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ABSTRACT

Acute kidney injury is characterised by abrupt failure of kidney
function, sometimes leading to chronic kidney disease, and is
associated with significant morbidity and mortality. However, there
is no clear effective therapeutic solution and treatment is mainly
based on either alleviation or removal of the possible cause and/or
renal replacement therapy. Oxidative stress has been indicated as
one of the main pathophysiological pathways in the development of
acute kidney injury. Various treatments including antioxidants,
inflammatory mediators and genetic modifiers have been proposed
to for the treatment of this condition. Epidemiological studies show
lower incidence of kidney failure with higher consumption of
antioxidants. However, the data is inconclusive due to their
physicochemical properties, bioavailability or toxicity. Novel drug
delivery systems such as liposomes and nanoparticles have been
proposed to overcome the pharmacodynamic and pharmacokinetic
barriers. This review provides a brief introduction to acute kidney
injury and the different factors involved in its pathology, focusing on
oxidative stress. It also covers details of antioxidant use as
preventive and/or treatment option. It will summarise their limitations
as free drugs and the possible improvement in their bioavailability
by two main novel drug delivery systems: liposomes and polymeric
nanoparticles. Other therapies such as inflammatory mediators and
genetic modifiers are also discussed briefly.

Keywords: Acute kidney injury; antioxidants; ascorbic acid;
curcumin; flavonoids; liposomes; nanoparticles; oxidant injury;
oxidative stress; resveratrol; a-tocopherol
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1. Introduction

One of the main functions of the kidney is to filter
the blood and remove nitrogenous waste, excess
fluids and excess electrolytes. Acute kidney Injury
(AKI), formally known as acute renal failure, is a
broad definition of a condition where the kidneys
suddenly fail to function as an excretory organ':2,
Even if patients survive AKI, they are most likely to
suffer chronic immune or cardiovascular diseases
later and have a higher risk of developing chronic
kidney disease (CKD, chronic renal failure)!-7.
Although, there are no precise studies of the burden
of AKI at an economic level, it clearly contributes to
extended hospital stay, excess hospital costs and
increased mortality8.

This review article will give a brief introduction to
the definitions and classifications of AKI including
the different factors involved in the pathology of
this disease focusing on oxidative stress. The review
will also cover how antioxidants have recently been
investigated as a preventative measure as well as
a ftreatment option and their limitations as
therapeutic agents. The possible improvement in
their bioavailability using two main novel drug
delivery systems: liposomes and polymeric
nanoparticles is discussed. Other proposed
therapies such as inflammatory mediators and
genetic modifiers are discussed briefly.

Prcximall tubule

Acute Kidney Injury

2. Physiology of the Kidney

The function of the renal system is very complex, but
its main function is to regulate body fluids and
maintain homoeostasis. This is performed by three
different steps; filiration, reabsorption and
secretion. The filtrate is formed by filtering the
blood entering the glomerulus from the afferent
arteriole into the Bowman’s capsule. This is done
through three different layers of cells; firstly,
through the endothelial cells, lining the capillaries of
the glomerulus, followed by the glomerular
basement membrane and finally through the
epithelial cells of Bowman’s capsule. The driving
force at this point is only the pressure gradient
within the glomerulus which is a combination of
blood pressure and renal haemodynamics. Most of
the water and solutes are reabsorbed back into the
blood circulation at different points of the tubule via
different mechanisms, including simple and
facilitated diffusion, active transport, symport and
osmosis. Solutes that are reabsorbed include amino
acids, glucose, fructose, sodium, potassium, calcium,
hydrogen carbonate and chloride ions. Urine
formation also involves the secretion of non-filtered
endogenous and exogenous substances from the
blood into the urine along the proximal and distal
tubule. Examples include ammonia which diffuses
passively and hydrogen ions which diffuses actively
by antiport in exchange of sodium ions?!! [Figure

1].
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Figure 1: Reabsorption and secretion mechanisms at different sites of the renal tubule. Adapted from Hoenig

and Zeidel2,

Different hormones regulate kidney function. These
include antidiuretic hormone (vasopressin) and
aldosterone, which increase the reabsorption of
water and sodium, respectively in the late distal

tubule and collecting ducts. Natriuretic peptides, on
the other hand, increase sodium excretion in
different parts of the nephron. Parathyroid
hormone and fibroblast growth factor 23 (FGF23),
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both regulate phosphate excretion and vitamin D
production. Other hormones produced by the
kidneys are renin, an enzyme which helps regulate
blood pressure through the renin-angiotensin-
aldosterone hormonal system and erythropoietin, a
hormone that is essential for the production of red
blood cells®.

3. Definitions of Acute Kidney Injury

Although, numerous attempts have been made to
define AKI with many variations described, there is
no one uniform definition used worldwide. This is the
main cause for lacking precise statistical studies on
its epidemiology!3-15. In 2004, the Risk Injury Failure
Loss of Kidney function End-stage kidney disease
(RIFLE) classification was established to define and
classify AKI'3-16, This system was altered in 2007 to
the Acute Kidney Injury Network (AKIN)

Acute Kidney Injury

classification to give more specificity and sensitivity
to the concept!317. The AKI is now defined by the
abrupt decline (hours to days) in kidney function,
leading to a rise in serum creatinine (SCr) and/or a
decrease in urine output (UO)"13.18, Electrolyte
disturbance may also be observed during AKI as
there may be reduction in the serum sodium and
calcium ions with an increase in the serum potassium
and phosphate levels compared to normal
conditions. In addition, blood also may become
more acidic, decreasing its pH value and
hypervolaemia or hypovolaemia may be present
according to severity of the injury’®. As shown in
Table 1, the SCr and UO are used according to the
AKIN, to classify AKI into three stages. Stage 1,
where SCr increases by 150-200%, Stage 2, where
SCr increases by 200-300% and stage 3, where
SCr increase by over 300%'318,

Table 1: The AKIN Classification. Adapted from Mendoza 201113

Stage SCr Criteria UO Ciriteria

1 Increase in SCr of =0.3 mg/dl or increase to 150-200% | Less than 0.5 ml/kg/h (for >6 h)
(1.5 to 2-fold) from baseline

2 Increase in SCr to >200-300% (2 to 3-fold) from | Less than 0.5 ml/kg/h (for >12
baseline h)

3 Increase in SCr >300% (>3-fold) from baseline or | Less than 0.3 ml/kg/h (for 24 h)
SCr>4.0mg/dl with acute increase >0.5mg/dI or anuria (for 12 h)

4. Epidemiology

As mentioned previously, epidemiology of AKI is
very controversial. One specific study used the RIFLE
classification and found the morbidity rate for AKI
in hospitalized patients to be 9%'320. Another
specific review mentioned that the number of
patients diagnosed with AKI in USA, Europe and
Australia in 2010, was over one million patients with
2% of hospital admissions being referred for
dialysis?!. The AKI is agreed to be at its highest
percentage in the intensive care unit and in seriously
injured patients, where it ranges from 9% to
52%422, According to the RIFLE criteriq, it may be
as high as 66%. Mortality rate due to AKI is quite
high with around 32% of AKI patients not surviving
the condition34. Several researchers indicate the
reason behind its wide epidemiology due its
presentation as a multi-organ disease with
overlapping causes'. For example, the incidence of
AKI after angiography ranges from 1% to 38%
according to different studies and population's. It
should be mentioned that the diagnosis of AKI is
increasing along with an increased awareness of its
importance20.23, But still there is a significant amount
of missing data, especially from developing
countries where AKI is becoming a major cause of
patient morbidity and mortality4.
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5. Classification and Aetiology of
Acute Kidney Injury

The AKI is classified according to its aetiology as
pre-renal, a functional response of structurally
normal kidneys to hypoperfusion, intrinsic renal,
involving  structural damage to the renal
parenchyma, or post-renal, e.g. due to urinary tract
obstruction'8.24,

Pre-renal AKI occurs when the primary cause of
injury is external to the kidneys, excluding an
obstruction in the flow of urine, leading mainly to
hypoperfusion23. Hypovolaemia due to excessive
blood loss, diarrhoea, vomiting, burns or
pancreatitis are all causes of pre-renal AKI'8. A
second cause is reduced cardiac output, as in
myocardial infarction, stroke, trauma, sepsis and
transplantation; all may lead to ischaemia and
reperfusion injury leading to AKI'3. Conditions
affecting the main artery supplying the kidneys such
as renal artery stenosis are another cause of pre-
renal AKI25, Drugs such as, ciclosporin, tacrolimus,
angiotensin-converting-enzyme  inhibitors  and
angiotensin-receptor blockers can also cause AKl by
specifically affecting renal haemodynamics'8.

