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Abstract
Sesquiterpene lactone helenalin is used as an antiphlogistic in European and Chinese folk medicine. The pharmacological 
activities of helenalin have been extensively investigated, yet insufficient information exists about its metabolic properties. 
The objectives of the present study were (1) to investigate the in vitro NADPH-dependent metabolism of helenalin (5 and 
100 µM) using human and rat liver microsomes and liver cytosol, (2) to elucidate the role of human cytochrome P450 (CYP) 
enzymes in its oxidative metabolism, and (3) to study the inhibition of human CYPs by helenalin. Five oxidative metabo-
lites were detected in NADPH-dependent human and rat liver microsomal incubations, while two reduced metabolites were 
detected only in NADPH-dependent human microsomal and cytosolic incubations. In human liver microsomes, the main 
oxidative metabolite was 14-hydroxyhelenalin, and in rat liver microsomes 9-hydroxyhelenalin. The overall oxidation of 
helenalin was several times more efficient in rat than in human liver microsomes. In humans, CYP3A4 and CYP3A5 fol-
lowed by CYP2B6 were the main enzymes responsible for the hepatic metabolism of helenalin. The extrahepatic CYP2A13 
oxidized helenalin most efficiently among CYP enzymes, possessing the Km value of 0.6 µM. Helenalin inhibited CYP3A4 
 (IC50 = 18.7 µM) and CYP3A5  (IC50 = 62.6 µM), and acted as a mechanism-based inhibitor of CYP2A13  (IC50 = 1.1 µM, 
KI = 6.7 µM, and kinact = 0.58 ln(%)/min). It may be concluded that the metabolism of helenalin differs between rats and 
humans, in the latter its oxidation is catalyzed by hepatic CYP2B6, CYP3A4, CYP3A5, and CYP3A7, and extrahepatic 
CYP2A13.
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Introduction

Helenalin is a naturally occurring sesquiterpene lactone of 
the pseudoguaianolide type found in multiple plants in the 
Asteracea (Compositae) family, namely Arnica montana 
L., Arnica chamissonis Less. ssp. foliosa (Nutt.) Maguire, 
and Centipeda minima (L.) A. Braun and Asch. (Douglas 
et al. 2004; Leven and Willuhn 1987; Staneva et al. 2011; 
Todorova et al. 2016; Wu et al. 2012). Phytopharmaceuticals 
containing helenalin have a long record of use as topical 
antiphlogistics and analgesics. Accordingly, the European 

Medicines Agency’s monograph on A. montana approves 
the use of tinctures and ethanolic extracts prepared from the 
flowers of A. montana for the treatment of bruises, sprains 
and localized muscular pain (European Medicines Agency 
2014). Preparations made from C. minima, used particu-
larly in traditional Chinese medicine, are applied nasally 
and orally in the treatment of multiple inflammatory con-
ditions, nasal allergies, nasopharyngeal carcinoma, cough, 
and headache (Hempen and Fischer 2009; Wu et al. 2012; 
Zhang et al. 2018).

The molecule of helenalin contains two reactive elec-
trophilic α,β-unsaturated carbonyl moieties, namely 
α-methylene-γ-butyrolactone and cyclopentenone, which 
react with the sulfhydryl groups of cell nucleophiles 
(mainly cysteine thiol groups) via the Michael addition 
yielding covalent adducts (Buchele et al. 2010; Hall et al. 
1977; Schmidt 1997). The presence of the two so-called 
Michael acceptors conditions to a certain extent the 
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pharmacological activity of helenalin as the removal of 
either one or both moieties by means of reduction leads 
to a significant decrease or even complete loss of activ-
ity (Hall et al. 1980, 1979; Lee 1973; Lee and Furukawa 
1972). Helenalin is a broad-spectrum active compound, 
featuring in particular anti-inflammatory, antitumor, 
and antiprotozoal activity (Drogosz and Janecka 2019). 
In vitro, it acts as a selective inhibitor of the nuclear factor 
kappa-light-chain-enhancer of activated B cells (NF-κB) 
(Lyss et al. 1997) binding directly to Cys38 within the 
DNA binding domain of NF-κB subunit p65/RelA (Garcia-
Pineres et al. 2001; Lyss et al. 1998). In addition, helenalin 
reduces the level of p65/RelA and induces autophagy cell 
death (Lim et al. 2012). Helenalin initiates the intrinsic 
apoptotic pathway by generating reactive oxygen species 
(ROS) (Berges et al. 2009; Hoffmann et al. 2011; Jang 
et al. 2013). However, its ability to overcome the protec-
tion conferred by the overexpression of anti-apoptotic 
B-cell lymphoma 2 (Bcl-2) and B-cell lymphoma-extra 
large (Bcl-xL) mitochondrial proteins suggests a more 
complex mechanism of action (Dirsch et al. 2001; Hoff-
mann et al. 2011; Jang et al. 2013). Helenalin has also 
been found to selectively inhibit the activity of human 
telomerase (Huang et al. 2005). Moreover, the in vivo 
hepatoprotective activity of helenalin against liver injury 
and hepatofibrosis has been recently reported in rats (Lin 
et al. 2014) and mice (Li et al. 2019).

Although the pharmacological activities of helenalin 
have been extensively investigated (Drogosz and Janecka 
2019; Lin et al. 2014; Li et al. 2019), insufficient informa-
tion exists regarding its metabolism and pharmacokinetic 
behavior (Kriplani and Guarve 2020). Helenalin, quantified 
as helenalin isobutyrate, was found to penetrate in and per-
meate through the stratum corneum of porcine skin. This 
penetration was more efficient when different Arnica prepa-
rations were used compared to that of the isolated compound 
dissolved in an ethanol/water (7:3) mixture (Wagner et al. 
2004b). Furthermore, the penetration rate seemed to be 
independent of the content of sesquiterpene lactones, but 
rather was dependent on the type of formulation (Wagner 
and Merfort 2007). In a study by Bergamante et al. (2007), 
helenalin was also found to permeate through porcine skin 
(1 mm in thickness) placed in a Franz diffusion cell. In addi-
tion, the permeation profiles were dependent on the type of 
formulation with microemulsions being more effective than 
gel formulations. The binding of helenalin to plasma pro-
teins was investigated by Wagner et al. (2004a). Helenalin 
isobutyrate was observed to bind to human serum albumin 
as well as to proteins in human blood plasma and whole 
blood. This binding did not occur specifically via Cys34 of 
human serum albumin. Rather, a reaction with other amino 
acids such as lysine as well as non-covalent interactions with 
plasma proteins were deemed to contribute to the binding.

