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Abstract
In recent decades, several methods based on biochemical and molecular changes caused by aging have been proposed to improve
the accuracy of forensic age estimation. The present study aimed to measure changes in furosine and pentosidine, two markers of
non-enzymatic glycation of proteins (NEGs), in human dentine and clavicle with aging, and to identify possible differences
between turnover rates in different mineralized tissues. Furosine and pentosidine were quantified in 32 dentine samples from
living donors between 14 and 80 years of age, and in a second group of samples consisting of a tooth and a piece of clavicle
collected from the same cadaver (15 individuals aged 18 to 85 years). Furosine concentration was much higher than pentosidine
concentration in the same tissue, although they were strongly correlated in both dentine and bone. A close relationship between
furosine and/or pentosidine content and chronological age was found in both tissues (r > 0.93). Moreover, age estimation was
more accurate when furosine or pentosidine content was determined in dentine, with specificity values for the tests higher than
82% in all age groups. In clavicle, furosine concentration and pentosidine concentration were much lower (2.6-fold and 3.1-fold,
respectively) than in dentine from the same individuals. In conclusion, although the results show strong correlations between
chronological age and furosine or pentosidine concentrations determined in mineralized tissues, there is still a need for further
research with larger data sets, including patients with diabetes.
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Introduction

The estimation of chronological age in both living and de-
ceased individuals is a recurrent issue in forensic sciences.
The most common methods available for forensic age deter-
mination are based on the study of physiological changes that
occur in dental and skeletal structures with aging. However,
the accuracy of these procedures is significantly reduced in
adulthood, and they cannot be applied when morphological

information is limited [1]. Therefore, in the last three decades,
biochemical and molecular biology studies have been per-
formed in different tissues in order to develop new diagnostic
tools to estimate age in unidentified human remains [2–4].

After death, human bone and tooth tissues may undergo
different stages of modification until complete decomposition
or fossilization [5–8]. The composition of bone and teeth in
buried cadavers is the result of changes that occur after death
but prior to burial [7, 8], and during the post-burial phase, i.e.,
diagenesis [7]. Defined as post-mortem biochemical alter-
ations in bones, diagenetic processes are highly heterogeneous
due to post-depositional time, taphonomic conditions, and the
burial environment [6, 9–11]. Despite these challenges, mo-
lecular studies of mineralized tissues are of great importance
in forensic practice given that bone and teeth are the human
tissues most resistant to degradation and putrefaction under
harsh conditions [12, 13].

The natural process of aging leads to alterations in tissues
and organs over a lifetime. Among the many changes that are
detectable with biochemical methods, two fundamental
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protein alterations are observed during aging: the racemization
of aspartic acid and the generation of advanced glycation end-
products [2]. Conversion of the L to the D form of aspartic
acid with age has been studied in different tissues and shows
an almost linear increase with age, dentine being the tissue of
choice for estimating age with the aspartic acid racemization
method [14].

Human bone and dentine collagen constitute almost 90%
of the organic matrix [15, 16]. To stabilize the collagen net-
work, covalent cross-links exist between the collagen mole-
cules. Collagen and cross-links are biochemically important in
mineralized tissues, providing plastic, ductile properties,
whereas the mineral component confers stiffness [16]. It has
been demonstrated that the content of cross-links in human
bone, articular cartilage, and dentine tissues changes with age
[17–19].

