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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.

Keywords: beer; antioxidants; prenylated flavonoids; tyrosol; hydroxytyrosol; alkylresorcinols

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

Molecules 2020, 25, 2582; doi:10.3390/molecules25112582 www.mdpi.com/journal/molecules
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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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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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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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Abstract: Phenolic acids represent about one-third of the dietary phenols and are widespread in
vegetable and fruits. Several plants belonging to both vegetables and medical herbs have been
studied for their hydroxycinnamic acid content. Among them, Echinacea purpurea is preferentially
used for caffeic acid-derivatives extraction. The wine industry is a source of by-products that are rich
in phenolic compounds. This work demonstrates that unripe grape juice (verjuice) presents a simple
high-pressure liquid chromatography (HPLC) profile for hydroxycinnamic acids (HCAs), with a
great separation of the caffeic-derived acids and a low content of other phenolic compounds when
compared to E. purpurea and other grape by-products. Here it is shown how this allows the recovery
of pure hydroxycinnamic acids by a simple and fast method, fast protein liquid chromatography
(FPLC). In addition, verjuice can be easily obtained by pressing grape berries and filtering, thus
avoiding any extraction step as required for other vegetable sources. Overall, the proposed protocol
could strongly reduce the engagement of solvent in industrial phenolic extraction.
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1. Introduction

Phenolic acids constitute about one-third of the dietary phenols and are widespread
in vegetable and fruits. Phenolic acids are divided into two subgroups, the hydroxybenzoic
(HBAs) and hydroxycinnamic acids (HCAs). HBAs show a C6–C1 structure and include
gallic, p-hydroxybenzoic, protocatechuic, vanillic, and syringic acids, while HCAs are
characterized by an aromatic ring with three-carbon side chain (C6–C3) and are primarily
represented by caffeic, ferulic, coumaric, and sinapic acids (Figure 1).

In the past years, HCAs gained attention because of their cosmetic application as
anti-tyrosinase, anti-collagenase, and anti-hyaluronidase activity, apart from an interesting
photo-protection action [1], and for their possible application as a food additive to prevent
oxidation [2]. HCAs are key precursors of several more complex polyphenols, are structural
components of the cell wall, are involved in the plant defense system, and act as signaling
molecules [3]. In plants, the first HCA produced is the p-coumaric acid, which is obtained
from phenylalanine or tyrosine. This is then transformed into caffeic acid by hydroxylation.
Ferulic and synaptic acid derive from caffeic acid by methoxyl and hydroxyl substitution
and, in the case of synaptic acid, from an additional methylation [1]. HCAs are found
in several conjugated forms, including amides (conjugated with mono- or polyamines,
amino acids, or peptides), esters (mainly esters of hydroxy acids, such as tartaric acid and
sugar derivatives), and sugars. Cinnamate esters occur widely in higher plants, while the
amides seem to be less present [4]. Caffeic acid (CA)-derivatives is a group of compounds
derived from modification of caffeic acid by esterification with organic acids, such as
quinic acid (i.e., chlorogenic acid, neochlorogenic acid), glucaric acid (caffeoylglucaric
acid) [5], and more frequently with tartaric acid (i.e., chicoric acid [6], caftaric acid, and
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coutaric acid) [7]. To date, several plants have been studied for their CA-derivatives
content, plants belonging to both vegetables and medical herbs, e.g., Echinacea purpurea [8],
Cichorium intybus [9] and C. endivia [10], Lactuca virosa [11], Eupatorium perfoliatum [5], and
Smallanthus sonchifolius [12]. Nevertheless, other potential sources are known, for example,
CA-derivatives were discovered to be quite abundant in fruits and particularly in grape
berries [13]. The wine industry is a source of by-products that can be exploited for the
recovery of high value compounds. Pomace, lees, and canes have been well explored in the
past [14–16] as polyphenols sources, while less attention was dedicated to other products,
such as unripe grapes. Cluster thinning is a common practice used to avoid over-cropping
in compliance with the production regulations and is deemed a way to accelerate ripening
and increase the grape quality, even if this function is still being debated [17]. Several
parameters, among others, the grape variety and the weather conditions, which affect
the plant production, define the degree of thinning, which could achieve up to 50% of
cluster reduction [18]. Two main forms of berries reduction are spread, namely cluster
thinning, consisting of the elimination of several complete clusters, and berry thinning,
which involves the removal of the tips of the clusters [19]. Additionally, thinning is
encouraged from institutional organs in particular cases (called “green harvest”), i.e., for a
great imbalance between supply and demand of the international market [20], as in the
case of the pandemic disease COVID-19. The clusters (or their parts) are usually left on the
ground, and it makes it difficult to have a clear panorama of the effective waste mass. An
alternative use of unripe grapes is the production of verjuice, an acidic juice traditionally
produced in the Mediterranean area, which is extracted from the mechanical pressing
of unripe green grapes. Verjuice has been mainly studied for its physicochemical and
sensory properties [21,22], while its bioactive compounds were just recently isolated [23,24].
In grape berries, HCAs are constituted by caffeic, coumaric, and ferulic acids and are
present mainly in their ester forms, associated with tartaric acid giving caftaric (CFA),
coutaric (CUA), and fertaric (FEA) acids, respectively [25]. HCAs’ levels in the juice of
different Vitis vinifera and V. labrusca varieties were recorded as very variable, namely
4339.9–1681.0 and 4154.5–786.7 µg/100 g in the former and in the latter, respectively [26].
The authors identified a strong difference in CFA content depending on Vitis species
and varieties, while the other HCAs showed different patterns of accumulation amongst
varieties, evidencing a general independency of hydroxycinnamic acids metabolisms. Total
hydroxycinnamates concentrate mainly in grape berries pulp, and it has been recorded to
peak prior to véraison [27]. The successive reduction of HCAs concentration depends on
the grapes volume increase and on the engagement of key precursors into the biosynthesis
pathways of other phenolic compounds [18,20]. Furthermore, HCAs reduce further during
grape juice processing and winemaking, as these compounds are promptly oxidized
by endogenous tyrosinase when the grape berries are crushed. Instead, the harvest of
green berries and their processing through crushing and maceration could implement
HCAs content [24]. Therefore, unripe grape juice (verjuice) represents a rich source of
hydroxycinnamic acids and should be considered as raw material for the HCAs extraction.

Several patents aiming to improve the recovery of CA-derivates from plants have been
deposited in the past. Among them, the proposed raw material, E. purpurea adventitious
roots, were recognized as the most suitable for the HCAs production at industrial scale
because of their easy management and the high yield [28]. HCAs are extracted mainly
in their ester form as chicoric (CCA), caftaric (CFA), and chlorogenic acids (CLA) [29].
Generally, these protocols involve the use of organic solvents, acidification, centrifugation,
and the retrieval of final compounds by filtering or, more often, by separation with macrop-
orous adsorption resin, which strongly improved the final HCAs purity, which could pass
from 31% up to 72% w/v [28,30,31]. Finally, the compounds are further concentrated by
crystallization upon acidification of the extract and its cooling or by evaporation at high
temperatures (about 90 ◦C) that could, however, degrade HCAs. This last concentration
step permits the achievement of purity values above 90% w/w [21,26].
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Figure 1. Chemical structures of hydroxybenzoic and hydroxycinnamic acids and of caftaric acid. 
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To obtain pure compounds, due to the coexistence of different HCA in E. purpurea, an
additional step of high-pressure liquid chromatography (HPLC) separation is necessary.
Thus, those procedures led to the production of high volume of pollutants and the require-
ment of high-pressure liquid chromatography dramatically increase the process costs.

Cluster thinning is commonly applied in different wine production regions, and the
unripe berries are today underutilized, so this work proposes a method to valorize unripe
grape by their juice as source of HCAs, with a particular attention paid to caftaric acid,
which is supposed to have several healthy functions [32]. Verjuice obtained by grape
berries manual pressing of five varieties, both international and local, have been compared
during four successive weeks between bunch closure and early véraison, revealing that,
overall, the highest amount of HCAs is recorded in the premature varieties and at the
bunch closure. Additionally, a low-environmental impact chromatographic method that
permits the reduction of chemical waste by eliminating the several purification steps has
been tuned to separate and recover high purity caftaric acid from verjuice.

2. Results and Discussion
2.1. Caftaric Acid Concentration over Green Grape Berries Maturation

First, for a complete overview of the potentiality of the unripe grape as a caftaric acid
source, it was considered important to determine which varieties and which moment of
ripeness optimized CFA recovery. Therefore, five varieties, three international and two
of the most important Italian ones, have been monitored on CFA production from bunch
closure to the early véraison (Table 1).
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Table 1. Yield, titratable acidity (TA), sugar content (SC), caftaric (CFA), and coutaric acid (CUA) concentration of verjuice
obtained by different grape varieties during green berries maturation. Values represent the mean averages (n = 3) and
standard deviation (in brackets).

Variety BBCH Code Yield (%) TA (g/L) 1 SC (g/L) CFA (mg/L) CFA Purity (%) 2 CUA (mg/L) CUA Purity (%) 2

CH 75 57.4 (0.3) 28.2 (0.4) 7.3 (0.6) 412.1 (12.2) 44.9 (3.1) 50.1 (2.8) 11.6 (1.3)

CH 77 57.3 (2.5) 35.1 (1.0) 8.0 (1.0) 230.4 (39.4) 46.8 (2.9) 58.8 (5.6) 11.5 (1.5)

CH 79 63.1 (1.6) 42.6 (3.6) 9. 7 (0.6) 173.1 (16.7) 48.7 (0.6) 14.3 (4.0) 11.1 (1.1)

CH 81 66.1 (1.0) 33.3 (3.6) 53. 7 (16.0) 257.5 (25.7) 47.3 (3.4) 70.5 (4.0) 11.42 (1.3)

GL 73 50.8 (1.1) 32.6 (1.3) 9.0 (0.1) 295.8 (7.6) 61.2 (3.0) 23.5 (9.3) 8.0 (0.2)

GL 75 46.0 (0.7) 41.8 (0.7) 11.7 (0.6) 272.5 (19.6) 67.6 (2.8) 50.2 (10.5) 6.36 (1.4)

GL 77 52.5 (0.9) 40.5 (0.7) 11.7 (0.6) 165.1 (1.4) 62.4 (7.0) 36.6 (7.7) 7.6 (0.5)

GL 79 55.1 (0.3) 39.5 (0.9) 27.0 (2.7) 179.8 (5.8) 63.3 (1.0) 23.0 (2.0) 7.3 (0.2)

ME 75 54.7 (2.8) 29.6(0.6) 8.3 (0.6) 207.0 (40.4) 52.4 (0.9) 54.2 (8.8) 7.2 (0.2)

ME 77 59.7 (0.9) 38.4 (0.1) 10.0 (0.1) 296.1 (34.1) 50.9 (4.1) 18.5 (7.6) 8.2 (0.2)

ME 79 62.3 (1.3) 42.5 (0.7) 11.0 (1.0) 222.8 (20.3) 58.3 (6.6) 28.1 (7.3) 6.2 (0. 8)

ME 81 64.9 (1.6) 34.8 (2.6) 36.3 (5.9) 154.0 (13.1) 48.7 (6.9) 36.5 (9.1) 7.5 (0.9)

PN 77 52.1 (2.3) 27.80 (0.6) 7.0 (0.1) 161.6 (15.9) 59.8 (3.4) 13.3 (2.0) 8.9 (0.6)

PN 79 56.7 (1.4) 38.9 (0.1) 7.7 (0.6) 211.1 (6.3) 58.4 (9.7) 47.2 (5.5) 11.7 (2.1)

PN 81 58.3(2.8) 45.7 (0.2) 21.0 (0.1) 267.4 (33.5) 63.0 (1.4) 21.9 (2.2) 8.2 (0.5)

PN 83 60.7 (1.6) 35.8(1.0) 43.7 (3.1) 192.9 (10.8) 57.8 (4.8) 22.6 (6.1) 8.1 (0.6)

SG 73 55.2 (2.2) 32.4 (1.1) 7.0 (0.1) 119.6 (17.6) 59.7 (4.9) 30.5 (7.4) 16.3 (1.5)

SG 75 57.1 (3.0) 36.5 (0.5) 8.0 (0.1) 118.9 (11.0) 56.3 (6.5) 15.5 (5.2) 13.6 (0.4)

SG 77 56.3 (2.4) 38.3 (0.1) 11.3 (0.6) 182.6 (30.8) 59.8 (1.7) 33.3 (3.1) 12.7 (0.1)

SG 79 60.7 (3.2) 33.7 (1.5) 36.3 (4.0) 212.4 (0.5) 50.8 (6.6) 21.3 (2.8) 12.6 (1.7)
1 Titratable acidity is expressed as Tartaric acid equivalents. 2 Hydroxycinnamic acid purity is calculated as the ratio between acid peak
area and the total of peaks area at 280 nm.

Because caftaric acid concentration is affected by the berry volume increase during
maturation, the concentration was adjusted by mass/juice yield and the CFA per kilo of
fresh grapes weight (FW) was compared (Figure 2a). Analyses of variance performed on a
linear model of the standardized CFA concentration data recognized significant effects of
variety (F(4,52) = 23.2, p > 0.01) and date of sampling (F(3,52) = 17.8, p > 0.01), while color,
as well as time request for maturation, did not statistically affect CFA content, differently
from the data reported by Burin and colleagues at the grape technical maturation [26].
However, the interaction between the two main factors was statistically significant, and
this suggests that different caftaric acid accumulation is observed depending on the grape
variety. Indeed, Figure 2a highlights that not all the varieties were significantly affected
by the week of sampling. Moreover, while in Pinot Noir (PN), CFA is strongly reduced
between the first and the second week (85 mg/kg in one week), in Merlot (ME), the
major reduction was recorded later, between the second and the last week of sampling
30.17 mg/kg (Figure 2a). PN and Glera (GL) revealed the greatest caftaric acid accu-
mulation among red and white varieties, respectively (achieving 412.10 ± 12.28 and
298.86 ± 7.55 mg/L of CFA at the bunch closure). HCAs accumulation is influenced
by grape light exposure [33], which is correlated with leaf surface, characters varying
among varieties. Concerning CUA, the overall analyses of variance revealed a signifi-
cant effect of the variety (F(4,52) = 15.745, p > 0.01) and the sampling date (F(3,52) = 3.007,
p = 0.04) and again the interaction of the two factors was significant. Figure 2b shows
that Sangiovese (SG) and Chardonnay (CH) were the major producers of coutaric acid,
particularly at the bunch closure, followed by PN. If the total amount of HCAs is consid-
ered, it results that the highest amount is accumulated at (or before) the bunch closure, in
decreasing order in PN (achieving 241.70 mg/kg), SG (182.58 mg/kg), CH (178.73 mg/kg),
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GL (161.96 mg/kg), and ME (102.67 mg/kg). Maturation variables, i.e., acidity, juice yield,
and sugar content (SC), were related to HCAs concentrations (standardized per 1 kg FW)
and revealed negative significant correlation of CFA with yield (r = −0.67, p > 0.01, n = 20)
and SC (r =−0.48, p = 0.045, n = 20), while no significant correlation was found for CUA.
Interestingly, the correlation between CFA and CUA results in a positive, not significant,
correlation (r = 0.31, p = 0.17, n = 20).
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Figure 2. Standardized caftaric acid (a) and coutaric acid (b) content of verjuice. PN: Pinot noir, ME: Merlot, CH: Char-
donnay, SG: Sangiovese, GL: Glera. Black bars: week one of sampling, grey bars: week two of sampling, light grey bars: 
week three of sampling, dark grey bars: week four of sampling. Different capital letter indicates significant differences 
among varieties at the same week of sampling; different lowercase letters indicates significant differences among weeks 
within the same variety. 
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HPLC method. All the analyzed verjuice revealed a simple peak profile for HCAs, with a 
great separation of the caffeic-derived acids and a general reduction of other phenolic 
compounds when compared with E. purpurea aerial part (Figure 3a,b). However, because 
of its availability, a verjuice obtained by pressing Riesling grapes collected in 2020 (BBCH 
stage 79) was used for purification. Two peaks were well distinguished. The first with a 
retention time (RT) of 8.54 min represented 74.1% of the total peak area, and a second 
peak at RT= 9.82 min corresponded to 9.6% of the total area (Figure 3a).  
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same variety.
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2.2. Hydroxycinnamic Acid Esters in Verjuice

The natural content in HCAs of unripe grape juice (verjuice) was analyzed using the
HPLC method. All the analyzed verjuice revealed a simple peak profile for HCAs, with
a great separation of the caffeic-derived acids and a general reduction of other phenolic
compounds when compared with E. purpurea aerial part (Figure 3a,b). However, because
of its availability, a verjuice obtained by pressing Riesling grapes collected in 2020 (BBCH
stage 79) was used for purification. Two peaks were well distinguished. The first with a
retention time (RT) of 8.54 min represented 74.1% of the total peak area, and a second peak
at RT = 9.82 min corresponded to 9.6% of the total area (Figure 3a).
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Figure 3. (a) HPLC profile of Riesling verjuice at 280 nm, before (continuous line) and after (dashed line) enzymatic 
treatment obtained in this work. Peak 1: caftaric acid, peak 2: coutaric acid, peak 3: caffeic acid, peak 4: coumaric acid. (b) 
HPLC profile (at 280 nm) of E. purpurea aerial part as reported by Coelho and colleagues [34]. Peak 1: caftaric acid, peak 2: 
5–O–caffeoylquinic acid, peak 3: caffeic acid, peak 5: chicoric acid, peak 8: feruloylcaffeoyltartaric acid. 

Peaks identification was performed using commercial standards (CFA, RT= 8.54 
min, caffeic acid, RT= 11.0 min, and coumaric acid, RT= 12.4 min), while coutaric acid 
(CUA), which is known to be the second hydroxycinnamic ester in grape for abundance 
[35], was identified by the comparison of HPLC profiles before and after an enzymatic 
degradation of ester bounds. The enzymatic reaction induced the appearance of two new 
peaks, corresponding to caffeic acid and coumaric acid. Additionally, the two original 
peaks were partially degraded, corresponding to the identified CFA peak and to the peak 
2 (Figure 3a), which was consequently assigned to CUA. The analysis did not detect the 
fertaric acid that was probably present in too low concentration. The comparison be-
tween unripe grape juice and E. purpurea spectra made clear that while the latter is gen-
erally considered the best vegetable matrix for chicoric acid extraction, verjuice should be 
considered the best raw matrix for caftaric acid as well (Figure 3a,b). HCAs were quanti-
fied by the comparison of sample peaks area with a calibrating curve prepared using 25 
to 200 mg/L of commercial CFA. Thus, CUA was expressed as CFA equivalents. Riesling 
grape juice contained 286 mg/L of caftaric acid and 38 mg/L of coutaric acid, namely 
about three times the maximum HCAs content detected in commercial verjuice [36]. This 
result could be explained in light of the strong effect of varieties and grape maturation 
point and because of the easy oxidation of HCAs during commercial verjuice preparation 
[37]. Considering the average yield of verjuice about 57% v/m, the data could be easily 
transformed into 163.02 and 21.66 mg/kg of fresh grapes, respectively, not dissimilar 
from the data reported for grape pomace by Kammerer et al. [38]. In the work of Wu and 
colleagues [29], several conditions were tested in order to evaluate which ones optimize 

Figure 3. (a) HPLC profile of Riesling verjuice at 280 nm, before (continuous line) and after (dashed line) enzymatic
treatment obtained in this work. Peak 1: caftaric acid, peak 2: coutaric acid, peak 3: caffeic acid, peak 4: coumaric acid. (b)
HPLC profile (at 280 nm) of E. purpurea aerial part as reported by Coelho and colleagues [34]. Peak 1: caftaric acid, peak 2:
5-O-caffeoylquinic acid, peak 3: caffeic acid, peak 5: chicoric acid, peak 8: feruloylcaffeoyltartaric acid.

Peaks identification was performed using commercial standards (CFA, RT = 8.54 min,
caffeic acid, RT = 11.0 min, and coumaric acid, RT = 12.4 min), while coutaric acid (CUA),
which is known to be the second hydroxycinnamic ester in grape for abundance [35], was
identified by the comparison of HPLC profiles before and after an enzymatic degrada-
tion of ester bounds. The enzymatic reaction induced the appearance of two new peaks,
corresponding to caffeic acid and coumaric acid. Additionally, the two original peaks
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were partially degraded, corresponding to the identified CFA peak and to the peak 2
(Figure 3a), which was consequently assigned to CUA. The analysis did not detect the
fertaric acid that was probably present in too low concentration. The comparison between
unripe grape juice and E. purpurea spectra made clear that while the latter is generally
considered the best vegetable matrix for chicoric acid extraction, verjuice should be con-
sidered the best raw matrix for caftaric acid as well (Figure 3a,b). HCAs were quantified
by the comparison of sample peaks area with a calibrating curve prepared using 25 to
200 mg/L of commercial CFA. Thus, CUA was expressed as CFA equivalents. Riesling
grape juice contained 286 mg/L of caftaric acid and 38 mg/L of coutaric acid, namely about
three times the maximum HCAs content detected in commercial verjuice [36]. This result
could be explained in light of the strong effect of varieties and grape maturation point and
because of the easy oxidation of HCAs during commercial verjuice preparation [37]. Con-
sidering the average yield of verjuice about 57% v/m, the data could be easily transformed
into 163.02 and 21.66 mg/kg of fresh grapes, respectively, not dissimilar from the data
reported for grape pomace by Kammerer et al. [38]. In the work of Wu and colleagues [29],
several conditions were tested in order to evaluate which ones optimize the CA-derivates
extraction from E. purpurea roots. Authors reported that, growing the adventitious root
at 20 ◦C in an industrial system, 65 g fresh material could be obtained from 1 L of growth
medium, corresponding to 10.4 g of dry material. The measured amount of caftaric acid
was 4.9 mg/g of dry material corresponding to 784 mg per kilo of fresh roots. Therefore,
verjuice could represent a promising source of caftaric acid for its easy preparation that
avoids the additional costs of a specific industrial plant.

2.3. Fast Protein Liquid Chromatography Applied to Hydroxycinnamic Acid Esters Separation

The most critical step in HCAs extraction from grapes raw material is represented by
the isolation of the phenolic acids from other polyphenols. Chromatography was demon-
strated to represent a handle tool for the selective isolation of HCAs ester in grape [39], and
several methods have been tuned to obtain polyphenols high resolution peaks from fruits
juice [40].

In addition to the traditional HPLC methods, Maier and colleagues [41] developed a
method for CA-derivative esters recovery from ripe grape pomace based on the high-speed
counter-current chromatography (HSCCC). This chromatography allowed the extraction
and to successful separation of caffeic acid, coumaric acid, and ferulic acid esters by the
head-to-tail elution mode, where the target compounds were separated from co-extracted
polyphenolics and subsequently isolated in a second run. Liquid chromatography required
a significantly longer time for separation; thus, CA-derivates separation required up to
390 min for the elution in the second HSCCC run. Additionally, this method involved
the preliminary extraction with methanol and ethyl acetate and two mobile phases based
on a mixture of hexane/ethyl acetate/methanol/water 3:7:3:7 (v/v/v/v) and tertbutyl-
methyl ether/acetonitrile/n-butanol/water, 2:2:1:5 (v/v/v/v), both acidified by 0.5% of
trifluoroacetic acid (TFA), which represent high pollutant waste.

The simplicity of phenols profile of verjuice made possible a handy sample manipula-
tion and the use of low-pressure chromatography as separation technology. Filtered juice of
unripe berries has been processed without any sample preparation. After some preliminary
tests, it has been determined that 50 mL of verjuice was the uploading limit for a column
volume of 20 mL. Nevertheless, this limit could be easily overtaken by rearranging the
column sizes.

Separation was monitored by means of the UV detector (at 280 nm). After sample
loading, the column was washed with deionized water plus 0.5% trifluoroacetic acid (TFA)
to remove the unanchored compounds, and then the target molecules were eluted by
gradient of water: alcohol that achieves 30% v/v of alcohol in 100 min.

Two commonly used solvent have been tested for the fast protein liquid chromatogra-
phy (FPLC) separation, namely methanol, which is commonly used in HCAs chromato-
graphic analyses [35], and ethanol, which was considered more suitable for further food
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application. The chromatographic profile revealed that well defined peaks could be ob-
tained by methanol elution (Figure 4a), while ethanol elution evidenced less separation
capability (Figure 4b).
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Figure 4. FPLCprofile of HCAs elution with (a) methanol and (b) ethanol as solvent.

Then, the methanol protocol was used in ten successive sample loadings, which
obtained a repetitive elution profile. The first peak was assigned to CFA by HPLC analyses
of its fractions. All the fractions that contained CFA at the minimal purity of 98% have been
collected and freeze-dried. The final amount of crystallized CFA was 82 mg, which means
a potential of 93.48 mg of compound obtained from 1 kg of fresh grapes if a verjuice yield
of 57% v/m is considered. As previously demonstrated [41], high-speed counter-current
chromatography (HSCCC) leads to the recovery of high pure CA-derivates, i.e., 97.0% for
CFA, 97.2% CUA, and 90.4% for fertaric acid. The method here proposed achieves similar
results in terms of CFA purity with a strong reduction of solvents and time; indeed, the
HSCCC method permitted the isolation and recovery of 6 mg of caftaric acid, from 10 g of
freeze-dried pomace, after a preliminary extraction that required 800 mL of methanol/0.1%
HCl v/v and 400 mL of ethyl acetate followed by the compounds separation in about
120 mL of hexane/ethyl acetate/methanol/water 3:7:3:7 v/v/v/v/ 0.5% TFA plus 40 mL of
ether/acetonitrile/n-butanol/water, 2:2:1:5, v/v/v/v/ 0.5% TFA, while in this new method,
8.2 mg of caftaric acid is obtained by the direct separation of 50 mL of verjuice in 70 mL of
methanol 1:6 v/v/ 0.1% TFA.

3. Materials and Methods
3.1. Materials and Sample Preparation

Unripe grapes of five varieties, namely Pinot Noir (PN), Chardonnay (CH), Merlot
(ME), Sangiovese (SG), and Glera (GL), were collected in the experimental vineyard of
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“Scuola Enologica di Conegliano G.B. Cerletti” (Treviso, Italy) in four successive weeks of
2019, between stage 73 and 83 of the BBCH scale. Samples were promptly added with 0.2
g/kg of potassium metabisulphite and processed in a basket press. The obtained juice was
centrifuged at 2000× g for 5 min, then vacuum filtered through 1.6 µm glass fiber filters
(VWR, Milan, Italy) and kept frozen until HPLC analyses.

Additionally, unripe grape juice obtained from Rhine Riesling harvested at the
véraison stage in 2020 was used for hydroxycinnamic acids recovery. Grape clusters
were destemmed and washed before pressing with a small-scale stainless steel basket press.
The basket press was loaded with berries in presence of 0.2 g/kg of potassium metabisul-
phite. The juice was centrifuged and filtered as described above and used for HPLC
analyses and FPLC immediately. All reagents were analytical grade and were purchased
from Sigma (Milan, Italy) unless otherwise stated. Chromatographic identification and
quantification of caffeic acid, coumaric acid, and caftaric acid (CFA) were performed by the
comparison of Riesling verjuice peaks with their commercial standard, while coutaric acid
(CUA) was identified after juice enzymatic treatment. CFA standard curve was used for
the quantification. The enzymatic treatment was performed using a commercial pectolytic
enzyme with cinnamoyl esterase secondary activity. Verjuice (10 mL) was treated with
10 g/hL of enzyme and kept for 30 min at room temperature (25 ◦C) until the end of the
reaction. Then, the sample was treated as described above before the injection.

3.2. Grape Degree of Maturation Parameters

Verjuice was immediately characterized by sugar content (SC) and total acidity (TA).
Sugars were enzymatically determinaed by Hyperlab automatic multi-parametric ana-
lyzer (Steroglass, Perugia, Italy) by means of enzymatic kits, while titratable acidity was
measured according to the official methods of wine analysis (Commission Regulation
(EC) No1293/2005 of 5 August 2005 amending Regulation (EEC) No2676/90 determining
Community methods for the analysis of wines).

3.3. HCAs Determination in High Performance Liquid Chromatography (HPLC)

Hydroxycinnamic acids (HCAs) separation was performed by C18 Lichrospher
(4 × 250 mm, 5 µm, Agilent Technologies Italia, Milan, Italy) using a 1525 Binary Pump
(Waters, Milan, Italy) equipped with 2487 Dual Band Absorbance Detector (Waters, Milan,
Italy). Freshly prepared verjuice was centrifuged and filtered (0.2 µm), then it was injected
(10 µL) and analyzed using the method proposed by Vanzo and colleagues [42] with modi-
fications. Mobile phase was kept as proposed by the authors, while the flow rate was raised
to 0.6 mL/min and the gradient was modified as follows: (A) Milli-Q water and 0.5% of
formic acid v/v and (B) gradient-grade methanol and 2.0% of formic acid v/v. The gradient
program was 0 min, 16% B; 7 min, 50% B; 8 min, 100% B; 8–12 min, 100% B; 13 min, 18%
B; and 13–18 min, 18% B. The column temperature was kept at 40 ◦C. Hydroxycinnamic
acids and esters were detected at the wavelength of 280 nm for purity determination and
330 nm for HCAs quantification; the peak areas were analyzed by software Breeze Version
3.3 (Waters, Milan, Italy).

3.4. HCAs Retrieve by Fast Protein Liquid Chromatography (FPLC)

Filtered Riesling verjuice (50 mL) was loaded onto a Bio Scale Column MT20
(15 × 113 mm, internal volume 20 mL, Bio-Rad Laboratories, Milan, Italy) packed with
LiChrosorb RP-18 (Sigma-Aldrich, Milan, Italy) and connected to an FPLC (AKTA purifier
10). The column was previously equilibrated with deionized water with 0.1% trifluoroacetic
acid (TFA) and, after the sample loading, the column was washed with the same buffer
to remove unbound sample components. The target compounds were eluted with a gra-
dient of methanol 0.1% TFA, which linearly achieved 30% in 100 min with a flow rate of
2 mL/min. Fractions of 3.5 mL were collected by means of a fraction collector. The elution
was monitored by recording the signal at 280 nm, and the purity was checked by HPLC
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analysis. Fractions containing at least 98% of CFA were pooled together and freeze-dried
by Heto cooling trap (Analitica De Mori, Milan, Italy).

3.5. Statistical Analyses

R software (R version 3.0.1) was used for statistical analysis. Differences were eval-
uated by one-way ANOVA and the Games–Howell post-hoc analyses. Variable relation-
ships were tested using Pearson correlation. Statistical significance was attributed with
p-value < 0.05.

4. Conclusions

Hydroxycinnamic acids and their derived ester gained new attention recently in
light of their potential application as antioxidants and as bioactive molecules in food and
cosmetic formulations.

Nowadays, hydroxycinnamic acids are mainly extracted form Echinacea purpurea
roots, which are cultivated in an industrial plant set up with airlift bioreactors and require
strictly controlled conditions of light, temperature, and nutrient availability, conditions that
determine high cost of management. Nevertheless, other vegetables and herbs represent
rich sources of HCAs and among them, grape berries.

In general, the extraction of HCAs from grapes’ raw material, such as grape po-
maces, faces the main problem of HCAs isolation from other phenolic compounds. On
the other hand, verjuice polyphenols consist of a major part of hydroxycinnamic acids.
This allows the reduction of costs and time for extraction and separation; the method here
proposed demonstrates that a low-pressure separation procedure using fast protein liquid
chromatography (FLPC) can be easily used to obtain high purity caftaric acid.

This work proposes the unripe grape juice as a new source of hydroxycinnamic acids,
mainly represented by caftaric acid. This new approach gives two important technological
advantages: the valorization of vineyard by-product in place of the installation of industrial
plant for specific raw material production and the possibility of a more handy isolation
of the target molecules. It should be underlined that this solution meets the general
requirements of a new low-environmental impact alternative toward the reduction of
solvents and the simplification of pure molecule recovery.
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Abstract: Mixed fermentation using Starmerella bacillaris and Saccharomyces cerevisiae has gained
attention in recent years due to their ability to modulate the qualitative parameters of enological
interest, such as the color intensity and stability of wine. In this study, three of the most important red
Apulian varieties were fermented through two pure inoculations of Saccharomyces cerevisiae strains
or the sequential inoculation of Saccharomyces cerevisiae after 48 h from Starmerella bacillaris. The
evolution of anthocyanin profiles and chromatic characteristics were determined in the produced
wines at draining off and after 18 months of bottle aging in order to assess the impact of the different
fermentation protocols on the potential color stabilization and shelf-life. The chemical composition
analysis showed titratable acidity and ethanol content exhibiting marked differences among wines
after fermentation and aging. The 48 h inoculation delay produced wines with higher values of color
intensity and color stability. This was ascribed to the increased presence of compounds, such as
stable A-type vitisins and reddish/violet ethylidene-bridge flavonol-anthocyanin adducts, in the
mixed fermentation. Our results proved that the sequential fermentation of Starmerella bacillaris and
Saccharomyces cerevisiae could enhance the chromatic profile as well as the stability of the red wines,
thus improving their organoleptic quality.

Keywords: HPLC-UV-ESI-MSn; free anthocyanins; co-pigmented anthocyanins; mixed fermentation;
starmerella bacillaris; PCA

1. Introduction

Yeast metabolism, during the winemaking process, influences the wine organoleptic
properties and, consequently, wine quality. It can directly or indirectly affect the content of
several compounds related to both the aroma and color characteristics. Recent studies on
mixed starter cultures have proved that the resulting wines differ significantly, concerning
both their chemical composition and sensory characteristics. Different yeast species and the
ratio of non-Saccharomyces/Saccharomyces yeasts determine the organoleptic properties of
the final product, and therefore contribute differently to the improvement or depreciations
of wine quality [1].

The color is the most important visual attribute of red wines [2], which strongly
impresses consumers’ purchasing preference [3]. Moreover, it influences the perception
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of other sensory properties, such as aroma and flavor. Therefore, winemakers have ac-
customed to adopting suitable practices that improve color extraction and enhance the
stability of chromatic characteristics of wine over time [4]. The color of red wines is mainly
due to anthocyanins, which are transferred from grape skins into wine throughout the
maceration/fermentation process [5]. Whereas, the stability of color during wine aging is
affected by the phenolic derivatives which stabilize anthocyanins through co-pigmentation
reactions [6,7]. The types and concentrations of polyphenols in wine may depend on
the grape variety, the degree of ripening [8], and the vine growing methods employed,
specifically the pruning and training system [7,9]. The joining of additives (i.e., enzymes,
yeasts, or tannins) during winemaking is also a determinant [4,10,11].

In this aspect, there has been growing interest in the use of non-Saccharomyces yeasts
due to the positive impact some of their metabolites exert on wine quality [12,13]. Many
authors have demonstrated that non-Saccharomyces yeasts have a protective effect on wine
color [4,10,14]. Among these, Starmerella bacillaris (S. bacillaris) [15] has been considered one
of the most promising non-Saccharomyces yeasts [16–18] (having strong fructophilicity, high
tolerance to low temperatures, and ability to grow at an elevated sugar concentration) [19].
However, non-Saccharomyces yeasts possess low fermentation ability and cannot carry out the
must fermentation alone, due to their ethanol sensitivity [20,21]. Consequently, their use in
combination with selected Saccharomyces cerevisiae (S. cerevisiae) (Desm. Meyen 1838) strains is
necessary for completing the fermentation and taking advantage of their unique features [22].

Recently, a meaningful knowledge has been accumulated about the importance of
yeast inoculation density, timing, and combination of strains in improving the organoleptic
properties of wines [16,23,24]. The use of S. bacillaris during winemaking has allowed
increasing the must total acidity and enhancing the color intensity of wine [25,26]. Similarly,
this yeast strain has led to a higher production of pyruvic acid, which is involved in
the formation of stable pigments (i.e., vitisin A and B), compared to Saccharomyces [27].
Thereby, it could be hypothesized that a mixed fermentation (by employing both the yeasts,
sequentially) works in improving the color intensity as well as the color stability of wine.
This study aimed at comparing the anthocyanin profiles and chromatic characteristics
of wines produced through two mono-S. cerevisiae fermentations (SCE16 and SCE138,
respectively) or the sequential fermentation of S. bacillaris and S. cerevisiae SCE16/SCE138
inoculated 48 h later. The analyses were conducted on wines produced from the most
important red Apulian varieties (Primitivo, Negramaro, and Aleatico) at draining off and
after 18 months of bottle aging, to investigate the potential of the color stabilization and
shelf life of these wines.

2. Results
2.1. Interaction between Saccharomyces Yeast Strains and Pilot Scale Fermentation

In order to evaluate the suitability of the three yeast strains in mixed fermentation,
we first evaluated the phytotoxic activity towards each other both on plate and liquid
culture assays.

In the experiment performed on the plate assay, the three yeast strains were able
to grow independently of the previous growth of the other tested yeast strain on the
cellophane disc. Furthermore, the growth curves of each yeast strain are similar regardless
of the type of filtered supernatant added (Supplementary Figure S1). Likewise, no inhibition
of growth was observed in the liquid culture assay combining two yeast strains together,
both considering the interaction of S. cerevisiae strains or S. bacillaris with each of the
S. cerevisiae strain. Taking into consideration the absence of any phytoxic activity among the
different combinations of yeast strains, we were able to test their effect on wine production
in a mixed fermentation where the two S. cerevisiae strains (SCE16 and SCE138, 1:1) were
added together 48 h after the inoculation of S. bacillaris (FA18), and compare this trial with
mono-saccharomyces fermentation. Moreover, in order to assess the fermentation ability
of the chosen yeast combination with respect to mono-fermentation and, in particular, to
further verify the absence of any negative interaction in mixed fermentation among the
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yeast strains, fermentation kinetics were followed for each trial (Supplementary Figure S2).
Mono inoculation SCE16 and SC138 showed a similar or equal consumption in sugar level
in every variety considered, thus demonstrating the same fermentation capacity of the
two S. cerevisiae strains. On the contrary, the mixed FA18 was characterized by a slow
start, regarding the sugar consumption, reaching up to 7% in Primitivo, 8% in Negroamaro,
and 13% in Aleatico. The higher delay we found in the Primitivo could be ascribed to the
sugar concentration effect on the S. bacillaris activity, as previously described [28]. Indeed,
the sugar and nitrogen composition of the grape must are key factors for the evolution of
the alcoholic fermentation and the development of the yeasts [29,30]. Notably, also in the
FA18 mixed fermentation, complete sugar consumption was reached around 4 days after
the inoculum with the two S. cerevisiae strains, thus confirming the absence of a negative
interaction between the yeast strains both considering S. bacillaris against S. cerevisiae, and
between the two S. cerevisiae strains.

2.2. Basic Oenological Parameters and Chemical Composition

The chemical composition of Primitivo, Negramaro, and Aleatico wines produced by
pure and mixed culture fermentation at draining off and after 18 months of bottle aging
were listed in Table 1.

Table 1. Chemical analysis and polyphenolic indexes of Primitivo, Negramaro, and Aleatico at draining off (A) and after 18
months of bottle aging (B).

Primitivo A Primitivo B

SCE16 SCE138 FA18 SCE16 SCE138 FA18

CI 1.19 ± 0.10 # 1.04 ± 0.15 1.24 ± 0.05 0.92 ± 0.07 0.80 ± 0.12 0.96 ± 0.04
MA (mg/L) 176 ± 5ac 157 ± 11ab 148 ± 6b 121 ± 3c 109 ± 3d 102 ± 10d
TA (mg/L) 324 ± 16a 292 ± 20ab 294 ± 11ab 182 ± 17b 158 ± 16c 165 ± 12bc
TP (mg/L) 2390 ± 70a 2230 ± 60ab 2430 ± 80a 2081 ± 40b 1900 ± 100c 2110 ± 50b

pH 3.13 ± 0.03 3.21 ± 0.04 3.26 ± 0.05 3.39 ± 0.03 3.36 ± 0.04 3.39 ± 0.02
A (g/L) 7.81 ± 0.10 7.62 ± 0.15 7.67 ± 0.08 7.7 ± 0.2 7.50 ± 0.07 7.55 ± 0.07

ET (% v/v) 15.52 ± 0.12 14.9 ± 0.5 15.21 ± 0.12 15.31 ± 0.10 14.7 ± 0.4 15.0 ± 0.2
VA (g/L) 0.29 ± 0.04ab 0.25 ± 0.02c 0.28 ± 0.02b 0.23 ± 0.03c 0.24 ± 0.03c 0.32 ± 0.02a

H 0.283 ± 0.019c 0.24 ± 0.04d 0.256 ± 0.015cd 0.597 ± 0.003a 0.606 ± 0.006a 0.562 ± 0.009b
CEI −2.6 ± 0.2c −3.2 ± 0.7c −2.99 ± 0.17c −0.675 ± 0.008a −0.650 ± 0.017a −0.76 ± 0.02b

Negramaro A Negramaro B

SCE16 SCE138 FA18 SCE16 SCE138 FA18

CI 0.553 ± 0.018b 0.58 ± 0.03b 0.743 ± 0.019a 0.425 ± 0.014c 0.45 ± 0.02c 0.571 ± 0.015b
MA (mg/L) 117 ± 4a 107 ± 5a 98 ± 4b 97 ± 5b 72 ± 10c 69 ± 11c
TA (mg/L) 211 ± 3a 202 ± 2ab 189 ± 7b 120 ± 5c 110 ± 9cd 103 ± 6d
TP (mg/L) 2040 ± 90 1900 ± 70 1790 ± 100 2060 ± 70 1830 ± 90 1600 ± 100

pH 3.40 ± 0.05 3.30 ± 0.03 3.36 ± 0.03 3.56 ± 0.06 3.52 ± 0.04 3.54 ± 0.02
A (g/L) 6.07 ± 0.04b 6.10 ± 0.03ab 6.4 ± 0.03a 5.7 ± 0.03c 6.00 ± 0.02b 6.2 ± 0.03a

ET (% v/v) 12.3 ± 0.2 12.52 ± 0.12 12.33 ± 0.06 12.3 ± 0.3 12.43 ± 0.06 12.26 ± 0.13
VA (g/L) 0.21 ± 0.02b 0.23 ± 0.03b 0.23 ± 0.04b 0.20 ± 0.02b 0.21 ± 0.02b 0.38 ± 0.03a

H 0.435 ± 0.016d 0.437 ± 0.016d 0.412 ± 0.015c 0.73 ± 0.03a 0.717 ± 0.006a 0.694 ± 0.012b
CEI −1.30 ± 0.08d −1.29 ± 0.08d −1.13 ± 0.06c −0.37 ± 0.06b −0.395 ± 0.012ab −0.41 ± 0.03b

Aleatico A Aleatico B

SCE16 SCE138 FA18 SCE16 SCE138 FA18

CI 0.43 ± 0.05 0.40 ± 0.08 0.49 ± 0.03 0.33 ± 0.04 0.31 ± 0.06 0.39 ± 0.02
MA (mg/L) 95 ± 6a 97 ± 3a 85 ± 3b 70 ± 5bc 80 ± 7b 65 ± 4c
TA (mg/L) 157 ± 8a 165 ± 8a 152 ± 6ab 97 ± 9cb 103 ± 7b 92 ± 4c
TP (mg/L) 1700 ± 50a 1720 ± 20a 1600 ± 60b 1430 ± 50bc 1440 ± 80bc 1320 ± 40c

pH 3.26 ± 0.04 3.27 ± 0.06 3.22 ± 0.04 3.42 ± 0.02 3.43 ± 0.02 3.38 ± 0.04
A (g/L) 5.61 ± 0.02b 5.59 ± 0.10b 6.18 ± 0.04a 5.50 ± 0.14b 5.50 ± 0.02b 6.05 ± 0.07a

ET (% v/v) 12.0 ± 0.18 11.9 ± 0.03 11.7 ± 0.06 11.95 ± 0.13 11.83 ± 0.04 11.60 ± 0.02
VA (g/L) 0.22 ± 0.02b 0.21 ± 0.01b 0.26 ± 0.04a 0.17 ± 0.01c 0.18 ± 0.01c 0.24 ± 0.01ab

H 0.543 ± 0.017 0.527 ± 0.019 0.564 ± 0.016 0.760 ± 0.013 0.753 ± 0.018 0.78 ± 0.03

CEI −0.84 ± 0.03 −0.90 ± 0.03 −0.806 ± 0.013 −0.22 ± 0.03 −0.23 ± 0.04 −0.26 ± 0.05

Each value was calculated as means of three independent replicates ± #standard deviation at p < 0.05. Different letters on the same line are
significantly different at a 5% level (Tukey’s HSD post-hoc test). CI: Color intensity; MA: Monomeric anthocyanins; TA: Total anthocyanins;
TP: Total polyphenols; A: Total acidity; ET: Alcoholic degree; VA: Volatile acidity; H: Hue; CEI: Color evolution index.
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Overall, the fermentation type factor influenced the titratable acidity (A) of the wines.
Indeed, samples obtained by mixed fermentation generally contained more acids, in
particular, Negramaro and Aleatico FA18 wines had a significantly higher A (p < 0.01).
These differences (ranging from 0.25 to 0.57 g/L) cannot be imputed to the main organic
acids (citric, malic, tartaric, and lactic acids) whose values did not significantly change in
all the wines (Supplementary Table S1).

Furthermore, pH values were not affected by the different fermentation protocols at dry-
ing off (Table 1). Conversely, these findings may be due to the capability of S. bacillaris strains
to relatively synthesize high concentrations of keto acids either during the early stages
of fermentation from sugar metabolism or from the corresponding amino acids (alanine
for pyruvic acid and glutamate for α-keto glutaric acid), as previously reported [27,31,32].
On the contrary, we revealed a significantly higher pH value in 18 months aged wines
connected to the partial tartaric precipitation that happened during aging in the bottle.
However, not surprisingly, the slight decrease of A (total acidity) during the wines aging
could also be due to a series of maturation reactions involving pyruvic acid [7].

No significant difference in the alcoholic degree (% v/v) was registered between
pure and mixed fermentation in all the samples (Table 1). Moreover, the volatile acidity
was strongly influenced by the fermentation protocol and bottle aging, as well as by the
interaction of the two factors (p < 0.001), even though all the wines contained <0.40 g/L
(Table 1), which cannot be considered detrimental to the sensorial quality of wine as in
agreement with literature data [33]. Furthermore, we analyzed the polyphenolic content
and we found that monomeric anthocyanins (MA), total anthocyanins (TA), and total
polyphenols (TP) values appeared significantly higher in SCE16 and SCE138 than in the
FA18 samples, especially for Negramaro and Aleatico (Table 1). Moreover, we detected
a decrease of phenolics after 18 months which, was generally more marked in FA18 than
SCE16 and SCE138 wines (Table 1).

2.3. HPLC-MS Analysis of Anthocyanin Profile in the Wines

The color changes during wine maturation are usually attributed to anthocyanin
polymerization reactions and the evolution of co-pigments resulting from interactions
between anthocyanins and other compounds at the fermentation phase [34,35]. For these
reasons, we investigated the anthocyanin profile of the wines by HPLC-MS analyses and the
pigments, identified through their retention time (RT), molecular ion (M+), and principal
MS/MS fragments, as listed in Table 2.

Five mono glucoside anthocyanins, namely delphinidin (3), cyanidin (5), petuni-
din (6), peonidin (8), and malvidin (9), together with malvidin-3-O-acetylglucoside (15),
malvidin-3-O-caffeoylglucoside (17), cyanidin-3-O-(p-coumaroyl)glucoside (17), peonidin-
3-O-trans-(p-coumaroyl)glucoside (20), and malvidin-3-O-trans-(p-coumaroyl)glucoside
(21) were revealed in all the samples. Whilst other acyl compounds, such as peonidin-
3-O-acetylglucoside (14), petunidin-3-O-(p-coumaroyl)glucoside (18), and malvidin-3-O-
cis-(p-coumaroyl)glucoside (18), also belonging to the group of free-anthocyanins directly
extracted from grape skin [36,37], were not detected in Aleatico wines. Four compounds cor-
responding to carboxy-pyranoanthocyanins derived from the reaction between glucoside
anthocyanins and pyruvic acid (A-type vitisins) were also identified (Table 2). In particular,
petunidin (7) and malvidin (10) 3-O-glucoside pyruvate were present in all the samples,
while peonidin (13) and malvidin (14) 3-O-(p-coumaroyl)glucoside pyruvate were absent in
Aleatico wines. Two well resolved chromatographic peaks (11 and 12) referring to isobaric
ions with similar MS/MS spectra were achieved for the species with [M]+ at m/z 809, which
were identified as isomers of malvidin-3-O-glucoside-8-ethyl-(epi)catechin [38]. Then, other
ethylidene-bridged flavanol anthocyanins, namely peonidin-3-O-(p-coumaroyl)glucoside-
8-ethyl-(epi)catechin (19) and malvidin-3-O-(p-coumaroyl)glucoside-8-ethyl-(epi)catechin
(23), were revealed in the wines (Table 2). With regards to vinyl-linked flavanol antho-
cyanins, also known as flavanol pyranoanthocyanins [33], malvidin-3-O-acetylglucoside-4-
vinyl-(epi)catechin (16) and malvidin-3-O-glucoside-4-vinyl-(epi)catechin (22) were only de-
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tected in Primitivo and Negramaro wines, respectively. Finally, three flavanol-anthocyanins
derivatives, having molecular ions and fragmentation patterns typical of (epi)-catechin-
peonidin (1) or malvidin-3-O-glucoside (2 and 4) adducts [7] were found (Table 2).

Table 2. Chromatographic and mass spectral data of the identified anthocyanin compounds.

Peak RT Compound [M]+ (m/z) MS/MS

1 9.896 (epi)-catechin-peonidin-3-O-glucoside 751 589, 463, 437
2 10.603 (epi)-catechin-malvidin-3-O-glucoside 781 619, 493, 467
3 11.356 delphinidin-3-O-glucoside 465 303

4 12.236 di(epi)catechin-malvidin-3-O-
glucoside 1069 907, 781, 619

5 13.511 cyanidin-3-O-glucoside 449 287
6 14.975 petunidin-3-O-glucoside 476 317
7 16.458 petunidin-3-O-glucoside pyruvate 547 385
8 17.520 peonidin-3-O-glucoside 463 301
9 19.147 malvidin-3-O-glucoside 493 331

10 22.096 malvidin-3-O-glucoside pyruvate 561 399

11 28.755 malvidin-3-O-glucoside-8-ethyl-
(epi)catechin 809 647,519,357

12 30.251 malvidin-3-O-glucoside-8-ethyl-
(epi)catechin 809 647,519,357

13 31.197 peonidin-3-O-(p-coumaryl)-glucoside
pyruvate 677 369

14 31.957 peonidin-3-O-acetylglucoside 505 301

14 31.957 malvidin-3-O-(p-coumaryl)-glucoside
pyruvate 707 399

15 33.237 malvidin-3-O-acetylglucoside 535 331

16 34.843 malvidin-3-O-acetylglucoside-4-vinyl-
(epi)catechin 847 643,491

17 35.622 malvidin-3-O-caffeoylglucoside 655 331
17 35.622 cyanidin-3-O-(p-coumaryl)-glucoside 595 287
18 36.914 petunidin-3-O-(p-coumaryl)-glucoside 625 317

18 36.914 malvidin-3-O-cis-(p-coumaryl)-
glucoside 639 331

19 37.694 peonidin-3-O-(p-coumaryl)-glucoside-
8-ethyl-(epi)catechin 925 635,617,327

20 39.841 peonidin-3-O-trans-(p-coumaryl)-
glucoside 609 301

21 41.231 malvidin-3-O-trans-(p-coumaryl)-
glucoside 639 331

22 42.355 malvidin-3-O-glucoside-4-vinyl-
(epi)catechin 805 643,491

23 49.702 malvidin-3-O-(p-coumaroyl)-
glucoside-8-ethyl-(epi)catechin 955 665,647,357

In order to investigate the influence of the fermentation type on the formation and
evolution of anthocyanin derived pigments, involved in the color intensity and stability,
PCA analyses were performed on Primitivo, Negramaro, and Aleatico wines at draining off
and after 18 months of bottle storage. Moreover, the percentage content of the five different
classes of pigments were compared among the wines at the two time-points of aging
(Figures 1–3). Overall, the mixed fermentation protocol provoked the increasing synthesis
of stable pigments in the wines during the vinification process. Indeed, at draining off, the
FA18 samples appeared richer in pyranoanthocyanins and ethylidene-bridged compounds,
whose content was also enhanced during the bottle aging, thus contributing to the intensity
and stability of the color. This was in agreement with the effect of sequential inoculum
(delay of 5 days) with S. bacillaris CZ1 in the production of wines with a higher level of A-
type vitisins [39]. Regarding Primitivo at draining off (Figure 1a), FA18 was characterized
by a higher content of vitisin A (10), but also reddish/violet ethylidene-bridged compounds
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(11, 12, and 19) and bluish pigment (4). On the contrary, SCE16 (and less SCE138) showed
greater amounts of free anthocyanins, especially the compounds 6, 9, 17, 20, and 21 together
with pyruvic and vinyl derivatives (7 and 16, respectively). Having λmax > 530 nm [31], the
relative predominance of the compounds 4, 10, 11, 12, and 19 could partially explain the
slightly higher CI in FA18 than SCE wines (Table 1).
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Moreover, Negramaro FA18 wines at draining off (Figure 2a,c) were distinguished
for having a higher content of stable pigments 4, 10, and 23, which positively affected
their color intensity (Table 1). Whereas, SCE wines were separated on the sore plot since
more correlated to the free anthocyanins 3, 5, 6, 9, 14, 15, 17, and 21 showing greater factor
loadings (>|0.9|) on PC1 and PC2 (Figure 2a).

Finally, with regards to Aleatico, even though the use of S. bacillaris in winemaking
partially enhanced the formation of stable conjugated forms (especially vitisin A 10 and
compound 23) in wines at draining off (Figure 3a,c), this was not enough to intensify and
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stabilize the color. Indeed, there was no significant variation of CI, H, and CEI among the
three wines (Table 1). Furthermore, SCE 18 month-old wines were less clearly separated
from FA18 and their relative percentage of pigment families was very close (Figure 3b).

These findings, coupled with the highest H and CEI values in the aged samples
(Table 1), indicated a similar and faster color change from red to orange tone and color
loss [4]. A possible explanation for this behavior can be attributed to the very low content
of anthocyanins (TA) and polyphenols (TP) extracted from grapes in Aleatico wines during
both fermentation types.
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3. Discussion

Wine is the result of a complex biochemical process, that starts with grape harvesting,
continues with the alcoholic and malolactic fermentations, wine aging, and bottling [40]. In
this process, the diversity and composition of the yeast micro-population may significantly
contribute to the organoleptic characteristics of wine, and consequently, those known as
terroir. Indeed, modern oenology is increasingly oriented today to the development of tech-
nologies and strategies that allow enhancing the typicity and the quality of autochthonous
vines. In this regard, one of the most promising ways is the identification of yeasts which
are used as a starter in innovative winemaking processes and allow improving the quality
of wines. A combination of S. bacillaris and S. cerevisiae in a sequential fermentation has
been described promising to satisfy the modern market and consumer preferences due to
its peculiar characteristics [18].
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In the present paper, we investigated how mixed fermentation combining the use
of S. bacillaris with S. cerevisiae might influence the color and its stability during aging,
one of the most important organoleptic characteristics in red wine, on three of the most
typical and commercially important wines in the South of Italy, Primitivo, Negramaro, and
Aleatico. In our trials, we first demonstrated that no killer effect exists of the S. bacillaris
strain FA18 against the chosen S. cerevisiae strains (SCE16 and SCE138), thus confirming
their suitability in mixed fermentation. Moreover, the kinetics of fermentation and chemical
analysis demonstrated that the two S. cerevisiae strains have a similar fermentation capacity
on all the three cultivars, thus confirming their suitability of combination in S. bacillaris.

Our results revealed that mixed fermentation influences both basic parameters and
chemical compounds (i.e., pyranoanathocyanins) specifically related to the co-pigments
formation and color stabilization. S. bacillaris has been described to affect the chemi-
cal composition of the musts and wines by producing various metabolites of enological
interest [18].

Among these effects, the reduction of ethanol levels in wines has been described when
S. bacillaris was used coupling with plus S. cerevisiae [16,18,25,26]. However, we did not find
any variation in the alcoholic degree (% v/v) (Table 1). Indeed, no significant differences
in the ethanol production have been described between mono-Saccharomyces and mixed
fermentations with some S. bacillaris strains. On the contrary, the significant reduction in
ethanol is shown when S. cerevisiae is added 48 to 72 h after the S. bacillaris inoculation,
and oxygen is applied during the fermentation process in order to favor the respiration
rather than fermentation [16]. Furthermore, the reduction in ethanol for the sequential
fermentation is emphasized when the fermentation occurs in a synthetic must medium
rather than the natural grape must [41].

Moreover, our data revealed that the fermentation type significantly affected (p < 0.05)
MA, TA, and TP in the analyzed wines. Pure fermentations allowed a better extraction
of anthocyanins and polyphenols as demonstrated by the significant higher value of MA,
TA, and TP in SCE16 and SCE138 than in the FA18 samples, especially for Negramaro and
Aleatico (Table 1). Despite the aforementioned non-variation of ethanol in our samples,
it is known that mixed fermentation of S. bacillaris and S. cerevisiae leads to a slower
development of ethanol in the early stages of winemaking [25,26], thus reducing the
extraction of phenolic compounds during the skin maceration [42]. This could partially
explain the reduction in phenolic compounds we observed in FA18. Moreover, we detected
an even more evident decrease in MA and TA, as well as in TP during aging which in fact
is due to the precipitation and degradation phenomena (both oxidative and reductive), that
can involve the less stable and oxidizable forms of red wine (such as cyanidin-3-O-glucoside
and peonidin-3-O-glucoside) already described in literature data [7,43].

Most relevant, substantial differences emerged among our wines considering several
compounds playing a critical role in the wine color. Indeed, the evolution of wine color
is influenced by a number of factors, such as the amount of tannin and acids, grape
variety, alcohol and acetaldehyde concentrations, as well as the winemaking and storage
conditions of wine [42,44,45]. In particular, the color changes during wine maturation
are usually attributed to anthocyanin polymerization reactions and the evolution of co-
pigments resulting from interactions between anthocyanins and other compounds at the
fermentation phase and during aging [34,35].

Overall, our data highlighted that a 48 h sequential fermentation employing the FA18
S. bacillaris in Primitivo, Negramaro, and Aleatico enhances the synthesis of stable antho-
cyanin pigments, in particular, A-type vitisins and ethylidene-bridge flavonol-anthocyanin
adducts, as well as their preservation after 18 months of aging in the bottle. The acidogenic
nature of S. bacillaris, leading to a more consistent production of pyruvic and acetaldehyde
during fermentation, would be responsible for the preferential synthesis of these com-
pounds [25,46]. It is worth pointing out that Primitivo, Negramaro, and Aleatico grapes,
used in winemaking, derived from minimal or no canopy management grown vineyards
and, thus, were poorer in anthocyanins and polyphenols with respect to conventional
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conditions, as previously reported in literature [47]. This could motivate the lack of various
pigments, such as pinotins, anthocyanin dimers, and trimers, as well as more different
vinyl-linked and ethylidene-bridged compounds, compared to wines analyzed by direct
injection [33] or after fractionation [7].

Notably, the pyranic structure of malvidin-3-O-glucoside pyruvate (10) is recognized
as more resistant to the bleaching effect due to SO2 than malvidinic free anthocyanins,
thereby its presence in wine implies a greater red color stabilization [48]. Furthermore,
this vitisin A is resistant to a pH increase [48] and oxidative degradation [49], as well
as temperature changes [50]. It is worth noting that, although free anthocyanins more
strongly decreased in FA18, mixed fermentation seemed to protect the wine from fur-
ther non-oxidative degradation reactions. It was confirmed by the relative unstable ethyl
linked anthocyanins (11, 12, and 19), whose percentage slightly increased during aging
(Figure 1b,c), and the reduced color loss, as proved by the significant lower values of H
and CEI than those found in SCE16 and SCE138 after 18 months in the bottle (Table 1).
This would be a very important finding from a technological standpoint, since the use of S.
bacillaris in tandem with S. cerevisiae could contribute to mitigate the often-reported rapid
change of Primitivo color into orange hue compared to other international wines [7]. In ad-
dition, the significant lower values of H and CEI highlighted that Negramaro derived from
the mixed inoculum of S. bacillaris/S. cerevisiae remained more stable in the color after bottle
storage than SCEs (Table 1). This was corroborated by the most pronounced increase in vi-
tisins, ethylidene-bridged pigments, and flavanol-anthocyanin adducts percentage in FA18
aged wines (Figure 2b,c). However, the remarked difference in the color stability of Negra-
maro wines was less evident respect to Primitivo ones (Table 1), maybe due to the different
ethyl linked compounds prevailing in the former (i.e., malvidin-3-O-glucoside-8-ethyl-
epicatechin) despite the latter samples (i.e., malvidin-3-O-glucoside-8-ethyl-epicatechin
isomers and peonidin-3-O-pcoumaroyl-glucoside-8-ethyl-epicatechin), as well as their
relative concentrations (Figure 2).

Notably, at our knowledge, this is the first evidence that mixed fermentation induced
the production of ethylidene-bridge flavonol-anthocyanin adducts. Indeed, these adducts
have been previously found unstable and intermediate products formed during winemak-
ing and aging, also using different vinification procedures [51,52] or present only at a low
concentration, in addition to their importance has been hypothesized [53]. As a matter of
fact, these ethylidene linked pigments are associated to a color increase with a shift towards
violet [54,55]. Moreover, these pigments undergo further polymerization phenomena, thus
leading to an important reduction in astringency [37] that improve the organoleptic quality
of the red wines.

