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ABSTRACT: In this study, in vitro metabolism of hop-derived bitter acids was investigated. Besides their well-known use as bitter
compounds in beer, in several studies, bioactive properties have been related to these types of molecules. However, scientific data on
the absorption, distribution, metabolism, and excretion aspects of these compounds are limited. More specific, in this study, α-acids,
β-acids, and iso-α-acids were incubated with rabbit microsomes, and fractions were subjected to LC−MS/MS analysis for identification
of oxidative biotransformation products. Metabolism of β-acids was mainly characterized by conversion into hulupones and the
formation of a series of tricyclic oxygenated products. The most important metabolites of α-acids were identified as humulinones and
hulupones. Iso-α-acids were found to be primarly metabolized into cis- and trans-humulinic acids, next to oxidized alloiso-α-acids.
Interestingly, the phase I metabolites were highly similar to the oxidative degradation products in beer. These findings show a first
insight into the metabolites of hop-derived bitter acids and could have important practical implications in the bioavailability aspects of
these compounds, following ingestion of hop-based food products and nutraceuticals.
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■ INTRODUCTION

The worldwide use of hop (Humulus lupulus L) in the brewing
industry is mainly based on the contribution of hop-derived
bitter acids, contained in the bright yellow lupulin glands of
female hop flowers, to the overall microbial stability (as natural
preservatives), a pleasant bitter flavor, and an enhanced foam
stability. The main hop bitter acids in hops are α- and β-acids,
also called humulones and lupulones, which are present as
a mixture of three congeners, co, n, and ad, depending on the
side chain in the chemical structure of the molecules (Figure 1).
During brewing, the relatively insoluble α-acids are transformed
into their corresponding mixture of beer-soluble diastereomeric
pairs of iso-α-acids (cis- and trans-isomers), thus resulting in six
iso-α-acids originating from the three main α-acids (Figure 1).
Next to their application in beers, an increase in global research
interest in the health-beneficial aspects of hop-derived bitter acids
has been observed1,2 as evidenced by the increasing number
of reports on various promising bioactivities with IC50 values in
the lower micromolar range (anti-inflammatory3,4 and antiangio-
genic properties,5,6 improving lipid profiles,7,8 and counteracting
diabetes type 2).9

In comparison to the growing knowledge on their health-
beneficial effects, little is known about the absorption, distribu-
tion, metabolism, and excretion (ADME) of these compounds.
In previous papers, we reported on the in vitro intestinal
permeabilities of α-acids and β-acids and the pharmacokinetics
and bioavailability in rabbits of iso-α-acids, dihydroiso-α-acids,
and tetrahydroiso-α-acids.10,11 This latter study showed that pre-
systemic breakdown or metabolism (either gastrointestinal or in
hepatic tissues) was the most important factor influencing the
bioavailability of iso-α-acids and reduced derivatives.

Recent experiments reported by Aniol et al. showed that hop
α-acids and β-acids are totally degraded when incubated with
peroxidase enzymes from plant extracts,12 suggesting a potential
proneness of hop acids to oxidative enzyme breakdown.
The present study focuses on the CYP metabolism of the

natural hop-derived bitter acids (α-, β-, and iso-α-acids) present
in beer and hop-based food supplements. Insights into the
metabolism and/or degradation following ingestion of these
substances are essential to understand their overall bioavail-
ability and related health effects following intake of such prep-
arations. Since CYPs are the major enzymes involved in drug
metabolism and bioactivation, accounting for ∼75% of the total
metabolism, phase I metabolism catalyzed by cytochrome P450
enzymes was investigated by incubation of α-, β-, and iso-
α-acids with liver microsomes, isolated from rabbits. The most
common reaction catalyzed by cytochrome P450 enzymes is a
mono-oxygenase reaction; therefore, the formation of oxidative
breakdown products was investigated by specific HPLC−MS
and LC−MS/MS methods to identify metabolites of iso-α-acids,
α-acids, and β-acids in microsomal incubations.

