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Objective   The study aimed to compare levels of selected biomarkers of oxidative stress and DNA 
damage and their correlation with occupational exposure to volatile organic compounds (VOC) among 
female nail technicians and a group of unexposed volunteers. 
Methods   A panel of biomarkers of oxidative stress and DNA damage was assayed among 145 female 
nail technicians and 152 healthy female volunteers. Occupational exposure of nail technicians to VOC 
was assessed analyzing the VOC content in nail salon air samples. 
Results   The level of occupational exposure of nail technicians to VOC was below the respective 
threshold limit values, with combined airborne exposure to a mixture of VOC reaching only 3.3% 
(range 0.2–33.3%) of the threshold limit. Despite that, nail technicians presented increased activity of 
glutathione peroxidase 1 (GPx1), plasma ceruloplasmin, and the GPx1/superoxide dismutase 1 ratio 
(P<0.0001). The levels of plasma thiobarbituric acid-reactive species and DNA strand breakage in 
blood leukocytes were not significantly different. In contrast, total and oxidatively-generated DNA 
damage were significantly decreased among nail technicians compared to controls (P<0.0001). The 
individual’s current tobacco smoking and alcohol consumption status did not modulate the observed 
changes. Significant correlations between selected biomarkers of oxidative stress, DNA damage, and 
airborne levels of VOC (eg, ethanol) were found. 
Conclusions   The levels of biomarkers of oxidative stress and DNA damage among nail technicians 
seem to be dysregulated despite the low level of occupational exposure to VOC. Although the out-
comes are not fully conclusive, our findings point to possible causation related to prolonged low-level 
occupational exposure to VOC.
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Due to the increased popularity of nail salon services 
among women throughout the western world, the num-
ber of nail salons and licensed technicians has increased 
dramatically. For example, the number of nail tech-
nicians registered in the US has increased by over 
340% since 1991, reaching almost 400 000 in 2005 (1). 
According to estimates of the Central Statistical Office, 
in Poland there are currently >100 000 registered nail 
technicians (unpublished data).

Nail technicians are occupationally exposed to vari-
ous cosmetic products which contain a number of poten-

tially dangerous chemicals including volatile organic 
compounds (VOC). Among them, organic solvents such 
as ethanol, acetone, toluene, and several acetates are 
the most frequent ones. The International Agency for 
Research on Cancer (IARC) has classified ethanol as 
a group 1 carcinogen, and prolonged exposure to this 
compound has been recognized as a strong risk factor 
for several forms of cancer. Although the formation of 
acetaldehyde, a primary metabolite of ethanol, is widely 
considered as major mechanism underlying the geno-
toxic and carcinogenic effects of ethanol, other possible 
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mechanisms – including ethanol-mediated facilitation 
of the penetration of other carcinogens as well as the 
induction of oxidative stress – have been proposed (2). 
The IARC has classified acetone, on the other hand, as 
a respiratory toxicant but not as a carcinogen. In the 
case of toluene and xylene, the toxicity of these organic 
solvents has been studied for decades. Nowadays, the 
toluene neurotoxicity, ototoxicity, and reproductive tox-
icity (3–6) – as well as the neurotoxicity and irritatant 
effects of xylene towards mucous membranes of eyes 
and upper aerodigestive tract (7–9) – seem all to be 
considered a fact. Nevertheless, interest in the oxida-
tive damage caused by these solvents’ toxic effects have 
only is relatively new, and thus the amount of evidence 
concerning their possible genotoxic and carcinogenic 
potential is scarce and still under discussion. Even 
though these substances are considered to be neither 
carcinogenic nor genotoxic to humans (IARC class 3 
carcinogens, ie, not classifiable as to their carcinogenic-
ity to humans), there is a growing amount of evidence 
suggesting increased (i) levels of markers of oxidative 
stress (10–12), (ii) rate of chromosomal aberrations or 
sister chromatid exchange (12–14), and (iii) incidence of 
various cancers among workers occupationally exposed 
to toluene or xylene [even at occupational exposures 
far below the respective occupational limits (15–21)]. 
Although precise mechanisms underlying the effects of 
toluene and xylene remain unknown, the role of oxida-
tive stress, oxidative DNA damage and dysregulated 
cellular antioxidant levels have been implicated (22–24). 
Methacrylates, another group of chemicals used in nail 
industry, are known sensitizers and were found to give 
positive results for in vitro genotoxicity, although in vivo 
outcomes are inconclusive (25,26).

Although nail technicians continue to be in repeated 
and prolonged contact with many of these substances, 
the impact on their health and the resultant health haz-
ards related to the nail industry have long been under-
estimated. This is mainly due to the fact that airborne 
exposures to these chemicals are lower compared to 
those found in industry and respective occupational 
standards. Meanwhile, prolonged exposure and work-
ing procedures that bring chemical products in close 
proximity to the worker’s breathing zone and eyes may 
facilitate the penetration of VOC vapors contained 
in nail polishes, lacquer removers, or resins into the 
worker’s body. 

Recent studies have indeed reported that occupa-
tional exposure to chemical products used in the nail 
industry may be associated with various adverse health 
effects including skin, eyes, and upper-airways mucosa 
irritation, headaches, musculoskeletal and reproductive 
system disorders, and asthma (1, 27–32). Nevertheless, 
not much is known about how such exposure affects the 
levels of biochemical markers among nail technicians. 

Therefore, the aim of this study was to (i) evaluate the 
levels of a panel of selected biomarkers of oxidative 
stress and DNA damage among female nail technicians 
and (ii) test their differences against healthy unexposed 
controls. Biomarkers of oxidative stress assayed in this 
study included the level of blood plasma biomarker 
of lipid peroxidation (thiobarbituric acid-reactive spe-
cies; TBARS) and a series of biomarkers of enzymatic 
antioxidant defense, ie, the blood plasma levels of 
ceruloplasmin (Cp), the blood plasma activity of GPx3), 
the red blood cells’ activities of GPx1 and zinc-copper 
superoxide dismutase (SOD1), as well as the GPx1/
SOD1 ratio as an indicator of altered rate of cellular 
H2 O2 generation and cellular senescence. Levels of all 
these biomarkers of oxidative stress and DNA damage 
among nail technicians were tested for mutual associa-
tions as well as for associations with occupational expo-
sure to VOC to assess whether they might be attributable 
to the occupational exposure of nail technicians. 

Methods

Recruitment of study and control subjects

The study group consisted of nail salon technicians 
recruited from nail or beauty salons providing man-
icure or artificial nail sculpturing services selected 
randomly within the urban area of the city of Lodz 
in central Poland, with a focus on inclusion of salons 
from both downtown and suburban areas of the city. In 
total, 318 nail/beauty salons were contacted during the 
recruitment. Ultimately, the study group consisted of 
145 female nail technicians of Caucasian descent aged 
21–64 years (median age at the time of enrollment was 
34 years; interquartile range (IQR): 27–42 years) from 
109 different nail or beauty salons. All enrolled nail 
technicians were scheduled for blood withdrawal and 
workroom air sampling.

