Austin Journal of Pharmacology and

Therapeutics

Research Article

Open Access @

(Pustin Publishing crou

Investigation of Biomarkers in Sub-Acute Hepatorenal
Toxicity against Bulk and Zinc Oxide Nanoparticles

Exposed Mice

Monika Sudhakar Deore!, Jasleen Kaur! and
Saba Naqvit?*

!Department of Pharmacology and Toxicology, National
Institute of Pharmaceutical Education and Research
(NIPER-R), India

2Department of Regulatory Toxicology, National Institute
of Pharmaceutical Education and Research (NIPER-R),
India

*Corresponding author: Saba Naqvi, National
Institute of Pharmaceutical Education and Research-
Raebareli, Lucknow (UP) - 226002, India; Email: saba.
nagvi@niperraebareli.edu.in; writetosaba@yahoo.com;
ORCID: 0000-0001-6591-790X

Received: July 15, 2022; Accepted: August 10, 2022;
Published: August 17, 2022

Abstract

Zinc oxide nanoparticles have been utilized and produced at a very large
scale due to their wide range of applications. Nevertheless, its toxicity is one
of the concerns addressed by various researchers. Widely used methods of
measuring plasma zinc have poor sensitivity and impaired specificity. Currently,
there is no specific biomarker for determination of excess zinc inside our body
is explored well. Furthermore, it is vital to know the toxic effects of zinc oxide
nanoparticles and their bulk counterparts at early exposure level on human
health due to day to day increased use of zinc oxide nanoparticles in various
applications. In current study we investigate the kidney and liver as the primary
target organs for toxicity and their oxidative stress parameters. Twenty-four
male mice were divided into three groups(n=8). Control (group |) served as
vehicle control; group 11:50mg/kg ZnO (bulk) and group 111:ZnO NPs (50mg/kg
nano). The mice were sacrificed after 14 days exposure, liver and kidney tissue
toxicity biomarkers were performed. Our results demonstrate increased levels
of GPx, metallothionein, GST, and decrease level of ceruloplasmin, GSH:GSSG
ratio in bulk ZnO administered animals. The acute kidney toxicity was further
confirmed by increased levels of their biomarkers i.e. Kim-1 and Clusterin. The
levels of serum cytokines and caspase were also analyzed. Hence, this study
investigated the comparative effect of early exposure of zinc oxide nanoparticles
(nZnO) and its bulk form and we conclude that at 50mg/kg b.wt dose, ZnO NPs

KIM-1;

is comparatively safe to bulk ZnO.

Keywords: Zinc oxide nanoparticles; Bulk zinc oxide comparison; Clusterin,
Ceruloplasmin; Metallothionein; GSH; GSSG ratio; Glutathione
peroxidase

Introduction

Zinc oxide nanoparticles(ZnO NPs) are already known for a wide
variety of applications because of their enhanced and exceptional
properties over their bulk form. ZnO NPs are released into the
aquatic system through domestic and industrial wastewater [1].
Researchers have investigated the toxicity of ZnO NPs over the years
and confirmed the toxicity in both in-vitro and in-vivo depending
on various parameters such as size, dose, and duration. The studies
conducted so far have shown toxicity to most of the organs including
the liver, kidney, brain, and spleen, etc. However, these studies were
limited because of no much comparison with its bulk form and
others. Also, no single study confirmed the detailed mechanisms and
pathways involved in toxicity in addition to its investigating interlink
of this pathology. Studies conducted so far showed the oxidative
stress mechanism involved in ZnO NPs toxicity [2]. Thus the
generated ROS further causes oxidative DNA damage, cytotoxicity,
genotoxicity, etc [3]. ZnO NP is known to be more toxic than other
metal oxide nanoparticles due to its ability to shed Zn** upon particle
dissolution [3,4]. Analysis of the oxidative stress enzyme such as GPx
and GST activity upon exposure to ZnO NPs is considered one of
the parameters of their toxicity [5]. These are other oxidative stress
biomarkers involved in redox cycling. Oxidative stress requires

rapid detoxification before it impairs other cellular processes. Early
biomarker assessment is essential to tackle any kind of toxicity [6-8].
ZnO NP is exposed to humans as well as animals mainly via dermal,
inhalation, and oral routes [9].