Collagen cross-links can also be produced spontaneously
by other mechanisms such as non-enzymatic glycation of pro-
teins (NEGs) [20–22], the so-called Maillard reaction. This
reaction can be subdivided into three main stages. In the early
stage, glucose (or other reducing sugars such as fructose, ga-
lactose, mannose, ribose, and xylulose) reacts with a free ami-
no group in different molecules, including proteins, nucleic
acids, and lipids, to form a stable ketoamide, the Amadori
compound [20–22]. Under in vivo conditions, the Amadori
compound accumulates in both short-lived and long-lived
proteins. In the intermediate stage, the Amadori product de-
grades into a variety of carbonyl compounds (glyoxal,
methylglyoxal, and 3-deoxyglucosone). Finally, in the late
stage, the carbonyl compounds react with amino acids and
the Amadori product undergoes complex rearrangements,
cleavage, and covalent binding reactions which lead to the
formation of stable adducts and protein cross-links usually
called advanced glycation end-products (AGEs), which accu-
mulate on long-lived proteins and cause damage [22]. The
formation of AGEs in vitro and in vivo is dependent on the
turnover rate of the chemically modified protein target, time,
and sugar concentration [20–22]. The early stages of the
Maillard reaction can be studied by measuring furosine (ε-
N-(furoylmethyl)-L-lysine), an amino acid formed during acid
hydrolysis of the Amadori compound fructosyl-lysine, pro-
duced by the reaction of ε-amino groups in lysine with glu-
cose. Furosine is currently the most specific and important
indicator of the early Maillard reaction [22]. In another ap-
proach to determining turnover rates, glycoxidation of tissue
proteins can be assessed by measuring pentosidine [23]. This
protein-bound AGE is produced in the final stage of the
Maillard reaction pathway from the reaction of dicarbonyl
compounds with lysine and arginine residues in proteins [24].

The products of NEGs are generated over a period of
weeks, thereby affecting long-lived proteins. Structural com-
ponents of the connective tissue matrix or basement mem-
brane, such as collagen, are prime targets [20] which undergo

cross-link formation. The pathological cross-links induced by
NEGs lead to increased stiffness in the protein matrix, hence
impeding function as well as increasing resistance to removal
by proteolysis, which in turn affects the process of tissue re-
modeling [25]. These changes occur with advancing age and
are accelerated by hyperglycemia, leading to the gradual de-
velopment of diabetic complications [20–24]. Different au-
thors have found that Maillard products (including furosine
or pentosidine) accumulate in collagen from the skin [23, 24],
cartilage [26, 27], aorta [28], human lens [29], bone [30–34],
dentine [35–37], and pericardial fluid [38] with age.

The aim of this study was to measure changes in NEG
products in human mineralized tissues with aging. For this
purpose, furosine as an indicator of the early Maillard reaction
and pentosidine as a representative of glycoxidation of tissue
proteins produced in the final stages of the Maillard reaction
pathway were quantified in samples of dentine and clavicle
from human individuals of different known ages. In addition,
these compounds were compared in human tooth and bone—
representing different body compartments—from the same
individuals to analyze possible differences between mineral-
ized tissue turnover rates in relation to aging. It was hypothe-
sized that measurements of furosine and pentosidine might be
useful for studying aging changes, and therefore for age esti-
mation, from dental and bone tissues in forensic cases.

Material and methods

Material

The samples for this study were obtained from two different
sources. Group I comprised material from 32 healthy erupted
human permanent teeth (1 central incisor, 2 first premolars, 2 s
premolars, 5 first molars, 7 s molars, and 15 third molars;
Table 1) extracted for valid clinical reasons (periodontal dis-
ease, malocclusion, or orthodontic treatment), obtained from
the Department of Oral Surgery at Virgen de las Nieves
Hospital in Granada (Spain), and from private dental clinics.
Samples in group II consisted of a permanent tooth (6 first
premolars, 8 s premolars, and 1 first molar; Table 2) and a
piece of clavicle (medial third) from the same individual.
These samples were collected from a total of 15 cadavers
autopsied at the Institute of Forensic Medicine of the
University of Copenhagen (Denmark), all with a known time
and cause of death (Table 2), and without clinical evidence of
a previous history of diabetes. The corpses were kept at 4 °C
until the autopsies were performed within a period ranging
between 24 and 48 h after death. The protocols to collect
samples from human subjects were approved by the corre-
sponding Ethics Committees for Human Research of the
University of Granada (Spain) and the University of
Copenhagen (Denmark), and the study was conducted in
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accordance with the ethical standards laid down by the
Declaration of Helsinki.

