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This work evaluated the delayed effects of mercury and the effectiveness of zinc in preventing such

effects. Pups were pre-treated with 1 daily dose of ZnCl2 (27 mg/kg/day, by subcutaneous injections) from

3rd to 7th postnatal day and received 1 daily dose of 5 mg/kg of HgCl2, for 5 subsequent days (8–12 days

old). Animals were euthanized 21 days after the end of Hg-exposure. Porphobilinogen-synthase activity

as well as zinc and mercury contents was determined in the liver and kidneys. Alanine aminotransferase,

aspartate aminotransferase and lactic dehydrogenase activities as well as urea, creatinine and glucose

levels were analyzed in plasma or serum. Some animals were considered more sensitive to mercury, since

they did not recover the body weight gain and presented an increase of renal and hepatic mercury content,

urea and creatinine levels; a decrease in renal porphobilinogen-synthase and alanine aminotransferase

activities, as well as a decrease in the liver and an increase in kidney weights. Some animals were

considered less sensitive to mercury because they recovered the body weight and presented no

biochemical alterations in spite of mercury in the tissues. Zinc prevents partially or totally the alterations

caused by mercury even those that persisted for a long time after the end of exposure. These findings

suggest that there is difference among the animals regarding the sensitivity to mercury.

& 2010 Elsevier Inc. Open access under the Elsevier OA license.
1. Introduction

Mercury is a hazardous pollutant and can be found in three
different chemical forms: elemental mercury vapor, inorganic
mercury and organic mercury. The toxicity of this metal depends
on its chemical form (Clarkson, 1997). The exposure to inorganic
mercury, which is the object of this study, is mainly occupational-
like, occurring in industrial activities and mining (Nevado et al.,
2003). In fact, the exposure to this form of mercury causes serious
risks to gold miners’ health (Barregard, 2008). It is also known that
inorganic mercury can be alkylated to methylmercury by anaerobic
bacterium in water or in sediments (Bisinoti and Jardim, 2004;
Wasserman et al., 2003). Organic mercury accumulates in the
aquatic food chain through the process of biomagnification, i.e., the
metal concentration increases in living organisms when passing
from herbivores to carnivorous animals (Boening, 2000).

Although the inorganic form, mercury chloride, is known as a
nephrotoxic agent (Clarkson, 1997; Emanuelli et al., 1996; Goyer,
1995), it causes renal insufficiency, produces changes in body and
organ weights and decreases the serum alanine aminotransferase
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activity of rats exposed to metal during the precocious phase of
development (8–12th day of age) (Peixoto et al., 2003, 2007a;
Peixoto and Pereira, 2007).

Other researchers have demonstrated that inorganic mercury
causes hepatotoxicity, since adult mice treated with one dose of
HgCl2 (5 mg/kg) showed significant elevation in serum alanine
(ALT) and aspartate (AST) aminotransferase activities (Kumar et al.,
2005). In fact, these enzymes are known as important markers of
hepatocellular damage (Meyer et al., 1992).

The large affinity of mercury by sulfhydryl groups is an important
contributor to its toxicity (Clarkson, 1997). Therefore, porphobilinogen-
synthase [PBG-synthase (E.C.:4.2.1.24)], an enzyme involved in the
heme biosynthesis with high content of sulfhydryl residues (Sassa,
1982), has its activity inhibited by toxic metals in different tissues from
mice (Emanuelli et al., 1996), rats (Peixoto et al., 2003, 2007a; Rocha
et al., 1993, 1995, 2001), and humans (Calderón et al., 2003). This
enzyme requires zinc for its maximum activity, although the precise
function of this metal is not clear (Bevan et al., 1980; Hasnain et al.,
1985). However, it is known that PBG-synthase contains two sites
binding to zinc with different affinities (Dent et al., 1990). The B site of
the enzyme binds Zn2+ with relatively low affinity, and the main-
tenance of their sulfhydryl groups in a reduced state is fundamental for
the enzyme activity (Jaffe, 1995, Barbosa et al., 1998).

Zinc is an essential metal involved in several metabolic func-
tions (Fang et al., 2002). It is a catalytic and structural element of
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several proteins (Mathie et al., 2006) and plays an important role in
the metallothionein synthesis (Pedersen et al., 1998; Peixoto et al.,
2003, 2007b). However, an excessive intracellular increase of zinc
can be cytotoxic and causes, for instance, neuronal degeneration
(Choi and Koh, 1998). Our previous results suggest zinc as a
protector agent against several mercury toxic effects in rats. In
fact, zinc pre-treatment avoids the hepatic and renal PBG-synthase
inhibition, the decrease in body weight gain (Peixoto et al., 2003,
2007b) and the renal insufficiency (Peixoto and Pereira, 2007)
induced by mercury in rats exposed to it during the second phase of
development (8–12th day of age). This developmental period is
characterized by rapid protein, DNA, and RNA synthesis (Gottileb
et al., 1977).