Currently, thereisalack of satisfying biomarkers for the assessment
of zinc status. However, plasma zinc measurement is the most widely
and accepted biomarker of zinc status; but, it has poor sensitivity and
impaired specificity. Zinc has been used as a nutritional supplement
in various health conditions [10]. Nevertheless, an unusually high
zinc intake might cause side effects such as fever, coughing, fatigue,
stomach pain, and many other problems including cancer [11-13].
Therefore, the utility of reliable biomarkers in assessing zinc status is
essential for the detection of potentially toxic intakes [8,10]. Excess
zinc causes copper deficiency which is further affects iron metabolism,
causes oxidative stress, weakens the immune system, and decreases
the cognitive ability in Alzheimer’s disease [13,14].

Glutathione Peroxidase-1 (GPx-1) is an intracellular antioxidant
enzyme function like catalase, it also detoxifies hydrogen peroxide
generated by catabolism of superoxide anions to water to limit its
harmful effects [15,16]. GPx-1 expression is unique in the regulation
of oxidative stress as it contains selenocysteine and is involved
during translation hence in the development and prevention of many
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common and complex diseases [17]. Also, it modulates cell responses
such as apoptosis or inflammation to drug toxicity, ischemia-
reperfusion injury, etc [16].

The cytosolic Glutathione S-Transferase (GST) is an important
phase II biotransformation enzyme that catalyzes a nucleophilic
attack by glutathione sulfur atom [18]. GST enzymes are involved
in the detoxification reactions by conjugation to glutathione. GSTs
have served as ideal early biomarkers of organ damage applicable
to both human and animal models. Also, they are regiospecifically
located in the liver and kidney [19]. GSTs are phase 2 conjugation
enzymes protecting the cells from oxidative stress [20]. GST plays
a role in preventing oxidative damage by conjugating breakdown
products of lipid peroxides to GSH and thus generating less toxic and
more hydrophilic molecules [15]. Monitoring of hepatic function
is done by liver enzymes according to the genetic polymorphism in
early-phase treatment. So, GST is known to be a sensitive biomarker
compared to liver enzymes. The specificity of GST's is due to their
large hepatic distribution, high cytosolic concentration, and short
plasma half-life [20]. GST is a potential biomarker that can give early
warning in nZnO toxicity [21]. Hence, the GSH: GSSG ratio is also a
potential biomarker of oxidative stress shows the redox status of the
cells. The imbalance in this ratio is indicative of oxidative stress [22].

Ceruloplasmin, a ferroxidase is an alpha-globulin that is involved
in both copper and iron homeostasis. It plays an important role
in iron transport by oxidizing ferrous iron to the ferric form thus
promoting the loading onto transferrin. Oxidizing ferrous to ferric
iron also has an antioxidant function [23]. It was reported that high
zinc level blocks intestinal absorption of copper [24]. Ceruloplasmin
(Cp) is a known biomarker assessed in copper metabolism [25]. In
current study, we have evaluated the ceruloplasmin level in ZnO
NPs exposed groups, ceruloplasmin catalyzes redox reactions. The
lower level indicates the cupper deficiency and also indicates the
hypoproteinemic state [26]. The low copper level is also indicated by
anemia, and neutropenia [27]. Copper is required for physiological
processes such as hemoglobin synthesis, iron oxidation, antioxidant
defense peptide amidation, etc. [28].

Metallothionein (MTs) are cysteine-rich low molecular weight
proteins that play a role in metal homeostasis [29]. Their levels are
known to be overexpressed in response to high metal concentrations.
Metal GSH-metal complexes
metabolism is further transferred to MT apoproteins. MT has thus

from the involved in metal
shown its usefulness in environmental monitoring even in complex
environments where interference of other xenobiotics can be found.
[15]. It detoxifies the heavy metal from the body upon exposure to
heavy metal [30]. Metallothionein has also been investigated along

with ceruloplasmin levels in zinc exposed rats [31].

Previous studies on renal toxicity showed the mechanisms such
as changes in liver enzymes, oxidative stress, inflammation, DNA
damage and apoptosis etc. [32]. Among many methods used for the
assessment of kidney function, the most widely used method is the
measurement of serum creatinine, glomerular function rate (GFR)
and urea. But, measuring GFR is time consuming and tedious method
[33]. Moreover, serum creatinine level and glomerular filtration rate
are detectable when kidney function becomes half. Although Acute
Kidney Injury (AKI) progresses towards Chronic Kidney Disease

(CKD) as a long-term consequence, the exact pathogenesis of AKI
to CKD is largely unknown [34]. Delay in CKD diagnosis cause
deterioration of nephron function which furthermore causes end-
stage renal disease and at that point patients require dialysis or kidney
transplant [35].

