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Abstract

Literature data indicate that bone is a major storage organ for manganese (Mn), accounting for
43% of total body Mn. However, the kinetic nature of Mn in bone, especially the half-life (t1/,),
remained unknown. This study was designed to understand the time-dependence of Mn
distribution in rat bone after chronic oral exposure. Adult male rats received 50 mg Mn/kg (as
MnCly,) by oral gavage, 5 days per week, for up to 10 weeks. Animals were sacrificed every two
weeks during Mn administration for the uptake study, and on day 1, week 2, 4, 8, or 12 after the
cessation at 6-week Mn exposure for the t/, study. Mn concentrations in bone (MnBn) were
determined by AAS analysis. By the end of 6-week’s treatment, MnBn appeared to reach the
steady state (Tss) level, about 2-3.2 fold higher than MnBn at day 0. Kinetic calculation revealed
t1/2s of Mn in femur, tibia, and humerus bone of 77 (r=0.978), 263 (r=0.988), and 429 (r=0.994)
days, respectively; the average ty» in rat skeleton was about 143 days, equivalent to 8.5 years in
human bone. Moreover, MnBn were correlated with Mn levels in striatum, hippocampus, and
CSF. These data support MnBn to be a useful biomarker of Mn exposure.
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1. Introduction

Occupational exposure to manganese (Mn), such as in mining, smelting, welding or dry-cell
battery production, has been associated with a neurodegenerative parkinsonian disorder
clinically called manganism (Barbeau et al., 1976; Chandra et al., 1981; Crossgrove and
Zheng, 2004; Jiang et al., 2006). Environmental exposure to this toxic metal has also been
linked to the consumption of Mn-containing pesticides and contamination in drinking water
and food (Bouchard et al., 2011). Addition of Mn to gasoline as the anti-knocking reagent,
methylcyclopentadienyl Mn tricarbonyl (MMT) further raises concerns about health risks
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associated with a potential increase in environmental levels of Mn (Butcher et al., 1999;
Sierra et al., 1995). Recently, increasing numbers of cases of Mn-induced Parkinsonism
have been observed among drug addicts using ephedrone (Sikk et al., 2011). It is because of
rising public health concerns that a thorough understanding of Mn neurotoxicity, including
its distribution in the body and mechanism of action, is well justified.

Patients suffering from manganism have signs and symptoms closely resembling, but not
identical to, Parkinson’s disease (PD) (Aschner et al., 2007; Jiang et al., 2006; Racette et al.,
2012). Recent data also show that Mn may play a role in PD etiology (DeWitt et al., 2013;
Lucchini et al., 2007). Since clinically manifested Mn neurotoxicity is usually progressive
and irreversible, early diagnosis becomes critical to treatment and prevention of Mn
intoxication. Historically, searches for biomarker(s) of Mn exposure and health risk have
focused on Mn concentrations in blood, urine, and/or nail. These biomarkers, however, are
of limited use for exposure assessment in that primarily intracellular accumulation of Mn
renders blood, urine, or nail Mn levels inaccurate in reflecting the true body burden of Mn
(Apostoli et al., 2000; Zheng and Monnot, 2012). For example, in group comparisons among
active workers, blood Mn has some utility for distinguishing exposed from unexposed
subjects; yet a large variability in mean values renders it insensitive for discriminating one
individual from the rest of the study population. Human studies using magnetic resonance
imaging (MRI), in combination with non-invasive assessment of y-aminobutyric acid
(GABA) by MR spectroscopy (MRS), have provided evidence of Mn exposure in patients
devoid of clinical symptoms of Mn intoxication (Dydak et al., 2011; Jiang et al., 2007).
These methods, however, do not provide an adequate estimation of Mn body burden in a
long-term, low-dose Mn exposure scenario (Zheng and Monnot, 2012). Thus, to date, a
reliable biomarker to accurately reflect Mn exposure or body burden remains unavailable.

