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ABSTRACT 
Honey presents exceptionally favorable conditions for a non-enzymatic glycation of proteins or 
Maillard reaction (MR), which is a complex network of chemical reactions which is favored during 
processing and storage and that often influence the quality and acceptability of honey. One of the 
organic compounds produced in the intermediate stages of MR that has been the subject of several 
investigations and controversies, due to its relationship with adverse effects on human health, is 5-
hydroxymethylfurfural (HMF), which has become an indicator of honey quality. Conversely 
melanoidins, polymeric molecules responsible for non-enzymatic browning and which have been 
related to beneficial effects due to the antioxidant and antibacterial properties of honey, are produced 
in the final stages of MR. The aim of this article is to provide a review on the formation as well as the 
positive and negative effects associated with the formation of HMF and melanoidins as MR products 
in honey.  
Keywords: honey; Maillard reaction; hydroxymethylfurfural; melanoidins. 
 
ÖZ 
Bal, proteinlerin enzimatik olmayan glikasyonu veya işleme ve depolama sırasında tercih edilen ve 
genellikle balın kalitesini ve kabul edilebilirliğini etkileyen karmaşık bir kimyasal reaksiyonlar ağı olan 
Maillard reaksiyonu (MR) için son derece uygun koşullar sunar. İnsan sağlığı üzerindeki olumsuz 
etkileri nedeniyle birçok araştırma ve tartışmaya konu olan MR'ın ara aşamalarında üretilen organik 
bileşiklerden biri de bal kalitesinin bir göstergesi haline gelen 5-hidroksimetilfurfural (5-HMF)'dir. 
Tersine, enzimatik olmayan esmerleşmeden sorumlu olan ve balın antioksidan ve antibakteriyel 
özelliklerinden dolayı faydalı etkileri ile ilişkilendirilen polimerik moleküller olan melanoidinler, MR'ın 
son aşamalarında üretilir. Bu makalenin amacı, balda MR ürünleri olarak HMF ve melanoidinlerin 
oluşumu ile ilgili olumlu ve olumsuz etkilerinin yanı sıra oluşumu hakkında bir inceleme sunmaktır. 
Anahtar Kelimeler: bal; Maillard reaksiyonu; hidroksimetilfurfural; melanoidinler. 
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GENIŞLETILMIŞ ÖZET 
Amaç: Bu makalenin amacı, balda MR ürünleri 
olarak HMF ve melanoidinlerin oluşumu ile ilgili 
olumlu ve olumsuz etkilerinin yanı sıra oluşumu 
hakkında bir inceleme sunmaktır. 

Google Scholar, PubMed ve ScienceDirect gibi 
sunucularda tam erişim sağlanan bilimsel 
makalelerde bu bilgilere başvurulmuştur. Dahil 
edilen anahtar kelimeler şunlardır: tatlı, Maillard 
reaksiyonu; hidroksimetilfurfural; melanoidinler. 

Giriş: Gıda endüstrisi, balın hidrasyon, viskozite, 
aroma, renk, higroskopiklik, karışabilirlik ve 
yayılabilirlik gibi bazı özellikleri desteklediği 
gözlemlendiğinden birçok farklı gıda ürününde bal 
kullanmaktadır (Otles, 2006). Ancak bal, Maillard 
reaksiyonu (MR) için son derece elverişli koşullar 
sunar. MR, genellikle gıda işleme veya depolama 
sırasında meydana gelen karmaşık bir kimyasal 
reaksiyonlar ağıdır (Martins ve diğerleri 2001). MR 
sırasında oluşan geniş ürün yelpazesi, gıdanın 
kalitesini ve tüketiciler tarafından kabulünü etkileyen 
bir öneme sahiptir (Martins ve diğerleri 2001, 
Bertrand ve diğerleri 2018). Organoleptik 
özelliklerde (aroma ve pigment oluşumu), protein 
işlevselliğinde ve sindirilebilirlikteki (Machiels & 
Istasse 2002, Lund & Ray 2017) değişikliklerin yanı 
sıra, MR ürünlerinin anti/pro-oksidan potansiyeli 
açısından sağlık üzerinde olumlu veya olumsuz 
etkileri olabilir. İmmünojenisite, alerjenite ve 
kanserojenite (Bertrand ve ark. 2018). Bu nedenle, 
bu reaksiyon gıda kimyasında en önemli olarak 
kabul edilir (Machiels & Istasse, 2002). 
Tartışma: Balda yüksek konsantrasyonda 
indirgeyici şekerler, glukoz ve fruktoz ve proteinlerin 
ve serbest amino asitlerin (özellikle lizin) varlığı, 
depolama sırasında ve bazı bal işleme adımlarında 
meydana gelen MR (Türkmen ve ark. 2006) için 
uygun koşullardır (Türkmen ve ark. 2006). Isıya 
maruz kalmayı gerektiren ve nihai ürünün daha 
homojen bir sunumunu sağlamak (Blidi ve ark. 
2017), viskoziteyi azaltmak ve paketleme sürecini 
kolaylaştırmak (Chua ve ark. 2014), kristalleşmeyi 
önlemek (Turhan ve ark. 2008) için tanıtılmıştır 
Escriche ve diğerleri 2009). Ayrıca ozmofilik 
mayaların yok edilmesi yoluyla fermantasyonun 
engellenmesi ve dolayısı ile (Subramanian ve 
diğerleri. 2007) raf ömrünü uzatılır (Guo ve diğerleri 
2011). Ancak ısıtma, HMF ve diğer bileşiklerin 
konsantrasyonlarını artırarak bal kalitesini doğrudan 