Extraction of dentine and bone proteins

After removal from the body, human tissue samples were fro-
zen and kept at − 40 °C until biochemical analysis. Tissue
preparation and protein extraction were done as described

previously for human dentine [19] with some modifications.
Briefly, each dentine or bone sample was frozen with liquid
nitrogen, crushed by pounding with a steel hammer on a cold
metallic surface and then weighed. The dentine or bone pow-
der obtained was placed in a 6000 Da cut-off Spectator dial-
ysis tube with 0.6 M HCl solution and proteinase inhibitor.
Then, the samples were thoroughly dialyzed and
demineralized at 4 °C with constant magnetic stirring against

Table 1 Characteristics of human dentine samples from group I and age estimations from the correlation between furosine and pentosidine
concentrations and chronological age

Individual age (years) Sex Tooth numbera Furosineb Pentosidineb

Concentration Estimated agec Real error Concentration Estimated aged Real error

14 M 28 2.7 16 2 0.109 16 2

15 F 24 4.2 18 3 0.095 12 − 3
16 F 14 9.4 28 12 0.131 22 6

17 F 38 6.5 22 5 0.152 27 10

17 F 38 4.5 19 2 0.152 27 10

17 F 18 4.9 20 3 0.156 28 11

19 F 48 7.5 24 5 0.141 24 5

21 F 28 9.1 27 6 0.131 22 1

22 M 18 5.0 20 − 2 0.147 26 4

25 M 48 15.3 38 13 0.179 34 9

29 F 37 6.6 23 − 6 0.164 30 1

31 F 18 11.3 31 0 0.116 18 − 13

31 F 48 14.5 37 6 0.143 25 − 6

35 F 35 4.6 19 − 16 0.180 35 0

40 M 41 18.5 44 4 0.197 39 − 1

43 M 37 22.8 52 9 0.252 53 10

46 F 38 15.5 39 − 7 0.231 48 2

48 M 16 20.9 48 0 0.204 41 − 7

54 M 37 24.5 55 1 0.250 53 − 1

56 M 38 18.6 44 − 12 0.212 43 − 13

58 F 27 29.5 64 6 0.254 54 − 4

59 M 26 17.9 43 − 16 0.252 53 − 6

60 M 36 27.8 61 1 0.285 62 2

62 M 38 24.2 54 − 8 0.255 54 − 8

65 F 17 28.9 63 − 2 0.306 67 2

66 M 48 37.4 78 12 0.259 55 − 11

67 M 28 26.8 59 − 8 0.250 53 − 14

69 F 47 36.1 76 7 0.325 72 3

73 M 16 34.9 73 0 0.295 65 − 8

75 F 25 29.6 64 − 11 0.346 78 3

80 F 27 40.1 83 3 0.365 83 3

80 M 46 33.4 71 − 9 0.395 91 11

F female, M male
a FDI notation is used for numbering teeth
b Furosine and pentosidine concentrations are expressed in mmol/mol of collagen
c Calculated from: age (years) = 10.745 + 1.796 * furosine concentration (r = 0.936, SE = 7.91, MAE= 6.16)
d Calculated from: age (years) = − 12.516 + 261.335 * pentosidine concentration (r = 0.941, SE = 7.57, MAE = 6.03)
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large volumes of 0.6 M HCl solution, changed every 2 days
over a total period of 6 days. Finally, the demineralized resi-
due was obtained by centrifugation (20,000g, 50 min, 4 °C)
and then frozen at − 20 °C until analysis.

Furosine, pentosidine, and collagen quantification

Furosine was measured with a previously described method
[39]. Briefly, 50 mg of the demineralized sample, weighed
with analytical accuracy, was hydrolyzed with 1-mL 6.0 M
HCl at 110 °C for 23 h in a Pyrex screw-cap vial with PTFE-
faced septa. High-purity N2 gas was bubbled through the so-
lution for 2 min. A 0.5-mL portion of the filtrate was applied
to a Sep-pack C18 cartridge (Millipore, Billerica, MA, USA)
pre-wetted with 5 mL methanol and 10 mL deionized water
and was then eluted with 3-L 3MHCl and evaporated under a
vacuum [40]. The dried sample was dissolved in 0.2 mL of a
mixture of water, acetonitrile, and formic acid (95:5:0.2) and
50 μL of the resulting solution was injected into a liquid chro-
matograph (Perkin-Elmer model 250, Norwalk, CT) equipped
with an autosampler (Waters 717plus, Milford, MA) and a

diode array detector (Perkin-Elmer model 235). Data were
collected with a software data system (Perkin-Elmer). The
furosine was separated using a Spherisorb ODS2 5 μm col-
umn (250 mm × 4.6 mm i.d., Phenomenex, Torrance, CA,
USA). The mobile phase consisted of a solution 5 mM sodium
heptane sulfonate in 20% acetonitrile and 0.2% formic acid
[41]. Elution was done at isocratic temperature and a flow rate
of 1.2 mL/min. The UV detector was set at 280 nm. Duplicate
samples were analyzed. The external standard method was
used for quantification. A standard stock solution containing
1.2 mg/mL furosine (NeoMPS, Strasbourg, France) was used
to prepare the working standard solution. The method was
calibrated with a furosine standard curve (R2 = 0.9997).