Intrinsic AKI is when the main cause is located within
the kidney, involving changes in the structure of the
parenchyma renal cells'3. Several diseases may
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affect specific part of the kidneys including
glomerulonephritis affecting the glomeruli, vasculitis
affecting the vessels and acute tubular necrosis
affecting the interstitium'8. Radiocontrast agents,
aminoglycosides, amphotericin, non-steroidal anti-
inflammatory drugs, B-lactam antibiotics,
sulphonamides, acyclovir, methotrexate and
cisplatin  have all been reported to be
nephrotoxic2¢.13, The main cause of post-renal AKI
is urinary tract obstruction, which may be due to an
enlarged prostate gland, kidney, ureteral or
bladder stones or a tumour within the kidney or
bladder18-26,

6. Reactive Oxygen and Nitrogen

Species and their sources

Reactive Oxygen Species (ROS) and Reactive
Nitrogen Species (RNS) are highly reactive
molecules with at least one unpaired electron
located in their outer orbitals. It is a broad definition
given to a group of oxygen and nitrogen species
that can exist either as free radicals or as non-
radical derivatives?’.28, Production of free radicals
increases due to the presence of inflammation,
infection or ischaemia-reperfusion injury and may
affect mitochondrial function, which according to
recent studies, is the main cause of renal cell
damage in AKl. Their damaging effect can be by
different mechanisms including protein oxidation,
lipid peroxidation and DNA damage and often
involves a combination of effects collectively known
as oxidant injury13.24.27,

Bothe the ROS and RNS are the main source of free
radicals that are responsible for majority of the
free radical based reactions in vivo. When the free
radical is present on an oxygen atom, it is called a
ROS and examples include the superoxide anion
(O2~), hydroxyl radical (HO®), hydroperoxyl
radical (HO2") and peroxyl radical (ROz2’). But it
should be noted that not all ROS are free radicals;
examples include singlet oxygen ('O2), hydrogen
peroxide (H202), ozone (O3) and hypochlorous acid
(HOCI)28-30, In RNS the free radical is present on the
nitrogen atom and examples include nitric oxide
(‘NO), dinitrogen trioxide (N203) and nitrogen
dioxide radical (‘NO2). Other significant in vivo free
radical species include reactive chlorine species

Medical Research Archives |https:
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(RCS) such as atomic chlorine and reactive bromine
species (RBS) such as atomic bromine, where the
radical is centred on the chlorine and bromine
atoms, respectively. Peroxynitrite (ONOO-) is a
non-radical the breakdown products of which can
lead to the generation of both RNS and ROS28.30,31,

Superoxide and hydrogen peroxide can normally
be formed in the mitochondria via the reduction of
oxygen within the electron transport chain by
complexes |, Il and Il or by oxidoreductase
enzymes283032,  About 0.4-4% of oxygen is
converted to superoxide via normal cell respiration,
mainly in the mitochondria33. These ROS should
normally be further reduced to water by
cytochrome oxidase of complex IV to overcome
their harmful effects3435. Another source of
hydrogen peroxide is a direct two electron
reduction of oxygen by monoamine oxidase in the
outer membrane of the mitochondria34. The
hydroxyl radical is one of the main ROS produced
in vivo that has attracted a lot of interest due to its
high reactivity. It can be formed due to the
oxidation-reduction reaction of redox active metals
such as iron and copper within the mitochondrial
membrane via the Fenton reaction or the Haber-
Weiss reaction2831.34, Additionally, ROS can also
be produced intracellularly by NADPH oxidase
(mainly in the neutrophils and macrophages),
cytochrome P450 and nitric oxide synthase (NOS).
Superoxide is produced in small amounts under
normal physiological conditions during purine
metabolism catalysed by xanthine oxidase (XO).
This small amount seems to increase under certain
pathological states such as ischaemia and
reperfusion, due to the conversion of xanthine
dehydrogenase to xanthine oxidase?”. [Figure 2].

The NOS converts L-arginine into L-citrulline in the
presence of oxygen to produce the nitric oxide
radical3637, Although, not reactive enough to cause
cellular damage, it reacts with superoxide to form
the highly reactive peroxynitrite, the breakdown
products of which has many harmful effects38-43,
Further, peroxynitrite can react with carbon dioxide
in vivo to form nitrosoperoxycarbonate
(ONOOCO?2’), which can undergo homolytic fission
leading to the formation of carbonate (CO3™) and
nitrogen dioxide (NOz2’) radicals [Figure 3].
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https://esmed.org/MRA/index.php/mra/article/view/4863

Medical
Research
Archives

+ + H

Acute Kidney Injury

|

\.‘

Haber-Weiss

. - ’ -
—_—
Complex LIl or Complex LILIlI or
‘ Oxidoreductase [ Oxidoreductase

(=]
o
3
ol
3
*
<

Xanthine oxidase

Hypoxanthine Xanthine Uric acid

Xanthine
dehydrogenase
| l
NAD* + ‘ NADH + H*

aseonpal awoiydoih)

Figure 2: Production of reactive oxygen species in vivo. Adapted from Cadenas & Davies34. Oxygen is
converted into superoxide anion and then into peroxide via complex |, I, lll, xanthine oxidase and monoamine
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Figure 3: Production of reactive nitrogen species in vivo

The ROS in relatively low concentrations are
believed to have an important function in regulating
cellular signalling, facilitating normal growth and
reproduction2?31.  Higher levels of ROS are
associated with defence against infection, as they
have an important role in killing pathogens. This
increase can be found in lymphocytes via 5-
lipoxygenase (5-LO) and in endothelial cells via
tumour necrosis factor (TNF). Compounds such as
TNFa, interleukin-1, bacterial lipopolysaccharide
and tumour promoter 4-O-tetradecanoylphorbol-
13-acetate (TPA) are stimulators of
cyclooxygenase-1 that may also lead to increased
level of ROS during infection?’.

7. Mechanisms of Oxidative Stress

Due to the high reactivity of ROS, they are capable
of reacting with a host of biological molecules
including unsaturated fatty acids, proteins and
nucleic acids to name a few leading to lipid
peroxidation, protein oxidation, DNA strand

Medical Research Archives | https://esmed.org/MRA /index.php /mra/article /view /4863
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breakage etc. Such reactions could result

subsequent events including apoptosis.

7.1. PROTEIN OXIDATION BY THE REACTIVE
OXYGEN SPECIES

Interaction of ROS such as *OH with the carbon
backbone of the peptide linkages in a protein could
lead to the formation of a carbon centred free
radical on the protein. This in turn is highly reactive
and can further react with O2 and other ROS to
form an alkylperoxyl radical intermediate,
followed by the formation of an alkoxyl radical,
leading to the formation of a hydroxylated protein
or interaction with other amino acids to form new
free radicals, which can undergo the same
pathway. If oxygen is absent, the carbon centred
free radical can cross-link with other carbon centred
free radicals leading to the formation of dimers,
thus modifying its structure and function [Figure 4].
The peptide chain may break down at the alkoxyl
radical stage by either the diamide or a-amidation
pathways. The ROS may also react with the
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glutamyl, aspartyl and prolyl residue in a similar
method, leading to protein fragmentation3s.

The side chains of the amino acids are also most
likely to be oxidized by ROS with some more liable
than others. Figures 5 and 6 below shows the most
sensitive amino acids and their oxidation products38.
Sulphur containing amino acids cysteine and
methionine can be oxidized by ROS to form a
disulphide (cystine) or a methionine sulfoxide,
respectively. These residues can be converted back
into their reduced state by disulphide reductases
and methionine sulfoxide reductases, respectively,
unless further oxidized?38. Tyrosine and tryptophan
are aromatic amino acids that are either oxidized

Acute Kidney Injury

to 3,4-dihydroxyphenylalanine and 2-, 4-, 5-, 6-,
and 7-hydroxytryptophan, respectively, or nitrated
by ONOO-. The nitration of these residues to form
3-nitro  tyrosine and  5-nitro  tryptophan,
respectively, has been reported to obstruct enzyme
activity and signal transduction pathways38. a-
Amino acids such as lysine and arginine undergo
oxidation in the presence of ROS to form semi-
aldehydes while glutamic acid and threonine
undergo oxidation to form oxalic acid and
ketobutyric acid. Proline, a cyclic amino acid,
undergoes oxidation in the presence of ROS
leading to the formation of hydroxylated and
oxidised products [Figure 6]38.