4. Materials and Methods
4.1. Yeast Strains

Two S. cerevisiae strains and one S. bacillaris strain available at the I.U.V.V.—Institut
Universitaire de la Vigne et du Vin Jules Guyot of Dijon (France) were inoculated in
red vinification experiments. The two S. cerevisiae strains were isolated from ‘Savigninin
Jura’ and were coded SCE16 and SCE138, while the S. bacillaris strain was isolated from
‘Pinot noir’ in Burgundy and identified as FA18. These strains were previously isolated in
Burgundy, characterized, and then selected based on their oenological performances [24,56].
The 5.8S ITS rDNA sequencing confirmed the pure culture condition of these strains and
the correct identity of these species [57].

4.2. Grape Varieties and Vineyard Conduction

The experiments were carried out in 2017 on three important Apulian Vitis vinifera
L. red grape varieties: Primitivo, Negramaro, and Aleatico, chosen as used for the most
important enological production in Apulia Region, Southern Italy. They were cultivated in
an experimental vineyard of the CREA-VE, located in the area around Rutigliano (Bari),
Apulia Region, Southern Italy. The vineyards are composed of 13-year-old vines, grafted34
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E.M., trained on Gobelet Alberello, and pruned with four spurs of two buds. Plants are
planted 1.5 m between rows and 1.0 m in the row. All the vines were cultivated without
water supply, chemical inputs, and canopy management. Samples of 130 kg per each
variety were hand-harvested at the same time in mid-October, at technical maturity [58].
At harvest, the total soluble solids (TSS) content, A, and pH were as follows: Aleatico: TSS
19.8 ◦Brix, A 5.9 g/L, pH 3.40; Negramaro: TSS 21 ◦Brix, A 6.9 g/L, pH 3.38; Primitivo:
TSS 25 ◦Brix, A 7.1 g/L, pH 3.42. The grapes were hand-picked in small pierced plastic
crates and immediately crushed and destemmed. After crushing and destemming, 4 g/hL
of potassium metabisulphite (the equivalent of 20 mg/L of SO2) was added in the unpas-
teurized must. Organic and inorganic nitrogen sources were added, as described in the
laboratory scale protocol of Nisiotou et al. [59]. The obtained must were directly processed
for winemaking.

4.3. Interaction between Saccharomyces Yeast Strains

In order to test the killer action between the three yeast strains we performed
two experiments.

Experiment 1: Cellophane agar layer technique [60]. Sterilized disc of 90 mm diameter
of cellophane was laid aseptically over the solidified Yeast Peptone Dextrose Agar (YPDA)
medium in culture plates. The plates were laid overnight to allow the excess moisture
to evaporate. In addition, 10 µL (at the concentrations of 1.0 × 107 CFU/mL) of each
yeast strain (S. cerevisiae SCE16, S. cerevisiae SCE138, and S. bacillaris FA18) were uniformly
distributed on the cellophane disc. For each yeast, six plates were produced. Moreover,
10 µL of sterilized YPDA without yeast were used as a control on nine different plates.
After 48 h of incubation at 25 ◦C, the cellophane disc with and without yeast was removed
from the plates. On the first three plates previously covered with the cellophane disc
with the S. cerevisiae strain SCE16, 10 µL (at the concentrations of 1.0 × 107 CFU/mL) of
the S. cerevisiae strain SCE138 were uniformly distributed and on the other three plates,
10 µL (at the concentrations of 1.0 × 107 CFU/mL) of the S. bacillaris strain FA18. The
same procedure was used for the six plates covered with the cellophane agar with the
saccharomyces strain SCE138 and for the six plates covered with the cellophane disc with
the S. bacillaris strain FA18. On the plates used as a control, the three yeast strains were
uniformly distributed. After incubation at 25 ◦C for 48 h, the growth of each yeast strain
was recorded.

Experiment 2: Growth in liquid media. Each yeast strain was grown in a tube contain-
ing liquid YPD for 24 h at 25 ◦C. Cells were removed by a double centrifugation at 7240 g
for 5 min and the supernatant was filtered through a syringe filter (0.22 µm pore size). In
addition, 7.5 mL of the filtered supernatant of the S. cerevisiae strain SCE138 were placed in
two sterilized tubes and added with 7.5 mL of liquid YPD containing the S. cerevisiae strain
SCE16 or liquid YPD containing the S. bacillaris strain FA18, both at the concentration of
1.0 × 106 CFU/mL. The same procedure was followed using the filtered supernatant of
SCE16 and FA18 added with liquid YPD containing living cells of other yeast strains. The
tubes were placed on an orbital shaker at 25 ◦C for 48 h. After 18, 24, 42, and 48 h, two
aliquots of 1 mL each were aseptically withdrawn from each tube. Using a spectropho-
tometer (Thermo Scientific NanoDrop2000) the growth of yeast cultures was monitored by
measuring the optical density (OD) at 600 nm. For each aliquot, five replicates/lectures
have been performed and the average values were used to plot the growth curve of each
yeast strain in the presence of the filtered supernatant of another yeast strain.

4.4. Pilot Scale Fermentation Procedure

Pilot scale vinification trials of 20 kg (equal solid/liquid ratio in each trial) were con-
ducted in stainless steel fermenters. The must obtained, corresponding to 18 Lt from each
sample of single variety were fermented separately following a standard red winemaking
procedure and three independent replicates for each trial were finally carried out.
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Each trial was as follows: (i) Mono-SCE16 inoculation (SCE16), (ii) mono-SCE138
inoculation (SCE138), and (iii) a mixed fermentation where the two S. cerevisiae (SCE16 and
SCE138, 1:1) were added together 48 h after the inoculation of S. bacillaris (FA18). Each
yeast strain was inoculated at a starting concentration of about 5 × 106 CFU/mL. The
possible lack of nutrients was avoided through a standard addition of nitrogen nutrients
and enzymatic cofactors into the fermenting juice (20 g/hL of organic nitrogen). This was
applied when sugar consumption reached 50 gr/Lt in the mono-SCE16 and -SCE138, while
it was implemented in the mixed fermentations (FA18) after 48 h, when the two S. cerevisiae
strains were inoculated, thus to enhance the Saccharomyces metabolic activities, avoiding
nutrients depletion and preventing Saccharomyces growth arrest.

The fermentation proceeded at a constant temperature of 25 ± 0.5 ◦C, performing
manual pushing down of the pomace cap three times a day during the first half of the
fermentation and two times a day until the end. Fermentation kinetics were measured,
checking the level of sugar consumption (◦Babo), utilizing a standard hydrometer. Macer-
ations and fermentations were considered ended when residual sugar levels, measured
with a hydrometer (Babo Klosterneuburg Mostimeter), reached 0 ◦Babo (8–10 days). The
complete fermented must was pressed (up to 2–3 bar) and kept in the cellar for 2 days
before storage in a refrigerated room (4–5 ◦C) to allow the residual solid parts (solid lees)
to settle down. The wines were racked after a week to remove the solid lees. Consequently,
wines were poured in 0.75 L glass bottles, supplemented with potassium metabisulphite to
achieve a final concentration of 80 mg/L of total SO2. The wines were stored at a constant
temperature of 15 ◦C and analyzed at draining off and after 18 months of aging to assess
the color stabilization and the variation of chromatic characteristics.

4.5. Chemical Analysis

A chemical analysis on wine and must was performed according to the EEC reg-
ulation 2676/90, as reported by the International Organization for Vine and Wine (OIV,
2018: https://www.oiv.int/en/technical-standards-and-documents/methods-of-analysis/
compendium-of-international-methods-of-analysis-of-wines-and-musts-2-vol (accessed on
24 April 2020)). Titratable acidity, A (g/L of tartaric acid) was measured following OIV
MA-AS313-01 R2015 par.5.3;pH: OIV MA-AS313-15 R2011; volatile acidity, VA (g/L of
acetic acid): OIV MA-AS313-02 R2015; alcoholic degree, ET (% v/v): OIV MA-AS312-01A
R2016 par. 4C. The wine color was assessed by the Glories chromatic parameters [61]: Color
intensity (CI) was calculated as the sum of absorbance (λ420 + λ520 + λ620 nm); hue (H) was
defined as the ratio λ420/λ520 nm, while the color evolution index (CEI) was calculated as
(λ420−λ520 nm)/λ420 nm.

4.6. Phenolic Indexes

Total polyphenols (TP), total anthocyanins (TA), and monomeric anthocyanins (MA)
were measured spectrophotometrically to assess the phenolic wine composition and the
overall chromatic characteristics.

TP was determined following the method suggested by Waterhouse et al. [62]. From
each sample, 20 µL were collected in separate cuvettes, and mixed with 1.58 mL water and
100 µL of Folin-Ciocalteu reagent. After 5 min, 300 µL Na2CO3 10% were added and the
solution was shacked. The absorbance of each solution was read at λ750 nm against a blank
after waiting for 2 h at 20 ◦C. A calibration curve (R2 = 0.9264) was set with a polyphenolic
concentration between 0–3000 mg/L of gallic acid, considering the effective range of the
assay. Results were reported as mg/L of gallic acid equivalents (GAE).

TA was determined as already reported [38]. Briefly, the samples were diluted in a
solution consisting of 70/30/1 (v/v/v) ethanol/water/HCl. The relative absorbance for
each sample was measured at λmax of 540 nm. The total anthocyanin content was expressed
as mg/L of malvidin-3-O-glucoside equivalents.

Finally, MA was measured by the spectrophotometric determination reported by
Lee et al. [63]. Briefly, all the dilutions were performed in 50 mL volumetric flasks. At
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the beginning, the appropriate dilution factor by diluting the test portion with a pH 1.0
buffer was determined until absorbance at λmax of 520 nm was within the linear range
(between 0.2 and 1.4 AU). Using the appropriate dilution factor, two dilutions of each test
sample, either for pH 1.0 (potassium chloride, 0.0025 M) or pH 4.5 (sodium acetate, 0.4 M)
buffers were prepared. Hence, the determination proceeded through pH 1.0 and 4.5 buffer
dilutions of the samples, reading them both at λmax of 520 and 700 nm. The measure at
700 nm was considered a wine haze correction of the reading at 520 nm. The content of
anthocyanin pigments was expressed as mg/L of cyanidin-3-O-gluoside equivalents.

4.7. Anthocyanin Profile Determined by HPLC-DAD-MS

An HPLC 1100 equipped with a DAD and XCT-trap Plus mass detector (Agilent
Technologies, Palo Alto, CA., USA) coupled with an ESI interface was used. The reversed
stationary phase employed was a Zorbax C18 5 µm (250 × 4.6 mm i.d., Agilent Technolo-
gies) with a pre-column Gemini C18 5 µm (4 × 2 mm i.d., Phenomenex, Castel Maggiore,
Bologna, Italy). The following gradient system was used with water/formic acid (90:10,
v/v) (solvent A) and acetonitrile (solvent B): 0 min, 95% A— 5% B; 10 min, 87% A —13%
B; 20 min, 85% A—15% B; 30 min, 78% A—22% B; 50 min 78% A—22% B; 55 min 5%
A— 95% B; stop time at 70 min. Finally, the column was re-equilibrated with the initial
solvent mixture for 15 min. The flow was maintained at 0.7 mL/min; the sample injection
was 5 µL. Wine samples were filtered (0.2 µm RC syringe filters, Phenomenex) before the
HPLC analysis. The diode array detection was between 250 and 650 nm, and absorbance
was recorded at 520 nm. The positive electrospray mode was used for ionization of the
molecules with capillary voltage at 4000 V and skimmer voltage at 30 V. The nebulizer
pressure was 40 psi and the nitrogen flow rate was 9 L/min. The temperature of drying
gas was 350 ◦C. The monitored mass range was from m/z 100 to 1200.

Free and co-pigmented anthocyanins were identified by matching the chromato-
graphic elution order, molecular ions, and MS/MS fragments with those reported in the
literature [7]. Semi-quantitation was performed using extracted ion chromatograms (EIC):
For each compound, the EIC at the corresponding molecular ion was obtained and the
relevant peak was integrated (Supplementary Table S2). Subsequently, peak areas were
summed with respect to the type of pigment to calculate the percentage content of the
different classes determined in the wines.

4.8. Organic Acids Determination by HPLC-UV

An HPLC 1100 equipped with a VWD detector (Agilent Technologies, Palo Alto, CA,
USA) was used. The reversed stationary phase employed was a Synergy Hydro-RP-80A
5 µm (250 × 4.6 mm i.d., Phenomenex, Castel Maggiore, Bologna, Italy) with a pre-column
Gemini C18 5 µm (4 × 2 mm i.d., Phenomenex, Castel Maggiore, Bologna, Italy). The
separation was conducted in an isocratic mode using water/orthophosphoric acid (0.1%) as
the mobile phase. The flow was maintained at 0.7 mL/min and sample injection was 5 µL.
Wine samples were 2-folds diluted and filtered (0.2 µm RC syringe filters, Phenomenex)
before the HPLC analysis. Absorbance was recorded at 210 nm.

4.9. Statistical Analysis

Data were analyzed using the R package software (version 3.4.0). Specifically, after
testing their normal distribution by the Mardia test, a two-way multivariate analysis
of variance (MANOVA) was performed on the chemical composition data in order to
evaluate the effect of the factors fermentation type and aging, whose significance was
discussed in the text. Tukey’s HSD post-hoc test was used to separate the means (p < 0.05)
when the interaction between the factors was significant (Table 1). Furthermore, the
principal component analysis (PCA) of the dataset was performed on semi-quantified
HPLC-anthocyanin profiles of each wine at draining off and after 18 months in the bottle to
explore qualitative differences. In the PCA, only the first two components were considered
accounting for more than 80% of the total variance explained.
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5. Conclusions

In conclusion, the presented results highlighted that the use of S. bacillaris in tandem
with S. cerevisiae has positively contributed to the evolution and stability of the wine color
during the aging process. Although preliminary, our data are a further step that highlight
the applicative technological potential of mixed fermentations with S. bacillaris. [18]. Indeed,
our results support the importance of mixed fermentations to enhance the organoleptic
characteristics (such as color intensity and stability) and shelf-life of wines that belong
to the winemaking tradition. In particular, mixed fermentation with S. bacillaris might
represent a valuable technological tool for mitigating the often reported rapid change of
the color of some mono-varietal wines (such as Primitivo) towards an orange-brown hue.
Moreover, we highlighted new clues on the impact of individual components produced
in the presence of different starters on the final wine quality. This is a small pilot scale
fermentation trial, but as a future perspective, the possibility of testing mixed cultures on
different musts while also studying more in-depth yeast interactions, offer the opportunity
to evaluate their benefits and limitations in order to select the best starters capable of fully
enhancing the qualities of the resulting wines.

Supplementary Materials: The following are available online. Table S1: Concentration of organic
acids in the studied wines; Table S2: Quantities of the identified anthocyanins into wines; Figure S1:
Cell concentration of each yeast strain grown in liquid YPD amended with filtered supernatant
obtained from the growth of each yeast strain on YPD. Data are the mean value of two replicates and
five lectures/replicates. The time in hours is reported on abscises, while the ordinate axes reported
the 10 logarithms of the number of cells per mL; Figure S2: Fermentation kinetics of Primitivo,
Negroamaro, and Aleatico in pilot scale conditions: The days of fermentation are reported on abscises,
while ◦Babo is reported on the ordinates. SCE16 and SCE138: Mono S. cerevisiae fermentations; FA18:
Mixed fermentation of S. bacillaris FA18 and the two S. cerevisiae strains (48 h of delay). Red arrows
indicate the addition of the two S.cerevisiae strains.
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Abstract: This review reports recent knowledge on the role of ingredients (barley, hop and yeasts),
including genetic factors, on the final yield of phenolic compounds in beer, and how these molecules
generally affect resulting beer attributes, focusing mainly on new attempts at the enrichment of beer
phenols, with fruits or cereals other than barley. An entire section is dedicated to health-related
effects, analyzing the degree up to which studies, investigating phenols-related health effects of
beer, have appropriately considered the contribution of alcohol (pure or spirits) intake. For such
purpose, we searched Scopus.com for any kind of experimental model (in vitro, animal, human
observational or intervention) using beer and considering phenols. Overall, data reported so far
support the existence of the somehow additive or synergistic effects of phenols and ethanol present
in beer. However, findings are inconclusive and thus deserve further animal and human studies.

Keywords: beer; phenols; alcohol; health

1. Introduction

Beer is a natural drink and historical evidences indicate a common use since ancient
times also for medical and religious purposes [1]. Antique recipes prove widespread pro-
duction back to 5000 years ago [2]. Beer is actually the most consumed alcoholic beverage
in the EU and annual per capita consumption (L/year) has sharply increased in the Czech
Republic (141 L), US (50–80 L) and France (33 L) [3]. Such a level of consumption has led
some research to focus on the nutritional appropriateness of beer, merely considering health
aspects like, for example, the intake of minerals [4] or the ability to prevent dysbiosis [5],
properties also present in other beverages. Unfortunately, like wine, beer naturally contains
ethanol, a well-known toxic and carcinogenic molecule [6].

Nonetheless, characteristic of beer is the high content in phenolic compounds, which
are the focus of this review. The consumption of polyphenol-rich foods, like beer, is a
well-accepted factor involved in the prevention of oxidative stress-associated diseases [7].
Traditionally, beer is obtained from as little as four basic ingredients: barley, hop, yeast
and water. The first two ingredients naturally contain phenolics, however during beer pro-
duction, these molecules undergo chemical modifications and new molecules are formed,
influencing both the yield and final characteristics of a beer. Aroma, flavors, taste, as-
tringency, body and fullness are the result of the metabolic activity of microbes on raw
materials, and scientific evidences suggesting that they are all influenced by phenol content
are summarized here. Moreover, this review focusses more deeply on most recent advances
on the role of phenolic compounds on affecting human health status, considering how
seriously researchers have tackled the effects of alcohol.

2. Main and Minor Beer Phenols

The polyphenolic composition of beers is considered as one of the quality indicators
of beer processing and marketing [8]. In fact, the type and quantity of phenols influence
taste, aroma and color, but also colloidal and foam stability, shortening beer’s shelf-life
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taste (see Section 4, “Phenols and beer attributes”). Several different groups of phenolic
compounds have been reported in beer, the main ones being phenolic acids and tannins,
and flavones and flavonols [9]. Because of its high concentration, also thanks to high pro-
ducing yeasts (see Section 5, “The role of barley, yeast and hop genetics on beer phenols”),
the simple phenolic alcohol tyrosol is one of the main phenols looked at in beer, present
also in alcohol-free beers [10]. Concentration is so high in certain beers, reaching that of
red wine [11], that authors have hypothesized that tyrosol could represent an indirect
source, through biotransformation, of the more biologically active hydroxytyrosol [12] (see
Section 6, “Phenols-related health effects of beer consumption”). In alcoholic beers, both
phenols possibly protect yeast from the stress generated by high levels of ethanol, a phe-
nomenon that has been demonstrated for wine’s resveratrol [13], indicating that phenols not
only undergo changes during brewing, but they also direct it. Accordingly, non-alcoholic
beers normally have lower phenolic content [14], supporting the existence of a correlation
between phenols and alcohol concentrations. Among minor phenols, those derived from
barley, for example alkylresorcinols, are a group of phenolic lipids for which in vitro antiox-
idant and antigenotoxic [15] and in vivo diet-induced obesity-suppressing [16] activities
have been reported. Even if contribution to alkylresorcinols dietary intake appears not
significant, higher amounts were reported in stout beer [11]. Other quantitatively minor
phenols derived from hop, for example, xanthohumol and other prenylated flavonoids,
contribute significantly to beer flavor and aromas and have antibacterial, anti-inflammatory
and antioxidant properties, and phytoestrogen activity [17,18]. Prenylflavonoids are of
particular interest for beer as, on the one hand, no other food sources other than hop are
known and, on the other hand, they are present regardless of the fermentation method, ale
or lager, even if higher concentrations were found in stout and India Pale Ale styles [11].

Despite the fact that prenylated flavonoids can last for 10 years in beer stored at room
temperature [19], monophenols and flavonoids show a temperature- and time-dependent
decay in beer [20,21]. This phenomenon was initially studied using radioactive isotopes that
revealed that almost 65% of molecules belonging to the tannin fraction go through oxida-
tion [22]. Later, other evidences supported the role of oxidation in the time-dependent decay
of phenols in beer, also demonstrating the role of the intrinsic haze-forming ability of some
phenols [23]. Meanwhile, acetaldehyde was also involved in haze formation, because of its
ability to polymerize polyphenols and compromise beer’s flavanols level [24]. A resolutive
approach to this problem could come from the implementation of dry-conservation. It was
recently reported that production of microparticles from beer through high-temperature
(up to 180 ◦C) spray-drying, used for the development of functional food with a specific
heath objective, yielded a well-accepted beverage, in terms of appearance, taste and color,
that kept, up to the entire period of dry-conservation (180 days), the initial amount of
total phenols (measured using the Folin–Ciocalteu method) [25]. Even if no qualitative
indication of phenols was reported, the study supports the validity of spray-drying in the
production of non-alcoholic, high-phenols, beer-flavored beverages (see Section 9, “Phenols
in non-alcoholic and isotonic beers”).

3. Phenols’ Fate during Malting and Brewing

As mentioned in the introduction, beer content in phenols depends on the type of
barley and hops used for production. Even if hops contain a huge amount of phenols (up
to 4% of dry matter) compared to barley (up to 0.1%), on average, four fifths of beer’s
phenols come from malt or other mashed cereals, because of their significantly higher
starting amount [26]. Phenols undergo both quantitative and qualitative changes during
seed germination and brewing processes [27] (Figure 1). The germination of barley seed,
i.e., malting, has been studied deeply and is preceded by seed hydration (steeping), during
which phenolic content decreases due to leaching, and followed by seed-drying (kilning),
during which the improved crumbliness of the grain enhances the enzymatic release of
bound phenolic acids. Kilning can be performed at different temperatures, for example in
special malts brewing in order to bring desirable flavors and colors [28]. At temperatures
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lower than 80 ◦C, kilning normally induces an increase in the amount of water-soluble
total phenolic compounds [29], thanks to a Maillard-enzymatic release of phenols in the
matrix [30] and to increased friability and extraction from the grain [31]. According to
Leitao and colleagues, total phenolic content of barley (whose antioxidant contribution
is mostly for ferulic and sinapic acids) increases four-fold during the transition to malt.
Even if final yields depend on the malting procedures, the amount of phenolic compounds
present in malt is inversely correlated with the degree of steeping and positively influenced
by the germination temperature [32]. More recently, Koren and coworkers reported a 3- to
5-fold increase in the amount of total polyphenols during malting in six barley varieties,
independently from the initial amounts [33].
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Figure 1. Phenolic compounds’ fate during the phases of malting and brewing processes: in the
phase of mashing, after an initial decrease, total phenolics amount increases 3- to 5-fold; afterwards,
phenolics continue to increase throughout mashing and during hop addition, but dramatically
decrease during wort boiling, whirpool, fermentation, maturation, stabilization and filtration, so that,
during the entire brewing process, about 60% of the malt phenolic content is lost.

The amount of polyphenols reached in malt then significantly falls during brewing
steps, depending on the protocol adopted, with a higher decrease for malt milled in wet
conditions [34]. Enzymatic and non-enzymatic solubilization of phenols take place during
the first step of mashing (hot hydration), and both are influenced by temperature and
time, as well as the separation of wort, during which extraction of phenolic-rich spelt
material occurs [9]. A successive increase of total phenolic compounds occurs in the wort
separation (lautering) due to the extraction from spelt materials. Brewing is fundamentally
ascribable to the metabolic activity of a fermentable carbohydrate source in the absence
of oxygen, yielding alcohol and carbon dioxide. Fermentation is normally performed
at fixed temperature but can be pushed at higher or lower temperatures. Hops, which
were formerly included in the brewing process mainly for their preserving properties, are
then added and wort boiling is started. Hops addition actually has several advantages,
improving not only the bitter taste and astringency but giving protection to beer brewing
yeasts, thanks to its antibacterial activity, against Gram-positive bacteria, and lowering pH
to 4–4.2 [35]. During boiling, hop polyphenols are released and polymerization reactions
with proteins occur, yielding precipitated complexes, responsible for the formation of chill
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haze, that are then lost in the successive whirpool process and during the final filtration and
stabilization. Final processes are critical for polyphenols and include fermentation, warm
rest, chill-lagering filtration and clarification [36]. During brewing, around 60% of the malt
phenolic content is lost. Decay affects all phenolic compounds, excepting p-hydroxybenzoic
acid and sinapic acid, whose concentration increases by even four-fold [31]. However,
different brewing processes can deeply influence total phenolic compounds, for example
bock beers are normally three times richer than dealcoholized beer, with intermediate and
decreasing quantities for abbey, ale, wheat, pilsner and lager beers [36]. Recent data also
indicate that beer’s content in phenols is associated with the production scale. In fact,
the lesser characterized craft beers (unpasteurized and unfiltered) [37], whose production
scale is limited by law in several countries (200,000 hL/year in Italy), exhibit higher total
phenolic compounds’ values compared to large-scale beers [38], mainly thanks to the lack of
filtration. Finally, the phenolic content of beer is affected negatively by higher temperature
pasteurization treatments [39].

4. Phenols and Beer Attributes

The ability of phenols to influence beer taste has been well known since the early
1960s, when the so-called “sunlight flavor” was ascribed mainly to humulone and lupulone
addition after beer fermentation [40]. Phenols’ ability to interfere with aroma, instead, was
noticed around forty years ago, thanks to a S. cerevisiae “killer strain” producing a clove-like
aroma [41]. Later, a study clarified that presence of the main phenolic flavors relies on yeasts
capability to decarboxylate or reduce phenolic acids: 4-vinylguaiacol and 4-vinylphenol
from S. cerevisiae and 4-ethylguaiacol and 4-ethylphenol from Brettanomyces sp. [42]. More
recent data indicate that the ability of phenols to selectively characterize beer’s flavors
relies on their chemical transformations. For example, thermal decarboxylation of ferulic
acid to 4-vinyl guaiacol, occurring during wort boiling and during fermentation, induces
a three-orders-of-magnitude increase in its flavor threshold [43]. Unfortunately, some
metabolic reactions have side effects, like that involving cinnamic acid and yielding the
toxicologically relevant styrene [44]. Moreover, higher concentrations of monophenol can
turn spicy or vanilla-like sweet flavor notes to unpleasant medicinal-like flavors [45]. A
recent deep analysis of the association between metabolites and sensory characteristics
using two-way orthogonal partial least squares indicates that isoferulic acid affects beer’s
fruity sensory attributes [46], suggesting the possibility to predict to some extent the
formation of specific flavors.

With respect to aroma, phenols’ protecting properties were found almost 25 years ago:
phenols were found to prevent the formation of off-flavors, before and during malting,
and the phenomenon was ascribed to their antioxidant activity in barley and malt [47].
More recently, some specific monophenols that confer the typical aroma of some popular
beers were identified [48] and recently reviewed [49]. Worthy of interest are Czech beers
whose distribution of individual phenolic compounds, that has been brought back to the
origin of raw materials and the technology used for processing, is so unique that they have
been proposed for authenticity analysis [50,51]. With respect to color, after high-affinity
selective removing of tannins, Dadic and Van Gheluwe observed a severe discoloration of
beer, demonstrating for the first time the correlation between phenols and beer color [52].
The involvement of monoflavanols’ oxidation on beer color was further demonstrated by
the recovery of oxidized molecules in polyethylene terephthalate bottle-stored beer [20].
More recently, several works have clearly demonstrated the relationship between phenols
and beer color, both in small- and large-scale brewed beers [38].

Barley seeds’ phenolic acids, flavonoids and proanthocyanidins influence quality
indexes like viscosity, diastatic power and nitrogen content [53], and have an impact
on beer turbidity [54], taste, bitterness and aroma [55]. With regard to hop, which was
antiquely added in beer especially for its pleasant aroma and bitterness, brewing trials
indicate that hop phenols can selectively reduce flavor deterioration during storage [56],
specifically the sunstruck off-flavor that is formed in beer upon light exposure [57]. More
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recent data indicate a temporal effect. In fact, later addition of hop, just before the end
of wort boiling, significantly increases phenolic content [58]. Astringency, bitterness and
fullness, which are affected by the boiling time [39], have been linked to different hop
phenols fractions [59,60].

5. The Role of Barley, Yeast and Hop Genetics on Beer Phenols

The yield in phenols of a beer necessarily depends on the genetic background of its
raw ingredients, and differences were reported in barley grain [61], hop [62] and yeast [63].
Unfortunately, domestication of barley and hop has reduced phenols’ diversity. Neverthe-
less, total polyphenol content could be linked to specific quantitative trait loci in barley [64]
and some specific combinations of phenols in barley can still be attributed to different
genotypes. For example, the ratio between barley’s main phenolic acids, ferulic acid and
p-coumaric acid, is genetically determined and combinations can also influence key agro-
nomic traits, such as hull adherence and grain color [65], through functionally related
genes [53]. Studies combining genetics and environment on wild barley cultivars, that
show a wider genetic diversity in agronomic traits and abiotic stress tolerance, identified
some genes involved in phenol accumulation in barley seeds. Such studies are of special
relevance as they can give a picture of the loss of genetic variation due to domestication
and provide information for the set-up of breeding applications for phenols-related beer
improvement. For example, a network analysis of gene expression and secondary metabo-
lites, induced by the well-known stressor drought [66] in developing grains from several
different Tibetan wild barley cultivars, recently allowed the identification of genes whose
manipulation is believed to help the development of cultivars with specific contents of
phenolic compounds [67]. Less data is available for a role of the genetic background on
hop phenols. For example, a significant cultivar-dependent role has been recently reported
for 2-phenylethyl glucoside [68], but the relevance on final quantities recoverable in beer is
still lacking.

The ability of yeasts to adapt to different chemical (sugar, nitrogen) and physical
(temperature, pH, oxygen, sulfur dioxide) properties resides in the great genetic diversity
that has been exploited by the beer industry, i.e., for the development of strains with
distinct flavor profiles. The production of different metabolites, like volatile phenols, is
the direct consequence of human influence through wine and beer production. A first
evidence testifying the role of the genetic background of yeasts in beer phenols came from
the observation, at the beginning of the twentieth century, of volatile “ethereal substances”
in English stock ales, during fermentation by Brettanomyces [69]. Brettanomyces bruxellensis,
the first microorganism to be patented for beer production, was also involved in the spoilage
of draught beer [70] and in the clove off-flavor (the ethylphenol 4-vinylguaiacol) [71] but,
after being reported together with Lactobacillus vini as a contaminant in several ethanol-
producing plants [72], was finally isolated from a number of fermented beverages and food,
from cider to olives [73]. Spoilage depends on a still not fully identified gene pathway
that involves two phenylacrylic acid decarboxylase (PAD) enzymes [74]. Ethylphenols
production has been related to strain-dependent PAD amino acid sequence variability [75].
Thanks to their ability to convert ferulic acid to 4-vinylguaiacol, yeasts are believed to
have a stronger impact on phenols than thermal processing steps [76]. Yeasts also have a
fundamental impact in barrel beer ageing. Barrel-aged beers are sensorially enriched beers
obtained by storage of already fermented beers in wood casks or by fermentation of beer’s
wort directly in wood barrels. Such processes mainly occur because of the spontaneous
growth of microbes present in breweries’ atmosphere and in barrels [77]. During this
fermentative incubation, a bi-directional exchange of different molecules occurs from wood
and beer: some beer’s molecules are retained by the wood while others are released from
wood to the beverage. Dekkera bruxellensis, another spoilage-related microbe in wine, is
considered the main contributor to the aroma of aged beers, through its ability to convert
hydroxycinnamic acids to volatile phenols, and has several advantages, from high ethanol
yield to low pH tolerance [78]. Its spontaneous growth is accompanied by some enzymatic
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activities that transform wort composition and yield the final chemical and sensory profiles
of aged beer.

Aiming at finding optimal conditions for accelerating wort transformations, research is
focused at finding optimal chemical conditions to produce beers with specific and preferred
bacterial metabolites, normally avoiding those from non-Saccharomyces species, in multi-
starter cultures. For such purpose, Coelho and coworkers recently found that low glucose or
high ethanol conditions favor the yield of D. bruxellensis-related metabolites over S. cerevisiae
ones [79]. Ethanol-resistance and increased dominance towards other S. cerevisiae strains
were also reported on mixed starter fermentations for the high polyphenols-producing S.
cerevisiae var. boulardii strain [80]. A recent deep genomes/phenomes analysis involving
157 industrial S. cerevisiae strains [81] reported that production of 4-vinylguaiacol relies on
specific genetic variants able to ferment maltotriose [81]. More recently, next-generation
sequencing allowed the identification of a Brettanomyces strain void of phenolic off-flavors,
limiting economic losses during production [82], a problem that was bypassed in S. cerevisiae
by the selection of strains with inactivated alleles and/or functional copies [83]. Worth
mentioning is a recent work that, seeking to explain different adaptive abilities, profiled
microsatellite markers and ploidy-states of 1488 isolates coming from niches dispersed all
over the world [84].

6. Phenols-Related Health Effects of Beer Consumption

While the serious damages of high alcohol intake are known, the effects of moderate
consumption of alcoholic beverages are still a source of heated debate. Moderate beer
consumption is believed to be associated with protective cardiovascular function and reduc-
tion in the development of neurodegenerative disease. Moreover, there is no evidence that
moderate beer consumption can stimulate cancer. Nevertheless, alcohol consumption can
become a problem for people at high risk of developing alcohol-related cancer or for those
affected by cardiomyopathy, cardiac arrhythmia, depression, liver and pancreatic diseases,
and is not recommended for children, adolescents, pregnant women and frail people at risk
of alcoholism [85]. Anyway, beer, like wine, contains the already mentioned substances
with indubitable protective capacities, not merely anti-inflammatory and antioxidant, as
demonstrated by huge in vitro work on single substances [86]. However, the ambitious
objective in studying the effects of beer consumption on human health is to analyze it in
toto and, in order to understand the single contribution of phenols and alcohol, parallel
experiments with similar doses of an equivalent non-alcoholic beer and of alcohol alone are
essential. For example, Karatzi and coworkers [87] reported that both non-alcoholic and
alcoholic beers improved some arterial biomarkers (reduced aortic stiffness and increased
pulse pressure amplification), but the effects were also similar in a parallel vodka interven-
tion, containing the same amount of ethanol as the alcoholic beer. However, as some other
effects (wave reflections reduction) were higher in the alcoholic beer intervention compared
to alcohol alone (vodka), and the endothelial function was significantly improved only
after beer consumption, the authors concluded that the non-alcoholic and the alcoholic
fractions of beer could have additive or synergistic effects [87].

We thus thought to analyze the fraction of similar publications that considered, in the
search of the health effects of beer containing phenols, also the effects of the presence of
alcohol. For such purpose, we used in Scopus.com the search string TITLE-ABS-KEY (beer
AND (phenol OR polyphenol OR flavonoid) AND (observational OR administration OR
consumption OR drinking OR prospective OR intervention OR crossover OR trial)) AND
(LIMIT-TO (DOCTYPE, “ar”)). The search was performed on October 2020 and returned
161 documents, including 31 reviews (even if they were already excluded by the string
search), 7 not pertinent articles, 9 studies merely evaluating phenols’ population intakes,
51 chemical-only reports (papers reporting chemical analyses of phenols of commercial
or improved beers) and 22 reports using only single phenols in in vitro or in vivo models.
For the remaining 41 (minus one not available even by the authors themselves [88]),
experimental models, parameters tested and main findings are summarized in the next
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section and sorted chronologically by the most recent, in Tables 1–3, about in vitro and
animal models, human intervention and human observational, highlighting the use of
alcohol alone (spirits, eventually vodka or gin), as well as non-alcoholic beer.

6.1. In Vitro and Animal Experiments

As demonstrated by in vitro cancer cell models (Table 1), several cancer types are
sensitive to the antiproliferative action of some beer components, including ethanol. For
example, epithelial cells’ viability was reduced in a similar way by beer or an equivalent
amount of ethanol [89]. Unfortunately, the authors did not test an alcohol-free beer. Using
single molecules or a matrix containing all beer components, Machado and coworkers
showed that phenols’ activities are synergic [90]. Unfortunately, in this case, ethanol was
not tested. Similarly, a total extract obtained from dark beer conferred higher protection to
rat C6 glioma and human SH-SY5Y neuroblastoma cells against an oxidant stressor chal-
lenge (hydrogen peroxide) compared total extracts obtained from non-alcoholic and lager
beers [91]. Again, neither the phenolic compounds of beers nor an alcoholic reconstituted
extract were tested.

Table 1. In vitro and animal studies.

Experimental Model Tested Parameters Observations Non-Alcoholic
Beer

Alcoholic
Beer Ethanol References

in vitro, rat C6
glioma and human

SH-SY5Y
neuroblastoma cells,

treated with total
extracts from dark,

non-alcoholic or
lager beers

cell viability and
adenosine receptors
gene expression and

protein levels
following oxidant
stressor (hydrogen
peroxide) challenge

alcoholic dark beer
extract conferred
higher protection

compared to lager or
non-alcoholic beer

extracts

yes no no [91]

animal, 36
prepuberal Wistar

rats fed with beer or
ethanol (both 10%) or
water for 2/4 weeks

plasma reproductive
hormones, cleaved

caspase-3
immunolocalization
and neuronal nitric
oxide synthase level

in Leydig cells

beer decreased sex
hormones compared to
ethanol or water rats

and inhibited
ethanol-induced

increase of cleaved
caspase-3

no yes yes [92]

animal, 70 male
Wistar rats, with
monocrotaline-

induced pulmonary
arterial hypertension,

fed with
xanthohumol-

fortified
beer or ethanol (both

5.2%) for 4 weeks

cardiopulmonary
exercise testing and

hemodynamic
recordings, analysis

of pulmonary
vascular remodeling
and cardiac function

xanthohumol-fortified
beer attenuated

pharmacologically
induced pulmonary
vascular remodeling

and improved cardiac
function, compared to

ethanol rats

no yes yes [93]

animal, 40 male
Wistar rats, with

aluminium
nitrate-induced

inflammatory status,
fed with low

alcoholic-beer (0.9%)
or hops or silicons for

3 months

animal behavior and
brain antioxidant and

anti-inflammatory
status

non-alcoholic beer, but
also silicon and hops

alone, prevented
aluminum-induced
inflammation and
neurodegenerative

effects

yes no no [94]

animal, 30 male
Wistar rats, with
streptozotocin-

induced diabetes, fed
with alcoholic beer or

xanthohumol-
enriched or 5%

ethanol for 5 weeks

hepatic glucolipid
metabolism, levels
lipogenic enzymes

and glucose
transporter 2

alcoholic beer enriched
with xanthohumol (but

not normal beer nor
ethanol) prevented the

streptozotocin-
induced liver catabolic

state alterations

no yes yes [95]
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Table 1. Cont.

Experimental Model Tested Parameters Observations Non-Alcoholic
Beer

Alcoholic
Beer Ethanol References

animal, 30 male
Wistar rats, with skin

induced wound
healing and

streptozotocin-
induced diabetes, fed
with alcoholic beer or

xanthohumol-
enriched or 5%

ethanol for 5 weeks

effects on wound
healing, through

evaluation of
angiogenesis,

inflammation and
oxidative stress

modulation

alcoholic and
xanthohumol-
enriched beers

respectively, prevented
and reversed the
alcohol-induced

markers of
inflammation,

oxidative stress and
angiogenesis

no yes yes [96]

animal, 24 male
Wistar rats, with skin

induced wound
healing, fed with

xanthohumol-
fortified alcoholic
beer or 5% ethanol

for 4 weeks

angiogenesis and
inflammation

markers (serum
vascular endothelial
growth factor levels,

N-
acetylglucosaminidase
activity, Interleukin-1

β concentration)

alcoholic and
xanthohumol-
enriched beer

respectively, prevented
and reversed the
alcohol-induced

markers of
inflammation,

oxidative stress and
angiogenesis

no yes yes [97]

in vitro, MKN-28
gastric epithelial cells,
treated with different
alcoholic beverages,
at a similar ethanol

concentration

tetrazolium (MTT)
assay at 30, 60 and

120 min

alcoholic beer reduced
cell viability like

ethanol, while red
wine, even

dealcoholated,
protected

no yes yes [89]

animal, 32
spontaneously

hypertensive and 32
normotensive Wister

rats, fed
intragastrically with
lyophilized beer for

10 days

aminooxyacetic
acid-induced

γ-aminobutyric acid
(GABA)

accumulation in
hypothalamus and

pons-medulla

lyophilized beer
decreased GABA

accumulation
yes no no [98]

animal, 36 male
Wistar rats fed (4

weeks) with
lyophilized,

polyphenol-free, beer
or white wine

plasma lipids and
lipid peroxides

polyphenol-free beer
(not polyphenol-free
wine) significantly

decreased lipids and
lipid peroxides

no yes no [99]

animal, 60 Wistar rats
fed (4 weeks) with
alcoholic (4%) or
lyophilized beer

plasma lipids and
lipid peroxides

both alcoholic and
lyophilized beers

similarly decreased
lipids and lipid

peroxides

yes yes no [100]

Wistar rats were used in several experiments with beer. One publication reported that
both administration of alcoholic (4%) or lyophilized beer for 4 weeks had low, but statis-
tically significant, beneficial effects on plasma lipidemic and antioxidant markers (total
cholesterol, low-density lipoprotein (LDL) cholesterol, triglycerides and lipid peroxides),
however alcohol alone was not tested and the authors themselves concluded that minimal
effects observed could rely on relatively low alcoholic content of beer [100]. Next, using
only a polyphenol-free beer, the same group concluded that lipid effects had to be ascribed
to beer proteins, as long as effects were absent in rats fed with polyphenol-free wine [99].
In rats with skin incision-induced wound healing, feeding for 4 weeks with alcoholic beer
prevented alcohol-induced markers of inflammation, oxidative stress and angiogenesis [97].
Notably, when beer was enriched with 10 mg of xanthohumol, effects were even more
ameliorated. Similar results were obtained using animals with streptozotocin-induced
diabetes [96]. On the same streptozotocin-induced diabetes model, hepatic glucolipid
metabolism, lipogenic enzymes and glucose transporter 2 levels were tested after 5 weeks
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of administration of xanthohumol-enriched alcoholic beer for 5 weeks [95]. Interestingly,
beer prevented all the streptozotocin-induced liver catabolic state alterations tested (fi-
brosis, apoptosis, glycogen depletion, GLUT2 upregulation, lipogenesis reduction) and
the effect was not observed in rats fed with normal beer. The authors also tested the
effect of ethanol alone but, in none of these last three works were an alcohol-free beer,
nor xanthohumol alone, tested, thus it is impossible to distinguish neither the effect of
beer components nor of the polyphenol itself. Furthermore, in vitro and in vivo work
on xanthohumol metabolites (isoxanthohumol and 8-prenylnaringenin) previously indi-
cated opposite effects on angiogenesis and inflammation processes (pro-angiogenetic for
8-prenylnaringenin and anti-angiogenic and anti-inflammatory for the other two) [101].
Nevertheless, a xanthohumol-fortified alcoholic beer was used again to demonstrate atten-
uated pharmacologically induced pulmonary vascular remodeling and improved cardiac
function [93]. Also, in this case, even if effects were absent in rats fed only with ethanol,
no rats were tested with an alcohol-free beer. It is noteworthy that the authors could
identify the involvement of extracellular signal-regulated kinase1/2, phosphatidylinositol
3-kinase/protein kinase B and VEGF receptor 2 in the protective properties of beer towards
pulmonary arterial hypertension [93]. In a prepubertal rat model, beer with 10% alcohol
significantly decreased, after 4 weeks, the levels of sex hormones, compared to ethanol-
or water-fed rats [92]. Again, even if authors concluded that beer inhibited the ethanol-
induced increase of cleaved caspase-3 in Leydig cells, a non-alcoholic beer was not tested.
In addition to the works recovered using the Scopus.com search string and mentioned
in Table 1, worthy of mention are experiments showing that alcoholic-free beer can de-
crease the aminooxyacetic acid-induced GABA accumulation in hypertensive animals [98],
and prevent brain inflammation and neurodegenerative effects induced by aluminum
nitrate [94]. However, while as expected hops administration alone had a beer-overlapping
positive effects to some extent, so did silicon administration, reinforcing the need for an
appropriate set-up of experimental models.

6.2. Role of Alcohol on Phenols’ Metabolism and Beer Antioxidant and Anti-Inflammatory
Properties, and on Cardiovascular-Related Effects

Phenolic acids’ absorption, previously reported both in low-alcohol [102] and alcoholic
beer [103], is impaired by ethanol removal from beer [104]. The opposite effect of alcohol
has been reported for tyrosol metabolization to hydroxytyrosol following beer consumption,
as mentioned above. In particular, the administration of a single dose of 250 mL of blonde
beer was associated to higher urinary recovery of tyrosol, whilst an identical dose of
alcohol-free beer yielded higher urinary recovery of hydroxytyrosol [12]. However, as
alcohol consumption proportionally increases hydroxytyrosol excretion through dopamine
metabolism [105], hydroxytyrosol bioavailability is hardly attributable only to beer phenols.

Among first beer intervention studies (Table 2), there is an almost-perfectly set-up
randomized acute administration of either 4.5% alcoholic beer (n = 14), or dealcoholized
beer or 4.5% water solution of ethanol (n = 7), for the evaluation of the contribution of
beer’s alcohol [104]. Results demonstrated that a significant increase in plasma antioxidant
capacity (TRAP) could be obtained only following alcoholic beer administration. Unfortu-
nately, no crossover intervention was performed, and the effects were studied only in a
temporally limited manner. In another similar, but a crossover, acute intervention of beer
or wine (or vodka for the evaluation of the contribution of alcohol) inhibition of oxidative
stress induced (by 100% normobaric O2 breathing) was tested [106]. Analysis of stiffness
3 h after administration showed that only wine prevented oxygen-induced oxidative stress,
possibly because of the higher content of polyphenols compared to beer i.e., 2.6 g/L vs.
0.4 g/L gallic acid equivalents (GAE) [106]. No one can say if such a low phenols amount in
an equivalent alcohol-free beer could have produced the effects observed with wine. Daily
supplementation of breastfeeding mothers (n = 30) with 660 mL of non-alcoholic beer was
associated with an improvement of mothers’ plasma and breastmilk antioxidant capacities,
assessed 30 days postpartum, compared to control non-supplemented mothers [107]. For
obvious reasons, an alcoholic beer was not tested. Administration of alcohol-free beer
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(500 mL) for 45 days to postmenopausal women (n = 29) was associated with a reduc-
tion of several indicators of early protein oxidation, especially reducing cholesterol levels
in subjects with higher than 240 mg/dL [108], supporting the usefulness of long-term
alcohol-free beer consumption in fighting low-grade chronic inflammation and preventing
metabolic disorders. As an alcoholic beer was not tested, one might speculate that alcohol
can abolish the beneficial effect. However, previous work that used a crossover interven-
tion trial (healthy drinkers, n = 27) to switch consumption of beers with similar phenolic
content (310–330 mg/L) for 4 weeks, from low (0.9%) to high (4.9%) alcohol and vice versa,
indicates that while the switch to low-alcohol did not change in vitro LDL oxidizability, the
opposite switch did [109]. On the other hand, only non-alcoholic beer daily consumption
for one week (17 healthy females, 330 mL) was associated to an increase in the urinary
antioxidant capacity, as measured by Trolox equivalents [110], contradicting the results of
the study reported at the beginning of this paragraph.

Table 2. Intervention studies (n, subjects’ number; y, age (years)).

Experimental Model Tested Parameters Observations Non-Alcoholic
Beer

Alcoholic
Beer Ethanol References

intervention trial
(healthy adults), 30

days, 355 mL beer/day
with (4.9%, n = 33, 21–55

y) or without alcohol
(0.5%, n = 35, 21–53 y)

microbiota
composition, fasting
blood serum glucose,

β-cell function

both beer interventions
increased microbiota

diversity, but only
non-alcoholic beer
increased heathier

diversity and β-cells
function and decreased

fasting blood serum
glucose

yes yes no [111]

controlled clinical trial
(healthy adults, n = 20,
18–45 y, single blind,

randomized, crossover),
single dose of beer (250
mL), with (4.5 or 8,5%)
or without (0%) alcohol

urinary tyrosol (TYR)
and hydroxytyrosol

(HT)

non-alcoholic beer
intervention increased HT

recovery (and reduced
TYR recovery) compared

to alcoholic beer

yes yes no [12]

intervention controlled
trial (high

cardiovascular risk
males, n = 33, 55–75 y,

open, randomized,
crossover), 4 weeks,

daily: 660 mL beer (1029
mg polyphenols and 30

g ethanol) or 990 mL
non-alcoholic beer (1243
mg polyphenols and <1
g ethanol) or 100 mL gin

(30 g ethanol)

urinary metabolomics

both beer intervention
increased to similar extent

urine excretion of hop
α-acids and fermentation

products, compared to gin
intervention

yes yes yes [112]

intervention controlled
trial (high

cardiovascular risk
males, n = 33, 55–75 y,

open, randomized,
crossover), 4 weeks,

daily: 660 mL beer (1029
mg polyphenols and 30

g ethanol) or 990 mL
non-alcoholic beer (1243
mg polyphenols and <1
g ethanol) or 100 mL gin

(30 g ethanol)

atherosclerotic and
inflammation plasma

biomarkers and
peripheral blood

mononuclear cells
immunophenotyping

only non-alcoholic beer
intervention reduced
leukocyte adhesion

molecules and
inflammatory biomarkers,
but alcoholic beer and gin
interventions improved

plasma lipid and
atherosclerosis

inflammatory markers

yes yes yes [113]
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Table 2. Cont.

Experimental Model Tested Parameters Observations Non-Alcoholic
Beer

Alcoholic
Beer Ethanol References

intervention controlled
trial (high

cardiovascular risk
males, n = 33, 55–75 y,

open, randomized,
crossover), 4 weeks,

daily: 660 mL beer (1029
mg polyphenols and 30

g ethanol) or 990 mL
non-alcoholic beer (1243
mg polyphenols and <1
g ethanol) or 100 mL gin

(30 g ethanol)

number of circulating
endothelial progenitor

cells (EPC)

8-fold and 5-fold increases
of EPC number

respectively in alcoholic
and non-alcoholic beer

interventions and
statistically not significant

5-fold decrease in gin
administration

yes yes yes [114]

intervention controlled
trial (high

cardiovascular risk
males, n = 33, 55–75 y,

open, randomized,
crossover), 4 weeks,

daily: 660 mL beer (1029
mg polyphenols and 30

g ethanol) or 990 mL
non-alcoholic beer (1243
mg polyphenols and <1
g ethanol) or 100 mL gin

(30 g ethanol)

urinary
isoxanthohumol

beer administrations (not
gin) induced similar
excretion of urinary

isoxanthohumol

yes yes yes [115]

intervention trial
(stressed healthy

females, n = 17, 40.9 ±
10.5 y, randomized,

crossover), 2 weeks 330
mL beer/day, first week

non-alcoholic, second
week alcoholic

antioxidant capacity
in urine

non-alcoholic beer
administration induced

higher antioxidant
capacity compared to

alcoholic beer one

yes yes no [110]

intervention trial
(healthy males n = 17,

28.5 ± 5.2 y,
randomized,

single-blind, crossover),
single dose (800 mL)

beer (48 mg
polyphenols and 20 g

ethanol) or
non-alcoholic beer (48

mg polyphenols) or
vodka (20 g ethanol)

endothelial function,
aortic stiffness,
pressure wave

reflections and aortic
pressure

non-alcoholic and
alcoholic beer

interventions improved
(similarly) arterial

biomarkers but the effects
were observed also for the

vodka intervention
alcoholic beer

intervention improved
wave reflections reduction

better than vodka
intervention

yes yes yes [87]

intervention trial
(postpartum

breastfeeding-mother-
infants dyads), 30 days

660 mL/day
non-alcoholic beer (n =
30, 30 ± 5 y) or not (n =

30, 31 ± 3 y)

breastmilk, plasma
and urine oxidative

status

non-alcoholic beer
increased breastmilk and

plasma antioxidant
capacities

yes no no [107]

intervention trial
(healthy male marathon
runners, double-blind),
5 weeks (from 3 before

to 2 after marathon)
1.0–1.5 L non-alcoholic
beer (n = 142, 36–51 y)

or control beverage
without polyphenols (n

= 135, 35–49)

blood inflammatory
markers and upper

respiratory tract
illness (URTI) rates

non-alcoholic beer
intervention reduced

after-run blood
inflammatory markers

and URTI rates, compared
to the polyphenols-free

beverage

yes no no [116]
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Table 2. Cont.

Experimental Model Tested Parameters Observations Non-Alcoholic
Beer

Alcoholic
Beer Ethanol References

intervention trial
(healthy males, n = 10,
21–29 y, randomized,

single-blind, crossover),
single dose (7 mL/kg

body wt) alcoholic beer
(0.4 g/L GAE

polyphenols and 0.32 g
ethanol/kg body wt) or

vodka (0.32 g
ethanol/kg body wt)

plasma lipid
peroxides, uric acid
concentration and
arterial stiffness

following 100% O2
breathing-oxidative

stress

alcoholic beer
intervention protected

against oxygen-induced
increase in arterial

stiffness
but so did vodka

no yes yes [106]

intervention
(post-menopausal

healthy females, n = 29,
64.5 ± 5.3 y,

longitudinal), 45 days
500 mL alcoholic-free

beer/day

lipid profile and
plasma inflammatory

markers

alcoholic-free beer
intervention improved

lipid profile and plasma
inflammatory markers

yes no no [108]

controlled clinical trial
(hypercholesterolemic
non-drinker males, n =

42, 43–71 y, randomized,
single-blind), 30 days,

daily: 330 mL 5.4% beer
(20 g alcohol and 510
mg polyphenols) or

water (containing beer
mineral)

coronary
atherosclerosis plasma

markers

alcoholic beer
intervention improved

coronary atherosclerosis
plasma markers

compared to control
administration water

no yes no [117]

intervention (healthy
adults, n = 10, 25–45 y,
randomized), single
dose (500 mL) 4.5%

alcoholic beer

phenolic acids plasma
metabolites

alcoholic beer
intervention demonstrates

absorption and
metabolism of phenolic

acids to glucuronide and
sulfate conjugates

no yes no [103]

intervention (healthy
normotensive drinking

men, n = 28, 20–65 y,
randomized, crossover),
4 weeks, daily: 1125 mL
4.6% beer (41 g alcohol)
or 375 mL 13% red wine

2023 mg/L
polyphenols) or 375 mL
dealcoholized red wine

(2094 mg/L
polyphenols)

blood pressure and
vascular function
following brachial

artery flow-mediated
and glyceryl

trinitrate-mediated
dilatation

alcoholic beer (but also
wine) increased awake
systolic blood pressure
and asleep heart rate

no yes no [118]

intervention (healthy
adults, 25–45 y,
randomized no

crossover), single dose
(500 mL): 4.5% alcoholic

(n = 14) or
dealcoholized beer or
4.5% ethanol (n = 7)

total plasma
antioxidant status

alcoholic beer
administration improved

higher plasma antioxidant
capacity compared to the
dealcoholized one, thanks

to higher absorption of
phenolic acids

yes yes yes [104]

intervention (healthy
males, n = 5, 23–40 y),

single dose (4 L)
low-alcohol (1%) beer

urinary ferulic and its
glucuronide

beer administration
demonstrates

bioavailability of ferulic
acid

yes no no [102]

intervention trial
(healthy male drinkers,

n = 27, 49.2 ± 2.3 y,
randomized, crossover),
4 weeks, daily 375 mL:

4.9% or 0.9% beer
(similar phenolic

content 310–330 mg/L)

LDL in vitro
oxidizability and
characterization

switch from low to high
alcoholic beer

intervention increased
LDL oxidizability

yes yes no [109]
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One observational study (1604 subjects of the IMMIDIET (Dietary Habit Profile in Eu-
ropean Communities with Different Risk of Myocardial Infarction: the Impact of Migration
as a Model of Gene-Environment Interaction) study, 26–65 years, see Table 3) supports a
somewhat interfering property of alcohol on non-alcoholic components of beer. In fact, ad-
justment of beer intake for alcohol content broke the association between beer consumption
and higher plasma and red blood cell omega 3 fatty acids [119]. In the overweight or class
1 obese healthy subjects, the daily consumption of alcoholic beer (but not of alcoholic-free
beer with similar amount of total phenols) for four weeks raised HDL levels in subjects with
low LDL-lipid profile and facilitated cholesterol efflux from macrophages, without affecting
body mass index (BMI), liver and kidney functions, potentially reducing the risk of vessels
occlusion by cholesterol deposition [120]. As the consumption of alcohol alone was not
tested, it is not possible to exclude that the effects could be at least partially ascribable to
alcohol. Similarly, in a crossover study of 28 daily healthy nonsmoking normotensive men
consuming alcoholic beer (1125 mL; 41 g alcohol) for 4 weeks, an increase of the awake
systolic blood pressure and the asleep heart rate was reported, however the effects were
identical in men consuming red wine containing the same amount of alcohol [118], and an
alcohol-free beer was not tested. Similarly, analysis of stiffness, 3 h after administration
of alcoholic beer or vodka, showed that both protected against oxygen-induced increase
in arterial stiffness, making the authors conclude that the observation was probably due
to a central vasodilatatory effect of alcohol itself [106]. Again, Gorinstein and coworkers
found that alcoholic beer consumption (330 mL daily, containing 510 mg of polyphenols
and 20 g of alcohol for 30 days) ameliorated markers of coronary atherosclerosis of hyperc-
holesterolemic in non-drinker males (n = 42, 43–71 years) during recovery from coronary
bypass surgery [117]. Unfortunately, the control group of the randomized single-blind trial
had only water “with minerals of beer”, making it impossible to ascribe effects to either
phenols or to alcohol. In a double-blind intervention of healthy male runners (n = 277),
daily consumption of non-alcoholic beer, for 3 weeks before and 2 weeks after a marathon,
reduced interleukin-6 immediately after the race, total blood leukocyte counts immediately
and 24 h after the race and post-marathon incidence of upper respiratory tract illness [116].
However, like for breastfeeding mothers mentioned above, alcoholic beer was not tested,
we guess for similar obvious reasons. Also, other observational studies (Table 3) suffer from
this limitation. For example, a significant inverse association between beer consumption
(and not for coffee, nuts, tea, olive oil and red or white wine) and hypertension was found
by means of food frequency questionnaires submitted to 2044 adults [121], however neither
the consumption of alcohol-free beer nor the contribution of pure alcoholic beverages
were evaluated.

Table 3. Observational studies (n, subjects’ number; y, age (years)).

Experimental Model Tested Parameters Observations Non-Alcoholic
Beer

Alcoholic
Beer Ethanol References

observational
(ALMICROBHOL

adults n = 78, 25–50 y),
alcoholics BCQ

microbiota
composition (16S

rRNA sequencing) and
short chain fatty acid

profile in fecal samples

higher butyric acid
concentration and gut
microbial diversity in

consumers vs.
non-consumers of beer

no yes no [122]

observational
(TwinsUK females n =

916, 16–98 y),
alcoholics FFQ

microbiota
composition in fecal
samples (16S rRNA

sequencing)

no association between
beer (nor all alcohols

except wine)
consumption and gut

microbial diversity

no yes yes [123]

observational (MEAL
Southern Italy adults,

n = 2044, >18 y),
phenolics FFQ

hypertension (arterial
blood pressure
measurement)

inverse association
between beer

consumption and
hypertension

no yes no [121]

55



Molecules 2021, 26, 486

Table 3. Cont.

Experimental Model Tested Parameters Observations Non-Alcoholic
Beer

Alcoholic
Beer Ethanol References

observational
prospective

(2002–2003 CMHS
Californian males n =

84,170, 45–69 y),
alcoholics FFQ

prostate cancer
registries (Surveillance
Epidemiology and End

Result)

no association between
beer (nor wine nor liquor)
consumption and prostate

cancer

no yes yes [124]

observational
cross-sectional

(IMMIDIET
Italy–Belgium–UK

female–male pairs, n =
1604, 26–65 y),
alcoholics FFQ

plasma and red blood
cell omega–3 fatty

acids

no association between
beer consumption and

plasma or red blood cell
omega 3 fatty acids
(reduced for wine)

no yes no [119]

observational 34 year
prospective (PPSWG
Sweden females, n =
1462; 38, 46, 50, 54, 60

y), alcoholics BCQ

dementia
(neuropsychiatric

years-repeated
examinations)

direct association between
beer (or wine)

consumption and
longevity and reduced

dementia risk (compared
to subjects consuming

only spirits)

no yes yes [125]

observational (over 10
years) case-control

matched leukoplakia
subjects (n = 187 + 187,

40–65 y), alcoholics
FFQ

leukoplakia (clinical
examination and

biopsy)

no significant association
between moderate beer

drinking and leukoplakia
risk (increased for spirit
and reduced for wine)

no yes yes [126]

observational
case-control
prospective

(1987–2004 IWHS)
diabetes

postmenopausal
females (n = 35,816;
55–69 y), flavonoids

FFQ

self-reported diabetes

inverse association
between beer (or other

alcoholic beverages
including liquor)

consumption and diabetes
risk

no yes yes [127]

observational oral
cancer mortality rate

(20 Nations male 2002
age-standardized),

national mean
alcoholic beverage

consumption

oral cancer mortality
rates (International

Agency for Research
on Cancer)

no association between
beer (nor wine, but

association for spirits)
consumption alone and

oral cancer risk

no yes yes [128]

observational
case-control matched

(1993–1996 King
County, WA) prostate
cancer subjects (n =
753 + 703; 40–64 y),

alcoholics BCQ

prostate cancer registry
(Seattle Puget Sound

Surveillance
Epidemiology and End

Results Cancer
Registry), histological

confirmation

no association for beer
consumption (nor liquor
but association for wine)
and prostate cancer risk

no yes yes [129]

observational
case-control matched

prospective
(1980–1993 Québec)

child acute
lymphoblastic

leukemia (n = 491 +
491; 0–9 y), parents

alcoholics BCQ

child acute
lymphoblastic

leukemia hospital
diagnosis

inverse association
between mothers’ beer

(but not spirits)
consumption and child

acute lymphoblastic
leukemia

no yes yes [130]

FFQ, food frequency questionnaires; BCQ, beverage consumption questionnaires; ALMICROBHOL, Effects of Alcohol Consumption on
Gut Microbiota Composition in Adults; TwinsUK, UK Adult Twin Registry; MEAL, Mediterranean healthy Eating, Ageing, and Lifestyle;
CMHS, California Men’s Health Study; IMMIDIET, Dietary Habit Profile in European Communities with Different Risk of Myocardial
Infarction: the Impact of Migration as a Model of Gene-Environment Interaction; PPSWG, The Prospective Study of Women in Gothenburg;
IWHS, Iowa Women’s Health Study.

