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ABSTRACT

Cadmium (Cd) induces functional and morphological changes in kidney. Therefore, the effects of a natural
nutraceutical antioxidant, myo-inositol (MI), were evaluated in mice kidneys after Cd challenge. Twenty-eight
C57 BL/6J mice were divided into these groups: 0.9% NaCl; MI (360 mg/kg/day); CdCl, (2 mg/kg/day) plus
vehicle; CdCl, (2 mg/kg/day) plus MI (360 mg/kg/day). After 14 days, kidneys were processed for structural,
biochemical and morphometric evaluation. Treatment with CdCl, increased urea nitrogen and creatinine in
serum and augmented tumor necrosis factor-a (TNF-a) and inducible nitric oxide synthase (iNOS) expression.
Furthermore, monocyte chemoattractant protein-1 (MCP-1), kidney injury molecule-1 (KIM-1) and myo-inositol
oxygenase (MIOX) immunoreactivity, and terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) positive cells number were significantly higher than control and MI groups. Glutathione (GSH) content
and glutathione peroxidase (GPx) activity were reduced and structural changes were evident. The treatment with
MI significantly lowered urea nitrogen and creatinine levels, TNF-a and iNOS expression, MCP-1, KIM-1 and
MIOX immunoreactivity and TUNEL positive cells number, increased GSH content and GPx activity and pre-
served kidney morphology. A protection of MI against Cd-induced damages in mice kidney was demonstrated,
suggesting a strong antioxidant role of this nutraceutical against environmental Cd harmful effects on kidney
lesions.

1. Introduction

(Chunhabundit, 2016). Once absorbed, Cd is initially bound to albumin
in blood plasma and transported to the liver, where it is released, thus

Cadmium (Cd) is a relatively rare metal, naturally present in its
inorganic form. It is not biodegradable and has a biological half-life of
10-30 years, so that its environmental concentration is progressively
increasing (Thévenod and Lee, 2013).

Humans are particularly exposed to Cd, either in the workplace or
through the inhalation or ingestion of Cd-contaminated materials (Lee
and Lim, 2011). Occupational exposure is particularly high in subjects
manipulating Cd-containing pigments, plastics, glass, metal alloys and
nickel-Cd batteries (Morales et al., 2006). The main sources of Cd in the
general population are cigarette smoke and food. Foods as cereals,
vegetables, nuts and pulses, starchy roots, potatoes, and meat products
are the main source of Cd exposure for the nonsmoking population

inducing the synthesis of metallothionein (MT) (Rani et al., 2014), to
which Cd is bound. The Cd-MT complex is released into the blood-
stream, ultrafiltered by glomeruli, and then reabsorbed predominantly
in the proximal tubules by transporters such as zinc iron proteins 8 and
14, divalent metal-ion transporter 1, and transient receptor potential
vanilloid 5 and 6 (Yang and Shu, 2015). Once in the tubular cells, Cd
induces toxic effects within the cells, tubular dysfunction, and lastly
renal cancer (Tsutsumi et al., 2014).

Indeed, the main target of Cd is considered the kidney (Tsutsumi
et al., 2014), where it accumulates, owing to the lack of an efficient
mechanism for its elimination (Fouad and Jresat, 2011).

As to the mechanism of Cd renal toxicity, stimulation of
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Abbreviations PAS periodic acid Schiff
iNOS inducible nitric oxide synthase
CdcCl, cadmium chloride TNFa tumor necrosis factor a
MI myo-inositol KIM-1 kidney injury molecule-1
ROS Reactive Oxygen Species MCP-1 monocyte chemoattractant protein-1
GSH glutathione MIOX  myo-inositol oxygenase
GPx glutathione peroxidase TUNEL terminal deoxynucleotidyl transferase dUTP nick end la-
HE hematoxylin and eosin beling

inflammatory pathways (Fouad and Jresat, 2011) and of cellular death
by apoptosis (Gobe and Crane, 2010), injury of mitochondria
(Thévenod, 2009), and disruption of cell-to-cell adhesions of the tub-
ular cells (Prozialeck and Edwards, 2012) were described. However, an
important mechanism was considered the oxidative stress, correlated to
the role of Cd in replacing iron and copper from many cellular proteins,
resulting in an increased concentration of these unbound ions. These
latter induce oxidative stress via Fenton reactions (Rani et al., 2014). As
a result, reactive oxygen species (ROS) are produced, which activate
signaling molecules and proinflammatory cytokines, inducing renal
tissue damage (Thévenod, 2003; Fouad and Jresat, 2011).

