
Abstract We have studied the correlation between the
level of D-aspartic acid in dentin and the period of dentin
formation in different types of teeth from the same indi-
vidual. Except for the third molar, it is generally agreed
that the formation of permanent dentin follows the pattern
of growth, occurring earliest in the first molar and last in
the second molar. In middle-aged individuals, racemiza-
tion among the different types of teeth was highest in the
first molar, corresponding to the earliest period of dentin
formation. In elderly individuals, however, racemization
tended to be highest in the second molar, in which dentin
is formed last during growth. It is assumed that this may
be due to the higher ambient temperature of the second
molars, which are located deeper in the oral cavity. Thus,
these results suggest that in elderly individuals racemiza-
tion in teeth that have been situated deep in the oral cav-
ity for a long time is more influenced by the environment
than by the period of tooth formation.
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Introduction

D-amino acid is transformed by racemization from L-amino
acid in the course of aging. It is accumulated with aging in

the tissues in which metabolism proceeds slowly, such as
the teeth [1, 2, 3, 4, 5, 6, 7], bone [8, 9, 10, 11, 12, 13], eye
lens [14] and brain [15]. In particular, the level of D-as-
partic acid in dentin of human teeth generally increases
gradually with age. In forensic medicine, the level of 
D-aspartic acid in dentin is established as a tool for esti-
mating age from teeth [16, 17, 18]. For age estimation, the
level of D-aspartic acid en masse in several of the same
type of tooth of known age is measured as a standard for
legal advice. This control is indispensable, because it is
sometimes difficult to keep the same level of precision
when measuring actual samples owing to instability in the
efficiency of gas chromatography. It is especially impor-
tant to unify analytical procedures for reproducible gas
chromatography [19]. The same type of tooth is used as
the reference standard for legal advice because different
types of teeth are formed in different periods of growth
and the level of D-aspartic acid differs accordingly. There
are no reports, however, that have accurately measured
and compared the level of D-aspartic acid in dentin of dif-
ferent types of teeth from the same individual.

With regard to the process of dentin formation, it is ex-
pected that the earlier the formation of a type of tooth is
completed, the higher the level of D-aspartic acid should
be. Racemization is a chemical reaction, however, which
could be influenced by environmental conditions. Accord-
ingly, it is still unknown whether the measured level of 
D-aspartic acid in dentin actually agrees with the tempo-
ral order of dentin formation.

In this study, we investigated whether the level of 
D-aspartic acid in dentin is related to the period of forma-
tion with respect to each type of tooth in the same indi-
vidual. We also examined the deviation of the estimated
age from the real chronological age on the basis of the
measured extent of aspartic acid racemization in dentin.

Materials and methods

The material consisted of a total of 56 teeth, which were obtained
from 9 cadavers donated after death at the ages of 58–88 years. Be-
tween five and seven different types of tooth, except for the third
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molar, were obtained from each cadaver. As samples for analysis,
we selected the teeth in which more than three-quarters of the
dentin was retained. We cut longitudinal sections through the spec-
imens, and those sections containing only dentin were collected
with a cutter. The sections were rinsed sequentially for 5 min each
in water, ethanol and ether in an ultrasonic bath, then dried and
pulverized and 10 mg of the pulverized material was used for mea-
surement. D-aspartic acid was analyzed and isolated by the con-
ventional method of gas chromatography [3, 4], on an FS capillary
column (length: 25 m, internal diameter: 0.3 mm; G. L. Science,
Tokyo) coated with Chirasil-Val [19]. The extent of racemization
was obtained by substituting D and L of the following equation Eq
1 with the areas under the respective D-aspartic acid and L-aspar-
tic acid peaks in the chromatograph:

ln[(1 + D/L)/(1 − D/L)] (1)

The extent of racemization was determined by averaging the val-
ues obtained in 2–4 measurements. For comparison of the extent of
racemization among different types of tooth, the homonymous
tooth was classified as the same type of tooth, regardless of its lo-
cation in the upper or lower dentition or on the right or left side.

Results and discussion

Racemization is a chemical reaction in which the L-enan-
tiomer is transformed into the D-enantiomer, or vice versa.
This reaction is often detected in the tissues that have a
slow metabolism. Although the level of D-amino acid is
assumed to increase steadily in a constant environment,
the racemization process depends strongly on certain as-
pects of the environment [20]. For example, it has been
reported that racemization is bound up tightly with ambi-
ent temperature [21, 22, 23].

We previously investigated the correlation between the
level of D-aspartic acid in enamel, dentin and cementum
and aging, and found that this correlation was highest be-
tween the levels of D-aspartic acid in dentin and aging
[24]. It is assumed that this is because dentin is surrounded
by enamel and cementum, therefore its water content is
kept constant with water supply through the dentinal
tubules. We found, however, that racemization proceeds
most rapidly in cementum and most slowly in enamel
[24]. We assume that this may be due to differences in the
ambient temperature.

