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Abstract: This comprehensive review is devoted to an under-exploited family of phenolic
compounds, the coumarins, and the most relevant strands in which they are involved in some spirit
beverages — wine spirit, brandy, whiskey, sugar cane spirits (rum and cachaca) and grape marc spirit
— with great importance worldwide in terms of production, trade and consumption. It gathers the
key discoveries on the topic considering the production process of each spirit beverage, the related
sources of coumarins (different kinds of wood used in the ageing stage) along with the factors that
govern them and can influence the sensory properties of the aged beverages. An overview of the
analytical methods available for their identification/quantification is also included, as well as the
corresponding trends for the advancement of knowledge in this field. Moreover, the remarkable
role of coumarins as nutraceuticals, their importance as chemical markers for authenticity purposes,
and their relationship with food safety of these spirit beverages are also addressed, highlighting the
current gaps and issues, and providing clues for future research.

Keywords: coumarins; wine spirit; brandy; grape marc spirit; whiskey; rum; cachaca; ageing;
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1. Introduction

According to the European Regulation [1], spirit beverages are classified into 44 categories; some
of which are marketed without ageing while others undergo an ageing stage during their production
process and are marketed as aged spirits. Among them, wine spirit, brandy, whiskey, sugar cane
spirits (rum and cachaga) and grape marc spirit are traditionally aged in wooden barrels, and have
great importance worldwide in terms of production, trade and consumption [2-4] - Figure 1. The
spirit beverages accounts for c.a. 37% of the global alcoholic drinks market, the market's largest
segment with a value of 408.8 billion USD in 2023 [4]. In addition, the latter is projected to grow c.a.
23% in the 2023-2028 period, reaching 1,373.9 billion USD; specifically, the spirits segment is expected
to grow by 2.2% in 2024 and keep up this trend until 2029 [4,5]. Evidence supports the notion that
premium spirit beverages have a favourable impact on driving market expansion. This helps mitigate
market constraints caused by the adverse effects of excessive alcohol intake on consumer health [5,6].
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Indeed, moderate alcohol consumption behaves as a stimulant, due to the direct absorption into the
bloodstream from the stomach, while excessive consumption (= 15 drinks per week) can affect the
central nervous system and cause chronic diseases [7,8]. In almost every world's cultures, spirit
beverages have been appreciated due to their composition and sensory properties, and because they
can be stored for long periods; their consumption is socially acceptable and they play an important
role in the diet [9,10]. Therefore, the six types of aged spirit beverages aforementioned, enriched in
wood compounds that enhance the distillates quality through the sensory and nutraceutical features
imparted, can have a prominent role, contributing to the development of the related value chains,
meeting consumer preferences, and driving market growth.
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Figure 1. Global market exchange rates of alcoholic beverages from 2018 to 2023. Adapted from
Statista [4].

The freshly distilled spirits have high ethanol content (80-96%) and are rich in volatile
compounds derived from the raw materials and/or formed during the operations composing their
production process up to distillation (described in Section 2), but are devoid of phenolic compounds
other than some volatile phenols, and of some furanic aldehydes [11-20]. Thus, contact with wood
during the ageing stage is a core aspect in the manufacture of these beverages, as it confers them
unique physicochemical and sensory characteristics, resulting from many phenomena involving the
distillate and wood compounds, as well as the oxygen that enters the barrel by diffusion or is applied
by micro-oxygenation [14,18,19,21-24].

Specifically, phenolic compounds (detailed in Section 3), released from the wood into the
distillate, play a notable role in the distinctive characteristics acquired by these spirits - colour, aroma,
flavour (including bitterness) and mouthfeel sensations (such as astringency) [22, 25-30] - which are
not significantly modified during storage in bottle [31], and can therefore be perceived by the
consumer.

Although many studies have been carried out to gain knowledge on the phenolics involved and
their relationship with the factors that govern ageing, as well as their repercussions, the information
available in the literature on coumarins is limited. The main sources of coumarins are examined in
Section 4. According to our knowledge, research on coumarins began in the 1960s-1970s with the
works of Baldwin et al. [32] in whiskey, Bricout [33] and Joseph and Marche [34] in wine spirit, and
Otsuka and Zenibayashi [35] in brandy, rum and whiskey. However, it wasn't until the late 1980s
that new studies were conducted, particularly in wine spirit [36-38]. Recently, this topic has been
addressed for wine spirit [39-42], cachaca [43-45], whiskey [22,46,47], brandy [48], grape marc spirit
[22] and rum [22]. This chronology can be ascribed to:

i) the evolution of analytical methods supported by new technologies (described in Section 5);

ii) growing attention paid by the consumer and the scientific community to nutraceutical quality,
even in alcoholic beverages, because there is greater awareness that the presence of bioactive
compounds, such as coumarins, can partially mitigate the harmful effects of alcohol [49]. From this
perspective, scientific outcomes are mainly related to wine [50,51], and only a few works have been
devoted to whiskey [52], wine spirit [53-55], brandy [54,56], and rum [57] (described in section 7).
This could be an important driver for the six related industries (wine spirit, brandy, whiskey, rum,
cachaca, and grape marc spirit);

iii) health concerns on the part of the consumer, industries and food science researchers, leading
to an interest in food safety. However, little is known about the relationship between coumarins and
the food safety of spirits (disclosed in section 8);
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iv) the importance of chemical markers for authenticity purposes, which is a key aspect in the
production and trade of spirits, in order to protect crucial players in each value chain: the producers
(the Designations of Origin, if applicable) and the consumers [58,59]. Coumarins are potential
chemical markers - for example, they are associated with oak wood versus chestnut wood in the
ageing of wine spirits [38,40] - but this requires knowledge on their contents and their variation with
the ageing conditions for the different spirit beverages (discussed in Sections 6 and 9).

Despite coumarins are minority phenolic compounds in these matrices [19], a thorough
understanding of the above-mentioned topics is imperative to understand their importance, to
explore/manipulate and control the ageing stage, and consequently the production process, in order
to shape the final product profile according to the target consumer, while guaranteeing quality,
sustainability, authenticity and food safety. This review aims to summarise, for the first time, the
existing knowledge on coumarins in the most relevant spirit beverages, focusing on the issues
highlighted above.

2. Spirit beverages: aged and unaged

According to the European Regulation [1], the spirit beverage is an alcoholic drink meant for
human consumption and produced by direct distillation of fermented and/or macerated products or
indirectly by the addition of other spirit drinks, with specific sensory properties, and a minimum
alcoholic strength by volume of 15% vol., with the exception of egg-based liqueur.

The spirits beverages addressed in this work are, as aforementioned, wine spirit, brandy,
whiskey, rum and cachaga, and grape marc spirit. Wine spirit and grape marc spirit are a derived
product and a sub-product of wine, respectively [60], whiskey is made from cereals, such as malt,
barley, maize, wheat and rye [14], and rum and cachaga are produced from sugar cane [13].

2.1. Wine spirit

Wine spirit is obtained by the process of distilling wine, fortified wine intended for distillation,
or a wine distillate with an alcohol content of less than 86% vol., with a methanol content of less than
200 g/hL of 100% alcohol, and a volatile substances content of 125 g/hL of 100% alcohol or more. The
minimum alcoholic strength of wine spirit is 37.5% vol., and no alcohol is allowed to be added. The
addition of caramel to adjust the colour is permitted, but the flavouring is not allowed. If it is aged, a
minimum of six months is required [1].

The wine spirit production process (Figure 2) begins with the harvest of grapes in the vineyard,
knowing that some changes start to occur in the grapes, such as the oxidation of phenolic compounds
and the release of methanol by the pectins [61]. The grapes are crushed and pressed, and the must,
without addition of sulphur dioxide [62,63], is placed in a tank for alcoholic fermentation to take
place, under controlled temperature and density (or specific gravity). Thereafter, the wine is distilled
and traditionally aged in wooden barrels for at least six months. After ageing, finishing operations
are performed, which include blending, dilution, cooling and filtration, and finally bottling.

In Europe, the three main Protected Designations of Origin (PDO) of wine spirits are Cognac,
Armagnac and Lourinhd. The difference between wine spirits from these Designations of Origin lies
essentially in the terroir, the distillation stage (process and type of distillation system used) and the
ageing stage [60-63]. Cognac and Lourinhd wine spirits must be aged for at least two years in wooden
barrels [64,65] while Armagnac wine spirit must be aged for at least one year in wooden barrels [66].
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Figure 2. Scheme of wine spirit production process.

2.2. Brandy

The name “brandy”, which was originally "brandwijn" (burnt wine), is ascribed to the Dutch,
who began distilling wines from the Cognac region to preserve them in the 16t century [62]. This
spirit beverage is produced from wine spirit, with or without addition of wine distillate (distilled at
less than 94.8% vol. and not exceeding 50% of the alcohol content of the final product). The brandy
must be aged for a minimum of six months in oak barrels. The limits set for methanol and the volatile
substances are the same as for wine spirits. The minimum alcoholic strength is 36% vol., and no
alcohol can be added. Brandy must not be flavoured, and the addition of caramel is permitted to
adjust the colour [1,67].

The brandy production process starts with the harvest of grapes in the vineyard. The grapes are
crushed, pressed, and the must, with the addition of Saccharomyces cerevisiae yeasts and without
addition of sulphur dioxide [17,63], is placed in a tank for alcoholic fermentation to take place, with
temperature and density control. The wine is then distilled, and the distillate is aged. After ageing,
the finishing operations are carried out (blending, dilution, cooling and filtration) and finally bottling.

The major difference between the technological process of producing brandy and wine spirit lies
in the ageing and finishing stages.

Brandy de Jerez or Sherry brandy is the best known, and has a unique and dynamic ageing system
consisting of Criaderas and Solera [1,68,69]. The brandy is stored in barrels of different groups/scales,
depending on its age. The Solera contains the longest-aged brandy and is located at ground level
[1,70]. The scale above the Solera is called the First Criadera, which contains brandy that is younger
than the Solera but older than the scale above - the Second Criadera - and so on, up to the last scale,
which contains the youngest brandy [1,70] (Figure 3).

Distillate

3 Criadera

v

27 Criadera

1¢t Criadera

Solera
(closest to the ground)

ground

Figure 3. Scheme of Brandy de Jerez ageing process. Adapted from Duran-Guerrero et al. [70].
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2.3. Whiskey

The name “whiskey”, established in the 18t century, derives from the translation of aqua vitae
(distilled alcohol in Latin), which was converted into “uisge baetha” (Gaelic) by Irish monks, and
later on this expression gave rise to the terms “uiskie” (shortened form) and “whiskey” [71].

Whiskey is produced solely by distilling a cereal mash, which may or may not include malted
cereal grains. It could be saccharified by the diastase of the malt, along with the action of other natural
enzymes, and fermented by yeasts [1]. The cereals predominantly used for the manufacturing of
whiskey are barley (malted and unmalted), corn, rye and wheat. Cereals grains do not undergo
natural fermentation and thus need to be converted into a fermentable substrate. This process
involves the modification of their structural components (by malting or by milling and cooking) to
release the starch, which is then converted into sugar by enzymes under controlled temperature
[72,73] (Figure 4). Temperature control is essential for the reactions between amino acids and sugars
to take place, giving rise to a variety of flavour compounds and a suitable alcohol yield. The liquid
formed at this stage is called wort [73]. The wort is fermented through the action of yeasts, essentially
from the Saccharomyces cerevisiae species [72]. A fermented liquid is obtained, known as wash, which
is then distilled in column stills (continuous system) or in alembics (discontinuous), depending on
the type of whiskey to be produced. Each distillate must have an alcohol content of less than 94.8%,
as well as the aroma and flavour of the cereal(s) used [1]. The distillate is placed into wooden barrels
to age and acquire the intended sensory properties [72,73]. The ageing conditions depend on the
production region; for example, in Europe, it lasts no less than three years in wooden barrels with a
maximum capacity of 700 L and normally reused [1], while in the USA (Bourbon and Tennessee), a
minimum of two years in new oak barrels (subject to charring) with a maximum volume of 190 L is
required [74]. In addition, only water and caramel can be added to the final distillate, although
maintaining the sensory properties resulting from the production process. The minimum alcoholic
strength is 40% vol. [1].

