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Abstract This study investigated the toxicity of rats exposed
to lead acetate (AcPb) during the second phase of brain devel-
opment (8–12 days postnatal) in hematological and cerebral
parameters. Moreover, the preventive effect of zinc chloride
(ZnCl2) and N-acetylcysteine (NAC) was investigated. Pups
were injected subcutaneously with saline (0.9% NaCl solu-
tion), ZnCl2 (27 mg/kg/day), NAC (5 mg/kg/day) or ZnCl2
plus NAC for 5 days (3rd–7th postnatal days), and with saline
(0.9% NaCl solution) or AcPb (7 mg/kg/day) in the five sub-
sequent days (8th–12th postnatal days). Animals were
sacrificed 21 days after the last AcPb exposure. Pups exposed
to AcPb presented inhibition of blood porphobilinogen-
synthase (PBG-synthase) activity without changes in hemo-
globin content. ZnCl2 pre-exposure partially prevented PBG-
synthase inhibition. Regarding neurotoxicity biomarkers, ani-
mals exposed to AcPb presented a decrease in cerebrum ace-
tylcholinesterase (AChE) activity and an increase in Pb accu-
mulation in blood and cerebrum. These changes were
prevented by pre-treatment with ZnCl2, NAC, and ZnCl2 plus
NAC. AcPb exposure caused no alteration in behavioral tasks.
In short, results show that AcPb inhibited the activity of two
important enzymatic biomarkers up to 21 days after the end of
the exposure. Moreover, ZnCl2 and NAC prevented the alter-
ations induced by AcPb.
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Introduction

Lead (Pb) is naturally found in the lithosphere and is typically
released by erosion and volcanic activity [1]. Pb is a ubiquitous
environmental contaminant due to its wide utilization in batteries,
lead foil, ceramic, lead-based paint, and fishing sinkers [2]. This
metal can be released by gasoline containing lead compounds [3,
4]. Population exposure occurs due to the intake of contaminated
food and water as well as the inhalation of polluted air. Recent
studies have shown that heavy metals, such as Pb, are found as
contaminants in teas [5] and herbal preparations [6]. Furthermore,
Kasperczyk et al. [7] demonstrated that employees who worked
with Pb presented approximately 45 μg/dL of Pb in their blood.

Pb is a critical environmental pollutant and induces a wide
range of physiological and biochemical dysfunctions [8].
Among such dysfunctions, Pb is known to cause neurological,
hematological, immunological, renal, and hepatic alterations
[1, 9, 10]. Additionally, Pb may cross the blood-brain barrier
and accumulate in the brain [11], causing alterations in the
function of cerebral enzymes, cognitive ability, and behavioral
changes [12] in both human and experimental animals [13].
However, the biochemical and molecular mechanisms of Pb
toxicity are not well elucidated despite numerous studies.

Pb exposure inhibits several enzymes involved in hemoglobin
(Hb) biosynthesis such as porphobilinogen-synthase (PBG-
synthase) [14], which is an important biomarker of Pb exposure
[15]. This enzyme has sulfhydryl (-SH) groups that present high
affinity to bivalent metals [16–19]. The PBG-synthase catalyzes
the formation of porphobilinogen (PBG), which is a precursor of
heme group [20–22]. Another enzyme that also is used as a
biomarker of intoxication, mainly to organophosphates, is
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acetylcholinesterase (AChE). This enzyme plays an important
role in the central nervous systems (CNS) by controlling synaptic
transmission through the hydrolysis of the neurotransmitter ace-
tylcholine (ACh) [23], ending the nerve impulses in the cholin-
ergic synapses. AChE has -SH groups in its structure, which are a
Pb target [24–26].

Organisms in development are extremely vulnerable to ex-
tern insults [16, 27]. In rodents, brain development is divided
into three main stages: 0–6, 8–12, 17–23 days old [28, 29].
The second phase (8–12 days old) seems to be more
susceptive to toxic agents, which may be due to accelerated
myelin protein, deoxyribonucleic acid (DNA), and ribonucle-
ic acid (RNA) synthesis [28].

