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Abstract

This study was designed to investigate the therapeutic potential of meso 2,3-dimercaptosuccinic acid

(DMSA) and one of its monoesters, monoisoamyl DMSA (MiADMSA), individually or when administered

in combination with an extract of Centella asiatica against experimental lead intoxication in rats.

Biochemical variables indicative of alterations in the central nervous system and haem biosynthesis

were investigated to determine the toxicity in male Wistar rats. Thirty five rats were exposed to 0.2%

lead acetate for 10 weeks, followed by 10 days of treatment with DMSA and MiADMSA (50 mgkg�1, i.p.,

once daily) alone and in combination with C. asiatica (200mg kg�1, p.o., once daily). Biochemical variab-

les indicative of oxidative stress and brain biogenic amines, along with lead concentration in blood and

brain, were measured. Lead exposure caused a significant depletion of blood and brain �-aminolevulinic

acid dehydratase (ALAD) activity, an important enzyme of the haem biosynthesis pathway, and glu-

tathione (GSH) level. These changes were accompanied by a marked increase in reactive oxygen species

(ROS) level, thiobarbituric acid reactive substances (TBARS), �-aminolevulinic acid synthase (ALAS) and

oxidized glutathione (GSSG) activity in blood and brain. Significant depletion of brain noradrenaline

(norepinephrine, NE), 5-hydroxytryptamine (5-HT), dopamine (DA) and acetylcholinesterase (AChE) also

were observed following lead exposure. Also seen was a significant depletion in brain glutathione

peroxidase (GPx), glutathione S-transferase (GST) and monoamine oxidase activity, as well as blood and

brain superoxide dismutase (SOD) activity. These biochemical changes were correlated with an increased

uptake of lead in blood and brain. Combined administration of MiADMSA and C. asiatica was most

effective in reducing these alterations, including biogenic amines, besides reducing body lead burden,

compared with individual treatment with MiADMSA. Certain other biochemical variables responded

favourably to combination therapy and monotherapy with MiADMSA. Thus, supplementation of

C. asiatica during chelation could be recommended for achieving optimum effects of chelation therapy.

Introduction

Lead is a metal that has no biological function in man. It adversely affects many
organs and systems in animals and in man, where the haematological and nervous
systems are among the most important targets. It may be absorbed from the gastro-
intestinal tract (children with pica are especially vulnerable) or through the respiratory
system. It is transported through blood and causes injury to several organs, including
the kidney (renal failure, hypertension), bone marrow (anaemia) and, especially, the
central nervous system (CNS). Lead is a highly neurotoxic agent that particularly
affects the developing CNS. The mechanism by which lead disrupts normal physiolo-
gical processes is mainly based on the ability of this metal to mimic the action of
calcium. In the brain, lead causes an inappropriate release of neurotransmitters at rest
and competes with calcium ions to interfere with evoked neurotransmitter release. The
functional states of cholinergic, noradrenergic, dopaminergic and GABAergic neuro-
transmission are affected. Lead also interferes with excitatory neurotransmission by
glutamate, which is the transmitter at more than half the synapses in the brain and is
critical for learning (Cory-Slechta 1995).



Lead has a significant effect on haem biosynthesis,
causing anaemia at high blood levels (Gurer & Ercal
2000), and is shown to induce changes in the composition
of red blood cell membrane proteins and lipids. Lead
irreversibly binds to the sulfydryl group of proteins, caus-
ing impaired function. The enzymes �-aminolevulinic acid
dehydratase (�-ALAD), which catalyses the formation of
the prophobilinogen ring, and ferrochelatase, which
inserts iron into protoporphyrin ring, are both compro-
mised by lead.

The current approved treatment for lead poisoning is to
administer a chelating agent that forms an insoluble com-
plex with lead and remove the same from lead burdened
tissue. One of the most common chelating agents is calcium
disodium edetate (CaNa2EDTA). Unfortunately, chelation
with EDTA removes lead from bone and redistributes it to
the brain and liver (Flora et al 1995). There is some evidence
to suggest that long-term administration of EDTA leads to
kidney damage in man. Therefore, alternate drugs have
been sought to treat lead-exposed individuals. Chelation
therapy using meso 2,3-dimercaptosuccinic acid (DMSA)
has been shown to reduce lead levels in blood, brain and
tissues (Jones 1994; Pappas et al 1995; Stewart et al 1996).
DMSA is one of the least toxic drugs and can be given by
the oral route, but the hydrophilic and lipophobic properties
of DMSA do not allow it to cross the cell membrane. It was
observed that monoesters of DMSA might be a more effec-
tive antidote for lead toxicity (Jones et al 1992; Saxena et al
2005). It has been reported that monoisoamyl DMSA
(MiADMSA), because of its lipophilic nature, could mobi-
lise brain lead more efficiently than DMSA (Walker et al
1992, Flora et al 2005). Administration of antioxidants dur-
ing chelation therapy has been found to be beneficial in
increasing lead mobilization and providing recovery of
altered biochemical variables (Flora 2002; Flora et al 2002;
Pande & Flora 2002).

Recently, the clinical importance of herbal drugs has
received considerable attention. As many synthetic anti-
oxidants have been shown to have side effects (Musk et al
1994; Nocentini et al 2001), there has been an upsurge of
interest in the therapeutic potential of medicinal plants as
antioxidants in reducing free-radical-induced tissue injury
(Koleva et al 2002). Several naturally occurring dietary or
non-dietary constituents, as well as part of several species
of edible plants with pharmacological activity, influence
antioxidant enzymes and provide protection against free-
radical-induced damage. Centella asiatica (Umbelliferae)
syn. Hydrocotyl asiatica has been mentioned in ancient
Indian literature for its intelligence property (Charak
Samhita). It is commonly known as Indian Pennywort in
English and Brahmi in Hindi. The plant contains asiatico-
side, thakunoside, thankunic acid, asiatic acid, brahmo-
side, brahminoside, brahmic acid, isobrahmic acid,
centoic acid and centilic acid (Srivastava et al 1997). It
has been reported to protect against membrane peroxida-
tion (Padma et al 1998) and lipid peroxidation
(Chandraprabha et al 1996). The effect of C. asiatica on
the CNS has been reported and it has been claimed to be
beneficial in improving memory and in overcoming the
negative effects of fatigue and stress (Nalini et al 1992).

The alcoholic extract of its leaves was found to produce
tranquilizing effect in rats (Shukla 1999). The effect of C.
asiatica has been evaluated in mentally retarded children
(Kumar & Gupta 2002) and it was found to increase their
IQ level as well as general mental ability and behavioural
pattern. Several studies have shown the involvement of
neurotransmitters, especially biogenic amines, in learning
and memory processes (Nalini et al 1992).

The aim of this study was to investigate the therapeutic
efficacy of thiol chelators alone and in combination with
C. asiatica against lead-induced alterations in the blood
and brain besides mobilization of lead in male rats.

Materials and Methods

Chemicals and reagents

Meso 2,3-dimercaptosuccinic acid (DMSA), and �-amino-
levulinic acid (ALA) were procured from Sigma (St Louis,
MO, USA) and lead acetate was obtained from BDH
Chemicals (Mumbai, India). All other analytical laboratory
chemicals and reagents were purchased from Merck
(Germany), Sigma or BDH Chemicals. Ultra-pure water
prepared using a Millipore apparatus (Millipore Company,
New Delhi, India) was used throughout the experiment to
avoid metal contamination and for the preparation of
reagents and buffers used for various biochemical assays
in our study. MiADMSA was synthesized in our synthetic
chemistry division, by the controlled esterification of
DMSA with isoamyl alcohol in acidic medium (Jones et al
1992). The product was purified (purity 99.9%) and char-
acterized using spectral and analytical methods before
experimentation. The chemicals were stored in desiccators
at 4�C to avoid oxidation and thermal decomposition.
DMSA and MiADMSA were dissolved in 5% sodium
bicarbonate solutions, respectively. All solutions of chelat-
ing agents were prepared immediately before use. Prof. Y.
K. Gupta, Department of Pharmacology, All India
Institute of Medical Sciences, New Delhi, India, supplied
the plant extract of Centella asiatica. His group has earlier
provided details about the preparation of plant extract,
authentication and their correct botanical identity in pre-
vious reports (Kumar & Gupta 2002; Gupta et al 2003).
The dosing volume amounted to 4mLkg�1.