It is generally agreed that on the whole the permanent
dentin is formed in the following temporal order: first mo-
lar, central incisor, lateral incisor, canine, first premolar,
second premolar and second molar [25]. If we assume that
the oral cavity is a uniform environment, D-aspartic acid
is expected to be highest in the type of tooth that com-
pletes formation in the early period of growth. In K. A.
(age at death: 58 years), S. A. (age at death: 59 years) and
U. A. (age at death: 61 years), the extent of racemization
was highest in the first molar, consistent with the tempo-
ral order of formation (Fig. 1). In the elderly group of 
T. Y. (age at death: 76 years), Y. T (age at death: 80 years)
and I. K. (age at death: 88 years), however, the extent of
racemization was highest in the second molar, which is
formed in the last period of growth, along with the first
molar, which is formed in the earliest period of growth
(Fig. 1). This may be due to a higher temperature in the
molar region deep in the oral cavity than in the front teeth

region. The interconversion of aspartic acid enantiomers
is a reversible first order chemical reaction. Therefore, the
temperature probably highly influences D/L ratios. It is
assumed that when a tooth is situated in the oral cavity for
longer durations, as in elderly people, the influence of am-
bient temperature becomes stronger and the influence of
the period of tooth formation becomes weaker. Thus,
strictly considered, our data suggest that the intraoral en-
vironment of the tooth differs between the front teeth re-
gion and the molar region (Fig. 1).

In the four subjects from whom all seven types of tooth
were obtained, the standard deviation of the extent of
racemization of each type of tooth increased in parallel
with an increase in age. Thus, these results suggest that
the difference in the extent of racemization of each type of
tooth increases with age.

The mean level of D-aspartic acid of each type of tooth
decreased in the following order: first molar >second mo-
lar >second premolar >first premolar >canine >central in-
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Fig. 1 Differences in the correlation of the D/L ratio with age ob-
served using tooth samples from subjects aged between 58–62
years and 76–88 years. Types of tooth on the x-axis are arranged
from left to right according to their order of formation

Table 1 Equations deduced by the method of least squares from
respective too the type and all types of tooth

Type of tooth Y n r k

Central incisor 756.63X–22.20 7 0.980 0.000634
Lateral incisor 780.70X–19.70 9 0.986 0.000622
Canine 806.23X–25.49 9 0.985 0.000601
First premolar 782.58X–23.79 8 0.989 0.000625
Second premolar 677.96X–11.75 9 0.982 0.000711
First molar 686.57X–16.37 5 0.996 0.000723
Second molar 640.76X–9.01 9 0.986 0.000759
Total teeth 696.20X–13.84 56 0.961 0.000665

Y age; X, ln[(1+D/L)/(1–D/L)]
r correlation coefficient
k rate constant of racemization



cisor>lateral incisor which was not necessarily consistent
with the temporal order of formation of different types of
tooth. This result indicates that the intraoral environment
surrounding a particular type of tooth can exert a stronger
influence on racemization than can the period of forma-
tion (Fig. 1).

In forensic medicine, dentin is used for estimating age
from the teeth [16, 17, 18]. Accordingly, by the least square
method we calculated the equation for the linear regres-
sion line defining the relationship between the extent of
racemization and age, with respect to each type of tooth
(n=5–7, r=0.980–0.996) and all types of teeth (n=56,
r=0.961). We calculated the estimated age by substituting
the D/L ratio in the equations deduced by the method of
least squares with the measured D/L values of the respec-
tive tooth type and all types of tooth (Table 1).

Among the different types of teeth, k was largest in the
second molar. For the other types of teeth, k became
smaller in the following order: first molar >second pre-
molar >central incisor >first premolar >lateral incisor >ca-
nine. Thus, these results reflect the tendency that the
deeper in the oral cavity a type of tooth is located, the
higher the rate of racemization. It is assumed that the am-
bient temperature is higher in deeper regions in the oral
cavity. It is unlikely that those differences in D/L ratios
were caused by variations in the protein composition be-
cause we carefully dissected out only dentin and obtained
10 mg pulverized samples where the protein composition
was probably homogeneous. However, we still exclude
such a possibility.

We calculated the estimated age by the equations
(Table 1) for each respective type of tooth, and found that
the estimated age was equal to the real chronological age
in 15 out of 56 cases. The error range of ±1 year-level
contained 18 cases, ±2 years level contained 16 cases, 
±3 years level contained 2 cases and more than ±4 years
level contained 5 cases out of 56 (Table 2). Likewise, the
age here was estimated by the equation for all types of
tooth. The estimated age here was equal to the chronolog-
ical age in 9 out of 56 cases. The error range of ±1 year
level contained 19 cases, ±2 years level contained 10 cases,
±3 years level contained 6 cases, and more than ±4 years
level contained 12 cases out of 56 (Table 2). Thus, these
results confirm that age estimation based the extent of
racemization in a specific type of tooth yields a better re-
sult than estimations from different types of tooth.
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