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Abstract: Delaying flavour staling has been one of the greatest and most significant challenges for
brewers. The choice of suitable raw materials, particularly malting barley, is the critical starting
point to delay the risk of beer staling. Malting barley and the malting process can have an impact
on beer instability due to the presence of pro-oxidant and antioxidant activities. Malt contains
various compounds originating from barley or formed during the malting process, which can play
a significant role in the fundamental processes of brewing through their antioxidant properties.
This review explores the relationship between malt quality, in terms of antioxidant and pro-oxidant
activities, and the flavour stability of beer.
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1. Introduction

There has been controversy about the pathways involved in the synthesis of beer
staling compounds. Although the filling and packaging processes and storage conditions
are widely recognised as playing a central role, attention is being increasingly directed
towards the properties of barley malt and the malting technique to better understand
the factors affecting beer flavour stability. Malt is responsible for providing the principal
colour of beer, and different malt types and malting conditions are responsible for both
positive and negative flavours in beer [1]. The scarce knowledge on the significance of the
balance between the antioxidant and pro-oxidant potential exhibited by barley and malt has
motivated our research team to conduct studies aiming at elucidating the contribution of
individual components to the overall antioxidant capacity of malt. A comprehensive review
of the overall antioxidant properties of malt and how they are influenced by individual
constituents of barley and the malting process may be accessed [2].

Although the staling of beer is a complex phenomenon, volatile carbonyl compounds
have attracted most attention in the context of beer flavour instability. However, the myriad
of flavour notes changing during staling is due to a much broader range of chemical entities.
Unsaturated aldehydes, especially those with very low sensory thresholds having 7 to
10 carbon atoms, are considered to be the most important. Amongst them, E-2-nonenal,
with an extremely low flavour threshold of 0.11 µg/L (Table 1), has long been the most
frequently cited as the cause of a cardboard character typical of aged beer [3]. These
aldehydes are potentially formed during malting and mashing by a number of different
routes, in which the enzymatic and non-enzymatic degradation of polyunsaturated fatty
acids is assumed to be the major source [4].

Acetaldehyde is the predominant carbonyl compound present in beer, making up
around 60% of all aldehydes [5]. Despite this, its high flavour threshold (Table 1) means
that it does not typically contribute significantly to beer flavour, except in rare cases such
as when it causes a “green taste” in young beers [6]. In contrast, the most prominent aroma
in a 6-month-old beer sample is often identified as E-β-damascenone, a terpenic ketone
characterized by a “stewed apple,” fruity, and honey-like note (Table 1, [7]). According
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to some authors, E-β-damascenone may be just as significant to the flavour of aged beer
as E-2-nonenal [8,9]. Furanic aldehydes, such as furfural and 5-hydroxymethyl furfural,
are often associated with the development of caramelized stale flavours, but it is widely
accepted that these compounds are not directly responsible for such flavours [10].

The Strecker degradation is a chemical reaction between an amino acid and an alpha-
dicarbonyl compound, such as those that are intermediates in the Maillard reaction. This
reaction converts the amino acid into an aldehyde with one less carbon atom. While the
aldehydes produced through the Maillard reaction and Strecker degradation are not typ-
ically considered to be the primary beer staling compounds, recent research has shown
that aldehydes resulting from the Strecker degradation, such as 2-methylpropanal, 3-
methylbutanal, and phenylacetaldehyde, can be found in higher concentrations in malt
compared to other types of aldehydes. 3-Methylbutanal was found in the highest con-
centration (1213–8218 µg kg−1), followed by 2-methylpropanal (612–3469 µg kg−1), and
phenylacetaldehyde (198–5105 µg kg−1) [11,12].

In brief, nearly all the aldehydes that are considered aging indicators in beer are
already present in malt [13]. Fickert and Schieberle (1998) identified several aldehydes in
the volatile fraction of barley malt, including E-2-nonenal, which suggests that both lipid
peroxidation and the Strecker degradation are important reactions for generating flavours
during malt production [14].