Chemical characterization of Centella asiatica

Linear-gradient high-performance liquid chromatography
(HPLC) was done to achieve the separation of the differ-
ent compounds of Centella asiatica. The column effluent
was introduced into a Thermo Finnigan LCQ Advantage
mass spectrometer via atmospheric pressure ionisation
operated in ESI (electron spray ionisation) mode.
Conditions for optimal analysis of C. asiatica using ESI
conditions were: spray voltage 4KV; capillary tempera-
ture 250�C; sheath gas nitrogen at a flow meter reading of
20. Capillary and tube lens voltages were optimised to give
maximum response for the separation of different com-
pounds. Chromatographic separation was performed with
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a water–acetonitrile mobile phase and detected with a
Finnigan Surveyor PDA detector with UV detection at
220 nm. The retention time (tR) of each peak was noted
(Inamdar et al 1996).

Animals and treatment

All experiments were performed on male Wistar rats,
80� 10 g, approximately 8 weeks old (animal house facil-
ity of Defence Research and Development Establishment
(DRDE), Gwalior). All rats received humane care in com-
pliance with the guidelines of the Committee for the
Purpose of Control and Supervision of Experiments on
Animals (CPCSEA). The Animal Ethical Committee of
DRDE also approved the protocols for the experiments.
Before dosing, rats were acclimatized for 7 days to a 12-h
light–dark cycle. The rats were housed in stainless-steel
cages in an air-conditioned room with temperature main-
tained at 25� 2�C. Rats were allowed standard rat chow
diet (metal contents of diet, in ppm dry weight: Cu 10.0,
Zn 45.0, Mn 55.0, Co 5.0, Fe 75.0; Amrut Feeds, Pranav
Agro, New Delhi, India) throughout the experiment.

Thirty-five rats were randomized into two groups of
five and thirty rats and were treated as follows for ten
weeks: Group I, no treatment (drinking water); Group II,
0.2% lead acetate in drinking water. After ten weeks, lead-
exposed rats were divided into six groups of five rats each
and given the following treatment for 5 consecutive days:
Group IIA, no treatment; Group IIB, DMSA (50mgkg�1,
i.p., once daily); Group IIC, MiADMSA (50mgkg�1, i.p.,
once daily); Group IID, C. asiatica (200mgkg�1, p.o., once
daily); Group IIE, DMSAþC. asiatica; Group IIF,
MiADMSAþC. asiatica.

Lead exposure was stopped during chelation therapy.
Treatment was given in two courses. After five days of
chelation treatment, rats were left without any treatment
for 7 days and then given a second course of 5 days
treatment. Five rats from each group were sacrificed
under light ether anaesthesia, 48 h after the last dosing.
Blood was collected in heparinized vials. The brain was
removed, washed with normal saline and all the extra-
neous materials were removed before weighing. The
brain was kept in ice-cooled conditions at all times.

Biochemical assays

Blood and brain �-aminolevulinic acid dehydratase
(ALAD)
The activity of blood ALAD was assayed according to the
procedure of Berlin & Schaller (1974). Heparinized blood
(0.2mL) was mixed with distilled water (1.3mL) and
incubated for 10min at 37�C for complete haemolysis.
For estimation of brain ALAD, 0.5mL of brain homo-
genate was mixed with 1mL of distilled water. After add-
ing 1mL of standard �-ALA (�-aminolevulinic acid), the
tubes were incubated for 60min at 37�C. Enzyme activity
was stopped after 1 h by adding 1mL of 10% trichloro-
acetic acid (TCA). After centrifugation (1500 g) of reac-
tion mixture, an equal volume of Ehrlich reagent was

added to the supernatant, and the absorbance was
recorded at 555 nm after 5min.

Brain �-aminolevulinic acid synthase (ALAS)
Brain ALAS was measured by the method of Maines
(1980). The reaction mixture contained 0.3mL brain
homogenate 20%, 50mM glycine, 50mM sodium citrate,
25mM sodium monophosphate, 10mM magnesium chlor-
ide, 5mM pyridoxal 5-phopshate and 10mM disodium
EDTA. Tubes were incubated at 37�C for 1 h, after
which the incubation reaction was stopped by adding
1mL of 10% TCA. The aminoketones formed were con-
verted into pyrroles by condensation with acetyl acetone.
Finally, an equal amount of Ehrlich reagent was added
and the absorbance was recorded at 555 nm.

Clinical haematological variables
White blood cells (WBC), red blood cells (RBC), haema-
tocrit (Hct), haemoglobin (Hb), mean cell volume (MCV),
mean cell haemoglobin (MCH) and mean cell haemoglo-
bin concentration (MCHC) were measured on a Sysmex
Hematology Analyzer (model K4500).

Blood glutathione (GSH)
Analysis of blood GSH concentration was performed by
the method described by Ellman (1959) and modified by
Jollow et al (1974). In brief, 0.2mL of whole blood was
added to 1.8mL of distilled water and incubated for 10min
at 37�C for complete haemolysis. After haemolysis, 3mL of
4% sulphosalicylic acid was added and tubes were centri-
fuged at 2500 g for 15min. Supernatant (0.2mL) was mixed
with 0.4mL of 10mM 5,50dithiobis-(2-nitrobenzoic acid)
(DTNB) and 1mL phosphate buffer (0.1M, pH 7.4). After
5min the absorbance was recorded at 412nm.

Brain reduced (GSH) and oxidized glutathione (GSSG)
contents
Brain GSH and GSSG content was measured as described
by Hissin & Hilf (1973). Briefly, 4mL of brain homoge-
nate was precipitated by adding 1ml of 25% metapho-
sphoric acid and centrifuged at 100 000 g (Ultracentrifuge,
Hitachi, Japan) for 30min. Supernatant was diluted 20
times with the same buffer and 100�L of OPT (o-pthalde-
hyde) was added. In addition, for the GSSG assay, 0.5mL
supernatant was incubated at room temperature with
200�L of 0.04mol L�1 N-ethylmaleimide solution for
30min and to this mixture 4.3mL of 0.1mol L�1 NaOH
was added. A 100-�L sample of this mixture was taken for
the measurement of GSSG using the exact procedure
described above for the GSH assay, except that
0.1mol L�1 NaOH was used as the diluent instead of
phosphate buffer. Samples were incubated at room tem-
perature for 15min and fluorescence was measured at
350 nm (Ex)/420 nm (Em) with a Tecan Spectra Fluor
Plus instrument (Germany).

Blood and brain superoxide dismutase (SOD) activity
Blood and brain SOD activity was assayed by the method of
Kakkar et al (1984). SODwas extracted from purified RBCs
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by ethanol–chloroform extraction as described by
Winterbourn et al (1975). Reaction mixture contained
1.2mL of sodium pyrophosphate buffer (0.052mM, pH
7.0), 0.1mL�1 of phenazine methosulphate (PMS)
(186�M), 0.3mL of nitro blue tetrazolium (NBT) (300�M).
Twenty microlitres of the supernatant obtained after centri-
fugation (1500 g, 10min followed by 10000 g, 15min) of 5%
haemolysate/homogenatewas added to the reactionmixture.
Enzyme reaction was initiated by adding 0.2mL of NADH
(780�M) and stopped precisely after 1min by adding 1mLof
glacial acetic acid. The amount of chromogen formed was
measured by recording the colour intensity at 560nm.

