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Abstract. The relation between toxicity and essentiality of 
selenium (Se) is of growing interest in human health, as the 
effects may widely differ depending of its different chemical 
species and the exposure levels. Toenail Se has been proposed 
as a reliable biomarker of long-term Se exposure, but few 
studies investigated the correlation between its toenail content 
and environmental determinants (i.e., dietary food intake). 
We aimed to determine the relation of toenail Se levels 
with serum Se species as well as food items. We recruited 
a random sample of Modena (Northern Italy) municipal 
residents, from whom we collected detailed personal infor-
mation, dietary habits, toenail specimen for Se determination 
and a blood sample for serum Se speciation analysis. Toenail 
Se mean value was 0.96 µg/g (range, 0.47-1.60), with slightly 
higher levels in females, in non-obese subjects and in Se 
supplements users, while it was lower in current smokers. 
Toenail Se positively correlated with organic Se forms, 
mainly selenoprotein P and selenocysteine, and inversely 
with the inorganic forms (selenite and selenate). Toenail Se 
was not associated with meat, cereals and dairy products 
consumption, positively correlated with fruit and slightly 

with vegetable intake, and negatively with fish and seafood 
consumption. Finally, no clear association emerged with 
estimated air Se exposure.

Introduction

Selenium (Se) is a metalloid showing an intriguing rela-
tion with human health, particularly with cancer (1,2) and 
with other diseases (3,4). The main source of Se exposure 
is the dietary intake, closely linked to Se content in soil. 
Conversely, the contribution of other environmental sources 
is generally negligible, although few studies outlined higher 
risk of neurologic disease in areas with high levels of Se in 
drinking water (5-7) and higher risk of cardiovascular hospi-
talization (8) and hematological malignancies (9) due to higher 
exposure to Se air levels. The primary dietary sources of Se 
in the Italian diet is derived from meat, fish, cereals and dairy 
products (10,11). Nevertheless, an accurate assessment of Se 
intake based on individual food consumption is very difficult 
and dietary assessment tools could fail to adequately measure 
Se intake because foodstuff Se content changes according to 
the geographic variations of soil Se concentration (10,12) and 
the capacity of plants to absorb it (13). Furthermore, dietary 
supplements may contribute substantially to Se intake and 
body tissue content (14).

Se exposure has been assessed in epidemiologic studies 
through several biomarkers, including its concentrations in 
blood cells, serum or plasma, urine, hair and nails (15-19). 
Toenail Se has been largely investigated as a surrogate of 
Se intake (20,21) as toenail sample may represent a useful 
biomarker for long-term Se exposure given the slow growth 
rate (22) and has the advantage to be easily collected being 
not invasive (23). Determinants of toenail Se levels have 
been investigated in some studies (20,24-26), but only a few 
assessed the influence of specific foodstuffs on toenail Se 
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content (10,27) and as far as we know no such study examined 
its relation with circulating Se species.

In this study we assessed the levels of toenail Se in a repre-
sentative sample of Northern Italian population, exploring the 
influence of demographic characteristics, lifestyles and dietary 
intake of selected food and of serum Se species, and finally 
environmental air Se levels.

Materials and methods

Study population. The methodology for the recruitment 
of the study population was previously described (18,28). 
Briefly, following the approval of local Ethics Committee, we 
recruited a random sample of 50 subjects residing in Modena, 
using the Stata ‘sample’ routine (Stata 11; Stata Corporation, 
College Station, TX, USA) out of the list of eligible subjects 
from each gender- and age-specific subgroup, by accessing 
the databases of the Modena Municipality General Registry 
Office. We contacted these subjects in 2011 by phone asking 
for their participation in the study. Subjects who accepted to 
participate were invited to the Modena Health Unit to give 
a venous blood sample in morning fasting state. After the 
collection of their written consent, the blood sample was 
collected in a plastic tube (BD 368815 Vacutainer® Plus 
plastic serum tube with red BD Hemograd™ closure; Becton 
Dickinson SpA), immediately centrifuged at 1,000 x g for 
10 min and serum aliquots of 1 ml were stored at -15˚C until 
use. Moreover, we collected a sample of toenails using the 
procedure already adopted in previous studies (29-31). To 
summarize, we asked study subjects to yield a sample of their 
toenails, after letting them grow for two weeks and avoiding 
the use of chemical substances such as nail varnish or other 
specific nail products.