This may react with another
free radical causing protein-
protein cross linking

Alkylperoxyl radical
intermediate

R R R
| 0 |0
I ROS I 0. I ROS
H H H H 0]
Os
Alkyl carbon centered free radical R
|0
These intermediates may react with —N—"~C—C—
other amino acids residue to form | ‘
new free radicals
H 8]
0
H
R R
| | |
Hydoxylated [l ROS o o [ ROS
protien | ‘ |
H 0 H Oe
H

Breackage of the

peptide bond

Figure 4: Different effects of ROS on amino acid residue. ROS may react with the amino acid forming a
carbon centred carbonyl radical which can then form peroxyl radical and an oxyl radical. These products
can lead to protein cross linking, form new free radicals, breakage of peptide chain and to hydroxylated
proteins. Adapted from Berlett & Stadtmans3s,

Furthermore, aldehydes produced by lipid
peroxidation and reactive carbonyl derivatives
produced by reducing sugar reactions (both will be

discussed later), can react with proteins forming
carbonyl derivatives. These can be used as
oxidative stress biomarkers3s,
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Figure 6: Oxidation products of some most sensitive amino acids to ROS. Adapted from Berlett & Stadtmans38.

7.2. LIPID PEROXIDATION

Lipid peroxidation is a process that involves
oxidative deterioration of polyunsaturated fatty
acids (PUFAs) that can be mediated by enzymes,
ROS and RNS. They are considered most
susceptible to peroxidation, due to their weak
carbon-hydrogen bonds adjacent to the carbon-
carbon double bonds. The reaction of a ROS, such

Medical Research Archives |https:

as hydroxyl radical with a fatty acid led to the
abstraction of hydrogen from the carbon leading to
the formation of a fatty acid radical. This usually
rearranges and reacts with oxygen to form a
peroxyl radical, which can in turn react with a
neighbouring fatty acid to form a peroxide and a
new carbonyl radical, initiating a chain reaction3®
[Figure 71].
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Figure 7: Lipid peroxidation chain reactions. Adapted from Spickett & Forma3°.

Products of these reactions include isoprostanes and
malondialdehyde, which are used as markers of
oxidative damage33. The addition of hydroxyl
group to phospholipids in the bilayer membrane,
may increases its water permeability, reducing its
barrier function and initiate apoptosis. In addition
to peroxidation, lipids such as oleic and linoleic
acids can form nitrated products by reacting with
nitric oxide or peroxynitrite in a manner similar fo
amino acids and proteins. An increase in oxidative
stress is one of the main causative factors in
complications associated with diabetes and as such
an increase in the protein nitrotyrosylation was
detected in the kidneys of patients suffering from
diabetes#4. Increased production of these nitrated
lipids such as 9- and 10- nitro oleic acid was found
in human plasma45 and also in inflammation and
ischaemia-reperfusion conditions4é. Linoleic acid can
further induce nitrative stress in vivo leading to
protein nitrotyrosylation4’.

7.3. OXIDATION OF NUCLEIC ACIDS

Nucleic acids include are the biopolymers
deoxyribonucleic acid (DNA) and ribonucleic acid
(RNA) comprising of the four nucleotide bases.
Oxidation of nucleic acids can cause lead to strand
breakage, abasic sites, sugar modifications and
alterations to the nucleotide bases33. Hydroxyl
radical is the major ROS responsible for oxidative

stress to DNA. It either, abstracts hydrogen from the
sugar structure or adds to the m-bond of the base,
leading to strand breakage“s. An important
example of DNA base oxidation is the formation of
8-hydroxy-2’-deoxyguanosine (8-OHDG) from 2’-
deoxyguanosine and 5-hydroxyuracil from uracil
[Figure 8]4%. These can be repaired by base
excision repair pathways. In conditions where the
nucleus is unable to correct the alteration in the DNA
strand, mutations may occur. If the oxidative stress
is increased, cells undergo brief growth arrest and
increased level of defensive protein expression.
Further increase in the stress, induces permanent
growth arrest, in which cells stop multiplying49.

Poly (ADP-ribose) polymerase (PARP) is an enzyme
present mainly in the cell nucleus. In addition to
other functions, it is mainly responsible for signalling
DNA damage and repair. Over activation of this
enzyme has been linked to ischaemic injury to the
brain, heart and kidneys. This has been attributed
to the depletion of ATP, increased expression of
proinflammatory agents and adhesion molecules2.
There is some evidence that PARP inhibitors can
provide protection against the ischaemia/
reperfusion injury, which contributes to the
development of AKI53.54,
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pathway leading to the formation of 5-hydroxyuracil. Adapted from Valavanidis et al.5° and von Sonntag5'.

8. Natural Antioxidant
acute kidney injury
Antioxidants can be defined in general as any
compound or system capable of donating an
electron to a free radical to prevent its harmful
effects2855, Cells normally detoxify the harmful
effect of free radicals by different mechanisms.
These can be divided into two main categories:
enzymes and small molecules. An important
defensive mechanism in cells against oxidative
stress is the nuclear E2-related factor 2 (Nrf2). It is
a transcription factor that was found to be reduced
in cisplatin induced AKI and plays an important role

in upregulating detoxifying enzymes5é.

Activity in

8.1. ENZYMES WITH ANTIOXIDANT ACTIVITY

Superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPx) and thioredoxin
peroxidase (TRPx) are enzymes that have
antioxidant  activity3l. Mammalian cells, and
especially renal proximal tubular cells, have three
different forms of SOD; SOD1 (CuZnSOD), SOD2
(MnSOD) and extracellular SOD3 (ecSOD)5%7. The
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SOD1 enzyme exists mainly in the cytoplasm and
lysosomes while SOD2, on the other hand, is mainly
present in the mitochondria and to some extent in
the cytosol. All SODs dismutate superoxide to
hydrogen peroxide. The enzyme CAT exists in the
peroxisomes and GPx exists in the cytosol and
mitochondria. Both  enzymes catalyse the
decomposition of hydrogen peroxide to water and
oxygen. These antioxidant enzymes play an
important role in protecting the kidney against
oxidant injury of the kidney38.

8.2. SMALL MOLECULES WITH ANTIOXIDANT
PROPERTIES
Ascorbic acid (vitamin C), tocopherols (vitamin E),
polyphenols, carotenoids and bioflavonoids are
molecules from dietary sources that can act as
antioxidants. Metallic nutrients such as selenium,
copper, zinc, manganese and iron act as biofactors
with an important role in maintaining enzyme
antioxidant activity3?. Compounds such as vitamin C
and E act by donating electrons, therefore reducing
highly reactive free radicals and becoming
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themselves free radicals. However, the unpaired
electrons in these compounds become delocalized
by resonance leading to reduced activity and
stability28.

It is worth noting that the defence system of
antioxidants works as a network. For example,
when free radicals, oxidizes lipids forming lipid
radicals, this can be neutralized by tocopherol,

RO* Tocopheroxy!
ROO*
Oxidation of
fatty acids
&
" Vitaming 7
Cycle (X
N
ROH
ROOH Tocopherol

" VitaminGC -~
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which itself is oxidized to tocopheroxyl radical.
Ascorbic acid donates an electron to the later
radical forming an ascorbyl radical. Glutathione
(GSH) or thioredoxin(red) can be converted by GPx
or TRPx, respectively to their oxidized forms
glutathione disulphide (GSSG) or thioredoxin(ox),
respectively, by increasing the lifespan of ascorbic
acid. The latter can then be converted back by the
NADPH cycle“8. [Figure 9].
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Figure 9: An example of antioxidants working as a network. Adaptedss.

9. Pathophysiology of acute kidney
injury

It is important to understand the pathophysiology of
AKl in order to determine the best treatment. The
main mechanisms of developing AKI are vascular
disruption leading to endothelial damage, direct
reaction to an exogenous toxin, suppression of renal
autoregulation and the release of inflammatory
mediators’322, A more recent study states that the
pathophysiology of AKI includes inflammation,
immune dysregulation, defective microcirculation
and oxidative stress?4,

During ischaemia-reperfusion, the decreased blood
flow to the kidneys leads to decreased oxygen and
accumulation of metabolic products within cells. This
in furn leads to reduced high-energy phosphate and
imbalanced ion gradients across the cell membrane.
Reperfusion of blood back to the renal cells is when
the real injury occurs in the form of oxidant injury
subsequent to oxidative stress. Free radicals are
accumulated, which induce lipid peroxidation,
polysaccharide  depolymerization and DNA
degradation'3. The proximal tubules have been
found to be most sensitive to hypoxia, ischaemia
and toxic damage'!357. This may be due to the
impairment of the mitochondrial function and
proximal tubular cells contain an abundance of
mitochondria by which they produce the metabolic
energy required for tubular transportéC. Injury to

the proximal tubular cells has been found to lead to
AKI¢1, The inflammatory state due to hypoxia is also
induced by several factors as interleukin-10 (IL-18),
hypoxia inducible factor (HIF) and mitogen-
activated protein kinase (MAPK)'3. Moreover, the
activation of NF-kB and its subsequent pathway is
enhanced, which is also involved in inflammation
due to oxidative stress56.