Blood and brain catalase activity
The catalase activity in purified RBCs and brain was
assayed following the procedure of Sinha (1972). Five-
percent RBC haemolysate/homogenate was used for cat-
alase estimation. One-hundred microlitres of haemoly-
sate/homogenate was incubated with 0.5mL of H2O2

(0.2M) at 37�C for 90 s precisely, in the presence of
0.01M phosphate buffer (pH 7.4). The reaction was
stopped by adding 5% dichromate solution. Further sam-
ples were incubated at 100�C for 15min in a boiling water
bath. The amount of H2O2 consumed was determined by
recording the absorbance at 570 nm.

Blood and brain thiobarbituric acid reactive substances
(TBARS)
Lipid peroxidation in purified RBCs and brain was mea-
sured by the method of Onkawa et al (1979). RBC hae-
molysate/brain homogenate was incubated with 8.1% (w/
v) sodium dodecyl sulfate (SDS) for 10min followed by
addition of 20% acetic acid (pH 3.5). The reaction mixture
was incubated with 0.6% TBA (w/v) for 1 h in a boiling
water bath. A pink chromogen was extracted in butanol–
pyridine solution (15:1) and the absorbance was read at
532 nm.

Brain glutathione peroxidase (GPx)
GPx activity was measured by the procedure of Flohe &
Gunzler (1984). Supernatant obtained after centrifuging
5% brain homogenate at 1500g for 10min followed by
10 000 g for 30min at 4�C was used for GPx assay. One
millilitre of reaction mixture was prepared, which con-
tained 0.3mL of phosphate buffer (0.1M, pH 7.4), 0.2mL
of GSH (2mM), 0.1mL of sodium azide (10mM), 0.1mL of
H2O2 (1mM) and 0.3mL of brain supernatant. After incu-
bation at 37�C for 15min, the reaction was terminated by
addition of 0.5mL 5% TCA. Tubes were centrifuged at
1500 g for 5min and the supernatant was collected. Two-
hundred microlitres of phosphate buffer (0.1M pH 7.4) and
0.7mL of DTNB (0.4mgmL�1) was added to 0.1mL of
reaction supernatant. After mixing, the absorbance was
recorded at 420nm.

Brain glutathione-S-transferase (GST)
GST activity was determined following the procedure of
Habig et al (1974). The reaction mixture contained
0.02mL of 1-chloro 2,4-dinitro benzene (1mM), 2.9mL

of GSH (0.3mgmL�1 in 0.2M phosphate buffer, pH 7.4)
and 30�L of brain supernatant (as described above), and
change in colour was monitored by recording absorbance
(340 nm) at 30-s intervals for 3min.

Blood and brain reactive oxygen species (ROS)
The amount of ROS in brain was measured using 20,70-
dichlorofluorescin diacetate (DCF-DA), which is con-
verted into highly fluorescent DCF by cellular peroxides
(including hydrogen peroxide). The assay was performed
as described by Socci et al (1999). Briefly, brain was homo-
genized (10mg) in 1mL of ice-cold 40mM Tris–HCl buffer
(pH 7.4) and further diluted to 0.25% with the same
buffer and placed on ice. For estimation of ROS in
blood, 5% RBC haemolysate was prepared and diluted
to 1.5% with ice-cold 40mM Tris-HCl buffer (pH 7.4).
The samples were divided into two equal fractions. In
one fraction, 40�L of 1.25mM DCF-DA in methanol
was added for ROS estimation. Another fraction in
which 40�L of methanol was added served as a control
for tissue/haemolysate autofluorescence. All samples were
incubated for 15min in a 37�C water bath. Fluorescence
was determined at 488 nm excitation and 525 nm emission
using a fluorescence plate reader (Tecan Spectra Fluor
Plus).

Brain acetylcholinesterase (AChE) activity
A 10% brain homogenate (w/v) was prepared in 0.25M

sucrose. Activity of AChE in brain was determined
according to the method of Ellman et al (1961) using
acetylthiocholine as substrate. The activity of AChE was
measured at 412 nm and its unit is expressed as
nmolmin�1 (mg protein)�1.

Brain monoamine oxidase(MAO) activity
MAO activity was studied in brain mitochondrial fraction
following the method of Wurtman & Axelrod (1969).
Briefly, 1.0mL of 0.2M phosphate buffer (pH 7.2) and
0.8mL distilled water were added to 100�L of mitochon-
drial fraction. One-hundred microlitres of benzylamine
HCl (0.1M, pH 7.2) was added to the experimental
tubes. The tubes were incubated for 30min at 37�C and
the reaction was stopped by adding 1mL of 10% perchlo-
ric acid. In controls, instead of the mitochondrial fraction,
an equal amount of phosphate buffer was added. After
centrifugation, the supernatant was diluted with an equal
volume of distilled water and read at 250 nm. The enzyme
activity was expressed as nM of benzaldehyde formed/min/
mg protein.

Brain biogenic amines
The frozen brain tissue samples were weighed and homo-
genized in acidified butanol. Dopamine (DA), noradre-
naline (norepinephrine, NE) and 5-hydroxytryptamine
(5-HT) were estimated according to the procedure of
Jacobwitz & Richardson (1978). The butanol extracts
were re-extracted with phosphate buffer (0.1 M, pH 6.5),
a part of which was derivatized by adding sodium EDTA
and iodine solution. The reaction was terminated by
alkaline sulphite and neutralized with acetic acid (5 N).
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Fluorescence was read by excitation at 385 nm and emis-
sion at 485 nm for NE, and 320 nm and 385 nm, respec-
tively, for DA. To determine 5-HT, the butanol layer was
extracted with 0.1 N HCl in the presence of n-heptane and
the acid layer was mixed with o-phthaldehyde. After
boiling and cooling, fluorescence was read by excitation
at 360 nm and emission at 470 nm.

Elemental analysis
Lead, zinc and copper concentrations in blood and brain
were measured after wet acid digestion using a Microwave
Digestion System (model MDS-2100; CEM, USA).
Samples were brought to a constant volume and determi-
nation of blood and tissue lead was performed using an
auto sampler (AS-72) and graphite furnace (MH) fitted
with an atomic absorption spectrophotometer (AAS,
Perkin Elmer model Analyst 100) (Yeager et al 1971).
Zinc and copper contents were also measured in the
digested tissue samples using AAS (Parker et al 1967).

Statistical analysis

Data are expressed as means� s.e.m. Data comparisons
were carried out using one-way analysis of variance fol-
lowed by Bonferroni test to compare means between the
different treatment groups. Differences between all possi-
ble pair-wise comparisons were tested and P<0.05 was
considered significant.

Results

Effect on ALAD and ALAS activity in blood

Table 1 represents some lead-sensitive markers of haem
biosynthesis and their response to chelating agents either
alone or in combination with C. asiatica. Lead exposure
caused significant inhibition of blood �-ALAD and
increased ALAS activity, suggesting an altered haem-bio-
synthesis pathway. Inhibited ALAD activity responded

favourably to the treatment with MiADMSA but the best
protection was achieved following combined treatment
with MiADMSA and C. asiatica. The two values, how-
ever, were not statistically different from each other.
Altered blood ALAS activity showed significant improve-
ment following combined treatment with chelators and C.
asiatica compared with single chelator treatment.

