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ABSTRACT: Di(2-ethylhexyl)phthalate (DEHP) is the most widely used phthalate. DEHP is highly used in PVC floor-
ings and PVC windows and carpeting. The objective of this study was to determine sex hormone levels, oxidative
stress parameters, selenium levels, DNA damage, and phthalate levels in plastics workers (n = 24, age = 20-58 years)
working in the production of rubber mechanical goods and exposed to DEHP in workplace. The control group (n = 29,
age = 25-54, all male) was selected from age-matched healthy adults. Antioxidant parameters and DNA damage were
determined by spectrophotometry. Selenium levels were determined by atomic absorption spectroscopy. Plasma hormone
levels were measured by chemiluminescence microparticle immunoassay. Plasma phthalate levels were determined by
high-pressure liquid chromatography. Plastic workers had lower serum testosterone and free T4 levels and higher folli-
cle-stimulating hormone levels vs. controls. Liver enzyme activities were markedly higher in workers vs. controls. There
were also increases in plasma glutathione peroxidase levels and marked decreases in plasma selenium and erythrocyte to-
tal glutathione levels in plastics workers (P < 0.05 vs. control). Plasma 8-hydroxy-2'-deoxyguanosine levels were 14-fold
higher in plastics workers than in controls. Plasma DEHP and mono(2-ethylhexyl)phthalate were also markedly higher in
workers vs. controls. The results of this study show that occupational exposure to DEHP may lead to disturbances in sex
hormones, increased liver problems, higher oxidative stress and DNA damage levels, and lower trace element concentra-
tions in workers. More comprehensive and mechanistic studies with higher numbers of subjects are needed to show the
unwanted effects of occupational exposure to DEHP.
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I. INTRODUCTION

Humans are exposed to different kinds of phthalates
in everyday life. These compounds increase the du-
rability, flexibility, and pliability of polyvinyl chlo-
ride (PVC) plastics.'* Di(2-ethylhexyl)phthalate
(DEHP) is the most widely used phthalate. It is pres-
ent in food, baby products, cosmetics, PVC floor-
ings and undercarpets, PVC windows, and medical
devices.** DEHP is suggested to cause reproductive
toxicity in both animals and humans.*'* Moreover,
DEHP s a peroxisome proliferator that is categorized
as a group IIB carcinogen (possible carcinogenic to
humans) by the International Agency for Research
on Cancer (IARC)." DEHP is an endocrine-disrupt-
ing chemical, as shown by many in vitro and in vivo
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studies, and it is suggested to cause antiandrogenic
effects. DEHP was also shown to cause oxidative
stress in different organs of rodents.!>'” Moreover,
DEHP is suggested to lead to reprotoxicity, partic-
ularly in males, and it was also shown to cause de-
velopmental anomalies and neuroendocrine system
toxicity. DEHP is associated with different diseases,
like precocious puberty (PP), diabetes, gynecomas-
tia, obesity and/or metabolic syndrome, asthma, and
autism.'*?* Occupational exposure to DEHP is high
in PVC film manufacturing, PVC compounding,
rubber boot manufacturing, and PVC flooring, win-
dow, and carpet manufacturing workplaces.??’
Oxidative stress is an imbalance between cellular
antioxidants and oxidants which favors the latter. High
levels of intracellular reactive oxygen species (ROS)
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can lead to the depletion of cellular thiols and antiox-
idant enzymes and can cause high levels of intracel-
lular oxidation. While cellular antioxidant enzymes,
such as glutathione peroxidases (GPxs), thioredoxin
reductases (TrxRs), superoxide dismutase (SOD) and
catalase (CAT), can handle high levels of intracellu-
lar ROS, such as hydrogen peroxide (H,0,), other
peroxidases, superoxide, and hydroxyl radicals, they
cannot always cope with the chronic oxidative stress
caused by different chemicals, including phthalates.
Therefore, occupational exposure to several indus-
trial chemicals including phthalates can lead to high
oxidant levels, lipid peroxidation, protein oxidation,
and DNA base damage.?®3?

As PVC workers can continuously be exposed
to phthalates by different routes (oral, inhalation,
dermal), the number of studies evaluating the toxic
effects of DEHP and phthalates has been increas-
ing, particularly in China and Taiwan. Most of
these studies have focused on one or two param-
eters. Pan et al. evaluated the association between
urinary DEHP and dibutyl phthalate (DBP) and
serum testosterone levels in Chinese plastics work-
ers. The same working group later evaluated haz-
ard indices (HIs) for DBP and DEHP and examined
the relationship between the urinary levels of these
hormones and urinary phthalate concentrations in
phthalate-exposed and nonexposed Chinese men.*
Another study, also conducted in China, determined
urinary 8-hydroxy-2'-deoxyguanosine (8-OHdG)
levels, antioxidant enzyme activities (SOD), and
lipid peroxidation in workers exposed to DEHP in a
plastics-recycling site in China.** Studies conducted
on polyvinyl chloride workers in Taiwan also
pointed out significant effects of DEHP exposure
on reproductive hormones, sperm parameters, ROS
generation, and apoptosis.*>** However, no compre-
hensive study has examined the many parameters
and their correlations in PVC workers who are ex-
posed to phthalates.

Concerning all available data and the information
presented here, the aim of this study was to determine
changes in plasma thyroid hormones, reproductive
hormones, liver enzymes, plasma/erythrocyte and
antioxidant/oxidant parameters as well DNA base
damage and correlate them with levels of exposure to
DEHP and its main metabolite mono(2-ethylhexyl)
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phthalate (MEHP), and to evaluate the correlations
between the measured parameters.

Il. MATERIALS AND METHODS
A. Subjects

The study group consisted of 24 plastics workers
(age = 20-58 years, all male) who had been admit-
ted to Turkish Ministry of Health Ankara Occupa-
tional Diseases Hospital between 2013 and 2014.
All of the workers had been working in plastics-pro-
ducing factories or workplaces using PVC and
DEHP as plasticizers for more than two years and
had been periodically examined by physicians in
the Ankara Occupational Diseases Hospital. During
their admission to the hospital, they were asked
to contribute to the study. The control group (n =
29, age = 25-54, all male) was selected from age-
matched healthy adults without chronic, endocrine,
or genetic disease not taking any medication. Blood
samples were collected on Fridays (the last shift day
of the week).

