
RESEARCH ARTICLE
www.mnf-journal.com

The Pharmacokinetics of Individual Conjugated
Xanthohumol Metabolites Show Efficient Glucuronidation
and Higher Bioavailability of Micellar than Native
Xanthohumol in a Randomized, Double-Blind, Crossover
Trial in Healthy Humans

Lance Buckett, Nadine Sus, Veronika Spindler, Michael Rychlik,
Christian Schoergenhofer,* and Jan Frank*

Scope: Prenylated chalcones and flavonoids are found in many plants and are
believed to have beneficial effects on health when consumed. Xanthohumol is
present in beer and likely the most consumed prenylated chalcone, but poorly
absorbed and rapidly metabolized and excreted, thus limiting its
bioavailability. Micellar formulations of phytochemicals have been shown to
improve bioavailability.
Methods and results: In a randomized, double-blind, crossover trial with five
healthy (three males and two females) volunteers, a single dose of 43 mg was
orally administered as a native or micellar formulation. The major human
xanthohumol metabolites are quantified in plasma. Unmetabolized free
xanthohumol makes 1% or less of total plasma xanthohumol. The area under
the plasma concentration–time curve of xanthohumol-7-O-glucuronide
following the ingestion of the micellular formulation is 5-fold higher and its
maximum plasma concentration is more than 20-fold higher compared to
native xanthohumol.
Conclusion: Metabolism of orally ingested xanthohumol is complex and
efficiently converts the parent compound to predominantly glucuronic acid
and to a lesser extent sulfate conjugates. The oral bioavailability of micellar
xanthohumol is superior to native xanthohumol, making it a useful delivery
form for future human trials.
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1. Introduction

Many prenylated flavonoids native to
hops have been studied for their health-
beneficial and disease-preventive or even
therapeutic activities.[1] The structurally
related prenylated chalcone xanthohu-
mol (XN) has promising activities against
metabolic syndrome and cancer,[2] anti-
bacterial and anti-viral activities, andmay
even have potential as a treatment against
coronavirus infections, such as SARS-
CoV-2.[2–4] XN is well tolerated in hu-
mans and does not alter clinical biomark-
ers, body weight, vital signs, or health-
related quality of life.[5]

Prenylated flavonoids and chalcones
are more lipophilic than their non-
prenylated congeners andmay thusmore
easily traverse cell membranes, which
may facilitate their absorption.[6] Fol-
lowing oral ingestion, XN reaches the
stomach, where the low pH facilitates
its partial isomerization to isoxantho-
humol (IXN).[7] XN is then absorbed
in the small intestine and transported
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to the liver where it may undergo metabolism by phase II en-
zymes, which catalyze conjugation reactions with water-soluble
groups, such as glucuronic acid (GlcA) or sulfate. In healthy
humans, the extent of phase II metabolism to generate O-
glucuronides and O-sulfates of XN, administered as single doses
of 60 or 180 mg, was nearly 100%.[8] The conjugated metabolites
are secreted with the bile into the gut and themajority excreted in
the feces, the remainingmetabolites aswell as the unmetabolized
parent compound are excreted in the urine.[9] In addition, unab-
sorbed XN and biliary metabolites may undergo further biotrans-
formation by the colonic microbiota, which can demethylate XN,
resulting in 6-prenylnaringenin (6-PN) and 8-prenylnaringenin
(8-PN) formation.[9]

The limited absorption of XN and its rapid metabolism are
hurdles in the translation of the in vitro activities of XN to in
vivo applications.[8] One other major issue, as described above,
is that XN spontaneously cyclizes in the acidic environment of
the stomach.[10] Consequently, the incorporation of XN into for-
mulations that protect it from the acidic gastric conditions may
aid in its absorption. Therefore, strategies to enhance XN sol-
ubility and to protect it from degradation, such as PEGylated
graphene oxide nanosheet formulations of XN,[11] cyclodextrin
formulations of the analogue xanthohumol-C,[12] and a micel-
lar XN formulation,[13] have been developed in order to enhance
its absorption and its biological activities. A protein-rich spent
hops matrix enhanced XN absorption compared to a control
spent hops preparation in humans.[14] A micellar formulation
of XN inhibited Western-type diet-induced hepatic steatosis, in-
flammation, glucose intolerance, and body weight gain in mice
and resulted in XN plasma concentration in the range of 100–
330 nmol L−1, whereas no XN was detectable after administra-
tion of native XN, which therefore was largely without effect in
this mouse trial.[13] To the best of our knowledge, no study has
investigated the absorption of XN from a micellular formulation
compared to native XN in humans.
Most analytical methods used to quantify XN in human and

