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Aging and trace elements in human
coronal tooth dentine

Ana C. Fernandez-Escudero*, Isabel Legaz(®%*, Gemma Prieto-Bonete?!, Manuel Lépez-
Nicolds?, Antonio Maurandi-Lépez? & Maria D. Pérez-Carceles!

Teeth are a fundamental tool in forensic odontology for identification in a legal context of those
individuals who cannot be identified visually or by other means. Dentine presents physiological
exchanges of in trace elements after a period of mineralization and several factors can affect its
concentration. The aim of this study was to investigate the concentration of 25 trace elements in the
coronal dentine according to sex and type of tooth to determine their relationship with age. A total

of 25 trace elements were analyzed in 150 human coronal dentine. Teeth were classified into three
age groups, sex and tooth type. The trace elements were grouped as potentially toxic or essential.
Inductively Coupled Plasma-Mass Spectrometry and Atomic Emission Spectroscopy were used. The
toxic and essential elements were detected in the following order of concentration: Al > Pb > Sn > Li
>As>CdandCa>P>Mg>Na>S5>K>Sr>Zn>Ba>Fe>B>Ti>Mn>Cr>Ni>Cu>Co
> Se > V. Our findings show an increase in the concentration of toxic (Pb, Li and Sn) and essential (B,
Ba, K, Sr, S and Mg) elements in coronal dentin related to the age of the teeth, regardless of sex. The
concentrations of Pb and K in dentin of molars and premolars are the elements that best relate their
variations with age. In view of our results, the analysis of these trace elements in dentin in combination
with other types of techniques could be established as an element to consider in age dating studies in
different forensic situations.

Teeth and oral structures are a fundamental tool in forensic odontology for identification in a legal context of
those individuals who cannot be identified visually or by other means'. The hardness of dental structures allows
teeth to be preserved over time, being resistant to decomposition and high temperatures, making them very
useful in postmortem analysis and essential for the identification of human remains®=. Recent studies have inves-
tigated the relationship between the trace elements in human teeth and pollution®-!! and as a bio-indicator of
the nutritional status or disease'?. Different methods are continuously being developed to estimate dental age
using dental tissues, and histological, radiographic and biochemical procedures, but none is considered very
accurate’® . Dental age determination is becoming important in cases of people without any identity or bone
remains®>?!, competitive sports with age limits??, and also to estimate dental age among under aged commercial
sex workers with the intention of rehabilitation, and in paleodontological studies?*?. Teeth, then, are an impor-
tant adjunct in forensics.

The biomineralization of teeth is a dynamic, complex and lifelong process through which inorganic nanocrys-
tal precipitations occur within the organic matrices to form hybrid biological tissues®*. Teeth have the ability to
incorporate many chemical elements into their structure, the most abundant being calcium, phosphorus, mag-
nesium and sodium?*-%". Dental structures contain a wide variety of trace elements but most studies analyze the
concentration of trace elements in dental enamel?.

Dentine is surrounded by enamel and cementum, and is not affected by the oral environment®. It also pre-
sents a physiological exchange of elements after a period of mineralization, contrary to that which occurs in
enamel®. Moreover, dentine is characterized by having a non-active metabolism of elements after dentine forma-
tion is complete and the mobility of the substances it contains is low compared with other hard tissues, providing
a permanent, cumulative and solid record of past and/or recent heavy metal environmental exposure!®*1-34,

Many studies show that there are several factors that can affect the concentration of trace elements in
whole-teeth, when making correlations between samples and environmental conditions, life habits (diet and
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Patients

Total, Men, N=63, ‘Women, N=87,

N=150 (42%) n (%) (58%) n (%)
Age (years)* 40.37+1.55 | 48.06+18.98 34.23+16.54
Age groups (years)
Group I (<30) 56 (37.3) 15 (24.0) 41 (47.1)
Group II (30-50) 45 (30.0) 13 (20.0) 32(36.8)
Group III (>50) 49 (32.7) 35(56.0) 14 (16.1)
Tooth type
Molar 109 (72.6) 45 (71.5) 64 (73.6)
Premolar 41 (27.4) 18 (28.5) 23 (26.4)

Table 1. Description of the teeth samples used in this study. N, total number of each tooth; n (%), number and
percentage of tooth in each group; SE, Standard error. International nomenclature of World Dental Federation
(https://www.fdiworlddental.org/) was used to classification each dental piece. *Median age + SE.

tobacco), region of origin, caries, diseases, such as diabetes or high blood pressure®*-*2. However, the concentra-
tion of trace elements in dental dentine may be affected by sex and show different degrees of sensitivity according
to age, but dates on the trace elements found in tooth dentine is scarce®**.

A study found that many dentin elements increase with age until the age of fifty**. It is believed to be attribut-
able to the fact that dentin contains a significant quantity of collagen fibers and that, after the elements that have
affinity for collagen fiber are processed in the body and the accumulated dose increased, concentrations increase
in relation to age.

The aim of this study was to investigate the concentration of twenty-five trace elements (toxic and essential)
in the coronal dentine of healthy teeth according to sex and type of tooth to determine any relationship between
the accumulation of trace elements and age and, consequently, to establish the usefulness of dental dentine as a
long-term dental element suitable for age studies in forensic situations.

Patients and methods

Studied populations. A total of 150 healthy permanent teeth were extracted from different patients due
to orthodontic treatment or therapeutic interventions between 2016 and 2018 in the University Dental Clinic,
University of Murcia (Spain). All the teeth belonged to patients of Spanish nationality, residing in Murcia, a
Mediterranean city in the southeast of Spain (Table 1) whose predominant diet was the Mediterranean diet. The
following exclusion criteria were established: patients with occupational exposure to metals (heavy metal indus-
try and gas-chemistry in particular); smoking in the past and present; pregnancy and lactation; acute infections;
acute surgical diseases and trauma; chronic disease, metal implants; receive trace element preparations today;
vegetarian diet. Lithologically, the area of Murcia is characterized by calcareous, dolostone, marl and metamor-
phic materials, primarily phyllites. The predominant soils in the area of Murcia have a carbonated composition,
primarily xerosols, litosols, regosols, and fluvisols*~°.

The different dental pieces analyzed in this study were classified following the nomenclature of the World
Dental Federation*” and include a total of 109 molars and 41 premolars. The median age of the total cohort was
40.37 £ 1.55 (years == SEM) with an age range between 18 to 88 years. Of the dental pieces analysed 42% corre-
sponded to men (n=63) and 58% to women (n = 87). Teeth in poor condition (caries, much erosion or abrasion,
cracks, cavitations, restorations or defects) were excluded.

For the study, the teeth were divided into three age groups and receiver operation characteristic (ROC) curves
were used to find an optimal cut-off value for each group: Group 1 (<30 years), n=>56; Group 2 (30-50 years),
n=45and Group 3 (>50 years), n =49. A range of optimal values was obtained between 29.8 and 49.7 years, with
sensitivity of 0.718-0.498, and specificity of 0.687-0.795. The final cut-off values of 30 and 50 years was chosen.

Informed consent was obtained from all the participants included in the study. The study protocol was
approved by the institutional ethics committee in accordance with the Helsinki Declaration of 2000 and the pro-
tocol was approved by the Ethical Research Committee of Murcia University (ID2035/2018).