In fact, rodents have three principal postnatal phases (0–6, 8–12 and
17–23 days old) characterized by remarkable development and growth
of organs and body (Gottlieb et al., 1977; Winick and Noble, 1965).
Thus, insults, even those considered mild, may cause pronounced
damages when applied to developing organisms (Smart and Dobbing,
1971). Therefore, animals in their early life stage are particularly
sensitive to insults such as heavy metal exposure (Franciscato et al.,
2009; Peixoto et al., 2003, 2007c; Rocha et al., 1993).

It is known that postnatal exposure to mercury causes beha-
vioral (Peixoto et al., 2007c) and biochemical alterations in rats
(Peixoto et al., 2003; Peixoto and Pereira, 2007) even with an
elapsed time after exposure (Franciscato et al., 2009; Rocha et al.,
2001; Stringari et al., 2006). Recently, we verified that there are rats
more and less sensitive to mercury when exposed to it during
developmental period. These subgroups of animals were classified
according to body development after the end of mercury exposure.
Mercury exposed rats that recovered the body weight gain did not
show behavioral alterations (Franciscato et al., 2009).

The aim of this study was to evaluate the toxic effects of mercury
in 33-day-old rats exposed to metal during one of the develop-
mental postnatal phases (8–12 days old), as well as to verify the
effectiveness of zinc as preventive treatment. We investigated if
animals present different sensitivities to mercury regarding bio-
chemical parameters. For this, we evaluated body and organ
weights, mercury and zinc levels, and PBG-synthase activity. We
also investigated ALT, AST, and lactic dehydrogenase (LDH) activ-
ities as hepatic damage markers (Devlin, 1997), and urea and
creatinine levels as renal function markers (Meyer et al., 1992). The
blood glucose level was evaluated since at 24 h after mercury
exposure rats presented hypoglycemia (Peixoto and Pereira, 2007).
2. Materials and methods

2.1. Chemicals

Zinc (ZnCl2), mercury (HgCl2) , sodium chloride (NaCl), glacial acetic acid, ortho-

phosphoric acid, nitric acid (HNO3), perchloric acid, absolute ethanol as well as ethyl

ether were obtained from Merck (Rio de Janeiro, RJ, Brazil); d-aminolevulinic acid

(d-ALA), Coomassie brilliant blue G, and bovine serum albumin were obtained from

Sigma Chemical Co. (St. Louis, MO, USA); trichloroacetic acid was obtained from

Reagen (Colombo, PR, Brazil) and para-dimethylaminobenzaldehyde was obtained

from Riedel (Seelze, Han, Germany). The kits for the determination of creatinine,

urea, glucose, ALT, AST, and LDH were obtained from Labtest (Lagoa Santa, MG,

Brazil).

2.2. Animals

Wistar pregnant rats obtained from the General Animal House of the Federal

University of Santa Maria were transferred to the colony room and maintained

individually in opaque plastic cages at room temperature (2372 1C). One day

after the birth, the number of pups of each litter was reduced to 8 to avoid

undernutrition effect due to the number of teats. Studies were conducted in

accordance with the national and institutional guidelines (University Ethics

Committee Guidelines—Process number 23081.014805/2007–68) for experiments

with animals.
2.3. Treatments

Pups were pre-treated from postnatal days 3–7 of life with one daily dose of saline

(NaCl 90 mg/kg/day) or ZnCl2 (27 mg/kg/day). After the pre-treatment, the animals

received saline or HgCl2 (5 mg/kg/day) for 5 consecutive days (from 8 to 12 days old).

These doses were chosen according to Peixoto et al. (2003), who showed that 5 mg/kg/

day of HgCl2 caused toxic effects that was prevented by zinc (27 mg/kg/day) dose in

rats killed 24 h after the end of mercury exposure. In the present study, the same

model of treatment was used; however, the animals were killed 21 days after mercury

exposure. Treatments were administered by subcutaneous (s.c.) injections in a

constant volume of 10 mL/kg body weight. Animals were weighed daily to adjust

the dose. A total of 34 litters were exposed to treatments. Twenty-seven litters were

used for biochemical analysis and metal quantification, since from other seven litters,

two animals of the same treatment died before the end of the experimental period.