Pentosidine was determined according to the method de-
scribed by Takahashi et al. [42] with minor modifications.
Sample hydrolysis was performed as described previously
for furosine, but for pentosidine, the hydrolysate was not pu-
rified with Sep-pack cartridges. A 1-mL portion of the hydro-
lysate was evaporated under a vacuum and the dried sample
was dissolved in 0.2 mL water. Finally, 50 μL of sample was
injected into a liquid chromatograph (Jasco LC Pump, model

Table 2 Characteristics of human dentine and clavicle samples from group II and age estimations from the correlation between furosine and
pentosidine concentrations and chronological age

Individual
age (years)

Sex Cause
of
death

Dentine Clavicle

Tooth
numbera

Furosineb Pentosidineb Furosineb Pentosidineb

Concentration Estimated
agec

Concentration Estimated
aged

Concentration Estimated
agee

Concentration Estimated
agef

18 F SCD 35 4.5 18 0.113 18 2.8 22 0.040 23

21 M MT 25 8.3 24 0.121 20 4.5 30 0.040 23

31 F OND 34 13.4 34 0.152 28 3.9 27 0.049 30

38 M MA 35 16.7 40 0.174 33 6.0 37 0.050 30

39 M SCD 45 14.2 35 0.196 39 6.3 39 0.068 44

39 M OND 15 14.2 35 0.205 41 6.0 37 0.069 45

41 M I 15 15.3 37 0.227 47 6.5 40 0.066 43

42 M SCD 44 19.0 44 0.221 45 5.4 34 0.062 40

51 M I 26 24.2 53 0.261 55 11.2 63 0.070 46

52 M MA 14 24.3 53 0.253 53 8.3 49 0.086 58

55 F MT 34 27.2 59 0.273 58 11.2 63 0.088 59

62 F I 35 29.9 64 0.289 62 11.3 63 0.082 55

64 M SCD 44 30.1 64 0.299 65 11.2 63 0.083 56

64 M SCD 34 26.7 58 0.264 56 10.0 57 0.102 70

85 F SCD 25 41.2 84 0.365 81 14.3 78 0.118 82

F female, M male, cause of death: SCD sudden cardiac death,MT multiple trauma,MA mechanical asphyxia, I intoxication, OND other natural deaths
a FDI notation is used for numbering teeth
b Furosine and pentosidine concentrations are expressed in mmol/mol of collagen
c Calculated from: age (years) = 9.466 + 1.811 * furosine concentration (r = 0.985, SE = 3.20, MAE= 2.48)
d Calculated from: age (years) = − 9.991 + 249.595 * pentosidine concentration (r = 0.978, SE = 3.80, MAE = 2.72)
e Calculated from: age (years) = 7.784 + 4.922 * furosine concentration (r = 0.943, SE = 6.12, MAE= 4.50)
f Calculated from: age (years) = − 7.558 + 759.839 * pentosidine concentration (r = 0.953, SE = 5.58, MAE = 4.71)
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PU-2089, Jasco Corporation, Madrid, Spain) coupled to a
fluorescence detector (Jasco, model FP-2020) and a comput-
ing integrator connected to a PC. Pentosidine was separated
on an ODS-B 5 μm column (Tracer Excel 120 ODS-B 5 μm,
250 mm × 4.0 mm i.d., Tecknokroma, Barcelona, Spain)
thermostated at 32 °C. The mobile phase consisted of a mix-
ture of 22% ace ton i t r i l e in wate r wi th 20 mM
heptafluorobutyric acid as a counterion. Elution was isocratic
at a flow rate of 1 mL/min. The fluorescence detector was set
at λex = 335 nm and λem = 385 nm. Duplicate samples were
analyzed. The external standard method was used for quanti-
fication. A standard stock solution containing 245 pmol/mL
pentosidine (kindly donated by Prof. V. M. Monnier, Case
Western Reserve University, Cleveland, OH, USA) was used
to prepare the working standard solution. Calibration was
done with a pentosidine standard curve (R2 = 0.9994).