Sample preparation. All the teeth were classified and washed in distilled water, air-dried and frozen at
—20°C after extraction until use. All the instruments used during the teeth preparation phase were washed with
10% nitric acid and then rinsed with distilled water and dried in a laboratory incubator (70 °C). Prior to analysis,
the teeth were sterilized in a steam autoclave at 134 °C and 30 psi for 3 min. To remove the soft tissues, gums and
blood the teeth were soaked for 2h in 30% hydrogen peroxide with occasional agitation and washed three times
with Milli-Q quality water and decoronated*®*’, since this allows the crown to be separated from the root with the
minimum risk of contamination.

Enamel, cementum and the pulp were removed, obtaining the coronal dentine block, which was again cleaned
in an ultrasonic bath of ultrapure water (18.2 MQ ™™ resistivity) and dried in an oven at 60 °C for 2 h*’. Once
dry, each coronal dentine block was ground in an agate mortar, and 0.2 g was weighed on a precision balance.
Digestion was performed using a digester (Microwave Milestone Model Ultrawave). The sample was placed in
a Teflon tube with 4 ml of a high purity 65% nitric acid (Suprapur, Merck), 4 ml of Milli-Q water and 2 ml of
30% hydrogen peroxide. All the chemical reagents used during the analysis and preparation had been awarded
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quality certificates. After the digestion process, the resulting solution was transferred to a volumetric flask and
was flushed with distilled water and stored at 4 °C until analysis.

Determination of trace elements in dentine. A total of 25 elements were analyzed in a total of 150 sam-
ples of human coronal dentine. Trace elements were grouped as essential: Boron (B), Barium (Ba), Calcium (Ca),
Cobalt (Co), Chrome (Cr), Copper (Cu), Iron (Fe), Potassium (K), Magnesium (Mg), Manganese (Mn), Sodium
(Na), Nickel (Ni), Phosphorus (P), Sulfur (S), Selenium (Se), Strontium (Sr), Titanium (Ti), Vanadium (V), Zinc
(Zn); and those that have no known biological role and/or are potentially toxic: Aluminum (Al), Arsenic (As),
Cadmium (Cd), Lithium (Li), Lead (Pb), Stannum (Sn)*'. The sensitive measurements for all trace elements ana-
lyzed were from 0.004 pgdm = to 13.543 pgdm .

Trace elements were determined by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS, Agilent
7900 Series Instrument, Agilent Technologies, Dublin, Ireland), except for calcium (Ca) and phosphorus (P),
which were determined by Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-OES, PerkinElmer,
Waltham, MA, USA, Optima 8300). Calibration of ICP-MS was performed using multielement calibration stand-
ard solution, 1000 mg/L stock solution of each element (Agilent Technologies, USA, High-Purity Standards, USA
and Merck, Germany) in 2% pure nitric acid. All of measurements had 3 replicas. Calibration of ICP-OES was
carried out by means of a 1000 mg/L multielement calibration standard solution of the analyzed elements (High
Purity Standards, Charleston, USA) and the working standards were prepared with acidified ultra-pure water (1%
nitric acid, Panreac). The limit of detection for both teams was calculated as three times the standard deviation
of the values of the blanks!!. The working solutions were prepared by precisely measured dilution of the stock
solutions with double distilled water for calibration.

Statistical analysis. Demographic data and results were collected in a database (Microsoft Access 2.0;
Microsoft Corporation, Seattle, WA) and the analysis was performed using SPSS 22.0 (SPSS software Inc.,
Chicago, IL) and the figures have been generated using GraphPad Prism 5 software. All results were expressed
as mean + SEM or as a percentage. The arithmetic mean (AM), standard error (SE), median, maximum (Max),
minimum (Min), skewness and kurtosis values were estimated by descriptive statistical analysis. The nonpara-
metric Mann-Whitney U test for two samples and the ANOVA Kruskal-Wallis test by ranks for multiple samples
were run to compare mean values and mean values with different data groups, and Spearman’s rho correlation
was used to measure the linear association between two variables. For continuous variables such as age, a receiver
operation characteristic (ROC) curve was used to acquire a cut-off value for stratification. P-values below 0.05
were considered significant. The correlations between the elements present in teeth and age groups were assessed
by regression analysis and principal component analysis (PCA). Kaiser-Meyer-Olkin’s measure of sampling ade-
quacy (KMO) was used to assess the usefulness of a PCA in each age group. KMO ranges from 0 to 1 and should
be well above 0.5 if variables are very interdependent and a PCA is useful. Kaiser-Meyer-Olkin’s measure of sam-
pling adequacy (KMO) of a PCA in each age group were showed.

Results

Analysis of the concentration of trace elements in human tooth dentine. A total of 25 trace ele-
ments were analyzed in all the samples (n =150) of coronary dentine (Supplementary Table 1), and all the toxic
and essential elements mentioned above were detected. The trace element with the highest concentration was Ca
(251937 +3868p.g g-1) and the lowest was Cd (0.005 £ 0.003 pgg ™).

The concentrations of toxic elements were in the following order: A1 > Pb > Sn > Li > As > Cd
(Supplementary Table 1, Fig. 1a), and the essential elements followed the order of concentration: Ca > P > Mg >
Na > S >K > Sr>Zn > Ba>Fe>B>Ti>Mn> Cr>Ni>Cu> Co > Se > V. The value of the concentra-
tion of each trace element is presented in Supplementary Table 1.

An analysis of the concentration of toxic elements according to sex and type of tooth was made (Fig. 1a). The
concentration of Pb was significantly higher in men (8.452+0.976 ngg ') than in women (3.483+0.831pugg ™
P =0.000). Similarly, Al concentrations in men (9.595+4.734 pg g!) were higher than in women’s teeth
(3.39410.635 pg g 1) but the differences were not statistically significant. According to tooth type, similar con-
centrations of all toxic elements were detected in all cases.

The analysis of the concentration of essential elements according to the sex and type of tooth was also
made (Fig. 1b). As regards sex, similar concentrations of trace most of the elements analyzed were observed,
with only a statistically significant decrease in Na levels seen in men (6180 + 161 pgg~"') compared with
women (6481 4+ 135ugg™!; P=0.032) and a statistically significant increase in K (309 +17pgg™), Co
(0.049 £0.009pgg™") and Ni (0.444 £0.2pgg™") levels in men compared with the levels measured in women
(Fig. 1b). The concentration of essential elements P (125868 +1953 pg g~!), Na (6739 +78.6ugg '), Mn
(0.598 £ 0.043 g g~ ') were statistically higher in molars than in premolars, while Cr (0.287 +0.196 ugg™"), Ni
(0.216+£0.116ugg™"), Co (0.053 +0.007 pgg!) and V (0.009 £ 0.0006 pg g ') showed significantly lower levels
in molars (Fig. 1b).

Relationship between concentration of toxic elements in dentine and tooth age. The concen-
tration of toxic elements in the three age ranges (<30, 30-50, >50 years) was analyzed in total teeth, according to
sex and type of tooth (molar and premolar) (Fig. 2 and Supplementary Table 2).

Of the 6 toxic elements analyzed, only 3 elements (Li, Pb, Sn) were significantly related with age (P < 0.05)
(Supplementary Table 1, Fig. 2a).

