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1. Introduction

Milk and milk-based products undergo heat treatments necessary
to ensure microbiologically safe products before retail and consump-
tion ( van Boekel et al., 2010). During thermal processing and stor-
age, nonenzymic reaction between reducing sugars and amino group
of proteins, polypeptides and oligopeptides occurs, leading to the
formation of the Amadori products (APs) (Yaylayan &
Huyghuesdespointes, 1994). In milk, APs originating from the reac
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0308-8146/© 2016 Published by Elsevier Ltd.
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A B S T R A C T

Thermal treatments and storage influence milk quality, particularly in low lactose milk as the higher concentration of re-
ducing sugars can lead to the increased formation of the Maillard reaction products (MRPs). The control of the Amadori
products (APs) formation is the key step to mitigate the Maillard reaction (MR) in milk. The use of fructosamine oxidases,
(Faox) provided promising results. In this paper, the effects of Faox I were evaluated by monitoring the concentration
of free and bound MRPs in low lactose milk during shelf life. Results showed that the enzyme reduced the formation of
protein-bound MRPs down to 79% after six days at 37 °C. Faox I lowered the glycation of almost all the free amino acids
resulting effective on basic and polar amino acids. Data here reported corroborate previous findings on the potentiality of
Faox enzymes in controlling the early stage of the MR in foods.

© 2016 Published by Elsevier Ltd.
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tion of amino group with disaccharide lactose or other reducing sugars
are involved in further degradation promoting the formation of cross-
link products, α-dicarbonyls, hydroxycarbonyls, deoxyosones, such
as 1-deoxyosone or 3-deoxyosone, 1-amino-1,4-dideoxyosones and
Strecker degradation (Henle, 2005; Nursten, 2005). Also free amino
acids react in milk with reducing carbonyls, contributing to formation
of N-(1-deoxy-D-fructos-1-yl)-L-amino acids, or fructose-amino acids
which cause an overall reduction of milk nutritive value (Mossine &
Mawhinney, 2010; Pischetsrieder & Henle, 2012) and lead to the for-
mation of volatile off-flavor and undesired molecules (van Boekel,
1998).

According to the increase of thermal loading or to the prolonged
storage, Maillard reaction end products (MRPs) are formed. Even
though MRPs consumption has been related to several beneficial prop-
erties such as antioxidant activity (Bedinghaus & Ockerman, 1995),
chemopreventive activity (Somoza, 2005), antimutagenic actions
(Friedman, 1996), it has been also reported that their formation leads
to nutritional drawbacks (Hellwig & Henle, 2014). Indeed, MRPs in-
take has been also considered a risk factor for many disease and the
reduction of their formation before consumption could be of relevant
importance for human health (Delgado-Andrade, Seiquer, Navarro, &
Morales, 2007).

Different strategies to mitigate the formation of the MRPs begin-
ning from the very initial steps of the MR have been proposed (Troise
& Fogliano, 2013) and among them the use of encapsulation and en-
zyme technologies have been deeply investigated by our group (Fiore
et al., 2012; Troise, Fiore, et al., 2014).

Two FAD-fructosamine oxidase enzymes, namely Faox I and II,
isolated from Aspergillus sp were investigated due to their ability of
catalyzing the oxidative deglycation of low molecular weight APs to
yield deoxyglucosone and amino acids (Takahashi, Pischetsrieder, &
Monnier, 1997a, 1997b). After the catalytic cycle, reduced FAD is
oxidized by molecular oxygen with the concomitant release of one
molecule of hydrogen peroxide (Wu, Takahashi, Chen, & Monnier,
2000). These enzymes have a potential use in food industry in con-
trolling MRPs formation (Troise, Dathan, et al., 2014). It has been
demonstrated that they are able to promote deglycation of peptides
and/or small proteins when enzymes were added before glycation up
to 80%, whereas no substantial effects were observed when incubated
in a BSA-glucose system, likely due to the steric hindrance of the
protein (Capuano et al., 2007; Mennella, Borrelli, Vinale, Ruocco,
& Fogliano, 2005). Preliminary data obtained in a commercial UHT
low lactose milk incubated with and without Faox I and II at 37 °C
up to 17 days showed that protein-bound hydroxymethylfurfural (b-
HMF) was reduced of about 90% and Nε-(carboxymethyl)-L-lysine
(CML) of about 60% highlighting the strong potentiality of enzymatic
treatment as a tool for limiting MRPs formation (Troise, Fiore, et al.,
2014).