Data in literature suggest that, at normal physiological conditions, Mn accumulates
extensively in human bone tissues (Pejovic-Milic et al., 2009; Schroeder et al., 1966;
Zaichick et al., 2011). Schroeder et al. (1966) observed an average concentration of 2 mg/kg
of Mn in bone ash, which gives rise to about 32.5% of body Mn in bone, according to our
recent calculation (Liu et al., 2013). The International Commission on Radiological
Protection (ICRP) has reported approximately 40% of body Mn accumulates in bone (ICRP,
1972). Information from animal studies of Mn accumulation in bone can be found in
literature, albeit is very limited (Dorman et al., 2005; Seaborn and Nielsen, 2002). Using a
physiologically-based pharmacokinetic modeling approach, Andersen et al. (1999) reported
that Mn stored in bone tissues contributed to over 40% of body Mn; the estimate is closer to
the aforementioned human data. Studies by Furchner et al. (1966) using radioactive >*Mn
administered orally to rats at a normal physiological dose have found that the radioisotope in
bone had a half-life of more than 50 days, which was much longer than the >*Mn half-life in
other rat tissues. Another study by Newland et al. (1987) in primates using >*Mn reported
that Mn had a relatively long half-life of about 220 days in the whole head after inhalation
exposure. In the same study, the researchers found that the half-life of >*Mn in brain tissues
from the same animals was much shorter; hence they ascribed a long half-life of >*Mn in the
head to *Mn present in the skull or to replenishment from other depots (Newland et al.,
1987). These data have clearly established that bone is one of the major organs for long-term
storage of Mn in the body. Thus, a reliable assessment of Mn health benefits or risks should

Toxicol Lett. Author manuscript; available in PMC 2015 August 17.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

O’Neal et al.

Page 3

take into account the extensive Mn deposition in bone. However, knowledge on the rate of
Mn accumulation in human or animal bone, and the pertinent biological half-life of Mn in
bone was incomplete.

Recent advances in neutron activation-based detection technology has made it possible to
develop a transportable neutron activation analysis (NAA) system for quantifying MnBn
(Liu et al., 2013). This highly innovative technique uses a portable deuterium—deuterium
(DD) neutron generator (as the neutron source) to detect Mn in bone, non-invasively and in
real time, in human subjects. To support this technical innovation, there was a need to
understand the toxicokinetics of Mn in bone under a long-term, low-dose exposure
condition. The current study is part of a larger research effort at Purdue University (Liu et
al., 2013) to use MnBn as a reliable biomarker for the noninvasive assessment of Mn body
burden in humans.

The purposes of the current study were to (1) characterize the time-dependent accumulation
of Mn in rat bone following chronic oral administration of Mn to animals; (2) determine the
elimination tyo of Mn in bone tissues; (3) investigate if bone samples collected from
different body parts had similar or different kinetic characteristics; and (4) seek the
correlations between MnBn and Mn concentrations in select brain regions known to be
targets of Mn neurotoxicity. Understanding the time-dependent changes of tissue
distribution of Mn within bone, central nervous system (CNS), and other tissues will help
discover a novel biomarker suitable for the assessment of Mn exposure in humans.

2. Materials and Methods

2.1 Chemicals

Chemical reagents were purchased from the following sources: Mn chloride tetrahydrate
(MnCl,*4H,0) from Fisher Scientific (Pittsburgh, PA); Mn and Cu standard solutions were
from SCP Science (Champlain, NY); ketamine from Fort Dodge (Fort Dodge, IA ); and
xylazine from Vedco (St. Joseph, MO). All reagents were analytical grade, HPLC grade, or
the best available pharmaceutical grade.