KIM-1 is one type I transmembrane protein barely expressed in
normal kidneys. Increased KIM-1 level is a novel sensitive biomarker
for evaluating early kidney damage as compared to traditional
biomarkers such as creatinine. Thus, this suggests acute kidney injury
particularly in proximal tubular epithelial cells [36-38]. It may play an
important role in early tubular epithelial cell damage by modulating
damage and repair mechanisms [39]. Food and Drug Administration
(FDA) and the European Medicines Agency (EMEA) confirmed
KIM-1 as a highly sensitive and specific biomarker [39]. Clusterin is
also a newly identified glycoprotein biomarker that shows association
with tubulointerstitial renal lesions. Similar to KIM-1 it also serves as
the early biomarker of tubular injury [39].

Our study aimed at investigating the early biomarker in target
organ like kidney and liver of bulk and nano ZnO exposed mice. This
would help in comparing the early exposure toxicity of bulk zinc
oxide and ZnO NPs and further helps in designing its prevention and
treatment methodology at an early stage.

Materials and Methods

Drugs and chemicals

Zinc oxide-nanopowder and ZnO were purchased from Sigma
Aldrich Co., St Louis, Missouri, USA. Enzyme-linked immunosorbent
assay (ELISA) kits for analysis of KIM-1 (Cat # ELK-1165), Clusterin
(Cat # ELK-1310) were procured from ELK Biotechnology (Hubei,
P.R.C).All other chemicals used in the study were of analytical grade.

Animals

Twenty-four male albino mice (weighing: 25-30 g) were procured
from CSIR-Central Drug Research Institute, Lucknow, India. The
mice were kept in the animal house facility of the National Institute
of Pharmaceutical Education and Research (NIPER), Raebareli
which is approved by the Committee for the Purpose of Control
and Supervision of Experiments on Animals (CPCSEA). The animal
experimental protocols were approved by the Institutional Animal
Ethics Committee (IAEC), NIPER-Raebareli. Standard laboratory
animal feed (purchased from altromin, Im Seelenkamp Lage,
Germany) and water (Aquapure) were provided ad libitum. The
metal contents of the animal feed (in mg/kg) were (Al: 79.37, Cl:
3,484.07, Fe: 192.51, F: 2.80, I: 1.66, Co: 0.34, Cu: 12.81, Mg: 95.06,
Mo: 1.10, S: 1,141.22, Se: 0.25, Zn: 95.18). Animals were acclimatized
to the experimental conditions for one week before the start of the
experiment. All the animal experimental procedures were performed
as per the guidelines specified by the Committee for the Purpose of
Control and Supervision of Experiments on Animals (CPCSEA).

Characterization of ZnO NPs

The size and morphology of ZnO NPs were analyzed by
transmission electron microscopy (TEM, JEM-200CX) at the CSIR-
IITR, Lucknow, India. One drop of the ZnO NPs was taken put onto
the carbon-coated copper grid and left for 10 min. The excess amount
of sample was removed carefully and then negative staining was done
using 2% Phosphotungstic Acid (PTA). The samples were air-dried
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for 15 min and viewed under the TEM.

The hydrodynamic size and surface charge of the nanoparticles
were determined using the Malvern Zetasizer Nano-ZS instrument
at the National Institute of Pharmaceutical Education and Research
(NIPER), Raebareli, Lucknow, India.

Dose Preparation

The ZnO NPs suspension was made using deionized water to
minimize reactive oxygen species generation during sonication.
Then, the suspension was sonicated for 20 min in a bath sonicator.
Bulk ZnO powder was also mixed in deionized water and vortexed
before administration to the animals.

Experimental Design

Twenty-four (24) male mice were divided into three groups of 8
each and were administered with normal water, Zinc oxide bulk, and
nanoparticles (50 mg/kg, orally through gavage) for 14 days.

Group 1: Normal control
Group 2: Zinc oxide nanoparticles (50mg/kg, p.o.)
Group 3: Bulk Zinc oxide (50mg/kg, p.o.)

Daily body weight, food intake, and water intake were recorded.
After 14 days of treatment, blood was collected from retro orbital
plexus of animals and then sacrificed.

Functional Observational Battery (FOB): Functional
observational battery (FOB) assessments were recorded for 6
animals/groups after completion of exposure. Testing was performed
by trained personnel. The FOB was performed in a separate animal
room. Animals were observed for the parameters listed in Table 1,

which are based on previously developed protocols [40-43].