Whiskeys are produced all over the world, but the most widely recognised are from Scotland,
Ireland, USA, Canada, and Japan. They are basically categorised according to the cereal (type and
proportion of grains) and the production process used [72] - Figure 5.
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Figure 4. Scheme of whiskey production process.
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Figure 5. Main types of whiskey.

2.4 Sugar cane spirits

Sugar cane spirits result from the distillate obtained from the molasses or juice of sugar cane
(Saccharum officinarum L.) - Figure 6.

2.4.1. Rum

The distillate must be obtained at less than 96% vol., allowing the sensory properties of the raw
material to be perceived. The minimum alcoholic strength is 37.5% vol., and no alcohol may be added.
These spirit beverages cannot be flavoured, however the addition of caramel to adjust the colour is
permitted [1].

According to Nicol [13], the “rum” designation has three possible etymological origins: i) from
the Latin name for sucrose - Saccharum; ii) from the American words used in Devon - “Rumbullion”
and “Rumbustion” (associated with the great tumult caused by the imposition of laws and taxes on
sugar and molasses, considered one of the causes of the American Revolution); iii) from the Spanish
name for this beverage - “ron”.

The raw material used for rum production are molasses and/or juice from sugar cane. The sugar
cane is peeled and sliced before it goes to the mill. To maintain the quality of the cane, the duration
between cutting and milling should not exceed 24 hours [13]. The stages of the pre-fermentation
process are milling, extraction, clarification/decantation, filtration and dilution. Sulphuric acid is
added to the diluted molasses and juice to reduce the pH to 4.5 - 4.8. Additionally, ammonium
sulphate is also added as a nitrogen source to promote yeast development [12,13,75]. For fermentation
purposes, Saccharomyces cerevisiae, Saccharomyces. Bayanus or Schizosacharomyces pombe yeasts are
typically added. The fermentation’s time is only 24 hours [12,13,75]. Distillation is carried out in single
or double alembics and distillation columns, after which the distillate is aged. Rum can be classified
into two groups according to its colour and flavour: white rum, which is filtered to remove the colour
acquired during ageing; and aged rum [27].

Rum is mainly produced in the Caribbean islands (Jamaica, Cuba, Trinidad and Tobago, among
others) and Central America countries [13]. There is also the Madeira’s Rum, which is a Protected
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Geographical Indication (PGI); the beverage is obtained by the alcoholic fermentation and distillation
of sugar cane juice produced in this Portuguese island [76].

2.4.2. Cachaca

The “cachaga” designation has two possible origins: from the Iberian word “cachazza”, a cheap
beverage consumed in Spain and Portugal; from the feminine of “cachago”, part of the pig, because
this liquid was traditionally used to tenderise wild pig meat [12].

According to Brazilian legislation [77], cachaga is a typical spirit beverage, exclusively produced
in Brazil, with an alcoholic strength ranging from 38% to 48% vol., and it is produced by distilling
fermented sugar cane juice. Furthermore, sugar (up to 30 g/L) is allowed to be added for taste
correction. The stages of the pre-fermentative process are the same as for rum. For fermentation
purposes, only Saccharomyces cerevisiae yeasts are added and the fermentation’s time varies from 20
to 30 hours [12.13,75]. Single or double alembics and distillation columns are used for distillation
(Figure 6). To be classified as aged cachaga, it must contain at least 50% of its volume aged in wooden
barrels with a maximum capacity of 700 L for at least one year [77].
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Figure 6. Scheme of rum and cachaga production process.

2.5. Grape marc spirit

Grape marc is a by-product of winemaking composed of skins, stems and seeds that can be
reused as raw material, giving rise to a new product, called grape marc spirit [78,79]. According to
the European regulation [1], the grape marc spirit is produced solely from the distillation, directly by
steam or by the addition of water, of fermented grape marc, and each distillation is carried out at less
than 86% vol. A quantity of 25 kg of wine lees can be added to 100 kg of grape marc for distillation.
The methanol content of grape marc spirit should be less than 1000 g/hL of 100% alcohol, and the
volatile substances contents should be 140 g/hL or more of 100% alcohol. The minimum alcoholic
strength is 37.5% vol., and no alcohol may be added. This spirit beverage cannot be flavoured, and
addition of caramel is only allowed to adjust the colour.

It is worth mentioning that, in the traditional winemaking process, red grape marc is obtained
after alcoholic fermentation and contains residual sugars and some ethanol, while white grape marc
is obtained after pressing and only contains residual sugars (Figure 7). Moreover, red grape marc
usually has lower methanol content than the white one due to the distribution of this alcohol (formed
from the pectins of the grape skin) between the must/red wine and the grape marc [80]. According to
Belchior [81], grape marc needs to be slightly oxygenated before ensiling in order to favour yeasts'
multiplication during fermentation. The grape marc is ensiled for the shortest possible time (a few
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months) in horizontal tunnels or stainless-steel tanks and fermented under anaerobic conditions
(Figure 7). Sometimes the grape marc is sprayed with an aqueous solution of tartaric acid at a
concentration of 5 to 10% (w/w) before storage to lower the pH level, preventing bacterial
contamination and reducing methanol production. The liquid formed during fermentation is stored
to acidify other grape marcs [16,78,82]. The fermented grape marc can be distilled by two different
processes: discontinuous and continuous. In both processes there are two phases: distillation of the
fermentate and rectification of the distillate [16,78,82,83]. As the distillate is rich in methanol, a
demethylation column can be included in the system to reduce its content to the legal limit
[16,78,80,82].

The most famous grape marc spirits are Grappa (Italy), Orujo de Galicia (Spain), Aguardente
Bagaceira (Portugal), Tsipouro (northern of Greece) or Tsikoudia (Crete island, Greece), Eau-de-vie de
marc (France), Zivania (Cyprus), and Térkélypalinka (Hungary) [16,84].
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Figure 7. Scheme of grape marc spirit production process.

3. Coumarins in the context of phenolic composition

The name “coumarin” derives from the French term “coumarou” for the tonka bean that are the
seeds of Dipteryx odorata (Aubl.) Forsyth f. (or Coumnarouna odorata Aubl.), in which coumarin was first
isolated by Vogel [85,86]. This compound has a sweet odour that is easily identified as the aroma of
freshly mown hay; as a result, it has been used in perfumes since the late 19t century [87,88].
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Coumarins are important secondary metabolites that can be found abundantly in the plants
(detailed in Section 4). Numerous studies have been conducted on the isolation, structural
characterization, synthesis, and biological activity of an extensive variety of natural coumarins,
derived from trees and plants, including some used in the production of beverages [89-93], as well as
coumarins obtained by chemical synthesis [94]. Regarding its chemical structure, natural coumarins
are unsaturated lactones that belong to the C6C3 chemical class, that is, a class of benzopyrones (1,2-
benzopyrones or 2H-1-benzopyran-2-ones; consisting of a benzene ring fused to an a-pyrone ring),
which can be thought of structurally as ortho-hydroxy-cinnamic acid derivatives (Figure 8). The
majority of natural coumarins, including umbelliferone, scopoletin, aesculetin, among others, include
an oxygenated substituent at position 7 [95]. This substituent can exist either in its free form, as seen
in hydroxylated umbelliferone, or in combination with other compounds (methyl, ethyl, saccharides,
etc.) in different derivatives. These compounds exhibit a conjugated system that is rich in electrons,
resulting in favourable charge-transport features [91,96].

5 4
6 3
7

= O O

Figure 8. Chemical structure of coumarin and the [IUPAC numbering system for its framework.

Several methodologies for classifying coumarins can be found in the literature. Among them,
the most comprehensive, which includes coumarins with the greatest complexity and substituted
coumarins, often found in combination with other heterocycles [88], categorises these compounds
into the following groups: simple coumarins, furanocoumarins, dihydrofuranocoumarins,
pyranocoumarins (both linear and angular), phenylcoumarins, bicoumarins, and coumarin
glycosides, as depicted in Figure 9 [97].

Simple hydroxycoumarins, furanocoumarins and isofuracoumarins, pyranocoumarins,
bicoumarins, and dihydroisocoumarins are the most important compounds of this chemical family
isolated from plants. In plants, coumarins often exist in the free form due to their polar nature, and a
significant number of these compounds have the ability to undergo sublimation. Additionally, they
can also be present in the form of glycosides, including psoralen-correlated compounds. These
entities exhibit a distinct blue fluorescence owing to their absorption of UV light, and they possess a
high degree of photosensitivity, making them susceptible to modification by natural light. These
properties are exploited for separation and analysis purposes, as well as in unconventional
therapeutic approaches such as photochemotherapy and the chemical sensor industry (detailed in

Sections 5 and 7).
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Figure 9. Classification and generic structures of the main categories of plant-derived coumarins
(some examples are given in green).

Simple coumarins are synthesised biogenetically by the transformation of shikimic acid into
cinnamic acid. The underlying primary enzymatic transformation is the C-2 hydroxylation, which
results in the cleavage (f-oxidation) of the side chain, or alternatively, chain isomerization followed
by lactonization, leading to the formation of umbelliferone (Figure 10). Shikimate dehydrogenase
(AroE) promotes the transformation of shikimate and NADP+ into 3-dehydroshikimate, NADPH, and
H-. The shikimate pathway is a metabolic system consisting of seven steps and it is involved in the
synthesis of phenylalanine, tyrosine, and tryptophan.

(0] OH (0] OH
07> TOH HO" Y “OH

3-dehydroshikimic acid OH OH shikimic acid

% Shikimate pathway

OH OH
PAL
NN & o
cinnamic add NH, phenylalanine
C4H +

NADPH
NADP

OH
TAL
N 0 < (0]
«1’-(0\:1_11‘.“‘“9 HO NH,

acid

tyrosine m
l HO 0" "0

coumarins
S
OH ¢ /

HO

HO

phenylpropanoid -

esters

HO

> O
aurones g O HO oH
phcn\'lpropancs/() HO o "1,,@:(“’
O catechins OH

lignans & lignin QH | HO

“OH
OH R proanthocyanidins

Figure 10. Phenylpropanoids' general biosynthetic route. PAL: I-phenylalanine ammonia-lyase; TAL:
tyrosine ammonia lyase.

Shikimic acid is also the source of furanocoumarins and pyranocoumarins, which have a wide
range of biological activity and are present in many natural products and synthetic drugs [98].

Furanocoumarins consist of a furan (or dihydrofuran) ring fused with the coumarin skeleton
and can be classified as linear or angular; a good example can be seen in the structure of psoralen
[99]. These structures are derived from umbelliferone by the addition of a prenyl group [100]. In
general, furanocoumarins are biosynthesized involving two pathways, the phenylpropanoid and the
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mevalonic acid ones, by a coupling of dimethylallyl pyrophosphate (DMAPP) with umbelliferone, as
well as through the formation of a prenylated simple coumarin intermediate [99].

