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Abstract: Background: Nickel activates the signaling pathways through the oxygen sensing mecha-
nism and the signaling cascades that control hypoxia-inducible transcriptional gene expressions
through oxidative stress. This review emphasizes on the recent updates of nickel toxicities on oxidant
and antioxidant balance, molecular interaction of nickel and its signal transduction through low oxygen
microenvironment in the in-vivo physiological system.

Discussion: Nickel and oxidative stress: Nickel alters intracellular chemical microenvironment by
increasing ionized calcium concentration, lipid peroxidation, cyclooxygenase, constitutive nitric oxide
synthase, leukotriene B4, prostaglandin E2, interleukins, tumor necrosis factor-o, caspases, comple-
ment activation, heat shock protein 70 kDa and hypoxia-inducible factor-1a. The oxidative stress in-
duced by nickel is responsible for the progression of metastasis. It has been observed that nickel expo-
sure induces the generation of reactive oxygen species which leads to the increased expression of p53,
NF-kB, AP-1, and MAPK. Ascorbic acid (vitamin C) prevents lipid peroxidation, oxidation of low-
density lipoproteins and advanced oxidation protein products. The mechanism involves that vitamin C
is capable of reducing ferric iron to ferrous iron in the duodenum, thus the availability of divalent fer-
rous ion increases which competes with nickel (a divalent cation itself) and reduces its intestinal ab-
sorption and nickel toxicities.

Conclusion: Reports suggested the capability of ascorbic acid as a regulatory factor to influence gene
expression, apoptosis and other cellular functions of the living system exposed to heavy metals, includ-

ing nickel.
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1. INTRODUCTION

Nickel is a naturally occurring element and its concentra-
tion mainly depends on the geographical location and an-
thropogenic input [1]. Nickel, the 28™ element in the peri-
odic table, was first purified by Swedish chemist Axel
Cronstedt in the year 1751 [2]. Nickel (Ni) is a silvery-white
lustrous metal with a slight golden tinge. It belongs to the
group of transition metals in the periodic table, which is hard
and ductile. Because of its electromagnetic properties and
chemico-thermal stabilities, nickel ferrite nanoparticles are
widely used in many medical applications like magnetic
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resonance imaging (MRI), target-based drug delivery and
hyperthermia [3].

About 9% Ni produced is used in Ni plating for the cor-
rosion resistance and is widely used in making coins. Nearly
about 2 million tonnes of nickel is produced every year
around the world [4]. Nickel as a compound finds a lot of
applications such as a catalyst for hydrogenation, cathodes
for batteries, pigments manufacturing and metal surface
treatments. Nickel is an essential trace element for many
microbes, plants and animals that have enzymes like glyox-
alase I, acireductonedioxygenase etc. which require nickel
for their active functioning. The most common form of
nickel is Ni*"but compounds with Ni’, Ni" and Ni*" are also
well known. However, the rare oxidation states Ni*, Ni” and
Ni* have also been produced and studied [5].
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It should be noted that the nickel exposure pathway is not
only the environmental medium or any route of exposure but
also all the elements that link a contaminant source and a
receptor population. It is also important to note that the
measure of exposure is proportional to variables such as in-
tensity, and frequency and duration of contact with the con-
taminant is crucial. Ni salts are considered as an important
industrial hazard [4].

The nickel toxicity has become a great interest because of
its widespread environmental occurrence and the incidence
of accidental poisoning in industrial workers where nickel is
used as a major raw material [6]. The toxicity of nickel de-
pends on the route of exposure and solubility of nickel com-
pounds. Pulmonary absorption is the major route for nickel
toxicity than the gastrointestinal and dermal absorption. Diet
is the most significant nickel exposure pathway for some
organisms [7]. The absorption of nickel takes place due to
soluble Ni*" ions which are either in the form of particulate
or as a coordination complex [8]. In detail, Das et al. re-
ported the different routes of human exposures, and the
pharmacokinetics of nickel in the previous reviews and book
chapters [9, 10].

International Agency for Research on Cancer (IARC)
informed that there are sufficient reports and research evi-
dence on humans and animals for the carcinogenicity of
nickel. According to the US Agency for Toxic Substances
and Disease Registry (ATSDR, 2005), approximately 10-
20% of the general population is sensitive to nickel [11]. The
normal reference values for serum nickel for healthy adults
are 0.2pug/L, and in urine, it is 1-3 pg/L [11].