The study was approved by the Hacettepe Uni-
versity Scientific Research Evaluation Commission
Ethical Committee. Written informed consent was
obtained from all subjects recruited to the study. A
standard questionnaire was applied to determine ed-
ucational status, cigarette smoking, alcohol use, di-
etary habits, occupational information, and potential
exposure route to phthalates.

B. Deplasticization of Glassware

Extreme caution was taken to prevent subject con-
tact with plastic material throughout the study. All
test tubes and vials were deplasticized on a heater
for 4 h at 400°C. All other glassware (beakers, glass
pipettes, etc.) were deplasticized with tetrahydrofu-
ran:n-hexane [50:50 (v/v)] for 2 h and dried in an
incubator for 2 h at 37°C.

C. Sample Preparation

For the determination of the hormones, liver func-
tion parameters, plasma and erythrocyte antioxidant
parameters, and selenium levels, heparinized blood
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samples (~ 10 mL) were drawn by a routine tech-
nique. Samples were centrifuged immediately at
800 x g for 15 min in order to separate plasma and
erythrocytes. Both plasma and erythrocyte samples
were aliquoted and kept at —80°C until analysis.
For the determination of plasma DEHP and MEHP
levels, blood samples were drawn by the dropping
method. Briefly, blood was drawn by a stainless steel
needle from the left-arm cubital vein and allowed to
drop into heparinized glass test tubes directly. The
tube openings were covered by clean aluminum foil to
protect the sample from contact with plastic material.
Centrifugation was performed at 800 x g for 15 min,
plasma were separated, and all samples were immedi-
ately aliquoted into glass vials covered with aluminum
foil and stored in a freezer at —80°C until analysis.
Spot urine samples (~ 5 mL) were collected in
beakers for determination of F2-isoprostane levels.
The samples were aliquoted and kept at —80°C until
analysis.

D. Chemicals and Kits

All chemicals and colorimetric assay kits for protein
determination, GSH, and TrxR were obtained from
Sigma-Aldrich (St. Louis, MO). MEHP was ob-
tained from Cambridge Chemicals (Woburn, MA).
Alanine aminotransferase (ALT), aspartate amino-
transferase (AST), direct/total bilirubin, and total
protein and blood glucose kits were obtained from
Beckman Coulter (Brea, CA). GPx, CAT, SOD, and
thiobarbituric acid reactive substance (TBARS) col-
orimetric assay kits were obtained from Cayman
Chemical (Ann Arbor, MI). Urinary isoprostane en-
zyme immunoassay kits and 8-hydroxy-2'-deoygua-
nosine quantitative assay kits were from obtained
from Oxis International (Foster City, CA). All
high-performance liquid chromatography (HPLC)
equipment was obtained from Agilent (Santa Clara,
CA).

E. Determination of Plasma Hormone Levels

Plasma fT,, fT,, TSH, FSH, LH, and testosterone
were measured by chemiluminescence microparti-
cle immunoassay (CLIA) on an Architect i200 SR
analyzer (Stillwater, MN).
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F. Determination of Plasma Liver Function
Parameters and Fasting Blood Glucose

Liver function parameters were measured using
ALT, AST, direct bilirubin, total bilirubin, total pro-
tein, and fasting blood glucose kits on a Beckman
Coulter AU analyzer.

G. Determination of Oxidant/Antioxidant
Parameters

For spectrophotometric measurements, a SpectraMax
M2 spectrophotometer (Molecular Devices, Sunny-
vale, CA) was used. SoftMax Pro software (Molecu-
lar Devices) was used for quantification.

Glutathione peroxidases (GPxs) are seleni-
um-containing antioxidant enzymes that reduce hy-
drogen peroxide to water in order to overcome its
harmful effects. These selenoproteins are present
in erythrocytes and plasma and in different tissues,
particularly the liver.*”*® The commercial kit used in
the study indirectly measures the GPx activity by a
coupled reaction with glutathione reductase (GR).
Oxidized glutathione (GSSG) upon reduction by a
hydroperoxide (i.e., cumene hydroperoxide) is later
recycled to its reduced state by GR and by NADPH
oxidation. The oxidation of NADPH to NADP” is
accompanied by a decrease in absorbance at 340
nm that is directly proportional to the GPx activity
in the erythrocyte sample. Measurement was con-
ducted for 5 min, plasma samples were diluted to
1:5, and erythrocyte samples were diluted to 1:200
with sample buffer. Erythrocyte GPx1 activity was
expressed as nmol/min/mg Hb; plasma GPx (GPx3)
activity was expressed as U/mL.

Thioredoxin reductases (TrxRs) are a family
of selenoenzymes categorized as pyridine nucleo-
tide-disulphide oxidoreductases. They are the only
known enzymes that can reduce thioredoxin, which
serves as a general protein disulfide oxido-reduc-
tase.**" Plasma TrxR activity was measured based
on the reduction of substrate 5,5'-dithiobis(2-nitro-
benzoic) acid (DTNB) into 5-thio-2-nitrobenzoic
acid (TNB). TNB concentration was measured at
412 nm by a kinetic assay. GPx1 and GR activity
is also a contributor to DTNB reduction and can be
estimated using a specific TrxR inhibitor. In order



256

to determine DTNB reduction due only to TrxR ac-
tivity, two consecutive assays were performed: total
DTNB reduction and DTNB reduction in the pres-
ence of TrxR inhibitor solution. The difference be-
tween the two was the DTNB reduction due to TrxR
activity, expressed as pmol/min/mL.

Superoxide anion is dismutated by SODs to H,0O,.
SODI1 is the major intracellular SOD (cytosolic Cu/
ZnSOD).*! Total erythrocyte SOD activity is mea-
sured by a colorimetric assay. Xantine oxidase (XO)
causes superoxide ion production while converting
xanthine and water to uric acid and H,O,. A radical
detector (tetrazolium salt solution) produces a wa-
ter-soluble formazan dye upon reduction with a super-
oxide anion. Superoxide can be dismutated by SOD
(within the erythrocyte sample, dilution: 1:2,000 by
sample buffer) to oxygen and H,O, in the same cycle.
The reduction rate of superoxide is linearly associated
with XO activity and can be inhibited by SOD. The
50% inhibition activity of SOD (IC, ) was determined
by this colorimetric, end-point reading method. Since
absorbance at 440 nm was proportional to the amount
of superoxide anion, SOD inhibition was quantified
by measuring the decrease in color development at
440 nm. One unit of SOD is defined as the amount
of enzyme needed to exhibit 50% dismutation of the
superoxide radical, expressed as U/mg Hb.