Cases of poisoning by toxic metals, including Pb, have
been treated with chelating agents such as ethylenediamine-
tetraacetic acid (EDTA), 2,3-dimercaptopropanol (BAL), and
meso-2,3-dimercaptosuccinic acid (DMSA). These chelators
bind to metals and decrease their toxicity [30]. However, due
to their low specificity, they can bind to essential metals thus
causing a homeostasis disturbance [31]. Therefore, studies
have sought alternatives for treating Pb poisoning.

Zinc (Zn) and N-acetylcysteine (NAC) have protective func-
tions against toxic agents. They have direct (NAC) [32] and
indirect (Zn) [33, 34] action in the chelation of metals, in addi-
tion to being important in the antioxidant system [33, 35]. Zinc,
which is an essential metal, is involved in the induction of glu-
tathione [36], metal-binding proteins, and metallothionein (MT)
biosynthesis [34, 37, 38]. Moreover, studies of our research
group have shown the important preventive effect of Zn against
mercury toxicity in rats [27, 33, 38–40]. Regarding NAC, it is a
low molecular weight thiol-containing molecule that has the
role of a free-radical scavenger, in addition to being a glutathi-
one precursor [38, 41]. Recently, Sisombath and Jalilehvand
[42] demonstrated that NAC molecules form a complex with
the Pb(II) ion. Moreover, NAC has the ability to sequester metal
cations such as Hg2+, Pb2+, Cd2+, and Zn2+ [43].

Since rats in early stages of development have high suscep-
tibility to external aggression that can harm their development,
this study aimed to investigate the toxicity of Pb in rats ex-
posed during the second phase (8–12 days postnatal) of brain
development in hematological, cerebral, and behavioral pa-
rameters. Furthermore, this work investigated the possible
Zn and/or NAC preventive effects on alterations induced by
Pb, since Zn and NAC properties would help in the protection
of the toxic effects caused by Pb.

Material and Methods

Chemicals

Zinc (ZnCl2), lead (AcPb), N-acetylcysteine (NAC), sodium
chloride (NaCl), dibasic (K2HPO4) and monobasic (KH2PO4)

potassium phosphate, dibasic sodium phosphate (Na2HPO4),
sucrose, ortho-phosphoric acid, absolute ethanol, nitric acid
(HNO3), and chloridric acid (HCl) were obtained from
Merck (Rio de Janeiro, RJ, Brazil); acetylthiocholine iodide
(ATC), 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB), Tris [Tris
(hydroxymethyl-d3) amino-d2-methane], Coomassie brilliant
blue G, and bovine serum albumin were obtained from Sigma
(St. Louis, MO, USA). P-dimethylaminobenzaldehyde was
obtained from Riedel (Seelze, Han, Germany). The commer-
cial kits for biochemical dosages were obtained from Labtest
Diagnóstica S.A. (Lagoa Santa/MG/Brazil).

Animals

Pregnant Wistar rats obtained from the General Animal House
of the Federal University of Santa Maria were transferred to
our breeding colony and maintained at a 12 h light/dark cycle
and controlled temperature of 22 ± 2 °C. All animals had free
access to food (Guabi, RS, Brazil) and tap water. One day after
birth, the number of pups of each litter was reduced to 8, and
pups were kept with the dam until weaning. The total number
of eight litters was used in the experimental procedure.
Procedures involving animals were carried out in strict accor-
dance with the guidelines of the Committee on Care and Use
of Experimental Animal Resources of the Federal University
of Santa Maria, Brazil (Process number-5320270415). All ef-
forts were made to minimize the number of animals used and
their suffering.

