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Abstract: Formaldehyde is generated via the biochemical and chemical pathways, and it widely
exists in foods. Its chronic exposure causes carcinogenic, neurotoxic, reproductive, allergic,
immunological, genetic and respiratory toxicities. However, food-sourced formaldehyde is usually
neglected due to its rapid metabolism after intake. Compared with its residual level in processed
foods, a large proportion of formaldehyde disappears because of its high reactivity. Nevertheless,
its elimination reaction mechanism and the potential consequences remain unclear. In this review,
the disappearing pathway of formaldehyde from two aspects, the formation of formaldehyde-
derived toxins and aromas, was reviewed. This review article may help food scientists take
appropriate strategies to use the beneficial reactions of formaldehyde or divert its harmful effects to
beneficial ones.
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1. Introduction

Formaldehyde is the simplest, smallest and most reactive aldehyde with high toxicity. It is an
important metabolic intermediate physiologically produced in all cells [1]. In food raw materials,
formaldehyde is generated through methanol oxidation catalysed by alcohol dehydrogenase,
catalases and cytochrome P450 enzymes [2]. Methanol can be sourced from the demethylation of
DNA, RNA, histone [3] in all living beings and pectin [4] in plants. Formaldehyde is also produced
by methylamine deamination, glycine oxidation, glycine cleavage system in animals, oxidation of
trimethylamine in fish and decomposition of lentinic acid in shiitake mushroom [5]. In processed
foods, formaldehyde can be produced using carbohydrates, lipids, ascorbic acid, and amino acids as
precursors during food processing, especially from the direct cleavage of a-dicarbonyl compounds
or their Strecker degradation [6]. The multiple formation pathways make it ubiquitously exist in
various foods.

Acute formaldehyde exposure causes irritation and injury the skin, eyes and upper respiratory
mucosa. Chronic exposure of formaldehyde induces genetic toxicity, neurotoxicity, reproductive
toxicity, and respiratory damage [6]. Continuous long-term low-dose of formaldehyde inhalation
impairs the learning and memory functions, and induces patho logical changes in the lung and liver
[7]. Formaldehyde causes nasopharyngeal cancer and leukemia in humans, and has been classified
as a Group [ carcinogen for humans by the International Agency for Research on Cancer (IARC)
in 2004 [1]. Its maximum daily dosage established by the WHO is between 1.5 and 14 mg g-! of body
weight [8].

However, the risks of free formaldehyde in foods are seldom considered because of its rapid
metabolism to formic acid by dehydrogenase in humans after intake [9]. EFSA (2014) demonstrated
that food-sourced formaldehyde is negligible compared with its high turnover in the body, reaching
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878-1310 mg/kg bw per day [1]. In accordance with the endogenous situation, most of the formed
formaldehyde in foods is eliminated rapidly after its formation during processing. Formaldehyde can
be removed via evaporation, as well as the reaction with other food components because of its high
reactivity [6]. However, the knowledge of its specific disappearance mechanisms is limited.

In addition to discuss the toxic effects of formaldehyde, this review article focused on the
disappearing pathway of formaldehyde from two aspects, the formation of formaldehyde-derived
toxins and aromas in foods. We believe that a comprehensive understanding of formaldehyde from
positive and negative view may help food scientists take strategies to transform its adverse effects to
beneficial effects.

2. Toxic Effects of Formaldehyde
2.1. Acute Toxication

Acute inhalation exposure of formaldehyde (in the form of formalin) affects the eyes, noses,
throats, skin, upper and lower respiratory tract [10]. Formaldehyde corrosion in eyes induces burning
sensation, lacrimation, conjunctivitis, corneal clouding, and even loss of vision. It also irritates the
upper respiratory system and causes bronchial asthma, pneumonia, pulmonary edema, and
bronchospasm [10]. An acute short-term exposure of formaldehyde causes a rapid decline in vascular
function in the upper extremities and an increased oxidative stress [11]. Acute oral exposure to
formaldehyde has been found to cause DNA damage, apoptosis, and central nervous system injury
in the rabbits [12]. High level of formaldehyde caused rapid fixation of blood and acute circulatory
disturbance, thus damage almost each organ in a case of human. In a woman who died after
accidentally drinking formalin, formaldehyde level in the blood and stomach reached 36.56 mg/kg
and 274.48 mg/kg, respectively. This high level of formaldehyde caused rapid fixation of blood and
protein coagulation in tissues. The anatomical examination showed that the organs exhibited extreme
changes. These changes include the congestion in stomach, liver, kidneys, spleen and pancreas,
intestinal and brain oedema, trachea and lung haemorrhage, and cardiomyocytes necrosis [13].