Blood and Tissue Sample Collection: The mice were sacrificed
after 14 days of exposure by cervical dislocation and blood was
collected by retroorbital puncture and transferred in tubes. Whole
blood was centrifuged for 15 min at 2500 rpm to collect serum that
was used for the estimation of ELIZA parameters. The liver and
kidney were excised from the body and rinsed in ice-cold saline.
Organ weight was recorded relative to body weight after wiping with
blotting paper. The tissue homogenate of the liver was prepared as per
the respective protocols by homogenizing at 2000g and centrifugation
at 10,000g for 15min, and the supernatant was collected for estimation
of various biochemical parameters.

Biochemical Parameters

Determination of Proteins: The protein concentration in tissue
was determined by Folin’s Ciocalteau phenol reagent (Lowry et al.,
1951). The Reagent C which is the alkaline copper reagent [Reagent C
= 50ml = 50mL of Reagent A (2% sodium carbonate in 0.1 N NaOH)
+ ImL of Reagent B (0.5% copper sulphate in 1% sodium potassium
tartrate)] of 1ml was added to the 200pL of tissue homogenates and
incubated at the room temperature for 10 min. After adding Reagent
C, the Folin’s Ciocalteau phenol reagent (Folin’s Ciocalteau phenol
reagent with water at the ratio of 1:1) of 100 uL was added to the
mixture and incubated in dark at RT for 30 min. Bovine serum
albumin (BSA) was used as the standard in the range of 10-640 ug
which was also treated in the same manner as described above. The

blue color was developed and absorbance was determined at 660nm
[44].

Determination of Rreduced Glutathione Assay (GSH): The
reduced glutathione (GSH) was proceeded by using the fluorometric
method. The tissue homogenate was prepared by weighing 250mg of
tissue in 3.75ml of phosphate EDTA buffer and 1 mL of 25% HPO,
(for precipitating proteins). The mixture was centrifuged for 30min.
at 10,000g at 4°C and the supernatant was separated. For GSH, 0.5ml
of supernatant was dissolved in 4.5 mL of phosphate EDTA buffer,
pH 8.0. The mixture was vortexed. Take 100yl of the above mixture
and mix with 1.8ml phosphate EDTA buffer and 100ul of O-Phthal-
aldehyde solution (prepared in absolute methanol). The resultant
mixture was incubated at room temperature for 15min. The standards
were prepared from 10pum GSH solution in the range of (0.2-6.4pm)
and performed in similar manners as the sample. The fluorescence
was measured at the emission of 420nm and excitation of 350nm [45].

Determination of Oxidized Glutathione Assay (GSSG): The
oxidized glutathione was preceded by using the fluorometric method.
The tissue homogenization process involved in this assay was similar
to that of GSH. The resultant supernatant of 0.5ml was added to 200ul
of N-ethylmaleimide (NEM) and incubated for 25 min. at room
temperature. Take 100yl of the above solution was taken and mixed
with 1.8ml phosphate EDTA buffer and 100 pl of o-Phthal-aldehyde
solution (prepared in absolute methanol). The resultant mixture
was incubated at room temperature for 15min. The standards were
prepared from 10pum GSH solution in the range of (0.2-6.4um) and
performed in similar manners as the sample. The fluorescence was
measured at the emission of 420nm and excitation of 350nm [45].

Determination of Glutathione Peroxide (GPx) Activity: The
assay was performed according to the slight modifications of the
reported method. The 20% tissue homogenization was prepared with
phosphate buffer (PB) and 0.1ml was taken and mixed with 0.1ml of
5mM GSH, 0.1ml of 25mM sodium azide, 0.1ml of 1.25mM HZOL and
makeup to 2.5ml Phosphate Buffer(PB). The resultant mixture was
incubated for 37°C for 10min. The reaction was terminated by adding
2ml of 1.65% metaphosphoric acid and centrifuged at 1500rpm for
10min. The 2ml supernatant was taken and mixed with 2ml of 0.4M
disodium hydrogen phosphate and 1ml of ImM DTNB. The resultant
mixture was incubated for 10min. at 37°C. The absorbance was
recorded at 420nm. The blank was prepared similarly as mentioned
above instead of 0.1ml supernatant we added 0.1PB [46].

