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Graphs depicting the changes in mean body weight, food and
water consumption, and variation in different hematological
parameters in the CdO-NPs treated mice as compared to the
control group. (A) mean body weight; (B) mean food
consumption; (C) mean water consumption; (D) RBC counts and
hemoglobin concentration; (E) WBC counts and MCH; (F) PCV,
MCV and MCHC. The data are represented as mean = SEM, one-
way ANOVA was performed to compare the values among the
groups and different alphabets show significant relationship at p <
0.05.

Graphs depicting the liver and kidney functions biomarkers. (A)
total protein; (B) albumin and globulin; (C) A/G ratio, total
bilirubin and creatinine; (D) direct bilirubin and uric acid; (E)
urea and blood urea nitrogen; (F) ALP; (G) AST; (H) ALT. The

data are represented as mean + SEM, one-way ANOVA was
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Figure 18

Figure 19

Figure 20

Figure 21

performed to compare the values among the groups and different
alphabets show significant relationship at p < 0.05.

CdO-NPs intake promoted oxidative stress, (A) MDA in liver; (B)
MDA in kidney; (C) MDA in brain; and led to the depletion of
antioxidant enzymes GST and non-enzymatic antioxidant i.e.,
GSH in (D) & (G) liver; (E) & (H) kidney and (F) & (I) brain,
respectively. The data are represented as mean + SEM, one-way
ANOVA was performed to compare the values among the groups
and different alphabets show significant relationship at p < 0.05.
CdO-NPs administration resulted in the depletion of enzymatic
antioxidants SOD in (A) liver, (C) kidney and (E) brain; and CAT
in (B) liver, (D) kidney and (F) brain, respectively. The data are
represented as mean = SEM, one-way ANOVA was performed to
compare the values among the groups and different alphabets
show significant relationship at p < 0.05.

Changes in tissue architecture of liver tissue after CdO-NPs
intoxication in female mice for 30 days, visible after hematoxylin
and eosin staining (H & E). A, B, C, D at 10X, and E, F, G, H at
40X resolution with scale bar 100 um and 50 pum, respectively. (A
and E) Control, (B and F) CdO-NPs 2 mg/kg, (C and G) CdO-
NPs 5 mg/kg, (D and H) CdO-NPs 8 mg/kg. CV- congested vein;
Hp- hepatocytes; S- hepatic sinusoid; BH- binucleated
hepatocytes; PV- portal vein; BD- bile duct; ds- dilated hepatic
sinusoid; V- vacuolization; vac- extensive vacuolization; dPV-
dilated portal vein; — (black arrow)- inflammatory infiltration;
&- degenerative cell; N- area of necrosis; # (hash)- apoptotic
nuclei; cPV- congested portal vein.

Histological illustration of tissue damages in kidney after CdO-
NPs intake in female mice for 30 days, visible after hematoxylin
and eosin staining (H & E). A, B, C, D at 10X, and E, F, G, H at
40X resolution with scale bar 100 um and 50 um, respectively. (A
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Figure 22

Figure 23

Figure 24

and E) Control, (B and F) CdO-NPs 2 mg/kg, (C and G) CdO-
NPs 5 mg/kg, (D and H) CdO-NPs 8 mg/kg. C- cortex; M-
medulla; G- glomerulus; PT- proximal convoluted tubule; DT-
distal convoluted tubule; CT- collection tubule; BV- blood vessel,
BC- Bowman’s capsule; dV- dilated vessel; # (hash)- glomerular
degeneration with increased glomerular space; vC- vascular
congestion; V- vacuolization; Hem- area of haemorrhage; &-
tubular degeneration; tW- tubule with widened space; Ft-
fragmentation of tissue; — (black arrow)- inflammatory
infiltration; Ap- apoptotic nuclei; N- area of necrosis.
Micrographs of brain tissue showing effects of CdO-NPs
intoxication in female mice, visible after hematoxylin and eosin
staining (H & E). A, B, C, D at 10X, and E, F, G, H at 40X
resolution with scale bar 100 pm and 50 pum, respectively. (A and
E) Control, (B and F) CdO-NPs 2 mg/kg, (C and G) CdO-NPs 5
mg/kg, (D and H) CdO-NPs 8 mg/kg. Pn- Pyramidal neuronal
cell; BV- blood vessel;, — (black arrow)- inflammatory
infiltration; @- darkly stained neuron; Vac- intracytoplasmic
vacuolization; V- vacuolization; Ap- cellular apoptosis; N- area of
necrosis; Ft- fragmentation of tissue; # (hash)- cellular
degeneration; cV- congested vessel.

CdO-NPs triggers the expression of pro-apoptotic marker, BAX
and depletion of anti-apoptotic marker, BCL-2 in treatment mice.
The bar graph signifies densitometric analysis of BAX and BCL-2
in liver (A and B, respectively), kidney (C and D, respectively)
and brain tissues (E and F, respectively) (mean + SEM,
significant at p < 0.05).

CdO-NPs triggers the expression of pro-apoptotic marker, active
cascape-3 and inflammatory marker, COX-2 in treatment mice.
The bar graph signifies densitometric analysis of active caspace-3
and COX-2 in liver (A and B, respectively), kidney (C and D,
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Figure 25

Figure 26

Figure 27

Figure 28

Figure 29

respectively and brain tissues (E and F, respectively) (mean *
SEM, significant at p < 0.05).

CdO-NPs triggers the expression of inflammatory marker, I1L-6
and INOS in treatment mice. The bar graph signifies
densitometric analysis of IL-6 and INOS in liver (A and B,
respectively), kidney (C and D, respectively and brain tissues (E
and F, respectively) (mean + SEM, significant at p < 0.05).
CdO-NPs triggers the expression of inflammatory marker, TNF-a
and NF-xkB in treatment mice. The bar graph signifies
densitometric analysis of TNF-o and NF-kB in liver (A and B,
respectively), kidney (C and D, respectively and brain tissues (E
and F, respectively) (mean + SEM, significant at p < 0.05).
CdO-NPs triggers the expression of tumour suppressor, P*3, and
PPAR-y in treatment mice. The bar graph signifies densitometric
analysis of P°® and PPAR-y in liver (A and B, respectively),
kidney (C and D, respectively and brain tissues (E and F,
respectively) (mean + SEM, significant at p < 0.05).

Graphs showing mean body weight, food and water consumption,
and hematological parameters in the experimental groups. (A)
mean body weight; (B) mean food and mean water consumption,
respectively; (C) RBC counts; (D) WBC counts; (E) hemoglobin
concentration and MCH; (F) PCV; (G) MCV and (H) MCHC.
The data are represented as mean £ SEM, one-way ANOVA was
performed to compare the values among the groups and different
alphabets show significant relationship at p < 0.05.

Graphs showing status of liver function biomarkers in blood
serum of CuO-NPs treated and normal control group. (A) total
protein; (B) albumin; (C) globulin; (D) A/G ratio; (E) total
bilirubin; (F) direct bilirubin. The data are represented as mean +
SEM, one-way ANOVA was performed to compare the values

among the groups and different alphabets show significant
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Figure 30

Figure 31

Figure 32

Figure 33

relationship at p < 0.05.

Graphs showing status of liver and kidney function biomarkers in
blood serum of CuO-NPs treated and normal control group. (A)
ALP; (B) ALT; (C) AST; (D) urea and blood urea nitrogen; (E)
AST/ALT; (F) creatinine; (G) uric acid; (H) BUN/creatinine
ratio. The data are represented as mean + SEM, one-way ANOVA
was performed to compare the values among the groups and
different alphabets show significant relationship at p < 0.05.
CuO-NPs consumption triggered oxidative stress, (A) MDA in
liver; (D) MDA in kidney; (G) MDA in brain; and led to the
depletion of antioxidant enzymes GST and non-enzymatic
antioxidant i.e., GSH in (B) and (C) liver; (E) and (F) kidney and
(H) and (1) brain, respectively. The data are represented as mean
+ SEM, one-way ANOVA was performed to compare the values
among the groups and different alphabets show significant
relationship at p < 0.05.

CuO-NPs consumption led to depletion of antioxidant enzymes
SOD and CAT in (A) and (B) liver; (C) and (D) kidney, and (E)
and (F) brain, respectively. The data are represented as mean *
SEM, one-way ANOVA was performed to compare the values
among the groups and different alphabets show significant
relationship at p < 0.05.

CuO-NPs intoxication resulted in alteration in tissue architecture
of liver after 30 days of treatment in female mice. The alterations
are visible after hematoxylin and eosin staining (H & E). A, B, C,
D and D1, E, F, G, H are at 10X (scale bar =100 um) and 40X
(scale bar = 50um) resolution, respectively. CV- congested vein;
Hp- hepatocytes; S- hepatic sinusoid; BH- binucleated
hepatocytes; PV- portal vein; BD- bile duct; hA- hepatic artery;
ds- dilated hepatic sinusoid; V- vacuolization; vac- extensive

vacuolization; dPV- dilated portal vein, — (black arrow)-
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Figure 34

Figure 35

Figure 36

Figure 37

inflammatory infiltration; Hem- area of haemorrhage; &-
degenerative cell; N- area of necrosis; # (hash)- apoptotic nuclei;
** (double star)- congested central vein; cPV- congested portal
vein.

Alteration in tissue architecture of kidney in female mice was
revealed after 30 days of CuO-NPs treatment. Hematoxylin and
eosin staining was done for the histopathological study. A, B, C,
D at 10X (scale bar =100 um) and E, F, G, H at 40X (scale bar =
50 pum) resolution, respectively. G- glomerulus; PT- proximal
convoluted tubule; DT- distal convoluted tubule; CT- collection
tubule; BC- Bowman’s capsule; # (hash)- glomerular
degeneration with increased glomerular space; Hem- area of
haemorrhage; — (black arrow)- inflammatory infiltration; Ap-
apoptotic nuclei.

Effect of CuO-NPs intoxication in the brain of female mice,
studied after hematoxylin and eosin staining (H & E). A, B, C, D
at 10X (scale bar = 100 um) and E, F, G, H at 40X (scale bar =
50 pm) resolution, respectively. Pn- Pyramidal neuronal cell; BV-
blood vessel; — (black arrow)- inflammatory infiltration; @-
darkly stained neuron; V- vacuolization; Ap- cellular apoptosis;
N- area of necrosis; # (hash)- cellular degeneration; cV-
congested vessel; Ft- fragmentation of tissue.

CuO-NPs intake triggers the expression of pro-apoptotic marker,
BAX and decrease the expression of anti-apoptotic marker, BCL-
2 in treatment mice as compared to the normal control group. The
bar graph signifies densitometric analysis of BAX and BCL-2 in
liver (A and B, respectively), kidney (C and D, respectively and
brain tissues (E and F, respectively) (mean + SEM, significant at
p <0.05).

CuO-NPs triggers the expression of pro-apoptotic marker, active

cascape-3 and inflammatory marker, COX-2 in treatment mice.
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Figure 38

Figure 39

Figure 40

Figure 41

The bar graph signifies densitometric analysis of active caspace-3
and COX-2 in liver (A and B, respectively), kidney (C and D,
respectively and brain tissues (E and F, respectively). The values
are represented as mean £ SEM, significant at p < 0.05, one-way
ANOVA was performed to compare between different
experimental groups.

CuO-NPs triggers the expression of inflammatory marker, I1L-6
and INOS in treatment mice. The bar graph signifies
densitometric analysis of IL-6 and iNOS in liver (A and B,
respectively), kidney (C and D, respectively and brain tissues (E
and F, respectively). The values are represented as mean + SEM,
significant at p < 0.05, one-way ANOVA was performed to
compare between different experimental groups.

Regular consumption of CuO-NPs for 30 days stimulates the
expression of inflammatory marker, TNF-o. and NF-kB in
treatment mice. The bar graph signifies densitometric analysis of
TNF-o and NF-kB in liver (A and B, respectively) kidney (C and
D, respectively and brain tissues (E and F, respectively). All the
values are represented as mean + SEM, significant at p < 0.05,
one-way ANOVA was performed to compare between different
experimental groups.

CuO-NPs triggers the expression of tumour suppressor, P>, and
PPAR-y in treatment mice. The bar graph signifies densitometric
analysis of P** and PPAR-y in liver (A and B, respectively),
kidney (C and D, respectively and brain tissues (E and F,
respectively). All the values are represented as mean + SEM,
significant at p < 0.05, one-way ANOVA was performed to
compare between different experimental groups.

Diagrammatic representation of pathways of organ toxicity
induced by CdO-NPs and CuO-NPs in mice.
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Chapter 1 Introduction

1.1 Overview

The English word "toxic’ is a Greek derivative of the term ‘toxikon’, which in the
context of medical sciences means any substance that can harm animals as well as
humans. In Greek, the word 'toxon' means ‘bow’ or ‘arrow’, and later from this term
came the word ‘toxikon’, which means ‘a poison in which arrows are dipped’ (Laios
et al., 2021). Hence, the adjective toxicity can be defined as the degree to which a
substance can  harm  our  environment, animals, humans, etc.
The study of all noxious substances that have detrimental impacts on organisms and

the environment is known as toxicology (Naz et al., 2020).

Naturally occurring elements having a density at least five times greater than that of
water and a high atomic weight usually 5 g cm™ are known as heavy metals. There
are more than sixty elements in the periodic table which are regarded as heavy metals
(Hocaoglu-ozyigit and Geng, 2020). Their widespread dispersion in the environment
as a result of their numerous industrial, residential, agricultural, medical, and
technical applications has raised questions about their possible impacts on human
health and the environment. The precise dosage, route of exposure, chemical species,
as well as the age, gender, genetics, and nutritional status of the exposed individuals,
all have an impact on the toxicity of these substances (Fergusson, 1990;
Tchounwou et al., 2012).

In the developing era of science and technology, the utilization of nanoparticles, in
particular Metal Oxide Nanoparticles (MO-NPs), has received a lot of attention and
relevance in recent years due to their diverse structural characteristics and special
abilities that make them valuable for a number of applications (Zhang et al., 2010;
Yaqub et al., 2018). Electronics, energy production, industry, and environmental
protection are only a few of their various uses. The nanoparticles are chemicals with
a size range of 1 to 100 nm. Due to their small size and distinctive qualities,
including thermal, optical, mechanical, magnetic, electrical, and electron
configuration density, nanoparticles are used in these applications (Yah et al., 2012;
El Bialy et al., 2020).
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Cadmium (Cd) is ranked as the seventh most toxic heavy metal in accordance with
the rating provided by the Agency for Toxic Substances and Disease Registry
(ATSDR; Jaishankar et al., 2014; Young et al., 2019). The first time this metal was
utilized during World War 1 as a tin substitute and as a pigment in the paint industry.
In contemporary times, it is also used to make specialized alloys, rechargeable
batteries, coatings, pigments, and platings, as a plastic stabilizer, and additionally,
their presence was detected in cigarette smoke (Jaishankar et al., 2014). Cadmium
oxide nanoparticles (CdO-NPs) were used in the initial manufacturing process of
quantum dots, which are becoming more and more prominent in targeted
therapeutics and medical diagnostic imaging (Demir et al., 2020). This metal can
cause acute and chronic intoxications in humans, with ingestion and inhalation being
the main routes of exposure. Environmental Cd can build up in a variety of organs,
including the liver, lungs, testes, and bones (Micali et al., 2018), brain, and kidney
(Micali et al., 2018; Kini et al., 2019). As a result of cadmium-induced oxidative
stress, mice exposed to the metal undergo weight loss, Cd accumulation in the liver,
lipid peroxidation, reduced cellular antioxidant redox potential, and inflammation of
the liver, kidney, and brain tissue (Shafaei et al., 2020). However, the mechanism of
cadmium toxicity is not known clearly (Khan et al., 2022), but its effects on cells are
traced in several works. The concentration of Cd may increase by 3,000fold when it
binds to cysteine-rich proteins such as metallothionein. The cysteine-metallothionein
complex produces hepatotoxicity in the liver before moving on to the kidney and
building up in the renal tissue to create nephrotoxicity. In proteins such as cysteine,
glutamate, histidine, and aspartate ligands, cadmium can imitate or replace these

important metals (Castagnetto et al., 2002; Jaishankar et al., 2014).

Since ancient times, copper (Cu) has been used for various purposes in the field of
electronics technology, including semiconductors, electronic chips, metal catalysts,
and heat transfer nanofluids, due to their superior thermophysical properties.
Additionally, the nanoparticles of copper (CuO-NP) are used in fracture and
osteoporosis-treatment drugs, additives in livestock and poultry feed, intrauterine
contraceptive devices, and as an alternative antimicrobial agent in many biomedical
applications (Yang et al., 2010; Assadian et al., 2017; Bugata et al., 2018).
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However, an excessive amount of copper can be ingested through a variety of
sources, including drinking water, salt, milk, packaged foods, cosmetics, coatings,
batteries, fuel additives, and diagnostic imaging materials, which can have adverse
consequences like gastrointestinal issues, liver cirrhosis, multi-organ failure, shock,
coma, and occasionally even death (Araya et al., 2003; Bugata et al., 2018) through
the production of reactive oxygen species (ROS) and depletion of antioxidants
(Bugata et al., 2018; El Bialy et al., 2020).

The potential usage of CuO-NPs and CdO-NPs in a variety of applications has made
it necessary to examine their potential harmful effects on numerous organ systems.
Despite the wide range of applications for these NPs, little is known about their
toxicity to organ and cellular systems, as well as the physiological and molecular
mechanisms by which they manifest. Therefore, the present study was conducted to
investigate the biochemical, morphological, morphometric, metal accumulation,
Hematology, oxidative stress, antioxidant status, apoptosis, and their possible
pathways that lead to hepato-, renal-, and neurotoxicity in female Swiss albino mice
exposed to Cd and Cu NPs. Further, it has been believed that this study will be
beneficial to highlight several trends and properties of the NPs that could be
considered in the future to design inhibitors, either for drug discovery, therapeutics,

biochemical projects, etc.
1.2 Targeted nanoparticle, their applications and concern
1.2.1 Cadmium Oxide Nanoparticles (CdO-NPs)

Cadmium (Cd) is a naturally occurring metal, that exist in the earth's crust
comprising 0.1 parts per million (Bernhoft, 2013). Cd has a molecular weight of
112.414 g mol™ (Kadhim and Abbar, 2022). The cadmium oxide (CdO), which has
both semiconductor and piezoelectric properties, is a very unique compound. CdO
has a greater Exciton Binding Energy (75 meV) and Gap Energy of around 4.05 (eV)

compared to other semiconductors (Heidari and Brown, 2015).

According to the World Health Organization (WHO), cadmium (Cd) is a significant
environmental contaminant that seriously harms human health and has been

identified as a human carcinogen (Mouro et al., 2019). Cadmium pollution in the

3
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environment has been a source of concern since the 1960s, when Cd contamination
in a region of Japan was thought to be the cause of the excruciating bone disease
“itai-itai,”. It was thought to be due to the consumption of rice contamination with
Cd. It was discovered that individuals who ingested the contaminated rice and drank
the river water over a 30-year period had accumulated significant amounts of
cadmium in their bodies, which eventually was enough to cause a serious bone
disease similar to osteoporosis known to the Japanese as "itai-itai byo™ or "ouch-ouch
disease"” (Pan et al., 2010).

Cd and Zn share similar chemical features in terms of plant absorption and metabolic
processes. However, unlike Zn, Cd has hazardous impact on plants, animals, and
human beings. Synthetic insecticides and fertilizers are one of the components
through which it enters the soil. The fact that it dissolves in water makes it easy to
propagate in the natural world. It enters biological systems in the form of Cd*? and
has the ability to accumulate in both plants and marine life (Tripathi et al., 2020;
Hocaoglu-ozyigit and Geng, 2020). Commercial uses for Cd include paint pigments,
television screens, batteries, cosmetics, lasers, galvanizing steel, welding or soldering

and, acting as a barrier in nuclear fission (Bernhoft, 2013).

Depending upon the route, quantity, and rate of exposure, clinical stigmata of Cd
toxicity may vary. With an elimination half-life of 10-30 years, cadmium is a
common environmental contaminant with a severe harmful effect that builds up in
humans as well as animals (Nawrot et al., 2006; Zhao et al., 2019). In human,
inhalation or ingestion are the main ways that leads to Cd exposure. Depending on
the size of the particles, 10-50% of the Cd dust that is inhaled is absorbed. Skin
contact has very little impact on absorption (Bernhoft; 2020). Smoking of cigarette
is one of the major sources of Cd exposure in human. A cigarette contains about 1-2
pg of Cd and a person smoking 20 cigarettes in a day may absorb nearly 1 pg Cd
(Taha et al., 2018; Genchi et al., 2020).

Cadmium oxide nanoparticles (CdO-NPs) serves as the initial material for
manufacturing quantum dots, which are gaining popularity in both targeted
treatments and medical diagnostic imaging (Chan et al., 2005; Demir et al., 2020).
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The release of Cd NPs into the environment could cause them to build up in the food
chain and increase human exposure. In addition, other application of CdO-NPs
includes drug delivery to tumour cells, removing cancer from living cells, attacking
cancer cells, increasing the sensitivity of cancer cells to imaging, and more precise
observation of them (EI Sayed et al., 2014; Heidari and Brown, 2015). The
genotoxicity and cytotoxicity of CdO-NPs have been studied by several researchers.
Various in vitro and in vivo experiments have been performed to determine the
toxicity of CdO-NPs (Demir et al., 2020). Additionally, research demonstrates that
Cd is quickly absorbed, hazardous to a number of tissues, and builds up in the liver,
kidney (Dudley et al., 1984; Gathwan and Albir, 2020), testis, and pancreas,
resulting in malfunctioning of these organs and severe damage (Yang and Shu,
2015). Cd accumulation in the body leads to disturbances in the antioxidant defense
system and also induces oxidative stress and tissue inflammation by increasing the
amount of reactive oxygen species (ROS), altering the levels of essential components

of pro- and anti-inflammatory pathways (Cupertino et al., 2017).

In the era of technology and development, the application of CdO-NPs is opening
new doors for researchers as it is used to treat deadly diseases, such as cancer.
Although the nanoparticles have been useful to mankind in various ways, it will be
ingenious to ignore the other side of the nanoparticles, which is their toxicological
insight. So, there is an urgent need to understand the physiological mechanism and
molecular and inflammatory pathways by which CdO-NPs induce toxicity at the
cellular, tissue, and organ level. It is also thought that tracing the actual toxicological
pathways may lead to the uncovering of complex effects and may help provide

remedies for Cd toxicity.
1.2.2 Copper Oxide Nanoparticles (CuO-NP)

Copper is an essential trace element that is required for a number of biological
activities. Among all biological functions, the most significant are the conversion of
food into energy; iron metabolism; the manufacture of hormones, hemoglobin,
melanin, myelin, collagen, and elastin, defense against oxidative damage

(Bhattacharya et al., 2016; Tulinska et al., 2022), and also helps in maintaining
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homeostasis of the human body (Naz et al., 2020). On the other hand, Cu is linked to
the pathophysiology of many disorders and can be hazardous when present in excess
(Tulinska et al., 2022).

CuO-NPs have a number of interesting applications in nano-medicine, due to their
outstanding antibacterial activity and promise as nosocomial infection-preventing
disinfectants. These have potent antibacterial properties against several Gram +ve
and Gram -ve bacterial strains, which are utilized in wound dressings (Grigore et al.
2016; Naz et al., 2023). It is also known that CuO-NP have fungicidal effect against
some fungal strains. For sensing glucose, dopamine, cholesterol, lactate, DNA, and
other biomarkers, CuO-NPs are frequently utilized. Additionally, they could be quite
helpful in the management of lung, breast, prostate, kidney, and glioma cancers due
to their potential as antitumour agents (Naz et al., 2023). CuO-NPs are also used as
one of the key elements of fertilizers (Pelegrino et al., 2020; Tulinska et al., 2022),
algaecide, fungicides, and herbicides, however they can also harm cells by oxidizing
DNA and causing genotoxicity (Song et al., 2012; Ghonimi et al., 2022). They are
additionally employed to remove heavy metals from waste water (Jain et al., 2021;
Lietal., 2021; Tulinska et al., 2022).

Nano-forms of substantial heavy metals pose more detrimental effects as compared
to their bulk ionic counterparts because of their unique properties such as smaller
size, thermal, magnetic, mechanical, optical, electrical, and electron configuration
density (Yah et al., 2012; EIl Bialy et al., 2020; Abbasi et al., 2023), high surface
area, and reactivity (Abbasi et al., 2023). The particle size of the nanoparticle has
played a major role in medication and drug delivery, as the smaller the size of the
particle, the more efficiently it can penetrate inside the various tissues and cell (Xu et
al., 2023). Whereas, the same property has been challenged from the perspective of
toxicity because when the same element becomes harmful for a human being, it may
affect the root levels. The availability of a large number of reactive sites causes the
surface-to-volume ratio of copper nanoparticles to grow, which increases reactivity
or toxicity (Naz et al., 2020).
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Despite the various potent applications of CuO-NPs in the biomedical field, their
toxic effects on several vertebrates, particularly mammalian cells and invertebrates,
are a serious issue for their usage in diagnostic and therapeutic procedures. The
primary causes of in vitro and in vivo toxicity of CuO-NPs are their size, surface
charge, and disintegration (Grigore et al., 2016; Naz et al., 2023). According to
research, when NPs enter cells, they may interact with organelles and produce
reactive oxygen species (ROS), which interfere with regular cellular processes.
Depletion of reduced glutathione (tripeptide -glutamyl-cysteinyl-glycine, or GSH) by
ROS results in oxidative stress, lipid peroxidation, and damage to cells' defensive
mechanisms. Additionally, ROS raise the activity of catalase and superoxide

dismutase in cells (Tulinska et al., 2022).
1.3 Acute toxicity

Acute toxicity is commonly understood to be the adverse effects occurring within a
short period following administration or a brief period of exposure to a substance or
substances to a single dose or a number of doses given within 24 hours. Changes in
the physical appearance and behavior of the dosed animals are noted during the first
24 hours and then daily for a period of 2 weeks. Acute systemic toxicity can be
characterized, and its course can be shown by a variety of clinical symptoms.
Accordingly, a substance that reaches the organism's body via the oral route within a
short period and results in any adverse effect immediately is said to be ‘orally or
acutely toxic’. However, the term ‘acute oral toxicity’ is most often used to signify

the lethality and LDsg calculations.

The goals of acute toxicity testing are to gather data on biological activity and gain
an understanding of the mode of action of a chemical. Additionally, the data on acute
systemic toxicity produced by the test is used in the context of chemical
manufacturing, handling, and usage to identify threats as well as regulate the risks
associated with them. Government agencies are required to use the LDso value,
which is the basis for toxicological classification of substances, in a variety of
circumstances (Rhodes et al., 1993; Walum, 1998).



Chapter 1 Introduction

For the determination of the classical LDsg value, generally mice or rats of both the
sexes are used. The classical LDsy determination methods demand the use of more
animals (a total of 200), which has been greatly reduced by the advanced methods.
The well-established and validated advanced methods were developed by the
Organization for Economic Co-operation and Development (OECD), and the
procedures are explained under OECD guidelines 420 (Acute oral toxicity: Fixed
dose procedure) (OECD, 1992), 423 (Acute oral toxicity: Acute toxic class method)
(OECD, 1996), and 425 (Acute oral toxicity: Up-and-Down procedure) (OECD,
2001).

1.4 Organ specific toxicity

The Metal Oxide NPs have promising applications in biomedicine, antimicrobial
agents, diagnostics, treatment of various other complex diseases and industrial
applications. However, the wide usage of NPs has put questions among the
researchers due to their highly toxic nature. Human and animals getting exposed to
NPs are affected adversely leading to many complexities. Human may get exposed to
NPs intentionally or unintentionally. Generally, the routes of human getting exposed
to NPs are through ingestion, inhalation, injection, implantation, or skin uptake
(Oberdorster et al., 2005). Recent studies have shown genotoxicity, cytotoxicity
and immunotoxicity associated with NPs intoxication (Naz et al., 2019).

According to the International Agency for Research on Cancer (IARC), Cd is
recognised as the Class 1 human carcinogen (Henson and Chedrese, 2004). The
toxicity of Cd was detected in multiple organs such as, liver, kidney, brain, lung,
cardiovascular system, spleen, stomach, skeletal system and reproductive system
(Joseph et al., 2001; Lopez et al., 2003; Gupta, 2019). Likewise, exposure to Cd in
humans leads to about 30% of body Cd deposition, chiefly in the kidneys, which
leads to a highly toxic effect (Nordberg and Nordberg, 2002; Thévenod, 2003).

Liver plays a major role in determining the toxicity as it is a vital organ that involve
in the metabolism, transport, and clearance of harmful foreign. Exposure to Cd were
diagnosed with abnormal levels of liver function parameters, cellular necrosis,

pathological degeneration, and proliferation of collagen fibres (Zhang et al., 2022).
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Nanodots and nanorods of Cadmium Sulfide have been reported to induce significant
levels of toxicities in different organs of mice such as kidney, testis, and liver (Liu et
al., 2014) by elevating the production of ROS (Paesano et al., 2016). Earlier studies
have shown that Cd has the ability to increase the permeability of the BBB and may
accumulate in the brain tissue. After penetrating the brain tissue, Cd may affect the
structure and function of the neuronal tissue, which leads to the degeneration and
impairment of the neurons, which results in behavioural changes (Braga et al., 2015;
El-Sherbiny et al., 2022).

In vitro and in vivo studies have shown that exposure to CuO-NPs induces
cytotoxicity (Assadian et al., 2018), genotoxicity (Song et al., 2012; Ghonimi et
al., 2022), apoptosis, inflammation, oxidative damage, and histopathological changes
in various organs like the liver, kidney, stomach, bone (De Jong et al., 2019;
Anreddy, 2018; Tulinska et al., 2022), and brain (Naz et al., 2019). According to
Lomer, et al. (2002), gastro intestinal tract (GIT) remains to be the primary route of
NPs exposure hence, the oral route of intoxication has gained more importance. After
being absorbed by the GIT, NPs enters in the lymphatic cells. However, entry of NPs
in GIT induce ulcers by changing the lining's permeability, weakening of the tract
epithelium, low absorption of nutrients, and in severe cases, continuous bleeding
(Borm et al., 2006).

Jong et al. (2018) have demonstrated that the rats administered with CuO-NPs at
different doses are adversely affected. Hepatotoxicity and nephrotoxicity were
evident from the severe inflammation, necrosis, apoptosis, and degeneration in rats
exposed to CuO-NPs. It was also reported in several scientific research that once the
NPs gain entry into the human body, liver is its primary target (Xie et al., 2010).
Harmful effects were observed on the liver, kidneys, immune system, and
gastrointestinal tract when exposed to Cu intake above the biological tolerance range
(ATSDR, 2004). The NPs have the ability to disrupt the central nervous system as
they can cross the blood brain barrier (BBB), which was evident after detecting
considerable accumulation of Cu (NPs) in the hippocampus of the brain (Li et al.,
2018; Naz et al., 2019).
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1.5 In silico toxicity prediction

In silico toxicology is essential to the evaluation of chemical safety and toxicity as
well as the drugs discovery and development process. The term "in silico toxicology"
refers to integrated technology that uses computers to assess the toxicity of
compounds (Parthasarathi and Dhawan, 2018). Using algorithms, software, and
pertinent data, this technique offers a platform for assessment, modelling, simulation,
and prediction of toxicity endpoints of different chemicals (Pandey et al.,
2022). The capabilities and relevance of computational techniques to predictive

toxicology are still growing.

The use of computational technique is becoming way more popular in the fields of
chemical toxicity testing, and drug designing and discovery, as it possesses many
utilities. The technique of in silico prediction has complemented in vivo and in vitro
methods by reducing labour, cost, and time and also to check the possibility of any
failure in the late stage (Madan et al., 2013; Raies and Bajic, 2016). Similarly, in
the process of drug discovery, early screening of the chemical compound with the
help of different in silico tools has minimized the chances of failure in the later
stages. Furthermore, testing any chemicals with the computational tools also

provides a basic idea about their various toxicological parameters in one go.

The field of in silico toxicology involves a broad range of computational tools,
including- (i) databases that store information about chemicals, their toxicity, and
their chemical properties; (ii) software that generates molecular descriptors; (iii)
simulation tools for system biology and molecular dynamics; (iv) modelling
techniques for toxicity prediction; (v) modelling tools like statistical packages and
software that generates prediction models; (vi) expert systems that include pre-built
models in web servers or standalone applications for predicting toxicity; and lastly,
(vii) the visualization tools (Raies and Bajic, 2016).

In silico screening of ADMET (Absorption, Distribution, Metabolism, Excretion and
Toxicity) properties of compounds has open new door to improve quality and
success rate of drugs in later stages. Moreover, computer-based screening of

pharmacokinetics and toxicity of any chemicals has helped in generating the basic
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toxicological profile of a compound from various aspects. Many softwares were
developed for this purpose based upon the data-based approach, such as quantitative
structure—activity relationship (QSAR), 3-dimentional QSAR, and similarity
searches, and some with the structure-based approach, which includes protein ligand
docking and pharmacophore (Pires et al., 2015). Although there are many softwares
available for this purpose, most of these allow paid access only; however, numerous
softwares that are freely accessible for the user include pkCSM, admetSAR, ProTox-
I, VEGA HUB, PASS, Toxtree, TEST, OECD QSAR toolbox, etc. and are widely in

use.

1.6 Implications of heavy metals on body weight, food consumption, and water

consumption

Changes in body weight, variation in consumption of food and water depends upon
an array of factors, which may be related to the physiological, metabolic and various
other health related issues of an individual. In general, it has been seen that infection
and acute inflammation lead to weight loss in mice as well as in human (Mendes et
al., 2022). In addition, several other reports have shown that fatigue, depression,
stress, anxiety, different diseases such as diabetes (Olson et al., 2016), onset of
cancer and cancer treatment (Hager, 2016), AIDS (Malvy et al., 2001), undergoing
medication etc. also leads to the loss of weight and change in pattern of feeding.

Heavy metals such as copper (Cu), cadmium (Cd), lead (Pb), magnesium (Mg), Iron
(Fe), chromium (Cr), Nickel (Ni), cobalt (Co), mercury (Hg) etc. are the highly toxic
elements. They are very heterogenous and highly reactive substance that may act as
cofactors for various physiologic processes (Valko et al., 2005; Padilla et al., 2010).
Padilla et al. (2010) reported increase in adiposity in relation to the deficiency of
copper, and increase in Cd levels was associated with the decrease in body mass
index (BMI). Exposure to Cd also resulted in the reduction of body as well as brain
weight (Markiewicz-Gorka et al., 2019; Vijaya et al., 2020). Generally, weight

gain or loss is related to exposure to hazardous metals and happens significantly
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lower levels than those that cause apparent illness in humans or animals (Binns et
al., 2007).

Cu is an important trace element that is vital for various enzymes and biological
processes. Adequate amount of Cu for the functioning of vital processes in human
and plant are received from water and food intake (Gaetke and Chow, 2003). In an
appropriate concentration Cu helps in the growth of mice. However, excessive
exposure to the chemical may lead to retarded growth (Liu et al., 2020). There was a
significant reduction in body weight observed in mice fed with copper sulphate as

compared to the control animals (Kumar et al., 2015).

1.7 Accumulation of heavy metal in organs and its concern

Persistent exposure to heavy metals can lead to their accumulation in all tissues and
organs over time, causing prolonged injury to the organism because of their
significant difficulties in metabolism and breakdown (Raehsler et al., 2018).

The majority of Cd intake occurs by inhalation, with some also occurring through the
digestive tract when dust particles are ingested together with saliva (Ruczaj and
Brzoska, 2023; Charkiewicz et al., 2023). The kidney and liver are the primary
organs where Cd accumulates, however, placenta and bone (Jarup, 2002), lungs,
liver, kidneys, pancreas, testicles, muscles, adipose tissue, and skin are the organs
where this element can most frequently accumulates and inhibits the activity of
enzymes that contain sulfur (Lech and Sadlik, 2017; Nordberg and Nordberg,
2022). Through various means, accumulation of Cd in muscles, bones, and blood
may range from 0.14 to 3.2 ppm, 1.8 ppm, and 0.0052 ppm, respectively. To
maintain a healthy lifestyle, put into practice efficient preventative measures, and
enhance public health, people who are most frequently exposed to heavy metals
should be closely watched (Charkiewicz et al., 2023).

