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Abstract Boric acid and sodium borates have been
considered as being “toxic to reproduction and develop-
ment”, following results of animal studies with high doses.
Experimentally, a NOAEL (no observed adverse eVect
level) of 17.5 mg B/kg-bw/day has been identiWed for the
(male) reproductive eVects of boron in a multigeneration
study of rats, and a NOAEL for the developmental eVects
in rats was identiWed at 9.6 mg B/kg-bw/day. These values
are being taken as the basis of current EU safety assess-

ments. The present study was conducted to investigate the
reproductive eVects of boron exposure in workers
employed in boric acid production plant in BandÂrma,
Turkey. In order to characterize the external and internal
boron exposures, boron was determined in biological sam-
ples (blood, urine, semen), in workplace air, in food, and in
water sources. Unfavorable eVects of boron exposure on the
reproductive toxicity indicators (concentration, motility,
morphology of the sperm cells and blood levels of follicle-
stimulating hormone (FSH), luteinizing hormone (LH), and
total testosterone) were not observed. The mean calculated
daily boron exposure (DBE) of the highly exposed group
was 14.45 § 6.57 (3.32–35.62) mg/day. These human
exposures represent worst-case exposure conditions to
boric acid/borates in Turkey. These exposure levels are
considerably lower than exposures, which have previously
led to reproductive eVects in experimental animals. In con-
clusion, this means that dose levels of boron associated
with developmental and reproductive toxic eVects in ani-
mals are by far not reachable for humans under conditions
of normal handling and use.

Keywords Boron · Boric acid · Daily boron exposure · 
Reproductive toxicity · Semen · Biological monitoring

Introduction

Boron-based compounds have reached widespread indus-
trial and commercial use, and the demand is increasing rap-
idly. Turkey holds the world’s largest boron deposits and is
one of the largest manufacturers of boric acid and sodium
borates, world-wide. The boron industry is located in the
South Marmara Region of Turkey. Occupational boron
exposures are unavoidable for employees working in boron
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mining areas and in processing plants. Because of matters
of geology, boron concentrations in the drinking water may
be very high in residential areas close to mining areas. For
instance, Sayli et al. (1998) have reported boron concentra-
tions between 8.50 and 29.00 mg/L in the drinking water of
some villages in the vicinity of Bigadiç, Turkey. People
living in such boron-rich areas have been exposed to high
amounts of boron for many years. Therefore, the determi-
nation of a safe daily boron intake level is of great impor-
tance for public health (Degen and Hengstler 2008).

Boron has recently been addressed to be an important
nutrient in humans (Deviran and Volpe 2003; Nielsen
2008). A Tolerable Daily Intake (TDI) for humans was
previously evaluated by WHO to be 0.4 mg/kg (IPCS 1998),
in accordance with an earlier risk assessment of Murray
(1995). Boron is an essential element for plants, and there is
growing evidence that it is also essential for humans. Boron
appears to be required for bone and joint functions, possi-
bly via eVects on the balance and absorption of calcium,
magnesium, and phosphorus (McCoy et al. 1994). A boron
deWciency may aVect calcium and magnesium metabolism,
inXuencing the composition, structure, and strength of the
bone, and Wnally leading to changes similar to osteoporosis
(Nielsen 1994).

Recommended daily intake levels have not been estab-
lished for boron. However, based on adverse eVects noted in
animal studies, safe boron intake levels were evaluated by
international organizations and oYcial bodies such as IEHR,
ECETOC, IPCS, WHO, NAS FNB, UK EVM, USEPA
(Murray and Schlekat 2004, Jensen 2009). Although a com-
mon NOAEL (9.6 mg B/kg/day) was used as point of depar-
ture in the current health risk assessments of boron, the
Wnally calculated safe daily boron intake values (0.16–
0.4 mg B/kg-bw) show considerable variability (Murray and
Schlekat 2004, Jensen 2009). This is mainly due to the
choice of diVerent chemical-speciWc adjustment factors.
Therefore, the recommended safe daily boron intake values
are not fully compatible internationally (Murray and Schle-
kat 2004). Recent epidemiological studies have provided
additional data for the risk assessment of boron and for the
evaluation of safe boron levels in humans (Yazbeck et al.
2005, Xing et al. 2008). Available epidemiological studies,
notably from China, show that boron exposures had no
adverse eVect on reproductive toxicity biomarkers in occu-
pationally boron-exposed workers (Xing et al. 2008,
Robbins et al. 2010). These studies are consistent with, and
supported by, the studies on environmentally exposed popu-
lations (Sayli et al. 1998, Sayli 1998, 2001, 2003).

The present study has been conducted to provide an
independent data set concerning a possible relationship
between chronic boron intake and reproductive toxicity
outcomes in male workers, which is a major issue of
current regulatory concern (ECHA 2008).

Materials and Methods

The project plan was reviewed by Ankara University and
Hacettepe University, Ankara, Turkey, and was Wnally
approved by the Ethics Committee of the School of Medi-
cine, Hacettepe University, (HEK 08/167, 22.10.2008). All
study subjects gave their informed consent prior to partici-
pation in the project.

Description of the study area

The study was conducted at the Boric Acid Plant,
BandÂrma, Turkey. BandÂrma is located at the south coast
of the Marmara Sea, distant from the boron mining areas.
The BandÂrma district serves as a production and exporta-
tion zone for boric acid and sodium borates. The boric acid
production zone was the main study area of the present pro-
ject. Boron-exposed workers and most of the control work-
ers were recruited from this zone (Fig. 1). In addition, 28
control workers were from a sulfuric acid production plant
located at the Marmara Sea. All workers from the boric
acid/borax and sulfuric acid production plants worked for
the same mining company. Therefore, the same shift schedule
applied to all workers. Production continued 24 h per day
and 7 days per week in both the boric acid and sulfuric acid
plants. For the entire workforce, lunch and dinner was
provided by the central cafeteria located in the boric acid
production zone. Breakfast was not available in this central
cafeteria. The meals (lunch and dinner) prepared in the
central cafeteria were also transported to the sulfuric acid
production plant, the route is indicated in map II of Fig. 1.
Therefore, the sulfuric acid plant workers had been eating
the same meals for lunch and dinner as the boric acid
production workers.

