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A B S T R A C T

Para-aminosalicylic acid (PAS), an FDA-approved anti-tuberculosis drug, has been used successfully in the

treatment of severe manganese (Mn)-induced Parkinsonism in humans [Jiang Y-M, Mo X-A, Du FQ, Fu X,

Zhu X-Y, Gao H-Y, et al. Effective treatment of manganese-induced occupational Parkinsonism with p-

aminosalicylic acid: a case of 17-year follow-up study. J Occup Environ Med 2006;48:644–9]. This study

was conducted to explore the capability of PAS in reducing Mn concentrations in body fluids and tissues of

Mn-exposed animals. Sprague–Dawley rats received daily intraperitoneally (i.p.) injections of 6 mg Mn/kg,

5 days/week for 4 weeks, followed by a daily subcutaneously (s.c.) dose of PAS (100 and 200 mg/kg as the

PAS-L and PAS-H group, respectively) for another 2, 3 or 6 weeks. Mn exposure significantly increased the

concentrations of Mn in plasma, red blood cells (RBC), cerebrospinal fluid (CSF), brain and soft tissues.

Following PAS-H treatment for 3 weeks, Mn levels in liver, heart, spleen and pancreas were significantly

reduced by 25–33%, while 3 weeks of PAS-L treatment did not show any effect. Further therapy with PAS-H

for 6 weeks reduced Mn levels in striatum, thalamus, choroid plexus, hippocampus and frontal cortex by

16–29% (p < 0.05). Mn exposure greatly increased iron (Fe) and copper (Cu) concentrations in CSF, brain

and liver. Treatment with PAS-H restored Fe and Cu levels comparable with control. These data suggest that

PAS likely acts as a chelating agent to mobilize and remove tissue Mn. A high-dose and prolonged PAS

treatment appears necessary for its therapeutic effectiveness.

� 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Occupational exposure to manganese (Mn) has been linked to
the majority of the reported cases of Mn intoxication. Neurotoxi-
city due to inhalation exposure to airborne Mn has been reported
in miners, smelters, welders, as well as workers in dry-cell battery
factories (Bowler et al., 2006; Chandra et al., 1981; Couper, 1837;
Huang et al., 1989; Myers et al., 2003; Ono et al., 2002). Patients
who suffered from Mn intoxication, namely manganism, display an
extrapyramidal syndrome in a pattern similar to, but not identical
to idiopathic Parkinson’s disease, including tremor, bradykinesia
and gait difficulties. Patients can also display neuropsychological
difficulties that include memory loss, apathy, and even psychosis
(Aschner et al., 2007; Crossgrove and Zheng, 2004). Patients with
severe manganism have difficulties in coping with daily life. While
an increasing and immediate demand exists for an effective
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therapy for Mn-induced neurological impairment, a viable
treatment has yet to be discovered.

Clinically, levodopa has been used to treat extrapyramidal
syndromes, but with limited benefits (Huang et al., 1993; Lee,
2000; Mena et al., 1970; Rosenstock et al., 1971). In a more rigorous
designed clinical trial, Koller et al. (2004) found that treatment
with levodopa among parkinsonian welders did not lead to a
significant beneficial effect. The strategy to remove the body
burden of Mn to normal levels has also been tested in manganism
patients. Chelation therapy with ethylene-diamine-tetraacetic
acid (EDTA) has shown in some cases to produce promising
clinical results (Hernandez et al., 2006), while in other cases it
increases Mn elimination in urine but does not improve clinical
syndromes (Calne et al., 1994; Cook et al., 1974; Crossgrove and
Zheng, 2004; Ono et al., 2002). Thus, a search for other chelating
agents for Mn intoxication has become necessary.

Para-aminosalicylic acid (PAS, 4-amino-2-hydroxybenzoic acid,
4-aminosalicylic acid, CAS #89-57-6, MW 153.14), also nicknamed
PASER, Paramycin, or Parasal, has been used as an anti-tuberculosis
drug since the early 1950s. The therapeutic benefit is believed to be
due to its inhibitory effect on folic acid synthesis and therefore the
synthesis of the cell wall of the tuberculosis mycobacterium, the
primary bacterium causing tuberculosis (PDR, 2000; Rengarajan
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et al., 2004). The chemical structure of PAS is comprised of
carboxyl, hydroxyl and amine groups, which provide promising
chelating moieties for metals. Ky et al. (1992) first reported two
successful clinical cases using PAS for treatment of chronic severe
Mn poisoning. This group subsequently conducted a 17-year
follow-up study on one of the patients and found that the PAS
therapy led to a promising long-term prognosis (Jiang et al., 2006).
Combined with 86 other cases effectively treated with PAS in the
literature, this evidence suggests that PAS may be a promising
therapy for manganism. However, the exact mechanism of drug
action (i.e., by chelation, anti-inflammation, or both) remains
unknown. Thus, one of the major purposes of this study was to
investigate the effectiveness of PAS in reducing the body burden of
Mn.

Upon exposure, Mn accumulates in brain regions, including the
basal ganglia structures, and to a lesser extent, the caudate nucleus
and putamen (Calne et al., 1994; Reaney et al., 2006; Roels et al.,
1997; Yamada et al., 1986). T1-weighted magnetic resonance
images (MRI) of patients with Parkinson-like symptoms exhibits
high signal densities in the basal ganglia attributed to Mn,
especially the globus pallidus (Jiang et al., 2007; Kim, 2006;
Nagatomo et al., 1999). Mn exposure is known to alter iron (Fe)
homeostasis in the cerebrospinal fluid (CSF) and brain tissues (Li
et al., 2005, 2006; Zheng et al., 1999). An increased Fe
concentration in the CSF is believed to be the result of Mn
interference with Fe transport by the blood–CSF barrier at the
choroid plexus (Wang et al., 2008a,b). Early studies by Lai et al.
(1999) also suggest an increased Cu level in the striatum of rats
exposed to Mn in drinking water. In light of these studies, we were
interested in investigating whether PAS treatment would restore
the altered Fe and Cu status to normal physiological levels.

