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Abstract: Beer is a fermented beverage with beneficial phenolic compounds and is widely consumed
worldwide. The current study aimed to describe the content of three families of phenolic compounds
with relevant biological activities: prenylated flavonoids (from hops), simple phenolic alcohols (from
fermentation) and alkylresorcinols (from cereals) in a large sample of beers (n = 45). The prenylated
flavonoids analyzed were xanthohumol, isoxanthohumol, 6- and 8-prenylnaringenin. The total
prenylated flavonoids present in beer ranged from 0.0 to 9.5 mg/L. The simple phenolic alcohols
analyzed were tyrosol and hydroxytyrosol, ranging from 0.2 to 44.4 and 0.0 to 0.1 mg/L, respectively.
Our study describes, for the first time, the presence of low amounts of alkylresorcinols in beer, in
concentrations ranging from 0.02 to 11.0 µg/L. The results in non-alcoholic beer and the differences
observed in the phenolic composition among different beer types and styles highlight the importance
of the starting materials and the brewing process (especially fermentation) on the final phenolic
composition of beer. In conclusion, beer represents a source of phenolic compounds in the diet that
could act synergistically, triggering beneficial health effects in the context of its moderate consumption.
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1. Introduction

Beer is a fermented alcoholic beverage containing unique kinds of phenolic compounds. Its basic
ingredients are water, barley or wheat malt, hops and yeasts. Based on the type of fermentation, beer
can be divided into two broad types: ale and lager. Beer has become the most prevalent form of alcohol
consumption in Europe, accounting for 40% of the total alcohol consumed [1]. In general, the evidence
suggests a J-shaped curve relationship between alcohol consumption and cardiovascular disease (CVD)
morbidity and mortality, indicating that moderate drinkers are at lower risk than abstainers and heavy
drinkers [2]. Other more specific studies observed that cardiovascular protection was only observed
with moderate consumption of fermented alcoholic beverages containing phenolic compounds such as
wine or beer. Nonetheless, the protective effect was not observed following moderate consumption of
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spirits [3,4]. In the specific case of beer, low-to-moderate consumption (up to one drink/day in women
and two drinks/day in men) reduces the risk of CVD and represents no harm in relation to major chronic
conditions [3,4]. Evidence suggests that beer’s beneficial health effects result from an additive effect
between beer’s alcohol content and beer’s phenolic compounds [5]. Beer’s phenolic compounds derive
from hops (about 30%), from barley malt (about 70%) and from the chemical transformations that
these compounds undergo during the brewing process [6]. Changes in the type and proportion of each
ingredient have an impact on the phenolic content which, in turn, influences the quality parameters of
the resulting beer (e.g., flavor, flavor stability, color and clarity) and gives rise to different styles [7].
The total phenolic content of beer is slightly higher than in white wine and lower than in red wine [8],
but it may vary according to the raw material used and brewing process parameters [7]. At the same
time, its alcohol content is lower compared to other popular alcoholic drinks. Therefore, its low alcohol
content together with its phenolic composition suggest beer to be a potential trigger of positive health
effects while minimizing the detrimental effects associated with alcohol consumption.

An extensive variety of phenolic compounds had been described in beer including simple phenols,
phenolic acids, catechins, proanthocyanins, prenylated flavonoids α- and iso-α-acids, among others [9].
To identify them, several studies have used a wide range of techniques, such as high-performance
liquid chromatography (HPLC) coupled with electrochemical [10–14] or diode [15] array detectors,
and a minority have used couplings with high resolution mass spectrometry [16]. Nevertheless, there
are some gaps in the literature regarding the quantitative characterization of these compounds present
in beer [7].

In terms of beer’s phenolic compounds and its potential biological activity, phenolic acids,
prenylated flavonoids, α- and iso-α-acids have been the most studied. These phenolic compounds had
been associated with relevant biological activities such as antioxidant, anti-inflammatory, antidiabetic
and estrogenic activities [17]. However, beer can also be a source of compounds with potential toxic
and pro-carcinogenic properties at higher concentrations such as carbonyl compounds and furan
derivates [18].

