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Forty years of furosine — Forty years of using
Maillard reaction products as indicators of the
nutritional quality of foods

Helmut F. Erbersdobler' and Veronika Somoza?
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2 German Research Centre for Food Chemistry, Garching, Germany

The Maillard reaction products (MRPs) most widely used as markers of the nutritional quality of
foods are furosine, N°-carboxymethyllysine (CML), hydroxymethylfurfural, pyrraline, pentosidine
and pronyl-lysine. One of the MRPs identified first was furosine, which was quantified in foods
40 years ago as a chemical indicator of the Amadori compound N°-fructoselysine. Since then, furo-
sine has gained broad attention by food chemists and biomedical researchers, as its formation upon
heat treatment is well characterised. Moreover, it represents the Amadori products from early Maillard
reactions in which amino acids react with reducing carbohydrates, resulting in a loss of their availabi-
lity. This is of importance for the essential amino acid lysine, which is also the limiting amino acid in
many proteins. In order to evaluate the nutritional quality of a protein, the concomitant analysis of
free — and nutritionally available — lysine and the amount of lysine reacted to form the respective
MREP is essential, even for mildly processed foods. The other chemical markers of heat treatment
such as CML, pyrraline, pentosidine or pronyl-lysine seem to be useful markers of the advanced sta-
ges of Maillard reactions. Compared to the conditions in which furosine is formed, these compounds
are generated under more severe conditions of heat treatment. However, the concentrations analysed
are significantly lower than those of furosine. Therefore, the nutritional evaluation of a food protein
should include not only furosine, but also other chemical markers of heat treatment such as, for exam-
ple, CML, pyrraline and pentosidine.
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1 Introduction

The first attempts of protein evaluation were made almost
100 years ago by defining the biological value [1, 2], and
10 years later the term “protein efficiency ratio” (PER) [3]
was introduced as a biological marker of protein quality. In
addition, amino acid analyses have been used to evaluate
the nutritional protein quality for about 60 years [4]. How-
ever, soon after the amino acid analysis was applied to heat-
treated foods, it became clear that this procedure was not
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reliable. Mainly amino acids bearing a free amino group
such as lysine easily react with reducing sugars during heat
treatment. These Maillard reactions result in the formation
of compounds in which lysine is no longer nutritionally
available, but is quantified as free lysine when the standard
procedure of amino acid analysis following a pre-step of
acid hydrolysis is applied. Therefore, the determination of
available lysine by labelling of the critical e-amino group of
lysine with fluoro-dinitrobenzene was proposed [5] and
applied worldwide thereafter (e. g. [6]).

Further research in this area revealed that available lysine
is not the most sensitive chemical marker of graduated heat
treatment. Nowadays, a broad variety of Maillard reaction
compounds have been identified whose formation depends
more closely on the type of heat treatment. Among these,
furosine, N°-carboxymethyllysine (CML), hydroxymethyl-
furfural (HMF), pyrraline and pentosidine are the most
widely used markers for the nutritional evaluation of
severely and even mildly heat-treated foods such as ultra-
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Table 1. Historical review of selected indicators identified as
chemical markers of nutritional evaluation of food proteins

1909 [1] Biological value (humans)

1919 [3] Protein efficiency ratio (PER)

1924 [2] Biological value of proteins (labora-
tory animals)

1946 [4] Amino acid analysis — chemical
score

1955 [5] FDNB-available lysine

1959 [48] Hydroxy-methy-furfural (HMF)

1966 [7-10] Furosine

1985/86 [41-43]Y Carboxy-methyl-lysine (CML)
1980/88 [63,54]?  Pyrraline (e-pyrrole-lysine)
1989 [56,57]?  Pentosidine

2002 [58] Pronyl-lysine

a) First detection/identification and first application on foods

high temperature-treated milk or even pasteurised milk.
Other markers, which have been identified quite recently,
such as pronyl-lysine, are still under investigation. Table 1
gives a historical review of selected chemical markers used
for the nutritional evaluation of food proteins.

