a)
24 3B,8a-Dihydroxy-6p-tigloyloxyeremophil-7(11)-en-12,8p-olide Co0H2606 P. japonicus Yaoita and Kikuchi (1994a)
25 3p,8p-Dihydroxy-6p-tigloyloxyeremophil-7(11)-en-12,8a-olide Ca0H2606 P. japonicus Yaoita and Kikuchi (1994a)
26 3p-Hydroxy-6a-methoxyeremophil-7(11)-en-12,8p-olide C16H2204 P. japonicus Yaoita and Kikuchi (1995)
27 3p-Hydroxy-6p-methoxyeremophil-7(11)-en-12,8a-olide C16H2204 P. japonicus Yaoita and Kikuchi (1995)
28 3p-Hydroxy-6p,8ua-dimethoxyeremophil-7(11)-en-12,8p-olide C17H2405 P. japonicus Yaoita and Kikuchi (1994a)
29 3p-Hydroxy-6p-methoxyeremophil-7(11)-en-12,8p-olide C16H2204 P. japonicus Yaoita and Kikuchi (1994a)
30 3p-Hydroxy-6p-tigloyloxyeremophil-7(11)-en-12,8p-olide CooH2g05 P. japonicus Yaoita et al. (1992)
31 3p-Hydroxy-8-oxoeremophil-6-en-12-oic acid methyl ester Co0H2605 P. japonicus Yaoita and Kikuchi (1995)
32 3p-Hydroxyeremophil-7(11)-en-12,8p-olide Cq5H2003 P. japonicus Yaoita and Kikuchi (1994a)
33 3-0-B-D-6’-sulfonated-glucopyranosyl-6-(3-oxo-2-butenylidenyl)-1, 1, 5- C19H30011S  P. tricholobus Zhang et al. (2014)
trimethylcyclohexan-5-ol
34 6-Acetylfuranofukinol C17H2404 P. japonicus Naya et al. (1971a)
35 6-Angelylfuranofukinol CaoH2504 P. japonicus Naya et al. (1971a)
36 6-Hydroxyeremophilenolide C15H2203 P. japonicus Naya et al. (1971a)
P. albus Novotny et al. (1962, 1964)
37 6p-(3'-Chloro-2'-hydroxy-2'-methylbutyroyloxy)-3p, 8p- CaoH2oClO;  P. japonicus Yaoita and Kikuchi (1996a)
dihydroxyeremophil-7-(11)-en-12,8a-olide
38 6p-(3'Chloro-2'-hydroxy-2'-methylbutyloyloxy)-3p-hydroxyeremophil-7 CgoH29ClOg  P. japonicus Yaoita and Kikuchi (1995)
(11)-en-12,8p-olide
39 6p,8p-Dihydroxy-3-oxoeremphil-7(11)-en-12,8a-olide C15H2005 P. japonicus Yaoita and Kikuchi (1996a)
40 6p-Angeloyloxy-8p-hydroxy-3-oxoeremophil-7(11)-en-12,8x-olide Co0H2606 P. japonicus Yaoita and Kikuchi (1994a)
41 6p-Angeloyloxy-3p,8a-dihydroxyeremophil-7(11)-en-12,8p-olide C20H2506 P. japonicus Sugama et al. (1985)
42 6p-Angeloyloxy-34,8p,9p-trihydroxyeremophil-7(11)-en-12,8f-olide CaoH2507 P. japonicus Yaoita and Kikuchi (1995)
43 6p-Angeloyloxy-3p,8p-dihydroxyeremophil-7(11)-en-12,8a olide CaoH2g06 P. japonicus Sugama et al. (1985)
44 6p-Angeloyloxy-3p,9« dihydroxyeremophil-7(11)-en-12,8p-olide C20H2506 P. japonicus Yaoita and Kikuchi (1995)
45 6p-Angeloyloxy-3f,9p- dihydroxyeremophil-7(11)-en-12,8p-olide C20H2506 P. japonicus Yaoita and Kikuchi (1995)
46 6p-Angeloyloxy-3p-hydroxyeremophil-7(11)-en-12,8p-olide CaoH2g05 P. japonicus Yaoita et al. (1992)
47 6p-Epoxyangeloyloxy-3p-hydroxyeremophil-7(11)-en-12,8p-olide C20H2506 P. japonicus Yaoita and Kikuchi (1995)
48 8,12-Epoxy-2-[(senecioyl)oxy]eremophil-7,11-dien-9-one CooH2604 P. hybridus Bodensieck et al. (2007)
49 8p-H-Eremophilanolide C15H2,0, P. hybridus Bodensieck et al. (2007)
50 8-Hydroxyeremophil-7(11)-en-12,8-olide C15H2003 P. hybridus Bodensieck et al. (2007)
P. tatewakianus Xie et al. (2011)
P. japonicus Matsumoto et al. (2020)
51 8p-Hydroxy-3-oxoeremophil-7(11)-en-12,8a-olide C15H1804 P. japonicus Yaoita and Kikuchi (1995)
52 9-Acetoxyfukinanolide C17H2404 P. japonicus Naya et al. (1972)
53 9-Hydroxyfuranoeremophilane C15H2205 P. hybridus Hochmannova et al. (1962a); Vokac et al. (1972);
Siegenthaler and Neuenschwander (1997)
54 9-Hydroxyisobakkenolide Co0H2g05 P. hybridus Bodensieck et al. (2007)
55 9-Oxofuranopetasin CooH2404 P. hybridus Bodensieck et al. (2007)
56 14-acetoxy-7p-senecioyloxy-notonipetranone CyoH3,05 P. tatewakianus M. Wang et al. (2014)
57 Albopetasol Cy15H2203 P. albus Novotny et al. (1962, 1964)
58 Angelyljaponicin CaoH2804 P. albus Novotny et al. (1966)
P. kablikianus
59 Bakkenolide A (Fukinanolid) C15H2205 P. japonicus Abe et al. (1968); Kitaharan et al. (1969)
60 Bakkenolide B C2oH3006 P. japonicus Abe et al. (1968); Kitaharan et al. (1969)
P. tricholobus Cheng (1999)

P. tatewakianus Dong et al. (2010)
P. formosanus Wu et al. (1999a)
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61 Bakkenolide C CooH2g05 P. japonicus Abe et al. (1968); Kitaharan et al. (1969)

62 Bakkenolide D (S-Fukinolide) Co1H2806S P. japonicus Abe et al. (1968); Kitaharan et al. (1969)
P. tricholobus Cheng (1999)
P. tatewakianus M. Wang et al. (2014)
P. tricholobus Hai et al. (2018)
P. formosanus Wu et al. (1999a)

63 Bakkenolide Db C21H250,S P. tricholobus Hai et al. (2018)
P. formosanus Wu et al. (1999a)

64 Bakkenolide Dc Co1H2507S P. formosanus Wau et al. (1999a)

65 Bakkenolide Dd C21H806S P. formosanus Wau et al. (1999a)

66 Bakkenolide De C21H2507S P. formosanus Wu et al. (1999a)

67 Bakkenolide Df Co1H2507S P. formosanus Wau et al. (1999a)

68 Bakkenolide Dg C21H80,S P. formosanus Wau et al. (1999a)

69 Bakkenolide Dh C21H2507S P. formosanus Wu et al. (1999a)

70 Bakkenolide E C22H3006 P. japonicus Shirahata et al. (1968); Kitaharan et al. (1969)
P. formosanus Wu et al. (1999a)

71 Bakkenolide Fa CosH3606 P. formosanus Wu et al. (1999a)

72 Bakkenolide Fb CosH3606 P. formosanus Wu et al. (1999a)

73 Bakkenolide G C15H220, P. tricholobus Cheng (1999)
P. formosanus Wu et al. (1999a)

74 Bakkenolide H Co3H3406 P. formosanus Wu et al. (1999a)

75 Bakkenolide 1 Ci19H2504 P. formosanus Wu et al. (1999a)

76 Bakkenolide IIT C15H2204 P. tatewakianus M. Wang et al. (2014)
P. japonicus Xu et al. (2016)
P. formosanus Wu et al. (1999a)

77 Bakkenolide J CooH3004 P. formosanus Wu et al. (1999a)

78 Bakkenolide K C24H3404 P. formosanus Wu et al. (1999a)

79 Bakkenolide L C19H2606 P. tatewakianus ~ Xie et al. (2011)
P. formosanus Wu et al. (1999a)

80 Bakkenolide M Ca4H3606 P. formosanus Wau et al. (1999a)

81 Bakkenolide Na C24H3606 P. formosanus Wu et al. (1999a)

82 Bakkenolide Nb Co4H3606 P. formosanus Wu et al. (1999a)

83 Bakkenolide O Ca5H3g0g P. formosanus Wau et al. (1999a)

84 Bakkenolide P CosH306 P. formosanus Wu et al. (1999a)

85 Bakkenolide Q Cos5H306 P. formosanus Wu et al. (1999a)

86 Bakkenolide R CaoH2g05 P. formosanus Wau et al. (1999a)

87 Bakkenolide S C15H22803 P. formosanus Wau et al. (1999a)

88 Bakkenolide T C24H340,S P. formosanus Wu et al. (1999a)

89 Bakkenolide Ua C19H2505 P. formosanus Wu et al. (1999a)

90 Bakkenolide Ub C19H2g05 P. formosanus Wau et al. (1999a)

91 Bakkenolide Uc C19H2505 P. formosanus Wu et al. (1999a)

92 Bakkenolide V CooH3005 P. formosanus Wu et al. (1999a)

93 Bakkenolide VI Ca5H3606S P. tatewakianus Sun et al. (2011)

94 Bakkenolide VIa Ca4H3207 P. japonicus Xie et al. (2016)

95 Bakkenolide W CaH3007 P. formosanus Wu et al. (1999a)

96 Bakkenolide X C17H2405 P. japonicus Xu et al. (2016)
P. formosanus Wu et al. (1999a)

97 Bakkenolide Ya C19H2606S P. formosanus Wu et al. (1999a)

98 Bakkenolide Yb C19H2606S P. formosanus Wu et al. (1999a)

99 Bakkenolide Za Ca4H340¢ P. formosanus Wu et al. (1999a)

100  Bakkenolide Zb C24H3406 P. formosanus Wu et al. (1999a)

101 Bakkenolide Ia C25H3406 P. tricholobus Wang et al. (2009)

102 Bakkenolide Ib P. japonicus Hai et al. (2018)

103 Bakkenolide ITa Ca5H340¢ P. tricholobus Wang et al. (2009)

104  Bakkenolide IIb C24H3206S P. japonicus Hai et al. (2018)

105  Bakkenolide Illa Co4H3206S P. tricholobus Wang et al. (2009)

106 Bakkenolide IIIb C24H3206S P. japonicus Hai et al. (2018)

107  Bakkenolide IVa C24H3206S P. tricholobus Wang et al. (2009)

108  Bakkenolide IVb Co4H3206S P. japonicus Hai et al. (2018)

109  Bakkenolide Va C23H3206S P. tricholobus Zhang et al. (2008)

110  Bakkenolide Vb C24H3206S P. tricholobus Hai et al. (2018)

111 Caryolane-1,9f-diol C15H260, P. japonicus Xu et al. (2016)

112 Clovane-2p,9a-diol Ci15H2605 P. japonicus Xu et al. (2016)

113 Diangelyljaponicin Ca5H3405 P. albus Novotny et al. (1966)
P. kablikianus

114  Dimethoxydihydrofuroeremophilane C18H300, P. hybridus Hochmannova et al. (1962a); Vokac et al. (1972)

115 Epieremophilenolide C15H2205 P. japonicus Matsumoto et al. (2020)

116  Epoxyeremopetasinorol C13H2003 P. japonicus Yaoita et al. (2012)

117  Eremofukinone Cy5H240 P. japonicus Naya et al. (1972)

118  Eremopetasidione C14H2003 P. japonicus Yaoita and Kikuchi (1994b)

119  Eremopetasinorol C13H2002 P. japonicus Yaoita and Kikuchi (1996b)

120  Eremopetasinorone B Cy13H;502 P. japonicus Yaoita et al. (2012)

121 Eremopetasinorone A Cy13H180, P. japonicus Yaoita and Kikuchi (1996b)

122 Eremopetasinsulphoxide C19H2604S P. japonicus Tori et al. (1998)

123 Eremopetasitenin Al C20H2806 P. japonicus Tori et al. (1998)

124  Eremopetasitenin A2 C20H2506S P. japonicus Tori et al. (1998)
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125 Eremopetasitenin B1 CaoH2s06 P. japonicus Tori et al. (1998)

126  Eremopetasitenin B2 C24H3207S P. japonicus Tori et al. (1998)

127 Eremopetasitenin C1 Cy1H3006 P. japonicus Tori et al. (1998)

128  Eremopetasitenin C2 CosH3407S P. japonicus Tori et al. (1998)

129  Eremopetasitenin C3 C21H3006S P. japonicus Tori et al. (1998)

130 Eremopetasitenin D1 Co1H3006 P. japonicus Tori et al. (1998)

131 Eremopetasitenin D2 Cy5H340,S P. japonicus Tori et al. (1998)

132  Eremopetasitenin D3 C17H2605 P. japonicus Tori et al. (1998)

133 Eremophilene CisHog P. hybridus Hochmannov4 et al. (1962a, b); Krepinsky et al. (1968);
P. albus Vokac et al. (1972)
P. kablikianus Naya et al. (1971a)
P. japonicus

134  Eremophilene lactam C15H23NO P. hybridus Jizba et al. (1977)

135 Eremophilenolide C15H2202 P. hybridus Novotny et al. (1961)
P. japonicus Matsumoto et al. (2020)

136  Eremosulphoxinolide A Ca4H32078 P. japonicus Yaoita and Kikuchi (1996b)

137 Eremosulphoxinolide B Ca4H3207S P. japonicus Yaoita and Kikuchi (1996b)

138  Fukinone C15H240 P. japonicus Naya et al. (1968)

139  Fukinoside A C1H34010S  P. japonicus Yoshikawa et al. (2006)

140  Furanoeremophilane C15H220 P. hybridus Hochmannova et al. (1962a); Vokac et al. (1972)
P. japonicus Naya et al. (1971a)

141  Furanoeremophilone C15H2002 P. hybridus Novotny et al. (1961)

142 Furanofukinol C15H2,03 P. japonicus Naya et al. (1971a)

143 Furanojaponin CaoH2g03 P. japonicus Naya et al. (1971a)

144  Furanopetasin CooH2504 P. hybridus Novotny et al. (1961)

145  Homofukinolide CosH3404 P. japonicus Xu et al. (2016)

146  Icariside B1 C19H300g P. tricholobus Zhang et al. (2014)

147  Isopetasin CaoH2s03 P. hybridus Aebi et al. (1955, 1958); Stoll et al. (1956)
P. formosanus Lin et al. (1998b)
P. fragrans Sugama et al. (1983)
P. kablikianus Novotny et al. (1972)

148  Isopetasol C15H220, P. formosanus Lin et al. (1998b)
P. fragrans Sugama et al. (1983)

149  Isopetasoside C21H3,07 P. japonicus Yamada et al. (1978a)

150  Iso-S-petasin C19H2605S P. hybridus Aebi et al. (1955, 1958); Stoll et al. (1956)
P. formosanus Lin et al. (1998b)

151 Japonipene A Ca1H3006 P. japonicus Wang et al. (2013)
P. tatewakianus M. Wang et al. (2014)

152 Japonipene B C24H3206S P. japonicus Novotny et al. (1968a, b); Wang et al. (2013)

153 Japonipene C Co4H3406S P. japonicus Wang et al. (2013)

154  Japonipene D Ca4H3207S P. japonicus Wang et al. (2013)

155  Japonipene E C24H3207S P. japonicus Wang et al. (2013)

156 Japonipene F Cy3H3,0,S P. japonicus Wang et al. (2013)

157  Japonipene G Ca5H35Cl0g  P. japonicus Wang et al. (2013)

158  Japonipene H CasH3;Cl0g  P. japonicus Wang et al. (2013)

159  Kablicin CosH3406 P. kablikianus Novotny et al. (1968a, b)

160  Ligularone C15H2002 P. japonicus Naya et al. (1971a)

161 Ligularenolide Cy15H;502 P. hybridus Bodensieck et al. (2007)

162  Megastigman-7-ene-3, 5, 6, 9-tetrol-3-O-p-D-6'-sulfonated-glucopyranoside =~ Cy9H34012S  P. tricholobus Zhang et al. (2014)

163 Neopetasin CaoHg03 P. hybridus Aebi et al. (1955, 1958); Stoll et al. (1956)
P. fragrans Sugama et al. (1983)

164  Neo-S-petasin C19H2603S P. hybridus Aebi et al. (1955, 1958); Stoll et al. (1956)
P. fragrans Sugama et al. (1983)

165  Oplodiol Cy15H2602 P. tatewakianus ~ Xie et al. (2011)

166  Oplopanone C15H2602 P. tatewakianus ~ Xie et al. (2011)

167 Petasalbin (Ligularol) C15H220, P. japonicus Naya et al. (1971a)
P. albus Novotny et al. (1962, 1964)

168  Petasalbin angelate (albopetasin) C2oH2503 P. japonicus Naya et al. (1971a)
P. albus Novotny et al. (1962, 1964)

169  Petasalbin methyl ether (Furanofukinin) C16H2402 P. japonicus Naya et al. (1971a)

170  Petasin CyoHg03 P. hybridus Aebi et al. (1955, 1958); Stoll et al. (1956)
P. formosanus Lin et al. (1998b)
P. fragrans Sugama et al. (1983)

171 Petasindiol C14H1804 P. tricholobus Hai et al. (2018)

172  Petasinol C19H2804S P. formosanus Lin et al. (1998b)

173 Petasinone A C19H2604 P. formosanus Lin et al. (1998b)

174  Petasinone B C19H2604 P. formosanus Lin et al. (1998b)

175  Petasinone C C19H2604 P. formosanus Lin et al. (1998b)

176  Petasinone D C19H5603S P. formosanus Lin et al. (1998b)

177  Petasipaline A P. palmatus Hayashi (1989)

178  Petasipaline B C19H2505 P. palmatus Hayashi (1989)
P. tatewakianus Xie et al. (2011)

179  Petasipene A Cy2H31ClO;  P. japonicus Xu et al. (2016)

180 Petasipene B Cy9H2804S P. japonicus Xu et al. (2016)

181 Petasitesterpene I C19H2804S P. japonicus Matsumoto et al. (2020)

182  Petasitesterpene II C19H2504S P. japonicus Matsumoto et al. (2020)
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183  Petasitesterpene III Cy1H3208 P. japonicus Matsumoto et al. (2020)
184  Petasitesterpene IV Cy5H2403 P. japonicus Matsumoto et al. (2020)
185 Petasitesterpene V C21H3407 P. japonicus Matsumoto et al. (2020)
186 Petasitesterpene VI C19H2505S P. japonicus Matsumoto et al. (2020)
187  Petasitin CaoH2g04 P. japonicus Naya and Takagi (1968)
188  Petasitolide A CooHag04 P. hybridus Novotny et al. (1961)
189  Petasitolide B CooHag04 P. hybridus Novotny et al. (1961)
190  Petasitolone Cy5H2402 P. japonicus Naya et al. (1971b)
191 Petasol C15H202 P. formosanus Lin et al. (1998b)

P. fragrans Sugama et al. (1983)
192 Petasone A C19H2604S P. formosanus Lin et al. (1998a)
193 Petasone B C19H2604S P. formosanus Lin et al. (1998a)
194  Petatewalide A Ca2H3006 P. tatewakianus Dong et al. (2010)
195  Petatewalide B Cy2H31ClO;  P. japonicus Choi et al. (2016)
196  S-Japonin C19H2503S P. japonicus Naya et al. (1972)
197  S-petasitin C19H2604S P. formosanus Lin et al. (1998a)
198  Secoeremopetasitolide A C19H2607 P. japonicus Yaoita and Kikuchi (1996¢)
199 Secoeremopetasitolide B Cz21H3007 P. japonicus Yaoita and Kikuchi (1996c¢)
200 S-Furanopetasitin Co4H3205S P. japonicus Naya et al. (1971a)

201 S-Petasin

Ci9H2603S P. hybridus

Aebi et al. (1955, 1958); Stoll et al. (1956)

P. formosanus Lin et al. (1998a)

P. fragrans Sugama et al. (1983)
202  S-Petasitolide A C19H2604S P. hybridus Novotny et al. (1961)
203  S-Petasitolide B C19H2604S P. hybridus Novotny et al. (1961)
204  Pulioplopanone B C15H2603 P. tatewakianus ~ Xie et al. (2011)
205  Tatewakipene A Co1H3006 P. tatewakianus M. Wang et al. (2014)
206  Tatewakipene B Ca3H3206 P. tatewakianus M. Wang et al. (2014)
207  Tatewakipene C Ca0H3004 P. tatewakianus M. Wang et al. (2014)
208  Tsoongianolide B C15H2003 P. hybridus Bodensieck et al. (2007)
209  Tussilagone Cy3H3405 P. tatewakianus M. Wang et al. (2014)

materials collected in the autumn vs. spring or originated from andro-vs.
gyno-morphous specimens. Debrunner et al. (1995) studied the profile
of isopetasin, neopetasin, petasin, iso-S-petasin, neo-S-petasin and
S-petasin in the different plant organs (rootstocks, leaves, stems) of
P. hybridus, showing that the content of petasins was significantly higher
in rootstocks vs. leaves and stems (Table 4). Similarly, the rootstocks of
P. hybridus specimens collected in four different habitats in Bulgaria
were found to be richer in sesquiterpenes (petasin, isopetasin, neo-
petasin, S-petasin) than the leaves (Uzunova et al., 2020).

Siegenthaler and Neuenschwander (1997) showed that only the
rootstocks are suited for investigating the presence of furanoer-
emophilanes in the furanopetasin chemotype of P. hybridus, whereas the
aerial organs exposed to air (leaves, flowers) contain mostly 9-oxo-fura-
noeremophilanes, oxidation products of furanoeremophilanes.