In total teeth, the toxic elements with the highest concentrations in both group I ( < 30 years) and group II
(30-50 years) were Al >Pb > Sn >Li > As > Cd, while in group IIT ( > 50 years) Pb levels were higher than those
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Figure 1. Analysis of the concentration of trace elements in tooth dentine. (a) The concentration of all toxic
elements analyzed in the different study groups; (b) The concentration of essential elements with statistically
significant differences between the different groups. Each point represents the mean concentration value of
each trace element. Statistical analysis was performed using the Kruskal-Wallis test. P < 0.05 was taken to be
statistically significant. *p < 0.05; **p < 0.01; ***p < 0.001. This figure has been generated using GraphPad
Prism 5 software.

of Al (Fig. 2a). A statistically significant increase of Pb, Sn and Li (P < 0.000) as the age range increased was
observed in total teeth, men, women and molar groups (Fig. 2a-d). As regards Al, the concentrations remained
constant in the <30 and 30-50 groups of teeth and increased in teeth >50 years but no significant differences
were observed in any case. Similar results were found for Sn from men, women, and molars although those over
50 years did not show high levels in women or molars (Fig. 2a—e). The analysis of toxic elements in premolars
showed a different distribution to the rest of the tooth groups analyzed but no significant relationship was found
(Fig. 2e).

Concentration of essential elements in tooth dentine and their relationship with age.  The con-
centration of essential elements in all age ranges (<30, 30-50, >50 years) were analyzed in total teeth, according
to sex and type of tooth (Fig. 3 and Supplementary Table 3). Of the total of 19 essential elements analyzed, only
9 elements (B, Ba, Co, K, Mg, S, Sr, V, Zn) had a significant relation with age (P < 0.05). (Supplementary Table 1,
Fig. 3a).

In total teeth, the highest concentrations of essential elements found showed the following order of concentra-
tion: Ca>P>Mg>Na>S>K>Sr>Zn> Ba.

As regards tooth age, small differences were found in group I (< 30 years) and group II (30-50 years) where
the levels of Mg and Na were similar. In group III ( > 50 years), the concentration of Ba was higher than Zn.

In men, statistically significant differences were found for the following elements Mg, S, K, Co and Ba while
for women it was K, Zn, Sr and V (Fig. 3c). The distribution of the concentration of these trace elements are
presented in Fig. 3b,c. An analysis of concentrations according to tooth type identified statistically significant
relationships with Ba, B, Co, Mn and Sr in molars (Fig. 3d) while in premolars S, Mg, K and Sr were significantly
related (Fig. 3e).

Analysis of the correlation between the different trace elements. Next, the correlation between
different trace elements was considered (Table 2). While some trace elements showed significant correlations with
each other. These correlations between elements suggest the possibility of agonistic and antagonistic absorption
mechanisms in human teeth. However, correlation analysis between toxic elements pointed to significant positive
correlations for Al-As/Pb, Pb-Li/Sn and Li-Sn.

Significant positive correlation between different essential elements were also found; for example, Mg with
V although the correlation was negative with S. The essential element K showed positive correlation with Mg,
S, Sr and Zn, while Sr showed a significant positive correlation with V and Zn. Finally, a positive correlation
was observed between essential and toxic elements including B with Al, Pb, Li, Sn. The rest of the correlations
are presented in Table 2. In Fig. 4 shows the positive correlations between toxic and essential elements their
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Figure 2. Concentration of toxic elements in dentine and their relationship with age. (a) Concentration of toxic
elements in all the teeth. (b,c) Concentration of toxic elements in men and women’s teeth. (d,e) Concentration
of toxic elements in the different types of teeth. Each point represents the mean concentration value of each
trace element. Comparisons between the different age ranges (<30, 30-50, >50 years) were made using the
Kruskal-Wallis test. P < 0.05 was taken as statistically significant. *p < 0.05; **p < 0.01; ***p < 0.001. This
figure has been generated using GraphPad Prism 5 software.

concentration with age in human teeth dentine. The size of the nodes represents the mean of the concentration of
the element. It should be noted that the toxic elements Pb and Sn are the elements that present the most positive
correlations, reaching a total of 8 positive correlations with the rest of the elements that increase with age, both
with essential and toxic elements. As shown in Fig. 4, Li has 4 positive correlations with K, Sn, B, Pb. The K have 3
positive correlations with Pb, Sn and Li. It should be noted that the S, Sr and Ba only show 2 positive correlations
with the same elements Pb and Sn. Mg only has a single positive correlation with Pb.

Correlation between the concentration of trace elements and age. The correlation coefficients
between the concentrations of elements in dentine and age was analyzed (Table 3). Significant positive correlation
was observed between trace element concentration (Li, Sn, Pb, B, Ba, K, Sr, S and Mg) and age.

The regression calculation was used to statistically describe the studied population. For dependencies of
changes in age in the function of trace element concentration, Table 4 shows regression equations defining the age
estimation by accumulation of trace elements in dentine.

The analysis of the total of teeth shows how all the toxic elements increased linearly with age, although only the
increase in Pb was statistically significant (P = 0.000). Similarly, the rest of the essential elements were positively
correlated with age, and these correlations were statistically significant in the case of Sr, Mg, K, Ba, B. The essential
elements Zn showed a negative regression or decrease in concentration with increasing age.

In addition, the PCA was used to identify whether the samples differed and what trace elements were respon-
sible for any difference (Fig. 5). In group I (< 30 years), KMO (= 0.60) indicated the usefulness of a PCA, which
explained 56% of the variation with three factors. Factor 1 was characterized by the high positive contribution
of Ca, Mg, Na, P and Ti, while a negative contribution was observed in the case of Al, As, B, Co, Pb and Sn. As
regards factor 2, Cr, Cu, Fe, Mn, Ni and V showed a strong positive contribution. Factor 3 was characterized by
the high positive contribution of Ba, K, Se, Sr and Zn (Fig. 5a). In group II (30-50 years), KMO (=0.57) indicated
the usefulness of a PCA, which explained 54% of the variation with three factors. Factor 1 was characterized
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Figure 3. Concentration of essential elements in dentine and their relationship with age. (a) Concentration
of essential elements in all the teeth (b,c). Concentration of essential elements in men and women teeth
(d,e). Concentration of essential elements in the different types of teeth. Each point represents the mean
concentration value of each trace element. Comparisons between the different age ranges (<30, 30-50, >50
years) were made by the Kruskal-Wallis test. P < 0.05 was statistically significant. *p < 0.05; **p < 0.01;
*#%p < 0.001. This figure has been generated using GraphPad Prism 5 software.

by the high positive contribution of Al, As, Co, Fe, Ni, Pb and the high negative contribution of Ca, Mg, Na, P
and Ti. In the case of factor 2, Co, Fe, K and Sr presented a strong positive contribution and Ti a strong negative
contribution. Factor 3 was characterized by the high positive contribution of Sr, V and Zn (Fig. 5b). Finally, in
group IIT (>50 years), KMO (=0.52) indicated the usefulness of a PCA, which explained 45% of the variation
with three factors. Factor 1 of age group III (>50 years), was characterized by the positive contribution of Ca,
Mg, Na, P and Ti, and a negative contribution on the part of As and Co. Factor 2 pointed to three high positive
contributions on the part of Cr, Ni and S, while factor 3 was characterized by the high positive contribution of Al,
B and Ba (Fig. 5¢).

Discussion

In this study, we have analyzed the concentration of twenty-five trace elements in the coronal dentine of healthy
teeth according to sex to determine any relationship between the accumulation of these trace elements and age
and, consequently, to be able to establish dentine as an appropriate long-term dental element for age studies in
forensic investigation.