2.2. Chronic Toxication

The high reactivity of formaldehyde together with its high permeability into cells make it easily
modify proteins as well as nucleic acid. Formaldehyde is a well known cross-linking agent that can
modify the proteins, including nucleoprotein. It reacts with amino groups in proteins to produce a
methylol adducts that is dehydrated to yield a labile Schiff-bases (Mannich base). This intermediate
can react with the proximal amino acid residues, including lysine, cysteine, arginine, and tyrosine,
and results in an intra- and extra- crosslinking of the proteins [14,15]. This cross-linking of proteins
and other macro biological molecules may mainly contribute to its chronic toxicity. It was found that
chronic occupational exposure to formaldehyde expressed deleterious effects on different organs in
humans, including lung, upper respiratory tract, bone marrow and brain [16]. Chronic exposure can
produce carcinogenic, neurotoxic, reproductive, allergic, immunological, genetic and respiratory
toxicities.

2.2.1. Carcinogenesis

Dozens years ago, an investigation of more than 25000 formaldehyde workers in 10 plants
indicated that nasopharyngeal cancer markedly increased compared with the ordinary people. Based
on toxicological and epidemiological data from nasopharyngeal cancer and leukemia studies
obtained in workplaces, sufficient evidence confirmed a linkage between formaldehyde exposure
and nasopharyngeal cancer, nasal and paranasal cancer, and leukemias [17]. Therefore, IARC
classified formaldehyde as human carcinogen (Group [) for nasopharyngeal cancer in 2004 and
leukemia (especially myeloid leukemia) in 2012 [17,18]. Due to taking careful protective measures in
the working places, recent epidemiological data suggest that the correlation between formaldehyde
occupational exposure and the occurrence of cancer is limited [18].
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2.2.2. Genotoxicity and Mutagenicity

Formaldehyde can react with DNA and displays genotoxicity during mutation tests in in vitro
and in vivo [19]. The National Institute for Occupational Safety and Health (NIOSH), American
Conference of Governmental Industrial Hygienists (ACGIH), and Occupational Safety & Health
Administration (OSHA), all advised that exposure level of formaldehyde above the exposure limits
exhibit adverse effects on the biomarkers of genotoxicity [16]. These biomarkers include sister
chromatid exchanges, DNA-protein cross-links, and micronucleus frequency, which play an
important role in the carcinogenicity. The primary DNA alternations after formaldehyde exposure
are DNA-protein crosslinks and mutation in the phosphorylation of the tumour suppressor p53 [20].
Formaldehyde increased DNA-protein crosslinks, sister-chromatid exchanges, micronuclei
frequency, and cytotoxicity in V79 Chinese hamster cells in a concentration-dependent manner [19].
In accordance, human studies on occupational formaldehyde exposure also showed increases in
DNA damage, micronucleus formation, sister chromatid exchanges and chromosome aberrations in
peripheral lymphocytes and nasal mucosa [19]. Sister-chromatid exchanges, an index of DNA
replication product interchanges between sister chromatids, markedly increased in peripheral blood
lymphocytes from 57 pathologists with occupational exposure to formaldehyde (55.2 pg/md) in
comparison with the controls [21]. Also, DNA mono-adduct and DN A—protein crosslinks are present
in all tissues of rats after inhalation exposure to 1, 30, and 300 ppb formaldehyde for 28 days [22].
These findings confirmed the genotoxic effect of formaldehyde in humans.

Formaldehyde also induces mutagenicity. Gaseous exposure showed direct, time-dependent
and dose-dependent mutagenic activity in five Salmonella typhimurium test strains (TA98, TA100,
TA1535, TA102 and TA1537) [23].