We collected from all study participants general infor-
mation including smoking habits, education, occupational 
history and use of dietary supplements. Secondly, we 
assessed their dietary habits through a semi-quantitative 
food frequency questionnaire used for the Central-Northern 
Italian population within the EPIC study (32). This question-
naire assessed the frequency and amount of consumption 
of 188 food items over the previous year, and allowed the 
frequency and quantity of consumption of foodstuffs and the 
related intake of nutrients and contaminants to be calculated 
using the Italian version of the EPIC-Soft program (EPIC 
Project, Milan, Italy) (33,34).

Laboratory analysis
Toenail sample. We stored the toenail clippings in a PPL 
tube (inert polypropylene tubes with pressure cap; Incofar 
S.R.L., Modena, Italy), and before analysis we washed the 
specimens using a 5% Triton X-100 solution in deionized 
water (Sigma-Aldricht, Darmstadt, Germany), we sonicated 
them for 15 min and after this we rinsed and sonicated the 
samples again for 15 min in deionized water. We dried the 
nails at 105˚C for 3 h and we digested the samples, weighing 
from 24.8 to 401.0 mg, in the Microwave Laboratory system 
(Milestone ETHOS-TC, Shelton, CT, USA) using 7 ml of 
HNO3 69% (nitric acid, 69%; Merck Suprapur™, Darmstadt, 
Germany), 2 ml of H2O2 30% (hydrogen peroxide, 30%; Merck 
Perhydrol, Darmstadt, Germany). We finally transferred the 

cooled samples into a 25 ml flask (polyethylene flask; Incofar 
S.R.L.) and diluted with Milli-Q water (Millipore, Bedford, 
MA, USA).

We measured toenail Se content using a Zeeman-effect 
corrected graphite furnace atomic absorption spectrometer 
(AAnalyst 600; Perkin-Elmer Inc., Waltham, MA, USA). A 
transversely-heated graphite atomizer (THGA) graphite tube 
(Perkin-Elmer Inc., Waltham, MA, USA) with end cap was 
used at atomization temperature of 1,900̊C, with electrode-
less discharge lamp current set at 270 mA, wavelength at 
196 nm and a low slit of 2.0 nm. Matrix modifier used was 
Pd+Mg(NO3)2. In order to overcome matrix interference, 
we used the standard addition calibration technique, by 
adding Se standard solutions to a pooled sample of digested 
toenails. We used two reference materials for quality control 
in each session, in both cases human hair, GBW 09101 (China 
National Analysis Center for Iron and Steel, CSRI, China) and 
CRM 397 (European Community Bureau of Reference, Geel, 
Belgium).

Serum species. Se speciation methodology has been 
describe in details elsewhere (18). To summarize, a 1 ml 
serum aliquot for each study subject was transported by 
air courier deep frozen in dry ice to the laboratory of the 
Research Center for Environmental Health (Research Unit 
Analytical BioGeoChemistry, Neuherberg, Germany), 
and kept continuously frozen until use. We slowly thawed 
samples in a refrigerator at 4̊C, vortexed and subsequ-
ently analyzed them. Suprapure grade chemicals were used 
throughout. Selenite (Se-IV), selenate (Se-VI), selenome-
thionine (Se-Met), selenocysteine (Se-Cys), thioredoxin 
reductase (EC 1.8.1.9.)-bound selenium (Se-TrxR), glutathione 
peroxidase (EC 232-749-6)-bound selenium (Se-GpX), 
human serum albumin (HSA) and Tris buffer were from 
Sigma-Aldrich (Deisenhofen, Germany). Working standards 
of Se species were prepared daily from their stock stan-
dard solutions by appropriate dilution with Milli-Q water. 
Selenoprotein P (SePP) is not commercially available as a 
standard compound. We prepared SePP from serum using 
affinity chromatography (AFC), and purified AFC-SePP 
fraction by a mass-calibrated size exclusion chromatog-
raphy (SEC) column, where SePP eluted at an RT calculated 
for 62 kDa. We analyzed total serum Se by graphite furnace 
atomic absorption spectrometry based on the method of the 
MAK collection-biomonitoring methods (35).