The aims of this study were (1) to investigate whether PAS
treatment reduced Mn levels in selected brain regions and organs
of rats subchronically exposed to Mn, (2) to study the time-dose
response of PAS treatment in reducing Mn tissue levels, (3) to
verify the alteration of Fe and Cu in body fluids and brain tissues
following Mn exposure, and (4) to investigate whether PAS
restored tissue Fe and Cu to the normal levels.

2. Materials and methods

2.1. Materials

Chemicals were obtained from the following sources: manga-
nese chloride (MnCl2) from Fisher scientific (Pittsburgh, PA); para-
aminosalicylic acid (PAS) from Sigma (St Louis, MO); nitric acid
form Mallinckrodt (Hazelwood, MO); atomic spectrophotometry
standard solutions for Mn (as Mn nitrate in 3% nitric acid), iron (Fe,
in 3% nitric acid) and copper (Cu, in 3% nitric acid) from Ricca
Chemical Company (Fenton MO). All reagents were of analytical
grade, HPLC grade or the best available pharmaceutical grade.

2.2. Animals

Male Sprague–Dawley rats were purchased from Harlan Sprague
Dawley Inc. (Indianapolis, IN). At the onset of the study, the rats were
7–8 weeks old, weighing 220 � 10 g (mean� S.D.). Upon arrival, the
rats were housed in a temperature-controlled, 12/12 light/dark room,
and acclimated for 1 week prior to experimentation. They were allowed
to have free access to pelleted Purina semi-purified rat chow (Purina
Mills Test Diet 5755C) purchased from Purina Mills (Richmond, IN) and
the distilled, deionized water. Purina Mills Diet 5755C contains 0.60%
calcium, 0.57% phosphorus, 0.40% potassium, 0.07% magnesium, 0.21%
sodium, 60 ppm Fe, 20 ppm Zn, 65 ppm Mn, 15 ppm Cu, 3.2 ppm cobalt,
0.6 ppm iodine, 3.0 ppm chromium, and 0.2 ppm selenium. The diet is
highly consistent in its composition and has been used in our past
studies on chronic lead exposure (Zhao et al., 1998; Zheng et al., 1996).
The study was conducted in compliance with standard animal use
practices and was approved by Institutional Committee on Animal Uses
at Purdue University.

2.3. Mn and PAS administrations and sample collection

There were eight rats in each study group. Both MnCl2 and PAS
sodium salt were dissolved in sterile saline each day prior to
administration. The study was designed as follows: rats in the Mn-
only group received i.p. injections of 6 mg Mn/kg (6 mg Mn/mL)
once daily, between 9:00 a.m. and 10:00 a.m., 5 days/week for 4
weeks; they were then injected with saline subcutaneously once
daily for 2, 3 or 6 weeks until tissue dissection (designated as the
Mn-only group).

Rats in PAS treatment groups received the same daily i.p.
injections of 6 mg Mn/kg as those in the Mn-only group. Following
4 weeks of subchronic Mn exposure, exposure ceased and the
animals were treated with PAS subcutaneously at dose of 100 mg/
kg (designated as PAS-low-dose group or PAS-L) or 200 mg/kg
(PAS-high-dose group or PAS-H) once daily, between 9:00 a.m. and
10:00 a.m., 5 days/week for additional 2, 3, or 6 weeks. The animals
were then subjected to tissue dissection and subsequent metal
analyses. Two control groups were designated as follows: rats in
the saline control group received the daily i.p. injections of saline at
a volume equivalent to the Mn-only group throughout the
experiment (designated as the control group). Another group of
rats received the same saline injections as those in the control
group for 4 weeks, followed by subcutaneous injection of 200 mg/
kg of PAS for 2, 3, or 6 weeks (designated as the PAS-only group).

The dose regimen for Mn exposure was chosen because it was
known to be associated with a significant increase of Mn concentra-
tion in brain tissues and altered biochemical parameters in rats (Seth
etal.,1977, 1981;Zhengetal.,1998,1999).Subcutaneousinjectionof
PAS was chosen in order to avoid the in situ chemical interaction
between PAS and Mn at the same dosing site.

Twenty-four hours after the last injection, rats were anesthetized
with ketamine/xylazine (75:10 mg/kg, 1 mg/kg i.p.). CSF samples
were obtained through a 26-gauge needle inserted between the
protuberance and the spine of the atlas, and were free of the blood.
Blood samples were collected from the inferior vena cava into a 2 mL
heparinized syringes. Following standing in room temperature for at
least half an hour, the blood was centrifuged at 3400� g for 10 min
at which point the plasma was transferred to an Eppendorf tube. The
pellets were then washed with saline for three times. The red blood
cells (RBC) were obtained; an aliquot of the RBC was used for
determining the hemoglobin concentration; and the rest was for
metal analyses. All CSF, plasma and RBC samples were stored at
�20 8C prior to analysis.

Rat brains were dissected from the skull and the choroid plexus
was collected from lateral and third ventricles. Various brain
regions, i.e., striatum, hippocampus, motor cortex, and cerebellum
and thalamus, were dissected as we previously described (Zheng
et al., 1998; Li et al., 2006). The major organs, i.e., heart, kidney,
liver, testis, pancreas and spleen, were also dissected. All collected
tissues were stored at �80 8C prior to analysis.

