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Objectives  The aim of this study was to investigate selected hormones and immunologic markers in
manganese alloy production workers with current and long-term manganese exposure.

Methods One hundred randomly selected male workers exposed to manganese were compared with 100 male
referents (matched for age) from similar process industries in a cross-sectional design.

Results The geometric mean of the exposed workers' urinary manganese concentration was 0.9 (range 0.1—
126.3) nmol/mmol creatinine (Cr) versus 0.4 (range 0.1-13.1) nmol/mmol Cr for the referents. The mean
duration of exposure to manganese was 20.0 (range 2.1-41.0) years. The geometric mean of the prolactin serum
concentration was higher for the exposed subjects than for the referents (229 versus 197 mIE/I, P=0.06). Serum
prolactin was associated with current exposure to “soluble inhalable manganese”, duration of exposure, and
smoking habits. The subjectswith the longest duration of exposure to manganese or the highest current exposure
to “soluble inhalable manganese” had a statistically significantly higher serum prolactin concentration than the
referents. The smokers had alower serum prolactin concentration than the nonsmokers. The concentrations of
the measured immunologic markers were similar in the groups.

Conclusions The study indicates that manganese exposure can increase the serum prolactin concentration.
Both duration and current level of exposure are related to the slight increase, which also appears to be modified
by current smoking habits. The serum prolactin concentrations were generally within the reference limits of the

laboratory and thus not suitable as an exposure marker at these exposure levels.
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The mechanisms for manganese (Mn) toxicity in the
human central nervous system (CNS) are not fully un-
derstood, but a selectivity for dopaminergic neurons is
apparent (1). Prolactin secretion is under tonic hypoth-
alamic inhibition by dopamine produced by tuberoin-
fundibular dopaminergic neurons. Dopamine acts by
binding to D, receptors on the lactotrophs, thereby in-
hibiting both the release and the synthesis of prolactin
(2). As dopamine release into the portal veins of the
hypophyseal stalk and the binding to D, receptors take
place in regions localized outside the blood-brain barrier,
it is imaginable that prolactin production and secretion
may congtitute sensitive targets for manganese toxicity.

The intraventricular administration of manganese to
rats resulted in increased serum prolactin concentrations
(3). There are few studies of the serum prolactin levels
in manganese-exposed humans. Increased serum prol-
actin concentrations have been reported for 14 manga-
nese alloy production workers (4). Increased serum pro-
|actin concentrations were al so reported in a subsequent
study of 31 manganese alloy production workers, and
associations between serum prolactin levels and man-
ganese concentrations in whole blood (B-Mn) and urine
(U-Mn) were suggested (5). However, no significant
increase in serum prolactin levels was found among 92
dry alkaline battery workers (6).
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The main biological effect of prolactin in humansis
the stimulation of milk synthesis and secretion. Physio-
logical hyperprolactinemia during lactation and pregnan-
cy and pathological hyperprolactinemia are associated
with hypothalamic pituitary-gonadal axis suppression,
probably resulting from prolactin-induced inhibition of
the pulsatile secretion of gonadotropin-releasing hor-
mone (GRH) (2). Inhibition of GRH could be compati-
ble with the high prevalence of impotency in the pro-
dromal phase of manganism reported for manganese
miners (7).

Prolactin has been suggested also to have a modu-
lating role on the function of the immune system (8-
10). Prolactin receptors are prevalent on the surface of
several classes of immunocompetent human cells (10).
Human lymphocytes and thymocytes al so produce pro-
lactin (11). There is evidence of associations between
high serum concentrations of prolactin and an increased
incidence of autoimmune disorders such as thyroiditis,
arthritis, and systemic lupus erythematosus in humans
and in animal models (10).

Manganese (I1) injected intraperitoneally into mice
affected T-cell proliferation and depressed the devel op-
ment of cells producing certain antibodies (12). In-
creased mouse natural killer-cell activity was found af-
ter the intramuscular administration of manganese (I1)
(13, 14), and an increased concentration of serum inter-
feron was observed (13, 15). In contrast, onein vitro study
showed a reduced cell production of interferon and in-
creased virus growth in cells exposed to manganese (16).

The aim of our study was to investigate serum con-
centrations of prolactin and other hormones related to
sexual functionsin a population occupationally exposed
to manganese. Some markers of immune system func-
tioning that have been associated with hyperprolactine-
mia or with manganese exposure in animals were also
studied.