2 History of several markers and their
prevalence in foods

Since its detection 40 years ago [7] furosine has been used
as a reliable indicator of thermal damage in foods. Figure 1
shows two of the first chromatograms obtained by ion
exchange chromatography with ninhydrin post-column
derivatisation of the acid hydrolysate prepared from a
mildly and a severely heated dried skim milk, dated 24
March 1966. Only the lower chromatogram displayed in
Fig. 1 showed a peak that indicated the presence of furosine,
which was simply called “compound x” at that time, as the
chemical structure had not been identified yet. The discov-
ery of “compound x” happened accidentally, as the chroma-
tography was run entirely manually with homemade instru-
ments and “compound x” eluted after arginine, the last elut-
ing amino acid. Moreover, at the time we used a rather
strong 7.75-M hydrochloric acid for the hydrolysis of the
food proteins, a fact that significantly enhances the forma-
tion of furosine (see Section 3).

Soon after, structure elucidation revealed that compound
x was the derivative of the e-fructoselysine moiety [8, 9].
Experiments with heated mixtures of lysine and glucose, in
which first one and then the other was “C-labelled, showed
that both compounds were involved in the formation of the
new compound x [9].

Heyns et al. [10] and Finot et al. [11] identified the struc-
ture of compound x nearly simultaneously as g-N-(2 furoyl-
methyl)-L-lysine and named it furosine. Almost at the same
time, Freimuth and Triibsbach [12] proposed a similar but
not fully correct structure.
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Figure 1. First chromatographs (24 March 1966) with sub-
stance x (?).
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Figure 2. Initial stage of the Maillard reaction with the forma-
tion of furosine and N¢-carboxymethyllysine.

The group of Finot ef al. [13] also identified another
Maillard reaction product (MRP) named pyridosine. How-
ever, it did not reach the same importance as an indicator of
the nutritional value of a heat-treated protein as furosine
did. Figure 2 shows the initial stage of the Maillard reaction
with the formation of furosine and N°*-carboxymethyllysine.

In the years thereafter, furosine stimulated research in the
field of heat damage of proteins, demonstrating the impor-
tance of the Amadori products in particular. The use of fur-
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Table 2. Effect of heating time (hours at 100°C) on a 1:1
molar mixture of lysine and glucose in 88 vol.% water on the
formation of furosine and CML [22]

Time of heating [h]

mg furosine/g

mg CML/g of lysine

Furosine

10°C

0 2 40 60 80 S0
Effective holding time

Figure 3. Furosine formation in indirectly UHT-heated milk as
a function of temperature [21]. (Reprinted with permission
from Th. Mann Publishers)

osine was furthered by analytical improvements starting
with the proposals for HPLC techniques by Schleicher et al.
and Chiang [14, 15] followed by Resmimi et al. [16] and
others (e. g. [17]). Especially after the commercial availabil-
ity of a pure and stable standard in 1992, the analyses of fur-
osine in heat-treated foods increased substantially and are
still applied worldwide. In 1992, Delgado et al. [18] pro-
posed a procedure based on ion-pairing HPLC by using
sodium-heptanosulphonate and applied it in series of stud-
ies. In other approaches, CZE was also used to quantify fur-
osine [19, 20]. Although this method does not seem suitable
for the testing of products with low levels of furosine like
pasteurised milk and mozzarella cheese [19], its speed and
low cost make it attractive for quality control of moderately
heat-treated dairy samples [19, 20].

However, the determination of furosine has the disadvan-
tage that this compound is formed from Amadori products
with a yield of only 30—40%. On the other hand, this recov-
ery rate is reproducible if consistent analytical conditions
are applied. Figure 3 shows an example of furosine values
in indirectly ultra-high temperature (UHT)-heated milk as a
function of temperature [21]. As can be seen, the furosine
content does not increase linearly with increasing heat
damage. In more severely heated samples, the Amadori pro-
ducts and their marker furosine decrease again. The reason
is the progress of the Maillard reaction, leading to the for-
mation of further intermediates and end products. Table 2
shows an example of a model experiment with a lysine-glu-
cose mixture, heated at 100°C for up to 30 h [22].