2.4. Samples digestion and atomic absorption spectrophotometry

(AAS) analysis

All brain tissues and organ samples were thawed at room
temperature and a 200 mg tissue sample was weighed in a 10 mL-
MARSXpress microwave digestion vessel (CEM Corp., Matthews,
NC). An aliquot of 2 mL ultrapure nitric acid was added into the
vessel. The tightly capped vessels were placed in a model
MARSXpress Microwave Reaction System (CEM Corp.) and digested



Table 1
Effect of PAS treatment on Mn concentrations in plasma, RBC and CSF of rats subchronically exposed to Mn.

Group Control groups Mn alone Mn + PAS treatment

Saline PAS-H PAS-L PAS-H

Plasma (ng/mL)

Two weeks 5.14 � 2.11 4.32 � 0.74 10.9 � 1.74* 12.4 � 1.93 10.4 � 1.71

Three weeks 5.60 � 0.64 5.08 � 1.20 8.12 � 1.06* 10.8 � 3.41 10.1 � 1.86

Six weeks 4.60 � 1.00 4.63 � 0.87 8.46 � 1.82** 8.75 � 2.60

RBC (ng/mg Hb)

Two weeks 0.10 � 0.03 0.09 � 0.02 2.26 � 0.40** 2.50 � 0.23 2.16 � 0.39

Three weeks 0.09 � 0.02 0.07 � 0.02 2.32 � 0.40** 2.32 � 0.48 1.81 � 0.36#

Six weeks 0.08 � 0.02 0.07 � 0.02 0.77 � 0.19** 0.57 � 0.11##

CSF (ng/mL)

Two weeks 4.88 � 1.63 4.32 � 0.74 11.5 � 2.41** 9.96 � 2.90 7.75 � 2.28#

Three weeks 4.09 � 1.30 4.20 � 0.44 10.4 � 2.05** 7.42 � 0.56# 8.88 � 2.03

Six weeks 5.09 � 0.44 4.79 � 1.34 10.2 � 1.78** 11.2 � 1.69

Rats in the control group received daily i.p. saline injection throughout the entire experiment. Rats in the PAS control group received i.p. saline for 4 weeks, followed by s.c.

PAS-H for 2, 3, or 6 weeks prior to tissue dissection. Animals in the Mn-alone group received i.p. 6 mg Mn/kg, 5 days/week for 4 weeks, followed by s.c. saline for 2, 3, or 6

weeks. Rats in the Mn-PAS groups received i.p. 6 mg Mn/kg, 5 days/week for 4 weeks, followed by either low-dose PAS (100 mg/kg) or high-dose PAS (200 mg/kg) s.c. injection

for 2, 3, or 6 weeks. Data represent mean � S.D., n = 6–8.
* p < 0.05 as compared to the saline group.
** p < 0.01 as compared to the saline group.
# p < 0.05 as compared to the Mn-alone group.
## p < 0.01 as compared to the Mn-alone group.
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at 600 W power output with 15 min stepwise rise to 200 8C, which
was maintained for 10 min. After cooling to room temperature, the
resulting solution was mixed with another 2 mL of distilled,
deionized (DDI-) water. The solution was then transferred to a
10 mL metal-free polypropylene conical tube (Falcon) and stored at
4 8C until analysis. To determine the metal concentrations in the CSF,
plasma and RBC samples, aliquots of 0.5 mL plasma and 0.4 mL RBC
were mixed with 1.5 mL and 1.6 mL of ultrapure nitric acid,
respectively, in microwave vessels and digested under the same
condition as described above. The CSF samples were digested with
the equal volume of nitric acid at 56 8C overnight.

A Varian SpectroAA-20 Plus GTA-96 flameless graphite furnace
AAS was used to quantify Mn, Fe and Cu concentrations in body
fluids, brain tissues, and selected organs. Digested samples were
diluted 50, 500, and 1000 folds with 1.0% (v/v) HNO3 for Mn, Fe, and
Cu, respectively, in order to maintain the reading within the
concentration ranges of the standard curves. The ranges of
calibration standards were 0–5 mg/L for Mn, 0–10 mg/L for Fe,
and 0–20 mg/L for Cu. The detection limit for Mn, Cu and iron were
0.09 ng/mL, 0.9 ng/mL, 0.18 ng/mL of the assay solution. Intra-day
precision of the method for Mn, Cu and Fe were 2.9%, 1.6% and 3.1%,
respectively, and the inter-day precision were 3.3%, 3.7% and 4.6%,
respectively (Zheng et al., 1998, 1999).

2.5. Statistical analysis

All data are presented as mean � S.D. and analyzed by SPSS 15.0
statisticas software (SPSS Inc., Chicago, IL). Prior to the analysis of
variance (ANOVA), a homogeneity of variance test was conducted to
determine the homogeneity of tested values. Comparison of two
means was then performed using a one-way ANOVA, followed by
Dunnett’s multiple comparison tests. In all cases, the differences
between two means were considered significant if p values were
equal or less than 0.05.

3. Results

3.1. Reduction of Mn concentrations in body fluids and tissues by PAS

Following subchronic Mn exposure, Mn concentrations in rat
plasma, CSF and RBC were significantly increased as compared to
the control group. Treatment with the low-dose PAS (PAS-L) did
not affect plasma or RBC Mn concentrations but significantly
reduced CSF Mn concentration (by 28%) after 3-week treatment
(Table 1). Rats treated with the high-dose PAS (PAS-H) for 3 and
6 weeks showed a significant 22–26% reduction of Mn
concentrations in RBC. While a 2-week PAS-H treatment
significantly reduced CSF Mn by 33%, the treatment with 3
and 6 weeks of PAS-H did not significantly affect Mn
concentration in the CSF (Table 1). Administration of PAS-H to
the animals without Mn exposure did not alter Mn levels to any
significant extent.