GST Activity Assay: GSTs activity was performed as per the
Seyyedi et al 2005. Briefly, reduced glutathione (GSH) and 100 mM
1-chloro-2, 4-dinitrobenzene (CDNB) were taken as substrates and
the reaction was performed at 25°C. Blank was performed similarly
by taking phosphate buffer. The reaction kinetics was measured at
340nm everyl minute, for 15 min.

Ceruloplasmin Activity: The ceruloplasmin activity was
measured in the serum according to the protocol described by
Schosinsky et al. 1974. To evaluate the ceruloplasmin activity serum
samples were mixed with the 0.1 M acetate buffer (pH 5.0) and
incubated at 37°C for 5 min in a water bath. Following, O-dianisidine
dihydrochloride (7.88 mM) was added to the sample, after 15 min
incubation the reaction was stopped using sulphuric acid, and the
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developed red color was measured at 540 nm (Schosinsky et al 1974).

Metallothionein Determination: The metallothionein (MTs)
content was measured by a modified method [47]. Tissue samples
were homogenized in Tris buffer solution (30 mM Tris, 1.3 mM
B-mercaptoethanol, 0.5 mM phenylmethylsulfonyl fluoride, 0.4 M
sucrose). The homogenate was centrifuged at 21 000g for 60 min
at 4°C. The supernatant was removed and treated with ethanol/
chloroform solution to obtain the metalloproteins. The MTs reaction
mixture consisted of 0.6 mM DTNB (5,5'-dithiobis(2-nitrobenzoic
acid)), 2 M NaCl, and 0.2 M phosphate buffer, pH 7.8. After 20 min,
the MTs content was quantified spectrophotometrically at 412 nm,
using glutathione as the standard. Results were expressed as units per
min per mg protein [48].

Caspase-3 and Cytokine Analysis: The secretory levels of
cytokines iNOS, IL-6, IL-1p, TNF-a, and caspase-3 in the mice
serum were quantitatively determined using ELISA kits (ELK
Biotechnology, BOSTER, Wuhan, China)
manufacturer’s instructions (Catalog no. TNF-a: :ELK1395, IL-1p :
ELK-1271, NOS2:ELK-1504 and CASP3:ELK-1529. Clusterin, KIM-1
and cystatin-3 levels were also estimated in mice kidney using ELIZA

according to the

kits as per the instructions provided by the manufacturer.

Statistical Analysis

All data are presented as mean + SEM for each group. Statistical
differences between the groups were determined by one-way analysis
of variance followed by multiple comparisons with Tukey’s test
using GraphPad Prism statistical software (version 6). The data were
considered statistically significant at P < .05.

Results

Characterization of Zinc Oxide Nanoparticles by
Transmission Electron Microscopy (TEM), Dynamic Light
Scattering, and Zeta Potential Measurement

ZnO NPs were characterized for determining the particle size,
size distribution, and zeta potential using a Zetasizer as shown in
(Figure 1). The size and shape of the zinc oxide nanoparticles were
analyzed by Transmission Electron Microscopy (TEM). Figure 1A
depicts the spherical shape and monodispersed nature of zinc oxide
nanoparticles, with an average particle size of around 60nm. The
average hydrodynamic diameter of ZnO NPs was around 60-70 nm
(Figure 1C). Nanoparticle exhibited a negative charge, that is, —21.2,
which was confirmed by the zeta potential as shown in figure (Figure
1B).

Body weight, food, and water intake were recorded daily for 14
days. Bulk zinc oxide exposed animals showed a significant reduction
in body weight which was in coherence with the significant reduction
with feed intake. Whereas, the nano ZnO group did not show such
changes as compared to control groups (Figure 2A & B). Moreover,
Bulk ZnO groups also showed decreased water intake as compared to
nano ZnO group animals (Figure 2C).

Functional Observational Battery (FOB) and Motor Activity

We have not observed any effect during the FOB (data not
presented) on the home cage, handling, open field, and sensory
parameters both in bulk ZnO and nano ZnO. Ambulatory and total
motor activity (data not presented) were unaffected in all groups.

Biochemical Parameters in Kidney

There was a significant increase in GPx and metallothionein and a
slightincrease in GST of bulk ZnO exposed animals and no significant

300000 1

Zeta Potential Drstributon

100 0 100 200
Apcarent Teta Polenbal (mV)

Intensity (Parcent)

dynamic light scattering (DLS) studies.

