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SUMMARY Stress proteins such as HSP70 members (HSP72 and GRP75) and metallothionein
(MT) protect the kidney against oxidative damage and harmful metals, whereas inducible
nitric oxide synthase (iNOS) regulates tubular functions. A single dose of mercuric chloride
(HgCl,) can cause acute renal failure in rats, its main target being the proximal tubule. Oxi-
dative damage has been proposed as one of its pathogenic mechanisms. In this study we
tested whether melatonin (MEL), a powerful antioxidant compound, is effective against
HgCl, nephrotoxicity. Rats were treated with saline, HgCl, (3.5 mg/kg), MEL (5 mg/kg), and
MEL + HgCl, and examined after 24 hr for HSP72, GRP75, MT, and iNOS by immunohisto-
chemistry and immunoblotting. Tubular effects of the treatment were then characterized by
ultrastructure. In the HgCl, group, all markers were overexpressed in convoluted proximal
tubules and sometimes in distal tubules. In the MEL + HgCl, group, GRP75 and iNOS

decreased in convoluted and straight proximal tubules, whereas HSP72 and MT persisted KEY WORDS
more than the saline and MEL-only groups. Tubular damage and mitochondrial morphom- mercury

etry were improved by MEL pretreatment. In conclusion, the beneficial effect of MEL against nephrotoxicity
HgCl, nephrotoxicity was outlined morphologically and by the reduction of the tubular melatonin

expression of stress proteins and iNOS. These markers could represent sensitive recovery stress proteins
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index against mercury damage. (J Histochem Cytochem 54:1149-1157, 2006)

CELLS AND ORGANISMS have developed a common ex-
traordinary mechanism called the “stress proteins re-
sponse” to resist a wide variety of stress (Kultz 2005).
Stress proteins are universally conserved chaperones
rapidly induced or overexpressed against adverse pa-
thophysiological conditions (Beck et al. 2000). HSP72 is
an inducible member of the multigene HSP70 family,
located in the cytoplasm that maintains both cellular
homeostasis and ATP levels (Mallouk et al. 1999).
GRP7S is another member located in the inner mito-
chondrial membrane where it assembles and recovers
respiratory enzymes damaged during oxidative stress
(Wadhwa et al. 2002). Metallothioneins (MT) belong
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nitric oxide synthase

to the “stress-specific stress proteins” that participate in
the detoxification of heavy metals and oxygen free radi-
cals (Sato and Kondoh 2002). MT is induced in the
proximal tubules of kidneys exposed to mercuric chlo-
ride (HgCl,), and its protective role has been confirmed
in MT knockout mice in HgCl, nephrotoxicity experi-
ments (Satoh et al. 1997; Yoshida et al. 2004).

Nitric oxide is a gas generated from L-arginine by
nitric oxide synthase (NOS) that regulates glomerular
hemodynamics, the release of sympathetic neurotrans-
mitters, renin (Kone 2004), and tubular functions
(Jarry et al. 2003). Its inducible isoform (iNOS) is cal-
cium independent and exacerbates renal oxidative
damage (Chatterjee et al. 2002).

The kidney is a favorite target for several pollutants
(Van Vleet and Schnellmann 2003) due to its peculiar
anatomical-physiological features, i.e., mainly large
blood flow and enzymatic activity. HgCl, is an estab-
lished nephrotoxicant in rats where it dose dependently
affects the pars recta (S3 segment) of the proximal
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tubules (Stacchiotti et al. 2003). Tubular necrosis, in-
duced both in vitro and in vivo, has been attributed to
oxidative damage (Aleo et al. 2002; Shimojo et al.
2002). This is due to the high affinity of critical mole-
cules such as albumin, glutathione, and cysteine for
sulfhydryl groups that affects their normal functions
(Zalups et al. 1999). Moreover, mercury generates
hydrogen peroxide and so contributes to renal failure
(Nath et al. 1996).

Melatonin (MEL), the main pineal hormone, is a
potent free-radical scavenger that stimulates antioxi-
dant enzymes and maintains mitochondrial functions
(Reiter et al. 2004). It has been successfully used in
various nephrotoxic models (Stacchiotti et al. 2002;
Nava et al. 2003; Parlakpinar et al. 2003) and against
ischemia/reperfusion injury (Rodriguez-Reynoso et al.
2004). Remarkably, MEL improves mercury toxicity in
the kidney and in other essential organs (Nava et al.
2000; Sener et al. 2003).