In this study the deglycating capacity of Faox I has been evaluated
by monitoring the formation of free Amadori compounds and the end
markers of MR, such as CML and bound fructose-lysine Nε-(2-furoyl-
methyl)-L-lysine (furosine) in low lactose milk. This commercial
product is becoming very popular due to the increase of self-perceived
lactose intolerance and to the pleasant sweet taste; however the pres-
ence of glucose and galactose, which are much more reactive than lac-
tose, can accelerate the formation of MRPs in respect to the conven-
tional milk thus altering the sensory and nutritional profile of the prod-
ucts. In low lactose milk, the presence of monosaccharides promotes a
more pronounced reactivity towards amino groups of protein and free
amino acids. This scenario represents the background for the forma-
tion of several MRPs (Jansson et al., 2014). Results show the ability
of Faox I in reducing low lactose milk glycation both looking at the
APs and at the molecules formed at the advanced stage of the MR.

2. Material and methods

2.1. Chemicals and reagents

Acetonitrile, methanol and water for high resolution mass spec-
trometry, solid phase extraction and tandem mass spectrometry were
obtained from Merck (Darmstadt, Germany). The ion pairing agents,
perfluoropentanoic acid for chromatographic separation and d4-ly-
sine were all obtained from Sigma-Aldrich (St. Louis, MO). N-(1-De-
oxy-D-fructos-1-yl)-L-phenylalanine and N-(1-deoxy-D-fruc-
tos-1-yl)-L-leucine, d4-CML and CML were obtained from Toronto
Research Chemicals (Toronto, Canada), while N-(1-deoxy-D-fruc-
tos-1-yl)-L-asparagine, N-(1-deoxy-D-fructos-1-yl)-L-histidine,
N-(1-deoxy-D-fructos-1-yl)-L-lysine and N-(1-deoxy-D-fruc-
tos-1-yl)-L-aspartic acid were synthetized according to established
protocols (Troise, Fiore, Roviello, et al., 2015). The calibration so-
lution for mass spectrometry recalibration (see “Amadori compounds
analysis” section) was obtained from Thermo Fisher (Bremen, Ger-
many).

2.2. Expression and purification of Faox I

Expression and purification of Faox I was performed according
to Troise, Fiore, co-workers (2014). Briefly, after expression in
BL21(DE3) cells (Novagen) 16 h at 20 °C in the presence of 0.1 mM
IPTG, Faox I was purified on a 1 ml HisTrap HP column (GE Health-
care Little Chalfont, UK) eluting in 110 mM imidazole , 20 mM Tris,
250 mM NaCl, pH 8.0. SenP2 protease cleaved protein was then con-
centrated and loaded on a Superdex 75 size exclusion column (GE
Healthcare, Little Chalfont, UK), yielding a highly purified protein as
monitored by SDS-Page and LC-ESI-MS. In order to check if purified
Faox I enzyme was protease-free, β-lactoglobulin (10



UN
CO

RR
EC

TE
D

PR
OO

F

Food Chemistry xxx (2016) xxx-xxx 3

mg/mL each, 0.2 M phosphate buffer, pH 8.0) was incubated at 37 °C
with Faox 1:100, 1:500, 1:1000 w:w, with trypsin 1:100, 1:500,
1:1000 w:w, and without any enzyme. In this latter case an equiva-
lent volume of buffer was added in control samples not containing the
enzyme. After 1 h, 3 h, 6 h, 1 day,4 days,7 days, samples were taken,
immediately frozen and stored at −20 °C until the analysis. Samples
were analyzed by SDS-PAGE and obtained data compared. No pro-
teolytic activity was monitored in samples incubated with Faox I en-
zyme, even at the high ratio of 1:100.