Hydrogen peroxide is catalyzed to H,O by CAT,
which is an important peroxisomal enzyme.** Eryth-
rocyte CAT activity is measured based on its per-
oxidative potential. CAT reacts with methanol in
the presence of H,0O, and the end-product, formal-
dehyde, reacts with the chromogen 4-amino-3-hy-
drazino-5-mercapto-1,2,4-triazole to produce a
purple-colored complex. The intensity of the purple
is measured at 540 nm and is directly proportional to
the amount of formaldehyde produced. Erythrocyte
samples were diluted to 1:1,250 with sample buffer
during measurements. The erythrocyte CAT activity
was expressed as nmol/min/mg Hb.

H. Determination of Erythrocyte Total
Glutathione Levels

Glutathione, an atypical tripeptide (y-glu-cys-gly), is
the most important thiol in many living organisms.
In the presence of an oxidant, reduced GSH mol-
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ecules are oxidized and generate a cystine bridge
between the two glutathione molecules, producing
GSSG.* First, the protein in the erythrocyte samples
were denatured by the addition of 5-sulfosalicylic
acid (SSA) 5% solution and centrifuged at 10,000
rpm. The precipitate was used as the main sample.
The method employed relies on the reaction of the
sulthydryl group of GSH with DTNB to produce
TNB; in the same cycle, GSH is simultaneously
converted to GS-TNB. GS-TNB can be reduced to
produce GSH and TNB by GR. The TNB level is di-
rectly proportional to the GSH concentration in the
sample. Absorbance was measured at 405 nm for
5 min in a kinetic assay; an increase in absorbance
indicated the GSH level. The results were expressed
as nmol/mg Hb.

|. Determination of Plasma
Malondialdehyde Levels

Lipid peroxidation is a process by which oxidants
such as free radicals or nonradical species attack
lipids containing carbon-carbon double bond(s),
especially polyunsaturated fatty acids (PUFAs) that
involve hydrogen abstraction from a carbon, with
oxygen insertion resulting in lipid peroxyl radicals
and hydroperoxides. Glycolipids, phospholipids,
and cholesterol are also important targets of dam-
aging and potentially lethal peroxidative modifica-
tion.** Oxidation of lipids has many consequences,
including protein oxidation. Plasma lipid peroxida-
tion levels were quantified using a TBARS assay kit
that measures the concentration of malondialdyde
(MDA) by spectrophotometric assay. MDA is an
important indicator of lipid peroxidation. It forms a
complex with thiobarbituric acid (TBA) under high
temperature (90—100°C). Acidic conditions and the
color intensity of MDA-TBA complex were mea-
sured at 540 nm spectrophotometrically. The amount
of MDA was measured using MDA standards (0,
0,5, 5,10, 20, 30, and 50 uM) and expressed as uM.

J. Determination of Hemoglobin Levels

Hemoglobin (Hb) levels in erythrocytes were deter-
mined according to Fairbanks et al.** Optical den-
sities were read at 546 nm spectrophotometrically.
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K. Determination of Urinary 8-Epi-
Prostaglandin (F20¢) Levels

The predominant n-6 fatty acid is arachidonic acid,
which can be reduced to prostaglandins, leukot-
rienes, thromboxanes, and other cyclooxygenase,
lipoxygenase, or cytochrome P450-derived prod-
ucts via enzymatic peroxidation; or it can be re-
duced to MDA, 4-hydroxynonenal, isoprostanes,
and other lipid peroxidation end-products (more
stable and toxic than hydroperoxides) via nonenzy-
matic peroxidation through oxygen radical-depen-
dent oxidative routes.*

Another biomarker for lipid peroxidation is
8-epi-prostaglandin (F2a).*® Urinary F2a-prostane
levels were determined by ELISA. F2a-prostane in
the samples or by standards (0.05, 1, 5, 10, 20, 30,
and 50.0 ng/mL) competes with F2a-prostane con-
jugated to horseradish peroxidase (HRP) for binding
to a polyclonal antibody specific for F2a-prostane
coated on the microplate. HRP activity results in
color development when the substrate is added, with
the intensity of the color proportional to the amount
of bound F2a-prostane and inversely proportional to
the amount of unconjugated F2a-prostane in the sam-
ples or standards at 450 nm. A four-parameter logistic
regression curve was used, and urinary F2a-pros-
tane levels in the samples were calculated using
RIDASOFT Win software (Darmstadt, Germany).
F2a-prostane levels were expressed as ng/mL.

L. Determination of Plasma 8-Hydroxy-
2'-Deoyguanosine Levels

Oxidative stress can permanently cause damage to
lipids of cellular membranes, proteins, and DNA.
In both nuclear and mitochondrial DNA, 8-OHdG
is the most commonly observed ROS-induced oxi-
dative DNA lesion. It is widely being used as a bio-
marker of oxidative DNA damage, carcinogenesis,
and degenerative diseases.*’ Plasma 8-OHdG lev-
els were determined by sandwich ELISA. Briefly,
8-OHdG monoclonal antibodies, by sample or
standards, was added to 8-OHdG-coated wells; the
antibody was competitively bound to these wells,
so higher concentrations of 8-OHdG in the sample
solution led to reduced binding of antibodies to
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the 8-OHdG on the plate. The antibodies bound
to the 8-OHdG in the sample were washed out of
the well, while those bound to the 8-OHdG coated
on the plate remained. The enzyme-labeled sec-
ondary antibodies were then added to each well
and were bound to the monoclonal antibodies that
remained on the plate. Unbound enzyme-labeled
secondary antibodies were removed by a wash
step. The addition of a chromogen resulted in the
development of color in proportion to the amount
of antibody bound to the plate. Finally, the color
reaction was terminated by a stop solution and
absorbance of the samples or standards was mea-
sured at 450 nm. A four-parameter logistic regres-
sion curve was used, and plasma 8-OHdG levels in
the samples, expressed as pg/mL, were calculated
using RIDA®SOFT Win.