animal trials employ enzymatic hydrolysis of the phase II con-
jugates and thus only quantify the sum parameter total XN
(free + conjugated), which does not give a detailed overview of
the diversity of compounds circulating in blood.[2] We recently
published the synthesis of reference compounds for some XN
metabolites, which now enables their identification and absolute
quantification.[15]

Therefore, the aim of the present study was to identify the
main metabolites formed after oral consumption of native and
micellar XN and investigate their pharmacokinetics individually.

2. Results and Discussion

The present work aimed at identifying the main plasma metabo-
lites of orally ingested XN in healthy humans and describing
their individual pharmacokinetics rather than using the often-
employed approach of quantifying total XN, which is the sum
of parent compound plus conjugated phase II metabolites, af-
ter enzymatic hydrolysis. A further aim was to investigate if the
metabolite profiles differed between native and micellar XN, be-
causewe hypothesized that the latter would be better bioavailable.
In a randomized, double-blind, crossover human trial, plasma

samples were taken before and up to 24 h after ingestion of a sin-

gle dose of 43 mg native or micellar XN and the plasma concen-
trations of the main metabolites were quantified to follow their
pharmacokinetics. To the best of our knowledge, this is the first
study reporting quantitative data on individual conjugated XN
metabolites in humans and their pharmacokinetics following the
intake of a micellular versus a native XN formulation. The em-
ployed data dependant acquisition (DDA) LC-MS/MS methodol-
ogy combined with MS-Dial evaluation allowed targeted and un-
targeted approaches to simultaneously quantify and qualify phar-
macokinetic data. Themethod here additionally allowed tentative
confirmation ofmanymetabolites and increased our understand-
ing of XN metabolism.

2.1. Detected Metabolites of Xanthohumol

Metabolites were found initially by using the correlation func-
tion in MS-Dial when selecting reference compounds that were
synthesized in previous work[15] by manually searching for glu-
curonic acid conjugates with an m/z of M+ GlcA (where M is
the theoretical mass of XN/IXN or 8-PN/6-PN) and having the
characteristic pharmacokinetic profile compared with XN-7-O-
GlcA. Therefore, once all of the samples were uploaded, the MS1
spectra were compared for similarities in the abundance pro-
file, but then, to confirm, the structures were tentatively anno-
tated based on their MS2 spectra. An example of a confirmed an-
notation is given in Figure 1 and shows the MS1 spectra over
time to a very accurate MS1 of 0.008 Da. The MS2 spectra were
taken from these time points and, using a mirror plot, were com-
pared to a similar retention time (less than 5 s) of the reference
compounds. Using the nominal mass of XN-7-O-GlcA 529.1715
(±0.008 Da) and 8-PN-7-O-GlcA 515.1524 (±0.010 Da), we iden-
tified four compounds at identification confidence level 1 (refer-
ence compound identified) and a further four at an identification
confidence level 2 (MS2 and retention time), according to Schy-
manski et al.[16] Table 1 shows all tentatively and identified com-
pounds.