Therefore, many therapeutic approaches were suggested to coun-
teract the structural and functional damages resulting from environ-
mental or experimental Cd exposure, with particular regard to the
protective functions of natural, nutraceutical antioxidants, such as
curcumin (Mohajeri et al., 2017; Kim et al., 2018), betaine (Hagar and
Al Malki, 2014), grape seed procyanidin (Nazima et al., 2015), alpha-
lipoic acid (Luo et al., 2017), selenium (Bao et al., 2017) and, more
recently, flavocoxid (Micali et al., 2018).

Among the natural nutraceutical antioxidants, myo-inositol (MI)
had a significant role in reducing oxidative stress, as demonstrated by
the increased levels of superoxide dismutase (SOD), catalase (CAT) and
glutathione (GSH) in juvenile Jian carp (Jiang et al., 2011). In addition,
an important positive role in peripheral nerves development and
function (Chau et al., 2005), in osteogenesis (Dai et al., 2011), and in
human reproduction (Condorelli et al., 2011, 2012; Caprio et al., 2015)
was demonstrated.

Laboratory studies demonstrated that Cd adversely affects adipose
tissue physiopathology through several mechanisms associated with
increased production of oxidizing species or a significant decrease in
the effectiveness of antioxidant defenses, thus contributing to increased
insulin resistance and enhancing diabetes (Tinkov et al., 2017); in-
triguingly, a supplementation with a combination of MI and d-chiro-
inositol is an effective and safe strategy for improving glycemic control
in type 2 diabetes (Pintaudi et al., 2016). No data, however, are still
available on the role of MI in the urinary apparatus, in particular in
kidney.

Therefore, we performed a biochemical, morphological and mor-
phometric study in mice challenged with Cd and administered with MI,
in order to evaluate the role of this nutraceutical antioxidant in kidney
and to suggest a new possible therapeutic approach of human ne-
phrotoxicity in subjects exposed to environmental Cd.

2. Materials and methods
2.1. Experimental protocol

All procedures comply with the standards for care and use of animal
subjects as stated in the ARRIVE (Animal Research: Reporting In Vivo
Experiments) guidelines and with the National Institutes of Health
guide for the care and use of Laboratory animals (NIH Publications No.
8023, revised 1978); the procedures were also approved by the
Institutional Animal Care and Use Committee of the University Hospital
of Messina, Messina, Italy. Twenty-eight male C57 BL/6J mice
(25-30 g) were purchased from Charles River Laboratories Italia srl

(Calco, LG, Italy) and housed at the animal facility of the School of
Medicine of the University of Messina, Messina, Italy. The animals were
provided a standard diet ad libitum with free access to tap water and
maintained on a 12-h light/dark cycle. The animals were divided into 4
groups of 7 animals each. Two groups were used as controls: 0.9% NaCl
(vehicle; 1 ml/kg/day i.p.); MI (360 mg/kg/day per os). The other two
groups were challenged respectively with CdCl, (2mg/kg i.p.) plus
vehicle (Minutoli et al., 2015) and CdCl, (2mg/kg i.p.) plus MI
(360 mg/kg per os) (Benvenga et al., in press). The above procedures
lasted 14 days; all mice were sacrificed 24 h after the last treatment
with an overdose of ketamine and xylazine and bilateral nephrectomies
were performed. Each kidney was cut into two halves: one half was
stored at —80 °C, the second half was immediately fixed for the mor-
phological analysis.

2.2. Serum analysis for urea nitrogen and creatinine

Blood samples were collected, left for 60 min to clot, and cen-
trifuged for 15min at 6000 rpm. Urea nitrogen was measured with a
colorimetric kit following the manufacturer's recommendations (Roche
Diagnostics GmbH, Germany). Creatinine levels were measured using
an automatic analyzer (Modular Roche Diagnostics GmbH, Germany)
with an enzymatic assay method.

2.3. Determination of protein content

Total cellular proteins were extracted from kidney tissue using a
lysis buffer (ratio 1:5) composed by 25 mM Tris-HCI pH 7.4, 1.0 mM
ethylene glycol tetraacetic acid (EGTA), 1.0 mM ethylenediamine-tet-
raacetic acid (EDTA), 0.5 mM phenyl methylsulphonyl fluoride, added
with protease and phosphatase inhibitors [100 mM Na3VO4, aprotinin,
leupeptin, pepstatin (10 ug/ml each)]. Kidney tissue was homogenized
and cell lysate was centrifuged at 13000 rpm for 15 min. The obtained
supernatants were used for protein content determination using a Bio-
Rad protein assay (Bio-Rad, Richmond, CA, USA).

2.4. Determination of glutathione (GSH) and glutathione peroxidase (GPx)
content

GSH content was determined in the kidneys of all experimental
groups according to the method of Ellman (1959), as proposed by Gong
et al. (2012), while glutathione peroxidase (GPx) was determined ac-
cording to Flohé and Giinzler (1984), as described in detail by Manna
et al. (2009).