M. Determination of Erythrocyte Selenium
Levels

Selenium (Se) is a trace element with roles in a
variety of metabolic processes, including thyroid
hormone metabolism, protection against oxida-
tive stress, and immunity. It is the integral com-
ponent of many GPxs (including GPx1 and GPx3)
and TrxRs.* A single-beam atomic absorption
spectrometer (PerkinElmer, Waltham, MA) with
a Zeeman background correction equipped with
an Fs-go plus furnace auto-sampler was used in
the determination of plasma Se levels. A stock
solution of 1,000 mg/L Na,SeO, was used on a
daily basis to prepare appropriate concentrations
of standard selenium solutions (10, 20, 50, and
100 png/L). Plasma samples (0.2 mL) were diluted
with 0.5 mL 0.2% HNO, (v/v in deionized water)
and 0.3 mL 0.2% Triton X-100 (v/v in deionized
water). Samples (20 plL) and standard solutions
(20 pL) along with matrix modifier (5 pL) were
wet-injected three times in a graphite furnace at
400°C. Lamp current was 290 mA; bandwidth
was 2 nm. Optical densities were read at 196 nm
and mean concentrations of three readings were
calculated. Selenium concentration in the sam-
ples was calculated from the calibration curve ob-
tained from the peak areas of selenium standards
and expressed as ug/L.%
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N. Measurement of Plasma Di-(2-
Ethylhexyl) Phthalate and Mono-
(2-Ethylhexyl) Phthalate Levels

Plasma DEHP and MEHP levels were detected by
HPLC according to Paris et al. with modifications.*
Briefly, 200 pL of plasma sample was spiked with
20 pL 20-ppm DEHP and 20 pL 20-ppm MEHP
(1 ppm in the last volume, both). After extraction us-
ing 1-N NaOH (400 pL), 50% H,PO, (100 uL), and
acetonitrile (800 pL), samples were vortexed and the
mixture was centrifuged at 5,000 rpm for 10 min. Su-
pernatants (600 pL) were placed in another tube and
evaporated under nitrogen stream. The residues were
kept at —20°C until analysis. On the day of analy-
sis, residues were dissolved in 60% (v/v) acetonitrile
(300 puL) and 100 pL of the resultants were injected
to HPLC (Hewlett Packard Agilent 1200 Series, Vi-
enna, Austria; equipped with an auto sampler and a
UV detector). A Spherisorb C18 ODS2 column (25
cm x 5 m x 4.6 mm i.d.) (Waters, Milford, MA) and
an ODS C18 precolumn (4 cm) (Waters) were used
for analysis. The mobile phase was 0.1% phosphoric
acid and acetonitrile [pH 3.0, 20:80 (v/v)], and the
flow rate was 1 mL/min. Retention times for DEHP
and MEHP were 39.3 and 4.7 min, respectively. With-
in-day precisions were 1.12 £ 0.56% CV for DEHP
and 4.15 + 1.73% CV for MEHP. Between-run preci-
sions were 10.31 £ 6.09% CV for DEHP and 8.42 +
4.42% CV for MEHP. DEHP and MEHP concentra-
tions in the samples were calculated from standards
and the peak-area calibration curve was used. Limit
of detections (LODs) for both DEHP and MEHP
were 0.05 g/mL.

O. Statistical Analysis

Statistical analysis was performed using SPSS 22.0
(IBM, Armonk, NY). The distribution of values was
analyzed by Levene test. For nonparametric compari-
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sons, the Mann—Whitney U test was used. Categorical
variables were compared using the Fisher chi-square
test. Correlations between values were analyzed us-
ing either Spearman rank-order correlation or Pear-
son’s correlation (according to whether parametric or
nonparametric). Data were expressed as mean = stan-
dard deviation, and p values < 0.05 were considered
statistically significant.

lll. RESULTS
A. Characteristics of the Study Groups

Subject ages, body weights, and working periods
in the plastics industry are given Table 1. The two
groups were not statistically different from each
other in age and body weight. For the workers, mean
working period in the plastics industry was 8.17 +
2.94 years and ranged 2-36 years. Seven workers
had more than 10 years. Three workers refused to
declare their working period.

In the control group, 10.71% of the subjects
graduated from primary school and 10.71% gradu-
ated from secondary school; 50% were high school
graduates and 32.14% had a university degree or
higher. In the workers group, 20.83% graduated from
primary school and 41.66% graduated from second-
ary school; 25% were high school graduates and
only 12.5% had a university degree or higher. Of the
controls, 55.2% were regular smokers while 58.3%
of the plastics workers smoked regularly; 13.8% of
controls consumed alcohol, while 4.2% of the work-
ers were drinking only to socialize. There were no
heavy alcohol drinkers in the two study groups.

B. Questionnaire Related to Plastics
Exposure from Different Sources

In Table 2, answers obtained from the questionnaire are
given. This questionnaire evaluated exposure to plastic

TABLE 1: Age, body weight, and working period in the plastics industry

Controls (n =29) Plastic workers (n =24)
Age (year) 35.86 £1.67 30.71 £2.41
Weight (kg) 73.83+2.72 81.34 +£2.57
Working period (year) — 8.17+2.94

Note: There were no differences between groups considering age and weight ( P < 0.05, both)
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TABLE 2: Evaluation of exposure to plastics from other sources

Controls (n =29) Plastic workers (n =24) | P value
n
% n %
Yes 19 65.5 12 50
Ready-made food <0.05
No 10 34.5 12 50
Plastic bottles Yes 17 58.6 12 50
>0.05
No 12 41.4 12 50
L Carboy-PET bottles 7 24.1 9 37.5
Drinking water source =0.054
Other 22 75.9 15 62.5
Yes 25 86.2 16 66.7
Personal care products <0.05
No 4 13.8 8 333
. PVC 7 24.1 16.7
Flooring >0.05
Other 22 75.9 20 83.3
) PVC 18 62.1 15 62.5
House windows >0.05
Other 11 37.9 9 37.5

material from other sources (not from the working en-
vironment). Controls had significantly higher consump-
tion of ready-made food vs. plastics workers (P < 0.05).
They also had an insignificantly higher consumption of
soda from plastic bottles vs. plastics workers (P> 0.05);
86.2% of controls used personal care products, while
this rate was 66.7% for the plastics workers. Rates of
exposure to PVC house flooring and windows were not
significantly different (P> 0.05, both).

C. Hormone Levels in the Study Groups

Hormone levels in the study groups are given in
Table 3. TSH, fT,, and LH levels were not significantly
different in controls and plastics workers (p > 0.05,

TABLE 3: Hormone levels in the study groups

all). However, plasma T, levels were markedly lower
in plastics workers vs. controls (P < 0.05). Moreover,
plasma FSH levels were 56% higher in plastics work-
ers when compared to controls (P < 0.05). In addition,
plasma testosterone levels were, significantly, 22%
lower in plastics workers vs. controls (P < 0.05).