Inflammation has a variety of contributions in
developing AKI. It may lead to decreased blood
flow to the cortex outer medulla affecting both
function and viability of the renal tubules. This can
be due to the innate as well as the adaptive immune
responses, enhanced leukocyte-endothelial
interactions and the generation of proinflammatory
and chemotactic cytokines?3. In a single nephron,
microcirculation impairment can also be a cause of
AKI. This is due the alteration in the trans-glomerular
pressure gradient leading to insufficient filtration
causing cell death due to reduced adenosine
triphosphate (ATP)24. The reduced blood flow is
more dominant in the medulla of the kidney¢2¢3,
These microvascular dysfunctions including impaired
microvascular permeability have an important role
in AKI¢4,

Recently, the role of oxidative stress in AKl has been
studied extensively'324. Experiential as well as
some clinical data shows that oxidative stress is the
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main pathway of developing AKI in critically ill
patientsé5.66, Oxidative stress is characterised by an
increase in the production of ROS in contrast to
endogenous antioxidants leading to cellular
damage?931.67,  When the kidneys fail to
compensate the increase in ROS, an imbalance in
the homeostasis occurs leading to AKI29.65 [Figure
10].

10. The Role of Oxidative Stress in
acute kidney injury
As mentioned previously, oxidative stress plays an
important role in AKI. Whatever the initial trigger
for renal damage, the pathway leading to AKI is
commonly characterised by ischaemic and
nephrotoxic damage caused directly to the tubules
or by activation of molecular mediators. In both

Acute Kidney Injury

pathways, ROS levels are raised above normal,
leading to the development or progression of AKI
[68]. One of the proposed mechanisms in which
oxidative injury leads to cell death is by
mitochondrial membrane permeability transition
(MPT) where the mitochondria are the first
organelle to be affected in the cells. During cell
injury, ROS formation is increased in the
mitochondria, leading to the oxidation of the dithiol
groups in the membrane. This increases the
permeability of the mitochondrial membrane
thereby inducing MPT. The cells then either undergo
apoptosis or necrosis according to ATP level¢9-72,
Lipid peroxidation affects not only the
mitochondrial membrane but also the lysosomal and
plasma membranes’3. Studies now target the
mitochondria as a therapeutic approach for the
treatment of AKI74.
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Figure 10: The AKI and Oxidative Stress, adapted®5. When there is an imbalance between oxidative stress
and antioxidant mechanisms in the renal cells, this may lead to AKI.

The ROS and RNS species O2"", H2O2, HO*, "NO and
ONOO~™ are among the most important free
radicals involved in the development and
progression of AKI [57]. Post injury, the cellular
damage caused by these species is worsened due
to the decreased activity of some antioxidant
enzymes, alteration of xanthine oxidase, defective
electron transport chain and increased levels of iron
that may be released from storage points. The level
of H202 was increased 1.5-fold after ischaemia

Medical Research Archives |https:

and 4-fold after reperfusion’s. Cisplatin, a widely
used anticancer agent, is known to have
nephrotoxicity as an adverse effect. It has been
reported that it affects the electron transport chain
where mainly the complexes | and IV are inhibited
thereby increasing the formation of ROS7%. Further,
in vitro and in vivo studies suggested that redox
cycling of iron lead to an increased production of
hydroxyl radical in cisplatin induced cytotoxic
effects, which were attenuated by the
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administration of iron chelators deferoxamine and
1,10-phenanthroline””. Hydroxyl radical
scavengers such as dimethylthiourea (DMTU) and N-
acetyl-cysteine (NAC) attenuated cisplatin induced
p53 gene activation leading to reduced tubular cell
apoptosis and nephrotoxicity”8.

Several in vivo studies have shown that ischaemia
and reperfusion results in reduced gene expression
of antioxidant enzymes such as SOD, catalase and
GPx. Oxidative stress, as a result, was increased
leading to renal tissue damage”?.89. Mice with SOD
deficiency, specifically CuZnSOD, showed a more
severe AKl| after ischaemia and reperfusion
compared to wild mice. In this study, AKI as more
evident in aged mice compared to younger mice?8’.

Nitric oxide induces programmed cell death in
tubular epithelial cells via the activation of caspase-
8, suggesting that caspase-8 inhibition could be an
important therapeutic target for the treatment of
AKI82, Pro-inflammatory cytokines released after
kidney inflammation, regulate tubular epithelial cell
apoptosis, which can be regulated by a caspase-8
inhibitor83. It is worth mentioning that nitric oxide in
physiological levels has an important role in cell
signalling. Also, some studies have shown that if
obtained from exogenous sources, it can play a
protective role against renal injury after ischaemia-
reperfusion8485 |ts main contribution to kidney
damage is the formation of peroxynitrite, which is
thought to cause both lipid peroxidation as well as
inhibition of DNA synthesis8¢. However, a study also
suggests that if the levels of nitric oxide are
maintained at a physiological level, it can protect
from kidney damage due to endotoxaemia®”.

11. Available and

Treatments

Even with advanced technology treatment for AKI
remains a major challenge#88. The main reason that
makes it difficult to treat AKI using a single set of
pharmacological agents can be attributed to its
complex pathogenesis and the fact that it is a
multisystem disease8?. Still renal replacement
therapy is the main treatment approach for most of
these patients after determining the main cause of
the failure as being either pre-renal, intrinsic or
post-renal?18:24,26,65 Clinical trials now aim to target
AKI at three different points. First, before the injury
occurs as a prevention therapy, for example before
surgery which may cause AKIl. Second, at an early
stage of AKI, which can be facilitated by the
detection of novel biomarkers that can reveal
kidney injury before there is an actual functional
change. Third, is to treat the AKI after a significant
raise in serum creatinine levels4.

Future
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Antioxidants and anti-inflammatory mediators are
now under investigation to evaluate their effect on
AKI in patients. Anti-inflammatory agents, such as
alkaline phosphatase, dipeptiylpeptidase-4
inhibitors and sphingosine 1 phosphate analogues
are under clinical investigation to evaluate their
efficacy in the treatment of AKI. Another group of
drugs under investigation are genetic modifiers such
as 5INP, an inhibitor of p53 tumour suppressor
protein, which can extend the time available for
DNA repair and therefore improve cell recovery.
Angiotensin Il and adenosine antagonists are renal
flow modifiers that attempt to address
microcirculation impairment associated with AKI.
Administration of angiotensin Il  has been
demonstrated to increase urine output and
creatinine clearance. Theophylline, a non-selective
adenosine antagonist, has been shown to prevent
contrast induced nephropathy24.90.91,

Several medicinal plants are known for their
antioxidant activity and have been linked with
prevention of different conditions such as
Alzheimer’s, cancer, cardiovascular conditions and
diabetes to name a few. Carotenoids and phenolics
are dietary antioxidants that derived from natural
origins. Carotenoids are divided into two groups:
molecules containing an oxygen atom, e.g.
xanthophylls such as lutein and B-cryptoxanthin and
hydrocarbons that are either cyclised such as a-
carotene and P-carotene or linear, such as
lycopene®?.  Phenolic compounds are mainly
flavonoids, tannins and phenolic acids, including
anthocyanidins such as pelargonidin, chalcones such
as butein, flavonones such as taxifolin, flavones such
as luteolin, flavonols such as quercetin, isoflavones
such as genistein, hydroxybenzoic acids such as
gallic acid and hydroxycinnamic acids such as
caffeic acid?892. These compounds and their
metabolites are known for their antioxidant activity
and may have the ability to ameliorate renal
function against oxidative stress?3. Such polyphenols
have been shown to reduce AKI in animal models¢8.

12. Animal

Trials

Different in vitro and ex vivo studies have shown the
advantages of exogenous antioxidants in renal
injury, including vitamin E, vitamin C, edaravone,
NAC, selenium, polyphenols and flavonoids such as
curcumin, quercetin and resveratrol [94]. Tempol is
an antioxidant with membrane permeable
properties that acts by scavenging ROS. In vivo and
in vitro studies showed possible protection of tempol
against AKl induced by ischaemia/reperfusion
injury33.95,

Studies and Clinical
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Vitamin E shows some protection activity against
lipid peroxidation, namely the oxidation of low-
density lipoprotein (LDL)4396. This has been
demonstrated by the reduced oxidation of LDL due
to iron treatment after the administration of vitamin
E?7. A systemic review conducted electronically
using MEDLINE, EMBASE, and the Cochrane Central
Register of Controlled Trials showed a potential
benefit of using vitamin E plus hydration in reducing
risk of contrast-induced AKI by 62% compared to
hydration only. However, that review did not
observe any significant effect on GFR after contrast
treatment?8. A separate clinical trial did not show
any benefits of using vitamin E in preventing AKI
after elective cardiac surgery®®. Different
mechanisms have been proposed for its “arguable”
protective effect, including direct antioxidant
activity by scavenging ROS, enhancing nitric oxide
activity, reversing  mitochondrial membrane
depolarization and protecting lysosomal membrane
integrity®°.