According to Tulinska et al. (2022), the mice inhaling CuO-NPs for six consecutive
weeks have accumulated a 20-fold higher amount of Cu as compared to the control
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group. Bio-accumulation of Cu in liver and kidney results in major damage to the
hepato-renal system which ultimately affects the functioning of the organs. The same
study also reported that the bio-accumulation of Cu was seen to be higher in the liver
than the kidney of the rats intoxicated with CuO-NPs. Thus, suggesting that kidneys
might be accumulating Cu in ionic form after in vivo exposure (Hassanen et al.,
2019) however, liver can accumulate highest quantity of the metal, suggesting major
damage to the hepatic system (Kumar et al., 2015). Significant accumulation of Cu
was observed on 42" day of Cu treatment. Additionally, in those receiving high
concentrations of Cu treatment, the hepatic growth index dropped, indicating that Cu
overload may inhibit hepatic development (Liu et al., 2020). Additionally, cadmium
exposure is linked to alterations in neurotransmitters, increased lipid peroxidation,
and the induction of apoptosis in brain tissues, highlighting its neurotoxic potential
(Al Kahtan, 2020). The presence of Cd in the environment, especially in the
Carpathian region, has been associated with the accumulation of this toxic metal in
the brain, contributing to dysmicroelementosis and disrupting the organism's
homeostasis (Nechytailo et al., 2023). Copper accumulation in brain tissues, such as
the cortex, striatum, and substantia nigra, has been linked to increased levels of
oxidative damage, altered protein expressions, and disruptions in antioxidant enzyme
activities (Chen et al., 2019; Kirici et al., 2019). Studies have highlighted that
copper exposure can potentiate the degeneration of dopaminergic neurons,
exacerbating conditions like Parkinson's disease when combined with other

neurotoxic factors (Cruces-Sande et al., 2019).
1.8 Importance of hematological and biochemical assays in toxicity study

Hematological parameters such as red blood cells (RBCs) count, white blood cells
(WBCs) count and hemoglobin concentration are the important clinical indicators of
health and disease conditions (Kelada et al., 2012). Additionally, values beyond the
normal ranges may be diagnostics for disorders such as cancer, cardiovascular
diseases, immune diseases, etc. (Lin et al., 2007). The main function of RBCs is to
carry and supply oxygen to the cells and tissues and carbon dioxide to the lungs;
thus, decreased levels of RBC signifies that an inadequate amount of oxygen and
carbon dioxide return (Isaac et al., 2013). Further, RBCs are vulnerable to damage
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from oxidative stress. At some dosages, nanoparticles may cause oxidative stress,
which ultimately results in cell toxicity and haemolysis of RBCs (Koohi et al.,
2017). According to past studies, high-molecular-weight proteins hold the majority
of the Cd in red blood cells, and hemoglobin holding the small fraction of it
(Swiergosz-Kowalewska, 2001). The hematopoietic process is very sensitive to the
Cd toxicity, and also may lead to anaemia and various other complicacies.
Administration of Cd also results in the decrease levels of RBC, hemoglobin and
haematocrit in blood (Andjelkovic et al., 2019).

Though Cu is a vital functional constituent of living being and also form part of 16
metalloprotein (Ozgelik et al., 2002), but excessive intake may result in low
elimination and accumulation in tissue and organ causing Cu poisoning (Ozcelik et
al., 2002; Borobia et al., 2022; Rafati et al., 2024). High Cu intake along with the
supplement in hens leads to the elevated levels of MCV, which signifies deteriorated
health condition (Hoffbrand and Provan, 1997; Zhou et al., 2021). As reported by
Yahya et al. (2019), CuO-NPss treated groups showed a significant increase in
WBC and a marked decrease in RBCs, Hb, and HCT counts and concentrations. Rats
treated with CuO-NPs showed a significant rise in MCV and a significant decrease in
MCH and platelet values, but no discernible changes in MCHC values were seen
when compared to the control group. This shows that intake of nanoparticles of Cu
may have a pronounced impact on the hematological parameters resulting in
deteriorated health condition of animals.

Biochemical assays of different enzymes and metabolites are the clinical markers for
the diagnosis of liver and kidney diseases (Malomo, 2000; Yakubu et al., 2006).
Generally, detection of ALP, AST, ALT, bilirubin, albumin, globulin, and other
assays such as urea, uric acid, creatinine, and blood urea nitrogen are mainly
performed to trace the functioning of liver and kidney, respectively. Rats exposed to
CdCl for 30 consecutive days lead to increased activities of ALT, AST, ALP, and
LDH (Hamza et al., 2022) and also the levels of serum bilirubin and transaminases
were higher in mice fed with copper sulphate (Kumar et al., 2015). Assessing lipid
profiles in toxicity studies, is crucial for understanding mechanisms of liver injury,

cardiovascular injury and potential drug-induced lipid disruptions leading to toxicity.
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CuO-NPs is cytotoxic in nature and may adversely affect the liver and kidney tissues.
According to the report, rats intoxicated with CuO-NPs had an elevated level of AST
and ALT enzymes indicating hepato-cellular damage in the liver (Hassanen et al.,
2019; Zhou et al., 2021). Similarly, significant increase in the levels of BUN and
creatinine in the serum sample of rats intoxicated with CuO-NPs indicated significant
damages in the renal tissue (Hassanen et al., 2019). Due to membrane damage,
hepatic marker enzymes (AST, ALT, ALP, and GGT) are typically high in cases of
liver injury. Study revealed changes in the hepatic enzymes, with an increase in the
enzyme activity after CuSO, intoxication. Decrease levels of serum protein
concentration is also observed after CuSO, treatment, which may be due to
hepatocellular injury and inflammation caused by severe Cu toxicity (Hashish and
Elgaml, 2016).

1.9 Organ damage and histopathology mediated by toxic chemicals

The liver exposed to CdCl showed remarkable changes in the architecture of the liver
tissue, which includes hypertrophy and appearance of binucleated hepatocytes, focal
necrosis, dilation of the central vein, and increased in eosinophil counts (Hamza, et
al, 2022). Cd administration cause neuropathological as well as neurochemical
alternation in the brain tissues which result in the tissue haemorrhages (Afifa and
Embaby, 2016). Exposure to cadmium (Cd) altered the gut microbiota and
intestines, as evidenced by changes in intestinal microbiota and their metabolic
processes, increased permeability of the intestinal barrier, local intestinal
inflammation, and ultimately an increased risk of infectious diseases due to bacterial
translocation, lipopolysaccharides, and endotoxins. Also, targeting organs including
the liver, kidney, brain, adipose tissue, and cardiovascular system will be affected by
metabolic abnormalities and systemic inflammation, raising the chance of related
illnesses (Tinkov et al., 2018; Liu et al., 2020). Prolonged exposure to cadmium
through air, water, soil, and food can poison various organ systems, including the
skeletal, urinary, reproductive, cardiovascular, central and peripheral neurological,

and respiratory systems, and cause cancer (Rafati et al., 2017).

15



Chapter 1 Introduction

Chronic Cu poisoning causes Cu to progressively build up in the liver without
causing any overt symptoms or indicators. Excessive hepatic Cu storage can lead to
hepatocellular lesions; subsequently, haemolysis, jaundice, and renal insufficiency
are caused by Cu being released from the liver into the bloodstream (Stogdale,
1978). Mice exposed to nano-copper particles exhibit obvious damage to their renal
proximal tubular cells. A glomerulonephritis-related symptom in renal tissues is the
swelling and shrinkage of glomerulus in the lumen of Bowman's capsules. There are
further pathological alterations in the renal tubule, such as the degeneration of renal
proximal convoluted tubule epithelial cells. These changes are dependent on an
irreversible massive necrobiosis feature in the nano-copper particle-induced renal
tissue damage, where the kidney damage in the exposed mice rapidly increases with

increasing dose (Chen et al., 2006).

1.10 Implications on oxidative stress and antioxidants parameters

Sarkar et al. (2011) have reported that exposure to nano-copper had increased the
production of reactive oxygen species (ROS) and reactive nitrogen species (RNS)
and also elevated the levels of antioxidant enzymes such as SOD, CAT, GST, GR,
GPx, and also the non-enzymatic marker, GSH. It was formulated that generation of
oxidative stress in tissues lead to the activation of the nuclear factor erythrocyte 2-
related factor 2 (Nrf2) signalling pathways which interacts with the antioxidant
response elements (ARE) and activates the transcription of antioxidant defence genes
and detoxifying enzymes (Yung et al., 2018; Du et al., 2022). The process of
converting hydrogen peroxide into water is catalysed by GSH and catalase. SOD
catalyzes the breakdown of O, and defends different organs from ROS-induced
damage and lipoperoxidation. An imbalance in the oxidant/antioxidant system can
lead to lipoperoxidation and oxidative stress, which can be caused by decreased SOD
and GSH activity or increased oxygen free radical (Weydert and Cullen, 2010). The
brain is a very delicate and complex organ that controls a wide range of biological
metabolic processes, resulting in it to use a lot of oxygen. A poorly developed
antioxidant defense mechanism and high quantities of peroxidizable unsaturated fatty
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acids make the brain tissues particularly vulnerable to harmful oxidative stress
attacks (Bondy, 1997; El-Sherbiny et al., 2022).

The most common events that drive Cd mediated neurotoxicity are oxidative stress
and excessive free radical production. The creation of ROS, a decline in the activity
of antioxidant enzymes, or decompartmentalization of metal complexes are possible
mechanisms through which Cd causes lipid peroxidation (Jarup and Akesson,
2009). Cd promotes cellular apoptosis by supressing the antioxidant defence system
and also by disrupting the sulfhydryl homeostasis (Ferlazzo et al., 2021). Cadmium
reduces cellular resistance to oxidation and raises the generation of free radicals in
the central nervous system. It might potentially cause lipid peroxidation and harm to
brain cells. Oxidative deamination of monoamine neurotransmitters is brought on by
its action on monoaminoxidase (MAO). Neurodegenerative illnesses including
Parkinson's, Alzheimer's, and Huntington's disease, which are characterized by
memory loss and behavioural abnormalities, can result from Cd poisoning (Lopez et
al., 2003; Ismail et al., 2015; Rafati et al., 2017). Changes in oxidative stress
indicators and peroxidative damage to membrane lipids are two of the most well-
known effects of excessive Cu. Oxidative stress is a condition in which the
production of reactive oxygen species (ROS) surpasses the capacity of cells to
protect themselves, ultimately leading to cytotoxicity. During an oxidative stress,
compounds such as membrane lipids are damaged by the development of superoxide
anion (Oy), hydroxyl radicals (OH), and hydrogen peroxide (H,O,). Lipid
peroxidation is a chain process that is mediated by free radicals and is created when
lipid radicals combine with oxygen to produce peroxy-radicals (Galhardi et al.,
2004). The majority of the studies on in vitro and in vivo systems concurred that
ROS-mediated oxidative stress was the primary factor in the cytotoxic mechanism;
however, in order to direct the development of more potent cytotoxic CuO-based
nanodrugs or safer NMs, a deeper comprehension of the underlying toxicity pathway
and the identification of the physicochemical properties triggering this mechanism

are required.

1.11 Expression patterns and effects on apoptotic and inflammatory markers
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“Apoptosis” is a Latin derived term which means “to fall off” (NIH, 2023). It is also
known as programmed cell death hence, it can be defined as the genetically
determined cell death which involves condensation of nucleus, shrinkage of the cell
and followed by fragmentation of the cell (Schlesinger, 2023). Apoptosis is a normal
process which is genetically programmed to eliminate unwanted cells from the body,
which may otherwise lead to cancer. It is crucial for normal functioning and
development of the immune system, normal cell turnover, chemically-induced cell
death and embryonic development. However, unbefitting (too less or over) apoptosis
may lead to many conditions in human (Elmore, 2007). The process of apoptosis
may be mediated by either mitochondrial-dependent or independent pathways.
According to the report, changes in the mitochondrial membrane permeability is
mediated by a BCL-2 family of proteins (Cory and Adams, 2002) and activate
apoptosis by inducing oxidative stress-dependent signalling cascade (Keeble and
Gilmore, 2007; Sarkar et al., 2011). Generally, there are two groups of apoptotic
regulators: one that protects the cell from apoptosis, called anti-apoptotic protein,
and the other that promotes apoptosis, is called pro-apoptotic protein. BCL-2 is
known for its anti-apoptotic effect, whereas BAX is a major pro-apoptotic marker
(Reed, 2006). Furthermore, apoptosis triggers leading to degradation of
mitochondrial integrity precede the activation of caspases, which play a major role in
the execution of apoptosis (Youle and Strasser, 2008). NF-kB is a transcription
factor that is widely expressed and inducible that regulates genes related to several
activities, including growth, differentiation, survival, and inflammation in cells.
Several environmental stressors, such as carcinogens and tumour promoters
including asbestos, phorbol esters, toxic metals, UV radiation, and alcohol, can
activate NF-xB (Valko et al., 2005). NF-«xB is activated by various stimuli like
cigarette smoke and inflammatory agents, regulating genes such as COX-2 and
cytokines like IL-6 and TNF-a (Yadav et al., 2022; Alvarez et al., 2020). IL-6 plays
a crucial role in myoblast proliferation and differentiation, modulating myogenic
regulatory factors and myokine release (Serasanambati and Chilakapati, 2016).
COX-2, induced by pro-inflammatory cytokines, contributes to the production of
prostaglandins and influences cell proliferation (Tatiana, 2018). TNF-a, along with

IL-6, affects the activity of Pax7, MyoD, and myogenin, impacting muscle
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regeneration processes (Barua et al., 2020). Additionally, the study on chronic
hepatitis B and C infection in children highlights the diagnostic and prognostic
significance of IL-6, IL-2 and TNF-a in hepatic inflammatory activity. Oncogene
activation, oxidative stress, hypoxia, DNA double-strand breaks, and telomere
damage, among other stress signals, stimulate cells; in response, the p53 protein is
quickly activated to preserve the integrity of the cell genome by causing apoptosis,
cell cycle arrest, and senescence (Yoshida and Miki, 2010). Thus, neurological
disorders can arise and progress as a result of abnormal p53 protein expression
(Tokino and Nakamura, 2000).

Cd exposure has been linked to alterations in inflammatory markers in various
studies. Research has shown that Cd induces oxidative stress and inflammation by
upregulating inflammatory mediators and markers such as NF-xB, I1L-6, TNF-a, and
COX-2 (Ojo et al., 2023) and similarly, Cu exposure leads to increased expression
of pro-inflammatory cytokines like IL-1B, IL-6, TNF-a, and activation of NF-xB
signalling pathways (Guo et al., 2022; Pereira et al., 2016), production of IL-
12p70, IFN-y, IL-4, and IL-5 (Tulinska et al., 2022). Occupational exposure to
cadmium has been associated with increased levels of pro-inflammatory cytokines
like IL-6 and TNF-a, indicating immune cell activation and inflammation
(Markiewicz-Gorka et al., 2022). Additionally, chronic cadmium exposure has been
found to induce inflammatory responses in the liver, leading to increased expression
of inflammatory markers like Mip-2, 1L-10, IL-12, and TGF-p (Olszowski et al.,
2012). The mechanisms underlying copper-induced neurotoxicity involve oxidative
stress, alterations in protein markers like GFAP, NF-kB, and PARP, and disturbances
in cellular functions critical for neuronal health and survival. These findings
collectively highlight the intricate relationship between cadmium and copper toxicity
and the modulation of inflammatory markers across different organ systems by
promoting oxidative stress, immune cell activation, and inflammatory responses in
various tissues, highlighting the detrimental effects of toxic metals on inflammatory

processes.

1.12 Rationale of the work
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Heavy metals are naturally occurring toxic elements that have become more
prevalent in the environment due to urbanization and industrialization, leading to
serious health effects on humans, plants, and animals. The toxicity of heavy metals is
influenced by various factors such as dose, route of exposure, time of exposure,
concentration levels, as well as individual characteristics like age, gender, genetics,
and nutritional status (Ungureanu and Mustatea, 2022).

Research on the toxicity of CdO-NPs in various organs is crucial due to their harmful
effects. Studies have shown that CdO-NPs induce haematotoxic, genotoxic, and
reproductive toxicity, affecting organs like the liver, testes, and brain (Klinova et al.,
2020; Apykhtina et al., 2018; Zhou et al., 2023). CdO-NPs lead to oxidative stress,
altered gene expression, and cell proliferation inhibition/promotion in organs like the
spleen, kidney, heart, brain, and lung, indicating potential disease risks. Furthermore,
CdO-NPs have been linked to cardiovascular toxicity, neurotoxicity, and
nephrotoxicity, emphasizing the need for comprehensive research to understand the
mechanisms underlying their toxic effects on different organ systems. Investigating
the mutagenic, carcinogenic, and reproductive risks associated with CdO-NPs is
essential for developing preventive measures and assessing the safety of
nanomaterials containing Cd. Similarly, to ensure the safe use of CuO-NPs in diverse
fields such as biomedicine, catalysis, sensors, electronics, and environmental
remediation, further research is crucial to understand the long-term and chronic
impacts of these nanoparticles at different concentrations (Sajjad et al., 2023).
Addressing the potential toxic effects of CuO-NPs is essential to enhance their
suitability for various applications and mitigate the risks associated with human
exposure, underscoring the need for continued investigation into their toxicological
profiles and also to explore the short-term and chronic effects of CuO-NPs at

different concentrations.

The present study will emphasize upon the toxic nature of Cd and Cu, significance of
understanding the absorbed dose, route of exposure, and duration of exposure in
determining the toxic effects, and also assess their ability to induce oxidative stress,

apoptosis and inflammation in mice model. Understanding the distribution and
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effects of these heavy metals is crucial for mitigating their harmful consequences on

the environment, animals and human health as a whole.
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Chapter 2 Review of literature

A rigorous and thorough literature survey was done from the available databases
such as ‘PubMed’, ‘Mendeley’, ‘Google Scholar’, ‘ResearchGate’, ‘Scopus’ and
other online sources by applying keywords search, such as ‘Heavy metals’,
‘Cadmium’, ‘Copper’, ‘Toxicity’, ‘Oxidative stress’, ‘Inflammatory markers’,
‘Histopathology’, ‘Hematology’, ‘Western blotting’, ‘Liver’, ‘Kidney’, ‘Brain’, etc.
to find out the relevant materials for the present work. Survey of various research
documents helped in finding out of the past, present and future research prospect of

the present study that are presented in the following sections.
2.1  Toxicological aspects CdO-NPs

According to International Agency for Research on Cancer (IARC), Cd is recognised
as the Group I carcinogen (Smoke and Smoking, 2004). It lacks necessary biological
functions and is harmful to humans, animals, and plants even at low concentration
(Solenkova et al., 2014). There are various possible routes of Cd exposure in
humans, which includes inhalation (mostly from tobacco smoke), ingestion (food and
water), absorption through skin, and occupational exposure. The mode of exposure
affects the amount of Cd absorbed; up to 50% of it comes from inhalation, 10% from
ingestion, and barely any via cutaneous contact (Faroon et al., 2012; Das and Al-
Naemi, 2019). In many countries, the human Cd levels have been found to exceed
the tolerance of several organs, and this has been linked to an increased risk of
chronic diseases such cancer, diabetes, and osteoporosis (Satarug et al., 2017;
Genchi et al., 2020). The Food and Drug Administration (FAD) has cautioned
against using solutions comprising cadmium oxide nanoparticles and warned that
these compounds may cause poisoning, skin discoloration, and kidney damage. The
main causes of cadmium poisoning are a rise in the production of free radicals and a
fall in the potency of antioxidants (Aghababa et al., 2017). The main target organ of
Cd toxicity is liver, kidney and bone causing major health effect such as cancer,
kidney damage, bronchiolitis, emphysema, fibrosis, skeletal damage (itai-itai
disease) (Nawrot et al., 2010; Alissa and Ferns, 2011). Cd exposure can lead to
changes in brain enzyme activities, oxidative DNA damage, and alterations in signal
transduction pathways, showing vulnerability to the brain tissue and ultimately

contributing to neurotoxicity and potential long-term behavioural consequences
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(Carageorgiou and Katramadou, 2012; Nedzvetsky et al., 2020). As reported
earlier, Cd at a dose of 1 mg/kg body weight modulates reproductive function in
male mice (Rossman et al., 1992). Study performed focusing on the cytotoxic
effects of different cadmium forms, including cadmium chloride (CdCl,), cadmium
oxide (CdO), and cadmium sulfide (CdS) in micro- and nanoparticles, on mesangial
and proximal tubular kidney cells. The results showed a variability in cytotoxic
responses depending on the cadmium form studied, with the toxicity strongly
correlated to the cellular cadmium content. This indicated that the physico-chemical
properties of the cadmium forms played a significant role in their toxic effects
(L'Azou et al., 2014).

2.1.1 Effects on the general observations

Toxicity can significantly impact body weight, as evidenced by various studies.
Research on Bisphenol-A exposure in rats showed dose-dependent reductions in feed
consumption and body weight, indicating its potential to induce anorexia (Wang et
al., 2019). Additionally, studies on pesticides demonstrated that the longer the
exposure duration, the greater the effects on body weight, with continuous declines
in benchmark doses observed over time, highlighting the time-dependent nature of
toxicity effects on body weight in mammals (Zuckerman et al., 2015).
Understanding these relationships is crucial in assessing the toxic effects of various
substances on body weight and overall health. Heavy metals, such as cadmium and
lead, have been shown to have a significant impact on body weight and overall
health. Exposure to these toxic elements can lead to a decrease in weight gain in rats,
accompanied by changes in organ size and hematological parameters (Ungureanu
and Mustatea, 2022). Furthermore, heavy metal exposure, particularly during
pregnancy, has been linked to adverse effects on new-borns, including altered
leukocyte telomere length and chromosomal changes that may affect birth weight
and mortality (Rajkumar and Gupta, 2021; Zinia et al., 2023).

Intoxication of Wistar rats with Cd (30 mg/kg of feed) for a period of 3 months lead
to the reduction in body weight, blood levels of hemoglobin, vitamin D3, antioxidant

enzyme (GSH) whereas, increased in the levels of oxidative stress marker and
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inflammatory marker (C-reactive protein, CRP) as compared to the control and
magnesium (Mg) or/and a-lipoic acid supplemented groups (Markiewicz-Gorka et
al., 2019). Cd intake leads to the reduction in body as well as brain weight in mice,
when administered with 6 mg/kg bw of Cd at a single dose (Vijaya et al., 2020).
Reduction in the body weight of Wistar rats exposed to Cd 6.9-7.6 mg/kg b.w in
combination with feed (30 mg/kg of feed) for 3 months was observed by
Markiewicz-Gorka et al. (2019). According to a study, the impact of Cadmium and
Lead salts was investigated on body weight gain, organ weight, and hematological
parameters in rats. In the experimental groups, rats exposed to heavy metals showed
a tendency towards reduced weight gain compared to the control group. Heavy metal
intoxication led to hypo- and hypertrophy of internal organs in rats, with different
metabolic rates observed. Rats in the first experimental group, exposed to cadmium,
exhibited increased lung, liver, and brain weights, but decreased heart, kidney, and
spleen weights relative to the control group. The study also found that heavy metal
exposure resulted in changes in the morphological composition of rat blood,
including decreased erythrocytes, leukocytes, and hemoglobin levels, along with
increased average erythrocyte volume and content. Chronic heavy metal (cadmium-
lead) toxicosis in rats was associated with erythrocytopenia, leukopenia, decreased
hemoglobin, and increased erythrocyte volume and hemoglobin content (Lopotych
et al., 2020).

Synthesized cadmium nanoparticles led to an increase in hepatic enzymes
concentration in the blood of rats in a dose-dependent manner after 10 days of
exposure at the doses of 100 ppm, 200 ppm and 300 ppm in Wistar male rats. This
increase was more pronounced in groups exposed to higher concentrations of
nanoparticles, with the highest concentration group showing the most significant rise
in enzyme levels (Aghababa et al., 2017).

2.1.2 Metal accumulations and histopathological alterations

Exposure to cadmium nanoparticles can lead to significant accumulation in various
organs, impacting both human health and the environment. Studies have shown that

cadmium nanoparticles can accumulate in organs such as the kidney, lung, liver,

23



Chapter 2 Review of literature

heart, aorta, spleen, thymus, brain, and bones, affecting their function and structure
(Lebedova et al., 2016; Apykhtina and Kozlov, 2017; Tai et al., 2022). The Cd
concentrations in fish (Sparus aurata) tissues (muscle, gills, and liver) were
monitored at different time points during the experiment. Significant Cd
accumulation was observed in the gills (209.43 ng/g ww) and liver (371.72 ng/g ww)
at the end of the exposure period (11 days), while muscle showed no significant
accumulation (Cirillo et al., 2012). Mice exposed to CdO nanoparticles for varying
durations, ranging from 4 to 72 hours in acute exposure and 1 to 13 weeks in chronic
exposure. TEM confirmed the distribution of nanoparticles in various organs, with a
significant portion retained in the lungs initially, but gradually redistributing to
secondary organs like the kidney, liver, and spleen with longer exposure.
Accumulation of Cd was observed in the lung and liver after 24 hours, and in the
brain, kidney, and spleen after 72 hours of exposure, with levels increasing
throughout the chronic exposure period. Significant differences were noted in Cd
accumulation and effects between the two exposure doses, with higher exposure
leading up to a 2-fold increase in lung weight compared to the control group.
Histological analyses revealed dose-dependent alterations in lung and liver
morphology, tissue damage, and modulation of oxidative stress parameters,
particularly after greater chronic exposure. Long-term exposure to CdO nanoparticles
resulted in increased necrotic debris in the pulmonary alveoli, damage to lung tissue,
and some pathological changes in the liver, while no significant changes were
observed in the spleen, kidney, and brain (Lebedova et al., 2016). Petroleum
industry lead to accumulation of heavy metals in Plantago ovata which were
consumed by goats lead to elevated levels of Pb, Cd, V, and Ni that caused injury in
liver and kidney tissue, oxidative stress, and upregulation of pro-inflammatory and
apoptotic markers (BAX and caspase-3) and downregulated the expression of BCL-
2. Histopathological damages in the liver and kidney tissues and increased serum
concentration of ALT, urea and creatinine, the markers of kidney function, were
detected in the study (Ajarem et al., 2023).

In a study, rats were given intraperitoneal injections of cadmium compounds over a

period of time, and the harmful effects were assessed at three distinct intervals: 1.5
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months after the first injection, 3 months after the second injection, and 1.5 months
after the exposure stopped. The findings showed that the rats' kidneys and liver had
the most cadmium accumulation, which was mostly caused by the toxico-kinetics
and mode of administration of the cadmium compounds. When compared to rats
exposed to cadmium chloride, rats exposed to cadmium sulphide nanoparticles had
greater concentrations of cadmium in their thymus, spleen, and kidneys. It's
interesting to note that after exposure to larger nanoparticles, the spleen showed more
pronounced cadmium accumulation, whereas the liver, heart, aorta, and brain showed
notable accumulation following exposure to cadmium chloride (Apykhtina and
Kozlov, 2017).

Pregnant CD-1 mice exposed to inhaled CdO nanoparticles (CdO NP) showed a
fivefold increase in urinary kidney injury molecule-1 (Kim-1) levels without
significant changes in urinary creatinine levels. Kim-1 mRNA expression peaked by
gestational day 10.5, while neutrophil gelatinase-associated lipocalin (NGAL)
expression increased from gestational day 10.5 to 17.5. Histological analysis
revealed proximal tubular pathology at gestational day 10.5 in the exposed dams.
Neonatal mice showed an increase in Kim-1 mRNA expression between postnatal
days 7 and 14, with mammary glands/milk being the apparent source of cadmium for
the offspring. Levels of urinary Kim-1 in pregnant mice exposed to CdO NP
increased by 4.7-fold compared to control mice, with no significant change in urinary
creatinine concentrations. Neutrophil gelatinase-associated lipocalin (NGAL) levels
in the kidney increased due to renal cell damage caused by Cd exposure, indicating
acute kidney injury. Exposure to Cd compounds, including CdO NP, leads to
extensive kidney injury, oxidative stress, cellular death, and loss of renal function,
ultimately resulting in kidney failure (Blum et al., 2015). Chronic Cd exposure has
detrimental effects on various organs and tissues, including the central nervous
system (CNS), and it may be indirectly responsible for the production of reactive
oxygen species (ROS). Since Cd is mostly found in the +2-oxidation state, it can
enter cells by interacting with a wide variety of channels and transporters on the
surface of the cell membrane. Reviewing lipid peroxidation, ROS generation,

glutathione depletion, and mitochondrial dysfunction helps to better understand the
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molecular processes that Cd elicits. In addition, studies have demonstrated the effects
of Cd on several types of CNS cells, which may help to clarify its involvement in
neurodegenerative diseases. It is true that cadmium can enhance the permeability of
the blood-brain barrier (BBB) and encourage Cd entrance, which in turn activates
pericytes to keep the BBB open (Branca et al., 2020). Oxidative stress makes the
brain very susceptible to neurodegeneration. According to the studies, Cd metal
induces oxidative stress by elevation the production of ROS and also leads to
disturbances in the production of antioxidant enzymes resulting to the brain damage
(Thévenod, 2009; Wang and Du, 2013; Alam et al., 2021). This oxidative stress
can contribute to the destructive effects observed in the liver and kidneys of the
experimental rats (Aghababa and Nahid, 2017). ROS production and oxidative
stress have been linked by numerous researchers to the mutagenicity and ecotoxicity
of metals (Yedjou and Tchounwou, 2006; Tchounwou et al., 2001; Sutton and
Tchounwou, 2007; Al-Abdan et al., 2020).

2.1.3 Oxidative stress and antioxidant status

Cadmium toxicity is caused by a number of mechanisms, including the development
of oxidative stress, which is brought on by the generation of reactive oxygen species
and the depletion of the antioxidant defense complex. Research on Cd offers strong
evidence, validating one of the key mechanisms of cadmium poisoning as an
oxidative stress, with the liver serving as a crucial organ for acute exposure (Matovié¢
et al., 2013). According to Kong et al., (2023), rats administered with 5 mg/kg b.w
of Cd for 4 weeks were detected with higher levels of MDA, while decreased levels
of CAT, GSH and SOD in hepatic and cardiac tissues. It was reported that Cadmium
sulfide nanoparticles (CASNPs) at a dose of 10 mg/kg induced significant liver
damage in rats over 45 days of exposure. Serum enzyme levels (ALT, AST, ALP)
and reactive species (MDA, H,0,, NO) were notably elevated in rats treated with
CdSNPs compared to CdS-treated rats, indicating liver injury. Histopathological
examination revealed extensive parenchymal degeneration in the livers of rats
exposed to CASNPs, indicating severe tissue damage. The study concluded that the
interaction between nanoparticles and cell membranes led to the generation of

reactive species, causing oxidative stress, altered membrane integrity, and activation
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of cell death pathways in liver cells (Rana et al., 2021). Rat liver cells exposed to
CdO particles showed increased toxicity over time, with the highest toxicity
observed after 24 hours of exposure. The MTT assay revealed the varying effects of
CdO particles on the rat liver cells at different exposure durations and concentrations
(Shelley, 2005).

Oreochromis mossambicus (Tilapia) exposed with sublethal concentrations of 4, 10,
and 20 pg/ml selected for further investigation, where LCsg value was found to be 40
pug/ml. Histological analysis of blood, gills, and kidney tissues was conducted to
assess oxidative stress and genotoxicity in the fish exposed to CdO-NPs. Exposure to
CdO-NPss led to increased lipid peroxidation (LPO) and decreased glutathione levels
in the tissues of the fish, indicating oxidative stress. Significant genotoxic effects
were noted, with micronuclei (MNi) production in peripheral blood at the highest
concentration on day 21 of exposure. The study revealed DNA damage in
lymphocyte, gills, and kidney cells of O. mossambicus, as evidenced by an increase
in the percentage of tail DNA in these tissues (Al-Abdan et al., 2020). The study
evaluated the cytotoxicity and genotoxicity of 10 nm CdO core-PEG stabilized
nanoparticles using various assays. MTS, ATP, and LDH experiments demonstrated
the concentration-dependent cytotoxicity that CdO nanoparticles generated in TK6
and HepG2 cells. Although the Ames test yielded no results for genotoxicity, the
micronucleus, Comet, and mouse lymphoma assays produced positive results,
demonstrating that CdO nanoparticles caused chromosomal damage, DNA breakage,
and mutations. Due to the fact that very few Cd*? ions were produced from the CdO
nanoparticles, the toxicity of the particles was ascribed to the nanoparticles
themselves. The findings indicate that CdO nanoparticles are cytotoxic and genotoxic
overall, emphasizing the significance of determining the risk of human exposure and

environmental protection associated with these nanoparticles (Demir et al., 2020).
2.1.4 Inflammatory response mechanism

Decreases in albumin content and A/G index were seen, while an increase in organ
mass was the outcome of liver damage (Klinova et al., 2020). It was demonstrated
that Cd causes BEAS2B cells to become less viable, accumulate reactive oxygen
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species (ROS), induce apoptosis, suppress the expression of BCL-2, and increase the
expression of BAX and cleaved caspase-3 protein through the mitochondria-
mediated apoptotic pathway (Cao et al., 2021; Wang et al., 2021). Studies also
suggested that the nephrotoxicity may be possibly due to the exposure to Cd which
lead to the disturbances in intracellular signalling pathway mainly by changing the
expression of oxidative stress markers (Bonizzi and Karin, 2004; Ajarem et al.,
2023). Alleviating effect of Thymus serrulatus essential oil on Cd- intoxicated rats
were observed after a treatment period of 7 days. The rats were divided into five
different groups, of which Group 1 was considered as control (treated with 0.9%
NaCl) and Group 2 received CdCl; intra peritoneally (i.p.) at a dose of 3 mg/kg.
Group 3 was a positive control group and was treated with both CdCl, and silymarin
(100 mg/kg, p.o). Group 4 and 5 were co-administered with CdCl, and Thymus
serrulatus essential oil (100 mg/kg and 200 mg/kg, respectively) for a period of 7
consecutive days. After completion of the treatment, various markers of renal-
toxicity such as urea, uric acid, and creatinine, oxidative stress markers, such as GSH
and MDA levels, and also the inflammatory markers, such as NF-xB p65, iNOS and
small mothers against decapentaplegic (Smad2) were assessed and were observed to
be higher in concentration as compared to the normal control, positive control and
Thymus serrulatus treated groups. This study showed that Cd-intoxication leads to
major nephrotoxicity in rats after 7 days of treatment (Ansari et al., 2021). Also, an
In vivo study carried out on mice intoxicated with cadmium chloride (CdClI2)
resulted in significant increase in the expression of NF-«xB (Lee and Lim, 2011).

Cd supplementation leads to the increased expression of NOS-2, NF-kB, IL-1B and
TNF-a resulting in the inflammatory and apoptotic effects in mouse brain. The same
study also reported that Cd intoxication enhances the expressions level of BAX,
caspase-3, and decreased expression of an anti-apoptotic protein BCL-2 protein
(Alam et al., 2021). The rats when exposed Cd at the doses of 5 mg/kg for the
period of 4 weeks showed elevated levels of pro-inflammatory cytokines such as
TNF-0, IL-1p and IL-6 and also the levels of apoptotic markers including caspase-3,
NF-kB and TGF-f, as compared to the control group (Kong et al., 2023). Increased
production of NOS-2, NF-kB, IL-1B, and TNF-a in the mouse brain is caused by
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supplementation with Cd, and this has an inflammatory and apoptotic effect. The
same study also found that exposure to Cd increases the expression levels of caspase-
3 and BAX and decreases the expression of BCL-2, an anti-apoptotic protein (Alam
et al., 2021).

2.2  Toxicological aspects of CuO-NPs

Studies have shown that CuO-NPs can induce oxidative stress, cytotoxicity,
genotoxicity, immunotoxicity, neurotoxicity, and inflammation in various cell lines
and organisms, including bacteria, fish, and mammals (Sajjad et al., 2023; Ramos-
Zufiga et al., 2023; Aziz and Abdullah, 2023). The entry of Cu into the body
through various means can lead to adverse effects when surpassing biological
tolerance levels, highlighting the importance of understanding its impact (Al-
Musawi et al., 2022). The toxicity mechanisms of CuO NPs involve the generation
of reactive oxygen species, leaching of copper ions, coordination effects, non-
homeostasis effect, autophagy, and inflammation, highlighting the complexity of
their impact on biological systems. Factors influencing the toxicological effects of
CuO NPs include their characterization, surface modification, dissolution, dosage,
exposure pathways, and environmental conditions, emphasizing the importance of
considering these factors in assessing their safety for various applications (Sajjad et
al., 2023). CuO-NPs exhibit toxicity through various mechanisms, impacting
different organisms and environments. The toxicity of CuO-NPs involves reactive
oxygen species generation, leaching of copper ions, protein inactivation, DNA
damage, and membrane rupture, contributing to their antimicrobial properties and
potential harm to living organisms (El-Atrash et al., 2022; Moschini et al., 2023).
Furthermore, exposure to sublethal concentrations of CuO-NPs can lead to
ecotoxicological effects such as metal overload, oxidative stress, and genotoxicity,
with impacts being dose, duration-dependent as well as biochemical, hematological,
pathological and apoptotic organ damage in size, shape and functional group-
dependent manner (El Bailey et al., 2020). Additionally, CuO-NPs have been found
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to induce liver and kidney tissue damage in rats, highlighting their toxic effects on
mammalian systems. Understanding these toxicity mechanisms is crucial for
developing safe applications of CuO-NPs and mitigating their potential risks to

human health and the environment.
2.2.1 Impact on general observations

Cu NPs induce liver and kidney damage, affecting hematological parameters.
Mitochondrial dysfunction and oxidative damage are key mechanisms in the hepato-
and nephrotoxicity of copper nanoparticles. Based on all the data, the rats treated
with 100 mg kg™ d™* nano-copper showed less adverse effects than the rats received
200 mg kg™ d* CuNPs. CuNPs can cause overt hepatotoxicity and nephrotoxicity
when exposed to a dose of 200 mg kg * d* for five days. The major mechanisms
involved in this process include extensive renal proximal tubule necrosis and
scattered dot hepatocytic necrosis. Furthermore, the liver and renal tissues showed
markedly increased amounts of malondialdehyde, reduced thiol groups, and higher
copper build up (Lei et al., 2015). As reported by Yahya et al. (2019), significantly
higher WBC in the groups treated with CuO-NPss and/or ZnONPs and decreased
RBCs, Hb, and HCT concentrations were recorded in CuO-NPss, ZnONPs, and their
mixture treatment groups as compared to the control group. Rats treated with CuO-
NPss, ZnONPs, and their mixture showed a significant rise in MCV and decrease in
MCH values and blood platelet levels, but little change in MCHC value. The study
found that after administering CuO NPs to rats for 4 weeks, there were significant
increases in serum ALT, AST, urea, creatinine, potassium ions, and liver and kidney
tissue damage compared to the control group. Conversely, there were statistically
significant decreases in serum albumin, total proteins, calcium, and sodium ions
levels in the group exposed to CuO NPs compared to the control group. Additionally,
the study observed changes in liver functions, including an increase in AST and ALT
levels, as well as a depletion of total proteins and albumin, suggesting hepatic
toxicity and dysfunction induced by CuO NPs (El-Atrash et al., 2022; Elshamaa et
al., 2022). CuO-NPs induced significant changes in hematological parameters and
liver function in Cyprinus carpio, suggesting potential hemato- and hepatotoxicity
effects (Noureen et al., 2018).
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Body weight significantly decreased in both CuO NPs and CuSO4 0.5 (H20) treated
groups in a concentration- and time-dependent manner compared to the control
group, indicating potential toxicity. The weights of male reproductive organs,
including testes, epididymis, and seminal vesicle, showed significant decreases in the
treated groups compared to the control, while the average weights of the seminal
vesicle and prostate increased. The same study also found abnormalities in the
external appearance of new-born mice resulting from mating males treated with CuO
NPs with healthy females, with the occurrence of abnormalities increasing with
higher concentrations, indicating potential reproductive toxicity (Al-Musawi et al.,
2022).