Mn tended to accumulate in brain tissues for a prolonged
period. Concentrations of Mn in all brain regions examined
remained to be significantly higher than those in controls even
at 6 weeks of post-Mn exposure (p < 0.01) except for the choroid
plexus at 6 weeks (p > 0.05) (Table 2). The highest Mn
concentrations were found in striatum and thalamus. Treatment
with PAS-L did not significantly affect Mn levels in all brain
regions examined. However, a treatment of PAS-H for 2 weeks
significantly reduced Mn concentrations in striatum, thalamus
and choroid plexus. Following PAS-H treatment for 6 weeks, Mn
levels in the striatum, thalamus, choroid plexus, hippocampus
and motor cortex were reduced by 28.2%, 29.1%, 27.4%, 23.2%,
and 15.5%, respectively (p < 0.05) (Table 2). Noticeably also, the
% of reduction of tissue Mn by PAS-H was increased with the
PAS-H treatment time (Fig. 1), suggesting that a prolonged PAS
therapy may be necessary to bring down Mn levels in brain
tissues.

Similar to brain tissues, subchronic Mn exposure markedly
increased Mn concentrations in major organs such as heart,
liver, kidney, testes, spleen and pancreas even after 6 weeks of
cessation of Mn exposure (p < 0.01) (data not shown). Dosing
with PAS-L did not greatly affect Mn concentrations in these
organs in Mn-exposed animals. Treatment with PAS-H for 3
weeks significantly reduced tissue Mn levels by 25% in spleen,
31% in heart, 32% in liver and 33% in pancreas, with no effect on
the testes and kidney (Fig. 2). Prolonged treatment with PAS-H
for 6 weeks, however, did not further reduce Mn levels in these
organs. PAS-H treatment in control rats did not significantly
alter Mn concentrations in all organs examined (data not
shown).



Table 2
Effect of PAS treatment on Mn concentrations in selected brain regions (mg/g) of rats subchronically exposed to Mn.

Group Control groups Mn alone Mn + PAS treatment

Saline PAS-H PAS-L PAS-H

Striatum

Two weeks 0.42 � 0.05 0.38 � 0.03 0.94 � 0.20** 0.93 � 0.09 0.93 � 0.19

Three weeks 0.40 � 0.02 0.37 � 0.03 0.73 � 0.09** 0.71 � 0.09 0.61 � 0.06#

Six weeks 0.45 � 0.11 0.40 � 0.05 0.72 � 0.10** 0.52 � 0.04##

Hippocampus

Two weeks 0.38 � 0.04 0.35 � 0.05 0.72 � 0.10** 0.70 � 0.04 0.69 � 0.16

Three weeks 0.36 � 0.02 0.37 � 0.02 0.60 � 0.08** 0.54 � 0.09 0.53 � 0.08

Six weeks 0.36 � 0.01 0.35 � 0.09 0.61 � 0.14** 0.47 � 0.03##

Motor cortex

Two weeks 0.43 � 0.03 0.38 � 0.04 0.79 � 0.04** 0.79 � 0.05 0.76 � 0.07

Three weeks 0.41 � 0.05 0.32 � 0.08 0.66 � 0.05** 0.66 � 0.08 0.62 � 0.04

Six weeks 0.40 � 0.03 0.37 � 0.10 0.58 � 0.04** 0.49 � 0.08#

Thalamus

Two weeks 0.47 � 0.03 0.50 � 0.04 1.08 � 0.07** 1.13 � 0.13 1.03 + 0.02

Three weeks 0.49 � 0.04 0.48 � 0.08 0.83 � 0.09** 0.79 � 0.08 0.73 � 0.04#

Six weeks 0.46 � 0.03 0.46 � 0.06 0.66 � 0.06** 0.47 � 0.03##

Cerebellum

Two weeks 0.06 � 0.01 0.05 � 0.01 0.10 � 0.04** 0.09 � 0.00 0.08 � 0.01

Three weeks 0.06 � 0.01 0.06 � 0.00 0.06 + 0.01 0.06 � 0.01 0.06 � 0.01

Six weeks 0.06 � 0.01 0.06 � 0.00 0.07 � 0.00* 0.06 � 0.01

Choroid plexus

Two weeks 0.27 � 0.07 0.27 � 0.06 0.85 � 0.03** 0.72 � 0.14 0.56 � 0.09##

Three weeks 0.29 � 0.10 0.32 � 0.09 0.62 � 0.13** 0.43 � 0.12 0.46 � 0.11##

Six weeks 0.37 � 0.08 0.30 � 0.11 0.42 � 0.08 0.30 � 0.06##

Please see the notes to Table 1 for detailed dose regimen. Data represent mean � S.D., n = 6–8.
* p < 0.05 as compared to the saline group.
** p < 0.01 as compared to the saline group.
# p < 0.05 as compared to the Mn-alone group.
## p < 0.01 as compared to the Mn-alone group.

Fig. 1. %Reduction of Mn concentrations in selected brain regions and RBC following

PAS chelation therapy. Sprague–Dawley rats in the Mn-alone group received i.p.

injections of 6 mg Mn/kg, 5 days/week for 4 weeks, followed by s.c. saline for 2, 3, or

6 weeks. Rats in the Mn-PAS groups received i.p. injections of 6 mg Mn/kg, 5 days/

week for 4 weeks, followed by s.c. injections of 200 mg PAS/kg for 2, 3, or 6 weeks.

