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Abstract. Chronically increased oxidative stress has been 
reported in patients with multiple chemical sensitivity (MCS). 
Recently, a single nucleotide polymorphism of the gene coding 
for mitochondrial superoxide dismutase (SOD2), namely the 
missense substitution A16V (C47>T) resulting in alteration 
of SOD2 enzyme activity, has been reported to be associated 
with MCS. However, the influence of SOD2 A16V genetic 
background on redox status of patients with MCS has not yet 
been investigated. Here, the results of a retrospective analysis 
aimed to evaluate the role of the SOD2 A16V polymorphism 
in the alterations of antioxidant defense markers as well as 
fatty acid (FA) composition of erythrocyte membranes in 
67 patients with MCS matched with 55 healthy controls is 
reported. The mutated SOD2 V16 variant was observed more 
frequently in the MCS group compared with the control 
group, and this difference was statistically significant. The 
most common genotype in both groups was the heterozygous 
SOD2 AV16 variant, whereas the mutated SOD2 VV16 variant 
was more frequently observed in the MCS group, although 
the difference was not significant. The MCS cohort showed 
significantly depleted levels of plasma total antioxidant 

activity, ubiquinol, erythrocyte reduced glutathione and 
membrane polyunsaturated FA levels, coupled with significant 
increases in glutathione peroxidase activity, likely accounting 
for sustained detoxification from lipoperoxides. Notably, the 
highest levels of oxidative stress were found in patients with 
MCS bearing the genotype SOD2 AA16, whereas interme‑
diate levels were found in patients bearing the heterozygous 
AV16 genotype. Healthy subjects bearing the SOD2 AA16 
genotype also showed increased oxidative stress compared 
with carriers of other SOD2 genotypes. Despite the need for 
further confirmations in larger cohorts, due to MCS popula‑
tion genetic heterogeneity, these preliminary findings suggest 
that SOD2 defective activity makes certain patients with MCS 
more susceptible to developing oxidative stress following a 
chronic daily exposure to pro‑oxidant insults.

Introduction

There has been increasing attention focused on multiple 
chemical sensitivity (MCS) in the last decade, a multi‑system 
chronic disorder that is currently included in the broader defi‑
nition of sensitivity‑related illnesses (SRI), and also central 
sensitization syndromes, together with fibromyalgia (FM), 
chronic fatigue syndrome (CFS) and electromagnetic hyper‑
sensitivity (EHS) (1,2).

MCS develops as a result of loss of tolerance to chronic 
exposure to various environmental contaminants (organo‑
phosphates, solvents, heavy metals) at concentrations below 
the threshold limit values considered toxic for the general 
population (3). The wide variety of multi‑organ symptoms 
includes chronic muscular fatigue, bronchitis and asthma, as 
well as effects on eye‑nose‑throat, gastrointestinal, cardiac, 
psychosomatic, neurological, memory and mood disorders, 
post‑traumatic distress and autoimmunity. The presence of 
these symptoms varies extensively from one individual to 
another, based on individual sensitivity (4).

MCS has an estimated prevalence of 0.5‑6.5% in patients 
that received a medical diagnosis, whilst self‑diagnosed 
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patients show a prevalence of 9.0‑11.2% in the general popu‑
lation (1). The main challenges hindering a correct clinical 
framework of MCS are: The absence of a specific and defined 
pathogenic mechanism or mechanisms; a range of potential 
triggers; an absence of dose‑dependent responses to triggers; 
and the presence of common comorbidity features with known 
autoimmune diseases, such as systemic lupus erythematosus, 
rheumatoid arthritis or vitiligo (5,6).

Due to difficulties in finding unique and differential 
diagnostic markers, defining MCS has been approached 
with genetic, metabolic, immunological, etiological, symp‑
tomatic, therapeutic and epidemiological tools (7). To date, 
the importance of oxidative stress as an etiopathogenetic 
mechanism of this condition is widely recognized, in addition 
to the role of redox status alterations in the development of 
chronic mild systemic inflammation (5‑7). In previous studies 
it was demonstrated in the clinical setting how oxidative 
status and inflammatory markers were elevated in patients 
with MCS compared with healthy subjects (8‑12). Moreover, 
almost all patients with MCS are characterized by a genetic 
background, potentially predisposing them to the development 
of oxidative/nitrosative stress, given the presence of several 
single nucleotide polymorphisms (SNPs) in genes coding for 
enzymes involved in phase I and II detoxification reactions, 
as well as antioxidant enzymes (9‑11,13‑17). In particular, the 
rs4880 SNP (C47>T) of the superoxide dismutase 2 (SOD2) 
gene has been reported as one of the genetic determinants of 
MCS risk (15). The C to T nucleotide change leads to an alanine 
to valine amino acid change at codon 16 (Ala16Val, A16V), 
leading to a reduction of SOD2 levels in the mitochondria 
and thus reduced superoxide removal, resulting in superoxide 
accumulation and mitochondrial damage (18). Notably, an 
impairment in liver function after exposure to bisphenol A has 
been reported in carriers of the SOD2 variant (19).

