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Abstract

Background

Epidemiological studies have suggested a possible role of trace elements (TE) in the etiology

of several neurological diseases including Multiple Sclerosis (MS). Hair analysis provides an

easy tool to quantify TE in human subjects, including patients with neurodegenerative

diseases.

Objective

To compare TE levels in scalp hair from patients with MS and healthy controls from the

same geographic area (Sicily).

Methods

ICP-MS was used to determine the concentrations of 21 elements (Ag, Al, As, Ba, Cd, Co,

Cr, Cu, Fe, Li, Mn, Mo, Ni, Pb, Rb, Sb, Se, Sr, U, V and Zn) in scalp hair of 48 patients with

relapsing–remitting Multiple Sclerosis compared with 51 healthy controls.

Results

MS patients showed a significantly lower hair concentration of aluminum and rubidium (medi-

an values: Al = 3.76 μg/g vs. 4.49 μg/g and Rb = 0.007 μg/g vs. 0.01 μg/g;) and higher hair

concentration of U (median values U: 0.014 μg/g vs. 0.007 μg/g) compared to healthy con-

trols. The percentages of MS patients showing hair elemental concentrations greater than

the 95th percentile of controls were 20% for Ni, 19% for Ba and U, and 15% for Ag, Mo and

Se. Conversely, the percentages of MS patients showing hair elemental concentrations

lower than the 5th percentile of healthy controls were 27% for Al, 25% for Rb, 22% for Ag,

19% for Fe, and 16% for Pb. No significant association was found between levels of each TE

and age, disease duration or Expanded Disability Status Scale (EDSS) score. After stratifica-

tion by gender, healthy subjects did not show any significant difference in trace element lev-

els, while MS patients showed significant differences (p<0.01) for the concentrations of Ag,
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Cr, Fe, Ni and Sr. No significant differences were also found, at p<0.01, in relation to the use

of cigarettes, consume of water, vegetables and place of living.

Conclusion

The different distributions of TE in hair of MS patients compared to controls provides an ad-

ditional indirect evidence of metabolic imbalance of chemical elements in the pathogenesis

of this disease. The increase in U and decrease in Al and Rb levels in MS compared to

controls require further assessments as well as the observed different distributions of

other elements.

Introduction
Multiple sclerosis (MS) is a chronic neurological disease characterized by an idiopathic inflam-
mation of the central nervous system (CNS) with lymphocyte and macrophage infiltration,
leading to demyelination, axonal injury and the appearance of a variety of neurological signs
over time [1, 2]. Although several evidences point to a clear genetic predisposition to MS, the
north-south gradient of prevalence and familial studies of genetic inheritance suggest that an
important role in the determination of the disease is also played by still unidentified environ-
mental factor(s) [3].

Trace elements (TE) are crucial for the development of the nervous system, myelination of
the nerve fibres, and neuronal excitability [4]. The ability of metals (redox-active or redox-inac-
tive metals and even non metals as selenium) to promote neuronal damage and neurological
dysfunction has been linked to their role in catalyzing the formation of superoxide anion O2

.-,
singlet oxygen 1O2

� and hydrogen peroxide H2O2 [known collectively as reactive oxygen species
(ROS)], which, in turn, are important mediators of oxidative reactions of biological macromol-
ecules involved in neurodegenerative processes [5–14].

Abnormalities in transition metals and other TE in biological matrixes’ levels have been re-
ported in several neurological diseases, including Alzheimer disease (AD), Parkinson disease
(PD), amyotrophic lateral sclerosis (ALS) and MS [15–23]. Recently, the higher prevalence and
incidence of MS observed among populations living in the eastern flank of Mt. Etna was attrib-
uted to their exposure to volcanogenic ashes containing TE, suggesting their role as possible en-
vironmental co-factor in the pathogenesis of MS [24]. However, the authors did not actually
measured levels of TE in human samples and their conclusions were based on the comparison
between two epidemiological distributions (MS prevalence and geochemical studies of volcanic
gas emission).

To determine whether abnormal levels of TE were associated with MS, we measured 21
trace elements in the scalp hair of a cohort of Sicilian patients affected by relapsing–remitting
MS (RRMS) compared to geographically-matched healthy controls.