Mn concentrations were determined by AAS (n = 5–8 in each group). The values in

the Mn-PAS group were compared with those in the Mn-alone group and expressed

as % of reduction.
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3.2. Fe concentrations in body fluids and tissues of Mn-exposed rats

and the effect of PAS treatment

Following Mn exposure, Fe concentration in RBC and CSF were
markedly increased as compared to saline controls (p < 0.01)
(Table 3). While PAS-L treatment for 3 weeks did not affect Fe
Fig. 2. Changes of Mn concentrations in major organs of animals exposed to Mn and

treated with PAS. Rats in the control group received daily i.p. saline injections

throughout the entire experiment. Animals in the Mn-alone group received i.p.

injections of 6 mg Mn/kg, 5 days/week for 4 weeks, followed by s.c. saline for 2, 3, or

6 weeks. Rats in the Mn-PAS groups received i.p. injections of 6 mg Mn/kg, 5 days/

week for 4 weeks, followed by s.c. injection of 200 mg PAS/kg for another 2, 3, or 6

weeks. Data represent mean � S.D., n = 6–8. *p < 0.05 and **p < 0.01 as compared to

the saline group; #p < 0.05 and ##p < 0.01 as compared to the Mn-alone group.



Table 3
Effect of PAS treatment on Fe concentrations in plasma, RBC and CSF of rats subchronically exposed to Mn.

Group Control groups Mn alone Mn + PAS treatment

Saline PAS-H PAS-L PAS-H

Plasma (mg/mL)

Two weeks 2.43 � 1.20 2.02 � 0.60 2.34 � 0.11 2.39 � 0.59 2.09 � 0.97

Three weeks 2.39 � 0.58 2.47 � 0.93 2.11 � 0.69 2.15 � 0.52 2.30 � 0.93

Six weeks 2.78 � 0.76 2.41 � 0.99 2.67 � 0.88 2.21 � 0.72

RBC (mg/mg Hb)

Two weeks 1.87 � 0.29 1.76 � 0.25 3.75 � 0.64** 3.78 � 0.42 3.87 � 0.27

Three weeks 1.76 � 0.24 1.76 � 0.48 2.99 � 0.31** 3.25 � 0.80 3.02 � 0.38

Six weeks 1.60 � 0.27 1.71 � 0.18 2.34 � 0.75** 2.65 � 0.69

CSF (ng/mL)

Two weeks 69.5 � 15.4 40.6 � 31.99 113.4 � 33.8** 86.4 � 25.3## 60.0 � 32.8##

Three weeks 68.4 � 1.58 71.6 � 10.25 89.6 � 16.0** 78.5 � 22.6 64.7 � 15.6##

Six weeks 74.0 � 2.99 69.1 � 2.19 90.4 � 36.8** 79.9 � 24.3

Please see the notes to Table 1 for detailed dose regimen. Data represent mean � S.D., n = 6–8.
** p < 0.01 as compared to the saline group.
## p < 0.01 as compared to the Mn-alone group.
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levels in RBC and CSF, treatment with PAS-H for 2 and 3 weeks
significantly reduced Fe levels by 47% and 28%, respectively. In
control rats without Mn exposure, PAS-H did not cause any
significant effect on Fe concentrations in plasma, RBC or CSF.

Two to six weeks following cessation of Mn exposure, Fe
concentrations were statistically significantly increased in the
hippocampus (23–110% as compared to saline control) and choroid
plexus (26–59%), moderately increased in striatum (6–10%), motor
cortex (4–29%) and thalamus (13% at post-3 weeks), and not
changed in cerebellum (Table 4). Treatment with PAS-L and PAS-H
caused significant reductions in Mn levels by 29.4% and 41.5%,
respectively, in the choroid plexus, and 30.9% and 23.0%,
respectively, in hippocampus with 2-week treatment, and 27.8%
Table 4
Effect of PAS treatment on Fe concentrations in selected brain regions (mg/g) of rats su

Group Control groups

Saline PAS-H

Striatum

Two weeks 17.4 � 2.99 15.5 � 0.86

Three weeks 17.5 � 0.95 15.8 � 2.11

Six weeks 18.5 � 1.51 16.9 � 3.16

Hippocampus

Two weeks 12.4 � 3.44 15.3 � 2.73

Three weeks 13.2 � 1.71 14.9 � 1.35

Six weeks 13.9 � 2.03 13.9 � 2.62

Motor cortex

Two weeks 13.2 �� 1.19 14.7 � 1.88

Three weeks 12.8 � 1.65 16.9 � 0.98

Six weeks 14.9 � 2.31 14.7 � 1.26

Thalamus

Two weeks 15.9 � 2.70 18.6 � 1.31

Three weeks 16.6 � 1.95 18.4 � 3.60

Six weeks 17.1 � 2.00 16.9 � 1.73

Cerebellum

Two weeks 16.2 � 3.66 16.4 � 1.65

Three weeks 17.6 � 1.98 18.1 � 1.00

Six weeks 18.6 � 0.31 18.3 � 2.97

Choroid plexus

Two weeks 87.9 � 8.50 82.4 � 20.6

Three weeks 80.9 � 12.2 81.5 � 15.9

Six weeks 79.7 � 24.2 90.1 � 13.2

Please see the notes to Table 1 for detailed dose regimen. Data represent mean � S.D.,
* p < 0.05 as compared to the saline group.
** p < 0.01 as compared to the saline group.
# p < 0.05 as compared to the Mn-alone group.
## p < 0.01 as compared to the Mn-alone group.
and 19.9%, respectively, in choroid plexus and 51.7% and 53.1%,
respectively, in hippocampus with 3-week treatment. Prolonged
PAS therapy for 6 weeks did not affect Fe status as compared to
Mn-exposed animals (Table 4). Fe levels in all the brain tissues of
control rats having received only PAS-H treatment did not show
any significant changes, suggesting that PAS treatment by itself did
not affect Fe status and the reduction may be a consequence of Mn
removal.