The trace elements incorporated in teeth enter the human body from different sources, such as food, water and
air'"*2 Trace elements have an important role both in general human health and dental health, since they partic-
ipate in important biological processes, although in many cases the precise function is still unknown®. Previous
studies indicated the importance of trace element analysis in dentine and permanent tooth enamel in order to
provide chronological information on exposure, acting as a reliable bio-indicator of environmental pollution'’.
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Table 2. Correlation matrix for human teeth dentine giving values of Spearman’s Rho correlation coefficients
for pairs of toxic and essential elements. The bold values represent significantly correlated parameter.
*Correlation is significant at the 0.05 level (2-tailed). **Correlation is significant at the 0.01 level (2-tailed).
Dark Grey represents the toxic elements. Light grey represents the essential elements.

The molars and premolars have been the dental pieces analyzed in this study because they are the most com-
mon to extract for orthodontic purposes®. Molars and premolars are the largest pieces, with the best easy
handling for dentin extraction, and because they are the best protected teeth in the oral cavity. Both types of
teeth emerge and mark the beginning of dental replacement. Furthermore, from the forensic point of view, in
cases of destruction of the corpse by putrefaction or in situations of major catastrophes, they are usually the best
preserved teeth®.

In our study cohort, we had an acceptable sample size for both types of teeth (109 molars and 41 premolars)
and for reason and with the sole purpose of corroborating previous observations made by other authors in dif-
ferent populations®**”. Our results showed that with the exception of Zn in both types of teeth and B and Ba in
premolars, the rest of the elements increase in each age group, reaching statistical significance in several of them.

Therefore, based on our results, both types of teeth could be used to estimate age. There is little and disparate
information on the concentration of trace elements according to the type of tooth. Regarding lead accumulation,
a study showed that lead accumulation depends on tooth type: the older the tooth, the higher its lead content®.
On the other hand, other authors® showed that tooth type is not a major factor affecting lead accumulation in
adults. On the other hand, other authors analyzed 40 carious teeth and no found differences in the concentrations
of trace elements between incisors, canines, molars® and premolars, the Kumagai study also found no difference
between tooth types®.
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Sr

Figure 4. Representative diagram of the positive correlations between the toxic and essential elements that
increase their concentration with age in human teeth dentine. Green nodes indicate essential elements. Red
nodes indicate toxic elements. The thickness of the line indicates the degree of correlation. Fine line indicates a
correlation is significant at the 0.05 level (2-tailed) and thick lines indicate that the correlation is significant at
the 0.01 level (2-tailed). The size of the nodes represents the mean of the concentration of the element.

Toxic elements Essential elements

Li Sn Pb B Ba K Sr S Zn Mg
Correlation coefficient™ 0.483 0.401 0.880 0.222 0.282 0.399 0.294 0.327 0.185 0.262
P value 0.000 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.023 0.001

Table 3. Significant positive correlation coefficients between trace elements in dentine and age. *Values of
Spearman’s Rho correlation coefficients.

Trace elements | Regression equation ‘ R? ‘ P
Toxic

Sn y=38.544+2.276%x 0.024 0.059
Pb y=29.944 +1.872%x 0.639 0.000
Li y=39.682+2.073*x 0.025 0.055
Essential

Sr y=32.734+0.058*x 0.073 0.001
Mg y=10.111+4.538*x 0.092 0.000
S y=39.156 + 1.673*x 0.022 0.071
K y=17.123+0.085%x 0.223 0.000
Zn y=41.472-0.013%x 0.001 0.729
Ba y=39.737+0.019*x 0.060 0.003
B y=39.449 +0.212%x 0.059 0.003

Table 4. Statistical characteristics and trace elements concentration in the total teeth. R?, coefficient of

determination. P, p-value. “y” represented the tooth age, “x” each trace element analyzed. *All teeth in the age
range of 18 to 88 years are included. P-values marked in bold are statistically significant (P < 0.05).
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Figure 5. Results of principal component analysis in human coronal tooth dentine. (a) Analysis of trace
elements in age group I (<30 years), (b) Analysis of trace elements in age group II (30-50 years), (c) Analysis of
trace elements in age group III (>50 years). This figure has been generated using SPSS 22.0 (SPSS software Inc.,
Chicago, IL).

In our study, teeth were divided into three age groups and receptor operating characteristic curves (ROC) were
used to find an optimal cut off value for each group with optimal sensitivity and specificity. It should be noted that
giving a wide age range, about 20 years at least, is usual and recommended, especially in cases of deceased people
and especially in adults. Since giving a minor age range can lead to incorrect dating®.

Different methods for estimating dental age using dental tissues and histological, radiographic and biochem-
ical procedures are continuously being established'*~!°. Dental maturity plays an significant role in infant and
adolescent age estimates®!. The number and sequence of the outbreaked teeth will assess an individual’s age rea-
sonably. Radiographical methods will focus further on the various stages of mineralization®>®* and further help in
a more reliable age calculation. Mineralization of teeth provides a better approximation of chronological age than
bone mineralization® since the stage of mineralization in the teeth is less affected by variability in the individual’s
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nutritional and endocrine state. In this regard, the developmental stages of the teeth as given by Demirjian et al.%
are much in use for estimation of chronological age throughout the world*.

Several studies have analyzed how tooth age can be estimated based on aspartic acid racemization, morpho-
logical, histological and functional changes in teeth, dental imaging, changes in hardness and the modulus of
elasticity of dentine'>¢-%, Different authors suggest that reference values of trace elements in dentin can be useful
for estimating age®*”?, since there is no metabolism of the active element after the formation of dentin, and it is
not affected by the oral environment, it is considered a reliable biological factor. But despite all this, dates on the
trace elements found in tooth dentine is scarce®>*.

Dentin formation continues throughout the life of the tooth, and its formation results in a gradual but pro-
gressive reduction in the size of the pulp cavity. That the pulp supports the dentin and that age changes within the
pulp are reflected in the dentin has been emphasized. Since the amount of trace elements in dentin may change
with age, this is considered to be a reliable biological load index**. Electron microscopy demonstrates that these
tissue spaces ultimately become mineralized, including all the constituent collagen structures and all the space
(volume) between them. Currently there is uncertainty as to whether more mineral resides within collagen or
outside it, and recently certain electron microscopic studies indicate far more mineral deposited between collagen
than within it. Electron microscopy also shows that collagen structures differ considerably in the extracellular
space (volume) they occupy, a result depending on the species and tissues examined as well as their age and
maturation’”.

Kumagai ef al.?, in an analysis of the relation with age of 10 trace elements in dentine - boron (B), manganese
(Mn), cobalt (Co),copper (Cu), zinc (Zn), rubidium (Rb), strontium (Sr), molybdenum (Mo), cadmium (Cd),
and lead (Pb) - suggested that human dentine is an appropriate substance for relating sex and age, lending weight
to the data obtained in our study.

Our data show that of the total of 25 analyzed elements, only twelve elements have a significant correlation
with age, of which three are toxic or potentially toxic (Pb, Sn and Li) and nine are essential (Sr, Mg, S, K Zn, Ba, B,
Co, V). In the case of the toxic or potentially toxic elements, all three (Li, Sn, Pb), have a significant and positive
correlation with age, although the physiological function is not clear’. The analysis of lead (Pb) pointed to signif-
icant differences in terms of sex, with men presenting higher levels than women, corroborating the observations
made by other authors®.