2.2. Recoveries and Precision

The recoveries of the metabolites were measured by spiking
blank plasma with reference standards either before or after
work-up. The areas of the reference standard peaks from MS-
Dial were then compared between those before and after sample
work-up. In general, recoveries from themetabolites were within
70–105%, but two analytes (colored red in Table 2), namely 6-PN-
7-O-GlcA and 8-PN-7-O-sulfate, did not perform well. The low
recoveries might be due to interfering peaks from the blood sam-
ple or due to the compound behaving differently than the other
compounds during the extraction procedure. The method used
was derived from van Breemen et al. where they did not calculate
the recovery.[17] Because they were never calculated, the authors’
recoveries during untargeted analysis might be similar to ours.
A pooled sample (quality control) was injected 12 times dur-

ing each batch (4 times during each day over 3 days) and due to
dilution (as blank samples were mixed in) not all analytes were
resolvable. It was difficult to get MS2 spectra of many of the low-
abundance compounds as they were below the DDA threshold.
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Figure 1. Top: An LC-MS/MS chromatogram of the xanthohumol (XN) and isoxanthohumol (IXN) glucuronides. Below: A is the compound found in
human plasma and B is the reference standard represented as MS2 mirror plots.

Hence only the higher-abundance compounds were calculated
and are presented in Table 3. Within the results of the precision
over 3 days, the method was below the 20% range across multi-
ple metabolites. Data independent analysis (DIA) would comple-
ment future analysis of prenylated flavonoids as spectral libraries
are produced in public databases. However, this information is
limited, but from the results of this study they can be added for
future analysis. Therefore, as more metabolites are known and
found in databases, future analyses should apply DIA as recent
results indicated the improved accuracy of quantification.[18]

2.3. Calibration Graphs

The concentrations of the metabolites with available reference
standards were calculated by comparing the ratio of analyte ref-
erence standard with the closest eluting internal standard in re-
gards to retention time. As all samples were co-injected with
blank plasma, the calibration graphs were matrix-matched to
minimize any matrix effects from the blood plasma ionization
efficiencies. Calibration graphs were created for the following
analytes: XN-7-O-GlcA, IXN-7-O-GlcA, 8-PN-7-O-GlcA, 6-PN-7-

Table 1. Identified metabolites and corresponding IDs.

Glucuronides Sulfates Mixed Unknown Free

XN-7-O-GlcA * XN-7-O-sulfate XN-sulfate-GlcA (m/z) 425.1961 XN*

IXN-7-O-GlcA * 6-PN-7-O-sulfate* 8/6-PN-sulfate-GlcA (m/z) 423.1827 IXN*

6-PN-7-O-GlcA* 8-PN-7-O-sulfate XN-di-GlcA (m/z) 531.1883 6-PN*

8-PN-7-O-GlcA* XN-4′O-sulfate* 6/8-PN-di-GlcA (m/z) 533.1957 8-PN*

XN-4′O-GlcA IXN-4′O-sulfate - (m/z) 517.1365 -

IXN-4′O-GlcA 6-PN-4′-O-sulfate - - -

8-PN-4′O-GlcA 8-PN-4′-O-sulfate - - -

6-PN-4′O-GlcA - - - -

The (*) denotes that identification was based on reference standards. All other metabolites were identified by retention time, MS2 spectra, and pharmacokinetic profile
matching similar to XN-7-O-GlcA (where applicable). See supplementary information for detailed annotation.
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Table 2. The recoveries as % average and (RSD) of each metabolite where reference compounds where used.

Glucuronide metabolites

XN-7-O-GlcA 6-PN-7-O-GlcA 8-PN-7-O-GlcA IXN-7-O-GlcA

High 73 (7.4) 74 (4.6) 79 (11.5) 95 (2.6)

Medium 71 (8.8) 67 (2.5) 79 (11.5) 105 (2.3)

Low 76 (8.0) 63 (21) 92 (3.9) 93 (3.6)

Sulfate metabolites

XN-4′-O-sulfate 6-PN-7-O-sulfate 8-PN-4′-O-sulfate IXN-4′-O-sulfate
High 95 (5.6) 75 (2.8) 78 (12.4) 88 (6.5)

Medium 84 (11) 70 (0.8) 69 (18.1) 105 (2.3)

Low 86 (1.4) 87 (7.6) 89 (5.8) 82 (10.0)

O-GlcA, XN-4′-O-sulfate, IXN,4′-O-sulfate, 8-PN-4′-O-sulfate, 6-
PN-7-O-sulfate, XN, and IXN. See Table S1, Supporting Informa-
tion showing the corresponding internal standards and m/z of
each compound.

