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Abstract We present the determination of the alkaloid
hordenine and its forensic relevance as a qualitative and quan-
titative marker for beer consumption. A simple, rapid and
sensitive ultra-performance liquid chromatography (UPLC)–
tandem mass spectrometry (MS/MS) method for the determi-
nation of hordenine in human serum samples was developed
and validated. The application was tested with serum samples
after enzymatic cleavage. After addition of the synthesized
internal standard hordenine-D4, a liquid–liquid extractionwith
dichloromethane and diethyl ether was performed.
Chromatographic separation was conducted with a Waters
Acquity® UPLC system with gradient elution on an Agilent
Eclipse XDB-C18 column (4.6 mm×150 mm, 5-μm particle
size). For quantification, a Waters Acquity® TQ detector (ver-
sion SNC 627) with a positive electrospray ionization probe
and multiple reaction monitoring mode was used. A flow rate
of 0.4 ml/min was applied. The retention time for both the
analyte and the internal standard was 3.67 min. Linearity
was demonstrated from 0.2 to 16 ng/ml (R2 >0.999). The low-
er limit of quantification was 0.3 ng/ml in serum. Matrix ef-
fects and extraction recoveries for low and high concentra-
tions were within acceptable limits of 75–125 % and 50 %,

respectively. To the best of our knowledge there is no corre-
sponding method for the determination of hordenine by
UPLC–MS/MS in serum. By our drinking studies we demon-
strate that beer consumption leads to detectable hordenine
concentrations in serum and observed a linear elimination of
total hordenine correlating to blood alcohol concentration,
which shows that hordenine can be used as a reliable qualita-
tive and quantitative marker for beer consumption. The vali-
dated method was successfully applied to serum from actual
forensic cases.
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Introduction

The secondary plant metabolite hordenine was first isolated
from Ariocarpus fissuratus by Heffter in 1894 [1] and since
then has been detected in a number of plants, including cacti,
grasses and bitter oranges. The most important source of
hordenine is barley (Hordeum vulgare), in which it was de-
tected by Léger in 1906 [1, 2]. It is formed in roots during
germination of barley grains with increasing concentrations
from day 3 to day 9. The hordenine content then decreases
as the germs age. Starting from the amino acid tyrosine,
hordenine is synthesized by decarboxylation and
dimethylation by pyridoxal phosphate (PLP) dependent decar-
boxylase and N-methyltransferase [3–9].

The sympathomimetic effect of hordenine which results in
hypertension (cats) or increasing respiratory and cardiac fre-
quencies (horse) after application of 2 mg per kilogram of
body weight is attributed to its structural similarity to neuro-
transmitters, including dopamine and adrenaline [10–14].
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Hordenine is formed during malting of barley grains in beer
brewing. The amount of hordenine in beer is dependent on
temperature, germ duration and humidity, as well as carbon
dioxide concentration [15]. In addition to our former investiga-
tions [16] we determined hordenine concentrations of 1.3–5.2
mg/l in 91 different types of beer by now. Consequently, beer
consumption leads to detectable amounts of hordenine in blood
and urine. Therefore, in addition to it being a congener alcohol,
hordenine could be a suitable marker to prove the consumption
of a specific alcoholic beverage in forensic toxicology.

Different extraction and analytical methods have been de-
scribed for the determination of hordenine. Singh et al. [17]
determined hordenine in horse blood and human urine sam-
ples (limits of detection, LOD, 25 ng/ml) using high-
performance liquid chromatography (HPLC) and gas chroma-
tography–mass spectrometry (MS). By HPLC, Hoult and
Lovett [18] obtained an LOD of 2.5 μg/ml for the determina-
tion of hordenine in barley. Liquid chromatography (LC)–MS/
MS was used for the determination of hordenine in bitter or-
ange products; concentrations from 5.9 to 12.2 mg/kg were
found [19]. Recently, hordenine was determined by solid-
phase extraction and HPLC with tyramine as an internal stan-
dard with an LOD of 3 ng/ml [20]. Ma et al. [21] developed an
LC–MS/MS method for the determination of hordenine in rat
plasma with an LOD of 0.5 ng/ml. For our purposes it was
necessary to develop and validate a specific and sensitive
method for hordenine analysis in human serum samples after
beer consumption. In this study we present a validated method
with low LOD and low limits of quantification (LOQ) that
uses hordenine-D4 as an internal standard. Further, we per-
formed drinking studies and observed a correlating elimina-
tion of hordenine and alcohol in serum after beer consump-
tion. A hordenine concentration of 10 ng/ml in serum
corresponded to blood alcohol concentrations of approximate-
ly 1 g/kg for example.1