Maintaining a healthy biological system mainly depends
on the oxidant and antioxidant balance. At normal physio-
logical conditions, there will be a continuous generation of
reactive oxygen species (ROS) and will be counteracted by
endogenous antioxidants like superoxide dismutase (SOD),
glutathione peroxidase, catalase (CAT) etc. or by exogenous
(vitamin C, vitamin E etc.) antioxidant systems [12]. Many
in vivo and in vitro studies demonstrated that environmental
heavy metal pollutants like nickel, chromium, vanadium,
arsenic, cobalt etc. show their toxicity by stimulating the
high production of ROS, decreasing the antioxidants avail-
ability, inflammatory pathway and apoptosis pathway [13,
14].

The purpose of the current review is to provide deep in-
sights into nickel mediated oxidative stress mechanisms,
altered cell signaling pathways, DNA damage and the pro-
tective actions of ascorbic acid on nickel-induced toxicity.

2. NICKEL TOXICITY AND IT'S PUBLIC HEALTH
CONSEQUENCES

A major amount of nickel enters our body via food and
water intake, but inhalation exposure is most common in
occupational workers. It has been reported that acute inhala-
tion exposure of nickel in humans shows symptoms like
headache, nausea, respiratory problems, and death [15, 16].
Warner ef al., in 1979 reported that there is no clinical evi-
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dence of developmental and reproductive toxicity in the
women working in nickel refinery, but Chashschin et al.,
reported reproductive and developmental effects of nickel in
occupationally exposed populations (0.13-0.2 mg nickel/m’)
[17, 18]. Goyer et al., reported that acute inhalation of nickel
carbonyl leads to headache, nausea, vomiting, chest pain,
hyperpnea, cyanosis, respiratory failure, and ultimately death
if the exposure is severe [19]. In the year 1994, Nicklin and
Nielsen categorized asthmatic attack response caused by
nickel inhalation as i) a rapid onset attack (antibody-
mediated Type I hypersensitivity) with bronchospasm, ii) a
late response reaction at 6-12 hours after exposure (antigen-
antibody immune complex-mediated inflammatory reaction),
and iii) a mixed or combined response [20]. A study reported
the increased blood reticulocytes in workers who drank wa-
ter from a water fountain contaminated with nickel sulfate,
nickel chloride, and boric acid (estimated dose of 7.1-35.7
mg Ni/kg) [11]. Huang et al., conducted a survey of 50 peri-
toneal dialysis (PD) patients and 50 normal patients for uri-
nary nickel concentration and analyzed the possible associa-
tion of urinary nickel concentrations with clinical outcomes
and inflammatory biomarkers. Based on their study, it was
found that nearly 50% of the patients undergoing PD had
higher levels of urinary nickel and also these patients had
increased serum levels of high sensitivity C-reactive protein
[21]. In another research, Jouybari ef al., studied the role of
toxic elements as biomarkers for breast cancer (BC), which
showed a significant difference in the cadmium (Cd) and Ni
statuses between healthy and BC patients, clearly indicating
a direct and positive association between Cd and Ni concen-
trations and BC risk [22]. Also, increased urinary total pro-
tein levels, f2-macroglobulin, retinal binding protein, and N-
acetyl-pB-D-glucosaminidase were reported in electroplating
workers who consumed nickel contaminated water [23].