■ MATERIALS AND METHODS
Chemicals. Hop α-acids and β-acids were obtained as pure solu-

tions in methanol and iso-α-acids as an isomerized extract from
Hopsteiner (Mainburg, Germany). International calibration standards for
α- and β-acids (ICE-2) and iso-α-acids (DCHA-Iso, ICS-I3) were all
obtained from Labor Veritas (Zurich, Switzerland). Glucose 6-phosphate
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sodium salt, glucose 6-phosphate dehydrogenase from baker’s yeast
(Saccharomyces cerevisiae), and β-nicotinamide adenine dinucleotide
phosphate hydrate (β-NADP+) were purchased from Sigma-Aldrich
(Bornem, Belgium). All other reagents were of analytical grade and
were used without further purification. Water (ULC−MS grade) and
all other LC−MS solvents (LC−MS quality) were obtained from
Biosolve (Valkenswaard, The Netherlands) and Merck (Darmstadt,
Germany). Formic acid was obtained from Merck (Darmstadt,
Germany). Hydrochloric acid (HCl) was purchased from Riedel-de-
Haen (Seelze, Germany). Deionized water used for chromatography
was purified by means of a Milli-Q Gradient A10 system (Millipore,
Billerica, MA). Pure reference compounds for identification by
means of HPLC−MS/MS Qtrap analysis were obtained following
the recently published protocols of Intelmann and Haseleu.13−15

Preparation of Rabbit Liver Microsomes. Six rabbits (n = 6)
were anesthetized using CO2 and killed by asphyxiation. The livers were
quickly removed, cut into smaller pieces (1 cm3), and frozen at −80 °C
before use. Aliquots of the liver of six different rabbits were washed with
phosphate buffer containing 1.15% KCl (0.25 M, pH 7.25) to remove
blood, and the mass of one sample was adjusted to 3.1 ± 0.1 g. Then, all
liver pieces in one sample were mixed with phosphate buffer (10 mL/g
of liver) containing 1.15% KCl (0.25 M, pH 7.25) and homogenized
using an IKA Ultra-Turrax equipped with a Potter-Elvehjem tissue
grinder (VWR International LLC, West Chester, PA). The homogenate
was centrifuged at 10000g for 25 min at 4 °C, and the pellet (nuclei,
mitochondria, and debris) was discarded. The supernatant (S9 fraction)
was further centrifuged at 100000g for 80 min at 4 °C to separate
the S9 fraction into a cytosolic fraction (supernatant) and a micro-
somal pellet. The microsomal pellet was resuspended in phosphate

buffer (10 mL/g of liver) containing 1.15% KCl (0.25 M, pH 7.25),
homogenized, and centrifuged again at 100000g for 80 min at 4 °C.
The final microsomal pellet was resuspended in phosphate buffer
(1.5 mL/g of liver) containing 1.15% KCl and 30% glycerol (0.25 M,
pH 7.4), and the microsomes were stored at −80 °C until use. The
protein concentration of the liver microsomes was determined by the
method described by Bradford.16

In Vitro Metabolism of Hop-Derived Acids. The microsomal
fractions were thawed on ice on the day of the assay and diluted to
the required protein concentration using ice-cold Tris−HCl buffer.
A typical 0.5 mL biotransformation incubation mixture in Tris−HCl
(0.1 M, pH 7.4) consisted of 1 mg/mL pooled liver microsomal
protein (n = 6), a nicotinamide adenine dinucleotide phosphate
(NADPH)-regenerating system (NRS) consisting of 1 mM β-NADP+,
10 mM glucose-6-phosphate (G6P), and 1 unit/mL glucose-6-
phosphate dehydrogenase (G6PDH), 5 mM MgCl2, and 20 μM
α-acids, β-acids, or iso-α-acids as the substrate (this was a serial dilution
in Tris−HCl of a 20 mM solution in methanol (MeOH) to the required
concentrations). The final MeOH concentration did not exceed 1%
(v/v) in the mixture. After preincubation of 5 min, the reaction was
initiated by the addition of the NRS. Incubations were carried out at
37 °C for 120 min with continuous shaking in an Eppendorf Thermomixer
(VWR International LLC, West Chester, PA). Control incubations were
performed without the addition of NRS or microsomes to ensure that
metabolite formation was dependent on the presence of microsomes
and NADPH. Reactions were terminated by acidification (pH 2) with
H3PO4 (0.1 M, 2 volumes) added to the incubation mixture (500 μL),
followed by extraction with ethyl acetate (EtOAc; 4 volumes). The
EtOAc phase was evaporated to dryness under nitrogen flow.
The residues were reconstituted in 100 μL of MeOH and stored at
−20 °C until analysis. Comparative studies with human liver microsomes
(purchased from Celsis IVT, Chicago, IL) were also included, using the
incubation protocol described above.

