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Introduction

1.1. Food processing and its consequences

Foods can be consumed in a raw state, but, mogudntly, they are
processed both to improve their quality and to rdgstieleterious components.
Food processing can be carried out in many waysus,Thmilling,
cooling/freezing, smoking, heating, canning, fertagon, drying, or extrusion
cooking, among others, are common industrial pseEesused in food
manufacturing (Augustiet al, 2016; Stoicat al, 2013). These processes have
benefits, such as destruction of food-borne micsobad toxins, improving
bioavailability of nutrients, extending shelf lifeor enhancing sensory
characteristics and functional properties (Boeéelal, 2010; Nawrotet al,
1999). On the other hand, food processing can dlawe detrimental
consequences for the involved food$alfle 1). Among them, nutrient
degradation (Elmoreet al, 2010), production of deleterious sensory active
compounds (Starowicz & Ziglski, 2019), or production of compounds with

mutagenic or carcinogenic properties (Jaeged, 2010) have been described.

Table 1. Detrimental effects of thermal processing.

Food Effect of heating Examples of produced
constituents compounds
Carbohydrates Decomposition Carbonyl compounds
Formation of carbonyl-amine Advanced glycation end
adducts, including polymers products (AGES)
Lipids Oxidation Lipid hydroperoxides
Hydroperoxide decomposition Carbonyl compounds
Formation of carbonyl-amine Advanced lipoxidation end
adducts, including polymers products (ALES)
Amino acidy/ Decomposition Carbonyl compounds
Proteing/ Formation of carbonyl-amine adducts AGES/ALES
Creatine Reaction products with creatine Heterocyclic araenat

amines (HAAS)

Phenolics Oxidation Quinones
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This Ph.D. thesis will study the generation of families of products formed
as a consequence of food processing: flavours twétstructure of pyridine and
heterocyclic aromatic amines (HAAs), in an attertgotfind out the chemical
basis of the formation of both kinds of compounitss knowledge should allow
to promote their formation when they are desiraid to understand how their
formation can be inhibited when they act as foodcemts. Thus, pyridines are
potent odorants that contribute to the sensory eatigs of some foods (Maga,
1981). On the other hand, the formation of heteslicyaromatic amines (HAAS)
has been related to the claimed mutagenicity ancincayenicity for processed

meats (International Agency for Research on Card8).
1.2. Pyridines

The pyridines are a large group of N-heterocycbmpounds. The simplest
pyridine derivative has the same name of the grpypdine. Its structure is
related to benzene but one methine group (=CHgpkaced by a nitrogen atom.
Other pyridines are more complex because of theepiee of substituents in the

aromatic ring.
1.2.1.Pyridines in foods

The presence of alkylpyridines in foods has beamdtigated by diverse
authors (Ferretti & Flanagan, 1971; MacLeod & Cappadl976; Watanabe &
Sato, 1971; Yajimat al, 1979).

The importance of heterocyclic compounds in fo@Vdurs is well-known.
However, relatively little attention has been givenpyridine derivatives, even
though many of them have been found in a large eunolb foods, specially
alkylpyridines (Suyama & Adachi, 1980). In additjomydroxypyridines also
contribute to the sensory properties of some fobldsvever, contrarily to these
alkylpyridines, hydroxypyridines are less frequerfthund in foods (Elhaliset
al., 2021).



Introduction

The food systems in which pyridines have been fonctide food systems
containing high fat and low water contents, andnstted to roasting or frying.
Therefore, pyridines have been hypothesized torbéused as a consequence of
the interaction between primary amines in proteors amino acids with
alkadienals (Kinet al, 1996).

Foods in which pyridines have been found includeamibeef, chicken, and
lamb), fish, vegetables (beans, asparagus, potedodstomatoes), cereals (rice
and corn), bread, nut products (almond, peanutspanan), soya bean, milk and
dairy products (cheese), fruits, spices and condtisn€epper), honey, coffee,

and alcoholic beverages (Bicas & Rodriguez-Ama@212 Maga, 1981).
1.2.2.Role of pyridines in food flavours

Pyridines are considered to contribute to fooddiavto a lower extent than
other heterocyclic compounds such as pyrazines.eidery they provide foods
with bitter, astringent, and roasted notes, amdhgrs. The flavour properties of

some selected pyridines are collected able 2.

Table 2. Flavour properties produced by pyridine derivative

Pyridine Flavour properties
2-Methylpyridine Astringent and hazelnut
3-Methylpyridine Green, earthy, and hazelnut

2-Ethylpyridine Buttery, green, and caramel
2,5-Dimethylpyridine Roasted, green, and earthy
2,6-Dimethylpyridine Green
5-Ethyl-2-methylpyridine Fatty and green

Elaborated from Maga, (1981)



Introduction

1.2.3.The formation of pyridines

The formation of pyridines in foods is mostly unkmg although Suyama &
Adachi (1980) suggested that they were producedebgtion of lipid-derived
reactive carbonyls with amino compounds. In addjtigKim & Ho, 1998b)
suggested that the cyclization of 2,4-alkadienalas wthe origin of 2-
alkylpyridines. A mechanism for this conversion lha@en suggested by Zamora
et al(2009). The reaction takes place as indicateBigure 1. The first step is
the formation of corresponding imine. This iminekes into a cyclic derivate
(the corresponding pyridine) at the same time that amino acid residue is
eliminated in the form of its vinylogous derivati{@crylamide inFigure 1). This
pathway was developed for a possible conversioB-afinopropionamide into
acrylamide. However, it can also be produced withmania or any ammonia-

producing compound.

R o}
0 0
Py A e
RIYX""H * HN NH, NeJL

R
0 Z R o] R o]
\)J\NHZ AL | \ﬁ/\)J\NHZ - @VJ\NH2
= /

Figure 1. Pyridine formation through carbonyl-amine reactionpresence of
reactive carbonyls (Zamos al, 2009).

However, the origin of other pyridines is not knoamd, with the exception
of 2,4-alkadienals, other lipid-derived reactivebmayls have not been related to
the formation of pyridines. Nevertheless, the fexamples described above
suggest that pyridines can be produced by cyatimatif lipid-derived carbonyl

compounds.



Introduction

1.3. Heterocyclic aromatic amines

Different to pyridines, heterocyclic aromatic angngiAAs) have been the
objective of numerous studies. They were one offiteegroups of carcinogens
isolated and identified in foods. Their isolatiomdaidentification was a
consequence of the mutagenic activity observedowked meat and fish by
Sugimura’s group (Sugimuet al, 2004). Heterocyclic aromatic amines are now

a large group of chemical compounds which are shavangur e 2.

As can be observed in the figure, their structusslly contain from 2 to 5
(generally 3) condensed aromatic cycles with omar(are) nitrogen atom(s) in
their ring system and, usually, one primary amingug, with the exception of
harman, and norharman. Their formations occur @naequence of the thermal
processing at high temperatures of proteinaceoodsfoSince their discovery,
more than thirty heterocyclic aromatic amines hbheen identified in cooked

meat (Sugimura et al., 2004).

These compounds are usually classified into diffegroups depending on
their formation temperature, the attributed formatprocedure, or their polarity
(Jagerstad et al., 1991; Zamora & Hidalgo, 2015):

* Depending on their formation temperature, hetedicyzomatic amines
can be classified into thermic and pyrolytic hetgaic aromatic amines.
Thermic heterocyclic aromatic amines (also knowasand 1Qx-type)
have the structure of aminoimidazoazarene. They fmduced in
proteinaceous foods at temperatures typical of iogdlkying (~200 °C).
On the other hand, pyrolytic heterocyclic aromatigines, also known as
non-1Q-type, are formed by pyrolysis of amino acalsd proteins at
temperatures higher than 250 °C.

e According to the attributed formation pathways ythee considered to be

produced via Maillard reaction (such as the therneiterocyclic aromatic
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amines) or via pyrolytic reactions (such as theojwic heterocyclic
aromatic amines).
» Based on their polarity, these compounds have bkessified into polar

and nonpolar heterocyclic aromatic amines.

AMINOIMIDAZOAZARENES

imidazopyridine derivatives imidazoquinoline derivatives

Nz
pri pri L\ pHs
Rz N N ~CH
A o S S 3 XN
oL we T L pwe L
R N7 N N~ N N R N7 N
DMIP: Ry=H, Ry = CH3 IFP IQ:R=H 1Q[4,5-b]
1,6,6-TMIP: Ry = Ry = CHg MelQ: R= CHs

PhIP: Ry =H, R, = phenyl
4'-OH-PhIP: Ry = H, R, = 4'-OH-phenyl

imidazoquinoxaline derivatives

NH,
N:(N Re  chy
Rs INW ~CHs RZ\TN\\)\/N%NH
// 2
A >
Ry N)\/l\R R1/I\N)\VI\N

1

1Qx: R1=Ry =Rz =H 1gQx: Ry=Ry=R3=H
4-MelQx: Ry =CHz, Ry =Rz =H 6-MelgQx: Ry = CHz, Ry=R3 = H
7-MelQx: Ry = Ry = H; Ry = CHa, 7-MelgQx: Ry = Ry = H, Ry = CH3
8-MelQx: Ry = Ry = H; Ry = CHa, 6,7-DiMelgQx: Ry = Ry = CHa, Rz =H
4,8-DiMelQx: Ry =R3 = CH3z, Ry = H 7,9-DiMelgQx: Ry = H, Ry = R3 = CH3

7,8-DiMelQx: Ry = H; R, = R3 = CH3,
4,7,8-TriMelQx: Ry = Ry = R3 = CH3
4-CH,0H-8-MelQx: Ry = CH0H, Rz = H, R3 = CH3

PYROLYTIC HETEROCYCLIC AROMATIC AMINES

phenylpyridine derivatives a-carbolines B-carbolines y-carbolines
Rq Ry
_ — = =N
Q_QNHZ |7 N \
N N N N N
H H R4 H Ry
Phe-P-1 AaC:Ry=H Norharman: Ry = H Trp-P-1: Ry =Ry =CHj3
MeAaC: Ry = CH3 Harman: Ry = CH3 Trp-P-2: Ry =H, Ry = CH3
other derivatives

CH.
NH, (0] bk
— N N— N
HsC—N ,)—NH
N\ N CH,
N
R ) NH,
Glu-P-1: R = CH3 Orn-P-1 Cre-P-1
Glu-P-2:R=H

Figure 2. Chemical structures of the main heterocyclic artisreamines (Zamora
& Hidalgo, 2015).
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1.4. Thermic heterocyclic aromatic amines or aminoimidazoazar enes

Because the formation of most pyrolytic heterocy@romatic amines need
very high temperatures, these heterocyclic aronmatines are produced to a
much lower extent than aminoimidazoazarenes undandard cooking
conditions (Meurillon & Engel, 2016). Therefore,ethmajor carcinogenic
heterocyclic aromatic amines commonly found in ®dwve the structure of
aminoimidazoazarene. Although harman and norharraee found to a
significant extent in foods, they are not carcinuge(Hagiwaraet al, 1992;

Kawamoriet al, 2004).

1.4.1. Toxicological aspects

The International Agency for Research on CanceR@Ahas classified four
of these aminoimidazoazarenes into two groups: (&r2a (the compound is
probably carcinogenic to humans) or group 2b (tengound is possibly
carcinogenic to humans). Thus, 2-amino-3-methylan@d[4,5f]quinoline (IQ)
has been classified within the group 2a, and 2-afid-dimethylimidazo[4,5-
flquinolone (MelQ), 2-amino-3,8-dimethylimidazo[4fJguinoxaline (MelQx, it
appears as 8-MelQx iRigure 2), and 2-amino-1-methyl-6-phenylimidazo(4,5-
b)pyridine (PhIP) have been classified into group(Ribernational Agency for
Research on Cancer, 2018). Moreover, in accordamte the Ames test
(Salmonella typhimuriunteverse mutation assay), MelQ, 1Q, and MelQx are
potent mutagens (Sugimued al, 2004). This test is a bacterial short-term test
for identification of carcinogens using mutageryidit bacteria as an endpoint
(Hengstler & Oesch, 2001).

Toxicological aspects of these compounds have dameortance in recent
years because of the classification by IARC of pssed meat into group 1 (the
agent is carcinogenic to humans), and the claasific of red meat into group 2a
(International Agency for Research on Cancer, 20IBg reason for including

heterocyclic aromatic amines among the chemical poamds suspicious of
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contributing to meat carcinogenicity is double: iFh@esence in muscle foods
when cooked, and the identification of some of ¢hesmpounds as suspicious of
producing cancer in human beings (Zamora & Hida@15). However, the
consumption of the amount produced of these comgmuwannot be fully
responsible for the carcinogenicity observed fascpssed meat. Therefore, a
high-fat intake, and the presence/formation of otmnpounds in meats such as
polycyclic aromatic hydrocarbons or nitrosamines aliso likely contributing to

the meat carcinogenicity (Ferguson, 2010).
1.4.2. Aminoimidazoazarenes commonly found in foods

Heterocyclic aromatic amines are commonly detedtecheated animal-
derived foods like beef, pork, chicken, and fiske do their high content of
creatine, which is needed for heterocyclic aromaiine formation (Jagerstatl
al., 1991). PhIP is one of the most frequently fouretetocyclic aromatic
amines, whereas 1Q, MelQ, MelQx, 2-amino-3,4,8-¢tinyl-3H-imidazo[4,5-
flquinoxaline (4,8-DiMelQx or DiMelQx), and 2-amirfiHd-pyrido[2,3b]indole
(AaC) are also commonly present in processed meat.addition to
proteinaceous foods, heterocyclic aromatic amirse® fbeen isolated from other
foods like coffee (Herraiz, 2002) and alcoholic &@ges (Manabet al, 1993),
and from environmental sources, including cookinghés (Vainiotaloet al,
1993), cigarette smoke (Smi¢h al, 2004), and river and rain water (Ohe, 1997;
Onoet al, 2000).

As observed imable 3, heterocyclic aromatic amine formation is depehden
upon the type of proteinaceous food and the typeperature, and length of
cooking. Levels of heterocyclic aromatic amines lan® or non-detectable in
foods fried at 150 °C, but a sharp increase isctideat cooking temperatures
higher than 190 °C (Johanssenh al, 1995). Therefore, to find significant
concentrations of aminoimidazoazarenes in proteinas foods, a cooking
temperature in the range 180-220 °C is usuallyireduFurthermore, if cooking

is prolonged at high temperature for a long timeigae consumers can be

10



Introduction

exposed to high amounts of heterocyclic aromatimasithat might play a major

role in the

increasing occurrence of pathologieschswas cancers or

neurodegenerative diseases (Meurikbral, 2018; Turesky, 2007).

Table 3. Presence of heterocyclic aromatic amines with #teicture of
aminoimidazoazarene in cooked foods.

Food Cooking method HAAs Reference
Beef Fried 1Q, MelQ, MelQx, (Baloghet al,
DiMelQx, PhIP 2000)
Grilled MelQx, PhIP (Grosst al, 1993)
Deep grilled IQ, MelQ, MelQx, 4,8-
DiMelQx
Bacon Fried MelQx, PhIP (Gibigt al, 2015)
Grilled MelQx, 4,8-DiMelQx, (Grosset al, 1993)
PhIP
Chicken Pan fried 1Q, MelQx, 4,8- (Liao et al, 2010)
DiMelQx, PhIP
Deep fried MelQx, 4,8-DiMelQx,
PhIP
Charcoal grilled MelQx, 4,8-DiMelQx,
PhIP
Roasted PhiP
Duck Pan fried 1Q, MelQx, 4,8- (Liao et al, 2010)
DiMelQx, PhIP
Deep fried MelQx, 4,8-DiMelQx,
PhIP
Charcoal grilled 1Q, MelQx, 4,8-
DiMelQx, PhIP
Salmon Microwave MelQx (Ozt al, 2010)
Oven MelQx
Hot plate MelQx
Barbecued 1Q, 1Qx, MelQ,
MelQx, 4,8-
DiMelQx, 7,8-
DiMelQx, PhIP
Pork loin Oven, hot air fried PhIP (Yanget al, 2017)

or deep oll
fried.

11
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Table 3 (cont.)

Food Cooking method HAAs Reference
Chicken Pan fried 1Qx (Haskaraca et al.,
burger 2016)
Hamburger  Fried 1Q, MelQ, MelQx (Aeenehvaret al,
patties i MelQx 2016)
Beer - PhIP (S Manabet al,
1992)
Wine - 1Q, MelQ, MelQX, (Richlinget al,
4,7,8-TriMelQx 1997)
Soup cubes - 1Q, MelQx, 4,8- (Krach & Sontag,
DiMelQx 2000)
Soft cheese - MelQx (Gonzalo-
Lumbreraset
al., 2010)

Elaborated from Barzegaet al(2019). Abbreviation: HAAs, heterocyclic
aromatic amines.