Each litter contributed with only one n to each experimental group. Two rats per litter

were assigned to each of the four experimental groups. At the end of experimental

period (33 days old) the litters were divided in two groups according to their

sensitivities to mercury. Thus, the experiment was performed with rats that were 13

days old but divided into two groups: one group containing rats that were more

sensitive to mercury (MSR) and the second group containing rats that were less

sensitive to mercury (LSR). The groups were confirmed by correlations between body

weight and mercury contents in cerebrum and cerebellum (Franciscato et al., 2009).
2.4. Tissue preparation

Twenty-one days after the end of mercury exposure (33 days old), the animals

were weighed, anesthetized and euthanized by decapitation. Liver and kidneys were

removed, weighed and minced. Portions of each organ were used for the determina-

tion of the enzymatic activity and for the analysis of metal contents.

For the PBG-synthase activity determination, the liver and kidneys were

homogenized in 7 and 5 volumes of 150 mM of NaCl, respectively. Homogenates

were centrifuged at 8000g for 30 min to obtain the supernatant with the enzymatic

material (Peixoto et al., 2003, 2004; Roza et al., 2005). For metal content a portion of

each tissue was frozen at �20 1C until analysis.

For other biochemical analysis the plasma was obtained from heparinized blood

and the serum was obtained from blood without anticoagulant. Both plasma and

serum were separated by centrifugation at 3000g for 10 min, and were frozen until

analysis (up to 5 days). Another portion of blood (around 0.5 mL) was frozen for the

analysis of metal contents.

2.5. Biochemical determinations

2.5.1. PBG-synthase activity

PBG-synthase activity was determined according to the method of Sassa (1982)

by measuring the rate of formation of the product (porphobilinogen), except that

76 mM potassium phosphate buffer (pH 6.8) and 2.2 mM d-ALA were used (Peixoto

et al., 2003; 2004; Roza et al., 2005). The reaction product was determined using the

modified Ehrlich’s reagent at 555 nm, with a molar absorption coefficient of

6.1�104 for the Ehrlich-porphobilinogen salt. The incubation was initiated by

adding 100 mL of tissue preparation and was carried out for 40 and 90 min for liver

and kidney, respectively, at 39 1C. The specific activity was expressed as nmol of PBG

formed per hour per mg of protein. Protein concentrations in the samples were

determined by the Coomassie blue method (Bradford, 1976) using bovine serum

albumin as standard. All samples were run in triplicate.
2.5.2. ALT and AST activity

The ALT activity was determined in a medium containing buffer 55.8 mmol/L,

a-ketoglutaric acid 1.67 mmol/L, L-alanine 83.3 mmol/L, sodium azide 12.8 mmol/L

and 25 mL of serum incubated at 37 1C for 30 min. The reaction was stopped by

adding HCl 0.45 mmol/L. The color reactive (2.4-dinitrophenylhydrazine

0.45 mmol/L) was added and the medium was incubated for 20 min at room

temperature. The color was intensified by NaOH 0.33 mmol/L and the absorbance

was determined at 505 nm. The activity (in U/mL) was calculated by comparing with

a calibration curve utilizing sodium pyruvate as standard. The AST activity was

determined similarly to ALT enzyme, except that L-aspartic acid 83.3 mmol/L was

used as substrate and that the medium was incubated at 37 1C for 60 min.
2.5.3. LDH activity

The activity of this enzyme (in U/L) was determined by the formation of NADH.

The medium containing buffer 200 mmol/L pH 8.2, lactic acid 260 mmol/L, sodium

azide 7.7 mmol/L and 25 mL of plasma was incubated at 37 1C for 2 min. After this

period, the color reactive (INT 0.64 mmol/L, NAD+ 1.2 mmol/L, phenazine

0.26 mmol/L and sodium azide 1.23 mmol/L) was added and the medium was

incubated for another 5 min at 37 1C. The reaction was stopped by adding HCl

200 mmol/L and the tubes remained at room temperature for 5 min until the

reading of the absorbance at 500 nm.
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2.5.4. Creatinine

The determination of creatinine (mg/dL) was carried out by measuring the

quantity of creatinine picrate formed at 510 nm. The medium containing picric acid