Despite the reported association of the SOD2 A16V 
polymorphism with MCS, the role of SOD2 A16V genetic 
background in the modifications of the redox status in patients 
with MCS has not yet been investigated.

Starting from biochemical features of patients with MCS 
characterized in our previous study (8), the influence of the 
SOD2 A16V polymorphism on the alterations of selected 
biomarkers of systemic oxidative damage in patients with 
MCS compared with healthy subjects were evaluated in the 
present study.

Materials and methods

Study cohort. The cases examined in this study consisted of 
67 Italian patients with MCS (44 female/23 male; median age, 
48 years; inter‑quartile range, 12) randomly selected amongst 
patients that had been enrolled by medical staff at Department 
of Medical Pathophysiology, University of Rome ‘La Sapienza’ 
‑ Polyclinic Hospital ‘Umberto I’ (Rome, Italy), at Istituto 
Dermopatico dell'Immacolata (IDI‑IRCCS, study protocol 
n.121/CE/2008) (Rome, Italy), and at Istituto of Ricerca Medica 
Ambientale (IRMA, Acireale, Italy) between 2009 and 2014.

Patients had been selected on the basis of diagnosis for 
MCS, established according to Cullen's criteria (20) and the 
Quick Environment Exposure Sensitivity Inventory (QEESI) 
score (21), adapted for local application. QEESI is a reference 

validated questionnaire to determine the levels of sensitization 
to chemical environmental triggers (airborne or other), to score 
the type, localization and severity of symptoms after exposure, 
and their life impact. MCS subjects are stratified based on a 
QEESI score >20.

Controls examined in this study were 55 Italian healthy 
subjects (44 female/11 male, median age, 53 years old; 
inter‑quartile range, 12) randomly selected amongst volun‑
teers that had been recruited, between 2011 and 2017, at 
IDI‑IRCCS (Rome, Italy) (protocol approval no. 52/CE/2010) 
and Polyclinic Hospital University ‘G. Martino’ (Messina, 
Italy) (protocol approvals no. 37/17 and 51/17), according to 
the following established criteria: i) Absence of any clinically 
diagnosed disease, in particular allergic or immunologic 
disturbances; ii) no drug or nutraceutical supplement use in 
at least the 6 weeks prior to blood sampling; and iii) whole 
blood total production of reactive oxygen species/reactive 
nitrogen species (ROS/RNS) below 650 cps/µl, as deter‑
mined by luminol‑dependent chemiluminescent response to 
phorbol‑myristate‑acetate (PMA) (22).

Non‑smokers accounted for 76.2% of individuals in the 
MCS group and 90.9% of the control group. Alcohol or other 
drug users were absent in both groups of participants. None of 
the enrolled subject had taken any antioxidant supplementa‑
tion in the 3 months preceding the recruitment.

All subjects enrolled for the study provided written 
informed consent to participate in the study and to blood 
sampling as well as anamnestic data collection, as specified in 
the Declaration of Helsinki (23).

Genotyping. Genomic DNA was isolated from frozen (‑80˚C) 
blood samples using the Puregene‑DNA purification system 
(GENTRA, Qiagen GmbH), according to manufacturer's 
protocol. The DNA was quantified by spectrophotometric 
measurement at 260 nm using a Biophotometer (Eppendorf). 
DNA quality was considered acceptable for samples with a 
260/280 ratio ≥1.6. DNA integrity and the presence of contami‑
nant RNA were assessed by electrophoresis on a 0.8% agarose 
gel, and subsequent UV detection of DNA bands using a gel 
photodocumentation system (Vilber Lourmat).

Genotyping of patients with MCS and controls for 
SOD2 A16V (C47> T, rs4880) SNP were performed using quan‑
titative PCR‑based allelic discrimination using a pre‑designed 

Table I. Genetic background of the patients with MCS and 
healthy controls at the SOD2 locus.

SOD2 genotype
(C47>T, A16V)  CTR (n) MCS (n) P‑value

CC47 (AA16) 24% (13) 10% (7) 0.0836
CT47 (AV16) 47% (26) 51% (34) 0.7197
TT (VV16) 29% (16) 39% (26) 0.3386
C allele frequency 0.472 0.358
T allele frequency 0.527 0.641

SOD2, superoxide dismutase 2; CTR, controls (n=55); MCS, multiple 
chemical sensitivity patients (n=67).
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TaqMan SNP genotyping assay (ID: C_8709053_10), avail‑
able from Applied Biosystems (Thermo Fisher Scientific, Inc.) 
according to the manufacturer's protocol.