2.2 Experimental design

The overall experimental design is illustrated below:

Oral gavage: 50 mg Mn/kg as MnCly, daily, 5 d/wk

For T, study: Day 0 2wk 4wk Bwk Bwk 10wk

For t,; study (stop treatment at week &) Day 1 2wk 1mo Ima imo

Phase 1 studies were designed to determine the time course of Mn accumulation in bone.
Rats received daily administration of 50 mg Mn/kg as MnCl, by oral gavage, 5 days per
week for the period of time specified in the above illustration. In this phase, dose
administration lasted up to 10 weeks with cohorts of animals sacrificed every two weeks to
determine the steady state Mn concentrations (Tgg) in bone following oral exposure.
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Phase 2 studies were designed to determine the elimination t;;, of Mn from bone tissues.
The results from phase 1 suggest a T¢s was reached by 6 weeks of continuous Mn exposure.
After the last dose of the week-6 dose administration, animals were sacrificed at 24 hours, 2
weeks, 1, 2 and 3 months to determine ty, of MnBn.

2.3 Animals and Mn administration

Male Sprague Dawley rats were purchased from Harlan Laboratories, Inc. (Indianapolis,
IN). Upon arrival, animals were housed in a temperature-controlled, 12-h light/dark cycle
room and allowed to acclimate for one week prior to experimentation. At the time of use,
rats were 8 weeks old and weighed 220-250 g. Animals had ad libitum access to filtered tap
water and pelleted rat chow (Harlan Teklad 2018 Diet, Harlan Laboratories). The studies
were approved by the Institutional Animal Care and Use Committee at Purdue University.

MnCl,+4H,0 dissolved in sterile saline was administrated to rats by oral gavage of 50 mg
Mn/kg, once per day, 5 days per week, for up to 10 weeks. This dose regimen was selected
based on our preliminary study showing plasma Mn concentration of ~25 ug/L after 2-week
oral doses, which is comparable to blood Mn levels in Mn-exposed human subjects. Earlier
human studies indicate that Mn-poisoned workers usually have blood Mn concentrations
between 4-15 pg/L (Inoue and Makita, 1996; Vezér et al., 2007). Our own human study
among 39 Mn-poisoned welders in Beijing reveals that the welders with a distinct
manganism have a blood Mn level in the range of 8.2-36 pug/L (Crossgrove and Zheng,
2004). Thus, a continuous daily oral gavage at 50 mg/kg would likely result in a steady-state
blood concentration similar to chronic occupational exposure in humans. The daily
equivalent volume (4 ml/kg) of sterile saline was given to control animals. Twenty-four
hours after the last injection, rats were anesthetized with ketamine/xylazine (75:10 mg/kg; 1
mg/kg, ip). CSF samples, free of blood, were collected using a 26G butterfly needle inserted
between the protuberance and the spine of the atlas, and blood samples were obtained from
the descending aorta and processed for plasma. Rat brains were dissected to harvest choroid
plexus from lateral and third ventricles, hippocampus (HP), striatum (ST) and frontal cortex
(FC). Samples were stored at —80°C for later analysis.

2.4 Determination of Mn, Fe, Cu and Zn concentrations by AAS

All brain and bone samples were digested with concentrated ultrapure nitric acid in a
MARSXpress microwave-accelerated reaction system. Plasma and CSF samples were
digested overnight with nitric acid in a drying oven at 55°C. An Agilent Technologies 200
Series SpectrAA with a GTA 120 graphite tube atomizer was used to quantify Mn, Fe, Cu
and Zn concentrations. Digested samples were diluted 50, 500, or 1000 times with 1.0%
(v/v) HNOg3 in order to keep the readings within the concentration range of the standard
curves. Ranges of calibration standards were 0-5 pg/l for Mn, 0-10 pg/l for Fe, and 0-25
pg/l for Cu and Zn. Detection limits for Mn, Fe, Cu and Zn were 0.09 ng/ml, 0.18 ng/ml, 0.9
ng/ml, and 0.28 ng/ml, respectively, of the final assay solution (Zheng et al., 1998, 1999,
2009).
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2.5 Toxicokinetic and Statistics analysis