LC−MS Analysis. LC−MS analysis of samples from the different
incubations was performed using an Agilent 1200 LC−MS system
(SL) equipped with a dual ionization source (electrospray ionization/
atomic pressure chemical ionization, ESI/APCI) and diode array
detector (DAD) (Agilent, Waldbronnn, Germany). The Agilent
Chemstation software package (revision B.02.01) was used to control
the analytical system as well as for data acquisition and processing. As
the stationary phase, a 3.5 μm Xbridge C-18 column (150 × 30 mm)
(Waters, Zellik, Belgium) was used. The mobile phase consisted of
10 mM ammonium acetate, pH 9.75, + 20% MeOH (A) and MeOH (B).
The flow rate was 0.5 mL/min, and the column temperature was
maintained at 40 °C. The initial mobile phase, 27% B, was increased
linearly to 60% B over 24 min, maintained for 5 min, further increased to
95% B in 5 min, and maintained for 4 min. Finally, the mobile phase was
readjusted to 27% B in 1 min and re-equilibrated for 6 min prior to the
next injection. UV/vis detection was performed at 270 nm for iso-α-acid
and 314 nm for α- and β-acids. The MS parameters in the negative APCI
mode were tuned to maximize formation of the deprotonated analyte.
The interface settings were as follows: N2 drying gas temperature,
250 °C; N2 drying gas flow, 5 L/min; APCI vaporizer temperature,
150 °C; nebulizer pressure, 105 Pa; capillary voltage, 1000 V; corona
current, 6 μA; charging voltage, 1000 V. In each analysis, qualitative

Figure 1. Molecular structures of hop-derived α-acids, β-acids, and
iso-α-acids.

Table 1. Molecular Ions Used for Selected Ion Monitoring
(SIM; Negative) Mode for α-Acids, β-Acids, and Iso-α-acids
in LC−MS Analysis

compd m/z compd m/z

α-acids cohumulone 347 iso-α-acids cis-isocohumulone 347
adhumulone 361 trans-

isocohumulone
347

humulone 361 cis-isoadhumulone 361
β-acids colupulone 399 trans-

isoadhumulone
361

adlupulone 413 cis-isohumulone 361
lupulone 413 trans-isohumulone 361
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identification was performed in the negative ion scan mode
(m/z 150−700) and quantitative data were obtained by reconstruction
of the extracted ion chromatogram following measurement in the selected
ion monitoring (SIM) mode. The [M − H]− m/z values, used for quanti-
fication of α-acids, β-acids, and iso-α-acids of the different compounds are
presented in Table 1.17−19

HPLC−MS/MS Q-Trap Analysis. To identify hop acid metabo-
lites, samples from microsomal incubations were analyzed using an
Agilent 1200 series HPLC system consisting of a pump, a degasser,
and an autosampler (Agilent, Waldbronn, Germany) connected to an
API 4000 Q-TRAP mass spectrometer (AB Sciex Instruments,
Darmstadt, Germany) which was equipped with an ESI source and
operated in negative ionization mode. Data processing and integration
was performed by use of Analyst software, version 1.5 (AB Sciex
Instruments, Darmstadt, Germany).