2.3. Low lactose model system incubation

Low lactose milk (lactose < 0.1% according to manufacturer nutri-
tion facts) was purchased in a local market. Faox I enzyme was added
at a protein ratio of 1:1000, whereas an equivalent volume of buffer
was added in control samples not containing the enzyme. Samples
were then mixed, aliquoted and stored at 37 °C up to 12 days. After
0, 6, 9, 12 days samples were taken, immediately frozen and stored at
−20 °C until the analysis.

2.4. Protein bound Maillard reaction products determination

Protein bound MRPs and total lysine were quantified according
to the procedure previously described (Troise, Fiore, Wiltafsky, et
al., 2015). Briefly, 4 mL of hydrochloric acid (6 M ) were added to
0.1 mL of each sample in a screw capped flask with PTFE septa. The
mixture was saturated by nitrogen (15 min at 2 bar) and hydrolyzed
in an air forced circulating oven (Memmert, Schwabach, Germany)
for 20 h at 110° C. The mixture was filtrated by polyvinylidene flu-
oride filters (PVDF, 0.22 Millipore, Billerica, MA) and 400 μL was
dried under nitrogen flow. Samples were reconstituted in 380 μL of
water and 10 μL of each internal standard d4-Lys (for lysine and furo-
sine quantification) and d4-CML (for CML quantification) was added
(10 μg/mL for each). Samples were loaded onto equilibrated Oasis
HLB 30 mg cartridges (Waters, Wexford, Ireland) and eluted accord-
ing to the method previously described, then 5 μL was injected onto
the LC-MS/MS system. Separation of furosine, CML, lysine and their
respective internal standards was achieved on a reversed – phase core
shell column (Kinetex C18 2.6 μm, 2.1 mm × 100 mm, Phenomenex,
Torrance, CA) using the following mobile phases: A, 5 mM perflu-
oropentanoic acid and B, acetonitrile 5 mM perfluoropentanoic acid.
The compounds were eluted at 200 μL/min through the following gra-
dient of solvent B (t in [min]/[%B]): (0/10), (2/10), (5/70), (7/70), (9/
90), (10/90). Positive electrospray ionization in MRM mode was used
for the detection by using an API 3000 triple quadrupole (ABSciex,
Carlsbad, CA). The characteristic transitions, the source parameters
and the nebulizing condition were optimized according to our previ-
ous paper (Troise, Fiore, Wiltafsky et al., 2015).

2.5. Amadori compounds quantification

Free Amadori compounds were quantified according to Troise,
Fiore, Roviello, et al. (2015), Troise, Fiore, Wiltafsky, et al. (2015)
with minor modification. For the chromatographic separation of APs
from their respective amino acids, the mobile phases consisted of
5 mM perfluoropentanoic acid (NFPA) in water (solvent A) and 5 mM
NFPA in acetonitrile (solvent B) by using the same gradient as previ-
ously described. The flow rate was set to 200 μL/min and the injec-
tion volume was 5 μL. The separation of APs was achieved through a
thermostated (30 °C) Kinetex 2.6 μm (100 × 2.1 mm) core-shell C-18
column (Phenomenex, Torrance, CA). The Accela 1250

UPLC system (Thermo Fisher Scientific, Bremen, Germany) was di-
rectly interfaced to an Exactive Orbitrap high-resolution mass spec-
trometer (Thermo Fisher Scientific, Bremen, Germany) and analytes
were detected through a heated electrospray interface (HESI) oper-
ating in the positive mode and scanning the ions in the m/z range
60–400. The resolving power was set to 50,000 full width at half maxi-
mum (FWHM, m/z 200) resulting in a scan time of 1 s. All the parame-
ters were optimized according to the procedure previously described.
Before interday analysis the instrument was externally calibrated by
infusion of a solution that consisted of caffeine, Met-Arg-Phe-Ala
(MRFA), fluorinated phosphazines Ultramark 1621, and acetic acid
in a mixture of acetonitrile/methanol/water (2:1:1, v/v/v) (Thermo
Fisher, Bremen, Germany). The mass range tolerance was set to 5 ppm
and the exact mass of diisooctyl phthalate ([M + H]+: 391.28429) was
used as lock mass for the recalibration of the instrument during the
analysis. The analytical performances were similar to the ones previ-
ously reported (Troise, Fiore, Roviello, et al., 2015).