Previous in vivo and in vitro studies have reported an 
inhibitory effect of helenalin on drug-metabolizing enzymes, 
particularly CYP. Helenalin decreased the hepatic microso-
mal CYP content and inhibited the activities of aminopy-
rine demethylase and aniline hydroxylase in mice in vivo 
and in vitro (Chapman et al. 1989, 1991, 1988) as well as 
the activity of 7-ethoxyresorufin deethylase in mice in vitro 
(Chapman et al. 1989). The decrease in the activity of ami-
nopyrine demethylase as well as CYP content was higher 
in the presence of NADPH (Chapman et al. 1989, 1991). 
Moreover, exposure to helenalin (intragastric administra-
tion of 2.5 mg/kg) decreased CYP content and the activities 
of NADPH-CYP reductase, aniline hydroxylase, aminopy-
rine demethylase, and glutathione S-transferase in rat liver 
(Jodynis-Liebert et al. 2000).

Information concerning the metabolic properties of 
helenalin in human as well as the role of individual human 
CYPs involved in its metabolism is not yet available. There-
fore, the objective of the present study was to compare the 
NADPH-dependent metabolism of helenalin in human and 
rat liver subcellular fractions, to characterize the role of indi-
vidual human CYPs in the metabolism of helenalin, and 
to investigate the inhibitory potential of helenalin towards 
human CYPs.

Materials and methods

Chemicals and reagents

Helenalin ((3aR,5R,5aR,8aR,9S,9aS)-9-hydroxy-5,8a-dime-
thyl-1-methylidene-3a,4,5,5a,9,9a-hexahydroazuleno[6,7-b]
furan-2,8-dione) was purchased from Santa Cruz Bio-
technology (Dallas, TX, USA; sc-218579, purity ≥ 97%). 
Stock solution (10  mM) was prepared in dimethyl sul-
foxide (DMSO), aliquoted, and kept at −  80  °C. Cou-
marin, 7-hydroxycoumarin, resorufin, ethoxyresorufin, 
pentoxyresorufin, tris(hydroxymethyl)aminomethane 
(Tris)-HCl,  MnCl2, isocitric acid, isocitric acid dehydro-
genase, uridine diphosphate glucuronic acid (UDPGA), 
and 3'-phosphoadenosine-5′-phosphosulfate (PAPS) were 
all purchased from Sigma Aldrich (Steinheim, Germany). 
Nicotinamide adenine dinucleotide phosphate  (NADP+) was 
bought from Roche Diagnostics (Mannheim, Germany), KCl 
and  MgCl2 from J.T. Baker (Waltham, MA, USA). NADPH 
regenerating system contained 178.5 mg  NADP+, 645 mg 
isocitric acid, 340 mg KCl, 240 mg  MgCl2, 0.32 mg  MnCl2, 
and 15 U isocitric acid dehydrogenase in a final volume of 
200 mL. The mixture was stored at − 80 °C in small ali-
quots. All chemicals were of the highest purity available 
from their commercial suppliers. Synthesis and purity of 
coumarin derivatives 3-(3-benzyloxo)phenyl-7-methoxycou-
marin (BPMC), 3-(3-hydroxyphenyl)-6-hydroxycoumarin 
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(HPHC), 3-(3-methoxyphenyl)coumarin (MPC), and 
3-(4-trifluoromethylphenyl)-6-methylcoumarin (TFPMC) 
have been described elsewhere in detail (Juvonen et al. 
2019a, 2021; Niinivehmas et al. 2018; Rauhamaki et al. 
2018). Methanol (Chromasolv™ LC–MS Ultra, tested for 
UHPLC-MS) was obtained from Honeywell Riedel-de 
Haën (Vantaa, Finland); formic acid (LC–MS grade) was 
purchased from Thermo Fisher Scientific.

Biological material

Human liver cytosol used in this study was prepared from 
the human liver tissue obtained from the University Hospital 
of Oulu (Oulu, Finland) as a surplus from cadaveric kidney 
transplantation donors. The procedure was approved by the 
Ethics Committee of the Medical Faculty of the University 
of Oulu (January 21, 1986). Rat liver microsomes and cyto-
sol were prepared from Wistar rats (200–300 g) supplied by 
the National Laboratory Animal Centre, University of Kuo-
pio. Rat liver tissue was obtained from untreated males used 
as controls in other experiments, which were approved by 
the Ethics Committee for Animal Experiments, University 
of Kuopio (Document 01-38, June 1, 2000). Freshly excised 
liver specimens were immediately transferred on ice, cut into 
pieces, snap-frozen in liquid nitrogen, and stored at − 80 °C 
until subcellular fractions were prepared as described else-
where (Lang et al. 1981). Protein concentration was deter-
mined using the Bradford method (Bradford 1976). The 
samples were stored at − 80 °C until further use. Pooled 
mixed gender human liver microsomes were purchased from 
Sekisui XenoTech (Kansas City, KS, USA). Baculovirus-
infected insect cell-expressed human CYP1A1, 1A2, 1B1, 
2A6, 2A13, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1, 3A4, 3A5, 
and 3A7 were purchased from BD Biosciences Discovery 
Labware (Badford, MA, USA).

Metabolism of helenalin

All incubations proceeded in a final volume of 100 µL. The 
CYP oxidation incubation mixture was composed of 100 mM 
potassium phosphate buffer pH 7.4, 5 µM or 100 µM helenalin, 
0.4–1.44 g/L microsomal protein, and 20% NAPDH regener-
ating system. Blank samples lacked either helenalin, micro-
somes or NADPH. The glucuronidation incubation mixture 
was composed of 100 mM potassium phosphate buffer pH 
7.4, 100 µM helenalin, 0.4–1.44 g/L microsomal protein, 
5 mM  MgCl2, and 0.5 mM UDPGA. Blank samples lacked 
either helenalin, microsomes or UDPGA. The sulfonation 
incubation mixture consisted of 100 mM potassium phos-
phate buffer pH 7.4, 100 µM helenalin, 1–2.5 g/L cytosolic 
protein, 5 mM  MgCl2, and 10 µM PAPS. Blank samples lacked 
either helenalin, cytosol or PAPS. The metabolism of helenalin 

was further investigated under experimental conditions that 
would allow for simultaneous CYP oxidation and glucuroni-
dation or sulfation. The reactions were initiated by adding the 
reaction-specific cofactor and allowed to incubate for 60 min 
at 37 °C in a shaking block incubator (Heidolph Titramax 
100, Germany). All reactions were stopped by adding 300 
µL of acetonitrile to the incubation mixtures. Samples were 
centrifuged at 10,000 rpm for 10 min (MiniSpin, Eppendorf, 
Hamburg, Germany) and supernatants stored at − 20 °C until 
liquid chromatography-tandem mass spectrometry (LC–MS/
MS) analysis.