Due to a worldwide increase in beer consumption, there is a need to characterize beer’s antioxidant
profile to unveil the potential health effects attributed to moderate beer consumption. A better
understanding of the phenolic composition of different types of beers is key to (i) identify the
antioxidants which could be potentially responsible for the health effects attributed to moderate beer
consumption and (ii) to evaluate the impact of raw material choices and brewing technology in the
resulting chemical composition of beer. The aim of the present study was to explore the potential
of beer as a source of antioxidant compounds in the diet, characterizing the differences between
ale, lager, and non-alcoholic beers. In order to achieve this objective, we screened 45 commercially
available beers for their prenylated flavonoid content, specifically those from hops (xanthohumol (XN),
isoxanthohumol (IX), 6-prenylnaringenin (6PN) and 8-prenylnaringenin (8PN)), alkylresorcinols (ARs)
from cereals (AR-C17:0, AR-C19:0, AR-C21:0, AR-C23:0, and AR-C25:0) and the simple phenols from
tyrosine fermentation (tyrosol (TYR) and hydroxytyrosol (HT)).

2. Results

2.1. Beers Characterization

A total of 45 different beers were analyzed in the current work. The individual characteristics of
analyzed beers are available in Supplementary Table S1. Beers analyzed included 18 ales, 22 lagers
and five non-alcoholic beers. Within each type of beer, a further sub-classification was made in terms
of their style. Information regarding alcoholic content and international bitterness units (IBU) were
obtained from the manufacturer. The mean (SD) alcoholic content was 5.10 (2.15) v/v % and the mean
(SD) of the IBU was 26.41 (13.11).
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2.2. Prenylated Flavonoids

The present study analyzed the concentrations of the prenylated chalcone IX, and the prenylated
flavanones XN, 8PN and 6PN. The amount of total prenylated flavonoids in the analyzed beers ranged
from 0.0 to 9.47 mg/L with mean (SD) values of 0.62 (1.51) mg/L. The specific prenylated flavonoid
present in largest concentrations was IX, with a mean (SD) of 0.34 (0.41) mg/L, followed by XN 0.17
(0.87) mg/L, then 6PN 0.08 (0.03) mg/L and, finally, 8PN 0.03 (0.10) mg/L. Between ale and lager beers,
no statistical differences were observed in either individual or total prenylated flavonoid concentration
(Table 1). However, non-alcoholic beers presented lower concentrations of IX, reaching borderline
significance compared to both ale and lager (p = 0.06 for both) (Table 1).

Table 1. Beer phenolic composition of prenylated flavonoids, simple phenols tyrosol (TYR) and
hydroxytyrosol (HT) and alkylresorcinols (ARs) according to beer type (ale vs. lagers vs. free).

Compound All Beers
Type

p a p b p c

Ale Lager Non-Alcoholic

IX (mg/L) 0.34 (0.41) 0.42 (0.54) 0.33 (0.31) 0.08 (0.08) 0.76 0.06 0.06
XN (mg/L) 0.17 (0.87) 0.39 (1.38) 0.03 (0.04) 0.01 (0.02) 0.98 0.55 0.55
8PN (mg/L) 0.03 (0.10) 0.06 (0.15) 0.02 (0.03) 0.00 (0.00) 0.78 0.55 0.49
6PN (mg/L) 0.08 (0.34) 0.17 (0.53) 0.02 (0.03) 0.01 (0.01) 0.84 0.50 0.57

Total PN (mg/L) 0.62 (1.51) 1.04 (2.33) 0.40 (0.37) 0.11 (0.98) 0.80 0.17 0.17

TYR (mg/L) 11.45 (10.55) 13.53
(12.94) 11.58 (8.75) 3.38 (2.60) 0.87 0.01 <0.01

HT (mg/L) 0.03 (0.03) 0.04 (0.03) 0.02 (0.02) 0.01 (0.01) 0.02 0.01 0.05
Total simple