etkileyebilecek (Chua ve ark. 2014) bir işlemdir 
(Annapoorani ve ark. 2010). 

Sonuç: Çok sayıda reaksiyon yolu ve ürünü ile MR 
hala araştırma gerektirmektedir. Balın üretiminde ve 
sanayileşmesinde arılarda gözlemlenenin aksine 
balın insan sağlığına potansiyel olarak zararlı bir 
gıda haline getiren HMF konsantrasyonları hakkında 
bilgi bulunmamakla birlikte, balın kalitesini mümkün 
olduğu kadar uzun süre korumak amaçlanmaktadır. 
Toksik maddelerin üretimini önlemek ve balın 
antioksidan ve antibakteriyel özelliklerini güçlendiren 
arzu edilen bileşenleri oluşturmak yerine MR'nin 
oluşmasını önlemek veya yavaşlatmak. 
Melanoidinlerle ilgili olarak baldaki oluşumları 
hakkında çok az bilgi vardır. Bu nedenle hasat 
sonrası ısıl işlemlerin ve depolamanın bu bileşiklerin 
bileşimi üzerindeki etkilerini ve bunların balın besin 
değeri ve fonksiyonel özellikleri üzerindeki etkilerini 
belirlemek için daha fazla araştırmaya ihtiyaç vardır. 
 

INTRODUCTION 
Maillard reaction: The origin 
MR is a non-enzymatic browning reaction involving 
proteins and reducing sugars (Bertrand et al. 2018); 
where temperature, reaction time, water activity 
(Aw), pH, concentration and nature of the reagents 
in the food are important factors to consider (van 
Boekel, 2001). 

MR can be divided into three main stages. The first 
corresponds to the reversible formation of a 
glucosylamine and its Amadori or Heyns 
rearrangements. In the second, degradation of the 
Amadori and Heyns rearrangement products occurs, 
leading to the formation of aromatic heterocyclic 
compounds. In the third, polymerization of the 
reactive intermediates and production of 
melanoidins is observed (Machiels & Istasse 2002, 
Silvan et al. 2011). All stages are interrelated, can 
occur simultaneously and are affected by reaction 
conditions (Silvan et al., 2011). 