Methods

Subjects
We studied 48 ambulatory RRMS patients (16 women and 32 men, mean age 35±8 years, all of
them treated with natalizumab 300mg I.V. every 4 weeks) and 51 healthy controls (HC, 11
women and 40 men, mean age 48 ± 16 years) from cities representing all Sicilian provinces
(Agrigento: Agrigento, Licata, Palma di Montechiaro; Caltanissetta: Caltanissetta, S. Caterina
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Villarosa, San Cataldo, Sommatino; Catania: Caltagirone, Catania,Misterbianco; Enna: Enna,
Nicosia, Pergusa, Villarosa; Messina: Ficarra, Gioiosa Marea,Messina, Patti; Palermo: Cefalù,
Finale di Pollina, Gangi, Geraci Siculo, Palermo, Petralia Soprana, Sciara, Termini Imerese, Vil-
labate; Ragusa: Giarratana,Modica, Ragusa, Scicli; Siracusa: Palazzolo Acreide, Rosolini, Sira-
cusa; Trapani: Castellammare del Golfo,Marsala,Mazara del Vallo). All patients were living in
urban or closely sub-urban areas; the living environments were located 500 m a.s.l. for 19/48
MS patients (40%) and 19/51 for HC (38%) and at a lower altitude for 29/48 MS patients (60%)
and 32/51 for HC (62%). Hair samples were collected at the MS Clinic of the Fondazione Isti-
tuto San Raffaele “G. Giglio” of Cefalù, Italy, between September 2011 and December 2012. All
subjects were interviewed to obtain detailed information on their family, dietary habits, lifestyle
and personal medical history. Patients and controls read and accepted the written informed
consent approved by the local Ethical Committee “Fondazione Istituto San Raffaele—G.
Giglio”, Prot. N. 2012/25. Biological samples were obtained according to the local existing legis-
lation on privacy protection (D.M. n.675, 13/12/96) and the Declaration of Helsinki. Personal
data were recorded and analyzed in an anonymous format.

Twenty pairs of samples were from subjects related to patients by direct line (first degree) of
consanguinity or spouses, both sharing the same style of life. The remaining control subjects
were friends of patients or community volunteers living in the same residence areas. Donors
were randomly selected during one year time span and considered not eligible according to the
following exclusion criteria:

• non-Caucasian ethnicity;

• ascertained respiratory, thyroid, kidney or liver diseases;

• recent surgery or orthodontic treatments;

• colored hair or recent use of hairstyling products.

Eighty percent of the possible participants, whose records did not support the defined charac-
teristics, were excluded from the research study. Although the limited number of samples can-
not adequately represent the whole population of MS patients in Sicily, estimated in about
6000 cases out of 5 million of inhabitants[25], MS donors were uniformly distributed among
the nine Sicilian provinces (Agrigento: 5; Caltanissetta: 5; Catania: 5; Enna: 5; Messina: 5; Pa-
lermo: 12; Ragusa: 5; Siracusa: 4; Trapani: 3).

All subjects were interviewed to obtain detailed information on their date of birth, gender,
residence and other personal background information (see S1 File). Smokers accounted for
43% and 25% among MS and HC, respectively; most of donors had an occupational activity,
eleven were students; 75% and 54% commonly consumed bottled waters and vegetables, re-
spectively. Most of them also claimed to live in an area with low vehicular traffic (Table 1).

For the purpose of the present study we cumulated the results of all subjects in two separate
groups (MS and HC). Biographical and clinical data are listed in Table 1.