Collagen was determined by quantitation of the 4-
hydroxyproline released in sample hydrolysates, with the tech-
nique used by Jamall et al. [43]. Briefly, a standard curve for
hydroxyproline was constructed for concentrations ranging
from 0 to 1.6μg hydroxyproline in 1.2 mL of 50% isopropanol.
Then, 50μL of a 1:80 hydrolysate sample dilution was added to
each point. The final volume was adjusted to 1.2 mL with
isopropanol/water (50:50), and then, 200 μL of 0.58%
Cloramine T solution (in acetate-citrate buffer, pH 6.0) was
added. After 10 min, 1-mL Ehrlich reagent was added and the
sample was then incubated for 90 min at 50 °C in a water bath.
Finally, samples were cooled in water at room temperature for
15 min and absorbances were read at 558 nm using water as the
reference. To calculate collagen content, it was assumed that
collagen mass was 7.1 times the hydroxyproline mass, as cal-
culated from the composition of human dentine collagen [44].

Statistical analysis

Statistical analyses were done with SPSS software, version
23.0 (IBMCorporation., Armonk, NY, USA). Descriptive sta-
tistics were recorded and expressed as the mean ± standard
deviation of the mean. To compare values between variables,
parametric and nonparametric tests were used. Statistical de-
pendence analysis between variables was done with the
Pearson correlation coefficient. Regression analysis was used
to obtain linear regression equations to estimate the age. A
value of p less than 0.5 was considered statistically significant.
The incidence of true and false positives and negatives, and
sensitivity and specificity values, were calculated for furosine
and pentosidine concentrations in dentine at different ages.

Results

Group I consisted of dentine samples of 32 permanent teeth
from 15 males (46.88%) and 17 females (53.13%) ranging in

age from 14 to 80 years (44.06 ± 22.08 years) (Table 1).
In vivo, furosine concentration in dentine (18.5 ± 11.5 mmol/
mol of collagen, range 2.7–40.1) was 85.6 times as high as
pentosidine concentration (0.216 ± 0.080 mmol/mol of colla-
gen, range 0.095–0.395) (Table 1). Comparisons of furosine
and pentosidine contents in each sex yielded no statistically
significant differences. Furosine and pentosine concentrations
were also compared between age groups by stratifying the
samples (< 25, 25–40, 41–60, and > 60 years) (Table 3).

To estimate age from the observed variables, linear regres-
sion equations were derived for age and different furosine or
pentosidine contents, and estimated ages and real errors were
then calculated (Table 1). The correlation between the vari-
ables and age showed a strong dependence, as shown by the
linear correlation coefficients (r), standard errors (SE), and
mean absolute errors (MAE) presented in Table 1. The errors
of the estimates did not differ significantly among types of
tooth. Although all regressions produced high correlation co-
efficients, the errors showed that the age estimates from
furosine and pentosidine concentrations were most accurate
with the equation: age (years) = − 3.843 + 0.892 * furosine
concentration + 144.852 * pentosidine concentration (r =
0.962, SE = 6.21, MAE = 4.68). In addition, there was a
strong correlation between furosine and pentosidine concen-
trations (r = 0.903, p < 0.001). The linear regression for this
correlation is illustrated in Fig. 1.