Description of the cohort

All workers, wishing to participate, were enrolled. They
agreed to provide the biological samples and to complete a
questionnaire with demographic, exposure, reproductive and
general health information. The total number of workers
(male) working in production of boron products was 428.
One hundred and two of them participated in the study. The
occupationally exposed workers consisted of boric acid
[B(OH)3] production workers (n = 57), borax [Na2B4O7·
10H2O] production workers (n = 31), “sodium perborate”
production unit workers (n = 5), boric acid plus borax pro-
duction workers [mixed area] (n = 5), laboratory workers
(n = 2), a storage worker (n = 1), and a mechanic technician
(n = 1). Actually, the sodium perborate production had been
ceased in this plant 4 years ago. After technical adaptations,
the sodium perborate production unit had been transformed
into a borax production unit. Therefore, it was borax that
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was actually produced in this unit. Nevertheless, the tradi-
tional name of this transformed production unit had not been
changed. In the packaging unit, workers were working for
an independent contractor. These were seasonal workers,
which were replaced every 3 months. These workers were
not under the responsibility of the mining company. There-
fore, they were not included in the study.

The total number of workers (male) working in the same
zone, but outside of the production area of boron products
and not occupationally exposed to boron, was 432. One
hundred and two of them participated in the study as the
control workers. These workers consisted of sulfuric acid
workers (n = 28), steam power plant workers (n = 17),
energy suppliers (n = 11), workers in mechanical workshop
(n = 19), garage, and steelyard workers (n = 16), deminer-
alized water production (DWP) workers (n = 2), construc-
tion workers (n = 3), laboratory technicians (n = 3), and
oYcers (n = 3).

Biological sampling

Urine, blood, and semen samples were obtained from both
occupationally boron-exposed and control workers. The
details of specimen collection and of the analytical methods
are given in the Electronic Supplementary Material (Annex
I).

BrieXy, post-shift urine samples were collected in poly-
propylene containers and kept at ¡20°C until urine and
creatinine analysis. Blood was collected by venipuncture in
suitable blood collection tubes. One tube was left to deter-
mine the boron concentrations in blood samples. The tubes

containing clot activator (BD vacutainer, SST II Plus plas-
tic tubes) were sent immediately to the BandÂrma State
Hospital for the determination of follicle-stimulating hor-
mone (FSH), luteinizing hormone (LH), total testosterone,
and prostate-speciWc antigen (PSA) levels. These parame-
ters were determined using an Immulite 2000 Immunoassay
Analyzer. Semen samples were collected in accordance
with the recommendations of the World Health Organiza-
tion (WHO 2003). The workers were informed about the
importance of an abstinence for at least 48 h (but no longer
than 7 days) prior to providing the semen samples. Sperm
concentration and motility parameters were determined by
using SQA-V Gold Sperm Quality Analyzer. Additionally
sperm morphology was also analyzed as per the Kruger’s
strict criteria (Kruger et al. 1986, 1988) by one experienced
technician at the Research Center on Fertility, School of
Medicine, University of Ankara.

Air, water, and food sampling

Personal air monitoring was performed using a personal air
sampler (SKC, AirCheck 2000) for the exposed workers
working in boric acid and borax production. The Xow rate
was 2 L/min, and the sampling time was 8 h. Low-ash PVC
Wlters (SKC, 5 �m, 37 mm, pre-weighed) and SureSeal
cassettes (SKC, 37 mm) were used in a closed-faced man-
ner to assess the inhalable dust. The above-mentioned per-
sonal sampling devices and Wlters were also used for the
measurement of the inhalable dust at the workplace (static
sampling) of the control workers. The static sampling
points are shown in map I and II of Fig. 1.

Fig. 1 I Boric acid production zone, BandÂrma. 1 boric acid and borax
production areas, 2 steam power plant. 3 DWP unit. 4 energy supply
unit, laboratories, construction service. 5 mechanical workshop.
6 garage, steelyard. 7 administrative building (oYce). 8 inWrmary.
9 central cafeteria. 10 sulfuric acid plant (map II). A static ambient air
monitoring points (indoor sampling: 2A, 3A, 5A, 10A outdoor
sampling: 4A, 6A, 7A, 9A). P personal air monitoring was performed

for the workers working in this area. W tap water sampling points.
II BandÂrma, BandÂrma port, and surrounding area. I boric acid pro-
duction zone. II sulfuric acid plant. WS-I fresh water sampling point
(TatlÂsu fresh water source). WS-II fresh water sampling point (located
at the center of BandÂrma). WS-III tap water sampling point (guesthouse
representative of the BandÂrma city water). Black line Transportation
road of the meals from the central cafeteria to the sulfuric acid plant
123
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Boron concentrations in the main water sources of the
BandÂrma city were determined to assess the possible con-
tribution of drinking water to the daily boron exposure.
Fresh water samples from TatlÂsu (a village in the vicinity
of BandÂrma), fresh water from BandÂrma (city center), and
BandÂrma city water (tap water) were taken to determine
the boron concentrations. Tap water samples were also
taken from the central cafeteria and the inWrmary located in
the boric acid production zone. The water sampling points
are shown in map I and II of Fig. 1. Boron concentrations
determined in these water samples are shown in Table 1.