D. Liver Function Parameters and Fasting
Blood Glucose Levels in the Study Groups

Liver function parameters and fasting blood glu-
cose levels are given in Table 4. Both ALT (49%)
and AST (36.6%) levels were significantly higher in
plastics workers vs. controls. However, neither the
plastics workers nor the controls had ALT or AST

Normal range Controls (n =29) Plastic workers (n = 24)
TSH (mIU/L) 0.4-4.0 1.33+0.05 1.28£0.12
fT3 (ng/d) 2.6-4.8 3.46 +0.07 3.47+£0.07
fT4 (ng/dL) 0.7-2.0 1.97£0.16 1.19+£0.03*
FSH (mIU/L) 1.3-19.3 2.83+0.26 4.41+£0.57*
LH (IU/L) 1.8-8.6 4.83+0.23 5.14+0.32
Testosterone (ng/dL) 300-1000 442,94 £ 17.16 344,10 £21.97*

fT3: free T3; fT4: free T4; FSH: follicle stimulating hormone; LH: luteinizing hormone. *P < 0.05
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TABLE 4: Liver function parameters and fasting blood glucose levels in the study groups

Normal range Controls (n = 29) Plastic workers (n = 24)
ALT (U/L) 7-55 16.51 £1.39 24.70 £2.42%
AST (U/L) 848 16.96 =0.72 23.16 £ 1.23*
Direct bilirubin (mg/dL) 0-0.4 0.31+£0.03 0.29 £0.02
Total bilirubin (mg/dL) 0.3-1.0 0.69 £0.15 0.68+£0.13
Total protein (g/dL) 6-8.3 7.84 +£0.54 8.00+0.54
Fasting blood glucose (mg/dL) 70-100 80.69 + 8.11 91.00 + 12.77*

*P < 0.05 vs. control

levels above normal ranges. There were no marked
differences in direct and total bilirubin levels (P >
0.05, both), and none of the study subjects showed
in direct and total bilirubin levels above normal
ranges. In addition, total protein levels were not dif-
ferent. However, total protein levels in six plastics
workers and five controls were slightly higher than
the normal range (6-8.3 g/dL), which may be a sign
of mild inflammation. Fasting blood glucose levels
were higher in plastics workers vs. controls (P <
0.05), and 11 workers had blood glucose levels >
100 mg/dL (normal range 70—-100 mg/dL).

E. Selenium Levels and Antioxidant Enzyme
Activities in the Study Groups

Selenium levels and antioxidant enzyme activities
in the study groups are shown in Table 5. There were
no significant differences in erythrocyte GPx1 activ-
ity, SOD activity, CAT activity, or plasma TrxR ac-
tivity in plastics workers vs. controls (P> 0.05, all).
However, selenium levels were significantly lower
(17%) in plastics workers (P < 0.05). In addition,

plasma GPx3 activity was Markedly Higher (48%)
in Plastics Workers (P < 0.05).

F. Erythrocyte Glutathione, Plasma MDA,
Urinary F2e Isoprostane, and Plasma
8-Ohdg Levels

Erythrocyte total GSH levels were significantly
lower (43%) in plastics workers vs. controls
(24.51 + 5.61 nmol/mg Hb vs. 42.82 + 5.70 nmol/
mg Hb, P <0.05). Plasma MDA levels did not mark-
edly differ in plastics workers vs. controls; nor did
urinary F2a isoprostane levels. However, 8-OHdG
levels were ~14-fold higher in plastics workers vs.
controls (140 + 60 pg/mL vs. 10 + 2 pg/mL, P <
0.05) (Fig. 1).

G. Plasma DEHP and MEHP Levels

Plasma DEHP and MEHP levels were measured in
only 17 samples as some plastics workers refused
to give blood by the dropping method; for the same
reason, only 26 control samples were measured.

TABLE 5: Selenium levels and antioxidant enzyme activity in the study groups

Controls (n =29) Plastic workers (n = 24)
Selenium (pg/L) 178.44 £ 6.07 148.73 £3.51*
GPx1 (nmol/min/mg Hb) 0.56 +0.08 0.58 £0.09
GPx3 (U/mL) 23.27+£2.32 34.64 £2.22%
SOD (U/mg Hb) 13.90 £0.36 15.57+0.91
CAT (nmol/min/mg Hb) 363.00 + 18.21 368.50 =20.89
TrxR (umol/min/mL) 0.21 £0.06 0.17+0.02

Note: GPx1, SOD, and CAT activity and selenium levels were measured in erythrocytes;
GPx3 and TrxR activity was measured in plasma. *P < 0.05

Journal of Environmental Pathology, Toxicology and Oncology
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Plasma DEHP levels were significantly higher (2.5-
fold) in plastics workers vs. controls (0.76 + 0.10
ppm vs. 0.31 £ 0.04 ppm, P < 0.05), as expected.
Plasma MEHP levels also were markedly increased
(1.7-fold) in plastics workers vs. controls (0.40 +
0.07 ppm vs. 0.23 + 0.02 ppm, P < 0.05) (Fig. 2).

H. Plasma Correlations between Measured
Parameters in Plastics Workers

Correlations between measured parameters in plas-
tics workers are given in Table 6. GPx3 activity was

Gurdemir et al.

inversely correlated with working period in the plas-
tics industry (p = —0.440, P < 0.05). Direct bilirubin
levels were positively correlated with working pe-
riod (p = 0.477, P <0.05). Plasma ALT levels were
positively correlated with plasma AST levels, as ex-
pected (p = 0.466, P <0.05).