Although MR was first described by Louis Maillard in 
1912, a first coherent scheme was presented by 
Hodge in 1953 (Echavarría et al. 2012, De Oliveira 
et al. 2016). However, to facilitate its understanding, 
a modification of the scheme proposed by Zamora & 
Hidalgo (2005) is presented here. Figure 1 
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Figure. 1. General mechanism of Maillard reaction 
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First stage of MR is characterized by an initial 
glycosylation reaction (De Oliveira et al. 2016), a 
reaction that occurs when functional amino groups 
of free amino acids or amino groups of side chains 
of peptides and proteins condense with carbonyl 
groups of reducing sugars to form a Schiff base 
(Bertrand et al. 2018), with the release of a water 
molecule (De Oliveira et al. 2016). Schiff base 
obtained is in equilibrium with an N-glycosylamine, 
which will undergo a different rearrangement 
depending on the nature of the initial reducing sugar 
involved. If this is an aldose it will give rise to an 
aldosamine and then to the Amadori compound, a 1-
amino-1-deoxyketose; whereas a ketose will give 
rise to a ketosamine and then to the Heyns 
compound, a 2-amino-2-deoxyketose (Echavarría et 
al. 2012, Bertrand et al. 2018). This second reaction 
is irreversible and obtaining the Amadori and Heyns 
intermediates marks the end of the first MR stage 
(Bertrand et al. 2018), where no color changes are 
observed (Martins et al. 2001, Echavarría et al. 
2012;) and the nutritional value may be reduced due 
to decreased amino acid availability (De Oliveira et 
al. 2016). 

Second MR or propagation stage depends on the 
reaction conditions, such as pH, temperature and 
Aw (Bertrand et al. 2018). With respect to a system 
such as honey, the Amadori product degrades 
producing mainly a 1, 2-enolysis with the formation 
of furfural (when dealing with pentoses) or 
hydroxymethylfurfural (HMF) (when dealing with 
hexoses) (Martins et al. 2001). All these compounds 
are highly reactive, resulting in the carbonyl groups 
being able to condense with free amino groups, 
leading to the incorporation of nitrogen into the 
reaction products, while the dicarbonyl compounds 
react with the amino acids to form aldehydes and 
aminoketones. This reaction is known as Strecker 
degradation (Martins et al. 2001). Bertrand et al. 
(2018) concluded that Strecker degradation plays an 
important role not only in the generation of aromatic 
properties of the product but also in the browning 
itself. 

Finally, in the final stage of MR, condensation occurs 
between some of the formed products or with amino 
compounds to form brown pigments and polymers 
(Zamora & Hidalgo 2005). Meanwhile, amino acids 
could react with the unsaturated carbonyl molecules 
resulting in the formation of melanoidins (Bertrand et 
al. 2018). 

 

Hydroxymethylfurfural, really harmful? 
5-Hydroxymethyl-2-furaldehyde or, more commonly 
named, 5-hydroxymethylfurfural, consists of a furan 
ring containing functional groups: aldehyde and 
alcohol (Zirbes et al. 2013) and is formed at room 
temperature by dehydration of fructose in acidic 
media (Huidobro & Simal 1984). 

Since the 1950s, the presence of HMF has been 
identified in a wide variety of thermally processed 
foods, and depending on the production technology 
and storage, levels in foods vary considerably 
(Abraham et al. 2011). 

HMF formation in honey occurs naturally (Sanz & 
Sanz 1994) because the pH is set between 3.2 and 
4.5 for Apis mellifera (Karabagias et al. 2014) and 
from 2.5 to 3.8 for stingless bee honeys (Nordin et 
al. 2018), which is accelerated if the honey has been 
heated or stored at high temperatures (Sanz & Sanz 
1994). Thus, the concentration of HMF is in direct 
relation to the degree of heat or aging of honey 
(Khalil et al. 2010; Turkut et al. 2018). 

From harvesting to packaging, honey can be 
exposed to a series of conditions that cause, to a 
greater or lesser extent, the deterioration of its 
intrinsic qualities (Visquert 2015). HMF 
concentration is one of the parameters that can be 
controlled with good practices mainly during storage, 
where several factors influence its formation such 
as: the use of metallic containers, the environmental 
humidity, thermal and/or photochemical stress 
(Spano et al. 2006). 

European Union (EU 2002) and Codex Alimentarius 
have established that the HMF content of Apis 
mellifera honey after harvesting and/or blending 
should not exceed 40 mg/kg. However, in case of 
honey of declared origin from tropical countries or 
regions, as well as blends of these honeys, a 
maximum of 80 mg/kg is accepted (CXS 12 1981). 
Although stingless bee honeys are obtained in 
conditions of high humidity and temperature 
(Chuttong et al. 2016), Vit et al. (2004) suggested 
that for these honeys the maximum should be 40 
mg/kg, while the Malaysian Standardization 
Department has established that the maximum HMF 
content should be 30 mg/kg (Suntiparapop et al. 
2012). This is supported by researchers such as 
Sousa et al. (2016) and Biluca et al. (2016), who 
referred not to have detected quantifiable HMF 
concentrations in honeys of the Melipona genus 
from southern Brazil. De Almeida et al. (2013) 
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reported that low content of HMF in M. subnitida 
honey indicate that the samples were collected and 
stored under adequate conditions. 