Exposures

The pups from each litter were randomly distributed into eight
groups. The animals were subcutaneously (s.c.) exposed to
0.9% NaCl (saline solution), NAC (5 mg/kg), ZnCl2 (27 mg/
kg) or ZnCl2 plus NAC for five consecutive days, and to saline
or AcPb (7 mg/kg) for another five consecutive days. The
compounds (Zn, Pb, and NAC) were dissolved in saline solu-
tion at a volume of 10 mL/kg body weight. The animals were
weighed daily in order to adjust the dose. Each litter contained
one rat for each treatment. Pup rats were submitted to protocol
of exposure from the 3rd to the 12th postnatal day of their life
as described in Table 1. Twenty-one days after the last dose of
Pb, animals were weighed and subsequently anesthetized with
isoflurane inhalation and euthanized by decapitation.

Behavioral Tests

Eight litters were submitted to negative geotaxis task, beaker
test, tail immersion, and open field task. Each litter contributed
only with one experimental n in each treatment.
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Negative Geotaxis Task

On postnatal days 3, 5, 7, 9, 11, and 13, the animals were
submitted to negative geotaxis reflex test that was carried
out on a 30-cm-long and 20-cm-wide platform with an incli-
nation of 30°. Pups were placed with the head down. The
maximum latency for the reflex of negative geotaxis was
60 s for each session. Each trial consisted of the mean latency
of five consecutive sessions. The trials were made before so-
lution administration. Latency decrease of negative geotaxis
reflex was considered as the improvement of the motor reflex
response [44].

Tail Immersion Test

On postnatal days 13, 20, and 27, nociception was assessed in
the tail immersion test as described in Franciscato et al. [27],
with some changes. Rats were wrapped in a towel and 3.5 cm
of tail was immersed in water bath (48 ± 1 °C). The time
needed for the animal to deflect the tail was used as latency
immersion. A cut-off time of 10 s was used to avoid tail tissue
damage.

Beaker Test

The animals were submitted to the beaker test on postnatal
days 17 to 20 (sessions 1 to 4) with an interval of 24 h between
sessions as described in Peixoto et al. [45]. In this task, the
capability of the rats to balance and move along the rim of a 2-
L polypropylene beaker was observed. This beaker, which
was 19.5 cm high and 14 cm in diameter, had an outward-
curving top edge. The apparatus was placed on a workbench
1 m from the room floor. A dark refuge box, which had the
inner dimensions 9.5 cm × 5.5 cm × 3.5 cm high and an
5 cm × 5.5 cm entrance platform, was clamped in order that
the platform could rest on the spout of the beaker. Each rat was
placed on the rim of the beaker facing the refuge at the furthest

distance from it. Time points to reach the refuge, fall, or jump
off the rim were recorded. A cut off time of 90 s was used for
each session [46]. Results are presented as mean of latency to
access to refuge.

Open Field Task

Open field task was carried out as described in Peixoto et al.
[45], with some changes. The animals were submitted to open
field at 30 days of age. The exploratory behavior was investi-
gated in a rectangular open field, 57 cm of length × 45 cm of
width × 43 cm of high wall, and was situated on the room floor.
Each rat was placed in the lower left corner with its face to the
wall, in a way that the animal could not to see the observer.
During a period of 5 min, the following behaviors were record-
ed: latency to leave the initial area, crossing (number of areas
entered), and rearing (incidence of head-lifting on the hind legs
either against a vertical surface or unsupported). The behavior
of exiting the initial area and crossing was considered when the
animal placed the four paws inside another area.

Biochemistry Assays

PBG-Synthase Activity

Blood samples (collected with anticoagulant) were transferred
to a recipient with distilled water, at 1:4 (v/v) proportions, and
under constant agitation in ice bath for 10 min for full hemo-
lysis. The technique was performed according with Sassa [47]
by measuring the rate of product formation (porphobilinogen,
PBG), as previously described by Peixoto et al. [39]. The
incubation medium contained 2.2 mM δ-ALA and 76 mM
potassium phosphate buffer (pH 6.8). After adding 200 μL
of hemolyzed blood, the incubation was initiated and carried
out for 120 min at 39 °C. The reaction was stopped by the
addition of 10% trichloroacetic acid (TCA) containing 0.05M
HgCl2 and the PBG formation was measured with Ehrlich’s
reagent using the molar absorption coefficient of 6.1 × 104 for
Ehrlich-PBG salt. The specific enzymatic activity was
expressed as nmol PBG formed/h/mg protein.