Effect on biochemical variables indicative of

oxidative stress in red blood cells

Biochemical variables indicative of lead induced oxidative
injury to red blood cells and their response to treatment
with chelating agents either alone and in combination with
C. asiatica are shown in Table 1. A significant increase in
blood ROS and TBARS level was noted on exposure to
lead. Elevated ROS level showed significant protection to
MiADMSA administration individually and in combina-
tion with C. asiatica, although it remained insensitive to
treatment with DMSA. Interestingly, when C. asiatica was
administered in combination with DMSA, it led to a sig-
nificant improvement in altered ROS level. Blood TBARS
level, on the other hand, remained unchanged by any
other treatment (Table 1).

Effect on enzymes of antioxidant defence

system in blood

Alterations in antioxidant enzymes like SOD, catalase and
concentration of antioxidant molecule GSH following
lead exposure and on chelation treatment in red blood
cells are shown in Table 1. There was a significant deple-
tion in the activity of SOD and catalase in RBCs, while
GSH level showed a marginal depletion on lead exposure.
Blood GSH level was near the normal value on combined
treatments with DMSA/MiADMSA and C. asiatica.
Inhibited activity of SOD and catalase showed maximum
protection on combined treatment with DMSA plus C.
asiatica compared with other treatment.

Table 1 Effect of chelation therapy individually or in combination with C. asiatica on some lead-sensitive blood variables in lead-exposed

rats

Normal Lead DMSA MiADMSA C. asiatica DMSA+C. asiatica MiADMSA+C. asiatica

ALAD 6.33� 0.15* 1.31� 0.08y 1.68� 0.12y 2.32� 0.16z 1.26� 0.24y 1.92� 0.04y 2.85� 0.21z
ALAS 7.81� 0.22* 10.87� 0.23y 9.42� 0.68y 9.18� 0.45y 10.68� 0.10y 8.01� 0.28* 7.91� 0.23*

ROS 4.22� 0.22* 6.01� 0.31y 6.65� 0.08y 4.23� 0.12* 5.13� 0.32* 4.52� 0.63* 4.19� 0.25*

TBARS 7.81� 0.22* 10.87� 0.93y 9.42� 0.68y 9.18� 0.45y 10.68� 0.10y 10.01� 0.28y 9.91� 0.23y
GSH 2.81� 0.09* 1.84� 0.05y 2.11� 0.04y 2.11� 0.07y 2.02� 0.07y 2.91� 0.09* 2.77� 0.04*

Catalase 15.40� 0.12* 9.70� 1.42y 10.10� 0.79y 9.20� 1.02y 10.78� 0.09y 14.90� 0.51* 11.02� 0.63y
SOD 9.70� 0.12* 5.21� 0.82y 7.10� 0.29y 6.99� 1.02y 6.02� 0.63y 9.27� 0.06* 7.22� 0.59y

ALAD, �-aminolevulinic acid dehydratase (�molmin�1 (mL erythrocytes)�1); ALAS, �-aminolevulinic acid synthase (�molmin�1 (mL

erythrocytes)�1); ROS, reactive oxygen species (�molmin�1(mL of RBC)�1); TBARS, thiobarbituric acid reactive substances (�gmL�1);

GSH, reduced glutathione (mgmL�1); catalase (�molmin�1mL�1); SOD, superoxide dismutase (Umin�1 (mg haemoglobin)�1). Values are

mean� s.e.m., n¼ 5. *, y, z, Differences between values with matching symbol notations within each row are not statistically significant at 5%

level of probability.
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Effect on clinical haematological variables

Table 2 shows the clinical haematological indicators of
lead poisoning and their response to chelation therapy
alone and in combination with C. asiatica. The haemoglo-
bin content and RBC counts decreased significantly fol-
lowing lead exposure, while no changes were noted in
WBC, Hct, MCH, MCHC levels or platelet counts. No
recovery was seen in these variables either during mono-
therapy with DMSA, MiADMSA or C. asiatica, or after
combination treatment.

Effect on ALAD and ALAS activity in rat brain

The two enzymes involved in haem biosynthesis were also
studied in rat brain and the data is shown in Table 3. Lead
exposure led to a significant fall in �-ALAD activity, while
ALAS activity showed significant increase on lead expo-
sure. Following two courses of 5 days treatment, inhibited
�-ALAD activity showed marginal recovery on DMSA

and MiADMSA administration. Treatment with
MiADMSA alone provided significant recovery of the
elevated ALAS activity. The best protection in ALAD
activity was achieved on combined administration of
thiol chelators and C. asiatica, while combination treat-
ment had no added advantage over the individual effect of
chelators on ALAS activity.

Effect on brain ROS and TBARS levels

Lead exposure caused significant elevation of ROS and
TBARS in rat whole brain (Table 3). None of the chelating
agentswhen administered alonewere able to reduceTBARS,
while increased ROS levels responded favourably to treat-
ment with thiol chelators and C. asiatica when administered
individually. TBARS levels remained unchanged following
treatment with DMSA, MiADMSA or C. asiatica alone.
Combined treatment withMiADMSA andC. asiatica, how-
ever, was able to reduce TBARS levels to the normal value.

Table 2 Effect of chelation therapy individually or in combination with C. asiatica on some clinical haematological variables in lead-exposed

rats

Normal Lead DMSA MiADMSA C. asiatica DMSA+C. asiatica MiADMSA+C. asiatica

Hb 11.8� 0.08* 9.9� 0.19y 10.1� 0.95y 10.7� 0.14y 10.7� 0.52y 10.8� 0.21y 10.1� 0.23y
MCV 52.7� 0.98* 52.9� 0.64* 51.3� 0.70* 53.6� 1.10* 52.0� 1.53* 53.4� 0.43* 53.2� 0.76*

MCH 17.7� 0.68* 18.2� 0.17* 17.1� 0.23* 18.1� 0.32* 17.4� 0.62* 18.0� 0.19* 17.5� 0.10*

MCHC 33.5� 0.82* 34.5� 0.20* 33.4� 0.58* 33.7� 0.12* 33.4� 0.31* 33.7� 0.18* 33.2� 0.08*

RBC 7.57� 0.20* 5.80� 0.20y 5.67� 0.48y 7.22� 0.16y 6.5� 0.26y 6.99� 0.17y 7.01� 0.19y

Hb, haemoglobin (g dL�1); MCV, mean cell volume (fL); MCH, mean cell haemoglobin (pg); MCHC, mean cell haemoglobin concentration

(g dL�1); RBC, red blood cells as (106�L�1). Values are mean� s.e.m.; n¼ 5. *, y, Differences between values with matching symbol notations

within each row are not statistically significant at 5% level of probability.