2.5. Determination of tumor necrosis factor-a (TNF-a) and inducible nitric
oxide synthase (iNOS) by western blot analysis

The supernatant obtained following processing kidney tissue was
diluted with Laemmli buffer (Sigma-Aldrich Srl, Milan, Italy). Protein
samples were denatured in reducing buffer (62 mM Tris pH 6.8, 10%
glycerol, 2% SDS, 5% b-mercaptoethanol, 0.003% bromophenol blue)
and separated by electrophoresis on SDS polyacrylamide gel (6% or
10%), approximately for 1 h. The separated proteins were transferred to
a PVDF membrane in a transfer buffer [39 mM glycine, 48 mM Tris-HCI
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(pH 8.3), 20% methanol] at 200 mA for 1 h. The membranes were then
blocked with 5% non-fat dry milk in Tris buffer solution (TBS)-0.1%
Tween-20 for 1 h at room temperature. Membranes were washed three
times for 10 min each in TBS-0.1% Tween-20 and incubated with a
primary antibody for TNF-a (Abcam, Cambridge, UK) and iNOS (Santa
Cruz, Dallas, USA) diluted in TBS-0.1% Tween-20 overnight at 4 °C. The
day after the membranes were washed three times for 10 min in TBS-
0.1% Tween-20 and were incubated with a specific peroxidase-con-
jugated secondary antibody (KPL, USA) for 1hat room temperature.
Following other washings, the membranes were analyzed by enhanced
chemiluminescence (KPL, USA). Protein signals were quantified by
scanning densitometry using a bio-image analysis system (C-DiGit Blot
Scanner with Image Studio 4.0 software, LI-Cor, Lincoln, Nebraska,
USA) and the results were expressed as relative integrated intensity
compared to controls. B-Actin (Cell Signaling Technology, Beverly, MA,
USA) was used to confirm equal protein loading and blotting.

2.6. Histological evaluation

The kidneys were fixed in Bouin's solution, dehydrated in graded
ethanol, cleared in xylene and embedded in paraffin (Paraplast, SPI
Supplies, West Chester, PA, USA). 5um sections were stained with
hematoxylin and eosin (HE) and periodic acid-Schiff (PAS) and pho-
tographed with a Nikon Ci-L (Nikon Instruments, Tokyo, Japan) light
microscope using a digital camera Nikon Ds-Ri2.

2.7. Immunohistochemistry for monocyte chemoattractant protein-1 (MCP-
1), iNOS, kidney injury molecule-1 (KIM-1) and myo-inositol oxygenase
(MIOX)

From the same specimens used for histological evaluation, paraffin-
embedded 5pm sections were mounted on Polysine slides (Thermo
Fisher Scientific, Waltham, MA, USA), cleared in xylene and rehydrated
in decreasing concentrations of ethanol. Antigen retrieval was per-
formed with pH 6.0 buffer citrate and endogenous peroxidase was
blocked with 3.0% H,0, in phosphate buffer solution (PBS). Primary
antibodies (MCP-1, 1:150, Santa Cruz, Dallas, USA; iNOS, 1:100, Santa
Cruz, Dallas, USA; KIM-1, 1:100, Abcam, Cambridge, UK; MIOX; 1:150;
Santa Cruz, Dallas, USA) were incubated overnight at 4 °C in a moist-
urized chamber. The day after, secondary antibodies (anti-mouse and
anti-rabbit, Vectastain, Vector, Burlingame, CA, USA) were added and
the reaction was visualized with 3,3’-Diaminobenzidine (DAB) (Sigma-
Aldrich, Milan, Italy). Counterstaining was performed in Mayer's he-
matoxylin. Negative control sections were tested using PBS instead of
primary antibodies. Slides were photographed with a Nikon Ci-L (Nikon
Instruments, Tokyo, Japan) light microscope using a digital camera
Nikon Ds-Ri2.

2.8. Measurement of apoptosis with terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) assay

For the TUNEL technique, an apoptosis detection kit (In situ
Apoptosis Detection kit, Abcam, Cambridge, UK) was used. From the
same blocks used for histological evaluation, 5 um sections were cleared
in xylene and rehydrated in graded ethanol. After permeabilization
with proteinase K, the activity of endogenous peroxidase was stopped
with 3% H,0, in methanol. Sections were incubated with terminal
deoxynucleotidyl transferase, with biotin-labeled deoxynucleotides,
with streptavidin-horseradish peroxidase conjugate, and lastly with the
diaminobenzidine solution. The slides were photographed with a Nikon
Ci-L (Nikon Instruments, Tokyo, Japan) light microscope using a digital
camera Nikon Ds-Ri2.