Pyranocoumarins typically consist of a pyran (or dihydropyran) ring that is usually fused with
the aromatic ring of the coumarin skeleton, as in xanthyletin [99]. Based on where the isopentenyl
pyrophosphate is condensed to further cyclize and produce the heterocycle, these coumarins can be
classified as linear or angular. The synthesis of these complex coumarins might possibly be the
outcome of the cyclization of a prenylated simple coumarin [101]. Phenylalanine, a compound
generated by the shikimate biosynthetic pathway, undergoes conversion by phenylalanine ammonia
lyase (PAL) into trans-cinnamic acid, which gives rise to the core metabolite 4’-coumaroyl-S-CoA.
This intermediate can subsequently be converted into a variety of phenylpropanoids via 6’-
hydroxylation, trans > cis isomerization of the exocyclic double bond, and the final
lactonization/cyclization step (Figure 11). The initial and crucial step in biosynthesis is 6'-ortho-
hydroxylation, which is carried out by the 2-oxoglutarate-dependent dioxygenase F6'H1.

. _CoA
OH g o8 o) g~ -0
N iy LS

— — O

+H

HO \

_CoA
(o) S
=z F o’

L
HO O 0

24
S
7-hydroxycoumarin \\\

“C

HO

Figure 11. Proposed radical mechanism for 7-hydroxycoumarin (umbelliferone) biosynthesis from 4'-
coumaroyl-S-CoA (adapted from [102]). F6'H1, a 2-oxoglutarate-dependent dioxygenase, comprises
the first step.

Some works have been devoted to clarify the biosynthesis pathways of scopoletin at a molecular
level. Scopoletin, like umbelliferone, undergoes benzene ring alterations, and studies conducted on
Arabidopsis thaliana demonstrated that scopoletin is produced through the phenylpropanoid pathway
via ortho-hydroxylation of cinnamate, p-coumarate, caffeate, and ferulate [102,103]. Similarly, these
coumarins, as well as esculetin, can be produced via the phenylpropanoid route (Figure 12),
specifically generated from trans-cinnamic acid, but instead of undergoing through the lactonization
process of the caffeic acid derivative, 2’-hydroxy-caffeic acid, they can be synthesised via
umbelliferone [104]. Cinnamic acid also plays a role in the synthesis of scopoletin, as an intermediate,
but this time through caffeic acid ester derivatives. Besides the synthesis of coumarins, the
phenylpropanoid route is responsible for the synthesis of other phenolic compounds, such as
flavonoids and phenolic acids.
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flavonoids

OH OH

0 =2, N0
HO Iq}'l2 HO ’7'A”‘>'(§_1\11-‘”U< caffeic acid methyl-caffeate

acid

Y V
e e
HO (0] (0] HO (0] (0) HO (0] (0]

umbelliferone esculetin scopoletin

phenylalanine

Figure 12. Schematic illustration of the phenylpropanoid pathway leading to coumarins (particularly
esculetin and scopoletin) and the formation of flavonoids and other phenolic compounds. PAL: 1-
phenylalanine ammonia-lyase.

Furthermore, bicoumarins deserve attention as they are a category of great interest for
pharmaceutical applications, particularly as anticoagulants. Bicoumarin connects two coumarin
moieties by an orthoester structure, being the dicoumarol the first isolated compound [105].
Dicoumarol, in particular, consists of two cyclic -ketoesters linked by a methylenic bridge, and was
isolated from plant sources, in which the two coumarin units are linked at C3-C3’ via methylene
group [106] (Figure 13). One possible route for the biogenesis of this compound might be the
hydroxylation of the carbon atom at 4-position of coumarin framework, which then captures a
molecule of formaldehyde, and is condensed with another molecule of 4-hydroxycoumarin, and
finally enolises the keto group that forms dicoumarol [107,108].

OH--

0--HO

Figure 13. Structures of dicoumarol.

Dicoumarol, and related compounds with substituent groups (R) on carbon atoms at 3, 5, 6, 7
and 8-positions, are often addressed due to their unique molecular structures, which may include
two intramolecular O-H--O hydrogen bonds (Figure 13b) and different biological features
depending on type of substituents on the central methylene linkage (3-position). The parent molecule,
the 4-hydroxycoumarin, which may be represented as one of three tautomeric structures (Figure 14),
effectively depicts the structural changes occurring in dicoumarol. Some studies have shown that
coumarin form A (Figure 14) is the primary tautomer in both the solid state and in solution in polar
solvents [109,110], which is relevant in the context of spirit beverages.

OH OH OH
xR - .
—_ H == |
o Yo o Yo 0" OH
A B C

Figure 14. Tautomeric structures of 4-hydroxycoumarin (A, B and C).

In general, nature exhibits a certain degree of creativity; given the proper building blocks, it is
capable of producing the most varied compounds; bicoumarins are an example of this matter. A wide


https://doi.org/10.20944/preprints202401.0193.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 January 2024 do0i:10.20944/preprints202401.0193.v1

13

variety of bicoumarins are available, each of which is composed of coumarins connected by carbon-
carbon bonds or an ether linkage. Nevertheless, these links are located on different carbon atoms,
such as C3-C3', C3-Cé6', C3- C7, C3-C8', C4-C4', C8-C8', C5-C6', C6-C6 C6-C8', C5-C8', C7-C7', C7-C8/,
C8-C8', or C6-C6'-linked bicoumarins. Spirobicoumarins, monoterpene-unit linked bicoumarins, and
C3-C3'-linked with methylene and methine group-linked bicoumarins are further examples of
bicoumarin sets [105].

Being aware of the metabolic pathways of compounds such as coumarins is useful for a variety
of reasons, including nutraceutical and safety evaluations (detailed in Sections 7 and 8). Determining
how coumarins are metabolised can be useful for identifying the risks associated with their
consumption and defining safe levels of exposure. In terms of coumarin metabolism, two major
processes have been identified: 7-hydroxylation (umbelliferone) and the opening of the lactone ring
with the loss of carbon dioxide (Figure 15). This reaction takes place on the intermediate coumarin
3,4-epoxide produced in the phase I of the metabolic process. Under aqueous conditions, this epoxide
releases carbon dioxide to create ortho-hydroxyphenyl acetaldehyde (0o-HPA), which can
subsequently be metabolised to the corresponding acid (--HPAA) and alcohol (o-HPE). A series of
intermediates can be formed when glutathione nucleophilically attacks the 3,4-epoxide, including the
4-HDHC-GSH (4-hydroxy-3,4-dihydrocoumarin-3-mercapturic acid) or 3-hydroxycoumarin.

OH

X Seo
HO OHHO , ypr 4
O, 0,
@(\IOH g ¥
0" "0 Ji:(\f() CO, CO, o
3-HC E :[ \()H
~F CO, HO ()l«l{ HO ()ﬁ
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: e 5 P
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[ I L OH

HO oo oH m
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Z~o0No 0 o (" o
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NH, o

l 5-hydroxylation

4-HDHC-GSH conjugate
OH

C(i
HO (0] (0]

5,7-HC
Figure 15. Illustrative routes of coumarin metabolism (adapted from [111-113]. GSH: glutathione.

Understanding coumarins’ metabolic pathways is crucial for determining the toxicity of the
metabolites generated through excretion, as well as for extrapolating the formation of coumarins in
spirit beverages through various chemical processes such as oxidation, reduction, hydroxylation,
radical reactions, electrophilic or nucleophilic additions, and metal-catalysed additions (mainly
copper and iron) [28,114-116]. These processes may occur during the prolonged ageing of beverages
in wooden barrels and may cause changes in the coumarins profile.

4. Sources of coumarins

Coumarins have been isolated from hundreds of plant species belonging to more than 40
families [117], and in several parts/tissues: leaves [118], flowers [119], fruits [117,120], seeds [121],
stems [122], wood [38,123,124], inner bark [112] and roots [125,126]. Indeed, phenolic compounds
play a significant role in the intricate defence mechanism of plants, and their biosynthesis is triggered
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by abiotic stress, such as UV radiation and ozone [108,127-129], and biotic stresses such as infections
and wounding [108,130,131]. For these reasons, coumarins are considered phytoalexins; some of these
compounds have been found in high concentrations, while others, as is usually the case with
coumarins, even in low concentrations are involved in the plant's defence [104,132].

Coumarins are found in the raw materials used in the production of spirit beverages addressed
in this work: i) grapes [133] and wine [ 22,134] in grape marc spirit, wine spirit and brandy
manufacture; ii) cereal seeds [135,136] in whiskey manufacture; iii) sugar cane [137] in rum and
cachaca manufacture. However, they are not released from the wine, the grape marc or the wash into
the steam during distillation, and consequently, they are not present in the corresponding distillates.
Thus, the only source of coumarins is the wood used in their ageing. According to the literature,
among the many coumarins found in plants, those present in wood used for the ageing of spirit
beverages are shown in Table 1, and their structures are elucidated in Figure 16.

Table 1. Sources of coumarins.

do0i:10.20944/preprints202401.0193.v1

Species'
Source country of Compound Mean content References
origin
65 pg/L [38]
scopoletin 4.7 ug/g FW [123]
France 5.28 ng/g DW [124]
Limousin umbelliferone 0.006 pg/g DW [124]
aesculetin 1.68 ug/g FW [138]
Bulgaria scopoletin 125 ug/L [38]
Oak Spain aesculetin 2.1 ug/g FW [138]
Quercus robur L. Croatia aesculin 0.44 ug/g FW [139]
Serbia aesculin 0.22 ug/g FW [139]
Bosni
H;:Szr;:oi::a aesculin 0.11 ug/g FW [139]
55 ug/L [38]
scopoletin 3.6 ug/g FW [123]
Oak France 3.45 ug/g DW [124]
Quercus sessiliflora Salisb. Allier umbelliferone 0.006 pug/g DW [124]
aesculetin 1.97 ug/g FW [138]
Spain aesculetin 4.2 ug/g FW [138]
Serbia aesculin 0.44 pg/g FW [139]
scopoletin 1.37 ug/g DW [138]
Portugal umbelliferone 0.006 ug/g DW
Oak . . [138]
Quercus faginea Lam. Spain aesculetin 49 ug/g FW
k
Oa scopoletin 425 ug/L [38]
Quercus alba L., 25.15 ug/w DW [124]
Quercus bicolor Willd. umbelliferone 0.007-0 02;5 ; /g DW [124]
Quercus lyrata Walt. ~ North America ' e Hels
Q%Zg;;éilam aesculetin 1.45 ug/g FW [138]
Chestiut Portugal scopoletin 1.07 ug/g DW [124]
bellif d
Castanea sativa Mill. HmbeT erF)ne "
France scopoletin 6.73-16.7 ug/g FW [141]
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Species'
Source country of Compound Mean content References
origin
Cherry Spain scopoletin 18.8 ug/g FW [142]
Prunus avium L. Serbia aesculetin 102.30 pg/g FW [139]
Myrobalan plum . .
Prunus cerasifera Ehh. Serbia aesculin 1.87 ug/g FW [139]
Mulberry aesculin 2.31 pg/g FW [139]
Morus alba L. Serbia aesculetin 29.15 pg/g FW [139]
Amendoim Brazil scopolet.m 0.007 mg/L [43]
Pterogyne sp. coumarin 0.067 mg/L
Cabretiva-parda
. scopoletin 0.018 mg/L
Myrocarpus frondosus Brazil coumarin 0.050 mg/L. [43]
Allem.
la- fra
Canela SaSS?. ras . scopoletin 0.028 mg/L
Ocotea pretiosa Brazil coumarin 0.011 me/L. [43]
(Vell.) Rohwer ' &
Jatoba . scopoletin nd
Brazil 4
Hymenaea courbaril L. razl coumarin 9.15 mg/L [43]
Pequi .
1
Caryocar brasiliense Brazil SCOPO et'm nd [43]
coumarin 0.071 mg/L
Cambess.
Castanheira scopoletin nd
Bertholletia excelsa Brazil coumarin 0.007 mg/L [43]

Humb. & Bonpl.