2.4. Pharmacokinetics of Xanthohumol

The primary goal of the study identified and quantified the ma-
jor metabolites of XN using reference standards.[15] As the blood
plasma samples were not digested using glucuronidases and
sulfatases, it was additionally possible to calculate the free XN
(<1.2% of total XN) compared with the total XN amongst all
participants ingesting the micellar formulation (Figure 2). Com-
paring the pharmacokinetic plot of XN-7-O-GlcA, scarcely any
free XN was present in blood plasma (Figure 3). A study by
Legette et al. revealed comparable values (<1%) with 60 or 180
mg XN orally ingested as a self-emulsifying mixture by humans,
demonstrating that XN circulates to nearly 100% as conjugated
metabolites.[8] Plasma AUC-0–24 h were 19.7 nmol L−1 h−1 and
Cmax 10.6 nmol L−1 for unmetabolized micellar XN and 0.5 and
5 nmol L−1, respectively, for native XN (Figure 2), indicating that
the micellarised formulation is much better bioavailable and de-
livers higher amounts of free XN than native XN. Tmax was not
significantly different between formulations, although micellar
XN reached peak concentrations in 0.8 h and native XN in 2.1 h,
which is in agreement with the above study of Legette et al. using
enzymatic deconjugation.[8]

The pharmacokinetic plots revealed two maxima at 30 and 480
min for conjugated XN, which suggests that it may be undergo-
ing enterohepatic recirculation (Figure 3). The double maxima
might be explained by biliary secretion of the conjugates into
the intestine and hydrolysis of the conjugates by intestinal bacte-
ria, thus releasing free XN back into the gut where re-absorption
might occur. Free XN had a single maximum and the Cmax of
conjugated XN was ca. 100-fold higher than for free XN, suggest-

ing that conjugation of absorbed XN occurs rapidly and is nearly
complete.

2.5. Pharmacokinetics of Xanthohumol Glucuronides

To the best of our knowledge, the present work is the first re-
port of any XN glucuronides being quantified in humans. Glu-
curonides were the predominant XN conjugates, which is in
agreement with previous findings,[5,8,14,19,20] although most of
these studies did not quantify them as previously no reference
standards were available.
The mean area under the plasma concentration–time curve

(AUC) of (1) XN-7-O-GlcA was significantly higher following the
consumption of micellar (250 nmol L−1 h−1) than native XN
(30 nmol L−1 h−1), demonstrating the superior bioavailability
of the micellar formulation (Figure 3). Also Cmax was signifi-
cantly higher (ca. 100-fold) after intake of micellar than native
XN (Figure 3). These data are in agreement with previous find-
ings in mice fed native or micellar XN for 3 weeks, in which total
XNwas not detectable following feeding of native XN, but plasma
concentrations ranging from 100 to 330 nmol L−1 total XN were
measured inmice fed themicellar formulation.[21] No differences
were observed between micellar and native XN regarding Tmax
(Figure 3).

2.6. Pharmacokinetics of Xanthohumol Sulfates

The other major metabolite pathway for XN is sulfation re-
sulting in metabolites XN-4′O-sulfate, 6-PN-7-O-sulfate, 8-PN-
7-O-sulfate, and 6-PN-4′-O-sulfate (see supplementary informa-
tion for semi-quantification results of 6-PN-4′-O-sulfate and
MS2 spectra of the found sulfates). Reference standards were
only available for XN-4′O-sulfate, which therefore was the only

Table 3. The precision of the method analyzing xanthohumol metabolites (n = 12) given as RSD percent of the mean over four times during the day and
over 3 days.

