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Background: Copper is an essential trace element and is required for many metabolic
functions. Aim of work: The present study was designed to study the negative impact of excess copper
sulphate on the central neural function of albino rats and studying how its antidote d-penicillamine
play role in improving its side effects. Material and methods: Seventy albino rats were divided into
seven equal groups each containing 10 rats (Gy.control received distilled water) ; (G,: 0.1 LD, of
CuSOy) ; (Gs: 0.2 LDsy of CuSQy) ; (G4: 0.4 LDsg of CuSQ,) ; (Gs: 0.1 LDsj of CuSO, +100mg/kg/day
of penicillamine) ; (Gg: LDsg 0of CuSO,.+100 mg/kg/day of penicillamine) and (G7: LDsy of CuSO4+
100 mg /kg/day of penicillamine) for 30 days and at the end of the experiment all rats were sacrificed
and blood samples and brain tissues were collected for biochemical assaying of fasting blood glucose
(FBG), serum Cu level, serum tyrosinase activity, oxidative stress marker malondialdehyde (MDA)
and total antioxidant activity (TAC). also, DNA determination of relative gene expression of cerebral
adenosine  monophosphate-activated  protein  kinase  (AmpK), protein  kinase (AKT),
phosphatidylinositol-3-kinase (PI3K), cytochrome ¢ oxidase (Cyto co ), and glucose -6- phosphate
dehydrogenase (G6PD). Results: The results showed that administration of copper sulphate with
different levels induced a significant increase in fasting blood glucose level, lipid peroxidation
marker MDA, serum copper level, and serum tyrosinase activity, and a significant decrease in TAC.
Moreover, copper sulphate administration elicited a significant downregulation ( AmpK, AKT, PI3K,
Cytochrome ¢ oxidase, G6PD).it could be approved that penicillamine could abolish the negative
impact of copper sulphate on neural tissues and serum enzymes. Conclusion: D-penicillamine can
reduce neurotoxicity and oxidative stress caused by copper pollution. Recommendations: Exposure
to the pollution of copper must be controlled. Search for sensitive blood and neural markers for early
detection of neurological disorders and further studies are needed to use its antidote d-penicillamine
in the treatment of copper-induced pollution.
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INTRODUCTION if copper is ingested in excess amounts. copper

could cause vomiting as it has an irritating

Copper is an essential trace element and is effect on the gastrointestinal tract and any
capable of being toxic to humans and animals disturbance in its excretion leading to
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accumulation of it in organs and tissues'. The
major sources of copper are electroplating,
fertilizer, pesticide, and iron and steel
industries®>. Copper is required for many
metabolic functions®. It acts as a cofactor in
various copper proteins and in oxidoreductase
compounds. It participates in the arrangement
of melanin®. Mitochondrial cytochrome ¢
oxidase is a copper-containing complex that
assumes a part in mitochondrial respiration”.
Ceruloplasmin (Cp), a copper-subordinate
oxidase, changes Fe2+ divalent iron to Fe3+
for transferrin- intervened iron vehicle in the
plasma®. The liver, which stores most of
copper, is the principal organ responsible for
its processing and transferring excess copper to
be excreted in bile®. The brain is the second
important organ to accumulate the most copper
that can get copper from blood or CSF’.

Excess copper is the result of genetic
mutation that is leading to neurodegeneration
diseases including  Parkinson's  disease,
Alzheimer’s d isease®. ROS, which is produced
by copper can lead to the inflammatory
process’. Also it causes conditions of high
oxidative stress and damage to protein, lipid,
and nucleic acid structures'® and leading to
translocation of nuclear and conformational
changes'* and decrease these toxic effects, we
can use chelators agents as D-penicillamine
that acts on copper content by the chelating
system and forming soluble complexes with
copper ions so it is easily excreted in urine.

The current work aims to study the
negative impact of copper sulphate pollution on
enzymes in serums and organs especially brain
tissues and how decreasing its side effects by
using its antidote d-penicillamine and it was
reported that there was a potential therapeutic
effect for penicillamine on copper sulphate
toxicity.

MATERIAL AND METHODS

Chemical and reagent

Copper sulphate (CuSO,.5H,0) was
purchased from Sigma-Aldrich Chemical Co.,
St. Louis, Mo (USA). Copper Sulfate was
dissolved in distilled water then administrated
orally by using a gastric tube for 30 days in
three different concentrations (0.1), (0.2), and
(0.4) LDsy of CuSO,; respectively to
groups2,3,4' and respectively to groups 5,6,7
with d-penicillamine.
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D-penicillamine  was obtained from
(Sigma-Aldrich, Chemical Cp. St. Louis, Mo,
USA) and also dissolved in distilled water
given orally in one therapeutic dose (100
mg/kg/day)*® for 30 days to (5,6,7) groups with
copper sulphate in doses (0.1, 0.2, 0.4 LDs, of
CuSQ,) respectively.