An open, randomized, crossover, finely set-up controlled intervention trial of 33 high-
cardiovascular risk males drinking daily, for 4 weeks, a non-alcoholic beer (containing
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1243 mg of total polyphenols) or an alcoholic beer (containing 1209 mg of total polyphenol
and 30 g of ethanol), was repeatedly used (apparently with the same composition of sub-
jects) by a group of Spanish researchers during the last 6 years, to investigate the possible
synergistic effects of beer polyphenols and alcohol, using as control an administration of
gin (containing 30 g of ethanol). Firstly, in an attempt to use urinary isoxanthohumol as a
marker of beer consumption, a similar amount of the metabolite was recovered following
non-alcoholic or alcoholic beer consumption, and no excretion was found following gin
administration [115]. Notably, group differences in a female sub-population were found,
but only an alcoholic beer was tested. Next, they looked for circulating endothelial progen-
itor cells (EPC) and reported that non-alcoholic beer consumption increased the number
of circulating EPCs by 5 units, while in the alcoholic beer group, the increase was 8-fold.
However, even if observations were not statistically significant, alcohol alone (gin) induced
a 5-fold decrease in the number of circulating EPCs [114], suggesting the existence of some
influencing, maybe genetic, factors. Then, they reported that only non-alcoholic beer con-
sumption reduced leukocyte adhesion molecules and inflammatory biomarkers (decreased
homocysteine and increased serum folic acid) [113], suggesting a possible antagonistic
effect between alcohol and the non-alcoholic fraction of beer. Importantly, the alcoholic
beer improved other plasma lipid and inflammation markers (high-density lipoprotein
cholesterol, apolipoproteins A1 and A2, and adiponectin) and decreased fibrinogen and
interleukin 5, but the effects were ascribed to alcohol as identical effects were observed
following administration of a gin dose containing the same amount of alcohol (30 g). Fi-
nally, the group of Spanish researchers applied liquid chromatography-coupled Linear
Trap Quadropole-Orbitrap mass spectrometry to discover the urinary metabolites pro-
duced in the intervention study. Increased urine excretion of hop α-acids and fermentation
products were found following beer consumption with respect to the gin administration,
but differences were slight and not completely reported [112].

6.3. Role of Alcohol on Phenols-Related Effects of Beer on Cancer

A case-control association study (over 14 years) of child acute lymphoblastic leukemia
(n = 491 + 491) found an inverse relation with maternal moderate consumption (self-
reported) of beer (and wine, but not spirits), making authors suggest a protective effect
of flavonoids [130]. However, a positive relation was reported also for fathers, which
is difficult to explain and minimizes the observation’s reliability. In a similar matched
case-control study of drinking/smoking habits (over 10 years) of leukoplakia patients
(n = 187 + 187; 40–65 years), while a role of regular wine consumption was associated with
a decreased probability of disease occurrence (compared to that of spirit drinking that
was associated to increased risk), no significant effect for moderate beer drinking was
found [126]. The authors concluded that weaker effects of beer were probably due to the
different composition in substances synergistically or antagonistically, i.e., polyphenols,
interacting with ethanol [126]. Nonetheless, using a 20-country wide one-year (2002)
evaluation of alcoholic beverages consumption and total deaths for oral cancer, the same
authors estimated a lower risk for beer (and wine) consumers compared to heavy alcohol
consumption from spirits [128]. Similarly, the consumption of beer (nor liquor) could not
be associated with prostate cancer risk, in a population case-control study taking into
account the self-reported alcohol consumption (n = 753 + 703; 40–64 years), even if the
same authors reported a reduced relative risk associated with increasing level of red wine
consumption [129]. More recently, lack of association with prostate cancer was reported for
beer consumption (but also for wine and liquor) in a bigger prospective study (n = 84,170;
45–69 years) [124].

6.4. Role of Alcohol on Phenols-Related Effects of Beer on the Microbiota

According to a relationship between microbiota, host genes and diet [131], recent work
investigated the possibility that alcohol-free beer, acting at the level of gut microbiota, could
prevent the metabolic syndrome (MS). In fact, occurrence of MS can be promoted by gut
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microbiota dysbiosis, through low-grade inflammation and alteration of lipid metabolism.
Gut microbiota dysbiosis can in turn be induced by alteration of the relative abundance
of bacterial families [132]. Thus, a daily administration for one month of 355 mL of non-
alcoholic beer was found associated to a decrease in fasting blood serum glucose and an
increase in functional β-cells only, and the effect was not observed with an alcoholic beer
containing a similar amount of phenolic compounds [111]. Moreover, the authors observed
an enrichment of the microbiota diversity, also with the alcoholic beer, but only alcohol-free
beer consumption was associated to a specific microbiota diversity with healthier function,
suggesting that alcohol inhibited the positive effects of beer. As β-diversity was observed
only after 30 days of treatment, the authors hypothesized that the effect on gut microbiota
could depend on polyphenols and phenolic acids [111]. Similar results were obtained in an
observational study, especially for higher butyric acid concentration in consumers versus
non-consumers of beer [122], but no estimation of phenols intake was performed, nor were
consumption of alcohol-free beer nor spirits-only drinkers recorded. On the other hand,
another observational study on the microbiota of 916 UK female twins found association
only for wine drinkers but not for beer (nor all other alcohols) [123], but also in this case, the
consumption of alcohol-free beer was not considered. Figure 2 summarizes gut microbiota
changes after beer consumption.
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Figure 2. Schematic representation of relationship between beer, gut microbiota and metabolic syndrome. Phenolic
compounds contained in non-alcoholic beer have a positive effect on the microbiota dysbiosis, one of the main causes of
metabolic syndrome, but the effect is prevented by alcohol presence. Non-alcoholic beer consumption also determines a
positive modification of some parameters typical of metabolic syndrome such as glycemia and the β-cells’ function (AB1,
drinkers of 355 mL/day of alcoholic beer; NAB, drinkers of 355 mL/day of non-alcoholic beer [111]). On the other hand,
moderate beer consumption can increase the production of butyric acid, a fundamental molecule produced by the microbiota
and useful for its healthy implications (AB2, drinkers of 200–600 mL/day; AO, abstainers or occasional consumers of <1.5
alcohol g/day [122]).

6.5. Role of Alcohol on Other Phenols-Related Effects of Beer

In an observational follow-up prospective study (34 years) of the association between
alcoholic beverage consumption (using repeated surveys) and dementia (n = 1462 women,
38–60 years), beer consumption was associated to reduced dementia risk compared to
subjects consuming only spirits [125]. Unfortunately, the consumption of alcohol-free
beer was not taken into account. Moreover, in a case-control study of the association, in
postmenopausal women (n = 35,816; 55–69 years), between specific self-reported drink-
ing/smoking habits (over 20 years) and diabetes, a reduction of risk was observed for
moderate consumption of either beer, red or white wines, but also for liquor, making the
authors disprove the hypothesis that flavonoids could protect from diabetes onset [127].
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7. Fruit-Based Enrichment of Beer Phenols

Beer is considered a promising beverage in the context of functional foods, which are
food items with, in theory, health benefits, due to the enrichment with specific ingredients
or bioactive compounds. Beer has high market opportunities because of an already high
acceptancy of new organoleptic characteristics, due to widespread and previous diffusion
of craft beers. Several ingredients have been added such as wheat, corn, rice and fruits.
The phenolic profiles of several commercialized beers enriched with ingredients have
already been reported and reviewed [8,133]. Studies agree that fruits’ refermentation
and maturation within beer production is associated to a significant increase of flavors
and bioactive compounds supporting benefits of fruit contribution to beer’s consumer
acceptance. Both qualitative and quantitative increases in phenols have been reported
in beers enriched with whole fruits during fermentation and works mainly focused on
the role of the technological processes applied. However, rarely did a study report more
than one fruit supplement. An exception is a recent report that compared individual
phenols amounts in commercial beers enriched with cherry, raspberry, peach, apricot,
grape, plum, orange or apple, and respective contribution to the antioxidant activity [134].
Importantly, this work demonstrates that fruit beers may be enriched with bioactive
compounds (catechin, rutin, myricetin, quercetin and resveratrol) that are undetectable in
conventional beers at identical extraction conditions and indicates enrichment with peels
to be very promising because of the highest amount polyphenols and flavonoids content
and antioxidant activity. Notably, resveratrol was found in beers enriched with all fruits
except one (plum), with the highest level being measured in grape beer [134].

Other recent beer-added ingredients are quince fruit, mango, sweet potato and olive
leaves. Because of organoleptic characteristics, quince fruit is specifically appreciated as a
processed food. Many studies have shown that quince fruit lends itself as an affordable
and good source of phenolic acids and flavonoids; in particular, in vitro assays have shown
that phenols are the main compounds responsible for fruit’s hydrophilic antioxidant activ-
ity [135]. Quince fruit phenols have been extensively studied [136] and recent data indicate
that the addition of different quince cultivars, with different sensory attributes or antiox-
idant content, can selectively modulate the final content in specific phenols and related
sensory descriptors attributes [137]. The addition of quince increased the total polyphenol
content, the total hydroxicinnamic acids, concentration of main volatile compounds related
with fruity sensory descriptors, and led to higher intensities of floral and fruity sensory
attributes [137]. The addition of mango fruit, naturally reach in phenols [138], yielded
beers with higher polyphenol content and aroma than traditional beer, especially if the
fruit was homogenized before addition, on the condition that no thermal treatment was
performed [139].

The addition of dried flakes of sweet potato, naturally rich in phenols [140], before
beer brewing increased both total phenols (about 10%) and flavonoids (about 20%) content
without changing physicochemical and sensory parameters of beer, which also benefited
from an important increase in β-carotene [141].

Also, dried olives or resulting extracts, that contain not only common phenols, but
also the olive tree family-exclusive secoiridoids [142], were added to beer, and the resulting
beer had positive flavor and aroma, but low colloidal stability and showed increasing haze
formation during storage due to very high polyphenols content [143]. Similar increase
in colloidal haze was reported also for beers with added omija fruits, questioning the
validity of increasing the phenolic content of beers too much [144]. Beers enriched with
lignans from wood chips or extracts displayed excessive bitter taste and unusual resin
aroma, indicating the need for technological approaches to avoid significant changes to
the characteristics of beer. A possible solution could come from the use of hot water as
a unique solvent, already applied for the removal of resins from wood chips or lignan
extracts from the knots of spruce trees (Picea abies), a strategy that yielded beer with as
much as 100 mg/L of lignans.
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8. Cereal-Based Enrichment of Beer Phenols

Apart from barley, other malted cereals have been used since antiquity for the de-
velopment of fermented beverages, in a somehow geographical way, for example, rice in
India [145], millet in Nigeria [146], sorghum in South Africa [147] and Corn in Mexico [148].
Regarding the latter, a pulque-fermented drink known as “Sendechó” was antiquely pre-
pared by the Mazahuas population in the Valley of Mexico, using chili and pigmented
corn varieties with high content of phenolic compounds, mainly anthocyanins [149], which
are completely absent in barley beer. In the attempt of developing a beer with traditional
ingredients, pulque was substituted with hop and brewer’s yeast in an ale fermentation
process performed with guajillo chili and blue corn malt. The result was a beer with
total polyphenols concentration up to 560 mg GAE/L and of total anthocyanins up to
19.4 mg cyaniding-3-glucoside/L [150]. More recently, the same laboratory obtained blue
or red corn malt blended beers with even higher total phenols amount (up to 849.5 mg
GAE/L) and identified anthocyanins responsible for the final color yield of red and blue
corn beers (pelargonidin-3-glucoside and cyanidin-3-glucoside) [151]. Authors also identi-
fied, in corn beers both previously reported and unreported, volatile phenols conferring
desirable aromas to beers. Such results are promising with respect to previous reports
of lower content of phenols in corn-added beers [152]. Nevertheless, to our knowledge,
no consumer acceptability of such beers has been evaluated, and this aspect is crucial
especially for the high content of phenols that can contribute to high spicy perception and
for astringency of anthocyanins [151]. Among other gluten-free beers, those obtained from
oat [153], sorghum [147], teff [154], millet [146], buckwheat [155] and quinoa [156] are in
theory valid alternatives in terms of phenols considering the grain natural content, even if
very little is available on the phenolic content of such beers, i.e., only a sum of aromatic
alcohols was reported for millet [157]. A noteworthy emerging exception is represented by
indigenous beer-like fermented beverages “ikigage” [158], “burukutu” and “pito” [159],
drinks for which 4-vinylphenols quantities have been reported. Another exception is that
of rice-based alcoholic beverages of Assam, India, with total polyphenol content up to
631.33 mg GAE/L [160].

One frequent issue of non-barley cereals is the low diastatic power, that traps phe-
nols, making necessary the combination with other cereals or the addition of exogenous
enzymes [161]. Addition to the mashing process of recombinant ferulic acid esterase [162]
was recently proven as a valid remedy also for the low amount of the desirable phenol
4-vinylguaiacol (derived from ferulic acid by enzymic decarboxylation), a common issue
of top-fermented wheat beer [163]. More recently, the strategy was further implemented by
producing yeasts expressing bacterial ferulic acid decarboxylase [164].

9. Phenols in Non-Alcoholic and Isotonic Beers

Driving laws and a healthier lifestyle have increased the popularity of non-alcoholic
beers. In order to not exceed the limit of 0.5% (v/v) alcohol or to produce beer with a
limited alcohol content, two approaches are exploited. The first one consists in limiting
the fermentation process, and hence the alcohol production, using low-alcohol yeasts or
producing a wort with low degrees Plato and low diastatic power in order to obtain more
dextrins than fermentable sugars. The alternative approach involves physical methods to
remove the alcohol at the end of brewing, for example by vacuum evaporation or reverse
osmosis treatments. Unfortunately, limiting the fermentation process can bring about
inadequate conversion of wort to beer and, on the other hand, physical methods for alcohol
removal can deteriorate beer composition [165]. Osmotic distillation using a membrane
contactor was recently shown to be able to maintain the total phenols content in a low-
alcohol top-fermented beer [166]. On the other hand, using the fermentation interruption
approach, De Fusco and coworkers recently obtained a low-alcohol isotonic beer with an
amount of total phenolic compounds similar to that of Pilsen beer and sport drinks [167].
Isotonic beers are an improvement on low-alcohol beers with similar rehydration potential
of sports drinks [168] (beverages with specific osmolality and carbohydrate content [169])
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and with the advantage of containing bioactive molecules. Notably, De Fusco and cowork-
ers found that fermentation interruption did not significantly affect total phenols level [167].
Nevertheless, experiments are needed to test the shelf-life of low-alcohol isotonic beers and
specifically to test if phenols’ antimicrobial activity is adequate in such low-alcoholic and
carbohydrate-containing beverages [170].

10. Future Directions and Conclusions

Here, we attempted to review the more recent findings on beer phenols and their
role in human health. Particular attention was dedicated to the role of genetic factors
and to the enrichment with phenolic compounds by cereals different from barley or fruits
naturally rich in phenols. In this respect, it would be interesting to investigate to what
extent fruit addition also increases the alcoholic content, which has health and consumer
acceptance consequences that are not negligible. One other interesting question regards
the huge amount of debris produced by beer production, especially in terms of phenolic
compounds (1% in by-product spent grain [171]) that could be recycled for beer enrichment
itself. Recent reports indicate that the recovery of phenols can be improved using the fungi
Rhizopus oligosporus as a fermenting organism [172].

Even if the Scopus.com search string we used is arbitrary and may not entirely repre-
sent the research on health effects of beer ascribable to the presence of phenolic compounds,
less than of 25% (40 out of 161) of entries we retrieved were reports on the in vivo (human
or animal) or in vitro effects of phenolic compounds within in toto beer. Most of the re-
search is focused on evaluating the effects of single phenolic compounds of beer, which,
however, can give rise to partial conclusions that need further experiments performed in
physiological conditions. For example, as beer contains a mean amount of xanthohumol
around 0.2 mg/L, what is the rationale for supplementing volunteers with an enriched
drink containing a daily dose of 12 mg of xanthohumol [173], corresponding to the amount
found in 60 L of beer? Indeed, several techniques have been used, starting from almost
20 years ago and featuring a patented addition of an enriched hop product [174], in order
to increase the amount of this compound in beer up to 10 mg/L [175–177]. However,
even if studies with enriched beers are helpful for assessing the metabolic fate of phenolic
compounds, in order to correctly evaluate healthy effects of beer consumption, researchers
should consider, besides the side effects of alcohol (where ethically possible), also those
possibly due to yet uncharacterized molecules, i.e., those resulting from the addition of
the enriched hop product, and those due to a non-physiological consumption of a single
flavonoid for which pro-apoptotic effects are already known [178]. In fact, the only health
claims authorized for phenolics by the European Food Safety Authority regard, at the
moment, olive oil hydroxytyrosol and cocoa flavanols, with high daily amounts (5 and
200 mg, respectively) that can, however, be easily consumed in the context of a balanced
diet [179,180]. Among retrieved reports, only six investigated the effects of phenols in the
presence and absence of alcohol, thus also considering the effects of alcohol alone. Actually,
four publications belong to the same Spanish research group [112–115], and thus probably
refer to the same and unique small population of 33 high-cardiovascular-risk males.

In conclusion, studies applying a parallel administration of non-alcoholic beer or/and
alcohol alone, in both animal and human intervention studies, support the existence of
somehow interfering effects of phenols and ethanol. However, in order to better highlight
additive or synergistic effects, further correctly set-up human interventional crossover or
observational, or at least animal, studies are required. From this point of view, even insect
models could deserve more attention. In fact, using D. melanogaster fed with a total beer
extract, Merinas-Amo and colleagues were able to demonstrate the synergic interaction
between different molecules contained in beer [181].

Author Contributions: Scopus.com investigation, R.A.; writing—review and editing, R.A., G.P. and
S.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

61



Molecules 2021, 26, 486

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Homan, M.M. Beer and Its Drinkers: An Ancient Near Eastern Love Story. Near East. Archaeol. 2004, 67, 84–95. [CrossRef]
2. Wang, J.; Liu, L.; Ball, T.; Yu, L.; Li, Y.; Xing, F. Revealing a 5,000-y-old beer recipe in China. Proc. Natl. Acad. Sci. USA 2016, 201601465.

[CrossRef]
3. Brewers. Contribution made by Beer to the European Economy. Available online: https://brewersofeurope.org/uploads/mycms-

files/documents/publications/2020/contribution-made-by-beer-to-EU-economy-2020.pdf (accessed on 1 October 2020).
4. Osorio-Paz, I.; Brunauer, R.; Alavez, S. Beer and its non-alcoholic compounds in health and disease. Crit. Rev. Food Sci. Nutr. 2019,

1–14. [CrossRef]
5. Cardona, F.; Andrés-Lacueva, C.; Tulipani, S.; Tinahones, F.J.; Queipo-Ortuño, M.I. Benefits of polyphenols on gut microbiota and

implications in human health. J. Nutr. Biochem. 2013, 24, 1415–1422. [CrossRef]
6. Palmer, K. IARC Monographs on the Evaluation of Carcinogenic Risks to Humans. Volume 98: Painting, Firefighting and

Shiftwork. International Agency for Research on Cancer. Occup. Med. (Chic. Ill.) 2011, 61, 521–522. [CrossRef]
7. Scalbert, A.; Williamson, G. Dietary Intake and Bioavailability of Polyphenols. J. Nutr. 2000, 130, 2073S–2085S. [CrossRef]
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165. Brányik, T.; Silva, D.P.; Baszczyňski, M.; Lehnert, R.; Almeida e Silva, J.B. A review of methods of low alcohol and alcohol-free

beer production. J. Food Eng. 2012, 108, 493–506. [CrossRef]
166. Liguori, L.; De Francesco, G.; Russo, P.; Perretti, G.; Albanese, D.; Di Matteo, M. Quality Attributes of Low-Alcohol Top-Fermented

Beers Produced by Membrane Contactor. Food Bioprocess. Technol. 2016. [CrossRef]
167. De Fusco, D.O.; Madaleno, L.L.; Del Bianchi, V.L.; da Silva Bernardo, A.; Assis, R.R.; de Almeida Teixeira, G.H. Development of

low-alcohol isotonic beer by interrupted fermentation. Int. J. Food Sci. Technol. 2019. [CrossRef]
168. Desbrow, B.; Murray, D.; Leveritt, M. Beer as a sports drink? Manipulating beer’s ingredients to replace lost fluid. Int. J. Sport

Nutr. Exerc. Metab. 2013. [CrossRef] [PubMed]
169. Maughan, R.J. The sports drink as a functional food: Formulations for successful performance. Proc. Nutr. Soc. 1998. [CrossRef]
170. Menz, G.; Vriesekoop, F.; Zarei, M.; Zhu, B.; Aldred, P. The growth and survival of food-borne pathogens in sweet and fermenting

brewers’ wort. Int. J. Food Microbiol. 2010. [CrossRef] [PubMed]
171. Meneses, N.G.T.; Martins, S.; Teixeira, J.A.; Mussatto, S.I. Influence of extraction solvents on the recovery of antioxidant phenolic

compounds from brewer’s spent grains. Sep. Purif. Technol. 2013. [CrossRef]
172. Cooray, S.T.; Chen, W.N. Valorization of brewer’s spent grain using fungi solid-state fermentation to enhance nutritional value.

J. Funct. Foods 2018. [CrossRef]
173. Ferk, F.; Mišík, M.; Nersesyan, A.; Pichler, C.; Jäger, W.; Szekeres, T.; Marculescu, R.; Poulsen, H.E.; Henriksen, T.; Bono, R.; et al.

Impact of xanthohumol (a prenylated flavonoid from hops) on DNA stability and other health-related biochemical parameters:
Results of human intervention trials. Mol. Nutr. Food Res. 2016. [CrossRef]

174. Wunderlich, S.; Zürcher, A.; Back, W. Enrichment of xanthohumol in the brewing process. Mol. Nutr. Food Res. 2005. [CrossRef]
[PubMed]
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Abstract: ‘Mencía’/‘Jaen’ it’s an important red grape variety, exclusive of the Iberian Peninsula, used
in wine production namely in Bierzo D.O. and Dão D.O., respectively. This work evaluates the
effect of the two different “terroirs” on the phenolic composition and chromatic characteristics of
‘Mencía’/‘Jaen’ monovarietal wines produced at an industrial scale in the same vintage. Using Principal
Component Analysis (PCA), Partial Least Squares-Discrimination Analysis (PLS-DA), and Orthogonal
PLS-DA (OPLS-DA) it was found that peonidin-3-coumaroylglucoside, petunidin-3-glucoside,
malvidin-3-coumaroylglucoside, peonidin-3-glucoside, malvidin-3-acetylglucoside, malvidin-3-glucoside,
and ferulic acid were the phenolic compounds with the highest differences between the two regions.
PLS regression allowed to correlate the differences in lightness (L*) and redness (a*) of wines from
‘Jaen’ and ‘Mencía’ to differences in colored anthocyanins, polymeric pigments, total pigments,
total anthocyanins, cyanidin-3-acetylglucoside, delphinidin-3-acetylglucoside, delphinidin-3-glucoside,
peonidin-3-coumaroylglucoside, petunidin-3-glucoside and malvidin-3-glucoside in wines, and the
colorless ferulic, caffeic, and coutaric acids, and ethyl caffeate. The wines a* values were more
affected by colored anthocyanins, ferulic acid, total anthocyanins, delphinidin-3-acetylglucoside,
delphinidin-3-glucoside and petunidin-3-acetylglucoside, and catechin. The positive influence of ferulic
acid in the a* values and ferulic, caffeic, coutaric acids, and ethyl caffeate on the L* values can be due to
the co-pigmentation phenomena. The higher dryness and lower temperatures during the September
nights in this vintage might explain the differences observed in the anthocyanin content and chromatic
characteristics of the wines.

Keywords: red wine; Mencía; Jean; terroir; anthocyanins; phenolic acids; flavonols; wine color

1. Introduction

‘Mencía’ in Spain and ‘Jaen’ in Portugal is a grape variety present almost exclusively in the
northwest of the Iberian Peninsula whose economic importance has been growing in the last years.
‘Mencía’ is extensively cultivated in Galicia, north-western Spain, to produce quality red wines with
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five Denomination of Origin (D.O.) Rías Baixas in the province of Pontevedra, Ribeiro, Valdeorras
and Monterrei in the province of Ourense and Ribeira Sacra between the province of Ourense and
Lugo. However, this grape variety also predominates in the Bierzo region (Figure 1) located in the
northwest of the province of León (Castile and León, Spain) originating the ‘Mencía’ red wines with
Bierzo D.O. [1,2]. In Portugal, this grape variety is known as ‘Jaen’ and is almost exclusively cultivated
in the Dão Demarcated Region of Portugal (Figure 1) [1,2], whose importance for wine production in
this region is growing, and a significant increase in the vineyard area of this grape variety between
2013 to 2017, from 1 731 ha [3] to 3 789 ha [3], respectively, has been observed.

Figure 1. Location of Bierzo D.O. and Dão D.O. where ‘Mencía’ and ‘Jaen’ monovarietal wines
are produced.

The wine quality is determined by the conditions of the growing area, of the vintage, agricultural
practices that will influence the grape composition, and by the winemaking technology used. The same
variety, growing in two different viticultural regions with diverse climatic conditions, results in wines
with different content of phenolic compounds in the same vintage [4]. Several factors such as soil type,
environmental conditions, agricultural practices, climatic conditions, vine phenology, or winemaking
processesall contribute to the “terroir” effect that can change the chemical composition of grapes and
wines [5–8]. In the resolution OIV/VITI 333/2010 [9] the International Organization of Vine and Wine
(OIV), defines vitivinicultural “terroir”-vitivinicultural “terroir” as a concept that refers to an area
in which collective knowledge of the interactions between the identifiable physical and biological
environment and applied vitivinicultural practices develop, providing distinctive characteristics for
the products originating from this area. “Terroir” includes specific soil, topography, climate, landscape
characteristics, and biodiversity features.

The phenolic, aroma, and mineral composition, as well as the sensory descriptors of red
wines vinified with ‘Mencía’ grape variety, were studied by several authors. There are various
works concerning the characterization of the aroma profile of ‘Mencía’ red wines [10–16], with an
observed change in the ‘Mencía’ wine aroma profile depending on the grape’s geographic origin
and vintage [17,18]. Also, pre-fermentative maceration techniques (enzymes, refrigeration, and
cryomaceration) were shown to influence the aroma profile of ‘Mencía’ wines [19,20]. The use of
indigenous yeasts has been used as a tool to increase the diversity of ‘Mencía’ monovarietal wines [21].
Other studies were performed on the content of minerals [22,23], and wine sensory descriptors [24].
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Although phenolic compounds, including phenolic acids, anthocyanins, and tannins, contribute
to wine color, bitterness, astringency, and antioxidant capacity [25,26], fewer studies were performed
on the phenolic composition of ‘Mencía’ wines [27–31]. These studies did not include wines produced
in the Bierzo D.O. and no studies were reported for the wines produced with Jaen grape variety in the
Dão D.O.

It is expected that the geographical origin, related to the different edaphoclimatic conditions of
the two regions, will impact differently on the composition of the wines and this information is of
importance for the understanding of the enological potential and diversity of this grape variety in the
two different regions. Therefore, the purpose of this work was to study the phenolic composition and
chromatic characteristics of monovarietal ‘Mencía’ wines of the Bierzo D.O. and monovarietal ‘Jaen’
wines produced at the Dão D.O. at an industrial scale in the 2015 vintage to evaluate the impact of
“terroir” on the wines produced from this important Iberian grape variety.

2. Results and Discussion

2.1. Effect of Bierzo D.O. and Dão D.O. “Terroirs” on the Anthocyanins and Phenolic Acid Composition of
‘Mencía’/‘Jaen’ Wines—Unsupervised Analysis

To study the effect of Bierzo D.O. and Dão D.O. “terroirs” on the phenolic composition of
‘Mencía’/‘Jaen’ monovarietal wines, the concentration of the individual phenolic compounds was
determined by RP-HPLC-DAD (Reversed-Phase High-Performance Liquid Chromatography with
Diode Array Detector, Tables 1 and 2). In all wines analyzed gallic, trans-caftaric, coutaric isomer,
coutaric, caffeic, p-coumaric, and ferulic acids along with the ethyl esters of caffeic and coumaric
acids, and the flavanol catechin was present (Table 1). The concentrations determined for the phenolic
acids, phenolic esters, and catechin agreed with those described by García-Falcón et al. [27] and
Alén-Ruiz et al. [28] for ‘Mencía’ wines produced in the Galician Ribeiro D.O. (Ourense).

Eleven and thirteen anthocyanins were identified and quantified in the ‘Mencía’ red wine produced
in the Bierzo D.O. and in the ‘Jaen’ red wine produced in the Dão D.O., respectively (Table 2). For
the ‘Mencía’ wines, the anthocyanin composition and concentrations were in accordance with those
obtained by Rivas-Gonzalo et al. [32], García-Falcón et al. [27], and Soto Vázquez et al. [29], although
García-Falcón et al. [27] only detected seven anthocyanins at the end of malolactic fermentation.

A principal component analysis (PCA) was applied to the anthocyanins and phenolic acids
determined by HPLC-DAD (after normalization to zero mean and unit standard deviation) to
reduce in an unbiased and unsupervised way the dimensionality of this multivariate dataset and
identify the differences or similarities among the samples (Figure 2a) and to identify phenolic
compounds responsible for the grouping or separation among the samples (Figure 2b). Figure 2a
shows the score plot of the first two PC´s showing a clear separation of ‘Mencía’ and ‘Jaen’ wines.
Additionally, replicate samples of the same label were grouped in the same cluster, although they
were not overlapped, indicating that bottle to bottle variation occurred. The first PC (Principal
Component), which explained 42% of the total variance of the original data set, correlated positively
with malvidin-3-coumaroylglucoside (M3CG), petunidin-3-glucoside (Pet3G), malvidin-3-glucoside
(M3G), malvidin-3-acetylglucoside (M3AG), peonidin-3-glucoside (Peo3G), cyanidin-3-glucoside
(C3G), peonidin-3-coumaroylglycoside (Peo3CG), delphinidin-3-coumaroylglucoside (D3CG), and
peonidin-3-acetylglucoside (Peo3AG). The second PC, which explained 14% of the total variance,
correlated negatively with coutaric acid (Cout), ethyl ester of caffeic acid (EtCaf), caftaric acid (Caft),
and coumaric acid (Coum) (Figure 2b). Therefore, the results from PCA allowed for the conclusion
that ‘Jaen’ wine samples from Dão D.O. are separated from ‘Mencía’ wine samples from Bierzo D.O.
according to PC1, showing a higher relative amount of M3CG, Pet3G, M3G, M3AG, Peo3G, C3G,
Peo3CG, D3CG, and Peo3AG (Figure 2a,b).
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Figure 2. Sample scores projection on the first and second principal component (a) and
variable loading on the first and second principal component (b) Delphinidin-3-glucoside
(D3G), cyanidin-3-glucoside (C3G), peonidin-3-glucoside (Peo3G), petunidin-3-glucoside (Pet3G),
malvidin-3-glucoside (M3G), delphinidin-3-acetylglucoside (D3AG), cyanidin-3-acetylglucoside (C3AG),
peonidin-3-acetylglucoside (Peo3AG), petunidin-3-acetylglucoside (Pet3AG), malvidin-3-acetylglucoside
(M3AG), delphinidin-3-coumaroylglucoside (D3CG), peonidin-3-coumaroylglucoside (Peo3CG),
malvidin-3-coumaroylglucoside (M3CG), gallic acid (Gal), caftaric acid (Caft), coutaric acid (Cout),
coutaric acid isomer (Cout2), caffeic acid (Caf), coumaric acid (Coum), catechin (Cat), ethyl ester of caffeic
acid (EtCaf), ethyl ester of coumaric acid (EtCoum).

To identify what phenolic compounds were more affected by the “terroir” of Bierzo D.O. and Dão
D.O., a volcano plot was used (Figure 3), by plotting the negative logarithm of statistical significance
(p values) of Mann–Whitney non-parametric test on the y-axis and the normal logarithm of the fold
change on the x-axis. Bierzo D.O. wines contained significantly less M3CG, Pet3G, M3G, M3AG, Peo3G,
C3G, Peo3CG, D3CG, and Peo3AG and significantly higher levels of Coum and EtCoum. These results
supported the results obtained by PCA.

74



Molecules 2020, 25, 6008

Figure 3. Volcano plot representing the statistical significance (p-values) on the Mann–Whitney
non-parametric test and the fold change (FC) for the anthocyanins, phenolic acids, and catechin of
wines ‘Mencía’/‘Jaen’ wines from Bierzo D.O. and Dão D.O., respectively. The horizontal line represents
the threshold of significance corrected for multiple comparisons by Bonferroni’s method (p = 0.00217).
Delphinidin-3-glucoside (D3G), cyanidin-3-glucoside (C3G), peonidin-3-glucoside (Peo3G),
petunidin-3-glucoside (Pet3G), malvidin-3-glucoside (M3G), delphinidin-3-acetylglucoside (D3AG),
cyanidin-3-acetylglucoside (C3AG), peonidin-3-acetylglucoside (Peo3AG), petunidin-3-acetylglucoside
(Pet3AG), malvidin-3-acetylglucoside (M3AG), delphinidin-3-coumaroylglucoside (D3CG), peonidin-3-
coumaroylglucoside (Peo3CG), malvidin-3-coumaroylglucoside (M3CG), gallic acid (Gal), caftaric acid
(Caft), coutaric acid (Cout), coutaric acid isomer (Cout2), caffeic acid (Caf), coumaric acid (Coum),
catechin (Cat), ethyl ester of caffeic acid (EtCaf), ethyl ester of coumaric acid (EtCoum).

2.2. Effect of Bierzo D.O. and Dão D.O. Terroirs on the Anthocyanins and Phenolic Acid Composition of
‘Mencía’/‘Jaen’ Wines—Discrimination and Variable Importance

Partial least squares-discriminant analysis (PLS-DA) and orthogonal PLS-DA (OPLS-DA) were
used to access their prediction efficiency and most importantly determine the main characteristics that
distinguish the wines from the two terroirs concerning their phenolic composition. The PLS-DA model
was developed using the standardized phenolic composition of ‘Mencía’ and ‘Jaen’ wines (Figure 4).
Figure 4a shows the score plot of the first two components of the PLS-DA model obtained. It was similar
to the PCA score plot (Figure 2a), however, the separation of wines according to geographical origin
appears more obvious. This might be explained by the fact that the PLS-DA algorithm maximizes the
variance between groups rather than within the group. The PLS-DA loadings for the calibration model
(Figure 4b) were similar to those observed in the PCA analysis (Figure 2b). The accuracy, R2, and Q2

for the PLS-DA calibration model were 1, 0.9364, and 0.83821, respectively (two PLS latent variables).
The calibration statistics indicated that the model developed was acceptable to classify new samples.
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Figure 4. (a) Scores plot and (b) loadings plot of the first two factors of the Partial Least
Squares-Discrimination Analysis (PLS-DA) model built with the phenolic compounds profile
of the ‘Mencía’/‘Jaen’ monovarietal wines from the Bierzo D.O. and Dão D.O., respectively.
Phenolic compounds ranked by variable in projection (VIP) scores (c). Delphinidin-3-glucoside
(D3G), cyanidin-3-glucoside (C3G), peonidin-3-glucoside (Peo3G), petunidin-3-glucoside (Pet3G),
malvidin-3-glucoside (M3G), delphinidin-3-acetylglucoside (D3AG), cyanidin-3-acetylglucoside
(C3AG), peonidin-3-acetylglucoside (Peo3AG), petunidin-3-acetylglucoside (Pet3AG), malvidin-3-acety
lglucoside (M3AG), delphinidin-3-coumaroylglucoside (D3CG), peonidin-3-coumaroylglucoside
(Peo3CG), malvidin-3-coumaroylglucoside (M3CG), gallic acid (Gal), caftaric acid (Caft), coutaric acid
(Cout), coutaric acid isomer (Cout2), caffeic acid (Caf), coumaric acid (Coum), catechin (Cat), ethyl
ester of caffeic acid (EtCaf), ethyl ester of coumaric acid (EtCoum).
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To access the variable importance in the discrimination of ‘Mencía’/‘Jaen’ wines, the variable in
projection (VIP) was used (Figure 4c). According to the VIP results, Peo3CG, Pet3G, M3CGlc, Peo3G,
M3AG, M3G, and Fer were the most influential variables in the discrimination between ‘Mencía’ and
‘Jaen’ wines from Bierzo D.O. and Dão D.O., respectively.

Generally, PCA and PLS-DA are used to distinguish samples and to explain the differences.
When the number of variables were higher than the number of observations, PCA and PLS-DA models
were suited to handle these data sets for discriminant analysis [33,34]. Nevertheless, for large data
sets with a number of observations higher than the number of variables, PCA and PLS-DA scores and
loadings can become rotated due to the presence in the data of strong systematic variations unrelated to
the response, making more difficult the interpretation of the models. The OPLS-DA (Orthogonal partial
least squares discriminant analysis) integrated an orthogonal signal correction filter to separate the
variations in the data that are related to the prediction of a quantitative response from the variations not
related or orthogonal to the prediction [35]. The advantage of OPLS-DA compared to PLS-DA is that the
model is rotated so that class separation is found in the 1st predictive component, tp, also referred to as
the correlated variation, and variation not related to class separation is seen in orthogonal components,
to, also referred to as the uncorrelated variation, facilitating model interpretation. The quality of the
OPLS-DA model was validated by the values of the parameters R2X = 0.259, R2Y = 0.877, Q2 = 0.852,
which demonstrated the potential usefulness of the OPLS-DA model (Figure 5).

Figure 5. Cont.
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Figure 5. OPLS-DA (Orthogonal Partial Least Squares Discriminant Analysis) score plot for ‘Mencía’/‘Jaen’
monovarietal wines from Bierzo D.O. and Dão D.O. (a) and S-Plot for visualization of the variable
influence on the OPLS-DA model by representing the covariance (Cov) and correlation (Corr) loading
profiles resulting from the projection on the predictive component, tp (b). Delphinidin-3-glucoside
(D3G), cyanidin-3-glucoside (C3G), peonidin-3-glucoside (Peo3G), petunidin-3-glucoside (Pet3G),
malvidin-3-glucoside (M3G), delphinidin-3-acetylglucoside (D3AG), cyanidin-3-acetylglucoside (C3AG),
peonidin-3-acetylglucoside (Peo3AG), petunidin-3-acetylglucoside (Pet3AG), malvidin-3-acetylglucoside
(M3AG), delphinidin-3-coumaroylglucoside (D3CG), peonidin-3-coumaroylglucoside (Peo3CG),
malvidin-3-coumaroylglucoside (M3CG), gallic acid (Gal), caftaric acid (Caft), coutaric acid (Cout),
coutaric acid isomer (Cout2), caffeic acid (Caf), coumaric acid (Coum), catechin (Cat), ethyl ester of caffeic
acid (EtCaf), ethyl ester of coumaric acid (EtCoum).

Besides, in the OPLS-DA model, the S-plot was proposed as a tool that provides both the
covariance and correlation loadings between the analytes and the tp, thus helping to identify
both statistically and biochemically significant analytes [36]. In Figure 5b, the S-plot shows
that peonidin-3-coumaroylglycoside (Peo3CG), petunidin-3-glucoside (Pet3G), peonidin-3-glucoside
(Peo3G), malvidin-3-acetylglucoside (M3AG), and malvidin-3-coumaroylglucoside (M3CG) had
relatively higher covariance and correlation loading values, and they were likely to be the key
phenolic compounds for ´terroir’ differentiation.

The composition of wines, especially the phenolic composition, is dependent on the chemical
composition of grapes and on the winemaking technology used for its production. As wines analyzed
in this work were from different wineries in both regions, and the differences observed between the
two regions was significantly higher than the differences observed between the wines from each
region, the winemaking technology used for wine production was not responsible for the differences
observed in the phenolic composition of wines between the two regions. It has been shown that
the main factors involved in terroir expression are soil, climate, and grape variety, and these factors
interact [37]. Temperature and precipitation are the main factors influencing grapevine phenology,
grape yield, as well as wine quality [38]. The wine composition produced in a particular region is
influenced by the baseline climate, while the vintage effect is the result of climatic variability between
vintages [39]. The monthly mean, minimum, and maximum temperature for this particular vintage
(2015) in both regions are presented in Figure 6, along with the precipitation, and the bioclimatic
indices commonly used for accessing the suitability of a particular region for wine production (Table 3).
Winkler index (WI) measures the heat accumulation during the growing season [40], both regions are
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included in the Winkler’s Region II and classified as moderately cold. When considering the Huglin
Heliothermic Index (HI) Dão D.O. corresponds to temperate warm and Bierzo to warm viticultural
regions. The Dryness Index (DI) allows to access the availability of soil water content for the vine
in the growing season, considering precipitation and reference evapotranspiration [41]. According
to the values between April and October, Dao D.O. was a sub-humid region and Bierzo DO was a
moderately dry region. The cool night index (CI) [42] considers the minimum temperatures during
the grape maturation period, providing complementary information about the thermal regime in this
period. The ripening stage is determining for the titratable acidity, pH, phenolic compounds, and
anthocyanins as well for the flavor/aroma potential, and therefore CI is a reliable index for accessing the
potential quality associated with viticultural climates [43]. Bierzo D.O. had CI values that correspond
to very cool nights, whereas Dão D.O. had cool nights. The hydrothermic index of Branas, Bernon, and
Levadoux (BI) [44] considers the influence of both temperature and precipitation on grape yield and
wine quality. This index estimates the risk of downy mildew disease, which is a common limiting
factor for grapevine yield [45]. Both regions presented a low risk of mildew disease. The bioclimatic
indexes obtained for 2015 are in accordance with those described for Dão Region in the 1950–2000
period [46] and for the Bierzo region from 2007 up to 1967 [47], showing that 2015 was a typical
climatic year. The major differences between the two regions in this particular vintage were the lower
minimum temperature at night between April and September, being found a total number of days with
a temperature below 10 ◦C during the maturation months (August and September) much higher in the
Bierzo region (32 days) when compared to the Dão region (12 days). Also, the number of days with a
maximum temperature above 30 ◦C was much higher in the Bierzo region (14 days) when compared to
the Dão region (7 days). This different temperature profile between the two regions might explain
the differences observed in the anthocyanins content of the wines from the two regions. In warmer
climates, higher temperatures may result in negative changes in fruit composition. A significantly
lower anthocyanins concentration at maturity was observed in grapevines exposed to 30 rather than
20 ◦C temperature treatments [48]. Another study found that high temperatures (35 ◦C) both inhibited
anthocyanin production and degraded the anthocyanins that were produced [49]. High and low
temperatures during ripening, likely affect the production and/or degradation of abscisic acid (ABA) in
berry skins that affect the expression of VvmybA1 that controls the expression of the anthocyanin’s
biosynthetic enzyme genes [50]. A day temperature of 35 ◦C completely inhibited anthocyanins
synthesis in ‘Tokay’ berries, regardless of night temperature [51]. The effect of the weather variables
in the phenolic composition of ‘Mencía’/‘Jaen’ wines were in accordance with the previous study of
Vilanova et al. [18], who observed that the composition of ‘Mencía’ grapes, including the phenolic
composition, was more affected by the vintage (from 2009 to 2012) than the geographic origin when
studying the ‘Mencía’ cultivar located in different geographic areas from NW Spain (Amandi, Chantada,
Quiroga-Bibei, Ribeiras do Sil, and Ribeiras do Miño).

Table 3. Bioclimatic index of Bierzo D.O. and Dão D.O. for 2015 and classes of the viticultural climate
of the grape-growing regions.

Bioclimatic Index Bierzo DO Dão DO

Wrinkler index 1549 Moderately cold 1638 Moderately cold
Huglin Heliothermic index 2473 Warm 2217 Temperate warm
Drying Index −16 Moderately dry 130 Sub-humid
Cool nigh index 7.6 Very cool nights 12.3 Cool nights
Branas Hydrothermic Index 1818 Low risk 2279 Low risk
N. of hot days (>30 ◦C) a 14 7
N. of cold nights (<10 ◦C) a 32 12

a in August and September months.
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Figure 6. Distribution of rainfall and maximum (Tmax), minimum (Tmin), and mean temperatures
(Tmean) in the (a) Bierzo D.O. and (b) Dão D.O. in 2015.

2.3. Impact of the Phenolic Composition on the Color of Red Wines from ‘Mencía’/‘Jaen’

As expected from the phenolic composition of ‘Mencía’/‘Jaen’ wines, ‘Jaen’ wines from Dão D.O.
presented a significantly higher color intensity when compared to ‘Mencía’ wines from Bierzo D.O.
(14.1 vs. 11.3 a.u., p < 0.00687, respectively, Table 4). The color intensity for ‘Mencía’ wines from
Bierzo D.O. obtained in this work was in accordance with the values described by Revilla et al. [52]
for young red wines produced with ‘Mencía’ grapes in AOC Valdeorras (Galicia) (range from 6.43
to 17.21 a.u.), by García-Falcón et al. [27] also for ‘Mencía’ wines (range from 11.2 to 12.6 a.u.), by
Bouzas-Cid et al. [16] (range from 9.1 to 10.8 a.u.), and by Soto Vázquez et al. [29] (range from 7.37 to
11.57 a.u.). However, Blanco et al. [21] obtained lower color intensity values for ‘Mencía’ monovarietal
wines produced in Galicia (range from 6.87 to 7.67 a.u.).
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Table 4. ‘Mencía’ and ‘Jaen’ red wines chromatic characteristics.

Wine
Samples

Color Intensity Hue Chromatic Characteristics

(a.u.) L* a* b* C* ◦h

Mencía 15.36 ± 0.36 h 0.712 ± 0.041 b 68.9 ± 0.0 b 30.63 ± 0.71 f 7.51 ± 0.08 fg 31.54 ± 0.71 g 13.79 ± 0.17 f

Mencía 13.91 ± 0.05 g 0.700 ± 0.002 ab 73.6 ± 0.1 e 27.37 ± 0.54 e 7.82 ± 0.24 g 28.46 ± 0.58 f 15.96 ± 0.17 h

Mencía 13.22 ± 0.01 f 0.750 ± 0.004 bc 73.8 ± 0.1 e 18.43 ± 0.19 a 6.43 ± 0.16 e 19.52 ± 0.24 ab 19.25 ± 0.26 i

Mencía 8.18 ± 0.06 b 0.791 ± 0.003 c 81.3 ± 0.5 i 20.45 ± 0.04 b 7.12 ± 0.00 f 21.66 ± 0.04 c 19.20 ± 0.04 i

Mencía 6.76 ± 0.06 a 0.795 ± 0.011 c 84.3 ± 0.5 j 19.37 ± 0.07 ab 4.95 ± 0.06 d 19.99 ± 0.08 b 14.33 ± 0.11 fg

Mencía 16.23 ± 0.56 i 0.685 ± 0.012 ª 66.7 ± 0.3 a 36.74 ± 0.32 i 6.19 ± 0.10 e 37.26 ± 0.33 i 9.57 ± 0.07 d

Mencía 13.06 ± 0.04 f 0.782 ± 0.004 c 72.2 ± 0.2 d 31.70 ± 0.23 fg 6.22 ± 0.15 e 32.30 ± 0.26 g 11.10 ± 0.19 e

Mencía 10.43 ± 0.04 cd 0.720 ± 0.005 b 83.5 ± 0.7 j 24.12 ± 0.01 c 10.70 ± 0.12 h 26.39 ± 0.04 d 23.94 ± 0.25 k

Mencía 11.95 ± 0.01 e 0.784 ± 0.003 c 76.8 ± 0.3 f 18.37 ± 0.05 a 3.47 ± 0.15 b 18.69 ± 0.08 a 10.71 ± 0.43 e

Mencía 10.57 ± 0.03 d 0.758 ± 0.006 bc 77.5 ± 0.5 fg 26.77 ± 0.08 e 7.94 ± 0.07 g 27.92 ± 0.05 ef 16.53 ± 0.18 h

Mencía 11.05 ± 0.09 d 0.775 ± 0.001 c 78.6 ± 0.3 gh 18.32 ± 0.12 a 4.79 ± 0.08 d 18.93 ± 0.09 ab 14.67 ± 0.33 g

Mencía 9.67 ± 0.02 c 0.731 ± 0.009 b 79.3 ± 0.3 h 25.66 ± 0.07 d 4.46 ± 0.08 cd 26.05 ± 0.06 d 9.86 ± 0.20 d

Mencía 6.12 ± 0.02 ª 0.688 ± 0.017 a 89.1 ± 0.1 k 18.46 ± 0.07 a 7.29 ± 0.01 f 18.95 ± 0.06 b 21.57 ± 0.08 j

Jaen 14.06 ± 0.05 g 0.710 ± 0.002 b 70.6 ± 0.2 c 32.60 ± 0.37 g 1.82 ± 0.02 a 32.65 ± 0.37 g 3.20 ± 0.01 a

Jaen 13.88 ± 0.45 g 0.643 ± 0.032 a 72.1 ± 0.1 d 35.30 ± 0.12 h 3.10 ± 0.11 b 35.45 ± 0.12 h 5.01 ± 0.17 b

Jaen 14.89 ± 0.16 h 0.799 ± 0.037 c 71.2 ± 0.4 cd 25.92 ± 0.09 d 18.14 ± 0.16 j 31.57 ± 0.07 g 35.00 ± 0.15 l

Jaen 15.26 ± 0.07 h 0.714 ± 0.043 b 68.4 ± 0.3 b 34.53 ± 0.40 h 4.27 ± 0.20 c 34.81 ± 0.39 h 7.05 ± 0.25 c

Jaen 12.53 ± 0.14 ef 0.684 ± 0.011 a 79.8 ± 0.0 h 24.82 ± 0.09 c 11.19 ± 0.04 i 27.22 ± 0.06 e 24.29 ± 0.16 k

The values are presented as mean ± standard deviation; Means within a column followed by the same superscript
letter are not significantly different (Tukey p < 0.05). L*—lightness, a*—redness, b*—yellowness, C*—chroma;
◦h—hue angle, a.u.—absorbance units.

As can be observed in Table 4, the ‘Jaen’ monovarietal wines from Dão D.O. presented a significantly
lower lightness, L* value, when compared to the ‘Mencía’ wines from Bierzo D.O. (72.40 vs. 77.35,
p < 0.02684, respectively). On the other hand, ‘Jaen’ monovarietal wines presented a significantly
higher a* value (redness) than ‘Mencía’ wines (30.64 vs. 24.34, p < 0.00509, respectively). For the b*
values (yellowness) there was no significant difference between ‘Jaen’ and ‘Mencía’ wines (7.70 vs.
6.53, p < 0.399, respectively).

To understand the relative contribution of the phenolic composition of ‘Mencía’ and ‘Jaen’ wines
on the significantly different chromatic characteristics (L* and a* values), a Partial Least Squares
(PLS1) regression of the standardized chromatic characteristics (Y) on the standardized phenolic and
monomeric anthocyanins composition of wines (X) was performed. The number of factors for each
dependent variable analyzed was estimated by 7-fold cross-validation and the prediction ability of the
model obtained was determined using an independent validation set randomly selected. The regression
curves obtained for L* and a* are presented in Figure 7a,b, respectively. For the L* value, 63.2% of the
variance in the three PLS components related to phenolic and monomeric anthocyanin composition of
wines explained 86.5% of the variation in L* values of ‘Mencía’/‘Jaen’ monovarietal wines with a Q2

cumulative of 0.6870. For the validation set, a R2 value of 0.7936 was obtained, showing a medium
predictive ability. For the a* value, the phenolic composition and monomeric anthocyanin composition
of ‘Mencía’/‘Jaen’ wines allowed to obtain a good model, with 69.6% of the variance in four PLS
components related to the phenolic and monomeric anthocyanin composition of wines explaining
92.6% of the variation in a* values (Q2 cumulative = 0.7321). The predictive ability for the validation
set was bad, showing that this model cannot accurately predict the a* value from the phenolic and
monomeric anthocyanin composition of wines (Figure 7b).
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Figure 7. Calibration curves were obtained after Partial Least Squares (PLS) regression of the L* values
(a) and of the a* values (b) of ‘Mencía’/‘Jaen’ wines using the phenolic composition as independent
variables. Black circles calibration samples, red circles test samples.

This medium to the bad predictive ability of L* and a* values using only the individual phenolic
composition of ‘Mencía’/‘Jaen’ red wines can be explained by the fact that in wine monomeric
anthocyanins are involved in multiple equilibriums depending on the wine pH [53], co-pigmentation
phenomenon [54], sulfur dioxide bleaching [55], and besides the monomeric anthocyanins, polymeric
anthocyanins can also be present [56]. Therefore, although these are young wines and the monomeric
anthocyanins are the most abundant anthocyanins, probably the wine’s chromatic characteristics
cannot be described solely by the levels of the individual monomeric anthocyanins present. Therefore,
the classic colorimetric methods of polymeric pigments, colored anthocyanins, total pigments, and
total anthocyanins were added to the X matrix (Table 5) to access if these variables could increase the
explanation of the dependent variables, the wines L* and a* values.
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Table 5. ‘Mencía’ and ‘Jaen’ red wines total anthocyanins, colored anthocyanins, polymeric, and
total pigments.

Wine Samples
Total

Anthocyanins
(mg/L)

Colored
Anthocyanins

(a.u.)

Total Pigments
(a.u.)

Polymeric
Pigments (a.u.)

Mencía 277 ± 2 e 2.83 ± 0.05 a 20.00 ± 2.29 cd 4.78 ± 0.11 g

Mencía 257 ± 8 d 4.23 ± 0.08 b 17.88 ± 0.43 cd 2.83 ± 0.07 fg

Mencía 243 ± 4 cd 4.80 ± 0.05 c 19.04 ± 0.93 cd 1.75 ± 0.06 c

Mencía 208 ± 2 b 2.28 ± 0.01 a 18.53 ± 0.21 cd 1.72 ± 0.03 c

Mencía 190 ± 6 b 2.15 ± 0.14 a 9.80 ± 0.71 ab 1.19 ± 0.04 b

Mencía 333 ± 1 f 5.20 ± 0.17 cd 20.65 ± 0.007 cd 3.07 ± 0.02 g

Mencía 293 ± 6 e 3.87 ± 0.02 b 16.77 ± 2.57 c 2.42 ± 0.04 e

Mencía 203 ± 1 b 4.34 ± 0.00 bc 12.42 ± 0.00 b 0.90 ± 0.01 a

Mencía 254 ± 9 cd 2.98 ± 0.14 a 11.62 ± 0.14 b 2.52 ± 0.014 e

Mencía 232 ± 9 c 3.03 ± 0.03 a 10.61 ± 0.86 ab 2.20 ± 0.04 d

Mencía 231 ± 3 c 3.05 ± 0.11 a 10.66 ± 0.07 ab 2.24 ± 0.09 d

Mencía 236 ± 2 cd 2.88 ± 0.01 a 10.40 ± 0.14 ab 2.05 ± 0.001 d

Mencía 147 ± 8 a 2.36 ± 0.00 a 7.37 ± 0.00 a 0.93 ± 0.025 a

Jaen 515 ± 9 i 5.04 ± 0.15 cd 31.41 ± 0.71 e 2.02 ± 0.06 d

Jaen 525 ± 8 i 5.32 ± 0.86 cd 21.56 ± 1.07 d 2.38 ± 0.01 e

Jaen 382 ± 5 g 3.69 ± 0.22 b 27.52 ± 0.21 e 2.74 ± 0.05 f

Jaen 434 ± 1 h 5.89 ± 0.18 d 38.08 ± 1.00 f 1.71 ± 0.10 c

Jaen 381 ± 7 g 2.96 ± 0.01 a 16.97 ± 0.14 c 1.77 ± 0.01 c

The values are presented as mean ± standard deviation; Means within a column followed by the same superscript
letter are not significantly different (Tukey p < 0.05). a.u.—absorbance units.

As can be observed in Figure 8a, the model quality for predicting the wine L* values and especially
the wine a* values increased both in the calibration, and more importantly on the validation test sets.
From the analysis of the standardized coefficients (Figure 8b), it can be observed that the variables
with the highest influence in predicting the wines L* values were colored anthocyanins, polymeric
pigments, total pigments, total anthocyanins C3AG, D3AG, D3G, PeoCG, Pet3G and M3G, but also the
colorless Fer, Caf, Cout, EtCaf.

Figure 8. Cont.
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Figure 8. Calibration curves obtained after PLS regression of the L* values of ‘Mencía’/‘Jaen’
wines using the phenolic composition and colorimetric determination of colored anthocyanins,
polymeric pigments, total pigments, total anthocyanins as independent variables (black circles
calibration samples, red circles test samples) (a) and B coefficients plots (b). Delphinidin-3-glucoside
(D3G), cyanidin-3-glucoside (C3G), peonidin-3-glucoside (Peo3G), petunidin-3-glucoside (Pet3G),
malvidin-3-glucoside (M3G), delphinidin-3-acetylglucoside (D3AG), cyanidin-3-acetylglucoside (C3AG),
peonidin-3-acetylglucoside (Peo3AG), petunidin-3-acetylglucoside (Pet3AG), malvidin-3-acetylglucoside
(M3AG), delphinidin-3-coumaroylglucoside (D3CG), peonidin-3-coumaroylglucoside (Peo3CG),
malvidin-3-coumaroylglucoside (M3CG), gallic acid (Gal), caftaric acid (Caft), coutaric acid (Cout),
coutaric acid isomer (Cout2), caffeic acid (Caf), coumaric acid (Coum), catechin (Cat), ethyl ester of
caffeic acid (EtCaf), ethyl ester of coumaric acid (EtCoum), total monomeric anthocyanins (Tot.Mon.Ant.),
total pigment (Tot.Pigm.), polymeric pigments (Polym.Pigm.), colored anthocyanins (Col.Ant.), total
anthocyanins measured colorimetrically (Tot.Ant.).

For the a* values of wines, also the most important variables in its prediction were the colored
anthocyanins, Fer, total anthocyanins, D3AG, D3G and Pet3AG, Cat (Figure 9b).

The positive influence of Fer in the a* values and Fer, Caf, Cout, EtCaf on the L* values can be
due to the co-pigmentation phenomena of anthocyanins. Recent research assigned more relevance
concerning co-pigmentation to hydroxycinnamic acid derivatives than flavan-3-ols. [57,58]. The latter
result suggests that the levels of co-pigments in red wine are at least as important as the levels of
anthocyanins in determining the differences in the color of red wines from ‘Mencía’/‘Jaen’ from Bierzo
D.O and Dão D.O. in the 2015 vintage.
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Figure 9. Calibration curves obtained after PLS regression of the a* values of ‘Mencía’/‘Jaen’ wines
using the phenolic composition and colorimetric determination of colored anthocyanins (Col.Ant.),
polymeric pigments (Polym.Pigm.), total pigments (Tot.Pigm.), total anthocyanins (Tot.Ant.) as
independent variables (black circles calibration samples, red circles test samples) (a) and B coefficients
plots (b). Delphinidin-3-glucoside (D3G), cyanidin-3-glucoside (C3G), peonidin-3-glucoside (Peo3G),
petunidin-3-glucoside (Pet3G), malvidin-3-glucoside (M3G), delphinidin-3-acetylglucoside (D3AG),
cyanidin-3-acetylglucoside (C3AG), peonidin-3-acetylglucoside (Peo3AG), petunidin-3-acetylglucoside
(Pet3AG), malvidin-3-acetylglucoside (M3AG), delphinidin-3-coumaroylglucoside (D3CG),
peonidin-3-coumaroylglucoside (Peo3CG), malvidin-3-coumaroylglucoside (M3CG), gallic acid (Gal),
caftaric acid (Caft), coutaric acid (Cout), coutaric acid isomer (Cout2), caffeic acid (Caf), coumaric acid
(Coum), catechin (Cat), ethyl ester of caffeic acid (EtCaf), ethyl ester of coumaric acid (EtCoum), total
monomeric anthocyanins (Tot.Mon.Ant.), total pigment (Tot.Pigm.), polymeric pigments (Polym.Pigm.),
colored anthocyanins (Col.Ant.), total anthocyanins measured colorimetrically (Tot.Ant.).
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3. Materials and Methods

3.1. Wine Samples

Thirteen ‘Mencía’ red wine samples were from the Bierzo D.O located in the northwest of the
province of León (Castile and León, Spain), and five ‘Jaen’ wines samples from the Dão D.O. All of
them produced in Vintage 2015 in different wineries at an industrial scale and analyzed in 2016.
The number of wine samples from each region was the one that the producers certified that the wines
were exclusively produced from ‘Mencía’/‘Jaen’ grape varieties. Each producer supplied two bottles
of wine.