In a recent immunohistochemical study in rat kid-
neys, we showed that HgCl, induced specific stress
proteins that were strictly related to mitochondrial
abnormalities (Stacchiotti et al. 2004).

To confirm the preventive efficacy of MEL on mer-
cury nephrotoxicity, we specifically focused on the
tubular localization and abundance of three stress pro-
teins (HSP72, GRP75, and MT) and iNOS. For de-
fining the effects of treatment in S3 segment we used
electron microscopy, whereas we used ultrastructural
morphometry to determine mitochondrial size and den-
sity. We hypothesized that if antioxidant MEL was
beneficial, stress proteins and iNOS distribution in prox-
imal convoluted and straight tubules and mitochon-
drial damage would be reduced.

Materials and Methods

Animals

Fifty male adult Sprague Dawley rats (Charles River; Milan,
Italy) weighing 230-250 g were housed in a controlled
environment (12 h light/12 h dark cycle at 20C, relative
humidity 50%) and fed with a standard diet and water ad
libitum. All treatments began almost 1 week after arrival.
Animals were cared for according to national regulations for
the protection of laboratory animals (D.M.116192) and EU
regulations (L358/112/18/1986). The Italian Ministry of
Health approved all procedures.

Experimental Design

Rats were divided into five groups (10 rats each) and treated
as follows: group 1: single IP injection of HgCl, (Sigma-
Aldrich; Milan, Italy) at a nephrotoxic dose 3.5 mg/kg (w/v
in 1 ml saline/kg) (Stacchiotti et al. 2003); group 2: single SC
injection of MEL (Sigma-Aldrich) at 5 mg/kg (w/v), dissolved
in ethanol, and diluted in saline to a final concentration of
5% ethanol (v/v, 50 pl in 1 ml saline/kg) at 5:00 p™m to
enhance the endogenous increase (Liu and Ng 2000). This

dose was chosen based on a study by Meki and Hussein
(2001); group 3: MEL plus HgCl, at the above doses but
MEL administered 30 min before the mercury; group 4: IP
injection of sterile 0.9% (w/v in 1 ml/kg) saline; group 5: IP
injection 5% ethanol (v/v, 50 pl in 1 ml saline/kg). All ani-
mals were killed by cervical dislocation after 24 hr. Kidneys
were rapidly extracted and decapsulated in sterile saline and
then used as above. A whole kidney for each rat was fixed by
immersion in 4% cold paraformaldehyde for 48 hr, de-
hydrated in a graded series of ethanol, embedded in paraffin
wax, and used for immunohistochemistry. The other kidney
was partly fixed by immersion in liquid nitrogen and stored
at —80C for cryosections and immunoblotting. Finally, a
small piece of renal cortex was fixed by immersion in fresh
2.5% glutaraldehyde in 0.1 M PBS, pH 7.4, for 3 hr at 4C
for electron microscopy.

Immunohistochemistry

Four-pm-thick sections were collected on poly-L-lysine-
coated slides (Sigma; St Louis, MO) and dried overnight at
37C. The various markers were immunohistochemically lo-
calized using the ABC-peroxidase method. Microwave oven
pretreatment in citrate buffer was used only for HSP72 stain-
ing detection as previously reported (Stacchiotti et al. 2001).
We tested for the detection of stress proteins monoclonal
anti-HSP72 and anti-GRP75 antibodies (StressGene Biore-
agents; Ann Arbor, MI) diluted 1:400; for metallothionein,
a monoclonal anti-MT antibody (clone E9; DakoCytoma-
tion, Milan, Italy) diluted 1:50; polyclonal antibody anti-
NOS 2 enzyme (Santa Cruz Biotechnology; Santa Cruz, CA)
diluted 1:200, respectively. All incubations of primary anti-
bodies were overnight at 4C except for the MT antibody that
was tested for 2.5 hr at room temperature. Both secondary
biotinylated antibodies and ABC reaction were applied se-
quentially and performed according to the commercial kit
instructions (Vectastain-Elite; Vector Laboratories, Burlin-
game, CA). Localization was visualized with DAB and counter-
stained in Mayer’s hematoxylin, dehydrated, and mounted
in DPEX (BDH; Milan, Italy). To ensure specificity of the im-
munostaining, adjacent control sections were subjected to all
the above procedures with the exception that primary anti-
bodies were replaced by non-immune goat or horse serum
or by absorption with their specific antigenic peptide or fu-
sion protein (StressGene Bioreagents). To exclude incorrect
interpretation of the immunostaining due to endogenous
biotin (Nayler et al. 1998), we also carried out experiments
using the peroxidase—anti-peroxidase detection system but
obtained similar patterns. Each set of experiments was done
in triplicate and always carried out under the same experi-
mental conditions.