Troxerutin is a flavonoid found in tea, coffee, a
variety of fruits, vegetables and also isolated from
Sophora japonica flowers. It has been shown to have
the ability to protect against AKI induced by d-
galactose in mice and has both anti-inflammatory
and antioxidant activity'99, Its mechanism of action
may involve restoration of antioxidant enzyme
activity and reducing ROS formation, therefore
decreasing DNA damage as shown by the reduction
in 8-hydroxydeoxyguanosine formation'01,
Baicalein is also a natural flavonoid present in
Scutellaria baicalensis Georgi. It has a slightly
different mechanism of action, where it activates
Nrf2, which has an important role in inhibiting
cisplatin-induced AKI. Additionally, it inhibits MAP
kinase activation and NF-kB signalling pathway?3é.

Astaxanthin is a carotenoid, derived from algae
and seafood, has both antioxidant and anti-
inflammatory activities'92, lts ability to quench ROS
is much higher than B-carotene, ascorbic acid and
o-tocopherol and can also reduce Fe3* to Fe?*.
Additionally, it has the ability to prevent contrast
induced AKI either via its antioxidant or anti-
apoptotic  properties’®.  There is significant
evidence of its effect as an anticancer, antidiabetic
and immune regulator. Studies also suggest its
benefits in preventing oxidative stress in mercuric
chloride induced AKI'92 and also due to its ability to
reduce cisplatin-induced nephrotoxicity'03. An
animal study using a severe burn rat model, showed
that astaxanthin  provides a dose-dependent
protection against AKI'94, In another in vivo and in
vitro study astaxanthin demonstrated its ability to
reduce contrast-induced AKI105,
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Another group of flavonoids called
proanthocyanidin oligomers are extracted mainly
from red grape seeds, but are abundant in
different fruit, chocolate and tea. Antioxidant
activity of proanthocyanidins is fifty times higher
than that of vitamins E and C. Studies have shown
some evidence of potential pharmacological
activity in protecting against AKI'%6, An in vivo study
using both acetaminophen-induced kidney damage
and genomic DNA kidney injury showed that
treatment with grape extract can ameliorate kidney
function after injury'97. Animal studies on rats and
mice have shown protection against cisplatin-
induced AKI08-110  rhabdomyolysis - induced
AKI'1, cyclosporin-induced AKI''2 and exercise-
induced AKI''3, Furthermore, an in vivo study using
a rat model showed both biochemical and
histological improvements in kidney function after
contrast-induced AKI''4, Although the mechanism of
action was not confirmed, it is believed to inhibit
low-density lipoprotein peroxidation, protects DNA
from oxidation, and increases the production of
nitric oxide by reducing its reaction with
superoxide. In addition to its antioxidant activity, it
also shows anti-inflammatory activity by decreasing
pro-inflammatory cytokines, e.g. interleukin-1 (IL-1),
IL-12, and IL-18, tumour necrosis factor alpha (TNF-
)16,

Probucol is a superoxide anion scavenger that has
both antioxidant activity and lipid lowering effects.
In vivo studies showed that it has a prophylactic
effect against contrast-induced AKI'15.116, which
was confirmed by a randomized controlled clinical
trial in humans''5117.118, |n vivo investigations
demonstrated that it also has protective effects
against nephrotoxicity caused by gentamicin or
ferric nitrilotriacetate, when given alone or in
combination with vitamin E'19-121,  Rats which
underwent bilateral ureteral obstruction showed
improved kidney function when pre-treated with
probucol; shown by the greater inulin and para-
aminohippurate clearance, reduced level of GSSG
and reduced lipid peroxidation compared to
untreated rats with similar obstruction22.

Gallic acid is a polyphenolic molecule, with the
ability to break down the oxidation chain reactions
by electron donation. It is found in tea leaves and
blackberries and is also found in high amounts in
Indian gooseberries (Phyllanthus emblica), in
addition to vitamin C and quercetin. The plant
extract demonstrated a protective role against
contrast-induced AKl in rats'22. Pomegranate flower
extract contains around 10% gallic acid content. In
vivo studies using a rat model demonstrated that
gallic acid can ameliorate nephrotoxicity caused by
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gentamicin in both the extract'?# and in pure
form'25, Gallic acid showed protection against
oxidative injury and reduced renal function in rats
caused by chemotherapeutic agents such as
cyclophosphamide!2¢, cisplatin!?Z and
methotrexate'28.  Diazinon and lindane are
pesticides that cause oxidative injury to various
organs. Pre- and co-treatment with gallic acid in
animal studies, showed correction of oxidative
stress biomarkers in both cardiovascular, hepatic
and renal systems29-130, AK| induced by ischaemia-
reperfusion’3! and by sodium fluoride'32 was
inhibited after pre-treatment and co-treatment with
gallic acid, respectively.

Several studies including a meta-analysis showed
the advantage of using vitamin C as a prophylactic
treatment for contrast induced AKI. The mechanism
of action has not been determined, but it is
probably due to its strong antioxidant activity!33-
135, Animal studies demonstrated that high doses of
vitamin C has better effect than vitamin E in
protecting against oxidative damage to renal
cells®8. It is worth mentioning here that its
effectiveness is still controversial, as some clinical
trials have shown that its administration does not
prevent contrast-induced AK|136-137,

13. Relationship between diet and
AKI

A recent investigation has shown that dietary
vitamin A and vitamin E may lead to a reduced risk
of AKI, with the latter being more effective!3s.
Studies have also shown that tocotrienols
(antioxidants in the vitamin E family) possess
greater antioxidant activity than tocopherols and
are effective in preventing AKl in mice!39. Although
o- and y-tocopherols have shown a protective role
against contrast-induced AKI'49, other studies
showed that they do inhibit oxidative stress but do
not necessarily reverse AKI induced by severe
burns’41.

Dietary Approaches to Stop Hypertension (DASH) is
a diet initially proposed to reduce the risk of
hypertension mainly by reducing sodium intake. It
recommends consuming more fruit, vegetables and
nuts, which are a good source of natural
antioxidants. Another recent investigation has shown
that those on the DASH diet have a reduced risk of
developing kidney disease'42. Also due to its low
sodium salt recommendations, people tend to use
more spices such as turmeric, cinnamon, nutmeg etc.
in their food, which are high in antioxidants and
hence may be a contributing factor in reducing
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Green tea (Camellia sinensis), is consumed by many
people as a hot or cold beverage, as part of their
daily diet. It is rich in polyphenols with high
antioxidant activity, mainly epicatechin,
epicatechin-3-gallate  (ECG), epigallocatechin
(EGC) and epigallocatechin-3-gallate (EGCG), with
EGCG having the highest activity. Several studies
demonstrated the beneficial activity of green tea in
preventing contrast-induced’43, gentamicin-
induced 441445 and cyclosporin A-induced94-148 AKI.
It also prevented AKl in diabetic mice after
cardiopulmonary bypass '4° and has been
suggested for use as a prophylactic antioxidant
prior to renal transplantation30, It should also be
mentioned that although green tea extract is a
natural product, there are still not enough studies to
support its clinical safety and infrequent cases of
hepatoxicity have been reported’s1.