Further studies focused on the influence of season and location of
plant harvesting on the content of petasins. In six populations from
Switzerland and Germany, the concentration of petasin was generally
high and varied only moderately, depending on location, whereas a
population very rich in neopetasin was found in Niedereichsel (Ger-
many). When investigated over a complete vegetation period, plants of
the habitat Gurnigel (Switzerland) showed the highest amounts of ses-
quiterpenes in the spring time and the lowest concentrations in summer,
indicating that spring is the suitable season for their harvest (Debrunner
and Neuenschwander, 1995). A similar seasonal trend was noticed in the
rootstocks of P. hybridus and P. albus, with the levels of albopetasin,
petasalbin and 6-angeloyl-albopetasol surprisingly small from July until
October, relatively high in winter and peaking in May (Siegenthaler and
Neuenschwander, 1997).

A special attention should be paid to the stability of petasins; it was
found that, over a period of 72 days (40 °C, in the dark), sesquiterpenes
with petasol and neopetasol skeletons slowly isomerize to the corre-
sponding derivatives with isopetasol skeletons. For instance, neopetasin
and petasin are both converted in a time-dependent manner to iso-
petasin, the more thermodynamically stable isomer (Debrunner and
Neuenschwander, 1995).

3.2. Pyrrolizidine alkaloids

PAs are common metabolites of Asteraceae, Boraginaceae and
Fabaceae families and serve as chemical defence compounds mainly
against herbivores. Structurally, they consist of 1,2-unsaturated necine
rings (heliotridine-, retronecine-, platynecine- and otonecine-type)
usually esterified at C-7 and/or C-9 as monoesters or open-chain and
cyclic diesters (Kitajima et al., 2019). In plant materials, they can occur
either as free bases or as a mixture of free bases and their N-oxides
(PANOs). Since the first reports from the 1970s on their negative health
effects, especially hepatotoxicity and carcinogenicity (Bull et al., 1970),
an enormous amount of data on their structure, content in medicinal
plants and harmful health effects has been provided.

More than 20 diverse PAs have been identified in different species of
Petasites genus (Table 5, Fig. 2). For instance, senecionine, sen-
eciophylline, 7-angeloylretronecine, 9-angeloylretronecine, inter-
gerrimine and senkirkine have been documented in P. hybridus (Avula
etal., 2012, 2015; Luthy et al., 1983; Mroczek et al., 2002; Schenk et al.,
2015). Senkirkine was found in P. albus (Mroczek et al., 2002), whereas
petasitenine, neopetasitenine, senkirkine and fukinotoxin were reported
in P. japonicus (Furuya and Hikichi, 1976; Hirono et al., 1973, 1975,
1977; Niwa et al., 1983). In addition, petasitenine, neopetasitenine,
senkirkine, neosenkirkine and seneciophylline were retrieved in
P. paradoxus: (Roeder and Abdel Ghani, 1990), whilst senkirkine, far-
fugine, tussilagine were isolated from P. spurius (Roeder et al., 1993).

Different quantitative studies revealed that the PAs content depends
on the plant organ, age and developmental stage of the plant, season,
location, etc (Chizzola, 1992). For instance, the PAs content of 77
populations of butterbur from Austria were analyzed by Chizzola et al.
(2000), revealing that: the leaves usually contained lower concentration
of PAs than the rhizomes; the highest alkaloid content was observed in
the young thickenings just below the emerging leaves, while the young
runners were much richer in PAs than the old runners; seasonal variation
of PAs content in the rhizomes were low, although the alkaloid levels
were higher in the spring than in the summer and autumn; PAs-free
cultivars of P. hybridus have not been found, but considering their low
levels in the leaves (<10 mg/kg), the latter can be regarded as a safer
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Fig. 1. Chemical structures of main sesquiterpenes from Petasites genus.

source of bioactive petasins (Chizzola et al., 2000). Therefore, even
though the leaves have slightly lower amounts of bioactive petasins
(7.4-15.3 mg/g petasin in rhizomes vs. 3.3-11.4 mg/g petasin in leaves,
as reported by Wildi et al. (1998)), they are generally recommended as a
more suitable source of petasins than the rootstocks, due to a lower PAs
content (5-90 ppm PA in rhizomes vs. 0.02-1.50 mg/g petasin in
leaves). A similar trend was also presented by Langer et al. (1996), when

the alkaloid content in P. hybridus leaves was determined to be only 3.86
ppm, while the content in the rhizomes was 104.8 ppm.

Due to their incriminating toxicity, considerable efforts have been
made to, either find and select PAs-free chemotypes (as mentioned
above) or eliminate the PAs from plant extracts. For the scope of
depletion, Petasites extracts can be processed with the help of cation
exchange resins (Mauz et al.,, 1985). However, genetic crossing
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Table 4

The content of petasins in different plant organs of P. hybridus.
Organ Isopetasin Neopetasin Petasin Iso-S-petasin Neo-S-petasin S-petasin References

pg/g d.w. plant material

Leaves 337 1885 2771 382 305 Debrunner et al. (1995)
Leaves - - 3300-11400 - - Wildi et al. (1998)
Rhizomes - - 7400-15300 - - Wildi et al. (1998)
Rhizomes 113 2341 9376 1399 980 Debrunner et al. (1995)
Roots 114 2463 7002 1043 643 Debrunner et al. (1995)
Rootstocks 1200-2450 1150-2580 5970-12200 400-540 710-1350 1660-2970 Uzunova et al. (2020)
Rootstocks 300 - 600 — 100 Avula et al. (2012)
Rootstocks 129 2197 9495 1324 678 Debrunner et al. (1995)
Runners 156 1940 7018 1225 1174 Debrunner et al. (1995)
Stalks 0.1 0.4 79 1.6 6.7 Debrunner et al. (1995)

experiments to obtain progenies with lower contain of PAs did not
achieve PA-free cultivars (Pank et al., 2002).

3.3. Phenolic compounds

Over 50 phenolic compounds have been identified in Petasites genus.
They can be classified as phenolic acids (e.g. fukiic acid, caffeic acid and
other hydroxycinnamic acid derivatives), flavonoids and their glyco-
sides (e.g. kaempferol, quercetin, rutin), and lignans (e.g. petasitesins A
and B). Fukiic and fukinolic acids (derivative of fukiic and caffeic acids)
are two distinctive compounds found in the leaves and stems of
P. japonicus (Sakamura et al., 1969, 1973). Petasiphenol is another
caffeic acid derivative that can be found in the flower stalks of
P. japonicus (Iriye et al., 1992). The phenolic compounds reported in
Petasites genus are presented in Table 6, and exemplary structures of
phenolic compounds are presented in Fig. 3.

3.4. Volatile compounds

The most important volatile compounds reported in Petasites genus
are presented in Table 7. Miyazawa et al. (2003) characterized 69

volatile compounds in the essential oils of P. japonicus. This analysis
showed that the major components of the essential oils from the leaves,
rootstocks and flower stems are -caryophyllene (22% of leaves essential
oil), angelic acid (18% of rootstocks essential o0il) and valencene (12% of
flower stems essential oil). Saritas et al. (2002) identified 26 volatile
compounds (e.g. albene, petasitene, pethybrene) in the essential oil
obtained by hydro-distillation from P. hybridus rhizomes. The analysis of
the essential oil obtained from P. albus aerial parts collected in Iran
showed the occurrence of euparin (73%), a-eudesmol (13.2%), and
B-selinene (4.5%) as the major volatile components (Mohammadi et al.,
2012). In another study, the major compounds of the essential oils of
P. albus and P. hybridus (leaves, flower stems and rhizomes from Croatia)
were identified as oxygenated sesquiterpenes, such as bisabola-2,
10-diene-1-one and fukinanolid (bakkenolide A) (Friscic¢ et al., 2019).
The analysis of essential oils from leaves and rhizomes of P. hybridus ssp.
ochroleucus from the Balkans allowed the identification of 42 volatile
components in the leaves oil, with a fukinanolide as the major com-
pound (33.42%) and 60 constituents in the rhizomes oil, with nonenal as
the major compound (11.23%). The analysis showed the low concen-
tration of potentially biologically active isopetasin (3,9%) in the
essential oil of rhizomes. However, the toxic pyrrolizidine alkaloids
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Table 5
Pyrrolizidine alkaloids reported in Petasites genus.
No. Compound name Formula Species References
210  7-Acetyl-9-(2,3- C16H2sNO4  P. hybridus Aydin and
dimethylbutyryl) Letzel (2013)
retronecine
211 7-Angeloylretronecine C13H19NO3  P. fragrans Wiedenfeld
P. hybridus et al. (2002)
Avula et al.
(2015)
212 7-Angeloylretronecine-N-  Cy3H;oNO4 P hybridus Avula et al.
oxide (2012)
213  9-Angeloylretronecine Ci13H19NO3  P. hybridus Avula et al.
(2012)
214  9-Angeloylretronecine-N-  Cy3H;90NO4  P. hybridus Avula et al.
oxide (2012)
215  Acetylpetasitenine C1H2oNOg  P. hybridus Aydin and
Letzel (2013)
216  Farfugine Cy13H21NO3  P. spurius Roeder et al.
(1993)
217  Intergerrimine C1gH2sNOs  P. hybridus Luthy et al.
P. frigidus (1983)
Avula et al.
(2012)
218  Integerrimine-N-oxide Ci1gH2sNOg  P. hybridus Avula et al.
P. frigidus (2012)
219  Isotussilagine Cy1oH17NO3  P. spurius Roeder et al.
(1993)
220  Isotussilaginine C1oH17NO3  P. spurius Roeder et al.
(1993)
221 Neopetasitenine C21H29NOg  P. japonicus Hirono et al.
P. paradoxus  (1977)
Roeder and
Abdel Ghani
(1990)
222 Petasinine C13H21NO3  P. japonicus Yamada et al.
P. fragrans (1978b)
Wiedenfeld
et al. (2002)
223  Petasinoside CagH37NOg  P. japonicus Yamada et al.
(1978b)
224 Petasitenine C19H57NO, P. japonicus Furuya and
(Fukinotoxin) P. paradoxus ~ Hikichi (1976)
Hirono et al.
(1977)
Roeder and
Abdel Ghani
(1990)
225  Secopetasitenine Cy0H31NOg  P. japonicus Kitajima et al.
(2019)
226  Senecionine C1gH2sNOs  P. hybridus Luthy et al.
P. frigidus (1983)
Avula et al.
(2012)
227  Senecionine-N-oxide Cy1gH2sNOg  P. hybridus Avula et al.
P. frigidus (2012)
228 Seneciphylline C18H23NOs  P. paradoxus Roeder and
P. hybridus Abdel Ghani
(1990)
Sener and
Ergun (1996)
229 Senkirkine C19H27NOg  P. hybridus Luthy et al.
P. japonicus (1983)
P. paradoxus ~ Yamada et al.
P. spurius (1978a)
P. fragrans Roeder and
P. frigidus Abdel Ghani
(1990)
Roeder et al.
(1993)
Wiedenfeld
et al. (2002)
Avula et al.
(2012)
230  Symphytine CyoH31NOg  P. hybridus Aydin and
Letzel (2013)
231 Tussilagine C10H17NO3
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Table 5 (continued)

No. Compound name Formula Species References
P. spurius Roeder et al.
P. hybridus (1993)
Sener and

Ergun (1996)

were below the detection limit in leaves and rhizomes essential oils
(Mihajilov-Krstev et al., 2020).

4. Biological activities

Santini can be considered one of the pioneers in unveiling the
pharmacological activities of Petasites genus, as his studies showed for
the first time the beneficial effects of P. hybridus in treating hyperten-
sion, anxiety and asthma (Santini, 1953). The subsequently documented
biological effects of Petasites extracts as well as of isolated constituents,
such as anti-migraine, anti-inflammatory, anti-allergic, anti-asthmatic,
neuroprotective, spasmolytic, anti-hypertensive or anti-cancer, are dis-
cussed in the following subsections and reviewed in Table S1 (Biological
activity reported in Petasites genus).

4.1. Anti-migraine activity

The most comprehensive preclinical and clinical research of the
pharmacological activity of Petasites extracts concerns their anti-
migraine effects. Degenring and Bommer (1995) carried out a ran-
domized, placebo controlled, double-blind trial in 60 patients with
migraine; the subjects received either SFE-CO, butterbur rootstock
extract (Petaforce®, 2 capsules, 25 mg of extract, twice daily) or placebo
over a 16-week period. The authors reported a 50% reduction in the
frequency of migraine attacks among 70% of the butterbur-treated pa-
tients. In addition, the headache durations were reduced by 55% and the
pain intensity was diminished in 57% of butterbur recipients (Degenring
and Bommer, 1995). The re-analysis of the original data of this study,
performed by a third-party biometrical institute, confirmed the efficacy
of used extracts in the prophylaxis of migraine (Diener et al., 2004). A
subsequent placebo-controlled trial on 60 human subjects investigated
the efficacy and tolerance of SFE-CO3 extract of P. hybridus rootstocks
(Petadolex®, capsules, 25 mg extract, with a minimum content of 15%
petasins) in the prophylaxis of migraine. The patients received a dosage
of two capsules, twice daily, over 12 weeks. The reduction of the
migraine attacks was found significant compared to placebo and no
side-effects were observed (Grossmann and Schmidramsl, 2000). In a
later study, 202 patients with migraine were randomized into three
groups: two receiving Petadolex® (50 mg and 75 mg butterbur extracts,
respectively) and one placebo group. The trial showed that only the dose
of 75 mg was significantly more effective than placebo and decreased
the migraine attack frequency over 4 months of treatment (Lipton et al.,
2004). A multicenter, prospective, open-label clinical study proved the
potential of P. hybridus in the migraine prophylaxis for children and
teenagers; 108 patients with ages between 6 and 17 were treated with
Petadolex® (50-150 mg extract daily, depending on age) over 4 months;
the results showed a reduction in the frequency of migraine attacks
(Pothmann and Danesch, 2005).

In view of the little evidence of the pharmacological and non-
pharmacological options in the prophylaxis of migraine in children,
the clinical studies of butterbur were continued for this age group. One
of the studies compared the administration of Petadolex®, music ther-
apy and placebo for a period of 28 weeks. The dosing of Petadolex®
depended on age: 50 mg daily for 8-9 years old children and 100 mg
daily for 10-12 years old children. If no headache relief was observed,
the dose was raised to 75 or 150 mg daily, respectively. It was noticed
that, 8 weeks after the treatment, only music therapy was superior to
placebo, whereas 6 months after the start of treatment, both music
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Fig. 2. Chemical structures of the main pyrrolizidine alkaloids from Petasites genus.

therapy and butterbur were superior to placebo in preventing the contraindicated, due to the lack of relevant studies (Evers et al., 2008).
migraine attacks (Oelkers-Ax et al., 2008). In 2012, the Quality Standards Subcommittee of the American Academy

Due to the strong scientific evidence in migraine prophylaxis, but- of Neurology and the American Headache Society classified butterbur
terbur was included in numerous recommendations for practitioners. (the recommendation refers to the research on Petadolex®) as level A
For instance, in 2008, Petasites extract (Petadolex®, 75 mg twice daily) medication with established efficacy in evidence-based recommenda-
was considered as a second-choice drug in the prophylaxis of migraine tions for migraine prophylaxis (Holland et al., 2012). Likewise, the Ca-
by the German Migraine and Headache Society and the German nadian Headache Society guidelines strongly recommend butterbur for
Neurological Society. However, the users and practitioners were alerted the same indication (Pringsheim et al., 2012). However, the potential
for the potential side effects, e.g. eructation, stomach pain or liver toxicity of P. hybridus extracts containing PAs remains controversial and
dysfunction, whereas the pregnancy and breastfeeding were raises serious health issues. In all recommendations, consumers are
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Table 6
Phenolic compounds reported in Petasites genus.

No. Compound name Formula Species References

232 1,3-di-O-caffeoylquinic C31H34047 P. japonicus Choi et al.
acid hexoside (2017)

233 1,5-di-O-Caffeoylquinic Ca5H4012 P. japonicus Choi et al.
acid (2017)

234  1-Caffeoyl-3-feruloylquinic =~ Cp6H26012 P. hybridus Jaiswal
acid et al.

(2011)

235  1-Caffeoyl-4-feruloylquinic ~ CpeH26012 P. hybridus Jaiswal

acid et al.
(2011)

236  2-Hydroxy-5-acetylbenzoic ~ CgHgO4 P. tricholobus Zhang et al.
acid (2012)

237  5-Hydroxy-3,7,4'- C18H1606 P. tatewakianus M. Wang
trimethoxyflavone et al.

(2014)

238 3-(4p-D- C17H2409 P. tricholobus Zhang et al.
Glucopyranosyloxy-3,5- (2012)
dimethoxy)-phenyl-2E-
propenol

239  3,4,5-Tri-O-caffeoylquinic C34H30015 P. japonicus Watanabe
acid et al.

(2007)

240 3,4-Di-O-caffeoylquinic Cas5H4012 P. japonicus Choi et al.
acid (2017)

241 3,5-dihydroxy-7,3',4',5'- C35H3g017 P. japonicus Choi et al.
tetramethoxy flavanonol (2017)
hydroxy feruloyl glucoside

242 3,5-Di-O-caffeoylquinic Co5H4012 P. hybridus Jaiswal
acid P. japonicus et al.

(2011)
Watanabe
etal.
(2007)

243  4,5-Di-O-caffeoylquinic CosH24012 P. hybridus Jaiswal

acid P. japonicus et al.
(2011)
Kim et al.
(2012)

244 4-Hydroxy-2, 6- C14H2009 P. tricholobus Zhang et al.
dimethoxyphenol-1-O-$-D- (2012)
glucopyranoside

245  4-Hydroxymethyl-2,6- C15H2209 P. tricholobus Zhang et al.
dimethoxyphenyl-1-O-3-D- (2012)
glucopyranoside

246  5-Caffeoylquinic acid C16H1809 P. hybridus Jaiswal

P. japonicus et al.
(2011)
Kim et al.
(2012)
247  5-Feruloylquinic acid C17H2009 P. hybridus Jaiswal
etal.
(2011)

248  cis-3,5-Di-caffeoylquinic CosHo4012 P. hybridus Jaiswal

acid et al.
(2011)
249  cis-4,5-Di-caffeoylquinic Cos5H4012 P. hybridus Jaiswal
acid et al.
(2011)
250  Afzelin C1H0010 P. tricholobus Zhang et al.
(2012)
251 Arbutin Ci12H1607 P. tricholobus Zhang et al.
(2012)
252 Caffeic acid CoHgO4 P. japonicus Matsuura
P. tricholobus et al.
P. formosanus (2002)
Zhangetal.
(2012)
Wu et al.
(1999a)
253 Chlorogenic acid C16H1809 P. japonicus Watanabe
P. tricholobus et al.
P. formosanus (2007)
Zhangetal.
(2012)
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No. Compound name Formula Species References
Wu et al.
(1999a)
254 Chrysoeriol-methyl ether C17H140¢ P. japonicus Choi et al.
(2017)
255  Cimicifugic acid D Cz0H18010 P. japonicus Lee et al.
(2019)
256 Dihydrosyringin C17H609 P. tricholobus Zhang et al.
(2012)
257  Ferulic acid C1oH1004 P. formosanus Wu et al.
(1999a)
258  Fukiic acid Cq11H1208 P. japonicus Sakamura
etal.
(1969)
259  Fukinolic acid CaoH18011 P. japonicus Sakamura
etal.
(1969)
260  Kaempferol C15H1006 P. japonicus Kim et al.
(2008)

261 Kaempferol-3-0-(6"- Co3H012 P. japonicus Kim et al.
acetyl)-p- glucopyranoside (2012)

262  Kaempferol-3-O-(6"- C16H1800 P. japonicus D. G. Lee
acetyl)-p-D-glucoside et al.

(2015)

263  Kaempferol-3-O-a-L- C33H40020 P. tricholobus Zhang et al.
rhamnopyranosyl-(1 — 6)- (2012)
B-D-glucopyranoside

264  Kaempferol-3-O-p-D- Co1H0011 P. tricholobus Zhang et al.
glucopyranoside P. japonicus (2012)

D. G. Lee
et al.
(2015)
265 Liquiritin C21H2509 P. japonicus Choi et al.
(2017)

266  Luteolin-7-O-[6'- C39H44024 P. japonicus Choi et al.
dihydrogalloyl]-glucosyl- (2017)
8-C-pentosyl-(1 — 2)-
glucoside

267  Methyl caffeate Cy0H1004 P. fragrans Sugama

P. formosanus et al.
(1983)
Wu et al.
(1999a)
268 Methyl paraben CgHgO3 P. formosanus Wu et al.
(1999a)
269  Methyl protocatechuate CgHgO4 P. formosanus Wu et al.
(1999a)
270 Morin C15H1007 P. formosanus Wu et al.
(1999a)
271 Naringenin hexoside Cy1H25010 P. japonicus Choi et al.
(2017)
272  N-p-Coumaroyltyramine C17H17NO3  P. formosanus Wu et al.
(1999a)
273  Petasiphenol C18H1607 P. japonicus Iriye et al.
P. tricholobus (1992)
Zhang et al.
(2012)
274 Petasitesin A C18H1406 P. japonicus Lee et al.
(2019)
275 Petasitesin B C18H1607 P. japonicus Lee et al.
(2019)
276  Petaslignolide A Co6H32012 P. japonicus Min et al.
(2005)
277  p-Hydroxybenzoic acid C7HgO3 P. tricholobus Zhang et al.
(2012)

278  p-Hydroxyphenylpropionic =~ CoH1003 P. tricholobus Zhang et al.
acid (2012)

279 Protocatechuic acid C7HgO4 P. formosanus Wu et al.

(1999a)

280  Protocatechuic aldehyde C;HgO3 P. tricholobus Zhang et al.

(2012)
281 Quercetin Cy5H1007 P. hybridus Toropkina

and Minina

(1976)

282 Quercetin 3-O-p-D- C21H19012 P. japonicus Matsuura
glucoside P. tricholobus etal.

(2002)

(continued on next page)
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Table 6 (continued)

No. Compound name Formula Species References
Zhang et al.
(2012)
283 Quercetin-3-0-(6"-acetyl)- Cy3H2013 P. japonicus Kim et al.
B-glucopyranoside (2012)
284  Quercitrin C21H20011 P. hybridus Toropkina
and Minina
(1976)
285  Rutin C21H20011 P. hybridus Toropkina
P. japonicus and Minina
P. tricholobus (1976)
Matsuura
etal
(2002)
Zhang et al.
(2012)
286 Sulfonated benzyl C12H160,S P. tricholobus Zhang et al.
glucoside (2012)
287  Tangshenoside II CooHy42018 P. tricholobus Zhang et al.
(2012)
288  Vanillic acid CgHgO4 P. formosanus Wau et al.
(1999a)
289  Vanillin CgHgO3 P. formosanus Wu et al.
(1999a)
290  Quercetin-3-O-p-D-6"-0O- Ca3H22013 P. japonicus Matsuura
acetylglucoside et al.
(2002)
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cautioned to only use products in which the PAs have been removed and
the content of petasins have been standardized (Mauskop et al., 2013;
Rajapakse and Pringsheim, 2016).