This possible resistance to HMF formation in 
stingless bee honey can be explained by several 
factors, for example, the type of carbohydrates, 
higher glucose content instead of fructose, and 
higher Aw and acidity which slows down MR (Biluca 
et al. 2014). 

Considering the properties of honey, it is evident the 
need to prolong its shelf life without altering its 
nutritional and medicinal properties (Biluca et al. 
2014). For this purpose, some applied techniques 
such as dehumidification, heat treatment and 
refrigeration (Turhan et al. 2008), have been used, 
being demonstrated that heat treatment has been 
the simplest and most effective (Biluca et al. 2014), 
and although the content of high concentrations of 
HMF in honey is more related to prolonged storage 
in inadequate conditions than to its heating (Turhan 
et al. 2008), it is important to establish time and 
temperature parameters to avoid loss of honey 
quality not only related to HMF production, but also 
to the loss of its nutritional (Chua et al. 2014) and 
bioactive properties such as antioxidant (Šarić et al. 
2013) and antimicrobial (Libonnatti et al. 2014). 

Souza et al. (2010) reported that Melipona subnitida 
honey subjected to heat treatment at 70°C for 4, 8, 
16 and 24 hours caused a reduction in moisture 
content and total acidity, but increased the content 
of HMF and reducing sugars. Contrarily, Biluca et al. 
(2014), reported that HMF concentrations were not 
detected in 13 honey samples from stingless bees 
subjected to heat treatment of 75, 85 and 95° C for 
20, 40 and 60 seconds, oppositely to what was 
observed in A. mellifera honey when subjected to the 
same conditions. These results suggest that high 
temperature associated with a short heat treatment 
could be an effective way to prolong shelf life without 
affecting the HMF content in stingless bee honey. 

Effect of HMF on honey bee hives 
Honey production depends to a large extent on the 
health, survival and quality of honey bees. Naturally, 
the main source of carbohydrates for honey bees is 
the nectar flower collected. However, according to 
the apibotanical cycle of each region, food and 
nutrients decrease at certain times of the year. 
Therefore, beekeepers must use alternative sources 

to replace the carbohydrate supply of bees, such as 
sucrose, high fructose corn syrup, fruit sugars or 
invert sugars (Neupane & Thapa 2005).  

In any case, these sources are not safe due to the 
formation of HMF and its by-products, being a 
potential threat to bees (Neupane & Thapa 2005). As 
an example, in Belgium during 2009-2010 abnormal 
losses of bee colonies were observed and upon 
further analysis it was found that some of these 
colonies had been fed over winter with beet invert 
sugar syrup, which had a HMF concentration of up 
to 475 mg/kg (Zee & Pisa 2010). In fact, HMF 
present in bee feeding syrups during critical times 
could be a new factor involved in bee mortality, 
coupled with the invasive mite Varroa destructor and 
pathologies caused by the microsporidium Nosema 
spp and viruses (Zirbes et al. 2013). 

In the case of A. mellifera honey used as prop food, 
mainly in stingless bee colonies, when this is fresh 
HMF may be absent or in very low concentrations 
(Bogdanov et al. 1999) However, temperatures 
inside a hive normally exceed 20°C and can reach 
up to more than 40°C, at which time HMF 
concentration can reach 10 mg/kg honey (Gregorc 
et al. 2020). And while HMF concentrations <10-15 
mg/kg in honey pose little risk to bees, 
concentrations above 150 mg/kg can cause 50% 
colony mortality within 16 days to 19 days 
(Jachimowicz & El Sherbiny 1975) due to induction 
of lethal ulceration of the intestinal tract (Le Blanc et 
al., 2009). 

And although several studies confirm a toxic effect 
of HMF on bee health, more research is needed to 
evaluate the involvement of HMF in their mortality to 
determine the maximum concentration of HMF in 
their sustaining food (Zirbes et al. 2013). 