Materials and methods

Chemicals und reagents

Methanol and water were obtained from VWR International.
Formic acid, ammonium formate and hordenine were obtain-
ed from Sigma-Aldrich. Ammonium acetate, dichlorometh-
ane, diethyl ether and sodium cyanoborohydride were obtain-
ed from Merck. Glucuronidase from Escherichia coli K12
was obtained from Roche Diagnostics (Mannheim,
Germany). Deuterium-labelled formaldehyde was obtained
fromCambridge Isotope Laboratories. Tyramine was obtained
from J.T.Baker Chemicals.

Serum samples for validation

Blank human serum was obtained from six outdated blood
donation samples from the Institute of Haemostaseology and
Transfusion Medicine (University Hospital of Düsseldorf).

Internal standard

Hordenin-D4 was synthesized as an internal standard by
dimethylation of tyramine and reductive amination with use
of deuter ium-label led formaldehyde and sodium
cyanoborohydride in accordance with the method of Guo et
al. [22]. For this, 0.5 ml of 5 mM tyramine was mixed with
0.5 ml of 0.2 M ammonium acetate buffer pH 5.3 in a 2-ml
sample tube. Then, 125-μl freshly prepared 1 M sodium
cyanoborohydride was added and the tube contents were
mixed thoroughly. Next, 100 μl of 4 % formaldehyde-D2

was added. The tube contents were mixed in an incubator
for 10 min at 37 °C. The reaction was stopped on ice. The
solution was acidified by addition of 25 μl of formic acid.
Hordenine-D4 was identified by MS and HPLC–UVanalysis,
and the concentration of hordenine-D4 was determined in
comparison with a solution of hordenine by means of
HPLC–UVanalysis (diode-array detector).

Solutions and quality control samples

Stock solutions containing hordenine at 1 mg/ml and
hordenine-D4 at 3 mg/ml, respectively, in methanol, were
stored at -20 °C. To obtain the working solutions, the
hordenine stock solution was freshly diluted with methanol
to obtain a different final concentration. The hordenine-D4

stock solution was diluted with methanol to obtain the internal
standard solution of approximately 0.15 μg/ml. We prepared
homogeneous quality control (QC) pools by mixing blank
serum samples with hordenine stock solution to obtain con-
centrations of 1, 5 and 10 ng/ml. QC samples were portioned
and stored at -20 °C until analysis.

UPLC–MS/MS conditions

Analysis was performed with a Waters/Acquity® ultra-
performance LC-MS system with use of MassLynx®. For
quantification we used positive electrospray ionization and
multiple reaction monitoring mode. The following transitions
were used for quantification and identification: m/z 166 [M+
H+] to m/z 121 (Q1) and m/z 103 (Q2) for hordenine and m/z
170 [M+H+] tom/z 121 (Q1) andm/z 103 (Q2) for hordenine-
D4. Collision energies and cone voltages were set as given in
Table 1. The column used for chromatography was an Agilent
Ec l ipse XDB-C18 co lumn (5-μm par t i c l e s i ze ,
4.6 mm×150 mm). The mobile phase consisted of 5 mM
ammonium formate buffered water (mobile phase A) and

1 Data were partially presented as oral presentations at the International
Traffic Medicine Association World Congress 2013, Hamburg.
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methanol (mobile phase B), both containing 0.1 % formic
acid. A total flow rate of 0.4 ml/min was applied, and the
injection volume was 10 μl. The run time was set to 7 min.
Gradient elution was performed starting at 35 % mobile phase
B for 0.5 min and progressing to 79 % mobile phase B in
3.5 min. Within the next 2 min the gradient increased linearly
to the initial conditions and was held for 7 min for
reequilibration. The column temperature was adjusted to 50
±5 °C. The autosampler operated at 10 °C.