2.6. Statistical analysis

Each sample was analyzed tree times from independent incubation
sets and the results were reported as mg/100 g of protein for lysine,
furosine and CML, while free APs were reported as mg/L of milk.
The reduction of bound MRPs was calculated by dividing the differ-
ence between the concentration within the different incubation times
in presence and in absence of Faox after subtracting the initial concen-
tration. The influence of Faox on free APs was calculated by moni-
toring the ratio between the concentration in presence and in absence
of Faox within the specific incubation time. Evolution of the bound
and free markers was recorded by using Matlab R2009b (Mathworks,
Natick, MA), while the principal component analysis, the FancyTiles
schema and the Tukey test (α = 0.05) for bound MRPs and for the sum
of APs were performed by using XLStat (Addinsoft, New York, NY).

3. Results

Preliminary analysis were performed to verify that the purified
enzyme was protease-free. No proteolytic activity was monitored in
samples incubated with Faox I enzyme, even at the high ratio of 1:100
(data not shown).

3.1. Faox activity on bound MRPs

The concentration of total lysine, furosine and CML in LLM in
presence and absence of FaoxI was monitored by ion pairing liquid
chromatography tandem mass spectrometry and the results are pre-
sented in Fig. 1.

The influence of Faox on the bound fructose-lysine was eval-
uated via acidic hydrolysis and furosine detection. The concentra-
tion of furosine in the control samples ranged from
208.9 ± 8.9–893.5 ± 33.3 mg/100 g of protein after 9 days. A drop to
585.3 ± 25.1 mg/100 g of protein was observed at 12 days, which is
consistent with conversion of APs into advanced MRPs. In presence
of the enzyme, furosine formation was delayed reaching a maximum
value of 578.4 ± 46.9 only after 9 days. A maximum reduction of
79.4% of furosine was reached after 6 days incubation. The reduction
of furosine was significant at all times (α < 0.05).

At the beginning of the incubation, the amount of CML in LLM
was of 2.6 ± 0.2 mg/100 g protein. In LLM without Faox, CML in-
creased during incubation time reaching its maximum after 9 days
incubation with a concentration of 4.8 ± 0.1 mg/100 g protein. After
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Fig. 1. Faox activity on protein bound furosine, CML and lysine at 0, 6, 9, 12 days of incubation. Faox activity was evaluated during 12 days and the concentration of protein bound
MRPs such as CML, furosine and the concentration of lysine was monitored; blue dots: samples without Faox; red dots: samples incubated along with Faox I. Asterisks indicate a
significative reduction of the bound markers after 6, 9 and 12 days (α < 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

this time the amount remained almost constant with a slight decrease
after 12 days: 4.6 ± 0.1 mg/100 g of protein. Samples added with
Faox I showed a significative decrease in CML content during the
whole time course compared to untreated samples (α < 0.05). In pres-
ence of Faox, CML was reduced by 38.7%, 27.7% and 25.4% after 6,
9 and 12 days respectively.

The effects of Faox I were evaluated also towards the concentra-
tion of total lysine. In both systems, with and without Faox, the con-
centration during the incubation ranged from 5000 ± 15.6 mg/100 g
to 4396.9 ± 145.1 mg/100 g at the beginning and after 12 days, re-
spectively. Interestingly, the concentration of total lysine was always
higher in presence of the enzyme.