Furosine offers the advantage of being a direct marker of
lysine reaction products, which are not only of analytical
and technological but also of nutritional relevance. It is a
representative marker of Amadori products from the early
stage of the Maillard reaction that are nutritionally unavail-
able [23-25]. Table 3 shows results from experiments with
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of lysine
3 27 21
6 40 3.3
9 50 4.5
12 59 5.0
16 68 5.1
20 58 5.4
24 55 6.0
30 45 6.5

Table 3. Effects of lysine supplementation of a severely heat-
damaged dried skim milk on weight gains and protein effi-
ciency ratio in young growing rats [26]

Protein source Dried Overheated (scorched)
skim milk dried skim milk

Available lysine 1 6.6 22 22 22 22 22
Available lysine2® 8.6 27 27 27 27 27
Amadori lysine® 0.6 62 62 62 6.2 6.2
Added lysine® 0 0 15 20 25 30
g weight gains® 38 4 19 24 34 39
PER® 3.5%9 069 1.7» 2.0" 2.8) 3.1)

a) Fluorodinitrobenzene as marker [6]

b) By using the furosine method (furosine + lysine analysis,
calculation see [28])

c) As lysine mono chloride

d) 2wk (weanling rats)

e) PER = protein efficiency ratio (gram weight gain/gram pro-
tein intake).

f—i) Values with different figures are significantly different (2a
< 0.05, Wilcoxon test)

rats given heat-damaged dried skim milk without and with
the addition of lysine [26]. The supplementation with lysine
restored the protein quality. This type of restoration of the
nutritional value of a heated casein by lysine addition was
first described by Greaves et al. in 1938 [27]. However,
now it was possible to support the animal trials with modern
analytical means. The scorched dried skim milk contained
2.7% available lysine and about 6% lysine bound as Ama-
dori product, both calculated with the furosine method [28].
If the amount of Amadori lysine in the heat-damaged dried
skim milk had been nutritionally available, the addition of
lysine would not have been effective in restoring the protein
quality as shown by an improved weight gain in the animal
trial [26].

Furosine analyses were applied to many food items, and
especially to dairy products. Together with the lysine con-
tent quantified by amino acid analysis, furosine allows the
calculation of total, “blocked” (Amadori lysine) and avail-
able lysine [28—31]. As Table 4 shows, some foods show
high contents of blocked lysine. Furosine contents have
been analysed in milk products, cereals, pasta, honey and
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Table 4. Levels of furosine, CML and blocked lysine in several
heated milks [44]

Products (n) Furosine CML  Blocked
[mg/kg crude lysine
protein] [%]?
UHT milks (10) 1154 nd 2.7
UHT chocolate drinks (9) 1617 136 3.6
Sterilised milks (6) 3600 12 71
Sterilised chocolate drinks (5) 4460 250 9.5
UHT creams (8) 1375 11 2.7
Sterilised creams (6) 3930 522 8.3
Sterilised evaporated milks (13) 9950 430 18
UHT flavoured milks (7) 2694 27 5.1
Dried skim milks (10) 5369 7 11

a) Amadori lysine

many other items to which moderate heat treatment is
applied [29, 32—38]. The relevance of furosine is also sig-
nificant for regulatory uses, for instance, for the production
of mozzarella cheese where furosine contents indicate the
addition of heat-treated cow's milk to the original product
made purely from low temperature-treated buffalo's milk
[39].

The most accurate analytical protocol for the direct deter-
mination of the main Amadori product, fructoselysine, has
been published by Fogliano et al. [40]. Herein, a stable iso-
tope dilution assay is described for the quantification of
protein-bound N-(epsilon)-(1-deoxy-D-fructos-1-yl)-L-
lysine (fructoselysine) using a *C-labelled internal standard
after enzymatic hydrolysis.

A marker of the advanced and late Maillard reaction is
N°-carboxymethyllysine (CML), first detected as a marker
of glycated proteins in biological material in 1985 and in
food proteins in 1986 [41—43]. In more severely heat-trea-
ted food items, in which furosine levels have already
decreased, CML can provide additional information on the
protein damage. However, unlike for furosine, the mechan-
isms by which CML is formed are not unique, as is shown
in Fig. 2. Table 4 shows concentrations of furosine, CML
and the calculated amounts of blocked lysine (Amadori
lysine) in several milk products [44]. The relation of furo-
sine to CML is not uniform, which also suggests different
pathways of CML formation [45—-48]. Among the food
items analysed, the highest CML contents were found in
severely heat-treated, sterilised products.