Pulmonary exposure to copper oxide nanoparticles induces neurotoxicity, oxidative
damage, and mitochondrial dysfunction in the brain, with observed lung, liver, and
kidney damage. It demonstrates that CuO-NPs lead to dose-dependent brain damage
in mice, highlighting the neurotoxic effects of these nanoparticles following
intratracheal instillation (Zhou et al., 2021).

2.2.2 Metal accumulation leading to organ toxicity

There was a 1.5 folds increase in the levels of Cu in the brain of mice intoxicated
with copper sulphate whereas, highest accumulation was observed in liver (29 folds)
followed by kidney (3 folds) in rats following exposure period of 30, 60 and 90 days
(Kumar et al., 2015). The study conducted acute and subacute toxicity assessments
of copper oxide nanoparticles (CuO-NPs) in female albino Wistar rats. In the acute
single high dose of 2000 mg/kg and in subacute toxicity study, multiple doses of
CuO-NPs at 30, 300, and 1000 mg/kg were given daily for 28 days to the rats.
Significant alterations in biochemical and antioxidant parameters were observed in
the liver, kidney, and brain tissues of female albino Wistar rats exposed to copper
oxide nanoparticles (CuO-NPs) in both acute and subacute toxicity studies. Higher
doses of CuO-NPs led to notable changes in enzyme levels such as tissue aspartate
aminotransferase, alanine  aminotransferase, alkaline  phosphatase, and
acetylcholinesterase in the treated rats compared to the control group. Analysis of
antioxidant markers like SOD, CAT, lipid malondialdehyde, and reduced glutathione
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showed significant differences in the liver, kidney, and brain tissues of rats exposed
to CuO-NPs. Histopathological evaluation revealed substantial abnormalities in the
histoarchitecture of the liver, kidney, and brain tissues of treated rats, indicating
potential toxicity induced by CuO-NPs. (Bugata et al., 2019). Copper oxide
nanocomposite encapsulated in arabinogalactan showed increased copper levels in
liver, kidney, and brain tissues, causing morphological and neurophysiological
changes, indicating organ toxicity after oral exposure (Titov et al., 2021). Study
concerning green-synthesized copper nanoparticles showed no toxic effects on liver
function and hematological parameters in mice at doses 1000, 2000, and 5000 pg/kg
for 2 weeks. However, specific effects on kidney function were not addressed in the
study (Noureen et al., 2018; Khatami et al., 2020).

2.2.3 Histopathological background

According to Hassanen et al. (2019), rats administered with CuO-NP were found to
have severe damages in their liver and kidney tissues and it was evident from the
histopathological analysis. The structural deformation and swelling of the
hepatocytes along with vacuolization and inflammatory infiltration of the
hepatocytes were reported by Tang et al. (2019), in rats intoxicated with CuNP at a
dose 200 mg/kg. Following a 30-day intraperitoneal injection of 1 mg/kg of copper
sulfate, Leiva et al. (2009) observed increased concentrations of Cu in the rat
hippocampal tissue. CuO-NPs induced severe atrophy of tubular cells and glomeruli,
notable necrotic tubular cells, and marked inflammatory cellular infiltration in the
kidney tissues of the rats (El-Atrash et al., 2022). Rats exposed to Cd for 12 weeks
were diagnosed with abnormal levels of liver function parameters, cellular necrosis,
pathological degeneration, and proliferation of collagen fibres (Zhang et al., 2022).
Mouse macrophages exposed to CuO NPs showed rapid uptake of NPs with
deposition in lysosomes, leading to cell death via superoxide dismutasel (SOD1)
misfolding. CuO NPs cause mitochondrial swelling and oxidative stress in cells
(Gupta et al., 2022).
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2.2.4 Organ toxicity mediated by oxidative stress and depleted antioxidants

Copper oxide nanoparticles induce oxidative stress, inflammation, and organ injuries,
especially in individuals with cardiovascular diseases, highlighting extensive toxic
effects and the need for caution (Wang et al., 2022). In addition to causing oxidative
damage through ROS, copper also inhibits the actions of some antioxidant enzymes
that have the ability to scavenge free radicals, including SOD and CAT. Lipid
damage and lipid peroxidation production were generated by copper, and the CuSO4
treated group showed a significant reduction in hepatic and renal CAT, SOD, and
GSH. In order to defend against oxidative stress, the vital antioxidant defense
systems CAT, SOD, and GSH are crucial. Copper shows inhibitory action on CAT,
SOD, and GSH may play a role in the oxidative alteration of bio-membrane lipids
and enzyme proteins by reactive oxygen species (ROS) (Zhang et al., 2000;
Hashish and Elgaml, 2016). The study demonstrates that CuO-NPs induce
concentration-dependent toxicities in cells through oxidative stress mechanisms, such
as the generation of reactive oxygen species (ROS), upregulation of heme
oxygenase-1 (HO-1), mitochondrial dysfunction, and secretion of proinflammatory
and profibrogenic cytokines, shedding light on the pathways through which CuO
NPs exert their harmful effects (Wang et al., 2022). Cytotoxicity of Cu-NPs was
investigated in a study using human trophoblast cells and mouse reproductive organs.
Mice exposed to Cu-NPs developed pathology and dysfunction of the ovary and
placenta. In a time- and dose-dependent manner, these nanoparticles also produced
cell cycle arrest at the G2/M phase, induced apoptosis, and inhibited the proliferation
of human extra-villous trophoblast cells. The mitochondrial membrane potential
(MMP) can be severely damaged by Cu-NPs, indicating that Cu-NPs may be able to
initiate the signalling cascade for mitochondria-mediated death (Zhang et al., 2018).

The study examined the effects of Cu on oxidative stress and apoptosis in the liver of
four-week-old ICR mice treated for 21, 42 days at dosages of 0, 4, 8, and 16 mg/kg.
Overexposure to Cu raised the levels of ROS and reduced antioxidant capacity,
which in turn caused mitochondrial apoptosis in the liver. Cu-induced apoptosis also
implicated the TNF-R1 signalling pathway. According to the study, Cu exposure
triggered the TNF-R1 signalling pathway and raised the mRNA and protein
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expression levels of several genes, including B-cell lymphoma-2 and Bcl-extra-large
(Bcl-xL). According to the research, exposure to Cu may increase liver apoptosis and
induce oxidative stress (Liu et al., 2020). Four groups fed with diets containing
different Cu dosages. Replacing CuCO3 with CuNPs reduced lung weight, increased
Cu content in brain, kidney, and lung, intensified lipid peroxidation processes, and
weakened antioxidant defense. Reducing Cu intake from 6.5 to 3.25 mg/kg improved
antioxidant defense in brain and kidneys. However, these treatments negatively

affected the respiratory system (Ognik et al., 2020).

Numerous in vitro and in vivo studies concurred that ROS-mediated oxidative stress
was the primary factor in the cytotoxic mechanism; however, in order to direct the
development of more potent cytotoxic CuO-based nanodrugs or safer NMs, a deeper
comprehension of the fundamental toxicity pathway and an understanding of the
physicochemical properties triggering this mechanism are required (Moschini et al.,
2023).

2.2.5 Inflammatory response system

The study reveals significant histopathological changes in the brain, increased levels
of inflammatory factors (Tnf, 11-6), and notable alterations in oxidative stress
markers as a result of CuO-NPss exposure, indicating the induction of inflammation
and oxidative damage in the cerebral cortex (Zhou et al., 2021). In vivo experiments
on spontaneously hypertensive rats (SHRs) showed that respiratory exposure to CuO
NPs led to acute multiple organ injuries in the lungs, liver, kidneys, and heart, with
inflammation and fibrosis being prominent. The study found that cardiac injury
caused by CuO NPs was relatively less severe compared to injuries in other organs
like the lungs, liver, and kidneys. After exposure to CuO NPs, there was an
upregulation of various markers of inflammation and endothelial injury in SHRs,
such as C-reaction protein (CRP), tumour necrosis factor o (TNF-a), intercellular
adhesion molecule 1 (ICAM-1), endothelin-1 (ET-1), angiotensin converting enzyme
(ACE), and von Willebrand factor (VWF), indicating systemic inflammation and
potential prothrombotic effects (Wang et al., 2022). Rats treated with CuNPs at the
dose of 200 mg/kg have shown a significant increase in the levels of major cytokines
such as TNF-a, IL-1p, IL2, MIC, MIP-1, IFN- y and COX-2 (Tang et al., 2019).
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The study examined the impact of copper sulfate (CuSO4) on spleen oxidative stress,
apoptosis, and inflammatory responses in mice after oral administration at doses 0,
10, 20, and 40 mg/kg for 42 days. Results showed that CuSO4 reduced antioxidant
enzyme activities, increased MDA, induced apoptosis, and increased DNA damage
markers. Additionally, CuSO4 caused inflammation in the spleen by upregulating the
mMRNA levels of various pro-inflammatory cytokines including interleukin-1f (IL-
1B), IL-2, IL-4, IL-6, IL-12, TNF-0, and interferon-y (IFN-y) indicating its potential

to cause spleen dysfunction (Guo et al., 2022).

Copper sulphate pentahydrate is a common pesticide in aquaculture farming and
agriculture, causing environmental contamination and affecting fish harvesting.
Despite its high toxicity, copper ions remain prevalent in fish farming due to their
high cytotoxicity and accumulation in sediments. The toxic effect of copper ions is
attributed to oxidative stress, which affects neural tissue cells, which are crucial for
organisms' vitality. A study investigated the effects of copper ions on PARP, NF-kB,
and GFAP expression in Tigris scraper, Capoeta umbla brain tissue. Results showed
that copper ions significantly downregulated GFAP expression after 72 hours of
treatment, and induced changes in -actin levels. The study also found that copper
ions can suppress PARP expression in a time-dependent manner, causing astrogliosis
and DNA damage in the fish brain. The findings suggest that copper sulphate has a
significant effect on astrogliosis and DNA damage in the fish brain (Kirici et al.,
2019).

2.3 Future research perspective

The intricate interplay between oxidative stress, inflammation, and tissue damage
underscores the harmful effects of Cd and Cu NPs on biological systems,
emphasizing the importance of understanding and mitigating their toxic impact.
Moreover, as far as the nanoparticles are concerned, they show much variability in
their chemical as well as toxicological properties, with slight variations in their size,
shape, and structural characteristics. In many respects, the interactions of CdO-NPs
and CuO-NP with cells and tissues are unfortunately still poorly understood.

Whether or not they act similarly to regular metallic forms in a living body is not
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known. It is especially concerning to consider the potential effects of CdO-NPs and
CuO-NPs on the liver, kidney, and brain. Although many studies have been carried
out in vivo and in vitro to trace the deleterious effects and mechanisms of CuO-NPs
and CdO-NPs exposure, it is the need of the hour to understand the toxic mechanisms
of both the chemicals on human health and on the environment. The study on the
mechanisms of toxicity at the cellular and molecular level, which investigates the
effects of CdO-NPs and CuO NPs with size and dose variations, will provide

valuable insights into the toxicological baseline and safe use of these chemicals.
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Chapter 3

Objectives

Based on the literature survey few queries have been raised for the scientific

validation:

Do CdO and CuO cause toxicity at any point to human, animals and

environment?

If they cause toxicity, what may be the lowest dose of their nano-forms that

cause toxicity?

Are there any targeted organs of toxicity? How do they affect the major

organs?

Do they modulate oxidative stress markers, antioxidant status, apoptotic and

inflammatory markers?

Hence, following objectives were postulated to test the above hypotheses-

*0

X/
L X4

o

o

Objective 1

Objective 2

Objective 3

Objective 4

Computational toxicological profiling of CdO and CuO: An in-

silico approach.

Acute oral toxicity of CdO-NPs in Swiss albino mice.

To assess antioxidant status, oxidative stress parameter,
histopathology, and pathways of organ toxicity induced by
cadmium nanoparticles in adult mice.

Evaluation of oxidative stress, antioxidant status, molecular

mechanism and toxicological pathways that governs the organ

specific toxicity in mice intoxicated with copper nanoparticles.
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I. Computational toxicological profiling of CdO and CuO: An in-silico

approach.
4.1 Retrieval of canonical SMILES

The canonical SMILES (Simplified Molecular-Input Line-Entry System) of Copper
(I1) oxide (CuO; compound ID, CID: 14829) and Cadmium (IlI) oxide (CdO;
compound ID, CID: 14782) were retrieved from PubChem
(https://pubchem.ncbi.nlm.nih.gov/) database.

4.2  LDs dose and pathway prediction by using ProTox-I1 online software

ProTox-Il provides us with the information on organ toxicity, toxicity endpoints,
nuclear receptors signaling pathways, stress response pathways, molecular initiating
events and metabolism of a chemical. The software is freely accessible for the users

at http://tox.charite.de/protox_Il (Banerjee et al., 2018). The simple procedure to use

the software is to click on the link that takes us to the homepage of the software.
Then clicking on the TOX PREDICTION dialogue box, paste either PubChem name
or canonical SMILES followed by clicking on the parameters that we would like to
predict and finally on Tox-prediction. The results for the prediction parameters will

appear on the screen.

Prediction of general physical properties such as molecular weight (MW), number of
H-bond acceptor (nHA, optimal range is 0-12), number of H-bond donor (nHD,
optimal range is 0-7), number of atoms (nA), number of bonds (nB), number of
rotatable bonds (nRot, optimal range is 0-11) (Xiong et al., 2021), medium Lethal
dose (LDsp) and toxicity class was predicted using ProTox-11 software.

The ratio of a neutral compound's concentrations in the organic and aqueous phases
of a two-compartment system at equilibrium is known as the octanol-water partition
coefficient P (logP, optimal range is 0 to 3 log mol/L) (Xiong et al., 2021). Most
often, logP, its logarithmic form, is employed (Mannhold et al., 2009). Topological
surface area (TPSA, optimal rage is 0-140 A? based on Veber rule) (Xiong et al.,

2021) is the measurement of total amount of polar atoms' contributions to their
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molecular surface area, which is typically van der Waals, includes oxygen, nitrogen,
and the hydrogen atoms they are linked to (Prasanna and Doerksen, 2009).

Pathway prediction using ProTox-Il for various toxicity pathways and endpoints,
including hepatotoxicity, neurotoxicity, nephrotoxicity, respiratory toxicity,
cardiotoxicity, immunotoxicity, cytotoxicity, carcinogenicity, mutagenicity, and
acute toxicity, BBB-barrier, ecotoxicity, clinical toxicity, nutritional toxicity,
androgen receptor (AR), aromatase, estrogen Receptor Alpha (ER), estrogen
Receptor Ligand Binding Domain (ER-LBD), Peroxisome Proliferator Activated
Receptor gamma (PPAR-Gamma), Nuclear factor (erythroid-derived 2)-like
2/antioxidant responsive element (nrf2/ARE), heat shock factor response element
(HSE), mitochondrial membrane potential (MMP), phosphoprotein (Tumour
Suppressor) p53, thyroid hormone receptor alpha (THRa), thyroid hormone receptor
beta (THRP), acetylcholinesterase (AChE), NADH-quinone oxidoreductase
(NADHOX), voltage gated sodium channel (VGSC), cytochrome CYP1A2,
cytochrome CYP2C19, cytochrome CYP2C9, cytochrome CYP2D6, cytochrome
CYP3A4, cytochrome CYP2EL. These parameters help to predict potentiality of a
drug to induce toxicity at various levels. It also integrates pharmacophores, fragment
propensities, and machine learning models (Tox21). The data used to build the
predictive models comes from both in vivo cases (such as carcinogenicity and
hepatotoxicity) and in vitro experiments (such as Tox21, AMES bacterial mutation,
hepG2 cytotoxicity, and immunotoxicity assays). The predicted results appear as
active (positive) or inactive (negative) with their confidence score for each pathway

and endpoint predictions (Banerjee et al., 2018).
4.3  ADMET profiling using pkCSM online software

pkCSM, a graph-based signature was used to know about the absorption,
distribution, metabolism, excretion, and toxicity (ADMET) properties of CdO and
CuO. The pkCSM is a freely usable software and it was accessed using the
https://biosig.lab.ug.edu.au/pkcsm/prediction (Pires et al., 2015). The canonical

SMILES format was pasted in the input file section and after that clicking on the

predict gave us with a link, which further showed the result of the predictions.
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Water solubility (LogS) represents the solubility of a compound in water at 25°C.
The optimal range in -4 to 0.5 log mol/L which indicated proper water solubility of a
chemical. Caco-2 or human colorectal adenocarcinoma cell lines-2 permeability
value represents absorption efficacy of orally administered drug and the high
permeability is indicated by Papp > 8 x 10° cm/s. Intestinal absorption (human) is
parameters representing human intestinal permeability or absorption of a drug and >
30% are highly absorbed by the intestine. Human skin permeability (log Kp) value >
-2.50 is considered as having low skin permeability. P-glycoprotein (Pgp) substrate is
an ATP-binding transporter that binds to toxins and help them remove out of the
body hence, acting as a biological barrier for any toxin or xenobiotics entering the
body.

Blood brain barrier (BBB) permeability (log BB) is an important parameter that
helps to predict the probability of a drug to cross the BBB and reach the brain.
Prediction of this parameter helps to reduce the side effect of any drug or chemical
hence, helps in neuro-toxicity prediction. The value log BB > 0.3 and log BB< -1 are
considered readily and poorly permeable, respectively. CNS (central nervous system)
permeability (log PS) at the range log PS > -2 in considered to penetrate CNS while,
log PS < -3 are unable to penetrate the CNS. Cytochrome P450 is a crucial
detoxifying enzyme mainly found in liver that oxidizes toxins and facilitates their
excretion. Cytochrome P450 inhibitor, CYP1A2, CYP2C19, CYP2C9, CYP2D6, and
CYP3A4 inhibitor prediction helps to determine the ability of a drug weather it is
going to act as an inhibitor or not. CYP2D6 substrate and CYP3A4 substrate helps to
determine the ability of Cytochrome to metabolize a drug or not. If a drug act as a

substrate to cytochrome P450 then it can be metabolized by the enzyme.

Excretion rate of a chemical is determined by the test parameter total clearance (log
mL/min/kg), which is a combination of hepatic metabolism and excretion via
kidneys. Assessment of total clearance is important to determine the safe dose of any

chemical.

AMES test was performed to predict the probable mutagenicity of the chemicals in

bacteria. The results are shown as yes (positive) or no (negative). Maximum
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recommended tolerable dose (MRTD) provides information on the threshold toxic
dose of a chemical in human. The chemical with MRTD value < 0.477 log
(mg/kg/day) is considered as low tolerance and > 0.477 is considered high tolerance.
Human ether a-a-go gene (hERG 1 and I1l) is a potassium channel encoding gene,
inhibition of which may lead various complicacies such as, QT syndrome (fatal
ventricular arrhythmia). Rat LDs, value in mol/kg and minnow toxicity (LCso) are
predicted to determine the acute toxicity dose. LC50 < 0.5 mM (log LCsy < -0.3) are
regarded as highly acute toxic (Pires et al., 2015).

I1. In vivo study
4.4  Animal ethics

This study was performed in strict accordance with the guiding principles approved
by ARRIVE guidelines (Du Sert et al., 2020) for the care and use of Laboratory
animals. The whole experimental procedure of using animal was approved by the
Institutional Animal Ethical Committee, Mizoram University, Aizawl, Mizoram,
India, bearing Approval No. MZU/IAEC/2021-22/07 dt. September 03, 2021. All the
necessary measures and care were taken during and prior to the experiment to reduce

the suffering and distress of the animals.

45  Test Chemical
45.1 Cadmium oxide nanoparticle (CdO-NPs)

CdO nano powder (size < 50 nm) was commercially purchased from Nanoshel, India
(CAS No: 1306-19-0; Purity 99.9%). The particles were crystalline in structures and

brown colour in appearance.
4.5.2 Copper oxide nanoparticle (CuO-NPs)

CuO-NPs purchased as black powder from Sigma-Aldrich (St. Louis, MO 63103,
USA), product number 544868 and CAS number 1317-38-0. The particles were

crystalline in structures having average particle size range < 50 nm (TEM).

4.6 Characterization of NPs
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Fourier Transform Infra-Red (FTIR) spectrometry was performed using IR Affinity
1s (00703, Shimadzu, Japan) to study about the functional group (Raul et al., 2014),
elements and molecular structure analysis of the compound (Manyasree et al., 2017;
Karthik et al., 2018).

The characterization of the purchased chemical was done to further confirm its
structure, size, shape, purity, and surface morphology. Particle size and shape of the
compound was studied by generating high resolution (HR) images under Field
Emission Transmission Electron Microscopy (FETEM) (Vijayakumar et al., 2022)
(JEOL 2100 F HR, Japan) at 200kV. Selected-area electron diffraction (SAED)
pattern was investigated to find out the physical nature of the particle using TEM

(Balamurugan et al., 2016).

The structure of the test compound was studied using X-ray diffraction (XRD-
Smartlab, Rigaku, Japan) with Cu Ka radiation operating at a wavelength (A) of
1.5406 A, and at a voltage (V) of 40 kV and current (A) 125 mA setting.

4.7  Preparation of test solution

The test solution was prepared by dissolving required amount of the test chemical in
0.9% saline solution. The solution was vigorous sonicated (PCIl Analytics, India,
model: 500F) so as to suspend the test chemical uniformly. Every day prior to the

treatment, the test solution was sonicated for 10-15 minutes.
4.8 Animal maintenance

Swiss albino mice, weighing 25+5 g of the age group 2-3 weeks old and a total of
thirty male and eighty female mice, were collected from the Animal Care and
Housing facility, Mizoram University, Aizawl, Mizoram. The male and female mice
were housed separately, five per cages, in clean and hygienic polypropylene cages
and maintained in the air-conditioned set up at a temperature range of 20 = 2 °C, 50-
70% relative humidity and under a 12-hour dark/12-hour light cycle. The mice were
fed daily at regular interval with a standard commercial mouse pellet feed and ultra-
pure water ad libitum. Cleaning of the cages and housing area, and monitoring of the

heath conditions of mice were performed daily.
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Experiment-1- Acute oral toxicity of CdO-NPs in Swiss albino mice

Acute oral toxicity test was performed in accordance with the guiding principle
described by the OECD 423 guidelines (Acute Oral Toxicity-Acute Toxic Class
Method) (OECD, 2001). The acute toxic class method is a stepwise procedure that
was introduced to reduce the number of animals used in the test and their sufferings.
Test compounds may not necessarily need to be given at dosages that are known to
produce significant suffering and pain because of their corrosive or extremely
irritating properties. Animals who exhibit signs of severe and persistent suffering or
those are morbidly obese must be killed humanely. The test results will be
interpreted similarly for these animals as for those that perished during the test. This
test procedure may be repeated if needed and provides ranking of the test chemical
similar to other Acute toxicity testing guidelines (OECD 420 and OECD 425;
OECD, 2001). The animals were monitored at regular interval for any sign of
discomfort, distress, behavioral changes and mortality after the administration of

single dose of test chemical.
4.9  Dosage selection, experimental groups and LDsg calculation

In compliance with the OECD 423 Guidelines (OECD, 2001), the starting dose was
selected as 5 mg/kg b.w, one of the doses from the four fixed doses (5, 50, 300 and
2000 mg/kg b.w). Prior to the administration of the test compound, all the
experimental animals were fasted for 3-4 hours, during fasting only food was
withheld but not water. Animals were weighed individually and administered with
CdO-NPs orally by using ball tipped oral gavage in accordance to their body weight.
Animals were treated with a single dose of CdO-NPs in different groups having
administered with initial low dose in day 1 and doses were increased sequentially
based upon the observation of previous doses. All the experimental animals were
allocated in five different groups, having both male and female (1:1 ratio), based

upon their mean body weight and were orally treated with the following doses-

Group Dose (p.0., 1 mL/100 g b.w) Male + Female (number; n)

I (Control) Vehicle only 06 + 06
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] CdO-NPs 5 mg/kg b.w 06 + 06
I CdO-NPs 25 mg/kg b.w 06 + 06
v CdO-NPs 50 mg.kg b.w 06 + 06
\/ CdO-NPs 75 mg/kg b.w 06 + 06

After the single dose of oral treatment, the mice were fasted for 2 hours followed by
monitoring of general behavior and any indicators of toxicity continuously for 1
hour, then sporadically for 4 hours, and finally over a period of 24 hours. Mice were
further monitored once a day for a total of 14 days to look for any behavioral
changes, signs of toxicity or/and mortality, and the latency of death. The doses of
CdO-NPs were increased based on the behavioral changes and moribund status of the
subsequent lower doses. The acute oral toxicity for calculating lethal dose 50 (LDsp)
was done using probit analysis (Finney, 1971).

4.10 Sample collection

After the completion of 14™ day, mice were fasted for 3-4 hours and sacrificed after
application of mild anesthesia, 90 mg/kg Ketamine (50-150 mg/kg b.w) and 5 mg/kg
Xylazine (5-10 mg/kg b.w) with a 27G needle IP (Shojaei et al., 2014). Blood
sample (approximately 0.8 to 1.0 mL from each mouse) were collected after
decapitation and a portion of it was immediately mixed with the anticoagulant
(Andjelkovic et al., 2019) and used for the hematological analysis, and another part
of the blood sample were kept undisturbed at room temperature for 20 minutes
allowing it to clot. Later, serum sample were obtained by centrifugation at 3000 x g
for 15 minutes at 4°C and preserved at -20°C for the biochemical analyses. All the
vital orans such as, liver, kidney, brain, heart, lung, spleen, colon, ovaries, uterus and
testis were immediately excised, weighed separately from each individual (both male
and female) and washed 2 times in ice-cold saline buffer (20 mM Tris —HCI, 0.14 M
NaCl buffer, pH 7.4). A part of the tissue samples was fixed in Bouin’s fixative
containing saturated picric acid (75%), formaldehyde (25%) and glacial acetic acid
(5%), and others kept for the estimation of oxidative stress, antioxidant parameters

and inflammatory markers at -20°C.
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4.11 Daily monitoring-clinical signs and symptoms, body weight, food and

water consumption, rectal temperature, and organ indices

Animals were monitored closely just after treatment for 30 mins then for 4 hrs and 6-
8 hrs for any sign or symptom of abnormality. And then, monitoring was done in
every 24 hrs for remaining 14 days. During the period of treatment, from 1% day to
day 14™, body weight (g), food consumption (g), water consumption (mL) and rectal
temperature (°C) of each individual of the groups were measured once daily between
06:00 am to 06:00 pm. Rectal temperature was computed using a greased metallic
thermocouple (2 mm in diameter), connected with a digital probe was inserted about
2 cm depth of the rectum and hold for 1 minutes to get a stable reading. Any sign of
distress, discomfort and behavioral anomaly were observed daily at a regular
interval. All the observed data were immediately documented and stored for further

analyses.
Gain/loss (%) of body weight was calculated using the formula

Final body weight (g) — Initial body weight (g) 100

Initial body weight (g)

Relative organ weight (g/100g) was calculated as

Organ weight (g)

x 100
Body weight (g) ©®)

(Bidanchi et al., 2022).
4.12 Hematological analysis

Blood levels of hemoglobin (Hb) was estimated by acid hematin method using
Sahli’s hemoglobinometer. Total red blood cell (RBC), total white blood cell
(WBC) and packed cell volume (PVC) were computed using hemocytometer (Thrall
and Weiser, 2002). Additionally, RBC related indices such as mean corpuscular
volume (MCV), mean corpuscular hemoglobin concentration (MCHC), and mean
corpuscular hemoglobin (MCH) were calculated by following standard formulas.
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4.13 Serum biochemical analyses

Serum sample stored at -20 °C were used for the analysis of various markers of
hepato-renal functions and lipid profiles. The sample were thawed to the room
temperature and various serological assays were performed both for male and female
separately in triplet. Serum levels of total protein (Gornall et al., 1949), albumin
(Doumas et al., 1971), alkaline phosphatase (ALP, Kind and King, 1954), alanine
amino-transferase (ALT, Reitman and Frankel, 1957), aspartate amino-
transaminase (AST, Reitman and Frankel, 1957), creatinine (Bonsnes and
Taussky, 1945), urea (Berthelot, 1859), uric acid (Yahia, 2019) were estimated
using commercially available kits (Coral Clinical systems, Goa, India) and, total and
direct bilirubin (Garber, 1981) were quantified using diagnostic kit manufactured by
Asritha Diatech India Pvt. Ltd (Euro Diagnostic systems, Chennai, India), according
to the manufacturer protocol. Blood urea nitrogen (BUN), and globulin levels were
computed by using equations [BUN= urea x 0.467] and [total protein (g/dL) -
albumin], respectively. Similarly, ratios of AST and ALT and albumin and globulin
were also measured by diving former by the latter. The above-mentioned parameters
were evaluated to figure out the status of hepato-renal functions in all the treatment
groups in comparison to the control group. Further, the markers of lipid profile such
as triglycerides (Trinder, 1969a), cholesterol (Trinder, 1952), high density
lipoprotein (HDL) cholesterol (Mire and Snow, 1986), were estimated by using
commercial diagnostic kits (Coral Clinical systems, Goa, India), where as low
density lipoprotein (LDL) cholesterol was calculated in accordance to the formula by
Freidewald et al. (1972), where

Triglyceride]

LDL cholesterol = (Total cholesterol) — [ HDL Cholesterol + .

Levels of blood glucose (Trinder, 1969b), calcium ion (Gitelman, 1967), sodium
ion (Maruna, 1957), potassium ion (Teeri and Sesin, 1958) and chloride ion
(Schoenfeld and Lewellen, 1964) were also assessed individually in all the groups
using Coral clinical kits (Coral Clinical systems, Goa, India) following the

manufacturer protocol.
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4.14  Oxidative stress and antioxidant enzyme status

Tissue and cellular level of reactive oxygen species (ROS) generation and oxidative
stress was assessed by detecting the levels of malondialdenyde (MDA) and
antioxidant enzymes status. Biomarkers of oxidative stress was measured in liver,

kidney, brain, colon, testis and ovary of all the groups.
4.14.1 Tissue homogenate preparation

Tissue samples were homogenized in ice cold 1x phosphate buffer saline (PBS)
constituting 137 mM sodium chloride (NaCl), 2.7 mM potassium chloride (KCI), 10
mM sodium phosphate dibasic (Na;HPO,),and 1.8 mM potassium phosphate
monobasic (KH,PO,) dissolved in distilled water to produce 10% homogenate (w/v).

4.14.2 Quantification of protein in the tissue sample

Protein quantification was done by Bradford’s method (Bradford, 1976). The assay
was performed by diluting 1uL of 10% tissue homogenate to 99 pL distilled water,
and then to it 500 pL of Bradford’s reagent was added. The absorbance was recorded
immediately under a UV-VIS spectrophotometer (Eppendorf, BioPhotometer) at 595
nm against a blank containing everything except, additionally, 1 uL of distilled water
instead of a tissue sample. The concentration of protein in the sample was express in

ug.

4.14.3 Measurement of tissue lipid peroxidation (LPO) and malondialdehyde
(MDA) levels

MDA is the end product of LPO at cellular or tissue level, therefore the levels of
LPO is directly proportionate to the concentration of MDA. The presence of MDA
was detected according to the procedure described by Ohkawa et al. (1979). The
basic principle of the method is to allow MDA to react with Thioburbituric acid
(TBA) after precipitating the protein of the sample with Trichloroacetic acid (TCA).
10 % tissue homogenate (in 1 x PBS, w/v) and freshly prepared 15% TCA was
mixed in the ratio of 1:1 and result in the precipitation of the proteins present in the
sample. The mixture was centrifuged at 10,000 x g for 30 minutes and the

supernatant was collected carefully. Then 0.8% TBA was prepared freshly and mixed
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with the supernatant (1:1) and allowed to boil at 95 °C for 25 minutes. The resultant
was allowed to cool to the room temperature and the optical density was read at 532
nm against a blank, devoid protein lysate. MDA concentration was expressed as

nmol/mg of protein.
4.14.4 Glutathione reduced (GSH) assay

GSH was estimated based on a method described earlier by Moron et al. (1979) with
a slight modification. The basic working principle of the assay is that the thiol
reagent [5, 5-dithio-bis-(2-nitrobenzoic acid), DTNB] reacts with GSH to form 5-
thionitrobenzoic acid (TNB) chromophore. The concentration of formation of TNB is
proportionate to the concentration of GSH present in the sample. The assay in brief,
900 pL of 0.2 M NayHPO,, 20 puL of DTNB and 80 pL of 10% tissue homogenate
(w/v) was mixed together and after incubation for 2 minutes, optical density was
measured at 412 nm against the blank and expressed as Unit (U)/mg of protein. The
blank contained everything of the assay mixture except for the tissue homogenate,
which was replaced with the same quantity of distilled water so as to maintain the

homogeneity.
4.14.5 Glutathione-S-Transferase (GST) assay

GST assay was performed by adding 100 puL of 0.1 M phosphate buffer, pH 6.7
(containing 0.1 M dipotassium hydrogen phosphate, K;HPO, and 0.1 M potassium
dihydrogen phosphate, KH,PO,) and 20 pL of 20 mM 1-chloro, 2,4-dinitobenzene
(CDNB) followed by incubation at 37 °C for 10 minutes. After incubation 60 pL of
20 mM GSH and 10 pL of 10% tissue homogenate (w/v) was added and after the
incubation for 5 minutes at room temperature optical density was measured at 340
nm against distilled water serving as the blank. An assay mixture devoid of enzyme
was taken as the assay control (Habig et al., 1974). Concentration of the GST was

expressed as U/mg of protein.
4.14.6 Catalase (CAT) assay
The catalase assay was carried out based on the method and principle described

earlier by Hadwan (2018), a slight modification from the method of Aebi et al.
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(1984). At first, H,O, in the assay mixture was dissociated by CAT, present in the
tissue homogenate (10%, w/v), and it occurred after mixing 10 pL of tissue
homogenate with 100 pL of 10 mM hydrogen peroxide (H.0,), followed by
incubation for 2 minutes at 37 °C. Then the working solution containing 110 mM
cobalt nitrate [Co(NOs3),], 10 mM sodium hexametaphosphate [(Na(POs3)]s; Graham
salt], and 2.14 M sodium bicarbonate (NaHCO3) was added to the assay mixture and
incubated for 10 minutes at room temperature in the dark, which resulted in the
formation of carbonato-cobaltate [Co(CO3)3Co] after the reaction of Co(NO3), with
left-over H,0,. It gave olive green coloured complex, giving clear absorbance peak at
440 nm, which was measured against distilled water, serving as a blank. A standard
devoid of tissue lysate was also prepared to quantify the presence of initial H,O, in

the assay mixture. CAT was expressed as U/ mg of protein.
4.14.7 Superoxide dismutase (SOD) assay

The tissue level of SOD was quantified based on the procedure formulated by
Kakkar et al. (1984). In a nutshell, to 50 pL of 10% tissue homogenate (w/v) 60 pL
of 25 mM sodium pyrophosphate (Na4P,O7) buffer (pH 8.3), 25 uL of 186 uM
phenazine methosulphate (PMS), 75 uL of 300 puM nitroblue tetrazolium (NBT)
were added. The reaction was initiated by adding 50 puL of 760 uM nicotinamide
adenine dinucleotide (NADH), which resulted in the formation of NADH-phenazine
methosulphate-nitroblue tetrazolium complex after incubation at 30 °C for 90 sec.
The reaction was immediately stopped by adding 250 L of acetic acid and 500 pL
of n-butanol to the assay mixture. Then the mixture was centrifuge at 10,000 x g for
10 minutes at room temperature which resulted in the extraction of the coloured
complex by n-butanol. An assay mixture devoid of tissue homogenate was used as
assay control. The colour intensity of the supernatant was measured at 560 nm
against n-butanol serving as a blank. Value of SOD was expressed as U/mg of

protein.
4.15 Histopathological analysis

The tissue sample, pre-fixed in Bouin’s fixative for 24 hours and preserved in 70%

alcohol (v/v) were processed for the histopathological study. Liver, kidney, brain,
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heart, lung, spleen, colon, ovaries, uterus and testis were cut into small sections,
dehydrated with the grades of alcohol, embedded in paraffin block and cut into
sections of 5 um thickness (Leica, RM 2125 RTS, Leica systems, Mumbai, India).
Further, the cut tissue sections were allowed to adhere to the pre-coated microscope
slides, cleared with xylene, dipped in descending grades of alcohol, stained with
hematoxylin solution, followed by counterstaining with eosin solution, and finally
properly dehydrated, cleared with xylene, and mounted with DPX (dibutylphthalate
polystyrene xylene) (Jensen, 2008). All the tissue sections were assessed under a
microscope (Leica DM 2500, Leica Microsystems, Wetzlar, Germany) fitted with a
computerized digital camera (DFC 450C, Leica Microsystems, Wetzlar, Germany)
and compared with the control group to find out the occurrence of any degree of

organ damage in the treatment group.