Table 1. Sensory descriptors and flavour threshold values of carbonyl compounds in lager beers.

Compound Flavour Threshold (mg/L) Sensory Descriptor

Carbonyl Compounds

Acetaldehyde 25 a Green leaves, fruity
(E)-2-nonenal 0.00011 a Papery, cardboard

(E)-β-damascenone 0.15 b Stewed apple, honey-like
Furfural 150 a Sweet, bready, caramellic

5-Hydroxymethyl-furfural 1000 a Fatty, waxy, caramellic
Diacetyl 0.1–0.2 c Butterscotch, rancid

2,3-Pentanedione 1 c Fruity, sweet
a [15]; b [16]; c [17].

2. From Barley to Malt

The barley is transformed into malt through the malting process, which is mainly the
transformation of insoluble starch into simple sugars. The malting process consists of three
technological steps: steeping, germination, and kilning or roasting (final heat treatments).

During the steeping stage, the raw barley is soaked in water to increase the grain’s
moisture content from approximately 12% up to 46%. The moisture increase induces the
beginning of germination and the early growth of the embryo, resulting in the activation
and development of diastatic enzymes. The starch is then released from the endosperm
and converted into simple sugars. Usually, the steeping step consists in alternating periods
where the grains are submersed in water with rest periods or dry periods, with a duration
of 36–48 h at a temperature of 15–20 ◦C [18,19].

The next step consists of the germination of steeped barley to obtain “green malt”. The
“green malt” is characterized by high moisture contents (up to 47%) and high enzymatic
activity, resulting in the hydrolysis of cell walls and starch mediated by α-amilase, β-
amylase, and β-glucanases. The germination step lasts for 4–6 days and it is conducted
at temperatures around 15–22 ◦C. The moisture of the grains is kept around 45% and the
growth of the rootlets is controlled to evaluate the degree of sprouting [18,19].

After germination, the moisture content of “green malt” must be reduced (to approxi-
mately 5%) in order to stop germination and assure optimal conditions for the conservation
and storage of the grains. This is achieved by submitting the grains to a final heat treatment
step (kilning), which will halt the sprouting process and avoid all the starch reserves that
are consumed by deactivating enzymatic activity. The kilning process consists of a first
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phase called the withering phase, where the grains are exposed to temperatures between
50–65 ◦C for 12, reducing the moisture content to approximately 12% and halting the
germination (above 40 ◦C). The second phase (curing phase) is carried out at temperatures
up to 82–85 ◦C for 4 h, reducing moisture to values around 4% and ensuring enzyme
inactivity. The grains are then cooled down to ensure an ideal temperature for discharge
and storage [18,19].

The thermal processing steps have the greatest impact on the colour and flavour of
malt. The obtained malted grains are usually called pale malt and are applied in almost all
types of beer. Light malt is commonly fast-dried to limit the formation of Maillard reaction
products, while for specialty dark malts the moisture is reduced slowly in order to achieve
higher grain temperatures, inducing the Maillard reaction [20].

Specialty malts are produced to provide characteristic flavours and colours to beer,
but they are typically used in very small amounts (<5%) compared to pale malt. They can
be produced by roasting barley, green malt, or kilned pale malt [2,20]. resulting in low
enzymatic activity and low levels of fermentable sugars and amino acids. Specialty malts
are primarily used to add colour and aroma to beer. Specialty dark malts are generally
classified into coloured malts, caramel malts, and roasted malts, which are obtained through
roasting at temperatures ranging from 110 to 220 ◦C. Different degrees of roasting, which
are determined by time and temperature, result in various intensities of colour and flavour
through the Maillard and caramelization reactions, as well as pyrolysis reactions at high
temperatures (>150 ◦C) [2,20,21].