Food samples were taken from the central cafeteria
located at the boric acid production zone. All common food
types in the central cafeteria were sampled and analyzed.
The boron concentrations determined in air, water, and
foods were used to calculate the daily boron exposure
(DBE) levels for the workers. The boron concentrations in
sampled air and foods and the details about the calculation
methodology of the DBE levels of the workers were
described in the Electronic Supplementary Material (Annex
II).

Boron analysis

Blood, semen, and food samples were analyzed by Induc-
tively Coupled Plasma Mass Spectrometry (ICP-MS) with
a Xow injection system. Urine, dust, and water samples
were analyzed by Inductively Coupled Plasma Optical
Emission Spectrometry (ICP-OES). Standard reference
materials were used for quality control. The details of the
method are described in the Electronic Supplementary
Material (Annex I).

Statistical analysis

The data are presented separately for the four re-constituted
groups (Table 2) and are summarized by the mean, the
empirical standard deviation, and the range. Moreover,
boxplots, Pearson’s correlation coeYcient and linear
regressions as shown in Figs. 2 and 3 display the empirical
distributions and possible linear dependencies.

In order to investigate the global hypotheses that the
means of the four groups are equal, a Kruskal–Wallis test
was used for all variables in Tables 3, 4, 5, 6, 7, and 8
except for the categorical variables pH and cytoplasmic
droplets. If the resulting P value was signiWcant (P < 0.05),
i.e., if the hypothesis of equal group means was rejected,
the two-sided Mann–Whitney U test was applied to Wnd
distinct diVerences between each of the pairs of groups. The
corresponding six P values were adjusted with the Bonfer-
roni-Holm method for each variable in order to account for
the problem of multiple testing (Holm 1979). These
nonparametric tests were deliberately used as some of the
variables show outliers. The dependence of the groups and
the categorical variables (pH and cytoplasmic droplets)
were analyzed with Fisher’s exact test. All statistical tests
were performed with R, a language and environment for
statistical computing, version 2.11.1 (R Development Core
Team 2010). The local as well as the multiple signiWcance
levels of the tests were set at 0.05. For theoretical details on
the nonparametric Kruskal–Wallis and Mann–Whitney U
tests as well as Fisher’s exact test, see Conover (1999).

Results

The results of the present study represent the situation of
boron exposure of workers working in the BandÂrma boric
acid production zone and sulfuric acid plant in 2009
(Fig. 1). When planning the study, the workers from the
production area of boric acid and borax were addressed as
“exposed workers”. The “control workers”, not occupation-
ally exposed to boron, consisted of workers from the neigh-
boring sulfuric acid plant, steam power plant, energy
supply unit, demineralized water production unit (DWP),
mechanical workshop, garage, steelyard, construction ser-
vice, laboratory, and oYce. The locations of these working
units and plants are shown in Fig. 1.

According to the preliminary results of this study, boron
concentration was lower than the limit of quantiWcation
(LOQ) in BandÂrma City and fresh water sources (Table 1).
The water used in the boric acid production area was sup-
plied by the BandÂrma municipality, therefore representing

Table 1 Boron concentrations in water samples

LOQ Limit of quantiWcation, LOQ (for boron in water): 0.08 mg/L

Food and water samples mg boron/L

Central cafeteria 9.47 § 0.18

InWrmary 9.54 § 0.28

TatlÂsu fresh water source (WS-I) <LOQ

Fresh water source of BandÂrma (WS-II) <LOQ

Tap water in BandÂrma (WS-III) <LOQ

Table 2 Re-constituted control, low, medium, and high-exposure
groups

LOQ Limit of quantiWcation, LOQ (for boron in blood): 48.5 ng/g

Exposure groups n (204) Re-classiWcation 
(ng boron/g blood)

Control group 49 <LOQ (48.5)

Low exposure group 72 >LOQ–100

Medium exposure group 44 >100–150

High-exposure group 39 >150
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the BandÂrma City water. The surprising result of this
investigation was that high concentrations of boron were
present in the tap water taken from the central cafeteria
(9.47 mg/L) and the inWrmary (9.54 mg/L), both located
close to the boric acid production area (Fig. 1, Table 1).
The high boron concentration in water obviously reXected
an environmental contamination within the boric acid pro-
duction zone. Therefore, there was both occupational and
environmental boron exposure of the workers assigned to
the occupationally exposed group. More importantly, unex-
pected environmental boron exposure occurred also for the
control workers (not occupationally exposed) through the
cafeteria’s water and meals (lunch/dinner). The workers
employed in the sulfuric acid plant (initially assigned as the
remote control group) were also exposed to certain amounts
of boron by lunch (Fig. 1). Therefore, all participating
workers were re-classiWed both according to their calcu-
lated daily boron exposure levels and to the blood boron
levels.

The mean DBE, blood, urine, and semen boron levels of
the original control (n = 102) and exposed group (n = 102)
are presented in the Electronic Supplementary Material
(Annex I). The biological outcomes versus increasing
calculated daily boron exposure levels were also evaluated
and are comprehensively compiled in the Electronic Sup-
plementary Material (Annex II). The biological outcomes
of the re-classiWed workers versus the blood boron levels
are evaluated in this main part of the report.

Blood boron levels reported in the earlier epidemiologi-
cal studies were taken into consideration when re-constitut-
ing the low, medium, and high-exposure groups (Yazbeck
et al. 2005, Xing et al. 2008). Workers with blood boron
concentrations lower than the limit of quantiWcation (LOQ)
of the method (48.5 ng/g) were re-assigned as the control
workers. The re-constituted control and exposure groups
are shown in Table 2.