To complement the clinical evidences, several research efforts were
put also into investigating the in vitro mechanisms of action of butterbur
in migraine. A few sesquiterpenes, such as S-petasin and iso-S-petasin
were shown to block the voltage-dependent calcium Ca,2.1 channels,
thus contributing to the migraine-prophylactic properties of P. hybridus
(Horak et al., 2009). Additionally, S-petasin was proven to prevent the
secretion of calcitonin gene-related peptide (CGRP), a pivotal messenger
in the inflammatory processes linked to migraine (Slavin et al., 2016).
On the other hand, isopetasin was shown to specifically activate the
transient receptor potential cation channel, subfamily A, member 1
(TRPA1) channels; this can lead to an initial neuronal excitation fol-
lowed by a marked desensitization of the afferent and efferent function
of the peptidergic nociceptors (Benemei et al., 2017). In another study,
petasin and isopetasin reduced CGRP release from the trigeminal af-
ferents by activating TRPA1 and transient receptor potential cation
channel, subfamily V, member 1 (TRPV1) channels; a cooperative action
on these two channels may contribute to the migraine prophylactic ef-
fect of petasins (Kleeberg-Hartmann et al., 2021). These mechanistic
studies indicate that butterbur extracts (containing pharmacologically
active petasin and isopetasin) could be included in a new group of
anti-migraine drugs — TRPA1 channel inhibitors.

4.2. Anti-inflammatory, anti-allergic ant anti-asthmatic activity

The studies assessing the anti-inflammatory effects of P. hybridus
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Fig. 3. Chemical structures of the main phenolic compounds from Petasites genus.
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Table 7
Compounds reported in Petasites essential oils.
No. Compound name Formula Species References
291 (2E)-Nonenal CoH;60 P. hybridus Mihajilov-Krstev et al.
(2020)
292 1-Nonene CoHig P. hybridus Mihajilov-Krstev et al.
(2020)
293  3-Carene CioHi6 P. japonicus ~ Naya et al. (1971a)
294 7-epi-a-Eudesmol C15H60 P. hybridus Mihajilov-Krstev et al.
P. hybridus ~ (2020)
295 o-Euparin C13H1203  P. albus ae Mohammadi et al.
(2012)
296  o-Humulene CisHog P. hybridus Hochmannova et al.
(1962a)
297  a-Phellandrene Ci1oH1e P. japonicus ~ Miyazawa et al. (2003)
298  o-Santalene Cis5Hog P. japonicus Naya et al. (1971a)
299  p-Bisabolene CisHog P. hybridus Hochmannova et al.
(1962a)
300  p-Caryophyllene CisHas P. japonicus ~ Miyazawa et al. (2003)
301 p-Elemene CisHog P. hybridus Hochmannov4 et al.
(1962a)
302  p-Humulene Cis5Hay P. hybridus Hochmannova et al.
(1962a)
303  p-Selinene CisHog P. albus Mohammadi et al.
(2012)
304  y-Bisabolene Cis5Hog P. hybridus Hochmannova et al.
(1962a)
305  Eudesmol C15H60 P. albus Mohammadi et al.
(2012)
306 Geramacrene D CisHog P. hybridus Mihajilov-Krstev et al.
P. hybridus (2020)
307  Linalool C10H;:80 P. hybridus Mihajilov-Krstev et al.
(2020)
308  Pethybrene Cis5Hoq P. hybridus Saritas et al. (2002)
309  Phellandrene CioHie P. japonicus Miyazawa et al. (2003)
310  Thymol methyl C11H;60 P. japonicus Naya et al. (1971a)
ether
311 t-Muurolol C15H60 P. albus Friscic et al. (2019)
312 Tricosane Ca3Hag P. hybridus Frisci¢ et al. (2019)
313 Valencene Cis5Hog P. japonicus Miyazawa et al. (2003)
P. japonicus

extracts are closely linked to their clinical use in allergic rhinitis and
asthma. In a randomized, double-blind, parallel group study, the anti-
allergic effects of P. hybridus were comparable to those of cetirizine in
patients with hay fever; 125 patients were randomized and received Ze
339 SFE-CO; P. hybridus leaves extract (1 tablet, four times a day) or
cetirizine (one 10 mg tablet a day) for 2 weeks. The effects of butterbur
were similar to those of cetirizine (Schapowal, 2002). Butterbur extract
was proven to attenuate adenosine monophosphate (AMP)-induced
nasal responsiveness in patients with grass-pollen-sensitized seasonal
allergic rhinitis (SAR), as observed in a small randomized, double-blind,
cross-over clinical study with 20 patients who received Petaforce ® 50
mg, twice daily or placebo for 2 weeks (Lee et al., 2003). Furthermore,
both P. hybridus extract (Petaforce® 50 mg, twice daily) and fex-
ofenadine (180 mg, once daily) were equally effective in improving
nasal symptoms in comparison to placebo in 16 patients with perennial
allergic rhinitis (randomized, double-blind, cross-over study) (Lee et al.,
2004a).

On the other hand, a double-blind, placebo-controlled, cross-over
study on 35 patients with intermittent allergic rhinitis (IAR) showed
that there was no significant clinical efficacy of P. hybridus extract
(Petaforce ®, 50 mg, twice daily) vs. placebo (Gray et al., 2004).
Notwithstanding, a prospective, randomized, double-blind, placebo--
controlled, parallel-group study with patients with IAR randomized into
3 groups (high dose group - 1 tablet 3 times daily, low dose group - 1
tablet twice daily and placebo group) showed a significant
dose-dependent improvement of the IAR symptoms in the groups
receiving butterbur extract, relative to placebo (Schapowal, 2004).
These results were confirmed in another prospective, randomized,
double-blind, parallel group trial with 330 patients. Ze 339 extract (1
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tablet, 3 times daily, 2 weeks) and fexofenadine (180 mg, once daily)
were revealed to be comparably efficacious relative to placebo in pa-
tients with IAR (Schapowal, 2005). An open post-marketing surveillance
study proved the efficacy and safety of Tesalin® (Ze 339) in SAR; 580
patients received 2 tablets of Ze 339 daily for 2 weeks. The symptoms of
SAR (e.g. rhinorrhea, sneezing, nasal congestion) were improved in 90%
of patients (Kaufeler et al., 2006). However, a randomized, double-blind
crossover study comparing Ze 339 with acrivastine in skin test reactivity
(in 8 patients with respiratory allergy and in 10 healthy volunteers)
showed no anti-allergic, particularly anti-histaminic, effects of this
extract in skin tests reactivity (assessed 90 min after a double dose of Ze
339, acrivastine or placebo) (Gex-Collet et al., 2006). In a double-blind
randomized cross-over study, Ze 339 (20 mg twice daily) showed better
efficacy in relieving nasal obstruction symptoms and inhibiting inflam-
matory mediators (e.g. interleukin 8, leukotriene B4) than desloratadine
(5 mg once daily) in 18 patients with allergic rhinitis symptoms (patients
received Ze 339, desloratadine or placebo 5 days before the challenge
with grass pollen extract) (Dumitru et al., 2011). The effectiveness and
safety profile of Ze 339 extract in allergic rhinitis was further confirmed
in a larger clinical study on 927 patients with SAR. The evolution of the
clinical symptoms was evaluated within 28 days (1 tablet, 2-3 times/-
day); the patients were allowed to take any concomitant medication
except antibiotics. After 28 days, approximately 95% of patients were
free of symptoms (as assessed by physicians and patients) (Rodriguez de
Marquis and Gonzalez, 2012). A sub-analysis of this study was carried
out to investigate the effects of Ze 339 in children and adolescents. From
the group of 927 patients, the analysis included 53 patients under 18
years old. The study showed that significant improvement of allergic
rhinitis symptoms was observed in 86.8% of patients (under 18 years
old) after 28 days of treatment (Moll et al., 2015). Furthermore, a
non-interventional, observational clinical study was performed to
investigate the efficacy of Ze 339 extract in 226 patients with seasonal or
perennial allergic rhinitis. Patients received 1, 2, or 3 tablets of Ze 339
daily, with 58.5% taking Ze 339 as a monotherapy. The period of the
treatment ranged from 3 to 217 days (the average time of the study was
63 days, 75% of patients were treated for at least 4 weeks). The impact
on the quality of life, effectiveness on symptoms and tolerability were
assessed. The study showed significant improvement in allergic and
inflammatory symptoms, with few cases of side effects, i.e., nausea,
malaise and abdominal pain (Blosa et al., 2021).

A Polish clinical study investigated the activity of pulverized and
encapsulated P. hybridus in asthma and chronic obstructive bronchitis.
The study included 70 patients divided into 5 groups (3 test groups and 2
control groups). Two tested groups included patients with moderate/
severe asthma who were receiving corticosteroids, whereas a third
group included patients who were not receiving corticosteroids. In the
first group, one-time administration of 600 mg of butterbur improved
the lung function after 3 h. In the second group, the same dose reduced
bronchial reactivity to methacholine challenge after 2 h. In the third
group, butterbur in dose of 600 mg three times daily for 14 days caused a
substantial reduction in bronchial hyper-responsiveness (Ziolo and
Samochowiec, 1998). A prospective non-randomized open clinical study
of 80 patients suggested that butterbur extract is an effective therapy for
the treatment of asthma. In this clinical trial, the patients received
butterbur rootstocks extract (Petadolex®) in a dose of 50 mg three times
daily (children received 50-150 mg, depending on age) for 2 months
(followed by 2 months with “optional” intake of preparation). The
numbers of asthma attacks were decreased, as well as their severity and
duration. The asthma symptoms (e.g. coughing), peak flow and forced
expiratory volume were improved. Furthermore, the intake of asthma
medications was reduced by the end of investigation in over 40% of the
treated patients (Danesch, 2004). P. hybridus may be effective as add-on
therapy with corticosteroids, as revealed by a double-blind placebo--
controlled cross-over randomized study with 16 asthmatic patients that
received inhaled corticosteroids; it was noticed that the chronic
co-administration conferred complementary anti-inflammatory activity.
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The patients received 25 mg of butterbur extract Petaforce® or placebo
twice daily in 1-week period (Lee et al., 2004b).

Beside P. hybridus, other Petasites species were shown to possess
strong anti-inflammatory/anti-allergic properties. Hydroethanolic
(70%) extracts of P. japonicus (flowers and stems) inhibited the
degranulation of mast cells, suggesting anti-type I allergic properties
(Choi, 2002; Shimoda et al., 2006). Fukinoside A, bakkenolide B and
petatewalide B can be considered as the active anti-allergic compounds
of P. japonicus (Choi et al., 2016; Lee et al., 2013; Yoshikawa et al.,
2006), whereas several eremophilenolides (e.g. 6p-hydroxyer-
emophilenolide) isolated from the rhizomes of P. japonicus showed
anti-allergic and anti-histaminic properties in guinea pig models
(Tobinaga et al., 1983). The anti-inflammatory activity of hot water
extracts of P. japonicus leaves was shown in lipopolysaccharide
(LPS)-induced RAW264.7 cells line (monocyte/macrophage-like murine
cells) model. The results suggested that P. japonicus exerts inhibitory
activity on LPS-mediated inflammatory response (Kim et al., 2020). The
same model was used to investigate petasitesins A (lactone lignan) and
cimicifugic acid D (isolated from the hot water extract of P. japonicus
leaves) anti-inflammatory activity through the inhibition of inducible
nitric oxide synthase (iNOS) and cyclooxygenase 2 (COX-2) (Lee et al.,
2019). S-petasin (the major sesquiterpene of P. formosanus) showed
anti-allergic and anti-inflammatory activities via inhibition of mast cells
degranulation (in RBL-2H3 mast cells line model), suppression of iNOS
and nitric oxide (NO) production (in mouse peritoneal macrophages)
and suppression of inflammatory cell accumulation (in
ovalbumin-induced mouse asthma model) (K.-P. Lee et al., 2015).

The evaluation of the anti-inflammatory activity of compounds iso-
lated from P. tricholobus Franch. rootstocks (bakkenolide-B, -D) in
guinea pig trachea model showed significant inhibitory effects on the
tracheal contraction induced by histamine (Wang et al., 2006). Several
sesquiterpenes (e.g. 14-acetoxy-7p-senecioyloxy-notonipetranone) iso-
lated from P. tatewakianus leaves extracts showed inhibitory activity on
LPS-induced NO production in murine microgial BV-2 cell line, with the
strongest effect exerted by 14-acetoxy-7p-senecioyloxy-notonipetranone
(Wang et al., 2014).

Regarding the proposed mechanisms of the anti-allergic/anti-
inflammatory/anti-asthmatic activity of Petasites, various in vitro and
in vivo experiments revealed:

e inhibition of prostaglandins (e.g. prostaglandin E;) and leukotrienes
(e.g. leukotriene Cy4) synthesis in skin fibroblasts (Scheidegger et al.,
1998);

inhibition of leukotrienes (e.g. leukotriene By4) in leucocytes, eosin-
ophils and neutrophils via 5-lipooxygenase and phospholipase Ay
blockage (and probably other calcium-related pathways) (Thomet
et al., 2001a, 2001b, 2002, 2001a);

inhibition of cytokines and other pro-inflammatory mediators pro-
duction and release (e.g. tumor necrosis factor o (TNF ), inteleukin-
2, -4, -5, -6 -13) (Brattstrom et al., 2010; Fu et al., 2017; Lee et al.,
2011; Qian et al., 2016);

inhibition of mast cells degranulation (Choi, 2002; Shimoda et al.,
2006);

inhibition of iNOS, COX-2, phospholipase Ay and phosphodiesterases
(PDE) 1-5 (Choi et al., 2016; Fiebich et al., 2005; Ko et al., 2011;
K.-P. Lee et al., 2015; Lee et al., 2013); .

inhibition of Janus kinase (JAK) and signal transducer and activators
of transcription (STAT)-signaling pathways (which are the key reg-
ulators of various inflammatory processes) in nasal epithelial cells
(Steiert et al., 2017).

4.3. Neuroprotective activity

Various extracts of P. japonicus were evaluated in regard with their
neuroprotective properties. For instance, the butanol fraction of the
methanolic extract of P. japonicus leaves, showed neuroprotective effects
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(glutathione-sparing activity and prevention against lipid peroxidation
in brain) in a kainic acid-induced neurotoxicity model in mice, when
administered orally for 5 days (Sok et al., 2006). Similar results were
obtained in mice challenged with kainic acid by using the combination
of Aster scaber Moench. butanol extract and P. japonicus butanol extract
(administered intraperitoneally for 4 days). This combination decreased
the lethality and neurotoxicity behavioral signs and increased the
glutathione level in mouse brain (Oh et al., 2005). The neuroprotective
activity of japonipene-A, -B. -C, bakkenolide-X and -Illa isolated from
the ethyl acetate fraction of the methanolic extract of P. japonicus (whole
plant) was shown in a cobalt chloride-induced neuronal cell death model
in SH-SY5Y human dopaminergic cells (Wang et al., 2013). On the other
hand, the ethyl acetate fraction of the ethanolic extract of P. japonicus
aerial parts displayed a significant inhibitory activity on p-secretase and
suppression of neurotoxicity induced by f-amyloid protein in B103
neuroblastoma cells line (Hong et al., 2011; Song et al., 2008). A further
study suggested that kaempferol-3-O-(6"-acetyl)-p-glucopyranoside may
be the active neuroprotective compound of the ethyl acetate fraction of
P. japonicus extract (Song et al., 2012). These results suggest the po-
tential applications of P. japonicus extract in neurological disorders like
Alzheimer’s disease.

Furthermore, different other compounds isolated from P. japonicus,
P. tricholobus, P. trichinous or P. tatewakianus also displayed significant
neuroprotective effects. For instance, kaempferol (isolated from the
P. japonicus stems) was proven to attenuate the glutamate-induced
oxidative stress in mouse hippocampal neuronal cells (HT22) (Yang
et al., 2014). Bakkenolide B and petatewalide B isolated from the leaves
of P. japonicus showed anti-neuro-inflammatory properties (e.g. allevi-
ated production of interleukin-1p, —6, —12, and TNF «) in mouse BV2
microglial cells. The proposed mechanism of action of these sesquiter-
penes involves the up-regulation of the nuclear factor erythroid
2-related factor 2 (Nrf2)/activated protein kinase (AMPK) signaling
pathway which plays a significant role in neuroprotection (Park et al.,
2018a, 2018b, 2020, 2018a). Additionally, petatewalide B showed
neuroprotective activity against oxygen-glucose deprivation/reox-
ygenation-induced injury in human neuroblastoma SH-SY5Y cell line by
upregulation of the AMPK/Nrf2 signaling pathway (Park et al., 2020).
Bakkenolides-Ia, -IIa. -Illa, -Iva, -Va isolated from P. tricholobus rhizomes
were proven to possess neuroprotective activity in cultured rat cortical
cells exposed to oxygen-glucose deprivation and oxidative insults (Wang
et al., 2009; Zhang et al., 2008). Similar results were obtained for
bakkenolide-VI isolated from the rhizomes of P. tatewakianus (Sun et al.,
2011). The total bakkenolides fraction and bakkenolide-IIla isolated
from P. tricholobus increased the neuron viability and decreased the
amount of apoptotic cells in cultured hippocampal neurons in an
oxygen-glucose deprivation model. Furthermore, bakkenolide-Illa
increased the survival rate of the cerebral damage rats model (Jiang
et al., 2014, 2015).

Petaslignolide A, a furofuran lignan isolated from a P. japonicus
leaves extract, showed antiseizure activity in kainic acid-treated mice.
The oral administration of petaslignolide A to mice for 4 days before the
kainic acid injection delayed the onset time of seizures (from 12.5 to 29
min); however, a single administration of petaslignolide A did not pre-
vent the seizure (Min et al., 2005).

4.4. Spasmolytic activity

With respect to the spasmolytic activity of Petasites, it was noticed
that the existing studies are outdated, despite the fact that some prom-
ising effects were reported in different experimental in vitro and in vivo
models. For instance, several studies from the 1950s showed comparable
spasmolytic properties of a methanolic extract of P. hybridus rootstocks
as papaverine in a guinea-pig ileum model (Bucher, 1951; Valesini,
1955). Petasin and S-petasin were already suspected as the main spas-
molytic agents (Aebi et al., 1958). Later, the petroleum ether extracts of
P. hybridus rootstocks were found to inhibit the vasoconstrictive
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peptido-leukotriene (e.g. leukotriene-E4) biosynthesis in isolated peri-
toneal macrophages, which may contribute to the spasmolytic activity.
A direct correlation between the spasmolytic activity and the content of
isopetasin in the extract was also noticed (Bickel et al., 1994; Brune
et al., 1993). Furthermore, S-petasin and iso-S-petasin (found in the
aerial parts of P. formosanus) showed relaxant effects in isolated guinea
pig trachea, primarily due to a non-specific antispasmodic effect of
S-petasin and antimuscarinic effect of iso-S-petasin (Ko et al., 2001).

4.5. Cardio-vasculo-protective activity

The vasorelaxant effects of P. hybridus extracts were initially docu-
mented in studies from 1950s to 1960s, with their activity linked to the
inhibition of voltage-dependent Ca®" channels (Crema et al., 1957;
Efimova and Petrov, 1965). Furthermore, individual sesquiterpenes,
such as S-petasin and iso-S-petasin, were shown to exert
anti-hypertensive-related effects. For instance, S-petasin (isolated from
P. formosanus) showed vasorelaxant effects in vascular smooth muscle
cells through inhibition of voltage-dependent Ca®* channels (Wang
et al., 2001) and negative chronotropic and inotropic effects in the rat
heart muscle via a calcium-antagonizing activity (Wang et al., 2004).
The vasodilatory effects of S-petasin were also evidenced in rat isolated
aortas and mesenteric arteries. The study also described the Ca®*
channel blocking effect of eremophilanolactones (e.g. the angelic ester
of 2p-hydroxy-8aH-7(11)-eremophilene-12,8-olid). Furthermore, the
eremophilanolactones and S-petasin inhibited the DNA synthesis in
cardiomyocytes and smooth muscle cells (Sheykhzade et al., 2008). The
L-type voltage-dependent Ca" channels were identified as the site of
action of petasins (Wang et al., 2010). Moreover, iso-S-petasin was
shown to depresses the ventricular contraction possibly through inhi-
bition of voltage-dependent Ca?" channels in rat ventricular myocytes
(Esberg et al., 2003).