Values of MnBn from various body parts were plotted as a function of time. Calculation of
the terminal-phase elimination rate constant (K.) was based on the assumption of first-order
elimination kinetics (Gibaldi and Perrier, 1982; Zheng et al., 2001). A linear regression
analysis was used to estimate the K, of individual curves obtained from different body
bones, from which the t;;, was obtained using the following equation:

0.693
1/2=
t1/ %

(&

All data are expressed as mean + S.D.; statistical analyses of the differences between groups
were carried out by one-way ANOVA with post hoc comparisons by Dunnett’s test or
Student’s t-test using SPSS for Windows (version 20.0). The differences between the two
means were considered significant if p values were equal to or less than 0.05.

3. Results

3.1 Increased Mn concentrations in body fluids after Mn exposure

Following oral chronic Mn exposure, the plasma concentrations of Mn were significantly
increased compared to baseline (week 0) after only two weeks of Mn exposure (Fig. 1).
After 4 weeks of Mn dosing, plasma Mn concentration remained significantly higher
compared to the baseline, but it declined from the 2-week value (Fig. 1). Plasma Mn
concentrations were not significantly different after 6, 8, or 10 weeks of Mn exposure as
compared to the baseline. Similarly, Mn concentration in CSF was significantly increased
compared to baseline after 2 weeks of Mn exposure (p < 0.05; Fig. 1). Interestingly, Mn
concentrations in CSF samples remained significantly higher at 4, 6, 8, and 10 weeks of
dosing in comparison to the baseline value (p<0.01; Fig. 1). Between the sixth and eighth
weeks of Mn exposure, Mn levels in the CSF appeared to plateau.

3.2 Increased Mn concentrations in bones after Mn exposure

Mn accumulation in bone was investigated in bone samples including femur, tibia, humerus,
and parietal bones. While chronic Mn oral exposure did not significantly affect animals’
body weights after 6 weeks exposure, the weight of femur bones was significantly reduced
compared to controls (—=8.5%, p<0.01; Table 1). Concentrations of Mn in bone appeared to
be elevated after only two-weeks of exposure, although the values were not statistically
significant (Fig. 2). After 4-weeks of exposure, a significant accumulation of Mn in bone
was observed in all bone samples (p<0.05; Fig. 2). This increase in Mn accumulation in all
bone samples continued until the 8™ week of Mn exposure. Since there were no statistically
significant differences between the data points from the 6t-, 8- or 10t-week bone
samples, MnBn appeared to reach the steady state (Tgs) concentration after 6-weeks of Mn
exposure (Fig. 2).

3.3 Mn ty;2 in rat bones

To determine the elimination t1,, animals were exposed to Mn for 6 weeks until the T was
reached. Bone tissues were then dissected at 24 hours, 2 weeks, 1, 2 and 3 months following
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exposure cessation for AAS quantification of Mn concentrations in femur, tibia, humerus,
and parietal bone. Average values for each type of bone were plotted on a semi-log scale
over time to yield four separate regression lines. The slopes of these regression lines were
taken as the individual elimination rate constant K, and used to calculate the MnBn ty, for
each bone type. Our calculations result in ty/os of 77, 263, 429, and 690 days for femur,

tibia, humerus, and parietal bones, respectively. To estimate the Mn ty, in the whole rat
skeleton, the values for all bones at each time point were averaged. Following the same
procedure used to calculate the ty/, in individual bones, the average MnBn t;/» was estimated
to be approximately 143 days (Fig. 3).

3.4 Correlations between MnBn and Mn concentrations in selected brain regions

To test the hypothesis that Mn stored in bone tissues may serve as the internal source of Mn
in brain, a linear regression method was used to correlate Mn concentrations in the striatum
and hippocampus with MnBn from the same animals. Since the choroid plexus in brain
ventricles transports metals and secretes the CSF, which provides the internal milieu of the
CNS (Zheng et al. 2003), the correlations between MnBn and Mn concentration in choroid
plexus and CSF collected from the same animals were also investigated. The results showed
that there were strong correlations between MnBn and Mn levels in striatum (correlation
coefficient r=0.7549, p<0.001) and hippocampus (r=0.7823, p<0.001). Interestingly, the Mn
concentration in the choroid plexus was also strongly associated with MnBn (r=0.6519,
p<0.001), so was the correlation between MnBn and CSF (r=0.7204, p<0.001), suggesting
that bone could potentially serve as an endogenous source of Mn to the body and CNS (Fig.
4).