Experimental animal and Ethical statement

seventy rats aged 8 weeks and weighing
100-200 gm, were used in the experimental
investigation of this study. The animals were
obtained from the Central Animal House of
Faculty of Veterinary Medicine, Zagazig
University, Egypt. Rats were acclimatized for 2
weeks  under  conventional  laboratory
conditions prior to any treatments. The animals
were fed a standard rat pellet diet and allowed
free access to water. Rats were kept at constant
environmental and nutritional conditions
throughout the periods of the experiment. This
investigation has been audited and supported
by ZU-IACUC panel, approval number ZU-
IACUC/2/F/62/2023. After 2 weeks of
adaptation, rats were divided into seven groups.
The first group served as a normal control
group (G1, 10 rats).

Experimental design

Seventy albino rats were divided into 7
equal groups each contains 10 rats. Copper
sulphate and penicillamine were given orally
for 30 days then the rats were sacrificed, and
blood samples were collected for biochemical
determination’* and brain tissues were
collected for antioxidant investigation and gene
expression.

Sampling

Rats were sacrificed via cervical
decapitation, blood was collected, serum and
plasma were separated by centrifugation at
3000 rpm for 20 mins and sent for the different
biochemical determination. A 50 mg of brain
tissue was collected and used for gene
expression analysis and antioxidant
determination.

Biochemical determinations

The following parameters were assayed
serum tyrosinase was determined using
(ab185435 Kkit) colorimetric assay method®,
Serum Copper ions were determined using



colorimetric assay kit at 580 nm according to
Y Serum Fasting glucose levels were
determined using (ab65333 kit) according to™,
TAC in brain tissue was determined using
(Cat. No- E-BC-K136-S) according to
colorimetric assay adapted to'® and MDA in
brain tissue assayed using (ab118970)
according to a method adapted to™.

Molecular determinations

The real-time Polymerase Chain Reaction
procedure was carried out as described
before?. Total RNA was isolated from 50mg of
brain tissues using Trizol (Invitrogen; Thermo
Fisher Scientific, Ink.), and quality and
concentration ~ were  determined  using
Nanodrop® system spectrophotometer ND-
1000 (NanoDrop Technologies, Wilmington,
Delaware USA). cDNA was synthesis Kit
(iNtRON Biotechnology Co., South Korea ), A
Rotor-Gene Q 2 Plex (Qiagen, Germany) Real-
Time PCR System was used to perform real-
time RT-PCR with a total reaction volume of
20 pL (1 pL of both forward and reverse
primer) and nuclease-free water up to 20 pL
with a cycling condition of initial denaturation
at 95 °C for 12 minutes was followed by 40
cycles of denaturation at 95 °C for 20 seconds,
annealing at 60 °C for 30 seconds, and

Table. 1: Primers used in PCR.

extension at 72 °C for 30 seconds. the PCR
product was amplified with oligonucleotide-
specific primers listed in Table 1.(Beijing,
China).

A melting curve analysis was performed
following PCR amplification. The expression
level of the target genes was normalized using
the mMRNA expression of a known
housekeeping gene: Gapdh. Results are
expressed as fold-changes compared to the
control group following the 2**“* method?'.

Statistical analysis

In order to assess the influence of excess

cu and penicillamine on different enzymes,
one-way ANOVA was followed by LSD least
Significant Difference test as post hoc test.
Homogeneity of variance of sample groups was
checked using Levene's test.
All  Analysis was done using Statistical
Package for Social Sciences version 24.0
(SPSS, IBM Corp., Armonk, NY), and charts
were done by Graph Pad prism 8.0.2
(GraphPad Software, Inc).

Results are reported in means £ SEM
(Standard Error of Mean), and probability
value. The value of P< 0.05 was used to
indicate statistical significance.