3.2. High-Performance Liquid Chromatography (HPLC) Analysis of Anthocyanins, Catechin, and
Phenolic Acids

The phenolic profile was performed by HPLC-DAD using an Ultimate 3000 HPLC system (Dionex
Corporation, Sunnyvale, CA, USA) equipped with a photodiode array detector (PDA-100, Dionex
Corporation, Sunnyvale, CA, USA). An ACE 5 C-18 column (250 × 4.6 mm) was used. The eluent was
constituted by 5% aqueous formic acid (solvent A) and methanol (solvent B). The elution program
was as follows: 5% of B from zero to 5 min followed by a linear gradient up to 65% of B until 65 min
and from 65 to 67 min down to 5% of B. The photodiode detector assembly was operated between
200–600 nm and the chromatographic profile was recorded at 280, 325, and 525 nm. Then, 50 µL of the
sample was injected at a flow rate of 1 mL/min and then the column was maintained at a temperature of
35 ◦C [59]. Quantification was performed with calibration curves with standard caffeic acid, coumaric
acid, ferulic acid, gallic acid, and catechin. Trans-caftaric acid, 2-S-glutathionylcaftaric acid (GRP), and
caffeic acid ethyl ester were expressed as caffeic acid equivalents, coutaric acid and coumaric acid
ethyl ester were expressed as coumaric acid equivalents. A calibration curve of malvidin-3-glucoside,
peonidin-3-glucoside, and cyanidin-3-glucoside was used for quantification of these anthocyanins.
Using the coefficient of molar absorptivity (ε) and by extrapolation, it was possible to obtain the
slopes for delphinidin-3-glucoside, petunidin-3-glucoside, and malvidin-3-coumaroylglucoside and
perform the quantification. The results of delphinidin-3-acetylglucoside, petunidin-3-acetylglucoside,
peonidin-3-acetylglucoside, cyanidin-3-acetylglucoside, and cyanidin-3-coumaroylglucoside were
expressed as respective glucoside equivalents [60,61]. Analysis of each bottle were performed
in duplicate.

3.3. Color Intensity, Total Anthocyanins, Colored Anthocyanins, Pigments, and Chromatic Characteristics

Red wine color intensity (A420 nm + A520 nm + A620 nm) and hue (A420 nm/A520 nm) were quantified
as described in the OIV methods [62]. The concentration of total anthocyanins from red wine
was determined by the SO2 bleaching procedure using the method described by Ribéreau-Gayon
and Stronestreet [63], and the colored anthocyanin’s (A520 × 10 − A520

SO2
× 10), total pigments

(A520
HCl
× 101) and polymeric pigments (A520 bis × 10) from red wine were determined according

to Somers and Evans [64]. For the chromatic characteristics of red wine, the absorption spectra of
wine samples were scanned from 380 to 780 nm using a 1-cm path length quartz cell, and the wines’
chromatic characteristics L∗ (lightness), a∗ (redness), and b∗ (yellowness) coordinates were calculated
using the CIELab method according to OIV [62]. The Chroma (C* = [(a*)2 + (b*)2]1/2]) and hue-angle
(oh = tang−1(b*/a*)) values were also determined. Analysis of each bottle were performed in duplicate.

3.4. Climacteric Data, Bioclimatic Indexes, and Soil Characteristics

The climacteric data of Bierzo (Spain) and Dão (Portugal) for the 2015 harvesting year were
obtained from Ponferrada-Carracedelo (Spain, latitude 42◦36′13”, longitude 6◦30′02”, elevation above
sea level of 800 m) and Viseu (Portugal, latitude 40◦39′39”, longitude 7◦54′34”, elevation above sea
level 469 m), respectively, and included the maximum (Tmax), minimum (Tmin), and mean (Tmean)
daily temperature along with the daily precipitation (P) [65,66]. To simplify the global description
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of weather conditions in both locations during the growing season in the two regions, the Winkler
Index (WI) [40], Huglin Heliothermal Index (HI) [67], Cool Night Index (CI) [42], Dryness Index [41],
and Branas hydrothermic index [44] were calculated, which quantify the impact of weather by single
aggregate values.

The Winkler Index (WI) is based on heat summation or growing degree-days exceeding the
threshold of 10 ◦C during the growing season (April 1 through October 31), calculated according to the
following Equation (1):

WI =
30/10∑
1/04

(Tmax − Tmin)

2
− 10 (1)

Negative values are calculated as zero when the addition is performed. According to the
WI, geographical areas are divided into five climate regions: Region I (cold) WI ≤ 1390; Region II
(moderately cold) 1391 ≤WI ≤ 1670; Region III (warm) 1671 ≤WI ≤ 1940: Region IV (moderately
warm) 1941 ≤WI ≤ 2220; Region V (hot) WI > 2200.

The Huglin Heliothermal Index (HI) is a heat summation index that takes daily mean temperature
and daily maximum temperature into account as well as an adjustment for day length. It is calculated
by summing the values from April 1 to October 31 using the following Equation (2):

HI =
31/10∑
1/04

(Tmean − 10) + (Tmax − 10)
2

d (2)

where d is the length of day coefficient ranging from 1.02 to 1.06 between 40◦ and 50◦ of latitude.
Viticultural zones can be classified as [42]: Very cool (HI − 3; HI ≤ 1500); Cool (HI − 2; 1500 < HI
≤ 1800); Temperate (HI − 1; 1800 < HI ≤ 2100); Temperate warm (HI + 1; 2100 < HI ≤ 2400); Warm
(HI + 2; 2400 < HI ≤ 3000); Very warm (HI + 3; HI > 3000).

Dryness Index (DI) indicates the potential water availability in the soil, related to the level of
dryness in a region. DI is calculated according to the following Equation (3):

W =
31/10∑
1/04

(W0 + P− Tv− Es) (3)

where W0 is soil water reserve, P is precipitation, Tv is potential transpiration, and Es is soil evaporation
(all variables in mm). Daily variables are used for this calculation, being distinguished four climate
classes: very dry, where viticulture is limited by severe dryness (DI + 2: DI ≤ −100 mm); moderately
dry (−100 < DI ≤ 50 mm); sub-humid (50 < DI ≤ 150 mm); and humid (DI > 150 mm) (defined in
Tonietto and Carbonneau [42]). W is the estimate of soil water reserve at the end of the 1 April–31
October at modelled growing season period. To compute Tv and Es it is also necessary to compute
the monthly total potential evapotranspiration. This was approximated by the Hargreaves method,
which produces comparable results in arid and semiarid environments and requires temperature data
only [68]. The result is mm of water in the soil. The initial W0 is usually taken as 200 mm [42,69].

The Cool Night Index (CI) is a night coolness variable determined using Equation (4):

CI =
30/9∑
1/09

Tmin
30

(4)

According to the CI values, viticultural zones can be classified as [42]: very cool nights (CI + 2;
CI ≤ 12); cool nights (CI + 1: 12 < CI ≤ 14); temperate nights (CI − 1: 14 < CI ≤ 18); warm nights
(CI − 2: CI > 18).
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The hydrothermic index of Branas, Bernon, and Levadoux (BI) [44] is the sum of the products of
monthly mean temperature and monthly accumulated precipitation amount (in mm) during the April
to August season (Equation 5):

BI =
30/08∑
1/04

TmeanP (5)

This index estimates the risk of downy mildew disease, which is a common limiting factor for
grapevine yield [43]. This risk is usually considered low when BI values are below 2500 ◦C mm,
high for values higher than 5100 ◦C mm, and very high for values higher than 7500 ◦C mm [70].

In Bierzo DO region, the predominant composition of the vine soils is a mixture of quartzites,
sandstones, limestones, clays, and shales. The texture of the soil is predominantly clay-loam. The soil
acidity ranged from 4–8.5 with levels above 6 in the valleys. The calcium oxide content is low and with
organic material reaching 1% [71]. In the DO Dão, 97.4% of the soils are granitic, and the vineyards
to produce DO Dão wines must be installed predominantly on granitic soils with brown non-humic
litholic soils and in schist outcrops with brown non-humic Mediterranean soils. The soils presented an
acid pH, poor in organic material and extractable mineral, with poor water retention capacity and,
therefore, with low fertility [72,73].

3.5. Statistical Analysis

For statistical analysis of the chemical data, a one-way analysis of variance (α = 0.05) was applied.
When this test was significant, means were compared using the Tukey test, using the STATISTICA
2010 software 10 (StatSoft, Tulsa, OK, USA) program.

PCA is a chemometric method for data reduction and exploratory analysis of high-dimensional
data sets. PCA decomposes the original matrix into the multiplication of loading (the phenolic
composition of wines) and score (wine samples) matrices. The principal components are linear
combinations of the original variables. The principal components are uncorrelated and account for
the total variance of the original variables. PCA is an unsupervised method of pattern recognition
in the sense that no grouping of the data must be known before the analysis. The new sub-space
defined by the principal components leads to a model that is easier to interpret than the original data
set. From these results, it should be possible to highlight several characteristics and correlate them to
the chemical composition of the different wine samples analyzed. Partial least squares-discriminant
analysis (PLS-DA) is a regression method commonly used in multivariate statistics, to establish the
relationship between 2 data information sets, referred to as X being the phenolic compounds of the
wines, and Y, a binary vector value. Orthogonal PLS-DA (OPLS-DA) is a modification of PLS-DA,
which separates the systematic variation in X into 2 parts, one is linearly related to Y (tp) and the
other is orthogonal to Y (to). The quality of the OPLS-DA model is evaluated by the goodness-of-fit
parameter (R2X), the proportion of the variance of the response variable that is explained by the
model (R2Y), and the predictive ability parameter (Q2), which is calculated by a 7-round internal
cross-validation of the data, using a default option of MetaboAnalyst 3.0. The parameters R2X and R2Y
represent the fraction of the variance of matrix X and matrix Y, respectively, and Q2 represents the
predictive accuracy of the model. R2X, R2Y, and Q2 values close to 1 indicate an excellent OPLS-DA
model, and values higher than 0.5 indicate an OPLS-DA model of good quality [74]. In addition to the
evaluation of the OPLS-DA models by calculating their R2X, R2Y, and Q2 values, we also analyzed
more wine samples for further model validation. These samples were different from the wine samples
used for model establishment. By calculating the recognition degree between wine samples used for
model establishment and validation, we could validate the practical authenticating ability of these
OPLS-DA models. The S-plot reflects the variable influence in an OPLS-DA model, which combines
the covariance (magnitude) and correlation (reliability) loading profiles correlated with the predictive
component in X (tp). In our research, analytes (phenolic compounds) that have higher covariance and
correlation values also have higher concentrations and more repetitions in different samples during the
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OPLS-DA modelling, respectively. Using S-plot analysis, we can find out which analytes play a role
both statistically significant (with high covariance values) and potentially biochemically significant
(with high correlation values) in differentiating wine samples [36]. The selection of key phenolic
compounds in sample differentiation needs to consider both covariance and correlation values.

4. Conclusions

Although the results obtained in this study correspond only to the 2015 vintage, they clearly
show that the ‘Mencía’ monovarietal wines from Bierzo D.O. and the ’Jean’ monovarietal wines from
Dão D.O. produced at an industrial scale presented a significantly different phenolic composition.
The most significant differences between the wines from the two regions were related to the
levels of peonidin-3-coumaroylglucoside, petunidin-3-glucoside, malvidin-3-coumaroylglucoside,
peonidin-3-glucoside, malvidin-3-acetylglucoside, malvidin-3-glucoside, and ferulic acid.
These differences resulted in wines with significantly different chromatic characteristics, with ‘Mencía’
wines presenting a significantly higher lightness and lower red color. For the L* value, the differences
observed were mainly related to the colored anthocyanins, polymeric pigments, total pigments, total
anthocyanins, cyanidin-3-acetylglucoside, delphinidin-3-acetylglucoside, delphinidin-3-glucoside,
peonidin-3-coumaroylglucoside, petunidin-3-glucoside, and malvidin-3-glucoside, but also to the
colorless ferulic acid, caffeic acid, coutaric acid, and ethyl ester of caffeic acid. For the wines, a* values,
also the most important variables were the colored anthocyanins, ferulic acid, total anthocyanins,
delphinidin-3-acetylglucoside, delphinidin-3-glucoside, and petunidin-3-acetylglucoside and catechin.
The positive influence of ferulic acid in the a* values and ferulic acid, caffeic acid, coutaric acid, and
ethyl ester of caffeic acid in the L* values can be due to the co-pigmentation phenomena of anthocyanins.
These differences in the phenolic composition, namely in the anthocyanin content wines produced
with ‘Mencía’/‘Jean’ grape variety in Bierzo D.O. and Dão D.O., respectively, can be explained by
the different climacteric conditions of these two “terroirs” in 2015, with Bierzo D.O. presenting the
characteristics of a warm, moderately dry viticultural region with very cold nights and Dão D.O.
presenting the character of a temperate warm, sub-humid viticultural region with cold nights.
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Abstract: Wine and beer are nowadays the most popular alcoholic beverages, and the benefits of
their moderate consumption have been extensively supported by the scientific community. The main
source of wine and beer’s antioxidant behavior are the phenolic substances. Phenolic compounds
in wine and beer also influence final product quality, in terms of color, flavor, fragrance, stability,
and clarity. Change in the quantity and quality of phenolic compounds in wine and beer depends
on many parameters, beginning with the used raw material, its place of origin, environmental
growing conditions, and on all the applied technological processes and the storage of the final
product. This review represents current knowledge of phenolic compounds, comparing qualitative
and quantitative profiles in wine and beer, changes of these compounds through all phases of
wine and beer production are discussed, as well as the possibilities for increasing their content.
Analytical methods and their importance for phenolic compound determination have also been pointed
out. The observed data showed wine as the beverage with a more potent biological activity, due to a
higher content of phenolic compounds. However, both of them contain, partly similar and different,
phenolic compounds, and recommendations have to consider the drinking pattern, consumed quantity,
and individual preferences. Furthermore, novel technologies have been developing rapidly in order
to improve the polyphenolic content and antioxidant activity of these two beverages, particularly in
the brewing industry.

Keywords: wine; beer; polyphenols; antioxidant activity; winemaking; brewing

1. Introduction

Wine has existed on Earth for more than 6000 years [1], while beer has existed for over 5000 years [2].
Throughout history, both drinks were produced in Ancient Egypt and regions of Mesopotamia.
Wine was used in various therapies and treatments, while beer was an essential part of diet, first to
appear when people began agriculture. The brewing industry is more linked to northern Europe,
where due to cold conditions viticulture development was inhibited. Both of these beverages are very
complex in terms of their ingredients, and besides their long traditions, there are so many characteristics
and parameters that determine their final quality, from the quality of raw material (malt and hop for
beer and grape for wine), yeast, regimes of alcoholic fermentation, conditions of aging etc. However,
the parameters of all the phases of production and composition of these two beverages have been very
well studied by many researchers, since the early 20th century. Besides their flavor, which determines
their use, wine and beer are known as rich with bioactive compounds, i.e., antioxidants that increase
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the interest in their nutritional profile. A great number of studies and comprehensive reviews have
dealt with the bioactive compounds responsible for the possible health benefits due to moderate wine
and beer consumption, and with the different methods of improvement of the antioxidant compounds
in these two beverages [3–14]. Much of this research supports the thesis that moderate consumption of
alcoholic beverages, such are red wine and beer, positively influences the decrease of cardiovascular
disease [3]. Key roles as antioxidants in wine and beer belong to the phenolic compounds, and many
of them, such as flavonoids, have an effect on cardiovascular and chronic degenerative diseases [15,16],
non-flavonoids (stilbenes, hydroxycinnamic, and hydroxybenzoic acids) also positively affect the
cardiovascular system [17]. In addition, it has been recently shown that there is a relation between beer
consumption and higher protection against coronary diseases, compared to other spirits, and beer is
also associated with bone density increase, and with immunological and cardiovascular benefits [18–20].
However, there are huge differences between the phenolic profile and content among red wine and
beer, primarily due to the different raw material used in their production. The importance of phenolic
compounds for wine and beer is very significant, as their presence influences the final quality of these
products. Some polyphenol classes can only be found in beer (chalcones and flavanones) and others
are mainly found in wine (stilbenes, proanthocyanidins), while flavanols and flavan-3-ols are found in
similar concentrations in both beverages. In beer quality they play a key role, as they influence the time
of transport and storage, flavor stability, clarity, and color of beer. Additionally, phenolic compounds
are essential in wine, because they determine the sensorial wine characteristics (taste and fragrance),
color, microbiological and oxidative stability, and chemical properties of wine, as they interact with
other compounds including other polyphenols, proteins, and polysaccharides.

Production of wine and beer consists of many technological phases, which are influenced by
many parameters, and the huge numbers of occurring variables; the changes in biochemistry are very
complex. In both beverages, the composition of phenolic compounds is very diverse and depends on
many similar parameters, first of all on the genetic factors of the raw material and the environmental
conditions during their growth, as well as technological and aging factors [21]. In regards to beer, malt
and hops represent the two main ingredients on which antioxidant compounds depend; actually 70–80%
are derived from malt, and the remaining from hops [22,23], and this ratio also depends on the type of
the beer [24]. Furthermore, during beer making, important technological phases, in which the change
of polyphenolic compounds occurs, begins with the malting process (steeping and germination),
kilning, mashing, wort separation and boiling, whirlpool rest, through to the fermentation, maturation,
and at the end, to the stabilization/filtration and bottling. Primarily classification of beer is made
based on the fermentation process [25], and in these terms there are lagers, ales, and lambic types of
beer. The most consumed are lagers, produced by low fermentation at lower temperatures (6–15 ◦C),
while in contrast ale-type beer is made by high fermentation at higher temperatures between 16–24 ◦C,
and as a result of spontaneous fermentation there is lambic beer. Exclusively, grape is used as the raw
material for wine production, and based on the color of the used grape varieties, wine is classified into
red and white. The main difference, and at the same time the most important, between the making
of red and white is that during the making of red, along with alcoholic fermentation, maceration i.e.,
extraction of color and other substances from grape skin and seed occurs, while within the process
of the alcoholic fermentation of whites only colorless and clarified grape juice is used in the process
of alcoholic fermentation. As for making rose wine, winemakers use limited skin contact in order
to extract color and some compounds, depending on the desired degree of complexity. Due to this
maceration, occurring along with alcoholic fermentation during red winemaking, in which the phenolic
compounds are extracted from grapes, this step represents the key one in determining the content of
polyphenolic compounds in red wine. Furthermore, because of this step, it is commonly known that red
wine contains more antioxidant compounds, and has been more studied and reviewed by researchers
in the last decades [14,26–34]. Another important step during winemaking in which it is possible to
increase polyphenolic compounds is ageing in wood barrels, or with addition of oak alternatives.
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Considering the fact that the beer and wine markets are becoming more competitive and saturated,
and considering that consumers nowadays are more interested in beverages influencing in positive
way their health, novel technologies for beer and wine are developing in order to produce products
with higher antioxidant potential, as well with special personality. The aim of this review is to present
the current state of the knowledge of phenolic compounds in beer and wine as well as the possibilities
of their increase during different technological phases in beer and wine production, in moving from
the raw material to the final product.

2. Bioactive Compounds in Beer and Wine

The largest group within natural antioxidant compounds is the group of polyphenols, consisting of
very diverse chemical compounds that can be classified in many ways, but that generally are
divided into two main classes: flavonoids and non-flavonoids. Within the class of non-flavonoids,
natural polyphenolic compounds can be present in chemical structures, such as: phenolic acids, stilbenes,
lignans, chalcones, and tannins (hydrolysable and condensed) [34–36], Figure 1. Phenolic acids in
wine act as copigments, and they do not impact odor and flavor. Stilbenes are the most well known
as antioxidants, and within the chalcones group there is xanthohumol; present in beer, and of huge
importance, as this compound possess high biological activity. Flavan-3-ols influence bitterness,
astringency, and wine structure, and participate in the stabilization of color during aging. Tannins also
contribute to the sensory characteristics, particularly of red wine, as they are related to the astringency,
they also interact with other macromolecules (proteins and polysaccharides) influencing the colloidal
behavior of wine. Condensed tannins (proanthocyanidins) in the brewing industry are interesting
as they influence haze formation in beer. Anthocyanins are responsible for the color of red grapes
and wines.Molecules 2020, 25, x FOR PEER REVIEW 4 of 40 
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As is expected, due to different used raw material and technological processes, there are differences
between wine and beer, in the presence, as well in the concentrations, of phenolic substances. Moreover,
the antioxidant compounds in beer belong to different groups of chemical substances such are:
thiols [37], SO2 [38] (product of the Maillard reaction [39,40]), α-acids derived from hops [41–43],
and phenolic compounds [44–46]. Thiols have been suggested to correlate with sulfites in the
antioxidative mechanism, and are important for beer’s oxidative stability. Sulfites were found to be the
only compound that was able to delay the formation of radicals [38], and actually give antioxidant
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and antimicrobe properties in wine too. The main product of the Maillard reaction is melanoidin,
which affects the color, flavor, and body of beer. Hop α-acids (also called humulones) represent the
main bittering compound in beer, and have shown a high ability to quench radicals, while iso-α-acids
possess this activity to a lower extent. In addition, iso-α-acids can influence beer staling, but not to a
high degree. However, within this review, focus will be on the content of phenolic compounds, as they
have been recognized as mainly responsible for antioxidant activity in wine and beer.

The polyphenol complexes of beer and red wine, additionally, represent a source of dietary
antioxidants. As both beverages are very popular and widely consumed, benefits of the light-moderate
consumption of wine and beer are supported by scientific literature data. Polyphenols from red wine
and beer could act as antioxidants, and also as anti-inflammatory agents contributing to the defense
against atherosclerotic pathologies [19,47]. The beneficial moderate consumption of beer is also based
on antioxidant compounds present in beer, i.e., on their redox properties [48]. Antioxidants present in
beer improve several diseases, and are associated with benefits to the cardiovascular and immunological
system [19,20]. It was shown that after consumption of non-alcoholic beer, the decrease of several
inflammation biomarkers, homocysteine, and systolic blood pressure occurred. These influences were
mainly attributed to the polyphenolic compounds in beer. Furthermore, several studies have shown
that the light-moderate intake of alcohol is associated with lower incidence of diabetes type-2, a higher
level of high-density lipoprotein cholesterol, as well as with lipid oxidative stress reduction [49–52].
Torres et al. [53] reported that moderate wine intake, compared to other alcoholic beverages like vodka,
rum, and brandy increased total antioxidant capacity, and decreased pro-inflammatory factors along
with a fat-enriched diet that was consumed by young healthy volunteers. This is also supported by the
phenomenon known as the “French paradox”, which indicates that moderate daily drinking of red
wine contributes to lower coronary heart diseases incidence, despite their diets possessing a higher
amount of saturated fatty acids and total fat [54]. However, excessive intake of alcohol beverages
is associated with chronic disease development and other very serious problems, representing the
leading risk factor for mortality [55]. Roercke et al. [3] reported there is an important influence of
drinking patterns, such are episodic heavy drinking within average moderate drinkers, and some
other important influencing parameters in term of health issues like smoking status, age, body mass
index, and physical activity, and all of them have to be considered in order to estimate dose of alcohol
as well the risks. After all, chronic heavy and episodic drinking should be avoided. In the Dietary
Guidelines for Americans (2015–2020), moderate intake of alcohol proposes up to one unit of alcohol
per day for women and two for men [56].

However, the positive influence of single polyphenols on human health occurs at higher
concentrations than those found in beer and wine, indicating the synergistic action of different
polyphenolic mixtures [57]. Ranges of some of the most important phenolic compounds, found in red
wine and beer are presented in Table 1. Phenolic acids also possess antioxidant and anti-inflammatory
properties [58]. Based on literature data, beer has shown higher upper values for content of p-coumaric
acid, and all hydroxybenzoic acids, while for other polyphenolic compounds it was mainly the opposite,
and higher concentrations dominated in red wine. Flavonols are considered very important bioactive
compounds, and have shown positive effects against certain cancers and cardiovascular diseases
in some epidemiological studies [59,60]. Concentrations of all three presented flavonols (quercetin,
myricetin, and kaempferol) were much higher in red wine than in beer. Stilbenes, particularly
resveratrol, are the most associated with wine’s beneficial properties. Resveratrol is recognized as
an antioxidant, anticancer, cardioprotective, and anti-inflammatory agent. Due to its bioactivity,
trans-resveratrol was proposed for many diseases as a therapeutic agent [61]. The content of stilbenes
is not comparable for wine and beer, as based on literature data these compounds are rarely, or never,
found in beer. It was also indicated that flavan-3-ols may show cardioprotective activity, and their
antioxidant activity was shown in some studies [59]. Flavones are also recognized as molecules with
important biological activity (anti-tumor, antioxidant, and anti-inflammatory), and were used as
treatment for some neurodegenerative disorders and coronary heart diseases [62]. Flavanones also
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belong to antioxidant agents and the found concentrations in wine and beer were very low, while a
lower content of naringerin was found in red wine compared to beer. Tannins also showed potent
radical scavenging, anti-inflammatory, and antioxidant activity [63], and much higher levels of
condensed tannins were found in red wine. Besides the presented polyphenolic compounds there
are also some compounds found in wine and not in beer and the opposite. Within the compounds
found in beer, two very important ones are xanthohumol and melanoidin. Both, xanthohumol
and melanoidin have shown antimicrobial properties, melanoidin also possess antihypertensive,
prebiotic, and antiallergenic properties [64], while xanthohumol showed anti-cancer, anti-inflammatory,
anti-obesity, etc. properties [65,66]. Depending on the raw material and brewing process, the content
of melanoidin ranges from 0.58 mg/L in alcohol free beer to 1.49 mg/L for dark beer, while in blond beer
0.61 mg/L was determined [67,68]. In wine, among the phenolic compounds with biological activity,
there are also anthocyanins. The most common anthocyanins found in red wine, malvidin-3-glucoside
and malvidin-3-galactoside, have shown anti-inflammatory effects, and their synergistic activity was
observed [69].

Table 1. Ranges of some phenolic compounds in red wine and beer.

Red Wine References Beer References

Cinnamic Acids (mg/L)

ferulic acid 0.05–10.43 [30,70–72] 0.01–5.04 [12,45,46,73–82]
p-coumaric acid 0.02–8.00 [27,30,70–72] 0.003–55.80 [9,12,45,73,78,79]

caffeic acid 0.02–644.50 [27,30,70,71,83] 0.00–23.50 [9,45,46,73–79,81,82,84]

Hydroxybenzoic Acids (mg/L)

gallic acid 27.10–66.10 [28,71] 0.00–142.20 [9,46,73–78,80–82]
protocatechuic acid 0.91–1.78 [28,30] 0.01–5.10 [12,75–78,80–82,84]

p-hydroxybenzoic acid 2.75–6.20 [28] 0.00–16.84 [12,45,73,75,76,78]

Stilbenes (mg/L)

resveratrol 0,51–11.70 [28,85] 0.002–0.081 [86]
trans-resveratrol 0.21–23.00 [27,70,71,87–89] - -

cis-resveratrol 0.01–7.00 [71,87,88] - -
total stilbenes 1.00–5.50 [71] - -

Tannins (mg/L)

hydrolysable tannins 0.4–50.0 [90–94] 1.5 [81]

Flavan-3-ols (mg/L)

catechin 6.98–91.99 [27,30,36] 0.03–6.54 [12,73–75,77,80–82]
epicatechin 8.07–52.85 [27,30,36] 0–4.55 [9,74,75,80–82]

Flavones (mg/L)

luteolin 0.20–1.00 [95–98] 0.10–0.19 [82]
apigenin 0.00–4.70 [99] 0.80–0.81 [82]

Flavonols (mg/L)

myricetin 0.70–30.40 [27,30] 0.15–0.16 [82]
quercetin 1.27–65.90 [27,30,36] 0.06–1.79 [74,80,82]

kaempferol 0.61–26.80 [27] 0.10–1.64 [80,100]

Flavanones (mg/L)

naringenin 0.90 to 4.20 [89] 0.06–2.34 [80]

2.1. Analytical Methods for Determination of Antioxidant Activity in Beer and Wine

It is of huge value to mention the importance of the analytical methods applied for determination
of antioxidant activity in these beverages. Antioxidant power in different functional food, as well
the isolated antioxidant substances, were dependent on applied assays used for their determination,
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which is also confirmed by Di Pietro and Bamworth [7]. Antioxidant activity in beer has been mainly
determined using electron spin resonance spectroscopy, based on spin trapping of radicals that have
been forming at 60 ◦C [38,41]. Differences in the antioxidant activity of examined wines and beers
have been shown, and the superior behavior of beer was only demonstrated using the β-carotene
bleaching method, while hydroxyl scavenging assay is not reliable for beer assessment, as compounds
in beer react with thiobarbituric acid [7]. However, in research, comparing different beverages on an
“as is” basis, and equalized according to the alcohol concentrations and the total polyphenol content,
red wine performed the best for most used assays, when used samples were not equalized. Recently,
Wannenmacher et al. [12] examined in their study two assays, one based on a mechanism consisted of
electron transfer, such are ferric reducing antioxidant power (FRAP), and the other an oxygen radical
absorbance capacity (ORAC) assay based on the transfer of hydrogen atoms, which scavenge peroxy
radicals, in order to determine the antioxidant capacity of beer. Antioxidant value obtained using
ORAC correlated positively with free amino nitrogen, total nitrogen, and p-coumaric acid, while values
obtained using FRAP correlated positively with total anthocyanogens, total polyphenols, and catechin
content [12]. Furthermore, both assays correlated significantly with the sum of phenolic compounds in
the examined beers.

In winemaking, the most commonly used methods for determination of antioxidant activity
and total polyphenol content in wine are spectrophotometric methods. Spectrophotometry is used
for monitoring the decrease in absorbance that occurs when a present antioxidant scavenges the
added radical in the sample [101]. For these purposes different radicals have been used in order to
determine antioxidant capacity in beverages, and among them the most frequently used are DPPH
(2,2-diphenyl-1-picrylhydrazyl) [102] and ABTS (2,20-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid) [103]. Moreover, with spectrophotometry, it is possible to monitor the reducing activity of
phenolic compounds in wine using FRAP, a method based on regeneration of ferric iron to ferric(II) by
phenolic compounds, and using the CUPRAC method based on regeneration of copper(II) to copper (I)
ion [104]. Even though these methods remain a classic tool for the evaluation of antioxidant activity and
phenolic content, there are also some electrochemical techniques used for determination of antioxidant
capacity of wines, and the most used are differential pulse voltammetry on glassy carbon working
electrode [105] and cyclic voltammetry [106]. Recently, Ricci et al. [107] examined analytical approaches,
using a flow injection system with a sequential diode array and electrochemical amperometric detectors.
They concluded that flow injection, coupled with a diode array and electrochemical amperometric
detectors, is useful and can be successfully applied for measurement of antioxidant capacity and the
total phenolic content in wines. Minkova et al. [108] compared the antiradical capacity of Bulgarian
red wines, using two analytical methods (spectrophotometric and chemiluminescent) and showed
that chemiluminescent assays were more efficient in the elimination of hypochlorite, compared to
the superoxide anion, for all wine samples. García-Guzmán et al. [109] evaluated the polyphenol
index in wine and beer samples using a tyrosinase-based amperometric biosensor, obtained via a
novel sinusoidal current method, and good analytical performance of this biosensor was achieved
in terms of stability, reproducibility, limits of quantification and detection, linear response range,
and accuracy, using caffeic acid as a polyphenol reference. However, electroanalytical techniques
proved to be an appropriate alternative, considering that they showed quick response and good
sensitivity, without sample treatment, simple instrumentation, low cost, etc. In addition, combined use
of electroanalytical techniques and enzymes provided good selectivity in determination of polyphenol
index [109].

Overall, there are contradictory and insufficient data on the correlation between antioxidant activity
and the concentration of individual and total polyphenols in wine [32]. These contrasting data are due to
differences in the used raw material, and also due to the proportions and contents of particular phenolic
compounds. Nevertheless, it is not easy to compare the observed literature data, and sometimes it is
even not possible, due to differences in applied methods, based on different methodological approaches.
In Table 2 are presented ranges of total content of polyphenolic compounds and some phenolic
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classes, as well antioxidant activity measured with different analytical tools. Comparing obtained
data, when the same methods were used, it was observed that wine dominated in the content of
total polyphenols (FC method) and antioxidant activity (FRAP method), as was expected. However,
it should not be forgotten that there are many influencing parameters, due to the different proportions
of certain phenolic compounds in wine and beer, as well as due to differences in the used grape varieties
in wines, and the type of beer and brewing technology.

Table 2. Ranges of total content of polyphenolic compounds and some phenolic classes, as well as
antioxidant activity measured with different analytical tools.

Beer Wine

Parameter Range Reference Parameter Range Reference

Total
polyphenols
(FC method);

mgGAE/L

127–855 [7,9,12,77]

Total
polyphenols
(FC method);

mgGAE/L

860.2–2912.0 [27,30,31,71]

Total
anthocyanogens;

mg/L
19.0–84.5 [12,110]

Total
anthocyanins;

mg/L
21–1011 [71,111,112]

Antioxidant
activity; DPPH;

mmol TE/L
0.55–6.67 [9,78,113]

Antioxidant
activity; ABTS;

mmol TE/L
7.5–96.4 [27,30,71]

Antioxidant
activity; FRAP;

mmol TE/L
0.862–1.271 [12]

Antioxidant
activity; FRAP;

mmol TE/L
6.9–15.2 [31]

2.2. Non-Flavonoid Polyphenols in Wine and Beer

Non-flavonoid phenolic compounds of wine consist of three main groups: two types of phenolic
acids (cinnamic and benzoic), and stilbenes [95]. Beer also contains the non-flavonoid polyphenols,
and within this group there are present the monophenolic compounds, chalcone (xanthohumol) and
resveratrol [11]. Phenolic acids in both beverages can be found in the form of (hydroxy-) benzoic and
(hydroxy-) cinnamic acids derivates, and after are classified according to the nature and the type of
their ring substituent [36], Figure 2. The greater part of the determined phenolic acids in beer were
found in bound form as esters, glycosides, and bound complexes. In wine, these phenolic acids can
also be found as esters with tartaric acid, as well in the free form, or esterified with anthocyanins and
ethanol. Additionally, in wine hydroxybenzoic and hydroxycinnamic acids act as copigments.
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2.2.1. Hydroxycinnamic Acids

Hydroxycinnamic acids in both beverages do not impact the odor and flavor, but they are very
important compounds, as they act as precursors for volatile phenolic compounds [9]. In regards
to beer the majority of studies reported that ferulic and p-coumaric acids are the most abundant
acids in beer [45,46,73–77,84]. Hydroxycinnamic acids originate from the raw material used for beer
production, i.e., barley malt and hops. Moreover, ferulic and p-coumaric predominate in barley malt,
and their concentrations are influenced by the malting process, and growing environmental conditions,
as well as the post-harvest treatment of barley. It was shown that ferulic acid is one of the most
abundant acids in Chinese beers [77,114], European beers [74], and in Chilean beers [115]. However,
published values for these two acids vary widely due to the differences in used extraction and analytical
methods, as well as due to the form of the analyzed acids (free or bound) [116]. The content of phenolic
acids was quantified by Floridi et al. [78], and in 23 Italian lager wines, p-coumaric acid was found at
1.364 ± 0.709 mg/L, while ferulic content was 2.41± 0.875 mg/L. Recently, Habschied et al. [9] quantified
the content of caffeic and p-coumaric acids in different types of industrially produced beers (black,
dark, lager, and pilsner) and noted that the content of caffeic acid was the lowest among all determined
phenolic compounds. They also found that light and dark beers had the lowest share of p-coumaric
acid, while black beers contained higher concentrations of p-coumaric acid. It was also shown that
in the ale type of beer, the highest share among these acids belongs to caffeic acid [79], while ferulic
acid was dominant in black, non-alcoholic, wheat, abbey, bock, and pilsen beers [46]. It is also
important to note that hydroxycinnamates in beer can also be found in conjugation with the polyamides
hydroxycinnamic acids amides or phenolamides, and after these compounds can be found glycosylated,
and as derivatives of hydroxylated agmatine. These compounds, hordatines, and hydroxycinnamoyl
agmatines have been detected in final beers, contributing to the beer’s astringency. The content of
hordatine in final beers (determined as p-coumaric acid equivalent), in large number of samples ranged
5.6 ± 3.1 mg/L, showing that this substance group is the most abundant phenolic substance in beer [117].

Hydroxycinnamic acids can be found in their free form, or in bound form as tartaric esters.
These acids represent the majority of the nonflavonoid class in red wines, and the majority of phenolics
in white wines. These esters can be partially hydrolyzed during the process of alcoholic fermentation,
resulting in their free forms. In grape and wine, caffeic, coumaric, and ferulic acids are also the most
important in this sub-class of polyphenols [118]. Content of these acids in grapes, grape juice, and wine
depends on the grape variety, as well on the environmental growth conditions. These compounds
depend on variety; the influence of the vintage is not negligible, as well as the used winemaking
technology. However, the content of caffeic acid was found to be the most abundant [70,71,119].
These data are not in accordance with results obtained by Lima et al. [72], in whose study the
predominant acid was p-coumaric (2.30–6.70 mg/L), followed by caffeic acid (0.52–1.49 mg/L), while the
content of ferulic acid was up to 0.16 mg/L, in wines from the most used grape varieties in Portugal.

2.2.2. Hydroxybenzoic Acids

Hydroxybenzoic acids possess a general C6-C1 structure and belong to the phenolic compounds,
Figure 2. In beer the most abundant hydroxybenzoic acids are salicylic, p-hydroxybenzoic, vanillic,
and gallic acids, while in wine there are p-hydroxybenzoic acid, syringic acid, vanillic acid, and gallic
acid. In regard to the contents of these acids in beer, Floridi et al. [78] found 2.866 ± 1.553 mg/L
of salycilic acid, and 16.84 ± 10.988 mg/L of p-hydroxybenzoic acid in research on 23 Italian lager
beers. Vanillic acid in beer varied from 0.08 to 2.98 mg/L [45,73,75,77,84], and in research from
McMurrough et al. [76] varied between 2.5 to 12.7 mg/L, while in the same research gallic acid ranged
from 1.1 to 3.5 mg/L, and in study by Zhao et al. [77] this acid valued from 1.81 to 10.39 mg/L.
Recently, Wannenmacher et al. [12] determined the content (0.15–0.33 mg/L) of p-hydroxybenzoic and
(0.07–0.22 mg/L) of protocatechuic acid in beers by varying the type of raw material and brewing
technology. Special attention was put on research of gallic acid content in beer, as it was shown that
this acid can be an indicator of oxidation during production of beer, due to its high susceptibility to
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degradation and oxidation [83]. It was shown that gallic acid predominates in Serbian and Brazilian
beers [120,121], and in regard to the type of beer, this acid was found to be highest in lager beers [77].
However, recently, Habschied et al. [9] determined the highest concentration of this acid in black beer
(14.22 mg/100 mL), and the lowest concentration in light style lager beer (4.12 mg/100 mL). These results
aligned with results reported by Zhao et al. [78], while Mitić et al. [120] reported lower concentrations
of gallic acid in bar beers, but still it was the major polyphenolic compounds in all samples. As in beer,
gallic acid is also considered as the most important acid in wine, considering that this compound is the
precursor of all hydrolysable tannins. The origin of gallic acid could therefore be from the hydrolysis
of condensed tannin and gallate esters of hydrolysable tannins [122]. Furthermore, because of its three
free hydroxyl groups this acid is considered as a very potent antioxidant, and higher concentrations of
this acid using longer maceration times in winemaking of reds were obtained. The total amount of
hydroxybenzoic acids in wine was found to be up to 218 mg/L [6].

2.2.3. Stilbenes

One of the most important compounds from the non-flavonoid class, which has received attention
thanks to its link to beneficial effects on human health, is resveratrol [123,124]. Many researchers reported
the health benefits of this compound, and its ability to prevent a number of human diseases [17,125–129].
In regard to its structure, resveratrol possesses two phenol rings connected by the styrene double
bond [130], and it can exist in cis- and trans-configurations, Figure 3. Resveratrol can also be found in the
form of 3-β-glucoside, trans-, and cis-piceid. Reported values of this compound were much lower in beer
in comparison to wine, particularly red wine. Both isomers, trans- (0.7–6.5 mg/L) and cis- (0.1–7 mg/L)
were detected in wine [87,88], and their concentrations depended on the used grape variety, terroir,
applied viticulture practices, and the type of wine [131]. The content of trans-resveratrol was determined
in wines from the Montenegrin terroir, and it was shown that contents varied from 0.62 ± 0.02 mg/L
in Cabernet Sauvignon, to 1.27 ± 0.11 mg/L in Vranac wine [70]. Additionally, in this research,
the content of cis-resveratrol in wines was 0.47 ± 0.03 mg/L in Vranac, and 0.57 ± 0.03 mg/L in Kratošija
wine, while lower concentrations were observed in Cabernet Sauvignon wines (0.25 ± 0.01 mg/L).
Similar results were obtained by Zoechling et al. [89] and Pajović et al. [71]. The concentrations of
resveratrol ranged from 1.99 and 81.22 µg/L in 110 commercial beers [86], while these values for red
wine were reported from 2.03 to 11.7 mg/L [86]. However, resveratrol has also been found to a lesser
extent in alcohol-free and lager beers [132], and in the ale type [133]. This can be explained by the
fact that resveratrol is found in hops, and a low amount of hop is in generally added during beer
production, particularly when using the classical hoping regime [134].
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2.2.4. Hydrolysable Tannins

Tannins belong to a very important subgroup of polyphenol compounds, especially in red wine,
as they contribute to the sensory characteristics of wine related to the perception of astringency and
are also involved in reactions that lead to wine browning, particularly in white wine [6]. According to
chemical structure they are divided into to two main classes, i.e., condensed tannins (proanthocyanidins)
and hydrolysable tannins. Condensed tannins are polymers of flavan-3-ol, which classifies them into
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the flavonoid type of phenolic compounds, which will be described more later; they are also present in
grapes, and after in wine. Hydrolysable tannins are a natural part of oak barrels, and can be found in
wine matured in oak barrels. In red wine, the total concentrations of tannins determined in red wine
vary from 1.1 to 3.4 g/L [91,136].

The precursor and basic unit of hydrolysable tannins is gallic and its derivatives, i.e., ellagic acid,
and these acids are mainly esterified with sugars, such as glucose, or less commonly quinic or shikimic
acid, Figure 4. Due to this esterification they can achieve from 500 to 2800 Da. They are very
influenced by pH changes, through which they can be degraded, if some enzymatic or non-enzymatic
processes occur. Hydrolysable tannins are usually extracted from oak barrels during wine maturation,
therefore aging in oak mainly promotes extraction of ellagitannins into the wine. Depending on
the type of the wood used for wine maturation, concentrations of hydrolysable tannins range from
0.40–50 mg/L [90–94]. Hydrolysable tannins in beer originate from hop and malt [11]. Marova et al. [80]
determined the concentrations of hydrolysable tannins in 22 samples of commercial beer in amounts of
1.5 mg/L of (+)-catechin gallate and (−)-epicatechin gallate.
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2.3. Flavonoid Compounds

Flavonoids represent the largest group belonging to the polyphenolic compounds, and in wine 85%
of the phenolic compounds are accounted for by the flavonoids [137]. The basic structure of flavonoids
consists of a system with three-rings: two aromatic and one oxygen-containing central ring [138].
Based on the substitution of the pyran ring and on its oxidation degree, flavonoids are classified into
a wide range of subgroups, such as flavones, flavonols, flavanes, flavanols, flavanones, flavononols,
anthocyanins, and anthocyanidins, as well as the chalcones and dihydrochalcones [139]. Both beer and
wine contain the flavonols, flavanols, anthocyanins etc., but there is one important compound present
in beer not found in wine, which is found only in hops, and that is xanthohumol and its cyclization
product-flavanone, isoxanthohumol, both of which have shown anti-cancer properties [140,141].
Xanthohumol belongs to the group of prenylated chalcones, and this compound has been widely
researched due to its biological activity [142,143]. Its biological and technological aspects, as well
the chemistry of this compound, have been deeply reviewed [142]. Concentrations of xanthohumol
depend on brewing technology and hopping regime, and the levels of this compound in commercial
beer were around 0.2 mg/L [144]. These prenylflavonoids also turned out to be important for beer
aromas and flavor, particularly in dark beers [80,83,145], and they are chemically related to the bitter
hop acids (which are also biologically active, particularly α-acids) and polyphenols. Beer is considered
as the main source of this molecule, with concentrations varied, from 0.002 and 0.628 mg/L [80].
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2.3.1. Flavan-3-ols and Condensed Tannins

Flavanols are basically benzopyrans, and these compounds can be found in the form of simple
monomers as well in polymers, Figure 5. The best known and important molecules within this group
are catechin and its enantiomer, epicatechin. They represent the precursors for the formation of
proanthocyanidins that give the structure and astringency to beer and wine [9,137]. Moreover, wine is
considered as the beverage with higher concentrations of these compounds (50–120 mg/L) [96,97,146],
while in beer the concentrations varied 1–20 mg/L [147]. In some special, and very old, red wines,
the content of catechin was noticed even up to 1000 mg/L [148]. Catechin and epicatechin can be found
in the grape stems, seeds, and skin, and after in wine [95], while beer catechins are also derived from
raw material used for beer production, i.e., from barley/malt and from hop [149]. The flavan-3-ols and
their contents were evaluated by many authors [73–75,78,80–82,100,150], and among these compounds,
catechin was the one most described and abundant in beer [74,81,82,150]. Besides monomers, in beer also
can be found their esters with gallic acids (catechin gallate), and catechin derivatives (epigallocatechin,
gallocatechin, epigallocatechin gallate, and epicatechin gallate) were also determined in grape and
wines. Recently, Wannenmacher et al. [12] determined the content of (+)-catechin (2.74–6.54 mg/L) in
beers made with different technological variations.
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Proanthocyanidins are phenolic compounds, and structurally represent oligomers flavan-3-ols,
also known as condensed tannins, or in the brewing industry as “anthocyanogens” [12]. These polymeric
compounds, transformed to anthocyanidins, can be found in all parts of the grape berry (pulp, skin,
and seeds) and are transferred into wine during grape processing (crushing) and during alcoholic
fermentation and maceration [151]. The structure of proanthocyanidin depends on the degree of
polymerization, hydroxylation pattern and the stereochemistry, the type of the connection between
monomers, and the 3-hydroxyl group esterification. Dixon et al. [152] deeply reviewed this type of
phenolic compound, and according to the nature of their monomers proanthocyanidins were classified
into propelargonidins, prodelphinidins, and procyanidins, Figure 6. Monomers of epicatechin and
catechin make up the procyanidins, while epigallocatechin and gallocatechin subunits make up
the prodelphinidins, while the propelargonidins consist of mixed oligomers, containing at least
one monomer with a 4′-monohydroxyl group. In the brewing industry, proanthocyanidins became
interesting due to their relation with the haze formation in beer, and it was shown that the haze
in beer increases with higher molecular weight. In addition, proanthocyanidins also became the
focus of researchers due to their highly potent antioxidant capacity and possible positive effects on
human health, particularly in cardiovascular diseases and cancers [153,154]. Prodelphinidins and
procyanidins have been detected in beer and wine as well [95,149]. These two groups in wine lead to
delphinidin and cyanidin, and represent the most abundant condensed tannins in grape and wine.
Gu et al. [155] determined the proanthocyanidins concentration in beer as 23 mg/L, that is 23-fold
lower compared to grape juice, and around 13-fold lower compared to red wine. The main part of
proanthocyanidins in beer consist of dimers (11 mg/L), monomers (4 g/L), tetra- to hexamers (4 mg/L),
and trimers (3 mg/L), while the main part of proanthocyanidins consist of 37% of tetra- to decamers,
35% of >10-mers, and 28% of mono- to trimers [155]. Proanthocyanidins are very important for wine
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sensory characteristics as they influence the astringency and bitterness of wine, and also play an
important role in the process of wine maturation and aging [95]. The level of astringency and bitterness
is affected by the molecular size of the proanthocyanidins, and it was proposed that bitterness comes
more from the monomers, while the astringency from the larger molecules [156].Molecules 2020, 25, x FOR PEER REVIEW 13 of 40 
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2.3.2. Flavones, Flavonols, and Flavanones

The 4-keto group is the shared characteristic of this group of phenolic compounds. Flavones contain
three functional groups, the carbonyl and hydroxyl groups, and a double bond within the flavonoid
skeleton, Figure 7 [6]. Flavones were determined in grapes, i.e., in skin and in wine in two forms:
aglycones (nonsugars) and glycosides. They were not found in significant levels in grapes and
wine, except for luteolin, where concentrations in grape ranged from 0.2 to 1 mg/L [95–98]. It is
known that flavones possess important biological characteristics, which are beneficial for human
health, including anti-tumor, anti-inflammatory, and antioxidant features [62]. Gerhäuser et al. [157]
determined flavones that were isolated in aglycon form from un-stabilized beer, such are apigenin,
tricin, and chrysoeriol, and in glucoside form, i.e., apigenin derivatives. It has been shown that the
most likely origin of these derivatives is from barley. Kellner et al. [82] determined in commercial beers
the content of apigenin, from 0.80 to 0.81 mg/L, while Marova et al. [80] found 0.10 to 0.19 mg/L of
luteolin in commercial beers. Apart from flavones, beer also contains the isomer of this phenolic group,
i.e., isoflavones, and within them belong daidzein, genistein, formononetin, and biochanin A [82].
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The characteristic functional group for flavonols is a hydroxyl group attached to C3, and because
of that they are often named as 3-hydroxyflavones, Figure 8. In red wine are found aglycon forms of
flavonols, such are kaempferol, quercetin, rutin, and myricetin, as well as their glycosides, which can
be found as galactosides, glucuronides, glucosides, and diglycosides. Concentration of these flavonols
was found in wine at levels from 12.7 to 130 mg/L [96–98]. The biological activity of these compounds
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has been described, particularly as improving cardiovascular health [159]. Speaking about beer raw
material, it has been shown that flavonols occur less in cereals, and two of them in aglycon form and
their glycosides (quercetin and kaempferol) have been found in hops. Moreover, kaempferol and
quercetin glycosides, as well as their malonyl esters, have been determined in hop [160]. Recently,
Gangopadhyay et al. [161] detected quercetin in barley flour in the content of 15.1 µg/g dry weight.
Relatively high concentrations of quercetin were measured in lager beers (1.72–1.79 mg/L) [74], and a
high concentration of kaempferol (1.64 mg/L) was measured in beer [100]. Comparing this literature
data, it is obvious that wine is richer in content of this phenolic group.
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When it comes to the flavanones, beer is much more interesting, as it contains four prenylflavanones,
isoxanthohumol (the most abundant one) in concentrations from 0.04 to 3.44 mg/L [162], and then there
are 6- and 8-prenylnaringenin and 6-geranylnaringenin [141], Figure 9. Isoxanthohumol is formed
during the brewing process by isomerization of xanthohumol. Marova et al. [80] determined the
content of naringenin in 22 commercial beers, and it varied from 0.06 to 2.34 mg/L, while the total
naringenin content in four German red wines varied from 0.9 to 4.2 mg/L [89].
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2.3.3. Anthocyanins

When it comes to the anthocyanins, according to the literature survey this phenolic group of
compounds were extensively reported in wine, while there were no reports of anthocyanin content
in beer. Anthocyanins are proved to be promising agents against some diseases [6], and there are
many reports on their protective role against coronary heart disease [164–167]. Different anthocyanin
derivatives were determined in grapes and wine, as well as in the medium similar to the wine [95].
In regard to the chemical structure of anthocyanins, anthocyanins represent the glycosylated form of
the anthocyanidins, and both contain as a nucleus the flavylium (the 2-phenylbenzopyrylium) cation,
with methoxyl and hydroxyl groups attached to the different positions [6], Figure 10. Anthocyanins are
principally responsible for the grape and wine color, and there are six anthocyanins detected,
namely cyanidin, malvidin, peonidin, petunidin, delphinidin, and pelargonidin in red grapes and
wines [6], as well as their 3-O-monoglucosides [151,168]. Anthocyanins are mainly found in the grape
skin, and malvidin is one of the highest representatives in Vitis vinifera. The content of anthocyanins is
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influenced by the grape variety, i.e., it is relatively stable for each grape variety, and concentrations can
vary between the vintages due to environmental conditions, i.e., clime conditions and terroir, also their
concentration depends on the winemaking process, particularly during maceration, i.e., extraction that
occurs during alcoholic fermentation. In addition, anthocyanins are involved in important reactions,
such are polymerization, oxidation, and formation of new pigments during the process of winemaking
and wine maturation. The total content of anthocyanins in wine can widely range depending on grape
variety, from 32.5 to 1011 mg/L [71,111,112,119].
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3. Impact of Technologies in Order to Increase Phenolics in Wine and Beer

The only material for wine production is grape, while for beer production there is malt
(sometimes along with some adjuncts such as rice, sugar, corn, and wheat), water, and hop.
The process within both the production of beer and wine is alcoholic fermentation and, for that
purpose, usually commercial dry yeasts are used. In this section, through the processes of making wine
and beer, will be highlighted possible methods used for improving the phenolic content in these two
beverages. Basic brewing and winemaking technology are presented at Schemes 1 and 2, respectively.Molecules 2020, 25, x FOR PEER REVIEW 18 of 40 
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Climate changes significantly influence grape ripening, for example in hot and dry vintages the 
process of grape ripening is very fast, giving the grapes a non-balanced maturity with high sugar 
content, but with the lack of phenolic compounds, which results in wines with astringent and green 
tannins [169,170]. In order to deal with this issue, some novel agricultural practices have been 
investigated. Some of them are cluster thinning and defoliation [171–174], which have been shown to 
have a beneficial influence on the synthesis particularly of anthocyanins and flavonoids. 
Additionally, the influence of reduced yield on total phenolic content was observed [175], showing 
that there is no strong correlation among yield and the content of total polyphenols and anthocyanins, 
similarly to the antioxidant potential. Cluster thinning and early leaf removal showed an increase of 
proanthocyanidin and anthocyanin levels in wines of Cabernet Sauvignon and Vranac [171]. Besides 
these examined agro-techniques, there are also some reports that used elicitors in order to enhance 
the resveratrol content [176,177]. Recently, Giacosa et al. [178] investigated foliar application of 
Saccharomyces cerevisiae inactive dry yeasts, and concluded that the effect of vintage was very 
important, as in one year there were significant differences between treated and control grapes, while 
in another vintage treated wines obtained a lower phenolic compounds content. Therefore, this foliar 
application could be efficient in conditions that are critical for synthesis and thermal degradation of 
some phenolic groups, such are anthocyanins [178]. 
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3.1. Raw Material

As was mentioned, phenolic content of grapes depends on grape variety, terroir (clime and
vineyard location, soil type), applied vinicultural agro-techniques, harvest date, applied oenological
practices, and wine maturation. Nowadays, in regard to grape growing, it is very demanding
and challenging to produce healthy grapes, with the optimal level of maturity (phenological and
technological), and not over-ripened, due to climate changes with which the world today is faced.
Climate changes significantly influence grape ripening, for example in hot and dry vintages the
process of grape ripening is very fast, giving the grapes a non-balanced maturity with high sugar
content, but with the lack of phenolic compounds, which results in wines with astringent and green
tannins [169,170]. In order to deal with this issue, some novel agricultural practices have been
investigated. Some of them are cluster thinning and defoliation [171–174], which have been shown to
have a beneficial influence on the synthesis particularly of anthocyanins and flavonoids. Additionally,
the influence of reduced yield on total phenolic content was observed [175], showing that there is no
strong correlation among yield and the content of total polyphenols and anthocyanins, similarly to the
antioxidant potential. Cluster thinning and early leaf removal showed an increase of proanthocyanidin
and anthocyanin levels in wines of Cabernet Sauvignon and Vranac [171]. Besides these examined
agro-techniques, there are also some reports that used elicitors in order to enhance the resveratrol
content [176,177]. Recently, Giacosa et al. [178] investigated foliar application of Saccharomyces cerevisiae
inactive dry yeasts, and concluded that the effect of vintage was very important, as in one year there
were significant differences between treated and control grapes, while in another vintage treated wines
obtained a lower phenolic compounds content. Therefore, this foliar application could be efficient in
conditions that are critical for synthesis and thermal degradation of some phenolic groups, such are
anthocyanins [178].
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Two main beer ingredients from which phenolic compounds originate are cereal (mainly barley)
and hop. Barley (Hordeum vulgare L.) is a member of the poaceae family, and for the purposes of
malting and brewing, usually two-rowed spring barley varieties are used. Barley contributes from
70–80% of total polyphenolic compounds in beer, even if it was shown that barley malt possesses a
lower content of total polyphenolic compounds than hops [179,180]. Barley contains various groups
of phenolic compounds, which mainly consist of phenolic acids (free and bound form) Their total
content varies from 604 to 1346 µg total phenolic acids/g barley flour [181], lignans (3.7 µg/g of
total content) [182]. Hordatines in concentrations from 72–178 µg/g dry weight were determined by
Kohyama and Ono, [183] as well as flavanols in concentrations from 325 to 527 µg/g barley flour [181].
However, like in grape varieties, in barley the composition and concentration of the polyphenolic
content is influenced by the variety of barley and place of origin. There are many reports on individual
and total polyphenol content in regard to the different barley varieties [179,181,184–188]. Besides the
variety of barley and growing conditions, polyphenolic content is also influenced by the type of barley;
Holtekjølen et al. [181] showed that in hulled varieties the total phenolic content is significantly higher.
As there is no research regarding increasing the phenolic content of the barley in the field, there are some
reports on the phenolic changes due to variation of some technological brewing parameters [12,110].
Changes in regards to the phenolic content that occur during preparing malt and boiled hopped wort
are deeply summarized in review by Wannemacher et al. [11]. The antioxidant activity of pale and dark
beer was contributed to by malt [24], while antioxidant activity of beer was not influenced significantly
by hopping [189]. Malt made of barley represents the most important starch used in the process of
beer making. Production of malt consists of the following phases: steeping, germination, and kilning.
During steeping there is an increase in water content, rootlets and sprouts develop during germination,
and kilning represents drying of the mass. A decrease in phenolic content occurs during the steeping
phase, due to the leaching of phenolic substances, but during germination and kilning the content of
phenolic compounds increases [11]. Narziss [179] has shown that an increase of polyphenolic content
occurs during malting, and highlighted the kilning step as the most important for solubilization of
polyphenols. There are five phases during the kilning process: heating up (start up with establishing
air flow), removal of free water (i.e., drying (temperature goes from 50 to 60 ◦C)), increasing air
temperature (intermediate drying), bound water removal, and at the end curing, during which the
moisture content of grain increases to 5 and 8% [190]. With variations of parameters during the process
of malting, such as degree of steeping, and time and temperature of germination, it is possible to adjust
the quality of malt. Muñoz-Insa et al. [191] have shown that there is a positive correlation between
the germination temperature and the total phenolic content, and a negative one between higher
degree of steeping and the total phenolic content. Recently, Wannemacher et al. [12] investigated the
impact of malt modification and hopping regime on the antioxidant potential of beer, and concluded
that malt with higher raw protein content gives a beer with significantly higher antioxidant activity,
determined using ORAC assay.

Hops (Humulus lupulus L.) belong to the cannabaceae family and are added in small amounts
to beer in order to provide the final aroma and bitterness, as well to impart antibiotic and antifungal
properties [192]. Hop is rich with plenty of antioxidant compounds that can be resinous, like the
prenylated chalcones and α-acids, or non-resin phenolic compounds, like flavonoids or phenolic
acids [11,12,160,180,193]. There are four main valuable groups of ingredients found in hops: soft and
hard resins, essential oils, and polyphenols [11]. Xanthohumol represents the main compound found
within the hard hop resins, and is accompanied by 13 other compounds also belonging to the prenylated
chalcones, but in up to 1–100 fold lower concentrations compared to xanthohumol [142]. It was also
confirmed that xanthohumol can be found only in hops, while other prenylflavonoids can be found
in some other plant families [142,143]. In regard to the polyphenols present in hop cones, there are
flavanols (32–191 mg/100 g air dry hops), proanthocyanidins (91–599 mg/100 g air dry hops) [194],
flavanol glycosides (quercetin: 0.092 mg/100 g, kaempferol 0,12 mg/100 g) [195], and phenolic acids
(hydroxycinnamic acids 59–288 mg/100 g air dry hops, hydroxybenzoic acids: <1–10 mg/100 g air
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dry hops) [194]. Jerkovic and Collin [196], investigated the total content of trans-resveratrol and
trans-piceid, which ranged between 0.5 to 11.7 mg/kg in 40 samples of hop cones. They also concluded
that harvest year strongly influenced the content of stilbenoids in hops, as well as that hop varieties
with a lower content of α-acid usually contain a higher content of stilbenoids [196,197]. It was found
that the vintage, i.e., the harvest year and date of the harvest influence, to a large extent, the quantity
and quality of polyphenols in hop cones. Inui et al. [198] found that the content of polyphenols
increases if the harvest was performed earlier, but the development of specific polyphenolic compounds
differed. Kavalier et al. [199] showed that the content of some terpenophenolics increased during
hop ripening, but the tendency of flavanols, flavonols, and phenolic acids was not clearly defined.
It was also determined that the content of proanthocyanidins in hops is influenced by the growing
conditions as well as by the hop variety [200]. Besides the influence of hop variety and growing
conditions, i.e., the harvest year, the content of polyphenols in hops also depends on the type of hop
product [180,201]. Mainly, hop is processed into the hop extracts, hop pellets, and isomerized products.
During production of hop pellets, the raw hop goes through processes such as drying and grinding,
which cause slight loss of polyphenol content, while the process of pelletization did not significantly
influenced the content of polyphenolic compounds [202]. It has also been shown that the time length
of storage influences the concentration of polyphenols in hop, and Mikyška and Krofta [203] showed
that after twelve months of storage the polyphenols content had decreased significantly. In regard to
hop extracts it was shown that the type of polyphenolic compounds and their concentrations depend
on extraction solvent. In this respect, hop extract obtained using supercritical CO2 is used as a source
of xanthohumol, because flavanones and other prenylated chalcones are insoluble in this kind of
solvent [204]. Quiet recently, production of hop polyphenol, as well as tannin extract, has been used in
order to improve light stability and the storage of beer [205,206].