Oxidation of helenalin by human recombinant CYP 
enzymes

To determine which CYP forms are involved in the oxida-
tion of helenalin, human recombinant CYP1A1, 1A2, 1B1, 
2A6, 2A13, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1, 3A4, 3A5, and 
3A7 were used for this purpose. Fifty µL of the incubation 
mixture in 100 mM potassium phosphate buffer (pH 7.4) con-
tained 5 µM or 100 µM helenalin, 20 nM recombinant CYP, 
and 20% NADPH regenerating system. Blank samples did 
not contain either helenalin, recombinant CYP or NADPH. 
The reaction was started by adding NADPH and incubated 
for 60 min at 37°. The reaction was stopped by adding 150 µL 
of acetonitrile. Samples were centrifuged at 10,000 rpm for 
10 min and supernatants were stored at − 20 °C until LC–MS/
MS analysis.

Oxidation kinetics of helenalin

The standard incubation mixture consisted of 100 mM potas-
sium phosphate buffer pH 7.4, 0–100 µM helenalin, 0.5–1 g/L 
microsomal protein or 20 nM human recombinant CYP, 
and 20% NADPH regenerating system. The final volume of 
microsomal or recombinant CYP incubations was 100 µL or 
50 µL, respectively. Blank samples lacked either helenalin, 
microsomes/recombinant CYP, or NADPH. The incubation 
mixtures were preincubated at 37 °C for 10 min and the reac-
tion was commenced by the addition of NADPH into the 
mixtures. The microsomal and recombinant CYP incubations 
proceeded at 37 °C for 30 and 60 min, respectively. During the 
incubation, less than 10% of helenalin was consumed in the 
reaction. The reaction was terminated by adding a threefold 
volume of acetonitrile to the mixtures. Samples were centri-
fuged at 10,000 rpm for 10 min and supernatants were stored 
at − 20 °C until LC–MS/MS analysis. The data were analyzed 
using GraphPad Software (San Diego, CA) and the Michae-
lis–Menten equation

v =
S × Vmax
(

Km + S
) ,
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in which v is the reaction rate at substrate concentration 
S, Vmax is the maximal rate of the reaction and Km is the 
Michaelis constant.

LC–MS/MS analysis

The LC–MS/MS analyses were performed using the Van-
quish UHPLC system (Thermo Fisher Scientific, Germer-
ing, Germany) coupled with a Q Exactive high-resolution 
mass spectrometer equipped with heated electrospray ioniza-
tion (HESI) (Thermo Fisher Scientific, Bremen, Germany). 
Samples were kept at 10  °C prior to the injection. The 
chromatographic separation was carried out on a Zorbax 
Eclipse XDB-C18 column (2.1 × 100 mm, 1.8 µm, Agilent 
Technologies) maintained at 45 °C. The injection volume 
was 2 µL. Mobile phases, delivered at 0.4 mL/min, con-
sisted of MilliQ water (A) and methanol (B), both contain-
ing 0.1% (v/v) formic acid. The following gradient program 
was used: 2%→100% B (0–10 min), 100% B (10–14.5 min), 
100%→2% B (14.5–14.51 min), and 2% B (14.51–16.5 min). 
The HESI source was operated in positive ionization mode 
except for the sulfonation assay samples, which were ana-
lyzed in negative ionization mode. The MS parameters were 
as follows: sheath gas flow rate 20, aux gas flow rate 5, aux 
gas heat temperature 400 °C, spray voltage 3 kV, and capil-
lary temperature 350 °C. A divert valve was used to direct 
the LC flow to waste from 0 to 1.3 min. Data acquisition 
was performed using full scan mode across a mass range of 
120.0–1200.0 m/z with the resolution of 70,000 followed 
by dd-MS2 using normalized collision energy of 30% with 
isolation window 1.5 m/z and resolution of 17,500. Identi-
fication of metabolites was based on their exact masses and 
fragmentation spectra.

Inhibition of human microsomal and recombinant 
CYP enzymes by helenalin

The inhibition assays were performed according to 
Juvonen et al. (2019a). The incubations proceeded in black 
frame/white well 96-well plates (PerkinElmer) in a final 
volume of 100 µL. The incubation mixture consisted of 
100 mM Tris–HCl buffer (pH 7.4), 0.1–0.2 g/L human 
liver microsomal protein or 2.5–20 nM human recombi-
nant CYP, 0–100 µM helenalin, 20% NADPH regenerat-
ing system, and a corresponding CYP substrate. The CYP 
substrates were as follows: 1.5 µM or 10 µM coumarin, 
10 μM coumarin derivatives (BPMC, HPHC, MPC, and 
TFPMC), 1 µM ethoxyresorufin, or 0.5 µM pentoxyresoru-
fin. Non-inhibited (100%) samples did not contain helena-
lin and blank samples lacked either microsomes/recom-
binant CYP or NADPH. Final DMSO concentration in 
all incubation mixtures was 1%. The incubation mixtures 
were preincubated for 5 min at 37 °C and the reaction was 

initiated by adding NADPH to the wells. Fluorescence was 
measured every second minute for 40 min using a  Victor2 
plate reader (PerkinElmer Life Sciences, Turku, Finland) 
maintained at 37 °C. Excitation and emission wavelengths 
for coumarin and its derivatives were set to 405 nm and 
460 nm, respectively, and for ethoxyresorufin and pen-
toxyresorufin to 570 nm and 615 nm, respectively. The 
7-hydroxycoumarin was used as a standard and surrogate 
standard for the assays with coumarin and coumarin deriv-
atives, respectively, and resorufin was used as a standard 
for the ethoxyresorufin and pentoxyresorufin assays. To 
estimate the half-maximal inhibitory concentration  (IC50), 
the oxidation rates (µM/min) and relative remaining activ-
ity at different concentrations of helenalin were calculated 
and the data were fitted to a sigmoidal dose–response 
curve using nonlinear regression in GraphPad software. 
The  IC50 was calculated using the equation

where vi stands for the rate at a specific concentration of 
inhibitor, v0 is the rate of uninhibited reaction, and i is the 
inhibitor concentration.

The effect of preincubation in the presence of NADPH 
on  IC50 of helenalin in CYP2A13, CYP3A4, and CYP3A5 
catalyzed reactions was further studied. The incubation 
mixture consisting of 100 mM Tris–HCl buffer (pH 7.4), 
0–100 µM helenalin, 5–10 nM CYP was preincubated with 
or without NADPH for 30 min at 37 °C. After preincuba-
tion, 10 µM CYP substrate (HPHC for CYP2A13, BPMC for 
CYP3A4/5) and NADPH were added to the corresponding 
wells, so that all wells contained 20% NADPH and the final 
volume was 100 µL. The non-inhibited (100%) samples did 
not contain helenalin, and blank samples lacked either CYP 
or NADPH. The fluorescence was measured, and the  IC50 
calculations in preincubated and non-preincubated samples 
were performed in the same way as described above.