phenols (mg/L) 11.5 (10.5) 13.6 (12.9) 11.6 (8.8) 3.4 (2.6) 0.90 0.01 0.01

AR-C17:0 (µg/L) 0.00 (0.01) 0.01 (0.02) 0.00 (0.00) 0.00 (0.00) 0.08 0.32 0.70
AR-C19:0 (µg/L) 0.07 (0.15) 0.13 (0.20) 0.03 (0.07) 0.00 (0.00) 0.44 0.44 0.44
AR-C21:0 (µg/L) 0.19 (0.40) 0.39 (0.55) 0.07 (0.18) 0.02 (0.03) 0.23 0.50 0.91
AR-C23:0 (µg/L) 0.17 (0.36) 0.30 (0.49) 0.09 (0.21) 0.03 (0.02) 0.27 0.45 0.68
AR-C25:0 (µg/L) 0.58 (1.19) 1.04 (1.69) 0.31 (0.59) 0.15 (0.11) 0.34 0.58 0.83
Total ARs (µg/L) 1.01 (2.03) 1.87 (2.84) 0.50 (1.04) 0.2 (0.15) 0.25 0.58 0.93

Results shown as mean (SD); p = p-value from Kruskal-Wallis test, comparing (a) ales vs. lagers; (b) non-alcoholic vs.
ales; (c) non-alcoholic vs. lagers. Bold values denote statistical significance at the p < 0.05 level. Standard deviation
(SD). Tyrosol (TYR). Hydroxytyrosol (HT). Alkylresorcinols (ARs). Sum of AR-C17:0, AR-C19:0, AR-C21:0, AR-C23:0,
AR-C25:0 (total AR). Xanthohumol (XN). Isoxanthohumol (IX). 8-prenylnaringenin (8PN). 6-prenylnaringenin (6PN).
Sum of XN, IX, 8PN and 6PN (total PN).

2.3. Simple Phenols

The phenols TYR and HT were determined in all samples. The presence of TYR in beer ranged
from 0.2–44.4, while HT concentration ranged from 0.0 to 0.13 mg/L. No significant differences were
found in TYR levels between ale and lager (Table 1). In the case of HT, ale presented significantly
greater concentrations than lager (p < 0.05) (0.04 (0.03) mg/L for ale and 0.02 (0.02) mg/L for lager).
Regarding the phenolic content of non-alcoholic beer, TYR and HT levels were significantly lower than
in ale and lager beers (p < 0.05 for both) (Table 1).

2.4. Alkylresorcinols

The present study described the presence of ARs in beer in concentrations varying from 0.02 to
11.04 µg/L. We measured a total of five ARs differing on the length of the alkyl chain, from the AR-C17:0
to AR-C25:0. The most abundant AR in all the analyzed beers was AR-C25:0 with a mean (SD) of 0.58
(1.19) µg/L (Table 1). No significant differences were found between ale, lager and non-alcoholic beers.

2.5. Correlation Study

Figure 1 represents the correlation matrix between all analyzed compounds, alcoholic content
and beer bitterness of all beers. Total prenylated flavonoids and total simple phenols exhibited a
moderate correlation with beer’s alcoholic content (p < 0.001) with correlation coefficients of 0.53
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and 0.62, respectively. Beer bitterness (IBUs) presented a modest correlation with total prenylated
flavonoids with a coefficient of 0.36. Weaker or non-significant correlations were observed among
the three families of phenolic compounds analyzed. Significant correlations were obtained between
compounds belonging to the same family.
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Sum of TYR and HT (total simple phenols). Alkylresorcinols (ARs). Sum of AR-C17:0, AR-C19:0,
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(8PN). 6-prenylnaringenin (6PN). Sum of XN, IX, 8PN and 6PN (total prenylated flavonoids). Percentage
of alcohol by volume (%ABV). International bitterness units (IBU).