Experiment-1l To assess antioxidant status, oxidative stress parameter,
histopathology, and pathways of organ toxicity induced by cadmium

nanoparticles in adult mice.
4.16 Experimental design, dosages selection, animal treatment

In this experiment, a total of 24 female Swiss albino mice in the age group of 2-3
months, weighing 25 + 5 g, were allocated into four different groups (n = 6) by
random sampling method. As mentioned earlier, CdO-NPs was prepared in 0.9%
saline solution and sonicated vigorously for proper mixing in the solution. The
animals were administered with the test chemical orally (p. 0.) by a bulb-pointed oral
gavage fitted with a 1 ml syringe. The first group was treated with the saline solution
while the other three groups received different doses of CdO-NPs solution daily for a
period of 30 days. In the previous experiment of acute toxicity test, the LDso dose in
female was calculated to be 58.12 mg/kg hence, the doses lower than LDsy were
selected for the 30 days treatment. The dosage selected for the experiment are

mentioned below-

Group Dose (p.o., 1 mL/100 g b.w) Female (number; n)
I (Control) Vehicle only 06
] CdO-NPs 2 mg/kg b.w 06
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I CdO-NPs 5 mg/kg b.w 06
v CdO-NPs 8 mg/kg b.w 06

Prior to the treatment, all the experimental animals were fasted for 12 hours. During
fasting, food was withdrawn but was provided with sufficient water. The procedure
and guidelines approved by the Institutional Animal Ethical Committee, Mizoram
University, Aizawl, Mizoram, India, were strictly followed during the time of whole

experiment.

4.17 Daily monitoring- body weight, food and water consumption

Body weight of each individual animals were recorded every day before the
treatment. In the similar way every day, the animals were fed with a 100 mL of
ultrapure water and 50 g of food (dry weight). The next day, measurement of the left-
over food and water was recorded to find out the food and water consumption,

respectively, and was expressed as average intake per group.
4.18 Sample collection and organ weight

At the end of the 30™ day, all the animals were fasted for 12 hours followed by
weighing each animal individually and finally anaesthetized with intra-peritoneally
(IP) injection of Ketamine (90 mg/kg b.w)/Xylazine (5 mg/kg bw) mixture (Shojaei
et al., 2014). All the animals were sacrificed by following the IAEC guidelines.
Blood samples were collected by decapitation; a part of it was kept undisturbed at
room temperature and allowed to clot, and the other part was used for the
hematological analysis according to the earlier-mentioned procedure (4.10). Then, all
the samples were centrifuged at 3000 x g for 15 minutes at 4 °C, serum were
collected carefully, labelled and stored at -20 °C for serum biochemical assay.
Immediately after sacrificing the animals, all the organs were excised and washed in
ice-cold saline buffer. Weight of each organs were recorded and later, relative organ
weights were computed based on the earlier mentioned formula. Liver, kidney and

brain tissue were cut into equal parts carefully, a part of it were fixed in Bouin’s
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fixative for histopathological study and the other parts were stored at -20 °C for
western blotting.

4.19 Hematological assay

The various hematological parameters namely, total RBC, total WBC, concentration
of haemoglobin and PCV were measured using the procedure mentioned in earlier
section (4.12). From the above computed values, various other related hematological
parameters (MCV, MCHC and MCH) were calculated.

4.20 Estimation of metal accumulation in tissue

Heavy metal accumulation in liver, kidney and brain (cortex) tissue was estimated by
using atomic absorption spectrometry (AAS). For the analysis, wet digestion of the
tissue sample in nitric acid (HNO3) and H,O, medium was carried out based on the
earlier described method by Jia et al. (2017) with minor modification. Briefly, 100
mg of frozen tissue sample was weight and minced, thawed at room temperature. 500
puL of HNO3 and 500 pL of H,O, was added to the tissue sample. Then, it was boiled
at 80 °C until a clear solution without any trace of tissue sample was achieved. The
solution was again diluted to 3 mL with 30% HNO;. After digestion, the tissue
suspension was stored in properly sealed tubes at 4 °C until analysis in AAS.

4.21 Liver and kidney function test, lipid profiles

The markers related to the liver and kidney functions including ALP, AST, ALT,
total protein, bilirubin (total and direct), aloumin, globulin, urea, uric acid and
creatinine were estimated in the serum sample. Other parameters such as A/G ratio,
AST/ALT ratio and BUN were computed using standard formula. Lipid profiles
parameters including triglyceride, cholesterol, HDL cholesterol and LDL cholesterol,
and blood glucose, Na*, K*, CI" and Ca" ion concentrations were also assessed. All
the tests were performed using commercially available kits according to the
manufacturer protocol as cited in the aforementioned section (4.13).

4.22 Quantification of inflammatory markers

Different biomarkers of inflammatory response were assayed by Enzyme linked

immunosorbent assay in serum sample. Various interleukins (IL) namely IL-1, IL-6
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and IL-10, leukotriene B4 (LTB4), Prostaglandin E2 (PG E2) and additionally
myeloperoxidase (MPO) and total antioxidant capacity (TOAC) were measured
using commercially available ELISA Kkits (Bioassay Technology Laboratory, China)

by following manufacturer instructions.
4.23  Oxidative stress and antioxidant enzyme assay

Levels of antioxidant and oxidative stress biomarkers were evaluated in liver, kidney,
and brain tissues. For the liver and kidney, whole tissue was used, while only the
cortex of the brain was used for the analysis of the markers. Enzymatic antioxidant
assays such as SOD, CAT, and GST and non-enzymatic antioxidant biomarkers that
include GSH and LPO (lipid peroxidation) were assessed using standard protocols as
mentioned in the earlier section (4.14).

4.24  Histopathological study

Histological studies were carried out on liver, kidney and brain (cortex) tissues,
based on the protocol mentioned in the above section (4.15). The paraffin wax
embedded tissue sections were cut into 5 pm thick sections, stained with
hematoxylin-eosin and observed under microscope for any toxicity related tissue

architectural damage.

4.25 Western blotting
4.25.1 Preparation of tissue homogenate

Tissue homogenate was prepared for the protein estimation and western blot analysis
in a sample buffer (lysis buffer) containing 100pL of 100 mM sodium chloride
(NaCl), 10 pL of 10 mM Tris-Hydrochloric acid (Tris HCI; pH 7.6), 10 pL of 1 mM
Ethylenediaminetetraacetic acid (EDTA; pH 8.0), 10uL of 1 mM
Phenylmethylsulfonyl fluoride (PMSF), 10 pL of 1 pg/mL aprotinin and finally the
volume was adjusted to ImL. Then, the tissue samples were thawed to the room
temperature and 10% homogenate (w/v) was prepared in the lysis buffer. The sample

mixture was centrifuged at 10,000 x g for 15 minutes at 4 °C.
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4.25.2 Protein estimation

Protein estimation in the above prepared lysate was done by the Bradford’s method
(Bradford, 1979). The detailed method is described in the previous section.

4.25.3 Quantification of apoptotic, anti-apoptotic and inflammatory response

markers

The protein sample were mixed with SDS gel loading buffer containing 100 mM Tris
HCI1 (pH 6.8), 2% (v/v) B-mercaptoethanol, 4% sodium dodecyl sulfate, 0.02%
Bromophenol blue and 20% Glycerol followed by boiling to denature the protein.
The proteins of equal amount i.e., 50 pg/well was run in 10% SDS-polyacrylamide
gel electrophoresis (PAGE) along with the standard protein marker to separate the
proteins based upon their molecular weight. The current was turned on and voltage
was set at 100 V and allowed to separate the proteins completely. Electrophoresed
gel containing separated protein were transferred to the nitrocellulose (NC)
membrane (0.45 pm; Cat# 1620115, Bio-Rad Laboratories, Germany) by the semi
dry transfer method (Medox-Bio, Mini Semi Dry Blotting, MX-1295-01) for a period
of 20-30 minutes. The membranes were then blocked for any non-specific binding of
antibodies using blocking solution containing 0.05% Tween 20 prepared in 1 x PBS
(PBST) and 10% skimmed milk (Cat# GRM1254, HiMedia Private Ltd. Mumbai,
India) for 1 hour at room temperature. After blocking membranes were applied with
primary antibodies and incubated under humidified chambers for overnight (or at
least 12 hour) at 4 °C followed by washing with PBST in the next morning. Then,
again specific HRP (Horseradish peroxidase) conjugated secondary antibodies were
probed and incubated at room temperature for at least 4 hours. Membranes were
again washed with PBST at room temperature and then Enhanced
chemiluminescence (ECL; Cat# 1705061, BioRad, Hercules, USA) was applied over
it according to the manufacturer’s instructions, and incubated for 5 minutes. The
membranes were kept under X-ray cassette and developed onto X-ray film under the
application of X-ray developer and fixer in a dark room. The developed X-ray films
were analysed quantitatively by volume densitometry using Image] software

(imagej.nih.gov/).
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Separate films were developed with polyclonal B-Tubulin (Cat# E-AB-20070,
Elabscience Biotechnology Inc. USA) for all samples as loading control and all the
targeted antibodies were normalized against it. All the western blots were performed

in triplicates (Annie et al., 2019).
BAX, BCL-2 and Active caspase-3

The membranes, just after blocking were probe with pro-apoptotic markers, a
monoclonal mouse BAX at dilution 1:1000 (23 kDa; Cat# sc-7480, Santa Cruz
Biotechnology, Inc. USA) and a monoclonal mouse active caspase-3 at dilution
1:2000 (17 kDA, Cat# E-AB-22115, Elabscience Biotechnology Inc. USA) and anti-
apoptotic marker, a monoclonal mouse BCL-2 (26 kDa; Cat# sc-7382, Santa Cruz
Biotechnology, Inc. USA) for overnight. The membranes were washed thoroughly in
PBST with constant agitation. The primary BAX, BCL-2 or active caspase-3 binding
was confirmed after probing with HRP-conjugated goat anti-mouse 1gG secondary
antibody (1:4000; Cat# E-AB-1001, Elabscience Biotechnology Inc. USA) for 4
hours and detection with ECL followed by volume densitometric quantification.

NF-kB, TNF-a, IL-6, iNOS, COX-2, P** and PPAR-y

The expression of a monoclonal mouse P*® NF-xB, a pro-inflammatory marker (65
kDa; 1:2000; Cat# E-AB-22066, Elabscience Biotechnology Inc. USA), a pro-
inflammatory cytokine polyclonal rabbit TNF-a (16 kDa; 1:1000; Cat# E-AB-33121,
Elabscience Biotechnology Inc. USA), and other inflammatory response markers
such as polyclonal rabbit IL-6 (23kDa; 1:1000; Cat# BS-0872R, Bioss Antibodies,
USA) and polyclonal rabbit iNOS (130 kDa; 1:1000; Cat# BS-2072R, Bioss
Antibodies, USA) and a tumour suppressor polyclonal rabbit P*® (44 kDa; 1:1000;
Cat# E-AB-32468, Elabscience Biotechnology Inc. USA) and a promoter of
tumourigenesis polyclonal rabbit COX-2 (80 kDa; 1:1000; Cat# E-AB-31012,
Elabscience Biotechnology Inc. USA) and a polyclonal rabbit PPAR-y (57 kDa;
1:1000; Cat# E-AB-32647, Elabscience Biotechnology Inc. USA) were quantified by
probing the blocked membranes in desired antibodies for overnight followed by
washing in PBST and detection by probing conditionally with HRP-conjugated goat
anti-mouse IgG and goat anti-rabbit 1gG secondary antibody (1:4000; Cat# E-AB-
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1001, Elabscience Biotechnology Inc. USA). Finally, volume densitometric

quantification of the ECL developed film was done by using ImageJ software.

Experiment-111  Evaluation of oxidative stress, antioxidant status, molecular
mechanism and toxicological pathways that governs the organ specific toxicity

in mice intoxicated with copper nanoparticles.
4.26 Experimental design and study plan

Twenty-four female Swiss albino mice (2-3 months old, weighing 25 + 5 g) were
randomly distributed into four groups (n = 6) of which, one group was control and
other three were treated with CuO-NPs. The period of experiment was 30 days and
during that period all the animals were treated daily with the test solution orally

(p.0.), according to the plan mentioned below-

Group Dose (p.o., 1 mL/100 g b.w) Female (number; n)
| (Control) Vehicle only 06
] CuO-NPs 1 mg/kg b.w 06
I CuO-NPs 5 mg/kg b.w 06
v CuO-NPs 10 mg/kg b.w 06

All the animals were observed routinely and body weight, food and water
consumption were recorded daily. At the end of the experiment all the animals were
sacrificed by decapitation after the intra peritoneal (IP) application of mild

anesthesia.
4.27  Sample collection, relative organ weight and hematological assay

Blood samples were collected immediately after sacrificing the animals following
decapitation. Hematological parameters were studied immediately following the
procedures mentioned in the earlier sections (4.12). All the organs were immediately
excised, washed in the saline buffer and weights were recorded for the computation
of relative organ weight. Half portion of the organs were fixed in Bouin’s solution

for histological studies and others kept at -20 °C for the AAS analysis, antioxidant
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assay and western blotting. Blood serum was also collected and stored at -20 °C for

further analysis.

4.28 Assessment of metal accumulation by AAS

Accumulation of the Cu metal in the liver, kidney and brain (cortex) was assayed
under AAS. Digestion of 100 mg of tissue sample was performed using HNO3 and
H.0, using the protocol mentioned in the previous section 4.20.

4.29 Serological assays and ELISA

Biomarkers of hepato-renal functions such as ALP, ALT, AST, total protein,
albumin, globulin, urea, creatinine and uric acid were assessed using commercial Kits
according to manufacturer protocol, as mentioned in the above section 4.13.
Additionally, concentration of Ca, K, Na and CI ions were assessed with the help of
ready to use commercial kits (Coral Clinical systems, Goa, India). Cellular
inflammatory markers such as IL-1, IL-6, IL-10, LTB4 and PG E2 and TAOC and

MPO were assessed by using ELISA kits as mentioned earlier (section 4.22).
4.30 Oxidative stress and antioxidant status

In accordance to the afore-mentioned detailed protocols (section 4.14), levels of
antioxidant and oxidative stress biomarkers were evaluated in liver, kidney, and brain
(cortex) tissues. Enzymatic antioxidant assays such as SOD, CAT, and GST and non-
enzymatic antioxidant biomarkers that include GSH and LPO (lipid peroxidation)

were assessed.
4.31 Histology of liver, kidney and brain

Liver, kidney and cortex of brain tissue were prepared for the study of any
architectural changes and toxicity related damages. The histology of tissue was

performed according to the protocol described above (section 4.15).
4.32  Western blotting
Western blotting was performed in 10% tissue homogenate of liver, kidney and brain

(cortex). The antibodies targeting BAX, BCL-2, caspase-3, NF-kB, TNF-a, P,
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COX-2, PPAR-y, IL-6 and iNOS were probed into membranes separately and
detected by using HRP-conjugated secondary antibodies followed by ECL detection
method. The detailed protocol for western blotting analyses is mentioned in the

above section 4.25.
4.33 Statistical analyses

The analysis of all the statistical data were performed in SPSS software (Windows
version 20.0, USA) and presented as the mean + standard error of the mean (SEM).
The results for normality and homogeneity were evaluated by the Kolmogorov and
Smirnoff test and the Levene test, respectively. A One factor analysis of variance
(ANOVA) was performed for the data with a normal distribution for inter-group
comparison. ANOVA was followed by Tukey’s test if it showed significant
difference between the groups. For the variances not showing a normal and
homogenous distribution, a non-parametric test was performed. Probability value
less than 0.05 (p < 0.05) was considered statistically significant. The data showing
significance difference were labelled with different alphabets while the similar

alphabet depicted that the data were not significant.
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I. Computational toxicological profiling of CdO and CuO: An in-silico
approach.

5.1 LDs, dose and pathway prediction using ProTox-11 online software
511 CdO

Prediction of general physical properties of CdO such as, nHA, nHD, nRot, and
TPSA had shown in the safety range however, logP (-0.12 log mol/L) value
representing permeability pattern of biomolecules below the range. LDs in animal
was predicted to be very low (67 mg/kg) with 100% average similarity and
prediction accuracy, and came under the toxicity class 11 (50 < LD50 < 300, toxic if

swallowed).

Pathway prediction using ProTox-Il for various toxicity pathways and endpoints
showed that CdO is active for neurotoxicity (0.52), BBB barrier (0.99), ecotoxicity
(0.77) and Cytochrome CYP2C9 (0.68). It was found to be inactive for other

pathways and toxicity endpoints.

Table 1 General characteristics and LDsg prediction of CdO using ProTox-II online

server.
Parameters Value

Canonical SMILE O=[Cd]

Molecular weight (MW) 128.41

No. H-bond acceptor (nHA) 2

No. H-bond donor (nHD) 0

No. of Atoms (nA) 2

No. of bonds (nB) 1

No. of rotatable bonds (nRot) 0

Topological polar surface area (TPSA) 17.07 A?

Octanol/Water partition coefficient -0.12 log mol/L

(logP)

Predicted LDsq 67 mg/kg

Class Class IlI: toxic if swallowed (50 < LD50
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<300)

Table 2 Target pathway prediction of CdO for various toxicity parameters using
ProTox-1l online server.

Classification Target Prediction Probability
Organ toxicity Hepatotoxicity Inactive 0.97
Neurotoxicity Active 0.52
Nephrotoxicity Inactive 0.80
Respiratory toxicity Inactive 0.80
Cardiotoxicity Inactive 0.98
Toxicity end points | Carcinogenicity Inactive 0.66
Immunotoxicity Inactive 0.99
Mutagenicity Inactive 0.59
Cytotoxicity Inactive 0.79
BBB-barrier Active 0.99
Ecotoxicity Active 0.77
Clinical toxicity Inactive 0.85
Nutritional toxicity Inactive 0.59
Tox21-Nuclear Androgen Receptor
receptor signalling (AR) Inactive
pathways
Aromatase Inactive 0.93
Estrogen Receptor Alpha 0.94
(ER) Inactive
Estrogen Receptor 0.86
Ligand Binding Domain
(ER-LBD) Inactive
Peroxisome Proliferator 0.86
Activated Receptor
Gamma (PPAR-Gamma) Inactive
Tox21-Stress Nuclear factor 0.79
response pathways (erythroid-derived 2)-like Inactive
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2/antioxidant responsive
element (nrf2/ARE)
Heat shock factor 0.79
response element (HSE) Inactive
Mitochondrial 0.95
Membrane Potential
(MMP) Inactive
Phosphoprotein (Tumour 0.89
Suppressor) p53 Inactive
Molecular Thyroid hormone 0.90
Initiating Events receptor alpha (THRa) Inactive
Thyroid hormone 0.78
receptor beta (THRP) Inactive
Acetylcholinesterase 0.97
(AChE) Inactive
NADH-quinone 0.97
oxidoreductase
(NADHOX) Inactive
Voltage gated sodium 0.95
channel (VGSC) Inactive
Metabolism Cytochrome CYP1A2 Inactive 0.96
Cytochrome CYP2C19 Inactive 0.95
Cytochrome CYP2C9 Active 0.68
Cytochrome CYP2D6 Inactive 0.88
Cytochrome CYP3A4 Inactive 0.93
Cytochrome CYP2E1 Inactive 0.94

5.1.2 CuO

Prediction of physical properties of CuO such as, nHA, nHD, nRot, and TPSA had
shown in the safety range however, logP (-0.12 log mol/L) value representing
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permeability pattern of biomolecules below the range. LDsg in animal was predicted

to be 413 mg/kg with 33.33% average similarity and 23% prediction accuracy and
fell under the toxicity class IV (300 < LD50 < 2000, harmful if swallowed).

Similar to CdO, CuO pathway prediction using ProTox-IlI for various toxicity

pathways and endpoints showed that CuO is active for neurotoxicity (0.52), BBB
barrier (0.99), ecotoxicity (0.77) and Cytochrome CYP2C9 (0.68). It was found to be
inactive for other pathways and toxicity endpoints.

Table 3 General characteristics and prediction of LDs, value of CuO using ProTox-11

online server.

Parameters Value
Canonical SMILE O=[Cu]
Molecular weight (MW) 79.55
Number of hydrogen bond acceptors (nHA) 2
Number of hydrogen bond donors (nHD) 0
Number of atoms (nA) 2
Number of bonds (nB) 1
Number of rotatable bonds (nRot) 0
Topological Polar Surface Area (TPSA) 17.07
Octanol/water partition coefficient (logP) -0.12 log mol/L
Predicted LD50 413 mg/kg
Class Class IV: harmful if swallowed (300

<LD50 <2000)

Table 4 Target Pathway Prediction of CuO for various toxicity parameters using

ProTox-Il online server.

Classification Target Prediction Probability
Organ toxicity Hepatotoxicity Inactive 0.97
Neurotoxicity Active 0.52
Nephrotoxicity Inactive 0.80
Respiratory toxicity Inactive 0.80
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Cardiotoxicity Inactive 0.98
Toxicity end points | Carcinogenicity Inactive 0.66
Immunotoxicity Inactive 0.99
Mutagenicity Inactive 0.59
Cytotoxicity Inactive 0.79
BBB-barrier Active 0.99
Ecotoxicity Active 0.77
Clinical toxicity Inactive 0.85
Nutritional toxicity Inactive 0.59
Tox21-Nuclear Androgen Receptor (AR) Inactive 1.00
receptor signalling -
pathways Aromatase Inactive 0.93
Estrogen Receptor Alpha )
Inactive 0.94
(ER)
Estrogen Receptor Ligand )
o ] Inactive 0.86
Binding Domain (ER-LBD)
Peroxisome Proliferator
Activated Receptor Gamma Inactive 0.86
(PPAR-Gamma)
Tox21-Stress Nuclear factor (erythroid-
response pathways derived 2)-like
o ] Inactive 0.79
2/antioxidant responsive
element (nrf2/ARE)
Heat shock factor response )
Inactive 0.79
element (HSE)
Mitochondrial Membrane )
) Inactive 0.95
Potential (MMP)
Phosphoprotein (Tumour )
Inactive 0.89
Suppressor) p53
Molecular Initiating | Thyroid hormone receptor
Events Inactive 0.90

alpha (THRa)
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Thyroid hormone receptor )
Inactive 0.78
beta (THRP)
Acetylcholinesterase )
Inactive 0.97
(AChE)
NADH-quinone
oxidoreductase Inactive 0.97
(NADHOX)
Voltage gated sodium )
Inactive 0.95
channel (VGSC)
Metabolism Cytochrome CYP1A2 Inactive 0.96
Cytochrome CYP2C19 Inactive 0.95
Cytochrome CYP2C9 Active 0.68
Cytochrome CYP2D6 Inactive 0.88
Cytochrome CYP3A4 Inactive 0.93
Cytochrome CYP2E1 Inactive 0.94

5.2 ADMET profiling of CdO and CuO pkCSM online software

52.1 CdO

ADMET profiling of CdO was performed in various parameters to predict its

potential toxicity. Under the property of absorption, water solubility value of 0.43,

Caco?2 value of 1.49 X 10° cm/s, 100% intestinal absorption, and skin permeability

value -2.89 were predicted for CdO. CdO is also predicted as the substrate of P-

glycoprotein. The BBB permeability (log BB) value of -0.070 and CNS permeability

(log PS) value of -2.393 were assessed under the drug distribution property. CdO was
predicted negative all the cytochrome P450 inhibitors (CYP1A2, CYP2C19,
CYP2C9, CYP2D6, and CYP3A4), as well as for the cytochrome P450 substrate
(CYP2D6 and CYP3A4). Total clearance was found to be 0.86 log mL/min/kg,

which is a very low value. Additionally, it was showing negative for AMES test

(mutagenic potential). Maximum tolerated dose in human is 1.22 (log mg/kg/day),
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oral Rat acute toxicity value is 2.22 (mol/kg) and Minnow Toxicity value is 2.23 (log
mM). Further, as per the prediction CdO is not a hERG I and Il inhibitor.

Table 5 ADMET properties of CdO predicted by pkCSM online server.,

Property Model name Predicted
value
Absorption Water solubility (logS) (log mol/L) 0.43
Caco2 permeability (log Papp in 107 L4
cm/s)
Intestinal absorption (% absorbed) 100
Skin permeability (log Kp) -2.89
P-glycoprotein substrate (Yes/No) Yes
Distribution BBB permeability (log BB) -0.07
CNS permeability (log PS) -2.39
Metabolism CYP2D6 substrate (Yes/No) No
CYP3A4 substrate (Yes/No) No
CYP1AZ2 inhibitor (Yes/No) No
CYP2C19 inhibitor (Yes/No) No
CYP2C9 inhibitor (Yes/No) No
CYP2D6 inhibitor (Yes/No) No
CYP3A4 inhibitor (Yes/No) No
Excretion Total clearance (log mL/min/kg) 0.86
Toxicity AMES toxicity (Yes/No) No
Maximum tolerated dose in human
(log mg/kg/day) 1.22
hERG I inhibitor (Yes/No) No
hERG Il inhibitor (Yes/No) No
Oral Rat Acute Toxicity (mol/kg) 2.22
Minnow Toxicity (log mM) 2.23
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522 CuO

To estimate the possible toxicity of CuO, ADMET profiling was carried out in a
number of parameters. CuO was predicted to have the following absorption
properties: 100% intestinal absorption, a skin permeability value of -2.90, a water
solubility value of 0.58, and a Caco2 value of 1.49 X 10 cm/s. It is also anticipated
that CuO serves as P-glycoprotein's substrate. The drug distribution property was
evaluated by the BBB permeability (log BB) value of -0.06 and the CNS
permeability (log PS) value of -2.40. For both the cytochrome P450 substrate
(CYP2D6 and CYP3A4) and all cytochrome P450 inhibitors (CYP1A2, CYP2C19,
CYP2C9, CYP2D6, and CYP3A4), CuO was anticipated to be negative. A low value
of 0.75 log mL/min/kg was found to be the total clearance. The AMES test showed
negative mutagenic potentiality of CuO. The oral rat acute toxicity value is 2.28
(mol/kg), the minnow toxicity value is 2.49 (log mM), and the maximum tolerated
dose in humans is 1.24 (log mg/kg/day). Moreover, CuO is not a hERG | and I

inhibitor according to the prediction.

Table 6 ADMET properties of CuO predicted by pkCSM online server.,

Property Model name Predicted value
Absorption Water solubility (log/mol) 0.58
Caco2 permeability (log Papp in 1.49
10°° cm/s) !
Intestinal absorption (% 100
absorbed)
Skin permeability (log Kp) -2.90
P-glycoprotein substrate
(Yes/No) Yes
Distribution BBB permeability (log BB) -0.06
CNS permeability (log PS) -2.40
Metabolism CYP2D6 substrate (Yes/No) No
CYP3A4 substrate (Yes/No) No
CYP1A2 inhibitor (Yes/No) No
CYP2C19 inhibitor (Yes/No) No
CYP2C9 inhibitor (Yes/No) No
CYP2D6 inhibitor (Yes/No) No
CYP3A4 inhibitor (Yes/No) No
Excretion Total clearance (log mL/min/kg) 0.75
Toxicity AMES toxicity (Yes/No) No
Maximum tolerated dose in 1.24
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human (log mg/kg/day)

hERG I inhibitor (Yes/No) No
hERG I inhibitor (Yes/No) No
Oral Rat Acute Toxicity 5 98
(mol/kg) '
Minnow Toxicity (log mM) 2.49

1. In vivo study
5.3 Characterization of CdO-NPs and CuO-NPs
5.3.1 CdO-NPs

FTIR is a very effective technique that helps to gather information on the functional
group, elements and molecular structure of a compound under study. Figure 1A is a
FTIR image of CdO-NPs, peaks observed at 401.19 cm™, 447.47 cm™, 601.79 cm™,
671.23 cm™, 771.53 cm™, 1381.03 cm™ and 3240.41 cm™. The peak 447.47 cm™
corresponds to stretching vibration of pure Cd-O. Wagging vibration of CdO was
observed at 1381.03 cm™. The broad spectrum at 3240.41 cm™ shows the presence of
O-H stretching vibration. All the functional groups of CdO were recorded between
400 cm™ to 4000 cm™.

XRD analysis has revealed the crystallized structure of CdO-NPs (Figure 1B). The
XRD peaks were observed at 26 values 33.02, 38.32, 55.30, 65.92 and 96.28 were
indexed to miller indices (hkl) at planes (11 1), (200),(220),(311)and (22 2),
respectively that are well matched with the JCPDS (Joint Committee on Powder
Diffraction Standards) card no: 75-0592 for peaks and attributed to JCPDS #:00-005-
0640 for indices.

The FETEM image (Figure 1C) revealed that the CdO-NPs are predominantly
spherical in shape, without any physical contact with each other and the size ranges
from 5-50 nm. Figure 1D is the image showing SAED pattern of the CdO-NPs,
which shows clear concentric rings with intermittent dots. This pattern of SAED

indicates that the particles are crystalline in nature (Venugopal et al., 2017).
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Figure 1 Characterization of CdO-NPs. A- FTIR spectrum; B- XRD pattern; C-

FETEM image showing shape and size range; D- SAED pattern showing concentric
rings with intermittent dots.

5.3.2 CuO-NPs

FTIR spectrum of CuO-NPs is shown in Figure 2A. The peaks were observed at
416.61 cm™, 487.35 cm™, 601.70 cm™ and 771.53 cm™ indicating stretching vibration
of Cu-O (Manyasree et al., 2017).

Figure 2B is showing the XRD peaks and miller indices (hkl) of CuO-NPs.
According to JCPDS data no. 80-1916, the exhibited diffraction peaks at 20 values
32.6, 35.58, 38.80, 48.82, 53.50, 58.42, 61.66, 66.32, 68.18 and 72.44 indexed at (1 1
0,(-111),(2111),(-112),(-202),(020),(202),(-113),(-311)and (220),
respectively
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Figure 2 Characterization of CuO-NPs. A- FTIR spectrum; B- XRD pattern; C-
FETEM image shows spherical shape and size range; D- SAED pattern.

corresponds to different planes of crystalline monoclinic structure of CuO-NPs
(Awwad et al., 2015). The largest peaks were seen at 20 = 35.58 (-1 1 1) and 38.80
(11 1), which again attributed to the crystalline structure of CuO-NPs.

FETEM image of CuO-NPs is represented in Figure 2C. The TEM imaging revealed
that the particles are in nano range (< 50 nm) and spherical in shape. SAED pattern
(Figure 2D) showing concentric rings with many intermittent dots attributing

crystalline nature of CuO-NPs.
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Experiment-1 Acute oral toxicity of CdO-NPs in Swiss albino mice.
5.4  Mortality, clinical signs and symptoms, and LDsg calculation

Any sign of toxicity and changes in behaviour was monitored routinely just after the
treatment. Table 7 and Table 8 listed various parameters observed during the regular
monitoring in different treatment groups of male and female mice, respectively.
Mortality percentage of 33.33% and 66.67% was observed in both male and female at
doses 50 mg/kg bw and 75 mg/kg bw, respectively. Additionally, in females, 16.67%
was seen in the treatment group with 25 mg/kg bw dose. Dose-wise group mortality data
were recoded and used to calculate the LDsq values for both and male and female Swiss
albino mice. Following OECD 423 guidelines and performing probit analysis (SPSS
software, Windows version 20.0, USA) according to Finney (1971), LDs, of 63.82

mg/kg in male and 58.21 mg/kg in female were determined.

Clinical signs and symptoms such as loose stool, paleness of urine, slow somato-motor
activity, diarrhoea, drowsiness, aggressiveness, dyspnea, tremors, and swollen stomach
were observed in male and female animal groups at higher dose. The symptoms were
more prominently seen in the case of females, with few symptoms such as loose stool,
paleness of urine, slow somato-motor activity, appearance of black spots in the stomach
region, aggressiveness, and swollen stomach being visible from the medium dose itself

(25 mg/kg bw) in case of female.

Table 7: Clinical signs and symptoms in male mice after treatment with four different
doses of CdO-NPs.

Clinical Control | CdO-NPs | CdO-NPs | CdO-NPs | CdO-NPs

signs/Wellness | group 5 mg/kg 25 mg/kg | 50 mg/kg 75 mg/kg
parameters

Faecal matter Normal Normal Normal Normal Loose stool

consistency
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Urination and Normal Normal Normal Paleness of | Paleness of
Urine urine urine
appearance
Red tear Normal Normal Normal Normal Normal
(oozing of
blood from
eyes, and
haemorrhage)
Change in skin | Normal Normal Normal Normal Appearance
(Fur loss, spots, of black
colour change, spots on
and infestation) the
stomach
Somato-motor Active Active Active Slow Slow
activity
Ear bleeding Absent Absent Absent Absent Absent
Eye colour No No change | Nochange | No change | No change
change change
Diarrhoea No signs No signs No signs No signs Observed
Coma Absent Absent Absent Absent Absent
Drowsiness Absent Absent Absent Absent Observed
Aggression Normal Normal Normal Aggressive | Aggressive
Dyspnea Absent Absent Absent Absent Observed
Convulsions Absent Absent Absent Tremor Tremor
and tremors observed observed
Salivation Absent Absent Absent Absent Absent
Sedation Absent Absent Absent Absent Absent
Swollen Absent Absent Absent Observed Observed
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stomach
Paralysis Absent Absent Absent Absent Absent
Mortality/ No No No 2 out of 6 4 out of 6
Death mortality | mortality mortality mice dead mice dead
(33.33%) (66.67%)

Table 8: Clinical signs and symptoms in female mice after treatment with four different
doses of CdO-NPs.

Clinical Control | CdO-NPs5 | CdO-NPs CdO-NPs CdO-NPs
signs/Wellness mg/kg 25 mg/kg 50 mg/kg 75 mg/kg
parameters
Faecal matter Normal Normal Normal Normal Loose stool
consistency
Urination and Normal Normal Normal Normal Paleness of
Urine urine
appearance
Red tear Normal Normal Normal Normal Normal
(oozing of
blood and
haemorrhage)
Change in skin Normal Normal Normal Appearance | Appearance
(Fur loss, spots of black of black
and colour spots on the | spots on the
change) stomach stomach
Somato-motor Active Active Slow Slow Slow
activity
Ear bleeding Absent Absent Absent Absent Absent
Eye colour No change | Nochange | Nochange | Nochange | No change
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change
Diarrhoea No signs No signs No signs No sings Observed
Coma Absent Absent Absent Absent Absent
Drowsiness Absent Absent Absent Absent Observed
Aggression Normal Normal Aggressive | Aggressive | Aggressive
Dyspnea Absent Absent Absent Observed Observed
Convulsions Absent Absent Absent Absent Absent
and tremors
Salivation Absent Absent Absent Absent Absent
Sedation Absent Absent Absent Absent Absent
Swollen Absent Absent Observed Observed Observed
stomach
Paralysis Absent Absent Absent Absent Absent
Mortality/ No No 1 out of 6 2 out of 6 4 out of 6
Death mortality mortality mice dead mice dead mice dead
(16.67%) (33.33%) (66.67%)
55 Body weight, food and water consumption, rectal temperature

The mean body weight (Figure 3A and B), food consumption (Figure 3C and D) and
water consumption (Figure 3E and F) in male and female mice were observed to be
decreased in the treatment groups as compared to the control. To be more specific, in
male, dose 5 mg/kg bw didn’t show variation in mean body weight however, in case of
female significant decrease in mean body weight was observed in all the treatment
groups as compared to the control. Elevated levels of rectal temperature were observed
among males and females as compared to the control groups and significant increase
was observed at higher doses (50 mg/kg bw and 75 mg/kg bw) (Figure 3C and D). Food
and water consumption observed during the experimental period were depicting a

decreasing trend in the treatment groups. Further, there were significant differences in
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percentage mean body weight, food and water consumption, and rectal temperature in
male and female mice of different groups as compared to the control groups (Table 9
and 10). Different alphabet in the Figure 3 indicated significant difference at p < 0.05

among the groups.
5.6 Relative organ weight

In the case of male, reduction in relative organ weight of liver, kidney, stomach, colon,
pancreas, testis, and caput and cauda were observed in high dose group as compared to
the control (Table 11). Table 12 represented the relative organ weight of different
organs of female mice. Significant reduction in relative organ weight of liver, kidney,
spleen stomach, colon, ovaries and uterus were observed in case of female mice.
However, no significant changes were observed in brain, heart and pancreas of both

male and female.
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Figure 3 Changes in body weight, food consumption, water consumption and rectal

temperature during the treatment period in different treatment groups. A, C, E and G-

mean body weight, mean food consumption, mean water consumption and rectal
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temperature in male, respectively; B, D, F and G mean body weight, food consumption
and water consumption and rectal temperature in female, respectively. Data are
represented as mean £ SEM (only mean in case of food and water consumption),
statistically significant at p < 0.05. Significance values are indicated with different

alphabets.
5.7 Effects on hematological parameters

Intoxication with single dose of CdO-NPs led to the changes in hematological
parameters in male and female mice of different dose groups (Table 13 and Table 14).
Significant reduction in total counts of RBC and concentration of hemoglobin was
observed in case both male and female mice at higher doses (50 mg/kg bw and 75 mg/kg
bw). Additionally, in comparison to the control groups, percentage of packer cell volume
(PCV) was found to be decreased significantly all the groups of male and female.
Meanwhile, a significant increase in the total WBC counts was seen in the medium dose
to high dose groups of male and female as compared to the control group. Moreover, at
higher doses, RBC indices such as MCV, MCHC and MCH were observed to be higher

as compared to the control.