! DW - dry weight; FW - fresh weight; nd - not detected.

O (0] HO (0] (0] HO (o) (0]

coumarin umbelliferone scopoletin
0L, 00, w égr
HO (O M)
- 0" "0 Oﬁ
4-methylumbelliferone aesculetin ]
aesculin

Figure 16. Chemical structure of the most prevalent coumarins in wood used for the ageing of spirit
beverages.

The results attained for coumarins in these studies clearly reveal the differences imparted by the
botanical species. Moreover, variation in their concentrations within each kind of wood is observed.
It reflects the influence of some well-known factors, such as the geographical origin and the single-
tree [124,139,143-148], the wood age [149-151], as well as the analytical methods used in their
quantification. Details on the last topic are addressed in Section 5.

Nevertheless, scopoletin was the most plentiful compound in the majority of the wood types
examined, followed by umbelliferone, aesculetin and aesculin in the oak wood, and coumarin in the
Brazilian kinds of wood. On the other hand, among the oaks, higher levels of scopoletin were found
in American oak wood, followed by Q. robur wood, and lower levels were exhibited by Q. pyrenaica
wood. Regarding the other species, cherry wood presented an intermediate scopoletin content, while
very low concentrations were observed in Portuguese chestnut, amendoim, cabretiva-parda and
canela-sassafras, and it was not detected in the remaining species. Umbelliferone was also more
abundant in American oak wood, its levels were similar in the other kinds of oak wood, and it was
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not detected in the other species. Scopoletin and umbelliferone have been reported as chemical
markers of oak wood [19,152]. Aesculetin contents in different oak wood were quite similar, except
in Q. faginea which was richer in this compound, and higher contents were associated with cherry
wood and mulberry wood from Serbia. Aesculin was quantified in Q. robur and Q. sessiliflora wood,
which presented lower contents than mulberry and myrobalan plum wood. Finally, the wood from
Brazilian species can be classified into three groups according to the coumarin content: jatoba, with
the highest amount; pequi, amendoim and cabretiva-parda, with intermediate levels; canela-sassafras
and castanheira, with the lowest content.

The effect of the wood type on the concentration of coumarins in the spirit beverages under
study is therefore predictable, and will be discussed in Section 6.

Additionally, it is noteworthy the potential use of waste from these kinds of wood resulting from
the barrel making or production of fragments in the cooperage industry (closely associated to the
aged beverages industries) as sources of coumarins for other purposes, such as natural preservatives
and fortifying agents in the food industries [153,154] and as bioactive compounds for the
pharmaceutical industry [97,155-160].

5. Methods for identification and quantification of coumarins

A range of analytical methods are commonly employed to identify and quantify coumarins, as
well as other compounds found in spirit beverages. Different techniques can be applied, depending
on criteria such as the characteristics of the sample, the desired level of sensitivity, and the equipment
available.

The identification of natural coumarins is mostly based on their fluorescence, as they produce a
blue hue when exposed to UV light (as mentioned in Section 3), and it is precisely because of this
property that they are frequently characterised by spectrometric techniques. Table 2 presents a
concise overview of the excitation and emission wavelengths for prevalent coumarins that occur in
wood and aged spirit beverages. This feature provides the basis for the development of identification
and quantification techniques [161]. On the other hand, coumarins are photosensitive and can change
with natural light, so these characteristics are used for their isolation and analysis as well [117,161].

The most common methods for the separation, identification and/or quantification of coumarins
include: Thin-layer Chromatography (TLC); Gas Chromatography (GC); High-Performance Liquid
Chromatography (HPLC); Ultra-Performance Liquid Chromatography (UPLC); Liquid
Chromatography-Mass Spectrometry (LC-MS); Capillary Electrophoresis (CE); UV-Vis
spectrophotometry; Fluorescence Spectroscopy.

Table 2. Excitation and emission wavelengths of prevalent coumarins in wood and aged spirit

beverages.

Compound Aex (nm) Aem (nm)
4-methylumbelliferone 218 454
coumarin 280 393
aesculin 335 -337 409
umbelliferone 340, 380 467

scopoletin 345 - 347 430, 460

aesculetin 347 - 353, 340 467

5.1. Sample preparation

A variety of methods for extracting coumarins has been reported in the literature. Extraction can
be carried out on fresh or dried material, with solvents of different polarities, depending on the
coumarins’ structure [117]; methanol, ethanol, benzene, chloroform, diethyl and petroleum ethers or
combinations are often used for this purpose. Thus, coumarins in the free form and as glycosides are
extracted exhaustively with ethanol and its aqueous solutions, while compounds with medium
polarity are soluble in chloroform, ethyl acetate and acetone [162,163]. Petroleum ether provides a
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good yield of furanocoumarins that can be isolated in the crystalline form. According to [162,163],
several studies were devoted to the solvents used for extraction (with different concentrations,
temperatures and extraction times) and the techniques applied (Soxhlet apparatus, ultrasonication,
ultrasound-assisted extraction, microwave solvent extraction, accelerated solvent extraction, and
pressurised liquid extraction.

Regarding the spirit beverages under study, different sample preparations have been reported

(Table 3).
Table 3. Sample preparations by spirit beverage.
Spirit Beverage Sample preparation References
Coumarins should be extracted since this matrix is
complex and rich in phenolic compounds. An ether [36]
extraction was therefore carried out
Samples directly analysed (without preparation) [38]
Adding an internal standard to the samples,
) o filtering them through a 0.45 pm membrane and [39,40,152,164,165]
Wine Spirit . . .
analysing them by direct injection
De-alcoholised samples (to 8% alcohol) and filtered [22]
through a 0.45 um membrane
Samples directly analysed (without preparation) [38]
Samples filtered at 0.20 pm membrane and directly [123]
injected
Brandy
De-alcoholised samples (to 8% alcohol) and filtered
[22]
through a 0.45 pm membrane
Samples extracted with ethyl acetate [35]
Samples directly analysed (without preparation) [38]
Whiskey De-alcoholised samples (to 8% alcohol) and filtered [22]
through a 0.45 um membrane
Samples extracted with ethyl acetate (Rum) [35]
SPE extraction (Cachaga) [43]
Samples filtered at 0.45 um polyethylene membrane [166]
and directly injected
For fluorescence detection, the samples were not
prepared; for UV-vis detection, the samples were
. . . . [167]
Sugar cane spirit diluted 30 times with an ethanol/water solution
(40:60 % v/v) (Cachaca)
De-alcoholised samples (to 8% alcohol) and filtered [22]

through a 0.45 pm membrane (Rum)
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5.2. Analysis

Several methodologies have been developed for coumarins’ analysis. The selection of the
appropriate technique is contingent upon several factors, including the particular coumarins of
interest, the intricacy of the sample matrix, and the availability of suitable equipment. Often, a variety
of methods are used together to accurately identify and quantify the amount of coumarins in a
sample.

The first phase for the analysis is the process of separation, which was initially carried out by
paper chromatography, thin layer chromatography and colourimetric tests. Currently, high-
performance liquid chromatography (HPLC) is the most widely used method [168]. The
chromatographic techniques mostly used to analyse coumarins are described below.

5.2.1. Thin-layer Chromatography

A simple procedure used for the separation of coumarins in spirit beverages is the thin-layer
chromatography (TLC) - Table 4. It is a cost-effective, fast and widely-used technique. It resorts to a
thin layer of stationary phase (typically silica gel or alumina) placed on a flat support such as glass
or plastic. For quantification purposes, TLC must be combined with other analytical techniques
[162,168,169].

In general terms, TLC includes the following four steps: sample application, separation,
development and visualisation. Visualisation techniques include ultraviolet (UV) light, chemical
staining, and exposure to additional detection techniques. The capacity to examine and identify
coumarins on the TLC plate depends on the detection methods used, as well as the parallel elution
of a standard for comparative purposes. Staining or chemical derivatization may also be used to
detect some compounds that do not have natural fluorescence.

Although more advanced chromatographic techniques, such as HPLC or GC, are preferred for
separation and subsequent quantitative and high-resolution analyses, allowing the automation of
some steps, TLC remains a valuable tool, particularly when performing rapid qualitative analyses
[168].

5.2.2. High-performance Liquid Chromatography

High-Performance Liquid Chromatography (HPLC) is a sophisticated chromatographic method
used to separate, identify, and quantify components of mixtures. HPLC is extremely adaptable and
can be used to analyse a wide range of substances, from small molecules to polymers. HPLC has been
the most widely used method for identification and quantifying coumarins and its derivatives
[163,168], particularly in spirit beverages (Table 4). An advantage of this technique is the possibility
of coupling it to different spectroscopic or spectrometric detectors; for coumarins analysis, the most
suitable/accurate one is the fluorescence detector (FDL) [168], taking advantage of the properties of
these phenolic compounds (reported in Section 3). It should be noted that the separation of simple
coumarins may not be accurate due to the similarity of chemical structure and polarity [168].

Ultra-Performance Liquid Chromatography (UPLC) was launched in 2004 [170] and represents
a significant breakthrough in liquid chromatography, expanding on the concepts of HPLC and
introducing improvements that allowed for even faster and more efficient separations. The UPLC
technique is a viable alternative for the determination of coumarins, since it allows the development
and application of a method with a shorter running time, lower solvent consumption and good
separation/resolution of the chromatographic peaks [168].

5.2.3. Gas Chromatography

Gas Chromatography (GC) is a powerful analytical method employed to separate and analyse
volatile and semi-volatile compounds in a mixture. The process relies on the concept of differential
partitioning of sample components between a stationary phase (usually a liquid or polymer) and a
moving phase (an inert gas like helium or nitrogen) that flows through a chromatographic column.
Since this technique requires volatile analytes, it has mostly been used to identify and quantify
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furanocoumarins [162,163]. Although the matrices studied were essentially plant parts/tissues, it
may be of interest to analyse coumarins in aged spirits.

5.2.4. Spectrometric detectors

Along with the chromatographic methods for the separation,
spectrophotometry/spectrofluorimetry has also been used for coumarins analysis in spirit beverages
(Table 4). The use of a spectrophotometer relies on the absorption capacity of coumarins in the
ultraviolet range related to the transitions of m electrons from bonding to antibonding molecular
orbitals. However, it requires a reference sample for a more accurate determination [162].

Table 4. Analytical methods used for coumarins determination in spirit beverages.