2.6. Beer Styles

Figure 2 outlines the different families of phenolic compound concentrations across the beer’s styles.
The beer styles with the highest concentrations of prenylated flavonoids were stout and Indian Pale Ale
(IPA) with a mean (SD) of total prenylated flavonoids of 2.19 (3.10) and 1.98 (3.68) mg/L, respectively.
In terms of total phenols, Belgian strong and blonde ale presented the highest concentrations: 29.2
(14.3) and 24.3 and 28.4 mg/L, respectively. Finally, stout, with a 7.84 (4.52) µg/L, was the beer style
with the highest total ARs content. No statistical analysis was performed due to the low number of
samples within certain beer styles.
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Figure 2. Beer’s phenolic content (A) total prenylated flavonoids, (B) total simple phenols and (C) total
alkylresorcinols distributed by beer type (blue) in ale (n = 18); lager (n = 22) and non-alcoholic (n = 5)
and in beer styles (grey) in amber lager (n = 2); Belgian strong ale (n = 3); blonde ale (n = 2); bock
(n = 1); dark lager (n = 1); IPA (n = 6); lite lager (n = 1); pale ale (n = 1); pale lager (n = 15); special lager
(n = 2); stout (n = 2); wheat (n = 2) and winter ale (n = 1). Results are expressed as mean concentration
in descending order.

3. Discussion

The present work studied a broad group of beers to describe their content of three families of
phenolic compounds that have been associated with a wide range of potential biological activities and
protective health effects. Specifically, this study characterizes beer’s antioxidant composition, showing
that it is an important dietary source of prenylated flavonoids and the simple phenols TYR and HT.
Moreover, our study reports, for the first time, the presence of low amounts of ARs in beer.

A distinctive ingredient of beer is the hop flower (Humulus lupulus L), which is added during the
brewing process for its preserving properties and for its organoleptic characteristics. Beer is considered
a unique source of these prenylated flavonoids in the diet. Urinary IX is used as a unique and accurate
biomarker of beer consumption [19], which is in agreement with our analysis, pointing out IX as the
main prenylated flavonoid present in beer. The type of fermentation, classifying beer into ale or lager
was not associated with the prenylated flavonoid concentrations. Prenylated flavonoids are of interest
due to their display of antibacterial, anti-inflammatory, antioxidant and other biological effects [20].
In particular, the compound XN is being closely studied for its potential chemopreventive properties.
In the case of IX, and especially 8PN, these compounds are characterized by their strong phytoestrogen
activities [21,22].

Malt phenolic compounds represent the main source of bioactive substances found in beer [23].
The most abundant are phenolic acids, phenolic alcohol, phenolic amines, phenolic amino acids and
finally α-acids and iso-α-acids [24]. In the present study, we have focused on the analysis of the phenolic
alcohols TYR and HT. The presence of the simple phenol TYR in relatively high concentrations in beer
has been previously reported [25–27]. We confirmed the presence of TYR in beer and, additionally,
we described, for the first time, the presence of HT in certain beers. TYR and HT are not present
in beer as raw components, they are formed during the fermentation process. TYR is produced as
a product of tyrosine metabolism generated by yeast in the Ehrlich pathway. A minor part of the
TYR formed can be later hydroxylated to give rise to HT [28]. Based on the concentrations observed,
beer is a relevant source of TYR in the diet. TYR average content in beer is comparable to white
wine. Nevertheless, certain beers exhibited TYR levels at the same range as red wine, considered a
good source of TYR, whose concentrations have been reported to be between 20.5 and 44.5 mg/L [29].
The contribution of beer as a direct source of HT is negligible. Moreover, the presence of TYR in beer is
relevant, since it has been demonstrated that dietary TYR is converted in humans into HT [30,31]. Both
TYR supplementation and its biotransformation into HT are capable of triggering relevant beneficial
effects on the cardiovascular system [30]. HT is considered one of the strongest dietary antioxidants,
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with anti-inflammatory, antiproliferative, antiplatelet and proapoptotic activities [32]. Therefore, beer
would represent an indirect source of HT via TYR hydroxylation. Consequently, beer should also be
considered a relevant source of TYR and HT, together with the traditional dietary sources of extra
virgin olive oil and wine.