A meta-analysis has demonstrated some variations
in the geographical epidemiology of AKI, showing
that North America, Australia and Eastern Europe
had a higher rate of AKI, compared to Asia and
Africa. It also showed that North Africa and Central
Asia had lower incidence compared to the rest of
Africa and Asia, respectively?!. These variations
were explained by the limited reporting and
resources of developing countries compared to
developed countries. A different explanation could
be the diet of these countries. Different spices, herbs
and medicinal plants, which are high in antioxidant
and anti-inflammatory activity, are consumed as
part of a regular diet in greater amount in Asia and
Africa. For example, turmeric (Curcuma longa),
contains curcumin as an active ingredient. It is widely
used as a colouring and flavouring spice in India
and Africa and has been reported to possess a
range of health benefits'52. Crocus sativus (saffron)
is originally grown in Iran is rich in carotenoids and
is widely used in Asia and north Africa. Other plants
that are traditionally used for the treatment of AKI,
due to their anti-inflammatory and antioxidative
activity include, Panax ginseng (ginseng), Nigella
sativa (black seed), Zingiber officinale (Ginger),
Silybum marianum (milk thistle), Vitis vinifera
(grapes), Punica granatum (pomegranate), Ginkgo
biloba (gingko) and Allium sativum (garlic). All these
natural sources are rich in anfioxidants'53,

14. Improving Bioavailability of

Supplementary Antioxidants
The role of oxidative stress in AKI, although requires
further investigations, is almost unquestionable. The
real question concerns the effectiveness of
antioxidants in the treatment /prevention of AKI. The

kidney diseases. principal drawback is their low solubility,
permeability, instability, degradation during
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metabolism and for some antioxidants, their
toxicity. Novel drug delivery systems such as
nanoparticles, liposomes, chemical modifications,
coupling agents and gel-based systems may
improve their bioavailability and  safety
profile!54.155,

Nanoparticles, as the name indicates, are particles
within the nano-scale usually with an average size
ranging between 1nm to 1000nm and at least one
dimension that is less than 100 nm'3¢,

b rtae Q%g‘%??é’p
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Nanotechnology has developed extensively during
the recent years finding its way in medicine through
novel drug delivery, either by tissue targeting or by
improving drug pharmacokinetics'>”. Nanoparticle
is a general term that applies to different shapes,
sizes and composition including inorganic, polymeric
and solid lipid nanoparticles, liposomes, nanotubes,
nanocrystals and dendrimers [Figure 11]. In context
of this review article, polymeric nanoparticles and
liposomes are discussed in more detail in subsequent
sections.
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Figure 11: Different types of nanoparticles that can be used as drug delivery systems

14.1. Polymeric Nanoparticles

Polymeric nanoparticles are solid nano-scale drug
carriers that can either have a matrix type structure
made of a certain polymer, in which they are called

surrounded by a polymeric membrane where they
are called nanocapsules. In both the types, drugs
can either be embedded in the middle or adsorbed
on the surface of the nanoparticle [Figure 12]158-160,

nanospheres or can consist of a liquid core

Polymeric
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O\ Polymeric material
@ Drug
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Figure 12: Types of nanocarrier systems — Nanospheres and nanocapsules
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Biodegradable nanoparticles prepared from
polymers are effective delivery systems that show
many advantages over free drugs by providing
excellent protection against degradation of the
carried drug, hence improving its stability. They can
act as good drug delivery devices to the site of
action so less side effects may be observed and
most importantly, they release the drug over a
prolonged period giving a sustained drug release
profile'57-159,  Polymeric nanoparticles can be
derived from many different biodegradable and
biocompatible polymers such as polylactic acid
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(PLA), poly (D, L-glycolide), polylactide-co-
glycolide, polycyanoacrylate, poly
(methylmethacrylate) and poly (butyl)

cyanoacrylate!57. The PLA is an aliphatic polyester
of 2-hydroxypropionic acid [Figure 13]. It is a
biodegradable compound derived from natural
sources such as starch or sugar. The advantage of
using a polymer such as PLA is its degradability in
the body to lactic acid, which is a natural metabolite
that can be removed by the normal citric acid
cycletolez,
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Figure 13: Isomers of poly(lactic acid): I-PLA, d-PLA, dI-PLA. The polymer hydrolyses to lactic acid in vivo,

which then is metabolised in the Cori cycle, adaptedé2,

14.2. Liposomes

Liposomes are vesicles within the nm to Um range.
They consist of a liquid core surrounded with one or
more bilayer phospholipids’é3. It is possible to
manipulate the physical and chemical composition
and characteristics of the liposomes to suit targeted
applications'4. They can be used to deliver both
hydrophobic and hydrophilic drugs that are
encapsulated in the lipid bilayer or the aqueous
core, respectively. Due to their phospholipid
composition, they have the advantage of being
pharmacologically inactive and are relatively
safe’é5, Different lipids have been used to
formulate liposomes, including cholesterol, 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine  (DPPC)
and 1-myristoyl-2-stearoyl-sn-glycero-3-
phosphocholine (MSPC)'¢¢, Gold encapsulated
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liposomal nanoparticles using DPPC, 2-dipalmitoyl-
sn-glycero-3-phospho-(1’-rac-glycerol) (DPPG) and
1,2-dipalmitoyl-3-trimethylammonium-propane
(DPTAP) were developed as potential drug delivery
systems167,

The use of liposomes to deliver antioxidants is an
extensively researched area. Several antioxidants
such as vitamin E and vitamin C'¢8, curcumin'¢?,
resveratrol179171 epicatechin'”2 and ferulic acid73
have all been developed as potential liposome
formulations. These formulations have been
investigated as potential drug delivery systems to
treat different oxidative-stress related conditions
such as pulmonary damage’é8, liver injury'e?,
pathophysiological aging'’® and cancer'72 with
varying degrees of success. Liposomal drug
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delivery was developed to improve the antioxidant
efficacy, increase cellular uptake, prolong
clearance leading to reduced dosage, which
directly results in reduced toxic effects. Antioxidants
such as resveratrol and curcumin formulated as
liposomes are already available as over the
counter dietary supplements. However, their
therapeutic application and safety assessments
require further investigations.

15. Pharmacokinetics and
Pharmacodynamics of  External
Antioxidants

As mentioned earlier, the pharmacokinetic and
pharmacodynamic properties of supplementary
antioxidants are one of the main obstacles for their
effectiveness in AKIl. Few examples of potential
antioxidants that can be used for the treatment of
AKIl by developing as novel drug delivery systems
are discussed below along with their sources,
physiochemical properties, bioavailability,
elimination and proposed mechanism of action.

15.1. ASCORBIC ACID (VITAMIN C)

Ascorbic acid is very water soluble and is present in
high amounts in oranges, lemons, berries, mangos,
broccoli and peppers?8. lts bioavailability is almost
100% for doses up to 200mg. This percentage
declines gradually, reaching 33% with higher doses
(1.25g). It is mainly absorbed from the small
intestine and it is not considered to be protein bound
and therefore it is filtered into the glomerulus but
reabsorbed back into the renal tubules by active
transport. A 100mg dose of oral or IV vitamin C
results in an excretion of 25% in urine, while higher
IV doses are 100% excreted into the urine.
Elimination half-life is around 10 hours'74 but it is
mainly present as an ascorbate form at
physiological pH levels. Due to its high aqueous
solubility and high renal clearance ascorbate has
the potential to be used for targeting the kidneys
using oral drug delivery. A protective role for
ascorbic acid in AKI has been suggested in
ischaemia/reperfusion induced rat AKI models and
in patients with low plasma vitamin C levels!7517¢,
Critically ill patients have been shown to have low
plasma ascorbic acid levels. While it has been
reported that intravenous administration of ascorbic
acid to critically ill patients can reduce the extent
and duration of vasopressor support required as
well as any mechanical ventilation, it has minimal
effect on patients suffering from AKI'77.

15.2. VITAMIN E

Vitamin E is a collective term for eight different
tocopherols and tocotrienols. a-Tocopherol, the most
abundant isoform in tissues (90%), it is a fat-soluble
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compound available from natural sources in the
R,R,R-sterecisomer form174, Wheat-germ,
vegetable oils, nuts, grains and green vegetables
are rich in vitamin E28. Due to its high lipophilicity, its
absorption depends mainly on biliary secretfions.
Different forms of vitamin E are transferred into the
blood stream via the lymph in chylomicrons. Only
R,R,R-a-tocopherol is transferred via the liver in
very low density lipoproteins28.178, Approximately
25-50% is absorbed from food (when the dose is
less than 1 mg). Most of the drug at
pharmacological doses is excreted in the faeces
and about 10% is absorbed. lts peak plasma
concentration is reached 12-14 hours after oral
administration48.178,  q-Tocopherol plays a major
role in preventing lipid peroxidation by scavenging
lipid peroxide radicals at a very fast rate.
Furthermore, the a-tocopherol radical can react
with a second peroxyl radical forming a non-
radical product?® and when scavenging reactive
nitrogen species leads to the formation of a-
tocopheroquinone43, [J-Tocopherol, another
naturally occurring tocopherol analogue of Vitamin
E in vivo, on the other hand upon reaction with
peroxynitrite leads to the formation of 5-nitro-
[1[-tocopherol and 5-hydroxy-[1[]-tocopherol,
which react further leading to the formation of their
corresponding quinones'78, Vitamin E has been
reported to possess protective properties against
vancomycin-induced'7? and  contrast-induced'80
nephrotoxicity leading to AKI. While it has been
suggested that Vitamin E supplementation can act in
a prophylactic function in vancomycin-induced
nephrotoxicity'7?, oral supplementation of a- and
[1[]-tocopherol in combination with saline protects
against contrast-induced AKI in patients with
CKD'80,  Poly(Lactic-co-glycolic) acid (PLGA)
nanoparticles and  chitosan covered PLGA
nanoparticles encapsulating a—tocopherol have
been developed for oral drug delivery, where it
has been shown that the entrapped antioxidant is
protected against the harsh gastric environment by
the polymers'8l.