Chromatographic separation and determination of MS/MS param-
eter settings for qualitative analysis was performed by means of the
multiple reaction monitoring (MRM) mode using the fragmentation
parameters and retention times by means of cochromatography with
authentic reference compounds, obtained using protocols reported by
Intelmann and co-workers.13,20,21

■ RESULTS

In Vitro Metabolism of Hop-Derived Acids. In Figure 2,
the percentages of compounds metabolized following incuba-
tion of 20 μM α-acids, β-acids, and iso-α-acids with liver micro-
somes isolated from rabbit liver and human microsomes are
shown. The results show that after 120 min of incubation in
rabbit liver microsomes, the total amount of the applied β-acids
was metabolized. The percentage of α-acids metabolized was
77 ± 0.8%. Although the iso-α-acids proved to be more resistant
to biotransformation, still a substantial amount (48 ± 3%) was
metabolized. In comparative studies with human liver micro-
somes (Figure 2), similar values were obtained. The percentages

Figure 2. Percentage of metabolism of 20 μM hop α-acids, β-acids, and
iso-α-acids following 2 h of incubation with rabbit liver microsomes
(RLMs) and human liver microsomes (HLMs). Experiments were applied
in triplicate. Amounts are presented as the percentage metabolized of
the administered amount ± standard deviation. IAA = iso-α-acids, AA =
α-acids, and BA = β-acids.

Figure 3. Representative HPLC−MS chromatogram following 2 h of incubation of α-acids (20 μM) in microsomes. In each chromatogram, the
co-analogue and n- plus ad-analogues are respectively represented by a solid line and a dotted line. (A) TIC. (B) EIC of parent compounds with m/z
347 and 361. (C) EIC of mono-oxygenated metabolites with m/z 363 and 377. On the basis of the LC−MS/MS analysis, relevant peaks were
assigned.
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of α-acids, β-acids, and iso-α-acids metabolized amounted to
73 ± 3%, 95 ± 1%, and 48 ± 2%, respectively.
Initially, all incubation mixtures were analyzed by LC−MS

(APCI, negative mode), both quantitatively (see the results
above) and qualitatively. Figures 3−5 illustrate a set of total ion
chromatograms (TICs) and extracted ion chromatograms (EICs)
of parent compounds and potential metabolites of respectively
α-acids (Figure 3), β-acids (Figure 4), and iso-α-acids (Figure 5)
following 120 min of incubation with rabbit liver microsomes.
As shown in the LC−MS analysis of the incubation mixture of

α-acids (Figure 3), a quite complex TIC is obtained (Figure 3A).
In the EIC of the parent compounds (Figure 3B) with pseudo
molecular ions [M − H]− m/z 347 and 361, some proof of con-
version of α-acids into iso-α-acids is observed. Study of the
full-scan spectrum of potential metabolites of the α-acids revealed
the main biotransformation products were pseudo molecular ions
[M − H]− m/z 363 and 377, in which the molecular mass of
the parent compound was increased by 16 Da, suggesting mono-
oxygenation (epoxidation, hydroxylation, ...) as the most important
metabolism product (Figure 3C).
Figure 4 represents an LC−MS chromatogram following

microsomal incubation of iso-α-acids. In Figure 4C,D, the most
important metabolites formed show an increase of the molecular

mass by 16 or 32 Da compared to that of the parent compound,
demonstrating the incorporation of one or two oxygen atoms
to give the major microsomal biotransformation products of
iso-α-acids.
The metabolism of β-acids by microsomal enzymes results in

several distinct products (Figure 5). In the β-acid mixture used
in this experiment, only a minor amount of n-lupulone plus
adlupulone was present compared to colupulone. Therefore,
only signals related to colupulone (parent compound with m/z
399) were used in Figure 5 to demonstrate the metabolism
of all the β-acids. Among the several metabolites detected,
formation of a product with pseudo molecular ion [M − H]−

m/z 317 was observed (Figure 5C), which could correspond
to the molar mass of hulupones (318 Da), a well-known oxi-
dation product of β-acids. Also, in correspondence with the
metabolism of α-acids and iso-α-acids, mono- and dioxygenated
biotransformation products were determined, with detection of
pseudo molecular ions [M −H]− m/z 415 and 431 (Figure 5D,E).
Furthermore, a metabolite with pseudo molecular ion [M − H]−

m/z 397 was determined.
Nevertheless, by use of LC−MS analysis, little structural

information could be obtained for the biotransformation
products. On the basis of the data of the metabolism pathway