2.9. Morphometric evaluation

All quantitative evaluations were performed independently by two
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blind investigators (DP and AM). Images of twenty glomeruli from the
cortical region obtained from ten HE-stained non serial sections of each
group were analyzed using the Image J software (National Institute of
Health, Bethesda, MD, USA) to determine the mean total glomerular
area (TGA), expressed in square micrometers (pmz) (Yamamoto et al.,
2004).

Tubular damage was evaluated from twenty microscopic fields (800
X) obtained from PAS-stained non serial sections of each group ac-
cording to the following arbitrary score: 0 = normal staining with no
tubular damage; 0.5 = reduced staining of the brush border with or
without interstitial edema; 1 = thinning of the tubular epithelia with
reduced staining of the brush border; 2 = partial absence of the tubular
epithelium; 3 = tubular necrosis with or without interstitial edema
(Kiss et al., 2003; Okada et al., 2015).

A morphometric study to quantitatively assess MCP-1, iNOS, KIM-1
and MIOX expression was also carried out using the public domain
ImageJ software. The RGB color images were converted in 32-bit
grayscale images, using the function Image > type > 32-bit. A unit
area (UA) of 200 x 200 pm, including only tubules, was selected and
the grayscale values (function: analyze > measure) of twenty UAs of
each group were calculated in optical units (OU) from O = black to
255 = white. In this way, a higher expression of MCP-1, iNOS, KIM-1
and MIOX corresponded to darker images and was reported as lower
values in the 0-255 grayscale; a lower expression of MCP-1, iNOS, KIM-
1 and MIOX was indicated by lighter images, corresponding to higher
values on the same scale. The distribution of apoptosis in the proximal
tubules from each group, expressed as apoptotic index (AI), was ob-
tained by dividing the number of TUNEL-positive tubular cells by the
total number of tubular cells in twenty microscopic fields and the result
was multiplied by 100.

2.10. Drugs and chemicals

CdCl, was purchased from Sigma-Aldrich Srl (Milan, Italy). MI was
a kind gift of LO.LIL. Pharma S.r.l. (Rome, Italy). All other chemicals not
otherwise mentioned were commercially available reagent grade. CdCl,
was dissolved every day in 0.9% NaCl, while MI was ready for use.

2.11. Statistical analysis

The statistical significance of differences among groups was per-
formed with ANOVA comparison test, followed by the Bonferroni post
hoc test. The MedCalc 12.2.1.0 statistical software (MedCalc Software,
Ostend, Belgium) was used. Values were provided as mean + standard
deviation (SD). A p value of <0.05 was considered statistically sig-
nificant.

3. Results
3.1. MI effects on urea nitrogen and creatinine

No significant differences in urea nitrogen and creatinine levels
were observed in the serum of control and MI alone groups. In mice
challenged with CdCl,, urea nitrogen and creatinine levels were sig-
nificantly increased when compared to control group. In CdCl, chal-
lenged animals co-treated with MI, a significant difference versus CdCl,
alone treated mice was demonstrated, being urea nitrogen and creati-
nine levels similar to control mice (Table 1).

3.2. MI effects on GSH and GPx content

No significant differences in GSH content and GPx activity were
observed in control and MI alone groups. A significant decrease in GSH
content and in GPx activity was observed in Cd-challenged mice. When
CdCl;, challenged animals were treated with MI, both GSH and GPx
showed significantly higher values versus CdCl, alone, being similar to
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Table 1

Urea nitrogen and creatinine levels in control mice, in myo-inositol (MI)
(360 mg/kg/day) alone treated mice, in cadmium chloride (CdCl,; 2 mg/kg i.p.)
plus vehicle exposed mice and in mice exposed to CdCl, (2 mg/kg i.p.) coad-
ministered with MI.

Urea nitrogen (mg/dl) Creatinine (mg/dl)

Control (0.9% NaCl) 139 * 1.4 0.61 = 0.08
MI (360 mg/kg/day) 141 + 1.6 0.64 = 0.12
CdCl, + vehicle 39.3 + 4.4° 1.48 + 0.28°
CdCl, + MI 15.5 + 1.2° 0.69 * 0.11°

All the values are expressed as mean * SD, n = 7 animals for each group.
2 p < 0.05 vs controls.
b p < 0.05 vs CdCl, + vehicle.

control mice (Table 2).
3.3. MI effects on TNFa and iNOS expression

No significant difference in TNFa expression was observed in con-
trol and MI alone groups. CdCl, administration induced a five folds
increase of TNFa expression. In mice treated with CdCl, and co-ad-
ministered with MI, TNFa expression was similar to controls (Fig. 1 A).