ARs are a group of phenolic lipids that contain a resorcinol (a benzene ring with two hydroxyl
groups in positions 1 and 3 and an odd-numbered alkyl chain in the range of 15–25 carbons at position
5). They are present in the outer part of certain grains and in the products produced from them [33,34].
They have been described in barley, wheat, rye, oats, rice and other cereal grains, and the relative
abundance of the different homologues varies depending on the type of cereal. AR-C25:0, the most
abundant AR found in beer, is (accordingly) the dominant AR homologue in barley [35]. ARs are being
studied for their potential biological activities. They have shown antioxidant activity [36], protecting
against LDL oxidation [37], and also improving glucose and cholesterol metabolism [38]. Nevertheless,
it is important to contextualize the sources of ARs in the diet and to understand that, although we
describe the presence of ARs in beer in trace amounts, their contribution to total AR dietary intake
would be almost negligible. The intake of ARs in countries with a high consumption ranges between
12 and 18 mg/day [30]. Based on our results, a glass of an average beer of 330 mL (equivalent to one
standard drink) could represent an intake of 0.3 µg of total ARs and, therefore, a minor contribution to
the overall amount of ARs ingested.

Beer’s alcoholic content was positively correlated with prenylated flavonoid, TYR and HT
concentration. It has been described that, during fermentation, the presence of phenols with antioxidant
activity within the wort protect yeast viability against the stress generated by high levels of ethanol [39].
Therefore, a high concentration of prenylated flavonoids with their inherent antioxidant activity would
contribute to yeast stability, enhancing the fermentation process and increasing alcohol content. TYR
and HT are byproducts of this fermentation. Another fact confirming the importance of fermentation in
the phenolic profile of beer is that the variety of yeast strain used for beer brewing is capable of triggering
differences in the antioxidant activity and total phenolic composition of the beer produced [40,41].
In the case of ARs, their amount was not correlated with the alcoholic content of beer, nor with
any of the analyzed groups of phenolic compounds. Given that ARs are biomarkers of whole grain
intake [34], and that there are known differences in AR composition depending on the cereal type [33],
the presence of ARs in beer most likely derives from the cereals used for the elaboration of the beer
and is independent of other beer compounds.

Non-alcoholic beer’s popularity has risen due to a concern about alcohol abuse and its health
consequences. The production of beer with a limited alcohol content can be achieved by two approaches:
limiting the fermentation process, and hence the alcohol production, or by using physical methods
to remove the alcohol at the end of brewing [42]. On one hand, the concentration of the prenylated
flavonoid IX in non-alcoholic beer was borderline significantly lower than ale and lager beers. On the
other hand, and in agreement with a previous study [26], non-alcoholic beers presented lower TYR
and lower HT content. TYR and HT are produced as byproducts of fermentation and its limitation
during the dealcoholizing process is likely to have a negative effect on their accumulation levels.
In non-alcoholic beer production, physical methods including thermal processes or inverse osmosis,
are often used. These processes could trigger the degradation or the loss of IX, TYR and HT, explaining
the lower concentrations observed in non-alcoholic beers. Our results suggest that the non-alcoholic
brewing process has a detrimental impact on the content of the simple phenols and IX. In the case of
ARs, no statistical differences were observed in the values present in non-alcoholic beer, suggesting
the stability of these compounds during dealcoholizing. Finally, in the context of non-alcoholic
beer consumption, it is worth to mention the role that has been attributed to alcohol in promoting
the bioavailability of phenolic compounds. This has been recently demonstrated with a reduced
bioavailability of TYR following non-alcoholic beer consumption [31]. Therefore, non-alcoholic beers,
which have a low concentration of phenolic compounds from the outset and an absence of alcohol,
would represent a minor source of phenolic compounds.
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Eventually, Figure 2 represents an exploratory overview of the concentrations of the analyzed
phenolic compounds across different beer styles. In the case of total prenylated flavonoids, stout and
IPA styles presented the greatest concentrations in this family. In the case of TYR and HT, Belgian
strong and blonde ales exhibited the highest concentrations. Finally, stout beer stands out for its AR
content. However, caution must be applied as certain beer styles were under-represented, with a low
number of samples being available. Further studies should analyze a larger sample of beers belonging
to the mentioned styles to confirm their high concentration of phenolic compounds. Research on the
characteristics of the mentioned beer styles was performed to understand the reason behind the high
concentrations of selected phenolic compounds. In the case of IPA beers, originally, this beer style was
characterized with the greatest proportion of hops, as it is known for its antimicrobial properties that
enhance beer stability. Therefore, a high proportion of prenylated flavonoids would be expected. In the
case of Stout beers, a distinctive characteristic is the use of roasted barley as a starting material. Based
on the high concentration of ARs, this step could facilitate the extraction of ARs from the cereal to the
wort during the brewing process. Finally, Belgian strong ale, the beer with the highest concentration in
TYR and HT, uses a specific and traditional yeast that could produce higher proportions of TYR [43].
Overall, these observations confirm the importance of the starting materials and the fermentation on
the final concentration of phenolic compounds.