2.2.3. Respiratory and Lung Toxicity

Epidemiological studies have shown significant relationship between formaldehyde exposure
levels and the incidence, as well as the severity of various respiratory diseases. Formaldehyde causes
inflammation in the respiratory tract via oxidative stress, immunological activation, airway
remodelling, aggravating preexisting pulmonary inflammation, and compromising lung function
[24]. Formaldehyde damages respiratory epithelial cells that leads to loss of function [16]. For
example, emphysema occurred in rabbits after formaldehyde exposure. Histological observation
revealed a ciliated shedding of nasal mucosal cells, vascular congestion, subepithelial edema, cell
proliferation, peribronchial lymphocyte infiltration [25]. Formaldehyde induces dose-dependent
oxidative stress, which is detrimental to respiratory tissues and has time-dependent carcinogenic
effect in the upper respiratory tract. Oxidative stress occurred during occupational air-formaldehyde
exposure at a level lower than 0.10 ppm, which is regulatory limit of air-formaldehyde exposure in
occupational settings [25].

2.2.4. Neurotoxicity

Epidemiological studies have shown that work-related exposure to formaldehyde results in
headaches, anxiety, fatigue, sleep disorders, and cognitive disorders [26]. In several pathological
conditions, including Alzheimer’s disease, an increase in the expression of formaldehyde-generating
enzymes and elevated levels of formaldehyde in brain have been reported [27]

Formaldehyde affects neurological function through non-enzymatic condensation with
neuramines, catecholamines, and indoleamines to form tetrahydroisoquinoline and tetrahydro-beta
carboline (THBC), respectively. In mice, THBC has been shown to cause loss of passive avoidance
retention and reduction in spontaneous motor activity [28]. Through meta-analysis and
bioinformatics analysis, formaldehyde may mediate Alzheimer’s disease, Parkinson’s disease (PD),
amyotrophic lateral sclerosis (ALS), and brain cancer by regulating the dysregulation of folate
metabolic pathways [29]. Moreover, formaldehyde cross-links amyloid-beta (A) monomer to form
A dimer, oligomers, and fibrils. These aggregation products induced neurotoxicity and have been
regarded positively correlated with the degree of dementia in Alzheimer’s disease patients [30].
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Formaldehyde still affects memory, learning, and behavior. Hippocampus is an area related to
learning and memory consolidation [31]. It is well established that this neurotoxin affects the CA1
and CA3 regions of the hippocampus, which play crucial roles in memory consolidation [31].

2.2.5. Reproductive and Developmental Toxicity

In male rats and mice, formaldehyde reduces sperm counts and increases rates of deformed
sperm cells, leads the sperm malformation, increases the bone marrow micronucleus rate, damages
testicular tissues and decreases the levels of serum testosterone [32]. Formaldehyde induces
chromosome and DNA damage, oxidative stress, altered level and/or function of enzymes, hormones
and proteins, apoptosis, toxicogenomic and epigenomic effects, which all contribute to reproductive
toxicities [32].

In female mice, formaldehyde causes histological alteration in ovary and uterus, including
irregular estrous cycles, damaged and smaller oocytes and fewer mitochondria and fibrosis in
reproductive tissue [32,33]. The expression of Fas gene and the enhancement of caspase activity may
be an important mechanism of formaldehyde-induced ovarian toxicity in female animals. The
expression of Fas gene and caspase-8 mRNA and the activities of caspase-8 and caspase-3 in the
ovarian tissue of formaldehyde-exposed animals were significantly higher than those of the control
groups, and increased with the increase of dose [34].

In humans who suffer from occupational exposure to formaldehyde, increases in menstrual
disorders and infertility have been observed [32] Formaldehyde also shows developmental toxicities,
including spontaneous abortion, stillborn births, congenital malformations and other structural
abnormalities, low birth weight and premature births [32]. A significant linear trend has been found
that the increasing of serum formaldehyde concentration level led to the increasing risk of
miscarriage among 118 women with a diagnosed miscarriage and 191 healthy women [35]. Maternal
formaldehyde exposure during pregnancy increases the risk of spontaneous abortion, and congenital
heart malformations by 24% [33].