Sample preparation/extraction

Serum samples were prepared with and without enzymatic
cleavage. For enzymatic cleavage, samples were incubated
with β-glucuronidase for 1 h at 45 °C. Hordenine was extract-
ed from 0.6 ml of serum after addition of 20 μl of internal
standard solution. The pH was adjusted with 100 μl of car-
bonate buffer to 8.4. Samples were extracted with 1.2 ml of a
mixture of diethyl ether and dichloromethane (30:70). Sample
tubes were vortex-mixed for 10 min and then centrifuged for
10 min at 14,000g at 10 °C. The organic phase was dried
under a nitrogen stream at 60 °C. The residue was dissolved
in 60 μl of mobile phase (65 % mobile phase A; 35 % mobile
phase B), and 10 μl was injected into the LC–MS/MS system.

Quantitative method validation

The LC–MS/MS method was validated according to the di-
rectives of the Society of Toxicological and Forensic
Chemistry (http://www.gtfch.org) with use of Valistat 2.0.

Selectivity

For selectivity tests, blank serum samples were obtained from
six different sources and screened without the internal stan-
dard. Two serum samples that tested negative were screened
as a zero value after addition of the internal standard to test
them for interferences.

Linearity of calibration

Linearity was proven by extraction of five calibrators different
from zero. Blank serum samples with and without enzymatic
cleavage were prepared by addition of hordenine stock solu-
tion to obtain seven different concentrations (0.2, 0.8, 2, 4, 8,
16 and 20 ng/ml). Each concentration was double-tested.
Quantification was performed by linear regression of the
peak-area ratios (analyte to internal standard) of seven
calibrators.

Accuracy and precision

Inaccuracy and imprecision assays were performed on
eight different days by extraction of two samples of
each QC sample in an interday and an intraday assay.
Inaccuracy was calculated as the percent deviation of
the measured concentration from the original value.
Imprecision was determined with Valistad 2.0 as the
relative standard deviation (RSD).

Fig. 1 Selectivity. No significant
interferences were detected in
different blank serum matrices. A
blank serum, B β-glucuronidase-
treated serum, C blank serum plus
the internal standard hordenine-
D4, D β-glucuronidase-treated
blank serum plus hordenine-D4, E
1 ng hordenine per millilitre of
blank serum

Table 1 Multiple reaction
monitoring parameters set for the
quantification of hordenine and
hordenine-D4

Parent ion m/z
[M+H+]

Q1 (m/z) Q2 (m/z) RT (min) Cone voltage
(V)

Collision energy
(V)

Hordenine 166 121 103 3.6 30 30

Hordenine-D4 170 121 103 3.6 30 30

RT retention time
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Matrix effect (ion suppression) and extraction recoveries

For matrix effects and extraction recoveries, hordenine stock
solution was added to five different serum samples to obtain
concentrations of 1 and 10 ng/ml before and after extraction,
respectively Appropriate concentrations were applied in the
mobile phase. Each sample was double-tested. The peak-
area ratios of extracted and mobile phase samples were used
for matrix effect calculation. Extraction recoveries were cal-
culated with the peak-area ratios of matrix and extraction
samples.

Processed sample stability

Six already tested high-QC and low-QC samples (1 and 10 ng/
ml) were merged, portioned and tested again within the dura-
tion of a regular batch run. Stability was calculated as the
percent deviation of the measured concentration from the orig-
inal value.

Freeze–thaw stability

Six high-QC and low-QC samples (1 and 10 ng/ml) were
tested after three freeze–thaw cycles (20 h freezing, 1 h
thawing and so on). The treated samples were tested against
six freshly prepared samples. Stability was calculated as the
percent deviation of the mean concentration of frozen–thawed
samples from the mean concentration of untreated samples.

Long-term-stability

We performed stability tests by storing control samples at -
20 °C. Approximately every month for 2.5 years the control
samples were extracted and analysed against freshly prepared

samples. Stability was calculated as the percent deviation of
the mean concentration of stored samples from the mean con-
centration of untreated samples.

Limits

To determine the lower limit of quantification (LLOQ) and the
LOD, hordenine stock solution was added to serum samples to
obtain six different concentrations of 0.1, 0.2, 0.4, 0.6, 0.8 and
1 ng/ml. The samples were extracted and tested. The peak-
area ratios of the qualifier were used for LLOQ calculation.
The LOD was calculated with the quantifier peak-area ratios.
Quantification was performed by linear regression of the
peak-area ratios (analyte to internal standard).