The primary flavour characteristics of malt are developed during the malting process.
However, recent studies have focused on understanding the impact of different barley
varieties on the flavour of the beer. Through analysis of various barley varieties, researchers
have identified how different metabolites influence the chemistry and flavour of the beer.
The presence of various compounds, such as aldehydes, ketones, alcohols, furans, and
aromatic compounds, contributes to the unique chemical composition of the final beer and
thus, imparts its distinctive sensory attributes [22,23].

3. Malt Antioxidant Activity

Antioxidants can be broadly defined as compounds that inhibit oxidative reactions by
decreasing molecular oxygen levels, scavenging chain-initiating and chain-propagating
free radicals, chelating metals, or decomposing peroxides [24]. As such, they are believed
to play a crucial role in malting and brewing by inhibiting oxidative damage.

Sulphites and ascorbic acid are commonly used as antioxidants during brewing to
produce beers with high antioxidant activity [25]. However, due to consumer demand and
stricter regulations, there has been a trend toward reducing the use of added antioxidants.
Consequently, more attention is now being given to the brewing process and the properties
of raw materials. Barley malt already contains various endogenous antioxidants such
as phenolic compounds, phytic acid, ascorbic acid, and enzymes [26]. Protecting the
endogenous antioxidants present in barley during malting can increase the brew’s reduction
potential, thus inhibiting oxidative processes harmful to flavour stability and avoiding
the use of exogenous antioxidant compounds [27]. Important antioxidant compounds in
malting and brewing include:

(i) Melanoidins and reductones

Maillard reaction products (MRPs) are formed by the reaction between carbonyl
groups of reducing sugars and amino groups of amino acids, peptides, or proteins, yielding
a complex mixture of compounds with different molecular weights. The polymerization of
low molecular weight compounds into high molecular weight compounds, also designated
as melanoidins (MLD), may occur in the late stages of the Maillard reaction. MLD (Figure 1)
are important for the quality and characteristics of many types of foods and beverages not
only due to their colour and aroma, but also due to their health benefits and antioxidant
properties [2]. MRPs act as scavengers for reactive oxygen species such as superoxide,
peroxide, and hydroxyl radicals. They are known to be highly efficient antioxidants in the
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production and storage of food. MRPs have been found to have metal chelating properties,
to be effective at reducing hydroperoxides to non-radical products, and to break the radical
chain by donating a hydrogen atom [26]. Studies have reported that the antioxidant capacity
of malt can increase during kilning and roasting as a result of the Maillard reaction, which
leads to the development of reductones and MRPs [28–32]. MRPs have been identified as
the primary contributors to the antioxidant activity of roasted malts [30,33], with a positive
influence on the maintenance and development of malt-reducing properties [34].
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Figure 1. Chemical structures for some important antioxidant species, naturally present in barley
malt.

(ii) Phenolic substances (phenolic acids and polyphenol compounds)

Barley contains 100 to 400 mg/kg of phenolic compounds, consisting of 80% of flavan-
3-ols, 13% of flavonols, 5% of phenolic acids, and 2% of apolar compounds. Among
flavan-3-ols, the most abundant compounds are the monomer forms, (+)-catechin and
(−)-epicatechin, and polymer forms, constituted mainly by units of (+)-catechin and (+)-
gallocatechin (Figure 1). Monomeric, dimeric, and trimeric flavan-3-ols accounted for 58%
to 68% of the total phenolic content, with a predominance of trimeric flavan-3-ols [35].

Phenolic compounds are effective radical scavengers and can inhibit non-enzymatic
lipid peroxidation. They also act as enzymatic lipid peroxidation inhibitors, as discussed
below. Malt and hops both contribute these substances to wort and beer, but the majority
comes from the malt. Malt-derived polyphenols account for about 70–80% of the polyphe-
nols in the wort, with the remaining 20–30% coming from hops. The properties of the
polyphenols from these two sources are likely to be different and highly dependent on the
degree of polymerization. Lower molecular weight polyphenols are particularly effective
as antioxidants, with the reducing power and solubility of polyphenols decreasing with
increasing molecular weight.