Subjects and methods

Study design and subjects

Only men who had been exposed to manganese for at
least 1 year in contaminated areas in the three manga-
nese-alloy-producing plants under study, and exposed
at the time of the examinations, were eligible for inclu-
sion in this cross-sectional study. Administrative per-
sonnel were not invited to participate. The study aimed
at investigating 100 exposed subjects, who were ran-
domly selected from the eligible subjects. To fulfill this
aim, 110 subjects were invited to participate. Ten sub-
jects declined participation (participation rate among the
exposed 90.9%).
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Thetota eligible population comprised 547 subjects,
the breakdown per plant being 48.4%, 28.3%, and
23.2%. The representations from each plant were 49%,
26%, and 25% among the 100 studied workers. The se-
lection procedure was carried out within each plant,
based on the selection of each fourth individual from
an alphabetical list of eligible subjects. The place used
to start in the alphabet varied between the plants and
was decided without any a priori knowledge of the sub-
jects.

The study design was based on pairwise matching
of one exposed subject with one referent for age. The
referents, recruited from a silicon-metal-producing plant
and a plant producing titanium dioxide and pig iron, both
located in the same geographic region, had work condi-
tions and occupations similar to those of the exposed
workers. The subject with the closest date of birth to
the exposed subject to be matched was chosen as the
referent. To match the 100 exposed workers, 110 po-
tential referents were invited. By coincidence, also 10
subjects declined participation, yielding a participation
rate of 90.9% among the referents as well.

Subjects with known alcoholism or current or pre-
vious serious CNS diseases unrelated to manganese ex-
posure were excluded from participation. Likewise, sub-
jectswho had previously been employed in occupations
involving exposure to organic solvents (>5 years) or
who had been exposed to lead or mercury in occupa-
tions using these elements (>1 year) were not consid-
ered for participation in the study. Exclusion criteria
were identical for the exposed subjects and the refer-
ents. Exclusion was done prior to the invitation of the
subjects. The main cause of exclusion among the ex-
posed subjects was alcohol abuse (N=17), whereas two
subjects were excluded due to serious CNS diseases
(vascular).

All the examinations, including a structured inter-
view emphasizing the occupational and medical histo-
ry, sociodemographic background, and current alcohol
consumption (17), were carried out at the local occupa-
tiona health clinics. Table 1 shows the background data.
Informed written consent was obtained from all the par-
ticipants. The study protocol was approved by the re-
gional ethics committee for medical research.

Exposure assessment

The current individual exposure of each worker to air-
borne manganese was characterized by personal full-
shift sampling. The sampling period was 3 days closely
before or after the day of the blood and urine sample
collection. IOM (Institute of Occupational Medicine)
personal inhalable aerosol samplers (SKC Inc, PA,
USA) (airflow 2 I/min) and Casella cyclones (Casella,
London, England) (airflow 2.2 I/min) were used for the
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Table 1. Background data for the 100 men exposed to manganese and the 100 referents.

Group Age (years) Shift Alcohol consumption Smoking Tobacco consumption
workers (%) (I/year) of smokers (g/week)
Smokers  Ex-smokers Never smokers
Mean  Range Mean  Range (%) (%) (%) Mean Range
Exposed 442 27.6-61.9 42 3.9 0-24.9 50 27 23 80 1-225
Referents 442  27.7-614 50 3.3 0-15.9 45 27 28 91 1-225

collection of the inhalable and the respirable aerosol
fractions, respectively.

In all, 265 samples of the inhalable aerosol fraction
were collected for the 100 exposed subjects. Manganese
in the respirable aerosol fraction was measured for 59
subjects only (167 samples). A chemical leaching pro-
cedure was used to speciate manganese in 199 of the
collected inhalable aerosol samples (97 subjects) and in
150 samples (53 subjects) of the respirable aerosol. The
following components were quantified: (i) manganese
(Mn) dissolved in 0.01 M ammonium acetate; (i) Mn®
and Mn?* [Mn metal, ferromanganese, manganese 0x-
ide and the Mn?* part of the mixed manganese (I1, I11)
oxide], (iii) Mn® and Mn* [the undissolved Mn3* part
of manganese (11, 111) oxide, manganese (I11) oxide and
manganese dioxide], (iv) “insoluble” manganese digest-
ed in aquaregia/hydrofluoric acid (silicomanganese). A
Perkin-Elmer Optima (model 3000) inductively coupled
plasma atomic emission spectrometer (Perkin-Elmer,
Norwalk, CT, USA) was used for all the measurements.