To further investigate the time- and concentration-
dependent inhibition of CYP2A13 by helenalin, the fol-
lowing two-step incubation scheme was employed. Firstly, 
0–25 µM helenalin was preincubated with 10 nM CYP2A13 
and 20% NADPH in the presence of 100 mM Tris–HCl 
buffer (pH 7.4) in a final volume of 50 µL for 1–10 min. 
After preincubation, 10 µL of the mixture was pipetted to 
190 µL reaction mixture so that the reaction proceeded in 
the presence of 100 mM Tris–HCl buffer (pH 7.4), 25 µM 
substrate (HPHC), and 5% NADPH. Blank samples did not 
contain helenalin or CYP2A13. Fluorescence was measured 
in the same way as described above. The inactivation rate 
constant at an infinite concentration of inhibitor (kinact) and 
the inhibitor concentration required for a half-maximal rate 

vi

v0

=
1

(

1 +
i

IC50

) ,
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of inactivation (KI) values were approximated using Graph-
Pad software and the following relationship

where kobs stands for observed inactivation rate constant 
(ln(% of inactivation)/min) at I, which is the inhibitor 
concentration.

Results

Metabolism of helenalin in vitro

NADPH-dependent metabolism of helenalin was studied at low 
5 µM and high 100 µM concentration in vitro in human and rat 
liver microsomes and liver cytosol. The former represents the 
concentration, which could occur after non-toxic or low toxicity 
causing helenalin exposure (Merrill et al. 1988), while the lat-
ter represents the concentration, which could occur after toxic 
helenalin exposure. Using these two helenalin concentrations, 
the difference in its metabolism at non-saturating and saturating 
concentration can be observed. The samples were analyzed by 
UHPLC-Q-Exactive-MS/MS and metabolites were identified 
based on their accurate m/z values and fragmentation spectra. 
A total of seven and five NADPH-dependent metabolites of 
helenalin were detected in human and rat samples, respectively 
(Table 1, Figs. 1 and 2).

Helenalin was eluted at 5.32 min under the experimental 
conditions and detected as protonated [M +  H]+ ion at m/z 
263.1277  (C15H19O4). Characteristic product ions, which 
were observed at m/z 245.1173 [M + H-H2O]+, 227.1065 
[M+H–2H2O]+, and 199.1116 [M+H–2H2O–CO]+, resulted 
from a consecutive loss of  H2O and CO. In addition, the 
product ions with the greatest relative intensities were 
detected at m/z 123.0807  (C8H11O) and 107.0859  (C8H11). 
The former was previously assumed to originate from the 
cleavage of the cycloheptane ring yielding a fragment 
encompassing the cyclopentenone moiety (Tsai et al. 1969). 
The formation of the latter is proposed in Fig. S1B. The MS/
MS spectrum and the proposed fragmentation pathway of 
helenalin are shown in Fig. S1.

Oxidative metabolites

Metabolites M1-M5 were formed in the incubations with 
liver microsomes from both species in the presence of 
NADPH (Fig. 1). M1-M5 were eluted in a time range from 
4.41 to 4.70 min at m/z 279.1223, 279.1227, 279.1226, 
279.1232, 279.1229, respectively ([M+H]+,  C15H19O5). 
The molecular weight of M1–M5 was 16 Da mass units 
higher than that of helenalin (m/z 263.1277 [M+H]+), 

kobs =
I × kinact
(

KI + I
) ,

which indicated that there had been the addition of an 
oxygen atom. The MS/MS spectra of M2 and M3 could 
not be acquired, thus their identification was based only 
on their accurate m/z values. On the other hand, common 
characteristic product ions at m/z 243.1016, 215.1065, 
197.0961, and 187.1118 were observed in the MS/MS 
spectra of M1, M4, and M5, and resulted from a succes-
sive loss of  H2O and CO, which was consistent with the 
fragmentation pathway of helenalin. The MS/MS spectra 
of M1, M4, and M5 are presented in Fig. S5, Fig. S2A, and 
Fig. S3A, respectively. Besides the characteristic losses of 
 H2O and CO, the MS/MS spectra of M4 and M5 showed 
different fragmentation patterns as summarized in Table 1.

The MS/MS spectrum of M4 displayed the fragment ion 
at m/z 123.0805 with small relative intensity and did not 
display the product ion at m/z 107.0855, thus we assumed 
that oxidation might have occurred on the corresponding 
part of the molecule. The fragmentation of M4 produced 
a characteristic product ion at m/z 205.0496  (C11H9O4), 
which could have been generated after the loss of  H2O at 
C14, with the following cycloheptane skeleton cleavage 
and the lactone ring opening yielding a fragment ion with 
a carboxylic acid moiety. The following loss of  CO2 pro-
duced the product ion at m/z 161.0597  (C10H9O2). Skeleton 
cleavage initiated not only by the cleavage of the lactone 
moiety, but also by the presence of methylene group on the 
cycloheptenone ring in a structurally similar sesquiterpene 
lactone, dehydrocostus lactone, was proposed by Peng 
et al. (2014). In the case of M4, the methylene group could 
be formed after the loss of  H2O at C14. In addition, the 
fragment ion at m/z 173.0595  (C11H9O2) could have been 
formed after the cleavage of the α-methylene-γ-lactone 
moiety and methyl group at C10, which differed from the 
fragmentation of helenalin. Therefore, M4 was tentatively 
determined as 14-hydroxyhelenalin (Fig. 2). The MS/MS 
spectrum and the proposed fragmentation pathway of M4 
are depicted in Fig. S2.

The MS/MS spectrum of M5 displayed product ions at 
m/z 123.0809 and 107.0861, with the former one also being 
a base peak in the spectrum. The presence of these two prod-
uct ions suggested that the oxidation probably did not occur 
on the corresponding part of the molecule. The cleavage of 
α-methylene-γ-lactone moiety was followed by the cleavage 
of a three-carbon fragment from the cycloheptane ring rather 
than the cleavage of four-carbon fragment as in the case of 
helenalin, and the product ion at m/z 151.0753  (C9H11O2) 
was generated. The following loss of CO produced the prod-
uct ion at m/z 123.0809. Therefore, M5 was tentatively iden-
tified as 9-hydroxyhelenalin (Fig. 2). The MS/MS spectrum 
and the proposed fragmentation pathway of M5 are depicted 
in Fig. S3.