;P];ir:]neer Forward primer Reverse primer :er(])gtl:]ct Accession No.
AMPK .?ggg;gZ\GAAGA _C?_?CC:I_IEJ(':I'(C:ETCAATTGATG 93 NM-023991.1
PI3K g?ﬁgég_l-l:éCGCT ?gééACTGGCCAATCC 164 NM-053481.2
AKT | CAACOASPACE | TISTCCAGBACACEET 1111 | nM-0332303
capa | GCATCTTCTTGT | GGTAACCAGGCGTCCG | g |y gr7008.4
G6pd E?ﬁggé gf\AGAT -(EiééAATAGCCCCCAC 177 NM-017006.2
CYTOC ???T%%?AQCACGC $é((33TTCTTCAAGGCTGC 71 NM 012812.3
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RESULTS AND DISCUSSION
Results

Effect of penicillamine on  (tyrosinase,
FBG, and Cu level) in copper sulphate
toxicity induced in rats

we reported in our results when compared
with the control groups, that rat groups induced
cytotoxicity with CuSO,, highly observed
significance increase with p< 0.05, in serum
tyrosinase, FBG, and Cu level, and these
results were proportional with the dosage
amount (0.1, 0.2, 0.4 LDs of CuSOy)
respectively.

On the other hand, rat groups induced
cytotoxicity with CuSO4 and treated with
penicillamine, showed a significant decrease in
serum tyrosinase, FBG, and Cu level, levels
with p< 0.05 (Fig.1).
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Effect of penicillamine on antioxidant
enzymes ( brain TAC and MDA) in copper
sulphate toxicity induced in rats

we reported in our results when compared
with the control groups, that rat groups induced
cytotoxicity with CuSO,, highly observed
significance with p< 0.05, hence it affected
brain-specific enzymes (TAC and MDA) where
CuSOq lead to increase of MDA enzyme, while
we noticed a significant decrease of TAC
enzyme in blood serum, and these results were
proportional with the dosage amount (0.1, 0.2,
0.4 LDsy of CuSOy) respectively.
On the other hand, rat groups induced
cytotoxicity with CuSO4 and treated with
penicillamine, showed a significant decrease in
MDA enzyme, while TAC enzyme levels
significantly increased p< 0.05 (Fig.2).
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Fig. 1: (A) Effect of penicillamine (100 mg/kg/day) on the mean value of ( serum tyrosinase) in
induced copper sulphate toxicity (0.1 , 0.2 , 0.4 LDs) in rat,(B) Effect of penicillamine (100
mg/kg/day) on the mean value of ( serum FBG level) in induced copper sulphate toxicity (0.1,
0.2, 0.4 LDx) in rat. (C) Effect of penicillamine (100 mg/kg/day) on the mean value of ( serum
Cu) in induced copper sulphate toxicity (0.1, 0.2, 0.4 LDs) in rat. the values are expressed as

mean + SEM.
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Fig. 2 : (A) Effect of penicillamine (100 mg/kg/day) on the mean value of ( brain tissues TAC) in
induced copper sulphate toxicity (0.1, 0.2, 0.4 LDsx) in rat,(B) Effect of penicillamine (100
mg/kg/day) on the mean value of ( brain tissues MDA) in induced copper sulphate toxicity (0.1,
0.2, 0.4 LDxy) in rat the values are expressed as mean + SEM.
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Effect of penicillamine on (Brain PI3K,
AKT, and AMPK mRNA relative
expression) in copper sulphate toxicity
induced in rats

We noticed a significance p< 0.05
downregulation of PI3K, AKT, and AMPK
MRNA expression in cerebral cortex tissue, in
CuSO4 cytotoxicity induced group, where the
downregulation was proportional with the
dosage groups of (0.1, 0.2, 0.4 LDs, of CuSQOy)
respectively, while when CuSO4 cytotoxicity
induced groups were treated with b-
penicillamine, it showed a significance p<0.05
upregulation of expression levels when
compared with control groups (Fig.3).

Brain AKT mRNA relative

Effect of penicillamine on the mean value of
( neuro G6PD and Cyto c-0 mRNA relative
expression ) in copper sulphate toxicity
induced in rats