The mean ages of the re-constituted exposure groups are
statistically not diVerent (P > 0.05) from the mean age of

Fig. 2 Calculated daily boron exposure (DBE), urine boron, and semen
boron levels versus increasing blood boron levels. Box plot graphs;
Chart A and B The mean DBE levels and the mean urine boron levels
in low, medium, and high-exposure groups were signiWcantly higher
than the control (P < 0.05). Chart C The mean semen concentrations
in medium and high-exposure groups were signiWcantly higher than the
control group (P < 0.05). Scatter plot graphs; Linear regression with

95% individual prediction interval. Chart I and II Blood boron levels
show a reasonably high correlation with the calculated DBE levels
(Pearson’s corr. coeV.: 0.635) and urine boron levels (Pearson’s corr.
coeV.: 0.633) in workers. Chart III The correlation between blood
boron concentration and semen boron concentration is weak (Pearson’s
corr. coef.: 0.222)
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the control group as shown in Table 3. The calculated mean
DBE and mean urine boron concentrations of the workers
in the low, medium, and high exposed groups are signiW-
cantly higher (P < 0.05) than those of the control group.
The signiWcant increase of calculated DBE levels and urine
boron concentrations versus increasing blood boron levels
are presented in the related box plots and scatter plots of
Fig. 2. Blood boron concentrations of the workers are cor-
related with the calculated DBE levels (Pearson corr. coeV.:
0.635) and urine boron concentrations (Pearson corr. coeV.:
0.633).

The mean semen boron concentrations of the exposed
groups were also signiWcantly higher (P < 0.05) than the
control group (Table 3). However, the increase of the mean
semen boron concentrations was not signiWcant (P > 0.05)
throughout the exposure groups. The correlation between
semen boron concentrations and blood boron concentra-
tions was very low (Pearson corr. coeV.: 0.222) (Fig. 2).

The mean FSH, LH, and total testosterone levels in the
re-constituted exposure groups are statistically not diVerent

(P > 0.05) from those of the control group, and the blood
boron concentrations were at most weakly correlated with
the FSH (Pearson’s corr. coeV.: 0.143), LH (Pearson’s corr.
coeV.: 0.164), and total testosterone levels (Pearson corr.
coeV.: ¡0.053) of the workers (Table 4, Fig. 3). On the
other hand, the mean LH level in the high-exposure group
was signiWcantly higher (P < 0.05) than that in the medium
exposure group. As it is known, the testosterone level in
men reaches its highest level in the morning between 08.00
and 10.00 a.m. However, blood was drawn from the work-
ers at the end of the work shift in this study. Therefore, the
mean total testosterone levels were compared also through-
out the shifts (Table 5). The mean total testosterone levels
were not statistically diVerent (P > 0.05) between the shifts.

Some epidemiological (Barranco et al. 2007) and experi-
mental (Barranco et al. 2004, 2006, 2009; Gallardo-
Williams et al. 2004) Wndings indicate that boron may have
a favorable eVect regarding prostate cancer. Therefore, total
PSA levels have been determined in all workers, resulting
in normal Wndings. The mean total PSA levels in the

Fig. 3 Hormone levels versus increasing blood boron levels. Box plot
graphs; open circle: outliers, Wlled circle: extremes. The mean FSH
level in high exposed group is not signiWcantly higher than the control
group (P > 0.05). The mean LH level in high-exposure group is signiW-
cantly higher than the medium exposure group (P < 0.05). The mean
total testosterone levels in exposure groups are statistically not diVer-

ent from the control group (P > 0.05). Scatter plot graphs; Linear
regression with 95% individual prediction interval. The Blood boron
concentrations are weakly correlated with FSH (Pearson corr. coeV.:
0.143), LH (Pearson corr. coef.: 0.164), and total testosterone levels
(Pearson corr. coeV.: ¡0.053) in workers
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re-constituted control and exposure groups, varying from
1.18 § 0.62 to 1.25 § 0.65 ng/mL, were not signiWcantly
diVerent (Table 4).

Sperm concentration and motility parameters have been
determined to investigate possible unfavorable inXuences
of boron exposure on fertility. The sperm concentration
parameters are compiled in Table 6. Statistically signiWcant
diVerence was not observed between the control and

exposed groups (P > 0.05). The sperm motility parameters
are shown in Table 7. A statistically signiWcant diVerence
in mean levels of the motility parameters was not observed
throughout the control and exposure groups.

The morphology of the sperm cells was analyzed by an
expert technician according to the Kruger’s strict criteria
(Kruger et al. 1986, 1988). Accordingly head, neck/mid-
piece, tail, and cytoplasmic abnormalities of sperm cells

Table 3 Boron concentrations in biological Xuids and calculated DBE levels of the workers

Mean § SD, range in brackets. LOQ Limit of quantiWcation DBE calculated daily boron exposure levels of the workers (please refer to the elec-
tronic annex for the calculation method of DBE and the related LOQ values)

Parameters Control 
(C)

Low exposure 
(L)

Medium 
exposure (M)

High 
exposure (H)

P value

Age 41.69 § 6.52 
(26–52)

42.32 § 5.66 
(23–50)

42.19 § 4.65 
(32–50)

42.67 § 5.33 
(28–53)

>0.05

Years 
employed

15.30 § 8.63 
(0.17–26)

16.85 § 7.06 
(0.17–25)

17.21 § 6.77 
(0.17–25)

13.96 § 8.04 
(0.17–23)

>0.05

Urine boron, 
mg/g creat.