1.4.3. Estimation of aminoimidazoazarene intake in therggal population

An estimate of population-average dietary intaketloérmic heterocyclic
aromatic amines is complex because the daily inthikbem is different in each
study. Thus, there are differences in study designd, also, on portion size,
population, cooking conditions, intake frequendg, éccording to the obtained
results in the different studies, heterocyclic aatimamine intakes vary from < 2
to > 25 ng-kg of body weight per day (Augustssen al, 1997; Keating &
Bogen, 2001).

According to the study of Bogen & Keating (200X)able 4), heterocyclic
aromatic amine intake depends on age, sex, sociogto factors, race-
ethnicity, type of food eaten, and cooking methbldus, in decreased order of
consumption, PhIP represents over 66% of the tatdrocyclic aromatic amine
considered, while MelQx ando& are 15%, and DiMelQx and IQ each 2% of
this total input. Estimated heterocyclic aromatinirge consumption takes into

account race-ethnicity, age group, and sex, argdbout 1.5- to 2-fold greater

12
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for African Americans and Asian/Pacific Islandelnsnt for whites. In general,
female vs. male heterocyclic aromatic amine specifitakes show small

differences for each heterocyclic aromatic aminéhiwi each age and racial-
ethnic group. An exception is that estimated intakemale African American

children is over 30-50% greater than that of fes@Bogen & Keating, 2001).

Table 4. Estimated mean heterocyclic aromatic amine (HA#akes by race-
ethnicity, age group, and sex parameters.

Race/ Estimated HAA intake (ng/kg/day)
- Age Sex .
ethnicity PhIP MelQx DiMeQx 1Q
White Child M/F 6.10/6.50 1.20/1.20 0.23/0.24 0.16/0.14

Young M/F 5.50/5.60 1.10/0.96 0.20/0.19 0.12/0.13
Older M/F 5.60/5.30 1.10/1.00 0.18/0.17 0.20/0.20

African Child M/F 12.00/8.90 1.80/1.50 0.51/0.33 0.24/0.11
American Young M/F 8.30/7.30 1.30/1.20 0.35/0.27 0.09/0.12
Older M/F 8.10/7.40 1.60/1.20 0.30/0.23 0.16/0.23

Asian / Child M/F 10.00/9.20 1.90/1.90 0.27/0.22 0.29/0.90
Pacific
|sander Young M/F 5.80/590 1.00/1.10 0.22/0.16 0.33/0.20

Older M/F 8.20/9.60 1.70/1.90 0.20/0.21 0.69/1.20

Elaborated from Bogen & Keating, (2001). Abbrewas: M, masculine. F,
feminine. Child <16 years, young (16—29 years), aldér (>30 years).

1.5. Formation of aminoimidazoazar enes

The heterocyclic aromatic amines with the structiframinoimidazoazarene
have an imidazole ring fused to either a pyridin@ @yrazine ring. Because of
their similar structuresHjgure 2), they are supposed to be produced by means of
analogous reaction pathways, although their fomnatinechanisms are still

unclear.

Preliminary studies suggested that heterocyclicmatit amines were

produced as a result of complex reactions thatlwegbcreati(ni)ne, free amino

13
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acids, and carbohydrates at high temperatures ghridaillard reaction. Two
hypothetical pathways were considered accordingth® Maillard reaction

intermediates: A carbonyl pathway and a free raqliathway.

The first proposed pathway was a consequence ofliigy of Maillard
reaction to produce pyrazines, and, to a lower nextalso pyridines. These
heterocyclic compounds, which are produced as aemprence of the reaction
between amino acids and reducing sugars, canrkdet with creati(ni)ne, and
aldehydes, to produce the different heterocyclionatic amines Kigure 3)
(Milic et al, 1993).

-
A
| J — CH; —>  1Q-type HAA
carbohydrate N J/: N>_ NH
— ridine /
+ — > < py o N 2
amino acid N +
N
[ /j —  aldehyde —> IQx-type HAA
. N
pyrazine

Figure 3. Proposed carbonyl pathway for heterocyclic aroenahines formation
(Zamora & Hidalgo, 2020).

Milic et al. (1993) firstly studied the pyrazine @yridine formation by
reaction ofD-(+)-glucose and amino acids to produce 2,5-dinmpttmgzine or 2-
methylpyridine. Then, the later reaction of thesgapine or pyridine with
creati(nijne and acetaldehyde produced MelQx andliQ\Merespectively.
However, employed reaction conditions are not rgmiative of reactions

occurring in real food systems.

Some other studies have also pointed out thatatsdiespecially pyridine and
pyrazine radicals might also be involved in the nfation of
aminoimidazoazarene&igure 4). Two different pathways for this free radical
formation are proposed. One involves pyridine raldimd other pyrazine radical,

which would react with creati(ni)ne and the corargting aldehyde. The

14
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reaction would finish with the formation of 1Q-typend 1Qx-type mutagens
respectively. Nonetheless, this mechanism remagiatively controversial

because it has missing steps (Murkovic, 2004).

r
| N — CH3 —» |Q-type HAA
+ 2 1
carbohydrate N N
. e < pyridine /]; />—NH2
—_— .
) _ > radical 0 N
amino acid N +
N
[,,,j — aldehyde — |Qx-type HAA
—
. N
pyrazine
radical

Figure 4. Proposed free radical pathway for heterocyclicnaiic amines
formation (Zamora & Hidalgo, 2020).

At present, only PhIP formation pathway has beemifidd. As described
below, it does not follow any of the two previousproposed formation

mechanisms.

Proposal of a reaction pathway for PhIP has bedong process. It was
initiated by Shioyeet al. (1987). These authors found that PhIP was prodirced
mixtures of creatinine, phenylalanine, and glucasder, Manabest al. (1992)
described that the reaction could also be produtéde presence of aldehydes.
Some years later, Murkoviet al. (1999) demonstrated that phenylacetaldehyde
was an intermediate in its formation. In fact, tlgeoup isolated the aldol
condensation product between phenylacetaldehyderadi(ni)ne (Zéchling &
Murkovic, 2002). The formation pathway was completome years ago by

Zamoraet al (2014). The complete reaction pathway is showFigure 5.

The reaction is initiated by the degradation of mpi@anine to produce
phenylacetaldehyde. This degradation, also knownStecker degradation,
occurs when amino acids are heated in the presefhaeactive carbonyls
(Zamoraet al, 2007). Once this aldehyde has been produced)fférs the

addition of creati(ni)ne to form the correspondaidol product, which is later

15
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dehydrated. The pyridine ring of PhIP is complebydsuccessive additions of
ammonia and formaldehyde. Ammonia and formaldehgde produced by
degradation of phenylalanine, phenylacetaldehydend/oa creati(ni)ne.

Additionally, formaldehyde and ammonia can reagirtmduce formamide, which

might also be an intermediate to close the pyridimg (Zamoreet al, 2014).

CHy
N
/]/i/>_NH2
COzH N
e~ O, 25 Qe
NH, ~o AN
)—NH,
o) N

NH3l HCHO
CHy
x—N
| 2—NH,
N N

Figure5. Proposed pathway for PhIP formation (Zametral, 2014).

Analogously to PhIP, other heterocyclic aromaticrees with the structure of
aminoimidazoazarene might also be produced similatus, reactive carbonyls
other than phenylacetaldehyde would be producedtlaeg would react with
creati(ni)ne to produce the main skeleton of tHéedint heterocyclic aromatic
amines. Full structures might be later completedri®ans of ammonia and/or
short chain aldehydes. As will be discussed bethis,hypothesis, which has not
been investigated so far, will be the main objext¥ this thesis. This hypothesis
implies both that the reactive carbonyls requiadiie formation of the different
heterocyclic aromatic amines should be producddads and that these reactive
carbonyls should have a tendency to oligomerize aiod produce
cyclic/heterocyclic structures in the presence wdati(ni)ne. This tendency

would also be the origin of the pyridines foundfoods. Therefore, if this
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hypothesis is confirmed, the formation of thesed&imf compounds (some of
which are desirable, but other are well-known femdcants) can be understood
and their formation potentially controlled based tms knowledge. The

antecedents for the formation of reactive carbomyfeods and their tendency to

produce cyclic derivatives will be discussed in iegt subsections.
1.6. Reactive carbonylsin foods: Formation of the food carbonylome

Reactive carbonyls are continuously produced imd$oand the most reactive
of these compounds rapidly disappear. This grougpofpounds is therefore in a
continuous change. The whole group of carbonyl aamgs present in food at a
certain time has been named “food carbonylome” @an& Hidalgo, 2020). Its
origin is quite diverse and, frequently, the sareactive carbonyl can have
different precursors. Thus, the carbonyl compoumdssent in foods are
produced from carbohydrates, lipids, amino acids] @henolic compounds,

among other sources.

1.6.1. Reactive carbonyls produced from carbohydrates

1.6.1.1 Carbohydrates

In nature, carbohydrates are abundant componenthwahe present in plant
and animal tissues as well as in microorganismgyTdre important nutrients
that serve as energy source, fuel, and buildingenads$. In addition, these
compounds are often used as food additives, inofudnticaking agents, bulking
agents, emulsifiers, gelling agents, humectantabilsters, sweeteners, or
thickeners (Soga & Serwe, 2000; Voragen, 1998).

Some examples of carbohydrates present in foodsf@wibs products are
described inrable 5 (Egglestoret al, 2018).
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Table 5. Carbohydrates present in foods.

Food Carbohydrates
M onosaccharide Disaccharide Polysaccharide
Fruit Apple Glucose, fructose  Sucrose Starch and
and mannose cellulose
Grape Glucose, fructose Sucrose Cellulose
and mannose
Strawberry  Glucose, fructose Sucrose Cellulose
and mannose
Vegetables Carrot Glucose and Sucrose Starch and
fructose cellulose
Onion Glucose and Sucrose Cellulose
fructose
Peanuts - Sucrose Cellulose
Potato - - Starch and
cellulose
Others Sugar cane Glucose and Sucrose -
fructose
Honey Glucose and Sucrose -
fructose
Meat Glucose - Glycogen
Milk - Lactose -

CarbohydratesHigure 6) can be classified into different groups. Thugyth

are classified:
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Into monosaccharides, oligosaccharides, and palpsaitles, according
to their chemical structure. Monosaccharides atghgdroxy-aldehydes
(aldoses) or -ketones (ketoses), generally withualbranched C-chain.
When these monosaccharides polymerize in a numbeteru 10

carbohydrate units, oligosaccharides are producdde main

oligosaccharides are the disaccharides, such daegealr lactose. Finally,
when the number of carbohydrate wunits are highean thlO,

polysaccharides are produced. Examples are steetilose, and pectin
(Belitz et al, 2009).
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* Into simple and complex carbohydrates accordingth® facility of

absorption and digestion (Wong, 2018).

HOH
H
o H
0 HOH,C H
H OH H OH
D-glucose D-fructose
HOH
H—O OH HOH
HO HOH ¥ Ho
HO H Ho HO
o) Ho H o) H
H 0 o H HO %) H o
0 H H H OH
H OH
Maltose Lactose

Figure 6. Structures of some carbohydrates.

1.6.1.2 Maillard reaction

Maillard reaction, also known as non-enzymatic bring, is one of the main
chemical reactions that take place in foods. Thésction occurs as a
consequence of food cooking, preservation, and essicg, and many
carbohydrates-derived reactive carbonyls are pmdiuevhich will be later
involved in carbonyl-amine reactions. The carbohyek that take part in
Maillard reaction are reducing sugars, suclbagucose D-fructose, maltose, or

lactose Figure 6).

The first references to this reaction were desdriieLouis-Camille Maillard
in 1912. He observed that, when mixtures of amgidssand sugars were heated,
browning was produced. However, it would not beluhé 1950s, when the first
stable products of the Maillard reaction in food$y¢osylamines or Amadori
products) were identified. In 1953, John E. Hodgented out Amadori
rearrangement with a key role in the reaction anwield the reaction into three

parts: First, the formation of the Amadori productellowed by their
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degradation, as a second step, and, then, the tiormaf melanoidins (Hellwig
& Henle, 2014).

A simplified scheme of Maillard reaction is shownFigure 7. The pathway

is divided into 3 main steps (Amaya-Farfan & Rodag-Amaya, 2021):

20

Initial stage begins with a sugar-amine condensathomino acids or
amines, which are nucleophilic compounds, reach wite carbonyl
function of reducing carbohydrates. Then, imineN-s(@bstituted
glycosylamine)/Schiff bases are produced. Latdlgsé imines undergo
a process named Amadori rearrangement to prodacediresponding
Amadori (1-amino-1-deoxyketose) or Heyns (2-amintde®xyaldose)
compounds when the initial reducing sugar is eitaeraldose or a
ketose, respectively.

Intermediate stage occurs when these Amadori congsoare degraded
into 1-, 3-, and 4-deoxyosone compounds by meanddfefent reactions
including  enolization, deamination, dehydration, cl@ation,
retroaldolization, isomerization, and fragmentatiohhese reactions
occur under severe heating or prolonged storage.addition to
deoxyosones, other carbonyl compounds, furan derdss and other
intermediates are also produced.

Final stage comprises aldol condensations, carkamijme reactions, and
the formation of heterocyclic derivatives with atora of nitrogen. In
addition, polymerisation reactions are also produmed the formation of
coloured products with high molecular mass (melding) is a common
consequence of Maillard reaction. These pigmemsesponsible for the
colour development observed in foodstuff duringried processes (e.g.
bread, biscuit, and meat). Polymerisation reactaias contribute to the
hardening of cooked and stored food (Belitz et200Q9; Rannou et al.,
2016).
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£ Reducing Amino N-Substituted glycosyamine
— # A s

= sugar *| compound (Imine)/ Shiff Base

E

Sugar dehydration 1,2- 1-Amino-1-deoxy-2-ketose
Sugar fragmentation enaminol (Amadori compound)
Sugar enolization 2.3- 1-Amino-1-deoxyaldose

Strecker degradation enediol Enolisation (Heyns compound)

|

Volatile and non-volatile monomers
Schiff base of HMF or furfural
Reductonas
Fission products
Aldehydes

Initermediate stage

Aldol condensation
Carbonyl-amine polymerization

Aldols and N-free polymers

@

80

E

l.; Highly colored products
= Melanoidins

Figure 7. A simplified scheme of Maillard reaction (adaptedm Purlis, 2010;
Zamora & Hidalgo, 2005).

1.6.1.3 Formation of reactive carbonyls from carbohydrates

Maillard reaction produces many compounds, inclgdihe formation of
aldehydes, alcohols, thiols, sulphides, acids,ofeet, and a large variety of
heterocyclic compounds. The formed products depenthe intermediate that is
degraded. Thus, 3-hydroxy-5-hydroxymethyl-2-metfd)-furan-4-one, 4-
hydroxy-2,5-dimethyl-3(R)-furanone (furaneol), or acetylformoin are prodiice
by degradation of 3-deoxyosones, furfural is preduas a consequence of 1-
deoxyosone degradation, and 2-hydroxyacetylfurapresiuced by degradation
of 4-deoxyosones (Zhengt al, 2019). Others secondary products of Maillard
reaction are reductones, such as acetylformoinatédehydes from the reactions

between deoxyosones and amino acids. This lastioras usually known as
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Strecker degradation and the produced aldehydeskiaosin as Strecker
aldehydes (Zhengt al, 2019).

The most abundant carbohydrate-derived reactivarlgonyls present in
foods are 3-deoxyglucosone, 3-deoxygalactosone, ghatosone, which
predominate over methylglyoxal, glyoxal, and 3,detixyglucosone-3-ene

(Figure 8) (Amaya-Farfan & Rodriguez-Amaya, 2021).

O OH O OH O OH

o R o o R
Ao Ao Mﬂ
OH OH OH OH
3-Deoxyglucosone 3-Deoxygalactosone Glucosone
(0] (0] 0
@) 5z
o N MOH
OH
Methylglyoxal Glyoxal 3,4-Dideoxyglucosone-3-ene

Figure 8. Carbohydrate-derived reactive carbonyls founduoudf

A reaction pathway for the formation of most ofgae&ompounds is shown in
Figure 9. As can be observed, once the Amadori compound agduged, it
suffers enolizations to form glucosone and deoxgesoRetroaldol reactions of
these last compounds are the origin of glyoxal methylglyoxal (Hellwiget al,
2018).