Plasma testosterone levels were inversely cor-
related with MEHP levels (p = —0.520, P < 0.01);
plasma DEHP levels were positively correlated with
plasma MEHP levels, as expected (p=0.583, P <0.05).
Erythrocyte GSH levels were positively correlated with
plasma LH (p = 0.495, P <0.05) and plasma TrxR lev-
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FIG. 2: Plasma di(2-ethylhexyl)phthalate and mono(2-ethylhexyl)phthalate levels in the study groups. *P < 0.05 vs.

controls.
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TABLE 6: Correlations between measured parameters in plastics workers

Parameters Correlation coefficient
. ) GPx3 —0.440"
Working period - . "
Direct bilirubin 04772
ALT AST 0.466"°
Testosterone MDA -0.520"2
DEHP MEHP 0.583™°
LH 0.495"2
GSH "
TrxR 0.518™
. CAT -0.469"*
F, -isoprostane *
* 8-OHdG 0.413"°
8-OHdG —0.541""=
SOD GPx1 0.447"°
CAT 0.724™>

"P<0.05;"P<0.01.*Pearson; "Spearman

els (p=0.513, P<0.05). Urinary F2a isoprostane levels
were inversely correlated with erythrocyte CAT activity
(p = —0.469, P < 0.05) and positively correlated with
plasma 8-OHdG levels (p = 0.413, P < 0.05). Eryth-
rocyte SOD activity was positively correlated with
erythrocyte GPx1 (p = 0.447, P < 0.05) and CAT (p =
0.724, P <0.01) activities and inversely correlated with
8-OHdG levels (p =—0.541, P <0.01).

|. Reconsideration of Measured Parameters
According to Working Period in Plastics
Workers

When working period was taken into account,
plastics workers were divided into two groups:

P > 10 consisted of seven subjects who had
worked in the plastics industry for more than
10 years; P < 10 consisted of ten subjects who
had worked in the plastics industry for less than
10 years. In P >10, testosterone levels were sig-
nificantly lower (18%) and ALT levels (34.6%)
were significantly higher than those in P < 10.
In addition, erythrocyte SOD activity (33%) and
erythrocyte CAT activity (22.5%) were higher in
P > 10 than in P < 10. Plasma DEHP (51%) and
MEHP (76%) levels were also higher in P > 10
than in P < 10; however, due to low number of
subjects within the subgroups, the differences in
plasma phthalate levels were not statistically sig-
nificant (Table 7).

TABLE 7: Reconsideration of measured parameters according to working period in plastic workers

Controls (n =26) | Plastic workers p <10 (n =10) Pll)aitllco\l\;oik;)r s
Testosterone (ng/dL) | 442.94+17.16 350.05 +29.8* 286 + 30.0%#
ALT (U/L) 16.51 £ 1.39 23.18 £ 2% 31.2 £5.6%*
SOD (U/mg Hb) 13.90 £ 0.36 14.66 + 0.91 19.51 £ 2.8*#
CAT (U/mg Hb) 363.00 £ 18.21 356.97+22.9 4372 £75.4%#
DEHP (ppm) 0.31 +0.04 0.7 +0.12%* 1.06 £0.17*
MEHP (ppm) 0.23£0.02 0.33 £0.07* 0.58 £0.19*

*P < 0.05 vs. controls; # p < 0.05 vs. P < 10 group
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IV. DISCUSSION

Exposure to plasticizers from various sources is
inevitable in today’s life. Phthalates are the most
commonly used plasticizers in the PVC industry.
Though phthalates have many advantages such as
increasing the flexibility and durability of plastics,
they are suggested to cause endocrine disruption
and other toxic effects. DEHP is the most widely
used phthalate derivative as it is highly effective in
shaping PVC material.**'-* PVC workers are highly
exposed to phthalates.?®*235* All of the plastics
workers in this study had been working in PVC in-
dustry for more than two years (mean 8.17 + 2.94
years) and were mainly exposed to DEHP. Although
they may have been exposed to plasticizers through
different routes, their main exposure seems to be the
workplace.

Phthalates are suggested to cause liver toxicity
in both rodents (peroxisome proliferation and finally
hepatocarcinogenesis) and humans.'>!75 However,
it is not clear whether they cause peroxisome pro-
liferation in the human liver given that the conse-
quence of molecular events in the rodent liver after
phthalate exposure does not seem to be operative
in humans."" We have observed that DEHP affects
hepatic (ALT, AST) biomarkers in rodents.!® In the
current study, we observed significant increases in
both ALT and AST activities, which are important
biomarkers of liver damage, in plastics workers
vs. controls. However, levels of these hepatic bio-
markers were in the normal range (ALT: 7-55 U/L;
AST: 848 U/L), so we could not determine if liver
damage was present. In addition, neither total/direct
bilirubin nor total protein concentrations were sig-
nificantly different between the two study groups.
Nevertheless, fasting blood glucose levels were
markedly higher in plastics workers vs. controls and
~ 46% of the plastics workers had fasting blood glu-
cose > 100 mg/dL.

Wang et al. investigated the effects of occupa-
tional DEHP exposure on plasma cholinesterase and
renal and hepatic biochemical markers in 352 ex-
posed workers and 104 controls. Regression anal-
yses showed that plasma cholinesterase activity
decreased markedly with increasing plasma DEHP
concentrations. Serum ALT, AST, creatinine, urea,

Gurdemir et al.

gamma glutamyltransferase (GGT), MDA, total an-
tioxidant, and C-reactive protein levels were signifi-
cantly higher in workers vs. controls: 116 exposed
workers (33.0%) had a daily DEHP intake of 22.7
pg/kg b.w./day, which was more than the 20 pg/kg
b.w./day specified by the US Environmental Protec-
tion Agency. The researchers suggested that DEHP
could cause health hazards due to its effects on dif-
ferent hepatic and renal biomarkers.” It has been
posited that there is a relationship between phthal-
ates and type 2 diabetes™; our results indicate that
high phthalate exposure could lead to high levels
of fasting blood glucose, the importance of which
needs to be evaluated.

Both plasma DEHP and MEHP levels in plastics
workers were significantly higher when compared
to controls in this study (2.5-and 1.7-fold, respec-
tively). Though we did not measure oxidized me-
tabolites of DEHP other than MEHP, the correlation
between plasma DEHP and MEHP levels suggests
that occupational exposure to high levels of DEHP
can lead to high production of its metabolites, which
are suggested to be more toxic than the parent com-
pound. Fong et al. measured oxidized metabolites of
DEHP [MEHP, mono(2-ethyl-5-oxohexyl) phthal-
ate (MEOHP), and mono(2-ethyl-5-hydroxyhexyl)
phthalate (MEHHP)] in preshift and postshift urine
samples of 89 PVC workers (high-exposure group:
66 raw-materials workers; low-exposure group: 23
administrative workers). They also measured DEHP
air concentrations. The geometric means of airborne
concentrations of DEHP were 5.3 pug/m’ (low-ex-
posure group) and 32.7 ug/m*® (high-exposure
group) (P <0.01). Analysis showed a consistent and
marked correlation between airborne DEHP con-
centrations and urinary DEHP metabolite concen-
trations in the high-exposure group. The researchers
suggested that absorbed airborne DEHP inhalation
in the workplace caused a significant increase in to-
tal-body DEHP burden in PVC workers.”’