The control group was drawn from a general popula-
tion restricted to subjects who agreed to undergo exami-
nations and met the main criteria for inclusion in the 
control group: (i) not involved in the nail industry, (ii) 
spend most of the work time in sitting position, similar 
to nail technicians and (iii) not occupationally exposed 
to VOC (even in the past). Ultimately, 152 healthy 
female volunteers, aged 19–59 years (median age at the 
time of enrolment was 33 years; IQR: 27–42 years) were 
involved in the control group, which comprised 107 
(70%) general office and 45 (30%) academic workers 
without any occupational contact with organic solvents. 
All control subjects were also of Caucasian descent and 
citizens of the Lodz district. 
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The possible additional effect of environmental 
exposure to VOC was not taken into account in any of 
the groups enrolled in this study. A simple question-
naire was used to check the health status of all subjects 
enrolled in the study, and if any health-related problems 
(such as fever or any kind of infections) happened to 
occur to either nail technicians or control subjects on 
scheduled days, sampling was rescheduled to ensure 
all subjects were healthy at the time of measurements. 
Moreover, the personal questionnaire was used to obtain 
additional information on two major confounders, smok-
ing habits and alcohol consumption, from each female 
subject enrolled in the study. Based on gathered infor-
mation, subjects were classified as non-smokers or cur-
rent smoker according to the US Centers for Disease 
Control and Prevention definitions (33). Considering 
the lifetime of biomarkers analyzed in this study, both 
former (≥5 years since the smoking cessation) and 
never smokers were classified as non-smokers. Current 
smokers were further classified based on their current 
tobacco consumption expressed by means of the pack-
years (PY, ie, the number of cigarette packs smoked per 
day × the number of years lived as a current smoker) 
as light- or moderate-smokers using the grand median 
PY for all current smokers enrolled (PY = 4; IQR: 
0.80–10) as the cut-off point. Ethanol (etOH) ingestion 
was estimated based on average weekly consumption of 
alcohol drinks and beverages. A typical amount of 25 
ml, 12.5 ml and 20 ml etOH was assumed for a bottle 
of beer, a glass of wine and a drink, respectively. As 
with tobacco-smoking, all subjects declaring ethanol 
ingestion were classified as light- or moderate-drinkers 
using a grand median of weekly ethanol ingestion in all 
subjects reporting alcohol ingestion (37.5 ml/week; IQR: 
18.75 – 65.0 ml/week) as the cut-off point. A summary 
of characteristics of both groups involved in the study 
is provided in table 1.

In the group of nail technicians, all sampling and 
analyses were performed between May 2012 and June 
2012 (91 subjects) and between September 2012 and 
November 2012 (54 subjects). Control subjects were 
sampled and analyzed between May 2013 and June 2013.

Prior to any further measurements, written and 
informed consent for participation in this study was 
obtained from each participant. The Bioethics Com-
mittee of the Nofer Institute of Occupational Medicine 
approved the study (resolution no. 5/2011), which was 
performed according to the guidelines of the Helsinki 
Declaration for human research.

Blood withdrawal

A sample of peripheral blood was collected from each 
participant involved in the study by venipuncture into 
tubes containing either EDTA or heparin as anticoagu-

lants. Heparinized blood was centrifuged (10 minutes, 
1500×g, 4°C) in order to isolate blood plasma, red 
blood cells (RBC) and leukocytes-containing buffy 
coat. Further on, blood plasma was frozen at -80°C and 
subsequently used to determine the level of TBARS, the 
activity of GPx3 and plasma level of Cp. In lysed RBC 
the GPx1 and SOD1 activity assays were performed.

Assays of biomarkers of oxidative stress

A panel of biomarkers of oxidative stress comprising 
the blood plasma level of TBARS, the blood plasma 
level of Cp, the blood plasma activity of GPx3, and the 
RBC activities of GPx1 and SOD1 were assayed in each 
subject enrolled in the study.

The blood plasma level of TBARS was determined 
using the method previously described by Wasowicz et 
al, based on the reaction of 2-thiobarbituric acid (TBA) 
with malondialdehyde, which is a naturally occurring 
side-product of lipid peroxidation (34). The assay was con-
ducted on a PerkinElmer LS50-B fluorescence spectrome-
ter (PerkinElmer, Shelton, CT, USA) and the concentration 
of TBARS in blood plasma was expressed in µM. 

The activity of RBC SOD1 was determined spec-
trophotometrically according to the method described 
earlier by Beauchamp & Fridovich (35). The method 
consists in SOD1-mediated inhibition of the reduction of 
nitro blue tetrazolium (NBT) and the enzymatic activity 
of SOD1 was expressed in units per mg haemoglobin 
(U/mg Hb) with 1 unit corresponding to amount of 
enzyme that reduces the rate of NBT reduction to 50% 
per 1 minute. 

The GPx activities in peripheral blood plasma 
(GPx3) and RBC (GPx1) were determined according 
to method described by Paglia & Valentine (36) based 
on spectrophotometric assessment of the oxidation 
of NADPH in the presence of exogenous glutathione 
reductase, NADPH, utilizing tert-butyl hydroperoxide 
as a substrate. The enzymatic activity was expressed 
in units per milliliter (U/ml) and unit per gram of hae-
moglobin (U/g Hb) for plasma and RBC, respectively, 
with 1 unit equal to 1 μmol NADPH oxidized per 1 
minute. 

The oxidase activity of Cp in blood plasma was 
determined according to a method described earlier 
by Sunderman & Nomoto (37), which consists of Cp-
mediated oxidation of p-phenylenediamine hydrochlo-
ride yielding a color product measured spectrophoto-
metrically at 535 nm. The rate of formation of the 
color product, corrected for nonenzymatic oxidation of 
p-phenylenediamine hydrochloride, is proportional to 
the blood plasma concentration of Cp, expressed in g/l.

All assays were optimized and performed using a 
Thermo Scientific Evolution 3000 UV/VIS spectropho-
tometer (Thermo Scientific, Waltham, MA, USA).
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DNA damage assays 

DNA damage including the single-strand breaks (SSB) 
and alkali-labile sites (ALS) was assayed in whole blood 
using alkaline single-cell gel electrophoresis (SCGE; 
comet assay) method as described by Singh et al (38) 
and modified by Mc Kelvey-Martin et al (39). One 
aliquot of whole blood was mixed with nine aliquots of 
RPMI-1640 medium containing 10% fetal calf serum 
and ten aliquots of 2% (in PBS) molten agarose type VII 
(low gelling temperature). The mixture was then spread 
on a slide (Sigma-Aldrich) earlier covered with agarose 
type I (low EEO) at 1% concentration in water and dried. 
The cells embedded in the agarose gel were lysed in cold 
lysing solution (2.5 M NaCl, 100 mM Na2EDTA, 10 
mM Tris base, pH 10, with 1% Triton X-100 added just 
before use) at 4 °C for ≥1 hour. Subsequently, DNA was 
unwound in an alkaline electrophoresis buffer (1 mM 
Na2EDTA, 300 mM NaOH, pH >13) for 20 minutes to 
produce single stranded DNA and to express SSB and 
ALS and electrophoresed in the same alkaline conditions 
(30 minutes, 25 V, 300 mA, 0.93 V/cm). The gels were 
then neutralized by rinsing three times with 0.4 M Tris 
buffer (pH 7.5), and the slides were dried for storage. 