Several in vitro and in vivo studies proved the beneficial effects of
P. japonicus in metabolic diseases, with indirect beneficial effects on the
cardiovascular function. For instance, the ethanolic extract of
P. japonicus flower buds showed anti-obesity properties through sup-
pression of murine preadipocyte differentiation and reduction of
visceral fat accumulation in mice fed a high-fat diet supplemented with
1% P. japonicus extract (compared with mice fed a normal diet and a no-
supplemented high-fat diet) (Watanabe et al., 2010). The Japanese
butterbur extract (80% ethanol) was found to improve the
obesity-related inflammatory and adipogenic responses in raw 264.7
macrophages (e.g. inhibition of LPS-stimulated NO production) and
3T3-L1 adipocytes (e.g. monocyte chemoattractant protein 1 inhibition)
(Ahn et al., 2020). The ethyl acetate fraction of a P. japonicus methanolic
extract and quercetin-3-O-p-D-glucoside isolated from this fraction
manifested a potent aldose reductase inhibitory activity (Adachi et al.,
2014; D. G. Lee et al., 2015). Moreover, petasin displayed anti-obesity
and anti-diabetic properties exerted through the modulation of
glucose metabolism and activation of AMP-activated protein kinase via
inhibition of mitochondrial respiration. Furthermore, S-petasin exerted
anti-adipogenic activity against 3T3-L1 cell differentiation by inhibiting
the signaling of peroxisome proliferator-activated receptor y (PPAR-y)
pathway (Guo et al., 2019).

P. japonicus ethanolic extract was proven to exert antiplatelet activity
through the impairment of platelet aggregation and reduction of
thrombus formation in rats (Ji et al., 2014), whereas an enzyme
(chymotrypsin like serine protease) extracted from the leaves of
P. japonicus was shown to exhibit fibrinolytic properties (Kim et al.,
2015). In addition, several in vitro studies indicated the antiplatelet and
fibrinolytic properties (e.g. inhibition of the platelet-activating factor/-
PAF)-induced platelet aggregation in washed rabbit platelets) of bak-
kenolides G and H (Liao et al., 1997; Wu et al., 1999b).
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4.6. Anticancer activity

Various studies of Petasites extracts and isolated active compounds
showed a promising cytotoxic activity in different cell-based assays: e.g.
P. hybridus rootstocks extract in two breast cancer cell lines, MDA-MB-
231 and MCF-7 (Tzoneva et al., 2021); P. japonicus leaves methanolic
extracts in human cancer cell lines and rat liver epithelial cells WB-F344
(Kang et al., 2010; Shinmoto et al., 2001); bakkenolide A in various cell
lines, including HeLa (human cervical carcinoma cells) (Jamieson et al.,
1976); bakkenolide-D, -G, -H, -Uc in Hep G2, HepG2.2.15 and P-338 cell
lines (Wu et al., 1999a); bakkenolide B and petatewalide A isolated from
the rhizomes of P. tatewakianus in HeLa, human breast cancer (MCF-7),
murine Lewis lung carcinoma (LLC) cell lines (Dong et al., 2010);
benzofuran derivatives (e.g. 1-(6-hydroxy-2-isopropenyl-1-
benzofuran-5-yl)-1-ethanone) in human breast cancer MCF-7 cells
(Khaleghi et al., 2011; Soleimani et al., 2015); petasitesterpenes I, II, VI
and S-japonin isolated from the methanolic extract of the aerial parts of
P. japonicus in human astrocytoma U-251MG cancer cells and in breast
cancer cells MDA-MB-231 (Matsumoto et al., 2020).

Regarding the potential mechanisms of action, it was noticed that
bakkenolide A inhibited leukemia cells (K562 cell line) by down-
regulation of histone deacetylase (HDAC) 3 and phosphoinositide 3-ki-
nase (PI3K)-regulated signaling pathway (Zhang et al., 2016), whereas
petasin exhibited cytotoxic effects in colon cancer SW-620 cells via
inactivation of protein kinase B/mammalian target of rapamycin
(Akt/mTOR) pathway (Lyu et al., 2019). In addition, S-petasin showed
potential anti-melanoma activity in B16F10 cells and A375 cells through
apoptosis induction and inhibition of cell migration by activation of p53
signaling pathway (Guo et al., 2020). Furthermore, a recent study sug-
gested that isopetasin and iso-S-petasin can be novel reactive oxygen
species (ROS)-generating and apoptosis-inducing P-glycoprotein in-
hibitors against multidrug-resistant cancer cells, i.e. leukemia cells
CCRF-CEM, P-gp-overexpressing CEM/ADR5000 cells and breast cancer
BCRP-transfected-MDA-MB-231-BCRP cells (Abdelfatah et al., 2021).
Petasiphenol from P. japonicus was proven to possess anti-mutagenic
properties and inhibit DNA polymerase A (Matsubara et al., 2004; Miz-
ushina et al., 2002).

4.7. Antioxidant activity

A number of in vitro and in vivo studies indicated promising antiox-
idant activities of extracts obtained from various Petasites species. The
isolated compounds from P. formosanus leaves (e.g. sodium dupracine)
showed antioxidant activity in 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radical scavenging assay (Lin et al., 2003). Furthermore, a furofuran
lignan isolated from the butanol fraction of a methanolic extract of
P. japonicus leaves showed antioxidant activity in the same antioxidant
assay (Min et al., 2005). The determination of DPPH radical scavenging
of the methanolic extracts of P. japonicus showed a half maximal
inhibitory concentration (ICso) of 42.9 mg/100 g (Heo et al., 2007). The
ethanolic extract of P. hybridus flowers and leaves showed significant
antioxidant activity in DPPH assay (ICsg values of 0.059 mg/mL and
0.050 mg/mL, respectively) (Koleckar et al., 2008). The aqueous extract
of the edible parts of P. japonicus showed a 24% DPPH radical scav-
enging activity and 108 mmol/L antioxidant activity in ferric-reducing
antioxidant power (FRAP) assay. The total polyphenol content of the
aqueous P. japonicus extract was 86 mg gallic acid equivalent (GAE)/g
(Kyung-A et al., 2011). Moreover, the 70% methanol extract of the
P. japonicus leaves decreased the value of the thiobarbituric acid reactive
substance (TBARS) and showed better color stability in the ground beef
patties (which indicate their possible use as preservatives in meat-based
products) (Kim et al., 2013). The ethyl acetate fraction of the ethanolic
extract of P. japonicus stems showed significant antioxidant effect in
DPPH radical scavenging, TBARS and lipoxygenase inhibition assay.
Further investigation identified kaempferol as the main antioxidant
component of the ethyl acetate fraction of P. japonicus (Kim et al., 2008).
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Another polyphenol compound, fukinolic acid (isolated from the leaves
of P. japonicus), showed antioxidant effects against superoxide anion,
NO and DPPH (Watanabe et al., 2007). The dependence of the
P. japonicus antioxidant activity with polyphenolic content was proved
in DPPH, 2-2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS™) and FRAP assays. The study showed that the antioxidant ca-
pacity depends on the polyphenol concentration and it was the highest
in the leaves (with higher concentration of polyphenols) and the lowest
in the stem (with lower concentration of polyphenols) (Choi et al.,
2017). The on-line HPLC-ABTS screening system coupled to DAD,
MS/MS and NMR of methanolic extracts of P. japonicus rootstocks and
leaves allowed the identification of the major antioxidant compounds,
such as 5-O-caffeoylquinic acid, fukinolic acid, 3,5-di-O-caffeoylquinic
acid and 4,5-di-O-caffeoylquinic acid (Kim et al., 2012). The online
HPLC-DPPH analysis coupled to LC-MS also allowed the identification of
caffeic acid, 3-O-caffeoylquinic acid, fukinolic acid, 3,4-di-O-caffeoyl-
quinic acid, 3,5-di-O-caffeoylquinic acid, and 4,5-di-O-caffeoylquinic
acid antioxidant compounds as the main antioxidants in P. japonicus
(80 % ethanol extract of flower buds) (Hiemori-Kondo and Nii, 2020).
The investigation of the antioxidant activity of the butanol fraction
obtained from the methanolic extract of P. japonicus leaves in mice
challenged with monosodium L-glutamate showed the improvement of
the plasma lipid profiles and oxidative damage of the liver (e.g. increase
of the glutathione reductase and peroxidase) (Park et al., 2010). The
antioxidant activity of P. hybridus extract was considered as the pivotal
effect responsible for decreasing the ovalbumin-induced liver hyper-
sensitivity in mice (Alhusayan et al., 2020). Ji et al. investigated the
effect of the extraction methods on the polyphenolic composition,
antioxidant activity and anti-melanogenic activity of P. japonicus and
indicated the potential use of this plant extract as a source of natural
antioxidants for skincare products (Ji et al., 2020). Kim et al. indicated
that the high antioxidant activity of the P. japonicus (ethyl acetate
fraction of the methanolic extract) may be a result of up-regulation of
Nrf2 signaling pathway (Kim et al., 2016). The antioxidant activity of
the essential oils isolated from P. hybridus subsp. ochroleucus (tested in
DPPH and ABTS assays) showed higher activity of the leaves’ essential
oils than that of the rootstocks (in DPPH assay, the ICsq values of rhi-
zomes’ and leaves’ essential oils were 154 mg/mL and 80 mg/mL,
respectively) (Mihajilov-Krstev et al., 2020).

4.8. Miscellaneous biological activities

Several studies indicate other properties and potential applications
of plants from the genus Petasites. For instance, the insect deterrent
properties of sesquiterpenes isolated from P. hybridus and P. albus were
shown in a few experiments; the repellent effects may be the purpose for
the biosynthesis of sesquiterpenes (e.g. petasins) by the genus Petasites
(Hagele et al., 1996, 1998; Harmatha and Nawrot, 1984). In another
study, S-petasin was shown to have modulatory effects on the endocrine
system; S-petasin decreased the production of testosterone in rat
testicular interstitial cells (Lin et al., 2000) and corticosterone release
from rat zona fasiculata-reticularis cells via inhibition of cAMP forma-
tion, reduction of the activities of key enzymes P450scc and 11p-hy-
droxylase and down-regulation of the expression of steroidogenic acute
regulatory protein (Chang et al., 2002, 2004). The numerous bio-
activities of the genus Petasites and their mechanisms of actions are
summarized in Fig. 4.

5. Pharmacokinetics and toxicological issues

To justify the human use of herbal products, other issues beside the
pharmacological activity and efficacy should be addressed, such as the
pharmacokinetics and toxicological (safety) aspects. A pharmacokinetic
study evaluated the release of petasins from Ze 339 tablets and their
dissolution, absorption and metabolism. It was shown that petasins
exhibited a pH-independent low solubility. However, a high
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permeability through human colorectal adenocarcinoma Caco-2 cells
(used as an intestinal epithelium model) was demonstrated. A high ab-
sorption capacity was found in duodenum, jejunum and ileum of in situ
rat models. The same models indicated a high metabolism of petasins in
Caco-2 cells and in the rat intestine. Additionally, the in vitro enzyme
assays of rat and human liver and intestinal S9 fractions (containing
cytosol and microsomes obtained as supernatant after organ homoge-
nization) showed higher metabolic rates in the liver cells than in the
intestinal cells. However, an important metabolism of petasins was
postulated also for the intestine (Disch et al., 2018).

The toxicity of plants of the genus Petasites is mainly related to the
presence of PAs. PAs can exhibit acute toxicity when are consumed in
high amounts. However, a long-term consumption can lead to chronic
toxicity (e.g. hepatocellular necrosis, liver carcinoma, hemangioendo-
thelial sarcoma and tumors in lung, pancreas and intestine). PAs can also
cause hepatic veno-occlusive disease. The mechanism of the toxic ac-
tivity of PAs include oxidative activation (catalyzed by cytochrome
P450) of PAs into dehydro-pyrrolizidine esters, which form adducts with
proteins and DNA (Schrenk et al., 2020).

The first reports of carcinogenicity related to the presence of PAs in
Petasites appeared in Japan. A high incidence of liver hemangioendo-
thelial sarcoma in rats fed with a diet containing young flower stalks of
P. japonicus was noticed (Hirono et al., 1973, 1975). Further studies on
the toxicity of fukinotoxin (petasitenine) isolated from the flower stalks
of P. japonicus proved its carcinogenic activity in rats. However, Katsu-
masa et al. (1978) found no significant difference in tumor incidence
between thr experimental groups of mice and hamsters fed with a diet
containing flower stalks of P. japonicus and the corresponding control
group. This fact was attributed to the different PA-susceptibility of the
animal strains. A study focused on the metabolism of neopetasitenine
and petasitenine, PAs isolated from P. japonicus, showed a rapid ab-
sorption of neopetasitenine and conversion to petasitenine after oral
administration in rats. The metabolic profiles in humans extrapolated
from rat data suggested that dangerous amount of petasitenine could be
present in human plasma if P. japonicus were daily consumed as a food
(Yanagi et al., 2021). However, no signs of toxicity were observed in the
single oral dose toxicity and the two-week repeated oral dose toxicity
study of the aqueous P. japonicus leaves extract in Sprague-Dawley rats.
The no observable adverse effect level (NOAEL) was considered to be
5000 mg/kg/day. Moreover, no mutagenicity was observed, as evalu-
ated by bacterial reverse mutations assay, chromosomal aberrations
assay in Chinese hamster lung cells and micronucleus assay in mice
(Park et al., 2021).

The acute oral toxicity study of the methanolic extract of P. hybridus
rootstocks showed no toxic symptoms in skin, fur, eyes or behavioral
pattern in rats and mice (Seremet et al., 2016). However, the toxicity
study of P. hybridus rootstocks extract (50% acidified methanol) in
crustaceans (Artemia salina and Daphnia magna) showed lethal concen-
trations 50% (LCsp) of 296 pg/mL and 340 pg/mL in A. salina and
D. magna, respectively; substances with LCsp < 1000 pg/mL are
considered toxic (Seremet et al., 2018).

To avoid the toxicological issues related to the presence of PAs, only
alkaloid-free P. hybridus extracts were approved clinically. The acute
and chronic toxicity studies of butterbur rootstock SFE-CO, extract in
Wistar rats showed no adverse effects for the doses generally recom-
mended in humans. However, the post-marketing surveillance of the
safety profile of Petadolex® indicated a potential risk for hepatotoxicity
(Danesch and Rittinghausen, 2003). Moreover, independent reports
indicated several induced liver injuries after the use of Petadolex®;
notwithstanding, those cases were rare and confounded by
co-medications (Anderson and Borlak, 2019). A series of in vivo (rats)
and in vitro (hepatocytes isolated from human livers) evidenced a
possible hepatotoxicity of petasins (Petadolex®). However, the induc-
tion of hepatotoxicity (e.g. cytotoxicity, increase of transaminases) was
observed only in the extracts rich in petasins and at 200-fold therapeutic
doses in a 28-day toxicity study (in rats) and at >170-fold of therapeutic
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Cmax levels in the in vitro study (Anderson et al., 2009). The clinical
studies of the Ze 339 indicated rare side effects, e.g. eructation, liver
dysfunction, nausea, abdominal pain and malaise (Blosa et al., 2021;
Kaufeler et al., 2006). Further investigations of the cytotoxicity of Ze
339 and its main constituents (e.g. petasin and isopetasin) showed
higher toxicity in cell lines having a higher cytochrome activity (e.g.
H-4-II-E rat cells). Furthermore, when using different S9 fractions (from
rats, dogs and humans), it was noticed that cells from the rats were more
sensitive to the toxic activity of Ze 339 than those from the dogs and
humans (in vitro). Therefore, it can be concluded that the use of Ze 339 in
the recommended doses (two or three tablets per day) is safe (Forsch
et al., 2020).

6. Conclusions and future perspectives

This paper provides a complete overview of the Petasites (butterbur,
Asteraceae) genus, covering up aspects related to their geographical
distribution, ehtnobotanical uses, chemical composition and pharmaco-
toxicological relevance. Distributed all over Europe, Asia and North
America, the butterbur rhizomes with roots and leaves have been used
since Ancient times to treat central nervous system (migraine), respi-
ratory (asthma, allergic rhinitis, bronchitis, spastic cough), cardiovas-
cular (hypertension), gastrointestinal (ulcers) and genitourinary
(dysmenorrhea) disorders. These ethnobothanical uses represented the
starting point for the first pharmacological studies, with the anti-
migraine and anti-allergic properties as the most researched therapeu-
tic effects. On the quest to find out the key molecules responsible for the
observed bioactivities, more than 200 different sesquiterpenes (eremo-
philanes, furanoeremophilanes, bakkenolides), 50 phenolic compounds
(phenolic acids, flavonoids, lignans) and volatile compounds (mono-
terpenes, sesquiterpenes) have been reported within the genus. None-
theless, the phytochemical studies also revealed a downside - the
presence of PAs, a class of specialized metabolites incriminated over the
years for a multi-level toxicity. To overcome this issue, PAs-free che-
motypes or PAs-depleted plant materials have been developed, creating
the propice background for the first two ever market-approved drugs,
Tesalin® — Ze 339 and Petadolex®, to be formulated with PAs-free ex-
tracts with superior efficacy and safety profile.

Despite the great body of knowledge on the chemical complexity of
the butterbur, relevant chemotaxonomical investigations that make use
of state-of-the-art spectro-chromatographic techniques (such as liquid
chromatography hyphenated with high-resolution high-accurate tan-
dem mass spectrometry) or isolation studies based on modern separation
technologies (e.g. liquid-liquid chromatography) that can yield high
recoveries of biologically active compounds with advanced purities and
under high-throughput conditions are missing. Considering the phyto-
chemical complexity and the polypharmacological potential, there is a
growing research interest to extend the current therapeutical applica-
tions of Petasites preparations (anti-migraine, anti-allergic) to other
human ailments, such as cardiovascular, malignant or microbial dis-
eases. This research pathway is extremely important, especially in the
recent context of the pandemic situation, when there is an imperious
need for novel drug candidates. For instance, a preliminary study from
2022 has shown the antiviral effects of Ze 339 extract against the orig-
inal SARS-CoV-2 virus (Wuhan) and its Delta variant, with ICsq values in
SARS-CoV-2-infected Vero E6 cells comparable to remdesivir (Urda
et al., 2022). These interesting properties were actually linked to already
proven pharmacological effects of P. hybridus preparation, such as the
modulation of the leukotriene synthesis or inhibition of the cytokine and
chemokine response in nasal epithelial cells after viral mimetics stimu-
lation, but more relevant research to evaluate the virus-host interactions
is required.

Declaration of interests

The authors declare that they have no known competing financial

19

Journal of Ethnopharmacology 293 (2022) 115263

interests or personal relationships that could have appeared to influence
the work reported in this paper.

CRediT authorship contribution statement

FLukasz Kulinowski: Conceptualization, Data curation, Investiga-
tion, Software, Writing — original draft, Writing — review & editing.
Simon Vlad Luca: Conceptualization, Investigation, Methodology,
Project administration, Writing — original draft. Mirjana Minceva:
Formal analysis, Funding acquisition, Investigation, Resources, Super-
vision, Writing - review & editing. Krystyna Skalicka-Wozniak:
Formal analysis, Funding acquisition, Investigation, Resources, Super-
vision, Writing — review & editing.

Acknowledgements

This study work was financially supported by the Polish National
Agency for Academic Exchange (NAWA) (agreement PPN/BDE/2019/
1/00008/U/00001) and German Academic Exchange Service (DAAD) —
Programs for Project-Related Personal Exchange (PPP) (Grant nr.
57513954).

Appendix A. Supplementary data

Supplementary data related to this article can be found at htt
ps://doi.org/10.1016/j.jep.2022.115263.

References

Abdelfatah, S., Bockers, M., Asensio, M., Kadioglu, O., Klinger, A., Fleischer, E.,
Efferth, T., 2021. Isopetasin and S-isopetasin as novel P-glycoprotein inhibitors
against multidrug-resistant cancer cells. Phytomedicine 86. https://doi.org/10.10
16/j.phymed.2020.153196.

Abe, N., Onoda, R., Shirahata, K., Kato, T., Woods, M.C., Kitahara, Y., Ro, K.,
Kurihara, T., 1968. The structures of bakkenolides-B, -C and -D as determined by the
use of a nuclear overhauser effect. Tetrahedron Lett. 9, 1993-1997. https://doi.org/
10.1016/50040-4039(01)99073-2.

Adachi, Y., Kanbayashi, Y., Harata, I., Ubagai, R., Takimoto, T., Suzuki, K., Miwa, T.,
Noguchi, Y., 2014. Petasin activates AMP-activated protein kinase and modulates
glucose metabolism. J. Nat. Prod. 77, 1262-1269. https://doi.org/10.1021/
np400867m.

Aebi, A., Buchi, J., Waaler, T., Eichenberger, E., Schmutz, J., 1955. Constituents of
Petasites hybridus (L) FI. Wett. I. Pharm. Acta Helv. 30, 277-279.

Aebi, A., Waaler, T., Buchi, J., 1958. Petasin and S-petasin, the spasmolytic substances
from Petasites officinalis (L.) F1. Wett. Pharm. Weekbl. 93, 397-406.

Agosti, R., Duke, R.K., Chrubasik, J.E., Chrubasik, S., 2006. Effectiveness of Petasites
hybridus preparations in the prophylaxis of migraine: a systematic review.
Phytomedicine 13, 743-746. https://doi.org/10.1016/j.phymed.2006.02.008.

Ahn, E.M., Asamenew, G., Kim, H.W., Lee, S.H., Yoo, S.-M., Cho, S.-M., Cha, Y.-S.,
Kang, M.-S., 2020. Anti-obesity effects of petasites japonicus (Meowi) ethanol extract
on raw 264.7 macrophages and 3t3-11 adipocytes and its characterization of
polyphenolic compounds. Nutrients 12. https://doi.org/10.3390/nu12051261.

Alhusayan, R.M., Aldahmash, B.A., El-Nagar, D.M., Rady, A., Ibrahim, K.E., Alkahtani, S.,
2020. Butterbur (Petasites hybridus) extract ameliorates hepatic damage induced by
ovalbumin in mice. Oxid. Med. Cell. Longev. 2020 https://doi.org/10.1155/2020/
3178214.

Anderson, N., Borlak, J., 2019. Hepatobiliary events in migraine therapy with herbs—the
case of Petadolex, a Petasites hybridus extract. J. Clin. Med. 8 (652) https://doi.org/
10.3390/jcm8050652.

Anderson, N., Meier, T., Borlak, J., 2009. Toxicogenomics applied to cultures of human
hepatocytes enabled an identification of novel Petasites hybridus extracts for the
treatment of migraine with improved hepatobiliary safety. Toxicol. Sci. 112,
507-520. https://doi.org/10.1093/toxsci/kfp216.