Phthalate exposure may affect serum hor-
mone levels, although the results of various stud-
ies are contradictory. In this study, plasma fT, and
testosterone levels were found to be significantly
decreased in plastics workers when compared to
controls. Plasma FSH levels were markedly lower
as well. Grasso et al. suggested that both DEHP and
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MEHP lead to disruption in FSH binding of Sertoli
cell membranes in vitro. This phenomenon may
cause unresponsiveness of Sertoli cells to FSH and
finally higher circulating FSH levels.”® Agarwal et
al. determined that benzyl butyl phthalate (BBzP)
causes a significant decrease in plasma testosterone
and a significant dose-dependent increase in LH
and FSH in male rats. However, they observed no
marked degenerative decreases in Leydig cells and
therefore suggested that decreases in testosterone
and increases in LH and FSH were due to unrespon-
siveness in a “negative feedback system” with no
apparent changes in the hypothalamus-pituitary-tes-
tis (HPT) axis.® Erkekoglu et al. also observed
a marked increase in FSH in DEHP-exposed rats,
most likely for the same reason.®

Pan et al. examined testosterone levels and uri-
nary phthalate monoester concentrations in male
workers (n = 74) exposed to DBP and DEHP at a
factory producing unfoamed PVC flooring, and
compared them with concentrations in male workers
(n = 63) in a construction company group-matched
for age and smoking status. Compared to the unex-
posed workers, the exposed workers had substan-
tially and significantly elevated concentrations of
the DBP main metabolite mono-n-butyl phthalate
(MBP) (644.3 vs. 129.6 pg/g creatinine, P < 0.001)
and MEHP (565.7 vs. 5.7 ug/g creatinine, P <
0.001). Free testosterone levels were significantly
lower (8.4 ug/g creatinine vs. 9.7 pg/g creatinine,
P =0.019) in exposed workers than in unexposed
workers and were negatively correlated with both
MBP (r = —0.25, P = 0.03) and MEHP (» = —0.19,
P =0.095) in the phthalate-exposed workers. In re-
gression analyses, free testosterone was found to
decrease markedly with increasing total phthalate
ester score (the sum of quartiles of MBP and MEHP;
r=-0.26, P = 0.002). Pan et al. reported a modest
but significant reduction in serum free testosterone
in workers with higher levels of urinary MBP and
MEHP compared to unexposed workers.*

In another study, Pan et al. examined associa-
tions between Hls of DEP and DEHP exposure and
serum reproductive hormone levels (free testoster-
one, estradiol, LH, FSH) among occupationally ex-
posed workers (n = 74) and unexposed construction
workers (n = 63, matched for age and smoking sta-
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tus) in China. The median HI value was 5.30 for the
plastics workers, which was almost 53-fold higher
when compared to the unexposed construction
workers. The researchers found a significantly neg-
ative association between Hls and free testosterone
in exposed workers (» = —0.195, P = 0.096). How-
ever, there was no association between HIs and free
testosterone in the unexposed construction work-
ers. The exposed workers had inverted long-tailed
J-shaped free testosterone and FSH curves and small
changes in the LH curve, whereas the unexposed
construction workers showed inverted and flattened
S-shaped free testosterone and mirror S-shaped LH
and FSH curves. Both testosterone production and
the hypothalamo-pituitary-testis (HPT) axis func-
tion were found to be damaged in workers with high
HIs of phthalate exposure.?’

In a recent study, Fong et al. investigated the re-
lationship between urinary metabolites of DEHP and
reproductive hormones in male PVC plant workers
(n = 82). There were marked positive relationships
between urinary levels of DEHP metabolites and
estradiol (P < 0.01) and in the ratio of estradiol to
testosterone (P < 0.05) in multiple regression mod-
els adjusted for potential confounders. In addition,
quartile analysis showed significant positive rela-
tionships between total urinary DEHP metabolite
levels and estradiol (P trend = 0.024) and in the ratio
of estradiol to testosterone (p trend = 0.031). Asso-
ciations between reproductive hormones and total
urinary DEHP levels in the PVC plant workers were
markedly positive. Fong et al. suggested that these
associations were a sign of incremental aromatase
activity in male workers exposed to DEHP.*

The results of Kasai’s study on flexible-PVC
workers (n = 69) showed that urinary concentrations
of the oxidative metabolites of DEHP vary pre- and
postshift [12.6 and 28.7 pg/L for MEHP, 38.6 and
84.4 pg/L for (5-carboxy-2-ethylpentyl) phthalate
(5¢x-MEPP) and 20.4 and 70.6 pg/L for 2-ethyl-
hexanoic acid (2-EHA)]. These concentrations were
also significantly higher than those in controls.®!

Hines et al. recruited 156 workers in 2003—-2005
from eight industry sectors in the United States
to analyze occupational contributions to urinary
phthalate metabolite levels and compare end-of-
shift metabolite concentrations in workers to those
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in the general population. Occupational exposure to
DEHP was the highest in PVC film manufacturing,
PVC compounding, and rubber boot manufacturing.
End-of-shift concentrations of oxidative metabolites
of DEHP were several-fold higher in the workers
than in the general population. Occupational expo-
sure to DBP was most evident in rubber gasket and
phthalate (raw material) and rubber hose manufac-
turing, with DBP metabolite concentrations highly
exceeding those in the general population. Con-
centrations of DEP and dimethylphthalate (DMP)
metabolites in workers in phthalate manufacturing
were also several folds higher than in the general
population. Hines et al. suggested that urinary me-
tabolite concentrations are good identifiers of work-
places causing phthalate exposure.®

Another study by Hines et al. on workers in PVC
film—processing (n = 25) and PVC custom com-
pounding (n = 12) exposed to DiNP reported that
urinary concentrations of mono(carboxy-isooctyl)
phthalate (MCiOP, the primary metabolite of DiNP)
ranged 0.42-80 pg/g creatinine in the film workers
and 1.11-13.4 pg/g creatinine in the compounding
workers. PVC film workers directly exposed to
DiNP (n =7) had the highest urinary MCiOP end-of-
shift concentrations (25.2 pg/g creatinine) followed
by those who worked on a shift where DiNP was
used (n =11) (17.7 pg/g creatinine). These concen-
trations were significantly higher when compared to
controls (2.92 pg/g) or to workers who had shift ex-
posure to DiNP (2.08 pg/g creatinine).?