In parallel analyses, oxidatively generated damage 
to DNA bases was additionally identified as formami-
dopyrimidine glycosylase (FPG)-sensitive sites using 
modified comet assay as described earlier by Collins et 
al (40). After lysis, the slides were washed three times 
with an enzyme buffer (0.1 M KCl, 0.5 mM Na2EDTA, 
40 mM HEPES-KOH, 0.2 mg/ml bovine serum albumin, 
pH 8) and incubated with FPG at 1 µg/ml in this buffer 
(kept at -80°C) for 30 minutes at 37 °C. The slides were 
then electrophoresed and neutralized as described above. 
Finally, the slides were stained with 5 µg/ml DAPI 
and 50 cells from each slide were analyzed using an 
Olympus fluorescence microscope (a BX40 instrument; 
Olympus, Tokyo, Japan) equipped with an image analy-
sis system (Comet IV, Perceptive Instruments, UK).

For each participant, four slides were prepared 
simultaneously: two for assessment of DNA strand 
breakage and the other two, which included also the 
FPG treatment, for the assessment of total DNA dam-
age (ie, DNA strand breakage and oxidatively generated 
DNA damage). Respective DNA damage was inferred 
based on the relative amount of DNA in the comet tail 
(henceforth referred to as % DNA) obtained via com-
puter-aided image analysis. Oxidatively generated DNA 
damage (designated as FPG-SSB) was expressed as the 
difference between the total DNA damage (designated 
as FPG) and DNA strand breakage (designated as SSB).

Two scorers performed all assays and were involved 
in analyses of samples from both the nail technicians 
and control subjects. Both scorers regularly performed 
control DNA damage assays utilizing the frozen aliquots 

from a batch of A549 cells as reference standards dur-
ing the whole assay period (May 2012–June 2013) in 
order to ensure that obtained outcomes were consistent. 
Calculated based on outcomes of these control assays, 
a value of the coefficient of variation (CV) <10% was 
considered as indicative of good consistency of the 
comet assay outcomes. 

Air sampling and chromatographic determination of 
airborne VOC

Workroom air samples were collected in 109 nail salons 
where the 145 nail technicians were employed using 
the Sensidyne GilAir-3SC EX Atex air sampling pumps 
(Sensidyne, Clearwater, FL, USA) equipped with Anasorb 
747 sorbent tubes (SKC, Dorset, UK). All measurements 
were performed as stationary but, in the case of each nail 
technician, the sampling pump was placed on a working 
table directly within the nail technician’s working field, 
close to her breathing zone. Therefore, the collected 
air samples mimicked the air the nail technician was 
breathing during the treatment. Each air sampling was 
performed on a weekday during a busy period in which 
nail treatments were scheduled and lasted from 41 to 234 
minutes (median 116 minutes; IQR 89–142 minutes). 
A single workroom air sample was collected per salon. 
If more nail technicians from a given nail salon were 
enrolled in the study, air sampling was scheduled on a 
day when all of them were at work and performing nail 
treatments. Prior to each sampling, sampling pumps 
were calibrated using a soap bubble flow meter and were 
operated during sampling at flow rate of 100 ml/min. 
After sampling, the tubes were stored at -20 oC prior to 
desorption and analysis which were performed according 
to method described previously by Gjolstad et al (41) with 
minor modifications. Briefly, solvent tubes were desorbed 
in 1.5 ml of carbon disulfide and N,N-dimethylformamide 
(98:2, v/v) and sonicated for 30 minutes. Airborne VOC 
were quantified by means of external standard calibration 
with volumetrically prepared solution in carbon disulfide 
and dimethylformamide. Sorbent from an unexposed tube 
was added in order to correct for desorption efficiency. 
Chromatographic determination of VOC in workroom air 
samples was performed using Agilent’s 6890N gas chro-
matograph with 5973 Network mass selective detector 
and HP-5MS capillary column (Model 19091S-433; 30 
m × 0.25 mm × 0.25 μm was used (Agilent Technologies, 
Palo Alto, CA, USA). In all analytical measurements, 
helium was used as carrier gas. The column temperature 
was initially held at 35 °C for 3 minutes, raised at 20 °C/
minute to 80 °C and then held at 80 °C for 7 minutes 
and finally raised by 5 °C/minute up to 150°C. The total 
run-time was 26.25 minutes. Mass spectrometer oper-
ated in SCAN mode with an associated m/z range set 
from 40–250. Peak integration was based on extracted 
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ion and retention times for standard. All chemicals used 
in chromatographic assays except for ethanol (Witko, 
Poland), acetone, N,N-dimethylformamide (both from 
Polish Chemicals, Poland) and carbon disulfide (Analityk, 
Poland) were from Sigma-Aldrich (USA).

Statistical analysis

Normal distribution of numerical data was tested by 
means of the Shapiro-Wilk W test. Data departing from 
normal distribution are provided as median [range]. Since 
the majority of experimental numerical data met all rel-
evant criteria for normal distribution but were found to 
be significantly right-skewed, they were logarithmically 
transformed (using natural logarithm) prior to any fur-
ther analyses. Transformed data fulfilling all the criteria 
for normal distribution are presented as mean with cor-
responding standard deviation (SD) and expressed in ln 
units. Analysis of outliers was performed on the basis of 
estimated Cook’s distances. Inter-group comparisons of 
normally distributed data adjusted for differences in age 
were performed by means of the analysis of covariance 
(ANCOVA) employing two different approaches: the 
analysis either (i) involved each subject’s current PY 
and estimated weekly ethanol ingestion as confounders 
in order to control for these two additional factors likely 
affecting the resultant level of oxidative stress and DNA 
damage, or (ii) was performed following the stratification 
of all enrolled subjects according to their current smoking 

(ie, non-smokers, current smokers) and alcohol consump-
tion status (never, light, or moderate drinkers) in order to 
test the interaction of occupational exposure with current 
smoking or alcohol consumption status. Further stratifi-
cation of current smokers based on their current tobacco 
load (ie, light or moderate smokers) could not be used in 
this approach, due to constraints imposed by the relatively 
limited number of current smokers in the group of nail 
technicians, which – upon combination with the alcohol 
ingestion-based stratification – resulted in a very small 
size of compared strata and unbalanced statistical model 
not allowing the analysis to be performed. 

Post-hoc comparisons were performed using the 
Scheffé test. Simple inter-group comparisons for other 
non-paired data (such as individuals’ age, tobacco smok-
ing, and alcohol consumption) were performed using the 
Mann-Whitney U test or the two-sided Fisher-Freeman-
Halton exact test, depending on the character and distri-
bution of data. The Spearman’s rank correlation (RS) was 
used to identify simple associations. The associations 
between airborne levels of VOC and biomarkers of 
oxidative stress and DNA damage were assessed using 
regression modelling followed by analysis of partial 
correlations and expressed by means of semi-partial 
correlation coefficients rsp.