We determined Se species Se-IV, Se-VI, Se-Met, Se-Cys, 
Se-TrxR, Se-GpX, SePP and HSA-Se in serum samples 
using anion exchange chromatography (IEC) coupled with 
inductively coupled plasma dynamic reaction cell mass spec-
trometry (ICP-DRC-MS; NexION; Perkin-Elmer Inc., Sciex, 
Toronto, ON, Canada) according to methodologies previously 
established for biological matrices (36,37). In general the IEC 
separation followed Xu et al (38), but was slightly modified as 
previously described (18).

We connected a Knauer 1100 Smartline inert Series 
gradient HPLC system (Knauer, Berlin, Germany) to an anion 
exchange column AG 11 (precolumn, 50x4 mm) + AS 11 
(analytical colu mn, 250x2 mm I.D.) both from Thermo 
Fisher Scientific, Dionex (Idstein, Germany) for species 
separation. The sample volume was 100 µl. The mobile 
phases were: eluent A, 10 mM Tris-HAc, pH 8.0 and 
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eluent B, A + 500 mM NH4Ac, pH 8.0. Gradient elution 
expressed as %-eluent A: 0-3 min, 100%; 3-10 min, 100-60%; 
10-23 min, 60-45%; 23-26 min, 45-43%; 26-28 min, 43-0%; 
28-52 min, 0% and 52-60 min, 100%. The flow rate was 
0.70 ml/min. For internal standardization we mixed the 
column effluent with 1 µg/l Rh (final concentration, Rh flow 
rate: 0.1 ml/l) and directed to ICP-MS. The experimental 
settings chosen for ICP-DRC-MS (NexION; Perkin-Elmer 
Inc., Sciex) after optimization were: radio frequency power, 
1250 W; plasma gas flow, 15 l Ar/min; auxiliary gas flow, 
1.05 l Ar/min; nebulizer gas flow, 0.94 l Ar/min; daily opti-
mized, dwell time 300 msec, ions montored: 78 Se, 80 Se, 
103 Rh, DRC reaction gas: CH4 reaction at 0.58 ml/min, 
DRC rejection parameter, q=0.6.

We used the standard addition method for standard-reten-
tion-time matched identification of Se species and as QC 
means in quantification. Species identity was further confirmed 
using a 2D approach of IEC-capillary electrophoresis 
(‘Biofocus 3000’ capillary electrophoresis system; BioRad, 
Munich, Germany) equipped with an uncoated capillary 
(Chromatographie Service GmbH, Langerwehe, Germany) 
120 cm x 50 µm ID was used for CE-ICP-DRC-MS analysis 
as previously described (37). Species identification was 
regarded as acceptable when the species matched the standard 
compounds with both chromatography/electrophoretic tech-
niques (match in first and second technique). We performed 
peak quantification from chromatograms by comparing peak 
areas with peak area calibration curves using Peakfit™ soft-
ware (Systat Software Inc., San Jose, CA, USA). The limit of 
detection for all Se species in serum was 0.02 µg/l. Quality 

control, inter laboratory analytical comparison and recovery 
determination of individual Se species have been reported in 
detail (18).

Statistical analysis. Percentiles distribution, mean and 
standard deviation were calculated for Se in toenails. As 
we found one sample with very high toenail Se content 
(2.78 µg/g), we considered it as an outlier probably due to 
contamination of the sample and we removed the subjects 
from the entire data analyses. Mean comparison t-test was 
performed according to specific subgroup categories, namely, 
gender, age (<50 and ≥50 years), BMI (<25 and ≥25), use 
of Se supplements and smoking habits (never, former and 
current smokers). Pearson's coefficients along with 95% 
confidence intervals (CIs) were calculated between Se and 
continuous variables (namely age, BMI, serum Se species 
and food intake). Bivariate and multivariate regress models 
were performed in order to test the influence on toenail Se 
of serum Se species: i) a crude model; ii) a partial model 
adjusted for gender, age and storage time; and iii) a fully 
adjusted model adding Se supplement use.

All foodstuff were grouped according to INN-CA patt-
erns (39) in cereals, meat, fish and seafood, dairy products, 
sweets, vegetables, legumes, fruits and dry fruits. In order 
to reduce the influence of measurement errors frequently 
associated with the use of food frequency questionnaires, 
by decreasing artificial inter-individual variation introduced 
by under and over-reporting of food intake, we adjusted the 
estimates, for total energy intake, using the Willett's residual 
method (40). Pearson's correlation between toenail Se and 

Table I. Distribution of toenail Se (µg/g) in total population and in selected group categories.