We observed a change in the intracellular redox
state, as evidenced by increases in plasma GPx3
activity and decreases in erythrocyte GSH levels.
GPx3, the main plasma GPx, has many important
functions. It contains a selenocysteine (Sec) residue
at its active site. This enzyme is a major scavenger
of ROS in plasma and acts as a redox signal modula-
tor. It mainly catalyzes reductions in H,O,, lipid per-
oxides, and organic hydroperoxide using GSH. In
different cancers, higher aberrant methylation of the
GPx3 gene has been observed, leading to silencing,
down-regulation of GPx3 expression, and incre-
mental intracellular oxidation.”’*%* The increases
in GPx3 activity and decreases in GSH levels were
possibly caused by higher ROS levels in plastics
workers vs. controls. Although phthalates are not
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considered oxidants, several pathways triggered by
those substances as well as their oxidative metab-
olites may lead to oxidative stress and may cause
increments in liver function parameters.

One of the most important aspects of this study
is the approximate 14-fold increase in 8-OHdG
levels in plastics workers that we found. 8-OHdG
has been widely used as a biomarker for oxidative
stress.*0696163 Tn a study conducted in Hunan Prov-
ince, China, two study sites were chosen: an exposed
site with a history of over 20 years of waste plastic
recycling and a reference site without known DEHP
pollution (about 50 km from the exposed site). TSH,
MDA, and 8-OHdG levels as well as SOD activi-
ties were measured in male recycling workers (n =
181) and gender- and age-matched farmers (n =
160). DEHP concentrations in water and cultivated
soil samples and micronuclei frequency in human
capillary blood lymphocytes were also determined.
As expected, in different sources of water and soil,
DEHP levels were greater at the recycling site than
at the reference site (P < 0.05, all). The recycling
workers had higher median levels of MDA compared
with the farmers (3.80 vs. 3.14 nmol/mL) and lower
SOD activity (112.15 vs. 123.82 U/mL; P < 0.01,
all)}—contrary to our findings. In addition, urinary
8-OHdG levels in the recycling workers were sig-
nificantly higher than those in the farmers (340.37
vs. 268.18 umol/mol creatinine)—in agreement with
our findings. Multivariate analysis revealed that
working in plastic recycling is an independent risk
factor for increased urinary 8-OHdG concentrations
in male workers (P<0.01), in which, the researchers
suggested, occupational DEHP exposure might con-
tribute to oxidative DNA base damage.**

Testicular dysgenesis syndrome and cancer are
highly related to phthalate exposure, which is also
postulated to be responsible for early-onset testic-
ular cancers by epigenetic and genetic effects.®’
In a case-control study, Ohlson and Hardell exam-
ined 148 cases of testicular cancer and 314 healthy
controls. Among plastics workers exposed to PVC,
there was a six-fold increase in the risk for semi-
noma, one type of testicular cancer.®® It is well-
known that DNA base modifications and damages
are highly mutagenic and carcinogenic, so we can
postulate that an underlying factor in testicular can-
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cer caused by xenoestrogens, particularly phthalates,
may be the increase in DNA damage. Previously, we
determined that DEHP and MEHP can lead to DNA
damage in human prostate cancer cells and mouse
Leydig cells, most probably due to increased intra-
cellular ROS production. '3

In a study of PVC workers (n = 47) exposed
to DEHP, sperm concentration and motility were
markedly decreased and sperm ROS generation and
apoptosis were significantly increased vs. controls
(n=15) and were positively correlated with MEHHP
and MEOHP concentrations, respectively.’’

An interaction between selenium and phthal-
ates has been suggested in both in vitro and in vivo
studies. The bioavailability of selenium has been
observed to be decreased by MEHP, and selenium
supplementation has been proposed to ameliorate
the toxic effects of DEHP and MEHP both in vitro
and in vivo."* 17971 In this study, selenium levels in
plastics workers were 17% lower than in controls,
suggesting that DEHP exposure may deplete eryth-
rocyte selenium, which is a good indicator of long-
term selenium availability.”

We found several significant correlations be-
tween the parameters measured in plastics work-
ers. As expected, plasma ALT and AST levels (p =
0.466) as well as plasma DEHP and MEHP levels
were highly correlated (p = 0.583). On the other
hand, the positive correlation between plasma
F2a-isoprostane and 8-OHdG levels and the nega-
tive correlation between SOD activity and §-OHdG
levels indicate that as oxidative stress increases,
8-OHdG may increase. In addition, SOD and GPx1
activity and SOD and CAT activity were positively
correlated. These correlations suggest that important
components of the antioxidant system have highly
interactive relationships.

We observed that plastics working years signifi-
cantly affect testosterone and ALT levels as well as
SOD and CAT activity. Decreasing testosterone lev-
els can be a sign of declining fertility. However, more
hormone levels (including dehydroepiandrosterone
and its sulfate form DHEA/S) and sperm parame-
ters should be measured in order to confirm this. The
marked increases in SOD and CAT activity in plas-
tics workers with more than 10 years in the industry
mainly suggest increasing oxidative stress. Because
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ALT levels were significantly higher in these workers
as well (when compared to workers with less than 10
years in the industry), we suggest that chronic plas-
ticizer exposure can also affect the liver, leading to
changes in liver biochemistry if not liver damage.

Our study has limitations. For one, the sam-
ple size was relatively low. For another, DEHP
and MEHP levels were not measured in all plastics
workers because some were unwilling to have blood
drawn by the dropping method and others were un-
willing to state their working period in the plastics
industry. In spite of'its limitations, this study is so far
the most comprehensive investigation of the effects
of DEHP in exposed plastics workers. More work
should be done to explicate workers’ deteriorating
health throughout their working years as a result
of DEHP exposure. Case-control studies with large
numbers of subjects are needed to show the undesir-
able effects of phthalates used in the PVC industry.
They should be mechanistic, particularly regarding
the interaction between phthalates and DNA, which
is one of the most important findings of our work
here—that DNA base damage levels were higher in
plastics workers than in controls.

Because mutations and cancer mainly originate
from DNA base damage, prospective studies should
highlight the relationship between chronic exposure
to plasticizers and carcinogenicity. Our aim is to
study different phthalate derivatives and compare
their chronic toxic effects on plastics workers.
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