AChE Activity

Cerebrum and cerebellum were homogenized (1:10, w/v) in
10 mM Tris-HCl buffer, pH 7.2 with 160 mM sucrose. The
homogenate was centrifuged for 10 min at 1000 g and the
supernatant were frozen at −20 °C until analysis. AChE activ-
ity was determined by the method of Ellman et al. [48] mod-
ified as described by Pereira et al. [49]. The mixture assay
contained 1.04 mM DTNB, 24 mM potassium phosphate
buffer pH 7.2, and 25 μL of enzymatic material. It was pre-
incubated for 2 min at 30 °C and the reaction was started with
the addition of 0.83 mM ATC. The product from the reaction

Table 1 Exposure protocol: the animals were subcutaneously (s.c.)
exposed to saline (0.9%), ZnCl2 (27 mg/kg), NAC (5 mg/kg) or Zn +
NAC (treatment 1), and saline or AcPb (7 mg/kg) (treatment 2)

Groups Treatment 1
(3rd to 7th days old)

Treatment 2
(8th to 12th days old)

Saline Saline + saline Saline

Zn ZnCl2 + saline Saline

NAC NAC + saline Saline

Zn/NAC ZnCl2 + NAC Saline

Pb Saline + saline AcPb

Zn + Pb ZnCl2 + saline AcPb

NAC + Pb NAC + saline AcPb

Zn/NAC + Pb ZnCl2 + NAC AcPb
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of thiocholine with DTNB was determined at 412 nm every
30 s for 2 min with a molar absorption coefficient of
1.36 × 104. The specific activity was expressed as μmol
ATC hydrolyzed/h/mg protein.

Hb Content

For Hb level determination, 10 μL of blood (collected with
anticoagulant and diluted 1:20 v/v in deionized water) was
added to a medium containing 200 mM phosphate buffer,
120 mM potassium ferricyanide, 150 mM potassium cyanide,
and surfactant (Triton X-100) for 5 min at room temperature.
The Hb content was determined spectrophotometrically at
540 nm. The levels were expressed as g/dL.

Urea

Serum was separated from the total blood after centrifugation at
1050 g for 10 min. The incubation at 37 °C for 5 min was started
by adding 10 μL of serum sample to a medium containing
19.34 mM phosphate buffer, pH 6.9, 58.84 mM sodium salicy-
late, 3.17 mM sodium nitroprusside, and urease (≥12.63 UK/L)
using a Labtest commercial kit. The reaction was stopped by
adding oxidant solution (final concentrations, 0.07 M NaOH
and 3.01 mM sodium hypochlorite) and the mixture was incu-
bated for 5 min in order to achieve color development. Urea
levels were determined at 600 nm and expressed as mg/dL.

Creatinine

Serum was separated from the total blood after centrifugation
at 1050 g for 10 min. Creatinine level estimation was carried
out by measuring the quantity of product formed, creatinine
picrate, and by using creatinine as standard using a Labtest
commercial kit. The reaction was carried out in a medium
containing 20.2 mM picric acid and 145.4 mM NaOH at
37 °C with 50 μL of serum. Creatinine levels were determined
at 510 nm and expressed as mg/dL.