In dairy products and especially in fruit juices, hydroxy-
methylfurfural (HMF) [49] is also a common marker result-
ing from the Maillard condensation reactions. For a long
time, HMF determination was insufficiently reproducible
between laboratories. Moreover, it is not solely formed in
the Maillard reaction but also from the isomerisation and
subsequent degradation of sugars. However, several studies
on UHT-treated milk demonstrated the usefulness of HMF
analyses as a rapid and simple measure of heat damage
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(e.g. [50]). The correlation between HMF and furosine con-
tents proved to be quite good. In our investigations, we
obtained correlation coefficients of 0.85 in 190 commercial
UHT-treated milks of different origin and of 0.96 in 81
directly UHT-treated model milk samples [51]. Several new
HPLC methods produce reliable results [52].

In other papers [53—55] pyrraline (e-pyrrole-lysine) was
shown to increase progressively with heat treatment, indi-
cating that up to 15% of the lysine residues may have been
modified. Pyrraline was first reported in dairy and bakery
products. Pyrraline appears to be a useful marker of the
advanced and late Maillard reaction. Studies by Resmimi
and Pellegrino [36] on heat-treated pasta showed that pyrra-
line is formed significantly later than furosine, but
increases linearly under conditions in which furosine
decreases. Similar results were obtained by Henle et al. [55]
with milk products. The concentrations found were about
one-fifth of those of furosine. For future studies, a com-
bined evaluation of heated food proteins by furosine and
pyrraline analyses would be an interesting approach, as cor-
relation coefficients of both nutritional markers of lysine
modification are not available yet.

Pentosidine, another marker of heat treatment, has been
quantified in foods as a derivative of arginine, although the
range of concentrations was smaller than that of furosine or
pyrraline [56, 57].

Another marker of heat-induced lysine damage found
among melanoidin structures is pronyl-lysine, recently
identified by Lindenmeier et al. [58]. Pronyl-lysine was
first quantified in bread crust and crumb. Its lysine substitu-
tion appears to be quite low. On the other hand, it exhibits
strong antioxidative capacities.

3 Characterisation of the quality of markers

First of all, the scope of a marker should be clearly charac-
terised. In the huge field of the Maillard reaction, this
means identifying whether the marker will be indicating the
early, advanced or late parts of the reaction cascade. Gener-
ally, a stable and linear formation with heat treatment is an
advantage. The marker should be sensitive on the one hand
and should cover a large range of damage on the other. Of
course, the marker should be easily detectable and stable
during clean-up (e.g. hydrolysis) and analysis (chromato-
graphy). Table 5 shows the characteristics of the above-
mentioned markers. None of the markers is perfect on all
counts, and for some of them, such as pronyl-lysine and
pentosidine, many criteria are still not known.

With respect to furosine, the recovery rate is reproducible
if all conditions of hydrolysis and chromatography are kept
stable. The results do not differ greatly among the values
obtained between 1972 and 2003, if the molality of the
hydrochloric acid used for hydrolysis was above 7.75 [28,
59]. It has also been demonstrated that furosine is stable
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Table 5. Characterisation of the quality of the markers

Marker Fur HMF CML Pyrr Pent PronLys
Clear origin +2 - - + + +
Stability during (+) (+) + (+) + (+)
clean-up and analysis

Linearity - - + (+) ? ?
Analytical recovery 40% (+) 90-97 ++ ? ?
Appliedin: EM® EAM ALM ALM AM LM
Range +++ ++ + ++ ? ?
Maximal yield% >30 <10 <10 >10 >10 <10
Biologica relevancel +++ + +++ ++ +++ +

a) - =not given; + = adequate (+) = partially or under certain conditions adequate; ++ = good, wide or high; +++ = very good, very

wide, very high; ? = no or not enough data
b) Early (E), Advanced (A), Late (L) Maillard Reaction (M)

Table 6. Recovery (%) of furosine and lysine from Amadori
products after hydrolysis with HCI

Table 7. Yields of “Amadori lysine” (g/16 g of N) in severely
heated model proteins