The contribution of malt to the redox potential, and its status throughout the brewing
process and in the final beer, depend on various factors and the interactions between
different reducing agents. It is important to note that in certain situations, reducing agents
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can become pro-oxidants. Therefore, the oxidation/reduction state plays a crucial role in
the deterioration of beer, and an increase in reducing activity is beneficial for enhancing
flavour stability.

The antioxidant capacity of barley is primarily attributed to its polyphenols, which
can vary depending on the barley variety. Therefore, selecting the appropriate barley
variety is the first step in reducing the potential for oxidation. Research has shown that
most of the polyphenols found in malt are already present in barley, indicating that the
natural antioxidants in barley make a significant contribution to the antioxidant activity
of malt [36]. Low-molecular-weight polyphenols (<5 kDa) are responsible for 80% of the
antioxidant activity in malt and beer samples [37]. The kilning stage during malt production
also has a considerable impact on the antioxidant levels and reduction potential of malt.
The formation of melanoidins and reductones during kilning significantly influences the
concentration of MRPs in malt, and this is affected by the kilning temperature and time.
The malting process, in particular the kilning regimes and roasting temperatures, may have
an important impact in terms of the phenolic composition and antioxidant features. Among
the malts studied, extracts from light types (kilning temperature ≤160 ◦C) contained higher
amounts of total and individual phenolic compounds, ferulic and p-coumaric acids in
particular, than dark extracts (malt kilning temperature ≥200 ◦C) [38].

Recent studies have revealed that phenolic compounds can inhibit lipoxygenases
from germinating barley [39]. The effectiveness of phenolic compounds in inhibiting
autoxidation and enzymatic oxidation can vary widely, ranging from 1 to 100 depending
on their chemical structure [27]. During malting, there is a reduction in phenolic content,
with catechin monomers being the most affected, as shown by Goupy et al. (1999) [33].
The antioxidant (+)-catechin and ferulic acid decreased the rate of formation of some
carbonyl compounds during beer forced-ageing in the presence of air, but had no impact
during the extended storage of beer at low levels of oxygen [4]. The beer produced
from proanthocyanidin-free barley called Caminant was considered to be slightly inferior
by a tasting panel compared to reference beers brewed from barley varieties cultivated
under comparable conditions. This may be attributed to the deficient polyphenol level,
particularly the catechin fraction, in the Caminant barley variety. As a result, this variety
poses challenges in terms of flavour stability [40]. Even though the potential benefit of
polyphenols to the colloidal stability of beer, by forming non-biological haze with proteins,
is now largely recognised, their beneficial role for flavour stability is still an open question.
To prove this, it was recently demonstrated that the partial removal of polyphenols by
polyvinylpolypyrrolidone has no impact on flavour stability [41]. PCA analysis has revealed
that the chemical composition and sensory characteristics of aged beer are affected by the
varietal differences in barley [42]. The presence of natural polyphenols in barley has been
found to have a positive impact on beer flavour stability. However, it should be noted that
technological factors can also significantly influence beer flavour stability, as evidenced by
the significant heterogeneity observed in the malt bed during industrial kilning.

Boivin et al. (1993) demonstrated that malt contains compounds that can inhibit the
lipoxygenase activity of germinating barley, prevent lipid oxidation, and exhibit reducing
power, according to various methods for evaluating antioxidant properties. The malt’s
reducing compounds are produced during germination and increase during the first stage
of kilning, but decrease at higher temperatures. The amount of reducing compounds in
malt depends on the barley cultivar and the kilning conditions applied [26]. The kilning
regime not only affects the malt’s antioxidant properties but also influences the colour and
flavour profile of the final beer product [29].