Group II consisted of a sample of dentine and a sample of
the medial third of the clavicle obtained from the same cadav-
er (15 cases). The age range of the population was 18 to
85 years (46.80 ± 17.72 years) and 33.3% of the samples were
from females (Table 2). Furosine concentration in dentine was
20.6 ± 9.6 mmol/mol of collagen (range 4.5–41.2) and
pentosidine concentration was 0.228 ± 0.069 mmol/mol of
collagen (range 0.113–0.365). These values yielded a
furosine/pentosidine ratio of 90.3. No significant differences
were found in furosine or pentosidine concentrations in den-
tine between cadaveric and living donor teeth. In bone,
furosine concentration was 7.9 ± 3.4 mmol/mol of collagen
(range 2.8–14.3) and pentosidine concentration was 0.072 ±
0.22 mmol/mol of collagen (range 0.040–0.118). The corre-
sponding furosine/pentosidine ratio was 109.7. There were
statistically significant differences in furosine content between
bone and dentine (p < 0.001) and in pentosidine content be-
tween bone and dentine (p < 0.001). Other significant differ-
ences were found between furosine and pentosidine content in
bone (p < 0.001) and between furosine and pentosidine con-
tent in dentine (p < 0.001). Moreover, there was a very strong
linear correlation between furosine and pentosidine content in
both tissues, as shown by the high correlation coefficients of
r = 0.882 (p < 0.001) in bone and r = 0.970 (p < 0.001) in den-
tine (Fig. 2). In addition, there was a strong correlation be-
tween furosine in dentine and bone (r = 0.954, p < 0.001) and
pentosidine in dentine and bone (r = 0.930, p < 0.001).
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On the other hand, no statistically significant differences
between sexes were observed for furosine or pentosidine in
dentine or bone.

There was a strong linear dependence between age and
each of the other variables (furosine and pentosidine content
in dentine and bone samples). Moreover, significant differ-
ences were found between younger and older age groups for
both products and in both tissues (< 25 vs. 41–60 years, p <
0.05; < 25 vs. > 60 years, p < 0.01; 25–40 vs. > 60 years, p <
0.01 for dentine, and p < 0.05 for bone). As shown in Table 3,
the regressions with the smallest errors were found with
furosine or pentosidine contents measured in dentine as the
independent variables. As in group I, no statistically signifi-
cant differences in the errors of the estimates were found be-
tween types of tooth. In addition, the most accurate age esti-
mates were obtained from the observed concentration of
furosine and pentosidine in dentine (age (years) = 1.103 +
1.109 * furosine concentration + 100.350 * pentosidine
concentration, r = 0.989, SE = 2.79, MAE = 1.85) and in bone

samples (age (years) = − 3.434 + 2.413 * furosine
concentration + 434.876 * pentosidine concentration, r =
0.978, SE = 4.03, MAE = 3.18).

Using values for all four variables (furosine and pentosidine
concentrations in dentine and bone), we derived a multiple
regression model to explain age. According to backward and
forward stepwise selection, the best model was age (years) = −
0.733 + 1.080 * furosine concentration in dentine +
50.776*pentosidineconcentration indentine− 0.262* furosine
concentration in bone + 220.835 * pentosidine concentration
in bone (r = 0.995, SE = 2.16, MAE = 1.22).

The best cut-off values for furosine and pentosidine con-
centration in dentine, which yielded maximal sensitivity and
specificity in different age groups, are shown in Table 4. The
incidence of true and false positive and negative values was
obtained considering all dentine samples from group I and
group II together (n = 47), and sensitivities and specificities
were calculated for furosine and pentosidine concentrations
as possible discriminatory criteria to classify an individual in
a given age group.

Discussion

In the present study, furosine and pentosidine concentrations
were determined in dentine and clavicle samples from living
and deceased donors. Furosine content in dentine was much
lower than the values found by other authors. Kleter et al. [45]

Fig. 2 Scatterplot of the association between furosine and pentosidine
concentrations in samples of human dentine and bone (clavicle) from
15 individuals in group II. Solid line: linear regression for dentine samples
(y = 0.08 + 0.007x, r = 0.970). Dotted line: linear regression for bone sam-
ples (y = 0.03 + 0.00577x, r = 0.882)

Fig. 1 Plot of the linear regression equation for furosine concentration vs.
pentosidine concentration in human dentine, in material from 32
individuals in group I, based on the equation y = 0.1 + 0.00624x, r = 0.903

Table 3 Furosine and pentosidine concentrations in dentine samples
from age subgroups in group I

Age group (years) n Furosinea Pentosidinea

1 (< 25) 9 6.0 ± 2.3* 0.135 ± 0.021*

2 (25–40) 6 11.8 ± 5.4** 0.163 ± 0.029**

3 (41–60) 8 22.2 ± 4.9* 0.242 ± 0.026*

4 (> 60) 9 32.4 ± 5.3* ** 0.311 ± 0.052* **

a Furosine and pentosidine concentrations (mean ± standard deviation)
are expressed in mmol/mol of collagen

*Significant differences between age groups 1 and 3 (p < 0.01) and be-
tween age groups 1 and 4 (p < 0.001) for furosine and pentosidine

**Significant differences between age groups 2 and 4 (p < 0.001) for
furosine and pentosidine
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reported concentrations ranging from 220 to 240 mmol/mol of
collagen in samples of carious dentine (n = 2). However, apart
from the presence of caries, these authors used OPA as a
reagent and used fluorescence to quantify other amino acids
in addition to furosine in the sample, which might have affect-
ed the accuracy of their method.