The analysis of the mean concentrations of Pb, Li and Sn found a significant increase in all three age ranges
analyzed while the rest of the toxic elements not showed this trend. The positive correlation of Pb with age may
be due to its affinity for collagen fibers and the fact that it accumulates in calcified tissue’”#, which has also been
observed by other authors!**7>7¢. On the other hand, Pb is associated with environmental pollution processes’””®
and its accumulation can affect the concentrations of other essential elements such as Fe, Zn and Cu’>. However,
our data show that Pb accumulation significantly decreases the absorption of Na but not of the rest of the ele-
ments analyzed.

Regarding lithium (Li) and tin (Sn), Skalnaya et al.” observed that both elements increase in concentration
with age in women’s hair. Lithium (Li) is widely used as an effective treatment for mood disorders and is asso-
ciated with increased risk of reduced urinary concentrating, hypothyroidism, hyperparathyroidism, and weight
gain®. Tin (Sn) intoxication has been seen to alter the activities of some enzymes, affecting the metabolism of Zn,
Cu, Fe and Ca and modifying the concentration of some other elements in tissues'’.

In a study it was observed how the values of Li and Sn (1.30 V) were approximately equal to that of Li-Pb
(1.25V). Therefore, the transfer of electrons from Li to Sn and Pb would take place, respectively, leading to ionic
bonds and preferred heterocoordination®!. These effects are attributed to strong chemical interactions between
the components. According to the model proposed by Marel®?, they assume that the metals Li on the one hand
and Pb or Sn on the other hand have conduction bands that partially overlap. As lithium is applied to Pb or Sn,
some conduction electrons can flow from the Li band into the Pb or Sn band.

Furthermore, neutron diffraction measurements of liquid Li-Sn alloys provide evidence for appreciable order-
ing in the liquid, probably accompanied by charge transfer from Li to Sn. The structural properties of the Li-Sn
alloy system closely resemble those of the Li-Pb system®’.

As for the essential or potentially essential elements, the highest concentrations in dentine were observed for
Ca, P, Mg and Na®. There were variations in Mg, Sr, B, Ba, K, S, Zn, Co and V with respect to the age of teeth, but
only Mg, Sr, B, Ba, K, S and Zn concentrations showed significant positive correlations with age, increasing as age
increases.

Kumagai et al.*® observed positive correlations between B, Co, Cu, Sr and Zn concentrations and age, corrob-
orating our observations for B, Sr and Zn since the rest of the elements we analyzed were not analyzed in their
study. Regarding cobalt and potassium, Derise et al.** observed that the concentrations of both increased with age
in the enamel; however our data do not agree with their observations for cobalt but do in the case of potassium.

Potassium (K) is involved in apatite biomineralization, along with numerous trace elements. In our study, it
is the essential element that best explains the variation in concentration with age. Similar results were obtained
in a study where different essential elements in dentin were analyzed and only K exhibited significant positive
correlation with age®.

Magnesium is considered physiological calcium antagonist. This can serve as a significant regulator of cell
functions at the cellular level. In healthy subjects the serum concentration is remarkably stable. Big average serum
Mg concentrations are protected against various diseases®®. Magnesium metabolism imbalances are normal and
contribute to multiple pathological conditions®”. Recent studies indicate that periodontitis may be a risk factor for
cardiovascular diseases, which were also associated with deficiencies in Mg, Interactions between and among
different steps in the pathogenesis of periodontitis may explain the relationship between periodontal status and
the Mg/Ca ratio.
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Boron is an element commonly found in nature and the main source is food and drinking water, primarily
through the use of fertilizers containing borate®. Boron has beneficial effects on lipid metabolism, obesity and
thyroid metabolism and may be used as a cariostatic agent in dentistry®. Boron is believed to accumulate in bone
several times greater than blood concentration and affects its calcium content®. Boron will deposit on teeth as
calcium borate rather than calcium phosphate and change the properties of of teeth including its resistance to
caries”. Our results show a negative correlation between B and Ca and a positive correlation between B-Li/Pb/Sn.

Strontium builds up in the bones and chronic or excessive exposure can cause metabolic dysfunctions and
bone mineralization problems, lowering calcium in the bone and leading to hypocalcemia'. It has also been
related with protection against tooth decay due to the exchange produced by calcium in hydroxyapatite®. It is an
essential trace element in humans®. It is abundant in nature, it is present in all plants and animals, it is found in
human tissues in relatively constant amounts, it is concentrated in the bones and teeth where it may have impor-
tant functions such as bone and teeth hardening and dental caries prevention®. Many research has shown that
having strontium in your diet improves the accumulation of dentin bone tissue in your teeth, and a lack of stron-
tium in your diet causes your bones and teeth to become defectively mineralized. It has now been generally estab-
lished that supplemented strontium as strontium ranelate decreases bone resorption and promotes osteoblast
development and new bone formation in osteopor women®. It now appears that on osteoblastic cells there is also
a particular receptor that responds to strontium alone and not to other minerals such as calcium or aluminum®.
Our results show a strong correlation between Sr-Pb and Sr-Sn. In the case of strontium, other studies corroborate
our observations, observing positive correlations between concentration and age®.

In the study carried out by Asaduzzaman ef al.'! on 50 permanent teeth, it was observed that the concentration
of Barium was higher in the older subjects, coinciding with our results. Barium is of minimal toxicity to humans
in general and replaces calcium in dentine hydroxyapatite* but high levels can cause acute intoxication'!. Barium
is found in a high percentage in bones and connective tissues and in small amounts in muscle, fat and skin®".
Strontium in human bone has been found to increase regularly with age®. Some bone ligands are unlikely to
unnecessarily discriminate between the small amounts of Group ITA elements. Large quantities of strontium
are known it can cause rickets in laboratory animals, probably by displacing calcium?®. Regarding the biological
activities in mammals, there is some evidence that strontium could harden bones and teeth, making it considered
an anticariogenic agent in men®. No demonstrable effects on a mammal’s growth were found. In fact, there is
no evidence that barium has particular function for optimum bone formation, and low bone concentrations are
likely to be inertial.

With regard to the concentrations of cobalt and zinc, no correlation with the three age groups was observed
until the age of 50, when the concentration increases weakly and then decreases. Osteoblasts exposed to ions such
as cobalt (Co) and chromium (Cr) undergo a dose-dependent proliferation reduction. Titanium (Ti) ions have
been shown to be toxic at concentrations of 10 ppm or greater for 24 h. Additional past studies have shown that
non-toxic metal ion concentrations affect the differentiation and function of osteoblast cells in vitro®.

Conclusion

Our findings show an increase in the concentration of toxic (Pb, Li and Sn) and essential (B, Ba, K, Sr, S and Mg)
elements in coronal dentin related to the age of the teeth, regardless of sex. The concentrations of Pb as a toxic
element and K as an essential element are the elements that best explain the variability of age. According to our
findings, both molars and premolars can be used to estimate age. Also when used in combination with other mor-
phological or molecular examination of the unknown dental remains can the dental trace elemental composition
be used as a forensic method.

It is necessary to increase studies on the concentrations of essential and toxic elements in dentin to increase
the sample size and be able to reach normalized mean values of each element for each age, and thus be able to
establish mathematical models that allow predicting the age. In view of our results, this will be our main objective
in the future, since it will allow us to establish the age in forensic situations due to its long-term persistence.