After malt production and prior alcoholic fermentation, the next step in beer making is wort
production and its boiling with hop addition. During these brewing processes, changes of the total
and individual polyphenol content occurs constantly. Therefore, all important influencing parameters
should be considered. First, before malt undergone mashing, it has to be milled. There are two types
of milling, dry, and wet with water addition. It was shown that the total phenolic concentration
and ferulic acid content decreased during wet milling [207]. Mashing technology can be performed
in two ways, one in which the whole mash is treated with heating steps that are aligned with the
activity of enzymes, and another in which part of the mash is separated and heated in another kettle,
and after this part has undergone boiling in order to inactivate enzymes it is returned to the main mash,
at the same time increasing the temperature in the main tank. It has been shown that temperature,
mashing-in time, the thickness of mash, as well the grist coarseness influence release of phenolic
acids. Vanbeneden et al. [208] found that the optimal temperature of cinnamoyl esterase is 30 ◦C,
while optimal temperature for ferulic acid release is 40 ◦C. Other researchers also confirmed that
temperature of 40 to 45 ◦C is optimal for releasing ferulic acid [209,210]. Vanbeneden et al. [208]
showed that more ferulic acid was released using finer grists, and longer mashing time gave wort with
a higher level of ferulic acid [209]. Overall, it was shown that only small part of hydroxycinnamic acids
had been transferred into wort during the mashing process, the majority was left in the consumed
grain. Zhao et al. [211] found that the total phenolic content decreased during the phase of enzyme
inactivation. After mashing, the following step is wort separation from the consumed grain, using a
mash filter or a lauter tun, the special type of vessel for the purpose of filtering the spent grain.
Higher reduction of the phenolic compounds content was found when lauter tun was used [212].
These finding are not in accordance with the results of Pascoe et al. [213], who found that during
the lautering phase the concentration of total polyphenols increased, due to the extraction from
phenol rich spelt material. After the wort is separated the next phase is its boiling and hop addition,
and within these phases reaction of polymerization occurs, as well as precipitation and interactions
between proteins and polyphenols. According to Forster and Gahr [214], the transfer rate of the total
polyphenols from hop during boiling is from 50 to 70% and this rate is different for different groups of

111



Molecules 2020, 25, 4960

polyphenolic compounds, depending on their polarity as well as on their affinity to interact with the
proteins from wort. Hop can be added at the beginning of wort boiling in order to obtain the desired
bitterness, or at the end of wort boiling, or even during whirlpool rest, and in that way will influence
final beer aroma. The whirlpool rest is the operation that follows wort boiling and hop addition,
in order to get clear wort separated from hot trub, in which are left insoluble proteins, bitter and
organic substances, and ash. During this process, a significant decrease of phenolic substances occurs
due to their adsorption into the hot trub. Late hop addition was proved as useful for better oxidative
beer stability [40,41]. Wietstock et al. [215] found that a modified dose of hop improved oxidative
beer stability, and a lower content of staling aldehydes were determined after storage compared to
single hop dosing at the beginning of wort boiling. Mikyška et al. [201] did not observe significant
differences between the beer hopped at the beginning of wort boiling, with hop pellets (type 90),
or hop CO2 extract. However, the early addition of hop and longer wort boiling resulted in a higher
depletion of phenolic compounds [11,206]. Higher content of total polyphenols, un-isomerized
α-acids, and anthocyanogens (flavan-3,4-diols) were achieved when a late hop addition regime was
applied [40,41,44,45]. Wannemacher et al. [12] researched the impact of different hop products and
hoping regimes on the concentration of total phenolic and antioxidant potential in beer and found that
besides higher content of total polyphenols, the higher content of individual phenolic compounds
was also observed in beer with second hop addition during whirlpool rest. Furthermore, in their
research higher sensory scores were given to the beers in which hop was added during whirlpool
rest. Recently, Mikyška [110] investigated the influence of different hopping regimes during wort
boiling, and concluded that flavanols content (epicatechin, catechin) in hopped wort and beer mainly
depends on the hop raw material, and in the case of the addition of an aromatic and polyphenols rich
hop, that two thirds of the polyphenol level in beer is influenced by hops. They also found that the
flavonols kaempferol, quercetin, and multifidol are present in wort and beer in their glycosidic form,
and the origin of these compounds is solely from the hops. During wort boiling it takes 15–30 min to
release the flavonoids from hop into wort, and the dose of hop and low-pressure boiling technology
did not influence significantly the polyphenol content. The addition of hops with a higher content of
polyphenols turned out to be a better source of these antioxidants, compared to the addition of hop
extract in beer [110].

3.2. Changes during Alcoholic Fermentation

There have been more studies in regards to the changes of polyphenols content during alcoholic
fermentation in wine comparing to the beer. The main reason for this is that during the alcoholic
fermentation of grapes, particularly red, maceration, i.e., extraction of polyphenolic compounds from
grapes, occurs. Beside the chosen grape variety, this process is affected by many microbiological and
technological parameters, such as yeast, enzymes, temperature, and the applied vinification techniques.
During alcoholic fermentation, polyphenolic compounds in wine increase, while the concentration of
total phenolic substances during fermentation in beer decreases [212].

Brandolini et al. [216] have shown that the yeast strain used for alcoholic fermentation,
besides having an important role in the sensory quality of wine, also influences the polyphenol
content. In the research of Kostadinović et al. [217], it was shown that by using dissimilar yeast
strains it was possible to influence the stilbenes concentrations and antioxidant activity in Merlot
and Vranac wines. Similar results were obtained for the wines Albariño [218], Pinot Noir [219],
and Gaglioppo [220]. Investigating singular yeast strains, confirmed that the used starters have the
ability to influence polyphenolic composition of wine. The importance of inoculation with commercial
yeast starters, in order to modulate the content of total polyphenols in wine, was also highlighted [111].
Recently, Grieco et al. [27] investigated the influence of autochthonous yeasts isolated from the grapes
of varieties Primitivo and Negroamaro grown in the Apulia region, and they determined significantly
higher total concentrations of stilbenes in wines of both varieties fermented with autochthonous yeast
(18.40–67.78 mg/L) than with commercial ones (3.70–18.83 mg/L). In their research the sum of determined
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phenolic acids (caftaric, caffeic, and p-coumaric acid), in wines fermented using commercial yeast ranged
from 350.90 to 677.80 mg/L, while in wines fermented with autochthonous yeast strains, it ranged from
731.00 to 1976.70 mg/L. Similarly, the sum of determined flavonols (myricetin, quercetin, and kaempferol)
varied up to 106.1 mg/L in wines fermented with an autochthonous yeast strain, and up to 49.80 mg/L
in wines obtained utilizing commercial yeast. Only the content of identified flavanols (catechin and
epicatechin) did not show significant differences, varying from 16.07–20.09 mg/L and 17.05–22.50 mg/L
for wines fermented with commercial and autochthonous yeast, respectively. Total phenolic content and
antioxidant activity in wines that utilized native yeast strains, obtained up to 1569.3 ± 7.6 mgGAE/L
and 96.4 ± 1.5 mmol TE/100 mL, while the highest value of total phenolic content of wines fermented
with commercial yeast was 1221.9 ± 7.6 mgGAE/L, and for antioxidant activity that value was
76.60 ± 2.1 mmol TE/100 mL. Their results indicated that the use of native yeast can considerably affect
the composition of polyphenolic compounds. The significant influence of different commercial yeasts
on the concentration of total, and some individual, phenolic compounds resulted in an increased of
total phenolic compounds, and particularly stilbenes [70]. Besides the use of yeast, i.e., performing the
traditional fermentation or using commercial selected dry yeast or isolated native yeast, it is also possible
to vary other parameters. It was determined that higher content of phenolic compounds was observed
performing alcoholic fermentation in fermenters comparing to traditional vinification in PVC barrels,
and the addition of grape tannins, enzyme, and oak chips increased the content of total polyphenols,
total anthocyanins, and total flavan-3-ols [33]. Recently, Generalić Mekinić et al. [28] investigated the
impact of two different commercial pectolytic enzymes, which were based on polygalacturonase,
with the activity of 7500 and 7600 units/g, on the phenolics extraction during maceration as well on
the antioxidant activity of the analyzed wines. In their research, the use of commercial pectolytic
enzymes had a slightly negative influence on the content of total phenolic compounds and antioxidant
features of the wine. In the control sample, without enzyme addition, the content of determined
phenolic acids varied from 0.91 ± 0.05 mg/L for protocatechuic acid, to 28.63 ± 0.04 mg/L for gallic
acid; the content of flavonoids varied from 1.27 ± 0.03 mg/L for quercetin, to 82.60 ± 0.18 mg/L for
catechin; the resveratrol content was 0.70 ± 0.02 mg/L, and anthocyanins varied from 0.36 ± 0.01 mg/L
(petunidin-3-(6-O-coumaryoyl)glucoside), to 50.49 ± 0.15 mg/L (malvidin-3-O-glucoside). While in
wines treated with enzyme (7500 polygalacturonase units/g) the content of determined phenolic
acids varied from 1.67 ± 0.02 mg/L for protocatechuic acid, to 65.45 ± 0.02 mg/L for gallic acid;
the content of flavonoids varied from 2.18 ± 0.01 mg/L for quercetin, to 91.99 ± 0.10 mg/L for
catechin; the resveratrol content was 0.51 ± 0.02 mg/L, and anthocyanins varied from 0.29 ± 0.00 mg/L
(cyanidin-3-(6-O-coumaryoyl)glucoside), to 39.29 ± 0.10 mg/L (malvidin-3-O-glucoside). In wines
treated with enzyme (7600 polygalacturonase units/g) the content of determined phenolic acids varied
from 1.78 ± 0.02 mg/L for protocatechuic acid, to 45.04 ± 0.19 mg/L for gallic acid; the content
of flavonoids varied from 5.19 ± 0.12 mg/L for quercetin, to 55.49 ± 3.93 mg/L for catechin;
the resveratrol content was 1.07 ± 0.13 mg/L, and anthocyanins varied from 0.21 ± 0.00 mg/L
(cyanidin-3-(6-O-coumaryoyl)glucoside), to 21.63± 0.09 mg/L (malvidin-3-O-glucoside). Lower content
of total phenolic compounds, particularly of monomeric anthocyanins in wines treated with enzymes,
was probably caused by polymerization reactions, or due to glycosidase activity causing hydrolysis of
these compounds [28]. Furthermore, the time of maceration also influenced the anthocyanin content,
as well the wine color; low anthocyanin content and weak color was obtained in wines with a short
period of maceration, while the prolonged maceration time resulted in unstable and poor color wine
characteristics [221]. There are many studies regarding the use of different winemaking techniques
and enzymes, and the obtained results are contradictory, but they all improve the knowledge, with the
aim of choosing appropriate vinification techniques [28,221–225].

As was mentioned, knowledge in regard to the phenolic compound change during alcoholic
fermentation in beer is incomplete, and the influence of different yeast strains and technological
variations should be considered. However, by now the decrease of phenolic compounds during
fermentation, warm rest, and chill-lagering is confirmed [212]. It was also found that these processing
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phases did not have a significant impact on the catechin and phenolic acids, except for ferulic acid,
whose concentration decreased by 35% during warm rest at the end of fermentation [213]. Contrarily,
Coghe et al. [209], noticed increase of ferulic acid during fermentation, which they attributed to the
activity of enzyme in yeast feruloyl esterase.

3.3. Maturation, Aging, and Storage

Maturation and aging represent very important steps in wine and beer production. Changes in
wine during the process of maturation and aging reflect, first, on the wine color and its sensory properties,
in terms of the harmonizing astringency. Color change is associated with a decrease in anthocyanins
content in aged wines, and changes depend on wine pH and SO2 content. Degradation reactions
of grape-derived anthocyanins occur in an oxygen excess, forming the insoluble complexes of
brown compounds [226]. Additionally, during wine aging, anthocyanins bind covalently with other
compounds in wine, such as flavan-3-ols, then they form pyranoanthocyanin, and undergo the
polymerization reactions; all these new compounds improve the wine stability, and there is less
bleaching in the presence of SO2 [227,228]. The structure of formed compounds varies according to the
molecular weight, from low flavanyl-vinylpyranoanthocyanins [229], and pyranoanthocyanins [230],
and to the large molecules like tannin–anthocyanin adducts [231]. As one of the important factors
also influencing the change of anthocyanin loss is the temperature of storage [231]. The choice of
vessel for maturation and the aging time, beside the wine style, also influence sensory characteristics
and the content of polyphenolic composition in wine. For wine maturation, many types of vessels
can be used, with different size and materials, such are stainless steel and wood. Stainless steel is
good due to its permeability to oxygen, easier temperature control, and is mainly used for keeping the
non-expensive wines prior to bottling. On the other hand, high quality wines usually age in wooden
barrels, and during the time spent in wooden barrels wine is exposed to controlled oxygenation
and wood compounds are transferred to the wine. Barrel size and temperature influence the wine
maturation, a smaller size of barrel, means maturation will be quicker, and if the temperature is
lower it will slow the maturation [232]. Macromolecules, which are present in oak wood, belong to
the class of polysaccharides (hemicellulose and cellulose) and to the class of polyphenols (lignin),
while among other components ellagitannins are the most abundant in oak, there are also some
low molecular weight polyphenols and volatile substances. These compounds are extracted into
the wine during maturation, and this is the main reason for the choice of this aging technology.
During wine maturation in oak barrels, ellagitannins are transferred into the wine, and give aged
wine astringency and bitterness sensations [233–235], and due to their ability to consume the oxygen
they act as antioxidants [236,237]. Ellagitannins also react with anthocyanins forming complexes
that are much more stable compared to the grape derived anthocyanins [230,238], they can be also
found associated with flavonoids, forming derivatives that have been determined in aged wines [239],
and which are also interesting due to their antioxidant activity [240]. The most used, and the most
traditional, oak wood belongs to the Quercus species from France (Q. robur and Q. petraea) and from
the USA (Q. alba) [13]. The concentrations of compounds in oak depend on the type of the oak,
i.e., on its drying and toasting conditions, and on the origin of the oak, and there is great variability
between the examined species and between the forests [13]. Furthermore, Jeremic et al. [14] tested the
antioxidant ability of oenological tannins (procyanidins from grape seed and skin), ellagitannins from
oak wood, and gallotannins from gallnut in commercial Chianti red wine, and in a model solution.
They concluded that the rate of O2 consumption was the highest when ellagitannins were added,
representing an effective tool in winemaking when there is a need for instant protection against
oxidation, but the effect of ellagitannins on the consumption of O2 in wine decreases rapidly with
time, which is a limiting factor for their use. While tannins from skin and seed had more consistent
reactivity and lower rate of oxygen consumption, gallotannins showed low performance in protection
against the oxygen exposure. Besides the addition of tannins into wine in order to improve the
concentration of phenolic compounds and antioxidant activity, there are studies that report that the
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addition of some by-products that appear during winemaking, or derived during making wood barrels,
can also be used. The addition of seed from white grape by-products increased the antioxidant activity,
phenolic content, and color stabilization of red wine [241–244]. Jara-Palacios et al. [244], studied the
influence of winemaking by-products (seed, stems, skin, and pomace) on the wine antioxidant activity
and copigmentation, and concluded that addition of these by-products could improve the wine
color and its bioactivity. Escudero-Gilete et al. [245] evaluated the potential use of wood shavings,
by-products that appear during wooden barrel production, in order to improve red wine color and
antioxidant activity. They used two types of shavings, American and Ukrainian, and concluded that
these kinds of cooperage products represent a natural source of copigments and antioxidants, and that
Ukrainian shavings provided better color stability.

In beer production, after fermentation, maturation, and lagering, it was found that the content
of phenolic compounds was lost by 17%, because of the adsorption to cold trub and yeast [162].
In biological terms beer represents a stable product, but its shelf life is not unlimited, because of its
flavor and colloidal stability changes. Vanderhaegen et al. [246] observed that during beer aging,
a typical aging aroma will appear, and bitterness sensation decreases. Storage conditions (light and
temperature) play an important role in beer aging, and it was noted that these factors influenced
the significant decrease of α-acids after 5 months of storage [247]. Besides change in the content of
α-acids during beer aging, the content of phenolic compounds also was changed with beer aging.
In the research of Li et al. [248] it was determined that the substantial decrease of phenolic compounds
occurred within the first three months of aging. Total phenolic content was decreased in examined
samples from 16 to 23% within six months of storage, and the antioxidant activity of examined samples
behaved in the same way [248]. Even in the 80s of the last century, researchers investigated the changes
of polyphenolic compounds during beer production. It was found that after storage of six months,
concentrations of the flavanols group ((+)-catechin and (−)-epicatechin), and prodelphinidin and
proanthocyanidin B3, decreased [249]. Higher stability of monomeric flavanols was also observed.
As was mentioned, during wine aging due to acidic wine conditions and the reaction that occurs
among procyanidins, large sized molecules are formed that afterwards precipitate, leading to the
decrease of astringency. An important role in these reactions is played by the presence of oxygen [14].
Conditions in beer a medium are less acidic, therefore these kinds of reactions can be performed more
slowly, and beer is not exposed to the same levels of oxygen as wine, it is unlikely that procyanindin
polymerization will occur during beer storage. Considerable decrease of small flavonoid molecules
(monomer to trimers) was observed after the storage of one year at 20 ◦C [250]. It was also determined
that prenylated flavonoids are distinguished by high stability in beer during storage, even after 10 years
beer aging at 20 ◦C, determined concentration of prenylated flavonoids was not significantly different to
the concentrations in fresh beer [251]. Heuberger et al. [252] observed that xanthohumol concentration
decreased during beer storage, while on the contrary, the concentration of its isomer isoxanthohumol
increased. The changes of free trans-piceid and trans-resveratrol, during one year of beer aging at
different temperatures, 4 and 10 ◦C, were investigated by Jerkovic et al. [253], and it was shown that
trans-piceid content was not changed, while the content of trans-resveratrol decreased.

Recently, new methods for increasing the content of bioactive compounds in beer, and in the same
way of increasing its antioxidant potential have been reported [10,113,254,255]. Particularly, the global
rapid growth of the craft beer industry has achieved a huge success, even in the countries that are
not recognized as traditional beer producers. Uniqueness and the additional value of the craft beer
are due to the addition of innovative raw materials, along with constant main ingredients (malt, hop,
water, and yeast). Special hibiscus ale beers, in which different extract concentrations were added,
and compared by antioxidant activity, and the content of total phenolic compounds besides other
physicochemical changes, during a forced aging process, were analyzed [113]. Analyzing antioxidant
capacity and total phenolic content during period of 7 days storage at 45 ◦C, decrease of both parameters
were observed, but it was shown that hibiscus extract is an important source of anthocyanins and
phenolic compounds with antioxidant features. Eggplant peel extract was added at the end of the
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maturation process in order to obtain a high value-added beer, and it was observed that total flavonoid
content was stable during whole tested period, while a slight decrease of total phenolic content
was noticed after seven days of storage, but even with this slight decrease total phenolic content
was significantly higher in beer enriched with eggplant peel extract compared to the control beer.
Regarding antioxidant activity, it was found that it rises with addition of eggplant peel extract [10].
These results were in agreement with results obtained by Ðord̄ević et al. [254] who used different
extracts of medicinal plants in lager beers, and by Ulloa et al. [255] who investigated the addition
of propolis in lager beers. Veljović et al. [256] have shown that it is possible to produce a pleasant,
special type of beer using a fermenting mixture of grape must and wort, with higher content of total
phenolic compounds in comparison to commercial light beers. In their research, total polyphenolic
content in the special types of beer made from grapes, depending on grape variety, different yeast
strains, and different wort to grape ratio, was also investigated. They observed the significant impact of
grape varieties, content of their addition to wort, and also of the yeast strains, on the total polyphenolic
compounds in analyzed samples. For alcoholic fermentation, wine strain Saccharomyces cerevisiae and a
strain used for brewing Saccharomyces pastorianus, were used and higher contents of polyphenols were
obtained using wine yeast S. cerevisiae. Beer without grape addition, fermented with brewing yeast
obtained a mean value of the content of total polyphenols of 95.94 mg/L, while beer with the addition
of 30% of Cabernet Sauvignon grapes, which utilized yeast from wine industry, obtained 754.4 mg/L.
While among investigated grape varieties (Prokupac, Pinot Noir, and Cabernet Sauvignon), the highest
polyphenols content was determined when Cabernet Sauvignon was used, and the lowest in case of
Prokupac beer sample; with increasing the amount of added crushed grapes, phenolic content also
significantly increased. A recent study by Lasanta et al. [257] investigated the use of five different
strains, all of which belonged to Saccharomyces cerevisiae, but two for bottom and three for top alcoholic
fermentation, varying also the temperatures. Polyphenolic content was higher when lower temperature
was applied (12 ◦C), which was explained by longer fermentation, and at same time longer maceration
of these compounds from the used raw material. In addition, the influence of the yeast strain was not
shown as significant, particularly at applied lower temperatures. Moreover, recently, the addition of
different kinds of fruits (cherry, peach, apricot, raspberry, plum, grape, apple, and orange), and the
influence on polyphenolic content and antioxidant activity in beer was analyzed [258]. Most fruit beers
obtained a higher antioxidant activity, and total flavonoids and polyphenols content, particularly for
beer with the addition of cherries, followed by beers with addition of grape, plum, and orange. All fruit
beers have shown enrichment in the content of catechin and quercetin. Polyphenolic content and
antioxidant activity were also investigated in beer with addition of mango fruit, and polyphenolic
content in mango beer rose, up to even 44% compared to the control beer, which was also in accordance
with higher antioxidant activity [259]. These studies indicated improvements in polyphenolic content
and antioxidant activity with the addition of different kinds of fruits, and also confirmed better
organoleptic features [259].

4. Conclusions

Phenolic compounds present in beer and wine have shown high antioxidant and anti-inflammatory
features, and in the last decades beneficial effects on human health due to moderate beer and wine
consumption have been indicated by many research studies. In this review, a comparative overview
of qualitative and quantitative phenolic compound profiles in wine and beer was evaluated. As was
expected, due to the different used raw material and technological processes, there are differences
between wine and beer in the presence, as well in the concentrations, of phenolic substances. It was
shown that some polyphenol classes can only be found in beer (chalcones and flavanones) and other
are mainly found in wine (stilbenes, proanthocyanidins), while flavanols and flavan-3-ols are found
in similar concentrations in both beverages. Both beverages represent natural fermented products,
and minor changes within the growth of raw material and clime conditions, as well as within the used
technology, will impact the final chemical composition of these products. Considering the literature
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data, the obtained results favor wine as the beverage with a higher content of bioactive compounds,
particularly phenolic compounds, and as was expected, with higher antioxidant activity. Overall,
in order to decide which of these two alcoholic beverages represents the better choice as a functional
drink, a lot of parameters should be considered (social occasion, quantity, individual tolerance, etc.).
As it was mentioned, drinking pattern is very important, only light-moderate drinking is recommended,
and it should not be forgotten that the choice firstly depends on individual preference.

Nowadays, the brewing industry and winemakers put a lot of effort in obtaining a final product
that will be unique, with more potent antioxidant activity, and with satisfying sensory characteristics,
to attract consumers, who are now more aware of alcoholic beverages influence on human health.
Winemakers began even from the vineyard, applying new additives that would improve phenolic
composition in the grape, and afterwards, taking care through every step to the final product. After all,
from the winemaker’s point of view, the aim is to produce wine that will satisfy all required safety
conditions, and with this added value, and at the same time attempting not to increase the costs.
A good solution to this, is the use of all by-products, which occur during grape processing and
winemaking. In the brewing industry, besides changing hopping regimes and influencing other
technology phases, craft breweries that have expanded rapidly all over the world, are doing their
best to produce authentic beer, in terms of flavor. Research on using different kinds of fruit in order
to obtain special beer with added value, with a focus on sensory improvement and differentiation,
has been performed. Both industries should consider changes in clime conditions, and research on
new modified technologies is always an open issue, like the use of some by-products and additives
within the production.
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Abstract: Our recently published in vivo studies and growing evidence suggest that moderate
consumption of beer possesses several health benefits, including antioxidant and cardiovascular
effects. Although beer contains phenolic acids and flavonoids as the major composition, and upon
consumption, the levels of major components increase in the blood, there is no report on how these
beer components interact with main human serum proteins. Thus, to address the interaction potential
between beer components and human serum proteins, the present study primarily aims to investigate
the components of beer from different industrial sources as well as their mode of interaction through
in silico analysis. The contents of the bioactive compounds, antioxidant capacities and their influence
on binding properties of the main serum proteins in human metabolism (human serum albumin
(HSA), plasma circulation fibrinogen (PCF), C-reactive protein (CRP) and glutathione peroxidase 3
(GPX3)) were studied. In vitro and in silico studies indicated that phenolic substances presented in
beer interact with the key regions of the proteins to enhance their antioxidant and health properties.
We hypothesize that moderate consumption of beer could be beneficial for patients suffering from
coronary artery disease (CAD) and other health advantages by regulating the serum proteins.

Keywords: beer; phenolic compounds; antioxidants; binding; health properties; docking

Molecules 2020, 25, 4962; doi:10.3390/molecules25214962 www.mdpi.com/journal/molecules

131



Molecules 2020, 25, 4962

1. Introduction

Beer is an important beverage, containing high amounts of polyphenols and showing antioxidant
activity [1–4]. The phenolic compounds vary in high and low fermented, non-alcoholic and fruit
beers [5–7]. It is known from a large number of reports that beer positively influences the health
properties of human metabolism for protection from cardiovascular risk, lipid metabolism and
antioxidant activity [8–11]. These actions depend on the antioxidant and anti-inflammatory properties
of non-alcoholic compounds and slightly on the ethanol-dependent activity of beer [12,13]. Beer
represents a source of phenolic compounds that could act synergistically, providing valuable data for
moderate dietary beer inclusion studies [14–17]. The antioxidant properties of phenolics are responsible
for the inhibition of oxidation of low density lipoprotein cholesterol. Moderate consumption of
beverages in cholesterol-containing diets leads to a decrease in the content of total cholesterol in the
liver in experiments on laboratory animals and in hypercholesterolemic patients [8,10–12]. Flavonoids
could be linked to the beneficial effects of beer, as shown for the first time by our international research
group in a number of reports in vitro and in vivo [9,18,19]. Recent studies have suggested that those
flavonoids and some phenolic acids, which are abundant in beers, are present in many natural products
and show health and binding properties [20,21]. Although numerous human studies have shown
consistent effects of beer and other beverages on several intermediate markers for cardiovascular
diseases [9,19,22–24], it is still unknown whether their action could be specifically related to polyphenols
and especially to main human proteins (human serum albumin (HSA), plasma circulation fibrinogen
(PCF), C-reactive protein (CRP), glutathione peroxidase 3 (GPX3)), which are relatively new biomarkers
of coronary artery disease (CAD). In connection with the recent information described above, the present
study aims to unveil the antioxidant capacities of phenolic compounds (total polyphenols, phenolic
acids, flavonoids and flavanols), which are present in commercially available lager alcoholic beers
in the context of health promotions, by in silico and in vitro analyses. The binding properties of
investigated beers were determined in in vitro studies by fluorescence assays in comparison with
main flavonoids and phenolic acids. Interactive behavior of the main serum proteins HSA, PCF, CRP
and GPX3 with catechin, epicatechin, quercetin, ferulic and caffeic acids was also studied through
molecular docking evaluation.

2. Results and Discussion

2.1. Total Polyphenols, Flavonoids, Flavanols and Phenolic Acids Content of Beers

The amounts of total polyphenols, flavonoids and flavanols in 11 beer samples are shown in
Table 1.

On the basis of our published in vivo in results of health properties of moderate beer
consumption [9,19,22,23], the main aim of the present study was to determine the functional properties
of some individual phenolic compounds by interaction with the main human serum proteins, using
fluorescence and molecular docking. Non-selective spectrometric methods were used for determination
of several phenolic substances. A correlation was found between the most phenolic compounds,
antioxidant and binding properties of beers. The comparison between the advanced analytical methods
for determination of phenolic compounds was not the aim of this study, and in the literature there are
numerous reports describing the analysis of these compounds and some of them were cited [6,7,16,25].
There are some differences and similarities in the obtained results. Total phenolic contents of low
fermented lager beers were slightly lower in comparison with the previous report [5], showing the
range of 373–473 mg/L of tyrosol (302–383 mg gallic acid equivalent (GAE)/L) of low fermentation
of samples. The results of Amstel beer (Table 1) were higher than previously reported [5]. High
fermentation beers showed a slightly higher amount of polyphenols from 453 to 599 mg/L of tyrosol
(366.9–485.2 mg GAE/L), and only ‘Murphys’ showed 915 mg/L of tyrosol (741.2 mg GAE/L). In the
Nardini et al. [6] study, the conventional lager beers showed lower polyphenol content (320.6–273.8 mg
GAE/L) and total flavonoids (27–64 mg catechin equivalent (CE)/L) than in the investigated samples
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(Table 1, 668.3–442.1 mg GAE/L; 35.8–52.5 mg CE/L). The obtained results of total polyphenols were
between 464.3 and 539.5 mg/L GAE. Chiva-Blanch et al. [10] evaluated that the amount of polyphenols
in Carlsberg (510.2 ± 15.5 mg GAE/L) was higher in comparison with the values shown in Table 1
(450.5 ± 7.5 mg GAE/L). Oppositely, in the report of Mitić et al. [16], polyphenols in Amstel and
Heineken beers were 1.46 and 1.11 times lower, respectively, than in Table 1. In the study of Mitić
et al. [16], the amount of flavonoids in quercetin equivalent (QE) (103.9–185.3 mg QE/L) were relatively
high and did not correlate with the values of the antioxidant activities of Amstel and Heineken beers.
These results differed from those presented in the previous report [26], where the total polyphenols
of Maccabee beer were 345.1 ± 12.1 mg GAE/L, epicatechin −65.5 mg/L and quercetin −0.95 mg/L.
The amount of total flavanols in the presently measured samples did not show direct correlation
between total polyphenols and antioxidant activities (Table 1). Beer contains a complex mixture of
phenolic compounds (hydroxybenzoic acids (gallic acid), hydroxycinnamic acids (ferulic acid) and
flavonoids (catechin)) that have expressed high antioxidant activity [3]. It was shown as well that
caffeic acid is found in the lowest concentrations than other phenolic acids, and ferulic acid and
some flavonoids were the most abundant [1,3,16,17], and therefore, in investigated beers, individual
phenolic compounds were determined (Table 2). The correlation between the highest (Goldstar (GOLD),
Kamenitza (KAM), Rostocker (ROST)), average (Maccabee (MACC), Heineken (HEIN), Oranjeboom
(ORJB), Amstel (AMST), Żywiec (ŻYW)) and the lowest (Carlsberg (CARL), Miller Genuine Draft
(MGD), Corona (COR)) concentrations of total polyphenols and flavonoids (Table 1) and the amounts
of caffeic and ferulic acids, catechin, epicatechin and quercetin (Table 2) was found.

Table 1. Antioxidant properties of beer samples.

Beer
Code Style

Country
of

Production

Alcohol
Strength

% Vol

Total Pol.,
mg GAE/L

Total
Flavonoids,

mg CE/L

Total
Flavanols,
mg CE/L

β-Carot, %
AA

ABTS, mM
TE

MACC Pale
lager Israel 5.0 510.1 ± 10.1 b 45.1 ± 0.5 b 40.3 ± 1.8 a 28.1 ± 0.8 b 2.06 ± 0.01 b

GOLD Dark
lager Israel 4.9 552.6 ± 9.6 a,b 48.9 ± 0.8 a,b 23.3 ± 1.4 c 30.7 ± 1.2 a,b 2.21 ± 0.02 a,b

HEIN Pale
lager Israel 5.0 466.3 ± 6.2 c 41.3 ± 0.7 c 21.9 ± 1.5 d 25.2 ± 0.7 c 1.88 ± 0.02 c

CARL Pale
lager Israel 5.0 450.5 ± 5.5 c,d 40.1 ± 0.6 c,d 21.2 ± 0.9 d 24.6 ± 0.8 d 1.82 ± 0.01 c,d

MGD Pale
lager USA 4.6 456.7 ± 7.2 c,d 40.8 ± 0.9 c,d 16.3 ± 0.4 e 25.1 ± 1.1 c 1.85 ± 0.01 c,d

COR Pale
lager Mexico 4.5 442.1 ± 4.3 d 35.8 ± 0.5 d 19.2 ± 0.8 d,e 24.2 ± 0.7 d 1.79 ± 0.03 d

ORJB Pale
lager Netherlands 5.0 482.3 ± 6.8 b,c 42.9 ± 0.9 b,c 29.6 ± 1.5 b 26.7 ± 1.0 b,c 1.95 ± 0.01 b,c

AMST Pale
lager Netherlands 4.1 501.3 ± 7.5 b,c 44.3 ± 1.3 b,c 21.6 ± 0.9 d 27.6 ± 1.1 b,c 2.02 ± 0.01 b

KAM Pale
lager Bulgaria 4.4 647.4 ± 11.3 a 51.1 ± 1.4 a 25.4 ± 1.1 b,c 33.6 ± 1.3 a 2.61 ± 0.05 a

ROST Golden
lager Germany 4.9 668.3 ± 13.3 a 52.5 ± 1.5 a 26.4 ± 1.2 b,c 34.5 ± 1.2 a 2.68 ± 0.03 a

ŻYW Blond
lager

Poland 5.6 471.3 ± 7.2 c 41.5 ± 0.9 c 22.2 ± 1.0 c,d 26.6 ± 1.0 b,c 1.90 ± 0.02 b,c

Values are means ± SD of 5 measurements; Means within a column with the different superscripts are statistically
different (p < 0.05; Student’s t-test). Abbreviations: Maccabee (MACC); Goldstar (GOLD); Heineken (HEIN);
Carlsberg (CARL); Miller Genuine Draft (MGD); Corona (COR); Oranjeboom (ORJB); Amstel (AMST); Kamenitza
(KAM); Rostocker (ROST); Żywiec (ŻYW); gallic acid equivalent (GAE); catechin equivalent (CE); total polyphenols
(Total Pol.); 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) assay (ABTS); Trolox equivalent (TE).
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Table 2. Individual phenolic compounds of beer samples (mg/L).

Beer Code Caffeic Acid Ferulic Acid Catechin Epicatechin Quercetin

MACC 2.17 ± 0.08 b,c 14.10 ± 0.39 b 3.03 ± 0.06 b 1.09 ± 0.08 a,b 1.40 ± 0.08 b

GOLD 2.34 ± 0.07 b 15.22 ± 0.54 a,b 3.27 ± 0.09 a,b 1.17 ± 0.07 a,b 1.52 ± 012 a,b

HEIN 1.97 ± 0.07 c,d 12.92 ± 0.45 c,d 2.78 ± 0.07 b,c 0.99 ± 0.05 b,c 1.24 ± 0.07 c

CARL 1.91 ± 0.04 c,d 12.48 ± 0.32 d 2.69 ± 0.09 c 0.96 ± 0.09 b,c 1.28 ± 0.08 b,c

MGD 1.94 ± 0.05 c,d 12.62 ± 0.35 c,d 2.69 ± 0.08 c 0.97 ± 0.06 b,c 1.25 ± 0.11 b,c

COR 1.87 ± 0.06 d 12.23 ± 0.44 d 2.64 ± 0.08 c 0.94 ± 0.07 c 1.21 ± 0.07 c

ORJB 2.07 ± 0.08 c 13.31 ± 0.54 c 2.83 ± 0.05 b,c 1.02 ± 0.07 b 1.32 ± 0.13 b

AMST 2.12 ± 0.06 b,c 13.89 ± 0.48 b,c 2.99 ± 0.09 b,c 1.07 ± 0.07 b 1.37 ± 0.01 b

KAM 2.73 ± 0.06 a 17.87 ± 0.61 a 3.82 ± 0.12 a 1.37 ± 0.08 a 1.77 ± 0.12 a

ROST 2.83 ± 0.08 a 18.47 ± 0.51 a 3.98 ± 0.15 a 1.42 ± 0.09 a 1.83 ± 0.07 a

ŻYW 2.08 ± 0.07 c 13.01 ± 0.36 c 2.26 ± 0.08 d 1.01 ± 0.07 b 1.29 ± 0.09 b,c

Values are means ± SD of 5 measurements; Means within a column with the different superscripts are statistically
different (p < 0.05; Student’s t-test). Abbreviations: Maccabee (MACC); Goldstar (GOLD); Heineken (HEIN);
Carlsberg (CARL); Miller Genuine Draft (MGD); Corona (COR), Oranjeboom (ORJB); Amstel (AMST); Kamenitza
(KAM); Rostocker (ROST); Żywiec (ŻYW).

The obtained results differ from other reports, where slightly lower estimations of ferulic acid
(0.85–2.16 mg/L), catechin (0.57–1.21 mg/L) and epicatechin (0.08–0.39 mg/L) were reported [16,17,25]
than determined (Table 2). Most of the reports showed that among the different phenolic acids, ferulic
and gallic acids are the most copious in commercial beers (around 14 and 6 mg/mL, respectively),
followed by sinapic, vanillic, caffeic, p-coumaric, syringic and 4-hydroxyphenylacetic acids (between
0.5 and 4.2 mg/mL) [2,6]. Gallic and ferulic acids were more than 50% of the total content of individual
phenolic compounds found during beer studies and are the most reported phenolics in beer [1,3].
The comparison of the same type of beer, but produced in different countries, showed differences
because of the modifications in the technological processes, raw materials and conditions of the
extraction of the main components. According to the data presented in the report of Szwajgier [17],
the total amounts of phenolic acids in Heineken and Corona beers were 6.78 ± 0.39 and 6.13 ± 0.43,
respectively. These results differ from the ones presented in Table 2. As was shown in the same
report [17], vanillic and ferulic acids exerted a lower share of total antiradical activity against free
radicals than the minor phenolic acids; therefore, caffeic acid was determined in all investigated beer
samples (Table 2).

2.2. Beer Antioxidant Activities

The antioxidant activities of investigated beers are presented in Table 1. The obtained results
were higher than reported by Nardini and Foddai [6], where the antioxidant activities of lager beers
varied and showed values by 2-azino-bis (3-ethyl-benzothiazoline-6-sulfonic acid) diammonium
salt (ABTS) assay in the range of 1.5–1.8 mM Trolox equivalent (TE) in comparison with the data
in Table 1 (1.8–2.7 mM TE). The present results were in accordance with the published report of
Habschied et al. [25], where three different kinds of lager beers (4.7–5.2% (v/v) of alcohol content)
showed corresponding values of ABTS tests of 1.29–2.03 mM TE/L. Low antioxidant values of beer
samples such as 0.21–0.23 mM TE were reported by Mitić et al. [16]. It can be concluded that the
antioxidant activities measured in conventional beers varied, but were consistent with our previous
results and with the published data [2,9,26–29]. The results of the β-carotene test were in correlation
with the values of the ABTS assay (Table 1). The obtained results of some investigated beers can
be compared with the report of Wang et al. [28]. In this report, Heineken beer showed the amount
of total polyphenols of 393.9 mg GAE/L and the corresponding ability to scavenge free radicals by
1,1-diphenyl-2-picrylhydrazyl (DPPH) assay, of 27%. The same type of beer (Table 1) produced
in another country showed the amount of total polyphenols of 466.3 mg GAE/L and the ability to
scavenge free radicals, using β-carotene assay, with scavenging activity of 25%. Corona beer with total
polyphenols of 285 mg GAE/L and the ability to scavenge free radicals (DPPH scavenging activity
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of 21%) can be compared with the same type of beer in which the amount of total polyphenols was
442 mg GAE/L. The ability to scavenge free radicals by the β-carotene test was similar to the published
results [28] and showed scavenging activity of 24% (Table 1). The values of the polyphenols, flavonoids
and the two antioxidant assays, and the expression of the units of antioxidant activities, did not change
the correlation of the presented indices in all investigated industrial beer samples. The correlation
with ABTS assay was slightly higher than with the β-carotene test, suggesting that ABTS test is based
on hydrogen-donating ability. This fact underlines that phenolic compounds mainly influence the
antioxidant properties of beer. It is also suggested that the beer samples with relatively high ABTS
values can stabilize active oxygen radicals and have better flavor stability [3,6].

2.3. Binding Properties of Beers and Some Phenolic Compounds with Main Human Proteins

The binding properties of beer samples and some individual phenolic compounds were compared
in interaction with human serum albumin and plasma circulation fibrinogen (Table 3).

Table 3. Binding properties of beer samples, standard flavonoids and phenolic acids with human
serum proteins.

Beer Code λem (nm) FI (A.U.) Binding to
HSA (%) λem (nm) FI (A.U.) Binding to

PCF (%)

MACC 349 731.8 ± 2.1 c,d 24.1 ± 2.5 b 347 674.9 ± 2.8 d 14.1 ± 0.9 c

GOLD 350 713.6 ± 2.6 d 26.0 ± 2.8 a,b 348 666.3 ± 1.2 e 15.1 ± 1.2 b

HEIN 347 750.9 ± 3.8 b,c 22.2 ± 2.7 c 346 684.3 ± 2.7 c 12.8 ± 0.8 d

CARL 346 759.4 ± 3.5 b,c 21.3 ± 2.6 c,d 346 683.6 ± 2.8 c 12.9 ± 1.1 d

MGD 346 755.3 ± 4.2 b,c 21.7 ± 1.9 c,d 346 685.9 ± 2.1 c 12.6 ± 0.9 d

COR 345 763.9 ± 4.3 b,c 20.8 ± 1.5 d 346 686.7 ± 2.7 c 12.5 ± 1.1 d

ORJB 348 745.1 ± 5.8 c 22.8 ± 1.9c 346 680.0 ± 3.0 c 13.3 ± 1.2 c,d

AMST 349 735.9 ± 5.5 c,d 23.7 ± 1.3 b,c 346 676.5 ± 4.1 d 13.8 ± 1.1 c,d

KAM 350 671.3 ± 6.3 e 30.4 ± 1.4a 350 646.7 ± 4.3 f 17.6 ± 1.5 a

ROST 351 663.2 ± 7.3 e 31.3 ± 1.5 a 350 642.4 ± 4.2 f 18.1 ± 1.3 a

ŻYW 347 748.8 ± 4.2 c 22.4 ± 0.9 c 346 682.8 ± 4.0 c 13.0 ± 0.9 c,d

EtOH 344 934.8 ± 2.9 a 3.1 ± 0.2 f 343 764.3 ± 5.9 a,b 2.6 ± 0.1 f

Catechin 348 743.8 ± 4.4 c 22.9 ± 1.9 c 344 736.9 ± 5.7 b 6.1 ± 0.7 e

Epicatechin 348 745.7 ± 4.8 c 22.7 ± 2.0 c 344 738.7 ± 5.4 b 6.9 ± 0.9 e

Quercetin 347 754.4 ± 4.7 b,c 21.8 ± 2.1 c,d 344 743.2 ± 6.1 b 5.3 ± 0.5 e,f

Caffeic
acid 345 820.1 ± 3.2 a,b 14.9 ± 1.5 e 360 667.9 ± 4.9 e 14.9 ± 1.1 c

Ferulic
acid 345 803.6 ± 5.2 b 16.7 ± 1.5 d,e 360 663.9 ± 4.9 e 15.4 ± 0.9 b

HSA/buffer 343 964.7 ± 3.8 a - - - -
PCF/buffer - - - 344 784.8 ± 4.9 a -

Values are means ± SD of 5 measurements; Means within a column with the different superscripts are statistically
different (p < 0.05; Student’s t-test). Abbreviations: Maccabee (MACC); Goldstar (GOLD); Heineken (HEIN);
Carlsberg (CARL); Miller Genuine Draft (MGD); Corona (COR); Oranjeboom (ORJB); Amstel (AMST); Kamenitza
(KAM); Rostocker (ROST); Żywiec (ŻYW); human serum albumin (HSA); maximum emission peak (λem); fluorescence
intensity (FI); arbitral units (A.U.); plasma circulation fibrinogen (PCF).; Binding to HSA (%) and binding to PCF (%)
is the % decrease of fluorescence emission of the fractions of the binding sites of the proteins occupied by the ligand.

HSA had a strong fluorescence emission peak at 343 nm, when excited with a wavelength of
280 nm. The addition of beer samples and pure phenolic compounds caused a gradual decrease in the
fluorescence intensity of HSA, and the emission maximum had a red-shift of 8 nm. The principles of
such measures and the obtained results (Table 3) are documented in the report of Poloni et al. [20],
who used the classic indirect method of fluorescent quenching of tryptophan residues for the binding
of polyphenols with porcine LDL and BSA, and where the binding data were obtained by titration
of the proteins with increasing amounts of phenolic ligands. In this way, Stern Volmer plots have
been obtained, and this allowed the measurement of binding constants and determination of the static
nature of quenching, and the inner filter effects were negligible at the phenols concentrations used.
In the present report, we have used a simplified measure to show only the decrease of fluorescence
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emission after the addition of a single concentration of ligands. This can be regarded as a relative
measure of binding, providing that the inner filter is similarly negligible within the series of ligands.
Thus, the % decrease of fluorescence represents the fraction of the binding sites of the protein occupied
by the ligand, rather than the fraction of the total ligand bound to the protein (Table 3). The same
report [20] showed the results of the experimental binding study using fluorescent quenching for
quercetin and its 3-O-glucuronide. The albumin binding site for polyphenols had been previously
identified by Dufour and Dangles [21]. Pattanayak et al. [30] and Latruffe et al. [31] reported binding
properties between ellagic acid, resveratrol and other polyphenols, where phenolic acids and flavonoids
effectively quenched the intrinsic fluorescence of HSA by static quenching. Leontowicz et al. [32]
and Kim et al. [33] showed the binding properties of polyphenols from kiwi fruit and persimmons
with HSA. All the above studies, including the present one, showed the evaluation of transport
and releasing efficiency at the target site in the human physiological system since HSA is the most
important carrier protein in blood serum. Our explanation of the obtained data was based on the
interaction of the polyphenols and flavonoids with the main serum protein HSA. Oppositely, Poloni
et al. [20] and Tung et al. [24] found that competition studies between serum albumin and LDL
showed that substantial lipoprotein binding occurs even in the presence of a great molar excess of
albumin, the major blood protein. The excitation of fibrinogen gave an emission maximum at 344
nm, which had a shift of 6 nm with the binding of phenolic acids and some beer samples. As can
be seen from the results (Table 3), the obtained evaluation is in agreement with recent reports about
the influence of ethanol with HSA and fibrinogen interaction, where the binding was in the range
of 2.6–3.1%. According to some reports [32,33], the ethanolic extracts showed quenching of HSA
in comparison with water extracts of about 2.9%. Ethanol has a low influence on the quenching of
HSA, but in different samples of investigated beers, having high amounts of total polyphenols and
flavonoids (Table 1), increasing binding percentages appeared (Table 3, binding of ROST about 31%),
and corresponded to higher antioxidant activity of the product. These results are in agreement with
the data reported in [34], where the efficiency of flavonoids as free radical scavengers was proved. The
obtained results (Table 3) on quenching of fibrinogen with investigated samples (12.5–18.1%) are in
line with other reports, where the absorption peak at about 351 nm was measured at the interaction of
resveratrol, and the fluorescence intensity exhibited a decrease [35–37]. The comparison of the obtained
results of quenching of HSA with the investigated samples showed about 1.7 times higher quenching
than with fibrinogen, especially with flavonoids, and this is in agreement with a recent report [37].
As it was shown in Tables 1–3, there is a correlation between polyphenols, antioxidant activities and
binding properties of the investigated beer samples. The low values of ethanol binding with HSA
and fibrinogen once more supports the hypothesis that it is not alcohol that prevents coronary artery
disease, but rather the non-alcoholic composition of beer which contains a high amount of phenolic
substances [38]. In the study of Sierksma et al. [38], plasma C-reactive protein and fibrinogen levels
were decreased after three weeks’ consumption of beer, as compared to non-alcohol beer consumption.
The conclusion of this report is that moderate alcohol consumption significantly decreased these two
indices, based on anti-inflammatory action of alcohol in the protection of coronary artery disease.
These conclusions are opposite to the present report and to our previous results in in vitro and in vivo
studies [19,22,26]. In the present study results showed that binding properties of main human serum
proteins with ethanol are not the main components in beer. Oppositely, the non-alcoholic substances
prevent CAD, which was proved also by molecular docking evaluation. It is impossible to compare the
pure compounds found in beer with real beer samples. The obtained binding properties of the pure
standards and the beer samples are not equal (Table 3). The results are dependent on synergism of the
bioactive substances in the product. From another point of view [24], it was found that low plasma
concentrations make polyphenols and their metabolites poor plasma antioxidants. The concentration
of these compounds in lipoproteins and cells is sufficient for polyphenols to act in the protection of
heart diseases using their antioxidant properties.
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2.4. Molecular Docking of Beer Components with Serum Proteins

Molecular docking studies with CRP revealed that flavonoids have achieved high dock score >58
compared to the phenolic acids. The flavonoids, epicatechin and quercetin, with the dock score of
60.268 and 58.609, respectively, have shown a similar binding pattern to CRP (Table 4).

Table 4. Molecular docking results are indicated with dock score for the flavonoids and phenolic acids
against different serum proteins.

Ligand
Name Dock Score Bond Formation Chain Interacting Amino Acids

Human C-Reactive Protein

Catechin 62.693 2(H-bond),
1(Pi-sigma) Chain A ALA92, VAL94, ASP112

Epicatechin 60.268 3(H),1(Pi-alkyl),
1(carbon-H) Chain A

PHE39, THR41, SER44, TYR49, TRP67,
TYR73, THR90, VAL91, ALA92, VAL94,

ASP112, VAL111

Ferulic acid 55.343
6(H),1(Pi-sigma),

1(Pi-alkyl),
2(carbon-H)

Chain A TYR49, TYR73, ALA92, VAL94, ASP112

Caffeic acid 53.062 2(H),1(Pi-alkyl),
2(carbon-H) Chain A TYR73, VAL89, ALA92, VAL94, ASP112

Quercetin 58.609 6(H),2(Pi-Pi),
1(Pi-alkyl),1(carbon-H) Chain A PHE39, THR41, SER44, TYR49, TRP67,

THR90, GLU88, VAL94, ASP112
Human Serum Albumin

Catechin 53.679 2(H),1(Pi-Pi),
2(Pi-alkyl),3(carbon-H) Chain A ILE142,HIS146,PHE157,TYR161,ARG186,

GLY189

Epicatechin 53.033 2(H),2(Pi-Pi),
1(Pi-alkyl),1(Pi-sigma) Chain A ILE142, HIS146, PHE149, TYR161, ARG186,

GLY189, LEU115
Ferulic acid 39.165 1(Pi-Pi),1(Pi-alkyl) Chain A ILE142, PHE157

Caffeic acid 36.825 3(Pi-Pi),1(Pi-alkyl),
1(Van der Waals) Chain A ILE142, PHE157, HIS146, GLY189, LYS190

Quercetin 51.170
2(H),1(Pi-Pi),1(Pi-alkyl),

1(carbon-H),
1(Pi-sigma)

Chain A ILE142, HIS146, PHE149, TYR161, ARG186,
GLY189

Human glutathione peroxidase 3 (GPX3)

Epicatechin 103.364 2(H),1(Pi-Pi),
3(Pi-alkyl) Chain A LEU46, TYR53, GLN86, ALA90

Ferulic acid 82.449 1(Pi-Pi),1(Pi-alkyl),
1(carbon-H) Chain A TYR53, ALA90, ASN131

Caffeic acid 83.956 1(Pi-Pi),1(Pi-alkyl),
1(carbon-H) Chain A TYR53, ALA90, ASN131

Quercetin 102.459
1(amide-Pi),2(Pi-alkyl),

1(Pi-lone), 1(Van
der Waals)

Chain A ALA90, ASN131, LEU46, PHE132, GLN133

Human Fibrinogen

Ferulic acid 95.517 2(H),1(Pi-amide),
1(Pi-S), 1(carbon-H)

Chain J (α),
Chain I (β),
chain L (γ)

CYS19, PRO20, THR21, THR22, CYS45

Caffeic acid 95.095

3(H),1(Pi-amide),
1(Pi-S),

1(carbon-H),1(Van
der Waals)

Chain J (α),
Chain H (β),
Chain L (γ)

CYS19, THR22, CYS45, THR78, PRO77

The most common amino acids showing interaction with epicatechin and quercetin are PHE39,
THR41, SER44, TYR49, TRP67, THR90, VAL94 and ASP112 (Figure 1).
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Figure 1. Molecular docking studies with C-reactive protein (CRP). (A) Interaction of the ligands into 
binding pocket (black box) of the pentameric protein; (B) expanded view of the binding pocket shows 
the interacting amino acids (ball and stick model) with the ligands; (C) molecular overlay of the 
flavonoids—catechin, epicatechin and quercetin (a, b) aromatic ring and c is the heterocyclic ring. 
Circle represents the aromatic ring (b) which has favored the interaction with CRP. (D–F) represent 
the 2D view for interaction of catechin, epicatechin and quercetin with CRP. 

From HSA docking analysis, both flavonoids and phenolic acids had interactions in domain I, 
the major drug binding pocket of HSA. The crucial residues involved in binding are ILE142, HIS146, 
PHE149, TYR161, ARG186, GLY189 and LEU115. Among these, TYR161 are the crucial residues 
involved in drug recognition (Figure 2). All the three flavonoids investigated in the study have 
achieved the highest dock score >50. Catechin, epicatechin and quercetin have also shown consistent 
interaction with the key residues (TYR161). However, the phenolic acids have shown a dock score of 
>35. In the case of GPX3, epicatechin exhibited the highest dock score of 103.36, followed by quercetin 
with a dock score of 102.45 (a score identical to the dock score of epicatechin). Phenolic acids have 
similar dock scores, 82.448 and 83.955 for ferulic and caffeic acids, respectively. 

Figure 1. Molecular docking studies with C-reactive protein (CRP). (A) Interaction of the ligands
into binding pocket (black box) of the pentameric protein; (B) expanded view of the binding pocket
shows the interacting amino acids (ball and stick model) with the ligands; (C) molecular overlay of
the flavonoids—catechin, epicatechin and quercetin (a, b) aromatic ring and c is the heterocyclic ring.
Circle represents the aromatic ring (b) which has favored the interaction with CRP. (D–F) represent the
2D view for interaction of catechin, epicatechin and quercetin with CRP.

From HSA docking analysis, both flavonoids and phenolic acids had interactions in domain I,
the major drug binding pocket of HSA. The crucial residues involved in binding are ILE142, HIS146,
PHE149, TYR161, ARG186, GLY189 and LEU115. Among these, TYR161 are the crucial residues
involved in drug recognition (Figure 2). All the three flavonoids investigated in the study have
achieved the highest dock score >50. Catechin, epicatechin and quercetin have also shown consistent
interaction with the key residues (TYR161). However, the phenolic acids have shown a dock score of
>35. In the case of GPX3, epicatechin exhibited the highest dock score of 103.36, followed by quercetin
with a dock score of 102.45 (a score identical to the dock score of epicatechin). Phenolic acids have
similar dock scores, 82.448 and 83.955 for ferulic and caffeic acids, respectively.

Overall, flavonoids show the highest dock score compared to the phenolic compounds and the
residues implicated in the interactions were LEU46, TYR53, GLN86, ALA90, ASN131, PHE132 and
GLN133 (Figure 3).

Fibrinogen interaction with beer components revealed the possible interactions with phenolic acids
with the dock score of 95.517 and 95.094 for ferulic acid and caffeic acid, respectively. The residues such
as CYS19, PRO20, THR21, THR22, CYS45, THR78 and PRO77 are involved in interactions (Figure 4).

As it was mentioned previously, the secondary metabolites such as flavonoids and phenolic acids,
which are found as well in beer, are investigated widely as antioxidants to prevent oxidative damage
responsible for many diseases such as cancer, atherosclerosis, dyslipidaemia, chronic inflammation and
other diseases [39–42]. Flavonoids and phenolic acids are well-known for their therapeutic benefits
but as candidates their effectiveness still remains unclear. In the present study, the flavonoids and
phenolic acids from the beer were investigated for their interactive behavior with serum proteins such
as C-reactive protein (CRP), human serum albumin (HSA), GPX3 and fibrinogen through molecular
docking studies.
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and stick model); 2D plot for interaction of catechin (C), epicatechin (D) and quercetin (E) with HSA. 
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Among the target proteins, CRP is a known biomarker detected in the human serum during 
inflammation as well as classified as a putative pattern recognition receptor (PPR) of the innate 
immune system, which indicates the invasion of the pathogens and removal of dead cells by eliciting 
the innate complement pathway [43–45]. CRP activates the macrophages and induces oxidative stress 
damage; therefore, CRP is also regarded to be itself a risk factor for cardiovascular diseases. The 
amount of CRP determines the risk levels of different diseases and is an indicator for cardiovascular 
disease (CVD), rheumatoid arthritis (RA), lupus nephritis and chronic inflammation. Moua et al. [46] 
reported that coffee, containing bioactive compounds, may reduce CRP levels as a biomarker of 
chronic inflammation. Mangnus et al. [47] showed that moderate alcohol consumption is protective 
against RA development and associated with lower levels of systemic inflammation in RA and with 
lower levels of CRP. However, autoantibodies are produced against 35–47 amino acids of CRP which 
is associated with the severity of the disease [48]. Thus, the epitope interacts with CRP after 
undergoing a conformational change. 

Figure 3. Interaction analysis with glutathione peroxidase 3 (GPX3) protein. (A) The black box
represents the binding pocket of the tetrameric protein. (B) Expanded view shows ligand interaction
with the amino acids in the binding pocket; 2D plot representing the amino acid interaction with
epicatechin (C) and quercetin (D).
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amino acids were found buried in the native protein and exposed only when the protein underwent 
conformational change of the monomeric form as epitope. Epicatechin and quercetin interacting with 
key residues of CRP is determined to be significant for therapeutic studies. Though catechin and 
epicatechin are under the same class flavan-3-ol, the binding pattern with CRP is completely 
different. The difference in catechin and epicatechin is mainly due to the presence of the hydroxyl 
groups in the β and α position of the C3, respectively (Figure 1C). Quercetin is a flavanol, and its 
chemical structure completely lacks the OH group in the C3 position. However, quercetin has shown 
similar interaction as epicatechin (flavan-3-ol) with CRP. In addition, epicatechin and quercetin were 
reported [30,34,44] as important dietary flavonoids with strong antioxidant properties and were 

Figure 4. Molecular docking of ligands with fibrinogen. (A) Surface view of fibrinogen representing
the central nodule (black box) present in the E region; (B) Expanded view of the central nodule.
(C) Interaction of ligands with the binding pocket amino acids of fibrinogen; 2D plot showing
interaction with caffeic acid (D) and ferulic acid (E).

Among the target proteins, CRP is a known biomarker detected in the human serum during
inflammation as well as classified as a putative pattern recognition receptor (PPR) of the innate immune
system, which indicates the invasion of the pathogens and removal of dead cells by eliciting the innate
complement pathway [43–45]. CRP activates the macrophages and induces oxidative stress damage;
therefore, CRP is also regarded to be itself a risk factor for cardiovascular diseases. The amount of CRP
determines the risk levels of different diseases and is an indicator for cardiovascular disease (CVD),
rheumatoid arthritis (RA), lupus nephritis and chronic inflammation. Moua et al. [46] reported that
coffee, containing bioactive compounds, may reduce CRP levels as a biomarker of chronic inflammation.
Mangnus et al. [47] showed that moderate alcohol consumption is protective against RA development
and associated with lower levels of systemic inflammation in RA and with lower levels of CRP. However,
autoantibodies are produced against 35–47 amino acids of CRP which is associated with the severity of
the disease [48]. Thus, the epitope interacts with CRP after undergoing a conformational change.

140



Molecules 2020, 25, 4962

Additionally, the residues covering from 35–47 amino acids are considered to be the important
residues for therapeutics and diagnostics studies. Among them, LEU37, PHE39, TYR40 and LEU43
amino acids were found buried in the native protein and exposed only when the protein underwent
conformational change of the monomeric form as epitope. Epicatechin and quercetin interacting with
key residues of CRP is determined to be significant for therapeutic studies. Though catechin and
epicatechin are under the same class flavan-3-ol, the binding pattern with CRP is completely different.
The difference in catechin and epicatechin is mainly due to the presence of the hydroxyl groups in the
β and α position of the C3, respectively (Figure 1C). Quercetin is a flavanol, and its chemical structure
completely lacks the OH group in the C3 position. However, quercetin has shown similar interaction
as epicatechin (flavan-3-ol) with CRP. In addition, epicatechin and quercetin were reported [30,34,44]
as important dietary flavonoids with strong antioxidant properties and were investigated for their
preventive role against CVD. HSA is an important biomarker which is synthesized in liver and found
circulating in the blood. HSA has an indispensable role as an important antioxidant of blood and
maintains the blood pH level. Besides, HSA is regarded as an important carrier for exogenous and
endogenous substances. HSA also plays an important role in pharmaceuticals by binding to the drug
and preventing the oxidation of the drug. However, a low level of HSA indicates the risk level of
cardiovascular disease [49]. On the contrary, HSA is associated with an anti-inflammatory role, but the
mechanism is unclear.

HSA is a 67 kDa protein with 585 amino acid residues. It consists of three identical domains
(5–190, 191–383 and 384–585) with two drug binding sites, I and II. Site I appears at the second domain
while site II appears at the third domain. Interestingly, docking of HSA with beer components revealed
the interactions at the rearmost end of the first domain.