When iNOS was taken into account, CdCl, challenge induced a
significant increase of its expression. On the contrary, in CdCl, chal-
lenged animals co-treated with MI iNOS expression was similar to
control mice (Fig. 1 B).

3.4. Histological and morphometric evaluation

For histological evaluation, kidney sections stained with HE and
PAS were examined. In kidney sections stained with HE of control and
MI alone groups, glomeruli and tubules showed normal histological
organization (Fig. 2 A, B). In CdCl, challenged mice, glomeruli with
enlarged Bowman's space, proximal tubules with epithelial damages
and an interstitial edema were observed (Fig. 2 C). In CdCl, challenged
mice administered with MI, cellular lesions and interstitial edema were
absent, with normal glomerular and tubular morphology (Fig. 2 D). The
morphometric evaluation of the glomerular area demonstrated a sig-
nificant higher surface in CdCl, challenged mice, when compared to
control and MI alone groups. In CdCl, challenged mice administered
with MI glomerular area was similar to control groups (Fig. 2 E).

When kidney sections were stained with PAS, proximal tubules of
control and MI alone groups showed a regular and well stained brush
border (Fig. 3 A, B). On the contrary, in CdCl, challenged mice, the
brush border was particularly thin or absent and tubular epithelial le-
sions and interstitial edema were also present (Fig. 3 C). In CdCl,
challenged mice administered with MI, tubules showed PAS-positive
brush border and had normal organization (Fig. 3 D). The morpho-
metric evaluation of the tubular damage demonstrated a higher score in
CdCl, challenged mice and a significant reduction, similar to control
and MI alone groups, in CdCl, plus MI treated mice (Fig. 3 E).

3.5. Immunohistochemistry for MCP-1, iNOS, KIM-1 and MIOX

In control and MI alone groups, MCP-1 immunoreactivity was un-
detectable (Fig. 4 A, B). In CdCl, plus vehicle treated mice, nearly all
tubules showed a strong MCP-1 immunoreactivity (Fig. 4 C). In mice
treated with CdCl, plus MI, MCP-1 immunoreactivity was similar to
control and MI alone groups (Fig. 4 D). The quantitative assessment of
MCP-1 expression revealed significant lower values in the 0-255
grayscale in CdCl, treated mice versus controls; on the contrary, in
CdCl, plus MI group, values were similar to controls (Fig. 4 E).

In control and MI alone groups, iNOS immunoreactivity was absent
(Fig. 5 A, B). In CdCl, plus vehicle treated mice, iNOS immunoreactivity
was particularly strong in the tubules (Fig. 5 C). In CdCl, plus MI
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treated mice, iNOS immunoreactivity was similar to controls (Fig. 5 D).

In control and MI alone groups, KIM-1 immunoreactivity was absent
(Fig. 5E and F). In CdCl, plus vehicle treated mice, a strong KIM-1
immunoreactivity was present in the tubular cells (Fig. 5 G). In CdCl,
plus MI treated mice, no KIM-1 positive cells were observed (Fig. 5 H).

The quantitative assessment of both iNOS and KIM-1 tubular ex-
pression demonstrated significant lower values in the 0-255 grayscale
in CdCl, challenged mice versus controls and higher values, similar to
controls, in CdCl, plus MI group (Fig. 5 D).

In control and MI alone groups, MIOX immunoreactivity was very
low in the proximal tubules (Fig. 6A and B). In CdCl, plus vehicle
treated mice, all proximal tubules showed an evident and diffuse MIOX
immunoreactivity (Fig. 6 C). In the kidneys of CdCl, plus MI treated
mice, MIOX immunoreactivity was negligible and similar to controls
(Fig. 6 D). The quantitative assessment of MIOX tubular expression
revealed significant lower values in the 0-255 grayscale in CdCl,
treated mice versus controls, and higher values, similar to controls, in
CdCl, plus MI group (Fig. 6 E).

3.6. Measurement of apoptosis with TUNEL assay

In control and MI alone groups, TUNEL positive cells were rarely
detected (Fig. 7A and B). In CdCl, plus vehicle treated mice, many
TUNEL-positive cells were present in the tubules (Fig. 7 C). In the
tubular epithelium of CdCl, plus MI, the number of TUNEL-positive
cells was dramatically reduced and similar to controls (Fig. 7 D). These
data were confirmed also by the evaluation of the Al in the tubular cells
(Fig. 7 E).

4. Discussion

Heavy metal-induced diseases are important public health pro-
blems, as human exposure can occur from both environmental and
occupational sources (Wise et al., 2017). Among the well-known en-
vironmental toxicants, Cd has severe negative effects on the human
body, and particularly on the kidney, which is considered the main
target of this pollutant (Luo et al., 2017).