Drinking studies

We performed two drinking studies. In the first one, 2 l beer
(hordenine content 2.8 mg/l, alcohol content 4.8 vol %) was
drunk by one of the authors within 2 h. Following this, blood
samples were taken at different times (0.5, 1.25, 1.75, 2.25,
3.0, 3.75, 4.5 and 6 h) after drinking. In a second study, pro-
bands were allowed to chose different kinds of beverages,
including different kinds of beer and liquors. Blood samples
were taken after the resorption of blood alcohol was complete.
All blood samples were centrifuged (10 min, 10 °C,
2000 rpm), and the serum phase was taken for the determina-
tion of hordenine. Blood alcohol concentrations (BAC) were
determined by headspace gas chromatography according to
the directions and instructions for blood alcohol measure-
ments for forensic issues. BAC and total hordenine concen-
tration were compared.

Table 3 Extraction recoveries
and matrix effects for hordenine
in human serum samples at low
and high concentrations The
mean peak areas ofm/z 166 [M+
H+]→m/z 121 are shown

Spiking
concentration
(ng/ml)

Mobile phase
samples
(n = 5)

Extraction
samples
(n = 5)

Matrix
samples
(n = 5)

Recovery
(%)

Matrix
effects
(%)

1 3667.2 3654.6 2644.6 64.2 ± 15.7 99.7 ± 16.7

10 35629.0 411654 31080.0 75.5 ± 14.0 115.5 ± 15.2

Table 2 Accuracy and precision
of hordenine in human serum
samples

Spiking concentration
(ng/ml)

Mean assayed concentration
(ng/ml)

Inacurracy (%) RSD(T) (%) RSDr (%)

1 1.11 111 6.7 6.7

5 5.04 108.8 7.7 4.9

10 10.01 100.1 5.2 4.3

RSDr repeatability, RSD(T) time-different intermediate precision
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Results

MS data set

The mass spectra of hordenine and hordenine-D4 are present-
ed in Figs. S1 and S2. The parent ions m/z 166 [M+H]+ for
hordenine and m/z 170 [M+H]+ for hordenine-D4 were de-
tected. Both the analyte and the internal standard show similar
fragment ions with increasing cone voltage. The multiple re-
action monitoring chromatograms of an extracted serum sam-
ple are shown in Fig. S3. The transitions m/z 166 [M+H]+ to
m/z 121 andm/z 103 for hordenine andm/z 170 [M+H]+ tom/
z 121 and m/z 103 for hordenine-D4 were used for detection.
The transition m/z 166 [M+H]+ to m/z 121 for hordenine and
the transition m/z 170 [M+H]+ to m/z 121 for hordenine-D4

were used for quantification. The retention time was 3.67 min
for both hordenine and hordenine-D4.

Quantitative method validation

Each blank sample was tested for interference. Selectivity is
ensured at the LLOQ. Chromatograms for both the analyte
and the internal standard are shown in Fig. 1. There was no
chromatographic and mass-spectrometric interference at the
retention time of hordenine and hordenine-D4. Linear calibra-
tion curves were established for serum samples with and with-
out enzymatic cleavage at concentrations from 0.2 to 20 ng/
ml. The equation was y=0.14x+0.04 (R2 =0.9993) for the
method without enzymatic cleavage and y= 0.14x+ 0.04
(R2 =0.9996) for the samples treated with β-glucuronidase.
The calibration curve of hordenine in serum after enzymatic
cleavage can be applied for serum without preparation.
Inaccuracy and imprecision were calculated for hordenine af-
ter extraction from serum. As shown in Table 2, inaccuracy
was within the range 100.1–111.0 %. Interday precision was
defined as the time-different intermediate precision, whereas