GPX3, a selenium containing glutathione peroxidase 3, is synthesized in the kidney and actively
expressed in plasma. It protects the cells from oxidative stress by catalyzing the hydrogen peroxide
into alcohol [50]. It has already been reported that flavonoids, in particular quercetin, interacts with
GPX through in vitro studies. Besides the antioxidant potential of the quercetin–GPX complex, it has
also been reported for cytotoxicity effect. However, there are no clear reports on how flavonoids bind
to GPX3 at the molecular level. Here, docking with beer components revealed that flavonoids such
as quercetin and epicatechin have a higher affinity toward GPX3 (than polyphenolic acids) and this
observation was well-consistent with the previous in vitro report of Nagata et al. [51], wherein they
have shown the interaction of endogenous GPX with flavonoids in rat BL9 (hepatocyte) cells through
in vitro assays.

Additionally, they have shown that synergistic interaction of flavonoids and GPX are critical
factors for enhancing their antioxidant activities. Here, flavonoids exhibited good interactions with
GPX3. Nonetheless, the residues that make interactions with GPX3 partially differ among them which
indicates that each flavonoid may have a differential binding region. In the case of phenolic acids,
the residues implicated in binding are similar, suggesting that phenolic acids may interact with GPX3
in a similar fashion. Surprisingly, the overall interactions were observed at the adjacent region to
the active site residue Seu-73 of GPX3. But how these flavonoids binding alter the conformations of
GPX3 to activate the enzymes requires a comprehensive study. Overall, our results suggest that these
flavonoids interact in the distal region of the GPX3 active site and account for antioxidant potential
in the plasma. Moreover, high levels of such interactions with GPX protein can enhance the GPX3
activity. This enhancement has a beneficial role in reducing the risk of cardiovascular and chronic
kidney diseases [52]. It also delays the aging process as aging occurs mainly due to the decline in
GPX3 [53]. Fibrinogen is a glycoprotein, which circulates in blood plasma and is synthesized by the
liver [54–56]. It comprises two sets of non-identical polypeptide chains termed α, β and γ (α2β2γ2).
An enzymatic conversion of fibrinogen into fibrin by thrombin is one of the critical steps for maintaining
the homeostasis of blood. Here, ferulic and caffeic acids made interactions with all three α, β and γ

chains (Table 4). When compared to flavonoids, phenolic acids (ferulic and caffeic acids) exerted higher
affinity towards the central nodule of the E region of fibrinogen. In general, hydroxycinnamic acids are
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illustrious for antioxidant property. Thus, based on our results, we postulate that phenolic acids have
an important role in interacting with fibrinogen than flavonoids.

The present results are in good agreement with the fluorescence measurements and literature
report of Luo et al. [55], in which three type II phenolic acids (caffeic, p-hydroxycinnamic and ferulic
acids) were used to synthesize a total of 18 phenolic acid derivatives. With molecular docking for
molecule design and the evaluation of haemostatic and anticoagulant activities with blood assays,
the data of Luo et al. [55] indicated that caffeic acid derivatives showed certain anticoagulant or
procoagulant activities and that two other series contained compounds with the best anticoagulant
activities (Table 4). The interaction of fibrinogen with investigated flavonoids and their docking is
in line with other reports [56], where six compounds, including quercetin, catechin and epicatechin,
were examined for the inhibition of thrombin amidolytic activity. Quercetin, catechin and epicatechin
caused the inhibition of thrombin amidolytic activity and only quercetin from the three mentioned
above changed thrombin proteolytic activity. It is possible that these compounds can change the
activity of thrombin. From another point of view, most phenolic substances are not stable in vivo
and their bioavailability in the digestive tract is relatively low. From a number of previous and
present experiments (Table 3), it was proved that polyphenol compounds can also bind with many
components of blood plasma (mainly by human serum albumin) and the real effect of these compounds
on coagulation may be mediated also by a different mechanism than their action on thrombin [56].

As was mentioned previously, the present study was aimed at investigating the interaction of
individual components with different serum proteins that are responsible for the health benefits.
Overall, the study indicates that beer components such as flavonoids and phenolic acids interact with
the key regions of the proteins to enhance their antioxidant and binding properties. Among them,
flavonoids have a significant role in enhancing the beneficial properties. It has already been reported
that consumption of beer increases the flavonoid and phenolic acid content in the plasma and thereby
promotes the cardiovascular health benefits [8–12,18,19,22,24].

3. Materials and Methods

3.1. Materials

Caffeic and ferulic acids, catechin, epicatechin, quercetin, Trolox, human serum
albumin, fibrinogen, sodium nitrite, aluminum chloride, potassium peroxodisulfate and
2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), were from Sigma
(St. Louis, MO, USA). Standard phenolics were dissolved in methanol (1 mg/mL), stored at −80 ◦C.

3.2. Samples

Commercial beer bottles were purchased at markets and beer shops and were investigated in this
study. The eleven beers were common lager beers from different countries of production (Maccabee
(MACC); Goldstar (GOLD); Heineken (HEIN); Carlsberg (CARL); Miller Genuine Draft (MGD); Corona
(COR); Oranjeboom (ORJB); Amstel (AMST); Kamenitza (KAM); Rostocker (ROST); Żywiec (ŻYW)).
Every sample was bought in triplicate, from the same batch and with the identical shelf life. The
sample set included craft and mainstream beer varieties with alcohol by volume ranging from 4.1 to
5.6%. Four beer samples were produced in Israel. Beer bottles were stored in the dark and analyzed
immediately after opening. All beer samples were first degasified and then pH was adjusted to 7.0
before analysis with additions of an appropriate amount of 0.1 M sodium hydrogen phosphate solution.
Separate samples from the same bottle were frozen at −80 ◦C for antioxidant status and bioactivity.

3.3. Analyses of Bioactive Compounds

The total polyphenols were determined by the Folin–Ciocalteu method [57], where beer samples
were diluted with distilled water till 1 mL, then 0.1 mL of Folin–Ciocalteu’s reagent was added. After
5 min, 0.2 mL sodium carbonate (35% w/v) was added. Final volume was adjusted to 2 mL with
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distilled water. After 1 h in the dark, absorbance at 765 nm was measured against an appropriate blank
reagent. The results were expressed as milligrams of gallic acid equivalents per liter of beer.

Total flavonoids were determined in 0.05 mL aliquots of the sample using the spectrophotometric
method [58], where beer samples were diluted with distilled water to a final volume of 1.5 mL, and then
0.075 mL of 5% NaNO2 solution was added. After 6 min, 0.15 mL of 10% AlCl3 hexahydrate was added
and allowed to stand for an additional 5 min, before 0.5 mL 1 M NaOH was added. The volume was
adjusted to 2.5 mL with distilled water, mixed, and absorbance at 510 nm was measured immediately.
The results are expressed as milligrams of catechin equivalents per liter of beer.

Total flavanols (TFLs) were estimated using the p-dimethylaminocinnamaldehyde (DMACA)
method, where 0.2 mL of beer was introduced into a 1.5 mL Eppendorf tube, and 1 mL of DMACA
solution was added. The mixture was vortexed and allowed to react at room temperature for
10 min. The absorbance at 640 nm was then read against a blank prepared similarly without DMACA.
The presence of flavanols on the nuclei with subsequent staining with the DMACA reagent resulted in
an intense blue coloration in beer [59].

Some phenolic acids (ferulic and caffeic) and flavonoids (catechin, epicatechin and quercetin)
were determined with a HPLC system [3,6,13,60]. The phenolic compounds from beer samples were
extracted according to the procedures, described by Nardini and Foddai [6], Bartolomé et al. [13] and
Pozo-Bayon et al. [60]. A volume of 50 mL of each of 11 beer samples was extracted three times with
25 mL of diethyl ether and then three times with 25 mL of diethyl acetate, and the organic fractions
were combined. After 30 min of drying with anhydrous Na2SO4, the extract was filtered through
a Whatman-40 filter and evaporated to dryness in a rotary evaporator. The residue was dissolved
in 2 mL of methanol/water (1:1, v/v) and analyzed by high-performance liquid chromatography
(HPLC), according to the conditions described in the Bartolomé et al. [13] report. A Waters (Milford,
MA, USA) chromatograph equipped with a 600-MS controller, a 717 plus autosampler and a 996
photodiode-array detector was used. A gradient of solvent A (water/acetic acid, 98:2, v/v) and solvent
B (water/acetonitrile/acetic acid, 78:20:2, v/v/v) was applied to a reverse-phase Nova-pack C18 column
(30 cm × 3.9 mm Internal Diameter (I. D.)), as following as follows: 0–55 min, 80% B linear, 1.1 mL/min;
55–57 min, 90% B linear, 1.2 mL/min; 57–70 min, 90% B isocratic, 1.2 mL/min; 70–80 min, 95% B linear,
1.2 mL/min; 80–90 min, 100% B linear, 1.2 mL/min; 90–120 min. For HPLC analysis, an aliquot (50 µL)
was injected onto the column and eluted at the temperature of 20 ◦C. Samples were prepared and
analyzed in duplicate.

3.4. Determination of Antioxidant Activities

The total antioxidant activity of beers was evaluated by the ABTS radical cation decolorization
(ABTS) assay [61] and β-carotene bleaching assay on 0.01 mL of beer samples. The ABTS radical cation
was formed by ABTS solution (7 mM) with potassium persulfate (2.45 mM) in distilled water at room
temperature, for 16 h before use. A working solution (ABTS reagent) was diluted to obtain absorbance
values of 0.7 at 734 nm and equilibrated at 30 ◦C. After addition of ABTS solution, the absorbance
reading was taken 1 min after initial mixing, and up to 6 min percentage inhibition of absorbance
was calculated with reference to a Trolox calibration curve and evaluated as mM Trolox equivalent/L
of beer.

In an antioxidant assay using a β-carotene linoleate model system, 4 mL of emulsion containing
β-carotene (0.2 mg) in 0.2 mL of chloroform, linoleic acid (20 mg) and Tween-40 (200 mg) was mixed,
and then the chloroform was removed at 40 ◦C under vacuum. The resulting mixture was diluted with
10 mL of water. To this emulsion was added 40 mL of oxygenated water. The emulsion (4 mL) was
added to the investigated sample. The absorbance at 470 nm was taken for 120 min at an interval of
20 min. The synthetic antioxidant butylated hydroxyanisole (BHA) in EtOH was used for comparative
purposes and added to the sample. The antioxidant activity (AA) of the samples was evaluated in
terms of bleaching of the β-carotene [62].
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3.5. Fluorimetric Measurements

Two-dimensional fluorescence (2D-FL) measurements for all beer samples were recorded on a
model FP-6500, Jasco spectrofluorometer, serial N261332, Tokyo, Japan, equipped with 1.0 cm quartz
cells and a thermostat bath. The 2D-FL measurements were taken at emission wavelengths from 310
to 500 nm and at excitation of 295 nm. For comparison of the obtained results, caffeic and ferulic
acids, catechin, epicatechin and quercetin were used [31]. The solutions for the reaction were in the
following concentrations: 1.0 × 10−5 mol/L HSA; 0.05 mol/L Tris HCl buffer with 0.1 mol/L NaCl, pH 7.4.
Fibrinogen stock solution was made by dissolving in phosphate buffer (10 mM, pH 7.4) to obtain a
concentration of 20 µM. The initial fluorescence intensities of HSA and PCF were measured before the
interaction with the investigated samples and pure substances and after interaction with the samples
(quenching of fluorescence emission of proteins in our case of HSA and fibrinogen) upon addition
of pure phenolic compounds or samples from beer. The differences of the measured fluorescence
intensities were used for calculation of the relative binding properties, because the ligands were used
only in one concentration, and the decrease of fluorescence represents the fraction of the binding sites
of the protein by the ligand [20,32,33].

3.6. Molecular Docking Studies Using Main Human Serum Proteins

Crystal structures of human C-reactive protein (CRP) (PDB ID: 1B09), human serum albumin
(HSA) (PDB ID: 1H9Z), human glutathione peroxidase 3 (GPX3) (PDB ID: 2R37) and human fibrinogen
(PDB ID: 3GHG) with a resolution of 2.5 Å, 2.5 Å, 1.85 Å and 2.9 Å, respectively, was obtained in PDB
format from the PDB database. Similarly, flavonoids and phenolic acids reported in the study were
downloaded from the PubChem database in SDF format. The protein and ligand structures were
minimized by applying a CHARMM force field and the spherical cut-off radius of 13.0 Å was set
for non-bonded interaction. All other parameters were set to their defaults. The potential binding
site region of the target proteins were determined using ‘Define and edit binding site’ protocol.
The active site for CRP, HSA, GPX3 and fibrinogen was determined at site 1 (grid box, X: 142.694,
Y: 153.060, Z: 30.358), site 1 (grid box, X: 37.172, Y: 10.895, Z: 13.554), site 1 (grid box, X: 21.467, Y: −1.923,
Z: −13.674000) and site 5 (grid box, X: 103.163, Y: −40.380, Z: −92.422), respectively. The LigandFit
module from Discovery Studio 2.5 (DS2.5) was used for performing the docking studies. Based on
the scoring functions, the top scoring ligands resulting with best pose were extracted and analyzed
through BIOVIA-DS 17 R2 client [63].

3.7. Statistical Analysis

All results were calculated as the mean with standard deviations. Comparison of the mean values
was performed using Duncan’s Multiple Range Test. All analyses were performed in five replicates.

4. Conclusions

As the health promoting advantages of beer was mentioned previously in various reports,
the present study was aimed at investigating the interaction of individual components of beer with
different serum proteins that are responsible for health benefits. Overall, the study unveiled that
beer components enriched with flavonoids and phenolic acids interact with the key regions of the
serum proteins to enhance their antioxidant and binding properties. Among them, flavonoids had a
significant role in enhancing the beneficial properties. It has already been reported that consumption
of beer increases the flavonoid and phenolic acid content in the plasma and thereby promotes the
cardiovascular health benefits. Our study unveiled that phenolic acids and flavonoids might exert
an appreciable health benefit by making contact with serum proteins and significantly contribute
to maintain the endogenous redox homeostasis in host. However, in the case of excessive beer
consumption, how it exerts deleterious effects needs an elaborate study.
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Abstract: Fermented alcoholic drinks’ contribution to the gut microbiota composition is mostly
unknown. However, intestinal microorganisms can use compounds present in beer. This work
explored the associations between moderate consumption of beer, microbiota composition, and short
chain fatty acid (SCFA) profile. Seventy eight subjects were selected from a 261 healthy adult cohort
on the basis of their alcohol consumption pattern. Two groups were compared: (1) abstainers or
occasional consumption (ABS) (n = 44; <1.5 alcohol g/day), and (2) beer consumption ≥70% of total
alcohol (BEER) (n = 34; 200 to 600 mL 5% vol. beer/day; <15 mL 13% vol. wine/day; <15 mL 40%
vol. spirits/day). Gut microbiota composition (16S rRNA gene sequencing) and SCFA concentration
were analyzed in fecal samples. No differences were found in α and β diversity between groups.
The relative abundance of gut bacteria showed that Clostridiaceae was lower (p = 0.009), while Blautia
and Pseudobutyrivibrio were higher (p = 0.044 and p = 0.037, respectively) in BEER versus ABS.
In addition, Alkaliphilus, in men, showed lower abundance in BEER than in ABS (p = 0.025). Butyric
acid was higher in BEER than in ABS (p = 0.032), and correlated with Pseudobutyrivibrio abundance.
In conclusion, the changes observed in a few taxa, and the higher butyric acid concentration in
consumers versus non-consumers of beer, suggest a potentially beneficial effect of moderate beer
consumption on intestinal health.

Keywords: alcohol; butyric acid; fiber; polyphenols; drinking pattern

1. Introduction

Alcoholic beverage consumption, and its effects on health, is nowadays a controversial topic,
with no clear-cut and widely accepted recommendations readily available for all circumstances, even on
a population group basis. While scientific evidence on regular and moderate consumption of wine and
beer have shown benefits for the risk of cardiovascular disease [1], health organizations claim that the
possible benefits do not outweigh the risks, and avoiding alcohol is the best choice for those who are
not habitual consumers. Thus, investigations on the impact of these beverages on health are certainly
needed. Beer is the most widely consumed alcoholic beverage throughout the world, and contains
a multitude of different compounds, many of which are produced during the fermentation process.
Some minerals and vitamins such as fluoride, silicon, choline, and folate are present in significant
amounts, so that two cans might provide 10% of the recommended dietary allowance (RDA) [1].
Polyphenols from malt and hop are important active compounds in beer that confer antioxidant activity,
and can act synergistically with dietary constituents. Beer is also a source of dietary fiber, mainly
composed of β-glucans from barley and arabinoxylo-olygosaccharides (AXOS) [2]. These compounds
or their combination, i.e., hydrolysable polyphenols which are non-extractable with aqueous organic
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solvents [3], are mainly conducted undigested to the lower gut and are metabolized by gut bacteria.
The symbiotic relationship between the gastrointestinal tract and the gut microbiota has a key role
for human health, and many factors can influence this relationship such as lifestyle, environmental
factors, the ageing process, etc. While the intestine provides nutrients and good conditions for the gut
microorganisms to thrive [4], these microorganisms participate in energy extraction from food and the
synthesis of vitamins and aminoacids, in addition to building defensive barriers against pathogens [5,6].
Furthermore, disruption of the normally stable microbial communities, known as gut dysbiosis, is
accompanied by variable inflammatory conditions.

Diet is a particularly important factor for intestinal homeostasis and health, and affects greatly
the composition and abundance of the microbial community. Regarding alcoholic drinks, separating
the effects of ethanol from those of the raw plant components (e.g., polyphenols and fiber) and
those formed in the technological and maturation processes of beer making seems a useful research
strategy. Evidence in the literature demonstrates that alcohol consumption can lead to quantitative
and qualitative dysbiosis in the intestine of rodents and humans [6]. In general, chronic alcohol
consumption is associated with bacterial overgrowth, a decrease of Bacteroidetes, and an increase of
Proteobacteria and Fusobacteria, endotoxin translocation, and inflammation, especially in alcoholic liver
disease patients [6]. However, alcoholic beverages consumed in moderation should be examined
as a complex intake, since the ethanol delivery would be within the low range, and its detrimental
effects, if existent at all, might be overruled by the beneficial effects of the bioactive compounds
present, for example, in fermented drinks, such as wine or beer. In this sense, the fermentation process
in the gut yields energy for microbiotic proliferation and metabolite production, e.g., short chain
fatty acids (SCFA) [7] for regulation of inflammatory responses [8] and gut hormone secretion [9]
in the host [5]. Regarding gut microbiota composition, the dietary administration of red wine
polyphenols in a mouse model of carcinogenesis changed the fecal microbiota composition to a
predominance of Bacteroides, Lactobacillus, and Bifidobacterium spp., compared to the most abundant
Bacteroides, Clostridium, and Propionibacterium spp. in the control animals [10]. Despite this finding, the
number of published studies on fermented alcoholic beverages and gut microbiota is scarce, both in
animals and humans, especially considering moderate alcohol consumption. However, some studies
have proven the interactions between beer polyphenols and gut microbiota, and have been recently
summarized in a review [11]. Thus, results on the most widely studied flavonoids, such as quercetin
or catechin, which are present in beer, have shown their capacity to modulate gut microbiota.
Tzounis et al. showed in an in vitro model that (−)-epicatechin and (+)-catechin promote the growth of
the Clostridium coccoides-Eubacterium rectale group, and inhibit the growth of the Clostridium histolyticum
group [12]. In addition, isoxanthohumol present in hops, together with other prenylated flavonoids,
can be metabolized to render 8-prenylnaringenin, through an O-demethylation that is carried out by
Eubacterium limosum [13]. Moreover, metabolization by Eubacterium ramulus transforms prenylated
flavonoids into its chalcones, and likely affects both the activity and toxicity of ingested molecules [14].

Regarding dietary fiber in beer, an interesting study fed rats with different diets containing fiber
from barley malts, brewer’s spent grain, and barley extracts, resulting in varying amounts of β-glucan,
soluble arabinoxylan, and insoluble arabinoxylan in the diets [15]. The results showed that there is
a potential to stimulate butyrate- and propionate-producing bacteria in the cecum of rats with malt
products of specific fiber properties, compared with a fiber-free diet. The authors also pointed out that
a complex mixture of fiber, as in the malts, is of greater importance for microbiota diversity than purer
fiber extracts. A different study in high-fat fed rats showed that barley and barley malt differed in the
microbiota modulatory effects, compared to values in the cecum of control rats. Those fed malt showed
higher Roseburia, Coprococcus, and Lactobacillus, which was related to the changing characteristics of
β-glucans during malting, while barley was associated with higher Blautia and Akkermansia [16].

SCFAs are formed during the fermentation of undigested carbohydrates by the lower gut
microbiota [17]. The main SCFAs produced (acetate, propionate, and butyrate) are rapidly absorbed by
the colonocytes, and used as an energy source and precursors in anti-inflammatory mechanisms [17].
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In addition, SCFAs are key substrates in the cross-feeding web, which comprises the intestinal
microbiota. As an example, mutual cross-feeding interactions occur between Bifidobacterium longum and
Eubacterium rectale. Both strains consume AXOS, but the bifidobacterial strain is additionally stimulated
by consuming the monosaccharides released by the extracellular degradation of AXOS by the E. rectale
strain, leading to cross-feeding interactions that are mutually beneficial [18]. Moreover, Faecalibacterium
prausnitzii uses lactate produced by certain Bifidobacterium spp. to produce butyrate [19]. In the
presence of AXOS, Bifidobacteria and butyrate-producing colon bacteria (F. prausnitzii, Eubacterium,
and Roseburia spp.) are stimulated simultaneously, with a significant increase of butyrate production
as a result [18].

Despite the above evidence that beer components could potentially have an influence on gut
microbiota composition, there is a gap in research regarding beer consumption and microbiota
modulation in humans. Only one intervention study has been published so far aimed at studying the
effects of both, non-alcoholic and alcoholic beer on the microbiota of healthy adults, which were 89%
between 21 and 35 years old [20]. The results showed that non-alcoholic beer increased the diversity
of the microbiota after 30 days of intervention, while alcoholic beer did not, but both favored the
proliferation of the Bacteroidetes phylum in relation to the Firmicutes phylum. Significant changes were
observed in the relative abundance of a number of taxa with both types of beer, which in the case of
non-alcoholic beer the authors propose as enrichment with beneficial bacteria [20]. Thus, in order
to reduce the shortage of information published in this field, the aim of this work was to study the
associations between beer consumption and gut microbiota composition in healthy adults as well as
the concentration of SCFA. To this end, men and women selected from a larger cohort were studied
in two groups, differing in their alcohol consumption pattern. The first group included abstainers,
and the second group subjects consuming beer as their fundamental alcoholic drink choice.

2. Results

2.1. Anthropometric, Lifestyle, and Dietary Profile Characteristics of the Beer Consumption Groups

As observed in Table 1, the men in the abstainers (ABS) group showed a higher body mass
index (BMI) than that of the subjects in the beer consumption (BEER) group (p = 0.038). Furthermore,
they also showed a tendency to have higher body fat and visceral fat (both p = 0.057). On the other
hand, the women in the BEER group tended to show higher total dietary energy consumption (kcal/d)
than women in the ABS group (p = 0.054; Table S1). Although most of these results are trends,
these variables were taken into account as indicated in the statistical methodology when analyzing
the significant differences in the bacterial taxa studied. Regarding alcohol consumption by type of
drink, the median of beer consumption, in men of the BEER group was 11.6 alcohol g/day and in
women was 13.5 alcohol g/day, which is 232 and 270 mL of beer in men and women, respectively.
In addition, the median for alcohol consumption from wine and spirits in men was 0 and 1 alcohol
g/day, equivalent to 2 mL spirits per day. In women of the BEER group, these were 0.39 and 0.36 alcohol
g/day respectively, equivalent to 3 mL and 0.9 mL of wine and spirits per day, respectively (Table S2).
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Table 1. Anthropometric characteristics and lifestyle in moderate beer consumers and abstainers
(by sex).

Beer Consumption Group

Men ABS (n = 18) BEER (n = 15) p Υ p * p ¥

Age (years) 37.23 (5.99) 34.05 (6.39) 0.151 – –
BMI (kg/m2) 26.47 (3.20) 24.23 (2.64) 0.038 – –
BMI-Fat (%)

Normal weight 44.4 73.3 – – 0.095Overweight 55.6 26.7
Body fat (%) 20.47 (6.32) 16.48 (5.06) 0.057 – –
Visceral fat index 7.00 (4.00–9.00) 4.00 (3.00–6.00) – 0.057 –
MEDAS total score 6.778 (2.264) 6.867 (1.767) 0.902 – –
Capital (%)

Low (<50,000 €) 33.3 40.0
– – 0.848Medium (50,000–200,000 €) 50.0 40.0

High (>200,000 €) 16.7 20.0
Smoking habits (%)

Non-smokers 5.6 13.3
– – 0.530Current smokers 11.1 20.0

Former smokers 83.3 66.7
Physical activity (kcal/wk) †ϕ 5588 (3793) 7280 (4497) 0.152 – –
Sleep (h/d) † 7.45 (1.05) 7.64 (0.87) 0.535 – –

Women ABS (n = 26) BEER (n = 19) p Υ p * p ¥

Age (years) 36.78 (7.18) 34.70 (6.48) 0.323 – –
BMI (kg/m2) 22.80 (3.01) 23.75 (2.25) 0.253 – –
BMI-Fat (%)

Normal weight 69.2 63.2 – – 0.670Overweight 30.8 36.8
Body fat (%) 27.60 (8.12) 29.11 (5.07) 0.480 – –
Visceral fat index 3.00 (2.00–4.13) 4.00 (3.00–4.00) – 0.476 –
MEDAS total score 7.269 (1.756) 7.526 (1.679) 0.624 – –
Capital (%)

Low (<50,000 €) 57.7 47.4
– – 0.471Medium (50,000–200,000 €) 30.8 47.4

High (>200,000 €) 11.5 5.3
Smoking habits (%)

Non-smokers 19.2 36.8
– – 0.339Current smokers 30.8 31.6

Former smokers 50.0 31.6
Physical activity (kcal/wk) †ϕ 3156 (2242) 2617 (2359) 0.433 – –
Sleep (h/d) † 7.75 (0.88) 7.75 (0.78) 0.943 – –

MEDAS: Mediterranean diet adherence score. Υ Student’s t test for parametric variables. * Mann–Whitney U (MW-U)
test for non-parametric variables. ¥ Chi-square test for categorical variables. ϕ Physical activity corresponds to
regular (daily/weekly/monthly) activities and excludes occasional activities. † Variables transformed to logarithmic
scale (Ln). h/d, hours/day. Statistical significance was set at p < 0.05.

2.2. Gut Microbiota Diversity and Relative Abundance

The analysis of α diversity showed that the Chao1 index (richness) and the Shannon index were
similar between subjects consuming beer and abstainers (p = 0.330 and p = 0.871, respectively) (Figure 1).
No differences were found, either, in β diversity (p = 0.332) (Figure S1) between beer consumption
groups in a principal coordinates analysis (PCoA), based in the Bray-Curtis distance matrix with
permutational multivariate analysis of variance (PERMANOVA) test.

152



Molecules 2020, 25, 4772

Molecules 2020, 25, x FOR PEER REVIEW 5 of 16 

 

2.2. Gut Microbiota Diversity and Relative Abundance 

The analysis of α diversity showed that the Chao1 index (richness) and the Shannon index were 
similar between subjects consuming beer and abstainers (p = 0.330 and p = 0.871, respectively) (Figure 
1). No differences were found, either, in β diversity (p = 0.332) (Figure S1) between beer consumption 
groups in a principal coordinates analysis (PCoA), based in the Bray-Curtis distance matrix with 
permutational multivariate analysis of variance (PERMANOVA) test. 

 
Figure 1. Differences in α diversity indices (Chao1 and Shannon) between beer consumption groups. 
ANOVA test. 

The relative abundances of phyla, families, genera, and species that can metabolize beer 
components were selected from the metagenomic sequence analysis aggregate tables and compared 
between alcohol consumption groups. No differences in phyla abundances were observed between 
the groups (Table S3). Moreover, out of the eight bacterial families studied, differences were only 
observed in the Clostridiaceae family (p = 0.009), which presented a lower relative abundance in the 
BEER group compared to the ABS group (Table 2, Figure S2). 

Table 2. Relative abundances [%] of bacterial families in moderate beer consumers and abstainers. 

Beer Consumption Groups 
 ABS (n = 44) BEER (n = 34) p # p λ p * 

Lachnospiraceae 16.16 (5.61) 17.68 (4.01) -- 0.189 -- 
Ruminococcaceae 15.16 (4.77) 15.28 (4.30) 0.958 -- -- 
Clostridiaceae † 11.31 (5.93) 8.20 (3.61) -- 0.009 -- 
Bacteroidaceae 10.62 (7.89–17.71) 13.89 (7.75–20.34) -- -- 0.228 
Bifidobacteriaceae 2.342 (0.935–5.441) 1.348 (0.516–3.260) -- -- 0.303 
Peptococcaceae  0.268 (0.156–0.410) 0.237 (0.166–0.353) -- -- 0.323 
Eubacteriaceae  0.146 (0.118–0.187) 0.141 (0.121–0.161) -- -- 0.465 
Lactobacillaceae 0.134 (0.054–0.249) 0.095 (0.059–0.147) -- -- 0.181 

Data shown as mean (SD) or median (interquartile range, IQR) for normally and non-normally 
distributed variables, respectively. # Group effect in a general linear model with fixed factors “Group” 
and “BMI-fat”. λ ANOVA test. * MW-U test. † Variable transformed to logarithmic scale (Ln + 1). 

Regarding genera (Table 3), Blautia and Pseudobutyrivibrio showed higher levels in the BEER 
group compared to the ABS group (p = 0.044 and p = 0.037, respectively) (Figure 2.A,B). Furthermore, 
Alkaliphilus showed lower levels in the BEER group compared to the ABS group, but only in men (p 
= 0.025) (Table 3; Figure 2.C.1). Finally, non-significant trends were found for lower levels of 
Clostridium genus (p = 0.056), and higher levels of Johnsonella (p = 0.051) and Butyrivibrio (p = 0.056) in 
the BEER group compared to the ABS group. 

 

Figure 1. Differences in α diversity indices (Chao1 and Shannon) between beer consumption groups.
ANOVA test.

The relative abundances of phyla, families, genera, and species that can metabolize beer
components were selected from the metagenomic sequence analysis aggregate tables and compared
between alcohol consumption groups. No differences in phyla abundances were observed between the
groups (Table S3). Moreover, out of the eight bacterial families studied, differences were only observed
in the Clostridiaceae family (p = 0.009), which presented a lower relative abundance in the BEER group
compared to the ABS group (Table 2, Figure S2).

Table 2. Relative abundances [%] of bacterial families in moderate beer consumers and abstainers.

Beer Consumption Groups

ABS (n = 44) BEER (n = 34) p # p λ p *
Lachnospiraceae 16.16 (5.61) 17.68 (4.01) – 0.189 –
Ruminococcaceae 15.16 (4.77) 15.28 (4.30) 0.958 – –
Clostridiaceae † 11.31 (5.93) 8.20 (3.61) – 0.009 –
Bacteroidaceae 10.62 (7.89–17.71) 13.89 (7.75–20.34) – – 0.228
Bifidobacteriaceae 2.342 (0.935–5.441) 1.348 (0.516–3.260) – – 0.303
Peptococcaceae 0.268 (0.156–0.410) 0.237 (0.166–0.353) – – 0.323
Eubacteriaceae 0.146 (0.118–0.187) 0.141 (0.121–0.161) – – 0.465
Lactobacillaceae 0.134 (0.054–0.249) 0.095 (0.059–0.147) – – 0.181

Data shown as mean (SD) or median (interquartile range, IQR) for normally and non-normally distributed variables,
respectively. # Group effect in a general linear model with fixed factors “Group” and “BMI-fat”. λ ANOVA test.
* MW-U test. † Variable transformed to logarithmic scale (Ln + 1).

Regarding genera (Table 3), Blautia and Pseudobutyrivibrio showed higher levels in the BEER
group compared to the ABS group (p = 0.044 and p = 0.037, respectively) (Figure 2A,B). Furthermore,
Alkaliphilus showed lower levels in the BEER group compared to the ABS group, but only in men
(p = 0.025) (Table 3; Figure 2C.1). Finally, non-significant trends were found for lower levels of
Clostridium genus (p = 0.056), and higher levels of Johnsonella (p = 0.051) and Butyrivibrio (p = 0.056) in
the BEER group compared to the ABS group.
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Table 3. Relative abundances [%] of bacterial genera in moderate beer consumers and abstainers.

Beer Consumption Groups

ABS (n = 44) BEER (n = 34) p *
Bacteroidaceae

Bacteroides 10.62 (7.89–17.71) 13.60 (7.78–19.90) 0.268
Lachnospiraceae

Blautia 6.419 (5.041–8.822) 8.098 (6.801–9.043) 0.044
Lachnospira

Normal weight 2.268 (1.082–3.408) 1.951 (1.428–4.011) 0.795
Overweight 1.110 (0.653–1.662) 1.297 (0.992–1.822) 0.387

Coprococcus
Normal weight 1.919 (0.957–2.580) 1.321 (0.970–1.822) 0.065

Overweight 1.908 (1.762–3.091) 3.223 (1.119–4.252) 0.188
Roseburia 1.424 (0.675–2.639) 2.196 (1.278–2.978) 0.118
Dorea 0.442 (0.236–0.617) 0.332 (0.233–0.570) 0.438
Pseudobutyrivibrio 0.224 (0.104–0.364) 0.323 (0.159–0.591) 0.037
Butyrivibrio 0.080 (0.034–0.179) 0.166 (0.065–0.296) 0.056
Anaerostipes 0.072 (0.028–0.116) 0.052 (0.007–0.121) 0.276
Johnsonella 0.035 (0.022–0.073) 0.055 (0.036–0.071) 0.051
Oribacterium

Normal weight 0.019 (0.011–0.033) 0.028 (0.015–0.035) 0.200
Overweight 0.014 (0.009–0.023) 0.010 (0.007–0.018) 0.438

Lachnobacterium 0.009 (0.002–0.027) 0.014 (0.006–0.078) 0.107
Shuttleworthia 0.008 (0.003–0.016) 0.009 (0.002–0.017) 0.525
Catonella 0.001 (0.000–0.001) 0.001 (0.000–0.001) 0.674

Ruminococcaceae
Faecalibacterium

Normal weight 8.007 (4.794–9.872) 7.530 (6.330–9.767) 0.857
Overweight 6.067 (3.362–9.512) 6.663 (4.237–8.366) 0.842

Ruminococcus 4.796 (3.410–6.352) 4.019 (2.998–5.724) 0.144
Oscillospira 3.776 (2.436–4.839) 3.755 (2.721–4.344) 0.856
Anaerofilum 0.082 (0.048–0.149) 0.072 (0.049–0.131) 0.896
Anaerotruncus 0.059 (0.034–0.094) 0.063 (0.044–0.095) 0.643
Ethanoligenens 0.000 (0.000–0.001) 0.000 (0.000–0.001) 0.938

Clostridiaceae
Clostridium 5.192 (3.514–6.378) 4.013 (3.161–5.072) 0.056
Alkaliphilus

Men 2.914 (1.570–5.391) 1.535 (1.318–2.590) 0.025
Women 2.100 (0.951–3.672) 1.200 (0.463–2.608) 0.198

Caloramator 0.450 (0.157–1.226) 0.218 (0.080–1.144) 0.204
Eubacteriaceae

Acetobacterium 0.144 (0.108–0.181) 0.134 (0.122–0.156) 0.724
Eubacterium 0.104 (0.038–0.503) 0.217 (0.017–0.981) 0.526
Anaerofustis 0.001 (0.000–0.003) 0.000 (0.000–0.001) 0.068

Bifidobacteriaceae
Bifidobacterium 2.333 (0.930–5.425) 1.500 (0.509–3.804) 0.426

Lactobacillaceae
Lactobacillus 0.131 (0.046–0.245) 0.083 (0.058–0.142) 0.201

Peptococcaceae
Desulfotomaculum 0.070 (0.048–0.108) 0.064 (0.043–0.092) 0.450
Peptococcus 0.042 (0.020–0.095) 0.029 (0.018–0.073) 0.403
Sporotomaculum 0.024 (0.017–0.034) 0.024 (0.019–0.035) 0.896
Desulfosporosinus 0.023 (0.008–0.034) 0.013 (0.004–0.025) 0.090
Dehalobacterium 0.012 (0.001–0.028) 0.007 (0.003–0.014) 0.343
Desulfurispora 0.005 (0.003–0.016) 0.005 (0.003–0.008) 0.632
Pelotomaculum 0.003 (0.002–0.005) 0.003 (0.002–0.005) 0.545
Desulfitobacterium 0.001 (0.000–0.005) 0.001 (0.000–0.003) 0.402

Data shown as median (IQR). * Mann Whitney-U test. Statistical significance was set at p < 0.05.
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Figure 2. Differences between beer consumption groups in the abundance of the genus Blautia (A),
Pseudobutyrivibrio (B), and Alkaliphilus (C). The Alkaliphilus genus is stratified in men (C.1) and
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Regarding species analysis within the genera that differed between consumption groups, the results
showed that Alkaliphilus peptidifermentans (p = 0.028) and Clostridium hiranonis (p = 0.006) were less
abundant in the BEER group than in the ABS group (Table 4; Figure S3A,B, respectively). In contrast,
Blautia coccoides (p = 0.027), Pseudobutyrivibrio xylanivorans (p = 0.037), Johnsonella ignava (p = 0.046),
and Blautia producta (p = 0.039) showed higher levels in the BEER group compared to the ABS group
(Table 4; Figure S3C–F, respectively).

Table 4. Relative abundances [%] of bacterial species in moderate beer consumers and abstainers.

Beer Consumption Groups

ABS (n = 44) BEER (n = 34) p *
Blautia coccoides 1.752 (1.142–2.212) 2.254 (1.724–2.912) 0.027
Alkaliphilus peptidifermentans 1.022 (0.270–2.407) 0.574 (0.211–1.008) 0.028
Alkaliphilus crotonatoxidans 0.920 (0.295–1.906) 0.376 (0.178–0.934) 0.054
Clostridium alkalicellulosi 0.629 (0.393–0.932) 0.668 (0.444–0.886) 0.747
Blautia hanseii 0.400 (0.218–0.526) 0.343 (0.285–0.492) 0.928
Blautia wexlerae 0.384 (0.236–0.658) 0.522 (0.341–0.819) 0.133
Pseudobutyrivibrio xylanivorans 0.224 (0.104–0.364) 0.323 (0.159–0.591) 0.037
Clostridium cadaveris 0.170 (0.072–0.577) 0.124 (0.070–0.310) 0.190
Clostridium histolyticum 0.144 (0.093–0.245) 0.155 (0.108–0.209) 0.904
Clostridium frigoris 0.102 (0.020–0.514) 0.167 (0.020–0.565) 0.657
Butyrivibrio proteoclasticus 0.080 (0.034–0.179) 0.166 (0.065–0.276) 0.058
Blautia obeum 0.079 (0.031–0.160) 0.084 (0.055–0.198) 0.328
Clostridium caenicola 0.056 (0.029–0.080) 0.053 (0.039–0.077) 0.832
Clostridium hiranonis 0.046 (0.012–0.110) 0.013 (0.002–0.038) 0.006
Clostridium fallax 0.038 (0.010–0.100) 0.040 (0.006–0.116) 0.687
Johnsonella ignava 0.034 (0.020–0.072) 0.055 (0.035–0.069) 0.046
Clostridium thermosuccinogenes 0.030 (0.021–0.048) 0.039 (0.020–0.116) 0.230
Clostridium taeniosporum 0.020 (0.013–0.049) 0.040 (0.015–0.078) 0.131
Clostridium thermoalcaliphilum

Men 0.029 (0.011–0.038) 0.017 (0.011–0.044) 0.442
Women 0.016 (0.008–0.037) 0.010 (0.007–0.017) 0.103

Clostridium termitidis
Men 0.011 (0.005–0.041) 0.008 (0.006–0.019) 0.442

Women 0.036 (0.013–0.066) 0.015 (0.011–0.050) 0.301
Blautia schinkii 0.009 (0.004–0.017) 0.010 (0.004–0.015) 0.856
Blautia glucerasea 0.008 (0.003–0.016) 0.010 (0.004–0.017) 0.665
Clostridium hveragerdense 0.008 (0.003–0.022) 0.009 (0.003–0.020) 0.956
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Table 4. Cont.

Beer Consumption Groups

Clostridium cavendishii 0.006 (0.002–0.012) 0.004 (0.003–0.008) 0.420
Clostridium malenominatum 0.005 (0.002–0.014) 0.004 (0.001–0.016) 0.519
Clostridium straminisolvens 0.003 (0.001–0.009) 0.002 (0.000–0.005) 0.263
Clostridium proteolyticus 0.002 (0.001–0.005) 0.002 (0.001–0.004) 0.532
Alkaliphilus metalliredigens 0.001 (0.000–0.002) 0.001 (0.000–0.001) 0.267
Blautia hydrogenotrophica 0.001 (0.000–0.006) 0.001 (0.000–0.004) 0.830
Clostridium tepidiprofundi 0.001 (0.000–0.002) 0.001 (0.001–0.002) 0.944
Clostridium chartatabidum 0.001 (0.000–0.003) 0.001 (0.000–0.002) 0.235
Clostridium aestuarii 0.001 (0.000–0.002) 0.000 (0.000–0.001) 0.128
Blautia producta 0.000 (0.000–0.003) 0.003 (0.000–0.028) 0.039

Data shown as median (IQR). * Mann Whitney-U test. Statistical significance was set at p < 0.05.

2.3. SCFA Concentration in the Gut

Since SCFAs could be produced following the fermentation of beer components by the microbial
taxa analyzed, their concentration was measured in feces. A higher concentration of butyric acid was
observed in the BEER group compared to the ABS group (p = 0.032; Figure S4), while the rest of the
SCFA analyzed did not show significant differences (Table 5).

Table 5. SCFA concentration in moderate beer consumers and abstainers.

Beer Consumption Groups

ABS (n = 44) BEER (n = 34) p λ

Acetic acid (µM/g) † 33.24 (16.29) 37.79 (15.51) 0.158
Propionic acid (µM/g) † 11.66 (7.08) 13.32 (6.55) 0.133
Butyric acid (µM/g) † 8.831 (5.383) 11.35 (6.538) 0.032
Isobutyric acid (µM/g) † 1.857 (0.942) 1.639 (0.710) 0.351
Valeric acid (µM/g) † 1.854 (1.436) 1.923 (0.972) 0.376
Isovaleric acid (µM/g) † 2.679 (1.691) 2.371 (1.259) 0.599

Data are shown as mean (SD). λ ANOVA test. † Variables transformed to logarithmic scale (Ln). Statistical
significance was set at p < 0.05.

The correlations between the abundance of those taxa showing different levels in beer consumers
and abstainers and the SCFA concentrations were analyzed. As observed in Figure 3, the three
main SCFAs, acetic, propionic, and butyric acids, were positively correlated to Pseudobutyrivibrio
and Pseudobutyrivibrio xylanivorans (all p < 0.015). On the other hand, acetic and propionic acids
were negatively correlated, although with marginal significance, to Johnsonella and Johnsonella ignava
(all p < 0.040). Furthermore, propionic acid was also negatively correlated with Clostridiaceae and
Alkaliphilus (both p < 0.010).
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3. Discussion

Beer is the most abundantly consumed drink among alcoholic beverages, but its effects on health
are still controversial. Given the high proportion of alcohol abuse in many populations and the high
prevalence of consumption patterns that fall far from the “moderate and regular”, stronger evidence
on the healthy properties of beer or its components is warranted, in order to balance recommendations
for this ancient drink. This work analyzed the changes in the intestinal microbial groups that could
be associated with regular and moderate consumption of beer as compared to abstinence. The study
was directed towards those taxa that could use some of the components of beer as a metabolic
substrate, such as fiber and polyphenols. A few taxa showed changes between consumption groups,
which together with the higher concentration of butyric acid in consumers versus non-consumers of
beer, suggest that the effect of beer consumption might be beneficial for intestinal health, and deserves
further investigation.

When studying possible demographic, anthropometric, or lifestyle differences of the volunteers,
a high similarity was found in most of the variables between the BEER and ABS groups. It should
be noted, as an exception, that abstemious men showed a trend towards a higher percentage of body
fat, specifically visceral fat. For this reason, the composite variable “BMI-fat” was considered as a
potential confusion factor in the subsequent analyses of the effect of beer consumption on the intestinal
microbiota and SCFA. According to the results regarding the amount of alcohol intake from each drink
shown in Table S2, these are consistent with a moderate consumption, this being considered up to one
drink (typically a can of beer, 330 mL, containing about 4% w/v alcohol) per day in women, and up to
two in men [1]. It is worth pinpointing, however, that the amount of beer consumed was very similar
in men and women in this study, probably because among Spanish men there is a higher prevalence
of mixed drinking, including beer, wine, and spirits, and this particular pattern was excluded when
selecting the current study population from the ALMICROBHOL study cohort.

Regarding the microbiota, the results showed no between-group differences in α and β diversity.
The same was observed in an intervention study in which 355 mL of non-alcoholic or alcoholic beer
were consumed daily by the participants. This moderate alcoholic beer consumption did not affect
α or β diversity in comparison with baseline values [20]. On the other hand, in the current study,
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other potential confounding factors were included in the analysis of diversity, such as sex, age, or the
composite BMI-fat, and no significant effect was observed for any of these in this population.

Focusing on the relative abundance of the studied taxa, a lower relative abundance of the
Clostridiaceae family, and specifically the Clostridium and Alkaliphilus genera, was observed in individuals
who consumed beer than in abstainers, while Blautia genus abundance was higher in beer consumers.
As mentioned above, scientific evidence on the effect of beer on gut microbiota is very scarce,
although there are some animal and in vitro studies on the effect of some of the main beer compounds.
Thus, beer has proven to be a relatively rich source of AXOS and β-glucans. Two published works
carried out in rats reported increased Blautia levels associated with malt, barley, or beer derived
compounds [15,16]. First, in rats fed with different types of dietary fiber from barley malts, brewer’s
spent grain, and barley extracts, an increase in Blautia was observed with the diet containing β-glucan
extract [15]. This finding is coincident with the observations in the BEER group of the current study.
Similarly, an increase in Blautia was observed in a group of high-fat diet fed rats, when barley or barley
malt were incorporated to the diet, as compared to control rats on a fiber-free diet [16].

According to scientific evidence, the prebiotic intake tends to change the composition of the
intestinal microbiota towards a relative increase in species belonging to Bifidobacterium and/or
Lactobacillus genera. First, the endoxylanase enzymatic activity that is carried out by Roseburia
and Bacteroides species degrades cereal arabinoxylans to AXOS, and these same species, together with
specialized Bifidobacterium possessing arabinofuranosidase and xylosidase enzymes, further degrade
AXOS, such as those in beer, to the monosaccharides arabinose and xylose; these leading finally to
SCFA as the main fermentation output [21]. In a study based on continuous in vitro fermentation,
simulating the human colon, Vardakou et al. found that the AXOS produced from the treatment
of wheat with arabinoxylan endoxylanase significantly increased the levels of Bifidobacterium spp.,
while reducing the levels of Clostridium and Bacteroides [22]. In the current work, no significant changes
were found in Bifidobacterium or Bacteroides, probably because the free-living human source of the
samples is not directly comparable to the in vitro fermentation simulator, and the amount of AXOS
would be relatively lower in real life conditions; however, a decrease in Clostridium was observed, in
agreement with the mentioned work [21]. On the other hand, an increase in Lactobacillus was found
with several of the malt-based ingredients or its extracts tested in rats [15]. The current results did
not show differences in Lactobacillus levels, perhaps due to a lower amount of usable substrates in
the case of moderate beer intake in the study subjects, compared to the supplemented diet in the
animal model. In this sense, regarding the bifidogenic power of AXOS, supplementation studies
have shown that 1.4 g AXOS for 28 days was the lowest daily dose that showed bifidogenic effects in
humans [23]. Considering a moderate consumption of beer (500 mL/day) with an average amount of
AXOS (range 0.49 to 1.90 g/L), it can be estimated that beer could contribute 18–68% to that minimum
daily amount of 1.4 g, which might be considered a relevant contribution to the bifidogenic effect.

The Lachnospiraceae family is relevant among SCFA producers. While this family did not show
differences between the BEER and ABS groups in the current study, several genera within the family
showed significant, or almost significant, differences between the groups. The highly abundant genus
Blautia, which has already been mentioned, and the minor genera Pseudobutyrivibrio, Butyrivibrio,
and Johnsonella, presented higher levels in beer consumers than in abstainers. The last three genera
are butyric acid producers [24–26]; thus, their increased abundance may be related to the increased
fecal concentration of butyric acid found in the BEER group. In contrast, Blautia is mainly an
acetate-producing bacteria [26]; however, the current study results did not show significant differences
in acetate levels between groups, and no significant associations were observed between Blautia
and acetic acid. In the only human intervention study with beer supplementation, and including
microbiota and SCFA analysis, an increase in the Bacillus genus was found, and also in Proteobacteria
such as Pseudomonas, Succinivibrio, and Aeromonadales [20]. Unfortunately, these observations are not
in agreement with this study’s results. No differences in SCFA were found either, after the 30-day
beer supplementation [20], as opposed to the butyric acid increase with moderate beer consumption
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reported here. The different consumption habits in individuals in the intervention study [20] and
in the present observational study, involving ad-libitum consumption and a more prolonged habit,
might perhaps account for the discrepancies regarding microbiota composition and SCFA production.

According to the dietary assessment results, moderate beer consumption was not associated with
changes in nutrient intakes. ABS and BEER subjects showed a similar dietary profile and, specifically,
the total fiber consumption, as well as the different food group contributions to fiber intake (Table S1),
were similar between groups. For example, fiber from fruits and vegetables and fiber from cereals,
which include abundant β-glucans and AXOS, respectively, did not differ between BEER and ABS
groups, suggesting that the changes observed in the composition of the intestinal microbiota and the
production of SCFA are related with the different beer intake habit.

In vitro studies performed with beer polyphenols have also been published. For example,
one study suggested that (−)-epicatechin and (+)-catechin may be able to influence the gut microbiota,
even in the presence of other nutrients such as carbohydrates and proteins [12]. Specifically, (+)-catechin
significantly inhibited the growth of Clostridium histolyticum, while it promoted that of the Clostridium
coccoides-Eubacterium rectale group, of which Blautia coccoides (formerly Clostridium coccoides) is a
member. These results are in accordance with findings in the current study relative to the Clostridium
and Blautia genera. In this in vitro study, Bifidobacterium and Lactobacillus spp. remained relatively
unaffected, which is also in agreement with the present results [12]. Furthermore, red wine polyphenols,
were also associated with significantly lower levels of Clostridium spp. in a murine model [10]; however
higher levels of Bacteroides, Bifidobacterium, and Lactobacillus spp. were also reported in this study,
which highlights the need to differentiate the effects of different polyphenols and alcoholic drinks,
and also the exposure dose.

4. Materials and Methods

4.1. Experimental Design

This is an observational study based on a convenience sub-sample from the ALMICROBHOL
study population [27]. Two hundred and sixty-one adults between 25 and 50 years, and with a BMI
between 18.5 and 35 kg/m2, participated in the later project. The exclusion criteria in the mother
study were: (1) pathological conditions such as type 1 diabetes, cancer, chronic liver, heart, kidney or
lung disease, brain disorders, congenital metabolic diseases, autoimmune diseases (including thyroid
disease), inflammatory bowel disease, human immunodeficiency virus (HIV), Cushing’s syndrome,
or diagnosed food intolerances; (2) prescription of chronic medication; (3) antibiotics use in the last
two months; (4) to be on any type of special diet; (5) having undergone a surgical procedure in the
last month.

Criteria based on the alcohol consumption profiles detected in the ALMICROBHOL population
were used to select the study sub-sample as follows: (1) abstainers or subjects consuming
<1.5 g alcohol/day with nil beer consumption (ABS; n = 44); (2) beer consumers: ≥70% beer
contribution to total alcohol consumption and 10–30 alcohol g from beer/day, while wine consumption
<2 alcohol g/day and spirits <6 alcohol g/day (BEER; n = 34). These amounts of alcohol in the BEER
group are equivalent to between 200 and 600 mL of beer (5% vol.) per day, while consuming less
than 15 mL of wine (13% vol.) and less than 15 mL of spirits (40% vol.) per day. Thus, a total of
78 individuals were included in this study, and all of them had maintained a stable behavior regarding
alcohol consumption at least for the last year.

During this observational study, subjects attended the research center twice to participate in
individual interviews with trained nutritionists who collected data on their lifestyle habits. In the first
visit, the nutritionist administered an ad hoc frequency recall questionnaire on alcoholic beverage
consumption [28]. The questionnaire recorded the intake of wine, beer, champagne, cider, liquors,
spirits, and all the mixtures by estimations over the last year. Reference drink sizes were considered.
Frequency of intake was registered using a continuous scale as follows: never or almost never (0 to
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once every 2 months), 1 to 3 times per month, times per week, or number of times per day. Habitual
intake was recorded for working days and separately for weekends. Total alcohol intake (g/d) was
calculated using average grams of alcohol content per 100 mL of each alcoholic beverage. In this
first visit, the overall health status, diagnosed diseases, symptoms, drug prescriptions, and sleep
quality were assessed through the Spanish National Health Survey. The self-estimation of the total
capital, assisted by the interviewer, was used for the socioeconomic status (SES) classification as
follows: (1) “low-intermediate”: 10,000 € to 50,000 €; (2) “intermediate-high”: 50,000 € to 200,000 € and
(3) “high”: above 200,000 €. Height (Soehnle), body weight, and bioimpedance analysis without shoes,
and with light clothing (Tanita BC 601) were also measured in this first visit. Since the body mass index
(BMI = weight (kg)/height (m2)) does not represent an accurate measurement of body fat, the optimal
body fat percentages were considered separately for men and women; and the subjects were divided
into two groups: (1) normal weight (BMI < 25 kg/m2) or overweight (BMI = 25–30 kg/m2) plus normal
body fat percentages (21–32% for women; 10–20% for men); and (2) overweight (BMI = 25–30 kg/m2)
or obese (BMI > 30 kg/m2) plus high body fat percentages (>32% for women; >20% for men). Cut-off

criteria for body fat percentages were taken from the Tanita guidelines. In addition, subjects were
instructed to collect a stool sample, in sterile conditions, and bring it frozen with the aid of cold bricks
to the study center on a second visit.

During the second visit, participants completed the Minnesota Leisure-Time Physical Activity
Questionnaire (MLTPAQ, Spanish version) and went through a dietary assessment. They were asked
to complete a validated food frequency questionnaire, which estimates the amounts and frequency
of consumption of 104 items over the past one-year period [29]. The interviewer asked for both the
quantity (referred to a standard size) and the frequency of consumption of each item, which was
registered as never or almost never/number of times per month (1 to 3)/number of times per week (1 to
6)/number of times a day. Consumption variability, according to the seasonal availability, especially for
vegetables and fruits, was also considered. Food and beverage intake were converted into energy and
nutrients using the food composition tables by Mataix et al. [30].

4.2. Gut Microbiota Analysis

The fecal samples from the ALMICROBHOL project were collected in sterile containers at home,
immediately frozen at −20 ◦C and transported on the next day, in refrigerated conditions, to the study
center, where they were stored at −80 ◦C until analyses. Starting from 180–220 mg of each fecal sample,
bacterial DNA was extracted using an optimized protocol [31]. After recovery of the supernatant by
centrifugation, ammonium acetate was added for protein precipitation and the resulting supernatant
was treated with isopropanol during 30 min for DNA precipitation. After centrifugation, the resulting
pellet was washed with 70% ethanol, dried at 37 ◦C until ethanol evaporation, and then washed with
Tris-Ethylenediaminetetraacetic acid (EDTA) buffer. RNase was added for RNA removal, and DNA
was finally recovered with the commercial QIAamp DNA Stool Mini Kit (QIAGEN GmbH), following
the manufacturer’s instructions. DNA was quantified in a NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA) and diluted (0.5 ng/µL) for library preparation before
16S rRNA sequencing. which involved several steps: a first polymerase chain reaction (PCR) to amplify
the V3-V4 region of the 16S rRNA gene, using the primers 341F (5’-CCTACGGGNNGGCWGCAG-3’)
and 785R (5’-GACTACHVGGTATCTAATCC-3’). Then, 1.5% agarose gel electrophoresis (EX 2% agarose,
Invitrogen, Life Technologies, Grand Island, NY, USA) was performed to check the integrity of the
amplicons and to estimate the dilution necessary for a second PCR, with adapter and barcode sequences,
to facilitate sequence allocation, before loading libraries into the sequencer. After this second PCR, all the
samples were run in a bioanalyzer, subsequently an equimolar pool was made, taking into account
the data obtained in the bioanalyzer. This pool was cleaned with Ampure beads and run again in the
bioanalyzer to check that there were no impurities. Samples sequencing was performed with a MiSeq
Illumina system, using the V3 kit (Illumina, San Diego, CA, USA), and generating 2 × 270 bp reads.
The analysis of microbial communities was done with the Metagenomics workflow in MiSeq Reporter
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(v2.3) software (San Diego, CA, USA), including demultiplexing and FASTq (text files containing
sequence data with a quality score for each base) generation, obtaining 37,793,518 high-quality reads
(144,803 mean reads/sample). Sequences were then clustered into operational taxonomic units (OTU)
with Classify Reads, a high-performance implementation of the Ribosomal Database Project (RDP),
based on the Greengenes database, obtaining 20 phyla, 243 families, 651 genera, and 1492 species
(Classify Reads accuracy was 100%, 99.97%, 99.65%, and 98.65%, respectively) [32]. Taxa with
relative abundance <0.001% of the total readings, and also those with a prevalence of <10 subjects,
were removed, leaving a total of 20 phyla, 151 families, 364 genera, and 511 species. However,
from these taxa only the beer-fermenting bacteria or their components were selected, such as the
taxa belonging to Lachnospiraceae, Ruminococcaceae, Clostridiaceae, Eubacteriaceae, Peptococacceae families,
Bifidobacteria spp., Lactobacilli spp., and Bacteroides genus, for statistical analysis, obtaining 3 phyla,
8 families, 36 genera, and 41 species.

Next, the raw sequences (FASTq files) related to the 78 volunteers were selected to estimate
α and β diversity using mothur. From the FASTq files, the direct and indirect readings (R1 and
R2) of each sample were combined. Sequences with more than 3 ambiguous bases and more than
465 bp were removed. Once this first cleaning was done, the unique.seqs command was executed,
which groups together identical sequences and accounts for their abundance. The sequences alignment
was performed with the align.seqs command that matches the samples’ sequences to the Greengenes
reference database (May 2013 version). Non-aligned sequences were removed, and afterwards, filtering,
clustering, and chimeric sequence cleaning were performed. The classify.seqs command was executed,
which assigns the sequences a taxonomy, using the reference database; and the remove.lineage command,
with which all those sequences that do not correspond to bacteria or archaea were eliminated, according
to the taxonomic assignment. Therefore, at the end of the process, a total of 7,791,070 sequences were
obtained, of which 3,222,457 were unique sequences. To start the analysis of diversity, the phylotype
command was used, which clusters the sequences into phylotypes according to the taxonomic
classification, and generates an OTUs abundance “.shared” file. At this point, all those OTUs that did
not have more than 0.001% relative abundance were removed. Finally, the classify.otu command was
executed, detecting a total of 189 OTUs. Rarefaction curves were generated and the α diversity indexes
Chao and Shannon, were calculated using the “.shared” file. Regarding β diversity, the dist.shared
command was executed to generate Bray-Curtis distance matrixes; as well as the pcoa command to
generate a file that allows viewing a principal coordinates analysis (PCoA) graph in R, using the
plotPCOA command.

4.3. Short Chain Fatty Acids Analysis

An aliquot of 100 mg of frozen fecal sample was diluted in 1 mL of 5% phosphoric acid, followed
by homogenization and freezing of the fecal homogenates for dry matter precipitation. Stool samples
were then thawed and centrifuged for 5 min at 112× g (Jouan Centrifuge A14, Saint Herblain, France).
The SCFA acetic, propionic, butyric, isobutyric, valeric, and isovaleric acids were quantified in the
supernatants by gas chromatography and flame ionization detection (GC-FID, Agilent 6890A, Agilent
Technologies, Waldbronn, Germany). The capillary chromatographic column used was a DB-WAXtr
column (100% polyethylene glycol, 60 m, 0.325 × 0.25) and helium was used as the carrier gas at
1.5 mL/min. Injection was made in splitless mode, with an injection volume of 1 µL and a temperature
of 260 ◦C. Methyl valeric was used as an internal standard, and the standard curve was prepared
in a similar way to the samples. The detector temperature was 260 ◦C. The column was heated at
50 ◦C for 2 min, followed by an increase of 15 ◦C every min to 150 ◦C, 5 ◦C every min to 200 ◦C,
and finally 15 ◦C every min to 240 ◦C. The different SCFAs were identified by the retention time of the
standard compounds.
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4.4. Statistical Analysis

The normal distribution of the data was checked prior to analysis, and logarithmic transformation
was applied for data normalization of some variables (physical activity, hours of sleep, Clostridiaceae
family, and SCFAs). Descriptive measures used were mean ± standard deviation (SD), and median and
interquartile range (IQR) for normal and non-normally distributed variables, respectively. Regarding
the demographic characteristics, parametric (T test) and non-parametric (Mann–Whitney U, MW-U)
tests were applied for between-group comparisons and the Chi-square test for categorical variables.
General linear models, adjusted sequentially for gender, age, BMI-fat, total energy, fiber (g/1000 kcal),
and MEDAS score, were used to assess the associations of beer consumption with parametric variables
of the gut microbiota. Only significantly contributing factors were retained in the model. When no
factor influenced the model, a one-way ANOVA test with the factor “consumption group” was used.
For variables not fitting a normal distribution the MW-U test was used to compare groups defined
by sex, BMI-fat status, and beer consumption, and when necessary, the population was split by sex
or BMI-fat (or both) prior to beer consumption group comparison. The gut microbiota analysis was
restricted to those taxa that could potentially metabolize beer compounds. Since this was a targeted
analysis, no adjustment of multiple comparisons was deemed necessary. The analysis of α diversity
(Chao and Shannon indexes) and SCFAs by consumption group was performed by one-way ANOVA,
since other factors such as sex, age, BMI-fat, and total alcohol showed not to have an effect in the general
linear model analyses. For β diversity, a Bray-Curtis distance matrix was used, and a PERMANOVA
test was performed, introducing one by one, along with the “group” factor, the variables gender, age,
BMI-fat, and total energy, using the adonis command from the vegan package of R. Values of p < 0.05
were considered significant. Data analysis was performed with SPSS software (v.23) (Chicago, IL,
USA), while mothur (v.1.35.1) and R (v.3.5.3) were used to analyze α and β diversity.