In human liver microsomes, the major metabolite was 
M4 (14-hydroxyhelenalin), and in rat liver microsomes, 
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the major metabolite was M5 (9-hydroxyhelenalin) 
(Table  1, Fig.  3). When human liver microsomes were 
incubated with 5 µM helenalin, metabolites M1 and M2 

were not formed at all, and M3 and M5 were formed in an 
amount less than 10% compared to the relative amount of 
the main metabolite M4. When human liver microsomes 

Fig. 1  Extracted ion chromato-
grams of helenalin metabolites 
(M1-M7) formed via oxidation 
(m/z 279.1227) or reduction 
(m/z 265.1434) in human liver 
microsomes (HLM), rat liver 
microsomes (RLM), and their 
corresponding blanks. Liver 
microsomes were incubated 
with 100 µM helenalin in the 
presence of 20% NADPH 
regenerating system and 
100 mM potassium phosphate 
buffer pH 7.4 for 60 min at 
37 °C. Blanks contained only 
liver microsomes and helenalin, 
and were devoid of NADPH 
regenerating system

Fig. 2  NADPH-dependent in vitro metabolism of helenalin and proposed molecular structures of its metabolites
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were incubated with 100 µM helenalin, M5 was formed in 
an almost equal amount to M4 (70%). The order of rela-
tive amounts of the metabolites in rat liver microsomal 
incubations was M5 >> M4 > M3 > M2 > M1 at 5 µM and 
M5 >>> M4 = M2 > M1 > M3 at 100 µM helenalin. It can 
be summarized that the same oxidative metabolites were 
formed in both human and rat liver microsomal incubations, 
although the metabolite pattern differed between the species.

Reduced metabolites

Metabolites M6 and M7 were formed only in the incubations 
with human liver cytosol and microsomes in the presence 
of the NADPH regenerating system. The peak area of M6 
was bigger than that of M7. M6 and M7 were detected at 
4.97 and 5.88 min at m/z 265.1433 and 265.1427, respec-
tively ([M+H]+,  C15H21O4). The molecular weight of M6 
and M7 was 2 Da mass units higher compared to that of 
helenalin (m/z 263.1277 [M+H]+). M6 and M7 produced 
fragment ions at m/z 247.1327, 229.1222, and 201.1273, 
thus a similar fragmentation behavior was proved in rela-
tion to that of the parent compound in terms of consecu-
tive loss of  H2O and CO, which further suggested that M6 
and M7 were hydrogenated metabolites of helenalin. The 
further fragmentation pathway of M6 corresponded with 
the fragmentation pathway of helenalin, except for the 
loss of ethene (m/z 201.1273–173.0963) instead of ethyne 
(m/z 199.1116–173.0959). Therefore, we proposed that the 
hydrogenation occurred on the carbon–carbon double bond 
between C11 and C13 (Fig. 2). Thus, M6 was tentatively 
determined as 11,13-dihydrohelenalin. The MS/MS spec-
trum and the proposed fragmentation pathway of M6 are 
depicted in Fig. S4. Given the longer elution time of M7, 
we suggest that the hydrogenation occurred on the other 
carbon–carbon double bond (Fig. 2) rather than on a car-
bonyl group. Therefore, M7 was tentatively identified as 

2,3-dihydrohelenalin. The MS/MS spectrum of M7 is pre-
sented in Fig. S6.

The incubations of helenalin in the presence of liver 
microsomes and UDPGA or liver cytosol and PAPS pro-
duced no phase II metabolites in either animal species. When 
the experimental conditions were set to allow for simultane-
ous oxidation and glucuronidation or sulfation, only metabo-
lites M1-M5 could be observed, not their conjugates.

Oxidation of helenalin by human recombinant CYP 
enzymes

To elucidate which CYPs are responsible for the oxidation 
of helenalin in humans, 5 μM and 100 μM helenalin was 
incubated with human recombinant CYP enzymes and the 
NADPH regenerating system. Samples were subsequently 
analyzed by UHPLC-Q-Exactive-MS/MS and metabolites 
were identified as described above. Several CYP forms, 
namely CYP2A13, CYP2B6, CYP3A4, CYP3A5, and 
CYP3A7, were discovered to catalyze the oxidation of 
helenalin (Fig. 4), although they catalyzed the formation 
of different metabolites depending on the concentration of 
helenalin. CYP2A13 was the most active CYP in the incu-
bations with 5 μM helenalin, catalyzing predominantly the 
formation of M3 and to a lesser extent M4. The second most 
active enzyme, CYP3A5, was found to oxidize helenalin into 
three different metabolites, M3, M4, and M5, with M4 being 
the most abundant. All three members of the CYP3A family 
were particularly involved in the formation of M4 regard-
less of the concentration of helenalin. In incubations with 
100  μM helenalin, CYP2B6 was the most active form 
involved mainly in the formation of M5. Interestingly, M1 
and M2 were produced exclusively by CYP2B6 and could 
be detected only when the high concentration of helenalin 
was employed (Fig. 4).

Fig. 3  The comparison of in  vitro oxidation of helenalin by human 
and rat liver microsomes. Helenalin at the concentrations of 5  μM 
(a) or 100 μM (b) was incubated with human or rat liver microsomes 
(0.4  g/L) in the presence of 20% NADPH regenerating system and 

100 mM potassium phosphate buffer pH 7.4 for 60 min at 37 °C. The 
metabolites (M1-M5) were detected by UHPLC-Q-Exactive-MS/MS. 
The results are presented as average ± SD of two independent experi-
ments. HLM: human liver microsomes; RLM: rat liver microsomes
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Kinetic analysis of the oxidation of helenalin 
by human and rat liver microsomes and human 
recombinant CYP enzymes

The kinetics of the oxidation of helenalin into three major 
metabolites, M3, M4, and M5, was studied in incuba-
tions containing a wide concentration range of helenalin 
(0–100 μM), human or rat liver microsomes, and NADPH. 
Samples were analyzed using UHPLC-Q-Exactive-MS/MS. 
Nevertheless, given the unavailability of suitable analytical 
standards, the exact quantification of metabolites concen-
tration was not feasible. For that reason, calculations were 
performed using respective values of the peak area of the 

metabolites in the chromatograms as a substitute unit. The 
data were fitted into the Michaelis–Menten equation (R2 
value was > 0.93 for all data sets) and corresponding enzyme 
kinetic parameters Km, Vmax as well as intrinsic clearance 
Km/Vmax were calculated (Table 2). The results further indi-
cated a substantial difference between rats and humans in 
the oxidation of helenalin.

The overall NADPH-dependent oxidation of helenalin 
was more efficient in rat than in human liver microsomes 
due to its more efficient oxidation to M5 and M3. However, 
the oxidation of helenalin to M4 was almost equally efficient 
in human and rat liver microsomes, as the  Clint values were 
almost equal.