2.59 § 1.32 
(0.78–5.62)

5.01 § 2.07 
(2.38–13.54)

7.03 § 2.37 
(2.57–13.43)

9.83 § 5.13 
(3.34–32.68)

<0.05 (all pairwise 
comparisons)

Blood boron, 
ng/g

<48.5 (LOQ) 72.94 § 15.43 
(48.46–99.91)

121.68 § 15.62 
(100.51–146.07)

223.89 § 69.49 
(152.82–454.02)

no test performed

Semen boron, 
ng/g

807.92 § 1,625.58 
(<LOQ–8,597)

1,422.07 § 1,939.03 
(<LOQ–8,615)

1,482.19 § 1,410.71 
(<LOQ–4,897)

1,875.68 § 2,255.07 
(<LOQ–9,522)

<0.05 
(C-L; C-M; C-H)

Inhaled boron, 
mg/8 h

0.23 § 0.79 
(<LOQ–4.09)

1.15 § 3.14 
(<LOQ–22.16)

1.47 § 2.69 
(<LOQ–11.34)

2.58 § 4.96 
(<LOQ–26.9)

<0.05 
(C-M; C-H; L-H)

DBE, 
mg B/day

4.68 § 1.63 
(0.2–7.54)

7.39 § 3.97 
(2.56–24.72)

11.02 § 4.61 
(2.56–20.88)

14.45 § 6.57 
(3.32–35.62)

<0.05 (all pairwise 
comparisons)

Table 4 Hormone and total PSA levels in workers

Mean § SD, range in brackets. * The global null hypothesis that all group means are equal is rejected, but the pairwise Mann–Whitney U tests
provide no P values below 0.05 after adjustment for multiple testing (Bonferroni-Holm). M-H: The global null hypothesis is rejected and the only
signiWcant pairwise diVerence is between medium and high-exposure group

Exposure 
groups

Control 
(C)

Low exposure 
(L)

Medium 
exposure (M)

High 
exposure (H)

P value

Total PSA 
ng/mL

1.18 § 0.62 
(0.28–3.04)

1.22 § 0.70 
(0.34–4.34)

1.30 § 0.94 
(0.40–4.07)

1.25 § 0.65 
(0.31–2.76)

>0.05

FSH 
mIU/mL

5.97 § 2.71 
(2.06–17.40)

5.26 § 2.39 
(1.63–17.40)

4.97 § 2.29 
(1.81–14.10)

7.47 § 6.36 
(1.81–40.20)

<0.05(*)

LH 
mIU/mL

4.15 § 1.77 
(1.49–8.91)

4.30 § 2.00 
(1.41–11.80)

3.67 § 1.34 
(1.29–7.15)

5.38 § 3.20 
(1.95–20.00)

<0.05 (M-H)

Total 
testosterone 
ng/dL

351.78 § 133.84 
(159–907)

337.40 § 118.64 
(127–773)

347.30 § 110.91 
(157–668)

329.56 § 106.04 
(95.9–581)

>0.05

Table 5 The mean total testosterone levels of workers in diVerent work shifts

Mean § SD, range given in brackets. The diVerence in mean total testosterone levels was statistically not signiWcant between the shifts (P > 0.05)

Shift time, n = 204

00:00–08:00 16:00–24:00 08:00–16:00

n 41 30 133

Total testosterone, ng/dl 355 § 118.25 (108–668) 325.53 § 97.14 (95.9–512) 340.93 § 122.49 (127–907)
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Table 6 Characteristics of the semen samples and sperm concentrations determined by SQA-V Gold Sperm Quality Analyzer

Mean § SD, range in brackets. An. Analyzed samples, Conc. concentration, PMSC progressive motile sperm concentration, PMS progressive mo-
tile sperm, M/ejac million/ejaculate, RV reference value

Semen parameters Control Low exposure Medium exposure High exposure P value

n = 49/An. = 48 n = 72/An. = 68 n = 44/An. = 43 n = 39/An. = 39

Abstinence, day 3.98 § 1.59 
(1–7)

3.78 § 1.17 
(2–7)

3.95 § 1.33 
(2–7)

4 § 1.32 
(2–7)

>0.05

Volume of ejaculate, 
mL, RV: ¸2

3.24 § 1.24 
(1.5–7)

3.13 § 1.19 
(1–7)

3.65 § 1.93 
(1.5–10)

3.13 § 1.34 
(1–6)

>0.05

pH 7.9 § 0.29 
(7–9)

8.04 § 0.30 
(7.5–8.5)

7.94 § 0.35 
(7.5–8.5)

7.92 § 0.34 
(7.5–8.5)

>0.05

Sperm conc. 
M/mL, RV: ¸20

69.84 § 40.76 
(5.2–166.3)

64.94 § 48.97 
(5.2–231)

70.49 § 61.26 
(5.9–277.2)

65.34 § 55.74 
(5.9–292.3)

>0.05

Motile sperm conc., 
M/mL

35.86 § 28.33 
(1.4–161.2)

35.15 § 27.62 
(1.40–133.5)

33.48 § 26.14 
(0.3–135.3)

35.92 § 36.06 
(0.3–207)

>0.05

PMSC (grade a), 
M/mL

15.69 § 14.3 
(0.1–55.9)

16.28 § 15.64 
(0–52.8)

16.95 § 14.68 
(0.3–51.1)

17.48 § 23.72 
(0.3–136.4)

>0.05

PMSC (grade b), 
M/mL

14.03 § 13.95 
(0–89.8)

12.51 § 11.94 
(0–67.6)

11.18 § 11.03 
(0–66.4)

12.6 § 11.45 
(0–53.9)

>0.05

Functional sperm 
conc., M/mL

19.02 § 20.75 
(0–120.8)

18.7 § 18.02 
(0.1–82.8)

17.41 § 15.33 
(0.1–69.37)

19.9 § 26.44 
(0.1–152.9)

>0.05

All sperm, 
M/ejac., RV: ¸40

223.59 § 157.68 
(15.60–795.5)

187.65 § 140.49 
(13–752.5)

233.55 § 224.26 
(11.8–1,297)

185.69 § 139.01 
(8.9–584.6)

>0.05

Motile sperm, 
(a + b+c), M/ejac.