intraday precision was defined as the repeatability.
Imprecision values of 5.2-7.7 % for the time-different inter-
mediate precision and 4.3–6.7 % for the repeatability were
calculated. They were within the predefined interval of
±15 % (20 % for low concentrations). A 95 % β-tolerance
interval is given within an acceptance interval of ±30 %
(±40 % for low concentrations). The extraction recoveries
were 64±15.7 % and 76±14.0 % for low (1 ng/ml) and high
(10 ng/ml) concentrations. Recovery of 50 % or greater with a
standard deviation 25 % or less is acceptable. Matrix effects
were calculated for both low (100±16.7 %) and high (116
±15.2 %) concentrations and were in the predefined interval
of 75–125 % (Table 3). No significant concentration deficits
were seen in processed sample stability tests. A maximum
peak-area deficit of 25 % is acceptable. The mean assayed
concentrations for low-QC and high-QC samples were within
this limit (-2 % for low concentration and +4 % for high
concentration; Table 4). No significant deficits were seen for
freeze–thaw and long-term stability samples. The mean
assayed concentrations were within 90–110 % of the mean
QC concentration, as shown in Table 5. The 90 % confidence
interval of the mean assayed concentrations is within 80–
120 % of the mean QC concentrations as predefined. An
LLOQ of 0.3 ng/ml and an LOD of 0.15 ng/ml in serum were
calculated for themethod presented (bias±20%, RSD≤20%,
inaccuracy 33 %, α=0.01). Chromatograms obtained after
extraction from serum spiked with hordenine concentrations
according to the limits are shown in Fig. 2.

Drinking studies

In the first study we compared BAC and hordenine
concentrations in serum samples after the consumption
of 2 l beer within 2 h. The results are shown in Fig. 3.
The highest concentration of hordenine after enzymatic
cleavage in serum was 13.4 ng/ml (BAC 1.37 g/kg).

Table 5 Freeze–thaw and long-
term stability of hordenine in hu-
man serum samples (n= 6)

Stability condition QC concentration (ng/ml) Mean assayed concentration (ng/ml) Inaccuracy (%)

Freeze–thaw stability 1.11

10.01

1.05 ± 0.07

10.46± 0.55

94.6

104.5

Long-term stability 1.11

10.01

1.03 ± 0.05

10.78± 0.59

95.6

108.7

Table 4 Processed sample
stability of hordenine in human
serum samples (n = 6)

Stability condition Spiking concentration
(ng/ml)

Mean assayed concentration
(ng/ml)

Deviation
(%)

Processed sample stability 1

10

0.98 ± 0.05

10.40± 0.41

-2

+4
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Free hordenine was not detected after 2.5 h. After en-
zymatic cleavage of serum samples, hordenine was de-
tected for up to 6 h after drinking. We observed a linear
degradation of total hordenine (free and conjugated),
which correlates to alcohol degradation. Hordenine con-
centrations (ng/ml) correlated to BAC (g/kg) multiplied
by nearly 10.

In the second study we compared BAC and hordenine
concentrations in serum samples of probands, who chose
to drink different kinds of beverages. Hordenine concen-
trations (ng/ml) correlated to BAC (g/kg) multiplied by
values between 9.3 to 10.9 (mean 10.1) if only beer was
drunk. Hordenine was not detectable in serum samples if
probands drank wine. A mixed consumption of wine and
beer led to a lower correlation value of 6.6 instead of 10
(see Table 6).

Discussion and application

In addition to congener alcohol analysis, the determination of
hordeninemay become an important analytical tool in forensic
toxicological applications. After an offence has been commit-
ted, it is often necessary to prove or refute the consumption of
specific alcoholic beverages. Although there are existing
methods to give statements in evidence about this (congener
alcohol, congener substances), new methods are necessary to
verify exactly what kind of consumption occurred. The detec-
tion of substances in human matrices, which represent the
consumption of ideally only one kind of beverage, is impor-
tant in most forensic toxicological alcohol analytical cases.

We demonstrated that beer consumption leads to detectable
hordenine concentrations in serum, so it is possible to use
hordenine as a qualitative and quantitative marker of beer

Fig. 3 Elimination of free
hordenine (circles), total
hordenine (triangles) and blood
alcohol (diamonds) from blood
after beer consumption (2 l beer
within 2 h). Free hordenine is not
detectable approximately 2 h after
drinking. Total hordenine
concentration and blood alcohol
concentration (BAC) show
correlating elimination up to 6 h
after drinking

Fig. 2 Limits. Limit of detection
0.15 ng/ml, limit of quantification
0.3 ng/ml. A 0.4 ng hordenine per
millilitre of blank serum, B 0.2 ng
hordenine per millilitre of blank
serum, C 0.1 ng hordenine per
millilitre of blank serum, D β-
glucuronidase-treated blank se-
rum, E blank serum
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consumption. We observed higher concentrations of
hordenine after enzymatic cleavage (Btotal hordenine^) of se-
rum samples byβ-glucuronidase, which shows that hordenine
is metabolized to its glucuronide. Furthermore, we showed a
linear elimination of total hordenine correlating to the BAC. A
correlating factor of 10 was found after pure beer consump-
tion; as an example, we found a total hordenine concentration
of 5 ng/ml when the BAC was approximately 0.5 g/kg. In
contrast, when beer and other alcoholic beverages such as
wine were mixed, the hordenine concentration was lower in
relation to the correspondent BAC.