3.2. Free Amadori compounds

In Fig. 2, the loadings plot, the variables and the observations of
the evolution of APs during twelve days incubation in presence and
absence of Faox I are shown in order to provide a preliminary ex-
ploratory analysis of the effects of the Faox during the storage (Pripp,
2013). The first two principal components (axis PC1 and PC2) ex-
plained approximately 77% of the total data variance, including vari-
ance unique to each variable, variance common among variables, and
error variance. Fig. 2A revealed the relationship between the sam-
ples and the variables considered (i.e. the Amadori compounds). The
Fig. 2B is the PCA score plot where no outliers were observed. This
analysis revealed a defined clustering behavior, except for the two
samples at the initial step of the incubation that, as expected, were
close each other. The use of red (absence of Faox) and green (presence
of Faox) circle helped in the visualization of the two clusters. In partic-
ular, PC1 and PC2 showed a clear distinction due to the effects of the
enzyme: in presence of Faox I the loading plot showed both negative
PC1 and PC2; in fact the three points were located in the third quarter.
In absence of the enzyme the PC1 and PC2 were both positive. The
only one exception was after twelve days of incubation where the PC1
was positive and PC2 negative making the observation located in the
second quarter. The opposite location of the samples demonstrated a
clear effectiveness of the enzyme in the reduction of free APs.

Results obtained measuring the free Amadori compounds showed
in most of the cases (13 APs over 17 APs analyzed) decreased val-
ues in Faox I treated compared to control UHT LLM samples as high-
lighted in Fig. 3. Three boxes with three different color were used in
order to visualize the effects of the enzyme on the overall reduction
of free APs during the incubation. Green boxes highlighted a mean
reduction across 12 days of free APs higher than 10%; yellow boxes

were used in three cases: i) a reduction lower than 10%, ii) similar
values among samples with and without the enzyme, iii) an increase
lower than 10%; then with Fru-Pro a red box was used indicating an
increase of the compound in presence of Faox I.

Among the APs, the catalytic effects of the enzyme were evident
on basic APs, such as Fru-Arg and Fru-Lys whose amount signifi-
cantly lowered compared to untreated samples during the incubation.
In particular, already after six days of incubation, they were reduced
by 50% and 53%, respectively and this reduction was kept almost un-
changed during time, in particular fructose-lysine was reduced up to
60% and fructose-arginine up to 58% after 9 days. In this respect Fru-
His represented an exception with only 3% and 5% reduction after 9
and 12 days. Aliphatic APs were also influenced by the addition of
Faox I being reduced from 5% for Fru-Ala after 6 days up to 52% after
9 days for Fru-Val. The average reduction for aliphatic APs was 21%
during twelve days. Among the aromatic APs, Fru-Trp was reduced
by the Faox action with a final reduction of 50% after 12 days incuba-
tion, while Fru-Phe and Fru-Tyr were almost constant. In particular in
presence of Faox, Fru-Tyr at the end of incubation was below the limit
of detection (LOD). On the contrary, the results for neutral APs were
controversial in some cases. The reduction in presence of the enzyme
ranged from 6% for Fru-Ser after 12 days up to 34% and 36% for Fru-
Gln and Fru-Cys after 6 days. Fru-Glu was the only one acidic AP de-
tected and it was slightly reduced by the presence of Faox I, its reduc-
tion ranging from 6% to 10%. The unique AP Fru-Gly was greatly in-
fluenced by Faox I during incubation, likely due to its low steric hin-
drance, being reduced from 6% after 6 days to 51% after 12 days of
incubation. Finally, among the 18APs detected, only Fru-Pro showed
a peculiar behavior since it was the only Amadori compound which
continuously increased in presence of Faox I. It is worth noticing that
its formation increased during incubation time up to 30% compared to
untreated samples, while only a minor reduction of 6% was present at
the beginning of the incubation.

As highlighted by the green boxes, overall significative reduction
for the sum of APs in presence of the enzyme was 12%, 15% and 16%
after 6, 9 and 12 days, respectively as resumed in Table 1 and Fig. 4
(α < 0.05).

In Fig. 5, the FancyTiles schema was reported in order to pro-
vide in a glance the effect of the enzyme on the free APs (Troise,
Ferracane, Palermo, & Fogliano, 2014). The tiles were built by con-
sidering the normal distribution of the concentration of the APs af-
ter 12 days; differently from our previous published paper the range
for each class was obtained without using a semi-quantitative logarith-
mic scale but directly the concentration of the APs. The spectrum-in-
verted chromatic scale from blue (lowest concentration) to red (high
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Fig. 2. Principal component analysis of Amadori products with and without the enzyme
up to 12 days of incubation. (A) Variables plot and (B) samples plot on PC1 vs. PC2.
PC1 and PC2 account for 43.3 and 34.0% of total variability within the samples. The
letter “F” indicates LLM incubated along with the enzyme.

est value) was included in the minimum and maximum values after
12 days. The two APs having the highest concentration (Fru-Glu and
Fru-Ala) were excluded in order to improve the differences among the
other 16 APs. The FancyTiles schema highlighted the preferential ac-
tivity of the enzyme towards Fru-Lys, red and orange tile in absence
and in presence of the enzyme; towards Fru-Arg, and towards aliphatic
APs, moving from dark green in presence of the enzyme, to light green
in absence of the enzyme.