For all the organs tested, Mn exposure did not significantly
affect Fe concentrations except for a 99% increase in the liver
(control: 160 � 62 ng/mg; Mn-treated: 297 � 65 ng/mg) after 2
weeks and 21% increase in spleen after 6 weeks (control:
729 � 59 ng/mg; Mn-treated: 885 � 110 ng/mg). PAS-H therapy
bchronically exposed to Mn.

Mn alone Mn + PAS treatment

PAS-L PAS-H

17.6 + 3.44* 13.7 + 0.87 14.5 � 1.38

18.5 � 1.91** 13.7 + 1.83 14.8 + 2.77#

20.3 � 2.82** 19.2 � 3.46

19.2 � 0.88** 13.2 � 1.24## 14.7 � 1.16##

27.8 � 2.41** 13.4 � 1.89## 14.8 � 1.57##

17.1 � 2.25** 17.8 � 0.51

16.4 � 1.13** 15.6 � 1.92 17.2 � 2.51

16.5 � 2.99** 15.7 � 2.82 16.4 � 1.35

15.5 � 3.21** 13.4 � 5.86

16.6 � 2.06 16.5 � 1.81 17.2 � 2.64

18.8 � 2.98** 18.2 � 1.22 18.8 � 2.27

16.3 � 1.53 16.8 � 1.28

16.5 � 1.07 15.7 � 2.93 15.3 � 2.93

16.2 � 2.65 15.5 � 1.57 16.9 � 2.96

17.8 � 2.91 15.6 � 1.80

140.0 � 9.18** 98.9 � 21.7## 81.9 � 26.1##

102.2 � 20.9* 73.8 � 21.2## 81.7 � 23.9##

77.0 � 19.9* 68.7 � 16.9

n = 6–8.



Table 5
Effect of PAS treatment on Cu concentrations in plasma, RBC and CSF of rats subchronically exposed to Mn.

Group Control groups Mn alone Mn + PAS treatment

Saline PAS-H PAS-L PAS-H

Plasma(mg/mL)

Two weeks 1.11 � 0.14 1.02 � 0.18 0.95 � 0.09** 0.94 � 0.05 1.00 � 0.06

Three weeks 1.20 � 0.19 1.10 � 0.11 0.92 � 0.11** 0.93 � 0.10 1.10 � 0.09

Six weeks 0.97 � 0.14 1.31 � 0.04 0.65 � 0.10** 0.47 � 0.07##

RBC(ng/mg Hb)

Two weeks 1.49 � 0.36 1.49 � 0.26 2.51 � 0.32** 2.45 � 0.14 2.72 � 0.25

Three weeks 1.51 � 0.22 1.44 � 0.48 2.84 � 0.25** 2.86 � 0.25 2.62 � 0.19

Six weeks 1.84 � 0.23 1.79 � 0.21 2.41 � 0.66** 1.98 � 0.11

CSF(ng/mL)

Two weeks 32.8 � 1.95 32.6 � 2.68 31.3 � 1.12 31.3 � 2.76 30.1 � 2.06

Three weeks 31.6 � 4.04 34.9 � 4.47 37.1 � 1.32** 34.8 � 2.60 29.3 � 3.92##

Six weeks 34.5 � 3.16 35.5 � 2.61 39.5 � 3.52** 36.9 � 1.72

Please see the notes to Table 1 for detailed dose regimen. Data represent mean � S.D., n = 6–8.
** p < 0.01 as compared to the saline group.
## p < 0.01 as compared to the Mn-alone group.

W. Zheng et al. / NeuroToxicology 30 (2009) 240–248 245
significantly reduced these increased Fe levels (liver: 196 � 44 ng/
mg; spleen: 436 � 127).

3.3. Cu concentrations in body fluids and tissues of Mn-exposed rats

and the effect of PAS treatment

The concentrations of Cu in plasma were significantly reduced
by 14–33% following Mn exposure, whereas they were increased
by 31–88% in RBC and 14–17% in the CSF in the same animals at 2,
3, and 6 weeks post-Mn dose administration (Table 5). PAS-L
treatment had no effect on Cu levels, but PAS-H restored Cu levels
to normal in plasma and CSF.

Subchronic Mn exposure significantly increased Cu concentra-
tions in striatum by 18–32% compared to saline controls,
hippocampus by 18–52%, motor cortex by 25–41%, thalamus by
7–27%, cerebellum by 32% (at 2 weeks post-Mn) and choroid
plexus by 16–18% (at 2–3 weeks post-Mn) compared to saline
controls (Table 6). Treatment with PAS-L and PAS-H for 2 weeks
decreased the Cu levels in striatum (15%–22% of those Mn-alone
animal tissues, same below) and choroid plexus (65–69%).
Following 3-week treatment of PAS-L and PAS-H, Cu levels were
reduced in hippocampus (12–17%), motor cortex (20–21%), and
choroid plexus (20% only with PAS-L). PAS-H for 6 weeks resulted
in a significant reduction of tissue Cu levels in hippocampus (17%),
motor cortex (16%), cerebellum (25%) and choroid plexus (15%).

Among six organs tested, Cu levels were increased to various
degrees in liver, spleen pancreas and kidney. Treatment with PAS-
H for 6 weeks did not significantly affect Cu levels in these organs
except for pancreas, where a 24% reduction was observed (data not
shown).

4. Discussion

The results of the current study clearly demonstrated that
subchronic Mn exposure not only resulted in a marked increase of
Mn concentrations in body fluids, brain tissues and major organs,
but also caused significant increases of Fe and Cu concentrations in
RBC, CSF and selected brain regions. Treatment with PAS evidently
reduced Mn levels in selected brain regions as well as in major
organs, suggesting a chelating function of PAS, in addition to its
known anti-tuberculosis effect. Moreover, PAS therapy appeared to
be capable of restoring the concentrations of Fe and Cu in body
fluids and tissues close to the normal levels. These observations
seem likely in a good agreement with the previously observed
effectiveness of PAS in treating manganism patients in clinics
(Jiang et al., 2006).