In biological systems, Cd is unable to perform redox reactions (Rani
et al., 2014), but it can induce oxidative stress both in vivo and in vitro
by depleting GSH levels (Gong et al., 2012) or by inhibiting antioxidant
enzymes, such as GPx, interacting with their thiol groups (Koedrith and
Seo, 2011). In our study, we confirmed that in Cd-challenged mice GSH
and GPx levels were highly reduced in kidney tissue and that serum
urea nitrogen and creatinine were elevated, thus indicating an im-
portant kidney involvement.

Because of renal Cd challenge, ROS are produced which trigger
proinflammatory cytokines and signaling molecules production, indu-
cing renal tissue damage (Thévenod, 2003; Fouad and Jresat, 2011).

Among the proinflammatory cytokines, TNF-a plays an important
role as it is significantly elevated in chronic renal failure patients, and
in rats with cisplatin- and paraquat-induced acute kidney injury (AKI)

Table 2

Glutathione (GSH) content and glutathione peroxidase (GPx) activity in control
mice, in myo-inositol (MI) (360 mg/kg/day) alone treated mice, in cadmium
chloride (CdCl,; 2 mg/kg i.p.) plus vehicle exposed mice and in mice exposed to
CdCl, (2 mg/kg i.p.) coadministered with MI.

GSH (umol/g tissue) GPx (nmol/min per mg protein)

Control (0.9% NaCl) 65 + 4 34.61 + 1.96
MI (360 mg/kg/day) 62 £ 5 31.63 + 1.47
CdCl, + vehicle 47 + 5° 16.35 + 0.58°
CdCl, + MI 64 + 3" 31.22 + 1.34°

All the values are expressed as mean * SD, n = 7 animals for each group.
# p < 0.05 vs controls.
> p < 0.05 vs CdCl, + vehicle.
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Fig. 1. Representative Western Blot analysis of TNFoa (Panel A) and iNOS
(Panel B) in the kidneys of control (A), MI alone (B), CdCl, plus vehicle (C),
CdCl, plus MI (D) mice groups. *p < 0.05 versus control; §p < 0.05 versus
CdCl, plus vehicle. Bars represent the mean + SD of seven animals.

(Ramesh and Reeves, 2002; Gu et al., 2016; Li et al., 2018). Also in Cd-
challenged mice, we demonstrated kidney TNF-a elevation, thus con-
firming the role of this heavy metal in promoting inflammatory path-
ways. TNF-a was also reported to activate apoptosis via the death re-
ceptor pathway (Yang et al., 2007). In our study, TUNEL staining
revealed that apoptotic cells in the renal tubules of Cd-challenged mice
were markedly increased.

Furthermore, Cd induces iNOS, responsible for nitrosative stress.
iNOS is not present in normal kidney (Forstermann and Sessa, 2012)
and, when produced in large amount, exerts nephrotoxic injury, with
proximal tubules and glomeruli dysfunction in some experimental
models, such as renal ischemia/reperfusion (Chatterjee, 2007). We
examined the expression of iNOS after Cd challenge and showed its
increased expression, thus corroborating its harmful role in the prox-
imal tubules. These biochemical and molecular data were confirmed by
the histopathological exam, which demonstrated an increased glo-
merular area, a reduced PAS stain of the proximal tubules brush border,
the presence of tubular cells lesions and of interstitial edema, as already
demonstrated in previous observations (Moulis and Thévenod, 2010;
Rafati et al., 2015; Micali et al., 2018).
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Fig. 2. Structural analysis of the kidneys of control (A), MI alone (B), CdCl, plus
vehicle (C), CdCl, plus MI (D) mice. (Hematoxylin and eosin stain). A, B: In
control and MI alone groups, glomeruli and tubules show normal morphology.
C: In CdCl, challenged mice, glomeruli have widened Bowman's space (arrow);
tubular cells show evident lesions (arrowhead). An interstitial edema is also
present (*). D: In CdCl; challenged mice administered with MI, glomerular and
tubular morphology is normal. E: Glomerular area expressed in pm? *p < 0.05
versus control; §p < 0.05 versus CdCl, plus vehicle. Bars represent the
mean + SD of seven animals. (Scale bar: 50 pm).

In addition to the morphological damage, Cd administration in-
duced a marked increase of KIM-1 immunoreactivity of proximal tu-
bules (Prozialeck et al., 2007). KIM-1 is a type 1 cell membrane gly-
coprotein (Ichimura et al., 2008), not detectable in normal kidney
(Forstermann and Sessa, 2012), but present after an ischemic or toxic
injury of the renal proximal tubule (Andreucci et al., 2017). Therefore,
KIM-1 seems an ideal biomarker of kidney injury. KIM-1 was also de-
monstrated with immunohistochemistry in the kidneys of rats chroni-
cally challenged with Cd (Prozialeck et al., 2009) and in cats with
natural and experimentally induced AKI (Bland et al., 2017). After Cd
administration, we demonstrated an evident positivity for KIM-1 in the
tubular epithelium.