Moreover, formaldehyde exhibits allergic effect. Formaldehyde and its releasers (agents that
release formaldehyde after usage) are usually present in cosmetics, pharmaceuticals, household
detergents, and industrial applications including adhesives, paints, lacquers and metalworking fluids
[36]. They can induce contact allergy and allergic contact dermatitis. In 1950s, the incidence occurred
as high as 3.9 % in Western Europe and North America and it decreased to 1.5%~2.5% at the present
[37].

Although formaldehyde exhibits various deleterious effects for humans and animals, the
beneficial effects of this endogenous generation compound arouses attention in recent years. It has
been found that the low concentration of formaldehyde increases human melanoma cell proliferation,
MAPK pathway activation, and support the survival of one-carbon-cycle-defective cells recently [38].

3. Formaldehyde-Derived Harmful Compounds

Apart from its own toxicity, formaldehyde can be transformed to other harmful compounds
during food processing, including heterocyclic aromatic amines, methylimidazole, advanced
glycation-end products, N-nitrosamines, acrolein and acrylamide.

3.1. Participation of Formaldehyde in the Formation of Heterocyclic Aromatic Amines

Heterocyclic aromatic amines are highly mutagenic and carcinogenic substances. They are a
group of cluster compounds that have a heterocyclic structure commonly comprising three aromatic
cycles with nitrogen atoms and can be divided into two groups, aminoimidazoazaarenes and amino
carbolines, or five-membered amines of a heterocyclic and six-membered amines of a heterocyclic
nature [39]. Four types of heterocyclic aromatic amines are produced at a higher extent under
processing and cooking conditions [40], including 2-amino-3-methylimidazo [4,5-f]quinoline (IQ), 2-
amino-3,4-dimethyl-imidazo  [4,5-f]quinoline  (MelQ), 2-amino-3,8-dimethyl-imidazo  [4,5-
flquinoxaline (MelQx) and 2-amino-1-methyl-6-phenylimidazo [4,5-b]pyridine (PhIP). All of them
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have an imidazole ring and a pyridine or pyrazine ring (Figure 1). Pyrazines are produced via
Strecker degradation between a-dicarbonyl compounds and amino acids, whereas pyridines have
been recently proposed by cyclization and oligomerization of short-chain reactive aldehydes with
ammonia and ammonia-producing compounds [41].

The formation of three types of heterocyclic aromatic amines requires formaldehyde (Figure 1).
IQ heterocyclic aromatic amines use creatinine (from creatine) as the precursor, which reacts with
pyridine or pyrazine along with formaldehyde to generate IQ, IQx and MelQ (Figure 1A). Given the
participation of formaldehyde, creatinine also reacts with phenylacetaldehyde (from phenylalanine)
to generate PhIP-type heterocyclic aromatic amines (Figure 1B). However, the accurate formation
mechanism remains unknown. Hidalgo and Zamora [42] proposed a more detailed formation
pathway (Figure 1C), in which other reactive carbonyl compounds are involved in their formation,
including acrolein and methylglyoxal (Figure 1C).

Moreover, formaldehyde plays a role in the generation of norharman (Figure 1 4D). In this
pathway, formaldehyde reacts with tryptophan via the Pictet-Spengler reaction to generate
tetrahydro-f-carbolines (THBCs). THPRCs can be formed under moderate conditions, and up to 500
mg/L THPBCs has been detected in foods [43]. Under thermal processing conditions, THBCs can be
oxidized to generate norharman [44].
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Figure 1. Participation of formaldehyde in the formation of heterocyclic aromatic amines.
3.2. Participation of Formaldehyde in the Formation of Methylimidazole and Imidazole-Type Advanced
Glycation End Products

Methylimidazoles, including 2-methylimidazole and 4(5)-methylimidazoles, are produced by
Maillard reaction in thermally processed foods and beverages [45]. They are classified as ‘possibly
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carcinogenic to humans’ (2B) by the IARC in 2011 [46], and proved to induce hyperexcitation,
convulsions and anaemia in animals [47]. Methylimidazoles can also decrease sperm mobility by
disrupting the blood-testis barrier integrity [48]. The precursor of methylimidazoles is
methylglyoxal, which is produced from glucose degradation via the Maillard reaction and
caramelization. Two formation pathways of methylimidazoles have been proposed, and
formaldehyde is involved in each pathway. The first pathway is the ammonolysis reaction proposed
by Moon and Shibamoto [49]. The ammonolysis of methylglyoxal produces formamide, which
subsequently reacted with 2-aminopropanal (produced from the reaction of formaldehyde with
acetamide) to produce 4- or 5-methylimidazole. The second one is based on the Debus-Radziszewski
imidazole synthesis (Figure 2A), in which methylglyoxal reacts with ammonia to generate an
intermediate and then with formaldehyde to generate methylimidazoles [45,50].