Assessment of the combined exposure to mixture of 
VOC with similar toxicological effects was performed 
according to the American Conference of Governmental 
Industrial Hygienists (ACGIH) formula for evaluation 

Table 1. Characteristics of the groups of nail technicians and healthy control volunteers involved in the study. 

Controls (N=152) Nail technicians (N=145)

N % Median Range N % Median Range

Age (years) 33 19–59 34 21–64
Professional experience (years) 6.0 1.0–39.0 7.0 0.1–42.7
Nail services/techniques
Traditional manicure 59 41
Nail sculpturing 86 59

Current tobacco smoking status a, b

Non-smokers 125 83 101 72
Light current smokers 10 7 23 16
Moderate current smokers 15 10 17 12

Alcohol consumption status a, b

Non-drinkers 41 27 26 18
Light drinkers 62 41 53 37
Moderate drinkers 49 32 66 45

Current tobacco load (pack-years)
All current smokers c 10.0 0.1–25.0 3.1 0.1–22.5
Light current smokers 2.5 0.1–3.9 0.5 0.1–4.0
Moderate current smokers c 15.0 5.0–25.0 7.5 4.9–22.5

Ethanol ingestion (ml.week-1)
All drinkers c 32.5 1.6–225.0 42.5 3.1–162.5
Light drinkers 16.6 1.6–36.3 20.0 3.1–37.5
Moderate drinkers 62.5 37.5–225.0 70.0 37.5–162.5

a P<0.05; tested by Fisher-Freeman-Halton exact test.
b Cut-off points for classification of current smokers as light or moderate current smokers and alcohol drinkers as light or moderate drinkers were set at 

respective grand median values of current tobacco load (pack-years of 4.0) and weekly etOH ingestion (37.5 ml.week-1) calculated for all ever-smokers 
and all alcohol-drinkers (ie, combining controls and nail technicians together) enrolled in the study, respectively. 

c P<0.05; tested by Mann-Whitney U test.
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of additive effect: 

where Ci and Ni are the measured airborne concentra-
tion and threshold limit value (TLV) for ith component, 
respectively. If available, Polish TLV were used for the 
purposes of this study.

All statistical calculations were performed using the 
Statistica 10 software package (StatSoft, Tulsa, OK, USA). 

Results

Airborne concentrations of VOC

Airborne concentrations of all analyzed VOC measured 
in air samples from 109 nail salon workrooms, together 
with respective TLV obligatory in Poland are presented 
in table 2. The table shows that almost all VOC analyzed 
in this study, except for isopropyl acetate, hexameth-
yldisiloxane, methyl methacrylate (MMA), and ethyl 
methacrylate (EMA), were present in huge majority of 
all workroom air samples. Of these, ethanol, 2-propanol, 
and ethyl acetate were the most abundant. Nevertheless, 
the median as well as maximum airborne concentrations 
of any of VOC analyzed in this study did not reach or 
exceed the respective value of TLV obligatory in Poland. 
In line with these outcomes, the combined exposure 
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of nail technicians to VOC in nail salon workrooms 
estimated using the ACGIH formula for additive effect 
of toxicants was found to be very low (median value of 
0.033; IQR: 0.014–0.081) and did not reach or exceed 
the respective TLV of the mixture. Maximum combined 
exposure to the mixture of VOC was found to be 0.333, 
ie, three times below the respective TLV of the mixture.

Biomarkers of oxidative stress and DNA damage levels

First, the levels of investigated biomarkers of oxidative 
stress (ie, the blood plasma levels of TBARS and Cp, 
the blood plasma activity of GPx3, the RBC activi-
ties of GPx1 and SOD1 and the GPx1/SOD1 activity 
ratio) and the DNA damage among nail technicians 
were compared to controls under a setup in which the 
inter-group differences in current tobacco smoking and 
alcohol consumption were controlled for by involving 
current PY and estimated weekly ethanol ingestion in the 
ANCOVA as confounders. Outcomes of this analysis are 
summarized in table 3.

Using this approach, nail technicians were revealed 
to present a significantly increased activity of RBC 
GPx1 [3.04 (SD 0.20) versus 2.67 (SD 0.20) ln-U/g 
Hb, P<0.0001), increased ln-ratio of GPx1/SOD1 (-5.75 
(SD 0.19) versus -6.09 (SD 0.30), P<0.0001) as well 
as significantly increased blood plasma concentration 
of Cp (-0.54 (SD 0.22) versus -0.74 (SD 0.27) ln-g/l, 
P<0.0001) compared to unexposed volunteers. No sig-
nificant differences between nail technicians and unex-
posed controls were found for the blood plasma activity 
of GPx3, the activity of SOD1, and the blood plasma 
levels of TBARS. 

Table 2. Airborne concentrations of volatile organic compounds 
in nail salons (N=109) and combined exposure of nail technicians 
to volatile organic compounds. [TLV=threshold limit value. Σ(Ci/
Ni)=ACGIH measure of the additive effect of combined exposure 
of the mixture of VOC.]

Organic solvent TLV  
(mg/m3)

N % Airborne level  
(mg/m3)

Median Range

Ethanol 1900 106 97 3.60 0.06–54.77
Acetone 600 107 98 0.61 0.03–61.69
Toluene 100 104 95 0.01 0.00–0.62
2-propanol 900 107 98 2.33 0.11–37.70
2-butanone 200 98 90 0.05 0.00–1.63
Ethyl acetate 200 106 97 1.99 0.03–44.54
Isopropyl acetate 600 71 65 0.01 0.00–0.22
n-butyl acetate 200 106 97 0.22 0.00–18.53
Hexamethyldisiloxane a 1350 57 52 0.01 0.00–0.61
Methyl methacrylate 100 20 18 0.01 0.00–26.00
Ethyl methacrylate b 235 56 51 0.05 0.00–34.99
Total 109 100 17.08 0.57–139.42
Σ(Ci/Ni) 1 0.033 0.002–0.333
a Since no TLV in Poland is available, it was derived from the 

Occupational Safety and Health Administration (OSHA) permissible ex-
posure level (PEL) of 200 ppm for the purposes of this study. 

b Since no TLV in Poland is available, it was derived from OSHA PEL of 
50 ppm for the purposes of this study.

Table 3. The levels of biomarkers of oxidative stress and DNA 
damage adjusted for age, current tobacco smoking and alco-
hol consumption. Between-group significance tested for signifi-
cance using ANCOVA and confirmed by Scheffé post-hoc text. 
[SD=standard deviation; TBARS= thiobarbituric acid-reactive spe-
cies; GPx=glutathione peroxidase; SOD1=zinc-copper superoxide 
dismutase; FPG=total DNA damage; SSB=DNA strand breakage; 
FPG-SSB= oxidatively generated DNA damage; % DNA=relative 
amount of DNA in the comet tail.]