Sample collection and preparation
Strands of hair (~ 300mg), about 1–1.5cm long, were cut from the nape of the neck, as close as
possible to the occipital region of scalp, and immediately stored in plastic bags, appropriately
numbered and sealed together with an information form containing personal data as place of
residence, age, gender, hair color and employment work. In the laboratory, the samples were
reduced using a sterile surgical scalpel into smaller fragments to facilitate the subsequent wash-
ing procedure recommended by the International Atomic Energy Agency (IAEA), which con-
sists of the sequence acetone-water-water-water-acetone [26–29]. More precisely, the samples
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were immersed in 20ml of acetone or water and each time stirred in ultrasonic bath for 15 min-
utes. After washing, the samples were placed in beakers and dried at low temperature (40°C)
for 24h and then weighed. Then, 3 ml of HNO3 (Suprapur, Merck) were added to about 150mg
of washed hair sample and digested for 24 h. Digestion was then completed by adding 500 μL
of H2O2 (Suprapur, Merck) for a further period of 24h. Finally, the obtained solutions were di-
luted by the addition of 18 MΩ cm demineralized water to reach a volume of 25 mL. Quantifi-
cation of 21 elements (Al, As, Ag, Ba, Cd, Co, Cr, Cu, Fe, Li, Mn, Mo, Ni, Pb, Rb, Sb, Se, Sr, U,
V and Zn) was performed by inductively coupled mass spectrometry (ICP-MS, Perkin-Elmer,
Elan 6100 DRC-e) after the addition of Re–Sc–Y as internal standards, using the technique of
the additions to minimize the matrix effect. Determinations of As, Cr, Fe, Se and V were per-
formed in DRC (Dynamic Reaction Cell) with reaction gases CH4 to reduce interferences in-
duced by polyatomic ions generated by the plasma components, the solvent and the sample
matrix. All standard solutions were prepared with 18 MΩ cm demineralized water, the ICP
Multi Element Standard Solutions XXI CertiPUR, and the Mo and Sb CertiPUR standards
(Merck). The analytical precision was estimated in the range 5–10% by running triplicate anal-
yses on several samples. The IDL (instrument detection limit) was determined on the basis of
three standard deviations (SD) of five blank measurements [30]. The validity of the analytical
procedure was controlled by running reference materials QMEQAS08H-02 (hair collected

Table 1. Biographical and clinical data.

MS patient MS (male) MS (female) HC control HC (male) HC (female)

N 48 32 16 51 40 11

Age

Mean (SD) 35 (8) 37 (8) 30 (6) 47 (16) 51 (15) 34 (12)

min-max 20–53 20–53 20–40 19–78 22–78 19–63

EDSS

Mean (SD) 2.4 (1.5)

Median 2.0

Score—N. Patients (%)

0 1 (2.1%)

1.0–1.5 17 (35.4%)

2.0–2.5 16 (33.3%)

3.0–3.5 4 (8.3%)

4.0–4.5 6 (12.5%)

5.0–5.5 1 (2.1%)

>6 3 (6.3%)

Smokers 43% 13% 7% 25% 9% 2%

Vegetable consumers 56% 52% 63% 52% 55% 45%

Kind of water

Bottled water 71% 76% 63% 79% 75% 91%

Municipal water 11% 19% 18% 11% 17% 0%

Both 18% 5% 19% 10% 8% 9%

Place of living

Low traffic 32% 64% 75% 76% 72% 90%

High traffic 68% 36% 25% 24% 28% 10%

Notes: N—Number of examined samples; SD—standard deviation; EDSS: Expanded Disability Status Scale. MS: Multiple Sclerosis patients and HC:

healthy controls.

doi:10.1371/journal.pone.0122142.t001
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from a single donor unexposed, spiked with selected analytes) Institut National de la Santé
Publique—Laboratoire de Toxicologie, Quebec (Canada), and two reference materials made in
our laboratory. The metal recovery rates of certified elements in the reference material ranged
between 82% and 116%, with an average value of 98% (Table 2).

Statistical analysis
Undetectable measurements were substituted with 1/3 of standard deviation (SD) of five blank
measurements. Data treatment was performed by a statistical approach using XLSTAT (Win
2010, Soft 32) [31]. Shapiro-Wilk test, with a level of significance set at p<0.01, was used to
verify the normality of data distribution. Data were also examined to detect outliers by Dixon’s
non-parametric test [32–34], as the data came from skewed populations. A total of 7 outliers (4
for MS and 3 for HC) were deleted from the database as they might unduly influence
general results.

Differences between MS and HC groups were tested using the Mann–Whitney test, at
p<0.01. Spearman’s rank correlation analysis was performed to estimate the degree of associa-
tion between the metal levels in each group of hair samples. A cluster analysis (Agglomerative
Hierarchical Clustering, AHC) was performed using raw data and Spearman’s coefficients as
similarity criterion. We also decided to calculate the number of samples of each element for
each group (MS and HC) that exceeded the 95th percentile of concentration calculated for the

Table 2. Comparison of measured, reported concentrations andmetal recovery of certified elements in standard referencematerial QMEQAS08H-02.