For quantitative analysis of immunostaining intensity in
mid-cortical proximal tubules, we blindly computed the in-
tegrated optical density (IOD) and measured 10 samples for
each experimental group. Digitally fixed images were an-
alyzed at X200 magnification using an Olympus (Hamburg,
Germany) light microscope equipped with an image analyzer
(Image Pro Plus; Milan, Italy). IOD was calculated for arbi-
trary areas (20 arbitrary areas/samples, 1000 X 1500 wm),
each sample being the same size. All data were a mean value,
and statistical analysis was applied to compare the results
from the various experimental groups.
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SDS-PAGE and Western Blot Analysis

Whole-tissue homogenates were obtained in PBS for Western
blot analysis, and protein levels were observed using the same
monoclonal and polyclonal antibodies used for immunohis-
tochemistry. Briefly, 30 pg of lysate supernatant was separated
by 10% (w/v) SDS-PAGE at a constant current of 45 mA and
transferred onto nitrocellulose membranes. Membranes were
incubated overnight with 5% (w/v) milk in 10 mM Tris—-HCI
(pH 7.4), 150 mM NaCl, 0.05% Tween 20 (TBST) buffer at
4C. After washing with TBST, membranes were incubated
with a 1:1000 dilution of anti-iNOS, anti-GRP75, anti-HSP72
antibodies or with a 1:500 dilution for monoclonal anti-MT
antibody overnight at room temperature with constant shak-
ing. The filters were then washed and subsequently probed
with horseradish peroxidase-conjugated anti-mouse IgG
(Santa Cruz Biotechnology) for HSP72, MT, and GRP7S5 at
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Figure 1 Immunostaining of stress proteins within rat kidneys: HSP72 after melatonin (MEL) (A), mercuric chloride (HgCl,) (B), and MEL +
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a dilution of 1:2000 or horseradish peroxidase-conjugated
anti-rabbit IgG (Santa Cruz Biotechnology) for iNOS at a dilu-
tion of 1:5000. Chemiluminescence detection was made using
an Enhanced Chemiluminescence Detection kit (Amersham;
Milan, Italy) according to the manufacturer’s instructions.
Each experiment was repeated three times and densitometri-
cally analyzed after normalization with $-actin running.

Electron Microscopy

The other kidney of each rat was postfixed in 1% (v/v) os-
mium tetroxide in PBS, dehydrated in ethanol and propylene
oxide, and embedded in epoxy araldite resin (Serva; Heidel-
berg, Germany). Both semithin (1-wm thick) and ultrathin
sections (800 nm) were obtained by an ultramicrotome (Ultra-
cut E; Reichert-Jung, Wetzlar, Germany) using glass or dia-
mond blades (Microstar; Huntsville, TX). For microscopic

HgCl, (C); metallothionein (MT) after MEL (D), HgCl, (E), MEL + HgCl, (F); GRP75 after MEL (G), HgCl, (H), and MEL + HgCl, (I). Negative
immunohistochemical control after MEL (L), HgCl, (M), MEL + mercuric chloride (N). Nuclear positivity (arrows), proximal tubules (P). Sections

were counterstained by Mayer’s hematoxylin.
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analysis, semithin sections were stained using toluidine blue
and ultrathin sections by uranyl acetate and lead citrate
solutions. Electron micrographs were taken with a CM10
transmission electron microscope (Philips; Eindhoven, The
Netherlands) set at 80 kV.