 No. of
Variables subjects 5th 25th 50th 75th 95th Mean (SD) P-valuea

Total 50 0.63 0.82 0.93 1.11 1.48 0.96 (0.24)
Gender        0.077
  Male 25 0.63 0.79 0.85 1.01 1.21 0.90 (0.20)
  Female 25 0.66 0.89 0.98 1.18 1.48 1.02 (0.26)
Age        0.463
  <50 years 23 0.57 0.84 0.93 1.17 1.48 0.99 (0.26)
  ≥50 years 27 0.65 0.73 0.92 1.09 1.36 0.94 (0.22)
BMI        0.102
  <25 23 0.71 0.84 0.92 1.21 1.48 1.02 (0.26)
  ≥25 27 0.57 0.79 0.93 1.04 1.24 0.91 (0.21)
Se suppl. users        0.147
  No 40 0.60 0.80 0.93 1.09 1.32 0.94 (0.22)
  Yes 10 0.79 0.85 0.93 1.24 1.60 1.06 (0.28)
Smoking habitsb        0.268
  Never smokers 26 0.71 0.83 0.92 1.09 1.24 0.96 (0.22)
  Former smokers 15 0.65 0.85 0.99 1.18 1.48 1.03 (0.25)
  Current smokers 9 0.47 0.66 0.87 1.01 1.28 0.86 (0.25)

aP-value for mean-comparison tests (t-test) is reported for all groups except smoking habits for which ANOVA is reported. bP-values for t-tests 
among smoking categories were P=0.142 between former and current smokers; P=0.268 between never and current smokers; and P=0.398 
between never and former smokers. Se, selenium; ANOVA, analysis of variance; suppl, supplement.
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residue of dietary intake and estimated dietary Se intake 
were performed. Between toenail Se and dietary products 
we performed also three regression models: i) adjusted only 
for energy intake (crude); ii) partial adjusted for energy 
intake, gender and age; and iii) fully adjusted, adding use of 
Se supplement. Sensitivity analyses adding smoking habits 
(coded as 0, 1 and 2 for never, former and current smokers, 
respectively) and BMI were tested. Finally, the environmental 
source of Se through air was tested using levels of particulate 
matter <10 µm (PM10) estimated with a methodology previ-
ously reported for other trace elements [i.e., cadmium (28) and 
manganese in this issue (41)].

Results

Characteristic of study subjects were described in previous 
studies (18,28). To summarize, age ranged from 35 to 70 years, 
and males and females were almost equally represented. 
Regarding occupational status, six were employed in the engi-
neering industry, half in tertiary sector (mainly workers in the 
health system, education and business), while ten were retired 
and two were housewives. Ten subjects reported a current 
ongoing consumption of dietary supplements containing Se, 
corresponding to an average Se daily additional intake of 
28.6 µg. Twenty-six were never smokers, fifteen were former 
smokers, all but one for over 10 years, while nine were current 
smokers. Pack-year mean (SD) values were similar, namely 
14.0 (10.2) and 13.9 (9.8) for former and current smokers, 

Table II. Pearson's correlation coefficient (r) between toenail 
Se and serum Se species.

Species r 95% CI P-value

Total Se 0.036 -0.248 to 0.314 0.809
Inorganic Se -0.254 -0.499 to 0.030 0.079
Se-IV -0.222 -0.474 to 0.063 0.125
Se-VI -0.255 -0.500 to 0.028 0.077
Organic Se 0.262 -0.020 to 0.506 0.069
SePP 0.131 -0.156 to 0.398 0.370
Se-Met -0.171 -0.432 to 0.115 0.239
Se-Cys 0.119 -0.168 to 0.387 0.415
Se-HSA 0.056 -0.229 to 0.332 0.703
Se-GpX 0.079 -0.207 to 0.352 0.590
Se-TrxR 0.022 -0.260 to 0.302 0.878
Uknown species -0.082 -0.355 to 0.204 0.574

Se, selenium.

Figure 1. (A) Distribution of toenail Se (µg/g) in overall population. (B) Box plots distribution for selected subgroups. Se, selenium.