QMEQAS08H-02 in this study Recovery%

Ag 1.27±0.27 1.3±0.1 100

Al 31.9 ± 7.8 26.0 ± 1.55 82

As 3.45 ± 0.51 3.61 ± 0.35 105

Ba 3.58 ± 0.58 4.10 ± 0.43 115

Cd 3.54 ± 0.48 3.34 ± 0.12 94

Co 4.45 ± 0.51 4.41 ± 0.32 99

Cr 0.67 ± 0.289 0.53 ± 0.15 79

Cu 77.4 ± 0.72 73.3 ± 4.65 95

Fe n.c. 12.5 ± 2.67

Li n.c. 0.09 ± 0.02

Mn 1.87 ± 0.29 1.83 ± 0.89 98

Mo 1.01 ± 0.13 0.98 ± 0.11 97

Ni 5.12 ± 0.67 4.76 ± 0.42 93

Pb 13.2 ± 1.7 12.3 ± 0.67 93

Rb n.c. 0.05 ± 0.004

Sb 0.973 ± 0.164 1.13 ± 0.03 116

Se 1.20 ± 0.24 1.14 ± 0.17 95

Sr n.c. 2.05 ± 0.11

U 0.242 ± 0.053 0.22 ± 0.02 91

V 1.10 ± 0.17 1.17 ± 0.14 106

Zn 413 ± 60 434 ± 23 105

Data expressed as μg g-1;

n.c.—not certified.

doi:10.1371/journal.pone.0122142.t002
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other group. We considered 15% be the minimum number of samples exceeding the 95th per-
centile as significant for the purpose of the present paper.

Results
Results are listed in Table 3. The analysis of the controls (HC) showed that the most abundant
hair elements were Zn>>Fe>Cu, the levels of these elements being from one to five orders of
magnitude greater than all the other investigated TE. The median concentrations of Al and Sr
were 4.49 and 1.70 μg/g, respectively; Se, Pb, Mn, Cr and Ni median values were between 0.1
and 1.0 μg/g, whereas the remaining elements had concentration levels below 0.1 μg/g. Al-
though female controls exhibited higher median values compared to males for Ag, Cd, Co, Cu,
Fe, Li, Mo, Ni, Pb, Rb, Sr, U, V and Zn, hair elemental concentration in females greater than
the 95th percentile of males was observed only for Zn (30%), Ni (24%), Mo (20%), Ag (18%), Sr
(17%) and Co (15%). Hair samples from MS patients showed similar orders of abundance and
magnitude (Zn>>Fe>Cu). When we studied gender differences in the MS group, we observed
higher median values in female’s hair compared to males for Ag, Ba, Cd, Co, Cr, Cu, Fe, Li,
Mn, Mo, Ni, Pb, Sb, Se, Sr, U, V and Zn.

Interestingly, female/male differences were more relevant in MS patients compared to
healthy subjects. From a statistical point of view, healthy subjects did not show any significant

Table 3. Basic statistical parameters of trace element contents in scalp hair fromMultiple Sclerosis patients (MS) and healthy controls (HC).

MS HC

Valid N Mean SD Median Q5 Q25 Q75 Q95 CV% Valid N Mean SD Median Q5 Q25 Q75 Q95 CV%

Ag 46 0.1 0.17 0.03 0.01 0.02 0.12 0.53 155 47 0.1 0.06 0.03 0.01 0.02 0.07 0.18 102

Al 48 4.1 1.69 3.76 1.6 2.8 5.40 7.2 41 49 5.7 2.99 4.49 3.0 3.6 6.1 12.8 53

As 48 0.04 0.04 0.03 0.002 0.011 0.05 0.11 101 49 0.03 0.03 0.04 0.001 0.004 0.05 0.07 80

Ba 48 1.4 2.01 0.003 0.003 0.003 2.46 5.55 147 48 0.6 1.16 0.003 0.003 0.003 0.34 4.02 209

Cd 46 0.01 0.01 0.01 0.0003 0.002 0.01 0.03 101 51 0.01 0.02 0.01 0.0003 0.004 0.01 0.05 117

Co 48 0.1 0.12 0.02 0.01 0.01 0.07 0.37 161 51 0.1 0.15 0.02 0.01 0.02 0.06 0.53 187

Cr 48 0.6 0.63 0.30 0.06 0.10 0.71 2.13 114 51 0.7 1.51 0.21 0.04 0.12 0.40 3.36 215

Cu 46 11.7 3.6 10.2 7.6 9.3 13.1 18.8 31 51 11.2 4.2 10.3 7.3 8.9 11.4 22.3 38

Fe 48 16.4 9.50 14.6 6.0 8.9 20.9 37.6 58 49 16.4 8.25 14.1 7.8 10.6 19.5 35.5 50