One important product of Maillard reaction, whishproduced to a significant
extent in many foods, is 5-hydroxymethylfurfuralMif). Its formation is shown
in Figure 9. As observed in the figure, HMF seems to be a ymbaf the
intramolecular cyclization of the 3,4-dideoxygluons-3-ene (3,4-DGE), which
is formed from 3-deoxyglucosone (3-DG) (Agt& Gokmen, 2021; Hellwiget
al., 2018). Other compounds with a structure of 2-oranfis, such as furfural and
2-acetylfurfan are also formed as a consequenceadfohydrate degradation
(Kanzleret al, 2017).
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Figure 9. Formation of the most abundant carbohydrate-ddriveactive
dicarbonyls present in food (Amaya-Farfan & RodegtAmaya, 2021; Hellwig
et al, 2018; Wong, 2018). Abbreviations: 3-DG, 3-deoxygisone; 3,4-DGE,
3,4-dideoxyglucosone-3-ene.
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These carbonyls are also involved in the formatbmther carbonyls. This
occurs, for example, in the Strecker degradatiorarafno acids, which is an
important source of pyrazines. Therefore, 1,2-dicayls act like indirect aroma
precursors (Scalonet al, 2015). Formation of Strecker aldehydes will be

discussed in section 1.6.3.

1.6.1.4 Factors influencing Maillard reaction

Some variables such as temperature, pH value, atdrvactivity, play a
major role in Maillard reaction yield. However, Mard reaction is a complex
process and these factors do not influence in sineesway each food feature,

including colour, flavour, or nutritional value.
A. Temperature

Temperature is the main factor in Maillard reactidfeillard reaction rate
increases with increasing temperature. The formatiosecondary products of
Maillard reaction such as Amadori compounds, matiins, and Strecker
degradation products also increase as a functioheafing temperature. The
result of all these processes is an increasing oftierowning because more
pigments are formed at higher temperatures (Egglestal, 2018). However,
Maillard reaction does not require high temperature observe some changes.
Some signs of non-enzymatic browning are produagthg prolonged storage
(Arnoldi, 2004).

B. pH

Maillard reaction is favoured at pH 7, but, under acid conditions, the
formation of some products can also be observedrefbre, pH or the presence
of a buffer has an important effect on the react®drchange in the pH of the
medium also produces changes in volatiles and oedbwproducts. Thus,
browning is faster in neutral foods and decreapidgusually reduces the rate of
colour formation (Arnoldi, 2004; Egglesteh al, 2018).
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C. Water activity (@)

Water content is also important. Maillard reactpyoceeds much more easily
at low or high moisture levels and it is generaltgepted that an,around 0.6 is
the less favourable moisture value to Maillard tieacyield (Arnoldi, 2004;
Egglestoret al, 2018).

D. System composition

The structure of the reactants, sugars and amiids,aso play a major role.
The nature of the sugars determines their reagtiVitus, simple reducing sugars
react faster than oligosaccharides or complex sudg@activity is also related to
their conformational stability and to the amountopien-chain structure present

in solution (Egglestoet al, 2018).

Something similar occurs with the effect of theeygf amino acid. Although
free amino acids are not very abundant in most ptidey react easily with
sugars. In thei-amino acid series, glycine is the most reactivee $tructure of
the side chain of the amino acid determines the eatbrowning. Thus, longer
and more complex substituent groups reduce the ahterowning (Arnoldi,
2004; Egglestoet al, 2018).

1.6.1.5Consequences of Maillard reaction

Consequences of Maillard reaction are both posiind negative. On one
hand, Maillard reaction may influence positivelyvibur, aroma, colour, and
texture of foods as a consequence of processingth®rmther hand, Maillard
reaction may also have negative consequences. frazs) develop undesirable
colour and off-flavours, and produce carcinogemionatagenic compounds such
as acrylamide (Muttucumaret al, 2014) or heterocyclic aromatic amines
(Starowicz & Zieliiski, 2019). These consequences are related tamthwfion

of different compounds:
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e The browning development is due to the productibnmelanoidins,
which are undesirable in some food products. TheEdgmers contain
variable amounts of nitrogen and a wide variabitifynolecular weights
and solubilities in water.

e« The volatile products of the Maillard reaction aessential to the
characteristic flavour and aroma of many food potsluDesired aromas
are usually produced during cooking, baking, reoastior frying. For
example, pyrazines contribute of the flavour of fb@ecoa, coffee, or
peanuts, and furan derivatives give sweet and eadranoma of bread,
biscuits, jam, or honey. However, Maillard reactimay also generate
off-flavours in foods during storage.

¢ Changes in food texture are also produced througteip cross-linking
but this consequence has been lesser studied.iteaof this type also
play a role in vivo: Diabetic complications and diavascular and other
diseases (Starowicz & Ziékki, 2019).

e Maillard reaction also produce compounds with adqidiant properties

that have a protective effect (Nursten, 2005).
1.6.2.Reactive carbonyls produced from lipids

Lipids are also a major source of reactive cart®nyhese compounds are
produced as a consequence of lipid oxidation. Altfromost food components
are susceptible to oxidation, lipids are the masicsptible compounds to this
deteriorative degradation. This is a consequencé@fsusceptibility of fatty

acids to react with oxygen.

Lipid oxidation produces the reduction of the nidrial value of foods
because essential fatty acids and vitamins argdagtchanges in sensory quality
including colour, texture, and the production ofigid odours and flavours. In
spite of this fact, the main problem of lipid oxiida is likely the formation of
harmful compounds. The formation of these compourad® been related to the

development in human beings of atherosclerosigaramflammation, and aging
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processes, among others (Alfatal, 2010; Broncanet al, 2009; Pereira &
Abreu, 2018).

1.6.2.1Lipids

Lipids present in foodstuff come from the structdizids of animal or plant
food raw material. They are components of cell arghnelle membranes, and
are also present in depot fats (Dominguez-Avila &ngalez-Aguilar, 2019;
Sikorski & Sikorska-Wéniewska, 2006).

Lipids are a broad group of structurally and fuoicélly diverse compounds.
They are hydrophobic in nature and, mainly, solibl®rganic solvents. Fatty
acids, phospholipids, sterols, and others, are saramples of lipids with these
characteristics (Finley & DeMan, 2018). Lipids arassified in many ways.
Thus, according to their physical properties atmotemperature, they are
classified into fats, when they are solid, and iotts, when they are liquid
(Jambrak & Skevin, 2016). According to the origimey are classified as animal
(mammal depot fats, milk fats, and marine oilsyegetable (seed oils, fruit coat
fats, and kernel oils) fats (Finley & DeMan, 2018cording to their structures,
they are classified into simple (e.g., acylglycsyahnd complex lipids (e.g.,
glycerophospholipids) (Fahsgt al, 2011). Other important factor to take into in
account is the health-promoting properties. Thaspaties are related to the
fatty acid composition and to the minor componeii¢sg., glycolipids,
phospholipids, tocols, phytosterols, or phenolimpounds) (Jambrak & Skevin,
2016).

Oils and fats of plant and animal origins consiBhast exclusively of
triacylglycerols (TAG), with the chemical structuoé glycerol esterified with
three molecules of fatty acids. Fatty acids arergfore, the major components of
lipids. Their structure is a hydrocarbon chain wfexen number of carbons and a
carboxylic acid group at one end of the moleculgeyrare commonly classified

into long chain (when the chain has more than Boraatoms), medium chain
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(between 8 and 12 carbon atoms), and short cha&twéen 4 and 6 carbon
atoms) fatty acids. The most abundant fatty acidsidst organisms have 16-18
carbon atoms. Based on the presence or not of elddrids, fatty acids can be
unsaturated or saturated, respectively. In additamtording to the number of
double bonds, fatty acids can be monounsaturates @ouble bond) or
polyunsaturated (several double bonds). Double $oad occur in two formss
andtrans but most fatty acids found in natural fats hai& configuration. In
polyunsaturated fatty acids, also named PUFAs, ldoldonds are usually
separated by one methylene group. Depending opasidon of the first carbon-
carbon double bond counted from the methyl endy f&atids can be classified
into families: ®3 (linolenic type),w6 (linoleic type),m7 (palmitoleic acid type),
and »9 (oleic acid type). Linolenic and linoleic acideeaconsidered essential
fatty acids for human beings and they cannot belymed within the human
body. Chemical structures for some of these fatigsaare given irFigure 10
(Finley & DeMan, 2018; Wong, 2018).

(0]
\/\/\/\/;/\/\/\)J\ Oleic acid (w9 family)
OH
(0]
VVVW/\)L Palmitoleic acid (w7 family)
OH

(0]
/\/\/W/\/\)J\ Linoleic acid (w6 family)
OH

Linolenic acid (w3 family)
OH

Figure 10. Structures of main fatty acids.

1.6.2.2 Lipid oxidation as a main pathway for the formatioh lipid-derived

reactive carbonyls

Lipid-derived reactive carbonyls include ketonesd afdehydes with diverse
structures Kigure 11) such as alkanals (Wu & Wang, 2019), 2-alkenals t#as
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et al, 2017), 2,4-alkadienals (Beltrdet al, 2011), 4-hydroxy-2-alkenals
(Csallanyet al, 2015), 4-oxo-2-alkenals (Tullbergt al, 2019), 4,5-epoxy-2-
alkenals (Zamoreaet al, 2017), and malondialdehyde (Bertok al, 2019),
among others (Elmoret al, 2005). They are produced as a consequence of a
cascade of reactions initiated by the reactionattfyfacyl chains with oxygen:

The lipid oxidation.

Ox R Ox R O R Os/\)O\H R
Alkanal 2-Alkenal 2,4-Alkadienal 4-Hydroxy-2-alkenal
0 )
oAy Ox <L R Ox 0
4-Oxo-2-alkenal 4,5-Epoxy-2-alkenal Malondialdehyde

Figure 11. Main classes of lipid-derived reactive carbonytaind in food
(Zamora & Hidalgo, 2020).

The reaction needs the presence of initiators. Ajbam, heat, free radicals,
light, photosensitizing pigments, and metal ioresy@ major role. Depending of
the initiators, lipid oxidation may be a photooxida (induced by light), an
enzyme reaction (initiated by lipoxygenase), or ieefradical reaction
(autooxidation)(Figure 12). The three of them follow a similar scheme with
slight differences (Finley & DeMan, 2018). The awmlation is the most

general pathway and will be described in this secti

The process of autoxidation is produced throughuesetipl free radical chain
reactions and, like any other free radical reactimplies three stages: Initiation,

propagation, and termination (Rodriguez-Amaya &I8thia2021).
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O,
Initiation
RH —— » R Propagation ROO’
RH
ROOH
Metal ion hv or A
OH™ <) N> OH'
Y
Monomeric compounds stabilization . polymerization Polymeric compounds
(epoxy-, hydroxy-, keto- «———— RO > (RR, ROOR, ROR)

derivatives)

l scission

Volatile compounds
(aldehydes, hydrocarbons, alcohols,
ketones)

Figure 12. Lipid oxidation pathway.

¢ |nitiation

The initiation step involves the homolytic breakaowef the carbon-hydrogen
bond at thex-position in relation to the double bond in theatsated acyl group
(usually the bis-allylic carbon atom). This reantiproduces the corresponding
alkyl radicals (R. The reaction is thermodynamically unfavourabiel ahe

presence of an initiator (light, heat, metal ioss)eeded (Schaiddt al, 2013).

RH + Initiator=> R
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Hydrogens with lower bond dissociation energiesfiasdy removed. PUFAs
are particularly susceptible to hydrogen abstractioe to the presence of single
or multiple methylene-interrupted double bonds (Néefients & Decker, 2018).
Once produced, the resulting alkyl radical) (R stabilized by delocalization over
the double bond(s) to form a conjugated diene (Mo@nts & Decker, 2018).

¢ Propagation:

The propagation phase of oxidation occurs with dddition of molecular
oxygen to the produced alkyl radical YRo form the corresponding peroxyl
radical (ROO). This radical is less reactive than the alkylicad Consequently,
most free radicals are in the form of peroxyl ratic At the same time, a
hydrogen atom from another fatty acid molecule (Rsi)transferred to the
peroxyl radical to produce the corresponding hydrogide (ROOH) and an
alkyl radical (R). This new alkyl radical starts again the samecgss. This
process continues indefinitely until no hydrogenrse is available or the chain

is interrupted.

Hydroperoxides are decomposed into alkoxyl radjgad¢soxyl radicals, and
hydroxyl radicals by metal ions, heat, and ultréatio(UV) light. When
hydroperoxide decompositions are catalysed by meta, the scissions are
heterolytic, producing one radical and one ion. Eegr, when hydroperoxide
decompositions are catalysed by heat and UV liglaolytic scission is
produced and two radicals, alkoxyl (RCand hydroxyl (OHF radicals, are
produced. Both radicals react much more rapidiyp tR&0O. This second part of
the propagation step is known as branching (McClesne& Decker, 2018;
Schaichet al, 2013). A brief scheme reaction of the propagasiep is:

R +0,> ROO
ROO + RH-> ROOH + R
Branching: (Metal ion) ROOH> RO + OH
(Light or heat) ROOH> RO + OH

31



Introduction

¢ Termination:

As usual in all free radical reactions, free radidaain is broken when the
collision of free radicals or the reactions betweadicals with other non-radical
compounds provoke the formation of stable mole¢ulbses making the free

radicals disappear (McClements & Decker, 2018). &ofrthese reactions are:

ROO + R = ROOR R +H > RH
R +R > RR RO +H > ROH
ROO + ROO-> ROOR +Q ROO + H = ROOH
R'+RO > ROR R’ + OH > ROH

These reactions are responsible for the formati@ome secondary oxidation
products. In addition, other secondary oxidatioodpicts are produced as a
consequence of the breakage of free radicals. Witlide discussed in the next

subsection.

1.6.2.3 Formation of lipid oxidation products

As indicated above, there are many routes andraioy starting materials.
Therefore, the number of produced compounds i®largey are named as lipid
oxidation products (LOPs) and their formation oscwequentially. For this
reason, some of them are called primary LOPs aherare named secondary
LOPs. In addition, the existence of tertiary LOBsalso considered by some
authors (Luwet al, 2014).

» Primary LOPs.

Lipid peroxidation generates hydroperoxides in tpeopagation and
termination steps, which are considered as the goyinhOPs. Despite these
compounds have not a role on food flavour, they warstable and they have
deleterious effects on health. For most foods, ntfaén unsaturated fatty acids
present in them and susceptible to oxidation amoleic (LH) and linolenic

acids (LnH). Their autooxidation produces the cgpomding hydroperoxides: 9-
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LOOH and 13-LOOH from linoleic acid and 9-LnOOH ahd8-LnOOH from
linolenic acid (Rodriguez-Amaya & Shahidi, 2021; kgo 2018).Figure 13

shows the hydroperoxides formed as a consequentmwlgfic acid oxidation.

H
\/\/\Z)\Z/\/\/\/\COOH

Linoleic acid

RO,
ROHOH
Ri~e_A___Ry

/ Delocalization \

R R Rin___ ~=Re
o >
00’ 00’
R1 :/\)\Rz R1 A N— Rz
RH RH
R R’
OOH OOH
Rq t/\)\RZ R1)\/\=/ Ry
9-LOOH 13-LOOH

Figure 13. Lipid oxidation products (LOPs) formation from dieic acid R =
CsHyyand B = GgHi50,.

» Secondary LOPs.

Secondary LOPs are formed from hydroperoxides, ivbamn be decomposed
in the presence of metal ions or at high tempegatuPrimary LOPs are non-
volatile compounds and they are odourless and leéastebut they are easily
degraded into a high number of volatile and noratil® compounds, such as
carbonyls (e.g. ketones and aldehydes), alcohgidrobarbons (e.g. alkanes,
alkenes), and furans, that play a major role in flagour of food products
(Bastoset al, 2017; McClements & Decker, 2018; Yat al, 2020) Figure 14).
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In fact, their formation has been related to detation of quality and production

of rancidity, harmful substances, and discolora{dominguezt al, 2019).

OOH

R1)\/\:/R2

Hydroperoxyde
Fe?*
K Fe®*
o
/K/\_/Rz _— /Q)\_/ Epoxyhydroxy derivative
+ OH OH
Alcoxyl radical H,0(H")
1 —> R "R,
. Oy,RH
R
r_

: l i

OH
ARy g R o OOH
R = R = o OOH
! /Q)\:/Rz R1/Q/\)\R2

R

Trihydroxy derivative

Hydroxydiene Ketodiene R

¢ Fe?*

v OH “y™Fe*
Stable products o O Scission o o
PPN = LN
R R, R N"H
Epoxyalkenal

0 0 o OH

R1WR2 R1WR2

Epoxyketo derivative Epoxyhydroxy derivative

Figure 14. Degradation of linoleic acid hydroperoxides to toyd/-, epoxy- and
oxo-fatty acids. Only segments of the structurespesented. = GHj; and B
= CgH150, (BeIItZ etal, 2009)

Theses secondary LOPs are classified into three graups (Berdeauat al,

2012):

¢ Low molecular weight volatile compounds formed thgb hydroperoxide
decomposition. The main route to produce these Li®Bg& homolytig-
scission of the alkoxyl radicals derived from atlyhydroperoxides. The
alkoxyl radical undergoes C-C bond cleavage onekeitside of the

alkoxyl group. The produced radical reacts thernwither other radicals
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or neutral molecules and either gains or lossesaboi® of hydrogen to
form hydroxy- or keto-acidgzigure 15 shows the general scheme of the

alkoxyl-radicalp-scission during unsaturated fatty acid oxidation.