Received: 20 February 2020; Accepted: 22 May 2020;
Published online: 19 June 2020

References
1. Gupta, S., Agnihotri, A., Chandra, A. & Gupta, O. P. Contemporary practice in forensic odontology. Journal of Oral and Maxillofacial
Pathology 18, 244-250 (2014).
2. de Boer, H. H. et al. DNA identification of human remains in Disaster Victim Identification (DVI): An efficient sampling method
for muscle, bone, bone marrow and teeth. Forensic Sci. Int. 289, 253-259 (2018).
. Shah, P, Velani, P. R., Lakade, L. & Dukle, S. Teeth in forensics: A review. Indian J. Dent. Res. 30,291-299 (2019).
4. Rubio, L., Sioli, J. M., Gaitdn, M. J. & Martin-de-las-Heras, S. Dental color measurement to predict DNA concentration in
incinerated teeth for human identification. PLoS One 13 (2018).
5. Adserias-Garriga, ]. A review of forensic analysis of dental and maxillofacial skeletal trauma. Forensic Sci. Int. 299, 80-88 (2019).
6. Imaizumi, K. Forensic investigation of burnt human remains. Res. Reports Forensic Med. Sci. 67 https://doi.org/10.2147/rrfms.
75141 (2015).
7. Reesu, G. V., Augustine, J. & Urs, A. B. Forensic considerations when dealing with incinerated human dental remains. Journal of
Forensic and Legal Medicine 29, 13-17 (2015).
8. Cunha, E. et al. The problem of aging human remains and living individuals: A review. Forensic Science International 193, 1-13
(2009).
9. Shishniashvili, T. E., Suladze, N. N. & Margvelashvili, V. V. Primary Teeth and Hair as Indicators of Environmental Pollution. J. Clin.
Pediatr. Dent. 40, 152-5 (2016).
10. Fischer, A. & Wiechuta, D. Age-Dependent Changes in Pb Concentration in Human Teeth. Biol. Trace Elem. Res. 173, 47-54 (2016).
11. Asaduzzaman, K. et al. Heavy metals in human teeth dentine: A bio-indicator of metals exposure and environmental pollution.
Chemosphere 176, 221-230 (2017).

W

SCIENTIFIC REPORTS |

(2020) 10:9964 | https://doi.org/10.1038/s41598-020-66472-1


https://doi.org/10.1038/s41598-020-66472-1
https://doi.org/10.2147/rrfms.s75141
https://doi.org/10.2147/rrfms.s75141

www.nature.com/scientificreports/

12.
13.
14.
15.
16.
17.
18.
19.

20.
. Ubelaker, D. H. & Khosrowshahi, H. Estimation of age in forensic anthropology: historical perspective and recent methodological

22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.

42.
43.

44.

45.
46.

47.
. Al-Saad, K. A., Amr, M. A. & Helal, A. L. Collision/reaction cell ICP-MS with shielded torch and sector field ICP-MS for the

49.
50.

51.

52.
53.

54.

Terashima, T. et al. The association between dental health and nutritional status in chronic obstructive pulmonary disease. Chron.
Respir. Dis. 14, 334-341 (2017).

Pinchi, V. et al. A new age estimation procedure based on the 3D CBCT study of the pulp cavity and hard tissues of the teeth for
forensic purposes: A pilot study. J. Forensic Leg. Med. 36, 150-157 (2015).

Shruthi, B., Donoghue, M. & Selvamani, M. & Kumar, Pv. Comparison of the validity of two dental age estimation methods: A study
on South Indian population. J. Forensic Dent. Sci. 7, 189 (2015).

Sirin, N., Matzenauer, C., Reckert, A. & Ritz-Timme, S. Age estimation based on aspartic acid racemization in dentine: What about
caries-affected teeth? Int. J. Legal Med. 132, 623-628 (2018).

Nedunchezhian, K., Aswath, N. & Srinivasan, V. Age estimation using radicular dentine transparency: A new innovative approach.
J. Forensic Dent. Sci. 10, 22 (2018).

Elshehawi, W. et al. Dental age assessment of Maltese children and adolescents. Development of a reference dataset and comparison
with a United Kingdom Caucasian reference dataset. J. Forensic Leg. Med. 39, 27-33 (2016).

Capitaneanu, C., Willems, G., Jacobs, R., Fieuws, S. & Thevissen, P. Sex estimation based on tooth measurements using panoramic
radiographs. Int. J. Legal Med. 131, 813-821 (2017).

Cugati, N., Kumaresan, R., Srinivasan, B. & Karthikeyan, P. Dental age estimation of growing children by measurement of open
apices: A Malaysian formula. J. Forensic Dent. Sci. 7,227 (2015).

Przystanska, A. et al. Analysis of human dentition from Early Bronze Age: 4000-year-old puzzle. Odontology 105, 13-22 (2017).

advances. Forensic Sci. Res. 4, 1-9 (2019).

Timme, M., Steinacker, J. M. & Schmeling, A. Age estimation in competitive sports. International Journal of Legal Medicine 131,
225-233 (2017).

Prabhu, R. V,, Satoskar, S., Dinkar, A. D. & Prabhu, V. D. Dental age estimation among female commercial sex workers in Goa. J.
Forensic Leg. Med. 20, 788-791 (2013).

Neel, E. A. A. et al. Demineralization-remineralization dynamics in teeth and bone. International Journal of Nanomedicine 11,
4743-4763 (2016).

Goldberg, M., Kulkarni, A. B., Young, M. & Boskey, A. Dentin: Structure, composition and mineralization. Front. Biosci. - Elit. 3 E,
711-735 (2011).

Tvinnereim, H. M., Eide, R. & Riise, T. Heavy metals in human primary teeth: some factors influencing the metal concentrations.
Sci. Total Environ. 255, 21-7 (2000).

Reitznerova, E., Amarasiriwardena, D., Kopcidkova, M. & Barnes, R. M. Determination of some trace elements in human tooth
enamel. Fresenius. J. Anal. Chem. 367, 748-754 (2000).

Qamar, Z., Haji Abdul Rahim, Z. B., Chew, H. P. & Fatima, T. Influence of trace elements on dental enamel properties: A review. J.
Pak. Med. Assoc. 67,116-120 (2017).

Arola, D. D,, Gao, S., Zhang, H. & Masri, R. The Tooth: Its Structure and Properties. Dental Clinics of North America 61, 651-668
(2017).

Liu, Q., Huang, S., Matinlinna, J. P,, Chen, Z. & Pan, H. Insight into biological apatite: physiochemical properties and preparation
approaches. Biomed Res. Int. 2013, 929748 (2013).

Brown, C.J. et al. Environmental influences on the trace element content of teeth—-implications for disease and nutritional status.
Arch. Oral Biol. 49, 705-17 (2004).

Manea-Krichten, M., Patterson, C., Miller, G., Settle, D. & Erel, Y. Comparative increases of lead and barium with age in human
tooth enamel, rib and ulna. Sci. Total Environ. 107, 179-203 (1991).

Kumagai, A., Fujita, Y., Endo, S. & Itai, K. Concentrations of trace element in human dentin by sex and age. Forensic Sci. Int. 219,
29-32(2012).

Zhang, C., Wang, Y., Cheng, X., Xia, H. & Liang, P. Determination of Cadmium and Lead in Human Teeth Samples Using Dispersive
Liquid-liquid Microextraction and Graphite Furnace Atomic Absorption Spectrometry. J. Chinese Chem. Soc. 58, 919-924 (2011).
Emilia, E. & Neelakantan, P. Biomarkers in the dentin-pulp complex: role in health and disease. The Journal of clinical pediatric
dentistry 39, 94-99 (2015).