4. Discussion

In this paper the activity of Faox I in low lactose milk was eval-
uated towards two different classes of molecules: the protein bound
MRPs and the free APs. We have previously demonstrated the effec-
tiveness of Faox enzymes on the former class however the combi-
nation with the detection of the free APs has never been proposed.
The concentration of furosine in absence of the enzyme was in line
with the one reported by other authors for UHT milk (Claeys, Van
Loey, & Hendrickx, 2003; Fenaille et al., 2006; Henle, Zehetner, &
Klostermeyer, 1995). The data above confirmed the effectiveness of
Faox I enzyme in limiting the bound MRPs already monitoring the
classical MR marker furosine: its concentration in treated samples was
much lower than the control samples and its formation is delayed. The
similar concentration at 12 days depends on the two different kinet-
ics since in the control sample at 12 days the furosine decrease is due
to its conversion into more advanced glycation end products with de-
velopment of color and off-flavor. The reactivity of fructose-lysine at
37 °C can promote the α-fragmentation or the β-cleavage of the sugar
moiety with the consequent formation of dicarbonyls and other MRPs
such as CML, CEL or the formation of cross link products such as
pyrraline, pentosidine, crossline (Mossine & Mawhinney, 2010).

Besides furosine, CML and total protein-bound lysine were both
influenced by the presence of Faox I. In fact, a constant lower level
of CML was detected during time in treated compared to untreated
samples. As for furosine, the trend in presence and in absence of the
enzyme revealed an increase of CML during the first 9 days while
it remained almost constant at the end of the incubation. Beside the
formation of CML from the Wolff pathway of oxidative glycosyla-
tion, the Namiki pathway, involving cleavage of the Schiff base and
the Hodge pathway, proceeding by oxidative cleavage of the Amadori
compound, it is worthy to highlight also the effects due to dicarbonyls,
mainly glyoxal and the activity of 2,4-dioxo compounds (Kasper &
Schieberle, 2005). In this respect, the presence of the enzyme and
its control of the formation of the fructose-lysine, promoted the re-
duction of CML. The concentration of CML was in agreement with
the concentration reported in other quoted papers (Delatour et al.,
2009; Hull, Woodside, Ames, & Cuskelly, 2012; Tessier & Birlouez-
Aragon, 2012).

Regarding total lysine, treated samples showed similar levels dur-
ing time compared to untreated samples where a slow reduction was
observed up to 12 days incubation, indicative of a progress of gly-
cation on the ε-amino group of protein-bound lysine during storage
at 37 °C. An higher total lysine concentration indirectly confirmed
the activity of the enzyme revealing that also other MRPs can be in-
fluenced by the deglycating activity. The concentration of total ly-
sine was of the same order of magnitude as reported in other pa-
pers published by our group (Troise, Fiore, et al., 2014; Troise, Fiore,
Wiltafsky, et al., 2015).

Data about protein-bound MRPs clearly showed an overall reduc-
tion of furosine and CML always higher than 10% revealing that Faox
is an effective tool not only towards the deglycation of small peptides
and amino acids, but also towards proteins. Despite the mechanism of
action of Faox suggested that small substrates are required to fit the
active site of the enzyme (Wu & Monnier, 2003), we observed that
the addition of the enzyme before the carbonyl attachments promoted
the reduction of bound MRPs, thus promoting the decrease of overall
glycation in LLM, since the first days of the incubation. This might
be explained with local unfolding of the proteins at the moment they
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Fig. 3. Evolution of Amadori compounds in low lactose milk in presence and in absence of the enzyme after 0, 6, 9, 12 days of incubation. Blue dots: samples without Faox; red dots:
samples incubated along with Faox. Three boxes with three different color were used in order to visualize the effects of the enzyme on the overall reduction/increase of free APs
during the incubation. Green boxes highlighted a reduction higher than 10%, yellow boxes a reduction lower than 10% or an increase lower than 10% (as for Fru-Phe after 9 days),
red box indicated an increase higher than 10% (Fru-Pro). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Reduction of free Amadori products in low lactose milk in presence of Faox.