75



Chapter 5

Resulty

Table 9 Daily observations in male mice were recoded and tabulated as mean = SEM

Daily observations

Treatment Group (mg/kg bw)

Control CdO-NPs 5 CdO-NPs 25 CdO-NPs 50 CdO-NPs 75
mg/kg mg/kg mg/kg mg/kg
Mean body 29.23+0.31a | 28.10%£0.33b 25.70+0.27 c 25.98+0.21¢ 24.35+0.24 d
weight/day (g)
Body weight 1519+0.18a | 13.46+0.12b -7.29+0.11c -9.91+0.22d -12.96+0.21 e
gain/loss (%)
Mean Food 10.11+0.31a | 9.42+0.184a,b 89+0.18b 7.69+0.12¢ 7.1+£0.23c
consumption/day (g)
Food consumption 38.89+0.69a | 2353%+0.22b -1351+£0.14 ¢ -15.15+ 45¢ -27.78 £0.28d
gain/loss (%)
Mean Water 499+0.14a 436+0.10b 3.93+0.12b,c | 3.64+0.12¢c,d 3.25+0.18d
consumption/day (g)
Water consumption | 35.29+0.25a 526+0.18Db -21.05+0.12¢ -31.25+£0.19d | -44.44+0.14¢
gain/loss (%)
Mean rectal 34.67+0.21a 35.37+0.14a 35.79+0.22b 35.91+£0.20b 36.01+£0.27 b
temperature/day (°C)
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Rectal temperature

gain/loss (%)

0.09+0.01a

153+£0.11b

6.17+0.08 c

523+0.1d

7.99+0.15¢

ble 10 Daily observations in female mice were recoded and tabulated as mean + SEM, significant at p < 0.05.

consumption/day

(9)

Daily Treatment Group (mg/kg bw)
observations Control CdO-NPs 5 CdO-NPs 25 CdO-NPs 50 CdO-NPs 75
mg/kg mg/kg mg/kg mg/kg
Mean body 29.75+0.99 a 26.00+0.21b 25.30+0.13b 24.31+£0.20b 24.83+0.30b
weight/day (Q)
Body weight 36+0.24a -2.77+0.11b -4.72+0.14c -8.00+0.14d -11.45+0.21¢€
gain/loss (%)
Mean Food 10.80+£0.27 a 9.40+£0.25b 9.41+0.12b 8.00+£0.22¢ 7.27+£0.33¢C
consumption/day
(9)
Food 32.35+0.24a 34.83+0.50b 11.76 £0.21 ¢ -26.32+0.28 d -42.31+0.19¢
consumption
gain/loss (%)
Mean Water 526+0.13a 4.32+0.07b 412+0.18b 3.76 £0.20 b 3.37+0.27¢c
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Water
consumption

gain/loss (%)

25+0.15a

-10.50 +0.48 b

-38.10+0.12 ¢

-50.00 +0.28 d

-60.00 £ 0.49 ¢

Mean rectal
temperature/day
(°C)

34.20+0.06 a

34.84+£0.08 b

35.96 +£0.13 ¢

35.97+0.20c

36.13+0.24c

Table 11 Relative organ weight of different organs of male mice of five different groups. Data represented as mean + SEM,

significant at p < 0.05.

Relative Treatment Group (mg/kg bw)

Organ weight Control CdO-NPs 5 CdO-NPs 25 CdO-NPs 50 CdO-NPs 75
mg/kg mg/kg mg/kg mg/kg

Liver 530+0.23a 516+£0.19b 495+£0.21b 432+0.17b 4.02+£0.15b
Kidney 1.55+0.12a 1.51+0.02a 1.51+0.03a 1.30+0.02b 1.12+0.01b
Brain 1.55+0.01a 1.52+0.05a 1.48+£0.03 a 1.47+0.04 a 1.45+0.02a
Spleen 045+0.01a 044+0.01a 043+0.01a 042+0.01a 0.37+£0.02b
Stomach 0.72+0.01a 0.70+0.01a 0.64+£0.01b 0.63+£0.01b 0.58+0.01c
Colon 0.96 £0.02 a 0.87+0.01b 0.85+0.01b 0.62+0.01c 0.64+0.01c
Pancreas 0.61+0.01a 0.60+0.01a 0.58+0.01a 0.59+0.01a 0.60+0.01a
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Heart 0.48+0.01a 0.44+0.01a 044+0.01a 043+0.01a 042+0.01a

Lungs 0.98+0.02a 0.95+0.02a 0.84+0.01b 0.77+£0.01c 0.79+0.01c

Testis 0.48£0.02 a 0.47+0.01a 0.43+0.01a 0.40+£0.01b 0.37+£0.01b

Caput and 0.28+0.01a 0.25+0.01a 0.24+£0.01a 0.23+0.01b 0.20+0.01b
Cauda

Seminal 0.54+£0.02a 0.47+0.01b 0.47+0.01b 0.48+0.01a 0.34+0.01c
vesicle

Table 12 Relative organ weights of different organs of female mice of five different groups. Data are represented as mean +

SEM, significant at p < 0.05.

Relative organ

Treatment Group (mg/kg bw)

weight Control CdO-NPs5 | CdO-NPs25 | CdO-NPs50 | CdO-NPs 75
mg/kg bw mg/kg mg/kg mg/kg
Liver 7.64+055a 5.06 £0.64 b 6.15+0.38 a 4.87+044Db 438+0.31b
Kidney 1.08 £0.03 a 098+0.01a 1.10+£0.04 a 0.74+£0.04 b 0.78+£0.02b
Brain 1.60+0.02 a 1.56+0.04 a 1.47+0.03b 1.56 £0.02 a 1.50+0.02b
Spleen 0.58+0.01a 0.44+001b 0.37+0.02c 0.28+0.02d 0.30+0.01d
Stomach 0.94+0.03a 0.73x0.01a 1.05+0.12a 0.69+£0.01b 0.61+£0.02b
Colon 1.98 £0.09 a 1.79+0.14a 1.99+0.07 a 1.12+0.18 Db 1.22+0.08Db
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Pancreas 0.88+0.01a 0.89+0.01a 0.89+0.02a 0.87+0.02a 0.86+0.01a
Heart 0.48+0.01a 0.47+£0.02a 051+001a 0.50+0.02 a 047+001a
Lungs 148+0.02a 0.84+0.04a 0.70+£0.01b 0.77+0.01a 0.63+£0.01b
Ovaries 0.07+0.01a 0.07+0.01a 0.07+0.01a 0.06+0.01b 0.04+0.01c
Uterus 0.69+0.02 a 091+£0.01b 054+001c 0.27+0.01d 0.30+0.01d
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Table 13 Effect of CdO-NPs intoxication led to the changes in different hematological

parameters in male mice. Data are represented as mean = SEM, significant at p < 0.05.

Different alphabets attributes to the significant relationship among the groups.

Hematological | Control CdO-NPs5 | CdO-NPs | CdO-NPs | CdO-NPs
parameters mg/kg 25 mg/kg 50 mg/kg 75 mg/kg
RBC (10°/ul) 12.21 10.02 9.82 8.80 8.01

+091a +0.72a +0.57a +0.64b +0.38b
WBC (10°/pul) 6.06 6.27 8.68 9.12 10.88
+0.61a +0.53a +0.77b +0.29¢ +031c

Hemoglobin 12.53 9.84 10.40 8.68 8.15
(g/dL) +0.88a +0.39b +0.65a +0.31b +045b

PCV (%) 44.50 36.27 35.14 25.64 23.54
+1.06 a +1.00a +0.73 a +0.59b +0.61b

MCV (fL) 36.45 36.20 35.78 29.14 29.39
+0.66 a +0.48a +0.55a +0.84b +0.56b

MCHC (g/dL) 28.16 27.13 29.60 33.85 34.62

+0.68 a +049a +0.34a +0.15b +047b
MCH (pg) 10.26 9.82 10.59 9.86 10.17
+0.25a +0.05a +0.16 b +0.13a +0.194a,b

Table 14 Effect of CdO-NPs intoxication led to the changes in different hematological

parameters in female mice. Data are represented as mean + SEM, significant at p < 0.05.

Different alphabets attributes to the significant relationship among the groups.

Hematological Control CdO-NPs5 | CdO-NPs CdO-NPs CdO-NPs
parameters mg/kg 25 mg/kg 50 mg/kg 75 mg/kg
RBC (10°/ul) 10.81 10.23 8.44 7.12 5.34

+0.68 a +0.8la +0.37a +0.52b +0.57b
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WBC (10°/ul) 6.15 6.39 8.97 8.55 11.12
+0.55a +0.70 a +0.62b | +059a,b | +0.48c

Hemoglobin 11.56 10.29 8.64 8.22 7.14
(g/dL) +0.63 a +057a,b | £041Db,c +0.29¢c +0.35¢

PCV (%) 41.68 36.87 31.92 27.66 21.42
+1.29a +1.37a +1.73b +1.60b +1.58¢

MCV (fL) 38.56 36.04 37.82 38.85 40.11
+0.32a +0.51b +0.64a +04la,c +0.56¢C

MCHC (g/dL) 27.74 27.91 27.07 29.72 33.33
+0.48 a +0.25a +045a +0.28b +0.53 ¢

MCH (pg) 10.69 10.06 10.24 11.54 13.37
+0.28a,b | +037a | +£028ab | +0.19b +0.51 ¢

5.8  Effects on hepatic and renal function biomarkers, lipid profiles and ion

concentration

CdO-NPs intoxication resulted in deterioration of liver and kidney function that were
evident from the analyses performed on blood serum for different liver and kidney
function biomarkers and metabolites. A significant, dose-dependent decrease in serum
total protein, aloumin, globulin and A/G ratio were observed in males and females of
treatment groups as compared to the normal control mice (Figure 4A, B, C and D).
Additionally, the concentration of ALP, AST (Figure 4 E and F), ALT (Figure 5 A and
B), total bilirubin, creatinine, uric acid (Figure 5 C and D) and urea (Figure 5 E and F)
were recorded to be significantly higher in the treatment groups as compared to the
control groups. The levels of BUN (Figure 5 E and F) were significantly higher in
females while insignificant increase was recorded in males, as compared to the normal

control group.

The serum level detection of lipid profiles, serum glucose level and ion concentration in

males and females are represented in Table 15 and Table 16, respectively. Significant
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elevation of total cholesterol and triglycerides were observed in dose-dependent manner
as compared to the control. Moreover, decrease in HDL and increase in LDL levels were
observed in treatment groups. However, there was no significant changes observed in
the blood serum glucose levels. Additionally, detection of various crucial ion
concentration has revealed that there was increase in chloride and potassium ion
concentrations while, decrease concentration of calcium and sodium levels were seen in

the treatment group mice as compared to the control mice.
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Figure 4 Acute exposure to CdO-NPs led to significant effects on serum level

concentration of total protein, aloumin, globulin, A/G ratio, ALP and AST in male and

female mice after 14 days as compared to the control mice. The figure has representation
of A and B- total protein; C and D- Albumin, globulin and A/G ratio; E and F- ALP and
AST, in males and females, respectively, significant at p < 0.05.
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Figure 5 Acute exposure to CdO-NPs led to significant effects on serum level
concentration of ALT, total bilirubin, creatinine, uric acid, urea and BUN in male and
female mice after 14 days as compared to the control mice. The figure has representation
of A and B- ALT; C and D- total bilirubin, creatinine and uric acid; E and F- urea and

BUN, in males and females, respectively, significant at p < 0.05.
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Table 15 Representation of lipid profiles, blood serum glucose level and major ion concentrations in CdO-NPs treatment as

Resulty

well as control group male mice. Data were presented as mean + SEM which were significant at p < 0.05.

Lipid Profiles/

Treatment Group (mg/kg bw)

Blood serum glucose Control CdO-NPs 5 CdO-NPs 25 CdO-NPs 50 CdO-NPs 75
level/ lon mg/kg mg/kg mg/kg mg/kg
concentration
Total Cholesterol 98.99+1.78a | 104.02+1.49a | 11356+1.97b | 135.00+1.57c 149.24 +1.84d
(mg/dL)
Triglycerides 11190+2.17a | 133.33+1.89b | 15425+1.35¢c | 215.07+1.79d 225.39+28le
(mg/dL)
HDL Cholesterol 72.00+1.07a 7097+121a 62.50 £1.03 b 65.67 £1.21b 64.61+1.49b
(mg/dL)
LDL Cholesterol 461+0.87a 6.39+1.02a 1995+1.11b 26.49+1.26 ¢ 39.54 +1.48d
(mg/dL)

Glucose (mg/dL) 7290+ 1.69 a 75.80+1.71a 7058 +1.22 a 73.74+1.18 a 79.83+155a
Calcium (mg/dL) 9.79+0.31a 9.48+0.22a 8.99+0.28a 8.82+0.19a 5.14+£0.09b
Chloride (mmol/L) 11860+ 1.25a | 119.39+154a | 120.73+1.48b | 123.07+1.19c 123.74+1.78 ¢
Sodium (mmol/L) 157.99+1.87a | 15276 +1.49a | 141.70+£1.62b | 128.83+£1.25b 105.12+1.33¢c
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Potassium (mmol/L) 740054 a 8.15+0.62 a 13.66£0.41b 10.02+0.38 a 12.29+£0.89b

Table 16 Representation of lipid profiles, blood serum glucose level and major ion concentrations in CdO-NPs treatment as

well as control group female mice. Data were presented as mean + SEM which were significant at p < 0.05.

Lipid Profiles/ Treatment Group (mg/kg bw)
Blood serum Control CdO-NPs 5 CdO-NPs 25 CdO-NPs 50 CdO-NPs 75
glucose level/ lon mg/kg mg/kg mg/kg mg/kg

concentration

Total Cholesterol 85.11+1.48a 98.54+1.75b 125.02+1.23¢c 139.78 £1.07d | 155.19+1.25¢
(mg/dL)

Triglycerides 98.90+1.98a 11230+ 2.15b 149.80 £ 1.68 ¢ 195.26 +1.97d | 237.14+2.33e
(mg/dL)

HDL Cholesterol 64.25+1.27 a 62.31+1.06 a 60.97 £ 1.00 b 5548 +1.48b 52.19+1.67b
(mg/dL)

LDL Cholesterol 6.12+1.24a 6.48 +1.34a 21.52+1.08b 29.34+2.17c¢C 41.27+1.92d
(mg/dL)

Glucose (mg/dL) 73.12+1.04a 7421+112a 72.67+1.28a 76.45+133a,b| 8278+210b
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Calcium (mg/dL) 8.52+0.58a 8.61+0.49a 7.21+0.32a 6.55+0.14 b 508+0.27b
Chloride (mmol/L) 112.34+1.67a | 11527 +2.17a 113.09+1.56 a 12547 +£1.28b | 129.97+£1.67b
Sodium (mmol/L) 14826 +1.41a | 15056+ 1.20a | 140.87+1.38a,b | 137.00£1.08b | 12240+ 154c
Potassium (mmol/L) 7.58+0.92 a 8.12+0.54 a 797+104a 14.02+£0.33b 16.55+£1.19b
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59  Effects CdO-NPs exposure on oxidative stress biomarker and antioxidant
defence mechanism on liver, kidney, brain, testis, ovary and colon

Intoxication with CdO-NPs in male and female mice in the treatment group showed
changes in the tissue oxidative stress marker i.e., MDA levels. Significant increase in the
concentration of MDA was observed in liver (Figure 6A), kidney (Figure 6B) and brain
(Figure 6C) of the treatment mice as compared to the control mice however, female
mice had shown more prominent effects than the male mice. Further, significant
elevation of MDA level was also noted in testis of male and ovary of female (Figure
6D) mice as well as in colon of the CdO-NPs treated mice.

Assessment of antioxidant enzymes such as GSH, GST, SOD and CAT, revealed poor
antioxidant status in mice intoxicated with CdO-NPs. Significant depletion of GSH,
GST, SOD and CAT were observed in liver, kidney, brain, testis, ovary and colon in the
treatment groups as compared to the normal control group mice (Figure 7 and Figure
8). However, effects were prominently observed in the high dosages of CdO-NPs

intoxicated mice.
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Figure 6 Assessment of oxidative stress biomarker i.e., MDA levels, in five different
organs namely, liver (A), kidney (B), brain (C), testis and ovaries (D), and colon (E) in
male and female mice. All the values are presented as mean + SEM, significant at p <
0.05.
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Figure 7 Assessment of antioxidant enzymes status i.e., GST and GSH, in five
different organs namely, liver (A), kidney (C), brain (E), testis and ovaries (G),
and colon (I) for GST; and also GSH in liver (B), kidney (D), brain (F), testis and
ovaries (H), and colon (J) in male and female mice. All the values are presented as
mean + SEM, significant at p < 0.05.
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Figure 8 Assessment of antioxidant enzymes status i.e., SOD and CAT, in five different
organs namely, liver (A), kidney (C), brain (E), testis and ovaries (G), and colon (I) for
SOD; and also CAT in liver (B), kidney (D), brain (F), testis and ovaries (H), and colon
(J) in male and female mice. All the values are presented as mean = SEM, significant at
p <0.05.
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5.10 Histopathological analyses revealed alteration in tissue architecture

5.10.1 Histopathology of liver

Normal architecture of liver with well-organized structure of central vein (CV),
hepatocytes (Hp), binucleated hepatocyte (BH), hepatic sinusoids (S) were clearly
visible in control mice in both male and female (Figure 9A and I). In case of male,
inflammatory infiltration (—) was evident in 5 mg/kg bw group (Figure 9E) and
inflammatory infiltration with dilated sinusoid (ds) and multinucleated cells (*) were
seen in group treated with 25 mg/kg bw (Figure 9B and F). Further, in groups treated
with 50 mg/kg bw (Figure 9C and G), tissue haemorrhage (Hem), inflammatory
infiltration (—), tissue vacuolization (V), degenerative cells (&) whereas, in addition to
inflammatory infiltration (—), dilated portal veins (dPV) with tissue necrosis (N) were
clearly evident in the histological sections of group treated with 75 mg/kg bw (Figure
9D and H). In case of female mice, congestion of central vein (**), vacuolization (V),
inflammatory infiltration (—), dilated portal vein (dPV), extensive vacuolization (vac)
and apoptotic nuclei (#) were visible in the treatment groups (Figure 91, J, K, L, M, N,
O and P).

5.10.2 Histopathology of kidney

The histological sections of control animals were showing normal structure of
glomerulus (G) with compact organization, proximal convoluted tubule (PT), distal
convoluted tubule (DT), collecting tubule/duct (CT) and normal blood vessels in both
the sexes (Figure 10A and I). Pathological changes such as dilated vessel (dV),
glomerular degeneration with increased glomerular space (#), vascular congestion (vC)
area of haemorrhage (Hem), tubular degeneration (&), tubule with wide lumen space
(tW), fragmentation of tissue (Ft), inflammatory infiltration (—), apoptotic nuclei (Ap),
tubular cast formation (@) were evident in both male and female experimental groups
with severe tissue necrosis (N) were visible in groups 50 mg/kg b.w and 75 mg/kg b.w
of female animals (Figure 10J, K, L, M, N, O and P). Furthermore, prominent changes

in tissue architecture was seen from the low dose itself in case of female mice.
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5.10.3 Histopathology of brain

Pyramidal neurons (Pn) and blood vessels with normal tissue architecture could be seen
in the histological sections of brain in control mice (Figure 11A and 1). The animals
treated with CdO-NPss were found to have cellular vacuolization (V), inflammatory
infiltration (—), darkly stained neurons (@), intracellular vacuolization (Vac), vascular
congestion (vC), cellular apoptosis (Ap), cellular degeneration (#), fragmentation of

tissue (Ft) and necrotic area (N) were clearly visible in male and female of different

groups.

Figure 9 Histopathological alteration in liver tissue of male and female mice after acute
intoxication with CdO-NPs, visible after hematoxylin and eosin staining (H & E). (A)
Control, (B and F) CdO 25 mg/kg, (C and G) CdO 50 mg/kg, (D and H) CdO 75 mg/kg,
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(E) CdO 5 mg/kg represents liver of male mice at 40X resolution and (I) Control (40X),
(J and N) CdO 25 mg/kg (10X and 40X, respectively), (K and O) CdO 50 mg/kg (10X
and 40X, respectively), (L and P) CdO 75 mg/kg (40X), (M) CdO 5 mg/kg (40X).
Resolution at 10X and 40X are shown with scale bar 100 and 50 um, respectively. CV-
central vein; Hp- hepatocytes; S- hepatic sinusoid; BH- binucleated hepatocytes; PV-
portal vein; BD- bile duct; hA- hepatic artery; ds- dilated hepatic sinusoid; V-
vacuolization; vac- extensive vacuolization; dPV- dilated portal vein; — (black arrow)-
inflammatory infiltration; * (star)- multinucleated giant cell; Hem- area of haemorrhage;
&- degenerative cell; N- area of necrosis; # (hash)- apoptotic nuclei; ** (double star)-

congested central vein.

Figure 10 Micrographs showing histopathological alteration in kidney tissue of male

and female mice after acute intoxication with CdO-NPs, visible after hematoxylin and
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eosin staining (H & E). (A) Control (at 10X resolution), (B and F) CdO 25 mg/kg (10X
and 40X, respectively), (C and G) CdO 50 mg/kg kg (10X and 40X, respectively), (D
and H) CdO 75 mg/kg kg (10X and 40X, respectively), (E) CdO 5 mg/kg (10X)
represents kidney tissue of male and (1) Control (10X), (J and N) CdO 25 mg/kg (40X),
(K and O) CdO 50 mg/kg (10X and 40X, respectively), (L and P) CdO 75 mg/kg (10X
and 40X, respectively), (M) CdO 5 mg/kg (40X) kidney tissue of female mice.
Resolution at 10X and 40X are shown with scale bar 100 and 50 um, respectively. G-
glomerulus; PT- proximal convoluted tubule; DT- distal convoluted tubule; CT-
collection tubule; BV- blood vessel; dV- dilated vessel; # (hash)- glomerular
degeneration with increased glomerular space; vC- vascular congestion; Hem- area of
haemorrhage; &- tubular degeneration; tW- tubule with wide lumen space; Ft-

fragmentation of tissue; — (black arrow)- inflammatory infiltration; Ap- apoptotic

nuclei; @- tubular cast formation; N- area of necrosis.
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Figure 11 Micrographs showing histopathological alteration in brain tissue of male and
female mice after acute intoxication with CdO-NPs, visible after hematoxylin and eosin
staining (H & E). (A) Control (40X resolution), (B and F) CdO 25 mg/kg (10X and 40X,
respectively), (C and G) CdO 50 mg/kg kg (40X), (D and H) CdO 75 mg/kg kg (40X),
(E) CdO 5 mg/kg (40X) represents brain tissue of male and (I) Control (10X), (J and N)
CdO 25 mg/kg (40X), (K and O) CdO 50 mg/kg (10X and 40X, respectively), (L and P)
CdO 75 mg/kg (10X and 40X, respectively), (M) CdO 5 mg/kg (40X) brain tissue of
female mice. Resolution at 10X and 40X are shown with scale bar 100 and 50 um,
respectively. Pn- Pyramidal neuronal cell; BV- blood vessel, — (black arrow)-
inflammatory infiltration; @- darkly stained neuron; Vac- intracytoplasmic
vacuolization; V- vacuolization; Ap- cellular apoptosis; N- area of necrosis; Ft-

fragmentation of tissue; # (hash)- cellular degeneration; cV- congested vessel.

5.10.4 Histopathology of testis, ovary and uterine horn

Histopathological study of testis, ovary and uterine horn of control groups revealed
normal tissue architecture (Figure 12A, F and K). The sections of testis showed normal
structure of seminiferous tubule (St), Leydig cells (LC), lumen of seminiferous tubule
(L), and formation of spermatogonia (Sg), primary spermatocyte (pSc), secondary
spermatocyte (sSc), Sp- spermatid (Sp), Sertoli cell (*) and spermatozoa (—). Likewise,
ovary of control group was found with normal formation of primary follicle (Pf),
secondary follicle (Sf) and corpus luteum (CL) and uterine horn with normal
architecture of endometrium (Em), myometrium (Mm), perimetrium Pm), lumen (L),
epithelial cell layer (ECL) and uterine glands (UG) were also evident in control mice.
Testis of the treatment mice were found with wide space in the lumen of seminiferous
tubule (wL), depletion of Leydig cells (dLC), vacuolization (V), tissue haemorrhage
(Hem), decrease in sperm mass (&) in the lumen of the seminiferous tubule,
degeneration of tubule (#), disorganization and depletion of seminiferous tubule by
tubular necrosis (dSt) and disorganized and sloughing of germ layer (@) (Figure 12B,

C, D and E). Normal ovarian tissue architecture was seen in mice treated with 5 mg/kg
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bw and 25 mg/kg bw (Figure 12G and H), except for a small sign of follicular
degeneration in the later. However, high doses of CdO-NPs in mice resulted in several
area of tissue necrosis (**), follicular degeneration (#) and inflammatory infiltration (—)
in the testis tissue (Figure 121 and J). The testis sections of high dose group showed
severe depletion of seminiferous tubules. The sections of uterine horn had
disorganization of endometrium (dEm), area of tissue necrosis (N), tissue haemorrhage
(Hem) and apoptotic cell (Ap) after treatment with the test chemical (Figure 12L, M, N
and O).

5.10.5 Histopathology of heart

Histological sections of heart with normal organization of myocardium (Mc) was seen in
case of normal control in both male and female animals (Figure 13A and F). The
sections of heart of CdO-NPs treated mice were seen with congested vessels (cV),
vacuolization (V), fragmentation of tissue (Ft), minute tissue haemorrhage (&),
inflammatory infiltration (#), wide intercellular space (@) and extensive tissue
haemorrhage (Hem) in male and female of different dose groups (Figure 13B, C, D, E,
G, H, I and J).

5.10.6 Histopathology of lung

Normal organisation of alveolus (AV), blood vessel (BV) and bronchiole (Bc) were
evident in the groups treated with normal saline solution (control) (Figure 14A and F)
however, sign of tissue haemorrhage (Hem), inflammatory infiltration (—), dilated
blood vessel (dBV), congestion of vessel (cV) and depleted bronchiole (dBc) were found
in the differently dosed CdO-NPs treated groups (Figure 14B, C, D, E, G, H, I and J).
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5.10.7 Histopathology of spleen

Histological analyses of spleen tissue from different group of experimental animals
revealed normal architecture of white pulp (wP), red pulp (rP) and germinal centre (Gc)
in case of control mice (Figure 15A and F) whereas, large numbers of megakaryocytes
(Mg), vacuolization (V) in splenic tissue, congestion of tissue (Ct) tissue fragmentation
(Ft) and presence of apoptotic nuclei (Ap) were found in the spleen sections of both

male and female of treatment groups (Figure 15B, C, D, E, G, H, I and J).
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Figure 12 Micrographs showing histopathological alteration in testis, ovary and uterus

of male and female mice after acute intoxication with CdO-NPs, visible after
hematoxylin and eosin staining (H & E). (A) Control (40X), (B) CdO 5 mg/kg (40X),
(C) CdO 25 mg/kg kg (40X), (D) CdO 50 mg/kg kg (40X), (E) CdO 75 mg/kg (40X)
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represents testis tissue of male, St- seminiferous tubule; LC- Leydig cell; Sg-
spermatogonia; pSc- primary spermatocyte; sSc- secondary spermatocyte; Sp-
spermatid; L- lumen of seminiferous tubule; * (star)- Sertoli cell; — (red arrow)-
spermatozoa; V- vacuolization; Hem- haemorrhage; dLC- depletion of Leydig cell; wL-
wider lumen space; &- decrease in sperm mass; # (hash)- degeneration of tubule; dSt-
disorganization and depletion of seminiferous tubule by tubular necrosis; @-
disorganized and sloughing of germ layer. (F) Control (10X), (G) CdO 5 mg/kg (10X),
(H) CdO 25 mg/kg (10X), (I) CdO 50 mg/kg (10X), (J) CdO 75 mg/kg (10X) represent
ovary, Pf- primary follicle; Gf- growing follicle; CL- corpus luteum; &- antrum; Gc-
granulosa cell; Sf- secondary follicle; @- oocyte; ** (double star)- area of necrosis; #
(hash)- follicular degeneration; — (black arrow)- inflammatory infiltration. (K) Control
(10X), (L) CdO 5 mg/kg (4X), (M) CdO 25 mg/kg (4X), (N) CdO 50 mg/kg (10X), (O)
CdO 75 mg/kg (4X) of uterus tissue of female mice, Em- endometrium; Mm-
myometrium; Pm- Perimetrium; L- lumen, ECL- epithelial cell layer; UG- uterine gland;
dEm- disorganization of endometrium; N- area of necrosis; Hem- haemorrhage; Ap-
apoptotic cell. Resolution of testis at 40X are shown with scale bar 50 um whereas,
ovary and uterus at 10X resolution are represented with scale bar 100 um. Uterus at 4X
resolution are shown with 250 pum scale bar.
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Figure 13 Histopathological alteration in heart tissue of male and female mice after
acute intoxication with CdO-NPs, visible after hematoxylin and eosin staining (H & E).
(A) Control (4X), (B) CdO 5 mg/kg (10X), (C) CdO 25 mg/kg kg (10X), (D) CdO 50
mg/kg kg (10X), (E) CdO 75 mg/kg (10X) represents heart tissue of male, and (F)
Control (10X), (G) CdO 5 mg/kg (10X), (H) CdO 25 mg/kg (10X), (I) CdO 50 mg/kg
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(10X), (J) CdO 75 mg/kg (10X) represent heart tissue of female mice. Resolution at 4X
and 10X are shown with scale bar 200 and 50 um, respectively. Mc- myocardium; BV-
blood vessel; cV- congested vessel; V- vacuolization; Ft- fragmentation of tissue; &-
minute tissue haemorrhage; # (hash)- inflammatory infiltration; @- wide intercellular

space; Hem- extensive tissue haemorrhage.
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Figure 14 Changes in the tissue architecture of lung in male and female mice were
evident after histopathological analyses using hematoxylin and eosin staining (H & E).
(A) Control (10X), (B) CdO 5 mg/kg (10X), (C) CdO 25 mg/kg kg (10X), (D) CdO 50
mg/kg kg (10X), (E) CdO 75 mg/kg (10X) represents lung tissue of male, and (F)
Control (10X), (G) CdO 5 mg/kg (10X), (H) CdO 25 mg/kg (10X), (I) CdO 50 mg/kg
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(10X), (J) CdO 75 mg/kg (10X) represent lung tissue of female mice. Resolution at 10X
are shown with scale bar 100 pm. Av- alveolus; BV- blood vessel; Bc- bronchiole;
Hem- haemorrhage; — (black arrow)- inflammatory infiltration; dBV- dilated blood

vessel; cV- congested vessel; dBc- depleted bronchiole.
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Figure 15 Changes in the tissue architecture of spleen in male and female mice were
evident after histopathological analyses using hematoxylin and eosin staining (H & E).
(A) Control (10X), (B) CdO 5 mg/kg (40X), (C) CdO 25 mg/kg kg (40X), (D) CdO 50
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mg/kg kg (40X), (E) CdO 75 mg/kg (40X) represents spleen tissue of male, and (F)
Control (10X), (G) CdO 5 mg/kg (40X), (H) CdO 25 mg/kg (40X), (I) CdO 50 mg/kg
(40X), (J) CdO 75 mg/kg (10X) represent spleen tissue of female mice. Resolution at
10X and 40X are shown with scale bar 200 pum and 50 pum. wP- white pulp; rP- red pulp;
Gc- germinal centre; Mg- megakaryocytes; V- vacuolization; Ct- congestion of tissue;
Ft- fragmentation of tissue; Ap- apoptotic nuclei.

Experiment-1l To assess antioxidant status, oxidative stress parameter,
histopathology, and pathways of organ toxicity induced by cadmium nanoparticles

in adult mice.

CdO-NPs intoxication effects on body weight, daily food and water consumption

After 30 days of CdO-NPs administration, significant decrease in the mean body weight
of mice were observed in a dose-dependent manner in all the treatment groups as
compared to the normal control group (Figure 16A). The pattern of feeding and water
consumptions were also showing significant decrease among the control and treated
groups (Figure 16B and C). The loss/gain percentage of mean body weight, food and
consumption are tabulated in Table 17, which shows significant gain of mean body
weight, food and water consumption in control group and loss of the same in the
treatment groups.

5.11 CdO-NPs intake impacts upon the organ weight and relative organ weight
CdO-NPs intake had prevailing impact upon the organ weights of the treated female
mice. The measurement of organ weights and calculation of relative organ weight is
shown in Table 18. The significant effect of the test compound was observed in liver,
kidney, spleen, colon, lung, ovary and uterus however, effects on the relative weights of

brain, stomach, pancreas and heart were insignificant.
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Figure 16 Graphs depicting the changes in mean body weight, food and water
consumption, and variation in different hematological parameters in the CdO-NPs
treated mice as compared to the control group. (A) mean body weight; (B) mean food
consumption; (C) mean water consumption; (D) RBC counts and hemoglobin
concentration; (E) WBC counts and MCH; (F) PCV, MCV and MCHC. The data are
represented as mean £ SEM, one-way ANOVA was performed to compare the values

among the groups and different alphabets show significant relationship at p < 0.05.
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Table 17 Routine observation of mean body weight, food and water consumption and loss/gain in weight, food and water

consumption for the 30 days of experimental period are represented in table as mean + SEM, significant at p < 0.05.

Daily Observation Treatment group (mg/kg bw/day) and exposure period (30 days, p.o.)
(Mean body weight/Food Control CdO-NPs 2 mg/kg CdO-NPs 5 mg/kg CdO-NPs 8 mg/kg
and water consumption)

Mean body weight/day 28.38+0.45a 22.68 £0.33b 20.79+£0.26 c 17.93+0.31d
(9)
Mean gain/loss in body 33.33+£0.72a -16.07 £0.57 b -21+0.29¢ -26.98 £0.42d
weight (%)
Mean food 8.37+0.21a 430+0.20b 421+035b 3.16+0.26 ¢
consumption/day (g)
Mean gain/loss in food 556 £0.27 a -59.52+0.41b -63.67+0.35¢ -78.26 £0.24d
consumption (%)
Mean water consumption 433+0.10a 2.16+0.13Db 2.00£0.13 Db, c 1.66+£0.14¢c
(ml)
Mean gain/loss in water 17.65+0.82a -61.90+0.51b -73.91+043¢c -72.22+£0.33¢C
consumption (%)
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5.12  Effects on hematological parameters

Analysis of hematological parameters on all the experimental as well as control
group had revealed major effects of CdO-NPs intoxication in female mice. Depletion
of total RBCs count and hemoglobin concentration (Figure 16D) whereas, increase
in total WBCs count (Figure 16E) were seen in the treatment groups that were more
significantly variable in the high dose groups as compared to the control mice. RBC
indices, MCH (Figure 16E), MCV and MCHC were showing an increasing trend
from control to the high dose group with significant difference only between control
and high dose group, however, PCV had decreased significantly among control and
the treated groups (Figure 16F).

Table 18 Routine observation of relative organ weight for the 30 days of
experimental period are represented in table as mean = SEM, one-way ANOVA was
performed to compare the value among the groups and different alphabets show

significant relationship at p < 0.05.

Organ Treatment Group (mg/kg bw/day) and exposure period (30 days,
(Relative p.o.)
organ Control CdO-NPs 2 CdO-NPs 5 CdO-NPs 8
weight) mg/kg mg/kg mg/kg
Liver 582+0.15a 570+£0.11a | 428+0.20b 441+£0.14b
Kidney 1.35+0.02a 1.32+0.05a | 1.33+0.01a 1.17 £0.01b
Brain 2.58 +0.07 a 257+0.02a | 248+0.02a | 255+0.03a
Spleen 0.86+0.024a,b 0.88+0.05a | 0.72+0.01b | 0.74+£0.03b
Stomach 1.14+0.05a 1.12+0.01a | 1.18+0.02a 1.15+0.04 a
Colon 1.14+0.02a 1.09+0.02b | 1.04+0.03b 1.12+0.01b
Pancreas 0.74+0.02a 076 £0.02a | 0.59+0.01b | 0.69+0.01la
Heart 0.62+0.02a 0.59+0.02a | 0.60+0.01a 0.63+0.02a
Lungs 2.10+0.08 a 1.80+0.15a | 1.22+£0.08b 1.25+0.05b
Ovaries 0.09+0.01la 0.09+0.0la | 0.06+0.01b | 0.06+0.01b
Uterus 0.30+0.01a 0.28+0.0l1a | 0.16+0.01b 0.16£0.01Db
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5.13 Cadmium concentration increased in major organs with regular

exposure

Significant increase in the quantity of cadmium heavy metal was observed in liver,
kidney and brain tissues of treatment groups as compare to the normal control mice
(Table 19). Additionally, results also displayed that the accumulation was highest in

liver followed by kidney and less in case of brain tissue.

Table 19 Accumulation of Cadmium metal in target organ was analysed using AAS

and are represented as mean + SEM, significant at p < 0.05.