Morphometric and Statistical Analysis

Data were point-counted from 50 randomly chosen fields of
the straight portion of proximal tubules for each group, five
from each rat. All counts were made by different investigators
unaware of the experimental treatment. Both area fractions
(wm?*/um?) occupied by mitochondria and numerical density
(number/100 wm?) of the total mitochondria were calculated
by point-counting at a final enlargement of X11,700 as pre-
viously described (Stacchiotti et al. 2004). Data are presented
as mean * SD. Statistical analysis between groups was made
by variance analysis (ANOVA) corrected by the Bonferroni
test (significant at p<<0.035).

Results

Because the data obtained were similar for both the
saline- and ethanol-5%-treated groups, we decided to
consider them without distinction and to report only
the saline group data as the “control group.”

All immunohistochemical controls were negative, and
representative pictures are shown in Figures 1L-1N.

Stress Protein Distribution

In the corticomedullary junction, HSP72 was barely
detectable in the control and after MEL-only adminis-
tration (Figure 1A). It was also strongly induced in the
mercury-treated rats in the nuclei of proximal tubules
(Figure 1B) and was maintained in the cytoplasm of
disrupted proximal tubules after MEL coadministra-
tion (Figure 1C).

MT immunostaining was faint and occasionally
nuclear in mid-cortical tubules in control and MEL-
only treated groups (Figure 1D) but became intense in
the cytoplasm of altered proximal tubules after mercury
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exposure, often outlining the apical side and the lumen
(Figure 1E). After MEL coadministration, the MT pat-
tern was moderate and diffuse in the affected proximal
tubules (Figure 1F).

GRP75 signal was faintand basolateral in control and
MEL only cortical tubules (Figure 1G), but after mercury
exposure, became strong and often translocated into
the nuclei (Figure 1H). After MEL supply, there was a
moderate signal in the cytoplasm of proximal tubules at
the corticomedullary junction (Figure 11I).

iNOS

We also described the immunohistochemical distribu-
tion of iNOS in cortical tubules. iINOS immunostaining
was almost undetectable in both control and MEL-
only-treated rats (Figure 2A). In contrast, after mercury
administration, clear iNOS staining was induced in the
cytoplasm of proximal tubules (Figure 2B), but after
MEL supply its pattern became punctated and faint
(Figure 2C).

Quantitative Analysis of the Immunostaining

Digitally acquired fields were computed for each ex-
amined marker and expressed as an IOD in Figure 3.
Elevated signals were measured in mercury-treated
groups with respect to controls in HSP72, GRP75,
MT, and iNOS immunostainings. A considerable pat-
tern was estimated for MT immunostaining where
the IOD was 23 vs 14, and after MEL supply the
staining intensity was statistically different from con-
trols. In contrast, a moderate signal in the mercury-
treated group was estimated for HSP72 that persisted
also until after the MEL supply. IOD was 13 and after
MEL supply was 14.5.

Immunoblotting Analysis of Renal Extracts

In rats treated with HgCl,, the effects of MEL supply
on the renal abundance of HSP72 protein are shown
in Figure 4, GRP75 and MT in Figure 5, and NOS

OB N e pore

Figure 2 Immunolocalization of inducible nitric oxide synthase (iNOS) within rat kidneys after MEL (A), HgCl, (B), and MEL + HgCl, (C). Distal
tubules (D); proximal tubules (P). All sections were counterstained by Mayer’s hematoxylin.
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Figure 3 HSP72, GRP75, MT, and iNOS staining intensity in rat prox-
imal tubules. Integrated optical density (IOD) was plotted for each
experimental group. Data are expressed as mean * SD. *p<0.05 vs
control group, p<0.05 vs mercury-treated group.

iINOS

isoforms in Figure 6. Overall amount of these markers
was almost in agreement with the immunohistochem-
ical results.