3. NICKEL TOXICITY
3.1. Nickel Generates ROS

In authors’ laboratory, by experimenting on animals, it
has been reported that nickel induces oxidative stress ac-
companied by the overproduction of reactive oxygen species,
lipid peroxides (malondialdehyde) and decreasing concentra-
tions of endogenous antioxidants like SOD, CAT, glu-
tathione (GSH), glutathione peroxidase, glutathione reduc-
tase and exogenous antioxidants like l-ascorbic acid and al-
pha-tocopherol [24-27]. The molecular mechanism of nickel
toxicity and carcinogenicity may be due to the overproduc-
tion of ROS [28]. Chen et al. carried out an experiment to
assess the effect of nickel chloride on isolated human lym-
phocytes and showed that nickel toxicity led to cell mem-
brane oxidative damage by a significant increase in the pro-
duction of ROS in lymphocytes [29]. Das et al., showed that
subchronic exposure of experimental rats to nickel sulphate
(NiSOy) led to increased production of ROS, lipid peroxida-
tion and decreased antioxidants [27]. Topal et al., assessed
the effect of nickel on nuclear factor kappa-light chain-
enhancer of activated B cells (NF-kf) activity, antioxidative
response and histopathological effects on the liver, gill and
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kidney tissues of Rainbow trout fish exposed to different
concentration of nickel chloride (NiCl,) (1 mg/L and 2
mg/L) for 21 days. They found a significant increase in the
lipid peroxidation by promoting peroxidative damage and a
resultant increase in antioxidant enzymes SOD and CAT
activity [30]. Nickel toxicity may disturb the biochemical
and physiological functions of fish by causing changes in
NF-kp activity and oxidative and histopathological damage
in the tissues of rainbow trout [30].

3.2. Nickel Influences Cytokines Signaling

Nickel and other heavy metals are absorbed in the intes-
tine, transported by metal transporter protein 1 and then enter
into the portal circulation. By the circulatory system, nickel
is distributed to all the tissues and organs of the body [31]. It
has been reported that the accumulation of heavy metals and
increased oxidative stress in hepatocytes stimulate the pro-
duction kupffer cells and lead to cell necrosis. Many studies
have reported that heavy metal poisoning induces an in-
flammatory pathway via tumor necrosis factor a (TNF)-a
signaling pathway [31-33]. It has been shown that Ni*" in-
duces the expression of inflammatory genes such as IL-8 in
human primary monocytes [34]. In an experiment conducted
to study the expression of interleukin (IL)-8 in human mono-
cytes THP-1 cell, it has been confirmed that NiCl, induces
the expression of IL-8. The use of PX-478 and TAK-242
clearly indicated the expression of IL-8 which is mainly de-
pendent on hypoxia-inducible factor 1 (HIF-1)-a activation
[34].

TNF-a is a cell-signaling protein that is involved in sys-
temic inflammation. The primary role of TNF-a is in the
regulation of immune cells. Dys-regulation of TNF is associ-
ated with many human diseases which include Alzheimer’s
disease [35], cancer [32], major depression [36] and psoriasis
[37]. Ding et al., demonstrated that nickel exposure induces
the production of inflammatory cytokine TNF-a and the
trans-activation of nuclear factor of activated T cells, NF-kf3
and activator protein 1 (AP)-1 in human bronchial epithelial
cells (BEAS-2B). Further studies have shown that TNF-a
was induced by the exposure of nickel in BEAS-2B cells
specifically through extracellular signal-regulated
kinases/AP-1 dependent pathway [38].

4. NICKEL AND CELL SIGNALING
4.1. Nickel Induces Expression of COX

Cyclooxygenases (COX) are also called as prostaglandin-
endoperoxide synthases (PTGSs). There are two isoforms of
cyclooxygenases present in mammals: COX-1 (PTGSI),
which is typically expressed in all types of cells at low levels
and maintains homeostasis; and COX-2 (PTGS2), is an early
expressed gene in response to the wide variety of cell chal-
lenges and stress inducers [39]. Both the isoforms catalyze
the synthesis of prostaglandins, thromboxanes, and levulo-
glandins [40]. These COX enzymes are inhibited by aspirin
(acetyl salycyclic) and other non-steroidal anti-inflammatory
drugs [40]. For decades, COX inhibitors have been in use as
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anti-inflammatory and anti-pyretic agents and also in the
treatment of neurodegenerative disorders and cancer [40].
Ding et al., 2006 reported that nickel exposure up-regulates
the expression of COX-2 by the ROS/NF-kB/IKK B/p65-
dependent pathway and plays a crucial role in antagonizing
nickel-induced cell apoptosis in human bronchial epithelial
Beas-2B cells [41]. Many types of medical alloys contain
nickel. The elution of Ni ions from these metals causes toxic-
ity and inflation. In a study carried out by Sato et al., it was
found that Ni ions eluted from subcutaneous implanted Ni
wire increased the expression of COX-2 and mPGES-1
mRNA [42]. The induction of COX-2 and mPEGS-1 mRNA
is due to the concentration of Ni ions in the region, but not
due to the physiological stimulation of the implemented
wire. It has been proved that Ni induced expression of COX-
2 is observed not only in mice cells but also in the human
cell lines [42]. It has been demonstrated that c-Jun/AP1
downstream pathways of JNK1 play a crucial role in nickel-
induced COX-2 expression and carcinogenesis [43].