Table III. Pearson's correlation coefficient (r) between toenail 
Se and different food intake.

Categories r 95% CI P-value

Cereals 0.015 -0.268 to 0.295 0.920
Meat -0.053 -0.329 to 0.232 0.718
Fish and seafood -0.161 -0.423 to 0.126 0.270
Dairy products 0.020 -0.263 to 0.299 0.893
Sweets -0.177 -0.437 to 0.109 0.223
Vegetables 0.151 -0.136 to 0.415 0.299
Legumes -0.001 -0.282 to 0.280 0.993
Fruits 0.155 -0.132 to 0.418 0.287
Dry fruits 0.015 -0.267 to 0.295 0.917

Se, selenium.
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respectively. Overall toenail Se mean was 0.96 µg/g, ranged 
from 0.47 to 1.60 µg/g, with slightly higher levels in females, 
in normal weight subjects and in those taking supplements 
containing Se (Table I and Fig. 1). Pearson's coefficients 
between toenail Se and age showed an inverse correlation 
as well for BMI with coefficients of -0.169 (95% CI, -0.427 
to 0.115; P=0.241) for age and -0.139 (95% CI, -0.500 to -0.262; 
P=0.017) for BMI, respectively. In smoking habits, former 
smokers showed higher levels followed by never and current 
smokers.

Pearson's correlations between toenail Se and serum 
levels of total Se and its species (Table II) showed a positive 
relation with organic Se species, mainly SePP and Se-Cys, 
while an inverse one with inorganic forms. Results of Se-Met 
showed opposite results due to high number of value below 
the detection limit. Linear regression models demonstrated 
similar results, also adjusting for possible confounders inclu-
ding use of Se supplements (Fig. 2). Alternatively, adding to 
the presented models smoking habits did not substantially 
change the estimates (data not shown). Correlations with food 
items showed a direct relation only with fruits and slightly 
with vegetables, whilst a negative one with fish and sweets, 

and finally null for all other foodstuff (Table III). Linear 
regression models (crude and adjusted for energy intake, 
age, gender and use of Se supplement) demonstrated similar 
results (Fig. 3).

Similarly, Pearson's correlation between toenail Se and Se 
intake estimated using the Epic FFQ showed little relation, 
a correlation coefficient of -0.164 (95% CI, -0.0426 to 0.123; 
P=0.260), while linear regression coefficients were -0.002 
(95% CI, -0.004 to 0.001; P=0.236), -0.001 (95% CI, -0.004 
to 0.001; P=0.264) and -0.001 (95% CI, -0.004 to 0.002; 
P=0.520) in crude, partial and fully adjusted models, 
respectively. Toenail Se was not associated with personal 
exposure to outdoor air PM10, as Pearson's correlation was 
0.048 (95% CI, -0.233 to 0.322; P=0.741).

Discussion

This study provided toenail Se levels in a representative 
sample of Northern Italian population. Our results are in 
line with previous findings conducted on healthy subjects 
as we found higher levels of toenail Se in supplement 
users (14,20,26,27,42) and in females (26,43,44), although 

Figure 2. Linear regression between toenail Se (dependent variable in µg/g) and serum Se total and species (µg/l). Crude model (solid line) and fully adjusted 
model for gender, age, storage time (in months) and use of Se supplements (dash line with β coefficient) presented. Se, selenium.
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some studies did not show any gender difference (14,45) or 
conversely pointed out elevated Se exposure in males (27). 
Similarly, lower Se content was detected in current smokers 
respect to never and former smokers (20,24-27,44,45), 
while age demonstrated a slight inverse relation reported 
in some (24,27) but not in all studies (20,25,26,45). Gender 
and genetics factors could play a role in influence Se toenail 
levels. A recent study carried out in different ethnic groups 
pointed out a positive correlation within Caucasian males 
but null in females, whilst inverse correlation was found 
in African females and again null in African males (44), 
although stratified analysis in our sample yielded similar 
negative correlation in both genders, with a stronger effect 
in females (data not shown).