Li 48 0.04 0.02 0.03 0.02 0.03 0.04 0.09 53 51 0.04 0.02 0.03 0.02 0.03 0.05 0.09 52

Mn 46 0.3 0.18 0.21 0.10 0.16 0.41 0.68 62 49 0.3 0.20 0.27 0.12 0.23 0.36 0.78 62

Mo 48 0.1 0.03 0.07 0.05 0.06 0.09 0.12 34 48 0.1 0.02 0.06 0.04 0.05 0.08 0.10 30

Ni 46 0.3 0.33 0.21 0.001 0.12 0.43 1.16 100 49 0.2 0.15 0.18 0.02 0.09 0.30 0.49 74

Pb 45 0.4 0.34 0.34 0.17 0.67 0.67 1.21 75 47 0.6 0.58 0.37 0.13 0.18 0.62 1.90 100

Rb 48 0.01 0.01 0.007 0.003 0.01 0.01 0.02 70 51 0.01 0.01 0.01 0.01 0.01 0.01 0.03 59

Sb 48 0.03 0.03 0.02 0.01 0.02 0.03 0.08 80 51 0.04 0.03 0.03 0.01 0.02 0.05 0.10 71

Se 48 1.0 0.69 0.70 0.41 0.50 1.2 2.4 70 51 0.8 0.47 0.66 0.38 0.51 1.1 1.9 56

Sr 46 4.6 5.10 2.3 0.35 1.04 6.2 15.6 112 49 2.8 2.73 1.7 0.33 0.73 3.9 9.7 97

U 48 0.03 0.04 0.014 0.001 0.005 0.03 0.13 152 48 0.01 0.01 0.007 0.001 0.001 0.01 0.03 134

V 45 0.1 0.05 0.05 0.01 0.02 0.08 0.17 83 48 0.1 0.05 0.05 0.01 0.03 0.08 0.17 71

Zn 48 211 54 209 134 179 230 346 26 51 191 48 190 117 159 225 265 25

Concentration data expressed as μg g-1 (dry weight basis). Notes: MS: Multiple Sclerosis patients and HC: healthy controls.SD—standard deviation, Q5, Q25,

Q75 and Q95 indicate the 5th, 25th, 75th and 95th percentiles, respectively. CV indicates the coefficient of variation, calculated as: CV(%) = 100 × SD/mean.

doi:10.1371/journal.pone.0122142.t003
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difference when female and male were compared, while MS patients showed significant differ-
ences for concentrations of Ag, Cr, Fe, Ni and Sr (p<0.01) (Table 4).

We then compared cumulative data fromMS patients with their geographically matched
HC (Table 3). MS patients showed significantly lower Al (3.76 vs. 4.45 μg/g; p<0.01) and Rb
(0.007 vs. 0.01 μg/g; p<0.01) and significantly higher U (0.014 vs. 0.007 μg/g; p<0.01) median
concentrations (Table 3). The percentages of MS patients showing hair elemental concentra-
tions greater than the 95th percentile of controls were 20% for Ni, 19% for Ba and U, and 15%
for Ag, Mo and Se. Conversely, the percentages of MS patients showing hair elemental concen-
trations lower than the 5th percentile of healthy controls were 27% for Al, 25% for Rb, 22% for
Ag, 19% for Fe, and 16% for Pb. No significant association was found between levels of each
TE and age, disease duration or Expanded Disability Status Scale (EDSS) score. We also evalu-
ated if smoking, the consume of water, vegetables and the extent of vehicular traffic of the place
of living could affect elemental hair concentrations. No significant differences were found at
p<0.01 (Table 4).

On the base of the above findings and to evaluate possible associations among TE, two Clus-
ter Analyses (AHC) were performed on each set of data (HC and MS) using the concentrations
of Al, Ag, Ba, Fe, Mo, Ni, Pb, Rb, Se and U (Fig 1).