The chelation and ensuing reduction of Mn by PAS possesses
several characteristics. First, only the higher dose of PAS was
effective in decreasing tissue Mn concentrations. In all body fluids,
brain tissues and major organs examined, the treatment with high
dose of PAS achieved a far more effective outcome in bringing
down Mn levels than did the low dose PAS treatment. This
observation is consistent with the results from human studies. As
an anti-tuberculosis drug, the recommended oral dosage of PAS is
8–12 g/day. While PAS is slowly and relatively completed absorbed
(Wan et al., 1974), the short blood half-life (t1/2: 2–3 h) indicates
that PAS is quickly removed from the systemic circulation, leaving
a relatively low blood level (Peloquin et al., 2001). This blood level
may be sufficient for anti-tuberculosis purpose. However, to
achieve the therapeutic effect in manganism, the drug is usually
given by intravenous infusion at 4–8 g/day (Jiang et al., 2006; Ky
et al., 1992). A high sustainable blood level following a high dose of
PAS may allow sufficient PAS molecules to pass across the brain
barriers, thus being able to mobilize and remove Mn from its
intracellular depots. It is known that Mn is mainly intracellular
distributed and accumulated in nuclei (Crossgrove and Zheng,
2004; Kalia et al., 2008); some studies also suggest a sequestration
of Mn by mitochondria (Gavin et al., 1999; Liccione and Maines,
1988).

Second, the time course of this PAS study suggested that a
prolonged PAS treatment was necessary to maintain the reduced
Mn concentrations in RBC and brain tissues. Again, this finding is in
a good agreement with our previous clinical outcomes where the
patients underwent 3-month i.v. infusion therapy and showed a
visible improvement (Ky et al., 1992; Jiang et al., 2006). The exact
reason as to why such a prolonged dose regimen is required
remains unknown. Conceivably, however, a continued presence of
PAS molecules in the blood stream likely facilitate the movement
of Mn from cell compartments such that Mn ions can be made
available to be transported to the extracellular fluid and
subsequently eliminated from the body. This hypothesis deserves
further exploration.

Finally, PAS treatment effectively removed Mn from the CSF, a
major component of brain extracellular fluids, as well as from the
choroid plexus. The CSF is primarily produced by the choroid
plexus in brain ventricles; Mn is known to be transported across
this tissue and into the CSF (Michalke et al., 2007; Murphy et al.,
1991; Rabin et al., 1993; Zheng et al., 2003). An earlier study by



Table 6
Effect of PAS treatment on Cu concentrations in selected brain regions (mg/g) of rats subchronically exposed to Mn.