HsC H

(EO 2NH;  2H,0 H;C H>:O H;C 2H,0
A \ N NH =N~y / (\ bl
0 \
methylglyoxal NH N_/ methylimidazole
i Lysine
-H,O H H
B 0 _ — 2. N - _
H>: * Lys—NH, =—— _°0 “Lys Lys NH\/N Lys
Formaldehyde Lysine Mannich base
(o) i R R=H, gl 1
~ HO R /4< =H, glyoxa
R HO _2H0 R=CHj, methylglyoxal
P N—— /NQ/ \Lys
N\/N\ LyS + R:H2C—|_|_CH20H , 3-DG
s7 Lys MOLD, GOLD, OHOH
or DOLD

Figure 2. Participation of formaldehyde in the formation of 4(5)-methylimidazole (A) and imidazole-
type AGEs (B).

Dietary advanced glycation end products (dAGEs) are complex and heterogeneous compounds
derived from nonenzymatic glycation reactions during food processing and cooking, they are closely
associated with various chronic diseases like endogenous AGEs [51]. 1,2-Dicarbonyl compounds,
such as glyoxal and methylglyoxal, are key precursors of d AGEs. They react with lysine and arginine
residuals to produce various AGEs, such as carboxymethyl lysine, imidazolium cross-link glyoxal
lysine dimer (GOLD), carboxyethyl lysine, methylglyoxal lysine dimer (MOLD), etc. [52]. Amongst
them, GOLD, MOLD and DOLD are formed by the participation of a C 1 unit (Figure 2B), with a
structure similar to methylimidazoles. Brinkmann et al. [53] proposed a pathway for their formation.
During the reaction, one molecule of glyoxal or methylglyoxal reacts with the amino groups to
generate diamine and then with another dicarbonyl compound. After oxidation to release a molecule
of formic or acetic acids and then dehydration, an imidazolium end-product with a C 1 unit is formed.

Formaldehyde can be generated exogenously in foods and endogenously in humans [6].
Considering that formaldehyde can react with amino groups easily along with dicarbonyl
compounds (at a physiological temperature) to generate imidazole salts [6,54], here we propose an
alternative way to generate GOLD, MOLD and DOLD as shown in Figure 2B. In this pathway, e-NH-
of lysine residual reacts with formaldehyde to generate a Mannich base intermediate, and another
lysine residual reacts with Mannich base to form an intermediate with two imino groups. Both imino
groups simultaneously attack the two carbonyl carbons of dicarbonyls and then dehydrate two water
molecules to generate imidazoles.

3.3. N-Nitrosamines

N-nitrosamines are a class of mutagenic and carcinogenic compounds characterized by a nitroso
functional group, which is attached directly to a nitrogen atom; the amino nitrogen lone-pair
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electrons are delocalized into the m-electron system of double-bonded oxygen with two major
contributing resonance forms. They are commonly found in drinking water, tobacco smoke, food,
and household products [55]

Nitrosation is favourable under acidic conditions. However, under neutral and basic conditions,
formaldehyde can efficiently catalyse the nitrosation of secondary amines to generate N-nitrosamines
[56,57]. In this pathway, the secondary amines react with formaldehyde to give an iminium ion
intermediate, which then reacts with nitrite to yield a nitrosamine coupled with the elimination of
formaldehyde (Figure 3A). Formaldehyde markedly increased nitrosamine formation. In the
presence of 0.05 M formaldehyde, nitrosamine formation from dimethylamine increased by 110% at
pH 3.0, 170% at pH 3.5, 240% at pH 4.0, 1700% at pH 5.0 and 2000% at pH 6.0 after 3.5-h incubation
at 37 °C [58].