7.79 mmol/L, NaOH 145.9 mmol/L and 100 mL of serum was incubated at 37 1C for

10 min. After this period of incubation, the first absorbance was determined. The

acetic acid 0.4 mmol/L was added and the medium was incubated for another 5 min

at room temperature before determining the second absorbance.
2.5.5. Urea

Urea (mg/dL) was determined by the quantity of indophenol blue formed at

600 nm. The medium containing phosphate buffer 19.34 mmol/L, sodium salicylate

58.84 mmol/L, sodium nitroprusside 3.17 mmol/L, urease (Z12.63 UK/L) and 10 mL

of serum was incubated at 37 1C for 5 min.
2.5.6. Glucose

The reaction for the determination of the glucose concentration was conducted

in a medium containing phosphate buffer 9.9 mmol/L, phenol 9.9 mmol/L, glucose

oxidase (Z12,000 U/L), peroxidase (Z1000 U/L), 4-amino-antipyrine 0.4 mmol/L

and 10 mL of serum that was incubated at 37 1C for 10 min. The product formed from

the complete oxidation of the glucose is a red-violet quinoneimine, whose

absorbance was measured at 500 nm.
2.6. Metal content determination

The samples of wet tissue (0.5 g of kidney and 2 g of liver) and blood (0.5 mL)

were placed in vials and frozen at �20 1C until analysis.

The digestion of samples and the determination of Zn and Hg contents were

conducted as described in detail by Peixoto et al. (2008). Samples were digested with

HNO3 using a Model Multiwave 3000 microwave oven equipped with high-pressure

quartz vessels (max 80 bar, 280 1C, Anton Paar, Graz, Austria). After digestion,

samples were diluted with water to 25 mL and transferred to graduated poly-

propylene vials. Colorless and clear solutions were obtained after the digestion step.

Spike recovery tests and biological certified reference material (SRM NIST 1577,

bovine liver) were carried out to validate the results. Blanks were run and analyzed

after each 10 measurements in order to check eventual memory effects for all

elements.

Metal analyzes were carried out using a Model AAS EA 5 atomic absorption

spectrometer (Analytik Jena, Jena, Germany) equipped with a transversely heated

graphite tube atomizer with pyrolytic coated tubes for zinc. A batch-operated chemical

vapor generation system, HS 5 (Analytik Jena, Jena, Germany), was adapted to this

equipment for mercury determinations. A deuterium background corrector was used for

all determinations. Hollow cathode lamps were operated at 4 mA. Wavelength was set at

213.9 and 253.7 nm for Zn and Hg, respectively, and the spectral band passes at 0.5 nm.

Integrated absorbance (peak area) was used for all measurements. Heating program for

Zn was carried out according to the recommendations of the manufacturer. For Hg

determination, 3 M HCl and 0.25% m/v NaBH4 solutions were used as acid medium and

reductant, respectively. Argon was used as purge gas. Results for all elements determined

were periodically evaluated by measurements of analytical standards (each 10

measurements) as well as by the digests analysis of certified reference material SRM

NIST 1577 (each 3 measurements). When the result for standard checking presented a

bias higher than 5%, a recalibration procedure was performed.
Table 1
Body, liver and kidney weights of rats treated (s.c.) with saline or ZnCl2 (27 mg/kg/day),

Animals Treatment

groups

Weight (g)

Body 13 days old B

(n¼15) (n

MSR Sal–Sal 25.8a (23.4/27.2) 9

Sal–Hg 21.0b (19.2/23.0) 6

Zn–Sal 25.1a (22.3/27.4) 9

Zn–Hg 24.0a,b (21.0/26.0) 9

(n¼12) (n

LSR Sal–Sal 25.35a (24.4/25.9) 9

Sal–Hg 22.2b (20.9/24.8) 8

Zn–Sal 24.2a,b (23.5/25.5) 9

Zn–Hg 23.9a,b (22.4/24.7) 9

The results are presented as median (interquartile intervals). Dunn’s post-hoc test: diff
2.7. Statistical analysis

Results were analyzed by the non-parametric method of the Kruskal–Wallis test

with Dunn’s post-hoc test when appropriate. Effects were considered significant

when pr0.05.
3. Results

The body weight gain was used as a parameter to classify the
animals in more or less sensitive to Hg. Thus, animals (27 litters) were
divided into two groups. The first group (n¼15), MSR litters, comprised
the litters whose mercury exposed rats did not recover the impairment
in body weight until 33 days old (Kruskal–Wallis test, H(3)¼27.6,
po0.0001). The second group (n¼12), LSR litters, corresponded to
litters whose mercury exposed rats recuperated the body weight gain
and presented body weight similar to control group starting at 14 days
old (Table 1). The presence of more and less sensitive rats to mercury
was previously demonstrated in a recent study and these definitions
were confirmed by correlations between body weight and mercury
contents in cerebrum and cerebellum, where for MSR litters, the body
weight decreased significantly with the increase in mercury levels in
both cerebrum (r¼0.73, po0.001) and cerebellum (r¼0.76,
po0.001). On the other hand, there was no relationship between
these two parameters for LSR litters (Franciscato et al., 2009).
3.1. Liver and kidney weights