Table 3 Effect of chelation therapy individually or in combination with C. asiatica on some lead-sensitive biomarkers in brain of lead-

exposed rats

Normal Lead DMSA MiADMSA C. asiatica DMSA+C. asiatica MiADMSA+C. asiatica

ALAD 1.33� 0.02* 0.55� 0.03y 0.92� 0.09z 0.93� 0.03z 0.72� 0.02y 1.16� 0.05* 1.19� 0.04*

ALAS 5.81� 0.22* 8.87� 0.93y 7.42� 0.18y 6.18� 0.15* 8.18� 0.10y 7.35� 0.28y 5.78� 0.23*

ROS 0.54� 0.11* 2.62� 0.44y 1.01� 0.15z 1.50� 0.36z 0.97� 0.22z 1.03� 0.18z 0.92� 0.32z
TBARS 12.70� 0.58* 17.80� 0.69y 18.00� 1.58y 17.50� 0.48y 16.20� 0.61y 17.20� 1.33y 12.50� 0.59*

GSH:GSSG 1.77� 0.13* 0.72� 0.06y 0.84� 0.05y 1.02� 0.10y 0.91� 0.04y 1.09� 0.11y 1.37� 0.02z
Catalase 11.40� 0.22* 6.70� 0.82y 7.10� 0.79y 9.20� 0.79y 9.00� 0.63y 8.10� 0.51y 10.80� 0.19z
SOD 9.77� 1.42* 5.41� 0.43y 6.87� 0.17y 6.93� 0.18y 6.37� 0.49y 5.84� 0.44y 7.28� 0.64y
GPx 1.82� 0.12* 0.69� 0.02y 0.92� 0.01z 0.92� 0.03z 0.88� 0.06z 1.09� 0.08z 1.57� 0.21*

GST 30.8� 1.27* 16.3� 1.02y 21.7� 0.90z 21.4� 1.02z 19.4� 0.94z 17.5� 1.19y 24.3� 1.15z

ALAD, �-aminolevulinic acid dehydratase as (�molmin�1 (mg protein)�1); ALAS, �-aminolevulinic acid synthase as (�molmin�1 (mg

protein)�1; ROS, reactive oxygen species (�molmin�1 (mg protein)�1); TBARS, thiobarbituric acid reactive substances (�g (g tissue)�1);

GSH, reduced glutathione (mg (g tissue)�1); GSSG, oxidized glutathione (mg (g tissue)�1); Catalase (�molmin�1 (mg protein)�1); SOD,

superoxide dismutase (Umin�1 (mg protein)�1; GPx, glutathione peroxidase (�gmin�1 (mg protein)�1; GST, glutathione S-transferase as

(�molmin�1 (mg protein)�1). Values are mean� s.e.m., n¼ 5. *, y, z, Differences between values with matching symbol notations within each

row are not statistically significant at 5% level of probability.
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Effect on enzymes of antioxidant defence

system in brain

There was a small but significant depletion of SOD and
catalase activity after lead exposure (Table 3). Brain GPx,
GST activity and GSH:GSSG ratio showed significant
depletion on lead exposure, suggesting impaired antioxi-
dant defence system. SOD activity remained unaffected on
chelation therapy, while combined treatment with
MiADMSA and C. asiatica was able to reduce depletion
of catalase activity and GSH:GSSG ratio. Inhibited brain
GPx activity showed significant protection following com-
bined treatment with C. asiatica and MiADMSA. GST
activity recovered significantly following monotherapy
with DMSA and MiADMSA and, to a lesser extent,
with C. asiatica. The best protection was achieved after
combined administration of MiADMSA and C. asiatica
but the value was not statistically different to any of the
monotherapy groups.

Effect on brain biogenic amines

The effects of lead on whole brain biogenic amines like
NE, 5-HT, DA and the activity of AChE and MAO and

their response to treatment with thiol chelators either
individually or in combination with C. asiatica are
shown in Figures 1 and 2. Levels of NE, 5-HT, DA and
the activity of AChE and MAO decreased significantly on
lead exposure. All the treatments except combined admin-
istration of MiADMSA and C. asiatica were ineffective in
influencing NE level, while MiADMSA alone was effec-
tive in reducing alteration in 5-HT levels. The DA level
remained unchanged on monotherapy with thiols or C.
asiatica. On the other hand, combined administration of
MiADMSA and C. asiatica provided significant recovery
in DA, NE and 5-HT levels. Alteration in AChE and
MAO activity also responded favourably to the combined
administration of DMSA/MiADMSA and C. asiatica and
DMSA and C. asiatica, respectively.

Effect on blood and brain lead and essential

metal concentration

Figure 3 concentrates on the effects of chelation therapy
on the mobilization of lead from blood and brain.
Exposure to lead resulted in a significant increase in lead
concentration of blood and brain. No significant effect of
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monotherapy with chelating agents on blood and brain
lead concentration was noted. Administration of C. asia-
tica with MiADMSA, however, proved to be significantly
effective in the depletion of brain lead concentration com-
pared with all other treatments.

Lead exposure had no effect on zinc and copper con-
centration in blood and brain. There was, however, a
significant depletion of zinc on monotherapy with
DMSA, while copper level decreased on MiADMSA
treatment. No adverse effects of C. asiatica either alone
or in combination with the chelators were noted on the
concentration of these essential metals (data not shown).

Discussion

This work provides interesting data about the use of C.
asiatica during chelation treatment with two potent thiol
chelators, in providing better recovery in altered biochem-
ical variables and mobilization of lead from blood and
brain post lead exposure in rat. C. asiatica is known for
its strong antioxidant property and ability to cross the
blood–brain barrier. Two courses of 5 consecutive days
of chelation treatment were given as we earlier reported
that a standard single five-day course of chelation

treatment may not be sufficient to the achieve the desired
effect (Saxena & Flora 2004).

The effects of lead on the haematopoietic system are
well known and include decreased haem synthesis and
anaemia (Waldron 1966). The effects on RBC mem-
branes, in particular, have been intensely studied because
RBCs have a high affinity for lead and contain the major-
ity of lead found in the blood stream and thus are known
to be more vulnerable to oxidative damage than a number
of other cells (Rice-Evans 1990). Waldron (1966) reported
increased osmotic and mechanic susceptibilities of RBCs
in lead toxicity accompanied by shortened lifespan of
RBCs. Decreased RBC count and anaemia noted in this
study supports the above observations. After RBCs, the
brain is the next most vulnerable organ to oxidative
damage due to the high utilization of oxygen, the large
amount of easily oxidizable polyunsaturated fatty acids,
the abundance of redox-active transition metal ions and
the relative dearth of antioxidant defence system.

Multiple mechanisms may be involved in lead-induced
toxicity, such as disruption of calcium homoeostasis and
inhibition of thiol-containing enzymes (Bressler &
Goldstein 1991; Gurer & Ercal 2000). The inability of
the few known mechanisms of lead toxicity to explain
some of the recent observations has led to investigation
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of alternative mechanisms for lead intoxication. Among
the most recent and important mechanisms suggested for
lead toxicity include disruption in the pro-oxidant/antiox-
idant balance leading to oxidative stress in cells (Hermes-
Lima et al 1991; Monteiro et al 1995). Generation of
highly reactive oxygen species (ROS), such as hydroxyl
radical (OH�), hydrogen peroxide (H2O2), superoxide
anion (O2

.�) and lipid peroxides (LPO�), after lead expo-
sure has been reported (Bressler & Goldstein 1991).

The most obvious toxic effects of lead appear in haem
biosynthesis and the CNS (WHO 1987; Skerfving et al
1998). ALAD has been suggested as a sensitive index of
the effect of lead exposure on haem biosynthesis. ALAD is
the second enzyme in the haem biosynthesis pathway and
catalyses the condensation of two molecules of ALA to
the prophobilinogen. ALAD possesses thiol (SH) groups,
which are essential for its activity. Lead, because of its
affinity for SH groups, is known to inhibit ALAD result-
ing in the accumulation of ALA (Goyer & Clarkson
2001). This accumulated ALA has been shown to be
involved in lead-induced oxidative damage by causing
formation of ROS. In this study, the ALAD activity
decreased significantly in blood and brain, while the
ALAS activity increased significantly. This implies that
ALAD activity might be a promising indicator of lead-
induced oxidative damage in blood and brain. Several

antioxidant enzymes and molecules have been used to
evaluate lead-induced oxidative stress in blood and brain
in rats. In this study, there was a significant increase in the
MDA level after lead exposure; it could be because MDA
content is evaluated as an end-point indicative of the
extent of lipid peroxidation, since MDA is known to be
one of the most abundant aldehydes formed as a by-
product of lipid peroxidation. SOD and catalase activity
are evaluated as key components of cellular defence
against oxidative stress. The SOD converts O2