The catalytic efficiency of formaldehyde is influenced by amines. At pH 7, the presence of
formaldehyde enhanced N-nitrosamine formation by a factor of 26, 29, 10, 152 and 5 from
dimethylamine, methylethylamine, diethylamine, pyrrolidine and morpholine, respectively [59].

Moreover, formaldehyde can directly react with amino acids, such as cysteine, serine and
threonine, to generate N-nitrosamines. During their formation, formaldehyde reacts with the amino
group to produce a Mannich base, which reacts with the SH group in cysteine or the OH group in
serine (Ser) or threonine (Thr) to generate heterocyclic carboxylic acids [60]. The heterocyclic
carboxylic acids are readily nitrosatable under acidic conditions, and they react with nitrite to
produce various N-nitroso compounds [61]. In stead of catalysis, formaldehyde is involved in the
molecules of N-nitrosamines in this formation mechanism (Figure 3B). Under neutral or basic
conditions, we hypothesized that the imino groups in the heterocyclic carboxylic acids can further
react with a formaldehyde molecule to form iminium ion, which then reacts with nitrite to generate
N-nitrosamines (Figure 3B). Considering that formaldehyde can greatly increase the formation of N-
nitrosamines [58,59], this mechanism may induce the production of a large quantify of N-
nitrosamines from the above-mentioned amino acids during thermal processing of foods. Moreover,
1,2-dicarbonyl compounds have been reported to generate formaldehyde, especially under basic
conditions [6]. Therefore, typical dicarbonyl compounds, such as glyoxal, methylglyoxal and 1-
deoxyosone ubiquitously existing in foods, may also promote N-nitrosamine formation in the
presence of nitrite.
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Figure 3. Catalytic mechanism of formaldehyde in N-nitrosime formation from primary amines (A)
and amino acids (B).

Apart from the participation of the above-mentioned harmful compounds; formaldehyde can be
converted to acrolein; a highly toxic agent that promotes the occurrence and development of various
diseases; including cardiovascular disease; alcoholic liver disease; Alzheimer’s disease; diabetes;
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aging and chronic obstructive pulmonary disease [62,63]. The cross-condensation of formaldehyde
and acetaldehyde yields acrolein; which easily occurred and was the first commercial synthesis
method of acrolein discovered in 1942 [64]. In thermally processed foods; acrolein can be converted
to acrylic acid and then generate acrylamide. Acrylamide was classified as a priority control
contaminant by the US Environmental Protection Agency; as a group 2A carcinogen by IARC. It
caused neurotoxicity; reproductive, developmental toxicity and carcinogenicity [65,66]

4. Flavour Formation in Foods

Although formaldehyde is a toxic contaminant and produces derivative harmful compounds in
foods, it still plays a role in flavour formation, especially heterocyclic aromas, including oxygen-,
sulphur- and nitrogen-containing ones [67]. Here, we take furanones, pyrazines and thiazolidines as
the sample of formaldehyde formation of oxygen-, sulphur- and nitrogen-containing heterocyclic
aromas.

2.1. Participation of Furanone Formation

Furanones are five-membered heterocycles that play an important role in the formation of food
flavours. The main furanones include 4-hydroxy-2,5-dimethyl-3(2H)-furanone (HDMF), 5-ethyl-4-
hydroxy-2-methyl-3(2H)-furanone and 5-methyl-4-hydroxy-3(2H)-furanone [68]. HDMF (furaneol),
which has a caramel-like, sweet and fruity aroma, is an important flavour compound contributing to
the sensory properties of various natural and processed foods such as pineapple, tomato and grape,
as well as roasted coffee, roasted almond, baked goods, beef broth, roasted beef, stewed beef and soy
sauce [69,70]. HDMF formation is shown in Figure 4. Under thermal conditions, pentose (xylose and
arabinose) forms 1-deoxyosone, which reacts with formaldehyde via aldol-type condensation to
generate an intermediate containing six carbon atoms. The enolization and dehydration of pentose
produce cyclic intermediate acetylformoin, which results in HDMF after reduction, enolization and
water elimination [69].