Controls 
(N=152)

Nail technicians 
(N=145)

Mean SD Mean SD

TBARS (ln-µM) 0.48 0.25 0.53 0.25
GPx3 (ln-U/ml) 1.80 0.17 -1.80 0.14
GPx1 (ln-U/g Hb) a 2.67 0.20 3.04 0.20
Cp (ln-g/l) a -0.74 0.27 -0.54 0.22
SOD1 (ln-U/mg Hb) 1.86 0.21 1.88 0.12
ln(GPx1/SOD1) a -6.09 0.30 -5.75 0.19
FPG (ln-% DNA) a 2.17 0.29 1.73 0.27
SSB (ln-% DNA) 1.03 0.31 1.06 0.33
FPG-SSB (ln-% DNA) a 1.70 0.52 0.84 0.68
a P<0.0001.



	 Scand J Work Environ Health vol 41, no 6	 585

Grešner et al

Concerning the DNA damage, nail technicians pre-
sented statistically significant decrease in total amount 
of DNA damage compared to unexposed volunteers 
(1.73 (SD 0.27) versus 2.17 (SD 0.29) ln-% DNA, 
P<0.0001). Similar decrease was observed also in the 
case of oxidatively-generated DNA damage (0.84 (SD 
0.68) versus 1.70 (SD 0.52) ln-% DNA, P<0.0001), but 
not in the case of the amount of DNA strand breakage.

Biomarkers of oxidative stress and DNA damage strati-
fied by smoking and alcohol-consumption status

The outcomes of the stratified analysis are summarized in 
tables 4a and 4b.The above described increased activity 
of RBC GPx1 and plasma levels of Cp among nail tech-

nicians were found also in all strata obtained following 
the stratification by current tobacco smoking and alcohol 
consumption status (P<0.0001 for the main effect of 
occupational exposure in the case of both biomarkers). 
The increase in GPx1 activity among nail technicians 
was not found to be modulated by current tobacco-
smoking status as both the non- and current smoker 
strata revealed the similar statistically significant dif-
ference (P<0.0001 for both strata; table 4A). On the 
other hand, it was found to be further modulated by 
alcohol-consumption status (P<0.005 for interaction), 
as the difference in RBC GPx1 activity between nail 
technicians and controls was slightly attenuated in light-
drinkers (drinkers with weekly ethanol ingestion <37.5 
ml/week) compared to never- and moderate-drinkers. 

Table 4a. Levels of biomarkers of oxidative stress and DNA damage in healthy control volunteers and nail technicians stratified by cur-
rent tobacco smoking status. Between-group significance tested for significance using ANCOVA and confirmed by Scheffé post-hoc text. 
[SD=standard deviation; TBARS=thiobarbituric acid-reactive species; GPx=glutathione peroxidase; Cp= ceruloplasmin; SOD1=zinc-copper 
superoxide dismutase; FPG=total DNA damage; SSB=DNA strand breakage; FPG-SSB=oxidatively generated DNA damage; % DNA=relative 
amount of DNA in the comet tail.]

Current non-smokers Current smokers

Controls (N=125) Nail technicians (N=99) Controls (N=27) Nail technicians (N=41)

Mean SD Mean SD Mean SD Mean SD
TBARS [ln-µM] 0.45 0.24 0.53 0.25 0.57 0.29 0.52 0.25
GPx3 [ln-U/ml] -1.81 0.17 -1.77 0.13 -1.74 0.14 -1.83 0.14
GPx1 [ln-U/g Hb] 2.68 0.21 3.05 0.19 a 2.65 0.17 3.02 0.21 a
Cp [ln-g/l] -0.74 0.26 -0.54 0.23 a -0.73 0.29 -0.54 0.20 b

SOD1 [ln-U/mg Hb] 1.86 0.21 1.89 0.11 1.87 0.17 1.86 0.14
ln(GPX1/SOD1) -6.09 0.31 -5.74 0.19 a -6.12 0.23 -5.75 0.19 a
FPG [ln-% DNA] 2.17 0.29 1.75 0.28 a 2.09 0.32 1.68 0.24 a
SSB [ln-% DNA] 1.03 0.31 1.07 0.34 0.99 0.31 1.04 0.31
FPG-SSB [ln-% DNA] 1.71 0.51 0.89 0.65 a 1.57 0.65 0.71 0.71 a

a P<0.0001 for post-hoc effects.
b P<0.005 for post-hoc effects. 

Table 4b. Levels of biomarkers of oxidative stress and DNA damage in healthy control volunteers and nail technicians stratified by cur-
rent alcohol-consumption status. Between-group significance tested for significance using ANCOVA and confirmed by Scheffé post-hoc 
text. [SD=standard deviation; TBARS=thiobarbituric acid-reactive species; GPx=glutathione peroxidase; Cp= ceruloplasmin; SOD1=zinc-
copper superoxide dismutase; FPG=total DNA damage; SSB=DNA strand breakage; FPG-SSB=oxidatively generated DNA damage; % 
DNA=relative amount of DNA in the comet tail.]

Non-drinkers Light drinkers Moderate drinkers

Controls (N=41) Nail technicians 
(N=26)

Controls (N=62) Nail technicians 
(N=52)

Controls (N=49) Nail technicians 
(N=66)

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
TBARS [ln-µM] 0.42 0.24 0.51 0.21 0.48 0.27 0.56 0.25 0.52 0.22 0.50 0.26
GPx3 [ln-U/ml] -1.82 0.17 -1.83 0.11 -1.77 0.16 -1.80 0.15 -1.82 0.17 -1.79 0.14
GPx1 [ln-U/g Hb] a 2.61 0.20 3.06 0.19 b 2.73 0.21 3.00 0.19 b 2.66 0.18 3.07 0.21 b
Cp [ln-g/l] -0.76 0.24 -0.45 0.24 b -0.76 0.26 -0.56 0.20 c -0.69 0.29 -0.56 0.23
SOD1 [ln-U/mg Hb] 1.83 0.22 1.88 0.10 1.87 0.18 1.88 0.13 1.87 0.22 1.88 0.13
ln(GPX1/SOD1) -6.12 0.33 -5.73 0.19 b -6.05 0.29 -5.80 0.19 b -6.12 0.27 -5.72 0.19 b
FPG [ln-% DNA] 2.13 0.33 1.66 0.18 b 2.15 0.26 1.78 0.26 b 2.18 0.31 1.71 0.30 b
SSB [ln-% DNA] 0.95 0.34 0.96 0.33 1.09 0.31 1.15 0.29 1.00 0.28 1.02 0.35
FPG-SSB [ln-% DNA] 1.67 0.62 0.82 0.51 b 1.63 0.55 0.84 0.74 b 1.77 0.44 0.84 0.67 b
a P<0.005 for interaction. 
b P<0.005 for post-hoc effects.
c P<0.0001 for post-hoc effects.
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Nevertheless, the inter-group differences in the never-, 
light- and moderate-drinker strata were all statistically 
significant (P<0.0001 for all three strata).

Considering the blood plasma levels of Cp strati-
fied by the current smoking status, the above described 
increased blood plasma levels of Cp among nail techni-
cians were found among both the non- (P<0.0001) and 
current smoker (P<0.05) strata. Following the strati-
fication by alcohol-consumption status, significantly 
increased levels of Cp in blood plasma of nail tech-
nicians compared to unexposed controls were found 
in never- and light-drinkers (P<0.0001 and P<0.005, 
respectively), but not in the stratum of moderate-drink-
ers. Despite that, the modulatory effect of interaction 
between the nail salon-related occupational exposure 
and the alcohol-consumption status on the level of Cp 
was not found to be statistically significant. 