Fig. 4  The oxidation of helenalin by human recombinant CYP 
enzymes. Helenalin (5 μM and 100 μM) was incubated with individ-
ual CYP forms (20 nM) in the presence of 20% NADPH regenerating 
system and 100 mM potassium phosphate buffer pH 7.4 for 60 min 

at 37  °C. The metabolites (M1–M5) were detected by UHPLC-Q-
Exactive-MS/MS and the results are expressed as the average ± SD of 
two independent experiments

Table 2  Michaelis–Menten kinetic parameters of the oxidation of helenalin in human and rat liver microsomes

The sum of  Clint values was estimated to be 23,296 and 7854 in rat and human liver microsomes, respectively
HLM, human liver microsomes; RLM, rat liver microsomes; AUC, peak area of the metabolite
a The unit of  Clint is an arbitrary relative unit

Metabolite Microsomes Vmax (95% CI) [AUC/(min*g protein)] Km (95% CI) [μM] Clint(Vmax/Km)a R2 values

M3 HLM 15,925 (11,974–19,876) 85.7 (45.5–125.9) 186 0.9919
RLM 37,279 (34,239–40,319) 6.4 (4.3–8.4) 5852 0.9842

M4 HLM 72,127 (67,804–76,450) 10.0 (7.8–12.1) 7239 0.9947
RLM 158,762 (134,196–183,328) 32.6 (19.4–45.8) 4869 0.9791

M5 HLM 220,855 (0–494,533) 514.8 (0–1 268) 429 0.9955
RLM 2,284,851 (1,124,052–3,445,651) 181.7 (45.2–318.2) 12,575 0.9871
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The same experimental approach was adopted for incuba-
tions with the four most active human CYPs involved in the 
oxidation of helenalin, i.e. CYP2A13, 2B6, 3A4, and 3A5 
(Table 3). The kinetic parameters of CYP2B6, which pro-
duced predominantly M5, could not be determined since the 
oxidation of helenalin by CYP2B6 did not follow Michae-
lis–Menten kinetics within the employed 0–100 μM con-
centration range of helenalin (data not shown). Extrahepatic 
CYP2A13 showed the highest affinity towards the oxidation 
of helenalin into M3 and M4, with the  Km values at 0.6 μM 
and 0.8 μM, respectively. Likewise, CYP2A13 proved to 
be the most efficient in the oxidation of helenalin as char-
acterized by the highest  Clint values. Out of the two studied 
hepatic CYP3A forms, CYP3A5 exhibited the highest Vmax 
and  Clint values for the formation of M4, while the formation 
of M3 and M5 reached only 14–19% of the efficiency of M4. 
CYP3A4 was less efficient than CYP3A5 in the formation 
of M4 (70% of the efficiency expressed as  Clint) (Table 3).

Inhibition of human microsomal and recombinant 
CYP enzymes by helenalin

The inhibition of CYP activities by helenalin was initially 
screened in incubations with human liver microsomes using 
several profluorescent CYP substrates to encompass all 
major xenobiotic-metabolizing CYPs. Enzyme inhibition 
 (IC50 = 76.0 μM) was detected when helenalin was incubated 
with BPMC, a more inclusive CYP substrate (Table 4). No 
inhibition was detected with more selective substrates of 
CYP1 (ethoxyresorufin, MPC, TFPMC), 2A6 (coumarin, 
MPC), 2B (pentoxyresorufin) or 2C19 (MPC). Therefore, 
the inhibitory activity was studied in a similar manner 
with individual human recombinant CYPs. Helenalin was 
found to inhibit the activity of CYP3A4  (IC50 = 18.7 μM/
BPMC) and CYP3A5  (IC50 = 62.6 μM/BPMC), which was 
dependent on the substrate concentration. The inhibition 
of these two CYPs provides an explanation for its inhibi-
tory activity in human liver microsomes. Interestingly, 
helenalin potently inhibited the activity of extrahepatic 
CYP2A13  (IC50 = 1.6 μM/coumarin,  IC50 = 1.1 μM/HPHC). 

The activity of other CYPs was not affected (Table 5), sug-
gesting selectivity of helenalin for individual CYP forms. 
Subsequently, the effect of preincubation with NADPH 
on the inhibition towards the three inhibited CYPs was 
investigated. The preincubation with NADPH resulted in 
an 11-fold decrease in the  IC50 value for CYP2A13, while 
the inhibition of CYP3A4 and CYP3A5 was not affected 
(Table 6). In addition, the inhibition of CYP3A4 proceeded 

Table 3  Michaelis–Menten 
kinetic parameters of the 
oxidation of helenalin by human 
recombinant CYPs

AUC: peak area of the metabolite
a The unit of  Clint is an arbitrary relative unit

Metabolite Recombi-
nant CYP

Vmax (95% CI)
[AUC/(min*mol CYP)]

Km (95% CI)
[μM]

Clint
(Vmax/Km)a

R2 value

M3 2A13 519,508 (497,617–541,399) 0.6 (0.5–0.7) 842,536 0.9835
3A5 201,748 (165,563–237,933) 25.5 (13.1–37.9) 7915 0.9641

M4 2A13 94,579 (86,164–102,995) 0.8 (0.5–1.1) 125,787 0.9443
3A4 178,573 (143,154–213,991) 6.2 (1.4–11.1) 28,668 0.9301
3A5 324,332 (297,336–351,328) 7.9 (5.8–10.0) 40,992 0.9803

M5 3A5 78,921 (64,731–93,111) 13.1 (5.9–20.3) 6020 0.9381

Table 4  Inhibition of CYP activity by helenalin in incubations with 
human liver microsomes (HLM)

a Juvonen et al. (2019a)

Possible CYP(s) 
involved in HLM 
 incubationsa

Substrate IC50 [μM] (95% CI)

CYP1A2, 2C8, 2C9, 
2C19, 2D6, 2E1, 
3A4, 3A5

BPMC 76.0 (51.2–100.7)

CYP2A Coumarin  > 100
CYP1A2, 2A6, 2C19 MPC  > 100
CYP1A2 TFPMC  > 100
CYP1A Ethoxyresorufin  > 100
CYP2B Pentoxyresorufin  > 100

Table 5  Inhibition of human recombinant CYPs activity by helenalin

Recombinant CYP Substrate IC50 [μM] (95% CI)

CYP1A1 BPMC  > 100
CYP1A2 BPMC  > 100
CYP2A13 Coumarin 1.6 (1.3–1.9)

HPHC 1.1 (0.9–1.3)
CYP2C8 BPMC  > 100
CYP2C9 BPMC  > 100
CYP2C19 BPMC  > 100
CYP2D6 BPMC  > 100
CYP2E1 BPMC  > 100
CYP3A4 BPMC 18.7 (8.5–42.8)
CYP3A5 BPMC 62.6 (35.2–90.0)
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via a competitive mechanism as linear dependency between 
substrate concentration and  IC50 value was observed (Fig. 
S7).