114.53 § 93.33 
(4.2–503.5)

102.1 § 81.07 
(3.5–409.5)

111.49 § 72.24 
(3.2–298)

104.85 § 81.4 
(2.6–414)

>0.05

PMS (grades a + b), 
M/ejac, RV: ¸20

92.84 § 84.77 
(0.3–460)

83 § 72.91 
(0–355.5)

89.86 § 60.5 
(0.6–229)

84.37 § 73.14 
(0.5–380.6)

>0.05

Funtional sperm, 
M/ejac.

58.45 § 63.92 
(0–342.5)

53.86 § 52.6 
(0.4–249.6)

54.57 § 37.32 
(0.2–122.4)

55.19 § 56.18 
(0.2–305.8)

>0.05

Table 7 The motility parameters of the sperm cells determined by SQA-V Gold Sperm Quality Analyzer

Mean § SD, range in brackets. An. Analyzed samples, Prog. progressive, Mot. motility, N.F. normal forms, APV average path velocity, mic. mi-
cron, sec. second, RV reference value

Semen parameters Control Low exposure Medium exposure High exposure P value

n = 49/An. = 48 n = 72/An. = 68 n = 44/An. = 43 n = 39/An. = 39

Motility %, 
(grades a + b+c)

50.6 § 15.1 
(6.1–96.9)

54.1 § 14.1 
(20.7–96.6)

52.41 § 14.08 
(21.4–74.1)

56.13 § 15.57 
(15.3–88.9)

>0.05

Rapid prog. mot. %, 
(grade a), RV: ¸25

20 § 11.64 
(0.4–42.3)

22.37 § 14.74 
(0–63.3)

22.65 § 12.49 
(3–48.4)

23.91 § 13.86 
(1.4–49.7)

>0.05

Slow prog. mot. %, 
(grade b)

18.8 § 8.7
(0–54)

18.7 § 7.92 
(0–33.7)

17.67 § 8.85 
(0–37.5)

18.87 § 8.85 
(0–35.5)

>0.05

Non prog. mot. %, 
(grade c)

11.82 § 5.1 
(5.40–28.90)

12.95 § 5.66 
(5.3–27.3)

12.1 § 5.7 
(5.3–27.7)

13.35 § 5.44 
(5.6–3.1)

>0.05

Immotility %, 
(grade d)

49.38 § 15.09 
(3.1–93.1)

45.9 § 14.1 
(3.4–79.3)

47.59 § 14.08 
(25.9–78.6)

43.88 § 15.57 
(11.1–84.7)

>0.05

Sperm motility index, 
RV: ¸80

163.06 § 141.67 
(1–663)

174.06 § 141.61 
(0–659)

173.53 § 130.08 
(0–475)

157.9 § 146.68 
(0–776)

>0.05

Velocity (APV), 
mic/sec, RV: ¸5

11 § 3.3 
(1–19)

11.01 § 3.6 
(1–19)

11.20 § 3.56 
(1–17)

10.86 § 3.89 
(2–22)

>0.05

Morphology (N.F.%), 
WHO criteria, RV: ¸30

35.48 § 11.51 
(14.6–63.7)

37 § 10.68 
(15.60–60.30)

36.57 § 10.57 
(16.5–57.8)

37.96 § 11.46 
(16.4–60.5)

>0.05
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were scored by light microscopy, and the results were sub-
jected to statistical analysis (Table 8). Statistically signiW-
cant diVerences in mean percentages of these analyzed
defects were not detected between the control and exposure
groups (P > 0.05).

The percentage of the sperm cells with normal morphol-
ogy was also determined in semen specimens as per
Kruger’s criteria. Accordingly, 14% of the sperm cells with
normal morphology were considered as the lower accept-
able limit. The mean percentage of the sperm cells with
normal morphology was higher than 14 in the low,
medium, and high-exposure groups (Table 8). However, it
was slightly lower than 14% in the control group. Addition-
ally, the mean percentage of the sperm cells with normal
morphology in high-exposure group was the highest
(without statistical signiWcance, P > 0.05) throughout the
exposure groups (Table 8). These results could even suggest
a beneWcial eVect of boron exposure on sperm morphology.
However, the correlation between the percentages of the
normal morphology and blood boron levels was very weak
(Pearson corr. coeV.: 0.131).

Discussion

One of the reasons for the choice of BandÂrma as the study
area was its distance from the boron mineral deposits and
an expected low environmental compared to possible occu-
pational exposure. However, the unexpected Wnding of high
boron concentrations in the central cafeteria’s drinking
water (9.47 mg/L) required an assessment of both occupa-
tional and environmental exposures through food and
water. Therefore, all subjects were re-classiWed according
to the blood boron concentrations of the workers. The
re-constituted control, low, medium, and high-exposure
groups enabled to investigate a possible dose-dependence
of the reproductive toxicity parameters.

Inhalable air sampling was performed by using a 37-mm
closed-face cassette (CFC), because of simplicity in handling
during Weld operations and the lower risks of contamination

during handling (Demange et al. 2002). This is a commonly
used aerosol sampler, despite its recognized low sampling
eYciency for particles >30 �m (Li et al. 2000). Granulo-
metric measurement has not been performed in this study,
but the type of processing of boron materials was known to
generate particles with aerodynamic diameters (Dae) of less
than 30 �m (Culver et al. 1994). The eYciency of this aero-
sol sampler is comparable with the IOM sampler under
these conditions, as reported in recent studies (Li et al. 2000;
Demange et al. 2002).