Avula, B., Sagi, S., Wang, Y.-H., Zweigenbaum, J., Wang, M., Khan, L.A., 2015.
Characterization and screening of pyrrolizidine alkaloids and N-oxides from
botanicals and dietary supplements using UHPLC-high resolution mass spectrometry.
Food Chem. 178, 136-148. https://doi.org/10.1016/j.foodchem.2015.01.053.

Avula, B., Wang, Y.H., Wang, M., Smillie, T.J., Khan, I.A., 2012. Simultaneous
determination of sesquiterpenes and pyrrolizidine alkaloids from the rhizomes of
Petasites hybridus (L.) G.M. et Sch. and dietary supplements using UPLC-UV and
HPLC-TOF-MS methods. J. Pharmaceut. Biomed. Anal. 70, 53-63. https://doi.org/
10.1016/j.jpba.2012.05.021.

Aydin, A.A., Letzel, T., 2013. Simultaneous investigation of sesquiterpenes, pyrrolizidine
alkaloids and N-oxides in butterbur (Petasites hybridus) with an offline 2D-combi-
nation of HPLC-UV and LC-MMI-ToF-MS. J. Pharmaceut. Biomed. Anal. 85, 74-82.
https://doi.org/10.1016/j.jpba.2013.06.022.


https://doi.org/10.1016/j.jep.2022.115263
https://doi.org/10.1016/j.jep.2022.115263
https://doi.org/10.1016/j.phymed.2020.153196
https://doi.org/10.1016/j.phymed.2020.153196
https://doi.org/10.1016/S0040-4039(01)99073-2
https://doi.org/10.1016/S0040-4039(01)99073-2
https://doi.org/10.1021/np400867m
https://doi.org/10.1021/np400867m
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref4
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref4
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref5
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref5
https://doi.org/10.1016/j.phymed.2006.02.008
https://doi.org/10.3390/nu12051261
https://doi.org/10.1155/2020/3178214
https://doi.org/10.1155/2020/3178214
https://doi.org/10.3390/jcm8050652
https://doi.org/10.3390/jcm8050652
https://doi.org/10.1093/toxsci/kfp216
https://doi.org/10.1016/j.foodchem.2015.01.053
https://doi.org/10.1016/j.jpba.2012.05.021
https://doi.org/10.1016/j.jpba.2012.05.021
https://doi.org/10.1016/j.jpba.2013.06.022

£. Kulinowski et al.

Aydin, A.A., Zerbes, V., Parlar, H., Letzel, T., 2013. The medical plant butterbur
(Petasites): analytical and physiological (re)view. J. Pharmaceut. Biomed. Anal. 75
https://doi.org/10.1016/j.jpba.2012.11.028.

Bagirova, U.K., Mamedov, E.I., Serkerov, S. v, 2011. Chemical study of petasites albus.
Chemistry of natural compounds 47. https://doi.org/10.1007/s10600-011-9942-0.

Bagirova, U.K., Serkerov, S.V., 2012. Chemical study of Petasites albus. Chem. Nat.
Compd. 47, 891-892. https://doi.org/10.1007/s10600-012-0096-5.

Beck, L.B., 2017. De materia medica: translated and. In: Lily, Y. (Ed.), Beck- Pedanius
Dioscorides of Anazarbus, third ed. ed. Olms - Weidmann, Hildesheim.

Benemei, S., de Logu, F., Li Puma, S., Marone, .M., Coppi, E., Ugolini, F., Liedtke, W.,
Pollastro, F., Appendino, G., Geppetti, P., Materazzi, S., Nassini, R., 2017. The anti-
migraine component of butterbur extracts, isopetasin, desensitizes peptidergic
nociceptors by acting on TRPA1 cation channel. Br. J. Pharmacol. 174, 2897-2911.
https://doi.org/10.1111/bph.13917.

Bickel, D., Roder, T., Bestmann, H.J., Brune, K., 1994. Identification and characterization
of inhibitors of peptido-leukotriene-synthesis from Petasites hybridus. Planta Med. 60,
318-322. https://doi.org/10.1055/5-2006-959492.

Blosa, M., Uricher, J., Nebel, S., Zahner, C., Butterweck, V., Drewe, J., 2021. Treatment
of early allergic and late inflammatory symptoms of allergic rhinitis with Petasites
hybridus leaf extract (Ze 339): results of a noninterventional observational study in
Switzerland. Pharmaceuticals 14, 1-14. https://doi.org/10.3390/ph14030180.

Bodensieck, A., Kunert, O., Haslinger, E., Bauer, R., 2007. New eremophilane
sesquiterpenes from a rhizome extract of Petasites hybridus. Helv. Chim. Acta 90,
183-195. https://doi.org/10.1002/hlca.200790014.

Brattstrom, A., Schapowal, A., Maillet, I., Schnyder, B., Ryffel, B., Moser, R., 2010.
Petasites extract Ze 339 (PET) inhibits allergen-induced Th2 responses, airway
inflammation and airway hyperreactivity in mice. Phytother Res. 24, 680-685.
https://doi.org/10.1002/ptr.2972.

Brune, K., Bickel, D., Peskar, B.A., 1993. Gastro-protective effects by extracts of Petasites
hybridus: the role of inhibition of peptido-leukotriene synthesis. Planta Med. 59,
494-496. https://doi.org/10.1055/s-2006-959746.

Bucher, K., 1951. Uber ein antispastisches Prinzip in Petasites officinalis Moench.
Schmiedeb. Arch. fiir Exp. Pathol. Pharmakol. 213, 69-71. https://doi.org/10.1007/
BF02432740.

Bull, L.B., Culvenor, C.C.J., Dick, A.T., 1970. The pyrrolizidine alkaloids: their chemistry,
pathogenicity and other biological properties. https://doi.org/10.5694/j.1326-
5377.1970.tb77692.x.

Chang, L., Tseng, Y.-C., Lin, Y.-L., Wun, W.-S.A., Wang, P.S., 2002. Effects of S-petasin on
corticosterone realease in rats. Chin. J. Physiol. 45, 137-142.

Chang, L.-L., Wun, W.-S.A., Lin, Y.-L., Wang, P.S., 2004. Effects of S-petasin on cyclic
AMP production and enzyme activity of P450scc in rat zona fasciculata-reticularis
cells. Eur. J. Pharmacol. 489, 29-37. https://doi.org/10.1016/j.ejphar.2004.02.029.

Cheng, J., 1999. Study on structure of compounds isolated from Petasites tricholobus
France. Chin. Pharmaceut. J. 34, 734-736.

Chizzola, R., 1992. Distribution of the pyrrolizidine alkaloids senecionine and
integerrimine within the Petasites hybridus plant. Planta Med. 58.

Chizzola, R., Langer, T., Franz, C., 2006. An approach to the inheritance of the
sesquiterpene chemotypes within Petasites hybridus. Planta Med. 72 (13),
1254-1256. https://doi.org/10.1055/5-2006-947226.

Chizzola, R., Ozelsberger, B., Langer, T., 2000. Variability in chemical constituents in
Petasites hybridus from Austria. Biochem. Systemat. Ecol. 28, 421-432. https://doi.
0rg/10.1016/50305-1978(99)00077-0.

Choi, J.Y., Desta, K.T., Saralamma, V.V.G., Lee, S.J., Lee, S.J., Kim, S.M.,
Paramanantham, A., Lee, H.J., Kim, Y.-H., Shin, H.-C., Kim, G.-S., Abd El-Aty, A.M.,
2017. LC-MS/MS characterization, anti-inflammatory effects and antioxidant
activities of polyphenols from different tissues of Korean Petasites japonicus
(Meowi). Biomedical Chromatography 31. https://doi.org/10.1002/bmc.4033.

Choi, O.B., 2002. Anti-allergic effects of Petasites japonicum. Korean J Food Nutr 15,
382-385.

Choi, Y.W,, Lee, K.P., Kim, J.M., Kang, S., Park, S.J., Lee, J.M., Moon, H.R., Jung, J.H.,
Lee, Y.G., Im, D.S., 2016. Petatewalide B, a novel compound from Petasites japonicus
with anti-allergic activity. J. Ethnopharmacol. 178, 17-24. https://doi.org/10.1016/
j.jep.2015.12.010.

Crema, A., Milani, C., Rovati, A.L., 1957. Pharmacology of Petasites officinalis & Petasites
fragrans. Farmaco Sci 12, 726-750.

Culpeper, N., Flannery, M.A., 2014. The English Physician. University of Alabama Press,
Toscaloosa.

Danesch, U., 2004. Petasites hybridus (butterbur root) extract in the treatment of asthma -
an open trial. Alternative Med. Rev. 9, 54-62.

Danesch, U., Rittinghausen, R., 2003. Safety of a patented special butterbur root extract
for migraine prevention. Headache J. Head Face Pain 43, 76-78. https://doi.org/
10.1046/j.1526-4610.2003.03015.x.

Debrunner, B., Neuenschwander, M., 1995. Sesquiterpenes of Petasites hybridus (L.) G.M.
et Sch.: influence of locations and seasons on sesquiterpene distribution. Pharm. Acta
Helv. 70, 315-323. https://doi.org/10.1016/0031-6865(95)00037-2.

Debrunner, B., Neuenschwander, M., Brenneisen, R., 1995. Sesquiterpenes of Petasites
hybridus (L.) G.M. et Sch.: distribution of sesquiterpenes over plant organs. Pharm.
Acta Helv. 70, 167-173. https://doi.org/10.1016/0031-6865(95)00017-4.

Degenring, F.H., Bommer, S., 1995. Prévention de la migraine par Petadolor H
(Petaforce® au Canada). Schweiz Zschr GanzheitsMedizin 7, 365-370.

Diener, H.C., Rahlfs, V.W., Danesch, U., 2004. The first placebo-controlled trial of a
special butterbur root extract for the prevention of migraine: reanalysis of efficacy
riteria. Eur. Neurol. 51, 89-97. https://doi.org/10.1159/000076535.

Disch, L., Forsch, K., Siewert, B., Drewe, J., Fricker, G., 2018. In vitro and in situ
absorption and metabolism of sesquiterpenes from Petasites hybridus extracts. Planta
Med. 84, 795-805. https://doi.org/10.1055/5-0044-100401.

20

Journal of Ethnopharmacology 293 (2022) 115263

Dong, X.W., Li, R.J., Gao, X., Row, K.H., 2010. Bakkenolides from Petasites tatewakianus.
Fitoterapia 81, 153-156. https://doi.org/10.1016/j.fitote.2009.08.013.

Dumitru, A.F., Shamji, M., Wagenmann, M., Hindersin, S., Scheckenbach, K., Greve, J.,
Klenzner, T., Hess, L., Nebel, S., Zimmermann, C., Schmidt-Weber, C.B., Chaker, A.
M., 2011. Petasol butenoate complex (Ze 339) relieves allergic rhinitis-induced nasal
obstruction more effectively than desloratadine. J. Allergy Clin. Immunol. 127
https://doi.org/10.1016/j.jaci.2011.02.045.

Efimova, F.V., Petrov, M.I., 1965. On the hypotensive action of preparations from the
roots of Petasites officinalis (L.) Moench. fam. Compositae. Farmakol. Toksikol.
(Mosc.) 28, 292-294.

Esberg, L.B., Wang, G.-J., Lin, Y.-L., Ren, J., 2003. Iso-S-petasin, a hypotensive
sesquiterpene from Petasites formosanus, depresses cardiac contraction and
intracellular Ca®* transients in adult rat ventricular myocytes. J. Pharm. Pharmacol.
55, 103-107. https://doi.org/10.1211/002235702577.

Evers, S., May, A., Fritsche, G., Kropp, P., Lampl, C., Limmroth, V., Malzacher, V.,
Sandor, P., Straube, A., Diener, H.-C., 2008. Acute therapy and prophylaxis of
migraine: guidelines of the German Migraine and Headache Society and of the
German Neurological Society. Nervenheilkunde 27, 933-949. https://doi.org/
10.1055/5-0038-1627343.

Fiebich, B.L., Grozdeva, M., Hess, S., Hiill, M., Danesch, U., Bodensieck, A., Bauer, R.,
2005. Petasites hybridus extracts in vitro inhibit COX-2 and PGE2 release by direct
interaction with the enzyme and by preventing p42/44 MAP kinase activation in rat
primary microglial cells. Planta Med. 71, 12-19. https://doi.org/10.1055/5-2005-
837744.

Forsch, K., Schoning, V., Assmann, G.M., Moser, C., Siewert, B., Butterweck, V.,
Drewe, J., 2020. In vitro hepatotoxicity of Petasites hybridus extract (Ze 339) depends
on the concentration, the cytochrome activity of the cell system, and the species
used. Phytother Res. 34, 184-192. https://doi.org/10.1002/ptr.6516.

Fri§ci¢, M., Jerkovié, I., Marijanovié, Z., Dragovié, S., Hazler Pilepi¢, K., Males, Z., 2019.
Essential oil composition of different plant parts from Croatian petasites albus (L.)
gaertn. And petasites hybridus (L.) G.gaertn., B.mey. & Scherb. (Asteraceae).
Chemistry and biodiversity 16. https://doi.org/10.1002/cbdv.201800531.

Fu, Y., Hu, D., Wang, L., 2017. Anti-allergic activity of ethanol extract of Chinese Petasites
tatewakianus Kitam. in preventive treatment of allergic rhinitis. Acta Med. Mediterr.
2017, 1129-1135. https://doi.org/10.19193/0393-6384 2017 6_177.

Furuya, T., Hikichi, M., 1976. Fukinotoxin, a new pyrrolizidine alkaloid from Petasites
japonicus. Chem. Pharm. Bull. 24, 1120-1122. https://doi.org/10.1248/
¢pb.24.1120.

Gex-Collet, C., Imhof, L., Brattstrom, A., Pichler, W.J., Helbling, A., 2006. The butterbur
extract petasin has no effect on skin test reactivity induced by different stimuli: a
randomized, double-blind crossover study using histamine, codeine, methacholine,
and aeroallergen solutions. J. Invest. Allergol. Clin. Immunol. 16, 156-161.

Gray, R.D., Haggart, K., Lee, D.K.C., Cull, S., Lipworth, B.J., 2004. Effects of butterbur
treatment in intermittent allergic rhinitis: a placebo-controlled evaluation. Annals of
Allergy,. Asthma Immunol. 93, 56-60. https://doi.org/10.1016/51081-1206(10)
61447-0.

Grossmann, M., Schmidramsl, H., 2000. An extract of Petasites hybridus is effective in the
prophylaxis of migraine. Int. J. Clin. Pharm. Ther. 38, 430-435. https://doi.org/
10.5414/CPP38430.

Guo, L., Kang, J.S., Kang, N.J., Choi, Y.W., 2020. S-petasin induces apoptosis and inhibits
cell migration through activation of p53 pathway signaling in melanoma B16F10
cells and A375 cells. Arch. Biochem. Biophys. 692 https://doi.org/10.1016/j.
abb.2020.108519.

Guo, L., Li, K., Cui, Z.W., Kang, J.S., Son, B.G., Choi, Y.W., 2019. S-Petasin isolated from
Petasites japonicus exerts anti-adipogenic activity in the 3T3-L1 cell line by inhibiting
PPAR-y pathway signaling. Food Funct. 10, 4396-4406. https://doi.org/10.1039/
c9f000549h.

Hégele, B., Harmatha, J., Pavlik, M., Rowell-Rahier, M., 1996. Sesquiterpenes from the
Senecioneae and their effect on food choice of the specialised leaf beetles Oreina
cacaliae, Oreina speciosissima and the generalist snail Arianta arbustorum. Entomol.
Exp. Appl. 80, 169-172. https://doi.org/10.1111/j.1570-7458.1996.tb00912.x.

Hégele, B.F., Wildi, E., Harmatha, J., Pavlik, M., Rowell-Rahier, M., 1998. Long-term
effects on food choice of land snail Arianta arbustorum mediated by petasin and
furanopetasin, two sesquiterpenes from Petasites hybridus. J. Chem. Ecol. 24,
1733-1743. https://doi.org/10.1023/A:1022343113650.

Hai, P., Gao, Y., Xiao, C.G., Jiang, X.J., Li, X.M., Yang, W.Q., Li, R.T., Wang, F., 2018.
New sesquiterpenoids from Petasites japonicus and Petasites tricholobus. Phytochem.
Lett. 23, 41-45. https://doi.org/10.1016/j.phytol.2017.10.008.

Harmatha, J., Nawrot, J., 1984. Comparison of the feeding deterrent activity of some
sesquiterpene lactones and a lignan lactone towards selected insect storage pests.
Biochem. Systemat. Ecol. 12, 95-98. https://doi.org/10.1016/0305-1978(84)
90015-2.

Hayashi, K., 1989. Oplopane sesquiterpenes from Petasites palmatus. Phytochemistry 28,
3373-3376. https://doi.org/10.1016/0031-9422(89)80350-4.

Heo, B.-G., Park, Y.-S., Chon, S.-U., Lee, S.-Y., Cho, J.-Y., Gorinstein, S., 2007.
Antioxidant activity and cytotoxicity of methanol extracts from aerial parts of
Korean salad plants. Biofactors 30, 79-89. https://doi.org/10.1002/
biof.5520300202.

Hiemori-Kondo, M., 2020. Antioxidant compounds of Petasites japonicus and their
preventive effects in chronic diseases: a review. J. Clin. Biochem. Nutr. 67, 10-18.
https://doi.org/10.3164/jcbn.20-58.

Hiemori-Kondo, M., Nii, M., 2020. In vitro and in vivo evaluation of antioxidant activity
of Petasites japonicus Maxim. flower buds extracts. Biosc. Biotech. Biochem. 84
https://doi.org/10.1080/09168451.2019.1691913.

Hirono, I., Mori, H., Yamada, K., Hirata, Y., Haga, M., Tatematsu, H., Kanie, S., 1977.
Brief communication: carcinogenic activity of petasitenine, a new pyrrolizidine


https://doi.org/10.1016/j.jpba.2012.11.028
https://doi.org/10.1007/s10600-011-9942-0
https://doi.org/10.1007/s10600-012-0096-5
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref17
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref17
https://doi.org/10.1111/bph.13917
https://doi.org/10.1055/s-2006-959492
https://doi.org/10.3390/ph14030180
https://doi.org/10.1002/hlca.200790014
https://doi.org/10.1002/ptr.2972
https://doi.org/10.1055/s-2006-959746
https://doi.org/10.1007/BF02432740
https://doi.org/10.1007/BF02432740
https://doi.org/10.5694/j.1326-5377.1970.tb77692.x
https://doi.org/10.5694/j.1326-5377.1970.tb77692.x
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref26
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref26
https://doi.org/10.1016/j.ejphar.2004.02.029
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref28
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref28
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref29
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref29
https://doi.org/10.1055/s-2006-947226
https://doi.org/10.1016/S0305-1978(99)00077-0
https://doi.org/10.1016/S0305-1978(99)00077-0
https://doi.org/10.1002/bmc.4033
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref33
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref33
https://doi.org/10.1016/j.jep.2015.12.010
https://doi.org/10.1016/j.jep.2015.12.010
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref35
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref35
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref36
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref36
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref37
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref37
https://doi.org/10.1046/j.1526-4610.2003.03015.x
https://doi.org/10.1046/j.1526-4610.2003.03015.x
https://doi.org/10.1016/0031-6865(95)00037-2
https://doi.org/10.1016/0031-6865(95)00017-4
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref41
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref41
https://doi.org/10.1159/000076535
https://doi.org/10.1055/s-0044-100401
https://doi.org/10.1016/j.fitote.2009.08.013
https://doi.org/10.1016/j.jaci.2011.02.045
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref46
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref46
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref46
https://doi.org/10.1211/002235702577
https://doi.org/10.1055/s-0038-1627343
https://doi.org/10.1055/s-0038-1627343
https://doi.org/10.1055/s-2005-837744
https://doi.org/10.1055/s-2005-837744
https://doi.org/10.1002/ptr.6516
https://doi.org/10.1002/cbdv.201800531
https://doi.org/10.19193/0393-6384_2017_6_177
https://doi.org/10.1248/cpb.24.1120
https://doi.org/10.1248/cpb.24.1120
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref54
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref54
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref54
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref54
https://doi.org/10.1016/S1081-1206(10)61447-0
https://doi.org/10.1016/S1081-1206(10)61447-0
https://doi.org/10.5414/CPP38430
https://doi.org/10.5414/CPP38430
https://doi.org/10.1016/j.abb.2020.108519
https://doi.org/10.1016/j.abb.2020.108519
https://doi.org/10.1039/c9fo00549h
https://doi.org/10.1039/c9fo00549h
https://doi.org/10.1111/j.1570-7458.1996.tb00912.x
https://doi.org/10.1023/A:1022343113650
https://doi.org/10.1016/j.phytol.2017.10.008
https://doi.org/10.1016/0305-1978(84)90015-2
https://doi.org/10.1016/0305-1978(84)90015-2
https://doi.org/10.1016/0031-9422(89)80350-4
https://doi.org/10.1002/biof.5520300202
https://doi.org/10.1002/biof.5520300202
https://doi.org/10.3164/jcbn.20-58
https://doi.org/10.1080/09168451.2019.1691913

£. Kulinowski et al.

alkaloid isolated from Petasites japonicus Maxim. J. Natl. Cancer Inst. 58, 1155-1157.
https://doi.org/10.1093/jnci/58.4.1155.

Hirono, 1., Sasaoka, L., Shibuya, C., 1975. Natural carcinogenic products of plant origin.
Gann Monogr. Cancer Res. 17, 205-217.

Hirono, I., Shimizu, M., Fushimi, K., Mori, H., Kato, K., 1973. Carcinogenic activity of
Petasites japonicus Maxim., a kind of coltsfoot. Gann. Jpn. J. Cancer Res. 64,
527-528.

Hochmannovd, J., Novotny, L., Herout, V., 1962a. On terpenes. CXXXVIII. Sesquiterpenic
hydrocarbons from coltsfoot rhizomes (Petasites officinalis MOENCH.). Collect.
Czech Chem. Commun. 27 https://doi.org/10.1135/cccc19621870.