Analytical methods
Spirit Beverage References
Separation Detection
[36,38-40,152,164,165]
Wine Spirit HPLC
HMRS with ESI/ HESI II [22]
FLD [38,123]
HPLC
Brandy HMRS with ESI/ HESI II [22]
Fluorescence Spectrometry [48]
TLC Fluorometer [35]
Whiskey FLD [38]
HPLC
HMRS with ESI/ HESI II [22]
TLC Fluorometer [35]
HPLC FLD [43]
HPLC DAD [166]
Sugar cane spirit
UV-Vis
spectrophotometry and [167]
spectrofluorimetry
HPLC HMRS with ESI/ HESI II [22]

HPLC: High-performance liquid chromatography; TLC: Thin-layer Chromatography; DAD: Diode Array
Detector; FLD: Fluorescence Detector; HMRS: High-resolution mass spectrometry; ESI/HESI II: Heated
electrospray ionisation.

Technological advancements have led to the development of new equipment, which has
improved the precision and accuracy of existing techniques used to detect and quantify coumarins
even in very low concentration. These techniques include HPLC with diode array detection (DAD)
and fluorescence detector (FLD) coupled to mass spectrometry (MS), GC or LC coupled to ESI-MS,
MS-time of flight (TOF), MS-ion trap and MS-MS tandem quadrupole (Q)-TOF [43,170-178].

5.3. Analytical trends
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The growing demand for more sensitive, selective, and efficient methodologies has propelled
advancements in analytical techniques for the structural elucidation of organic molecules. Some of
the cutting-edge analytical methodologies that will undoubtedly have an impact on the
determination of coumarins in wood extracts and beverages are those that are currently being used
for other organic substrates. High-Resolution Mass Spectrometry (HRMS), for example, enables exact
determination of molecular weights, resulting in enhanced accuracy for identifying chemical
formulas and assisting in the understanding of molecular structures [179,180]. Tandem Mass
Spectrometry (MS/MS or MSn) procedures yield fragmentation patterns that can be employed to infer
the structural characteristics of the compound [173,177]. Employing multiple stages of fragmentation
(MS") can unveil further intricate details. On the other hand, Nuclear Magnetic Resonance
Spectroscopy (NMR), including 2D-NMR (two-dimensional NMR) and 2D homonuclear and
heteronuclear correlation investigations, offers improved resolution and detailed information for
determining molecular structure [181,182]. Ion Mobility Spectrometry (IMS) is a technique that
separates ions in a gas phase depending on their mobility, which helps to distinguish between
structural isomers, and might be very useful for chiral coumarins derivatives [183,184]. Another
cutting-edge methodology is the integration of liquid chromatography with nuclear magnetic
resonance (LC-NMR), which enables the concurrent separation and determination of the molecular
structure of substances [185]. Computational techniques might be very useful as well, such as density
functional theory (DFT) and molecular dynamics simulations, that are progressively employed to
forecast and explain spectroscopic data, facilitating the determination of molecular structure [186].
The use of advanced data processing techniques such as Data Mining and Cheminformatics, along
with machine learning algorithms, is employed and allows the interpretation of extensive analytical
data [187]. These methodologies can accelerate the process of determining the structure of
compounds, which can aid in identifying new coumarins in spirit beverages, and determining their
metabolism. The employment of miniaturised analytical techniques and lab-on-a-chip equipment
also might enable quicker analyses with smaller sample volumes, contributing to enhanced efficiency
in structural elucidation [188,189].

These trends, taken together, can contribute to a more thorough and efficient approach to the
advancement of knowledge on organic compounds, including coumarins.

6. Influence of ageing factors on the coumarins contents of spirit beverages

Scientific studies conducted over the last three decades have proven that the physicochemical
phenomena that take place during the ageing of spirit beverages, particularly the release of wood
compounds into the distillate, are governed by several factors, including the characteristics of the
distillate, the ageing technology (traditional vs alternative), the kind of wood and its heat treatment,
the barrel size, the cellar conditions (temperature, relative humidity and air circulation) and the
ageing period [14,19,190 ]. In this context, the influence of some remarkable factors on the coumarins
contents in the spirit beverages under consideration will be emphasised.

6.1. Wood

The wood from the European oak species Quercus robur L.is predominantly used for the ageing
of wine spirit [19,62], brandy [191] and some grape marc spirits [18], while Quercus alba L., from North
America, is commonly used in the ageing of Bourbon and Tennessee whiskeys [14,23,192], brandy
[70,191] and rum [13,27,193].

Other botanical species, such as Quercus sessiliflora Salisb., Quercus pyrenaica Willd. and Quercus
faginea Lam., grown in Mediterranean countries, are used in brandy ageing [21] and grape marc spirit
ageing [18]. Chestnut wood (Castanea sativa Mill.) is also a valuable resource for this purpose in wine
spirit [19] and brandy [21].

As far as whiskey is concerned, the production of this beverage in Scotland and Ireland is mainly
based on barrels that have already been used for the ageing of Bourbon whiskey, Sherry wine and
Brandy de Jerez, Port wine and Madeira wine, imported from the USA, Spain and Portugal,
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respectively [14,192], and therefore the American and European oak species also influences its
chemical composition, specifically the phenolic one, including the coumarins contents.

In contrast, cachaca in Brazil is aged in oak wooden barrels but also in barrels made of wood
from autochthonous species [43,45,190] such as those specified in Table 1.

As shown in Table 1, great variability exists on the coumarins contents in these kinds of wood,
which has an impact on their concentrations in the spirits beverages aged with it (Tables 5-7).

Table 5. Coumarins contents in wine spirits according to the kind of wood used in their ageing.

Mean content

Origin Wood species Compound References
8 p p (ug/L)
scopoletin 301.1 [36]
Oak umbelliferone 2.8 [36]
Armagnac 4-methylumbelliferone 2.8 [36]
aesculetin 1.9 [36]
scopoletin 88.0 [39]
P 37.12 [19]
Oak
Q. robur . 1.0 [39]
umbelliferone 0.95 [19]
scopoletin 19.74 [19]
Oak [19]
Q. sessiliflora umbelliferone 0.78
1
scopoletin 10.33 [19]
Oak [19]
Q. pyrenaica umbelliferone 0.98
Oak
Q. alba scopoletin 164.77 [19]
o Q. bicolor
Lourinha Q. lyrata umbelliferone 1.48 [19]
Q. stellata
scopoletin 90 [39]
p 8.63 [19]
Chestnut
C. sativa . 5.0 [39]
umbelliferone 0.92 [19]

According to the findings of these research teams (Table 5), for the two kinds of wine spirits
(Armagnac and Lourinhd), scopoletin is quantitatively the most important coumarin, followed by
umbelliferone, which is in line with the contents found in the wood used in their ageing (Table 1).
Scopoletin concentration is particularly high in wine spirits aged in oak barrels, especially those made
with American and French species, which was also noted by Winstel et al. [22] in commercial spirits.
Conversely, their levels are much lower in the wine spirits aged in chestnut barrels. Hence, these
results support the hypothesis that scopoletin and umbelliferone act as chemical markers of oak
wood.
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Low contents of aesculetin and 4-methylumbelliferone were quantified in Armagnac spirits.
However, Winstel et al. [22] recorded the presence of these compounds, as well as of fraxetin in higher
concentrations in Cognacs. Such differences, as above mentioned, can be assigned to the variability of
wood chemical composition and to the analytical methods. Interestingly, as far as we know, 4-
methylumbelliferone was only detected in oak wood by Winstel et al. [22], although its content was
not disclosed.

Despite the extensive literature on brandies, including Brandy de Jerez, few studies have been
devoted to analysing coumarins and their variation depending on ageing conditions, such as the type
of wood used. The work of Mattivi et al. [123] showed similar contents of scopoletin in Italian
brandies aged in oak barrels from Quercus robur and from Quercus sessiliflora (Table 6).

Table 6. Coumarins contents in brandies according to the kind of wood used in their ageing.

Mean content

Origin Wood species Compound (ug/L) References
Oak
Q. robur scopoletin 102.1 [123]
Italy Oak
Q. sessiliflora scopoletin 101.5 [123]

Considering that the raw material to produce wine spirit and brandy is the same (wine), it is
interesting to compare the scopoletin content of the corresponding aged beverages. Regarding the
wine spirits aged in Q. robur wooden barrels (Table 4), a considerable difference to Armagnac is
observed, while a similar concentration then in the Lourinhd wine spirit studied by Patricio et al. [39]
is found. However, a marked difference is noted for the Lourinhd wine spirit aged in Q. sessiliflora
wooden barrels. Since the analytical method applied in the studies of Patricio et al. [39] and Canas
[19] was the same, these discrepancies should be mainly ascribed to the wood variability.

Regarding whiskey, the research has shown that coumarins are present in this aged spirit, but
to the best of our knowledge, there is no information available on their concentrations depending on
the kind of wood. Indeed, Aylott et al. [194] studied five blended Scotch whiskies and reported a
range of scopoletin concentration between 180 and 760 pg/L; the wood was not specified and, as these
are blends, it is difficult to understand the effect of this ageing factor. Collins et al. [47] examined 63
commercial American whiskeys (including Tennessee whiskeys, Bourbon whiskeys and rye
whiskeys, with different ageing periods); despite the differentiation made between the kinds of
whiskey based on several compounds, including scopoletin and aesculetin, the wood species
involved has not been unveiled. Similarly, Mignani et al. [46] conducted a trial aiming to distinguish
single-malt Scotch whiskeys based on 18 samples; the analytical techniques used allowed to deduce
that coumarins were associated with the fluorescent spectra obtained, although no results were
presented on their identification and quantification. Winstel et al. [22] analysed nine commercial
whiskeys aged in oak wood, including four Bourbon whiskeys, and quantified scopoletin,
umbelliferone, aesculetin, 4-methylumbelliferone and fraxetin, but their contents were not disclosed.

Information on coumarins contents in rum according to the wood used is scarce. Winstel et al.
[22] analysed three commercial rums, reporting an average content of scopoletin of 1500 ug/L.
However, there is more substantial information about cachaga. Several studies were performed on
cachaga, including wood from oak species and from species grown in Brazil (Table 7).
Notwithstanding, it should be emphasised that some of the native species included in these studies
do not correspond to the kinds of wood investigated (Table 1), and most of the experimental
designs/available information do not allow a relationship to be established between the kind of wood
used and the coumarin contents found in this spirit beverage. Santiago et al. [44] assessed the
chemical composition of cachaga aged for 12 months in used barrels (200 L) made of European oak
and new barrels (20 L) from four exotic kinds of wood. Results obtained after 12 months (Table 7)
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revealed very low contents of coumarins in the aged cachaga, and only the amburana and balsamo
barrels released coumarins (quantifiable concentrations) into the distillate; the former was richer in
these compounds, presenting a higher level of coumarin than 4-methylumbelliferone. However,
these outcomes are not comparable due to the different ageing conditions used in those essays: barrel
usage and barrel size. According to the literature, the pool of wood extractable compounds of used
barrels is substantially lower than that of new barrels [195], the reason why oak barrels did not exert
the expected effect. On the other hand, 20 L barrels have quite higher surface to volume ratio than
200 L barrels, promoting greater extraction of wood compounds as well as favouring other
phenomena occurring during ageing [196].

Table 7. Coumarins contents in cachagas according to the kind of wood used in their ageing.

Mean
Origin Wood species Compound content References
(ug/L)
4-methylumbelliferone nd
European oak coumarin nd [44]
Amburana 4-methylumbelliferone 0.014
Amburana coumarin 0.049 [44]
cearensis
(Allemao)
A.C.Sm.
Balsam 4-methylumbelliferone nd
Brazil Myroxylon coumarin 0.002 [44]
peruiferum L. £.
Jatoba 4-methylumbelliferone nd
Hymenaeae coumarin nd [44]
carbouril L.
Peroba 4-methylumbelliferone nd
Paratecoma coumarin nd [44]

peroba (Record)
Kuhlm.