XN-7-O-GlcA IXN-7-O-GlcA 8-PN-7-O -GlcA 6-PN-7-O-GlcA XN-4′O-sulfate XN-sulfate-
GlcA

(m/z) 531.1883 (m/z) 533.1957

6.4 3.3 10.4 14.8 13.7 16.6 5.4 10.5
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Figure 2. Mean (n = 5) xanthohumol (XN) area under the plasma concentration–time curve (AUC0–24 h) (A), Tmax (B), Cmax (C), and plasma concentra-
tions over time of XN following the ingestion of a single dose of 43 mg of micellar (D) or native XN (E); * significantly different at p < 0.05.

sulfate quantifiable in the micellular treatment, due to an in-
terfering signal and no MS2 data in the native formulation.
Furthermore, no peak was detected at the retention time for
IXN-4′-O-sulfate at 5.1 min. There is, however, an equal peak
at 5.5 min, which is actually in-source fragmentation (ISF) of
XN-sulfate-GlcA, tentatively a xanthohumol-sulfate-glucuronic
acid conjugate. Many sulfate and glucuronic acid metabolites
of XN detected in our volunteers were also identified in post-
menopausal women given a hop supplement.[17] However, we
believe that in the latter study the annotation of xanthohumol-
sulfate may have been incorrect and may also be in-source frag-
mentation of XN-sulfate-GlcA at the retention time of 5.7 min
(Figure 4, see supplementary information for all annotation
data).
Interestingly, the mean AUC (micellular) of the XN-4′-O-

sulfate (280 nmol L−1 h−1) was similar to that of XN-7-O-GlcA
(251 nmol L−1 h−1, Figure 5) despite the interfering signal at the
same mass being present in all samples. The interference exag-
gerated the AUC0–24 h due to the zero point starting at 6 nmol L−1.
Therefore, the data are speculative but allow an estimation of the
area under the curve revealing that the sulfates appear to peak
at a similar time as the free XN glucuronic acid conjugates. In
addition, as no MS2 information was found regarding the native
XN supplementation, the micellular superiority in absorption is

demonstrated. Regarding the 8- and 6-prenylnaringenin sulfate
conjugates, an ISF at 5.3 min was observed (see supplementary
information), this could easily be mistaken as a 8-/6-PN-sulfate
metabolite. 6-PN′-4′-O-sulfate and small amounts of the 6-PN-7-
O-sulfate were also detected.

2.7. Identification and Pharmacokinetics of Mixed Xanthohumol
Metabolites

As no reference compounds for mixed metabolites, containing
both sulfates and glucuronides, were available, only tentative ev-
idence for the annotation of these compounds was achieved.
Twomajormixedmetabolites were XN-sulfate-GlcA and 6-/8-PN-
sulfate-GlcA, which have the same order of magnitude (above
30,000 cps) as XN-7-O-GlcA. Because no reference compounds
for these metabolites were available, we assumed that the con-
centrations are in a similar range and kept possible differences
in ionization efficiencies in mind. Other found metabolites in-
clude double glucuronides (substances XN-di-GlcA and 6-/8-PN-
di-GlcA). See the online supplementary material for all data re-
garding the annotations of mixed metabolites.
Two compounds that have similar pharmacokinetic profiles

have revealed interesting features as theirmolecularmasses (m/z
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Figure 3. Mean (n = 5) XN-7-O-GlcA area under the plasma concentrations–time curve (AUC0–24 h) (A), Tmax (B), Cmax (C), and plasma concentrations
over time of XN-7-O-GlcA following the ingestion of a single dose of 43 mg of micellar (D) or native XN; * significantly different at p < 0.05.

of 533.1672 and 531.1883) implying a hydrogenation reaction. To
rule out that the compounds were present in the capsules, a sam-
ple was diluted 10,000-fold and analyzed using the same method
(Figure S28, Supporting Information) and no parent masses of
m/z of 355.1545 and 357.1352, which are theoretical deconju-
gated masses [M-GlcA]- containing the same MS2 spectra, were
found.
Bacterial transformation of XN has been observed following

in vitro digestion of IXN with Eubacterium limosum, which pro-
duces 8-PN.[22] Also Eubacterium ramulus is known to hydro-
genate specifically the Michael system in many chalcones.[23]