Barley and germinating barley produce enzymes that exhibit antioxidant activity. One
such enzyme is superoxide dismutase (SOD, EC 1.15.1.1), which catalyses the conversion
of superoxide radicals to hydrogen peroxide, which is subsequently broken down into
water and oxygen by catalase (CAT, EC 1.11.1.6). Together, SOD and CAT maintain oxygen
in a stable, less reactive state by reducing the levels of superoxide and hydroperoxide.
Barley contains both of these enzymes and their activities increase during germination.
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They can also survive pale kilning regimes but are destroyed at mashing temperatures
exceeding 65 ◦C [43]. Peroxidase (POD, EC 1.11.1.7) is a primary antioxidant that can
protect against medium oxidation by removing hydrogen peroxide. However, malt POD
can also oxidize endogenous barley phenolic compounds, such as ferulic acid, (+)-catechin,
and (−)-epicatechin, which could have negative effects on beer quality [44]. The residual
enzyme activities in malt depend on both the barley cultivar and the malting process.
Natural antioxidant compounds in malt, such as phenolic compounds and MRPs, may
play a significant role in inhibiting oxidative processes during malting and brewing. These
antioxidants can inhibit lipoxygenase action during malting and mashing and decrease
the autoxidation reaction during the brewing process and beer storage. While enzyme
antioxidants can only act during malting and at the beginning of mashing, phenolic com-
pounds and MRPs can act throughout the process and even after the beer has been stored.
Therefore, careful selection of barley cultivars and malting regimes can help maximize the
antioxidant potential of malt and improve beer quality.

4. Malt Pro-Oxidant Activity

Pro-oxidant malt compounds are primarily associated with the enzymes that are
responsible for the breakdown of lipids. These enzymes include lipase (EC 3.1.1.3), lipoxy-
genase (LOX, EC 1.13.11.12), and the hydroperoxide-reactive enzyme system (Figure 2).
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Oxidation of malt phenolic compounds by the catalytic action of polyphenol oxidase
(PPO, EC 1.14.18.1) also occurs during the malting process. All these enzymes are found
in most cereals, including barley [44], but they may also be synthesized by microflora
developing during malting.

Pro-oxidant enzymes are primarily involved in lipid degradation. Lipase is the first
enzyme to act on the ester bond between fatty acid and glycerol of triglycerides and di-
glycerides, releasing free fatty acids from lipids. Lipoxygenase catalyzes the oxidation of
polyunsaturated free fatty acids, such as linoleic acid (C18:2), forming hydroperoxides.
Lipoxygenase may also be involved in the creation of oxidative cross-linking between
thiol-rich proteins via reactions, resulting in macromolecular reticulations that could alter
the filterability performance of wort and beer, possibly affecting their quality [43]. The
primary oxidation products of lipoxygenase activity, hydroperoxides, are decomposed into
off-flavour compounds, such as unsaturated aldehydes, by hydroperoxide reactive enzyme
systems, namely, hydroperoxide lyase and hydroperoxide isomerase (EC 4.2.1.92) [26]. High
moisture content (above 40%) and low temperatures (below 60 ◦C) promote lipoxygenase
(LOX) activity during the withering phase of kilning, resulting in the synthesis of E-2-
nonenal and adduct formation. These nonenal adducts, also known as malt-RNP, which
account for approximately 25% of the nonenal potential in the mash, can have a negative
impact on the flavour stability of beer [45]. However, Carlsberg Research Laboratory
developed a low-lipoxygenase barley cultivar in 2002, which expresses mutant LOX-1
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protein. This barley variety can produce beer with significantly enhanced flavour stability
and reduced levels of E-2-nonenal. Through mutation breeding, a LOX-1-null barley line
was obtained, which can improve the flavour stability of beer without affecting other
important beer qualities [46]. The results of a recent study clearly indicated that the LOX-
less barley malt showed less nonenal potential than the control, and the beer brewed from
the LOX-less barley malt contained much lower concentrations of trans-2-nonenal (T2N)
and gamma-nonalactone, especially after the (forced or natural) aging of the beer, compared
with the beer brewed under the same conditions using the control malt [47].