3.5 Correlations between MnBn and concentrations of Fe, Cu, and Zn in rat skeleton

To understand how Mn accumulation in bone affects accumulation of other metals, such as
Fe, Cu, and Zn in the rat skeleton, the linear regression method was again used to correlate
MnBn with concentrations of Fe, Cu, and Zn in femur, tibia, and humerus bones from the
same animals. The results showed there were strong positive correlations between MnBn
and Fe levels in the rat bones (r=0.8509, p<0.001), and MnBn and Zn (r=0.7510, p<0.001),
but an inverse correlation between MnBn and Cu (r=—0.7259, p<0.001) (Fig. 5). The results
suggested that Mn accumulation in bone likely affected other essential metals in bone.

3.6 MnBn in rats with other Mn exposure paradigm

A rapid time-dependent Mn accumulation in bone observed in Phase 1 of this study raised
the question as to whether alternative Mn dose regimens and routes of exposure may lead to
similar Mn accumulation in bone. In our previous studies, we have used a subchronic Mn
exposure model by administering rats 6 mg Mn/kg (low dose) or 15 mg Mn/kg (high dose)
as MnCly, 5 days per week for 4 weeks by intraperitoneal injection, and found significant
alterations in neurochemical profiles (O’Neal et al., 2014). To investigate bone Mn
accumulation in this animal model, rats received ip injections of Mn with the same dose
regimen. Following 4-week ip dose administration, MnBn was significantly increased in
both exposure groups as compared to controls (49.3 = 9.3 for low dose, 172.9 + 35.3 for
high dose vs. 13.0 + 7.8 for control; mean £ SD ug/g; p < 0.01) (Fig. 6). It was apparent that
Mn accumulated in bone tissues was in a dose-dependent manner after ip Mn exposure.
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3.7 Mn concentration in muscle

In vivo noninvasive measurements of MnBn (Liu et al., 2013) will likely include some
contribution of Mn present in skeletal muscle. To estimate Mn concentrations in muscle
(MnM), we determined MnM in animals receiving oral doses of Mn. The soleus muscle was
selected because of its proximity to the tibia, one of the bones commonly measured in vivo.
The results showed an initial increase of MnM in the soleus muscle, which reached a
statistical significance after 4 weeks of dose administration (p<0.05; Fig. 7). However,
similar to Mn concentrations in plasma and CSF, the levels of Mn began to decrease despite
continued administration of Mn and stayed relatively unchanged in comparison to controls
at time 0 (~0.35-0.40 pg/L). Thus, it seems likely that under long-term, chronic exposure
condition, Mn concentration in muscle tissues would remain at a relatively constant level.

4. Discussion

This study is the first to report estimations of t1;, of Mn in bone after a chronic oral Mn
exposure. Other reports in literature have described extensive Mn accumulation in bone
(Pejovic-Milic et al., 2009; Schroeder et al., 1966; Zaichick et al., 2011); yet none has
calculated the half-life of Mn in the rat skeleton.