Negative effects of HMF on human health 
The detection of HMF in several food products 
prompted the evaluation of potential health risks 
taking into account dietary intake (Abraham et al. 
2011). In vitro studies indicate that HMF can be 
cytotoxic, mutagenic, carcinogenic and genotoxic 
(Capuano & Fogliano 2011) and thus the importance 
of controlling its concentrations in foods such as 
honey. However, most studies report this toxicity 
only at the preclinical level (Shapla et al. 2018), as 
presented in Table 1. 
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Table 1. Studies demonstrating the carcinogenic-mutagenic effect of HMF 

Associated metabolite Observed effect  Reference 

5-hydroxymethylfurfural Development of lipomatous renal tumors in 
rats. Schoental et al. (1971) 

5-hydroxymethylfurfural 

Chromosomal aberrations in a Chinese 
hamster V79-derived cell line constitutively 
expressing human sulfotransferase 
SULT1A1 and CYP2E1. 

Nishi, Miyakawa & Kato (1989) 

5-hydroxymethylfurfural 

Induction and promotion of foci of aberrant 
colon crypts (preneoplastic lesion) as a 
marker of colon cancer in rats. 

Archer et al. (1992) 

Zhang et al. (1993) 

Bruce et al. (1993) 

5-chloromethyfural Induction of hepatocarcinoma in male 
B6C3F1 rats. Surh  et al. (1994) 

5-sulfo-oximethylfurfural Induction of cutaneous papillomas in mice. Surh & Tannenbaum (1994 ) 

5-sulfo-oximethylfurfural Mutagenicidad en Salmonella typhimurium 
TA 104. Lee et al. (1995) 

5-hydroxymethylfurfural 

DNA damage in five cell lines possessing 
different levels of SULT1A1 activity (mouse 
L5178Y, no activity; Chinese hamster: 
V79-Hp-PST, high activity; V79, negligible 
activity; human: HEK293, highest activity; 
and Caco-2, low activity). 

Durling, Busk & Hellman (2009) 

5-hydroxymethylfurfural 

5-sulfo-oximethylfurfural 

Increased number of small intestinal 
adenomas and flat dysplastic lesions (flat 
ACF) in the large intestine of mice. 

Svendsen et al. (2009) 

2,5 bishidroximethylfuran Mutagenicity towards S. typhimurium 
TA100 expressing human SULT1C2 Glatt et al. (2011) 

2,5 dimethylfuran Genotoxicity in rat hematopoietic cells. Fromowitz et al. (2012) 

5- hydroxymethylfurfural 
Genotoxicity in hepatic and renal cells of 
FVB/N (FVB) mice expressing 
hSULT1A1/1A2. 

Høie et. al. (2015) 

 
Although information obtained from bioassays have 
deduced the toxicity potential of HMF, 
epidemiological studies or case reports on the 
possible association of HMF and cancer in humans 
is insufficient, so in addition is required data to 
corroborate this activity also in vivo (Morales 2008).
  

As HMF is a product of the non-enzymatic reaction, 
there is no fixed concentration in foods, and due to 
the various factors involved, its content varies even 
among foods of the same type. Nevertheless, honey 

is a safe food with respect to HMF concentration 
when compared to other processed food products 
that require higher processing temperatures as well 
as longer times and different additives (Shapla et al. 
2018). 
As an example, Turhan et al. (2008) demonstrated 
that nectar honey processed at 95°C for 90 min and 
at 90°C for 75 min showed HMF levels below 40 
mg/kg, while foods such as cookies baked at 300° C 
can contain up to 1100.1 mg/kg (Ameur et al. 2007); 
coffee up to 900 mg/kg roasted at 240°C (Murkovic 
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& Bornik 2007); bread between 3.4 to 176.1 mg/kg, 
depending on fermentation conditions, leavening 
agents added, crust and crumb thickness and type 
of bread (Ramírez et al. 2000).  

In addition, it should be considered that, except for 
countries such as Turkey and Germany with a 
consumption 1.246 and 1.034 kg per capita of 
honey, the world consumption does not exceed one 
kilogram (Sanchez et al. 2018), so it is unlikely that 
honey is a high risk factor to be considered. 

Positive effects of HMF on human health 
Although the adverse effects of HMF have been 
studied, some research indicates that, as an 
antioxidant, the HMF exhibits free radical 
scavenging capacity as well as significant protective 
effects on erythrocytes (Zhao et al. 2013) and 
hepatocytes (Wang et al. 2010) against reactive 
oxygen species (ROS) induced damage. 