4.2. Nickel Influences Oxygen Sensing Cell Signaling

There are multiple explanations for the nickel-induced
"oxygen sensor" activation. Earlier research findings showed
that intravenous injection of NiSO, in rats leads to the in-
creased erythrocytosis and development of local tumors [44-
46]. Goldberg et al., in 1988 showed enhanced expression of
erythropoietin (EPO) mRNA in human hepatoma cells
(Hep3B or HepG2) by exposing cells to hypoxic conditions,
Ni (II) or Co (II) [47]. Physiologically, up-regulation of EPO
mRNA expression is seen when there is diminished oxygen
supply to the kidneys. Semenza et al., showed that EPO pro-
duction and transcription mainly occurs in the control of
hypoxia-inducible factor 1 (HIF-1) [48]. Nickel-induced
"oxygen sensor" hypothesis infers that less redox-active Ni
(II) may impede with high redox-active iron (Fe) (II) me-
tabolism. Fe (II) is an important cofactor for enzymes like
dioxygenases and hydroxylases. Hydroxylation of HIF by
prolyl hydroxylases (PHD)1-3 is a crucial step for the degra-
dation of HIF which is requires O, and ascorbic acid [49]. It
has been reported that transition heavy metals like nickel,
cobalt etc., induce cellular hypoxia by diminishing heme
synthesis which further leads to a decrease in intracellular
oxygen tension and inhibits PHD, [50]. HIF-1a is considered
as the transcriptional regulator which regulates the cellular
and developmental response to hypoxia [51]. HIF-la is a
subunit of the heterodimeric transcription factor, Hypoxia-
inducible factor 1 that is encoded by the HIF1A gene [48,
49]. The deregulation or overexpression of HIF-1a either by
hypoxia or genetic alterations has been associated with can-
cer and other pathophysiologies of vascularization and angi-
ogenesis, energy metabolism, cell survival and tumor inva-
sion. Under normal oxygen conditions, the HIF 1A gene is
expressed in low levels, but in hypoxic conditions, HIF 1A
transcription is significantly up-regulated [52, 53]. Some
research works have revealed that exposure to nickel causes
accumulation of HIF-1a in several cells and trigger HIF-1a
to regulate hypoxia-mimic responses which induce overex-
pression of microRNA-210 (miR-210) which is most sensi-
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tive hypoxic mRNA and is ideal for the regulation of hy-
poxia [53-55]. Viemann et al. reported that the contact aller-
gen nickel induced the production of IL-6 by activating HIF-
la in addition to NF-kf [56].

4.3. Nickel and Calcium Channels

Wani et al., showed that nickel induced aortic hyper con-
traction by the overproduction of ROS in endothelial cells,
increased the release of endothelial hyper contractile prosta-
noids through COX-2 pathway, and increased the influx of
Ca" through T-type Ca*" channels to smooth muscle cells
[57]. They also concluded that acute exposure to nickel in-
creased vascular resistance, which consequently led to the
commencement and continuation of hypertension on rats
[57].

An opening of calcium channels and Ca** ions influx into
the cells plays an important role in the regulation of blood
glucose levels by controlling the secretion of insulin by pan-
creatic beta cells [58]. It has been shown that although
NiSO, blocks the calcium channel and prevents the release
of insulin in the bloodstream which leads to increase in the
blood glucose level, but it has been observed that nickel in-
duces low oxygen-sensitive expression of vascular endothe-
lial growth factor (VEGF) protein that mainly depends on
intracellular calcium store release, not on extracellular cal-
cium influx. Consistent with these reports, it has been found
that intracellular calcium is essential for VEGF induction by
nickel compounds irrespective of calcium channel functions
[59-61].