While this may appear to suggest that bacteria were involved in
the transformation of XN to 533.1672 and 531.1883, as it has
the corresponding mass of M-2H in our volunteers, certain ob-
servations contradict this. Namely, the AUC for these metabo-
lites were higher following the intake of micellar than native XN
(Figure 6C), suggesting that they are derived from XN absorbed
in the small intestine, as more unabsorbed native XN is expected
the reach the colon. In addition the MS2 spectra are very differ-
ent than reported by Miranda et al., therefore these compounds
were not tentatively annotated.[24] This is further supported by
the early appearance of these metabolites within 2 h after intake

Figure 4. An extracted ion chromatogram of 433.0960 m/z analyzing the reference standards (pink) and the human plasma (blue). The in-source
fragmentation is from the glucuronide sulfate conjugate of XN-sulfate-GlcA, which is based on having the same retention time.
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Figure 5. Plasma concentrations over time of XN-4′-O-sulfate following the ingestion of a single dose of 43 mg of micellar (A). Mean (n = 5) XN-4′-O-
sulfate area under the plasma concentrations–time curve (AUC0–24 h) (B), and Cmax (C) following the ingestion of a single dose of 43 mg of micellar.
Fasting XN-4′-O-sulfate plasma concentrations after 3 and 7 days of daily ingestion of 129 mg micellar (D).

of XN, which is too short for compounds generated and absorbed
in the colon. Hence, to answer the question where these metabo-
lites originate from requires further experiments and cannot be
answered with the presently available data. An additional com-
pound that matched a demethylated version ofm/z 531.1883 was
also annotated as m/z 517.1365. Two additional compounds that
followed similar pharmacokinetic data were not able to be anno-
tated (m/z 425.1961) and (m/z 423.1827).

2.8. Pharmacokinetics of the Sum of Xanthohumol and its
Metabolites

Combining all of the pharmacokinetic data from the quantified
XN metabolites allowed us to show that significant absorption
from the native and micellar formulations into the blood circula-
tory system occurred (Figure 7). The AUC of the sum of all XN
and its metabolites quantified (apart from XN-4′O-sulfate due to

an interfering signal) was significantly higher after intake of 43
mg of micellar than native XN (Figure 7C). Tmax was significantly
shorter for micellar (1 h) than native (1.5 h) XN (Figure 7D). The
terminal elimination half-life could not be calculated due to in-
creasing concentrations between 5 and 24 h, although a long half-
life of native XN has been observed previously.[20]

Even though significant differences in the bioavailability of sin-
gle doses of micellar and native XN were observed in the present
human trial, fasting blood concentrations of the sum of all XN
metabolites did not significantly differ after 3 or 7 days of daily in-
take of 129 mg XN (one 43 mg capsule with each principle meal)
(Figure 7F). However, a small increase in fasting total XN from
day 3 to day 7 was observed when micellar XN was taken. In a
similar trial comparing native versus micellar curcumin, signifi-
cantly higher fasting curcumin concentrations were observed af-
ter intake of the micellar compared to the native formulation at
days 3 and 7.[25] The differences may be explained by differences

Figure 6. Plasma concentrations over time of m/z 531.1883 following the ingestion of a single dose of 43 mg of micellar (A) or native XN (B); mean
(n = 5) 531.1883 area under the plasma concentrations–time curve (AUC0–24 h) (C), Tmax (D), Cmax (E), fasting levels comparing the micellular and
native dosage (F). * significantly different at p < 0.05.
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Figure 7. Plasma concentrations over time of all quantified metabolites following the ingestion of a single dose of 43 mg of micellar (A) or native
xanthohumol (B); mean (n = 5) area under the plasma concentrations–time curve (AUC0-24 h) (C), Tmax (D), and Cmax (E) of all metabolites. Fasting
concentrations of the sum of all quantified metabolites after 3 and 7 days of daily ingestion of 129 mg micellar or native XN (F). * significantly different
at p < 0.05.

in the solubilities of the compounds. The lipid-soluble curcumin
is insoluble in water and dependent on conjugation with glu-
curonic acid and sulfates for its excretion, whereas XN is slightly
soluble in water and can thus be more easily excreted.[26] The
main metabolites found were glucuronides, sulfates, and mixed
metabolites for both formulations. Compared to native XN, Cmax
for the main metabolites were more than 20-fold higher for mi-
cellar formulation. From the results we have compiled an up-
datedmetabolic pathway of XN (Figure 8).[9,17,23] XN is consumed
and isomerized into IXN in the stomach followed by combi-
nations of modifications (e.g., demethylation) creating a num-
ber of pre-metabolites for the liver to actively produce extensive
glucuronidation and sulfation products. The bioactivities of the
metabolites are yet to be investigated and are paramount in un-
derstanding the effects of XN consumption on health.