Compared with other methods, the method presented here
is sensitive, accurate and precise enough for the determination
of hordenine in human serum samples after beer consumption.
No ion suppressing or enhancing effect was observed.

We performed a brief validation for the quantification of
hordenine in urine and other samples such as beverages with
results as good as those in human serum samples. Further, we
have successfully applied the determination of hordenine as a
marker in addition to congener alcohol analysis in approxi-
mately 37 forensic cases so far. In the following, we present
three examples.

In the first case the accused caused an accident. He
stated he had drunk beer (five to ten glasses) during a
dinner. After that he had amnesia (Bblackout^). He
suspected that a date rape drug (e.g. γ-hydroxybutyrate,
flunitrazepam) had been administrated to him or that his
beverages had been manipulated with the addition of
higher alcoholic beverages (e.g. digestif). Our forensic
toxicological analysis eliminated the suspicion of the ad-
ministration of date rape drugs. We determined a BAC of
2.46 g/kg and a total hordenine concentration of 30 ng/
ml, which results in a correlation factor of 12. From
observations we concluded that the BAC was a result
of beer consumption only. In the case of a manipulated
drink (e.g. a mixture of beer and schnapps), the

hordenine concentration in the blood of the accused
would have been much lower than that determined.

In the second case we had to evaluate a statement of a
person accused of driving under the influence of alcohol. He
stated he had drunk 2.5 to three bottles of beer (approximately
0.5 l per bottle) as well as 100 ml of a digestif that contains no
congener alcohol at home and not before he drove. The BAC
was 1.18 g/kg. The consumption of the stated amount of beer
would result in a BAC of 0.64–0.80 g/kg and a hordenine
concentration between 6.4 and 8.0 ng/ml. We determined a
total hordenine concentration of 7 ng/ml. The analysis for the
other congener alcohol verified the statement of consumption
of beer and a digestif.

In a third case a person was accused of driving under the
influence of alcohol. Further, he was driving home. He was
found at home by the police. He stated that he had consumed
600 ml of beer in a pub within 2 h (from 19:00 to 21:00).
Then, he drove home and consumed 100–150 ml of a self-
made beverage (94 % ethanol mixed with juice) from 22:25 to
22:50. We determined a BAC of 1.42 g/kg and a total
hordenine concentration of 8 ng/ml at 00:16. If only 600 ml
of beer had been drunk, we would not have found this high
concentration of hordenine. Together with the results from
other congener alcohol analyses, we could rule out his state-
ment and proved that he had consumedmore beer than he said
he had.

Conclusion

The method presented here is suitable for pharmacoki-
netic studies and for defined intake of hordenine. It can
be used to prove statements about the amount of beer
that was consumed with or without other alcoholic bev-
erages in forensic cases.

Table 6 Drinking study.
Probands 1–10 were allowed to
chose between different kinds of
beverages. Actual hordenine
concentrations and blood alcohol
concentrations (BAC) in serum.
A hordenine concentration to
BAC ratio (Q) was calculated.
The data demonstrate a correla-
tion of hordenine concentration
and BAC with a factor of nearly
10 if only beer was drunk. No
hordenine was detected after the
consumption of wine. A mixed
consumption led to a lower cor-
relation factor

Proband Beverages chosen Actual hordenine
concentration (ng/ml)

Actual BAC (g/kg) Q

1 Beer 6.0 0.55 10.9

2 Beer 12.0 1.24 9.7

3 Beer 8.3 0.78 10.6

4 beer 13.0 1.29 10.1

5 Beer 14.0 1.50 9.3

6 Wine 0 0.65 0

7 Wine 0 0.40 0

8 Wine 0 0.92 0

9 Beer plus wine 8.3 1.25 6.6

10 Beer plus digestif 9.8 1.37 7.2
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