In clavicle samples, mean furosine concentration was 2.6-
fold lower compared to the concentration found in dentine
samples from the same individuals, probably due to the slower
renewal rate of collagen in dentine [46]. As noted above, pro-
tein turnover is considered an important determinant of the
level of AGE accumulation. In this connection, Ohtani [47]
also reported a much lower rate of aspartic acid racemization
in bone compared to dentine. To our knowledge, there are no
previous data on furosine concentration levels in human bone.

Pentosidine determinations in teeth have been reported
somewhat more frequently in the literature. Kleter et al. also
determined pentosidine in the aforementioned study [45] and
found concentrations of 1.8 ± 0.7 mmol/mol of collagen (n =
7) in healthy dentine and 3.3 ± 0.5 mmol/mol of collagen (n =
7) in carious dentine. The higher values in carious sections of
dentine can be explained by demineralization during caries
formation, which facilitates the entry of precursors in the ex-
posed tooth [45]. More recently, Greis et al. [37] reported
concentrations of pentosidine ranging from 0.02 to 0.2 nmol/
mL of collagen, measured in 63 healthy extracted third molars
from individuals 15 to 65 years of age. These authors found an
approximately 10-fold increase in pentosidine concentration
between the youngest and the oldest individual, whereas in the
present study, this increase was only 3.6-fold, even though we
considered a broader age range.

In clavicle samples, mean pentosidine concentration was
3.1-fold lower than in dentine from the same individuals, which
may be explained by the faster removal of AGEs due to the
high turnover rate in bone [34, 46]. Sroga et al. [48] found in
vivo concentrations of pentosidine ranging from 2.1 to
13.2 μmol/mmol of collagen in cortical bone and between 2.9
and 13.8 μmol/mmol of collagen in cancellous bone from hu-
man tibias of donors between 20 and 90 years old; these levels

are much lower than the values obtained in the present study. It
should be noted that we considered clavicle samples as a whole,
without distinction between cortical and cancellous bone.

The greater amount of furosine in relation to pentosidine in
both dental and bone tissues may be explained by the fact that
furosine is an indicator of the Amadori product, a compound
formed in the early stage of the Maillard reaction, whereas
pentosidine is a product of the late phase, and consequently
accumulates to a lesser extent. In addition, no statistically
significant differences were found in furosine and pentosidine
accumulation between men and women, in line with similar
studies in mineralized tissues [32, 33].

In the present study, we found that furosine and pentosidine
concentrations in both dentine and bone samples increased
with aging. In addition, differences were seen between the
youngest and oldest age groups. Furosine increased with age
at almost the same rate as observed for pentosidine (Figs. 1
and 2). Thus, the strong correlation between furosine and
pentosidine concentrations in both tissues could be used to
estimate the content of one product from the content of the
other. Specifically, furosine concentration could be used as a
reliable indicator of the content of pentosidine, a less abundant
AGE that is also closely associated with age.

In humans, increasing levels of furosine were reported in
the aorta and tendon with age, especially after 20 years [28,
49], as well as a slight increase in skin from 20 to 85 years of
age [23]. In their analysis of teeth, Miura et al. [35] investigat-
ed the accumulation of N-carboxymethyl-lysine, one of the
many types of AGE, in dentine and found an AGE-positive
immune reaction in aged dentine. In addition, Greis et al. [37]
observed a close relationship between pentosidine concentra-
tion in healthy dentine and chronological age (r = 0.94) and
reported a 95% prediction interval of ± 9.4 years for age esti-
mation. The dependence of AGE accumulation on age has
also been demonstrated in human bone. In particular, the ac-
cumulation of pentosidine with increasing age has been ob-
served in cortical bone [30–32, 34] but not in cancellous bone
[32, 33], possibly as a result of high turnover rates in this latter
type of bone tissue [32].