3. Conclusion

The present study, for the first time, quantified individual
metabolites of xanthohumol (XN) following the ingestion of na-
tive or micellar formulations. XN-7-O-GlcA and XN-4′-O-sulfate
were the quantitatively most important metabolites. Smaller
quantities of mixed metabolites containing sulfates and glu-
curonides as well as double glucuronide conjugates of XN and de-
rived prenylated chalcones and flavonoids were also found. Free
XN made up only about 1% or less of total XN in our volunteers,
suggesting efficient conjugation of XN by phase II enzymes. The
plasma concentrations of free XN, XN-7-O-GlcA, and of the sum
of all XN metabolites were significantly higher following the in-
take of micellar compared to native XN, demonstrating the supe-

rior bioavailability of the micellar formulation and suggesting it
may be a useful delivery form for future human trials investigat-
ing biological activities of XN.

4. Experimental Section
Human Trial: This double-blind, randomized crossover trial was con-

ducted at the Department of Clinical Pharmacology of the Medical Univer-
sity of Vienna between October 2018 and August 2019 with the approval
of an independent ethics committee (ethics number 1580/2018). All par-
ticipants gave their oral and written informed consent and were free to
withdraw from the trial at any time. Five healthy volunteers (three males
and two females) received in random order a single capsule containing 43
mg of native or micellar XN after an overnight fast. Blood samples were
drawn before and 0.25, 0.5, 1, 1.5, 2, 4, 6, 8, and 24 h after ingestion of the
capsule. After this initial pharmacokinetic phase, the volunteers received
one capsule of XN (43 mg) with each principal meal (3 times per day) for
7 days. A final blood sample was drawn after 7 days of drug intake to in-
vestigate possible accumulation. A washout period of at least 7 days was
maintained before crossover to the respective other treatment. Blood sam-
ples were centrifuged at 2000 × g for 15 min at 4 °C. Plasma was aliquoted
and stored at −80 °C until analysis.

Blood Pre-Treatment: Plasma samples were analyzed in duplicate and
150 μL plasma was spiked with 0.25mg L−1 internal standards (IXN-D3, 8-
PN-D3, 6-PN-D3, and XN-D3; synthesized previously).[27] Extraction and
clean-up were performed according to van Breemen et al.[17]

Calibration: Reference standards were dissolved in acetoni-
trile:methanol (90:10, by volume) at the following initial concentrations:
XN-4′O-sulfate (0.114 mg L−1), IXN-4′-O-sulfate (0.110 mg L−1),
8-PN-4′O-sulfate (0.109 mg L−1), 6-PN-7-O-sulfate (0.106 mg L−1), XN-
7-O-glucuronide (0.263 mg L−1), IXN-7-O- glucuronide (0.109 mg L−1),
8-PN-7-O-glucuronide (0.195 mg L−1), and 6-PN-7-O-glucuronide (0.144
mg L−1). The free compounds XN, IXN, 8-PN, and 6-PN were dissolved
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Figure 8. Humanmetabolism of XN and related prenylated flavonoids in vivo. No hydroxylated compounds, mercapturic acid, and no direct glutathione
adducts were detected in this study.

at a concentration of 0.01 mg L−1. The highly concentrated substances
were then diluted 10- and 100-fold, generating high, medium, and
low concentration stock solutions for each substance. The stock so-
lutions were co-injected using the autosampler at injection volumes
ranging from 0.5 to 5.0 μL with a blank plasma sample containing
the internal standards (0.25 mg L−1) in a separate vial and injected
into the LC-MS/MS using the same method. See Table S1, Supporting
Information.