Genotyping was performed on a 7900HT Fast Real‑Time 
PCR system (Applied Biosystems; Thermo Fisher Scientific, 
Inc.), using thermal cycling conditions as previously 
described (24).

Analysis of redox markers. The whole blood luminol‑dependent 
chemiluminescence (CL) response to PMA and the plasma 
levels of nitrites/nitrates (NO2

‑/NO3
‑) reacting with Griess 

reagent were measured as described previously by (22,25).
The levels of reduced glutathione (GSH) in erythrocytes, 

as well as the plasma concentrations of ubiquinol (Ubi‑ol), 
the reduced form of coenzyme Q10 (CoQ10H2), were assessed 
by High‑Performance Liquid Chromatography equipped with 
array photodiode and electrochemical detection, as previously 
described (7). Enzyme activities of superoxide dismutase (SOD), 
catalase (CAT), glutathione‑S‑transferase (GST) and gluta‑
thione peroxidase (GPx) in erythrocytes were measured 
spectrophotometrically, as described previously (26‑29). The 
antioxidant activity (AOA) in plasma was determined as 
described (30).

Analysis of fatty acid (FA) levels in erythrocyte membranes. 
The pattern of FA esterified to the phospholipids of the 
erythrocyte membranes was analyzed by gas chromatography 
coupled with mass spectrometry on a crosslinked‑FFAP capil‑
lary column, following purification of lipid fractions by thin 
layer chromatography (TLC), as described (31). Results were 
expressed as a percentage of the total FA content.

Statistical analysis. Continuous data were expressed as the 
mean ± standard deviation, and the categorical variables as 
the number and percentage. The difference between cases and 
controls, in terms of categorical variables, was assessed using a 
Fisher's exact test, as well as the compliance of genotype distri‑
butions to the Hardy‑Weinberg equilibrium, using an online 
tool (ihg.gsf.de/cgi‑bin/hw/hwa1.pl). The distribution of data 
was assessed using a Kolmogorov‑Smirnov test, and was found 
to exhibit skewed distribution. Thus, non‑parametric tests were 
used for subsequent statistical analyses. A Mann‑Whitney U test 
for independent samples was used to compare comparisons 

between cases and controls. Statistical analysis was performed 
using SPSS version 22.0 (IBM Corp.). P<0.05 was considered 
to indicate a statistically significant difference.

Results

Genotype distributions for SOD2 A16V polymorphism in 
patients with MCS and healthy controls are shown in Table I. 
Genotype frequencies, both in cases and controls, were in 
Hardy‑Weinberg equilibrium and, similarly, allele frequencies 
amongst cases and controls were within the 95% confidence 
interval.

The analysis of the SOD2 A16V (C>T) genotype distri‑
bution showed that the AV heterozygous genotype was the 
most represented in both populations, as compared with other 
SOD2 genotypes, even if it was slightly more frequent in the 
MCS group compared with the control group (Table I).

The AA16 genotype was observed more frequently amongst 
healthy subjects vs. patients, whereas the TT16 genotype was 
more frequently observed in patients with MCS compared 
with the controls. However, no statistically significant differ‑
ences were found between cases and controls.

Comparative analysis of metabolic redox biomarkers and 
FA profiles was performed, as a whole and also related to the 
different SOD2 A16V genetic background of the patients with 
MCS and healthy controls.

MCS cases displayed a severely reduced antioxidant capacity 
as compared to healthy controls, as evidenced by significantly 
lower plasma AOA values (0.42±0.18 vs. 0.61±0.24 mmol/l; 
P=0.000). A significantly lower AOA level was observed 
in patients with MCS with either the AA or AV genotype, 
compared with their healthy counterparts (P<0.05, Table II).

The concentration of Ubi‑ol, was also significantly depleted 
in patients with MCS vs. healthy subjects (573.9±99.40 vs. 
626.92±86.55 µg/l; P=0.007), along with erythrocyte content 
of GSH (297.0±68.0 vs. 343.72±53.50 mg/l; P=0.008), 
accounting for the impaired antioxidant capacity typical 
in patients with this condition. Patients with MCS with the 
AA genotype showed the lowest levels of GSH and Ubi‑ol, 
lower than those observed in the controls, although the differ‑
ences were not statistically significant.

PMA‑triggered release of ROS/RNS from granulo‑
cytes, as non‑specifically determined by PMA‑induced‑CL 

Table II. Variability of non‑enzymatic antioxidant defense biomarkers in MCS patients and healthy controls having different 
genetic backgrounds.