Table 4 Cut-off values for
furosine and pentosidine
concentrations in dentine samples
at different ages

Age (years) Cut–offa TP FP FN TN Sensitivity Specificity

Furosine < 25 < 10 11 2 0 34 100% 94.4%

25–40 10–19.9 8 5 2 32 80% 86.5%

41–60 20–29.9 8 6 5 28 61.5% 82.4%

> 60 ≥ 30 7 0 6 34 53.8% 100%

Pentosidine < 25 ≤ 0.159 11 3 0 33 100% 91.7%

25–40 0.160–0.209 7 1 3 36 70% 97.3%

41–60 0.210–0.259 9 3 4 31 69.2% 91.2%

> 60 ≥ 0.260 10 2 3 32 76.9% 94.1%

aCut-off values for furosine and pentosidine concentration expressed in mmol/mol of collagen

TP true positive, FP false positive, FN false negative, TN true negative
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In the present study, although all regressions yielded corre-
lation coefficients higher than 0.93, the regressions with the
smallest errors were those for furosine and pentosidine con-
centrations measured in dentine. This tissue may therefore be
more suitable than bone for use in age estimation. Moreover,
the sensitivities of the tests (furosine or pentosidine content in
dentine) in order to assign individuals to a specific age group
ranged from 100 to 53.8% for furosine and from 100 to 69.2%
for pentosidine across the age subgroups we used (Table 4).
Therefore, age group in our sample was accurately assigned in
all individuals younger than 25 years (n = 11). The specificity
of the tests was > 82.4% for furosine and > 91.2% for
pentosidine in all age subgroups (Table 4); in other words,
the likelihood of misclassification on the basis of furosine or
pentosidine concentration determined in dentine was very
low. A comparison of the errors for multiple vs. simple regres-
sion suggests that the multiple regression model is more suit-
able as long as both furosine and pentosidine content are
known. In addition, the potential influence of the type of tooth
in age estimation was studied, since different teeth develop at
different times. Our results showed that the errors of the esti-
mates were not significantly affected by the type of tooth
analyzed.

The formation of AGEs is accelerated by hyperglycemia,
oxidative stress, advanced renal disease, inflammation and
hypertension, as well as by exogenous sources of precursors
and AGEs ingested through food or tobacco [50]. Therefore, it
should be taken into consideration that the influence of these
variables can lead to age overestimations. Unfortunately, we
had very limited information regarding the diabetes status of
the sample donors; a more detailed study including a group of
samples from donors with a verified history of diabetes should
be performed in order to evaluate the influence of these factors
on AGE levels. This limitation can be considered a major
drawback for the applicability of the accumulation of NEGs
to forensic age estimation. In addition, the older the person,
the higher the exposure to these potentially confounding fac-
tors. In the present study, however, this trend was not evident:
the highest percentage of overestimation was not found in the
oldest age group, as shown in Tables 1 and 3. A further con-
sideration is that heat accelerates AGE formation, so the meth-
od tested here may result in age overestimation if used with
samples from burnt bodies [37].

Finally, it is important to note that in cases of unknown or
very long postmortem intervals, degradation processes may
alter the integrity of biomolecules and thus affect the reliabil-
ity of molecular methods applied to degraded materials. A
more precise knowledge of the molecular alterations human
mineralized tissues undergo during the postmortem interval,
including the degradation of collagen proteins, is thus neces-
sary in studies of molecular markers for age estimation.
Nevertheless, some studies have reported collagen proteins
to be remarkably stable within relevant forensic postmortem

intervals [12, 13] and therefore potentially useful for age
estimation.

The results reported here show strong correlations between
chronological age and furosine or pentosidine concentrations
determined in mineralized tissues. Although the standard and
mean absolute errors of the estimates were low enough to be
applied for forensic purposes, our results must be interpreted
with caution because of our relatively small sample size.
Therefore, to further assess the accuracy of the models pre-
sented here to predict age, our results should be
complemented with studies of larger numbers of cases. This
limitation notwithstanding, we conclude that the method re-
ported here is a potentially useful new contribution to age
estimation from human skeletal remains, especially when
morphological analysis is not possible.
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