Asthe fourth set of components was only solublein
strong acids in the presence of hydrofluoric acid, they
were defined as“insoluble”. The other components were
more easily chemically soluble, and components
1+2+3 were therefore defined as “soluble”. All the
dose estimates were based on individually collected
samples, and they represent the mean value of the avail-
able samples for each subject (generally two or three
samples for each subject). Extensive details on sam-
pling, speciation, and day-to-day variations in exposure
have been presented elsewhere (18, 19).

Laboratory measurements

Sampling. The subjects were instructed to bring a first-
voided morning urine samplein 25-ml NUNC" contain-
ers (Nalge Nunc International, Denmark) from the day
of the examination for the measurement of trace ele-
ments. The urine was voided at home to prevent exter-
nal contamination of the samples. Blood specimens
were obtained from the cubital vein. Heparinized whole
blood was collected for the measurement of trace ele-
ments in 10-ml Venoject® tubes (Terumo Corporation,
Belgium). Blood specimens for the determination of
hormones and the immunol ogic markers were collected
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in 10-ml Vacuette® tubes (Greiner Labortechnik, Aus-
tria). One milliliter of serum was pipetted into NUNC®
cryotubes after centrifugation for 10 minutes at 1500 g.
All the biological samples were stored at —20°C until
the analysis. The blood samples were collected between
0800 and 0900 in the morning to reduce the impact of
diurnal variations on the measured markers.

Immunologic assays. Antinuclear antibodies (ANA) and
antibodies to thyroid peroxidase (anti-TPO) were meas-
ured by DIASTAT ELISA kits from Shield (Dundee,
Scotland). Serum levels of interferon y (IFN-y) and in-
terleukin-2 receptor o (IL-2Ra) were determined by
ELISA kits from R&D Systems (Abingdon, UK), fol-
lowing the manufacturers’ instructions.

Hormone assays. Serum levels of prolactin, luteinizing
hormone (LH), and follicle-stimulating hormone (FSH)
were measured by immunofluorometric assays (IFMA)
using kits supplied by Wallac Oy (Finland). Theintraas-
say and interassay coefficients of variations were 1-4%
and 2—4%, respectively. Testosterone and sex hormone
binding globulin (SHBG) were measured in serum by
radioimmunoassays (RIA) using kits supplied by Orion
Diagnostica (Finland). The intraassay and interassay
coefficients of variation were 3-6% and 7-12%, respec-
tively.

Measurements of manganese in urine and whole blood.
For the measurement of B-Mn, 2.5 ml of ultrapure 65%
nitric acid was added to 2 ml of whole blood in a poly-
propylene digestion tube. The tube was heated to 95°C
for 1 hour. After being cooled to room temperature, the
sample was diluted to volume (13.7 ml). Urine was di-
luted 1:1 with 0.5% nitric acid. The solutions were ana-
lyzed for manganese by electrothermal atomic absorp-
tion spectrophotometry (EAAS) using a Perkin-Elmer
SIMAA 6000 system (Perkin-Elmer, Norwalk, USA),
calibrated with matched standard solutions of urine and
whole blood.

Seronorm human urine (batch 4043125) and whole
blood (batches 404107 and 404108) reference materials
(Sero Ltd, Asker, Norway) were used to assess the
accuracy and reproducibility. U-Mn and B-Mn were
measured in these materials with a day-to-day variation



of 6.5% (for 4043125), 3.5 % (for 404107), and 5.0%
(for 404108), respectively. The results of the measure-
ments and the values recommended by the producer
were 9 g/l (recommended) and 8.2 (SD 0.3) pg/l (meas-
ured, N=21) for B-Mn in 404107, 13 pg/l (recommend-
ed) and 12.0 (SD 0.6) pg/l (measured, N=22) for B-Mn
in 404108, and 13 pg/l (recommended) and 10.8 (SD
0.7) pg/l (measured, N=15) for U-Mn.

Statistics

Several of the measured variables had skewed distribu-
tions. They were log-transformed if the skewness ex-
ceeded 2.0 or if the distributions to be compared had
different variances as assessed by Levene's test. An
analysis of variance (ANOVA) was used for the group
comparisons. An analysis of covariance (ANACOVA)
was used to control for the covariates.