In HSP72 immunoblotting, the band was narrow in
control and MEL-only-treated groups. Considering that
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it is an inducible protein, it became thicker in mercury-
treated group and persisted after MEL supply (Figure 4A).
For GRP75 and MT, a similar amount was detected in
the control and MEL-only-treated groups, whereas after
mercury treatment larger bands were detected that de-
creased after MEL coadministration (Figure SA). Finally,
an iNOS immunoblotting analysis was made: the iNOS
band was higher after mercury exposure and lower after
MEL supply, very similar to control and MEL-only-
treated groups (Figure 6A). Densitometric data represen-
tative of immunoblotting analysis are included under
their relative bands in Figures 4B, 5B, and 6B.

Ultrastructural and Morphometric Analysis

We clearly analyzed the morphology of the proximal
convoluted and straight tubules under different exper-
imental conditions on semithin sections. After MEL in-
take only, the feature was similar to controls except
for clear signs of lysosomes. Nuclei and brush border
were well preserved (Figure 7A). In contrast, after
HgCl, we observed vacuolated cells with disrupted
brush border and some mitotic figures (Figure 7B). In
MEL + HgCl, group, proximal tubular S2-S3 seg-
ments were well preserved and displayed a regular
brush border (Figure 7C). Ultrastructural features of
tubular compartments were also described. Inside the
S3 segment of proximal tubules in the mercury-treated
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Figure 4 Effect of HgCl, exposure on 2000
HSP72 expression in kidneys from MEL-,
HgCl,-, and MEL + HgCl,-treated rats. 1000 -
(A) Immunoblotting (IB) from controls, 0 -
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titative analysis of HSP72 expression
determined as IOD of IB. *p<0.05
vs control.
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Figure 5 Effect of HgCl, exposure on
GRP75 and MT expression in kidney
from MEL-, HgCl,-, and MEL + HgCl,-
treated rats. (A) IB from controls, MEL,
HgCl,, and MEL + HgCl,. (B) Quantita-
tive analysis of GRP75 and MT expres-
sion determined as IOD of IB. *p< 0.05
vs control; **p<<0.05 vs HgCl,.
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group we observed clear mitochondrial damage (Fig- Morphometric data on mitochondria in different
ure 7D). However, in MEL + mercury group, cell mem-  experimental groups are summarized in Table 1. Total
branes of tubular epithelial cells and major organules  mitochondrial area and density both increased in
such as mitochondria and lysosomes were well pre-  mercury-exposed rats vs MEL-only-treated rats. How-
served (Figure 7E). ever, after MEL pretreatment, all parameters decreased
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Figure 6 Effect of HgCl, exposure on
iNOS expression in kidney from MEL-,
HgCl,-, and MEL +HgCl,-treated rats. (A)
Immunoblotting (IB) from controls, MEL,
HgCl, and MEL + HgCl,. (B) Quantitative
analysis of iINOS expression determined as
10D of IB. *p<0.05 vs control; **p<0.05
vs HgCl,.
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Figure 7 Toluidine-blue-stained semithin sections. Mitotic figures (arrows) and necrotic nucleus (arrowhead) and detached brush border (*)
were present in the mercury-treated group (B) but were absent in the MEL-treated group (A) and after mercury + MEL (C). Ultrastructure
of straight proximal tubule treated by mercury (D) displayed altered mitochondria but recovered after MEL supply (E). Lysosome (L),

Mitochondria (M).

and, in particular, mitochondrial density was not sta-
tistically different from the control groups.

Discussion

HgCl, induces acute renal failure in humans and ex-
perimental animals (Clarkson 1997) where glomerular
hemodynamics and, more specifically, proximal tubules
(Zalups 2000) are affected. The pathogenic mechanism
also includes oxidative damage; therefore, antioxidant
intake could attenuate or prevent this toxicity. Many
compounds have been reported to improve mercury-
induced renal damage (Girardi and Elias 1991; Sang-

Kyung et al. 2004). In particular, MEL, the main pineal
neurohormone, improves nephrotoxicity if adminis-
tered before and/or after the mercury (Nava et al.
2000; Sener et al. 2003).

Stress proteins are universally conserved proteins
that are a reliable index of repair in injured renal cells
(Van de Water et al. 2006). By virtue of their molecular
chaperone property, they protect cells by binding to
other essential proteins or organules, thus preventing
denaturation and malfolding caused by toxic metals.
Nitric oxide is a gas generated from L-arginine by NOS
that functions as an intercellular messenger in renal
injury and inflammation (Michel and Feron 1997).