Chain elongation of pentose degradation products by formaldehyde leads to other furan flavour
compounds. For example, 1-(2-furanyl)-ethanone, a flavour compound found in fish sauce, cooked
oyster, dry-cured beef and roasted fish [71-74], is also derived from 1-deoxyosone. After
isomerization, aldolization reaction with formaldehyde and dehydration, 1-(2-furanyl)-ethanone is
formed from 1-deoxyosone (Figure 4) [16]. Moreover, the dehydration product of furfural can react
with formaldehyde to generate 5-methylfuran-2-carbaldehyde [75], a compound with a sweet
caramel-like aroma [76].

OH fe)
o )L OH HzO o, OH
o/ OH \
OH OH > o
pentose 1- deoxyosone acetylformome HDME
| o
OH o )L
|
HO
o 1-(2-furanyl)ethan-one
¥ @)
H,O
HO O 2 O
\(\E AL' \O / H)LH o o /O H,O o /O
oH © / W W
3-deoxyosone furfural

5-methylfuran-2-carbaldehyde

Figure 4. Participation of formaldehyde in the formation of furanones and methylfuran-2-
carbaldehyde.
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2.2. Formation of Pyrazines

Pyrazines are used as flavour ingredients and preservatives in foods. They have a common
structure composed of six-membered heterocyclic compounds containing two nitrogen atoms at para-
position. Natural pyrazines can be substituted at either the 2-, 3-, 5- and 6-positions with different
groups such as alkyl (mainly methyl and ethyl), methoxyl, acyl, sulphur-containing thiol or sulphide
groups [77,78]. Pyrazines are formed mainly during heating of foods, and they are widely found in
popular foods such as coffee, cereal products, meat products and wine [78].

There are two major mechanisms underlying pyrazine formation: Strecker degradation and
ammonia/acyloin reaction. During thermal processing of foods, pyrazines are formed using
dicarbonyl compounds as the precursors produced in the Maillard reaction. The dicarbonyl
compounds react with amino acids through Strecker degradation to produce the unstable Schiff base,
which is rapidly decarboxylated and hydrolysed to produce a-aminocarbonyls (aminoketones or
amino aldehyde). Then, they condense to yield unstable dihydropyrazines. The dihydropyrazines
are easily oxidized to pyrazines via an oxidative route, or they react with carbonyl or an aldehyde
group to form stable alkylpyrazines via a non-oxidative route (Figure 5) [78,80]. Except for proline,
pyrazines can be formed from other 19 amino acids via the pathway of Strecker degradation [81].

Non oxidative route

0 Strecker o
% reaction i )i j/ )i H )i L
O R-NH2 §7NH2
-H o)

2-aminopropanal [0] vmylpyrazme

Oxidative route j

Ly II%LI

tetramethylpyrazine trimethylpyrazine

Figure 5. Participation of formaldehyde in the formation of pyrazine via Strecker degradation
between methylglyoxal and amino acids.

Pyrazines can also be formed via the ammonia/acyloin reaction in which the condensation of
acyloin (a-hydroxy ketones) and ammonia generates an a-amino ketone, which then condense to
yield dihydropyrazine, or via either the oxidative or non-oxidative route [82]. Acyloin (a-hydroxy
ketones) is a side product catalysed by pyruvate decarboxylase, which exists in many fungi, plants
and bacteria [83]. Therefore, this pathway is specific to pyrazine formation in living organisms.

Formaldehyde participates in pyrazine formation via the modification of pyrazine cycle. Firstly,
it incorporates into the side chain of the dihydropyrazine molecule to yield more highly substituted
pyrazines (Figure 5), including vinylpyrazine compounds [84], 2, 3, 5-trimethylpyrazine [80] and
tetramethylpyrazines [85]. This process was known as the non-oxidative route for pyrazine formation
[75,86]. If the precursor dicarbonyl compound is glyoxal, then formaldehyde can attach to each
carbon in the dihydropyrazine cycle [85].