The outcomes of the present investigation
showed a significant mean value of p< 0.05
downregulation in mRNA expression of the
cerebral cortex G6PD and Cyto c-0 in CuSQO,
toxicity induced in groups, where the
downregulation was proportional with the
dosage groups of (0.1, 0.2, 0.4 LDs, of CuSQOy)
respectively, while when CuSO4 cytotoxicity
induced groups were treated with d-
penicillamine, it showed a significance p< 0.05
upregulation of expression levels when
compared with control groups (Fig.4).
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Fig. 3: (A) Effect of penicillamine (100 mg/kg/day) on the mean value of ( Brain PI3K mRNA relative
Expression) in induced copper sulphate toxicity (0.1, 0.2, 0.4 LD50) in rat,(B) Effect of penicillamine
(100 mg/kg/day) on the mean value of ( Brain AKT mRNA relative Expression) in induced copper
sulphate toxicity (0.1, 0.2, 0.4 LD50) in rats. (C) Effect of penicillamine (100 mg/kg/day) on the mean
value of ( Brain AMPK mRNA relative Expression) in induced copper sulphate toxicity (0.1, 0.2, 0.4
LD50) in rat. the values are expressed as mean + SEM.
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Fig. 4 :(A) Effect of penicillamine (100 mg/kg/day) on the mean value of ( Brain G6PD mRNA relative
expression) in induced copper sulphate toxicity (0.1, 0.2, 0.4 LDsx.g) in rat,(B) Effect of penicillamine
(100 mg/kg/day) on the mean value of ( Brain Cyto c-o mRNA relative expression) in induced copper
sulphate toxicity (0.1, 0.2, 0.4 LDx) in rat the values are expressed as mean + SEM.
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Discussion

Copper is a necessary trace element for

many biological functions and prolonged
exposure to an excess concentration of copper
ions can cause side effects®. The present work
was carried out to compare the efficacy of D-
penicillamine  in  experimental  copper
intoxication and associated biochemical and
molecular changes in rats and to investigate the
effect of excess copper on brain tissues and
serum markers of rats and using chelating agent
d-penicillamine to improve the negative impact
of copper sulphate pollution.
CuSQ, toxicity is one a cause of serious
neurodegenerative diseases in the world.?. A
high level of copper harms lipids, proteins, and
DNA. Increased production of Reactive
Oxygen Species (ROS) through Fenton
reaction has been the most important reason for
copper toxicity side effects®. D- penicillamine
is the first-line approved copper ion chelator
that scavenged excess copper in urine by
forming a soluble complex with Cu® ions to be
easily excreted in urine®. thus, the present
study was designed to investigate the possible
improvement effect of d-penicillamine in
CuSQ, toxicity induced in rats.

Orally ingested copper gets absorbed
through Gastrointestinal Tract and reaches the
liver to be excreted through bile and undergoes
redox cycles leading to the formation of ROS
so copper pollution leads to the development of
type-1l diabetes®. The result of the current
study showed that CuSO, pollution induced a
significant increased FBG that might to owed
to heavy metals — induced hypoxia, glucose
may be released into bloodstream and the
release of catecholamine was taken place that
stimulates gluconeogenesis by the action of
cortisol?’. Interestingly, penicillamine
abolished the CuSO, induced hyperglycemia
that could be attributed to penicillamine
induced hypoglycemia, or it increased beta-cell
insulin secretion®. The excess level of CuSO,
increased the level of free copper ions in serum
due to mutation in ATP7B transporter, which
has a role in the excretion of excess copper
ions through the bile, leading to an elevation in
copper level and accumulation of excess
copper in organs and tissues®.

Copper acts as a cofactor factor for many
enzymes such as tyrosinase and participates in
the formation of melanin. The outcomes
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showed that CuSO, pollution elevated the level
of tyrosinase in serum that could be attributed
to that copper pollution induced muted
tyrosinase in albino rats leading to defect in
melanocyte development(T. Kuramoto, et al.
2012). Also, ATP7B is translocated reversibly
to facilitate the transportation of copper into
copper containing enzymes like tyrosinase®.
Also, the result showed that penicillamine
administration induced a significant reduction
in serum tyrosinase and serum copper level as
it acts as a chelating agent for copper®.

G6PD is a key player in a cellular energy
balance as a member of PPP pathway, also it
regulates the oxidant and antioxidant state of
the tissues. Excessive copper level induced
mitochondrial stress and decreased
mitochondrial membrane potential which
activated the Endoplasmic reticulum (ER)
stress®, ER  stress switch off protein
biosynthesis many of these proteins is G6PD*.
Since, G6PD is responsible for the production
of GSH, and its inhibition induced an oxidation
stress condition the finding of the current study
showed that excess CuSO, induced a
significant downregulation of G6PD relative
expression®. So, results showed decreased in
TAC and increased in MDA in CuSO4 toxicity
induced in rats*. Copper is essential for many
biological functions, such as the synthesis of
phospholipids in cell membranes®. Excess
amount of Cu cause lipid peroxidation and
damage of cell membrane® as it led to the
formation of hydroxyl radicals (*OH) that are
involved in lipid peroxidation leading to a
decrease in membrane integrity, and an
increase in permeability of the membrane to
H+, which leads to release of contents from
cells®.