R1YVR2
OOH

Allylic hydroperoxide

'

! Risae~ 2
R
1 (];- 2 2
Alkoxyl radical

R1 ) + H\n/\/\R2 R1\n/H + '\/\R2

OH H . '
3/ ~a o ¢ (;H/ \I-L
R{OH R{H Aldehyde
Alcohol Alkane 2-Alkenal HO R, S,
Alcohol Alkene
OMRQ
Aldehyde

Figure 15. Some compounds produced fpgcission of alkoxyl radicals.

e Oxidized monomers of triglycerides are compoundshwholecular
weights similar to those of the non-oxidized trigtycerols, but with an
oxygenated function. This function is produced tansformation of the
hydroperoxy group. The produced functional group® a&poxy,
hydroxyl, or keto group&-igure 14) (Belitz et al, 2009; Wong, 2018).

« Dimers and oligomers of triacylglycerols formed lkyacylglycerol

radical polymerization reactions (Berdeabxal, 2012).
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» Tertiary LOPs.

Secondary lipid oxidation products can suffer fartloxidations and new
compounds with two oxygenated functions are produ@&ese compounds are
analogous to the above described 1,2-dicarbonyateres (section 1.6.1.3) and
diverse combinations of functional groups have beescribed: Epoxyketo,
epoxyhydroxy, and ketohydroxy (Let al, 2014). They can have the same chain
length of the starting fatty acid or have been brokand being short-chain
carbonyl compounds. Thus, for example, the decoitiposof polyunsaturated
fatty acids, produce 4Bj-epoxy-2E)-heptenal or 4-oxo-2-hexenal when
starting fromw3 fatty acyl chains and 4[B)\-epoxy-2E)-decenal or 4-oxo-2-
nonenal when starting from6 fatty acyl chainsKigure 16). These products are
common in food systems and play a major role inctileur and flavour changes
produced in foods as a consequence of lipid oxidafHidalgo & Zamora,
2004).

(0] (0]
WMO /\/W\AO
4,5(E)-Epoxy-2(E)-heptenal 4,5(E)-Epoxy-2(E)-decenal
/\TMO \/\/\H/MO
(0] (0]
4-0Ox0-2-hexenal 4-0Ox0-2-nonenal

Figure 16. Structures of some tertiary lipid oxidation protturom w3 (left) or
6 (right) polyunsaturated fatty acids.

1.6.2.4 Factors influencing lipid oxidation rates

Lipid oxidation depends on many factors, includiipgd unsaturation degree,
temperature, presence of prooxidants, antioxideamsount of oxygen, water
activity, distribution of lipids in the food, chétas and sequestering agents, light,
surface area, and pH (Finley & DeMan, 2018; Won@l8. Some of these

factors are discussed below:
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A. Temperature

Lipid oxidation increases exponentially as a fumttof temperature (Frankel,
2014). In addition, increasing temperature produtes decomposition of

hydroperoxides, which promotes the propagationg@has

Temperature is strongly related to the formatiod dacomposition rates of
primary LOPs. At 130-140°C, decomposition prevaisr formation rates. So,
the most important products at elevated temperatame secondary LPOs due to
the higher stability of some of them at such terapges (Dobarganest al,
2016; Dobarganes & Marquez-Ruiz, 2007; Velasco &b&rganes, 2002).

Besides the rates, temperature also determinatigtndution of LOPs.

Formation rates of different groups of compoundgemvthe food is processed
at high temperature also depend on how that temperhas been applied. For
example, roasting applied for a longer time at welotemperature produces a
higher increase in secondary lipid oxidation praduban heating at a higher

temperature for a shorter time (Broncatal, 2009).

On the other hand, although freezing slows dowd lgxidation, it does not
stop the process. Extracellular ice crystal fororatby temperature fluctuations
promotes oxidation as a result of an increasing disfuption, which release
prooxidant compounds (Erickson, 2002). Moreoveggax solubility in liquids
decreases when temperature increases and changmsitioning of antioxidants

between phases are also produced (Gordon, 2004).
B. Antioxidants

Antioxidants are compounds that protect lipids froxidation. They delay or
slow the rate of oxidation by inhibiting the actiohcatalysts or the formation of
free radicals (Pereira & Abreu, 2018). Antioxidantturally present in foods
include tocopherols, ascorbic acid, carotenoidgtiges, and enzymes. In
addition, they can also be added to the food sy§@arocho & Ferreira, 2013).
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The effects of antioxidants on the oxidation ofdsare dependent on their
concentration, polarity, the medium, and/or thespnee of other antioxidants
(Cuvelieret al, 2000; Elias & Decker, 2017; Franket al, 1996; Samotyja &
Matecka, 2006). To be considered an antioxidamt,ciimpound must delay the
oxidation process at a low concentration in refatio the concentration of the
oxidizable compound. In addition, at high concerdres, many antioxidants

behave as prooxidants (Halliwell & Gutteridge, 2015
To be employed as food additive, an antioxidantiag¢&chuler, 1990):

1. To be inexpensive, nontoxic, and effective at l@maentrations.

2. To have a high stability and capability of surviyino food
processing.
To have no odour, taste, or colour.

To be easy to incorporate and to have a good sityuibi the product.
C. Amount of oxygen present

Oxygen is a key component in lipid oxidation. Tha&ncentration is essential
to control the oxidative process. When unlimiteggen is available, the rate of
oxidation does not depend on it. However, at lowcenmtrations of oxygen, the
oxidation rate is approximately proportional to ggy concentration. For this
reason, a method to inhibit lipid oxidation is thleduction of oxygen

concentration.

The addition of oxygen to the alkyl radical is #uBion-limited reaction, so it
has been suggested that to effectively inhibitlipkidation, most of the oxygen
must be removed from the system. The effect of erygoncentration on
oxidation rate is also influenced by other factsigsh as temperature and surface
area. In addition, oxygen solubility is higher il than in water. Therefore,

removal of oxygen to stop lipid oxidation can bdfidult, unless vacuum
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conditions are used or oxygen is completely replabg an inert gas (e.g.
nitrogen) (McClements & Decker, 2018).

D. Water activity (@)

Water activity also has a significant impact ondipxidation in low moisture
foods. Lipid oxidation proceeds very rapidly in ésowith high content of water.
Then, oxidation rates usually decrease when wateemoved from the food
system. This is likely because of a decrease imtbhility of reactants such as
transition metals and oxygen. Nevertheless, in sfmoéds, continued removal of
water results in an acceleration of lipid oxidatidhis acceleration at low water
activity (a, < 0.3) has been related to the loss of a proteatieer solvation

layer surrounding lipid hydroperoxides (McCleme&tBecker, 2018).

1.6.2.5Consequences of lipid oxidation

Lipid oxidation is one of the major causes of fatmlerioration. However, in
some cases, lipid oxidation is used to increasdymtoquality, for example the
enzymatic production of fresh-fish aromas (Ericks@002). Consequences of
lipid oxidation can be classified into two groupscerding to the involved
mechanism. Thus, changes in food properties caa beect consequence of
changes produced in lipids: Production of off-odansl flavours, degradation of
membranes, or alteration of lipid structures. Idiagn, changes can also be due
to interactions of lipid oxidation intermediatespyoducts with other molecules,
such as reactions of lipid radicals, hydroperoxidgmxides, or aldehydes with
amino acids, proteins, or phenolics, among othenpmunds (Schaiclet al,
2013).

Lipid physical structures in foods can also be rfiedior deteriorated by lipid
oxidation. When lipids are oxidized, the hydroplwobssociations among acyl
chains are disrupted. In addition, polar compounds accumulated, cross-

linking among fatty acyl chains are produced, amyl achains structural
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organization is lost. In foods, these changes hosvs as losses of turgor and

degradation of the texture.

When, lipid oxidation products interact with othiewod components, food
quality can also be degraded. For example, althaagbidity is usually only
attributed to lipids, it might be the result of cgans of lipid oxidation
intermediate radicals and LOPs with other moleculdsis, many off-flavours
attributed to lipids, e.g. warmed-over flavour iraits and some stale flavours,
arise from co-oxidations. One important factor tbamplicates sorting out co-
oxidations is that nearly all lipid oxidation inteediates and products, especially
radicals, hydroperoxides, aldehydes, and epoxidast (with proteins, starches,
pigments, DNA, and other molecules (Schaithl, 2013).

1.6.3.Reactive carbonyls produced from amino acids

Analogously to carbohydrates and lipids, amino f@de also a source of

reactive carbonyls.
1.6.3.1. Amino acids

The chemical structure of amino acids is showrFigure 17. As can be
observed, amino acids present in proteins are ctegized by one amino and one
carboxylic group bonded to the carbon at thposition in the relation to the

carboxylic group.

Food proteins are composed by combination of 20aracids. They differ in
the side chain. The simplest, glycine, does noelawside chain. Other amino
acids are more complex and this side chain caritlber @n aliphatic, aromatic or
heterocyclic group. As a result, each amino acid baique characteristics
including net charge, solubility, chemical readtiyiand hydrogen bonding

potential.
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a-carbon

Amino group

Carboxyl group

Side chain

Figure 17. General structure of amino acids.

Some amino acids cannot be synthesised by humagseihey have to be
taken with the diet. They are phenylalanine, valittereonine, tryptophan,
methionine, leucine, isoleucine, lysine, and hisgd In addition, other amino
acids are considered conditionally essential becdlsir biosyntheses can be
limited under certain conditions (arginine, cyseiglycine, glutamine, proline,
and tyrosine). Finally, not-essential amino acide alanine, aspartic acid,
glutamic acid, serine, and asparagine (Apgedl, 2018).

These amino acids play an important role in foodlipu Thus, they
participate in the production of important tastel #lavour volatiles compounds
(Strecker aldehydes, pyrazines, pyridines, pyrraesl oxazoles). On the other
hand, amino acids can also have negative consegsi@ntood quality. Thus, for
example, amino acid decarboxylation produces angampounds, some of
which have harmful properties (Hidalgbal, 2016).

A. Strecker degradation of amino acids

One of the most important pathways for flavour fation through carbonyl-
amine reactions is the Strecker degradation of andnids. This reaction
produces the conversion of amino acids into Streek#ehydesp-keto acids,
and amines, which are important flavours in food&élgo & Zamora, 2004;
Rizzi, 2008; Yaylayan, 2003). These conversions mneduced by reactions

between the amino group of amino acids and carbaksalerived 1,2-
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dicarbonyl compounds, lipid-derived reactive cagden(Hidalgo et al, 2016;
Hidalgo & Zamora, 2004), and quinones produced biyghenol oxidation
(Hidalgo, et al, 2013b). LOPs involved in amino acid degradatisnally have
two conjugate oxygenated functions (an epoxy ordwy group and a carbonyl
group) (Hidalgo & Zamora, 2004, 2016; Zamora & Higa 2011).
Alternatively, amino acid degradations are alsodpoed by the thermal

decomposition of amino acids (Hidalgs,al, 2013a).
e Conversion ofi-amino acids into Strecker aldehydes.

Strecker degradation of amino acids involves tlaetien between an amino
acid and a reactive carbonyl compound. As an exarfplure 18 shows the

Strecker degradation of the methionine.

/
S
Os_ R4 02
+ —_— R)‘\( \ —_— R)\(N\/\/S
NH, o r
© Reo?~om 2
OH
Methionine  1,2-Dicarbony! Imine A Imine B
compound
H2ol
Michael cleavage o s O, NH,
A0 + HS—CHy <——— N X - N
R2 Ry

Methional

Acrolein
(Srecker aldehyde)

Figure 18. Strecker degradation of methionine and later cmioe of methional
into acrolein (Ziraket al, 2019).

As shown in the figure, the pathway has severgbsstét starts with the
reaction between methionine and the 1,2-dicarboogipound. The result of this
reaction is the formation of an imine (imine A), ialn suffers a decarboxylation
and produces a new imine (imine B). The hydrolydighis last imine is the
origin of methional (the Strecker aldehyde of matimie). This aldehyde can

also suffer the elimination of methanethiol andcbaverted into acrolein. This
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last aldehyde can also have other origins. Thus]ein can also be formed from
threonine during heat treatment of foods via Steedegradation. In this case, 2-
hydroxypropanal is the Strecker aldehyde, whiclkeasverted into acrolein by
loss of one water molecule (Guth al, 2013; Stevens & Maier, 2008; Zirak
al., 2019).

* Conversion ofi-amino acids inta-keto acids.

A similar pathway to that described for the forroatdf Strecker aldehydes is
the origin ofa-keto acids Figure 19). In this mechanism, the decarboxylation of
the amino acid is not produced. In fact, the etatr rearrangement of the initial
imine A produces an imine B without the loss ofbwar dioxide. After the
formation of imine Ba-keto acids are produced by hydrolysis. Howewuéteto
acids are not thermally stable compounds and thaybe degraded into Strecker
aldehydes or shorter aldehydes (Hidalgo & Zamofd,62 Zamora & Hidalgo,
2011).

Ry 0 0
NH, Oy R2 N
O * ——» Ry z OH
OH 0”7 "R Ry, Ry
Amino acid 1,2-Dicarbonyl Imine A
compound

l Rearrangement

. A R4 OH (0]
1 0 +Hy0 N
=0 - - RIS o
OH Ry Ry
Strecker aldehyde a-Keto acid Imine B

Figure 19. Conversion of amino acids inteketo acids.

B. Formation of reactive carbonyls by thermal degraoiatof amino acids

In addition to the reaction of amino acids withidig carbohydrates or
phenolics, amino acids can also be the origin di@ayl compounds by thermal

decomposition. Thus, as indicatédyure 20, the thermal degradation of alanine
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or serine produces carbonyl compounds, such asaldebyde

formaldehyde.
(o] (@)
-NH;
OH —» OH — X
NH, +H,0 OH
Alanine Lactic acid Acetaldehyde

NH3
HO™ NH, —— AO

-CO; Aminoethanol Acetaldehyde

NH,
\ JCJ)\ le)
Serine Retro-aldol
H H + HyN \)J\OH

Formaldehyde Glycine

Figure 20. Thermal degradation of amino acids (Yaylagaml, 2000).

1.6.4.Reactive carbonyls produced from phenolic compounds

1.6.4.1 Phenolic compounds

and/or

Phenols are a large group of compounds charaatefizehaving at least one

aromatic ring with one or more hydroxyl groups eiteed. They are associated

with the nutritional and sensory quality of frestdgrocessed plant foods, and

they are found in many herbs, fruits, vegetableaing and cereals, green and

black teas, coffee beans, propolis, and red antewines (Ho, 1992).

Phenolics can be classified into three groups aaagrto the number and

arrangement of their phenolic subunits. These threaps are simple phenols or

phenolic acids, hydroxycinnamic acid derivativesid apolyphenols, which

possess at least two phenol subunits. This lasipgmcludes flavonoids and

stilbenes, among others.
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Simple phenols include monohydroxylic derivateshsas p-cresol,0-, m-,
andp-diphenols such as catechol, resorcinol, and hydnoge, respectively, and
triphenols such as gallic acid. Hydroxycinnamic daciinclude p-coumaric,
caffeic, ferulic, and sinapic acids. Finally, flanads are the largest group of
polyphenols in food, and there are an estimatedbeurof 4,000 compounds of
this kind known. They possess two aromatic ringghecontaining at least one
hydroxyl group, which are connected through a ttwaon “bridge” (Shahidet
al., 2019).

1.6.4.2 Quinones as reactive carbonyls and as a sourckeht

Analogously to carbohydrates and lipid oxidatiowdurcts, polyphenols are
also able to produce the Strecker degradation @fi@mcids (Rizzi, 2008). In
addition, they participate as antioxidants durihg lipid oxidation process and
contribute to the flavours of foods (Delgadbal, 2015; Ho, 1992; Shahidi &
Ambigaipalan, 2015).

Although there are a high number of polyphenol$y arfew of them are able
to produce the Strecker degradation of amino adids.structural characteristics
required for this reaction are the presence ofeast, two hydroxyl groups in
ortho- or para- positions. However, the presence in the same migexf other
aromatic ring with two hydroxyl groups imeta- position either cancelled or
limited the ability of these complex phenols to i@delg amino acids (Delgacdk
al., 2015).