Determination of MT Levels

ForMTassays, blood (collected with anticoagulant) was diluted,
and liver and cerebrum tissues were homogenized in four vol-
umes of cold 20mMTris-HCl buffer, pH 8.6 containing 0.5 mM
PMSF as antiproteolytic agent, and 0.01%β-mercaptoethanol as
a reducing agent. The homogenate was then centrifuged at
16,000 g at 4 °C for 30 min in order to obtain a supernatant
containing metallothioneins. Aliquots of 1 mL of supernatant
were added with 1.05 mL of cold (−20 °C) absolute ethanol
and 80 μL of chloroform; the samples were then centrifuged at
6000×g for 10 min. The collected supernatant was combined
with three volumes of cold ethanol (−20 °C), maintained at
−20 °C for 1 h and centrifuged at 6000×g for 10 min. The
metallothionein-containing pellets were then rinsed with 87%
ethanol and 1% chloroform and centrifuged at 6000×g for
10 min. The pellet was resuspended in 150 μL 0.25 M NaCl
and subsequently 150 μL 1 N HCl containing 4 mM EDTAwas
added to the sample. MT content was assayed as described in
Peixoto et al. [39] using the colorimetric method with Ellman’s
reagent at 412 nm [48]. Metallothionein concentration was esti-
mated utilizing cysteine as a reference standard and expressed as
μg of SH/g of tissue.

Protein Determination

Protein levels were determined by method of Bradford [50]
using bovine serum albumin as standard.

Determination of Zn and Pb Levels

Metal levels were determined by inductively coupled plasma
atomic emission spectrometry (ICPE-9000; Shimadzu
Scientific Instruments). The samples of wet tissue were placed
in vials and frozen at −20 °C until analysis. Samples were
digested as previously described by Ineu et al. [51]. After diges-
tion, samples were diluted with deionized water and the metals
determined by ICPE-9000. The analytical standard of the metals

Table 2 Body, cerebrum, and
cerebellum weights (g) of rats
treated as described in Table 1

Body weight Cerebrum Cerebellum

Groups Day 3 Day 8 Day 13 Day 33 Day 33 Day 33

Saline 8.5 ± 0.2 16.0 ± 0.8 25.6 ± 1.7 97.5 ± 2.8 0.94 ± 0.03 0.24 ± 0.01

Zn 8.4 ± 0.2 16.4 ± 1.0 23.6 ± 1.6 89.9 ± 3.8 0.94 ± 0.03 0.24 ± 0.01

NAC 8.4 ± 0.3 15.6 ± 0.9 25.2 ± 1.6 98.3 ± 5.0 0.98 ± 0.04 0.25 ± 0.01

Zn + NAC 8.5 ± 0.3 15.8 ± 0.5 24.4 ± 1.0 97.4 ± 2.9 0.91 ± 0.03 0.25 ± 0.02

Pb 8.5 ± 0.3 15.3 ± 0.7 24.4 ± 0.9 88.4 ± 3.3 0.89 ± 0.03 0.25 ± 0.01

Zn + Pb 8.8 ± 0.4 16.0 ± 0.8 24.6 ± 1.2 92.8 ± 2.3 0.92 ± 0.03 0.25 ± 0.01

NAC + Pb 8.6 ± 0.3 16.0 ± 0.9 23.4 ± 0.7 90.0 ± 5.8 0.90 ± 0.02 0.24 ± 0.01

Zn/NAC + Pb 8.8 ± 0.3 15.6 ± 0.9 24.4 ± 1.4 89.1 ± 4.2 0.91 ± 0.03 0.25 ± 0.01

The results are presented as mean ± SEM (n = 5–8)
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(Merck®) was used to make the curve. The detection limit was
considered 0.0025 ppm, which was the minimum measurable
quantity for this method.

Statistical Analysis

Results were analyzed by one- (biochemistry assays and metal
levels) or two-way ANOVA (behavioral tasks) followed by
Duncan’s multiple range test when necessary. Effects were
considered significant when p ≤ 0.05.

Results

Weight

Body, Cerebrum, and Cerebellum Weight

The body, cerebrum, and cerebellum weight were not altered
by the treatments (Table 2).

Behavioral Tests

Negative Geotaxis Task

The negative geotaxis responses are shown in Fig. 1a. All
groups presented the negative geotaxis reflex. Two-way
ANOVA (eight treatments × six sessions) showed a significant
effect of session [F(5280) = 301.43; p < 0.001], since all
groups presented better performance throughout the sessions.
The treatments did not interfere in the appearance of this
reflex.