15.3.  PHENOLIC COMPOUNDS

Most of the naturally occurring antioxidants can be
classified under polyphenols. They cover a wide
range of compounds and their pharmacokinetics
and mechanism of action vary broadly, depending
on their structure activity relationship. Most of these
compounds act as antioxidants by either electron
donation or undergoing substitution reactions when
in contact with ROS and RNS28,

15.3.1. trans-Resveratrol
Trans-Resveratrol is a stilbene antioxidant which is
present in grapes produced as a defence
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mechanism against fungi28. It is also present in
blueberries, raspberries and mulberries82,
Although it has a high absorption rate, its oral
bioavailability is low (less than 1%) due to its fast
metabolism in the intestine and liver183.184, |ts main
metabolites are due to conjugation reactions to
form resveratrol glucuronides and resveratrol
sulphates. Its main drawbacks are its low
bioavailability, toxicity if given in high doses IP and
instability. Further studies are needed to prove any
benefit from IV infusion'82.186, Efforts have been
made in order to reduce its drawbacks by
encapsulating the drug in liposomes'®’, solid lipid
nanoparticles (where oral bioavailability increased
by more than 8-fold compared to drug
suspension)'8 and dendrimers'8?.190, [t has also
been co-encapsulated with a novel NMDA receptor
inhibitor (DAP5) and found to protect against
ischaemia-reperfusion renal injury’®1. Studies show
that it has both protective as well as recovery role
from sepsis-induced AKI in mice, by activation of
SIRT1/3182192193, Others demonstrated that its
protection and treatment is due to the prevention of
inflammation caused by macrophage and
endoplasmic  reticulum  stress-activated  NF-kB
pathway194195, Previous research has shown that its
administration to ischaemia-reperfusion rat models
reduces rate of mortality®® and that it presents as
potential treatment of cisplatin-induced AKI'96, In
vivo studies showed that it corrects AKl caused by
arsenic trioxide by increasing its elimination and
decreasing oxidative stress'?7. A more recent study
demonstrated that its mechanism of action is by both
blocking inflammatory pathways and decreasing
oxidative stress, in addition to preventing cell death
via the Nrf2/TLR4 /NF-kB pathway!98, An ongoing
clinical trial is aiming to investigate the effect of
resveratrol on inflammation and oxidative stress in
CKD74.

15.3.2. Curcumin

Several studies have demonstrated the activity of
curcumin to ameliorate AKI in rats!52199-207 while
others demonstrated incomplete protection208:209,
Despite the numerous in vitro and in vivo positive
results of curcumin in preventing AKI210, human
clinical trials did not show any of its benefits2!!. In
all the studies its potential as a prophylactic
treatment for AKI is evident but incomplete, as the
drug  was administered to the animals
intraperitoneally in dimethyl sulfoxide, orally
dissolved in an oil or as a suspension. Animal and
human studies have also shown that curcumin has
very low oral bioavailability. This can be
rationalised by its poor solubility and
biodegradation through first-pass effect and
intestinal metabolism. Its main degradation products
include curcumin glucuronide and curcumin sulphate.
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Traces of di-, tetra- and hexa- hydrocurcumin, and
hexahydrocurcuminol were found in the plasma
after intraperitoneal injection2'2. Different attempts
have been made, successfully, to improve its
effectiveness such as incorporating it into
liposomes2'3  and nanoparticles2'4.  Curcumin’s
antioxidant activity is due to the ability to scavenge
ROS and RNS, upregulate haem oxygenase and
glutathione transferase and downregulate xanthine
oxidase. In addition to its antioxidant properties,
studies have shown it ability to inhibit protein
kinases, downregulate pro-inflammatory proteins,
cytokines, growth factors and transcription
factors212,

15.3.3. Epicatechin

Epicatechin as well as catechin and epigallocatechin
are available in red wine, cocoa and tea [28]. The
oral bioavailability of epicatechin is around 4%.
Although studies have showed minimal hepatic
metabolism, the main reasons attributing this, was
the efflux transport, low absorption and intestinal
metabolism215.216,  Epicatechin encapsulated in
bovine serum albumin nanoparticles prepared using
desolvation method had improved efficacy in cell
culture models?2'7. In vivo studies demonstrated
limited renal injury via mitochondrial protection in
cisplatin  induced AKI [218, 219] and in
lipopolysaccharides induced AKI220,

15.3.4. Ferulic acid and Sinapic acid

Ferulic acid and sinapic acid are classified under
hydroxycinnamates, which are small
phenylpropanoids derived from plants. They are
biosynthesised in plants from the amino acids L-
tyrosine and L-phenylalanine, through the shikimic
acid pathway. They are available in fruits,
vegetables, cereal grains and oilseed crops, so they
are high in normal human diet?2!. In addition to
isoferulic, dihydroferulic and vanillic acids, ferulic
acid is also one of the metabolic products of caffeic
acid, which is present in high concentration in coffee
beans222-223, Both ferulic and sinapic acids are
available as free or as ester forms. In addition to
their antioxidant action, they also possess
antimicrobial, anti-inflammatory, anticancer and
anti-anxiety activity221,

Ferulic acid has good absorption (>60%) after oral
administration. Its main metabolism is through
conjugation with glucuronic acid, although 36-43%
is excreted unchanged in the urine223, Minimal data
is available on pure sinapic acid supplementation
studies, but it has been shown that its main site of
absorption is the small intestine through an active
sodium gradient driven transport channel. Due to its
poor solubility, its bioavailability after oral
administration is very low, leading to reduced
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bioactivity223.224, Sinapic acid undergoes phase |
and Il metabolism in the epithelium of intestinal
cells226, In vitro and in vivo studies in cell culture
models and in rats showed that sinapic acid
ameliorates cisplatin induced nephrotoxicity22”

There are no sources in the current document.

As discussed above, oxidative stress has a
major role in the pathophysiological development
of AKI. The use of dietary antioxidants such as
curcumin  and resveratrol has been studied
intensively as a preventative and a treatment
option for the injury with variable outcomes. Future
research may be focused on using novel drug
delivery systems to improve bioavailability,
efficacy and drug targeting while minimising any
toxic effects of these antioxidants that have

potential beneficial properties in the treatment of
AKI.

16. Conclusion

The AKI condition is a sudden loss of kidney function
that has been linked to an increased rate of CKI
and mortality. To date, there has not been a single
approved pharmacological treatment for this.
Current intervention, subsequent to identifying the
cause, focuses on renal replacement. However, the
original cause of injury has been classified into pre-

renal, intrinsic and post-renal AKI. Different
mechanisms have been proposed, including
inflammation, immune dysregulation, defective

microcirculation and oxidative stress. On this basis,
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a variety of future therapies is under clinical
investigations.

As discussed in the review, oxidative stress has a
major role in the pathophysiological development
of AKI. The use of dietary antioxidants such as
curcumin, gallic acid and resveratrol, has been
studied extensively as a preventative and a
treatment option for the injury with variable
outcomes. A summary of various studies that have
been reported in literature is summarised in Table
2. The main drawback of their activity is their
pharmacokinetic and pharmacodynamics
properties. Several studies have investigated in
encapsulating antioxidants using nanotechnology,
to improve bioavailability and reduce toxicity.
However, due to their varying physico-chemical
properties administration of these drugs as suitable
therapeutic intervention is a challenge. Advances in
the development of novel drug delivery systems
should facilitate administering these compounds in a
controlled dosage. Future research may be focused
on using these novel drug delivery systems to
improve their efficacy.
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Table 2: A summary table of different antioxidants that have been investigated as potential treatments for