Finally, it is important to mention that, despite the interesting beer antioxidant profiles described
in the present paper and in the literature, it is important to highlight the importance of a moderate
consumption of beer in the context of a healthy dietary pattern, such as the Mediterranean diet [23].
Excessive beer consumption can lead to an excessive body weight, hamper pancreatic function
and increase the risk of cancer due to its ethanol content and also due to the low levels of toxic
compounds [17].

Our study presents some strengths and limitations. A key strength of the present study is the
high number of beers analyzed, including different beer types and styles. The quantitative assessment
of three different families of phenolic compounds provides a broad perspective of the phenolic profile
of beer. More specifically, we show that TYR, formed during the fermentation process, is a phenolic
compound abundantly present in beer. Additionally, prenylated flavonoids that derive from the
variety of hops used during the brewing process are present in lower amounts than TYR. Finally,
ARs, which most likely come from the malted cereals selected as ingredients for brewing, are only
present in trace amounts in beers. However, our analysis was limited by the fact that certain beer styles
were under-represented, due to their low availability on the market. Our current research has only
quantified three families of phenolic compounds; however, beer is an extremely complex drink with
several phenolic compounds whose concentrations have not yet been assessed.

Overall, the exploratory nature of the present research offers some insight into the phenolic
composition of beer, highlighting it as an important dietary source of prenylated flavonoids, TYR and,
indirectly, HT. Additionally, it extends our knowledge of the levels of phenolic compounds present in
different beer styles, different beer types and non-alcoholic beers. This work represents a starting point
in understanding beer’s antioxidant profile; however, future studies should assess the bioavailability
and the potential synergies of the mentioned compounds in the context of moderate beer consumption
and its potential health effects.

4. Materials and Methods

4.1. Chemicals and Reagents

TYR, HT, 3-(4-hydroxyphenyl)-1-propanol, XN, IX and 8PN taxifolin and ammonium fluoride
were purchased from Sigma-Aldrich (St. Louis, MO, USA). HT-D3, were purchased from
Toronto Research Chemicals Inc. (Toronto, ON, Canada). 5-heptadecylresorcinol (AR C17:0),
5-nonadecylresorcinol (AR C19:0), 5-nonadecylresorcinol-D4 (AR C19:0-D4), 5-heneicosylresorcinol
(AR C21:0), 5-tricosylresorcinol (AR C23:0), 5-pentacosylresorcinol (AR C25:0) were purchased
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from ReseaChem GmbH (Burgdorf, Switzerland). Methanol and acetonitrile were obtained from
Merck (Darmstadt, Germany). Ultra-pure water was supplied by a Milli-Q® purification system
(Darmstadt, Germany).

4.2. Samples and Sample Preparation

A total of 45 different beers were selected for the analysis of phenolic compounds. A 10 mL
sample of each beer was stored in a Falcon tube at −20 ◦C until the analysis. Beer foam was removed
from all samples by means of ultrasonication prior to any analysis. All determinations were performed
in duplicate.