The reason for the required structural characiesiss the need that these
compounds are converted into quinones. Quinones,ardicarbonyl compounds
and react with amino acids analogously to otherdicarbonyl compounds
(Figure 21). Thus, they form the corresponding imine in thitial step, which
after decarboxylation and hydrolysis produce thedker aldehyde at the same

time that the phenolic compound is converted intdwyaroxyphenylamine.
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Quinones can also be produced by fermentative pseseof foods as observed in

tea, coffee, and cacao (Rizzi, 2008).

— /(:E h \H‘\ /(I
+ OH —>
R, OH R, o

Ry

o-Diphenol 0-Quinone Amino acid
CO,

NH, Os_H N
H,0 X

/E I * 72/ - 1

R OH 2 Ry o ?

Strecker aldehyde

Figure 21. Contribution ofo-quinones to degradation of amino acids (Schieber,
2018).

1.7. Disappear ance of reactive carbonylsin foods. Food carbonylome fate

As discussed in the previous section, reactiveargyls have different origins
and are formed by different pathways. However, mainthese compounds are
highly reactive and they take part in differentateans, which produces their

rapid clearance. Some of these reactions will beudised in this section.
1.7.1.Carbonyl-amine reactions

An important fate of reactive carbonyls is carbeawyline reactions. These
reactions are produced with the different reactteebonyls described in the
previous section. However, these reactions have beelitionally considered

different depending on the origin of the carboryinpounds.

Thus, carbonyl-amine reactions produced as a coeseg of
carbohydrate/amino acids reactions have been nautadthrd reaction. In this
reaction, when carbohydrate-derived reactive caylsareact with amines, amino

acids, aminophospholipids, and proteins, advancaifldvid reaction products are
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produced. These products are also known as advagigedtion end-products
(AGESs) (Uribarriet al, 2010).

The structure of the produced AGEsdur e 22) depends on the nature of the
amino moiety. Thus, when the amine group is atth¢bea protein, the reaction
can result in cross-linking or unchangeable modifans of the protein, which
may lead to functional alteration. For example, thaction of a pentose with
lysine (Lys) and arginine (Arg) residues of proteiproduces a cross-linker,
named pentosidine. Others examples of cross-lirkershose resulting from the
reaction between two lysine side-chains and twoemdés of 1,2-dicarbonyl
compounds, such as glyoxal (GO), methylglyoxal (MG&@ 3-deoxyglucosone
(3-DG). The formed AGEs are glyoxal-derived lysirdimer (GOLD),
methylglyoxal-derived lysine dimer (MOLD), and 3edglucosone-derived
lysine dimer (DOLD), respectively. The crosslinkingtween arginine and lysine
results in GODIC (imidazolium cross-link derivedorin glyoxal and lysine-
arginine), MODIC (imidazolium cross-link derivedofn methylglyoxal and
lysine-arginine), and DODIC (imidazolium cross-linkerived from 3-

deoxyglucosone and lysine-arginine) (Akiflio & Gokmen, 2019).

Lys Lys
[N> | N> N | X
) J: D |
* . Lys< NG
N H.e” N ye N)\N N
| 3 | H H |
Lys Lys Lys
GOLD MOLD Pentosidine

Figure 22. Examples of advanced glycation end-products (AGES)

Other AGEs do not produce cross-linking. The masinmon non-cross-
linking AGEs are pyrraline and®-carboxymethyllysine (CML), which is used as
a marker of the AGEs formed in food. CML can benfed through different
pathways. Thus, CML is produced by condensatiogluéose with the-amino
group of lysine, by reaction of GO directly withetiramino group in lysine, and
through the oxidation of fructoselysine (Poulssnal, 2013; Yuet al, 2017).

a7



Introduction

Analogously to GO, methylglyoxal forn-carboxyethyllysine (CEL). CEL and
CML are the better-studied AGEs and together wihtpside and pyrraline are
usually used as indicators of the nutritional dgyabf foodstuffs. The high

consumption of sugars, processed foods, and obfapsoteins have resulted in

an increased exposure to AGEs.

As discussed above, carbohydrates are not the solyce of reactive
carbonyls in foods. Lipid oxidation is also a magomurce of reactive carbonyls,
which compete with carbohydrate-derived reactiverb@ayls for amino
compounds. Therefore, a major cause for lipid-aetiveactive carbonyls
disappearance is also the production of carbonyhameactions (Hidalgo &
Zamora, 2000).

Lipid-derived reactive carbonyls react with aminag)ino acids, peptides,
proteins, and aminophospholipids, and produce ambanlipoxidation end
products (ALEs) (Hidalgo & Zamora, 2017). Analogiyu® AGES, ALEs can be
classified into two groups: Low and high moleculaeight products. Low
molecular weight ALEs includeN-pyrrolylnorleucine. This compound has been
found in many fresh food products and its contemtiiectly correlated with lipid
and iron contents (Zamoet al, 1999). Other low molecular weight ALEs are
heterocyclic derivatives, such as pyrroles anddoyes. Some of these low
molecular weight ALEs are stable. However, otheesumstable and polymerize
spontaneously to produce high molecular weight Alsch are responsible for
the browning developed by fat-rich foods upon pssegg and storage (Zamora
& Hidalgo, 2005).

Foods with the highest levels of AGES/ALEs are neelits and poultry. In
addition, higher-fat and aged cheeses contain rA@Es/ALEs than lower-fat
cheeses. It is remarkable the large amounts of ARHES in these foods in spite
of being uncooked foods. This is likely due to pasization and/or holding
times at room temperatures (e.g., as in curing gingaprocesses). High-fat

spreads also have high contents of AGEs/ALEs. Hewegrains, legumes,
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breads, vegetables, fruits, and milk have lowetams of AGES/ALEs (Uribarri
et al, 2010).

Analogously to reactive carbonyls from carbohydsadad lipids, quinones

also react with amino acids and proteins throughag/l-amine reactions.

Polyphenols are oxidized by polyphenol oxidases Q&P Polyphenol
oxidases catalyse the oxidation of the colourldsnpls to coloured quinones at
the expense of O These quinonic compounds are associated reversibl

irreversibly with amino acids.

Quinones react with the free nucleophilic functiogeoups of proteins or

amino acids such as sulfhydryl, amine, amide, mdold imidazole substituents

(Figure 23).

b
N” R,
R, l (0]
Imine
HS formation Rs
Rz
0 (0]
R, i 0 HN” “COH R1\Q:/[O Shiff bases
B
R.
HN S R R ® N-quinonyl
> Rz 2 amino acids
HO,C Michael o
addition
Ry o)
HN Rs

HO.C” Ry

Figure 23. Non-enzymatic reactions between oxidised polypheaold amino
acids (adapted from Yaylayan, 2003).

It results in imine formation in 1,4-Michael additi via nitrogen or sulphur,
and in Strecker degradation forming aldehydes. Thuwsnary products are
Schiff bases, N-quinonyl derivatives, S-quinonyl derivatives, and simple
aldehydes evolving from the Strecker degradatidrickvhave been described in

subsection 1.5.4.2 (Yaylayan, 2003).
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The formation and activity of quinone-amino acidsjagates influence the
colour, taste, and aroma of foods. For examplegrofkenic acidKigure 24) is
the major polyphenol in foods derived from plantsl as a good substrate for
polyphenol oxidase. Chlorogenic acid quinorfeég@re 24), which is the
oxidative product of chlorogenic acid by polyphemoifidase is an important
intermediate compound in enzymic browning. In additto the reaction of
chlorogenic acid quinone with amino acidsQO& might also play an important

role in the formation of the brown colour by enzgrbrowning (Bittner, 2006).
o] o]
OJ\/\Q:OH OJK/\CEO
HO . HO .
HO OH HO OH

Chlorogenic acid Chlorogenic acid quinone

Figure 24. Structure of chlorogenic acid and chlorogenic apichone (Bittner,
2006).

Quinones can also be involved in reactions withgng. They can react as
electrophilic compounds, or undergo redox cyclimgl &ause oxide reductive
stress. Thus, quinones can react as Michael agsefmioalkylate proteins. In
addition, quinones also react with sulphur nucldeph such as glutathione
(GSH) or cysteine residues on proteins, or withlemghilic amino groups of
proteins (Bolton & Dunlap, 2017; Klép & Dolenc, 2019).

p-Quinones react via 1,4-reductive addition readiomgenerating the
hydroquinone with covalent attachment to the cysteesidue. Unsubstitutexd
quinones generally undergo 1,6-reductive additiogactions with thiol
nucleophiles due to extended conjugation, altholighreductive addition is
often observed as a minor produdtigure 25). Reaction with nitrogen
nucleophiles such as lysine, histidiidterminal amino acids, and purine and

pyrimidine bases on DNA are much slower comparedthtt of sulphur
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nucleophilic additions, although they occur to saweent. Generally, reductive
1,4-Michael additions predominate over Schiff badsemation (Bolton &
Dunlap, 2017).

0 OH
£\
GSH ___ o
SG
0 OH
) OH OH
o) OH 4 OH
GSH >
A SG GS
major minor

Figure 25. Michael additions of glutathione (GSH) pquinone andb-quinone
(Bolton & Dunlap, 2017).

1.7.2.Carbonyl-phenol reactions

Analogously to amino compounds, phenolic compouarésalso able to trap
reactive carbonyls. The carbonyl scavenging abdityphenolic compounds has
been long studied. Thus, studies in model systebserged the influence of
phenolic compounds on the formation of food flawduring Maillard reaction
(Totlani & Peterson, 2005). Moreover, recent stadiave shown that phenolic
compounds can also influence the formation of adedrglycation end-products
(AGEs) and of advanced lipoxidation-end productd E#8) by trapping or
scavenging reactive carbonyls (Hidalgbal, 2017b; Hidalgoet al, 2018b).

Most studies have been carried out with glyoxal Y@&@d methylglyoxal
(MGO). When these compounds are in the presenpheasfolic compounds, they
are trapped and the formation of AGEs and ALEslsbited (Zhuet al, 2020).
The trapping ability of phenolic compounds is asauence of their structural

characteristics (Hidalget al, 2017a; Zamorat al, 2017).
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Trapping sites of MGO molecules are known in theecaf flavonoids (Lund
& Ray, 2017). The requirements for the trappinditgbdf phenolic compounds

are briefly summarized={gur e 26):

» The positions with the highest electronic densities the carbons at the
a-position to the carbons with the hydroxyl grouptie phenolic ring.
Meta configuration of the phenol is more reactive tl@tho or para
configurations.

* The hydroxyl group at C-5 on the A-ring enhancapping efficiency.

* The double bond between C-2 and C-3 on the C rinddcfacilitate the
trapping efficiency.

* The number of hydroxyl groups on the B-ring does$ significantly

influence the trapping efficiency.

Figure 26. Structure of flavan-3-ols (Lund & Ray, 2017).

In addition to the ability of phenolic compoundsdoavenge carbohydrate-
derived reactive carbonyls, they can also form aaybphenol adducts with
lipid-derived reactive carbonyls, such as alkar{@lglalgo, et al, 2017a), 2-
alkenals (Hidalgo & Zamora, 2014), 2,4-alkadier(élglalgo & Zamora, 2018),
4-hydroxy-2-alkenals (Hidalgo & Zamora, 2019), 4be-alkenals (Hidalgoet
al., 2018a), and 4,5-epoxy-2-alkenals (Zametaal, 2017). These carbonyl-
trapping reactions have been shown to occur indagetder common cooking
conditions (Zamorat al, 2016). The structures of the identified carbguiyénol

adducts produced with the different reactive caytmare shown itfrigure 27:
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Carbohydrate-derived carbonyl-phenol adducts
HO OH HO OH
0 o}

1-(2,4-Dihydroxyphenyl)-2-hydroxyethan-1-one 1-(2,4-Dihydroxyphenyl)-2-hydroxypropan-1-one

Lipid-derived carbonyl-phenol adducts

C&CUOQ@{

4-(Alk-1-en-1-yl)benzene- 2-Alkyl-2H- 4-Alkylchromane-
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Figure 27. Structures of the carbonyl-phenol adducts (Zamdokidalgo, 2020).

1.7.3.Cyclizations of reactive carbonyls in the preserafeamino compounds

After reacting with amine groups, reactive carbergte modified and they
usually evolve into heterocyclic derivatives. Thigppens, for example, in the

Strecker degradation of amino aciésgur e 28).

As discussed previously, Strecker degradationr@pces Strecker aldehydes
and a-aminoketones. The formed-aminoketones are unstable and dimerize

spontaneously to produce pyrazines (Il). As obskrve the Figure 28, the
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produced Strecker aldehyde can also be involvetiase reactions (Scaloe¢
al., 2015, 2019; Zhaet al, 2020).

B O R5 R2 5
2 R N R
RLH)L P )WOH !*OﬁR H0 5 C
— > R
o) i et N o R"™No0%) 0
0 o) o) (VH:J
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Figure 28. Mechanism of pyrazine formation via Maillard reant(Scaloneet al,
2015).

Something similar has been described for the fdomatof pyridines
(Karademiret al, 2019). These compounds have been found in a raiuge of
processed foods, although to a lower extent thaazpyes (Maga, 1981). When
alkadienals are heated in presence of asparagdiaefptmation of pyridines is
observed (Zamorat al, 2009).
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Analogously to that observed in their reaction véthino acids, this tendency
of reactive carbonyls to produce heterocyclic denes is mostly unknown. In
fact, it is not known what happens when reactividbaayls are heated in the
presence of ammonia. Furthermore, to the best ofknawledge, the role of
other nucleophiles in the cyclization ability ofantive carbonyls has not been
studied so far. This may be particularly importdat reactions involving
creatinine. Murkovic's group showed that creatininis added to
phenylacetaldehyde (Murkoviet al, 1999; Zochling & Murkovic, 2002).
Furthermore, when Zamort al. (2014) heated this adduct in the presence of
ammonia and formaldehyde, the heterocyclic aromatigine (PhIP) was
obtained, therefore suggesting that reactive catbamight be involved in the

formation of heterocyclic aromatic amines.

As a continuation of those studies, this Ph.D thasiestigates the ability of
reactive carbonyls to produce cyclic derivativescl{iding flavour-relevant
heterocyclic compounds), and the effect that tresqmce of creatinine has in
these reactions, which can play a major role in ftrenation of heterocyclic
aromatic amines with the structure of aminoimidaanane. These studies
should provide the basis to understand the formatd all these kinds of
compounds so that the formation of beneficial conmais can be promoted and

the generation of toxic compounds inhibited.
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In spite of the more than four decades elapsed fhain discovery, the origin
of most heterocyclic aromatic amines is still unkno Nevertheless, the recent
proposal of a formation pathway for PhIP suggdsts teactive carbonyls might
be playing a role in the formation of heterocy@dmomatic amines, especially in
those with the structure of aminoimidazoazarenas Would be a consequence
of an, at present unknown, tendency of reactiveaail compounds to cyclise
and oligomerise under appropriate conditions. Tdmegal objective of this study
is to clarify the contribution of reactive carbosyb the formation of heterocyclic
derivatives, including the formation of both, flawe and heterocyclic aromatic

amines, to provide tools that allow the controthadir presence in foods.
To carry out this general objective, different sfieobjectives are proposed:

1. The investigation of the role of cyclizations ofactive carbonyls on the
formation of food flavours, in particular the fortizan of alkylpyridines.

2. The study of the formation of 3-hydroxypyridinesfoods by lipid-derived
reactive carbonyls.

3. The examination of the role of the products of Madl reaction, in particular
5-hydroxymethylfurfural, on the formation of 3-hydypyridines.

4. The search for the precursors and reaction pathimagésed in the formation
of 2-amino-3,4-dimethylimidazo(4,5quinoline (MelQ).

5. The identification of the carbonyl compounds resilole for the formation of
2-amino-3-methylimidazo(4;3)quinoline (IQ) as well as the reaction
pathway by which this heterocyclic aromatic amsé&rmed.

6. The determination of precursors responsible fofdneation of 2-amino-3,8-

dimethylimidazo[4,5]quinoxaline (MelQx) as well as its formation patw
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3.1. Materials

3.1.1.Commercial products

Many different products were employed in theseisgidSome of them were

purchased from commercial sources and others wepaped in the laboratory.

Commercial products had always the highest avalafptade, usually
analytical grade. Distributors included Sigma-Adtiri(St. Louis, MO, USA),
Alfa Aesar (Haverhill, MA), TCI (Tokyo, Japan), anllerck (Darmstadt,

Germany).