The mean levels of inhaled boron (mg/8 h) in medium
and high-exposure group were signiWcantly higher
(P < 0.05) than the control group. However, the diVerence
between control and low exposure group was statistically
not diVerent (P > 0.05) (Table 3). The Pearson correlation
coeYcients were quite low between inhaled boron (mg/8 h)–
blood boron (0.279), inhaled boron–semen boron (0.185),
and inhaled boron–urine boron (0.106) levels. These rela-
tively low values of correlation coeYcients may reasonably
be attributed to the inXuence of the additional environmen-
tal contribution by contamination of the cafeteria’s water
supply.

As expected, the highest mean levels of the calculated
DBE, urine boron, and semen boron were determined in the
high-exposure group. The diVerence of mean urine boron
and mean DBE level was statistically signiWcant between
the exposure groups both indicating an increase with
increasing exposure (Table 3, Fig. 2). However, the same
steady increase was not observed for the semen boron
levels. The mean boron concentrations of semen samples in
the medium and high-exposure groups were signiWcantly
higher than in the control group. However, the mean boron
concentrations in the medium and high-exposure groups
were statistically not diVerent from each other (Table 3,
Fig. 2).

The boron concentrations determined in semen samples
of the workers were »20, »12, and »8 times higher than
the mean blood boron concentrations in low, medium, and
high exposed groups, respectively (Table 3). This points to
an accumulation of boron in human semen over blood

Table 8 Sperm morphology parameters as per the Kruger’s criteria

Mean § SD, range in brackets. RV Reference value as per the Kruger’s strict criteria, An. Analyzed samples

Parameters Control Low exposure Medium exposure High exposure P value

n = 49/An = 47 n = 72/An = 65 n = 44/An = 42 n = 39/An = 37

Normal morph. (%) RV: >14% 13.87 § 8.05 (0–30) 16.74 § 9.98 (1–36) 15.49 § 7.94 (2–34) 17.95 § 9.60 (2–40) >0.05

Head defects (%) 56.55 § 11.49 (32–90) 56.11 § 10.17 (34–76) 57.10 § 10.16 (31–80) 56.43 § 9.26 (33–80) >0.05

Neck/mid-piece defects (%) 12.23 § 7.07 (2–36) 12.52 § 6.87 (0–34) 14.48 § 6.43 (2–29) 13.57 § 6.65 (4–31) >0.05

Tail defects (%) 9.09 § 8.30 (0–34) 7.18 § 5.96 (0–26) 7.79 § 6.07 (0–24) 7.68 § 5.95 (0–26) >0.05

Cytoplasmic droplets (%) 0.45 § 0.93 (0–4) 1.09 § 1.97 (0–10) 0.79 § 1.41 (0–6) 0.86 § 1.51 (0–4) >0.05
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levels. In spite of these high boron concentrations in semi-
nal Xuid, the percentage of sperm cells with “normal
morphology” was highest in the high-exposure group
(Table 8). An accumulation of boron in seminal Xuid was
also reported by Robbins et al. (2010). This Wnding may be
of relevance for studies on a preventive role of boric acid
on prostate cancer, as boric acid has been reported to
reduce the risk of prostate cancer, tumor growth, and
prostate cancer cell proliferation in humans (Barranco and
Eckhert 2006, Barranco et al. 2009).

In a study on 898 Turkish volunteers from the Kozlu
Zonguldak area, participating in a prostate cancer screening
program, the mean total PSA levels increased from 1.6 ng/mL
(SD § 1.8; median 1.0, 0.2–7.6) in 30–39-year-old men to
4.3 ng/mL (SD § 5.7; median 2.0 ng/mL, 0–42.7) in 60–69-
year-old men with benign Wndings (Mungan et al. 2007). A
smaller study on 255 Turkish volunteers from a small village
in the Aegean region of Turkey, also participating in prostate
cancer screening, provided mean total PSA levels from
1.45 ng/mL (95% CI 0.66–2.55; median 0.74) in the 40–49-
year-old men to 1.64 ng/mL in the 60–69-year-old men
(95% CI 1.16–2.11; median 1.00) (Müezzinoglu et al. 2005).
In these two studies and in the present study, as expected,
PSA levels increased with age (total PSA = 0.022 £ age
[years] + 0.3067). The total PSA levels in the present study
are comparable with the above-mentioned second study. In
spite of the diVerent results of the two Turkish studies, it
must be considered that PSA levels are diYcult to compare
because the reference values are diVering from manufacture
to manufacture of the reagent (Kort et al. 2006) and may
diVer with ethnicity (Kehinde et al. 2005). Furthermore, PSA
levels may be aVected by other factors. For example, lower
PSA levels were reported in obese white non-Hispanic men,
compared to those with a normal body mass index (OR 0.54;
95% CI 0.31–0.91). Nevertheless, this eVect was not
observed in African-American or Hispanic men (Culp and
Porter 2009). Therefore, the most robust information from
the determined total PSA levels in this study is that total PSA
levels did not signiWcantly diVer between the control, low,
medium, and high-exposure groups.

The calculated DBE and urine boron levels of the work-
ers show a reasonably high correlation (Pearson’s corr.
coef.: 0.635 and 0.633, respectively) with the blood boron
levels (Fig. 2). The weakest correlation was found between
the semen boron concentrations and blood boron concentra-
tions of the workers (Pearson’s corr. coeV. = 0.222). A
comparable correlation (Pearson’s corr. coeV.: 0.85)
between DBE and boron levels in blood samples has also
been reported in occupationally boron-exposed Chinese
workers (Xing et al. 2008). Thus, our results are in general
compatible with the results of the Chinese study.