No modulatory effects of interaction between occu-
pational exposure and tobacco smoking or alcohol 
ingestion status on GPx1/SOD1 ratio, total DNA dam-
age, oxidatively-generated DNA damage and DNA 
strand breakage were found, and the results revealed 
by the stratification analysis were consistent with those 
obtained under the setup where effects of tobacco-
smoking and alcohol-consumption were controlled for.

Correlations between airborne levels of VOC and bio-
markers of oxidative stress and DNA damage

The correlation matrix between measured airborne lev-
els of VOC and biomarkers of oxidative stress and DNA 
damage among nail technicians is presented in table 5A. 
Of the three most abundant VOC, only ethanol airborne 
levels were found to be significantly correlated with nail 
technicians’ GPx3 (rsP=0.162, P<0.05), GPx1 (rsP=0.211; 
P<0.01), the GPx1/SOD1 ratio (rsP=0.172; P<0.05) 
and the amount of DNA strand breakage (rsP=0.287; 
P<0.001) (figure 1). In addition to this, the activity of 
RBC’s SOD1 was significantly correlated with airborne 
isopropyl acetate (rsP=0.234, P<0.05) and hexamethyl-
disiloxane (rsP=0.241, P<0.05). Unexpectedly, airborne 
toluene, isopropyl acetate, hexamethyldisiloxane and 
EMA were significantly but negatively correlated with 
GPx1/SOD1 ratio, level of Cp and total DNA damage 
(see table 5A for details).

In nail technicians, the levels of blood plasma bio-
marker of lipid peroxidation (TBARS) were positively 
correlated with the RBCs’ activity of GPx1 (RS=0.228, 
P<0.005), the blood plasma levels of Cp (RS=0.370, 
P<0.0001) and the RBCs’ GPx1/SOD1 ratio (RS=0.177, 
P<0.01) (table 5B). Considering the direct link between 
the biomarkers of oxidative stress and DNA damage, 
the amount of DNA strand breakage correlated posi-
tively with the GPx1/SOD1 ratio (RS=0.195, P<0.01) 
and negatively with the RBCs’ activity of SOD1 (RS= 

-0.276, P<0.001). Moreover, the amount of total DNA 
damage correlated negatively with the SOD1 activity 
(RS= -0.180, P<0.05). The summary of analysis of all 
mutual correlations between biomarkers of oxidative 
stress and DNA damage in nail technicians is presented 
in table 5B.

Discussion

In this study, we provide evidence in favor of the hypothe-
sis that nail technicians may be subject to altered levels of 
biomarkers of oxidative stress and DNA damage despite 
low levels of occupational exposure to VOC. First of all, 
it has to be stated that the low levels of occupational expo-
sure to individual VOC found in our study are consistent 
with previous reports. The VOC most frequently detected 
in nail salon air samples were acetone, ethanol, toluene, 
2-propanol, 2-butanone, ethyl acetate and n-butyl acetate 
(all of them in >90% of all samples), in contrast to EMA 
and MMA, which were found in only 51% and 18% of 
analyzed air samples, respectively. Similar low frequen-
cies of EMA, MMA or both were reported by the majority 
of previous studies even though the subjects involved in 
these studies reported an almost exclusive employment 
of the EMA/MMA-involving techniques of artificial nail 
sculpturing during their work time (31, 32, 41–43). It is 
thus possible that besides techniques employed, other 
factors (such as ventilation, EMA/MMA content in used 
nail products, etc) not involved in any of these studies, 
may influence the resultant relative airborne levels of 
EMA or MMA.

The whole pool of airborne VOC in nail salons con-
sisted mainly of ethanol, 2-propanol and ethyl acetate, 
since the median airborne levels of the rest of monitored 
chemicals were two to three orders of magnitude lower 
compared to the median levels of these three most abun-
dant ones. Nevertheless, median airborne levels of all 
the investigated VOC were far below the TLVs obliga-
tory in Poland and none of the 109 nail salons enrolled 
in our study was seen to exceed the Polish TLV for any 
of the measured chemicals. It has to be, however, stated 
that even though the median and maximum values of 
total amount of airborne VOC found in our study (17.1 
mg/m3 and 139.4 mg/m3, respectively) were consistent 
with those reported in a recent study by Goldin et al 
(11 mg/m3 and 87 mg/m3, respectively) (44), the direct 
comparison of airborne levels of individual VOC in nail 
salons among different studies is difficult, mainly due 
to a huge degree of variability of published data and 
different measures of centrality used by various authors 
(arithmetic/geometric means, median) (31, 32, 41–43). 
Either way, median and maximum airborne levels of 
acetone, 2-butanone, isopropyl alcohol, hexamethyld-
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Figure 1. Correlations be-
tween airborne level of 
ethanol and activity of 
GPX1 (A), ln-ratio of GPX1 
and SOD1 activities (B), 
activity of GPX3 (C) and 
DNA strand breakage (D). 
Ln-transformed data were 
used and the levels of 
significance of associations 
between biomarkers and air-
borne ethanol were inferred 
using regression modelling 
followed by partial correla-
tion analysis. Semi-partial 
correlation coefficients rsp 
and levels of significance 
for individual associations: 
A: rsp=0.212, P<0.01;  
B: rsp=0.172, P<0.05;  
C: rsp=0.162, P<0.05;  
D: rsp=0.287, P<0.001.

Table 5. Partial correlation analysis. Significant associations are indicated in bold. [TBARS=thiobarbituric acid-reactive species; 
GPx=glutathione peroxidase; Cp=ceruloplasmin; SOD1=zinc-copper superoxide dismutase; FPG=total DNA damage; SSB=DNA strand 
breakage; FPG-SSB=oxidatively generated DNA damage; EMA=ethyl methacrylate; % DNA=relative amount of DNA in the comet tail; 
VOC=volatile organic compound.]