4.3. Extraction and Analysis of Prenylated Flavonoids: IX, XN, 8PN and 6PN

All the samples were filtered through a 0.45 mm polytetrafluoroethylene filter and 600 ng/mL of
taxifolin was added as internal standard. Aliquots of 10µL were injected into the liquid chromatography
coupled to mass spectrometry (LC–MS/MS) system without any other pretreatment. The identification
and quantification of IX, XN, 6PN, and 8PN was performed using an Acquity UHPLC® system
equipped with a Waters binary pump system (Waters, Milford, MA, USA) coupled to an API 3000™
triple quadrupole mass spectrometer (Sciex, Concord, ON, Canada) with a turbo ion spray source
working in a negative mode. Chromatographic separation was performed with a Luna C18® column,
50 mm × 2.0 mm i.d., 5 mm (Phenomenex, Torrance, CA, United States), using 5 mM ammonium
bicarbonate buffer adjusted to pH 7.0 as an aqueous mobile phase and acetonitrile and methanol
(1:1 proportion) as an organic phase. For the quantification of analytes, the multiple reaction monitoring
(MRM) mode was used, monitoring 3 transitions: 353–119 (IX and XN), 339–219 (8PN and 6PN), and
303–285 (taxifolin) [19]. Calibration curves were prepared adding standards to pure water.

4.4. Extraction and Analysis of Simple Phenols TYR and HT in Beer

TYR and HT content were determined by LC–MS/MS following a dilute-and-shoot approach.
Samples were diluted 40 times with a mobile phase (65% A: 35% B) and spiked with 10 µL of an internal
standard containing 1 µg/mL of 3-(4-hydroxyphenyl)-1-propanol and 1 µg/mL of HT-D3. Mobile phase
A contained 0.5 mM of ammonium fluoride in water. Mobile phase B contained 0.5 mM of ammonium
fluoride in methanol. All samples were analyzed by LC–MS/MS (Agilent Technologies, Santa Clara,
CA, USA). The separation was carried out with an Acquity UPLC® BEH C18 column 1.7µm particle
size, 3 mm × 100 mm (Waters, Milford, MA, USA). The following transitions were monitored on the
acquisition method in MRM mode: 137–106 (TYR), 151–106 (3-(4-hydroxyphenyl)-1-propanol), 153–123
(HT) and 156–126 (HT-D3). Calibration curves were prepared adding standards of TYR and HT to
pure water.

4.5. Extraction and Analysis of ARs in Beer

Extraction of AR from beers was based on a liquid-liquid extraction protocol using ethyl acetate
as described for the analysis of ARs in cereals [39]. Briefly, 1 mL of each beer was spiked with 20
µL of internal standard (AR C19:0D4 at 50 ng/mL). ARs were extracted using 4 mL of ethyl acetate
for 24 h. Then, the organic layer was evaporated to dryness under nitrogen (40 ◦C and 15 psi) and
reconstituted in 0.25 mL of methanol. Then, it was centrifuged for 5 min at 4 ◦C (12.000 rpm) to obtain
a clear supernatant fraction, which was directly injected into the LC–MS/MS system. Chromatographic
separation of five ARs was performed by using an Acquity UPLC® instrument (Waters, Milford, MA,
USA) operated using MassLynx 4.1 software. The LC system was equipped with an Acquity UPLC®

(BEH C18 1.7 µm 2.1 × 100 mm) column (Waters, Milford, MA, USA). The injection volume was 10 µL,
the flow rate was 0.3 mL/min, and the temperature of the column was set at 55 ◦C. An isocratic method
was selected with a solution of 0.5 mM ammonium fluoride in methanol as a mobile phase solvent.
The detection was performed with a triple quadrupole mass spectrometer (Xevo® TQS-Micro MS,
Waters, Milford, MA, USA) equipped with an orthogonal Z-spray-electrospray ionization source (ESI).
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The monitoring and quantification of AR was performed in MRM mode, monitoring the following
transitions: 347–305 (AR C17:0), 375–122 (AR 19:0), 403–361 (AR 21:0), 431–389 (AR 23:0), 459–417
(AR 25:0), and 379–337 (AR 19:0-D4). Calibration curves were prepared by adding standards to
pure water.

4.6. Statistical Analysis

Statistical analyses and figures were performed using the R software (R Foundation for Statistical
Computing, Vienna, Austria), version 3.5.2. The normality of continuous variables was assessed
by normal probability plots and non-parametric tests were used if data did not follow a normal
distribution. The R packages used were ‘corrplot’ and ‘tidyverse’. The significance level was set
at p < 0.05.

Supplementary Materials: The following are available online, Table S1: List and characteristics of the
analyzed beers.
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