AKI
Drug Proposed activity | Type of Method of stress Marker Results References
animal
Tempol Radical Male bilateral renal Plasma Tempol reduced the [53]
scavenging and Wistar pedicle clamping concentrations of increase in ureaq,
possible SOD rats ureq, creatinine, creatinine, yGT, AST
activity gamma-glutamyl and NAG produced
transferase (yGT), by renal
aspartate ischaemia/reperfusion.
aminotransferase Tempol reduced the
(AST), and urinary histologic evidence of
N-acetyl-B-D- renal damage
glucosaminidase
(NAG)
Troxerutin Restoration of male Subcutaneous Histological analysis | No significant [100]
(Vitamin P4) antioxidant Kunming injections of d- histological
enzyme activity strain galactose at dose of improvement.
and reducing ROS | mice 50 mg/kg/day for Measurement of Troxerutin improved
formation 8 weeks. malondialdehyde d-galactose induced
(MDA level. MDA increasing.
Measurement of No significant
Cu/Zn SOD, CAT decrease in the
GPx activity. activities of Cu/Zn
SOD, CAT GPx
enzymes.
Baicalein Anti-inflammatory | Male Single intraperitoneal | Blood urea nitrogen Cisplatin significantly [56]
and antioxidant Balb/C injection of cisplatin (BUN) and creatinine | corrected the
mice elevation of BUN and
serum creatinine
levels.
Histopathological Histological
changes examination showed
lesser tissue damage
with baicalein.
In general, baicalein
Oxidative stress shown to down
level regulate oxidative
Mitochondrial stress, apoptosis and
activity inflammation via up
TNF-a and IL-6 regulation of
levels Nrf2/HO-1 proteins
Myeloperoxidase and inhibition of
activity MAPK activation and
NF-kB (p65)-DNA NF-kB signalling
binding assay and pathways.
other tests
Astaxanthin Antioxidant Rats HgCl2 nephrotoxicity Lipid and protein Attenuated lipid and [102]
oxidation protein oxidation
Histological tests Corrected
The increase in Not prevented
plasma creatinine
8-aminolevulinic acid | Not prevented
dehydratase
inhibition Changed
Antioxidant enzyme
activity
Astaxanthin Antioxidant Rats Severe burns Histological and Improved renal [104]

biochemical
assessments

tubular injury
Oxidative stress
relieved
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Drug Proposed activity | Type of Method of stress Marker Results References
animal
Astaxanthin Inhibition of Male rats | Contrast media Serum creatinine, Reduced [105]
SIRT1 /FOXO3a BUN, oxidative
pathways stress markers and
apoptosis-related
proteins
Grape seed Antioxidant and Male Gentamicin Histological changes | Improved [106]
extract anti-inflammatory | Wistar Biochemical markers | No significant
rats corrections
Proanthocyani | Antioxidant Rats Cisplatin DNA analysis Absence of [108]
din degradation and
genotoxicity
Albumin, urea and Increased level of
Creatinine albumin and a
decreased level of
urea and creatinine
Tissue thiobarbituric Reduced the increase
acid in thiobarbituric acid
Normalized
Antioxidant enzyme antioxidant activity
activity
Proanthocyani Antioxidant Rats Contrast medium BUN, creatinine and Corrected [114]
din MDA levels
Histopathological Reduced
changes
Oxidative stress Reduced
parameters
Probucol Lowering renal Wistar lopromide Blood biochemistry Improved [116]
oxidative stress rats MDA and SOD in Corected
renal tissue.
Kidney Corrected
histopathological
examination.
Pomegranate Containing high Male SCr and BUN Decreased [124]
flower extract | amount of gallic Wistar Gentamicin Histopathological Reduced renal tissue
acid rats examination damage
MDA Reduced
Gallic acid Antioxidant and Male Gentamicin SCr and BUN Reduced [125]
anti-inflammatory | Wistar Histopathological Reduced kidney
activity rats examination damage
MDA Reduced
Antioxidant enzyme increased
activity
Gallic acid Free radical Male Cyclophosphamide Ureaq, creatinine, Reduced [126]
scavenging Wistar bilirubin and
activity rats enzymes in blood Increased
Vitamin C and GSH Increased
Antioxidant enzyme | Attenuated
activity
MDA
Gallic acid Antioxidant Rats Cisplatin Renal function test Reduced histological [127]
and tannic acid Oxidative stress renal damage and
biomarkers suppressed the
Histopathological generation of ROS,
examination of lipid peroxidation,
kidney and oxidative stress in
kidney tissues
Gallic acid Anti-oxidant and Male, Methotrexate BUN, SCr and uric Ameliorated [128]
anti-inflammatory | Wistar acid levels
effects Albino Oxidative stress Reduced
rats markers Normalized
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Drug Proposed activity | Type of Method of stress Marker Results References
animal
Histopathological Decreased
examination expressions of
Immuno-histochemical | inflammation
examination parameters: TNF-q,
CRP, and PGE-2
Tocotrienols Antioxidants Wistar Potassium dichromate | Renal functions, Sustained [139]
from palm oil male rats oxidative and
nitrosative stress
tert-butyl- Antioxidants Male Rhabdomyolysis Antioxidants level in Both drugs prevented [141]
bisphenol and Sprague- blood, oxidative lipid oxidation in both
vitamin E Dawley stress markers, gene | the vasculature and
rats regulation, immune- kidneys, corrected the
histochemistry, reduction in aortic
biochemistry of renal | cGMP and down
function, regulated
histochemistry, hemeoxygenase-1.
mitochondrial They also reduced
substructure in renal oxidative stress
epithelial cells, markers but did not
measurement of correct renal function.
total
hemeoxygenase-1
activity and aortic
function
Curcumin and Antioxidants with Male PTEN knockout mice Serum and prostate Increased when in [187]
resveratrol improved B6C3F1/) tissue level of liposomal form
liposomes bioavailability mice curcumin and
resveratrol
decreased prostatic
Prostate cancer adenocarcinoma in
incidence vivo
Resveratrol Resveratrol Wistar No stress applied. Pharmacokinetics 8-fold increase in oral | [188]
nanoparticles encapsulated in male rats parameters using bioavailability
solid lipid HPLC
nanoparticles has
increased
bioavailability
Resvertrol- Resveratrol as Mice renal SCr and BUN Decreased [191]
DAP5 antioxidant and ischaemia/reperfusion | Histopathological Corrected
nanoparticles DAP5 as an N- examination
methyl-d- Oxidative stress Reduced
aspartate biomarkers
receptor inhibitor
Resveratrol SIRT1 activator Sprague- | Sepsis using the SIRT1 Activity Resveratrol corrected [192]
Dawley caecal ligation and the decrease in SIRT1
rats puncture (CLP) Activity
technique Enzyme activity Restored
Renal function and Improved renal
survival time function and
prolonged survival
time
Resveratrol Inhibiting Rats Sepsis induced by Renal function Improved [195]
endoplasmic CLP technique Survival rate Increased

reticulum stress-
activated NF-kB
pathway

Serum and renal
pro-inflammatory
cytokines
Expression and
activation of NF-kB

Significant decrease

Restored about 50%
of the increase caused
by sepsis

Reduced
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Drug Proposed activity | Type of Method of stress Marker Results References
animal
Endoplasmic stress
markers
Resveratrol Inactivation of the | Male Cisplatin Renal function Improved [196]
death Wistar Histopathological Attenuated
receptor-mediated | rats examination
apoptotic Apoptosis-associated | Corrected
pathway proteins such as
TNF-a and
caspase-8
Resveratrol Antioxidant Chinese Arsenic SCr and BUN Reduced [197]
activity and Dragon-Li Antioxidants enzyme | Corrected
increases arsenic cats activity
elimination MDA Reduced
Histopathological Reversed
examination
Arsenic level in Attenuated
kidneys Higher excretion
Arsenic level in
24hour sample.
Resveratrol Inhibiting Male Kidney ischaemia- SCr and BUN Improved [198]
inflammatory Sprague- | reperfusion injury Histopathological Corrected
responses, Dawley examination
reducing oxidative | rats Proinflammatory Inhibited
stress, and cytokine expression
decreasing cell assays Reduced
apoptosis Oxidative stress
markers Reduced
Apoptotic cells
detection assay Decreased
Caspase-3, -8, and -
9 expression
Curcumin, ROS scavengers Male Cisplatin SCr and BUN All drugs improved [204]
amifostine, and Sprague- kidney functions
melatonin Dawley Histopathological Corrected
rats and electron
microscopic
examination Reduced
Apoptotic cells
detection assay Decreased
Inflammation significantly
detection assay
Curcumin Modulating nitric Sprague Renal ischaemia- B2-microglobulin, Reduced [206]
oxide (NO) Dawley reperfusion injury urinary albumin
signalling rats excretion rates, SCr
pathway and BUN decreased renal tissue
Histopathological damage
damage Partially suppressed
activation
Curcumin Antioxidant Rats Renal ischaemia GFR No protection [208]
reperfusion injury Sodium levels in No effect
urine and plasma
Tumour necrosis Attenuated
factor (TNF-a) in
Serum Mostly corrected
Histopathological
examination
Curcumin target delivery to | C57/B6 renal ischaemia— SCr an BUN Improved [213]
liposomes renal tubular mice reperfusion injury NF-kB activity Reduced
epithelial and Oxidative stress Reduced

markers
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Drug Proposed activity | Type of Method of stress Marker Results References
animal
antigen-presenting Cytokines and
cells chemokines Diminished
Curcumin prolonged and Rhabdomyolysis Serum creatine Reduced [214]

Nanoparticles

constant drug
release profile

induced by glycerol

phosphokinase, SCr
and BUN
Histopathological
examination
Oxidative stress and
apoptosis markers

Less severe

Reduced
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