Figure 4. Representative HPLC−MS chromatogram following 2 h of incubation of iso-α-acids (20 μM) in microsomes. In each chromatogram, the
co-analogue and n- plus ad-analogues are respectively represented by a solid line and a dotted line. (A) TIC. (B) EIC of parent compounds with m/z
347 and 361. (C) EIC of mono-oxygenated metabolites with m/z 363 and 377. (D) EIC of dioxygenated metabolites with m/z 379 and 393. On the
basis of the LC−MS/MS analysis, relevant peaks were assigned.
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of other prenylated hop-derived constituents such as
xanthohumol and 8-prenylnarigenin (8-PN), retention time,
UV spectra, and molecular mass of the detected metabolites, it
was only possible to make some suggestions on the molecular
structure.
However, for the products described above, the molecular

mass determined in the LC−MS analysis correlates to a great
extent with the oxidative degradation products of hop bitter
acids in aged beer and wort mixtures, recently described by
Intellmann et al.13−15,20 On the basis of this assumption, more
structural and (semi)quantitative information on possible
degradation products and/or metabolites was obtained by
detailed LC−MS/MS analyses using recently optimized MRM
methods for the analysis of hop bitter acids and these degra-
dation products, which were recently isolated from oxidized
beer and unequivocally assigned by NMR by Haseleu and co-
workers.20 Confirmation of the identified products was possible
by cochromatography with authentic reference compounds.
In this way, it was possible to demonstrate similarity in phase I
metabolites of hop-derived bitter acids (α-acids, β-acids, and
iso-α-acids) and products formed upon oxidative decomposition
of these hop constituents during beer aging. The corresponding
representative chromatograms of the metabolites identified by

LC−MS/MS analysis operating in the MRM mode of products
(co-congener) following microsomal incubation of α-acids,
β-acids, and iso-α-acids are presented in Figure 6. Analogous
results were also obtained for the ad- and n-congeners.
An overview of possible reaction routes for the biotransfor-

mation of hop-derived α-acids, β-acids, and iso-α-acids is shown
in Figure 7.
Upon incubation with rabbit liver microsomes, α-acids (1−3)

were mainly converted into trans-iso-α-acids (7−9) and cis-iso-
α-acids (10−12), together with humulinones (13−15), and
surprisingly hulupones (16−18). To the best of our knowledge,
hulupones are a well-known oxidation product exclusively
formed from β-acids. Besides the conversion of β-acids (4−6)
into hulupones (16−18), biotransformation products of β-acids
also comprised a series of epimeric pairs of tricyclic cyclization
products, named dehydrotricyclolupulones (43a/b-45a/b),
hydroxytricyclolupulones (49a/b-51a/b), and hydroperoxytricy-
clolupulones (46a/b-48a/b), resembling the products recently
identified by Haseleu and co-workers.13,22

Microsomal metabolism of iso-α-acids (7−9, 10−12) resulted
mainly in the formation of trans-humulinic acids (22−24) and
cis-humulinic acids (31−33), in addition to trans and cis pairs of
hydroperoxy-alloiso-α-acids (25−27, 28−30) and hydroxylated

Figure 5. Representative HPLC−MS chromatogram following 2 h of incubation of β-acids (20 μM colupulone) in microsomes. (A) TIC. (B) EIC of
parent compound with m/z 399. (C) EIC of the metabolite with m/z 317. (D) EIC of the mono-oxygenated metabolite with m/z 415. (E) EIC of
the dioxygenated metabolite with m/z 431. (F) EIC of the metabolite with m/z 397. On the basis of the LC−MS/MS analysis, relevant peaks were
assigned.
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alloiso-α-acids (34−36, 37−39). Furthermore, the conversion
of iso-α-acids into cyclic degradation substances, including
tricyclohumols (19−21), was observed.