Tail Immersion Test

The tail immersion test latency was not altered by treatments
(data not shown).
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Fig. 1 Latency of negative geotaxis reflex (a) and latency of access to refuge in the beaker test (b) of rats treated as described in Table 1. The results are
presented as mean ± SEM (n = 8)

Table 3 Crossing and rearing numbers and latency to leave the initial
area in the open field task of rats treated as described in Table 1 and
submitted to test at day 30

Groups Crossings Rearings Latency (s)

Saline 52.1 ± 4.5 24.7 ± 4.4 11.9 ± 4.2

Zn 55.9 ± 4.5 30.8 ± 1.1 11.3 ± 2.7

NAC 66.6 ± 4.9 36.9 ± 4.3 9.0 ± 1.9

Zn + NAC 55.5 ± 4.5 37.4 ± 4.6 17.0 ± 4.7

Pb 53.4 ± 10.4 24.9 ± 2.8 13.8 ± 3.2

Zn + Pb 47.0 ± 3.8 27.5 ± 3.6 19.5 ± 7.1

NAC + Pb 61.0 ± 9.3 31.8 ± 6.0 12.9 ± 4.3

Zn/NAC + Pb 44.8 ± 7.5 23.5 ± 6.3 8.7 ± 2.3

The results are presented as mean ± SEM (n = 8)
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Fig. 2 Blood PBG-synthase activity of rats treated as described in
Table 1. The specific activity is expressed as nmol PBG/h/mg protein.
The results are presented as mean ± SEM (n = 5). Duncan’s multiple
range test: different letters confer significant statistical difference among
groups at least p ≤ 0.05
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Beaker Test

Latency to access the refuge is shown in Fig. 1b. Two-way
ANOVA (eight treatments × four sessions) revealed a signif-
icant effect of the session on latency to access to refuge [F(3,
168) = 112.19; p < 0.001], since all groups presented a better
performance throughout the sessions. The treatments did not
alter the performance of the animals.

Open Field Task

The performance of rats in the open field task was not altered
by treatments (Table 3).

Biochemistry Assays

PBG-Synthase Activity

PBG-synthase activity is shown in Fig. 2. Pups exposed to
AcPb exhibited a significant decrease in enzyme activity

[F(7, 32) = 6.512; p < 0.001]. Zinc alone partially prevented
the inhibitory effect of Pb, but NAC and Zn + NAC associa-
tion did not prevent the AcPb inhibitory effect on enzyme
activity.

AChE Activity

The cerebrum and cerebellum AChE activity are presented in
Fig. 3a, b, respectively. Pups showed a significant decrease in
cerebrum AChE activity [F(7, 40) = 4.005; p < 0.02] as a
result of Pb exposure. All preventive treatments (Zn, NAC,
and Zn + NAC association) protected the Pb inhibitory effect.

Hb Content and Urea and Creatinine Levels

These parameters were not altered by treatments (Table 4).
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Table 5 Liver, blood, and cerebrum metallothionein levels of rats
treated as described in Table 1

Groups Liver Blood Cerebrum

Saline 44.9 ± 11.8 75.5 ± 11.2 130.6 ± 8.5

Zn 47.8 ± 15.2 66.1 ± 3.9 133.2 ± 11.8

NAC 43.5 ± 5.1 85.0 ± 4.7 130.9 ± 14.8

Zn + NAC 33.2 ± 6.6 76.9 ± 9.1 123.2 ± 17.5

Pb 51.0 ± 10.4 85.6 ± 7.7 144.4 ± 23.6

Zn + Pb 33.6 ± 5.6 71.8 ± 4.9 145.4 ± 20.6

NAC + Pb 43.6 ± 7.2 66.6 ± 5.3 141.2 ± 18.9

Zn/NAC + Pb 51.0 ± 6.3 69.0 ± 9.0 134.8 ± 23.5

The results are presented as mean ± SEM (n = 5) and expressed in μg of
SH/g of tissue