Occupational exposure to Mn in the air at concentrations from 0.1-1.27 mg/m3 shows levels
of Mn in the blood to be 10.3-12.5 ug/l (Vezér et al., 2007). Among patients with clinical
signs and symptoms of manganism, the blood Mn concentration varies between 4-40 ug/L
(Crossgrove and Zheng, 2004; Inoue and Makita, 1996; Jiang, et al., 2007). Interestingly, the
plasma Mn concentration in rats at day 30 following this oral dose regimen is ~20 ug/L; the
level is highly comparable to human Mn blood level at poisoning. More interestingly, the
steady-state concentrations of Mn in rat striatum under this dose regimen are about 1-1.2
ug/g between four and six weeks of dose administration (Supplemental Fig. I); under this
brain concentration range, a significant striatal neurodegenerative injury has been observed
(Fujioka et al., 2003). Noticeably, environmental exposure to Mn has been known to occur
through eating foods and drinking water contaminated with Mn (ATSDR, 2012). Studies of
humans drinking contaminated water in Bangladesh and Greece show that levels of Mn
between 50 pg/l and 8.61 mg/I can cause adverse health effects (Hafeman et al., 2007;
Kondakis et al., 1989). The LDsgq of oral MnCl, exposure in rats is 338 mg/kg (McMillian,
1999). Our dose of 50 mg/kg is approximately 15% of this value. Although rats were
exposed orally in the current study, the ATSDR (2012) reports that health effects observed
after an oral exposure are similar to those observed after an inhalation exposure. Thus, the
current oral Mn administration appears to be an appropriate animal model for chronic Mn
intoxication study including Mn accumulation and elimination from bone tissues.

It is interesting to know that in the first 4 weeks of Mn dose administration, MnBn continued
to increase, while the blood Mn concentration started to decline by the end of the 41 week
of dosing. Although the blood Mn concentration returned to nearly baseline level after 10
weeks of exposure, MnBn remained significantly higher than in controls. This observation
supports the view that a short blood t1/, of Mn is due primarily to its intracellular
distribution (Zheng et al., 2000) and thus, Mn blood concentration is deemed insufficient for
assessment of Mn exposure or health risk (Zheng et al., 2011). Data from the current study
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clearly demonstrate that the bone tissue serves as a storage site upon Mn chronic exposure.
Indeed, the average t1/», of MnBn was estimated to be about 143 days. In a comparative
study of human and rat developmental time points and associated body weights, Sengupta
(2011) proposes that every 16.7 days throughout the life of the rat is equivalent to one
human year. Using this analogy, we estimate the half-life of Mn in the rat femur to be 4.6
years, tibia 15.8 years, humerus 25.7 years, and parietal bone would be an astounding 41.3
years. To estimate the value for the entire skeleton, it is more appropriate to take the half-
lives of bone sampled from different body parts. Thus, by using the average half-life in in
the current study, we estimate that the average half-life of Mn in the rat skeleton
corresponds to 8.6 years for humans.

The current study also revealed an interesting observation, i.e., the shortest half-lives of Mn
were observed in the weight-bearing bones. Specifically, we observed the shortest half-lives
in femur and tibia bones and the longest in parietal bone. Regarding animal locomotor
behavior, rats are a generalist species, with skeletal structures developed for burrowing,
running, jumping, and walking. Although not bipedal, rats do spend time standing on their
hind limbs while exploring or searching for food. This potentially puts more pressure on the
femur and tibia bones when compared with their humerus or parietal bones. The observation
leads to another interesting question as to why the weight-bearing bones have a shorter
storage time for Mn.

In both adult humans and rats, the main function of the skeleton is remodeling. Bone
remodeling consists of both bone formation and resorption. Between the different types of
bones, there are anatomical and functional differences. For example, the perfusion rate
within tubular long bones differs between areas of cortical bone such as the diaphysis, and
areas of trabecular bone, including the femoral head and neck. Tendevold and Eliasen
(1982) have found that the perfusion rate is highest in areas with more trabecular bone and
lowest in the diaphysis with more cortical bone. They also show that the perfusion rate is
similar between the femur and tibia (Tgndevold and Eliasen, 1982), although the differences
between these and other bone types, such as parietal bone, remain unknown. Serrat et al.
(2007) indicate that some bones, such as the humerus, have different ossification patterns
than does the femur. Bancroft et al. (2002) also suggest that the differences in fluid
perfusion rates among bone tissues could alter the levels of nutrients including intracellular
calcium and other biochemical factors, such as prostaglandin E2 and cyclooxygenase-2 in
bone in vitro. Further, they observe that the fluid flow in these tissues mechanically
stimulates pressure gradients so to move fluid outward into the cortical bone (Bancroft et al.,
2002). Taking into account these literature data, we postulate that differences in anatomical
structure, perfusion rate of bone tissues, and hydrostatic pressure or compression may
explain the observed differences in Mn half-lives in different bones.