 Erythrocyte content of
 reduced glutathione, mg/l Plasma ubiquinol, µg/l Antioxidant activity, µmol/l
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Genotype SOD2A16V CTR MCS CTR MCS CTR MCS

AA16  347.0±45.5 307.1±5.6 578.0±95.1 575.8±45.6 0.66±0.30 0.44±0.2a

AV16 342.5±61.2 331.4±40.1 633.6±75.8 599.2±33.0 0.60±0.24 0.48±0.2a

VV16 342.9±60.5 310.7±31.4 655.7±71.8 565.7±76.4b 0.59±0.21 0.47±1.6a

CTR, control; MCS, multiple chemical sensitivity; SOD2, superoxide dismutase 2. A Mann‑Whitney U test for independent samples was 
employed to perform comparisons between cases and controls. aP<0.05, bP<0.01 vs. respective CTR.
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(416.3±160.9 vs. 386.6±140.2 cps/µl, MCS vs. control), and 
the NO2‑/NO3‑ plasma levels (23.4±130.9 vs. 18.9±6.6 µmol/l, 
MCS vs. control), an indirect measurement of the extracellular 
superoxide anion and nitric oxide production by circulating 
leukocytes and endotheliocytes, were not significantly different 
between the two groups.

Moreover, the erythrocyte antioxidant GPx activity was 
significantly higher in patients with MC compared with the 
controls (25.44±8.12 vs. 21.39±7.67 U/mg Hb; P=0.018). The 
SOD antioxidant activity was found to be increased in MCS 
cases compared with controls (0.27±0.33 vs. 0.25±0.07 U/g 
prot; P=0.064), while CAT activity was higher in controls 
than in patients with MCS (8.54±3.86 vs. 7.40±5.45 U/g 
prot; P=0.057). Despite being not significant, the P‑values 
associated with these differences may suggest a trend towards 
statistical significance. GST enzyme activity was lower in 
patients with MCS compared with healthy controls (1.70±0.62 
vs. 1.93±0.69 U/mg Hb; P=0.101).

No significant differences were found between genotype 
subgroups in MCS cases and control subjects with regard to 
antioxidant enzyme activities, except for erythrocyte GPx 
activity, which was significantly increased in patients bearing 

the AV16 genotype compared with their healthy counterparts 
(Table III).

The FA composition of the phospholipids in the erythro‑
cyte membrane of patients with MCS and controls, as possible 
markers of oxidative damage.

The comparative analysis of FA profiles showed that 
the percentage of saturated FA (SFA) was significantly 
higher in patients with MCS compared with the controls 
(38.31±2.74 vs. 37.5±1.02%; P=0.041). Patients with MCS 
also showed a significantly higher concentration of mono‑
unsaturated fatty acids (UFA) compared with controls 
(20.03±2.25 vs. 18.63±1.35%; P=0.035). SFA was primarily 
represented by palmitic acid (C16:0) and stearic acid (C18:0) 
in patients with MCS (Fig. 1).

As a key result relevant to the measurement of oxidative 
damage, the percentage of the highly oxidable polyunsaturated 
fatty acids (PUFA) was significantly lower in patients with 
MCS compared with the controls (43.3±1.6 vs. 41.7±1.8%; 
P=0.021). In particular, the levels of omega‑6 PUFA, 
linoleic acid (C18:2 ω6), arachidonic acid (C20:4 ω6) and 
dihomo‑γ‑linolenic acid (C20:3 ω6), as well as the omega‑3 
FA, eicosapentaenoic acid (C20:5 ω3), docosatetraenoic acid 

Table III. Variability of antioxidant enzyme activities in patients with MCS and CTR with different SOD2 A16V genotypes.

 Superoxide Catalase, Glutathione Glutathione‑S
 dismutase, U/g prot U/g prot peroxidase, U/mg Hb ‑transferase, U/mg Hb
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Genotype SOD2 A16V CTR MCS CTR MCS CTR MCS CTR MCS

AA 0.33±0.1 0.27±0.3 8.5±3.8 6.7±0.3 22.8±10 25.4±2.3 2.0±0.7 1.6±0.6
AV 0.31±0.3 0.29±0.1 8.6±2.7 7.8±1.5 19.4±7.0 27.0±4.0a 1.9±0.8 1.8±0.2
VV 0.23±0.1 0.28±0.1 8.4±3.9 8.1±2.1 23.4±7.6 21.1±4.6 1.9±0.5 1.8±0.4

aP<0.01 vs. respective CTR. CTR, control; MCS, multiple chemical sensitivity. A Mann‑Whitney U test for independent samples were employed 
to perform comparisons between cases and controls.