Nagaraj, G. et al. Tooth element levels indicating exposure profiles in diabetic and hypertensive subjects from Mysore, India. Biol.
Trace Elem. Res. 131, 255-262 (2009).

Gunier, R. B. et al. Determinants of manganese in prenatal dentin of shed teeth from CHAMACOS children living in an agricultural
community. Environ. Sci. Technol. 47, 11249-57 (2013).

Horton, M. K. et al. Dentine biomarkers of prenatal and early childhood exposure to manganese, zinc and lead and childhood
behavior. Environ. Int. 121, 148-158 (2018).

Cassidy-Bushrow, A. E. et al. Burden of higher lead exposure in African-Americans starts in utero and persists into childhood.
Environ. Int. 108, 221-227 (2017).

Gunier, R. B. et al. Manganese in teeth and neurodevelopment in young Mexican-American children. Environ. Res. 142, 688-695
(2015).

Zaichick, V. & Ovchjarenko, N. In Vivo X-ray fluorescence for estimation of essential and toxic trace elements in teeth. in Applied
Radiation and Isotopes 49, 721 (Elsevier Sci Ltd, 1998).

Eduardo, C. D. P. et al. Dentin decalcification during lithium treatment: Case report. Special Care in Dentistry 33, 91-95 (2013).
Derise, N. L. & Ritchey, S. J. Mineral Composition of Normal Human Enamel and Dentin and the Relation of Composition to Dental
Caries: II. Microminerals. J. Dent. Res. 53, 853-858 (1974).

Mapa de suelos de la Region de Murcia | Gifex. Available at, https://www.gifex.com/detail/2011-04-15-13467/Mapa_de_suelos_de_
la_Region_de_Murcia.html. (Accessed: 11th April 2020).

Ramirez Santigosa, I. Mapa digital de suelos de la Region de Murcia. (Consejeria de Agricultura, Agua y Medio Ambiente, 2000).
Garcia-Lorenzo, M. L. et al. Geogenic Distribution of Arsenic (As) and Antimony (Sb) in Soils of the Murcia Region in Spain.
Environ. Forensics 16, 88-95 (2015).

Who we are | FDI World Dental Federation. Available at, https://www.fdiworlddental.org/who-we-are. (Accessed: 5th July 2019).

simultaneous determination of selenium isotopes in biological matrices. Biol. Trace Elem. Res. 140, 103-13 (2011).

Brown, C. J. et al. A sampling and analytical methodology for dental trace element analysis. Analyst 127, 319-23 (2002).

Arora, M., Hare, D., Austin, C., Smith, D. R. & Doble, P. Spatial distribution of manganese in enamel and coronal dentine of human
primary teeth. Sci. Total Environ. 409, 1315-9 (2011).

Trace elements in human nutrition. Report of a WHO expert committee. World Health Organization - Technical Report Series 532,
1-65 (1973).

Bernstein, J. A. et al. Health effects of air pollution. J. Allergy Clin. Immunol. 114, 1116-1123 (2004).

Nordberg, M. & Nordberg, G. F. Trace element research-historical and future aspects. Journal of Trace Elements in Medicine and
Biology 38, 46-52 (2016).

Schroeder, M. A., Schroeder, D. K., Santos, D. J. S. & Leser, M. M. Molar extractions in orthodontics. Dental Press ]. Orthod. 16,
130-157 (2012).

SCIENTIFIC REPORTS |

(2020) 10:9964 | https://doi.org/10.1038/s41598-020-66472-1


https://doi.org/10.1038/s41598-020-66472-1
https://www.gifex.com/detail/2011-04-15-13467/Mapa_de_suelos_de_la_Region_de_Murcia.html
https://www.gifex.com/detail/2011-04-15-13467/Mapa_de_suelos_de_la_Region_de_Murcia.html
https://www.fdiworlddental.org/who-we-are

www.nature.com/scientificreports/

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80

83.
84.

85.

86.

87.
88.

89.

90.

91.

92.

93.
94.

95.
96.

de Aratjo, T. M. & Caldas, L. D. Tooth extractions in orthodontics: First or second premolars? Dental Press J. Orthod. 24, 88-98
(2019).

Krishan, K., Kanchan, T. & Garg, A. K. Dental Evidence in Forensic Identification - An Overview, Methodology and Present Status.
Open Dent. ]. 9, 250-256 (2015).

Alsaffar, H. et al. Dental age estimation of children and adolescents: Validation of the Maltese Reference Data Set. J. Forensic Leg.
Med. 45,29-31 (2017).

Purchase, N. G. & Fergusson, J. E. Lead in teeth: The influence of the tooth type and the sample within a tooth on lead levels. Sci.
Total Environ. 52, 239-250 (1986).

Bercovitz, K. & Laufer, D. Tooth type as indicator of exposure to lead of adults and children. Arch. Oral Biol. 35, 895-897 (1990).
Nowak, B. & Koztowski, H. Heavy metals in human hair and teeth: The correlation with metal concentration in the environment.
Biol. Trace Elem. Res. 62,213-228 (1998).

Ambarkova, V. et al. Author’s personal copy Forensic Anthropology Population Data Dental age estimation using Demirjian and
Willems methods: Cross sectional study on children from the Former Yugoslav Republic of Macedonia. Elsevier 234, 187.e1-187.e7
(2014).

Nuzzolese, E. & Di Vella, G. Digital radiological research in forensic dental investigation: case studies. researchgate.net (1997).

Wierer, T., Schmeling, A., Olze, A., Hertel, ]. & Schulz, R. Radiographic Evaluation of Gustafson’s Criteria for the Purpose of Forensic
Age Diagnostics. Artic. Int. J. Leg. Med. 126, 615-621 (2012).

Williams, G. A review of the most commonly used dental age estimation techniques. J Forensic Odontostomatol 19(1), 9-17 (2001)
Arto, D., Goldstein H.& Tanner J.M. A new system of dental age assessment. Human biology. 211-227(1973)

Carvalho, T. S. & Lussi, A. Age-related morphological, histological and functional changes in teeth. Journal of Oral Rehabilitation 44,
291-298 (2017).

Marroquin, T. Y. et al. Age estimation in adults by dental imaging assessment systematic review. Forensic Sci. Int. 275, 203-211
(2017).

Senawongse, P., Otsuki, M., Tagami, J. & Mjor, I. Age-related changes in hardness and modulus of elasticity of dentine. Arch. Oral
Biol. 51, 457-463 (2006).

Valenzuela, A. et al. Multiple regression models for age estimation by assessment of morphologic dental changes according to teeth
source. Am. J. Forensic Med. Pathol. 23, 386-9 (2002).

Borrman, H. I. M. et al. Age estimation: The state of the art in relation to the specific demands of forensic practise. Int. J. Legal Med.
113, 129-136 (2000).

Kang, D., Amarasiriwardena, D. & Goodman, A. H. Application of laser ablation-inductively coupled plasma-mass spectrometry
(LA-ICP-MS) to investigate trace metal spatial distributions in human tooth enamel and dentine growth layers and pulp. Anal.
Bioanal. Chem. 378, 1608-15 (2004).