Time‑, concentration‑ and NADPH‑dependent 
inactivation of CYP2A13 by helenalin

The residual CYP2A13 activity was determined at differ-
ent concentrations of helenalin (0–25 μM) and different 
preincubation times with NADPH (1–10 min). The relative 
remaining activity was expressed as a ln(percentage of the 
activity of control samples (without helenalin)) for each 
preincubation time. The inactivation of CYP2A13 showed 
a clear dependence on both the inhibitor concentration and 
the preincubation time, suggesting a mechanism-based inhi-
bition of this enzyme by helenalin (Fig. 5a). The observed 
rate of inactivation (kobs) was determined from the linear 

regression of the time-course data of each concentration of 
helenalin and the resulting hyperbolic relationship between 
kobs values and helenalin concentration was further used to 
calculate the value of KI = 6.7 μM and the maximal rate of 
inactivation kinact = 0.58 ln(%)/min indicating that 1.78% of 
CYP2A13 was inactivated in a minute (Fig. 5b).

Discussion

A. montana and C. minima are widely used therapeuti-
cal plants that contain a sesquiterpene lactone helenalin. 
In recent studies, helenalin as well as A. montana and C. 
minima showed significant health benefits, including anti-
inflammatory and anti-cancer properties (Kriplani and 
Guarve 2020). Moreover, helenalin application for hepatic 
fibrosis and inflammation treatment has been recently pat-
ented (Moujir et al. 2020). The pharmacological effects of 
helenalin have been studied in vitro as well as in vivo (Dro-
gosz and Janecka 2019; Lin et al. 2014; Li et al. 2019), yet 
less attention has been devoted to its metabolic properties 
that can directly affect drug safety, efficacy, and toxicity pro-
files (Kriplani and Guarve 2020). To our best knowledge, 
there are no studies that would attempt to comprehensively 
elucidate the metabolism of helenalin. For this reason, the 
objective of the present study was to characterize and com-
pare the metabolism of helenalin in vitro using human and 
rat liver subcellular fractions and human recombinant CYPs 
as well as to determine the effect of helenalin on the activ-
ity of human CYPs. The NADPH-dependent metabolism 
of helenalin in vitro proceeded via two biotransformation 
pathways, either oxidation or reduction. As a result, five oxi-
dative metabolites and two reduced metabolites were formed 
with human liver subcellular fractions, whereas only five 
oxidative metabolites were formed in the incubations with 

Table 6  The NADPH-dependent inhibition of human recombinant 
CYPs

a Samples with individual human recombinant CYPs and helenalin 
were preincubated with or without NADPH for 30 min. After prein-
cubation, a profluorescent substrate and the remaining NADPH were 
added to the incubation mixture and fluorescence was measured for 
40 min
* p < 0.0001. Statistical significance was confirmed using F-test in 
GraphPad Software

Recombinant CYP Preincubationa Substrate IC50 [μM] (95% CI)

CYP2A13 No HPHC 1.1 (1.1–1.2)
Yes HPHC 0.1 (0.08–0.11)*

CYP3A4 No BPMC 19.8 (2.8–112.3)
Yes BPMC 15.8 (2.1–102.4)

CYP3A5 No BPMC  > 100
Yes BPMC 80.3 (35.2–197.2)

Fig. 5  Time- and concentration-dependent inactivation of human 
recombinant CYP2A13 by helenalin. Different helenalin concentra-
tions (0–25  µM) were first incubated with CYP2A13 (10  nM) and 
NADPH for up to 10 min in 100 mM Tris–HCl (pH 7.4). Then, 10 µL 
of the first incubation mixture were taken into 190 µL of the second 
incubation mixture containing 100  mM Tris–HCl (pH 7.4), 25  µM 

substrate HPHC, and NADPH to determine the CYP2A13 activity. a 
Shows the time-dependent decrease in the relative remaining activ-
ity of CYP2A13 at different helenalin concentrations, slope is the kobs 
value, b shows the dependency of the inactivation rate of CYP2A13 
activity (kobs values) at every helenalin concentration derived from (a) 
and the estimated KI and kinact value
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rat liver subcellular fractions. The metabolism was faster 
in the rat than in the human samples. Moreover, extrahe-
patic human CYP2A13 was the oxidizing enzyme with 
higher affinity than hepatic CYP2B6, CYP3A4, CYP3A5 or 
CYP3A7. Helenalin was a potent mechanism-based inhibitor 
of CYP2A13 and a weak competitive inhibitor of CYP3A4. 
These results prove that helenalin is metabolized by several 
CYP enzymes, yet it inhibits only the activity of CYP2A13 
and CYP3A4.

The NADPH-dependent oxidation of helenalin produced 
five metabolites (M1-M5) both in human and rat liver micro-
somes, although important interspecies differences could 
be observed. Firstly, 14-hydroxyhelenalin (M4) was the 
predominant metabolite of helenalin in human liver micro-
somes, while 9-hydroxyhelenalin (M5) was the predominant 
metabolite in rat liver microsomes. The in vitro oxidation 
rate of helenalin was faster in rats than in humans because 
of the higher metabolites formation rate in rat liver micro-
somes than in human liver microsomes, and because the 
sum of  Clint of the metabolites formed in rats was about 
three times higher than the one in humans. Therefore, it can 
be concluded that helenalin is oxidized faster in rats than 
in humans.

Because the oxidation of helenalin was NADPH-depend-
ent in human liver microsomes, the role of individual CYPs 
was further elucidated. Extrahepatic CYP2A13 and hepatic 
CYP2B6, CYP3A4, CYP3A5 and CYP3A7 were found to 
oxidize helenalin. Interestingly, the most efficient CYP with 
high affinity was CYP2A13, which is commonly expressed 
in the respiratory tract with the highest expression in nasal 
mucosa, followed by lungs and trachea (Su et al. 2000; 
Zanger and Schwab 2013). Similarly, CYP2A13 was the 
most efficient oxidizing catalyst among CYPs for scoparone 
(Fayyaz et al. 2018) or for scopoletin (Juvonen et al. 2019b). 
CYP3A4 and CYP3A5, on the other hand, were found to be 
involved in the hepatic metabolism, participating in the for-
mation of M4, the major metabolite found in the incubations 
with human liver microsomes. In addition, our results sug-
gest different regioselectivity of the two CYP3A forms, and 
higher efficiency of CYP3A5 in the oxidation of helenalin. 
The overall higher metabolic capability of CYP3A5 was an 
interesting finding, as CYP3A5 generally exhibits reduced 
catalytic activity for xenobiotic or eubiotic substrates as 
compared to CYP3A4 (Niwa et al. 2019, 2020; Williams 
et al. 2002). The fetal-predominant CYP3A7 also contrib-
uted to the formation of M4 (Fig. 4), which is in agreement 
with the general understanding of similar substrate selec-
tivity in the CYP3A family (Zanger and Schwab 2013). 
Helenalin was further found to be oxidized by CYP2B6. 
The results from the incubations with human recombinant 
CYPs elucidated that helenalin is oxidized by CYP enzymes 
in human liver microsomes. In vivo, the effect of CYPs 
on the metabolism of helenalin is dependent both on the 

oxidation efficiency of individual CYPs and their amount 
in the metabolizing tissues, particularly in the liver (Zanger 
and Schwab 2013).