References HCI Furosine  Lysine
Erbersdobler 1970 [29] Mp 7.75 ~50 ~50
Finot and Mauron 1972 6.0 29 43
[30] FFL

Brandt and Erbersdobler 7.75 40 50
1972 [28] Mp

Bujard and Finot 1978 [31]Mp 6.0 32 40
Krause et al. 2003 [59] FFL 8.0 43 43
Krause et al. 2003 [59] LL 8.0 50 41
Krause et al. 2003 [59] FL 7.4 43 48

Initial ~ Available %Losses?
lysine lysine

Fortified models

von Wangenheim et al. [62] 8.2 4.6 44
Lee [63] 8.8 4.7 47
Faist et al. [64] 8.5 4.4 48

Commercial items [34]

Chocolate and similaritems  4-8 2-5 25-719
Zwieback 2.2 0.5 419
Condensed milks 8.8 7.2 14

FFL = free fructoselysine; FL = fructoselysine, peptide bound;
LL = lactuloselysine, peptide bound; Mp = Milk products

during ion exchange chromatography with buffers of pH
values below ~5 and/or eluting temperatures below ~60°C
[60]. Since 1990 [16], most laboratories use HPLC, a
method in which furosine has proved to be stable. The most
recent data of Krause et al. [59] show a differentiation
between various Amadori products in relation to the forma-
tion of furosine during hydrolysis of the heat-treated pro-
teins. However, not all matrices have been tested. Espe-
cially in biological material like faeces and urine, the con-
version factors are still questionable [61]. Table 6 shows
data for the recovery of furosine procedure as reported in
the literature [28—31, 59].

CML and pentosidine are quite stable during hydrolysis,
whereas pyrraline has to be analysed following enzymatic
hydrolysis [55], and for the determination of pronyl-lysine,
a hydrazinolysis using methyl hydrazine must be applied
before chromatographic separation techniques [58].

4 Biological significance

All markers discussed here are suitable indicators of protein
damage in foods. Furosine, pyrraline and CML represent

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

a) Only as Amadori lysine

b) The items also possibly contained some amounts of other
products (e.g. lysinoalanine) and totally destroyed lysine,
for example, in Zwieback 36%

“blocked” lysine and are not nutritionally available as a
lysine source for higher organisms. Furosine is directly
derived from Amadori products and hence allows the quan-
tification of “blocked” lysine from this source. Furosine is
currently the most specific and important indicator of early
Maillard reactions. Together with lysine determination, the
calculation of available lysine is possible, at least in all
mildly heat-processed foods containing some amount of
glucose, lactose, maltose or other saccharides with a reac-
tive glucose moiety.

Table 7 shows examples of very high values of blocked
lysine calculated from furosine contents in severely heated
model proteins or commercial food items [34, 62—64]. In
milk products, up to 70% of lysine was quantified as Ama-
dori lysine, depending on temperature and time of heating
[65]. The importance of these findings is demonstrated by
the fact that little is known about the quantitative and quali-
tative aspects of the reaction products of proteins with fruc-
tose, e. g. in heated fruits or in honey-sweetened and heated
items.
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5 Future prospects

A look into the main search engines reveals a great number
of hits for furosine, although the number of hits for CML,
HMF and pentosidine is much higher, presumably because
of their predominant use in clinical biochemistry. This indi-
cates the growing interest in MRPs in the fields of food
science, nutrition, biochemistry and medicine.

It is not possible within the scope of this paper to discuss
extensively the bioactive effects of MRPs, nor the questions
pertaining to risk and benefit and nutritional importance.
These questions have been discussed elsewhere (e. g. [66—
72].

As can be seen, furosine analysis has many advantages
but also some drawbacks which limit its value and applica-
tion. Some of them can be overcome with a direct determi-
nation of fructoselysine after enzymatic hydrolysis of the
sample. Initial analytical protocols were established by
Henle et al. [73]. Now, a stable isotope dilution assay for an
accurate quantification of protein-bound N(epsilon)-(1-
deoxy-D-fructos-1-yl)-L-lysine using a '*C-labelled internal
standard seems to be very promising [40].

Due to the links between food science and medical bio-
chemistry regarding the Maillard reaction, it is likely that
more markers will be used in both fields in the future [74].
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