5. Conclusions

In conclusion, this observational study on the intestinal microbiota composition in a healthy adult
population revealed certain differences between regular consumers of beer in moderate amounts and
non-consumers. In the absence of other dietary differences between the groups studied, moderate beer
consumption was associated with higher levels of Blautia, Pseudobutyrivibrio, Butyrivibrio, and Johnsonella,
and increased butyric acid, which can be attributed to the higher levels of the last three genera.
In contrast, beer consumption was not associated with changes in the diversity of the gut microbiota.
Intervention studies with different types of beer are needed to help provide more evidence to support
the present results.
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consumers and abstainers (by sex), Table S2. Total alcohol intake and amount of alcohol intake by type of
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groups generated using PCoA from the Bray-Curtis distance matrix, Figure S2: Differences in Clostridiaceae levels
between beer consumption groups, Figure S3: Differences between beer consumption groups in the levels of
(A) Alkaliphilus peptidifermentans; (B) Clostridium hiranonis; (C) Blautia coccoides; (D) Pseudobutyrivibrio xilanivorans;
(E) Johnsonella ignava; and (F) Blautia producta, Figure S4: Differences in the production of butyric acid between
beer consumption groups.
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Abstract: Resveratrol (3,5,4′-trihydroxystilbene) is a natural compound that can be found in high
concentrations in red wine and in many typical foods found in human diet. Over the past decades,
resveratrol has been widely investigated for its potential beneficial effects on human health. At the
same time, numerous analytical methods have been developed for the quantitative determination
of resveratrol isomers in oenological and food matrices. In the present work, we developed a
very fast and sensitive GC–MS method for the determination of resveratrol in red wine based on
ethylchloroformate derivatization. Since this reaction occurs directly in the water phase during the
extraction process itself, it has the advantage of significantly reducing the overall processing time
for the sample. This method presents low limits of quantification (LOQ) (25 ng/mL and 50 ng/mL
for cis- and trans-resveratrol, respectively) and excellent accuracy and precision. Ethylchloroformate
derivatization was successfully applied to the analysis of resveratrol isomers in a selection of
15 commercial Italian red wines, providing concentration values comparable to those reported
in other studies. As this method can be easily extended to other classes of molecules present in
red wine, it allows further development of new GC–MS methods for the molecular profiling of
oenological matrices.

Keywords: resveratrol; red wine; ethylchloroformate; gas chromatography–mass spectrometry

1. Introduction

Resveratrol (RSV) is a natural compound that can be found in high concentrations in red wine
and in many foods found in the human diet [1–4]. For many years, this molecule has been the
subject of many studies concerning its potential benefits for human health. It was shown that RSV
is an excellent antioxidant [5], and it can have effects on many cellular processes, from aging and
inflammation to stress resistance and cell survival [6–9]. At the same time, more and more analytical
methods have been developed for the quantitative analysis of RSV isomers in oenological and food
matrices as well as in biological fluids [10]. Most of these methods are based on HPLC or UPLC
coupled with electrochemical, mass spectrometric, or photometric detectors; GC–MS; and capillary
electrophoresis [11–14]. Developing an analytical method for both RSV isomers may be challenging
because only trans-RSV is commercially available. Typically, cis-RSV standard is produced by exposing
trans-RSV to UV rays (Figure 1).
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Our research team has recently developed an analytical method for the simultaneous analysis
in red wine of TBDMS derivatives of both RSV isomers and 2,4,6-trihydroxyphenanthrene, a RSV
derivative which can be detected in red wine following exposure to UV rays [13,15]. In the present
work, we developed a particularly fast and highly sensitive GC–MS method for the analysis of RSV in
the form of ethoxycarbonyl derivative. Ethylchloroformate (ECF) derivatization has been known for a
long time [16] and has been applied to different classes of molecules including amino and fatty acids,
polyamines, and phenolic acids [17–19]. Surprisingly, to the best of our knowledge, it has never been
applied to the qualitative and quantitative analysis of RSV isomers. Considering that the derivatization
reaction with chloroformates occurs in the presence of water during the extraction process itself,
this technique could be advantageous for the analysis of RSV because it significantly reduces the
processing times of the sample, thus limiting the formation of artifacts. Unlike the classic GC–MS
derivatization techniques, which very often require incubation at high temperatures for variable times,
ECF can react almost immediately at room temperature with the molecules to be derivatized.

In the present work, we report for the first time the typical mass spectra of the isomers of RSV
in the form of ethoxycarbonyl derivatives. We also show that this type of derivatization/extraction
is suitable for the development of an analytical method with excellent characteristics of accuracy,
precision, linearity, and sensitivity. Once validated, the analytical method will be used for the analysis
of RSV in a selection of Italian red wines.

2. Results and Discussion

2.1. Derivatization Process

In the present paper, we set up a fast and practical analytical method for the determination of RSV
isomers in red wine using ECF as a derivatizing agent (Figure 2).

Molecules 2020, 25, x FOR PEER REVIEW 2 of 10 

 

 
Figure 1. trans-RSV to cis-RSV isomerization induced by UV light. 

Our research team has recently developed an analytical method for the simultaneous analysis in 
red wine of TBDMS derivatives of both RSV isomers and 2,4,6-trihydroxyphenanthrene, a RSV 
derivative which can be detected in red wine following exposure to UV rays [13,15]. In the present 
work, we developed a particularly fast and highly sensitive GC–MS method for the analysis of RSV 
in the form of ethoxycarbonyl derivative. Ethylchloroformate (ECF) derivatization has been known 
for a long time [16] and has been applied to different classes of molecules including amino and fatty 
acids, polyamines, and phenolic acids [17–19]. Surprisingly, to the best of our knowledge, it has never 
been applied to the qualitative and quantitative analysis of RSV isomers. Considering that the 
derivatization reaction with chloroformates occurs in the presence of water during the extraction 
process itself, this technique could be advantageous for the analysis of RSV because it significantly 
reduces the processing times of the sample, thus limiting the formation of artifacts. Unlike the classic 
GC–MS derivatization techniques, which very often require incubation at high temperatures for 
variable times, ECF can react almost immediately at room temperature with the molecules to be 
derivatized. 

In the present work, we report for the first time the typical mass spectra of the isomers of RSV 
in the form of ethoxycarbonyl derivatives. We also show that this type of derivatization/extraction is 
suitable for the development of an analytical method with excellent characteristics of accuracy, 
precision, linearity, and sensitivity. Once validated, the analytical method will be used for the 
analysis of RSV in a selection of Italian red wines. 

2. Results and Discussion 

2.1. Derivatization Process 

In the present paper, we set up a fast and practical analytical method for the determination of 
RSV isomers in red wine using ECF as a derivatizing agent (Figure 2). 

 

OH

OH
OH

O

O

O

O

O

O

CH3

O

O

O

CH3

CH3

ClCOOEt, Pyr, HCO3
-

 
Figure 2. Resveratrol derivatization with ethylchloroformate. 

Chloroformates are well known as efficient derivatizing reagents that are able to react in aqueous 
media, shortening the time required for sample processing. This derivatization methodology requires 
the use of pyridine as a catalyst, as well as the use of an alkaline environment that allows the 
ethoxycarbonylation of the phenolic hydroxyl groups. The development of the derivatization 
conditions was done only with trans-RSV. This allows to evaluate any cis isomerization inherent in 
the procedure itself, thus excluding the occurrence of artifacts in the analysis of wines. The first step 
in developing the method was the optimization of the extraction and of ECF concentration. The 

OH

OH

OH
OH

OH

OH
00

UV 

UV light

Figure 2. Resveratrol derivatization with ethylchloroformate.

Chloroformates are well known as efficient derivatizing reagents that are able to react in aqueous
media, shortening the time required for sample processing. This derivatization methodology requires
the use of pyridine as a catalyst, as well as the use of an alkaline environment that allows the
ethoxycarbonylation of the phenolic hydroxyl groups. The development of the derivatization conditions
was done only with trans-RSV. This allows to evaluate any cis isomerization inherent in the procedure
itself, thus excluding the occurrence of artifacts in the analysis of wines. The first step in developing the
method was the optimization of the extraction and of ECF concentration. The solvents generally used
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in this procedure are either hexane or more polar solvents such as chloroform and ethylacetate [17–19].
Therefore, we decided to evaluate the derivatization/extraction efficiency trans-RSV with these three
solvents using methyl heptadecanoate. This molecule is completely soluble in these three solvents
used to test the derivatization/extraction efficiency and it does not have functional groups that can
react with ECF, so its concentration does not vary in all phases of the derivatization/extraction process.
For this purpose, we extracted 0.5 mL of alkalinized wine with 2 mL of solvent containing methyl
heptadecanoate in the presence of a fixed quantity of ECF (20 µL) and pyridine (10 µL) as a catalyst.
The results obtained show that extraction with hexane provides the best recovery yields (Figure 3).
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Figure 3. Relative extraction efficiency of derivatized trans-RSV with different organic solvents. Relative
extraction efficiency of the organic solvents was obtained by setting the highest trans-RSV: methyl
heptadecanoate peak area ratio equal to 100% (n = 3; mean ± SD).

By setting hexane as the solvent of choice, we then assessed the amount of ECF to be used.
The derivatization efficiency was the same for quantities tested (10, 20, 30, 40, and 50 µL). Eventually,
30 µL was chosen as model concentration, considering that there may be wines richer in RSV (or in
other molecules with similar derivatization potential) that could require a higher ECF concentration.

Given the complexity of the oenological matrix, we assessed whether introducing a second
extraction step with chloroform could improve the efficiency of the process. At the same time,
we decided to perform this second extraction by adding an additional 20 µL of ECF. This further step
improves the overall extraction process (+15.33% ± 3.59%; n = 3; mean ± SD). However, chloroform
extraction has two main drawbacks: the organic phase, representing the bottom layer, is more difficult
to recover while an insoluble material is deposited at the interface, which makes quantitative recovery
of the organic phase challenging. For this reason, it was decided to reduce the effect of the matrix by
extracting half of the starting volume of wine (0.25 mL instead of 0.5 mL). Surprisingly, the yields have
doubled, probably due to the extremely favorable organic solvent/aqueous phase ratio (8:1 vs. 4:1).

Since red wine contains on average 13% ethanol, we evaluated whether the
extraction/derivatization process was affected by an increase in its concentration. It is known
that ethanol is used to promote the formation of ethyl esters of carboxylic acids when ECF is used.
Indeed, we have observed that the extraction/derivatization process of molecules bearing carboxylic
groups (e.g., gallic acid) is greatly influenced by the concentration of ethanol (data not shown). This is
different than in the case of RSV that lacks carboxyl groups. To confirm this assumption, we tested the
extraction/derivatization of wine samples in the presence of a higher concentration of ethanol and we
observed that, as expected, the derivatization yield remained identical.

2.2. GC–MS Characterization of ECF Derivatives

Derivatization with ECF makes the molecules particularly suitable for gas chromatographic
analysis. RSV isomers and pinostilbene (in the form of ethoxycarbonyl derivatives) are well separated on
the HP5–MS chromatographic column with the following retention times: 17.6 min for cis-RSV, 18.5 min
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for pinostilbene (internal standard), and 21.7 min for trans-RSV. Furthermore, ethoxycarbonylation of
hydroxyl groups is quantitative as no peaks related to partially derivatized species can be detected.
In Figure 4, the mass spectra of the ethoxycarbonyl derivatives obtained are reported. The molecular ion
is present in the mass spectra of all derivatized species. In addition, a prominent peak corresponding
to [M-73]+ ion is detected, which corresponds to the ion formed from the loss of ethoxycarbonyl radical
(CO2C2H5) form the molecular ion (M+). In addition, ions corresponding to the molecular weight
of underivatized molecules are always present (m/z 228 for cis- and trans-RSV which show the same
fragmentation pattern; m/z 242 for pinostilbene). Given their abundance, those ions were chosen for
the validation of the analytical method.
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Figure 4. Electron ionization (EI) mass spectra of (A) trans/cis-resveratrol as tri-ethoxycarbonyl
derivatives (the isomers show an identical fragmentation pattern) and (B) pinostilbene as
di-ethoxycarbonyl derivative (internal standard).

2.3. Method Validation

Given the complexity of red wine and the variability of its composition, in our previous work,
we developed a wine-like matrix that contains its main constituents [13]. The same matrix was used in
the present work as well. In particular, the validation of the analytical method was performed using a
pH 3.3 solution containing 13% ethanol and 0.3% v/v tartaric acid. We opted for this value, as it is reported
that in musts from grapes produced from vineyards located in northern regions, the concentration of
tartaric acid is higher than 6 g/L, while in musts from southern regions, that concentration does not
exceed 2–3 g/L [20]. Therefore, we chose an average value of 4 g/L.

The matrix effect was evaluated for both RSV isomers by comparing the slopes of regression lines in
wine-like matrix with the slopes calculated for each isomer in the control wine sample. The experiments
were performed in triplicate and the slopes obtained for trans-RSV were 0.0033 ± 5.55 × 10−5 in
wine-like matrix and 0.0034 ± 1 × 10−4 in red wine. These values do not significantly differ as assessed
by Student’s t-test (p = 0.649). Similar results were obtained for cis-RSV (0.0126 ± 3.06 × 10−4 in
wine-like matrix vs 0.0126 ± 1.53 × 10−4 in red wine; p = 1.00). Based on these results, the calibration
obtained with wine-like matrix can be used for quantification purposes. In addition, the lack of
detectable matrix effect can be explained by the lack of interfering peaks at the retention times of
derivatized trans- and cis-RSV.

The linearity of the method was tested separately on trans- and cis-RSV. For both of the analytes,
a good linearity was achieved (Table 1) with an R2 coefficient always ≥0.999.

Limit of quantification (LOQ) corresponds to the lowest concentration value used in the calibration
plot, i.e., 50 ng/mL for trans-RSV and 25 ng/mL for cis-RSV. At lower concentrations, at S/N = 3, it was
not possible to identify RSV isomers in a reliable way. Thus, in this specific case, LOQ and limit
of detection (LOD) values are the same. The same experimental observation was reported also by
Paulo et al. [21].
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Table 1. Validation parameters.

Compound Range
(ng/mL) Slope Intercept R2 LOQ (LOD) *

(ng/mL)
Concentration

(ng/mL)
Accuracy

(recovery %)
Precision
(RSD %)

trans-RSV 50–3000 0.0033 0.0907 0.9992 50
200 99.02 5.46

2000 99.20 3.28

cis-RSV 25–1000 0.0126 0.08456 0.9991 25
100 103.11 4.19

1000 99.88 1.58

* LOQ and LOD values are the same for both RSV isomers.

In comparison to all protocols that require one or more extraction steps with organic solvents
followed by a derivatization step, the use of ECF has the advantage of directly derivatizing the
molecules in the presence of the aqueous phase while the extraction process is taking place. This allows
a considerable reduction of the sample’s processing times while ensuring almost complete substrate
recovery. At least two consecutive extraction/derivatization steps were needed to fully recover the
analytes from wine-like matrix. As reported in Table 1, the recovery of each RSV isomer at two different
concentrations (trans-RSV: 200 ng/mL and 2000 ng/mL; cis-RSV: 100 ng/mL and 1000 ng/mL) was >99%.
Concerning precision, the % RSD values obtained both for trans- and for cis-RSV fell well within the
criteria normally accepted in bioanalytical method validation being lower than 10% [22].

2.4. Red Wine Analysis

Red wine has been consumed by humans for hundreds of years and its beneficial effects on
human health are well described [23,24]. The antioxidant activity of red wine is due to the synergy of
cis- and trans-RSV with other molecules such as catechins, anthocyanins, polyphenols, and flavanols,
which are particularly abundant in this specific oenological matrix [25]. In the early 1990s, RSV became
popular as it was recognized as one of the main components of red wine responsible for the so-called
French paradox, according to which the French have a low incidence of coronary heart disease despite
consuming a diet rich in saturated fats [24]. Since then, several GC–MS analytical methods have been
developed for the quantitative analysis of RSV isomers in red wine [14]. Since both RSV isomers show
remarkable antioxidant properties [26], it is essential to determine also the cis isomer, which is present
in non-negligible quantities in wine. The method validated in this work, unlike the others, has the
advantage of being particularly fast as the derivatization with the ECF proceeds directly in the aqueous
phase at room temperature. This method was applied to the quantitative analysis of the RSV isomers
in 15 wines from different Italian regions that differ in vintage and grape variety.

In Figure 5, a typical GC–MS chromatographic profile of a wine sample submitted to ECF
derivatization is reported.

RSV isomers and the internal standard are well resolved and elute in a part of the chromatogram
free of interfering peaks. In addition, in the first 15 min of elution, it is possible to observe the presence
of numerous peaks, among which there are molecules with acidic functional groups that are derivatized
as ethyl esters (e.g., gallic acid which elutes at 14.4 min). This reaction is possible as about 13% ethanol
is normally present in red wine. As expected, the quantitative analysis shows that RSV content can
vary significantly between wines (Table 2).

This parameter is influenced mainly, but not exclusively, by the grapes that are used for red wine
production, as RSV is found in widely varying amounts among grape varieties. For example, it is
known that the grape variety known as “pinot noir” is particularly rich in RSV as well as the wine
derived from it [27]. In the present work, we obtained a similar result in that, among the wines tested,
pinot noir (#3) shows the highest concentration of both trans- and cis-RSV.

Overall, the total RSV content in the 15 wines tested in this paper ranges from a minimum of
336.42 ng/mL to a maximum of 3095.70 ng/mL. These data are comparable with those reported in other
papers, where RSV was determined with different analytical methods on red wines from different
geographical origin [13,21,26].
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Figure 5. Typical GC–MS chromatogram of a red wine sample derivatized with ethylchloroformate.

Table 2. trans- and cis-resveratrol content in a selection of Italian red wines (values are the mean of two
measurements).

Wine Vintage Italian Region Varieties trans-RSV
(ng/mL)

cis-RSV
(ng/mL)

Total RSV
(ng/mL)

#1 2018 Piemonte 100% Barbera 1185.06 343.27 1528.33
#2 2019 Alto Adige 100% Lagrain 475.97 170.77 646.74
#3 2017 Alto Adige 100% Pinot Noir 1772.94 1322.76 3095.70
#4 2017 Veneto 70% Corvina, 30% Rondinella 275.97 67.84 343.81
#5 2015 Friuli Venezia Giulia 100% Cabernet Franc 766.88 302.48 1069.36
#6 2016 Toscana 90% Sangiovese, 10% Merlot 885.06 290.44 1175.50
#7 2016 Toscana 100% Sangiovese 1339.61 688.73 2028.34

#8 2018 Umbria 70% Sangiovese, 15% Merlot,
15% Sagrantino 688.09 145.98 834.07

#9 2018 Lazio 100% Cesanese 385.06 156.88 541.94
#10 2019 Lazio 100% Cabernet Sauvignon 594.15 154.67 748.82
#11 2016 Campania 100% Aglianico 254.76 81.66 336.42
#12 2016 Puglia 100% Primitivo 891.12 243.44 1134.56
#13 2018 Puglia 100% Negramaro 945.67 408.77 1354.44

#14 2018 Sicilia 60% Merlot,
40% Cabernet Sauvignon 485.06 123.66 608.72

#15 2018 Sicilia 100% Syrah 530.52 213.86 744.38

In addition, two of the wines analyzed in this study (#6 and #11) had already been analyzed with
a different analytical method developed by our research group [13]. This method, which involved
extraction with organic solvents and derivatization with TBDMS, had provided trans- and cis-RSV values
equal to 266.4 ng/mL and 77.6 ng/mL, respectively, for wine #11, and 848.2 ng/mL and 283.7 ng/mL,
respectively, for wine #6. These data are comparable to those reported in Table 2 with a variation in
total RSV content lower than 4%. These data further confirm the accuracy of the analytical method
here developed.

In conclusion, we have set up an analytical method for the analysis of RSV in red wines based
on ECF derivatization. This method is fast, sensitive, and specific, providing low LOD and LOQ.
Precision and accuracy are in conformity with the criteria normally accepted in methods validation,
with practically total recovery and a percentage RSD lower than 5%.

Finally, this work demonstrates that derivatization with ECF can also be extended to other classes
of molecules present in wine such as polyphenols. We have, in fact, observed that by varying the
concentration of ethanol during the extraction step, it is possible to optimize the analysis of phenolic
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acids such as gallic acid as well. This provides a future blueprint for the development of new analytical
methods in GC–MS aimed at the molecular characterization of oenological matrices.

3. Materials and Methods

3.1. Reagents and Standards

Hexane, chloroform, ethylchloroformate, trans-RSV, and pinostilbene (internal standard) were
purchased from Sigma-Aldrich (Germany). Standard stock solutions were prepared by dissolving
trans-RSV and pinostilbene in ethanol. All calibrations were performed by diluting the stock solutions
in wine-like matrix (50 mL final volume containing: 150 mg disodium tartrate, 6.5 mL ethanol (13%
final concentration), 43.5 mL H2O adjusted to pH 3.3 with an aqueous tartaric acid solution). cis-RSV
standard solution was prepared according to Francioso et al. [13]. Briefly, 30 µg/mL trans-RSV in
wine-like matrix were exposed for 2 min to UV light (20 cm from the irradiation source, with a 14.7 W
UV-B fluorescent tube emitting at wavelengths of 270−320 nm with a peak at 312 nm). Conversion rate
was estimated using GC–MS by comparing trans-RSV peak areas before and after the treatment with
UV light.

3.2. Extraction/Derivatization Procedure

RSV isomers were subjected to derivatization with ECF according to the following protocol:
0.25 mL of wine sample or standards dissolved in wine-like matrix (containing 500 ng of pinostilbene)
were put in a 10 mL glass tube. This tube was shielded from light by wrapping it with aluminum foil
to minimize light-induced isomerization of trans-RSV. The solution was made alkaline (pH > 9) by
adding 65 µL of 0.6 M NaHCO3. Hexane (2 mL) and ECF (30 µL) were added to this solution followed
by the slow addition of 10 µL of pyridine as catalyst. The tube was left uncapped for a few seconds
to allow the releasing of CO2. After 2 min shaking, the organic layer was removed, and a second
extraction step was performed with chloroform (2 mL) containing further 20 µL of ECF. The lower
organic layer was removed, combined with the hexane extract, and dried using a nitrogen stream.
The sample was resuspended in 75 µL of chloroform and subjected to GC–MS analysis.

Extraction efficiency of derivatized trans-RSV was tested with three different organic solvents
(hexane, chloroform, or ethylacetate) was tested in the same wine sample using methyl heptadecanoate
as an internal standard. Methyl heptadecanoate was dissolved in the solvents used for the extraction
at a final concentration of 500 ng/mL. Relative derivatization efficiency of the organic solvents was
obtained by setting the highest trans-RSV: methyl heptadecanoate peak area ratio equal to 100%.

3.3. Gas Chromatography–Mass Spectrometry

GC–MS analyses were performed with an Agilent 7890B gas chromatograph coupled to a 5977B
quadrupole mass selective detector (Agilent Technologies, Palo Alto, CA, USA). Chromatographic
separations were carried out with an Agilent HP5ms fused-silica capillary column (30 m × 0.25 mm i.d.)
coated with 5% phenyl 95%-dimethylpolysiloxane (film thickness 0.25µm) as stationary phase. Injection
mode: splitless at a temperature of 260 ◦C. Column temperature program: 70 ◦C (1 min) then to
300 ◦C at a rate of 15 ◦C/min and held for 5 min, solvent delay: 7 min. The carrier gas was helium
at a constant flow of 1.0 mL/min. The spectra were obtained in the electron impact mode at 70 eV
ionization energy; ion source 280 ◦C; ion source vacuum 10−5 Torr. Mass spectrometric analysis was
performed simultaneously in TIC (mass range scan from m/z 50 to 650 at a rate of 0.42 scans s−1) and
SIM mode (selected ions: m/z 242 for internal standard and m/z 444 for cis/trans-RSV).

3.4. Method Validation

Calibrations were performed adding increasing amounts of RSV isomers to 0.25 mL of wine-like
matrix containing 500 ng of pinostilbene as internal standard. The calibration samples were subjected
to the ECF derivatization as described above.

171



Molecules 2020, 25, 4603

Calibration plot for trans-RSV was performed in the range of 50–3000 ng/mL (seven calibration
points). Calibration curve of cis-RSV standard was performed in a separate experiment in the range
of 25–1000 ng/mL (six calibration points). cis-RSV standard was obtained at a final concentration
of 10 µg/mL by exposing trans-RSV (30 µg/mL in wine-like matrix) to UV light for 2 min. Three
replicate analyses were performed at each concentration in wine-like matrix. The calibration curves
were obtained by plotting the peak area ratio between each analyte and the internal standard versus
analyte concentration.

Accuracy and precision were determined in a wine sample spiked with trans-RSV and cis-RSV
at two different final concentrations (trans-RSV: 200 ng/mL and 2000 ng/mL; cis-RSV: 100 ng/mL and
1000 ng/mL) analyzing five replicates for each concentration in the same day. Spiked and unspiked
wine samples were subjected to ECF derivatization and analyzed by GC–MS.

Accuracy was evaluated through standard recovery experiments. A comparison of the amount
found versus the amount added provides the recovery of the method (%) which is an estimate of the
accuracy of the method itself. The same samples reported above were also used to determine method
precision expressed as % relative standard deviation (% RSD).

LOD and LOQ were determined by the analysis of wine-like matrix with decreasing concentrations
of trans-RSV and cis-RSV. The limit of detection (LOD) of the target compounds is taken at S/N = 3,
whereas the limit of quantification (LOQ) was set to S/N = 10.

The matrix effect was evaluated by analyzing trans-RSV and cis-RSV both in wine-like matrix and
in red wine, and by comparing the slopes of the regression plots by Student’s t-test.

3.5. Red Wine Analysis

trans-RSV and cis-RSV were measured in fifteen different red wines from different Italian regions,
grape varieties, and vintage. 0.25 mL of each red wine were spiked with 500 ng of pinostilbene as
internal standard and submitted to derivatization/extraction procedure as described above.
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13. Francioso, A.; Laštovičková, L.; Mosca, L.; Boffi, A.; Bonamore, A.; Macone, A. Gas
Chromatographic–Mass Spectrometric Method for the Simultaneous Determination of Resveratrol Isomers and
2,4,6-Trihydroxyphenanthrene in Red Wines Exposed to UV-Light. J. Agric. Food Chem. 2019, 67, 11752–11757.
[CrossRef] [PubMed]

14. Fan, E.; Lin, S.; Du, D.; Jia, Y.; Kang, L.; Zhang, K. Currents separative strategies used for resveratrol
determination from natural sources. Anal. Methods 2011, 3, 2454–2462. [CrossRef]

15. Francioso, A.; Boffi, A.; Villani, C.; Manzi, L.; D’Erme, M.; Macone, A.; Mosca, L. Isolation and identification
of 2,4,6-trihydroxyphenanthrene as a byproduct of trans-resveratrol photochemical isomerization and
electrocyclization. J. Org. Chem. 2014, 79, 9381–9384. [CrossRef]

16. Husek, P. Chloroformates in gas chromatography as general purpose derivatizing agents. J. Chromatogr. B
Biomed. Sci. Appl. 1998, 717, 57–91. [CrossRef]

17. Reddy, B.S.; Chary, V.N.; Pavankumar, P.; Prabhakar, S. Characterization of N-methylated amino acids by
GC-MS after ethyl chloroformate derivatization. J. Mass Spectrom. 2016, 51, 638–650. [CrossRef]

18. Boffi, A.; Favero, G.; Federico, R.; Macone, A.; Antiochia, R.; Tortolini, C.; Sanzò, G.; Mazzei, F. Amine
oxidase-based biosensors for spermine and spermidine determination. Anal. Bioanal. Chem. 2015, 407, 1131–1137.
[CrossRef]

19. Citová, I.; Sladkovský, R.; Solich, P. Analysis of phenolic acids as chloroformate derivatives using solid phase
microextraction-gas chromatography. Anal. Chim. Acta 2006, 573, 231–241. [CrossRef]

20. Vera, L.; Mestres, M.; Boqué, R.; Busto, O.; Guash, J. Use of synthetic wine for models transfer in wine
analysis by HS-MS e-nose. Sens. Actuat. B Chem. 2010, 143, 689–695. [CrossRef]

21. Paulo, L.; Domingues, F.; Queiroz, J.A.; Gallardo, E. Development and validation of an analytical method for
the determination of trans- and cis-resveratrol in wine: Analysis of its contents in 186 Portuguese red wines.
J. Agric. Food Chem. 2011, 59, 2157–2168. [CrossRef] [PubMed]

22. Tiwari, G.; Tiwari, R. Bioanalytical method validation: An updated review. Pharm. Methods 2010, 1, 25–38.
[CrossRef] [PubMed]

23. Natella, F.; Macone, A.; Ramberti, A.; Forte, M.; Mattivi, F.; Matarese, R.M.; Scaccini, C. Red wine prevents the
postprandial increase in plasma cholesterol oxidation products: A pilot study. Br. J. Nutr. 2011, 105, 1718–1723.
[CrossRef] [PubMed]

24. Haseeb, S.; Alexander, B.; Baranchuk, A. Wine and cardiovascular health: A comprehensive review. Circulation
2017, 136, 1434–1448. [CrossRef] [PubMed]

25. Di Majo, D.; La Guardia, M.; Giammanco, S.; La Neve, L.; Giammanco, M. The antioxidant capacity of red
wine in relationship with its polyphenolic constituents. Food Chem. 2008, 111, 45–49. [CrossRef]

26. Orallo, F. Comparative studies of the antioxidant effects of cis- and trans-resveratrol. Curr. Med. Chem.
2006, 13, 87–98. [CrossRef] [PubMed]

27. Weiskirchen, S.; Weiskirchen, R. Resveratrol: How Much Wine Do You Have to Drink to Stay Healthy?
Adv. Nutr. 2016, 7, 706–718. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

173





molecules

Review

Effects of the Non-Alcoholic Fraction of Beer on
Abdominal Fat, Osteoporosis, and Body Hydration
in Women

Marta Trius-Soler 1,2,3,†, Arnau Vilas-Franquesa 4,†, Anna Tresserra-Rimbau 1,2,3, Gemma Sasot 1,2,
Carolina E. Storniolo 1,2,3, Ramon Estruch 3,5 and Rosa M. Lamuela-Raventós 1,2,3,*

1 Department of Nutrition, Food Sciences and Gastronomy, XaRTA, School of Pharmacy and Food Sciences,
University of Barcelona, 08028 Barcelona, Spain; mtrius@ub.edu (M.T.-S.); annatresserra@ub.edu (A.T.-R.);
gemmamsf@gmail.com (G.S.); carolina.e.storniolo@gmail.com (C.E.S.)

2 INSA-UB, Nutrition and Food Safety Research Institute, University of Barcelona,
08921 Santa Coloma de Gramanet, Spain

3 CIBER Fisiopatología de la Obesidad y Nutrición (CIBEROBN), Instituto de Salud Carlos III,
28029 Madrid, Spain; restruch@clinic.cat

4 Centre d’Innovació, Recerca i Transferència en Tecnologia dels Aliments (CIRTTA), XaRTA, TECNIO,
MALTA-Consolider, Departament de Ciència Animal i dels Aliments, Facultat de Veterinària, Universitat
Autònoma de Barcelona (Cerdanyola del Vallès), 08193 Bellaterra, Spain; arnauvilas.nl@gmail.com

5 Department of Internal Medicine, Hospital Clínic, Institut d’Investigacions Biomèdiques August Pi i
Sunyer (IDIBAPS), University of Barcelona, 08036 Barcelona, Spain

* Correspondence: lamuela@ub.edu; Tel.: +34-934-034-843
† These authors contributed equally to this work.

Academic Editor: Mirella Nardini
Received: 22 July 2020; Accepted: 25 August 2020; Published: 27 August 2020

Abstract: Several studies have shown that binge drinking of alcoholic beverages leads to non-desirable
outcomes, which have become a serious threat to public health. However, the bioactive compounds
in some alcohol-containing beverages might mitigate the negative effects of alcohol. In beer, the
variety and concentration of bioactive compounds in the non-alcoholic fraction suggests that its
consumption at moderate levels may not only be harmless but could also positively contribute to an
improvement of certain physiological states and be also useful in the prevention of different chronic
diseases. The present review focuses on the effects of non-alcoholic components of beer on abdominal
fat, osteoporosis, and body hydration in women, conditions selected for their relevance to health
and aging. Although beer drinking is commonly believed to cause abdominal fat deposition, the
available literature indicates this outcome is inconsistent in women. Additionally, the non-alcoholic
beer fraction might improve bone health in postmenopausal women, and the effects of beer on body
hydration, although still unconfirmed seem promising. Most of the health benefits of beer are due to
its bioactive compounds, mainly polyphenols, which are the most studied. As alcohol-free beer also
contains these compounds, it may well offer a healthy alternative to beer consumers.

Keywords: hops; malt; health; menopause; polyphenol; phytoestrogen; prenylnarigenin; humulones;
ethanol; bioactives

1. Introduction

Beer, an alcoholic drink composed of four main ingredients (water, malt, hops, and yeast) [1],
is one of the most consumed beverages in the world [2]. From a nutritional point of view, its
main components are water (around 90%), followed by carbohydrates, ethanol, minerals, vitamins,
and bioactive compounds such as polyphenols and organic acids (iso-α-humulones). Beer composition,
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as well as its flavor, taste, and texture, differs considerably according to the ingredients and processing
techniques [3]. Besides their health benefits, the bioactive compounds are also linked to the sensory
characteristics of beer [4].

In view of the worldwide growth in beer consumption, studies investigating possible links
between beer and different health outcomes are of utmost importance. Among others (i.e., liver
disease), recently, one of the most important consequences of a high beer consumption is a greater risk
of developing different site-specific cancers (e.g., colorectal [5], lung [6,7], prostate [8], and oral cavity,
esophagus, and larynx cancer [9]). It is also known that high alcohol intake help to develop a dilated
cardiomyopathy and also may trigger certain cardiovascular events [10,11]. Nevertheless, a moderate
consumption of beer may also help to prevent these type of events [12,13].

Clinical evidence about beer consumption effects needs to be more specific on sex-related
differences and health outcomes. Postmenopausal women due to the estrogen depletion suffer body
changes [14] and there is an accumulation of abdominal fat [15], an increasing risk of osteoporosis [16]
and a loss of body hydration [14] among other health issues. Interestingly, some studies have pointed
out that bioactive compounds of beer may help to mitigate some of these adverse effects.

In a unit of beer the main bioactive compounds with health benefits described in several
studies [9,17,18] are depicted in Table 1. Particular attention has been given to the polyphenols found
in malt (75%) and hops (25%), due to their antioxidant and anti-inflammatory properties [19,20].
Polyphenols are also critical to the flavor, astringency, bitterness, haze, and body of beer [21,22],
and their concentration varies according to the ingredients and processing [23,24]. Regular beer, both
ale and lager beers, is richer in polyphenol content compared to alcohol-free beers [25].

Table 1. Mean content of selected bioactive compounds in a standard drink of regular beer.

Bioactive Compound Avarege Level (mg/330 mL)

Phytoestrogens
Xanthohumol

6-Prenylnaringenin
8-Prenylnaringenin

Isoxanthohumol

4.653 × 10−3

8.547 × 10−3

3.432 × 10−3

0.132
Bitter acids
α+β acids

Iso-α-humulones
Minerals

Silicon
Sodium

Potassium

0.891 a

9.207 a

6.336
14.883
116.589

a mean value from three beer samples. Content of phytoestrogens from Rothwell et al. (2013) [26], bitter acids from
Česlová et al. (2009) [27], silicon from Jugdaohsingh (2007) [28] and sodium and potassium derived from the Food
composition data of 16 European countries via www.EuroFIR.org.

Among polyphenols, a particular group has attracted special interest for their estrogen-like
properties [29]. Hops (Humulus lupulus L.) are a source of prenylflavonoids, a class of phytoestrogens,
predominantly xanthohumol (XN), that during the brewing process isomerizes into isoxanthohumol
(IX), 6-prenylnaringenine (6-PN), and 8-prenylnaringenine (8-PN) [30]. These compounds can mimic
and modulate the action of estrogenic hormones by epigenetic mechanisms, via binding with cell
surface receptors or by interacting with estrogen receptors (ERs). In particular, 8-PN has been described
as the most estrogenic phytoestrogen, surpassing those typically found in soya products [31].

The aim of the present review is to summarize the available literature on the health outcomes of
beer consumption in women, focusing on three specific health-related conditions: increased abdominal
fat, osteoporosis, and overall body hydration. In particular, findings related to the beer bioactive
compounds are discussed.
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2. Beer Consumption Related to Health and Disease in Women

2.1. Beer, Abdominal Fat, and Weight Gain

A widely held belief is that beer consumption directly contributes to an increase in abdominal fat
and ultimately leads to overweight and obesity. This assumption might be due to the nutritional value
of beer, since it contains not only alcohol but also more carbohydrates than other alcoholic drinks [32].
In this section, we assess whether or not beer consumption can increase abdominal fat and site-specific
adiposity in women, central obesity being the most relevant sign of metabolic syndrome (MetS) [33].

The type of alcoholic drink, as well as dose, frequency and time of consumption play a role
in how alcohol drinking may change fat distribution [34,35]. Additional factors such as genetics,
gender, and age may also be important determinants of central body fat [34]. Thus, for instance,
drinking alcoholic beverages during meals was significantly more prevalent in females than in males
in one study population [35]. In addition, it has been suggested that enlarged waist circumference
(WC), known as “beer belly”, commonly observed in regular beer consumers might be more due to
unhealthy lifestyle factors and drinking patterns (e.g., physical inactivity and smoking) rather than to
beer consumption alone [36].

Women seem to be more prone to fat deposition than men upon the consumption of high doses of
alcohol [37]. In general, postmenopausal women have a higher total body fat mass and more abdominal
fat than premenopausal women. More specifically, despite exhibiting a similar mean body mass
index (BMI), postmenopausal women have a larger WC [15]. While both genders experience somatic
changes with aging, in women they particularly affect the WC and waist-to-hip ratio (WHR) [33,38].
Interestingly, both visceral and subcutaneous adipocytes express estrogen and androgen receptors such
as ER-α, a regulator of adipocyte activity and fat distribution responsible for these gender differences
and hyperandrogenism in postmenopausal women [15,39]. As increased visceral abdominal fat
deposition causes metabolic changes in fatty acid metabolism, it would be useful to know which foods
and ingredients may be more effective for counteracting this fat accumulation in postmenopausal
women [15].

Several studies have investigated the effects of gender in the relationship between beer consumption
and abdominal adiposity [32,40]. A systematic review of observational studies published before
November 2010 indicates that there is an inverse or no association between general obesity and
moderate beer consumption in women, while findings referring to abdominal obesity seem to be
inconsistent [40]. The authors pointed out that these conflicting observational data may be explained
by the small proportion of women beer drinkers and their relatively low beer intake in the studies
analyzed [40].

Alcohol or beer consumption and abdominal fat or weight gain have been described as having a
U-shaped relationship, with the lowest BMI values observed in women who consumed an average
of 6–24 g/day of alcohol [41]. In another study, women with a low beer consumption (maximum
1.32 L/week) also had the lowest WHR values, whereas non-consumers had the highest WC [33]. In the
Third National Health and Nutrition Examination Survey (NHANES III), the lowest MetS and WC
values were observed in the mild to moderate beer and wine drinkers [42]. Consequently, it can be
stated that excessive beer intake may contribute to a higher WC and WHR, and even a higher overall
BMI, yet the regular consumption of less than 0.5 L/day of beer (4% alcohol) seems unlikely to have
this effect, according to the data available in cross-sectional and prospective observational studies [40].
Women studies evaluating the relationship between beer consumption and abdominal fat increase has
been summarized in Table 2 [33,35–37,41,43–55].

In a study focused on the effects of a moderate beer intake on the body composition of healthy
adults undergoing a high-intensity interval training, the group consuming alcohol-free beer experienced
a significant decrease in visceral adipose tissue and WC, and a clear decreasing trend in the WHR.
The other groups (consuming beer or water supplemented with vodka ethanol) did not show any
changes in these variables [56].
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Now, we should look for the compounds of regular and non-alcoholic beer responsible of these
effects. The main bitter compounds of beer are iso-α-acids or iso-α-humulones, derived from the
isomerization of α-acids in hops during brewing [57,58]. A study of mice fed with a high-fat diet
(HFD) supplemented with iso-α-acids reported significantly reduced body weight, epididymal fat
weight, and plasma triglyceride levels after the intervention, whereas in the control group the values
increased [59]. As in other studies, it was concluded that iso-humulones might have a protective
effect on internal organs damaged by obesity, making this a promising line of future research [59,60].
Iso-α-acids bind and activate both peroxisome proliferator-activated receptors α (PPARα) and γ

(PPARγ), which exhibit anti-obesity and anti-inflammatory activities in vivo [59–61]. Regular beers
contain 20–40 mg/L of iso-α-acids [27,62,63], and some bitter beers up to 50–80 mg/L [62].

A clinical trial with prediabetes subjects found that 32–48 mg/day of iso-humulones lowered
the fasting blood glucose and hemoglobin A1c after 8 weeks, while the total fat and BMI in
participants receiving 48 mg/day decreased at 12 weeks [62]. However, some effective concentrations of
iso-humulones reported in the literature, such as 500 mg/kg body weight in mice, would be impossible
to ingest through moderate or even high beer consumption [60]. Additionally, it would be difficult
to formulate a food other than beer with 10–100 mg/L of iso-humulones and an effective dose of
iso-α-acids because of their strong bitterness [57].

Matured hop bitter acids (MHBA) are components derived from α-acid oxidation and bear
a β-tricarbonyl moiety in their structure such as α-, β-, and iso-α-acids. The bitterness of α-acid
oxidation products is described as being more acceptable for the consumer compared to iso-α-acids,
and some studies of the bioactive properties of MHBA have been carried out [57]. Weight gain in
six-week-old male C57BL/6J mice, a model of MetS, was significantly suppressed when their high fat
diet was supplemented with MHBA [64]. Additionally, MHBA administration induced cholecystokinin
secretion and signal transduction in the rat gastrointestinal tract, resulting in an increase in the brown
adipose tissue temperature. Moreover, MHBA may target TAS2 receptors (TAS2Rs) because they share
a similar structure with iso-α-acid [57]. Although 25 TAS2 bitter taste receptors have been determined
in humans, only TAS2R1, TAS2R14, and TAS2R40 have been reported to mediate psychophysical
responses to bitter hop-derived compounds [65]. Specifically, TAS2R1 and TAS2R40 are expressed
in enteroendocrine cells, responsible for incretin hormone secretion [66–68]. There is also interesting
evidence that the consumption of mature hop extract significantly reduces abdominal visceral fat of
healthy overweight subjects [58].

On the other hand, it has been found that a XN-rich hop extract (17.8% XN and 12.4% IX) prevents
fat gain due to overnutrition by modulating preadipocyte differentiation in a 3T3-L1 mouse fibroblast
cell line [69]. Furthermore, oral administration of 30 and 60 mg/kg/day of XN during 12-weeks
in a C57BL/6J mice model improved markers of inflammation and MetS and decreased BMI in a
dose-dependent manner. Nevertheless, the authors concluded that because XN concentrations found
in beer are only about 0.2 mg/L, XN taken in the form of beer would be unlikely to have a protective
effect against MetS [70]. Two other studies performed in the same C57BL/6J mice model demonstrated
that XN derivatives [71] and IX [72] significantly changed the gut microbiota profile, constituting a
potential mechanism against obesity and MetS [71,72].
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Table 2. Women studies evaluating the relationship between beer consumption and abdominal
fat increase.

Authors
Year [Ref] Type of Study Study Population Key Finding

Lapidus et al.,
1989 [43] Cross-sectional 1462 women

38–60 years-old
No correlation was found between WHR and

beer consumption.

Slattery et al.,
1992 [44] Cross-sectional

1447 black women
1284 white women

18–30 years-old

Higher beer consumption was associated with a
higher WHR among white and black women.

Kahn et al.,
1997 [45]

Prospective
observational

44080 women
40–54 years-old

OR of abdominal weight gain was positively
associated in women drinking >0 to <5 days per

week and no associated in women drinking
<5 days per week versus non-drinkers

Dallongeville et al.,
1998 [37] Cross-sectional 11730 women

35–64 years-old
Beer & cider consumption was associated with a

higher WHR.

Rosmond & Bjorntorp
1999 [46] Cross-sectional 1137 women

40 years-old
Beer consumption was negatively correlated

to WHR.

Machado & Sichieri
2002 Cross-sectional 1396 women

20–60 years-old
No trend association for OR for WHR >0.80 across

beer consumption categories was found.

Vadstrup et al.,
2003 [48]

Prospective
observational

3970 women
20–83 years-old

Positive trend association was found for WC at
follow-up across beer intake categories.

Bobak et al.,
2003 [49] Cross-sectional 1098 women

25–64 years-old
Beer intake was not associated with an increase

in WHR.

Dorn et al.,
2003 [35] Cross-sectional 1322 women

53.3 ± 9.4 years-old
No trend association was found between sagittal

abdominal diameter and beer consumption.

Halkjaer et al.,
2004 [50]

Prospective
observational

1131 women
30–60 years-old

Women consuming >4 drinks of beer per week
have higher WC, while no significance increase in
WC was found in the group drinking 1–3 drinks of

beer per week compared to non-drinkers.

Deschamps et al.,
2004 [52] Cross-sectional 284 women

42.4 ± 4.6 years-old

Women drinking >1 glass of beer per day have a
higher WRC than abstainers and those who drink
<1 glass of beer per day. No trend association was

found for WC.

Lukasiewicz et al.,
2005 [53] Cross-sectional 1268 women

47.7 ± 6.6 years-old
No trend association was found between beer

consumption and WHC.

Halkjaer et al.,
2006

Prospective
observational

22570 women
55 (50–64) years-old

No trend association was found between ∆WC and
beer consumption.

Krachler et al.,
2006 [54] Cross-sectional 3087 women

25–64 years-old
Increased beer consumption was not significantly

associated to WC.

Tolstrup et al.,
2008 [55]

Prospective
observational

1610 women
50–65 years-old

Negative association was found for OR of WC
across beer intake frequency categories among

women who preferred beer.

Schütze et al. [36]
2009 Cross-sectional 2749 women

35–65 years-old
Positive trend association for ∆WC and ∆WHR
was found across beer consumption categories.

Schütze et al.,
2009 [36]

Prospective
observational

12749 women
35–65 years-old

No trend association for WC was found across beer
consumption categories.

Bergmann et al.,
2011 [41] Cross-sectional 158796 women

52.9 ± 9 years-old

Positive association was found for OR of WC and
WHR for women drinking <6 versus ≤ 6 g per day

of alcohol from beer.

Zugravu et al.,
2019 [33] Cross-sectional 784 women

>18 years-old
No linear trend association was found between

beer consumption and WC or WHR.

WC: waist circumference; WHR: waist-hip ratio.

2.2. Beer and Osteoporosis

Known as one of the most important health-related conditions of aging, osteoporosis is attributed
to a decrease of bone mineral density (BMD), which ultimately leads to increased bone fragility [73].
Although common, the condition is underdiagnosed and undertreated, and clinical trials and public
health strategies are needed to improve screening and management [74]. Nutrition, exercise and
lifestyle are recognized as important aspects in osteoporosis prognosis [75], so modifiable environmental
factors such as diet should be considered in its management [76].
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Postmenopausal status has been described as a risk factor of BMD loss [16]. As a long-term
consequence of the lack of estrogenic stimulation, menopausal bone loss has been linked to an accelerated
bone turnover combined with an imbalance that favors bone resorption rather than formation [29,77].
The risk of osteoporosis is six times higher in postmenopausal versus premenopausal women [74].
One of the main mechanisms underlying the protective effect of estrogen against osteoporosis could
be an enhanced expression of the vitamin D receptor in the duodenal mucosa and responsiveness to
endogenous 1,25-dihydroxycolecalciferol [78].

Certain dietary factors, such as moderate alcohol consumption, have been positively associated
with BMD values in postmenopausal women and in the general population [16,79,80]. A study
found that women who consumed more than 1 drink of alcohol/day (i.e., 270 mL of beer, 100 mL
of wine, or 27 mL of liquor) had a significantly higher femoral neck and lumbar spine BMD than
non-alcohol consumers, in a lifestyle adjusted model [81]. Among alcoholic drink subtypes, only
beer and low-alcohol beer (but not wine or liquors) seemed to have a significantly positive effect
on lumbar spine BMD in older women [81,82]. Similarly, in a cohort of elderly men and women,
the lowest hazard ratios for hip fracture tended to be among beer consumers [83]. Also, quantitative
bone ultrasound values were higher in women who consumed beer compared to the non-beer or wine
drinkers, independently of their gonadal status. This result could be explained by the phytoestrogen
content and low grade of alcohol in beer [84]. In contrast, other studies have found positive associations
between wine or wine preference and spine BMD in a postmenopausal population group, but not for
beer or spirits [76,85]. Women studies evaluating the relationship between beer consumption and
osteoporosis has been summarized in Table 3 [76,81,82,84].

In 2008, a systematic review and meta-analysis concluded that subjects consuming 0.5–1 drink/day,
equivalent to 7–14 g alcohol/day, had a lower hip fracture risk than abstainers, whereas those consuming
more than 2 drinks/day had a greater risk [86]. Thus, abstainers and heavy drinkers have a higher risk of
hip fractures than light-moderate drinkers, with a U-shaped relationship between the variables [83,86].
Supporting these results, abnormal bone histology and decreasing bone formation and mineralization
have been described in alcoholics [87]. The tendency of a higher association between BMD and beer or
wine consumption compared to liquor suggests that other compounds besides ethanol may contribute
to bone health [4].

Most of the positive effects of beer on osteoporosis in postmenopausal women have been
attributed to the non-alcoholic fraction, specifically to polyphenols, silicon and α-acids. Among
phenolic compounds, flavonoids have been inversely linked to bone resorption biomarkers in Scottish
women aged 45–54 years. The flavonoids most consumed by the participants were catechins,
demonstrating the significant contribution of these compounds to improving BMD [88,89]. The bioactive
compounds in hops have been proposed as an alternative to conventional hormone replacement
therapy. In particular, the phenolic phytoestrogens from hop extract seem to exhibit estrogen-like effects
on bone metabolism [90]. A recent study in animals found that hop extract containing phytoestrogens
and iso-α-acids attenuated bone loss and reversed high bone turnover in ovariectomy mice [91].
Furthermore, in vitro experiments demonstrate that hop phytoestrogens (XN, IX, 6-PN, and 8-PN)
regulate both osteoblast and osteoclast activities, while α-acids exert a strong bone resorption inhibitory
activity, however, the recommended dosage is still unclear [90–92].

The phytoestrogen XN inhibits the receptor activator for the nuclear factor κ B ligand
(RANKL) signaling pathway, which has been identified as critical to osteoclast formation and bone
resorption [93,94]. XN has also been reported to promote osteoblast differentiation, up-regulate alkaline
phosphatase activity, and increase the expression of osteogenic marker genes in osteoblastic cell
lines [95]. Interestingly, Prouillet et al. (2004) had previously suggested that one of the consequences
of increased alkaline phosphatase activity could be an activation of the ER [94], and another study
described an inhibitory resorption effect of XN in a dose-dependent manner [92]. Regarding 8-PN,
a recent review of its therapeutic perspectives discusses plausible mechanisms for the anti-osteoporotic
properties of this intestinal metabolite. 8-PN has preferential binding to ER-α, which is the prevailing
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ER in bone tissue, and its prenyl group seems to be essential for the anti-osteoporotic mechanism [29].
In summary, the beneficial effects of 8-PN, promoting bone formation and inhibiting bone resorption,
are mediated by ER-α instead of ER-β, and it is more potent than the isoflavones genistein and
daidzein [96].

Silicon from malt has been reported to facilitate bone mineralization and regeneration [75,97],
which are essential for bone formation [97]. Some alcoholic beverages such as beer or wine contain
significant amounts of silicon [98], although due to the processing of barley and hops, beer is a
better source than wine or other alcoholic beverages, with an average content of 19.2 mg/L and
non-significant differences among different types of beer [28,75]. Moreover, silicon in beer has a high
bioavailability [98,99]. Tucker et al. (2009) showed that adjustment for silicon intake mitigates the
positive effect of beer consumption on BMD in older men and women [4].

To sum up, bone remodeling is a slow process and aging affects bone turnover [100]. The phenolic
fraction of beer, including phytoestrogens and iso-α-acids from hops, and the silicon from malt seem to
play a role in osteoporosis prevention. However, long-term clinical trials are needed to better predict
the impact of beer consumption on bone mass, a major concern for postmenopausal women suffering
from bone loss.

Table 3. Women studies evaluating the relationship between beer consumption and osteoporosis.

Authors
Year [Ref] Type of Study Study Population Key Finding

Pedrera-Zamorano et al.,
2009 [86] Cross-sectional

1697 women (710
premenopausal; 176
perimenopausal and
811 postmenopausal)
48.8 ± 12.59 years-old

Light or moderate consumption of
beer was associated to higher bone
mass in women independently on

their gonadal status.

Fairweather-Tait et al.,
2011 [76] Cross-sectional

2464 postmenopausal women
twins

56.3 ± 11.9 years-old

Beer consumption was not
associated with higher BMD.

Yin et al.,
2011 [82] Cross-sectional 428 women

62.6 ± 7.2 years-old

Low alcohol beer consumption
frequency was positively associated

with BMD at lumbar spine.

Yin et al.,
2011 [82]

Prospective
observational

428 women
62.6 ± 7.2 years-old

No association between beer
consumption frequency and BMD at

hip was found.

McLenon et al.,
2012 [81]

Prospective
observational

3173 women
50–62 years-old

Moderate beer consumption had a
positive significant effect on lumbar

spine BMD after adjustment
for lifestyle.

Kubo et al.,
2013 [85]

Prospective
observational

115,655 postmenopausal
women

50–79 years-old

No association was observed
between ≥ 1 servings of beer per

week and risk of hip fracture.

BMD: bone mineral density.

2.3. Beer and Body Hydration

Hydration has a crucial impact on a variety of factors related to the correct functioning of the body
and specific recommendations are needed for each population group. Female sex hormones affect the
body water balance, although it is still unclear how the regulation of hydration in women may enhance
wellness, safety, and mental and physical performance [101]. Estrogen and progesterone levels have
been correlated with body fluid regulation and thermoregulation changes [101]. As more water is
retained in the body when estrogen levels are high [102], hormonal depletion in menopause results in a
loss of hydration, which should be carefully monitored. Current literature reports that estrogen therapy
increases osmotic sensitivity and water retention, helping menopausal women to control diuresis and
prevent dehydration [14]. The effect of estrogen on fluid regulation in older women seems to be related
to sodium retention [102,103]. Not only the menopause but aging itself affects the fluid balance [14].
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An estimated intake of 2.5 L of water/day is considered necessary under normal conditions
or 3.5 L of water/day in hot weather or when exercising [104]. Perspiration while exercising may
cause an important depletion of water and electrolytes [105], as well as part of the body’s stored
glycogen. Most recommendations for sustaining the nutritional state and optimizing water absorption
during exercise include the intake of beverages containing carbohydrates and electrolytes, in particular
glucose–fructose and sodium [106]. Besides the main components of water and carbohydrates, beer
also contains electrolytes, which may play a role in maintaining water and electrolyte balance, although
the ethanol content may counteract these positive effects.

The effect of beer consumption on the overall hydration status has been studied among men.
Unfortunately, no studies on this issue have been performed in women. Hobson and Maughan
(2010) investigated the effect of low-alcohol doses on induced euhydration or hypohydration [107],
administering alcohol-free or alcoholic beer in each case to create four experimental conditions. In the
euhydrated group, those consuming alcoholic beer produced more total urine in the 4 h after intake
and for 3 h also exhibited considerably higher serum osmolality, a parameter associated with fluid
balance, although the difference had disappeared at 4 h, the end of the monitoring period. The authors
also mentioned that sodium excretion was notably lower in the alcohol consumers [108]. In an
elderly population with more hydration problems, Polhuis et al. (2017) observed a temporary diuretic
effect only after moderate consumption of stronger alcoholic beverages (wine, spirits), but not beer.
This demonstrates that: (i) moderate consumption of beer and other weak alcoholic beverages may
be safe in terms of hydration for the elderly and (ii) the diuretic effect was plainly triggered by the
amount of alcohol in the beverage [108].

Several studies have investigated the effect of beer or its components in those practicing sports,
monitoring hydration status, muscle performance, environmental conditions, and duration of exercise
in male athletes [105,109,110]. The most controversial component of beer is ethanol. An early study
from 1997 reported that the retention volume of the total fluid ingested was about 20% lower in those
who consumed an alcohol-free beer supplemented with 4% alcohol compared to those who drank
non-supplemented alcohol-free beer, following intermittent cycle ergometer exercises in the heat that
induced dehydration of up to 2% of body mass [111]. Alcohol itself undoubtedly has a negative effect
on exercise performance, although its extent may also depend on other factors, such as the mode
and duration of exercise [109]. In extreme conditions, when the body requires greater hydration, any
diuretic or anti-hydration effect of the ethanol in beer is more easily noted. Jiménez-Pavón et al. (2015)
observed that consumption of 660 mL of regular beer (4% alcohol) after 1 h of running in hot conditions
had no deleterious effect on any hydration marker [106]. Two other studies evaluated the effect of
water, beer or alcohol-free beer on fluid and electrolyte homeostasis in male athletes or physically
active men [112,113]. Castro-Sepulveda et al. (2016) reported that an intake of 700 mL of alcoholic
beer before aerobic exercising increased plasma K+ and decreased plasma Na+ during the exercise
activity, with a negative impact on athletic performance. Notably, this effect was not observed when
alcohol-free beer was administered, to the extent that the decrease in plasma Na+ during exercise was
lower than after the ingestion of water. Accordingly, alcohol-free beer might be an effective sports
drink for maintaining electrolyte homeostasis in males when taken before exercise [113]. In contrast,
another study found that rehydration of young, healthy, and physically active males with non-alcoholic
beer was not advantageous with regard to water [112]. A more recent study evaluated the effects
of ingesting isotonic drinks or beer with different alcohol concentrations after mild dehydration or
exercise among males. The net fluid balance was measured after a 5-hour observation period and
the lowest rate of fluid retention (21%) was obtained for beer with 5% alcohol, whereas the highest
(42%) was recorded for an isotonic sports drink [114]. Interestingly, the effects of modifying the sodium
and alcohol content of beer have also been studied [115,116]. Participants consumed low-alcohol beer
(2% alcohol + 25 or 50 mM/L of sodium) or normal beer (3.5% alcohol + 25 mM/L of sodium) and after
exercise, the greatest fluid retention was observed in consumers of beer with the highest electrolyte
content and the lowest concentration of alcohol (2% alcohol + 50 mM/L of sodium) [116].
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While non-alcoholic beer has promising effects in terms of fluid homeostasis in the context of aerobic
exercise, a low dose of alcohol (0.5 g/kg of body weight) consumed before muscle damage-inducing
anaerobic exercise had no impact on the posterior muscle performance or related water loss in ten
healthy young males [110].

Notably, all the aforementioned studies were performed in men. More research is needed to
understand the effects of different types of drinks on the hydration state of female athletes, in order to
improve performance and provide personalized supplementation recommendations [101].

3. Implications and Future Research

Most of the health benefits of beer are thought to be originated by its non-alcoholic components,
mainly polyphenols. Although found in small quantities in the final product, the flavonoid XN (whose
only source is hops) is of particular interest. Intestinal metabolites of related flavonoids, notably
8-PN, could also have an important role in human health. Other components, such as silicon or bitter
acids, may help to explain other health effects of beer consumption, such as improvement in bone
density. Nevertheless, the beneficial properties of beer components outlined in this review have not
been extensively studied because of the adverse effects of ethanol. Human interventional trials are
required to elucidate the real association between beer intake and health benefits in women, but the
consumption of ethanol is an important obstacle for their development. We, therefore, suggest a
directional change towards the non-alcoholic fraction of beer and its effect on the female population as
an interesting target for future studies. With some authors already using this strategy, a greater focus
on alcohol-free beer will lead to the emergence of more human trials and new evidence in this field.
Finally, new long-term randomized trials on the effects of moderate alcoholic and non-alcoholic beer
consumption (and other alcoholic beverages) on health and diseases, including cardiovascular disease,
obesity, diabetes, cancer, cognitive decline, osteoporosis, and others in women (and also in women) are
needed to better define the protective role (or not) of beer consumption, independent of other lifestyle
factors, on the aforementioned conditions.