Figure 1. Fatty acids composition of erythrocyte membranes in MCS cases and healthy controls. Relative abundance (%) of representative saturated fatty 
acids (C16:0, palmitic acid; C18:0, stearic acid), monounsaturated fatty acids (C16:1, palmitoleic acid; cis C18:1 oleic acid; trans C18:1, elaidic acid) and 
polyunsatured fatty acids (ω6 C18:2, linoleic acid; ω6 C18:3, γ‑linolenic acid; ω6 C20:3, dihomo‑γ‑linolenic acid; ω6 C20:4, arachidonic acid; ω3 C20:5, 
eicosapentaenoic acid; ω3 C22:4, docosatetraenoic acid (DTA); ω3 C22:5, docosapentaenoic acid (DPA); ω3 C22:6, cervonic acid. A Mann‑Whitney U test 
for independent samples was used to make comparisons between the cases and controls. *P<0.05, ***P<0.01 vs. respective CTR value. MCS, multiple chemical 
sensitivity patients (n=67); CTR, controls (n=55).
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(DTA C22:4 ω3), docosapentaenoic acid (C22:5 ω3) and doco‑
sahexaenoic acid (C22:6 ω3), were significantly reduced in the 
MCS group (Fig. 1). Finally, the ω6/ω3 ratio was significantly 
higher in patients with MCS compared with the controls 
(3.68±0.95 vs. 3.36±0.60 %; P=0.038).

The MCS group presented with no overall functionally 
relevant differences in the FA profiles between patient and 
control groups (Table IV). Minor significant differences 
were observed in individuals possessing a AA genotype, 
with a significantly increased percentage of the amount of 
palmitic acid (C16:0) and, at to a minor extent, stearic acid 
(C18:0) (Table IV), and significantly lower amounts of linoleic 
acid (18:2) (Table IV), the progenitor of the ω‑6 series, in 
comparison with healthy subjects. Instead, the monounsatu‑
rated elaidic acid (trans C18:1) was significantly increased in 
MCS cases possessing either the VV or the AV genotype 
compared with controls (Table IV), while the ω‑6 γ‑linolenic 
acid (C18:3) levels were significantly lower in the same 
patients (Table IV). Moreover, oleic acid (cis C18:1) levels 
were significantly higher in the patients with MCS with the 
VV genotype compared with the controls (Table IV). The 
amount of ω6 arachidonic acid was reduced in all patients, and 
significant differences were found only in those possessing an 
AV genotype compared with controls.

All FAs of the ω‑3 series were found to be depleted in 
patients with MCS compared with controls, and the lowest levels 

were found in patients with SOD2 AA16 genotype (Table IV). 
However, no significant differences were observed between 
cases and controls.

SFA and UFA were increased in patients with MCS 
compared with the controls, and the highest percentage 
amounts were found in subjects with the AA genotype, 
whereas in the same individuals, the lowest levels of PUFA 
were observed, that were generally reduced in comparison 
with healthy subjects. Notably, the ratio ω6/ω3 was found to 
be higher in MCS cases compared with the healthy controls, 
and the highest values were observed in patients with the 
SOD2 AA16 genotype (Table IV). However, no significant 
differences were observed between the two groups, and only a 
trend to statistical significance was observed for differences in 
SFA amounts in patients with MCS with either the AV geno‑
type (P=0.05) or the VV genotype (P=0.07).

Discussion

In the last two decades several studies have provided evidence 
for a correlation between MCS and chemical defense 
system alterations, occurring in the presence of gene poly‑
morphisms of detoxification phase I (CYPs) and phase II 
enzymes (GST, NAT and UGT, amongst others), as well as 
antioxidant enzymes SOD2 and GPX (5,9‑17). Previous study 
by De Luca et al (8) on a large group of patients with MCS 

Table IV. Variability of erythrocyte membrane phospholipid fatty acid composition in patients with MCS and CTR with a 
different SOD2 genetic background.

 CTR MCS
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Fatty acid SOD2 AA16 SOD2 AV16 SOD2 VV16 SOD2 AA16 SOD2 AV16 SOD2 VV16

C16:0, % 19.6±0.9 20.0±1.1 19.9±1.1 20.7±0.9b 19.3±0.4a 19.1±1.1
C16:1, %   0.5±0.3   0.5±0.3   0.4±0.3   0.4±0.1   0.3±0.1   0.3±0.0
C18:0, % 18.0±0.6 18.4±0.8 18.4±0.6 18.6±1.2 18.0±1.4 17.9±0.7
C18:1 cis, % 16.9±1.5 17.1±1    17±1.1 18.1±0.7 17.5±1.1 18.1±1.0a