5. ANTIOXIDANT VITAMIN C

Vitamin C, also known as ascorbic acid and L-ascorbic
acid is a vitamin found in various foods and also available as
a dietary supplement. Vitamin C is found to be the most ef-
fective antioxidant in humans. Vitamin C functions physio-
logically as an antioxidant in the aqueous fluid and tissue
compartments. As an antioxidant, vitamin l-ascorbic acid has
its own significance for years, but now ascorbic acid is also
acknowledged to play an important role in hydroxylation
reactions of proteins that are involved in many important
cell-signaling pathways and in controlling the interactions
and functions of many cellular proteins [49]. A co-factor a-
ketoglutarate (20G) dependent non-heme iron-containing di-
oxygenase enzymes like lysyl, prolyl and asparginyl hy-
droxylases, and DNA repair enzymes, human ABH2 and
ABH3 proteins play an important role in hydroxylation reac-
tions [5, 6]. Iron and 20G are two important factors required
for the dioxygenase enzymes activity and ascorbic acid plays
a crucial role in maintaining the iron in Fe (II) active form
[62, 63]. It has been shown that vitamin C helps in the gen-
eration of other antioxidants within the body, including al-
pha-tocopherol i.e., Vitamin E [64]. It is specifically required
in the activity of various human enzymes involved in the
synthesis of collagen, hormones and amino acids [46, 47].

Studies are being conducted to examine the ameliorating
effect of vitamin C in preventing or delaying the develop-
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ment of cancers, cardiovascular diseases and other diseases
in which oxidative stress plays a crucial role. Frei et al.,
demonstrated the role of ascorbate in the protection of
plasma lipids against peroxidative damage caused by peroxyl
radicals [65]. Their experimental results suggested that
ascorbate is the most effective antioxidant in human blood
plasma which is of major importance in the protection
against diseases and degenerative processes caused by oxida-
tive stress [65].

6. NICKEL-INDUCED OXIDATIVE STRESS AND
PROTECTIVE ACTION OF VITAMIN C

Many researchers have shown that for anti-oxidant ther-
apy, vitamin C is an ideal compound because it is an en-
dogenous agent and can be given orally and parenterally with
similar efficiency [66]. Das et al., conducted a study to find
out the effect of ascorbic acid supplementation on nickel-
induced lipid peroxidation in the liver of Wistar rats and
found that ascorbic acid supplementation showed a remark-
able improvement of lipid peroxide, glutathione, SOD, CAT
and GSH-Px status in the liver in comparison with rats
treated with nickel alone [27]. This shows that ascorbic acid
possesses relative protection against nickel hepatotoxicity
[27]. In another experiment conducted to study the role of
ascorbic acid on nickel-induced hepatic nucleic acid concen-
tration in rats, the effect of oral treatment of ascorbic acid
(50 mg/100 g.b.wt.) on NiSO, induced (2.0 mg/100 g.b.wt.)
alteration of nucleic acids. Moreover, the total protein con-
centration in the liver of rats was also studied. Nucleic acids
and total protein concentration significantly decreased in the
nickel treated rats when compared to untreated rats. Fur-
thermore, on simultaneous supplementation of ascorbic acid
with NiSOy, a remarkable improvement of nucleic acids and
total protein concentrations in the liver was observed. These
results indicate that nickel influences the expression of ge-
netic information by reducing hepatic DNA, RNA and pro-
tein concentration in animals and also the supplementation of
ascorbic acid is beneficial against nickel-induced toxicity
[67]. Functions of L-ascorbic acid as a protective antioxidant
against nickel-induced toxicity aretabulated below (Table 1).

CONCLUSION

It may be postulated from a series of experiments carried
out by the corresponding author of this review and other re-
searchers that nickel causes serious cellular damages by in-
creased ROS production, deprivation of antioxidants avail-
ability and by triggering inflammatory pathways (Fig. 1)
[74].