TBARS 
[ln-µM]

GPx3  
[ln-U/ml]

GPx1  
[ln-U/g Hb]

Cp  
[ln-g/l]

SOD1  
[ln-U/mg Hb]

ln (GPx1/
SOD1)

FPG  
[ln-% DNA]

SSB  
[ln-% DNA]

FPG-SSB 
[ln-%DNA]

A a
Ethanol [ln-mg/m3] 0.146 0.162 b 0.212 c 0.112 0.080 0.172 b 0.059 0.287 d -0.119
Toluene [ln-mg/m3] 0.021 -0.089 -0.068 -0.103 0.159 -0.174 b -0.118 -0.119 -0.028
Isopropyl acetate [ln-mg/m3] 0.168 0.080 -0.087 -0.237 b 0.234 b -0.234 b -0.182 -0.180 -0.084
HMDSO [ln-mg/m3] 0.099 0.070 -0.222 -0.082 0.241 b -0.378 d -0.058 -0.136 0.017
EMA [ln-mg/m3] -0.151 0.099 0.131 0.068 -0.060 0.169 -0.254 b -0.108 -0.201

B e

TBARS [ln-µM] 0.139 0.228 f 0.370 g 0.129 0.177 c -0.018 -0.037 -0.032
GPx3 [ln-U/ml] 0.068 0.007 0.029 0.047 0.008 -0.156 0.102
GPx1 [ln-U/g Hb] 0.294 g 0.373 g 0.793 g 0.007 0.019 0.002
Cp [ln-g/l] 0.017 0.297 d 0.059 0.005 0.064
SOD1 [ln-U/mg Hb] -0.207 c -0.180 b -0.276 d -0.041
ln(GPx1/SOD1) 0.101 0.195 c 0.005
FPG [ln-% DNA] 0.217 c 0.776 e
SSB [ln-% DNA] -0.347 e

a Semi-partial correlation coefficients (rsp). Values of coefficients were obtained by analyzing the ln-transformed data using the forward stepwise regres-
sion procedure employing age, current tobacco consumption (in pack-years) and weekly alcohol consumption as confounders. Only those VOC for 
which at least one significant outcome was found are presented. 

e Spearman rank correlation coefficients for mutual correlations between biomarkers of oxidative stress and DNA damage in nail technicians.
b P<0.05.
c P<0.01. 
d P<0.001.
f P<0.005. 
g P<0.0001.
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isiloxane, and both methacrylates found in our study 
were substantially lower compared to values published 
by others. This may in part be explained by the fact that 
part of nail salons involved in our study did not perform 
the contemporary nail stylization services employing 
various VOC but only traditional/biological manicure, 
in which rather limited number of VOC is used instead. 
This was not the case in previous studies, all of which 
were focused on nail salons providing modern nail 
stylization and sculpturing services only. Furthermore, 
the air sampling method used, based on short-term 
stationary measurements, may also have led to slightly 
under-estimated values. Nevertheless, despite these 
inconsistencies, our data seem to support the hypothesis 
that nail salon technicians are rather unlikely being over-
exposed to airborne VOC, at least in the view of current 
occupational standards concerning individual VOC. The 
same seems to hold in the case of combined exposure 
to a mixture of VOC: since the median and maximum 
values of additive exposure (0.033 and 0.333, respec-
tively) are both below the threshold value of “1”, the 
occupational overexposure to a mixture of VOC rather 
cannot be assumed in nail technicians. 

Nevertheless, as previous studies reported that even 
such low but prolonged and repeated occupational 
exposure may be associated with various adverse health 
effects observed in nail technicians, we undertook an 
attempt to investigate the possible effects on the bio-
chemical status of nail technicians. Among nail techni-
cians, significantly increased activities of GPx1 and 
blood plasma level of Cp, but without any significant 
changes in the levels of biomarker of blood plasma 
lipoperoxidation (TBARS) and DNA strand break-
age, were found. While interpreting these outcomes, it 
seems reasonable to assume that increased activities of 
antioxidant enzymes might be indicative of increased 
oxidative stress, possibly caused by an occupational 
exposure of nail technicians. Indeed, exacerbation of 
oxidative stress has already been implicated in mecha-
nisms underlying the effects exerted by the low-level 
exposure to VOC in both the animal models (22, 45) 
and human subjects (10, 11, 46). Notwithstanding, the 
above-mentioned lack of any significant changes in 
levels of TBARS and DNA strand breaks between nail 
technicians and control subjects seems to contradict 
this thesis. One possible way how to explain this con-
tradiction might be provided by model studies which 
have raised the notion that if the cellular capacities of 
antioxidant and DNA damage repair systems are not 
exceeded, compensatory mechanisms are capable of 
reducing the transiently increased levels of biomarkers 
of oxidative stress and DNA damage back to reference 
control levels. This was reported for both the acute and 
chronic low-dose exposure to ethanol (47, 48). Šarc et 
al’s study (49) showed that low-level of exposure to 

ethanol may result in increased cellular protein content. 
Therefore, considering the fact that nail salons provide 
an environment in which low-level exposure to VOC 
can be assumed, and the fact that ethanol – the most 
abundant VOC – was found to correlate positively with 
biomarkers of oxidative stress (the activities of GPx1 
and GPx3, GPx1/SOD1 ratio) and DNA strand breakage, 
a hypothesis might be drawn that low-level exposure 
to airborne ethanol might be the key (but not the only) 
factor responsible for induction of mild oxidative stress 
among nail technicians, the effects of which (such as 
DNA damage) might have been, however, successfully 
compensated for by increased activity of cellular anti-
oxidant enzyme system (indicated by increased activities 
of antioxidant enzymes). At this stage of our research, 
this hypothesis, however, remains only a speculation, as 
no other studies dealing with biochemical status of nail 
technicians are currently available. 

The most unexpected outcome found in our study 
is undoubtedly the one related to significantly and very 
distinctly decreased levels of total and oxidatively-
generated DNA damage among nail technicians com-
pared to controls. This finding seems to be in apparent 
contradiction to those discussed above, as one would 
expect increased oxidative stress to come hand in hand 
with increased level of total or oxidatively-generated 
DNA damage. This was surely not the case in our study. 
It might be difficult to reasonably explain the decreased 
levels of total and oxidatively generated DNA damage 
among nail technicians, but several plausible hypotheses 
may be proposed. It might be the case that decreased 
levels of total/oxidatively-generated DNA damage were 
the result of poorly understood combined action of the 
mixture of all the airborne VOC or some other effects 
not involved in our study. Considering the compensatory 
mechanism suggested above in relation to TBARS and 
DNA strand breaks, one can also speculate that such 
distinct decrease in markers of oxidatively-generated 
and total DNA damage might possibly be attributed to 
similar, let’s say “hormetic” effect, whereby the pro-
longed low-level exposure of nail technicians to airborne 
toxicants might have led to mild induction of oxidative 
stress, subsequent stimulation of enzymatic antioxidant 
defense, resulting ultimately in decreased levels of total 
and oxidatively-generated DNA damage. Indeed, two 
aspects consistent with the basic hormesis concept can 
be found in our study: (i) the very low level of occupa-
tional exposure of nail technicians (median exposure of 
3.3% of the ACGIH threshold for combined exposure), 
and (ii) the level of reduction of total and oxidatively-
generated DNA damage among nail technicians relative 
to controls reaching 20% and 50%, respectively, ie, 
being within the range of “hormetic stimulation” (50). 
Moreover, biphasic response to subchronic oxidative 
stress and the action of VOC has already been reported 
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[for reviews see (51–54)]. Therefore, it seems reason-
able to state that hormesis cannot be excluded as a pos-
sible mechanism underlying the changes in DNA dam-
age observed in our study. On the other hand, the lack 
of significant correlations between markers of oxidative 
stress (GPx1 and GPx3 activity, blood plasma levels of 
TBARS and Cp) and biomarkers of DNA damage (either 
strand, total or oxidatively-generated) in nail technicians 
fails to provide any direct evidence supportive of this 
hypothesis. It is thus possible that the coexistence of 
elevated biomarkers of oxidative stress with decreased 
total and oxidatively-generated DNA damage among 
nail technicians may be explained by some other yet 
unknown mechanism. 