Li et al. (2010) demonstrated that HMF could be a 
potent therapeutic agent against acute mountain 
sickness, high-altitude cerebral and pulmonary 
edema (HAPE) by observing that HMF increased 
mitochondrial membrane potential and decreased 
phosphorylated ERK levels in human umbilical cord 
cells. While in a murine model, pre-exposure to HMF 
significantly attenuated the extent of hypoxia-
induced blood-brain barrier (BBB) permeability and 
decreased the extent of neuronal damage in the CA1 
region of the hippocampus. 

Yamada et al. (2011) demonstrated that HMF acts 
as an inhibitor of allergic reactions at different 
stages, to inhibit basophil and mast cell 
degranulation, interfering with antigen-antibody 
cross-linking, antibody-receptor binding and 
blocking calcium influx in IgE-sensitized cells. 

Contrarily to studies demonstrating the 
carcinogenic-mutagenic effect of HMF, a study by 
Zhao et al. (2014) using the A375 cell line, indicated 
that HMF can induce apoptosis and G0/G1 arrest in 
DNA-damaged cells through the ROS mediated 
signal transduction pathway. 

Regarding the use of HMF for other pathological 
conditions, it has been observed that HMF exerts an 
anti-inflammatory effect by decreasing nuclear factor 
kappa B NFκB activator (Kitts et al. 2012), inhibiting 
xanthine oxidase activity (Li et al. 2010) thereby 
decreasing purine catabolism and uric acid 
production, and thus the risk of hyperuricemia 
(Hayden & Tyagi 2004).  

Tolerable daily intake (TDI) of HMF  
HMF is found in many foods, with the estimated 
intake ranging from 4 to 30 mg per person per day 
(Abraham et al. 2011). 

Many researches have revealed that the 
susceptibility of cells to HMF depends on the 
presence and expression levels of receptors, 
metabolism, structure and enzymatic activity 
(Shapla et al. 2018). At the preclinical level, no toxic 
effects have been observed at daily doses ranging 
from 80 to 100 mg/kg body weight (Zhao et al. 2014). 
Although the TDI for HMF has been established at 
132 mg/day using a 40-fold safety margin and 
Janzowski et al. (2000) 30-150 mg per person, in a 
study carried out in Spain with 268 students, a 
statistically significant level of SMF in plasma was 
found although the daily intake of HMF of the 
students throughout the day was 10-70 mg 
(Pastoriza et al. 2016). 

Currently, the European Food Safety Authority 
(EFSA) has set a threshold of 0.54 mg/day for the 
intake of furan derivatives used as flavoring agents 
in Europe (EFSA 2005). However, it should be noted 
that most of the experiments concerning the health 
effects of HMF have been conducted in vitro and in 
experimental animals. Therefore, it is not possible to 
determine a TDI based on the data available to date, 
which is why further research, especially at the 
clinical level, needs to be considered and assessed 
to update the TDI for HMF (Shapla et al. 2018). 

HMF mitigation in the honey industry 
There is no concrete strategy to mitigate HMF 
formation in honey due to numerous precursor and 
types of reaction orders involved. In addition to the 
fact that HMF is formed following a zero-order kinetic 
process in an exponential manner (Capuano et al. 
2008). However, knowing the positive correlation 
between elevated temperature-time and acidic pH 
parameters for HMF formation is that several 
strategies can be adopted to mitigate its formation 
(Gökmen et al. 2007). Indeed, since long storage 
periods lead to elevated HMF formation in honey 
(Khalil et al. 2010) shortening the storage period as 
well as decreasing the processing temperature in 
case honey is subjected to heat treatment can 
significantly decrease HMF formation (Al-Diab & 
Jarkas 2015). 
Even though more developed methods have been 
developed in recent years to mitigate HMF formation 
or to remove it from foods, including ultraviolet 
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irradiation, addition of phytochemicals, yeast 
fermentation, vacuum treatment microwave heating, 
non-thermal processing and formula adjustment 
(Lee et al. 2019), so far, there are few studies 
analyzing the effects of these technologies on 
physicochemical properties and sensory attributes in 
honey. 
What about melanoidins? 
Melanoidins are heterogeneous polymers of high 
molecular weight (5 kDa) that are formed in the final 
stage of MR (Tagliazucchi & Verzenolli 2014), 
absorb light at a wavelength of about 420 nm 
(Lindenmeier et al. 2002), and are largely 
responsible for the characteristic brown color of 
foods such as coffee, cocoa, bread or honey 
(Lindenmeier et al. 2002), which among other 
physical properties, make foods more palatable to 
consumers (Friedman 1996). 