■ DISCUSSION

Studies on the ADME of hop-derived bitter acids, showing
promising multipotent bioactive activities as, for example, anti-
inflammatory agents against osteoporosis23 or as anticarcino-
genic medicines,5 are of great importance. In this study, a
first insight is gained into the possible metabolism pathway
of hop-derived bitter acids. Several biotransformation products
of α-acids, β-acids, and iso-α-acids were detected, both in
microsomal mixtures and in urine samples. The discovery of an
array of breakdown products of iso-α-acids confirmed previous
findings of the authors: according to a preceding paper on
the bioavailability of hop-derived iso-α-acids and reduced
derivatives in rabbits, a lower bioavailability of iso-α-acids was
obtained, since it was greatly influenced by breakdown by gut-
related microorganisms or phase I/II metabolism in gastro-
intestinal or hepatic tissues.11

In earlier presented work, the in vitro transport of hop
α-acids and β-acids across Caco-2 monolayers has been studied,
showing that the permeability of β-acids was limited by phase II
metabolism.10 Currently, comparable studies on the bioavail-
ability of α- and β-acids are being carried out by the authors.
Several previous investigations13−15,22,24−38 have been reported

on the structures of (oxidative and light-induced) degradation of

hop-derived bitter acids as well as their underlying formation
mechanisms. In particular, the 3-methyl-2-butenyl side chains of
α-acids, β-acids, and iso-α-acids and the isohexenoyl side chain
of iso-α-acids are very sensitive to oxidation, either at the double
bounds or in the allylic positions. Most often, the native oxidized
compounds are oxidized further or transformed by hydration
and/or elimination. However, this was always focused on their
decomposition in beer. Although physiologic biotransformation
conditions (including metabolism) are unlike the beer deterio-
ration situation, these studies provided preliminary indication of
structures possible to expect following biotransformation. In these
reports, most common products included humulinones, hulu-
pones, alloisohumulones and cis/trans-humulinic acids.
Upon microsomal incubation, metabolism of iso-α-acids

comprised predominantly conversion into humulinic acids
and hydroxy/peroxyalloisohumulones, while α-acids showed
biotransformation into humulinones, besides cis- and trans-iso-
α-acids, and surprisingly hulupones, which are well-known
β-acid oxidation products. Isomerization of humulone is the
most important reaction in the brewing process.39 Interestingly,
this conversion could also be catalyzed by microsomal enzymes.
As the results showed, among the microsomal bioconversion

of β-acids, the formation of two main types of dominating
products could be identified, hulupones and tricyclo degradation
products. This could indicate that liver oxidation is an important
metabolism reaction of α-, β-, and iso-α-acids, catalyzed by cyto-
chrome P450 enzymes. Moreover, this proneness to oxidative

Figure 6. Representative LC−MS/MS chromatograms (MRM transitions) of parent compounds and identified microsomal metabolites of hop-
derived α-acids, β-acids, and iso-α-acids. In each of the cases, the co-congener is shown as a matter of example.
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microsomal breakdown could suggest a significant first-pass effect
upon oral ingestion of such compounds, resulting in fast clearance
following absorption. Generally, CYP metabolism pathways include
iron−oxo species which abstract a hydrogen atom from the alkyl
group of a substrate to give a radical that subsequently displaces the
hydroxyl group from iron in a homolytic substitution reaction
(hydrogen abstraction−oxygen rebound), utilizing two electrons
that are provided by NAD(P)H via a reductase protein.40

The transformation of iso-α-acids and β-acids in respectively
hydroxyl- and hydroperoxyalloisohumulones and tricyclo
products, including nortricyclo-, dehydrotricyclo-, and tricyclo-
lupulones, could also include a similar mechanism. Recently,
these same oxidation products of iso-α-acids and β-acids were
identified upon radical-assisted oxidative breakdown in beer by
Intelmann and Haseleu.13−15,22 Despite the different reac-
tion conditions (beer matrix versus microsomal enzymes),
some interesting similarities could be drawn. In the beer aging
studies, the authors proposed a lipid peroxidation mechanism
(like oxidation of unsaturated fatty acids) which is based on
the same principles occurring in cytochrome P450 enzymatic
pathways: first a hydrogen atom is abstracted, leading to
a resonance-stabilized radical in the isohexenoyl side chain
(iso-α-acids), followed by addition of oxygen, leading to the
corresponding hydroperoxy- and hydroxylalloisohumulones. In
the case of the β-acids, hydrogen abstraction is followed by
cyclization steps and oxygenation, leading by different reaction