Accumulation | Treatment group (mg/kg bw /day) and exposure period (30
of cadmium days, p.o.)
(Ppm)
Control CdO-NPs 2 CdO-NPs5 | CdO-NPs 8
mg/kg mg/kg mg/kg
Liver 0.002 0.095 0.289 0.628
+0.02a +0.074a,b +0.05b +0.07¢c
Kidney 0.005 0.097 0.184 0.417
+0.02a +0.05a,b +0.02b +0.04c
Brain 0.001 0.049 0.066 0.109
+0.00a +0.0la +0.02b +0.01c

5.14 Effect on liver and kidney function, and degradation of lipid profiles

Significant depletion of total protein, aloumin, globulin (Figure 17A and B) and
significant increase in A/G ratio, total and direct bilirubin (Figure 17C and D) were
observed in all the treated groups as compared to the normal control mice. Further,
increase in the concentration of different kidney function biomarkers such as
creatinine, uric acid, urea and blood urea nitrogen were observed in the treatment
groups (Figure 17C, D and E). Significant increase in ALP (Figure 17F) was seen
in all the treatment group whereas, AST and ALT (Figure 17G and H)
concentrations were seen to be significantly elevated in in the high dose groups as
compared to the control group.
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Deterioration in the lipid profile was noted after the treatment with CdO-NPs and it
was evident from the significant increase in the levels of total cholesterol,
triglycerides, LDL cholesterol and decrease the concentration of HDL cholesterol in
the blood serum of CdO-NPs intoxicated mice (Table 20). Further, significant
decrease in the concentration of calcium, chloride, and potassium whereas, decrease
in the level of sodium was observed in the treatment groups as compared to the

normal control. However, no change was seen the serum glucose level.
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Figure 17 Graphs depicting the liver and kidney functions biomarkers. (A) total
protein; (B) albumin and globulin; (C) A/G ratio, total bilirubin and creatinine; (D)
direct bilirubin and uric acid; (E) urea and blood urea nitrogen; (F) ALP; (G) AST;
(H) ALT. The data are represented as mean + SEM, one-way ANOVA was
performed to compare the values among the groups and different alphabets show

significant relationship at p < 0.05.
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Resulty

Table 20 Effect of CdO-NPs in lipid profiles of female mice after 30 days of

treatment. All the data are represented as mean + SEM, one-way ANOVA was

performed to compare the values among the groups and different alphabets show

significant relationship at p < 0.05.

Lipid Profiles | Treatment group (mg/kg bw /day) and exposure period (30 days,
p.0.)
Control CdO-NPs 2 CdO-NPs 5 CdO-NPs 8
mg/kg mg/kg mg/kg
Total 68.87 73.85 97.51 95.23
Cholesterol +1.33a +1.14Db +117c +1.23¢c
(mg/dL)

Triglycerides 108.43 122.89 123.59 119.81
(mg/dL) +1.64a +1.11b +1.29b +141b
HDL 13.90 10.04 8.60 9.50
Cholesterol +0.44a +0.58b +081b +054Db

(mg/dL)
LDL 33.29 39.24 63.80 61.58
Cholesterol +1.15a +1.08b +1.22c +101c
(mg/dL)
Glucose 88.35 85.33 82.09 83.30
(mg/dL) +091a +135a +0.86 a +1.06a
Calcium 10.05 9.20 9.39 8.30
(mg/dL) +0.53 a +0.75a +0.48a +0.72b
Chloride 186.95 173.91 177.39 169.13
(mmol/L) +12la +1.34Db,c +1.14Db +2.08¢c
Sodium 107.55 105.41 123.15 148.36
(mmol/L) +191a +2.67a +1.72Db +248¢c
Potassium 10.48 8.08 7.01 7.45
(mmol/L) +0.38 a +£0.19b +0.12¢c +£0.21Db,c
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5.15 Impact of CdO-NPs intake on inflammatory response system

CdO-NPs promoted inflammation, which is evidenced by a significant increase in the
serum is pro-inflammatory markers, including IL-1, IL-6, LTB4, prostaglandin E-2,
FAD, MPO and a significant decrease in the anti-inflammatory marker, IL-10, and
TAOC compared to the control group (Table 21).

Table 21 Impact of CdO-NPs intake on inflammatory response system of female
mice after 30 days of treatment. All the data are represented as mean = SEM, one-
way ANOVA was performed to compare the values among the groups and different

alphabets show significant relationship at p < 0.05.

Inflammatory | Treatment group (mg/kg bw / day) and exposure period (30
markers days, p. 0.)
Control CdO-NPs 2 CdO-NPs 5 CdO-NPs 8

mg/kg mg/kg mg/kg
FAD (ng/L) 142.26 195.45 245.65 287.12
+233a +251b +1.85¢ +1.62d

IL-10 (pg/ml) 16.91 13.7 11.45 6.93
+112a +135a,b +1.22b,c +1.26¢C

IL-6 (ng/L) 1.01 1.87 2.01 3.10
+0.23a +0.14b +0.19b +0.21c

MPO (ng/ml) 1.35 3.85 4.05 473
+0.36 a +0.17b +0.24b +041b

IL-1 (pg/ml) 15.09 18.17 32.41 37.07
+12la +154a +148D +1.27Db

Prostaglandin 0.09 0.46 0.48 0.96
E-2 (ng/ml) +0.02a +0.04b +£0.02b +0.03¢

Leukotriene 1.45 2.98 3.38 5.20
B4 (ng/ml) +0.21a +0.56 b +0.34b +0.15¢

TAOC (U/ml) 6.50 4.68 4.20 2.80
+0.33a +0.25b +£0.19b +045¢
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516 CdO-NPs promoted oxidative stress and depleted the antioxidant

enzymes

Administration of CdO-NPs for 30 days in female mice induced significant level of
oxidative stress in liver (Figure 18A), kidney (Figure 18B) and brain (Figure 18C)
tissue which was validated by significant increase in the concentration of tissue level

malondialdehyde (MDA) in CdO-NPs treated animals as compared to the control
group.

The enzymatic anti-oxidant, SOD (Figure 19A, C and E), CAT (Figure 19B, D and
F), GST (Figure 18D, E and F in liver, kidney and brain, respectively) and non-
enzymatic anti-oxidant, GSH reserve was significantly depleted in liver, kidney and
brain tissues after CdO-NPs intake in all the treated groups as compared to the

normal control female mice after 30 days of intoxication.
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Figure 18 CdO-NPs intake promoted oxidative stress, (A) MDA in liver; (B) MDA
in kidney; (C) MDA in brain; and led to the depletion of antioxidant enzymes GST
and non-enzymatic antioxidant i.e., GSH in (D) & (G) liver; (E) & (H) kidney and
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(F) & (1) brain, respectively. The data are represented as mean + SEM, one-way
ANOVA was performed to compare the values among the groups and different

alphabets show significant relationship at p < 0.05.
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Figure 19 CdO-NPs administration resulted in the depletion of enzymatic
antioxidants SOD in (A) liver, (C) kidney and (E) brain; and CAT in (B) liver, (D)
kidney and (F) brain, respectively. The data are represented as mean + SEM, one-
way ANOVA was performed to compare the values among the groups and different

alphabets show significant relationship at p < 0.05.
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5.17 CdO-NPs intake induce histopathological alteration

5.18.1 Histopathological changes in liver

Normal hepatocytes (Hp), portal vein (PV), central vein (CV), bile duct (BD) and
hepatic sinusoids (S) were seen in the control mice (Figure 20A and E). The
treatment of CdO-NPs led to the alteration of hepatic tissue architecture, which was
evident from the appearance of portal vein congestion (cPV), cellular vacuolization
(V) and formation of apoptotic nuclei (#) in the group treated with 2 mg/kg bw
(Figure 20B and F). In addition to the cellular vacuolization, the medium dosed
group showed dilation of portal vein (dPV), dilation of sinusoid (ds), a few
inflammatory infiltration (—) and cellular degeneration (&) (Figure 20C and G).
Intoxication of CdO-NPs at a dose of 8 mg/kg bw (for 30 days) had resulted in
severe tissue necrosis (N) with marked inflammatory infiltration, dilation of sinusoid

at various point and vacuolization (Figure 20D and H).

5.18.2 Alteration of tissue architecture of kidney

Kidney tissue sections of CdO-NPs treated animals outlined glomerular degeneration
with increase glomerular space (#), dilation of renal blood vessels (dV), vascular
congestion (vC), cellular vacuolization (V), area of haemorrhage (Hem), tubular
degeneration (&), renal tubule with wide luminal space (tW), tissue fragmentation
(Ft), inflammatory infiltration (—), apoptotic nuclei (Ap) and area of necrosis (N)
(Figure 21B, C, D, F, G and H) whereas, control mice exhibited balanced structure
of renal cortex (C), medulla (M), glomerulus (G), proximal convoluted tubule (PT),
distal convoluted tubule (DT), collection tubule (CT), blood vessel (BV) and
Bowman’s capsule (BC) (Figure 21A and E).

5.18.3 Impact on the brain tissue architecture

Histological sections of brain tissue showed normal pyramidal neuronal cell (Pn) and
blood vessels (BV) with compact tissue organization in control mice after 30 days of
treatment with normal saline solution (Figure 22A and E). However, CdO-NPs
treatment led to the inflammatory infiltration (—), appearance of darkly stained

neuron (@), intracytoplasmic vacuolization (Vac), cellular vacuolization (V), cellular
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apoptosis (Ap, tissue necrosis (N), fragmentation of tissue (Ft), cellular degeneration
(#) and congested vessel (cV) in the differently dosed groups of animals. The degree
of histopathological alterations was more severe at the higher doses (Figure 22C, G
and D, H). However, fragmentation of tissue and intracytoplasmic vacuolization

(vac) were seen at the dose of 2 mg/kg bw (Figure 22B and F).

Figure 20 Changes in tissue architecture of liver tissue after CdO-NPs intoxication
in female mice for 30 days, visible after hematoxylin and eosin staining (H & E). A,
B, C, D at 10X, and E, F, G, H at 40X resolution with scale bar 100 pm and 50 pm,
respectively. (A and E) Control, (B and F) CdO-NPs 2 mg/kg, (C and G) CdO-NPs 5
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mg/kg, (D and H) CdO-NPs 8 mg/kg. CV- congested vein; Hp- hepatocytes; S-
hepatic sinusoid; BH- binucleated hepatocytes; PV- portal vein; BD- bile duct; ds-
dilated hepatic sinusoid; V- vacuolization; vac- extensive vacuolization; dPV- dilated
portal vein; — (black arrow)- inflammatory infiltration; &- degenerative cell; N- area

of necrosis; # (hash)- apoptotic nuclei; cPV- congested portal vein.

Figure 21 Histological illustration of tissue damages in kidney after CdO-NPs intake
in female mice for 30 days, visible after hematoxylin and eosin staining (H & E). A,
B, C, D at 10X, and E, F, G, H at 40X resolution with scale bar 100 pm and 50 pm,
respectively. (A and E) Control, (B and F) CdO-NPs 2 mg/kg, (C and G) CdO-NPs 5
mg/kg, (D and H) CdO-NPs 8 mg/kg. C- cortex; M- medulla; G- glomerulus; PT-
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proximal convoluted tubule; DT- distal convoluted tubule; CT- collection tubule;
BV- blood vessel; BC- Bowman’s capsule; dV- dilated vessel; # (hash)- glomerular
degeneration with increased glomerular space; vC- vascular congestion; V-
vacuolization; Hem- area of haemorrhage; &- tubular degeneration; tW- tubule with
widened space; Ft- fragmentation of tissue; — (black arrow)- inflammatory

infiltration; Ap- apoptotic nuclei; N- area of necrosis.

Figure 22 Micrographs of brain tissue showing effects of CdO-NPs intoxication in
female mice, visible after hematoxylin and eosin staining (H & E). A, B, C, D at
10X, and E, F, G, H at 40X resolution with scale bar 100 um and 50 pm,
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respectively. (A and E) Control, (B and F) CdO-NPs 2 mg/kg, (C and G) CdO-NPs 5
mg/kg, (D and H) CdO-NPs 8 mg/kg. Pn- Pyramidal neuronal cell; BV- blood
vessel; — (black arrow)- inflammatory infiltration; @- darkly stained neuron; Vac-
intracytoplasmic vacuolization; V- vacuolization; Ap- cellular apoptosis; N- area of
necrosis; Ft- fragmentation of tissue; # (hash)- cellular degeneration; cV- congested

vessel.

5.18 Expression pattern of pro-apoptotic, anti-apoptotic, inflammatory
markers and tumour suppressor protein in liver, kidney and brain tissues after
CdO-NPs intoxication

Expression patterns of apoptotic and anti-apoptotic markers, different inflammatory
markers and tumour related protein were changed dramatically in liver, kidney and
brain tissues after CdO-NPs treatment. More specifically, the expression levels of
pro-apoptotic markers such as BAX (Figure 23A, C and E) and active caspace-3
(Figure 24A, C and E) had increased significantly whereas, there was a significant
decline in the expression of anti-apoptotic marker, BCL-2 (Figure 23A, C and E) as
compared to the control group.

Furthermore, CdO-NPs intoxication had significantly elevated the expression of
inflammatory markers including COX-2 (Figure 24B, D and F), TNF-a (Figure
26A, C and E), NF-xB (Figure 26B, D and F), IL-6 (Figure 25A, C and E)and
INOS (Figure 25B, D and F)in the liver, kidney and brain tissues as compared to the
normal mice, indicating its drastic effect upon the inflammatory response system.
Additionally, analysis of tumour suppressor protein P*® (Figure 27A, C and E)
revealed that CdO-NPs intoxication led to rise in its expression indicating possible
role in the development of cancer. Moreover, liver, kidney and brain tissues had
shown a significant decline in the expression of PPAR-y in treatment mice as

compared to the control group (Figure 27B, D and F).
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Figure 23 CdO-NPs triggers the expression of pro-apoptotic marker, BAX and

depletion of anti-apoptotic marker, BCL-2 in treatment mice. The bar graph signifies

densitometric analysis of BAX and BCL-2 in liver (A and B, respectively), kidney

(C and D, respectively) and brain tissues (E and F, respectively) (mean +

significant at p < 0.05).
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Figure 24 CdO-NPs triggers the expression of pro-apoptotic marker, active cascape-

3 and inflammatory marker, COX-2 in treatment mice. The bar graph signifies

densitometric analysis of active caspace-3 and COX-2 in liver (A and B,

respectively), kidney (C and D, respectively and brain tissues (E and F, respectively)

(mean £ SEM, significant at p < 0.05).
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Figure 25 CdO-NPs triggers the expression of inflammatory marker, IL-6 and iNOS
in treatment mice. The bar graph signifies densitometric analysis of IL-6 and iINOS
in liver (A and B, respectively), kidney (C and D, respectively and brain tissues (E

and F, respectively) (mean £ SEM, significant at p < 0.05).
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Figure 26 CdO-NPs triggers the expression of inflammatory marker, TNF-a and NF-
kB in treatment mice. The bar graph signifies densitometric analysis of TNF-o and
NF-xB in liver (A and B, respectively), kidney (C and D, respectively and brain
tissues (E and F, respectively) (mean = SEM, significant at p < 0.05).
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Figure 27 CdO-NPs triggers the expression of tumour suppressor, P>, and PPAR-y

in treatment mice. The bar graph signifies densitometric analysis of P>* and PPAR-y

in liver (A and B, respectively), kidney (C and D, respectively and brain tissues (E

and F, respectively) (mean £ SEM, significant at p < 0.05).
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Experiment-111  Evaluation of oxidative stress, antioxidant status, molecular
mechanism and toxicological pathways that governs the organ specific toxicity

in mice intoxicated with copper nanoparticles
5.19 Effect on body weight, food and water consumption and organ indices

CuO-NPs intoxication had impact upon the body weight and feeding pattern (Figure
28) in female mice. A significant decrease in body weight, food and water
consumption were recorded during the period of experiment in treatment groups as
compared to the normal control. In normal control group, an increasing trend of body
weight, rate of food and water consumptions were observed from day 1 to day 30
whereas, in treated groups same were showing a decreasing trend. There was a
significant loss of body weight, food and water consumption from initial to the final

day of the experiment (Table 22).
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Figure 28 Graphs showing mean body weight, food and water consumption, and
hematological parameters in the experimental groups. (A) mean body weight; (B)
mean food and mean water consumption, respectively; (C) RBC counts; (D) WBC
counts; (E) hemoglobin concentration and MCH; (F) PCV; (G) MCV and (H)
MCHC. The data are represented as mean = SEM, one-way ANOVA was performed
to compare the values among the groups and different alphabets show significant
relationship at p < 0.05.
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Table 22 Routine observation of mean body weight, food and water consumption
and loss/gain in weight, food and water consumption for the 30 days of experimental

period are represented in table as mean + SEM, significant at p < 0.05.

obslz:::;iion Treatment group (mg/kg bw / day) and exposure period (30
(Body days, p. 0.)
weight/Food Control CuO-NPs 1 CuO-NPs5 | CuO-NPs 10
and water mg/kg mg/kg mg/kg
consumption)

Mean body 37.53 32.07 33.13 31.27
weight/day (g) +031la +£0.08b +£0.09¢c +0.13d
Mean gain/ loss 14.82 -5.62 -5.20 -6.13
in body weight +0.05a +0.06 b +0.07c +0.17 d

(%)
Mean Food 3.40 2.24 2.17 2.02
consumption/day +0.15a +0.26b +0.33Db +0.26b
(9)
Mean gain/loss 17.31 -14.28 -48.65 -63.41
in food +0.28 a +0.37b +0.26 ¢ +0.21d
consumption
(%)
Mean Water 3.00 2.83 1.83 1.17
consumption/day +0.11a +0.16 a +0.17b +0.21c
(ml)
Mean gain/loss 18.46 -34.64 -43.40 -67.47
in water +0.38a +0.49b +0.28¢ +0.37d
consumption
(%)

There was significant decrease in relative weight of liver, kidney, stomach, spleen,

lung, ovary and uterus signifying decrease in organ as well as body weight. Whereas,
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increased in the relative weight of the brain indicated that the only body weight had
decreased not the brain weight in the treatment group as compared to the normal
female (Table 23).

Table 23 Observations of organ and relative organ weights in mice after 30 days of

CuO-NPs treatment period are represented in table as mean + SEM, significant at p <

0.05.

Organ Treatment group (mg/kg bw / day) and exposure period (30 days, p.
(relative organ 0.)
weight) Control CuO-NPs 1 CuO-NPs 5 CuO-NPs 10
mg/kg mg/kg mg/kg

Liver 4.15+0.03 a 484+0.15Db 3.60+0.214,¢c 343%0.17c¢c
Kidney 0.87+0.02a 0.95+0.04 a 0.81+0.03a 0.63+0.03b
Brain 1.28£0.06 a 1.47+0.05b 1.41+0.02b 1.45+0.05b
Stomach 0.64+£0.01ab 0.68+0.01b 0.60+£0.03 3, c 0.57+0.01c
Heart 0.39+0.01a 0.40+0.02a 0.38+0.01 a 0.35+0.01a
Spleen 0.45+0.03a 046+0.01a 0.36 £0.044a, b 0.31+0.01b
Ovary 0.08+0.01a,b 0.09+0.00 a 0.06 £0.01b 0.06 £0.00 b
Uterus 041+0.01a 0.36 £0.02 b 0.30£0.01b,c 0.28+0.01c
Lung 0.72+0.01a 0.76+0.01a 0.69+0.02a 0.65+0.01b
Pancreas 0.69+0.03a 0.70+0.02a 0.67+£0.03a 0.66 +0.02 a

5.20 CuO-NPs consumption effects hematological parameters

Hematological parameters were evaluated to know about the health and functioning
of blood. In the analyses, decrease in the RBC counts (Figure 28C), hemoglobin
concentration (Figure 28E) and PCV (Figure 28E) were observed significantly in
the high dose group (10 mg/kg bw) as compared to the control groups. The WBC
counts were also significantly higher in in high dose group indicating probability of
inflammation (Figure 28D). Further, decline in MCV (Figure 28G), elevation in
MCHC (Figure 28H) and no significant change was noted in MCH (Figure 28E)

concentration in treatment groups as compared to the normal control group.
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5.21 Accumulation of copper in target organs

Copper concentration was quantified in target organs i.e., liver, kidney and brain, to
evaluate the organ load and metabolism of the metal after consumption. It was found
that concentration of the metal increased significantly in all the organs and mostly
higher accumulation was observed at high dose as compared to the normal control
group (Table 24).

Table 24 Accumulation of copper was detected in liver, kidney and brain tissue after

30 days of exposure in female mice. The values in the table are represented as mean
+ SEM, significant at p < 0.05.

Concentration | Treatment group (mg/kg bw / day) and exposure period (30 days,

of p.0.)
accumulated
Copper (ppm) Control CuO-NPs 1 CuO-NPs 5 CuO-NPs 10
mg/kg mg/kg mg/kg
Liver 0.004+0.02a | 0.048+0.01a | 0.177+0.03b | 0.347+0.06¢
Kidney 0.002 £ 0.05a | 0.084 +0.02a 0.134+£0.03a 0.215+0.02b
Brain 0.002+0.01a | 0.057+0.01a | 0.123+0.01a,b | 0.198+0.02b

5.22 Serological assays demonstrated deterioration of liver, kidney and lipid

profiles

Serological assays on liver and kidney functions biomarkers demonstrated that, there
was depletion of total protein, globulin, albumin and increased production of total
bilirubin, direct bilirubin, ALP, ALT, AST, urea, blood urea nitrogen, uric acid and
creatinine in treatment groups as compared to the control, indicating deterioration of
liver and kidney profiles (Figure 29 and Figure 30). Further, there was an elevation
of albumin/globulin, AST/ALT, and BUN/creatinine ratio (Figure 29D, Figure 30C
and Figure 30H).
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Figure 29 Graphs showing status of liver function biomarkers in blood serum of
CuO-NPs treated and normal control group. (A) total protein; (B) albumin; (C)
globulin; (D) A/G ratio; (E) total bilirubin; (F) direct bilirubin. The data are
represented as mean + SEM, one-way ANOVA was performed to compare the values

among the groups and different alphabets show significant relationship at p < 0.05.
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Figure 30 Graphs showing status of liver and kidney function biomarkers in blood
serum of CuO-NPs treated and normal control group. (A) ALP; (B) ALT; (C) AST,
(D) urea and blood urea nitrogen; (E) AST/ALT; (F) creatinine; (G) uric acid; (H)
BUN/creatinine ratio. The data are represented as mean + SEM, one-way ANOVA
was performed to compare the values among the groups and different alphabets show

significant relationship at p < 0.05.

135



Chapter 5 Resulty

Significant increase in the concentration of total cholesterol and LDL cholesterol
while decline in the concentration of HDL cholesterol were observed in the treatment
group as compare to the control group. However, no significant changes were
noticed in triglycerides and serum glucose concentration. Decline in the
concentration of chloride, potassium and elevated levels of sodium were observed in
the treatment groups as compared to the control. Calcium concentration didn’t show

much variation across the group Table 25.

Table 25 Effect of CuO-NPs in lipid profiles of female mice after 30 days of
treatment. All the data are represented as mean + SEM, one-way ANOVA was
performed to compare the values among the groups and different alphabets show

significant relationship at p < 0.05.

Lipid Profiles Treatment Group (mg/kg bw / day) and exposure period (30
days, p.o.)
Control CuO-NPs 1 CuO-NPs 5 CuO-NPs 10
mg/kg mg/kg mg/kg
Total 60.11 69.32 72.68 92.37
Cholesterol +149a +1.11b 137D +231c
(mg/dL)
Triglycerides 115.57 112.33 118.02 118.97
(mg/dL) +1.22a +0.98b +1.08a +112a
HDL 12.29 11.08 10.37 7.25
Cholesterol +0.75a +0.89a +1.134a,b +0.87b
(mg/dL)
LDL 38.11 35.22 45.19 52.07
Cholesterol +201ab +178a 207D +1.19¢c
(mg/dL)
Glucose 85.21 89.14 84.09 82.07
(mg/dL) +1.08a +111a +1.154, +128a
Calcium 9.08 10.97 7.12 7.37
(mg/dL) +0.88 a +091a +0.78b +1.09a,b
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Chloride 185.18 188.93 170.27 172.09
(mmol/L) +22la +1.58a +2.07b +1.67b
Sodium 98.21 112.08 129.87 135.59
(mmol/L) +1.77a +261b +1.38¢c +201c
Potassium 11.67 11.29 9.18 8.79
(mmol/L) +0.61a +0.71a +0.53a +0.67b

5.23 CuO-NPs intoxication triggers inflammatory response system

Inflammatory and oxidative stress response systems were triggered after regular

consumption of CuO-NPs and it was evident from the elevated levels of IL-6, IL-1,

FAD, MPO, prostaglandin, leukotriene, and decline in the concentration of IL-10 and
TAOC (Table 26).

Table 26 CuO-NPs intake triggers inflammatory response system of female mice

after 30 days of treatment. All the data are represented as mean + SEM, one-way

ANOVA was performed to compare the values among the groups and different

alphabets show significant relationship at p < 0.05.

Inflammatory

Treatment group (mg/kg bw / day) and exposure period (30

markers days, p. 0.)
Control CuO-NPs 1 CuO-NPs 5 CuO-NPs 10
mg/kg mg/kg mg/kg
FAD (ng/L) 164.13 204.16 235.23 240.44
+213a +2.04b +121c +1.65¢C
IL-10 (pg/ml) | 20.99+154a | 16.89+1.20b | 11.15+1.08¢c | 13.86+1.17 ¢
IL-6 (ng/L) 129+024a | 3.08+£0.29b | 285+0.17b | 4.69+0.31c
MPO (ng/ml) 1.78+0.14a 119+0.23a | 3.04+£031b | 3.85+0.28b
IL-1 (pg/ml) | 18.17+1.07a | 24.82+1.33b | 23.67+1.12b | 3526 +1.24c
Prostaglandin | 0.24+0.02a | 0.30+0.01b | 0.33+0.03b | 0.34+0.01b
E-2 (ng/ml)
Leukotriene 1.89 3.15 4.85 6.29
B4 (ng/ml) +0.67 a +0450D +0.39Db,c +0.37¢c
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TAOC (U/ml) 4.40 3.26 2.65 1.04
+0.154 +0.42 b +0.34 b, c +0.65 ¢

5.24 Stimulation of oxidative stress response and depletion of antioxidants in

targeted organs

Consumption of CuO-NPs was linked with the stimulation of oxidative stress and
depletion of enzymatic and non-enzymatic antioxidants. This was evident from the
elevated levels of MDA in liver, kidney and brain tissues of all the treatment groups
as compared to the control group (Figure 31A, D and G). The levels of non-
enzymatic antioxidants i.e., GSH was lowered significantly in liver only at high dose
(10 mg/kg bw) (Figure 31C), whereas, in kidney and brain it was significantly
depleted in both 5 mg/kg bw and 10 mg/kg bw group as compared to the control
(Figure 31F and ).

Enzymatic antioxidants GST, showed significant depletion at high doses (5 mg/kg
bw and 10 mg/kg bw) in liver and kidney and in brain depletion was significant only
at a dose of 10 mg/kg bw (Figure 31B, E and H). SOD showed marked depletion at
1 mg/kg bw and 10 mg/kg bw doses in liver tissue and at both the higher doses (5
mg/kg bw and 10 mg/kg bw) in kidney and brain (Figure 31A, C and E). Depletion
of CAT was observed in all the tissues (liver, kidney and brain) but more
significantly in liver tissues of all the treated groups as compared to the control group
(Figure 31B, D and F).
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Figure 31 CuO-NPs consumption triggered oxidative stress, (A) MDA in liver; (D)
MDA in kidney; (G) MDA in brain; and led to the depletion of antioxidant enzymes
GST and non-enzymatic antioxidant i.e., GSH in (B) and (C) liver; (E) and (F)
kidney and (H) and (1) brain, respectively. The data are represented as mean = SEM,
one-way ANOVA was performed to compare the values among the groups and

different alphabets show significant relationship at p < 0.05.
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Figure 32 CuO-NPs consumption led to depletion of antioxidant enzymes SOD and
CAT in (A) and (B) liver; (C) and (D) kidney, and (E) and (F) brain, respectively.
The data are represented as mean + SEM, one-way ANOVA was performed to
compare the values among the groups and different alphabets show significant
relationship at p < 0.05.

5.25 CuO-NPs induce histopathological alteration in tissue

5.26.1 Histological changes in liver tissue after CdO-NPs intake
Histopathological examination of liver tissue showed dilation of central vein (dCV),
dilation of sinusoid (ds), presence of apoptotic nuclei (#), degeneration of
hepatocytes (&), tissue fragmentation (Ft), congestion of central vein (**),

infiltration of inflammatory cells (—), congestion of portal vein (cPV), and tissue
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haemorrhage (Hem) in the CuO-NPs treated animals (Figure 33B, C, D, F, G and
H). The structure of hepatocytes (Hp) with binucleated cell (BH), central vein (CV),
portal vein (PV, hepatic artery (hA), bile duct (BD), and hepatic sinusoid (S) was
found to be normal in architecture in the control group (Figure 33A and E).
Alterations were markedly increased in the high-dose CuO-NPs intoxicated group
(Figure 33D and H).

5.26.2 Alteration of renal tissue architecture after CuO-NPs intoxication

Control mice treated with normal saline (Figure 34A and E) showed a normal
structure of glomerulus (G), proximal convoluted tubule (PT), distal convoluted
tubule (DT), collection tubule/duct (CT), and Bowman’s capsule (BC) in the kidney,
whereas, glomerular degeneration with increased glomerular space (#), area of
haemorrhage (Hem), inflammatory infiltration (—), and presence of apoptotic nuclei
(Ap) were reported in mice administered with CuO-NPs in dose-dependent manner
(Figure 34B, C, D, F, G and H).

5.26.3 CuO-NPs administration revealed histopathological changes in brain
tissue

Histopathological analysis on brain tissue revealed that administration of CuO-NPs
at sub-acute levels in mice had resulted in alteration of tissue architecture, displaying
darkly stained neuron (@), inflammatory infiltration (—), cellular vacuolization (V)
and apoptosis (Ap), area of necrosis (N), cellular degeneration (#), congestion of
blood vessels (cV), and fragmentation of tissue (Ft) in the treatment groups in a dose-
dependent manner (Figure 35B, C, D, F, G and H). Control mice exhibited normal
tissue architecture (Figure 35A and E).
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Figure 33 CuO-NPs intoxication resulted in alteration in tissue architecture of liver
after 30 days of treatment in female mice. The alterations are visible after
hematoxylin and eosin staining (H & E). A, B, C, D and D1, E, F, G, H are at 10X
(scale bar =100 um) and 40X (scale bar = 50um) resolution, respectively. CV-
congested vein; Hp- hepatocytes; S- hepatic sinusoid; BH- binucleated hepatocytes;
PV- portal vein; BD- bile duct; hA- hepatic artery; ds- dilated hepatic sinusoid; V-
vacuolization; vac- extensive vacuolization; dPV- dilated portal vein; — (black

arrow)- inflammatory infiltration; Hem- area of haemorrhage; &- degenerative cell;
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N- area of necrosis; # (hash)- apoptotic nuclei; ** (double star)- congested central
vein; cPV- congested portal vein.

Figure 34 Alteration in tissue architecture of kidney in female mice was revealed
after 30 days of CuO-NPs treatment. Hematoxylin and eosin staining was done for
the histopathological study. A, B, C, D at 10X (scale bar = 100 pm) and E, F, G, H
at 40X (scale bar = 50 um) resolution, respectively. G- glomerulus; PT- proximal
convoluted tubule; DT- distal convoluted tubule; CT- collection tubule; BC-
Bowman’s capsule; # (hash)- glomerular degeneration with increased glomerular
space; Hem- area of haemorrhage; — (black arrow)- inflammatory infiltration; Ap-
apoptotic nuclei.
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Figure 35 Effect of CuO-NPs intoxication in the brain of female mice, studied after
hematoxylin and eosin staining (H & E). A, B, C, D at 10X (scale bar = 100 pum) and
E, F, G, H at 40X (scale bar = 50 um) resolution, respectively. Pn- Pyramidal
neuronal cell; BV- blood vessel; — (black arrow)- inflammatory infiltration; @-
darkly stained neuron; V- vacuolization; Ap- cellular apoptosis; N- area of necrosis;

# (hash)- cellular degeneration; cV- congested vessel; Ft- fragmentation of tissue.

5.26 Expression of pro-apoptotic, anti-apoptotic and inflammatory markers

in liver, kidney and brain tissue of CuO-NPs intoxicated mice

Expression of pro-apoptotic, anti-apoptotic and inflammatory markers were accessed
to investigate their role in CuO-NPs intoxicated female mice. In the study, it was
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found that expression of pro-apoptotic markers BAX and active caspace-3 had
increased in liver, kidney and brain of the treatment groups, and more significantly in
the high dosed groups (5 mg/kg bw and 10 mg/kg bw) (Figure 36A, C and E and
Figure 37A, C and E).

Inflammatory markers, COX-2 (Figure 37B, D and F), IL-6 (Figure 38A, C and
E), INOS (Figure 38B, D and F), TNF-a (Figure 39A, C and E)and NF-xB
(Figure 39B, D and F)were observed and found to have increasing trends in the
treatment groups as compared to the normal control mice. This result was the evident
that CuO-NPs intoxication triggered inflammation in liver, kidney and brain tissue of

the mice.

CuO-NPs intoxication also led to changes in the expression pattern of P>, a tumour
suppressor protein and PPAR-y. Increased in the expression of P> (Figure 40A, C,
and E) whereas decline in the expression of PPAR-y (Figure 40B, D, and F) were
observed in the liver, kidney and brain tissues of CuO-NPs intoxicated mice as
compared to the normal control group. However, changes in the pattern of expression
of all the analysed markers were more prominent in the high dosed groups signifying

that with increasing doses the effects of CuO-NPs intoxication may get more severe.
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Figure 36 CuO-NPs intake triggers the expression of pro-apoptotic marker, BAX
and decrease the expression of anti-apoptotic marker, BCL-2 in treatment mice as
compared to the normal control group. The bar graph signifies densitometric analysis
of BAX and BCL-2 in liver (A and B, respectively), kidney (C and D, respectively
and brain tissues (E and F, respectively) (mean + SEM, significant at p < 0.05).
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Figure 37 CuO-NPs triggers the expression of pro-apoptotic marker, active cascape-
3 and inflammatory marker, COX-2 in treatment mice. The bar graph signifies
densitometric analysis of active caspace-3 and COX-2 in liver (A and B,
respectively), kidney (C and D, respectively and brain tissues (E and F,
respectively). The values are represented as mean = SEM, significant at p < 0.05,

one-way ANOVA was performed to compare between different experimental groups.
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Figure 38 CuO-NPs triggers the expression of inflammatory marker, IL-6 and iNOS
in treatment mice. The bar graph signifies densitometric analysis of IL-6 and iINOS
in liver (A and B, respectively), kidney (C and D, respectively and brain tissues (E
and F, respectively). The values are represented as mean + SEM, significant at p <
0.05, one-way ANOVA was performed to compare between different experimental
groups.
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Figure 39 Regular consumption of CuO-NPs for 30 days stimulates the expression
of inflammatory marker, TNF-o and NF-kB in treatment mice. The bar graph
signifies densitometric analysis of TNF-a and NF-kB in liver (A and B,
respectively) kidney (C and D, respectively and brain tissues (E and F,
respectively). All the values are represented as mean £ SEM, significant at p < 0.05,

one-way ANOVA was performed to compare between different experimental groups.
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Figure 40 CuO-NPs triggers the expression of tumour suppressor, P>, and PPAR-y
in treatment mice. The bar graph signifies densitometric analysis of P>* and PPAR-y
in liver (A and B, respectively), kidney (C and D, respectively and brain tissues (E
and F, respectively). All the values are represented as mean £ SEM, significant at p
< 0.05, one-way ANOVA was performed to compare between different experimental

groups.
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Heavy metals are dangerous because of many detrimental consequences. They have
the potential to cause cancer and teratogenic consequences in addition to chronic
degenerative alterations, especially in the kidneys, liver, and brain system (lbrahim
et al., 2006; IARC, 1987). Cd is a very toxic heavy metal and is ranked as the
seventh most toxic heavy metal in accordance with the rating provided by the
Agency for Toxic Substances and Disease Registry (ATSDR; Jaishankar et al.,
2014; Young et al., 2019). Reports have shown that, in many countries, the human
Cd levels have been found to exceed the tolerance levels of several organs, and this
has been linked to an increased risk of chronic diseases such cancer, diabetes, and
osteoporosis (Satarug, et al., 2017; Genchi et al., 2020). The Cd poisoning is
mainly due to the production of free radicals and a fall in the potency of antioxidants
(Aghababa et al., 2017), the main target organs being liver, kidney and bone causing
major health effect such as cancer, kidney damage, bronchiolitis, emphysema,
fibrosis, skeletal damage (itai-itai disease) (Nawrot et al., 2010; Alissa and Ferns,
2011). Numerous additional harmful health consequences, such as hypertension, type
2 diabetes mellitus, and cancer, were observed in studies of populations that were
persistently exposed to low concentrations of Cd (Matovié et al., 2011; Matovié et
al., 2015).