A critical step for the formation of melanoidins 
appears to be the degradation of Amadori products, 
in which several highly reactive intermediate 
propagators are produced (furans, pyrroles, 
pyrazines, dicarbonyl compounds) which, through 
reactions with each other and with free amino groups 
of amino acids or proteins, ultimately lead to the 
formation of melanoidin polymers (Van Boekel 
1998). 
Although at present, researchers have not been able 
to fully describe the structure of melanoidins (Liu et 
al. 2020), three main types have been described: the 
first consisting of furan or pyrrole repeat units (Tressl 
et al. 1998); the second based on cross-linking of 
proteins with low molecular weight color compounds 
(Hofmann 1998); and the third based on sugar 
degradation products forming polymers by aldol 
condensation and/or intact carbohydrates 
(Cämmerer et al. 2002). 
Little information has been described on the 
occurrence and biological activities of melanoidins in 
honey; however, it appears to be an ideal natural 
system to study melanoidin formation and its 
influence on antioxidant activity by containing the 
main substrates for MR to occur (Brudzynski 2012). 
Identification of melanoidins and methods for their 
quantification are usually based on the following 
criteria: the degree of browning and color formation 
after heat treatment, the molecular size of the 
pigments and their antioxidant activity (Manzocco et 
al. 2000), observing extremely significant 
correlations between these parameters in honey 

(Brudzinsky & Miotto 2011a, Brudzynski & Miotto 
2011b, Brudzynski & Miotto 2011c). 
Positive effects of melanoidins on human health 
In the past, melanoidins were mainly perceived to 
cause a decrease in the nutritional value of foods, 
mainly due to the inactivation or destruction of amino 
acids or proteins or to the reduction of their 
absorption in the intestine following the inactivation 
of proteolytic enzymes (Martins et al. 2001, Silván et 
al. 2006), including trypsin (Ibarz et al. 2009).  
Although the undesirable influence of MR end 
products on food quality, melanoidins show a 
number of beneficial effects, acting as antioxidant, 
antimicrobial, antihypertensive, antiallergic and 
prebiotic agents (Silván et al. 2006, Rufián-Henares 
& Morales 2007a). Melanoidins also demonstrate 
the ability to bind metal ions (Rufián-Henares & 
Pastoriza 2009, Tagliazucchi & Verzenolli 2014) and 
are considered antimutagenic compounds and 
tumor growth inhibitors (Langner  & Rzeski 2013 as 
is presented in Table 2. 
With respect to honey, in several of their 
investigations Brudzynski & Miotto (2011a, b, c) 
have demonstrated strong correlations between the 
concentrations of melanoidins and phenolic 
compounds and thus with their antioxidant and 
antibacterial capacity. 
To date, the literature is contradictory on the levels 
of antibacterial activity of honey during storage, as 
some researchers have reported that exposure of 
honey to heat or prolonged storage resulted in a loss 
of antibacterial activity (Soliman et al. 2019), others 
found no correlation between time and antibacterial 
activity (Ríos et al. 2001). Therefore, Brudzynski 
(2012), concludes that the antibacterial and 
antioxidant activities of honey are influenced by the 
stages of MR (Brudzynski, 2012), since in the 
intermediate stage, where the generation of 
dicarbonyl compounds such as methylglyoxal, an 
important component in Manuka honey from 
Leptospermum spp. increases the antibacterial 
activity of honey (Adams et al. 2009, Mavric et al. 
2008), in the advanced stage, a decrease in 
antibacterial activity occurs, associated with 
increased protein cross-linking, the formation of 
polyphenol-protein complexes and their 
incorporation into melanoidins (Brudzynski 2012). 
Negative effects of melanoidins on human health 
Even though most research has shown that 
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melanoidins play a crucial role in different biological 
activities, and have diverse functional properties with 
potential benefits on human health (Diaz et al. 2020), 
recent studies have shown that melanoidins may 
exert a pro-oxidant activity, which may be related to 
the formation of radicals by a Fenton mechanism 
due to the presence of iron or copper cations (Ibarz 

et al. 2009). 
Wen et al. (2005) observed that the decrease of the 
antioxidant action based on the metal chelating 
activity of melanoidin is lost at high temperatures 
resulting in a gain of the cytotoxic pro-oxidant 
function.  