In the present study, we did not see any significant changes in animals’ body weights after
chronic Mn oral exposure. However, we did observe the weight of femur bone to be
significantly reduced after 18 weeks of Mn exposure. This observation suggests that in
addition to simple storage, Mn ions accumulated in bone may have a direct detrimental
effect on bone’s normal structure and function. In addition, we found that MnBn was
positively associated with Fe and Zn in bone but inversely related to Cu. The implications of
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these relationships are currently unknown. Thus, Mn-induced osteotoxicity as a result of
chronic Mn exposure in humans as well as animals deserves further in-depth investigation.

To understand whether MnBn could be used as a potential biomarker for Mn-induced
neurotoxicity, we correlated MnBn with Mn levels in selected brain regions, including
striatum, hippocampus, and choroid plexus from the same animals. It was evident that the
values of MnBn were well correlated with each of these brain regions. These relationships
are important for studies of Mn neurotoxicity in humans, for striatum is known to
accumulate Mn to a great extent in humans (Dydak et al., 2011; Jiang et al., 2007),
hippocampus is a potential target of Mn toxicity (Wang et al., 2012), and Mn accumulation
in the choroid plexus is known to cause the dysregulation of the homeostasis of iron and
copper in the central milieu (Zheng et al., 2003; 2012).

One of the purposes of this study was to build a theoretical foundation for human
noninvasive quantitation of MnBn by using a novel deuterium-deuterium (DD) neutron
generator—based neutron activated analysis (NAA) system (Liu et al., 2013). A transportable
version of this system, which has been developed recently at Purdue University, has a
detection limit of 0.7 ppm (ug/g). Schroeder et al. (1966) report that normal human subjects
have a MnBn of 2 pg/g, which was determined using postmortem human bone tissues.
Based on our current data, MnBn at the steady-state exceeds 1 pg/g. Thus, this transportable
NAA device shall be of practical value in human study. The concentration of Mn in muscle
was also determined in order to understand the kinetic changes of Mn levels in this tissue.
Our results demonstrated that the Mn concentration in muscle remained constant after
chronic exposure. Taken together, we feel that because MnBn has a long half-life, is well
correlated with levels of Mn in brain and is not interfered by Mn in muscle, the MnBn
measured in vivo by the transportable NAA system would serve as an excellent biomarker of
Mn exposure in occupational and environmental research.

This study has limitations. First, the study as designed does not allow us to investigate the
regional distribution and deposition of Mn within bone. Current studies in the lab are
investigating the differences in distribution of Mn between cortical and trabecular bone. At
the time of writing, our preliminary data from animals exposed to 6 mg Mn/kg as MnCl; via
ip injection five days per week for four weeks suggests that Mn accumulates in the
trabecular bone of control animals, but in the cortical bone of Mn-exposed animals. Further
work by synchrotron X-ray fluorescent technique to depict regional distribution of Mn in
bone is desirable. Second, our current study does not address how Mn ions gain access to
bone tissues, what subcellular ligands in bone tissues Mn ions are bound with, and whether
Mn transporters, such as divalent metal transporter-1 (DMT1) and transferrin receptor (TfR),
play any roles in Mn deposition and its toxicity to other metals. Additionally, due to the
limited budget, the current study was not able to investigate the percentage of Mn in bone
with regards to the total body burden, although such percentages have been reported in
literature (see Introduction). Finally, this study did not investigate the contribution of bone
marrow to overall Mn accumulation in bone. To the best of our knowledge, this has also not
yet been reported elsewhere in published literature. Our future studies will be directed
toward these unsolved issues.
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In summary, the data presented in this report suggest that a 4-week Mn oral exposure can
lead to a significant accumulation of Mn in bone tissues. The half-lives of Mn in rat bone are
in the range of 77-690 days with an average of 143 days. Moreover, the weight-bearing
bones such as femur appear to have a shorter ty;, than non-weight bearing bones. Since brain
Mn levels change as a function of MnBn, we propose that the MnBn may be an effective
biomarker for assessment of Mn exposure and health risk.
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Abbreviation