Hochmannova, J., Novotny, L., Herout, V., 1962b. On terpenes. CXLIV. Hydrocarbons
from Petasites albus (L.) GAERTN. rhizomes. Collect. Czech Chem. Commun. 27
https://doi.org/10.1135/cccc19622711.

Holland, S., Silberstein, S.D., Freitag, F., Dodick, D.W., Argoff, C., Ashman, E., 2012.
Evidence-based guideline update: NSAIDs and other complementary treatments for
episodic migraine prevention in adults: [RETIRED]. Neurology 78. https://doi.org
/10.1212/WNL.0b013e3182535d0c.

Hong, S.-Y., Park, L., Jun, M., 2011. Suppression of f-secretase (BACE1) activity and
p-amyloid protein-induced neurotoxicity by solvent fractions from Petasites japonicus
leaves. J. Food Sci. Nutr. 16, 18-23. https://doi.org/10.3746/jfn.2011.16.1.018.

Horak, S., Koschak, A., Stuppner, H., Striessnig, J., 2009. Use-dependent block of
voltage-gated Ca Ca2+ channels by petasins and eudesmol isomers. J. Pharmacol.
Exp. Therapeut. 330, 220-226. https://doi.org/10.1124/jpet.109.151183, v2.1.

Iriye, R., Furukawa, K., Nlshida, R., Kim, C.-S., Fukami, H., 1992. Isolation and synthesis
of a new bio-antimutagen, petasiphenol, from scapes of Petasites japonicum. Biosci.
Biotechnol. Biochem. 56, 1773-1775. https://doi.org/10.1271/bbb.56.1773.

Jaiswal, R., Kiprotich, J., Kuhnert, N., 2011. Determination of the hydroxycinnamate
profile of 12 members of the Asteraceae family. Phytochemistry 72, 781-790.
https://doi.org/10.1016/j.phytochem.2011.02.027.

Jamieson, G.R., Reid, E.H., Turner, B.P., Jamieson, A.T., 1976. Bakkenolide-A. Its
distribution in Petasites species and cytotoxic properties. Phytochemistry 15,
1713-1715. https://doi.org/10.1016/50031-9422(00)97462-4.

Ji, H.D., Yayeh, T., Park, J.Y., Kim, S.D., Im, E.J., Jeon, B.R., Lee, J.Y., Park, J.K.,
Hong, S.-B., Choi, J.-Y., Choi, J.-Y., Rhee, M.H., 2014. Petasites japonicus ethanol
extract inhibited collagen-induced platelet aggregation and thrombus formation in
rats. Chiang Mai J. Sci. 41, 360-369.

Ji, S., Yoo, T.K., Jin, S., Ju, H.J., Eom, S.H., Kim, J.-S., Hyun, T.K., 2020. Changes in the
phenolic compounds profile, antioxidant and anti-melanogenic activity from organs
of Petasites japonicas under different extraction methods. Revista Mexicana de
Ingeniera Quimica 19, 1453-1464. https://doi.org/10.24275/rmiq/Bio1186.

Jiang, Q., Li, R.-P., Tang, Y., Wang, Y.-Q., Liu, C., Guo, M.-L., 2015. Bakkenolide-IIla
protects against cerebral damage via inhibiting NF-xB activation. CNS Neurosci.
Ther. 21, 943-952. https://doi.org/10.1111/cns.12470.

Jiang, Q., Xia, Y.-Y., He, J.-M., Guo, M.-L., Li, R.-P., 2014. Total bakkenolides protects
neurons against cerebral ischemic injury through inhibition of nuclear factor-xB
activation. CNS Neurol. Disord. - Drug Targets 13, 874-884. https://doi.org/
10.2174/18715273113129990104.

Jizba, J., Samek, Z., Novotny, L., 1977. A sesquiterpenic alkaloid, eremophilene lactam,
from the rhizomes of Petasites hybridus. Collect. Czech Chem. Commun. 42 https://
doi.org/10.1135/cccc19772438.

Johnston, J., 2001. Petasites hybridus monograph. Altern. Med. Rev. 6, 207-2099.

Kang, H.G., Jeong, S.H., Cho, J.H., 2010. Antimutagenic and anticarcinogenic effect of
methanol extracts of Petasites japonicus Maxim leaves. J. Vet. Sci. 11, 51-58. https://
doi.org/10.4142/jvs.2010.11.1.51.

Katsumasa, F., Kazuo, K., Takehiko, K., Nagaki, M., Iwao, H., 1978. Carcinogenicity of
flower stalks of Petasites japonicus maxim. In mice and Syrian golden hamsters.
Toxicol. Lett. 1, 291-294. https://doi.org/10.1016,/0378-4274(78)90009-7.

Kaufeler, R., Polasek, W., Brattstrom, A., Koetter, U., 2006. Efficacy and safety of
butterbur herbal extract Ze 339 in seasonal allergic rhinitis: postmarketing
surveillance study. Adv. Ther. 23, 373-384. https://doi.org/10.1007/BF02850143.

Khaleghi, F., Din, L.B., Charati, F.R., Yaacob, W.A., Khalilzadeh, M.A., Skelton, B.,
Makha, M., 2011. A new bioactive compound from the roots of Petasites hybridus.
Phytochem. Lett. 4, 254-258. https://doi.org/10.1016/j.phytol.2011.04.009.

Kim, D.-W., Choi, J.-H., Park, S.-E., Kim, S., Sapkota, K., Kim, S.-J., 2015. Purification
and characterization of a fibrinolytic enzyme from Petasites japonicus. Int. J. Biol.
Macromol. 72, 1159-1167. https://doi.org/10.1016/].ijbiomac.2014.09.046.

Kim, E.J., Kim, H., Kim, H., Park, S., 2020. Anti-inflammatory activities of hot water
extracts of Petasites japonicus leaves in LPS-induced RAW264.7 cells. J. Korean Soc.
Food Sci. Nutr. 49, 289-294. https://doi.org/10.3746/jkfn.2020.49.3.289.

Kim, J.H., Lee, J., Lee, S., Cho, E.J., 2016. Ethyl acetate fraction from Petasites japonicus
attenuates oxidative stress through regulation of nuclear factor E2-related factor-2
signal pathway in LLC-PK1 cells. Korean J. Pharmacogn. 47, 55-61.

Kim, M.-Y., Yi, J.-H., Hwang, Y., Song, K.-S., Jun, M., 2008. Isolation and identification
of antioxidant substances from the stems of butterbur (Petasites japonicus). J. Korean
Soc. Food Sci. Nutr. 37, 979-984. https://doi.org/10.3746/jkfn.2008.37.8.979.

Kim, S.-J., Min, S.C., Shin, H.-J., Lee, Y.-J., Cho, A.R., Kim, S.Y., Han, J., 2013.
Evaluation of the antioxidant activities and nutritional properties of ten edible plant
extracts and their application to fresh ground beef. Meat Sci. 93, 715-722. https://
doi.org/10.1016/j.meatsci.2012.11.029.

Kim, S.M., Kang, S.W., Jeon, J.-S., Jung, Y.-J., Kim, C.Y., Pan, C.H., Um, B.-H., 2012.
Rapid identification and evaluation of antioxidant compounds from extracts of
Petasites japonicus by hyphenated-HPLC techniques. Biomed. Chromatogr. 26,
199-207. https://doi.org/10.1002/bmc.1646.

Kitaharan, Y., Abe, N., Kato, T., Shirahata, K., 1969. Studies on the components of the
bud of Petasites japonicus subsp. giganteus Kitam structures of bakkenolides-A, B, C, D

21

Journal of Ethnopharmacology 293 (2022) 115263

and E. Nippon kagaku zassi 90, 221-236. https://doi.org/10.1246/
nikkashi1948.90.3_221.

Kitajima, M., Okabe, K., Yoshida, M., Nakabayashi, R., Saito, K., Kogure, N.,
Takayama, H., 2019. New otonecine-type pyrrolizidine alkaloid from Petasites
japonicus. J. Nat. Med. 73, 602-607. https://doi.org/10.1007/s11418-019-01285-9.

Kleeberg-Hartmann, J., Vogler, B., Messlinger, K., 2021. Petasin and isopetasin reduce
CGRP release from trigeminal afferents indicating an inhibitory effect on TRPA1 and
TRPV1 receptor channels. J. Headache Pain 22. https://doi.org/10.1186/510194-
021-01235-5.

Ko, W.-C., Lei, C.-B., Lin, Y.-L., Chen, C.-F., 2001. Mechanisms of relaxant action of S-
petasin and S-isopetasin, sesquiterpenes of Petasites formosanus, in isolated Guinea
pig trachea. Planta Med. 67, 224-229. https://doi.org/10.1055/5-2001-11991.

Ko, W.-C., Shih, C.-H., Huang, T.-J., Chen, C.-M., Lin, Y.-L., 2011. S-Petasin, the main
sesquiterpene of Petasites formosanus, inhibits phosphodiesterase activity and
suppresses ovalbumin-induced airway hyperresponsiveness. Evid. base Compl.
Alternative Med. 2011 https://doi.org/10.1093/ecam/nep088.

Koleckar, V., Opletal, L., Brojerova, E., Rehakova, Z., Cervenka, F., Kubikova, K.,
Kuca, K., Jun, D., Polasek, M., Kunes, J., Kunes, J., Jahodar, L., 2008. Evaluation of
natural antioxidants of Leuzea carthamoides as a result of a screening study of 88
plant extracts from the European Asteraceae and Cichoriaceae. J. Enzym. Inhib.
Med. Chem. 23, 218-224. https://doi.org/10.1080/14756360701450806.

Krepinsky, J., Motl, O., Dolejs, L., Novotny, L., Herout, V., Bates, R.B., 1968. The
structure of eremophilene, the sesquiterpenic hydrocarbon from Petasites genus.
Tetrahedron Lett. 9, 3315-3318. https://doi.org/10.1016/50040-4039(00)89555-6.

Kyung H., A., Yu-Jin, H., Dong-Sik, P., Jaehyun, K., Ae-Son, O., 2011. In vitro
investigation of antioxidant and anti-apoptotic activities of Korean wild edible
vegetable extracts and their correlation with apoptotic gene expression in HepG2
cells. Food Chem. 125, 483-487. https://doi.org/10.1016/j.foodchem.2010.09.037.

Langer, T., Mostl, E., Chizzola, R., Gutleb, R., 1996. A competitive enzyme immunoassay
for the pyrrolizidine alkaloids of the senecionine type. Planta Med. 62, 267-271.
https://doi.org/10.1055/5-2006-957875.

Lee, D.G., Lee, K.H., Park, K.-W., Han, C.K., Ryu, B.-Y., Cho, E.J,, Lee, S., 2015. Isolation
and identification of flavonoids with aldose reductase inhibitory activity from
Petasites japonicus. Asian J. Chem. 27, 991-994. https://doi.org/10.14233/
ajchem.2015.17845.

Lee, D.K.C., Carstairs, I.J., Haggart, K., Jackson, C.M., Currie, G.P., Lipworth, B.J., 2003.
Butterbur, a herbal remedy, attenuates adenosine monophosphate induced nasal
responsiveness in seasonal allergic rhinitis. Clin. Exp. Allergy 33, 882-886. https://
doi.org/10.1046/j.1365-2222.2003.01705.x.

Lee, D.K.C., Gray, R.D., Robb, F.M., Fujihara, S., Lipworth, B.J., 2004a. A placebo-
controlled evaluation of butterbur and fexofenadine on objective and subjective
outcomes in perennial allergic rhinitis. Clin. Exp. Allergy 34, 646-649. https://doi.
org/10.1111/j.1365-2222.2004.1903.x.

Lee, D.K.C., Haggart, K., Robb, F.M., Lipworth, B.J., 2004b. Butterbur, a herbal remedy,
confers complementary anti-inflammatory activity in asthmatic patients receiving
inhaled corticosteroids. Clin. Exp. Allergy 34, 110-114. https://doi.org/10.1111/
j.1365-2222.2004.01838.x.

Lee, J.S., Jeong, M., Park, S., Ryu, S.M., Lee, J., Song, Z., Guo, Y., Choi, J.-H., Lee, D.,
Jang, D.S., 2019. Chemical constituents of the leaves of butterbur (Petasites
japonicus) and their anti-inflammatory effects. Biomolecules 9. https://doi.org/
10.3390/biom9120806.

Lee, J.-S., Yang, E.J., Yun, C.-Y., Kim, D.-H., Kim, L.S., 2011. Suppressive effect of
Petasites japonicus extract on ovalbumin-induced airway inflammation in an
asthmatic mouse model. J. Ethnopharmacol. 133, 551-557. https://doi.org/
10.1016/j.jep.2010.10.038.

Lee, K.-P., Kang, S., Noh, M.-S., Park, S.-J., Kim, J.-M., Chung, H.Y., Je, N.K,, Lee, Y.-G.,
Choi, Y.-W., Im, D.-S., 2015. Therapeutic effects of S-petasin on disease models of
asthma and peritonitis. Biomol. Therapeut. 23, 45-52. https://doi.org/10.4062/
biomolther.2014.069.

Lee, K.-P., Kang, S., Park, S.-J., Choi, Y.-W., Lee, Y.-G., Im, D.-S., 2013. Anti-allergic and
anti-inflammatory effects of bakkenolide B isolated from Petasites japonicus leaves.
J. Ethnopharmacol. 148, 890-894. https://doi.org/10.1016/j.jep.2013.05.037.

Liao, C.-H., Ko, F.-N., Wu, T.-S., Teng, C.-M., 1997. Bakkenolide G, a natural PAF-
receptor antagonist. J. Pharm. Pharmacol. 49, 1248-1253. https://doi.org/10.1111/
j.2042-7158.1997.tb06079.x.

Lin, C.H.,, Li, C.-Y., Kuoh, C.-S., Wu, T.-S., 2003. Constituents of the leaves of Petasites
formosanus and their antioxidative activity. Heterocycles 60, 1881-1889. https://
doi.org/10.3987/com-03-9787.

Lin, H., Chien, C.-H., Lin, Y.-L., Chen, C.-F., Wang, P.S., 2000. Inhibition of testosterone
secretion by S-petasin in rat testicular interstitial cells. Chin. J. Physiol. 43, 99-103.

Lin, Y.-L., Mei, C.-H., Huang, S.-L., Kuo, Y.-H., 1998a. Four new sesquiterpenes from
Petasites formosanus. J. Nat. Prod. 61, 887-890. https://doi.org/10.1021/
np970583z.

Lin, Y.-L., Ou, J.C., Chrn, C.-F., Kuo, Y.-H., 1998b. Eremophilanes from petasites
formosanus KITAMURA. Chem. Pharm. Bull. 46, 1807-1809. https://doi.org/
10.1248/cpb.46.1807.

Lipton, R.B., Gobel, H., Einhaupl, K.M., Wilks, K., Mauskop, A., 2004. Petasites hybridus
root (butterbur) is an effective preventive treatment for migraine. Neurology 63,
2240-2244. https://doi.org/10.1212/01.WNL.0000147290.68260.11.

Luthy, J., Zweifel, U., Schmid, P., Ch, Schlatter, 1983. Pyrrolizidine alkaloids in Petasites
hybridus and P. albus. Pharm. Acta Helv. 58, 98-100.

Lyu, X., Song, A.-L., Bai, Y.-L., Xu, X.-D., He, D.-Q., Zhang, Y.-C., 2019. Inhibitory effects
of petasin on human colon carcinoma cells mediated by inactivation of Akt/mTOR
pathway. Chinese Med J 132, 1071-1078. https://doi.org/10.1097/
CM9.0000000000000199.


https://doi.org/10.1093/jnci/58.4.1155
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref68
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref68
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref69
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref69
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref69
https://doi.org/10.1135/cccc19621870
https://doi.org/10.1135/cccc19622711
https://doi.org/10.1212/WNL.0b013e3182535d0c
https://doi.org/10.1212/WNL.0b013e3182535d0c
https://doi.org/10.3746/jfn.2011.16.1.018
https://doi.org/10.1124/jpet.109.151183
https://doi.org/10.1271/bbb.56.1773
https://doi.org/10.1016/j.phytochem.2011.02.027
https://doi.org/10.1016/S0031-9422(00)97462-4
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref78
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref78
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref78
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref78
https://doi.org/10.24275/rmiq/Bio1186
https://doi.org/10.1111/cns.12470
https://doi.org/10.2174/18715273113129990104
https://doi.org/10.2174/18715273113129990104
https://doi.org/10.1135/cccc19772438
https://doi.org/10.1135/cccc19772438
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref83
https://doi.org/10.4142/jvs.2010.11.1.51
https://doi.org/10.4142/jvs.2010.11.1.51
https://doi.org/10.1016/0378-4274(78)90009-7
https://doi.org/10.1007/BF02850143
https://doi.org/10.1016/j.phytol.2011.04.009
https://doi.org/10.1016/j.ijbiomac.2014.09.046
https://doi.org/10.3746/jkfn.2020.49.3.289
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref90
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref90
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref90
https://doi.org/10.3746/jkfn.2008.37.8.979
https://doi.org/10.1016/j.meatsci.2012.11.029
https://doi.org/10.1016/j.meatsci.2012.11.029
https://doi.org/10.1002/bmc.1646
https://doi.org/10.1246/nikkashi1948.90.3_221
https://doi.org/10.1246/nikkashi1948.90.3_221
https://doi.org/10.1007/s11418-019-01285-9
https://doi.org/10.1186/s10194-021-01235-5
https://doi.org/10.1186/s10194-021-01235-5
https://doi.org/10.1055/s-2001-11991
https://doi.org/10.1093/ecam/nep088
https://doi.org/10.1080/14756360701450806
https://doi.org/10.1016/S0040-4039(00)89555-6
https://doi.org/10.1016/j.foodchem.2010.09.037
https://doi.org/10.1055/s-2006-957875
https://doi.org/10.14233/ajchem.2015.17845
https://doi.org/10.14233/ajchem.2015.17845
https://doi.org/10.1046/j.1365-2222.2003.01705.x
https://doi.org/10.1046/j.1365-2222.2003.01705.x
https://doi.org/10.1111/j.1365-2222.2004.1903.x
https://doi.org/10.1111/j.1365-2222.2004.1903.x
https://doi.org/10.1111/j.1365-2222.2004.01838.x
https://doi.org/10.1111/j.1365-2222.2004.01838.x
https://doi.org/10.3390/biom9120806
https://doi.org/10.3390/biom9120806
https://doi.org/10.1016/j.jep.2010.10.038
https://doi.org/10.1016/j.jep.2010.10.038
https://doi.org/10.4062/biomolther.2014.069
https://doi.org/10.4062/biomolther.2014.069
https://doi.org/10.1016/j.jep.2013.05.037
https://doi.org/10.1111/j.2042-7158.1997.tb06079.x
https://doi.org/10.1111/j.2042-7158.1997.tb06079.x
https://doi.org/10.3987/com-03-9787
https://doi.org/10.3987/com-03-9787
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref113
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref113
https://doi.org/10.1021/np970583z
https://doi.org/10.1021/np970583z
https://doi.org/10.1248/cpb.46.1807
https://doi.org/10.1248/cpb.46.1807
https://doi.org/10.1212/01.WNL.0000147290.68260.11
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref117
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref117
https://doi.org/10.1097/CM9.0000000000000199
https://doi.org/10.1097/CM9.0000000000000199

L. Kulinowski et al.

Matsubara, K., Mori, M., Mizushina, Y., 2004. Petasiphenol which inhibits DNA
polymerase A activity is an inhibitor of in vitro angiogenesis. Oncol. Rep. 11,
447-451. https://doi.org/10.3892/0r.11.2.447.

Matsumoto, T., Imahori, D., Saito, Y., Zhang, W., Ohta, T., Yoshida, T., Nakayama, Y.,
Ashihara, E., Watanabe, T., 2020. Cytotoxic activities of sesquiterpenoids from the
aerial parts of Petasites japonicus against cancer stem cells. J. Nat. Med. 74, 689-701.
https://doi.org/10.1007/511418-020-01420-x.

Matsuura, H., Amano, M., Kawabata, J., 2002. Isolation and measurement of quercetin
glucosides in flower buds of Japanese butterbur (Petasites japonicus subsp. gigantea
Kitam.). Biosci. Biotechnol. Biochem. 66, 1571-1575. https://doi.org/10.1271/
bbb.66.1571.

Mauskop, A., Holland, S., Silberstein, S.D., Freitag, F., Dodick, D.W., Argoff, C., 2013.
Evidence-based guideline update: NSAIDs and other complementary treatments for
episodic migraine prevention in adults: report of the Quality Standards
Subcommittee of the American Academy of Neurology and the American Headache
Society. Neurology 80. https://doi.org/10.1212/WNL.0b013e318287d94b.

Mauz, Ch., Candrian, U., Luthy, J., 1985. Methods for removal of pyrrolizidine alkaloids
from medicinal plant extracts. Pharm. Acta Helv. 60, 256-259.

Mihajilov-Krstev, T., Jovanovi¢, B., Zlatkovi¢, B., Matejic, J., Vitorovié, J., Cvetkovi¢, V.,
1li¢, B., Dordevié¢, L., Jokovi¢, N., Miladinovi¢, D., Jovanovi¢, V.S., Bernstein, N.,
2020. Phytochemistry, toxicology and therapeutic value of Petasites hybridus subsp.
ochroleucus (common butterbur) from the Balkans. Plants 9. https://doi.org/
10.3390/plants9060700.

Min, B.-S., Hui, S.C., Lee, H.-K,, Sok, D.-E., Mee, R.K., 2005. A new furofuran lignan with
antioxidant and antiseizure activities from the leaves of Petasites japonicus. Arch
Pharm. Res. (Seoul) 28, 1023-1026. https://doi.org/10.1007/BF02977395.

Miyazawa, M., Teranishi, A., Ishikawa, Y., 2003. Components of the essential oil from
Petasites japonicus. Flavour Fragrance J. 18, 231-233. https://doi.org/10.1002/
££.1203.