Alomary, A., Al-Momani, I. F. & Massadeh, A. M. Lead and cadmium in human teeth from Jordan by atomic absorption
spectrometry: Some factors influencing their concentrations. Sci. Total Environ. 369, 69-75 (2006).

Vandeputte, D. E, Jacob, W. A. & Van Grieken, R. E. Phosphorus, Calcium and Lead Distribution in Collagen in Lead Induced Soft
Tissue Calcification. An Ultrastructural and X-Ray Microanalytical Study. Matrix 10, 33-37 (1990).

Lane, D. W. & Peach, D. F. Some observations on the trace element concentrations in human dental enamel. Biol. Trace Elem. Res.
60, 1-11

Nowak, B. & Chmielnicka, J. Relationship of Lead and Cadmium to Essential Elements in Hair, Teeth, and Nails of Environmentally
Exposed People. Ecotoxicol. Environ. Saf. 46, 265-274 (2000).

Kern, J. & Mathiason, L. The determination of copper, zinc, and lead in human teeth using inductively coupled plasma atomic
emission spectrometry (ICP-AES). Concordia College Journal of Analytical Chemistry 3 (2012).

Rehman, Z. U, Khan, S., Brusseau, M. L. & Shah, M. T. Lead and cadmium contamination and exposure risk assessment via
consumption of vegetables grown in agricultural soils of five-selected regions of Pakistan. Chemosphere 168, 1589-1596 (2017).
Lei, K., Giubilato, E., Critto, A., Pan, H. & Lin, C. Contamination and human health risk of lead in soils around lead/zinc smelting
areas in China. Environ. Sci. Pollut. Res. 23, 13128-13136 (2016).

Skalnaya, M. G. et al. Age-related differences in hair trace elements: a cross-sectional study in Orenburg, Russia. Ann. Hum. Biol. 43,
438-444 (2016).

. McKnight, R. E. et al. Lithium toxicity profile: A systematic review and meta-analysis. Lancet 379, 721-728 (2012).
81.
82.

R, B.R.D.B.E R. and M. A. On the heat of mixing of liquid alloys-I. Less-Common Met. 46,271 (1976).

Van der Marel, C., Geertsma, W. & Van der Lugt, W. 7Li Knight shift of liquid Li-Pb and Li-Sn alloys. J. Phys. F Met. Phys. 10,
2305-2312 (1980).

Alblas, B. P, Lugt, W., van der, Dijkstra, J. & Dijk, Cvan Structure of liquid Li-Sn alloys. J. Phys. F Met. Phys. 14, 1995-2006 (1984).
Fischer, A., Wiechuta, D., Postek-Stefafiska, L. & Kwapulinski, J. Concentrations of metals in maxilla and mandible deciduous and
permanent human teeth. Biol. Trace Elem. Res. 132, 19-26 (2009).

Sehrawat, J. S. & Singh, M. Application of Trace Elemental Profile of Known Teeth for Sex and Age Estimation of Ajnala Skeletal
Remains: a Forensic Anthropological Cross-Validation Study. Biol. Trace Elem. Res. 193, 295-310 (2020).

El Solh, N. & Rousselet, E. Effects of Stable Strontium Administration on Calcium Metabolism with Particular Reference to Low-
Calcium Diet. in Handbook of Stable Strontium 515-544, https://doi.org/10.1007/978-1-4684-3698-3_31 (Springer US, 1981).
Touyz, R. M. Magnesium in clinical medicine. Frontiers in Bioscience 9, 1278-1293 (2004).

Scannapieco, E. A., Bush, R. B. & Paju, S. Associations between periodontal disease and risk for atherosclerosis, cardiovascular
disease, and stroke. A systematic review. in Annals of periodontology / the American Academy of Periodontology 8, 38-53 (2003).
Guidelines for Drinking-water Quality Fourth Edition WHO Library Cataloguing-in-Publication Data Guidelines for drinking-water
quality-4 th ed. (2011).

Kuru, R. et al. Boron-rich diet may regulate blood lipid profile and prevent obesity: A non-drug and self-controlled clinical trial. J.
Trace Elem. Med. Biol. 54,191-198 (2019).

Riyat, M. & Sharma, D. C. Significance of trace element profile of blood of persons with multiple caries versus sound teeth. Biol.
Trace Elem. Res. 134, 174-179 (2010).

Enomoto, A. et al. Amounts of Sr and Ca eluted from deciduous enamel to artificial saliva related to dental caries. Biol. Trace Elem.
Res. 148, 170-7 (2012).

Schroeder, H. A., Tipton, I. H. & Nason, A. P. Trace metals in man: Strontium and barium. J. Chronic Dis. 25, 491-517 (1972).
Riyat, M. & Dinesh C.S. Significance of trace element profile of blood of persons with multiple caries versus sound teeth. Biological
trace element research 134(2), 174-179 (2010).

Reginster, J. Strontium Ranelate in Osteoporosis. Curr. Pharm. Des. 8, 1907-1916 (2005).

Sowden, E. M. & Stitch, S. R. Trace elements in human tissue. 2. Estimation of the concentrations of stable strontium and barium in
human bone. Biochem. J. 67, 104-109 (1957).

Acknowledgements
The authors thank all the patients who have participated in this study and all the reviewers who have dedicated
their time to improve our work.

SCIENTIFIC REPORTS |

(2020) 10:9964 | https://doi.org/10.1038/s41598-020-66472-1


https://doi.org/10.1038/s41598-020-66472-1
https://doi.org/10.1007/978-1-4684-3698-3_31

www.nature.com/scientificreports/

Author contributions

The contribution of L.L. and A.C.EE. is equal and the order is arbitrary. L.L., A.C.EE. and M.D.P.C wrote the
main manuscript text and LL. prepared figures and tables. A.C.EE and G.P.B realized all experiments, M.N.L.
performed the collection of biological and clinical samples. A.M.L. performed the statistical study. All authors
reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-66472-1.

Correspondence and requests for materials should be addressed to L.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:9964 | https://doi.org/10.1038/s41598-020-66472-1


https://doi.org/10.1038/s41598-020-66472-1
https://doi.org/10.1038/s41598-020-66472-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Aging and trace elements in human coronal tooth dentine

	Patients and methods

	Studied populations. 
	Sample preparation. 
	Determination of trace elements in dentine. 
	Statistical analysis. 

	Results

	Analysis of the concentration of trace elements in human tooth dentine. 
	Relationship between concentration of toxic elements in dentine and tooth age. 
	Concentration of essential elements in tooth dentine and their relationship with age. 
	Analysis of the correlation between the different trace elements. 
	Correlation between the concentration of trace elements and age. 

	Discussion

	Conclusion

	Acknowledgements

	﻿Figure 1 Analysis of the concentration of trace elements in tooth dentine.
	Figure 2 Concentration of toxic elements in dentine and their relationship with age.
	Figure 3 Concentration of essential elements in dentine and their relationship with age.
	Figure 4 Representative diagram of the positive correlations between the toxic and essential elements that increase their concentration with age in human teeth dentine.
	Figure 5 Results of principal component analysis in human coronal tooth dentine.
	Table 1 Description of the teeth samples used in this study.
	Table 2 Correlation matrix for human teeth dentine giving values of Spearman’s Rho correlation coefficients for pairs of toxic and essential elements.
	Table 3 Significant positive correlation coefficients between trace elements in dentine and age.
	Table 4 Statistical characteristics and trace elements concentration in the total teeth.