In search of a plausible mechanism, the positive 
correlation between GPx1/SOD1 ratio and the levels 
of TBARS and DNA strand breakage is intriguing as 
it might indicate that the DNA damage among nail 
technicians may not be related to absolute activities of 
the antioxidant enzymes themselves, but rather to their 
mutual ratio. A biologically optimal ratio of the activi-
ties of the first (SOD) and the second (GPx and catalase) 
step of enzymatic antioxidant defense has already been 
shown to exist and deviations from this optimum value 
were found to lead to altered gene expression, premature 
senescence, free radical-mediated cell damage, and other 
cellular perturbations (55–58). It has to be stated that we 
did not find the GPx1/SOD1 ratio to be significantly cor-
related with total or oxidatively-generated DNA damage, 
but only with DNA strand breakage instead. Regretfully, 
the catalase activity comprising a significant part of the 
enzymatic antioxidant defense was not assayed in our 
study, and consequently we are certainly missing some 
information which might be crucial in order to fully 
elucidate the mechanism responsible for decreased total 
and oxidatively-generated DNA damage under discus-
sion. Either way, although it seems reasonable to state 
that nail technicians present an imbalanced antioxidant 
enzyme activities together with altered levels of mark-
ers of DNA damage, our experimental setup (the lack 
of dose– or time–response experiments) does not allow 
us to understand fully the exact mechanism underlying 
the observed changes. 

Notwithstanding, reviewing the data provided in table 
3, it seems reasonable to assume that the decrease in total 
DNA damage was predominantly caused by the decrease 
in oxidatively generated DNA damage. Although the 
above-proposed mechanism based on activation of cellu-
lar antioxidant enzyme system cannot be ruled out, other 
plausible mechanisms are worth mentioning. Obtained 
outcomes might be, for example, explained by the limited 
DNA migration in electrophoresis and decreased Comet 
assay outcomes due to formation of DNA cross-links 
(59) resulting from occupational exposure of nail techni-
cians to DNA cross-linking agents, such as aldehydes. 

Formaldehyde is frequently used in nail products used 
to make nails stronger (60). Ethanol, the most abundant 
airborne VOC found in our analyses – once ingested, 
inhaled, or absorbed – is metabolized into acetaldehyde, 
another recognized DNA cross-linker (61). DNA cross-
linking properties were also reported for endogenous 
malondialdehyde, a product of lipid peroxidation (62). 
Therefore, one cannot exclude the possibility that the 
decreased total and oxidatively generated DNA damage 
found among nail technicians might be a consequence of 
technicians’ occupational exposure to chemicals causing 
mainly DNA cross-links, ie, the kind of DNA damage 
which was poorly detected during our analyses. On the 
other hand, the occupational exposure to airborne form-
aldehyde among nail technicians was found to be low 
previously (63) and the level of airborne ethanol found 
in our study was several orders of magnitude lower com-
pared to levels at which the DNA cross-linking properties 
of acetaldehyde were reported. Moreover, the available 
weight of evidence of genotoxic effects of acetaldehyde 
formed from airborne ethanol (IARC class 2B carcino-
gen) is not as convincing as in the case of acetaldehyde 
formed from ethanol ingested in alcoholic beverages 
(IARC class 1 carcinogen). Nevertheless, since we did 
not directly measure the airborne levels of aldehydes in 
nail salon workrooms in this study, this hypothesis cannot 
be ruled out and needs to be taken into account. It is also 
possible that the inter-group differences observed in our 
study may be at least partly explained by differences in 
lifestyle and dietary factors which were not considered 
in this study [ie, moderate physical activity or the coffee 
intake, both of which can decrease the DNA damage (64, 
65), or the length of the occupational exposure period]. 
It is of note that recently a decreased cancer incidence 
among nail technicians, compared to the general popula-
tion, was reported (66), an intriguing finding especially in 
connection with the decreased levels of total/oxidatively-
generated DNA damage reported by the present study. 
Either way, further research must be warranted in order 
to provide more insight into this topic.

While interpreting the obtained outcomes consid-
ering the possible effect of airborne VOC (or more 
interestingly the effects of airborne ethanol, the most 
abundant VOC) on biomarkers of oxidative stress and 
DNA damage, several limitations have to be taken into 
account. First, only the induction of oxidative stress 
due to occupational exposure to VOC was considered 
in our study, and other genotoxic mechanisms, includ-
ing the above discussed acetaldehyde-mediated one, 
were not considered. Second, only static and short-term 
breathing-zone area measurements were employed in 
our study, thus the occupational exposure of nail techni-
cians might have been slightly underestimated. Third, a 
bias might have been introduced into measured levels of 
biomarkers due to nail technicians and control subjects 
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not being sampled in the same year. Fourth, the comet 
assay might have been ineffective in showing the geno-
toxic effect of tobacco smoking, thus it might have also 
been insensitive to other types of DNA damage possibly 
caused by genotoxic substances to which nail techni-
cians are occupationally exposed. Moreover, the comet 
assay involving FPG is known to be specific to only one 
subgroup of oxidative DNA damage, while the basic 
comet assay can identify certain oxidative DNA damage, 
as well. Finally, even though the inter-group differences 
in current tobacco load (in terms of PY smoked) were 
controlled for in the first part of analysis described in 
this study, such differences might possibly generate 
concerns while interpreting our outcomes. Therefore, 
the controls’ and technicians’ current tobacco loads 
were matched with each other using an age-stratified 
randomization approach. Statistical analysis performed 
upon such matched groups gave positive verification 
of all the above described outcomes (data not shown). 
This indicates that the observed alterations of biomark-
ers of oxidative stress and DNA damage found among 
nail technicians cannot be explained by the between-
group differences in the current tobacco smoking (also 
suggested by the lack of interaction between current 
tobacco smoking and occupational exposure). The same 
seems to be true in the case of alcohol consumption, in 
the case of which, however, one has to remember that 
self-reported information on alcohol consumption was 
used in this study.

Concluding remarks

To sum up, despite low airborne levels of VOC in nail 
salon workrooms, we provide evidence of dysregula-
tion of biomarkers of oxidative stress and DNA damage 
among nail technicians. Even though it might be dif-
ficult to determine the precise mechanism underlying 
these changes in full at this stage of research, it cannot 
be excluded that they might have occurred due to a 
prolonged low-level occupational exposure to VOC or 
other chemicals present in nail salon workrooms. Such 
alterations were shown to be directly associated with 
the development of serious disturbances in physiologi-
cal functions and may possibly lead to pathologies (67). 
Our study therefore adds to the ever-growing evidence 
of workplace-related adverse health effects observed 
among nail technicians. Therefore, as suggested recently 
by Roelofs & Do (68), it may be worth reconsidering 
whether the current exposure assessment approach based 
on chemical-by-chemical industrial hygiene monitor-
ing is appropriate for this occupational group (which is 
rarely “overexposed” in the light of the current exposure 
level standards), and whether it wouldn’t be more use-
ful to use the indoor air exposure assessment strategy 
instead.
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