EVects of boric acid on the endocrine regulation of the
reproductive system have been studied in experimental

animals (Ku et al. 1993, Fail et al. 1998). Decreases in tes-
tosterone and increases in FSH and LH levels have been
reported in rats under continuous oral exposure (9,000 ppm
in the diet). Increases in FSH levels in rats have been
reported with 4,500 ppm boric acid in the diet. These studies
in experimental animals show that boric acid could be toxic
to endocrine system at very high concentrations (Ku et al.
1993). Such eVects of boron compounds (boric acid and/or
sodium borates) on the human endocrine system have not
been studied so far. In the present study, total testosterone,
FSH, and LH values of the workers have been determined
and evaluated statistically versus increasing blood boron
levels (Fig. 3, Table 4). The only statistically signiWcant
diVerence (P < 0.05) was observed for the mean LH levels
between medium and high-exposure groups (Table 4). How-
ever, a steady increase in mean LH levels was not observed
throughout the exposure groups (Fig. 3). In spite of the pres-
ence of the person with the highest LH value (20 mIU/mL)
in the high-exposure group, the diVerence of mean LH
values between control and high-exposure group was
statistically not signiWcant (P > 0.05). Additionally, the cor-
relation between the LH levels and blood boron levels was
very low (Pearson corr. coeV.: 0.164).

Based on animal experiments, reproductive toxicity
eVects of boron are pivotal for setting regulatory exposure
limits for boron. Depressed testicular weight and testes
atrophy (linked with an eVect on spermatogenesis) have
been reported as the most sensitive endpoints of reproduc-
tive toxicity in rats (Ku et al. 1993). However, these toxic
eVects of boric acid have not been found in reliable human
studies so far. The Wrst comprehensive study on semen
parameters has been published by Robbins et al. (2010) in
highly boron-exposed Chinese workers. According to the
results of this study, the semen parameters (total sperm
count, sperm concentration, motility, morphology, DNA
breakage, apoptosis, and aneuploidy) of the boron-exposed
workers were not adversely aVected with increasing boron
exposure. In spite of extremely high average blood boron
levels (mean: 499.2 ppb [ng/g]), statistically signiWcant cor-
relations between blood boron and adverse eVects on semen
parameters were not reported (Xing et al. 2008, Robbins
et al. 2010). The present study, independent of the Wrst, is
the second to evaluate semen parameters versus increasing
blood boron levels in boron-exposed workers. The results
of the quantitative data are shown in Table 6 and Table 7.
Statistically signiWcant diVerences in mean levels of sperm
concentration (Table 6) and sperm motility parameters
(Table 7) could not be determined between the control and
exposure groups. In spite of the lack of a statistical signiW-
cance, the motility parameters are tending to increase with
increasing blood boron levels. In addition, the mean per-
centage of immotility was the lowest in the high-exposure
group, but without a statistical signiWcance (P > 0.05).
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Sperm morphology has also been evaluated as per
Kruger’s strict criteria. Accordingly, a sperm cell without
defects (head, neck, midpiece, tail, cytoplasmic droplests)
was considered as “normal” (Table 8). The percentage of
the sperm cells with normal morphology and morphologi-
cal defects are shown in Table 8. Statistically signiWcant
diVerences in the percentages of head, neck/midpeace, tail
defects, and cytoplasmic droplets were not determined
between the control and exposure groups (P > 0.05). On
the other hand, when comparing the mean percentages of
the sperm cells with normal morphology between expo-
sure groups, it was the highest in the high-exposure group
without a statistical signiWcance (P > 0.05). This result
may even suggest a beneWcial eVect of certain level of
boron exposure on maintaining the normal sperm
morphology. However, the correlation between blood
boron levels and percentages of the sperm cells with normal
morphology was very weak (Pearson’s corr. coeV.:
0.131).

All these results indicate that boron had no adverse
eVects on FSH levels, LH levels, total testosterone levels,
sperm concentration parameters, motility parameters, and
sperm morphology of workers, under the exposure condi-
tions prevailing in BandÂrma.

Studies in experimental animals have been fundamental
to classify boric acid and sodium borates as being toxic to
male fertility and development. However, the results of the
published environmental and occupational studies do not
support the outcomes of the animal studies. The doses
tested in animal studies are possibly the major reason of
this discrepancy. For instance, mild inhibited spermiation,
followed by atrophy of the testes in rats was seen after
administration of boric acid in the feed for up to 9 weeks at
daily doses of 26 mg boron/kg/day and 52 mg boron/kg/
day, respectively (Ku et al. 1993). These daily boron intake
levels are not reached by boron-exposed humans, even
under extreme worst-case conditions (Xing et al. 2008,
Robbins et al. 2010).

In contrast to animal experiments, an association
between boron exposure and toxic eVects on reproduction
and/or development have not been identiWed in environ-
mental and occupational epidemiology studies so far (Xing
et al. 2008, Robbins et al. 2010, Scialli et al. 2010, Sayli
et al. 1998, Sayli 1998, 2001, and 2003). These studies con-
sistently show that it was not possible to exceed safe blood
boron concentrations during normal activities and even
under exaggerated exposure conditions for humans (Culver
et al. 1994, Yazbeck et al. 2005, Xing et al. 2008, Robbins
et al. 2010). In this context, our study is in agreement with
the previously published studies. Consequently, it appears
that the doses associated with developmental and reproduc-
tive toxic eVects in animals are by far not reachable for
humans under normal handling and use conditions.
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