.� to H2O2

and catalase converts H2O2 to oxygen and water. In this
study, both SOD and catalase activity decreased signifi-
cantly, which could be explained by the fact that the
oxidative stress induced could accelerate pro-oxidant for-
mation and reduce the antioxidant defence of cells (Pande
& Flora 2002). Inhibition of antioxidant enzymes viz.
glutathione peroxidase and glutathione-S-transferase in
the brain of lead-exposed animals also points to disturbed
antioxidant defence system of cells, which might lead to
generation of oxidative stress. Further, the tripeptide glu-
tathione (GSH) acts both as a direct scavenger of ROS
and as a cofactor in metabolic detoxification (Griffith
1999). It is found in-vivo as both the reduced thiol
(GSH) and oxidized disulphide (GSSG) forms. In the
presence of reactive species, GSH is oxidized rapidly to
GSSG resulting in a decrease in GSH and increase in
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GSSG content. Therefore, decreased GSH/GSSG ratio is
used as an indicator of oxidative stress. This may further
lead to disturbed brain functioning and severe neurologi-
cal complications, as observed in neuropathy. As
described in the results, inhibition of neurotransmitters
(NE, 5-HT, DA, AChE) was observed in the rat brain.
The mechanism by which lead produces neuronal dysfunc-
tion constitutes the basis of numerous studies (Struzynska
et al 1997; Dabrowska-Bouta et al 1999). Many of the
biological dysfunctions produced by lead appear to be
associated with the metal’s ability to mimic or inhibit the
action of calcium. In the nervous system, calcium aids in
the conduction of a nerve impulse across a synapse by
invoking the release of neurotransmitters. In the CNS,
lead increases the permeability of the blood–brain barrier,
which produces brain oedema. Lead, even at low concen-
trations, has the ability to increase the basal release of
neurotransmitters from presynaptic nerve endings. This
can occur both in the peripheral nervous system and
CNS. Micromolar concentrations of lead can cause the
spontaneous depletion of dopamine and acetylcholine
(ACh). Control movement and emotional response are
some of the brain processes that are affected by dopamine.
An acetylcholine receptor is responsible for transducting
nerve impulses to muscular contraction. At low concen-
trations, lead appears to increase the basal release of
neurotransmitter from a presynaptic nerve ending. This
phenomenon occurs both in the peripheral and the central
nervous systems. Lead also has the ability to block the
release of neurotransmitters during the normal action
potential. The increased neuronal activity induced by
lead exposure can inhibit this process and have lasting
adverse effects on the synaptic anatomy and function of
the brain. This may be one of the underlying causes of
learning and behavioural problems in young children
(Bellinger 1995; Shi et al 1995).

The current therapeutic approach to lead poisoning is
to increase the excretion of lead by chelation. Although
chelation has been shown to reduce blood lead levels, the
safety and efficacy of the various chelators may be ques-
tioned. It is well known that the chelation therapy with
many synthetic chelating agents is compromised by the
number of side effects (Flora & Kumar 1993; Flora et al
1995; Flora 2002). The most widely used chelating agents
are calcium disodium ethylenediamine tetra acetic acid
(CaNa2EDTA), D-penicillamine and British anti-lewisite
(BAL). CaNa2EDTA is the most promising drug for treat-
ing lead toxicity. For example, at high doses it might cause
cell death due to necrosis (Weeden et al 1983), while redis-
tribution of lead from the hard tissue deposits to soft
organs too has been reported (Flora et al 1995). Meso
2,3-dimercaptosuccinic acid (DMSA), an analogue of
BAL, possesses a thiol group, has higher therapeutic
index, water solubility (Graziano et al 1985), and can be
administered orally (Miller 1998). It is known to be a non-
toxic agent that can reduce the body burden of several
toxic metals (Graziano et al 1985; Aposhian & Aposhian
1990; Jones 1991) and is already in clinical use. Recently,
monoesters of DMSA with more lipophilic properties
have been developed and tried as therapeutic agents for

metal poisoning in mice and rats (Kreppel et al 1993;
Kostial et al 1995; Flora et al 2004). A number of recent
studies support the hypothesis that the monoisoamyl ester
of DMSA could be a potential drug for the treatment of
heavy metal poisoning.

We have recently reported on the toxicological safety
of MiADMSA in male and female rats, as well as its
comparison with other metal chelators (Mehta & Flora
2001; Mehta et al 2002; Flora & Mehta 2003), and found
that the chelator does not produce any adverse effects on
the tissues, except for a mild hepatotoxicity and copper
loss. Effective chelation therapy for intoxication by cer-
tain heavy metals depends on whether the chelating agents
are able to reach the intracellular site where the heavy
metal is firmly bound. A number of strategies have been
suggested to minimize the numerous problems. One
important approach has been the use of combination
therapy (Flora et al 1995). Recently, a monoester of
DMSA, mono-isoamyl DMSA, was found to be effective
in chelating intracellularly bound metals (Jones 1994) as
opposed to its parent compound DMSA, which does not
have intracellular access.

As induction of ROS by lead and depletion of antiox-
idant cell defences results in tissue injury via oxidative
damage to critical biomolecules, a therapeutic strategy to
increase the antioxidant capacity of cells is required to
enhance the long-term effective treatment of lead poison-
ing. This may be accomplished either by reducing blood
and tissue lead levels viz. chelation, thereby reducing the
possibility of lead interacting with critical biomolecules
and inducing oxidative damage, or by bolstering the
cell’s antioxidant defences through exogenous supplemen-
tation of antioxidant molecules. This prompted us to
explore whether the co-administration of an antioxidant
during the removal of lead by a chelating agent could
provide any additional advantage (i.e., abatement of the
toxic effects of lead). Earlier, we reported an interesting
treatment protocol of using thiol chelators in combination
with vitamins C and E (naturally occurring antioxidants)
for achieving a better therapeutic efficacy against chronic
lead intoxication (Flora et al 2003). Co-administration of
vitamins C and E during chelation with DMSA or
MiADMSA proved to be beneficial in the effective reduc-
tion of the body lead burden in addition to reversal of
altered biochemical variables and oxidative stress (Flora
et al 2003). Similarly, in this study, the major hypothesis
behind using combination therapy of chelating agents
with naturally occurring antioxidant C. asiatica is that:
firstly, C. asiatica is reported to cross the blood–brain
barrier and recover the altered neurotransmitters levels
(Nalini et al 1992) and because of its ability to restore
impaired pro-oxidant/antioxidant balance will accelerate
clinical/biochemical recovery; and, secondly, MiADMSA,
because of its lipophilic nature, will have intracellular
access and hence would be more effective in the mobiliza-
tion of metal out from the body.

In this study, two courses of combination treatment
with the thiol chelator and the natural antioxidant C.
asiatica proved to be beneficial in the recovery from
lead-induced oxidative stress, including the level of
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biogenic amines and body lead burden, as compared with
the monotherapy. Further, administration of C. asiatica
during chelation provided more pronounced effects, par-
ticularly in the recovery of oxidative stress parameters,
suggesting that with the removal of lead from the target
tissue, this antioxidant provides effective reversal in the
altered parameters indicative of oxidative stress. There are
some observations with the combined administration of
C. asiatica and chelators that are worth noting. For exam-
ple, concomitant administration of C. asiatica and
MiADMSA was able to restore the altered levels of neu-
rotransmitters (NE, DA and AChE) to normal as com-
pared with the effects of chelators individually. It is
therefore possible that restoration of altered biochemical
variables after combined administration of C. asiatica
may be responsible for the decreased oxidative stress,
and the recovery in neurotransmitter levels in particular.
A study by Kumar & Gupta (2002) also supports our
results, wherein they have reported that the aqueous
extract of whole plant of C. asiatica has two pronounced
effects – improving the learning and memory and the
antioxidant property by decreasing lipid peroxidation
and augmenting endogenous antioxidant enzymes in
brain. The bioactive components that could be responsible
for the antioxidant property of C. asiatica, as reported by
Inamdar et al (1996), are terpene acids, asiatic acid, made-
cassic acid and their respective glycosides, asiaticoside and
madecassoside (Figure 4).