Different lipid derivatives were employed, includirboth unoxidized and
oxidized lipids. The employed unoxidized lipids weinoleic acid, linolenic
acid, and their methyl esters, and menhaden asddih oils. In addition, many
commercial reactive carbonyls produced in the lipiddation pathway were
assayed. They included alkanals (ethanal, propdmainal, and hexanal), 2-
alkenals (2-hexenal and 2-heptenal), 4-alkenalpe(tenal), 2,4-alkadienals
(2,4-hexadienal, 2,4-heptadienal, 2,4-octadienal4-ndnadienal, and 2,4-
decadienal), ketones (3,5-heptadien-2-one and Byik&thepten-2-one), and
dialdehydes (glyoxal, malondialdehyde, and fumasiadie). Among
carbohydrates, monosaccharides (glycolaldehydéniremse, rhamnose, ribose,
glucose, fructose, and galactose), disaccharidasrqse and lactose), and
reactive carbonyls derived from them [furfural, ydroxymethylfurfural (HMF),
and 2-acetylfuran] were also employed. Finallyaasno compounds, ammonia,

ammonium chloride, glutamine, urea, and creatiniexe used.

Commercial products also included standards. THewed pyridines were
used: 2-Methylpyridine, 3-methylpyridine, 4-methyiigine, 2-ethylpyridine, 3-
ethylpyridine, 2-pentylpyridine, 2,5-dimethylpyridi, 2,6-dimethylpyridine, 5-
ethyl-2-methylpyridine,  3-acetylpyridine, 3-hydreymethylpyridine, 3-
hydroxypyridine, and 2-hydroxymethyl-5-hydroxypyirid. In addition,
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standards of PhIP, 1Q, MelQ, and MelQx (obtainedmfrToronto Research
Chemicals, North York, ON, Canada) were also engaloy

Multi-floral honey and sugarcane honey or sugarcsyreip (a traditional

plant syrup, namely ‘miel de cafia’) were purchdseuh a local supermarket.

All solvents used in these studies (hexane, ettglage, acetone, acetonitrile,
chloroform, tetrahydrofuran, and toluene) were wiedl grade and were
purchased from Merck (Darmstadt, Germany). Citdid §99.5%), boric acid,
sodium hydroxide (99%), and the sodium phosphatd ts prepare the different
buffers, were also obtained from Merck. Silica @fiockness of 0.063-0.2 mm)
for column chromatography was purchased from Mawmhdlagel (Gmbh,

Duren, Germany).
3.1.2.Syntheses of lipid hydroperoxides

Two lipids hydroperoxides and their methyl esteeravemployed in these
studies. All of them were synthesised by followiagpreviously described
procedure (Zamora & Hidalgo, 2008). 13-Hydroper&xyi-octadecadienoic
acid (13-LOOH) and methyl 13-hydroperoxyoctadeddt3jienoate (MeLOOH)
were prepared by oxidation of linoleic acid withyadipoxygenase and later
esterification with diazomethane. Analogously, Y8hoperoxy-9,11,15-
octadecatrienoic acid (13-LnOOH) and methyl 13-bpéroxyoctadeca-9,11,15-
trienoate (MeLnOOH) were obtained from linolenicidac The followed

procedure is described briefly.

A solution of the corresponding fatty acid (2.1 mijrin absolute ethanol (1
mL) was added to 20 mL water and sonicated untinpeent emulsion. Then,
the emulsion was treated with 2 N NaOH until thieison was cleared and taken
to 200 mL with 50 mM sodium borate, pH 9. Sodiunmabe buffer (500 mL of
50 mM), pH 9, was oxygenated for 15 min at 0 °Cblpbling in a slow stream

of oxygen. After this time, 292 units of lipoxygesea(obtained from sigma),
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dissolved in 10 mL of 50 mM sodium borate buffe p, and the fatty acid
solution was added. The lipoxygenation was camgtdfor 10 min at O °C in the
presence of oxygen. The reaction was stopped bgrlog the pH to 3 and
extracting the hydroperoxide with diethyl ethex(800 mL). The organic layers
were combined, dried over anhydrous sodium sulplaaitg evaporated. 13-
LOOH and 13-LnOOH were obtained in that way. Toagbtheir methyl esters,
diazomethane was employed. In this case, samptesohae purified by column
chromatography on silica gel using hexane/dietliytie(7:3) as the eluent. The
separation was controlled by thin layer chromatplhya 13-LOOH, 13-LnOOH,
MeLOOH, and MeLnOOHFKigure 29) were obtained chromatographically pure.

Additional confirmations of identity and purity wepbtained by 1D and 2D
NMR. **C NMR (CDC}, 75.4 MHz) of MeLOOH® (ppm) 174.49 (C1), 133.96
(C9), 131.23 (C12), 130.11 (C11), 127.51 (C10)886(C13), 51.54 (OCH),
34.06 (C2), 32.49 (C14), 31.72 (C16), 29.35, 292800, 28.87 (C4-C7), 27.69
(C8), 24.98 (C15), 24.85 (C3), 22.51 (C17), and44C18)."*C NMR (CDC},
75.4 MHz) of MeLnOOH:8 (ppm) 174.53 (C1), 134.35 and 134.11 (C9 and
C16), 130.37 (C12), 130.20 (C11), 127.50 (C10),.023C15), 86.21 (C13),
51.56 (OCH), 34.07 (C2), 30.58 (C14), 29.34, 29.03, 29.0@, 28.87 (C4-C7),
27.69 (C8), 24.85 (C3), 20.70 (C17), and 14.12 {C@amora & Hidalgo,
2008).

\/\/:\/:\/\/\/\)kOH — — OH
Linoleic acid Linolenic acid
1) LOX 1) LOX
2) CH,N, 2) CH,N,
OOH OOH
V\)\/\:/W(OCHs VZW\:MM(OCH3
o 0
Methyl 13-hydroperoxyoctadeca-9,11-dienoate Methyl 13-hydroperoxyoctadeca-9,11,15-trienoate

Figure 29. Syntheses of methyl 13-hydroperoxyoctadeca-9,&hatite
(MeLOOH) and methyl 13-hydroperoxyoctadeca-9,1%rié&noate (MeLnOOH).
Abbreviations: LOX, lipoxygenase.
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3.1.3.Syntheses of 4-hydroxy-2-alkenals

Two 4-hydroxy-2-alkenals were employed in this gtudhey were 4-
hydroxy-2-nonenal (HNE) and 4-hydroxy-2-hexenal @EJH 4-Hydroxy-2-
nonenal Figure 30) was synthesised following the procedure of Gardeal.
(1992). Briefly, to a solution of 3-nonenol (35 mijnim 14 mL dichloromethane,
a 1.2 molar excess of 80-85% 3-chloroperoxybenaoid (54 mmol) was added.
The solution was kept at room temperature for Iftéravhich 2 mL of 10%
NaHCQ;, was added with vigorous stirring for 45 min. Thegamic layer,
containing 3,4-epoxynonanol, was oxidised with gdinane (38 mmol) in
dichloromethane (150 mL). The oxidation mixture wtiged for 30 min at room
temperature, and then, 550 mL of diethyl ether 200 mL of 1.3 M NaOH were
added with vigorous stirring for 10 min. The aquetayer was removed, and the
organic phase was washed with 300 mL g¢DHEvaporation of solvent afforded
crude 4-hydroxy-2-nonenal, which was obtained clatmgraphically pure by
column chromatography on silica gel using hexaethgi eter (2:1) as a solvent.

The separation was controlled by thin layer chragiphy.

lts identity was confirmed bjH NMR. *H NMR (CDCk, 300 MHz):5 0.80
(br t, 3H), 1.4 (m, 8H), 2.58 (br s, 1H), 4.40 (iH), 6.26 (ddd, J = 1.0, 7.0,
15.5, Hz, 1H), 6.80 (dd, J = 4.0, 15.5 Hz, 1H)69&, J = 8.0 Hz, 1H).

OH OH

1) m-Cl-C¢gH,-COOOH
2) Periodinane/NaOH
3-Nonenol 4-Hydroxy-2-nonenal

Figure 30. Synthesis of 4-hydroxy-2-nonenal (HNE).

4-Hydroxy-2-hexenalKigur e 31) was prepared from Z)-hexenol according
to Hidalgo & Zamora (2019) following a procedurengar to that of Gardneet
al. (1992), but with significant modifications. Brigfla solution of 3{)-hexenol

(50 mmol) in 140 mL of dichloromethane was treatsidwly with 3-
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chloroperoxybenzoic acid (9.3 g), and the obtaimedure was stirred for 1 h at
room temperature. After this time, 10% potassiucatiionate (140 mL) was
added and the mixture was stirred for 2 min. Ttgaoic layer was then collected
and dried over sodium sulphate. The obtained swiutwhich contained
produced 3,4-epoxyhexanol, was slowly added tdwtiso of periodinane (16 g
in 150 mL of dichloromethane), and the obtainedtanix was stirred under dark
for 30 min at room temperature. Then, 500 mL othdieether and 230 mL of
1.3 M NaOH were added. The solution was vigorossilyed for 2 min, and the
organic layer was collected, dried over sodium Isallp, and taken to dryness.
The residue was fractionated by column chromatdgragn silica gel using
mixtures of hexane and diethyl ether as the eldém. separation was controlled
by thin layer chromatography. Identity and purity @btained HHE were
confirmed by means of one-dimensional (1D) and divoensional (2D) nuclear
magnetic resonance (NMR) and gas chromatographys-s@ectrometry (GC—
MS).*H NMR (CDCk, 300 MHz):8 1.02 (br t, 3H), 1.68 (m, 8H), 4.40 (m, 1H),
6.34 (dddJ = 1.6, 7.9, 15.7 Hz, 1H), 6.81 (d¥l= 4.7, 15.7 Hz, 1H), 9.60 (d,=
7.9 Hz, 1H).2*C NMR (CDC}): 8 9.43 (CH), 29.47 (CHCHs), 72.27 (CHOH),
130.89 (CHCHO), 158.68 (CHCHOH). M®&)/z (%, ion structure): 114 (0.1,
M), 96 (0.3, ethylfuran), 85 (60, M- CH,CH, or CHO), 67 (6, 96 — C}CH,),
57 (100, 96 — gHs), and 55 (12, M— CHCH,CHOH).

OH 1) m-CI-CgH4-COOOH OH
W > \)\/\70
2) Periodinane/NaOH
3-Hexenol 4-Hydroxy-2-hexenal
Figure 31. Synthesis of 4-hydroxy-2-hexenal (HHE).

3.1.4.Syntheses of 4-oxo-2-alkenals

Two 4-oxo-2-alkenals were employed in this studydxb-2-hexenal and 4-
oxo-2-nonenal. Both compounds were prepared by rmpgning of the
corresponding 2-alkylfuran: 2-Ethylfuran and 2-pdfiaran, respectivelyRigure
32) (Hidalgoet al, 2018a).
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Briefly, N-bromosuccinimide (10.7 mmol) and pyridine (10 nigre added
to a solution of 2-alkylfuran (16.6 mmol) in 11 mLof
tetrahydrofuran/acetone/water (5:4:2) in an icehbdhe reaction mixture was
stirred for 1 h at this temperature and, then, loepstirring at room temperature
for 2 h. After this time, the mixture was dilutedthv10 mL of water and
extracted three times with 50 mL of chloroform. Témmbined chloroformic
extracts were washed successively with hydrochlacid and water in order to
remove pyridine, then dried over anhydrous sodiuwnphate, and finally
concentrated under vacuum. The residue was fradgdn by column
chromatography on silica gel 60 (230-400 mesh; MezjtNagel) using
mixtures of hexane and ethyl acetate as eluents&paration was controlled by
thin layer chromatography. 4-Oxo-2-alkenals weriaioled chromatographically
pure. Confirmations of identity and purity were a@bed by GC-MS by
comparison with the retention times and mass speatrauthentic standard

previously prepared in the laboratory.

o}

/\/\ﬂ N-bromosuccinimide /\/\)WO
5 >

4-Oxo0-2-nonenal
2-Pentylfuran

O

N-bromosuccinimide
ﬁ _ Ao
(0]

4-Ox0-2-hexenal
2-Ethylfuran

Figure 32. Syntheses of 4-oxo0-2-nonenal and 4-oxo-2-hexenal.

3.1.5.Syntheses of 4,5-epoxy-2-alkenals

Three 4,5-epoxy-2-alkenal$igure 33) were employed in this study. 4,5-
Epoxy-2-hexenal, 4,5-epoxy-2-heptenal, and 4,5-Fgtdecenal were prepared
by epoxidation of 2,4-hexadienal, 2,4-heptadienaihd 2,4-decadienal,
respectively, with 3-chloroperoxybenzoic acid adoog to the procedure of
Zamoraet al. (2017).
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Briefly, 3-chloroperoxybenzoic acid (25 mmol) wasswlved in chloroform
(175 mL), washed three times with 100 mL of buff@2 M NaHPQO, adjusted
to pH 7.5 with 0.1 M citric acid) followed by thrd®0 mL portions of water, and
dried with anhydrous sodium sulphate. This solutvems added slowly to a
solution of 2,4-alkadienal (39.9 mmol) in chlorafo30 mL), which was stirred
at room temperature overnight and, finally, wastiede times with 100 mL of
buffer (0.2 M NaHPQ, adjusted to pH 7.5 with 0.1 M citric acid), anhally,
followed by three extractions with 100 mL of wat@&he organic solution was
dried over anhydrous sodium sulphate and concedtrahder vacuum. The
residue was fractionated by column chromatographsitica gel 60 (230-400
mesh; Macherey-Nagel) using mixtures of hexane aretone as eluent. The
separation was controlled by thin layer chromatplgya 4,5-Epoxy-2-alkenals
were obtained chromatographically pure. Confirmaiof identity and purity
were obtained by gas chromatography-mass spectnpif@C/MS) comparison
was carried out with retention times and mass spegith authentic standards
prepared previously in the laboratory.

m-Cl-CgHy4-COOOH 0
NN /<l/\/\
XN > XX

2,4-Hexadienal

4,5-Epoxy-2-hexenal

m-Cl-CgH,-COOOH o)

> W/\AO

4,5-Epoxy-2-heptenal

I S
2,4-Heptadienal

m-C|-CgH4-COOOH M/\/\
I > X0

y

2,4-Decadienal 4,5-Epoxy-2-decenal

Figure 33. Syntheses of 4,5-epoxy-2-alkenals.
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3.2. Analytical instrumentation
3.2.1.Gas chromatography-mass spectrometry (GC-MS)

Two different instruments were employed for GC-M&lgses. Instrument
no. 1 was an Agilent 6890 GC Plus coupled to anehgi5973 MSD (mass
selective detector, quadrupole type). Instrument2n@as an Agilent 7820A GC
coupled to an Agilent 5977 MSD. In each chromatplyraa 30 m lengthx 0.25
mm i.d. x 0.25 pum coating thickness HP5-MS capillary columas used.
Samples (L) were injected in the pulsed splitless mode. tali(l mL/min at
constant flow) was employed as carrier gas. Thievidhg working conditions
were used: Injector, 25C; transfer line to mass selective detector, Z30
electron ionization (El), 78V; ion source temperature, 23D; and mass range,
28-550amu. Different oven programs were employed depgndmthe samples

to be analysed. They included:

* Oven program 1: From 4C (3min) to 200°C at 20°C/min, and
then held at 200C for 1min.

e« Oven program 2: From &€ (1min) to 140°C at 20°C/min, then
to 300°C at 50°C/min, and finally held at 30TC for 4min.

3.2.2.Liquid chromatography-tandem mass spectrometry (MS/MS)

An Agilent liquid chromatography system (1200 Sgyiecoupled to a triple
quadrupole API 2000 mass spectrometer (AppliedyBiasns, Foster City, CA,
USA) was used. Reaction mixtures were fractionate@ Zorbax Eclipse XDB-
C18 column (150 mm x 4.6 mm, 5 um) from Agilent. &lectrospray ionization
interface in positive ionization mode (EBlwas used. Mobile phase was
delivered at 0.5 mL/min using a gradient of elueAts(30mM ammonium
formiate) and B (acetonitrile). The employed gratliwas (% B in A): From 5 to
60% (15 min), from 60 to 100% (5 min), from 1005% (1 min), and finally

isocratic reconditioning for 5 min.
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Mass spectrometric acquisition was performed usmgltiple reaction
monitoring (MRM). The conditions for the mass dédeavere: Nebulizer gas
(synthetic air), curtain gas (nitrogen), heater @gsthetic air), and collision gas
(nitrogen) were set at 45, 35, 50, and 5 (arbittarys), respectively; the heater
gas temperature was set at 350 °C; and the elpsosapillary voltage was 5.5
kV.

3.2.3.Nuclear magnetic resonance spectroscopy (NMR)

Most 1D and 2D NMR spectra were obtained in a Brukdvance Il
spectrometer operating at 500 MHz for protons. Bmletherwise indicated,
samples were dissolved in CRGNd acquired using a 30° flip angle pulse for
protons with a delay of 1 $3C NMR were acquired using a 30° flip angle and
power-gated pulse decoupling. A delay of 2 s waslués a help for structural
determination DEPT, COSY, HSQC, and HMBC spectreevabtained.