Three clusters were identified at a level of significance p<0.01 in HC (Fig 1a): in the first
cluster (Ba-Se-Pb-Fe-Ni) we found a higher correlation between Se and Ba (rBa-Se = 0.63) and
Fe-Ni (rFe-Ni = 0.53), while lower correlations were observed for Pb (rPb-Ni = 0.41, rBa-Fe = 0.40;

Table 4. Results of Mann-Whitney test for differences betweenMS patients, HC controls and con-
founding variables.

p-value <0.05 p-value <0.01

Trace elements

MS
+ HC

Al (p: 0.005); Rb (p: 0.001); U (p: 0.005) Al (p: 0.005); Rb (p: 0.001); U (p:
0.005)

Age

MS - -

HC Co (p: 0.028); Li (p: 0.009); Sr (p: 0.013); U (p:0.022) Li (p: 0.009)

Gender

MS Ag (p:0.006); Cd (p: 0.011); Co (p: 0.017); Cr (p: 0.005);
Fe (p: 0.001); Mo (p: 0.011); Mn (p: 0.016); Ni (p:
0.002); Pb (p:0.041); Sr (p: 0.001).

Ag (p:0.006); Cr (p: 0.005); Fe (p:
0.001); Ni (p: 0.002); Sr (p: 0.001).

HC - -

Smokers
MS Pb (p: 0.02); U (p: 0.04) -

HC - -

Vegetable consumers

MS - -

HC As (p: 0.034) -

Place of living
MS Ag (p: 0.044); Rb (p: 0.006) Rb (p: 0.006)

HC Mn (p: 0.017); Rb (p: 0.006) Rb (p: 0.006)

Kind of water (bottled water, municipali water, both)

MS - -

HC - -

Expanded Disability Status Scale (EDSS)
MS Cu (p: 0.022); Zn (p: 0.043) -

doi:10.1371/journal.pone.0122142.t004
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rPb-Fe = 0.30); the second cluster (Ag-Rb-Al) showed milder associations (rRb-Al = 0.32;
rAg-Rb = 0.23); the third cluster was made up of Mo-U which, however, were not significantly
correlated (rMo-U = 0.21). Fig 1b shows that, at the same level of significance, the clustering in
the scalp hair of MS subjects differed from HC. Namely, while the associations Fe-Ni, Ba-Se
(rFe-Ni = 0.71, rSe-Ba = 0.66;), Rb-Ag (rRb-Ag = 0.38) were still recorded, Mo-U exhibited a signifi-
cant correlation (rMo-U = 0.44), the accumulation of Al was totally independent from the other
TE and Pb was strongly correlated with Ag and Rb; rPb-Ag = 0.56, rPb-Rb = 0.50).

Discussion
Multiple sclerosis is characterized by an autoimmune-mediated stripping and degradation of
the myelin sheath that, at least initially, spare the nerve fibers within the CNS. Myelin sheaths
are particularly susceptible to oxidative damage: since TE can increase free radicals production,
it is conceivable that they may contribute to this demyelinating process Nicoletti et al. (2013)
[24] evaluated the incidence of MS in two areas of the Mount Etna flanks with an allegedly dif-
ferent exposure to volcanic ashes carrying a high load of TE. Varrica et al. (2014)[35] evidenced
that children living in the Mt. Etna area are naturally exposed to enhanced intakes of As, Mn,
V and U, than those residing in other areas of Sicily, not influenced by volcanic activity, and in-
dicated ingestion of water and local food as the most probable exposure pathways. We mea-
sured TE levels in human scalp hair samples of MS patients and geographically matched HC
from the entire insular area of Sicily (25.711 square kilometers) and detected a relative greater
abundance of Zn, Fe and Cu compared to the remaining TE in hair from both MS and HC in-
dividuals. The overexpression of these three key structural component of several proteins in-
volved in cell protection against ROS and able to compete with other potentially obnoxious
elements and metalloproteins for their binding sites [36, 37], is not surprising since it is a com-
mon feature of many highly reproducing tissues, including immune cells and hair [38–43].

Zn is an abundant metal in the human body being present in several organs, tissues, fluids
and cells. It is an essential micronutrient being involved in a number of different reactions,
among which the formation of zinc metalloenzymes, the metabolism of macronutrients, the
processes of gene expression and replication of DNAmolecules[44]. Zn also plays an important
role as a constituent of metallothionine, a family of proteins possessing sulfur-based metal clus-
ters, to which it is bound by the cysteine thiolate ligands. May be useful to recall that cysteine,
along with histidine and methionine are aminoacids constituting the keratinic structure of hair.