Two stages of multiple linear regression analysis
(backward procedure) were performed for studying the
associations between the effect variables, exposure var-
iables, and potential confounders. All the exposed sub-
jectsand all the referents (N=200) were included in the
first analytical stage. Associations between the effect
variables, potential confounders [smoking habits
(grams/week), alcohol consumption (liters/year), and
shift work] and exposure status (exposed/unexposed=
1/0) were assessed. This procedure was chosen for as-
sessing the group differences by taking into account rel-
evant potential confounders.

The second analytical stage included only the ex-
posed workers and was carried out for the effect varia-
bles associated with exposure status, after control for
potential confounders. The associations between the ef-
fect variables, potential confounders [smoking habits
(grams/week), alcohol consumption (liters/year), and
shift work] and the different exposure measures were
studied. In the cases in which age was associated with
the effect variables for the referents, age was also in-
cluded as a potential confounder. The seven exposure
measures (current B-Mn, current U-Mn, “years of
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manganese exposure”, “inhal able manganese”, “soluble
inhalable manganese”, “respirable manganese”, “solu-
ble respirable manganese”) were entered separately into
the multiple regression models in order to avoid prob-
lems of collinearity.

The statistical package SPSS”, version 8.0 (SPSS
Inc, Chocago, Il, USA), was used on a personal compu-

ter.

Results

The individual geometric mean manganese concentra-
tion of the inhalable aerosol fraction was 301 (range 9—
11457) ug/m? (table 2). Manganese in the respirable
aerosol fraction was collected for 59 subjects, the
geometric mean concentration being 36 pug/me. There
was a substantial overlap in the B-Mn concentrations
between the groups.

The mean concentrations of prolactin and LH (table
3) and anti-TPO (table 4) in serum were higher in the
exposed subjects than in the referents. The differences
were of marginal significance for LH (P=0.048) and
anti-TPO (P=0.036) and of borderline significance for
prolactin (P=0.06). There was substantial overlap inthe
concentrations between the groups. The multiple linear
regression analysisincluding all 200 subjects (independ-
ent variables: smoking habits, alcohol consumption,
shift work and exposure status) showed that the serum
concentrations of prolactin, LH, and anti-TPO were sig-
nificantly and positively associated with exposure sta-
tus (not tabulated). Confounders contributing to the
models at a P-value of <0.10 were used to adjust the
estimates shown in tables 3 and 4. Smoking habits were
significantly (P=0.002) negatively associated with se-
rum prolactin. Age was associated with the serum con-
centrations of prolactin (Pearson’ s r=—0.20, P<0.05) and
LH (Pearson’s r=0.20, P<0.05) for the referents.

The lowest serum prolactin concentrations were
measured for the smoking referents (figure 1). The dif-
ference in serum prolactin between the smokers and

Table 2. Duration of manganese exposure and concentrations of manganese (Mn) in the workroom air, whole blood (B-Mn) and urine
(U-Mn) of the 100 male manganese alloy production workers and of the 100 referents. (AM = arithmetic mean, GM = geometric mean, Cr

= creatinine)

Group Duration of B-Mn U-Mn MNinhaiaple MNinhatabie(soluble’) MNespiraple M eqpirable soluble)
Mn exposure (years) (nmol/l) (nmol/mmol Cr) (ug/m?3) (ug/ma)e (ng/m3)e (ug/md)d
AM  GM Range AM GM Range AM GM Range AM GM Range AM GM Range AM GM Range AM GM Range

Exposed 20.0 18.0 2.1-41.0 189 18184-426 3.9 0.9 0.1-126.3 753 301 9-11457 570 197 9-9001 64 36 3-356 49 25 2-320

Referents 166 160 72-374 0.9 0.4 0.1-13.1

2 Soluble: see the section on exposure assessment.
® N=97 subjects.
¢ N=59 subjects.
9 N=53 subjects.
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Table 3. Endocrine marker concentrations and the mean group differences (and 95% confidence intervals) of the measured markers for
the 100 men exposed to manganese and the 100 referents. Adjusted mean group differences are shown for prolactin and luteinizing
hormone (LH). Group differences between log-transformed variables are presented as ratios. (SHBG =sex hormone binding globulin,
GM =geometric mean, AM = arithmetic mean)

Group Prolactin Luteinizing hormone Follicle stimulating Testosterone 2 SHBG
(mIuny (n hormone (nmol/l) (nmol/l)
(luny
GM  Range P-value GM Range P-value GM Range P-value AM Range P-value AM  Range P-value
Exposed 229 65-1367 45 15-124 45 0 -183 15.6 5.0-29.3 333 13-102
Referents 197 71- 842 3.9 0.8-22.1 4.4 0.5-47.3 155 6.2-32.7 319 8-104

Group difference 1.16 0.99-1.35° 0.061
Adjusted differencec 1.17 1.01-1.36° 0.037

1.15 1.0-1.31° 0.048

1.04 0.86-1.25° 0.70 0.2 -1.2-1.5"0.83
1.14 1.0-1.31° 0.058 . . . .