As Cd triggers several mechanisms including inflammation (Min
et al., 2002; Akinyemi et al., 2018), responsible of the initiation and
progression of kidney tubulointerstitial diseases (Wang et al., 2010), we
evaluated the expression of MCP-1, a potent chemokine mostly pro-
duced by tubular cells following renal injury and involved in interstitial
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Fig. 3. Tubular brush border in the kidneys of control (A), MI alone (B), CdCl,
plus vehicle (C), CACl, plus MI (D) mice groups. (Periodic Acid Schiff stain). A,
B: In control and MI alone groups the proximal tubules show a regular and well-
stained brush border. C: In CdCl, challenged mice, the brush border is parti-
cularly thin or absent (arrowhead) and the tubular epithelium shows structural
changes (arrow). D: In CdCl, challenged mice administered with MI, the brush
border and the tubules have normal organization. E: Tubular damage score
based on the brush border behavior. *p < 0.05 versus control; §p < 0.05
versus CdCl, plus vehicle. Bars represent the mean + SD of seven animals.
(Scale bar: 50 um).

inflammation (Wang et al., 2010). In our study, MCP-1 im-
munoreactivity was significantly increased in the kidneys of Cd-chal-
lenged group, particularly evident in tubules with marked cellular da-
mages.

The effects of many protective agents in preserving against Cd-in-
duced nephrotoxicity were studied in the last years, with particular
regard to natural nutraceutical antioxidants, such as curcumin
(Mohajeri et al., 2017; Kim et al., 2018), betaine (Hagar and Al Malki,
2014), grape seed procyanidin (Nazima et al., 2015), alpha-lipoic acid
(Luo et al., 2017), selenium (Bao et al., 2017) and, more recently, fla-
vocoxid (Micali et al., 2018).

As no data are currently available, we evaluated the possible role of
M]I, a natural nutraceutical antioxidant in this model of Cd challenge.
No morphological and biochemical differences with control group were
observed for all considered parameters in mice treated with MI alone.
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Fig. 4. Inmunohistochemical localization of MCP-1 in the kidneys of control
(A), MI alone (B), CdCl, plus vehicle (C), CdCl, plus MI (D) mice groups. A, B: In
control and MI alone groups, no MCP-1 immunoreactivity can be demonstrated.
C: In CdCl; plus vehicle-treated mice, MCP-1 immunoreactivity is particularly
strong in the tubular cells (arrow). D: In CdCl, plus MI treated mice, MCP-1
immunoreactivity is absent. E: Morphometric results for MCP-1 expression.
Data are expressed in Optical Units/Unit Area (OU/UA) (from 0 = black to
255 = white). *p < 0.05 versus control; §p < 0.05 versus CdCl, plus vehicle.
Bars represent the mean * SD of seven animals. (Scale bar: 50 pm).

Positive tasks of MI have been demonstrated in peripheral nerves (Chau
et al., 2005), in bone (Dai et al., 2011), and in human genital apparatus
(Condorelli et al., 2011, 2012; Caprio et al., 2015), but no data are
available on its role in the urinary apparatus, particularly in kidney.
The nutraceutical efficacy of MI could be related to a direct antioxidant
role, as it was able to increase GSH and GPx activity in animals chal-
lenged with copper, a heavy metal able to induce the overproduction of
ROS (Jiang et al., 2011).

Moreover, it has been recently suggested that Cd can result in en-
doplasmic reticulum stress and oxidative stress in the kidneys of rats,
activate Nrf2 signaling pathway-related factors, and upregulate the
transcriptional expression of phase II detoxification enzymes under
these experimental conditions (Chen et al., 2019). In addition, both in
vitro and in vivo studies have shown that downstream phase II detox-
ification enzymes are regulated by Nrf2, and activated Nrf2 can upre-
gulate the transcriptional expression of phase II detoxification enzymes
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Fig. 5. Immunohistochemical localization of iNOS and KIM-1 in the kidneys of
control (A), MI alone (B), CdCl, plus vehicle (C), CdCl, plus MI (D) mice groups.
A, B: In control and MI alone groups, iNOS immunoreactivity is absent. C: In
CdCl, plus vehicle-treated mice, iNOS immunoreactivity is particularly strong
in the tubular wall (arrow). D: In CdCl, plus MI treated mice, iNOS positivity is
absent. E, F: In control and MI alone groups, KIM-1 immunoreactivity is absent.
G: In CdCl, plus MI treated mice, no KIM-1 positive cells are observed. I:
Morphometric results for iNOS and KIM-1 expression. Data are expressed in
Optical Units/Unit Area (OU/UA) (from 0 = black to 255 = white). *p < 0.05
versus control; §p < 0.05 versus CdCl, plus vehicle. Bars represent the
mean + SD of seven animals. (Scale bar: 50 pm).