Table 4 Blood hemoglobin levels and serum urea and creatinine levels
of rats treated as described in Table 1

Groups Hemoglobin (g/dL) Urea (mg/dL) Creatinine (mg/dL)

Saline 8.7 ± 1.2 37.8 ± 1.2 0.8 ± 0.2

Zn 9.0 ± 0.7 39.2 ± 3.5 0.7 ± 0.2

NAC 8.4 ± 1.1 37.4 ± 2.7 0.8 ± 0.1

Zn + NAC 10.5 ± 0.4 35.5 ± 3.0 0.5 ± 0.2

Pb 8.6 ± 0.9 37.7 ± 2.2 0.8 ± 0.2

Zn + Pb 9.4 ± 0.8 38.6 ± 3.4 0.6 ± 0.2

NAC + Pb 10.7 ± 0.6 35.1 ± 2.5 0.5 ± 0.1

Zn/NAC + Pb 9.2 ± 0.3 35.9 ± 3.9 0.4 ± 0.1

The results are presented as mean ± SEM (n = 6–8)
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MT Levels

Blood, cerebrum, and liver MT levels were not altered by
treatments (Table 5).

Cerebrum and Blood Metal Levels

Lead and Zn levels are presented in Table 6. Pups exposed to
AcPb presented Pb accumulation in the blood [F(7,
24) = 7.211; p < 0.001] and cerebrum [F(7, 16) = 80.213;
p < 0.001]. The preventive treatments protected this Pb accu-
mulation in both tissues. Zinc levels were similar between the
treatment groups.

Discussion

This work investigated the sensitivity of young rats to AcPb
exposure in biochemical and behavioral parameters as well as
the protective effects of ZnCl2 and NAC. In this study, Pb
exposure caused inhibition of blood PBG-synthase activity
and cerebrum AChE activity. Zinc partially prevented the in-
hibition of blood PBG-synthase activity and all pre-treatments
(Zn, NAC, and Zn plus NAC) prevented the cerebrum AChE
activity decrease. Indeed, Pb exposure caused accumulation of
this metal in the blood and cerebrum, and Zn, NAC, as well as
their combination prevented such accumulation.

The enzyme PBG-synthase is an important biomarker of
toxic effects induced by divalent metals [16, 40], mainly be-
cause of its -SH groups, which have high affinity to heavy
metals [52]. Studies have shown that Pb decreases PBG-
synthase activity. It is likely that Pb binds to the enzyme -
SH groups thus interfering in the interaction of the substrate
with the active site [17, 53]. In our work, Pb intoxication
decreased about 60% of blood PBG-synthase activity. This
result is in agreement with other studies that reported inhibi-
tion of this blood enzyme of rodents due to Pb exposure [54,

55], when investigated immediately after exposure.
Additionally, this inhibition persists even several days after
exposure, which confirms that the PBG-synthase activity
measurement is a good marker of blood Pb exposure.

It is known that PBG-synthase is responsible for the second
step of heme biosynthesis and consequently influences Hb
synthesis [14]. However, considering that only 20% of the
PBG-synthase activity is necessary for heme synthesis [56],
the blood enzyme inhibition verified here was not enough to
alter Hb levels.

Our study also shows a decrease in cerebrum AChE activ-
ity. Studies have shown that the central nervous system is a
target of Pb [57]. This metal may cause dysfunction in the
cholinergic system [24, 25, 58], which would be related to
behavioral manifestations [2, 59]. In fact, one possible mech-
anism of Pb neurotoxicity is the inhibition of AChE attributed
to high Pb affinity for -SH groups [26]. Lead may bind to
AChE and cause the enzyme inhibition followed by the accu-
mulation of ACh in the synaptic cleft [59].