3.2.4.0ther equipment

Other used equipment included rotary evaporatorciBiR210, Buchi
Labotechnik AG, Flawil, Suiza), oven (Memmert ULED04 with forced
convection, Schwabach, Germany), block heater (G&H2, Cambridge, UK),
vortex (Heidolph Reax 2000, Schwabach, Germany)cuwa pump
(Vacuubrand, Wertheim, Germany), bath (Selectayéba, Barcelona, Spain),
magnetic stirrer hotplate (Gallenkamp, LoughborqudkK), centrifuge (Hettich
Universal 16R, Germany), heating/stirrer module dolvent evaporation with
nitrogen (Thermo Scientific Reacti-Therm Il TS-P& Waltham, USA),
fraction collector (LKB 7000 ultrorac, Stockholmy&den), fraction collector
(Gilson Model 203, Middleton, WI), analytical premn balances (Sartorius,
Goettingen, Germany), and portable gas analyserng®wor, Ringsted,

Denmark).
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3.3. Studied systems
3.3.1.Formation of alkyl- and dialkyl-pyridines

The general procedure was similar to that previoeshployed for model
studies on acrylamide formation (Hidalgo al, 2009). Briefly, mixtures of the
reactive carbonyl (or two reactive carbonyls if ded) (50umol of each one in
50 puL of methanol), the ammonia-producing compound (bl in 45.L of
water) [or 50umol in 50 uL of water in the case of alanine], 30 of 0.3 M
sodium phosphate, pH 6.5, and @0 of water, were singly homogenized with
0.063-0.20 mm silica gel (300 mg) (Macherey-NabBéken, Germany).

To confirm reaction patways, some reaction mixtunese heated in the
presence of deuterated water, which substity@ i the general recipe. As a
consequence of this, deuterated pyridines wereugeati These pyridines were
studied by GC-MS analogously to the above descrifd non-deuterated
pyridines.

Samples were heated at 180 °C in closed test fobésh. After cooling, 700
uL of methanol and 3QL of the internal standard solution (Liénol of methyl
heptanoate in 1 mL of methanol) were added. Sugpengvere stirred for 1 min
and centrifuged for 5 min at 20@D The supernatant was analysed by GC-MS

using the oven temperature programme no. 1.

Reactions involving menhaden oil were carried amilarly, although some
modifications were required. Briefly, mixtures dfet oil (1 g), glutamine (30
umol in 150 uL of water), 25uL of methanol, and 3@L of 0.3 M sodium
phosphate, pH 6.5, were heated at 180 °C in clesstdtubes for 1 h. After
cooling, 700uL of acetonitrile and 3QL of the internal standard solution (19
umol of methyl heptanoate in 1 mL of methanol) wadeled. Suspensions were
stirred for 1 min and centrifuged for 5 min at 2090The supernatant was

analysed by GC-MS using the oven temperature pnogano. 1.
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3.3.2.Formation of 3-hydroxypyridines

Mixtures of the reactive carbonyl (20mol in 20 uL of methanol), the
ammonia-producing compound Bnol in 50uL of water), and 3Q.L of 0.3 M
buffer (sodium citrate pH 3—-6, sodium phosphate6pid, or sodium borate pH
8-10) were singly homogenized with 200 mg of 0.@B20 mm silica gel

(Macherey-Nagel, Diren, Germany),.

Samples were heated in closed test tubes for tdecated times and
temperatures. After cooling, 1 mL of methanol afdiR of the internal standard
solution (13 mg of 1l-octadecanol in 25 mL of methianwere added.
Suspensions were stirred for 1 min and centrifufged> min at 2000g. The
supernatant was evaporated to dryness and theueesids successively treated
with 200uL of N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA), heatéar 30
min at 60 °C, and studied by GC-MS using the oeanmperature programme no.
2.

3.3.3.Formation of 3-hydroxypyridines in oxidized oils

The procedure was analogous to that described dtiose3.3.2, although
small changes were needed. Briefly, mixtures ofoih€50 mg) and 3@L of 0.3
M sodium phosphate, pH 8, were singly homogenizétd 200 mg of 0.063—
0.020 mm silica gel (Macherey-Nagel, Diren, Germany

These mixtures were incubated in closed test tubdsr air for 5 days at 60
°C. After cooling for 10 min at room temperatured amother 10 min at 4 °C,
glutamine (5umol in 50uL of water) was added and samples were heateddat 10
°C for 22 h. At the end of the heating time, samplere cooled, and 1 mL of
methanol and 2QL of the internal standard solution (13 mg of laalgcanol in
25 mL of methanol) were added. Suspensions weresdtifor 1 min and

centrifuged for 5 min at 2009. The supernatant was evaporated to dryness and
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the residue was derivatizated with,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA), and studied by GC-MS, using the oven temjpee programme no. 2.

3.3.4.Conversion of 2-oxofurans into 3-hydroxypyridines

Mixtures of the 2-oxofuran (1@mol in 20 uL of methanol), the ammonia-
producing compound (3@mol in 50puL of water), and 3QuL of 0.3 M buffer
(sodium citrate pH 3-6, sodium phosphate pH 6—&oalium borate pH 8-10)
were singly homogenized with 200 mg of 0.063—0.200 silica gel (Macherey-

Nagel, Duren, Germany).

Samples were heated in closed test tubes for tdecated times and
temperatures. After cooling, 1 mL of methanol afdiR of the internal standard
solution (13 mg of 1l-octadecanol in 25 mL of methianwere added.
Suspensions were stirred for 1 min and centrifufged> min at 2000g. The
supernatant was collected, evaporated to drynesd, the residue was
successively treated with 206 of N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA) and heated for 30 min at 60 °C. The fororatif the corresponding 3-
hydroxypyridine was studied by GC-MS, using therotemperature programme

no. 2.
3.3.5.Formation of 3-hydroxypyridines in honeys

Honeys (1 g) were heated in closed test tubes<b0I0 at either 60 °C or 100
°C. After cooling, 10QuL of water was added and the mixture was stirredLfo
min. Then, 4 mL of acetonitrile and 2@ of the internal standard solution (13
mg of l-octadecanol in 25 mL of methanol) were add®lixtures were
successively stirred for 1 min, sonicated for 1@, ngtirred for 1 min, and the
acetonitrile layer was decanted and taken to ds/n€ke residue was treated
with 300 uL of N,O-bis(trimethylsilyDtrifluoroacetamide (BSTFA) and hedlt
for 30 min at 60 °C. The formation of the correging 3-hydroxypyridines was
studied by GC-MS using the oven temperature programo. 2.
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3.3.6.Reaction of reactive carbonyls, creatinine, and amnm-producing

compounds. Formation of MelQ

Mixtures of the reactive carbonyl(s) (8tmol in 20 uL of methanol),
creatinine (20umol in 30puL of water), the ammonia-producing compound (10
umol in 45uL of water), and 3QL of 0.3 M of sodium phosphate, pH 6.5, were
singly homogenized with 0.063-0.200 mm silica &IQ(mg).

Reaction mixtures were heated at 180 °C in clossidtibes for 1 h. After this
period, samples were cooled and 2 mL of ethyl aeetad 3QuL of the internal
standard solution (6.45 mg of caffeine in 10 mLaoB0:70 mixture of 0.2%
formic acid in acetonitrilie and 4 mM ammonium ateEtawere added.
Suspensions were stirred for 1 min and centrifufggd> min at 2000g. The
supernatant was isolated and taken to dryness miitbgen. The resulting
residue was extracted with 2@@ of a 1:1 mixture of 30 mmol/L ammonium

formiate and acetonitrile, and the extract wasistlidy LC-MS/MS.

3.3.7.Reaction of acrolein, crotonaldehyde, creatinine,né glutamine.

Formation of IQ

This procedure was analogous to that describecation 3.3.6. However,

this time the reaction was carried out in two consee steps.

Firstly, mixtures of acrolein (2Qmol in 20puL of methanol), creatinine (30
umol in 45uL of water), and 3Q.L of 0.3 M sodium phosphate, pH 6.5, were
singly homogenized with 0.063-0.200 mm silica g8DQ mg). Reaction
mixtures were incubated overnight in closed telsesuat 25 °C. After this time,
crotonaldehyde (1@mol in 20uL of methanol) and glutamine (16nol in 45uL
of water) were added, tubes were closed, and ceaatixtures were heated at
180 °C for 1 h. After this period, samples weratied as described in section
3.3.6, and the formed heterocyclic aromatic aminesre identified and
determined by LC-MS/MS.
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3.3.8.Reaction of reactive carbonyls and creatinine. Faation of MelQx

The employed procedure was analogous to that descim sections 3.3.6 and
3.3.7. Briefly, mixtures of the reactive carbonyl($0 pmol in 20 umol of
methanol), creatinine (5Qmol in 60 uL of water), 30uL of 0.3 M sodium
phosphate, pH 6.5, and 4Q. of water were singly homogenized with 0.063—
0.200 mm silica gel (300 mg).

Samples were heated at 180 °C in closed test fobdsh. Heated samples
were treated as described in section 3.3.6, amdedMelQx was identified and
determined by LC-MS/MS.

3.3.9.Reaction of acrolein-producing compounds and crestie. Formation
of MelQx

Model reactions were carried out analogously tdi@ec3.3.8, but acrolein
was replaced by acrolein-producing compounds. Assapmpounds were those
that previous studies (Stevens & Maier, 2008) hakewn to be acrolein-

producing compounds.

Studied compounds included carbohydrates (gluclvaetose, and ribose),
fats (linseed oil, menhaden oil, and 13-hydropetexf linoleic acid), and amino

acids (threonine and methionine).

For linseed and menhaden oils the experimental epiwe was slightly
different to that employed for the other compound@bus, these oils were
oxidized in a previous step to their reaction witkatinine to promote acrolein
formation. The procedure employed for these oils a&follows: Mixtures of the
oil (50 mg), 300 mg of silica gel, and 3@ of 0.3 M of sodium phosphate, pH
6.5, were incubated for 4 days at 60 °C in clogst tubes. After that time, 50
umol of creatinine was added and mixtures were keaited 80 °C for 1 h. After
cooling, reaction mixtures were treated as desdribesection 3.3.6, and studied
by LC-MS/MS.
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3.4. ldentification and quantification of studied compounds
3.4.1.ldentification and quantification of alkylpyridines

Identification of most pyridines was carried outdgmparison with retention
times, mass spectra, and co-elution with authestandards. When these
standards were not available, tentative identificest were carried out on the

basis of their mass spectra.

Quantification of pyridines was carried out by mepg standard curves of
these compounds. Seven concentration levels () for each pyridine was
used and the procedure described in the sectiofh ®&&s followed. Compound
content was directly proportional to compound/ingrstandard area ratic (¢
0.98,p < 0.001). RSD was always < 10%.

When the commercial standards were not availablgh as in the case of 2-
propylpyridine or 2-butylpyridine, the concentratiof the compound was
estimated by using the calibration curve of the poumd with the most similar
chemical structure. Thus, the calibration curv@-ethylpyridine was used for 2-
propylpyridine, and the calibration curve of 2-pdpyridine was employed for

2-butylpyridine.
3.4.2.ldentification and quantification of 3-hydroxypyrithes

Each compound was identified according to its msgsctrum, retention

index, and by co-elution with authentic standamdsgn available).

The M" and the (M-methyl) ions of the 3-hydroxypyridine and the 3-
hydroxy-2-alkylpyridines were employed for idergdtion purposes. The second
one, which was the base ion for most of studieddpys, was used for

quantification purposes.
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Linear retention indexes for the different hydroysidines increased linearly
(r* = 0.994,p < 0.0001) as a function of the chain length ofale/l substituent

as observed iRigure 34.
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Figure 34. Linear retention indexes (LRI) of the trimethysitlerivatives of the
hydroxyalkylpyridines.

Mass spectra of the trimethylsilyl derivatives difet different studied
hydroxypyridines are shown ifFigure 35. Their mass spectra, relative

intensities, and ion structures for the differemts were:

3-Hydroxypyridine,m/z (relative intensity, ion structure): 167 (32,152
(100, M'—methyl), 73 (17, trimethylsilyl).

3-Hydroxy-2-methylpyridinem/z (relative intensity, ion structure): 181 (40,
M™), 166 (100, M—methyl), 73 (45, trimethylsilyl).

2-Ethyl-3-hydroxypyridinem/z (relative intensity, ion structure): 195 (5,
180 (100, M—methyl), 166 (23, M-ethyl), 165 (22, M-ethane), 73 (54,
trimethylsilyl).

3-Hydroxy-2-propylpyridine,m/z (relative intensity, ion structure): 209 (5,
M™), 194 (100, M-methyl), 166 (31, M-propyl), 165 (26, M-propane), 73 (46,
trimethylsilyl).
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2-Butyl-3-hydroxypyridinem/z (relative intensity, ion structure): 223 (8, W
208 (100, M—methyl), 180 (10, M-propyl), 166 (40, M-butyl), 165 (22, M-
butane), 73 (54, trimethylsilyl).

3-Hydroxy-2-pentylpyridine m/z (relative intensity, ion structure): 237 (1,
M™), 222 (6, M—methyl), 208 (14, M-ethyl), 194 (23, M-propyl), 181 (42,
M*—butene), 180 (41, M butyl), 166 (100, M-pentyl), 73 (63, trimethylsilyl).
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Figure 35. Mass spectra of the trimethylsilyl derivatives tife studied
hydroxyalkylpyridines.
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In studies involving the formation of 2-hydroxymgts-hydroxypyridine
from HMF, the identification of both compounds weasried out by comparison
of retention indexes and mass spectra, and byutmelwith authentic standards
which were derivatizated analogously. Thé (k/z269 and 198) and M1 (m/z
254 and 183) ions of 2-hydroxymethyl-5-hydroxypymel and HMF,
respectively, were employed for identification pagps. The second one was

used for quantification purposes.

Quantification of all 3-hydroxypyridines and HMFfimodel and food systems
were carried out by preparing standard curves lothalse compounds in the
corresponding assayed systems and following thdenprocedures described in
sections 3.3.2, 3.3.3, 3.3.4, and 3.3.5 (withowttihg). Different concentration
levels of each compound were used to prepare #melatd curves. Compound
contents were directly proportional to compounetfinal standard area ratid ¥r
0.98, p < 0.001). The coefficients of variation at the faiént assayed
concentrations were < 10%. When a standard of kygsoidine derivative was
not available, the quantification of this compowads carried out by using the

calibration curve of the available compound wité Highest structural similarity.
3.4.3.ldentification and quantification of heterocyclic @matic amines

Heterocyclic aromatic amines (MelQ, 1Q, and MelQ@wre determined by
LC-MS/MS in the samples prepared as describedatioses 3.3.6, 3.3.7, 3.3.8,
and 3.3.9, respectively. Three transitions wereuiaed for the identification of
each compound and caffeine was employed as intstawatlard. To establish the
appropriate MRM conditions, the mass spectromatdnditions of authentic
standards were optimized by using infusion witlyangie pump. Precursor and
product ions used for qualification and quantificatpurposes, and operating
conditions for each compound are summarized able 6. The first transition
was employed for quantification and the others wased to confirmation

purposes.
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Quantitative determinations of heterocyclic aromatnines were carried out
by preparing calibration curves of authentic stadslaand following the whole
procedures described in sections 3.3.6, 3.3.78,338d 3.3.9. For each curve, six
concentration levels of the different heterocy@diomatic amines were used.
Heterocyclic aromatic amine content was directlypartional to the heterocyclic
aromatic amine/internal standard area ratio Xr 0.986, p < 0.0001). The

coefficients of variation at the different concettibns were always < 15%.

Table 6. MRM transitions employed for the detection of I@glQ, and MelQx.

HAAs Transition DP FP EP CEP CE CXP
1Q 1995—185.1 | 46 370 12 16 37 6
199.5—157.1 | 46 370 12 16 51 6
199.5—158.1 | 46 370 12 16 45 6

MelQ 213.9—199.1 | 46 370 10 16 37 6
213.9—198.1 | 46 370 10 16 45 8

2139— 1712 | 46 370 10 16 58 8

Mel Qx 215.0— 200.1 | 41 370 10 16 37 6
215.0—132.1 | 41 370 10 16 53 4
215.0—77.0 41 370 10 16 77 2

Caffeine | 195.2— 138.0 | 31 350 10.& 12 27 6
(15 1952— 1101 | 31 350 10.5 12 3 4
1952— 421 31 350 105 12 55 4

Abbreviations: DP, declustering potential; FP, fsiog potential; EP, entrance
potential; CEP, collision cell entrance potenti@E, collision energy; CXP,
collision cell exit potential.

3.5. Statistical analyses

All data given are mean + SD values of, at leabted independent
experiments. Analysis of variance was employedammpgare group differences.
When significantF values were obtained, group differences were eteduby
the Tukey tesfSnedecor & Cochran, 1980). Statistical comparisese carried
out using Origin® v. 7.0 (OriginLab Corporation, ftlampton, MA). The

significance level ip < 0.05 unless otherwise indicated.