Polyphenol oxidase is able to catalyse the oxidation of polyphenols compounds with
oxygen in very reactive quinonic compounds (Figure 3). In the oxidized state, they can
cross-link and polymerize with proteins or cell-wall polysaccharides, directly influencing
the formation of non-biological haze in wort and beer. Polyphenol oxidase is primarily
responsible for enzymatic browning in fruits and vegetables. Enzymatic or chemical
oxidation of polyphenols typically results in a loss of their antioxidant capacity. However,
recent studies suggest that partially oxidized polyphenols may exhibit higher antioxidant
activity than non-oxidized phenols [48].
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Figure 3. The action of polyphenol oxidase (PPO).

The pro-oxidant activity of malt extracts can also be attributed to flavonoids, procyani-
dins, and certain MRPs [29]. Many phenolic compounds act as antioxidants only at high
concentrations, but at lower levels, they may have pro-oxidant effects [49]. Apart from their
well-established antioxidant properties, MRPs may also exhibit pro-oxidant properties.
Highly reactive radicals are generated in the initial stages of the Maillard reaction, and their
disappearance is accompanied by the gradual development of browning. The level of these
radicals depends on the intensity and duration of the heat treatment applied because at low
temperatures, the reaction steps contributing to the formation of pro-oxidant compounds
last longer than with high-temperature treatments [50]. High molecular weight brown-
ing compounds, generated by roasting barley, have been shown to act as pro-oxidants in
metal-catalyzed oxidation reactions [51].

Figure 4 illustrates some possible routes of the pro- and antioxidant enzymatic activity
in the malting and brewing process.

Through their sequential action, these enzymes are most active during the malting
and mashing processes. Enzymatic activity is destroyed during the kilning and mashing
steps, except for POD, which is a highly heat-stable enzyme. However, POD, which can
oxidize phenolic compounds, appears to have limited action in the finished product due
to the extremely low levels of hydrogen peroxide. In contrast, phenolic compounds and
MRPs may play a significant role throughout the entire process and even after beer storage.
Evidence has been provided for the inhibitory action of malt polyphenols on lipoxygenase
(LOX) activity in finished malts. The anti-radical power, which is highly correlated with
polyphenolic content, was found to be similar for both malt and barley, highlighting the
essential role of barley’s endogenous polyphenols on beer flavour stability [52]. The radical
scavenging properties of highly polymerized phenolic compounds may also be effective
against oxidative reactions during the malting and mashing stages. A deeper understanding
of this issue could be achieved by investigating the mechanism by which malt polyphenols
exert their protective action throughout the malting, mashing, or filtration steps against
oxidative reactions.
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Figure 4. Implication of pro- and antioxidant enzymes in the malting and brewing process.

5. Concluding Remarks

The quality of malt can impact beer instability due to the presence of lipids, oxidative
enzymes (such as lipoxygenase, hydroperoxide lyase, and hydroperoxide dehydrogenase),
polyphenols, and phenolic acids. Polyphenols and phenolic acids present in malt are
natural antioxidants capable of delaying, retarding, or preventing oxidation processes.
Therefore, they are considered to have a significant effect on malting and brewing as
inhibitors of oxidative damage. As a result, increasing attention is being directed toward
the final properties of raw materials. For example, protecting the endogenous antioxidants
present in barley during malting could increase the reduction potential of the brew, thus
helping to inhibit oxidative processes that are detrimental to flavour stability and avoid
the use of exogenous antioxidant compounds. Among the measured variables for malts,
malt anti-radical power is the major contributor to beer flavour stability. In conclusion, it
is clear that malt quality in terms of pro-oxidant and antioxidant activity plays a central
role in beer flavour instability. This can be improved through a suitable choice of barley
and malting process. Malt with low lipoxygenase activity, low residual nonenal potential,
free phenolic compounds with high antioxidant activity, and a high amount of reducing
compounds provide an excellent starting point.
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