14 -29-57°0.53

@ Measured for 97 referents.
b 95% confidence interval.
¢ Adjusted for tobacco smoking and shift work for prolactin and for alcohol consumption for luteinizing hormone.

Table 4. Immunologic marker concentrations and the mean group differences (and 95% confidence intervals) of the measured markers
for the 100 men exposed to manganese and the 100 referents. Adjusted mean group differences are shown for antibodies to thyroid
peroxidase (anti-TPO). Group differences between log-transformed variables are presented as ratios. (IL =interleukin, ANA=antinuclear
antibodies, GM = geometric mean, AM = arithmetic mean)

Group Interferon y (OD x 1000) IL-2 receptors (pg/ml) anti-TPO (U/ml) ANA (OD x 1000)
GM Range P-value AM  Range P-value AM Range P-value GM Range  P-value
Exposed 71 1-690 774 1-1860 31.8 12.5-68.0 . 36 1-640
Referents 71 1-760 776 1-1911 29.8 12.5-46.0 . 33 1-560
Group difference 0.99 0.85-1.162 0.91 -2 -96-92@ 0.97 2 0.1-3.92 0.036 1.10 0.75-1.60@ 0.63
Adjusted difference ® - . . . . 2 0.2-3.92 0.034 . . .
2 95% confidence interval.
® Adjusted for tobacco smoking for anti-TPO.
300
280
260
5 240
E 20
£
g 200 (80-1367)
e
g 180 (71-842)
E 160 (65-704)
3
140 (73-698) Figure 1. Concentrations (geometric means
120 and 95% confidence intervals) of prolactin
in serum (adjusted for age) from 100 refer-
100

ents and 100 men exposed to manganese
according to smoking habits. The ranges
are shown in parentheses.

smoking — smoking + smoking — smoking +

Referents Exposed

nonsmokers was statistically significant for the referents
(P=0.01), but not for the exposed subjects (P=0.16).
The difference between the manganese-exposed subjects
and the referents was of marginal statistical significance
for the smokers (P=0.049), but not for the nonsmok-
ers (P=0.31). A two-way ANOVA revealed no sta-
tistical interaction between smoking and exposure
(P=0.55).
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Only the manganese-exposed subjects were includ-
ed in the multiple linear regression analysis for the fur-
ther analysis of dose and prolactin, LH, and anti-TPO
(table 5). The exposure measures shown in table 2 were
included separately in the models. The serum prolactin
concentration was positively associated with current
exposure to “soluble inhalable manganese” (in milli-
grams per cubic meter) and with “years of manganese
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Table 5. Associations between the manganese exposure measures and the serum concentrations of prolactin and luteinizing hormone
(LH) for the 100 male workers in manganese alloy production. The 95% confidence intervals of the coefficients are shown in the
superscript in parentheses. (U-Mn =mangnese in urine, B-Mn =manganese in blood serum)

[of B R?
LH (log) = 0.66062-069 + 0.05 U-Mn(log)©002-0.1) 0.042
LH (log) = 0.77065089) — 0.0006 B-Mn(-0001-0) 0.04+2

Prolactin (log) = 2.6¢*2% + 0.008 exposure duration©-0016) — 0,009 aget-02--0002 (072

Prolactin(log) = 2.4?329 + 0.08 "soluble inhalable manganese”(log)©%-017) 0.052
2 P<0.05.
2
18
16
14
o 12
% 1 | Figure 2. Ratio of prolactin (and 95% confi-
o | dence intervals) between the men exposed to
0.8 manganese and the corresponding pairwise
06 age-matched referents (adjusted for age and
' smoking). The left panel shows the subjects
0.4 stratified according to their current exposure
0.2 (geometric mean and range in micrograms per
cubic meter) to “soluble inhalable manganese”
0 into “low”, “medium”, and “high” exposure.
41(9-91) 185(95- 996(357~ 11421~ 19.3(156-  29.1(23.0- The right panel shows the results stratified ac-
347) 9001) 15.5) 22.8) 41.0)