Generally, studies correlating Se content in toenail 
with other biological indicators are performed comparing 
only total Se content (14,21,45). We carried out an innova-
tive analysis as we explored the relation between levels of 
toenail Se with total and individual Se serum species. Our 
peculiar analysis pointed out a positive relation with most of 
Se organic forms, mainly Se-PP and Se-Cys, while inverse 
with the inorganic forms. These results were confirmed after 
adjusting for possible confounders, including the use of Se 
supplements (Fig. 2). A possible explanation of the opposite 
behavior of organic and inorganic Se forms could be related 
to toenail composition. In fact, human nails are a modification 

of the skin, thus they are primary made of keratins, a family 
of proteins with an amino acid composition highly enriched 
in cysteine, thus they could accumulate Se either by binding to 
or by replacement of sulfhydryl sulfur (46,47). Interestingly, 
a recent study of fingernail organic elemental composition 
found that females had higher levels of sulfur, while sulfur 
content did not vary with ageing (48).

Correlation of toenail Se and intake of different food 
expected to be major contributors of Se intake yielded 
inconclusive results. We found a null correlation with meat, 
dairy products and cereals, whilst an inverse correlation 
appeared for fish and seafood intake. A slight positive 
correlation was found with vegetable and fruit intake, but only 
the latter was confirmed in the multivariate model adjusted for 
potential confounders. Even in most human diets, the leading 
sources of Se are cereals, meats and fish, food intake estimated 
with frequency questionnaires or composition tables may have 
limited accuracy and reliability due to the wide variation of 
Se contents in food depending on geographical area (1,17). 
About different Se species in food, the main form of Se in 
foods should be Se-Met which can be synthesized only by 
plants, while both plants and animals can incorporate Se-Met 
into proteins as a mimic for the correspondent sulfur-amino 
acid methionine (49). Studies conducted on edible seafood 
and canned tuna highlighted a higher fish content of 
Se-Met (29-70%) and selenite/selenate (12-45%) (50,51). A low 

Figure 3. Scatter plots showing correlation between toenail Se (µg/g) and selected food categories (g/day). Crude model (solid line) and fully adjusted model 
for gender, age, total energy intake and use of Se supplements (dash line with β coefficient) presented.
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fish intake in our sample is unlikely, as the median fish intake 
in our sample was 35 g/day (IQR, 15.5-47.4 g/day), similarly 
with those reported for other Italian populations (11,39). 
Interestingly, a recent in vitro study by using a gastric and 
intestinal digestion methods, pointed out a low bioavailability 
of total Se and Se species from fish and seafood (52). Regarding 
milk and dairy products, the main Se species appear to be both 
Se-Cys and selenite (53), thus this could have influenced the null 
results. Finally, fruits and vegetables contain relatively small 
amounts of Se, with the possible exception of garlic, onion and 
cabbage (also defined ‘Se accumulator’). An analysis splitting 
vegetables into Se accumulator and Se non-accumulator did 
not yielded different estimates (data not shown) (13).

The strengths of our study consists of the correlation toenail 
Se with the various Se serum species, yielding a switch from 
evaluation of overall content a trace element to the specia-
tion analysis. The topic is of growing interest in medicine 
and biology, due to the different, and in some cases, opposite 
effects that could be carried by different species on target 
tissues, as already demonstrated for Se itself and other trace 
elements (18,54-56).

A few limitations of this study must be outlined. First, the 
retention of organic Se forms in body tissues is consistently 
higher than that of inorganic compounds (57), and therefore 
distribution of Se species in human tissues may not neces-
sarily reflect the relative intake of these species through diet 
and other sources, nor their toxicity and biological effects (58). 
Moreover, the limited sample size of our study, which was a 
consequence of the difficulties in recruiting volunteers from 
the general population, reduced the statistical stability of the 
point estimates. However, despite this limitation, our study 
population still seems to represent the general Italian popula-
tion as far as demographic characteristics and lifestyle factors 
are concerned (59,60).

In conclusion, our cross-sectional analysis is to our knowl-
edge the first that assessed the relation between Se levels in 
toenail with serum Se species, detecting an opposite behavior 
depending on the type of Se forms considered. Furthermore, 
it is one of the few studies that explored the influence of 
different food on Se toenail content, showing a null relation 
with cereals, meat and dairy products, a direct correlation only 
with fruits and a little with vegetables intake, whilst inverse 
relation with fish and seafood consumption, although more 
studies are needed. Finally, air Se exposure assessed through 
PM10 estimate levels, seemed to barely influence the toenail 
Se levels.
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