Secondly, formaldehyde elongates carbon chain of dicarbonyl compounds that are involved in
pyrazine formation. 2,3,5-Trimethylpyrazine can be obtained from glyoxal and amino acids in the
presence of formaldehyde because of the conversion of glyoxal to methylglyoxal. Formaldehyde
attacks glycolaldehyde produced from glyoxal reduction and produces 2,3-dihydroxypropanal,
which is further dehydrated to 2-hydroxyacrylaldehyde and then transformed to methylglyoxal [87].
In petfood, formaldehyde greatly contributed to the formation of trimethylpyrazine and pyrazines
produced from 2, 3-butanedione that is derived from the aldol condensation of methylglyoxal and
formaldehyde [86].
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2.3. Thiazoles

Thiazoles are five-membered aromatic rings containing sulphur along with nitrogen. The most
important types of thiazoles are alkylthiazoles, acetylthiazoles and hydroxyethylthiazoles.
Alkylthiazole, such as 2,4,5-trimethylthiazole, can be found in meat, potato, coffee, cooked beef,
heated lamb and cooked chicken. It has a chocolaty, nutty, coffee-like aroma, with a meaty flavour
[67].

Sakaguchi and Shibamoto found that thiazolidine was detected in the reaction mixture of D-
glucose and cysteamine [88], which is generated from the reaction of glyoxal with cysteine [89].
Amine on cysteamine attacks the carbonyl group on formaldehyde; the protonation of the hydroxyl
group leads to the presence of a water molecule and carbocation. Another nucleophilic attack of the
thiolate on carbocationic carbon leads to the formation of a substituted thiazolidine (Figure 6A). The
amine of cysteamine can react with formaldehyde to produce a Mannich intermediate, which attacks
the SH group and results in a five-atom cycle, and then can dehydrogenate to form thiazolidine
(Figure 6B). Du found that cysteine can directly react with formaldehyde to generate thiazolidine
[90]. They proposed that the amine of cysteine undergoes nucleophilic reaction with formaldehyde
following a similar pathway to cysteamine. After cycling of the Mannich base, this intermediate
undergoes decarboxylation and then oxidizes (dehydrogenation) to produce thiazolidine (Figure 6C).

NH, O NH—
A Q/ —_ + —>(
s G
cysteamine formaldehyde \
N
(D
/ i
NH, NH & thiazolidine
C — Car - & —C
B SH H H SH SH S)

cysteamine formaldehyde HO  Mannich base

NH o) H0*

Hooc:q\/2 + L H* HN

c SH H H HOOC\Q/
SH

cysteine formaldehyde

-CO, HT\}—» (S’\\ﬁ

thiazolidine

N=~
HOOC\«/
SH

Figure 6. Participation of formaldehyde in the formation of thiazolines.

In addition to thiazolidine, formaldehyde participates the formation of other sulfur-containing
cyclic aromas, including thiophene, thiazoles and polysulfides. For example, 5-methyl-2-thiophene,
3-(methylsulfanyl) thiophene, 2-methylthiazole, 2,5-dimethyl-thiazole are derived from
formaldehyde [91,92]. Futhermore, formaldehyde easily reacts with hydrogen sulfide to generate
various polysulfides, including 1, 2, 5, 6-tetrathiacyclooctane, 3, 5-dimethyl-1, 2, 4-trithiolane, 1, 2, 5-
trithiepane, 4, 6-dimethyl-1, 2, 3-trithiane, and 1, 2, 3-trithiolane [93]. This type of sulfur-containing
compounds has low aroma threshold and contribute significantly to flavor [93].

5. Perspective

Formaldehyde is a toxic aldehyde that is related to various deiseases, including cancer.
However, food scientists seldom take concern about formaldehyde in foods because of its very low
level in processed foods, especially thermally processed ones. Considering that formaldehyde is
scarcely detected in heat-treated foods prepared from food materials with a high content of
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formaldehyde (fish, shiitake mushroom, etc.), this reactive aldehyde is supposed to be be converted
to other compounds. Therefore, future research should focus on three aspects. Firstly, elucidate its
formation mechanism and estimate its potential or actual formation level in thermally processed
foods. Secondly, conduct in-depth investigation on the transformation mechanism of formaldehyde
to other compounds, namely, its elimination pathway during food processing. Thirdly, strategies to
inhibit its formation must be taken, and take measures to divert the formation pathway of harmful
compounds to beneficial ones.
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