“Soluble inhalable Mn” (ug/m?)

exposure”. Smoking habits were of borderline signifi-
cance. LH was associated positively with the U-Mn and
negatively with the B-Mn concentrations. Anti-TPO was
not associated with any of the exposure measures. In a
final approach “soluble inhalable manganese” and
“years of manganese exposure” were included in one
model: prolactin (log)=2.66 4-29) + (.008 (0.001-0016)
exposure duration + 0.095 0.018-0172) “spluble inhalable
manganese” (1og)—0.009 (-0.016- -0.002) gge; R?=0.12,
P=0.008. The U-Mn(log) and B-Mn were statistically
significantly included in a model to predict LH when
entered simultaneously, however, in opposite directions:
LH(log)=0.80 (069092 + 0,067 (0150118 U-Mn (log) —
0.0008 (-0:001-0.000) B-Mp; (R?=0.10, P=0.005). The 95%
confidence intervals (95% CI) are shown in the super-
scripts in parentheses.

The age-matched paired study design was chosen to
perform the stratified analysis with respect to the expo-
sure measures of interest. The exposed subjects in each
stratum were compared with their respective age-
matched referents. Having alonger duration of exposure
or being exposed currently to higher concentrations of
“solubleinhalable manganese” resulted in higher serum
prolactin concentrations when compared with those of
their age-matched referents (figure 2). The differences
were significant in the stratum with the longest expo-
sure duration (P=0.017) or in that with the highest

Duration of exposure (years)

cording to exposure duration in years (mean
andrange) into “few”, “medium”, “many” years.

concentrations of “soluble inhalable manganese”
(P=0.008). The group differences of the concentrations
have been expressed as ratios because prolactin waslog-
transformed.

The stratification of the exposure duration was main-
tained for the further study of the relationships between
serum prolactin, exposure duration, and exposure to
“soluble inhal able manganese”. “ Solubl e inhal able man-
ganese” was split according to the median into “low”
and “high” (cut point 187 pg/m?). The subjects exposed
short-term to “high” “soluble inhalable manganese” con-
centrations had serum prolactin concentrations that were
comparable with those of their age-matched referents
(table 6). The subjects exposed long-term to approxi-
mately the same concentrations of “soluble inhalable
manganese” had a significantly higher ratio of prolac-
tin than their age-matched referents (ratio 1.46, 95% ClI
1.04-2.05). Figure 3 shows the geometric mean and 95%
confidence intervals for the serum prolactin concentra-
tions (adjusted for age and smoking habits) in the same
strata asin table 6, but the referentsin each stratum have
been merged into one group. The highest serum prolac-
tin concentrations were found among the long-term
“highly” exposed subjects.

The serum prolactin concentrations were generally
within the normal laboratory range. The values of three
referents and four exposed subjects exceeded the upper
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Table 6. Ratio of prolactin and the 95% confidence intervals (95% Cl) (adjusted according to smoking habits) between the subjects
exposed to manganese (Mn) and the corresponding age-matched referents. The exposed subjects were stratified into three groups
according to the duration of exposure (in years) and further into "low” or "high” current exposure to “soluble inhalable manganese”(cut

point 187 pg/m?). (AM = arithmetic mean, GM = geometric mean)

Age (years)
Duration of exposure
Prolactin Exposed Referents MNishatablesoluble) (years)
Ratio 95% ClI AM Range AM Range GM Range AM Range

Short-term exposure

Low (N=18) 0.86 0.61-1.23 389 27.6-58.5 389  27.7-59.4 57 13- 167 119 3.0-155

High (N=15) 1.05 0.70-1.58 37.3 29.3-545 37.7 29.4-55.1 617 187-2262 108 2.1-153
Medium-term exposure

Low (N=15) 1.04 0.64-1.71 431  32.7-59.9 42.8 32.7-56.8 67 21- 154 19.8 16.1-22.8

High (N=17) 1.38 0.95-1.99 446  32.6-61.9 446  32.8-61.3 584  199-9001 19.1  15.6-22.7
Long-term exposure