4. Conclusions

Although the results of studies on abdominal fat deposition in female beer consumers are
inconsistent, moderate consumption appears not to have a significant effect on adiposity. Moderate
beer intake has also been associated with improved bone health in elderly women in observational
studies. Moreover, the non-alcoholic fraction of beer is of potential interest as a counteracting agent for
bone mass loss after menopause.

In the elderly, beer intake does not seem to pose a risk for hydration. When ingested before
exercise, beer with lower alcohol content has a better rehydration effect, and the consumption of
alcohol-free beer may even have a positive impact on electrolyte homeostasis. However, the effects of
beer on hydration in women still need to be investigated.
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Abstract: The antioxidant activity and polyphenols content of beer associated with its low alcohol
content are relevant factors for an evaluation of the nutritional quality of beer. To investigate the
effect of adding foods on the nutritional quality of beer, seven special beers that were commercially
available and produced adding natural foods (walnut, chestnut, cocoa, honey, green tea, coffee, and
licorice) during the fermentation process were analyzed for their polyphenols and flavonoids contents,
phenolics profile, and antioxidant activity. The results obtained showed that most of the special beers
under study possessed antioxidant activity, as well as total polyphenols and flavonoids contents
notably higher as compared with the five conventional beers analyzed. The highest polyphenols and
flavonoids contents were exhibited in cocoa, walnut, chestnut, and licorice beers, followed by coffee,
honey, and green tea beers. Antioxidant activity decreased in the order walnut, cocoa, chestnut,
licorice, coffee, honey, and green tea. Most special beers were enriched in catechin, epicatechin, rutin,
myricetin, quercetin, and resveratrol. The content of phenolic acids, especially ferulic, p-coumaric,
syringic, and sinapic acids was generally higher in special beers as compared with conventional
beers. Our findings showed that the addition of natural foods during the fermentation process
remarkably increased antioxidant activity of beer and qualitatively and quantitatively improved its
phenolics profile.

Keywords: beer; polyphenols; antioxidant activity; walnut; chestnut; green tea; coffee; cocoa;
honey; licorice

1. Introduction

Oxidative stress is involved in the pathology of several human diseases, such as atherosclerosis,
diabetes, neurodegenerative diseases, ageing, and cancer [1]. Dietary antioxidants can counteract the
negative effects of oxidative stress. Polyphenols are the most abundant dietary antioxidants, due to
their presence in all fruits and vegetables [1]. Polyphenol intake can be several hundreds of milligrams
per day, up to 1 g/day, depending on dietary habits [2] and, in particular, in wine, coffee, beer, chocolate,
and tea consumption; and it largely exceeds that of other antioxidants, such as vitamin E, vitamin C,
and β-carotene [3]. Among polyphenols, phenolic acids account for about one-third of the total intake,
while flavonoids account for the remaining two-thirds of the total intake [2]. Epidemiological studies
have suggested associations between long-term consumption of polyphenols-rich foods and prevention
of oxidative stress-related diseases such as cancer, cardiovascular diseases, diabetes, inflammation,
and degenerative diseases [1,4–6].

Beer is one of the most popular alcoholic beverages consumed in large amounts all over the world,
being a source of carbohydrates, amino acids, minerals, vitamins, and polyphenols. About 30% of
beer polyphenols originate from hops, while the remaining 70% come from malt [7,8]. Moreover, hops
provide compounds which become bitter acids (humulones) during the beer fermentation process [8].
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The antioxidant activity and polyphenols content of beer associated with its low alcohol content are
relevant factors in evaluating the nutritional quality of beer. Moderate beer drinking has been reported
to increase plasma antioxidant and anticoagulant activities, to positively affect plasma lipid levels, and
to exert protective effects on cardiovascular risk in humans [9–12].

In addition to the most familiar products, special beers produced with the addition of fruits, spices,
or natural food during the fermentation process, have been becoming very popular throughout the
world, responding to requests for new gustatory, olfactory, and visual stimuli from consumers. During
re-fermentation and maturation of special beers, flavors and bioactive compounds, such as carotenoids
and polyphenols, are extracted from fruits, spices, and natural food added to beer. Recently, the
addition of fruits during the fermentation process has been reported to significantly increase the content
of bioactive compounds and the antioxidant activity of beer [13]. Despite many studies describing the
raw materials and the effects of technological processes, little is known about the healthy compounds
and nutritional quality of commercially available beers [14–16].

In order to investigate the effect of several food additions on the nutritional quality of beer, we
investigated total polyphenols and flavonoids contents, phenolics profile, and antioxidant activity of
seven special beers produced with the addition of walnut, chestnut, cocoa, green tea, coffee, honey, or
licorice during the fermentation process and compared our results with five conventional beers.

2. Results

2.1. Beers’ Characterization

Conventional and special beers were examined in this study. The special beers were produced
by the addition of the following different foods: walnut (Juglans Regia L., WALN), chestnut (Castanea
Sativa L., CHES), green tea (Camelia Sinensis L., GTEA), coffee (Coffea Arabica and Coffea Robusta L.,
COFF), cocoa (Theobroma Cacao L., COCO), honey (Wildflower honey, HONE) and licorice (Glycyrrhiza
Glabra L., LIQU), as shown in Table 1. The amount of the foods added varied in the different special
beers from 2 to 62.5 g/L of beer.

Table 1. Ingredients of the special and conventional beers.

Beer Code Food Added Amount Added
(g/L of Beer) Ingredients

Special Beers:
WALN Walnut 35 Water, barley malt, oats, walnut, hops, yeast
CHES Chestnut 40 Water, barley malt, dried chestnut, hops, yeast
GTEA Green tea 9 Water, barley malt, wheat malt, hops, yeast, green tea

COFF Coffee 35 Water, barley malt, oats, coffee (80% Arabica, 20%
Robusta), hops, yeast

COCO Cocoa beans 10 Water, barley malt, oats, carob, cocoa beans, hops, yeast
HONE Honey 62 Water, barley malt, wildflower honey, hops, yeast
LIQU

Conventional Beers: Licorice 2 Water, barley malt, wheat malt, hops, licorice, sugar,
yeast

ALE 1 - - Water, barley malt, corn, barley, hops, yeast
ALE 2 - - Water, barley malt, sugar, hops, yeast

ALE 3 - - Water, barley malt, caramelized barley malt, hops,
yeast

LAGE 1 - - Water, barley malt, maize, hops, yeast
LAGE 2 - - Water, barley malt, barley, glucose syrup, hops, yeast

The characteristics of special and conventional beers are summarized in Table 2. All special beers
were produced in Italy and were ale style beer (high fermentation beer), except one (CHES beer) which
was a lager style beer (low fermentation beer). All conventional beers were produced in Italy, except
one (ALE 1) which was produced in Belgium. Three conventional beers were ale style beers and two
conventional beers were lager style beers. The alcoholic strength was in the range 4.5%–9.0% and
4.6%–6.6% for special and conventional beers, respectively (Table 2). Among the special beers, licorice
(LIQU) and chestnut (CHES) beers exhibited the highest alcohol content (9.0% and 8.0%, respectively),
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while the alcohol content of the remaining special beers was quite close to that of conventional beers.
The pH was in the range 4.04–4.64 and 4.29–4.87 for special and conventional beers, respectively
(Table 2). International Bitterness Unit (IBU) values were in the range 7–30 for special beers, with the
highest value reported for walnut beer (WALN), and in the range 15–35 for conventional beers, with
the highest value reported for ALE 3 beer (Table 2). European Brewery Convention (EBC) values,
referring to the color intensity of beer, were in the range 5–110 for special beers, with the highest value
reported for coffee (COFF) and cocoa (COCO) beers, and in the range 4–20 for conventional beers, with
the highest value reported for ALE 3 beer (Table 2).

Table 2. Characteristics, bitterness, pH, and color measurements of special and conventional beers.

Beer Code Style Country of Production
Alcohol
Strength
(% vol)

pH a IBU Color
EBC

Special Beers:

WALN Ale Italy 4.7 4.47 30 87
CHES Lager Italy 8.0 4.64 7 61
GTEA Ale Italy 4.5 4.54 12 5
COFF Ale Italy 4.5 4.04 15 110
COCO Ale Italy 7.0 4.41 10 110
HONE Ale Italy 6.8 4.34 8 18
LIQU Ale Italy 9.0 4.60 22 70

Conventional Beers:
ALE 1 Ale Belgium 6.6 4.39 28 15
ALE 2 Ale Italy 5.2 4.61 25 8
ALE 3 Ale Italy 5.2 4.29 35 20

LAGE 1 Lager Italy 4.6 4.43 15 7
LAGE 2 Lager Italy 4.8 4.87 20 4

Alcohol strength, IBU, and EBC values were provided by manufacturers. a Values are mean of three independent
experiments. Standard error was < 0.02.

2.2. Total Polyphenols and Flavonoids Contents of Beers

Most special beers (six out of seven) showed total polyphenols content considerably and
significantly (p < 0.05) higher (range 464–1026 mg/L of beer) as compared with that of the conventional
beers (range 274–446 mg/L of beer) (Table 3). The highest polyphenols level was measured in cocoa
(COCO) beer, followed by walnut (WALN), chestnut (CHES), licorice (LIQU), coffee (COFF), honey
(HONE), and green tea (GTEA) beers. The polyphenols content of conventional beers was in the same
order of that reported in our previous studies and in the literature [13,16–18].

Table 3. Antioxidant activity, total polyphenols and total flavonoids contents of special and
conventional beers.

Beer Code
Total Polyphenols

Gallic acid Eq.
mg/L

Total Flavonoids
Catechin Eq.

mg/L

FRAP
Fe2SO4 Eq.

mM

ABTS
Trolox Eq.

mM

Special Beers:
WALN 964.7 ± 9.6 a 90.1 ± 1.8 a 10.2 ± 0.02 a 5.2 ± 0.05 a

CHES 883.4 ± 10.9 b 71.7 ± 0.9 b 6.2 ± 0.08 b 3.4 ± 0.03 b

GTEA 464.4 ± 3.9 f 42.0 ± 0.3 e 3.6 ± 0.05 d 2.4 ± 0.03 e

COFF 582.7 ± 6.4 d 69.5 ± 1.0 b 5.0 ± 0.14 e 2.9 ± 0.03 f

COCO 1026.4 ± 3.0 a 96.4 ± 2.0 c 8.1 ± 0.10 c 3.9 ± 0.04 c

HONE 538.3 ± 8.3 e 48.7 ± 1.0 f 3.9 ± 0.01 f 2.5 ± 0.03 d

LIQU 819.7 ± 6.9 c 81.4 ± 1.3 d 6.1 ± 0.04 b 3.4 ± 0.01 b
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Table 3. Cont.

Beer Code
Total Polyphenols

Gallic acid Eq.
mg/L

Total Flavonoids
Catechin Eq.

mg/L

FRAP
Fe2SO4 Eq.

mM

ABTS
Trolox Eq.

mM

Conventional Beers:
Ale 1 446.1 ± 12.6 f,i 51.9 ± 1.1 g 3.7 ± 0.17 d,f,h 1.7 ± 0.03 g,h

Ale 2 382.7 ± 6.6 l 59.0 ± 0.9 h 3.4 ± 0.04 h 1.5 ± 0.02 i

Ale 3 424.4 ± 8.7 g,f 51.9 ± 1.3 f,g 3.9 ± 0.01 f 2.6 ± 0.02 d

LAGE 1 273.8 ± 4.1 h 26.6 ± 0.1 l 1.7 ± 0.02 g 1.8 ± 0.03 g

LAGE 2 320.6 ± 8.6 m 63.5 ± 0.8 i 2.8 ± 0.04 i 1.5 ± 0.06 h,i

FRAP, ferric reducing antioxidant power assay; ABTS, 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) assay.
Values are means ± SE (polyphenols content, n = 5; flavonoids content, n = 6; FRAP and ABTS, n = 3). Within each
column, values with different superscript are significantly different (p < 0.05, one-way ANOVA, Fisher method).

Total flavonoids content of special beers was in the range 42–96 mg/L of beer. These values are
somewhat higher as compared those measured in conventional beers (range 27–63 mg/L of beer)
(Table 3). Among the special beers, the highest flavonoids content was measured in cocoa beer (COCO),
followed by walnut (WALN), licorice (LIQU), chestnut (CHES) and coffee (COFF) beers, whereas honey
(HONE) and green tea (GTEA) exhibited a total flavonoids content close to that of conventional beers.

A significant correlation was found between EBC values and total polyphenols (Figure 1a) or
flavonoids (Figure 1b) contents (p < 0.001, R = 0.82878 and p < 0.005, R = 0.81706, respectively).

Figure 1. Relationship between beer EBC values and polyphenols (a) or flavonoids (b) contents. Data
were analyzed for correlation by Student’s t-test.

2.3. Beers Antioxidant Activity

The antioxidant activity measured with ferric reducing antioxidant power (FRAP) assay was
considerably higher in special beers (FRAP range 3.6–10.2 mM Fe2SO4/L of beer) as compared with
that of conventional beers (range 1.7–3.9 mM Fe2SO4/L of beer) (Table 3). In the same way, the
antioxidant activity evaluated by 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic) acid (ABTS) radical
cation decolorization assay showed higher values in special beers (range 2.4–5.2 mM Trolox/L of
beer) as compared with those of conventional beers (range 1.5–2.6 mM Trolox/L of beer). The highest
antioxidant activity was measured in walnut (WALN) beer, followed by cocoa (COCO), chestnut
(CHES), licorice (LIQU), and coffee (COFF) beers. Honey (HONE) and green tea (GTEA) beers showed
antioxidant activity values close to those measured in conventional beers (Table 3). The antioxidant
activity values measured in conventional beers were consistent with our previous results and with
data from the literature [10,13,16,19].
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As shown in Figure 2a, a strong correlation between total polyphenols content, measured by
Folin–Ciocalteu assay, and antioxidant activity of beers, measured by both the FRAP and ABTS assays,
was found (r = 0.93815, p < 0.0001 for FRAP assay and r = 0.90592, p < 0.0001 for ABTS assay).
Furthermore, a strict correlation was observed between the total flavonoids content and the antioxidant
activity of beers, measured by both the FRAP and ABTS methods (r = 0.87913, p < 0.0002 for FRAP
assay and r = 0.75286, p < 0.005 for ABTS assay) (Figure 2b).

Figure 2. Relationship between beer antioxidant activity, measured by both FRAP (full circles) and
ABTS (full squares) assays, and polyphenols (a) or flavonoids (b) contents. Data were analyzed for
correlation by Student’s t-test.

2.4. Phenolics Profile Analyses

Due to the role of polyphenols in determining beer quality, the hydroxycinnamic acid derivatives
chlorogenic, vanillic, caffeic, p-coumaric, and ferulic acids; the hydroxybenzoic acid derivatives syringic
and sinapic acids; the flavonoids catechin, epicatechin, rutin, myricetin, and quercetin; and the stilbene
derivative resveratrol were measured by high-performance liquid chromatography (HPLC). As most
phenolic acids are present in beer as esterified forms, we measured the level of both free and total (free
plus conjugated forms) phenolic acids [16]. The content of single phenolic compounds, representative
of the different classes of polyphenols, are shown in Tables 4 and 5 for conventional and special
beers, respectively.

As a basis for comparison, first, conventional beers were analyzed. The total phenolic acids content
of conventional beers, obtained by alkaline hydrolysis, varied in the range 21.78–38.89 mg/L of beer
(Table 4). Total ferulic acid was by far the most abundant phenolic acid in conventional beers, regardless
of the beer style, ranging from 10.27 to 21.66 mg/L of beer, followed by caffeic (range 1.61–5.99 mg/L of
beer), sinapic (range 2.19–4.80 mg/L of beer), vanillic (range 2.30–4.65 mg/L of beer), and p-coumaric
(range 0.77–2.77 mg/L of beer) acids, whereas syringic acid exhibited the lowest concentration (range
0–0.71 mg/L of beer). Lager style beers (LAGE 1 and LAGE 2) showed the lowest caffeic, syringic,
and p-coumaric acids content as compared with ale style beers. The total amount of each phenolic
acid, measured after alkaline hydrolysis, was higher with respect to the content of the respective free
form, indicating that phenolic acids were present in beer mainly as conjugated forms. Free and total
phenolic acids contents of conventional beers was in the same order of magnitude as that reported in
our previous studies [13,16,20]. Free phenolic acids content measured in conventional beer was also in
agreement with other data from the literature [21–25], whereas total phenolic acids content is usually
not routinely measured. Noteworthily, chlorogenic acid; the flavonoids catechin, epicatechin, rutin,
myricetin, and quercetin; and the stilbene derivative resveratrol were undetectable in all conventional
beers in our experimental conditions, regardless of the beer style (Table 4).
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Table 4. Phenolic acids, flavonoids, and resveratrol contents of conventional beers by high performance
liquid chromatography with diode array detector (HPLC-DAD) (mg/L).

Beer Code ALE 1 ALE 2 ALE 3 LAGE 1 LAGE 2

Phenolic Acids:
Chlorogenic nd nd nd nd nd

Vanillic
Free nd nd 2.09 ± 0.08 nd nd
Total 2.80 ± 0.05 3.58 ± 0.07 4.65 ± 0.06 4.46 ± 0.12 2.3 ± 0.07

Caffeic
Free nd nd 1.24 ± 0.10 nd nd
Total 3.00 ± 0.20 3.38 ± 0.01 5.99 ± 0.11 1.70 ± 0.08 1.61 ± 0.04

Syringic
Free nd nd 0.25 ± 0.01 nd nd
Total 0.71 ± 0.09 0.67 ± 0.04 0.51 ± 0.03 nd 0.32 ± 0.01

p-Coumaric
Free 0.53 ± 0.03 1.12 ± 0.05 0.68 ± 0.02 1.06 ± 0.05 0.35 ± 0.04
Total 2.00 ± 0.10 2.77 ± 0.09 2.13 ± 0.04 1.56 ± 0.08 0.77 ± 0.01

Ferulic
Free 0.90 ± 0.03 11.03 ± 0.54 2.91 ± 0.11 2.12 ± 0.06 1.81 ± 0.03
Total 10.27 ± 1.00 19.90 ± 0.21 21.66 ± 0.55 11.0 ± 0.07 13.71 ± 0.49

Sinapic
Free 0.41 ± 0.01 0.44 ± 0.21 0.98 ± 0.10 0.36 ± 0.04 1.07 ± 0.04
Total 4.80 ± 0.05 2.19 ± 0.07 3.95 ± 0.11 3.53 ± 0.03 3.07 ± 0.06

Total Phenolic Acids a 23.58 ± 1.56 32.49 ± 0.49 38.89 ± 0.90 22.25 ± 0.38 21.78 ± 0.68
Flavonoids:

Catechin nd nd nd nd nd
Epicatechin nd nd nd nd nd

Rutin nd nd nd nd nd
Myricetin nd nd nd nd nd
Quercetin nd nd nd nd nd
Stilbenes:

Resveratrol nd nd nd nd nd

Values are means ± SE (n = 3). nd, not detectable. a Total phenolic acids content was calculated by the sum of single
phenolic acids content obtained after alkaline hydrolysis.

The phenolic profile of special beers is shown in Table 5. The content of single phenolic acids
differs considerably among the different special beers. Total phenolic acids content obtained after
alkaline hydrolysis varied in the range 20.54–45.45 mg/L of beer, with chestnut (CHES) beer exhibiting
the highest value, followed by cocoa (COCO), licorice (LIQU), coffee (COFF), honey (HONE), green tea
(GTEA), and walnut (WALN) beers. Ferulic acid was by far the most abundant phenolic acid in all
special beers, while syringic acid showed the lowest values, as found in conventional beers. In detail,
total ferulic and vanillic acids varied in the ranges 8.22–27.55 and 2.03–5.09 mb/L of beer, respectively,
with the highest value measured in chestnut (CHES) beer. Total caffeic acid content ranged from 1.48 to
9.20 mg/L of beer, with the highest value measured in coffee (COFF) beer and the lowest value in green
tea (GTEA) beer. The total p-coumaric content ranged from 1.75 to 4.32 mg/L of beer, with the highest
content in walnut (WALN) beer. The total sinapic acid content of special beers varied in the range
2.52–6.73 mg/L of beer, the highest values found in honey (HONE) beer, followed by licorice (LIQU),
cocoa (COCO), chestnut (CHES), green tea (GTEA), walnut (WALN), and coffee (COFF) beers (Table 5).
The total syringic acid content ranged between 0.67–1.42 mg/L of beer, with the highest value found
in cocoa (COCO) beer, while it was undetectable in walnut (WALN) and coffee (COFF) beers, in our
experimental conditions. The total amount of each phenolic acid measured after alkaline hydrolysis
was higher with respect to the content of the respective free form, also indicating that, in the special
beers, phenolic acids were mainly present as conjugated forms. Noteworthily, among the special beers,
chlorogenic acid was detected only in coffee (COFF) beer.
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Table 5. Phenolic acids, flavonoids, and resveratrol contents of special beers by HPLC-DAD (mg/L).

Beer Code WALN CHES GTEA COFF COCO HONE LIQU

Phenolic Acids:
Chlorogenic tr nd nd 1.56 ± 0.10 nd nd nd

Vanillic
Free 0.92 ± 0.12 1.57 ± 0.03 0.87 ± 0.04 0.78 ± 0.03 1.14 ± 0.09 0.80 ± 0.05 1.03 ± 0.10
Total 2.16 ± 0.26 5.09 ± 0.06 2.82 ± 0.15 2.03 ± 0.14 3.39 ± 0.17 3.09 ± 0.22 2.32 ± 0.11

Caffeic
Free 0.52 ± 0.01 0.24 ± 0.01 tr 0.57 ± 0.02 0.50 ± 0.02 tr 0.56 ± 0.07
Total 3.16 ± 0.15 3.47 ± 0.03 1.48 ± 0.18 9.20 ± 0.21 3.69 ± 0.01 2.37 ± 0.17 3.71 ± 0.04

Syringic
Free tr 0.40 ± 0.03 0.62 ± 0.02 tr 0.54 ± 0.02 0.27 ± 0.01 0.40 ± 0.03
Total tr 1.24 ± 0.05 0.96 ± 0.04 tr 1.42 ± 0.05 1.24 ± 0.10 0.67 ± 0.03

p-Coumaric
Free 0.68 ± 0.01 1.02 ± 0.06 0.11 ± 0.01 0.36 ± 0.02 1.38 ± 0.08 0.21 ± 0.01 1.06 ± 0.06
Total 4.32 ± 0.24 3.36 ± 0.07 2.24 ± 0.16 1.93 ± 0.08 3.26 ± 0.13 1.75 ± 0.03 2.95 ± 0.14

Ferulic
Free 1.05 ± 0.02 1.81 ± 0.20 0.15 ± 0.01 0.63 ± 0.02 1.16 ± 0.03 0.43 ± 0.01 1.32 ± 0.08
Total 8.22 ± 0.17 27.55 ± 0.43 14.30 ± 0.40 20.50 ± 0.64 22.10 ± 0.73 19.20 ± 0.33 20.63 ± 0.87

Sinapic
Free 0.45 ± 0.01 0.97 ± 0.12 0.49 ± 0.01 0.24 ± 0.02 0.44 ± 0.01 0.55 ± 0.01 1.03 ± 0.04
Total 2.68 ± 0.06 4.74 ± 0.04 4.48 ± 0.08 2.52 ± 0.02 4.89 ± 0.05 6.73 ± 0.03 6.66 ± 0.07

Totalphenolic Acids a 20.54 ± 0.88 45.45 ± 0.68 26.28 ± 1.01 36.18 ± 1.09 38.75 ± 1.14 34.38 ± 0.88 36.94 ± 1.26
Flavonoids:

Catechin tr 4.65 ± 0.13 2.98 ± 0.09 tr 4.58 ± 0.02 tr tr
Epicatechin 1.80 ± 0.11 3.68 ± 0.12 3.09 ± 0.05 1.30 ± 0.07 1.83 ± 0.11 0.94 ± 0.05 tr

Rutin nd nd 0.68 ± 0.02 nd nd 1.29 ± 0.02 0.92 ± 0.10
Myricetin 4.44 ± 0.27 tr 1.69 ± 0.05 0.39 ± 0.03 0.65 ± 0.02 2.67 ± 0.18 8.82 ± 0.07
Quercetin 6.55 ± 0.31 tr 1.17 ± 0.09 0.54 ± 0.02 1.52 ± 0.06 4.67 ± 0.23 2.63 ± 0.15
Stilbenes:

Resveratrol 0.26 ± 0.20 0.35 ± 0.02 0.32 ± 0.02 0.23 ± 0.01 0.31 ± 0.01 0.24 ± 0.01 0.20 ± 0.01

Values are means ± SE (n = 3). Nd, not detectable and tr, traces amount.a Total phenolic acids content was calculated
by the sum of single phenolic acids content obtained after alkaline hydrolysis.

Unlike conventional beers, the special beers under study exhibited detectable levels of the
flavonoids catechin, epicatechin, rutin, myricetin, quercetin, as well as the stilbene resveratrol. The
flavonoids epicatechin, myricetin, quercetin, as well as the stilbene resveratrol were present in almost
every special beer under study, whereas the flavonoids catechin and rutin were detectable in three out
of the seven special beers, in our experimental conditions (Table 5). The epicatechin content varied in
the range 0.94–3.68 mg/L of beer, with the highest values measured in chestnut (CHES) and green tea
(GTEA) beers, while only traces were found in licorice beer (LIQU). Myricetin and quercetin content
varied in the range 0.39–8.82 and 0.54–6.55 mg/L of beer, respectively, with the highest myricetin value
found in licorice (LIQU) beer and the highest quercetin level measured in walnut (WALN) beers,
whereas only trace amount of both flavonoids were measured in chestnut (CHES) beer. Catechin was
present in the range 2.98–4.65 mg/L of beer in chestnut (CHES), green tea (GTEA), and cocoa (COCO)
beers, whereas only traces were detected in the remaining special beers. Rutin was detected in green
tea (GTEA), honey (HONE), and licorice (LIQU) beers, ranging from 0.68 to 1.29 mg/L of beer (Table 5).

In regard to the stilbene derivative resveratrol, it was present in all special beers under study,
although at a low level (range 0.20–0.35 mg/L of beer).

3. Discussion

The antioxidant activity and phenolics content of beer rely on the quantity and quality of starting
material, as well as on the industrial brewing process. Beer exhibiting high phenolics content and high
antioxidant activity display better quality, more stable flavor and aroma, foam stability, and longer shelf
life as compared with beer with lower phenolics levels and weaker antioxidant properties [7,26–29].

In our study, total polyphenols and flavonoids contents of most special beers was remarkably
higher as compared with conventional beers. In particular, the flavonoids catechin, rutin, myricetin,
quercetin, as well as the stilbene, resveratrol, were undetectable under our experimental conditions, in
all conventional beers analyzed.
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Undoubtedly, beer color has an impact on beer taste and experience. The EBC values were
remarkably higher in special beers as compared with conventional beers. The strong correlation found
between EBC values and total polyphenols and flavonoids contents suggest a relevant contribution of
plant food phenolics to special beer color, in addition to that of malt. A similar correlation between beer
total polyphenols content and EBC values has been recently reported, which suggested that beer color
is correlated to the total amount of phenolic compounds [30]. Instead, the IBU values gave similar
bitterness values in both special and conventional beers.

Recently, the addition of fresh fruits during the fermentation process has been reported to increase
antioxidant activity, total polyphenols and flavonoids contents, and to qualitatively and quantitatively
improve the phenolics profile with respect to conventional beers [13]. In this study, the special
beers produced with food addition during the fermentation step exhibited total polyphenols content
and antioxidant activity even higher than those reported for fruit beers. Notably, the specific foods
involved in the present study have been reported to contain high polyphenols levels and to possess
strong antioxidant activity [31]. The strict correlation observed between antioxidant activity and total
polyphenols and flavonoids contents suggest a central role of phenolics in the antioxidant properties
of beers.

Our results showed that cocoa (COCO), walnut (WALN), chestnut (CHES), and licorice (LIQU)
beers exhibited the higher polyphenols and flavonoids contents, followed by coffee (COFF), honey
(HONE), and green tea (GTEA) beers. Antioxidant activity decreased in the order walnut (WALN),
cocoa (COCO), chestnut (CHES), licorice (LIQU), coffee (COFF), honey (HONE), and green tea (GTEA)
beers. The phenolic profile obtained by HPLC showed that most special beers are enriched in catechin,
epicatechin, rutin, myricetin, quercetin, and resveratrol. Phenolic acids content, especially ferulic,
p-coumaric, syringic, and sinapic acids, was generally higher in special beers as compared with the
conventional beers.

Walnut beer (WALN) showed the highest antioxidant activity, measured by both FRAP and ABTS
assays and high total flavonoids level. The HPLC analyses demonstrated the highest quercetin content
among special beers, in addition to high levels of epicatechin and myricetin. In this regard, walnuts
have been reported to contain many phytochemicals, including the highest known levels of phenolic
antioxidants (phenolic acids, flavonoids, and tannins) with respect to other nut species [32–34].

Chestnut beer (CHES) exhibited the highest catechin, epicatechin, and resveratrol levels.
Accordingly, chestnuts have been reported to contain high levels of catechin, and epicatechin, in
addition to phenolic acids and tannins [35–37]. Moreover, chestnuts have been recognized as one of
the richest foods with respect to polyphenols content, exhibiting very high antioxidant activity [31].

Among special beers, coffee (COFF) beer showed the lowest catechin, rutin, myricetin, quercetin,
epicatechin, and resveratrol levels. However, coffee beer contained chlorogenic acid and the highest
caffeic acid level among the special beers. Accordingly, both caffeic and chlorogenic acids have been
reported to be present in high amounts in coffee [38,39] and are extracted from coffee during the
fermentation process of coffee beer.

Cocoa and green tea are known to possess high polyphenols and flavonoids contents, especially
catechin and epicatechin [31,40,41]. In agreement, high levels of catechin and epicatechin together
with quercetin and myricetin were detected in both cocoa (COCO) and green tea (GTEA) beers,
indicating, once again, that these compounds are extracted from cocoa and green tea during the
fermentation process.

Despite the low amount of licorice added to beer (2 g/L of beer) during the fermentation process,
licorice (LIQU) beer exhibited the highest myricetin content as compared with the other special beers
together with high levels of quercetin, caffeic, p-coumaric, ferulic, and sinapic acids. Licorice has
been reported to contain many bioactive compounds, particularly flavonoids, which are responsible
for its yellow color [42,43]. Various biological activities have been associated with licorice extracts,
particularly with its flavonoids and triterpenic saponins contents, such as antiviral, antimicrobial,
antioxidant, anti-inflammatory, and anticancer effects [44,45].
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Honey beer (HONE) showed the highest sinapic acid and rutin contents as compared with the
other special beers, and high levels of mirycetin and quercetin. According to our results, the occurrence
of caffeic acid, p-coumaric acid, ferulic acid, vanillic acid, sinapic acid, syringic acid, rutin, quercetin,
myricetin, resveratrol, and epicatechin in honey has been reported by several studies [46,47]. Honey is
one of the most renowned natural foods. Although its composition is extremely variable, depending
on its botanical and geographical origins, the abundant presence of phenolic compounds, especially
phenolic acids and flavonoids, and the antioxidant properties of honey have renewed interest toward
this natural food.

In our previous study [16], we demonstrated that phenolic acids strongly contribute to the
antioxidant activity of beer. Flavonoids have been reported to be free radical scavengers, metal
chelators, and strong antioxidants [48,49]. Therefore, the enrichment in flavonoids observed in the
special beers could account, at least in part, for the higher antioxidant activity measured in most of the
special beers as compared with the conventional beers. The stilbene derivative resveratrol was also
detected in the special beers, although at low levels, and it could contribute to the antioxidant activity
of beers.

Antioxidant activity and polyphenols content of beer associated with its low alcohol content
are relevant factors in determining the nutritional quality of beer. Total polyphenols content of
conventional beer is quite low as compared with that of red wine. In fact, the total amount of
polyphenols in red wine has been estimated to be in the range 2000–6000 mg/L of wine [50–53], whereas
that of conventional beers has been reported to vary in the range 300–500 mg/L of beer for the most
common beer styles [13,16]. Higher values (622 ± 77 and 875 ± 168 mg/L, respectively) have been
reported only for abbey and bock beer styles [16]. However, the polyphenols content of conventional
beers has been reported to be similar or even higher with respect to that reported for white wine
(range 50–350 mg/L) [50–52]. Recently, a total polyphenols content of up to 770 mg/L of beer has
been reported for fruit beers, produced through the addition of fresh fruits during the fermentation
process [13]. The special beers examined in this study exhibited total polyphenols content in the range
464–1026 mg/L, even higher than that reported for fruit beers. These values are substantially higher
as compared with those of the conventional beers, as well as compared with those of white wine. A
similar trend could be observed for antioxidant activity. The FRAP values have been reported to range
from 15 to 31 mM and from 2.2 to 5.5 mMFe2SO4 eq./L of red and white wine, respectively [53,54].
These values should be compared with those found in special beers (3.9–10.2 mM Fe2SO4 eq./L) and
conventional beers (1.7–3.9 mM Fe2SO4 eq./L). Again, the antioxidant activity of special beers was
comparable or even higher than that reported for white wines, although lower with respect to the
antioxidant activity reported for red wines.

From our data, food addition during the fermentation step resulted in considerable improvement
of the nutritional quality of beer, in terms of bioactive compounds content and antioxidant activity as
compared with conventional beers. The increased amounts of polyphenols, particularly phenolic acids;
flavonoids; and resveratrol in special beers have beneficial effects on beer drinkers.

Phenolic acids are small molecules with known antioxidant activity, acting as free radical acceptors
and chain breakers. The antioxidant and biological effects, such as anti-inflammatory, cardioprotective,
neuroprotective, antimicrobial, antiviral, anticancer effect of phenolic acids have been widely studied
and reported in the literature, particularly for caffeic, ferulic, p-coumaric, and vanillic acids. Phenolic
acids from beer have been described as being quickly absorbed and extensively metabolized in
humans to the form of glucuronide and sulfate derivatives [55,56], which have been reported to
retain antioxidant activity [57]. Flavonoids, the most abundant phenolic antioxidants in human diets,
have been reported to be absorbed in humans, circulate in plasma, and are excreted in urine [2].
Flavonoids have been reported to display antioxidant activity, free radical scavenging capacity,
metal chelation activity, coronary heart disease prevention, hepatoprotective, anti-inflammatory, and
anticancer activities [49,58]. In regard to the stilbene resveratrol, bioavailability studies in humans have
demonstrated its absorption and rapid metabolism to glucuronides and sulfates conjugates, the major
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plasma and urine metabolites [6]. Resveratrol has been reported to have several health-promoting effects
in both animals and humans such as antioxidant, anti-inflammatory, antidiabetic, and antiproliferative
properties [59,60].

A renewed interest has been focused on beer, due to its phenolic antioxidant component coupled
with low ethanol content. Moderate beer drinking has been reported to increase plasma antioxidant
and anticoagulant activities, to positively affect plasma lipid levels, and to exert protective effects on
cardiovascular risk in humans [9–12,61]. Moreover, beer drinking seems to have no effect or even an
inverse effect on total homocysteine concentration [62]. In conclusion, beer can contribute to the overall
dietary intake of antioxidants and food addition to beer can significantly strengthen this contribution.

In addition to polyphenols, the barley, hops, and plant food contained other antioxidants, such as
carotenoids, tocopherols, and ascorbic acid. All these compounds could contribute to some extent to
the overall antioxidant activity of beers.

4. Materials and Methods

4.1. Materials

Caffeic acid, vanillic acid, sinapic acid, syringic acid, p-coumaric acid, ferulic acid, o-coumaric
acid, chlorogenic acid (5-O-caffeoylquinic acid), catechin, epicatechin, resveratrol, myricetin, quercetin,
trolox, gallic acid, ferric chloride, ferrous sulfate, sodium nitrite, aluminium chloride, potassium
peroxodisulfate, 2,4,6-tripyridyl-S-triazine (TPTZ), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt (ABTS), and EDTA were from Sigma (St. Louis, MO, USA). Rutin was from
Extrasynthese (Genay Cedex, France). Ascorbic acid and all organic solvents were obtained from Carlo
Erba (Milano, Italy). Standard phenolics were dissolved in methanol (1 mg/mL), stored at −80 ◦C, and
used within 1 week. Working standard solutions were obtained daily by dilution in sample buffer
(1.25% glacial acetic acid, 7% methanol in twice-distilled water).

4.2. Beers

The conventional and special beers used in this study were purchased at local markets and beer
shops. All special beers were produced by manufacturers with food addition during the first step of
the fermentation process.

Special beers from the following different food typologies were explored: walnut (Juglans regia L.
from Sorrento, Italy), chestnut (Castanea Sativa L. from Val Mongia, Italy), cocoa (Theobroma Cacao L.),
honey (Wildflower honey), green tea (Camelia Sinensis L.), coffee (Coffea Arabica L., Coffea Robusta L.), and
licorice (Glycyrrhiza Glabra L.). Table 1 showed the ingredients used for the beers’ production and the
amount of foods added during the first fermentation step.

Beer bottles were stored in the dark and analyzed immediately after opening. Aliquots were
frozen at −80 ◦C for phenolics profile determination and analyzed within one week.

4.3. Beers’ Analyses

The total polyphenols content was measured on 0.02 mL aliquots by the Folin–Ciocalteu
method [63], using gallic acid as a reference compound. Briefly, beer samples were diluted with
distilled water to give a final volume of 1 mL, then 0.1 mL of Folin–Ciocalteu’s reagent was added.
After 5 min, 0.2 mL sodium carbonate (35% w/v) was added. Final volume was adjusted to 2 mL with
distilled water. After 1 h in the dark, absorbance at 765 nm was measured against an appropriate blank
reagent. The results were expressed as milligrams of gallic acid equivalents per liter of beer.

The total flavonoids content was measured on 0.05 mL aliquots by a colorimetric method previously
described [64], using catechin as the reference standard to obtain the calibration curve. Briefly, beer
samples were diluted with distilled water to a final volume of 1.5 mL, and then 0.075 mL of 5% NaNO2

solution was added. After 6 min, 0.15 mL of 10% AlCl3 hexahydrate was added and allow to stand for
another 5 min, before 0.5 mL 1 M NaOH was added. The volume was adjusted to 2.5 mL with distilled
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water, mixed, and absorbance at 510 nm was measured. The results are expressed as milligrams of
catechin equivalents per liter of beer.

The total antioxidant activity of beers was evaluated by both the ferric reducing antioxidant power
(FRAP) assay [65] and by the ABTS radical cation decolorization (ABTS) assay [66] on 0.01 mL of beer
aliquots. FRAP assay is a colorimetric method that measures the reduction of a ferric-tripyridyltriazine
complex to its ferrous colored form, in the presence of antioxidants. The reaction was monitored for
6 min after the addition of beer to the FRAP reagent and the 6 min absorbance readings used for
calculation referring to the iron sulfate calibration curve (range 0–100 µM) and reported as mM Fe2SO4

equivalent/L of beer. The ABTS assay is based on free radical scavenging capacity. The ABTS radical
cation was produced by reacting ABTS solution (7 mM) with potassium persulfate (2.45 mM final
concentration) in distilled water at room temperature, in the dark, for 16 h before use. A working
solution (ABTS reagent) was diluted to obtain absorbance values between 1.4 and 1.5 AU at 734 nm
and prewarmed at 30 ◦C. The percentage inhibition of absorbance was calculated with reference to a
Trolox calibration curve (0–15 µM and expressed as mM Trolox equivalent/L of beer. All solutions were
prepared daily.

International Bitterness Unit (IBU) and European Brewery Convention (EBC) values were supplied
by the manufacturer. The IBU values measure the bitterness of beer, due to the amount of iso-alpha-acids.
The EBC values refer to the color intensity, roughly darkness of the beer.

4.4. Beer Treatment for Phenolics Profile Determination by High Performance Liquid Chromatography (HPLC)

Beer aliquots (1 mL) were added with o-coumaric acid (10 µg) as internal standard and
NaCl (300 mg). Phenolics were extracted with diethylether and diethylacetate, as described by
Pozo-Bayon et al. [67]. Pooled extracts were evaporated under vacuum at 30 ◦C by rotatory evaporator.
For total phenolic acids determination, beer samples were added with o-coumaric acid (20 µg) as
internal standard and hydrolyze by alkaline treatment in the presence of ascorbate and EDTA [20,39].
After hydrolysis, the samples were acidified at pH 3.0 with 4 N HCl, added with NaCl (300 mg) and
extracted as above reported. The dried residues, obtained by the above reported procedures, were
dissolved in 0.1 mL methanol, vortexed for 5 min, and then EDTA (0.5 M, 40 µL), ascorbic acid (5%
w/v, 0.2 mL), and twice-distilled water up to 1 mL final volume, were added. Samples were vortexed
for 5 min, filtered, and analyzed by HPLC after appropriate dilution. Quantification of phenolic
compounds was calculated with reference to calibration curves obtained with pure standard phenolics
(range 0.1–10 µg injected).

Recovery experiments were performed adding known amounts of pure phenolic compounds to
beer samples, followed by the above reported extraction protocol. An almost complete recovery of all
phenolics under study was measured (range 91.0%–105.8%). When samples were submitted to alkaline
hydrolysis, prior to the extraction procedure for the total phenolic acids evaluation, the recovery of the
phenolic acids under study was in the range 95.9%–104.6%.

4.5. HPLC Instrumentation

In our laboratory, phenolic compounds are routinely assayed in foods, beverages, human plasma,
and cell extracts using high performance liquid chromatography (HPLC) [13,16,39,53,68]. The high
performance liquid chromatograph is a PerkinElmer Series 200 Liquid Chromatography (PerkinElmer,
Norwalk, CT, USA) with gradient pump, column thermoregulator, auto-sampling injector, and diode
array detector (DAD) (PerkinElmer Norwalk, CT, USA). The operating conditions used were as
follows: column temperature 30 ◦C, flow rate 1 mL/min, injection volume 50 µL, and detector at
280 nm. Chromatographic separation was obtained on a Supelcosil LC-18 column (5.0 µm particle
size, 250 × 4.6 mm ID), equipped with a guard column (C18, 5.0 µm particle size, 20 × 4.0 mm ID; both
Supelco, Bellefonte, PA, USA).To separate phenolic compounds, a gradient elution was performed using
the following two mobile phases: solution A, consisting of 1.25% glacial acetic acid in twice-distilled
water and solution B, absolute methanol. The gradient used was as follows: 0–30 min, from 98% A,
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2% B to 94% A, 6% B, linear gradient; 31–60 min, from 94% A, 6% B to 88% A, 12% B, linear gradient;
61–80 min, from 88% A, 12% B to 74% A, 26% B, linear gradient; 81–95 min, from 74% A, 26% B to
65% A, 35% B, linear gradient; 96–105 min, from 65% A, 35% B to 60% A, 40% B, linear gradient; and
106–120 min, 45% A, 55% B; 121–150 min, 98% A, 2% B.

4.6. Statistical Analysis

Data presented are means ± standard error. All measurements were made at least in triplicate.
Statistical analysis was performed using a statistical package running on a PC (KaleidaGraph 4.0,
Synergy Software, Reading, PA, USA). The Student’s t test was used for regression analyses. The
probability of p < 0.05 was considered to be statistically significant.

Author Contributions: Conceptualization, study design, and supervision M.N.; methodology M.N. and M.S.F.;
software M.N. and M.S.F.; analysis of the data M.N.; writing—original draft preparation-editing M.N.; supervision
M.N. All authors have red and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Aruoma, O. Free radicals, oxidative stress and antioxidants in human health and diseases. J. Am. Oil Chem.
Soc. 1998, 75, 199–212. [CrossRef] [PubMed]

2. Scalbert, A.; Williamson, G. Dietary intake and bioavailability of polyphenols. J. Nutr. 2000, 130, 2073S–2085S.
[CrossRef] [PubMed]

3. Pulido, R.; Hernandez-Garcia, M.; Saura-Calixto, F. Contribution of beverages to the intake of lipophilic and
hydrophilic antioxidants in the Spanish diet. Eur. J. Clin. Nutr. 2003, 57, 1275–1282. [CrossRef] [PubMed]

4. Rienks, J.; Barbaresko, J.; Nothlings, U. Association of polyphenol biomarkers with cardiovascular disease
and mortality risk: A systematic review and meta-analysis of observational studies. Nutrients 2017, 9, e415.
[CrossRef]

5. Grosso, G.; Micek, A.; Godos, J.; Pajak, A.; Sciacca, S.; Galvano, F.; Giovannucci, E.L. Dietary flavonoid and
lignan intake and mortality in prospective cohort studies: Systematic review and dose-response meta-analysis.
Am. J. Epidemiol. 2017, 185, 1304–1316. [CrossRef] [PubMed]

6. Del Rio, D.; Rodriguez-Mateos, A.; Spencer, J.P.; Tognolini, M.; Borges, G.; Crozier, A. Dietary (poly)phenolics
in human health: Structures, bioavailability, and evidence of protective effects against chronic diseases.
Antioxid. Redox Signal. 2013, 18, 1818–1892. [CrossRef]

7. Callemien, D.; Jerkovic, V.; Rozenberg, R.; Collin, S. Hop as an interesting source of resveratrol for brewers:
Optimization of the extraction and quantitative study by liquid chromatography/atmosferic pressure chemical
ionization tandem mass spectrometry. J. Agric. Food Chem. 2005, 53, 424–429. [CrossRef]

8. De Keukeleire, D.; de Cooman, L.; Rong, H.; Heyerick, A.; Kalita, J.; Milligan, S.R. Functional properties of
hop polyphenols. Basic Life Sci. 1999, 66, 739–760.

9. Gronbaek, M.; Deis, A.; Sorensen, T.I.; Becker, U.; Schnohr, P.; Jensen, G. Mortality associated with moderate
intakes of wine, beer and spirits. Br. Med. J. 1995, 310, 1165–1169. [CrossRef]

10. Gorinstein, S.; Caspi, A.; Libman, E.; Leontowicz, H.; Leontowicz, M.; Tahsma, Z.; Katrich, E.; Jastrzebski, Z.;
Trakhtenberg, S. Bioactivity of beer and its influence on human metabolism. Int. J. Food Sci. Nutr. 2007, 58,
94–107. [CrossRef] [PubMed]

11. Kaplan, N.M.; Palmer, B.F. Nutritional and health benefits of beer. Am. J. Med. Sci. 2000, 320, 320–326.
[CrossRef] [PubMed]

12. Costanzo, S.; Di Castelnuovo, A.; Donati, M.B.; Iacoviello, L.; de Gaetano, G. Wine, beer or spirit drinking in
relation to fatal and non-fatal cardiovascular events: A meta-analysis. Eur. J. Epidemiol. 2011, 26, 833–850.
[CrossRef] [PubMed]

13. Nardini, M.; Garaguso, I. Characterization of bioactive compounds and antioxidant activity of fruit beers.
Food Chem. 2020, 305, 125437. [CrossRef] [PubMed]

14. Lugasi, A. Polyphenol content and antioxidant properties of beer. Acta Alimentaria 2003, 32, 181–192.
[CrossRef]

202



Molecules 2020, 25, 2466

15. Granato, D.; Branco, G.F.; FariaJde, A.; Cruz, A.G. Characterization of Brazilian lager and brown ale beers
based on color, phenolic compounds, and antioxidant activity using chemometrics. J. Sci. Food Agric. 2011,
91, 563–571. [CrossRef]

16. Piazzon, A.; Forte, M.; Nardini, M. Characterization of phenolics content and antioxidant activity of different
beer types. J. Agric. Food Chem. 2010, 58, 10677–10683. [CrossRef]

17. Vinson, J.A.; Mandarano, M.; Hirst, M.; Trevithick, J.R.; Bose, P. Phenol antioxidant quantity and quality in
foods: Beers and the effect of two types of beer on an animal model of atherosclerosis. J. Agric. Food Chem.
2003, 51, 5528–5533. [CrossRef]

18. Gorjanovic, S.; Novakovic, M.; Potkonjak, N.; Leskosek-Cukalovic, I.; Suznjevic, D. Application of a novel
antioxidative assay in beer analysis and brewing process monitoring. J. Agric. Food Chem. 2010, 58, 744–751.
[CrossRef]

19. Zhao, H.; Li, H.; Sun, G.; Yang, B.; Zhao, M. Assessment of endogenous antioxidative compounds and
antioxidant activities of lager beers. J. Sci. Food Agric. 2013, 93, 910–917. [CrossRef]

20. Nardini, M.; Ghiselli, A. Determination of free and bound phenolic acids in beer. Food Chem. 2004, 84,
137–143. [CrossRef]

21. Montanari, L.; Perretti, G.; Natella, F.; Guidi, A.; Fantozzi, P. Organic and phenolic acids in beer. Lebensm.
Wiss. Technol. 1999, 32, 535–539. [CrossRef]

22. Floridi, S.; Montanari, L.; Marconi, O.; Fantozzi, P. Determination of free phenolics in wort and beer by
coulometric array detection. J. Agric. Food Chem. 2003, 51, 1548–1554. [CrossRef]

23. Jandera, P.; Skerikova, V.; Rehova, L.; Hajek, T.; Baldrianova, L.; Skopova, G.; Kellner, V.; Horna, A. RP-HPLC
analysis of phenolic compounds and flavonoids in beverages and plant extracts using a CoulArray detector.
J. Sep. Sci. 2005, 28, 1005–1022. [CrossRef] [PubMed]

24. Vanbeneden, N.; Delvaux, F.; Delvaux, R. Determination of hydroxycinnamic acids and volatile phenols
in wort and beer by isocratic high-performance liquid chromatography using electrochemical detection. J.
Chromatogr. A 2006, 1136, 237–242. [CrossRef]

25. McMurrough, I.; Roche, G.P.; Cleary, K.G. Phenolic acids in beers and worts. J. Inst. Brew. 1984, 90, 181–187.
[CrossRef]

26. Woffenden, H.M.; Ames, J.M.; Chandra, S. Relationships between antioxidant activity, color, and flavor
compounds of crystal malt extract. J. Agric. Food Chem. 2001, 49, 5524–5530. [CrossRef]

27. Guido, L.F.; Curto, A.F.; Boivin, P.; Benismail, N.; Goncalves, C.R.; Barros, A.A. Correlation of malt quality
parameters and beer flavor stability: Multivariate analysis. J. Agric. Food Chem. 2007, 55, 728–733. [CrossRef]

28. McMurrough, I.; Madigan, D.; Kelly, R.J. The role of flavonoid polyphenols in beer stability. J. Am. Soc. Brew.
Chem. 1996, 54, 141–148.

29. Drost, B.W.; Van der Berg, R.; Freijee, F.J.M.; Van der Velde, E.G.; Hollemans, M. Flavor stability. J. Am. Soc.
Brew. Chem. 1990, 48, 124–131. [CrossRef]

30. Bertuzzi, T.; Mulazzi, A.; Rastelli, S.; Donadini, G.; Rossi, F.; Spigno, G. Targeted healthy compounds in small
and large-scale brewed beers. Food Chem. 2020, 310, 125935. [CrossRef]

31. Perez-Jimenez, J.; Neveu, V.; Vos, F.; Scalbert, A. Identification of the 100 richest dietary sources of polyphenols:
An application of the Phenol-Explorer database. Eur. J. Clin. Nutr. 2010, 64, S112–S120. [CrossRef] [PubMed]

32. Hayes, D.; Angove, M.J.; Tucci, J.; Dennmis, C. Walnuts (Juglans regia) chemical composition and research in
human health. Crit. Rev. Food Sci. Nutr. 2016, 56, 1231–1241. [CrossRef] [PubMed]

33. Alasalvar, C.; Shahidi, F. Tree nuts: Composition, phytochemicals, and health effects: An overview. In Tree
Nuts: Composition, Phytochemicals, and Health Effects; Alasalvar, C., Shahidi, F., Eds.; CRC Press: Boca Raton,
FL, USA, 2009; pp. 1–10.

34. Harnly, J.M.; Doherty, R.F.; Beecher, G.R.; Holden, J.M.; Haytowitz, D.B.; Bhagwat, S.; Gebhardt, S. Flavonoid
content of US fruits, vegetables and nuts. J. Agric. Food Chem. 2006, 54, 9966–9977. [CrossRef] [PubMed]

35. De Vasconcelos, M.C.B.M.; Bennett, R.N.; Rosa, E.A.S.; Ferreira-Cardoso, J.V. Industrial processing effects on
chesnutnfruits (Castanea Sativa Mill.). 2. Crude protein, free amino acids and phenolic phytochemicals. Int. J.
Food Sci. Technol. 2009, 44, 2613–2619.

36. De Vasconcelos, M.C.B.M.; Bennett, R.N.; Rosa, E.A.S.; Ferreira-Cardoso, J.V. Composition of European
chesnut (Castanea Sativa Mill.) and association with health effects: Fresh and processed products. J. Sci. Food
Agric. 2010, 90, 1578–1589. [CrossRef]

203



Molecules 2020, 25, 2466

37. De Pascual-Teresa, S.; Santos-Buelga, C.; Rivas-Gonzalo, J.C. Quantitative analysis of flavan-3-ols in Spanish
foodstuffs and beverages. J. Agric. Food Chem. 2000, 48, 5331–5337. [CrossRef]

38. Moreira, A.S.P.; Nunes, F.M.; Simoes, C.; Maciel, E.; Domingues, P.; Domingues, M.R.M.; Coimbra, M.A. Data
on coffee composition and mass spectrometry analysis of mixtures of coffee related carbohydrates, phenolic
compounds and peptides. Data Brief 2017, 13, 145–161. [CrossRef]

39. Nardini, M.; Cirillo, E.; Natella, F.; Scaccini, C. Absorption of phenolic acids in humans after coffee
consumption. J. Agric. Food Chem. 2002, 50, 5735–5741. [CrossRef]

40. Rodriguez-Carrasco, Y.; Gaspari, A.; Graziani, G.; Santini, S.; Ritieni, A. Fast analysis of polyphenols and
alkaloids in cocoa-based products by ultra-high performance liquid chromatography and Orbitrap high
resolution mass spectrometry (UHPLC-Q-Orbitrap-MS/MS). Food Res. Int. 2018, 111, 229–236. [CrossRef]

41. Zhao, C.N.; Tang, G.Y.; Cao, S.Y.; Xu, X.Y.; Gan, R.; Liu, Q.; Mao, Q.Q.; Shang, A.; Li, H.B. Phenolic profiles and
antioxidant activities of 30 tea infusion from green, black, oolong, white, yellow and dark teas. Antioxidants
2019, 8, 215. [CrossRef]

42. Pastorino, G.; Cornara, L.; Soares, S.; Rodrigues, F.; Oliveira, M.B.P.P. Liquorice (Glycyrrhiza glabra): A
phytochemical and pharmacological review. Phytother. Res. 2018, 32, 2323–2339. [CrossRef]

43. Rizzato, G.; Scalabrin, E.; Radaelli, M.; Capodaglio, R.; Piccolo, O. A new exploration of licorice metabolome.
Food Chem. 2017, 221, 959–968. [CrossRef] [PubMed]

44. Asl, M.N.; Hosseinzadeh, H. Review of pharmacological effects of Glycyrrhiza sp. and its bioactive
compounds. Phytother. Res. 2008, 22, 709–724. [CrossRef] [PubMed]

45. Fiore, C.; Eisenhut, M.; Ragazzi, E.; Zanchin, G.; Armanini, D. A history of the therapeutic use of liquorice in
Europe. J. Ethnopharmacol. 2005, 99, 317–324. [CrossRef] [PubMed]

46. Ciulu, M.; Spano, N.; Pilo, M.I.; Sanna, G. Recent advances in the analysis of phenolic compounds in unifloral
honeys. Molecules 2016, 21, 45. [CrossRef]

47. Cianciosi, D.; Forbes-Hernandez, T.J.; Afrin, S.; Gasparrini, M.; Reboredo-Rodriguez, P.; Manna, P.P.; Zhang, J.;
Bravo Lamas, l.; Martinez Florez, S.; Toyos, P.A.; et al. Phenolic compounds in honey and their associated
health benefits: A review. Molecules 2018, 23, 2322. [CrossRef]

48. Cook, N.C.; Samman, S. Review: Flavonoids-chemistry, metabolism, cardioprotective effects and dietary
sources. J. Nutr. Biochem. 1996, 7, 66–76. [CrossRef]

49. Kumar, S.; Pandey, A.K. Chemistry and biological activities of flavonoids: An overview. Sci. World J. 2013,
2013, 162750. [CrossRef]

50. Quideau, S.; Deffieux, D.; Douat-Casassus, C.; Pouysegu, L. Plant polyphenols: Chemical properties,
biological activities and synthesis. Angew. Chem. Int. Ed. Engl. 2011, 50, 586–621. [CrossRef] [PubMed]

51. Chamkha, M.; Cathala, B.; Cheynier, V.; Douillard, R. Phenolic compositionof champagnes from Chardonnay
and Pinot Noir vintages. J. Agric. Food Chem. 2003, 51, 3179–3184. [CrossRef]

52. Stockham, K.; Sheard, A.; Paimin, R.; Buddhadasa, S.; Duong, S.; Orbell, J.D.; Murdoch, T. Comparative
studies on the antioxidant properties and polyphenolic content of wine from different growing regions and
vintages, a pilot study to investigate chemical markers for climate changes. Food Chem. 2013, 140, 500–506.
[CrossRef] [PubMed]

53. Garaguso, I.; Nardini, M. Polyphenols content, phenolics profile and antioxidant activity of organic red
wines produced without sulfur dioxide/sulfites addition in comparison to conventional red wines. Food
Chem. 2015, 179, 336–342. [CrossRef] [PubMed]

54. Nardini, M.; Garaguso, I. Effect of sulfites on antioxidant activity, total polyphenols and flavonoids
measurements in white wine. Foods 2018, 7, 35. [CrossRef] [PubMed]

55. Bourne, L.; Paganga, G.; Baxter, D.; Hughes, P.; Rice-Evans, C. Absorption of ferulic acid from low-alcohol
beer. Free Radic. Res. 2000, 32, 273–280. [CrossRef] [PubMed]

56. Nardini, M.; Natella, F.; Scaccini, C.; Ghiselli, A. Phenolic acids from beer are absorbed and extensively
metabolized in humans. J. Nutr. Biochem. 2006, 17, 14–22. [CrossRef] [PubMed]

57. Piazzon, A.; Vrhovsek, U.; Masuero, D.; Mattivi, F.; Mandoj, F.; Nardini, M. Antioxidant activity of phenolic
acids and their metabolites: Synthesis and antioxidant properties of the sulfate derivatives of ferulic and
caffeic acids and of the acyl glucuronide of ferulic acid. J. Agric. Food Chem. 2012, 60, 12312–12323. [CrossRef]

58. Williamson, G.; Manach, C. Bioavailability and bioefficacy of polyphenols in humans. II. Review of 93
intervention studies. Am. J. Clin. Nutr. 2005, 81, 243S–255S. [CrossRef]

204



Molecules 2020, 25, 2466

59. Tome-Carneiro, J.; Larrosa, M.; Gonzales-Sarrias, A.; Tomas-Barberan, F.A.; Garcia-Conesa, M.T.; Espin, J.C.
Resveratrol and clinical trials: The crossroad from in vitro studies to human evidence. Curr. Pharm. Design
2013, 19, 6064–6093. [CrossRef]

60. Smoliga, J.M.; Baur, J.A.; Hausenblas, H.A. Resveratrol and health—A comprehensive review of human
clinical trials. Mol. Nutr. Food Res. 2011, 55, 1129–1141. [CrossRef]

61. Arranz, S.; Chiva-Blanch, G.; Valderas-Martinez, P.; Medina-Remon, A.; Lamuela-Raventos, R.M.; Estruch, R.
Wine, beer, alcohol and polyphenols on cardiovascular disease and cancer. Nutrients 2012, 4, 759–781.
[CrossRef] [PubMed]

62. Van der Gaag, M.S.; Ubbink, J.B.; Sillanaukee, P.; Nikkari, S.; Hendriks, H.F.J. Effect of consumption of red
wine, spirits and beer on serum homocysteine. Lancet 2000, 335, 1522. [CrossRef]

63. Singleton, V.L.; Rossi, J.A. Colorimetry of total phenolics with phosphomolybdic-phosphotungstic acid
reagents. Am. J. Enol. Vitic. 1965, 16, 144–158.

64. Dewanto, V.; Wu, X.; Adom, K.K.; Liu, R.H. Thermal processing enhances the nutritional value of tomatoes
by increasing total antioxidant activity. J. Agric. Food Chem. 2002, 50, 3010–3014. [CrossRef]

65. Benzie, I.F.F.; Strain, J.J. The ferric reducing ability of 1 plasma (FRAP) as a measure of “Antioxidant power”:
The FRAP assay. Anal. Biochem. 1996, 239, 70–76. [CrossRef] [PubMed]

66. Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant activity applying an
improved ABTS radical cation decolorization assay. Free Radic. Biol. Med. 1999, 26, 1231–1237. [CrossRef]

67. Pozo-Bayon, M.A.; Hernandez, M.T.; Martin-Alvarez, P.J.; Polo, M.C. Study of low molecular weight phenolic
compounds during the aging of sparkling wines manufactured with red and white grape varieties. J. Agric.
Food Chem. 2003, 51, 2089–2095. [CrossRef]

68. Nardini, M.; Forte, M.; Vrhovsek, U.; Mattivi, F.; Viola, R.; Scaccini, C. White wine phenolics are absorbed
and extensively metabolized in humans. J. Agric. Food Chem. 2009, 57, 2711–2718. [CrossRef]

Sample Availability: Samples of the compounds are not available from the authors.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

205





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Molecules Editorial Office
E-mail: molecules@mdpi.com

www.mdpi.com/journal/molecules





ISBN 978-3-0365-6127-1 

MDPI  
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34

www.mdpi.com