The Kruskal–Wallis test revealed a significant effect of treat-
ment on liver [H(3)¼31.71, po0.0001] and kidney [H(3)¼26.06,
po0.0001] weights of MSR litters (Table 1). Sal-Hg group pre-
sented liver weight significantly lower and kidney weight signifi-
cantly higher than the other groups (Dunn’s post-hoc test:
po0.05). Regarding LSR litters, the mercury treatment did not
alter these parameters. The presence of more and less sensitive rats
to mercury was also observed when considered the relationship
(Pearson correlations) between body and renal weights. For MSR
litters, there was a negative correlation between body and renal
weights, i.e., the body weight decreases significantly with the
increase of the renal weight (r¼0.46, po0.05). However, for LSR
litters, there was a positive correlation between body and renal
weight (r¼0.71, po0.05). These different correlations confirm that
the MSR litters contain animals that presented impairment in body
weight gain and renal damage, whereas the LSR litters contain the
animals that do not present alterations induced by mercury at 33
days old.
from 3rd to 7th, and with saline or HgCl2 (5 mg/kg/day), from 8th to 12th day old.

ody 33 days old Liver Kidney

¼15) (n¼15) (n¼15)

3.9a (86.1/99.2) 4.43a (4.00/5.30) 0.86a (0.70/0.96)

0.0b (35.5/74.9) 3.06b (1.80/3.70) 1.50b (1.20/2.10)

5.7a (87.2/98.9) 4.60a (4.40/5.20) 0.90a (0.80/1.00)

1.0a (83.5/96.2) 4.40a (4.00/4.80) 0.98a (0.89/1.04)

¼12) (n¼12) (n¼12)

0.7 (86.9/101.1) 4.70 (4.10/5.40) 0.90 (0.83/1.10)

5.4 (78.1/97.7) 4.60 (4.20/4.70) 1.05 (0.89/1.20)

1.4 (84.4/98.6) 4.80 (3.80/5.30) 0.97 (0.80/1.03)

0.4 (79.7/97.3) 4.80 (4.50/5.10) 0.99 (0.95/1.10)

erent letters confer significant statistical difference among groups (po0.05).



C. Franciscato et al. / Ecotoxicology and Environmental Safety 74 (2011) 480–486 483
3.2. Renal and hepatic PBG-synthase activity

Renal and hepatic PBG-synthase activities are shown in Fig. 1.
For MSR litters, the Kruskal–Wallis test revealed a significant effect
Table 3
Serum creatinine, urea and glucose of rats treated as described in Table 1.

Animals Treatment Creatinine (mg/dL)

MSR (n¼6) Sal–Sal 0.46a (0.38/1.00)

Sal–Hg 1.74b (1.39/2.10)

Zn–Sal 0.65a (0.59/0.76)

Zn–Hg 0.72a,b (0.59/1.03)

LSR (n¼4) Sal–Sal 0.44 (0.36/0.52)

Sal–Hg 0.53 (0.34/0.64)

Zn–Sal 0.74 (0.43/1.10)

Zn–Hg 0.60 (0.47/0.83)

The results are presented as median (interquartile intervals). Dunn’s post-hoc test: diff

Table 2
Serum ALT and AST and plasma LDH activity of rats treated as described in Table 1.

Animals Treatment ALT (U/mL)

MSR (n¼5–6) Sal–Sal 71.0a (61.5/74.5)

Sal–Hg 24.0b (19.0/32.0)

Zn–Sal 62.0a,b (53.5/83.5)

Zn–Hg 58.0a,b (55.0/81.0)

LSR (n¼3–4) Sal–Sal 54.0 (39.75/64.0)

Sal–Hg 56.5 (39.75/62.0)

Zn–Sal 51.0 (34.25/69.25)

Zn–Hg 52.0 (45.5/62.25)

The results are presented as median (interquartile intervals). Dunn’s post-hoc test: diff

Fig. 1. Hepatic and renal PBG-synthase activity of more sensitive (MSR litters, n¼5)

(A) and less sensitive (LSR litters, n¼4) (B) rats treated as described in Table 1. The

results are presented as median (interquartile intervals). Dunn’s post-hoc test:

different letters confer significant statistical difference among groups (po0.05).
of treatment on renal [H(3)¼12.36, po0.01] but not on hepatic
PBG-synthase activity. Duncan’s multiple range test showed that
the Sal–Hg rats presented a significant inhibition in renal PBG-
synthase activity when compared to Sal–Sal and Zn–Hg groups
(po0.05). For LSR litters, renal and hepatic enzyme activities were
similar between the groups.
3.3. Hepatic toxicity