 
Table 2. Studies demonstrating some functional properties of melanoidins 

Effect Melanoidins source Results Reference 

Antimicrobial 

Reaction between 
food protein or 

glycine 
and lactose or 

glucose. 

Reduced adhesion and cell density 
of H. pylori in the gastric mucosa of 
mice. Hiramoto et al. (2004) 

Red wine 
Inhibition of in vitro growth of L. 
monocytogenes, Salmonella 
Enteritidis and E. coli. 

Goulas et al. (2018) 

Antioxidant 
Bread crust 

Activity as monofunctional 
glutathione-S-tranasferase inducers 
of "pronylated" proteins that are part 
of melanoidins. 

Lindenmeier, Faist & 
Hofmann (2002) 

Malt barley Radical scavenging capacity by 
metamyoglobin assay. Carvalho et al. (2014) 

Antihypertensive 
Coffe Inhibitory activity of angiotensin-I-

converting enzyme (ACE) in vitro 
Rufián-Henares & 
Morales (2007b) 

Red wine Inhibitory activity of angiotensin-I-
converting enzyme (ACE) in vitro. 

 
Goulas et al. (2018) 

Anti-allergenic 
Pigments derived 
from a reaction 
between xylose 

and glycine 

Induction of IFN-γ expression in 
mouse spleen cells and IL-12 in 
macrophages exposed with 
ovalbumin as allergen. 

Hayase et al. (2005) 

Antitumoral 

Glucose and 
L-proline purified 

Decreased organization and loss of 
microtubule integrity in MCF-7 
human mammary carcinoma cells. 

Marko et al. (2002) 

Soy sauce extract 

Significant suppression of cell 
growth in human colon carcinoma-
derived HCT-15 and human gastric 
carcinoma-derived AGS. 

Kamei et al. (1997) 

Prebiotic 

Bread crust Selective growth of bifidobacteria 
from bread crust. 

Borrelli & Fogliano 
(2005) 

Malt barley 

Significant divergence in gut 
microbiota profiles and sustained 
short-chain fatty acid production in 
barley malt-fed rats. 

Aljahdali et al. (2020) 
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Also, it has been observed that together with the 
chelation of Fe and Mg metal ions interfering with 
bacterial growth and survival (Rufián-Henares & 
Pastoriza 2009), the antibacterial action of 
melanoidins may be the result of the inactivation of 
bacterial proteins due to their binding to 
semiquinones/quinones, leading to a permanent 
destruction of cell membranes (Rufián-Henares & 
Morales 2008). However, it should be noted that 
these effects have also been observed during plant 
and seed development affecting the viability of the 
latter during storage (Narayana Murthy & Sun 2000, 
Rawel & Rohn 2010). Thus, although this 
antibacterial effect could be considered beneficial 
during the therapeutic application of honey in the 
healing of wounds, the same cytotoxic 
characteristics towards human cells would pose a 
potential risk (Majtan 2011). 
Therefore, although melanoidins have currently 
attracted much attention as a functional food 
ingredient, like polyphenols and other RM-derived 
products, they could also have dual (beneficial and 
potentially harmful) functions, depending on the 
balance (or lack thereof) between prooxidant and 
antioxidant activities (Brudzynski 2012). 
 
CONCLUSION 
MR with its multitude of reaction pathways and 
products still requires research. Although there is no 
information on HMF concentrations in honey that 
make it a potentially harmful food for human health, 
contrary to what has been observed in bees, in the 
production and industrialization of honey, the aim is 
to maintain its quality as long as possible, preventing 
MR from occurring or slowing it down to avoid the 
production of toxic substances and instead forming 
desirable components that potentiate the antioxidant 
and antibacterial properties of honey. With respect 
to melanoidins, there is little information on their 
formation in honey, so more research is needed to 
determine the effects of post-harvest heat 
treatments and storage on the composition of these 
compounds and their impact on the nutritional value 
and functional properties of honey. 
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