Size Distribution by Intensity

100 10000

Size (d.nm)

Figure 1: Characterization of Zinc oxide nanoparticles. (A) Transmission electron microscopy; (B) zeta potential (C) the hydrodynamic size of NPs determined by
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Table 1: Functional Observational (FOB) parameters evaluated in rats.

Home cage observations . .
g Handling observations

Open field observations (performed over a 2-min period)

Sensory observations

Posture Ease of removal from cage Mobility Approach response
Biting Ease of handling animal in hand Gait Touch response
Convulsions/tremors Salivation Rearing Tail pinch response
Feces consistency Lacrimation Arousal Pupil response
Piloerection Convulsions/tremors

Eyeblink response

Fur appearance

Urination/defecation

Mucous membranes/eye/skin color

Bizarre/stereotypic behavior

followed by Turkey’s test. ‘p<0.05, "p<0.01, Vs Control ; **p <0.01 VsZnO NPs.

Body weight Feed intake
38 4 8-
- CONTROL -»= Control
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8 %8 -+ ZnO 27 - Zno
)
He £
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] 5 10 15 o 5 10 15
Days Days
Water consumption
B8~
-»- Control
= -a /nQ NPs
857 -+ 700
% $
4
£
z
0 T T 1
0 5 10 15

Days

Figure 2: Body weight (A), feed intake (B), and water consumption (C) of mice following gavage administration off nano and bulk ZnO for 15 days (50 mg/kg). All the
values are expressed as meantSEM (n=8). The statistical significance was considered at p < 0.05 and statistical analysis was performed using one-way ANOVA

changes were observed in nano ZnO exposed animals (Figure 3A,
D & B resp). Furthermore, there was a significant decrease in GSH:
GSSG ratio of bulk ZnO exposed animals (Figure 3C) and no such
changes were observed in nano ZnO exposed animals.

Biochemical Parameters in Liver

Bulk ZnO exposed animals showed GPx and GST activity and a
significant increase in metallothionein (Figure 4A, B & D). No such
changes were observed in the nano ZnO group except an increase
in metallothionein (Figure 4D). Moreover, there was a decrease in
GSH:GSSG ratio, and ceruloplasmin levels were observed in bulk
ZnO exposed groups (Figure 4C & E resp).

Kidney Specific Biomarkers

The mouse serum levels of KIM-1 and Clusterin were
significantly ("p< 0.01) increased in bulk ZnO exposed groups as
compared to control. Whereas no significant changes in nano ZnO
exposed animals were found (Figure 5A & B). However, There was no

significant change in cystatin-3 levels.

Organ Weights

There were no significant differences in organ weights of both
bulk and nano ZnO exposed groups were reported (Fig. 6A & B).
However, there was a significant decrease ('p< 0.05) in relative kidney
and liver weights of bulk ZnO exposed animals were observed.
However, no such changes were observed in nano ZnO exposed
animals (Figure 6C & D resp).

Measurement for Serum Cytokines And Caspase-3

We have found in significant increase in TNF-a and IL-6 in ZnO
exposed animals. Further, a slight and insignificant increase of i-NOS,
caspase-3 and IL-1 3 was observed in ZnO group. Whereas ZnO NP
exposed group did not show any significant alterations in these levels.

Discussion

We investigated that ZnO NPs of size range of 60-70nm having
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Figure 3: GPx (A), GST (B), GSH: GSSG ratio (C), Mettallothinein (D), and Ceruloplasmin (E) levels in mice kidney. All the values are expressed as mean+SEM
(n=6). The statistical significance was considered at p < 0.05 and statistical analysis was performed using one-way ANOVA followed by Turkey’s test. *p< 0.05,
**p< 0.01, Vs Control. GPx: Glutathione peroxidase; GST: Glutathione S-transferase.
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Figure 4: GPx (A), GST (B), GSH: GSSG ratio (C), Mettallothinein (D), and Ceruloplasmin (E) levels in mice liver. All the values are expressed as meantSEM
(n=6). The statistical significance was considered at p < 0.05 and statistical analysis was performed using one-way ANOVA followed by Turkey’s test. *p< 0.05,
**p< 0.01, Vs Control; *p , 0.05 Vs ZnO NPs.
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Figure 5: Levels of (A) CLU (Clusterin), (B) Kidney Injury Molecule-1 (KIM-1) and (C) Cystatin-3 in mouse serum determined using ELIZA. All the values are
expressed as meantSEM (n=6). GPx (A), GST (B), GSH: GSSG ratio (C), Mettallothinein (D), and Ceruloplasmin (E) levels in mice kidney. All the values are
expressed as mean+SEM (n=6). The statistical significance was considered at p < 0.05 and statistical analysis was performed using one-way ANOVA followed by