Iron is present as haemoglobin in the erythrocytes of blood and it is carried by the plasma
glycol-protein transferrin. It is essential for many metabolic processes, including the oxygen

Fig 1. Agglomerative Hierarchical Clustering (AHC) performed using raw data. The degree of association is the Spearman’s coefficient.

doi:10.1371/journal.pone.0122142.g001
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transport, DNA synthesis and electron transfer; iron is also a fundamental component of cyto-
chromes acting in cellular respiration.

Copper is another essential and fundamental nutrient for living organisms being an impor-
tant cofactor for many oxidative enzymes. It shows high affinity for aminoacids. Cu is neces-
sary in the incorporation of iron in hemoglobin and it plays an essential role in the absorption
of iron from the gastrointestinal tract and in its transfer from tissues to plasma[45].

It has been demonstrated that abnormality in the metabolism of Cu and Fe plays a crucial
role in the pathogenesis of several neurodegenerative diseases; in particular, alterations in specif-
ic Cu and Fe containing metalloenzymes have been observed[46]. Copper can catalyze the pro-
duction of hydroxyradicals and oxyradicals when it is available in the redox-active form Cu(II).

The ratio Zn/Cu is often indicated as a relevant ratio for the importance of the balance be-
tween these elements involved in the gene superoxide dismutase (SOD). Our results gave a
range for Zn/Cu from 17 to 19, with no significant differences between HC and MS groups or
between individuals differentiated by gender. This range, although obtained for a relatively
small number of participants, such to preclude general conclusions, is clearly higher than the
ratio 4–12 indicated as acceptable by Watts (2010) [47]. However, we have found similar high
ratios in children hair from Sicily (Pace del Mela (ME): 14.5; towns located around Mt. Etna
(CT): 14.9) [35, 43] as well as in literature (Zn/Cu: 18[48]; Zn/Cu: 19[19]; Zn/Cu: 15[49]). As
suggested by Mattson et al. (2004) [46], abnormalities in the metabolism of Cu, especially
when incorporated in metalloenzymes, may play a crucial role in the pathogenesis of several
neurodegenerative diseases.

Interestingly, MS patients showed a significantly lower hair concentration of Al and Rb and
higher hair concentration of U compared to HC. Are these observations just an epiphenomenon
of other pathogenetic mechanisms or can they actually contribute to the pathogenesis of MS?

Aluminum is not considered essential for human life, although it is involved in the action of
enzymes such as succinic dehydrogenase and δ-aminolevulinatedehydrase. A role for Al in
neurodegenerative disease such as Alzheimer (AD) and Parkinson diseases has been hypothe-
sized based on its ability to increase intracellular ROS in brain, its presence in senile plaques
[50–56], its strong promotion of amyloid aggregation and accumulation [20, 57–59], a slight
increase of its level in brain of AD patients, and several, although controversial, studies linking
the amount of Al in drinking water to the incidence of AD[60, 61]. The use of the anti-oxidant
and trivalent iron/aluminum chelator desferrioxamine has even been suggested as a treatment
of AD [62, 63]. The additional ability, both in vitro and in vivo, of Al to promote inflammatory
signaling via the pro-inflammatory transcription factor NF-kB may justify a role in the com-
plex pathogenesis of MS[64, 65].

We actually found a significant decrease of Al in MS hair, thus apparently in contrast with
the findings of Exley et al. (2006) [66] who detected increased excretion of Al in urines from
MS patients, similar to what observed in people affected by aluminum intoxication or undergo-
ing metal chelation therapy. Fulgenzi et al. (2012) [67] also reported that MS patients treated
with the chelating agent calcium disodium ethylene diamine tetraacetic acid (EDTA) displayed
elevated levels of aluminum in their urines. Although we did not assess urinary excretion of Al
in our cohort, we speculate that the lower content of hair Al in our cohort of MS patients may
reflect: 1) an accumulation of Al in target organs (brain?); 2) its increased elimination through
urine leaving circulating Al in the bloodstream at levels insufficient to be uptaken by
hair follicles.

Less is known about the role of Rb in human physiology and pathology. Chemically, Rb is a
small atom behaving as K, their blood levels often fluctuating in parallel, almost always aggre-
gated into more complex biological molecules. Rubidium is considered a non-essential metal
and its biological role in the human body is still poorly understood. However, Rb has been
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found in blood, associated with red blood cells, at the same level of concentrations with Zn and
Cu, which points to a possible essential role of this element in man [68]. Although nerve fibre
refractory period was prolonged in depressive or schizophrenic patients treated with Rb, at
present no effects are known on human immune function or neurodegeneration [69].