MiADMSA is among the series of newly synthesized
monoesters of DMSA found to be highly effective against
cadmium and mercury poisoning (Jones et al 1992; Kostial

et al 1995). Walker et al (1992) and Saxena et al (2005) also
reported superior efficacy of monoesters to DMSA in
mobilizing brain lead. The greater effectiveness of
MiADMSA compared with DMSA in mobilizing lead
from the body and reducing its toxic effects may be attrib-
uted to its ability to gain intracellular access to various
endogenous ligands (i.e., its lipophilic nature) (Figure 4).
Thus, it certainly has the advantage over chelators like
DMSA that its distribution is restricted to extracellular
sites only. Our report provides evidence of its ability to
produce turnover in a number of altered lead-induced
biochemical variables besides lead depletion both indivi-
dually and in combination with C. asiatica.

Conclusion

This work provided evidence of beneficial effects of com-
bination chelator/C. asiatica treatment against sub-
chronic lead poisoning in rats. However, it is recom-
mended that more detailed studies against acute and
chronic lead-poisoned experimental animals must be con-
ducted to obtain a final recommendation.

References

Aposhian, H. V., Aposhian, M. M. (1990) Meso-2, 3-dimer-
capto-succinic acid: chemical, pharmacological and toxicolo-
gical properties of an orally effective metal chelating agent.
Annu. Rev. Pharmacol. Toxicol. 30: 279–306

HO

HOH2C

CH3

C

CH3

CH3R1

CH3

CH3

CH3

HO

CH3

H3C

R2

O

O

HS

HS

HS

HS
OH

OH

OH

O

O

O

O

MMiiAADDMMSSAA

DDMMSSAA Compound       R1        R2

Asiatic acid     −−H     −−OH 

Madecassic acid     −−OH     −−OH 

Asiaticoside     −−H     −−O−−gluc−−gluc−−rham

AAccttiivvee ccoonnssttiittuueennttss ooff CC .. aassiiaattiiccaa

(b)

(a)

(c)

Figure 4 Chemical structures of chelating agents and some active constituents of C. asiatica.

Combination therapy during lead-induced alterations in CNS and haem biosynthesis 557



Bellinger, D. (1995) Neuropsychologic function in children
exposed to environmental lead. Epidemiology 6: 101–103

Berlin, A., Schaller, K. H. (1974) European standardized method
for the determination of delta aminolevulinic dehydratase in
blood. Z. Klin. Chem. Klin. Biochem. 12: 389–390

Bressler, J. P., Goldstein, G. W. (1991) Mechanisms of lead
toxicity. Biochem. Pharmacol. 41: 479–484

Chandraprabha, D., Annapurani, S., Murthy, N. (1996)
Inhibition of lipid peroxidation by selected medicinal plants.
Indian. J. Nutr. Diet 33: 128–132

Cory-Slechta, D. A. (1995) Relationships between lead induced
learning impairments and changes in dopaminergic, choliner-
gic and glutamatergic neurotransmitter system functions.
Annu. Rev. Pharmacol. Toxicol. 35: 391–415

Dabrowska-Bouta, B., Sulkowski, G., Bartosz, G., Walski, M.,
Rafaowska, U. (1999) Chronic lead intoxication affects the
myelin membrane status in the central nervous system of
adult rats. J. Mol. Neurone 13: 127–139

Ellman, G. L. (1959) Tissue sulfhydryl groups. Arch. Biochem.
82: 70–77

Ellman, G. L., Courtney, K. D., Andres, V., Feaderstone, R. M.
(1961) A new and rapid colorimetric determination of acetyl
cholinesterase activity. Biochem. Pharmacol. 7: 88–95

Flohe, L., Gunzler, W. A. (1984) Assays of glutathione perox-
idase. Methods Enzymol. 105: 114–121

Flora, S. J. S. (2002) Nutritional components modify metal
absorption, toxic response and chelation therapy. J. Nutr.
Environ. Med. 12: 53–67

Flora, S. J. S., Kumar, P. (1993) Biochemical and immunological
evaluation of metal chelating drugs in rats.Drug Invest. 5: 269–
273

Flora, S. J. S., Mehta, A. (2003) Hematological, hepatic and
renal alterations after repeated oral or intraperitoneal admin-
istration of monoisoamyl DMSA II. Changes in female rats. J.
Appl. Toxicol. 23: 97–102

Flora, S. J. S., Bhattacharya, R., Vijayaraghavan, R. (1995)
Combined therapeutic potential of meso 2,3-dimercaptosucci-
nic acid and calcium disodium edetate in the mobilization and
distribution of lead in experimental lead intoxication in rats.
Fundam. Appl. Toxicol. 25: 233–240

Flora, S. J. S., Kannan, G. M., Pant, B. P., Jaiswal, D. K. (2002)
Combined administration of oxalic acid, succimer and its ana-
logue in the reversal of gallium arsenide induced oxidative
stress in rats. Arch. Toxicol. 76: 269–276

Flora, S. J. S., Pande, M., Mehta, A. (2003) Beneficial effect of
combined administration of some naturally occurring antiox-
idants (vitamins) and thiol chelators in the treatment of
chronic lead intoxication. Chem. Biol. Interact. 145: 267–280

Flora, S. J. S., Mehta, A., Rao, P. V. L., Kannan, G. M.,
Bhaskar, A. S. B., Dube, S. N., Pant, B. P. (2004).
Therapeutic potential of monoisoamyl and monomethyl esters
of meso 2,3-dimercaptosuccinic acid in gallium arsenide intoxi-
cated rats. Toxicology 195: 127–146

Flora, S. J. S., Bhadauria, S., Pant, S. C., Dhaked, R. K. (2005)
Arsenic induced blood and brain oxidative stress and its
response to some thiol chelators in rats. Life Sci. 77: 2324–2337

Goyer, R. A., Clarkson, T. W. (2001) Toxic effects of metals. In:
Klaassen, C. D. (ed.) Casarett & Doull’s toxicology. The basic
science of poisons. McGraw-Hill, USA, p. 830

Graziano, J. H., Siris, E. S., LoIacono, N., Silverberg, S. J.,
Turgeon, L. (1985) 2,3-dimercaptosuccinic acid as an antidote
for lead intoxication. Clin. Pharmacol. Ther. 37: 431–438

Griffith, O. W. (1999) Biological and pharmacologic regulation
of mammalian glutathione synthesis. Free Radic. Biol. Med.
27: 922–935

Gupta, Y. K., Kumar, V., Srivastava, A. K. (2003) Effect of
Centella asiatica on pentylenetetrazole-induced kindling, cog-
nition and oxidative stress in rats. Pharmacol. Biochem. Behav.
74: 579–585

Gurer, H., Ercal, N. (2000) Can antioxidants be beneficial in the
treatment of lead poisoning? Free Radic. Biol. Med. 29: 927–945

Habig, W. H., Pabst, M. J., Jakoby, W. D. (1974) Glutathione
transferase, the first enzymatic step in mecapturic acid forma-
tion. J. Biol. Chem. 249: 7130–7139