In this work, we assessed the motor function necessary for
the animal to respond to the negative geotactic reflex [44],
muscular strength and cerebellar function necessary to balance
in the rim and access to refuge in beaker test [45], the loco-
motor and exploratory activity in the open field task [45], and
pain sensitivity in tail immersion test [27], in which the
hyperalgesia response is generally attributed to central mech-
anisms [60]. Animals treated with Pb showed no alterations in
behavioral activities in the tests performed. In the studies by
Phyu and Tangpong [2] and Liu et al. [25], mice treated with
drinking water with 1 g Pb/L for 2 months and 0.5 g Pb/L for
3 months, respectively, presented AChE inhibition and an
impairment in water maze swimming test [2] and open field
test [25] performance.

Animals treated with Pb presented blood and cerebrum Pb
accumulation. This occurred in parallel to blood PBG-
synthase and cerebrumAChE activity inhibition, respectively,
as commented above. After absorption, Pb is distributed and

Table 6 Lead and zinc levels of
rats treated as described in Table 1 Lead levels Zinc levels

Blood (μg/mL) Cerebrum (μg/g) Blood (μg/mL) Cerebrum (μg/g)

Saline 0.076 ± 0.006ac 0.036 ± 0.010a 4.77 ± 0.30 15.00 ± 0.51

Zn 0.084 ± 0.005a 0.028 ± 0.016ab 5.50 ± 0.31 16.50 ± 1.80

NAC 0.086 ± 0.010a 0.016 ± 0.006abc 5.58 ± 0.54 17.96 ± 1.28

Zn + NAC 0.065 ± 0.005ac 0.004 ± 0.004bc 4.65 ± 0.33 20.54 ± 2.13

Pb 0.129 ± 0.012b 0.220 ± 0.012d 6.07 ± 0.53 17.46 ± 1.83

Zn + Pb 0.055 ± 0.011c <0.001c 4.44 ± 0.45 15.60 ± 1.80

NAC + Pb 0.083 ± 0.005a <0.001c 5.52 ± 0.23 16.75 ± 3.46

Zn/NAC + Pb 0.068 ± 0.009ac <0.001c 3.45 ± 0.78 13.96 ± 1.05

The results are presented as mean ± SEM (n = 3–4). Duncan’s multiple range test: different letters confer
significant statistical difference among the groups at least p < 0.05
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accumulates in several tissues of the body, most notably in the
bones, which is called storage compartment [21]. In humans,
the half-life of Pb in the blood is approximately 30 days, al-
though the total body Pb is, in great percentage, accumulated
in the bone, with a half-life of decades [61]. In our study,
analyses were performed 21 days after the last Pb administra-
tion, and the metal may have been moved to the bone and
partly excreted in the feces and urine. Therefore, despite blood
and cerebrum levels being 1.7 and 6 times higher than the
control group, Pb levels are low when considered the high-
dose injected.

Zinc prevented partially PBG-synthase inhibition. Zinc,
NAC, and the association (Zn + NAC) prevented the decrease
in the AChE activity and promoted a decrease in Pb levels in
the blood and cerebrum. Studies have related that the supple-
mentation with Zn decreases gastrointestinal absorption and
distribution of Pb [34, 62, 63]. Moreover, Zn is known as an
important inductor of metal-bind proteins, such as metallo-
thionein, which has chelating properties [37, 38]. This prop-
erty may explain the protective effects of Zn on Pb intoxica-
tion; however, the Zn groups did not present highMTcontent.
Regarding NAC, Nehru and Kanwar [64] demonstrated that
this may be a GSH precursor molecule, since NAC exposure
restored GSH cerebrum levels depleted by Pb exposure.
Moreover, NAC protective effect may be due to Pb(II) ion
complex with the NAC molecule as suggested by Sisombath
and Jalilehvand [42] and Cardiano et al. [43].

Conclusion

Results showed that AcPb exposure during the second phase
of brain development alters biochemical parameters even long
time after exposure. Moreover, the potential preventive action
of Zn and NAC suggests that these compounds may serve as a
promising alternative treatment for Pb poisoning. However,
further investigations are necessary to better understand the
mechanism by which Pb causes its toxic effects as well as to
understand the preventive effects of Zn and NAC.
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