We found a lower concentration of Rb in hair of our MS cohort compared to HC. This de-
pletion is similar to other reports in urine and blood of MS patients [16]. The lower content of
Rb in MS can be the result of malabsorption and may reflect a metabolic disorder.

Uranium, finally, accumulates in human bones because of the crystallographic similarity of
the uranyl ion (UO2

2+) to that of calcium which allows uranium to replace calcium ions at the
surfaces of bone mineral crystals [70, 71]. It is also deposited in kidney and liver [72]. The pri-
mary intake pathway of uranium is through inhalation, although ingestion and dermal contact
can also contribute, and the main excretory pathway are the feces.

Our data show that the median U concentrations in hair of MS patients was significantly
higher than in healthy individuals. Moreover, the percentage of MS patients showing U hair
concentrations greater than the 95th percentile of controls was 19%. Little is known about the
concentration of uranium in the body and its involvement in the etiology of neurodegenerative
diseases has yet to be demonstrated.

The correlation analysis also showed strong correlations Fe-Ni and Ba-Se. In the human
body Fe and Ni are involved in enzymatic reactions by which the carbon monoxide dehydroge-
nase oxidizes CO to CO2 and the hydrogenase converts H

+ ions to H2 molecular gas[73]. Dif-
ferently, the association Se-Ba seems to have no definite explanation. 15% of MS patients
showed hair Se concentrations greater than the 95th percentile of controls. Selenium plays an
essential biological role as part of the enzyme GSH-Px, forming one of the main antioxidant
defense system. It is characterized by a narrow range between dietary deficiency and toxic levels
and it is quickly excreted by urine and incorporated in blood and selenocysteine-containing
proteins (cysteine is a main component of hair). Ba hair levels in MS exceeded the 95th percen-
tile of HC subjects in 19% of cases.

Purdey (2004) hypothesized that Ba ions could initiate the pathogenesis of MS breaking
down the proteoglycan-FGF systems which sustains the oligodendrocytes and, as a conse-
quence, hindering the synthesis or maintenance of the myelin sheath[74]. During a six-month
longitudinal follow-up study carried out on trace elements in serum of MS patients, with first
demyelinating episode, Visconti et al., 2005, recognized an increasing content of Ba in patients
over the time and also respect to serum levels in healthy subjects living in the same geographic
area[75].

Molybdenum exhibited a significant correlation with U in MS subjects; Mo is a redox active
element, with oxidation states IV and VI, it is also an essential components of three classes of
biological enzyme systems and an important cofactor for enzymes involved in catalyzing redox
reactions on sulphur and nitrogen-containing compounds of DNA and RNA. It is also in-
volved in the production of uric acid, and the oxidation and detoxification of various other
compounds [76]. Accumulation of Mo may also contribute to the etiology of MS in some cases
[77]. Visconti et al. (2005) [75] found higher Mo mean values in serum of patients affected by
multiple sclerosis compared to controls, which seemed to be consistent with the relationship
between Mo and MS reported by Zapadniuk (1992) [78].

Conclusions
We have produced preliminary data on trace element concentrations in scalp hair samples
from patients affected by RRMS and controls are provided. We found significant differences in
Al, Rb and U hair concentrations, where U was significantly higher in MS patients while Al
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and Rb were higher in controls. Al concentrations were also particularly low in a significant
number of hair samples fromMS affected people. We could not ascertain whether the shortage
of this element in hair is indicative of an accumulation in target organs. Additionally, female
MS patients showed for a large number of trace elements a median hair content higher than
males, with Ag, Cr, Fe, Ni and Sr being statistically different at p<0.01. These findings may in-
dicate a possible relationship between MS pathology and deficiency of excess of distinct ele-
ment species as well as alterations in their metabolism. The lack of strong correlation among
TE concentrations and confounding factors as age, smoking, the consume of water, vegetables
and the extent of vehicular traffic of the living place offers a good opportunity to differentiate
HC and MS using element concentrations as discrimination variables.

Further studies using all possible matrices (including cerebrospinal fluid, neural tissues,
blood, serum, and nails) and based on a larger number of patients and controls are required to
confirm the uneven distribution of trace elements in multiple sclerosis and to assess its clinical
relevance. In this context, special attention should be paid to the several molecules to which
these patients are chronically exposed exposure for the treatment of their disease.
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