Mizushina, Y., Kamisuki, S., Kasai, N., Ishidoh, T., Shimazaki, N., Takemura, M.,
Asahara, H., Linn, S., Yoshida, S., Koiwai, O., Yoshida, H., Sakaguchi, K., 2002.
Petasiphenol: a DNA polymerase A inhibitor. Biochemistry 41, 14463-14471.
https://doi.org/10.1021/bi020476q.

Mohammadi, M., Yousefi, M., Habibi, Z., Dastan, D., 2012. Chemical composition and
antioxidant activity of the essential oil of aerial parts of Petasites albus from Iran: a
good natural source of euparin. Nat. Prod. Res. 26, 291-297. https://doi.org/
10.1080/14786410903374819.

Moll, C., Zahnera, C., de Marquis, M.R., Yibirin, M.G., Ruiz Rodriguez, J.J., 2015.
Effectiveness and tolerability of the Petasites hybridus leaf extract Ze 339 in the
treatment of allergic rhinitis in a paediatric population. Arch. Venez. Farmacol. Ter.
34, 4-10.

Mroczek, T., Glowniak, K., Wlaszczyk, A., 2002. Simultaneous determination of N-oxides
and free bases of pyrrolizidine alkaloids by cation-exchange solid-phase extraction
and ion-pair high-performance liquid chromatography. Journal of Chromatography
A 949. https://doi.org/10.1016/50021-9673(01)01498-4.

Naya, K., Kawai, M., Naito, M., Kasai, T., 1972. The structures of eremofukinone, 9-
acetoxyfukinanolide and S-japonin from Petasites japonicus (Maxim.). Chemistry
Letters 1. https://doi.org/10.1246/c1.1972.241.

Naya, K., Nakagawa, M., Hayashi, M., Tsuji, K., Naito, M., 1971a. The constituents of
Petasites japonicus maxim. rhizomes. Tetrahedron Lett. 12, 2961-2964. https://doi.
0rg/10.1016/50040-4039(01)97036-4.

Naya, K., Takagi, I., 1968. The structure of petasitin, a new sesquiterpene from Petasites
Jjaponicus maxim. Tetrahedron Lett. 9, 629-632. https://doi.org/10.1016/S0040-
4039(01)98819-7.

Naya, K., Takagi, I., Kawaguchi, Y., Asada, Y., Hirose, Y., Shinoda, N., 1968. The
structure of fukinone, a constituent of Petasites japonicus maxim. Tetrahedron 24,
5871-5879. https://doi.org/10.1016,/50040-4020(01)96317-3.

Naya, K., Yoshimura, F., Takagi, 1., 1971b. The structure of petasitolone, a new
constituent of petasites japonicus maxim. Bull chem soc Jpn 44. https://doi.org/10.1
246/bcsj.44.3165.

Niwa, H., Ishiwata, H., Yamada, K., 1983. Separation and determination of macrocyclic
pyrrolizidine alkaloids of the otonecine type present in the edible plant Petasites
Jjaponicus by reversed-phase high-performance liquid chromatography.

J. Chromatogr. A 257, 146-150. https://doi.org/10.1016/50021-9673(01)88166-8.

Novotny, L., Herout, V., Sorm, F., 1964. On terpenes. CLXVIIIL Constitution of
petasalbine, albopetasine and hydroxyeremophilenolide, the components of Petasites
albus L. rhizomes. Collect. Czech Chem. Commun. 29 https://doi.org/10.1135/
cccec19642189.

Novotny, L., Herout, V., Sorm, F., 1962. Plant substances. XVIL. Constituents of Petasites
albus (L.) GAERTIN. rhizomes. Collect. Czech Chem. Commun. 27 https://doi.org/
10.1135/ccec19621400.

Novotny, L., Herout, V., Sorm, F., 1961. Substances from Petasites officinalis Moench. and
Petasites albus (L.) Gaertn. Tetrahedron Lett. 2, 697-701. https://doi.org/10.1016/
s0040-4039(01)91677-6.

Novotny, L., Kotva, K., Toman, J., Herout, V., 1972. Sesquiterpenes from Petasites.
Phytochemistry 11, 2795-2799. https://doi.org/10.1016/50031-9422(00)86515-2.

Novotny, L., Samek, Z., Herout, V., Sorm, F., 1968a. The structure of kablicin, the main
component of the light petroleum extracts of petasites kablikianus tausch.ex bercht.
and of petasites paradoxus (retz)baumg. rhizomes. Tetrahedron Lett. 9, 1401-1404.
https://doi.org/10.1016/50040-4039(01)98963-4.

Novotny, L., Toman, J., Herout, V., 1968b. Terpenoids of the Petasites paradoxus and
Petasites kablikianus in relation to their phylogeny. Phytochemistry 7, 1349-1353.
https://doi.org/10.1016/50031-9422(00)85636-8.

Novotny, L., Toman, J., Star, F., Marquez, A.D., Herout, V., Sorm, F., 1966. Contribution
to the chemotaxonomy of some european Petasites species. Phytochemistry 5,
1281-1287. https://doi.org/10.1016/50031-9422(00)86124-5.

22

Journal of Ethnopharmacology 293 (2022) 115263

Oelkers-Ax, R., Leins, A., Parzer, P., Hillecke, T., Bolay, H.V., Fischer, J., Bender, S.,
Hermanns, U., Resch, F., 2008. Butterbur root extract and music therapy in the
prevention of childhood migraine: an explorative study. Eur. J. Pain 12, 301-313.
https://doi.org/10.1016/j.ejpain.2007.06.003.

Oh, S.H., Sok, D.-E., Kim, M.R., 2005. Neuroprotective effects of butterbur and rough
aster against kainic acid-induced oxidative stress in mice. J. Med. Food 8, 169-176.
https://doi.org/10.1089/jmf.2005.8.169.

Ozarowski, M., Przystanowicz, J., Adamczak, A., 2013. Phytochemical, pharmacological
and clinical studies of petasites hybridus (1.) P. Gaertn., B. Mey. & Scherb. A review/.
Herba Polonica 59. https://doi.org/10.2478/hepo-2013-0028.

Pank, F., Vender, C., van Niekerk, L., Junghanns, W., Langbehn, J., Bliithner, W.-D.,
Novak, J., Franz, C., 2002. Distribution of pyrrolizidine alkaloids in crossing
progenies of Petasites hybridus. J. Herbs, Spices, Med. Plants 9, 39-44. https://doi.
org/10.1300/J044v09n02_06.

Park, C.H., Kim, M.Y., Sok, D.-E., Kim, J.H., Lee, J.H., Kim, M.R., 2010. Butterbur
(Petasites japonicus Max.) extract improves lipid profiles and antioxidant activities in
monosodium L-glutamate-challenged mice. J. Med. Food 13, 1216-1223. https://
doi.org/10.1089/jmf.2009.1380.

Park, S., Lim, J., Lee, K.T., Oh, M.S., Jang, D.S., 2021. Single and repeated oral dose
toxicity and genotoxicity of the leaves of butterbur. Foods 10 (1963). https://doi.
org/10.3390/foods10081963.

Park, S.Y., Cho, M.H,, Li, M., Li, K., Park, G., Choi, Y.-W., 2020. Petatewalide B alleviates
oxygen-glucose deprivation/reoxygenation-induced neuronal injury via activation of
the AMPK/Nrf2 signaling pathway. Mol. Med. Rep. 22, 239-246. https://doi.org/
10.3892/mmr.2020.11075.

Park, S.Y., Choi, M.H., Li, M., Li, K., Park, G., Choi, Y.-W., 2018a. AMPK/Nrf2 signaling is
involved in the anti-neuroinflammatory action of Petatewalide B from Petasites
japonicus against lipopolysaccharides in microglia. Immunopharmacol.
Immunotoxicol. 40, 232-241. https://doi.org/10.1080/08923973.2018.1434791.

Park, S.Y., Choi, M.H., Park, G., Choi, Y.-W., 2018b. Petasites japonicus bakkenolide B
inhibits lipopolysaccharide-induced pro-inflammatory cytokines via AMPK/Nrf2
induction in microglia. Int. J. Mol. Med. 41, 1683-1692. https://doi.org/10.3892/
ijmm.2017.3350.

Pothmann, R., Danesch, U., 2005. Migraine prevention in children and adolescents:
results of an open study with a special butterbur root extract. Headache 45,
196-203. https://doi.org/10.1111/j.1526-4610.2005.05044.x.

Pringsheim, T., Davenport, W.J., MacKie, G., Worthington, L., Aubé, M., Christie, S.N.,
Gladstone, J., Becker, W.J., 2012. Canadian headache society guideline for migraine
prophylaxis. Can. J. Neurol. Sci. 39.

Qian, F., Guo, G., Li, Y., Kulka, M., 2016. A novel eremophilane lactone inhibits FceRI-
dependent release of pro-inflammatory mediators: structure-dependent bioactivity.
Inflamm. Res. 65, 303-311. https://doi.org/10.1007/s00011-016-0917-2.

Rajapakse, T., Pringsheim, T., 2016. Nutraceuticals in migraine: a summary of existing
guidelines for Use. Headache J. Head Face Pain 56. https://doi.org/10.1111/
head.12789.

Rodriguez de Marquis, M., Gonzalez, Y.M., 2012. Effectiveness of the standardized
extract of leaves of Petasites hybridus (Tesalin®) in the treatment of allergic rhinitis.
Arch. Venez. Farmacol. Ter. 31, 11-16.

Roeder, E., Abdel Ghani, A., 1990. Pyrrolizidine alkaloids from Petasites paradoxus
(Retz.) Baumg. Sci. Pharm. 58, 403-407.

Roeder, E., Eckert, A., Bourauel, T., 1993. Pyrrolizidine alkaloids from Petasites spurius.
Pharmazie 48, 953-954.

Sadler, C., Vanderjagt, L., Vohra, S., 2007. Complementary, holistic, and integrative
medicine: Butterbur. Pediatr. Rev. 28, 235-238. https://doi.org/10.1542/pir.28-6-
235.

Sakamura, S., Yoshihara, T., Toyoda, K., 1973. The constituents of Petasites japonicus:
structures of fukiic acid and fukinolic acid. Agric. Biol. Chem. 37, 1915-1921.
https://doi.org/10.1080/00021369.1973.10860912.

Sakamura, S., Yoshihara, T., Toyoda, K., 1969. Fukiic acid isolated from the hydrolysate
of a polyphenol in Petasites japonicus. Agric. Biol. Chem. 33, 1795-1797. https://doi.
org/10.1271/bbb1961.33.1795.

Santini, L., 1953. Therapeutic action of Petasites officinalis. Minerva Med. 44, 633-638.

Saritas, Y., von Reu, S.H., Konig, W.A., 2002. Sesquiterpene constituents in Petasites
hybridus. Phytochemistry 59, 795-803. https://doi.org/10.1016/50031-9422(01)
00489-7.

Schapowal, A., 2005. Treating intermittent allergic rhinitis: a prospective, randomized,
placebo and antihistamine-controlled study of Butterbur extract Ze 339. Phytother
Res. 19, 530-537. https://doi.org/10.1002/ptr.1705.

Schapowal, A., 2004. Butterbur Ze339 for the treatment of intermittent allergic rhinitis:
dose-dependent efficacy in a prospective, randomized, double-blind, placebo-
controlled study. Arch. Otolaryngol. Head Neck Surg. 130, 1381-1386. https://doi.
org/10.1001/archotol.130.12.1381.

Schapowal, A., 2002. Randomised controlled trial of butterbur and cetirizine for treating
seasonal allergic rhinitis. Br. Med. J. 324, 144-146. https://doi.org/10.1136/
bm;j.324.7330.144.

Scheidegger, C., Dahinden, C., Wiesmann, U., 1998. Effects of extracts and of individual
components from Petasites on prostaglandin synthesis in cultured skin fibroblasts and
on leucotriene synthesis in isolated human peripheral leucocytes. Pharm. Acta Helv.
72, 376-378.

Schenk, A., Siewert, B., Toff, S., Drewe, J., 2015. UPLC TOF MS for sensitive
quantification of naturally occurring pyrrolizidine alkaloids in Petasites hybridus
extract (Ze 339). J. Chromatogr. B: Anal. Technol. Biomed. Life Sci. 997, 23-29.
https://doi.org/10.1016/j.jchromb.2015.05.027.

Schrenk, D., Gao, L., Lin, G., Mahony, C., Mulder, P.P.J., Peijnenburg, A., Pfuhler, S.,
Rietjens, .M.C.M., Rutz, L., Steinhoff, B., These, A., 2020. Pyrrolizidine alkaloids in
food and phytomedicine: occurrence, exposure, toxicity, mechanisms, and risk


https://doi.org/10.3892/or.11.2.447
https://doi.org/10.1007/s11418-020-01420-x
https://doi.org/10.1271/bbb.66.1571
https://doi.org/10.1271/bbb.66.1571
https://doi.org/10.1212/WNL.0b013e318287d94b
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref123
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref123
https://doi.org/10.3390/plants9060700
https://doi.org/10.3390/plants9060700
https://doi.org/10.1007/BF02977395
https://doi.org/10.1002/ffj.1203
https://doi.org/10.1002/ffj.1203
https://doi.org/10.1021/bi020476q
https://doi.org/10.1080/14786410903374819
https://doi.org/10.1080/14786410903374819
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref129
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref129
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref129
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref129
https://doi.org/10.1016/S0021-9673(01)01498-4
https://doi.org/10.1246/cl.1972.241
https://doi.org/10.1016/S0040-4039(01)97036-4
https://doi.org/10.1016/S0040-4039(01)97036-4
https://doi.org/10.1016/S0040-4039(01)98819-7
https://doi.org/10.1016/S0040-4039(01)98819-7
https://doi.org/10.1016/S0040-4020(01)96317-3
https://doi.org/10.1246/bcsj.44.3165
https://doi.org/10.1246/bcsj.44.3165
https://doi.org/10.1016/S0021-9673(01)88166-8
https://doi.org/10.1135/cccc19642189
https://doi.org/10.1135/cccc19642189
https://doi.org/10.1135/cccc19621400
https://doi.org/10.1135/cccc19621400
https://doi.org/10.1016/s0040-4039(01)91677-6
https://doi.org/10.1016/s0040-4039(01)91677-6
https://doi.org/10.1016/S0031-9422(00)86515-2
https://doi.org/10.1016/S0040-4039(01)98963-4
https://doi.org/10.1016/S0031-9422(00)85636-8
https://doi.org/10.1016/S0031-9422(00)86124-5
https://doi.org/10.1016/j.ejpain.2007.06.003
https://doi.org/10.1089/jmf.2005.8.169
https://doi.org/10.2478/hepo-2013-0028
https://doi.org/10.1300/J044v09n02_06
https://doi.org/10.1300/J044v09n02_06
https://doi.org/10.1089/jmf.2009.1380
https://doi.org/10.1089/jmf.2009.1380
https://doi.org/10.3390/foods10081963
https://doi.org/10.3390/foods10081963
https://doi.org/10.3892/mmr.2020.11075
https://doi.org/10.3892/mmr.2020.11075
https://doi.org/10.1080/08923973.2018.1434791
https://doi.org/10.3892/ijmm.2017.3350
https://doi.org/10.3892/ijmm.2017.3350
https://doi.org/10.1111/j.1526-4610.2005.05044.x
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref154
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref154
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref154
https://doi.org/10.1007/s00011-016-0917-2
https://doi.org/10.1111/head.12789
https://doi.org/10.1111/head.12789
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref157
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref157
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref157
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref158
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref158
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref159
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref159
https://doi.org/10.1542/pir.28-6-235
https://doi.org/10.1542/pir.28-6-235
https://doi.org/10.1080/00021369.1973.10860912
https://doi.org/10.1271/bbb1961.33.1795
https://doi.org/10.1271/bbb1961.33.1795
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref163
https://doi.org/10.1016/S0031-9422(01)00489-7
https://doi.org/10.1016/S0031-9422(01)00489-7
https://doi.org/10.1002/ptr.1705
https://doi.org/10.1001/archotol.130.12.1381
https://doi.org/10.1001/archotol.130.12.1381
https://doi.org/10.1136/bmj.324.7330.144
https://doi.org/10.1136/bmj.324.7330.144
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref168
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref168
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref168
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref168
https://doi.org/10.1016/j.jchromb.2015.05.027

£. Kulinowski et al.

assessment - a review. Food Chem. Toxicol. 136 (111107) https://doi.org/10.1016/
j.fct.2019.111107.

Sener, B., Ergun, F., 1996. Pyrrolizidine alkaloids from Petasites hybridus (L.) Gaertner.
Gazi Univ. Eczaci. Fak. Derg. 13, 171-173.

Seremet, O.C., Barbuceanu, F., Ionica, F.E., Margina, D.M., Gutu, C.M., Olaru, O.T.,
Ilie, M., Gonciar, V., Negres, S., Chirita, C., 2016. Oral toxicity study of certain plant
extracts containing pyrrolizidine alkaloids. Rom. J. Morphol. Embryol. 57,
1017-1023.

Seremet, O.C., Olaru, O.T., Gutu, C.M., Nitulescu, G.M., Ilie, M., Negres, S., Zbarcea, C.E.,
Purdel, C.N., Spandidos, D.A., Tsatsakis, A.M., Coleman, M.D., Margina, D.M., 2018.
Toxicity of plant extracts containing pyrrolizidine alkaloids using alternative
invertebrate models. Mol. Med. Rep. 17, 7757-7763. https://doi.org/10.3892/
mmr.2018.8795.

Sheykhzade, M., Smajilovic, S., Issa, A., Haunso, S., Christensen, S.B., Tfelt-Hansen, J.,
2008. S-petasin and butterbur lactones dilate vessels through blockage of voltage
gated calcium channels and block DNA synthesis. Eur. J. Pharmacol. 593, 79-86.
https://doi.org/10.1016/j.ejphar.2008.07.004.

Shibata, H., Shimizu, S., 1978. Three chemovars of Petasites japonicus Maxim. Agric. Biol.
Chem. 42, 1427-1428. https://doi.org/10.1080,/00021369.1978.10863176.

Shimoda, H., Tanaka, J., Yamada, E., Morikawa, T., Kasajima, N., Yoshikawa, M., 2006.
Anti type I allergic property of Japanese butterbur extract and its mast cell
degranulation inhibitory ingredients. J. Agric. Food Chem. 54, 2915-2920. https://
doi.org/10.1021/jf0529940.

Shinmoto, H., Kimura, T., Suzuki, M., Yamagishi, K., 2001. Antitumor activity of
vegetables harvested in tohoku region. Nippon Shokuhin Kagaku Kogaku Kaishi 48,
787-790. https://doi.org/10.3136/nskkk.48.787.

Shirahata, K., Abe, N., Kato, T., Kitahara, Y., 1968. Bakkenolide-E, a minor component of
the bud of Petasites japonicus subsp. giganteus Kitam. Bull. Chem. Soc. Jpn. 41,
1732-1733. https://doi.org/10.1246/bcsj.41.1732.

Siegenthaler, P., Neuenschwander, M., 1997. Sesquiterpenes from Petasites hybridus
(Furanopetasin chemovar): separation, isolation and quantitation of compounds
from fresh plant extracts. Pharm. Acta Helv. 72, 57-67. https://doi.org/10.1016/
S0031-6865(96)00056-8.

Siegenthaler, P., Neuenschwander, M., 1996. Analytic investigations of sesquiterpenes of
Petasites albus (L.) GAERTN. Pharm. Acta Helv. 71, 345-353. https://doi.org/
10.1016/50031-6865(96)00040-4.

Slavin, M., Bourguignon, J., Jackson, K., Orciga, M.-A., 2016. Impact of food components
on in vitro calcitonin gene-related peptide secretion—a potential mechanism for
dietary influence on migrai. Nutrients 8. https://doi.org/10.3390/nu8070406.

Sok, D.-E., Oh, S.H., Kim, Y.-B., Kang, H.-G., Kim, M.R., 2006. Neuroprotection by extract
of Petasites japonicus leaves, a traditional vegetable, against oxidative stress in brain
of mice challenged with kainic acid. Eur. J. Nutr. 45, 61-69. https://doi.org/
10.1007/500394-005-0565-8.

Soleimani, A., Asadi, J., Rostami-Charati, F., Gharaei, R., 2015. High cytotoxicity and
apoptotic effects of natural bioactive benzofuran derivative on the MCF-7 breast
cancer cell line. Comb. Chem. High Throughput Screen. 18, 505-513. https://doi.
org/10.2174/1386207318666150430114815.

Song, K.-S., Choi, S.-H., Hur, J.-M., Park, H.-J., Yang, E.-J., Mook-Jung, L, Yi, J.-H.,
Jun, M., 2008. Inhibitory effects of flavonoids isolated from leaves of Petasites
Jjaponicus on p-secretase (BACE1). Food Sci. Biotechnol. 17, 1165-1170.

Song, K.-S., Jeong, W.-S., Jun, M., 2012. Inhibition of f-amyloid peptide-induced
neurotoxicity by kaempferol 3-O-(6"-acetyl)-p-glucopyranoside from butterbur
(Petasites japonicus) leaves in B103 cells. Food Sci. Biotechnol. 21, 845-851. https://
doi.org/10.1007/s10068-012-0109-y.

Steiert, S.A., Zissler, U.M., Chaker, A.M., Esser-von-Bieren, J., Dittlein, D., Guerth, F.,
Jakwerth, C.A., Piontek, G., Zahner, C., Drewe, J., Schmidt-Weber, C.B., Gilles, S.,
2017. Anti-inflammatory effects of the petasin phyto drug Ze339 are mediated by
inhibition of the STAT pathway. Biofactors 43, 388-399. https://doi.org/10.1002/
biof.1349.

Stoll, A., Morf, R., Rheiner, A., Renz, J., 1956. Uber Inhaltsstoffe aus Petasites officinalis
Moench I. Petasin und die Petasolester B und C. Experientia 12, 360-362. https://
doi.org/10.1007/BF02165356.