1'nd - not detected.

Bortoletto et al. [29] reported their results as percentage of peak area of coumarin in cachaca
aged for 12 months in amburana (Amburana cearensis (Allemao) A.C.Sm.), castanheira (Bertholletia
excelsa Humboldt & Bonpland) and cabretva (Myrocarpus frondosus Allem.) 220 L toasted barrels:
19.08%, 0.51%, and not detected, respectively. Same for hydrocoumarin in cachaca aged in these kinds
of barrels: 8.08%, 0.69% and 0.55% respectively. The ageing in amburana barrels imparted the highest
contents of coumarins, castanheira conferred intermediate levels, and cabretiva induced the lowest
ones, which contradicts the results obtained by Silva et al. [43] for the wood of cabretva and
castanheira species (Table 1). This discrepancy may derive from the wood variability and the different
analytical methods applied.

Finally, despite Bettin et al. [197] and de Aquino et al. [25] analysed many cachaca samples, from
the market and from local producers, and presented concentration levels of two coumarins
(scopoletin and coumarin), the relationship with the kinds of wood used in their ageing was not
revealed. dos Anjos et al. [198] studied cachaca aged in 200 L oak barrels (unidentified species) for 12


https://doi.org/10.20944/preprints202401.0193.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 January 2024 do0i:10.20944/preprints202401.0193.v1

24

months, and found that the levels of coumarin and 4-methylumbelliferone were lower than the limit
of detection of the method.

To the best of our knowledge, no information is available in the literature on the coumarins’
contents of grape marc spirit depending on the type of wood used for its ageing.

6.2. Heat treatment

It is unquestionably accepted by the scientific community that the heat treatment of the wood,
carried out during the cooperage process, plays a decisive role in the set of extractable compounds
that can be released into the distillate during ageing [19,23,195]. In Europe, a fire with wood scraps
is used to bend the staves and then toast their inner surface, while in North America heated steam is
used to bend the staves, followed by a fire or a gas burner for charring (in a controlled manner) the
inner surface of the wood [23,164,195,199-201]. Thus, in barrels made by the European technique,
there is normally 6-8 mm of toasted wood, and in barrels made using the American technique there
is normally 2-3 mm of charred wood followed by 3-5 mm of toasted wood. The aim of the bending
phase is to give the barrel a concave shape without the staves breaking. The toasting phase is carried
out intentionally to change the structure [202], physical properties [203] and chemical composition of
the wood [164,200,201,204], thus imparting a particular character to the distillate aged in it. Though
toasting procedures differ according to the cooperage, the toasting level is usually categorised as
light, medium or heavy. The char (active charcoal) layer is required for some distillates, such as
whiskey and cachaca, to decrease pungency and remove off-flavours associated with some
constituents, such as sulphur compounds, through adsorption and oxidation [190,200,205-207].

Hydrothermolysis of the wood biopolymers (cellulose, hemicelluloses and lignin) and tannins
mainly occur during toasting and leads to the formation of low molecular weight compounds
[164,208], which can be easily extracted by the distillate during ageing, thus influencing its chemical
composition and sensory properties. Cellulose gives rise to 5-hydroxymethylfurfural and 5-
methylfurfural, hemicelluloses originate furfural, while lignin is the precursor of several phenolic
compounds, including coumarins [200]. Ellagic acid and gallic acid result from the degradation of
ellagitannins and gallotannins, respectively [209]. Subsequently, several reactions take place in the
liquid medium, determining the features of the aged spirits [26,28,177,190,192]. Regarding
coumarins, in a recent study, Sampaio et al. [210] showed that scopoletin is thermolabile, and
underwent degradation in a temperature range from 182.32 to 303 °C, with mass loss of 99.98%.
Besides, as far as we know, the effect of this technological factor on their contents has only been
reported for wine spirits - Figure 17.

e M umbelliferone
HT .
M scopoletin
b
MT
a

LT

0 10 20 30 40 50

Concentration (ug/L absolute ethanol)

Figure 17. Average concentrations of coumarins in aged wine spirits according to the toasting level
of the barrels; LT - light toasting, MT - medium toasting, HT - heavy toasting [adapted from Canas
19].

The results showed that toasting had a significant effect on the average concentration of
umbelliferone in wine spirit aged for four years in 250 L barrels; an increase in concentration was
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observed as the intensity of wood toasting rose, reflecting the accumulation of this compound in the
wood due to its remarkable thermal stability [211], which could then be extracted by the wine spirit.
The concentration of scopoletin was slightly affected, but the highest level was associated with
medium toasting, suggesting that lower temperatures favoured its formation, and as the toasting
temperature increased, degradation phenomena exceeded the formation ones [210]. According to the
works of Sampaio et al. [210] and Sun [211], the umbelliferone demonstrated greater thermal stability
than scopoletin.

6.3. Ageing time

In the regulations of the European Union and other countries in which aged spirits are produced,
a minimum ageing time is always defined. For those addressed in the present review, this
requirement is specified in Section 2. Actually, the results of extensive research on this subject have
clearly shown that the ageing stage requires a certain period of time for multiple physicochemical
phenomena to occur, slowly and continuously, in order to confer specific characteristics to the
distillates, contributing to the sensory fullness of the final products [14,18,19,21,190]. It is also
recognised that these phenomena basically fall into two categories:

e Additive - including the ones that introduce or give rise to new compounds in the distillate
undergoing ageing, such as extraction of wood compounds and lignin hydroalcoholysis;

e  Subtractive - encompassing the ones that remove or modify some constituents of the distillate
undergoing ageing, such as evaporation of volatile compounds, adsorption/degradation by the
charred surface of the barrel, sorption in wood, and oxidation and hydrolysis reactions, among
other chemical transformations.

Consequently, the chemical composition of the aged spirits evolved progressively over the
ageing time as a result of the balance between additive and subtractive phenomena. Concerning
coumarins, some available data in the literature (for whiskey, wine spirit and cachaga) are shown in
Figure 18.

The results reveal that scopoletin, coumarin and 4-methylumbelliferone contents increase in the
first years of ageing, which can be ascribed to the prevalence of addictive phenomena, being the
higher concentration gradient between the wood and the distillate (devoid of these phenolic
compounds) the most plausible driving force [212]. However, different patterns are observed
depending on the compound, the kind of distillate, the wood and their interaction. Interestingly, after
many years of ageing, the scopoletin content in wine spirit decreased sharply (Figure 18c), maybe
reflecting the predominance of subtractive phenomena over additive ones. This behaviour may
contribute to reducing the bitter taste of the aged wine spirit, in which coumarins seem to be involved
[22]. The formation of coumarin glycosides often occurs through the process of hydroxylation and
isomerization of trans-hydroxycinamic acid and analogous molecules, a reaction that can also occur
during the ageing stage [115]. Due to the glycosidic bond, coumarin glycosides taste bitter. Bitterness
comes from sugar moieties connected to the coumarin core. In plant defence mechanisms, bitterness
discourages herbivores and insects from overeating [213]. When the sugar moiety is removed,
coumarins have a slightly bitter taste in their aglycone form [22].

In addition, Winstel et al. [22] monitored the evolution of scopoletin, umbelliferone, 4-
methylumbelliferone, esculetin, coumarin and fraxetin in ten vintages of Cognac (between 1970 and
2015) from the same producer. The wine spirits were aged in 350 L used barrels made from oak wood,
with five replicates. The outcomes show that scopoletin and esculetin had higher concentrations in
the oldest spirits (338 and 264 ug/L, respectively). Compared with the aforementioned previous work
[37], the opposite behaviour found for scopoletin during ageing might be related to the ageing
conditions and/or to the analytical method used. The coumarin concentration also tended to increase
over time but with some fluctuation. Regarding fraxetin, the evolution pattern was similar to a bell-
shaped curve; lower concentrations were observed in the 2015 and 1973 samples (19 ug/L and 118
ug/L, respectively), and the highest concentration was found in the 1995 sample (204 ug/L). A similar
trend was registered for 4-methylumbelliferone, which exhibited lower concentrations in 2015 (69
pg/L) and in 1973 (27 pg/L), and the highest one in 2008 (307 pg/L). Their behaviour in older spirits
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has been reported as a possible result of degradation, but differences in ageing practices and those
associated with barrel suppliers over time have led the authors to consider the need for further
studies to confirm it. Umbelliferone was only quantified, at low concentrations (varying between 5.5
and 67.8 ug/L), in four old vintages (1995, 1993, 1990, and 1973), which was assigned to its low level
in the oak wood and to its slow extraction kinetics.
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Figure 18. Evolution of coumarins contents in spirit beverages over the ageing time: (a) whiskey
[adapted from Otsuka and Zenibayaashi, [35]]; (b) wine spirit [adapted from Salagoity, [214]; (c) wine
spirit [adapted from Tricard et al. [37]; (d) cachaca [adapted from Santiago et al. [44].

6.4. Ageing technology

Traditionally, the spirit beverages are aged in wooden barrels for several months or years, in
consonance with the producing region regulation as above mentioned. Although the high quality of
the final products obtained through this technology, it presents the following drawbacks: i) time-
consuming; ii) costly; iii) low production efficiency and profitability for the producer; iv) substantial
loss of the spirit beverage by evaporation, which is more pronounced in tropical areas such as those
related to sugar cane spirits production; v) significant demand for wood, which is a limited-supply
natural resource [23,24,44,215]. Several research teams have therefore been looking for alternative
technologies towards more sustainable production processes; the most widely exploited consists of
using stainless steel tanks with wood pieces inside and micro-oxygenation as an option
[28,30,41,42,69,114,216-220]. In these studies, the assessment of the technologies' performance has
been made by analysing the physicochemical characteristics (basic chemical parameters, volatile
compounds, phenolic compounds, mineral elements) and sensory properties acquired by the
distillates during ageing. Among the phenolics, phenolic acids, phenolic aldehydes and tannins have
been often scrutinised, which has not been the case with coumarins. The results available for
coumarins are presented below.

Oliveira-Alves et al. [42] compared the scopoletin and umbelliferone contents in wine spirits
obtained from the same Lourinhd distillate aged for 12 months in 250 L barrels of chestnut wood (B),
in 50 L demijohns with staves of the same wood combined with three micro-oxygenation modalities
(oxygen was applied with a flow rate of 2 mL/L/month during 15 days - O15, 30 days - O30, and 60
days - 060, followed by 0.6 mL/L/month until the end of the trial) and one control modality using
nitrogen (N), with two replicates. The outcomes are shown in Figure 19.
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Figure 19. Average contents of coumarins in wine spirits aged in barrels (B), in demijohns with wood
staves and micro-oxygenation (015, O30 and O60) and nitrogen (N, control).

The wine spirits aged through the alternative technology, regardless of the micro-oxygenation
modality, were significantly richer in umbelliferone than those aged by the traditional one and the
control. On the contrary, scopoletin level was significantly higher in the wine spirits from the barrels
and the control. The oxygen applied (alternative technology) seems to have contributed to the balance
between additive and subtractive phenomena involving umbelliferone. As for scopoletin, the
outcomes suggest that micro-oxygenation contributed to shifting this balance towards the subtractive
phenomena, thus decreasing its content in the corresponding wine spirits.