Turkey’s test. **p< 0.01, Vs Control.
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Figure 6: Kidney weights (A), Liver weight (B), relative kidney weight (C), and relative liver weight (D) in mice. All the values are expressed as mean+SEM (n=6).
The statistical significance was considered at p < 0.05 and statistical analysis was performed using one-way ANOVA followed by Turkey’s test. *p< 0.05, Vs Control.
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zeta potential of approximately -21.1. Analysis of organ weight
is an important endpoint for the identification of potentially
harmful chemicals in toxicity studies. A difference in organ weight
is accompanied by body weight differences which make the
interpretation difficult. Therefore, relative organ weight is considered
more accurate to find target organ toxicity [49]. Our results showed
decreased bodyweight, food intake and water consumption in ZnO
treated groups in comparison to control. In contrast, the nano ZnO
treatment group showed a slight increase in body weight food intake,
and water consumption.

Robert J. Cousins etal. have shown ceruloplasmin and
metallothionein induction by zinc. In our study, we found
significantly increased metallothionein expression in both liver

and kidney of bulk ZnO exposed groups [31]. Whereas, increased
ceruloplasmin was observed in the liver and kidney ZnO NP group in
comparison with the bulk ZnO group. Ceruloplasmin is synthesized
in the liver & secreted in plasma and its concentration decreases in
liver diseases. There are various mechanisms involved where the
ceruloplasmin synthesizing capabilities of the liver decrease. One
of the mechanisms for decreasing ceruloplasmin is zinc toxicity
which induces copper deficiency. Ceruloplasmin functions as an
antioxidant due to its ferroxidase I activity and thus prevents lipid
peroxidation, scavenging superoxide & sequester-free copper ions
[23,50]. An earlier study reports the association of changes in levels
of the acute-phase proteins with lead-induced modifications of the
immune system. Data from these studies also suggest that adequate
dietary intake of the trace metals Fe, Zn, Se, and Cu is necessary as
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Figure 7: lllustrates the cytokines A. TNF-alpha; B. IL-1 beta; C. IL-6; D. i-NOS and E. caspase-3 levels in mouse serum. All data was represented as Mean+SEM
(n=4). Statistical analysis was carried out by using one-way ANOVA followed by Turkey’s multiple comparison post-hoc test. The statistical significance was
considered at p<0.05. *p(0.05, **p<0.01, ***p<0.001vs control.

they reduce lead toxicity. They reported the positive correlations
between the lead toxicity parameters and caeruloplasmin levels [51].
Overall earlier studies also concluded that lead exposure results in
disorder of copper homeostasis [52].

Mitochondrial ~oxidative phosphorylation generates free
radicals or reactive oxygen species (ROS) which causes oxidative
damage by metabolites of pollutants [53]. GPx detoxifies ROS and
hydroperoxides by oxidation of GSH to GSSG. GSSG is then reduced
to GSH by GR which is recycled by the pentose phosphate pathway.
GSSG accumulates and it is translocated outside the cell by specific
transporters when GSSG generation is higher [21]. Hence, The
GSH/GSSG ratio reflects the accumulation of GSSG, this is a more
reliable indicator of cellular redox status [54]. Overall, cellular GSH
is oxidized to glutathione disulfide (GSSG) to protect cells from the
damage caused by ROS [55]. We have observed a significant decrease
in GSH: GSSG ratio in kidney and liver of bulk but the nZnO treated
groups showed a slight decrease as compared to the bulk ZnO group.

Excess GPx may also have deleterious effects and thus proper
balance is required [16]. An earlier study has shown a decrease GPx
and increased GST activity in response to exposure to a toxicant and
was used as a biomarker of toxicity [15]. A decrease in GPx promotes
ROS and oxidative stress which furthermore affects the structural
and functional integrity of cell and organelle membranes [15]. Excess
GPx has deleterious effects on cells and is the result of reductive stress
[16]. Our study showed a significant increase in GPx activity in ZnO
treated group.