C18:1 trans, %   1.2±0.4   1.0±0.2   1.1±0.1   1.3±0.4 1.3±0.4b 1.4±0.5b
C18:2, % 11.7±1.1 11.4±1.7 11.4±0.9 10.4±0.9b 11.2±1.1 11.3±0.9
C18:3, % 0.42±0.2   0.5±0.2 0.51±0.7 0.38±0.1 0.42±0.1a 0.44±0.7a

C20:3, % 2.37±0.4 2.56±0.3 2.27±0.3   2.3±0.3   2.4±1.0   2.2±0.3
C20:4, % 18.7±1.8 19.5±7.9 19.1±1.4 18.2±1.2 18.2±1.8a 19.0±1.2
C20:5, % 1.28±0.6   1.0±0.2   0.9±0.4 0.85±0.3   0.9±0.4   1.0±0.3
C22:4, %   3.2±0.8   3.0±0.6   3.2±0.5   2.9±0.4   3.0±0.4   3.1±0.4
C22:5, %   2.3±0.4   2.2±0.6   2.2±0.5   2.0±0.4   2.2±0.5   2.1±0.5
C22:6, %   3.8±0.8   3.9±0.7   3.7±0.8   3.2±1.9   3.6±0.5   3.8±0.5
SFA, % 38.2±1.4 37.4±1.6 37.0±1.3 39.2±1.9 38.4±1.7 38.3±2.0
UFA, % 18.5±1.6 18.7±1.2 18.5±1.3 29.6±4.2 19.1±0.6 22.0±1.4
PUFA, % 43.3±1.7 43.6±1.8 44.0±1.9 40.0±1.8 41.2±0.9 41.9±0.7
ω6/ω3   3.1±0.5   3.2±0.4   3.3±0.5   3.7±0.4   3.4±0.5   3.6±0.7

aP<0.05, bP<0.01 vs. respective CTR. CTR, control; MCS, multiple chemical sensitivity; SFA, saturated fatty acids; UFA, unsaturated fatty 
acids; PUFA, polyunsaturated fatty acids. SFA: C16:0, palmitic acid; C18:0, stearic acid. monounsaturated fatty acids: C16:1, palmitoleic 
acid; cis C18:1 oleic acid; trans C18:1, elaidic acid. Polyunsatured ω6 fatty acids: C18:2, linoleic acid; ω6 C18:3, γ‑linolenic acid; ω6 C20:3, 
dihomo‑γ‑linolenic acid; ω6 C20:4, arachidonic acid. Polyunsatutared ω3 fatty acids: C20:5, eicosapentaenoic acid; ω3 C22:4, docosatetrae‑
noic acid; ω3 C22:5, docosapentaenoic acid; ω3 C22:6, cervonic acid. A Mann‑Whitney U test for independent samples were employed to 
perform comparisons between cases and controls.
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highlighted the relevance of oxidative stress in this syndrome. 
In particular, a reduction of CAT and GST enzyme activi‑
ties, associated with glutathione reduction, increased GPx 
activity, PUFA‑depleted profiles of erythrocyte membranes, 
and specifically altered pro‑inflammatory plasma cytokine 
patterns have been shown in a MCS cohort as a whole (8,9). 
Moreover, in our previous study, it was reported that there was 
a significantly higher frequency of polymorphisms in genes 
coding for CYP enzymes in patients with MCS compared with 
controls. These findings indicated that these genetic variants 
may increase the individuals' susceptibility to develop MCS, 
and oxidative stress conditions typically associated with this 
complex syndrome (14). Notably, Cui et al (15) also reported 
that the missense polymorphism A16V in gene SOD2, coding 
for the antioxidant mitochondrial superoxide dismutase, is 
associated with MCS development. In silico and in vitro 
experiments showed that this polymorphism can significantly 
affect enzyme activity, reducing antioxidant defenses (15). 
However, the relationship between SOD2 genetic background 
and redox metabolism features in patients with MCS have not 
been investigated thus far, to the best of our knowledge.

In the present study, the role of SOD2 A16V polymor‑
phism in the modifications was examined in the previously 
established panel of redox biomarkers assessed in a represen‑
tative group of 67 patients with MCS as compared with an 
age‑matched group of 55 healthy controls. The goal was to 
search for possible correlations between the inter‑individual 
variations existing in the blood metabolic parameters and the 
genetic background.

Taking into consideration the MCS group as a whole, there 
was a reduced capacity of the antioxidant system of these indi‑
viduals compared with the healthy counterparts, as evidenced 
by the decreased values of plasma AOA and Ubi‑ol, as well 
as erythrocyte GSH. GSH represents the most powerful anti‑
oxidant agent, capable of preventing ROS‑induced damage to 
important cellular components, and is also largely used for 
cell and body detoxification from xenobiotics (5). Ubi‑ol is a 
potent endogenous antioxidant, and its depletion is viewed as 
a reliable biomarker of systemic oxidative stress (7). It acts as 
a reducing agent in the mitochondria and in lipid membranes 
by either directly scavenging free radicals or in conjunction 
with α‑tocopherol (5). These results confirmed the findings 
of Miyamae et al (32) with fibromyalgic patients, that showed 
a drastic reduction of Ubi‑ol levels compared with healthy 
controls, suggesting an increased formation of ROS in the 
circulating blood in patients with juvenile FM.