Group Control groups Mn alone Mn + PAS treatment

Saline PAS-H PAS-L PAS-H

Striatum

Two weeks 2.68 � 0.28 2.71 � 0.14 3.54 � 0.78** 3.01 � 0.18# 2.76 � 0.16##

Three weeks 2.61 � 0.12 2.21 � 0.12 3.09 � 0.40* 2.76 � 0.80 2.75 � 0.26

Six weeks 2.64 � 0.19 2.69 � 0.11 3.18 � 0.17* 2.78 � 0.46

Hippocampus

Two weeks 1.91 � 0.049 1.82 � 0.08 2.26 � 0.23* 2.14 � 0.15 2.22 � 0.16

Three weeks 1.99 � 0.06 1.76 � 0.06 2.42 � 0.29** 2.01 � 0.22## 2.14 � 0.15#

Six weeks 1.63 � 0.064 1.82 � 0.21 2.48 � 0.16* 2.06 � 0.32#

Motor cortex

Two weeks 2.41 � 0.32 2.33 � 0.33 2.51 � 0.26* 2.56 � 0.41 2.61 � 0.16

Three weeks 2.20 � 0.27 1.98 � 0.22 2.96 � 0.47** 2.36 � 0.12## 2.33 � 0.10##

Six weeks 1.93 � 0.31 2.05 � 0.18 2.42 � 0.16* 2.04 � 0.23##

Thalamus

Two weeks 1.25 � 0.09 1.44 � 0.15 1.52 � 0.29** 1.51 � 0.13 1.50 � 0.198

Three weeks 1.13 � 0.10 1.29 � 0.15 1.44 � 0.15** 1.38 � 0.16 1.30 � 0.16

Six weeks 1.35 � 0.04 1.27 � 0.22 1.45 � 0.27* 1.51 � 0.08

Cerebellum

Two weeks 2.68 � 0.32 2.64 � 0.12 3.55 � 0.76** 2.61 � 0.35## 2.31 � 0.19##

Three weeks 2.54 � 0.09 2.34 � 0.21 2.52 � 0.25 2.23 � 0.16 2.35 � 0.18

Six weeks 2.50 � 0.12 2.54 � 0.18 2.52 � 0.35 1.88 � 0.27##

Choroid plexus

Two weeks 1.41 � 0.16 1.35 � 0.31 4.02 � 2.09** 1.25 � 0.31## 1.42 � 0.28##

Three weeks 1.35 � 0.47 1.34 � 0.16 1.56 � 0.17* 1.25 � 0.32## 1.41 � 0.30

Six weeks 1.36 � 0.19 1.50 � 0.35 1.32 � 0.26 1.12 � 0.35##

Please see the notes to Table 1 for detailed dose regimen. Data represent mean � S.D., n = 6–8.
* p < 0.05 as compared to the saline group.
** p < 0.01 as compared to the saline group.
# p < 0.05 as compared to the Mn-alone group.
## p < 0.01 as compared to the Mn-alone group.
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Spector and Loremzo (1973) showed that PAS enters into the CSF
from blood and that the drug molecules can return to the blood
from the CSF by an active efflux transport mechanism. The unique
ability of PAS in passing across the blood–CSF barrier makes it
possible for drug molecules to gain access to Mn ions that are
deeply bound to brain targeted cells. In clinics, EDTA has been
evaluated for use in the treatment of manganism with unsuccess-
ful results. The lack of symptomatic improvement following EDTA
chelation is thought to be due to its four highly water soluble
carboxyl groups, which prevent the molecule from effectively
crossing the blood–brain barrier. In fact, radiolabeled EDTA is used
as an extracellular tracer to monitor the leakage of blood brain
barrier (Fenstermacher et al., 1988; Schlageter et al., 1987). Our
current data clearly support a beneficial effect of PAS over EDTA for
PAS’s ability to reduce Mn in the CSF, choroid plexus as well as
other brain regions and systemic organs.

The targeted regions of brain Mn accumulation from this study
were the striatum and hippocampus; this observation is consistent
with the reports by this and other groups (Lai et al., 1999; Li et al.,
2006; Reaney et al., 2006; Roels et al., 1997; Zheng et al., 1999).
Similar to early literature data (Ponnapakkam et al., 2003;
Thomsen et al., 2004), we found a significant accumulation of
Mn in major organs following subchronic Mn exposure. Moreover,
we observed a clear chelating effect of PAS in removing Mn from
tissues. In a pioneering study by Tandon et al. (1975) in India, PAS
was shown to remove 52% of Mn from liver and testis in Mn-
exposed rats. In the similar animal model, PAS reduced brain Mn
concentration by 26% (Tandon and Singh, 1975). The same
investigators also showed that PAS treatment increased Mn
excretion in feces by 140% in Mn-exposed rabbits during a 24 h
sample collection (Tandon, 1978). However, these early studies did
not investigate Mn levels in CSF, RBC, specific brain regions and
major organs before and after PAS therapy. Domingo’s group in
Spain, however, found no reduction of tissue Mn concentrations by
PAS treatment in a mouse model (Sanchez et al., 1995). Noticeably,
they treated mice with PAS for only 5 days; such a short period of
PAS treatment is unlikely to produce any therapeutic outcomes as
is shown by our current results.

Mn exposure is known to be associated with a distorted Fe
metabolism at both systemic and cellular levels (Aschner and
Aschner, 1990; Li et al., 2004, 2005; Zheng et al., 1999; Zheng and
Zhao, 2001). The present study provides the further evidence for
increased Fe levels in the CSF and in nearly all brain areas
examined except for cerebellum. While Fe concentrations were not
altered as a consequence of Mn exposure in most organs tested, the
liver indeed displayed a nearly two-fold increase in Fe levels.
Treatment with PAS restored brain Fe to control levels. Interest-
ingly, PAS at the high dose did not seem to affect the normal Mn
concentrations in body fluids as well as in most tissues. This
characteristic may prove to be a significant clinical advantage,
since PAS treatment apparently did not induce Fe deficiency, a
phenomenon which is often encountered during metal chelation
therapy.

One of the major findings from the current study pertains to a
remarkable elevation of Cu concentrations in RBC, CSF, and nearly
all brain regions examined, particularly in the choroid plexus
where a nearly three-fold increase was observed. The increased Cu
levels in body fluids have been observed among smelters (Jiang
et al., 2007) and welders (Wang et al., 2008c) as well as in brains of
animals exposed to Mn (Guilarte et al., 2006; Lai et al., 1999)
Among smelting workers, the whole blood Cu is increased by 14%
(Jiang et al., 2007). Career welders show 18% and 45% increases of
Cu in serum and saliva, respectively (Wang et al., 2008c). Chronic
Mn exposure in non-human primates results in increased Cu
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concentrations in the basal ganglia (Guilarte et al., 2006). In a rat
model, Mn exposure also results in an increase in Cu levels in brain
tissues (Lai et al., 1999). The questions as to how Mn exposure
causes elevated Cu status in the CSF and brain tissues and how the
increased Cu may lead to neurodegeneration remain unanswered
and are exciting research subjects for further investigation. PAS
treatment reduced Cu levels in hippocampus and choroid plexus.
Similar to the Fe results from this study, PAS treatment in control
animals without Mn exposure did not cause any significant
changes in Cu concentrations in body fluids, brain tissues and
major organs. With this limited information, it is difficult to predict
whether PAS is more selective toward Mn than to Fe or Cu.
Nonetheless, lack of chelation by PAS of essential elements such as
Fe and Cu appears to be an encouraging feature for clinical
application of PAS.

The exact mechanism by which PAS chelates Mn is unclear.
From the chemistry point of view, PAS structure possesses a
carboxyl group, along with hydroxyl and amine groups, providing
an ideal chelating moiety for metals. Although our data imply a
chelating action of PAS, the conclusive evidence from urinary and
fecal elimination of Mn following PAS treatment should be
obtained to substantiate PAS chelation function. It is also
interesting to investigate the chelating chemistry between PAS,
Mn and other metals. Such a study may pave the way for future
development of PAS analog for Mn chelation therapy.

In summary, our data show that subchronic exposure to Mn
leads to significant accumulation of Mn in targeted brain areas.
More importantly, an altered Cu homeostasis is observed in the
CSF, choroid plexus, striatum and hippocampus following Mn
exposure. PAS appears to be effective in reducing Mn concentra-
tions and restoring Fe and Cu concentrations in body fluids and
brain tissues to the normal physiological level. A high-dose and
prolonged PAS treatment is necessary for its therapeutic effec-
tiveness. These findings support the clinical effectiveness of PAS in
treatment of manganism.
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