These results corroborate those of a previous project [41,165] in which a Lourinhd distillate was
aged in 250 L barrels and in 1000 L stainless steel tanks with wood staves inside combined with a
single micro-oxygenation flow rate (2 mL/L/month) for 18 months. It should be stressed that they
suggest a different sensitivity of these coumarins to oxidation, since the direct supply of oxygen
through micro-oxygenation favours oxidation reactions involving phenolic compounds [28]:
scopoletin seems to have enhanced susceptibility to oxidation compared to umbelliferone.

7. The role of coumarins in the nutraceutical quality of spirit beverages

Besides the contribution of coumarins to the sensory properties of spirit beverages according to
the ageing conditions, they are involved in the nutraceutical component of these beverages' quality.
Nutraceutical quality is related to the health benefits of foods and beverages [49,221-223]. Indeed,
moderate consumption of alcoholic beverages as part of a healthy lifestyle has been associated with
lower cardiovascular risk compared to abstinence or heavy drinking [224]. The health benefits of
moderate consumption of aged spirits can be assigned to their phenolic composition, which has
remarkable biological functions, such as free radical scavenging, inhibiting lipid peroxidation, and
reducing platelet aggregation and thrombosis [225], in opposition to the ethanol-induced damage [6].

Concerning specifically the spirit beverages covered by this review, evidence exists on the
relationship between the in vitro antioxidant properties and lignin-derived phenolic compounds
extracted from wooden barrels to wine spirits [31,53-55,226], brandy [54,56], whiskey [52] and rum
[57]. In addition, consumption of whiskey (100 mL/day) transiently increases the total phenolic
content and enhances the plasma antioxidant capacity, thus potentially lowering the risk of coronary
heart disease [227]. The work of Suzuki et al. [228] revealed that compounds extracted from wooden
barrels during the ageing of whiskey increased the cytoprotective protein, the enzyme heme
oxygenase-1 (HO-1), in human endothelial cells, demonstrating that upregulation of HO-1 protein
level might possibly contribute to the maintenance of blood vessel function.

The health effects of phenolic compounds, and particularly those found in aged spirit beverages,
depend on their chemical composition, their potential interactions with ethanol and the presence of
other bioactive compounds [8]. Among them, phenolic aldehydes (such as sinapaldehyde,
coniferaldehyde and vanillin), phenolic acids (such as vanillic acid and ellagic acid) and coumarins
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(such as esculetin) identified in whiskey play an important role as antioxidants, and may partly
contribute to the protection of blood vessels by triggering the activation of HO-1 gene [228-230].
Similar effects have been reported for wine spirit by Duriez et al. [231] and Umar et al. [232].

Coumarins are nutraceutical compounds due to their ability to exert non-covalent interactions
with protein structures and free radical scavenging activity [233,234]; in general, they scavenge
reactive oxygen species (ROS) via hydrogen atom transfer mechanism or electron transfer to peroxyl
radical [235]. The health effects of simple coumarins, the most plentiful in wood and aged spirit
beverages (as specified in Sections 4 and 6), have been thoroughly investigated in vitro and in vivo
studies, as shown in Table 8.

Table 8. Coumarins and related pharmacological activities examined in vitro and in vivo studies.

Ph logical
Compound arma.col ostea Research Method Experimental Doses References
activity
neuroprotective chronic unpredictable male Sprague- 15 mg/kg [236]
effects mild stress (CUMS) Dawley rats 30 mg/kg
inflammatory cytokines  male Sprague- 15 mg/kg [236]
in hippocampus Dawley rats 30 mg/kg
anti-inflammatory lipopolysaccharide
4 k
(LPS)-induced acute BALB/c mice 0 mg/ke [237]
umbelliferone lung injury (ALI)
. post-traumatic stress male Sprague-
tid t k 2
antidepressan disorder model (PTSD) Dawley rats 60me/kg  [238]
1. . streptozotocin (STZ)- .
antidiabetic induced diabetes male Wistar rats 30 mg/kg [239,240]
11 cycl lysi HepG2 H 11
anticancer cell cycle ana y51s.and epG2 HCC cells 50 UM [241]
apoptosis detection
male spontaneously
antihypertensive  vascular activity assay  hypertensive rats 300 uM [242]
(SHR)
human pancreatic cancer
cells (KP1-NL)
anticancer transplanted into the =~ male nude mice ~ 3 mg/g [243]
hypodermis of nude
mice
f
anticancer breast cancer xenograft BALB/C nu/nu mice 0.5 mg/g [244]
models
R . human melanoma
antitumor inhibition of fibroblast cell line, C8161 and 0.5 mM [245]
and melanoma cells
MV3
4 inflammatory cytokines rat astrocytes (glial
methylumbelliferone anti-inflammatory H} yey yres (& 400 uM [246]
in astrocytes cultures cells)

glucose level and
glucose tolerance test in

antidiabetic mice fed a high-fat diet male C57BL/6] mice 0.2 g/kg [247]

acetylcholinesterase

AChE) and

neuroprotective ( ) an in vitro assay 1mg/mL  [248]

butyrylcholinesterase

(BChE) inhibition
antiadipogenic PPARg Expression ?T}Ll 100 uM [249]
preadipocyte cells
. 1. . streptozotocin (STZ)- male albino rats
1 4 2

aesculetin antidiabetic induced diabetes (Wistar strain) Omg/kg 2501

antithrombotic platelet aggregation human assay 50 uM [251]
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mitogen-activated 100 UM
antitumor protein kinase (MAPK) HepG2 cells H [252]
assay
anticancer trail-induced apoptosis oral czzlclc;zr SAS 10 pg/mL  [253]
colitis induced by
anti-inflammatory trinitrobenzenesulphonic male Wistar rats 5 mg/kg [254]
acid (TNBS)
. male Institute of
dex;r:;sﬁ'::::;z;izced Cancer Research 40 mg/kg  [255]
antidiabetic (ICR) mice
streptozotocin (STZ)-
e diab(etes " maleCS7BL/6]  20mgkg  [256]
TZ-i iabeti
renoprotective 5 rleiilllccie:rlnilga:e 1 male ICR mice 20 mg/kg  [257]
. Lini
gastroprotective gastric I?:dcz)ia Y male Kunming mice 20 mg/kg  [258]
AAPH-induced
aesculin antioxidant erythrocyte hemolysis erythrocytes 50 uM [259]
assay
i 1 femal
carrageenar;1 induced n;(a e aer emale ) mg/kg  [260]
paw oedema unming mice
endotoxin shock induced male and female
by lipopolysaccharide Kunmine mice 20 mg/kg  [261]
anti-inflammatory (LPS) 8
liver injury induced by
lipopolysaccharide/D- .
GSlaIztoZamine (LPS/D- BALB/c mice 40 mg/kg [262]
Gal)
animal model of induced male albino Wistar
type 2 diabetes mellitus aea rats ST 100 mg/kg  [263]
antidiabetic (NIDDM)
a—glucom;l:ssaeymhlbmon in vitro assay 20 mM [264]
inhibition of human cervical
proliferation and ;1 :Hciv Cil 100 pM [265]
induction of apoptosis cancer Heba cefls
coumarin s human lung cancer
inhibition of &
anticancer roliferation cell lines, A427 and 1.0 mM [266]
P Calu-1
s human lung cancer
niﬁ?iiﬁfi cell lines, A427 and 100 pg/mL  [267]
P SK-LU-1
colonic damage induced
anti-inflammatory trinitrobenl;};nesul fonic Male Wistar rats 25 mg/kg  [268]
acid (TNBS)
antibacterial minimum inhibitory Pseudomonas 0.66 269]
concentrations (MIC) aeruginosa pg/mL
multiple model of .
antihypertensive hypertension (blood male Wztte;r-Kyoto 10 mg/kg [270]
scopoletin pressure)
streptozotocin (5TZ)- .
in};uce d diab(etes ) male ICR mice 10 mg/kg  [271]
antidiabetic

a-glucosidase/a-amylase

inhibition assay in vitro assay 100 uM [271]
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3T3-L1
preadipocyte cells
carrageenan induced  female Sprague-

glucose uptake assay 20 uM [272]

anti-inflammatory

paw oedema Dawley rats 10mg/kg  [273]

human lung
fibroblast cells

anti-ageing autophagy assay (IMR 90) 16 uM [274]

Apart from the activities identified, the high bioavailability of coumarins [117] is an essential
feature to guarantee their biological effectiveness. Actually, the oral intake does not result in complete
uptake of bioactive compounds into the gastrointestinal tract, and a certain percentage is not
absorbed [223]. Bioavailability includes bioaccessibility and bioactivity: i) bioaccessibility
corresponds to the fraction of a compound released from the food matrix during digestion process in
the luminal content, being accessible for absorption in the small intestine or biotransformed by the
gut microbiota; ii) bioactivity contemplates the phenomena involving the absorbed compounds or
their metabolites in the target tissue, resulting in biological activity on the body [275,276]. However,
in the light of current knowledge, compound concentrations cannot usually be determined directly
at the site of action or target tissue. Thus, bioavailability assessment consists of determining the
concentration of the bioactive compound in the blood (how fast and how much of a compound
appears in the blood after a specific dose is administered) or urine [277].

Interestingly, strategies have been widely investigated to enhance the bioavailability and
transport of pharmaceuticals by conjugating with coumarins. In a pharmacological study,
bioavailability evaluation of the prodrug system showed that coumarin-based prodrug meptazinol
produced a fourfold increase in oral bioavailability over the parent drug meptazinol in rats [278]. The
pharmaceutical sertraline, an antidepressant drug, replaced the chloride anion for coumarin 3-
carboxylate (bioactive compound), revealing that its antidepressant action was improved compared
to the native drug [279]. Coumarins can also be used to minimise the permeability glycoprotein-
mediated efflux (P-glycoprotein) and enhance bioavailability of some drugs, such as placlitaxel
(anticancer drug), which inhibits breast cancer stem cell growth [280]. The P-glycoprotein is known
to cause multidrug resistance phenotype in cancer cells, being a major obstacle in cancer treatment
[281]. In an experimental study, the introduction of a sulfamide moiety into coumarin derivatives
provided greater RAF/MEK (rapidly accelerated fibrosarcoma/mitogen-activated protein kinase)
inhibitory activity concomitantly with an acceptable pharmacokinetic profile (51% bioavailability in
mouse) [282].

In summary, coumarins are one of the most important groups of natural compounds with
diverse pharmacological properties, and therefore they have been extensively studied in the field of
medicinal chemistry and as therapeutic agents. However, studies involving beverages, and especially
spirit beverages, have received less attention.

8. Do coumarins have impact on food safety?

As aforementioned, simple coumarins are the most plentiful in wood and aged spirits. The
majority of these coumarins are considered not hazardous to human health at the concentrations
detected in beverages and edible plants [283]. Nevertheless, studies dealing with higher dosage of
coumarin extracted from natural sources revealed chronic toxic effects, particularly hepatotoxicity
[234]. As a result, it is necessary to quantify coumarins, specifically the coumarin, in spirit beverages
using precise and accurate analytical methods (described in Section 5).

Clinical studies have shown that coumarin is probably not a carcinogen to humans, which have
led to its classification as a Group 3 chemical with only limited toxicity [284]. Previously, coumarin
was used in flavours and as a chrome plating brightener until 1954, when the FDA classified it as a
carcinogen and banned its use in foodstuffs [284]. In 1956, in vivo studies revealed that the coumarin
incorporated in the diet of rats and dogs caused the initial damage to their liver tissue [285]. Contrary
to these findings, the in vivo studies for mutagenic and genotoxic potential suggest that coumarin is
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not a genotoxic agent, because the dose-response relationships for coumarin-induced toxicity and
carcinogenicity are non-linear, with tumour formation occurring only at high doses (> 280
mg/kg/day) which are associated with pulmonary and hepatic toxicity [112,286].