The measurement of antioxidant enzymes SOD, CAT and 
GPx in erythrocytes allows assessment, in a non‑invasive 
manner, of the circulating antioxidant defense in humans. Cell 
damage by ROS is initiated by the production of the superoxide 
radicals, which is closely associated with the metabolism of 
molecular oxygen in mitochondria and in cellular membranes. 
Thus, the first‑line antioxidant defense system against oxida‑
tive damage is represented by SOD, the cytosolic Cu‑Zn 
SOD (SOD1, dimeric), the mitochondrial Mn‑SOD (SOD2), 
and the extracellular Cu‑Zn SOD (SOD3, tetrameric), which 
convert superoxide anion to hydrogen peroxide. Subsequently, 
hydrogen peroxide is scavenged by CAT and GPx (33). 
Although it was not significant, there was a trend‑to‑reduction 
of CAT and GST activities, and a trend‑to‑increase in SOD 

enzyme activity in patients with MCS, coupled with an overall 
significant glutathione depletion. Both CAT and GST are stress 
proteins that are upregulated under pathological conditions, 
such as that represented by chemical stress. However, chemical 
stress can also induce cytotoxicity in blood cells producing 
CAT, that in turn may result in a reduction in CAT activity 
and accumulation of excessive amounts of hydrogen peroxide. 
Hydrogen peroxide excess initiates a chain‑reaction of lipid 
peroxidation, the major feature of which is the decomposition 
of PUFA to aldehydes, with an overall reduction of PUFA 
content in erythrocyte membranes. Under these conditions, 
GPx likely becomes the major second‑line antioxidant enzyme 
to neutralize hydrogen peroxide through the oxidation of GSH 
to oxidized glutathione, and counteract the accelerated produc‑
tion of lipid hydroperoxides. These observations highlight a 
general trend of increased oxidative stress in patients with 
MCS. As a likely consequence, patients with MCS presented 
with markedly increased GPx activity and GSH depletion (5). 
Consistently, a significant increase in GPx activity has been 
previously confirmed in the muscles of patients with CFS, 
sharing several symptomatic features with patients with 
MCS (34). This possible adaptive response of GPx to excess 
hydroperoxides is in line with previous findings of our group 
in psoriasis, a pathological condition characterized by chronic 
inflammation and immune system activation (35). Notably, 
the genetic background at the GPx locus does not seem to be 
altered in patients with MCS as compared with the healthy 
population, at least as concerns the rs1800668 (C/T) variant 
within the promoter of GPx1 gene, which is able to affect 
enzyme activity (11).

The increased lipid peroxidation observed in the 
MCS group was also indirectly confirmed by the observed 
alterations in the FA profiles of red blood cell membranes. 
The contents of all PUFAs and of selected PUFAs relevant to 
inflammatory/anti‑inflammatory processes, primarily arachi‑
donic (AA; C20:4, ω6) were much lower‑than‑normal in the 
MCS cohort, thus confirming the occurrence of a sustained 
lipoperoxidation in the erythrocyte membranes of patients 
with MCS.

A key chemical feature of lipid peroxidation is the ability 
to decompose PUFA to form a broad array of end‑products, 
namely aldehydes, such as such as malondialdehyde and 
4‑hydroxy‑2‑nonenal (4‑HNE), a stable electrophile formed 
during the lipid peroxidation of ω‑6‑PUFA, namely linoleic 
and arachidonic acids, which readily react with proteins and 
DNA to affect enzyme gene expression, enzymatic activity, as 
well as the formation of autoantigens (36).

A similar pattern of increased GPx activity and depleted 
erythrocyte membrane PUFA, with increased levels of 
end‑products of lipoperoxidation, was shown in patients 
affected with psoriasis, a chronic inflammatory immune‑medi‑
ated pathology, which shares with MCS a severe imbalance of 
the systemic redox status coupled with a marked dysregulation 
of plasmatic inflammatory cytokines (37).