Low (N=15) 1.31 0.90-1.90 52.3 41.1-61.0 52.4 41.1-61.4 60 9- 179 31.0 23.1-41.0

High (N=17) 1.46 1.04-2.05 49.1  41.5-59.6 49.0 41.9-59.4 676  222-5162 275  23.0-39.2

450

94-711) (97-704) (65-793) (75-842) (75-663) (98-1367) (71-710)

(99-966)

(138-523)

400 T

3507 T — I

Figure 3. Geometric mean concentrations (and
95% confidence intervals) for serum prolactin

from the exposed subjects stratified according
S to the exposure duration (short, medium, and

long) and current exposure to “soluble inhalable

Serum prolactin (mIU/l)
N
(%)
o
L

150

P=0.78 P=0.56 P=0.82 P=0.10

manganese (high and low). The ranges of the air
concentrations, durations, and serum prolactin
concentrations are shown in parentheses. The

P=0.46  P=0.002

0
referents low (13— high (187- referents low (21- high (199-
167) 2262) 154 9001)

Short (2.1-15.5) Medium (15.6-22.8)

reference value (700 mlu/l). Six exposed subjects
exceeded the 95th percentile in the reference group (cut
point 610 miu/l).

Discussion

This study focused on selected hormones and immuno-
logic markers in the serum of manganese alloy produc-
tion workers exposed to a mixture of manganese com-
pounds. The personal current exposure in the inhalable
aerosol fraction had a geometric mean of 301 pg Mn/me.
The high participation rates (90.9% in both groups) sug-
gest that selection bias was of minor importance. The
long mean exposure of 20 years suggests a low turno-
ver rate among the exposed subjects. However, it can-
not be excluded that subjects became ill due to expo-
sure and thus were not available for inclusion. This pos-
sibility could have resulted in an underestimation of

236 Scand J Work Environ Health 2003, vol 29, no 3

referents low (9 high (222—

Long (23.0-41.0)

P-values were calculated by comparing the ref-
erents in each stratum with the respective two
exposed groups.

79)  5162)

the effect. The exposed subjects and the referents were
comparable with respect to age, alcohol consumption,
prevalence of shift work, smoking habits, and their work
in similar industries. The concentrations of U-Mn and
B-Mn were compatible with those of other studies. We
have no explanation for the relatively high upper rang-
es of the U-Mn concentrations in both groups. In an at-
tempt to avoid contamination, the samples were voided
at home, and there were no indications of externa con-
tamination in the laboratory analysis.

The dlightly higher mean concentration of prolactin
in the serum of the exposed subjects than in the refer-
ents was the core finding of our study. The concentra-
tion was associated with the duration of manganese ex-
posure and the current individual exposure to “soluble
inhalable manganese”. This finding has previously not
been shown. Higher serum prolactin concentrations in
manganese-exposed current smokers, compared with
currently smoking referents, has never been observed
before. The difference did not attain statistical



significance for the nonsmokers. A two-way ANOVA
analysis did not reveal a statistical interaction between
smoking habits and exposure status.

The slightly higher concentrations of LH in the ex-
posed workers were contradictorily associated with ex-
posure measures, the finding suggesting high B-Mn to
be associated with low serum LH and high U-Mn to be
associated with high serum LH. Hence, the results do
not, in our opinion, provide enough evidence to sug-
gest that exposure to manganese influences the serum
concentration of LH. It has, however, been described
that an increased serum prolactin concentration may
result in increased central dopaminergic tone, which
could result in aloss of LH pulsatility (20). This possi-
bility suggests that sufficiently high exposure may al-
ter LH.

Anti-TPO was higher in the exposed workers, but
no relation to any exposure measure was found. The
question of whether high concentrations of circulating
prolactin in manganese-exposed subjects may induce
the production of anti-TPO and perhaps result in au-
toimmune thyroid disease (10) remains to be elucidat-
ed. Interferon-y and IL-2 receptors are both related to
the defense against infectious diseases. The serum con-
centrations of these markers were remarkably similar
in the two groups.

The plasma prolactin concentration is mainly regu-
lated by dopamine exerting a tonic inhibition on prol-
actin release. Dopaminergic neurons run from the hy-
pothalamus to the portal vessels of the median eminence
of the pituitary stalk. The median eminence, the pitui-
tary stalk, and the pituitary, including the lactotrope
cellswith the D, receptors on their surface, are not pro-
tected by the blood-brain barrier. This area may conse-
quently constitute a vulnerable target for manganese
toxicity. Retrograde axonal transport of manganese into
the hypothalamic dopaminergic neurons, which in turn
could perhaps lead to neuronal destruction, cannot be
excluded as an alternative possible toxicologic mecha-
nism.