Cu, that fulfils the minimal requirement of atomic weight under the range of heavy
metals. It has been used for various applications since many years. It is also an
essential element crucial for normal physiological functions, including drug
metabolism, carbohydrate metabolism, and antioxidant defense systems (Al-Musawi
et al., 2022). However, it has health benefits for the body, when consumed in excess
of what the body can metabolize, it builds up in the body and causes harmful effects
such as immune system, liver, kidney, and gastrointestinal system dysfunction,
neurological illnesses, and reproductive dysfunction (Jomova et al., 2022; Hassan
et al., 2024). CuO-NPs induced severe atrophy and colour change in the spleen, as
well as morphological alterations, necrosis, and malfunction in the kidney, stomach,
and liver. They also disrupted the epithelial lining of the gastrointestinal system
(Abudayyak et al., 2020). After multiple oral exposures to CuO NPs, significant

organ toxicity was observed in the liver, kidney, and brain. Studies have shown that
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CuO NPs induce pathomorphological changes in the liver, such as necrosis and
degeneration, while in the kidney, proliferation of mesangial cells and tubule brush
border loss were noted (Stepankov et al., 2021). As a redox-active element, copper
can alternate between the states Cu™" and Cu®. When both of these forms are present
inside cells and intracellular enzymes are active, several ROS are produced. These
ROS then interact with proteins, lipids, and DNA resulting in both autophagy as well
as apoptosis (Perelshtein et al., 2015; Laha et al., 2014).

6.1 Insilico LDsy and pathway prediction, and ADMET profiling

The negative value of logP signifies that the chemicals have more affinity toward
aqueous phase (more hydrophilic) (Mannhold et al., 2009). In the study of drug
transport characteristics such intestinal absorption and blood-brain barrier (BBB)
penetration, TPSA has been a frequently employed molecular descriptor (Prasanna
and Doerksen, 2009). In our study, both CdO and CuO reflected high affinity
towards water; hence, these compounds are hydrophilic, which could readily mix
with water and increase its permeability in the animal body. However, TPSA, nHA,
and nHD were within the optimal range. The LDsq predicted for CdO and CuO was
67 and 413 mg/kg, respectively were very low which indicated high toxic potentiality
of the chemicals. Therefore, research focusing on the in vivo and in vitro toxicity of
need.

ProTox-Il1 was used to predict various toxicity pathways and endpoints, including
hepatotoxicity, neurotoxicity, nephrotoxicity, respiratory toxicity, cardiotoxicity,
immunotoxicity, cytotoxicity, carcinogenicity, mutagenicity, and acute toxicity,
BBB-barrier, ecotoxicity, clinical toxicity, nutritional toxicity, androgen receptor
(AR), aromatase, estrogen Receptor Alpha (ER), estrogen Receptor Ligand Binding
Domain (ER-LBD), Peroxisome Proliferator Activated Receptor gamma (PPAR-
Gamma), Nuclear factor (erythroid-derived 2)-like 2/antioxidant responsive element
(nrf2/ARE), heat shock factor response element (HSE), mitochondrial membrane
potential (MMP), phosphoprotein (Tumour Suppressor) p53, thyroid hormone
receptor alpha (THRa), thyroid hormone receptor beta (THRp), acetylcholinesterase
(AChE), NADH-quinone oxidoreductase (NADHOX), voltage gated sodium channel
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(VGSC), cytochrome CYP1A2, cytochrome CYP2C19, cytochrome CYP2C9,
cytochrome CYP2D6, cytochrome CYP3A4, cytochrome CYP2E1l. These
parameters help to predict potentiality of a drug to induce toxicity at various levels.
The data used to build the predictive models comes from both in vivo cases (such as
carcinogenicity and hepatotoxicity) and in vitro experiments (such as Tox21, AMES
bacterial mutation, hepG2 cytotoxicity, and immunotoxicity assays). The predicted
results appear as active (positive) or inactive (negative) with their confidence score
for each pathway and endpoint predictions (Banerjee et al., 2018). The Test
chemicals, CdO and CuO are inactive for all other pathways except for neurotoxicity,
BBB-barrier permeability, ecotoxicity and Cytochrome P450 (CYP2C9) pathways,
according to the prediction. The present results indicated that these may be the

possible target pathway for toxicity induced by the test chemicals.

LogsS represents the solubility of a compound in water at 25°C. The value obtained
for CdO (0.432 log mol/L) and CuO (0.58 log mol/L) indicated high water-soluble

property of the chemicals.

Caco-2 or human colorectal adenocarcinoma cell lines-2 permeability value
represents absorption efficacy of orally administered drug and the high permeability
is indicated by Papp > 8 x 10 cm/s. In the present study, both CdO and CuO
showed Caco2 permeability value of 1.49 x 10°®, which indicated less permeability
through the Caco-2. Conversely, both the chemicals have the potentiality of high
absorption by the intestinal (human) cells as the result indicated 100% absorption
value. Human skin permeability (log Kp) of CdO and CuO are more negative (> -
2.50), therefore it is considered to have high skin permeability. The results showed
potentiality of P-glycoprotein (Pgp) to remove CdO and CuO out of the body hence,

could act as a biological barrier for any toxin or xenobiotics entering the body.

Blood brain barrier (BBB) permeability (log BB) of CdO (-0.070) and CuO (-0.055)
were found to be within the optimum range (optimum -1.0 to 0.30), however, the
values were less negative which indicated their potentiality to cross the BBB and
induce neuro-toxicity. It is interpreted that these chemicals may cross the BBB and

induce brain toxicity important parameter that helps to predict the probability of a
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drug to cross the BBB and reach the brain. Prediction of this parameter helps to
reduce the side effect of any drug or chemical hence, helps in neuro-toxicity
prediction. The value log BB > 0.3 and log BB < -1 are considered readily and
poorly permeable, respectively (Xiong et al., 2021). CNS (central nervous system)
permeability (log PS) value for both CdO and CuO (-2.40) were predicted to be
higher than > -2, hence, it is considered to penetrate CNS. Result showed that CdO
and CuO are not a substrates or inhibitors of Cytochrome P450. Although, these
chemicals will not inhibit the Cyt P450 functions but they will also not be
metabolised by the same. Therefore, the results showed probability of health risk
associated with exposure to these chemicals (Pires et al., 2015).

Excretion rate of CdO (0.86 log mL/min/kg) and CuO (0.75 log mL/min/kg) are low
as per the predictions of total clearance, which is a combination of hepatic
metabolism and excretion via kidneys. The low clearance of a chemical may lead to
bioaccumulation, which may cause damage to the major organs (kidney, liver, brain,

heart etc.).

CdO and CuO, both the chemicals showed negative for AMES test. Though the
Maximum recommended tolerable dose (MRTD) calculated for the given chemicals
were below the tolerance level but the difference from the tolerable dose was very
low. Therefore, the chemicals may cause harm to human if exposed regularly.
However, both the chemicals were found to be negative for Human ether a-a-go gene
(hERG 1 and Il) inhibitor. Both the chemicals are highly toxic to rat as the predicted
LDsp for CdO (2.22 mol/kg) and CuO (2.28 mol/kg) were at very low dose.
However, minnow toxicity (LCsp) were predicted to be negative as the LCsy values
were higher than 0.5 mM.

6.2 Acute oral toxicity of CdO-NPs

Acute oral toxicity testing plays a crucial role in assessing the potential harm of
substances when orally administered. Various methods exist for determining acute
toxicity, such as the LDs test, which is commonly used (Li et al., 2024). Analysis of
body weight, food and water consumption and rectal temperature plays a crucial role

in monitoring toxicity of any substance. Moreover, body weight, feeding and

154



Chapter 6 Discussion

drinking are the interlinked parameters (Bachmanov et al., 2002). One of the
markers of the harmful effects of the test material during toxicological testing may be
changes in body weight. Data on the amount of food and water consumed by
experimental animals serve as reliable markers of their rate of growth (Stevens,
1982). In our experiment, clinical signs and changes in behaviour was observed after
treatment of higher doses (50 and 75 mg/kg bw) indicating health complicacies in
animals. Further, there was a decrease in body weight, food and water consumption
and increase in rectal temperature of male and female animals after exposure to the
CdO-NPs, which signifies that acute exposure to the chemical has potential effects
on metabolism, growth and thermoregulation. Additionally, analysing food and water
consumption in acute toxicity tests provides valuable insights into the test substance's
effects on growth and health of experimental animals, aiding in toxicity assessment
(Todi¢ et al., 2003). Cd exposure was associated with reduced body weight in the
study, indicating a potential link between toxic metal exposure and weight changes.
Substantial decrease in the food and water consumption observed more significantly
at the higher doses shed light on the functioning of specific organs such as, liver and
kidneys after Cd exposure (Mitra et al., 2021). Decline food and water intake also
signifies endogenous intoxication after acute CdO-NPs exposure. Measurement of
relative organ weights provide a valuable indication of toxicity. In the present study,
decrease in the relative organ weight of specific organs such as, liver, kidney,
stomach, colon, lungs, testis and ovary in male and female mice may be due to the
toxicity induced by CdO-NPs.

Hematological parameters such as red blood cells (RBCs) count, white blood cells
(WBCs) count and hemoglobin concentration are the important clinical indicators of
health and disease conditions (Kelada et al., 2012). Hematological analysis in our
experiment showed decreased concentration of RBC and hemoglobin which puts
insight into the CdO-NPs induced oxidative stress caused in different organs led to
anaemia and lose of RBC membrane function as well as degradation of RBC indices
such as MCV, MCH and MCHC. Additionally, increase in the concentration of
WBCs in blood indicates leucocytes hypersensitivity (Adeyomoye and Adewumi,

2019) and inflammatory response to the heavy metals.
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Biochemical assays of different enzymes and metabolites are the clinical markers for
the diagnosis of liver and kidney diseases (Malomo, 2000; Yakubu et al., 2006).
Generally, detection of ALP, AST, ALT, bilirubin, albumin, globulin, and other
assays such as urea, uric acid, creatinine, and blood urea nitrogen are mainly
performed to trace the functioning of liver and kidney, respectively. We found that
exposure to acute CdO-NPs at higher doses in male and female mice led to decline in
the concentration of protein, and elevated levels of albumin, globulin, ALP, AST,
ALT, bilirubin, urea, creatinine and uric acid at high doses revealed potentiality of
CdO-NPs to induce liver and kidney injury mediated by toxicity and impairment of

their normal functioning.

Assessing lipid profiles is crucial in toxicity studies as they provide a molecular
snapshot of cellular status, aiding in early detection of adverse drug effects, such as
hepatotoxicity, renal toxicity potential etc. (Goracci et al., 2019). Moreover, lipid
profiling provides valuable information on organ function, nutritional status,
metabolic effects, and dose response relation (Bedia, 2022). Degradation of lipid
profiles with increased levels of total cholesterol, triglycerides, LDL-cholesterol and
decrease levels of HDL-cholesterol were the evident of CdO-NPs induced organ
toxicity reported in our present study. However, CdO-NPs don’t have any significant
effects on the glucose metabolism as no changes in blood glucose levels were

detected in both male and female after CdO-NPs treatment as per our study.

Analyses on the blood ion concentration revealed decline levels of calcium and
sodium. Conversely, increase in the concentration of chloride and potassium were
detected in our study. Changes in the serum ion concentrations help to provide
insight into the effects of toxic chemicals on electrolyte balance, metabolic functions,
nutritional status, bone health and organ functions (Kesari and Noel, 2022). Our
study provides valuable evidence to the CdO-NPs induced toxicity that potentially

modulates the electrolyte balance, organ function and metabolism.

Production of ROS surpasses the capacity of cells to protect themselves, ultimately
leading to cytotoxicity. During an oxidative stress, compounds such as membrane

lipids are damaged by the development of superoxide anion (O3), hydroxyl radicals
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(OH), and hydrogen peroxide (H20). Lipid peroxidation is a chain process that is
mediated by free radicals and is created when lipid radicals combine with oxygen to
produce peroxy-radicals (Galhardi et al., 2004). GSH, GST, SOD, and CAT are
crucial antioxidant enzymes that play a vital role in combating oxidative stress (Wu
et al., 2019). Assessment of MDA level in major organs after acute exposure to
CdO-NPs showed significant increase, indicating potential oxidative stress induced
by Cd toxicity. Additionally, GSH, GST, SOD and CAT levels have declined after
significantly in liver, kidney, brain, testis, ovary and colon tissue after CdO-NPs

treatment revealing organ-specific toxicity after acute Cd exposure.

Oxidative stress plays a crucial role in various clinical pathologies, impacting
histopathology through gene regulation, antioxidant response, and potential
therapeutic interventions with natural antioxidants (Saha et al., 2022) and leads to
histopathological changes in organs like the nervous system, cardiovascular system,
lung, liver, and kidney, causing cellular and tissue damage (Palipoch and Koomhin,
2015). In our study, we have found that liver, kidney, brain, testis and ovary tissue
underwent significant alterations in tissue architecture after Cd exposure. However,
changes in tissue architectures of heart, lung and spleen tissues were also noticed
indicating organ specific cellular toxicity induced by Cd intoxication. The
histopathological changes observed may be due to the involvement of oxidative
stress that underscores the importance of understanding and managing redox
imbalance in Cd mediated organ toxicity.

6.3 Organ toxicity induced by CdO-NPs and CuO-NPs

In the present study, CdO-NPs and CuO-NPs of size < 50 nm were used to evaluated
the organ toxicity in mice model. Earlier studies have shown that exposure to toxic
heavy metals such as Cd can lead to decreased weight gain in rats, accompanied by
internal organ changes and hematological alterations (Lopotych et al., 2020;
Ungureanu and Mustatea, 2022). Research on Tilapia guineensis and
Tympanotonus fuscatus showed that exposure to Cu resulted in reduced weight gains
or weight loss in the test species (Oyewo and Don-Pedro, 2006). Research indicates

that exposure to CuO-NPs can lead to changes in body weight, with significant
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decreases observed in treated groups compared to controls (Al-Musawi et al., 2022;
Stepankov et al., 2021). In the current study, it was found that the toxic effects of
CdO-NPs and CuO-NPs has led to the decrease in body weight, food and water
consumption in mice as recorded after acute (CdO-NPs) and short-term (both CdO-
NPs and CuO-NPs) exposure as compared to the normal control mice, which could
be due to endogenous intoxication (Lopotych et al., 2020). Subacute exposure to
CdO nanoparticles led to decreased body weight gain in rats (Papp et al., 2012)
indicating toxicity (Klinova et al., 2021). In mice, long-term exposure to Cu as a
dietary supplement led to increased body weight initially, but later caused
hepatotoxic effects, including structural changes in the liver such as vacuolar
degeneration, necrosis, karyorrhexis, and endolysis potentially due to lipid
peroxidation and free radicals (Wang et al., 2014). An alternative explanation for the
alterations and weight loss is the build-up of metals in the organs (Kong et al., 2014;
Al-Bairuty et al., 2016; Song et al., 2017). Reduction in the relative organ weight of
liver and kidney indicates Cd and Cu induced organ-specific toxicity in our present

study.

Studies have shown that Cu and Cd intoxication can induce alterations in
hematological parameters, such as increased WBCs and decreased RBCs,
hemoglobin, and platelet count (Yaqub et al., 2018; Nikoli¢ et al., 2015;
Gluhcheva et al., 2011). WBC, RBC and hemoglobin concentrations were decreased
significantly while increase in MCH was observed in copper mine workers than in
the control group (Lotfi and Rezazadeh, 2018). Present results are also in agreement
with previous reports indicating decrease in the levels of RBCs, hemoglobin, PCV
and increase in the levels of WBCs after treatment with both CuO-NPs and CdO-
NPs. As a result of oxidative damage caused by Cd on different organs, RBCs lose
the function of its membrane, resulting in anaemia from a decrease in RBCs,
hemoglobin and haematocrit values, and iron levels in the blood (Kosti¢ et al.,
1993). Leucocyte hypersensitivity to heavy metals may be indicated by this rise, and
the alterations may be the consequence of immune responses that generate antibodies

to counteract the stress that heavy metals impose (Adeyomoye and Adewumi, 2019).
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Studies have shown that Cd accumulation in organs like the liver and kidneys is
influenced by the method of administration and the presence of chelating agents
(Engstrom, 1981). Research on rats exposed to Cd through drinking water or
intraperitoneal injections demonstrated significant differences in Cd accumulation in
various organs, with higher levels found in the liver and kidneys (Nwokocha et al.,
2011; Winiarska-Mieczan and Kwiecien, 2016). Furthermore, the distribution of
Cd in organs like the liver, kidneys, brain, lungs, heart, and spleen was influenced by
the source of exposure, whether through feed or water (Winiarska-Mieczan and
Kwiecien, 2016). Additionally, Cd accumulation in tissues was found to be sex-
dependent, with variations observed between male and female rats as proposed by
Nwokocha et al. (2011), showing higher Cd content in the kidney, stomach, and
blood compared of female as compared to males. The study suggests a lower
accumulation of Cu in other tissues compared to the kidneys, liver, brain, and heart
indicates a selective ability of these organs to accumulate Cu from the administered
nanocomposite (Titov et al.,, 2021). Metal accumulation in organs after oral
treatment varies depending on the route and duration of exposure. A dose-dependent
increase in the concentration of Cd and Cu metals were estimated in liver, kidney and
brain tissues of female mice after 30 days of exposure. However, highest
concentration being observed in liver, indicating rapid bioaccumulation as compared
to kidney and brain. Further, Cd had shown higher bioaccumulation rate in fishes
which may lead to Cd build-up in human through food chain (FAO/WHO, 2015;
Zaghloul et al., 2024). Polyuria, severe tubular dysfunction, and decreased
glomerular filtration rate are the results of cadmium build-up in the Kkidney.
Toxicants, xenobiotics, and endogenous wastes accumulate as a result of a decrease
in glomerular filtration rate (Orr and Bridges, 2017). These findings highlight the
complexity of heavy metal (both Cd and Cu) accumulation in organs following oral
treatment, emphasizing the importance of considering factors such as route of
exposure, duration, and sex differences. The accumulation of CdO-NPs was higher in
all the three targeted organs revealing its higher bioaccumulation and low

metabolism in animal body.
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One of the main mechanisms of Cd-induced hepatic toxicity is thought to be
oxidative stress, which is caused by the body's build-up of Cd and negatively impacts
liver function by producing ROS (Sanjeev et al., 2019; Oyinloye et al., 2016; Liu et
al., 2017; Matovi¢ et al., 2015). Elevations in serum AST, ALT, and ALP activity
are typically indicative of hepatic damage. A high risk of liver failure and liver
dysfunction may be indicated by hyperbilirubinemia. The conditions outlined above
could be detected to accurately diagnose liver damage (Jagadeesan, 2006; Ahmadi,
2020; Han et al., 2020). It was found in the present study that CdO-NPs and CuO-
NPs can potentially lead to the hepatotoxicity that was evident from the degradation
of proteins, albumin, and globulin and the elevation of bilirubin levels in the blood
serum. Additionally, increased serum levels of ALP, ALT and AST in the current
study also attributed to the hepatocellular injury and inflammation caused by severe
Cd and Cu toxicity (Hashish and Elgaml, 2016). However, among the two test
chemicals the effects on the liver function biomarkers were seen to have higher in
case of CdO-NPs.

The kidney is the target organ of chronic Cd poisoning, with a half-life of around
thirty years for cadmium. Cd-induced nephrotoxicity in mice revealed altered protein
expression related to kidney metabolism, oxidative damage, and cell migration (Sun
et al., 2021; Yan and Allen, 2021). It was reported that excessive Cu could induce
animal hepatotoxicity, nephrotoxicity, cardiomyopathy, hepatocyte apoptosis, and
body condition decline (Zhou et al., 2021). The present study satisfies the past
finding showing elevation in the concentration of serum urea, creatinine, uric acid,
and BUN indicating nephrotoxicity induced by CdO-NPs, however, in case of CuO-
NPs, significant elevation was recorded with intoxication at higher dose which shows
tolerance in the lower doses. Rise in the serum level of uric acid (hyperuricemia) is
linked with the systemic oxidative stress, inflammation, activation of renin-
angiotensin system and endothelial dysfunction (Kanbay et al., 2014; Mazzali et
al., 2002; Inaba et al., 2013; Hahn et al., 2017). Exposure to toxic chemicals lead
to the abrupt loss of kidney function due to the accumulates toxic end products of
nitrogen metabolism and creatinine in the blood, reduces urine production, or both is

the hallmark of kidney injury (Gyuraszova et al., 2020). In the present study, in
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addition to the higher dose (8 mg/kg bw) CdO-NPs was observed to have effect on
the kidney biomarkers at low or medium doses itself however, effect was seen

mostly at high dose in case of CuO-NPs.

Heavy metal toxicity has been linked to alterations in lipid profiles in various
biological systems. Heavy metal toxicity alters lipid profiles by decreasing HDL-
cholesterol and increasing VLDL-cholesterol levels in rats, indicating disruptions in
lipid metabolism (Bekus et al., 2016). Cd exposure has been linked to alterations in
lipid profiles across various studies. Research indicates that chronic exposure to Cd
can lead to liver steatosis and non-alcoholic fatty liver disease (NAFLD) by affecting
lipid metabolism (Ren et al., 2021). Studies on rats exposed to cadmium-
contaminated food chains show significant changes in plasma lipid profiles,
including increased total cholesterol, triglycerides, LDL-cholesterol, and VLDL-
cholesterol, along with decreased HDL-cholesterol levels (Ezedom, 2018; Ovie and
Asagba, 2019). Furthermore, exposure to cadmium has been found to disrupt
metabolites, increase serum fatty acids and triglycerides, and elevate serum total
cholesterol, triglycerides, and LDL cholesterol levels, indicating a direct impact on
lipid metabolism (Zhu et al., 2024). Our study shows increase in the concentration
of serum total cholesterol, triglycerides, LDL-cholesterol and decrease in HDL-
cholesterol after CdO-NPs treatment indicates deterioration of the lipid profile in

mice which may be due to disruption of lipid metabolism.

Exposure to Cu, whether in the form of toxic levels or nanoparticles, has been shown
to impact lipid profiles in various ways. Studies have demonstrated that toxic Cu
levels can induce lipid peroxidation, affecting RBC membrane deformability and
fluidity by altering lipid composition, saturation, and bond configuration (Adele et
al., 2023). Additionally, exposure to CuO-NPs has been linked to changes in lipid
metabolism, with upregulation of triacylglycerols, phosphatidylcholines, and
ceramides, as well as activation of oxidative stress and autophagy pathways (Sori et
al., 2019). Furthermore, excessive Cu intake has been associated with hepatic lipo-
toxicity disease, where copper promotes the recruitment of Nrf2 to lipogenic gene
promoters, ultimately affecting lipid metabolism and potentially leading to obesity

and non-alcoholic fatty liver disease (Zhong et al., 2023). Although, our study

161



Chapter 6 Discussion

reported no significant changes in serum triglycerides concentration but there were
rise in the serum levels of cholesterol, LDL-cholesterol and decline in HDL-
cholesterol were noticed after CuO-NPs treatment. However, this finding highlights
the intricate relationship between Cu exposure and lipid profiles, emphasizing the

need for further research to understand the mechanisms underlying these effects.

Data recorded in the present study are in consistent with earlier findings confirming
that oxidative stress is a possible mechanism implicated in CdO-NPs and CuO-NPs
hepato-, nephron- and neurotoxicity. Increase in the cellular levels of ROS is a result
of hinderance mitochondrial electron transport chain (ETC) by Cd uptake by the cells
(Rombel-Bryzek et al., 2018). Factors like viral infections, environmental toxins,
alcohol, and diet can induce oxidative stress, causing mitochondrial dysfunction,
increased ROS expression, and ATP depletion, ultimately leading to liver steatosis,
inflammation, fibrosis, cirrhosis, and even liver cancers. Understanding the sources
and targets of ROS in liver diseases is crucial, as oxidative stress is intricately linked
to cell death mechanisms in hepatocytes, highlighting its pivotal role in liver
pathology (Conde de la Rosa et al., 2022). Oxidative stress-induced toxicity in the
brain is a common factor in brain disorders (Pandareesh et al., 2023),
developmental neurotoxicity, impacting neurodevelopmental and neurobehavioral
pathways by disrupting antioxidant systems and mitochondrial function (Nishimura
et al., 2021; Rama and Garcia, 2016). Studies have demonstrated that exposure to
Cd NPs results in a reduction of antioxidant enzyme activity, an increase in ROS,
and alterations in oxidative stress markers such as glutathione levels and lipid
peroxidation. Cadmium sulfide nanoparticles induce oxidative stress in human lung
adenocarcinoma cells, evidenced by ROS generation, reduced GSH levels, and
increased lipid peroxidation, leading to cytotoxicity and inflammation (Alomar,
2015). The present study has recorded the elevation in the levels of MDA and
degradation of enzymatic and non-enzymatic antioxidants after CdO-NPs
administration is aligned with the previous findings. A dose-dependent increase in
the MDA levels and decline in the concentration of GSH, GST, SOD and CAT were
reported in liver, kidney and brain tissue of CdO-NPs intoxicated mice signifying

possible Cd induced toxicity in three major organs. GSH is also thought to be the
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primary line of defense towards Cd toxicity (Singhal et al., 1987) since it is involved
in the chelation of transition metals, which reduces their toxic potential.
Furthermore, GSH depletion amplified Cd-induced hepatotoxicity (Klaassen et al.,
1985; Chan and Cherian, 1992; Branca et al., 2020), nephrotoxicity, and

neurotoxicity in rats exposed to Cd.

CuO-NPs induce oxidative stress in cells, leading to apoptotic or autophagic cell
death due to surface reactivity generating free radicals and oxidizing macromolecules
(Moschini et al., 2023). The present study revealed a significant rise in the
concentration of MDA was documented after high dose (10 mg/kg bw) of CuO-NPs
treatment and also a decline in the concentration antioxidants such as, GSH, GST,
SOD and CAT revealed that short-term consumption of CuO-NPs may cause
oxidative stress, inflammation and cellular toxicity in major organs that may remain
insensitive for the low doses at the early stage but may have major health
consequences in the later stages (Sajjad et al., 2023). SOD and CAT, enzymatic
antioxidants, are components of the antioxidant defense system that scavenges free
radicals and help to reduce the harmful effects of ROS by converting them to
oxygen, which is then transformed to water. The build-up of superoxide and/or
hydroxyl radicals in the liver can be determined by measuring the decreased activity
of CAT and SOD (Liu et al., 2020). Further, decrease in the concentration of SOD
and CAT indicated compromised antioxidant defense mechanism after Cu treatment
(Sajjad et al., 2023) that aligned with our present study. Thus, imbalance caused
between ROS and antioxidants production by CdO-NPs and CuO-NPs treatment

contributed to organ toxicity.

The present study hypothesized CdO-NPs and CuO-NPs induces organ toxicity
mediated by oxidative stress via histopathological alteration at very low doses. To
test this hypothesis, beside the analyses of liver and kidney function biomarkers,
lipid and oxidative stress biomarkers, histology of targeted organs i.e., liver, kidney
and brain were also performed. Most interestingly, our results of histopathological
studies have supported the inferences made on aforementioned analyses. The
treatment of Cd and Cu led to marked alterations in the liver tissue architecture with

dilation and congestions of vessels, dilation sinusoids, apoptotic nuclei, degeneration
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of hepatic cells, vacuolization, and necrosis along with the presence of infiltration of
cells signifies occurrence of inflammatory response (Ibtissem et al., 2017). Exposure
to Cd leads to various histological changes such as hepatocyte hypertrophy,
cytoplasmic vacuolization, pyknotic changes, bile canaliculi dilation, edema,
haemorrhage, hypertrophy, hyperplasia, congestion of central vein, and nuclear
alterations (Chandra, 2024), disrupted hepatic plates, fibrosis, cellular infiltration,
necrotic hepatocytes in the liver of male Swiss albino mice (Mohapatra et al.,
2013). Cd exposure induced liver histopathological changes, notably lipid
peroxidation-related damage (Hendrawan et al., 2018) and DNA methylation in the
metabolic pathway (Ren et al., 2021). The studies reported findings such as
hepatocyte membrane dissolution, vacuolar degeneration, inflammatory cell
infiltration, reduction in hepatocyte size, vacuolization, hypertrophy, and changes in
hepatic enzyme activities. Additionally, Cu exposure led to oxidative stress,
decreased antioxidant enzyme activities, and increased levels of pro-inflammatory
genes in the liver tissues of the exposed organisms. The liver was identified as a
crucial target organ for Cu toxicity, showcasing the detrimental effects of Cu
exposure on liver histopathology and function in various species (Liu et al., 2021;
Doudi and Setorki, 2014; Maharajan et al., 2015).

Kidney tissues with dilated vessel, glomerular degeneration with increased
glomerular space, vascular congestion, vacuolization, haemorrhage, tubular
degeneration, tubule with widened space, fragmentation of tissue, inflammatory
infiltration, presence of apoptotic nuclei and cellular of necrosis were noticed in the
Cd and Cu treatment animals in our study. Histopathological analysis of the kidney
following Cd exposure reveals significant structural disruptions in renal tubules and
glomeruli, indicating kidney injury (Wan et al., 2022). Cd accumulation in renal
tissues leads to cellular destruction, including collapsed tubular lamina and
hypercellularity of glomeruli, highlighting the detrimental effects of Cd on renal
morphology (Al-Gebaly, 2017). Additionally, Cd exposure induces oxidative stress
and necroptosis, contributing to kidney toxicity and damage (Tang et al., 2023). The
combination of Cd with other toxicants exacerbates these effects, leading to acute

kidney injury through increased urea nitrogen levels and altered inflammatory
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cytokine expression (Tang et al., 2023). Furthermore, Cd exposure triggers the
upregulation of genes related to chemical carcinogenesis pathways in the kidney,
emphasizing the potential for Cd-induced renal carcinogenesis (Wan et al., 2022).
Long-term exposure to Cu in rat kidneys leads to autophagy and apoptosis due to
oxidative stress, as indicated by histopathological changes as reported by Wan et al.
(2020). Cu treatment in mosaic mice led to severe kidney damage, including
karyomegaly, necrosis, lesions, atrophy, sclerosis, and proliferation of epithelial
cells, forming carcinoma patterns (Lenartowicz et al., 2010), vacuolated epithelium,
tubular degeneration, and reduced haemopoietic tissue volume, potentially impairing
kidney function in fishes (KZ and AM, 1998) and severe necrosis, atrophy,
Bowman's capsule damage, and renal architecture disorganization, with increased
caspase-3 immunoreactivity in high-dose groups (5, 10 and 25 mg/kg bw/day for a

period of 9 days) in male Wistar rats (Ghonimi et al., 2022).

Cd exposure induced histopathological alterations in the cerebral cortex of juvenile
mice, including blood vessel changes, leukocyte infiltration, and cellular
degeneration (Yang et al., 2015), severe degenerative changes in the cerebral cortex,
including cell damage, disrupted myelination, and neuroglial cell accumulation (Afifi
and Embaby, 2016) indicating Cd neurotoxicity effects. In adult male albino rats
exposed to copper chloride, histopathological brain changes included increased
astrocyte cellularity, neuronal degeneration, and apoptotic bodies, along with
elevated serum MDA and decreased CAT levels (Mostafa, Alaa-Eldin and
Abouhashem, 2015) brain edema, and spongiosis with vacuolization in the white
matter, altering copper and zinc homeostasis in the brain and other tissues (Zatta et
al., 2005). Furthermore, exposure of Cyprinus carpio to copper sulfate resulted in
brain and spinal cord lesions, including vasogenic edema, inflammatory cell
infiltration, and neuronal atrophy, highlighting the neurotoxic effects of Cu in aquatic
organisms (Saied et al., 2022). These studies collectively highlight the diverse
histopathological effects of Cu and Cd treatment on the brain, ranging from oxidative
stress-induced changes and alterations in enzyme activity. In our study, we have
found that exposure to Cd and Cu NPs led to production of inflammatory cells,

darkly stained neuron, intracytoplasmic vacuolization, cellular vacuolization, cellular
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apoptosis, tissue necrosis, fragmentation of tissue, cellular degeneration and
congestion of blood vessels which are in agreement with the previous report

indicating Cu and Cd mediated neurotoxicity.

Cd induced upregulation of apoptotic markers, BAX and caspase-3 and
downregulation of anti-apoptotic marker, BCL-2 in liver, kidney tissue and hepatoma
cell line (Lawal et al., 2018) suggesting a shift towards promoting cell death was
reported in previous studies (Souza-Arroyo et al., 2022; Fan et al., 2018).
Intramuscular introduction of Cu NPs resulted in an increase in caspase-3 expression
in micro-gliocytes, liver cells, proximal kidney tubules, and spleen cells at different
time points and doses (Sizova et al., 2011), and also induces apoptosis in the liver
via upregulation of BAX, caspase-3, and downregulation of BCL-2, as implicated by
Liu et al. (2020). The present study is in support of the previous studies as
administration of CdO-NPs led to the upregulation of the expression of BAX and
caspase-3 and downregulation of BCL-2. Cd induces apoptotic cell death by down-
regulating BCL-2, activating caspase-3 and BAX, and causing mitochondrial
membrane potential loss, implicating similar effects in kidney and brain toxicity (Lee
et al., 2022). Similarly, Cu toxicity affects apoptotic pathways, increasing caspase-3
and BAX, and by downregulating BCL-2 levels in the brain, liver, and kidney of
mice treated with CuO-NPs.

After Cd treatment, various inflammatory markers are upregulated, indicating pro-
inflammatory responses. Studies on inflammatory mediators and markers suggest
that Cd, especially in micromolar concentrations, upregulates markers of
inflammation like NF-xB, IL-6, TNF-a (Afolabi et al., 2012), IL-1B, and MIP-2
(Ghosh and Indra, 2018), iNOS, COX-2, PGE2, and CRP (Olszowski et al., 2012)
indicating pro-inflammatory properties. Further, upregulation of iINOS, COX-2, and
c-Myc, along with downregulation of IL-10 and HO-1 were induced by Cd exposure
indicating activation of inflammatory response in cardiac tissue (Ghosh and Indra,
2018). TNF-a levels in the liver tissue of rats exposed to Cd increased significantly
that plays a crucial role in the inflammatory response (Kayama et al., 1995). For our
study, similar interpretation could be made from previous studies as CdO-NPs

exposure for 30 days at different doses led to the upregulation of pro-inflammatory
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factors IL-1, IL-6, INOS, NF-kB, COX-2, PGE2, and TNF-a in liver, kidney and
brain tissues by increasing ROS production, while inhibiting the anti-inflammatory
cytokine, IL-10.

After Cu treatment, various inflammatory markers were found to be expressed in
different organs. In the liver and brain, copper overload led to the activation of the
NLRP3 inflammasome, resulting in elevated levels of IL-1p, IL-18, IL-6, and TNF-a
(Dong et al., 2021). Cu treatment induces inflammatory markers like NOS-II, TNF-
a, and COX-2 in liver and lung tissues via NF-kB activation mediated by oxidative
stress (Persichini et al., 2006), brain inflammatory markers such as TNF- a, iNOS,
and COX-2 were increased in the brain of cholesterol-fed mice, suggesting brain-
specific inflammatory responses to copper exposure (Lu et al., 2009). Cu treatment
induced deregulation of glial cytoskeleton, NF-kB, and PARP expression in Capoeta
umbla brain tissue, suggesting astroglial response and DNA damage (Kirici et al.,
2019). CuO-NPs treatment resulted in elevation of the levels of IL-1, IL-6, iINOS,
NF-kB, COX-2, PGE2, TNF-a and downregulation of IL-10 in different serum and
tissue examinations, and this results showed that Cu is also a potential pro-
inflammatory factor that can stimulate inflammatory responses in the major organs.
Further, uptake of TNF-a, IL-6, and IL-1 resulted in the activation of NF-«xB

signalling pathways, contributing to the inflammatory response.

Chronic exposure to Cd can negatively impact renal function, with studies showing
that Cd induces p53-dependent in proximal tubular cells. Results showed
overaccumulation of p53 proteins in the kidney and liver (Lee et al., 2016). Our
study suggests Cd and Cu induced apoptosis associated with upregulation of p53 that
mediates renal, hepatic and neuro toxicity in mice. Research has shown that
upregulation of PPAR-y activity in hepatocytes can alleviate non-alcoholic fatty liver
disease (NAFLD) by influencing the crosstalk between hepatocytes and
macrophages, thereby reducing oxidative stress and preventing M1 macrophage
polarization (Li et al., 2022). Activation of PPAR-y reduces pro-inflammatory
cytokines, highlighting its anti-inflammatory properties in the context of tuberculosis
physiopathology (Diaz et al., 2023). Moreover, in the porcine endometrium, PPAR-y
ligands have been found to influence the expression of genes involved in the DNA
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damage response during LPS-induced inflammation, indicating a role in regulating
inflammatory processes in the reproductive system (Mierzejewski et al., 2022).
PPAR-y agonist shows protective effects on liver injury (Elshazly and Soliman,
2019) and plays a crucial role in kidney metabolism, lipid and glucose metabolism,
and renal mineral control hence, synthetic agonists of PPAR-y have reno-protective
effects (Corrales et al., 2018). CdO-NPs and CuO-NPs treatment led to the
degradation of PPAR-y in liver, kidney and brain tissue as compared to the normal
saline treated groups which indicated that involvement of PPAR-y in Cd and Cu

mediated toxicity.
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7.1 Summary

» The present study investigated potential organ toxicity of CdO-NPs and CuO-NPs
in mice model at low doses. In our study we have used both in silico and in vivo
methods to assess the toxicity of the chemicals.

» Insilico method of toxicity prediction stands as a very useful tool that helps in the
quick assessment of toxicity.

» The physical properties for CdO was found to be safe, but its permeability pattern
is below the safety range. Its LDsq in animals is low, falling under toxicity class Il1.
CdO is active for neurotoxicity, BBB barrier, ecotoxicity, and Cytochrome CYP2C9.
» Similar predictions were seen for CuO where, physical properties of CuO were
predicted within the safety range, but their permeability pattern was below the range.
The LDsg in animals was 413 mg/kg, falling under toxicity class IV. CuO was found
active for neurotoxicity, BBB barrier, ecotoxicity, and Cytochrome CYP2C9.