As stated in this review, nickel induces cellular hypoxia
which leads to expression and stabilization of HIF-la fol-
lowed by the generation of ROS. Overexpression of HIF-1a
alters the cell signaling mechanism by changing oxygen
sensing gene expressions, which lead to cellular damage. It
was further reported that dietary supplements such as vita-
min C is beneficial in suppressing the metal or hypoxia-
induced oxygen sensing gene expressions [31].
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Table 1. Antioxidant vitamin C against nickel-induced oxidative stress.
S.No Tissue/organ/System Affected Antioxidant Used Result Citation
Pul itrosative stress d d through
1 Pulmonary nitrosative stress l-ascorbic acid uimonary nitrosa nll\?gsr;:ss coreaser furots Hattiwale et al., 2013 [68]
Lipid peroxide, nitric oxide levels decreased and
2 Brain tissue l-ascorbic acid antioxidant enzymes status restored in serum and Das et al., 2010[69]
brain tissue samples.
3 Regulation of blood glucose l-ascorbic acid Blood glucose homeostasis improved. Tikare et al., 2008 [60]
4 Testicular li‘pid‘ peroxide and L-ascorbic acid Testicu‘lar ‘lipid peroxides d‘ec‘r‘eased, GSH and Gupta et al., 2007 [70]
antioxidants antioxidant enzyme activities restored.
Ervih te MDA and antioxi Improved the status of Erythrocyte MDA and all
5 rythroeyte dant and antioxi- l-ascorbic acid the endogenous erythrocyte antioxidant defence Das et al., 2007 [71]
ants
system restored.
6 Lung antioxidant defence sys- l-ascorbic acid Lung tissue lipid peroxides de‘creased and antioxi- Gupta et al,, 2006 [72]
tem dant enzyme concentrations restored.
Serum dyslipidemia and patho- L. . . .
Dyslipid ted and histopathol 1
7 logical changes of Hepatic l-ascorbic acid yshpidemia corrf‘:c ed and histopathologica Das et al., 2006 [73]
. alterations corrected.
Tissue
Hepatic ti lipid ides d. d, GSH and
8 Hepatic lipid peroxidation l-ascorbic acid epatie llss‘ue {P1c peroxt e,S . E?CI'E?BSB , GSH an Das et al., 2001 [27]
antioxidant enzyme activities improved.
Nickel (+) Upregulation
(-) Downregulation
Altered Hemoglobin
(+) NF-kB Ca?* Channel Blockage g (+) ROS
structure
/\
i ami
Vita
- -) Release of insulin . ..
(+) JNK-1 ) : Hypoxia (-) Antioxidants
from pancreatic B-cells
(+) COX-2 Hyperglycemia (+) HIF-1 (+) Cytokines,

p53, AP-1, NF-kB

Vitamin C _|

(+/-) VEGF
(-) NOS3/ (+) NOS2

Metabolic
Disturbances

Inflammation Oxidative stress

Tissue Toxicities

Fig. (1). Nickel Toxicity-Cell Signaling Mechanism and Vitamin C Supplementation. (4 higher resolution / colour version of this figure is
available in the electronic copy of the article).
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However, more studies are required for a better under-
standing of the molecular aspects of nickel toxicities in hu-
mans. Precise clinical trials are needed for the physiological,
pathological and molecular impact of nickel on the occupa-
tionally exposed population to generate more viable thera-
peutic options in treating nickel toxicity-related diseases.

LIST OF ABBREVIATIONS

AP-1 = Activator Protein 1

ASTDR = Agency for Toxic Substances and Disease
Registry

BC =  Breast Cancer

BEAS =  Bronchial Epithelial Cells

CAT = Catalase

Cd = Cadmium

COX = Cyclooxygenase

EPO = Erythropoietin

Fe = Iron

GSH = Glutathione

HIF =  Hypoxia Inducible Factor

IARC = International Agency for Research on Cancer

IL = Interleukin

MDA =  Malondialdehyde

miRNA = Micro RNA

mPGES = Microsomal Prostaglandin E Synthase

MTP = Metal Transporter Protein

NF-«B = Nuclear Factor Kappa-Light Chain-Enhancer
of Activated B Cells

Ni = Nickel

NiCl, = Nickel Chloride

NiSO,4 = Nickel Sulphate

NOS = Nitric Oxide Synthase

PD =  Peritoneal Dialysis

PHD = Prolyl Hydroxylase

PTGSs = Prostaglandin Endoperoxide Synthases

ROS = Reactive Oxygen Species

SOD = Superoxide Dismutase

TNF = Tumor Necrosis Factor:

VEGF = Vascular Endothelial Growth Factor
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