With this background, it is interesting to note that
the serum prolactin concentration of the exposed sub-
jects increased as current exposure to “soluble inhala-
ble manganese” increased. “Soluble inhalable manga-
nese” includes all the manganese compounds found in
this industry except the extremely little soluble sili-
comanganese. When “inhalable manganese” (including
silicomanganese) was used as a marker of exposure, no
association with serum prolactin was found. This find-
ing has previously not been shown. The results also sug-
gest that some kind of cumulative exposure, in our study
expressed as “years of exposure to manganese”, is also
involved in the process of increasing the serum prolac-
tin concentration. As shown in table 6 and figure 3, sim-
ilar current exposure to “soluble inhalable manganese”

Ellingsen et al

had a different impact on the serum prolactin concen-
tration depending on the duration of exposure in years.
This finding could indicate a mechanism suggesting a
slow destruction of sensitive tissues, which has been so
small that additional current exposure may be necessary
to reveal an effect. Our results are compatible with the
observation that manganese-exposed workers from sim-
ilar plantsin Italy showed anincreasein their serum pro-
lactin concentrations during a 5-year period of exposure
(21). It is, however, important to emphasize that the
changes found in our study are small. An equal, and
small, number of subjectsin the exposed (N=4) and the
reference (N=3) groups exceeded the upper reference
limit of the laboratory. This finding suggests that there
isno clinical significance in the increased prolactin con-
centrations at this exposure level and that serum prol-
actin is not suitable as a screening tool on an individual
basis at this level of exposure.

The following three independent environmental fac-
tors appear to be of importance for the results: “years
of exposure to manganese”, which may represent an in-
dication of cumulative exposure; current exposure to
“soluble inhalable manganese”; and current smoking
habits. When the smoking habits are considered, the re-
sults suggest that a current exposure equaling a geomet-
ric mean of 996 (range 357-9001) ug/m? (95% Cl 740—
1339) to “soluble inhalable manganese” results in in-
creased serum prolactin concentrations. The correspond-
ing geometric mean concentration of “inhalable manga-
nese”’ is 1270 (range 386—11 457) pg/m? (95% Cl 944—
1711). Between 10% and 11% of the manganese was
found in the respirable aerosol fraction (18). These esti-
mates do not consider the impact of exposure duration
on the measured serum prolactin concentrations. The
workers were probably exposed previously to higher
amounts of manganese. One study has suggested a re-
duction in the manganese concentrations from approxi-
mately 1.5 mg/m?® (median) in 1979 to around 0.5 mg/
m? (median) in 1990 (“total manganese”) in the plant
from which half of the population of our study was re-
cruited (22). Whether the higher exposure occurring pre-
viously is aprerequisite for the induction of the demon-
strated effect on serum prolactin concentration, or low-
er long-term exposure is sufficient, could not be deter-
mined in our study.

Increased serum prolactin in association with man-
ganese exposure has been shown previously (4, 5).
However, the studies did not take into account the im-
pact of smoking habits on the serum prolactin concen-
trations, as we did. |t appears that smoking and manga-
nese have an opposite effect on the serum prolactin con-
centration. A depressive effect of nicotine on serum pro-
lactin concentration has been shown (23). It appears
that chronic nicotine administration suppresses the pi-
tuitary prolactin secretion by increasing hypothalamic
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tuberoinfundibular dopaminergic activity (24). The nic-
otine-induced reduction of the serum prolactin concen-
tration was reversible in male Sprague-Dawley rats, the
concentration being normalized between day 3 and day
7 postexposure (24). This knowledge has some impli-
cations with respect to epidemiologic research. Nicotine
acts in the region in which one can assume that also
manganese could act with respect to the serum prolac-
tin concentration. Smoking habits could act as an im-
portant confounder in epidemiologic studies using
serum prolactin as a biomarker, when not properly tak-
en into account, and could result in either an overesti-
mation or underestimation of the effects attributable to
manganese exposure, depending on the differences in
the smoking habits of the groups to be compared. It may
also be that changesin smoking patterns over time may
introduce a possible bias in epidemiologic prolactin
studies. We found no literature dealing with co-expo-
sure to manganese and tobacco smoke and the effects
on the serum prolactin concentration in humans.
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