Sugama, K., Hayashi, K., Mitsuhashi, H., 1985. Eremophilenolides from Petasites
Jjaponicus. Phytochemistry 24, 1531-1535. https://doi.org/10.1016/50031-9422
(00)81060-2.

Sugama, K., Hayashi, K., Nakagawa, T., Mitsuhashi, H., Yoshida, N., 1983.
Sesquiterpenoids from Petasites fragrans. Phytochemistry 22, 1619-1622. https://
doi.org/10.1016/0031-9422(83)80099-5.

Sun, Z.-L., Gao, G.-L., Luo, J.-Y., Zhang, X.-L., Zhang, M., Feng, J., 2011. A new
neuroprotective bakkenolide from the rhizome of Petasites tatewakianus. Fitoterapia
82, 401-404. https://doi.org/10.1016/].fitote.2010.11.020.

Sutherland, A., Sweet, B. v, 2010. Butterbur: an alternative therapy for migraine
prevention. Am. J. Health Syst. Pharm. 67, 705-711. https://doi.org/10.2146/
AJHP090136.

Thomet, O.A.R., Schapowal, A., Heinisch, I.V.W.M., Wiesmann, U.N., Simon, H.-U.,
2002. Anti-inflammatory activity of an extract of Petasites hybridus in allergic
rhinitis. Int. Inmunopharm. 2, 997-1006. https://doi.org/10.1016/51567-5769(02)
00046-2.

Thomet, O.A.R., Wiesmann, U.N., Blaser, K., Simon, H.-U., 2001a. Differential inhibition
of inflammatory effector functions by petasin, isopetasin and neopetasin in human
eosinophils. Clin. Exp. Allergy 31, 1310-1320. https://doi.org/10.1046/j.1365-
2222.2001.01158.x.

Thomet, O.A.R., Wiesmann, U.N., Schapowal, A., Bizer, C., Simon, H.-U., 2001b. Role of
petasin in the potential anti-inflammatory activity of a plant extract of petasites
hybridus. Biochem. Pharmacol. 61, 1041-1047. https://doi.org/10.1016/50006-
2952(01)00552-4.

23

Journal of Ethnopharmacology 293 (2022) 115263

Tobinaga, S., Takeuchi, N., Yamashita, J., Kasama, T., Aida, Y., Kaneko, Y., 1983. Anti-
histaminic and anti-allergic principles of Petasites japonicus Maxim. Chem. Pharm.
Bull. 31, 745-748. https://doi.org/10.1248/cpb.31.745.

Toman, J., 1972. A taxonomic survey of the genera Petasites and Endocellion. Folia
Geobotanica et Phytotaxonomica 1972 7 (4), 381-406. https://doi.org/10.1007/
BF02854767, 7.

Tori, M., Kawahara, M., Sono, M., 1998. Eremophilane-type sesquiterpenes from fresh
rhizomes of Petasites japonicus. Phytochemistry 47, 401-409. https://doi.org/
10.1016/50031-9422(97)00581-5.

Toropkina, R.Ya., Minina, S.A., 1976. Flavonoids of Petasites georgicus. Chem. Nat.
Compd. 12 (487) https://doi.org/10.1007/BF00564829.

Tys, J., Szopa, A., Lalak, J., Chmielewska, M., Serefko, A., Poleszak, E., 2015. A botanical
and pharmacological description of Petasites species. Curr. Issues Pharm. Med. Sci.
28 https://doi.org/10.1515/cipms-2015-0062.

Tzoneva, R., Uzunova, V., Stoyanova, T., Borisova, B., Momchilova, A., Pankov, R.,
Maslenkova, L., 2021. Anti-cancer effect of Petasites hybridus L. (Butterbur) root
extract on breast cancer cell lines. Biotechnol. Biotechnol. Equip. 35, 853-861.
https://doi.org/10.1080/13102818.2021.1932594.

Urda, L., Kreuter, M.H., Drewe, J., Boonen, G., Butterweck, V., Klimkait, T., 2022. The
Petasites hybridus CO2 extract (Ze 339) blocks SARS-CoV-2 replication in vitro.
Viruses 14 (106). https://doi.org/10.3390/10.3390/v14010106.

Uzunova, V.P., Tzoneva, R.D., Momchilova, A.B., Maslenkova, L.T., 2020. Sesquiterpene
patterns of the leaves and roots in local populations of medicinal plant Petasites
hybridus (L.) from Bulgaria. Ecol. Balk. 12, 239-245.

Valesini, A., 1955. Antispastic effect of Petasites officinalis Moench. Athena 21, 319-321.

Vokéaé, K., Samek, Z., Herout, V., Sorm, F., 1972. The structure of albene, a hydrocarbon
from the plants of the genera Petasites and Adenostyles. Tetrahedron Lett. 13,
1665-1668. https://doi.org/10.1016,/50040-4039(01)84715-8.

Wang, G.-J., Liao, J.-F., Hintz, K.K., Chen, W.-P., Su, M.-J,, Lin, Y.-L., Shi, C.-C., Chen, C.-
F., Ren, J., 2004. Calcium-antagonizing activity of S-petasin, a hypotensive
sesquiterpene from Petasites formosanus, on inotropic and chronotropic responses in
isolated rat atria and cardiac myocytes. Naunyn-Schmiedeberg’s Arch. Pharmacol.
369, 322-329. https://doi.org/10.1007/500210-003-0863-8.

Wang, G.-J., Lin, Y.-L., Chen, C.-H., Wu, X.-C., Liao, J.-F., Ren, J., 2010. Cellular calcium
regulatory machinery of vasorelaxation elicited by petasin. Clin. Exp. Pharmacol.
Physiol. 37, 309-315. https://doi.org/10.1111/j.1440-1681.2009.05283.x.

Wang, G.-J., Shum, A.Y.-C,, Lin, Y.-L., Liao, J.-F., Wu, X.-C., Ren, J., Chen, C.-F., 2001.
Calcium channel blockade in vascular smooth muscle cells: major hypotensive
mechanism of S-petasin, a hypotensive sesquiterpene from Petasites formosanus.

J. Pharmacol. Exp. Therapeut. 297, 240-246.

Wang, M., Zhang, Q., Wang, H., Ren, Q., Sun, Y., Xie, C., Xu, J., Jin, D.Q., Ohizumi, Y.,
Guo, Y., 2014. Characterization and NO inhibitory activities of chemical constituents
from an edible plant Petasites tatewakianus. J. Agric. Food Chem. 62, 9362-9367.
https://doi.org/10.1021/jf5034224.

Wang, S., Jin, D.Q., Xie, C., Wang, H., Wang, M., Xu, J., Guo, Y., 2013. Isolation,
characterization, and neuroprotective activities of sesquiterpenes from Petasites
japonicus. Food Chem. 141, 2075-2082. https://doi.org/10.1016/j.
foodchem.2013.04.116.

Wang, Y.-L., Guo, M.-L., Zhang, G., Xue, Q., 2006. Chemical constituents in root of
Petasites tricholobus Franch. and their anti-inflammatory activity. Acad. J. Second
Mil. Med. Univ. 27, 1210-1213.

Wang, Y.-L., Li, R.-P., Guo, M.-L., Zhang, G., Zhang, N., Ma, Y.-L., 2009. Bakkenolides
from Petasites tricholobus and their neuroprotective effects related to antioxidant
activities. Planta Med. 75, 230-235. https://doi.org/10.1055/5-0028-1088377.

Watanabe, S., Hashimoto, K., Tazaki, H., Iwamoto, Y., Shinohara, N., Satoh, K.,
Sakagami, H., 2007. Radical scavenging activity and inhibition of macrophage NO
production by fukinolic acid, a main phenolic constituent in Japanese butterbur
(Petasites japonicus). Food Sci. Technol. Res. 13, 366-371. https://doi.org/10.3136/
fstr.13.366.

Watanabe, T., Hata, K., Hiwatashi, K., Hori, K., Suzuki, N., Itoh, H., 2010. Suppression of
murine preadipocyte differentiation and reduction of visceral fat accumulation by a
Petasites japonicus ethanol extract in mice fed a high-fat diet. Biosci. Biotechnol.
Biochem. 74, 499-503. https://doi.org/10.1271/bbb.90684.

Wiedenfeld, H., Bourauel, T., Roeder, E., 2002. Pyrrolizidine alkaloide in Petasites
fragrans. Sci. Pharm. 70, 407-411. https://doi.org/10.3797 /scipharm.aut-02-38.

Wildi, E., Langer, T., Schaffner, W., Biiter, K.B., 1998. Quantitative analysis of petasin
and pyrrolizidine alkaloids in leaves and rhizomes of in situ grown Petasites hybridus
plants. Planta Med. 64, 264-267. https://doi.org/10.1055/5-2006-95742.2.

Wu, T.-S., Kao, M.-S., Wu, P.-L., Lin, F.-W., Shi, L.-S., Liou, M.-J., Li, C.-Y., 1999a. The
bakkenolides from the root of Petasites formosanus and their cytotoxicity. Chem.
Pharm. Bull. 47, 375-382. https://doi.org/10.1248/cpb.47.375.

Wu, T.-S., Kao, M.-S., Wu, P.-L., Lin, F.-W., Shi, L.-S., Teng, C.-M., 1999b. Antiplatelet
principles from the root of Petasites formosanus. Phytochemistry 52, 901-905.
https://doi.org/10.1016/50031-9422(99)00333-7.

Xie, W.D., Miao, Y.-L., Lai, P.-X., Row, K.-H., 2011. Sesquiterpenoids from Petasites
tatewakianus. Chem. Nat. Compd. 47, 850-851. https://doi.org/10.1007/s10600-
011-0082-3.

Xie, Y.-Y., Li, Y.-X., Sun, Y.-M., Wang, Y., Guo, M.-L., 2016. A new anti-hypoxia
sesquiterpene from the rhizome of Petasites japonicus. Yaoxue Xuebao 51,
1285-1289. https://doi.org/10.16438/j.0513-4870.2016-0346.

Xu, J., Ji, F., Cao, X., Ma, J., Ohizumi, Y., Lee, D., Guo, Y., 2016. Sesquiterpenoids from
an edible plant Petasites japonicus and their promoting effects on neurite outgrowth.
J. Funct.Foods 22, 291-299. https://doi.org/10.1016/j.jff.2016.01.012.

Yamada, K., Tatematsu, H., Kyotani, Y., Hirata, Y., Haga, M., Hirono, I., 1978a.
Senkirkine and a new sesquiterpene glycoside, isopetasoside, from Petasites


https://doi.org/10.1016/j.fct.2019.111107
https://doi.org/10.1016/j.fct.2019.111107
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref171
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref171
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref172
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref172
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref172
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref172
https://doi.org/10.3892/mmr.2018.8795
https://doi.org/10.3892/mmr.2018.8795
https://doi.org/10.1016/j.ejphar.2008.07.004
https://doi.org/10.1080/00021369.1978.10863176
https://doi.org/10.1021/jf052994o
https://doi.org/10.1021/jf052994o
https://doi.org/10.3136/nskkk.48.787
https://doi.org/10.1246/bcsj.41.1732
https://doi.org/10.1016/S0031-6865(96)00056-8
https://doi.org/10.1016/S0031-6865(96)00056-8
https://doi.org/10.1016/S0031-6865(96)00040-4
https://doi.org/10.1016/S0031-6865(96)00040-4
https://doi.org/10.3390/nu8070406
https://doi.org/10.1007/s00394-005-0565-8
https://doi.org/10.1007/s00394-005-0565-8
https://doi.org/10.2174/1386207318666150430114815
https://doi.org/10.2174/1386207318666150430114815
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref184
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref184
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref184
https://doi.org/10.1007/s10068-012-0109-y
https://doi.org/10.1007/s10068-012-0109-y
https://doi.org/10.1002/biof.1349
https://doi.org/10.1002/biof.1349
https://doi.org/10.1007/BF02165356
https://doi.org/10.1007/BF02165356
https://doi.org/10.1016/S0031-9422(00)81060-2
https://doi.org/10.1016/S0031-9422(00)81060-2
https://doi.org/10.1016/0031-9422(83)80099-5
https://doi.org/10.1016/0031-9422(83)80099-5
https://doi.org/10.1016/j.fitote.2010.11.020
https://doi.org/10.2146/AJHP090136
https://doi.org/10.2146/AJHP090136
https://doi.org/10.1016/S1567-5769(02)00046-2
https://doi.org/10.1016/S1567-5769(02)00046-2
https://doi.org/10.1046/j.1365-2222.2001.01158.x
https://doi.org/10.1046/j.1365-2222.2001.01158.x
https://doi.org/10.1016/S0006-2952(01)00552-4
https://doi.org/10.1016/S0006-2952(01)00552-4
https://doi.org/10.1248/cpb.31.745
https://doi.org/10.1007/BF02854767
https://doi.org/10.1007/BF02854767
https://doi.org/10.1016/S0031-9422(97)00581-5
https://doi.org/10.1016/S0031-9422(97)00581-5
https://doi.org/10.1007/BF00564829
https://doi.org/10.1515/cipms-2015-0062
https://doi.org/10.1080/13102818.2021.1932594
https://doi.org/10.3390/10.3390/v14010106
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref202
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref202
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref202
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref203
https://doi.org/10.1016/S0040-4039(01)84715-8
https://doi.org/10.1007/s00210-003-0863-8
https://doi.org/10.1111/j.1440-1681.2009.05283.x
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref207
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref207
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref207
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref207
https://doi.org/10.1021/jf5034224
https://doi.org/10.1016/j.foodchem.2013.04.116
https://doi.org/10.1016/j.foodchem.2013.04.116
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref210
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref210
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref210
https://doi.org/10.1055/s-0028-1088377
https://doi.org/10.3136/fstr.13.366
https://doi.org/10.3136/fstr.13.366
https://doi.org/10.1271/bbb.90684
https://doi.org/10.3797/scipharm.aut-02-38
https://doi.org/10.1055/s-2006-957422
https://doi.org/10.1248/cpb.47.375
https://doi.org/10.1016/S0031-9422(99)00333-7
https://doi.org/10.1007/s10600-011-0082-3
https://doi.org/10.1007/s10600-011-0082-3
https://doi.org/10.16438/j.0513-4870.2016-0346
https://doi.org/10.1016/j.jff.2016.01.012

£. Kulinowski et al.

japonicus. Phytochemistry 17, 1667-1668. https://doi.org/10.1016/50031-9422
(00)94669-7.

Yamada, K., Tatematsu, H., Unno, R., Hirata, Y., Hirono, 1., 1978b. Petasinine and
petasinoside, two minor alkaloids possessing a new necine isolated from petasites
japonicus maxim. Tetrahedron Lett. 19, 4543-4546. https://doi.org/10.1016/
S0040-4039(01)95273-6.

Yanagi, M., Kamiya, Y., Murayama, N., Banju, K., Shimizu, M., Yamazaki, H., 2021.
Metabolic profiles for the pyrrolizidine alkaloid neopetasitenine and its metabolite
petasitenine in humans extrapolated from rat in vivo and in vitro data sets using a
simplified physiologically based pharmacokinetic model. J. Toxicol. Sci. 46,
391-399. https://doi.org/10.2131/jts.46.391.

Yang, E.-J., Kim, G.-S., Jun, M., Song, K.-S., 2014. Kaempferol attenuates the glutamate-
induced oxidative stress in mouse-derived hippocampal neuronal HT22 cells. Food
Funct. 5, 1395-1402. https://doi.org/10.1039/c4fo00068d.

Yaoita, Y., Kikuchi, M., 1996a. New eremophilenolides from the rhizomes of petasites
japonicus MAXIM. Natural Medicines 50, 49-53.

Yaoita, Y., Kikuchi, M., 1996b. Structures of new dinor-eremophilane derivatives and
new eremophilenolides from the rhizomes of Petasites japonicus MAXIM. Chem.
Pharm. Bull. 44, 1731-1735. https://doi.org/10.1248/cpb.44.1731.

Yaoita, Y., Kikuchi, M., 1996c¢. Seco-eremophilane derivatives from rhizomes of Petasites
japonicus. Phytochemistry 42, 751-755. https://doi.org/10.1016/0031-9422(95)
00939-6.

Yaoita, Y., Kikuchi, M., 1995. Structures of new eremophilane derivatives from the
rhizomes of Petasites japonicus Maxim. Chem. Pharm. Bull. 43, 1738-1743. https://
doi.org/10.1248/cpb.43.1738.

Yaoita, Y., Kikuchi, M., 1994a. Structures of six new eremophilenolides from the
rhizomes of petasites japonicus maxim. Chem. Pharm. Bull. 42, 1944-1947. https://
doi.org/10.1248/cpb.42.1944.

Yaoita, Y., Kikuchi, M., 1994b. Eremopetasidione, a nor-sesquiterpenoid from the
rhizomes of Petasites japonicus. Phytochemistry 37, 1765-1766. https://doi.org/
10.1016/50031-9422(00)89608-9.

24

Journal of Ethnopharmacology 293 (2022) 115263

Yaoita, Y., Kikuchi, M., Machida, K., 2012. Terpenoids and related compounds from
plants of the family Compositae (Asteraceae). Natural Product Communications 7,
533-538. https://doi.org/10.1177/1934578x1200700430.

Yaoita, Y., Nagata, K., Suzuki, N., Kikuchi, M., 1992. Structures of eremophilenolides
from the rhizomes of Petasites japonicus Maxim. Chem. Pharm. Bull. 40, 3277-3279.
https://doi.org/10.1248/cpb.40.3277.

Yoshikawa, M., Morikawa, T., Tanaka, J., Shimoda, H., 2006. Medicinal foodstuffs.
XXXII. Novel sesquiterpene glycoside sulfate, fukinoside A, with antiallergic activity
from Japanese butterbur (Petasites japonicus). Heterocycles 68, 2335-2342. https://
doi.org/10.3987/COM-06-10858.

Zhang, F.-J., Wang, Q., Wang, Y., Guo, M.-L., 2011. Anti-allergic effects of total
bakkenolides from Petasites tricholobus in ovalbumin-sensitized rats. Phytother Res.
25, 116-121. https://doi.org/10.1002/ptr.3237.

Zhang, L., Hong, Z., Zhang, R.-R., Sun, X.-Z., Yuan, Y.-F., Hu, J., Wang, X., 2016.
Bakkenolide A inhibits leukemia by regulation of HDAC3 and PI3K/Akt-related
signaling pathways. Biomed. Pharmacother. 83, 958-966. https://doi.org/10.1016/
j.biopha.2016.07.049.

Zhang, N., Guo, M.L., Zhang, G., Li, R.P., 2008. A new neuroprotective bakkenolide from
the rhizome of Petasites tricholobus. Chin. Chem. Lett. 19, 841-844. https://doi.org/
10.1016/j.cclet.2008.04.036.

Zhang, Y., Gao, Y.-Y., Jia, Q., Guo, F.-J., Li, B., Xu, Z.-J., Li, Y.-M., Zhu, W.-L., Chen, K.-
X., 2014. Two new sulfated sesquiterpenoids from Petasites tricholobus. Yaoxue
Xuebao 49, 1433-1437.

Zhang, Y., Guo, F., Zeng, P., Jia, Q., Li, Y., Zhu, W., Chen, K., 2012. Phenolic components
from Petasites tricholobus. Zhongguo Zhongyao Zazhi 37, 1782-1787. https://doi.
org/10.4268/cjemm20121219.

Ziolo, G., Samochowiec, L., 1998. Study on clinical properties and mechanisms of action
of Petasites in bronchial asthma and chronic obstructive bronchitis. Pharm. Acta
Helv. 72, 378-380.


https://doi.org/10.1016/S0031-9422(00)94669-7
https://doi.org/10.1016/S0031-9422(00)94669-7
https://doi.org/10.1016/S0040-4039(01)95273-6
https://doi.org/10.1016/S0040-4039(01)95273-6
https://doi.org/10.2131/jts.46.391
https://doi.org/10.1039/c4fo00068d
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref225
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref225
https://doi.org/10.1248/cpb.44.1731
https://doi.org/10.1016/0031-9422(95)00939-6
https://doi.org/10.1016/0031-9422(95)00939-6
https://doi.org/10.1248/cpb.43.1738
https://doi.org/10.1248/cpb.43.1738
https://doi.org/10.1248/cpb.42.1944
https://doi.org/10.1248/cpb.42.1944
https://doi.org/10.1016/S0031-9422(00)89608-9
https://doi.org/10.1016/S0031-9422(00)89608-9
https://doi.org/10.1177/1934578x1200700430
https://doi.org/10.1248/cpb.40.3277
https://doi.org/10.3987/COM-06-10858
https://doi.org/10.3987/COM-06-10858
https://doi.org/10.1002/ptr.3237
https://doi.org/10.1016/j.biopha.2016.07.049
https://doi.org/10.1016/j.biopha.2016.07.049
https://doi.org/10.1016/j.cclet.2008.04.036
https://doi.org/10.1016/j.cclet.2008.04.036
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref237
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref237
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref237
https://doi.org/10.4268/cjcmm20121219
https://doi.org/10.4268/cjcmm20121219
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref239
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref239
http://refhub.elsevier.com/S0378-8741(22)00302-6/sref239

	A review on the ethnobotany, phytochemistry, pharmacology and toxicology of butterbur species (Petasites L.)
	1 Introduction
	2 Traditional uses
	3 Phytochemistry
	3.1 Sesquiterpenes
	3.2 Pyrrolizidine alkaloids
	3.3 Phenolic compounds
	3.4 Volatile compounds

	4 Biological activities
	4.1 Anti-migraine activity
	4.2 Anti-inflammatory, anti-allergic ant anti-asthmatic activity
	4.3 Neuroprotective activity
	4.4 Spasmolytic activity
	4.5 Cardio-vasculo-protective activity
	4.6 Anticancer activity
	4.7 Antioxidant activity
	4.8 Miscellaneous biological activities

	5 Pharmacokinetics and toxicological issues
	6 Conclusions and future perspectives
	Declaration of interests
	CRediT authorship contribution statement
	Acknowledgements
	Appendix A Supplementary data
	References