such as GST-P1, GCLC, HO-1, and NQO1 (Liu et al., 2014; Park et al.,
2015; Li et al., 2017). Interestingly, dietary MI deficiency decreased the
growth performances and impaired intestinal physical barrier function
partly relating to Nrf2, JNK, E2F4 and MLCK signaling in animal model,
thereby responding to oxidative stress and suggesting the potential
modulating antioxidant/anti-inflammatory role of nutraceutical anti-
oxidants including MI (Li et al., 2017).

MI supplementation could also reverse the depletion of cellular
content of inositol (and of its isomers and phosphate derivatives), ob-
served in all conditions strongly characterized by oxidative stress that are
mechanistically and epidemiologically associated with high-glucose diet
or altered glucose metabolism (Nayak et al., 2011; Muscogiuri et al.,
2016). Specifically, in course of diabetic nephropathy, the oxidative
stress promotes the upregulation of the kidney specific protein MIOX
(Sun et al., 2016), which catabolizes MI into D-glucuronic acid ex-
clusively in the kidney, being confined to the proximal tubular cells (Gao
et al., 2018). We demonstrated, as far as we know for the first time, that
Cd challenge induced an overexpression of MIOX and that MI
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Fig. 6. Immunohistochemical localization of MIOX in the kidneys of control
(A), MI alone (B), CdCl, plus vehicle (C), CdCl, plus MI (D) mice groups. A, B: In
control and MI alone groups, very low MIOX immunoreactivity can be de-
monstrated in the proximal tubules. C: In CdCl, plus vehicle-treated mice,
MIOX immunoreactivity is particularly strong in the tubular cells (arrow). D: In
CdCl, plus MI treated mice, very low MIOX immunoreactivity is present. E:
Morphometric results for MIOX expression. Data are expressed in Optical Units/
Unit Area (OU/UA) (from 0 = black to 255 = white). *p < 0.05 versus
control; §p < 0.05 versus CdCl, plus vehicle. Bars represent the mean + SD of
seven animals. (Scale bar: 50 pm).

supplementation determined a significant reduction of MIOX expression,
as assessed by immunohistochemistry. Therefore, MI at the dosage used
was able to obtain significant positive effects on both biochemical and
morphological parameters. As a matter of fact, in CdCl, challenged mice
administered with MI, we confirmed that this nutraceutical compound
impacts different molecular pathways oxidative stress related. Specifi-
cally, data of our experiments highlight the potential beneficial effect of
MI supplementation on the well-known effects of Cd on the kidney.

Overall, since it has been previously emphasized that MI could have
a crucial role in cellular morphogenesis and cytogenesis (i.e. (i)
synthesis of lipids, ii) creation of cell membranes and iii) cell growth),
our experimental observations could indicate that it may play a relevant
nutraceutical role against Cd toxicity.

Indeed, we can also translate our research evidence in clinical
practice. In fact, many studies indicate that the largest amount of MI is
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Fig. 7. Assessment of apoptosis with TUNEL staining technique in the kidneys
of control (A), MI alone (B), CdCl, plus vehicle (C), CdCl, plus MI (D) mice
groups. A, B: In control and MI alone groups, no TUNEL-positive cells can be
observed. C: In CdCl, plus vehicle-treated mice, TUNEL-positive tubular cells
(arrow) are present. D: In CdCl, plus MI treated mice, TUNEL-positive cells
number is similar to controls. E: Apoptotic index of the different groups of
challenged mice. *p < 0.05 versus control; 8§p < 0.05 versus CdCl, plus
vehicle. Bars represent the mean + SD of seven animals. (Scale bar: 50 pm).

found in foods typical of Mediterranean-style eating pattern as fresh
fruits, beans, vegetables, grains and nuts (Dinicola et al., 2017). Con-
sequently, the consumption of MI, a natural antioxidant present in large
amounts in several foods, can be considered a new reliable nu-
traceutical strategy in humans exposed to heavy metals, at least to those
provided of mechanisms of action superimposable to Cd.

Of course, both short- and long-duration epidemiological studies are
required to determine the optimal doses of MI, to provide safe and ef-
fective therapeutic strategies against Cd toxicity.

5. Conclusions

In light of these results, we feel that MI might offer a new possible
nutraceutical challenge that, properly combined with good agricultural
practice to minimize Cd contamination in food crops and animals, could
also provide a definite strategy to prevent and counteract Cd-induced
kidney lesions.
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