Cytochrome c¢ oxidase is the copper-
containing respiratory complex's terminal
electron acceptor®®. In our results, copper
poisoning led to downregulation in the activity
of cytochrome ¢ oxidase (complex IV)* that is
associated with increased ROS production and
cellular toxicity*®. Also, excess copper leading
to inactivation of ATP7A or ATP7B results in
disturbances in copper homeostasis and the
inactivation of copper-containing enzymes®.
PI3K-AKT Pathway promotes cell metabolism,
proliferation, survival of cells, apoptosis, and
angiogenesis in response to extracellular
signals®. AMPK has a role in stimulating



energy generating and consuming processes™.
In our results show that excess copper sulphate
downregulated PI3K and Akt that was agreed
with a study that showed increased excess of
copper blocked expression of PI3K and AMPK
as a result of greater production of ROS that
led to dephosphorylations of AKT,
condensation of  DNA, swelling of
mitochondrial and dysfunction and that leading
to apoptosis and cell death®. Also L. Chaigqin,
et al.,” results showed downregulation of
AMPK and mTOR that agreed with our result.
Research has shown that the phosphorylation
level of AMPK and mTOR will change in
excess copper-induced-hypoxic  conditions,
leading to an imbalance of cell energy
metabolism, and leading to apoptosis.

Conclusions

These findings recommended that
penicillamine represented a valid candidate in
abrogating the negative impact of CuSO4
toxicity via modulating PI3K, AKT, AmPK,
G6PD, oxidative stress signaling pathway.
Histological assessment for the changes in rat
brains and measuring Cu levels in brain tissues
will be considered in future work.

REFERENCES

1- A. Saida Mohammed, H. H. Bakery, M. E.
Abuo Salem, A. M. Nabila, and A. E.
Elham, "Toxicological effect of copper
sulphate and cobalt chloride as feed
additives on fertility in male albino rats",
BVMJ, 27 (1), 135-145(2014).

2- A. Rufus, S. Olaoluwa, I. Christian, A.
Olugbenga, O. John, O. Babatunde and O.
Ayowole, "A study of two weeks
administration of copper sulphate on
markers of renal function and feeding
pattern of Wistar rats", Afr J Biochemi
Res, 8, 158-165(2014).

3- P. Aisen, C. Enns and M. Wessling-
Resnick, "Chemistry and biology of
eukaryotic iron metabolism", Int J
Biochem Cell Biol, 33, 940-959 (2001).

4- M . Akil, J.A. Schwartz, D. Dutchak, V.
Yuzbasiyan-Gurkan and G.J.  Brewer,
"The psychiatric presentations of Wilson’s
disease”, J  Neuropsychiatry  Clin
Neurosci, 3(4), 377-382 (1991).

10-

11-

12-

13-

14-

C.H. Heldin, B. Lu, R. Evans and J.S.
Gutkind, "Signals and Receptors", Cold
Spring Harb ,Perspect Biol , 8(4),
a005900 (2016).

H. Pierson, A. Muchenditsi, B.E. Kim, M.
Ralle, N. Zachos, D. Huster and S.
Lutsenko, "The Function of ATPase
Copper Transporter ATP7B in Intestine",
Gastroenterology, 154(2), 168-180
(2018).

W. Zheng and A.D. Monnot, "Regulation
of brain iron and copper homeostasis by
brain barrier systems Implication in
neurodegenerative diseases"”, Pharmacol
Ther, 133(2), 177-188 (2012).

G. Gromadzka, B. Tarnacka, A. Flaga and
A. Adamczyk , "Copper dyshomeostasis in
neurodegenerative diseases - Therapeutic
implications”, Int J Mol Sci, 21(23), 9259
(2020).

A. Bhattacharyya, R. Chattopadhyay, S.
Mitra and S.E. Crowe, "Oxidative stress:
An essential factor in the pathogenesis of

gastrointestinal mucosal diseases",
Physiol, 94(2), 329-354 (2014).
B. Ruttkay-Nedecky, L. Nejdl, J.

Gumulec, O. Zitka, M. Masarik, T.
Eckschlager, M.Stiborova, V. Adam and
R. Kizek , "The role of metallothionein in
oxidative stress”, Int J Mol Sci, 14(3),
6044-6066 (2013).

N.M. Tassabehji, JW. VanLandingham
and C.W. Levenson, "Copper alters the
conformation and transcriptional activity
of the tumor suppressor protein p53 in
human Hep G2 cells", Exp Biol Med,
230(10), 699-708 (2005).