routes to products such as nortricyclo-, dehydrotricyclo-, and
tricyclolupulones.
Apart from the hydroperoxy- and hydroxyalloisohumulones,

formation of cis/trans-humulinic acids was observed. These
products are a result of cleavage of the (un)modified hexenoyl
side chain, directly from iso-α-acids, or from another inter-
mediate (alloiso-α-acids, hydroxy/hydroperoxyalloiso-α-acids).
Their detailed formation mechanism is still unclear, but might
also be catalyzed by CYP enzymes.
Furthermore, exclusively in urine, the presence of tri- and

tetracyclic metabolites, including tricyclohumols, tetracyclohu-
mols, and tricyclohumenes, was observed, like the decom-
position products identified by Intelmann et al. upon acidic
degradation of trans-iso-α-acids in aged beer.41 These products
are formed by proton-catalyzed intramolecular nucleophilic
cyclization reaction and were absent in microsomal incuba-
tion mixtures. This suggests a nonliver enzymatic mechanism,
but presumably an acid-catalyzed degradation in the stomach
and/or intestinal zones with lower pH, since Intelmann and
co-workers showed this reaction was strongly pH-dependent.
At pH 1.0, the most rapid degradation was observed, whereas
none of these compounds were formed at pH 6.0.41 Moreover,
just trans-iso-α-acids were affected, since only for these stereomers
the interacting carbon atoms possessed the right steric geometry
that enabled an overlapping of the corresponding π-orbitals for
bonding.

Figure 7. Reaction routes for the biotransformation of hop-derived α-acids (1−3), β-acids (4−6), trans-iso-α-acids (7−9), and cis-iso-α-acids (10−
12) leading to the formation of humulinones (13−15), hulupones (16−18), trans-humulinic acids (22−24), cis-humulinic acids (31−33), epimeric
pairs of tricyclic β-acid cyclization products (40a,b−42a,b, 43a,b−45a,b, 46a,b−48a,b, 49a,b−51a,b), trans-alloisohumulone hydroperoxides (25−
27), cis-alloisohumulone hydroperoxides (28−30), trans-alloisohumulone hydroxides (34−36), cis-alloisohumulone hydroxides (37−39), and
tricyclohumols (19−21).
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Using the MRM method in the LC−MS/MS analysis, it was
also possible to detect transitions representative of substances
with hydroxylated positions in the prenyl side chain of α- and
β-acids, though exact assignment of the molecular structure
requires further experiments, including NMR spectroscopy
confirmation of isolated compounds. Nevertheless, the
occurrence of products with hydroxylated 3-methyl-2-butyenyl
(or prenyl) side chains of α-acids and β-acids is in line with the
products formed following CYP metabolism of another hop
constituent, 8-prenylnaringenin (8-PN). In a study conducted
by Nikolic et al., the most abundant pathway of liver micro-
somal metabolites of 8-PN was hydroxylation of one of the
terminal methyls of the prenyl group. Hydrogen abstraction at
a terminal methyl group is favorable due to the formation of
a stable allyl radical, and these groups are readily accessible for
enzymatic attack.42 Moreover, in two recent studies, Negri et al.
and Lupinacci and co-workers have reported an oxidized α-acid
derivate, formed upon the oxidation of the 3-methyl-2-butenyl
side chains in humulinone (oxidation product of α-acids),
followed by cyclization, resulting in an oxidized α-acid deri-
vative in which two oxygen atoms were incorporated.43,44

These examples indicate the susceptibility of the 3-methyl-2-
butenyl side chains of hop-derived bitter acids for oxidation.
The evaluation of formation of similar products among
metabolites of α- and β-acids should be further investigated.
In conclusion, HPLC−MS/MS operating in the MRM mode

allowed for the first time detection and quantification of hop-
derived biotransformation products α-acids, β-acids, and iso-
α-acids in microsomal incubation samples. Interestingly, the
results of this study demonstrated similarity in metabolites and
products formed upon oxidative decomposition of these hop
constituents during beer aging. The results from this study
show first insight into the metabolites of hop-derived bitter
acids.
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