Parameters of hepatic toxicity (ALT, AST and LDH activities) are
shown in Table 2. For MSR litters, the Kruskal–Wallis test revealed a
significant effect of the treatment on ALT activity [H(3)¼10.83,
po0.05]. Sal–Hg rats presented ALT activity significantly lower
than the control group. Zinc pre-exposure partially prevented this
decrease (Dunn’s post-hoc test: po0.05). AST and LDH activities
were not altered by treatments. For LSR litters, enzyme activities
were similar between the groups.
3.4. Renal toxicity

Parameters of renal function (creatinine and urea levels) are
shown in Table 3. For MSR litters, Kruskal–Wallis test revealed a
significant effect of treatment on creatinine and urea levels
[H(3)¼13.18, po0.001] and [H(3)¼17.17, po0.001, respectively].
Sal–Hg rats showed creatinine and urea levels significantly higher
than Sal–Sal and Zn–Sal rats. Zinc pre-exposure partially prevented
this increase (Dunn’s post-hoc test: po0.05). For LSR litters,
statistical analysis showed absence of mercury effect on these
metabolite levels.
3.5. Glucose

Treatments altered serum glucose levels neither for MSR nor
LSR litters (Kruskal–Wallis test) (Table 3).
Urea (mg/dL) Glucose (mg/dL)

45.9a (43.1/52.8) 147.9 (135.0/177.9)

156.2b (99.7/173.2) 125.4 (95.2/155.6)

46.5a (40.6/52.0) 145.5 (117.4/164.5)

61.5a,b (52.1/83.3) 137.6 (124.7/150.6)

49.4 (40.2/57.4) 135.4 (120.0/171.7)

56.8 (44.8/70.8) 168.5 (112.9/216.1)

50.9 (46.5/52.6) 153.6 (144.9/180.7)

61.1 (56.4/74.4) 142.8 (125.0/159.0)

erent letters confer significant statistical difference among groups (po0.05).

AST (U/mL) LDH (U/L)

126.0 (120.0/131.5) 248.6 (163.7/299.9)

122.0 (115.5/124.0) 170.2 (108.0/258.0)

121.0 (112.0/138.0) 242.6 (142.8/326.0)

131.0 (124.5/138.0) 315.5 (259.4/336.7)

108.5 (103.5/121.0) 158.2 (153.1/418.5)

120.0 (105.3/122.8) 174.2 (155.5/325.4)

109.5 (100.0/119.8) 239.0 (178.9/333.9)

120.0 (110.3/125.3) 213.3 (187.5/463.1)

erent letters confer significant statistical difference among groups (po0.05).
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3.6. Metal content

3.6.1. Mercury levels

Hepatic and renal mercury contents are shown in Fig. 2. For MSR
litters (Fig. 2A), the Kruskal–Wallis test showed significant effect of
treatment on hepatic [H(3)¼20.34, po0.0001] and renal [H(3)¼
18.89, po0.0001] Hg contents. Sal-Hg rats presented hepatic Hg levels
significantly higher than Sal–Sal and Zn–Sal rats. Zinc pre-exposure
partially prevented this increase (Dunn’s post-hoc test: po0.05).
Regarding renal mercury levels, the Sal–Hg group presented a partial
increase of renal mercury content when compared to Sal–Sal and Zn–
Sal rats. However, zinc pre-treatment induced an additional increase in
renal mercury levels when compared to the control group (Dunn’s
post-hoc test: po0.05).

For LSR litters (Fig. 2B), the Kruskal–Wallis test showed absence
of mercury effect on hepatic and renal mercury content.

Treatments altered the blood mercury levels neither for MSR
nor for LSR litter (data not shown).
Fig. 2. Hepatic and renal mercury content of more sensitive (MSR litters, n¼6)

(A) and less sensitive (LSR litters, n¼3) (B) rats treated as described in Table 1. The

results are presented as median (interquartile intervals). Dunn’s post-hoc test:

different letters confer significant statistical difference among groups (po0.05).

Table 4
Blood, hepatic and renal zinc content (mg of Zn/g of wet tissue) of rats treated as descr

Animals Treatment Blood (mg/g)

MSR (n¼5–6) Sal–Sal 4.78 (4.19/5.54)

Sal–Hg 4.79 (4.13/4.89)

Zn–Sal 4.70 (4.27/4.96)

Zn–Hg 4.85 (4.27/4.92)

LSR (n¼3) Sal–Sal 4.35 (4.30/4.53)

Sal–Hg 3.31 (2.33/4.03)

Zn–Sal 4.33 (4.15/4.49)

Zn–Hg 4.35 (4.16/4.40)

The results are presented as median (interquartile intervals).
3.6.2. Zinc content

Treatments neither altered blood, hepatic and renal zinc con-
tents neither for MSR nor for LSR litters (Kruskal–Wallis test)
(Table 4).
4. Discussion

This research investigated the delayed effect of mercury in rats
exposed to this metal during the second phase of postnatal
development (8–12th day of age), evaluating body weight gain,
organ weight, PBG-synthase activity, mercury and zinc content, as
well as hepatic and renal damage. Moreover, we verified the
effectiveness of zinc in protecting against toxic effects caused by
mercury in MSR litters.