The reduction pathway of helenalin took place NADPH-
dependently both in human liver microsomes and cytosol 
and yielded two metabolites 11,13- and 2,3-dihydrohelen-
alin (M6 and M7, respectively). Based on the fragmenta-
tion spectra and chromatographic behavior of the reduced 
metabolites, the reduction took place on the carbon–car-
bon doubles bond rather than on the carbonyl double bond. 
Such reductive metabolism has been previously reported for 
xenobiotics containing α,β-unsaturated ketone moieties (Itoh 
et al. 2008; Kitamura et al. 2002; Moore et al. 2014; Yu et al. 
2013), which are characteristic for the structure of helenalin. 
In addition, similar carbon–carbon double bond reduction 
was reported when the metabolism of sesquiterpene lactones 
alantolactone (Yao et al. 2016) and ixerin Z (Cai et al. 2015) 
was investigated.

Surprisingly, no phase II metabolites of helenalin, namely 
glucuronides or sulfates, were detected in either studied spe-
cies in vitro, although its 6-hydroxyl substituent could poten-
tially be glucuronidated or sulfonated. Earlier, helenalin was 
found to react with the cysteine thiol group of glutathione, 
but the conjugation was rather spontaneous and independent 
of the presence of glutathione S-transferase (Schmidt 2000; 
Schmidt et al. 1999). Similarly, the glutathione conjugation 
of structurally similar alantolactone and isoalantolactone 
has also been deemed to be the result of a chemical reac-
tion rather than a product of enzyme-catalyzed metabolic 
transformation (Zhou et al. 2018). Our preliminary data (not 
shown) supported this observation and therefore the glu-
tathione conjugation was not further investigated.

Helenalin has previously been found to decrease the 
CYP content and to inhibit the activities of both murine 
and rat CYP enzymes in vitro and in vivo (Chapman et al. 
1989, 1991, 1988; Jodynis-Liebert et al. 2000). In the pre-
sent study, the inhibition of CYP2A13  (IC50 = 1.1 µM), 
CYP3A4  (IC50 = 18.7 µM), and CYP3A5  (IC50 = 62.6 µM) 
was observed using human recombinant CYPs. Compared 
to the other CYP forms, helenalin showed selective inhi-
bition towards CYP2A13. The inhibition of CYP3A4 and 
CYP3A5 was more efficient at low substrate concentra-
tions and not complete at higher substrate concentrations 
(Fig. S8). Incomplete inhibition has been also observed in 
murine liver microsomes, in which the activity of amino-
pyrine demethylase and 7-ethoxyresorufin deethylase was 
inhibited to a maximum of 60%, while the activity of aniline 
hydroxylase was inhibited to a maximum of 30% by 1 mM 
helenalin (Chapman et al. 1989). Indeed, oral administration 
of helenalin to rats (2.5 mg/kg in a single dose) resulted in a 
decrease in aniline hydroxylase (by 51%) and aminopyrine 
demethylase (by 52%) activities in the liver (Jodynis-Liebert 
et al. 2000). On the other hand, CYP2E1 protein content was 
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equal in control and helenalin-treated rats receiving 3 mg/
kg of helenalin daily for 24 weeks and no signs of hepa-
totoxicity were observed (Lin et al. 2014). CYP-mediated 
metabolism of helenalin into a reactive metabolite and the 
subsequent irreversible CYP inhibition was first suggested 
by Chapman et al. (1989, 1991) as the decrease in the activ-
ity of aminopyrine demethylase and CYP content in mouse 
liver microsomes was higher in the presence than in the 
absence of NADPH. In the present study, the preincubation 
of helenalin with CYP3A4 or CYP3A5 in the presence of 
NADPH did not alter the  IC50 value of helenalin for either 
form. Rather, helenalin appeared to inhibit the activity of 
CYP3A4 in a competitive manner. On the other hand, the 
preincubation of helenalin with CYP2A13 in the presence of 
NADPH resulted in a significant decrease of the  IC50 value 
of helenalin. The inhibition of CYP2A13 by helenalin was 
time- and concentration-dependent, suggesting that helena-
lin acted as a mechanism-based inhibitor of CYP2A13. A 
mechanism-based inhibition of enzymes in CYP2A family 
was reported for hirsutinolide-type sesquiterpene lactones 
isolated from Vernonia cinerea as well as for CYP2A6 by 
7-methylcoumarin (Juvonen et al. 2016). The sesquiterpene 
compounds demonstrated a rather similar effect towards 
both isoenzymes, CYP2A6 and CYP2A13 (Boonruang et al. 
2017). In comparison, helenalin acted as a specific inhibitor 
of CYP2A13 as the activity of CYP2A6 was not inhibited 
at all.

Conclusion

Sesquiterpene lactone helenalin is used as an antiphlogistic 
in European and Chinese folk medicine. Although the phar-
macological activities of helenalin have been extensively 
investigated, insufficient information exists about its meta-
bolic properties. In this study, the in vitro NADPH-depend-
ent metabolism of helenalin using human and rat liver sub-
cellular fractions was studied. Helenalin was oxidized into 
five metabolites both in human and rat liver microsomes, 
with 14-hydroxyhelenalin (M4) being the main metabolite in 
human samples and 9-hydroxyhelenalin (M5) in rat samples. 
Helenalin was also reduced to 11,13- and 2,3-dihydrohelena-
lin (M6 and M7, respectively) in human liver microsomes 
and cytosol, but not in rat liver subcellular fractions. In vitro 
NADPH-dependent metabolism was more efficient in rat 
than in human liver microsomes. Human hepatic CYP2B6 
oxidized helenalin into M1, M2, and M5, CYP3A4 into 
M4, CYP3A5 into M3, M4, and M5, CYP3A7 into M4, and 
lastly, extrahepatic CYP2A13 oxidized helenalin into M3 
and M4. CYP2A13 exhibited high affinity and was a more 
efficient oxidizer of helenalin than the hepatic human CYPs. 
It is thus concluded that the metabolism of helenalin is faster 
in rats than in humans, and that in humans it may also be 

significantly metabolized by extrahepatic CYP2A13. Helen-
alin acted as a mechanism-based inhibitor of CYP2A13 and 
a weak competitive inhibitor of CYP3A4. Therefore, vari-
ous pharmacological/toxicological consequences might be 
expected, and its internal or nasal application should be thor-
oughly considered.
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