Hermes-Lima, M., Valle, V. G. R., Vercesi, A. E., Bechara, E. J.
H. (1991) Damage to rat liver mitochondria promoted by �-
aminolevulinic acid-generated reactive oxygen species: connec-
tions with acute intermittent porphyria and lead poisoning.
Biochim. Biophys. Acta 1056: 57–63

Hissin, P. J., Hilf, R. (1973) A fluorometric method for the
determination of oxidized and reduced glutathione in tissue.
Anal. Biochem. 74: 214–226

Inamdar, P. K., Yeole, R. D., Ghogare, A. B., De Souza, N. J.
(1996) Determination of biologically active constituents in
Centella aisatica. J. Chromatography A. 742: 127–130

Jacobwitz, D. W., Richardson, J. S. (1978) Method for rapid
determination of norepinephrine, dopamine and serotonin in
the same brain region. Pharmacol. Biochem. Behav. 8: 515–519

Jollow, D. J., Mitchell, J. R., Zamppaglione, Z., Gillette, J. R.
(1974) Bromobenzene induced liver necrosis. Protective role of
glutathione and evidence for 3,4-bromobenzene oxide as the
hepatotoxic metabolites. Pharmacology 11: 151

Jones, M. M. (1991) New developments in the therapeutic che-
lating agents as antidotes for metal poisoning. Crit. Rev.
Toxicol. 21: 209–233

Jones, M. M. (1994) Design of new chelating agents for removal
of intracellular toxic metals. In: Kauffman, G. B. (ed.)
Coordination chemistry: a century of progress. American
Chemical Society, USA, pp 427–438

Jones, M. M., Singh, P. K., Gale, G. R., Smith, A. B., Atkins, L.
M. (1992) Cadmium mobilization in vivo by intraperitoneal or
oral administration of mono alkyl esters of meso 2,3-dimer-
captosuccinic acid. Pharmacol. Toxicol. 70: 336–343

Kakkar, P., Das, B., Viswanathan, P. N. (1984) A modified
spectrophotometric assay of superoxide dismutase. Indian J.
Biochem. Biophys. 21: 130–132

Koleva, I. I., Van Bleek, T. A., Linssen, J. P., De-Groot, A.,
Evastatieva, L. N. (2002) Screening of plant extracts for anti-
oxidant activity: a comparative study of three methods.
Phytochem. Anal. 12: 8–17

Kostial, K., Blanusa, M., Plasek, L. J., Samarzila, M., Jones, M.
M., Singh, P. K. (1995) Monoisoamyl- and mono-n-hexyl-
meso-2, 3-dimercaptosuccinate in mobilizing Hg203 retention
in relation to age of rats and route of administration. J. Appl.
Toxicol. 15: 201–206

Kreppel, H., Paepcke, U., Thiermann, H., Szinicz, L., Reichl, F.
X., Singh, P. K., Jones, M. M. (1993) Therapeutic efficacy of
new dimercaptosuccinic acid (DMSA) analogues in acute
arsenic trioxide poisoning in mice. Arch. Toxicol. 67: 580–585

Kumar, V., Gupta, Y. K. (2002) Effect of different extracts of
Centella asiatica on cognition and markers of oxidative stress
in rats. J. Ethnopharmacol. 79: 253–260

Maines, M. D. (1980) Regional distribution of the enzymes of
haem synthesis and the inhibition of 5-aminoleveulinate
synthase by manganese in the rat brain. Biochem. J. 190:
315–321

Mehta, A., Flora, S. J. S. (2001) Possible role of metal redistribu-
tion, hepatotoxicity and oxidative stress in chelating agents
induced hepatic and renal metallothioneine in rats. Food
Chem. Toxicol. 39: 1029–1038

558 Geetu Saxena and S. J. S. Flora



Mehta, A., Kannan, G. M., Dube, S. N., Pant, B. P., Pant, S. C.,
Flora, S. J. S.(2002) Hematological, hepatic and renal altera-
tions after repeated oral or intraperitoneal administration of
monoisoamyl DMSA I. Changes in male rats. J. Appl. Toxicol.
22: 359–369

Miller, A. L. (1998). Dimercaptosuccinic acid (DMSA) a non-
toxic, water-soluble treatment for heavy metal toxicity. Altern.
Med. Res. 3: 199–207

Monteiro, H. R., Abdalla, D. S. P., Arcuri, A. S., Bechara, D. J.
H. (1995) Oxygen toxicity related to exposure to lead. Clin.
Chem. 31: 1673–1676

Musk, S. R., Preobrazbenskaya, M. N., Belitsky, G. A., Korolev,
A. M., Lytcheva, T. A., Khitr, I. A., Johnson, I. T. (1994) The
clastogenic and mutagenic effects of ascorbinogen and 10-
methylascorbinogen. Mutat. Res. 323: 69–74

Nalini, K., Arroor, A. R., Karanth, K. S., Rao, A. (1992) Effect
of Centella asiatica fresh leaf aqueous extract on learning and
memory and biogenic amine turnover in albino rats.
Fitoterapie LXIII: 232–237

Nocentini, S., Guggiari, M., Rouillard, D., Surgis, S. (2001)
Exacerbating effect of vitamin E supplementation on DNA
damage induced in cultured human fibroblasts by UVA radia-
tion. Phytochem. Photobiol. 73: 370–377

Onkawa, H., Onishi N., Yagi K. (1979) Assay for lipid peroxides
in animal tissues by thiobarbituric acid reaction. Anal.
Biochem. 95: 351–358

Padma, P. R., Bhuvaneswari, V., Silambuchelvik, S. (1998) The
activities of enzymatic antioxidants in selected green leaves.
Indian J. Nutr. Dietet. 35: 1–3

Pande, M., Flora, S. J. S. (2002) Lead induced oxidative damage
and its response to combined administration of �-lipoic acid
and succimers in rats. Toxicology 177: 187–196

Pappas, J., Ahlquist, J., Allen, E., Banner, W. (1995) Oral dimer-
captosuccinic acid and ongoing exposure to lead: effects on
heme synthesis and lead distribution in a rat model. Toxicol.
Appl. Pharmacol. 133: 121

Parker, M. M., Humoller, F. L., Mahler, D. J. (1967)
Determination of copper and zinc in biological materials.
Clin. Chem. 13: 40–48

Rice-Evans, C. (1990) Iron-mediated oxidative stress and lead
metabolism in humans. In: Harris, J. R. (eds) Blood cell bio-
chemistry. 1st edn, Plenum Press, New York, pp 429–453

Saxena, G., Flora, S. J. S. (2004) Lead induced oxidative stress
and hematological alterations and their response to combined
administration of calcium disodium EDTA with a thiol chela-
tor in rats. J. Biochem. Mol. Toxicol. 18: 221–233

Saxena, G., Pathak, U., Flora, S. J. S. (2005) Beneficial role of
monoesters of meso 2,3-dimercaptosuccinic acid in the mobi-
lization of lead and recovery of tissue oxidative injury in rats.
Toxicology 214: 39–56

Shi, S., Chen, Z., Liang, Y. (1995) Effects of lead on neurobeha-
vioral and neurochemistry in rats. Chuang Hua Yu Fang I Tsa
Chih (Chinese). Chin. J. Prev. Med. 29: 80–82

Shukla, A., Racik, A. M., Jain, G. K., Shankat, R., Kulshreshta,
D. K., Dhawan, B. N. (1999) In vitro and in vivo wound
healing activity of asiaticoside isolated from Centella asiatica.
J. Ethnopharmacol. 65: 1–11

Sinha, A. K. (1972) Colorimetric assay of catalase. Anal.
Biochem. 47: 389–394

Skerfving, S., Gerhardsson, L., Schütz, A., Strömberg, U. (1998)
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