81



Materials and Methods

82



Results

4. RESULTS

83



Results

84



Results

This section is divided into two parts. The firgtripis dedicated to the role
that cyclization and oligomerization reactions eéctive carbonyls have in the
formation of food flavours, in particular pyridineBhe second part is dedicated

to cyclization reactions of reactive carbonylshia presence of creatinine.

4.1. Cyclization and oligomerization of reactive carbonyls: A route for the

production of pyridinesin foods

Pyridines are produced as a consequence of foodegsimg and they
contribute to the characteristic sensory propedfdsod products, although they
are not major food flavours. This section descritiess cyclizations and ring-
expansions of reactive carbonyls (2-alkenals, Kdedenals, 4,5-epoxy-2-
alkenals, HMF, furfural, and 2-acetylfuran) in thpresence of ammonia-

producing compounds.

4.1.1.Cyclization and oligomerization of reactive carbdayin the presence of

ammonia-producing compounds

4.1.1.1 Formation of pyridines by oligomerization of cro&bdehyde in the

presence of ammonia-producing compounds

When crotonaldehyde was heated in presence of acomapounds, the
formation of pyridines was observgdable 7). As can be observed, four
pyridines were produced: 2-Methyl, 3-methyl-, 2jBthyl, and 5-ethyl-2-
methyl-pyridine. The same four pyridines were alsvpyoduced independently
of the employed amino compound (as expected, maslwere not produced
when the amino compound was absent, data not shiowaddition, the highest
amounts of pyridines were produced when ammoniaagagd. This suggested
that the contribution of amino compounds was relate their ability of

producing ammonia.
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Reaction yields were quite high. When either am@oor urea were
employed as ammonia-producing compounds almost 6D%e amine added

contributed to the formation of the pyridine ring.

In addition, pyridines were also produced to a regtent in the presence of
glutamine or ammonium chloride. On the contrarye fowest amounts of

pyridines were produced in the presence of cresini

Table 7. Pyridines produced by crotonaldehyde cyclizatiagfoherization in the
presence of ammonia and ammonia-producing compounds

Ammonia-  Pyridines (umol/mmol of amino compound)

producing _

2-methyl 3-methyl 2,5-dimethyl  5-ethyl-2-methyl
compound
Ammonia  22.89+7.0F 1.10+0.13 4.44+0.96" 463.3+81.F
AMMONIUM g 56 4 4 5Ppc 441 +0098 2.04+066° 258.1+37.4
chloride

Glutamine 14.96+0.33 3.34+0.66 366+0.70°¢ 321.6+11.9°
Creatinine 7.59+2.34°¢ 111+03Ff 2.09+03%°¢ 119.8+6.9
Urea 2751+4.10 1.82+028 570+1.10"" 388.9+59.0

Values are mean + standard deviation (SD) for, eastl three independent
experiments. Means in the same column with a diffetetter are significantly
different ( < 0.05).

Glutamine was selected for the experiments destriipe the following
sections because of pyridines were produced tgladutent in the presence of it

and glutamine is available in many foods.

4.1.1.2 Formation of pyridines by cyclization of reactivarlbonyls in the

presence of glutamine

When glutamine was heated in the presence of weactirbonyls diverse
pyridines were produced &ble 8). The kind of pyridine and the reaction yield
depended on the involved reactive carbonyl. Thasnes reactive carbonyls

produced some pyridines specific with preferencethers.
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Table 8. Pyridines produced by reactive carbonyl cyclizatio the presence of

glutamine.
Amount Carbonyl
Pyridine RI Identification (pmol/mmol compound or
glutamine) precur sor
2-Methyl 814 RI, MS, ST 9.9%1.35° CROT
34.07+1.33° HxD
13.90+ 2.792¢ ACET
16.58+ 1.04¢ CROT/HxD
1.55+0.26¢ ACET/ACR
50.21+ 1.66°¢ ACET/CROT
2.46+0.59¢ PROP/CROT
1.59+0.51¢ ACR/Ala
3-Methyl 863 RI, MS, ST 17.461.472 ACR
12.06+ 1.402* HxD
2.37+0.82°° ACET
3.56+ 0.46°° PROP
0.71+0.08°%° Ala
11.04+ 3.812* ACR/CROT
4.92+1.03"¢ ACR/PENT
7.08+ 1.05°¢ ACR/HxD
5.49+ 1.44°¢ CROT/HxD
45.05+0.82°¢ ACET/ACR
1.40+ 0.04°¢ ACET/CROT
67.02+ 4.18' PROP/ACR
1.70+ 0.36°¢ PROP/CROT
30.06+ 0.65¢ ACR/Ala
5.23+1.79°¢ BUT/ACR
2-Ethyl 909 RI, MS, ST 30.9%0.34° HpD
1.85+0.33" ACR/HpD
19.01+ 0.50¢ CROT/HpD
8.81+ 1.54¢ ACE/PENT
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2,5-Dimethyl 938  RI, MS, ST 8.6%1.43% ACET
0.75+ 0.04° PROP
5.13+0.56°¢ ACR/CROT
3.66+0.39° CROT/HpD
1.35+0.47° ACET/ACR
7.22+0.31° ACET/CROT
82.82+0.75¢ PROP/CROT
0.85+ 0.08"° ACR/Ala
2,6-Dimethyl 889 RI, MS, ST 26.931.382 HDO
3.48+0.47° MHDO
3-Ethyl 965 RI, MS, ST 17.850.592 HpD
15.93+ 4.432t ACET
4.89+1.69°° ACR/CROT
8.60+ 0.80°¢ CROT/HpD
5.91+0.66°° ACET/ACR
1.92+0.08¢ ACET/CROT
2.63+0.31¢ ACR/Ala
10.99+ 2.05°¢ BUT/ACR
2-Propyl 1003 MS 27.1%1.822 oD
15.61+ 1.04° ACE/HEX
5-Ethyl-2- 1034 RI, MS, ST 321611.9° CROT
methyl 32.63+151°¢  ACET
2.55+0.96¢ ACR/CROT
24.33+2.14° CROT/PENT
63.77+3.05¢ CROT/HXD
43.58+3.79¢ CROT/HpD
171.5+12.5f ACET/CROT
33.32+8.76°¢ PROP/CROT
3-Propyl 1060 MS 12.121.38 oD
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2-Butyl 1102 MS 2242 1.03 ND

2,5-Diethyl 1123 MS 19.02:2.13 CROT/PENT

3-Butyl 1163 MS 12.180.33 ND

2-Pentyl 1205 RI,MS, ST  14.680.58 DD

3-Pentyl 1263 MS 8.420.53 DD

2-Ethyl-5- 1211 MS 101.92125%°  PENT

propyl 1.83+0.25° ACR/PENT
20.05+ 8.44° CROT/PENT
1.34+0.06° ACR/CROT/

PENT

5-Butyl-2- 1398 MS 156.218.0°  HEX

propyl 82.24+10.94°  ACET/HEX

2-Butyl-5- 1599 MS 257.89.3 HEP

pentyl

5-Hexyl-2- 1806 MS 336.6:43.9 ocT

pentyl

Values are meanstandard deviation (SD) for, at least, three indepat
experiments. For each pyridine, means in the sahenn with a different letter
are significantly different < 0.05). Methods employed for identification: RI,
retention index; MS, mass spectrum; ST, co-elutidth a reference compound.
Identifications carried out exclusively on the Isasf MS should be considered
only tentative. Abbreviations: ACET, acetaldehyd&R, acrolein; Ala, alanine;
BUT, butyraldehyde; CROT, crotonaldehyde; DD, 2etablienal; HDO, 3,5-
heptadien-2-one; HEP, 2-heptenal; HEX, 2-hexenaD H2,4-heptadienal; HxD,
2,4-hexadienal; MHDO, 6-methyl-3,5-heptadien-2-omdD, 2,4-nonadienal;
OCT, 2-octenal; OD, 2,4-octadienal; PENT, 2-pentdPROP, propanal.

The formation of 2-alkylpyridines was promoted inetpresence of 2-
alkenals, acetaldehyde, and 2,4-alkadienals. Timgsmixture of acetaldehyde

and crotonaldehyde produced 5021.66 umol of 2-methylpyridine per mmol
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of glutamine. The amount of 2-methylpyridine progddy 2,4-hexadienal was
slightly lower (34.0%% 1.33umol/mmol of glutamine). Other 2,4-alkadienals also
produced other 2-alkylpyridines to high extent. $h2-ethylpyridine (30.95
+0.34 pmol/mmol of glutamine) was produced from 2,4-hepadl, 2-
propylpyridine (27.15¢t 1.82 umol/mmol of glutamine) was produced from 2,4-
octadienal, 2-butylpyridine (22.421.03 pmol/mmol of glutamine) was
produced from 2,4-nonadienal, and 2-pentylpyriditve 68+ 0.58 ofumol/mmol

of glutamine) was produced from 2,4-decadienal. observed, there was a
decrease in the amount of pyridine produced when dhmain length of the

reactive carbonyl increased.

Similarly to the formation of 2-alkylpyridines, 3kalpyridines were also
produced as a consequence of the heating of sauntvescarbonyls in presence
of glutamine. The formation of 3-methylpyridine wasainly promoted by
acrolein and mostly in the presence of alkanalsisTthe mixture of acrolein and
propanal produced 67.02 4.18 pmol/mmol of glutamine. In addition, the
mixture of acrolein and acetaldehyde produced 4%@682 pmol/mmol of
glutamine and the mixture of acrolein and alanimedpced 30.06+ 0.65
pumol/mmol of glutamine (alanine is a precursor adtatdehyde). Acrolein alone
also produced 3-methylpyridine, but to a lower ek{@7.46+ 1.47 umol/mmol
of glutamine). Finally, 2,4-hexadienal also prodlicg-methylpyridine to a
significant extent (12.0& 1.40 umol/mmol of glutamine), although to a lower
extent than 2-methylpyridine. Formation of 3-alkyigines by other 2,4-

alkadienals was also usually observed.

Although, the formation of 2,5-dimethylpyridine wgsroduced in the
presence of only acetaldehyde or crotonaldehyde,highest reaction yields
were obtained in mixtures of propanal and crotoslayde. Similarly, 2,5-
diethylpyridine was mostly produced in the preserafe 2-pentenal and

crotonaldehyde.
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In addition to 2,5-diethylpyridine, in which the avsubstituents are identical,
2,5-dialkylpyridines with different substituents igealso produced. In fact, these
pyridines were produced to a high extent and irptlesence of only one reactive
carbonyl. This suggested that they might be prodidieoligomerization of the
involved reactive carbonyl. Thus, 5-ethyl-2-metlyyldine was mainly produced
by oligomerization of crotonaldehyde, 2-ethyl-54qpylpyridine was mainly
produced by oligomerization 2-pentenal, 5-butylr@gylpyridine was produced
by oligomerization of 2-hexenal, 2-butyl-5-pentyijgine was produced by
oligomerization of 2-heptenal, and 5-hexyl-2-pepyyidine was produced by
oligomerization 2-octenal.

Different to other pyridines, 2,6-dialkylpyridinesere not produced by
oligomerization/cyclization of aldehydes. In fadhey were produced by
oligomerization of ketones. Thus, 2,6-dimethylpyrelwas mainly produced by
heating of 3,5-heptadien-2-one. This pyridine wis® @roduced, although to a

lower extent, by heating 6-methyl-3,5-heptadienr2-on presence of glutamine.
4.1.2.Formation of 3-hydroxypyridines as a consequencdipfd oxidation

Differently to alkylpyridines, the presence of hygypyridines has been less
frequently described, most probably because ofctleteproblems caused by the
presence of the hydroxyl group. Nevertheless, tloesepounds are formed in
processed foods. The hydroxyl group is mainly prese position 3 of the

pyridine ring and an alkyl group can also be preaeposition 2.

The most common pyridine of this kind is 3-hydroyygdine (pyridine-3-ol),
which has been found in coffee (Amanpour & Sell1@; Moon & Shibamoto,
2009), tea (Kucet al, 2011), roasted sesame seeds (Jebrad, 2004) and the
oil extracted from them (Xu-Yaat al, 2012), salmon pate (Olsen al, 2006),

and caramel colours (Myers & Howell, 1992), amotiteofood products.
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4.1.2.1 Formation of 3-hydroxypyridines by lipid-derivedaptive carbonyls in

the presence of ammonia and ammonia-producing congso

A. Formation of 3-hydroxypyridines by cyclization gpid-derived reactive

carbonyls

In an attempt to investigate the possibility thgtid-derived reactive
carbonyls were also involved in the formation ofiy@roxypyridines, different
aldehydes were heated in the presence of glutaamgethe formation of 3-
hydroxypyridines was studied. The reactive carb®sgkeened included alkanals
(propanal and hexanal), 2-alkenals (2-hexenal aheép2enal), 2,4-alkadienals
(2,4-hexadienal, 2,4-heptadienal, 2,4-octadienal4-ndnadienal, and 2,4-
decadienal), 4-hydroxy-2-alkenals (4-hydroxy-2-heade and 4-hydroxy-2-
nonenal), 4-oxo-2-alkenals (4-oxo-2-hexenal andx@-2nonenal), and 4,5-
epoxy-2-alkenals (4,5-epoxy-2-hexenal, 4,5-epoxeptenal, and 4,5-epoxy-2-
decenal). Obtained results showed that 4,5-epoaik@aals and 2,4-alkadienals
were the lipid-reactive carbonyls responsible fdre tformation of 3-
hydroxypyridines. As an example of the obtainediltssFigure 36 shows the
production of 3-hydroxy-2-methylpyridine in mixt@weontaining glutamine and
different aldehydes with the same number of caditoms (hexanal, 2-hexenal,
2,4-hexadienal, 4-hydroxy-2-hexenal, 4-oxo-2-hekenand 4,5-epoxy-2-

hexenal).

As observed in theFigure 36, 2,4-hexadienal and 4,5-epoxy-2-hexenal
produced 3-hydroxy-2-methylpyridine to a similatest when the reaction was
carried out under air. However, when the reactias earried out under nitrogen,
the amount of 3-hydroxy-2-methylpyridine produced »,4-hexadienal was
considerably reduced. Nevertheless, the amounthyfdBoxy-2-methylpyridine
produced by 4,5-epoxy-2-hexenal remained uncharfed. suggested that 2,4-
hexadienal had to be oxidized previously to be eod into 3-hydroxypyridine.
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Figure 36. Effect of different lipid oxidation products on Hdroxy-2-
methylpyridine formation. Abbreviations: HxA, hexdnHXE, 2-hexenal; HxD,
2,4-hexadienal; HxD/N, 2,4-hexadienal under nitrggHHE, 4-hydroxy-2-
hexenal; OHx, 4-oxo-2-hexenal; EHXx, 4,5-epoxy-2dm; and EHXx/N, 4,5-
epoxy-2-hexenal under nitrogen; LOP, lipid oxidatmroduct. Means values with
different letters are significantly differenp (< 0.05) from three independent
experiments.

Because 2,4-alkadienals and 4,5-epoxy-2-alkenatslysed 3-hydroxy-2-
methylpyridine similarly, the rest of the studiessdribed in this reaction was

carried out with 2,4-alkadienals because they anengercial products.

In addition to the kind of the lipid-derived reasticarbonyl, the effect of
chain length on the formation of 3-hydroxypyridin@as also studied and the
results are shown iRigure 37. Five 2,4-alkadienals were studied comparatively:
2,4-Hexadienal, 2,4-heptadienal, 2,4-octadiena4-npnadienal, and 2,4-
decadienal. The corresponding alkadienal with foegbons (2,4-pentadienal)
could be neither obtained from commercial sources prepared in the
laboratory. Instead of 2,4-pentadienal, 4-penteveed employed. 4-Pentenal is
also a lipid oxidation product and it has been ghdw be produced as a

consequence of lipid oxidation of pork meat (Petrkl, 2007), for example.
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Results

All assayed reactive carbonyls produced 3-hydroxgyes that differ in the
alkyl chain length present at position 2. Thus, etpnal produced 3-
hydroxypyridine, 2,4-hexadienal produced 3-hydr@aethylpyridine, 2,4-
heptadienal produced 2-ethyl-3-hydroxypyridine, aondon. As observed in the
Figure 37, the amount of 3-hydroxypyridines produced wasedint for each
alkadienal. The highest yield was obtained with-tggadienal and this yield

decreased linearly {r= 0.99,p = 0.997) as a function of the alkadienal chain
length.

As observed, the amount of 3-hydroxypyridine preglby 4-pentenal was
far from the regression line, which is likely a seguence of the different

chemical structure of this aldehyde in relatiothat of 2,4-alkadienals.

Pyridine (nmol/umol L