Recoveries: Blank blood plasma (free from prenylated flavonoids) was
spiked with concentrations at three different concentrations (high: XN-
7-O-GlcA [0.026 mg L−1], IXN-7-O-GlcA [0.011 mg L−1], 8-PN-7-O-GlcA
[0.020 mg L−1], 6-PN-7-O-GlcA [0.014 mg L−1], XN-4′-O-sulfate [0.011
mg L−1], 6-PN-7-O-sulfate [0.011 mg L−1] and 8-PN-4′-O-sulfate [0.011
mg L−1]). The medium recoveries were tested at half the concentration
as the high values and low recovery were tested at a 10-fold dilution of
the high values. The recoveries were then calculated of the theoretical
(spiked concentration) versus the calculated result using the determined
calibration graphs. The lower limit of detection (LOD) was set at a
peak found over 500 cps in height and the lower limit of quantification
(LOQ) was estimated between the lowest and second lowest calibration
points.

LC-MS/MS: LC-MS/MS was carried out on a Sciex Exion LC AD sys-
tem coupled to a Sciex X500R QToF-MS (MDS Sciex, Concord, Canada).
The system was calibrated every five samples and operated in information
dependant acquisition (IDA) mode (also known as DDA). The ms range
was set between 100 and 800 m/z and a selection of 10 precursors was
set with a collision energy at 35 eV with a spread of 15 eV and fragmenta-
tion events above counts of 1000. The analytes were separated using the
LC method developed by Buckett et al. (Supplementary information).[15]

Each participant’s samples were randomized and data were collected on
a batch to batch within a time of 3 weeks.

MS-Dial and MS Convert: The Wiff. files were converted to mzML files
using the Windows version of MS_convert and then grouped into the mi-
cellular and native groups manually.[28] Each participant’s sample files
were then incorporated into MS-dial (version 4.8 http://prime.psc.riken.
jp/compms/msdial/main.html) using the following parameters, Ms1 and
Ms2 tolerance of 0.05 Da, Ms range 338–1000 Da and MS/MS 100–1300
Da. Peak detection of 1000 amplitude and a mass slice of 0.5 Da with
a smoothing level of 3 and a minimum peak of 10 scans. The MS/MS
cut-off was set at 5. Due to computational limitations, each participant
was uploaded individually and the alignment file used was 60 min. All
known compounds were annotated manually and the metabolites’ inte-
grations at each time point were copied into Microsoft Excel (Excel 2019,
Microsoft, WA, USA). The metabolites were found by comparing known
reference standards features (MS, MS2, retention time pharmacokinetic
profile) and the correlation feature in MS-dial (similar to Pearson correla-
tion). The same process was applied to the calibration samples and graphs
were produced using Microsoft Excel.

XCMS and See MS: To visualize some non-target MS2 spectra, the
programme SeeMS (64-bit, version 3.0.21173.0) was used to extract MS2
spectra on a Windows 11 machine (SQ1 processor with 16 Gb RAM).
These MS2 spectra were again processed using the XCMS programme
in R-studio (version R 4.1.3).[29]

Statistical Analysis: Using the integrals of each peak obtained from
MS-Dial calibration graphs were constructed. The linear trend line func-
tion was used and the concentrations of each analyte were calculated us-
ing linear regression extrapolation in Microsoft Excel. Using the concen-
trations that were calculated from Excel, pharmacokinetic plots were pro-
duced by plotting the concentration or compound ratio (qualitative analy-
sis) over the retention time. All statistical analyses, including the calcula-
tion of AUC, were conducted with GraphPad Prism 9 (version 9.0.0, Graph-
Pad Software, San Diego, CA, USA). Results were presented as arithmetic
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mean with standard deviation (SD) or with standard error of the mean
(SEM). Differences between the formulations regarding AUC, Cmax, and
tmax were computed by repeated-measures ANOVA followed by a Tukey
post hoc test. Differences were considered significant at p < 0.05.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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