Aliphatic Aromatic Polar neutral Acid Basic Unique Sum

Days
Fru-
Ala

Fru-Ile/
Leu

Fru-
Val

Fru-
Phe

Fru-
Trp

Fru-
Tyr

Fru-
Ser

Fru-
Thr

Fru-
Cys

Fru-
Gln

Fru-
Asn

Fru-
Glu

Fru-
Arg

Fru-
His

Fru-
Lys

Fru-
Gly

Fru-
Pro APs

6 −5% −16% −9% −1% −18% 0% −10% −24% −36% −34% −10% −10% −53% 0% −50% −8% −6% −12%
9 −13% −24% −52% −4% −24% −5% −16% −13% −6% −16% 1% −7% −58% −3% −60% −29% 29% −15%
12 −22% −22% −28% 4% −50% <LOD −6% −24% −18% −24% −15% −6% −52% −5% −46% −51% 30% −16%

are glycated and in this way the neo-formed AP can be hydrolyzed by
the enzyme.

It is worth noticing that Nε-(1-deoxy-D-tagatosyl)-lysine that rep-
resents the Amadori compound of galactose and lysine (Krause, Knoll,
& Henle, 2003) also contributes to the formation of CML and furo-
sine through rearrangements and fragmentations similar to those of
Nε-(1-deoxy-D-fructosyl)-lysine. In particular Ruttkat and
Erbersdobler (1995) demonstrated that CML can be formed from
lysine/fructose, lysine/sorbose, lysine/glucose and lysine/galactose
model systems and this last resulted in the highest CML content. It is
noteworthy that the effects of Faox on tagatose-amino acids need fur-
ther investigations since in a model system the activity of the enzyme
toward Nε-(1-deoxy-D-tagatosyl)-glycine was close to zero (Horiuchi
& Kurokawa, 1991).

Beside the standard protein-bound markers of the MR, the key as-
pects of this paper was the quantification of free APs that led to a de-
tailed overview of Faox I effectiveness. For the first time, the Faox ac-
tivity was evaluated towards the reduction of free APs, the ideal sub-
strate for the enzyme in a complex system, such as LLM. A high res

olution mass spectrometry (HRMS) method combined with ion pair-
ing liquid chromatography for the separation and quantification of free
APs was used. This method allowed an accurate assessment of the
thermal damage as well as of the storage by considering the modifi-
cation in glycation of free amino acids (Troise, Fiore, Roviello, et al.,
2015).

The principal component analysis (PCA) of the Amadori products
as highlighted in Fig. 2A and B showed that the samples in presence
of Faox I were characterized by negative values of the score plot (PC1
and PC2 were both negative) highlighting a positive effect in the deg-
lycation of free APs, thus in an higher concentration of APs in absence
of the enzyme. Interestingly, these results were partly in line with the
ones previously reported for the substrate specificity of the enzyme in
model systems, where the highest activity for Faox I was for lysine
and glutamic acid (Collard et al., 2008).

Table 1 offers an outline of the effects of the enzyme in relation-
ship to the concentration of APs. The catalytic activity of the en-
zyme was particularly evident towards basic APs, such as Fru-Arg
and Fru-Lys where the guanidino side chain of arginine and the ε-