Table 1 Ultrastructural morphometric data on proximal tubules exposed to mercuric chloride and melatonin

Treatments (n=10 rats/group)

A Melatonin (5 mg/kg)

B Mercuric chloride (3.5 mg/kg) C Mercuric chloride + melatonin

Intact mitochondria area (um%um?) 0.08 + 0.02
Total mitochondria* area (wum?um?) 0.08 = 0.02
Total mitochondria* density (number/100 pm?) 73.6 =38

0.06 = 0.01 0.08 + 0.02
0.16 = 0.02%¢ 0.12 *+ 0.02*°
84.3 + 3.4°¢ 74.8 + 3.4°

ab<|ndicate significant value vs respective group (p<0.05).
*Total mitochondria comprise both intact and broken cristae mitochondria.

Data are expressed as mean * SD; saline-treated group was similar to melatonin-only group and thus omitted.
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iNOS exacerbates renal oxidative damage (Chatterjee
et al. 2002). We therefore focused on the effects of MEL
on tubular expression of three stress proteins (HSP72,
GRP75, and MT) and iNOS in rats treated with a
nephrotoxic dose of HgCl, at 3.5 mg/kg. Because it was
reported that, after similar doses, toxicological param-
eters such as malondialdheyde and blood urea nitro-
gen peaked at 24 hr, we chose this time to test MEL
pretreatment (Girardi et al. 1996; Huang et al. 1996).

The main findings of our study were as follows: 1)
MEL pretreatment reduced stress proteins and iNOS
expressions within proximal convoluted and straight
tubules affected by mercury; 2) MEL improved tubular
morphology, in particular the mitochondrial shape and
density within S3 segment, the main mercury target.

HSP72, a cytoplasmic-inducible protein, enhanced
with the progression of mercury nephrotoxicity (Goer-
ing et al. 2000). Hg>" ions directly activate hsp70 pro-
moter in Hela cells at non-cytotoxic doses (Ait-Aissa
et al. 2000). Remarkably, the nuclear HSP72 pattern
reported here could be a sign of a recent transcrip-
tional activity to aid kidney recovery from mercury dam-
age. GRP7S, a mitochondrial chaperone in the inner
mitochondrial matrix, is involved in the refolding of
oxidative enzymes (Mitsumoto et al. 2002). Kaul et al.
(1997) reported that it migrates into the nuclei after
cell proliferation. Enhanced GRP75 signal could be a
cytoprotective reaction against mercury-induced mito-
chondrial damage (Stacchiotti et al. 2004), whereas its
reduction after MEL supply could be associated with
the recovery of respiratory enzymes (Acuna-Castroviejo
et al. 2003; Leon et al. 2004). MT has been previously
reported in the kidney and liver after mercury treatment
(Zalups and Koropatnick 2000; Sanchez Reus et al.
2003). Its presence in proximal convoluted tubules cor-
relates with Hg®" deposition and transport (Tandon
et al. 2001), whereas its diffuse pattern after MEL pre-
treatment could be due to the lower transport efficiency
of the metal.

Another important marker of tubular impairment
that greatly influences acute renal failure is iINOS
(Goligorsky et al. 2002). In this study, clear iNOS sig-
nals in proximal convoluted tubules after mercury treat-
ment became very faint after MEL supply. A similar
trend was indicated by Rodriguez-Reynoso et al. (2004)
who demonstrated a direct inhibitory effect of MEL on
iNOS during renal ischemia/reperfusion.

In conclusion, we confirmed that MEL is beneficial
against experimental HgCl, nephrotoxicity. Its antiox-
idant effect is corroborated by reduced expression of a
mitochondrial chaperone, GRP75, and iNOS in rat
proximal convoluted tubules. Remarkably, the tubular
persistence of stress proteins such as HSP72 and MT
might be a compensatory reaction to speed up recovery.
In addition, maintenance of regular morphology and
mitochondrial size and density in S3 segments were

shown by ultrastructure and morphometry after MEL
supply. These results are encouraging although further
studies are needed to clarify the mechanism of MEL in
acute toxic renal failure before it can be applied as a
preventive tool.
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