As per the earlier studies, GST levels were not found to be levated
even if the liver enzymes were elevated. There have been limited

studies on GSTs and drug toxicity. Here, we are mainly focusing on
investigating the impact of GST's as an early biomarker in bulk and
nano ZnO exposed liver and kidney [20]. Increased GST activity was
suggested to neutralize the toxicants and thus to resist the toxicity
of the pollutant (mainly metals) [15]. Our study showed increased
GST activity in ZnO treated group. GST a multicomponent enzyme
involved in the detoxification of many xenobiotics protects tissue
from oxidative stress [21,56]. Upregulated Phase II enzymes have
been used as biomarkers of exposure to chemicals [18].

Earlier studies also showed the Kim-1 overexpression in a variety
of acute and chronic renal injuries in both preclinical and human
kidney diseases caused by exposure to a variety of substances [57-
60]. In addition to upregulated urine KIM-1 also serve as a blood
biomarker of kidney injury. It has been known that KIM-1 can detect
renal tubular damage earlier than histological examination [39]. Only
clusterin is secondary to KIM-1. Moreover, clusterin is considered as
a pan biomarker as it detects the damage to glomeruli, tubules, and
also collecting duct. Whereas KIM-1 detects damage associated with
the proximal tubule. In this study, we have observed an increased
level of both KIM-1 and clusterin which indicated the damage to the
whole kidney. Further, we have measured the levels of cystatin-3 in
kidney samples which is a biomarker of kidney function. As alteration
in kidney function occurs in chronic or in late stages and thus the
cystatin-3 levels. We also did not fing any significant change in the
levels of cystatin-3.

Earlier studies have shown the normal tissue morphology when
clusterin comes in tubular injury location and is thus used as an early
biomarker of kidney damage.
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Metallothionine along with protection against metal toxicity
also involved in zinc and copper regulation. Also, they are primarily
synthesized by the liver and kidney and localized in the cytoplasm.
Metallothionein levels increase in oxidative stress to prevent cells
from cytotoxicity and DNA damage. Metallothionein binds with
nearly seven zinc atoms. Metallothionein binds with zinc and carriers
it to different parts of the body. It is important in the brain where
zinc signaling has a prominent role in its function. Also, zinc is a
key element for the binding and activation of transcription factors.
Levels MT was considerably elevated in earlier studies in response
to metals. Physiologically MTs protect cells against the toxic effects
of free oxygen radicals. In this way, MT scavenges oxyradical species
and inactivates metals and protects the cells [15]. In this study, we
observed a significant increase in metallothionein levels of both
kidney and liver tissue of bulk ZnO exposed animals.

Kidney and liver weight of bulk ZnO treated groups were
decreased vary slightly as compared to control. However, relative
organ weights were significantly decreased in bulk ZnO treated
groups as compared to control.

We have determined the levels of caspase 3 to determine whether
the toxicity involves in a caspase dependent or independent pathway
in response to acute insults. Cytokines show robust modulation in
proximal events of inflammation, immune response, and repair. We
have found insignificant increase in iNOS, caspase-3 and IL-1B
levels in ZnO exposed mice whereas TNF-a and IL-6 levels were
significantly increased. However, there was no change in levels of
cytokines and caspase-3 in ZnO nanoparticle group. Earlier studies
have shown the significant increase in two pro-inflammatory
cytokines, TNF-a and IL-6 levels in mice orally treated with 10 mg/
kg/day of PU-NPs. Overall, increased cytokine expression are
indicative of toxicity. Various studies evalauates the cytokines level as
exploratory biomarker [61].

Conclusion

Bulk ZnO exposed mice showed significantly decreased in
bodyweight, feed-water intake, whereas the nano ZnO exposed groups
did not show such changes. GPx, metallothionein, and GST level were
also high in both liver and kidney of bulk ZnO groups as compared to
control. Whereas ceruloplasmin and GSH/GSSG ratio was decreased
in both kidney and liver of bulk ZnO exposed animals. However, the
decreased ceruloplasmin was not significant. Both organ toxicity to
the kidney and liver was observed by decreased relative organ weight
ratio upon exposure to bulk ZnO in comparison to its nano form.
Altogether, excess zinc and its toxicity are mainly shown by increased
metallothionein, GPx, and decrease GSH/GSSG ratio was observed in
bulk ZnO as compared to its nano form. Similarly, increased TNF and
IL-6 levels in bulk ZnO group indicative of acute toxicity. Overall, we
observed that on evaluation of comparative effect of early exposure
of zinc oxide nanoparticles (nZnO) and its bulk form in two major
organ i.e. kidney and liver thus, we conclude that at 50mg/kg b.wt
dose, ZnO NPs is comparatively safe to bulk ZnO.
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