Although the majority of coumarins are not intrinsically toxic, with the exception of coumarin,
some derivatives and higher doses may raise concerns related to food safety. Regarding data on food
toxicology, which is focused on the study of compounds present in food that can potentially cause
adverse effects on consumer health, the Chemical Safety Data Sheets (SDS) and PubChem data
available confirm that the most common coumarins found in wood raw material and aged spirit
beverages have little harmful effect on human beings (Table 9).

Table 9. Bioaccumulative potential® and toxicological information of most prevalent coumarins in

wood and aged spirit beverages.

Compoun n-octanol/water Test Organis Dos  Referenc
Remarks
d (log KOW)» Type/Router m es
293
LD50 / oral rat mg/k [287]
4
196
LD50 / oral mouse mg/k [288]
g May cause
irritation;
. LDSO./ 220 Harmful if
coumarin 1.39 Intraperiton mouse mg/k [289] swallowed:
eal & causes liver
LD50/ 242 m]uryland
subcutaneou mouse mg/k [288] somnoience
s g
uinea 202
LD50/oral 8 mg/k [290]
p1g o
Causes liver
effects, effects
on plasma
proteins,
. 450 hypoglycemia,
11if LD .
umbellifero 4 o3 roxnET)  ID%0/ 0 mouse  mg/k [291]  and changes in
g clotting factors
in 45-day
intermittent
intraperitoneal
studies of rats
3800
scopoletin nd LD50 / oral rat mg/k [292] Irritant
g
350
LD50/
intravenous mouse mg/ k [291]
3850
4 LD50 / oral rat mg/k [293]
g .
meltilggggrrlrébel nd D507 SEEG Irritant
intraperiton rat mg/k [293]
eal g
LD50 / 7200

subcutaneou rat mg/k [293]
S g
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2850
LD50 / oral mouse mg/k [293]
g
LD50 / 1250
intraperiton =~ mouse mg/k [294]
eal g
LD50 / 1500
aesculetin 0.55 intrapelriton mouse mg/k [295] Irritant
ea 2
LD50 / 1900
aesculin nd intraperiton ~ mouse mg/k [296] [rritant
eal g

2 Data collected from the safety data sheets available from Thermo Fisher Scientific, Sigma-aldrich, and Carl
Roth, and also from PubChem. ® (pH value: 7 at 25 °C). < The LD50 (lethal dose, 50%) is a toxicological metric
that expresses the dosage of a drug that is deadly to 50% of a population (usually laboratory animals) exposed
to it. Parameters in the European Union toxicity classification Oral LDso for rats: Category 1: Very Toxic: LDso <
5 milligrams per kilogram of body weight (mg/kg); Category 2: Toxic: 5 mg/kg < LD50 < 50 mg/kg; Category 3:
Harmful: 50 mg/kg < LD50 < 300 mg/kg; Category 4: Warning: 300 mg/kg < LD50 < 2000 mg/kg [297].

Table 16. have a notable impact, and even minor differences in structure lead to different actions
and varied affinities for biological targets: hydroxyl, methoxy, and glycosidic groups in various
positions on the coumarin skeleton. Certain structural modifications during metabolic degradation
can result in more toxic metabolites, the reason why it is critical to identify and understand the
metabolites that can be generated in the human system. Umbelliferone, for example, is a coumarin
degradation metabolite that is also a known human metabolite of 7-methoxycoumarin and coumarin.

Specific tissues or organs may be highly susceptible to the impacts of particular substances due
to their physiological activities, high metabolic activity, or exposure. As in the instance of coumarin,
which is predominantly metabolised in the liver through cytochrome P-450. In phase I, metabolic
events such as oxidation, reduction, and hydrolysis are used to modify functional groups in order to
prepare the substrate for subsequent conjugation reactions in phase II. The cytochrome P-450 enzyme
in the liver hydroxylates coumarin and similar compounds [298], and the most prevalent
hydroxylation pathways happens at 3 and 7-positions to produce 3-hydroxycoumarin (3-OHC) and
7-hydroxycoumarin (7-OHC), respectively and for coumarin [299,300]. The presence of a significant
amount of 3-OHC is thought to facilitate the formation of the cytotoxic byproduct o-HPA (Figure 15),
which could potentially contribute to or be accountable for coumarin-induced toxicity.

Coumarin demands extra attention when compared to other naturally occurring coumarins, not
only because its lower LDso (more toxic), but also because it is commonly found in cinnamon-
containing food and drinks, which is not applicable to the spirit beverages addressed in this review.
It is noteworthy that the influence on food safety mainly depends on the coumarins concentrations
in specific food products and their compliance with regulatory criteria than to the presence of
coumarins in general. To ensure food safety, as with any food component, moderation is key, and it
is advised to follow dietary guidelines and limits set by local authorities for this purpose.

9. Coumarins and spirit beverages” authenticity

Assuring authenticity is a pivotal aspect in spirit beverages value chains, and has therefore been
a major concern and challenge for all their players, including the regulatory/governmental agencies
and researchers worldwide. It allows protecting producers, producing regions and countries, as well
as consumers, from inauthentic spirit beverages. This type of beverages has become a target for
adulteration and fraud through practices that include supplementing with ingredients or aromas to
boost the product at a lower price, and adding of non-specified additives to increase volume [58].
According to Popping [301], there are two types of inauthenticity events: i) misrepresentation that a
beverage is within the contractual arrangement between trading partners, namely breach of contract;
ii) misrepresentation that a beverage is within the legal obligations of the region of intended trade,
namely noncompliance (Figure 20).
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Figure 20. Beverages inauthenticity events. Adapted from Popping [301].

The global market and the growing variability and availability of alcoholic beverages from
different countries have made consumers increasingly aware of the importance of consuming
certified products (in terms of quality and food safety) [302]. In this regard, Europe has taken the lead
position by creating, in 1992, a robust system of geographical indications to protect the name of a
product originating from a specific region and resulting from a traditional production process.
Currently, this regime comprises: Protected Designations of Origin - in which all production stages
must take place; Protected Geographical Indications (PGI) - at least one of the production, processing
or preparation phases must take place in the region. Concerning the spirit beverages, the rules are set
by Regulation (EU) [1]. Other producing countries, such as the USA, Canada and Brazil also have
specific regulations for spirit drinks.

For this purpose, more advanced analytical methods, as well as the identification of compounds
that act as chemical markers, are required for the certification of spirit drinks and the strengthening
of legislation. Several techniques, such as spectrophotometry [303-305], synchronous fluorescence
spectrometry [306], GC [307-309 ], HPLC [310], capillary electrophoresis [311], nuclear magnetic
resonance (NMR) spectroscopy [312-314], and electrospray ionisation mass spectrometry (EIS-MS)
[315-317] have been used to determine the indicators of authenticity in the spirit beverages, such as
alcohol strength [318], sugars [315], volatile compounds [319], colouring compounds [318] and wood-
derived compounds [320].

Regarding the wood-derived compounds of the spirit beverages under analysis, resulting from
the ageing stage of the corresponding distillates, some studies pointed out the role of coumarins,
phenolic aldehydes and phenolic acids as chemical markers of wine spirits, brandies, whiskeys, rums
and cachagas [41,167,192,306,311,321]. Among coumarins, scopoletin has been considered as a
possible marker of ageing in oak barrels [19,36,322].

Furthermore, coumarins contribute to antioxidant activity reported among alcoholic beverages,
which is also thought to be a marker of authenticity. Ziyatdinova et al. [307], studying the
adulteration of brandies, reported that the antioxidant activity of authentic brandies was 15-fold
higher than that of adulterated ones. Hence, the literature suggests that coumarins can be used as
authenticity markers of aged spirits, but further research is needed to provide robust outcomes for
quality assessment and authenticity control.

10. Concluding Remarks and Perspectives

A comprehensive overview of the state-of-the-art and contemporary approach on coumarins in
spirit beverages is presented for the first time. A connection between these findings and crucial
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aspects of everyday life, particularly in terms of authenticity and food safety concerns, was
established. Six renowned types of spirit beverages were chosen (wine spirit, brandy, whiskey, rum,
cachaga, and grape marc spirit) due to their enhancement with wood compounds during the ageing
process, and were thoroughly discussed. The ageing process improves the quality of the distillate by
enhancing its sensory and nutraceutical properties, in which coumarins are involved. Given the
dynamic interplay between additive and subtractive processes, the chemical composition of aged
spirits undergoes significant changes over time. Consequently, when taking into account
differentiated products, consumer health concerns, food science, and food safety in the market's
largest segment of the global alcoholic drink market, comparing the effects of different ageing time,
wood sources, heat treatment, and ageing technology on specific phenolic composition of spirit
beverages is worthwhile. A balance of its phenolic composition and certain coumarins, can play a
major role in developing value chains, meeting consumer preferences, and driving market growth.

In order to understand the occurrence of coumarins in the addressed spirit beverages, it was
considered essential to elucidate their production processes and the type of wood used in the ageing
stage. Furthermore, significant information revealing that different kinds of wood provide
considerably different coumarins contents have been collected in this review. Nevertheless, only
simple coumarins have been identified in wood and aged spirits: coumarin, scopoletin,
umbelliferone, 4-methylumbelliferone, aesculin, aesculetin and fraxetin. Among them, scopoletin
was the most plentiful in the majority of wood species, while umbelliferone was more abundant in
American oak wood. Though, the concentrations of coumarins in aged beverages are significantly
lower in comparison to those reported from wood sources.

This review further looked at coumarin metabolic pathways for nutraceutical and safety
purposes. As a prime instance, it was clarified that umbelliferone is metabolised into coumarin, which
is then metabolised into 7-hydroxycoumarin and eliminated by the human system, and that all these
metabolites exhibit interactions and increased biological activities. Therefore, further research is
needed for a comprehensive insight into the metabolites generated after coumarins ingestion.
Although the majority of coumarins are generally non-toxic, except coumarin itself, some derivatives
and higher amounts may trigger food safety issues. Coumarins' significant bioavailability is an
important feature that ensures their biological efficacy; thus, detailed information about how the
gastrointestinal system absorbs these compounds and what happens to the other portion of bioactive
substances from oral ingestion is required.

A growing demand for more sensitive, selective, and efficient procedures has driven
improvements in analytical techniques for molecular structural elucidation, and some of the cutting-
edge analytical methods being used for other organic substrates will likely influence the identification
of novel coumarins in wood extracts and spirit beverages. Among these novel approaches that are
becoming more accessible, democratised, and disseminated in the scientific community, this review
highlights Tandem Mass Spectrometry (MS/MS or MS:), Ion Mobility Spectrometry (IMS), liquid
chromatography with nuclear magnetic resonance (LC-NMR), as well as computational techniques
that may be very useful, along with the use of advanced data processing techniques such as Data
Mining and Cheminformatics, along with machine learning algorithms. The authenticity of spirit
beverages is of the utmost importance for consumers, producers, governmental authority, and the
agrifood sector, the reason why the role of coumarins in this topic was contextualised. Despite their
low concentrations, the results support scopoletin and umbelliferone as chemical markers for
ensuring authenticity of aged spirit beverages, which has been a major concern and challenge for all
players and researchers worldwide. Given the broad biological function exhibited by the coumarins
chemical family, further research will be necessary in this matter.
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