R. Squitti, P.M. Rossini, E. Cassetta, F.
Moffa, P. Pasqualetti, M. Cortesi, A.
Colloca, L. Rossi and A. Finazzi-Agro,
"D-penicillamine reduces serum oxidative
stress in Alzheimer’s disease patients",
Eur J Clin Investig, 32(1), 51-59 (2002).
Y. Togashi, Y. Li, J.H. Kang, N. Takeichi,
Y. Fujioka, K.Nagashima and H.
Kobayashi , "D-Penidlamine prevents the
development of hepatitis in Long-Evans
Cinnamon rats with abnormal copper
metabolism”, Hepatology, 15(1), 82-87
(1992).

S. Parasuraman, R. Raveendran, and R.
Kesavan, "Blood sample collection in

333



15-

16-

17-

20-

334

small laboratory animals”, J Pharmacol
Pharmacother, 1(2), 87-93 (2010).

A. Tyagi, N. Sarodaya, A.M. Antao, B.
Suresh, BH. Rhie, KS. Kim and S.
Ramakrishna, "E3 Ubiquitin Ligase
APC/C*™ Regulation of Phenylalanine
Hydroxylase Stability and Function”, Int J
Mol Sci, 21(23), 9076 (2020).

N. Kazuma, Makanishi, T. Masahiro and
K. Katsuya , "Synthesis of amino-
functionalized mesoporous silica sheets
their application for metal ion capture", J
Asian Ceramic Societies, 3(1), 70-76
(2015).

E.Saw, JT. Pearson, DO. Schwenke, PE.
Munasinghe, H. Tsuchimochi, S. Rawal, S
. Coffey, P. Davis, R. Bunton, V. Hout I,
Y. Kai, MJA .Williams, Y. Kakinuma, M.
Fronius and R. Katare, "Activation of the
cardiac non-neuronal cholinergic system
prevents the development of diabetes-
associated cardiovascular complications”,
Cardiovasc Diabetol, 20(1), 50 (2021).
F.K. Uwikor, E.O. Nwachuku, F. Igwe and
E.S. Bartimaeus, "Assessment of the
Antioxidant Potential of Hypoestes rosea
Leaf in Lead-acetate-induced Albino
Rats", J Complement Altern Med
Res, 9(1), 45-55 (2020).

K. Wang, Z. Zhang , HI. Tsai, Y. Liu, J.
Gao, M. Wang, L. Song, X. Cao, Z. Xu
, H. Chen, A. Gong , D. Wang , F. Cheng
and H. Zhu, "Branched-Chain amino acid
aminotransferase 2 regulates ferroptotic
cell death in cancer cells", Cell Death
Diffe, 28(4), 1222-1236 (2021).

T. Khamis , A.F. Abdelalim, S.H.
Abdallah, A.A. Saeed, N.M. Edress and
A.H. Arisha, "Early investigation with
breast milk mesenchymal stem cells
attenuates the development of diabetic-

induced  testicular  dysfunction via
hypothalamic Kisspeptin/Kiss 1r-
GnRH/GnIH system in male rats",
Biochim Biobhys Acta Mol Basis

Dis,1866(1), 165577 (2020).

KJ. Livak and T.D. Schmittgen |,
"Analysis of relative gene expression data
using real-time quantitative PCR and the
2(-Delta Delta C(T)) Method", Methods,
25(4), 402-408 (2001).

22

23-

24-

25-

27-

30-

31-

32-

33-

Medhat M. Fawzy, et al.

C. Fuentealba and E. M. Aburto, "Animal
models  of  copper-associated liver
Disease", Comp Hepatol, 2(1),5 (2003).

S. Krupanidhi. A. Sreekumar and C.B.
Sanjeevi, "Copper & biological health",
Indian J Med Res, 128(4), 448-461
(2008).

J. P. Kehrer, "The Haber-Weiss reaction
and mechanisms of toxicity", Toxicology,
149(1), 43-50 (2000).

M. Abd AL Shahed, M.Y.Z Youssef and
A. Allqgallaf, "Wilsons’s disease masked
by glucose -6- phosphate dehydrogenase
deficiency”, Kuwait J Med, 47 (3) 240-
243 (2015).

A.Tanaka, H. Kaneto, T. Miyatsuka, K.
Yamamoto, K. Yoshiuchi, Y. Yamasaki, |
.Shimomura, T.A. Matsuoka and M.
Matsuhisa, "Role of copper ion in the
pathogenesis of type 2 diabetes"”, Endocr
J, 56(5), 699-706 (2009).