This study confirms that there are rats more and less sensitive to
mercury for both biochemical and physiological parameters. Pre-
viously, using the same protocol of treatment, we observed that
young rats exposed to mercury presented different sensitivity
regarding behavioral alterations (Franciscato et al., 2009). At 12 and
13 days old, i.e., after the 4th and 5th days of exposure, all Hg-
exposed rats presented body weight significantly lower than other
treatment groups (data not shown). However, 33 days old, it was
observed that there are litters whose Hg-animals recovered the
body weight [called litter containing less sensitive rats (LSR) to
mercury] and litters whose Hg-animals did not recover the body
weight gain [called litter containing more sensitive rats (MSR) to
mercury] (Franciscato et al., 2009).

In humans, the different responses to toxic metals have been
attributed to a genetic predisposition. In fact, researchers have
described a polymorphism within the human gene encoding
coproporphyrinogen oxidase (an enzyme of the heme biosynthetic
pathway), which significantly modifies the effects of mercury on
urinary porphyrin excretion (Woods et al., 2005) and also increases
the vulnerability to mercury-induced neurotoxicity (Echeverria
et al., 2006). Still, data suggest that a genetic predisposition may
increase vulnerability leading to toxicity during critical windows of
prenatal and postnatal neurodevelopment (Rose et al., 2008).
Therefore, the different sensitivity to mercury presented by the
animals studied here is likely to be due to some genetic
modifications.

Body weight alterations in MSR litters occurred in parallel to a
decrease in liver weight and an increase in kidney weight. These
effects had already been found 24 h after Hg-exposure (Peixoto
et al., 2003). We can observe that these effects persist even after a
long time elapsed from mercury intoxication. Interestingly, these
mercury effects are totally prevented by previous exposure to zinc,
when the parameters are evaluated at 33 and at 13 day (Peixoto
et al., 2003) (21 days or 24 h after mercury exposure, respectively).

In this study the PBG-synthase activity was inhibited for a long
time after the end of exposure. This is an important aspect, since in
ibed in Table 1.

Hepatic (mg/g) Renal (mg/g)

25.25 (23.75/25.73) 22.05 (15.75/23.43)

26.70 (26.00/34.93) 17.80 (10.63/22.33)

24.80 (24.15/27.28) 22.95 (15.3/24.93)

25.75 (24.10/26.88) 27.90 (18.10/29.13)

25.80 (22.30/27.90) 24.40 (23.40/25.50)

25.40 (24.00/26.00) 26.20 (13.70/27.80)

26.10 (24.50/30.90) 25.60 (24.60/25.90)

25.00 (26.10/26.30) 26.50 (24.20/27.90)
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most of the studies the animals are euthanized 24 h after exposure
(Peixoto et al., 2003, 2007a). Results showed that only renal PBG-
synthase activity from MSR litters, but not from LSR litters,
presented inhibition by mercury and that this inhibitory effect
was prevented by zinc pre-exposure. For liver, the absence of PBG-
synthase inhibition may be due to the fact that this organ presented
small mercury content (see below). However, mercury content
does not explain the absence of Hg effect on renal enzyme activity
from LSR litters (Hg exposed rats presented high Hg content) as
well as of Zn–Hg rats from MSR litters (Hg content higher than Sal–
Hg rats).

Amino transferases and LDH enzymes are sensitive indicators of
hepatocellular damage therefore an increase in these serum
activities can represent liver lesion (Devlin, 1997; Meyer et al.,
1992). Regarding MSR litters, results revealed that AST and LDH
activities were not altered by mercury exposure. However, we
observed a reduction of 66.2% in ALT activity 21 days after the
mercury intoxication, since this effect was partially prevented
when the animals were pre-exposed to zinc. Previously, Peixoto
and Pereira (2007) showed a reduction of 40% in this enzyme
activity 24 h after Hg-exposure, which was prevented by zinc
exposure. Thus, we can conclude that the mercury effect continues
for a long time after metal intoxication and that this alteration does
not indicate hepatic damage. Our results differ from those reported
by Kumar et al. (2005) who found elevation in serum ALT and AST
activities of adult mice 1, 3, 7, 15 and 30 days after the exposure to
one dose of HgCl2 (5 mg/kg) intraperitonially, revealing hepato-
toxicity. Still, we observed that these parameters were not mod-
ified in LSR litters that also presented low Hg-hepatic content (see
below).