» ADMET profiling predicted the potential toxicity of CdO and CuO, with water
solubility, Caco2 value, intestinal absorption, and skin permeability. CdO was
predicted to be negative for all cytochrome P450 inhibitors and substrates. Total
clearance was low, and it showed no mutagenic potential. The maximum tolerated
dose was low and were not a hERG I and Il inhibitor.

» In vivo study was carried out with CdO- and CuO-NPs of size < 50 nm, pure
crystalline solids were used for the toxicity test, and chemical characteristics were
confirmed by using FTIR, FETEM and XRD analyses.

» Acute toxicity test was carried out to determine the LDs, for CdO-NPs. Mortality
percentages were 33.33% and 66.67% in male and female groups at different doses.
The LDso values for male was 63.82 mg/kg and 58.21 mg/kg in female, calculated
using OECD 423 guidelines and probit analysis.

» After 30 days of CdO-NPs administration, mice showed a significant decrease in
mean body weight, feeding patterns, and water consumption compared to the control
group. CdO-NPs intake had a prevailing impact on organ weights in treated female
mice, with significant effects on liver, kidney, spleen, colon, lung, ovary, and uterus.
» Hematological parameters revealed major effects of CdO-NPs intoxication in

female mice, with depletion of total RBCs count and hemoglobin concentration, and
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an increase in total WBCs count. PCV decreased significantly among both control
and treated groups.

» The study found a significant increase in cadmium heavy metal levels in liver,
kidney, and brain tissues of treatment groups compared to normal mice.

» The study found that CdO-NPs treatment led to significant depletion of protein,
albumin, globulin, and increased A/G ratio, total and direct bilirubin in all treated
mice compared to normal control mice. The treatment also increased concentrations
of kidney function biomarkers, increased ALP, and elevated AST and ALT
concentrations. The lipid profile deteriorated, with increased levels of total
cholesterol, triglycerides, LDL cholesterol, and decreased HDL cholesterol.

» CdO-NPs administration in female mice for 30 days led to significant oxidative
stress in liver, Kkidney, and brain tissue, with increased malondialdehyde
concentrations. The enzymatic and non-enzymatic anti-oxidants, SOD, CAT, GST,
and GSH reserves were significantly depleted in these tissues compared to the
control group.

» CdO-NPs treatment led to alterations in hepatic tissue architecture, including
portal vein congestion, cellular vacuolization, and apoptotic nuclei formation.
Kidney tissue sections showed kidney degeneration, glomerular degeneration,
vascular congestion, cellular vacuolization, and area of haemorrhage. Histological
sections of brain tissue showed normal pyramidal neuronal cells and blood vessels.
However, CdO-NPs treatment led to inflammatory infiltration, darkly stained neuron
appearance, intracytoplasmic vacuolization, cellular vacuolization, cellular apoptosis,
tissue necrosis, tissue fragmentation, cellular degeneration, and congested vessels.
The degree of histopathological alterations was more severe at higher doses.

» CdO-NPs increased pro-inflammatory markers in serum, while decreasing anti-
inflammatory markers, indicating a potential role in inflammation in the treatment of
various diseases. Inflammatory markers like COX-2, TNF-a, NF-kB, IL-6, and iINOS
were elevated.

» CdO-NPs treatment significantly altered the expression of apoptotic and anti-
apoptotic markers, and tumour-related proteins in liver, kidney, and brain tissues.

Pro-apoptotic markers like BAX and active caspace-3 increased, while anti-apoptotic
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markers like BCL-2 declined. Tissue suppressor protein P53 expression was also
increased, suggesting potential cancer development.

» CuO-NPs intoxication affected female mice's body weight and feeding patterns,
leading to a significant decrease in body weight, food, and water consumption
compared to the normal control group. Hematological parameters showed decreased
RBC counts, hemoglobin concentration, PCV, WBC counts, and MCV, with no
significant change in MCH concentration.

» Copper concentration in liver, kidney, and brain increased significantly after
consumption, with higher accumulation observed at high doses compared to the
normal control group.

» Serological assays showed depletion of protein, globulin, and albumin in
treatment groups, increased production of bilirubin, and deterioration of liver and
kidney profiles.

» The treatment group showed increased total cholesterol and LDL cholesterol
concentrations, while decreasing HDL cholesterol, but no significant changes in
triglycerides, serum glucose, chloride, potassium, sodium, or calcium concentrations.
» Regular consumption of CuO-NPs triggers inflammatory and oxidative stress
response systems, resulting in elevated levels of IL-6, IL-1, FAD, MPO,
prostaglandin B4, leukotriene E2, and a decrease in IL-10 and TAOC.

» Consumption of CuO-NPs led to oxidative stress and depletion of enzymatic and
non-enzymatic antioxidants, with elevated MDA levels in liver, kidney, and brain
tissues. Enzymatic antioxidants GST, SOD, and CAT were depleted in liver, kidney,
and brain tissues.

» The study examined liver, kidney and brain tissue in mice treated with CuO-NPs.
Results showed dilation of central veins, sinusoid dilation, apoptotic nuclei,
hepatocyte degeneration, tissue fragmentation, congestion, and tissue haemorrhage.
Control mice had normal structures, while high-dose CuO-NPs intoxicated mice
showed increased changes. In the kidney, CuO-NPs administration led to glomerular
degeneration, area of haemorrhage, inflammatory infiltration, and apoptotic nuclei.
In the brain, CuO-NPs administration resulted in darkly stained neuron,
inflammatory infiltration, cellular vacuolization, apoptosis, necrosis, cellular

degeneration, blood vessel congestion, and tissue fragmentation.
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» The study investigated the role of pro-apoptotic, anti-apoptotic, and inflammatory
markers in CuO-NPs intoxicated female mice. Results showed increased pro-
apoptotic markers BAX and active caspace-3 in liver, kidney, and brain tissue,
particularly in high dose groups. Inflammatory markers COX-2, IL-6, INOS, TNF-a,
and NF-xB also increased in treatment groups. CuO-NPs intoxication also led to
changes in the expression patterns of P>* and PPAR-y, with higher doses potentially
causing more severe effects.

» Overall, present study suggests that both CdO-NPs and CuO-NPs have the

potentiality to cause toxicity when administered regularly even at low doses.
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Figure 41 Diagrammatic representation of pathways of organ toxicity induced by CdO-NPs and CuO-NPs in mice.
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8.1 Conclusion

The study found that CdO-NPs and CuO-NPs administration in mice significantly
triggered oxidative stress in liver, kidney, and brain tissue, alterations in hepatic,
renal and brain tissue architecture, and increased pro-inflammatory markers in
serum. Cd and Cu metal concentration in liver, kidney, and brain increased after
consumption, with higher accumulation observed at high doses. Serological assays
showed depletion of protein, globulin, and albumin, increased bilirubin production,
and deterioration of liver and kidney profiles. Additionally, the study also addressed
that regular consumption of CdO-NPs and CuO-NPs at low doses for short-term

triggers inflammatory and oxidative stress response systems.

However, there is an urgent need to address the effects of these metals on different
organisms with variable doses in both sexes. More studies uncovering the
mechanisms and other target signaling pathways involved in heavy metal organ
toxicity are necessary to understand their diverse effects. There is also a vital need to
trace the toxicological pathways triggered by these metals on other organs and the
endocrine system. Research tracing the relationship between metal accumulation in
the brain and cognitive, behavioral, and impact on memory is also of vital need.
Additionally, there is a pressing need to conduct research on the gene expression
patterns and microbiota profiling, which will further help to understand the potential
toxicological outline of the heavy metals and widen the scope of possible treatment
options. And lastly, there should be research targeting the possible treatment that will

help to ameliorate the toxicity induced by the heavy metals.
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Abstract

1.1 Introduction

The English word 'toxic' is a Greek derivative of the term ‘toxikon’, which in the
context of medical sciences means any substance that can harm animals as well as
humans. In Greek, the word 'toxon' means ‘bow’ or ‘arrow’, and later from this term
came the word ‘foxikon’, which means ‘a poison in which arrows are dipped’ (Laios
et al., 2021). Hence, the adjective toxicity can be defined as the degree to which a
substance can harm our environment, animals, humans, etc. The study of all noxious
substances that have detrimental impacts on organisms and the environment is

known as toxicology (Naz, et al., 2020).

Naturally occurring elements having a density at least five times greater than that of
water and a high atomic weight usually 5 g cm™ are known as heavy metals. There
are more than sixty elements in the periodic table which are regarded as heavy metals
(Hocaoglu-ozyigit and Geng, 2020). In the developing era of science and
technology, the utilization of nanoparticles, in particular Metal Oxide Nanoparticles
(MO-NPs), has received a lot of attention and relevance in recent years due to their
diverse structural characteristics and special abilities that make them valuable for a

number of applications (Zhang et al., 2010; Yaqub et al., 2018).

Cadmium (Cd) is ranked as the seventh most toxic heavy metal in accordance with
the rating provided by the Agency for Toxic Substances and Disease Registry
(ATSDR; Jaishankar et al., 2014; Young et al., 2019). In contemporary times, it is
also used to make specialized alloys, rechargeable batteries, coatings, pigments, and
platings, as a plastic stabilizer, and additionally, their presence was detected in
cigarette smoke (Jaishankar et al., 2014). Cadmium oxide nanoparticles (CdO-NPs)
were used in the initial manufacturing process of quantum dots, which are becoming
more and more prominent in targeted therapeutics and medical diagnostic imaging
(Demir et al., 2020). In human, inhalation or ingestion are the main ways that leads
to Cd exposure. Depending on the size of the particles, 10-50% of the Cd dust that is
inhaled is absorbed. Skin contact has very little impact on absorption (Bernhoft,
2013). Smoking of cigarette is one of the major sources of Cd exposure in human. A



cigarette contains about 1-2 pug of Cd and a person smoking 20 cigarettes in a day
may absorb nearly 1 ug Cd (Taha et al., 2018; Genchi et al., 2020).

In the era of technology and development, the application of CdO-NPs is opening
new doors for researchers as it is used to treat deadly diseases, such as cancer.
Although the nanoparticles have been useful to mankind in various ways, it will be
ingenious to ignore the other side of the nanoparticles, which is their toxicological
insight. So, there is an urgent need to understand the physiological mechanism and
molecular and inflammatory pathways by which CdO-NPs induce toxicity at the
cellular, tissue, and organ level. It is also thought that tracing the actual toxicological
pathways may lead to the uncovering of complex effects and may help provide

remedies for Cd toxicity.

Since ancient times, copper (Cu) has been used for various purposes in the field of
electronics technology, including semiconductors, electronic chips, metal catalysts,
and heat transfer nanofluids, due to their superior thermophysical properties.
Additionally, the nanoparticles of copper (CuO-NP) are used in fracture and
osteoporosis-treatment drugs, additives in livestock and poultry feed, intrauterine
contraceptive devices, and as an alternative antimicrobial agent in many biomedical
applications (Yang et al., 2010; Assadian et al., 2017; Bugata et al., 2019).

CUuONP have a number of interesting applications in nano-medicine, due to their
outstanding antibacterial activity and promise as nosocomial infection-preventing
disinfectants. These have potent antibacterial properties against several Gram +ve
and Gram -ve bacterial strains, which are utilized in wound dressings (Grigore et al.,
2016; Naz et al., 2023). It is also known that CUONP have fungicidal effect against
some fungal strains. For sensing glucose, dopamine, cholesterol, lactate, DNA, and
other biomarkers, CuO-NPs are frequently utilized. Additionally, they could be quite
helpful in the management of lung, breast, prostate, kidney, and glioma cancers due
to their potential as antitumor agents (Naz et al., 2023). CuO-NPs are also used as
one of the key elements of fertilizers (Pelegrino et al., 2020; Tulinska et al., 2022),
algaecide, fungicides, and herbicides, however they can also harm cells by oxidizing
DNA and causing genotoxicity (Song et al., 2012; Ghonimi et al., 2022). They are



additionally employed to remove heavy metals from waste water (Jain et al., 2021;
Li et al., 2021; Tulinska et al., 2022). In vitro and in vivo studies have shown that
exposure to CuO-NPs induces cytotoxicity (Assadian et al., 2018), genotoxicity
(Song et al., 2012; Ghonimi et al., 2022), apoptosis, inflammation, oxidative
damage, and histopathological changes in various organs like the liver, kidney,
stomach, bone (De Jong et al., 2019; Anreddy, 2018; Tulinska et al., 2022), and
brain (Naz et al., 2020).

The present study emphasized upon the toxic nature of Cd and Cu, significance of
understanding the absorbed dose, route of exposure, and duration of exposure in
determining the toxic effects, and also assess their ability to induce oxidative stress,
apoptosis and inflammation in mice model. Understanding the distribution and
effects of these heavy metals is crucial for mitigating their harmful consequences on

the environment, animals and human health as a whole.
2.1 Objectives

e Computational toxicological profiling of CdO and CuO: An in-silico
approach.

e Acute oral toxicity of CdO-NPs in Swiss albino mice

e To assess antioxidant status, oxidative stress parameter, histopathology, and
pathways of organ toxicity induced by cadmium nanoparticles in adult mice.

e Evaluation of oxidative stress, antioxidant status, molecular mechanism and
toxicological pathways that governs the organ specific toxicity in mice

intoxicated with copper nanoparticles.



3.1 Materials and methods

I. In silico study

Computational toxicological profiling of CdO and CuO: An in-silico approach.
3.1.1 Retrieval of canonical SMILES

The canonical SMILES (Simplified Molecular-Input Line-Entry System) of Copper
(I1) oxide (CuO; compound ID, CID: 14829) and Cadmium (IlI) oxide (CdO;
compound ID, CID: 14782) were retrieved from PubChem
(https://pubchem.ncbi.nlm.nih.gov/) database.

3.1.2 LDsp dose and pathway prediction by using ProTox-11 online software

ProTox-Il provides us with the information on organ toxicity, toxicity endpoints,
nuclear receptors signaling pathways, stress response pathways, molecular initiating
events and metabolism of a chemical. The software is freely accessible for the users

at http://tox.charite.de/protox_Il (Banerjee et al., 2018). The simple procedure to use

the software is to click on the link that takes us to the homepage of the software.
Then clicking on the TOX PREDICTION dialogue box, paste either PubChem name
or canonical SMILES followed by clicking on the parameters that we would like to
predict and finally on Tox-prediction. The results for the prediction parameters will

appear on the screen.
3.1.3 ADMET profiling using pkCSM online software

pkCSM, a graph-based signature was used to know about the absorption,
distribution, metabolism, excretion, and toxicity (ADMET) properties of CdO and
CuO. The pkCSM is a freely usable software and it was accessed using the

https://biosig.lab.ug.edu.au/pkcsm/prediction (Pires et al., 2015). The canonical

SMILES format was pasted in the input file section and after that clicking on the

predict gave us with a link, which further showed the result of the predictions.


https://pubchem.ncbi.nlm.nih.gov/compound/14829
https://pubchem.ncbi.nlm.nih.gov/
http://tox.charite.de/protox_II
https://biosig.lab.uq.edu.au/pkcsm/prediction

I1. In vivo study
3.1.4 Animal ethics

This study was performed in strict accordance with the guiding principles approved
by ARRIVE guidelines (Du Sert et al., 2020) for the care and use of Laboratory
animals. The whole experimental procedure of using animal was approved by the
Institutional Animal Ethical Committee, Mizoram University, Aizawl, Mizoram,
India, bearing Approval No. MZU/IAEC/2021-22/07 dt. September 03, 2021. All the
necessary measures and care were taken during and prior to the experiment to reduce

the suffering and distress of the animals.
3.1.5 Test Chemical
a) Cadmium oxide nanoparticle (CdO-NPs)

CdO nano powder (size < 50 nm) was commercially purchased from Nanoshel, India
(CAS No: 1306-19-0; Purity 99.9%). The particles were crystalline in structures and

brown colour in appearance.
b) Copper oxide nanoparticle (CuO-NPs)

CuO-NPs purchased as black powder from Sigma-Aldrich (St. Louis, MO 63103,
USA), product number 544868 and CAS number 1317-38-0. The particles were

crystalline in structures having average particle size range < 50 nm (TEM).
3.1.6 Characterization of NPs

Fourier Transform Infra-Red (FTIR) spectrometry was performed using IR Affinity
1s (00703, Shimadzu, Japan) to study about the functional group (Raul et al., 2014).
Particle size and shape of the compound was studied by generating high resolution
(HR) images under Field Emission Transmission Electron Microscopy (FETEM)
(Vijayakumar et al., 2022) (JEOL 2100 F HR, Japan) at 200kV. Selected-area
electron diffraction (SAED) pattern was investigated to find out the physical nature
of the particle using TEM (Balamurugan et al., 2016). The structure of the test
compound was studied using X-ray diffraction (XRD- Smartlab, Rigaku, Japan) with



Cu Ka radiation operating at a wavelength (1) of 1.5406 A, and at a voltage (V) of 40
KV and current (A) 125 mA setting.

3.1.7 Preparation of test solution

The test solution was prepared by dissolving required amount of the test chemical in
0.9% saline solution. The solution was vigorous sonicated (PCIl Analytics, India,
model: 500F) so as to suspend the test chemical uniformly. Every day prior to the
treatment, the test solution was sonicated for 10-15 minutes.

3.1.8 Animal maintenance

Swiss albino mice, weighing 2545 g of the age group 2-3 weeks old and a total of
thirty male and eighty female mice, were collected from the Animal Care and
Housing facility, Mizoram University, Aizawl, Mizoram. The male and female mice
were housed separately, five per cages, in clean and hygienic polypropylene cages
and maintained in the air-conditioned set up at a temperature range of 20 £ 2 °C, 50-
70% relative humidity and under a 12-hour dark/12-hour light cycle. The mice were
fed daily at regular interval with a standard commercial mouse pellet feed and ultra-
pure water ad libitum. Cleaning of the cages and housing area, and monitoring of the
heath conditions of mice were performed daily.

Experiment-1- Acute oral toxicity of CdO-NPs in Swiss albino mice

Acute oral toxicity test was performed in accordance with the guiding principle
described by the OECD 423 guidelines (Acute Oral Toxicity-Acute Toxic Class
Method) (OECD, 2001).

3.1.9 Dosage selection, experimental groups and LDsq calculation

In compliance with the OECD 423 Guidelines (OECD, 2001), the starting dose was
selected as 5 mg/kg b.w, one of the doses from the four fixed doses (5, 50, 300 and
2000 mg/kg b.w).

Group Dose (p.0., 1 mL/100 g b.w) Male + Female (number; n)

I (Control) Vehicle only 06 + 06



] CdO-NPs 5 mg/kg b.w 06 + 06

I CdO-NPs 25 mg/kg b.w 06 + 06
v CdO-NPs 50 mg.kg b.w 06 + 06
\/ CdO-NPs 75 mg/kg b.w 06 + 06

The doses of CdO-NPs were increased based on the behavioral changes and
moribund status of the subsequent lower doses. The acute oral toxicity for calculating

lethal dose 50 (LDsp) was done using probit analysis (Finney, 1971).
3.1.10 Sample collection

After the completion of 14™ day, mice were fasted for 3-4 hours and sacrificed after
application of mild anesthesia, 90 mg/kg Ketamine (50-150 mg/kg b.w) and 5 mg/kg
Xylazine (5-10 mg/kg b.w) with a 27G needle IP (Shojaei et al., 2014). Blood and
tissue sample were immediately excised, and collected for future analysis. A part of
the tissue samples was fixed in Bouin’s fixative containing saturated picric acid
(75%), formaldehyde (25%) and glacial acetic acid (5%), and others kept for the
estimation of oxidative stress, antioxidant parameters and inflammatory markers at -
20°C.

3.1.11 Daily monitoring-clinical signs and symptoms, body weight, food and

water consumption, rectal temperature, and organ indices

Animals were monitored closely just after treatment for 30 mins then for 4 hrs and 6-
8 hrs for any sign or symptom of abnormality. And then, monitoring was done in
every 24 hrs for remaining 14 days. During the period of treatment, from 1% day to
day 14™, body weight (g), food consumption (g), water consumption (mL) and rectal
temperature (°C) of each individual of the groups were measured once daily between
06:00 am to 06:00 pm. Rectal temperature was computed using a greased metallic

thermocouple.
3.1.12 Hematological analysis

Blood levels of hemoglobin (Hb) was estimated by acid hematin method using

Sahli’s hemoglobinometer. Total red blood cell (RBC), total white blood cell
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(WBC) and packed cell volume (PVC) were computed using hemocytometer
(Thrall, & Weiser, 2002). Additionally, RBC related indices such as mean
corpuscular volume (MCV), mean corpuscular hemoglobin concentration (MCHC),
and mean corpuscular hemoglobin (MCH) were calculated by following standard

formulas.
3.1.13 Serum biochemical analysis

Serum sample stored at -20 °C were used for the analysis of various markers of
hepato-renal functions and lipid profiles. The sample were thawed to the room
temperature and various serological assays were performed both for male and female
separately in triplet. Serum levels of total protein (Gornall, et al., 1949), albumin
(Doumas et al., 1971), alkaline phosphatase (ALP, Kind, & King, 1954), alanine
amino-transferase (ALT, Reitman, & Frankel, 1957), aspartate amino-transaminase
(AST, Reitman, & Frankel, 1957), creatinine (Bonsnss, & Taussky, 1945), urea
(Berthelot, 1859), uric acid (Yahia, 2019) were estimated using commercially
available kits (Coral Clinical systems, Goa, India) and, total and direct bilirubin
(Garber, 1981) were quantified using diagnostic kit manufactured by Asritha
Diatech India Pvt. Ltd (Euro Diagnostic systems, Chennai, India), according to the
manufacturer protocol. Blood urea nitrogen (BUN), and globulin levels were
computed. Similarly, ratios of AST and ALT and albumin and globulin were also
measured by diving former by the latter. Further, the markers of lipid profile such as
triglycerides (Trinder, 1969a), cholesterol (Trinder, 1952), high density lipoprotein
(HDL) cholesterol (Mire & Snow, 1986), were estimated by using commercial
diagnostic kits (Coral Clinical systems, Goa, India), where as low density lipoprotein
(LDL) cholesterol was calculated in accordance to the formula by Freidewald et al.
(1972). Levels of blood glucose (Trinder, 1969b), calcium ion (Gitelman, 1967),
sodium ion (Maruna, 1957), potassium ion (Teeri & Sesin, 1958) and chloride ion
(Schoenfeld & Lewellen, 1964) were also assessed individually in all the groups
using Coral clinical kits (Coral Clinical systems, Goa, India) following the

manufacturer protocol.
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3.1.14 Oxidative stress and antioxidant enzyme status
a) Tissue homogenate preparation

Tissue samples were homogenized in ice cold 1x phosphate buffer saline (PBS)
constituting 137 mM sodium chloride (NaCl), 2.7 mM potassium chloride (KCI), 10
mM sodium phosphate dibasic (Na;HPO,),and 1.8 mM potassium phosphate

monobasic (KH,PQO,) dissolved in distilled water to produce 10% homogenate (w/v).
b) Quantification of protein in the tissue sample
Protein quantification was done by Bradford’s method (Bradford, 1976).

¢) Measurement of tissue lipid peroxidation (LPO) and malondialdehyde (MDA)

levels

MDA is the end product of LPO at cellular or tissue level, therefore the levels of LPO
is directly proportionate to the concentration of MDA. The presence of MDA was

detected according to the procedure described by Ohkawa et al. (1979).
d) Glutathione reduced (GSH) assay

GSH was estimated based on a method described earlier by Moron et al. (1979) with a

slight modification. It was expressed as Unit (U)/mg of protein.
e) Glutathione-S-Transferase (GST) assay

GST assay was performed by the procedure explained by Habig et al. (1974).

Concentration of the GST was expressed as U/mg of protein.
f) Catalase (CAT) assay

The catalase assay was carried out based on the method and principle described
earlier by Hadwan (2018), a slight modification from the method of Aebi et al.
(1984). CAT was expressed as U/ mg of protein.

g) Superoxide dismutase (SOD) assay
The tissue level of SOD was quantified based on the procedure formulated by

Kakkar et al. (1984). Value of SOD was expressed as U/mg of protein.
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3.1.15 Histopathological analysis

The tissue sample, pre-fixed in Bouin’s fixative for 24 hours and preserved in 70%
alcohol (v/v) were processed for the histopathological study. Liver, kidney, brain,
heart, lung, spleen, colon, ovaries, uterus and testis were cut into small sections,
dehydrated with the grades of alcohol, embedded in paraffin block and cut into
sections of 5 um thickness (Leica, RM 2125 RTS, Leica systems, Mumbai, India).

3.1.16 Experimental design

Experiment-1l  To assess antioxidant status, oxidative stress parameter,
histopathology, and pathways of organ toxicity induced by cadmium nanoparticles
in adult mice: A study on the neuro-hepato-renal axis.

In this experiment, a total of 24 female Swiss albino mice in the age group of 2-3
months, weighing 25 £ 5 g, were allocated into four different groups (n = 6) by
random sampling method. As mentioned earlier, CdO-NPs was prepared in 0.9%
saline solution and sonicated vigorously for proper mixing in the solution. The
animals were administered with the test chemical orally (p. 0.) for 30 days. The

dosage selected for the experiment are mentioned below-

Group Dose (p.o., 1 mL/100 g b.w) Female (number; n)

I (Control) Vehicle only 06

] CdO-NPs 2 mg/kg b.w 06

I CdO-NPs 5 mg/kg b.w 06

v CdO-NPs 8 mg/kg b.w 06
Experiment-111 Evaluation of oxidative stress, antioxidant status and to trace the

molecular mechanism and toxicological pathways that governs the organ specific

toxicity in mice intoxicated with copper nanoparticles.

Twenty-four female Swiss albino mice (2-3 months old, weighing 25 + 5 g) were

randomly distributed into four groups (n = 6) of which, one group was control and

12



other three were treated with CuO-NPs. The period of experiment was 30 days and
during that period all the animals were treated daily with the test solution orally

(p.0.), according to the plan mentioned below-

Group Dose (p.o., 1 mL/100 g b.w) Female (number; n)
I (Control) Vehicle only 06
] CuO-NPs 1 mg/kg b.w 06
I CuO-NPs 5 mg/kg b.w 06
v CuO-NPs 10 mg/kg b.w 06

All the animals were observed routinely and body weight, food and water
consumption were recorded daily. At the end of the experiment all the animals were
sacrificed by decapitation after the intra peritoneal (IP) application of mild

anesthesia.
Methodology applied in experiment-11 and 111
3.1.17 Daily monitoring- body weight, food and water consumption

Body weight of each individual animals were recorded every day before the
treatment. In the similar way every day, the animals were fed with a 100 mL of
ultrapure water and 50 g of food (dry weight).

3.1.18 Sample collection and organ weight

At the end of the 30" day, all the animals were fasted for 12 hours followed by
weighing each animal individually. All the animals were sacrificed by following the
IAEC guidelines. Blood samples were collected and stored at -20°C. Immediately
after sacrificing the animals, all the organs were excised and washed in ice-cold
saline buffer. Weight of each organs were recorded and later, relative organ weights
were computed based on the earlier mentioned formula. Liver, kidney and brain

tissue were cut into equal parts carefully, a part of it were fixed in Bouin’s fixative
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for histopathological study and the other parts were stored at -20 °C for western
blotting.

3.1.19 Hematological assay

The various hematological parameters namely, total RBC, total WBC, concentration
of haemoglobin and PCV were measured using the procedure mentioned in earlier
section. From the above computed values, various other related hematological
parameters (MCV, MCHC and MCH) were calculated.

3.1.20 Estimation of metal accumulation in tissue

Heavy metal accumulation in liver, kidney and brain (cortex) tissue was estimated by
using atomic absorption spectrometry (AAS). For the analysis, wet digestion of the
tissue sample in nitric acid (HNO3) and H,O, medium was carried out based on the
earlier described method by Jia et al. (2017) with minor modification.

3.1.21 Liver and kidney function test, lipid profiles

The markers related to the liver and kidney functions including ALP, AST, ALT,
total protein, bilirubin (total and direct), aloumin, globulin, urea, uric acid and
creatinine were estimated in the serum sample. Lipid profiles parameters including
triglyceride, cholesterol, HDL cholesterol and LDL cholesterol, and blood glucose,
Na®, K*, CI" and Ca" ion concentrations were also assessed. All the tests were

performed using commercially available Kits according to the manufacturer protocol.
3.1.22 Quantification of inflammatory markers

Different biomarkers of inflammatory response were assayed by Enzyme linked
immunosorbent assay in serum sample. Various interleukins (IL) namely IL-1, IL-6
and IL-10, leukotriene B4 (LTB4), Prostaglandin E2 (PG E2) and additionally
myeloperoxidase (MPQO) and total antioxidant capacity (TOAC) were measured
using commercially available ELISA Kits (Bioassay Technology Laboratory, China)

by following manufacturer instructions.
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3.1.23 Oxidative stress and antioxidant enzyme assay

Levels of antioxidant (GSH, GST, SOD and CAT) and oxidative stress (MDA)

biomarkers were evaluated in liver, kidney, and brain tissues.
3.1.24 Histopathological study

Histological studies were carried out on liver, kidney and brain (cortex) tissues,
based on the protocol mentioned in the above section

3.1.25 Western blotting
a) Preparation of tissue homogenate

Tissue homogenate was prepared for the protein estimation and western blot analysis
in a sample buffer (lysis buffer) containing 100pL of 100 mM sodium chloride
(NaCl), 10 pL of 10 mM Tris-Hydrochloric acid (Tris HCI; pH 7.6), 10 pL of 1 mM
Ethylenediaminetetraacetic acid (EDTA; pH 8.0), 10puL of 1 mM
Phenylmethylsulfonyl fluoride (PMSF), 10 pL of 1 pg/mL aprotinin and finally the
volume was adjusted to ImL. Then, the tissue samples were thawed to the room
temperature and 10% homogenate (w/v) was prepared in the lysis buffer. The sample

mixture was centrifuged at 10,000 x g for 15 minutes at 4 °C.

b) Quantification of apoptotic, anti-apoptotic and inflammatory response

markers

The protein sample was denatured and then run in 10% SDS-polyacrylamide gel
electrophoresis (PAGE) to separate them based on molecular weight. The separated
proteins were transferred to nitrocellulose membranes, blocked for non-specific
binding of antibodies, and then incubated with primary antibodies. The antibodies
targeting BAX, BCL-2, caspase-3, NF-kB, TNF-o, P*%, COX-2, PPARYy, IL-6 and
INOS were probed into membranes separately and detected by using HRP-
conjugated secondary antibodies followed by ECL detection method. The
membranes were developed onto X-ray film and analyzed quantitatively using
ImageJ software (Annie et al., 2019).
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4.1 Summary

» The present study investigated potential organ toxicity of CdO-NPs and CuO-
NPs in mice model at low doses. In our study we have used both in silico and in vivo
methods to assess the toxicity of the chemical.

» Insilico method of toxicity prediction stands as a very useful tool that helps in
the quick assessment of toxicity.

» The physical properties for CdO was found to be safe, but its permeability
pattern is below the safety range. Its LDsp in animals is low, falling under toxicity
class 11l. CdO is active for neurotoxicity, BBB barrier, ecotoxicity, and Cytochrome
CYP2Co.

» Similar predictions were seen for CuO where, physical properties of CuO were
predicted within the safety range, but their permeability pattern was below the range.
The LDs in animals was 413 mg/kg, falling under toxicity class IV. CuO was found
active for neurotoxicity, BBB barrier, ecotoxicity, and Cytochrome CYP2C9.

» ADMET profiling predicted the potential toxicity of CdO and CuO, with water
solubility, Caco2 value, intestinal absorption, and skin permeability. CdO was
predicted to be negative for all cytochrome P450 inhibitors and substrates. Total
clearance was low, and it showed no mutagenic potential. The maximum tolerated
dose was low and were not a hERG I and Il inhibitor.

» In vivo study was carried out with CdO- and CuO-NPs of size < 50 nm, pure
crystalline solids were used for the toxicity test, and chemical characteristics were
confirmed by using FTIR, FETEM and XRD analyses.

» Acute toxicity test was carried out to determine the LDsy for CdO-NPs.
Mortality percentages were 33.33% and 66.67% in male and female groups at
different doses. The LDsy values for male was 63.82 mg/kg and 58.21 mg/kg in
female, calculated using OECD 423 guidelines and probit analysis.

»  After 30 days of CdO-NPs administration, mice showed a significant decrease in
mean body weight, feeding patterns, and water consumption compared to the control
group. CdO-NPs intake had a prevailing impact on organ weights in treated female
mice, with significant effects on liver, kidney, spleen, colon, lung, ovary, and uterus.

Hematological parameters revealed major effects of CdO-NPs intoxication in female
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mice, with depletion of total RBCs count and hemoglobin concentration, and an
increase in total WBCs count. PCV decreased significantly among both control and
treated groups.

» The study found a significant increase in cadmium heavy metal levels in liver,
kidney, and brain tissues of treatment groups compared to normal mice.

» The study found that CdO-NPs treatment led to significant depletion of protein,
albumin, globulin, and increased A/G ratio, total and direct bilirubin in all treated
mice compared to normal control mice. The treatment also increased concentrations
of kidney function biomarkers, increased ALP, and elevated AST and ALT
concentrations. The lipid profile deteriorated, with increased levels of total
cholesterol, triglycerides, LDL cholesterol, and decreased HDL cholesterol.

» CdO-NPs administration in female mice for 30 days led to significant oxidative
stress in liver, kidney, and brain tissue, with increased malondialdehyde
concentrations. The enzymatic and non-enzymatic anti-oxidants, SOD, CAT, GST,
and GSH reserves were significantly depleted in these tissues compared to the
control group.

» CdO-NPs treatment led to alterations in hepatic tissue architecture, including
portal vein congestion, cellular vacuolization, and apoptotic nuclei formation.
Kidney tissue sections showed Kkidney degeneration, glomerular degeneration,
vascular congestion, cellular vacuolization, and area of hemorrhage. Histological
sections of brain tissue showed normal pyramidal neuronal cells and blood vessels.
However, CdO-NPs treatment led to inflammatory infiltration, darkly stained neuron
appearance, intracytoplasmic vacuolization, cellular vacuolization, cellular apoptosis,
tissue necrosis, tissue fragmentation, cellular degeneration, and congested vessels.
The degree of histopathological alterations was more severe at higher doses.

» CdO-NPs increased pro-inflammatory markers in serum, while decreasing anti-
inflammatory markers, indicating a potential role in inflammation in the treatment of
various diseases. Inflammatory markers like COX-2, TNF-a, NF-kB, IL-6, and iINOS
were elevated.

» CdO-NPs treatment significantly altered the expression of apoptotic and anti-
apoptotic markers, and tumor-related proteins in liver, kidney, and brain tissues. Pro-

apoptotic markers like BAX and active caspace-3 increased, while anti-apoptotic
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markers like BCL-2 declined. Tissue suppressor protein P53 expression was also
increased, suggesting potential cancer development.

» CuO-NPs intoxication affected female mice's body weight and feeding patterns,
leading to a significant decrease in body weight, food, and water consumption
compared to the normal control group. Hematological parameters showed decreased
RBC counts, hemoglobin concentration, PCV, WBC counts, and MCV, with no
significant change in MCH concentration.

» Copper concentration in liver, kidney, and brain organs increased significantly
after consumption, with higher accumulation observed at high doses compared to the
normal control group.

» Serological assays showed depletion of protein, globulin, and albumin in
treatment groups, increased production of bilirubin, and deterioration of liver and
kidney profiles.

» The treatment group showed increased total cholesterol and LDL cholesterol
concentrations, while decreasing HDL cholesterol, but no significant changes in
triglycerides, serum glucose, chloride, potassium, sodium, or calcium concentrations.
» Regular consumption of CuO-NPs triggers inflammatory and oxidative stress
response systems, resulting in elevated levels of IL-6, IL-1, FAD, MPO,
prostaglandin, leukotriene, and a decrease in 1L-10 and TAOC.

» Consumption of CuO-NPs led to oxidative stress and depletion of enzymatic and
non-enzymatic antioxidants, with elevated MDA levels in liver, kidney, and brain
tissues. Enzymatic antioxidants GST, SOD, and CAT were depleted in liver, kidney,
and brain tissues.

» The study examined liver, kidney and brain tissue in mice treated with CuO-
NPs. Results showed dilation of central veins, sinusoid dilation, apoptotic nuclei,
hepatocyte degeneration, tissue fragmentation, congestion, and tissue hemorrhage.
Control mice had normal structures, while high-dose CuO-NPs intoxicated mice
showed increased changes. In the kidney, CuO-NPs administration led to glomerular
degeneration, area of hemorrhage, inflammatory infiltration, and apoptotic nuclei. In
the brain, CuO-NPs administration resulted in darkly stained neuron, inflammatory
infiltration, cellular vacuolization, apoptosis, necrosis, cellular degeneration, blood

vessel congestion, and tissue fragmentation.
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» The study investigated the role of pro-apoptotic, anti-apoptotic, and
inflammatory markers in CuO-NPs intoxicated female mice. Results showed
increased pro-apoptotic markers BAX and active caspace-3 in liver, kidney, and
brain tissue, particularly in high dose groups. Inflammatory markers COX-2, IL-6,
INOS, TNF-0, and NF-kB also increased in treatment groups. CuO-NPs intoxication
also led to changes in the expression patterns of P>* and PPAR-y, with higher doses
potentially causing more severe effects.

» Overall, present study suggests that both CdO-NPs and CuO-NPs have the

potentiality to cause toxicity when administered regularly even at low doses.
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