Q. Qiu, F. Zhang, W. Zhu, J. Wu and M.
Liang, "Copper in Diabetes Mellitus: a
Meta-Analysis and Systematic Review of
Plasma and Serum Studies", Biol Trace
Elem Res, 177(1), 53-63 (2017).

E. Preben and E. Hanne, "Penicillamine,
captopril,and hypoglycemia”, Ann Inernt
Med, 104(4), 644-645 (1985).

M. Manto, "Abnormal copper
homeostasis: Mechanisms and roles in
neurodegeneration™, Toxics, 2(2), 327-345
(2014).

T. Kuramoto, S. Nakanishi, M. Ochiai, H.
Nakagama, B. Voigt and T. Serikawa,
"Origins of albino and hooded rats:
Implications from molecular genetic
analysis across modern laboratory rat
strains”, PLoS ONE, 7(8), 43059 (2012).
A.A. Brozyna, L. VanMiddlesworth and
AT. Slominski, "Inhibition of
melanogenesis as a radiation sensitizer for
melanoma therapy", Int J Cancer, 123(6),
1448-1456 (2008).

JH. Lin, P. Walter and T.S. Yen
"Endoplasmic reticulum stress in disease
pathogenesis", Annu Rev Pathol, 3, 399-
425 (2008).

L. Mele,M. la Noce, F. Paino, T. Regad,
S. Wagner, D. Liccardo, G. Papaccio, A.
Lombardi, M. Caraglia, V. Tirino, V.
Desiderio and F. Papaccio, "Glucose-6-



34-

35-

36-

37-

38-

39-

40-

phosphate  dehydrogenase  blockade
potentiates tyrosine kinase inhibitor effect
on breast cancer cells through autophagy
perturbation”, J Exp Clin Cancer Res,
38(1),160 (2019).

K.A. Triantaphyllopoulos, G. P. Laliotis
and 1. A. Bizelis, "Energy balance-
dependent regulation of ovine glucose 6-
phosphate dehydrogenase protein isoform
expression, Adipocyte, 3(1), 30-38 (2014).
D. Ozcelik and H. Uzun, "Copper
intoxication; antioxidant defenses and
oxidative damage in rat brain", Biol Trace
Elem Res, 127(1), 45-52 (2009).

P. Ferenci, "pathophysiology and clinical
features of Wilson disease”, Metab Brain
Dis, 19(3-4), 229-239 (2004).

L.M Gaetke and C.K. Chow, (2003),
"Copper toxicity, oxidative stress, and
antioxidant nutrients", Toxicology, 189 (1-
2), 147-163 (2003).

V. R. 1. Kaila, M. P.Johansson,
D. Sundholm, M. Wikstrom and H.B.
Gray, "Interheme electron tunneling in
cytochrome ¢ oxidase", Proceedings of

the National Academy of
Sciences, 107 (50), 21470-21475 (2010).
M.J. Hosseini, F. Shaki, M. Ghazi-

Khansari and J. Pourahmad, "Toxicity of
copper on isolated liver mitochondria:
impairment at complexes I, I, and IV
leads to increased ROS production”, Cell
Biochem Biophys, 70(1), 367-381 (2014).
C. Angelé-Martinez, KV. Nguyen, FS.
Ameer, J.N. Anker and J.L. Brumaghim,
"Reactive oxygen species generation by
copper(ll) oxide nanoparticles determined
by DNA damage assays and EPR
spectroscopy”, Nanotoxicology, 11 (2),
278-288 (2017).

41

42-

45-

A. Cztonkowska, T. Litwin, P. Dusek, P.
Ferenci, S. Lutsenko, V. Medici, J. K.
Rybakowski, K. Heinz Weiss and L.
Michael. Schilsky, "Wilson disease”, Nat
Rev Dis Primers, 4(1), 21 (2018).

D. P. Brazil and B. A. Hemmings, "Ten
years of protein kinase B signaling: a hard
Akt to follow", Trends Biochem Sci,
26(11), 657-664 (2001).

K.R. Hallows, P.F. Mount, N.M. Pastor-
Soler and D.A.Power,"Role of the energy
sensor AMP-activated protein kinase in
renal physiology and disease", Am J
Physiol Renal Physiol, (5), F1067-F1077
(2010).

H.L. Tseng, Li. Chia-Jung, L.H. Huang,
C.Y. Chen, C.H. Tsai, C.N. Lin and H.Y.
Hsu, "Quercetin 3-O-methyl ether protects
FL83B cells from copper induced
oxidative stress through the PI3K/Akt and
MAPK/Erk pathway", Toxicol Appl
Pharmacol, 264(1), 104-113 (2012).