UN
CO

RR
EC

TE
D

PR
OO

F

Food Chemistry xxx (2016) xxx-xxx 7

Fig. 4. Evolution of the total Amadori compounds in low lactose milk in presence and
in absence of the enzyme after 0, 6, 9, 12 days of incubation. Blue dots: samples with-
out Faox; red dots: samples incubated along with Faox. The green box highlighted a
reduction higher than 10%. The Tukey test was performed by comparing each time in
presence and in absence of the enzyme (*; α < 0.05 after 6, 9 and 12 days). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

amino group of lysine primarily react with reducing sugars (Capuano
et al., 2007; Collard et al., 2008). Reliable performances were also
monitored for aliphatic APs and glycine where the small dimension of
the molecules and the low steric hindrance promoted the optimal cat-
alytic activity of the enzyme. From our study, it was evident that in
the presence of Faox I some APs underwent deglycation with a slower
rate compared to other APs. For instance, the aromatic APs Fru-Trp
and the unique amino acid Fru-Gly reached 50% deglycation com-
pared to the corresponding untreated samples. The basic Fru-Arg and
Fru-Lys were immediately affected by Faox I activity and their gly-
cation lowered to around 50% already after the first 6 days of incu-
bation. A minor activity was shown towards aliphatic APs Fru-Ala,
Fru-Ile and Fru-Leu and Fru-Val which decreased their glycation after
12 days down to 22–28%. A similar behavior was registered for neu-
tral APs, Fru-Thr and Fru-Gln. Fru-Glu was deglycated in a lower per-
centage during storage, reaching 6% after 12 days.

These data represent the first example of the Faox activity evalu-
ation towards free markers of the MR in a complex mixture such as
milk and the concentrations reported for the above mentioned APsup
to 12 days of incubation in presence of the enzyme clearly demon-
strate its activity. In Fig. 4, the activity of the enzyme towards the sum
of APs is reported, summarizing a significative reduction (α < 0.05) in
presence of the enzyme; moreover, the green box highlighted an over-
all reduction higher than 10% after 6, 9 and 12 days. Despite the ac-
tivity of the enzyme was evident for almost all the free APs, it is im-
portant to consider the different contribution of each compound in the
definition of the total reduction, since the observed overall reduction
is affected by the concentration of each single Amadori compound.

In Fig. 5, a snapshot of the Faox I activity towards free APs is
reported. As highlighted, the FancyTiles approach contributed to the
graphical representation of the control of APs formation along with
the use of HRMS (Troise et al., 2014; Troise, Fiore, Roviello, et al.,
2015). In this frame, the use of targeted approach efficiently depicted
the activity of Faox I during the early stage of the MR.

5. Conclusions

Faox enzymes were investigated in our group as potential biotech-
nological tools to limit the MR in model systems (Capuano et al.,
2007; Mennella et al., 2005) and in low lactose UHT milk (Troise,
Fiore, et al., 2014). Results were very encouraging, since both en-
zymes, Faox I and II limited the amount of CML and b-HMF after
17 days of incubation at 37 °C. In this paper a detailed study on the
role of Faox I in limiting the detrimental effects of MR during a time
course analysis up to 12 days at 37 °C was presented. Faox I revealed
to be an helpful tool for the control of MR allowing us to depict new
strategies in the control of the APs formation both on free precursors
and proteins via furosine detection. Moreover, the activity of the en-
zyme was evaluated for the formation of protein bound CML showing
that the formation of advanced stage of the MR can be controlled by
the reduction of its early stage of MR.

For the first time, the activity of Faox was evaluated in a complex
system by monitoring free and bound MRPs, revealing a clear rela-
tionship between free and bound markers. These results paved the way
for the introduction of new strategies where the control of APs for-
mation leads not only to the reduction of carbonyls loading, but also
to the promotion of foods with better aroma and flavor. Further in-
vestigations will be carried out in conventional milk in order to eval

Fig. 5. FancyTiles of Amadori products at the end of the storage. The spectrum inverted chromatic scale was built by considering the normal distribution of the concentration of the
APs in presence and in absence of the enzyme after the construction of an educated schema. In order to highlight the differences between the APs, Fru-Ala and Fru-Glu were excluded
due to their higher concentration compared to other APs. The range was built by considering the minimum and maximum values.



UN
CO

RR
EC

TE
D

PR
OO

F

8 Food Chemistry xxx (2016) xxx-xxx

uate the effects of Faox I on the formation of disaccharide lactose-
MRPs.
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