The condition of impaired redox status and reduced anti‑
oxidant capacity, seen at a general level in the MCS group, 
was also found considering the different genotypic structures 
of SOD2 A16V polymorphism in both cohorts under study. 
Indeed, all four major markers found as depleted in the overall 
MCS group, AOA, GSH, Ubi‑ol and PUFA levels, along with 
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increased GPx activity, showed the same trend in the MCS 
subgroup with the SOD2 AA genotype. This subgroup showed 
the largest differences between patients with MCS and controls, 
and also the most differing prevalence between patients and 
controls. Conversely, even healthy controls bearing this geno‑
type showed oxidative stress levels higher than those found 
in other control subgroups with different genotypes. Notably, 
the lowest levels of oxidative stress in both study cohorts were 
found in individuals bearing the SOD2 VV16 genotype.

These findings suggest that the SOD2 AA16 wild‑type 
genotype represents a genetic risk factor for increased suscep‑
tibility to oxidative stress, while the mutated homozygous 
SOD2 VV16 displays a protective effect. The Ala16‑wild‑type 
variant of SOD2 gene allows a more efficient importation of 
Mn‑SOD into the mitochondria, resulting in turn in the genera‑
tion of a more active enzyme compared with the Val16‑variant, 
that is related to the induction of oxidative stress. Likely, this is 
the reason why the SOD2 Ala16 variant has a much lower prev‑
alence than the Val16 one in all ethnic groups worldwide (18). 
Notably, the heterozygous AV16 genotype seems to represent 
the better conditions for optimal enzyme activity of mitochon‑
drial Mn‑SOD, given the highest frequency observed in our 
study cohorts, that is in line with findings from several studies 
carried out in Italian and Caucasian populations (23,37‑41). 
Most importantly, these same studies, and several others 
not cited here, suggested that the SOD2 AA16V (rs4880) 
polymorphism may have an impact on acute and chronic 
oxidative‑related damage, and increase the susceptibility to 
various oxidative stress‑related pathological conditions, such 
as pregnancy complications, cardio‑ and cerebrovascular 
disorders, cancer, glaucoma, diabetes (37,38,40‑43), and even 
accelerates telomere shortening with age (39).

These findings are in line with the report of Cui et al (15) 
suggesting that SOD2 AA16 genotype increase the risk 
for MCS, even if no correlation with biochemical features 
were assessed. Notably, it has been reported that this geno‑
type increases the susceptibility to oxidative stress‑related 
cyto‑genotoxicity induced by pyridostigmine bromide, that 
has been implicated as a causal factor in Gulf War syndrome, 
a disorder sharing several features with MCS (44). Moreover, 
cytotoxic effects, at all times of exposure to static magnetic 
field (SMF), have been observed in peripheral blood mono‑
nuclear cells isolated from individuals bearing the AA16 
genotype, while AV and VV cells presented mortality only 
after longer times of exposure to SMF. These results suggest a 
toxico‑genetic effect of SMF exposure related to an imbalance 
in SOD2 activity associated with the AA16 genotype (45). 
Interestingly, hypersensitivity to electromagnetic field, also 
called EHS, is a common co‑morbidity of MCS (9,46) in 
which oxidative stress plays a major role (47).

In conclusion, the analysis of the metabolic markers of anti‑
oxidant defense and redox imbalance confirmed the occurrence 
in the MCS group of a statistically solid reduction of the main 
four blood metabolic markers of oxidative stress, the depletion 
of the low‑molecular weight antioxidant Ubi‑ol, of the total 
plasmatic antioxidant activity, of the red blood cell membrane 
PUFA, with possible generation of lipid hydroperoxide by‑prod‑
ucts leading to an increase of GPx activity. This specific pattern 
of metabolic alterations was more striking in MCS carriers of 
the SOD2AA genotype than either in other patients or controls.

The results of the present study provide additional evidence 
that functional and/or genetic defects of endogenous enzymes 
detoxifying H2O2, lipid peroxides, or stable toxic products of 
lipid peroxidation may cause chronic oxidative stress with 
increased pro‑inflammatory cytokine release and consequent 
metabolic alterations, characteristic for the patients with SRI, 
as originally hypothesized by our team (5). The observed corre‑
lation of these selected metabolic alterations with SOD2 A16V 
polymorphism may contribute to an improved understanding 
of the abnormal susceptibility to low‑level xenobiotic stimuli 
in these peculiar clinical settings.

These results await confirmation by larger studies where 
the patients with MSC shall be necessarily further stratified 
based on the severity of their clinical manifestations and 
on their specific patterns of co‑morbidities, thus taking into 
account the large amount of heterogeneity of MCS pathogen‑
esis and the persisting lack of consensus on the diagnostic 
protocols (48). Additional confirmatory studies will possibly 
contribute to finally validate the clinical relevance of the 
described targeted panel of gene polymorphisms and of 
biomarkers of the systemic redox status impairment, as a 
feasible laboratory approach for MCS management, for an 
evidence‑based process of diagnosis, prognosis and treatment 
follow‑up of this multi organ syndrome.
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