L. Chaigin, L. Jianzhao, L. Quanwei, J.
Shi, H. Zhang, G. Jianying , H .Qingyue,
H. Lianmei, L. Ying, P. Jiagiang and T.
Zhaoxin, "Copper induced mitochondria-
mediated apoptosis via AMPK -mtoR
pathway in hypothalamus in pigs",
Ecotoxicol Environ Safety , 220, 112395
(2021)

335



Medhat M. Fawzy, et al.

Bull. Pharm. Sci., Assiut University, Vol. 45, Issue 1, 2022, pp.327-337

= by durle L

Al 9 adll ey 3 Ao Gl 4B S Guladl) il < Gl 00
slanll o3 il &l

N ¢

'CUdlae dese ploa = ala daal = Tl ok = aea) dgana o jbe =g jsd aa

o ¢ 333891 €014 533631 Arol> ¢ (5 phaad | ! Al ¢ 4390501 5 Lol

220 (GBI Aol ¢ Vol | 57 ¢ Vorpo (g )1

1 B (>909aCigall foxa ¢ 3256301 Aol ¢ (5 plandl AN AT (25098 Lo Wl o T
o (83891 £€011 ¢ 3338 Y Al (5 k!

20 ¢ G5BT £€01 (GBI Anol> ¢ (5 plandl A A yguonl | L glglsCll oo
Lo ¢ 8 WLy Aol ¢ (8 yhand ! ! A ¢« Aygund 5 Loy (3lguadf sline | Liilog phe ud®

)4068}“GJ")5’Q
pan (533690 £€010 ¢ 5361 drol> ¢ (5 yland! Ll A ¢ sl YT Lailog phe e

b5l o Sly L) s J205 Ayl Cilsalall Zalgl paliall (o Geladl i

Cop B AL o U Aol s Cangd sl il gl 3 el Sl ) 505 sl

sl oal dllig ulailly Gughill HSoall Callll 4885 pall cilay 3l g el Al o palail) clly 58
LOpedbpaiall lie aladtiuly o ylalie Jli 5 45kl Jallacl

6 sl Ae gane S 4y sluie Cile sane i () aganad a3 plapd) 13 ad e O g2
o shia ol Lgilhe] o Aajliall de genall 1 J5Y) Ao sandl) 1 VIS Leilelas o35 3 sa pde e
LDso +.) ) adll Gaok 0o leilac) by ()3 s 300D de gaadll LLasy asy Vo Badl adll 305k (e
oo lhlae) a3 s AAN Ao seaddl Lasy as T Baal (paladll G S e pnall 05 e
Qs A )V Ao seadll leg s Vo ol ((osladl) (e puadl 035 (e LDsp + .Y ) o) Gioka
Ao senall by asn Vo sl ((Guladll (el (35 GeLDso +-£ ) adl) Giok oo Wil &
Joale Yoo+ Galadl) (e sl 535w LDsp +.Y) ) adll Gk (e Lblhe) & )3 Al
dl @k e lithe) &5 s Aualul) de sandll sy aso Vo Baa) (auadl 5 e paS
sy as Voo (aadl 035 G0 paS faade Vov A+ Guladll e puall 935 e LDsp +.Y )
+ oslaill e auall 935 GelDsg +- € ) adll Gk e Lhlae) S Gl dalul Ao sendl
O Aol Ale A pall Clie paand o5 oy Las a1 Bl (el D5 O paS faade ) o
¢ pally Sulldi opdil Gl Ly ju el ilipe M) 25 LS A0S sl Jllatl ) de gene S

336



il suailly aallh TAC ¢MDA (528Ul algaVl g tyrosinase s i 4w ¢ aally (uladl) duus
.(G6PD) 5 Cyto co «<AmpK, AKT, PI3K J

DS s Asalesalyy ) sl a8 Gulal) iy S Gl o ) caaaff
—2 by ale alids) aa g (KIg LAl tyrosinase a3 4w g MDA ¢ aall (uladll daus ¢ ally
sl ilg sl (P<0.05) paliad) ) el Guladd) @by 58 o bl @ edsl LS5 TAC
Ol e of #lisi Sy 4gle 5.(GBPD) 5 ( Cyto co) <AmpK, AKT, PI3K J il
Dbtie A Lan W Gl 3 gl Aadl e ulaill sy S8 ) el s ) o
Lol &l G a2 anST algal) s geall @il ) Q& 8 g0 4l aadlaid)

337