Mn manganese
MnBn Mn concentration in bone
MnM Mn concentration in muscle
CSF cerebrospinal fluid
BBB blood-brain barrier
BCB blood-cerebrospinal fluid barrier
Tgs steady state concentration
ti half life
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Time course of Mn concentrations in plasma and cerebrospinal fluid (CSF) following

chronic oral Mn exposure.

Rats received 50 mg Mn/kg as MnCl, by oral gavage once daily, five days per week for the
time indicated. Mn concentrations in plasma and CSF were determined by AAS. Data
represent mean + S.D., n = 5-6; *: p < 0.05, **: p < 0.01.
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Time-dependent accumulation of Mn in rat bones after chronic oral Mn exposure. The

animal treatment regimen is described in the legend to Fig. 1.
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Mn concentrations in various bone samples were determined by AAS. Data represent mean

+S.D., n=5-6; *: p<0.05, **: p <0.01 indicating group comparisons made between

samples collected at times after Mn exposure and samples at time 0.
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Fig. 3.
Terminal phase elimination half-Life (t1,») of Mn in bones following chronic oral Mn

exposure. Rats received 50 mg Mn/kg as MnCl, by oral gavage once daily, five days per
week for 6 weeks. Groups of animals were sacrificed at the times indicated. The values of
MnBn were plotted as a function of time; the elimination rate constants were estimated by
linear regression analysis, and used to calculate the elimination t1,,. To estimate average tq/»
in rat skeleton, all values at each time point were averaged and the linear regression method
was then used.
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Fig. 4.

Changes of Mn concentrations in brain, choroid plexus and CSF as a function of MnBn.
The animal treatment regimen is described in the legend to Fig. 1. Mn concentrations in all
tissues were determined by AAS. Liner regression was used to estimate the correlation

coefficients.
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The animal treatment regimen is described in the legend to Fig. 1. Concentrations of Mn, Fe,
Cu and Zn were determined by AAS. Liner regression was used to estimate the correlation
coefficients.
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Mn concentration in rat bone after chronic ip injection exposure.

Rats received 6 mg Mn/kg as MnCl5 by ip. injections once daily, five days per week, for 4
weeks. Data represent mean £ S.D., n = 5-6; *: p < 0.05, **: p < 0.01
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Mn concentration in muscle after chronic oral Mn exposure.

The animal treatment regimen is described in the legend to Fig. 1. Mn concentrations in
soleus muscle were determined by AAS. Data represent mean + S.D., n = 5-6; *: p < 0.05.

Toxicol Lett. Author manuscript; available in PMC 2015 August 17.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

O’Neal et al. Page 22

TABLE 1
Changes of Total Body Weight and Femur Bone Weight s after Chronic Oral Mn Exposure in Rats

Body Weight Bone Weight
Day 0 18 Weeks Day 0 18 Weeks
Control 261.6+522 3549+16.24 1.07+0.13 1.30+0.02

Mn-treated  268.4 +8.65 352.13+9.96 121+038 119+ 0.01*

Rats received 50 mg Mn/kg as MnCI2 by oral gavage once daily, five days per week, for 6 weeks. Mn concentrations were determined by AAS.
Data represent mean + S.D., n = 5-6;

*
p <0.05.

Toxicol Lett. Author manuscript; available in PMC 2015 August 17.