Different from hepatic parameters, the renal function of MSR
litters, but not of LSR litters, was significantly altered by mercury
exposure, reinforcing the previous finding indicating inorganic
mercury as a potent nephrotoxic agent (Clarkson, 1997; Emanuelli
et al., 1996; Goyer, 1995; Peixoto and Pereira, 2007). Twenty-one
days after the end of mercury exposure, rats presented an increase
in serum creatinine and urea levels of 278% and 240%, respectively.
When animals were pre-exposed to zinc, this effect was partially
prevented, indicating zinc pre-exposure as an important preven-
tive treatment against mercury-induced nephrotoxicity. Similar
results about renal toxicity and zinc preventive action were also
obtained when animals were euthanized 24 h after the end of
mercury exposure (Peixoto and Pereira, 2007). Even 21 days after
the end of exposure, MSR litters, presented an increase of mercury
content in both liver and kidney tissues. However, it is interesting
to observe that the level of mercury found in kidney was around
7.3-fold higher than in liver. This result differs from those obtained
when animals were euthanized 24 h after exposure, which pre-
sented liver mercury levels higher than renal mercury levels
(Peixoto et al., 2003, 2007b). Still, we can observe that the content
of mercury in both tissues was reduced as a function of the long
interval after exposure (at 24 h, �40 and �70 mg/g, kidney and
liver, respectively (Peixoto et al., 2003); at 21 days, �5 and
�0.7 mg/g, kidney and liver, respectively). This fact may be related
to an attempt of the organism to eliminate the metal. In fact, several
studies have demonstrated the formation of complexes such as
metallothionein–Hg (Goering, Klaassen, 1983; Peixoto et al.,
2007b), glutathione–Hg and cysteine–Hg–cysteine. Furthermore,
mercury bound to these small-molecular-weight thiols is easily
taken up by kidney, causing accumulation of the metal in this organ
(Zalups, 1998).

Blood mercury contents were similar among all groups, show-
ing that the high blood Hg level presented 24 h after exposure
(Peixoto et al., 2007b) is reduced after 21 days. This reduction is
probably due to the elimination of this metal from the bloodstream
by renal filtration and tissue uptake, which occurs during this long
interval (21 days) between intoxication and euthanasia. In fact,
mercury is eliminated from the body in the urine and feces, and its
half-life is around 20 days (Timbrell, 2008).

Blood and tissue zinc levels were not altered after a long time
(26 days) elapsed from zinc exposure. However, literature data
have shown that exposure to zinc chloride induces increase of zinc
content in the liver (around 400%) and kidney (around 130%), but
not in the blood from rats euthanized 6 days after exposure to zinc
(Peixoto et al., 2008). This suggests that zinc was redistributed by
tissues, since it is an essential metal (Fang et al., 2002).

Despite the lower zinc levels found in 33-day-old rats, zinc-
exposure caused a reduction of two-fold in hepatic mercury levels
and an increase of two-fold in renal mercury levels. Similar results
were found by Peixoto et al. (2003), (2007a), (2008) in rats
euthanized 24 h after mercury exposure. Literature data suggest
that zinc is a preventive agent against mercury-induced toxicity
and this effect can be attributed to metallothionein synthesis
induced by zinc pre-exposure (Peixoto et al., 2003, 2007a). In fact,
an increase in liver and kidney metallothionein content was found
in rats exposed to zinc (Peixoto et al., 2007a), since the liver is the
main organ involved in the synthesis of this metalloprotein
(Peixoto et al., 2003; Tandon et al., 2001). Thus, the mercury bound
to metallothionein synthesized in the liver can be transported to
kidney where it continues to be deposited. Although rats pre-
exposed to zinc presented larger kidney mercury levels, this toxic
metal seems to be unavailable to cause effects, probably due to its
binding to metallothionein, explaining the protective effect of zinc.

Regarding LSR litters, despite that Hg-exposed rats presented
high mercury content in renal tissues, these Hg levels were not
significantly different from the control group, probably due to
reduced n and to interquartile intervals of medians.

This study shows that there is difference among the animals
regarding the sensitivity to mercury. In MSR litters, mercury
accumulates in the tissues and its toxic effects persist for a long
time after the end of exposure, causing renal insufficiency and
inhibition of the PBG-synthase activity. In addition, zinc is an
effective protector against mercury toxicity in MSR litters, even
when these analyzes are conducted a long time after exposure.
Further studies are necessary to discover the reason why animals
present different sensitivity to mercury.
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